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’ DISCLAIMER

This document was prepared as an account of work sponsored by the United States »
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. :
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DOUBLE BEAM INTERFEROMETRY FOR ELECTROCHEMICAL STUDIES
“Rolf H. Muller
Inorganic Materials>Research Division, Lawrence Berkeley Laboratory and
Department of Chemical Engineering; University of California

Berkeley, California

ABSTRACT

Principles of double beam interferometry for the study of refractive
index fields and surface topographieé are reviewed. 'Potentials and
limitations of different interferometer desighs are comﬁared, and an

analysis is given of the interpretation of interferometric results.
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DOUBLE BEAM INTERFEROMETRY,FOR‘ELECTROCHEMICALYSTUDIES

I. INTRODUCTION

1. Principles of Interferometry

Interferdmetrj provides'an élegant and seﬁsitive tool for the study
of refractive iﬂdex fields. Local refractive index variations of
electrochemiéai intérest are due to vapriations in éomposition and
concentration. Light is(pafticularly ﬁell suifedbas a probe for the
study of concentration fields, since it permits continuous observation
of>an objeét with a minimum of disturbance; and'offers good geometrical
resolution. Interferometer measurements usually resﬁit in pictﬁres
which are intuitively understahdable,at least in a semi—quéntitative
‘way. It is characteristic of opticél techniquesbthat'the propagaﬁion
direction of the ligﬁt is not equivalent to the two other dimensibns
 of space. The compound effect which resulté if the iight successively
_ travérses areas of differént properties can often not be resolved satisé
factorily. It is, therefore, desirable that the probe‘encounters_over
its entiré path'the_same value of the variabie to be meaéﬁred. Thus,
interferometry is best suitea for one or two;dimensional refractive
‘index fields. | |

The refractive index of a solution dépends Qn_its composition”and.
) is defined 'aslthe ratio of the phase velocity cbof light in vacuuﬁ to
the velqcity'v in‘the medium

| n v _ . (1)

' Since the refractive index of a medium is affected by all its
constituents; as well as its temperature (and pressure), it is desirable
to restrict the use of interferometry of concentretion fields to one~

component, isothermal solutions.



A plane wavefront of light, entering a medium with locally variable
refractlve ‘index, will not remain plane, because llght travels more

slowly in regions of higher refractive index. The resulting local

variation in phase is proportional to the refractive index varlatlon An

and the geometrical'path'length d over which it exists. "It is;therefore,

convenlent to define the product of geometrlcal path length d and

refractlve index n as the optlcal path length p

'.p='nd , | | _ (2)
_For fi#ed éeometrical path length,the‘eptical peth‘difference'is
The'opticeilpath difference cah also begexéfessedvin numter of wave-

lengths by use of the wavelength Ab of light in vacuum

Ao

be= o m

Similerly, a corresponding phase difference A¢ is foxﬁulated as -

A=Az 2w | (5

F1g. 1 1llustrates schematlcally the effect of a one-dimensional

refractlve 1ndex field (a) in a stratlfled spec1men tank (b) on the

.‘propagatiOn’of lightfthrough it. Due to the local varlatlon 1n wavelength,

-dlfferent parts of a8 wave enterlng the cell in phase increasingly get

out of phase, as they propagate through the cell while & 51mllar wave,

propagating_through a reference tank (d)~of uniform refractive index (e),

remain in phase. In Fig. l{it‘is assumed that the optical path length




L

in the center of both tanks is the same And that they differ by plus

and minﬁs hélfva wavelength at both edgés. A suitable superposition

of the light beams issuing from both ténks_ would result.in alternate
dark and bright interférehc¢ fringes,with constructive intgrference
éccurring iﬁ'thé éénter and destructive interference_at the edgés,‘as
indicated in (e). It is the purpose of a double beém-interfefometer

to provide.the two iight beams, whichvposséss a stationary»point-by-point
phase relétionship,and to'superimpose the exiting beams in such a way |
that both intérference phenoménon and_object are.imaged. Thus, locgl
vafiations_ofvphase due to differences between object and reference are
made visible as intensity vdriétions‘(uSually in the form of interferénce
fringe displacements), can be quantitatively evalusted.

The'pfin¢iple illustrated above is characteriétic of aouble beam
intérferbmefry, ﬁhere two light beams are brought to interference.
Typically, one beam has traveféed the specimen, thé othéf serves as &
reference withva simplé (usually plane) wavefront. In general, the
épecimen beamvis spacially sepaiated'from theireference.beam_and
traverses the specimen once (occasionally ﬁwice). Due to the
simple optical principles. of aouble.beam interfefometry,'measurements
derived by this technique are'more'amenablevto the analysis and
éorreqtidﬁvof optical errofs]£ﬁéﬁ measurements obtained by muitiple
béam interferoméfry, wheré interference is due to the superposition'of
an infinite series of waves with mult;ple.passes‘through the specimen;
The instrumentation requiréd for doﬁble_beém interférometfy is, however,

distinctly more complex.
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As can be seen in Fig. l,.ligﬁt propagating through a medium with
refréctiﬁe variations across the beam Suffers a tilt in wave frcnt.(ﬁgshed
lineiéopnécting crést ofvwéves). Since fhe‘proﬁaggtion di£e¢tion-is
oriented nor;ﬁal to the wavefront, the ’t_)véa.'m: is deflected from its
original propagation direction; This efféct is utilizéd in Schlieren-
optical dévices. | |

'An optiéai path difference, in'addition to*beihg due to a refractive
‘index variation, can alsb be causéd by a change invgeometrical path,.with
conéfant fefraptivé index of.the'médium. Thus, double beam interferomefry
bwith réflected light can bevuéed for determining’the ﬁicro-tépography of
eleétréde surfaces. - Invthis céée, 1ocal phaée'vgriationé‘afe introduced
by the differentvgeometricél position of-reflgcting surface glemgnts.‘

Holographic interférometry is a épeciai case_of.doﬁblé beam
iﬁterferometryQ It can be applied to the observation of réfractive
index fields dr'sufface topographies and:will be'discus;ed in a
separate chapter. | | |

It is the purpose of this cﬂapter to discuss the optiCalbprincipies_
. and to‘analyze some of the potentials and limitétions‘of aouble beam
interfefometry for the mapping of refraétive index,fields and, to a
lesser degrég, surface topogféphies of electrochemiéal iﬂterest.
'.Examples of instruﬁentationvand application have been chosen on the
“'bésié of their intefest for futu}é development rather thén_his£orical

completeness. ' —




2. Ele'etrocheg_x_i_g_q.;'RefractiveA Index Fields

Pure diffusion in solutiensvproviaes some of the best defined
refraetive'index'fielde for‘obserQEtion by interferOmeﬁry. For binary
solutiohs; ihe concentration is, in general, uniquely determined by ﬁhe
refractive_index,vwhich facilitates the_derivation of diffueion coef—"u
ficients from interferometer data.

in iohe:electrophoresis, the complete orvpértial eeperaﬁioﬁ of
cohstituents-results in refractive indexvfielde which c;h be bbserved
by interferomeﬁry. Components cen be identified by their ﬁobility and
their amount is determined fromvthe refractive index ehange. |

The study of mass transfer'beundary layers due to convective dif—v
fusion.and migfétion near electrodevsﬁrfaces offers some particularly
rewarding uses of inferferometry. ‘Some interferometers for the‘stﬁdy o |
of diffusioh_layers, together,with'ether teehniques,.have been discﬁesed
by Ibl (67).. Electrochemical reections:ecross a selid-liquia ihterface,”
proceedihg at‘a finite rate,'require the transport of reactants and.v
products to and from the inferface.' Ae a result,‘mass tfansfer boundary
layers, i.e. regions in which the composition of>the fluid phase-is
different from that in the bulk, are formedveiong fhe interface. A
typical dimension of such mass transfer:boundary layersvvonld be 0.1 mm.
Since mass trahsfef ie often tﬁe limitihg factor_fer thevspecific ouﬁpuf
of electrochemical reactore,~a detailed understanding of mass transfer .
boundary layers is eésentiai to the design and operation-of'many elec-
trochemica; devices. 'Local.ﬁass transfer boundary layers can be
observedvby interferometric techhidues ﬁndef cenditions whieh are net'

restricted tofoperation at limiting current. The sensitivity to
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concenirgtion changes fypicallylis'in ﬁhe order of IO;h moles/l, the
'geometrical'résolution can be 15 tﬁe'féoge of-microos; The .observation
of electrochemicol-mass transfor‘BOuhdory loyefs presents avspecial R
challenge to the use of interferométry; because of the smﬁil dimonsions
and.large gradients typically involved. Somevof‘theso probiems have
been of partioulor interest‘to the author. Masé trénsfer»boundary layers
wiil; tﬁorefore, bé foférfed to most ofton in thé discuSsions to follow.
However, most of the optioal'analyois applies equelly to other electro-~
chemical situations ana, with'appropriate modifications, even to
applicaiions in thevareas of heat transfer or gos-dyngmics.

II. REFRACTIVE INDEX AND COMPOSITION

1. Empirical Correlations

Variations in the refractive'indeX'of avsolﬁtion, deferminedvby"
iﬁterferomeﬁry, need to‘be interpreted as variations in composition.

For this purpose, itAis‘neceséaiy to‘know the reiofionkoétween the,ﬁwo
vafiablos. .This relation is most firmly established.by refrdcfive index
méasu;eﬁent of solutions of known composition. Algébraiciexpressions
can then.berdeveiopedvto represent the data.

The . concentration of most isothefmai‘solutionS'of'a singlé soluto,
such as copper sulfato in water (Fig. 2), can‘be.unequivocally determinod
from the refractive index.?oForiéome solutions,_éuoh as sulfﬁfio acio |
(Fig. 3), this relationship ﬁay not be unioue>over oertaiﬁ concentration
ranées. -The composition of multi-componéni solutiono, suoh qs'oqueoué
coppef suifate and sulfuric acid (Fig. Ly, oanhot_be‘determined'from a
single refracti?e index measurement. Thé number of oeosurements
necessary.to eStablish refractive index correiations of multi-component

solutions at different temperatures requires a considerable effort which

S



is multiplied if data for different wé&glepgthévgre desired. Due,to
inevitable deviations.in compositioh from ﬁhe desired-valueé, the results
have to be correlated by multiple regression analysis (1251 Some wave-
lengths of interest.in inferférometry are liéted in Table I.‘ The yelldw
sodium D light has‘ﬁeen mést comﬁonly used in refractometry. Refractive
indéx data for that light are often designated by a subscript D. The }
aﬁerage wavelength between 5o£hslinesnbf the doublef’is'liéted.in Table T.

2. - Molar Refractivity

A useful concept for the estimation of the refractive index from
density data:is the molar refractivity P, which can be defined (12) in

terms of refractive index n, molecular weight M and dénsity p as

p:%%:—i S . (6)
n +2 -

'Thefmolar reffactivity is best'detefmined from'dne set Of‘refractive
. index andvdensity'measurements. Less reliabi&, it:cén_also be obtained
by the addition of atomic refractivities and cbnfributions due to the
bonding between the éonétituent eieménts in a compound.(io7,1h9) . The ﬁolarv
vrefractivity'of gaées'has been shown to be remarkébly independent of |
density over a 100-fold pressure range (12). The vélﬁes fof vater at
different ﬁémperatures, shown in Table Ii, éhow‘a slightly larger,.
_variatioﬁ. “As a result, the refractive indices at differeﬁt temperatqrés,
computed from the dénéities.at those:temperatu;eé and the moiar refrac-
tivity'at 20°C, differ soﬁeﬁhat from thé measured reffactive indices
.(Table-III); The relative errér of the predicted féfractiye indexlqhaqgé-
decreases from 10 to 5% With increasing temperatﬁre change. “

Equation (6) can be solved for n by trial and error. Tabulated.



.  TABLE I

Typical Wavelengths of Light Used in Interferometry

' §gg££g | : . Wavelehgth, nm I .
Hg arc , o | Lok.7
Hg arc. : | '.: - o . |  h3S,8

A laser o : *‘v ) - h88.0
A laser R ' | | 51k4.5
Tl arc - . ‘. 535.0
lig arc o - 546.1 .

Kr laser . ' 568.2

Na arc » | o .'589.3 |
‘He Ne laser o | ' . 632.8 | §
Kr laser v o ' : - : 6h7flﬂ é
'RuBy_laSer - o {' _ '69hﬂ3 S - | ,

R



TABLE II

Molar Refractivity of Water at Different Temperatures;

Tempefature _ Density p | Refractive Index n Molar Refractivity P

D
¢ gemd(e) (1 (Eq. 6)
20  0.99823 1.33299 | '3.71228
0 0.99567 1.33102 o ~3.71097
b - o.9922k 1.33051 o 3.70942
50 © 0.98807 1.3289% . 3.70899
60 0.9832% 1.32718 o '3.70907
70 0.97781 1.32511 . 3.70819
80 0.97183 12287 4370759

90  0.9653k  1.32050 3.70753
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“TABLE III
Prediction of the Refractive Index of Water at Different Temperatures

Based on the Densities Given in Table II and the Molar Refractivity at 20°C.

Temperature - Refractiﬁe index, n

D
°c : :  Predicted ~ Measured
(Eq. 6) , {61)
20 ©1.3330 1.3330
30 - - . 1.3320 ’ ©1.3319
4o o o 1.3308 1.3305
50 o +1.3293 | -‘ 1.3289
60 o | . 1.3275 B 1.3272
0 » i ° 1.3255 E '_' 1.3251
80 | 1.3233 . 1.3229
90 | N 1.3210' 1'.320.5‘
o
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values of the quantity (n2>— l-)/(r;2 + 2)v§re providéd fpr_thi§ §urpose
in Table IV. They are wéll suited fbrvlinearxinterpolaﬁion,
For multi-componént syéteﬁs, an.avérﬁgeumolar:refracfivity P can'be.
based on the éontributions from‘edch cbhsfituent‘of moiér refractivity
" B= R . (7)
Tt is the mole fraction of_compdnent i and is defined inZterms of the
molarities C, (number of gram moles of solute i pef lifer of solution)

of the constituents
=c c, . ) ,
fy = ey/T ¢y o’ .
If an:averagelmo;ecular weight M is similarly defined as.

M=zfoM - _ o (9)

Equation 6 becomes for a mixture : ﬁ v o

P M on2 |
£ Py =——t I | ~ (10)
| n“ +2 :

p and n arerthen densify and refractive index of the mixture. Tﬂe
refractive index of mixtures (and solutions) can bé‘eétimatédlby use'of
Eq. lOl from the molar refractivity §f the puré compbnents and the
density of the;migture. 1Results‘of such an_estimétejfor sulfuric acid-
water mixtures are shown in Table V; .Thé predictedvchénge in réfraétive“
index ovér that of pure water seems to.bé within'S% of tﬂe measureﬁents»

over the entire concentration range (except fdr a 9% deviation at 5 wt.%)-

Because no refractive index data of pufe sulfuric acid could be found in

the literature, an extrapolated value, derived from the average molar
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TABLE IV

Values of the Quantity (n2 - l)/(n2'+ 2) for Use in Calculating Molar

Refractivities.
n  | pz,-viy n- -hi ;.l
. n- +2 n -+ 2
1.330 0.204012 1.350 0.215173
1.331 0.204573 1.351 0.215727
1.332 0.20513k 1.352 0.216281
1.333 0.205695 1.353 0.216835
1.334 0.206256 1.354 0.217388
1.335° 0.206816 1.355 0.2179%0
1.336 0.207376 1.356 0.218493
1.337 10.207935 1.357 0.219045
1.338 0.208494 1.358 0.219596
©1.339 0.209053 1.359 0.220147
1.340 0.209611 ~ 1.360 0.220698
1.341 © 0.210169 1.361 0.2212k9
1.342 ~ 0.210727 1.362 © 0.221799
1.343 0.211284 1.363 0.222348
1.3k 0.2118L0 1.364 0.222898
1.345 0.212397 1.365 - ' 0.223U447
1.346 © 0.212953 1.366 0.223995
1.347 '0.213509 1.367 0.224543
©1.3u8 0.21406k 1.368 0.225091
1.349 0 1.369 0.225639

.214619




- TABLE V

Prediction of the Refractive Index of Sulfuric Acid - Water Mixtures from the Molar Refractivities

of the Pure Components Listed in Table VI and the Density of the Mixtures.

f | ) , . | 20

-gﬁéo%.. H gO‘ﬁ %gzgog) (320 85 . (E i 7) | (E X ) | E Predi t.an Lit

2”4 27 a. q q. 7 a. 9 (115) froctey ST
2 0.2064  0.0037  0.9963  3.7489  18.3151  1.0118  1.3355 1.3355
5 0.5260 o.obgs 0;990h_v 3.8058  18.7827  1.0317  1.3390 1.3385

9  0.9719  0.0178 0.9822 3.8863 19.4446 - 1.0591-  1.3437 1.3435
17 _i.9362» © 0.0363 0.9637  h.0657 - 20.9198 1.1168 1.3534 1;3525
35 4.4963  0.0900 0.9100  4.5893  25.2230° . 1.2599 1.3756 1.37&5 .
70 ."'"11.h906: 0;2998 7 0.7002 | 6.6325 h2;0190 - 1.6105 | i.h222 1.h2ho
90 .'  16.6497  0.6231 0 . 1.4325

.3769  9.7820 67.9080 1.8144 1.4358

-ET-

conog o

e
£
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refract1v1ty of the 80% mlxture was used for determlnlng the molar
refract1v1ty of sulfurlc acid listed in Table VI.

