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A3
A number of interaction mechanisms of laser light with matter ave
reviewed; these include laser induced dawage, nonlincar optics and various

types of scatlering.

A comprehensive experimental study of laser induced damage is des-
cribed, This damage is caused to a glass surface bearing a thin gold film

while Dbeing illuminated by an argon ion laser beam,

Small diffraction gratings can be produced by placing thin metallic
Tfilms inside a ruby laser cavity. In such an arrangement the intense
light ¢f the laser is obliquely incident on the thin pariially absorbing
film simultaneously from two opposite‘dircctions, heating occurs, there-
fore, much more rapidly at the antinodes than at the nodes of the resulting
standing wave, This heating can cause evaporation and ionization of the
film., Since the film intersects the antinodes of the standing wave in a
series of lines, this removal of the film material resulls in the crecation
of a diffraction grating. A time resolved investigation has been made of
the development of such gratings in a number of metallic films, and the
effect of film thickness, incident laser intensity, and angular orientation

of the film has been studied,

A solution of the time dependent stimulated scattering equations is
obtained. Using a new approach it is shown that by suitable convolutions,
the time dependent stimulated scattering gain profile for absorbing and non-
absorbing liquids can be directly obtained from the steady state scaltlering

resulis.

Laser mode locking techniques are delailed and a description is
given of a ruby ring laser system. This system was able to deliver
pulses as short as 25 picoseconds in duration and with peak intensities

of 100 MW/ cm?, 3
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CHAPTER I

INTERACTION MECHANTSMS OF TASER TIGUT WITH MATTER

1.1 DEVELOPMENT OF TIIF TASER

The underlying principles of the laser and even the relevant

technology for the construction of a simple laser, have been known since

. . (1) . . ) o
1917 when Einstein ™/ postulated the existence of the stimulated emission
of radiation from an atomic system, This stimulated radiation is propor-
tional to the radiation density at the emission frequency, and is emitted
in phase with the external stimulating radiation. Up until then only
the spontaneous emission process had been accounted for, and as the name

implies, this process of radiation emission requires no external influence.

. During the early 1920's I‘uehauer and Landenburg produced a rela-
tionship linking the integral of the absorption coefficient of an atomic
line with Einstein's stimulated emission process and with:the distrilbution
of the atomic populations among the different cnergy levels, The great

importance of this formula lies in the possibility of gaining informaiion
about the population distribution among the energy states of a given
material by simply meaéuringvthe fractional power absorbed over the entire

absorption line.

. During the late 1920's and the 1930's much work was performed hy
spectroscopists on the change in the absorption of atomic lines by chang=
ing the population of the atomic state from that experienccd when the

atoms are in thermal equilibrium, but no negative absorption was obtained,

It wasn't until after the Sccond VWorld War, which had fostercd
a considerable effort in the microwave region, that {ihe producition of
stimulated emission of microwaves became a reality, with Purcell and
(2) . I . i .
Pound in 1951, inverting the population of a auclear spin system by the

sudden reversal of an external magnetic field and hence detecting a
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stimulated emission signal at 50 kilz.  This then led to the search in the
s

early 1850's for suitahle materials and processes in order to obtain stimu-
lated cmissicn, culminating in 1954 with Townes‘(s) successful microwave
amplifier, |

With the advent of the MASER (Microwave Amplification of Stimulated
Emission of deiation), maﬁy people speculated on the possibility ol extend-
ing the principle of the maser operation to the optical region. This led
Schawlow and Townes(4) in 1958, to present a paper proposing the construc-
tion of an optical maser, outlining the minimum inversion necessary to
achieve oscillation within an active medium which was undergoing absorption
of radiation for an energy pump, such as a flash lamp, and incorporating
regenerative feedback in the system, as would be achieved if the system
was bounded by two colinear mirrors. By 1960 Maiman(s) had successfully
constructed an optical maser using a 0,05% chromium-ion concentration ruby
crystal of 1 cm dimensions, wifh two parallel faces coaled with evaporated
silver, forming a parallel plate resonator; this produced a train.of 3 kW,

2 ps pulses, lasting approximately 1 ms.

Within a year, Hellwarth(ﬁ) had extended the output power level to
the meéawatt region, hy a process knowﬁ as 'Q' switching » in which a lossy
component is inserted into the laser cavity to build up a large inversion
population which is suddenly released in a few tens of nanoseconds, by the
removal of this lossy component. The switching of the lossy component can
be achieved by a variely of methods, although originally IHellworth ubtéined
'Q' switching by use of an optical Kerr cell in cohjuncﬁion with crossed
polarisers, Pulsing the Kerr cell at its V4 voltage, increases the

transmission of the system for the duration of the eleclrical pulse.

A much more convenient method of 'Q' switching was later developed

by Sorokin(7’8) in 1961, by the use of an absorbing dye cell in the laser



cavity. This technique worked on 1he principle that aliove a certain laser
radiation intensity, the dye's absorption level would become saturated and
therefore incapable of acting as a lossy component. This bleaching pro-

cess performed the same function as the switched Kerr cell,

In addition to the above two mentioned metvhods of 'Q' switching
is the use of a Pockel cell(g’lo) and Glan~-Thompson prism as an electro-

optic shutter.

While research work was continuing on the ruby lasers, a parallel
set of work was being undertaken on trying to obtain lasing action in
other materials not necessarily solid state. By 1961 Javan(ll) had
developed the CW helium-neon laser, which had a power of only a few
milliwatts, but éxhibited a much better spectral and spatial purity than

that of the ruby.

Since 1960 the laser field has seen a'rapid increase in the litera-
ture published and experiments performed on the subject, with lasing having
being accomplished in many varieties of materials and in {he solid, liquid,
gaseous and semiconductor phase. Power levels for the pulsed lasers are

.now in excess of térawatts/cmz, with pulse durations of less than 5ps
while the CVW 002 lasers have been reported with tens of kilowatls output

and efficiencies of up to 30%.

1.2 LASER INDUCED DAMAGT

The types of interaction mechanisms which may play a role in the
initiation and development of laser induced damage, can bhasically bhe
divided into five main headings, i.e.

(i)  thermal (iv) seclf focusing
(ii) stimulated Brillouin (v) impurity inclusions.,
(iii) avalanche breakdown

Although there exists a limited numher of damage mechanisms, the ways in

which they lead to damage are numerous and if a particular experiment is

-8 ~



to be duplicated, then a detailed description of the variables involved
are needed, such as pulse duration, beam diameter, lascr frequency and

details of material growth and preparation.

1.2.1  Thermal
In general, thefmal damage occurs in:those:maferials which have a

reasonably high absorption either at the surface or in the bulk of the

material. In principle the determination of the surface temperature is

‘ échieved»by solving the differential equation for the flow of heat:

1

VZT(X,y, Z'pt) -

'\T - . h
K '%I.' (x,y,z,t) = - A(X,Yazat)/K 3

where T is the temperature as a function of position (x,y,z) and time t,
K is the thermal diffusivity, K the thermal conductivity, and A the
heat produced per unit volume per unit time, as a function of position

and time,

In 1964 Ready(lg) discovered the validity of using an ordinary
thermodynamic approach for calculating the effects produced by high-power
laser beams absorbed at opaque surfaces, and found that his calculations

were in reasonable agreement with the observed effects.

In actual experiments where the aksorbed flux densities are high,
such things as melting, vapourization and ionization may play a signifi-
cant role in governing the extent of the demage, and hence severely confuse
the analysis. In these studies the use of a phenomenological model to
describe the process involved is of tremendous value. One such model
was described by Ready(13) in order to explain the observed minute explo-
sions which took place at the surface of a metal irradiated by a 'Q!
switched laser, In this model he describes how thc surface rises to the
vapourization temperature and begins to vapourize. Then tlhis material
recoils against the surface producing a high pressure. This becomes super-

heated as more heat is conducted into the interior. Iventually at a



critical point the temperature has risen high enough so that the heat of
vapourization falls to zero at which point there is no distinction between
the super heated solid and a highly condensed gas. The emission of vapour-

ised material then proceeds like a thermal explosion.

(14)

A similar approach has been undertaken by other research workers
with a reasonable amount of success. On a very similar tack ?o that dis-
cussed above, some work(ls’lﬁ) has been undertaken on calculating the im-
. pulse shock waves that are generated on the removal by vapourization of
4the target material. In this instance a mecasure of the material resis-
tance to the genefatioh of shock waves can be calculated, and a deduction
can therefore be made as to which materials would be most useful in the
fabrication of pulsed laser mirrors,

In adadition to the formation of plumes of vapourised materials, it

has also been reported(17‘&1)

that when the target material has reached a
high enough temperature, ionization can occur, This ionized material has
been detected by observing ionized emission lines in the spectra of the

. (22, 23) . g _
laser generated microplasmas y, and also by directly collecling the

ions emitted from the surface(24_26).

By observing the current produced
from a plasma on an oscilloscope, a direct mecasure of the plasma formation

in time is thus obtained and by noting which ionized lines are present in

the spectra, an estimate of the electron temperature can be made,

Although most of the discussidn so far has been on the remval of
material from the irradiated surface where the tempcrature has excecded
the vapourization lemperature, thermal damage may also occur from Llhe
stresses developed during thermal expansion of the material, and whgre the
surface temperature has reached the melting point. One might expect such
a phase change to be reversible, with ilie melted region cooling down after

the removal of the incident light, leaving the surface in nuch the same
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; 27 .
condition as before it was irracdiated, Worlc has heen reported(“ ) which
suggests that this is not always the case, and a comprchensive discussion

on this effect can be found in Chapter II.

1.2.2 Stimulated Brillouin Scattering

In 1922, Brillouin(28) analysed the random fluctuations of a medium
into its acoustic modes, and showed that the light scaftered from such a
medium will be shifted in frequency by a Doppler shift due to the velocity
sf the acoustic waves. This frequency shifted light was subsequently
detected(zg) and is now known as spontaneous Drillouin scattering. 1t
was later foundtao’sl) that if laser light of sufficient intensity was
passed through such a medium, then the weak spontancous scattering would
beat with the main laserilight, and a hypersonic wave would build up at
the difference frequency due to electrosﬁrictive coupling., A very sirong
interaction can therefore 6ccur, with the Brillouin scattered light and
the hypersonic wave being amplified at the expense of the laser light. It
waé subsequently reported(zz) in 1964, that when powerful laser light was

focused into a transparent solid, damage occurred from the mechanical

stresses associated with the generation of these acoustic waves.

It has been shown by Bliss(ss) that when the incident laser pulse
is short comparcd to the relaxation time of the acous%ic phonons, then the
damage threshold for a particular medium occurs at a.constant energy den-.
sity. TFor longer pulses, however, where a steady state approximation can
be made, the damage threshold occurs at a constant power density. In the
latter instance il was calculate¢ that intensity levels of the o;ﬁcr of

4 . . .
10* MW/em?® were needed in order to establish damage in quartz,

- 11 -



1.2.3 Avalanche Brealkdown

N ! 33-38
It has been suggested by a number of research workers( ) that
in some instances laser induced damage in transparent solids could be

attribuled to electlron avalanche breakdown.

If an intense laser beam is focused into a transparcnt dielectric
which has an electron in the condﬁction band, then it is possible that the
electron will derive sufficient energy from the laser field to be accele-
rated to an energy greater than the hand gap(SS). Each such electron
would then he capable of exciting another electron into the conduction band
by impact ionizatiqn, leading to an exponential increase in the numler of
conduction electrons. If the rate of increase of the electron's energy
éxceeds the losses, by diffusion, trapping, rccombination or impurity and
phonon scattering, then the avalanche ensues, leading to a strongly absorb-
ing région. The energy abéorbed by the electrons is eventually lost to
the lattice of the material by electron-phonon scattering.‘ The releasc
of a large amouné of energy in a small volume, leads to the destruction of
the material at that point.” Intensities of the order of 1019W/cm2 are
needed to produce avalanche brealkdown in ruby(35). The initial produc-
tion of electrons could be caused by easily ionized impurities, metallic

inclusions or multiphoton absorption,

To cause damage in a material by the electron avalanche mechanism,
two conditions must‘be fulfilled. Tirst, the laser intensity must bhe
high enough so that the rate of gain of cnergy by the electrons exceeds
their lossgs. Secondly, the laser energy density must be sufficient to
create a critical nunber of conduction electrons within the duration of
the pulse. Therefore if fhe laser pulse is long compared with the time
roqgired for the avalanche to occur, one would expect the daﬁnge threshold
to be dependent on the power densitj of the laser. Tor shorter pulses,

however, where the lascr intensities are high cnough 1o deposit the energy

- 12 -



faster than the rate at which losses occur, the damage thresholds are

expected to he dependent on the energy density of the laser pulse.

An interesting consequence of the fact that cnergy is imparted to
the material lattice by phonon-electron interaction, is that the threshold
level at which damage occurs increases with an increase in ‘the material's

(35)

temperature since the phonon-clectron collision frequency increases

with higher temperatures.

Lastly, it can be shown(35) that the theoretical threshold inien-
sity for laser damage, increases with increasing laser frequency, since
more energy can be thained by an electron during a longer optical period
and the probability that a collision will occur before the clectric field

amplitude changes in direction, is higher for lower frequencies.

-

1.2.4 Self-focusing

The refractive index of any transparcnt dielectric will exhibit a
weak dependence on the intensity of the light passing through the material,

"This dependence can be written in {he form(sg):

L)

n=n -+ n2E2
o

where E is the amplitude of the local electric field and n, is a con-
stant dependent on the material, If a laser pulse, with a beam intensity
profile which decreases smoothly from the centre, passes through such a

. material, then the refractive index of the medium‘will increase towards
the centre of the beam due to the higher light intensitiés. This results
in a refractive index gradient across the beam profile which acts as a
convex lens on the light, If the light beam intensity is high eno;gh,

complete self-focusing of the heam will occur(40'42),

It has been calculated by Akhmonov(43) that thé power level re-

quired to compensate for the diffraction spreading in a collimated Gaussian



beam is given by:

2
Pc _ \°c
SZTFJJZ

where A\ is the wavelength of the light in the medium in absence of the

nonlinearity, and c¢ is the velocity of light in vacuum.

The approximate focusing length, which represents the distance in
which an initially collimated beam will be brought to a self-focus within

the nonlinear medium for power levels in excess of the critical power P, ,

\

"is given by the following expression, derived from detailed numerical

studies undertaken by Marburger(44):

A
- krzr 0.136 }2

Z "| o
T(r/?,)? - 0.8581% - 0.0202

f

"where r is the 1/e radius of the Gaussian intensity profile of the beam,
. i

k is the wave vector and 'PZ is given by

. 2
P, = 0.0116 \ c/n2

it can be seen from this equation that for P»>P2, ZT is inversely pro-
portional to the square root of the total laser power. With a pulsec,

therefore, the effective focusing length will decrease on the rise of the
pulse, and then increase to infinity as the pulse decays. This therefore

leads to a moving focus, which has becen observed (42’45).

The values calculated for the critical power P, and the self-
focusing length 'Zf are hased on the‘assumption that the refractive index
change talkes place in a time short compared with the duration of the pulse.
Under the converse condition the critical power P, required so that seclf-

focusing just compensates for the diffraction spreading is given by:

2
P o« AC
c nzﬁt

and the self-focusing dislance is given hy:

Zf @ -.-Ii_.
P* At
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where At is the duration of the lascr pulsc.

Four mechanisms have been identified that contribute to the non-

linear refractive index in solids:
(39) .- )
H

(ii) electronic distortiOn(46,47);

(iii) molecular librations(48);
(49-51)

(i)  electrostriction

(iv) absorptive heating

The approximate time required for electrostrictive effects to occur
in a beam of radius r, is given by T:I/VS vhere Vv is the velocity of
sound in the mediumn, This puts a value of 107° sec on T for a 4nm
radius beam passing through glass, which is long compared to 'Q' switched
laser pulses. Thereforg‘it is expected that I, the critical intensity
corresponding to P,, will be large for both 'Q' switched and mode locked
pulses. An estimate(sz) of the value of Ic; for 10ns and 30 ps laser
pulses travelling yhrough glass gives b X 10® W/ cm® and 3 X 10*® W/ cn?
respectively, where the variation in refractive index has bheen caused

solely be electrostriction.

We would therefore expect that for picosecond pulses any self-
focusing present should be attributed 1o either clectronic distortion or
molecular libration since these processes have much shorter relaxation

times, although the nonlinear refractive index n, for thesc processes

is smaller (T =1 s for molecular libration and 1 s for electronic’

distortion). A qualitative analysis of the eclectrostriction mechanism
(52) - i - . : A .

has shown , however, that self-focusing can cccur even in the transient

case, provided the pulse power is large cnough. .

The process of self-focusing is itself not a destructive process,
but could easily initiate an avalanche eleciron hreakdown due Lo the high

electric fields present in the focal region.



1.2.5 Particle Inclusions

Small inclusions in laser materials and optical components can

54 .
lead to localised heating which may result in damage(os’m),

caused by
thermal expansion or by melting of the surrounding region. These inclu-
sions may come from the impurities in the raw materials or the crucible

material (i.e. platinum, iridiwn, Si0., or refractory materials) used to

2
fabricate the optical components.

If we consider these inclusions to be spherical and of radius r
then the energy absorhed by the particles, if the incident light intensity

is given by I is

n/2 -
B = 2nr?I AtJ‘ [1— exp (~-2ar cosG)J! sinB cosb 30
0
or 27 pp A 1 M
B = rc I A "-Ll = [—1 + exp(-2ra) +2r o exp(-2r Q)JJ'
2rlq

where At is the pulse Guration and ¢ ihe material absorption coefficient.
- The temperature rise experienced by such a particle will be given

-by: . ' 3 AR
4:ci po Tr

where c; is the specific heat at constant -volwme and [X the density

of the inclusion material.

Thus for thick particles (ar»1) the temperature is proportional
to 1/r , while for thin particles (qr «1) the temperature is dependent
on 1/r?, If the particle is much smaller than the wavelength of the
incident light a partial wave analysis is needed to determine the absorp-
tion cross-section. : ) : E -

Therefore if a platinum inclusion is irradiated by a 30 ns laser
beam of 20 J/cm? ﬁhé temperature T attained is

T ~1.6 x 16*/R %K ,

where R is the radius of the particles in microns. This figure is very
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large but not necessarily correct since we have neglected conduction of
heat into the host material. If we therefore consider the conduction of
heat from the inclusions to the host material, we find that for large
particles no change is found for T, but for small particles the tempera-

x
ture T attained is given by(5°);

3 - '
T o~ [1 o —r r_%(z“” = ... |°K cee (101)
Tt (o, )F 2a O, M)F

where ¢ = 3‘%1/01, Ch and D

L are the specific heat and diffusivity of

the host material respectively.

Now since the fractional change in the volume of the inclusion is
directly proportional to the energy deposited in the inclusion, an esti-

mate of the tensile stress developed can be easily made(ss), that is
0 =6B; G o /(4G +3B) |
where ¢ is‘the tensile stress at the périphcry of the inclusion, directcd
tangential to the inclusion. DBj is the bulk modulus of the inclusion and
Gh the shear modulus of the host material. TFor the particular case of
platinum inclusions in a typical glass, this is equal to
o =60Tpsi .

The value of g drops off as 1/r3 where r is the distance from the

centre of the inclusion.

Most glasses have a strength of approximately 6 X 105psi » bthere-
fore if failure is to occur, temperatﬁres of the order of 10,000‘3& are
required, Lguation (1.1) predicts that for a 30 ns laser pulse of 700
MW/ em? incident on platimm particles in glass, particles with radii be--
tween about 300 A ana 24 result in failure, while smaller and largér parti~
cles should be safe.. '

The above calculation is based on {he assumption that no phase

change occurs, but this is unlikely to be the case and the effect of a

molten glass layer between the glass and platinum will be to lower

- 17 =



significantly the tensile stress and decrease the chances of failure for
the smaller particles. If the molten layer is therefore considored(ss),
the size of particles which will result in failure, lie between 1000 &
and 24,

Because of the rapid decrcase in stress with increasing distance
from the particle, a 1 particlé or smaller, will producc cracks less
than 10 p in size for stressecs belween the liguid-selid boundary of five
times the material strength (which is not unreasonable).  Such cracks are
appreciably smaller than those regularly observed, and may in many cases
be undetected. These minor cracks could eventually develop over a number
of laser shots, and might explain the fatigue phenomenon observed(5d) in

several studies of laser damage.

1.3 NONLINEAR OPTICS

The discovery of a number of new nonlinear optical processecs,
resulting from the interaction of laser light with matter, can he atiri-
buted to the high electric fields associated with laser light. Irom a
macroscopic p&int of view, some of these processesvcan be considered to

have arisen from the polarization of the medium by the electric field.

If we consider a weak electric field I applied to a medium, then
the polarization P is simply given by:
P = E
X4 |
where %X, 1is the ordinary linear susceptihility. This term is respon-

sible for the familiar linear phenomena of refraction and attenuution(SY).

Quite often in physics linear laws turn out to he only an approxi-
mation of a much more general formulation, and often these linear laws
only hold true where the extent of perturbation of the systom is small.
Therefore at high field strengths we would expect the polarization to he

given by(58*60)A
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P = XiE + X2E2 + X3E3+ oo .ol (1.2)

where X21Xg +o. are the nonlinear susceptibilities,

1.3.1 Quadratic Polarization

Let us just consider the second term in equation (1.2), and suppose
that we want to examine the interaction in a crystal of two travelling waves:

E,(z,t) = A, cos (wlt + klz)

a
an Ez(z,t) = Azcos (wzt + kzz) .

Substituting the superposition of these two waves into the second term,

we have

P

X
2

I

X2 ’ Xz
~> (Ai+A§> + —-Ai cos(2 w1t+2klz) +

2
5 Azcos(szt +2k22)

.
Xy AA, cos ‘L(u)l-'r wz)t + (kl+k2)z}

‘ -~
+%, AA, cos ‘L(wl- u)z)t + (1{1-— kz)zj .

We find therefore, that the polarization consisls of a numher of
components with different frequencies, Each componcent of the polariza-

tion will emit an electric fiecld at its own {requency.

If the incident applied field only contained one frequency, then
the resulting polarization contains a d.c. term and a component oscillat-
ing at twice the applied frequency. The d.c. term produces a d.c. applied
fiéld proportional to the intensity of the oscillating field, This recti-
(61)

fication phenomenon has been observed both in potassium dihydrogen

phosphate and potassium dideuterium phosphate, when the light from a ruby
laser passed through the crystal. The term oscillating with a freguency
of twice that of the applied electric field, resulls in the generation of

o
second harmonic light, which has been extensively investigated(b“"oc).

If the applied optical field contains two frequencies, then a
number of other interesting effects arise. TFor instance, if one of the

frequencies is zero, that is we apply a d.c, electric field to a medium
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through which monochromatic light is passing, then there exists a term in

the quadratic polarization which is linear in the optical field, but whose

magnitude is proportional to the product of the optical and d.c. fields,

This modification of the polarization amplitude results in a change in

the refractive index of the medium which is proportional to the d.c. field,

o . . . (57,67)

This is known as the linear electro-optic or Pockel's cffect .
. y e . 63,68,69

There also exists the possibility of producing sum (w14-w2)( »08,09)

(70-72)

_and difference (wi— ub) frequencies of the two travelling waves.

These will only be efficiently produced if phase matching conditions

exist, i.e.(58’64’65)

Wy = Wy * W,

k =k £k
3 1 2

where @, and k3 are the frequency and wavevector of the new wave,

When a photon at the difference frequency (wi— wz) is generated
the laws governing the conservation of energy indicates that the photon
of higher frequency g, will be destroyed to produce not only a photon
at the 'idler' frequency (wl-ub) but also an additional photon at a fre-
quency w, . This process is known as parametric amplification and has
been known for many years in the microwave region, it was first observed(73)

in the optical region in 1964 by Peterson and Yariv.

In media with inversion symmetry, the quadratic polarization
vanishes(67) and the first nonlinear term in the {otal polarization is
then the cubic polarization ‘)(SE3 . Liquids are a particular case where
the quadratic polarization vanishes, and thus do not exhibit ihe Poclel
effect, - .

1.3.2 Cubic Polarization

If we consider the combination of three independent travelling
waves in a medium exhibiting a cubic polarization, then ihe polarizatlion
will have components oscillating with frequencies at all possible sum and

difference permutations of Wys Wy Wse
]
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One very obvious possihility is tbat of producing third harmonic

generation, which was first observed by Terhune et al({4).

One of the first nonlinear optical effects to be discovered was
=4
the quadratic electro-optic or Kerr effect(°7), which arises from terms
in the polarization similar to

X3A1A§ cos [(2w2+wl)t+ (21§2+k1)z]

where w, = k2 = 0. If we propagate a monochromatic wave through the

medium in the presence of a d.c. field (Aé), then the cubic polarization
will lead to a change in the refractive index proportional to the square

of the d.c. field.,

The Kerr effect is employed in making electronically controllable
~optical switches(75). The nonlinear medium is usually an organic liquid,
e.g. nitrobenzene. In the absence of a d.c. field the liquid is optically
isotropic in the linear regime. VWhen a d.c, field is applied, a preferred
direction is introduced and the medium becomes optically uniaxial, The
phase difference which occurs between the ordinary and extraordinary waves
as they propagate through the medium, may be adjusted by‘varying the d.c.
field so as to rotate the plane’of polarization of an incident beam, Dy
employing a polarization analyser such as a sheet of polaroid or a Glan-
Thompson prism, an optical shutter can thus be made. The Pockel effect

is also often employed in the same manner as the Kerr effect to produce

optical switches.

1.3.3 Nonlinear Transitions

In addition to the effects described, there also exists two -other
very important nonlinear phenomena which arise from nonlinecar transitions
induced by the high light fluxes created by lasers, The first of these

(76)

is known as two photon ahsorption , and occurs in materials where there

exists no ahsorption +transition for either of two photlons with frequencies
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w; and W, but where a transition exists at the frequency wy=0 ﬁ-wb.k

1
Under the influence of sufficiently high light fluxes, the simultancous
absorption of one photon of each frequency has been observed, both in the

(70) (7).

cases where Wy = ub and where wl‘% uE

From a quantum mechanical point of view the absorption of the two
photons takes place via a virtual sfege of the atom.  Hxcitation to this
level occurs through the absorption of a photon of frequency Wy If a
- photon of frequency'<p2 then arrives within a sufficiently short time,
the absorption of the two photons will result. Three photon absorption
has also been reported(78){ From the ekciteﬂ state established Ly multipho-
‘ton absorption, the atomic system decays 1o an intermediate level, generally

by non-radiative processes, and finally radiates a broad fluorcscence line.

The phenomenon of two photon absorption bias heen used successfully
in establishing the duration of picosccond pulses from mode-locked lascrs(7gl
If a high intensity laser pulse is incident on a 50% heam splitter and the
resulting two beams travel in opposite dircctions along the same path in
a cell containing a two photon absorption liquid, then enhanced fluorescence
will result at the point where the two beams overlap. ‘By photographing
the fluorescence track, a record of.the pulse shape is obtained, The
photograph can be analysed by a microdensitometer to give an indication of
the pulse duration. This technique, although extensively used by research
workers, has many shortcomings, e.g. the fluorescence trace gives no indi-
cation of the pulse shape and the contrast ratio ofvthe peale fluorescence
intensity to the background is low (3:1 maximum). A modification of this
technique has heen employed(SO), where three photons are simultanecously
absorbed to give information on bothk the pulse shape and widih, also a
higher contrast ratio of up to 10:1 is obtained,

The second nonlincar phenomenon'arising from the high light fluxes

()

produced by lasers is that of saturated absorbers. It has been show
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that a number of highly absorbant organic dyes can reach a stage during
the absorption of laser radiation in which the population of the excited
state is equal to that of the ground state, thus effectively making the
dyes transparent to laser radiation since no further absorption transi-
tions can take place,  Such dyes have been used(7) to switch the 'Q' of
laser cavities and thus produce 'giant' laser pulses. A dye which is
hiphly absorbant at the laser frequency is inserted into the laser cavity
so limiting the feedback of light into the active medium. If the concen-
tration of the dye is correctly chosen, %ﬁere wiil come a point in the
evolution of the laser pulse when the dye becomes saturated, and thus
appears transparent to the laser light. This saturated state then

allows the build up of the pulse to rapidly ensue.

1.4 SPONTANTOUS SCATTERING

In general if a transparent medium has a uniform density, then no
light is scattered from it. Where inhomogeneities exist in the density,
or more generally the dielectric constant, scattering will occur, One
such medium which is inhomogeneous is the atmosphere which appears 1o heve
a uniform density, but only when a large volume element is considered. In
reality it consists of a vacuwm containing a dilute concentration of small
particles, i.e. molecules, and thus capable to some extent of scattering
any incident light. In 1881, Lord Rayleigh(Bi) showed that the intensity
of light scattered from small particles is inversely proportional‘to the
fourth power of the wavelength A\ of the incident light. In this in-
stance small particles are defined as those particles which are small com-
pared to A. When the particles are larger than A then no particular
wavelength is preferentially scattered. If each particle has a polariz-

ability, o, Rayleigh showed that the scattered intensity I, varied as:

po?




- where p is the density of particles, r the distance of the observer,

and 0 the angle through which the light has been scattered.

Rayleigh's analysis was based on a dilute gas of non-interacting
particles, and thus clearly invalid in describing scattering from liquids
or solids, where molecular interaction takes place.

The scattering from dense media was later developed by Einstein( 2)
in 3910. In his theory he divided the sample into small volume elements
. large enough to contain many molecules, but small compared to the wave-
length of light. The incident light induces a dipole moment in each volume
. element which oscillates in sympathy with the electric field of the incident
light and becomes the source of scattered radiatign. If the induced pola-
rization is comstant throughout the medium, the net scattered radiation in
all directions but the forward will be zero due éo the destructive inter-
ference. This will be the case in a homogeneous medium. In real media,
however, there will be small random fluctuations in the local dieleciric
constant and the induced polarization will not be constant throughout the
medium, If the fluctuations in a volume element do not influence the
fluctuations in a neighbouring volume, then the total scattering intensity
is just the sum of the intensities of the dipole radiation from the fluc-
tuating conponents of the polarization in each volume element. FEinstein
was able to show that the scattered intensity followed Rayleigh's equation
quite closely except that the square of the particle polarizability o?
must be replaced by ((A¢)?), which is the square ﬁf the fluctuation in

dielectric constant averaged over the volume clements v .

I

Lt (8e)?) ‘
o T\

and T, are the scattered and jncident intensities respectively.

where Is

The total spontaneous scatltering spectrum is therefore the result

of combining a number of different types of fluctuations. The totlal



fluctuation can be described in terms of statistically independent varia-
hles, There are basically four main processes contributing to the spon-
taneous speclrum; they are the Brillouin doublet, Rayleigh line, Rayleigh
wing, and {he Raman lines, These arise from the variation in the dielcc-
tric constant of a medium caused by fluctuations in the pfessure, entropy,
anisotropy and molecular polarizability respectively. It can Dbe shown
that each of these components has, in general, a scattered intensity pro-

file given by

1

(- 2) . (22

where Aw is the difference in frequency between the incident and scat-

I(Aw)

tered light, and () and T are the frequency shift and width associated
with a particular spontaneous scattering process and scattering medium.
The inverse of the frequency width T is the relaxation time characteris-

tic of each spontancous scatlering process and scattering medium,

Brillouin Doublet
: ‘ ' Rayleigh !

- ] v .Line
& @ SPONTANEOUS
9 BCATTERING
]
.E Rayleigh ¥ing - Raman
H /\ /\Line M)
(b) ;*
. L N
g — L oscillation) AN b
= —~— >
. STIMULATLD
. SCATTERING

" Spectra of (a) spontancous scattering intensity; (b) stimulated scattering
gain, as a function of radial frequency shift fy. The continuous line shows
the spectrum of a transparent medium and the dotted line the o4ditional con-
tribution in the presence of absorption. (These spectra must be convolved
with that of the laser line to give the experimentally observed spectra.)

The total spontaneous scattering spectrum is displayed in Fig.1.1;
the central peaks occur for processes where /T </2 and double peaks

occur where /T > /2,



In 1922 Brillouin(zs) predicted the existence of a doublet in the
spontaneous spectrum by using Debye's(83) method of analysing the fluclua~
tions of a medium into its acoustic modes, Ile showed that although there
exists sound waves of all frequencies propagating in every dircction in a
medium, scattering of the incident light by the m2dium in a particular
direction will only be significanﬁ where the light reflected from consecu-
“tive wavefronts is in phase. This is similar to that of the Bragg condi-

tion in the diffraction of electrons by crystals,

If we denote the wave-vector of the incident light, scattered light,
and acoustic wave by kL, kS and kA respectively, then phase matching

is achieved when

. kL=kS+kA,

whiclhh leads {to the conclusion that
Wy = * 2n uL(%) sin¥ 9
where Wy, is the frequency of the incident light, v is the velocity of
an acoustic wave at the frequency wg in a medium of refractive index n,-

and c¢ 1is the free space velocity of light. .

It can be seen, therefore, that the light scatliered from such a
medium will be shifted up or dewn in frequency by a Dopbler shift due to
the velocity of the acoustic wave. The acoustic wave relaxation time,
and hence the frequency width T of the Brillouin component are detlerminced
by the shear and bulk viscosities of the medium, and is typically of the‘

order of 10° Hz.

Ixperimental confirmation of the existence of the doublet was made

by Gross(zg) in 1930, and subsequently by many others,

Brillouin's theory prediclting the doublet was developed in more
( .
detail by Mﬁndelshtam\84) and Landau and Placzek(Sb), who showed that
there also existed a central line in the spontancous spectrum dae to
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scattering from non-propagating entropy fluctuations, This central line

has come to be known as the Rayleigh line.

The fluctuations in entropy will decay by a thermal process towards
an equilibrium state and we therefore expect the Rayleigh line width to be

determined by thermal diffusion. In fact the line width Ih is:
<o [ 422 sn( T

where D is the thermal diffusivity, n the refractive index of the sample,

ko the free space wavelength of the incident light and 6 the angle

through which the light is ?cattered. For liquids :ﬁ is typically 107 Hz

and thus difficult to measure spectroscopically. Homodyne and heterodyne

light beating techniques, whiéh are capable of resolving a few ﬁz have

(86-89)

been developed to overcome the problems involved in analysing the

fine line widths associated with the Rayleigh line.

In 1928, Raman and Krishnan(go) considered the problem of scatter-
ing from anisotropic molecules and showed that there exists a depolarised
component of the scattered light. This depolarised light contributes a
broad wing to the scattered spectrum, and has a frequency spread which is
the inverse of the molecular reorientation time. This phenomena which is
now known as the Rayleigh Wing, is caused by a nu&ber of different proces-

ses all of which produce fluctuations in the anisotropy of the medium.

At present three processes are known to contribute to the total
‘Rayleigh Wing, these are: rotational Brownian motion, angular oscilla-
tion of molecules in the local fields of their neighhours, and the change
in polarizagility of anisotropic media as a result of transverse shear
waves, Out of these three processes only the coptribution due to the
fransverse shear waves will propagate in the medium, and thus produce a
Doppler shifted doublet. This.doublet is diffuse and has a smaller fre-

quency shift than that of the Brillouin peaks, since the velocity of
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propagation of transverse waves is less than that of longitudinal waves.
The oscillational and rotational processes give rise to the very broad
wing centred on the incident frequency, with the high frequency contribhu-
tion coming mainly from the faster molecular oscillations.

The intensity profiles of the depolarized scattered light due to

: . : . . (212, 216)
the three types of fluctuations in the anisotropy are given by

.
o
s I 2)2 /E N2
(1‘41{ af )+ o (G)

I Brownian motion

1

Is (=3 > > Oscillations
) I \ e
(1-% )" + 2 (3)
pZAUJ?' [(4‘62
IS o« N2 p \2 + o Shear waves
pAWN 2
(1 - v P (—p 14 M~

where IS' is the scattercd intensity, I the molecular momeunt of inertia,
K is Boltzmamn's constant, T ﬁhe temperature of the medium, € the vis-
cosity of the medium, by the frequency shift of the scatlcered light,

(. the elastic constant for the oscillations, p the depnsity, g the shear

modulus of the medium, and k the wavevector of the shear waves.

The three processes described ahove are interdeﬁcndent since they
all involve a variation in the orientation of anisotropic molecules.
Therefore the total Rayleigh wing cannotl be calculéted by simply adding
the three contributions, but tﬁe three intensity profiles do give an indi-
cation as to the frequency dependence of the separate processes involved.
For instance the Brownian motion produces‘the broad central peak of the
Rayleigh Wing, while the molecular oscillations contribute to the extreme

wings of the Rayleigh line, and the shear waves produce the diffuse doublet.
The last effect contributing to the spontancous scattcering spectrum
was that of tbe Raman effect(gl) which was discovered in 1928, The spec-—

trum of the light scattered Ly this effect consists of sharp doublets which
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are frequency shifted by integral multiples of certain fixed frequencies,
characteristic of the mediwn. The intensity of the up-shifted components

is much less than that of the down shifted components.

From a classical physics point of view the Raman effect is des~
cribed in terms of a change in the polarizability of molecules. Both
rotatational and vibrational motion of the molecules will contribute to a
change in the molecular polarizability. In the case of rotation, the
. polarizability may be dependent on the orientation of the molecules with
respect to the incident wave, and in the case of vibration, the polariza-
bility may be a function of the intermolecular distance. Therefore from
the classical picture the modulation of the polarizétion P of a medium by

the rotation and vibration of its molecules will result in scattered light.

