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- ABSTRACT

{:Electronic and photographic”interferonetrfc7recordingpfand.

thelr combination resu1t=in several novel optical.measurfng-:
‘teéhﬁigﬁés, -The 1nterferometric propert1es of Holographic and
Speckle‘processes in these technlques, encompass flelds such as
”deapse”tfme;;heal tlme“and Tlme average Holographlc interferometrvp o

"two—wavelength and multlple—lndex speckle contourlng, Flgure i ‘ =

'(molre) interference photographlc‘bleach processes and electronlc'
"TIprocessing. Each of these flelds 1s analysed and oonclus1ons are
.drawn in their 1nteract10n.w1th the proposed techniques. A clear K
.and simple'approach to optical wave theory is lntended_wfth

-emphasis in scalar wave theory.

| One establishedimethod“”directly conparablenﬁith the'
= holographlc technlque requlres a wavefront shape that matches the :
_nominal shape of the obJect surface but uses an 1n—11ne reference |
‘beamrto code phases in the (speckled or smooth) image plane;; In thls'
manney only surfaces of uniform shape, namely planes, spheres and
‘a'cylrnders. can be contoured using wavefronts generated by conventlonal
'optical components.g However -surfaces hav1ng irregular curvature can
be contoured us1ng a novel nethod 1ncorporat1ng holograph1c recon-

structlon of a "master" wavefront such that effectlvely, components_f'..

'under test are compared aga1nst a master component shape Alternat1ve1y,'72'

_under certa1n cond1t10ns, two 51m11ar obJect surfaces may be dlrectly -
compared onelsurface actlng as a reference for the other. Agaln the
‘surface shape no 1onger needs to. be regular and surfaces with deep
‘.features can be contoured, l For smooth surfaces the methods can be p‘”

- regarded as‘reduced"sensitiVity‘interferometry._‘The application_of> L




. Electronic Speckle Pattern Interferometry to the contourlng of ~:d5.

‘ transparent obJects and ana1y51s of refractive 1ndex-change
ﬂpropagation, based on. multiple 1ndex speckle contourlng, is"
'established By all’ these methods the opt1ca1 arrangements are

'51mp11iied and real time operation becomes a: practical procedure

'“through the use of v1deo recording plus electronic proce531ng..:f .

f'Photographic processing is eliminated except in the case. of the W

.»holographic reconstruction method in whlch only one hologram 15 r'
*needed for the measurement of - many (production 11ne) components._r

‘_The varlous principles are explained with reference to results

_.from experlments designed to 1nvest1gate contouring conditions, g

_fringe interpretation, and accuracy of measurement Comments are
given on the potential app11cations of these methods 1n the field

"ot engineering inspection.
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~  INTRODUCTION

During the past decade the recording and retrieval of optical

"information has become a main subJect in the industrial applications :

of coherent optics. New practical optical measuring techniques have .”fffy;

l.been developed around this subJect With the 1mprovement and
‘development oi laser sources, light sensitive materials and the‘ S
introduction of electronic recording systems.: It is mainly in the.
field of non-destructive testing and inspection where those techniques
ihave found the acceptance and sponsorship of industryrand research ; ;
‘organisations. ‘The research in coherent optics in thelnon-destructive.
:_ fields embraces holographic and speckle interferometry and constitute

the themes of this work.'

Holography was proposed by GABOR (1948) in an intent to improve‘
llthe.power resolution of the electron microscope ‘ His intention was
":to use the.variable magnifying property of the new’ optical element
',the hologram, and in doing so, eliminate the limitations introduced '
' by the microscope obJective lens ' Unfortunately his invention was‘an
in-line optical system, therefore superimposed to the Signal there

' was_unwanted information.,

Paradox1ca11y, with the advent of the 1aser in 1960 as a ¥‘f- S

- reliable source oi coherent light the possibility oi overooming that -;;g*-"

superpOSition of information by the holographic off-axis method

‘LEITH et al (1962) led to a vast number of holographic applications- o

other than in.electron microscopy It was said, ‘in the early 60 s,,,
that the 1aser‘oasta tool waiting for the arrival;of_the_problems to

.be‘solved;f‘:"'



ix.

~The holographlc process brought about the awsreoess of

e'researchers to an unparalleled exp1051on of 1mag1nat1ve non; '
'Ildestroctive laboratory techn1ques and appllcatlons in 1ndustry:

.during-subsequent &ears._ The poss1b11lty of exactly superlmp051ng ;:‘:
llthe 1mage of an obJect under observat1on on the obJect 1tse1f and

Tl fnthus obtalnlng usable deta from.the-lnterference fringes. genetated'j.h”"

.by an 1nfin1teszma1 change of the obaect sutface; gave - rlse to
'-_dltislons in oolographlc interferometry .These dlv1slons eteﬂaccounted
“_for by the origin;of those.interference'fringes_andlthe-eayjthey_are

_ processed. ;Heat'tfansfef and convection curreot analysls;-st;essl,j
"ahdf;tfaiﬁ eoalysis, vloration anelfsis and contouflgenetatioh,.ate,'

‘fields in_which holographic intefferometrj has most applications, .

v ,;.2. - ; HolOgrephf, as such; is‘an art aﬁd an impressive'meaos in
'commercial-aotertislng, superlor in meny respects to.photOgrapﬁy;f:‘
_out,'witojan undesireble gtaininéss‘appeeraoce.‘.lhisreopeefeoce'ls?
due to ao inherept:property of'laser light, coherence;?andsltsiioter;te
action with matter; 4Yet; it is'thatfgrainy eppeerencé':soeckled 1l‘
epoeatanceiq ﬁhich.ls_the.essentiel.baft‘lﬁ speckle'lhtetfefometf&;.li

. BUTTERS et al (1971).

" The speckle offers, in the non-destructive testlng (NDT) and

-1_ oon-destructlve 1nspect1on (NDI) flelds, a new line of approach in .
.".interferometry; it is cousidereo a sampllng tunctlon of the object
'-‘;infotmetioo,"thus:allow1ng for‘the lowaspatlal_resolutlon of_presentt-;
:televlsion camefes.} The electronlc-orocess of the.ooticallinformetion l;
f‘oroviees anllnstentaneoos oresentatlonJof.the ioterteseoce;friogesz on

a televisioﬁ_monitor.tQThe oeerall-speckle process} optical.and‘ ,{Z‘g'-f L

' 1.  HOVANESIAN, J,D, et al (1968), POST, D. (1972). Sp |
"2, See Chapter III for interference fripge.concept_-rf-l R ﬁ ] _* T ‘




Telectronie, is calied”electronic speckle'pattern interferometrY' :

: (ESPI),.BUTTERS et al (1971) It encompasses the flelds in which

holography has 1ts merits Whllst belng un1que in other interferometric

‘appl1cations, LEENDERTZ (1970) ESPI 1s a valuable method in '
"productlon eng1neer1ng as a NDT technlque where a rapld assessment
' _of strain concentrat1on or a quallty Shape control in a production

_line iS‘requ1red,,DENBY et-all.

Holographlc and speckle pattern interferometry extend the N '

' f1e1d of conventional interferometry to non-flat and nonwpolished

't object surfaces,-1n which speckle de-correlatlon, surface_roughness,ftw
i light amplif1cation, resolutlon of telev1sion cameras and holographlc _

plate proce551ng, present limitatlons to the systems and are subJects o

of current.research.

1. DENBY, D. et.al (1974) and (1975).




CHAPTER 1

INTRODUCTION 0 OPTICAL WAVE .THEORY .
VECTOR WAVE THEORY - sbALARfWAVE_THEORtj

: An electromagoetic wave represents toe propaéation,.ih.free i
spacel; of a. perturbation of the electromagnetic field ‘ Light is
7-‘the eleotromagnetic radiatlon detected 5& the human eye;‘v151b1e"'
radiatioo,and‘its natore is esteblished.by Maxwell_s_equationsz;_i
‘ Aocording,to electroﬁegoetio.theorf light_cohsists\of.two muthelly N

iofthogonel'ﬁectors vibfating'tiansvéiselyiih the‘directioh of'.?"'
'T p:opegation? the electric vector E and the magneticlinduction
veotof B' The mathematical model of the nature and prOpagation of
: light 1s simplified without loss of. generality, by . con51der1ng the
. optical|
electric perturbations since these are responsible for the properties.\
Furthermore{'although related by Maxwell s eqoations, ‘the two iield
| ﬁectors E. and E; setisfy‘separately'the.vector:wave'eqoation‘r
1 2 pat

2
VY E(r,t) = —3 :
. ] . ..Vp ) -.at

(1)

" where E(xr,t) 'could_bejeither field vectors.

Let the electric vector be expressed by its Cartesian components,
- Fig.(1) ",

E(z,t) =E; 1 +B, J+E K @

1. Free space, region in 2 homogeneous medium free‘from_cuprents and
" charges, i.e. i =0 in Maxwell's third equation - =~ -

_ o : dég
. =u 2
}B. dl (_so —dt + 1)

2. In the analy51s that follows Maxwell's cla551cal electromagnetic
© theory is used AT - : : . :

3;H'To allow. an easy reading the deflnltlon of terms w111 be at the end
of each chapter ‘ e S

4. On Fig.(1),-p01nt s represents a poihtisource:for'avspherioel,wave_
- front or an arbitrary point on the path of a plane wavefront, o




" in which each.harﬁonic ccm§onent_satisfy'the wave equation and

ig written as -

i

| Eig.(l) .' o ;_'\.ﬁ; i-*ig;_(z_) o

For simpllcity let us con31der the dlrectlon of ﬁropagation to be
.along‘the_ z axis, Fig. 2. Thus Eq. (l) may be written as.
' T Yo 2E' % S -
" Py s, 0 1 ‘ G
e DI o el R j=0 (4)
it Ry . ' LT

'Therefore the rectangular components E 'andf E&” of E .each7'

‘ ‘are I
satlsfy the wave equation andhpropagated1ndependent1y ‘The transverse -

_ pature Of E gives rise to the—concept o polar1zationl.f,wff

Although the 1nterference phenomena are affected by polarizatlon,_*'h
. 2 ‘
BORN et al , the theory of holography and speckle, themselves an .

: 1nterference phenomenon on,are treated from a. scalar p01nt of view. 1 ‘

E. . (E,.t)_‘= A.i(g)cos' [;m; _‘E.S.-f.dgi}:: i (3) o



Once the polarlzatlon concept is put a51de the harmonlc solut1on

of the scalar wave equatlon takes the form

Gs@J)=Aq5msmw¥gg+¢Y','h}fh_w);

where . E represents any component of the electrlc vector. For_f

convenlence Eq. (5) can be written in complex notatlon form as o

Wty j".'_f B
(rt) R{UJ_}V e (e

where Re'indicates that only_the real part of the ekpressioh wili f‘

 be considefed;,”and'

.U = A(z) exp [-»j(lc_. - ¢]

*.-—A(r) exp [ j g(r)] E D

- is the complex amplitude of the wave. Its usefulness is established‘ x

- below,

"It is the inteheity.of'the'wave E(g,t)“whichrexcitesrthe' '

‘photodetector and is defined by2

Tez @ . @)
B whefe
_sz (‘_z;-',-t')'_Lim_ fE z, t)dt "'-.'.7(9)'

B e

. 1. Bee BORN et al p17

.2.. KLEIN (1970) p122 COLLIER et al (1971), p7
See Appendlx A '



1
then .

)

U1, jwt % —jut, o2
2<[§(Ue‘]_w + U er):|> :

i

w* (= o] %

_Therefore the intensity of the wave can be easily found using the .

complex amplitude U. to represent the wave E(g,t).“

2w Tan



INTERFERENCE OF TWO PLANE WAVES -
_ Plane waves .
. ; X . - ] B - 1
- Let us write Eq.(5) in the form
E=Acos (wt-kaxp) Lo oD o
NThié éqﬁétibn reprgsents'agpiane wave which propagates with a

phase'velécity‘ vp in a direction 8, Fig.3. ‘

x

. The:blane'contains'thédppihts"P; Q,,'Pl,rand the line P-Py = I;—Eolg;

1, A is a constant and.¢'ismnot taken into account in. the present

'Vanaiysis.



2y

'”: represents the equation of a plane with a normal un1t vector s.,
The argument in Eq (11) is constant therefore at two p01nts 1ni‘:

space, for different t1mes we have‘

.(Qtl_f_E‘E )y =¢

1 Lot
, a3
( t2..:§.£2). C
From the last two expreSSions and-Eq.(IZ):it'follows that -
(wt) =k D)) = (wty =~k Dy)

S an

where D2 - Dl represent'the'(perpendicular) distance between the two

planes.' Thus, the.veloeity‘of prOpagation of planes of constant
‘phase Eq (13) is expressed by
Dy - D1

Vp = ———"
A tli

=l1E

sy

Ynterference of two plane waves =

Con31der the 1nterference of . two plane wavefronts at a point P 1n

space given by the p051tion vector . r, Flg (4)

Let-us‘assune for simpllcity, the dzrection of propagatlon of'ij

- both wavefronts to be parallel to the plane of the figure.infﬂl

1, -Similar result isiobtained substituting Eq.(ll){inte Eq.(4);:; '



The complex amplitude at P is

et el s ]y embig - ] o
and the iﬂfensitylj
Ip = I1 + 12 +2 .VIllIz ICQS 6 . .. _. | (17)

- where

:. (18) :



According to Fig.5 8 can be written as

- 21 Yo
.5=-—x'251n§"N.£-¢

| _‘Thé Iint'erlxéitjr' will take, a'11;,.err'1atively:, .maxinlnum ‘é’.nd":.uiz.{i.mﬁm.v.a]..ues   '
- '. along thé VI?I. ‘d‘irec_:trionl, 'ge‘x_iera.‘tinlgl., in thatway, hﬁﬁ-—]-.:o‘cali's.ed |
: i'n.'.te'rferen'ce_ 1'i'r'1es.. | N | e
T on Figs.(4) and (5), the location pfpdintssP“csgldlﬁé#tanj |
iIlOsit:l.or'm éloﬁg the ﬁ directlon, ttx.eiéelfjozje'lé. pro..je_ct_.ibln _1}.0 the R
x - y ‘pll.ane is he'cesslary 1:!3 thisr'p]‘.a‘né ié to ‘rep.reser.xt. the iocé.tidn ‘
| of é, sc:reen o%‘é p;hdfo.fietec..tor,;__ Wé fhen Obfa'irlljfox.' 5=n 21T,Imax

ﬁ-!‘, = —"""W o = D. (= cohstént)"':"(Z'O) IR
- 2siny 4 msin —g L Lo e

K, (1967), ¢ -

). See KOGEINIK, Eq.(8) for N =




' The projection on the - x axis becomes

-~ . A S N AR
%1 = GosB ~sinf, + sin 8, (n +3 _ L (21}

‘and the separation of '1_:he interference lines on the . x axis is -
' given by

: = A
n+l n '_Sinrrel + _sin 92

1. B indicates the veotor product in KOGELNIK, Bq.(8) (1967). RER




'VECTOR PLANE WA#ES - pomRIZA'TIbN 3
Let the electrlc vector E represent a wave'propagafing‘in jfulf"

- . the. =z _d1rection.'_ Then Eq(2) takes the form i
CEEH =B IR S @)

- The harmonic components 'Ex'ahd Eyfaie"expressed bj:ﬁ
E, = Ax:cos(@t - kz +‘¢x) BRI : o 'fH(24)

B A costut -z +4) . - . (28 -

where Ax:ﬁnd AY .are independent of =z.~

At one fixed point on =z the locus of ‘the t1p of the electr1c.ﬁ-

| veéfo? E;iat time intervals -Eg ’ is called the polarlzation oi the‘---

. wave,

Using Eqs. (24) and’ (25) for. .z'='0, we get the equation of an

elllpsel, -

- o : B ‘ LT T
(Z e (X - 2T cosp =sin’y  (26)
x - y . - x ¥y e
which depends only on ¢ for f1xed values of A and A&.g.Différénf:, a
'types2 of polarizatlon are obtalned for fixed amplltude values,_:‘.

namely, llnear, clrcular and ellipt1ca1 polarlzatlon._,:

J

1, BORN et al § 1.4 (1970)

2. called "P°1arlzat1°n figure”, see CLARKE (1974), SHURCLIFF, ch.l- -
ase). . g




S .

| The.use‘of complex notation simplifies the operatiohs:when‘déaling
- with polarizing elements, such as, polarizers and quarter wave

_platesl.- Thus, Eqs.(24) and (25) become

= | ji#".i(wt -‘kz) o
o - . | 27) .
= M or -
E =R, (A e‘Wy) eJ'(f”"‘ - kz)
y .y s : : Lo el
o R 28y
= e glitet mk2) =
B Doty S
R which define,g and g'; _
h x y
Then ,.EQ-(23) can be written as -
E= (g1 gy B eI (wt'~ k2) B
L e ey
=g oWt - kz) o

where £ is a complex vector.

' The nature of the polarization is determined.by the complex
polarization vector P.f

A, S, -8 AL X
e t

p=2¥ . ¥ o X e o (30)
B A = A o e

I't.is worthwhile to point out the difference in optical and electrical
| - nomenclature with respect to the way the electric vector;_acting as a l j

phasor; rotates as it translates through space, Let us cénside:-j‘

1. BORN et al.5 1.6 (1970). SHURCLIFF, Ch.2 & 8, (1962)..

2, Note that the grouping of'terms‘in‘Eqs.(ZT) and (28) is different

- - from that in Egqs.(6) and (7). The polarization is considered: ' R
unchanged throughout the field, see BORN et al., p36 (1970). . VJf SR




S12

‘c1rcu1ar polarlzatlon Suppose an observer stands on the p051t1ve_ f
7z . axis and looks towards the. orlgln, z = 0. The electrlc vector Tf'”
- will be seen rotating about the =z axis and moving towards'the

.oObserver,

Countérclockwise.rotétidnlof the electric vector is right. .
handed'in EiectricalnEngineEring'and left'handed-in Optics, and“
clockw1se rotatlon is right handed 1n Optlcs and left handed 1n_

-Electrical Englneerlng. Flgs (6) and (7) 111ustrate the way

" eircular polarization advances. }”




E. =ACos (wt + %)
¥y . 2 .
=-A Sin pt

Cwt

= Cos '-(-lkz +'%)-

. ==A Sin kz

X A Cos.(-kz) B

A Cos (k-z)“ g

z

E = A Cos Wt

LAY

- The tip of E takes, in 6rder, positions 1, 2, 3.0,

';.“F_ilg.(ﬁ) Diag:amiﬁatic'prbpégétiﬁn of the el.ect'ric' yectdr (clégkv'.rise)'r, T




-

-
e

o , B A Cos (ut -%)

.

Asingt

<

wto

PR S Y

[
il
[ d

27

wt .

E .= A Cos Wt . -
x T T

T wt

N B Y

The tip of B takes; in _ordér;' positidné 1, 2‘,'_3. v

o : Fig.'(7) - Diagrammafic propaggt.ion of the electric vector (qounterc'iockw:lse)'

A
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s

s

[Ca -

_ Intensity

' Complex polarization vector

Electric vectof

Magnetic induction vector
. Position vector’
:Time"

j.Phase veloclty, BORN - et a1 (1970) footnote ppll and 18

See Appendlx A,

leferential operator Nabla‘nn

;Carte31an components of the electrlc vector i = X y,

Unit vectors S

Angular frequency of'the light vibration’

Constant phase angle (wh1ch speclfles the state of
polarlzatlon, see Appendlx A)

7Un1t vector 1n the dlrection of propagatmon

Wave number, vector ‘wave number k k§ o

'gComplex amplltude

‘"Indicates the real part of the expressionf“f.

Plane wave amplitude, spherical wave amplitude

. A constant

Compiex number, j's Jfl

- Time average
' Complex-COnjugete operation

B -Constant -

0.’1,2’ -'o-‘v-“

'..Complex vector
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GMHERII"'"'
HoLbGRAPHIC INTERFEROMETRY AND ELECTRONIC

SPECKLE RATTERN INTERFEROMETRY :

- INTERFERENCE

Holography is essentlally an interferometrlc phenomenon whlch
can'be easily manipulated¢u51ng scalar wave theory. Let us flrst
analyse the interferencesﬁroqess'of'twe‘coherent; monochromatic,fl

spherical'wavefrohts‘et'a‘point P in space, Fig.(&)l.

L
rlfz_rz - —01'
o =| £~ Zoa|

Fig.(8)
By the superposition principle the complex field at point P is -

‘e.;giveh by .