The same procedure has been applied to predicﬁ the refractiver
index of aqueous copper sulfate solutlons The.molar refractivity of
tue solute (Table VI) has been based on the den51ty of the hydrated
crystal and_the average of 1ts three pr1nc1pal refractlve 1nd1ces(6ll
The refractive.index of solutions, thus derived, is_compared in Table
VII.with measuremente from the literature. As had been observed in the

case of sulfuric acid, the relative error in the predicted refractive

index change (over that of pure water) is largest at. low concentrations.

The error decreases to about 3% at concentrations above 0.k M.

The use of %he'molar refractivities of purevcompohents embloyed
.above resulus in surprisinglyvgood predictions of the refractive index
of copper sulfate—sulfurie‘acid—water mrxtures, considering thet‘no
adjustableioarpheters_uere used in thesevpredictious (Table'VIII). Over

the range of compositions for'which reliable measurements are available,

the relative error in the predicted refractive‘index change is at mostv3%.
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| TABLE VI

Computations in Tables V, VII and VIII.

Determination of the Molar Refractivity P of Pure Components from -

Molecular Weight M, Density p.and Refractive Index n. - Daté used in the

Component M : p . n P

H,0 ' 18.016 0.99821 1.3330 3.7125
HiS0), 1 98.08 1.8305  1.h4162 ©13.4525
Cusou-sngo 2k9.69 2.284 1.532 33.8757




Prediction of the Refractivé‘lndéx of Aqueous Copper Sulfate Solutions
from the Molar Refractivities of the Pure Components Listed in Table VI

and the Density of the Solutions.

_16;

TABLE VII

| 520 | ng |
M Cu S0, (61) Predicted Literature

| | - (Eq. 10) (116)
0.05 1.007 1.33L7 1.3343
0.1 1.015 1.3360 1.3357
0.k 1.062 - 1.34ko 1.3441
0.7 1.108 1.3515. 1.3520
1.0 1.153 1.3588 1.3596
’1.198 | 1.3661 1.3670
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TABLE VIiI

/o

Prediction of the Refractive Index of Copper Sulfate - Sulfuric Acid -

Water Mixtures from the Molar Refractivities of the Pure Components

Listed in Table VI and the Density of the Mixtures.

25
n

. 25 D :

M Cu_SOh HQSO p - Predicted Measured
: ' (124) (Eq. 10) (12k4)
0.0500 oo 1.0358 1.3393 1.3391
0.0992 R eTS 1.0k435 1.3406 1.34ok
0.2998 gl 1.0737 1.345h © 1.3455
0.0kLokL .983 1.0659 1.34k5- 1.3hkk2
0.1017 .008 1.07kL 1.3h57i 1.3457
0.2970 .979 ~1.1034 1.3508 1.3506
0.5001 .997 1.1326 1.3546 . 1.3550
0.0502 .013 1.1261 1.3543 1.3543
0.2990 .020 1.1625 1.3599 1.3599
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3. Spectral Depéndené§.onRefractivg'Indéx'
 Refrac£i§é indipés-u§ﬁélly‘dééfeasé ﬁith>iﬁéréé§iﬁg'W&Vglength_ 
'(Fig. 5).' Aﬁy éhgnge iﬁ:sensiﬁivity> dgé'to fhis effécf is; ﬁowéver;
’not.éignificanf. fhe uée of'shofter wévéléngths.inIintefferémeﬁfy.étiii
results in greétér sensitivityvbecaﬁée_éf éheniﬁcieééed_éhaSe'differéhce
obtained for a given optical path‘difference (Eqs. hlan& 5). | |
Measuring the reffactive indexvéf the same soiﬁtipn at aifférent
w&&eléngths; inbbrinciéie,.provides the'opportﬁﬁify'to'aétermine the
Concentrgtion of ﬁoré than éne'éolute.v The'ébtiéal dispersioh has béen
used fér thé_interfefbmétfié”détérﬁinatioﬁ,of témpératufe énd composition
of diffefent gas.mixtures (118j”an& plasma diagﬁosficsv(63); In ordér -
to determiﬁe the con?entfation Qf e,s;~ﬁwo SQqués by.ﬁhis‘methbd, a .

refractive index depéndence on composition andeavelength, as illustrated

schematically in Fig. 6;'ié ﬁecessary. .Unfortunaﬁely,-the wavelength— :
dependence:of the refractive index of most‘eléqtrolY£es ofer the visiblé
»sp;dralrange_ié too similar té prqvide independentxmeasﬁrements. .
.Estimates of the ép?c£ral déﬁendence of the réfréctive index of aqueous
cupric sulfaté-sﬁlfﬁric.acid solutiéns, baéed on mélér refractivitieé
‘vgiven_in Table IX, support this'concluéion;' Thé-oﬁtical dispersion 6f

several gases has similarly been found toorsmall_ﬁo be useful (1L49).

A
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b, 'Temperatufé Dependehée of Refractive Index

Sihce the effect of temperatufe.on refractive index cannot éasily_
.be sefarated'from that of soluieréontent, it is important to know what
temperature variations can be'tolerated.in thevanalysié of concentration,
fields. | |

-The femperature coefficient of the refractive index, in general;
increases with increasing concentration and témperature.’vSome examples
of réfractive indices at different temperétures are giﬁen in Fig.l7._
Forva 1M CuSOh-sdlution at 18°C, the change in refractive indéx per °C
ié 1.88*10—h. A comparison'with Fig. 2 éhows that, at constant tempera-
ture the same change in réfractive'index corresponds to a change in

concentration of "{.8>_<1O-'3

M. For most interferometric concentration
determinations it is therefore necessary to reduce local temperature

variations to well below 1°C.
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- Table IX

Molar refractivities at different wavelengths cdmputed'from réfractive'

indices shown in Fig;vsvand densities given in Table:VI.

Wavelength, A

Molar refracti?ity; P

H,S0

nm _H20 550), CuSOhf5H2O
W3k 3.7871 14.0375 34,5004
486 3.7539 13.9536 34.2099
589 3.7125 13.8132 33.8L38
.656, - 3.6942 13.7569 33,6840

Fu
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ITI. INTERFEROMETRY OF ELECTROCHEMICAL REFRACTIVE INDEX FIELDS

1. Instrumentation

A. Introduction

ﬁoﬁble beam inferferqﬁeters of* greatly varying designs have been
described in the literatﬁre. Somé havebbeenvused_iﬁvgas dynamic (lOS,
117,151,1555'0r biological studies (52) and can equally be uséd for
electrochemical purposeé.' A large number éf desiéns_has been develéped
for other purposes;vsuch as length measurements (22) 6r the testing 6f

optical componenté and,instruments (18,21,59,lh6). Some of these inter-

ferometers can be adapted for purposes of interest here. Typiéal

representatives of different kinds of interferometers and their
characteristic feétures will be diécussed in this section.
| For the.mappiné of electrochemical refractive index fields, in
particular;“mass tfansfef boundary leyers dn eléc#rodes, an interferometer
should satisfy the fOllowing reéuirements: |
1. prévidevfor arbitrarily spacing and drienting interference
fringes, wﬁen obsérving é homogéneous medigm,..
2.‘ provide for placipg the virtuai ofigiﬁj(localization) of
interference fringes inlthé 6bject. '
3.  possés§ high geometrical resolutioh.
L. have high iﬁage'infensity.
5. provide large separatioh’@f sample and reference begms}
6. have sample beam-crosSingbspecimen‘bnly once.

T. be immune to vibration.

N
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The flex1b111ty provided by the feature of arbltrary or1entat1on
and spacing of 1nterference frlnges allows one to choose optlmum conditions
for the evaluatlon of 1nterferogramsf It w1ll usually be de51rable-to
orient thelfninges parallel to’the e#pected %efractiye index gradientf A
larée frlnge epacing>may be.pbefefred_fof‘the obse}vation'of small fringe
displacements: Withhinflnite frlngeﬂepaciné; in a homogeneone medium;
thercondition of "lnterferencebcontrast" ls realiaed ' bnder this
conditiong 1nterference frlnges in an 1nhomogeneous medlum follow contour

lines- of equal optlcal path Wlth the 1nterference phenomenon located in

the obJect, a true image of the object can be obtained. Thus,two-d1mens1onal

refractive indenifields'may be observed. If the interference fringes
originate at infinity, rather 'than at the finite object dletanCe, aspheric
optical elements.have to be'emrloyedvto~focne»both planes ln'one direction
each. One-dimeneional'conCentration fields reeultiné'fron dlffuslon (51),
sedimentation(lOQ)and:elect;ophoresie(9h) can be eatiafactOfily observed
this‘way,' | | |
Most electrochemical anplications'of inteffefometfy require,the
obeervation of'snall areas.at high magniflcationb (llé)} Good optical'
_ reeolution‘is therefofe necessary. This requirement.is similar to‘that
in. 1nterference mlcroscopy (52 79)‘but runs contrary to the commonly
enconntered observatlon of large flelds at low magnlflcatlon in aero-
' dynamic and optical testlng appllcatlons.v Short exposure tlmes are
'desirable,for the observation.of tnansientvphenomena; The high image
intensity reauired forvthat pufpose is nsually associatedelth a compact
.construction; yhichvis‘also favorable for'immunity from vlbration. A |
v'large.separation between sample'and reference beam’facilitatee the use of

-

a well-defined reference medium. Purposefully small separations are used
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for differential measurements.

One of the advantagesvof déﬁble bédm interferometry over muitiple
beam'interferometry is the simple optiqal configurationvof single passage
of ﬁhe.sample beam fhroughvthe specimen. The douﬁle pass feature,
accomplished in some instruments By use‘of a mirror behind the specimen,
although.if doubles the sénsitivity of the instrﬁment, considerably
complicates:the quantitative analysis of.optiéal artifacts. Due to light
deflection in the object or misalignment éf the mirfér,the reflected beam
does not nécessarily retrace the path of the inéomihg beam. In the

schematic instrument diasgrams which follow, the simple lenses shown

- usually represent compound lenses in practice.

Due to the statistical nature of light emission from classical
mbnochoromatic sources, time~independent interference can be‘observed
only between tvo light beams, which are said to‘be nmutually cohefent.
Such beams possesé a stafionary point;by—point phase relationship and
can be visualized as replica of each:bther. Theoretical tréatﬁents of
coherence and double beam interference have been given by Steel (131).
The way'by which the two coherent beams ére producediprovides aifrequently-
usedmclassification of double beam iﬁterferometers (lﬁ,30,39s79,130) and
is used in Taﬁle X for some specific éXamples. . The alternatives
basically are diviéion of wavefront, Whefe laterélly sgparated parts
of a wave are éeleéted, and division of amplitude, ﬁhere a wave is

normally split by partial reflection and transmission. (Fig. 8). Dif-

fraction and polarization can be considered'spécial cases of amplitude

division (129). Strictly spéaking, the different classes can, however,
not be completely separated, e.g. partial polarizatioh is associated
with amplifude division by reflection. The use of laser light greatly

relaxes the need to produce exact duplicate besms for use in interferometry,



Pable X. Classification and characteristics of some double beam interferometers.

Observable _ . - - - _ : .
o i " Refractive - Fringe Fringe Fringe - Geometric . . .- -Vibration Separation of
Classification kxample Index Fields Orientation Spacing. Localization Resolution Intensity Sensitivity Reference Beam
Division of - s One- . L | S o
Wavefront Rayleigh ~ dimensional . -Fixed " Fixed Fixed . - Low - _ Low High Medium
DiViéion of B One-" e S R o . : -
Amplitude by “Jamin dimensional . Fixed Variable  Fixed Medium High . - Low Medium
, : Mach~ ‘Two- L T , o o
Reflection Zehnder - dimensional Variable  Variable Variable Medium ~High ~_  High:® Large
Polarization = Lebedev dimensional ~ None None . None High High Low _ Smg;l
- Zernike = Two- - . I . T -
Diffraction . Phase ~dimensional - None None None - "High . High Low. Small
S Contrast . a ' ' ' S o
i
N.
[$:N
]
- o g ) . = ‘




because different parts of a single mode laser beam Separated long-

- itudinally or léterally possess a high degree of phase correlation at

macroscopic distances. Spurious interference patterns due to diffraction -
aré, hbwever, often encountered with the use of laser light.

B. Rayleigh Interferometers

The_Rayleigh intérferometer is the pfiﬁéipal iﬁsfrument of present
interest whicﬁ employs diviéioﬁ of.wavefroﬁt. Aésociated with this
principle of operation aré usually a large instrument size and.low image
intensity, because the division of wavefront has to océur at a lafge
distance froh a small source in order to result in two coherent waves.

According to the Van Cittert-Zernike theorem (16), the diameter D of the

- region illuminated almost coherently by a uniform, quasi-monochromatic

circular source of radius r and mean wavelength X, located at a distance
R is R : o
D=20268 (11)

- According to Eq..ll a double Slit of S5mm spacing would have fo be

located at least 286cm from & source of lmm diameter, illuminated by
green mercury 1ight.

In its classical form (1L4), illustrated‘in Fig. 9, the Rayleigh

_ interférometer can be used only for réfractive index determinations of

homogeneous specimens, and is therefore more properly.called an interfer-
ence refractémeterv (23,151)._A d§uble slit C iiluminaféd.by a small
source A produées two coherent beams which ére'made parallel by lens B.
Super-position of thé fwo mﬁtually-inclined‘beams by lens G‘résults in
intérfgrencé fringes paraliel to the intersection‘of ﬁavefronts in the
image H of the source. Tﬁe sbacing of inﬁerferénée fringes is_determined
by the anéle between fhe interfering beéms, and infinite fringe spacingbcan

not be achieved. Any change in the optical path lehgth of the specimen
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- beam with respect,to the,referencefbeam results in a lateral displacement
of the interference fringes.'-This shift is either measured by a filar
_ eyepiece i or is restored by the rotation of two mutually 1nc11ned glass
plates in a Jamin compensator E (141, Sh) Apart from its early appli-
cation in refractive 1ndex measurements of gases, the Rayleigh 1nterference
refractometer has been used for differential measurements between selected
narrow regions 1n:a concentrationvfield resulting from diffusion (113).
sy ‘the addition of a cyiindrik_:ai lens (109), the -Ravyleigh inter;-'
ferometer can be used for'the observation of one;dimensional‘refractiue
index fields-(bl,9u);v lhe resulting arrangement is shown’in.Fig. 10.
~ The purpose of the cylindrical lenst is.to focus‘the specimen in com-
" bination withlthevspherical lens E in the direction in which.refractiVe_
index variations occur (e;g. vertical).uithout disturbing the formation :
of Raylelgh 1nterference fringes. The.slit source remains focused'in. | i
the directlon normal to the first one (e 8. horizontal) by lenses B and
E w1th the- cylindrical lens acting as- a plano—parallel plate Refractiye'
index variations along the vertical direction of the cell result 1nva‘
localized horizontal displacement of the vertical 1nterference fringes (H).
An example of the resulting 1nterferograms is shown on the left side
of'Fig. 11. The 1nterference fringes on the right ‘side represent the
refractiveiindex derivative. Such’ frlnges have been obtained by mechanie
cal (134) or‘purely optical (135) differentiation; |
The hasic Rayleight interferometer can beimodified in many ways. A
simplification consists in omitting'the-second spherical lens E;. Source
- Ais then‘focused on the image plane.G by lens B_alone. vAs a result, thel.
object isitraversed by a slightly converginé light beam. Without the
cylindricalglens, this arrangement'is also called theﬁYoung interferometer.

The use of a single spherical lens can be combined with that of a parallel

‘a.




beam by placing a plane mirfor_behihd(the cell (109). Characteristics of
the résulting doublé—pass insfruméntvhavé Been discussed in Section A above.
A greatly increésed image intensity_can bé obtained by the use of multiple
1ight sources (137). These muifipie sources (slits.or pihholes) éré arfanged
in such a ﬁay that'thé interference pattern due to éach sourée alone is

in registfy with that of the neighbofihg sourcé. Thus, in.céntrasf to

the sméll ﬁﬁﬁber:of friﬁges With'decfeasiné intensity from the center,
obtained with-a.singlé source (23,15L4), avlarge number'of fringes of

équally high intensity:canbbe'obtained. Alschemafic of & multiple source
instrument Whicﬁ also employs doubie light pass through the cell is given

in Fig. 12 (108). Lens D, sincelit is traversed iﬁvbofh directions, serves.
the purpose of fhe two lenses B and E in Fig. 10. Because the cylindriéal
lens is now part of a magﬁifying system of the priﬁary interferogram,'its
axis is at-right angles fo the‘one shown in Fig. lQ. Anrexaméle of an

' interféfogrémvfrom an instrument with l62 point sources is given iﬁ Fig.