Unfortunately the classical ‘ e e e e — £*
view predicts that the up-shifted —_—— e o] e | e B
(anti-Stokes) line and down-shifted | h o) .
% ’ UJS hwp hwa

(Stokes) line will be of equal
intensity,whereas experimental evi-

dence shows that the Stokes lines

4 E

are far more intense, This dis~ n
crepancy can be explained satisfac- A By

(Stokes line) (Aintistokes line)
torily by the quantum mechanical : Fig.1.2

: Energy level aiagram ama o
theory. &y gram of Raman scatter‘mg

The energy levels, Fig.1.2, of a Raman active medium will consist
of both discrete rotational and discrete vibrational encrgy levels. Absorp-
tion of a photon by the molecule, will raise the encrgy of the molecules to
E/::Ei4-h_ub, where Ei is the initial energy of the molecules, ub the
radial frequency of the incident phoion, and E’ the total energy of the
molecules, In general this energy E' will not correspond 1o a stationary

state of the system, The molecules will therefore make a virtual transition
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to an energy level with energy E’, from which it will rapidly decay
to a rotational or vibrational level E&l emitting a photon of energy
hug = huh"En (Stokes line). Similarly, if the incoming photon inter-
aéted with a molecule in the excited state of encrgy I, , then the mole-
cule may return to the ground state with the emission of a photon of higher

energy hué = h@b + L (anti-Stokes).

According to the Bolizmann's distribution law, where a medium is
- ’in thermal equilibrjuwm, the number of molecules in the ground state will
exceed those in an excited state. Therefore the majority of molecules

will gain energy from the incident photons, so producing a much more in-

tense Stokes line,

1.5 STIMULATED SCATTERING

When low light levels are used the intensity in the spontaneous
Raman line is small, typically of the order of 10~=® of the incident inten-
sity. It was accidentally discovered by Woo dbury and‘Ng(gz) in 1962,
that when the incident light pulse was of very high intensity, a stimu-
lated emission at the frequency of the Raman line existed, having an energy
of approximately 20% of that of the incident light and a beam divergence
and pulse duration similar to that of the ruby laser pulse uscd in the

experiment.

The process of stimulated Raman scattering can be explained in

(7).

terms similar to those descrihing the parametric amplifier The very
weak wave produced by spontaneous Raman scatlering beats with the main

laser wave at the difference frequency, thus modulating the dielectric con-

stant of the medium.

The coupling bhetween the electromagnetic waves of the incident and
scattered light, is achieved via the variation of the nonlinear molecular

polarizability. This modulated medium driven at the difference frequency,
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which is also the characteristic frequency of the atoms, will interact
strongly with the incident light in such a way that the scattered light
and atomic excitation is amplified at the expense of the laser beam.
During the interaction of the incident light with the Raman active mediun,
the total energy must be preserved (i.e. conservation of energy), and so

a photon at the higher frequency u% of the incident light is annihilated
to create a photon at the difference frequency of the scattered radiation

Sy and an optical phonon at the difference'frcqucncy W

- wp:ws+wR.

It should be noted that stimulated scattering will only exist when
a coupling mechanism oscillating at the differcnce frequency (ub-ws) is
established between the two eiectromagnetic waves and {the medium, This
scattering will only he of any significance when the differcnce {requency

(U%-ug) approaches a resonance frequency of the mediwn.

If the above coupling condition is established for cach type of
spontaneous scattering, then in principal there should exist a correspond-
ing stimlated scattering procéss, although this may be obscured by conpe-
tition between different processes. In tﬁc steady state regime where the
duration of the.light pulses are long compared with the characteristic
life time 7T = Z/Iﬁ of the different spontaneous processes, the gain con-

tributed by each process as a function of frequency is of the form:

QTAUJ/QZ
2\ 2 2r2
(1- <) v P (2)

where the constants are the same as in the spontaneous scattering equation.

G <

The overall gain curve (Denariez and Bret, 1968)(93), shown in Fig.1.1(b),
is a sum of such terms.
. o ' '
In 1964, Chizo et a1(3") obscerved stimulated Drillouin scattering.

This process can he considered as the simultancous generation of an
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acoustic phonon and a scattered wave from a high inteunsity incident light
pulse, due to nonlinear electrostrictive coupling. ELlectrostriction is
the phenomenon which describes the tendency of a dielectric mediwn to move

‘into the regions of high eleciric field.

The year after Chiao's discovery, Mash et a1(94) detected stimu-
lated Rayleigh wing scattering in which coupling exists hetween the elec~-

tric ficlds and the medium via molecular orientations.

The last stinulated process to be discovercd was thal associated
with the Rayleigh central line in which coupling hetween the light wave
and the entropy wave of a transparent medium is normally achieved by the
very weak electrocaloric effect. Stimilated Rayleigh scattering due to

: . (57) . : (95) o

the electrocaloric coupling was first observed by Zailsev , although
stimulated Rayleigh scattering had previously been detected by Bespalov and
Khbarov(gs) from concentration fluctuations in a mixture of liquids. In

(97)

the same year, Herman and Grey suggested using absorbing liquids to
enhance the coﬁpling of the light'wave to the medium. Under these condi-
tions the stimulated Rayleigh scatfering shows a gain for the anti-Stokes
line, and also modifies the stimulated Brillouin spectrum. Rank et al(gg)
observed the stimulated Rayleigh scattering due to abs&rpﬁion in both
liquids and gases, and the modification of the stimulated Brillouin scat-

(99)

tering spectrum was observed by Pohl
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CHAPTER 1T

DAMAGE PRODUCED IN GLASS BY A CW TASER

2.1 INTRODUCTION

Often the laser has heen acclaimed as the answer to many unsolved
problems, but one area where it created numerous difficulties was where
the power levels used resulted in laser damage either to the optical com-
ponent or in the active medium. As the development and application of
high power lasers progressed, so an inevitable interest was generated in

the behaviour of optical materials and coatings under intense illumination.

Up until recently the mass of information published on laser damage
and laser damage mechanisms, has never been systematically correlated or
usefully directed, and much too much work has been duplicéted by different
research groups, often with quite different results. To be able to fully
analyse, understand and duplicate laser damage, a considerable amount of
worlk needs to be done on quantitatively characterizing the material proper-

ties and regulating the laser beam profile.

By the late sixties, it was clear that the advance of high power
laser system performance was being impeded by the limitations imposed by
material failure. Quite often manufacturers of laser componcnts would
have no adequate information on the standard of their optical materials,
by which users could specify the power levels at which they expected com-’
ponents to perform without damage. IEven to this present day in the U.K.

only a handful of optical componenis have a specification assay.

In response to this situation the American Society for Testing
and Materials established a committee in 1969 on lasers and laser materials,
who were responsible fof formulating slandards for laser materials, compo-
nents and devices. In that same yecar they held a one=day symposium on
damage in laser glass, and every year since 1969 the National Bureau of
Standards has held a conference on laser induced damage,
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This conference, headed by A.J. Glass and A H, Guenther, has shown
remarkable leadership in being able to affect considerably the dircction

in which current laser damage work in optical materials has progressed.

Now it appears that a much more coherent and pseful effort is bheing
made, not only in the understanding of damage mechanisms, but alse in sur-
face preparation and material characterization. In the design of large
laser fusion programmes, financial comnsiderations impose severe restric-

. tions on system design. The improvement in the understanding of damage
mechanisms and surface preparations has made it possible to design systems
with an optimi&ed damage threshold. Correspondingly in CVW systems, the
understanding of thermally induced distortionst and the availability of
reiiable material parameters, makes it possible to design such systews to

operate safely within the limits imposed by thermal distortions.

Laser instrumentation very often incorporates components that in-
volve transparent substirates, coated with thin metallic or dielectric
films., Damage to such films is itself a serious problem which has bcen
thevsubject of considerable investigation. Even more serious, however,
is damage to the substrate material, which in the presence of an absorb-
ing film, may occur at intensities very much less than those requircd to
damage theruncoated material. In the following sections of this chapter,
a series of experiments is reported-on the compfehensive investigation of
the damage caused to a glass surface hearing a gold film which was illumi;
ﬁated by a continuous argon ion laser. Damage lo the substralte surface
has been ohserved for power levels as low as 0.1W and for intensities of

less than 5KW cm 2. . -



2.2 . EXPERTMENTAL, PETAILS O LASLER DAMAGE STUDY

In the study of laser damage produced fo transparent substrates
coated with thin films, a Coherent Radiation 52B continuous argon ion
laser was used. A power meter incorporated in the design of the laser
ensured a system noise of less than 0.1% (1 sec to 10 hours). During the
entire experiment the laser was operated at 5145 & since this line exhi-

bited the strongest output.

The output from the laser occurred in a single TEMOo transverse
mode, and had a divergence of 1mrad measured at the 1/e? points, and
a maximum power output of 3W. The initial heam diameter at the 1/ e?

point was 1,4 mm ,

The majority of the substrates used in the experiment were micro-
scope slides, which are commercially produced by the tin floatation method
and therefore had an optical flatness of better {han M 40, These sub-
strates were coated with gold films cvaporated from an electrically heated
molybdernum dish in a vacuum chamber at approximately 107° torr. Film thick-

nesses were measured interferometrically.

The light output from the laser was focused in air onto the surface
of the glass microscope slides bearing a thin film of gold, The duration
of the illumination was determined by a conventional ﬁechanical shutter,
while fhe use of lenses of 5, 10, 25cm focal length gave focal spots of
0.05, 0.1 ana 0,25mm respectively. (Throughout this chapter ihe diameter
of an illuminated area will refer to the diameter of thatl region within
which the light intensily was greater than 1/e2 times the intensity at

the centre of the area.)

To 1lest whether the presence of air had any effect on the resulis,
the films were grown and left in vacuum until after 1hey had been illumi-

nated by the argon ion laser. In addition the laser beam was focused on
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to the glass substrate during the actual deposition of the gold film, to
see whether inhibition of condensation occurs under these conditions. A
diagram of this arrangement is shown in.Fig.2.1. It was necessary for
this part of the experiment to have the glass microscope slide inclined
at an angle in order that it could simultanecously be illuminated by the

laser and coated with gold.

2" QVF Unit I J Gold Coated
\ Microscope Slide.

Argon Ion Laser 5 ] \

. ; ‘ - Lens == —
' Gola in
Molybdenum Dis}
Fin2.1 —~—Molybdenum Dish
The arrangement for the inhibition of
deposition and surface etching using D.C. Generator

an argon ion laser

To Vacuum

2.2.1 Beam Divergence Punps

To determine the diameter d of the spol at the focus of a lens
with a focal length f, an cstimate of the beam divergence @ is required

since d is approximately given by the relationship:
da = 10,

The beam width g of the laser at the 1/e? points, was determincd hy
scanning a razor blade edge through the beam and thereby progressively
blocking the beam and reducing the power incident on a power meter hehind
the scanning edge. The position along the scan diréction x and power P
transmitted past the edge was recorded. The to£al incident power P/
was also recorded, ' -

Now, for a Gaussian beanm

e—2r2/a,2

I=1, ,

and the ratio P/P0 is given by :



Y
: 2 .
Do [ ey, e (2.1)
P, iy
T 2w
2(x—x0)
where ¥y == and X is the position of the intensity maximum.

P/PO is determined at each value of x and consequently the left-hand side
of the equation is known. The tahles of the normal distribution function
provides values for the integral on the right-hand side of equation (2.1),

and thus the values of Y are determined, Since

g

Xx=73 Yo+ X,

a plot of x versus Y will yield a straight line whose slope is al/2.

Using this procedure a beam divergence of 1,00 # 0.07mrads was

measured,

2.3 DAMAGE ANALYSIS TECHNIQUES

The damage proQuced to the substrale surfaces was analysed using
two interferometric techniques and from direct observations through an

optical microscope.

2.3.1 Two Beam Interferometric Analysis

Thi:s technique employs an adapted Michelson interferometer for the

study of the microtopography of the substrale surfaces.

The substrate surface is placed so that it forms the mirror of one
arm of a Michelson interferometer and lies in the focal plane of a micro;
scope receiving the light from the interferomecter. The instrument was
illuminated by a sodium lamp, so adjacent fringes indicate a difference in
"surface height of 2045 A. , -

(5]

The apparatus used, as shown in Tig.2.2, was a Watson interference
objective which has a magnification of 100 and fits onto almost any micro-

scope having a standard thread. The objective has a focal length of 16 mm
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The arrangement of the Michelson type interference objective
and a numerical aperture equal to 0.2, giving a lateral resolution of

about 1.5y, the overall field of view was 1.3mm diamcter.

In obtaining the interferograms of Figs.2,6-2.8, the undisturbed
surface bearing the gold film was set perpendicular to the interferomcter
axis, so that the fringes in these pictures indicate the contours of the
surface deformation. The interferograms of Figs.2.,9,2.10, however, were
obtained by setting the glass slide in such a position that the normal to
the undisturbed surface made a small angle 1o the axis of {he inslrument.
This technique, which shows up the relief rather than the éontours of the

damaged area, was necessary to illustrate unambiguously the complex struc~

ture of the surface deformations shown in Figs.2.9 and 2,10,

Where the surface discontinuities were several wavelengths high
the monochromatic light source produced adjacent fringes which were several
orders apart, with no way of identifying which fringe ﬁas zeroth order,
i.e. which corresponds to no path differcnce. Therefore a white 1;ght
fringe system was used in which the sodiwm lamp had been replaccd hy a
white light source. With white Jight fringes the central fringe can be
easily distinguished from all others ané a graticule cye piece can he used
to note the displaccmgnt of the central white fringe,
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To obtain maximum fringe visibility from the arrangement, the
specimen reflectivity needs to be equal to the reflectivity of the refer-
ence mirror, which was approximately 50%. To obtain a reasonahle visi-
bility the gold films were left on the substrates, but in the case where
only the substrate surface was of interest then the gold film was removed
by aqua regia, and the substrates subsequenily coated in vacuum with a
50% reflecting film of silver (160 5.

2.3.2 Multiple Beam Interferometric Analysis

This interferometric technique used for the study of surface micro-
topography, employs more than the conventional two beams, and so heightens
the sensitivity and accuracy of the resulting interferogram by reducing the
fringe width in much the same way as fringe widths are reduced from diffrac-

tion gratings hy employing more slits.

The surface to be studied is cleaned hy the normal techniques and.
coated with a silver film of approximately 500 & at which the reflectivity
has nearly reached its maximum value, and beyond which there is a rapid
increase in ahsorption with reduced transmission and very little gain in
reflectivity. Similarly a reference plate is coated with silver and the
two silvered surfaces are mounted close together. The surfaces are then
illuminated at normal incidence with a parallel beam using monochromatic
light and a set of interference fringes form from the interference of
reflected beams between the two silvered surfaces. Fach neighbouring
fringe corresponds to a change in separation hetween the two silvered
plates of A/2. If, therefore, one of the plates‘is flat and {the other
has some surface structure, the resulting fringes produce a contour map
of the surface. During the experiment the surfaces were illuminated witlh
a mercury lamp and a Kodak Wratiten 77A filter was used {o seclect the mer-
cury grecn line at 5460 & . This resulted in adjacent fringes representing

a change in height of 2730 A .
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Schematic diagram of multiple beam technique e

Surface

A schematic diagram of the apparatus is shown in Fig.2.3. A
source S 1is used from which a single line is selected by a filter I,
The source is imaged by a condenser C onto a slit at A. A glass reflcc-
tor M then throws an image of A at B and an objective lens L is used
to produce a parallel beam incident on to the 1wo silvered surfaces at C,
between which the multiple reflections take place. The distance LC 1is
adjusted to give the correct microscope setting to produce an image of C_

in the eyepiece. The damaged surface under study is represcnted by the

lower of the two plates at C, with its damaged surface facing upwards,

2.4 THEORETICAL CONSIDERATIONS ~

The model which will be adopted to predict the extent of the damage
to the glass substrate, is one of a semi-infinite transparant solid with a
thin absorbing'layer on the surface.

The temperature of the solid due to a laser beam having a Gaugsian

spatial profile impinging at normal incidence on the absorbing layecr, will
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be calculated by solving the equation for the conduction of heat:

“1(r,0,z,t) —-% -%E (r,0,2,t) = - A(r,0,2,t)/K . ... (2.2)

=

The results for the case of a semi-infinite solid are applicable
to solids of finite thickness L if L%/4Kty 1, where t is the time of
interest. In addition we need to assume that the thermal properties of
the absorbing material are independent of temperature, and that the energy

lost through the process of re-radiation or convection is negligible.

The solution of equation (2.2) in its present form is rather cumber-
some. The same problem can be solved more easily from an indirect approach
if we take the solution of equation (2.2) for an instantaneous point source

and integrate it with respect to space and time.

If we consider an instantaneous point source of strength Q incident
at the point (r',e') at time t=0 and on the plane defined by z=0, then
equation (2.2) is satisfied by

‘T _ Q . é—(rz-rr’z-er'cos(O— 9’)4-22)/4:Kt‘
4(mKt)?

As t-0 +this expression tends to zero at all points except (r’,B',z::O)
where T, becomes infinite. Also the total quantity of heat in the infi-

nite region can be shown to he Q Q)cp where P, is the density and °h

the specific heat at constant pressure.

Let us consider that the incident energy has a spatial extent which

has a Gaussian form, i.e.
2/,.2
E = EO G—(zr /CZ )

where E, is the energy liberated per unit area at the origin, and a is
the radius of the area within which the encrgy is greater than 1/e? times
the energy at the centre of the arca.

Therefore the lemperaturc T2 (r,z,t) due to an instantancous

Gaussian distribution of heat is:
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d ! 2
T,(r,z,t) = I je—Zr Ya® g o' ag’ ar!
o] 0]

Substituting for T, we get

E o 2 12/ 2 2,12, 2" reeosd’
T (r z,t) = _ Jf' J r’e—zr /a exp | - t rl;t z J e 2Kt ar’ag’
4p c (nKt)2 ‘
’ '
By expanding the term e’ cos'/ 2kt and integrating with the help of the

reduction formula

nIcosne'de' = cosn_le'sine" + (n-1) Icosn—ze’de'

we get
2 i 2
1 ST rr'cos8’/2xt g’ ' o™
2m [‘e o = 2n, yy2
6 n=o0 2 (n')
rr’
where q = a{-{ . This series is the modified Bessel function of the
) I
zeroth order, and shall be denoted by I (g—%)
. ) E .
—2r'2/a (r + T +22) !
T = T Ir'e exp|- I } dr
5 4Kt \ 2Kt
2 2p c (nK Sp o °

(2.3)

This integral may be evaluated by using the result of a special Laplace

transform, i.e. ®
-;-eO/P = I e Pt Io(m)dt .
- )
If we let t=u2, then dt =2u du. Hence
=]
2
1 a/p_ [ ey (2u/0) du ... (2.9)
2p J 0

From equations (2.3) and (2.4) it follows that

2 2 N
2r
T,(r,z,t) = 01 expE. zZ_ _
2114, 1
'pocp(ﬂKt)z(SKt+az) e 8Kt+a2‘l

For a laser source that has a duration in time, the temperature at time t
and position (r,z) is obtained by convolving T, with aF(t), where
F(t) describes the intensity of the light at time t incident on the sur-

face and ¢ is the‘fraction of light absorbed:
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t
a“a F(t-t' 2 op2 "
(2t = T | rz : ' ) P 411,’ B S&EI 7ot
5 g c L LKL } a
pocp(nK) o t"2RKt+ %] + ... (2.5)

Thus equation (2.5) describes the tempcrature at a position (r,z) and time
t due to a laser pulse defined by

_op2 a2

P (rt) = F(t) 2/

impinging at normal incidence on a semi~infinite solid which has an absor-

bant layer at z=0,

2.4.1 Surface Temperature due to Heating by a

Continuous Laser

Let us consider the case of a continuous laser with a Gaussian
spatial profile incideﬁt on the surface of a semi-infinite so0lid with an
infinitesimally thin absorbing layerv on the surface, Then the temperature
o‘n the surface can be Adetermined from equation (2.5) by putting z=0 and

integrating from O0-

2 [oe]
1= o T
1(r) = 220 |

T
pycp (K

expl- or?/ (8Kt + az) ]

T ... (2.6)
2 [8Kt + a2 ]

where Fo is the constant flux density at the centre of the Gaussian

laser profile,

‘Equation (2.6) can be solved in the following mamner. Let

= (8Kt + ¢?)

-

Nu]” le"‘

Substituting into (2.6) we gel

2@2 alF 1/CL e-2r2x2
T(l“) = 0 dx

pocp(Bn)“K 0 (1-x°a%)

Now let ax = cos B
' adx =- sinb dd
n/2
20 ol 9.2/ ,,2 .2
T(I‘) - [¢] e—..,l /C, .cos°6 ap

P, cp (8 ﬂ)fbc 3



Put 20 = ¢ to give

' i
aoF 2 2
(r) = %% T /2 ‘[ o T /a?. cosep aep
= ——, )
pc (8m)2K o '
or
aaF J/nu 2/,.2 2
T(r) = —2— . ™ /a 1(3"—> een (2.7)
2/2k 0%q2
where . 7
, 1 ~X CcoSs
Io(x) = ;_I e dep
o
is the modified Bessel function of order zero.
The total power incident on the focal spot is given by
[ee] ’ -
P = f 2mrF dr
o
where Fo_ T e_2r2/a2
- o
.’- FO = 2P/ﬂa2 .
Suhstituting this into eéuation (2.7) we finally get
' 2/ 2 2
o P -r /a r
T(I‘) =, e IO(—?) . o0 e (2-8)

a2 mk

The temperature indicated by equation (2.8) is not achicved instantancously

a

but is approached asymplotically over a period comparable to T, where
2
a“p.c 5
T = Bﬁ P ... (2.9)

Equation (2.8) is displayed

1.07

in a graphical {form in I'ig.

2.4, in which the normaliscd

o
w
L]

temperature is depicted ver-

sus the distance {from the

NORMALIZED TEMPERATURE

centre of +the incident

Gaussian profile in dimen-

sionless units of r/a.

1.0 2.0 300 40 5.0

r/g dimensionless distance

) Fig.2.4
The radial temperature on the suriace of a semi-infinite slab
which is irradiated by a continuous laser beam
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2.4,2 Re-radiation frem the Surface

In the analysis presented the assumption has been made that the
energy lost from the surface through radiation is negligible. However,
if the pulse is on for a long time, heat can be conducted over a large
area. Thus a large arca contribules to re-radiation and, even though the
power per unit area may be small, the total power radiated may approach the
power absorbed, An approximate estimate of the percentage of power re-
radiated can be made by calculating the temperature profile on the surface
as a function of position, and then numerically integrating the thermal
re-radiation from the‘surface using the célculated temperature profile and
Stefan's law.

The surface temperature due 1o heating by a continuous laser with
a Gaussian profile is given by equation (2.8). Therefore applying Stefan's

law to thls result we obtain:

) ~4r2/a2 4 r2 ’
P [ 2ﬂ'J I (—-) a oo (2.10
N - zn"'kj re o\ 2 r ( )

where ¢ is Stefan's constant and PR is the power radiated from the

surface.

R
-
o
(o]
3

ED POWER RADIATED FROM SURFACE
&

-y
2.

NORMALIZ

1.0 : 2.0 3.0
L gas . r/q ‘aimensionless distance
¥ig.2.5

Normalized power radiated from &n annular surface 2nur c‘u"/a,2
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The function 2/,2 )
_ L ;~a -4(1"_)
f(r/a) =9 © 10 72
is displayed in Fig.2.5. By estimating the area under this curve an approxi-

mate value for PR can be obtained.

2.5 DAMAGE CAUSED UNDER VARIOQUS CONDITIONS
OF LASER ILLUMINATION

Figures 2.6-2.8 show two-beam interferograms of the damage causcd
to the surface of a glass microscope slide beafing a 200 R gold film, by
focusing laser beams of the indicated powers and durations 1o spotls with
diameters of 0.05, 0.1 and 0.25mm respectively. TFurther interferemetric
tests showed thal, in every case, the illuminated region had>beon raiscd
above the level of the-undisturbed surface, The surface distortion caused
is clearly very large, rising to a height of 2um above the surrounding
region in the case of the 3W, 100s , 0,25um focal spot. The minimuwn
power indicated in each figure is the threshold power below which no sur-

face damage could be readily detected,

From the dimensions of the damaged arcas in Figs.2.6-2.8, and cqua-
tioﬁ (2.8) a temperature Tp of 1160°C is indicated for the occurrence
of laser damage with a rms error of 60°C. (ere the éccurrence of laser
damage was defined hy the surface heing raised by k/2, i.e. 2045 k. This

is indicated by the outer dark rings on 1lhe interferograms of Figs.2.6-2.8.)

The value of TT was calculated for cach beam diameter from the
dimensions of {the damaged areas where the lowest power levels had been
used, If the other interferograms were uscd, Figs.2.9,2.10, then the
calculated value of TT showed a dramatic increase from 2000°C —> 54OUOC>
as the incident power level was increased. This indicated that possibly

one of two things or both were happening.  Lilher lbe surface was re-

radiating a significant percentage of the absorbed power due to ihe high
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Fig.2.6
Interfej-C'grams of the deformation caused to a glass
surface bearing a 200A gold film by laser illumina-
tion of the indicated power and duration. The laser
beam of 1lmrad divergence as focused on to the
surface by a lens of focal length " cm
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Fig.2.7
Interferograms of the deformation caused to a glass surface
bearing a 200A gold film by laser illumination of the indi-
cated power and duration. The laser beam of 1mrad divergence
was focused on to the surface by a lens of focal length 10cm



Fig.2.8
Interferograms of the deformation caused to a glass surface bear-
ing a 2001 gold film by laser illumination of the indicated
power and duration. The laser beam of 1 mrad divergence was
focused on to the surface by a lens of focal length 25 cm



surface temperatures, or removal of the metallic film was occurring, either
by vapourization or flow of ligquid gold under gravity, thus reducing the
absorption of the laser beam by the surface and therefore limiting the

final temperature attained by the surface.

Equation (2.10) and Fig.2.5 indicate that the total power radiated
from thé surface of the heated glab can vary from 5% of the tolal absorbed
power for the 1W beam focused to a diamcter of0,425mm , to 100 for the 3W
:Beam focused to the same diameter. Although thdsé figures are large they
are unlikely to be the only effect contributing to the large variation of
Tp.

From observations of the damgged arcas it is seen that removal of
the gold film occurred for regions where the tcmperaiure exceeded approxi-
mately 1200°C and in every case a reddish deposit was left. Due to the
extensive damage on the surface, and thus the resultant scattering, no
value could be placed on the absorptién coefficient of the reddish deposit,
Since the temperature on the surface is proporitional to the absorption
coefficient of the'surfacc, the removal of the gold film musl therefore
modify significantly the resulting temperatures indicated by equation (2.8)
for all cases where the temperature has exceeded 1200°C.  In establishing
the threshold temperature for the occurrence of laser damage, only the re-
sults for the focused beams.of the lower powers can thereforc have any
validity.

One very noticeable fact emerging from tlhis damage study is that
for the same power 1evel‘the area damaged by tlhe laser beam increased
markedly with an increase in spot diameter. )

Equation (2.9) indicates that the time T during which thermal
equiiibrium was achieved is comparable ﬁo 0.04s, 0.01s and 0.002s,
respectively for the cases vhere the beam was 0.25, 0.1 and 0.05mm dia-

meter, The interferograms show, however, that while all the damaged
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regions appeared within 0.01 s, none had rcached complete equilibrium
within this time. The damage produced by the 5 and 10 cm lenses had,
hovever, reached the maximum width within 0.01s . Deformation caused by
the 0.25nmm spots, continued to grow for more than 10s, starting as
tabular regions with flat tops and steeper sides, but becoming much higher
and more rounded with increasing illumination time.

2.6 LASTR DAMAGE CAUSED TO GIASS SURFACES BEIARING
GOLD TILM OF VARTOUS THTICKNESSES

The nature of the damage to the glass surface was Tound 1o be
strongly dependent on the thickness of the gold film, Interferograns
showing the distortion caused to surfaces bearing films of (a) 200 & and

(b) 1000 & are shown in Figs.2.9 and 2.10.

The damage caused to the surface bearing the 200 § film consisted
of a raised region. This region was somewhat depressed in the centre
when illuminated for a short period, but became distinclly domed when the
illumination was of lenger duration., When the damaged area was examined
with a transmission micrescope, it could be seen that the gold film had
been reméved from the raised region, leaving a layer of reddish material,
This laycr, which was of about the same thickness as the original film,
was very soft and could easily be scratched off or dissolved in aqua regia.
This reddish material was formed even when the surface was illuminated in
vacuo.

The surface bearing the 1000.K film was hardly affected by the
" focal spots of 0.05umm diameter, whatever the intensity or duration of the
illumination. The gold film was entirely removed from the illuminated
region, leaving no red deposit, but the only disturbance caused to the
surface of the glass was a slight ridge at the boundary of that region,

A much higher ridge was generated at the edge of those regions from which

the gold had heen removed by light focused to a epot of 0.25mm diameter,
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T . . m.zi-9
interferograms of the deformation caused by using lenses

of the indicated focal 1length to focus a 3W laser beam
on to a glass surface bearing a 2001 gold Sfilir. for
periods of the indicated duration
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Fig.2.10
Interferograms of the deformation caused by using lenses
of the indicated focal length to focus a 2% laser beam
on to a glass surface bearing a 1000A gold film, for
periods of the indicated duration
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In this case the boundary was raised to a height of up to 2um; though the
surfacé in the central region was again left undisturhed (except for a
'moat'! developed just inside the Dboundary ridge). This type of damage
took from 10 to 100 s to devglop fully, and was so severe it could he
examined not only interferometrically but also by direct photography,
(Fig.2.11). | |

It is possible that the reason why little damage occurred to

the 1000 & film was that the thicker film conducted heat avay Taster

from the illuminated region. (Gola has a thermal conductivity 350 times
that of glass, while the absorption of the gold film has only increased hy

30% in going from the 200 & to the 1000 & gold £ilm).

The diamcters of the damaged regions again suggest a threshold
temperature for surface damage of about 1160°C, while total removal of
the gold witheut surface damage appears to have dccurred for regions where
the temperature exceeded about 1200dC. This process, however, only
occurred in the case of the thicker film, although equation (2.8) indicates
that the temperature of the 200 £ film at the centre of the 3W spot of

0.25mm diameter would have approached 4 000°C had the film not been destroyed,

2,7 SURFACE DAMAGE DURING INHIRITION OF DEPOSITION

When the laser was focused onto the glass surface during the
, . : .. (107) .
actual deposition of the gold film , very extensive damage could he
caused, Fig.2,12 shows a reflection multiple heam interferogram of the
damage caused to the glass surface by a 2W laser beam focused to a spot
of 0.1mm diameter for a period of 1 min, during which time a gold {ilm
500 & thick was dcposited on the surface. IEach fringe represents a

change in height of 2730 A .

The interferogram shows that the damaged region has a domed surface,

the centre of which has risen about 6 m above the surrounding arca. When



Fig.2.11
Direct photograph of the damage caused to a glass
surface bearing a gold film, by using a lens of
25 cm focal length to focus a2 W laser beam on to
the surface for a period of 1 sec
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FigS2.12
Multiple beam int~fero of tk*damage cauS”d to a glass éu:
face by focusing _W rbeam"feo a spot o07Siu2 mm diameter

on that surface for\a perio”lof 1 mirK*ring whicl”“i“e a gold
film 500A thicK*was beiSg deposit”“on the sur** 3>
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the damage wés viewed with a transmission microscope, a numher of regions
of different surface colour were revealed. In a central region, having
approximately the same diameter as the focal spot, the glass surface had
acquired a smooth yellbw colouration. This region was surrounded by an
almost transparent area with a slight red granulation that became more
marked with increasing distance from the centre of the spot. This arca,
in turn, was surrounded by a red horder which extended to the limit of
the area of surface deformation. The cracking around the damaged arca
(indicated by the discontinuity in the interference pattern shown in Fig.
2.12) cccurred some hours after‘the laser illumination, and indicates
that exltremely high stresses had been induced in the glass as a result of
this experiment. All the surface colours could he easily scratched off,

but their removal by aqua regia occurred much more slowly than that of the

gold film,
2,8 CONCLUSIONS

The results of the damage analysis indicate that the mechanism by
which damage was caused to the glass surface was entirely thermal in nature.
The intensity of the light was many orders of magnitude too low to induce
significant nonlinear optical effects, and no damage wés observed in the

absence of the absorbing gold film.,

The mechanism by which the surface was raised to the very large
height could be ecxplained by thermal expansion, since this would cause aﬁ
increase in height of the correct order of magnitude; but in {the akhsence
of glass flow this would disappear on cooling. If the surface siructurc
had been caused Ly expansion of the glass then the 'hills' and the glass
below them would be less dense than the surrounding glass, In this event
an interferogram taken from the back side of the microscope slide would
not have ohserved any surface structure, but this was found not to be the

case and interferograms from front and back appeared to he identical.
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The slow growth of the deformation caused hy the larger focal spots
and the fact that damage occurred where the surface {emperature had reached
the melting point of glass, suggests that glass flow plays a crucial role.
Such flowbwould, however, leave another region perceptibly lower than the
undisturbed surface, unless very large stresscs were frozen into the bulk

substrate, no such region was in fact observed,

Similar experiments were performed on fused guartz, where the esti-
mated surface tempecature had reached 6900°C but o damage results. Clearly
in this case re~radiation of the incident light from the surface must have
contributed significantly in reducing the surface temperature to helow that
of the melting point of gold, otherwise this would have resulted in damage

to the 1000 & gold film.
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CHAPTER IIX

THE TEMPORAL DEVELOPHENT OF OPTICALLY ETCHED GRATINGS

3.1 INTRODUCTION

One of the Tirst methods employed to 'Q' switch lasers was the
insertion inside the laser cavity of a semitransparent metallic'filniiooiioll
This film will cause a significant loss for light propagating along the axis
of the laser cavity. During the operation of the laser, the intensity of
fhe light inside the gavity may‘increasé.fo such an extent that evaporation
of the film takes place. This evaporation process will reduce the absorp-
tion experienced hy;the light beam and so effectively switch the '@ of the
cavity. Using this technique, output powers of 10MW in a 30ns pulse

have been observed(loz). A detailed study of exploding film 'Q' switches

has bheen reported by Rowley(iod).

Due to the Fahry-Perot configuration of laser cavities and the
mode selectivity of 'Q' switches, there exist well defined standing waves
inside lasers. These standing waves have been experimentally observed by
Bragg reflection of a pulsed argon ion laser from the periodic structure

inside a lasing ruby crysta1(¥04).

The standing wave also extends into the rest of the laser cavity,
its presence was experimentally confirmed by Ledggf(los) in 1966 and later
by Little et 61(102)‘ Experimental evidence for the existence of the
standing wave inside the laser cavily was obtained by inserting inside the
laser cavity, at a small angle to the end mirror, a thin metallic film.
This metallic film also acted as a 'Q' switch, Since the intense light
of the laser is obliquely incident on the thin partially absorbing film
simultaneously from two opposite directions, heating occurs much more
rapidly atl the antinodes than at the nodes of the clectric field of ibe

resulting standing wave., If the light is sufficiently intense, this



heating can causc evaporalion and iounizalion of the film, and may also
result in the etching of any underlying substrate. Since 1he film inter—
sects the antinodes of the standing wave in a series of lines, this removal
of the film material and substrate etching results in the crecation of a
diffraction grating. The line separation d of the grating is given by
the equation 4 = h(Zsin.QL wﬁere A is the wavelengths of the incident
light and 6 the angle hetween fhe direction of propagation of the light

and the normal to the film,

The phenomenon is of interest hoth as a means of rapidly producing
small diffraction gratings of accurately known spacing, and also because

it provides a technique by which the dynamics of surface laser damége may
(21,108)

conveniently be studied

An extensive investigation of the properties and the manufacture
. . (103) .
of these gratings has previously been undertaken . In this reported
worlk, microscope slides were coatved with 200 & films of gold and placed in
a ruby laser cavity, where gratings with a spatial period of less’ than
0.4um were manufactured. Gratings with spatial periods as small as 0.2pm

were also produced by frequency doubling the ruby laser outpul and forming

the standing wave in a cavity external to the laser cavity.

I£ was noted in the work reportéd(103) by Rowley, that the strength
of the diffracted orders was too large to be explained solely from the
Point of view of an amplitude grating. On further investigation, it was
found that the transparent substrate had also heen thhed to a deplh of
0.5W. This etching had taken place at the antinodes of the standing
wave and thus resulted in the formation of a phase grating. B

Due to the lack of transverse mode selection in the ruby laser

103 . : s
used( ), gratings were uniform only over areas of a few squarec milli-

meters and a resolution of 1 R was obtaincd for gratings having a spatial
period of 0,4 ym.
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To improve the diffraction efficiency of the gratings, the sub-
strates were etched a number of times, To achieve this, the substrate
was coated in the laser cavity., After each laser shot, the substrate
was again coated with a 200 & film of gold and then periodically evaporated
by the laser. Using this procedure, up to twenty subsequent shots were
achieved with no observable degradation of the modulation profile, Dii-
| (103)

fraction efficiencies of 25% for the uncoated substrates were recorded

which compared favourably to the theoretical limit of 34%.

In addition to recording the hologram of the two main interfering
beams of the laser, the diffraction patlterns caused by dust particles and

other absorbing centres had also been recorded(los) on the metallic films.

(107)

In 1971 the same author reported observing the converse of
the periodic'evaporatién process, namely the spatial periodie inhibition
of condensation. This was observed by placing a transparent condenscr
plate close to the metallic coated substrate. The condenser plate was
orientated parallel to the coated substrate and so experienced a similar
periodic electric field as the coated substrate. On firing the lascr the
gold evaporated and subsecquently deposited on the condenser plate at the
nodes of the standing wave. It was found that in orde? to obtain a
periodic distribution, the plate separation had to be small enough to

allow the gold vapour to reach the condenser plate before the end of the

laser pulse.

In work reported in this thesis the area of ihe metallic film
illuminated by a ruby laser beam, has been probed by a continuous argon
ion laser. This light was itself too weak to damage the metallic ilms
used, .hut was diffracted by the grating caused by the ruby laser light.
The {emporal develepment of this diffracted beam thus gives information

concerning the dynamics of the processes involved in the creation of the
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grating. A time resolved investigation has been made of the development
of such gratings in a number of metallic films, and the effect of film
thickness, incident laser intensity, and angular orientation of the film
has beeﬁ studied. In addition the spectral output of the film surface

during illumination by the ruby light was studied.