U = U, +U l AURUTR R ¢+ S T

o1, It will be assumed from now on,- that the 1nterfering wavefronts Y
 are 11near1y polarized and that its directions of vibration are
parallel. to each other, § = 0, COLLIER et al, p158 (1971)
E; and Ez on Fig.(8) represent two linearly polarlzed beams hav1ng
its plane of vibration perpendicular to the plane of the figure,
Its dlrectlon of v1brat10n are parallel to each other.r' i

. See CIARKE (1974) for the preference to the use of "dlrectlon of ;
~vibration" or "azimuth of vibration"instead. of "plane of polarizatlon —_—
-.Also see SHURCLIFF Ch 1 (1962) ‘ '




and the intensity

- | . e N
1f=,§U1‘+‘U2)r(U1 + qa ).
1,2 2.2 12 o : SR RS
=G rr e 3 [wery - ry) -4 =]
" AA '.1"'j L Lo a2y
e e g ke, mxp -, -0
Ty, RO 2 1) T M2 TN
= i]; +I, 4 2.'."1112 cos [k(rZ: -'f'i)'* 9] R -.,‘-§3_3)':.. |

_The expression for - 1nten51ty, ‘as seen in Eq (33) includes the'
) interference term 2 I 12 cos[k(r - r ) - @] whlch causes the R

1ntensity to vary from point to p01nt taklng maximum and minimum

values,

Tnax = 11 + 13 +2/1;1,
T : . (34)

Tain = 11 +‘12‘fu2 f11;2-
To derermine_the:iocne of points of maximum‘in{eneity;:let‘ﬁ'be"{
constant. Then, for 1

. . ST Tmax
SO (35)
Ta T T TR T

n(Ihteger}Al:

L ﬁq.(35)erepreeents é faﬁiiy 6f hyperbeloids;'of'tﬁoeheetsz,:rz {'rl
5 constent‘ where s1 and 32 are the fixed p01nts Flg (9) 111ustrates
the intersectlon of a famlly of hyperbololds w1th the plene of the

flgure. Let us call the lines orlglnated by the 1ntersectlon of that '

1, qu_lmin’:£;=  (2n f:})TTl

2. THOMAS, .pp344, 416 (1972).
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family of hyperboleids'With any plane, inteffefenee'iiﬁee;'_
- Piane 1 on Fig. (9) wiil eontain straight-inteffefence'lineel;.‘
-Note that if R r., = 2a then the 11nes on a plane 301n1ng the

1

" two sources will be spaced by an equal d1stance %-;-3,f,-

_Hyperboloid ~

2 2
X U X z
A e SR R
~a b e -
Hyperbola
zz-i
mz o=t

Fig.(9)
" The visibility of the interference lines is defined by>

oy ecmax_min Lo O @e)

1. See "I‘OI.ANSKY p8 (1973) _ - _
. 2.-FSee BORN et al (1970) § 10.4 where " qua51-monochromatic llght is:
: . considered, In this case the expregsion for v151b111ty becomes

2|‘Y12| o cos @
R +1 -

[If we work well ingide “the 11m1ts for spat1a1 coherence and temPOral“"~.~
_coherence the expressxon becomes slmpler o cL

2/_'
- R + 1

_ sometlmes referred to as modulatlon M. See also STROKE §2 8 (1966)_fﬂ,3:
_and COLLIER et al §7.2.1. (1971). e

g=0 R (Eq 36)
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' ‘as a quantltatlve measure of the line's contrast
a plot of the 1nten51ty as a functlon of the argument of- the

1nterference term, A = k(r - rl)rf ¢.

nax

' 7Fig.<103

Flg (10) shows R

" As can be -seen from this figuré'maximum contrast V = 1, is. obtainedt“‘

for Iﬁin 0 that is, the ratlo of the inten31ties is unlty, R =1,

1. Compare Fig. (10) with Fig. (10.2) in BORN §10.4



‘." .respectively Ao is a constant " The phase g(r) is constant for
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' INTRODUCTION TO HOLOGRAPHY

Let us con51der the 51tuat1on shown in F1g (11) where ‘s"

' represents a p01nt source, - The complex amp11tude of the electrlc

field vector at a positlon r_ in space 1s expressed by ERERS
U(x) = A(r) exp-[jgc;;)] e
| where ‘the amplitude A(r) and the phase vary on the recordlng x-y

plane accordlng to the expressicns A(r) =A /R and g(r) ( —¢)

"leach p01nt on the recordlng plane provided the llght is coherent

therefore, 1t is ea51er to express it with respect to the orlgln_‘-

o on.that plane.-

fig.(ll)
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Thus the phase at point P in Fig.(1l) takes the form

a4

where Ar = r - 50’

It wé considerithe,Fresnel approximaﬁion, the distances'tdd
the x-y plane may be written as - .

e 2 2
o L g e Xy (g = Y)
S TD ey Y T

(x. +vy_ )
: 5 3

thus, | DR -
7 R 2 ' : -
L e 9 (x +y -2 X x_ - 2y YS) .
CE(ar) = g(r) - glr s - —;‘

2 -

- L2 2
o _ 2T x4+ y = T
=R [Pt rexem] o

‘where the ekpreésions for the direction éosines of 'ro are*apﬁroximéted

" _ . . Do . ,

. (-) xs' o o . . C
D . S D x,y

' for - Dy O

raD

:‘g(g)‘= g(gé) ¥ g(Ag),i ;_‘*‘  _ﬂ___ B &) o

:  '(3§)  ”7

B = . Ys | e 2t DR

D

‘Let us refer to g(br) by"g(x,y);‘fhe.phasé_of the wavefrbnt at
'f'ﬁositibn (x,y) with.respeqt'to position'(o,o)_on,thé récprding_plane,
| so that the complex amplitudé'af”(x,y).may'be ekpressed as o

UGz, y) = Afy,Y) exp [ j ex,y)] - R _5 (42)

1, Depeﬁding on the‘coordinaté'pésition;;?(jj xé, (i)ysf_f



" We will'coneider now the recording on the'x- plane of the’

E interference pattern produced by two p01nt sources and the o

: .subsequent recohstructron process.

The coordinates of the referencehand'object‘sources'are. -

‘M‘ (i Kr 2 y_,-D ) and (i 20, ki v ,=Do) respectlvely, and the

, dlstance D take p051tive values to the left of the x—y plane, o

'._'Fzg (11)

.. 'The complex emplitudes of both wavefronts'are expreseed'as: 2

.Uo(*’y - lA'o(’_‘.'-" ) exp(y 5, (x,y‘))' 3‘ = (43)
where " go(lx"y).-'-l%.;_ %[%fﬁ + (u X + 8 y)] | (4_4.)'
| .a.“d_,- 'Ur(x,ly).'.= Ar(x,y)exp[J gr(x,y)] ' (45)

. 'The expre551on for the spatial 1nten51ty distrlbution on the recording o

‘plane is wrltten in the form _

I}

,.I(#,y)' U, + Ur? LA ¥ v D Cen "”'ﬂjlrw

“=‘Io‘+"1r +'2-v€.1 .-oos(g *‘gr?;‘

=1 [1 + 2 fo_7f__ cos(g - g, )]

for 1. >>I ";_-:t (47)

1, ,Under reconstructlon the contrlbutlon of the term },w111 be an
unde51rab1e background light in the traJectory of the reconstructed
. obgect wavefront . For the case of diffuse objects it will represent
a speckle pattern formed by self 1nterference of the (coherent) .
1ight from. the diffuse object. A large reference. to object beam .

"ratlo, say 4:1, will diminish the contribution of that background LT
" noise, - See UPATNIEKS (1970) for a treatlse of 51gnal to noise ratio B
in dielectrlc hologram gratlngs. . . g .




thus we can write

S -_f : ' T-':: “'-—I— =2 -I—— COS(go - gr). .= 2 'A— cqs(go - gr.) . (748.)

'fsubh that the complex amplitude traﬂsmittancé,‘Eq,(139); becomes'_‘f

- . o oA L .

A : - .

S t=p - %I—I) =t [1 - A—o cos(g_ -.-gr)] . (49)
- r e

where I;'represehts the bias intensity,
During reconstruction the incident.wavefront on the plate'is

expressed by -

U _(x,y) ENCI)) expld g (e, ]  }'?.';i (50
. 31'[ 2.2
L 2D

R

':where a ;ge(x,y) + téc xl+ Bc'y)] _ .'j(51) 

. The complex amplitude of the field immediately behind the plate
‘fak¢5'thé form'
© AA

ey et [ e g
To VAc exp(;’ _gc_)‘. +°‘_2 Ay, [exp[.](go B ? gc)] TR

.

'+_exp[Lj(éo"'gf,+'g¢ﬂ] "l.l
‘; =.T° Ac exp(jlgc) ik N A, :cog(go 7 $: +8,) :1 _\:(5%)

’ The argument bf-the_interference.tefm in the last equation can be =

written as

i

A =g map wa) 438, -8, 48

(g, = 8. +8.)

P ay® 13 1_,] o
T2 p bt
o r ¢

- 2 e o
2 [xatay g0 L] @
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og .

where.af, B' and D' are the direction cosines and the perpendicular

" .distances from the piate of the reconstructed image respectively.‘

A particular simple case occurs when U = U;, then.af.= a;,ﬂ

B = 36, 'Df D and Eq (52) becomes
= 'l'o[Ar exp(J gr)]‘—. To %[Ao exp(J go)] - 1.0% [Ao'exp(-j go)] (54)

'The second tenm represents a divergent Wavefront and is an exact
'replica of the obJect p01nt source except for the constant factor.

?: Because the 1mage 1s formed to the left of the plate (D' D ) it is
" called v1rtual 1mage The thlrd term represents a convergent

spherical wavefront formlng a point source (real image) at the rlght

 of the plate, D' = ?Dé} The first term is a duplicate of the

reference wavefront,

The different directions of the three wavefronts are indicated -

by its respective direction cosines. .~
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" HOLOGRAPHIC INTERFEROMETRY
Introduction

The analysis‘of the.previouslsection for*a.noint source
.Flg (11) can be . extended to an 1nf1n1te number of polnts as to
.represent an 111um1nated diffuse surface‘ Thereforer_under.certain
.conditions, the reconstruoted virtual image of an obJect can be :
superimposed exactly to the illuminated obJect in 1ts orlglnal.state
.Eq (54) lIn this situatlon any variation on the obJect produces a
lcorrespond1ng fringe pattern in the v1ew1ng.d1rectionl.r The appllcation
of holography to the analysis of the 1nf1nite51mal changes undergone by'ﬁ‘
,.an_object_subgected to’ the-action of external agents (load,“temperature,
j‘_vibration;.shape Say)'is'known as-Holographic Interrerometryz{f The
-'obJect is analysed accordlng to the effects of‘the external agents on.
its surface if 1t is opaque or according to the-refractive 1ndex‘t'.

changes if the object is translucid and homogeneous.

As a preamble to Electronio Speckle Pattern Interferometry (ESPI)

" an 1ntroduction to the theory of Real Tlme (RT), Double Exposure (DE),_l
and Time Average (TA) Holographlc Interferometry applled to opaque -
‘obJects is con31dered in this sectlon.- We will only be concerned with
the formation process of the fringes taking_into account the photographioy;

plate characteristics,

1. We will refer to these interference fringes as "fringes" to
- differentiate them from the "Interference lines" on the hologram,‘
. see’ F1g (5) and Chapter III ‘ : - ‘

‘2. Only cw: lasers as the 11ght source will be considered here, t
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The applicatron-of holographlc 1nterferouetry‘to the aualysis
alof straln and amplltude of vibratlon in pract1ca1 problems makes it
possible to get 1nformat10n wh1ch is dlfflcult to obtaln otherulse,
..BURCH:(1975). Its applicatlon to strain analysis was flrst reported
. by HILDEBRAND and HAINES (19%5.1966) Subsequent 1mprovements to the.‘
theory were made by ALEKSANDROV et al (1967), ENNOS (1968) and L
”SOLLID (1969)— VEST (1973) ] The d1ff1cu1ty of obtainlng the des1red
informatlon from the fringe pattern, in most appllcations, has been
clearly explained by BURCH (1974) ,-and a number of practlcal ;f5‘

: ﬂappllcations have appeared in the 11terature3.; Lately efforts have ;t
" been made to ease the obtainlng of frange data and 1ts mathematical .
ﬁan1pu1at1on by means ot optical, electroalc and d1gita1 processing,r‘

VARNER, (b), (ERF Ed. (1974)),BELLANI et al (1974), BRUNNING ot al (1974),_17

CHAMRAGNE (1972), HANDLIKER et al (1975)

Equally to strain the literature about appllcatlons of holography -
to the ana1y91s of small amplitude4 of v1brat10n is considerable 'A
review ‘of the main aspects of ‘the subgect is found in FRYER (1970)

“and ERF (1974)

-1,  R1g1d body. motlon and deformatlon have been analysed by STETSON
.. (1975, 1974, 1970)

.ZQ“ISee also BOONE (1975) KING (1974), ENNOS (ERF Ed (1974) )

3., BSee:. ERF Ed., (1974) for examples of applicatlons, ABRAMSON (1972)
. for a convenient way to deal with the fringes, ADAMS, et al (1974)
‘for the combined use of holography and speckle in 1mage-p1ane :
holography for the determination of 3-D displacements, MATSUMOTO et
“al (1973}, VIENOT et al Eds. Sect1on 17 (1970), ARCHBOLD (1975)

'4. FRYER, p518 (1970).

5. Articles of special 1nterest POWELL and STETSON (1965) ARCHBOLD o
”_ et al (1968), POWELL (1970) WALL (1970), STETSON and WATERS ERF E4d. ‘1-:
._(1974) HUGES (1975) A - _ R




Cer
"Single'expdsure hologram (Real Time) -

‘Let the objedt'waﬁefront Uo'and'the plane refefeﬁce;_wavéfronf- ’;*:'w“

pr:pe eiprgéseé PY:;7
) a3 gem ]
em e elinen] e
wpere gof:f,y) are d-_efiﬁed-_’_ay Eq_s'(?‘i? a’_‘d_l.(4_6): resp?'ctjl:}leily’. gnci

The complex amplltude of the electrlc fleld at P Flg (11)

and the correspondlng 1nten51ty are

A CU
R ok *

I =00 =I I +U U +U U

- PP (o] r [» I o o r

_Rearrangihg the last equafion to obtain (I - I )/ I and using Eq (139)

we can express the complex amplitude transmlttance as

G -(U-U . "“U-*'o'>]"-'-----('57')*' Ly
r- Yo 7Y W T + 5 Y . R

. During reconstruction the reference wavefront Ur'recéhStrﬁpts the

- object wavefront Ué which is superimposed to thé'modified'objéct ‘nh

- wavefront U.. This is defined as -

Cueaey ew[igen] sy

1, Except for the control in the spatial frequency on the photographic
. plate (resolution) there is no difference in using either a plane .

or spherical reference wavefront. This is only a carrier of the .|

information contained in the object wavefront, The interpretation. .

of localisation of the reconstructed images is simplified using a

plane reference wavefront, GOODMAN, p214 (1968), but thlS is

irrelevant in the 1nterpretation of the fringes.. .
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.The complex amplltude of the fleld before the hologram UH" 'w
~'written as
B U R U
: UH“ 'Uo * r S e o _(59)”
and the complex amplitude after the hologram as
UT = f_UH s (GQ)_G

‘Substituting the above equations. into Eq.(60) and aftereseme‘if'

operations it becomes -

I.I

S 2
{ U (2 1 - yI ) —[y Uo(UoUr + Uo,Ur):+ U Y U]
74.[U0 @1, -y1) -0, IIJ} (61)
‘Only the th1rd term of Eq. (61) possesses the exact informatlon about 1:
~ the or1g1na1 and flnal states of the_obgect and its intensity is
" written as

2+§r)n {I;[éllrlf VI ] [(2 I. ." YI )( YI )

" Intensity = (

" ake 1 e [ 92, litr[,' N
_ (UQ U+ Uy Uo)] + IO[Y Ir'] _.1' SRRERNE (6?)-”
" The second tem is called tne.interference term W and can beierbressed
. as
W - Y+° (2 a_ 2onha A") exp[-a((g - &) +“)] +exp[.1((g - g) +*rr)]
o 2 r "o o

|

_ o L SRR L )

Yt 2 .82 ' e (xv) —otix vy w1l - e

=T, @A - A cos [ g (x;¥) _gocx,y)_fqr] N GO T
The 1nterference term represents a spatlal dlstrlbutlon of light :V

intens1ty 1n space formlng brlght and dark bands referred to as s

1' interference frlnges.j‘Thus;'



o ' ' 'n =0,2,4 ... Dark fringe
B (% y) - g (x,y) = AT ST &
0 : - n=1,3,5... Bright fringe

Double exposure hologram o

[ 4

"The,total exposure E, of the holographic p1a£e_¢onsisfs of _ :

. g_first exposureﬁg'(object in this.originai state) and a second .

exposure E' in which the ohject is in its fiﬁallstate;‘::f. 

The intensity at poinﬁ P, Fig.(11) duriﬂg the first exbosuré -

ié.given by: _.

:and

n
e

N

For the second exposure we have

I'
. ‘ .r o T

-and

" where 't représents an equal time for the two exposures.~"J =Q

The cqmplex_amplitudéitréhsm;ttance,'Eq.(138), then beco@es '“

mrﬂ',

b=t

To

t

.where E, =E 4+ E' and E0 is the bias exposure,
' E_ = (Bias Intensity) t- = (BI)t.

+U_UT U U (65)

L (e6)

g : R TN TR SRR
o ( EE oo o (89) ]

l o a0 ut ey, e



Substitutlng the above equatlons into Eq. (69) taking

to the fl:st order te;m, we have
- {HUJ |YDI[ +IU' +(U0Ur-+Uo”Ur)+‘Ud

where C is a complex constant and I > I , I > 1.
R . ' S A

field after the holqgram_is'

RR I

2J" *:. *.'
o DD

‘wrltten as

o

‘as

. . where extra constant tsfms havs'béen'inclﬁded in C.

foinges;: Thus"

" Duringireconsfruction the hoiogfﬁm.is illuminated by the

:‘Intensity (C Y U 2)? [|U°[? + |U;|3 + (UOIU;* % v fsU;)] fi

W = C Ao(k,y) A;(x;y)isos[gé(x,Y) ;:Eé(k;Y)]'{;'

“2| U I as a factor and the remainlng b1nom1a1 series approxlmated

U 40 ..Ur)] (.70)
original reference wavefront Ur,‘and"the comnplex amplitude dfjthe

o w, a[n,l® - vCu, F ey 5] - yjo* o, v
(1)

Only the second term of Eq (71) possesses the exact information about

.the or1g1na1 and f1nal states of the obJect and its inten51ty is-

12y

The third term is-cal;ed'the interference term W and can bé_expreéséd o

a3y

The interference term represents a spatial_distributioﬁ of light

. intensity- forming bright‘énd darkdbandssréferred to as intefferénce".“



gy

RN e 'n'=0,2,4 ... Bright fringe
go_(xJY) = g;(_x!y) = ! _ ' S _g S _g

| n=1,3,5 ... Dark fringe
l‘The phase difference of L between Egs. (64) and (74) is 111ustrated

in F1gs (14a) and (b), where (a) shows the frlnges due to dlsplacement

: 'of a cantllever beam, real time on the left and double exposure on fxﬂ'.

'_the right and (b) ShOWS the frlnges corresponding to a displacement
.‘-undergone by a circular plate clamped by its edgel when a concentrated
load was app11ed at 1ts'centre real tlme on the top half and double

exposure on fhe bottom,

Interpretation_of,the‘fringes_
- Fig.(lz).illustrates the original and final positions of a_d'l :

- o ,
p01nt on the surface of an obJect q and f respectlvely, a .

‘light source . s, a p01nt p on the photographlc plate (1n the viewing‘f

direction) and an arbltrary reference point -o.;
Flo £, ;?3’ T, are unit vectors.

1. BOONE et al (1969)

2, In practice' qf is an infinlte51ma1 dlsplacement

(745‘”‘\55“-%
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We aré inferééted in the change of bhase_ d'ue"‘to'_the' disﬁlaéemenf o

of a point on the objéct's_urface from position g to position I,

Accordmg to Figs (8) and (12) the phase associated to the ‘
optlcal paths* sqp and sfp take the :Eorm
and -
a | gf=‘ -—x(s's g + T, $) k S : (76)_
From Fig.(12) we have

iR
[
n.
o
i

H

(]
[
jur

R

in
o]
B
1
1O

i
".
1)

(80)

r =
—

Iy
|
g

Substituting the above'equati'ons.'-into‘ Eqs.(75) 1and (.75) we obtai"nf‘ ‘..

s [cF 8).(F, +Ar)+<p-F) (r +Ar2)+¢]

Tm
u

E ",_M»i - .'zf:L:f 5 .:;“f (84)

 thus ’

be =g - g =" %— [@-m.G -5 - @ - 9% - @ - DA%, ]
L | Cqesy

If we assume thaf in:fini_teé._imal.displacemenﬁs take plalée" '

|z21 Ir IR R R I

~ Ll
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- then

(E-8).8F =0 , (B- F). A%, =0 (87)
and Fq. (85) can be written as
Ag = . R | . 2 ,;Z‘Ji_;h ;,:q;[ﬂ__-z r

' The vector -?1 - ?2 is called the sensitivity.veetorl. .

Theretore, °°“‘1°aring Eq. <88> with Eqs. (64) and (74), where
- gql and qf” correspond to gé' and g ’ 1t can be readily seen
.that the fringes represent the loc1 of p01nts of equa1 Vector .

\dlsplacement d = Q- F).

L

"Time average hologram

Fig. (13) ehewe a laterai cfoss—sectioh of a cifcular piate2
‘ wﬁere the solid line. 1nd1cates 1ts equllibrium ﬁoeltlon, and the :
.dotted lines 1ndicate the two extreme pos1t10ns of a s1nu301da1 |

_v1brat1ng motlon For simpllelty let us conszdee the pesitlons of.

iq ‘and f on the plane of the flgure .