13 (62). .A modified Rayleigh interférence refractoméfér.with three
apéftures has been reported for the resolution éf very small optical pafh

changes (0.001\) by electro-optical means (76).

C. Jamin Intefferometersz

The Jamin Interfefometef employs divisioﬁ of amplitude'by‘reflectioh
from front and back of a plano—pafallel glasé plate. Like the Rayleigh
.interferometef, itvhas 6riginally been uéed as alrefractometérvfor_uniform
media (lh)-vThe‘same compensétor can be used forvﬁoth.v ﬁharécteriétics
of the two refractometefs have-beeﬁ compared_by Kuhn (é3)f By the
éddition of a cylindrical lens, as with the Rayleigh interferometer, oné
dimensional feffaétivé index‘fields can be observed._‘The schematic of
such anvipstfument is givén iﬁ Fig. 14 (6k4). A colliméted beam from a

vertical slit C (Fig.lh) is reflected from front and back sides-of a
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plano—parallel plate D The: resulting two beams traverse object and

reference cells E and are re—united by plate F, identical to D in thickness

Diaphragm G seleots‘the desired’refleotions.v The spherical lens H 1mages
-thedsource (and therefore the 1nterfe1ence fringes).in the vertical
direction; the cylindrical_lens I with vertical axis_images'the.objectvin
the horisontal direction withoutddisturbing the’fornation Ofvinterference
frinées_which oriéinate atﬁinfinity.' lnterferograms Obtained'with'this
instrunent are given in fig: 15. | | |

A detailed‘theoryrof the damin refractometer'(ﬁithout‘cylindrical
_ lens).hasvbeen given by Schoenrock b(123). He shows that'horizontal
vinterference fringes which are straight, evenly spaéed andvofvlow inter—
ference_order can be produced by tilting the Jamin plates around a
horizontalsaxis uith'respect to'each'other. ﬁotation of‘a plate around a
vertical axis is found to displace horizontal fringes in & proportionate
way and has been used 1n a compensating Jamin 1nterferometer (2); Usable
»vertical 1nterference fringes cannot however be produced this way The
1ntroduction of two tilted plates as additional optical elements has been
described by Antweiler (3) for producing vertical 1nterference fringes
with a Jamin-interferometer. The Jamin plates are aligned parallel to
each other in this arrangement and a cylindrical lens provides ‘an 1mage
of the cell in- the vertical directlon. |
| kSeveral modifications of the‘Jamin interferometer hare been proposed
by Lotmar (96) who also’ described the construction of a compact 51ngle
plate, double pass 1nstrument (97) schematically shown in Fig. 16. Inter-
ferograms of & diffu51on experiment observed with this- equipment
shown in Fig. 17. Operation with Jamin plates in parallel position has
been reported by Antweiler (1). A spherical lens‘with a largevdepth of

field (small relative aperature) is employed to simultaneously bring cell

-




and interference‘phenomenon into focus.. In this mode of operation,
illustrated in Fig. 18, a homoééﬁeoﬁs épecimen appearé-of ﬁniform intensity
and interference fringes fdrﬁ'oﬁly in régiéns of varying refractive index.
Variations smaller than those neceésary for a change in optical path by

a full waveléngih manifest themselves in grédual inténsity changeé; The
resulting image resembles one obtéined by Sch;ieren techniques, which

has led to the term "inﬁerferoﬁetric Schlieren syétem"vfor tﬁis mode of
operation-(ﬁhich can be achieved with othef interférométer arrangements
t00). The term "interference contrast" seems more appropriate, because
the local imagé intensity is . still a measure of refractive index; not
refractive’index derivative, as in Schlieren pictures.

The plano—parailel Jamin plates:ére resﬁonsibie'for the fact that the
interference frihgeé originaté'at infinity, bééagseuinterfering rays leave
the plate assembly parallel to each other. Réplaciﬁg.the Jamin plates by
wedge-shaped plates provides a means of mbving the virtual origin of the
interference phenomenon to a finite'distahce; Thié poséibility is realized
in fhe Sirks-Pringsheim intérferometer (14,80), which employs plates with
vertical apex (Fig. 19) that result in vertical interference fringes.

Their virtual origin C can be;placed insid¢ the objeét B by sliéht”.
rotation of one.ofvtﬁe platéévaround a vertical axis. vPossibilities for
applicatioh of this instrument remain largely unexplored.

Wedge—sﬁaped Jaﬁin plaﬁés are also employed in“the Dyson interferénge
microscope shown in Fig. 20 (8,37,80,128).‘The beam splitting piate B
pro?ides a'reference forjgach rayvpassing tﬁrough'the iject by reflection
on a totally reflecting éenter section. Reference rays_péss throﬁgh the
periphery of the sﬁecimeh and are united with the;corresPdnding specimen
ra&s-by plate D. 'The purpose of the.element E with spherical reflgcting

surface is to produce an image of the obJect in the non-reflecting center
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part of the surface. This image is accessible for examination by a

high-power (short”working distance) microscope objective F. Translation,
rotationiand tilting of plates B and D provide for the manipulation of

1nterference fringes, 1nclud1ng observatlon with 1nterference contrast

(1nf1n1te frlnge spa01ng) Although the Dyson 1nterference microscope

offers some attractive features for purposes of_interest here, ho
applications in this area seem'to have been reported.

Although light-ihtensities aehieved-with Jamin'interferometers'are
inherently.greater thah those‘of a Rayleigh interferometer,iit_may‘be
desirable to increase-intemsityf This could be necéSsary:for‘observing
transient phenomena or to eompensate for reStrictions in the observed
area in order-to maintain ome—dimensionality of concentration profiles.
A simple means ‘to increase the llght output which does not seem to have
received much attention, con81sts 1n altering the reflectivities of the
Jamin plate surfaces; The plates normally employed have no coating onl

their front'whieh results in a reflect1v1ty of about h% (89). The solid

mirror coating oh the backicah be assumed-to have'95% reflectivity. ‘As
1llustrated in Fig. 2la the reflection of a beam from such a plate
results in highly uneven inten51t1es of the first.two reflected beams
which are used in an interferometer. Equal intensity in these two beams
'cauibe achieved'by a'uniform ebating'on the:front‘side of the plate
(Fig. Zlh)t 'Houever, the total optical power ooutained in the two is

now lower with the balance being_wasted in higher order reflections.

These losses.can be reduced'by-applying a coating over only part of the

front surface in such a way that the incident beam is divided by the
coatingiwhile the first reflection from the back of the plate exits
_through the uncoated section'(Fig;'Zlc).

éoating‘to this section would result in a further gain of about 3%.

Applicatioh of an ‘anti-refection
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Combinations of the above Jamin beam splitting plates with identical beam

_uniter plates are illustrated in Fig. 22} Tt can be seen that the simple

coating of the front faces (b):cah result in an slmost 4-fold increase in
the inﬁensify aQailable as coﬁﬁéﬁed to the uncoated case (a). Partial
coaﬁiﬁg results in an 8;fold improvement. |

The pfincipal advantage of_the Jamin'interferometer ié its simple,
¢6ﬁpact cbnstruction. The instrument is surprisingly insenéitive to
vibratidn,ieasy to oﬁerate and‘proVides good light'intensity. These
advantages primarily dérive from the'stiff connection 5étweén tﬁb mirror-
pairs (front and back side of Jamin plates) which ié also the cause‘of
the main shortcomings of the.désign: the separation of the two coherent
beams is limited by the thickneSs‘of available plano-parallel glass plates
and the interference fringes.are localized at infinify. The'asphericdl
lens_éystem bridges the gap between_the finite object distance and tﬁe
ihfinite ffingé origin by sécrificing one coordinate direction of the
oﬁjeét geometry. Only one-dimensidnalkconcentiatibn fields (like in the
Rayleigh.iﬂtérferométer) cén therefore be investigated. Any significant
variation in the refractive index profile o§er the area observed would
result in a blurring of all intefference fringes {(which are replicas of
each other): In ﬁaﬁy electrochemical applications, éne—dimensiohal
refractive index.fieldé can be prbduced (at the expense ofnlight intensity)
by restricting'the observed'area to a sufficiently narrow reéion with an
optical slit., In order for refraqtive index variations to result in

lateral interference fringe displaceﬁents, the refractive index gradient

should be parallel to the direction of the fringes.

Care must be takén in orienting the axis of the cylindrical lens

normal to the interference fringes. Its rotation around the optical.axis



v -30-

can result in distortions of the interference,fringes which have not been
adequately investigated.

D. Mach—Zehnder Interferometers

The four-plate or Mach—Zehnder conflguratlon is probably the most v
versatlle 1nterferometer for the observation of refractlve index fields.
This 1nstrument has been exten51vely used in heat transfer (32) and wlnd-
tunnel meaeurements were.usually'large areas-have to be observed (h6 125).
The prlmary characterlstlc of the Mach Zehnder 1nterferometer is that
1t allows one to arbltrarlly orlent, space and locallze the 1nterference
fringes. ,Fringes and object can 51multaneously be brought to_focus |
with ordinary'sphericailenses and,:thus, tno-dimenedonal-refractive index
: fdelds'can”be observed. | - o |

The ciassical:arrangement of‘eonponentstde,shown'in Fig. 23. Col-
llmated llght from a point or extended source A is d1v1ded by a partlally
. reflectlng mlrror E (d1v151on of amplltude) The resultlng mutually
coherent beams pass through object and reference chambers I and F and,
after refleetlon’by the.completely reflecting mlrrors_G and H, are unlted
by another partially reflecting plate J. An objective ;ens K forms an
image ofbthe object I, together with the interference’pattern, on the
film plane L.. Therlight throughput is optimized by use of multi-layer
dielectric coatings with negiigible absorption on the beam'splitting and
beam uniting-plates. The position of the objectlve lens K after the
beam uniter plate J 1ntroduces a large separatlon between obJect and
obJective, a configuration which_is necessary for'the observation of'
large objects but is not favorable for high*optiCal resolution.
When nsed with conventionalvlight eources, aiignment of the. instru-
ment.requires the use of elaborate,proeedures (57,156) in order to insure
that iightvemitted at a given instantvfrom any point of the souree A,

after traversing one arm EGJ of the interferometer, arrives at the same

¥,
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point at fhe same time in the image'plane L as the'light»which had
tfaversed the éther'afm EHJ. Otherwise, due to the time and space
dependence of the'phase of light emitted from an incoherent sdﬁrce, no
interferencé_phenomeha can be observed. dne can imagine that the
adjustheﬁt of the four mirror plateé E, G, H.and.J,IWith their'mahy
translated and rotatory degrees of fféedom, to satisfy the above
requiremeﬁts,'is no small task (47,86,155). The'féference cell F serves
to equalize the 6ptical bath length of thé two interfering béams, which
should be the same within a‘fractipn of a wavelength, if white light is
to be used, and:éan be differenf by as many as a hundred wavelengths
with typicalﬂmonoéhromatic sources. The colorless zero ordér interference
,fringe; resulting from the use of white light, is’ﬁsed fo éstablish fringe
displacements across unresolved steeplgfadients or discontinuous boun-
daries (lél). The lérge separétion betwéen specimen énd reference beams,
another characteristic‘of the Mach—Zehnder.interferometer, results in
lafge-éized instruments which often,have_to be placed on massivé foun-
dations fo reduce the effect of Vibratioﬁs on the stability of optical
components. |

Detailed analysis of the Mach-Zehnder'intgrfefometer can be found
in the literature (11,55,75,121,156). Qué.litatively, the formation and
localization of interference fringes, éharacteristic of.extended iight
sources, cén be explained with the help of»Fig.‘Qh (14,55). A coherent
pair of samplé and refereﬁcé,ﬁeams-can be arranged to enter the obJective
lens K slightiy displaced and mutually inclined with respect to each
other._ Their common virtual origin Pvdetermines the localization of the
interference phenomenon,_which can be made'to-coincide with the'object. '
Orientation and spacing 6f the interference fringesvaré determined by |

the angle between the two beams. Let wl and W2 represent mutuelly
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coherent wave fronts in specimen and reference beams originating from the

same wave front beforé division by the beam splitter. For'the formation

' of low-order interference fringes in the 6bject, the interferometer plates :

are adjusted_ih such a way that the virtualvlocétion Wl' and W2' of the
two corréSpohding;waﬁe frontsvihtefcept in.the~virtual”origin P of the
interference phenoﬁenoh. The iﬁéée formed in the film plane L then shows
| é briéht interfereﬁce.fringetaﬁvthé.image P'.of P'oriented parallel to ﬁhe
line of iﬂfersection of.wl'vaﬁd W2' witﬂ neighboring dark and bright
friﬁgeé detérmiﬁed by the local'séparatidn‘between'the two wavébffbﬁts,
similar to the interference in a tapered film. Infinite fringe spacing,
(interférence'gbntrast), is obtained with Wl'vand wé' parallel to eaéh
othéf.

The ﬁse_of lésef light sourceé gfeatly reducésfthé alignment require-
_ ments of double beém interférometers.v Any part Qf the éroés section of
a single mode laséf beam intérferéé with ahy bther-part_of that cross
sectioh,kdue‘to the compiete'lgteral (also called spacial) coherence of
such & beam. At the same time, the great longitudinél (alsoxcalled
temporél) coherence of lésér light makes it possible that large path
differences between the two arms of an interferometér (meters for a He-.
Ne laser) can bertolefated.without noticeable_decréase in the éoﬁtrast
of iﬁterference‘ffiﬁgés.v

A modified Machfiehnder'inferférdmeter; Vhiéhztakes advanfage of the
flexibiiitiesvoffered by the use of laser light 3(6),is illusfréxed in
vFig. éS.} I£ contrast to thé conventional veréion of_fhe instrumént, fhe 
beam-splitting plate has been §mitted.and-the fﬁo ﬁutually cohérént light
beams are derivéd:from the opp0si£e'éndsvof a helium—neon gas laser B,

placed in one arm of the interferometer and adjusted for single—ﬁode
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output. This arrangemenf'reéults in a compact cohstrﬁcfion which is not
seﬁsitive to”fibrétion. hThe locéfion of the obgectiye'F'beﬁween specimen -
E andhbéém>uniter-plafe G allows_the use of lenses with high numerical
aperture (and aéséciatea rééolﬁtion) close to the objeét, but necessitates
fhe use of a reference léhs H to prdvide a reference beamvof a convergence
equal to that of the Objéct beam. Since high contrast interference fringes
are obtained with unequal pafh_béfweénvthe,two'éoherenﬁ beams, the
reference ceil‘could be bmittéd. As‘a résuit, the interfercmeter can
be used inva travéliing ﬁode,‘e.g. for scanning boundary layérs in a flow
channel with its ihad&ertently varyiﬁg dimehsions, wifhoﬁt continuous
adjustment of-é reference cell, 7 |

A common:problem in the use of laser light is'the formation of
spurious diffraction patterns due to light écaﬁteriné from opfical
imperfections, such as dust particies;/énywhere in the light path. A
_diaphragﬁ‘I (Fié. 25);thich écts'aé a éﬁaéial fiiter and is locatéd in
'fhé cohvergénce piang Of‘sampie and referenqe beams, serves to attenugte
sucﬁ_scattered waves, éincé théy do hot come to a focus in this plane.
If, in order fo'eliminaté undeéired,interference patterns, fhe diaphragm
has to be closed sufficiently to impair thé geometfiq resolution of the
objective, é slit can be ﬁsed with its.ldng dimension'in the direction
in which the full resolution of the lens (preSent1y 5xlo_hcm) is desired.

The frihge pattern is photographed by a camera back J with focal
plane shuttef. .Due to the high light iﬁtensity available frdm even &
low-powered laser,,eprsufé'fimes'of 10—3 sec have been found sufficient’
for a film of intermediate sensitivity (Kodak Plué X)., Beam exéanders
hafe lafer.been added betﬁeep mirroré A,D and C,G invordervto enlaréé-
the area of uﬁiforﬁ intensity in the center of the beam (7).

-



Interferograms obtained with the laser interferometer sketched in

Fig. 25 are shown in Flg 26. They illustrate the development of an

electrochemlcal mass transfer. boundary layer under lamlnar forced con— - oA
. 1

vectlon condltlons, w1th copper belng dep051ted from a 0.1 M copper |

1

sulfate solutlon at 66 mA/cm . It can be-seen'that 2 seconds after‘the

| .

beglnnlng of electroly51s, the boundary layer is stlll grow1ng. After ;
about 8 seconds a steady state concentratlon proflle is reached which is

the same as that~shown after 20 seconds.

