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ABSTRACT

This thesis deals with the modulation and deilection of an optical
beam, utilising the electrically induced refractive index variations
in electro-optic crysiels. The modulator and deflector configurations
considered utilise phase gratings produced by surface depoéited

interdizitel elecirodes on a crysial face, When the electrodes are

-~
L

arrangsed symeetrically, & Raman-fath type of diffraciion pattern is
obtained in the far field, However an ;symmetrically electroded
arrangeizent gives rise to preferential deflection of the zero order
light beam to a‘higher order diffraction position. A typical unoptim-
ised device, vhicih has been developed during the course of this work,
end heving asymmetrical elecirodes deflected about 81 % of the
incident light having a wavelengih of (.63 pm to the first order at
an anplied d.c. voltege of 157 Volits. 53 % of the incident enersy
wes deflected to the second order with this device at an applied d.c.

voltaze of 255 Volts.

Acoustic resonances were observed in the devices developed when
operated under a.c. conditions. In the symmeirical electrode arrange-
ment both bulk and surface wave resonances were observed. However in
the asymmetrical arrangeuent only bulk waves were observed. The bulk
resonances were almost completely sunpressed by placing an absorber

on the face opposite to the electirode face.

in extension of the principle of the internal reflection modulator
device o a double reflection modulator vroduced about 50 % reduction

in the zero order extinciion voltiagze
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1.1 Ceneral introdnction

The advance of laser technology has lead to the potential
application of the laser in such fields as optical communications,
optical data processing, radar and ranging, opbical logiecs and
memory systems. These applications often resquire means of

impressing information on to the laser beam. This may be achievad

by mocdulating the amplituds, rthase or fregquency of the beam.

A controlled removal of ensrzy from the incident bsam of light
results in the modulation of the beam. If this ‘cnerg:-; is directed
into a particular =nd definable direction, then the modulating
device also fulfills the function of a deflector. The different
principles of operation that caon be adopted to give both modulation

and deflection of the beam may bs classified as

(i) Modulation and deflsction by mechanical means.
(ii) Modulation and deflection resulting from acousbo-optic
interactions.
(1ii) Modulation and deflection resulting from elsctro-optic

interactions.

(i) The mechanical modulator: The mechanical modulator
(a rotating mirror, prism, mechanical shmtter) may be
arranged to produce a variation of the intensity of the
beam (amplitude or intensity modulation) (1). This
amplitude modulation may be accompanied by the deflection

of the lzasr:: baam.

T AL - T o e e R AR e e e e T G S
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Th= acousbo-ontic molidator: The interaction of sound waves
znd elsciromagnetic waves 2t optical Irosuencies can b2 used
to modify the incident bsma by deflecting it in space and/or
alterin; its fundamental freguency. It a3 been pointed
cut (2) that the fresmency of the scatterad light will be
Doppler shifted by »n emount ecus 11 to th: acoustic fre"uemy:.

However, this effect is nouicealls only +f

an the acous L-j_c

frequeicy is aporeciable compared to the opfical Trequency. I; the
acoustic vave inside the mediuam is assumed to preduce a sinusoidally

periodic refractive indsx variatioa, and il the optical and acoustic

vavelronts are perpsndicnlzr to each otnix, a symmetrical

. - e

diffvaction patbern is obbained in the fur field. This is

1

tnovn =5 the haman-Nath type of scabiering. Albernsbivall, 1
if 2t two wavefronts are ab oblicue incidmmce and the 20gle
of incidence satisfies tne Bragg reflection law, the diffracted

light will appear in a single spot and the light beam is s2id
e <

to nave undergone 3ragg type sealbering. 1iasse interactions

=, . 3

are Surther considersd in Chapter 6. The principles, design

-J

considerations and the e: qn*rmﬁn,:'.l observations of ti

acousto-opbic modulators have been given in such refsrances
\

Tra Glastro-ontic modnlator: . The apglizition of an glactrie

ficld to an elzchro-opiic crysual cause changes in rofractive

o S h o CAR s T AOL RO N oo o
£ the medium. & detailed =snnljsis of tols effant

=
2
ot
(2]
v
L
o

is given in Chapter 3. an arpromiztoly polarised besam of
Ji-nt will experiencz a corrasponding chrnge in gnase viich

can bs utilissd bo sive intensity mod:lation. ‘ffne comvon: abional

._'2 £
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types of eleciro-optic modulators are the lonzitudinal and
transverse modulators. In the longitudinal modulator the
electric fisld and the direction of light propozation ars
prrallel while in the transverse modulator, they are mutually
perpendicular to each othizr (11—-13). In the transverse
modulator, if a refractive index gradient exists in the
direction perpendicular to the direction of propagation of the
optical beam, then the trajectory of the incident beam will

be bent in the direction of thes gradient (1).

Thin film versions of boi: acousté-optic and eleciro-optic

ﬂ-
g_n

ors have been produced and are roported in such references

as (14-17).

This thesis hzs been concernsd with the development of a novel
eleciro-optic modulator/daflscior. ihe electro-ophic moct:lator/

deflector offers the advantage that the possible speeds of operation are
appreciably greater than that obiained by other methods, The particular

type of eleciro-optic modulator/deflector considered in this thesis

ﬂas beea of the diffraction grating t;ps. The dilfyaction graving
inside an electro-optic crystal may De conveniently produced by

having surface deposited interdigital elecirodes on propeky

chosen faces of a erystnl (18). The degt: o penstraiion of the

i

fi=1: ide the crystal is normally small and, therefore, in ordar

§ e
E}.

to ulilise the intense fiold region Akira Hishiwaid (19) and

£ .

Szibor ~iylsid (20) have propossd that the optical beam is reflscs

by

'3
]

i |

2 uae erystal slectrode interface

The initial work in ©.is thssis was z investijntion into ths
F A TN -

opsriiion ol thie infernal reflection modulatcr sroposed by thess

1 & - £ 3 - ~ - — ot - = i -ry ~r1 -l
woriiors. A theorevizal and experimsnial +s5S33smant vias made of

-



the phenomena occurring when li kit is reflscted from the crystal-

(4}

electrads interfaca. 16 was found that th: sarlier intsrnal

reflection modulators cropossd by Akira lishiwaki and Scibor-iiylsii
gensrated an undesirable baciiground scatbered light. As a result
of initial work undertaken it has besn possibls to produce a noise

free internal reflsction modulator.

These earlier diffraction grating type modulators diffracted the

0 ' )

light into the hiher orders in the form of a Haman-lath pattern.
n23e type of deflectors are, therefore, not particularly efficiont for .

"deflecting a large percentage of ensrgzy Srom one ordpr to another.

As a result of the work carried out in this thesis an elsctro-optic
deflector has been produced which will deflect ovar 807 of the
ineident energy ond it is to be expected that using the technique
devaloped bebier performance will be obtained. These results give
encouragement for further work tec bs undertaken to produce an
integarated clectro-optic deflechor which may be utilised in many
applications; one important application is a trunking switch in

.

optical comrmnicavions. The final section of the work in the thesis

has besn %0 assess the high fretusncy performance of the device.

1.2. Ihe arranzemsnt of this thasis

.’ .
The initiz]l chapters of the thesis consider the theoretical background

e

necssaary to establish the principlss of opsration of the electro-
optic diffraction typs wmodulators and deflectors. Thase principles
are covaored by Jshapier 2 whicl: considers ths diffcorent tecimirues

winich ar: availible 1o gensrate phase gratings in an electro-optic

erystnl. Jhapter 3 discusses the eleciro-optic sffcects in cryatals.



The penetration of the field into the crysital due to the interdigital
electrodes is ones of the importent factors determining the operation
A} e

of the dsvices considered in this thesis, Tais is cover=d in

Chapter k.

Chapter 5 discussezs the initial work undertalken to assess the perfor-
mence of the modulator/deflector of the type proposad by Akira
Nishiwaki, and Scibor-Ryliski (19, 20), which opsrates on the princi-
ple of internal reflection of the beam off the crystal electrods
interface and considers the modifications necessary‘tb‘eiiminate the :
appreciable amount of scattersd ligat which was found to be generabed

in this type of modulator/deflectors.

Chaster 6 gives an exhaustive thsorstical analysis of deflection by
diffraction gratings. From this work, ths possibility of an
asyraneirically olsctroded electro-optic deflecbor is discussed and

the exmerimental rasults obtained from such a2 davice is given.

The acoustic resonances resulting from alternating voltages applied

to the devices =zt high frequency operation zre included in Chaster 7.
The concept of a multireflection modulator to produce a low operating
voltage device is discussed in Chaptier 8,

Ths technology involvad in the production of the a2bove msntioﬁed

devices are important and, therefore, the procedures adopted for

/

device production are summarised in Jhapter 9.

Conclusions of theo theoretical and sxperimental viork undertaken
during the courss of the vork of this thesis e givern in Chapterit O,
The potential awplication of the devices developed and suggestions

Sellis

for further research work ars included in this chapter.



CHAPTER 2

BELECTRO-OPTIC PHASE GRATTHGS

INTRODUCTTION

An optical besm will be diffracted into different orders

when it is transmitted through a diffraction grating. A

controlled removal of the ensrygy from the zero-order of the beam is

possible by varrying the grating effect. This resulﬁs in the
modulation of the zero-order beam. The grating effect reguired
to diffract the incident light may be produced inside a crystal
by different methiods. The differsnt methods available for the
roduction of the grating effect using the eclectro-optic
propertiss of the crystal are considered in this chapter. Also
the performance of some of the different types of electro-optic

grating modulators are sumarised.

-



The diiferent methods that could be adopted to produce the grating

effect in tha electro-optic crystal will be classified as follows:

(1) Methods using microwaves
(2) Methods using interdigital clectrodes

(3) Other methods

These different classes are considerad below in some detail.

2(1i) Diffraction gratins effects produced by microviive

oscillations in elsctro—oviic crystals

Wiith the advance of laser techmology, light modulation by microwaves
in an electro-opbic media has recsived considerable study. The
“passage of an eleciromagetic wave, having & freguency in the micro-

wave region, inside an eleciro-ogtic crystzl produces a periodic

f refraction (21). Thus a beam of light

<
i
i...l
i
o
4
o
)
:,J-
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passing throuzh the perturbesd medium in 2 correctly chosen direction,
experiences a rhase grating-;._ The interaction of ihe microwave and
the optical wave csuse the optical bsam to be diffracted into many
orders. This results in a decrease of the energy in the main or the
zero order beam. This decrease in energy is proportional to the
applied microwave power (22). If the deflectod besam is resolvable
from the zero order beam, the decrease in intensity of the zero order
beam could be measured and this order is said to be intensity
nmodulated. The deflected beam will be resolvable only wiaen the
deflected angle is greater than twice the angnlsr spread of the
incident be:um. The deflecction angls is greater if the microwave
phase velocity in the medium is low. Katwells cguations show thab
the phase velocity decreases with an increase of the dielectiric

constant of the nedium. Therefore, in & zractical ghase grating
H y o

ot

modulator, it is desirable that the medium has a hign dielsctric

_.7_
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constant at the microwave frenuiencziss.
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In certain clagses of maberials xarple, the
dislectric constanbts and the electro-opiic coefficients at micro-
wave freguencics are large (23). n::dS perovskitss are a class of
materials that possess very large wicrowave dielosiric constants

(101"). Bxamples of this class of materials are BaTiO h.TaO

3!

I‘CTaxIIbi_‘._OB (KTM). In particular, when x eguals 0.65, the Curie
-l

temparature of KIN is 28301{. The measured disleciric constant of

KIN, a quadratic electro-optic material, al room temperature

(295%K) is of Lhae order of 107%(23).

Vinen messuring the efficiency of ZIN 25 a microwave light bemn
rmodulator it is ususl to comsidsr the microwave power required to
produce a phase retardation ol T 1r; Lze opiical bex Sonsiderable

e e P - ¥ =3 o it AT 3
raduction in this power may be odtzinsd Ty aj

.
=

Hiying a IC bias

bJ.
Q
"

voltage to thz saaple so that it is biased with a phase retardat
of n Ji where n  is a positive intezer (24). Tris DT bias then
produces in effect a linear transverse sleciro-optic effect; it
has besn reported (23) that at a wave length of 0.5 Mm, a pover
reduction of at least one ordsr has been achisved using KIN as the
modulating material. An increass in the magnitude of the electro-

cptic coefficients occurs near the Curie point. Hence, the

complexities involved in having long interaction lun*'t..s and
critical velocity matching is reducad working newr t‘us temperature.
However, the problem of matciing microwsves into high dielectric
constint materials becomne more siznificant,

In refersnce (21) it was repertzd that the microave (rejusncy
elachro-magnetic waves were launched inbto tize high dislectric

constant material KT using & sinzle ridged wavosuide as showm in

-




figure 2.1. The ridge height was tapered over a distance of

severil microwave wavelengths from 0.497 in. to 0.003 in. Using

microwave pulses of width 2 psec. . S Lon
RIDGED WAVEGUIDE
and pzak power of a few hundrad ]
=—t=9.5Gc —1i——~T0 D.C,

LKTN | BiAS
_# B==" vourace

watts at 9.5 GH_, the 2uthors 2
2 003

ave reported that about 9.5 of

e

5

tne energy in the zero order was

Ligat been-Lam

transferred to the higher ordars.

1t was further reported that x
Fig- 21 ::d.ce wavesnide
caleulztions have shown that in an transdacer

optimised system, complete coxbinction of the zero order beam could

be acnieved with about 5 watis of microwave poier.

r3
vy

ne variation of the refractive index produced by the application

of a field to the 3.303 erovskites in the pura-sleciric phase has
besn extensively studied (25). It is reported that for these

electro-optic materials, the change in the index of refraction procucaed

&

by an applied electric field varied by less than 157 between sach
material when this change was measured under identical condilbions.
Other materials in which grating effects are rroduced with the
passage of electromagnetic waves abt microwave frequencies are XDP,
CuCl, ZrS. Such effects have been observed in KiP by Kaminow (26).
This author adjusted | the dimansions of nis arrangement so that
the microwave phase velocity in Lie medium aporoximates to the li{-_!,i'lt‘
velocity when the cavity is excited in a predeterninzd mode. It

was reported tant the half wave voltage required vias of the order of
TEV. These measurements were rade at a wavelength of 0.8 pm.

Comparison of the' chanzes in the elec tro-optic cozfficients (r

3377 3)



produced by the microwaves in :‘s?ji}s perovskites show that the change
is aboubt two orders of magnitude greater thon in XOP (25). Experi-
ments have shown that the rezctive drive power and the pows

dissipation in :".1'503 type of modulators are about one cuarter of

that required in KDP type modulators. It has besn reported that
CuCl as a modulating material (27) offers a power saving of beiween
one and two orders of magnitude over the XDP modulitors, but the

material is not available in large crystals of consistent optical
quality. Observations of microvave modulation in 4nd by this

method have also besn reported by Domenico and inderson (28).

2,2 Diffraction gratings in Blectro-ontic crystals

produced by interdicital eleschrodes

The diffraction grating produced by the passage of an clectro-
magnetic wave al microwave {requencies has been considered in
section 2.1. A similar grating could be produced by the application
of potentials Lo an interdigibtal electrode siruciure which has

been deposited on to the polished face of an electro-optic crystal.
Alternatively the electrode system could be brouzht into closs
contact with the crystal face. The different ways of arranging

tiie electrodes to produce the diffraction gratinz which have bsen

considerad by previous workers (references 18,29,30,31) are shorn

in figure 2.2.

-10 -
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Fig 2-2  lodulator arrangenents

a) See referance 19, 29, 590

b) 3ee referance 18, 29, 39, 3

c) 3See referance 50

d) Jee referance 50
The enalication of a potential %o the interdigital electrode system

causes a fringinz field to penzirate into the crystal. This
spacially periodic olectric fisld changes the index of refraction of
the cretal., Hence, 2 polarisad beam of lizh%, which passes through
a suitably oriented crystal, experiences a diffraction phase grating.
The interaction of the electro-optically induced phase grating effeét
and the optical beam, which is sinilaer to the interaction of the
pnase srating due to an acoustic beam and an optical beam, produces

a diffraction patiern in the f2r field. If a sinusoidal periodic

change in refractive index is essumed and if the two wavefronts are

perpendicular to ezch otner then the far field »attern obtained will

be of ihe Raman-lata % ype. The ongular deflsction of the different
orders of the diffracted vesm is = functicn of the wavelenginh of the

incident lizht and the periodicity of the induced electiro-optic
patins. The amount of ensrzy coupled to the higher orders is
a funciion of the phase difference impresced on the optical bean

by the rrating, which is a funciion of the changze in the refractive
jndex., he change in the index of rafrsction is proportional

the slecizic fiszld in linear 2lsciro-opiic crsials es. Llﬁbo., P

(th2 Pockels effact) and proportional o the sauare of the elsctric

field in the quadratic electro-opiic crysisls eg KTH ($ne Kerr effezct).



In the »ractical apglications of these interdigzital éiectro—opﬁic
gratirs deflectors, the differsnt aspects that heve to be teken into
consideration are
) The linearity of modulation of the zero-order energy
ji) The complete extinction of the zero-order energy
)

The total number of resolvable spots produced by the

iv) The angle between the different diffracted orders

The varization of the intensity of the zero order (or the energy
couvnled into the higher orders) depends on the variation of the index
of refrsction of the optical modulating medium. Yhen the light
‘energy is deflescted into the higher orders by the application of a
volﬁage‘to the nodulator, the zero order beam is said to be intensity
nodulated. The diffracted ordsrs are separated by an anzgle equal to
the ratio of the wavelength of the incident light to the periodicity
of the induced phase grating. In order to resolve the diffracted
orders completely, the width of the incident b2am must be greater

than tvice the electrode pitch (13).

The depth of penetration of the fringing field produced by the
-interdigital elecirodes depends on the elecirode pitch (the detailed
analyeis of this effect is given in chapter 4). Reducing the
electrode piich increzses the angular separation of the higher orders
but reduces the depth of peneiration of the field. Thus the diffi-
culty 2rises of ensuring that the light beam approsches close to the

elactrodes in order to take advantaze of the high field intensity.
Ye may consider two approacies Lo this provlen.

(1) Tne lizht beam travelling psrallel to the base of the .

crystal wnich carries the electrodes. .

12
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(2) The lizht bean reflecting off

which carries tha electrodes.

‘Phese w0 arrangements are illusirated in figure 2.3

wife ctive interaction

a Fig. . 08 Loty re o

a} Jarallel transmission

b) Internal reflection “traasmission

In cacge ‘'a' the practical difficuliy arises,in & simple bulk

modula tor ,0f ensuring that the lizhi bean passes sufficiently close

zht
)
; iy . - !
to +the electrodes to iake advantase of the high field region. In

case 'b!' fhis vrodvlem is overcome by reflecting the 1light from the -
base of ihe crystal, but of course the effective interaction length

may be small.

Tn the design of a modulator of the above type, important factors
to consider are the choice of tha crystal, the relative orientation,
and the olectrodz stracture. The fringing field inside an electro-
optic crystal causes:

2) Rotation of the index ellipsoid

b) Variation of the indices of refrsction

The deiailed study of tha propertiss of the crys tal grouns (refer .
chaptar 3) shows that classes mm and Jna are suitable crystals for
this type of diffraction modulator. These classes of crystals have

reasonably large slectro-optic co2ffici

tS.

(1]
-
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Optical nodulators, in which the beam of light trzvéis parallel to
the electrodes (Fig.2.3a),using the electro-optic material L:i.l‘-IbO3
as tie modulating media have been reported (18,22,30). In the
arrangemnent considered in thesse references, the elsctrodes werxe
deposited on the YZ plane of the crystal. The length of the elect-
rodes were along the Y dirsction. The optic axis of the crystal
was along the 2 axis (Fig.2.4).

The incident beam of light was A

polarised along the Z axis and

was transmittad along the Y

direction. It was reported tnat a ’////
X

‘under odtimum conditions, 10%

modulaticon o the zZerc order was = 4
obtained with a 30V drive signal g - 2.4

m P Lodulatur arrongement
(18). The electrode pitca was s < dn

aj elactroce configuration
300 pm and tae length of the
electrodes 6mm. Complate extinction of the zero order at 24 V hes
been reported by deBarros and Wilson (30). Although not stated by
the authors it might be assumed {hat this reduction in the operating
voltage may have been due to thz beam being brougnt closer to the
crystal-slectrode interface-The electrode pitcn was again 500 Fa
but the length oi the electrodes were T mm. Grating effects
producad in 2 450 cut ADP crystal by interdigi tal elscirodes in
contact witn the crystel base has been reported by Scibor-zylski
(32).
Preliminury reports of a sandwic: type structuze (Fig.2.2d) has

beea siven by de3arros and Vilsca (30). Tasse zuthors have reported

AL



that & higher extinction voltage was required witn tn; zlass substrate
than without when operated at high speeds. Howsver, owing to the
large difference in tas resistivities of glass apd Liﬁb03, the arran-
genent failed to operate witﬁ direct current. In all these earlier

references, the wavelength of tie incident ligat was 0.6328]Jm.

Diffraction effects produced by aﬁ interdigitzl elecirode structﬁra
deposited oa sputtered thin films of LiTal; have Leen reported (15).
Thin films of Li'l‘aO5 were deposized on glass substrates by radio-
freguency agﬁttering. The lizht bsam was coupled into this thin film
by two rutile prisms. Incident cohsrent light of wavelsngtn 0.632§Pp
was focused on the input prism base and a TSo mode was launched and
fropagaued under the gold interdizital electrodes at taz first order
Brags angle. A sinilar Bragg diffraction modula.or using a periodic
electrode structure has been reported by Hammers and Phillips (7).
Tn this report, the authors diffused metallic niobiua into Li’l‘ao5
subs trates producing a hign index layer of LibeTai_xO5. Since the
index of refraction of this layer is large compared to that of the
surrounding, this could be used a&s an optical wave guide. The
effective thickness of the layer and the index of refraction can be
controlied to produce single mode wave guides. The incident lignt
was guided into this thin film by Sr’i‘iO3 prisms. The experiment has
been performed ai wavelengths of 0.4976, 0.5592 and 0.5328}Jm. It

is reoorted that over 80% of the suided light was deflected at 5.5V,

4.57 and 6.5V at the above wavel:sngihs respectively.
B

The electrode pitea and the len:ih of the electrodss were 7.6}1m

and 5 wmm respectively.

=A%
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Uiffraction zratings have been produced in liguids using iaterdi

- = - |

sim

gt

tal elecirodes andi Hitrobenzene as the active wave guide material
(35,34). The modulating field was applied with an integr:tied
elecirode structure deposited on to a substrate. Tne subsiraie, a
microscope slide, acts as tne base of the chanuel coniaining the
electiro-optic material. Tae exﬁsriment&l arranzement used by Polky
and Harris (34) is shown in

figure 2.5. It was reported that

]%l DETECTOR

: SNON et
with electrodes of length 5 mm ) //
: \ OULJSLE-ENUEI‘; PRISH
and electrode pitch 24 pm, 505 ; \ (P -ser :
—T pazp A
modulation of the incident optica L tfﬂ | ! -l MITROBSNZENS
I S g S W IE I iCu
energy was obiained with an __}I sussTRATE
applied voltage of 200Y. Uh
wavelength of the incident 1ight Fig- 25 ;
was 0.6328}1m. Liguid electro-optic modulator

These modula .ors whic

"

h have been considera=d are arranged wiia tne
1light beam travelling parallel to the elecirodes. The deflectoxs and
modulators whose overating principle is based on the internal
reflection of the optical beam off the base carrying the electrodes

will now be considered.

The experimental arrangement coneidered by Akira Nishiwald (19) is
shown in figure 2.6. The electro-optic crystel used was Li‘ﬂaos.
The interdigital electrodes were

deposiled on the YZ surface of

tne crystal. The incident lizht

was polarisaed wigch the E vectoxr

parallel to the Z axis and the o~ LiTatiy CRISTAL CYLINEA1TAL

LENS
laay 50mex 3 en LEM3
F = £ ons
Fig- 2-6

Internal reflsciion wodulator (19)
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beam of light was focussed on to the base, the Y2 plans of the
crystel, by the cylindrical lens. The width and the spacing of the
elecirodes were arrenged to be equal ©o ZD,Jm. As seen in Fig.2. 6
he interacticn lenzth varies with the angle of incidence ei. The
zero order extinction voltaze is row a function of the angle of
incidence O;. It is reported by this author (19) that for an angle
of incidence of about 0.02 radians, the minimum intensity of the

zero order was obtained at an applied voliage of about 25 volts.

The incident light was of wavelength 0.5328 Ma.

A similar type of nodulalor using I.i‘sIbO5 as the modulating media
hes been raported by Scibor-Rylski (20,32,35). ‘The performance of
the device with ths electrodes devosited on the XY and YZ planesl
are presented in these references. The optic axis was along the

2 axis, and the incident beanm of light was polarised wita the B

vector in the direction of the optic axis. This auinor reports in

% 5 e, o
these references (20,32,35) tnat at an angle of incidsnce of 2

complete extinction of the zero order is obtained at 40V.The experi~

mental arrangement used by him

ig as shown in figure 2.7. The

spacing between the electrodes ~

and the electrode width was made :

; ~ i Eg— R,
equal to 0.1 wmm. The end faces it =<\
Ei xe
of the crystal were angled to Electrode structure
refract the incideat beam of Fig 2-7
1izht on %o the base of the cxzystal T.1.R. -odulator (20,

carrring the elactrodss. The wavelength of the incident beam of

light was 0.6528}1m.

-17-
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A bulk diffraction modulabtor also orerating on the principles-of
internal reflection of ihe beam inside the medium has been reported
by Kirkoy (36). 9The modulator materizl was a prisa of Lead
Ienthanun Zirconate Titanate ceramic(PLZT), which exhibits quadratic
electro~vptic effects. The

ceranic is reported to kave had

a composition of PbO.SGS

L2g,09%%0.65 Tio.35%" 42

interdigital electrode pattern

of chromium-gold was deposited con

the broad face of the right angled

Fig- 2.8

. I.R. lodulator (35)

isosceles prism (Fig.2.8). The
incident 1iglit refracted through
one of the short faces of the prism is reflected ¢% tie bese
carrying the electrodes and is refracted out at tne other short face.
It is reported that when the device was operated at a wavelength of

0.633}1m with an electrode period of 0.3 wmm, and € equalling 200,

complcte extinction of the zero order was obtained ati about 100 volts.



2.3 Diffracrtion gratings in eleociro-ontic nmaterials

oroduced by othsr nethods

The mcdulators discussed in section 2.2 have 211 been arranged with
the electrodes uniformly spaced and with elecirode spacing equal to
the elecirode width. This section considers other arrangements that

have been vsed to impress a zeriodic phase profile on the transmitted

beam of light.

In the arrangement considered by lammer (3?) the voliagze controlled
phagse grating vas produced by colwans of elecirodes on one face of
an eleciro-optic cuystal slab and & grounded plans on the opposite
face. The arrangement is

cghovm in Figire 2.9. The crystal
uased wes a 4 cut Liﬂboﬁ. he
elemente of a sinsle column vere

connected by a comnaon bus. e v

ELECTRODE
: é S COLUMMN
dimensions t'd! and *a' are difierent

GROUND PLANE

for each column. ‘hea a voltapge

Fig- - 2:9
Digital electro-optic modulator

was apnlied across any particular
cclun: end the ground plane, a
grating effect is produced which was characteristic of that column.
The Y periodic elsctric field canses a periodic periurbation in the
vefractive index. The incident light, pdlerized in the % direction,
hence eucounters a periodic phase chanze and is thus diffracted into
the different ozders. When tli2 2lecirode spacing 'd' is egquel to
the width 'a' of the elcscirode the author essumed that the variziion

of the refrs

s

tive index in tte ¥ direction will be that of a sGuare

wave nsar the upnar surface. ilear the ground planc that index will

-19 -



be uniform and in the mid plane the author assumed L4=t the variabion
approxiniated €0 a sinusoidal function. By arplying a potentizl
difference betvizen any one colunn of elecirodes and the ground plane
the authior, Hammer, was able to diffract an im;:ident besm of light.

As tie interorder angle of diffr:ction is 2 function of the geomeiry
of the electrode colwmn, the bzum could be diffractad with independent
angles of diffraction. It has be:m repor: ed tirav for an incident beanm
having a waveléngth of 0.6328 }.m.md with the electrode pitch equalling
0.5 mm, 50> and 74> modulation of the zero order vas obtained at 600V

and 8007 respectively

an optical modulacor which imgresses a scuare phaue profile on the

emergene beam has been proposai by Toshio Lotold (33). The arrange—
ment usad by this aulhor is a3
shovm in fipre 2.10. In this
arrangenent & periodic crysial
structure viaz placed in a uniform

electric [ield. As shown in

figure 2.10, an arroy of identical

L.‘LI‘:’b(.‘»3 rods were bound to form a

Fig 210

slab. The Z axis of the naighbou-

. . , Array type modulator
ring crysutals were oriented in

opposite direction to each other, Electrodes on both Xf planes form

a plane parellel capacitor and in effect produce an zooy oxinmately

‘_—

1

uniform field within the canzcitor. Since thro optic-axss of the
adjacent crystals are in opposite directions, the fisld inside the
capaciior periecdically chan vs the index of refrasziion of the
LibY,. The phase differences induced have 2

uniform rectangular distribution. A baam of Lizht directed along tho

X avds then experisnces a pDeriodic rectanzular piisse c“:mgﬂ and

.
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the energy from the zero order is distributed into tﬁe higher orders.
It is reported that 100: modulation of the zero order besan was
achieved with an apglied voltaze of 68 V. The anthor has also indi-
cated from his theoretical study that by fabrica ting four 0.3x.3 x 12.5
e Lil hOB erystals, the array modulator would give 100/ modulabion
with an applied voltage of 23V. The incident bezm of light had a

wavelength 0.6328 Um.

