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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

g Berkeley, California

ABSTRACT

. Principles of double beam interferometry for the study of refractive
index fields and surface topographies are reviewed. ﬂPotentiéls and
limitations of different interferometer designs aré'compared,'and an

analysis is given of the interpretation of interferometric results.
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DOUBLE BEAM INTERFEROMETRY FORYELECTROCHEMICAL STUDIES

I. INTRODUCTION

1. Principles of Interferometry

Interferdmetry provides'an élegant and sensitive tool for the study.
of refractive iﬁdéx fields. Local fefractive ihdex variations of |
electrochemical iptérest are due to variétions in éomposition and
concentratién. Light is.particularly ﬁell suited as a probe fof the
study of concentration fields, since it permits continuous observation -
of an objeét Qith a minimum of disturbance, and'offers good géoﬁetfical
resolution. Interferometer measurements usually resﬁit in pictures
which are intuiti&ely uﬁderstandable,at least in a Semi—qﬁaﬁtitative
way. It is characteristic of optical techniques that"theipropagaﬁion | o
direction of the light is not equivalent té the two other dimensions |

of space. The compound effect which results if the light successively

. traverses areas of different properties can often not be resolved satis-

factorily. It is, therefore, desirable that the probe encounters over
its entire path the same value of the varisble to be measured. Thus, ' BT

interferometry'is best suited for one or two-dimensional refractive

"index fieids.‘ | ' ' ' C B P

The refractive index of a solution depends on its composition and .
is defined as the ratio of the phase velocity c‘of light in vacuum to

the velocity v in the medium

n=% - )
Since the fefractive index of a medium is affected by all its
constituents, as well as its temperature (and bressure), it is desiréble
to restriét the use of interferometry of concentretion fieldé to one-.

component, isothermal solutions.



A plane ﬁavefront pf»light, entering a medium ﬁith iocally veriable
refractive index, will not remain plane, because ligﬁt travels more
slowly in regions of higher refractive index. The’ resultlng local
.varlatlon in phase is proﬁortlonal to the refractlve index varlatlon An
and the geometrical path length d over which it exists. It is, therefore,
convenienﬁ to‘define the pfoduct of geometrical path length d and

refractive index n as the optical path length p

g
"
ju]

d _ (2)
For fixed’geometrical path length, the optical path'difference is
p = An d : o _ - (3)

The dpticai_path_différénce can also be;expreSsed»in numbér of wave-'
lengths by use of the wavelength Ab of light in vacuum
az=2 | W)
Ao |
Similarly?.a corresponding phase'difference A¢ is fqrmulated.aSA-.’

Ad = Az 2m o | o (5)

Fig. 1 illustrates schematically the effect of a onefdimenéipnal

'refractive index field (a) in a stratified specimen tank (b) on the.

propagatlon of llght through it. Due to the local variatlon 1n wavelength

dlfferent parts of a wave enterlng the cell in phase, increasingly get
out ofvphase, as they propagate through the cell, while a similar wave,
propagating through a reference tank (d) of uniform refractive index (c),

remain in phase. 1In Fig. 1,it is assumed that the optical path length

A

<




in the center of both tanks is the same and that they differ by plus
and minus hélf a wavelength at both edgés. A suitable superposifion.
of the light beéms issuing from both tanks would result in aitérnate
dark and brigﬁf intefferencé fringes,with constructive interferencg
éccurring in the center_and destructive‘interference_at the édgés, as
indicated in (e). It is the purpose of a double beam‘interfefoﬁeter
to provide the twojlightvbeams, which.possess 8 stationarj point—by-pointv
phase relatioﬁship,and to'superimpose the exiting beaﬁs in such a way
that both ihterference phehoﬁenon and_objeét are.imaged. Thus, loéal
variations of phasé due to differences betweenvobjecf and reference are
made visible as intensity variéﬁion; (ﬁSually in ﬁﬁe form of interference
fringe displacements), can be quantitativély evaluated.

" The pfincible illustrated above is charactéristic of double beém.
interferometry, ﬁhere two light beams are brought to interférence.'b
Typically, 6ne beam has ﬁravefsed the specimen, thé other serves as.g
reference with a simplé (usually plane) wavefront.  In general, the
specimen beam is spacially separated from the reference.beém and
traverses fhe specimen once (éccasiOnally twice). Due to the
simple optical principles of ﬁouble.beam interfefometry, measﬁrements
derived by this technique are more amenable to the analysis and
correction of optical errprs than nmeasurements obtained by multiple
beam interferometry, where interference is due to ﬁhe supefposition of
an infinite series~of waves with multiple.passes'fhrough the specimen.
The instrumentatioﬁ required for double_beam interférometry is, however}

distinctly more complex.
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As can be seen in Fig. 1, light,probagating thfough & medium with
refractivé variatibns across the beam suffefs a'tiit'in wave front (@aéhed
lihé'connécting crest of wavés). Since the proﬁagation‘direction.is
oriented hofﬁal to the wévefront,'the beam is‘deflected‘from its
original pfbbagation direction. This effect is.ufilized.in Schlieren-
optical dévigeé. - | | |

An opﬁiEal path difference, in addition td 5éiﬁg'duébto a.refrécti#e
index vafiatioh,vcan aléb be céused by é change in geomeirical-paﬁh, with
constant refractive index ofvthe medium. Thus, double bgam interferometry -
with reflected liéht can bevﬁsed for determining thevﬁicro—topography of
-electrode Surfaceéf' In this Caée, local phasé variatipns‘are ihtrodﬁced
by the different.geometfical positién 6f-ref1§c£iﬁgv5urfacé elements..

_Holbgraphic interféromefry is a special case of.doﬁilé beam
interferometry. ‘It can be spplied to the observation of refrective
index fields or surface topographies and will be discussed in a
separate chap_ter . | o

It is the purpose of this cﬁapter to discuss tﬁe optical principles 
.and to analyze some of the potentials and limiﬁations;of double beam
'interfefométry for the mepping of reffactive index fields and, to a
lesser degreé, surfacevtopographiesv of elect;ocheﬁiégl interést.
Examples of instrumentatibn and application have been:choéen on the
basis of their intefest for futufe development rather than historical

completeness.




o

2. Electrochemical Refractive Index Fields

Pure diffusion in solutiené provides some of the best defihed
refraetive iedex'fielde'for o5ser§ation by interferemefry._ For binaiy
solutiohs; the concentration is, in general, uniquely determined bj the
refractive index, which facilitates the derivation of diffusion coef-
ficients from interferometer'data.

iﬁ.iene:electrOPhoresis,‘fhe complete orrpartial eeperatioﬁ of
cohétituente-resulte in refractive.index fields wﬁich caﬁ be observed'
by interferometry. Components can be'identified by their ﬁobility and
their amount is determined from the.fefractive index change. |

The study of mass transfer beundary layers duée to convective dif—i
fusion and migfation near electrode sﬁffacee effersWSOme_particularly

rewarding uses of interferometfy. Some interferometers for the study

. of diffusion layers, together with other techniques, have been discussed

by Ibl (67). Electrochemical reactions.ecross a selideliéuid interface,e
proceedihg at a finite'fate;'require .the fransporf of'reactants and‘v
products to and from the‘inﬁefface. As & result,.mass transfer'boﬁndary
layers, i.e. regions in which the’compositioe of thevfluid phaee is |
different from that in the bulk, are formed‘eiong fhe ihterface. A
typical dimension of such ﬁaSS'fransfervboundary layers.wouldvbe 0.1 mm.

Since mass transfer is often the liﬁitihg factor for the speéific outputv

'of electrochemical reectors;-a detailed understanding of mass transfer

boundary layers is essential to the design and operetion of many elec-
trochemical devices. Local mass tranefer boundary layers can be
observed by interferometric techniques under conditidns which are not

restricted to.operatioh'at limiting current. The sensitivity to
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concentratlon changes typically is in the order of 10. 4 moles/L, the
geometrical resolution can be in the range of mlcrons. The observation
of electrochemlcal mass transfer boundary layers presents e special
challenge to the use of 1nterferometry3 because of the small dimensions
and large gradlents typlcally 1nvolved. Some of these problems have

been of particulardinterest to the author. 'Mass transfer»boundary layers
‘will. therefore, be referred to most often in the'discuSSions to follow.
vHowever, most. of the optical analysis applles equally to other electro-
chemical 31tuat10ns and w1th appropriate modlflcatlons, even to

‘ appllcatlons in the areas of heat transfer or gas - dynamics.

- IT. REFRACTIVE'INDEX AND COMPOSITION

__pirlcal Correlatlons

Varlations in the refractive 1ndex of 8 solution, determined by -
interferometry, need to»be 1nterpreted as varlations in compo31tion.

For this purpose, it'is necessary to‘know the relationubetueen the tuo
variablesl Thls relatlon is most firmly establlshed by refractive index.
measurement of solutlons of known composition. Algebralc expressions
can then be developedvto represent the data.

The concentratlon of most 1sothermal solutlons of a single solute,
such as copper sulfate in water (Flg 2), can be unequivocally determined
from the refractive inder. For some solutlons, such as sulfuric acid
(Fig. 3),'this relationship may not be unique over certain concentration'
ranées. "The composition of multi—component solutions, such as,aqueous
copper sulfate and sulfuric acid (Flg h), cannot be determined from a
81ngle refractlve 1ndex measurement The number of measurements
necessarylto establlsh refractive index correlations of multi;component

solutions at different temperatures requires a considerable effort which




is multipliedvif data forldifferent wavelengths'are desired; Due'to
1nev1table dev1at10ns>1n composition from the desired values, the revults
have to be correlated by multiple regression analysis. (l2h) Some wave—
lengthe of interest in interferometry are listed in Table I. The yellow
sodium D light has.been most comﬁonly used in refractometry. .Refractive
index data for that light are often.designated by'e eub5cript D. The.
arerege anelength between both'lines of the doublet'is'lieted.in Table TI.

2. Molar Refractivity

A useful concept for the estlmatlon of the refractlve index from
density data is the molar refractlvitj P, whlch can be deflned(12) 1n »
terms of refractive.index_n, molecular weight M and density p as

n + 2 : : '
The molar refrectdvity is best determined fromione set.of_refractiVe
inden and density'meaeuremente. Less reliablr; it cen elso be obteined_
by the addition of atomic refractivities end'contributione due to the
bonding between the constituent elements in a compound (107 1&9) The molar
'refract1v1ty of gases has been shown to be remarkably 1ndependent of
density over a 100-fold pressure range (12). The values for water at
different temperatures, shown in Table II; ehow a.sllghtly larger
‘variation. "As a result the refractlve 1nd1ces at dlfferent temperatures,
. computed from the den31t1es at those temperatures and the molar refrac—
tivity at 20°C, differ somewhat from the measured'refractive indices
'(Table III) The relatlve error of the predlcted refractlve lndex change'
decreases from 10 to 57 w1th 1ncre351ng temperature change. . |

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




 Typical Wavelengths of Light Used in Interferometry . =

S klaser
A laser
'I'l : fa r c o
e arc
K daser
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'TABLE II

Molar Refractivity of Water at Different Temperatures.

Temperature Density p | Refracti#e Index n Molar Refractivity P

D
°c - g/en’ (61) (6) (. 6)
20 0.99823  1.33299  3.T1228
30 0.99567 1.33192 . 3.71097
bo - o.9922k 1.33051 .  3.709%2
50 0.98807 1.32894 I 3.70899r |
60 0.9832h 1.32718 370907
70 - .0.97781 1.32511 . 3.70819
80 0.97183  1.32087 j C 3.70759
90 0.9653k © 1.32050 | 3.70753




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.

-10-

TABLE ITI

Temperaturev

Refractive index, n

B R

D
°c Predicted Measured
(Eq. 6) (61)
20 1.3330 1.3330
30 1.3320 1.3319
Lo 1.3308 1.3305
50 1.3293 1.3289
60 1.3275 1.3272
70 1.3255 1.3251
80 1.3233 1.3229
90 1.3210 1.32@5.
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values of thé quantity (n2_~ l)/(n2 + 2) are provided fér,fhi§ purpose
in Table IV. ‘They afe wéll suited fo? linear ihterpolation, ”

For multi-compénént systeﬁs, an averagelmolar refractivity P can be .
based on the éontributions from each cbnstituent of.molar refractivity
Pi |

- P=2z £, P : _ | (1)

fi is the mole fraction ofvcompbnent i and is'defined\in_terﬁé of the
molarities Ci (number of gram moles of solute i per liﬁer of solution)

of the constituents
= ¢ c . - A . J‘

£ = IR | @ | .

If an average molecular Weight-ﬁ is similarly defined as

M=zoeM : ’,. | (9)

Equation 6 becomes for a mixture

' Lo M 23
Ly Py s —0— 5 N - (10)

n2 + 2

p and n are then density and refractive index of the mixture. Tﬁe
refractive index of mixtures (and solutions) can be estimated by ﬁse»of
Eq. 10 from the molar refractivity of the puré components and the
density of the:migture. ‘Results of such an estimﬁte for sulfuric acid-
water mixtures are shown in Table V; Thé'pfedicted chénge in féfractive
index over thqt of pure water seems to.be within 5% of the measurements_

over the entire concentration range (excépt for 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




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

=12~

TABLE IV

.214619

Refractivities.
n E;-:;l-i n .Eg—:EL
' 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 1.35k 0.217368
1.335 0.206816 1.355 0.2179%0
1.336 0.207376 1.356 0.218493
1.337 © 0.207935 1.357 0.219045
1.338 © 0.20849k 1.358 0.219596
1.339 0.209053 1.359 0.220147
1.34%0 0.209611 1.360 . 0.220698
1.34 0.210169 1.361 0.221249
“1.3k2 0.210727 1.362 0.221799
1.343 0.211284 1.363 0.222348

1.3hk 0.211840 1,364 0.222898
1.345 0.212397 1.365 - 0.2234k7.
1.346 0.212953  1.366 0.223995
1.347. '0.213509 1.367 - 0.224543
1.348 0.214064 1.368 0.225091
1.349 0 1.369 0.225639




- 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.

£ £ o o - 20

‘;téo% o 20 . (§25°§) (ggo 8) (& ? 7 X .) ; predict an i terat
i 4 N - q. Q. (Eq. T Eq. 9 (1j5) ?qu¢lg) lti;ﬁ;;re’
2 0.2064  0.0037  0.9963 3.7489 18.3151  1.0118  1.3355 . 1.3355

5 0.5260  0.0096 0.990k 3.8058  18.7827  1.0317  1.3390 1.3385
9  0.9719  0.0178 0.9822 3.8863 19.4kk6 1.0591 1.3437 1f3h35
17 1.9362°  0.0363  0.9637 40657  20.9298  1.1168  1.353h 1.3525
35 4.4963  0.0900  0.9100  4.5893  25.2230  1.2599 - 1.3756 O Lams
70 114006 0.2998  0.7002  6.6325  k2.0100  1.6105  1.keop 1.4240
‘ 1.4325

90 16.6497  0.6231 0.3769 9.7820 67.9080.  1.81kk . 1.L3s8
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refractivity éf the 80%-mixture, was used for determining the holafv
refractivity of sulfuric acid listed in Table VI.

The same procédure has been'applied to predict.thé refractive
index of aQueous cépper sulfété solufions,' The molar refractivity of
the sbluﬁe (Table VI) haé.beeﬁ bésed on the‘densify of the ﬁydratéd
crystai and:the'averége of its three principal refractive.indices(GlX

The refractive index of solutions,'thus derived, is compared in Table

"~ VII with measurements from the literature. As had been observed in the

case of sulfuric acid, the reiative.error in the predicted refractive
index change (over that of pure water) is largeSt.at low concentrations.
The error decreases to ébqut 3% at concentratioﬁs above 0.4 M. -

The use of the molar refractivities of pure componenté employed
.above results in surprisingly good predictiéns of the'refractivé index.

of copper sulfate~sulfuric acid-water miktures, considering that no

adJustablevpan@meters wére'used in these predictions. (Table VIII). v0vef"

the range of compositions for vhich reliable measurements are available,

the relative error in the predicted refractive index change is at most 3%.

v g
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~ TABLE VI
Determinationvdf the ‘Molar Refractivity P of Pure Components from -
Molecular Weight M, DénSity N and Refracti#e Index n. - Daté.used in the

Computations in Tables V, VII and VIII.

Coﬁponent ' : M x 3  p ' n. b. j P
HO 0 18.016 0.99821 1.3330  ° 3.7125
HoS0),  98.08 1.8305 1.4162 13.4525

CuS0y *5H,0 249.69 2.284 1.532 33.8757




Prediction of the Refractive Index of Aqueous Copper Sulfate Solutions.
from the Molar‘Refractivities of the Pure CbmponentS'Listed in Table VI

‘and the Density of the Solutions.

- =16-

TABLE VII

20 n 20 .-
P o D . ,

M Cu 80, (61) Predicted Literature
» _ - (Eq. 10) ©(116)
0.05 1.007 1.33h7 1.3343
0.1 1.015 1.3360 1.3357
0.4 1.062 1.3Lko 1.3hb1
0.7 1.108 1.3515 1.3520
1.0 1.153 1.3588 1.3596
1.3 1.3661 1.3670

©1.198
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TABLE VIII
Prediction of the Refractive Index of Copper Sulfate - Sulfuric Acid -
Water Mixtures from the Molar Refractivities of the Pure Components

Listed in Tabie V1 and the Density of the Mixtures.