" Ease ofvoperation and high geometrical'resolution haﬁe been.achie?ed

in a special way in another Variation‘of the four-piate interferometer

principie, the .Leitz-Horn interferencevmicrOSCOpe, schematically shown
in Fig. 27. The mirror'surfaces.arehprovided by two sets of prisms A _ o i
and D which accompllsh a superp031tlon of the 1mages of two 1dent1cal
mlcroscopes, one looklng at the object the other at a reference (8, g , .
- L3,80) Matched mlcroscope obJectlves of numerlcal aperture up to 1. 36 can . o
be used in thls equlpment resulting in a dlffractlon-llmlted resolution ,’,i
of aboutro}és microns; Specimenvand reference beamsvare 6.2cm apart. o vi
Compensators,'iocated_in botn armsvof’the interferometer"between'prism A

and condenser B as well as betveengobjective D and prism ﬁ (133) provide

for equallzlng the optlcal path in both arms of the 1nterferometer for v ’é
buse of white - llght and allow the user to arbltrarlly space and orient. | ;
interference fringes. - ' - v :

R, Mlchelson Interferometers

" The Mlchelson 1nterferometer, schematlcally shown in Flg 28 employs‘
the same partially reflecting plate B for beam spllttlng and unltlng.
By its nature,. the instrument is of a double-pass type with large sep-

~aration between sample and reference beams. ,Different'interference
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phenomena can be observed (5,130) which have been anaiyzed quentitatively
(132,142). of interést here are friﬁges of equal thickness or Fizeau
fringes, origingting near the virtual locations of the mutually inclined
sample and reference mirrorsvﬁnd rﬁnniﬁg parallei to’fﬁe line of inter-
séction betweeh them. Thesevfringes are similar to ihinvfilm interférence
in ;n air wedgé férmed by thevtﬁovmirror éurfaces E and D', ﬁrovided that
the difference in phase change betweén internal and'éiternal reflection oh
thé'beam spiitter B is properly considered. Howevef, the fringe profile
shows a strictly sinusoidal intensity disfribution, charactgriétic of

double beam inferference.

In order to equalize the optical path through glass in both arms of
the interferometér, necessary for‘use of white light, a compensating‘
plate G of equal thickness and dispersion as the beam splitter B can be

added (bl), With identical path length in both arms a colorless, zero

order fringe is then observed with white light in the center of the field

of fiew (or over the enﬁire field with para;lel plates).' In contrast to
Michelson's Originai grrangement, a éollimated light source is commonly u$Ed
now (132). .With a sufficiently small source the interference phenomenon
can be-de—locélized to appear in focusvtogether with the object F.

Maﬁy modifications of the Michelson ipterferometer have.been
reported (5,143). Among them, the Twyman-Green interferometer is
exﬁensively uséd_fdr'fhe testing of optical components.v The Zeiss-Linnik
interference microscope for examining reflecfing surfaces wiil be dis-
Qussed in a later section. .Despite its poPularity in many applicatiéns,

the Michelson principle has been rarely used for the observation

of refractive index fields in fluids.
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F. PolarizlngfInterferometers

The b1refr1ngence (double refractlon) of optically anlsotroplc
medla can be used to produce two coherent light beams. Dev1ces of"
principal interest for this purpose (35,133) are the Savant plate (lh?)
which produces two parallel beams‘and the Wollaston prism (71) which
produces two dlvergent beams as shown 1n Flg‘ 29, ‘The:two resulting beams
are polar1z1ng at rlght angles to each other In order to bringrtwo
cross—polarized beams to 1nterference, mutually parallel components of
the:electric vector have to be selected‘for superposition; Polarizing
elements (filters or prisms)Aare used for this purpose as polarizers and
analyzers on both_sides of the beam splitters.

A large'number-of.interﬁerometer designs basedron the above beam .
splitters and their»modifications hare been developed in recent years
(37.h2l In many of these instruments, the phase in- the 1mage of the
obgect is compared with that of another 1mage of the obJect rather than
w1th that of a reference object.‘ Interferometers of th1s type are also
called shearing 1nterferometers (18 139);' They are widely used in optlcal
testing (59, 133, lﬁ6) in order to av01d the use of a percise reference
component. The two images may show an angular or a llnear _dlsplacement v
(shear). If the lateral displacement is larger'than the object a blank
.area in the'objecteplane-may-serve as -g reference. lf the dlsplacement '
of the two 1mages is smaller than the geometrlcal resolution of the
optical system, a dlfferential 1nterferogram,;1nd1cat1ve of the optlcal
path,gradients, results; Linear ghear in the axial direction results in
- the superp051tion of a sharp. image of the object with one Wthh 1s out- of
focus., The local phase of the latter represents an average of an . extended
area of the spec1men and may therefore be uniform (80,133) An 1nadvertent

axial shear due to an optical path difference between ordinary and




extraordinary rays .in the_beam sblitter,yis ofteqvassoeiated with lateral
shear. Radial shear (58;59,129) employsbtwo coﬁcentric'images of different
magnification. ‘Rotational and foldiﬁg_shear_are_also used (131). Dif—
ferent Kinds ofrshear are illustrated in fig. 30. Theyiare associated

with different ambiguities in the interbretation of results.(SO).

The Lebedev interference microscopei(élso called Jamin polarizing
interferometer) employs‘a beam eplitter with"laterél shear. It is avail-
able in several commercial forms and is shown schématicolly.in Fig; 31
(8,30). A birefringent crystal plate C provides a lateral shear (1like -

a Savdrt.plate), which depends on the thickness of the plate and is chosen
depending on the power of the objective leﬁs, (typically Sb-SOOu).F A |
half-wave retardation plate D rotatee the'plane‘of polarigationvof'both
beams by 90? so that they ere’re-united.in a symetrical way by a second
identical crystal plate F, .In.an early electrochemical boundary layer
study, the lateral beeﬁ separation has been large eooﬁgh to have the
objectvilluminated'eﬁtirel& by the extraordinary_beam{. Straight inter-
ference fringes have been introduced with a quartz;wedge'eompensator (119).

TheFSmith interference mocroecope (Fig.v32).is based on the use of
Wollaston prisﬁs as beam splitters. ThevNomarski'interferometer is é
variation of this principle for use with high power objectives.(hh;lOB),
It.produees a differential interferOgram aodvcan131so be adapted for use
with reflected light. Another modification for the simultaneous reeordipg
of concentrationvand cdncentration gredient‘profiles has been reported by
Weihstein (153), - Wallaston prisms can aleo be used for the observation‘
of macroscopic objecte:kh2),'larger then the size of'the prisms.: Eouip-'
ment of this type for the use invgas dynaﬁic studies hés been described

by Oertel (10&).
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Polarizing beam splitters can also be.used for producing a double
image in the eyepiece of a microscope (8,37 80) In another form of polar—
1z1ng 1nterferometers beam spllttlng is achleved by the use of double focus

lenses, made from blrefrlngent materlals (30 hh 52 ,129).

G. Gouy Interferometer
The Gouy interferometer probably requlresvthe smallest instrumental

effort of.any interferometer (hé). Interference is due to the'super—
position of different'parts of avbeam which have been‘deflected
by a'refractiVe indexbfield. The_technlque could-be classified as an i
interferometric one, employing divisionvof amplitude, but, in part, itvis
also a bchllcren technlque. bécause it employs llght deflectlon

| The schematlc of an 1nstrument employlng parallel llght through the
spec1men is shown in Fig. 33 Refractlve 1ndex varlatlons in the obJect

D, typlcally due to a dlffu31ng boundary, cause locally varying llght

deflectlon (50 Sl) Equally deflected'beams, from symmetrical parts of the

boundary, are superlmposed in the focal plane F Of'the obJective E.
Depending-on their phase difference, a dark or bright interference fringe
results._ If lens E islomitted, the object can be made.to be traversed by
converglng llght

A detalled analy51s of frlnge formation has been glven by. Gostlng
and Kegeles. (73) and experlmental tests of the technlque have been
vperformed by Longsworth (92) The general use of the Gouy interferometer
is restricted by the requirement that the refractiye index profile in
the object-be symmetrical.and its general shape.be knovn for the inter:

_ pretation of results.
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H. lDiffraction Interferometers

- Differénﬁ ofders of diffracted 1ight coming off a diffraction grating
(Fig. 3&) are mutually coherent and can thefefore be used for interfer-
omefry (91), Gfatingé of the feflection'or transmission type msy be used.
They snould'be blazed in such a #ay aé to concentrate the light flux in
the desiréd diffraction orders. A diffraction interferometer employing
four transmission gratings in a collimatod monochromntic light beam is
sketched in Fig. 35'(151). The gratings are analogous to the four plates
of a Mach-Zehndef interferometer. The beam splitting:and uniting gratings
‘D and I wofk in plus and minus firstvorder5 the beam deflection gratinés ¥
and E in second order. .Two gratings in a converging beam have been used
in thé originél_KrauShaar diffraction interferometer (77) and a later
modification of.it (106). For comnlete separation of adjacent diffraction
orders it beoomes neoessary undervthese-conditions‘to éuperimpose zero
and first order beamo resulting fmom the extreme angies of inoidence (151)
(Fig. 3bb). |

The principal advantage of diffraotion grating interferometers, apart

from low cost;.seems to be that the alignment of gratings is much less
critical than that of corresponding mirrors. Weinberg (151) has shown
that the two tjpés of beam splitters differ by a factor of at least 368
in sensitivity no angular misalignment. Low opﬁical speed, due to the
poor efficiencj of gratings, in one ofvthe shortcomings of grating inter-
ferometers, an other is the appearance of spuriousvinterference fringes
due to grating imperfections (1515. Although fringe spacing.can be
controlledbby a tilting of gratings, the condition.ofvinterference
contrastvcon,thérefore,usually not bé achieved. The combination of a

diffraction grating with a double beam interferometer and its use for
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adjusting zero path difference has been analyzed by Kahl and Sleator (72).

Diffraction‘in the object is the beam-splitting process employed in
the Zernike phase contrast nicroscope. Phase and amplitude of‘diffracted
and undiffracted lighp.arefaltered'in.such a way that interference of
fhe two in thejimage results_in.lntensity Variations‘which are sensifive
to small_local phase variations in tne object.: Thus, the diffracted
iightvfrom a'phase objecpdis converted to simulate that of an amplltude
object..lSeveral detailed analyses of phase_contrasp prlnciples.(lo,157;
lSS)Aas well'as more qualitative discussionS(Q 36, l27)-are arailable in
the literature, The schemat1c of a commonly used form of phase contrast
microscopevis given in Fig. 36 (8). An annular dlaphragm A in the focal
plane of’the.condenser B prouides a hollow cone of illuminatlon on the
object C. Undlffracted llght orlglnatlng from a glven p01nt in dlaphragm
A (solld llnes), passesvas a parallel beam through the object whlle
dlffracted light (dashed llnes) is deflected in the obJect. In the rear
focalvplane of the objectlve lens, the’undlffracted llght formsvan imagel
of the annular dlaphragm while most of the dlffracted llght passes through
other parts of this plane. The spac1al separat1on of dlffracted and
undlffracted llght makes it p0551ble to adJust relatlve amplltude and
phase of both by means of an annular phase plate. Typlcally, the

undiffractedvlight is attenuated by partial absorption and advanced in

‘ phase by'a quarter wavelength. Superp051t10n of dlffracted and undif-
,fracted llght in the 1mage plane F then results in an 1nterference

contrast picture. Variations in intensity repeat themselves with every

increment of one wavelength optical path difference in the object. Since

interference fringes cannot be introduced at will in the picture to

‘resolve ambiguities of interference order, and estimating fractional

orders requires local photometry, the phase contrast microscopevis not
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particularly suited for quantitative analysis (150), although optical
" path differences of about 5x10-h wavelengths can be recognized (36).
Nevertheless, the phase contrast principle has been used as & refractometer

for the precise.determination of DO in HQO (69). A phase contrast

2
telescope (120) can be used for the observation of large objects.
Divisién of amplitude by diffraction is also employed in holographic

interferometry, which will be discussed in the chapter by Srinivasan.



4

2. Interpretation of Interferogram

A. Conventional'Interpretation

v | In the conventional interpretation of 1nterferograms, the changes
in optlcal path length (or phase) of the light through a spec1men of : R
fixed dimen51on are taken as a dlrect measure of local refractive 1ndex
variations. Forreotions to this flrst order approximatlon due to light
deflection and diffraction are neglected in this approach and will be )
considered later.

As pointed out in discussing the capabilities of"different interfer
ometers, interferograms of most instruments can be classified as being :
obtained nith either "finite"-or "infinite"'fringe spacing; Kinder (75 )
has compared 1nterferograms of several objects w1th finite and 1nf1n1te
' fringe spa01ng.. The 1nterpretation of both 1s different (53) In the
first case, a field of contlnuously varying phase generated by the
1nstrument is superimposed on the object and results in an 1nterference
pattern typically straight fringes, with an object of unlform thickness
and refractive 1ndex (hT ) | A'sketch of such a field is given in Flg
37a. Any change in local phase due to the object is added to the pre-
determined 1nstrumental phase variatlon -and results in a dlsplacement of
interference‘fringes*'(Fig) 37b) because a different phase (interference
order) is now assoc1ated w1th a given p01nt in the image, and 1nterference
frlnges represent lines of constant total phase. Since frlnge displace—
ment is & measure of optlcal path change due to the object, originally
stralght, equidistant frlnges, deformed by a one-dlmen51onal concentra-
tion fieid,rcan.be interpreted‘as plots of'concentration &s. distance |

(67 ). Why this interpretation is valid only for equidistant fringes

RN



and ohe—dimensibnai refractive index fieldsvcan be seéﬁ with the aid
bf Fig. 37Tb, wheie the heavy lines représént the center of interference
fringes; with ﬁhe associated-iﬁtefference ofdér notéd in ﬁavelengths.
A‘fringe of zefo order is arﬁitrarily~chosenvhefe. With white light, it
would be the cblorless high contrast.fringe. - Along a.line‘AD, fbllowing
the ofiginal.straight fringe.of Zero ordér, the lqéal interfefence order
increéses by.oné w§velength eaéh; aé sﬁcgessive fringes.are iﬁtersected
at'points B,_C and D and is the same as in points E, Fvand G; respec-
tively. With the distance DJvequal_to AG,vetc. the lécal‘dispiacement
of the'zero order fringe is a measure 6f theilocal phasevchange. If
all fringe spécings AE, EF etc. are equal, the curved,fringe AJ
represénté'a linear plot.of‘interference order. or phasé, and to a good
approximétion of concentration c¢ versus distance . It'muét be‘remem;
beréd, however, that the cur&edfringe.AJ represents the phase at the
.locafion of the.fringe, and, only for a one-diménsiénal refractivevindek
fiéld.is.ﬁhé local fringe displacement, eg. disiance DJ, a measure of
the:local'phasé along thé original, straight friﬁée, é.g. in point D. VV

The co#ventional evaiuation of a two~dimensional interferagram, éuch‘
as the one sﬁown in Fig. 38, requires that one esfablish the local |
_phase variaﬁioh'dﬁe to the 6bjéct along a desired cross-section, pre-
ferably parqllel to the original fringe pattern. uGrapﬁical interpoiaﬁon
‘ techﬁidueé for»this purpbse have béen disg@ssed by Sch;rdin'(l2l);

With iﬁfiniﬁe fringé_spacing'(interference contrasf% the inter-
ferogramxof-anvobject of uniform optical thickness ié_ofvﬁnifﬁrm intensity
: thfouéhoutiand can assume any value bétween congtructive and destructi#e

interference. Phase variations due to the object result in idcalv
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intensity‘veriations which repeat themselves with each wavelength of
optical'bath increase. As a result,iinterference‘frlnges,'yhich
represent 1inee 6f.conetant phesehchange due.to the Object, apnear. The
1nterferogram of a concentratlon fleld like the one shown in Flg 37b for .
flnlte frlnge spac1ng 1s sketched in Fig. 39 for infinite frlnge epec1ng

The concentratlon proflle along avselected cross-section is derived

in the'familler ﬁay from the interference fringes,'which‘now‘repreeent
concentration contoure (Fig. 39b). The same procedure'can be applled'
to tvo-dimensional refractive index fields, like'thelone'ehown in Fig. A
ko. | |
The reconstruction of three-dimeneional refractive index fields
from (two-dlmen51onal) 1nterferograms presents spec1al problems. A C Co

theoretlcal discussion has been given by Iwata and Nagata (70 ). Some,‘

flelds of rotatlonal symmetry have been analyzed by decompos1ng them

into concentric layers of:finlte thickness and numerically integrating

the optical path length (155 121) In an effort to proVide edditional
data of a three-dlmen51onal oblect, focuS1ng refractometry has been | , o
employed to obtain refractive index proflles at & cell wall (7 ). |
More generally applicable methods, such as the use of 51multaneous : o
._1nterferometr1c v1ews from different dlrectlons, possibly by holographlc o
techniques, need to be developed |
The resolutlon of . 1nterferometr1c refractlve 1ndex determlnatlons S
,depends on what minimum change in interference.Order can be detected.
With finlte?frinée snacing, a frlnge.displacement of-Otl'fringe_
separations can usually well be detected visually;' The unaided

estimation of fractional orders with infinite fringe spacing is more
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problemaﬁical; In eithef case, interference‘colors,_resulting from the
use of white light,prdvide increaéed visual resolution of small phase
variations. Tablesléf interference célbfs (o ) show.that in the more
éénsitive regions of the color series,changes in optical path of 10nm
(approx. O;OQA) result in distinct color changes. Howevér, the disper-
sive properties of the dbject wili have to be considered under these
circumstahces (23,26 ). Abart from noise due to optical imperféctions,
photographic grein etc., the gradual intensity variation across a doubié
beam interferencé ffinge ié often respbnsible for_some uncertainty in
defining‘fringe positionQ Photographic processes are available to
introduce steep flanks or equidensity lines in the fringe profile (78,82,
88 ). Photoelectric scanning devices, which resolve a fringe pattern
-into finite density increments, have recently beébme available fo serﬁe
a similar purpose more quantitatively._ A resolution Qf 0.01X should be
expected from such instruments. The direct photometry of interference
fringes has been shown to resolve optical path differences of 0.001A

(76 ). Microdensitometry of photographed interference patterns can
yield a similar resolution.