' Because only one exposure ie.heeessary the‘interest.now‘is-toT-: :
find the expreseion for the phase timé-variation of‘the-object _ 

wavefront Ué .

, ﬂ.l BURCH Eq (2),_(1974)

B 32.[‘COLL1ER et:al. p439 (1971)




34

Accd:dinglfo'Figs..(12) anﬁ (iS) thé fecf&ngular cqmponen£$';ﬁ :
: &ectors .g :énd'rg ‘are Qg.;_#,-Qy =:Qz‘;_01 and F% = xi;'fy.=_0'f“
, F%.?'D(x,t).rgspecfivély{ agdu. | c

D(x,i) %'ﬁ(x):éo%é@tl+.¢) 'f: ””{: ; "fu "_'ff($9) j:£ ;:
where_.D(x)::is.thelgﬁp;itude,'.w-'the angular'ffequgﬁcyiahd.¢ is"

‘the phase,

_  The coordinates of points s and p are (x_, 0,z ) and
.(xp' O'lzﬁ) réspeﬁtiveiy; _Thé position vectdré"fl':and}"fz‘:aré‘
'expfessed by . A
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so that

~ ,XS B xi'\ ‘ ZS ﬁ T X% o ein '!Z
rp= ~p—i-g = cos X1 ~sin yk
- s s
- o ; {91)
, 'pr,- x|A z_ e B PR
Ty = =g +R7 k.= - cos (X‘+ ) + sin (X +-9) -
R T - L
S 22 \/ 2
whete R = ¢?|xs f'xl'ﬁ+ z.") and R (|x ~.x -z )

i

. The‘instantaneons'phase difference can be:expreesed by Eq.(88),

" so that after substitition of the above equations we'optainla
.Ag_(x.,#) = - = {g.rl - g.rz._-.-,!}i‘frl +Er2] -
“.2ﬁ ' ) ; - : - n o o
== D(x) cos(wt-+§) sin X + sin(® +X)] o (92)‘,;

The total instantaneous complex amplltude at . the photographlc plate

durlng exposure is

Up(xft)l= Ur:+ ﬁé =_A exp [j gr(x)]’+ U;(x) eﬁp [jAAg;(x;t)]‘.' (93?..

: where ﬁ'(x) is the object”compiex anplitude in ‘the equilibriﬁm
,posmtlon and Ag (x 1) is the phase shift 1ntroduced to take 1nto'_
account the varlations of the opt1cal path while the obJect is

v1brating, Eq (92)
'.Each peeition of the vibrating ebject wiil'contribute to the
 total exposure which w111 ‘be prOportlonal to. the tlme average of the '

'intensity over the exposire t1me then

1. Notlce that Ag(x t) represents, in th1s case an instantaneous___
value . . _ ‘ e
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| N |
_fd(xft)% .-_=<<;Up Up >. = E _ I(‘x,t)‘.dt. . |
T (94>

= d e o e e e ]

" For simplicity T 1is chosen to be equal to the period ‘of thé -
- . harmonic motion, — .
. oW
Only the 1as't term of the 1ntegrand has the 1nformat10n

about the obJect 'I:hus using Eqs (92) (93) and (94) we can wr:.tez .'

<I(x,8) > « f(u v, ) at = —5- fU' d(mﬂ '.

TT.
U U(x}

rT jexp{ [-——- D(x) (sin x + sin (9 + x))]
) 5

o] (mt +. 4)) } d(mt)

]

Ur* UO(:':)- J-o.[-z-{nl(:':) (sinX + sin ‘.(.e +: Sg)):l _(gs),_ '

1. An alternative could he to cons:.der T as the exposure tlme

L o

2., I (z)——-_;T fcos (z s:mp—np) dp——frxp[,] (z s:mp—np)]dp
for n = 0,1,2..

'pr_ +(mt+¢)andn 0 wehave.-"'

(z) = = fcos[z cos (Cﬂt + ¢) ] d(mt)
L= %'—— of exp-[J (z cos (mt +¢) )] d(mt)

where _d[' + 6t +¢)] d(wt)

e s cn]
sk S [Ho0 m xen oy 0yo cn iffocr

3 () =g (2)  See JAHNKE et al (1960)
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_During reconstruction the complex,amplifude after fhe hologram

is given by

- U, =U -f- « U-r< I(X’t)”",. ‘ ' . | . (96) .

Therefore the‘complex'amplitude and the iutensity at the observation ; o

point are expressed by

Uy

: | 72 l ! "e'g g '”"'_' fi:._H”,"‘ S
o Uo(x) JB_[—% D(x) (sin x + sin (® + X)) 1 e (9T) -
2w
I(x) = + U, IU (x)l {.I [ D(x) (51n x + sin (6 *‘X) ﬂ
(98)
._It'can be seen from the last equation that fhe intensitf of the‘
- obJect in the equ111br1um p051t10n IU (x)l is modulated by the ,,‘“

Vfunction_ J 2, therefore a brlght frlnge will correspond to a max1ma  .-f

of'fhe-Ibz functlon and a dark frlnge to the zero values of that

‘. 'funotion,

it

L
n . c .
2(sln X+ sin (6 +X) )

D(x)

The clamped region of the v1brat1ng square plate 111ustrated in Fig (14)(c)

is at 1ts centre »* Therefore only the 1nterference of the two
‘ Wavefronts correspondlng to the extreme positlons 15 observed and the

fringes are 1nterpreted as contour lines of equal dlsplacement of the -

u ohJect surface Notice that_wu3 and ¢ are lost during the tlme average

. operationland_the coufrast of the fringes 1s_sharp1y reduced by "

" increasing the amplitude of'vibration, POWELL (1970), FRYER (1970).

a* During reconstruction all the instantaneous positions of the object
! are reconsiructed.according to a weighting factor proportional to i
their contribu;ion to the total exposurel. E

B O . T

1. BUTTERS, ch.7 (1971)

0,2,4 ... Bright fringe. Node ~ -

. n = 1,3;5l}Q('Dark fringe ;f;(99)
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Real time hologram (vibration)
'We start the derivation from Eq.(63), (real time; static), -
thus
W e 2|U°| cos[A g(x,t) + 7] o Q0
' where Ag(x,t)iis defined by'Eq.(QZ).V-
' Dd#iﬂg observation,'thé photographic filmforithe'éye wil;
respond to the avérage intensity,,therefore e

. ":_"5:

I =< ﬁ? 2 |U I ﬂ*J [ D(x) (51nx + sin (9+x) ) Ay _éiOI)

'_and

n_l“,_ PR fh - 0;2,4l;ﬂ{ Dérk f;inge.:'Node-

D(x) = L i
( ) 2(51n X+ sin (6 +x) - n=1.35 Bright fringe
) A= Ay, e '

(102)
Inﬁpracfice the aﬁove cohdition is‘diffiCult'to'obtain-and-generally : -
the "fixed" parts of the obJect appear brlght as can be seen from
Flg (14) {c) and (d} It shows the tlme average (c) and real tlme (d) _ f'.
holographlc pattern of a square thin metal plate v1brat1ng at a'-‘ ‘

-7 frequency 22.7 kHz due to the actlon of a plezoelectric crystal placed

in the back of “the plate Both,show the flxed centre port1on br1ght._ 

: - 1
Observations

: Adcording_to‘the footnotes on pages'16cand‘18'the'use of a
' -polarizer'betwéen the holdgram'ahd_observation point_was.a common
practice, ésrit'impfovés_the fringe contrasf,z; Aléo.td éohtrol,the -

1. The results of Flg. (14) were obtalned using amplltude hOIOgrams.-, .
8ET75 AGFA plates. . _ _ -

2. RUDDER (1967).



beam ratio two polarizers were used in the unexpanded reference

beam. - The first polarizer in the path of the beam‘deereases:the‘[

- beam intensity a certain'amqunt and the_ether restores'the eriginalnllthf\

polarization and fixes the required_beam intensity;- This arrangementl
works as a variable‘neutral_density7filter. 1f during real time
'reeenstructionl'the first pelarizer-is retated to increase the:lightg

':intensity, and therefore increase the v1rtua1 1mage intensity to

match that of the obJect the 1nterference fringe pattern translates ;‘:

per1odica11y by an amount correspond1ng to a phase shlft of T o

. The number'andshape of the fringes remains-the same.

The rotation of the pelarizer during reeonstrnction {(real time)‘

‘was needed because with an exposure ratio of 5:1 (reference to object

beam) there is always the need for increasing the image intensity.

39

An equalization of intensities, object and virtual image, was obtained

' for a ratio of about 20:1 without rotating the polarizer.

A beam ratio'of.nearly.ZO:l (modulation-0.42) was found to:bep

_the most suitable for real,time,“a'ratio of 2:1 for double exposure, =

.. and a ratio of 4:1 for‘time‘aVerage.

1. The plates were pr0cessed in- situ, BUTTERS et al (1969)

-2, 'STETSON et a1 (1965) suggests the use of an attenuator in the'f
- object beam, It was noticed that if a polarizer 1s used in this‘
way the interference pattern is altered, : :




(a) and (b) show the 7 phase difference between Eqs.(64)
and (74). (c) and (d) show modes of vibration of the same’
object at the same frequency for time average and real time

holography respectively.
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_ ELECTRONIC SPECKLE PATTERN INTERFEROMETRY
Introduction .

.-Speckle intefferometry emhraees a diyersity’of apnlicatione
xﬁln the NDT and NDI fields. While in.some.fieles of coherent optios-:;”
'_research is. carrled out to flnd ways of ellmfnatlng or reduc1ng the ’
:‘snecklel, in others the speckle is used as a metrologlcal tool

fENNOS (1975) The roughness assessment of surfaces and decorrelatlon
 .phenomenon related to wavelength WYKES (1975), LEGER et al (1975),
.fand the p0531b111ty of 3-D straln ana1y31s in transparent and ,f

' homogeneous models, CHIANG (1975),.extends even further the potentlals

'of speckle.ana1y51s and appllcatlons.

We have already'referred to'the information obtained by_‘
'.Holographlc Interferometry technlques in straln ana1y51s; and the'
dlfflculty in transformlng that information into quantltatlve straln

data,

Speckle inte:ferOmetry.discriminates betWeen.nornaljandfinfplane'h;,
‘ dfspiaeement components; therefore providfng'an-easier.wayfto relate"
:_the fringe pattern to the stra1n conflguratlon ENNOS (ERF Ed (1974) )
.The low speckle spat1a1 frequency allows for the use of telev1sion o
-systems and S0 d1spenses W1th the photographlc recordlng, BUTTERS (1975);

- and also sets the conditlons for a desen51tlzed speckle photographlc‘

. method, ARCHBOLD et al (1972)

1. MoKECHNIE (1974), BURCH et al (1970)

2. Also see BURCH (1971) and (1974) for a review of the 11terature
about the: appllcations and mathematloal formulation of speckle S
- theory. ’ : :



Eiectronic'Speckle Pattern Interferometry_-

Thls subJect has already been covered ih Various.aiticiee
by BUTTERS LEENDERTZ and DENBYl in ;te-apbiieatioﬁ to s;ieip'g:e-"
'ana1y51s, being the purpOSe here to add some«comments.on.eheleﬁtieei'-:"
 and electronlc (speckle) s1gna1 precee51né inlconJunctlen w1th

.Speckle pattern interferometry that w111 be useful in the discusslons_

in the next Chapter.-

In-the.spece between e'scatéeriﬁg;sueiaee.ilgeﬁinafed withf
cohereﬁt 1ight'and-the oﬁeefeer-fimage'biane)-a'randee inééffeiéﬁééff"
phenomenon occurs by the contrlbutions of the 11ght scattered from
7 difierent parts of the surface. Con81der F1g (15) where p-‘is a. a
ipoint in e paraliel ﬁlaqe‘between the scatterlng‘surface 's; eﬁd'the .

- image plane o, and . 1 repreeents the_imEging system..

Fig.(15)

BUTTERS et al (1971-1972), DENBY et al (1974~1975).



“In'Fig (15)(a), 1 images 'p on ‘0. The random'spatial frequency'
 of the 11ght 1ntens1ty at p is not resolveble'by"the imaging'
; ‘system, only that determlned by the Raylelgh Crlterion, the speckle

pattern.'

To relate the speckle pattern to a p01nt by p01nt bas1s w1th T

the surface Tan 1mag1ng system s1m11ar to the one. 111ustrated 1n

o Eig (15)(b) is’ used Under thls condltlon the speckle is of the

same size that portlon of the surface whose scattered llght

'contrlbutes to the formation of the speckle in the flrst place

the 51ze belng determined by the Raylelgh Criterlon

. Let us analyse the speckie at the surface 1maged on plane o. L

A speckle is formed by the randcm contribut1ons of the llght

scattered by the surface Fig (16)(a) 111ustrates the vectorial -

t-_ representatlon of the formation of the speckle where the small

arrows represent random llght vectcrs, A the amplltude of the

‘ resultant vector {the speckle amplltude) and ' ¢ 1ts total phase

I.=A_ =A" +R + 2AR Cos ¢ 0 I =A = A'2‘+ R2 + 2AR'C03‘¢'-‘:
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Assume now that thersurface experiences:a non;uniform infinttesinail
: change'and thejphases ot‘the'randon vectorsfchange accordinglf;:so-'
: pthatitherfinal speckle ampiitude.is.At Fig (lG)(b) Nelther of |
t-these two speckles (or speckle patterns), (a) and (b), glve .

'='informat10n about their phases ¢ and ¢'

If‘a‘reference beam is made tolinterfere with the Speckle:-_ Lo ,'!
patterns in. the image'plane,'their amplitudes'are mbdified.according
"to.their respecttve.phases, ¢2_and-‘¢',.giving'new.speckie.patterns:;,'

whose intensities are'expressed in Figs.(16)(b) and (c),: e

“The vidicon tube will scan the 1mage at plane o, figt (155 tb;h‘
'-sand the signal will be electronically processed as -is illustrated in -
.Appendix B. During the eiectronic subtractlon the twolspeckle patterns"
_ correspondlng to ‘the or1g1na1 and flnal states of the obJect w111 behave
as random mo1re grlds .and the frlnges will be formed by moire effect

“"figure interference". The final 51gna1 is dlsplayed on a telev151on .

monitor, and its appearance 1s descrlbed below S '.;;'f-'“ ‘ . Ll

Let'us assume that the resolution'of‘the vidicon tube ist o
“:approrlmately 25u ‘and its screen area 125 mmz, also that' the 1mage
area of the telev151on sereen 1sl3850 mm2._ ‘Then we w111 have an
-approslmate magnlflcatlon ‘of 30, : Therefore'the speckie'size on the t
‘:telev131on screen w111 be about 3/4 of a m1111metre The image of the.
surface appears "to be couered by a globule formation formed by sets of
_;speckles._ Therefore;gfor the franges'to be clearlytdlstinct‘from_the
globules, the spatial‘distribution‘ot surface displacement‘must be
_sufficientiy.gradual for‘a'fringe pertod to be'spreao oter sererale.-'

‘globules; a number of speckles,
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When.the surfacehis polfshed to a‘degree thet.produoes elmost ld

| no speckles, or none at all the informatlon is carrled in the
‘1nterference lines produced by‘the in-line superpos1t10n of the

lobJect and reference beams before the v1d1con tube of the’ electronlo-
speckle interferometer.. There will be a family'of‘1nterference-11nes‘
for each of the two states of the surface.' Any 1oca1 phase change: A
produced by some - effeot on the surface obJect (1f opaque) w111 produce )
'arcorresponding locel change in the interference 11nes, ‘and frlnges g

- will;eppear by moire effect, ThlS subJect w111 be extended in the

next_Chapter.:

The‘ESPf system'includesfa high;passdfflter;odrcuit'thet d
lelfminates slowiy.var&ingfbrightness.levels;_and by differentfatfon:ﬁ
'douhles “the numberrof globules-or 1ines, improvfng;.in thfs uay;'the_
.lfrlnge contrast although good results are obtalned without ‘this step;..
The system also offers a range of magnlficatlon depending on the amount _;
of 1ight being returned into the system (from the object),ﬂthe size of |
_the object and.the distfnct number_of frfnges on‘the teievision.screeﬁ;u
About 50‘frinéesrcen-be‘oieerlp.seen across the sereen;f i:;jfsf:éxaspié;,p
ue;conSider about 30-friuées ecross”the'inage'on thehtelerisfon'monitor;"
“of-an eotuel,ohject size of'éO'mm;end aslthelperiod of theefrinéef . |
corresponds to a A/z dispieoement?:then.an fntermediete vaiue for;the :
'measurahle strein-wiii be ebout'125 mforostrafns. | | |
'Experinents heue been earried out to prdcessltwo'speokle patterns;:'
corresponding:to-the initial andufinal'States.of'the ohject, usiné the:
Eséf systen without the reference bean. nThe,erperfnents were repeetedh

exactly, using the reference beam, as a manner of control test;



When aHSilver sprayed surface was used, fringes of ver&tf
_noor-ccntraSt appearedlidentical to the frinces obtained using a

reference beam. Actually, it was the specular light comlng from .

c _the object surface 1tse1f which’ acted as a reference "(local

" reference beam, WATERS (ERF Bd, 1974) ). When the surface ’wa'e-
lt11ted as to cause the specular llght not to enter 'ne s&etem, the‘ﬂl
: fringes remalned equal to the control ones;lbut the-centtaet ﬁae. |
'even worse, This suggests that. in the small region of the surface
that contrlbutes to the formation of “the speckle, exists tiny parts'?
:‘that reflect the light specularly. Furthermore? because_the fringeil%
'fccntrast‘decreaeee es\tne snrfece,is tilted, it is'assuned thet thie

' sbecnlarly;reflecting pert has an angular.distributicn.

When a matt white sprayed surface was used, the-fringee Wete?"
imperceptible nnen etatic and eXtremelyrdifficult tc'cbsetne'while.th
in motion, without know1ng in advance by the control test its
:pcsit1on and d1str1bution This indlcates thet very weak neflectlonsr |
in the system are acting as reference beems; .Because both frlngef |
’ patterns (test and control) were 1dentlca1 they correspond.to dlsplacement

-of the surface of 3V2 Fox:a-speckle pattern to act as a moire gratlng',

- without reference beam,'the displacement_would have to be at least of . .

the size o: the grid pitch (eize of the speckle) anq the fringee wonId o

not be detected by simple_inspection.f‘
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 SYMBOLS © .

v ‘, V::i.sibilli"ty.
R o Beam inten31ty ratie
"-f le :  :l) Degree of coherence or’ parflal coherence factor '. |
.Vﬂij'- _V'QTIAngle between the d1rections of polarizatlon of the f;.w

-.1nterfer1ng beams .

Bi "-:f_  Bias intensity |
W :. e ‘.I;'xterferlehc.e term

E’QAE;B ' Position vectors of pe1nts £, q, s, and P reepectieely
a. ii . _‘ Dlsplacement vector

'“SeelFig.(IS)




CHAPTER  III

CONTOURING ~BY -ELECTRONIC ' SPECKLE INTERFEROMETRY

" INTRODUCTION

The‘preoeding Chapter'dealt with the applications of hblo-rf”
ﬂ_graphic and’ speckle 1nterferometry to . the ana1y51s of 1n£intesima1
displacements,_and the difficulty presented in measuring large ‘

displacements due to. the h1gh sensit1v1ty of thOSe interferometric ii

methods. Ways of circumventlng, to some extent that difficulty in N

'holographic and Speckle methods have appeared in the 1iterature

- FRYER (1970), VARNER (b). and ENNOS (ERF Ed. (1974) ) Moire methods |

provide an alternative to finding the‘solution to the problem.of high .

_sensitivity; .methods whose potential applications'and limitations
_ have been studied 1n comparison with holographic and speckle inter~ r
ferometry have been made by VARNER (a) (ERF Ed, (1974) ), LUXMOORE

(1975) and BURCH (1975)

:._ The purpose of this Chapter is to present some new‘holographic. -

'and speckle interferometric techniques which may bhe referred to tﬁe .

group of reduced sensit1v1ty contouring methods. These techniques are

used in conJunction w1th the ESPI system already desoribed and the S

“main feature is that of finding the contour difference between:an. rﬁ'

' object and master‘surfaces in a production line. - The'reducedrsensitivitj"

is obtained by matching the master surface shape to that oi'the object,

although that sengitivity correspondS'to'an interferometric one, ESPI .