A new form of grating arrangement to produce beum deflection has been
reported by Vright and “ilson (39). As discussed earlier in this
section, when the elecirode spacings are uniform and equal to the
electrode width it may bz assumad that an approxdmate sinusoidal
perturbation of Une refractive index will occur. ‘hen alternate

poleritics are applied to the adjacent 1 rodes the transmitted

i S

1E£f

‘bzam is symretrically diffracted into higher orders and the far field
pattern is of the luman llath tyne. However, in this diffraction
pattern no one order beam intensity is dominant. By approvriate
shaping, of the impressed phuse grating, it is rossible to deflect a
large percentage of the light energy into a single highar diffraction

order.

Considering the theoretical sawtooth phase profile as showm in

figure 2.11, if the phase delay j“PhaSQ delay

© is adjusted so Lhat O = mT{ o

where m  is an intoger then | T /! > Y
maxdmuie amount of ensrgy will be l/
transforred from the zero order

beam to the m th order bsam iec. Fig 24

: b - Ideal saswiootn phase profile
them th order diffraction band o P =

will be dominant., 3Since the ase

profile is periodic the wave conld be renresented by its Fourier

S
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componants,  In the experimental arranzgezont of i’.rif.;}‘.t and 'filson
(39) (fizure 2.12) ths Tirst three Fourior compon=znts of the sawbooth
phase profile was impressed on the incident wave frond by having
three differeni sals of symmetrical clectrode structure on the
crysial faces. The electrode lengths, spacings, and voltages app-
lied to the elecirodes were sdjusted to corrscily give the first

: y electro-optic crystal
thres Fourier components of the o .

3 J \ o3 A B G
desired sawtooth phase profile.
re . ¢
the elactro-optic crystal was .
c I‘ L ‘J.I. j N mput i '/‘P
L"'bus. The optic axis of the baara ——

e /

crystil was along the 4 a:ds. Tae P detlected

beam

elecbrodes were deposited on bobth o ino 0d o
f'l * o y
Z{ planes of the erystal. The *

piteh of the elaelrodes producing Fig- 212

Cascaded electrode arranzement

cr
e

1e fundamental component of
rhase delay was 300 Ha. Tae leagth of the elecirodss producing the
funidamental and the two harmonic components were 0.9h » 2.36 and
3.68 mm respactively. The individual voltages zpplied bto the
electrodes vere adjusted so that maximum 1ight energy in the first

order was obtained.

fhe voltages re-uired for ohe fundimental, first and the second
narmonics were 165 V, 40 V 2nd 19 V res pactively. It is reported
hat with these voliages applied to the electrodes, it was possible
to deflect 58 of the incident optical power into either the +1 or
the ~1 order depending on the voltzge polirities

e 1

The deflecbion of zm opiizal beawm by this Lype ef povboobh phuse
kS ;

. = =

profile or Llazed grabing has also Lesn reportad Ly Yaichi Ninomiya



(40). The eléctro-optic material was a slab of Lilb0j: The faces

perpendicular to the %4 and Y axes were polished and the opiic axis

was parallel to the Z axzis. fhe electrodes shown in figure 2.13

was deposited on both faces of the crystal,5imilér sheped electrodss were
exactly opposite to each other. Upposite polarities weve applied to the
adjacent electrodes on one face of the crystal, and the polarities were

reversed on the correspoading =

opposite electrodes on the

opposite face of the crystal &= i §
The change in the index - X
of refraction by the applied Fig 213
eleciric field is showm in

: Deflector arranzement (4;0}

Figure 2.14. The incident boanm

of lipgnht from a He-le lassr was

focussed to travel along the X
-

direction. Tne beam then experiences the sawbooth phases profile,

and will be deflected to a higher

ordsar. It is reported that with AT - a0 \'_\
4 B
% o i e == B9
en applied voltage of about 50 ‘L——«"/-:' *{\ Phase
. + 3 s =
Volts, the bsam is deflectad to =
the first ordor. It is to be VY

Fig- 214
noted that as this device is a

voltage controlled pnhase grating, [ s Bseaag O Qs
the voltage may be adjusied to
deflect the bzam to any higher order. It is reportad that when the
volizge tas increased to 597 Volts, the beum was deflachted bto the
12 th order. In an idealised orrangement, the author has stated

that it should be possible to obtain 630 resolvable spots, ths

voltage range romirad bsing from 0 to €00 Volis.

=9 ©



: k ve of d san reponiod
- uodified version of the above lype of deflector his bean ©ED d

X Tea o Lo
in a leter publication by this cuthor, Yuichi Hino: dya (41). he

u
R
-
=

\n
=
F
o

congtruciion of this later deflector is shovn in figuze
pmodulstor was construcsted from 2 periodic array of prisns whers Uhe
sleeiro-optic material was Lii-‘."uoj. The optic axes of the adjsining
crystals were inverted; tae electrodes were of a2 parallelogran shape
and were deposited exactly opposite to each other on the two faces
perpendicular to the 2
axig. ‘e voltazes applied to
the adjacent electrodes on the
same fuce were zlternately

inverted (ref.®i_ .2.13) and

polarities were reversed beiween

o 5 ELecirade ﬂﬂ
correzpondin. electrodez o the , Crystal,
opposite face of the cryst-l. In Fig- 245 &

this arrangeuscnt, since the

) Prisnm array deflector
optic-axis of tae adjoinin

crystiuls were altiternately ciaiyed, the anthor consi.ered that the
inpressed sawitootn phagse profile in this arranzenenl more closely
gpp.oxiantes the ideal sawtool: wave than in s earlier axvange-
mént. He has reported tast with nine elements each of dimension
3.0 x 0.35 x 18.5 mm it wvas vossible to get 180 Rayleigh poinis
with + 580V of driving volt:ize. His theoreiicsl calculations
showed that with fifty four Lw‘_’f:;;oi crysizls of dimension 0.2 x 0.8
x 21 mz it is possitie

to Lisve 1030 Raylzigh points for + 64V drive.

The extinctlion mztie of btuis deilecior wa2s over 32 db.

S L



EHAS PR R B S

ELECTHO-OPTIC  EFFECTS  IN  CrISTiIS

INTROUODUCTION

Taz optical properiies of a crystal cun be eliered by the
application of an extcrnal electric field. The electrically .
induced changes of the crystzl properties may, in some cases,
be utilised to modulate an optical beam. In this chapter ws
shall consider the nature of propagation of elsciromagnetic
waves inside =n optically anisotropic crystal and the variabion
of the optical properties with an applied eleciric field. In
particular, the inducsd rafractive index chanes occurring
inside a Liub03 crystal caused by the application of a voltage

to an interdigital electrode system deposited on to a crystal

face are anzlysed in some detail
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3.1 The Index ellipsoid

Some properties of a crystal vary with the direction of measurement.
The erystal is then said to be anisotropic for these propertics
which are generally represented by a second-rank tensor (ez permiti-
ivity, electricel conductivity, dielectric susceptibility) or a
third-rank tensor (eg piezo-slectric moduli) or a higher rank
tensor (fourth-rank tensor to describe the stiffness constant of a

cerystal) (42).

Consider an electromagnetic wive passing through an anisotropic
crystal. The propagation characterisbtics will densnd on the
direction of propagation of this wave. Let & and ) be the electric

and displacement vectors respectivsly. These vectors are then

related as

Di= €k El 3-1

For an isotropic crystal -Ckl is a scalar denoting the permittivity
and, therefore,D) and # will be in the same direction. However, in
an anisotropic cr:,fsbal-ekl is a sescond-rank permitiivity tensor.
The subscripts refer to a Cartesian co-ordinate system whers both
k and 1 have the values of X, y ard z. These reference axes are

fixed with respect to the crystal axes.

The stored elesctrical energy density Eis ziven by
£ =3-ED 3-2

Substitubing egiation 3.1 in 3.2 the expression becomes

g:%Efl E 3-3
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e e - " STy . 3 s & - : L3
Tne second rank te aor~€ﬁl of an anisotropic materizl consists of

nine elemsnts, but by considering the rate of chonge of stored

energy it can be shown (43) that
E. = -
kt ™ “lk Atk

Therefore, the permittivity tensor will bes symetric and have only
six independent el=ments. This symmebtrical tensor can be diagona-
lised by aprrepriately choosing tha reference co-ordinate axes.
The new sets of axes are called tie rrincipal dielectric axes and

equation 3.1 may be writien with reference to those new axes as

j:vs | ke, (e s e

c
Dy = O -Ey 0 Ey 3-5
Dz B0 e tenbs

ielectric axes (44).

o
<
@
o
W
<
o
| &
o
'_n-
]
Cq
e
&
chk
|
(5]
s
w
-
w
ﬂ-
-
D
e
v
ct
e
o)
o
W

.2 the storad energy is

obtzined as

1 Df D% D3
E :"2 -+ + 3‘6
€y €y €

oy . 3 — % 3 3 e 1 - 3 - 0
The dielsctric tensor dkl is related to the permititivity Bcnsorﬁzkl

e 3.7
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and raferred to the princinal axes X, 7,2 of eguation 3.5

K o=ty K :E)L d Kz:€.;_Z._

K}:’ I{y’ and KZ ars known as thz principal dielectric constants and
are equal bo the square of the index of refraction in the X, Y, and

Z directions respectively.

Let n_, ny, end n_ he the refractive indices in the direction of
- 3

the principal axes X, ¥, Z respectively.

Equation 3.6 now reduces to

3:8

This equation shows that the constant ensrgy densiti: surface in the
1 v

D space defined by D, in, and IJZ is an ellipsoid. In ordasr to

find the indices of refraction it is convenient to analyse the

equation of [the index ellipsoid. This eguation is obtained by

replacing

Dy Dy __DL b}’ XY and Z respectively

d
Are el VBEgl . A2ef)

m
I

The equation 3.8 is Lhea writcen =23

7 =

ais equablon now corresponds to an ellipsoid. The ellipsoid is

known =5 tihie indexz ellipsoid or the optical indicatrix.
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an optical beum travelling inside a crystal in any arhitrary
direction is resolved into two components. The polirisaiion of the
tvio components will be mutually perpendicular to ench other. Tae
index ellipsoid is generally used to debermins the tio D vectors

and the two refractive indices associated with the two ccmponents

of the wave, Geometrically these parameters are found by considering
the plane of intersection of the index ellipsoid and the plane
normazl to the incident beam which passes through the origin of the
ellipsoid. The inversection curve is elliptical ard half the values
of the major and ninor axes corresgond to the two rofractive indicas.
The dirsctions of the D vectors are parallsl to thisse major and
minor axes and the phase velocities of the two cousonents are
detormined by the respective refractive indicss.

In a crystal, bthe symnstry clerents debermine the ralative nagnitules

nie dielectric tensor. Yhen all ths refraclLiva

o

of thz elements of
indices are equal tiie ellipsoid reduces to a spvhere and the crystal
is suid to be optically isotropic. When two refractive indices are
equal then the ellipsoid reduces to a spheroid :nd the crystal is
sald to be uniaxdal. If all the refractive indices sre different,
the optical indicutrix is a genseral ellipsoid and the crystal is said
to be biaxial. Une biaxisl crystals have tvwo circular planes
passing through the origin, the uniaxizl crystal, one circular plane
and in the is:).tro;.-ic erysials there are an infinite nunhar of
circulsr plancs passing throngh she origin., When an optical beam

is dirscted o2long the normal to these cireulsr rlan=s, the two

rmatuelly perpendiculiarly polarised baams will experience equal values

~29-



The direction of the normil to the circular plane is called the

- -

optic axis of the crystal and is in general defined as the Z axis
(44). Hence, for the uniaxial crystals, the index ellipsoid reduces

to

2 2
o e G e
2 2 2

(0]

no n

whére i = fi =n and n sn .
it ¥ o %

@

n, 2 and n, are called the refractive indices of thiz ordinary and
extraordinary rays. In the index ellipsoid if ag is greater than
n, the crystal i3 called a nezabive uniuwxial crysial (eg Li’:‘beB)
and if ng is less than n, then the crystal is called a positive

uniacial erystal (eg LiTe0 )

1de

3.2 Eleckro-optic effects in crratals

Ths application of an external electric field changes tne elements
of the vormittivity tensor. 4s seen earlier from suuation 3.7 the
refractive index is a function of the pérmittivity. Therefore,
the propagation characteristics of an electramaznetic wave will- be
altersd wnen an slesctric field is applied to the cryscal. For
simplicity, assume that the displacement vector znd tihe electric
fi=ld are 'tn the same direction. In general, thsse veclors are

related as

& 2 3
kB & BB S 3411

(W
n
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whers !‘:O_, (I_,@, .»+ are constants (L2}.
The' parmittivity tonsor €. is defined as a0y { aEl (42)

Differentiating eguation 3.1l gives

2

(o]

€ ek -+ 2ak #'38E 4 --- 342
From eguation 3.7 the dielectric -crms tant is then gziven zs

2
(o]
KS%[k +2GE+3@E+"'] 343
O

The dielectric constant is equal to the sguare of the refractive

index and, therefore, by representing equation 3.13 in terms of

-t

the rafractive index, we deducs that

n=n°+ak +bE2+-- 314

2

o - AS
n~ is the refractive index at zero applied field 2nd a, b, ....
are constants. In the above eguation, the linear term {a=)
contributes to the linear electro-optic effsct (Pockels HEffect)

-ﬁ-?-
and the quadratic term (bZ~) contributes to the cuadratic

electro-optic effect (Kerr Effect).

-

In crystals waich possess inversion symmetry, the refractive index
is unaltered by a reversal of the applied field. This oczurs only
when the constants in equabion 3.14 with odd powars of I are zero.
Taerafore, in theses crystals the lineor electro-ophic affsct
cannot exist. LHowsver, quadratic effects cun occur in crystals

with inversion sjmmestry.

It is to be remsmbered Lzt the ecuation 3.14 was darived undor the

D and © are not narallel, an external eleciric £izld applied to tihe
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crystal may again change the dinsnsions of ths axes of the elliossoid
(equation 3.9) bus the ellipsoid zay rotate. The daformed index

ellipsoid may then be represenied in seneral terms as

XZ Y2 a 22+(a a IYZ.u| a_)ZX +(@a +a )XY =1
a +a + a + =
1" T 3 g Fag gty

3
— 315

and since the permittivity tensor is symmetrical (Zguation 3.4)

a =a a =a and a =a
23 32 31 13 12 - 21

Following the Voigt notation (43) this equation may be written
as

2 2 2
Zw2a¥Yl o 2aZk 2axY=1 316
aiX +a2Y +a3 < aé P as v 28

The crystal considered in this thesis is LilH0, which exhibits

the linear electro-optic effect. Therefore, we shall restrict

ourselves to the lin=ar electro-optic variation only.

For crystals which exhibits linear electro-opiic effects, the
changes in the index of refraction may be represented in terms of
the lineur electro-optic coefficients and in the matrix notation

these may be written as (4L3)

—

B 12 13
Tor 2 23 £,
: I 1)
% Bt 108 33 317
A ne| = | r r r E)
i A L2 43
I
- ERRR L A R R B A
61 ol s
where Bl = Bx, 52 = By end EJ = &x

(The elasto-optic effect is neglecied in this equaiion. Refer
Chaster T for the compleie expressioa for the change in refractive
indax)



The coafficients 2l ..... ab of equation 3.16 nay be conveniently

represanted in terms of the refractive indices as

w

1
= —n—lz 4+ I‘lkEk 3'18
=1

-

where i=1,2, ....6 Ty is a third rank electro-optic tensor,
When j = 1,5 or 6, from equation 3.9, lfn:,L is zero as no terms

ny

of the form Y4, ZX or XY appears in that eouation. These are the
terms in the equation 3.16 wnich zives rise to ths rotation of the

index 211ipsoid.

It was stated earlier in this section that the linsar electro-optic
effect can ocecur only in erysitals lacking an inversion symmetry.
This requirement of no inversion symmetry is necessary for linear
Piezoelectric effects to occur in crystals and 2 (3 x 6) tensor

definad as dji describes this propsrty. The form of the r. . and

iJ

dji tensors are uniquely determined by the point group symmetry of

the crystals. The form of the electro-optic tensor is obtained by
r
replacing dji by ri,j and is defined by a (6 x 3) tensor (43).

.The total number of non vanishing electro-optic coefficients can be

determined by the crystal symretry.

3.3 Electro-optic effect induced by
interdigital elecirodes on crysta

In the previcus section it was shown that ths index ellipsoid can
be deformed, resulting in a change in the rhase velocities of the
optical wsve by the application of 2n electiric fisld. This depsn-—
dence of the phase velocities on tne applied electric field can be

utilised to modulzbe and defilect an opitical beam.

...33...



This thesis considers the effecis of a periodic corruzation of the
refractive index ;nside the eleciro-optic medium. An appropriately
polarised incideni beam which experiences this perturbation will be
diffracted into the higher orders. The periodic variation of the
refractive index is achizved by a;plying a potential to a periodic
electrode structure deposited on an electro-optic crystul. The
performance of modulators and deflectors are generally characterised
by the voltages recuired for extinction of the zero order and the
voltages required for deflecting the incident energy to the higher

orders.

In elsctro-optic crystals, the application of an external electric
field czuses:
i) a change in the lengths of the ellipsoid axes (refractive
indices)
ii) a rotation of the index ellipsoid giving rise to a robation

of the planes of polarisation of the beam.

This second factor is not desirable in the present application as
the voltages required for the diffraction effect are deped&ent on
the plane of pol-“iaétion of the inciéent beam and, toerefore,
suitable crystals must be selected which will give a large change
in ths length of the ellipsoid axes tut with zero or negligible
contribution to the rotation of the ellinsoid.

A cloze study of the available elsctro-opbic crystals with large

-

electro-optic coefficiants suggests that (LS, L6, 47, L3) the

triclinic, monoclinic and orthorhombic classas of erystal are not
- _ e

suitable for this purpose (a fow of the last two classes of the

crystals have reasonably large elsciro-optic cosfficients but they

are difficult to produce as large crystals with consistant optical

S & AN



quality). Therefore, the following discussions will be broadly
based on the remaining crystal classes.
Yinen an electric field is applizd to the crysial the deformed index

ellipsoid equation may be written using ecuzations 3.17 and 3.18 as

¢ 2
(.1{;24. rﬂ EX 5 F12Ey * r‘i3EZ)X + ('-:-]-2-+ r21EX+r22Ey+r23EZ] Y -
: y

2
Ey+ r33EZ’Z I O SR ) FBEZ)YZ +

1 E
(;2+r31 %+ a3 G Xyt

&

E_IXY=1

E g T 6
ST === 319

£
r ._Z.ZX+2( I‘61E

B 5,5y + s x*+ 62

Considsr an interdigitul electrode system deposited 05 4o a polished
face of a crystal. “he referencs coordinate axes are taken Lo be
along the principal axes of the crystal. For simplicity, assume
that the incident lignt is travelling along ihe direction of the
ates (Miz 3.1). The =lactrodes

are in the XY plane and are

periodically spaced along ths Y 7

direction. Tne electrode l2ngins

are along the X axis. linen alker- L T ‘{ y
nate polarities are applied to the Fi g 341

g W i e Crystal-elecirode configuration
field penstrates into the crystal.

The expressions for the differsnt components of the fields are
derived in chapter 4. In order io ensure that the incident beam
experiences a periodicaliy varying rafractive indsx, the optical

baam should be directed 2long the length of the electrodes (X axis).
In the srrangement considered in figure 3.1 the electric field

inside tha crystal will have cor:-tponent.s Ez:md £ _elong the Z and ¥

dirsctions respactively. The optical indicatrix will be deformed

..35_



by thess two componsnts and the modified index ellipsoid may be

written from equation 3.19 as

2 2
1 e Earae it r B or £ X
('_2"“r12)f+ 13 A Y BE ¥
nx y
(%24.%253/ 332)Z+2(r y +0aF 2N 16 A
Z
20e E E_1ZX = 3-2
5By T S + 24 %zEy+r63Ez)XY 1 0

bhen the incident bsam is alonyg X direction, the ellipse which

determines the two refractive indices is
2
= = E )Z (f‘ =
(%2+t*22_y+r“23_.z]Y+(; FyegEZ 2l E ,,23521*(2
ey, | Z

The first two terms determine the lengths of the major and minor

3-21

axes of the ellipse and the tnird term corresponds to the rotation
of the ellipse. An identical etuation can be obtained for the
case wnen the electrodes are deposited on the ZX vlane with

electrods lengths along the X axis.

For the cases vhers the clectrodss are deposited on the XY or Y2
planes z2nd the elsctrodes are parallel to the Y a:ds, the equation

of the ellipse reducas to
2
2 2(rE v EJZX =1
(—:12 S+ 13Ez'x (Jl;g+51Ex+'§3Ez] + 2R ey
z 322

A similor equation can be obtained for electrodes deposiied on the

ZX or ZY planes with the incident b=am traversing in the Z direction.

coefficients v T52 and r 63 do rot contritute to either the change
in lengin of the axss of the ellizsoid or to the rotation of the

ellipsoid. I Line gzomsiries are as chosen,then crystal classes



having these tires non-vanisning r, . coefficisrss, but with all
L] lJ 2

other coefficients equal to zero, are not suiifable for tiiis appli-
cation. These are the 422, 42m tstragonal 43n cubic and 622
hexagonal classes of crystals (42). Howsver these crystals {eg XDF)

may be used when the crystal is not cut along the principal axes.

In the remaining classes of crystals, materials with relatively

large linear electro-optic coefficients are LiTaOB, Ba‘IiOB,
Ba S Tal,, and Lilb0,. LiNLC, was the crystal chosen for the

i = ’ o

- % 3 3 3
work in this thesis. This was bscauss these crystals are
relavively cheap and readily available witi: consistent optical

e o . \ . ] r - [ O

qualitizs. Lﬁlocj is a ferro-elestric (Curie Tampzrature 14837k),
uniaxd sl erystal. The point group symmetry is 3m, and by convention
(42) thie reference 4 axis was chosen parallel bto the onbic axes.

In this convention, the electro-optic matrix for L:?.I‘E‘cUB may be

written as

3-23

61 0

-

It can be seen thai the coefficienis of the eleciro-optic matrix
satisfy the earlier condition thali othsr elemants besida r

Tso and 63 should be present il the principal axes are chosen to

define the crystol faces.
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Substituting the above electro-ostic tensor coefficionts in

equation 3.19 the index ellipsoid reduces to

2
(1 % i *.P3E lX +(__?+l‘ Ey+r E ]Y ( +r3'3Ele

L+ 0=y 2372 &)
n?{ . ny ﬂz

- | 20r E )XY = 1 324
2B V2 [ 2EEE ), 20E B

In the electro-optic tensor defined in ezuation 3.23 only four of

the coefficients are indepsndent for the crystal Lilib0, and for this
erystal (7s,79,80)
-12
réZ = —qz :—rB1 = 34 x 1042 m/ V
ey = Tio = 280 x 10_12 m/ V
r13 = r:23 = 8+6 x10_12 m/V
r‘33 = 30-8 x10 m/V

In designing an efficient modulator/deflsctor the direction of
propagztion of light must be selected so that the cosfficient » _33
is retained in the final ellipss obtained. The modulators
described in the thesis were arranged with ths crystal faces
defined by the principal axes. However, it is expected t

improved performance would be obtained by choosing an optimum sxds

configuration. Tnis is indicated in Chapter 10 of this thesis.

The different electrode planes that could be considesred using

a crystal cut along the principal axes are as shiown in figure 3.2
The case of electrodss parallel to the Z axis havs been neglectsd,
sinca the component of the ;1elu along this axis reducss to zero,

-~

consequ2ntly the change in the refractive index is saall,
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i) BElectrodes in the LY plane
and electrodes parzllel to

X axis

ii) Elsctrodes in the XY plane
and electrodes parallel to / ot 85 R
Y axis / M > Y
iii) Electrodes in the YZ plans (iv) 75%-(“)

and electrodes parailel to X (i)

Y axds
iv) Elsctrodes in the X plane s
iLlectrode planes
and elsctrodes parallel to
£ avis
As discussed in Chapter 2 in order to experisnce the intense field
1,

region insids the crystal, the incident beam of light is reflected

off the foce of the crystal carrying
J M 'S

)\
the electrodes. Consider the first 7!
H /
arrangemznt where the electrodes are lkljge‘gm ______\_f_,:(__
B S
deposited on the XY plane and the o
——— -— P o
electrode fingers are parallel to the : X
Fig 33

X axis (Fig. 3.3)
Coordinate transformation
The modified index ellipsoid is given by

£ e

Ey+ 555

2
1
]X + [_;2.’_ r22
0
2
e E_IYZ =1 3-25
—-—-21 +r33Ez)Z * 2.6.2 Y)

e

3
L +Mfy + 3"z
g

(

w‘nereno=n =Tk n =n

s e - N 2 Pl S
A s By 5", +0ls equation is cbtained by equating

E}: to zero in the equation 3.24. Let the incident beam be in the X2

=39 -



plane and in a dirsction X'. This direction X' is at-én anglg <] withf
the X axds. The two refractive indices experienced by the two
components of the beam are given oy the magnitude of the semi-major
and semi-minor axes of the ellipse formad by the intersection of

the ellipsoid given by eguation 3.25 and X' = O plane. In order to
obtain the expression for the ellipse, first transfer the reference
coordinate system to the new axes X' ¥! Z' (Fig. 3.3) and then
substitute L' = 0. TIn the X' ¥' Z' coordinate system, the ellipss
of intersection is

o

e 2 2 35 i, 2
s;nza +c0529 + (rE sin®® + 5B, 5iN“8 41 E cos 8)

+
y
HO ne
Y'2 facpt
o £l 2(r E cosB)YZ =1
"2* "ofy+ 23"z AP L
Na — 3.26
In the above equation, the fquantities in the bracksts shaped as ( )
are introduced by the applied field.
This equabtion may be written as
2 ;2 :
Y + Z & 2 1 YIZ - 1 3'27
n2 ¥4 2
y' nz. nyfz'
Wihere nz ng n correspond o ths reciprocal of the
S E}‘” Z“ ztyl & iz
coefficients of I'z, 2'2 and I' Z' of ecuaticn 3.26. It is sesn
that the cross tem Y' 4! wﬁlbp causes ths rotation of the ellipse
appears in this equation. Let ths anzle of rotation of the
principal axes ol tie ellipse be ¢ . This angls is ziven by the
expression
2 2 3722
i ) ng -1 .
tan 2a = ( /ny,z,) ( /ny 6z ) 3-28



Substituting the magnitudes of ths rij cozfficients for LiNbOB which
are given on page 33 into this expression, the numerator is found
to be very small compared to the denominator and, therefore, the
anglec of rotation will bs negligible. The changes in the indices. of

refraction can be obtained from enuation 3.26 by expanding the

= 2 o ek E 4 - AR i
coefficients of ¥'", Z'" binoniully. For the change in the index

of refraction along the Y' axis we have
ny? = - 1
5l 14 "225},“223EL

1y Ng

3-29

0

Taking the square root and expanding binomially then

2 ‘ :
ny,=n0[1__1ino(r22[£y+ A 3-30

and, therefore, the change in the index of refraction is
fis) 3-31

: i
Similarly for the change in the Z direction

: 2 =5 )
Any-- 1, L33 sing ~ 3 €0 OB, - nysin“gEy 3-32
G Sinze 2 _C_gs;_a., 3/2

2
Ny n

e

In this equation rio has besn rsplaced by TpHo

Similur expressions coild be obtained for the obhiar three casses
and the results arz summarised in Table 3.1. In 211 these cases

the rotation of thes ellipse is n=2zligibls.

~4] -



SleCtrgfe Chanzse in refractive index
systen
A a=t 0 (e 8 & _J”}
case(i) y & 22zy e : 2
& jlﬂ;, = ~.% \r1331n 5 + rjacos 3) B, = Tooly gin"o
3
sin23 + 00326 z
2 2
: n a_
J ';‘
case(ii/ =
#»An ,=-1 (r .= 8ine + r..3 00326)/( sin’g + 00329_ )
% 5 15z 33 B > >
n n
0 e
= 3 » -
*-Anz, .--—%_n0 rys 3,
case(iii) 3 : ; e
Anx, = - _12_ g (rﬁbz -~ 2r,,8, ©033 aind)
3
» b & = = 1 n P 1,
A 3" 5 © 1)3 ]
case(iv) 3 2 5 . \
Aﬂy. = -_:!)_110 [—- 55 .-Jy (Jlﬂ Q@ - c0= o, + 1:'1.j _.—,.]