According to Eq. 3,

'An=§1’- ' _ | (12)

the minimum resolvable refractive index variation An for a given reso-
lution limit for the change in optical path length Ap is inversely
proportional to the éxtent d of the object in the light propagation

direction (cell thickness). Refractive index and concentration changes
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resulting in an optical'pathfchange'of'a full wavelength are given in
Fig. hl as a function of cell thickness.' Thevminimum resolvable

refractive 1ndex or concentration variation would be 0.1 to O 001 times

the values 1nd1cated depending on the resolution of fringe dlsplecement.

B. Consideration ‘of Light Deflection

‘a. Introduction

Valid refractive index profiles can often not be derived from :
interferograms by ‘the conventional techniques of 1nterpretat10n. The
reaSOn'for this difficulty is that light does’not propagatebalong a
straightiline in the presence‘of refractive inden variations normal to
theiﬁropagation direction.b Errors due to this effect can.be particulaziy
large in condensed media, because large refractive index gradients are
' frequently encountered there Errors in interferograms due to light

-deflectlon have been considered by several authors and found negligible

In part, the validity of'such conclusions is limited to gaseous media (h?,

155 ) and refractive index'variations of snall-extent'atfa large dis-
tance from the imaging optics (20 ). * )
The phys1cal reason for light deflection (or refraction) 1n refrac—
tive 1ndex fields lies in the dependence of propagationvveloc1ty on
refractive index.(Eq; 1) andtis.illustratedninvFig. Lé. Different
velements of a wavefront Wl advance to'different'degrees in'a time

' intervel dt, resulting in a tilted wavefront W Similarly, the

2"
directlon of the wave normal Nl’ which 1ndicates the propagation
direction of the wave or ray, is changed by an angle d¢. The angle of

deflectlon 1s proportional to the component of the refractive 1ndex

gradient normal to the propagatlonrdirection and the distance over
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which the light éncounters this gradient ,

a¢ v g—;x | | | (13)
Eq. 13: is also the basis of Schlieren optics (122).
Light défléction’reéuité in tﬁo kinds of érrors in an interferogranu
The first is_a geométricai distdftion Aue té the lateral displacement
and changevin direction ofvtransmitted lighf. The second érfor is a
distortioh of the'méasured'refracﬁive index, because thevdgflected light
travels on a longer path and passes through regions of different refrac-
tive index..- | |
b Cénstant Refractive Index Gradient
" For a one-dimeﬁsiondi,'linear refractive index profile with planes
of conéﬁant refractive index parallel té the incident beam, the geomet-
rical light pafh, responsible for gebmetrical distortions, as well as
the optical.path length, résponsible for réfraétivé index diétortions,
can‘bé derived in closed forﬁ.” Since linear refractive index approxi-
mations éan be used to gauge the magnitude of;possible errors in more
complex fields, some essential results are derived below.

Geometrical light path. One approach to calculate the light path

in an isotrbpic inhomogeneous refractive ipdex field of constant gra-
diént is based on the>priﬁciplé of Fermat(13ﬁtnwhich states that the
Vmediﬁm is traversed by fhe light‘in such a way fﬁat the optical path
length, of the time necessary for traversal is minimum; The ligﬁtv

path can fhen 5e.found by use of the techniques of variatiﬁnalvcalculus.

Geometrical and refractive index coordinates to be used are defined in
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Fig. 43. The optical path length is: =




-3

S IUES SRS A § BRI » BED BERCTEE S B B

-51-"
or
dx 1
(&) -»
i '
therefdre

x=/,"’=" S+, | (19)
, = |
(M)-l- o

For the special case df a lineariy’increasing refractivé index,
depicted.iﬁ fig. 43 |
n(y) =ky - - (20)
the light path is determined as follows: insért Eq. 20 into Eq. 19 and.

change variables

C

[

o, &
Cl dz

"

so that

which can be integrated ( 29) to give
e |
‘% = =+ cosh™t (l‘l) +C

N v,i ) (21)

Since a general expression.of the form
. -1,
X = B cosh Y+ C

is equivalent to
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one.obtaiﬂs-frbm Eq.,21'i

The'cqnstants of intégrat§9n Cl

and C, are determined with the initial

conditions, which are

_ll
<

for x =0,y

n = kyva'n _. ' (23)

Insert Eq: 23 into Eq. 22

. (2k)
Eq; 2l must be true for all valuésbof k, for k + 0

. C =k C,
lim cosh — =1

c
k>0

lo

Q

| | 1
therefore v _ '
Cli= o - ‘ ' §25)

With Eq. 23 and Eq. 25 it follows from Eq. 24 that

<k C
cosh — _2‘= 1

and therefore, because k # 0 and n finite .
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Thus Eq. 22 for the curved light path becomes

SN k#' .
y=k—cosh;1: E o (27)

the chain line7Eq. 27 mey be developed in a series .

. n 2 3 4 5.6
y='_o+kx2 +.k X +k X o o (28)
k Oy b ng by n2,6! :
or, with y_ =fnd/kv
%2 ' ’Xb
y=y_ + + + . .

° ¥, 2!. y3 I
o

A‘hyperbOIic éosine function for.the iight,path'(60) and an equivalent
formulation (47) can be found in the literature. * An épprqximate form of

Eq. 28 has beén given by several authors (h6,51,1h8). The aﬁgular iight
deflection o, due to a fefractive index grédient'k no:mal to the propagation

direction experienced over a distance x, is

.:=gx= . k_ﬁ ) L )
tan ax sinh no | (29)
3.3 ‘5.5 :
tanoc='k—x-+k3’? +k5x + ... (30)
B n_ 3! n’ 51

Due to refraction at the cell-air interface the inclination B of a
deflected beam, after entering into air (Fig. LL) is larger than the
angle o given by Eq. 29 . Application of Snell's law for the angle
of refraction then,résults in | |

kx

sin B = (no + ka) sin[_tan"l (sinh-;rﬂ] | (31)
o :
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wherela ia the lafefal 5eaﬁ displaeement at ihe‘cell’exit given’byAEq.
33 and ho is the refractive‘index where the beam.eaters the cell.

: Numerical'data for o and B are givenvin_Fig. ys. It ean be seen that

deflection angles of several‘degrees can be commonly expected; The

current densiiy, added inba separate seale‘folthiS'figure and-incladed

on some of the following éﬁes, reSulfS ih.interfacialbEOncentrafion

_gradients of the magnitude indicated,lﬁhder‘consideration of diffusion

and migration in a 0.5M CuSOh solution (D = L4.62 x 10-6, toat = 0.304
(33,45 )
' The local lateralidiéplacemenf‘of & deflected beam
a=y=-yo L - (32)
is indicated in Fig. 4h. From Eq. 27 it is found to be
= -2 49, kx - : ’
a = - + - cosh = _ _ .(33)
: kx2 k3 xh : ks'x6 - ‘ '
a = Y + 3 + 5 + ... (3h)
o n- k4t n~” 6!
: o 0
These equatlons can be found in the llterature (67, 87 ). Some
computed ' data are glven 1n Flg L6. They show that for all but the

' thlnnest cells, the lateral beam dlsplacement a can. easily exceed
10-2 cm, the order of magnltude of typlcal d1ffus1on layers 'Angular‘
llght deflectlon and lateral dlsplacement will be used as 1nput para—_‘
meters 1n“subsequent computations. o

The curved light path in a linear refractivemindex field can also

'be derived by integation of Snell's law of refraction (66 ,87). For this
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purpose, the refractivé index field is divided into layers of constant
refractive index with light refr_action occurring at each boundary.

Eq. 27 also results from this ‘approach.

Optical path length. The optical path length p observed in the
interferogram, is found for a deflected beam by integrating the geome-

trical path length s over the local refractive index n

x .
p2 =fn ds v (35)
o T '
with Eq. 20 and Fq. 27
()
‘n=n cosh ({—
© e

and

ds = {1 + sinhz-(;lki) dax
o)

the optical path length becomes

s 2 (kx -
P, = nofcosh (no> dx | (36)
. o ' ’
n 2 . : x
— (e] J_-_ 2kx kx
‘,k.[hsmh -n+2n]’+c
: o oJdo

Since for x = 0, p = O, the constant of integration is C = 0. Therefore

: 2
n x n°“
- .0 o) . 2kx
P, = —5 *+ i sinh n - (37)
Expansion in & series results in
o =nx+-];—-2——k2x3+l'—(_2__)3 ku5+ ’ (38)
p2 o 3! n 5! n X LRI ; . |

(o] o



These expressions'have also beep-éiven by Ibl ( 67 ), and the first
two terms’of_Eq. 38.haVe been dgri&ed b& Caldwell (19).,

bTheigrrér in”optical path lenéth, due to iighf deflectiQn,is'
responsibié for théféfror in'§onéentratién'derived,frpm an interferogram.
Thé.error can be defined;most simplyfas the'différeﬁcevin optical ﬁ;th
length plbetﬁéen'the deflecfedvbéam_Q (Fig. UT) and a hypothetical . .
undeflectéd beam éifhef'enteringz(beam'l) orzleaving'(beam 3) the'cell

at the same point as the deflected one. The resulting errors are

and

They can be expressed in number of fringe shifts by dividing the optical

path length error by,fhe waveléngth 6f light. For one-dimensional,
constant refractivg index gradient_fields, the error can be computed

in closed form. With Eq. 37 .

L 2
P, = o 2 et % -
and, acéqfding tb Fig. @3_ |
nee o
the first errorvis
, o 5
'pé - Py =v-E§i +-2%; sinh g%i- : . (ko)
or _ ' | 3 | : ~ -
P, - By = 3—} E B3 ;L—, (-12;—) ,}cl"xs + (1)
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‘The other réferénce optical path length is

= .+ ke
P4 (no | ka) x
with Eq. 33
p, = n X cosh _ | . (hz)
o
" The second. error therefore is
ax n?2
T _ o o . . 2kx’ kx . '
" — I ——— rr— - —
Pp = P33 I sinh = n x cosh — (43)
: o ‘ o)
or
2.3 4 5 .
p2v— p3=-1§lxn +-3k_ x3+ (hh)
_ : o Sl'no . ' '

Optical paﬁh léngth errors derived in the literature (3k4,11k,138)
cannot easily be compared with the above resulté. Numerical results
of Eq. hoiand Eq. h3nare illuéffated in Fig.'h8.b Thevfringe shifté given
there can se.related to refractive index (or concentration) errors b& use
of Fig. hl.. In a 1 cm thick cell, for.instance, an efror of 100 fringes
corresponds to an error iﬁ concenffation.of 0.2M. An importﬁnt result
ofbthis analysis is that thg two errors are §f.oppqsite sign.  In order
to place reliéble limits on possible interférbmetrié eriqrs, however, the
optical path length analysis will have to be further.refined, as indicated
Eelow;

c. Effect 6f Focusing

The apo#e analysié does nét consider the effeét of the iméging
optics in,én'inﬁerferbmetér; The purpose'of this. optics is to brihg a

selected plane in the object to focus in the image. This plene is
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optically conjugate'to the imagé piane. Tt will be.referfed to in the
" following ae'"ﬁlaﬁe of focus™, buﬁeshoﬁid not bé confused with the planes
whidh'cohtain“the primary aﬁd secondary focal points of the Objective
lens. If light deflection oeeufslin;the object, the image is determined
by the virtual origin of fhe defiected light in the'piahe of focus. Under
these éiréﬁhétenées‘the'shape:df'thefimage can be expeetéd to.depend on
. the'cﬁoice ef the plane of focus. . This'efféct isvillustréted in Fig. 49
for a cathodic boundary layer with the electrode'éhedow as the object.
A light beam c,'enﬁering the cell at the surface of electrode B and par-
allel to it, is deflected toward'the 5ulk'of ﬁhe solution A and leaves |
| the celiiet'point D. ‘Wifh:the.objective:lens G focused on tﬁe.ceil‘ﬁall
facing the camera (Fig. 49a), the shedow of the cathode surface in this
plene appeere'aqu and its image in film plane i.is H. Thus, the
electrode'shadow appears advanqed into fhe solution side of;the'inter—
face due tqfthe preseneé of the'refractive'index gradient. 'Focueing oﬁ
the cell wall facing the light source (Fig. k9c) results in & firtﬁai'v
~origin L 6f‘the'same*deflected'beam:f The-electrode shadow now appears
receded iﬁto the electfede. for an intermediate foeusing positien

(Fig. L49b), ﬁhe virtual'origin K of the deflectedvbeam coincides ﬁith
the electrode;Spreeefi The*e;éctrdde shadow is, therefore, mot displaced
in the iﬁage. | | | . 7 |

In the_Séhematic ovaig. h9;.reffaction etlfhe cell exit as well

as inside_fﬁe eell wall hés been neglécféd. Eveh in the absence of
refrectivevindex gfedients; fheee effeets result iﬁ an axial displacement
‘of the virtuel locatien'E' of an iﬁﬁersed object Ev(Figf 50). - Since the

lighf is assumed here to be incident normal to the first cell wall,

|
|
|




-
s
enan

g
e

_59_
refraction in the second one (facing the_camera) will only be considered.
The appli-éationvof ‘Shell»'s law (Eq. 45)
‘ -n_sin_e.:‘hg sin €' = sinn - (b5)
results in Eé. 46 for the viftuei location m of aﬁ immersed object
(Fig. 50). | |
m=cotn (wtan € + d tan €') (46)
For small angles”e from tﬁe optical axis; this equation reduces to

+ H‘i (462)
g

B
1}
o |

w is the thickness of the‘medium of refractive index n and d is the
thickness of the glass wall of refractive index ng. Thus, & real plane-
of focus F inside the cell is transformed into a virtual plane of focus

F' by refraction effects. (F' would be the real plane of focus in the
absence of the cell, Fig.VSO.) If the imaging optics of an interferometer
are focused 6p an immersed terget in plane F, a preferred experimental.

procedure, the image is determined by the virtual'lecation of the target .

- in plane F'.

The effect of focusing in the presence of light deflection is
illustrated in Fig. 51 for an arbitrary plane of focus F in the cell

(with associated virtual plane of focus F'). A deflected light beam ABC

‘appears to originate from point E' with a laferal.displacement g from

its true origin A. This lateral displacement can be formulated as
g =8a - (X - e) tan o o B (hT)

Values for the variables a and o are obtained from'Eqs. 33 and 29

respectively.
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As Eq. 47 and Fig. 52 show, the lateral beam displacement g is inde-
pendent of the thi'ckness d of ‘the cell wall for a given choice of the plane
of focus F. Some typical results are given in Fig. 53. A positive dis-
placement signifies a movementvtowardvthe solution side of a cathodic

boundary layer, a negétive displacement, a movement toward the electrode

side. The results illustrate that-the lateral displacement of the virtual

beam origin'(and:therefore the'geométrical distortibn of an image) strpngly
depends on the location of.the-plane of focus and that it can assume.valueé
larger than-the dimension’of~typicél mass trahsfer boundary layers. |

. The.locgtign eo'of the plane of fdcus_Fb (inside_the_cell) which
results in ﬁo;laferal.béam’diSplacement.(e.g. no movement. of the electrode
shadow) in a medium of constant refractive'indexvgradient éan be calculated
similarly (Fig. 54) |

-éo =x=-acota ; : (48)

Tﬁe‘locatidnloflthiéjsbeéial plaﬂe Qf'foéﬁé‘is independent of the glaéé'wall
thickneés; Thpical results of'Eq.'hB,”given in Fig. 55, shbw'that its posi-

tibn; #éfy closéltothaifiway'achSS iﬁé4cell,bis almost unaffected by changes

in refracﬁive index gradient. _Althouéh some geometrical distoitions in
boundary -layers can be évoided b& thié.chpice df,ﬁigne of foéus, ité use
-is»not.of grgat»praCﬁnglﬁiﬁtéréSt because it is difficplt to establiéh.
and does not miniﬁize errofs of other ﬁéraﬁefersiin an interféfogram
v(e.g. local congentration) (7). Most éf the’anélysisjto folloﬁ wiil bé
restricted ﬁb focusing on ag,immefsed-ébjéct_onfthélinsiae face of .

the cell wall‘faéing the light,source. (This is_the preferred m§deiof
operation for the observation of cathodic boundar&'layers (7T) because

it avoids the superposition of beams with different phase.)
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Tﬁe error in phase due to light_deflection Cen be‘represented by
the difference'in optical.path.length,between a deflected beam AC of
length p) (Flg 56) and a hypothetlcal undeflected beam EI of length Ps
passing through.the same v1rtual orlgln E’ in the v1rtual plane of focus.
Points C and I lie on a circle centered in E'. Beyend points C and I,
the imaging eptics:introduces no phase.difference'bétween both beams .