25
n
25 D
. M Cu SOh M HQSoh P ~ Predicted Measured
_ (124) (Eq. 10) (12h)
0.0500 0.492 1.0358 1.3393 1.3391
0.0992 0.496 1.0435 - 1.3L06 1.340k
0.2998 | 0.4l 1.0737 1.3454  1,3L55
0.0k9k - 0.983 1.0659 1.3445 1.34k2
0.1017 . 1.008 1.07kk 1.3L457 1.3457
0.2970 0.979 1.1034 1'3508, -~ 1.3506
0.5001 . 0.997 1.1320 1.3546 ©  1.3550
0.0502 2.013 1.1261  1.3543 - 1.35L3

0.2990 - 2.020 1.1625 ©1.3599 - 1.3599
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3. 'Spectral'Dependence.ofuRefractive Index

:Refraétivé.indiéeé usually’dééreése ﬁith‘ihcféééiﬁg‘wavelénéth‘
'-(Fig. 5).  Any chahge iﬁ“sensitivity  duéItO'this effécf is, howe#er,
‘not significaht, The'uéévof'éhortéf waveleﬁgths invintefferometry stilin

results in éreéter éensitiﬁity becgﬁée of the incfédééd phase.differehce

dbfaihea for.; givgn'qﬁtigal path:differénce (Eqs. 4 and 5). | |
Measuiing the reffacfive inde#'of the same soiutién'éfiaifferent _
Qavélengths; in princiﬁié, provides the oﬁportUnity to défermine the 

concentration of more than one solute. The optical dispersioﬁ has been

used for the,interfefometric'détermination‘of'températufé épd composition

of diffefent"gas'mixtufes (ii85!and;plasﬁa.diagnostics (63); In order

to determine the concéntfation of g.g.'ﬁﬁo splﬁpes by tﬁisvméthod, a
refréctive‘index_depéndence on composiﬁion and'anelength, #s illustrated
schematically in'Fig. 6, is necessary. Unfortunately, the anelength— -
dependence'of the refractive index,of-mosf-eléctrolyﬁes over the visiblé
.spedralrapge.ié too similar:to providé indepéndent measurements. |
'.Eétimates of’the spectral dependencé of the ref;éctivé index Qf gquedus
cuprié sulfaté-éulfﬁric.acid scluﬁiéns; based_qn moléi,reffgctivitieé
given in Taﬁle IX,véuppdrt this conclﬁSion."The-ogticél dispersion of>

several gases has similarly been found too smallvt§ be useful (1L9).

[
1
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L. 'Températufé Dépéndence of Refrac£ive index
Since the effect of femperaﬁufe.on réfractive index'cannof easily
be separated from that bf'sblﬁte éontent, it is important to know what
temperaturévvariations'cén bextolerated in thé analysié of concentrétion
fields. | |
-The ﬁempérature coefficient of thglrefractive index, in general;'
increases withiincreaéing concentration and temﬁerature. .Some examples

of refractive indices at different temperétures are given in Fig. T.

- For a1l M CuSOh‘sdlution at 18°C, the change in refractive index per °C

- -l L | |
is 1.88x10 . A comparison with Fig. 2 shows that, at constant tempera- -
ture the same change in refractive'index corresponds to a change in

3

concentration of 7.8x10 ° M. For most interferometric concentration
determinations it is therefore necessary to reduce local temperature

variations ﬁo well below 1°C.
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Table IX

Molar refractivities at different wavelengths computed from refractive

indices shown in Fig. 5 and densities given in Table'VI}f

Wavelength, A

Molar refractivity, P

rim. H,0 H,S0, - Cuso), +5H,0
L3N 3.7871 14,0375 3k . 500k
486 3.7539 13.9536 34,2099
589 37125 13.8132 33.8438
656 3.6942 13.7569 133.68L0

S

&
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INTERFEROMETRY OF ELECTROCHEMICAL REFRACTIVE INDEX FiELDS

1. Instrumentation

A. Introduction

Double beam interferometers of greatly varying designs have been

described in the literature. Some have been used in gas dynamic (105,

117,151,155) or biological studies (52) and can eQually be used for

electrochemical purposes. A large'humber of designs has been developed

for other purposes, Quch as length measurements (22) or the testing of

optical components and instruments (18,21,59,146). Some of these inter-

ferometers can be adapted for purposes of interest here. Typical

representatives of different kinds of interferometers and their

characteristic features will be discussed in this section.

For the.mappingvof eléétrochemical.refractive index fields, in

particular, mass transfer boundary layers on electrodes, an interferometer

1.

‘should Satisfy the'following requirements:

provide for arbitrarily spacing and orienting interference
fringes, when observing s homogeneous medium.
provide for placing the virtual origin (localization) of"

interference fringes in the object.

possess high geometrical resolution.’

have high image intensity.

provide large separatiohlof_Sample and reference be&ams.

have sample beam crossing specimen only ‘once.

be immune to vibration.
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The flex1bility provided by the feature of arbitrary orientatlon

and spacing of 1nterference fringes allows one to choose optimum conditions

for the evaluation of 1nterferograms. It w1ll usually be desirable to
orient the fringes parallel to;the expected refractive index gradient. A
large fringe spacing.may be preferred’for the observation/of smallbfringe
displacements; W1th 1nf1n1te fringe spaCing, in a homogeneous medlums

the condition_of 1nterference contrast' is realized.v Under thls
condition, . interference fringes in an inhomogeneouS'medium follow contour

lines ofvequal optical path. With thevinterference phenomenon located in

the obJect, a true image of‘the object'can'be obtained. Thus,two-dimensional

refractive index fields may be observed. If the interference fringes

originate.at infinity, rather than at the finite object distance, aspheric

’

optical elements have to be’employed.to focus'bOth planes in one direction

each. One-dimensional concentration fields resulting from diffusion (51),

sedimentation(109)and electrophoresié(9h) can be satisfactorily observed
vthis vay;.v |
Most.electrochemical applications of interferometrv require.the.
observation of small areas atvnigh megnification (112). Good optical
_resolution isvtherefore necessary. . This requirement is similar to.that
.in_interference microngpy.(52,79)>but'runsvc¢gt;ary to the eomnonly
encountered‘observation of large fields at'low magnification in sero-
" dynamic and optical testing applications. Short enposure times are |
.desirablevforvthe observation.of transient-phenomena. vThe high image
intensity reduired ior that purpose is_usually associated with 8 compact
constructionn which is also favorable for imnunity from vibration. A
large separation between sample and reference beam fac1litates the use of

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

One of the advantages of doﬁblevbéaﬁ interferometry over multiple
beam interferometry is the simple opti;al configuration of single passage
of the sample'beam through the speéimeh. The ddublé pass feature,
accomplished in some instrumentS'by ﬁse'of a mirrorbbehind the,specimen,.
although if doubles the sensitivity of the_instrument,vcOnsiderably
complicates the quantitativé1analysis of optical artifacts. Due tb light
deflection in the object or misalignment éf the mirrar,the reflected beaﬁ
does not nécessarily retrace thé pafh of the inéomihg beam. In the
schematic iﬁstrument diagrams which follow, the simple lenées‘shoﬁn
usually represent compound lénses in practice.

Due tozthevstatistical nature of light emissibn from classical
monochoromatic sources, time-independent interference can be_observed-
only between two light beams; whiéh afe said to be mutually coherent.
Such beamé possesé a stafi@nary point;by—point phase relationéhip and
éan bevvisualized as replica of egchrother;. Théorétical trgatments of
coherencé and double beam iﬁterferencé have been givén by Steel (131).
The way by which the two cohérent beams are produced provides‘a'frequently-
usedAclassification of double Beaﬁ interférometers (lh,30;39,79,i30) and
is used in Table X for some specific examples. The alternatives
basically are division of wavéfront, where laterally separated parts
of a wave aré'éeleéted; aﬁd division of amplitude, where a wave is
normally spiit by partial reflection and trénsmission.(Fig. 8). Dif-
fraction and polarizatidn can be considgred speciai cases of amplitude
division (129). Strictly spesking, the different classes can, however,
not be completely separated; €.g. partial polarizétion is associated
with amplitude division‘ﬁy reflection. 'The use of laser light gréatiy

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



Table X. Classification and éharactefigticg of some double beam interferometers.

Observable | - S | -

- " Refractive ‘Fringe Fringe - Fringe . Geometric - Vibration = Separation of
Classification kxample Index Fields Orientation- Spgging= Localization Resolution Intensity Sensitivity Reference Beam
Division of , One- . L : _ .

Wavefront Rayleigh dimensional . Fixed " Fixed Fixed Low Low - “High . Medium
pivision of - One- - L N _ ‘ ’ : _
Amplitude by Jamin dimensional = Fixed Variable Fixed Medium High. Low Medium
Mach- Tyom S _ : o , .
Reflection Zehnder  dimensional Variable Variable Variable Medium High High Large
Polarization Lebedev dimensional None None - None High High qu_; Small
Zernike - Two- | - - ,
Diffraction Phase dimensional - - None None None. - High High Low Small
’ . Contrast - ; . ‘ S
]
oo
N
1
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because different parts.ef_a singie mode laser beam.seperated leng_
itudinally or laterally pessess a high’degree of phase cofrelation at
macroscopic distances. Spurlous 1nterference patterns due to dlffraction :
are, however, often encountered w1th the use of laser llght.

B. Rayleigh Interferometers

: The.Rayleigh interferonetervis the pfincipal-instrument-df present
interest which employsvdivision of Wavefront.' Aseociated with this
principle of opefation are usually a large instrument size and low image
intensity, because Lhe division of wavefront has to oceur at a lafge
distancebfron a smallvsource in order to result dn twe coherent waves.
According to.the Van Cittentézernike theorem (16), the ‘diameter D of the

reglon 1llum1nated almost coherently by a unlform, qu351-monochromat1c

circular source of radius r and mean wavelength X, located at a dlstance" '

¢

R is

v

- _R |
~ 0. 16X . o (11)

According to Eq. 11 a doubie_Slit of Smm spacing would'hafevto be

located:at'least 286cm from a source of lmm diameter, illuminated by

, green mercury light.

In 1ts classical form (lh), 1llustrated in Flg 9 the Raylelgh
1nterferometer can be used only for refractlve 1ndex determlnatlons of
homogeneqns speeimens, and is therefore more properly called an interfer—.
ence refractemeter (23,151)..A deuble_slit-C illumdnated‘byva smail.

source A produces two coherent beams which are nmade parallel_by lens B.

vSuper—position of the two mutually inclined‘beams by’lens G'results in

1nterference frlnges parallel to the 1ntersectlon of wavefronts in the
image H of the source. The spacing of 1nterference frlnges is determined

by the angle between the interfering beams, and 1nf1n1te frlnge spac1ng can

not be aehieved. Any change in the optical path length of‘the specinen

EEY
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" beam with respect to the reference beam results in a lateral displacement
of the 1nterference 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(lhl Sh) | Apart from 1ts early appli—
cation in refractive 1ndex measurements of gases, the Rayleigh 1nterference
refractometer has been used for differential measurements between selected
narrow regions in a concentration field resulting from diffu51on (113).

By ‘the addition of a cylindrical lens (109), the Rayleigh 1nter4
ferometer can’be used for the observatlon ofvoneedimensional refractiVe
index fieldsv(bl,9h); ‘'he resulting arrangement is shown.in‘Fig; 10.

The purpose of the cylindrical lens F is to focus thebspecimen in come.

' bination‘uithltheisphericalilens E in~the direction in which refractive;
index variations occur_(e;g. vertical)'uithout disturbing the formation -
‘of Rayleigh interference fringes. The slit source remains focused in
the'directioninormalbto the first one (e g. horizontal).by lenses B and

" E with the cylindrical lens acting as & plano-parallel plate Refractive
index variations along the vertical direction of the cell result 1n.a
localized horizontal dlsplacement 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. s1de represent the
refractive:index derivative. Such fringes have been obtained by mechani—
cal (l3h)vorkpurely opticalv(l35) differentiation.

The basic Ra&leight interferometer can be{modified in many ways. A
‘'simplification consists in omittingvthe:second_spherical lens E.v Souree
- A is then focused‘onbthe image plane G by lens B alone. As a reSult, the -
object is traversed by a slightly converging light beam. Without the
cylindricalclens, this‘arrangementAis also called the+Young interferometer.

The use of a single spherical lensdcan be combined with that of a parallel
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beam by plaéihg a plane mirror'behiﬁd_the cell (109). Characteristiés of
the resulting double-pass instrument have been discussed ﬁn Section A above.
A greatly increased image intepsity;can bé obtained by the use of multiple
light sources (137). These muitipié sources (slits or pihholes) are arfanged
in such a way that the interference pattefn due to each source alone is

in registry with that of the neighborihg SOurcé. Thus, in contrast to

the small number of fringes with decreasing intensity from the center,
obtained with a'single source (23,l5h), a large number of fringes of

equally high intensity can be obtained. A schematic of a multiple source
instrument which also employs double light pass through the cell is given

in Fig. 12 (108). Lens D, since:it is traversed in B§th directions, serves.
the purpose of the two lenses B and E in Fig. 10. Because the cylindriéal
lens'is now part of a magnifying syétem of the primary interferogrem, its
axis is at right angles to the one shown in Fig. 10. An exagple of an
interferogram from an instrument withll62 point sources is given iﬁ Fig.

13 (62). .A ﬁodifiea Rayleighvinterferencé refraétoméfef.with three
apertures has been reported for the resolution of very smail optical pafh
changes‘(0.00lA) by eléctro‘obtical means (76).

C. Jamin Interferometers'

The Jamih Interferdmetef emplojs division of amplitude by‘refléction
from front and back of a planq-parallel giassvplaté. Like the Ra&leigh
interferometer, it has originally been_ﬁééd as alrefraqtqmeter for uniform
media (1h4). The samé compensétor canibe used for ﬁoth. Characteristics
of the twp refractoﬁeters hévévbeen compared by Kuhn (83), By the .  .
addition of a.éylindrical lens, as with the Rayleigh interferometer, one
dimensional reffactivé index‘fields can be observed. The schematic of'.
suchvah instfument'is given ih Fig. 14 v(6h5- A collimated beam from a

vertical slit C (Fig.1l4k) is reflected from front and back sides of a

L4
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plano-parallel plate D. Thearesulting two beams traverse object and

reference cells E and are re-unlted by plate F, 1dent1cal to D in thickness.

Diaphragm G selects the de31red,reflectlons. The,spherlcal lens H images -
the source (and therefore'the interference fringes).in the vertical. |
‘directlon,.the cylindrical lens I with vertical axiszimages therohject in
the horinontal direction wdthoutldistdrhing_the fornation of interference
frinées which oriélnate at\infinity;’.Interferograms obtainedeith this
instrnnent are given in Fig; lSt | | | | |
A detailed theory of the Jamin refractometer (vithout cylindrical

lens) has‘been given by Schoenrock l(123 . He shows that horizontal
1nterference fringes wh1ch are straight, evenly spaced and of low 1nter—
ference order can be produced by tllting the Jamin plates around a
horizontal'axis with’respect to each other. hotation ofva plate aroundja
vertical axis ls found to displace horizontal fringes in a proportionate
way and ‘has been used in a compensatlng Jamln 1nterferometer (2’- ﬁsable
vertical 1nterference fringes cannot however ‘be produced th1s way. The
,1ntroduct10n of two tilted plates as addltlonal optlcal elements has.been
described.byvAntweiler (3) for'producing:vertical.interference fringes‘
with a Jaminiinterferometer. The Jamln plates are allgned parallel to
each other in th1s arrangement and a cyllndrlcal lens provides an 1mage
‘ of the cell in the vertical d1rectlon.

, Severalkmodlflcat;ons of the‘Jamlnvinterferometer have been proposad
" by Lotmar'(96) who also described the construction of a'compact single' |
plate, double pass 1nstrument (97) schematlcally shown in Fig. 16 .Inter-
ferograms of 8 d1ffus1on experlment observed with thls equlpment are
shown in Fig. l?.v Operation with Jamin plates in parallel‘position has
vvbeen reported by Antweiler (1). A spherical lens_vith a large depth of

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

)
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and interference phenomenon into focus. In this mode of operation,
illustrated in Fig. 18, a homogeneous specimen appears of uniform intensity
and interference fringes form only in regions of varying refractive index.
Variations smaller than tbose nécessary for a chénge_iﬁ optiéal patﬁ by

a full wavelength manifest themselves in.gradﬁal.intensity changeé. The
resuiting image‘resembles one obtained by Schlieren techniques, which

has led to the term "interferometric Séhlieren system" for this mode of
opération‘(ﬁhich can be achieved with other interferometer arrangements
too). 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 Schiieren pictures.

The plano-parallel Jamin plates:ére responsibie'for the fact that the
interference fringes originate at infinity,'beéauseﬂinterfering rays leave
the plate assembly parallel to each other. Replacing.the Jamin plates by
wédge-shépéd.plates pro&ides.a ﬁeans of moving the virtual origin of the
ihterference phenomenon to a finité diétaﬁce. This possibility is realized
in fhe Sirks—Prinésheim‘intérferometer (lh;BC), which employs plates with
vértical épex'(Fig. i9) tﬁat result in vertical interference fringes.

Their firtual_origin C can be placed inside the objeét B by slight
rotation of one of ﬁﬁe platés arbund 8 vertical axis. Possibilities for
application of this instrument remain iargely_unexplored.