The changes in ihe index of rofraction in the 4' direction which

are shoun starred in Table 3.1 are larger than those of the other
corrssponding changes. This ig because the change in the refractive
inde: along the 4' direction conbtains the r33 cezfricient

(30.8 x J.O—lzrpj'v'} which is very large compared viith the other
oefficients (rlB’ r22)’ It is apparent from this table that, in
the first tio cises, the periolic variation of thz component of °

the field pernsndicular to thiz clectrode surface datermines the

variation of the refractive index. Howesver, in the list two

c1s2s the componant of the field which is parallel to the elcetrodz

4.

surface deternines the variccion of the index of refraction. For
this reason #nd as will be scen in the experimenil description
of Ltiz devicos construched during the course of tiis work, for o

u""“““u!‘.gCll ‘l“lrt e {;rt..v—-n (4 *i' '3 ) :)'" 9"’]_v—" 0"" ;"ﬁ'e fO‘Ir C"'i),.':,';
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can b= selested. However, in tns asymmsbrical vhase grating
2 o = ¥ (=]

(Chapter 6) only the first two cases con b2 used.

Using these equabions, ths total change in the refrictive index
and, hence, the total phase chunge impressed on the transmitied
bemn can be calculated. Consider

the experimental arrangement shown

in figure 3.4. Ihen the incident

beam ref}ecus off the electrode

face, it experiences an electric

field changing in intensity,

Fig- 34

& and E
B k

of 4 angd Y.

as thoese are funchions :
e 3 PRl Internal reflection arranzement

In tha followinz ssction the 2:pressions for the total chnange in

" [

the refractive irdex and ghase change impressed on the transmituved

-

besm are derived.

3.4 Principle of the theoretical derivation of the
total chanee in the index of refraction

‘The method of deriving the changes occuring in phase is ziven below, In)the

derivation it is assumed that the electric field is confined to the region

PIRS of the crystal (Mg 3.4).
Lot the total lengsh of the olectrodes be 2t. The light is reflecled
ab Lhe mid lengch of ths slectrodes ().

-

he total phase changs imprsssed on toe crmunitiad b2am vhen the

==

3 given Y

1light travels through ~08 is N p' arnl

Ag‘ bl o ANB . dz 3.3

=6H3-



e

Vhers A is the incident wavelenzta. The relsvant sxpressions
for th= componsnts of the eleciric fizld are derived in the next

chapter. ¥ 5k ’ ]
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IRTAOBUGCTTIT ON

The theoretical evaluation of the fisld induced in the

crystal by different electrode configuralions

The propagation characteristics of electromagnetic radiation
inside electro-optic crystals change vhan an electric field is
aprlied to the crystal. ‘lisn an interdigital eléctrodc strneuure
is deposited on to the face of an cleckro-oplic cryétal and a
voltage is applied, a fringing fiz=ld ponctrates into the crystal.

Tois fringing field periodically eivinges the index of refraction

o
—t

of the crystal, thus cansing a ohnse grating to apzear inside

-+

aed

the medium. ‘then a beam of light, polarised in the proper
direction, eiperiences tnis rphase grating thie incident light energy
is diffracted into the higher orders. In order to sstimate the
energy coupled into the hizher orders, it is necessary to estimate
the phase change impressed on the transmitted beam of light when

it traverses through ihe perturbed medium. The phase change
impressed by the medium is a function of the applied field. In
this chapter, the expressions for the different components of the
electric field intensities ﬁroduccd inszide the electro-optic
erystal when a voltage is applied to different electrode structures

deposited on to the face of tiie crystal are derived.

=45 -



J.1l. Pobential distrilution slonz ths erysosl

i

dezosized on to the

Consider the electrode arrangesent of figure L.
molistierd face of z crysizl wieras tia voltazes on alisrnate electrodes
arg +¥_ and -V . Tha analytic
0 (6
solution of the fisld inside the
-hLal is only rossible if tlie
boundary voltazss on the crystal

face is dafined. 4&An exhasustive

golution for this voltage may b2

found by numarically solving the

Laplaces equation. The sxect .
voltasze distribontion between the voltage distribution

electrodes is dezendent, among otliar factors, upon the cross section
of ths eleectrodes and thie repulsrily of thene electrodes.

.

It was considers? that the detailed solution for the boundary voltaze
was not warranted as only an indication of the [ield distribution
inside the crystal is reguired, znd tius the assumption that the
voltage is uniformly distributed bziween the electrodes was made. The
electrodes are assumed to bes perfecily conducitive so that the

.

potential remains a constant (-bVo or -—Vo) along bhe olecirodes,

Figure L.l shows the assumed voli~ze distritubion along the boundary

face of the crystal.

Let the periodic pitch of thz profils be 2d and btiae spacing betwesn

the neighbouring elsctrodes, 2ad and 2bd.

ihe cotential distribution ( ;25 ) alonz tha crystal surface may dbe
8

represented 0y the Jourier seriss agz
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C A EAcosmL ZBsin At
ﬁe ok n d Yo n —d—'“y 44
o n

whare n= 1, 2, 3,-- and A, &n, Bn are constnnts of the Fourier

series.

These coefficients ;\0, An, ard Bn may be obtainad by Fourier analysis.
Choosing the reference axes throngh A as in figure 4.1, it is apparent
thzt the wave profile exhibits sine symmetry and, therefore, ILO and

An reduces to gero.

Bn is given as the solution of ihe equabtlon describing the Fourier

coefficients, ts X

= 2
Bn_ _1_

vhere 0 = ; —

53{ sin nity dy £2
e d

= 12.3,...: and A\ i3 the wavelengih
For the voliage profile siiwm in figure L.1

2 Y 2V0 sinlbnit) _ coslni)sinlanm) | 4-3
i NTt-b Nt . nT-anft
vinere
=2 30 s

by substituting in equabtion 4.1

- \2V_ |sin(bnft) _ cos(nm)sin{ani) | sin
_ 5% A 2 T bnit NTL anit Bc]TI'y
vhere n = IRA
R=12, 35

In particular for the cass 'hiers the gpacing betiveen the adjacent

electrodes is tihe sarz ie 2ad=21d, ﬁe reduces to

= N\ 4V.  _sinlanf) - sin pit

Sje Z ° T ant i 45
i

wnare :

!‘\:1’3,5.,. S

- 47~



4.2 Potential distrioniion inside ths crystal

The Laplaces equition for the scaler potsntial £ ina recbtanzular

CO~0T dlnaq 3 g .u'...'l.. 15 oiyven 5 :

€1 % -62 and €, are the disleciric consiails in the directions

T

X, Y and 2 respectively. The dielectric madiz is assumed to be

47

charge free. 1In figure /.2 the

4 axig is perpendicular to the LiNbO

pline of the elcctrodes and t

e L

length of the electrodes are i , >,
Fig 42
parallel to the X axis. '
Crystal-electrode orientation

The solution of aquation L.6 may bo obtainad by the method of
substitnution. Assume a solvtion %Y “ia above emation is of the form
g = IX)g{th(A) 47

vhore (x) is 2 function of x only and noa zZeye
a(a)
h(z)

e
 fas
i

function of y only aul non zero

™

function of z ouly and non zero

e
L=
o

Substituting this gensral solution of ¥ in the Laplace eguabion, ic.

equation 4.6 and dividing by £(x)g(y)h(z)
then

e R S AR LN
17/] 3,2 2901 T 3,2 REZT 32

Since each term of equation iz a function of one variable only, each
5 : i ¥ !

of these terms mist individuslly + reduce . 6o a constant for the

equation to hwold for any arbitrary value of £, ¥, and 4. Tha restri-

ction on the values of thwese conshants is thut tihe sum of thie

constants must raduce to zero to satisfy ths rizht hand side of ths

~48 -
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equiation,

In the ~rrvangement of figure 4.2 the elecirodes wers parallel o
the L axis. Hence, for a given value of Y and Z, the potentia
remains constant for all values of X. Therefore ,\'j is a function

of ¥ and Z only. -Hence it follows that

2
1 8 Q(yl { S kY Y= D 4-9
“2 T dy? * €3 Tz 372

Dividing by ‘-62 this eguilion becomes

R T e
a(y) ayZ o hiZi T8 2

Bach of these terms, being funcilions of one varisble only, must

reduce to a constant and thus

2
[ =0 or M_ +k gdyl=0 41
B T dy?

2
€ 2&

3 1 d?niz) k =0 or dhiz) %2 hz)=

‘92 h(z) dzz * i +k2€3 ;
' SRR 4 )

waere k'y and k are arbitrary constants and the only restriction on

From eguation 4.11, if the general solution of g(y) is assumad to be

of tlar.a Form

QIY):A1 sin[kyy) + Azcos(ky)f) SN TA

vhere Ai ans .'52 are arbitrary coastantis
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S - s ; ) -
k™ ==k~ (from exutsicn £.13) Lhs zenzral solution of h(z)

h(z)= B exp (k Pl B exp| [k =27 )z 415
R

where Bl and. 1-32 ares arbitrary constants.

'

The general solution of the Laplace equation would then be of the

ky; z ;ky/_z.z ; |
J 3 416

¢-,- A1sin(kyY)+A2cos(kyY1 B e .Be

form

1 "

The arbitrary constants 'LL, 4, o B]-, B, anlk _of the above solution
2 —~ o
may b= evaluated by considering tize lnovm boundsry conditions.
1) then Z = 0, the value of thz povential zinries sign with a
change in the sign of X
z 0

ie. P oxhibits sine symelry with respect to Y. Therefore, the
potential distribution at the surface of crystzl electrode inter-

face must exhibit sine symmetiry.

Therefore Ao e

that the ¢cazs ol m ecual Lo zsro is frivial, since this is the

~ 50~



=Z(C1me - i Bone ) sin iy LA7

where

me=12.3....

& r . . 3 L} . ;' . =
3) 48 4 tunds to infinity, the -otential g tends to zero, and this

condition is satisfied in the above ejuabion by placing C"m
ejual to zerc and thus

€2 mT’(z

/ Z £ori
= G- o sin mit y 418
vnere m 2m —aE

Wit Z23% . .

L) Vhen Z=0 tiiz pobential distribusion ¢ is given by the potential

..distribution alon; the electrode - crystal boundary

Ff = ZVOZ|sin[bnn') % nglnlLlsin]anTU:'sin nity
-\‘.‘ﬁere NTE bt il d

B=123. ...

o MAY now be determined by equabing these two equations

(4.4 and 4.18) at 4=0, and, hence, it follows that the gensral

c

expression for the potential distribution inside the crystal

is

=2V [sinlbnm) _ cos(nn)sin{anit) i
P( 02. NnT-bNr nﬂ-gnn g ke o

=51~



In particular if we consider an glecurade arrangensnl such that the

elecirode spacin.s are a2gual i= 252=2bd than =i zoisniial distri-

| -2 om,
. d .
d-= LVOZ sinlnma) e ° °  sinouy 4-20
- - NTL- Nfia ' o [

where
L e

In determining the potential distribuiion inside thie crystal it is
necessary to distinguish bebuzgen the zero frequency case where the
.equiva.l-ant resistive nelvork determines Uhe potentizl distribution
and the high frequency case wien ths ogivalent capﬁ:eitive netriork
determines the potential distribution. In the czse uhiers the:
. resistive natwork debeimines thie potenticl disteimibion inside the
crysbal, it has been assumed Lhab the resistances in =1l directions
arc thz same, and wunder bthese conditb ‘--nL,, the distrilution of § is
deverminzsd by the Laplaces emuiation of the form
2 2 2
2°d aaa v 0 4,21
3% ¥

This assumption has been made 23 further information on the samples

used in the experiment was ﬁot; availadble. The rmamufnacturars figure
for the electrical resistance of Lll'bu3 is sm %am @) However, no
advice was given as to whether the resistances varied in the
different directions for tizs samples obtained, but it was of interest
to establish the possible dirfferences of tne diffraction effect that
might be exgected betiveen the Lo eguivalant networiss considered for
the crystal. That is the high fremmency case given by eguation 4.19
and the zero fresuoncy case jiven by the soluiion of eguation 4.21.

Later exparimental work (ref. Jhapher 7) hss iniicaibed thab the



.

assumption that the resistences in different directions are the sane
appears to be reasonable
The solution of equatioa 4.21 will be similar to that of 4.20 with 122

and ~€3 omitted from the solution. That is

DI,
= 4LV i ) o in NTL !
4 o » -Sininlal e e o R

n

viere

i sat B ol
From the solutions ziven by the expression 4.1; it can be seen that the
potential distribution inside tae crystal is a function of the electrode
pltch (d) and the electrode snacln (2ad, 2bd), Tor simplicity if it is
assumed that tne spacing between adjacent electrodes are egqual thén the

potential # is a function of 'a'-and 'd’.

o adee 2o (S tudy the HAtare of the potentiul distribution inside the
crystal,a particular electrode arrangement was coasidered. In this
arrangement, the magnitude of 'a' vas taken as 0.25 . This gives a symm—
etrical electrode coafisuration where the electrode widih is equal to the
electrode snacing., The value of 'd' , th2 elecirode pitch, is assamed to

be 0.1 mm, as this is of the order of the value chosen for the ezperimental

arraaggement,

In determining the potential distributioa inside the crystal, two ""ferent
caseé should be considered.

i) Applied voltage at zero freguency

ii) Applied voltaze at a hizh frejquancy

in the first case when the applied voliaze is al zero frequeacy, the

potential distribution inside the crystal is given by the equation 4,22 .
|
It is seen from this equation that the potential distribution inside th° i

crystal is thé same whea the electrodes are in the plane of the optic axis

..53_



or perpendicular %o it. However, the potential distributioa in the hizn
frequeacy case changzes with the electrode plane:_ Thare”ore twio electr&ﬁe
confi-urations caz b2 considered for the hizh freguency case. Une, the
elecirode plane aloaz the optic axis, and thz gecoand, the electirode ylane
persendicular to the optic axis. ‘he dieleciric constants along and
perpeadicular to the opiic axis were assumed Yo be 28.6 and 84.6 respect—

ively. ‘hese values were talken as they correspond to the dielectric

consvanss of Li'.:bu3 » the material used in the work described in the thesis.

The potential distributions for the zero frequency and the high frequency
case wiith elecirodss in the viane perpeandicular to the opiic axis are

givea in figures 4.3.1 a and 4.3.2 a respectively. rfigures 4.3.1 b

and 4.35.2 b shows the pemetration of the poteniial inside the crystal.
Similar vlo%s c2n pe obtained for the hizh frequency case vhen the electro-

des are in the olane parelle. %o the optic axis.

Comparision of figures 4.3.1 b and 4.35.2 b show that,in the arrange-

ment considered, the penetration of the potential is larger in the

anisotropic case than in the isotropic case.

The depth oi penetration of ths potential inside the crystal is an
important conssquence for an arrangement vinen the light travels parallel

to the elesctrodes as described in Chapter 2. iliowever, for the internal
reflection modulator, this penetration depth vhile important may not

be the most important determininz factor. in this intermal reflection arra-
ngemant, the sen3itivily is dsierained by the integral of the product

of tae Tield intensity and tas incremental path lengin.

..5['...
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L.3 ZElectric Ficld distribuiion inside the crycizl

in this section expressions are derived for the electric field
intersitics inside the crystal. The electric field intensitics

_1 b

(er the ccmponent of field) is calcnlated from the derivabives
of the potentisl
E =- grad (;Ef)

o IR ) L2
LERE el

vhere 1, J, k are the unit vectors along the X, ¥, Z directions.
is discussed e:rliner, as the el lectrodes zre arringed porallel Lo
the X azis, there is no varistion in polential aslong the & diree-

tion. Zherelor:, the componert of the field slong the L dix action

-k o8 26

m

11

=

1]

1

P

./

=
tm

=
»x -vy

For the genersl case where the electreds spacings 2ad and 2bd are

1

nov ¢ w.s.l tiie potential P is given by the equation 4.19, =nd frem
this emquation the derivatives Dy and Ez sre obizined as
E.= 0
X | 2 m,

; : € d
E :—ZVOZ sin(bnii) _ coslnm)sin(nialj e DT cos NIL y
Y DT bt Nt antt d d

=420

L
E.=2V sin(bnt) _cos{nmlsininmal {e (IE;_QTL) sin N
A N bni Nl @it 3

o : — 26
where

=123

T RERE B e
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For ths ¢ase wiron as=b, the components of lic field rre given by

Nt
B3
E ERAY z sinlantt) e nn cos _D]JLy AT
mt-antt

—

d
-EZ=Z..V02 sinfant) e 4 nt) sin Nl y 4,-28
n

nTe-antt o d

2 niLy,

vihere

N=1.3.5,. -
From the zbove eq;ations(h.25}and(h.26)it can be seen that ilie

_components of ihe field intensities zre functions of the periodicity
of tic electireles snd the electrode spacings. Hence, a detailed
study of the vari-lion of these components of the fields with th
poriodicity and sreeing of llie electrcdes will be advantageouns in
chocsing tie propur clectrode sbruciure for any desired applicatdon.
For simplicity, v elcetrede structure witic egual spzeings between
the electrodes cenduited on te & polisicd face of 2 crystal is
assumed. Six diffcicn’ arrangements of n‘uc rottes to enalyse the

E o

marner in which the clestric field peretraves into the cry retol are

considered. Three cof these assume constant 'd' and varying 'al
while the other thiree have ceonstant 'a' and varying 'd'. The

difforont voluses of 'al! angd '4d? chogen . “re suwrrarised in Table L.l

[5-pRaey

TASLE 4.1
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In estinaiing the variastions of the components of the ficld uwilih Lhe
cbove perameters, it is assumed that the clecivodes are parsllcl to
the X axis of thie co-ordincte systom and, therefoare Ex reduse é to
zero. &3 discussed enrlier, for tiie isolropic case whicre the resis-~
tances are assumed ernal in 211 directions, the potenticl distri-
tution incide tl.e crystal remnins unaltered vhen the plane of th:
electrodes is parallel or perpendicular to the optic axis

However, in the high frequency anisolropic case ( '62 7'5 '63 ) ﬂhe
ficld distribution inside the crystel will vary with thie plane on
wiiich the celecircdes are ceposited. The different possibilities
censidercd for the errangeneny of tie elecirodes and thie correspaording

components of fic¢ld intensities thati

<]
3

2 of interest are summarised

in Table L.2.

‘Anisoiropic case Iscircpic case

1) Componeat of Zlto 3) Compoxneat of ¥ 1to
=lectrodes.l to the electroae structure the electrode siructure-

the ontic axis|2) <Compouzent of Z#to 4) Component of £/ to
3 the elecirode strucutre the electrode structure

5) conponent of B4 to 7) Component of L.L+to
ElectrodesZ to the electrode structure the electrode siructure

the optic axis|®) Componeat of £#to 8) Component of ©#%o
the electrode stiructure the electrode structure

Of course for the isotropic crse from Table 4.2, case 3 is identical
to 7, and case 4 to €. In order to sindy the variailon of these

six different cases in some detail, we shall first see the variation

of ihe perpendictldar comronents of Lhe field escroses the electrods
\-‘iétho

Figure L.4.1 slows tie variziicng oI ihe perpendicular component
of the induced elsciric ficl? wuizh distance across the eldectrode

=REQ -



widths for cuse 2.(a=0.25 d=0.1mn)of Table 4.1.' Fhese variations wiere

" computed for tle zero frejuency case vhcre €, znd €, eare

2 3

onitted from equalion L.28. Yle Ez component of the field was

celculated for three different values of 2, tlie perpendiculur disionce

from the electrodes.‘ The three values of Z being 0.025, 0.05 and
0.075 mm respectively. It can be seen from thcse plots (Fig..4.1)
that vhen 2 is equal to 0.025mm and 'a' is 0 .25, the theoretics:l
maxdmam occurs et a distance of about 0.02mm from the centre of the
electredes. This may have been due to the electiric field concen-
tration at the edges of the electrodes. MYowever, when the value of
Z vias increcuased, this effect was not present and vhe maxima occurred
at the centre of ilie electrodes. [hererfore, as an indication of
the varietion of the pergendiculsr component of the clectric ficld,
witi. distunce, for the different electrode-crystol conligurations

the variations of this component along the centiee line of the

clectrodes wis studisd.

A similar plot for the variation of the parsllel component of the

elcctric field (Ey) is shown in figuwre L.4.2. This plot shows thot

LY

inerefore, the variaticn of the parallel component with distverce from
the electrodes was studied along the perpendicul:r line pessin

through the centre of the electrode spacing.

Figure L.5.1-3 shows tThe voriation of the perpendieular componcnt
£ tlie field vitl distance {rom the clectrode face for the isctruizic

=

and tlie two anisobtropic cases respectively. The nurbers of the
different curves on ench figire corresponds Lo the case numbers of

L® R St

Tekle L.1. .

the maximun of this campenent cccurs at the cerntre line of the spacing.
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Let B dencote the perpendiculsr conponent of the field measured

HA

-

along the line isken through the centre of an electrade, znd 4
denote the perpendicular distance from the centre of the electrode.
Graphs 1, 2 and 3 of figure 4.5.1-3 show the variation of Ez with

Z when the electrode pitch remains unalicred and the electrode
spacings varied. It can be seen from these ploté that the magni-
tude of ‘.’;‘Z at the electrode-crystal interface increases with an
increase of the electrode spacings. hLowever, th?s compenent
decreased mere rapidly with an increase of Z when the electrode
spacings are increizsed. The plots A4, 2 zrd 5 (corresponding to
cases L, 2 and 5 oi‘.’I‘a‘nle 4.1) shiow that the I;'!i's.[;”,hitude of 1'.'z at the

electrode-crysiel interfece increases with decrease of elecirode

-

pitch, 1

|

owever, & more rapid decre:se of :JZ with an increase of 2

occurs as the electrode pitch is decrsased.

Swaarised are the im portant deduclticns obitained from these plots.
1) 4% Z equals zero, i:z increases with an increase c¢f the elecircde

spacing when 'd' is kept constant.

2) At Z equal to zero, E_ increases with a decrease the electrode

pitch when 'a' is kept consiant.

The  anisotropic arrangement where the opbic axis is perpendi-
culsr to the elecirode surface (figure 4.5.2) end the

isotropic case . (figure 4.5. 1) clearly indicates that for LiI-?bOB:

3) Lith tie electrodes on the plane perpendicular to the optic

axis, st a distance lcss than d/y, B, is grecter than that

obtaired in %the isotropic case.

e
)
o+

},) At a distance very mmch greater then d/h, B , is less

i)
G

1y
2

ot

arrangement than in the second arrangement.

-B65 -



(Hote: The arranpeimnt were tlie cptic axis is par zllel to the
elecirode surface is not of grest prectical importance wihen the
perpendicular component of the field is considered. Yhe cetailed

- o - . 51

study of this effect is given in Chapter 3.)

5) At 2 equal Yo zero, the value of Z_ for the isotropic case is less
: -~ -
than that for ti:ie manisotropic case, tut the decrease of the
magnitude of Ez with increase in 2 is much sharper for the aniso-

trepic case than that in ihe isotropic case.

6) In the isotropic arrangeuent, the magnitude of 5 dccreases o
approxinately half of its value at 4=0 wien the distnce from the
electrode surfuce is approximately ¢/3. For tue cnisotropic case,
a2 similixr decresse in ‘.JZ ceourred when 4- is considered ut a

= - : - s ! ~ . 3 et
distonece of about 4,4 Irum the cleciroCe surizce.

The variabion of the clectric field component pardllel to the

electrode surface u.‘;.tl;_ distrrice from the electrode face is now
considered., The carlier graph (figure 4. l,.r_) siicws that the maxinum
value of tre parzllel component of the electric field occurs at _t‘ne
centre of the electrode spacing. Let ';]y dencte the parallel
conr'ormn... of the field measured along thie centre of an electrode
spacing, «nd Z is again assumed to denole the perpendicular distance
,i-'rom the cemtre of the electrode spacing. EDquation 4.27 indicates
that 2 tiie interface ie. 2=0, the magnitude of B o is the same for
the i:siropdc and for the two znisoiropic cases when the electrodes

gre ei..cr perperdicular or por cl tc the optic axis.

The variation of & with 2 f{or tncze tiree different arrangements are

e g
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The wvariation of %y wvith 2z vhen the electrode plans
is pérpendicular to the optic axis is not imporiant

for the applications considered in this thesis. Detailed analysis
of this case is given in Chapter 3. From tle three figures it is
apparent that if constant elecirode piteh but varying electrode

1

spacing is considered then, at £ equal to zworo

-_

L increases with

.

a decrease in the spacing (2ad). In the plots 4, 2, and 5 where the
electrode ¢ :;th is equal to the spacing of ths eleoctrodes but the
electrode piteh (d) varied, it is seen that abt 4 equal to zZero Ey

inereases with a decrease in the electrode pitch (d). 8

Comparing the plots for the isotropic and the anisotropic case wﬂere
the elscbrode plane is parallel to tihe optic axis, sven though the
magritudes of Ey at the interface are etual, the drop of B y_with
incraasing Z is snuorper for tihes isobtropic case than for the
anisotropic case. Howsver, it is inbaresting to note that for the
electrode configurstions studied, in the region of Z lass than d/h
in the anisotropic arrangsment aliays remains
greaver than for tie isolropic arrangemesnt.

The plots of the diiferent parsllel and perpendicular components of
the field intensities show th-t the magnitudes of the components
decrease considerably when the distance from the electrodé Surféce
is increased. lence, in ordar to ensure that the incident beam of
lig?t encounters the _nteﬂsn field region, two 8 1010“33 2y be
adopted viz. passing tne ligit boam very close Lo the electrode
crystal interface or raflecting the incident beam off the electrode -

crystal interface
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INITTAL TIVESTICATICN OF TiS FEAFCRMANCE OF THS INTSRMAL

REFLECTION FONULATOR

INTRODUCTIORN

The application of a voltage to an interdigital elsctrode structurc
deposited on to the polished face of an electro-optic crystal causes
a fringing field to penetrate into the erystal. The detaiied
investigation of the variation of the maznitude of this field with

.

the distance from the electrodes shows (ref. Chapter L) that the

field intensity drops shurply with an incroase in distance from the

electrodes. To take advantsge of the high field intensity, two

different approaches may be adopted. First we allow the incident

»

optical bezm to pass in the close vicin ity of the elactrodes.
Albernatively the beam may be 21lowed to reflect off the crystal
electrode interface. The performanée of devices operating on both
approaches have beesn reporved by earlier workers (ref. Chapter 2).
An internal reflection modulator was constructed at the start of
this work and its opcration tested. ifter careful alignnent and
setting up of the device it was apparent that a subdlffrhctlon
pattern was present in the far fisld even with zero applied voltage.
This pattern had not been reported in the earlier literature. and
nad anparently been overlooksd by these earlier vorkers. In this
chapter vie shall identify the causes of ths o nopearance of this
subdiffraction pattsrn ond the meqns of rvaV1nP this pattern from

-

the far field without degrading the performance of the device.



5.1

rnase chances wrodiced by refls

3

cition from an interfacs

Zlectromagnetic waves are divided into the reflected and

transmitted components wien the waves encounter a boundary.

1

5

Let us assume that the first medium is a pure dielectric one

(ie conductivity equal zero).

considered to be either a pure

o

Ine second medium will be

dielectric or a conductor. The

characteristics of the reflscted and the transmitted wave are

a function of the properties of both media.

5.1.1 Heflsection at a dielsctric—dielsctiric interface

Corisider the case when reflection of =lectromagnebic waves

occurs at a dielectric-dielectric interface, and assume that

the refractive indices of the two media nre nl

vely as shown in figure 5.1.
IE ny is assumed to be greater
than n,, then by Shells Law,
it is possible to have total
internal reflection (T.I.X.)
of an electromagnetic wave

at the interface when the wave
trivels from the msdium 1

towards mediun 2. Vhen T.I.E.

takes place at a boundary, the amplitude of the reflected beam

and n, respecti-

Reflection of e.m. waves at

a boundary

is equal to that of the incident beam (ref. Appendix B).

Nyl

However, thas pnase of the reflected wave is changed. Vhen T.I.H.

occurs,an evansscent wave appears in the sccond medium, the

A

amplitude of wiiich decays exponentially and no enersy is carried

awzy from the interface by these evansscent waves.

=72 -
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Let Gc he t.?‘_-.e: critieal angle for the two mediz o.f refraci:ive
indices ny end n, . ‘

If a beam of lizat is transmitted throush the madia 1 towards

the media 2 2t an angle of incidence 91 (figure 5.1), and if

Gl is greater than Qc, tnen T.I.:t. occurs ul;. the boundary
between 1 and 2. If the incident bean is assumed to be polarised
with the £ vector in the plane of incidence, the phase change

produced on reflection may be obtained from the Presnels equa-

tion as
1
2 \/{,2 2 n2
tan & -=ny VM sin“8- "2 . 5.4
2 2 N, cosg
nJ Ay
where Ql > Qc. Dstailed derivation of this equation is given in

Appendix B. A similar equation could bz derived for the case
when the incident optical beum is polarised with the E vector

perpendicular to the planz of incidence.

5.1.2 Heflection =t a diclectiric-conductor interface

Consider the case when medium 1 is again a pure dielectric I-Jut
medium 2 is now conductive. Haxwell's theory shows that the

index of refraction of a2 conductor rﬁay be represented as a complex
quantity. Let the complex refractive index of the conductor be

n,, then

n2=n+ik S

where.n and k are the refroctive index and absorption coefficient

. of the metal respsctivaly. Again if the incident wave is assumed

to bs polarised with the 5 vector in the planz of incidence, then

by substituting this complsx index of refraction in the Fresnsls

'-_—73—



equation, ths phase change produced by reflection at the interface
can be calculated (ref. Appenlix B). Let ﬁzbe the phase change

produced on reflection, then

tan § = XY-~-UV 11 Bed
P 2 XV+ UY
X = (n2-k21c0581 Y= 2nk cose1+n1B
U= 2nk cos 81-n1B V=(n2—k2 lcose1+n1A

Az— Bz= n2—— k2--n:l2 sin281 AB =nk

and 91 is the angle of incidence

A similar squation could bz derived for the case when the incident

optical beam is polarised with the E vector porpendicular to the

plane of incidence.