3.2 - LASER SYSTIMS USED IN EXPERIMENT

3.2.1 Principles of the Ruby Laser
In any material the electron population is confined to various

energy levels.  The dis- LF 5000 &
:

position of the electron

populations in ruby is W ¥, 5600 &
shown in Fié.3.1. RubyA

consists of chromium 'Emmay 2 1 2966-
doped ALZO3 with the R, - 6913 A

active ingredient being

chromium, The most

q)\z '_I 0.4 en”

common doping concenilra-

i i : ’ ig.%.1
tion is 0.05% by weight _ Hged.l o
: . Energy levels of chromium ion in Ruby. Radiative and
absorptive transitions are shown by solid lines while
of Cl‘20:3 . non-radiative transitions are shown by wavy lincs

In the inactivated stage Qirtually all the electrons are in a
degenerate gfound level 4A2. Levels 4F1 and 4FZ consist of numerous
closely spaced degenerate energy levels which overlap to give two broad
absorption bands, Levels 2E are metastable and have a lifetime of
2.9 ms, As can be seen in TFig.3.1, there exists two possible modes of
decay from the %E levels to the ground level, that is either by R1
(6943 &) or R, (6928 R).  The R, line is polarised at right angles to
the optic axis and travels as the ordinary ray in the birefringent crystal,

The R, 1line is polarised along the optic axis in the crystal and travels
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as the extraordinary ray. Only the R1 line oscillates under normal
conditions, since it attains inversion before the R2 line on account of

its larger transition probability.

On activation of ruby by irradiation with the intense light pulse
created by a flash tube discharge, electrons are excited from the ground
level to the levels 4F1 and 4Fé by absorption of ecnergy from the light
pulse. The levels 4F1 and 4F2 absorb energy in broad bands centred
“on 4000 & and 5600 & respectively, thus allowing a reasonable amount of

the energy radiated by the flash tube to be effective.

In any tranéition, an incident photon has equal probabilities of
exciting by'absorption an electron from the 1ower ievel 1o the higher, or
of stimulating the decay of aﬁ electron from the higher level to the lower,
with the emission of aAsecond photon. It is not possible, therefore, cven
in an ideal system, for the population of levels 4F1 or 4F2 {to exceed
thaf of the ground level. Iiowever, electrons which are éxcited to levels
4F1 or 4F2 decay spontaneously, by a fast non-radiative decay process,
to level 2E, so increasing the population of level 2E. Due to the rela-
tive long half life of this metastable level 2E, the population of this
level increases as a result of the pumping of electrons via levels 4F1
and 4F and can be made .greater than that of the ground level. This

2

condition is known as population inversion.

When population inversion exists, a photon having a wavelengtlh
of 6943‘5, corresponding to the 2E—-4A2 transition, is more likely to
stimulate the decay of an electron from level 2E, with the resultant emis~
sion of a second photon, than it is to he absorbed by an electron gf the
ground level, The second plhioton relecased by ilhe stimulation is emitted

in the same direction and in phase with the incident photon.  Thotons

travelling along the length of the rod are rcturned into ‘the ruby by

- G3 —~



mirrors situated al cach end and in passing to and fro along the rod
stimulate further emissions from excited ions in their path, thus building

up to a coherent parallel beam of monochromatic light,

Once lasing action occurs, the population of level 2E reduces
rapidly to less than that of the ground level, causing the action to
cease until level ZE again reaches a state of population inversion as a
result of the pumping from ground level to the broad absorption hands 4F1
and ¢F2. Due to this repeated cessatiop and restoration of the lasing
action, the output consists of a numher of short pulses, A {ypical out-

put is shown in Fig.3.2(a).

(a) ) . = 100 ps|e—

[
A\“-—.
-

- -

sayrres \\§3ﬂﬁz;_ (A AT e

. _ Fig.3.2
() Intensity ougput of a 'free-running' ruby laser
(b) The 10 MW/cm® output of a 'Q! switched ruby laser

3.2.2 Construction and Operation of the Ruby Laser

The ruby laser used in the experiments described in this thesis
was a type 351, made commercially by G & B Bradley Ltd. A photograph
of the laser head is shown in Fig.3.3.

The active mediun of the laser is a ruby crystal, G%" long by

5 . , . . ] . g .
g "' diameter, which is positioned along one of the foci of an aluminium
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cylinder of elliptical cross—section, The inmner surfaces of the cylinder
are highly polished and anodised to form an efficient reflector. Also

situated in the laser head is the optical pump, this consists of a quariz
cylindef filled with xenon gas at a'pressure of 45cm of mercury and with

an arc length of G} inches.

Both the ruby crystal and the flash tube are encased in quartz
water jackets, through which deionized water circulates. This ensures

rapid cooling and allows the ruby to be fired once cvery few minutes.

The power unit supplied with the Jascr head consislts of a capacitor
drive unit, capacitofs and two triggering circuits.  The capaéitor drive
mit provides the energy for charging five high voltage 300 I capacitors
to a maximum potential difference of 3kV., The five capacitors are placed
in parallel and thus capable of supplying 6.75 kJ of electrical energy to
the xenon flash tube., In practice the capacitors were very rarely charged

above 2.5kV giving an input cnergy to the flash lamp of 4.7 kJ.

If the ruby is to be pumpea efficiently then the pump light must
cause inversion in a time comparable to the metastable lifetime (2.9 ms)
of the ruby lasing level involved. To satisfy this condition an inductance
is placed in series with the flésh tube and across vhe oculput terminals of
the capacitors, |

Two trigger circuits are employed in the power unit, sce Fig.3.4.
One trigger uwnit supplies 15idf in a few microseconds to 1lhe flash tube
terminals, this triggers the discharge of the flash tube. The sccond
trigger circuit supplies a low voltage pulsc coincident with the firing of
the flash tube. This trigger pulse was used to synchronise the oscillo-
scopes,

Tecdback of light into the ruby crystal was achieveq alt one end by

a 99.7% reflecting mirror supplied by Balzers. The high reflcctivity and
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The ruby laser triggering circuit-

high damage threshold (300 MW/cmZ) of this mirror is achieved by coating
a quartz substrate with alternate N4 layers of dielectric materials of

high and low refractive indices.

At the output end of the laser vavity partial reflection was
achieved by use of a short uncoéted resonant cavity. This produced an
effective reflectivity of 16%. The output from the laser consisted of
light of a numher of different longitudinal modes. By using the rcsonant -
reflector; which consisted of two paréllel quartz flats, the laser could

be made to operatc in a limited number of longitudinal modes,

Complete longitudinal mode selection was achieved by inserting
inside the laser cavity a 'Q' switch. This consisted of a thin optical
6ell (1 cm path length), containing cryptocyanine (1,1'- diethyl -4,4'-
carbocyanine iodide) dissolved in pure methanol. A spectroplotometer

trace of the density of this dye is shown in Fig.,3.5. It can be scen
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Absorption spectrum of cryptocyanine dissolved in acetone

that its optical density has a maxinum at approximately 6943.&, thus effi-
ciently absorbing the ruby output. Absorption of the ruby light by this
dye will effectively cease when {he population of the ground level approa-
ches that of the upper. At this stagé the dye is said to be 'hleached!'
and transmission of the ruby light ensues. By increasing the concentra-
tion of the dye in the cell inside the laser cavity, the number of indivi-
dual microsecond pulses normally observed in the outputvlight of the laser
can be reduced, If the dye concentration is sufficiently high, the lasing
action can be limited to one pulse, this resulting bulse is typically a

~ few tens of nanoscconds in duration and has a peak power of around 50 MV,

A photograph of a typical 'Q! éwitched pulse is shown in Fig.3.2(h)..

The one big disaGvantage of our ruby laser oulput was that it
exhihited poor transverse mode selection. ITwven by including inside the
cavity an aperture {o limit the diverging light, no great improvement

could be made, in fact the aperture prescnied so much resistance to the
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lipght that it became impracticable to fire the laser, One probable

cause of the poor transverse mode control was that the ruby output passed
through a 1ayer’of water which was used to coél the ruby crystal. Another
possible cause which came to light later when experiments on mode locking
were being performed, was that self focusing of the light by the ruby
crystal produced a significant detérioration in the spatial intensity pro-

file of the output pulse.

3.2.3 Gas Lasers Used in Experiments

In addition to the ruby laser two other lasers were used. One
of these was a simplé helium—neoﬂ gas laser (Metrologic 360) which was
used to align the complicated optical system. This laser had a continuous
~output of 1mW at 6328 A in a single transverse mode, The output from the
helium-neon laser was directed normal to the 99.7% reflecting mirror of the
ruby‘laser cavity. By removing this mirror the light from the helium-
neon laser tfaced out the path of the ruby laser beam. This procedure
allowed correct alignment of the optical components. used in the experi-

ments to be made with ease.

The second gas laser used in the experiments was a Coherent Radia-
tion 52B continuous argon ion iaser. This laser was operated solely on
the 5145.A line, giving it a maximum output of 1.4W. The output occcur-
red in a single TIBMOO transverse moQQ and had a divergence of lmrad
and an initial beam diameter at the 1/e2 intensity points of 1.4mm .

i This laser incorporated a power meter into its design and regulatcd the
output power of the laser to within 0.1% of a preselected value. At
times a knowledge of the power level of the argon ion laser light was
required at points remote from the laser. In these instances a calibra-

ted Spectra Physics photocell and meter were used.
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3.3 DETECTION IQUIPMENT

Deflection by beam splitters of approximately 4% of the main laser
light into two EMI 9648 B photodiodes facilitated the detection of the
temporal intensity profile of the forward and backward going ruby light.
These two photodiodes had a bismuth silver cathode and an inherent rise
time of approximately %.5ns . DBoth diodes were fitted with Barr and
Stroud narrow hand filters, centred on 6943.&, to eliminate wnwanted
light. Diffusion screens were also inserted inside the diode casings to
’eliminate any saturation effect of the pﬁotocathode that may have résul-

ted from the high light intensities used,

Deﬁection of the diffracted argon ion light was acﬁieved by using
two Mullard 56 AVP's and one EMIT 9810QB photomultiplier.' All three
photomultipliers had identical characteristics, of a 2.4ns risetime and
a 45ns transit time. The diffracted signals were attenuated by a diffu-
sion screen and a Grubb and Parsons narrow band filter having a bandwidlh
of 28 & centred on 5148 k. It was also found necessary to use two JINA

BG18 green filters to further attenuate the unwanted ruby light.

\

Calibration of the photomultipliers and detection of the saturatlion

point was achieved by chopping the argon ion light with a rotating disc.

To ensure that only one 'Q' switched pulse was emitted by the laser,
the output from the photodiodes detecting the ruby pulse was fed into a
Telctronik 549 storage oscilloscope., This instrument has a bandwidth of
30 Mz and™a sensitivity of 5mV/div. Its main advantage though is that
it is capable of storing on its screen a picture of the oséilloscope trace.
This meant that the oscilloscope did not need 1o be viewed or the -trace
photographed to ascertain the number of pulses emitted by the ruby laser.
Unfortunately though, even in the enhanced writing mode, the writing specd

was only 50n/pw .~ This mcant that it was incapable of recording the 20ns
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pulses cmitted by the photodiodes in response to the detection of the ruby
pulse. But by integrating these fast eléctrical pulses with an R-C cir-
cuit having a response time of 10~° s , the resulting slow pulses could be
easily detected and displayed even when using the normal writing speed of
0.5 cm/ps.

In addition to the 549 sworage oscilloscope,Atwo Telktronix 454's
and one Tektronix 7904 were employed, The two 454's had a 150 Mz hand-
-width giving them an effective risetime of 2.4ns. While 1he 7904 has a
bandwidth of 500MHz resulting in an instrument risetime of 0.8ns . All

three oscilloscopes had sensitivies of 5mV/cm .

In every instance where these three oscilloscopes were used to
record the output from either of the two photodiodes or the three photo-
multipliers, the signal was conveyed by 50 ohm impedance coaxial cable,
and in the case of the two 454's, terminated with a suitable 50 ohm match-
ing piece. (The 7904 had an input impedance of 50 ohm, while the 454's
had an input impecdance of IIMQ.) This ensured that no reflections occur-

red at the terminals of the oscilloscopes due to impedance mismatches.

Generaliy the discharge of the ruby laser's capacitors produced so
much electromagnetic noise that it triggered the oscilloscopes. This
effect was unimportant as far as the 549 was concerneﬁ, since the sweep
rate was so slow that it displayed both the noise from the capacitors and
the individual 'Q' switched pulses. To overcome this problem with the
three other oscilloscopes, the double triggering system of these oscillo-
scopes was employed, This meant that a signal could not be detected until
both systems had been triggereé. The first triggering system was‘fired
from the electromagnetic noise and after an adjustable delay allowed the

second trigger system to be fired from the photodiode pulse. Since the

time interval between the electromagnetic neise and the first ruby pulse

s



vas of the order of milliseconds, the second trigger system was never
fired by the noise. This approach completely eliminated any spurious
triggering.

The two 454's and the 7904 all had two channel inputs, which
enahled one to combiné two signals of different magnitude on one trace by
using different gains and suitable delays. The delays were obtained Dby

using the appropriate length of 50 ohm impedance coaxial cable.

'The energy of the laser pulses was measured by use of a calibrated
calorimeter (Laser Associates model 42). This calorimeter consisted of a
polished cone into which the laser light was directed. The shape of the
cone was such that after multiple reflections on its surfaces very little
of the incident light escaped from it.  The heat préduced by absorption
of the light was detected by an array of thermocouples on the ouler surface
of the cone. These were connected to a multivoltmeler calibraled in
terms of beam energy and allowed accuratle measurcments to aboul one tenth
" of a joule. By using the c%lorimeter in conjunction with the photodiodes,
an intensity calibration of the photodiodes was made, This procedure also

enabled one to determine the intensity saturation point of the photodiodes.

3.4 EXPERIMENTAL ARRANGEMENT

A detailed diagram of the experimental arrangement is shown in Fig.
3.6. The polarization of both the ruby and argon ion lasers lies in a

plane perpendicular to the plane of the diagram.

The passively Q-switched ruby laser gave a pulse of up to 50MW
peak power and a duration of 10-20ns (FWIIM) .  The metallic film which
" was to be illuminated by the ruby was placed in a cavity exbternal to the
laser cavity. This external eavity was formed by a 97.7% reflecting
dielectric mirror orientated parallel to the two laser mirrors and posi-

Tioned approximately two metres away. The mctallic film was positioned
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Experimental arrangement for the study of the temporal development
of the light diffracted from an optically etched grating
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within 20cm of this high reflecting external mirror. The intensity of
the light incident on the film was varied from 0.5mW to 40 mW by an attenu-
ating cell containing cupric acetate dissolved in methanol. _A spectro-~
photometer trace of the density of this solution is shown in Fig.3.7. No .
absorption saturation of this solution was found with the power levels
used, The forward and backward going beams of ruby laser light, which

~ were incident on each side of the film at 5° to the normal, were detected
by the fast photodiodes described in the previous section. The signal
generated by the forward going beam was displayed on the two Tektronix

454 oscilloécopes, while ‘that genefated by the backward beam was displayed

on the Tektronix 7904 oscilloscope.

The output of the argon ion laser emitting light of 5145 & Wavé—
length was split into two bheams. These beams‘were incident, at an angle
of 18°40' to the normal, on opposite faces of that part of the film illu-
minated by the ruby laser. As the grating was cfeated, by the action of
the ruby laser light upon the thin film, the development of three of the
first order diffracted beams of argon ion laser light was studied, Two
of these originated from the light reflected from each side of the film,
while the third arose from the light transmitted througﬁ it. These three
beams passed through a narrow band filter, transmitting light of 5145 & +o
éliminate any hlue-green light generated at the surface of the film.
Further green filters (JENA BG18) were used to eliminate scattered ruby
laser light.  The beams were then detected by three photomultipliers
(2% 56 AVP's, 1X9810 QB). Two of the signals were displayed, using
suitable delay lines, on the same Tekironix 454 oscilloscopes as the ruby
laser signals, while the third was displayed on the Tektronix 7904 oscillo-
scope, The Tektronix 549 storage oscilloscope was used to check the occur-

ence of only one Q.-switched pulse from the ruby laser.
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The absorbing filwms used werc evaporated layers of silver, gold
and aluminium of thicknesses from 50 & to 400 A on glass microscope slide
substrates. The temporal development of the beams diffracted from the
gratings formed by the varvious films was observed over a range of ruby
laser intensities. The metallic films were mounted@ on a rotating table
which could ﬁe positioned t6 an accuracy of five minutes. The effect of
varying the angle of incidence of the ruby laser beam upon the film was

. studied,

3.5 - GINFRAL RESULTS

v

The main features of the development of the diffracted signals
were generally the same for each type of film., At different energies of
the incident ruby laser pulse, three main types of development were ob;
-served. For pulses of very high cnergy, the diffracted signal was a
pulse with a short duration comparable with that of the incident light.
With low incident energy, the diffracted signal resembled a step function
rising to a constant level in a time comparable o the rise time of the
laser pulse, These two types of signals were present irrespective of the
type of film material used., At intermediate energies, both reflected
diffraction signdls from the alﬁminium films ahd the tfansmitted diffrac-
tion signal from the gold and silver films exhibited a more complex struc-

ture. This complex structure consisted of a short initial pulse followed

by a relatively slow rise and then a decay to a constant level.

The three types of signal can Dbe clearly seen in Figs.3,8~ 3.10.
While the slow decaying signal, I'ig.3.10, was present in the cases indi-
cated above, the other heams diffracted at the same time displayed the
fast pulse type of signal (Frig.3.8).

A time check on the occurrence of the diffracted signal established

that in every casc a di{{raction grating Dbegan to develop on the arrival
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- Fig.3.8
Diffracted signals observed using high energy ruby laser pulses. (Traces
show the ruby laser output followed by the delayed diffracted signal.)
Top Trace: Reflected ngnal diffracted from front of 2001 aluminium film
illuminated by a O. 9J/cm ruby laser pulse. Middle Trace: Reflected slgnal
diffracted from front of ZOO-K silver’ film illuminated by a O. 45J/cm rub;
laser pulse. Bottom trace: Reflected signal dl;fracted from back onOO-i
gold film illuminated by a 0.40 J/cm® ruby laser pulse
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Diffracted signals observed using low energy ruby laser pulses. (Traces

show the ruby laser pulse followed by the delayed diffracted signal.) Top

irace: Reflected 41gral dai ffracted from front of 50-i aluminium film illu-

minated by a 0.03 J/ca’ ruby laser pulsc. Middle trace: Reflected 51gn11

diffracted from front of 100--A silver film illumiminatcd by a 0.045 J/cm

ruby laser pulse. Bottom trace: Reflected 51gnal diffracted from back of
100-A goid f;lm illuminated by a 0.045 J/cm® ruby laser pulse
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Fig.3.10
Diffracted signals observed using intermediate energy ruby laser
pulses. (Traces show ruby laser output followed by the delayed
diffracted siinal.) Top trace: Reflected signal diffracted from

front of 100-A aluminium illuminated by a 0.2 J/cm” ruby laser

pulse. Middle trace: Transmitted signal diffracted from 200-

silver film illuminated by a 0.3 J/cm2 ruby laser pulse. Bottom

trace: Transmitted signal diffracted from 200-1 gold film illumi-
nated by a 0.1 J/co’ ruby laser pulse

of the ruby pulse, estimated to within the accuracy of the detection system
i.e, Sns .

Although the conditions of the laser oscillator were kept constant,
the duration of the outi)ut pulse varied from 10ns to 20ns (FWIM) .
Analysis of this effect, of pulses of different widths, showed the crucial
factor determining the nature of the diffracted signal to be the energy

rather than the power of the laser pulse.

The diffraction efficiency (i.e. intensity ratio of the first to
zeroth order diffracted beams) of the grating left after the elching,
varied with pulse energy and film thickness. The pulse energy for‘which
this efficiency was a maximun, tended to increase with increasing film
thickness. Those gratings. exhibiting the highest efficienéies were always
those where the step function type of diffraction signal (Fig.3.9) had re-

sulted, In general the diffraction efficiencies were always greatest
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for reflected orders rather than the transmitted, This was true both for
the transient signals displayed electronically and for the remaining

gratings,

3.6 RESULTS FROM DIFI'ERENT GRATING MATERTALS

3.6.1 Gold

| The threshold energy required fdr fhe ruby laser beam to etch the
gold films varied from 20 mJ/em? in the case of the 50 1 film to 100 mJ/cm?
for the 400 & film. The diffraction effiéiencies of gratings formed in the
50 L £ilm were always‘very low, reaching a maximum of 8><1O‘476 when the
incident energy'was 150 mI/cmZ. Much better gratings were formed in the
100 & sna 200 & films having maximun efficiencies of &5 X 10’295 and

2 X 10"396 at cnergies of 60 mJ/cmg, respectively. The gratings formed in
the 400 & film #ere of comparable efficiency, up to 2)(10—2?6zﬁ; 400 wJ, mné.
These diffraction efficiencies are low since ‘the measurements are averaged

over ithe total area illuminated by the argon ion laser,

At high beam energies all the diffracted éignals showed a pulsed
develbpment of the type illustrated in Fig.3.8 regardless of the film thiék~
ness, but at lower energies the three beams showed different features.v The
signals from the 50 E £ilm were too weak to be conveniently studied. In
the case of the 100 & film the transmitted heam began to develop in the
slow mamer-illustrated in Fig.3.10 for input energies of less than 300
nJ/cmz, hut the two refiected beams retained the feafures shown at the
"higher encrgies, - These beams never showed the slow development of Fig.
3,10, but at energies of less than 50 wJ/cm® the beam reflected from the
back of the film (i.e. from the side in contact with the glass slide) lost
its pulseﬁ character and developed in the step-function manner shown in Fig.
3.9. The beam reflected from the front of the film retainéd a partially

pulscd character right down to the etching threshold. Using a 200 A film
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similar results were obtained, but the transition from pulsed {to slow

development of the transmitted heam occurred at 600 wJ/cm®,  The develop-
ment of the @iffracted beams from the 400 A film was again similar, except
that the transmitted beam showed slow development up to the highest avail-
able ruby laser energies (1500 mJ/cmZ), while both reflected beams showed

pulsed development right down to threshold intensity.

3.6.2 Silver

The threshold energy required to. etcl the silver films varied from
60 mJ/cw? for the 50 & film to 500 mJ/cw? for the 400 & film. Much more
efficient gratings (7X10729% at 450 ﬁg/ em®) were formed in the 50 & f£ilm
than in the equivalent gold films. The gratings formed in the 100 A and
200 & films were also of greater efficiency (6)(10‘2% at 10Qnﬂ/cm2 éhd
10—295 at 1000 mJ/em?, respectively), but those in the 400 & film were very
poor.

The development of the diffracted beams was broadly similar to that
of those produced from the gold films but showed much less slow develop-
ment (Fig.3.10) and more often took the form of a step-function (Fig.3.9).
Using the 50 A film, all three‘beams showed a development intermediate be-
tween Figs.3.8 and 3.9 at the highest available ruby léser energies, At
energies of less than 400 mJ/ cm® all three beams showed purely step function
behaviour, but at no stage was there any significant slow development. The
beams diffracted from the 100 & film were very similar, acquiring a pureiy
step function character for emergies of less than 150 mJ/cm®. Using the
200 & film, however,.the transmitted beam showed‘siow development for ener-
gies of less than 450nﬂ/cm2, while the two reflec%ed signals were of the
pulsed type shown in Fig.3.8. The very weak signals reflected from the
400 & £ilm vere also of the pulsed type, while the transmitted beam was

undetectable,
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3.6.3 Aluminium

The threshold for etching the aluminium films varied from 20 mJ/cm2
for the 50 & film to 200 mJ/cm2 for the 400 & film, The efficiencies of
the gratings formed in the 50 & £ilm were greater than in the case of
either the gold or silver films (0.25% at 60 nJ/cm2). The maximum effi- °
ciencies of gratings formed in the 100 A and 200 A films were 10-295 at
750 mJ/cm? and 3X10729% at 700 mJ/cm®, respectively, while the 400 & filw

gave gratings with maximum efficiency of 2)(10_47é at 600 mJ/cm?.

The overall features of the development of the diffracted beams
were similar to those observed with the other two melals, except that slow
development (Fig.S.iO) was in this case more prominent in the reflecied
than in the transmitted beams., At high incident energies all the bééms
diffracted from the 50 & film, had a pulsed ;haracter (Fig.3.8), but below
250 mJ/cm® the two reflected heams shéwed slow development. At energies
below 50 mJ/cm® all three beams showed a mainly step function behaviour
(Fig.%.9). TUsing the 100 & film the transition from pulsed to slow develop-
- ment of the two reflected beams occurred at about 400nﬂ/cm2, while the
transmitted beam showed pulsed béhaviour down to the etching threshold.
Surprisingly this situation was reversed using the 200.& film when the
reflected beams had a pulsed character down to threshold energy, while the
transmitted beam showed slow development even at the highest available
energy. The signals reflected from the 400 & film were of pulsed form
for high incident energies but became of the step function type for energics
below 300 mJ/cm?,  The slowly developing transmitted beam was so weak that

it was only observable at the highest available energy. -

A summary of the types of diffraction signals observed from the
various metallic films at low, medium and high laser pulse cnergies can

be seen in Fig.3,11,
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Diffracted signals observed, from a variety of film materials,

using high (> 0.4 J/cm®), medium (0.1-0.3 J/cm")
energy ruby laser pulses.

(< 0.05 J/cm)

and low
The thickness of

both the gold and silver films were 200% or less, while the

aluminium films were 100& or less in thickness
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3.7 PHYSICAL QUALITY OF TIIE GRATINGS

The ideal optically etched gratings would consist of a periodic
thin metallic film, undamaged at its thickest peinbs and totally absent

at its thinnest, on a completely unaiffected substrate.

The gratings formed in our experiments were examined under a micro-—
scope of up to 1300 Xmagnification. This showed that those gratings
formed by illumination of 50-100 & gold or aluminium films by ruby laser
_ beams of only just sufficient energy to affect the films, approached

closest to the ideal (Fig.3.12). These gratings were very small in area
but could have diffraction efficiencies of up to 10%. (The much lower
efficiencies recorded in section 3.6 were the average efficiencies measured
over the whole area illuminated by the argon ion laser.) Higher.enérgy
illumination of these filwms, by'the ruby laser, tended to cause total
removal of the %ree metal even at the nodes of the field, leaving a dull
‘reddisk layer with little absorption or reflectivity on.the substrate sur-
face (T'ig.3.13). The resulting grating was of very low diffraction effi-
ciency. Such total removal of the free metal (perhaps involving its
penetration into the substrate surface to form the reddish layer) occurred
even more frequently using thicker films of gold or aluminium, or with

silver films of any thickness.

Correlation of the {ime resolved diffracted signals with the appear-
ance of the gratings clearly showed that the ideal type of grating was fo%med
when the beam enérgy was sufficiently low to give the step function type of
diffracted signal. ‘Whenever a fast pulse was visible in the diffracied
signal, complele removal of the metal film had occurred over at least some

part of the grating.
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; Grating of the type produced usihgrlow energy ruby”aser pifise
t; (200i gold film illuminated by a--X),06 J/cn? 'rxToTi’se”jpul’e)”:-



Gratings of the type produced us*in* by 14+ (pulse,
(400 A gold filmMillumitia|ted by a as#r nuise)



3.8 'SPECTROSCOPY GF THE LASER IRRADIATED SURFACES

When the 5145 & narrow hand filter betbween the photomultipliers
and the film was removed, a signal with a decay time of approximately
15ns was observed even in the absence of the argon ion laser light.
Inserting a 50% transmitting 6043 & narrow band filter between the photo-
multipliers and the film had the effect of reducing considerabhly the detec-~
ted signal. The signal camnot therefore be attribulted to scattered ruby
~light, but probably to light generated by the film during the etching
process., This suggested the possible formation of a microplasma as a
result of the very rapid heating of the film at the antinodes of the opti-
gal standing wave, It was noted that the 15ns signal was still present,
but reduced in intensiﬁy by a factor of four, when the backward going beam
and hence the standing wave was removed. In an attempt to establish
whether or not ;onization had taken place, the spectrum of the light emit-

ted by the film was investigated.

The light emitted from the film was collected by a lens and direc-
ted into a Hilger medium quartz spectrometer. The spectrum displayed by
the spectrometer was recorded on the fastest available photographic plate.

This was an Ilford HP 3 plé%e having a sensitivity of 400 ASA.

An output energy from the ruby laser of 1 J/cm? was incident on
metallic films having thicknesses of 200 A . Both gold and aluminiwn

films were irradiated but only aluminium exhibited any ionized lines.

During the recording of the spectrum a wide slit had to be employed
since the light intensity was so low. This wnfortunately gave a poor reso-
lution of approximately 60 & in the 5500~ G500 A range, over which most of

the ionized lines were recorded, The observed lines are listed below.
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WAVELENGTH ()  ATOMIC STATE

6335.70 At
5071.94 At
5867.81 At
5861.53 ALT
5353.62 At
4927.98 - At
4227.92 At
4227.86 At
4227.40 . At
3961.52 AL
3944, 06 . Ax
’ 6530. 20 Au
5837.39 : Au

Parenthesis is used to group together those lines which may well have

appeared within the recorded linewidth.

It can be seen from the list above that a number of singly
ionized lines of aluminium have appeared, this is undoubtedly as a conse-

quence of the lower ionization potential.

Using very low resolution a number of spectrograms (Tig.3.14) were
taken of a 200 A gold film irradiated by a 1J/ cm? iaser pulse, This low
resolution was achieved by using a very wide slit setting, so that the
whole of the image of the illuminated area entered the instrument. From
these spectrograms'we were ahle to estabhlish that the hackground of the

spectrum radiated resembled that of a black body of 6000°K.

DENSITY

I i i L 1)
2500 2000 3500 4000 4500 4756 -
: Fig.3.14 Wavelength (Angstroms)
Spectrum of the light' reradiated from a 2004 gold film after
having been irradiated bty a 1 J/cm® ruby laser bean
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3.9 ANGULAR DEPINDENCE OF DIFTRACTED SIGNALS

The dependence of the temporal development of the beam diffracted
from the gratingé, formed in a 200 & gold film, on the angle € between
the normal to the film and the incident ruby laser beams, was studied;

The rise and decay times of the slowly varying part of the signal observed
with ruby laser heams of intermediate energy were found to depend strongly
on this angle (Fig.3.15). Figs.3;16 and 3,17 show graphs of the rise

and fall times, respectively, plotted asAfunction§ of cosecB for the case
of the transmitted diffracted beam. The-straight line in both graphs

was derived by using the method of weighed least squares fit(108),

. Fig.3. 15

Variation of diffracted signal with angle of incidence

of the ruby laser light. (Traces show ruby laser output

followed by the delayed diffraction signal.) Each trace

shows the transmitted signal diffracted from & 200k gola

£ilm illuminated by a 0.3 J/cm2 ruby laser pulse. The -
angle between the ruby laser direction and the normal to

the film was 2° for the top trace, 5° for the middle

trace, and 16° for the bottom trace
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DECAY TIME 1077 SEC.

* 1001 ' ' -

200+

1504

1004

RISE TIME 107%sEC,

- COSEC®
Fig.3.16
Variation of rise time (to maximum) of the diffracted
signal with angle of incidence 8 of the ruby laser light.
(Transmitted signals diffracted from a 200 K gold film
illuminated by a 0.3 J/cm2 ruby laser pulse.)

504
0 T T T T Y 1
0 5 10 15 20 25 30
COSEC 8 o
Fig.3.17 . o

Variation of decay time (to half-intensity) of the diffracted

signal with angle of incidence § of the rub laser light.

(Transmitted signals diffracted from a 200 A gold film illu- -
minated by a 0.3 J/cn® ruby laser pulse.)
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No angular dependence was observed for either of the diffracted
beams reflected from the gold surface. It was also noted that the 15ns
signal, which was attributed to the radiating surface, due to the high

temperature +that it had attained, was also independent of the angle 6.

The angle of the probing argon ion heam was varied while the angle
made by the film with the ruby laser beam was kept constant. This allowed
us to establish that the probe heam angle did not in anyway affect the rise

and decay times of the slowly decaying signals.

3.10 DISCUSSION OF GRATINGS FORMED AT HIGH ENERGIES

The complexity of the temporal development of the diffractéd laser
heam under various conditions of film excitation suggests that a numher
of mechanisms are involved in the formation of the gratings. This fact and
the essentially destructive nature of theiprocesses occurring within theA
film make quantitative analysié of the observations extremely difficult.

Many authoré(18,22,26,38,108,110)

have reported the formation of

a microplasma when a Q switched laser pulse with an intensity of the same
order of magnitude as that used in our experiments, impinges on a solid
surface. The short pulse of diffracted signal olhserved using ruby pulses
of very high energy (Fig.3.8), may be readily explained on the assumption
that lines of plasma were first formed at the aﬁtinodes of the standing
wave causing a strong diffracted signal. Subsequent heating at the nodes
of the wave (owiﬁg to the fact that with our experimental ar?angement the
forward and bhackward ruby laser bheams were never exactly equal) would,
however, cause a rapid decrease in this signal by creating a uniforp plasma

over the whole surface. Complete removal of the film (Fig.3.13) over some

part of the grating was always asscciated with this type of signal.



3.11 DISCUSSION 0F GRATINGS FORMED AT LOW ENERGIES

The step function diffracted siguals (Fig.3.9) obscrved uéing

beams of very low energy, may he explained on the assumption that at such
energies there was no damage to the film at the nodes of the standing wave
and no plasma formation. The development of the signal was in this case
caused by vapourisation of the film al the antinodes of the electric field,
The remaining film caused diffraction as a result of the induced periodicity
in its thickness, but the vapour, being transparent to argon ion laser light,
had no effect on the diffracted signal. Hence the constant diffracted sig-
nal, once the laser pulse had formed the grating. (Gratings formed under

these conditions are shown in Fig.3.12.)

3.12 DISCUSSION OF GRATINGS FORMED AT INTERMEDIATE ENERGIES

The slowly decaying signal observed at intermediate beam energies
(Fig.3.10) may be interpreted as a result of the formation at such cnergies,

of a periodically distributed‘plasma, rather than unionized vapour.

The rise and fall times of the slow signal were proportional to
cosecB, i.e. proportionalhto the line separation of the grating. Such a
dependence would be expected if the diffraction were governed by the motion
of a plasma across the surface, in which the distance to be travelled, and
thus the time required to achieve any given ionic distribution, was propor-
tional.to the original line separation, i.e. the separation of the plaswma
clouds,

Apart from the plasma that may be produced, there also exists the
question of whether or not the substrate having had a periodically heated
surface will, due to the diffusion of the heat in the substrate, af%ect
the‘optical path length experienced by the light. The temperature distri-
bution of such a surface can bhe obtained by solving the 2-D differential

heat flow equation. It can be shown that the temperature distribution is
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of the form (Appendix I1):

pe! -t/ o ¢ —yzpocp/zLKT

a
— 2 op , op
' T(x,y,t) = T,m ,\/ o coskx . e . e

ﬁhere T is the temperature as a function of position (x,y) and time +,
resulting from an instantaneous periodic distribution of heat Toé(y)coskx
at the surface y=0, K is the thermal condgctivity, Py the density, cp
the specific heat at constant pressure, and k is the wave vector of the

periodic distribution of heat.

The change in the refractive indék V. for light passing through the

substrate along the y-axis is
- o

Ay e j‘ T(x,y,t) ay .
[}

. . —Kkzt/p c
. Ay o« coskx e °P

which would result in a signal having a relaxation time:

p.c p.c 2
T2 00, A cosec?

kK2 K 167P
where A is the wavelength of the periodic distribution. Therefore the
distribution of the substrate temperature, or any other parameter controlled
by a diffusion law, would show a development with‘a characteristic time pro-
portional to the square of that separation. This is also true of a critic-
ally damped or over-damped standing acoustic surface wave(213). If, however,
the damping is weak, then the acoustic surface wave would have a period pro-
portional fo the line spacing, but this would result in a diffracted signal
whose intensity would oscillate with a period smaller than the observed
decay time. |

Decay of the plasma, chemical processes occurring at the surface,
or any phenomenon involving transport perpendicular to the surface would

on the other hand give a decay time independent of spacing.
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3.12,1 Plasma Kinetics

In a plasma of temperature T the ions have velocities whose compo-
nents in any given direction follows a Gaussian distribution. The median
' AL
value v of this distribution is given by v::O.GQ(kT/M)R, where k is

Boltzmann's constant and M the ionic mass.

Thus, if the plasma ions écquire their energy in a time To,xthe
time required for half of the ions to travel a distance of one line sepa-
ration d is given by

T= T+ /v = T+ 0.735 \ (M/kT)%cosece
where A is the wavelength of the ruby laser light and G.the angle between

the ruby laser beam and the normal to the film.

While the exact felationship between plasma distribution and dif-
fraction efficiency is difficult to establish, it seems clear that any

signal arising from this process would develop in a time comparable with T.

Since gold Vapour does not absorb ruby laser 1ight, we may assume
that the temperature of the plasma,.when first initiated from the vapour,
was about 2500°K, the beiling point of gold. The duration of the slowly
developihé part of the diffracted signal didAnot vary significantly over
the range of beam energies under which the phenbmenon was ohservable.

This suggests that, al such energies, there was no significant heating by
absorption of the ruby laser light in .the plasma. We may therefore assume
that the temperature of the plasma atﬁintermediate beam energies was still
about 2500°K. (The- temperature of GOObOK mentioned in section 3.8, occur-
red using a ruby laser beam of much higher energy.) Given this tempera-
ture, the gradients.of the. graphs shown in Figs,3.16 and 3,17 are 05 the
same order of magnitude as the gradient 0,735 \ (N/kT)%' of T against
cosec § indicated by the equation above, This provides a reasonable

experimental justification for assuming that the slowly varying signal
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results from the creation of a microplasma at the antinodes of the stand-

ing wave of the ruby laser light.

