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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
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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
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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 (pre