The optical path iength,error for a point in the interferogram which

corresponds to the image of E' is

Py ~ Pg v (p2-f ﬁﬁfng)_—v[x(no.— k Kﬁ3‘+ qng + HI]

n

‘ - a ng o
= P + -
v 2 [ . -l( sin B ):I
: coSs sin ""—_"

- - a) +a;
[gox kx(x tan @ a) d_eg

- cot B( tan a + 4 tan(s:.nli(g'i%—@-))) (lv— co:sL B>] (h9)

g

As'defined'befere, x and d are the thickness of cell and glass wall,
respectively, n and D are the refractive indices at the light entrance

into the liquid and inside the glass wall, respectively, k is the re-

: fractivé-index gradient normal to the direction of the entering light and

“p2 is thevoptical path length of the deflected beam between points A and

B. The values of p2; a, o and B have to be inserted from Eqs. 37, 33,

29 and 31, respectively.

The effect of an increase in glass wall thickness. on the optical path

‘length errof is indicated in Fig. 57. By comparlson ‘with Flg 56 the

optlcal path BC of the deflected beam inside the glass wall is 1ncreased
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nove than’ the path G fthundﬂtdmp i bean.  Hovever, the
component HI of the latter 1s 1ncreased, S0 that the path dlfference
between deflected and undeflected beams remalns very closely the same.
, In effect the 1ndependence of g, e and (ph - pS) on, wall thlckness 1s“
vachleved by a dlsplacement of the 1maging optlcs, necessary to keep |
jthe real plane of focus F 1n a flxed locatlon whlle the thlckness a 1s
}changed | . | e | | | B
Some reshlts of Eq. h9, expressed 1n frlnge sh1fts, gre given 1n *;
]Flg 58 They 1llustrate that for focu51ng on an 1mmersed obJect at
o the entrance 81de of the light into the cell the glass wall thlckness

is not an 1mportant source of optlcal path (concentratlon) error. .
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d. Nernst ﬁoundary Layer Model

All ﬁhe éonsidérafions of lightbdefiéétion discuésed SO far have
been based én an unlimited lineaf'refraétiﬁe index profile (Fig. 59a).
For the consideration of light deflecfion errors in mass transfer boundary b
layers (Fig. 59c), the Nefnét model (Fig.‘59b) can be ﬁsed‘as a first
approximation. This model has the advantage in that anaglytical SOlﬁtions
of the kind outlined abdve can be employed. For déflected beams which
remain ehtirely'inéide thevboundary layér,the previous solutions are
directly applicable.' The discontinuous change of fefractive index
gradient af fhe edge of the Béundafy layer results in.optical artifacts
whiéh, although geﬁerally moré severe than with more realistic refractive
index profiles, serve to illustrate some problems of light deflection
in boundary layers.- |

Near the outer edéé (sblutién Side)qu.a Nernst-type boundary layer,
a.lighf.ﬁéaﬁ_bropagates only over>part of the cell.depth 2 within the
bounaéry;iayér, as indicated in Fig. 60. The curved part AB cén be
described by the preyiéuSiy derived equations, while the straight part BC
cqntinues.with the slgpe of the curve at point B. Therlateral displécement

b of a beam beyond the boundary layer can be'defived by use of Eq. 30.

Disregarding third order terms, it is

b=%(2-x) | (50)
where x is the sbscissa of ‘point B (Fig. 60). The displacement b reaches
a maximum value bm for a beam which leaves the boundary layer in the

middle of the cell (x = £/2)
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For a beam DE, which travels entirely inside the diffusion layer, the
lateral beam diéplacement_a.n is, according to Eq. 3h;'approximetely
- k£2

, \ e =T | (52)

It can be seen frcmTEq;dSO tﬁet-a pair“of‘deflected'beams 1 and 2 of dif-
ferent optlcal path ex1t at. any p01nt located within a distance b oﬁtside
the Nernst dlffu31on layer (Flg 61) In addlt;on,‘an:undeflectedrbeam
3 also passes through the same p01nts | » | - o ‘ 

The optlcal path length p9 of a deflected beam near the edge of‘
the boundary layer can be determlned as the sum of the path lengths
Py and p8 of the curved and stralght parts (Flg 60) For focu51ng on
the light exlt 31de of the cell,the optlcal path dlfference between
boundaryvlayer_end bulk, a meeeure of the 1oca1»fr1nge shlft, is

99 _uploj— P7' ,PBV"zﬁb - | o (52)
An exaﬁple of tnis computed optical path profile is given in Fig. 62,
curve B. The‘superposition.of.three different fringe shifts; due to

rays 1to 3 shown in Flg. 61, 1mmed1ately out51de the boundary layer,

can’ be expected to result in a superp051tlon of dlfferent frlnge systems
‘in thls region. To a good approxlmatlon the 11near part of the fringe
runs parallel to the true refractive index profile.

3. Reaiistic Boundary Layers

Mass transfer boundary layers in convectlve dlffu81on show a refractive

index proflle of the shape 1llustrated 1n Flg 59C. The. refractlve

index gradient and, therefore,the degree of light deflection are largest

La

|
|
|
|
!
!
1
1
1
|
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at the electfode and decrease continuouslyvtoward the bulk solution.
The deflected light successively'traverses regions of varying
refraétive index gradient apd may, as ééen in the Nernst model, enter the
uniform bulk solutioﬁ. NUmérical techniqueé'are Best suited to analyze
light pfopégation in such media.(7)

ih order to comﬁﬁte an interference'fringe pattern based on an
assumed reffactive index profile; the optical paths of a small number
(10-20) of deflected beéms, which.enter the cell parallel to each other
and usually parallel to the electrode surface, but at different distances
from it, are determined.'anch beam is divided into a large number
(100—206) of straight segments, as schematically shown in Fig. 63b. The
slope of a typical segmént HJ is determined from the slope of the previous
Segment; thé»length of the segment, the refractive index ni at its center
(Fig. 63a) and the component of the refractive index gradient in the
-direction normal t0 the beam at the center of the Ségmept.

The optical path iength of.a deflected beam,‘including refraction
KL in the cell wall, is obtained by summing the product of local refractive
index ni and geometrical path length HJ df each beam element. From
position and slopé‘of the beam M leaving the cell, the virtual origin E!
of the deflected_beam in the virtuallplane of chusAié determined. The fringe
. shift in the interferogram relative to the bulk solution is due to the
differencé in optiéal path iength between deflected beam GL and a
hypothetical undeflected beam EO of the same virtual origin E', passing
through a ‘cell filled with bulk solution. Thué; phése and ﬁosifibn of
vone poiht in the interferogram have'been esﬁablished. ‘Repétion of this
pfécedure with 10-20 beams yields a computed interferencé fringe.

Figure 64 illustrates how the above procedure can provide computed
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interference fringes b to e.forfan assumed refractive'index profile (a)
with different choices of blaﬁe' of focus. Tt can bé ‘seen that both
boundary layer thlckness and 1nterfac1al concentratlon are serlously
falsified by the l1ght deflectlon and the error strongly depends on the
‘choice of the plane of focus A common observatlon w1th such computed
1nterference frlnges is that the locatlon of the out51de edge of the
boundary layer 1s not affected by light deflectlon (except with very

unfavorable focus as in Fig 6he)

Observed 1nterference frlnges simllar to the computed ones of Fig.»

6k are shown in Flg 65 The dependence of apparent boundary layer
thickness and interfacial concentrat;on'onrthe choice of the plane of
‘focus'can be”seen. The double value of phase, found in Fig. 6he seems

to be respons1ble for the extraneous 1nterference frlnge system seen in

Flg. 6Sc and 4. Thls effect due to the cross1ng of d1fferently deflected

rays, is best av01ded by focu51ng on the s1de of the cell where the
llght enters (farthest from the camera) | ‘

The numerlcal analys1s of llght deflectlon 1n‘refract1ve 1ndex
flelds can eas1ly be adapted to 1nvestlgate the effect of other para;
meters on the,interferogram. vFor instance,-the effect of misalignment
of the cell,'nith.the light not incident parallel to the electrode
7surface haslbeen désCribedZ(7) ' |

Due to the'largevnumber of variables-involved'in the numeri cal
analy31s of llght deflection in refractive index flelds, it is difficult
to generallze_results. An attempt has been made in Flgs. 67-69 to
correlate data'which should allow an experlmenter to estimate-lnter-
ferometrinlight deflection errorséunder a wide range of'experlmental

conditions fbr.threé'quantities: interfacial concentration, interfacial

Tea
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concentration gradient and boundary lsyer thickness. The compﬁtations
have been based on a refractive'index‘profile of the algebraic form given’
in Eq. 53 for a cathodic boundary layer of constant thickness & (0.4 mm),

constant bulk refractive index n (1.3468) and variable interfacial refrac-

tive index nii(l.333 - l.3h5).(3n/80' 0.027 (M CuSOLl)--l for all compu-

tations).

n-n . 2 , ' .
i -Y A C , D
W Ta o 1l-e [1.+ BY ~ 5"t 3] (53)
T i _ (1 + BY) (1 + BY)

This profile (an approximation to an error function complement) has been
found to approximate a boundary layer under convective diffusion (7).
In Eq. 53, n is the refractive index at a distance y from the electrode

surface. The dimensionless distance Y from the electrode is

v=% | B (54)

where § is a mathematical boundary layer thickness. Physical boundary
layer thicknesses of different definition can be determined from Fig. 66.

The quantities used for the other parameters in Eq. 53 are

A=0.3u802 B

0.h70LT

C

0.09588 D = 0.74786

Conceﬁtratiqn pféfiles employed in the computations are given in
Fig. 66. A1l the resﬁlfs presentéd in Figs. 67T-69 hold for focusing on
an object lécated at'the inside of the cell wall faithest from the cameré. -
This prqéedufe largely compensates for the effecﬁé of variable cell wall
thicknesé.b The séatter of.pointséis due to the graphicel evaluation of
COmputedvinﬁerference fringes, made up of a limited humber of points.

The error in concentration at the interface is shown in Fig. 67.

For a 2 mm thick cell, the error is unexpectedely negative and amounts
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to at most’LS% of the bulk concentration. Thisverror is 2/3 of the
largest one computed for an unl1m1ted 1inear concentratlon profile
(Fig. 58) For the 1 em cell the error changes sign and increases up
to 16% withvlncrea31ng current density, wh1ch 1s‘much less than the
error showhtin Fié. 58. -

The‘error'in concentration gradient at the:interface,'shown in Fig.
68, is at most 1% for the 2 mm cell and up to 50% for the 1 cm cell
Because- of the parallel dlsplacement of the 1nterferogram near the inter-’
face due,to refraction in the glass wall,‘the influence of the wall thick-
ness is expected to be very small.

S1nce w1th the present ch01ce.of focal plane the outside of a
boundary layer (solutlon side) is normally not affected by llght deflec- :
tlon the error in boundary layer thlckness (Flg 69) is ent1rely due |
to the dlsplacement of the electrode shadow, as demonstrated in Figs.

64 and 65 For a l cm cell the error 1s comparable to the one calculated
for a constant refractlve 1ndex gradlent (Flg 53) at 1nterfacial refractive
index gradlent 0.1, but only 1/5 at k' = 0. L, In agreement with the previous
results, the effect Qf cell wall-thickness is not'noticeable. | |
Similar to the analysis of a. constant refractiye indei gradient,

‘the pos1t10n e, of the plane of focus F 1nside"the cell (Fig. Sh) can

"be calculated for wh1ch the 1mage .of the electrode (electrode shadow in B

1nterferogram) is not dlsplaced by light deflectlon.' FlgureVTO gives

some reSults. Compared to the previous computatlon (Flg 55) the
positionfof the plane of focus in the cell for zero;electrode dlsplacement
is slightly”cloSer to the entrance side‘of a lrcm.thick'cell and slightly

farther from it for the 2 mm thick cell.

<
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It csnvbe concluded that computatioﬁs for a constant refractive inde#
gradient often provide a reasonable estimate of_liéht deflection errors
in boundary layers. » i .

For the ?recise interpretation'of measured 'ltterference fringes.as
refractive index profiles, a.second step has to beiadded to the above
computations. Based on a comparison of observed and computed interference
fringes,'the'assumed refractive index profile héé_to be modified to improve
v agréement;between the two, and the'computation is repeated. Several cycles

are usually necessary to produce satisfactory agreementi(7).

T f. Ahodic Bdundsry Layers |

v The.considerations of the two preceeding sections hsve been restricted

to boundary -layers with refractive index decreasing toward the electrode
surface. Boundary léyers with refractive index iﬁcreasing‘toward the
electrode surface, such as those tYpically encountered in anodic metal
dlssolutlon, cause the light to be deflected toward the electrode, If
_all the llght which strikes the electrode surface is adsorbed rays
entering the cell closer to the electrode than the lateral beam displacement
.do not contribute to the'picture (Fig. 71b).. In contrast to the cathodic
boundary layers, an overlepping of dlfferently deflected beams 1s now
best av01ded by focu51ng the cell on the plane where the light exlts.

If the electrode is suff1c1ently smooth, llght which strikes the surface

" is reflected (Flg 7lc), and a much more complex optlcal 51tuat10n ex1sts,
vpartlcularly if a reflected'beam is deflected back to the electrode sur-

face and reflected again.

C. lefractlon Effects

The closest dlstance to an electrode, to whlch ‘the composition of
a solutlon can be determined by interferometry, is bas1cally-llm1ted by

light diffraction. For a two-dimensional (infinitely thin) object in
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focus,'the'diffraction—limited resolution of a microscope’is usually

vformulated as o
. : A B 4
- o : :
r "°f61 T i - - (55)

Where’Ab ispthetlightneuelength'in_vscuum‘and N. A.bthefnumerical apepture
of-the‘objective'lens defined as |
| | | N. A. =n sin 6 | ‘ (56)
n is the refnectivekinde#‘in the obJect:space? 6 thet;ngle_betveen the
optic axis and;the marginal rey entering the objecti#eiet its periphery.
'Fofvcohefentwilluminetion.the\numerical fsctor in Edt 55'is.0v77'(15)'
Even the 31mplest flat electrode is, however “of finlte thickness,
.and dlffractlon effects can be expected to be more complex. The mlcroscopic
resolution limit is,therefore,usually not attained in»electrochemic&l
interferometf&;> Since e.theory'ofvdiffnection fromjefplanat object.does
not. seem to be readily avallable, a dicu551on of dlffraction problems
w1ll have to remain largely qualltative. ‘ |
Only a selected cross—sectlon of an extended.electrodeucan'be in.>
focus, w1th other parts belng out of focus to variousldegrees. It is
these defocused reglons whlch are probably the most serious cause for
degraded'resolution due to diffraction in an 1nterferometer.‘ These |
- regions?canﬁbe1expected~toﬁproduce diffraction fringesfsimilar_tolthose,, l .
observed behind.a straightvedge,‘ Their.reel orpvirtuel.origindisvprg_
Jected in the5plane of. focus. The interaction of these diffrection fringes
with the interferogram can result in_.local changes of‘geometr'y and appafent
phase.' | |
Amplitude and phase of a Fresnel diffraction pettern behind a straight
edge can be derlved ‘from Cornu 's spiral (7l) An example is given in

Fig. 72}' It 1s important to keep in mind that across the dlffraction




pattern, the bhase varies continuously. Superposition with the contin-
- uously varying phase of an interferogram can,therefdre,lead to quite
unexpected.fesults (Fig. 73).»-The distance of diffraction maxima and

minima from.the geometrical shadow debehds on the,distence behind the
straight edge (degree of defocusing) as shown in Fng-Yh. It can be
seen that.fof'a lvﬁm defocusing, the separation 5e£§een the first two
ihtensity maxiﬁa.is 0.02 mm. Such a diffraction pattern will be reselved
by interfeiemeters of interest here. . If half thevdistance between the
virst diffrgg?ion mgximum and the true location of the edge 1is taken as
the uncerpainﬁy of the location of the edée, diffrecfion from one end of
al cm wide'electrode, focused on the other end, introduces- an uncertainty.
of electrode position of 0.003 cm. This distance is_much smaller than
the light defiection in the same cell under most conditions. |

A mere fealistic appraisal of diffraction phenomena in interferometry,
in additioﬁito.being;based on a better theory of diffraction,'will elso

have to include the effect of light deflection.