Wedge-sﬁapéd Jémih platesvarevalso employed in the Dyson interference
microscope shown in Fig. 20 (8,37,80,128). The beam splitting piate B
provides a referenée_for each ray_passing.tﬁrough'the object by reflection
on a total;y reflecting center section. Reference rays pass throﬁgh the
periphery of the speciﬁeh and are united with the corresponding specimen
rays by plate.D, The purpose of the element E with éphericél reflgcting

surface is tb produce an image of the obJect in the non-reflecting center
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part of the surface. This image is aceessible~for_examination by a
high-power (short working distance)bmicroscope'Objeetive F. Translation,
‘rotation and tilting of plates B and D provide for the manipulation of

1nterference frlnges, 1nclud1ng observatlon with 1nterference contrast

'(1nf1n1te;fr1nge spac1ng) Although the Dyson interference microscope

offers some attractite features for purposes of interest here, no
applications in this area seem te have been reportedl
Althoughvlight-iutensities aehievedvuith Jamin interferometers'are'
inherently greater thaﬁ those of a Rayleigh interfefeﬁeter,'it may'be
desirable to increase intensity.  This eould be necessary'for‘obseruing
transient phenomena or to'compeusate for restrietions in the observed

aresa 1in order to maintain one-dimensionality of concentration profiles.

A simple means to increase the light output, which does not seem to have

received much attentien, cohsists in altering the reflectivities of the
Jamin plate surfaces. The plates normally employed have no coatlng on

their front- whlch results in a reflect1v1ty of about 4% (89). The solid

mirror coatlng on the back can be assumed to have 95% reflect1v1ty ‘As
1llustrated in Flg. 2la the reflection of a beam from such a plate
results in hlghly uneven 1nten51t1es of the first two reflected beams
which are used in an 1nterferometer.
'cau:be acﬁieved by a‘unifofm cbatlng on the:front-side of the plate
'(Fig. 2lb); ‘However; the total optical powef COntained in'the two is

- now lower with the balance being wasted in higher order reflections.

These losses can be reduced4by-applying a coating over only part of the

front surface in such a way that the incident beam is divided by the
coating.while the first reflection from the back of the plate exits

through the uncoated section (Fig: 2le).

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

Equal intensity in these two beams

Application of an anti-refection
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Combinationé 6f thevabove:Jamin beam splitting plates with identical beam
unifer plateé are iilustrated;in'Fig. 22, ‘It can be seen that the simple
coating of the frontvfaces.(b)‘can_result in an élmést'h—fold iﬁcrease in |
_'tﬁe inﬁenéity available as compafed to the qnéoatéa case (a). Partial
éoaﬁing results in. an S—fold imprdﬁement. .

The principal advantagg_of_the Jamin‘interferometer ié its simple,
coﬁpéét.céﬁstrgdtion.' The instrumeﬁt ig surprisihgiy insensitive to
vibfatién,ieésy to operate and pfovides good light‘infensity. These
advantages priﬁarily derive ffom the’stiff connecﬁion 5etweén twb_mirfor—
pairs (fronf and back side of Jamin plates) which is also the cause of
the ﬁain shortcomings of theAdesign: the separation df the two coherent
beams is 1imitéd'by the thickﬁess.of gvailable.plano—parallel glass plates
and the interference fringes are localized‘at infinify.v The aspherical
lens system bridges the gap betweeﬁ the.finite object distange and the
ihfinite ffinge origin by sacrificing one'coérdinéte direction of the
objecf géometry} Only one-dimensioﬁai conéentratipn fields (1ike in the
Rayleigh inférferométef) één therefore bé investigaﬁed._ Any significant
variation in the refractive index profile over the area obsérved would
result in a blurring of all interference fringes (which_are répliéas of
each other); in many electrochemical applications; one-dimensional
refractive index fiélds can be prbducéd (at the expense of‘light intensity)
by restricting’the obsérved a?ea to a sufficiently narrow reéion with an
optical slit., 1In order for.refractive index variations to result in
lateral ‘interferencekfringe'dispiacements, the refraétive_index gr&dieﬁt
should be parallel to the direction of the fringes. |

Care must be taken in orienting the axisAof 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 1nvest1gated

D. Mach-Zehnder Interferometers

The four—plate or Mach—Zehnder configuration ig probably the most
versatlle 1nterferometer for the observation of refractlve 1ndex fields.
Thls 1nstrument has been exten51vely used in heat transfer (32) and wind-~
tunnel measurements were usually large areas have to be observed (h6 125)
The prlmary characterlstlc of the Mach—Zehnder 1nterferometer is that
it allOWS one to arbltrarlly orient, space and localize the 1nterference
frlnges.i Fringes and object can 51multaneously be brought to.focus

w1th ordlnary'spherlcallenses and, . thus, two—dlmen51onal refractlve 1ndex

flelds can be observed.
Col~

The clas51cal'arrangenent of conponentsdis showntin Fig' 23.
llmated llght from a p01nt 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 reflectlonlby the completely reflectlng mirrors G and H, are united
by another partially reflecting piate J.‘vAn objectivg-;ens K forms ant
image of thevobject I,‘together with the interference“pattern, on the
film plane L. The llght throughput is optimized by use of multl layer
dielectric coatlngs w1th negllglble absorptlon on the beam spllttlng and
beam unitlng plates."The position of the objective lens K after'the
beam;uniteraplate dlintroduces a large separationvbetween object and -
obJective, a configuration.which is neCessary'for'the obseruation 5:

large objects but is not favorable for hlgh optlcal resolutlon.

When used w1th conventlonal llght sources, allgnment of the 1nstru— :

ment requires the use of elaborate procedures.(ST 156) in order to 1nsure

that llght emltted at a glven instant from any p01nt of the source A,

after traver51ng -one arm EGJ of the 1nterferometer, arrlves at the same
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point at the same time in the image plane L as the lightvwhich had
tfaversed the other arm EHJ. Otherwise, due to_fhe'time and space
dependence of the phase of light emitted from an incoherent source, no
interference phenoména can be observed. ”Onelcan imagine‘that the
adjustment of_the four mirrorvﬁlEteé E, G, H and‘Jg with theii'many
translated and rotatory degrees of freedom, to satisfy the above
requirements, is no small task (47,86,155). The reference cell F serves
to equalize the optical path 1ength'of the two interfering beams, which
should be the same within a.fraction of a wavelength,'if white light is
to be used, and:éan be differenf by as many as a hundred.wavelengths
withtfypical‘moneehromatic sources. The coloriess nero'order interference
fringe; resulting from the uee of white light, is‘nsed fo establish fringe
displacements across unreeolved steep'gradients or discontinuous boun-
dafies (lél). .The lerge'separation between SPecimen and reference beams,
another charaéteristic of the Maeh-Zehndef.interferometer, resultsvin
lefge—sized instruments whieh often have to be placed on massive foun-
dations to reduce the effect of Vibrations on the stability ofvoptical
cemponents.

Detailed analysis of the Mach-ZehnderIinterferometer can be‘found
in the literature (11,55,75,121,156). Qualita‘tiveiy, the formation and
localization of interferenceifringee, eharaeteristic of extended iight
- sources, can be explained witn'the.héln of Fig. 2k ‘(lh,55). A coherent
bair_ofhsamplendnd refe;ence_Beams dan be erranged to enter the objective
lens K slightly displaced and mutually inclined with‘resﬁect to each
other. Their common viftual origin P determines fhe locaiization of the
interference phenonenon, which can be’made;to coincide with the'object. '
Orientation‘end spaéing'of the interference frinées afe determined by |

the angle between the two beams. Let wl and W2 represent mutuelly
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coHereﬁt wave fronts in speeimen.aﬁd feferenee beams originétiné from the
saﬁe wave'frent before diviaieﬁ by.fhe beem splittef; For'the formafioh
" of lbw—order'interference frihges“in the ebject, the interferemeter fiates
are adjusted_ih such & way fhat the.virtuaivlecetion Wlf and W2' of the -

two correspohding wave fronts ihtercept in the virtual origin P of the

ihterference phenomenbn. The 1mage formed in the film plane L then shows

8 brlght 1nterference frlnge at the 1mage P' of P orlented parallel to the

line of intersection of Wl' and W2f w1th nelghborlng dark and bright
frlnges determlned by the local separatlon between the two wave fronts,_
similer towthévinterfefence in.e tapefed film; Infiﬁite.fringe épacing,
(ihtefference contrast), is ebtaiﬁed with Wl'vandeé' parallel to eacb
othef.‘

The use of laser llght sources greatly reduces the allgnment require—
ﬁents of double beam 1nterferometers § Any pa;t Qf the cross seetlpn of
.. a single mode_laser beam.interferes with any other pert~of that‘crOSS
eectioh, due‘to,thevcomplefe'lateral.(also'eelled*spaeial) cehereﬁce of
such a‘Beam..At fhe'same fime, the greét longitudinal (élsoxCalled
tempofal)bcoherenCe of laser liéht'makeS'it possible that lergevpafﬁ
differeﬁees between fhe two arms of an interferoieter (meters for a He-
Ne laser) can be tolerated>wiphout noticeabie‘decfeaee in the contrast

of interference fringes.

A modified Maeh-Zehnder interferometer, whichftakes advantage of the

flexibilities offered by the use of laser light 3(6),iSvillustrated in
_Fig; 25.;_Iﬁ contraSt to the conventienal-verSion ofjfhe»iqstfument, the
beam—splifting plate has been'omitted and the tﬁo ﬁutually eoherent light
beams.are_derived:from the dppoéiﬁe'ends of a heliuﬁ-neqn gas laser B,

pladed in One arm of the'interferometer and adjusted for single-mode
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output. This arrangement results in'a compact constrnction which is not
sensitive to'vibration. The location of the objective F between specimen ‘
E and beam uniter plate G allows the use of lenses with high numerical
aperture (and assoc1ated resolution) close to thevobJect, but necessitates'
the»use of a’reference lens ﬁ to:proyide a reference bean of a convergence
equal to that of the object.beam1 Since.high contrast interference fringes
are obtained with unequal path:betweenvthe two coherent beams, the
referencevcell could be onitted. As.a'result, the interferometer can

be used in.a travelling node, e.g. for scanning'boundary layers in a flow
channel with its inadyertently varying dimensions, without continuous
adjustment of & reference cell;‘

A commonhproblem in the useeof laser light isithe‘forhation of
spurious diffraction patterns due to light scattering from optical
1mperfections, such as dust particles, anywhere in the light path A
diaphragm I (Fig. 25), which acts as & spacial filter and is located in
the convergence plane of sample and reference beams, serves to attenuate
such scattered waves, 51nce they do not come to a focus in this plane.

If, in order to eliminate undes1red 1nterference patterns, the diaphragm
has to be closed suff1c1ently to 1mpa1r the geometric resolution of the
obJective; a slit can be used with its long dimension in the direction
in which the full resolution of the lens (presently 5x10 hcm)‘is desired5

The fringe pattern is photographed by & camera back J with focal

plane shutter. Due to the high llght 1nten51ty available from even a

-3

low-powered laser,‘exposure ‘times of lO secvhave been found suff1c1ent,
for a film of intermediate sensitivity'(Kodak Plus X). Beam expanders
have later been added between mirrors A,D and C,G in order to. enlarge

the area of uniform intensity in the center of the ‘beam (7).
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Interferograms obtained with the laser interferometer sketched in
Fig. 25 are shown in Fig. 26. They illustrate the development of an
electrochemical_mass transfer boundary layer under laminar forced con-

vection conditions, with copper being deposited from‘a 0.1 M copper |

sulfate solution at 66 mA/cmz. It can be seen that, 2 seconds after the
beglnnlng of electroly51s, the boundary layer is stlll growlng. After
about 8 seconds a steady state concentratlon profile is reached Wthh is

the same as that shown after 20 seconds.v

"”Ease of operation and high geometrioal.resolution have been achie#ed‘

in a special way ‘in another>variationhof the four—plate interferometer
principle; the Leitz-Horn‘interference microsCone, schenatically shown
in Fig. 27. The mlrror surfaces are-prov1ded by two sets of prisms A
‘and- D which accompllsh a superp031t10n of the 1mages of two 1dent1cal
mlcroscopes, one looklng at the object the other at a reference (8,

- 43,80) Matched mlcroscope_objectlves'of numerlcal aperture up to 1.36 can
be used in thisbeqnipment resulting in a diffraction4limited resolution
of about‘OQéS‘microns; Specimen and reference.beams are 6.2cm anart.
Compensatorsgnlocated_in hoth arms of>the interferometervhetween‘prisn-A
and condenseriB as well as between'objective D and prism'E (133) provide
for equalizing the optlcal path in both arms of the interferometer for
use of white llght and allow the user to arbltrarlly space and or1ent

interference fringes.

E. .Michelson Interferometers .

The Michelson interferometer, schematically'shown in Fig;"QS, employs
the same‘nartially reflecting plate B.for beam snlitting and uniting.
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 quantitativeiy
(132,142). of interést here are fringes of equal thickness or Fizeaﬁ
fringes, origingting near the virtual logations of the'mutually inclined‘
sample and refefeﬁce mirrors and running parallel to'fhe line of inter-
section betweéh them. These fringes are similar to fhin film interferénce
in ;n air wedgé formed by the two mirfor surfaces}E and b', ﬁrovided that
the difference in phase change between intefnal and éxternal reflection oh
thé'beam sfiitter B is properly considgred. Howevef, the fringe pfofilen
shows a strictly sinusoidal intensity distribution, gharacteristic of |

double beam inferference.

In order to equalize the optical path.through glass.in both‘arms of
the interferdmefér, necessary forvuse of white light, a compensating
platé.G of equal thickness and dispersion as the Beam splitter B can be
added (L41), With identical path length in both arms avcolorless,viéro
order fringe is then observed with whité light in the center“of the field
of view (or over the entire field with parallel plates). In contrast to
Michelson's originai érrangement, a collimated light source is commonly used
now (132). ‘With a sufficientiy small soufce the interference phenomenon
can be de—locélized to appear in focus together with the object F.

Mahy modifications of the Michelson interferometer have been
reported (5,143). Among them, the Twyman-Green interferometer is
extensi?ely used fdr'the testing of optical componeﬁts.: The Zeiss;Linnik
interference micrdscope for examining reflepting surfaceé will be dis-
cussed in a later section. Despite itsvpopulariﬁy in many applications;
the Michelson prinéiple has been rarely used for'the observation .

of refractive index fields in fluids.
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F. Polarizing interferometers

The bireffingence (double refracfion) of optioally‘anisotropic
media can be used to produce two coherent light beams. Devices of
pfihcipal interest for this:puipose (35,i33) are the Savant plate (147)

which produces two parallel beams and . the Wolléston prism (71) which : i

L

produces two divergenﬁ beams as shown in Fig. 29. ‘The- two resuiting beams
are polarizing at right angles'fo eoch other. 1In order to bring two

cross;polariZéd beams to ipteffereocé, mutually parallel componehtsbof

the electric vector have to'be sélec#ed'for superposition. Polariiing
'eleﬁenté (filters or‘prisms))are used for this purpooe as poléfiiofs gnd . ,
analyzers on both sidos of the beam.splitters. | |

A larée:numbér of intérﬁoroﬁoter‘désigno.basedvon the.above beanm . . i
sélitters ana their modifications have been deyeloped ig recent years ;
.(37;U2).' In'many of these instruﬁents,'ﬁhe phaoe in‘the image‘of thé

|
object is compared with that of another image of the object rather than ]
with that of a reference object. Interferometers of this type are also .

|

céiled shéaﬁihg.intéfforoﬁeto£sv(18,139);‘iThéy ére wideiy used in;opﬁicéi
tosting (59,'133, ih6)vin order fo‘avoid the:Uée‘of a percioe referenoe : ' ,i
.comp0neﬁt. The two,imageo'may showvao anéular or a'iinoar displacemenf ' ‘,j
(shear). If the lateral displaoément is lorger than -the object, a blank . Z
area in ﬁhe objeofxplahe'méy sefve as a reference.: If the-displacement |
of the two.images is smaller than the'geometricol resolution of the‘ . _ "Ifé
,opticél system, a différential intefferogfam,iindiéafive of the opticol _ in
pathigrgdients,.results;. Linear éhear‘in>the axial direction résﬁlfs in _" i
- the sﬁperpositioﬁ of_a’shaip image of théﬂobjeofvﬁithrone whioh i;_out of | . ’i
’fo;us;: Thellocgi phooe'of:thé iotter represents‘aﬁ average of an.exteh&ed
area of fhé'specimon ano may thérefore be uniform (80,133).‘ An inédvertent _ o |

axial sheai,odue to an optical path difference_betwéen ordinary and
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extfaordinary rays in the beaﬁ splitter, is often associaﬁed with lateral
sﬁear. Radial sﬁeér (58;59,129)jémploys.tvo:concentric images 5f different
magnification. .Rotational and féldiﬁg shear.afe also used (131). Dif-
ferent kinds ofvshear are illﬁstrated ih.Fig. 30. They are associatéd.
with different émbiguifies in thé infe?prétation of resultsi(SO).

_ ?he'Lebedevvintéffefencé‘miéroscope.(élso called Jamin polarizing
interferometer) employs a beambsplitfer with'latefél sheaf. It is avail-
able in several commercial forms and is shown schematically in Fig. 31
(8,30). A.birefrinéént crystal plafexc prdvidés a,léteral_shear (like
Q Savgft.plate), which depends on the fhicknesé of the plate and is chosen
depending on:the power of the‘objective leﬁs,'(typicaliy SO-SOOu). A |
half-wave retérdatién plate Dvrotafeé the'plahe'of polari;atiﬁn of‘both
beams by 90° so that theyfare/ré—united in a.symmetricalw@y by g‘second
identical erystal piate F..-In:an early electrochemical boundar& layér
study, thevlaterél beam separation has 5een large.enough to.have the
bbjeéﬁ“illuminated entirel&'by the'exﬁraordinary beamf Straight inter;
ference fringes have been‘introdﬁced with a quartz-wedge compensator (119).