3.12.2 Thermal Decay of the JTrradiated Surface

It is worth noting that the 15ns light signal observed by the
photomultiplier viewing the metallic film and attributed to blaclk body
radiation, gives an indication of the decay time mT of jthe {emperature
of the film.

The spectral energy density u(y) of a radiating black body at

temperature T as a function of frequency V is given by

R 3 .
. i
11(\)) _ 81'\']1 \

¢® VKT

where h is Plank's constant, ¢ the velocity of light, and k is

Boltzmann's constant.

Now du.(y) _ 81th \)3 eh\J/kT . h\)/kTZ _(EI_T_ :
% 03_ (eh'\)/k'l _ 1) 2 dt
hence “ |
. . au(v)\ kT | _h-\)/ KTY /. ,aT
(U(\))/ at } = T]"‘\‘; 11_9 j kT/_é_&_! .
: ar
Let TT = (T/db

and T — (u m)
u at

where Ta is the decay time of the black body radiation.

o :;[E'I‘ll

u hv

~hV/ KT
S Tp

from which we obtain three separate cases:

. - . kT
(1) ICT \ h\) ‘- Tu ~ }1\) - TT
(ii) kT » hv TN Ty ]
(iii) KT = hv o1 ~ 21

For the situation described in the experiment where the temperature

is assumed to be approximately 2500°K the quantity %% = 0.08, indicating

that TT ~ 18Cns .
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This large value for Tf adds weight to the argument that the
decay of the plasma from its ionic to neutral state is slow compared to
the time it takes adjacent plasma clouds to diffuse together. This suggests,
therefore, that the characheristic decay time of the slow diffracted sig-
nals is not governed by the decay of the plasma. The magnitude of Tp
needs to be interpreted with caution, since the metallic films were

vapourized and therefore cannot be expected to follow the same thermal

decay as a solid,

3.12,3 An Bmpirical Model of the Transient Gratings

In order to explain fully the experimental results observed, it
is useful to establish an empirical model to describe the evolution of
the grafings. First, though, let us discuss the characteristics of laser
initiated plasmas.

In general laser initiated plasmas will have three components. One
component will consist of electrons travelling with a velocity (107 cm/s)
governed by the electron‘mass. The second component will consist of ions
travelling at a much slower velocity (10é cm/s) and will have resulted from
thermionic emission. In addition to these two obvious components, there
also exists a third component consisting of electroﬁs tfavelling at a speed
governed by the ionic masses, This slow speed is a result of the space

charge effect and has heen observed by many research workers(zs’ili_iis).

The extent of jionization due to thermionic emission is generally

(117)

described by the Languuir-Saha cquation H

i = (84/g,) e [(‘?" 1)/1]

where i+ and i are, respectively, the positive ion and neutral mole-
cule fluxes leaving the surface at temperature T, and g, and g are,
respectively, tlhe statistical weights of the ionic and neutral states, I

is the ionization polential and § the clectron work function of the metal.
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This eqguation was derived for equilibrium conditions and does not
include collisional ionization, Collisional icnization will become
incrcasingly important as additional kinetic energy is obtained by the

electrons through the process of free-free absqrption.

The equation, however, gives a reasonable estimate of the relative
ionization that will result from different metals irradiated under the
same conditions. By application of this equatipn to the conditions of
_‘the experiment, it is estimated that 1% of the total material removed from
the aluminium film will undergo thermionic ionization, whereas silver
and gold have much lower figures of 0.1% and 0.01% respectively. These
figures are further supported by the failure of the spectrogram to record
any ionized linés of the gold spectrum. It is not suggested that no
ionization of the gold and silver takes place'but that aluminium has an

ion density much higher than that of gold and silver.

(a) Transient gratings produced from gold and silver films.

Let us now consider the process of grating formation in the case
of the gold and silver films. Both metallic films exhibiled the slow
decaying signal on the transmitted diffraction beam (Fig.3.10) and a

pulsed nature (Fig.3.8) on both the reflected beams.

Initially it is assumed that heating takes place more rapidly at
the antinodes than at the nodes of the standing wave. This results in the
formation of fhe grating as recorded ﬂy the three signals. Unfortunately
the power level of the laéer is higher than that required to just remove
the film at the antinodes. This then leads to the complete removal of
the metallic film and the subsequent decrease in the diffracted siéﬁal.

The mctal which was removed at the antinodes, suffers the greatest heating
and so reaches a higher plasma density than that malterial removed from the

nodes, Therefore the argon ion probe beam sees a plasma with a spatial

periodicity.



Several authors have calculated the rate at which radiation of
frequency v 1is absorhed by electrons from free-free transitions in a

plasma of electrons (number density ne) and ions (nunber density n,

11
18)

with z units of proton charge) at a temperature T°K. Allen(1 gives

the following expression for the linear absorptior coefficient in c.g.s.

. 6 2 .
units: . 4me® n n, gz
o e g /

k =
1)

3%hcm2\)3
~where m is the electron mass, e the elggtron c@arge, h is Planck's
constant, k is Boltzmann's constant, c¢ is the velocity of light, and

g 1is the Gaunt factor. The term [1—-exp(— h\/kT)] accounts for losses
by stimulated emission and is effectively unity for T « 20,000°K where

the frequency v is in the visible region.

This gives a value for the absorption coefficient of a plasma for
T « 20,000°K of

1
_ 8(. 2 T3y o=
ko = 3.69 X 10°(z n, ne/T Vo) em”

Free-free absorption will therefore give rise to an absorption

grating with a spatial period defined by the original line spacing.

This plasma grating will consist of three components as described
earlier, fast electrons, slow electrons and ions. All previous observa-
tions of three component plasmas produced by laser irradiation have indi-
cated that there are substantially fewer fast electrons than slow electrons.
Also, the fast electrons travelling a% such a high velocity (107 cm/s) will
pass through the argon ion laser beam within 10ns of being formed. Doth
these facts suggest that the fast electrons contribute little, if anything,

to the slowly decaying diffraction signal.

The slow electrons, however, travel with a velocity governed by the
. . _ (26) N . S,
ion masses. It was reported by Henderson et al that the slow electrons

travelled 20% faster than the ions. This small difference between ihe
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velocity of the slow electrons and that of the ions suggests that the argon
ion light will appecar to be affected on a time scale governed by the ionic

mass velocity.

We therefore have éitting above the surface of the substrate, a
periodic’density distributed plasma. The resulting grating will have a
decay time comparable with the time it takes the slow electrons to travel
from one high density area to the next. That is the destruction of the
_.periodié distribution by diffusion of the plasma, This mechanism results
in a decay time proportional to the line spacing V2. cosecB. It is sug—
gested that the risetime of the slow transmitted diffraction signal is not
jindicative of the time required to initiate the plasma, but more likely
the time required for the plasma to diffuse to the position giving mgximum
efficiency (i.e. changing the mark-space ratio). Again this will have a

dependence proportional to the line spacing M2, cosech .

Therefore in the case of gold and silver we observe a slow rise
and decaying Signal from the transmitted diffraction beam; while the
reflected diffraction signal is not observed after the total rémoval of
the metallic film, This situation is totally reversed for the aluminium
filmss ‘

(b) Transient gratings produced from aluminium films

?he alumiunium film like the gold and silver, will initially under-
go substantial heating at thé antinodes of the standing wave, This gives
rise to the initial .diffracted signals. Again as in the caée for gold
and silver, the total removal of the film will ensue due to -the high power
level of the ruby laser pulse. This results in a sudden decrcase in the
diffracted signals.

Aluminium, unlike gold and silver, has two important properties

both of which dramatically affect the slow diffracted signals.
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The first of these properties is that singly ionized aluminium
has an absorption line at 5145.65 & only 0,3 ﬁ.away from that of the argon
ion probe beam at 5145.36 & . Doppler broadening of the aluminium line at
2500°K will give it a linewidth at half height of 4X1072 &, A Lorentzian
line with such a linewidth would he 1/100 of its maximum value at such
a separatioﬁ. Thus the resulting absorption will undoubtedly he comparable

to or possibly larger than, the free-free absorption.

The second important property of aluminium, one that has already
been mentioned, is that it has a much lower work functien and ionization
pqtential than either gold or silver. As a consequence a much higher
electron and ion density will be established ahove the surface of the sub-
strate. It is suggested that this high electron density produces {he

resulting reflected diffraction grating.

It has long been knoﬁn that the transmission of an electromagnetic
wave through a plasma is determined by the magnitude of a quantity called
the plasma frequency fP. If the electromagnetic wavé is higher in fre-
quency than the plasma frequency unattenuated transmission will result.
If, however, Fhe electromagnetic wave is lower in frequency than that of

the plasma, then the wave will be reflected ét the plasma boundary. The

plasma frequency of a plasma of density N is given by(iig);
2—1%‘
o= = NQJ s |
P~ 2mLem
o
where Q is the charge of the individual particles of mass m and € is

the permittivity of free space.

There exists, therefore, two plasma frequencies, one governed by
the ions and the other by the electrons. The ion plasma frequency for

singly ionized aluminium is given by
1
f. = 0.04 X N? Iz
i i

where Ni is the ionic density per cubic metre. Under normal circumstances
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o Z
the maximum value for Ni is 6 x 10°° ions/metre®, that is the density
of solid aluminium. This therefore leads to a plasma frequency of

2,4 x 101° Iz which is much too low to affect visible light.

Electrons on the other hand have a plasma frequency fe given by
L
f =8.98 XN 1z ,
e _ e
where Né is the electron density per cubic metre. Reflection of visi-
ble light by the plasma is therefore possible at very high electron densi-

(120-123)

ties and has often been reported

In order to explain the slow reflected diffraction signal, we
“assume that at the antinodes of the standing wave the plasma density is
high enough (4.5 % 1037 electrons/ms) to reflect the argon ion lasef beam,
This reflection will take place from the slow electrons which disperse
according to the velocities of the ions., Again we will have a rise and
décay time of the diffracted signals which is determined by the line spac-—

ing M2, cosec§ .

‘The failure to record a transmitted diffraction signal suggests
that either the free~free absorption and the absorption by the ALY ions
is large at the nodes of the standing wave, which will_gliminate the spa-
tial periodic absorption; or the initial diffracted signal, prcduced
prior to the metallic film being totally removed at the nodes, was much
larger -than that resulting from the periodically distributed plasma. Our
results indicate that both facts possibly contribute to the lack of a slow

decaying signal in the transmitted beam. In one or two cases a very
small, almost indistinguishable, slow decay seems to be present in the trans-
mitted diffraction signal. ’

The type of transient reflection grating described above existed

for both the 50 & and 100 A aluminium films, although the 200 & ana 400 A&

films reverted back to the original situation as described for the gold and
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silver films. This has obviously occurred since the 200 A film absorbs
50% lessllight than the 100 & film, due to the higher reflectivity. Conse-
quently the plasma density at the antinodes of the standing wave is not high

enough to reflect the light.

By measuring the risé and decay times of the slowly decaying signals
from the aluminium films, it was éstimated that the ratio of these times to
the corresponding rise and decay times detected from the gold films was
-2.3:1 (gold:aluminium). However, the ratio of the velocities of the res—
pective ions is 2.7:1. This suggests that the extent of ionization of the
plasma determines to some éxtent the velocity of the slow electrons with

respect to the ions.

3.13 CONCLUSiON

The results of the experiment substantially support the phenomo-
logical model describing the formation of both transient ahsorption and
reflection gratings. The mechanism for the abhsorption grating is attri-
buted to a periodically distributed plasma, where ahsorption occurs from
free-free transifions. |

A similar periodically distributed plasma, but with a density
> 4.5 x 10°7 electrons/m3 (i.e. high enough to reflect the prohe beam),
gives rise to the transient reflected gratings. In addition theve exist
two other distinct types of gratings, one formed at high laser pulse

energies, the other at low laser pulse energies.

The gratings formed at high energies are extremely transient in
nature, lasting for a time comparable to the duration of the laser pulse.
The short lifetime of these gratings is a consequence of the high e;ergy
laser pulse, totally destroying the previously esﬁablished periodic

distribution.
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At low energies the laser pulse has only just sufficient energy to
remove hy vaporization the metallic film sitting at the antinodes of the
standing wave, This low energy ensures that the film at the nodes is not
removed, We are therefore left with a very efficient grating, -the effi-
ciency of which increases with increasing film thickness. These low
energy type gratings are established in a time comparahle to the rise time
of the laser pulse, after which they exhibit characteristics that-are inde-

- pendent of time,
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CHAPTER IV

STIMULATED SCATTERIMG O LIGHT IN LIQUID MEDIA

4.1 INTRODUCTION

The first experiments reporting the cobservation of stimulated

(92’94’95’124_129), involved the use of focused laser heams to

scattering
obtain the ﬁigh intensities required to generate the stimulated process
from the random fluctuations of the medium. Unfortunately with the
aiscévery of self fOCUSing(Sg), which requires similar power dénsipies to

those required to initiate stimulated scattering, the results previously

obtained had to bhe feinterpreted.

One technique employed by experimentalists to Qvefcome the in-
adequacies of the previous experiments was to use an amplifier. This
involved combining the freduency unshifted laser light with an attenuated
portion of therfrequency shifted backward going light in a cell cont;ining
the liquid under investigation. The frequency shifted light is produced
by focusing the laser beam into a cell (known as the generator cell) con-
taining the same liquid as in the amplifier, Fig.4.1. If the backward

going beam (signal) has an intensity much smaller than the forward going

I BN

) ‘
: attenuator
. f | N
I u
laser oL amplifier generator
A
D=detector

[
Fig.b.1
Weak amplification of light generated by stimulated
‘ scattering in a separate cell
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beam (pump) then amplification of the weaker beam will result at the
expense of the laser heam, muclh in the same way as in a parametric ampli-
fier.

It should be noted thaﬁ there exists no threshold in amplifier
experiments, although sufficient power densities are still required to

produce the frequency shifted beam in the generator cell.

This technique allowed Denariez and Bret(93) to make the first
‘reliable measurements of .the spatial gain associated with stimulated
Brillouin and Rayleigh-Wing scattering in liquids, where self-focusing has

a very low threshold.

By>employing different liquids in the generatér to produce a
variety of frequency shifts, the amplifier technique enables one to inves-
tigate the frequency gain profile of the stimulated scattering process.
From a knowledge of the frequency gain profile thus obtained, a mcasure
of the life-time of stimulated scattering processes can be deduced, This

technique was successfully used by Pohl et 81(100)

to investigate“the
frequency dependence of the gain factor of a number of liquids, The fre-
quency shifts were obtained by varying the concentration of a mixture of
two liquids in the generator ccll. This produced frequencies shifted
from the central frequency of the scattering process by an amount as small
as 20 Miz.

Unfortunately 'Q' switched lasers do tend to produce a significant
amount of frequency.drift. This is typically of the order of 200 Miz

(100’131). Therefore, in order to alle-

across a 20ns ruby laser pulse
viate any ill effect this migh® have on the gain measurements, the ampli-

fier and generator cells need to be kept close together.

The chirping effect can in certain circumstances be usefully

\

employed in investigating stimulated Rayleigh scattering. In this
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instance the generator cell is replaced by a mirror and placed the appro-
priate distance away from the amplifier cell, to produce the required
frequency shifb(lgo). As mentioned above a measure of the relaxation
time of the scattering brocess can be deduced from the frequency dependence
of the gain profile. This, though, has experimentally two disadvantages:
first the presence of the inherent frequency drift of the laser pulse and
secondly, the fact that from shot-to-shot the 1aéer pulse profile will

change, thus changing the effective gain.

One obvious way around the second prohlem is to measure the abso-
lute maximum gain factor, knowledge of which allows a direct calculation
of the lifetime of the scattering process. ' Although this technique
requires only a single laéer pulse o determine the relaxation time, it
does rely significantly on the validity of the stimulated scattering
Pheory; It also requires accurate knowledge of the spatial intensity
distribution across the laser beam. This situation can be rectified by

probing the disturbed medium with an independent laser bean.

The combhination of the two light beams, in the medium in which
stimulatgd scattering is taking place, gives rise to a spatial periodicity
in refractive index constituting a phase grating. Thié phase grating is
being driven at the difference frequency of the two light heams and has a
liféﬁime characteristic of the particular stimulated scattering process,
If a third light beam, of higher frequency aﬁd wilth an intensity low enoﬁéh
not to produce any nonlinear effects, is incident at the Bragg. angle, then
the intensity of the beam reflected from the grating williindicate the
magnitude of the disturbance in the amplifier cell. Also, by recording
the temporél duration of the reflected probe beam, a direct measure of the
lifetime of the aisturbance produced in the medium can he measured, Tig.

4.2,
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. . Fig.4.2
Bragg reflection technique for probing an amplifier cell,
in a light scattering experiment

Giordmaine and Kaiser(lsz) in 1966 were the first to employ the
Bragg reflection teéhnique to stﬁdy a stimulated scattering process. They
gencrated iattice vibrations in a calcite sample by use of a 'Q' switched
rubyllasér. At the same time the exéited region of the crystal was
illuminated by a frequency doubled portion of the ruby pulse, the probe
being of sufficiently low intensity to produce no stimulated Raman scatter-
ing. They observed the reflected probe beaﬁ to have satisfied the phase
matching conditions, and also noted that the Raman scattered light was
linear in probe intensity. This effect was predicted by Garmire,

(134)

Pandarese and Townes(133) and further discussed by Tang

A year later Boe;sch and Eichler(104) using a similar technigue,
probed the optical standing wave inside an optically pumped ruby laser,
The spatial modulatlon in the populatlon of the ground and excited state
in the ruby crystal was detected by the diffraction of a second light wave
from a pulsed argon ion laser. The time necessary for the spatial distri-

bution to decay after the ruby pulse had finished was measured to he

4

5 X 1077 s
The first report of Bragg scattering from a stimulated Brillouin
process was made in 1867 by Walder and Tang(iss). Here they generatcd a

hypersonic wave in quartz and detected the disturbance by means of DBragg



diffraction of a probing Ile-Ne heam at different points in the fused
quartz, to estimate the attenuation constant of the 24 GHz sound wave.
In 1968 Winterling and Hunick(isﬁ) used a delayed portion of the main
ruby laser pulse to probe the acoustic wave created by the main laser
pulse and determined the phonon lifetime in a quartz crystal at low

temperatures.

. Later in the same year using the Bragg reflection technique,

- Harrison et a1(137) ohserved a phase grating in a saturable dye absorber
which was 'Q' switching a ruby laser. The same authors later extended
this work and made a comprehensive study of the nonlinear optical effects

in liquids by the use of the Bragg reflection teéhnique(106’138_141).

.
~

4.2 A REVILW OF THE AMPLIFIER THEORY

The simplicity of the amplifier experiments enabled many authers
to theoretically anaiyse the experimental situation(141~151). In particu-
lar, a number of authors discussed the theory of stimulated Brillouin
scattering (SBS) in transparenf,media. This scattering had resulted
from the electrostrictive coupling between the electromagnetic wave and
the medium. Up until 1967 only the electrocaloric effect had been sug-
gested as a coupling mechanism for stimulated Rayleigh scéttering. The
very weakness of the coupling made the observation of stimulated Rayleigh
scattering difficult. The first reported observation of stimulated '
Rayleigh scattering in a transparent "1iquid was made by Zaitsev et al(gs)

(97)

in 1967. In the same year Herman and Gray suggested absorptive heat-

ing as a coupling mechanism. They also introduced the hydrodynamic and
heat conduction equations which, together with the nonlinear wave equation,
gave a general description of stimulated Brillouin and Rayleigh scattering

in transparent and absorbing media. In these equations the additional

term due to absorptive heating was included, which gave rise to a strong
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anti-Stokes Rayleigh term (stimulated thermal Rayleigh scattering (STRS))
and also modified the Brillouin components (stimulated thermal Brillouin
scattering (STBS)) .

The steady state solution of the hydrodynamic equations haé Leen
derived; for the amplifier situation, by many authors(97’141’146’149’150"153{
From these solutions a description of the modulation of temperature and
density within the scattering medium have been obtained, in addition to
the frequency-gain profile of the amplif?gr. The stimulated scattering
gain for the steady state regime as a function of frequency is shown in

Fig.1.1(h), both for transparent and absorhing media,

The time dependent solution of the differential equétions descrih-
ing the stimulated scattering process ha;>been obtained by a number of

54)

different approaches. In 1970 Pohl and Kaiser(1 investigated tran-
sient stimulated Brillouin scattering in transparent and absorbing media.
They obtained the solution of the differential equations for the transient
case by expanding the functions describing the temperature, density and
signal amplitude in terms of a power series. ‘From these solutions they
were able to show that if the difference in frequency (ub-u%) hetween

the pump and signal waves was not equal to the Brillouik frequency Gl
then the resultiﬁg gain would be modulated. This modulation would decay
in time and have a frequency Ay defined by Ay = uh-(ub-u%), i,e. the
mismatch frequency. Using the same method, Rangnekar and Enns(lss),

the following year,.extended the theory to include the second order term

of the power series. They showed that the extension was necessary in
order Lo calculate the gain which occurs, for short pulses, when both the
punp and signal waves have the same frequency. (This effect had previously
been calculated by Rother et a1(156)‘) Additional oscillatory terms were
also predicted for both the frequency and time dependent gain of the stimu-

lated thermal Brillouin scattering.
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In 1970 Rother(157) also solved the differential equations describing
the stimulated scattering of light. His solution was obtained by means
of a Fourier transformation, Unfortunately, in his solutiom, the time-
dependent amplification of the signal amplitude is described by a coupli-
cated integrodifferential equation. In order to solve this equation
analytically for the case of a step function and Gaussian input signal,
he introduced a power series and separated out the contributions to the

. spectrum from the three distinct regions, i.e. the Rayleigh line and
Brillouin doublet. His reéults were theréfore similar to those of Pohl
et al and Rangnekar et al. Rother did, however, discuss in addition

the angular dependence of stimlated scattering, and predicted the appear-

ance of transient induced diffraction effects at small scattering angles.

The solution of the scattering equations for transient stimulated
thermal Rayleigh scattering valid for all times and gains, has been oh-

tained by Enns(158).

By use of a suitable transformation, he obtained an
analytical solution for the particular case of a constant pump signal and
a step function type signal. Unfortunately the final expression is far

from simple and invelves many terms.

Much more recently Bambini, Vallauri and Zoppi(isg) have derived

an analytical solution for the_signal amplitude., The selution describes
the transient behaviour at all frequency differences between the pump and
the signal waves. 1In their derivation they considered a time independent
pump wave and a step function signal wave, The solution of the differen-
tial equations is ohtained by means of a Laplace transformation and subse-

quent residue calculus.

In this chapter a new approach is uscd to obtain the time dependent
stimulated gain profile. It will be shown that by suitable convolutions

thieg profile can be directly obtained from the steady state results.

- 108 -



4,3 THE STIMULATED SCATTERING JQUATIONS AND
THE STEADY STATE SOLUTION

The propagation of an electromagnetic wave E in a medium with a

varying dielectric constant, is described by the nonlinear Maxwell wave

equation(ss): n2
Pp o ¥E_1 3%(he.E) ' (4.1)
02 atz 02 a_bz oo .

where ng, is the refractive index of the undisturbed medium (owing to

dispersion the refractive index for {erms of frequencies

s Will be ng

“and for terms of frequency Wp » nP), ¢ 1is the velocity of light, t. the

time and Ae +the variation of the dielectric constant within the medium,
If we apply this equation to the amplifier situation where we have

a signal wave of amplitude Aj

travelling in the z-direction and a: pump

wave of amplitude AP travelling in the opposite direction, then we

obtain, for the small signal approximation(139’140), the expression-
[o1:\ k
s _ 5 "
= = ZAPe ... (4.2)
4ns

where k. is the wavevector of the signal, and ¢’

s is the amplitude of

that part of the dielectric constant which is one quarter period out of
phase with the component of k2 producing it.

n

(1397140)’ in the steady state regime, that ¢

It can be shown
is proportional to ASAP. Therefore, provided Ag « Ap, Ap is almost
constant and the forward travelling signal beam undergoes an exponential

spatial amplification of intensity, with gain coefficient G(uﬂ, where
k A -4
G = __§§ [ 'A-R 6”-1 . oo 0 (403)
2ns s

Therefore we need to describe the modulation of the dielectric
constant produced by the two light beams, in order to calculate the gain

experienced by such a signal,
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The variation of the dielcctric constant of a medium responsible
for stimulated Rayleigh and Brillouin scattering is related to changes

bp in the density, and AT 1in the temperature, by the equation
o¢

2;) hp + 'é"f‘>p AT eo. (4.4)

Ae

Solving for Ae therefore requires a knowledge of the variation
‘of temperature and density within the scattering medium. The linearised
Lhydrodynamic and conduction equations describing the density p and temp-

‘erature T of a medium which is being driven by electrostriction, absorp-

tion and the electrocaloric effect, are given by(gg):

2 2 4an’ 392, VoBP '
op v, Irlen B °v2T=_(81%>\72E2 ... (4.5)

w2 Y PT T TRt T
and ‘ .
c.(y-1) 3 2
o b
p,C, -—Q_KVZT__———E——-gfzzl—ncaEz ‘“""(%T/o —ai— ... (4.6)

where P, and To are the density and temperature respectively of the
unperturbed medium, v is the adiabatic velocity of sound, m and n' the -
shear and bulk viscosities, B the coefficient of'thermal expansion, XK the
themal conductivity, C; the specific heat capacity at constant volume,
Y the ratio of the principal specific heat capacities, « the light absorp-
tion coefficient, Y the electrdstrictive constant p(ae/ BgﬁT, n the
refractive index of the unperturbed medium and c¢ is the velocity of
light.

Since these equations are linear, Ap and AT will be driven at
the same frequency and have the same ﬁavevector as the driving force.
The driving force is of course cleclrostriction, absorptive heating aid
the electrocaloric effect , all of which are proportional to £2 (B, the
totél electric field, is the sum of the fields of the two light wavés, 50
E? contains a term at the difference frequency) .

To represent the solution of {hese equaﬁions for that component of

E? with frequency w = @, =~ Wy, wavevector k:=kp~+ks, and amplitude ApAs

l‘\

- 110 -



it is convenient to define:

B
the Brillouin linewidth, Iﬁ =
2
the Rayleigh linewidth, T, = 2l
R p.c
op
and also a dimensionless coefficient proportional to absorption
4nc a,sz
STYCPIh

.. where ¢

the Brillouin frequency, w, = kv

is the specific heat capacity at constant pressure.

may be shown(141) that for most liquids, where Iﬁ «

(%)p/sy «1

Electrostrictive
Terms

2]
B
2
e _Y_:.l[__.
€ = > 3§
8ﬂpr'

€

B

(n+ %n') K=
an po

K w

7

Hence it

(4.

where each term in square brackets is a function of ®w with a maximum of

unity. The antisymmetric functions Fi’ FZR and F2B’ illustrated
graphically in Fig.4.3, are defined as:
ey
‘TH‘ - o
—J \/./‘ w’

F

| Fap \\ %Ibﬂh _;//’/

|

Fig.4.3

The frequency prcfile governing steady state stimulated

scattering in hydrodynamic media
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(T2/ «f) (o)

r, = P =, .e. (4.8)
(1-74) + (")
. o2m 4w/ T

T = n ‘ o (9)

° 2
) 2
R 1+4 /:h

(a-1g) o) (49

P . . L. (4.10)
(1-76)" + (B%43)

T, =

These functions'represent respectively the frequency profile
usually associated with stimulated Brillouin, stimulated thermal Rayleigh

and stimulated thermal Brillouin scattering.

Tor media such as fused silica or water at 409, where the condition
(Bq/aT%)/BET« 1 does not hold, the above equations for & should then
includé electrocaloric terms. . In the region of stimulated Rayleigh scat-

tering €’ is then approximately given by the expression

[ v-1 2 LTy oy ]
2 *t71 T2 %
‘B
Y2A A T
A ff 3¢ "R 1
e’ Sod e 2 K(L8) Sey SR
8o NER W i<BT)p/ } [ 2y :m_l
‘ ... (4.11)
Y=1) {36 N2 (
- 2 \Efjv/ BX}
I p .

We may therefore insert the equations (4.7) and (4.11) describing
e’ into equation (4.3) to obtain an expression for the gain coefficient

in the steady state regime.
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4.4 THE TIME DEPENDENT STIMULATED SCATTERING THIORY

4.4.1_ Modulation of the Dielectric Constant

Consider two electromagnetic waves Eg and Ep travelling in

opposite directions inside a liquid amplifier cell. Let us define the

electric field of the forward travelling beam as:

, il z-w t) ~i(k z-w t)
E:%[Ase sSTTUST L ate S S]-

s ee. (4.12)

and the backward going beam as:—

i(~k z-wt) ~i(-k z- @ t)
E =ilae P P, pkg p°" % ] oo (2.13)
P L'p P

IS

The total electric field experienced by the scattering medium will

therefore be the superposition of these two fields, i.e.

ik z-wt) i(-k z-wt)
E=E +% =~ [A e ° S 4 Ae P P +CJL] c.. (4.14)
s p 2Ls p
(c.c. = complex conjugate)
‘ , 3 {1 3 [?
and L2 = %-[A AF el(“Z*>wt) + A% e—l(k&4'u¢)
s p N ¢ -
+ terms of other frequencies
+ d.c. term} - . v.. (4.15)
where k =k +k
5 p

w=wp—ws .

Since the hydrodynamic and heat‘conductioﬁ equations describing the
scéttering medium are linear, A¢ will be driven at éhe same frequency and
have fhe same wavevector as the driving force. Thebdriving force is of .
course electrostriction, absorptive ﬁeating and the electrocaloric effect
all of which are prﬁportional to E 2, The electric intensity will, there-

fore, modulate the dielectric constant such that:-

Mo izt ut) | g -iicz+ wt)] , .. (4.16)

]
[

Ae:é—

In the steady state regime where AS

and A.p are independent of

time it can be shown that:
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*) x * .
£ = c(u)) ASAP s e =0 (w) A:Ap

vhere ¢ (w) and o*(u,\) are Tunctions describing the frequency shift of
the amplitude of the modulation of the dielectric constant.

If, however, AS and AP are time dependent, we may write

+00

* it - .
ASAP = :[w a(Q) e © a0 coe (4.17)
-and ' o _
A*A = | o*(a) 10 40 .. (4.18)
S p Yo

where @ is a function of position =z and i’requéncy Q but not time +.

Hence

't[\w o ei(kz+ (w+Q)t) a

-0

E® =

o

+4-co . 5

+
o=

Each term of B2 will give rise to a modulation of the aielectric
3

constant with the appropriate frequency .and amplitude.

i(kz + wt) +o .
. e iQt
‘e Ne = 2 —‘Ym a,O'(uH_ Q)e Can
~i(kz + wt) +o .
+ __ez_ a*cr*(w+ Q) o~10% 40 (4.20)

The integrals of Ac are basically Fourier transforms. Now the Fourier
transform of the product of two functions is equal to the convolution of
the Fourier transform of the two terms taken separately, i.e.

N\ PO

f g = f *g

~

where f denotes a Fourier transform and f%g denotes a convolution.

i(kz + b _ e . =
S be=t ( )T [ o Q) it dn}*:[w a(@)e™ ™ an|
) 2—1 (7 + wt)[ J" (1 0) e_iQtdQ} *‘[ a*(q) e~ 10 cm]
: - - ce. (4.21)
or i(lkz + wt) : _1(l{z+ ) o
be :% U [G( + Q) * (A s p)_} : [G(w+ 0) * (A A )-J - (#.22)
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By suitable substitution we obtain

i(kz + t)
- (kz + w I —%UJL/(\E))) (ASA;’)_\
. %_i(kz+ ‘”t)[(eiwt g(;n)) . (A:AP)] | oo (4.23)

This expression describes the temporal and spatial development of
the magnitude Ae of the modulation of dielectric constant for various

values of the frequency difference between the two beams.

- - v

4.4.2 The Spatial Intensity Gain of {the Signal

The spatial and temporal variation of the amplitude As of a small
signal travelling within an amplifier is described by the nonlinear wave
equation. By inserting the functions describing E and A¢ into the wave

equation and equating coefficients we get:

: . * N
dAS~1AJ)€wS , CIAS~ lApe U
dz ~ 4nc ? dz ~ 4nc
aa i ¢y aa*  ia%*ey
p___s P p__8__ D (4.21)
dz 4n e - ! dz - 4nc '

The intensity gain of a signal As is described by:

i(AA*)—A*E-A-?- A'“dA:

z st s’ T8 Taz Y ts Taz

L A*)——-——rA*A e - A MK *] '(4-25)
dz “'s's 4ne sTp P ‘ e ‘

In the; steady state regime
' _ X
€ = U(UU) As Ap
* * *
e” = o (WA A,

a(A A%) iy

:Zs = 4ni \:o(u))- 0*(w)1ASA:APA§ ..o (4.206)

The dielectric constant can be defined by:-
be = ¢’ cos (kz+ wt) + €’sin (kz + wt) .o (4.27)

as is the case in the previous section (4.3), with the steady state solution
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where ¢’ ana ¢’ are the amplitude of that part of the modulated dielec-—

tric constant in phase and one quarter period out of phase respectively,
with that component of E? vwhich has the same frequency and wavevector

as the modulation.

It can be shown that

€ el —ig” similarly o =¢ - id”
6*

! . .
e + i o} o +ig”

]
il

"where g’ = ¢//A A , o
5P
no_om
g = ¢ /ASAP

1 d(ASAS) _ w 0"

S L d
Ty = % APAP oo (4.27)

and the corresponding gain factor G is given by

UJ -
_ 5 1"
G = 2cn Le

] | oo (4.28)

m¢¢s>

.i.e. the steady state gain coefficient, cf. equation (4.3).

4.5 THEORETICAL PREDICTIONS

To calculate the variation of the intensity of the signal with
position, frequency and time, we nced to determine the functions € and
¢*. In determining these functions it is convenient to counsider separately
the two distinct scattering regions, i.e. Briilouin and Rayleigh. By doing
this we can gpproximate the s£eady state frequency profiles o{y) and
0*(&9 to Lorentzian functions and so obtain the Fourier transforms of
these functions.,

Throughout the analysis we have considered a step function type
signal wave of small amplitude AS travelling in the z-direction and an
intense time iﬁdependent pump wave of amplitude AIJ travelling in the

opposite direction. The weak electrocaloric term has been ignored and it

is assumed that Oy » Iﬁ ) :ﬁ.
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We have, therefore, two terms contributing to scattering in the
Brillouin region (ur-vws), they are electrostriction and absorption, while

in the Rayleigh region (® =0) only the strong absorptive term is retained.

4.5.1 Transient Stimulated Brillouin Scattering In

Absorhing and Non-Absorbing Liquids

Let us restrict ourselves to the case where AP and As are
totally real. This condition is the same as assuming that the effect of

the medium on the signal is of the first order.

a(A A)  wA2A
So 508 [oing. o(Q)j*A] o (a)

dz 2nc

It can be shown that a(Q) is éiven by:-

~ Yo, '\ -tT 4T,
2 — B T B/2 R/ 2
o(Q) = - N ;<s1n wgt + Y cos ub ) - e J
YA T, ' - ... (4.30)

where p = —2-&%— . '
r . -t
) T=As . g(mB ,°°)IP —;—gﬁ\sinmt sin uht +Hsinywb cos “ﬁt} e B/2
s _tr " =
~pusinyt e R/a} *ASJ eee (4.31)

where g(uh,m) is the steady state gain factor and is given by:

(o) - —

g P -

E 202r2V2p
I = 282
P 8T p

If we define the transient gain factor as G(m,t) where the varia-
tion of the signal intensity is given by:

) S(wt)z I
“(2=0, 1=0) ;

I =T
S

then
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G(wf“‘uhat) TB I‘B/Z + pw_{j_ \" % (HI\B/Z— (i)__) "I‘Bt/zwr
= == | —————21-lcos y t+ sinw t] ~
slogre) T2 b e UL ST Oy eea) TS
p.w+—-TB/2 . (pI‘B/2+w+) - -I‘Bt/z\
+ ~E~——-—E— ‘;- cosuut + o - T s1nuLtJ e
T5/a+ +7 B/2
ZUL) T - —-'LI‘ ~ .
- ——m—ii——— {;—-[cosgm;+-za sintm;J e R/Z}J .o (4.32)
Ilez/zﬁ‘”2 !

yhere w, = v * ub .

When ® = the last two terms in the above equation are small
and modify the first term with frequency 2uh and ‘gb. In fact, if wé
consider a non-absorbing liquid (p::O) such as CCl4 , Then the second term
only modifies the first b);435. ~If on the other hand we consider an
absorbing liquid with p=1, which for coloured CCl4 represents an absorp-
tion coefficient of 0.25 cm—l, then the second term will modify the first
term by 4%, while the thira terﬁ represents a mich larger modification
of 15%.

It should also be noted that the coefficient Iﬁ/Zw of the sine
in the last term is small and so we have a pure cosine oscillation decaying
"slowly with a characteristic time Z/Ih. Therefore true steady state con-
ditions are not reached under these circumstances until + » 2/Iﬁ. It
has been shown by Rangnekar and Enns(iss) that the oscillations are only
" present when the rise time of the signai pulse is less than 1/ub, for
CCl4 1/uh a=40ps,and so the oscillations would oﬁly be present with
mode locked pulses;

The first term of the function G(wsz,t)/g(wB,m) is plotted
apainst time and freQuency in Tigs.4.4-4,7. for both non-absorbing and
absorbing liquids, Dimensionless units are used to make the curves

applicable to almost any 1iqﬁid.‘

- 118 -



g '
. == 0
- l_B
~ .
s
m
3
]
3
~/
o
o aw_
9 === %1
g ‘s
5 g
7 ©]
<
s
g 8 - a2
g ) rh
2-
- — =4
2 U T T T 1
%00 1.00 2.00 3.00 4.00 5.00 6.00
- Dimensionless Time Tpt/2
) : Fig.h.b
Time dependence of the normalised SBS gain factor for
various frequency shifts w. after the arrival of a
step-function type signal
—-—21‘?- =1
g B
-1 u=1.0
2
~ = 0
= |8 Iy
m| .
ENERES
i tu
3 3
o |w o 2u_ )
B S s
&
&
(=]
= ~ ]
g °l /
) 2w_
g e
ol [ B
pr} ~ f
o7 A
; M
rp
o 20-
24 —T—:—‘l
2/ \ 5
9.00 3.00 .00 5.00 6.00
’ Dimensionless time Ipt/2
.
o B,
: Ty o
Fig.4.5

Time dependence of the normalised STB S gain factor
for various frequency shifts w. after the arrival
of a step-function type signal

- 119 -



G(wa-wB,t)

NORMALISED GAIN FACTOR

(.UB,m

(§<uJ"(”}39't) *

g W

NORMALISED GAIN FACTOR

O

1.00

0.60 0.89

0.40

0.20

-

- . '

0.00

bt — 06— -4.00 5.0 .00 -h.00 0.0 1.00 Z.00 3.00 4.00~——5"00— 6.00
Dimensionless frequency shift 2w"/TB‘
Fig.4.6
Freguency dependence of the time dependent normalised SBS gain factor at
various times t after the arrival of a step-function type signal

0.40 0.80 0.80 1.00

0.20

,0.00

3.00 4.06 5.00 .00

Y
2.00

6-00 -5.00 -4.00 -3.00

Dimensionless frequency shift

S
'

Fig.4.7
Frequency dependence of the time dependent normalised STBS gain factor at
various times t after the arrival of a step-function type signal .