3. Applications

A. Diffusion and Electrophoresis

The‘deferminatien of diffusion coefficients. by interferometric
~techniques involves fhe obseryetion ofvthe concentreﬁion profile which
.deielops between.two solutione.of aifferent concentretion as a function
of time.- Evaluations'of results with different degrees of sophistication
can be found in the literature (25,27,85,136). A teéhniciue which is
based on the observation of regions faf removed from the liquid junction,
where ceneehtration gradients are smeil,and light deflection errors are
more likely'fo be negligible, has been employed by Chapman (24). This

technique is also unaffected by the sharpness of the initial junction.
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_leferentialiinterferometers have.been usedrfor verydlow,concentration
differences betueen solutions at.the liquid junction."The derivation of
diffusion coefficents from such measurements is-someuhatvdifferent (17,139).
lefu51on coefficients have been determlned w1tn dlfferent types of inter-
‘ferometers,.among then Jamln—typesi(25,85). Raylelgh—types (20 27,93), Mach-
Zehnder (,19)’, l’olarizing (17, 111 ,139) a.nd Gouy (28, h9) types. Interfero-
grams of dlffus1ng llquld junctlons are shown in Flgs. ll 13, and 17
Optlcal technlques for dlfoSlon studies haye been rev1ewed by Gosting (51).
Electrophores1s has lost some of its 1mportance for the application
of interferometry because the use of zone electrophore51s has been replaced‘
to a large'extent‘by paper'eleetrophoresis;” ﬁew deVelopments, such as
'electrophore51s in free—flowing llqulds (lOO) could. houever; reyerse the
s1tuat1on agaln The evaluatlon of an electrophoretlc.separatlon observed
with a Jamln 1nterferometer is 1llustrated in Flg 75 (7h) A number of |
similar examples can be found in the literature (8h 98) A review of
electrophoretlc technlques has been glven by Longsworth (95)

B. Mass Transport Boundary L@yers

Boundary layers on working eleetrodes have beenninvestigated by
interferometry'under forced (90);and natural (64;65);eoniection conditions,
as well as in the absence of‘c0nvection (62 lhh lh5). ‘lnterferometers
- employed in- these studies include Jemin (Gh 65), Mach-Zehnder (90 14y lh5)
and Raylelgh (62) types. Interferograms of mass transfer boundary layers
have been shown in Flgs. 15, 18 and 26. Data on boundary layer thickness
and 1nterfac1al concentratlon derived from 1nterferograms,are glven in
Figs. T6 and 77 While concentratron:profiles derived by the conventional_
nethod‘at low_current densities are close,to those'expeeted (Fig.'TB);
deviations found_at'higher current:densities (90) could well be due to

light deflection effects. A displacement of the electrode shadow at high
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.Current'dénéities has been demonstrated (145). In the presence of &
supporting‘électrolyte, the interferogram repfesenﬁs a supérpositidn of
two bounaérj layers which pOSSess'dpposite concentration gfédienﬁs and.are,
in genera;; nf diffefent thickness. The result can be a maximum in the
refractiyg index brofile (Fig. 7§b) or a more abnnpt'changé from the bulk
refracti?ékindex compared to fhé boundary iayer with a single solute

(Fig. 79&). fQualitéfively, interferograms of eiecfrochemical boundary
layers.are similar to those found in heat transfer and non-electrochemical
'mass transfer (31,126).

C. Outlook B

Recentvadvances in the gquantitative understanding of electrochemical

processes require a detailed knbwledge of transport properties. To a
large extenf; interfefomeﬁry is'capab;e of providing data for use in_
"models Of tr§nSp0?t processes. 'Together with the application of established
interferdmetric techniqnes;vthe née ofva_number of insﬁruments not pfe—
viously nénsidered for such purposes could result in important advances

in the deéién and use of electrochemical devices. |

The systematic consideration of lighf deflection érrors, barely

.initiated at present, should_mgke it possible to produce results of
gfeatly impfdved'feliability. The computationaljtéchni@ues developed for
"~ the considéfaﬁion:offlightvdgflection can ne'adapted for the analysis of
some 3-dimensional concgntration fieids. It is_no be hoped +that the
present.liniﬁation of intgrferometry:to one-component electrolytic
solutions can be overcome by a'combination with other techniques; such

as spectroscopic ones.
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Iv. INTERFERQMETRY OF ELECTRODE SURFACES

Among‘optical techniques used:forvsurface finish'evaluation (152),
double beamiinterferometry prorldes.some'particularl&fattractive tech-
niques for(observing the micro;topograéhyvof electrode‘surfaces (k). Com-
pared to multinle'beam lnterferometry; usually considered:for this purpose
(133;lh0);:double beamﬁlnterferenCefmicroscopes are“baslcally capable of
using objectires of higher numerical.apertures, because of the absence
of a reference mirror bétween lens and obJect. Also they av01d the
sampllng of.anrextended reglon to contribute to the 1nterference phenomenon
- at one point of the 1mage (82) | Thus, smaller surface features can be
_resolved Another advantage is that the spec1men surface does not have
to be coated w1th a hlghly reflectlng materlal (h 80)“but can be inspected
vw1thout alteratlon. The sinu301dal 1nten51ty d1str1but1on typical of
double'bean interference fringes,is often considered a_disadvantage for
surface topographlc studles (h) It will besshown,'houever‘\that this |
feature can’ be turned into an advantage. by the use of mlcro—densitometry.

Complete separatlon of sample and reference beams for the examlnatlon
,of cpaque surfaces ls reallzed in 8 modlflcatlon of the Michelson 1nter-
ferometer, the Zelss-Llnnlk 1nterference mlcroscope (8 43,143), schematlcally
shown in Flg,wSO. ThlS 1nstrument employs palrs of matched obJectlve
lenses in spec1men and reference beams and . a replaceable reference mlrror,
which can be chosen wlth a reflect1v1ty close to that of the spec1men
for good fringe,contrast. Auxiliary¢optical elements?_not shown in Fig.
80, allow onerto control spacing.and orientation of'lnterference fringes.

A sample 1nterferogram of an optlcally polished metal surface is
shown in Flg 81 For the 1nterpretat10n of such an‘lnterferogram, it

must-be»remembered that optical path difféerences are doubled because

.
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of,tﬁe reflecfion of light from the specimen. An‘interference fringe
_shift of- one frlnge spacing therefore represents a local dlsplacement of
the reflectlng surface of only half a wavelength of the llght employed
Thus, the dlsplacement of 1nterference frlnges of approx. 0.Q8 fringe
spacings dﬁefro the few prominent SCratches seen'on‘Fig; 81, represent
a surface deviation of about 200 A

The depth of the finer polishing marks is dlfflcult to estimate by
visual 1nspectlon of the 1nterferogram. However, a mlcro—dens1tometer
scan of an'ehlarged transparency along the shodlder of an interference
fringe (parallel to its main direéfion) provides:a quantltative analvsis
of these details (Fig. 82 solid line). The local optical fransmission
can be correlated with the fringe displacement bvva similar scan normal
to the direction of the interference frlnges (Fig. 82, broken line) and
a contour scale can be derived from such a scan based on the linear change
in phase bepween fringes. This scale automatlcally takes all photographic
non—linearities and process variations 1nto account. S1nce the scale is
compressedrat both ends, the surface profile scan ls preferably chosen
in the center part of the transmission range, where variations in surface
position of 5 A seem to be resolvable. This compares with a resolution
of 20-30 A.reborted for the use of photographically generated equidensitv
lines (82)r‘>In good agreement with the visual estiﬁate, the deepest
local sqrface variation found io:Fig.'82_is about 200 A, This figure is
further coafirmed by the eleCtron micrograph‘of asreplica of the same
surface,fshadowed at a small angle (Fig. 83). The more‘shallow'polishing
marks, recorded in Fig. 82, are also visible in,Flg.l83.

The detailed analysis of interferograms assumes all intensity changes
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to be duevcoﬂinterference. It should be asserted eeparately (e.g. by
blocking the reference beam) that other factors affectlng local image
1ntens1ty, sdch as scatterlng or absorptlon in the object, or the effect
of 1mperfect1cns in the 1nstrument,-can be neglected. Slnce the,phase of
_the object wave ie measured relative,to that of the;reference wave in the
Zeiss-Linﬂikkinterference hicroscope and many_other_interference'ﬁicro—
scopes fbr%reflecied iight (80),.smocthness and flétness of the reference
‘mirrararereeeehtial for relieble results. Any effect of the reference
mirror ondthe interferogram could be detected by'e;;ghtly displacing
the object'in the field of view. Instrument desigﬁsjwhich avoid the use
cf'a réferehce plane have been'discribed by Krugvefﬂel.’(Bl). |
Polarlzing interference mlcroscopes for reflected llght (hh) usually
produce dlfferentlal 1nterferograms in whlch the' 1mage 1nten51ty is a
measure of the surface slope in avglvengdlrectlon. This mode of operatlon
‘ produéeéﬁe:re;ief—iike appeerénce'of the'objectVVyich cancbedvery pleasing
"to the e¥e;?but is less sﬁited for.duanti;atiVe1ereluatiop, ;Other types
of interference micrcscopes for reflecred light.ﬁavevbeen described (38,
80) . | |
Interference”microscopy;can.be'ekpeCted«to;fipdtincreasingiuse for
the charecterization cf electrode tqpogrephies.ﬁvNew appiications deaiing
- with crystai;ographic and getallurgicel facﬁbrs can be forseen as welll

as in situ observations of electro-crystallization and dissolution processes.
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' Fig. 2.
Fig. 3.
Fig. k.

Fig. 5.

Fig. 6.
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FIGURE CAPTIONS
Principle of douhle'beam'interferometry

A —'Varlable refractive 1ndex 1n spec1men cell -

B - Spec1men cell with dlfferent parts of a plene light wave

”whlch enter ‘the cell in. phase and get 1ncreasingly out of

- phase durlng propagatlon through 1t

C ;cUnlform refractlve 1ndex in reference cell v

ﬁp;,Reference cell with dlfferent parts of a plane.wave whlch
C:stay in phase durlng propagatlon |
Eﬁthnterference pattern due to the superp051t10n of spe01men
‘r;and reference waves. Local optical path‘d;fference in
“]Qé&elengths; o Ex |
cbnéeﬁtratibn;dependence of the.refractivefindex.of aqueons
ccpper sulfate'sdiuticns at 2C°C (116);;.‘
Ccncentration-dependence of the refractivepindexeof;suiénric
acid 7(116)v | ‘ | |

Refractlve lndex of mlxtures of sulfurlc ac1d and ‘copper -

;o

»sulfate (12h)

Refractlve indices at different wavelengths, llterature data

(H 80,5 99.5%, 23°C (116),CuS0), *5H,0 (101),8,0. (116).

Determination'cf’the concentration cf‘twc-eeperatercomponents of
a,Solntion from the refractive index at twc different_wavelengthe
(schenatic) |

Temperature dependence of refractlve 1ndex H SOh, 95 96% (110),
1M KCl(llG) 1M Cusoh (116) H,0 (61).

Prcductlon of two coherent'llghtlbeams; (a) Division of wave-

front by a double slit (b) Division of amplitude by partial

‘-reflection._
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interference refractometers.

point source

spherical lenses

double slits

specimén and reférence chambéfs
compensator

plane of interference fringe formation

eyepiece.

interferometer for the observation of vertical refractive

variations, plan view diagram.

A

B
C
D
I"\

Fig. 11. Rayleigh

. solution

point or slit source
spherical lens
double slit

specimen and reference cells (refractive index
variations in vertical direction)

spherical lens for imaging slit A (with interference

fringes)in horizontal direction

cylindrical lens with horizontal axis for imaging cell D
in vertical direction

film plane

‘fringe pattern in film plane for a diffuse liquid

Junction.

interferograms, observation of the diffuéion of a 0.2%

of sucrose against water (Svensson 134),

lLeft: refractive index profile (ndrmal interferogram)

Right: refractive index derivative profile, obtained with two

identical diffusion bouﬁdaries, slightly shifted with

respect to each other
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Fig. 12. Multiple source Rayleigh interferometer with double pass

Fig. 13.

Fig. 1k.

through the specimen (Perkin-Elmer 108, Chapman 2L).

A .

B -

I -

monochromatic lamp
multipoint source
narrow mirror above reflected beéms_D,vG

épherical'lens

" specimen and reference cells

‘plane mirror

éphefical lens for imaging cell in vertical direction
cylindriééi léns with‘verfiéal axié‘for‘imaging
interference fringes in hbrizontél direction (wifh :
léhsldj a |

photographic plate

Multiple source Rayleigh interferogram. Diffusion of 1.081

vvs;.l;iSO

Jamin»intéfferqmeterrarrangéd'fbr the observation of horizontal

M CﬁSOh,'l.E hrs after fbrmihg'boqndary (Hgﬁeh 62)

refractive index variations, biah"viéw, disgrem (Ibl, Barrada

- and'Tfuempler 64 ).

A -

g B -

‘condenser

mercury arc lamp with filter for 546.1lnm line -

vertical slit-

'~ beam éplitting Jemin plate

object and reference cells
beam uniting Jamin plate (tilted around hdrizontal

dxis for producing‘horizontdl ihterference fringes)

diaphragm for selection of reflected beams

o hr i s e o

i
i
i
|
i
i
i
|
i
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H - spherical lens fpr imaging fringes‘from infinity in
vertical direction
I —-cylindricalniéns with vertical axis for imaging object
in horizontal direction
J - image plane
'Fig. 15. Jamih interferogrgmvof cathodic mass tranéfér boundary layer
in'O.GM Cus h_obtaiheci ﬁith the interfefometer described in Fig. 1k,

Sc&le lmm, shadow of electrode on the right. (Ibl and Muller 65).

a. before'electrolysis
 b.' - current density 2.2mA/cm2, natural convecﬁion, vertical
' cathode.

Fig. i6. Lbfmar interferometer (97).
| A‘— monochromatic 1ightvsource
B ~ collimator lens-
C - Jamin plate
D - cell and reference mirror
E —.field lens

F - objective lens

«Q
1

imege plane
Fig. 17. vLotﬁarvinterfeQOgrams of the diffusion of_two cadmium sulfate
‘gﬁiutions (9% vé. 19%) observed with~ihcreasingktime (s7).
Fig. 18.. Jamih interferénce contrast picturesvof“fhe.andmalous cpnvection
‘on a mercury drop electrode (Antweiler 1).
1. Undisturbed diffusion layer during thé reduction of a
:'-0.02 N FeCl3 soluiion;_ |
2—h..: Downward convection i%ithe above solution, at lower potential.

S.‘ Undisturbed diffusion layer during the reduction of a 0.02N
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N1c12 solution.
Bell-shaped upward convectlon in the above solution, at
"lower potentlal..

'Eddy convection during the reductlon of a 0.1 N N1012

solutlonl

Fig. -19. Slrks-Prlngshelm 1nterferometer

Fig. 20.

E'EB —.obJect and reference

wedge shaped glass plates

Y.

- iC;D - virtual origin of interference fringes

A

Bv

. .F - objective lens

'G'd-image Plane

. Dyson interference microscope.

- condenSer

- nedge—shape beam’splitting.plate'withfﬁéftiallyerefleéting
n-rlght face and- totally reflecting center on left face
‘;sobject with surrounding reference

fkwedge—shape beam unltlng plate with partlally reflecting
'V;faces | “v o

- portionrof'glass;spnere'yitn centrql-onening‘on totally -
g;feflecting,sunface,;wnepe_image of déqeegcis formed
;inicnoscope onjecniyeb‘ | o

- imageplane o

‘eyeplece
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Fig.21.

Fig. 22.
Fig. 23.
Fig. 2.
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Intensities of beams reflected from a Jamin plate with opaque

,reflecting‘coating on back side (95% reflectivity) and different

front surfaces:

(é) -'baré (L% reflectivity)

:(b)y‘ uniform (loss-free) coating of 37.3% reflectivity

_(c)‘. partial coating of 47.7% reflectivity.

-Ligﬁt inteneities in a Jamin interferometer obtainable with
differently coated plates. Cases a, b and ¢ as in Fig. 21.

Classical form of Mach-Zehnder interferometer.

‘A - source

B - pinhole'

C.-_celer filters

bl;'collimating lens

E % Beem spliﬁting plate
_e:feference cell ‘b |

G;LH - deflection mirrors

I - specimen cell

J - beam uniter plate

objective lens

image plane

Loéalization and orientation of interference fringes in the

_ Mach—Zehnder interferometer. W,, W, coherent wave fronts in

12 72

specimen and reference beams respectively. Wl', W2' virtual

" location of W, and W, as imaged by the objective lens K on film

1 2
plane L.



Fig. 25.

Fig. 26.

" Re.

Fig. 27.

" Fig. 28.
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Modlfled form of Mach-Zehnder interferometer w1th laser llght

source (Beach Muller and Toblas 6).

A,C,D - first surface deflectlon mirrors -

B

E

J

reference lens

1HeNe gas laser with dual beam output
‘sﬁecimen cell
”obJectlve lens

_beam unlter plate with d1electrlc coatlng : .