Bguations 5.1 and 5.3 show that the vhase changes 61;HK1 65 are
functions of the angle of incidence. This initial thsory indicates
that the phase change from a2 dieleciric-dielectric interface
differs from that of s predominantly dielectric—conductiveIinter~
face. If the conductor is arranged in a symmetrical seriéa of
strips on the reflecting surface, then a pariodic phase profile
will be impressed on the reflected beam. This periodic phase
front will cause the beam to be diffracted into different orders
and the far field a diffraction pattern will be 6btainsd. Thus
it would be expected that in the T.I.H. modulacor constructed viith
a series of conducting electrode sirips on the reflecting surface
of the crystal, a subdiffraction pattern will be generated in tha

far fizld at zero applied voltage.
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2.2 Fraliminary exmerimants on reflaction 2t interfacss

- o . 3 - .~ T e '35 .
Initial experiments were nerivrmed with clas

=1

ielectric

]
o
&}
ct
o =
w
o

madiwm to suprort the conclusisns deaducsd thoorsiically in

section 5.1.2,

A right angled isosceles;lass prism with opLically flat faces
(flatness to 2/4 wherel:O.sym)i-Jas chosen #3 the ophical medium.
Copper incerdigital electrodes C

with spacing equal to the width

of the electrodes were daposited

A : B
Fig 52

Uptical path inside a glass prism

on the longest face of the prism
ABC by using photolithograthic
techniques. ‘The elecirode

fingers were paraliel to al. T:

e

incident beam, polarised with the I vechor in the zlane of the

incidence, s allosed to :ass through onz short fics A0 so that
L -

toe angle of incidence on face AB 2yceeds the critical angle of

the glass-air incerface. .s shovn in figure 5.2, sfter reflectidn the

bean emerges through the second short face BC., The reflecied

beam was displayed on a distant screen ard was f ound to consist

3

of diffraction bands. The inter-order angle was equxl to ain"l
U /d ) whore A is the incident wavelength (0.6328 ij)

and d is the elecirode nitch.

when the electrodes wiere removed from the face 43 and when the

light vas again refleceod off the prism base AB the far field

patiern obssrved was fres from any diffraction fringces.

It wins noted thst when tha electrodes wers deposited on a

substrats and the elecirodss bruught into close contact with the

4

face 4B, no diffraction puitern appsared in the far Tield wilen



»

the light vas roflscted off tha face A3, Tz shsence of the
diffracted orders in tiis experimant could b: zttributed to the
exdistence of 2 smal) air zap bstueen the elszc.rodas snd the prism

fsce so thit the incident bHsim 5225 only a uniform glass—air

intsrface,

bead

Findings of this preliminary experiment clearly indicate thst when
the 1ight is incident at an angle greater than the eritical angle as
caleulated for the two dielectric media (glass-air) a periodic _Ipha:se
corrugation is impressed on the reflected boam dus'io the presence

of the interdigital electrodes on the raflecti ing face, thus E:ausirg’

@ diffraction patiern to appear in ths far field.

2.3 Investisation of Fhase Chinss nrodicsl by reflection of light

from a 1‘11‘3!303 crystal-air or Lillb: J crystnal-metal interface.

The elcctro-opbic medium considered in this thesis is Lit:“odB, a
unisxial electro-opbic matsrial of refractive indices 2.28 and 2.20

for ths ordinary and extraordinary roys respectively. If tre s_ecén-i
medium is assumed to bé air, then the critical angle ©c can be
calculated using “nslls Law. Although the Snells Law cannot be
applied directly to find the crisieal angle for the extraordinary
ray, Snells Lo may be used to determine the direction of the (49)
wave normal. A nezligible error only will bs introduced by assuming
this angle Zor Lhs critical angle.

&

: é o
For tre ordinary ray Qc = 26

Por the exbraordinary ray 6, = 27°
Hence, 1T the angle of incidence is grester than the corre.;.“o.u‘ixl&,
eritical =ngles, bthe incident beam will be totolly internally

raflected. However, if inierdisital electrodcs are deposiced on the

volished reilsciting face

» then the incoming boam will now sse too



different interfaces namely the erysital-zir intorlace and the

erystml-metal interface. Thms a perioldic phase cormigation will be

-
e

inoressed on bhe reflecied besnm 3:'.& a diffracs

B

on pattern obtained

Tha relative orientations of ti:

O

crystal and the electrodes struct-
ures -consider'ed (Chapter 3) 2re:
(i) Tue plane of the electrodes is ;__1't.-“~;ndj.culexr to the optic
axis and the incident optical beam polarised with the E vector
the plane .oi‘ incidence.
(ii) The plane of the electrodes is parallel to the optic axis and
the incident light polarisad with the I vector perpendicular

to the plsne of incidence.

A theorcticsl analysis of a modulator arranged as (i) above was made.
The metal electrodes ware assumed to bhe either conper or chromium,

Tre refractive indices and the absorphtion co».ef:m;cn».; of copper and
chromivm at 0.6 HMare taken to bs C.186, 2.98 and 3.19, 2:26 "(50)
respectively. The refractive index of L i-'bOB is taken as 2.2. As ‘
shown in equations 5.1 and 5.3 the phase change groduced on raflection
at an interface is 2 function of the angle of incidence. The ph.z‘;sé
change ( 81 and 62 ) impressed on the reflected wave was computed

from thsa wo equabtions and the variation of 6 and 82 with ancle

of incidence @ is plotted in figure 5.3.

It is a.pzrent from this graph that the diffraction effect produced
by the interdigital electrodes will only be elirinated when the angle

ither close to the critical =rzle or near 900, the

Q
Fh
e
o
o
i
a
o
[$]
&
e
i)
)

wrazing incidence. As a mzasure of the efficiency of an elsctro-optic
diffracuion nodulacor it is uzial o measure the "oltfx,s;,e reauired to

oroduce comnleie.extinction of the zero order beam. The theoreti m.l




and rractical results show (3ection 5.4.4) that the zero order
extinction voltage increases with a decrease in the angle of inci-
dence. Hence, in.thc practical modulator, working with smzll angles
of incidence is not dssirsble.

Considering the sscond possibility of working at zrazing incidence,

this case now reduces to the arrangement where the incident beam of

light is directed to travel parallel to the electrodes. This raises

-the problem of ensuring that the optical beum travels in the active

field region of a bulk modulatlor. Hence, the approach of selectively
cnoosing the angle of incidencs to overcome the diffraction effect
due to the two periodic interfaces is not suitable in a practical
internal reflection modulator. Since the zero order extinchion
voltage dacreases vibh an increase in the angle of incidence, lower
operating voltages will be aciiieved only when the angle of incidence
is large. vhen the angle of incidence is large but less than 90i

the reflected phase fronb will be periodically altered thereby causing
a diffrzction pattern to appear in the far field. Having eétablished
theoretically the existence of the phase corrugation impressed by
reflection off the face of the crystal carrying tre electroﬁea,-we

snall now consider the practical significance of this effech.
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5.3.1. Sub diffractisn frinres produced by Copver elactrodes on IilhO. .

3

An electro-optic diffraction modulacor was construced from a % cut
LiNbO3 qrystal. Copper interdigital electrodes of width equal to the
electrode spacing were deposited on the polished faee (£Y) of the
crystal by conventional photo lithographic tecimimues (ref Chapter 9
for detailed sample preparation). The dimensions of the crystal were
L mmx 3.5 mm x 20.0om.  The electrode fingers wers along the X axds
which had the longest dimension. The two faces used for light trans-
mission perpendicular to the X axis were also polished. The orienta-
tion of the crystal and the electfodé structure are represented in

figure 5.4.1.

Tne incidént beam of licht polarised with the E vector along the plane
of incidence was allowed to roflect éff the bass of the erystal
carrying the elecirodes. The experimentul arrangement is schematically
represented in figure 5.4.2. It is apparent from the electrode
structure of figure 5.4.1, thai when an optical beam of angle of
incidence greater than the critical angle is reflected off the face
carrying the electrodes, a ¥ periodic rectangular phase profile is
impressed on the reflected beam, and thus. the beam is diffracted into

different orders. The diffraction pattern obtained in the far field

is symmetrical. The energy coupled into the higher order is a function

of the relative variations of 81 and 52 which are functions of
the angle of incidence. The angle of incidence was adjusted to be
8,° ( >> Gc ) ard the far field pattern produced by the reflected
bzam was carefully studied. A photograph of the far field pattern

obtained is shown in figure 5.5.1. The intensity distribution was

measured by a movable photomultiplier carrying a sirzignt slit.

-
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Cptical arrangement
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Details of the sxperimental system is given in anpendix A, The width
of the slit was along the T dirsction. The ph:ﬁo:mlhiplicr was moved
along the Y direction and the correspanding intensities (I) were
recorded. For tne same anzgle of incidence the incident baam of light
was alloved to reflect off a section of the crysial bise which was not
covered by the clectrodes. In this case the far field pattern was
free from any diffraction patiern. The photormultiplier was positioned
to record the peak intensity (Io) of the light through the straight
slit. Figure 5.5.2 shows the variation of the rztio (I/IO) with
distance along the Y direction. The angilar SP")"l.l‘d.tlon of these
diffracted orders was equal to Sin~t ( AL d) vhare A is the
incident wave lenzth (0.632 }Jm) and d is the electrode pitch

(0.218 rm).

(The enclosed public:tion page 84 gives the performance of u similare

xp2rimental nolulator).
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Noise generated in the total internal reflection electro-optic
diffraction deflector/modulator
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Abstract. The total internal reflection electro-optic deflector/modulator has so far been
limited by the subdiffraction patterns that appear in the far field when light is trans-

mitted through the device with zero applied voltage. This paper isolates the causes of

these subdifiraction patterns and describes a simple means of removing them from the
far field without affecting the performance of the device. The results of measurements
taken at zero applied voltage are included and give an indication of the order of this
effect.
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The figare 5.5.1 and 5.5.2 clearly indicates the prez;ence of a
symmebrical difiraction pattern in the fsr field at zero appliea
voltage.
then a voltage is applied to the electrodes a fringing field penstrates
into the crystael. The variation of the componsnts of the field alorg
Y axis has already been shown in figures 4.5.1 and 4.5.2 of Chapter k.
In the arrangement so far considered in this secbion'the electrode plane

‘wias perpendicular to the optic axis and ths incident light was
polarised with the E vector in the plane of the optic axis (ZX plane),
IThe phase change impressed on the reflected beam by the induced field
is given by 0 5

Ag = -4 1143 sing+ Tc0s%) B, — BoEysiny gy
L/ 2sing ﬁza+.s_o§_2zg_3/2 WP sttt

t tanB8 ng ns

(Ref. Chapter 3 for the detniled derivasion of this ejuation).

Vhere E_ and Ey_arc thie components of the fi2ld along the Z and ¥
“

ij

and © . the glancing angle .. The expressions for EZ and Ey are

given by equations 4.25 and 4.26 (Chapter L) respectively. The

direction respectively and F: are the slectro-optic coefficients

change in phase produced by an applied DC voltage of 24 volts was
computedland the variation of the phase change with Y is given in
figure 5.6. Comparing figure 5.6 and figure 4 4.1 (Chapter L) it
can be seen that the variation of the change in phase follows the
mirror image of the contour of the varistion of Ez about the Y axis.
In the computation of phase chanzge from equation 5.4 it was assumed
that the electrodes are uniform along the X direction and that the
voltage bstween the elsctrodes on the crystal boundary is uniformly

distrituted. The length of the elsctrodes is 5.4 rm. The rhase
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1.2

Tnduced phase change

(radians)
a =0.25
voltaze apoiied 24 Volts
Izotropic case
Yy mm
L  fga = ! e . =
0,04 Je8 + .12 0.15 0,20

#iz 5.6 Induced phase grating profile



changes impressed on the optical beam by ilie incduced electro-optic
effect (i) and by ths reflection ff{}f)

off the crystal-clectirode inter-
face (B) are given'in figure 5.7.

-1t is apparent from this figure

EkEt the rectanguler profile (B)

Fig- 57
Phase change profiles inside
non-uniform interface is of half the crystal

caused by reflection from the

-the periodicity of that of graph A.

The 5iffraction theory indicates that the engular sepcration of the
.diffructed order veries inversely with the pitch of the grating.
therefore, the first order band produced by reflection off the
crystul-clectrode interface chould coincids wiih the seeond order

band produced by the electro-optic effect.

=0



Fig 5.8 b

nt P2
Far field pattern at zero
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Fizure 5.8 compares th2 photographs of 'itliz far fisld pattern cbtained
vefore and after applying & voliaze (24 volis) o ths slectrodes. The:

anrl £ 3 icda s Was oooain .5'.'.0 znd shouig thia
:_..l'lb € 0z IncldsnNcs WAzl 2 AL g i S0V LlZg

’51

edistion to be valid.

L]

5.3.4. Variastion ol the zsro order intensity with angle

of incidence and with zero anclied voltaze

From equations 5.1 and 5.3 it is apparent that thre phase change
impressed on the raflected wave due to the elecirodes is a function
of the angle of incidence. Conseluently the enzrgy coupled to the

i) .

hipher orders also should be 2 function of the incidsnt angle. At any
glven angle of incidence, the phase corrugation impressed by the two
diffevent interfaces, crystal-eloctrode and crystal-air, can be

’ r

represented by a rectangular wwve. The nignitudes of the correspon-

ding phase changes can be obtained from fijure 5.3. The phase change
impressel on the reflscted wave on r:i"ln:aion cff the crystal base ia
represented by curve B of figure 5.7. The electrodass are assumsd to

be uniform and rectangular in cross section. This periodic phase

change czn be remresented mathematically &5 2 Fourier series.

f(,d) = U +ZU cos 2Tn 8
0 n e Yy 5

where n '

B I A0

£ (jJ) is the function representing the phase change (Fig.5.7) and if
this function is knowm, the Fourier coefficients of the series nay

be calculzted.

Let U ,UZ,UB, e e F ’Ui’ » be the Fourier coefficients of the

square wave profile impressed on the reflected vave. If the refls-

eted wave is diffracted into differsnt orders thzn the amplitude of

the N th order difiracted bamm i3 Siven by =



9= g (ile i il Maix i
0 -.' — .. .
n2k k3 2 k3

- ==00

oy 3 SEr S

where ,\:'J is the amptitude of the undiffracted bewa and _Fﬂ the
amplitude of the MNthorder diffracted beam produced by a phase
grating of any periodic shape. J (U )denotea Lhe Bessel coefficient
of order ki and argument Ui . The detailed derivation of this
equation is given in Appendix C, This equation is reasonadly
amenable to compuber solution as the higher order Bessel functions
are quickly convergent. 'Tne first four Fourisr components were taken
as representing the square wave and the approximation to the sguare

wave that these first four comp: ments give is shown in figure 5.9.

These four Fourier coefficicnis were u-ﬂﬁ)
calculsted for anles of incidence ek o

! o S Ay -
betwean 80 and 89 and by the sub- y
stitution of these coefficisnts, the Fig. 59 ;
percentage energy lost from the zero Phase profile synthesised

: : fron four Fourier components
order for each angle of incidence was calculated. Curve B of figure 5!.10

shows the predicted percentage loss of energy from the zero order.

The intensity distribution was measured by a photormltiplier. The
laser light (vavelength = 0.6328 }un) was directed on to the base of
the crystal as described in section 5.3.1. Initially the light was
directed on to a section of the base not'coverad by the electrodes.

A straight slit was placed in front of the photomultiplier sucﬁh that
tiie 81it was parallel to the fringe putiern obtained in-the far field.

2

e photormltiplier was then adjusted to give a2 macdinam recording

..,9[’_.




across the section of the beam covered by the slit. This maximum
outpul was assumsd to be proportional to the intensity of the

EY

undiffracted zero order beam and denoted by Ic' <t the same angle of
incidence and with the light bean now directed at the crystal—-elec‘crode:{in—
terface, the photomultiplier was positioned to give the macdmum

recording of the section of the ze.ro order be~m coversd by the slit.

The meximum energy in the second case is denoted by I. fThe distance

of the fhobomuliiplier from iLhe crystal being kent eonstant in both

cases.

n"n

ne percentage loss of energy frum tle zero order, it any angle of

incidence was dafined as

% loss = E}_ x 100
Iy

The above measurenants were repeated for different angles of incidence.
The caperimental variation of the parcentage 1oss 1Aith the angle of
.
incidence is given in figure 5.10.4. It is apparent from Lhese Sragpas
(figure 5.104 and B) that the predictezd variation of Lhe prrcentagea
loss of the encrzy from Lhe zero order was less than that obtained
experinentally. Tris difference bestwesn the theorctical and the
experinental values may in part be atributed to
i) The scatiering of the ineident light by any irregularit
vhe crystal surfoce
ii) Zie scatiering of light by the presance of n- foreipgn particles
\photoresist etching agent, quss)
1ii) Tme praesence of an amplituda gracing du2 Lo <» complex index of

rafraction of the elsctrode structure.

+0e detuiled analysis of the contribubticns by tlzza d4iffsrent Tactors
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is beyond the scope of this thesis and, therefore, we shall restrict
ourselves to considering the different means of eliminating the
subdiffraction paitern from the far field without degrading the per-

formance of the device.
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iz 5.10 Variation of the percentage loss of energy from
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5.3.5. Variaztion of the lisght intensity in the zero

order with anvlied DO voliage

The.electroﬁoptically induced phase change whien occurs in the inter-
digital electrode device is proporticnal to the applied voltage
(eguation 5.4). Tﬁerefore, for a fixed angle of incidence, . . the
energy removed from the zero order will also be a function of the
applied voltage. #As a measure of the efficiency of this device, the
variation of the zero order ensrgy with applied voltage was studied.
The intensity was azain measured by a photomultiplier arranged as
described in the previous secticn. The experimzntal arrangement is
es shown in Fig. 5.4.2. The voltage V applied to the electrodes was
, gracdually increzced and the intensity of the szcro order besm was
measured by recording the photomuliiplier output (Iv>' The =ngle of
incidence was 870. This angle was chosen in érdcr £0 acizieve a
cmﬁﬁroﬁi%c betvicen the operating voluage (zero order extinction) énd
the reasonable ease of.zligning the device. The yosition of the
erystal was changed and the incident beam was allowed to reflect off
the base of the crystal which was not covered by the electrodes. At
the same angle of incidence and with the photormltiplier slit in the
same position relative to the zero order the output was recorded as
IO. Figure 5.11 shows the variaticn of the ratio (Iv/Io) ic less
then unity wiien the applied voltage is zero. This graph shows that
minimum energy in the zero order was obtained with an applied voltage
of 83 volts. At this voltzge the ratio (Iv/Io) was about 0.013, that
is about 1.3% of the incident light wae remaining in the zero ordef

av 83 volis.
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5.4 Elimination of the Sub-Diffraction pattern from the
Tay field

5.5.1. Iheoretical considerztions

The findings of the experiments described in the'earlier section
shows that when the beam of light is reflected off the base of the
crysial carrying the electrodes, a pzrt of the incident encrgy is
diffracted into the higher orders. The grating effect by the
‘electrodes will be elimineted only .when the incident beam of light
sees a uniferm reflectiﬁg interfzace. Hence, any att.émpts to
remove  the sybdiffraction pattern from the far field must ensure

that the incident beazm experiences a uniform interface on reflection.

As seen from the eurlier experiment with the glass prism, one
method of removing tlie subdiffriction patiern from iwhe far field is
by having the electrodes derosited on.to o substrate and bringing

the electrodes into close contuct with the crysial fzce as shown

. R "
in figure 5.12.1. . NN .
crystal Ré ~Gace G = Ra
il
Fig 512 1 |
1) ZExperimental arrangement 2

2) ZEHquivalent networic
The poten?;ial distribution inside the crystal and air gap can be
analysed by essuming the equivalent network sho.mn in figure 5.12.2,
where Ca, Cs, and Cc are the contribution- toithe total capacitance
between the electrodes ;Ca is the canac:n.'cance in the air £2P peiween the elec-

trodes, Cs is the capacitance due to the direct air &8P and Cc is the capaci-

2 Lil

L - £ L
tence of the erystal between tne electrodes’ resprctively. ;.a,Ra andic are

the resistences in parallel with the respeciive capacitances a2, Us

and Cc.

A =



-

In this arrengerent the induced electro-optic effeét and the
the diffracticn produced by this arrangement can be conveniently
analysed by considering

i) The zerc freguency condition

ii) The kigh fresuency condition.
Lhen & zero frecuency (DC) voltage is applied to the electrodes

the resisitive network shown in figure 5.13.1 should be considered.
R Ce

R R < o i

Fig- 5-13 a a G

1) Equivalent resistive networic -(‘-:'1) | GCs
2) Equivalent capacitive network (2)

Let the voltage applied to the crystal be Vo.
Toe potential difference Ve across lic representing the resistive

path in the cryst:il is

- V
V - 0] R 5'7

Simdlarly, the potential difference -Va zcross Ra the resistive

rcomyonent representing the air gap is

v

V, = 9 e
2R+ R

4 58

CGwing to the large differences in the resitivities of a2ir and the

eleciro-cniic medium Lillb0O , the potentiai drops drastically in

Consesuently the electric field induced im the crystal is consideratly
reduced. In the high frecuency case the squivalent capacitive
network siawn in figure 5.13.2 determires the rotential distribution.

If Za, Zc, =d Zs are taken as the impedances of Ca, Jc, and Cs

then the pelential difference Ve across Cc is
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V AR 1, 2 B Z = ..._._.\{...).._._ -C ‘ 5'9
c 22a+ZC c 2Cc+ca ?

and the potential difference Va across Ce is

V. V.
R S TR [y = 0 C
a ZZa+ a iCCﬂ' Ca c

If the air gap has a thickness of 0.5 Hm,a reasonable minimum

5-10

distance that could be achieved, then a device having electrode
CGimensions of the order considered in fi@re 5.4.1 wiculd have the
air gap capacitance Ca appreciatly greater than Cc. Therefore,

at high frequencies the potencial drop in the air gap would be
neglipible. lence, this device could be operative at high fresuen-

cies and the subdifli'riction pattern elirinated.

However, practicel difficuliies arise in ensuring Lhat the clectrode
surface is opticall; flat und maintains a uniform spacing with the
crystal face and the spacing is not distorted by foreign particles.
ii‘ the electrode surfice is not uniformly spa;:ed with the crystal
face, the potential irpressed on the crystal face will vary from
point Lo point and cunsequently the field distribution inside the
erystal will arbitrarily vary. Therefore, if this ¢ approach is
adopred, it is apperent that the subdiffraction pattern produced by
the electror‘:és is eliminated at the expense of the performance of '

the device.

snother #pproach to eliminate the subdiffraction patten is by
depositing a thin film of a different malericl on the rcfliecting

face of the crystzl and then dercsiting: the elecirodes on the
exposed fnce of this film. The thicimess of this film should be
determined by the depth of peneiration of the evanescent wave in

the second medium (film) ie. the thickness required to m=intain



& uniform phase chenge on reflection irrespeciive of the third

mediuwm. The ildrd pedium referred to being eitner the elecirodes
or cir. The thin film moterizl czn either be & metal or a diele-
ctric. First consider a tidn metalic film bc’_r:;', degosited on the
reflecting face. In metzl films, if it is assumed that only &
" single reflection takes place 2t the interface, then it can be shown
that when the thickness of the {ilm is approxdmately half the
ecident wavelength, the phase change produced by the film is equal
that produced by a bulk metel (51,52).Cn the expesed suiface
of tiis film,electrodes of the szme metal can be deposited. The
wave length of ilie incident light is 0.6228 Fm ’l‘iief&fo:'e, in
erder to suffice the reguired condition the thickness of the metal
£31x should be of Liz order of 0.3 }_lm. Zven though very thin films

-

of ricials possoss large resisvance,a metalic film of 0.3MHMihickness
(B 3

vwill et as a pure conductor giving rise to a short circuit between

the clectrodes. Hence, this approsch is not adoptetle in practice.

Alternatively a thin diclectric material can be evaporated on the
surfsce of the crystal and the clectrodes could then be deposited
conto the film. To obtain T.l1.ii. off the crjstal--*"lln interface, the
refractive index of the medium of the film should bte less then

- that of the cr:;sLal.(Refr:;ctive index of ]l:.:i_t.“:.‘(}3 is 2.2). Another
requirezent of this medium is that it should bz hard and resistant
te the eiching zgents.

The tziciness of the film should be of the order of the incident
weve length (0.64M) to produce T.I.i. and the incident beam will

then see a uniform interface. Xnovn tschnoleogy with thin filn :

techniques suggests ithet glass and magnesium flouride (I-C'.'“‘a) are
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vell suited for this rurpose., The refractive indices of gluss rngd
EIng Tilm are 1.5 and 1.39 respectively £ 50 ) 0 as l\Eng thin
Tilm deposition does not invelve a great deal of complexity, it was

cr*oaen &s the material to rrovide the thin £ilm on the crystzl base.
2.2  Experimen ntal observaiions with a crysta]l hoving a
-igi-‘a film on the reflecting face

The crystal which was used in the earlier experiments (sectlon .3)
was again used as the modulator material. The Zu electrodes on the
polished XY face of crystal vere removed and e thin £ilm of Iung
of thickness of the order of 0.6 HMuas deposited on the reflect Ling
LY face. (iief._-'.:i'.:fpter 9  Ppage206 for the detziled deposition
process of HgFp).  The crystal was then baked in an oven ot €0%
for about 12 Lours. A thin layer of Cu was deposited on the expesed
face of the IZ;."‘Z £ilm. Interdigital electrodes of dimengions equal
that described in section 5.3 was etched on this Cu layer by
conventional ;:%:o‘i;olithographic methods (See chapter 9 Page206 ). The
experimental arrangement was again similar to that showm in figure

5.4.2 and the angle of incidence was adjusted to be a2, This

‘angle of incidence was chosen for comparison purpoces. The patiern

obtained cn a distance screen is as shown in figure 5.14.1. The
intensity distribution was easured by a photormlulpher in the
Tanner deseribed in the sestion 5.3.1 and the varizticn of (I/Io}

as defined in section 5.3.1 aleng the Y direction is shown in

figure 2.14.2, It is &pparent from these fisures that tiie far

Tield pattern obtzined is free from any diffrzetion pattern. Trnere—
fore, it is cer cluded that a thin film of L"”Q of thickness of tre

order of the incident wa welencth acts 48 a bulk material vhen the
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angle of incicdence is grezier than the critical angle G,and the
incident beam sees a uniform interface. It should be remerbered

that the angle g is now determined by the two meterials LilibQ., and

3

I-Zgi"z rather than previcusly when €¢ was determined by LiI'i‘bU3 and

air. The indices of refraction of MgF, and Lilb0, are taken as

1.39 and 2.2, arnd 8¢ can now be calculated from Snells Law.

sinB_ = 139
S 22
o

R .1

BC NI B 541

The performance of this improved device is given in the following

two sections.

- =109 =



Fig 5.14 a Far field.pattern (Applied.voltage=0)

Fig 5.14 Far field intensity distribution
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5.5.3. Variztion of the light intensity in the zero order

with d.c. voltare applied to the modified device

As discussed in section 5.3.2 the veriation of the intensity in the
zero order is a function of the .;.ngle of incidence and the applied
voltzge. First t;.e variation of the zero order intensity with
aprlied voltage at a constant angle of incidence will be studied in
some detail. The experimental arrangement is similar to that showm -
in figure 5.4.2 and the angle of incident was chosen as £7° as in

- the previous experiment so that the performence of the device .
without Mgr > film and the improved device (with I-EgFa) could be
compared. The photormltiplier with the slit was positioned at the
centre of the zero order as described in section 5;3.3. The voltage
V applied to the electrodes was gradual‘!.j .anrewed and the variation
of the zero order intensity (Iv) recerded. The crystal vas positioned
80 L}.A: the incident ‘beam reflecte off the section of the erystal fzce
wiich was not covercd by the electrodes and the intensity Io was
recorded. The variution of (Iv/Io) with voltzge V of this improved
~device is shown in figure 5.15 (a). The gﬁaph (b) shows the perfoxr-
mance of the earlier device without I-Eng and graph ¢ shows the
theoretically predicied veristion of (Iv/Io) w:ith voltage. This has
been computed from equations 5.4 and 5.6. In this comwt:s.tioh it

was again e ssured that the total contribution by the first four

Fourier components of the phase profile was equal to that of the

wrressed phase change.

Examinztion of these grophis siicw that
i) Wit: the device without IisF, the ratio (Iv/Io) at zero
2

eépplied volizge was less than unity,



PRSI

.

(ii) With the irzroved device the ratio (_wlo) is equel to unity
since no energy is lost To the highcr orders at zero applied
voltage.

(iii) The minirum zero order intensity vias obtained at an applied

voltage of 83 volts with the earlier arrangement without Iing

(iv) Complete extincticn of the zero order was obtained with the

improved device at a veliage of 77 volts.