- 120 ~



It is clearly seen in Figs.4.8 and 4.7 that the gain profile
sharpens up with increasing time, reaching the steady state width when

t D> 6.2/1"B.

4,5.2 Transient Stimulated Thermal Rayleigh Scattering

It can clearly he seen from the previous analysis that if @=0
then the gain factor is zero (_c_{. equation (429)) We have, however,
made the assumption that the effect of the medi-um on the signal is of the
Nfirst order, If this assunption is removed then it can be shown that Ly

undergoes amplification for short pulses,

Now from equation (4.24)

dA_(z,t) T, « T, . . -t% -
s . R RIT —~iwt R/ 21 e
T az | © 1g(’—2—’ °°)Ip_.'2" 1© € *As_l -ee (4.39)

where As(z,t) is complex and g(-TR/Z,w) is the steady state Rayleigh

gain factor and is given hy:

2
g ( EB‘ °°) i
— 9 T T ———
2 402n2V2p
(s
To solve the above equation it is convenient to introduce
i\X!(z,t) .

As(z,t) = As(z,t) e
where Ks(z,t) represents the absolute magnitude of the sipnal amplitude
and Y(z,t) the phase.

Inserting Ks(z,t)elw(z’t) into equation (4,33) and equating

coefficients of the real and imaginary parts we have:

dﬂq / TR . I\R F_ , !, . —A’L I;R/2
"5'; ==g\~- "§‘1°°> Ip o Ej, As(t )1sinAg‘Jcos w At - cos Af sin wﬁt}e at’
oo_c (4.3‘1)
Aay(z,t) o Ty I ‘) n ' _ TR/2
an = gi- '—é— s °°> Ip.”?u;- :[ As(t H\cos L cos w At + sin Ay sin @ At} e
where Ay = U(z,t') - ¥(z,t) oo (4.35)

M= t-t.
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dh

If w=0 +then the term _(]7q will only be non-zero when the

phase varies with time.

For small ampli:ficat%on the above equations can be solved analytic-

ally to give:-

T ‘
g(-"1/,,%) LTy -tT
“:’(Z, UJ,t) =—‘[‘£€—"‘—a‘2——:" IPZ wéIii-_zﬂ - /2"[53- cosyb - wsin u;t;1
, o L
R/fl' J ’ ... (4.38)

This function is displayed graphically in Fig.4.8 for various frequency
shifts about w=0. The curves indicate very little change in ‘Qx(z,w,t)

when > 6.2/I‘R which is of the order 50- 100ns for most liquids.,
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Fig.4.8
Time dependence of the normalised phase for various
frequency shifts @ after the arrival of a step-
function type signal with g(- TR/E,m) I,z=1.0

The transient gain can now be obtained by inserting the above

expression for {(z,w,t) into the equation

a(A A% T T L/2 -T.t/2 -
ss_.(R\_E f_R 3 [ T°R 2\
—=iglghe) . g aie S LA Ay T

(4.37)
Solving this for w=0 we have:
T; \ --'(:1-\ -tI
G(w=0,t) = g2 f,m}r 1 1e -e R/2 (1_——) ... (4.38)
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The equation for. d(ASA;ﬁ/dz has also been solved analytically for
<u)£ 0 but due to the numerous terms invelved, the resulting function is
omitted, )

The traﬁsient gain profile G(y»=:0,t) is plotted against frequency
and time in Figs.4.9 and 21-.10 for a value of g(- 5213, ®) z I,=0.5. Although
{t_is not strikingly obvious from Fig.4.6, the gain profile does not have
equal maxima when > 0 and w<O0. This arises since &(w~0,t) con-
tains odd and even terms of w, in fact the magnitude of the even terms

are determined by g(- Ih/z,maz Ip. Hence with increasing absorption the

even terms become more important.

In addition to Fig.4.9 and 4.10 which describe the transient gain
profile G(w=0,%) a 3-D surface is displayed in Fig.4.11 which depicts the
function G(w e=0,t) for w and t, between ® =- 6.Ih/2*—$ w::G.Ii/z and
t=0—>1 = 6.2/:h. The axes are the corners of the box containing the

whole surface and not the origin.

4.6 DISCUSSION

In order to observe the oscillating transient gain, an abrupt input
signal is required which has a rise time short compared to 1/uh where W},
is the frequency of the modulation of the gain factor. This fact has pre-
cluded t%e experimental observation of oscillations of SBS with frequency
2ub and oscillations of STBS with frequencies 2Wy and ug. To observe
these frequencies an input signal with a rise time of less than 40ps would

(155). . Unfortunately it is experimentally difficult to produce

be required
a Brillouin frequency shifted signal with a duration of 40ps. The pro-
duction of such a signal inside a generator cell is impossible since strong
compelition exists between the Brillouin and Raman processes, which results
in the preclusion of a Brillouin shifted component when the rise time of

the laser pulsc is less than 3/Ib (160). This is ecqual to 0.3- 2ns

for most liquids
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The experimental observation of oscillations of the much smaller

mismatch frequency (w_Ew- LQB) has, however, heen achieved(i54),

Ohserva-
tions of the gain at wW=0 and measurement of the time required for the
gain to reach the steady state condition have been made and the results

: e ARG 17
agree closely with the transient theory(ld/}’j‘o{)’lao) .
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CHAPTER \i

A MODE TOCKED RING LASER

5.1 MODE LOCKING

The output of a 'free running' laser will, in general, consists
of a number of uncorrelated Spikes.. In the case of the ruby laser these
spikes willlbe approximately 1 s in dvration and last for a few miili-
seconds, If the laser cavity contains no mode selecting device apart from
fhe Fabry-Perot configuration of the cavity, then the spectral output will
consist of numerous modes of different frequencies. The intensity of the
light in each mode is defined byrthe gain profile of the laser and differ-
ent modes ﬂill attain their peaks at different times, i.e. an inde?endent
phase relationship existé between adjacent modes. The frequency separa-
tion of these axial modes is c/2L, where ¢ 1is the velocity of light, and
L isvthe optical path length between the two mirrors forming the laser
cavity. A Q' switch inserted into such a cavity will have the affect of
preferentially selecting those modes positioned nearest the centre of the
gain profile, Complet? mode selection may be achieved by also inserting
into the cavity a Fabry-Perot etalon. The temporal output of a strongly
}Q' switched laser will consist of only one smooth pulse, the smoothness
of this pulse reflects the mode selectivity of the 'Q' ;witch. Such
'pulsesvare, for solid state lasers, typically a few -tens of nanoseconds»

in duration and have peak powers of a few megawatts.

In order to attain the shortest pulse it is nccessary to employ
as wide a spectrum as possible. This means that ali the axial modes with-
in the gain profile of the laser would he required to oscillate, but unlike
the case of the free rumning laser we requirc each mode to have seome fixed
phase relationship betwpen adjacent modes,

To illustrate the effect this hés on the temporol profile of the

output pulse, let us undertake a Fourier summation over 2N + 1 modes. For
it jt )
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simplicity we shall assume that all modes are of equal amplitude Ej and

that the phase difference between adjacent modes is equal to ¢.

The total electric field E(t) at any point can be written as:

N -
E(t) = Z E expi L(wo +k)t + ke |
k=-N
where , is the centre frequency, and ® is the difference frequency

0O

between adjacent modes, i.e, w=me/L .

The summation can be carried out with the result

s

E(t) = A(t) exp (iw, t)

where " E_sin [$(2N+1) (wt+0)]
A(t) = =2 ' .
sin [$ (wti-qb]

.

Therefore E(t) consists of a sinusoidal carrier ofﬁfrequency w, whose
intensity changes in time and is proportional to Az(t); Fig.5.1 illus~

trates the result for a large number of modes.

' 2L
8 2l : |
o m ﬂ '
-8 .
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g <
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E ©
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A.s7 2.83 4.08 5.34 6.60 7.85 .11 10.37 11.62 12.E8 .l&.H

Dimensionless time wt

Fi5.5.1
The light intensity for nine oscillating mcdes of egual amplitude and locked
phases, vwhere AT =U4r/(2N+ 1)w and is the width of the pulses at half height

The pulse maxima occur when the denominator of the expression for
A(t) vanishes. Successive pulses are thus separated hy 7= 2L/c, which
is the round trip time of the laser cavity. The width of {he individual

pulses is inversely proportional to the width Aw of the excited frequency
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spectrum. For a fixed length cavity this is, thereIore,‘inversely pro-
portional to the numher of excited modes. For the situation described
above, the peak intensity is proportional to (2N-+1)2E§, whereas, for
random phases the intensity would have been the sum of the intensities in
the modes, i.e. proportional to (2N¥+1)E§.

A laser maintaining a constant frequency spacing of the axial

modes and well defined mode phases is said to be mode locked.

For solid state lasers there can be 10° - 10* modes all existing
under a total bandwidth of up to 1000 GHz. This results in powers in

excess of a gigawatt and with pulses as short as 1ps.

The methods of achieving mode locking fall into two basic categor-

ies, these are:
(i) Active mode locking; (ii) Passive mode locking.

5.1.1  Active Mode Locking

In this method an electro-optic modulator such as a Pockel cell is
inserted into the 1asef cavity and driven by some external signal at a fre-
quency . If an electromagnetic wave of frequency ub,.travelling inside
the laser cavity, passes through the modulator, then tﬂé sum (Ub-fﬂb and
difference (ub-uﬂ Tfrequencies of the electromagnetic wave will be.created.
Since the laser cavity is a feedback device, the electromagnetic wave with
its additional sidebands will again pass through the modulator and suf-
fer further frequency modulation, i.e. w,+ 2w, W, +w, W, s W~ Wy wo-zw
frequency componeﬁﬂs, will be éreated. This process will continue, coup-
ling numerous frequency modes together all of which are separated from
their adjacent modes 5y a frequency shift w. A well defined phase shift
will also be created between adjacent modes, but this will not be main-
tained unless we ensure that the light wave stays in phase with the modula-

tor when travelling up and down the cavity. To satisfy this condition we

\
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me ‘

= —— and if this is wmaintained then we

have the familiar expression ® = T

are left with a completely mode locked train of frequency modes.

5.1.2 Passive Mode Locking

Td understand the mechanism by which passive mode locking is
“achieved it is easier to discuss the temporal dévelopment of the pulse
rather than the spectral output. In this method of mode locking, a
saturable absorber is inserted inside the cavity. The transmission charac-
teristics of such an absorber are displayed for different intensity pulses

in Fig.5.2.

TA
1)
SATURATED LEVEL
=
(o]
H
)
w
H
=
[9]
=
bS]
E4
2o L
INTENSITY .

Fig.5.2 )
) The. transmission characteristics of a typical saturable absorber
for light pulses of incident intensity I

The saturable absorber has the effect of discriminating between
light,pu1SGs of different intensity, transmitting those of highest inten-
sity with least loss. Since lasing action generally starts from optical
noise, the saturable abscrher has, thefefore, the effect of preferentially
transmitting the largesl noise spikeé. These spikes will subsequently
be amplified by the active medium and again pass through the saturable
absorber where the largest spikes will he allowed to develop fastesé.
Continuation of this process will result in a single pulse travelling up
and down the cavity. It should he ncted, though, that the rise and decay
time of the saturable absorber needs to be short compared to the zound

trip time of the cavity.
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The output from the laser will, thercfore, consist of a scries of
pulses separated by the cavity round trip time. The Fourier transform of
such a train of pulses is of course a train of freguency modes locked

. : c
together and separated by frequencies w = —¥r".n where n=1,2,3,...,.

This method of mode locking is generally the accepted way of mode
locking pulsed lasers, since it requires very little apparatus and is rela-

tively simple compared to the active mode locking method.

It should be noted that in practice, when either active or passive
mode-locking is employed, additional conditions need fo be met in order to
ohtain good mode locked pulses. These additional conditions include the
elimination of all mode selecting elements, the correct positioning of the
modulator and choosing a modulator sufficiently thin‘compared to the dura-

tion of the requiredﬁoutput pulses.

The elimination of mode selecting elements is achieved by ensuring
that most if not all the optical surfaces within the laser cavity are
Brewster angled. If a saturable ahsorber is positioned at a point within
the laser cavity other than either end, then there will be a tendency for
at least two pulses to exist per cavity rouna trip time. These two pulses
develop in such a way, so aé to arrive at the saturable absorber at the
same time, but from opposite directions. Arriving at the saturable absor-
ber af the same %ime ensures that they both sufferAthe lowes® possible
attenuation, since together they ﬂi]i‘reduce the optical density of the
saturable absorber more than if they acted independently. A single pulse
per round {rip time can, however, be obtained by placing the saturable

ahsorber close te one end of the cavity, this ensures that the two pulses

are effectively the same pulse.
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5.2 REVIEW OF DARLY WORK

‘One of the first papers on the theory of mode-locking was pub-
lished in 1964 by Di Domenico(161). He predicted that modulating the
inﬁernal losses of a laser at a frequency equal to some multiple of the
axial mode spacing, causes all_axial modes to couple with a well defined
amplitude and phase. A year earlier, Tang et al(lﬁz) had discussed the
spilkking behaviour of solid state lasers and the locking together of fre-—
quency modes. Tang et 61(162) were, however, more interested in discus-
sing high power single mode operation lasers than pursuing the consequences

of mode locking.

The first suceessful attempts at mode locking came in 1964, with

Ilargrove et a1(163)

locking the axial modes of a continuous He-Ne gas laser
operating on the 6328 A line. They obtained 2.5ns pulses by internally
modulating the laser with a block of fused quartz vibrating under the

influence of a transducer.

In 1965 Deutsch(164) successfully mode locked the output of a pulsed
ruby laser. Ile inserted inside the cavity a KDP (potassium dihydrogen

phosphate) Pockel cell and was able to obtain pulses as short as Ilns.

In practice most active modulators have at best a rise time of
approximately 1ns , corresponding to a bandwid@th of a:few Gllz. This band-
width represents only a small fraction of the available bhandwidth of a solid
state laser, indicating that active médulators are not taking full advan—

tage of the potential of the laser.

This state of affairs was relieved by the introduction of passive
modulators for mode locking lasers, These generally employ organic dyes

which have relaxation times of a few tens of picoseconds or less.

=
Mocker and Collins(16o) were the first to employ a passive modula-

tor to mode lock a laser. They inscrted inside the cavity a cell containing
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cryptocyanine dissolved in methanol. This dye had previously been used
as a 'Q' switch and was found to act as an efficient mode selector when
fast build-up rates were used. Mocker and Collins showed that at slow
build up rates, mode selection by the 'Q' switch could be suppressed,
allowing the dye to act as a cavity modulator. At these slow build up
rates they observed a self locked train of pulses each 1ns at half-width

separated by 10ns and with peak powers of SMW.

In 1966 DeMaria et al(166)

succéssfully mode locked a Nd: glgss
laser with a passive modulator. This 1éser has a much larger bandwidth
than the ruby (100.& as compared to 10 ﬁ) and is therefqre capable of pro-
ducing shorter pulses. The actual duration of the pulses in many of these

earlier mode locking experiments are uncertain since their detection sys-

tems were slow.

5.3 EXPERIMENTAL DETATLS OF MODE LOCKING

In order to ohtain reliable mode locking a number of different
laser cavity configurations were investigated, The cavities were not only
assessed on their ability to produce good mode locked pulses, but also on

the cheapness and sensitivity to damage of the optical components.

- Throughout the experiments on mode locking, Brewster angled ruby
rods were employed to avoid mode selection and to minimise reflections from

the end faces.

The laser head described in Chapter III was re-designed in such a
way that light paésing along the ruby did not pass through the water cool-
ing the rod. This ret only ensured that the light could enter and‘leave
at the Brewster angle, but alcgo eliminated thie possibility of producing
stimulated Brillouin scattering from the water. |

The first lascr cavity configuration to be tried was‘that of a

linear cavity,lig.b5.3(a). This cavity consisted of two dielectric mirrors
Jitlo J h
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(a) Linear laser cavity arrangement i
(b) Experimental arrangement of the roof top prism laser cavity

of 99% and 25% reflectivity, a ruby rod 6" X % " diameter and a dye cell

Ium thick., A discussion of the dyes used for mode locking can be found
in section 5.6.3.

The cavity was aligned by use of a sméll He-Ne laser placed bhehind
the 99% reflecting mirror. The angle of theAruby rod to the cavity was
adjusted until the horizontally polarised IHe-Ne 1ight=at GSZB;R showed no
reflections from the Brewster angled end faces of the ruby rod. The
angle of the dye cell was adjusted in a similar manner and placed at one -

end of the cavity so as to ensure that only one pulse was emitted per
round trip tjme(167‘170).

This type of cavity occassionally produced good mode locking, al-
though the transverse mode selection of the output was poor. The main
disadvantage of this cavity, though, was that the 25% reflecting output
mirror suffercd considerable doamage. The susceptibility to damage of

)

partially reflceting mirrors in laser cavities operating in the mode
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,
locking regime is a general observation made hy many authors(16°’171).

When damage occurs on a mirror it réduces the reflectivity of the mirror
and so effectively increaﬁes the lasing threshold, This causes the laser
to cease firing until either the mirror is replaced or the flash lamp is
fired with a higher input energy. The dielectric mirrors used at the ends
of the cavity are expensive, costing more than £20 each and often last no

more than a few days.

To overcome the prohlem of damage to the reflecting surfaces, two
roof top prisms werc employed, with the intention of introducing into the

i

cavity an optical switch to switch out one of the mode locked pulses, see

A

Fig.5.3(b).

Since the components of the laser cavity are'only'weakly birefrin-
gent, the vertically polarised component of the.Hb—ﬁe laser light will
effecﬁively trace out the same path as taken by the ruby light. Intyoduc—
ing a beam splitter into the cavity at the Brewster angle will, therefore,
; present no reflection loss to the ruby light, but will allow the vertically
polarised portion of the He-Ne lascr light to enter the cavity for align-

ment purposes.

The optical switqh consisted of a KDP Pockel cell to switch the
polarization of the ruby light and a Glan Thompson brism to select out the
.light of vertical polarization, Both the KDP crystal and the Glan
Thompson prism had entrance and'exit faces which were perpendicular to
their axes. This- meant that these two optical elements had to be slightly
tilted to eliminate any mode selection, In addition, the power inside
the cavity had 1o be reduced so as not to exceed the suggested damaée thres-
hold of 150MW/cm2 of the Glan—Thombson prism as recommended by {the manuvfac-
turers.,

It was found that the laser produced very reliable mode lociking

when the optical switch was not included in the cavity. Unfortunately the
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introduction of the optical switch into the cavity severely limited the
possibility of obtaining mode locked pulses. If Brewster angled elements
had been availahble, then the chances are that much more consistent mode

]
locking could have been obtained,

The study of this second laser cavity configuration did, however,
highlight two important points which were considered when the third con-
figuration was being chosen. First, the reliability of prism reflectors,
.since the roof top prisms had been used for more than 1000 shots without
any noticeable deterioration or detectaﬁie damag;. Secondly, the inser-
tion of noanrewster angled components into the ;avity'was to be avoided

as far as possible, as this would prevent good mode locking.

We were therefore left with the problem of removing the liéht from
the laser cavity without inserting a switch or using a partially reflecting
mirror. The obvious answer to this problem was frustrated total internal

reflection. This led to the building of a ring laser cavity.

5.4 RING LASER

The third laser cavity configuration chosen was that of a ring
laser, the shape of which was based on an equiiateriél‘triangle(172), see
Fig.5.4.

Reflection took place at the corners of the triangle‘by total inter-
nal reflection in prisms specially designed so that light entered and 1eft‘
at the Brewster angle, A fourth—priSm of identical design was placed
close to the back of one of the cavity prisms so as to frustrate the totai
internal reflection process. This method allowed light to be coupled out
of the laser cavity. The design of the prisms is also shown in Fié.5.4.
These prisms were made of fused quartz and the sides a; b ,c were respec-
tively 10mm , 12mm and 10mm long. The prisms were 20mm in height, the

surfaces a, b, ¢ were polished flatitd‘ %/20, and cost £12.50p cach.
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The correct spacing between the two prisms forming the output
coupler was achieved by vacuum depositing two thin strips of AL along
the edge of ¢nc of the prisms and then clamping the two prisms firmly
together. A harder film such as chromium would have been much more
satisfactory. Chromium, though, is difficult‘ﬁo remove and since the
thickness of the film deposited with our vacuum system could not be accu-
rately cgntrolled, i§ was felt that it would he safer to use AL which

could be removed with ease if the film was not of the correct thickness.

The transmission of a frustrated total internal reflection system

for horizontally polarised light is given by the expression:-

4n? ¢®(n®p?- 1)

T =

il (nz _ 1)2(n2P2 _ qz) sinb%u + 4n2 qz (nzpz _ 1)
' 1
where n = (2md/2) (p?n?-1)2
p = sin ©®
g = cos ©

and where ¢ is the angle of incidence, n tﬁe refractive index of the
prism material, d the distance between the prisms and A the wavelength
of the light.

Ty is displayed graphically in Fig.5.5 for various thicknesses.
A transmission of 30% was found adequate for the ring laser, this therefore

reQuired the depositing of a 0.35‘h1 film of AL on the prism.

In ring laser cavities the spurious pulses, associated with the
incorrect positioning of the dye cell is avoided, since a pulse will only
traverse the dye cell cnce per round trip time. Therefore the positioning

of the dye cell in the ring laser cavity was unimportant. -

It has heen found(173), however, that whenever a mode locked pulse
- is formed in a ring laser cavity, a satellite pulse develops travelling in
the oppésite direction, These two pulses are feound to overlap at the dye
cell producing a system in which the overall loss is minimised.
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The length of the laser cavity is important since it pre-determines
the number of possible frequency modes that can lie beneath the gain pro-
file of the active medium; A higher mode density will give rise to higher
output intensities. A long cavity will also act as a transverse mode
selector allowing only light of a limiﬁed divergence to be successively
amplified. Unfortunately this also reduces the output energy of the laser
and thus a compromise needs to be reached. A cavity length of 300 cm was
found to be adequate in order to obtain good mode locked pulses; this

represented a round trip time of 10ns .

To avoid movement of the different optical components relative to
each other, the components were mounted on a large 'Dural' table which
could be moved in any direction. The table was 3' X 6' X 24e" and a
matrix of holes were drilled into it within which threaded inserts were
fiﬁted. Such a matrix allowed individual optical components to be easily
clamped to the table. A photograph of the table with the optical compo-

nents assembled is shown in Fig.5.6.
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Fig.$.6 - The ruby ring laser
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5.5 TRANSVERSE MODE CONTROL OF THE RING LASER OUTPUT

One of the great advantages of this ring laser design, apart from
the high damage threshold,iwas that the heam crosé—section reverses at
each passage through the ruby rod. This occurs since the heam suffers
in a round trip, an odd number of reflections. Any non-uniformity in the
amplification of the light across the ruby rod would, therefore, bhe aver-
aged out after a number of round trips of the light. Unfortunately this

did not in itself produce a TIM 0'output,"Since severe focusing of the

0
ruby light took place when the light traversed the ruby red. The focusing
mechanism was probably thermal in nature since the ruby rod acted as a
diverging lens when tﬁe cylindrical surface of the rod was polished, and
converging when the surface had a matt finish. | A polished rod woﬁld allow
the flash light to preferent%ally excite the centre of the rod while the
matt finished surface would scatter the light, exciting the rod most
strongly at the surface. We therefore have a rod with a high temperature
and thus a low>refractive index, in the centre when the surface is polished,
so effectively producing a diverging lens, while the converse is true of
the rod with the matt finish. The temperature change within the rod ari-

ses from the non-radiative transitions of the chromium ions after being

excited by the flash lamp.

To overcome this problem, a lens couple was inserted into the cavity
similar in design {c¢ an astronomical télescope of unit magnification. The
-lens couple consisted of two 10c¢m focal length lenses and was adjusted hy
means of a Hilger Watlt autocollimator, so that parallel light which cntered
the lens couple would also leave it parallel. The lenses were theréfore
approximately 20 cm apart. Axial mode selection by the lenses was avoided
~ by slightly tilting the lenses and coatling them with a M4 film of magne-~
sium fluoride, which acted as an anti-reflection coating. By inserting

this lens couple into the laser cavity and adjusting the position of the
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lens nearest to the laser, the light leaving the lens couple could be

- correctly collimated.

The correct collimation or minimum divergence of the laser light
is generally determined by measuring the spot size of the output pulse
on photographic film at different positions from the laser. This method
iélvery tedious since the'output has to be recorded on film which has

been correctly calibrated.

A much less accurate method commonly used, is to note the size of
the burnt mark produced by the laser on a piece of polaroid film at various
distances from the laser. This method, although giving a good picture of
the cross-section of the beam profile, is unfortunately too insensitive

to be used to adjust the lens couple.

The method adopied was that of measuring the output energy of the
laser. If the laser beam is incorrectly collimated, some of the light
travelling around the laser will eventually, after a number of round trips,
diverge or converge enough to bring it outside the cross-sectional area
covered by the ruby. = Therefore a loss of energy will result. Correct
collimation is therefore expected to coincide with thermaximum output
energy of the laser. The output energy was measured with a sensitive
calorimeter. This technique was found to be sufficiently sensitive to

allow us to adjust the lens couple to give TEM 0 output.

0
A praph of energy output agaihst 1ens'coup1e position is shown in
Fig.5.7 for the case when the flash lamp capacitors were being charged to
2200V and pumping a 6" X %ﬂ diameter polished ruby rod. This graph indi-
- cates that the ruby rod is equivalent to a diverging lens of 4.2cm focal
length, placed at the exit face of the ruby rod. By using the polaroid

burn, mark method, the beam output divergence was estimated as < 1.5 mrad.
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A series of apertures were inserted bhelween the lenses but thesc
had the effect of increasing the lasing threshold and did not noticeably

affect the transverse modes,
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Fig.5.7
The variation of laser output for different separations of the two 10cm focal
length lenses which form the lens couple. The capacitors sppplying the elec-
trical energy to the flash lamp were charged to 2.2 kV

5.6 SATURABLE ADSORBIER DYES

The choice of dye is important in determining the duration of the
individual mode locked pulses, and it also determines the ease with which

mode locking can be repeated.

The most important requirement of the dye is that it should have a
short reclaxation time. This relaxation time is the time it takes the dye
to return to an unbleached state afier the passage of an infinitesimally
short optical pulse. The importance of the short relaxation time is that

it allows the dye to suppress pulses following the main laser pulse.

.
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Other requirements of the dye are that it should have: a strong
absorption at the lasing wavelength, a high solubility and stability to

optical radiation especially ultra violet.

5.6.1 DBnergy Level System of Saturahle Absorbers

The group of dyes generally employed to mode lock ruby lasers
arce the polymethine cyanine dyes of which cryptocyanine (1,1'_.diethy1-4,
4' ~‘dicarbocyanine iodide) and DD1 (1',1'- dicthyl - 2,2' - dicarbocyanine
iodide) are two.

A simplified form of the energy level diagram for thgse dyes is

shown in Fig.5.8.

After being optically A' = FIRST' EXCITED STATE

excited by the laser the dye

LOVWEST TRIPLET

is left in one of its vibra-

tional levels within the first L
excited singlet, frow here it

will decay down into a lower

vibrational energy level, via v
: PR Fig.5.8
a process known as thermaliza- Energy level diagram for saturable absorbers. Padiative

and absorptive transitions are shown by solid lines
while non-radiative transitions are shown by wavy lines.

ion. The eristic ti :
tl‘o bl ChaI‘aCtOI'ls..lC time Vibronic sublevels arc included for each electronic level

T, of this process for dyes
4 -
dissolved in organic fluids is generally(17‘) < 107 13g, Thermalization

will also take place within other electronic levels.

From the first excited singlet state the dye can decay by one of
three modes. First, it way decay back to the ground state by a radiative

transition with a characteristic time Tz' This fluorescent life t%me

. - B - .
T, lies between 10 ?.107% s, and its value is not thought to be a strong
function of the enviromment of the molecule. Secondly, it may decay by
a direct non-radiative transition of a singlet-singlet nature. For many

organic materials the lifetime T; of this process is thought to be large.
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(175)

Spaeth and Sooy have found evidence, however, that this is an impor-
tant decay mode for cryptocyanine. Thirdly, decay of the first excited
singlet state may take place via a nonradiative intersystem transition to

(170—179) and others,

. the lowest lying triplet level. According to Porter
Ty, the chéracteristic time of this process, is not sensitive to the
environmentf

From the triplet level the dye molecules can decay by a nonradia-
tive transition. The lifetime Ty of this process is often affected in
an important manner by solvent-solute inféractioﬁs, the presence of impu-
rities, dissolved oxygen, temperature, and viscosity or phase of the
solvent.  The other alternmative decay mechanism from triplet to ground
state singlet is via a radiative transition. This is generally slower
than the nonradiative trénsition and therefore unimﬁortant.

The lifetime of the first excited singlet is therefore

T T T,

-1 _ 1 -1 ~1
= 'T2
(175) . Lo :
Spaeth and Sooy calculate this to be approximately 40ps for crypto-

cyanine dissolved in propanol, with

, 4n—9
T, =4 X 10 s

T. ~4 X 107* s

3
T, =5.6 Xx107°%s .

It can be seen, therefore, that the lifetime of this dye dissolved in
alcohol is determined by the rate of internal conversion between the two_
singlet states involved.

The lifetimes listed above were obtained by Spaeth and Sooy on the
basis of quantum efficiency measurements. Other measurements by Schuller

(180) suggest that the singlet lifetime of cryptocyanine dissolved

and Puell
in methanol is 25ps . This lower value is substantiated Dby the results

T (181) ' e 5 .
of Duguay and Ilansen , who measured the lifelime to be 22ps when dis-

solved in either acetone or methanol. + was also found by Duguay and
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Hansen(lgi) that DDI dissolved in either methanol or acctone has a
shorter lifetime of 14ps. It should he noted that DDI/methanol, and
cryptocyanine/acetone com?ination are hest suited‘for mode locking since
with these solvents the aﬁsorption peak of the dye lies closest to the
ruby line,

As mentioned earlier, the .three energy level system of the dyes is
only a simpiification of the actual situation. TFor instance a numher of

8(180’182_184) have observed a blue fluorescence from saturahle ahsor-

author
bers when they are excited/by ruby laser—iight, \ This they have attributed
to the result of excited state absorption ﬁo the second‘ﬁinglet state. The
lifetime of this sééond excited singlet state for the dyes used is about

10712 5 (180).

This transition therefore, produces a residual absorption
after the saturation of the first excited singlet state at very high light

intensities.

5.6.2 Decomposition of Saturable Absorbers
(185,186)

It has been shown that ultraviolet radiation in a band of
waveléngths near 3000.3, produced by the flashlamps used fo pump a ruby rod,
is responsible for nearly all the photochemical decomposition (irreversible
bleaching) of cryptocyanine dissolved in methanol, wheﬂ the dye was being

used as a 'Q' switch in a high peak power ruby laser. The laser beam it-

self has little or no irreversible effect upon cryptocyanine.

To check the stability of lﬂ)Irto laser and flash lamp radiation,
a sample of DDI dissolved in methanol which had an absorption of 55% at
the laser wavelengtlh was inserteéd into the laser cavity. It was found
even after 10 laser shots that no change had occurred in the absorption
coefficient of the dye. In a similar check on cryptocyanine dissolved in
acefone, it was found that the transmission increased by 1%, a figure much

=
smaller than that reported by lollier et 61(180)'



In addition to the above check, the two dye samples were exposed
to daylight (which is strong in UV ) for five minutes. Again no change
was recorded in DDI , but ‘the cryptocyanine's absorption had decreased from
55% to 30%. The above resu1£s were obtained when the dyes were contained
in quartz cells, no change in the ahsorption of the dyes being recorced when

the dyes were contained in glass cells.

A trace of the two dyes absorption profile from a spectrophotometer
"blearly shows that cryptocyanine, Fig.3.5, has a high absorption below
3250 & while DDI , Fig.s.g, shows similar characteristics below 2250 &.
Uhfortunafely a high UV absorption is usually associated with chemical
decomposition of the dye, leading to a loweriné of the absorptjon of the

. dye and thus to instability during lasing. Much of the UV radiation

can of course be avoided hy using glass dye cells, although these have

lower damage thresholds than quartz cells.
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Absorption spectrum 6f DD1 dissolved in methanol
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5.6.3 Choice of Dye Cell Length and Dye

It has been found by Bradley et 61(187) that there is a strong

4

relationship between saturable absorber cell length and pulse duration in

4

passively mode locked lasers.

They investigated the dependence both experimentally and theore-
tically and found that if is>very advantageous to use a dye cell which is
‘shorter than the required pulse iength. With this in mind a dye cell of
1hm1 was employed in the ring laser cavi;y which represents a transit time

of 4ps to the ruby light.

From the information presented concerning relaxation times and
stability, it would‘appear‘that DDY/methanol would producé the bes%,moge
loéked pulses; this was found to be true. When crypltocyanine is used, a
higher probability of producing unwanted satellite pulses was observed.

An additional advantage of using DDI is that when the laser is operated

at the same level there is generally four times more output energy with

DDPI than there is with cryptocyanine.

Having correctly adjusted the lens couple, chosen the appropriate
dye and cell length, all that remained to he done, therefore, was to judi-
ciously adjust the dye concentfation until a single train of mode locked
pulses Wwas emitled afler each firing of the flash lamps. Thfoughout the
use of the ruby ring laser the contents of the dye cell were replenished
after each laser shot to ensure that deterioration of the dye did not hinder

mode locking.
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5.7 DETECTION SYSTIM

5.7.1 Photodiode/Oscilloscopes

In general the very short optical pulses emitted by mode locked
ruby lasers (10-40Ps) are much shorter than the intrinsic risetime of
the availahle photodiodes or oscilloscopes. This means that.such detec—
tion systems can only serve as a crude method of detecting the presence

of mode locked pﬁlses.

The photodiode used to detect the optical pulses was an HCBI (S-20)
. type diode supblied by ITL. The diode was always used in conjunction
with a 6943 A narrow band filter to eliminate flash lamp light.and a diffu-
sion screen to preclude saturation of the photocathode.. This diode had
an intrinsic-rise time of 0.2ns, and supplied suffiéient current in the
electrical output pulse so as to be easily detected on a Tektronix 519
oscilléscope. The Tektronix 519 is a travelling wave oscilloscope having
no amplification stages and a rise-time of 0.3 ns ; These two instruments
used together, resulted in an overall instrumental risetime of approximately
0.5ns . |

In addition to the 519 oscilloscope a Tektronig 549 storage oscillo-
scope was employed to ensure that only one train of mode locked pulses was
emitted by the laser. This oscilloscope was supplied half of the electri-

cal signal from the HCBI(S-20) phoiodiode by means of a matched 'T' piece.

5.7.2 Calorimeter

The calorinmeter described in Chapter III, was found to bhe far too
insensitive to measure the output cnergy of the mode locked laser. To
measure the energy output of the laser an ITL laser calorimeter wé; used;
this was capable of measuring energies over a range 30J - 0.2mJ without

attenuators, By using the calorimeter, together with the diodec, .the cali-

bration of the photodiode was made,
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5.7.3 Yabry-Perot Interferometer

A schematic diagram of the arrangement of the Fabry-Perot inter-
ferometer employed to measure the spectral width of the mode locked laser
is shown in Fig.5.10. This consisted of two optical flats, flat to >‘/100
and separated by‘lnml. The flats were'housed in a thick stainless steel
cylinde?, the inclination of which could be adjusted by three bolts which

formed part of an adjustment mechanism.

The surface of the flats were vacuum coated with a 500 & layer of
silver to give a reflectivity of better than 95%. The interference rings
formed by the ruby laser were photographed with a Zenith camera, focused
on infinity. Kodak 2475 recording film was used to record the image which

was later developed in Kodak DK-50 developer.

The short focal length lens displayed in Fig.5.10 was used to in-
crease the angular inclination of the incident light upon the Fabry-Perot
piates; This is essential since the short spacing of the plates implies

a large angular separation of the rings.

In order to calibrate the photographic film correctly, part of the
ruby light was channelled off along a separate line, Fig. 5.10. A series
of lenses and diffusion screens were cmployed as shown in Fig.5.10 to form
a uniformly illuminated area which was to. act,as a source to a series of
neutral density filters. The neutral density (ND) filters had been pre-
viously calibrated at 6943 & on a speétrophotometer. The ND filtere
were then photographe?, as was the illuminated area withoul the ND fil-
ters, on the same film as the previously recorded Fabry-Perot interfercnce
rings. Bach film taken in such a way contéined all the information neces—
sary for the determination of the width and shape of the interference rings.
Thege films were then studied on a Joyce Lobel microdensitometer and ana-

lysed to determine the spectrum of the mode locked pulses.
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5.7.4 Two Photon Fluorescence Pulse
Width Measurement Technique

The two photon fluorescence technique (TPT) used to measure pulse

t

width was first,develobed by Giordmaine et al(79) in 1967. In this tecﬁ—
nique two equal portions of a high.intensity laser pulse travelling in oppo-
site directions, cross in a cell containing a two photon absorption liquid.
Inhanced fluorescence results at the points were the two beams over-
lap. By photographing the fluorescence track, a record of the shape of

the enhanced fluorescence pattern is obtained. The photograph can be ana-

lysed by a microdensitometer to give an indication of the pulse duration.