'siatial'f{itér'(slit)

1mage plane

Boundary layer development observed w1th 1nterferometer of Flg

25; Cathode, 4 cm from leadlng edge 66 mA/cm , 0.1M CuSOh,

1100. Before electro]ys:.s, 2 and’ 20 seconds after start of

electroly31s.

Leitstorn interferenceumicrosc6pe.

A

B

E

' Ff leyep1ece .

ﬁbeam splltting prlsm assembly

condensers

;object and reference
"matched objectives

iﬁeam uniting'prism'aSSembly

Mlchelson 1nterferometer.

A - collimated light source'

B - beam spliting and uniting plate

C,F - object. and reference cells

D,Evf object and reference~mirror5'

D' - virtual position of mirror D

G - compensating plate

H - objective lens

I - image plane

i
I
]
|
|
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A Fig. 29. Beam splitting deVices-for polarizing interferometers.
Ofdinary (O) and‘extraardinary (E) rays with polarization in-
diééted b& dirgctibn of -electric vectdr; ‘(a) Savart plate,
proéuciné linear shear (b) Wollaston prism, producing angular
shear. o

Fig. 30. Sheériné iﬁterferqmetry. Superposition;of a specimen wavefront.
(—J.wi£h énother form‘of it, serving as reference (----)

'(a) complete lateral shear | »
-(b) éifférential ldferal shear
:(c) angular shear
(é) fadial shear
(e) lohgitudinal shear
Fig. 31, Lebedév interference microscope.
- A - polarizer
i ?.condenser
':C,F - birefriggént'crystal’plates
.D;— half waveE;iate
E - object and reference
.G‘¥ objective lens |
“H'F ahalyzer'
v:‘I¥;yimage plane -

“erfbeyepiece
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"Fig; 32;' Sﬁiﬁh_ihﬁerfereﬁce.micfogéopé.
A\é?lighf'source |
B —-géﬁdensep‘
C,I ~ polarizer
5;H°a:w611a5t85 prisms
E,G - 6bjecﬁiverléhses
FT*-bb5é¢t |
if% eyepiéce .
Kv;_iﬁagé pléne:

. Fié: 33. ééﬁ&?intérfefdmeter4(éidevﬁiew)T - ;fi S : .

A< i1luminator

:B ; ﬁorizontal s;it v ’
_Ci:;;oilimatiné;leﬂé
D;—;ééli”(wifh féf?écfive‘ihaéi pfdfiie)f:“y
 E }v6bjéétive_1ens . |
Fia‘image plane
‘GQL ﬁhdéflgcfédhglit’image
‘H?—;defleéted slit iﬁAge
Fig. 3h4. .Beém.splitting by»diffrgctién graﬁings. vDiffractibnvorders-

3indi¢ated'by'Romanfnﬁmérélsw (&) parallelybegm, (b)ﬂconVérgent

»

 beam.

Fig. 35. ?6ur;diffractién-gratingvinterferometer (Wéinberg.'151 )

"A .monochromatic light source with condegsér
B -vpihhole

;collimating lens

1

_YD,I —‘diffraction gratings operating in plus'and minus first order
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E,F - diffraction gratings operating in second order

G - object

H'— virtﬁai 1océti§n of object
_'J‘; ijecfive lens |

K - image_blane

Fig. 36. 'Zernike'phasevcontrast microscope .

K

diaﬁhragm‘ﬁith annular 6pening
'vi coﬁdehsér lens
¢ . object : )
D ~ objective lens
'Eb— annular phase plate in rear focal,piane of objective
F - image plane
.Fig. 37. _Interpretation of an,intérferogram with fiﬁite fringe spacing
:(5) instruméﬁtally geheratedvinterference frihges with.local
- phase gi&en in wa&elenéths ) |
'(b)_displaggd fringes dﬁe to s refractive index field
‘Fig. 38. -Twé—dimensionai interferogfam ﬁith finite fringe:sp5cing.
Heated horizontal tube in aif_undér.natural convection
(Hansen' 56) .
Fig.‘39.v’1nterpretétiog of an interferogram with.infinite fringe
spécing |
(a) uniform object
(b) concentration field like the one uséd . in Fig. 37b.
Fig.'ho.r Tﬁé—diﬁensional interferégram with ihfinité fringe spacing,
v heated horizontal tube in air under natural convection.

(Eckert and Drake (32), used with permission of MeGraw-Hill

,,,,,



Fig. b1.

Fig..h2.
Fig. U43.

Fig. 4h.

Fig. 45.

vFig.‘h6.
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RefraCtive index increnent An, and correSponding concentration .
increment of a 0.5M CuS0) solution (n = 1.3468), necessary to

shiftiinterfence fringes by one‘fringe spacing (Ap = X) in a

'cell of thlckness d. (Eq.'12) Single pass 1nterferometer, green

Hg llght (5h6 1 nm) Practlcal resolutlon 11m1ts of 1nterfero—

metry are O 1l to 0.001 t1mes the values 1nd1cated.

Tlltlng of a wave front W due to dlfferent propagatlon rates
in a refract;ve index fleld.
Ligntvdefiection in uniform refractite'index'gradient field.

Definition of coordinates.

:nght deflectlon due to a constant refractlve 1ndex gradlent.

Angular llght deflectlon a and lateral beam displacement a.
Refractlon at cell ex1t results 1n deflectlon angle B v

Angular llght deflectlon B and a due to constant refractive
1ndex gradlent w1th and w1thout con31derat10n of refractlon

at the cell exlt respectively (Eqs. 31 and 29) Cell thlckness
x = 0.2, 0,5, 1l and 2 cm. Concentratlon.gradlent assoclated

with refractive index gradient valid for 0.5M Cus0) (n = 1.3468,

9n/dc = 0.027/M).. Current densities indicated result in the

- associated concentration gradient at the surface of a cathode

in 0.5M CuSO) in the absence of convection.

Lateral. beam displacement at the cell exit'due to a constant

vrefractive‘indek gradient (Eq, 33){_Cell thicknessesvx = 0.2,

OJS;vlvand 2.cm. Refraction inside cell'wall not considered.-

,'Concentration gradient and current density scales as in Fig. U5.

3
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Optical path length errors due to light deflection near a

working electrode. a) refractive index profile, b) cross-

section of electrblysis cell.

_ Deflected beam 2 énd undeflected referencé beams 1 and 3 which

énter and‘leave, respectively; the refractive index field with

Vﬁhe*defleéted beam.

pi; p2, p3 - opﬁical path lenéths of the‘threé beéms inside the

cell

: A;D - cell walls

B - electrolyte

C - électrode_

Fig. u48.

Errors in optical path lengtﬁ due to light deflection in
constant refractive index gradient for cell thickness x of

O.é, 0.5, 1 and 2 cm. Wavelength 546.1 nm, refractive index

n =vl.3h68 (0.5M CuSOh), effects of cell wall and focusing not

cohsi&ered.' Concentration gradient énd'éurrent density scales

as in Fig. 45,

Fig. 49. .

Effect of choice of focal plane on geometrical distortion due

vvto light deflecfion. a) exit side of cell focused b) optimum

- focus c) entranqe’side of cell focused (refraction at cell-air

interface and in cell wall not shown).

 A,-1electr6lyte

-+ B - electrode

C - deflected beam
D,K,L - virtual locatioﬁs of electrode surface

E -« auxiliary ray

F,F' -~ focal points of objective lens

G - obJjective lens



Fig.

- Fig.

Eig;

Fig.

Fig.

50.

51.

52,

53.
5h.

55.

- object, E'-virtual location of E, F—reélfpiane of focus in

';cell,:F’;virtual plane of focus (focus in air).

“refractive index.

- ~98-

" H = image of electrode surface

T - image plane

j‘:ﬂpictUre of electrode shadow

Eeeusing in the absenée of light defleEtidn. E-real, immersed

Focusing in ‘the presence of light defleétidn. ABC-deflected

" light beam, F-real plane of focus, F'-virtual plane of focus,

e-location of plane of focds;_g—lateralfdiepiacement.of'virtual

- beam origin.

'Effect of cell wall thlckness d on lateral beam dlsplacement g

Lateral dlsplacement g of v1rtual beam orlgln due to focus1ng ‘F

':1n'a:med1um of constant refractive 1ndex gradlent k. Independentv

of ‘cell wall thickness. Cell thicknesé“xré IAcm;
Determination of the'locetion eo of the'plane of focus (inside

cell) for which the v1rtua1 orlgln E ' of a deflected llght

 beam (e g. electrode shadow) is not dlsplaced laterally
'Locatlon eo of plane of focus for zero displacement of electrode
*shadow due to llght deflectlon in a constant refractlve 1ndex

;-gradlent. Independent of cell wall . thlckness. Cell thlckness o '?%

O 2, 0. 5 1 and 2 cm.

wh

'{Determlnatlon of the optlcal path error. due to 1lght deflectlon.

:fPlane of fecus;at entrance_of light 1nto a medlum of variable




Fig. 5T7.

Fig. 58.

- -99-

AB - optical path length P,

AC - optical path length p),

EI - optical path length Ps

Effect of cell wall thickness d on error in optical path length.

Efror in optical path length (p)4 - pS)/A due to light deflection

~in a refractive index field of constant gradient k. Plane of

‘focus on side of cell at which lighﬁ enters the ligquid medium

(e = 0). Cell thickness x = 0.2, 0.5 and 1 cm, n = 0.3468,

A= 5.1161x10—5 cm, curves 1, 2 - cell wall thickness d = 0 and

-1 cm, respectively, cell wall refractive index né = 1,51.
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Fig. 59. Models of mass transfer boﬁndarﬁ‘layera“fcr‘lighﬁ‘deflection
‘a)Qccnstant concentration gradient, b) Nernst model ¢) realistic
‘concentration profile.

Fig. 60. Light deflection at the edge of a Nernst-type boundary layer.

P, opticaljpathllengfﬂ of deflected cﬁrveaabeaﬁ AB inside

o *°'boundary layer
’péfl;‘oﬁtical'fatﬁrlength'of'ﬁeflected‘étraighf Bea@vBC outside
7 boundary layer 3

p9 = By * Pg } |

pia ;-opficai‘pafhfiehgfh in bulk refractive?index

Fié;i61.f‘Néérwthe edge of a'Nernst-type'bdundary"layer'two deflected
A :(l - 2) ‘and one undeflected (3) beam exlt a£ every point c

- Fig. 62. 'Computed 1nterference fr1nge B :for: a Nernst-type boundary layer'
o of refract1ve 1ndex proflle A (Eq 52) Focus on cell ex1t

'effect of cell wall thickness neglecﬁedf',c-lqcation of
rélectrode surface,’D—imagepcf elecfrode surface V'Bulk
k.refractlve index n = 1. 3h68 refractive 1ndex gradlent k =

0.33cm l,'cell:width'k 0.5 cm, wavelength A= 5 h6lx10 > cm.
IVl(Beach T, McLarnon 99).

Fig. 63.° Numerlcal computatlon of a deflected llght beam GL in a boundary

: layer AD - cellwalls B - electrolyte,‘C - electrode P -
'equlphase c1rcle centered in v1rtual beam origin E!

Fig. 6L. - Interference frlnges (b) to (e) computed for refractive index




Fig. 65.
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profiel (a) for different choices of the plane of focus (inside

cell). Cellvwidth 1l cm, glass wall thickneésfl.QT cm current

-2

dens1ty k.5 mA/cm R wavelength 5. h61x10 em (Beach T).

7 b,— focus 3. h mm ‘inside glass wall farthest from the camera

b - ‘focus on inside face of glass walifathest.‘from the camera
d - focus inside cell, 3.75 mm from the inside face of the

' “:.glaSS’wall'férthest’frém the camera -

e - focus inside cell, 7.5 mm as above

" Effect of the change of focal plane (inside cell) on the appearance

of interference fringes for a cathodic deposition boundary

layer (Beach T)

a. interferogram with the focal plane inéide the glass wall

farthest from the cemera

b; 'interferogram'with the focal plane 6ninside face of the
glass wall farthest from’the.camera |

c,wtlnterferogram w1th the focal plane approx1mately half way

across the cell

‘d. Interferogram with the focal plane near the inside of the

giass wall near the camera

E. incoming collimated light

" F. glass wall farthest from the camera .

G. electrolyte and electrode

H. glass wall néar the camera

J. camera lens

" current density = 5.0 ma/cme; cell width 1.9 cm; glass width

= 1.27 cm. The zero of the vertical scale defines the

electrode shadow before the boundary layer was formed.




Fig.»66

Fig. 67.

Fig.'68.

Fig. 69.

~ -102-

Concentratlon proflles of boundary layersnwdels employed for

'oomputatlons in Figs. 67 70 (McLarnon 99)

Errox in apparent interfacial ooncentratlon due.to light de-~

bfleetion in a boundary layer model for oonvectiverdiffusion-
"(Fig. 66). Cell thlckness 0.2 and 1 cm, wall thlcknesses as
;1ndlcated below. Boundary layer thlckness 0. h mm, bulk con~-
{dcentratlon 0. 5 M CuSOh, focu51ng on 1mmersed target on 1nside,

l surface of cell wall where llght enters (McLarnon 99)

curve | cell thlckness x, em wall thlckness d, em
Ej%,i,,v. 0.2 v 0.2

f*‘f 0.2 05

E 4 1.0 0.2

:Efnor in apparent interfacial.canentration_grandient due to
a 1ight‘deflection in a boundary‘layer.' Qtﬁértdatafas'ianig.
.67 (McLarnon 99).

" Error in apparent boundary layer thicknese due to light

-fndefleEtion;‘ Other data as'in3Fig. 67."(M6Larnon4§9).

Fig. T0.

Location eb‘of plane of focus in cell»for zero'displacement of

'~electrode shadow due to llght deflectlon in a boundary layer.x

fﬁ_Other data as in. F1g 67 (McLarnon 99)

Fig. Tl.

'nght deflectlon in anodlc boundary 1ayer a) refractlve index

profile, b) undeflected beam in the bulk and deflected beam

"ﬁwh1ch leaves cell at the electrode surface,c) reflection of

Fig. T2.

deflected beams at the eleetrode surface.

Amplitude and phaee'in a diffraction image 9.2 mm behind a

- straight edge located at abszissa zero. Wavelength 546.1 nm.




Fig. 73.

Fig. Th.

Fig. T5.

Fig. 76.f

Fig. 771.

Fig. 78.

' Fig. 9.

Fig. 80.
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Diffraction effects in an interferogram near an electrode
sﬁrface.

Position of diffraction maxima (solid lines) and minima (broken

- lines) as a function of distance (defoCusihg)vbehind a straight

edge. Wavelength 546.1 nm, numbering of maxima and minima as

on Fig. T2.

Electrophoretic separation of normal human serum, descending

'bfénch after 37 minutes at 8.5 V cm—l.' Bottom: Interferogram,

top: evaluation (Kern Tk)

Bdundary'layer thickness (defined as distance from the electrode

. at which concentration reduction is 10% of that at the inter-

face) on a 3 cm high vertical cathode, observed 1 and 2 cm

from the bottom, under natural convection. . 0.6 M Cuso), (Tbl

68).

';Intérfécial concentration reduction at a vertical cathode at

distance x from the bottom, under naturél convection. 0.6M

Cuso, , 1 mA/cme. (Ibl 68).

I

Comparison of an interfercmetrically measured concentration

profile (x) with a theoretical one (——) 0.1 M Cus0,,, 0.32 mA/

‘ ¢m2 (Ib1 68).
_Boundafy'layeré in stagnant electrolytes Qt constant voltage,

observed with a Rayleigh interferometer. (Hsueh 62)

a) 0.0385 M Cuso, , initial current density 0.2kl mA/en®,
times:40, 103, 263 and 475 min. |
b) 0.1 M Cus0), + 1 M H2soh, times:9, hQ,'106'and hso min.

Zeiss-Linnik interference microscope

. A - Illuminating system

' ¢B - beam splitter



Fig. 81.

~Fig. 82.

Fig. 83.

cF

. :

_Iﬁtérferogram of an>optié§lly.polished'surfACe of typé 316

micrOScope. Objective 60%, N.A. 0.63.

fringes, resulting in (non~linear) surface profile scale shown

Electron micrograph of .a réplica of theISurféce shown in Figs.

81 end 82. Diameter of latex spheres 0.53 micron. Depth of

 imagé plane

-0k

_métchednobjectiﬁé‘ienseé

Reference mirror

‘object

eyepiece

_ gtainlesé stéei. Wavelength 535.0 nm, Zéiss-Linnik.interférence
Microdensitometry of intefferenée micrbgraph'shown in Fig. 81.
Sblid line: scan pardllel to interference ffingg, resultingvi

- :in surface profile. Broken line: scan normal to interference

" on the right.

_deepest scratches 200 A,

1.
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Fig. 16
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Fig. 19
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0O sec 2 sec

BOUNDARY LAYER DEVELOPMENT
4 em from leading edge, 66 mA/cm?, 0.1M Cus0,,

Fig. 26
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LEGAL NOTICE-

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or

~responsibility for the accuracy, completeness or usefulness.of any

information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights. '
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