The Smith interference mocroécope (Fig. 32) is based on the use of
Wollaston prisms as beam splitters. Thé Nomarski interfeiqmeter_is a.
variation of this principle‘for use with high powé?_gbjectives (44,103).
It prodﬁges a diffefential iﬁterferngam aﬁdvcan‘élso.be adapted fo: use

with reflected light. Another modification for the simultaneous recording

of concentration and concentration gradient profiles has been reported by -

Weinstein (153). Wallaston prisms can also be used for the observation
of macroscopic objects (42), larger than the size of the prisms. Equip-
ment of this type for the use in‘gas dynamic studies hés been described’

by Oertel (lQL).
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adjusting zero path‘difference has-been analysed by Kehl and'Sleator (12).

Diffraction'in the ohject is the beam-splitting‘process employed in
the Zernike phase contrast nicroscope. Phase and amplltude of diffracted
and undlffracted llght are altered in such a way that 1nterference of
the two in the'lmagebresults 1n 1ntensity yarlations which are sen51t1ve
to small:local:phase Variations in the object. Thus, the diffracted
light from a:phasevobject is conVerted to simulate that of an amplituded
object. Seyeral detailed analyses of.phase contrast principles (10;157;
158) as well as more qualitative»discussions(9,36,l2j);are arailable in
the literature.i The schematic of a COmmonl& used-form of phase contrast
microscope ls given in Fig. 36‘(8). An annular diaphragm A-ln the focal
plane of the condenser B prov1des a hollow cone of’ 1llum1nat10n on the
obJect C. Undlffracted llght, orlglnatlng from a glven p01nt in daaphragm
A (SOlld llnes), passes as a parallel beam through the object, whlle
dlffracted llght (dashed llnes) 1s deflected in the obJect In the rear
focal plane of the obJectlve lens, the undlffracted llght forms an 1mage
of the annular dlaphragm whlle most of the dlffracted llght passes through
other parts of this plane. The spac1al separatlon of dlffracted and
undlffracted llght makes 1t p0551ble to adjust relatlve amplltude and
phase of both by means of an annular phase plate. Typlcally, the

undiffracted llght is attenuated by partlal absorptlon and advanced 1n

_ phase by a quarter wavelength.‘ Superposition of diffracted and undif-

fracted light in the image plane F then results in an interference
contrast picture. Variations in intensity repeat themsel?es with every
increment of one wavelength optical path difference in the object. Since

interferencevfringes cannot be introduced at will in the picture to

resolve ambiguities of interference order, and estimating fractional

orders requires local photometry, the phase contrast microscope.is not

A
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‘particularly suited for quantitative analysis (150), although optical

path‘differenées of abbut 5x10-h wavelengths can be recognized (36).
Nevertheless, the phase céntrast principle has been used as a refrgctometer
fdf the'precise determination of D2Q in H20 (69). A phase contrast
telescope (léQ) can be used for the observation of large objécts.

Divisién of amplitude by diffraction is also employed in holographic

interferdmetry, which will be discussed in the chapter by Srinivasan.
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2. Interpretation'of Ihterferogram

AL Conventlonal Interpretatlon

>VIn the conventlonal interpretatlon of 1nterferograms, the changes
in optlcal path length (or phase) of-the llght through‘a spec1men of ' :
flxed dimension are taken as a d1rect measure of local refractlve index
variations. Corrections to this first order approximation ‘due to light
deflection and diffraction,are neglected in this approach’and will be
cocsidered later. | o -

As_pointed out in discussing thedcapabiiities of different interfer-
ometers, interferograms of most instrcments can be classified as being.
obtained.ﬁith either "finite" or "ihfinite"vfringe‘spacing; Kinder (75 )
has cOmpared;interferograms of several objects with. finite and infinite
frihgeAspacing.. The iﬁterfretation_ofvboth‘is different (535: Iﬁ4the.
first case, a field of}cohtihucusly varjing éhase vgenerated ty the
1nstrument, is superlmposed on the object and results in an 1nterference
pattern typlcally stralght frlnges, wlth an object of unlform thickness
and refractlve 1ndex (h? ) A sketch of such a fleld is given in Flg
3Ta. Anydchange ih local phase due to the obJect isfadded}to the'pre-
determined instrumentaijphase variatiOn and resuits'ih a diSb}acemeﬁt of
interferenceifringes (Flg. 37b) because a differeﬁt phase (interference_
order) is mnow assoc1ated w1th 8 glven p01nt in the 1mage, and 1nterference
frlnges represent llnes of constant total phase. Slnce frlnge dlsplace-
ment is a measurevof optlcal path change due to the object, orlglnally
stralght, equidistant frlnges, deformed by a one- dlmen51onal concentra-
tion field, can be 1nterpreted as plots of concentratlon vs. distance

(67 ). Why this interpretation is valid only for equidistant fringes
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and one-dimensional refractive index fields can be seen with the aid

of Fig.j?b,where the heavy linesvrepresent the center of interference

'fringes, with the associated interference order noted in wavelengths.

A fringe of zero order is arbitrarily chosen here. With white light, it

would bebthe colorlees high contrest.fringe. vAlongva line AD, following

the original straight fringe of zero order, the local interference order

increesee byvone wavelehgth each, as sueceesive fringesvare intersected
at points B, C and D and is the same as in points.E, F and G, respec-
tively. With the distance DJ equal to AG, etc. the lecalvdispiaeement
of the rero order fringe is a ‘measure ef the iocal phase change. If
all fringe spacings AE, EF etc. are equal, the curved fringe AJ |
represents a  linear plot of.iﬁterference order or phase, and to a good

approximationrbf concentration ¢ versus distance X. 1t must be remem-

.bered however, that the curvedfrlnge AJ represents the phase at the

lOCation of the fringe, and,only for a one-dimensional refractive index
f1e1d is the 1ocal frlnge dlsplacement eg dlstance DJ, a measure of
the local phase along the original, stralght frlnge, e. g. in p01nt D.

The conventional evaluation of a two-dimensional interferagrem, such’
as the oné shown in Fig. 38, requires that one establish fhe loca}
phase variation due to'the_object along a desired cross-section, pre-

ferably parallel to the Originel fringe pattern. Graphlcal 1nterpol&bpn

A technlques for thls purpose have been dlscussed by Schardln (121)

With 1nf1n1te fringe spacing (1nterference contrast),the inter-
ferogram of an object of uniform optical thickness is of uniform intensity
throughout:and can assume any value_between'constructive and destructive

interference. Phase variations due to the object result in local
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intensity variations which repesat themseltes with each wayelength of
thical”path incfeaee. As a resnlt, interfefence fringes, nhich
repfesent lines of constent.phesescnenge”due te the object, appear. The
interfefogram-of a concentraticn field,iike the one ehown in Fig; 3Tb for
finite fninge epacing,ie sketched'in~Fig;“39 for infinite fringe epecing.
The concentration p}ofile a;bng a selected cross~section ds derived
in the familiar nay frem the interference fringes, which now represent
concenttation contours (Fig. 39b).> The same procedure’can be applied
to two-dimensional refractive index fields, like:the one shown in Fig.
%0. | |

The reconstruction of three—dimensicnal refractive index fields'
from (two-dimensional) 1nterferograms presents spe01a1 problems. A
‘theoretical discussion has been given by Iwata and Nagata (70 ). Some.
fields of rotatlonal symmetry have been analyzed by decomposing them
' into cencentriceiayers of'finiteithiCKneee end‘numefically integrating
the optical path length‘(lss;lgl), In an effort'tp provide additional
data ef:a-three—dimeneional object, focusing refrectometry has been
emplcyed.to-obtain refractive index prcfiles at‘a cell wall (7 ).
More generally applicable methods, such as the use of - 51multaneous
'_1nterferometr1c views from dlfferent dlrectlons, p0331b1y by holographlc
techniques, need to be developed. |

. The resolutlon of . 1nterferometr1c refractlve 1ndex determlnatlons
depends on what minimum change in interference order can be detected.
With finitetfringe spacing, a fringe displacement of 0.l'fringe
separations can usually well be detected visualiy. The unaided

estimation of fractional orders with infinite fringe spacing is more

&
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probleﬁaﬁiéal; In either casé, interfereﬂée coloré; fesulting‘ffom the
use of white light, provide increésed visual resolution of small phase
variations. Tables of iﬁteffefence célofs (4,0 ) show tﬁat in the more
sensitive regioné of the.color-series éhanges ih oétical path of 10nm
(approx 0.02)) result in distinct color changes. 'Howevér, the disper-
sive propertles of the object will have to be con81dered under these
c1rcumstances (23,26 .). Apart»from noise due to optical imperfections,
photographic grain'etc., the gradual inténsity variation choss a doublé
beam interfe?encé fringe ié often responsible for some uncertainty in
defining'fringe position. 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 become available to serve

a_similar.purpose more quantitativély.  A resolution of 0.0lA should be A
expected from such instruments. _Thé direct photometry‘qf interference
fringes has been shown to resolve optiéél path differences of 0.001A

(76 ). Microdensitometry of photographed interference'patterns can
yield a similarvresolution.

According to Eq. 3,
oo = L2 - (12)
the minimum resolvable refractive index variatlon An for 8 given reso-

lution limit for the change in optlcal path length Ap is lnversely

proportlonal to the extent d of the object in the light propagatlon ’

- direction (cell thickness). Refractive index and concentration changes
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resulting in an optical'path‘change of a full.wavelength are givennin
Fig. 41 as a function of cell thickness. The minimum resolvable
refiactive‘index or concentration variation would be 0.l‘to 0.001'times

the values indicated; depending on the resolution of fringe displacement;

B. Coneideration of Light Deflection
a. Introduction
Valid refractive index profiles can often not be derived from ‘
interferogramS'by the conVentional techniques of'lnterpretatlon. The
neason'for'this difficulty is that light<doee notvp:opagate:alqng a
straight:line in the.preSenCe of refractive inden variatione normal to
:theeiropagation direction. Errors due to thls effect can be’ particulariv
large in condensed medla, because large refractive index gradients are
frequently encountered there. Errors in interferograms due to llght
deflectlon have been considefed by several authors and found negligible
In'part,'the validdty of suCh»conclusiOne is 11m;ted to gaseons media (h?,
155 ) and refractive.index nariationsvof'smnli entcnf'at,a large dis-~
tance from the inaging‘optics (QQ'). | | .
The'physical'reason for light deflection (or refraction) in refrac-
tive index fields lies in the dependence of propagation velocity on .
refractive 1ndex (Eq 1) and is 1llustrated in Fig. h2 Different
elements of a wavefront Wl advance to different degrees in a time
interval at, resultlng in a tllted wavef?ont w2;

direction of the wave normal ng whlch 1nd1cates the propagatlon

Simi la.rly » the

directlon of the wave or ray, is changed by an angle d¢. The angle of
deflection is proportional to the component of the refractive index

. gradient normal to the propagation-direction and the distance over




-h9—

which the light éncounters this gradient
apn 28, (13)

Eq. - 13 is also the basis of Schlieren optics (122).

Light deflection reéuité in tﬁo kinds_of érrors‘in/an_intefferogranu
The first is a geométrical distdrtion Aue to the lateral displécement
and change in direction of trensmitted 1ight. The second error is a
distofﬁidn of the.measuredvrefractive index, because the.dgflected iight
travels on a longer path ana passes through regions of different refrac-
ti&e index; |

b. Cénstant Refraétivevlndex Gradient.

B For a one—dimeﬁsionai,‘linear refractivevindgx profile with planes.»
of.constant refiactive index parallel to the incident beam, the geomet-
rical‘lighf bath, responsible for géometrical distortions, as well ﬁs
the.dptical pafh length; reséonsible for refracti&é indexvdistortions,
canzbe deriVea in closed»form. Since linear refractivé index approxi-
mations Ean be used to gauge the magnitude of possible érrors in more

complex fields, some essential results are derived below.

Geometrical light path. One gpproach to célculate,the light path‘
in anvisotropié-inhomogeneou§ refractive index field‘ofvconstant'gra-
‘dient is based.dnvthe:princible of Fermat(ljbcnwhiCh statés'that the
.medium is traversed by the light.in such a way fhaf tﬁe opticalvpath
length,'of the time'hecessary for tréversal is minimum. The light
pafh can then 5e found by use of the techniques.of variational calculus.

Geometrical and refractive index coordinates to be used are defined in
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o fn(y) ds = ;

or, with Eq. 1 .

Any ‘extremum has' to satisfy i.e. for the integrand of =

‘Eq. -1k

- (16)

Inserting Eq. 16 in Eq. 17 results in . -
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ax _ 1
dy- - > —
(&) -2
Cl |

therefore

x=‘/,'d-'>’ ‘+c2‘. (19)
. v =
' (n_(ﬂ)_l' , .

For the special case of a linearly increasing refractivé index,
dépicted.iﬁ Fig._h3 | | |
n(y) =ky (20)
the light path is determined as follows: -insért Eq. 20 into Eq. 19 and
change variabies »
8o, &

T2,
Cl dz

so that

which can be integrated ( 29) to give

‘x = == cosh~t (EL)‘+-C . . - (21)
- . \C 2 :

1 o o
Since a general expfession of fhe form

X =B cosh™t Y + C

is equivalent to
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‘one.obtaiﬂs from Eq..21 " -

¥y = E;"Cosh -'E—*-f— . v (22)

The constants of integration‘Ci and C, are determined with the initial

conditions, which are

o
s |
»
[]
o
e
u
e

‘n=ky =n - (23)

o _ u 2 ) ‘

5 — = cosh c S : _(?h)
Eq. 24 must be true for allvvgluesrof k, for k - O
-k C

2
1

= 1im cosh =1

, k*0
therefore

%1% - R ' o | (25)
With Eq. 23 and Eq. 25 it follows from Eq. 2k that
-k C_

2

n -
¢}

_cosh =1
‘and therefore, because k # 0 and n finite

Cy=0 . | .,(26)

2
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Thus Eq. 22 for the curved light path becomes

' no | kx“ ' :
y=E_COSh;1—O-",. _ . (27)

the chain line_Eq.(27 may be developed in a series

2 3 L4 5 6 .
kx L,k x kK x ... (28)

o, a2t n3 Ly n5 61
e . To o

. no
- = ———
y X

or, with yo‘= né/k
2 Y
X X

y=y+ + > + .
O_ Yo el yg L1

A hyperbdiic cosine function for the‘light path. (60). and an equivalent
formulation (47) can be found in the literature. - An approximate.form of

Eq. 28 has been given by several authors (h6,51,ih8);__The éngular.iight
deflection o, due to a refrdctive index grédiént k normal to the propagatiqn

direction experienced over a distance x, is

tan a ax sinh n_ A | (29)
3.3 5.5 ‘
ta.not=n§_+fk3’,c +k5x + .0 - (30)
" Yo n 3! n_ 51

Due to refraction at the cell-air interface the inclination B of a
deflected beam;‘after’enteripg into.air‘(Fig. L) ié larger than the
angle a.given.by Eq. 29 . Application df Snell's law for the éngle
qf fefractidn then results in o |

 sin B = (ﬁo +1ka)isin[tan_; (sinh'gi)] . - (31)
. : o : . '
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where'e.isrthe 1a£§fa1 5eéﬁ'disﬁle6ement et tﬁefeell”exit giVen.by Eq.
33 and no is the refractive index where the beam enters the cell.

- Numerical data for o and B are given-ianig. L5 Tt can be seen that

deflection angles'of‘Several @egreee can be commonly expected. The

current density, added ih>evsepafate scale ﬁeithis'figure and included

on some of,the'following oheé{ reSuite'in.iﬁteffeeial‘eoncentration

gradients*df thevmagnitude;indicated,'uhder_eonsideration of diffusion

and migration in a 0.5M CuS0,. solution (D = k.62 x 10-6, t,gy = 0-30b
(33 b5 ).
The local lateral dlsplacement of a deflected beam o
=y»4yo B (32)

is indicated in Fig. u4k. From Eq. 27 it is found to be

-

n .
=_ 2 4,9 kx - : SR
a=-¢ *g-cosh= | (33)

2 3.8 5.6 N
a=s X _ Lk x K x | (3k)

n, 2t vn33 41 n° 61
o )

These»eq@atiohe cen be found in the literature (67,87 . ). Some

computed . data are given in Fig. 46. They shewethat for all but the

thinneSt.eeiis, the;iaterei Hbeeﬁ.displaeeﬁent.e:een;easily exceed
10f2“em, the order of megﬁitude of thical diffusion laYers; Angular
llght deflectlon and 1ateral dlsplacement will be used as 1nput para-
meters in subsequent computatlons.

The curved light path in a llnear refractive.ihdex_field'can aiso -

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

Eq. 27 also results from this approach..

Optical path length. The optical path length p'_observed in the
interferdgram; is found for a deflected beam by ihtegrating the gebme—

trical path llength s over the local refractive index n

x
p, = [ nas | (35)
| et _ . . .
with Eq. 20 and Egq. 27
(5)
n =n_cosh (=
o : nO

and

ds = ‘rl + sinh2 <§—£> dx

o
the optica.iv path length becomes
. X o ' : ," :
. 2 (kx o |
p, = nofcosh. (n ) dx (36)
2 o . :
n 2 : x
) 1 .. 2kx o _kx
- k'_[h81nh'no+2n]o'+c

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

n x n )
= .9 o .., 2kx
P, =~ * Iy simh (37)
)
Expansion'in a series results in
L = 1.2 ,23,1 (2) b5 '
P, nox+3!n k™x +5! (n) kx MIEERES | (38)

o _ o



These expressions have alsevbeehjgiven_by Ibl ( 67), and the first
two terms of hq 38 have been derlved by Caldwell (19)

v The error 1n optlcal path length due to llght deflectlon,ls

reepon51ble-10r theserror-ln'concentratlon_derlved from an interferogram.