In practicevone of two félded optics configurations are used to
obtain the TPF profile. The first configuration used was simply to
reflect the laser light ﬁormally from a mirror irmersed in a TPF 1liquid,
Pig.5.11(a). Unfortunately the autocorrelation profile of the pulse in this
mcthod is immediately adjacent to the mirror which is therefore difficult
to photograph. Additional TPTF profiles can bhe found a distance away
from the mirror, but these arise from the cross-correlation of ithe pulse
with other pulses in the pode locked train, and will, thereforc, not

necessarily give a good indication of the pulse width. .

The second configuration and the one most often employed in experi-
mehts is that of the triangular arrangement,ﬁig.5.11{b). Here the light
from the laser is split by means of a beam splitter inte two equal portions
which traverse a triangular path in opposite direcﬁions, and overlap in a
‘TPT cell placed in one arm of the triangle. Tﬁis\method has the added
advaﬁtage over thst of the first configuration, in tﬁat'if the T PF‘ cell
is placed a distance from the beam splitter which is equal for both portions

of the pulse, then the autocorrelation profile is always observed.
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Fig.5.11
(a) Linear two photon fluorescent arrangement
(b) Triangular two photon fluorescence arrangement

The width Az of the fluorescence trace at half height, above the
background, is related to the pulse duration o by :

. :aAz&

P ck
where n is the refractive index of the TPI liquid, c¢ <the velocity of
light, and k a constant dependent on the pulse shape. TFor Gaussian pulses
k = /2 (see Appendix II).

Unfortunately it was found that the short structures recorded may
X . e ) (188)

easily arise from noise fluctuations as well as mode locked pulses .
To be able to distinguish the noise from a record of truly mode locked

pulses, a measurec of the countrast ratio has to be made. The contrast ratio

is the ratio of the pealk intensity to background intensity, It can be
shown (see Appendix IT), from a themrebical analysis of the TPT process,

that the maxiwmum contrast ratio is 3, and thal if the recorded structure

- 153 ~



has arisen from the overlapping of a mode locked pulse with itself, then

_the contrast ratio should be greater than 1.5,

The confipuration‘adopted to measure the widths of the mode locked
pulses from the ring laser was that of the triangular arrangement. To
obtain two equal portions of each pulse, a 'I‘iO2 coa'‘ted beam splitter was
incorporated. This was producéd by vacuum coating an optical flat with
a A/Z layer of Ti0 and then baking the surface in an oven at 400°C +to
. oxidise it, This resulted in a beam splitter with 45/55 percent reflec~
tion/transmission characteristics. Inserting a clean microscope-slide
into the arm of the triangle transmitting the largest portion of light,
resulted in the two light beams being identical in intensity to within 4%.
A considerable inequality in the strength of the overlapping pulses can be
tolerated(igo_lgl) (see Appendix II). Neutral density filters had been
found to be incapable of correctly atienuating the light at such high inten-
sities (> 1MW/cm2X The reflection/transmission characteristics quoted
above only existed when the ruby light is vertically polarised. Since

the laser output is in fact horizontally polarised, a X/Z quartz retarda=

tion plate was employed to rotate the polarization by 90°.

The triangular arrangement was placed three metfes away from the
laser and misaligned by 2 mrad so that the light returning from the trian-
gle did not disrupt the process of mode locking. The alignment of the
two beams in the TPF cell is critical(190~194) and so the triangle doesﬁ
need to be placed a good distance away from the laser. To increase the
intensity of the light in the TPTF cell a 100 em focal length lens was
used, The resulting fluorescent patiern was photographed with a Zenith
camera with a short.focal length lens and wide aperture. Kodak 2475
recdrding film was used to record the image which was subsequently deve-

loped in Kodalc DEK-5C developer.
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Schematic of the TPF measurement. The characteristic curve of the photographic film is
obtained from the microdensitometer trace on the left.. The density steps are procuced by
placing calibrated neutral density filters over the image of the fluorescence trace. Using
the characteristic curve the halfwidth Az and the conftrast ratio Ipeak/Io are obtained

N

To measuﬁe the contrast ratio of the TPF pattern, a series of
calibrated neﬁtral density filters were inserted between the TPT cell
and the camera, as well as a BG18 JINA (green-blue) filter to cut out the
unwanted scattered ruby light. The inclusion of the neutral density fil-
ters meant that each frame of the film had its own calibration steps recor-
ded on it and could easily be interpreted by using a microdensitometer
(see fig.5.12).

A number of dyes were investigated to find the 1iquid most suitable

.

for the recording of the TPT +traces. Basically there exists three main

(195,196) and so produce a

problems. TFirst, some dyes exhibit quenching
low contrast ratio. Secondly, the fluorescent output of the dyes is often
too low to be easiiy recorded, Lastly, to overcome this last problem one
would increase the concentration of the dye, but often many of the avail-

able organic dyes which show the correct frequency response have low solu-

bilities.
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The problem of two photon fluorescence quenching has been inves-

= GF
(195,196) and it is true to say that one

tigated by a number of authors
needs first to assess the(situation with relation to each individual laser.

Five different liquids were tested for their suitability as TPF dyes,

these are listed below.

DYE/ SOLVENT MOLAR CONCENTRATION QUENCHING INTENSITY
DPA/CYCLOIEXANE 5 % 1073 » 10 GW/ cm?
DIMETIIYL, POPOP/TOLUENE 5x107° = 5 GW/ cem?
POPOP/ TOLULNE 5 x 1073 2 1 GW/ cm?
0~NPO/ TOLUENE 1072 2 1 GW/ cw?
RIODAMINE 6G/METHANOL 5 % 1072 -2 1 GW/ cm?

DPA - [9, 10, Diphenyl-anthracene]
DIMETIIYL POPOP - [2,2' - p - Phenylencbis(4-methyl-5-phenyl) oxazole]
POPOP -~ [2,2'-p-?heny1enebis (5 - phenyl oxazole) ]

0~ NP0 - [2- (1~ Naphthyl) — 5~ phenyloxazole] .

It would appear from the list that DPA dissolved in cyclohexane
is the most suitahle dye, unfortunately this yields the least fluorescence

and could not be detected even with the high speed. 2475 recording film.

The next best @ye was dimethyl GOPOP dissolved in toluene; +this
in fact gave the highest fluorescent output. This dyé was usea for most
of the pulse width measurcments and to bhe doubly sure that no quenching
occurred, the concentration df the dye was increased to 1072 mole. This
meant that the dye cell had to be slightly heated since tﬁe concentration

of the dye lay close to ils maximum solubility at room temperature (200).



5.8 SINGLE PULSE SKLECTION

In order to spectrally resolve a single mode locked pulse, as
opposed to a train of pulﬁes, a single pulse was switched out by mcans of
a Pockel cell, The details of the experimental apparatus are shown in

Fig.5.13,

The horizontally polarized output from the ruby laser passed
through a EDP Pockel cell which was kinematically mounted so that it
could be correctly aligned, The mounting mechanism alsc allowed the

Pockel cell to be rotated with very little backlash, Fig.5.14,
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Fig.5.13 23.6 v
Experimental arrangement for switching out a single pulse
from a train of mode locked pulses

SINGLE PULSE

The pola?ization of the light passing through the Pockel cell was
rotated through 90° by applying a voltage pulse of 11.8 ¥V, This voltage
pulse was supplied by means of a nitrogen filled spark gap (Fig.5.15),

~ filled to a pressure of =100p si and with a gap of 2mm., The clectrical

circuit of the spark gap is shown in Fig.5.16. The light from the laser
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Fig.5.14
Pockel cell and mounting mechanism
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Fig.5.15
Laser triggered spark gap
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Fig.5.16
The pulse forming network for the Pockel cell. The
pulse duration T = 2L/v, where v is the velocity
.of the electrical pulse :
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was focused down into the spark gap which was holding off 23.6 kV,
Tonization of the nitrogen occurred allowing a current to flow across the
spark gap. The pulse forming cable was adjusted in length so that an 8ns
voltage pulse resulted,Fig.5.17(b). The fast risetime (<0.6ns) of this
pulse is attributed to the careful design of the spark gap; Adesigned so

as to present an impedance of 50() to the electrical pulse and thus matched
to the input and outpuf cables. By judiciously adjusting the pressure
inside the spark gap and the length of cable belween thg spark gap and
Pockel cell, the Pockel cell could be made to rotate the polérization of

one of the mode locked pulses. The pulse with the vertically polarised

electric vector was then selected by the Glan Thompson prism.

It was found that the Pockel cell and Glan Thompson prism arrange-
ment cculd, under static conditions, give an extinction ratio of 370:1 and
even with the expected reduction under dynamic conditions, this was found

to be adequate. A discussion of the extinction ratio can be found in a
(197)

o

paper by Okado and Ieiri An oscilloscope trace of a train of pulses

with a missing pulse is shown in Fig.5.17(a). -
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Laser output show:Lng‘ the absence of the switched out pulse
Intensity of the largest pulse is approximately 5OIiW/cm
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Tig.5.17(b)
Electrical output of the laser triggered spark-
gap 2ns/Div; 10 kV/Div
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5.9 LASER OUTPUT

The output from the ring laser varied in length from 80~ 600ns
(FWIIM) . This figure i? indicative of the width of each frequency mode.
If the frequency modes and the envelope of the train of pulses follow a
Gaussian ﬁrofile, then a 400ns train from the ring laser represents a
frequency mode width of approximately 1 Mz with each mode separated hy
100 MHz, | |

A series of oscillograms showing the regular output from the ring
iaser, when DDI dissolved in methanol is used és the 'Q°' éwitch, are
shown in TFig.5.18. To ensure that the output from the laser was repro-—
ducible the laser héd to be fired at regular intervals. This ensured
that the temperature of the ruby rod and thus the extent of the thermal
focusing was always the same. If the laser flash lamps were driven
approximately 5% or more above threshold, then lasing was restricted to a
few dominant frequency modes. The intensity of the oulput from the laser
then had a distorted sinusoidal modulation, Fig.5.18. Similar results of
poor mode locking were also recorded from the output of the other two laser

cavity configurations when driven above thresholad.

Two photon fluorescent analysis of the ring laser output revealed
a variation of pulse width from 20 - 32ps with an average duration of 26 ps.
This was accompanied by a variation in contrast ratio of 2.9~ 2.0 with the
largest contrast ratios having been récorded with the shortest pulses.

(198) of the TPF process clearly indicates

A theoretical analysis
that the higher coﬁtrast ratios are representative of the larger ffaction-
of the oscillating modes which are phase locked. Many oscillating-modes
implies a large oscillating bandwidth and thus the possibility of obtain-
ing shorter pulses. |

| The highest contrast ratios were always obtained when the TPT

( 20
profile exhibhited a narrow spike, Fig.5.19. Many authors(lsg’igg’“OO)
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Oscillograms of the output of the ruby ring laser.

The oscillograms

(@) and (b) illustrate the output

produced when only a few dominant frequency modes

oscillate.
50 MW/cm*

The oscillograms
output of the mode locked ruby ring laser

(c)-(h) illustrate the
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Fig.5.19
A two photon fluorescence trace of a 22ps (FWHM) ruby ring laser pulse, taken
in a 10~° molar solution of dimethyl POPOP. The neutral density steps on the
trace correspond from right to left to contrast ratios of 1.25, 1.65, 2.3 and 3.0
respectively. The pulse on this trace has a contrast ratio of =~2.9
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o ’ Fig.5.20
A two photon fluorescence trace of a ruby ring laser pulse, taken in a 10~% molar solution
of ~NPO. Quenching of the TPF process can be seen in the centre of the profile
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have suggested that the TPI profile should include a fine central spike.
Unfortunately poor recording techniques and TPF quenching, Fig.5.20,

have probably resulted in the failure by many researchers to record this

spike. The presence of this spike was confirmed by Shapiro and
Duguay(190’¢01’202) who scanned the overlap region with a very thin dye

cell and recorded the subsequent fluorescence with a photomultiplier.

The output energy of a single pulse varied from 1- 2 mJ, with an
_intensity of between 10 ana 100 MW/cmZ. This meant that the TPF pro-
file of a single pulse could not be recorded because of the weak fluores-

cence from the TPF liquid.

Obtaining Fabry-Perot interferograms from a single pulse was much
less of a problem and photographs of interferograms from both a tr;in of
pulses and a single pulse can be seen in Fig.5.21. The average spectral
width of a pulse train was approximately 0.62.&, while single pulses had

spectral widths as lafge as 1.1 1.

ITf we assume the laser pulses %o be Gaussian, then the uncertainty

relationship for a transform limited pulse is given hy: .

wvhere Av and At are respectively the FWHM of the .spectral and temporal

intensity profiles of the pulse.

The spectral and temporal measurements of the laser output indi-
cates a Ay Ab =0.97, a figure twice that of the transform limited case.
This discrepancy is not at all surprising once the spectral shape of the
laser pulse is determined, Fig.5.22. Fig.5.22 clearly shows a strong
asymmetry which would probally be reflected in the temporal profile of

the laser. Unfortunately the TPF profile measurement 7technique
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Fig.5.21
Fabry-Perot int“rferogram of (a) a single pulse, and
(b) a train of pulse/f from a mode locked ruby laser
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A i i de locked pulse,
Frequency profile of a single mo
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produces the autocorrelation function of the pulse, which is symmet—
rical even if <{he pulée is asymmetrical, The lack of pulse shape

information from the TPF +technique is one of its main disadvantages.

The strong esymuetry in the &pectral profile of the laser output
suggests a possible positive frequency sweep, which could be a prelude to

o
the break-up of the profile as described by Eckardt et al(aoo). This type

173,190, 204, 205
of frequency sweep or chirping is common to Nd:Glass'lasers( »190, 204, 205)
but rarely observed with ruby. It is generally attributed to self-phase

(173,190, 204)

modulation resulting from an intensity-dependent refractive

index change in the laser rod.
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COHAPTER VI

CONCLUSION AND SUGGESTIONS FOR FUTURE WORK

W

The results of the damage analysis of Chapter II indicate that
the problem of the deterioration of a coated glass surface, irradiated by

low power laser light, is far from simple.

It was shown for power levels as low as 0.1W and intensities -of
less than 5 KW/cm2, that irreversible damage occurred to the glass sub-
strate. It is reasonable to conclude that the mechanism of the damage
prbcess is thermal in nature, although the actual reason why the glass
should flow against gravify to form small 'hillocks' is unclear. The
extent of the damage can to some extent be deduced from the soluti;n of
the heat conduction equation; however, a comprehensive formulation ¢f the
processes involved requires taking into consideration not only the phase
of the material but also its mechanical properties. The task of formulat-
_ ing suéh a problem is immense, and a more fruitful approach may be that of
undertaking a time dependent interferometric study of the surface during
the initial stages of hillock development before any vaporization takes
place.

In Chapter IITI a study of the temporal development of optically
etched gratings was undertaken., It was shown that during the creation of
these gratings, small microplasmas may form above the surface of the glass
substrate. The density of some of these plasmas is estimated to be grea-
ter than 4.5 X 102% electrons/m°, This figure represents the critical
density above which the argon ion probe beam, used to investigate {he for-

mation of the gratings, will be reflected from the plasma.

This technique is useful in determining not only the point at which
the plasiwma density is above the critical density, but also the kinetics,

over small distances, of the laser initiated plasma.
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One of the main problems with this technique is that the recorded
diffraction signal represents a summation of the diffraction signals from
different points on the sgrface of the grating. If the grating were com-
pletely uniform no problem would exist, but this is generally not the
case. A further improvement of the technique would, therefore, he to
improve the transverse profile of the ruby laser beam. This covld he
done by including leﬁses to compensate for thermal focusing, or the use
of apodizers(214) to reduce the high order transverse modes. Once uni-
formity has been established across the iéser beam, then such hardware as
streak cameras could be used to clarify the kinetics of the laser initiated
plasma. |

A new approach has been adopted in Chapter IV to determine the
time-dependent stimulated scattering frequency-gain profile, for both
absorbing and non-absorbing liquids. This new technique has been applied
to the particular case of Rayleigh and Brillouin scattering. Although this
technique gives identical results to the methods previously used, it does
simplify considerably the mathematics involved, and it is possible from a
cursory inspection to wnderstand the physics of the problem without becom-

ing confused by the mathematics.

This approach has recently been extended(als) to calculate the time
dependent gain profile for other types of scattering, some of which have

not previously bheen solved by any other method.

In Chapter Y the design of a ruby ring laser is described. This
lasér, although not the ultimate design for a mode locked laser, is far
more reliable and inexpensive than many other systems. This laser is
capable of supplying pulses of approximately 25 ps in duration with peak
intensitics of 100 MW/ cm®.,  In the same chapﬁer the techniques used to

measure the temporal and spectral width of the laser output are described.
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In addition, a simplec method for determining the adjustment necessary for
minimun divergence is also detailed.  This method invelves measuring the
output energy of the laser for various positions of a lens couple. The

lens couple is used to compensate for thermal focusing,

By incorporating a ruby amplifier into the system, the laser could
be used to investigalte, on a picosecond time scale, both damage and non-
linear optical processes. The additional power of the system would also
allow the duration of the individual pulses to be determined from a two

photon fluorescence arrangement.
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APPENDIX I

THE S()LU’lION OF 'l . 2D . TEAT TT.0W mIIAfEIOI\T FOR AN
INSTANTANEQUS PERIOIIC DISTRLBUFION OF HBAT AT THE
SURFACE OF A SEMI-INIINITE SOLID

The 2-D heat flow equation is given by:

Pr(x,y,t) | Prluy.t)  Folp F(x,y.t)

=0 ... (A1.1)
Byz 3x2 K ot

Taking the Laplace transform of eq‘uafion (A1.1) with respect to time, we

get:
T (x,y T (x,y,p =
p E20ny) | o BTOOTR) _ i(x,y,0) =~ D(x,5,0) ... (1.2)
oy “© ox '
where
4
- ' -pt
T(X,y,p) = J T(X,Y7t) e PV ag
’ o
B = K/pocp
and T(x,y,0) = T, 8(y) coslsx Initial condition .

Now let us take the Fourier transform of the spatial coordinates of equa-

tion (Al.2), where : 400
T(kxﬁl\yyp) = r dy jv T(X,}r P) l(l‘xx""kyY) ax
0 - CO
A > 5 § +° ik x
T[Bky+8kx+p} =T, jcoskxe ax
. 9 ) -
+ ikyx
or TO J‘ cos kx e = dx,
T(kx,ky,p)

5 -]

Taking the inverse Laplace transform we get

40
" ) . - B(ki + k)%) t : ikxx
T(kx,ky,t) =T, e J coskx. e dx .

—_C0

Taking the inverse Tourier transform w.r.t. ky we get

A I I S S il x
T(ky,y,t) = T, e J e Yoo e Y dky J coskx e dx
‘ S Y d

(41.3)
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Now let
o 2 . N
~Bkot —1ilkyy
I= e y dky -
0 ‘

By completing the square we ge’b

12
I=ce” /4613 J exp —((Bt) h + 137/2(81;)2 J }dk
4 Yy
Let 1 i
z = (Bt)® Ik, + iy/2(pt)*
1
then dz = (pt)2 A,
and —y2/48t 2 >
I= ] e
0
@ _
. > 2
Now Jf e™? az = Jg\/-ﬁ
o - ..
2
_1 Y/ 4B
I‘d/& -
Substituting this result back into equation (A1.3) we get
_ . -BKZt 'V2/46t = ik x
A~ . 3 o
T(kk‘,Yat) =T, 42;’\/% e = e J coskx.e * dx .

P o )
Now taking the inverse Tourier transform of i‘(}:x,y,t)

. . [eo)
) ~Bk Zcr * +ik_x ~ik_x
T(x,y,t)= T, %/—BI‘,G- e /4%J }“’LJ coskx.e dx} e ¥ dk

X

The Fourier transform of the product of two functions is equal to the con-
volution. of the product of the Fourier transforms of the two functions

taken éeparately, i.e.
e U
FG = TG

wfE
To '}\/.g. e_yz/dgt [{'/g. e—x2/43t}'*.cosbkx‘] | . . | i

v 4o .
2/4 2/4c
T, 'é%rg .Y /48t [ e /gt cos “é((x-u)} do

—Bk 24 -1k XX

. T(x,y,t) dc, } % coskx |
o 1J s xJ J

il

i}

._y2/4 Bt f { (u2/4 Bt + 11\11) RT3 -(112/4 Bt—lku) -1[@5 du

T
To ot
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Completing the squares we get:

]

T(X,y,t) T ;-—-T-I—- . e_y2/4'6t ﬂtk j‘ ‘{_e};p( { ) . 1(B_t)akj —Ie. ilex

o 48t
~ikx.
+cxp[ {-—-—-—-—-—1-— 1(Bt)2kl,_j.e ’jdu
2(pt)? ’
which reduces to:
4o
-y?/apt  -BbI® [ 2%
T(th):T 'oskx.e‘ je dz
=% g 0T 4
' 0 Py —y P, c /4Kt —Kkzt/c P,
S T(x,y,t) = .coskx . e e
- . (A1.4)

Equation (AI.4) therefore describes the temperature of a semi-
infinite solid due to an instantaneous periodic distribution of heat at

its surface, the surface being defined by the plane y=0.
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APPENDIX II

¢

AN ANALYSIS OF THE TWO PHOTON FLUORBSCENCE PROFILE

The procedure(79)Jadopted for measuring pulse widths from two
photon fluorescence profiles has been described in Chapter V., In such an
arrangement two portions of alaser beam overlap in a cell containing a two
photon absorption liquid. ‘Fluorescence is induced in the liquid by simul-
taneously absorbing two photons at the fundamental laser frequency from the

" field, resulting from the overlap of the two light beams.

A2.1  THE CONTRAST RATIO

Let us assume that the laser oscillates in many of its axial modes
and that the electric field of the beams in the two arms of the triéngular
folded optics configuration'are given by El(z,t) and Ez(z,t). The total
field at a point =z 1is therefore

E(z,t) = El(z,t) + E (2,5 + 1) ... (42.7)

where T represents the time delay between the two portions of the laser
beam.

" The intensity T of the fluorescence recorded in a TPF experi-
ment is proportional to the square of the intensity ofiihe two interacting

beams or to the fourth power of the total electric field, i.e.
T = 1;j[E(z,t)E*(z,t)E(z,t)E*(z,t)Ja—b co. (A2.2

where the integral extends over the dﬁration of the optical pulse and k

»

is a constant which'takes into consideration the charvacteristics of the

dye and the photographic recording process,

Substituting equation (A2.1) into (A2.2) and multiplying out we

get:
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F(r) = k [E (t) B, (t) BI(t) Ej(s) at ‘
+ kB (t+ 12 Ey(t + 1) rg(m T) B,(t+ 1) at
.k
c 14k [B () By (t+ 1) B () EX(t+ 1) at
21{{‘??{13 (t)E*(t) E (£+7)EX(t )\ in (t)EX(t+7) + EX¥(4)E, (¢ )‘- at
+ ! A \U) A+ B BT B AU T) "B (B Bp AU T) + 5y () B, (BT,

i RJ[{Ei(t) Ey(t+ T)}z + {Ef(t) B, (t+ T)}Z] dt

The slow response time of the TPF dye and the low resolution of
the photographic recording technique engﬁres th;t the interval 4t of the
infcgrals extends over several optical periodé. The last two terms of
F(T) will, therefore, tend to zero since these describe interference effects
which are proportional to oscillatory terms and will cancel out over many

optical periods.

~ Apart from the magnitude, the first two terms of I' are idewntical,

since no cross products occur and they describe the same function,

F(1) = (@+ 89k | E2(4)E*(t)ab + 4@51: drE(t)E*(t)E(t + ME*(t 4 1) at

vhere B El(t)z Jo E(t)
E,(t)= /B E(t)

Thé two integrals in the ahove equation are prdportional to the
normalised intensity autocorrelation function G(z), this is also known
as Glaubers second order cohereﬁce function(zos) and is given by:
[B(t+ DEX(t+ DE(H)E () at

[ B2 () B¥2(t) at

]

G()

F()

F :[(az* B%) G(z)(o) + 40P G(g)('r):i

vhere T _ is the fluorescence produced by a single pulse.

0

Let us define the contrast ratio (CR) as the ratio of the inten-
sity peal of the fluorescence to that of the hackground, where the back-

ground is taken at some point remote from the overlap region.
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Th 2
" (248 + 10862 (0)

T (24863 (0) 1208 6D (q)

We shall now discuss the value of the contrast ratio for both a
mode locked laser pulse (i.e. bandwidth limited), and the output of a free

running laser in which the modes are randomly phased,

(a) A Mode Tocked Laser Pulse

For a well defined laser pulse which is frequency mode locked,; the
value of the coherence function G(z)(T)‘at some point remote from the
overlap region is zero, since no correlation exists between the two pulses.

a2+82 + 408

0?4—82

CR =

If both beams are of equal intensity, then q=p and CR= 3.0.

(b) A Free Running Laser

For a free running laser or chaotic light, the coherence function
GZ(O) is equal to two. The value of this function was first measured by
Hanbury-Brown and Twiss(zoﬁ) in 1954. They showed tha? the correlation
function G(z)(T) exhibits a well defined structure even though the incom-
ing light is thermal or chaotic (i.e. without any regular structure). For
the same reasons the TPF experiments record a structure, with a maximum
at T=0, when the laser is free running. The value of the correlation
decreases from two to become equal to one when G(z)(T) is sampled at a

point remote from 4the overlap region(207—209).

f+62+4a8

&+82+2a8

CR =

If both beams are equal then, CR = 1.5.

It can clearly be seen that an estimate of the CR 1is needed from
a TPF experiment hefore the validity of the resulis can be confirmed;

this was originally pointed out by Weber(jsg) in 1968.
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A computational study of the TPI' profile resulting from a low
number of oscillating modes and a free rumnning laser have been reported by

Rowe et al(ZiO) and Weber, et 61(211).

It is interesting to note that with a well made locked laser pulse
where the two interacting beams differ in intensity by 4% (as in the TPF
experiments described in Chapter V), the contrast ratio hardly changes from
3.0, In fact a gross inequality in the intensity of the two heams is
needed before any significant-change is scen in the recorded contrast-ratio
(éee Fig.AII.1).

The recorded contrast ratio is also dependent on the fraction of
the oscillating modes that are phase locked. .The effect of partial mode

(200) and by Harrach(lgs).

locking has been treated by Picard and Schweitzer
Harrach(198)shows that the contrast ratio will be reduced to approximately

2.5 if only 50% of the oscillating modes are phase loclked.

A2.2 CALCULATION OF Tili TPF PROFILE FOR
GAUSSIAN PULSES

Consider a TPF experiment in which two equal portions of a laser
beam having a Gaussian temporal profile overlap in a TPF cell at a
position z . Let the electric field of the 1two laser beams be described

v (st +1c2)
oo - i wt+kz
E(t) = E exp [feit%/ZJ e ° + C.C.

- 1 t+7) + iz
E(t+ 1) = B exp[—-' a(t+r)?/2] e ({447 +12) c.c.

<

c.c. = conplex conjugate.
where T represents the delay between the two portions of the original laser
heam, i.e. T = 2zn/c, n being the refractive index of the dye, and c¢ the
velecity of light.
As we have seen in the previous sectioﬁ, the fluorescence recorded

at z 1is given by:

- 177 -



qusuwtradxe oouUsosaJONTy Uozoyd oMl ¥ UT Sweaq OoM3 93
70 oT3ex £3ISUS]UT oYU} Y3TM OTIBT 3SBIZUOD JO UOTIRTICA YT,
L IV 91

oT8ueTay IdJ oYl JO SwIe omj
oy} UuT JYITT 943 JO oT3ex L3Tsusjul

0°L €40

$°0

62 0

Joge] JuTuuny 8aid

5561 ponool PO

(@)
Ll

T
O

L]
Qal

- 0°¢

OILVY ISVILNOD

- 118 -



r(n) = 2 [P (0) + 26D (n].

Since experimentally the recording technique is low in both tempo-
ral and spatial resolution, the high frequency components of E(t) will
cancel out over many optical periods. This means that only the envélope

of the pulse, the duration of which we assume is large compared to (u%)_l,

will be of any importance. - © -a(t4T)2 —at2
o I at
F(1) = 2F 1+ ——
o v _2at? '
E:J'e dt
which reduces to: A 2/ o —
| P = oF r1+2e“""'r/2J.

\

A Gaussian light pulse will, therefore, give rise to a Gaussian

fluorescence profile sitting on a background.

If we define T; as the full width at half maximum (FWIM) of the
2

Tluorescence profile above the background, and +ty as the FWHM of the
2
~intensity profile of the Gaussian laser pulse, then it can be seen that

T1=/2t1.

2 2
The spatial width Az of the TPF profile is what one normally

. . . 2zn . '
measures in an experiment, and since T = ek the width of the laser

pulse is, therefore, given by:

In general the ratio of TL/tL will depend on the shape of the
RN & 2 .

laser pulse, but in practice it is found to lie, for most types of pulses,

between one and two. -
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Abstract. Experiments have been performed in which the light output of an argon-
ion laser was focused onto a thin film of gold deposited on a glass substrate. In addition
to evaporation of the gold film, damage to the substrate surface has been observed for
power levels as low as 0-1 W and for intensities of less than 5 kW cm~2. The nature and
extent of the damage have been found to vary dramatically with the illumination
conditions and film thickness.

1. Introduction

Laser instrumentation very often incorporates components that involve transparent
substrates coated with thin metallic or dielectric films. Damage to such films is itself a
serious problem which has been the subject of considerable investigation (Kuznetsov ef al
1970, Turner and Arlin 1970). Even more serious, however, is damage to the substrate
material, which, in the presence of an absorbing film, may occur at intensities very much
less than those required to damage the uncoated material. Such damage, reported
elsewhere by this group (Little ez al 1970, Rowley 1972, Wiltsher 1973, to be published),
has previously been investigated with a pulsed ruby laser. The present paper reports a
comprehensive investigation of the damage caused to a glass surface bearing a gold film
when illuminated by an argon-ion laser.

2. Experimental details

In the majority of our experiments, the output of a CRL 52B argon-ion laser was focused,
in air, onto the surface of a glass microscope slide bearing a thin film of gold previously
deposited by evaporation in vacuo. The light output, of wavelength 5145 A, occurred in a
single TEM« transverse mode, and had a divergence of about 1 mrad and a controllable
power of up to 3 W. The duration of the illumination was determined by a conventional
mechanical shutter, while the use of lenses of 5, 10 and 25 c¢m focal length gave focal spots
whose diameters were 0-05, 0-1 and 0-25 mm respectively. (Throughout this paper the
diameter of an illuminated area will refer to the diameter of that region within which the
light intensity was greater than 1/e? times the intensity at the centre of the area.) The
resulting damage to the substrate surface was analysed interferometrically (Tolansky
1960). The glass slide was placed so that the gold surface formed the mirror of one arm of
a Michelson interferometer, and also lay in the focal plane of a microscope receiving the

2 , 1



2 C O Allingham, M A Cutter, P Y Key and V I Little

light from the interferometer. The instrument was illuminated by a sodium lamp, so that
adjacent fringes indicate a difference in surface height of 2925 A. In obtaining the inter-
ferograms of figure 1 (plate), the undisturbed surface bearing the gold film was set
perpendicular to the interferometer axis, so that the fringes in these pictures indicate the
contours of the surface deformation. The interferograms of figure 2 (plate), however,
were obtained by setting the glass slide in such a position that the normal to the undis-
turbed surface made a small angle to the axis of the instrument. This technique, which
shows up the relief rather than the contours of the damaged area, was necessary to illus-
trate unambiguously the complex structure of the surface deformations shown in figure 2.

To test whether the presence of air had any effect on the reported observations, we
repeated some of the measurements n vacuo; these gave essentially similar results. A
further variation of our technique was to focus the laser beam onto the glass surface
during the actual deposition of the gold film. The very extensive damage caused in this
way is described in §6. When other transparent vitreous substrates were used, the result-
ing damage was very similar in nature. The extent of the surface damage was, however,
much greater for substrates, such as Perspex, which soften at a low temperature, and
much less for such refractory substrates as fused silica. More complicated effects on
crystal surfaces are still being studied.

"3. Theoretical considerations

The intensity I of the light incident at any point in the focal spot of a gaussian laser beam
is given by

I=Iyexp (—8r2/d?) )
where d is the diameter of the focal spot, Ip the light intensity at its centre, and r the

distance of the point from the centre.
The total power P incident on the focal spot is given by

p= j 7 2mrl dr. )

Hence To=8P/md>. G)
If Pr and It are respectively the threshold power and intensity for surface damage,

Ip=8Prp/nd2. C)

Hence the diameter dr of the region in the focal spot of a beam of power P, where I> Ir, is
given by

dr=d{% In (P/Pp)}L/2. )

Now the temperature at the centre of a gaussian focal spot on the surface of a semi-

infinite slab which absorbs a fraction a of the light incident upon it is given by (Ready

1971) _ay2P ©

Ky/md
where K is the thermal conductivity of the slab material. Thus the threshold temperature
Tt for laser damage is given by

T

_a\/2 Py .
TT*K\/?T? 7
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and the diameter dr may be written in the form

dr=d{} In (a\/2P/ KA/ ndTT)}1/2. ®)
The temperature indicated by equation (6) is not achieved instantaneously, but is
approached asymptotically over a period comparable to =, where

_d%p0Cyp
TTT3K - ©)

po and Cjp being the density and specific heat of the slab material.

4. Damage caused under various conditions of laser illumination

Figure 1 shows interferograms of the damage caused to the surface of a glass slide bearing
a 200 A gold film by focusing laser beams of the indicated powers and durations to spots
with diameters of 0-05, 0-1 and 0-25 mm respectively. Further interferometric tests
showed that, in every case, the illuminated region had been raised above the level of the
undisturbed surface. The surface distortion caused is clearly very large, rising to a height
of 2 um above the surrounding region in the case of the 3 W, 100 s, 0-25 mm focal spot.
The minimum power indicated in each figure is the threshold power below which no
surface damage could be detected. Clearly the power Pr is approximately proportional to
the focal spot diameter d. Hence equation (7) indicates, in each case, the same threshold
temperature Tr: about 1500 °C. At higher powers the diameters of the damaged regions
correspond approximately to the value of dr given by equation (5), although this value is
strictly only the diameter of that region where 7> It, and is not necessarily the same as that
of the region where 7> T'.

The height to which the damaged surface has been raised increases rapidly with
increasing light intensity and also with spot diameter. The latter factor is so important
that the deformation caused by the 3 W beam when it was focused to a spot of 0-25 mm
diameter is much greater than that caused when it was focused to 0-05 mm, in spite of the
much higher intensity and temperature indicated by equations (3) and (7) for the smaller
spot. (The temperature achieved in focal spots of above-threshold intensity cannot be
reliably estimated, since the gold film is destroyed during the illumination, leaving a red-
dish deposit of unknown absorption coefficient.) Equation (9) indicates that the time =
during which thermal equilibrium was achieved is much less than 0-01 s in all cases. The
interferograms show, however, that while all the damaged regions appeared within 0-01 s,
none had reached their equilibrium condition within this time. Deformation caused by
the 0-25 mm spots continued to grow for more than 10 s, starting as tabular regions with
flat tops and steeper sides, but becoming much higher and more rounded with increasing
illumination time.

5. Laser damage caused to glass surfaces bearing gold films of various thicknesses

The nature of the damage to the glass surface was found to be strongly dependent on the
thickness of the gold film. Interferograms showing the distortion caused to surfaces
bearing films of (@) 200 A and (b) 1000 A are shown in figure 2.

The damage caused to the surface bearing the 200 A film consisted of a raised region.
This region was somewhat depressed in the centre when illuminated for a short period, but
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became distinctly domed when the illumination was of longer duration. When the
damaged area was examined with a transmission microscope, it could be seen that the
gold film had been removed from the raised region, leaving a layer of reddish material.
This layer, which was of about the same thickness as the original film, was very soft and
could easily be scratched off or dissolved in aqua regia. It was formed even when the
surface was illuminated n vacuo.

The surface bearing the 1000 A film was hardly affected by the focal spots of 0:05 mm
diameter, whatever the intensity or duration of the illumination. The gold film was
entirely removed from the illuminated region, leaving no red deposit, but the only
disturbance caused to the surface of the glass was a slight ridge at the boundary of that
region. A much higher ridge was generated at the edge of those regions from which the
gold had been removed by light focused to a spot of 0-25 mm diameter. In this case the
boundary was raised to a height of up to 2 pm, though the surface in the central region
was again left undisturbed (except for a ‘moat’ developed just inside the boundary ridge).
This type of damage took from 10 to 100 s to develop fully, and was so severe that it could
be examined not only interferometrically but also by direct photography (figure 3, plate).

The diameters of the damaged regions again suggest a threshold temperature for
surface damage of about 1500 °C, while total removal of the gold without surface damage
appears to have occurred for regions where the temperature exceeded about 2500 °C.
This process, however, only occurred in the case of the thicker film, although equation (6)
indicates that the temperature of the 200 A film at the centre of the 3 W spot of 025 mm
diameter would have approached 4000 °C had the film not been destroyed.