-

‘sensitivity.
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In specialised cases, the matching of surface shapes could be
done by moire and holographic methods w1th1n their omn limitations
'_ and practicability. It will be attempted in the remainder of this
section, to give some. in51ght into the need for the proposed contouring
:methods.. In doing so we will consider first, as a 51mp1e and
‘representative example the single grideprogection‘contouring method
B proposed by HOVANESIAN et al (1971) It con51sts in the prOJection
‘of a grid of regularly spaced straight 1ines onto both a flat reference
' plane and the obJect surface ‘ The reference.plane and the obJect take |
alternativelylthe same ‘place -in space and their 1mages.are superimposed
~. by double exposure, on a photographic plate | The moire effect (figure
rinterference) between the regular and distorted lines of the 1maged
'reference plane and obJect surface respectively; resulting 1nlcontour
'fringes, is shown in Fig (17)(a) and (b) This figure shows the contour
fringes of an ordinary light bulb and a- turbine blade over a background_
of unwanted high frequency (prOJected) 1ines that can be observed on the
'flat screen and at the left half of the bulb These lines may be
‘eliminated by optical filtering, or by grid motion, ALLEN et al (1971)
Another problem is that of specular reflections that obstruct the
"~ information over a portion of the obJect surface as it can be seen in ;‘.
) Fig (17)(b), where a long vertical band of bright specular light along
the middle of the blade makes it 1mp0531b1e to distinguish the contour
- fringes in.this region.zr The use. of photographic film is, at the moment

" an inconvenient factor in production line applications.ps'f

.1, See also HOVANESIAN (1975) for contouring by a scanned ruling method,
‘which we will refer to in the holographic 111um1nation contouring-
section, MACOVSKI et al (1971) and BENOIT et al (1974)

2. The common practice of spraying “the surface with matt paint to reduce'
'~ the specular light limits the scope of the. techniques.‘ The light S
~bulb shown in Fig.(17)(a) was sprayed w1th white matt paint to R
eliminate specular reflections. : e
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' HOVANESIAN, Eq. (2), (1971) the height difference parallel to the

..: 51 :

- Moire contouring methods find acceptance when low sensitivity - -

" is required, with the extra advantage of using incoherentilight.o
"Fig.(17)(a) shows one of the'possible.cases where low sensitivity is_'

. required. Let us now analyse in‘more detail the case shown in

Fig.(rn(b) © A transparency with a 11.81 11nes/mm grating was used

to prOJect the 11nes on to the reference screen the frequency of
< the lines on 1t being 0.86 lines/mm and the angle between the :

fprogecting and v1ew1ng direction was 0= 450 ‘ Therefore according to

. viewing direction, gives

AZ = o = 1.22 mm L oy

where Az is the contour difference per fringe 1nterva1 P = 1 16 11nes/mm

and<¥= 45 ' To be able to measure height differences of 25 4llm (1 thou)f_'-”

a resolution of 12 71;m (0 S thou) is needed ~which can be obtained

from a grid of 47 24 11nes/mm for<x- 450, Diffraction w111 be a great

problem besides the difficulty of obtaining a square grid of that

'frequency. The method can be used as a non-destructive evaluation method3

and,-using'a divergent projection heam, it could be used for.larger .

.,‘objects;z- even so'the_variations of the'grid pitch on,the reference B

surface and the variation in-the'contrast of the projected lines duer"

to the surface finish will create'more:prcblens.

A variation of the Single—grid method is also presented'ih the'?‘3'

aforementioned article by HOVANESIAN whereby two surface shapes are ta"

_compared against each- other by the use oi a beam Splitter this time ”

‘ only one exposure is necessary Following a Similar line of action we

may dispense w1th the use of the beam’ splitter by means of a double

.1;?f"height'difference" "contour 1nterval" or "depth change per fr1nge"'.=

2, See also TAKASAKI (1970 1973)
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‘exposure placing, consecutively, the object and the master ebject‘;-

. exactly in the same place.

‘_It nust'be reealled at tnis noint that the.anove mentiened :
'.moire metheds:rely-oﬁ'"figuneIintetterence";,.the fofnetion qt

fringee bf ebsttuctiqn of light, and‘thet;there is no:pﬁase‘infefmationf
evailanle.‘_Tnetefqre‘the info:mation ebteinee b& moire'metho&e_is'.

limited by the pitch of the grating.

i‘M01re nethodS,_in general are easy to apply and provtde a
--_fuseful continuous range of sensit1v1ty. Moire sen51t1v1ty ‘can be = J?
',selected over a range from 5 mm {for which great depth of field, i e t]
;'1 m, is prov1ded) TAKASAKI (1973) to a maximum ot 3 um for flatnessfn'
f;testlng JAERISCH et al (1973) ‘Equally fringe progection is simple i
to ‘use, and offers a real t1me informatlon and a large range of |
_sen51t1v1ty, ROWE et al (1967), DESSUS et al (1973), WAY (1972)
'Shadowlng, in the case of undulatlng surfaces, presents a great
limitation to the technique,_due to the neceesary laxge angle betﬁeenff.‘f

' the illumination and viewing directions.

.The‘metnods descrited in.the nextLSections ate beeenlen ttoj:
‘ﬁeiograﬁhic'66ntonring métﬁédslf the two-wavelength method HAINES et e
 na1 (1965) and the immerslon method TSURUTA et al (1967) The first:n;
“of these methods uses “the phenomenon of beats between two (1aser) |
wavelengths whereas_the second nethod‘uses the changes of refraqtive;?.
‘tndexiof the'iiqeid.in.nhich‘the_test ebject is;immersen‘td give-

"similat reSults; with the advantage of usging only one'waﬁelength.

1, THEOCARIS p4 (1969) See also p92

2. ' Both methods later 1mproved by ZELENKA et al (1968 1969) and
- VARNER (1970—1971) ,
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These methods offer a greater sen51t1v1ty when compared w1th m01re,

_jmethods; and turn the condition of operating through small apertures_-
-into an advantageous characteristic Usually the direction of
_illunination and uiewing“are both'in—line thus prevent1ng shadow1ngt
However, the holographic methods are more complex, they require high
.quality i 1arge aperture opt1ca1 apparatus, and the experimental :

- procedures are lengthy (:Eor real tlme operat:.on) due to thelphotographic

-recording step. In particular, restrictions apply to the distance

s between the obJect (or its image) and’ the hologram, and to the slope

of the ohject surface relative to: the v1ewing axis, as discussed by f"

i‘VARNER (a) (ERF Ed, (1974) y.

fhe main advantage.of the aforementioned optical contouring
”‘methods, when compared with transduoer probes, 1s the amount of
1'l1nformation over the full field of v1ew at one go; which provides
“both. a rapid assessment of the overall features of the surface -
._and a.detailed measurement | Furthermore, generally no physical contact
.Nis made w1th the ob;ect surface and the methods work in rough

surfaces, -

The contouring methods described below are based on’ the optical o
contouring methods already mentioned but offer advantages over moire-
and holographic methods in terms of extended scope, 31mplicity and

:'practicability,_“'
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.Principles

' ~Because the proposed contourlng mathods are also based on
the use of the ESPI system let us reoall some characteristlcs of v
_speckle interferometry as we go into the mathematical derlvatlon:

-and experimental oond1t1ons for oontourlng.'

_ Consider the interference between an isolated speokle‘in aﬁ‘
.speckled 1mage (i e, vidicon tube screen) and a coherent (1n—line)

‘. reference wavefront. The total complex amplitude 1s glven by
u =‘Ar exp(—-sl¢r) f.As exn(- qi¢s)“ sgijil_eo. -(104}f

'where A is the amplitude and ¢ the phase, and .the subscripts =
7'. and ' s - refer to the reference and‘signal wavefronts'respectively.:7

The intensity is expressed by
2. 2

1= \IUI zm?ea’ _21ArAs“-coS(¢-'r - (108)"

__Suppose the reference wavefront remains constant -but. the phase of

the s1gna1 wavefront is sllghtly altered an amount A¢ ot due for d1

o example to an inf1n1tesimal dlsplacement of the obJect surface

wh1ch produces the slgnal _ As the surface is altered the phase .

_ change (A¢ ) takes perlodlcally mult1p1e values of 2w s returnlng

the intensity I to its original value . Thus by monltoring the P
e_resultant 1nten31ty the change in optical path via the obJect surface
can be 1nterferometrica11y measured The reference wavefront can be o
7 a conventlonal smooth wavefront1 or an independently produced spechle._?

_ ‘ ’ ) ' : J-o&d\ . ' )
1.1 A-l"smooth wavefront",it'ls understood thet wavefront produced

by an optical element so as to have the same phase across it; also
the wavefront that having been produced this way is- reflected and
directed . by optlcally pollshed surfaces._ S .
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”, Welcan generalise the above equaticns to represent the speckler

' pattern wavefront of the deformed surface so that for practical .
2fpurposes, it can be: compared w1th the lnltlal pattern corresponding

to its original state ' In this way those parts of the obJect

surface that have remained unaltered or those which have contributed |

‘; with’ multiple phase changes of 2n give, after subtraction; Zero ff
'-1nten31ty. Those parts of the obJect that contribute w1th intermediate
phase change values produce a variation of 1ntenszty which results, |
aiter subtraction,‘in a fringe pattern, where the zero order.fringe

is a dark fringe. So the fringes represent the loci'of points of

-equal'phase change and are localised on the surface.

n.LSince the fringes‘are formed bv obstruction of light (iigure

1nterference) they are not strictly 1nterference fringes, though can‘
'.be interpreted as such.. Let us extend our.discu551on to the performance
of the'reference'wavefront in the ESPI svstem Let us consider a‘__-
speckle pattern (W1thout reference wavefront) to be a grid of randomly.f .
distributed 11nes,rtherefore when subtracted from the final speckle.l |
:pattern, after the surface has experienced a change, 1t 1s expected to
find moire fringes due to a surface change corresponding to the pitch
of the grating, speckle size, On the other hand, the ESPI- system .
.controls the size of the speckle so that 1t can be resolved by thex
vidicon'tube If now a’ reference beam is 1ntroduced in-line wrth

- the speckle pattern wavefronts, it Wlll change accordingly the speckle
‘pattern of the latter, Eq. (105) . When both speckle patterns are ﬁ‘b

ﬁ.subtracted electronically by the ESPI system a zer01ntensity condition

is obtained; any departure_from it w111.this time be due, not to;a;]

pitch size variation (random grating) of the'surface;‘butnto;aAvariationurs“




lcefresponding to changee in.phaee.' An imbortant copdition.being.

_that'thelehase ehanée of Zﬂ be spread over a eumber.ef speckiee,t'
and'eo_the.ffinge pefiod, such thet the fringes are‘eerceptibie.
We will return to thls subject later in the Chapter where smooth

surfaces are analysed by the ESPI systen,

Mathematical derivation

The mathematical nodel -for two-wavelength-contouring is_as..
follows. Fig. (18)(&) represents two optlcal paths
;-ABC =5, A = s, Az _and AC = . A , z, lz’ where A ja2 are
.the wavelengths and A,B,C are the p01nts on the beam splltter,

obJect and vid1con tube (1mage plane) respectlvely.' Accordlng to

Eq (104) the complex amp11tude of the f1e1d at the image plane is-

: ; o N o  1; T Ll.
qi Ar exp(:lJ ki_ri i? +.AS exp(lHJ Fi si i) B (106)
where A‘ and A are the amplitudes of the reference and object -

wavefronts respectlvely and K 'is the wave number. The subtraction-e: 

' of the intensitles for the two wavelengths made by the ESPI system, o

"assuming its response  to be 11near is expressed by :

L
n

_]Uzl- -‘IUIL =e{[ér * As'-+ 2 A A cos k (r - 2 2)]

- A .
DA+ 4 2AA cos k (rl 5D
Ao TH

2AA{251n[21r( ) (r'¥s'1.) Ay

TN 1_

l + 12
2 k Az

x{ sin [zw (



- “which represents the beat phenomenon. The,intensity pattern has a

' period'

‘ : _ ‘2_')\14\'2- o R
NEN B s)) A = __ 7;-———1 v Ay o (1oe)

and is modulated hy'the amplitude term l2 'll 12/(_12 -_llj,—see:‘
Fig.(18)(b). o o
The maximum value for the amplitude (beats) of I“-occurs S
' twice'in a cYcle therefore two consecutlve beats represent a change
in path‘given by

(r, - s, )A & —= S S i (09)

5 A2 T h S

-lThe period 2 l /(A + A ) shows that unwanted variation in the
' optical path produces a shift in the position of the beats, that 1s,-
_ the’ system possesses 1nterferometric sen31t1vity and. must be properly
isolated. .This,term manifests itself as an 1nterference'pattern
-(1nterference 11nes) 1n the case of two smooth wavefronts, as it will‘
‘ be-seen 1ater ‘When applied to ESPI contour1ng th1s term, the carrier

in’ Eq (107),is given by the random character of a speckled wavefront'

'The'interference at the imaée plane between‘the.referenceuand
speckled wavefronts, produced bp a small area on the obJect surface,
can be expressed by Eq (106) It'is understood that a variation in path
.will result'in fringes‘provided-it'occurs over.a number of speckles,;
as it ﬁas established before. In the interference of two speckled |

wavefronts it is random character of both the reference and obJect

wavefronts which results_in poor contrast fringes. .




- 55

2 3 xg/(xzﬁﬁ)”'“ o

e SRR (W

‘Eig.(iBj‘

]

:{\&J |7 ':(r‘f-é)i.‘ -
’ | IR N AR O,

(a)

(b)

Reference and 31gna1 paths of a contouring :
.~ system, A . heam Splitter" B object surface{l
©.-C image plane, T o :
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Experimental conditions for contouring

It iscclear from the'above equations-that a variationcof

opt1ca1 path length ABC (via the object surface), Flg (18)(a),
| with respect to the reference beam path AC will. produce contour
fringes. _ThiS‘of course.is.de51gned-to produce frlngeslover

undulations in test.surfaces{ but at_the'sameptime imposesitolerancescn
on all wavefront shapes andhoptlcalncomponents useddtoxform:the:‘
ooptical paths.

:Consfder-an idealized speckle pattern'cohtcuringlsystem

'Hdescribed by Fig. (19)(a), whlch shows. the illuminatlon of an ObJBct ‘
- surface and the arrangement for the superp051t10n of the reference

beamt‘ Thelreference beam is expanded at R such that a11 rays
‘between n_:and{the:spherical wavefront DCE_ have the_same optlcaln
path'Iength;l(it constitutes a_smooth wavefront). -fhe'light via_the::-.:-:
..chject is collected'through a point’(ideal) aperture‘ Q -which is-a
_m1rror 1mage of the reference beam point R Thus'the signal.wavefront“'
"exactly matches the Spherlcal reference wavefront DCE .Therefore‘when-:n*
the wavelength is changed ‘there is no.relatfve changelof phase over the.
paths from R and Q be tween correspondlng pOlntS.Of the reference
-and 51gna1 wavefronts 1ncldent at the 1mage plane. Consequently-lt ‘;H
is only between P and Q that a relatlve phase change due to
cdlfferences in Optlcal pathr occurs on changing wavelength thus.
N produclng contour frlnges. These relative phase changes occur in the
‘varying gap between the illuminatlon (and v1ewing) wavefront LBK‘ andl

' the object surface.’ Slnce the contour’ frlnges represent constant

S & o ' IR
. range  from thls;wavefront, absolute measurements of surface_shape_can.'

1.  Definition: “Constant range' - constant phase change due to a change.lff'
' “in optical path as expressed by Eq (109) : £
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.r:be.nade only if-the‘wavefront shape is'known,a Further; thepwavefrontp
- shape nustlbe true to withtn the acouracy ofﬁmeasurement required:
Also “the surface must be located accord1ng to the same accuracy, and T
ffthe location of dlfferent components as in a productlon 11ne ‘
"requires Jigging...lf the'object surtace wavefront is snooth, then-'

‘ attthe image-plane,.resolvable "interference lines"l appear ‘due to.

its in-line interference with the also smoo th reference.Wavefront.‘

Let us introdnce‘a list of the contour intervalsg‘obtained
‘by the wavelength pa1rs of a Spectra-Physics Argon laser model 171'

"and the speclfied output power in watts (w1thout etalon), Table I'

VOptical eiements‘nay introcuce error-in wavefront shapest‘?t

ln the case of reflecting optical‘componente_(mirrorsilsnccessivé'.ﬁa
beams of different wavelength follow the‘Same‘path,iand thereforenc.
lerrors'in wavefront shape simplyraccumulate.rAAssume for example;.ap‘
series'of-four:(steerlng) mirrors.whose normals mahe an anéle of 45°
'with respect to the 51gnal wavefront path and also have a hollow in ;--
;the area of illumlnatlon 2.5A deep.‘ Therefore the deviatlon‘from..)fp¢l
perfect mirror flatness w111 producela wavefront error of 281

{(* 14 um) that corresponds according to Table I and Eq. (109), to o
half residual fringe for the wavelength pair 4880A and 49658. TFor
refractlng components (in particular lenses) not only must the emergent.
- wavefront be‘true.to thefsameftolerance_than?for mirrors‘(wtthinrll.st
':_onelwavelength); butVChronatic:aberrations must he'llmltedisuch that

: the change of wavefront shape at the second wavelength is also W1th1n.t

. the tolerance (a fraction of a wavelength) Con51der the_caserof‘a
_Hl."Deftnition:.I"lnterterence linesJ e Bright.andﬂdark bandslproouced‘:'

. . in the region of 1nterference of . two Smooth wavefronts .
v .. See Chapter I. o Rt

20 Definition;,f"Contour interval” or "contour frlnge" - same as:
' o constant range”, : L ‘




TABLE I

Qutput o N g : EEEE : .
power AA 5145 5017 | 4965 | 4880 ‘| 4765 4727
(watts) o Co C ' o

. ' A Az .
4.0 5145 Eflj——j(um)
] MaTR
0.5 5017 20:16
1.2 | 4965 | . 14.18 | 47.90
3.2 4880 | ' 9.46 | 17.86 | 28.50
1.0 . |.476s 6.44. | '9.48 | 11.82 | 20.22
0.2 4727 | . 5.80 8.16 .86 | 15.06 | 59.26
0.3 4579 4.16 | 5.24 | s5.88 | 7.42 | 11.72 | 14.62
thin lens made of crown- glass of refractlve 1ndexes nD 1 51534 and

j nF = 1 51690 for the. Fraunhofer lines SOSGR and 48613 reSpectlvely .

'_-For a focal length of 130 mnm the long1tud1na1 chromatlc aberrat1on fg

will be 392 340 um that corresponds, for an 1ntermediate wavelength

'3:va1ue of 50003 to 784. 680 l(wavelength)

The wavelength pair 48613 and o |

' 5086A glve a contour 1nterva1 of 56 l/frlnge

”error at the optical axis glves approx1mate1y 14 frlnges.

f'distortlon increases w1th increa51ng aperture values

therefore the wavefront

.The wavefront .

The resolution given by the ESPI system is_aboqt 50 qisfinct‘ ,.

" fringes ‘across the television screen,

This is;as a result of thef 

:_condition that the fringes must be spread over a number of speckles{f--'

1. See BORN et al §4.7 (1970) and JENKINS et al, pd65 (1957).




. A standard teleVision.camera'can resolverIess.than'aoo.bits per‘
.'fline (3 2 blts/mm), compared w1th spat1a1 frequen01es in excess of
-1000 11nes/mm; in holographic recordlng, In order that the speckle
Izlnfornatlon is resolved by the camera 8 small aperture must be used
‘and the'reference beam is arranged to he in line. ,Since speckle
' 1ntensit1es vary frcm Zero to ~some maximum 1n any Speckle pattern ‘
?.1t is not possible to achieve interference of maximum v1sibility |
for‘all ‘the speckles. Thetreference beam intensity must'therefore be
setaat some intermediate valnei' It has been.found that a reference
.beam 1nten51ty slightlr.greater than the average 1nten51ty of the
speckle 1mage produces good fringe contrast by ESPI, and that the
beam ratio is not critical. So, if we cons1der that the image of a
: flat obJect (100 mm ) fills the television screen then the maximumd
tilt that can be measured 1s abcut % for the wavelength pair 4880A

g and 4965A ~ Greater contour intervals allow for larger angles.

It has already been mentioned about the need for a normai.

1nterferometr1c stability as 1n holography (high frequency term in "

.. Eq. (107) ) apart from matching the path lengths of ‘the reference

'and 51gna1 beams w1thin the coherence length of each of the- wavelengths

‘used.,

: 0ptica1 arrangement

- A Michelson interferometer was built into thelbptical:arrangenent: B

in order to monitor the coherence of the laser light.® It was noticed

1. The light reflected'by optical_components‘was nsed_for this"nurposet




thatsa 1oss_ot coherence occurred for certain naveiengthe at
particularlpewer outputs.n'The ontical arrangement ioracembining

'the reference and Signal wavefrOntsuin the ESPi'system is.shownxin'.