The error cah'bevdefined'most simply'as the”diffefence”in optical path
length 9] between the deflected beam 2 (Flg h7) and’a hypdthetieal
undeflected beam either enterlng (beam l) or; leaving (beam 3) the cell

at the same. p01nt ‘as the deflected one. The resultlng errors are
and

They can_ge' exﬁfeés'éd»"in, nu:hber of fringe shifts _by' dividing the ,opticav.l

bath length:efror by‘the'wavelength;ef ldéht. For bhe;dimensional, |

censtaht refractive index ghediehtbfields, the error can be eomputed

in closed form. With Eq. 37 |
. , IR ‘2

nx n v
p, = == + > sinn 2X
2 2 kK 77 nO
and, according to Fig. L3
the first error is
- nXx n :
- o ‘0 2kx .
Pp =P = -5t —mf-51nh ——; - - (k0)
or N S 3 ' I
12 23,1 2V b5,
Pp =P T3 n KXTE ‘(n ) Kxmt ... (b1)

‘O'_' o\

€
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The other reference optical path length is

Py = (no.f ka) x

with Eq. 33 . . o S ‘ o
| - KX - o
Py = n X cosh = | (42)
» o
‘The second error therefore is f
nx B°% : :
’ 0. o . . 2kx . kx
- = w—m— — - —
P, = Py > —££-51nh - n X cosh = (43)
v : o . o
or
2.3 L 5 .
Py~ Py = - glxn + 3k. X FIREEE (bk)
o} Sl_no :

'

Optical path.léﬁgth.errors derived in the literature (34%,114,138)

cannot easily be compared with the sabove results. Numerical results

of Eq. ho.énd_Eq. L3 are illusffatéd'ih Fig.‘hB; The fringe shifts given:
there can be felaﬁed to refractive_index'(or concentration) errors’b& use
of'Fig. hl.v In a 1 cm thick cell, for instance, an error of 100 fringes
corresponds to an error’in‘conééﬁtration of O.2M. An imbortant result

of this analysis is thét the two errors are éf opposite sign. In order
to pléce réliablevlimité on possible intefferéﬁefrié érrors; however, the

6ptical path iength analysis will have to be furthér refinéd, as indicated

" below.

c. Effect of Focusing
The above analysis does not coﬁsider the effect of the imaging
optics in an ‘interferometer. The purpose of this optics is to bring a

selected plane in the object to focus in the image. This plane is
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optically conjugate‘to.the image biane. It wiil 5e referred to in the
fo1lowing aé?"ﬁlane of focus", but should not be  confused With-thebpianes
which ¢ontain the primgry ahd secondary focal points Qf the Objectivé
lens. If light-deflection'océurs_in the objécﬁ;‘tﬁe'imagé is determined
by the virtgél'pfigin“6f;the‘defi¢ctéd light in the plane of focus. Under
these éircﬁmStanceswﬁhé éhapexéf thevimagé can be exﬁécfed to>dépend‘on
_the choice of the plane of focus. This eff¢c£ 15 illustrated in Fig. 49
for a cathodic”bdundafy layer with the_éleétrode:éhédow as the object.
A lightibeam‘cé'enteriné the cell at the'surféde of electrode B‘gnd par-v
allel to it, is deflected toﬁard’the bulk of the solution A and leaves
the cell at point D. With the objective lens G focused on the cell wall
facing the camera (Fig. 49a), the shadow of the cathode surface.in this
plané‘apéééié at D énd'its.iﬁagé in £ilm plene I is ﬁ. Thus, the :
electrodé'shédow apﬁéais aavanced into"thévsolutioﬁ side of the intefé
face due tqrthé présé?éé’of the_refféctive index grédient;' Foéu§in8'On
the cell wéll'facing'théflight sburce (Fig. h9c)vrésplté infé virtﬁal |
origin L’of'theisame'deflected beam. The‘glééfrode’shadow now appears
receded into the electfodé. Fdr an intermediate focusing positibn

- (Fig. 49b), the virtual origin K of the deflected beam coincides with

the eléctrodgvSurface; . The electrode shadow is, theréfdre, not displaced -

in the iﬁage.

In thé'SChematié of Fig. 49, refraction at fhe’cell éxit as well
as inside_tﬁé cell wall has béén negiécted. Even_in the absence of
refrACtive.indei gradienth fheée effects resultfiﬁ an axiai displacement
‘of the virtual locatién E' of an imﬁersed objec# E (Fig. 50). Since the

light is assumed here to be incident normal to ihe first cell wall,
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refraction in the second one (faéing the camera) will only bé_considefed.
The application of Sneli's law-(E@. 45)
| n sin €=n, sin e' =sinn | - (45)
results in Eé. L6 for thé viftuéi‘locéﬁiohbm of an immersed object
(Fig. 50). |
m=cotn (wtan € + d tan e') : (46)

For small ahgles‘e from the optical axis, this equation reduces to

o=

5 |

+ £ | (46a)
g .

'w is the thickness of thé'medium of refractive index n and @ is the
thickﬁess of the glass ﬁall of refractive index ng. Thus, a real plané
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. 50.) If thg imaging optics of an interferometer
are focused on an imﬁersed tafget in plane F, a préferred experimental
proceduré,fthe image is determined by the virtual lbcation of the target .
in plane F’; |

The effect of focusing iﬁ thg presence of light deflection is_
illustfated in Fig. 51 for an érbitfary 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 latefal displacement g from
its true origin A. Thisvlatéral displacement can_be formulated as |

| g=8a- (x —<e> tan o | | (k1)

‘Values for #he variables a aﬁd ¢ are obtained from'Eqs. 33 and 29

respectively.
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'As Eq. 47 -and Fig. 52 show; the lateral beém‘diSPiacémgnt g is inde-
pendeht of thé thickness d of the cell wall for a given choice of the plane
of,focus F. Some typical resu;tsvare'given*in Fig. 53. A positive dis-
plabement'sighifies a movement toward the solution side of & cathodic
boundary 1ayer, a negétive displademéﬂt,‘a'movemént_tbward the electrode
side. The results illustrate that the 1ateral'displ§cement of the virtual.
beam origin (and. therefore the:géometrical'disfortibﬁ of an imagej strpngly'
depends on the lqcation Qf_the‘plane‘of'foéus and that it can assume valueé-
larger‘thgﬁ-the'dimension-qf typical:masé_transfer boundary layers.

The location e of the plane of focus ¥ .'(insivde ‘the ’ce?'Ll.)vlwhvi‘ch
results in noflaferal*beam_displacement,(e.g. no;hovement of:the:elegtrode
shadow) in aﬂmedium ofbconstant refractive inde#‘gradient can be‘calculétéd
similarly (Fig. 54) |

'éo =x - a cot a : _ : N (48)

The lodétionlofithié>special plane oflfocﬁé’is independent of the glass wall

thickness. Thpical results of Eq. 48, given in‘Fig.'55, show that its posi-

tion, #efy closé‘toihaif{way across the,cell, is'almostlunéffected by dhanges

in refractive index gradient. Although some géometrical'distortions in
boundary layers can Bé avoided by this choice df‘ﬁlane of focus, its use
is not ofvgreat pracfngljiﬁtéreét because itzis difficult to establiéhv
énd does.noﬁ ﬁiniﬁize errors o%vothervparaﬁetérs in an interfgrogram
(e.g. 16¢a1 concentration) (7). . Most of thevanalysis;to.folIOW will be
restricted to focusing on an‘immerged ijéct o§ thé inside face of
the cell wall facing the light sburce.v (This is,the.preferred méde of .
operation for the observation of cathodié'boundary layers (7) vecause

it avoids the superposition of beams withvdiffefent-phase.)
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Tﬁe error in phase due'to light deflection can be.represented by
the difference.in optical féth.iength,betWeen'a deflected beam AC of
length p) (Fig. 56) and aﬁhypotheiiéai undeflected beam EI of length Ps
passing through_thé same virtﬁalvoriéin E' in the virtual plane of focus.
Points C and I lie on a éiréle centered in E'ﬁ Béyqnd points C and I,
the imagihg ﬁptics introduces no phase difference between both beams.

The optical path length error for a point in the interferogram which

corresponds to the lmage of E' is

P), -P5 ‘(p2 + BC n, ) - IX(n —k-?.‘ff).+ dn_ +_ﬁ]

STt

n

[n x - kx(x tan ¢ - a) + & ng

- cot B(x tan (%L‘*'v.d tan(sinf;(ii—g—g))) .(l - coi B)] (k9)

g

As defined befdre, x and d are the thickness of cell and glass wall,
respectiveiy, no anq ng are the refractife indiceg_at the ;ight éntrance
into the liquid andvinsidé the glass wall, respectively, k is the re-
fractive index gradient normal to the direction'of the entering light and
'vpz is the optiéal pathblength of the aeflected beam between points A and
B. The values of p2, a, o and B have to be inserted from Egs. 3T, 33,
29 and 31 respectlvely |

The effect of an increase in glass wall thickness on the optical path
length error is iﬁdicated in Fig. 57. By compafisonvwith Fig. 56, the

optical path BC of the deflected beam inside the glass wall is increased



62—

more fﬂénvfhe‘path'gﬁ'efhthe‘ﬁndeflected eQmpariebn.beam;  However, the

component ﬁfﬁof the iatﬁer is'iﬁereaeedQSSO'thai\fhe'peth difference
between deflected and undeflected ‘beams remalns very closely the same.
nIn effect, the 1ndependence of g e0 and (ph - ps) on wall thickness is
achieved by a dlsplacement-of the imaging optlcs, necessary to keep
the real:plene of fecﬁs Fina fixed location Vhile the thickness d is
changed.i. |

'Some-iesults‘of Eq.,hg, exﬁreesed invfringeﬂshifts, are given in
Fig. 58. They 1llustrate that for focus1ng on an immersed obJect at
the entrance 81de of the llght into the cell the glass wall thickness

is not an 1mportant source of optlcal path (concentratlon) error.

i
|
I
!
i
i
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d. Nernst Eoundary Layer Model

A1l thé considératiéné of light:défiectioh discuésed so far havé
béén based on an unlimited 1inea£ refraétivevindex_profile (Fig.'SQé).
For the conéidératién of light deflection errors in'ﬁass transfer boundary
layers (Fig. 59¢c), the Nernét model. (Fig. 59b) can be_used as a first
approximation. This model'has the“advantage in fha£.analytical solﬁtions
of the kind outlined abdve'can bé empléyed. For.defiected beams which
remain eﬁtirely inside the-ﬁoundary iayér,the'previous solutions are
directly'épplicable. vThevdiscbntinﬁoué change of fefractive index
gradiéht_at.the edge of the ﬁbundary layer results in oﬁtical artifacts
which, éltﬁough geﬁérally ﬁofé severe than with more realistic refractive
index profiles, serve to illustrate some problems of light deflection
in boundary layers.

| Ngar.thg'outervedéé (solution éide)‘of‘a Nernst-type 5oundary layer,

'ablighﬁ ﬁéaﬁ‘ﬁropagateé only over part of the cell‘depth 2 within the
bounaéry:layer, as indicated in Fig. 60. The éurvéd part AB can be
described by the previously derived equatioﬁs, while the straight part BC
continues with the s;qpe of the cﬁrvevat poipt B. _Thé.lateral displacement
b of a beam beyohd the Boundary.la&er can be'derived7by use of EQ. 30.

,Disregarding third order terms, it is

p=E . " (50)

where x is the sbscissa of point B (Fig. 60). The displacement b reaches
a maximum ﬁalue bm for a beam which leaves the boundary layer in the

middle of the cell (x = 2/2)
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T oo - (51)

For a beam DE whlch travels entirely 1ns1de ‘the dlffu81on layer the

lateral beam displacement a, 1s, accordlng to Eq 3h approxlmately

2
o _ k& . o
e TS . (52)
“oo

It can be seen from Eq; 50 that a pa1r Of deflected beams 1 and 2 of dif-
ferent optlcal path ex1t at any p01nt located w1th1n a distance b vouts1de
the Nernst dlffu51on layer (F1g.y61) In add1t10n,‘an;undeflectedibeam
3 also passes through the same p01nts. »: _ | | | o _d
| The optlcal path length p9 of a deflected beam near the edge of d
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 llght ex1t s1de of the cell,the opt1cal path dlfference between

boundary layer and bulk a measure of the local frlnge shlft, is
P9 _'Elor: p7v+>p8n—.2nb _ ‘ ( . (52)

An example of thls computed opt1cal path proflle is glven in Flg. 62
curve B. The superp081tlon of three different frlnge shlfts, due to
rays 1 to 3 shown in Fig. 61, 1mmed1ately out51de the boundary layer,
can: be expected to result in a superp051t10n of dlfferent fringe systems
in this region. To a good approx1mat10n, the llnear‘part of the fringe_
runs parallel to the true refraotive index profile. |

3. Realistic Boundary Layers

Mass transfer boundary layers in convective diffusion show a refractive

index profile of the shape illustrated in Fig, 59C. The;refraetive

index gradient and, therefore,the degree of light deflection are largest
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at the electrode and decreése continuously toward the bulk solution.
The deflected light'successively traverses regions of varying
refractive'index gradient and may ., as eeeh'in the NernSt model, enter the
uniform bulk solutioh.v Numerical techniqﬁee arerhest suited to analyze_
light propagation in such media.(T7) |

lﬁ3orderkto.Com§ute ah interferencehfringe pattern based on an
.assumedvrefractive index profile, the optical paths of a small number
(10-20) of deflected beame, which enter.the cell parallel to each other
and'usuelly parallel to the electrode surface, but at different distances
from it, are determined. ZEach beam is divided ihto a large number
(100—206) of straight segments, as schematically shown in Fig. 63b. The
slope of'a‘typical segment HJ is'determined from’thevslope of the previous
segment , thehlength of the segment, the refractlve index ni'at its center
(Fig. 63a) _énd the component of the refractive index gradient in the
direction normal to theibeam at the éentervof the segment.

The eptical path length of a deflected'beam,lincluding refraction
KL in the cell wall, is obtaihed by summing the product of local refractive
index ni end geometrical path length HJ ef each.beam element; From
positioniand slope of the beam M leaving the cell, the virtual origin E'
of the.deflected beam in the virtual plane of foehs.is determined; The fringe
shift ih'the interferogram relative to the bulk eolution is ‘due to the
dlfference in optlcal path length between deflected beam GL and a
hypothetlcal undeflected beam EO of. the same v1rtual orlgln E', passihg‘
_ through a.cell flllede1th,bulk,solutlon. Thus, phase and p051tion of
one point ln the interferogram have‘heen established. Repetion ofvthis-
procedure w1th 10-20 beams yields a computed interference fringe.

Flgure 6h illustrates how the above procedure can prov1de computed



iuterference fringes b to evforhau assumed‘refractive index profile (a)
uith differeht:choices of plaue'of focus.: lt’cah be seen that both
boundary layer thickhess and interfacial concentration are seriously
falsified by the light deflectlon and the error strongly depends on the ‘
ch01ce of the plane of focus. A common observatlon w1th such computed
1nterference frlnges is that the location of the out51de edge of the
boundary layer is not affected by light deflectlon (except with very
unfavorable focus as in Fig 6he)
Observed'interference fringes Slmilar{to the computed'oues of Fig.
6l are shown iniFig. 65.. The dependenceioflapparent boundarfilayer
thicknessvand interfacial'cohcehtratiou oh the choice of the plahe of
»foCus can he:seen The double value of phase, found in Fig. 6le seems
to’ be respon31ble for the extraneous 1nterference frlnge system seen in
-Flg 6Sc and d. Thls effect due to the cross1ng of differently deflected
rays, 'is best av01ded by focu51ng on the 51de of the cell where the
llght entersv(farthest from the camera) o |
‘The numerlcal analys1s of 11ght deflectlon in refractlve 1ndex
flelds can ea51ly be adapted to 1nvestlgate the effect of other para;v
meters on-the 1nterferogram For instance, the effect of mlsallgnment
of the cell w1th the light not 1n01dent parallel to the eléctrode
surface has been descrlbed (7) |
‘Due tc-the'large.number of variahles:ihuolved‘in the'uumerical
anal&sis'of light deflection in refractive,index'fields, it is difficult
to generaliae‘results. An attempt has been made ianigs.'67-69 to
correlate data which should‘allow,an experimenter to estimate iuter—
.ferometric-light deflection errofsjunder a wide rahge of_experimehtal

conditions for three quantities: interfacial concentration, interfacial
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concentration gradient and boundary layer thickness. The .computations
have been based on a refractive index profile of the algebraic form given’
in Eq. 53 for a cathodicvboundary;layer of constant thickness 6 (0.4 mm),

constant bulk refractive index n (l.3h68) and &ariable interfacial refrac-

o

" tive index ni'(1.333'— 1.345). (3n/dc = 0.027 (M Cu's_;ou)‘l for all compu-

tations).

n - nQ_‘ 2 o . 4
—L - [lfBY- e —= 3] (53)
(1 + BY) (1 + BY)

This profile (an approximetion to an errof function complement) has been
found to approximate a boundary layer under convective diffusion (7).