6. Surface damage during inhibition of deposition

When the laser was focused onto the glass surface during the actual deposition of the gold
film (Little ez al 1971), very extensive damage could be caused. Figure 4 (plate) shows an
interferogram of the damage caused to the glass surface by a 2 W laser beam focused to a
spot of 0-2 mm diameter for a period of 1 min, during which time a gold film 500 A thick
was being deposited on the surface. ‘

The interferogram shows that the damaged region has a domed surface, the centre of
which has risen about 6 pm above the surrounding area. When the damage was viewed
with a transmission microscope, a number of regions of different surface colour were
revealed. In a central region, having approximately the same diameter as the focal spot,
the glass surface had acquired a smooth yellow coloration. This region was surrounded
by an almost transparent area with a slight red granulation that became more marked with
increasing distance from the centre of the spot. This area, in turn, was surrounded by a
red border which extended to the limit of the area of surface deformation. The cracking
around the damaged area (indicated by the discontinuity in the interference pattern shown
in figure 4) occurred some hours after the laser illumination, and indicates that extremely
high stresses had been induced in the glass as a result of this experiment. All the surface
colours could be easily scratched off, but their removal by aqua regia occurred much more
slowly than that of the gold film.

7. Conclusions

Our observations indicate that the mechanism by which damage was caused to the glass
surface was entirely thermal in nature. The intensity of the light was many orders of
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magnitude too low to induce significant nonlinear optical effects, and no damage was
observed in the absence of the absorbing gold film.

The threshold temperature for surface damage was of the same order as that of the
melting point of gold, but the exact mechanism by which the surface was raised to the very
large heights observed is unclear. Thermal expansion would cause an increase in height of
the correct order of magnitude, but in the absence of glass flow this would disappear on
cooling. The slow growth of the deformation caused by the larger focal spots also suggests
that glass flow plays a crucial role. Such flow would, however, leave another region per-
ceptibly lower than the undisturbed surface, unless very large stresses were frozen into the
bulk substrate. No such region was in fact observed, and the cracking that occurred in
extreme cases confirms that the increase in volume required for the raised surface arose
from extension of the surrounding glass under extreme tension.

The interferograms of the damage caused in the presence of the 1000 A film show that,
in addition to the area of surface damage, there is an inner region, free from deformation,
from which the gold has been totally removed. The threshold temperature of this inner
region was approximately equal to that of the boiling point of gold, suggesting rapid
evaporation from this area. The absence of any such region for the 200 A film was prob-
ably due to the formation of the absorbing red deposit left behind . when that film was
destroyed. The nature of this deposit is not fully understood. It was left on the surface even
when the experiment was performed in vacuo, and probably arises from some slight pene-
tration of the glass surface by the gold atoms. Why it only occurred on evaporation of the
thinner film is, however, unknown.
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Figure 1. Interferograms of the deformation caused to a glass surface bearing a 200 A
gold film by laser illumination of the indicated power and duration. The laser beam of
1 mrad divergence was focused onto the surface by a lens of focal length (a) 5, (6) 10 and
(c) 25 cm.
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Figure 2. Interferograms of the deformation caused by using lenses of the indicated focal
length to focus (a) a 3 W laser beam onto a glass surface bearing a 200 A gold film, and
(6) a2 W laser beam onto a glass surface bearing a 1000 » gold film, for periods of the
indicated duration.
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Figure 3. Direct photograph of the damage caused to a glass surface bearing @ 1000A
gold film by using a lens of 25 cm focal length to focus a2 W laser beam onto the surface
for a period of 1s.

0-1 mm

Figure 4. Interferogram of the damage caused to a glass surface by focusing a 2 W laser
beam to a spot of 0 2 mm diameter on that surface for a period of 1 min, during which
time a gold film 500 A thick was being deposited on the surface.



Temporal Development af Optically Etched
Gratings: a New Method of !nveatsgatmg

Las cr-mduced Damage

5. A, Cutter, P Y. Key, and V. L L:tt!e

. An optical etching 'tm:hnique for producing small diffraction gratings, in which & thin metallic film set st
an angle to the axik of a ruby Ia-zer cavity acted as & Q-switch in the operation of that laser, was pre-

\'10{1“

- reported.  Here we rep-mt 8 comprehensive inveatigation of the formation of such etched gratings
by the effect of Isser light on a thin film external to the laser cavity.

A time resolved investigation has

been made of the developisent of such gratings in a number of metallic films, and the effect of film thick-
ness, incident laser intensity, and anguler orientation of the fi'm has been studied.

. Iniroduction

Whan the intense light of a @-switched ruby laser
# obliquely incident on a thin partially absorbing
iilm, simultaneously from two opposite directions,
heating occurs much more rapidly at the antinodes

“than at the nodes of the eleetric field of the resulting
standing wave.l-3 If the light is sufficiently intense,
this hieating can cause evaporation and ionization of

" the film1-1% and may also result in the etching of any

anderlving substrate. Since the film intersects the
arzinodes of the standing wave in a series of lines,
this removal of film material and subsirate etching

. results in-the creation of a diffraction grating. The

~ line separation d of the grating is given by the equa-
ton d = )\/‘? sind, where A is the wavelength of the
incident light and 4 the angle between the direction

"of propagation of the light and the normal to the
film,

The phenomencn is, of interest both as a means of
rupidly producing small diffraction gratings of accu-
rately known spacing and also because it provides a
technique by which the dynamics of surface laser
damage may conveniently be studied. In our pre-
viously reported work®:3:17 we showed that this was

a viable technique for the production. of gratings of .

up to 10% diffraction etficiency although the lack of
transverse mode selection in our ruby laser system
resulted in grarings that were uniferm only over
areas of a few square millimeters. In the present
work we have prolred the area of the film illuminated
"\ the ruby laser beam with the continuous output’

{ an argon ion laser. This light was itself 100 weak
to damage the metallic {ilms used but was diffracted
R

The authoms are with the Department of Phsics, Roysl Hollo-
32 Cotiepe, University of London, Egham Hill. Eghars Surrey,
v K . .
Hucelved 10:Septamber 1973,

.

" by the grating caused by the ruby laser light.

The
temporal development of this diffracted beam thus
gives information concerning ihe dynamics of the
processes involved in the creation of the grating.

1. Experimental Arrangement

A detailed diagram of the experimental arrange-
ment is shownn Fig. 1. The passively @-switched
ruby laser gave a pulse of up to 50-MW peak power
and a duration of 10-20 nsec width at half-power.
The intensity of the light incident on the film was
varied from 0.5 MW to 40 MW by an attenuating
cell containing aqueous copper sulfate solution, The
forward and backward going besms of ruby laser.
tight, which were incident on each side of the film at
5° to the normasl, were detected by fast photodicdes.
The signal generated by the forward going beam was
displayed on two Tektronix 454 oscillostopes of 2-
nsec rise time, while that generated by the backward
beam was displayed on a Tekironix 7904 oscilloscope
{rise tim’. ~1 nsec).

The 300-mW output of a CRL 528 argon ion laser
emitting light of 5145-A wavelength was split into
two beams. These beams were incident, at an angle
of 18°40° to the normal, on opposite faces of that
part of the film iilluminated by the ruby laser. As
the grating was created, by the action of the ruby
laser light upon the thin fiim, the development of
three of the first order diffracted beams of argon ion
laser light was studied. Two of these originated
from the light reflected from each side of the film,
while- the third arose from the light transmitted
through it. These three beams passed through a
narrow band filter, transmitting light of 5143 A, to
eliminate anyv blue-green light generated at the sur-
face of the film, Further green filters were used to
eliminate scattered ruby laser light. The beams
were then dezected by three phmomulnpher: of .
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about 2-nsec rise time. Two of the signals were dis.
played, using suitable delay lines, on the same Tek-
tronix 434 oscilloscopes as the ruby laser signals,
while the third was displayed on the Tektronix 7904
oscitloscope. , o
" The ebsorbing films used were evaporated layers of
~ silver, gold, and aluminum of thicknesses from 50 A
10 400 A on a glass microscope slide substrate. The
temporal development of the beams diffracted from
the gratings formed by the various films was ob-
served over a range of ruby laser intensities, and the
effect of varying the angle of incidence of the ruby
iaser beam upon the film was also studied.

111, Results

A. General

The main features of the development of the dif-
fracted signals were the same for each type of film.
At different energies of the incident ruby laser pulse

three main types of development were obsserved. For

pulses of very high energy the diffracted signal was a
pulse with a short duration comparable with that of

the incident light. With low incident energy the dif-

© fracted signal reseinbled a step function rising to a
-.constant level in a time comparable with the dura-
tion of the laser pulse. - At intermediate energies the
- signal had a more complex structure. A short initial

pulse was followed by a relatively slo.. rise and then _

a decay 1o a constant level. The three types of sig-
nal can be clearly seen in Figs. 2-4,

Although the ~onditions of the laser vscillator were
- kept constant, the duration of the output pulse var-
ied from 10 nsec 10 20 nsec. Analysis of the effect of
pulses of different widibs showed the crucial factor
determining the nature of the diffracted signal to be

' the energy rather than the power of the laser pulse.

1400 APPLIED OPTICS /[ 'Vof. 13, No. 8 / Juna 1874

The diffraction efficiency of the grating, left after
etching, varied with pulse energy and film thickness,
The pulse energy for which this efficiency was a
maximum tended o increase with increasing film
thickness. o

When the narrow band filter between the photo-
multipliers and the film was removed, a signai with
a decay time of sbout 15 nsec was observed even in
the absence of the argon ion laser light. This light
was generated by the film during the etching pro-
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Fig. 2. Diffracted signals cbserved using high energy ruby las’

© pulses. {Traces show the ruby-lzser cutpur followed by the de-

layed diffracteq signal.) Top troce: Reflected signal dimscm:
from front of 200-A aluminum film illuminated by a 0.8 J/c®
ruby laser pulse. Middle trace: Reflected signal diffracted from
front of 200-A silver film illuminated by a 0.45 J/cm? ruby lsse?
pulze. Bottom trace: Reflecied signal diffracted from back
200-& gold film illuminated by a 0.40 J/cm? ruby laser puise.



7. 3. Diilracted signals observed using low energy ruby laser
akes. (Traces show the ruby laser pulse followed by the de-
.ed diffracted signal.) Top trace: Reflected signal diffracted
":‘»m front of 50-A aluminum film illuminated by a 0.03 J/cm?
-4y laser pulse. Middle trace: Reflected signal diffracted from
wat of 100-A silver film illuminated by a 0.045 J/cm? ruby laser
ke, Bottom trace: Reflected signal diffracted from back of
10-A gold film illuminated by a 0.045 J/cm? ruby laser pulse.

w3, suggesting the probable formation of a micro-
Jasma;0+10:12,13.15.16 a5 3 result of the very rapid
i:ating of the film at the antinodes of the optical
.anding wave, An attempt to investigate the spec-
«unh of this light, in order to determine whether ion-
mtion did in fact occur, proved inconclusive because
i the weakness of the signal. Using very low resolu-
“n we were, however, able to establish that the
hckground of the spectrum generated, when the in-
-udent laser pulses were of the highest energies used
zour experiments, resembled that of a blackbody of
w0 K.

;. Gold Films

The threshold energy required for the ruby laser
‘wm to etch the gold films varied from 20 mJ/cm?
5 the case of the 50-A film to 100 mdJ/cm? for the
#-A film. The diffraction efficiencies of gratings
immed in the 50-A film were always very 10w reach-
7 a maximum of 8 X 10~4% when'the mmdent en-
ezv was 150 md/cm2. Much better gratings were
smed in the 100-A and 200-A films having maxi-
wi efficiencies of 5 X 1072% and 5§ X 1073% at
inerzies of 60 md/cm?, respectively. The gratings
imied in the 400-A film were of comparable efﬁ-‘
.ncy: up to 2 X 10~3% at 1000 mJ /em?2.

At high beam energies all the diffracted signals
fowed a pulsed development of the type xllubnrated
Pz, 2 regardless of the film thickness, but at lower
fergies the three beams showed different features.
i ife signals from the 50-A film were too weak to be
i Unveniently studied. In the case of the 100-A film
'+ Y transmitted beam began to develop in the slow
’; wnner illustrated in Fig. 4 for input energies of less
‘, in 300 mJ/cm?, but the two reflected beams re-
: ‘ntd the features shown at the higher energies.
“L%c beams never showed the slow development of
]b 4, but at energies of less than 50 mdJ/cm? the

e b e} b 4 e et T e
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beam reflected from the back of the film (i.e., from
the side in contact with the glass slide) lost its
pulsed character and developed in the step-function
manner shown in Fig. 3. The beam reflected from
the front of the film retained a partially pulsed char-
acter right down to the etching threshold. Using a
200-A film, similar results were obtained, but Lhe
transition from pulsed to slow development .of the
transmitted beam occurred at 600 mJ/cm2. The de-
velopment of the diffracted beams from the 400-A
film was again similar except that the transmitted
beam showed slow development up to the highest
available ruby laser energies (1500 mdJ/cm32), while
both reflected beams showed pulsed development
right down to threshold intensity.

C. Silver Films

The threshold energy required to etch the silver
films varied from 60 mdJ/cm? for the 50-A film to 500
md/cm?2 for the 400-A film. Much more efficient
gratings (7 X 10~2% at 450 mdJ /cm?) were formed in
the 50-A film than in the equivalent gold film. The
gratings formed in the 100-A and 200-A films were
also of greater efficiency (6 X 1072% at 100 mJ/cm?
and 10~2% at 1000 mdJ/cm?, respectively), but those
in the 400-A film were very poor.

The development of the diffracted beams was
broadly similar to that of those produced from the
gold films but showed much less slow development
(Fig. 4) and more often took the form of a step- -func-
tion (Fig. 3). Usmo the 50-A film, all three beams
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Fig. 4. Diffracted signals observed using iniermediate energy
ruby laser pulses. (Traces show ruby laser output foliowed by
the delayed diffracted signal.) Top trace: Reflected signal dif-
fracted from front of 100-A aluminum illuminated by a 0.2 J/cm?
ruby laser pulse. Middle trace: Transmitted signal diifracted
from 200-A silver film iliuminated by a 0.3 J/cm? ruby laser
pulse. Bottam trace: Transmitted signal diffracted from 200-A
gold film illuminated by a 0.1 J/cm? ruby laser pulse.
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Fig. 5. Grating of the type produced using low energy ruby laser
pulse. (200-A gold film illuminated by a 0.06 J/cm?2 ruby laser
pulse.) '

showed a development intermediate between Figs. 2
and 3 at the highest available ruby laser energies.
At energies of less than 400 mJ/cm? all the beams
showed purely step function behavior, but at no
stage was there any significant slow development.
The beams diffracted from the 100-A film were very
similar, acquiring a purely step function character
for energies of less than 150 mJ/cm?. - Using the
200-A film, however, the transmitted beam showed
development for energies of less than 450 mJ/cm?,
while the two reflected signals were of the pulsed
type shown in Fig. 2. The very weak signals reflect-
ed from the 400-A film were also of the pulsed type,
while the transmitted beam was undetectable. .

D. Aluminum Films

The threshold for etching the aluminum films var-
ied from 20 mJ/cm? for the 50-A film to 200 mJ-cm?2
for the 400-A filin. The efficiencies of the gratings
formed in the 50-A film were greater than in the case
of either the gold or silver films (6.2°% at 60 mJ/
cm?). The maximum efficiencies of gratings formed
in the 100-A and 200-A films were '10-2% at 750
m.J/cm? and 3 X 10-2% at 700 mJ/cm?, respective-
ly, while the 400-A film gave gratings with maximum
efficiency of 2 X 10~*% at 600 m.J /cm?. :

The over-all features of the development of the
diffracted beams were similar to those observed with
the other two metals except that slow development
(Fig. 4) was in this case more prominent in the re-
flected than in the transmitted beams. At high inci-
dent energies all the beams diffracted from the 50-A
film had a pulsed character (Fig. 2), but below 250
m.J/cm? the two reflected beams showed slow devel-
opment. At energies below 50 m.J/cm? the trans-

mitted beam showed a mainly step function behavior’

(Fig. 3). Using the 100-A film the transition from
pulsed to slow development of the two reflected
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beams occurred at about 400 mJ/cm?, while the
transmitted beam showed pulsed behavior down tg
the etching threshold. Surprisingly this situation
was reversed using the 200-A film when the reflecteq
beams had a pulsed character down to threshold ep-
ergy, while the transmitted beam showed slow devel-
opment even at the highest available energy. The
signals reflected from the 400-A film were of pulsed
form for high incident energies but became of the
step function type for energies below 300 mJ/cm2.
The slowly developing transmitted beam was so
weak that it was only observable at the highest
available energy.

1V. Physical Quality of the Gratings

The ideal optically etched grating would consist of
a periodic thin metallic film, undamaged at its
thickest points and totally absent at its thinnest, on
a completely unaffected substrate. ' T

The gratings formed in our experiments were ex-
amined under a microscope of up to 1300X magnifi-
cation. This showed that those gratings formed by
illumination of 50-100-A gold or aluminum films by
ruby laser beams of only just sufficient energy to af-
fect the films approached closest to the ideal (Fig.
5). These gratings were very small in area but could
have diffraction efficiencies of up to 10%. (The
much lower efficiencies recorded in Sec. Il were the
average efficiencies measured over the whole area il-
luminated by the argon ion laser.) Higher energy il-
lumination of these films tended to cause total re-
moval of the free metal even at the nodes of the
field, leaving a dull reddish layer with little absorp-
tion or reflectivity on the substrate surface (Fig. 6).
The resulting grating was of very low diffraction ef-
ficiency. Such total removal of the free metal (per-
haps involving its penetration into the substrate sur-
face to form the reddish layer) occurred even more
frequently using thicker films of gold or aluminum or
with silver films of any thickness.
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Fig.6. Grating of the type produced using hizh energy ruby
laser pulse. (100-A gold film illuminated by a 1.0 J/em? ruby
laser pulse).
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Vig. 7. Variation of diffracted signal with angle of incidence of
the ruby laser light, (Traces show ruby lazer output followed by
the delaved diffracted signal.) Each trace shows the travsmitied
siggal diffracted from a Z0-A goid [ilm illuminated by 2 0.2
d/em® rihy laser pulse. The angie between the ruby laser direc.

tion snd the normal 1 the Hlm was 2° for the top tesce, $° for the
osiddle trace, and 18° for the bottom trace,

Correlation of the time resoived diffracted signals
with the appearance of the gratings clearly showed
that the ideal type of grating was formed when the
beam energy was sufficiently low 1o give the step
function type of diffracted signal, Whenever a fast
pilse was visible in the diffracted signal, complete
removal of the free metal had oceurred over at least
some part of the grating,

¥, Awngular Dependence of Difiracted Signals

The dependence of the temporal development of
the beam ditiracted from the ‘grating formed in a
Su-A gold film on the angle 8 between the normal to
the film, and the incident ruby laser besms, was su-
died. The rise and fall times of the siowly varying

" purt of the signal obzerved with ruby laser beams of
ntevmediate energy were found to depend strongly
o this angle {Fig. 7). Figures 8 and @ show graphs
of the rise and {all times, respectively, plerted as
finctions of esef. The results clearly show that these
tanes depend linearly on ¢scd. '
¥i,  Discussion

The complexity of the temporal development of
tha diffracred laser bears under various conditions of
film excitation suggests that a number of mechaniems

.

Ay

zra involved in the formation of the grating. This
fact and the essentially destructive nature of the
processes occurring within the film make guantita.
tive analysis of the ohservations extremely difficult,
Many authors$:19.12.13,38.18 have reported the for.

- mation of a microplosma when a Q-switched laser

pilse with an intensity of the same order of magni-
tude as that used in our experiments impinges on 2
solid surface. The short pulse of diffracted signal
observed using ruby laser pulses of very high energy
{Fig. 2) may be readily explained on the assumption
that lines of plasma were first formed at the anii-
nodes of the standing wave causing a’strong diffract-
ed signal, Subsequent heating at the nodes of the
wave {owing 1o the fzct that with our experimental
arrangement the forward and backward ruby laser
beams were never exactly egual) would, however,
cause a rapid decrease in this signal by creating a

uniform plasma over the whole suxface. Complete
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nated by a 0.3 J/cm? ruby laser puise.}
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removal of the film (Fig. 6) over some _fxan of the .
grating was always essociated with this type of sig-

nai.

The step-function diffracted signals (Fig, 3) ob-
served using bearns of very low energy may be ex-
{lained on the assumption ther at such energies
there was no damage to the film at the nodes of the
standing wave and no plasma formation. The devei-
cproent of the signal was in this case caused by va.
porization of the film at the antinodes of the electric
field. The remaining film caused diffraction as a re-
sult of the induced periodicity in its thickness, but
the vapor, being transparent to argon ion laser light,
rad no effect on the diffracted signal. Hence the

constant diffracted signal, once the laser pulse had

formed the grating. (Gratings formed under these
conditions are sown in Fig. 5.)

The slowly decaying signal observed in addition
to a constant background, at intermediate beam
energies (Fig, 4) may now be interpreted as a result
of the formation of plasma, rather than unionized
vapor, at such energies. {The additional presence of
& sharp puise in some cases is again due to desiruc-
tion of .he film in the vicinity of nodes in at least

-some areas of the grating.) The rise and fail times
of the slow signal were proportional to cosecd, i.e., pro-
portional to the line separation of the grating. Such
a dependence would be expected if the diffraction
weare governed by the motion of a plasma across the
lines of the grating in which the distance to be trav-
eiled, and thus the time required, 1o achieve any
given ionic distribution would be proportional to the
line separation. The distribution of the substrate

_tamperature, or any other parameter. controlled by a
diffusion law, would show a development with a

characteristic time proportional to the square of that’

. separation. Decay of ths plasma, chemical processes
occurring at the surface, or any phenomenon involv-
ing iransport perpendicular to the surface would on

the other hand give a decay time independent of

spacing. An acoustic surface wave would have a pe-
riod proportional te the line spacing, but this would
result in a diffracted signa! whose intensity would
cscillate with a period smaller than the observed
decay time.

In a plasma of temperature T the {ons have veloci.
ties whose components in any given direction follow
a Gaussian distribution. The median value v of this
distribution is given by'v = 0.68 (RT/A0)/2, where k
i Boitzmana’s constant and M the jonic mass.

Thus, if the plasma ions acguire their energy in a
time rg, the tirae required for half of the ions to trav-
¢l a distance of one line separation d is given by

1= 16 +{d/v) =7, + LATMM/RTI cosecd

. where )\ is the wavelength of the ruby laser light and
f the angle between the ruby laser beam and the
normal to the film,

While the exact relationship between plasma dis.

tribution and diffraction efficiency is difficult 1o es-
tablish, it seems clear that any signal arising from

1404 APPLIED'OPTICS / Vol 13.No. 6 / June 1974
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.. this process wou!d develop in a time fﬁnﬁﬁ}?fﬁﬁlt

with 7.
Since gold vapor does not ahsorh ruby laser light
we may assume that the temperature of the plasma,

when first iniviated from the vapor, was about 2500

K, the boiling peint of gold. The duration of ithe

slowly developing part of the diffracted signal did

not vary significantly over the range of beam er. ar.
gies under which the phenomennn was observsa .
This suggests that, at such energies, there W& no

‘significant heating by absorption of the ruby laser

light in the plasma. We may therefore assume that
the temperature of the plasma at intermediate beam
energies was still about 2500 K. (The tempecaiure
of 6000 K mentioned in Sec. HI.A occurred usine -

- raby laser beam of much higher energy.)

Given this temperature, the pradients

',graphs shown in Figs. 8 and 9 are of the sam«

of magnitude as the gradient, 1.47 (M/kT)‘

provides a reasonable experimental justification for
assuming that the slowly varving signal results from
the creation of a microplasma at the antinodes of the

standing wave of the ruby laser light.

We would iike to acknowledge the technical assis-
tance of J. Williams, who prepared the thin films,
and the financial support of the Science Research
Council.
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PENET R 7] SumMmary. When a beam of high intensity laser light is scattered by the fluctuations
iy S spontaneously existing within a fluid medium a spatial modulation of the dielectric
o, constant may be induced. The role of such a modulation in causing stimulated

seattering of the intense laser b2am or Bragg reflection of any weak independent probe
beam is discussed and theoretically analyesd. It is shown that such Bragg reflection
provides a convenient technique for the study of the modulation. Experimental
observation and investigation of Bragg reflection from such a modulation is described.
A related technique has been used to investigate the development of light induced
periodie structures on surfaces.

1. Introduction

The first scientific studies of light scattering were made in the second half of
the 19th Century, particularly by Lord Rayleigh. He showed that the scattering
of light from small particles is essentially unshifted in frequency and proportional
to the inverse fourth power of the wavelength of the illuminating light, thus
explaining the blue colour of the sky.

The next major development was achieved by Brillouin in 1922 who used
Debye’s method of analysing the random fluctuations of a medium into its

«acoustic modes to show that the light scattered from such a medium is shifted
up or down in frequency by a Doppler shift due to the velocity of the acoustic
waves. This splitting was detected by Grossin 1930. The theory was develop-
ed in more detail by Mandelshtam (1926) and Landau and Placzek (1934) who
showed that in addition to the ¢ Brillouin doublet ’ there exists scattering, due
to non propagating entropy fluctuations, which is unshifted in frequency.
This is usually known as the ¢ Rayleigh line . Scattering from induced ultra-
sonic waves was also demonstrated (Debye and Sears 1932) and theoretically
analysed.

In the meantime Raman in 1928 had discovered an entirely new type of
molecular scattering (Raman scattering). Like the fluorescence investigated
earlier by Stokes it was predominantly down-shifted in frequency but unlike
fluorescence it was strongly polarized. Furthermore the spectrum of the
scattered light consisted of sharp lines reduced in frequency (Stokes shifted)
from the illuminating lines by integral multiples of certain fixed frequencies

_characteristic of the medium. There were also much fainter lines of increased
frequency (anti-Stokes shifted). This scattering he correctly explained in
terms of the quantum theory, the frequency shifts being determined by the
difference between energy levels-of the molecule. :

At the same time Raman and Krishnan considered the problem of scattering
from anisotropic molecules and showed that, as distinct from the case of Rayleigh
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line and Brillouin doublet, a depolarization of the scattered light oceurs. Further
work showed that the depolarized light contributes a broad wing to the light
scattering spectrum (the Rayleigh wing) with a frequency spread which is the
inverse of the molecular re-orientation time. (Frenkel 1946). This wing was
very difficult to observe, the results obtained often being contradictory. The
first definite observation was probably that of Gross in 1940.

The general features of the light scattering spectrum had already been worked
out before the development of the laser (Fabelinskii 1965). This has however
increased the accuracy of measurement by many orders of magnitude and led
to the discovery of some entirely new details.

The general characteristics of the polarized component of the spontaneous
scattering spectrum are shown in the upper curve of fig. 1 (Denariez and Bret
1968). The spectrum can be analysed as the sum of components due to
Rayleigh line, Rayleigh wing, Brillouin doublet and Raman scattering. These
are due to fluctuations in refractive index associated with variations of tempera-
ture, anisotropy, density and molecular polarizability, respectively. Each
resulting component of the curve represents the solution (in terms of the
frequency dependence of amplitude) of the equation of a damped resonant
system. These components are of the form :

1

I w? 2+ 2w\ 2
e Qr

where [ is the intensity at a particular frequency of spontaneously scattered
light, w is the difference in frequency between the incident and scattered light,
and Q and I' are the frequency shift and width characteristic of a particular
scattering process and medium.

The central peaks occur for processes where Q/I" < 4/2, and the double peaks
where Q/I'>+/2. In the depolarized spectrum the sharp peaks due to the
Rayleigh line, Brillouin doublet and Raman scattering are absent leaving a
broad band centred on w;.

While the spectral purity of the continuous gas laser has made it the main
experimental tool for spontaneous scattering studies, the very high intensities
available from solid state lasers have led to the discovery of the entirely un-
forseen phenomenon of stimulated scattering. Every type of spontaneous
scattering occurs as a result of spatial variations of dielectric constant arising
from statistical fluctuations in a particular property of the medium. In
stimulated scattering these properties (and therefore the dielectric constant)
are spatially modulated by the effect of the laser and spontaneously scattered
beams. This can result in a very intense scattered beam, the first example of
which was discovered accidentally in 1962 by Woodbury and Ng, but was soon
understood and investigated by Eckhardt et al. and other workers (Bloembergen
1967). This phenomenon was stimulated Raman scattering. The very weak
wave produced by Raman scattering beats with the main laser wave at the
difference frequency. This frequency is, of course, the characteristic frequency
of the atom which gave rise to the Raman scattering in the first place. A very
strong interaction can therefore occur with the Raman scattered wave and the
atomic excitation being amplified at the expense of the laser beam.

Icc




Scattering of Light from Light Induced Periodic Structures 273

Rayleigh line

ﬁrillouin doublet

Rayleigh wing .
Raman line
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Fig. 1. Spectra of: (a) spontaneous scattering intensity, (b) stimulated scattering
gain, and (c) Bragg reflectivity, as a function of frequency shift. The
continuous line shows the spectrum of a transparent medium and the dotted
line the additional contribution in the presence of absorption. (These spectra
must be convolved with that of the laser line to give the experimentally
observed spectra.)

Itis now accepted that each of the contributions to the spontaneous scattering
curve can, under appropriate conditions, give rise to stimulated scattering
(though this may be obscured by competition between the possible processes).
The gain contributed by each process is a function of the difference in frequency
between the amplified light and pump light of the form:

2l'w
0

Goc w?\?2 2w\ 2
-2 (2

where the constants are the same as those in the appropriate spontaneous
scattering equation. The overall gain curve (Bret and Denariez 1968) shown
in fig. 1 is a sum of such terms. The gain curve for a signal polarized perpen-
dicularly to the pump of course, contains only those terms which exist in the
depolarized scattering spectrum.

Stimulated Brillouin scattering was observed by Chiao et al. in 1964. In this
process a hypersonic wave is generated by the laser and spontaneously scattered
beams as a result of electrostriction ; the tendency of a dielectric medium to move
into the regions of high electric field. In 1965 another stimulated scattering
process was observed by Mash et al. This was stimulated Rayleigh wing
scattering in which the molecular orientations are affected by the electric
field of the light waves.
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The last type of stimulated scattering to be observed was that associated
with the Rayleigh central line. The reason for this was that coupling of the
light wave to the temperature wave is normally provided by the very weak
electrocaloric effect (Landau and Lifshitz 1960), (a change in the temperature
of the medium caused by the presence of an electric field) resulting in very
small gains. It was observed by Zaitsev ef al. in 1967, but they were unable to
measure the very small Stokes frequency shifts predicted by theory. At the
same time Herman and Gray predicted a very strong coupling between the light
and temperature waves in absorbing media. This type of scattering and its
very small frequency shift was immediately detected by Rank et al. in 1967.

In all these experiments a powerful scattered light beam was generated by
very strong amplification of extremely weak spontaneously scattered light.
This technique allowed measurement of the frequency shifts involved in the
various stimulated scattering processes, and also of the threshold intensity
required for such scattering to be observed. Direct measurement of the gain
coefficient experienced by the scattered light was, however, not possible in these
experiments. A convenient arrangement for measuring this gain coefficient is
illustrated in fig. 2 (Denariez and Bret 1968). The amplification in cell 1 of
the frequency shifted, backward-going beam generated in cell 2 and reduced in
intensity by the attenuator is measured directly by the ratio of the signals on
the two detectors. This technique has two other important advantages.

/detectors\

cell1 attenuator, cell2
N,
" \ | I | \ ui

ruby laser amplifier generator
Fig. 2. Weak amplification of light generated by stimulated scattering in a separate
cell.

First, the laser intensities in cell 1 can be much lower than the threshold intensity
required to generate stimulated scattering directly and avoids interference from
other nonlinear effects. Secondly, by varying the medium in cell 2, the gain
coefficient of the medium in cell 1 may be measured over a range of frequency
shifts, whereas the generation of stimulated scattering only occurs at that
frequency shift which gives maximum gain. Thus the complete frequency
profile of the gain coefficient (fig. 1) may in principle be experimentally verified.

This technique has, however, two serious limitations. First, as will be shown,
measurement of the stimulated scattering gain gives information only about
the out-of-phase part of the modulation of dielectric constant which occurs in
the scattering process. Secondly, since the backward-going beam is itself
responsible for the existence of the modulation, it would be desirable to have an
independent source of information about the modulation rather than to measure
itseffect on the backward beam. Wehave developed a Bragg reflexion technique
which overcomes these problems (Harrison et al. 1968, Key et al. 1970). In this
technique the region in cell 1, where amplification occurs, is probed by a weak,
independent laser beam incident on the modulations at the Bragg angle.
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Analysis of the reflexion of this beam gives independent information about the
total magnitude of the modulation, and allows convenient investigation of its
variation with position and time. Our theoretical analysis has shown (Harrison
et al. 1973) that the Bragg profiles of the Bragg reflectivity as a function of
frequency shift (fig. 1) is described for each scattering process by an equation of
the form

1

w?\2 [2@w\?2%"
(5 C5)

This profile resembles that of spontaneous scattering intensity rather than that
of stimulated scattering gain, It will be seen in the theoretical section that this
arises directly from the fact that the Bragg reflectivity depends only on the
amplitude of the modulations of dielectric constant while the scattering gain
dependsalso onits phase. Simultaneous measurement of both Bragg reflectivity
and stimulated scattering gain coefficient can therefore be used to give a complete
description of the amplitude and phase of the modulation as a function
of frequency shift, position and time.

We have used this technique to demonstrate the existence of modulations
involved in a number of stimulated scattering processes, and have made a
comprehensive investigation of the thermal modulation associated with
stimulated Rayleigh line scattering in absorbing media. (Harrison et al.
1973 ; Key 1970 ; Harrison 1970).

We have also used a related probe scattering technique to study periodic
structures generated by oppositely directed light beams on the surface, rather
than in the bulk of the media (Cutter et al. 1974). These structures which are
generated by the same processes as those that cause the bulk modulation—but
have a wavelength determined by the angle between the surface and the laser
beam—cause diffraction rather than Bragg reflection of the incident probe
beam. In particular, we have studied the effect of two beams of equal frequency
impinging on a surface bearing a thin absorbing film. If the light is of sufficient
intensity the resultant heating can cause evaporation and ionization of the
film material and may also result in the etching of any underlying substrate.
Since the electric field resulting from the two light beams is a standing wave
whose antinodes intersect the film in a series of lines, this removal of film material
and substrate etching may result in the creation of a permanent diffraction
grating. (Little ef al. 1970).

Roc

2. Theory
2.1. General considerations

Changes in the entropy, pressure, molecular orientation and molecular
deformation of a medium are all described by diffusion or damped harmonic
equations. Even in the absence of any electric field these parameters undergo
small statistical fluctuations. The associated fluctuations of dielectric constant
give rise to spontaneous Rayleigh line, Brillouin, Rayleigh Wing and Raman
light scattering, respectively. (Fabelinskii 1965). In the presence of an
electric field these parameters undergo changes proportional, at equilibrium, to
the square of that field—electrostriction, the electrocaloric effect and the Kerr
effect (Landau and Lifshitz 1960). As a result of spontaneous scattering the
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electric field E in a medium traversed by a powerful laser beam is the sum of a
large sinusoidal term with the frequency w,; of the laser light and a small term
with the frequency w, of the scattered radiation. X2 thus contains terms of
frequency (w; + w,), (w; — w,), 2w,, 2w, and zero.

For light spontaneously scattered at 180° the component of E? with frequency
(w; — w,) has a wavevector (b, +k,) and the resulting change of dielectric constant
is a sinusoidal modulation with the same frequency and wavevector (but not
necessarily the same phase), travelling through the medium with velocity
(w;—wy)/(k;+ k). This modulation now acts as a moving phase grating which
reflects the laser light incident upon it, Doppler shifting its frequency by the
amount (w, —w,); the shift in frequency of the spontaneously scattered light
originally responsible for the modulation. The reflected beam, having the
same frequency and direction as the spontaneously scattered beam, increases
the amplitude of the modulation. This produces a more powerful reflected
beam which in turn increases the modulation still further. A cumulative
situation thus exists in which, although the light initially backscattered is
exceedingly weak, it may trigger the generation of a powerful backscattered
beam which has been observed to have an intensity of up to 90 per cent of that
of the incident laser beam (Maier, Rother and Kaiser 1967). Each type of
spontaneous scattering, arising from fluctuation of a particular parameter of
the medium, can thus give rise to a corresponding stimulated scattering in which
that parameter is modulated by the electric fields of the incident and scattered
waves.

This situation, in which the stimulated scattering builds up from the spon-
taneously scattered light is in practice difficult to investigate in detail. The
amplifier arrangement described in the introduction and shown in fig. 2 is both
experimentally and theoretically more convenient to analyse.

The intensity of the light in the unfocused laser beam is insufficient to cause
stimulated scattering in cell 1. In cell 2 the stimulated scattering of the focused
light results in a beam of slightly shifted frequency propagating in the opposite
direction to the laser beam. This beam is strongly attenuated so that when it
enters cell 1itis very much weaker than the laser beam. Under these conditions
the reflexion of the laser beam, from the modulation of dielectric constant,
results in exponential spatial amplification of the backward-going beam
(Bloembergen 1967 ; Bloembergen and Shen 1964). As shown by eqn. (2.2.4)
below, this stimulated scattering gain is determined not by the whole amplitude
of the modulation of dielectric constant, but solely by the amplitude of that part
of the modulation which is one quarter period out of phase with the component
of B2 producing it (Key 1970). Thus the frequency profile of the gain, shown in
fig. 1, is also that of the out of phase part of the modulation.

Consider a weak independent beam crossing the region of modulated dielectric
constant. When incident on the modulations at the appropriate angle (fig. 3)
such a beam, of frequency ws is Bragg reflected to form another beam of Doppler-
shifted frequency w,=w;—(w;—w,). The angle giving maximum Bragg
reflectivity is such that the light reflected from successive layers of the modulation
should add exactly in phase. The profile of the Bragg reflectivity, as a function
of the frequency shift (w, — w,), is shown in fig. 1. Eqn. (2.2.10) below shows
that this reflectivity depends on the whole amplitude of the modulation. Eqns.
(2.3.3) and (2.3.8) show that the resulting frequency profile resembles that of the
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weak probe beam

forward going backward going

laser beam laser beam
Bragg reflected transmitted
probe beam probe beam

Fig. 3. Bragg reflexion for an induced modulation of dielectric constant.

spontaneous scattering intensity rather than that of the stimulated scattering
gain. Thusif the Bragg reflectivity experienced by a weak laser beam traversing
the modulations and the amplification of the backward going beam causing the
modulation are measured, the amplitudes both of the whole modulation and of
its out of phase part can be determined. The amplitude and phase of the
modulation can then be specified whereas conventional stimulated scattering
experiments give information only about its out of phase part. Furthermore,
when a continuous laser is used to generate the weak independent beam, the
variation in time of the intensity of the Bragg reflected light gives a direct
measurement of the development and decay of the modulation.