' _Fig (20) ‘I‘néte'ad of & conventionai beam solitter 'for“bringing the -
'slgnal rays (appronlmately) into 11ne w1th the reference bean a:‘ .
mirror with a small ‘hole (1 mm:diameter) is used E Compared with a ;f
 _conventicnai glass plate beam'splitter this means of combinlng the‘

beams uses the light more efflclently and av01ds secondary reflections
m_The setting of a le ns to generate a speclfled wavefront shape 1s

‘achleved by using a perfectly true reflector to.reverse the llght

through the optical system 0ST et al (1969) When the lens 1s  fJ;r
“correctly pos1t10ned the light 15 passed back strongly through the

plnhole fllter (25 Hm dlameter). The_number of optical elements and

the uidicon‘tube response impose'a'minimum of laser outnut‘nower;: For

a 51tuation in which the laser power was reduced until it was Just‘beingl,g
obtaineda useful rnformation (from the telev151on screen) for contouring,
rt was found that a power output ‘of about 30 mW 1s neededl to contour : =
: a-diffuse surface area'of about-6500 mm2; The dlstrlbutlon of llght 'Ti.;:-A w
1nten51ty across the 1aser bean (at 900 o from the p01nt source) for--‘a
x_yarious power‘outputs is illustrated in.Fig.(lB)(b)._ It‘givesrthe:
relative intensity.profiies across an expanded'beam, at 49652.F'The”tn
profiles‘take - maximun and then flatten donn for'higherrpower outputj~'ie;
.values. This means that at hlgher powerroutputs (1w safj-there is ;“ 3,

- more uniform dlstr1but10n of energy across the beam, but not necessarily ‘f S

'greater intensity

1,  The surface was placed near'a'lens to collect the llght wlthout
this lens or at a greater separatlon a power output of at least ‘
100 m¥ is needed to perform ‘the contour.techniques established here. . .. -
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 CONTOURING OF REGUIAR SHAPES

' Contouring by conventionally generated wavefronts: ‘Méthodflu Lo

The most:straightforward‘contouring scheme_(as used in the

holographic two~wavelength method), uses conventional optical

components - to generate a wavefrdnt‘that_matches the general"shape of”_”

- -

-_;the object surface. —Optical arrangements for contouring-surtacesp-
: that are nomlnally plane .sphertcal‘or.cplindricalvare'sponn'ln&u’
‘LFlg (20) l In each'of_the three caseslthe SUrtace is (in generalll
‘111um1nated normally; andlof the 1ight scattered:fromrthe:surface

_'only that close to the wavefront dlrection 1s collected by the ffﬁ

:unaging-lens. Thus, i‘rom Eq (109), the opt1ca1 paths over wh:.ch

.phase changes can occur, for all surface points, are folded back on ff

1themse1ves and the contour 1nterva1 A, isfgiven by

A =24 = -Iil—i%— L aw)
RS- T LT e T

‘fwhere 5 represents the depth change per frlnge, measured along the
: master wavefront direction;‘F1g;(21).‘ It is seen that the entire ;{
- surface is viewed in (or close'to) the specular direction of

" reflection from'the surface, -

The procedure for maklng a contourlng measurement is ag-

“descrlbed in ESPI measurements and Appendlx B, except that phase
= Jchanges are produced by a change of-wavelength as opposed_to obJect‘

-deformation.A Thus the first interference speckle-pattern is recorded

1. BUTTERS et al (1974). Also, notice that an achromatic imaging -~
lens and an aperture, illustrated in Fig. (20),_have been substltuted ‘
for the aperture R in F1g (19)(a) '
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using 11, and then subtracted from the live ¢amera pi@ture of the_ 1

27

‘modified pattern formed by A

plane‘
wavefront

L o . .‘\f:zz;fjfface _ -

Fig.(21)

"~ In order to confirm the contouring principlqs,'a flat steel
- disc of 63 mm diameter was machined, having a flat incliné with one .
end_protrudinglfrom the disc surface and the other end'reéessed,ras-

shown in Fig.(22).

L Pig.(22)
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:The overall depth 'h of the incline was-measured byrdral gauge t
._.calibrated in 1nches, to be 0 0042 in. (106 Um) -2%, relatlve to thel‘-i
:'surroundlng facel. For contourlng, ‘the dlSC was 111um1nated by a
'collimated beaﬁ, and was adjustedrso thatrno‘fringes'formed on thell
Vsurrouhding.fece ‘.The resoiting.fringe patteros orer;the‘incline
ifor two wavelengtﬁ pairs photographed from the telev1slon screen,l:-
_are shown in Fig (23) The wavefront pairs were 48803 and 4965K in
N _(a), and 4965& and 5017A in (b), produc1ng depth changes § of 14, 25 Hm
V'end 23 95 um respectlvely Measurement of the 1n011ne depth from the
fringe patterns,_compared‘with the dial gauge reeding,-es”tebulated .

below:

Depth of incline | -  Depth of incline - | - . Wavelength
by dial gauge by contour fringes . pair used |
. 106 Hm ~ 4 - 4880A & 4963A
106 um(* 2) , : SRR o | -
L 108 ym ¥ 6 - '4965A & 5017A

__Tﬁere is agreement within.the erperimental error'(the:ecouracy ot .

' the fringe measurements is based on an error of i frlnge in estlmating
;the number of frlnges). The.pendulum—shaped shadow over these 1mages
‘wes_due to a mask inserted to stop bright reflections from the faces of e

'_the collimatingxlens.,

1. The surface was in its machine-finished state, although in

- particular cases (different machining operations cause different

- surface reflectances), the surface is lightly sprayed with

-aluminium paint so as to produce a uniform brightness over the
image. Matt white paint, thinly sprayed onto shiny surfaces, is
useful in general speckle pattern interferometry as a means of
‘producing even scattering of light, and hence an image of uniform
brightness. However for contouring it does not work, unless . .
'sanded very smooth, because its roughness causes the speckle patterns >
to decorrelate on changlng wavelength..
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Fig. 23 Contour fringes over the flat incline object (Method I)
‘ Photographs taken from the television screen., {(a) Contour
"interval of 28.5 ptm; (b) Contour interval of 47.9 um.
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When contouring various surfaces it has been noticed that
the contour fringe visibility varies considerahly ' Thls is. dtrectly
".related to surface roughness and its effect on changing the form of
‘a‘Speckle pattern on. changing wavelength As a consequence the‘”ﬁ
degree of correlation between two 1nterference speckle patterns iﬁ“;
a contouring measurement decreases as the.surface becomes rougher
: Fig (24) shows'contour fringes obtained over three different surfaces j:
using the 4880A and 4965A pair * The first @), was surfaee ground
'steel hav1ng a centre 1ine average (CLA) roughness value of O. 35 pm
. in one direction and a value of 0.65 um in the perpendicular direction
The second (b) and third_(c) surfaces were ground glass, (aluminium “l
vacuum coated‘tolincrease.its reflectancej, having CIA valuegnof .fn
| fo;éztum and 1;20 Hm respectivelv. nThe'fringe visihility'for_thei,- .
. smoother surface ground steel.was_more noticeable, though‘the
_difference invvisibilitp has partly been lost‘in video tape‘and
photographic reproduction, and also due to different brightness and

contrast settings of the telev151on monitor. The fringes over the f'

ground.steel disc reveal 1ndentations in the surface while the. ground
glass is seen to be approximately flat though tilted w1th respect to
jthe 111um1nat10n beam. A more coarsely ground glass plate having a CLA :;d
ivalue of 3 12 um was tried again u51ng the 4880A and 4965A wavelengths,
‘but produced no recognisable contour frlnges This roughness represents
| an unacceptable degree of decorrelation at this wavelength difference.
.However; lou contrast.fringes'uere ohtained'when a smaller_wavelengthef"”
'f difference‘~namely.4§653 and 50172 'was used. This decorrelation.also ;_.,
becomes greater as the difference between the wavelengths 1ncreases. B
'.Fig (25) shows the contour fringes on. a brass faced disc 042 5;1m CLA).
for the wavelength pairs- (a) 4880A and 4965A 5 ‘= 14 2511m

'(b) 5145A and 49653 6 7 90 um,_ (c) 48804 and 51453 5 ‘_ 4. 73pm
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"h.q‘w‘,“_f—-mﬁ- e e
- e * ST U 7

Fig, 24 Contour fringes over surfaces ‘of different roughness for a

- contour interval of 28.5 ym. {(a) Surface ground steel, CIA
values of 0.35 ym and 0,65 Mm in perpendicular directions;
(b) and (c) ground glass, CLA values of 0.62 ym and 1.20 um
respectively, '




UNIVERSITY OF TECHNOLOGY
LOUGHBOROUGH,
MECHANICAL ENGINEERING,

f




72

Fig, 25 Contour fringes on & brass faced disc, CIA values of
' 042.5 m for different contour intervals. (a) 28.5 um,
(b) 14.18 pm, (c) 9,46 m, '

-
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"The decorrelation 13 more apparent as the wavelength d1fference‘~
‘increases.’ In addltion to flat surfaces, spheres and cylinders ' S v

_have also been”contoured by method I, DENBY et al (1975);

' Distinction between hills and valieys"H - ) L ir o e e

‘This is a subject_of present research since differentiation ._'jt

between hilis‘and vaileys:requires extra information; besides‘that ' i:, -
.given by.the contour fringes. It has been noticed in ESPI applied | |
. to two—wavelength (and multzple-:.ndex)contour:.ng, that the contour
ffringes, obtained when setting the laser light from a wavelength to
a. shorter one, move in one direction as the obJect 1s_moved_a i,h_' . ' C
aetermined amount. 'The fringes‘in turn move'inlthe:opoosite‘direotion
nfor the same obaect movement when the 1aser is tuned from the short

" to the larger wavelength. The 51gna1 correspondlng to the flrst

the second wavelength The obJect does not need. to be moved, only-'

‘ra uniform_variation of the optical path is necessary;

'wavelength is stored and subtracted from the. 51gna1 corresponding to ;ief» o
f;Fig;(ZG) iilustrates‘some observations in which a'preliminary IR
ana1y31s can be based (a) represents a flat surface contoured at 1;
: [ !
L \
‘ p051tion C P051tion r ‘represents the p051tlon (or part) of the .

- surface which is parallel to the 111um1nat1ng wavefront, and the top

wavelength of the pair indicates the first one used (stored)§ The
surface is slightly moved to p051tion i about a flxed ax1s as‘it'
is. 1ndicated by the arrow P . The intersection of thls axis with the -

plane of the figure is 1nd1cated by the point o. The horizontaln

arrows indlcate the direction in which the fringes move. Looking in‘,




the dlreotion of illumination the fringes move downhill in (a) and

4:)) for a reductlon of the optical path and the wavelength
”sequence Al' 12 for 11> kz and uphill for the sequence A A .

At this noint only 1nformat10n about the slope can be S

~__obtained To‘be'able-to distinguish between hills end_valleys,‘ltld,

- is necessar& to know that portion of the‘surface whloh is.perellel:‘

_ to the illuminat1ng wavefront or the axis about which: the object iszt
rotated. Such an axis is represented io F1g.(265'by-,o Fig (26)(&)

and (b) show a hill eﬁd valley situation respectively,jand (c) and o

(d) a combinat1on of both for dlfferent axis.-'For a Situetion-'

:‘corresponding to an axis located at 1nfin1ty, F1g (26)(d) for example,.-

”the frlnges will st111 move as are shown in the flgure ThiS‘ ‘

: corresponds to a_translatlon of the obJect or to a un1form'chenge in

the illuminating beam phase.

e



- (a)

: "(b)

(o)

.

L)

Fig,(26) Hill and valley distinction. (a) a hill s:l.tuatz.on, - L
n (b) a valley situation, (c) and (d)  hill and valley s:l.tuat:.ons '
for. d:t.f:Eerent axis of rotatz.on S
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~ CONTOURING OF IRREGULAR SHAPES

Direct comparison of two similar surfaces: Méthod II

A method.was soﬁghf t§ enable irreguiarly curﬁed.sﬁffaces
ﬁith'deép féatures_fo bé confOuréq;‘ A Michgléén interferometer
.arfangement'proﬁideéﬂfhe ﬁéanQHfor the compariééﬁlof‘f%o’simiiar  .'
scatterlng (or almost flat p011shed) surfaces whlch replacelthel
a;‘conventlonal mirrors in that 1nterferometer1: A beam splltting

:cuﬁe 1s.§sed tolﬁfiné the two surfaces in line and they are imaged v
on to the v1dicon tube of the ESPI system. iThere they 1nterfere-
7acting as a referenﬁg and object wévefront:for each other.. |
simuitanéously;:tb‘ﬁfﬁdﬁce\COntour fringéélthat fepresént boints ,'ﬁ'
of equal constant interval between the surfacesz,'that'is, |
_A/é\: Al_éz/Z( }2 - AI). Fig;(27) showé varioué‘qptical arraﬁggmenis

for the beam splittihg cube and test surfaces,

l.j See LEENDERTZ (1970), CHIANG (1974), BERGGREN (1970)

2. The depth change per fringe §, for the case. 1n which the slope |
of the test surface is parallel to the reference wavefront “takes
the form ' . ' - S : '
oA o ‘ . o L
= 2(&1 — y cos Q. SR AR ¢ 3 & B
where ¢ is the aﬁgle between the normal to the reference wavefrdnt‘
(and surface) and the direction of propagation (illumination and
viewing). This equation is the same as FRIESEM Eq.(16) for 90 = 0.
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" directions; () normal illuminatlon and vieW1ng (specular)
in the specular direction R .

: Opticéi'arrahgements for beam splitting cube and test surfaces,

L 4

_(c),‘- 

(2). normal illumination and viewing
(c) oblique illumination and viewing__; .
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(a) shoms the situation for normal il}umtnation'and'viewtngh
| direction (100 from the ‘specular d;rection)}3;rorcthts”caeefthe-c"h
hepecuiar;y reflected light‘from:thersurraceltollowshtheidirection.-
- of uneanteo reflection originated in the‘internal faceswof{the:beam'
'n splitting cube, The test obgects were- flat mirrors,_alportion of

: them 511ver spray palnted Fig (46)(b) ' The mirror surfaces were

B V"*used to align the Mlchelson 1nterferometer arrangement for zero o

‘ .path dlfference conditlon u31ng white llght As scatterlng surfaces,‘
'the s11ver spray painted portlon of the obJects (mirrors) ‘were: used
In thzs pos1t10n less than one contour fringe was obtained for the .c
wavelength pair 4ssoR and 4965A " One of the objects was then ‘tilted
an amount correspondlng to 150, frlnges for normal speckle pattern e‘
'.{iinterferometry at 48803 This was done in steps of about;30 fringes , :
:each. After contouring,'with the eame waueiength:pair; 2& frihgeel
‘were obtained as exheoteo;‘Fig-(28)(a);f It was observeo that‘the
hcontour pattern remained.unaltered as the same contouriné procedure
mas reneated:for differenttpoeitions-of.one of the objects;_awayrfrom
:7 rts oriéinallposition, keeeing the origtnal'orientation mith'reehect
‘.to‘the reference ohject.(and the eame tilt):"Eveniat_a cistance of.
'2.5'mm from the original position therelmas no.noticeah1e changean
~the contour pattern ‘When a iens.of 275 mm focal length.was'piaced.l°
..in the path of the beam (25 mm dlameter), before the beam splitting‘
cube a distance 115 mm away from the obJect (thus maklng a maximum
angle of 111um1nation‘with -the surface normal of 2, 5°), there was, agaln;
' not a noticeable change in the contour pattern. Therefore the allgnment

'of the obJects along a 1ong1tud1na1 d1reot10n is not as cr1t1oa1 (nor

: .the collzmation of the beam) as the settlng of the obJect in 1ts other

. five degrees of freedom
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Fig. 28

Confour fring s over (a) & silver sprgy pained mirror .
(28.5 ym contour interval) Method II, (b) and (c) inter-

ferometric (ESPI) fringes for 48808 and 48808 and 49652
respectively... - :
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,'it uas‘noticed that the fringe.contrast.was hetter'when

| yiewed ln‘the specular direction; as:for arrangements_(b)dand‘(cs.th'

‘ Arrangenent‘(c) shows}an oblidue illumination,'and vieWed in‘the;;-"
._specular dlrectlonl. Fig, (28)(b) and (c) show normal speckle
l1nterferometric fringes (ESPI) due to a tllt of one of the objects .
.j(b) shows the sxtuatlon in which the two states of the obJect (before %t':hi'
and after t11t1ng) were recorded at one wavelength in thls case e |
4880A.: For (c) the flrst recordlng was made at 4880A the .
-wavelength was changed to 4965A and then the obJect was tllted

. The poor frlnge contrast due to speckle dewcorrelatlon, is._'.-
apparent on changing wavelengths. Even so, the frlnge contrast

for case (b) is not as good if compared w1th the contrast obtained

using a.smooth reference wavefront.

The use of a mirror in one of thelpaths is requlred if the ;‘
surfaces are irregular or, if they are flat or symmetrlc about a_s
vertical axis, it is 1mportant to have a onse to one point
correspondence ‘ The poor contrast obtainedfby"the superposition.of
._two speckle wavefrcnts is aggravated by, the dlfficulty in: collectlng
the specular light from all parts of the surface A cap—llke surface B
forlexample produces a strong reflection in the‘specular viewing |
d1rect10n. As a consequence those pcints of the surface that are
_-1nc11ned and therefore are not v1ewed in .the specular dlrectionlform
a very dlm lmage.. This is hecause a vidlconrtube has a. limlted dynamic

range,

‘1. This arrangement is similar in principle (oblique illumination and -
viewing directions) to holographic illumination contouring (Method
I11). The angle {in this case 18°) was 11mited by the 51ze of the

_ beam spllttlng cube : : :
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The -system could be used as a.desensitized'interferometric
contouring method applied to almost flat polished surfaces, as

-will be seen later,

'Holographic illumination contouring:- Method IIT

Thls novel method incorporates holographlc reconstruction of

a "master" wavefront ‘which is used to illuminate test componente,d
'.'such that effectlvely,-components are compared against the master
‘&:shane As shown in Fig (29)(a), two superimposed holograma, one at

" each wavelength used, are recorded of the wavefront shaped by the.

} master‘component. Both holograms are euperimposed on one plate, with .

- senarated‘reference beams. The angles between the plane reference |

d wareironts'and the master wavefront for_each wavelength are different;1

to reduce crosstalk during reconetruction The two reference beams are

N directed by means of one good quality mirror kinematically mounted

' succe331ve1y 1n the two poeitions shown. This is coneidered the best‘uf-ﬁ'
arrangement to use a11 the 1ight for each reference beam and to minimise

' the number of (high quality) optical components

1. Gara et al (1973) have developed an automatic surface mapping system . -
' that when compared with holographic illuminatlon contouring S
possess the follow1ng advantages-

_only one wavelength is used; automatic‘data'proceseing;: does not
-require.interferometric.stability; contouring‘oi large objects,
disadvantages;'photographic process for each: component- - agcurate

relocation (components - real 1mage) and focus determination less ’
sensit1v1ty., : : : L ‘
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K1nematlca11y mounted o
- plane mirror Collimated holographlc
'__ reference beam 0%

Object - -

surfacq/ //
- 4l1lumination .. oM
‘from ESPI rig - A A&
e
' Master wavefront -
Hologram '
(@
o C o
— SR T - B et e R o
4865 A VAR ,
. e e g2 ‘
. .\ O : g
o 4880 R‘; Test //;/ OE'
IR o X surface . //' i
Scattered - P
T light / /
to ESPI rig S

Master wavefront _ ‘ e o

Hologram, Kinematica 11 y
' relocated

..‘,3/4 plane.mirrors.. |

. ,(b')‘ P

Fig.(29) The opt:.cal arrangements for holographlc 111um1na1:10n
contourlng- (a) recording of the holograms, - = :
- (b) reconstruction and contouring - . . -




.

”lhe master.component surface.must.have a finish approaching

'l the specular quality of a mirror " This is'because the.wavefrontﬁ i
.that 111um1nates a test suriace needs to prov1de (1) a unloue
',111umination direction for each surface p01nt and (11) strong r -
specular reflection back along the path of the original obJect -

_111um1nat10n_beam1.‘

| " The turbine blade used in this erperiment as the master .
~component had to be further polished with i Hm particle size
dlamond paste, in order to produce a wavefront comparable in smooth- .
' ness with those iromlconventional optical components. The object
lillumination'beam wavefront does not need to be.spherical- it'can“
- be'any.shape The" s1mp1est arrangement is to use the spherical

7‘wavefront emitted from the ESPI rig, shown in Fig (20)

“After exposure the hologram plate is deueloped and hleached

{see the holographic recording seotlon) and kinematically relocated
;as for real—t1me holographic interferometry ' The master component is..'“
"replaced (kinematically) by the test component Fig,(29)(b) shows_the-
'optical arrangement for,reconstruction and contouring. In order'to?;‘
'illuminate.the:test‘component.with the reconstructed master mavefront,z
the two holoéraphic.reference beams are‘accuratelylrerersed;'pThe' |
“mirrors used for this purpose'must.be=f1at to Within at least IA/4'
r(preferably h/lO), otherwise error Iringes may be introduced3 ‘ finek -
. adJustments are (sometimes) made as necessary to these two }/4 mirrors ;”3‘1“

to compensate for reference path displacements caused by 1ntroducing

1. ARCHBOLD et al, pd94 (1967).
2. Real (pseudoscopic) image

3. The tolerance on the mirror flatness is not simply 1 l as was the .
case stated for method I, because these reference beams do not
follow a common path ‘ g
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- the hologram plate. The procedure is'then asldescribe& for‘the':“
other contouring methods us1ng ESPI w1th the'addition of re— |
p051t10n1ng the reference beam mirror when changlng wavelength.