In Eq;;53,‘£ is ﬁhe refr&cti&e'index at a‘distépcé'y'from the electrode
surface.. The dimensionless distance Y from the electrode is

r=% - (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 =0.34802 B 'o.&7oh7-g

C=0.09588 D= 0.74786

Conéehtration pfdfiles_employed-in the compgt&tidns are given in
Fig. 66._ Allfthe reéulfs preéenﬁéd.i11Figs. 67-69 hold for focusing on
an object located at thevinside-of thevcell wall_farthest,from the_cameré.
This.proéedufe lafgely compensates for the effects of variabie cell wall
thickness. The scatter of.points\is due to the graphical evaluation of |
computed_iﬁﬂerferencé_fringes, made up of é limiﬁed'number of.points.

The éfror in concentration at the interfacé 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 —-8% of the bulk concentration. This error is 2/3 of the
largest one_computed for an unlimited linear conCentration profile

(Fig..SB)}”'For the 1 cm cell, the error changes sign and increases up

to 16% with increasing current density, which isfnuch lese than the
error shown{ln Fig. 58. R 'd: ‘ | QJJ

TheAerror'in concentration gradient atjthe'interface, shown in Fig. o
68, is’at;noet lZ‘fo}:thei2 nm cell and up toiso%;for'the 1 cm cell.
Becausefof?the parallel displacement of the interferograminear the inter-'
face due to refraction in the glass wall, the inflnence of the wall thick-
ness. is expected to be very small. '

Slnce w1th the present cho1ce of focal plane, the outside of a

_boundary 1ayer (solutlon side) is normally not affected by l1ght deflec~- .
tion, the ‘error in boundary layer thlckness (Flg 69) is entlrely due
to the dlsplacement of the electrode shadow, as demonstrated in Figs. v
65 and765. ‘For alcm cell the error is comparable to the one calculated
for a constant refractlve 1ndex gradlent (Flg 53) at 1nterfacial refractive
index gradient 0.1, but only 1/5 at k = 0.4. 1In agreement,w1th.the previous
results,_the.effect of cell wall thlckness is not noticeable.

; Similar to the analyeis of a. constant refractiye index_gradient,
_the position e, of the plane of foeus F 1nsidezthe cell'(Fig .Sh) can R :.f .
I'be calculated for Wthh the 1mage of the electrode (electrode shadow in

1nterferogram) is not d1splaced by llght deflect1on.' Flgure T0 gives

some resnlts, Compared to the previous computation (Fig. 55), the
positionfof'the plane of focus in the cell forlzeropelectrode displacement

is slightly:closer to the entrance side of a 1 cm thick cell and slightLy.

farther from it for the 2 mm thick cell.
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It can be concluded that computations for a constant refractive index
gradient often provide a reasonable estimate of light deflection errors
in boundary layers. v

For the precise interpretation of measured interference fringes as
refractive index prOfiles; é.secénd step has to be added to the above
computations. Based on a comﬁarisdn of Observedvand computed interference
fringes, the'assumed refractive index profile has to Be modified to iﬁprove
agréementfﬁetween_the two, and the computation is'repeated. Several cyéles
are usualiy necessary to pfoduce satisfactory agreementg(T).

o Anédic Boundary Layers
The_considerétions of the two precegdihg sections have been restricted

to boundary layers with refractive index decréasing toward the'electrode

surface. Boundary layers with refractive index increasing tqward the

electrode surface, such as those typically encountered in anodic metal

dissolution, cause the light to be deflected toward the electrode. If

~all the light which strikes the electrode surface is adsorbed, rays

entering the'ceii closer to the electrode than the lateral beam displacement
do not contribute to the picture (Fig. Tlb). In contrast to the cathodic
boundary laYers, an overlapping of differently defiected beams is now

bést avoided by fdcusing the cell on the plane whefe the light exits.

If the Eieéfrode is sufficiéntly smqoth, light whiéh strikes ﬁhe éﬁrface

is reflected (Fig. 7lc)? and a.much more complex optical situation exists,

particularly.if a reflected beam is deflected back. to the electrode sur-

face and reflected agéin.

C. Diffraction Effects

Thgyclosest distance to an electrode, to whiCh the composition of
a solution can be determined by interferometry, is basically limited by

light diffraction. For a two-dimensional (infinitely thin) object in
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focus, the:diffraction—linited resolution of a microscope is usually
formulated as o
' “A

T Z (55)

r=0.61

wherelkbvis;théfligh£ W’i@;\,’ele’‘!1‘8*-7h__i.irlfiracv.;uniiand N. A;:the’numerical aperture
of ‘the objectirevlens defined as |

| e N. A. =nsin 6 o _ (56)
n is thé7réf£§$§1vé inder‘in the obJect space, 8 theﬁanélevbetween the
optlc axis and the marginal ray entering the objective at 1ts perlphery
'For coherent 1llum1natzon the numerical factor in Eq. 55 is 0. 77 (lS)

Even the 51mplest flat electrode is, however, of finite thickness,
and diffraction effects can be expected to be more complex. .The microscopic
resolution limit is, therefore,usually not attalned in- electrochemical
1nterferometry Since a'theory of diffraction from a»planar object does
not seem to be readily avallable, a. dicu551on of diffractlon problems
will have to‘remain largely qualitative. | |
| bnl&'auselected cross-section;of an extended electrode can he in_
focus, with other parts being out of focus to varlous degrees. lthis
these defocused~reglons_ which are probably the most serious cause for
degraded-resolution‘due to_diffractionpln an 1nterferometer..‘TheSe
' regionsvcanfhekexpected to produce diffraction,frinées;similar-to;those
observed behind a straight edge; Their.real orhvirtualloriginvis pro-
jected in the plane of". focus. The interaction of these:diffraction fringes
with the 1nterferogram can result in. local changes of geometry and apparent
phase. ‘

Anplltude and phase of a Fresnel diffraction pattern behind a stralght
edge can be derlved ‘from Cornu 8 splral (71) An example is given in
Fig. T2. ;tuls important to heepvln mind that'across the diffraction

P
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pattern, the phase varies continuously. Superposition with the contin-

‘ uously varying phase of an interferogram can,therefdré,léad to quite

unexpected fesults (Fig. 73). -The‘distance of diffraction maxima and
minima from the geometrical shadow debehds on the disfanté behind the
straight édgev(degree of defocusing) as shown in Fig. Th. It cah be
seen thét for a 1 mm defocusing, the separation béf&een the first twb
intensity mgxima is 0.02 omm. Such a diffraction pattern will be resolved
by interfefometers of interest here. If half the distance between the
rirst difffggﬂion maximum and the true location of the edge is taken as
the uncert;inﬁy of tﬁé location of the edge, diffraction from one end of
a 1 cm wide electrode, focused on the other end, iﬁtroduces an uncertainty‘
of electrodé position of 0.003 em. This distance is much smaller than
the light deflection in the same cell under most conditions.

A mdre rea;istic appraisal of diffraction phenomena in interferometry, i
iﬁ additioh to being based on a better theory of diffraction, will also

have_to,indlude the effect of light deflection.

3. Applications

A. Diffusion and Electrophoresgis

The‘detérmination of diffusion coefficients by interferometric
techniques involves the observation of" the concentrgtion profile which
defelops betWeén two solutions of different concentrgfion.aé a function
of time. Evaluations of results with different degrees of sophistication
can be found in the liter'a;ture (25,27,85,136). A technique which is

. i . . |
based on thé observation of regions faf removed from the liquid jJunction,
where conééhtration gradients are sméil,and light deflection errors are

more likely to be negligible, has been employed by Chepman (24). This

technique is also unaffécted by the sharpness of the -initial Junction.
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Differential:interferometers have been usedvfor Very ioy,concentration
differences betueen solutions at‘the liquid junction;- fhe deriration of
diffusion coeffrcents from such measurements isbsomewhat.different (17,139).
Diffusion‘eoefficients have been determined with different types of_inter-
ferometers;hamong them Jamin—t&pes (25,85); Rayleigh-types (20,27,93), Mach-
Zehnder (19), 'llsol'a,rizing‘-(,17,111,139) and Gouy (28‘,’491){types. Interfero-
grams ofﬁdiffusing'liqurd junetions are shown in Frgs. 11, 13, and 1T.
Opticai teehnidues for ddffusion'studies have been reviewed by‘Gosting.(Sl).
Eiectrophoresis has lost some of'its iuportance for the applieation
of interferometry because the.use of zone eiectrophoresis has been replaced
to a large extent by paper electrophore31s; New developments, such as
'electrophore51s in free-flowing llqulds (100) could however, reverse the
s1tuat10n agaln The evaluation of an electrophoretlc separatlon observed
with a Jamln.rnterferometer is illustrated in Flg 75 (7&) A number‘of A
similar enanples can be found in the literature (8h,-98). A review of
eleEtrophoretfe?techniques has?beendgiren b& hongsuorthf(95)-

B. MaSs:Transpor% Boundary Igyers

Boundary layers on working electrodes have been 1nvest1gated by
interferometry under_foreedv(90) and naturalf(6h 65) convectlon condltlons,
~as well as in the absence of convection (62,lhh,lh5). Interferometers
employed'in.these studies inelude damin (6h)65) Mach;Zehnder (90 1kh,145)
and Raylelgh (62) types. Interferograms of mass transfer boundary layersv
have been shown in Flgs. 15, 18 and 26 Data on boundary layer thickness
and 1nterfac1al concentratlon, derlved from 1nterferograms,are glven 1n
Figs. 76 and 77 While concentratlon proflles derived by the conventionalv
method‘at»loy current densities are close to those expeeted (Flg 78)»
deviations found at higher current densities (90) COuid well be due to

light deflection effects. ' A displacement of the electrode shadow at high

i
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current‘densities has been demonstrated (1L45). In the presence of'a
supporting electrolyte, the interferogram represenﬁs a superpositioh of
two boundaryvlayers which possess opposite concenbration gradients and are,
in geheral, ef different thicknessﬂ The result cenlbe a meximum in the
refractive iﬁdex brbfile (Fig. 79b) or a more abbupﬁ change from the bulk
refractive.iﬁdex compared to the boundary layer with a single solute

_(Fig. 79&), Qualitabively, interferograms of elecbrochemical boundary
layers‘are similar to those found in heat transfer and non-electrochemical
mass transfer (31,126).

C. Outlook

Recent advances in the quantitative understanding of electrochemical
pfocesses require a detailed knowledge of transport properties. To a
large extent, interferometry is capable of providing data for use in
models of transbort processes. Together with the application of established
" interferometric tecbniques;'the use of a number of instruments not pre-
viously considered for such.purposes could result iﬁ important advances
in the design and use of electrochemical devices.

The systematic consideration of light deflection errors, barely
‘initiated at present, should make it possible to produce results of
greatly impboved reliability. The computational techniques developed for
the consideiation of light deflectioﬁ can be adapfed'for the analysis of
some 3-dimensienal concentratioh fields. It is to be hoped that the
present limitation of interferometry'to one-compenent electrolytic
solutions can be overeome by a eombination with other techniques, such

as spectroscopic ones.
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Iv. INTERFEROMETRY OF ELECTRODE SURFACES

Anong‘optical techniques used for surface.finish evaluation (152),
double beam 1nterferometry provldes some part1cularly attractive tech-
niques for observ1ng the mlcro-topography of electrode surfaces (4). Com-
pared to multlple beamblnterferometry, usually consldered for this purpose
(133 lhO), double beam 1nterference mlcroscopes are. ba51calLy capable of
using obJectlves of hlgher numerlcal apertures, because of the absence
of a reference mirror between lens and obJect. Also they av01d the
sampllng ofkan extended reglon to contribute to the 1nterference phenomenon
at one p01nt of ‘the 1mage (82) Thus, smaller surface features can be

vresolved. Another-advantage is that the specimen surface_does not have
to be coated wlth auhighly reflecting material,.(ﬁ,Bd)‘but‘can beyinspected
uithout alteration} The sinusoidal intensity distrlbution;ttypical of
,double'beam interference fringes,is'often'considered‘a>disadvantage for
surface topographlc studles (h).'It will be shown. however; that this
feature can be turned 1nto an advantage by the use’ of mlcro-densitometry

Complete separatlon of sample and reference beams for the examlnatlon
,of opaque surfaces ls reallzed in a modlflcatlon of the Michelson inter-~
ferometer,_the Zeiss-Linnik_interference microscope (8,43,143), schematically
shown in Fig}~80. This instrunent employs pairs of.matched objective”
lenses in spec1men ‘and reference beams and a replaceable reference mirror,
Wthh can be chosen Wlth a reflect1v1ty close to that of the spec1men
for good frlnge contrast. Aux111ary optical elements,'not shown 1nﬂF1g..‘
80, allow onelto control sPacing.and orientation of_lnterference fringes.

A sample*interferogram of an‘optically polished metal surface is

" shown in Fié.'Bl. For the interpretation of such an interferogram, it

must ‘be remembered that optical path differences are doubled because
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of the réflection of light from the specimen. An interference fringe
shift of‘dne fringe spaciné théfefore represents a loéal disblacement of
the reflecting surface of only half a wévelength'of the iight employed.
Thus, the diéplacemgnt ofviﬁterference fringes of aépro#. 0.08 fringe
spacings due to the few prominént scrétches seen'on:Fig. 81; repreéent
a surface déviation of.about 200 A,

The}depth>of éhe fiher polishing mafks is difficult to estimate by
visual inspection of the interferogram. However; a micro-densitometer
scan of anléﬁlarged transparency along the shoﬁldef of an interference
fringe (paraliél to its main direcfion) provideéla_quantitative analysis
of these detéils (Fig. 82 solid line). The local opfical frahsmissioﬁ
can be correlated with the fringé.displacement by a similar scan normal
to the directiohvof the interference fringes (Fig. 82, broken line) and
a contour séale can be derived from such a scan ba#ed on.thé linear change
in phase Between fringes. vThis scale automatically takes all photographic
non-linearities and process variations into account. ksinCe the scale is
compressed.at both ends, the surface profile scan is preferébly éhosen
in the cgnter part of the transmission range, where variations in surface
position.of 5 A seem to be fesolvable. This compares with a resolution
of 20-30 A feported for the use of photographicallj génerated equidensity
lines (82). In good agreement with the visual estiﬁgte, the deepest
local surface variation found in'Fig.'82_iS'about 20b A, This figure is
further confirmed by the electron micrograph'oflé_reblica of the.same
surfacé,fsﬁadowed at a small angle (Fig. 83). vTﬁe-more shallow polishing
marks , fécorded in Fig. 82, are also visible in Fig.‘83.

The detailed analysis of interferograms assumes all intensity changes
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to be»due“tblinterference. it should’be asserted Sépéraﬁely (e.g. by
blocking fhé'feference beam)vthat‘other factors affécfing local imagé
inténsify;:éﬁcﬁ as scattering or ébéorpfion in thé‘dbject, @r the effect
of imperfegéibné'in the instrﬁment,:canvbe negleéfed+ ‘Since'the phéée of
the objecﬁfﬁé?e ié'ﬁéasured felaii?é,to that of the‘feferehce wave in the
Zeiss—LinﬁiK?ihterferénce ﬁicroscope and many pfhéfiinterference micro-
scopes fdifréfleCféd7iight (80), smoothness and flatness-of the reference
mirfdfare‘ééééntial fOr reliable results. Any efféét of the_refefence
mirror on tﬁeAintérferogram could be detected by sliéhtly displacing

the objeét‘invthe_field of view. Instrument desig@s'whichvavoid the use
bf a reféféﬁgé plane hAVe been discribed by Krug éfzal.‘(Bl).

Polafizing inferferencé'micrdscopes for reflected light (4k) usually
produce différenﬁial»ihterferograms‘in ﬁhich thériﬁgéevipfénsity.is a
measure of the surface slope in a given directioﬁ. Thisbmode of operation
produCeé;g‘ﬁe;ief-like éppearénce,of the object'whiéh,can.be_very pleasing
to the exgé,bﬁt is less suited fpf'quantitgﬁiéeféVaiﬁation,N:cher fypes
of'interfetéﬁce micréscopes.fOrvreflected light:hévelbeen;déscribéd.(BS,
80). | |

Intgrferénce,ﬁicrpscdp&,can beléxpéctedrto,fipaaigqfeasing use for
the charactefiéation of eleétrode tqpographiés."Neﬁ'appiications dealing
~ with cr&étailographic3apg @étailufgical-factOrs caﬁ be'fofseén as well;

as in situ observations of electro-crystallization and dissolution processes.
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FIGURE CAPTIONS

Princlple of double'beam interferometry

A - Variable refractive index in specimen cell:

B.;FSpecimen Cell-with different parts of a plane‘light'wave
blkwhlch enter the cell in phase and get 1ncreasingly out of

'.-phase durlng propagat1on through 1t

-'C_f*Unlform refractlve index in reference cell.

vﬁ Q.Reference cell with dlfferent parts of 8 plane wave whlch

Tlstay in phase durlng propagatlon
E:éﬁInterference pattern due to the superpos1tlon of spe01men
”lrand reference waves. Local-optlcal path'd;fference in
ﬁlwatelengthsg | | |
Concentrationedependence of the‘refractive-index of aqneons“
copper sulfate solutlons at 20°C (116) o

Concentratlon—dependence of the refractlve 1ndex of sulfurlc

v acld (ll6)

Refractlve lndex of mlxtures.of sulfurlc acld and copper

sulfate (l2h) =

Refract;ve indices at‘dlfferent'navelengtne?.literatnrefdata »
Hfsoh; 99;5%, 2390 (116) Cusoh-sﬁfbv(lol);H.Oi(116)'
Determlnatlon of ‘the concentratlon of two separate components of
a solutlon from the refractlve index at tno dlfferent wavelengths
(scnematlc) | | |

Temperature dependence of refractlve 1ndex H SOh, 95~ 96% (110)
1M KC1(116),1 M CuSOh (116) H,0 (61) |
Productlon of two coherent llght ‘beams . (a)‘deision of wave-

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

-reflection.
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Fig. 9. Rayleigh interference refractometers.