(It was estimated that the light detector used in the above
experiments was capable of recording a minimum ratio of

Iv/Io of at least 0.96%)

(v) The theoretically predicted zero order exbinetion voltage was

75 volts.

These observatiuns show that the deposition of the I;r_,;."z f£ilm does
not degrade the performunce of the device abt DO voltages, in fact

small decreese in tlig zero order extinction voltage was noted‘..
Although it would be reasonable to expect that the insertion of Mgl

_ 2
between the crystal and the elecirodes would degrade the performance
of the dcv:.ce due to the voltage drop across the film in fact an
hnprove:r;cnt has occurred. & possible explanation is that the
presence of I-fgj’z on the crystal base provides a uniform resistive
layer ccross ihie crystal face. Therefore, the variation of the
potentizl acress the face is improved giving a more uniform field
distrituiion along the crystal face and an improvement in the chape

of the diffruction grating. €f course the validity of the theore-

ticzlly derived zero order cxtincticn volisge mmust be questioned as

O-t

this derivation assumes a uniformaly distributed voltazge beiween the

;...l
:

resislive . high concentration of the

1

electrodes. Without e



0.9
0.8
0.7

0.6

0.1

O.U

Fig 5.15  vVariation of the zero order intensity with applied voltare
a) Device with kg,
b) Device without Hg?z

¢} Predicted variation
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field will oceur at the clecirode edzes and a non linear voltage

=1
disiribution will be expected to occur across the space betiieen the
electrodes.

Shily. Variation of the zero order extinction voltage with

angle of incidence

From equation 5.4 it is seen that the change in refractive index
inside the crystal veries with angle of incidence € and the arplied
veltage. Thérefore, for each angle of incidence, the zero order
extinction voltage will very. This variziion was systematically
'studied for this improved device. The experimental arrangement was
again similar to that shown in figure 5.L.2. The photormuliiplicr

ey

was positicned, as deseribed in the previous secticns. The angle
¢ 2 3 : o e

of incidence was chosen to be large (in the ringe of 85 to £9°)

and thie voltzie nrplied to the erystal to produce corrlete zero

order extinchion was mecsured.

Figure 5,16 shows the variation of the zero order extincticon volizge
with angle of incidence. This graph shows that the extinction
voltage decreased with zn increzse in the angle of incidence.

Therefore, it is concluded that a low operating voliage moculator

=1

s attoinable when the angle of incidence is large. However, at
lerge wngles of incidence the difficulties in aligning the crystal
to ensure thst the beam of light reflects off the erystal-electrode

interface is increased.
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An optical bsom which is incident on a diffraction grifing
(amplitude, phase or both) will be diffracted into different
orders. If the grating element consists of only a sinusoidal
phase varintion and the incident light is normal to the axds of
the phase variztion, then the Inr ficld patbern zroducsd by this
grauing is of the Haman-lath fype and the diffraction patiern is

.

syrmetrical about the zero order. However, if the diffraction
groving is blozad or the incident light is ab oblique incidence
to the axis of hese varistion, then the diffracted ensrgy is not
sy .aur1c1*1" distributed about the zero order. In this chapter,
Vi PTora :

ifferant LDoam deflection Lazchnicues using diffraction

gratings are analysed in some dotail.

& novel form of veltage conbtrolled blazed srating using the

eleciro-optic eryscal Lilb 3 is discusszsd and the performance

o}
het

this deflector under d.c. conditions is ineludad in this

chsplier,

~ 12 -



6.1 .Theoretical considerabions of light baum deflection bechnicues

An optical beam normally incidsnt bto a sinusoidal shaze perturbation

will undergo iiemen-Hath type of diffraction and the diffracted orders

viill be symetrical about the zero order. The total muibsr of resol-

.

vable spots produced on diffraction is a function of the angular
spraad of the optical wave vector and the spread of the dif fracting

perturbation (3)

The different diffracted beam gositions provile different points

for addressing (fig.6.1). Thore- orders

+3

fore, this typs of srating conld +
4

be used as & mulbiport switch. light Dliiractlon

2

1

A N : 0
beam | 9rating -1
2

3

Howevar, as the diffracted hoan

is symmetriczl about the zero Fig 6-1

-

s i T e Y o3 4 S H :.‘".«n un Wios M F :
order, this devicce suffers dupli il ivors switch

cation of the fzr field inform:tion. If tiis doviee i3 operated in
the Bragg mode, that is if the optical bsam is incident to the
perturvation abt the appropritie angle (ths 3ra. s~ angle) a lar e
percentage of the ineident enersy is daflected to a single higher

.

order position. alternatively ihe light sy be deflecied to a

higher order position by appropristely blaszi ing the grating

Gu

In the following sections we sia1l consider ¢he differsnt metiods

for beam deflection by utilising o diffruction ~p- cing.

e

racbion gritings may be 2lassified inko o cuavasories
i) The amplitude gratings

g A T A ey -—n -
i1} Fns phase srabings

()

L - S P~ -5 ot DO o Y £ i PR L = - o s
there are Gio general subiypss of zach of thase 4o oat s ories:

transmission gratings and reflsciion cr-tinss.
are alnest always phase gratings. These gratines can be blazed
and the two typss of gratings ars illustr:bted in Figures 6.2.1 and

13~
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6.2.2 res

pectively.

W

Transmission grating

These diffracbion gratings are conventicn

a medium (trar

opaque an

. 4 o
speeial edge (eg. the natural

dinmond) . cut faces wie optically flat

& to the flzt face of

sarent nesdivn Jor the transmi

2y 1

liowhl S

S3LoN

GG

eodis

edge of carvorundum cryss

it

First consider the transmission blazed gratings.
refracbive index of the medinm is Hoo. In tila
blazing angle O is chosen so that the devisiion

thie optical besm bravels btixough the grating
of diffraction of onhe ofi the oxders.

If the angles @
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Reflection grating
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aperture witi. 2 pariodic phase chiang
attern obtained is similar to thub

a2

spatially shifted to a diffracted order

&7 *

siiows the shape of tuis diffra-

cted pubzern drawn for the case

of n=1. 2en from

equacion 6.1 a function
of the refractive index of the

medium and this index is a func-

The diffraction
giar slit but
n (53).

Figwre 6.3
k Intensity

|
|
|
I

order

1 1

o R i N
Inteasity distribution

2
63

A
Fig

tion of the incident wave length. IHence, ©:is Lype of transmission
grabing can only be used to deflecit enzrgy Ior n particular incident

wzvelength.

Conszidering ti.c raflection griting, in order to deflect the energy
from thes zero order to tae N thordsr, © shold satisfy the ecuation
nA = d sing 6-3
apd "B =2 6-4
Jince the angle of reflection is not a func:ion of tie incident

~e1

wavelength, the reflection blazed gratings are wors versabile and

a specirum of wavelengths may be deflectad to mme of the highsr
order positions.

It can ve szen from the above four eguatisns that vhen @ is determined,
it is possible to deilesct the energy onlry Lo <nz of the nigher order
positions.

6.1.2. Brazgz diffrastbion

an opbiczl bzam 1411 uwndergs stman-lath t702 4iflraction when ths
diffraction clemznt consists of & sinusoid 1 shase variacion and thae
anecident optizal bean is perpendicular to iz oxis of phase varia--
tion (2). Howevsr, the incidont baxr undersoss Brazs diffraction



when the angle batwzen the incident vavefront and the axds of nhase

o

varistion satisfies the Bragg reflection lav:, In this cz3e,conaim-
ctive interference of the bemm occurs, snd in the far field a

particulszr order intensity will be dominnbt. imsn the incident boam
is not perpendicular to the axis of tie pinse variziion, and not at
the Bragg angle, there can be other typss of diffrasiion which

cenno®, be strictly called Bragz tyne dii';'r..action{54_)

Joe
Consider tne constructive and destructive intorferencs of optizal
rays rassing through a sinusoidally psrinrbad thass grating. 7The
paase grabing is assumed to be transparent for tne insident wave-

lengih conesrned.

In figire 6.4 let the horizontul lines represent the nlane of eral
phagse points inside the medium. 4 Phase variation
The separation (or the periodicity)

of tihese lines is 'd!' and the A

=

g

widbth of ths perturbation is take D

as "w'.4i, D, and B B; are tha

NN
B%&}Bﬁ/

rays mike the glancing zn:ile § Fig- 64
Jdiffraction/Deflection of light

incident and tlie reflecied wviava-

Vi

fronts respectively. The incident ¥

with the lines representing the ) y " y
by a sinusoidal phase variation
Plane of egual rhase points (phase fronis). IList tha raflected rays

“travel 2t en angle © bo the phiss fronts. itz conditiuns undar whiich

irection may now be

£ £ 3 : - s o)
1) Considering thc scatterin; points '132 snd A,

if o] -_-_;2/ 6-

wigh the path lenzths ﬂl‘“‘Z“‘S znd 313233 are equal, Thesrafora
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there 1-:iil be reinforcement, of 211 scattered rays from this plans.
Tnis is of coursec similar to Lle mirror 1‘-:5‘1:-:§ion {partially
reflecting mirror).

ii) Consider the scattering of a single vave B,B,. The different
scattaring points are considersd as 82, Bé, 85 etc. Constructive
interference will oceur in this cass if nath lengths B]_B B,, »By ZBB’
B 132133 are equal, or the differznce batwazn them is DA where N is
an integ:r order nurbar and A is tha incident wavalength. Froa
trigonometric construction it can be shoun that the sbove condition

is satisfiad whe

nA = [1-cos({@+8 )] - 6-6

sm/g

and trus constructive rainforc:reat il ooour in the

Y direction.
Ihe riore phase fronts the light beam passes In tha Lransparasnt
mediwn, the greater will be :hie reinforcorent nd, hsnce, the intensity

increases. This will occur vhen 'd' is small and 't is large.

1ii) Let us assume that ths above tuo conditions (=ruation 6.5 and
6.6) nu we satisfied simulinneously. Substitubing emuation 6.5 in

6.6 :zives

nA = 2sin ){ Bragg condition
d —6-7

Under these conditio ons, the intensity of 4ha Nth ordar i3 very mich

St

greater tnan the intensity obiuined in Ui first two enzes. Again it

should 23 remorbored that ths mbensity L ill wa largs vhon the opbical
beam zngses througn a large mmuzbaer of =hi<ia fronts. In narticular

if the incident bzum passes throigh lass iban Svio ya232 fronts, ihs

LN s - A — - Fcunan: e e S ———— i i P B A 1




iv) In this last case, considser Lhas the width of the perturbation

r
bt

Ywt 15 less tumn -’)9‘35. Taen & liht ray, for exurgle BB, or C.C
will only cross a small portion of ihe perturbation and the scabhb-
~ e

Boyi9as Doy
path lengths B,8,8,, 218584, DyUy04 differs by NA reinforcerent of

thie waves takes plaecs, and in the far fisld, intensity domination

@]
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0
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W
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&
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7 0 (sin,d+ sin 8 ) 6-8

Again in thids easz the energy on rainforcsment will be less than that

in (iii). Dherefore, it may b2 concluded tiict the intensity of the

o
ey T O PR L I, . T AL e = N e D = —— )
deflecbed Deam wisn Ui Bragg condibvion is satisiied s wary much
i i o T P ke Yl d - L o 2% & 4 -

grenuer than tlal obbzined in the otler three cnses.

sn Ooptical buinm nay be deflected to the Jifireant orders unen the

phase ciings inoressed by a grating is blazed. In the two arran;eaents

jar
A,
[
o |

tie tvo secbions, Liz rejuired chase chunge was prolicad

b) By fiveching tha opbical Lzoi =t an oblique incidence to the

i
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ot
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vare; insids thiz sdiun pradicas tho sinuseidally parturdad

couscic wave (or micraizae)
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positiona. Agein the Bragg condition sbiould b= satjisf
afficient beam deflcction. '

a blazed grating has,

srodunse

Thne use of an elachtro optic erysial Lo ;
asidered ns an alternative techniqus. The

the only possible method

3 o )
tagrelore, bDeen conside
ilsr

e
.35 Lyp

”():‘ Of e 13'""‘3 11—-36 “‘3 o (o]
croporiion of the incident energy

daflech
of eanvenicntly switching a high
£o a large number of differant gositions.
Previous workers (29, 40) have ~tiempted to obtain an approxdmation
to Elie phase profile (blozed pinse change) of Zigure 6.5 Ly applying
volb o3 to stidtauly arranged zlzcirodes depositcd on the electro-
ophie siyobal, Jac Lechnicuas isad by thess earlier workers has
been described in chaplur 2. One of these deflectors, proposed b
Yuichi Kinomiya (40} employed 2t array of clactro optic prisms. It
can e seen in tiis refersnce tiit Lie construction of the
diffr:chbion elemant (tie arvn, of prisms) /i1l be difficult and
‘notier method described in chapter 2
2siszad a 5

e WOorkars syncit

expensive to
is &c to ! ilson (39). Thes
tooth shase change by having a cascaded electrods structure. lie
shall caonsider the potentizl of 8 Phase delay
ancbheze, Consider )
7 /1 /’
i, |

olazed phss

e Yy 2 b ey Y 2 "
tais © S 3 g GRATe L R
A i - a1 B Fal
phnge profile of
e
a55 V l/

the bla

fisurs 6.5, Tuis moay bz a:prassad

in a fourier serics 23 Fig- 65
Ideal sawiooth

6-S

Bty) = n :
i3 the amolitude of

Ly
L
13
W
1

wiaere d is the pariodicity o

ik
T

the m th harmoaic coamponent
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The diffraction patiern corresvonding to g(y) in then given by the dourier

m -
iransiorm as o

a(u) = / exPpli€y)) expl-iuy)dy - 6-10

vhere U = k sing, k= 270/4 and & is the angls of diffraction (53).
“han the phase d elay G‘I is cquzl o nTl (n= Vs 2sSyswns).  Sheth the
diffracted patisrn contains a maxdma at ¢ e n th order ie. the nth

—_—

order intensity is dominant {55,556 .). Howsver, in a practical electro-

optic deflsctor, the phass change impressed by the electrically induced
phase gratin, only aprroximiies to the ideal s=w tooth phase change.
Consider an optical bsam of amplitud ;.:5 diffracted by a diffraction

grating ol an srbitrary shape. The amplitude of thenth order di fira-

cted bsam is [ivan by

(Y%) x 3 (Uzm (Us),. . .
n
2k2 k3—... 2 3

ol o <ot .

where !Il, Us, U3 NSy R are the Fourier cosfficients of the
prase profile impressed on bhe transmitted bssm sed Jy (Ui) danotas

i

gunent U, and order k., (detailed deriva-

%
1

If the phase d 6 of figure 0.5 is equal to [ then the amplitudes

of the harmonics are datarminad £y equation 6.8 =nd have ths valuss
U1 = 2‘ 0 Uz
= 0-6 67 U4 = 05

1
I
o

Consider that the first {ia. fundsmental) cemrponsnt of ths ideal sow
toofth profile is impressad on the transmitiasd c23un. Then the first.

-.v -.“ - £ -
Jiven irom eguation &.11 asg

u :
%’1 = Z 40 o

Fealal



L s

This is equivalent to impressing a sinusoidal rhase ‘change.

Let the intensity of Liie undifractad and the first order beam be

6-13

The intensity is assumed to be nroportionsl to ths square of the

amplitnde. If it is sssumed thai the contributions by the funda-

mental and Ghe first hamonic components are imprassed on the

transmitted beanm, then ohe intensity of the first order beam (Il)z

is given by
@

I Ul (U x J U

(4, c,5.11_%21) it o)

- TN o T e s i .
ailay ecpressions can be odtained for the inclusion

(5]
o

increasing numbsar of Fourier componenss of Lne ideal

de

eaLlong avre raas ..2"..'.-3_.4" zmznalle

$ Apgmmrmie s s s Mioen o L
to tihe compuiar and Table 6.1

6-14

of an

sawtooth.

by
3
W
i
w

be

6-1

suTmarises the oorcanbase of ffo. of comp-
onents

3'3

lntenszty
n the 1 st order

o i -
anargy counled into the first

orader ihen the impressed phase

s A I

33.2
55.4
65-8
T2.7

crnange constivunes an increasing

a

mimbzr of the Paurisr ccmazonants

of the ideal sawooth. Un-ge resulis are obtairad by computber

-

- il ¥ vy Y = . 75 : - = am x
comailation. Ths resulus wers calculsted by usin. tha

o

siven IR agmendize B

03

-

rogramms




A
ol Saless Phase delay
The approxdimztion %o the saw
tooth which will be obtained - ]
[

-

by tie inclusion of these Fourier Z
= ‘s

conpgonents is given in Figure 6.6. /
lpight and i aa corts . 3
right ar ilson nave regortsd Fig- 66
tnzt in their device (39), the Approximation of the

sawtooth vrofile
first thres components of the id2al sawtooth wers obbhained by

appliing voltages to three independent elsctrode structures deposited
on tir2 electro-optic medium LiI?oGB. as discussed in chapter 2, the
electrode lengths, spacings, ~nd the individual voltagzes appliaed

to the electrodes tiere adjusted to give maximum intensity of the first
order vsam. It is reported trhat this maxdmunm intensity was 583 of

Vs & 3 T d
the incident energy.

blazed gratings or the Bragg deflectors is that ths phnase chan:e
impressed on the optical beam can be varied by varying the applisd
voltages. lience, the beam could be deflected to any order by apslying

the correct voltages to the electrodes.

From Table 6.1 it c2n be seen that an increasing percentage of tne
incident ensrgy can be couplad to ithe first order when an increasing
mrmber of Fourier compenents sontribuie to ths ghase change. IThis
could bz achieved by having a lsrge number of individual slectrode

sets to produces the raquired contribution to she diffcrent Pourier
components. However, practical difficulties arize in © abricating a

large numbsr of elacirodes on = crystal face. .another limi ting

5

dad o

zgbor is the diffrscitiosn effsct oceourrine insids &

-

2 erystal due

to the optical beam arriving =i the later clecirade 3tares




i

after naving alresady suffered diffraction oy the electrodes at tha
earlisr stages. For these reas:ns, an entiraly new approach to the
prodien was considerad during tiiz work undertaksn in this thesis and

is reported in the following section.

6.2. The develommzent of a naw eleciro-ontic deflsctor

The diffraction effects producsd by the application of a voltage to
a symetrical interdigital slectrode structure were discussed in ths
previous chapter. In this section we shall discuss the effect of

asymmetrically arraﬁging the electrodss on an electro—opbié crystal

Lo produce the btlazed grating effect.

Consider the elzctrode arrangement of figaure 4.1 (Shapter L) vhich

is deposited on the polished LY face of LiI"oO3 erystzl (figure 6.7). From

=

equation 4.25 and 4.25, the exgressions for E and Ey conponents of

L)
=

the fi=ld are given by

3

Z \

2ad bd) d
T
PR T R

Fig- 6.7

Asymmetrical electrode arrangement

NI,
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These sguations are applicabls in the zaro fr':'-_‘.;enc‘y conditions
(ref. Chapter L). The variztion of 37 ant B along tha ¥ a:ci.s. oan
now be oomputed from these ‘f.r‘:ations. Takcing 2ad, 2bd andAl as
equal to 45 ’Jm 275 }_lm:md Pm aspectivaly, the variacion of
the components of the electric fizld wers ¢ saputed and are rei;resen—-
ted in figure 6.8. These dimensions wers chosan so as Lo coincide
with those of the experimentzl arrangement. The apnlied d.c.
voltage was taken as 100 volts. These components were calculated

.at a distance of 10 MM from the interfzce ( z = 10 }_m).

From these plots it can bs sesn that the variation of the B

Z

‘componsnt of the electric fie=ld follows an approdmate sawbooth
shape walch is not the case with the Iy comsonznt. The efore, a
modulator was constructed so that ths variation of the refractive
index inside th= crystal is governed by the T comgponant of ths fiesld
which will impress a sawbooth thase corrug:bion on ths transmitie

i —

beam.

In the case of L:‘.I-POOB, waen the optic axis is parallel to th: Z axds
and a voltage is agplied to the electrodss, this totsl chsnzs in tha

:-"

path - -length (A Lz) is given by

i 2
AL h3 sinla+ 33(‘.08 c:]E ~ Toysin CIEy iz
e s:na g cosc: 3/2.
n2 . |

n
| tana ° e
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vners ri. are the slectro ontic coefficients, G .is the glancing
angle (Fig.6.11.0) and 21is ti2 lenzth of tha slectrode.

From this sxprassion it can b2 sesn that sincs r13’ ry, are small
relative to r330 the variation of A LZ along the Y axds approxi-

mately follawis ths contour of ths mirror imsgs of the shape of =
about the ¥ axis.
The phase change imrressed on the transmittad beam is proportional

=
=]

peth :length--. The phasa chang praessad

Aﬁm

6418

on ting team is given by

A,d = ALz

A

Figure 0..9 shows the cempuied variation of the phase change Ajj along
the ¥ a:ds obtainad from equition 6.18. In this compubation (see 6.17) tae

lengin o the elactrodes 1 and the glancir g 2ngle @
3.5 mm and L.75°. From equation 6. 17 it i3 seen

changs is a functicn of the applied voltage Therefors,
the variastion of A F{ with voltage, the

for different applisd woltages. aphs i, ii, and 1ii o
corrzspend to voliages of 100, 155 aﬂd 250 volts respect
can be sezen from these plots that the shape of the phase
profiles closely apsproximates to the sawtooth shape. The
modulator built wiith a L:L‘L‘?bUS crystal having

the 4 direction un

ware taken as

that the phass

to study

ccnimutations were performad

ly. It
changs
refore, a

the optic axis alongz

d elactrodes deposited asymmetrically on the I¥
plans of the crystal Zives tha rossibility of groducing a blazed
ating.
From fijure 6.5 which shows thz 1203 sawtooth,vhean the chase
delay &, i3 equal %o NTL sh2r2 N i3 an iniszer, ths maximum amonnt
of energy will be deflacted from the incidant beam b0 the nth
A A S e T S s et
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. 4, vy T 4 Fhoat o o s g
order. Ih2 plobs in figure 0.9 shcw that hen the appilisd voltzgss

“]is coproximately equal toql

and 2 Tl raspsctively. Hence, with aprlied voltages aprroxdmately

Tae maxtimum snsrsy

should be deflected to the first and the second ordsrs respectively.

L4 revwved b3 e A am - e - 3 - ¥
the variztion ol ihs phase chanzs Inmressed by slacirode structures
with wvarying elsctrode spacing (22d) was studied thesoretically and

figure 0,10 shows this variation along trhe I axds. The graphs a, b

L

and ¢ show the varizcion of thes phase changs for 2ad esqualling 60,

( 275 _}JEI) . Tnese graghs indicate that a beitter agproximation

of tle swwitooth shipe i3 obtained tlien tre 3pacing 2-d is small.

my el

fnerzfore, in ordsr to actisve z reasonable ancroximation of ths

sawtoots sttape of Iigjure 0.5 the slectrode snacing 2ad should be

%y =

decrzasad. The miniium separition of the zlectrodes that could ba

achiszvad is dstorminsd by

T

w2 brozikdosn of the diaslseiric and/or the breakdown across

.

i

tiiz surfacs batwesn tha slecirodes.

11} The feasibility of etcaing a2lectradas ' ith narrow spacings.
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In the device developsd, in
r3t2l and sed i bre.irdovm

2oy .
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on ths facsiof &2
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In the oresent form of this dsvice, it would

erystal surface.
breakdown strangth may be greatly

tiiz electrodes ord Sihie crysicl base wilt

ii) Ztchine of 2lsctrodes irith narrow soacs
ed in th2 expsrimental work

The eslsctrode structuras consider
ontional photolitlograshic techniques.
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structures are discrssed in detail in
A Wlrtsimirol Y ed
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I ven'
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LETTER TO THE EDITOR

A novel electro-optic diffraction deflector

V Ramachandranf, AW Palmerf, M Scibor-Rylskif and FC Widdis}

t Department of Electrical and Electronic Engineering, The City University, St. John
Street, London, EC1V 4PB

1 Rank Xerox Development Laboratory, 30 Church Street, Welwyn AL6 9LU, Herts

Received 18 March 1975

Abstract. New developments of the electro-optic light deflector using total internal
reflection of the light are given. By arranging the electrodes in the manner described it
has been possible to deflect over 80% of the transmitted light from the zero to either of
the first orders. The arrangement is ideally suited for further miniaturization and it is
anticipated that switching between the orders will eventually be possible with an applied
voltage of only a few volts. Suitable applications include beam steering, multi-stage
deflectors and information processing.
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wag alloaz the & ads (Mg, 6.314). 4 thin filn of I, (thickness

0.6 Ho ) was dejositsd on the polished XY fice of the crysusl to

. S LR S e e e ) == MR L e N R g

pravany bie gsnerstion of tha subdiffvaction pattern (ref. chaphber 5).
- o e - . £ S 23 A T - S 4 3 - k=
The .o f+ces parpsndicalar to thaz L axis ware also polisiad for li ht

bransmission. Tos2 cristal was biaked in an oven fo

A |
5
e
g
d
j+]
cr
3

£l -2

35 producad a hard @ u_ film. The electrode

; : an O~ =
temzeriture of &0 0. 7

structurz shown in figurz 6.11.b vas then depositad on the exposed
surfazs of ths Iigf, film.

1

6.3.1 Initizl obasrv:iiions of thze performance of the diffraction

Me arzerimental ~rringement used is shown in figure 6.11.b. The
incidant H2um of 1ight ins polirisad witih tie B vector along tas
planz of .2 optic axds. Uith Uids arrangesment the E component of
the [izld dominaces iz phzase change imzrassad on the beum. This
incident besm viag Jdirgeled towsrds tie basa ol the crystal to ensure

de by B 3 Y o S A | e Yon - - J—— =~ - r ™ ” -~
boab 4% oasses thiratich the active fizld pezion. Ths angle of

. R, i Y L P 5 -
incidenca vas sraater than the critical angle for the

IJ

Iilb 03 and

The pghobtemuliiplior carrying s straight slit arranged in the manner

dessrited in chapher 5 (pageT1) was used Lo measurs the intensity

acond
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cylinirical lens so that the Iringes appearing in the far field wae
ghortzr in len the hobomalsiplier,

3, bae 2hotomuliiplier was scanned across ths
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he voltage applied to the electrodes was increased and a diffractim
pattern obtained on a distant scresn. Thz intensiity distribution in
tre far field was zzain measurzd by scanning tls ;ﬁotomultiplier 1CP033
the diffraction fringes. Thae intensity distributlon at an apglied
voltage of 100 volts d.c. is shown in figure 6.12.3. The angular
sgparasion of the peaks Pl and P2 corresponds to ths first order
diffracted angle( s:‘.‘".-1 A /2d) vhere )\ is tne incidant wave length
of 0.6328 pmand 2d is the periodicity of thes fhase profile as defined
in figure 6.5 (24 = 344 NM). It can be szen that the +1 order

.

intensity is very much greater than the -1 order intensity.

" -~

The voltage polarities were intarchanged and the far field pattern

was studied with an applied voltage of lCO volts d.c. The intensity
distribution obtained is shown in figure 6.12.c.
order intensity is very nuch greater than thai of ths +1 ordsr. IThi

is to bes expected since with ths revarsal of the polarities, the phasa

change is reversed.

A comparision of the curves B ~nd T show that the intensity in the
+1 order is 2qual to that in the -1 order wian the polarities uare

changed.

The obsarvaticns of thiz initial experiment indicate that = bulk

modulator built with bthe slactrod
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will act like a blazed grating, deflecting the incident light enariy

%

to a nigaer order.

- N N ] ¥ R - " B e S e P o S - T = - .
6.3.2 HModulation of ths zero ordar sner—- by tha diffraction deflechor

ey - s 3 8 . = B I T
The initial experimens =vitid Lias

.

i device siiows Lnol wilen a voliags

s 3 L = oyt s | S 2 A and Y = 2 o -
i3 applied to ths slectirode sbtrusiturs, the Incident bzam is diffricsad

L . TR T - BT R ot ] - e - o 3

to higher orders and tie fiffraciion pattern is not symmetrical about
) .5 2 3 =i o in = i o] 2 T

the z2ro ordar. Ihen %Lne lisht energy is deflscted to the highar
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6.3.3 Iorformancz of the device as an onbtiazal bean daflactor
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& 0f L2 grising ls-a - Tuncoion o.-’? tne appliad voliage and,
therefors, the energy coupled to :tha higher orders should also vary
with the aopplied volta:s. In tiis sacticn the variation of the firss

order intensity witl: applied voliaze is axpzrimentally studied in some

6.3.3.1 Variation of thz first order intensity vith anoliad volbtaze

The expzrimental arrangement vias again similir to that shown in
figure ¢.1l.c. The voltage apglied to the electrides was gradually
increased and the far field pattern was disclaysd on a distant screst

i BN -y S =V o . ey - 3 R . we A s 3 - : &
fhe phobomuloiplicr arranzed in ille manner describad in section '6.3.1

4 = 1 oy e e - a=s
ings pattern 4t constant speed,

The ocutnut of the photormlbiplier was recordsd on an XX plotter wharz

(]

the intensity was given by the I ordinate and the { ordinate was sat

Crall

at a constant time scale. The araza under this curve was taken Lo ba

progortiosaal to the fir

w

t ordsr éiffracted snsrzy {Il)v at any

given apnliasd voltage V. The incident energy I was measured in ths

o

mannsr described in section 6.3.1. The anglz of incidence was azain

L
. .9 : : g : g
taken =s 5 (9“—-:-,. . tne 2xperimsnt was rep-:e ated for difrfs2ant

values of sprlied voltzges and the corressonding (I ) wAs measured.