Fig, (30) shows the contour fringes so obtained for the wavelength

.—pair 4880A and 4965A representing the difference 1n shape between

the master blade and the blade being inspected {two in the_figure).__

The area.shoWH’(zaé nmz)icorresponds-toja;small‘portion‘of thet |

| jturbine.hlade..Thisflimitation was imnosed by.the aperture of the

system, ‘being the reference heamudiameter 25.§.mm.1_ Fig. (31) shows ‘l

hmore examples of contoured turbine blades © Fig. (32) shows the

: ‘:tnntours of (a) a surface ground steel flat 0 GOIJm CLA (b) a r"'

brass faced flat 0.4011m CLA “and (c) the dlSC shown 1n Fig (22),
‘1n a- tilted p051t10n w1th respect to- the 111umination wavefront
_The flat incline surface can easily be‘detected (bottom half).- The

Jdiameter of the round area shown in Fig.(32) is about 25.4 mm.

The contour interval equation for hclographic illumination\'
':contooring becomes ,

"as'seen,from Fig.(33)(a). This equation indicates that: the sensitivity L

varies as the value of ‘1changes over the surface ‘as explained by
.reference to Fig (33)(b) ThlS diagram shows the p051tions of master

" and test surfaces to produce the same fringe order for different gaps.

1. Having now established the principle, the aperture can be increased
- as required' At present, research is being done about the
. possibility of using a combination of a divergent reference beam~" . -
" spherical mirror and the holographic plate without 1ntroduc1ng
spurious fringes. -
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Contour fringes 6‘f two turbine blades by holographic
illumination contouring (28.5 um contour interval)

Fig, 30




UNIVERSITY OF TECHNOLOGY
LOUGHBOROUGH,
MECHANICAL ENGINEERING.




86

Contour fringes of two turbine blades by hologfaphic

31

Fig.

illu.mina‘t:i.on_c;ontouring (28.5 ym contour interval),

¢
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Fig., 32 Contour fringes by holographic illumination contouring,

(a) surface ground steel, CLA 0.60 ¥m, (b) brass faced

flat, CLA 0.40 um, (c) flat incline object tilted with
respect to the illuminating wavefront.
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- (via‘ESPI rig). .
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Surface

L STy A
) 2 . N

Illumination
from hologram

(@)

.7 To ESPI rig- 1 2 .

To ESPI rig

C : Test
. From - ‘ T ) ~ surface

‘hologram B T .

P : - | Master surface - .-

image
(b):
(a) The contour interval equat1on for holographic “f_

Fig.(33)

()
o ‘fdepth changes

- 111lumination contouring

D1agram showing equal path changes for different VY
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- If the total change in (r - s ) A'.prodnces exaotly-one.fringe

" at both positions, then the gaps shown both correspond to 6

‘Thus for irregularly-curved_surfaoes the_analysis is not so':
straightforward as.for:regular.component shapes.that are contonredi

" by Method I, .

Observations

”_From the pointsxof'view‘of sinnlicity.ofﬁreferenoe.beanf‘
"arrangement_and elimination‘oi crosstalk”betweennimages-of' p
Edifferent;wavelength, one nonld record.each-nologram.on'a‘separate‘“
plate. ﬁé&éeer tnis'isiunacceptable‘because‘any thioknessldifferenoe
':between.tne two.plates would then introdnoe'error:rringes; -Tnis is

illustrated in Fig.(34);' (a) and (b) show the'oontour fringes (of

- _the same obJect) obtained u51ng one and two holographic plates

_respectively, for the wavelength pair 4965A and. 5017A The introduction -

of spurious frlnges using two holographio plates_is apparent;"

The rep031t10n1ng of the holographic plate 15 criticall there- o SRR

for a diffuse flat oontrol surface is placed be51des the master surface
in the area of illumination. ‘Under‘reconstruction the repositioning |
of the plate-is performed for‘zero spdrious fringes aover the SCattering

surface, This procedUre might be used to align an optical system that

1,  See  the holographic recording section, |



Holographic illuminatipn contour fringes of the same
cbject using: (a) one, (b) two holographic plates.
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.?-weuld send the.llght through the back of the photographlc plate
, so as to use the llght more effectively, hlgher diffractlon
E efflciency This system of course would need hlgh quallty opt1ca1
components and would be llmited by the aperture of -the collzmating

lenses.

_ The size and shape of the test surface is'ﬁainiy‘limited_by
. two factors, namely;'the need of having two separated reference :
..beams'and the photographic plate area illuminated by the reference -

_ beam,-
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" CONTOURING OF SMOOTH SURFACES
©All three contouring methods described'ﬁreviously apply
also to smooth surfaces,.the.pringipléS‘are the same as those B
- foxr écattering-surfaceé. This\qan'be deduced from Eq.(107) in
‘which' the last term
sin [Zﬂ E—xzwx; (rl  sl) _1] e L »(_._(113)‘ N
"réprésentéja carrier which is modulated by the first sine term: .
2 1 o ST R ' :
O e - ;\]
sin Jon s5mm (= s) A ] (114)
o - R ER R
In the case 6I:smooth wavefronts the carrier is azreguiaflinterferencé-
pattern (as opposed to the random speckle pattern carriérlbonsidéred
dp'to now). _Fig.(36)(c) shows the nature of this carrier as

produced by in-line interference between a reference beam and a smooth

wavefront from the-front-surface_of a glass.platé; When the coﬁtouring . “:-

' fipfécess is.pompleied,”thé qohtouf fringeé are fﬁfodﬁcédﬁ'by:moifé1
‘éffecf (figure inferference),‘5Qt'"caﬁéed" bysidcai phaéé.ghénges.:
. A:porfion'oflﬁ'dark liﬁe.(intéQference line) bebéﬁéé bright.whe#'
7fheré‘is'é‘local ﬁhésé change of v due to a‘éurface‘éhéhge,réﬁﬁ not -
-i to aichénée of.tﬁe éurface 6f hélf the ﬁitchlgratiﬁgron Fig;(365(c)':;
és iﬁ ﬁoiré_téchniqﬁeé. :Fig;k35) Qﬁoﬁg twé $ﬁ§éfimp;é§d séfs 6f_f }T”

ihterference lines éorresponding.to each of the two wavelengths (or to

Moo Ay

4

| Fig.(asjf
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(b) filter.
{(d) filter.

(a) direct,
{c) direct

ESPI steps
~ Object + reference,

object,

36

Fig,

L]



UNIVERSITY OF TECHNOLOGY,
LOUGHBOROQUGH, {
MECHANICAL ENGINEERING,




94

ethe two‘stafeslcf tﬁe feef cbject undef‘ncfeal (acelficﬁjlﬁépl.j_l
Qperation); .Al for'thel"sfored"_lnfcrmetlon_aedukzlfcr tﬁe "llve" -
-ihformaticn., Wﬁen_phese'cﬁenges‘occur_fhe interfefence lices_for:l.'.
‘lz change; endlthis change iemade'visiﬁle_ae.a.cattefn of B :

7 brlght end.da;kxfringes.due to the figure'interfereﬁce_between the :ﬁ
.‘”inferference 1ines.of'both wavelengths.i_Thls effect can be -

- observed in Figs.(38) and (39).

" Thus ESPI contcdring_cen be‘epclied'fo certain eurfaces,:for‘~: 
[example,‘lapced‘ai: bearings, whlch are not smooth ehongh‘tc allcw
-reliable lhterferomefriclinspectionl'1Atfhe seme‘fimelfhe‘degfee
cf rcughnese is'so_slight that little ecattering eakee place and .

the speckle pattern is consequently very weak relatlve to the E
_ specularly reflected llght Fcr such_surfaces the method‘can beﬂi

regarded as reduced'sen51t1v1ty inteffercmetry.

" Observations

‘The apefture'that'contfcls the size of the speckle in ESPI:
dces not affect the formation of 1nterference llnes, and is used to .

- control the obJect wavefront 1nten51ty.“

ASometimes the-inte:ferepcellines acd'theffelevision-llnes'
- generate-ﬁnwanted'frihges dde‘tohfigureAlnterferencei eThese'frlﬁges-
lare in contlnuous v1brat10n due to 1mage fllckerlng from the telev151on-””'
‘they are enhanced in fllter pos1t10n (see below) F1gs 36(d) and (37)(a), o

7" (b) and not quite as distlnct in d1rect p031t1on, Flgs (37)(d) (c), (38) (39)



'As an illustration of thé :orﬁation of the‘ffingés (f6r S

_smooth surfaces), in ESPI

let us cdnsider'fhe.telev19ion imégeS':ﬂ

:for the dlfferent electronlc steps w1th the help of. Appendlx B

Iigs. (50) and (SI).

Fig.36(a)

" ‘Switch A

‘Illuminated object

Illumipated object

‘Illuminated object +_i

Reference wavefront -

Illuminated object +
Reference wavefront

Normal interferometric fringes

- (ESPI). Object tilted about a "
1'horizonta1 axis,
" Subtraction

.ObJect tllted about a vertlcal

axis.

I--Subtractlon

e
M (e
NG
| Eig.37(a)
*(k)
u. ’ (C)
" ‘ (d) .
' Fig.38(a)
o )
.rl. (c) ..
Fig.39(a)
" (b) _7 _

Same as fa)

_Same‘as'(b)

Interferometric fringes (ESPI)
Object tilted about a
horizontal axis., -

Addition ,:

Object tilted about a vertical

. axis,
Addltlon“

Same asg (b) for an incorreet
superposition of the -interference
lines. Line phase control not
properly adJusted 3

: Addition

Contour fringes of a flat glass

plate contoured by method III

"Addition. One channel

Same as (é); S
Addition. Two channels

. direect
 filter

direct
“filter
filter
© filter

.direct”"“

) direct

direct

direct’

direcf'

“direct

direct

Switch B
. position

T

1
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Flg (38)(&) shows the v1deo and camersa. images dlsplaced
W1th respect to one . another due to an 1ncorrect 11ne-phase control
adjustment. The corresponding interference lines can be seen at _

the extreme end of each image where they do not-overlap.V'Thel;_

"9_6 o

‘fringes, that continue te_be‘nresent, are distorted by the uniform ' -’

'displacement'of the individual interference-line gratings with ..

respect to one enether.

" The use of two channels, Flg (39)(b), that is,the informatlon

. of each of the two states of the ObJth (or the obJect state for'
'two wavelengths) 15 stored in separate channels of the disc 80 as

,to have an equlvalent in double exposure holography.
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Fig, 37 Object tilted about: a horizontal axis (a) filter, (c)
: & vertical axis, (b) filter, (d) direct. Subtraction.

direct;
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" ESPI addition (direct).
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‘Fig., 38
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Holographic illumination éontour fringes of a smooth surface

Fig, 39

(a) one channel (b) two channels of the disc.

using:
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DIFFUSE SCREEN ESPI METHODS

.;The,analysis.nf nolographic_prnnesges of fhé donVenfion‘
.Currents-of the-gas inside incandescénf 1amns; and cdntnnring by: 
refractifé indé#-changes nan béen tne éubjedt nf an exténSiVGiu
'résenfchl. The ma1n dlfficulty is the 1nterpretat10n of the
fringns to glve the local change values of refractlve index for
la nonfuniform 1sotrop1c refractive 1nden fleld. ‘The nronlem is
) .accentnatéd‘b&_thé reffactine index'changes of fhe'enternnl'med;un,j_.n

in both sides of thé'point under analysié, in the viewing direction,

The‘ESPI.nystém nan be appliedrto the.anaiysis:bf néf?nctive
index changes undengnné by‘a tfanspgrent medium téolid,.liqnid'orrr
"gaS) when Subjénted to externél agents or;.knowing thé nniform and: ‘-'l;
‘iédtrnnic refrantive_indgx.chanée it.cnn.bé appiied tn contnur tne.'

container of the medium,.

T,'Fié.(éo) shows the fringe pattern genénafnd.by aivaxiation.in-
refractive indéx of'thg gas ﬁedium Qf.an,;néahdéscenf 5uib_pf6d“§?d‘m“”‘
| by the'néat.of the fiinmenf.' The biack:fringes'repfesent-a:totai:i
.phaéé_change Of 0 Qf-2 T, bUf do nnéigiveninfdrmntion_nnonf iocai;}

‘refractive index changes.

The ESPI methods offers a real time analysis of - the propagatlon

_of those total refract1ve index changes w1thout the need of photographlc f:

recordlng processes, and the convenlence of us1ng any transient state ST

of the medlum (obJect) as the 1n1tia1 state (prov1ded it 15 statlc‘.

durlng a televi51on irame period).‘ This method is sensitlve to .

1. ENNOS (1967), GATES (1968), SWEENEY et al (1972), PHILLIPS et al .
(1973), WUERKER (1975), TSURUTA et al (1967) FITZGERALD et al (1969).




Fringe pattern for different attitudes of an-in&andescent
bulb, generated by a variation in refractive index of the
gas medium, o .

Fig. 40




UNIVERSITY OF TECHNOLQGY
LOUGHBOROUGH,
MEAHANICAL EMMINCERING,

§




102

' variations in¢air-temperature aioné,theliight patns, therefore

: ﬁfecagt;ons‘aust be taken (especially if the external agent is a
:lheat sourcej so ayoid fhose changes. ‘This effect,fon the other.; ”
.hand' could berusefnl in tne studj of ‘the cooling nrocesseseof.
'clamps and 1ight1ng assemblies, Fig (41)(a) (b) The speckle pattern: 
was obtalned by placing a diffuse screen (ground glass) before the
obJect and the camera 1ens was stooped down toif/16 to increase
Speckle 51ze.and allow_rayslw1th1n a narrow departnre angle from 

"the optical axis direction to be focussed on the vidicon tube.-

. Fig. (41)(0) shows the contour fringes of a glass due to an-"
,-1sotrop1c change on the refractlve 1ndex of the 11qu1d contained
_1n 1t The pr1nc1p1e is-the same as for the immersion method.

The dlagram on Flg (42) serves to the mathemat1ca1 analysis.'u

Consider ‘z to be the optical axls, and d(x) a parallel

line to z bounded by the walls of the. contalner.;,

- Plane _
g wavefront.j

container

» e_:'. diffuser
Fig.(42)

The phase change produced by a. refract1ve index change of the

11quid n

2'- 1, ‘is expressed by
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Fig. 41 (a) and (b) show the cooling process ‘o:f a lamp, (c) contour '
fringes of a glass due to an isotropic change on the
refractive index of the liquid contained in it,

2 - . B
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'A.phase change of 2nT givés

’ Ad(x): n_A
S T |

o e

“where ‘n- is the fringe ofder (integer).-'Eq.(llG) is the same_{r m  .H

equation derived by TSURUTA-et'é;l(1967)'for normal illumination
and viewing directions. The systém,fange goés from.few microns

© to several millimetres for combinationslof liquids and gaées,

ZELENKA et al.(1969), VARNER (ERF. Ed. (1974) ).
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HOLOGRAPHIC RECORDING TECHNIQUES FOR HOLOGRAPHIC ILLUMINATION N
CONTOURING -

The most reliable recording'technione in Hologrenhic:;f

: Interferometry;_et-pfesent; ls based.on the use of sllven-helide
:high resolution'ohotographic emulsion. Qther opt1ca1 record1ng
:techn1ques have been deve10ped to suit partlcular appllcatlons oI -
holography although the;r use in Holographic Interfenometry is .i

‘under studyl."

”. Bleachlng processes have been a maJor topic in holography.
‘31nce phase holograms were flrst reported by CATHEY (1965) - The
.aim of those technlques have been the development of phase holograms
of optimum charaoterlstlcs namely. hlgh diffraction efficiency,

' low noise-high resolutlon and low wavefront dlstortlon.‘

An exten51ve guide to these techniques, up to 1971 is found in
- BUTTERS, Ch.9 (1971), COLLIER et al, Ch.10 {1971) and in the
& "Proceedings of the International Symposium of Holography"
_VIENOT, et al, Eds. Besancon (1970).  Interesting reading, as a
comparison, for the bleaching of photographic plates, discussed
~ later are: SHANKOFF (1968) (grating spacing, air-gelatin index o
differential, exposure values, etching) and LIN (1969), (chemlcal '
hardener, ‘absorption spectra). ‘ :
For the use of photoplastic material in holography see LIN et al.
- (1970), LEE (1974) FRIESEM (1975) _ S
For an appraisal of the material and devices for Holograph1c
data storage and optical storage of digital data see the Applled
Optics issue of April 1974, Vol.13, No. 4 and VANDER LUGT (1975).-
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© The holograms in general may be d1v1ded according to the ::

‘ _type of "hologram grating" formed aiter the bleaching process

absorption h010gram gratlng (silver image) The‘emulsion_thickness‘}f
| varies proportional to the original 511ver density of the grating,
-creating a silver emulsion relief; ‘pure relief hologram grating
(pure relief image) The.emu151on is transformed to a transparent
'-compound oi varying thickness proportional to the or1g1na1 silver
lden51ty, where effects on‘the reconstructed wavefront'due to changes
in the refractive index of.the emulsion'are'negligihle 'ALTMAN ‘ |
(1966) dielectric hologram grating (dielectric 1mage) The"
' emulsion is transformed to a transparent compound whose refractive B
index variation is proportional to . the original silver density, and‘
where emulsion relief effects are negligible UPATNIEKS et al (1970),-

- PENNINGTON et al. (1970)

In practice both emulsion effects, relief and reiractive index, _,'
are present in any bleaching process, and a reduction in one of them
results in an‘improvement of the hologram charaoteristics.‘ Furthermore
it has been shown3 that the noise and unwanted distortion of the o
‘emulsion, products of the recording and bleaching processes, may be.u.j-

reduced by the proper ch01ce of holographic processing parameters.‘p‘.'u g

The selection of dielectric bleaching techniques in‘holographic-
illumination contouring satisfies the need for a high-diffraction~

efficiency hologram grating besides the:almost uniiorm wavefront'response,

1. After KOGELNIK (1967), also frequently called'"image"; See p133.
. 2, See also RUSSO et al (1968) for a discussion on resolution ‘ ‘
3. LAMBERTZ et al (1971), UPATNIEKS et al (1970),__RIESEM et al (1967),

~ BIEDERMANN et al (1974), URBACH et al (1969), HAMALAINEN et al‘(1974) s
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lnequiredffron_tne helegraphic blate; tojeréen ieeet‘itgnt;: .TnesnSQﬁ_
 ,ofVMii1iﬁask "ultra fiatf Agfa piatee'satiefiee this reqqifeméﬁtz.
o The modification'of two:bieaching tecnnieuee,.beeieee‘high:exnceure;
"vainee, were £cundltc gite setisfectery reeuits in”their epnlicetien
“to hoicgraphicAillumination'contouring. Both‘tecnntqnes'ene'eeecribeq e

-below.:.

It Was found - that a'modification of the Agfe reversal bleaching‘

‘.(Agfa Gevaert Techn1ca1 Informatlon) gave a satlsfactory diffraction[
.efficiency, ‘low wavefront distortlon and great hologram stabllity to L

',ordlnary ambient laboratory cendltlons,'le. llght and humidity,r_l
..The'pfoeeseing cf‘the noleérephic plates was cefnied.eutras described -

*'belowzf

i) Stress relief : Tne piatelwae innersedlin industriell ;.;: o
methylated Spirlt for 2 mlnutes, BUTTERS et al (1969) -
‘The plate was then slowly removed from the spirlt by one e
edge to prevent a ncn-un1form drylng and then left to stand
on 1ts oppos1te edge to dry in a nitrogen atmcsphere .

;_'BURCKHARDT et al (1969) for 15- 20 minutes

ii)“Exposure, DF’4,'See'Appendix.A,

.iii) Developed for 5 minutes in Agfe”Gevaert G3P;

iv) .Stop} 1% solution of acetic acid,tz minutes; -

v) Washed in running water for 5 minutes.

1. Intensity of'at least 100 mW is required from the laser.

2, All bleaching experlments were conducted using M1111mask Agfa
’ .plates . o L S

3. See LAMBERTZ et al (1971), GEORGE et al (1970), SMITH. (1968)
- for similar bleaching processes. a
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 ix).

x

"ixi),
‘xii)r

- xiii)

‘Wash in running water for 5 minutes

‘Wash in #unning water for S minutes.

108 .

Bleach for 2 minutes.,'Agfa‘reVérsalrbleadhg
5 gm pota551um dlchromate :
5 ml concentrated sulphurlc ac1d 1n 1 11tre of

S distilled_water_ 

Ciearsfof 90 éeconds-
50 g sod1um sulphate (anhydrous)
1 gn sodium hydroxide in 1 11tre of distilled

'_water

Deéénaitiza_fbr.SIminutea.
2230 ml_indﬁétria; nethy1a£edl3piritsaA
'_zda_m1 disti1ied water'_.n" o
.'32'm1.g1ycefo;.. |
-l240 mg pqtassium brqmide

- 200 mg phenosafrinine

Wash in industrial methylated spirits for 2 minutes

Wash in Drysonall for 2 minutes

Dry in a nitrogen atmosphere

Steps (i), (11) - (x) were carried out under continuous agitat10n.~

" The temperature of the solutions was kept at 20°C throughout the

'_ bleaching process. gf

.

' TETENAL-PHOTOWERK, Hamburg-Berlin,



- Altheugh the effect‘of the'phenosafrinine dye'(indleator)l
tin desenslt1zation is considered to be that of a filter ‘tthe'f
emu151on takes a red blulshlcolour) there was no noticeable change..'
f‘in-the‘diffraotion efflciency.measurements when the.dyerwas H
:eliminated.T,lhe holograms hleached:inlthis rar_were-an stahle'as{l :
those immersed'in-the‘dye solution.' The purpose'of the streestr
relief step, the baths in methylated sp1rits and Drysonal and the-
Tddrylng in nltrOgen, 15 to- prevent as much as p0931ble, movements B
. of the emu151on due to tanning and non-uniform drying, PENNINGTON f

et al (1970).