A -

E -

H -

I

point‘source

spherical lénsés

double slits

specimén and refefence Qhémbers
compensatbr

plane of interference fringe~f6rmation

eyepiece.

Fig. lO.'Rayleigh interferometer for the observation of vertical refractive

variations, plan view diagram.

=3

b o w

point or slit source

spherical lens ‘

double slit _. .
spedimén ana reférenéé ceils (refractive index |
fariationé in veftical diréction) |

Vs‘p'helr‘"ical\l'ens for imaging sli}'t_i A (lwith interference
fringes)in horizontal directioh

cylinarical léné<with horizontal axis for imaging cell D

in verficai direction

film piane

.fringe pattern-in film plane for a diffuse liquid

Junction,

Fig. 1l. Rayleigh interferograms, observation of the diffusion of a 0.2%

. solution of sucrose against water (Svensson 134),

" Left: refractive index profile (nérmal_interferogram)

Right: refractive index derivative profile, obtained with two

identical diffusion bouhdaries, slightly shifted with

respect to each other
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_Fig,'laos Multiple source Rayleigh interferometer with double pass

Figt 13'

Fig. 1b..

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

A -

B -

moﬁécﬁfomatic lamp

multipoint sourcé 

narrow.ﬁirror‘ab6ve réfleétéd béémsvD, G
spherical lens

specimen and reference cells

-plane mirror

spherical lens for imaging cell in vertical direction

cylindrical lens with vertical axis for imaging

~interference fringes in horizontal direction (with

T

1ens‘G)>‘

photographic plate

Multiple source Rayleigh interferogram. Diffusion of 1.081

‘vs. 1.180

M CuSO,, 1.5 hrs after forming boundary (Hsueh 62}

Jamin interferometer arranged for the observation of horizontal

refractive index variations, plan view diagram (Ibl, Barrada

and Truempler 64 ).

A

.B'f

condenser

mercury arc lamp with filter for 5L6.lnm line

- vertical slit

- beam splitting Jamin piate

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

axis for producing horizontal interference fringes)

‘diaphragm_forhéeleCtion of reflected beams

4

PR SR

S
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H - spheriéal.iens for imaging fringes‘from infinity in
vertical direction
I - cylindrical léns»with vertical axis for imaging obJject
in horizohtal‘diréction
J - image plane
Fig. lS.vJamih interferogram of cathodic mass tranéfer boundary layer
in 0.6M Cuso,, obtaihedvﬁith the interferometer described in Fig. 1b.

Scale lmm, shadow of electrode on the right. (Ibl and Muller 65).

a. before electrolysis
b. current density 2.2mA/cm2, natural cbnvecﬁion, vertical
cathode.

Fig. 16. Lotmar interferometer (97).
| A~ monochromaticvlight source
B -~ collimator lens-
C - Jamin platek‘
D - cell and referehce mirror
B - field lens o o |

F - objective lens

[}
1

imgge plane
‘Fig. 17. 'Lotﬁar interféroérams of the diffusion ofxfwo cadmium sulfate
. §oiutions (9% vs. 19%) observed with iﬁéreasing time (97).
Fig. 18. Jamin interference contrést pictures ofthevan§malous convection
on a mercury drop electrode (Antweiler 1),
'41. _ Uﬁdisturbed diffusion layé? during the reduction of a
0.02 N FeCl, solution. |

3

2-4. = Downward convection ig’the above solution, at lower potential.

3

5. Undisturbed diffusion layer during the reduction of a 0.02N



Fig.

Fig.

7-8."
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'V_N:i,012 solgtion;
;éell-shaped upward convection in the above solution, at
"iower poteatial. | |

Eddy convectlon durlng the reductlon of a 0.1 N NlCl2

solutlon.

19 Slrks-Prlngshelm 1nterferometer

20..

- ¢,D

A

B.

: A;E

- wedge-shaped glass plates
'afé - object and reference
U - virtual origin of . interference fripges
- objective lens | | | o

-G - image plane .

Dyson- interference microscope.

‘condenser

ﬁedge—shape beam splitting.plate With”parfially réflecting

o rlght face and totally reflectlng center on left face

object w1th surrounding reference

»wedge—shape beam uniting plate with partlally reflectlng

"?faces

portion of'glaSS sphere with centralvopehing'on‘totally

V;;reflectlng surface, where image of object 1s formed

mlcroscope obJectlve
1mage plane:

eyepiece
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N

Intensities of beams reflected from a Jamin plate with opaque

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

“front surfaces:

(é):;‘bafe (4% fefléctivity)

"(b)‘_ uniform (loés-free) coating of 37.3% reflectivity

(¢) - partial coating of 47.7% reflectivity.
Light intehsities 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 - color filters

D - collimating lens

E - beam splitting plate

Fig. 21.
Fig. 22.
Fig. 23.
Fig. 2k,

F_;:reference cell

G, H ~ deflection mirrorsv

specimen cell

=]
|

J - beam uniter plate
K - objective lens

L .image plane

Loéalization and orientation of interference fringes in the

vMach—Zehnder intérferometer, 7Wi, Wé coherent wave fronts in

~ location of W, and W

"plane L.

specimen and reference beams reépectively. Wl',_wz"virtual

- as imaged by the objective lens K on film



Fig. 25.

Fig. 26.

Fig. 2T.

 Fig. 28.

- If;‘siatial'fiitér'(slit)
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Modlfled form of Mach-Zehnder interferometer w1th laser llght
source (Beach Muller and Toblas 6). -

A, C D - first surface deflection mirrors

B ;THeNe gas laser with.duel beam output

E ;.specimén cell |

F’:Yobjectivejiens

G —voeem'uni£er plate ﬁith,dieieetric coaginéf"

H - reference lens

J‘— 1mage plane
Boundary layer development observed w1th 1nterferometer of Flg

iS Cathode,vh cm from leadlng edge, .66 mA/cm , 0.1IM CuSOh,

- Re 1100 kaoreelectroly81s, 2 and 20 seconds after start of

electrolys1s.

LertzeHorn 1nterferedcezmicrosoope.
A;;goeam splittipg,prism essembly
B:—:eondenserse |

C - object and reference:

D - matched objectives

'E - beam uniting prism assembly
’FHQdeyepieoe | v .

| Miéhelson interferometer;f

A - collimated light soﬁrcg :
B'--beamvspliting andruniting plate
C;ﬁ - object and reference celisv
D;E'- object and‘refereﬁce-mirrorS'
D' - virtual posiﬁion of mirror D

G - compensating plate

vH”—-obJective lens,

I - image plane




Fig. 29.
Fig. 30.
Fig. 31,
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Beam splitting devices for polarizing interferometers.

Ofdinary (0) and extraordinary (E) rays with polarization in-

'diééted by difectién of.electric vector. v(a) Savart plate,

pfoducing linear shear (b) Wollaston prism,”producing angular

shear.

Shéaring interferometry. Superposition of a specimen wavefront.

(=) with another form of it, serving as reference (----)
(a) complete lateral shear

(v) differential lateral shear

() angular shear

(d)' radial shear

(e) longitudinal shear
Lébedév interference microscope.

A - polarizer

B - condenser ' '

' C,F - birefringent crystalvplates

- D - half wavé:plate

E - object and reference
G - objective lens

"H - analyzer’

 .If-,image plane

g - eyepiece
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Fig. 32. Smith‘interference michscopé.

Fig. 33.

Fig. 3.

Fig. 35.

Awéliight source

B -~ condenser '

C;IVQipblarizer

D;Hvé‘Wbllastéh prisms

ﬁ;Gie 6bjec£i#e lenses

F - object

-Jff‘eyepiecé

,K_—_image-pléne

Gouy interferometer (side view).

A

A

G

H -

A

B

"i1luminator

horizontal slit

“collimating lens

Gell (with refractive index profile)
'653ééfife_léns | -
image plame |

Pnd;flecfedﬁsiit%image

‘deflected slit image

,Bé@' splitting by d'iffrt‘a.cti‘onv sratings.  Dittraction orders
indicsted by R‘,’mani‘i-ﬁﬁﬁéf#iéz. ' (a) parallel bean, (b) convergent
,fgur.diffraétién gfating interferome£¢r Kweinberg.1151,);
‘Tﬁonochromatic light soufce with cOndéQSQf |

:pinhole

collimating lens
- diffraction gratings operating in plﬁs and minus -first order




Fig. 36.

.Fig. 37.

Fig. 38.

Fig. 39.

Fig. ko.
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E,F - diffraction gratings operating in second order

object

,G._
H - virtual location of object
J.— objective lens
K - image plane

Zernike phase contrast microscope .

A - diaphragm with annular opening

B.f condenser lens

C - object

D - objectiveblens

'E - annular phase plafe in rear feeal plane of ebjective

F - image plane

Ihterpretation of an interferogram with finite fringe spacing

(a) 1nstrumentally generated 1nterference frlnges with local
' phase glven in wavelengths ‘ |

(b) dlsplaced frlnges due to a refractive index field

_Two—dlmenSlonal 1nterferogram w1th finite frlnge spacing.

Heated horizontal tube in air under natural convection

(Hansen’ 56) .

bInterpretetion of an interferogram withvinfinite fringe

spacing

- (a) uniform object

:(b) concentration field like the one wused in Fig. 37b.

Two-dimeénsional interferogram with infinite fringe spacing,

“heated horizontal tube in' air under natural convection.

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

Bock Company).



Fig;'hl.

Fig. k2.
Fig. 43.

Fig. u4b.

Fig. U5.

Fig. U6.
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Refractive index increment An, and correSponding concentration
increment of a 0. SMVCuSOA solution (n =1, 3h68), necessary to

shift 1nterfence fringes by one frlnge spac1ng (Ap - A) in a

‘cell of thickness d. (Eq 12) Single pass 1nterferometer, green

Hg light (5&6 1 nm) Practical resolutlon llmits of 1nterfero-

metry are 0.1 to O 001 tlmes the values 1nd1cated‘

Tllting of a wave front W due to different propagation rates
in a refractive index field. | 0
Ligntvdeflection in uniform'refractive‘indexigradient field;,
Definition of coordinates.

ﬁiént:deflecticnﬁdue to a constant‘refractiﬁe\index gradient.
Angular light deflection o and lateral beam displacement a.
Refractlon at cell ex1t results in deflection angle B. v |
Angular light deflection B and a due to constant refractive

1ndex gradient w1th and w1thout con51derat10n of refractlon

. at the cell exit, respectively (Eqs. 31 and 29) Cell thlckness.

x=0.2, 0.5, 1 and 2 cm. Concentration.gradient associated

with refractive index gradient valid for 0.5M CuSQu (n = 1.3L468,

an/3c ='0.027/M). Current densities indicated result in the

i’aSsociated concentration gradient at the surface of a cathode

1n 0. SM CuSOh'in the absence of convection.'

Lateral beam displacement at the cell exlt due to & constant

refractive index gradient (Eq. 33), Cell thicknesses x = 0.2,

C,S, 1l and 2.cm. Refraction inside cell wall not considered.

Concentration gradient and current density scales as in Fig. 45,

l
1l
|
'
i
1




Fig. u7.
Fig. 48.
Fig. L9.

A

B
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Optical path length errors due to light deflection near a
working electrode.b a) refractive index ?rofile, b) cross-
éection of elecﬁrolysis cgll.

Deflected beam 2 ;nd uﬁdeflected reference beams 1 and 3 which

énﬁer and leave, respeétively; the refracfive index field with

_‘ﬁhe-defleéted bean.

pl,:pe, p3 -~ optical path lenéths of the three beams inside the

cell

“A,D - cell walls
B - electrolyte

.'C;- électrode

Errors in optical path length due to light deflection in

constaﬁt refractive index gradient for cell thickness x of

O.é, 0.5, 1 and 2 cm. Wavelength 54%6.1 nm, refractive index
n = 1.3468 (0.5M CuSOh), effects of cell wall and focusing not
'conSidered. .Concentration gradienf and current density scales

as in Fig. L5.

Effect of choice of focal plane on geometrical distortion due

.‘to.light defiecfion. a) exit side of éell'focused b) optimum

focus c) entrance side of cell focused (refraction at cell-sir

interface and in cell wall not shown).

- electrdlyte
- electrode
c - déflected beam

D,K,L - .virtual locations: of electrode surface
E - auxiliary ray
F,F' -~ focal points of objective lens -

G.- objective'lens



Fig. 50.

Fig. 51.

Figf 53.

Fig. 55.

Fig. 56
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_H ;“image of electrode surface
'i”—‘image.plane
J < picture of electrode shadow

- beﬁsing in the absence of'light'defleétidn. E-real, immersed

object, E'=yirtual location of E, F-real plane of focus in

f»ééll, F'?virtual plahe of focus (focus in air).

depusing %n:the'presendeiéfvlight defiééfiqh. »ABC-deflected

' iiéht beam, F-real piane'qf fdc#s, F';viééﬁal plane of focus,
 é-lbcation of plane of f6Cds, g-létéraif&iéfiécément of viftual

' beam origin.

Effect of cell wall thickness"dIOhNlaﬁérai‘ﬁéém.digplacemén£ g.

Lateral displacement,g'of virtual beam origin due to focusing

infa-medium of constant refractive indek.éradientfkif Indepehdéﬁt
of cell wall thickness. Cell thickness x = 1 cm.

1’;Dé£érmination of the location e, of the plane of focus (inside

ceil) for which the virtual origin'Eo':bf a deflected light

beam (e.g. electrode shadow) is not displaced laterally.

-Location eovof plane.of focus for zero displacement of electrode

shadow due to light'deflection in a constant refractive index

gfadient. Independent oﬁ;cellfwall.thickgessﬂ Cell thigknéss

g x =-0.2, O;S5vl and 2 cm.
-Determination of. the optical path error dqefto light deflection.
lyPlane of focus: at entrance_éf'light iﬁtbva'medium of variable

 refractive index.
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AB - optical path length P,

" . AC - optical path length ph

Fig. 57.

Fig. 58.

"EI - optical path length ps'

-Effeét of cell wall thi¢kness d on error in optical path length.

Efror in optical path length (pu - ps)/k'due to light deflection

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

:foéus on side of cell at which light enters the liquid medium

(e = o). Cell thickness x = 0.2, 0,5 and 1 cm, n = 0.3L68,

2 X = 5.h61x10'5 cm, curves 1, 2 - cell wall thickness d = 0 and

1 cm, respectively, cell wall refractive index ng =-1.51.



Fig. 59.

Fig. 60.

Fig. 61."

 Fig. 62.
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‘Models of mass transfer boundary léyers”for_light deflection
ta);constant concentration gradient, b) Nernst model c¢) realistic

concentration profile.

Ligbt. deflection at the edge of a Nernetftype boundary layer. . ! 3

p7yv4 optical path.length of deflected curved beam AB inside
v boundary layer

optlcal path length of deflected stralght beam BC outside . f

s boundary layer

.pg *s”pT + P8

optical path.length in bulk refractive-index

Near the edge of a Nernst-type boundary layer two deflected
.(l 2) and oné undeflected (3) beam exlt “at every p01nt C

.Computed 1nterference frlnge B for a Nernst-type boundary layer'

r_of refractlve 1ndex proflle A (Eq. 52) Focus on cell ex1t

_effect of cell wall thickness neglected. C-location of

‘ielectrode surface, D-image ofvelectrode'surface. Bulk

:refractlve index n = 1. 3h68 refractive 1ndex gradlent k =

©0.33cm ™t , cell width £ = 0.5 cm, wavelength A= 5 4611077 ¢

- (Beach T, McLarnon 99).

Fig. 63.

Fig. 6k.

Numerlcal computatlon of a deflected llght beam GL in a boundary

layer. A,D - cellwalls, B - electrolyte, C - electrode P -

E equiphase circle centered in virtual beam origin E'.

;?interferenCe fringes (b) to (e) computed for refractive index
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profiel (a) for Aifferent choices of the plane of focus (inside
cell). Cell width 1 cm, glass wall thickness 1.27 cm current

P

density k.5 mA/cm2, wavelength 5.461%10 ° em (Beach T).

‘b ~ focus 3.h4hm”inside glass wall farthest from the camefa
b = focus oﬂ inside face of glass wall farthest from thé‘camera'_
_d -~ focus inside cell, 3.75 mm from the-iﬁside face of the
» glass wall farthest from the camera
-é —.focus iﬁside cell, 7.5 mm as above

Fig. 65. ‘Effebt of the change of focal plane (inside cell) on ﬁhe appearance
of interference fringes for a cathodicvdeposition boundary |
layer (Beach T)

a. interferogfam with the fbcal plané inside the glass wall
farthest from the camera
b. interferogram with the focal plane on inside face of the
glass wallvfartheét from the.camera
é.‘iinﬁefferogram wifh‘the foééliplane approximatelyvhalf‘wd&
" across the cell. | .
v_d}' Interferogram with the focal plane near the inside of the
glass wall near the camera
E. incoming collimated light
F, glass ﬁall farthest from the camefa :
G. eléctrolyte énd electrode
H. glass wall near the camera
J; cameré lens
' cﬁrrent density = 5.0 ma/cme; cell width 1.9 cm; glass width
 = 1.27 cm; The zero of the verticai scalé defines the

‘electrode shadow before the boundary layer was formed.
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Fig._66. :Cenéentration profiles:of boundary layefsnmdeié employed for
-cdmpUtations in Figs. 67-70 (McLarnon 99).. a
Fig. 67. 'Eéfof in apparent interfacial concentration due to light de-~
fleetlon in a boundary layer model for convectlve dlffu51en . ‘ s n
’(Flg 66) Cell thlckness 0.2 and 1 cm, wall thlcknesses as
1nd1cated below. Boundary layer thlckness 0. h mm, . bulk con-
' centratinn b 5 M CuSOh, focus1ng on 1mmersed target on 1nside

e‘surface of cell wall where llght enters (McLarnon 99).

curve  ‘ cell thickness x, em wall thickness d, cm
'ncjr.‘ﬁ, . 0 2 o v 0.2
- 0.2 0
_15‘5 1.0 »_' R o - B -
5fil"f’“ N '196' L .v-n. 0.5
0O 10 1

Fig. 68.:_Ern¢r in apparent interfacial eoncenfretien grandiént due to ' o
light'deflectipn-in a bohndary léyer."Otner date.as inYFig.
167'(MéLarhoﬁ 99).