Figure 6.1} shows th2 variation of the ratio (I ) /_ with applied

voltage V.
Inithis gragh, tas ratio {I.i,","io p=aka at =2 volizge of 157 wolts,

P e e e b I~ = — e ] s
That is madmum amourt ol ensrg i3 transferrsd from the sero order

23 D3k T T il L re i % i A s s
to tha first ordar 5t this woltijs. The far field intansity distri-

157 volis d.c. i3 shon in figure 6.15. At this applie:
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An assessment of the blazed grating electro-optic deflector

V Ramachandran,t AW Palmert and M TV Scibor-Rylskif

t Department of Electrical and Electronic Engineering, The City University,
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Abstract. Electro-optic blazed grating deflectors have been used to switch light selec-
tively into a particular higher order. This paper assesses the theoretical efficiency of
blazed phase gratings which contain an increasing number of Fourier components of
the ideal blazed grating, and gives an electroding modification which will impress more
than four Fourier components of the periodic phase change on the optical beam.
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voltage, the parcentage energy coupled into the first order is 81

From ta‘cle'é.l it can be ssen thai when the first four Fourizr
components of the idsal sawtoobi: puass chanie ars imprassed on the
transmitied beam, a maxdemm of 72.75 of the incident snergy is
transferred to the first order. ZIven though it i5 premature to

2 CL -nclude the number of Fourier components contributing to the paass
cnange, it would be expectzd that the new .=__v'r.mger::ent impresses -
more than four Fourier componants of the ghase changs on the trans-

mitted beam.
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should be expected that the beam is defleched to the first ord
the condition for maxdmum energy to be transfe:rad to the firsh

order is that the phase delay Ql is egual o TL

6.3.3.2 ZEffect of the ratio o’
the counlines efficiecn

A second deflector was prepared in ths manner described in section 6.3. ,
In tiis new deflector, the electrode spacing 2ad was azain sgual to
L5 MmMbut the spacing 2bd (figure 6.7) was reodiced From 31-,1;}.!!1%0
172 pm. This effectively decreased thz ratio of 'b' to 'a' from
about 8 to 4. The slectrode widths (12 }Jm} wera Lh2 same in both

cases.

Preliminary obscrvations with this experimental davice showed that a
. L S ot 3 3 [ ] : . 1 L
maxdmum of 595 of the incident ensrgy was coupled into the first ordasy

The angls of incidence was 2pain taken as 85.25°. Tiis reduction in

the amount of snsrgy cougled o the first ordsr is fo Y2 axmecsad 43

LU G-

i.l.

-L-

a beiier spproxdmation of the ideal swatooth phasa profile will only
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be achieved when the electrode spicing 2bd is large. ’iﬁpically when
the dimensions of 27d and 2bd (figure 6.7) ere equal, the electrode
configuration reduces to the syrmetrical electrode arrangexent and,
therefore, a symmetrical diffraction pattern is obtained in the far

field.

6.3., Vsriztion of the 2nd order intensity with applied voltazes

The variation of the first order intensity witi: voltage was discussed
in the previcus section. A similer veriation was observed for the

second order intensity and is given in the following section.

The experimental arrangement used was again us shorm in figure 6.11.c.
The voltage applied to the elcctrodes was gradually increased and
the photormltiplier was scanned zcross the sccend order fringe as
described in section 6.3.3. The arca under this curve w:zs‘ taken to
be proportionsl to the intensity (Iz)v of t%;_e second order beam at
any applied voltage V. The variation of the ratio (12)\/10 with °
applied voltage V is showm in figure 6.16. The angle of incidence
was again adjusted to 85.25°. It is seen from this figwre that
maximum energy from the incident beam is deflected to the second
order when the applied voltage is 255 volts. This maxdmum percentage
was 53i. This relatively small coupling efficiency to the second
order by the device will be improved by reducing the pitch of the
phase grating relative to the incident berm \‘-:idth. From the electrode
structure in fizure 6.11.B it can be scen that the periodicit/ of

the phase profile is O.344 rm. The liser bean width mezsured was ‘-
approximately 2.5 rm. The graph 6.8 (iii), shows that when the
voltage applied to the electrodes is 250 volts the phase ‘dela.;,' 91 is
avproximately equal to 2 TL . Therefore, it uouii_.d be expected that

meximum energy will be deflected to the second grder at a2 voltage

'y
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approximately equal to tiis value. As seen, the cxperimental value

is in reasonable agreement with this prediction.

6., Variation of the zero order extinction voltage with
angle of incidence

The equation 6.18 shows that the phase chonge impressed on the trans-—
mitted beom is a function of ihe applied voltage and the angle.of
incidence. The experiments with the rmodulator having the symmetrical
electrode structure (Chapter 5) show that the zero order extinction
voltage decreases with an increase in the angle of incidence. These
observations may be theoretically reasoned thus as follows. As yhe
angle of incidence decreases, the interaction region for the periodic
refractive index perturbation and the optical wave is decreased, and,
therefore, in order to impress the equivalent phase variation on the
transmitted beam, the voltage applied to the electrodes should be
increased. A similsr variation occurs in the deflector with the

a symmetrical electrodes, and in this section the variation of th;

zero order extinction voltage with angle of incidence is studied

experimentally.

The experimental arrangement was similar to that shown in figure 6.1l.c.
The photomultiplier arranged in the manner described in section

6.3.2 vias used to measure the intensity of the zero order beam. The
§hotcmultiplier was positioned to give the maximum output of the

section covered by the slit. The voltage applied to the electrodes

was gradually jncreased so that minimum intensity of the zero order

was obtained ie. the photormltiplier output was a minirum (zero).

This was repesated for va;ying anzles of incidence and the éorresponding
zero order extinction voltage measu:ed. Figure 6.18 shows the

.variation of this voltage witi glancing angle, The graph shows,

i
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as expocted, tl:at the zero order extinction voliage decreased with

~ an incresse in the angle of incidence.

6.5 Variction of the first order maxdimum voltage with angle
of incidence

The experimental observations ofi section 6.4 clearly indicaleg that
as the angle of incidence decrcases the required phase v.n.riqtlion is
impressed on the transmitted bzam only by increasing the applied
voltage. !1 similar effect is expected for the variation of the
‘voltage reouired for the maximum energy in the first order, and this

was experimentally verified.

The experimental arrangement was again similar to that shorm in
figure 6.11.b. The photomultiplier slit was positioned at the first
order maximum position. The voltage applied to the crystal was
gradually increased until the output of the photommltiplier reached
a maximum. This was repeated for different anzgles of incidence and
the variation of the first order mexdimum voltage with the glancing
angle is shiowm in figure 6.19. The graph shows tuat the voltage
required for first order maxirum decreases with an increase in the

angle of incidence.

-

6.6 Variation of the first order maximum intensity with
ancle of incidence

Experimental observations in the previous section show that the

voltage required to give meximum energy in the first order increases

with a decrezse in the angle of incidence. In this section, the

maxizum percentage of energy coupled into the first order at different
: :

an.les of incidence is studied in some detail.
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The exp:rimental arrangenent vas similar to that described. in section
6.3.3. The angle of incidence of the light beam was adjusted to be
86.5°. At this angle of incidence, the voltage required for the
maximim intensity in the first order was 104 Volts. The incident
undiffracted cnergy sand the mexirum first order energy were measured
in the manner described in sectiors6.3.1 and 6.3.3.1 respectively.

It was found that €0.7.% of the incident energy was coupled to the
first order at an applied voltage of 104 volts. This compare with

815 measured for an angle of incidence of 85.25, in section 6.3.3.1.

Figure 6.20 shows the calculated variation of the phase change along
tlie Y axis at an engle of incidunce of 86.5° and 2t an applied
voltage of 104 volts. Comparison of figures 6.20 ond 6.9(ii)
indicntes thab the magnitude of the phanse profile is not azpreciably
altercd ot the two angles of incidence (86.50 and 85.250). Therefore,
it is reasonsble to expect, and this is confirmed experimentally-in
this section, ihrt the percentege of encrgy coupled to the first
order will be unaffecied by varsing ilie angle of incidence over the

range cunsidered.
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CHAPTER 7

ACOUSTIC WAVES IN SUKFACE ELECTRODED DEVICES

INTRODUCTION

The changes in the refractive indices caused by acoustic waves
inside a piezoelectric crystal may be utilised to modulate an
incident optical beam. However, the performance of a device,
whose operation is based on the electro-optic variations of the
refractive index, may be affected by the piezoelectric resonances
when operated with AC signals.

In this chapter the resonances observed in the experimental

devices used in the earlier chapters are isolated, and possible

means of eliminating these effects are investigated.



7.1 Primary and Secondary electro-optic effects in crystals

In Chapters3 | the index ellipsoid and the electro-optic deformation
of the ellipsoid ceaused by an applied electric field was considered
in some detail. In general when an electric field is applied to a
piezolectric crystal the shape of the crystal is altered. This

effect is known as the converse piezoelectric effect (.42), and

in tensor notation this effect is represented as

gt ard REEES! T X
jk jk 1 jkmn mn
where Ei represents the component of the electric field intensity
inside the crystal, dijk is th.e piezoelectric tensor, sjk:nn is
the adiabatic compliance tensor, Tmn is the stress tensor and
e ik denotes the strain tensor wiich describes the change of the
shape of the crystal (43).
When the crystal is deformed the index of refraction of the crystal
will be changed. The strain in the crystal is related to the change
in the refractive index by the elasto-optic. coefficients of the
crystal, and the total change of the index of refraction is

conveniently represented as

6 6 :
¥ B ook e 7.2
Ll =)tk Zpu j |
N =1 it J=1 \

where i = 1, 2 ...... 6 and r,p,e, are the electro-optic, elasto-optic
and strain tensor coefficients respectively. E is the component of
the field intensity and n is the refractive index (cte equation 3.4

Chapter 3).
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In the above equation, the first and the second term of the right
hand side of the equation represents the contributions by the
electro-optic and piezo-electric effect? respectively. The electro-
optic effect that would be obtained if the crystals were not stgained
is called the primery (or true) effect and that due to the
piezoelectricity and photo elasticity is called the secondary (or
false) effect (42). In the above equatioh (7.2) the two terms do

not necessarily have the same sign.

If the crystal is free from external forces the observed effect

is the sum of the primary and the secondary effects and since the
algebraic signs of the two contributions are not necessarily equal,

the combined effect may be greater or smaller than the primary effect

( 45 ). If the applied electric.field is at a frequency corresponaing
to an acoustic resonant frequency of the device, then the magnitude

of the secondary effect may be considerably larger than that of the
primary effect. The resonant frequencies of "the device are deter-
mined by the dimensions of the crystal and for surface waves, the

geometry of the electrodes.

The appiication of an alternating electric field to a crystal which
for example is in the shape of a rectangular parallelepiped causes,
in general, nine acoustic waves to iravel inside the bulk of the
crystal. These are one quasi-longitudinal wave and two quasi-
shear ( 62 ) waves along the nonmalé to the faces of tﬁe crystal’
(Qg,). However, the symmetry of the crystal causes a reduction in

the number of waves capablé of being generated inside the medium by

an electric field.

bt 4
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7.1,1 Acoustic waves in LiN‘QQ3

The electro-optic medium considered in this thesis is LiNbOB. Some
of the properties of this crystal are-

i) Low ultrasonic loss

ii) Large piezoelectric coefficients

iii) Large elasto-optic coupling efficiencies

In strongly piezoelectric crystals, in order to launch acoustic waves
.inside the crystal it is not necessary to use an external transducer.
The crystal will act as its own transducer. Therefore, in the devices
considered in the earlier chapters, it is expected that the secondary

effect will be appreciable at the resonant frequencies.

If the LiNbO3 sample is assumed to be an infinite plate and the
electric field is applied by infinite electrodes deposited on the
flat faces of the plate ( 60 ) then the different modes of propogation

of elastic waves inside the medium can be summarised as in Table 7.l.

TABLE 7.1
Direction of field Modes of propagation of elastic waves
X Two quasi-shear waves.
 § One quasi-shear wave and a quasi-longitudinal
waveqs
A ' Pure-longitudinal wave propagating along
the Z axis.

In the arrangements described in Chapters 5 and 6, the’electric field
inside the cr&stal was produced by the application of a voltage to the
electrode structures deposited on the crystal face. These transducing -
electrodes on the face of the crystal provide a pericdic array source
for the generation of the waves inside the byulk of the crystal and

o
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direct coupling to surface waves. For simplicity if the symmetrical

arrangement of Chapter 5 is consi-

dered the electric field inside Z

the crystal may be approximately e E LiNb03

represented as shown in figure 7.1. “%Ei-'—.;__ . ¥
In order to analyse the nature of X

propagation of the acoustic waves Fig- 7-1

inside the crystal, the contribu- S e],ectrodemz.:ﬁange—

tion to these waves by the two
components (Ez and Ey) of the field should be studied, in finite
arrangement, in contrast to the infinite plate arrangement considered

in the results of Table 7.l.

Theoretical estimates of the contributions made by these two periodiéalljr
varying components of the field is very difficult. It was not possible,
in the time devoted towards this aspect of the work to undertake the
detailed theoretical analysis of this problem. However, attempts were
made to experimentally analyse the different resonances observed

during the course of this work.

ﬁlpplying alternating polarities to the adjacent electrodes of the

arrangement shown in figure 7.1 produces (58+67)

i) Acoustic waves inside the crystal

ii) Acoustic waves on the surface of the crystal (Rayleigh Vaves)

/ -
\

For Rayleigh waves,the energy of the wave is confined within a thin

layer of the crystal close to the surface. The amplitudes of these

waves decreases exponentiallywhen the distance from the surface is

increased. The surface wave velocity is given with a maximum error

of 0.5% by the approximate formula. o

oy
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o= Y1087 +112 ) 7.3
(51

where Vs and Vt are the velocities of the surface and the bulk
transverse waves which are in the same direction of propagation as

the surface waves respectively,  is the Poissons ratio (59/)

7.2 Acoustic resonances observed in the symmetrical and
asymmetrical electrode device arrangements

At the resonance frequencies the impedance of the device will

abruptly change (&0) , -

The devices considered in Chapters 5 and 6 were constructed using
a Z cut Lil\l‘t:'o3 crystal. Symmetrical (Chapter 5) and asymmetrical
(Chapter 6) electrodes were deposited on the polished XY face of the
crystal. The electrode fingers were along the X axis. A thin :

layer of lgF2 was deposited on the crystal face prior to the deposi-

tion of the electrodes.

The impedance of the device was measured by the Vector Impedance

Meter available at the City University.

The procedure for measuring the impedance is described in the
following section.

7.2.1 Initial observations of resonances in the device

—  BNC plug

Frrd | TEIS LTS L,
A H YT-;X y-

The crystal was mounted inside the

-
r‘;"’lll{‘!

holder as shown in figure 7.2 (The

17 3 FE AT LS T ML LA AT Zh

photographs of the holders used for’ ;
common __,_l_—'_:‘—‘
bara‘-

different electrode configurations
% FI g 7'2
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are shown in Appendix A (page'223 ). The separation of the
connecting leads AA was adjusted so that the leads made contact

with the céntre of the common bar (fig.7.2) connecting the electro-
des. The contacts between the leads A, A and the electrodes were
made by applying a conducting paint (silver paint) between the leads
and these bars. In the measurement of the impedance it is nécessary
to ensure that a good contact is made between the bars and the leads,
but care should be taken to ensure that no stress is exterted on the

" erystal face as any stress may alter the resonant frequencies.

The lengths of the connecting leads AA should be made as small as
possible to reduce the contribution of the 'stray' impedance by the
leads. However, to facilitate easy connection, a compromise length
of 7 mm was chosen. The composite structure was then connected
directly to the Vector Impedance Meter via the BNC plug. The

electrical resonant frequency of the arrangement was found to be

beyond the range of measurements.

The frequency range of the impedance meter is from 0.5MHz to 10&8MHz.
The frequency at which the impedance was measured was manually . '
2ltered and the impedances were directly recorded on an XY plotter.

~ The X and Y axes represented the frequencies and the. impedance
respectively. The experimental plots are given in figure 7.3A and
7. LA respectively. It can be seen that the impedance gradually
decreases as the frequency of measurement is increased. This is

due to the decrease in the impedance by the bulk capacitance of

the device. However, at discrete frequencies the impedance changes
abruptly (of fluctuates). The phase of the device was also measured

‘and the variation was similar to that of the impedance. The phase

2
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1) irequency range 35 kiiz to 108 Lillz
Impedance varied from 0.3 X to 0,09 K
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Frequency range 14.0 Iliz to 35 llz
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angle was -900 and changed abruptly at frequencies where the

impedaﬁce abruptly changes.

The following procedure was adoptea to isolate the elastic waves

causing the resonances.

7.2.2 Observation of resonance in the device with an absorber'

The acoustic waves produced inside the piezoelectric crystal may be
completely or partially absorbed by having a proper absorber attached
to the faces of the crystal. The absorber may be a soft material
(rubber or plasticine) or a liquid. Alternatively the waves may be
coupled out when the crystal is efficiently adhered to a second solid
medium. In order to isolate the causes of the different resonances
observed in the earlier section, attempts were made to absorb the

acoustic waves produced inside the crystal.

A thick layer of plasticine was placed between the crystal base
BB and the holder. The impedance was again measured in the manner
described in the earlier section and the experimental plots are

given in figures 7.3B and 7.4B.

7.2.3 Summary of the observations

When acoustic resonance occurs inside the medium, the electrical
impedance of the crystal will abruptly change. The nature of the
variation (either an increase or a decrease) of the impedance can
only be determined by knowing the exact equivalent circuit of the
arrangement. The equivalent circuits of the above devices are
rather complicated. The freguency range over which the change fraom
the minimum impedance to the maximum impedance occurs is of-the order

of 0.05 MHz. Therefore, although it is difficult to define exactly

the resonant frequency because of the complexigy of the equivalent

e
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circuit, very little error will be introduced by defining the resonant

frequency as the frequency at which maximum impedance occurs.

i) Symmetrical electrode arrangement

For the'arrangement without the absorber at the base BB, a large change
of the impedance was observed at 0.54 lHz. A considerably smaller
variation was also observed at discrete frequencies in the range of
0.5 MHz to 1.5 MHz. However, when the absorber was placed on the base
BB of the crystal these resonances were almost coméletely suppressed.
iherefore, it may be assumed that the resonances observed in this
range were due to elastic waves travelling along the Z direction of
the crystal. On the graph covering the range of 4.5 Mhz to 14.0 MHz
an appreciable regular fluctuation of impedance was observed fram

7.8 MHz to 9.5 MHz. The maximum variation was at 8.7 MHz. These
fluctuations were not appreciably altered by the presence of the
absorber. Similar fluctuations were observed on the plot covering

the frequency range of 14 MHz to 35 IHz. These variations had about
one hundredth of.impedance change that was observed at 0.54 MHz. The
impedance was found to decrease gradually with very little fluctua-

tions in the range of 35 MHz to 108 MHz.

ii) Qualitative analysis of the observations’

The previous observations clearly indicate that the resonance
observed at 0.54 MHz was due to the ;aves travelling along the Z
direction. If this resonance is assumed to be due to a fundamental
frequency longitudinal waﬁe travelling along the Z axis, then the
wavelength of this resonance wave is approximately equal to twice

.the dimension of the crystal in the Z direction ie 14 mm (ref.Chapter 5).

-

T
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The velocity of the longitudinal wave along the Z axis is 7330.6 m/s
(0 s s Y From this data the resonant frequency of the longi-
tudinal wavg.in the fundamental mode may be calculated and is equal
to 0.53 MHz. This corresponds closely to the measured resonant
frequency of 0.54 FHz and it would thus appeur that the observed
resonance may be attributed to a longitudinal wave along the Z dire-
ction. The deviation in the calculated and measured frequencies is
within the range of uncertainity in deducing the exact frequency at
which resonance occurs. The other small variations of impedances
observea in the range of 0.5 to 1.5 MHz may be due to surface
irpregularities of the second unpolished face perpendicular to the

Z axis. ‘

The bulk waves inside the crys£a1 can dlso produce surface waves
which travel on and near the crystal face. In addition, the inter-
digital electrodes deposited on a strongly piezoelectric crystal can
couple surface waves to travel on the crystal face ( 47 ). When
alternate polarities are applied to the adjacent electrodes, efficient
coupling of the surface waves will occur only when the electrode
pitch is equal to half the wavelength of the surface waves ( or a
multiple for the harmonics). The electrode pitch used in the
symmetrical arrangement is equal to 0.217 mm. The surface wave
velocity along the Y direction in the XY face of the crystal is 3900 m/s
( €D ). Therefore, the fundamental frequency required for surface
wave generation is 8.27 MHz. This is in close agreement with the
resonance observed which was not affected by the presence of the
absorber on the base (7.8 MHz to 9.5 Miz). The deviation beéween'the

calculated and the peak resonance frequency observed is about 5%.

4
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Froequency range 0.5 liliz to 1.5 LHz

Impedance’varied from 23.5 K to 13,3 K

(without absorber)

— e e ea . aa e e Semn s Se——n it e mmm— — o g e



A

l
|
|
I Tig 7.4
‘ Frequency range 0.5 lHz to 1.5 lHz
|

Impedance varied from 23,5 .K to 13,3 K

(with absorber)

—— — S | e ey iy ey s | S | St | S— Gu—




A S

Fig T.4

 Frequency range 1.5 Mz to 4.5 lilz

'| AL Impedance varied from 13,3 K to 4.5 K

(without absorber)
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1) Frequency range 4.5 MHz to 14,5 ilHz
Impedance varied from 4.5 K 10 1.48 K
2) Trequency range 14.5 lHz to 35 liHz
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(without absorber)

(without absorber)

3) Frequency range 35 llliz to 108 LHZ
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(without absorber)

Impedance varied from 0,34 K to 0.11 K



This deviation may be attributed to the uncertainty in the determi-

nation of the frequency at which resonance is occurring and also due

‘to the device irregularities.

These observations clearly indicate that in the symmetrically
electroded arrangerent, two types of waves are produced by the appli-

cation of an alternating voltage to the electrodes.

iii) Asymmetrical electrode arrangement

"For the arrangement without the absorber at the base of the crystal,

a-. large change in the imbedance was observed at 0.64 Miz. Considerably
smaller variations was also observed at about 1.77 MHz. All these
variations were almost comple‘tely suppressed by the presence of the
absorber at the base of the crystal indicating that these resonances
were due to waves travelling along the Z direction. A random
fluctuation of the impedance was observed in the range of 14.0 to 25
MHz. The magnitudes of these fluctuations were negligible vhen
compared with the variation obtained at 0.64- MHz. In the other ranges
of frequencies upto 108 MHz the impedance decreased gradually with an

increase in the frequency.

iv) Qualitative analysis of the observations of the l
assymmetrical arrangement

If the resonance observed in the range 0.5 MHz to 1.5 Miz is due to a
longitudinal wave in the Z direction then the wave length of the
resonant wave is 6 mm (dimension of the crystal in the Z direction is
3 mm ref. chapter 6). Therefore, the resonant frequency should be
1.22 MHz as the velocity of this wave is 7330.6 m/s ( 47 ). | .However,
if the resonance is assumed to be due to a shear wave along the

Z direction, the resonant frequency can be calculated using the shear

¥
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wave velocity along the Z direction. This velocity is 3714 m/s

( 47 ). The resonant freque;lcy of this wave is then 0.62 }MHz.
Experimentally a large increase in the impedance was observed at

0.64 MHz. Assuming this resonance is due to the shear wave, the
deviation of the calculated and measured fregquencies is about 5%.:
.This may again be due to the uncertainty in the assumption of the
frequency measurement. The other small variations of the impedances
in the range of 0;5 IHz to 1.5 Mz may be due to the surface
‘irregularities of the unpolished XY face of the crystal. The resonance

observed at about 1.77 Mz may have been due to the third harmonic

of the shear wave.

In the. -asymmetrically electroded arrangement, if the electrode
spacing between the pairs of the electrodes (2d = 344 pm ref.

figure 6.11 Chapter 6) were chosen to be equal to an even multiple

of the pitch of the closest pair electrodes (67 }_Lm) then it is °
possible to launch surface waves along the face .of the crystal. The
wavelength of these waves is twice the pitch of the closest pair of
electrodes. In the experimental arrangement this pitch is equal to
57 Pm « Therefore, the frequency reguired for surface wave generation
is about 29 MHz. However, no resonznce was observed experimentally :
at this frequency. This may have been due to .the distance 2d not be-
ing an even multiple of the closest electrode pitch, as this relation-
ship would be required to sustain the surface waves after it had been

launched from the closely spaced electrodes.
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7.3.1 Acoustic waves in a ¥ cut LiI\IbC}3 crystal

Detailed experimental analysis of the different types of waves
propagating inside f.he crystal can be made only when aﬁl the faces of
the crystal sample are well polished. This facilitates a uniform
reflection of the waves at the crystal faces. The availability of

thie LiNbO, samples have restricted choice to the selection of a Y cut

3

L:i.l\n;:()3 crystal and in the following sections the acoustic resonances
observed in this configuration are discussed. The dimensions of the
erystal are 1.35 cae 0.3 cmx 0.72 en
along the X, Y and Z directions res-

pectively (see fig.7.5). One of the

XZ faces was polished (flatness is v
~of the order of A /4 where) =O.53}.Im)

and the other faces of the crystal LiNb03

were polished to give a reasonably Fig- . 7550

t
smooth finisn to the surface. In Y cut crystal arrangemen

order to study the effect of the I‘Ing film on the propagation of
surface waves, a symmetrical electrode structure as describe& in
section 7.2 was chosen.

A thin layer of Mng was first deposited on the polished ZX plane of
the crystal. The symmetrical electrode structure was then deposited
on the exposed Mng surface, with its fingers along the X axis. The
crystal was mounted in the holder in a manner similar. to that

described in section 7.2 and the impedance was measured in the range

of 0.5 MHz to 108 Mhz without any external absorber attached to the

crystal.
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Fig- 76 Y cut LiNbO3 with
symmetrical electrodes

Frequency range 0,5 Iz to 1.5 LiHz
Impedance varied from 16,2 K to 5.62 K

(without absorber)




Frequency range 0.5 lHz to 1.5 liiiz

Impedance varied from 16.2 K to 5.62 K

(a)
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a) Absorber on the base of the crystal
b) Absorber on the base and two sides of the crystal

| ¢) Absorber fully covering the crystal
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Fig 7.6.d |
1) Frequency range 1.5 lHz to 4.5 liHz |

Impedance varied from 5.62 K to 1.75 K
2) I'requency range 35 illz to 108 Iz
Empedance varied from 0.26 K to 0.1 K

- (without absorber)

without absorber)
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Fig 7.6 e
Frequency range 4.5 iliz to 14.0 lliz
Impedance varied from 1.75 K to 0.54 K

1) Without absorber
2) Absorber on base and two sides of the crystal
3) Absorber fully covering the crystal
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{) Without absorber

2) Absorber on base and two side

3) Absorber fully covering the crystal

l"lg T.G'E'
Frequency range 14,0 13z to 35 iz
Impedance varied from 0.54 K to 0.26 K

s of the crystal



In the frequency range of 1.5 to 4.5 kHz and 35.0 to 108 liiz the
impedance varied uniformly. The experimental plots‘are given in
figure 7.64. Rapid variations of the impedance were observed in the
other freqﬁency regions and the following tests were carried out to

isolate tﬁe resonances observed.
i) With plasticine on the base of the crystal

ii) With plasticine on the base and the two sides
perpendicular to the Z axis

iii) Witk plasticine completely covering all the
six faces of the crystal.

-~

*

In the frequean range 0.5 MHz to 1.5 MHz, the above thfee @gsts'were
carried out and the variation of the impedance is shown in figures 7.6 a,
b and ¢« In the other two regions 4.5 MHz to 14.0MHz and 14.0MHz

to 35.0MEz, tests with the arrangements described in (ii) and (iii)

were carried out and the impedance variations are given in figuresl

7.6e and 7.6f respectively. : »

The second arrangement will iéﬁlate any reflection of the waves
taking place on the two faces perpendicular to the Z axis. In this
arrangement the absorber was purposely put over the edge of the ZX
face so that the reflection of the surface waves at the abrupt edge
of the face may be nullified. By putting the absorber over the
electrode surface (arrangement iii) the surface waveé can be

absorbed.

7.3.2 Summaery of the observations for the Y cut LiNbO3 crystal

Case (i) Frequency range 0.5 MHz to 1.5 Miiz

A large variation of the impesdance was observed at 0.76 MHz when the
crystal was mounted inside the holder without any absorber. It can be

seen from the plot (figure 7.6a) that small variations of the impedance

.
-

4
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occur around 0.52 and 0.68 MHz. A small fluctuation of the impedance
occurs at about 1.1 MHz. These variations were almost completely
suppressed when the absorber was placed on the base (Test i) of the
crystal. Therefore, these variations of the impedance must have been
produced by waves travelling along the Y direction. In the arrange-
ments described in tests (ii) and (iii), no appreciable variation of

the impedance from that of test (i) was noted.