2.2 Effects of a modulation of dielectric constantt

Consider the effect, on the light beams propagating through a medium, of a
modulation of dielectric constant with angular frequency w=/{(w;—w,),
wavevector k= (k;+k,) and amplitude proportional to 4, % 4,; w,, ky, 4, and
wy, ky, A, are the angular frequencies, wavevectors and amplitudes of the
electric fields of the forward and backward going beams, respectively.

Let Ae be the difference between the dielectric constant at any point and its
value in the undisturbed medium. Let |A¢| be the amplitude of the modulation
of dielectric constant and €’ and €” be the amplitudes of that part of the modula-
tion in phase and one quarter period out of phase, respectively, with that
component of £2 which has the same frequency and wavevector as the modula-
tion. (E, the total electric field, is the sum of the fields of the two light waves,
80 E? contains a term at the difference frequency.)

1This term, is used throughout to denote relative permittivity.

C.P. T
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(1) Stimulated scattering

The propagation of light in 2 medium with varying refractive index is described

by the nonlinear Maxwell wave eqn. (Bloembergen 1965).
o, WPOE 10(Ae.E)
_VE+§W——?2__—6F , (2.2.1)
where n is the refractive index of the undisturbed medium ; owing to dispersion,
the refractive index for terms of frequency w, will be 7, and for terms of frequency
ws, My, ¢ is the velocity of light, and ¢ the time.

Substituting the appropriate expressions for £ and Ae in the above eqn. and
equating the coefficients of those terms on the right- and left-hand sides which
have the same dependence on position and time, it follows in the steady state,
small signal approximation (Key 1970 ; Harrison 1970) that

104, & 4, .

Lody_ b 4 2.2.2
4, ox é.LnlelE ’ ( )
104:_ Ky 4y . (2.2.3)

4, ox  4n,24,
where z is the distance along the direction of propagation of the beams.

As shown in Section 2.3.7, € is, for all interaction mechanisms, proportional
to 4,4, Therefore, provided 4,<4,, 4, is almost constant, and the backward
going beam (negative X -direction) undergoes an exponential spatial amplifica-
tion of intensity, with gain coefficient G, where

ky (.4,
= —_—— —_ ] 2.2.4:
¢ 2n22<€ A2> ( )

(This expression is adequate to describe amplification of a weak backward

going beam by stimulated scattering, as occurs in cell 2 (fig. 2), but does not
describe the generation of a scattered beam for which 4,< 4, is not valid.)

(il) Bragg reflexion

When a weak probe beam traverses the region of modulated dielectric constant,
Ae is still determined by the interaction of the two powerful beams and is
unaffected by the fields of angular frequencies w, and w,, wavevectors k; and
k4, arising from theincident and reflected probe beams. Substituting expressions
describing these fields and the refractive index change into eqn. (2.2.1), and
equating coefficients with the same dependence on position and time, it follows
that

04, 04, . . |Ad
a—ycos 03+?5sm 0y= WkaAwosS, (2.2.5)
and '
04, 04, . , |Ad
~ cosd,+ N sinf,= g kg4, cos8, (2.2.6)

where ng and n, are the refractive indices experienced by beams of angular
frequencies w; and w,; , ¥, 0; and 6, are as shown in fig. 4 and

8=(kysin O3+ k,sin 0, — k)z + (k5 cos 03— ky cos 0,)y — (w3 — wy — w)i,
where w = (w, —w,) and k= (k, +k,) are the angular frequency and wavevector
of the modulation. When 8§ =0 for all z, ¢, and ¢ the interaction is a maximum.
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For all types of scattering except stimulated Raman scattering, w/k<c so 3=0
when

0,=0,=arcsin(k/2k,), (2.2.7)
the usual condition for Bragg reflection.

Eqns. (2.2.5) and (2.2.6) describe the field amplitudes at any point within the
Bragg reflecting region. To find the overall reflectivity of the region (Harrison
et al. 1973) the boundary conditions relevant to a particular geometry of the
interaction region must be imposed.

To treat the scattering situation shown in fig. 4 it is convenient to define new
variables ¢ and b along the incident and Bragg reflected beams respectively.

narrow incident
probe beam
k3o

0, Wy
7 sin (034 03)

ko Wide, very
H—]—H——- long region of

modulations

418
cos 0y

4
wide reflected 2

probe beam

ko,
Fig. 4. Bragg reflexion geometry

Written in terms of these variables eqns. (2.2.5), (2.2.6) become

045 JAe

373 = ng!z kA, cos §, (2.2.8)
3A4 |AEI

il S el . 2.2.9
= dngE kA5 cosd ( )

Hence, for any process other than stimulated Raman scattering involving a
very large frequency shift it may be shown that

k3 2 . IAEIIVst
- 2.2.10
s (4n32) 0S B9y sIn 2059, ( )
and
R (sin (ks Wpd0y)\?
— — s 7 9 2.2.11
Fo= ( 5 W 505 (2.2.11)

where Wy and W, are respectively the width of the probe beam and the width
of the region of modulated dielectric constant, and 63y, is the angle at which
Bragg reflectivity is a maximum. Rg is the reflectivity experienced by light
incident at the Bragg angle and R that for light incident at an angle differing
from the Bragg angle by a small angle §6,. Thus, given the modulation of
dielectric constant produced in a liquid by two oppositely directed light beams
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of high intensity, the effect of that modulation on those beams or on any other
weak beam traversing the medium can be calculated.

2.3. Description of the modulation of dielectric constant

(i) Modulations arising from the changes in the polarizability of individual
molecules.

The modulation of dielectric constant responsible for stimulated Raman and
Rayleigh wing scattering arises from the Kerr effect (Bloembergen 1967;
Shen and Shaham 1967). The Kerr effect is caused by the change in polariz-
ability of individual molecules due to their deformation and change of orienta-
tion under the influence of an electric field (Landau and Lifshitz 1960). The
deformation, which is responsible for stimulated Raman scattering, can only
be fully described quantum mechanically, but is often well represented by an
equation of damped harmonic motion with a force term proportional to K2
from which it follows that the change of dielectric constant is described by

9%Ae 0Ae L or s

where Q and I' are the angular frequency and line-width of the excited states
responsible for a particular Raman line and K is that part of the Kerr coefficient
which arises from the molecular deformation responsible for this line. (KX is
equal to the difference in the Kerr coefficient for electric fields of frequencies
below and above that of the Raman shift.)

Substituting into (2.3.1) the expression describing that component of E2 with
frequency w=w;— w, (the amplitude of which is 4,4,) we find

2Tl'w/Q?
(1—w?Q?)2 + 2TwjQ22 A

”
€ =—

(2.3.2)

and -
1
(1—w?Q%)?2+ (2TwjQ2 A

The change of orientation, which is responsible for stimulated Rayleigh wing
scattering in liquids with polar molecules, is governed by the same eqn. but, in
this case there are two separate mechanisms (Fabelinskii and Starunov 1967).
Firstly there is an angular oscillation of the molecule in the electric field of its
neighbours. For this oscillation

|Ael2=K? (2.3.3)

Q=\/<’TL) and =F—2£I

where p is a constant determined by the dipole moment of the molecule and
the value of the local field, I is the moment of inertia of the molecule and ¢ the
effective viscosity damping the molecular oscillations. Secondly, the equi-
librium position of this oscillation. is not constant but, as a result of Brownian
motion, will tend to ‘ jump ’ to a new position after an average lifetime, .

The eqn. describing this oscillation is thus only valid for components of £2
in which w>1/r. Since, for most liquids 4/(u/I) > &/I eqn. (2.3.1) implies a
resonant interaction when w=pu/I. For most liquids 4/(u/I) > 1/7, so the eqn.
adequately describes the far part of the Rayleigh wing.
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When w <7, however, the above oscillations are not significantly excited, and
the molecular polarizability is determined by the thermal diffusion of the equi-
librium positions of the orientation. For such diffusion Q=+/(4kT/I) and
I'=¢/3T where k is the Boltzmann constant and 7' the absolute temperature.
This is valid for the near part of the Rayleigh wing.

(i) Modulations arising from changes in the density and temperature of the
medium.

The modulation of dielectric constant responsible for stimulated Rayleigh
line and stimulated Brillouin scattering is related to changes Ap in the density
and AT in the temperature of the medium by the eqn.

de Oe
Ae:(;p)TAp-l-(a—T)pAT. (2.3.4)

But the density p and the temperature 7' of the medium are governed by the
following linearized hydrodynamic and heat conduction equations driven by
terms proportional to E? representing electrostriction, absorption and the
electrocaloric effect (Herman and Gray 1967)

0% ? n+4n'0

2
Ty P e WP %BPOVZT — (7 /87)V2E? (2.3.5)

and

poc,,aa_f —KV2T—

cv(y—l)@= 1 ae) o0E? (2.3.6)

1
L a4 = (26) O
B et 811T0<6T , o

where p, and 7', are the density and temperature respectively of the unperturbed
medium, v is the adiabatic velocity of sound,  and 7’ the shear and bulk
viscosities, B the coefficient of thermal expansion, K the thermal conductivity,
¢, the specific heat capacity at constant volume, y the ratio of the principal
specific heat capacities, « the light absorption coefficient, ¥ the electrostrictive
constant p(de/dp)y 74 the refractive index of the unperturbed medium and ¢ is
the velocity of light.

To represent the solution of these eqns. for that component of E? with

frequency w=w; —w,, wave vector k=Fk, +k,, and amplitude 4,4, it is con-
venient to define:-

the Brillouin frequency, wg = kv,

the Brillouin linewidth I'g = (y+ 41')k?%/p,,

the Rayleigh linewidth 'y = 2Kk?/p.c,, and also

4n,cofv?

a dimensionless coefficient proportional to absorption &/ = ————.
Yye,I'y

where ¢, is the specific heat capacity at constant pressure.

Hence it may be shown that for most liquids, where I'y < I'g <€ wg. and
(0e/0T),

BY <1 (Key et.al. 1972)
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where each term in square brackets is a function of w with a maximum of unity.
The antisymmetric functions F;, F,p and F,p;, illustrated graphically in fig. 5,
are defined as

F,= (T'g?wp?)(w/wp)

" (1-0wp?)?+ (Tgwfwg?)?’

or 4T

T Ty \T+4w¥ TR
2(1 - w?/wp?)(I'g/wg)(wp/w)

BT (1-w¥wp?+ (Tpofws??
These functions represent respectively the frequency profiles usually associated
with stimulated Brillouin, stimulated Rayleigh and stimulated thermal
Brillouin scattering. The symmetric functions [F,wg/w], [Frws/w] and
[Fypwp/w], which determine |Ae|? and hence control the Bragg reflexion, are
also illustrated in fig. 5. These represent frequency profiles resembling those
of spontaneous Brillouin and Rayleigh line scattering (fig. 1).

2.4. Stimulated scattering and Bragg reflexion

Using the results of sections 2.2 and 2.3, the gain coefficient for each type of
stimulated scattering and the Bragg reflectivity of the associated modulation
may be calculated. The frequency profiles of the reflectivity and gain, indicated
by these calculations, are illustrated in fig. 1.

(i) Stimulated Raman scattering

For most Raman transitions, I' <€ Q, and the expressions obtained by combin-
ing eqns. (2.2.4) with (2.3.2) and (2.2.9) with (2.3.3) indicate sharp maxima in
the regions w~ + Q. The gain is positive for positive w, i.e. Stokes-shifted,
backward-going beams undergo amplification while anti-Stokes-shifted beams
are absorbed (see fig. 1). These results apply only for the amplifier arrangement
described, and assume that no other processes are competing with the stimulated
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Fig. 5. The frequency profiles governing stimulated scattering and Bragg reflexion
in hydrodynamic media.

Raman scattering. At higher intensities more complex interactions can cause
generation of cones of light of anti-Stokes shifted frequency, (Bloembergen
1967).

(i) Stimulated Rayleigh wing scattering

The gain and reflectivity which result from the oscillation of the molecules
of the medium in the fields of their neighbours (i.e. the gain and reflectivity in
the far part of the wing from 20 to 200 cm—1) are governed by the same eqns.
but for this process I' ~ Q because the viscous damping of molecular rotations
is very strong though not necessarily critical for these oscillations. Theresulting
maxima of the gain profile and of the reflectivity profile are therefore very broad.
For the gain and reflectivity existing in the near part of the wing out to about
20 cm™L, which are determined by the diffusional mechanism, I' > Q because
the viscous damping of this process is usually greater than critical. The gain
profile therefore has diffuse maxima while the reflectivity profile is a single
broad peak with a maximum at the laser frequency. '

In general the oscillatory and diffusional parts of the wing are not strictly
separable, so a more sophisticated theory is required to describe the intermediate
region (Starunov 1964). ’
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(ii1) Stimulated Rayleigh line and Brillouin scattering

For media in which (9¢/0T")p <BY we may combine eqns. (2.2.4) with (2.3.2)
and (2.2.9) with (2.3.8) (Key and Harrison 1972) to give expressions describing
- the gain and reflectvity arising from changes of density and temperature.
The total profile of the gain, as a function of the frequency shift w, is a sum to
which electrostriction and absorption each make contributions with all three
types of profile F,, Fy and Fy.

The term (wgp/I'g)[F;] gives the usual expression for stimulated Brillouin
scattering in a non-absorbing medium (Herman and Gray 1967 ; Starunov and
Fabelinskii 1970). The terms — }o/y[('g/2T5)Fyr] and — 1oy (I'g/T's)[Fy5]
" describe the stimulated Rayleigh scattering and stimulated thermal Brillouin
scattering due to absorption first predicted by Herman and Gray (1967).

The terms L(y—1)[(I'g/2T5)Far] and 3y — 1T/ I'g)[Fsp] describe, respec-
tively stimulated Rayleigh scattering in non-absorbing media and a slight
modification of the profile of stimulated Brillouin scattering in such media.
The remaining absorptive term —(y2I'g%/4wgD'g)[F;] slightly affects the
magnitude of the stimulated Brillouin scattering gain in absorbing media, but
" is negligible under normal conditions. The profile of the Bragg reflectivity is
not readily separable into terms arising from different physical effects.
(Harrison et al. 1973).

The term wp?/I'g2[Fiwp/w] shows however that electrostriction gives rise
to a profile similar to that of spontaneous Brillouin scattering. The smaller
term (I'g%/4T32)y%(1 — )2 [F wp/w] shows that, in an absorbing medium, the
_ reflectivity in this part of the frequency profile is slightly increased.

The term y*1—7)2[('g?/8wy ') Fopwp/w] shows that electrostriction also
gives rise to a weak contribution to reflectivity with the same profile as that of
spontaneous Rayleigh scattering. In an absorbing medium, however, &/ may
greatly exceed unity and in such a medium that part of the reflectivity with this
profile may be very large.

The term 91— )Y I'g?/8wp's)[Fopwp/w] indicates a very small electro-
strictive modification of the Brillouin line-shape which is also somewhat
increased in absorbing media.

3. Experiments -
3.1. Bragg reflection from light induced periodic structures in bulk media

(i) Exzperimental arrangement

The experimental arrangement used for the observation of Bragg reflection
from a modulation of dielectric constant induced in a liquid is illustrated in
fig. 6 and shown schematically in fig. 7. (Key et al. 1970; Key 1970; Harrison
1970).

The output of a passively @ switched ruby laser (duration 15 ns, intensity up
to 100 MW/cm? in a single longitudinal mode) passed through a quartz cell
containing the liquid under investigation and was reflected back through the
cell in the opposite direction by a dielectric mirror. The action of the forward
and backward going beams on the liquid produced a spatial modulation of its
dielectric constant. This modulation was traversed by the 1W continuous
output of an argon ion laser operating at 488 nm. This beam, which was
continuously recorded on a power meter, was directed into the cell by the mirror
M, which could be sensitively adjusted to make the beam incident on the



Scattering of Light from Light Induced Periodic Structures 285

Fig. 6. Experimental arrangement for Bragg reflexion of argon laser light.

M power meter

M/

argon laser

iAplate

fe lll

ruby laser

Fabry Perot

camera
with polaroid
quadrant
454 scope
Fig. 7. Experimental arrangement for Bragg reflexion of argon laser light: S, beam
splitter; M, mirror; A, attenuator; D, diode; P, photomultiplier; , delay
line.
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modulations at the Bragg angle. The light reflected from the modulations
was directed onto the photomultiplier, P, from which the signal was recorded
on an oscilloscope.

This oscilloscope could also record the signals generated by the ruby laser
light incident on photodiodes, D;, D, and D;. D, and D, measured the powers
of the forward and backward going beams arriving at the cell, while P and D,
simultaneously measured the light reflected by the modulation in the cell and
the amplification which the modulation caused in the backward going beam.
By use of appropriate cable delays all four signals could be displayed on a single
trace of the oscilloscope.

A Fabry-Pérot interferometer was used for spectral analysis of the light in
the forward and backward going beams. Discrimination between these beams
could be achieved by using a quarter wave plate and a disc of polaroid with
adjacent quadrants oppositely orientated.

The intensities of the forward and backward beams were controlled (and
feedback into the laser minimized) using attenuators consisting of aqueous
solutions of copper sulphate.

(i) Qualitative investigation of Bragg reflexion arising from various interaction
mechanisms

The principal contributions to Bragg reflexion arise from absorption, electro-
striction, the electrocaloric effect and the Kerr effect. Under suitable
experimental conditions, Bragg reflexion arising from each separate effect may
be identified.

Absorption is the easiest of these mechanisms to identify. The resulting
Bragg reflexion has a maximum when the backward going and forward going
beams are of the same frequency. This reflexion though absent when the beams

.ntersect in a pure non-absorbing solvent, can be much greater than the
contribution arising from any other effect when there is but a small amount of an
absorbing substance dissolved in the solvent.

Fig. 8 shows the signals on the diodes and photomultiplier when pure methanol
(upper trace) or a solution of copper acetate in methanol with an absorption
coefficient of 0-15 em~! (lower trace), were used in the scattering cell. The
photomultiplier signal disappeared if either ruby light beam or the argon laser
beam was cut off and it was critically dependent on the angle between the beams.
These facts, and the absence of photomultiplier signal on the upper trace imply
that the signal on the photomultiplier, displayed on the lower trace of fig. 8 was
due to Bragg reflexion of the argon laser light from a phase grating produced by
absorption of the ruby laser light.

The refractive index modulation induced by electrostriction is very small
unless the backward going beam contains light of a frequeney shifted from that
of the forward going beam by an amount close to the Brillouin frequency shift.
When the backward going beam contains light of this frequency, and the medium
is non-absorbing, any Bragg reflexion observed is almost entirely due to
electrostriction. To obtain the traces and spectra shown in fig. 9 the light of
shifted frequency was generated by stimulated Brillouin scattering in the
laser @-switch. When the frequency-shifted light component was absent
(upper trace) there was no Bragg reflected signal, but in the presence of this
component (lower trace) such a signal was clearly visible. The electrocaloric
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500 ns

Fig. 8 Comparison of Bragg reflexion in a non-absorbing liquid (methanol) (upper

trace), with an absorbing solution of copper acetato in methanol (lower trace).

100 MW

200 ns

Fig. 9. Bragg reflexion due to électrostriction.
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effect has no influence on Bragg reflexion when the backward going beam is of
unshifted frequency and causes only a very small reduction in the Bragg
reflectivity when the backward going beam is of Brillouin-sliifted frequency.
It is therefore not possible to observe steady state Bragg reflexion arising from
this source.

The major part ofthe Kerr effect (that due to re-orientation) causes the greatest
refractive index modulation when there is no shift in frequency of the backward
going beam. Tliis effect can therefore cause Bragg reflexion in a pm*e non-
absorbing medium when the backward and forward beams have the same
frequency. This Bragg reflexion is very weak in methanol and was not
detectable under the experimental conditions of fig. 8. It is important to
distinguish this weak Bragg reflexion from that due to residual absorption in
the medium or to a component of the laser light with shifted frequency, too
weak to detect on the Fabry-Pérot. This can be done by taking into account
their different polarization properties. The absorptive and electrostrictive
mechanisms act on the density ofthe medium and have no directional properties.
The Kerr effect, however, causes arefractive index change which has a value in
the direction ofthe electric fleld of about twice that in a direction perpendicular
to that fleld (Havelock’s law).

100MW

200 ns

Fig. 10. Bragg reflexion due to the Kerr effect. Laser light is incident on the cell :
(a) directly, and (6) through a crystal quartz disk to rotate its plane of
polarization through 90°.

The upper trace of fig. 10 shows the signal due to Bragg reflexion from pure
methanol with forward and backward beams of the same frequeney and when
the ruby and argon ion laser outputs were both polarized m planes perpen-
dicular to that of fig. 9.

To obtain the lower trace the polarization of the ruby laser output was rotated
through 90°. The marked reduction of the photomultiplier signal implies that
the Kerr effect was the mechanism responsible for the Bragg reflexion observed.
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The other contributions to the Kerreffect, arising from molecular deformations,
give maximum Bragg reflectivity when the frequency of the backward going
beam differs from that of the forward beam by a Raman frequency shift. This
type of Bragg reflexion, yet to be investigated, might provide a useful tool for
the study of weak stimulated Raman lines.

(iil) Quantitative study of Bragg reflexion arising from absorption.

The stimulated Rayleigh line scattering occurring in absorbing media is
particularly suitable for study by the Bragg reflexion technique, since it gives
maximum reflectivity when the backward going beam is of the same frequency
as the laser beam. Investigation of the electrostrictive mechanism, on the
other hand, requires generation of a frequency shifted beam by stimulated
Brillouin scattering which can result in rapid uncontrolled intensity fluctuations.
The reflectivity generated as a result of the Kerr effect has its maximum at
zero frequency shift but is very much weaker than that due to absorption.
Also, the build-up and decay of the thermal modulation induced by absorption
is a relatively slow process, about 10~8 s (Denariez and Bret 1968), which can
conveniently be studied by Bragg reflexion. The density modulation induced
by electrostriction has a lifetime of about 10~ s; too short for resolution by our
instruments. The molecular orientations and deformations responsible for
the Kerr effect have much shorter lifetimes (about 10—12 s) (Denariez and Bret
1968) which are more easily studied by the broadening of the associated spon-
taneous scattering lines.

In the theory, a number of assumptions have been made and it must be ensured
that the experimental conditions are such that these remain valid or can be
suitably modified. First, it has been assumed that I, and I, are uniform over
any cross-section of the ruby laser beam. In practice, however, the transverse
mode composition of the ruby laser output was erratic and the resulting intensity
distribution was non-uniform and variable. This situation was somewhat
improved by using an aperture to transmit only the most consistently uniform
part of the beam. It remained, however, the most serious source of error in
these experiments and accounts for the ¢ scatter * of the points in figs. 11 and 12,

0.01 r ]
./\
0.008F \
, 2 0006F .
5 width at  \
8 B half height
% 0004 6min
0.002}- /
1 1 1 1 (N 1 1 1 }
0 3 6 512

angular increments/min

Fig. 11. Variation of reflectivity with the angle between the beams.
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Fig. 12. Variation of reflectivity with position of the interaction region.

It has, throughout, been assumed that the intensity I, of the forward going
ruby laser beam is very much greater than I,, the intensity of the backward beam.
This condition was ensured by use of the attenuators shown in fig. 1. It hasalso
been assumed, in calculating the reflectivity, that the magnitude of the modu-
lation remains constant over the length of the reflecting region. This requires
that I, x I, remains constant over that region. Since the beams are travelling
in opposite directions this remains true for any linear absorption of the beams
but is not true when the backward going beam is significantly amplified in this
distance, by stimulated scattering. For the experimental situation in this in-
vestigation that amplification remained insignificant provided I; < 70 MW ecm—2.

The theory also assumes that the ruby laser output is of a defined angular
frequency w;. In practice, the output, and the reflected beam, had a finite
spread of frequency of approximately Lorenzian profile with width I';. Con-
volution with these profiles results in a broadening of the width of the Lorenzian
Bragg reflectivity profile from I'y to (I'y +2I'; ), and a reduction of its maximum
by a factor I'g/(I'g +21").

It has also been assumed that the probing laser beam is of an exact frequency
and direction. The argon ion laser beam has an output which is a Gaussian
function of angle and a Lorenzian function of frequency. Both these distribu-
tions cause a broadening of the angle over which Bragg reflexion can be observed,
but the effect of the frequency spread is negligible compared with that of the
divergence. To take the divergence of the beam into account the reflexion of
that fraction of the beam which propagates in each particular direction must be
considered separately. The total reflected intensity is then the sum of the
intensities of the separately calculated components.

Hence it may be shown that the total reflectivity experienced by the probe
beam is given by

_f eBY ¥ Wik Tn /mexp—[(0n—00)/A0F,
L\ 2K n2k? | cosB,sin 20, [y + 217 AB e

(3.1.1)
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The lower trace of fig. 9 was obtained when the intensity I, of the forward-
going ruby laser beam was 20 MW em~—2, while the intensity I, of the backward
going beam was a third of this value. The height of the photomultiplier pulse
indicates a reflectivity of about 0-01 per cent in reasonable agreement with the
value predicted by eqn. (3.1.1) for the experimental conditions. In view of the
unknown spatial and spectral distributions of the ruby laser output, exact
agreement with the experimental value cannot be expected. For this reason
the variation of the reflectivity with the experimental parameters appearing in
the eqn. provides a better test of the theory than does its absolute magnitude.

Eqn. (2.2.7) indicates that the argon ion laser beam should experience
maximum reflectivity when incident on the ruby laser induced modulations at
a glancing angle of 44-5°. TFig. 11 shows the reflectivity observed when the
angle was varied about this value. The results confirm this estimate of 0.

Fig. 11 indicates an angular distribution of reflectivity with a width at half
height of 2mrad. This graph approximately follows the Gaussian distribution
of the intensity of the argon ion laser beam (eqn. (3.1.1)).

When the logarithm of the reflectivity R was plotted against the logarithm of
the forward-going intensity I,, maintaining the second attenuator constant so
that I,=1,/3, the resulting graph showed that

Rocl 2,

On the other hand, when I, was kept constant, and the logarithm of R was
plotted against the logarithm of I,, the slope of the resulting graph showed that
Recl,.

These two results confirmed the behaviour predicted by eqn. (3.1.1), namely that
Recl 1,

A simple experiment in which the incident power in the argon-ion laser probe
beam was compared with the Bragg reflected power, showed that the argon-ion
beam was contributing no non-linear optical effects of its own.

When R was measured as a function of the optical attenuation coefficient
«, it was observed that

Roca?.
This too was in agreement with eqn. (3.1.1).

Fig. 12 shows a log-linear plot of the reflectivity observed when the probe
beam intersects the ruby laser beam at a distance z from the back face of the
scattering cell. Absorption in the cell results in the relations 7, ccexp (az), [y oc
exp (—az). Thus I,1, is constant in the absence of nonlinear effects. Any
variation in the reflectivity is therefore due to gain in the backward beam
caused by stimulated thermal Rayleigh scattering.

The gain indicated by these results is about 0-2ecm=1, This is in reasonable
agreement with the theoretical value predicted under the experimental
conditions.

(iv) Decay of the thermal modulation induced in a liquid

When two oppositely directed light beams of the same frequency traverse an
absorbing medium, more energy is absorbed at the antinodes than at the nodes of
the resulting standing wave. It is the temperature modulation caused by such
absorption which is responsible for the modulation in density and dielectric
constant investigated here.
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Such a temperature modulation does not arise or disappear instantly with the
electric field of the light wave, but its amplitude tends exponentially towards an
equilibrium value for any constant field amplitude. In general when the field
amplitude is a function of time the behaviour of the temperature modulation
may be deduced by consideration of the heat conduction eqn. (2.3.6). Since
we are dealing with a strongly absorbing medium the electro-caloric effect may
be neglected. Also, since the frequencies of the forward and backward beams
are in this case equal, the temperature modulation is stationary and can have
no out of phase component. Thus, provided the fields are varying slowly
compared with the time required for sound to propagate over a wavelength of
the modulation (10-10 8), it may be shown that

9| Ae|

“ot
Where r=(2/I'g) is the relaxation time of the thermal grating.
Hence

+ }|Ae|ocI, (3.1.2)
T

| Ae|ocexp (—t/7) ff I exp (+¢/7)dt, (3.1.3)
=0

The diode-detected laser pulses indicate the value of I; as a function of time.

Eqn. (3.1.3) allows a numerical calculation of the time dependence of | Ae| for the
observed pulse I, and any assumed value of 7. Now the grating reflectivity
is proportional to | Ae|? so the assumed value of 7 allows calculation of the time
dependence of the resulting Bragg reflected pulse. The value of 7 giving the
best fit to the observed Bragg reflected pulse is the best estimate of the relaxation
time of the thermal modulation in the liquid. In fig. 13, points calculated
assuming 7=16-5 ns are superimposed on the experimentally observed Bragg
reflected pulse.
These points are in good agreement with the experimental trace obtained using
a solution of copper acetate in methanol in the scattering cell. Significant
misfit occurs when it is assumed that r<14 ns or 7> 18ns. Further results
are listed in the table.

Relaxation times of the thermal modulation generated by stimulated Rayleigh
scattering of ruby laser light

T/ns
Solvent p A -~
Theoretical Experimental
Methanol 17-0 16-:5+2
Water 12-1 12:0+2
Acetone 179 17:0+2

3.2. Diffraction from light-induced periodic structures on surfaces
(i) Ezperimental arrangement

The experimental arrangement used to investigate the diffraction of light
from periodic structures generated in thin films is illustrated in fig. 14. (Cutter
et al. 1974). The passively @-switched ruby laser gave a pulse of up to 50 MW
peak power and a duration of 10-20 ns width at half power. The intensity of
the light incident on the film was controlled by an attenuating cell containing
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20ns

Fig. 13. Time profile of the ruby laser pulse and the resulting Bragg reflected pulse.
The points marked are those calculated given the theoretical relaxation time.
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Fig. 14. Experimental arrangement for the study of the temporal development of
the light diffracted from an optically induced grating.

aqueous copper sulphate solution. The ruby laser light, which was incident on
each side of the film was detected by a fast photodiode and displayed on the
oscilloscope.

The output of the argon ion laser was incident on that part of the film
illuminated by the ruby laser. As the grating was created by the action of the
ruby laser light upon the thin film, the first order diffracted beam of argon ion
laser light was detected by a photomultiplier of about 2 ns rise time. The
signal was displayed, using a suitable delay line, on the same oscilloscope trace
as the ruby laser signal. The absorbing films used were evaporated layers of
silver, gold and aluminium of thicknesses from 50A to 4004 on a glass microscope
slide substrate.

(ii) Results.
The temporal development of the beams diffracted from the gratings formed
by the various films was observed over a range of ruby laser intensities, and the



294 V. I. Little et al.

D P

50ns

(5) 50ns

50ns

()

Fig. 15. Signal diffracted from (¢) 200 A silver film illuminated by a  high energy ’
0-45 J/cm? ruby laser pulse, (b) 100 A gold film illuminated by a ‘ low energy ’
0-045 J/em? ruby laser pulse, (¢c) 200 A gold film illuminated by an ‘inter-
mediate energy ’ 0-1 J/em?® ruby laser pulse.

effect of varying the angle of incidence of the ruby laser beam upon the film was
also studied.

The main features of the development of the diffracted signals were the same
for each type of film. At different energies of the incident ruby laser pulse three
main types of development were observed. For pulses of very high energy the
diffracted signal was a pulse with a short duration comparable to that of the
incident light. With low incident energy the diffracted signal resembled a
step function rising to a constant level in a time comparable to the duration of
the laser pulse. At intermediate energies the signal had a more complex
structure. A short initial pulse was followed by a relatively slow rise and then
a decay to a constant level. The three types of signal can be clearly seen in
fig. 15. The rise and fall times of the slowly varying part of the signal observed
using a ruby laser beam of intermediate energy were found to depend strongl
on the angle between the film and this laser beam. Fig. 16 shows a graph of the
decay time of the signal, plotted as a function of cosec §. The graph clearly
shows that this time depends linearly on cosec 6.
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Fig. 16. Variation of decay time to a half intensity (in ns) of the diffracted signal
with the angle of incidence of the ruby laser light, (signals diffracted from a
200 A gold film illuminated by a 0-3 J/cm? ruby laser pulse).

Although the conditions of the laser oscillator were kept constant, the duration
of the output pulse varied from 10-20 ns. Analysis of the effect of pulses of
different widths showed the crucial factor determining the nature of the diffracted
signal to be the energy rather than the power of the laser pulse. The diffraction
efficiency of the grating left after etching, varied with pulse energy and film
thickness. The pulse energy for which this efficiency was a maximum tended to
increase with increasing film thickness.

The ideal optically etched grating would consist of a periodic thin metallic
film, undamaged at its thickest points and totally absent at its thinnest, on a
completely unaffected substrate. Those gratings formed by illumination of
50-100 A gold or aluminium films by ruby laser beams of only just sufficient
energy to affect the films, approached closest to the ideal (fig. 17). These
gratings were very small in area, but could have diffraction efficiencies of up to
10 per cent.

Correlation of the time resolved diffracted signals with the appearance of the
gratings clearly showed that the ‘ ideal ’ type of grating was formed when the
beam energy was sufficiently low to give the ‘ step function ’ type of diffracted
signal. Whenever a fast pulse was visible in the diffracted signal, complete
removal of the free metal had occurred over at least some part of the grating.

(iii) Discussion.

The complexity of the temporal development of the diffracted laser beam
under various conditions of film excitation suggests that a number of mechanisms
are involved in the formation of the grating. This fact and the essentially
destructive nature of the processes occurring within the film make quantitative
analysis of the observations extremely difficult.

Many authors (Henderson et al. 1971 ; Parks ef al. 1972 ; Alyassini et al. 1972)
have reported the formation of a microplasma when a @-switched laser pulse
with an intensity of the same order of magnitude as that used in our experiments
impinges on a solid surface. The short pulse of diffracted signal observed using
ruby laser pulsesof very high energy (fig. 15 (a)) may be readily explained on the
assumption that lines of plasma were first formed at the antinodes of the standing
wave causing a strong diffracted signal. Subsequent heating at the nodes of the
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Fig.17. Grating of the type produced using a ‘ low energy ’ ruby laser pulse (200 A
gold film illuminated by a 0 06 J/lem* ruby laser pulse).

wave (owing to the fact that with our experimental arrangement the forward and
backward ruby laser beams were never exactly equal) would, however, cause a
rapid decrease in tliis signal by creating a uniform plasma over the whole surface.
Complete removal ofthe film over some part of the grating was always associated
vfith this type of signal.

The ' step-function ’ diffracted signals (fig. 15(6)) observed using beams of
very low energy may be explained on the assumption that at such energies there
was no damage to the film at the nodes of the standing wave and no plasma
formation. The development of the signal was in this case caused by vaporiza-
tion of the film at the antinodes of the electric field. The remaining film caused
diffraction as a result of the induced periodicity in its thickness, but the vapour,
being transparent to argon ion laser light, had no effect on the diffracted signal.
Hence the constant diffracted signal, once the laser pulse had formed the grating.

The slowly decaying signal observed, in addition to a constant background, at
intermediate beam energies (fig. 15(c)) may now be interpreted as a result of the
formation of plasma, rather than un-ionized vapour, at such energies.

Now the decay time of this slow signal was directly proportional to cosec”
i.e. proportional to the line separation d of the grating since (Little et al. 1970)

d= - cosec6 (3.2.1)

where Ais the wavelength of the ruby laser light.
The distribution of the substrate temperature, or any other parameter
controlled by a diffusion law, would show a development with a characteristic
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time proportional to the square of that separation. Decay of the plasma,
chemical processes occurring at the surface, or any phenomenon involving
transport perpendicular to the surface would on the other hand give a decay time
independent of spacing.

An acoustic surface wave would have a period proportional to the line spacing,
but this would result in a diffracted signal whose intensity would oscillate with
a period over an order of magnitude smaller than the observed decay time. A
linear dependence of decay time on separation would, however, be expected if
the diffraction were governed by the motion of a plasma across the lines of the
grating in which the distance to be travelled, and thus the time required, to
achieve any given ionic distribution would be proportional to the line separation.

Calculation of the velocities of the ions formed in the plasma (Cutter et al.
1974) indicates that they cross one grating spacing in a time comparable to the
decay time of the diffracted signal. 'While the exact relationship between plasma
distribution and diffraction efficiency is difficult to establish this provides a
reasonable justification for assuming that the slowly varying signal results from
the creation of a micro-plasma at the antinodes of the standing wave of the ruby
laser light.

3.3. Further developments of the experimental technigue.

Given optical detectors of better time resolution our Bragg reflection
technique could be extended to the measurement of shorter modulation lifetimes.
The fastest photomultipliers available have a time resolution of about 100 ps
and would allow direct measurement of acoustic phonon lifetimes. The
picosecond lifetimes of the optical phonons involved in stimulated Rayleigh
wing and Raman scattering (Von der Linde, Laubereau and Kaiser 1971)
could be resolved using a streak camera.

" Our observations have been made only for backward going light of unshifted
frequency or a frequency shift equal to that generated by stimulated Brillouin
scattering in the medium under study. A full investigation of the Bragg
reflectivity profile would require very precise tuning over a wide range of
frequency shifts. It is possible that this could be achieved by using the tunable
output of a dye laser as the backward going beam.

The diffraction technique could similarly be developed for a more general
investigation of laser generated periodic structures. This phenomenon is of
interest both as a means of rapidly producing small diffraction gratings of
accurately known spacing and also because it provides a technique by which the
dynamics of surface laser damage may be studied.
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