Fié. 69.:_Effor in apparent boundary layer thicknesé due to light
_defledtion;' Other data as inﬁFig.v674' (MéLernon‘ég)-

Fig. YO;n'Location eb_of plane of focus in cell»er zZero displacement of

eeiectrdde shadow due to light defleCtion in aiboUndary_layer._
.ianther data as in Flg 67 (McLarnon 99) |
Fig. 71; vL1ght deflectlon 1n anodlc boundary layer a) refractlve index _ v 'i
:'iproflle,b) undeflected beam 1n the bulk and‘deflected beam v‘ i
 ‘;which leaves cell at the_electrode sUiface;c) reflection of
ideflected neams at the electrode surface:

Fig. T2. Amplitude and phase in a diffraction image 9.2 mm behind a

i
i
i
i
;
1
’
|
|
|
;
i
‘
i

" straight edge located at abszissa zero.v Wavelengthv5h6.l_nm.
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Fig. T3.
Fig. Th.
Fig. T5.
Fig. 76.
Fig. TT7.
Fig. T8.
Fig. 79. 
Fig. 80.
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Diffraction effects in an interferogram near an electrode
surface.

quition of diffraction,maxima (solid lines)'and minima (broken

lines) as a function of distance.(defocusing) behind a straight
- edge. Wavelength S546.1 nm, numbering of maxima and minima as

on Fig. 72.

Electrophoretic separafion of normal human serum, descending

bfénch after 37 minutes at 8.5 V dm-l.f Bottom: Interferogram,

topi efqluatioﬁ (Kern -Th)
Boundary 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 CusS0,, (ITbl

68).

‘Interfacial concentration reduction at a vertical cathode at

distance x from the bottom, under natural convection. O0.6M
Cusoh, 1 mA/cme. (Ibl 68).
Comparison of an'interferometrically measured concentration

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

.'¢m2 (Ib1 68).

\Boundafy'layers in stagnant electrolytes gtICOnstant voltage,

observed with a Rayleigh interferometer. (Hsueh 62)
- 2
a) 0.0385 M CuSO), initial current density 0.2Lk mA/cm”,

times:40, 103, 263 and 475 min.

'b) 0.1 M CuSO, + 1 MHSO,, times:9, 40, 106 and 450 min.

Zeiss-Linnik interference microscope

~ A - Illuminating system

B - beam splittér



Fig. 81.

~Fig. 82.

Fig. 83.
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rc;FJ; matched obJectlve lenses

D - Reference mlrror

E - object
G - image plane
H ,eteyeplece

Interferogram of an optlcally pollshed surface of type 316

vrstalnless steel. Wavelength 535 0 nm, Zelss—Llnnlk interference

microscope. Objective 60X, N.A. 0.63.
Miéredensitometry of interference mieregraph-shown in Fig. 81.

Solid line: scan parallel to interference frlnge, resultlng

'ﬁin‘eurfacefproflle. Broken line: scan nermal to,lnterference
fringes, resulting in-(nenelinear) surface profile scale shown

on the right.

Electron micrograph of a replica of the.surfece shown in Figs.

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

deepest scratches 200 A,
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0.6

~0.8 1.0 1.2

XBL714-3289

Fig. 2




- -107--

Weight (%)

20 40 60 - 80 o0

AT T T T T T T

20
Ny

index

|40

‘Refractive

l .

PR S TN Y N S Ry W

fflfOf;ff;;»v5-i .“*;L R

| l L : 'lv.v'fl .vi'.'ﬂl

sto4 | _c‘:_o'rj'éenfvrqfidrj}_ (M ) e

 xBL7I4-3291

- Fig. 3.



-108-

135

Refractive inldex-ngsf '.

0.5 M HpSO,

1.34

0 ol o0z 03 o0&
~ CusO, concentration (M)

. XBL714- 3292

Fig. 4




| R:‘ef‘_rac'ri've index ,n

133k

155 —

-109-

.54

.53 |-

.34

144

1,43

400

500

600

700 800

Wavelength, A (nm)’

Fig. 5

XBL714-3294

L el



Refractive index at wavelen gth 2

-110~

2

Component A |

. ._R_é'-ffoctive index at wavelength |

XBL714-3288

" Fig. 6 |




index np -

Refrdctivef

42

.41

133

LoL32f

=111~

40

60 80 100 -

Temperature ~ (°C)

. XBL714-3290

Fig. 7



-112-




o113

V777 1
" 22227 —

1 WL g

XBL7IS-3477

o  Fig. 9



-11k-

774/ .
A W/[/i e

L

XBL715-3478

Fig. 10




#1315

i e AP

IM 1568



-116-

XBL7I5-3475

Fig. 1o



=117

6717

XBB 6811~

13

Fig



HT 314

9/ e-G1L18X

[T .
,“.f'llnll|' ..4~... u
,..TIIIIIIII.I .-..Hu—
: - - = -
(e @]
l Sz
T




Fig. 15



-120-

XBL715-3532

Fig. 16



=121

60

120

& 207

AT n:mm mmml

420

IM 1583



o




-123-

XBL715-3533

Fig. 19



~12}-

AV
WAV,

——

XBL7I6—- 380l

Fig. 20



T

4%
N

100

\ ()
47 Ol 4%

(a) (b) (c)

XBL7I15-3474

Fig. 21



100

(a)

87.6

-126-

(b)

Fig. 22

(c)

XBL715-3473



15T

AB

O e ] e —

Fig. 23

XBL697-3198



-128-




]88

Fig, 25

XBL697-3197



~1350~

O sec 2 sec 20 sec

BOUNDARY LAYER DEVELOPMENT

4 em from leading edge, 66 mA/cmg, 0.1M Cu80), Re = 1100
XBB 694-2708

Fig. 26



le 814

06.¢-91L78X

aod

-131-

g .....\.

0%




-132-

Fig. 28

XBL716-379I



-133-

86.€-912.718X

62 914




=15l

208¢€-91.79X

(®)

— S — —— — — ———

— e — — — — -

0€ 314

0

P e T ——

-

|
|
|
|
|
|
|
|
|

(D)

— — — — — — — — — — —— — —




w135~

96.L€-91,718X

1€ 914

<~ A




-136-

L6.€-91.718X

ce 814

17




13T~

G6.€-912718X

€¢ 31y

RN




-138-

b6LE

912718X

(q)

ne "3




=130

€6.€-912718X

¢ "84

ANNNNNNANNN




-1L0-




NAANNN

LU

(a)

Ap
4 x
32

2\
I A

-1 A
- F K
-3
-4\

=141-

Fig. 37

(b)

XBL717-387I



|
N
<
)
1

_




-143-

XBL717 -3870

(b)

Fig. 39

P

(a)




-144-

XBB T18-3559



increment per fringe

index

Refractive

-1L45-

I

OI
w
T TTTTT]

[

O
I TTTU !

o

T TTT1TT]

1

Il

T T TTTT]

Lrraal

[ I

| 1

FTTTTT

e

| A . T O

L1111

10

1111

RN |

|

]
F.y
Concentration

1

o

o
2.

0.l
Cell

thickn

Fig. L1

|
ess (cm)

O

)

(M

increment per fringe

XBL717-3875



-1k6-

Fig. L2

Wi W2
C
¢ gt
__.>N|
C
. n+dn 9!
X

XBL7I17- 3872



~1hT7-

€.8€-21,78X

£ *IT4




-148-

XBL717-3874

Fig. 44



Angular light deflection a (deg.)

-149-

Current density (mA/cm?2)

Or gl T r L L7 i i | IIO 1 1 1 I I]5 T i (| i
Concentration gradient (M CuSQO4 cm™!)
@) S |
1 1 l I 1 1 I T S i T T |
I 25
i 1
15| ]
i —120
-
= 0@ j
v .
- _1I5
1o ]
d > d
] —10
| 0.5 ¢ ]
St |
- ~15
N CLZ-C”‘ .
- ]
0 1 : ! . 1 . J
0 0.1 0.2 0.3 0.4
Refractive index gradient k (cm™')
XBL717-395I

Fig. L5

Angular light deflection 8 (deg.)



Lateral beam displacement a (cm)

_150_

Current density (mA/cm?2)

O T i i ? 1 1 1 1 IIO 1 L R 1 ||5 T 1 1 1
Concentration gradient (M CuSO4 cm™')
O.|5O T T ? T T T T IIO T T T T
. J
[&]
k- i
0.1 =
&
\C J
0.05 7
05 el :
]
0.2cm
! | | 1 | 1
O 0.1 0.2 0.3 0.4
Refractive index gradient k (cm™)
XBL717-3950

Fig. 46



_151_

(a) (b)

XBL697-3199

Fig. LT



Error (fringes)

=50

Current density (mA/cm?2)

OI T T T ] ? 1 T T i 4 l'O T T I T I'5 I T T
Concentration gradient (M CuSO4 cm™')
|OOO T T T ? T T T T K[) T T T T
i P2 ~ P
A
- 2cm i
i icm i
50 0.5cm _
)... -
i 0.2 cm ]
O p——
0.2 cm
- 5 lem .
B R 0.5cm .
l, p2 —p3 i
A
= 50 il | 1 | L
0 O.l 0.2 0.3 0.4

Refractive index gradient k (cm™')

Fig. L8

XBL717-3948



=153=

.

OIS,
LXK
LR

S 0‘0.'\’

XBL6E97-3200

Fig. 49



—————

XBL723-2546



=L 5

XBL723-2550

Fig. 51



-156-

IBGZ2-€2218X

g¢ *9td

4

w\\\\

S

i i /L
i \\\

7

23




=157~

€¢ *31d

06G2-€2.18X

(w2) sndoy jo aupojd jo @ uUOI}DIOT
G0
T

D1 =

SO0~

G00

010

(wd) uibuo woaq |onpain jo 6 Jusawaonidsiq



—————

T

A




¢¢ 314

68G2-£2418X

(,-wo) juaipoab xapul 3AI40D4}9Y

70 ¢0 20 1°O
| | | | [ I I
2°0 = X
— G'QO=X
| = X
- =X
| | | 1 | | |

O’

9ouDJ4jud Jybi| wouy % aoupjsiqg

(W2)



-160-

8vGc- €2.18X

9¢ *81d




=161~

0862-¢c.18X

I

-— —0 —

\
\

\

\

\

\

L& *8ta

_.A
H

>

7L

.

L L L LLLS LL LA (&

.

/7

/)

4

/7

)




gs "I1d

88G2-€22718X

(,_w2) ¥ 4uaippib xapul aaI4oDIBY
v°0 ¢'0 2'0 1'0 0
_ L

 m————
I

=162~

00l

10443

(sabuiiy )



. \
oy

-163-

Fig. 59

) |

S

(c)

XBL717-396|



-16L-

-3960

XBL7I7

Fig. 60



-165-

Fig. 61

=N

XBL717-3958



(cm)

Distance y from electrode

0.0

-166-

Concentration ( M CuSO, )
0.l

0.8

0.3 0.4 0.5 0.6

0.08
0.07
0.06 [~
0.05 |-
0.04F
0.03}

0.02 -

0.0 |-

v
0.0%} 1

T

T ] T T | T

C

335

1.340 1.345
Refractive index

XBL719-4364

Fig. 62



-167-

DANANRAN
+ VaVaV,

(a)

XBL723-2547

Fig. 63



Distance y (mm)

0.5

-5

Change in optical path length (fringes)

20 10 0 30 20 10 0 20 (@] O 10 0 0
LA T R o S B e G e mny B SR N M B U e s B S S DI AN N R A 20 e aa
Concentration (M CuSO4)
046 050 0.46 0. 50 0 46
_T T I 1 I T l‘t | I 1 | T | 1 1 i} xi| 1
a () (b) J J el \/ :
C | | | A, | | _— | | l — | A | l4
1.346 1.347 1.345 1.346 [.346 1.347 1,347 1.347

Refractive index n
XBL7I8 -4036

Fig. 6L



-169-

mm
—.5

XBB 697-491LA

Fig. 65



Distance from electrode (cm)

-170-

Refractive index

lad O 1.340 1.345
0.08 Al l T T T T l T T L ] T

OLOT+—

0.061

0.05 —

0.04—

0.05— -

Q.02 -

0.0l |~ .,

0.00 n l . n
00 Ol 02 03 04 0.5

Concentration (M Cu SO,)

XBL719-4293

Fig. 66



Error in interfacial refractive index

-171-

Current density (mA/cm?)
o) 5 . 10 'S 20
' T T T T T T T T T T T T T T I
Interfacial concentration gradient (M Cu SO, cm™)
O T L] T E } 5 T T IO
0.002f- T '
— 0.06
lcm i
0.00! |~ —J 0.04
- A —0.02
0 — 0.00
oA A |
i o/0 0.2cm —0.02-
A
" i
-0.00l [~ oy mas.
I | ) | i, | |
0.0 0.l 0.2 0.3 0.4

Interfacial refractive index gradient (cm™)

Fig. 67

XBL719-4292

in interfacial concentration (M Cu SO,)

Error



_172_

Current density (mA/cm?)

- Q__ 5 10 15 20

- [Tt 1 ] I & F ¢t &0 07 1T 3

: Interfacial concentration gradient (M Cu SO, cm™)

E

o O 5 10

A T T T T ] T T T T T T T T T

s 0.2 cm

o . —0

é OO_ —h— —A— A -

5 [

> L

(<))

E'ODS?-

® i

= E

S N

2 -0l

&) -

S i

3 :

T IS

[ -

< .

= I

s ~0.2—

L:, A 1 1 | 1 1 I | =
0.0 0.1 0.2 ok 0.4

Interfacial refractive index gradient (cm™')

XBL719-4289

Fig. 68

Error in interfacial concentration gradient (M Cu SO, cm™')



layer thickness (cm)

in boundary

Error

_173_

Current density (mA /cm?)

0 5 10 E 20
I T T ) LA I T T 1 T l ] 1) 1 i r 1 T T 1
Concentration gradient (M Cu SO4 cm™')
@) 5 10
T T ] L [ ] 1 I T l 1 L T i &
0.04 | cm -

<
®)
¢

o
@)
N

B
o

o
)
(@)

o
o

0.1 0.2 0.3 0.4
Interfacial refractive index gradient (cm™)

XBL719-4291

Fig. 69



(cm)

light entrance

Distance egp from

-17kL-

Current density (mA /cm?)
O 5 10 | 5 20
| T T T T l' T T ‘l T T T T I _|l T || ]
Concentration gradient (M Cu SO4 cm™)
@) 2 |10
0.6 ' " ~

0.2 — -
02 cm
1 3 ! — i
O.1 - T?
0.0 L | 1 | 1 | T
0.0 O.l 0.2 0.3
Interfacial refractive index gradient (cm™')

Fig. T0

XBL719-4290

004



~.-1.75—

Fig. T1

XBL717-3962



Amplitude

-176-

Phase ()

c 4 2 I o 4 6 81012

B I L A B N |
6 O 0600 i
= -l
41 -
A @ @ ® ]
2’—‘_/ i

| | ]
=002 =0D| O -0.0l 0.02 003
Distance from geometrical shadow (cm)
XBL718-3979

Fig. T2



=177~

L

L

XBB T718-3569

Fig. T3



0.0l

O
O
o

O
&

Distance behind straight edge (cm)
O

I B L | 1 | |
0.00l 0.003

Distance from geometrical shadow (cm)
XBL718-3980

Fig. Tb



-179

v

ﬂ%{‘
F

%Y. B

J

205% o,

125% .G'

40% A

| -

Auswertung einer Aufnahme von normalem menschlichem Serum.
Absteigender Ast, Laufzeit 37 ' bei 8,3 V cm. Michaelisputfer.

MU-35623

Fig. 75



-180-

x=20mm
02+ B xX=10mm

01 | | L I | | | ] | 1 | o
001 01 1 10 mg
mA/cm

MU-35602

Fig. 76



LL 814

FL2T-8TL "TAX

W X

0¢C ol S /A

sl
XX
I(S X




o

mol./ litre

0-098

O 0‘096

0-094

0-092

) ¢

]

-182-

/c=c,,--(c(,-ce,)(l-‘gﬁ.)2

- wWEd W) e ) b G eod 2 ean 2=

I

0

01

1 ! L.
02 03 04 605

) 4

mm

MU-35601

Fig. 78



=183~

(a) (b)

XBB T18-36T72A

Fig. T9



-18h-

NS

XBL7|8-4037

Fig. 80



=185~

XBB T718-38L8

Fig. 81



-186-

"

(y) 9|1joid 82044ng

300

1200

—1100

—1000

—400

—

50

100

tance along surface (u)

80

(1%) uoissiwsupiy |0o1dQ

Dis

XBL718-4035

Fig. 82



' =187+

XBB T18-3673

Fig. 83



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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