Case (ii) Frequency range 4.5 Miz to 14.0 Miz

In the arrangement with no absorber attached to the crystal, a fluc-
tuation of the impedance was observed in the frequenr;y range of 7.2
MHz to 8.8 MHz. The maximum variation of the impedance was obtained
at 8.18 MHz. The fluctuation was not appreciably changed when
measurements were made with the arrangements of tests (i) and (ii);
However, with the third arrangement, where the absorber was placed

on the electrode face the resonance observed was completely supp;essed.
Therefore, the resonance observed in this range may be attributed to

surface waves on the crystal face.

Case (iii) Frequency range 14.0 MHz to 35.0 Mz

The impedance in the range of 14.0 Mz to 25.0 Miz fluctuated when
measurements were made without any absorber. The magnitudes of the
fluctuations were about one hundredth of that observed at 0.75 Mhz.
No appreciable change in the fluctuations were observed in tests

(i) and (ii). However, when the cfystal was completely covered by

the absorber, the fluctuations were appreciably reduced.



7.3.3 Qualitative analysis of the observations with
the Y cut L:i.l\ﬂ::O3 crystal

If the resonmce observed at the frequency of 0.76 Mz is assumed

to be due to a longitudinal (quasi-longitudinal) wave along the Y
direction, the wavelength of this wave is approximately equal' to.
O.b6cm. The velocity of a quasi-longitudinal wave along the Y axis

is 6837.9 m/s ( 47 ). Therefore, the resonant frequency is

1.1, MHz. This is not in agreement with the experimental observation.
. However, if the wave is assumed to be a quasi-shear wave along the

Y direction, the velocity of it being 4466.7 m/s ( 47 ), the
calculated resonance frequency is 0.74 Miz. The deviation in the
frequencies measured and calculated is about 2%. Therefore, the
resonance occurring at 0.76 lMiz rna.y be attributed to the quasi-shear

wave travelling along the Y direction of the crystal.

The resonance observed at 8.18 MHz was not affected by the presence
of the absorber on the base and t..l‘fxe two faces perpendicular to the

Z axis. However, the resonance was completely suppressed -by the
presence of the absorber on the electrode face. The electrode pitch
used in the experiment is 0.217 mm (ref. section 7.2.4). ‘The
surface wave velocity alongl the Z direction is 3490.0 m/s ( 60 Yo
Therefore, the frequency of the surface wave is 8.23 MHz. This is

in close agreement with the experimental observations.

2.3.4 Effect of Mggjz on the generation of surface waves

In the arrangements so far considered, a thin film of Mng was

deposited on the crystal face prior to the deposition of the electrodes.
In this section the effect of the }Ing film on the generation of the

surface waves is considered. The crystal was washed in concentrated

K
-

3 2
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Fig-

77 =X cut LiNbO, with symmetrical electrodes
This arrangement is without the M3F2 film
Frequency range 4.5 iiHz to 14,0 Lz

Impedance varied from 1.8 K to 0.56 X
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FeZCl3 solution to remove the HgFé layer. The interdigital electrodes
used in section 7.3.1 were deposited directly on the crystal face.

The crystal was mounted inside the crystal holder and.the impedance
was measured in the frequency range of 4.5 MHz to 14.0 Miz. The
variation of the impedance in this frequency range is given in,

figure 7.7. It can be seen that the resonances (or the fluctuations)
observed in the range of 7.0 MHz to 8.8 MHz are very much larger

than that observed in the crystal with the I-lgF2 layer. The maximum
variation of the impedance was again at a frequency approximately

8.18 MHz.

The experimental observations of the devices so far considered
suggests that:
i) In the Z cut crystal, with tle symmetrical electrodes-in the XY
plane and with electrode fingers parailel to the X axis, two types
of wafes are produced by the application of an alternating voltage to
the electrodeé.
a) Bulk waves which can be absorbed almost completely by a
suitable absorber at the face parallel to the electrode
face.

b),Surface waves oh the crystal face.

i¥) In the Z cut crystal, with assymmetrical electrodes on the XY
plane of the crystal and with electrode fingers parallel to the X
axis, only one type of wave is produced, namely Bulk waves inside
the crystal. These waves may be absorbed by putting an absorbing

medium on the face parallel to the electrode face.
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iii) In the Y cut crystal with symmetrical electrodes on the ZX plane
two types of waves are produced:
a) Bulk waves which can be absorbed by a suitable absorber

placed on the face parallel to the electrode face.

b) Surface waves on the electrode face. The surface waves
were found to be completely absorbed by an absorber on

the electrode face.

iv) Comparison of the surface wave resonance observed in the Y cut
crystal, with and without the Mng film, indicates that the thin
film of Plng on the ZX plane of the crystal reduces the surface wave
resonance. MHeasons for this may be postulated but.no attempts were

made to analyse this effect in detail.

7.4 Optical effect due to acou?:tic resonance

The Y cut I..il\lb‘i)3 crystal as described in section 7.3.1 was arranged

in the manner ciescribed in Chapter 5 (figure 5.4.2). The incident
optical beam was polarised with the E vector along the plane of the
optic axis. The glancing angle of the incident beam with the X
direction was adjusted to be equal to 2.5%. The performance of the
device was examined by a net-work analyser. The experimental \
arrangement is schematically represented in figure A.2 of Appendix A.
The photomultiplier was positioned at the centre of the zero order
beam as described in Chapter 5. The net-work analyser compares

the electrical input signal to the device and the output from the
photomultiplier. The net-work analyser was set at 0.8 MHz symmetrical
sweep with a band width of 0.1 MHz. The output of the analyser was

recorded on an XY plotter. The X and the Y ordinates corresponds

Tr
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.. frequency
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Fig- 7-8 Net-work analyser output



to the frequency and the output of the analyssr respsctively. The
experimental plot is shown in figure 7.8. It ié apparent from this
plot that a resonance is present at zbout 0.78 MHz. llith this arrange-
ment a resonance of the electrical impsdance was observed at about
0.76 MHz. Therefore, it could be concluded that the optically observed
resonance was due to the acoustic resonance produced inside the

crystal.

7.5 Performance of the davice at a.c. and d.c. applied voltaces

In deriving the expressions for the field components (Chapter L) in
the high frequency case, it was assumed that the potential distribu-
tion inéide the crystal is governsd by the equivalent capacitive
network. Accordingly, the relative dielectric constants along and
perpendicular to the optic axis were-taken as 28.6 and 84.6 respec-
tively. These were the values supplisd by the manufacturers. chevér,
due to the lack of informition of the resistivities, in the d.c. case,
it was assumed that the resistivities are equal in all directions.

Hence, it is important to verify the validity of this assumption.

A simple experiment was undertaken to compare the performance of the
device at a.c. aﬁd d.c. applied voltage. The experimental arrange-
ment was again similar to that shown in Chapter 5 (figure 5.4.2). The -
angle of incidence was adjusted to 88°. The photomultiplier arranged
in the manner described in Chapter 5, was used to detect the intensity

of the zero order beam.

A 30 Volts 0.5 HHz signal was applied to the electrodes, and the output
of the photomuliiplier was measured by an oscilloscope. The alter-

nating voltage supply was isolated and a d.c. voltaze supply was
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connacted to the electrodes. The voltage applied to the electrodes
was gradually increased until the dscrease in the intensity of the
zero order beam was equal to that produced in the a.c. condition.

The voltage required was 2, volts.

m,

ine energy removed from the zero order is a function of the

applied voltage (ref. Chapter 5). The application of a voltage to

the interdigital electrodes impresses a periodic phase change on

the transmitted optical beam, and a difiraction pattern is obtained

in the far field. If the decre.:ase in the energy frem the zero order

is the same when the applied voliage is 30 volis (p‘eEL'{) 2.c, Or 24 vol".:s:
d.c., then the phase change impressed in both these arrangménts
should be the same at the two voltages. Figure 7.9 shows the
variation of the phase changes along the Y axis for ti.e above two

n 1

cases. The phase chan_es wers calcul.:*.lacd from equa.tio_n Fed0s AN

the a.c. condition, equabions L.27 and L. 23 were assumed to
represent the Ey and Ez component of the field. Justification that

at this frequency the whole of the equivalent network may be

described in terms of the dielectric constants as assumed in

equations L. 27 and 4. 28 is given by the phase reading at this
frequency of -900, indicating a capacitive network. In the d.c.
condition equations 4. 27 and 4.og (-62 and€3 onitted) weral assxll:‘:.‘ad 0
the Ey and Ez component of the field inside the crystal. It is

apparent from the figure 7.9 that the changss in phase in the a.c.

ard d.c. conditions are approxdinmately equal. Therefore, the

diffraction effect produced in the iwo o2ses must be the same,

In the derivation of the emation . 422 y it was

assumsd that the resistivities of the crystal are the sames in all
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Iaduced phase chanze

(radians)

y ma

Mz 7.9 Induced nhase grating profile

Isotropic case ( Appnlied voltage = 24 V)

~—— — — Anisotropi case ( Apoplied voltage = 30 V)
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directions. Comparison of the performance of the device in a.c. and

d.c. conditions indicates that this assumption is reasonable.
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LULTIREFLECTION E LECrRO-CPTIC ¥ODULATCR

INTRCDUCTION

Experimental observations with internal reflectlon
modulatora ,described in Chapters 5 and 6 show that the zero order
extincticn voltage decreases with an increase in the angle of incid-
ence. However, vhen the angle of incidence is large, pra;tical linit-
ations are encountered in aligning the modulator. An extension of tﬂe
Principle of single internal reflaction modulztor to a.multireflect—
ion modulator %o give a low operatgng voltaze 2t a Comparativaly
saall angle of incidence iy described in thisg chapter. Initial Obser-
vations witihh 2 double reflecticn modulator ives zbout 509 reduction

in the zerc order extinction voltage,
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8.1 Theorestical considerstion of the multi-internal refilection

modulator

Theoretical derivations and the experimentzl chssrvaticns discussed
in Chapters 4,5 znd 6 siiow that a periodic variation of thé refract=-
ive index insidé an elect?o-optic mediunm may be produced by the
apnlication of a potential difference to tke intérdigital eléctrodas
'deposited on to the- crystai foce, Ifitha electrode structure is

assuned to be symmetrical, as cinsidered in Chapter 5, then the com- .

ponents of the fringing field are given by

Ex:z 0 |
o,
Ey :-z,vz %in(aénnnm ed. ,naTL_ cos 'Ddlt'y s 84
A =ML ;
EZ = LVZ Sr:r?(aam%) e d Daﬂ_ sin D&_‘f_y 8.2
where n

R L T : 8

These-expressioqs are with respect to the coordinate system shoﬁn
1n'fiqure 8.1 where the electrodes are dapositeﬂ on the polished X
face of the electro-optic crystal, LiNbCz, with the electrode fingers
in the X dirsction. 2V is the

applied d.c. voltage, d is the

electrode pitch and 2ad is the

spacing between the electrodes. o

From these equations it can be = Flg. 84

seen that the © and the E Eodulator configuration -
" -
conponents of the field decreases exponentizlly with an increase of
,‘}

2. The computer plots given in Chapter 4 (figures 4.5 omd 4.8) =

indicates that, typically, when z is equal to d/2, the magnitudes
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of these components are approximately equal te one guarter of that

at the crystal electrode interface.

The fringin; field irside the crystal produces =z periodic Qariation
of the refractive index inside a properly oriented crystal. then a
suitably polorised bezam of lizht encounters this periodic vari-
‘ation of the refractive index, a psricdic phase change will bé 1m;_
pressed oﬁ the transmitted beam and thus willlbe diffracted into
different orders. From the diffraction theory it can be shown that
the'inter order angle will be increased by decrcasing the electrode
pitch. liowever a cdocrease in the electrode pitch will decrease the
ﬁenetration of the =zlectric ficld inside the crystal. Tﬁérefore in
ofder to tale advantage of the high fiéld intensity region, the
incident optical bean has to be focused to travel very close to the
Hase'of'tha crystal. Lodulators operating on this principle have been
reported by St. Ledger and Ash ( 18 ). Although the arrangement lends

itself to integerated circuit applications, as a bulk modulator the

device is possibly limited due to practical alignnment difficulties.

Alternatively, in order t§ ensure that £he incident optical beam
experiences. the intense field region, it may be reflected off the
crfstal electrcde interface. An account of the inveétigatioﬁg with

an internal reflection modulator 1s given in Chapter 5. The operating
characteristics of a diffraction based modulator are generally
characterised by the zero order extincti;n voltage and/or the volfaga
roquired to deflect the incident energy to the higher orders. it

can be seen from section 5.4.4.(Chaptcr 5) of this thesis that the

zero order extinction voltaze decreases with an increase in the angle

of incidence.
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Consider the internal reflectiun mocdulator arrangement of fisuvre 8.2.

AB denctes thwe cffective

.’

field rezicn.ihen the angle

of incidence 9i is decrecased,

the efiective interaction length F]g’ 8-2

; : ; Siagle reflection arrangement
of the opticesl beanm is decreused. gLe X =

-

Therefore in order to impress zn eguivalent acount of phase change

on the optical beam, the applied volta:e should be increased. However

if the optical beam is allowed to underzo two reflecticns, as shown

in figure 8.3 the total

interaction regicn is increéa-

sed and therefore the total

Fig- 8-3

Double reflection arrangement

phase chonge impressed on the

cptical beam is increased.

Consequently the voltace required for the zero order extinction is
decrecssed. The total number of raflecticns that the optical beﬁn
can underzo will be determined by the diffraction effuct inside the

crystal.

In order to experimentally verify this effesct, a modulator was
constructed with a thin LiNbO3 crystal and the initial investigations

with this cdevice 2re given in the followinz sections.

8.2 varintion of the zero order extinction voltz-e with anzgle of

incidence
LS.

A thin Liribo3 crystal dimensions 28.0mm x 4mm x 0.72mm was token

as tne mocdulatin:

£

pmaterial. These dirensions were along the X,Y
and Z directicns respectively (Zire 1 puze 202 ). The two faces
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perpendicular to the z.axis from which reflecticn occurs were
polished.(Ref.Chuagter 9 for the detailed description of the pol-
isiiins proceAure). The two faces perpendicular to the X axis.were
also polished for the lizht transmission. To prevent ihe genaration
‘of the subdiff}uctionlpattern by fhe presence of the two diéferent
reflecticn boundaries (crystal-electrode and grystal—air; Ref.
Chapter 5), a thin layer of Mg?z (thiﬁknass = 0.6pm) was depo;ited.
on the faces perpendicular tc the Z axis. Symmetrical interdigitai
electrodes of eleétrodépitch 0.2 mm oand electrode spacing of_ﬁ.lnm
were deposited on one of the magnesium fluoride Films. The lengths

of the electrodes were Z2mm and were in the X direction (figure lb,

page 202 ).

L]
The viriaticn of tlie zZore order extincticn voltaze with angle of
incidence was studied., The expsrimental arronzement usesd for thais

neasurement is similer to that described in secticn 5.4.4 of Chapter

S5 and is .shown in fi-ure C.4.

The incidegt light was polarised with the E vector alongz the plane
pf incidence and the intensity ¢f the zero order beam was measured

by a photomultiplier carrying a straight slit. The photomultiplier
was positioned such that the length of the slit was along the centre
of the zero order bean. The voltage applied tc the crystal wés grad-
ually increcased until the photopultiplier readinz was minimum (zero).
The procédure was repeated for a varying?anvles cf incidence and

the variation of the zero order extinction voltage with the glanecing

ancle (79.53) is given in figure 2 (page202). It is seen from this




grash that the zero order extinction voltage decreased with an
increase in the angle of incidence. This observation is in agree-

ment with the thezeoretical prediction.

8.2, Comzarison of the variation of the zero ¢rder intensity with .

applicd voltaze for the sin~le and double internal reflection 3rrﬁngemen;§

In order to study the effect of tiie dcuble reflection, the incident
bean was initially allowed tc undergo one internal reflection o
ingide the crystal 2nd the modulation of the zero order beam energy

with appiicd voltuge was nieasured.

\

The experimental arrangement was similer to thnt.shown in figure 8.4.
The anzle ofbindidence was nljusted to be equal to 79.50.‘This angle
was chogen so thot it would be nossiile to also cbiain two reflecf-
ions off the crystal electrcce interface .at the same angle of incid-
ence by properly positioning the crystal. Ti2 intensity of the zero
order bean zt zero applied volt;ge was measured and token as Io'

The voltage appliad to the clectrodes was gradually increased and
the corresponding intensities, Iv' weré measured. Graph b of figure 3
in the followin~ paper (pages 202 ) shows the variatioﬁ of the
ratio Iv/Io with voltage when the optical beam undergoes one inter-
nal reflection. This papar gives a summary of the multi internal

reflection nodulator.

The crystal was then positicned so that.the incident beam suifers
A 2 - 3 L o

two internal roflections for the same zngle of incidence (79.5 ).

The variction of the zero order intensity with voltage was again

neasured. Groph ¢ of figure 3 (page202 ) shows the variaticn of

-




Arrangemen% 1 : Single
reflection

Polarised - Photomltiplier

laser liznt

Arrangement 1

Direction of
movement

Arrangement 2 : Double
reflection

Polarised

laser light

Arrangsmént 2

Fiz 8.4 Optical arrangement for the single and
I

double reflection configurations
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;V/Io with voltage when the optical beam underzoes two internal
reflections. Cozpariéﬁn of “these two graphs shows that the voltoge
required to produce ﬁininum intensity in the zero order is approxi-
‘mately halved wheﬁ two internal reflections take place on the crystal

electrode interface.

The final section of the paper sunmarising the performance of tha
multireflection device (pages 205 ) gives an account of the

advantages of this cdevice.
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An improved diffraction-type electro-optic modulator /deflector
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Abstract. A low-voltage diffraction-type modulator using multireflection of the optical
beam off the crystal-electrode interface is discussed. Experimental observations with a
double-reflection modulator gives 507 reduction of the zero-order extinction voltage.
This approach could be extended to give a further reduction in the operating voltage.
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28D DGTION OF Tis SXPERIL ANTAL DuVICE -

INTRCDOUCTION

The devices discussed in the earlier chapter éive‘
promise to a varicty of applicztions such as bemm stearing, Q
switching and liode locking of a laser cavity (Ref. Chapter 10).
A device which islutilised in an application should be easy fo
nmanufzcture, Hence it is appropriate thazat a considerabls zmount
of emphasis is Jiven to tie precduction of these devices. The
devices ccnsidered in this thesis were produced at The City
University. In this chapter the preparaticn of the experimental
samples.consiCGred in the earlier chapters are discussed in some
cetail. The probiems of proctical limitations encountered in
develoying these cevices and suggestions for the elimination of

hese limitations are discussed in detail.
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9.1 Production of the experimentizl sanples

The eleacirc-cptic crystal consid:red in this thesis is LiNbO a

3l
uniaiial crystal. The physical properties of this cerystzl indicates
that it is relatively hard (hardness 6 moh), non hyegroscopic, and

resistant to most chenicals. The material is also hijhly teaperature

e

resistant. The Curie temperature is 1483°K. Devices used inside a.
laser cavity (egz Q.switching or liode locking)are requifed to be
accurztely polished and the prepueraticn is hishly critical, to
nininise the losues of the device. Howsver when the device is used
~external o the cavity (eg. modulater or deflector) the losses may
not be so critical ond therefore the telerances on the device accu-
racy may he relaxe?. The devices described in the earlier chasters
were used externallyof the izser cavitv. In the ‘ollowing secticns

the preporation of these devices zre discussnd.

9.1.1. Device rccuiremsnts

The two arrangements considered in the earlier chapters were

i) Symmetrically electroded internal reflection lizht modulators

ii) Asymmetrically electrodaed internal reflection light deflectors
In the first arrangement, the electrodes can be deposited, either

pgrallel or perpendicular to the optic axis of the crystal (the Z

axis Ref, Chapter 2). Both these arrangements will sive rise ta a

symne=trical periodic perturniiions of the refractive incex in the

cerystal. However in the second zrrangement when the electrodes arc
Wil = .
asymmetricnll;bituatad on the crystsl faez the perpendicular con—

ponent of the electric field follows an apyroxinste sowtcoth vari-—

ation.
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" Thaurefore the electrodes siculd be deposited on the LY surface of

F

the crystal so that the r_, coeificient dominatas the change in the
ot

3
refractive index. The first stuze of producin: the device is the
production of a suitably oriented crystal. In the following section
the production of a crystal with the Z axis perpendicular to the

plare of the electirodes is considered. A similar procedure. could be

adopted for crystal samples of different orientations.

9.1.2. Crystal cutting

LiNbO3 crystals are generally grown by Czochralski method with the
Z gxis of the crystal alonz tha axis of growth. The crystal boule
-is cylindrical in shape. In the samples obtained, it was sesn that
two protrutions were presen alonxotﬁe length of the crystal boule,
The lin=zs joining the centre ¢f 2 circulnr section to the positiocns
of the protrutions made an anle of 1200 with cach otlier and the
radius vectors approxinately corresponced te either of the Y axis
of the crystal. The crystal wos mounted rigidly onlthe horizontal
platformz of the crystal cutting machine (Meyer snd Burger Ltd.,) .
(See Fig. 9.1). The plone of the platiford was adjusted so that the
Z axis of the crystal was perpendicular to the plane of the saﬁ.
The cutting saw of the machine was a circular blade whose edge was
impregnated with diamond powder. The rate of rise of the horizontal
platform was adjusted so that chipping of the sample is prévented
while cutting. During che cutting process, a lubricant (Castrol

Ilogrind 482) was sprayed along the cutting edze. The lubricant

further absorbed the undue hoat evolved durins the cuttinz.
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The exact direction of the zxes of the crystal slice was determined
by conventionel X-ray diffraction techniques. The slice
was then cut into a rectangular pzrallelepiped with:rfaces perpend-

iculuar to the X and Y axis.

9.1.3.’ CI‘YStal pﬂlishing

The crystal was.polished by the polishing machine available in this
department, The base of the crystal (XY fsce) was first polished.

The crystzl was held in position inside 2 rectunjular slot in q brass
block by paraffin wax witl: the XY fa;e aexposed. The brass block :
was then attached to the chuck of the polishing a:cﬁine—(Fig.9.15.

The polishing plate was a lead lap and hyprez lapping compound . .

(Enkis Ltd.,) wes used as the polishing/lubricating ogent. First the
lubricant with largzer diamond powder (léan) was sprayed on.the

polishing lap. The pressure exerted on the crystal and the ﬁpeed of
revolution of the lap were adjusted to give reascnably.smooth cfystgl ;
~ surface. The poliéhing lzap was then changed and a épray ccntaining I
';‘Fm diamond_powder éas used tc give the final polish of.the &rystal
surface. Alternatively Ceriroughe powder (Thor?un Ltd) with water

could be used as the lubricant. No scratches on the polished éurface
could be detected by the eye :nd the Ila&néss of the surface was

qhecked vsing an interfercmeter, The interference pattern coentained

only on2 half of 2 fringe 2cross the whole crystal face (25mm x Smm).
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This indicatad that the flitness of the surface is}/&_across I
face of the crystal. The Incident wevelength was~Q,53 pm

A similar procedure‘wus zdopiad to polish the two faéés perpendi-
cular to the X axis.

The crystal polishing was attempted using a pelon pad_instead of a
lead lap. This quickiy produced a polisied surface but when viewed

undar the interferometer, the face appesrad to be curved and sbout

eight circular fringes were present in the interference pattern.

9.2 Preparaticn of the sanple For ceposition

The polished crystal was first washed in ccetone for four hours.
This removed any organic contamination cn the crystal. The crystal

was then wasihed in rmning tap water for 3¢ minutes. The crystzal

was dried and put in & bath of potassium dichromate sclution with
concentrated sto4 and wvas left in it for 12 hours. This removes

any inorganic contamination (salts) from the crystal. The sanmple

was taken out from the solution and the cleaning agent was aiiowed

to drip off from the crystal. Glass slides were used to hoi& the
crystal since the solution attacks metals. This splution is?highly
corrosive and any contzact to the skin or to cloth should be avoided.-
Tt-1a impdxtant Ikhat the crystal is almost free from the solutiocn,
otherwise when put in wateg, due to the evoluticr of heat (H2804+ HZO)
the crystal will shatter. The crystal was washed in running deionised
water for itwo uours and then dried in a“stream of flowing air. Tae
crystal was then baked_ in an ovea fer on hour &t a temperature of
100°%c. Care should be t#ken tu zvoid ary form of contact with the

polishad surfoces of the crystal, ospecially the surface on whick the
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electrodes are to be deposited.

9.3 Prepzratici: of the Photo-nask

The electrode structure was etched on the crystal face by conventional
photolithographic technicues (Ref.secticn 9.5).The photo-mask
-rquired.for this was prcduced by photo-roduction of an enlarged
version of the required electrode pattern. The}naster patte}ﬁ was

: i :
prepared by cutting on a Kimoto Strip film, proc:ured frono speci{ality
Products. The dimension of the 'master' was about 200 times larger
than that of the required size. The original pattern was then photo-
_reduced, in stages, to the recuired dimension. If the reduction is
done in two stages, then the reduced pattern is a replica of the
original, but if the reducticn is done in three stages then the
pattern ovtained will be the negetive of the orizinal. The masks used
in the production of the cevices considered in this thesis were pro-
duced in two reductions. ./hen the master is reduced, any flaﬁa in the
original will be Qreatly reduced and can usually be neglected. The
rasks required for the symmetrical electrode structures were made on
an Ilford| N4E50 film. For the asymmetrical arrcngement 2 Kodak High

i ;

et
Resolution plate was Psed.

9.4 Deposition of mng filn and the electrode retals

9.4,1 Denosition of Hng film : A dolybdanum boat ﬁas usad to evapor-

ate MgrF, pellets (BDi chenmicals). The pellets used varied in size
(4-40 nesh ). The crystal was clamped inside the vacuum chander
(Edwards High Vacuum Litd) by metallic clips at about 20ca fron tha

boat. The osecillating crystal of the thin film tnickness monitor was
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clamped adjacent to the crystal and at the same distance froa tre
beat. The chamber was first evacuated by a rotzry pump. This gives
a pressure of approximately 0.005 Torr. The chamnber was the connacted

to an ion puump und the pressure was reduced to zbout 10-6 Torr.

The MgF, was fifst covered with a shutter. The current passing through
the boat was gradually increased until the pellets nelted completely.
IWhen the Mng pellets melt, it is possible for air poekets to be
trapped under the molten material. Therefore the current was slightly
increased until‘all tha air waich may be trapped inside escapes. If
this iQ not carried cﬁt, then when the deposition of Eng conmences,
the Hg?z will 'sp?t' on fhe crystal..The current’ was reduced and the

. shutter coverinz the ﬁng renoved. The current was cgain increased ond
the thiclmess of the LigF, deposited on the thiciness monitor erystal
was mzasured directly from the ireguency of oscillation of the crystal.

The thickness of the film deposited cn the LiKNbG_ crystul was assuned

3
to be =2gual to that on the oscillatinzs crystal. The LiNbOs crystal was
then baked in an oven for 12 hours at a temperature of BOOC. This

produced a hard MgF

z'film. This film is reasonably resistant to water g

and to a dilute solution of ferric chlorize (copper etcaing solution).
. . ® i < -
Eowever this film was affected by the cihromium etching soluticn (rof.

section 9.5).

'

9.4,2. Deposition of electrode metal

-
. The electrode astal can be either chromiun, a combination of chromium
and! copper, or copper. It is seen frcm the previous saction that the

Mgl, filo is afliaocted by the Cr etching scluticn. Therefore only a thin

“a
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filn of Cu (thickness] pm) was deposited cn the MgF, fila. Thicker
Cu films increcse the difficulties of etching tc zive a high resolut-

ion. Cu can be evaporated using the boat end the proczdure for depos-—

ition is similar to that cdescribed for MgF.

9.5 Ztching of the electrodss

The photo-mask used was positive znd therefore the Cu metallic suriace
~was covered with positive photorpsist (AZ 1350 positive working'photo~
resist-Shipiéy Europe Ltd.).The crystal was clanped on a spinning table
and rotated at a rate of epproximately 2000 rpm. This produced a reason-
ably uniform layer of photoresist of approximate thickness i 2 pm on

the Cu surface. The rate of spinning sliculd be larze to prevent 'Bead-

ing' of the pliotoresist at the edge of the crystal. This is necessgry

—

to ensure thut the photo-nas!: is in so0d contact with the phetoresist
filn..The crystal was then dried in an oven for 30 ninutes at a ten-
purature of 60°C, The ultra violat lizht source used for exposure vas
an ordinary sun ray lamp (Pifco). The energent beamias not Idcﬁsed.
The photé-mask was placed over the surface covered with photoresist,
If the photo-maslk is not in good centact with the photoresiét sﬁrface,
then due to the diffractioh of UV lizht at the edzes of the.mask pattern,
the reproduction on the photoresist will deteriorate. The time of
exposure wvas 7 minutes. The photoresist hzs the property of being
afiected by the UV lignt, and the scction cof tie photcresist layer
wiiich is cexposed to the UV lizht can.he dissolved. AZ developer

(Shipley Zurope Ltd) was used to dissolve the exposed photoresist.