'Diffractionlefflclency-neaeurements nere.obtained infa'nanner-:
Tgenerally.accepted‘for comparlson;Vthat is;fdlffradtion‘effloiencj
"measurements of a thick hologram sinuso1dal gratlng, TATTA' (1968),‘
"KOGELNIK (1967) Accordlng to KOGELNIK a hologram grat1ng is'-
_'regarded as thick if the couple wave theory parameter Q, defined |

) below, is much greater_than‘unity. We have
| am Ada

n (Ax)z (115)_:

Q =
uwhere d n, Ax represent the average values after bleaching of-lr
':_emulsion.thickness,'refractive index and grating period-(Eq. 22)

_ respectively.ﬂ*'
- To comply with this, during exposure the plates were held by

-gravity in a kinemat1c holder The plate normal made an angle of 7° :

N

1, According to GEORGE et al (1970) the dye works only at low

' densities (D “1). As will be seen later, the original silver
density was high, D >4, - See also NORMAN (1972). For bleached
holograms conta1n1ng non silver metal compound see NISHIDA (1974)

2. See ROBERTSON et al Ed. (1970).
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with respect to the plane of incidence, and its projection_io‘that _ﬁ

 plane bisected the 400 angle between the two plane wavefronts;id
. The polarization of.these was perpendicular to the plane of -

incidence and the ratio 1:1,

An aag1e of 400 between the beams aad used light of A = 49658 ;a'
e.may be regarded as 1ntermediate values for holographic 111uminat1on'r:
L contourlng arrangements. It is worth rememberlng at this point that -
;-eoulsion rellef ef:t‘ects1 are to be avoided in order o obtain Optimum
"cﬁaracterlstlcs from- a hologram dlelectrlc grat1ng, therefore, an.
"_average spatial frequency grating of 1400 lines/hm (for an angle of o
:daOO) seems to be a good ch01ce Then for Mllllmask Agfa plates '3'-2”

o{d = 7 u, n = 1.5, ) Q
 Fig.(43) defines the relevant beams'durihg_reCOnetructioh_'
and in which RI represents the master wavefront'in holographioga

‘i1lumination contouring.

| Fig.(43)

1. -SMITH,_p537_(1968); LAMBERTZ et al pl344 (1971); UPATNIEKS (1969).
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The diffractionrefficienciesl;are:plotted ior_l ;'49é5§_a§d1
A = 48808, Fig. (445.u-1t w;g hoted that the maximun value for
(RikiSIGO.géneraiiy”occurrediiortan éx503u}e neariy tWice the -
:exppsurelneeded for(RI/c)IOOma;;- ihe_erposure.for maximum.e” :
‘eificiency corresnonds to density ralues.greater than 4.2;7-1” g
The maximum value for (VI/i)lOO occurs when the fraction oi

. ‘undiffracted light is minimum, result that agrees Wlth McMAHON L

.'(1969 1970) The results for (RI/i)lOO applied to holographlc
": illumination contouring would of course be improved if the beam- i

| would be incident on the back of the plate
?ié. (45) shows ciearlylthe-effects of.drying.on.difiractionh'.ﬁ

: eificiency._ A drop on diffraction eificlency values is apparent s

'when both the washlng of plates 1n methylated splrits and the drying ‘

in nitrogen, 15 eliminated

Lately a second bleaching technique has been found to provide
- hetter results in holographic illumination contouring than the
prev1ously dlscussed bleach- greater diffractlon efficlency and lower L

._wavefront distortion,

The bleaching procedure consists of the modification of the _‘h
- procedure first proposed by THIRY (1972), improved by GRAUBE (1974)

“'and discussed by VAN RENESSE. (1975)

1, After bleaching the plates were repositioned exactly in its
: ,original place as for holographic illumination contouring. L

‘J'2.- For. AGFA 8E75 and l 6328A the - maximum efficiency corresponds -
to exposure values about 4500 ergs/cm2 o :
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Diffraction efflciencies ol bleached holograms for 4965A obtained when the washing
“spirits and drying in nitrogen were eliminated, : _
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The.processtng'offtﬁe helegraphiceplates'wes cerfied cut”és-'
deseribed‘below: | | ;
.-11._‘  Stress relief as for‘Agfe bleach. - .
2:; . Exposure of about 1000 ergs/cm2 for Milllmask Agfa plates;t"”
- Dens;ty 2 3. | ‘ |
3;;_ Develop for 5 m1nutes in Agfa Gevaert Gap
 '4.1‘ :Stop. 1% solution of acet1c acld 1-2 mlnutes. t{e'

5.  Fix for 5 minutes in Agfa-Gevaert G334.

6. _Wash in runnlng water for 10 minutes,
1. _'Wash in Drysonal for 2 mlnutes.
_1i8. Immedlately, while st111 wet the plate is placed in a tank

in the sameattitudeasfor step 1 Add 5 m} of bromlne 1n the--

tank, The plate will clear in 15 seconds (CAUTION- ,thls
‘step must be carrled out in a fume cove:,‘and‘the_necessary

body protectlon must be worn)

9, ‘Leave the plate in the fume cover for Q-l hour.

‘It is advisable to provide a slow'air‘curfent to evenly

distribute the'action of the bromine vapouf over the whole piate,‘

pecially when the plate is completely dry before step 8. -The tank = '

must be partially covered to avoid a rapld escape of the vapour."""

E Stepsrl, 3-7 were carried out under contlnuous agitatlon, and the B

_temperature of the solutions was kept at 200G,

.'VTo assess the performance_of these two bleaching procedufes ;‘e_

" in ESPI the following real time experiment was carried out,

Fig..(46)(a) and (b) illustrate the arrangement of the optical

- components used with the ESPI system and the test objectfrespectively.""i'“
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- 4880 Ai"' S
e ‘Mirror
(master object)

Object = .o = \
4965 A R mam—

Csilver
sprayed

———

'(é)-- - ;_L; -.lﬂ. .1:,? s; (b)  ;}7

. . ng (46)‘- R |

Three pairs of Milllmask Agfa plates were utillsed .‘Ohei

plate of each pair was stress relieved, and all the plates were
ﬁtwice; exposed half of the exposure for h_ 4965A and the other:t,L

" half for A= 4880%.

The first palr consisted of amplitude holograms; the second .

‘-:and thlrd pairs were bleached by the bromlne (Br) and Agfa technidues Lf
'respectively. The total exposures were 300 750 and 3000 ergs/cm2 for

'.the flrst second and thlrd pa1r of plates respect1ve1y, ‘and the 1aser

,output was adJusted to give equaldexposure tlmes for both-exposures;fn

.and to compensate:for the'wavelength response of the plates.r

The purpose of the 51iuer.strayed part of the obJect ras to_oﬁ
'check the exact relocation of the plates, and the mirror part acted
as a uaster obJect for. holographic 111umination cOntourlngr oth parts
”were used in real time to assess the wavefront distortlon introduced

by the processing of the platesl; 

1. See HARIHARAN (1975) for._the phase shift in phase holograms, -



Fig (47) shows the residual frlnges hav1ng the scattered
part of the obJect in the background and the oval shape corresponds
to the.referencelbeam. The fringes are‘st111 observed outslde this N

-"region becausedthe specular part of‘the object acts as alreference."

All stress re11eved plates gave better results with respect
‘to the residual frlnges. The.non-stress relteved plateslare shown
on Flg (47) w1th the symbol . Fagures marked (a), (a ), (c), (c ), d
'(e), (') and (b), by, (d), (d ), (f), (f ) correspond to = 43803
and.l_.4965A respectlvely. Pairs (a) and (b) correspond to amplltuderl.
: holograms ‘and pa1rs (c) (d) and (e}, (f) correspond to the plates‘};&
'lbleached by the bromlne and Agfa process respectlvely.: It can be
_observed that the stress rel1eved plates have less residual frznges‘.i'-n
n.‘than the other plates, and the same is said for the plates bleached
‘_by the bromlne process with respect to the ones bleached by the Agfa
process, the former glving better results.: The minimum re51dua1,

e Iringe two hours after the processing of the plates ‘was } of a

fringe for A = 48803 and 4 of a fringe for A = 4965A The dif:ferencel S

in the number of residual fringes with wavelength {more fringes foru'
~'4965A) can be seen on Fig.(47).-'This aspect is not well'understood

" at the moment.

: The results obtalned Wlth the specular part of the obJect are

presented below The frlnges produced by the 1nterference of the.

master-mrrror obgect wavefront and the reconstructed wavefront.(v1rtual

image) are non-locallsed‘and can be progected on a screen, . The | |

fringes are also found in the directlon of the IV% mlrrors due - to.

Athe interference of the reconstructed and reference. wavefrontsrln.:r}:?
: :thOSe direct1ons, such that the frlnges are proJected back into the‘:fl;

ESPI system via- the master mirror DbJth and are detected by-the ]*;]h

':‘television camera.
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Fig. 47 Spurious fringes due to emulsion movement.

e ————
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| Fig,(48) shows.the photographs taken fron.the'televlsion
screen of the two bleached pairs of pletes The photographs -
b'marked (c), ("), (@), (d ) and (e), (e ),_(f), (f' ) show the
‘residual fringes corresponding to the plates bleached by the -
*'f bromine and Agfa process respectively.- The amplitude h010grams.ﬁ
hdid not give enough 11ght 1ntensity for the fr1nges to be observed _h

on telev1sion.

Table 11 shows the diffraction effic1enc1es for the bleach
holograms of Flgs.'(47) and (48). The effmciencies for the amplitude o

' holograms were less than 0.5%.

TABLE II

Q : : L
A = 48808 . o oA s  4965A -
Bleach %}100 Elloo El1oo e = ¥§400',551oo ggioo
¢ 14.3 18.2 '3 ¢! 21.2 24 . 3,86
Br ST B S
a4 14.8 195 3.4 | - a' 221 248 .3.91
e 5.4 7.1 3.1 . e' 6.3 6.7 3.3
AGFA . R : - [
. ¢ 5.7 6.8 3 | 290 9.4 418

"1t can be Seen*from the table that fhe-(RI/i)loo éfficienciesi*
-are sllghtly h1gher for the plates bleached by the brom1ne process,_."

and that this bleach glves much better results than’ the Agfa bleach

when the (RI/c)lOO efflclencies are cons1dered




119

Fig, 48 Photographs taken from a television screen showing
' _spurious fringes-due to emulsion movement, ‘
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- SCOPE AND APPLICATIONS OF ESPI CONTOURING METHODS

“The principle of.contouriné.surfaces of any_cnrrature by - |
= EdPI has oeendeStablished;:The'use of ESPI'has significantr.
'adrantages.over holographic methods. 'ft offers contour difference_d
" 1nformation between surfaces of similar shapelznstead of contour
hinfcrmation with respect to a flat reference plane It does not‘
M.;'require-recenstruction of a wavefront except in the holographic
_illumination contouring method Hwhere only one hologram is required-
for the in3pection of components in a production 11ne The contonri‘
frinées‘are'localised on the'surface .and‘the system offers‘ineline_:
:iliumination-and viewing direotions' Furthermore‘the superp031tionl
’ of the signal and reference wavefronts is in-line and not off—axis j
:as in holography, sinplifying the optical arrangement‘; The optical )
.! signal is processed electronically thus offering a real-time
*‘operation. The application_of ESPI_to smooth‘surfaces can.be reéarded.

as reduced'sensitivity interferometry;

The ESPI system offers a real time analysis of the propagation._
 of total refractive index’ changes and the contouring of transparent
. obJects . In particular cases the obJect a light bulb for example,

_‘can be rotated to give 1nformation about different directions, in a

d-rapid way.

‘There ‘are limitations to the - information that can be deduced

from a 51ng1e contour fringe pattern.- The zero-order fringe cannot

be 1dentif1ed (though it is not necessarily present) It should be-

..noted that if present, it may be dark or bright or of intermediate

_inten31ty, depending on the relative 1engths of the reference and signal L

'1_paths, as indicated by Eq (109) -Knowledge of the zero_order fringe[';,-u
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l;posltion and other fringe numbers is necessary 1n the case. of
holographlc illumination contouring to enable one to determine the
‘absolute shape difference between the two surfaces which are’ |
‘ effectively compared; Without knowledge of the fringe order number
fonly relative.measurements are possible ‘ ' The fringe analysis for‘w
lirregularly curved surfaces (as done by holographic 111um1nation L
contouring)-must_take account or the changing'sensitivity over:then
'surface.. The rapid inspection.ofisuch.conponents_will reouire;:ﬁi

computer processing of the data.

It is expected that dye lasers will permit the application of -
the methods described (I II and III) to contour intervals extending
'over a w1de range.: For example a range from 180 ¥m to 3& um should '
V:be available from one common. dye Moreover the sen51t1vity will be

‘continuously variable over‘th1s range."

- Aspects of contouringlto,be further investigated includefdfgifi'x
the de-correlation 0ffspeckle natterns as a fUnction oI:surface
roughness and wavelength difference, fringe interpretation and computerw_,'
"'aided analysis, extension of the range of applications through the use
"of dye lasers, the development of the holograph1c 111um1nat10n method
to contour sizeable components and the modification of the ESPI rig f
’to provide a variable magnification, by interchanging of lenses,‘{ .
Vlwithout varying the distance of the obJect from the system, thus If fh
produc1ng a morercompact system.: The 51ze of the system w111 1ncrease

as the aperture is increased.




.. SYMBOLS

crA Centre line average

Constant range - see p59.

Contour interval, contour fringe, constant rahgé_-_éee'pel}'“'

Figure interference - see p52. °

- High difference, contour interval, depth chénge'per fringe - see pbSl.

fntefference lines - see p6l. N
' r,s. - see p54.

. Smooth wavefront - see po4. -

"

' “seg p54.:

A ..seé P66,

o
|

~ see p66.‘

e .
]

'.See p76.
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. APPENDIX A
' PHOTOGRAPHIC PLATE CHARACTERISTICS
~ Let us concentrate our study on the parameters which'describe:
the behaviour of a silver-halide emulsion from empirical charts,
The photographic plate characteristics are based on the l

' Hurter-Drlffleld (H&D) curve. and on the transmlttance-exposure ‘“'

“curve Fig (49)(a) and (b), reSpectively.

_.D'=.-log€; K
DL
I
I
: y=tan ' &
Do —————— I - ‘ ‘
‘ AR |
i l
;ﬁ“ o
log B, log E  log® -~ - R
,<a>i.- B 5 N
Fig.(49)

- Intensity

‘Let us define, for simplicity, the intensityl'of‘an electro-

.-magnetic plane wave',at'a poiht:'P' in a homcgeneous and'isotropid o
medium (free space), as the . time average of the magnitude of the
‘Poynting vector. This corresponds to the time average of the energy

. 2
density per unit time per unit area normal to’ the flow, watts/m .

KLEIN p122 (1970) call it "1rrad1ance" "flux dens;ty" “radiant
- incidence™ .
' BUTTERS p149 (1971), "Irradlance", ROBERTS (1972}.”
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o - - R . R L
The Maxwell's equations, in. the rationalized MKS system ,. - -
for an electromagnetic perturbation in the medium described above

.takes therform 

CeurlE = ~ uH - (116) daivE =0 (118)

curl H eE . (117) divH=0  (119)
.' . Wheré-rr

u o= permeﬁbility, o

= -
1

'_pgrmeabiiify'in vacub_=4n(10-7) Webef/amp—m'_f‘:..‘

=
|

' - relative permeability .

i

¥, B=wH . 20y
‘and

permittivity

.me
H

s
I

 'permittivity:ih vacuo 8.9‘(10—12) coulz/nt-mz‘{.

m -
|

' - relative permittivity

= EE

1
1]

-Sol‘ € )  '-(;2¥>

o

- Next we follow BORN,:ét al § 1.2 (1970)2 in‘the'Intérﬁational -
System of units as‘it'is‘dur case; Tﬁus,_it‘is‘found that--

.Vz;E"—- ‘pe.‘]_a: . =0 - . f.'(122)',_'-_.

comparing Eqs.(122) and_(1) and using Eqs.(120) and (i21)'ﬁé have _ _.;=
T T RO T .‘: ";3"if(123):i.

and .- e
| R 1 ¢
IO T S

Then the refractive index is defined as

‘n = = .é' ﬁ‘.g'. | :'_" H : :" {l(124) '

e

1. CONDON, ppd-3 (1958), International System. -

2. Gaussian system of units, - .
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‘Also it can be shown that the.Poyhting,VeCtor takes the':r:‘orm1

-

_'(125)'_
~_where §  is the unit vector in the direction bf'propagétionz.
Using the relation VjH =Ye E and Eq.(123) the magnitude
-of 8 'beéomes  "
R _
. .

T8 = “E =vp € E =2 vy oo (128) -
- e u . P S f-p_ FE 7 I

~ where ‘uﬁ"isfthe energy per unit volume stored in the electro-

" magnetic (plane) wave.

' Therefore the ékpressiqn'for_ihtensity.is_written as

i ) =.<S>.‘ =V 2>

£ <E
P .

p .‘_(127).
‘whefe, as it is being considered, E represents a‘hafmonic_SOIutibn

- of the scalar wave equation, Eq.(122)3;

‘.It_is‘cﬁstdmafy in holographic interferometry to represent
" intensity in a convenient form such that it is equal to the square
of the amplitude of the electric vector, thus
2., Watts | '
> (B2 (128)

. I'=2¢<E

1. BORN et al, pp7,24 (1970) in the Gaussian system of units.
2. ‘See pl5. S ' | a
3. See Egs.(1) and (5)



Jf:126”f“

.Exposure"
_ ) 1
Exposure is defined by .
R S | K . o R
E = Ipt «1 t (ergs/cm ) (129)

where -t represents exposure time,

‘ Although an exposure‘metre measures Iy, if‘wili be'cohsidered-“

. . for simplicity in the mathematical operations
E=I1t .- .. < . (130)

as the equation which represents the exposurez.'r

L

Other parametefs

‘ After the holographlc plate has been exposed and developed the
:znten31ty transm1ttance E (x,y) of the plate is deflned by

SRR S L
R T
A ' : -

Iﬂ‘

_and:the oomplexjamplitpde transmittahcei;-by_-

PP RO _.':;(13251

: where the subécripﬁe i and t indicate "incident" and'“tréhemitte&" _f

respectively.

1, - Note the different meaning of E in Eqs.(128) and (129). . Also'_:
“we will refer to .1 as the intensity of light incident on the.
”'holographlc plate dur1ng exposure

2. BUTTERS 5_9.5 (1971).
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‘Usiﬁg Eq.(10) the complex amplitude transmittance may be written .

1.
,as_

+ o= E e j(las)_ e

£ =t . . Qass)

. The photographic density D is'defined'as

o e e
D = log (_E-) =‘-‘10g_E == 2 log + (136)
From Fig.(49)(a) we obtain
- ﬁ P log E ‘t.!‘":(1375 e
=D+ Y log B L - asn.

where Do cerrespond to the bias exposure Eo'and;‘Y'is-the slope.

1. :Eq (133) is true when a 11qu1d gate is used to overcome in'great '

“extent, the phase shifts introduced by varlatlons in the thickness

_of the base and film emulsion (relief). Otherwise the expression
for + is wrltten as : S

+(x,y)_— GICEE exp [.J ¢(x,y)] (134)

where ¢(x,y) represent the phase change introduced by the plate
- As is mentioned in Chapter II1, ultra flat holographic plates were
‘used and care was taken to minimise undesirable distortion of the
" emulsion due to the reversal bleaching process.
In our context, the consideration of Eq.(134) is not cr1t1ca1 and
Eq.(133) is used instead, 'KASPAR et al, p970 (1968). o
. When holograms are used - in advertising, unwanted scatter llght .
. (flare) produced by the relief of the emulsion, is pgreatly reduced
" by gluing together the hologram and a flat glass plate by means of -
”a matching index 11quid thus formlng a liquld gate. : .
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" From the last two expressions we have

L am e Ap el
St ZE ot L 2
o (4 +Eo) h‘°7(1+10) o (138)

C whers B < T — an,
 where B, = I,t and AE | E .Eol , sge Flg.(49)(b)ﬁ.

Being AE/E a Small number Eq (138) may be approxlmated by

‘the flrst two terms of 1ts binomial expan51on, then o

Sy asey
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APPENDIX B

TECHNICAL INFORMATION

The.electronlc un1t used to process the opticel elgoal in
‘.ESPI is illustrated in Figs (50) and (51) Fig (50)(a) shows-j .
the telev1sion camera- the camera control un1t the synchronous‘pulse
gecerator and the‘general lock1ng system which also'controls the ft
v1deo dlsc store un1t shown in Fig (50)(b) Fig (51) deplcts a |

| flow dlagram of the signal processor of the ESPI system-. it includes L

_a sync pulse remover that does not appear in later versions, the -

subtractor czrcu1t and full wave rectlfier section (with a sync. and ff:“

blanklng_adder clrcult), and finally a‘fllterlng circuit, :The I;ne-‘
phase cOntrol, adjusts the relative positions of the outgoiﬂg sync,

pulses to the sync. pulses applied to the genereltiocktng circuit. -

The following abbreviations and symbols are used in Figs.(50)

and (51).

B/rem i :frt"e B or/ahdrremote'ﬁ‘.

.CAﬁH _';'1:}; - camera. - |

Ext ref _ r"zu'_extercai'reference

FWRi” :':_':"?‘;full'ﬁare recttfier": v‘
MB o 'Vj.f;‘mi#ed blankiné
eMS r'.'t'et e'--”otxed eyoc‘ |

S&ﬁ aeder '7'.4 'sync and blanking adder.-
VTR . A.'(.:-- y1qeo tape recorder or disc store_: .
Ktal eF'_érysfai.décillatorj“. 
‘ }Zr' : - aojusteb1e  7

}Zr‘_‘7 T ;‘ pre-set - -

| -1, See p95. '




' An argon laser SPECTRA PHYSICS  model 171 was used with an

‘iﬁffa-cavity-etalon to provide a few metres of doherencé length,
" For light ihtensity readings a power meter Coherent Rédiation
o S S o g
. Laboratories model 212 was used. (It measures watts/0.5 cm, so

this fraction must be multiplied by 2 if watts/cm? are required. .



' CAM

| Video  Viweo

“.In o Out

! o—

~

VIDEC DISC

' Disc control box

'STORE . -

tb'

_ MS output

Ou‘tput

Carera control uniﬁ

|
' .; j;tj_

. Mains

, Switch-

eam . . Gain

- Fig.(50)

. Focus ' .. Lift

Ms

Protect

| 1 ! |

Enable

?@g‘Q‘@z

Track selector

5 :

&Ef"?

{ ﬁD— ia -(P GP ‘qa_-1¥>'-"“"-' i ""GP“‘qPifiqD"(?"'f-- - -
Co [ -

b

__ESPI Electronic Unit . . -

| 50 V_|—‘ Syne, Pu}se. Gen. _-:—‘\A.__L_— Gen. Lock
e SR L 1 o o

— _ é,_é “&)_ i {—_—.- S

"~ Phase . 3

- — et s A em— = dede erw m— e




“'Disc Store

. o 1 Syne, - - o - L Sync. | - e _
: N, (ﬁ? ) I Remover T - Subtractor - . Remover - ) ,1CP_ CIN

' 'Full Wave Rectifier . |—-—< MS.

Filter

‘Sync.'& Blahking adder’ -—;—<'MB

FWR -

iS'& B adder

. o SR , S —_——— e lxj B . o '
‘ l P : _ S ST = AR o -
.. .. mMs MB " 'Filte®™\A Direct - | o
| susmmace S o | |
[T T A : O SRR S
- CAM . - DISC - - O - o
L oot : . ' Direct . - =~ = . : . . ' A
L1 3 ‘ ST AN . R S
LL0- % m o im = = 2@ = s e
_ S e Filter .. Output to -~ . o o
S . Monitor . .

' Fig.(51) .F1§w diagram of the ESPI siéﬁéi'pfodeﬁédr'-f'

Seer L



APPENDIX C

INTRODUCTION TO DIFFRACTION AND FOURIER ANALYSIS

- .Although the phenomenon of diffraction occurs as the optioal'\u
.wavefront propagates‘in Speoe the diffraction ﬁy an.obstacie, a
diffraction grating for example, is more apparent.

L 'Holography forms 'by" the interferenoe of wavefronts a pattern
of interference lines-unique'to the'formative'optical s&stemz..ﬂ'o;Q

‘This spatial d1str1but10n of 1nten51ty, when recorded creates a

133

: d1ffraction gratlng ‘which contalns the optical 1nformation- PhaSe;f;ﬂ“:'

and amplltude The retr1eva1 of 1nformat10n is obtained by d1ffract1on

- of the 111um1nat1ng wavefront by the grating.;

e . R L o L
It happens that the distribution of light at a'point in,space

E (for 1nstance at a dlstance' from a gratlng) can’ be represented by L

fthe mathematical transformatlon of the dlstribution of light at a .f

ldlfferent p01nt,.(at the_grat;ng).

' This appendix is intended as an introduction to Diffraction

. Theory and Fourier Analysis; These'snbjeots ere‘treated in detail byr -

BORN et al (1970) and GOODMAN (1968).

I. "Hologram grating" after KOGELNIK (1967).

2. BUTTERS § 2.8 (1971). -



Sinusoidal diffraction grating

Conéider the ihterference of two piane wavefronts és_f
111ustrated in Flg (52)(a) Let us assume for simpllcity that the
'z axis bisects the angle between the two dlrections of propagation

' 9‘% 91 = 62 in F1g (4), and that a photographlo film 1s placed on the

13

- Xy plane to record the 1nterference 11nes thus formlng a s1nuso;da1 N

'1,amp1itude gratingl. -

x
el - )
lfz | COs 6 z
X.._ N S
Gy'=g B
T - L
e -1 A
. SNy
AR 4y
_;.,'= A
sin ©
x' U
(a)  :i L L ;“:_“tf‘f_: . -(sj‘f

Fig.(52)

As is shown bY Fig (52)(b), Qx; gy, qz‘ are the angles that the. -~

. unlt vector 3 makes with the planes perpendlcular to the axié'x,y,z

,1. See'Appendix A‘for photographic film-oharacteristics;"
-, For sinusoidal phase grating see KOGELNIK (1967).



" respectively, and cos a, cos B, cos Y are the direction cosines of

r, see Fig.(3).

‘ Thus:;

[}

. e om - g : i C
.U % Axexp [fJ Y (s.g)] A exp[.J gj(fx X + fy y-+ fz-z?]
.£,§ = X CO8 ¢ + ¥ cos B }‘z cos ¥

- and -

_- :f  cos g . sin @,
£ = — = -
*oox A
" cos sin Bv -
£ = B o y
Y A A
o " _cos ? " sin 8z -
e T

The’ amplitude transmlttance of the 51nusoida1 amplltude grating is

o given by1 Eq (142) and deplcted in. Fig (53)
Thus:

R o :

“t =~§ +,%‘cos ?“ fo x

”; 2 sin ¢

where £

. see Eq.(22).

Fig (53)

135

. (140)

141y

a2) o

1. Eq (142) comes from the expression cos 0 = é'(1.+ m’cds”ze) wheré -

m is a weighting factor, O «mg 1, which reduces the diffraction
- efficiency of the hologram'grating,, See KOGELNIK, Eq.(2) (1967),

"and COLLIER et al Eg.(8. 31) (1971) where the negative sign indlcatés

-a:negative slope in the amplitude transm1ttance~exposure curve,
Also see GOODMAN, Figs, 4 6 (1968)



' o and fy = O'éverywheréz}

Suppose the grating screen is illuminated by a pléhe_wavefront :

U, for which ©, =8 (z ©, in Fig.(4) ) as illustrated by Fig.(54):

Then for z = 0,

=]
[

sin ex'

e

"'_The coﬁplex'amplitude éf'the'field jﬁst after SCfeen;ié then¥ii
= ex.p[J 2y fix].+.—4 exp[J_--Z'rr fix] exp[; 27 fox] + 4—_.:exp[3_2'rr f:l. x.] e

Cep[-s2mex]

3 1m0 )2 |1 B exply 2 - E00% 4]

= —.(.’«".CP[J .2'" (T)x] +?1—_e‘!cp. [J 2T (

“where Uol, ,U_'and U+ ‘represént plane waveironts, Fig‘.(54)'.' .
_Aécdrding t§‘Ed.(141) we have _
sin 0, . sin 6,

- :Ec_;r Up" o 1fx‘..‘, S U :-Ez'= A _’ﬂez = “or(=,"“2-f_9 )‘ B

g - 3sing, . sin§,
toru: ot = oo e L ZDE oL,
: T S A T 200"

D
[}
=]
1
Q
o]
]
1
S
e
=
@
L
-

_ sin . sin G

x X Tz .y T = '  +

=3
o
A
a
+
(]
I

1. Note that in Eq.(144) the negative sign of "fli. has been considered, -~

2 NOTE: | a_ol > I a..l » 9, = cos ‘(Sln Bx?. ¢ =. cos (3 sine)). .
| | e L ' | /Continued =
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Tl
Ty
...]_'.....—.'. A = A
| fx- ‘_3.5.1n-_lﬁ\x cul:J.s'{_xl_‘
Fig.(54) . ..
' 2(cont1nued) : S |
1%, for example, e =8, =8, 19° then| a |~'71° o =0, "
I e, g e £8, (£ e) in Figs (4) and (54) then 3 is parallel to '
the x axis for sin e + 8in e + sin 92 = 1 ' : ‘
1f ei & el = 62" the condltion for ‘o = O becomes
o, = (1 - 2 sin e)
NOTE: For o, é 0 and O 02 Eq. (144) becomes ) _ o
v ?af,z‘_e"%’[”ﬂ——-]f"z:?xp[az“(-—*——A 1
' ‘ R ' - (246)

=FIO'+ U_ +U+

See COLLIER et al, pl02 (1971).

ﬂ*/bontinﬁed.'
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~ The complex amplltude at a dlstance- z from the grating screen is . .

" the product of the field amplltude at z = o Eq. (144) and a. phase '
factor which takes into account the propagatlon of each plane wave
' ‘ _ - w
in spacel. The complex amplitude of a plane wavefront at z Q is?,' _

u51ng Eq (140)
_WU(a,yfn) = A exp [—q;21;(fx.x.+ fy yﬂ, :n‘=70 o fL(;47)
‘whereaé.Eq.(l40) represents the field,amplitude'af a distance Z, .

_then

‘.U(X;IYrZ) A EXD {- 2" (f X+ f Y + f Z) ]'

A exp‘{f3.21r[fx x +‘:By y +-;.Fl'-.<} f%) *_(Xfy))%'é]}

A exp [-J 21T (f x + f y)] exp[f (1 - (Af )

4 <Afy)2>% 2]

"2(continuad)

e

- ‘ ' ' g o
Furthermore the condition for. | |
'a+ =0 and a_=0in Fig.(55) .i, :. SRR ,;_ {‘71x‘-37A . |
is that . . .o e e

2 sin@, . I ._'_pi o o, * Ug

- F;g;(SSS;'

1, See GOODMAN § 3.7 having in mind 6ne? two or three_plane wavefronts'f.
© as it is in the case of Eq.(144). I S e e
11'2*. Eg. (147) becomes Eq (143) for B

LN
2"

e =O-,.,.l:

UCx,y,0) exp [-3 2 @ - (Afi)2‘+'(xf552)%:z] sy



Applying Eq.(148) to each of the terms in Eq.(144) the expression.

,for_Ut(x,y,z) is‘obtainedl,

E nDiffraction_from an aperture Lo

Consxder, as an illustratlon,_a s1ng1e sl1t on an xlyl plane‘:

: at Z 0 of width w along the x axis and not bounded along the

1
s 2 S
yl axls ’ F1g (56) Let the aperture be 111uminated by a unit o

amplitude plane wavefront Ui 1, and div1ded in n reglons of ’

width Ax.

O consists of an infinite number of

The field amplitude at z
p01nt sourcess.each of which contributes to the field at P, on.the '

i_x Yo plane, by an amount

"1.”‘Thls obeys the superpositlon princ1ple in 11near 1nvariant systems.‘“u

- Bee GOODMAN for the evanescent waves concept according to Eg. (148)

2, All equat1ons are reduced to one var1able, X, +

3, Huygens wavelets.
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xy

Fig.(56)

' For the moment let us assume that the number of point sources on .
the aperture is. M so that ”% M represents density of points.

If Ax<A no interference occurs due to point sources in Ox and .

‘all the wavefronts comihg'fi'om that region are in phase, _' Let us call

U . (P) thus
.S S L

|
|
the contribution of sources within Axn on the field at P, = .- =~ 3
|
|
|

Axn M. 'lAn
T

A | . _s2m
R PR
a0 T n . -

n

rov0d]

S M A
= .’;n ?2" .exp_ [+‘j ¢n]_exp_.[f‘j.2_;[_, : rn] ) '. (150) .j\

= g(xn) exp [ J —7\- rn] .Alxn
where Eq.(7) has been ﬁsed .sﬁch that

‘ g,(x;q) " — n _'( r_l ) e.]'ﬁff_‘.. - L ; _.._'(.151)
L n. S R T
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. The complex amplitude'at P due to the n regions is given bj

L - -_' . ' ‘ ‘ ..._2
x_(P) E. g(xn) exp [ ;_K,rn] | Axn L , ..(;5”)‘,

ow o
.”fIf:we let ‘nf+«p then Axn—;+ dxl, 'ﬁ.;;. I ‘and,_of course, the -
: o o ‘ W : .
number of point sources M becomes infinite. The field amplitude
“at P is then expressed by ..

W
Z

I g(xl) exp[:—j‘K'r] 'dxl o (153)“:
. ; 2 T SR o - :
where C is a complex constant which allows g(x ) to be considered
. as a functlon of xl under an inltial approxlmation. Let us assume l":'
"the distance Z .from the plane of the aperture to the parallel plane u'5"
.contalning P to be greater than the width wl, such that ?L Jin
e n oo
. 2 Lo
Eq. (151) becomes the factor i included in C. Therefore g(x ):”'

can be consldered as the complex amplltude distrlbution in the aperture

" heing zero“outside it, Eq (153) can then be written as
oo.,

Up'l(_xo,'z} -='.C _g; ._g(gll) exp [—j K r | ‘-d"‘l“_:.- ._ (i§45 -

" a convenient expression in the discussion that follows.

1., For an aperture of finite 237 " dimensions z must be greater‘_-
.‘than the maximum linear dimension of the aperture A '

:'2_ rn on the exponent in Eq (152) becomes 1 and not z because -
~of its product with the 1arge number K, see 'GOODMAN, p58 (1968)
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1f =z . is large ehough for the‘expression '
3 %o ~ xl' 278
[(x - x) z" ] =z|1 +.( == | . (@55)
to be approximated by'the first'two'terms of its bigemial expansion,

. we then obta:l.n1

B o S % e ¥
ezl es(2 Yy | =z|rs 2 - 2L, L1 ase) -
: 2T 2 - - 2 2. 2 |-
. :From Eqs (154) and (156) it follows that2 _ 1 ‘- o e
Up(xd,z) C exp [ —-————} f g(x ) exp [ o ] exp J‘K 2 ‘l§x1 FE
'(157)

4

whlch represents the Fresnel dlffractlon of a (normally incldent)

'monochromat1c plane wave by an apertures.

"lii‘the Fraunhofer épproximatien

_ (158)
2 o ' '
X o . . i

is applied then the‘term exp (-3 K “ou ) is unity over the-eperture.'y.‘”

+ v
For xlmax 2 e have
.z,>? -_— '_ L s ' ' S f' (;59)

1. Known as the Fresnel approximatien. See dlscu5510n on GOODMAN, p59. -
2.." The factor exp(- sz) is included in C. _ ‘ “ ' ' o
3. As descriBed at the beginnlng of this sectlon. .

4 ‘ ' i

2
' kil w W
P — N —
Z X

4 A
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and Eq.(157) becomes

’ " xoz -] Lo h xoxl' .
Up‘ (XO,Z) =C exp[-,] K: _Z ] ‘_q{, g(xl) ex;p [J K — ].dxl o (160)

: e.This equat1on represents the Fraunhofer diffractlon of a(normally '
‘ 1nc1dent) monochrOmatlc plane wave by an aperture. Eqs (157) and ‘
(160) can'be.rewritten in the following way:

Fresnel diffractlon, ' PR o
2 ' 2

(x z)-Cexp[JK——] ;ﬁ{g(x)exp[jK_’J} ‘x.

"

fxl = "5z

(161)

. Fraunhofer diffraction,.'
S .2 o L ,
T ' X ‘ : TR
C S : : ’ : x]_l"” Az oo .

where E{ }dénotes .the Fourier transform and lfx is the spatial’

frequency in the frequency domain,

Therefore since g(x ) represents the complex amplltude

”dlstribution of light in the plane 'xlyl (spatial dlstribution), the
Fourier transformat1on represents, in the Fraunhofer reglon, the

: distributlon_of the_diffraeted_llght (frequency distribution) .

1. . See GOODMAN, Ch.2 (1968)., BRACEWELL (1965), STROKE, Ch VII (1966),
- for a treatment of Fourier tranSform w1th the same nomenclature used
in this work, : ‘

2. Spatial distribution (mm/lines}. _ Frequency distribution_(1ines/mm)._,'
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Fourier analysis -~ - = ' o o L,

A periodic‘funbtion (%) can be'representéd by the Fourier
" geries in terms of cosine and sine functions as

S nmwx . nwx
LA .
+n=1 ,( n cos —5— + Bn sin 7 )

AO
£(x) = 5

R
S :
or represented in-exponential form

0

T C_ exp [j.

e ' nrTx

_?‘(x)_ e o

- ,‘,,1_-' oo n”ﬂx‘ S R
¢ = 3 { 1) exp [-3 Sy=lax A6
where a'complicated function f(x)"is deéomposed in an‘infinitef‘

number of simﬁler exponehtial functions,

Consider a periodic function 2, (x), Fig.(57) solid line, of

|

d ey

B = 7 ‘I f(x) sin 2rX dx | e  ‘-: ‘ _:‘_ﬁt.‘ = r‘l:-. e
.period 215;




According to Eq.(164) we have - - : s : e ;'133‘f "'_' 'f‘

fx)= ©oc oexpld=X] . T

I

= z { f f,a(x) exP[ -j 2" (—)X ] d"} exp[-] 2".‘"( —)x]
‘ (165)
S e mlm,

‘ g3 o _ . o h S
":.G?g(fn) -._-'-_{‘fz(x) exp_[-j 2m(3-)x | dx - l(1le§)._* "

" and

We can now‘consider the.funetion-'f(x),‘solid and dotted lines in =~

Flg (57) as a periodlc function of 1nfinite period _Thus as {

Q—;*'m y Af-—+-df E —_— J.- » and Eq (164) becomes
- : \—w - . ) . B

2 = _J 6(e) exp[3 27 t x]at = ;lﬂ_l',_{'G.(:E)}' (168)

. Qo

I
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\

|
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- \

S em[-gom 1xlax - Flr) ey

where G(f) is the Fourler transform of f(x) and.;ﬁ {G(f)}denotes :

" the inverse Fourier transform

Eq (168) can be interpreted as the decomp051tion of a. function _
_f(x) 1n a set of exponentlal functions where G(f) is a weightlng
.faetqr. -Furthermore this equation can also be understood1 as a set

: i. GOODMAN § 3.7 (1968), also om p69 see ‘the Fourier treatise of the
’ dlffractlon by a s1nusoida1 amplltude gratlng. .:1 S S
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of blane waves,_at.; =.0,'travellihg in diffe;ent‘diréctiéns with |
aﬁpiitudes G(£) df, see Bq.(143). -

_ Wé‘éaﬁ‘féckiéithé:above Foﬁriér analysis in'théroﬁpdsife:l
: directioh'ﬁsing the éhiftland convblution tﬁeorems. Cbnsider_the L
function f;(#)défined on ‘the iﬁférfai xl'é X< x1_+_x0 ‘aS if:1sﬂ
illusfrafed'in Fig,(sa) (sélid line);- | o ' . |

. Fig.(58) -

" Consider also the function f(x), Fig.(58) (solid and dotted
lines); which can be expressed as an infinite linear combination of
fo(x) fdnctioné.

Hencé1 1'
: f(x) = - lfo:(x.j n_xo)
= 2 .: o (x) . “.(x -n xo)

f;(xj. * -§ J(x",“:¥°)'_ S ;'(170)1‘_ ]}’

represent a linear combinétibn'of weighted and diépiaced'funétioﬁs,‘”

. S T S T
where the symbol * denotes a convolution operation ...

1. GOODMAN, Eq.(2-19) (1968). = .




The‘functidﬁ £(x) can also be expressed by Eq.(168)
26y = 6(£) exp[ 4 2af x]ax o am

Appiying the convolution theorem to Eq.(170) we ‘havel_‘

SG(f) =G (£) .~ . 8(f - =) T2y
L . N="co X . . L
From the last two equations it follows that
. 1 @ n ) . :
Cfx) =) =G () I §(f--2) exp[.J 2m £ x | df  (173)
. . -0 o2 Q- n=-w ' X ’ L
" Interchanging the sdnunatic_m and integration we obtain
i fm (£) 5(f“‘ - 2—) exp [J é‘iT i { x] d:é
X, o Cox T I R

- -0

2(x) = 1.
.. hn
“where the prdduct in the infegrand is defined only when f = L
. R ‘ ‘ . 3

‘Then taking the constant factors outside_' the integral and ﬁsing

‘a definition of the § function? we can write

.‘G‘o (::—) exﬁ[j 21r-x£-x:|
‘ o o -

sy

—!'-E -.f%f(x’)- exp[*j'rr%x ]'dx.

- which are equations (164).

‘ 1."?{.“5_“ -_§(x.- n ‘xo)} = ;;

_:2. _ j é(x)'dx =1, ﬁ(xj =0 xi,#.O.
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