The crystal was then washad in distilled water ancé dried in an oven,

(o] =
for one hour at 60 C, : : - !

|
|




The crystal was then put in the Cu etehing agent. The time for
etching the Cu varied with the concentraticn of thg etching
solution. The concentration was chosen such that the time required
for etching the patﬁern is not less than one minute. The etchad

crystal was washed and dried in an oven for 30 ninutes.

' : ’
The remaining photeoresist was then rernoved using the photoresist
renover (AZ remover — Shipley Zurope Ltd). The crystal was then

again washed with distilled woter.

The two faces previously polished for light transnission were

.Gleaned with acetone by a lens tissue.

The compositions of the developer and etching sclutions used were

AZ developer:~- 1 part of AZ developer: 2 parts distilled water

Cu etching solution:- 1 part of FeCl3 (Hopkin and Yilliams):
50 parts of distilled water
1 .part of F9013:7 parts of distiiled ygter
(if Cr and Cu are used).
Cr etching solution:—
ﬁ) a solution was made with
20 gms of KzFe(CN)s: 10. gas NaCH:60ml distilled water
this solution was diluted as
I1 parts (Volume) of solution 'a': 3 parts (Volume)distilled

water

.

The otched electrode structures on the crystal buse jis shown in

photozraphs 9.2%
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CONCLUSION, SUGGESTIONS FOR FURTHER WORX AND DEVICE APPLICATTONS




10;1 Conclusion

It is apparent from the brief survey of electro-optic modulators given -
in Chapter 2 of this thesis thet the grating effect produced inside an
electro-optic crystal can be used to modulate and/or to deflect an incident

optical beam. A convenient method of producing the diffraction grating
effect inside the crystal is by using surface deposited electrodes. A

close study of the electro-optic effects in crystals have shown that
 among the readily available crystals, crystals belonging to classes 3m and
6m are suitable for using in the principal cut modes. The experimental

devices were constructed with LiNhO3 crystals, a 5m class material

_Theoretical analysis of the different types of electrode configurations
éuggest that by thé proper choice of electrode arrangement and crystal
orientation, the deviee may be used to produce a symmetrical or en ST
metirical diffraction patiern. The expressions for the components of the
field intensities show that thed e magnitudies decrease exponentialily with
an increase of the distaﬁce from the electrodes. Two different appreaches
have been considered to utilise the intense field region in the close
neighbourhood of the electrodes.

i) Passing the light beam parallel and in the close
“vi:cinity of the electrodes,

ii) Reflecting the incident beam off the crystal-electrode

interface.

In the internal reflection arrangement constructed with symmeirical
electrodes on the polished XY face of a Z cut LiI'EbO3 crysial, it was -
found that a subdiffraction pattern appeared in the far field at zero

applied vﬁltage. Detailed examination of this pattern indicates that this

patiern was due to the presence of the interdigitel electrodes on +the

reflecting face of the crystal.




-

A thin layer of ;gFE devosited oa the crysial face prior to the deposition
of the eiectrodes removed this desrading effect._?he méﬁuiatibn efficiency
(zero ordesr extinction voltaze) of the improved device was not degraded by
the presence of the thin subsirate layer.Infact the zero order extinction
voltage was reduced and it closely agreed with the théoretically predictedb
value. At 870 angle of incidence, the d.c. extinction voltéges for the
device without the UF, and with the ligh, filn are 34 77 volts respectively.
The theoretically predicted value was 75 volts. This improvement may be
due to the high~ resistance of the Eng » linearising the potential batween
the electrodes alonz the crystal face. thus ziving an inproved diffraction
profile. o atfeupt in the thesis has been made to optimise the thickness
of this film. At certain thickness of this film thé éensitivity the device

will be expected to decrease due to loss of field in the Fsz film.

The deflection of light by blazed ﬂiff}action sratings is dicussed, Theore-
tical estimations show that when the first four Jourier componsnts orf an:
ideal sawiooth phase profile of peak phase dslay {61 - Tizure 6.5) egual

to T is impressed on the trensmitted bean, a maxinum of 72.7 % of the
incident energy is ieflectei to the first order. 5ynthesisiné'individual
elecitrode sets to produce these rFourier coaponents is laboripﬁs and
therefore a novel anproach of asymmetricarm1electroding the device haé been'
adopted to impress tne blazed sawtooth phase corruzaiion. Thedrétical_
analysis shows that only the perpendicular component of the fieid can be
used for this application , and this is achieved with a Z cut LiHbOB sample;
With the device coastructed, a maximum of 81 of the incident enerzy was
deflected to ths first order with an aﬁglied voltage of 157 volis. Then

the voltage was increcsed 1o 255 volts, 534 of the incident energy wﬁs defle—,
cted to the second order. This lower percentasze of the engray nay be
aitributed to the ;elativé cozrsensss of tha electirode struciure. The - =
reversal of the voliage to the electrodes causad correspoading deflections

to th2 nezaiive orders. The angle of incidence was 385,25 . Thsoretical

computatioas showed that in the arragement coasiderad the phage dela
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is eguel to 7] and 2T[ vhen the applied voltares are 155 and 257 volts
respectively. The zero order extinciion voliage was 155 voltes, Jince tﬁe
' zero order extinciion voltage (or the voltaze required to procuce a
higher order mexima) is a function of the angle of incidence, 2 low
operating voltaze can be achieved by choosing a large angle of incideace.
Typically vhen the angle of incidence is 2 » the zero order extinction
voltage and the first orde* maxioum voltages are 79 ana 80 volt respect—
ively
Acoustic resonances mey effect the performance of the device whgn operated
with asc. voltages. In the devices construsied the acoustic resonances

The later was observed in
observed were due to bullk waves and Rayleizh waves Kﬁymmetrlcal electrode
arrngement). The buik waves were almost completely absorbed when an
_ébsorher wes placed on the face opposite to the electrode face. The
surface waves were completely absorbed by the absprber on the electrode
face. The thin ©filo of HgF depocited prior to the elecirode devosition

reduced the ma;nltude 01 the surface wave rescnance of the device.

A multirefiection modulator offers the possibility of a low operating
voltage bulk device at a relatively small engle of incidence. The double
reflection arrangement considered in this thesis gives about 50% reduciion

in the zero order extinction voliage.

10.2 Sugzestions for further work

The asymmetrically electroded light deflector offers the possibility of
preferentially deflecting the iight to the higher.orders. The alternate
approaches are to use the Bragg deflector, which is unsatisfactory as

for each order and for constant electrode pitch (in the symmetrically
electroded ar;angement), & new angle of incidence of the light must be
selected. The acoﬁstic deflector potentially coes not offér the operating
speed - of an eleciro-optic device and inherently requires greater drive
power., It would therefore seem that further development of the device
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initially suggested in the thesis is well warranted.

The questions that have been raised in this worii are summarised as;

10.2.1) Linearisetion of the field

This is discussed in Chpter 4, and briefly it would appear thaf it may
be possible to optimise the shape of the electro-optic gréting by

utilising the resistive and dielectiric properties of fiims which might
be deposited between the electrodes.The material which nay be used for

!

this purpose is Sn0., . If the conducting layer material is not affected

2
by the etching agent, this layer may be deposited on the Eng film
prior to the deposition of the elecirode metal. If the conducting layér is
~affected , then it way be deposited on the crystal face after etching

the electirodes. Care should be taken to remove any foreign particles |

(etching azent, photo-resist) from the electrode spacing prior fo the

deposition of the conducting layer

10.2.2) Optimisation of the electrode structure

The initial experiments (section 6.3.3.2 Chapter 6) sho% that in the -
aSymmetricél electrode arrangement the intensity of the first order
varies for varying electrode pair spacing. This indicates that an opiimum
;ratio of the elecirode pair spacing to the closest electrode spacing is

possibie for efficient light deflection,

10.2.3) Ovotimisation of the crystal orientation

. The experimental work described in the thesis deals with a device
operating in the principal cut mode. It is expected that an efficient
utilisation of the electro-optic coefficients can be achieved by opti-

mising the crystal orientation.

10.2.4) Use with unpolarised light

In the arrangements considered the incident light was polarised by an
external polariser, If the crystal faces are oriented so that two
reflections are possible in the crystal and if the faces are adjusted so

e de o, Fal - = . - . - - o .
that BTEﬂSuEtS-relleCtlon-ﬂﬁ?JS sevisfied at the first reflection +then

=
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the light will be polarised. This polarised bezm may then reflect off

at enother fece of the crystel where the elecirodes are deposited.

10.2.5)  Low operatin~ volia~e modulator/deflector

i) imultiple reflection : The arrangemenis described in the thesis

could be extenced to have multiple reflections off the crystal—elecﬁrode

interface(s). The additicnal capacitance contribuled by having long
electrode lengths may be overcome by heving independent electrode siruc—

tures at the predetermined refiecting positions

ii) Thin film version : A drastic reduction in the operating voltages
is possible when the incident bean is passed perallel to the electrode
face but in the close viscinity of the elecirodes. This may be achieved
by coupling the light to aa eleciro-optic waveguide. A deflector of this
fype may be enviszged as operating at logic voltage levels and as such

would find applications in systems utilising optical logics,

10.3 Device annlicetions

L :

i) The modwlator arrangement with symmetrical elsctrodes produces a
symmetrical diffraction pattera in the far field. Hence this device
could be used as a multiport switch.

'ii) The arrangément with asymmetriéal electrodes depositei on the XY
plane of é Z cut crystal gives rise to an asymmetricazl intensity distr—
ibution in the far field. Hence this device cculd be used as a beanm

deflector. However when the electrodes are deposiied in a plane parallel

to the optic axis, the far field pattern will be symmetrical about the

Zero order. |

iii) Foduliation characteristics of the inciden%. beam by these devices
show that comvlete extinction of the zero order beam is.possible by
applying an appropriate voltage to the electrodes. Therefore it is

expected that these devices could be used inside a laser cavity to 2 switch
or koce lock the 1éser. The insertion losses by the device should be

absolutely minirsl.
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The experimental arrangement

The propagation characteristics of the” reflected and
transmitted beaw produced when an incident optidal

beam experiences & boundary.

The derivation of the intensity of the diifracted order
bean: when ﬂ‘incident ontical beam cxperiences a phuse

grating of an arbitrary shape.

The conputer prozrance which calculates the intensity

of the nth order beam when tue phase grating is produced
E 5

by the electro-optic effect in LiNbO,, .
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APPIADIX A

TOE  PAPHRIGENDIAT, - ASRAMOENEHT

The optical arrangsrment used in the earlier experiments described in

chapters 5 — 8 is schematicz reoresented in fisure A, 1.
e - -

(1) The ovntical sourcs : The optical source used was a Helle laser.

The CW output of this laser at a wavelength of 0.5328 o is ~ 0.5 ' md.

(2) The volariser : The polariser was used to select the required

polarisation of the incident beam.

(3) The condensinz lens : i cylindrical lens was used to condease the

incident light on to the elecirode structure. This lens wes necessary,
since at very challowr angles of incidence, the whole cross section of
the incident bean will not zet reflected off from the elecirode

'"structure.

i) [he czystal holder : The crystal holders used in the experimental
arrangements with the symmetrical and the asymnetrical elecirode siruct-
ures are shown in figures A .2 a and A .2 b respectively

ii) * The crystal holder mountins fable : The crystal holder was Titted

on to a platform whose plane can be tilted with resnect to a reference
Dlane by three adjustadle screws. The reference plane of this arranzement
was fitted on to the mountinz table which had provisions of rotation in

the horigonful and vertical planes.

(5) The li~ht detector : The detector useld in the experiments was a

photomultiplier(iullard 55 TV2) carrying a straizht slit. In the arran—

£

gerent considered in Chapterd,the detector was atiached t0 2 servu-
reter shich provided a wniforu moveaent of the detector in 2 pariticular -

Jdirection,

(8) Ine chart recordsr : ‘The bhotomultiplier ouitpul w2s recordsd oa an

AT recorder

Fam e | L o = e
» -a2 record chari w23 drivan at 2 wniforn Spe2d, the I orlinate
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1 Laser 4 i Crystal hol&er - 6 Chart rocordor
ii lounting table

2 Polariser

10 Jervometer

5 Photomltipliexr

% Cylindrical lens (9)

" Fig- A-1.  The optical

11 Power supply

arrangement
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Crystal holder for the symmetrical arrangement
: : i

-

: Fig A2ims
-226- i




=Lil =

-7 {3 ———

gl — — > —— -

/

12

Components labeled
1,2,%,41,41i,5, and 9 corvesponds

to those showa in figure A.1

Fig- A-3 Arrangment of the net-work analyser

7 Het-work analysecr
8 XY recorder

12 Oscillator




ne photomultipliisr ouivui at any instant of time

e experimental arrangement used for analysins the hish frequency

performance of the davice iz schematically represeated in figure 4.3

7) Hhe net-work analyser : A nei-work analyser was used to analyse the
¥y

output of the photomultinlier

(8) The XY recorder : in XY recorder was used to record the output of

~the petwork : analyser. The X axis corresponds to the frquency of neasur—
ment and the Y axis corresponds to the ouiput of the analyser.,
(In the measurement of the vector impedance, Chapter 7, the X and the Y

axes correspoand to the frequency anl the Impedance of the device respec—

tively)
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APP=iDiX B -

Pronasation charecterisiics of electromasnetic waves

The propagation characteristics of the reflected ond trapsuitted

electromagnetic waves produced when the incident boan expariences
a2 boundary is conveniently anzlysed by censidering the Fresnel's

Formulae. In,the'following sectior these formulae are derived

starting from first principle.

B.1 Fresnels' formulae

when an electromammetic wave falls on a boundary bstwzen two homo-

geneous media of different optical properties, it is split into two

waves,
i) A wave in the second mediun . - Transmitted wave
ii) A wave travelling bacl: in the first mediuz ~ Reflected wave
lLet Z=2 plane be the suriazce 7
A
of seperation c¢if the two media 3 :
: M QEn X Enm
of refractive indices n, and n, Ef
5y FEBC A

and Y=0 is the plane of incidence

of the e.m wave. The electric

vector of tl:é electronasmetic ” eEFl
yave can pbe resolved into two
compenents narely B snd E where Fig- B+l

En_is the component which is norpal to the plane of incidence znd
Ep the ccmronsnt parallel to tie nlare of incidence. The normal

component is talten alony the positive Y directicn. Similar notations

have beei used for the refiected znd tronsmitted waves (Fig.3.1)
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Z directions zre (E ,E
. P

- ' -
,n"),(ax,g

b
s
A

¥

cnents of tihie incident, raflected 2nd transmitted wave
] L]
3 ) and

The conp
alonz he XY,
VK v ; T
(Ex’:y’Ez ) respectively and cre given -
For the incident wave
Ex = - ?'n cos § exp iw [t —(nI/c) (x sin ® - z cos 9)]
E:g‘ = En exp iw [1: -—{n1/c) (x sin 8 -~ z cos 0)
Ez = - EP sin 9 exp iw ['z --(n]/c} (x sin ® - z cos 9)]
. — B
For the reflacted wove
B! = 35 cos 3' exp iw’ & -—(nifc} (x sin 9" + z cos 0')
L B
:',._;_ = exp iw' t -{n1/c) (x sin 8' + z cos 9')-]
E; = - "JT; sin 9' exp i’ |t -—(111/0) (x sin 9' + z cos 9')]
IR
and for the transuitted wave
- L
EJ':" =~ B'" cog 8'' exp iw” |t _(nzfc) (x sin 8'* - z cos 8'*)
. f * - -
: z - -
Es;r = B! exp im" | % —(n,/c) (x sin 8"~ z cos 0'')
L5 d
- _ =
B = - E'F cos 9'' e i’ |t _(nzfc) (x sin 8'' -~ z cos 9't)
—B3




i i
L} T
vhere ¢ is the velocity of lizht in a vacuum 8,8 and © are

defined in fisure B.1l and w, w’and w"are -the frequzncies of

the incident, reflected and transmitted waves respectively.

When the dielectric constant and the magnetic permeability are
changed abruptly, the electromagnetic wave satisiies the following
four boundary conditions -

1) .The nornal component of the magnetic induction is continuous
2) - do - electric - do -

3) The tungential compon:int of the mognetic field is continuocus

4) : - do - electric - do -

“At the boundary, the cenditicns 3 amnd 4 hold at 21l times 2nd ot

2ll values of x and ¥y only ifw, w and w” zare cguzl tc esch other{saj

All the boundary coaditiocns =re satisfied a2t the boundary plsone
(Z=") when the zrzuments of the exponentizals for the ancident

reflected and transmitted waves are all identical.

Then 5= o

and n, sin © = n, sin €" (Snells Law)
If the intrinsic impedances of the two rpedia z2re 21 and zz, then
‘for the boundary condition 4

b w we =)
and R =g
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and fcr the boundary cconditicn 3

i P, = 2t Anal o it
5 cos 9 a1 co33 hn co3 B B 6
— sl E—— = - —
Z 4 A
i 1 2
and
B 5t B :
_B- + -E- —_ _‘-P- : i B - 7
%4 2 Z5 '

Using the eqguation B.4 = B.7 the Fresnels relations can be
obtained. Let Rp and ﬂn be the reflection coefficients of the
components parallel aud normal to the plune of incidence. Tb and

Th are the corresponding transmission cozfficients, then

b ‘' n,cos e, —n, cos 9

i = R.p = 2 1 1 2 B - B
1 2

D n2 cos 1 + n1 cos 92

B n,cos 89 —~n_ cos 9
=R oty £ 21 1 B-9
B n2 cos 92 + r.gl cos 91
S il : 2 n1 _ : :
2 27, = ' B-10
: 8
EP r.~.2 cos 91 + z::1 cos 5

"
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and o, il 1 - B.1
5
n

I

cos @, + n_ cos B

n1 7 2

ihere © and 6" for the previous relatienship are now renlaced by

e

Q! and Qz respectively. In the above equations since nl,nz,ei, 5

are real quantities Rp’Rn’Tb and Th are real. 1If n, is greater

than r, then by Snells Law a linitingz case is obtained when

n, sin -91 = 1, B-12

and the angzle of incidence is called the critical angle. %When the
angle of incidence is greater than the critical sangle, the anile

of reirccetion” is given by

Tt 1
1 - d
cos 8, = 1 - (-n—- sin 9, )2 B-13

‘But since ( n1/h2)sin9115 greater than 1, cos &, will de

imaginary and written as ( 44 )

= |

: e ] e _ |
LHoY 00850s XU since, T2 L . B.14
& 5 B, At as? 1 3

Considering equation B.8, since cos 92 is a complex quantity the
reflection coefficient Rp will z21so be a comple: quantity and may
be represented as T, exp ( |81} vhere 81 is the phuse change intro-

duced on reflection.

Substituting for cos 92 in B.8 the eguation bocones

= B-15

where a=n_ c¢os 91 and b:HJ/ﬂf Sinza 3 32
A 2

i




In the zhove eguation, the medulus is ity :nd the incident wave

is said to have undersone totzl internal reflection. he' phase

chunre, inpressed con the reflected wave under these conditions is

given as

§ T S Dy
tan n n, sing - n %
ir e S A s e B16
n2 n‘l 00391

 Simi1:r calculations could be dene fof the nQrmal component.pf the
électric field. tihen total interniil reflection occurs an evanescent
wave appears in the gecond nmaediun wiich rzpidly attenuates on the
far side of the lLuundary. Since nll.tge enargy is reflzcted back
in the first medium it can e conclulund thet no ensr>y is carried

away by the cvanescent wave.

‘B.2 Reflection a2t & dieleciric - conductor Loundary

Considar the nadium 2 as » conductive mediun (metal). The refract-

ive index of a metal may be represented a3 a complex guantity and
“given as
* - - B 2
note= ni=dsle 17
2 ‘ 1

where n and k are the refractive index znd absorption coefficient

of the metal. The angle of refraction in the second nedium is(s5q)

{ S -
defined as a complex quantity 62. Substituting for n2 and 92 in
equatiop B.8 gives N
- % “©
* 152 n. cos 9, —n, cos &
=r. e = 2 1 1 2 B-18 .
EP' 2 cos €, + n, cos 9 :
: = 1 1 2
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- whore 8213 the phase impressed cn the rcflected wive,

From Snells Law

sin 9; = (n1 /n;) sin 6 Bf1g

1

*
cos 92 nay be determined from equation B.19 and substituted into

B.18
182 1
This gives > r, e (p ~—ig) cos 0 = n, (o* - i q)
(p-41iaq) cos 9, +n, (' =1 ¢g)*
vhere . — B-20
' = N B e sino0 [ i
1 1
2 e
P = N -

By expanding equation B.20 and separating the real znd imaginary

- parts we get




where

X = P cos 9‘ -1, A Y =q cos 91 2 n, 3
U = gq cos 91 -n, B _ V=p cos ei +n, A
A5~ iy and 248 =g

It can be shown from equation B.20 that the modulus of  the

equation is not egqual to unity.

In an arrangement where interdizitizl electrodes are deposited
on the base of a crrystal and an opticel beam is reflected off
from the base, two effects will sive rise to a diffraction pattern

in the for field.

These are
i) The phase grating effect due to the difference in 51 and 82
ii) An amplitude grating due to the absorption cf the light energy

by the metallic electrodes.
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APPENDIX C

Estimation of the intemsity of the diffracted order beams
produced by a phase grating

The intefacticm of a periodic phase grating and an opi:ical beam gives
rige to a diffraction pattern in the far field. One of the methods of
Pruducing this type of grating is by the passage of acoustic waves inside
the medium.  An exhaustive study of acousto-optic interaction is given
in #uch references as 69 /i 4

In this appendix the basic theoretical considerations of this

raction phenomena developed by Klein, Cook and Mayer (]® and Zankel

inke
aq/l Miedemann (76) are summarised, and these are extended to the electro-
opi,f.-'.:ally induced diffraction phase gratings. In the following discussions

ths azl.eci:ro—optic medium is assumed to be transparent to the incident beam
of lizht and the phase variation impressed on the optical beam is taken to
hay/# A0 arbitrary periodic shape. The phase change impressed on the

tr;msmitted optical beam is produced by the electro-optically induced change

ot refractive index. This change of refractive index will be small,
Consider plane monochromatic waves incident on the electro-optic medium.

T electric vector of the incident beam may be represented as

E =E_ exp [i (wot - o ko-x)] g o C.l

wHEfe W is the angular velocity and kb is the wave vector of the optical beam
iy free space respectively. r denotes the position vector and po is the
jndwer. of refraction of the unperturbed medium.

Let the refractive index of the perturf:ed medium be p, then

u=uo+ﬁu S . C.2

e Ay is the small variation in the refractive index along the Y direction

b

(74 C .1). When the optical beam passes through this perturbed media, the

ela"‘;cric vector may be written as




nk
p
Xy
Fig C-1
EﬂEo exp [i (mot-u_lfo-_g)] R b
This equation may be re-written as
E=E1 exp li (mo’c—uo_lgo.}_'” i AR C.4 :

where E}. varies periodically along the y axis. El can therefore be expanded

in a Fourier Series and is given as

E; = z‘q::nexp t-inkpy) S e S C.5

n-= o

where ¢n are the Fourier coefficients and kp is the wave vector of the

perturbation, whose direction is shown in fig.( .l.

Substituting for E. in equation C.4

1

E = z ¢n exp ]i(mo'l: - (nkpy + ﬁoso'f)l G.6°

L = —oo

The above equation may be re-written as

-

E =y exp (imo‘_t) S (& 0




where v = E' ¢n exp [—i (nkpy + pogb.z)]

n:—m

(%]
.
o

Since uokb.g is independent of n, it can be taken outside the summation
quantity. If the medium is assumed to be non-magnetic, then the wave

equation of the optical beam inside this medium is
K [;J § Eidt e s 2 0.0
Substituting equation C.7 in C.9,

8% . T 8% 8% ot o c .10
§x2 5y2 §z2 o

In the L.H.S. of equation( .10, without loss of generality it can be assumed
the P is independent of z and now substituting equation (.8 in the L.H.S. of

equation CLIO,

~

L.H.S (b.lo) = E [ = {(uoko sin 8 + nkp)? + (uoko Cosﬂjf}¢n

n:—m

L 84 [_. i

23 uoko Cos O E;n} exp | -1 (nkpy + }bko'zﬁ €Al
2

%;% is assumed to be negligible as ¢ is a slowly varying function in the

z direction. Using equation (.2, and assuming (Au) % to be negligible, the R.H.S.

of equation .10 reduces to
et R e W 25
R.H.S. ((_:..10) k “u 9= 2k “u  Au Gt € .12

As stated earlier, Ap is a periodically varying quantity along the y

direction and can therefore be expanded in a Fourier series as

By = E :vk [ exp (fikkpy) + exp (ikkpy)} : : .13

where Vk are the amplitude of the Fourier components of the refractive index.
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Substituting equation C.13 and C.8 in C.12

'~ = =% 2 it el e 2 1 -
B..H.S.(u.IO) ko MY Zko B, [ E E Q:n exp [ i (nkpy + uol.r_.o.f)]

n= —m k = =

v s g
k -i kk y)+ Kk
_k exp [(-1 K y)+ exp ik y)]}

2i
6 .14
Equating equations C.1ll and C .14, then
< - - 2 % 2 o - = 6 it
i é m[ {(uoko Sin 6 + nkp) (uoko Cos 8) }¢n 21 poko Cos 0 ?En]exp( J.nkpy)
2 = t . A [ . A
= =2k Mo n;"m K =5 by exp (Cink y) V) exp (-ikk y) +(exp 1kkpy)] :
o Zn 2
Ko Mo BT ? exp (-ink y) 615
Equ'ating. the coefficients of the individudl terms with exp (—-inkpy) and
dividing by *-iuoko Cos 0, it can be deduced that
e : : . 2 2
2 gdm + (uoko Sin 6 + nkp) + (uoko Cos ) 6 3,
z n
1 uok.o Cos 0
L e O UG ROl BB R e s
k == “0 o % Cos @i AN
This equation now reduces to
2 &8én i'[nk tan 0+ (nk )2 ] = - E k Jot g
. pmies P D ¢ = 0" Vgl o= @ o) E PO NE7
ox fuok_ Cos 84 " A T R T j
When 6 is small, tan O is also small, and when kp is very much smaller than .
ko,eqt}ationc .17 reduces to
. o L
25¢n. k, Vi ke = )0 £C.18
0% | By &5 Cs B = v
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Representing equation C.18 in terms of the phase change impressed on the

beam, the solution of the above equation (7g ) is obtained as

?L =5é EE:: J

g i e Tk il e S g (02 % S () xB, (U &,
1

S

; 20 18

where ¢o and ¢n are the amplitudes of the incident and the diffracted beams
respectively. Ui is the amplitude of the ith harmonic component of the phase

change. Jk (Ui) denotes the Bessel coefficient of order ki and argument Ui'
i '

If the variation in the refractive index is-time dependent, then in
equationk}.IB, Ap is replaced by a time dependent quantity. This condition
wiil then give U, as time dependent, and thus . will be a time varying
quantity.

The electrﬁ—optically induced phase éhange impressed on the optical beam
is given by equation 333chapter 3, and the Fourier compoments can be calculated
from this equation.

In particular, if the phase varjiation is assumed to be sinusoidal then
Uy, Uz, ... will all reduce to zero and the amplitude of the diffracted beam
is given by

¢ =¢, I, W) R : - €.20

‘As the intensity is proportional to the square of the amplitude, then

I -
ii? - [Jn (]2 . ; ~ - £..21

' . e ' ith .
where In and Io are the intensities of the nt" and zero order respectively,

Equation C.19 is reasonably amenable to the computer calculation and
Appendix D gives the computer program which calculates the intensity of the
diffracted order beams when the diffraction element is assumed to be produced

by interdigital electrodes on a LiNbOj3 crystal.
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In this computer brogramme-the electro-optically induced phase change

may be represented by four Fourier components.




APPENDIX D

CCHPUTER  PROCGRALEE

The ccnputer programée calculates the intensity of the di;éracted
order beamé when the incident bLeam experisnces a phas=a grating..
The grating effect is produced inside an electro-opntic crystal by
applying a d.c. voltage to the interdigital electrodes deposited
on the buase of the crystal. The crystal considered in this thesis
is LiNbO, and the relevant electro-optic cOefficiQnts are used in

this programme.

fhe electrodes are taken to be in the plane p“fyeﬂhlﬁhl wr to the
Z axis with the elactrode lengthis along the X dircection. The

electrode arra:genent is assuaned to Sé_éégﬁhét:icaIi ilowever, the
programue cun be podified for the symaetrical electrode structure

by snbstitutinglequal values for A end 84 (lines 21 and 22). In

the d.c. conditicn the dielectric censtant El does not equal ' E,_. &

‘ The programce uses a sub-routine availuble at The City University

 corputer library which calculates the zero order Bessel coefficients

The calculations included in the programze are:

i ) The patn length

ii ) The corresponding phase changze

iii ) The Yourier coel ents of the phase profile

iv.) The zero order Bessel coafficients

-

v ) The higher order Bessel coefficients
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vi ) The ratio of the amplituder of the diffrvcted beanm to the
undiffr:ctad bean

vii) The ratio of the intensity of the difirccted order beam to
the intensity of the undififracted bean

The calculction (vi) considers the contributic.: of the first

four harmcnics of the phase profile. It is expected that a better

approximaticn of the ratio of the amplituces will be cbtained by

nodifying the vroyramme to incor orate th. contributicn by more

harmonics.
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