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A ONE-DIMENSIONAL FOCUSING CRITICAL ANGLE
REFRACTOMELER FOR MASS
TRANSFER STUDIES
K. W. Beach,* R. H. Muller, and C. W. Tobias
Inorganic Materials Reésearch Division, Lawrence Berkeley Laboratory
and Department of Chemical Engineering, University of California
Berkeley, California 9LT20

ABSTRACT

A focusing critical angle refractometer has been constructed to
measure the one-dimensional refractive index profile inside the glass
wall of a liquid container. The instrument displays a graphic image

of the entire refractive index profile.

Present address:  New England Medical Center Hospital, Boston,”
Massachusetts 02111 o _ S



- Interferametric andvschliereﬁ oétical systems have‘long Eeeﬁ used
iplfhe study of refractive index fields. They effer convenient methods
for observing large regions with high resolution infshbrt times. The
images formed provide detailed graphic displays of the refractive index
fields under study. The teehﬁiques suffer from an intrinsic disad- |
véntagee7 they form 1mages from light which has passed through the
.entlre experlmental reglon and, therefore, contalns 1nformat10n only on
the 1ntegral (average) refractive 1ndex (or refractive index gradlent)
traversed. In addition, the refractive index gradients cause distortions
in the imege. | | | |

In ﬁass transfer studies, where the refractive index profile near the

cell wall is different ffom that in the center of the.cell, it isﬂdesirebie
to.augment interferometric reffactive index measurements by a refraceive
index profile.measuied next to the cell window, in order to correct
for fefrécti§e_index variation in the direction of light pfopagation.
_The cri£ieel engle.refrectometef_described here was constructed.for

this purpose, but it may also be used és'avseperate experimental'tqol;

CRITICAL ANGLE REFRACTOMETERY
Snell's-Léw (Eq;_i)_relates ihe angle_of refraction ek at whicg
light passes through a,ﬁdeium of refraetiee indexenkﬁfo'the angle of-
Hincidenceieirand the corrésponding external refractive index ni.
ng sin 8 = n_sin 8 : | (1)
The medium k need not be in direct contact with the external medium;i
as long'ee all ﬁedie.in-betweeﬁvare joineavby paraliel inteffaees. The

angle 8 is measured from the line'perpendiculaf.to all of-thevinterfaces.
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If the refractlve 1ndex of one of the layers is-so low that Eq 1

_l cannot be satisfied (sin e cannot exceed 1.0), light is totally
"‘reflected gt the layer. The largest angle of refraction for transmitted
'nlight ie the critical ahgle of refraction. It is determined by the
x"lowest refractive index region traversed. Even when ﬁhe critical

angle is not exceeded, a part of the incident light is reflected.

Critical angle refractometers determine the refractive index of

‘the medium of lowest refractive index in the optical path by measuring

the critical angle. Figﬁre;l shows the reflected"and transmitted light

beams and images observed in the telescope of an Abbe refractometer(l 2)

The images are formed‘byrilluminating'a pair of optical reference
priems,boﬁnding the medium to be'measured; with diffuse monochromatic
light and observing the‘transmitted or reflected’ light. The lowest.

angle of totally reflected light (Flg. la), or the highest: angle of

transmltted light (Fig. lb) appear as the boundary between an illum-

1nated'reg10n and a dark region. The reflected image is of low contrast
because light at angles below the cr1t1Cal angle 1is partlally reflected.
The transmitted lmage is of lqwer intensity but higher contrast and
should, therefore, be used whene#er possible, The boundary between the
two regioﬁs is parallel to the axis of'the'crltieal angle.(3) 'If.the
measurednwdlum in the Abbe refractometer is not of unlform refractive -
index, the llne 1nd1cat1ng the crltlcal angle will be blurred Such
local refractive index varlatlens can be resolved by two apprqaches:
l)tlimitlng.the ilIUminated.eree,of the medium to ebﬁain a measurement
represenfatlve of ‘one point in'the-saﬁple, é) imaging the mediﬁﬁ-to

obtain localized measurements. ‘The instrument described here limits the
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illuminated area in one direction and focuses in the other direction to

provide a display of refractive index vs distance, for the obsérvation of

a one dimensional refractive index field.

A ONE-DIMENSIONAL FOCUSING REFRACTOMETER e )
A 6nefdimensiOnal focusing refractometef, usihg cylindrical.optics, '%
has béen‘developgd fdf use in conjunction with a Mach-Zehnder inter— B
ferometer in conieqtive;ﬁass fransfef stﬁdies. “The instrument (Fig. 2)
- was designgd toimeasure refractive index profiles just inside the glass
'.‘wall of'aﬁ électrblytic mass.trénsport cell.
| A diagram of the instrumént (Fig. 3) shows collimated light from
a mercury vapbr lighp source A, direéted>by.a ﬁirror E, into a cy-
lindr;cal lens on the prism éssembly'F, G;(h) The cylindrical lens,
with verticél axis, coﬁverges the light in a wedge to a vertical vertex
line.which is ldcated at_thé interface'beéween the glass Vall G and

_»ﬁhe observed medium J. The part of the light which is reflected leaves

the prism assembly through a cylindrical lens with horizontal axis and
ehteré the camera ieﬁs H, The éamera lens is focused at infinity so. ‘ ': )
that the hbrizontai angle of the ligﬁf leaving thevprism-is disélayed as , o
horizontal,displaceﬁept'on_the film. The éylindricai lens, located at !

its focal distance,from'the line of measurement, in cpmbinétion ﬁith

the camera lens, images the line of measurement on the film in the ver- LN

tical direction. ' _ : - o

The wedgevéf ingident light,:which strikes the line of méasuremenf, -
includes all critical angleéltd b¢ measured. The smallest angle of

totally reflected light, 4 measurebbf,loéal refractive index, appéars
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as a boundary between a dark and a light region on the film. Thus, the

refractive index profile along the line of measurement is graphically

recorded in the imagei Figure 4 shows such an image of é refractive

index profile formed at a diffusing boundary between two solutions.

A diegram of the iight reflection and refraction at the observed:

,ihterface helps*té explain how the image is formed. Figure 5 shows the

“interface B between the glass wall G and the liquid medium J.  The liquid

medium is assumed to contain a diffusion boundary similar to the one

obsérved.in_Fig. 4, with refractive index increasing in the downward

-~ direction. A wedge of incident light A is converging to a vertical apex

line on the interface and results in the reflected light bundles C and the

refracted bundles D. Planes 5 in incident and reflected bundles represent

light which isiincident 6n the entire interface abové the.critical angle
and ‘is ihérefore totall& reflected. Plénés 1l to hvrepfesent light which
is‘tdtaily reflected énly ovef part of the interface.

With increasing éngle 6f.incidence (planebl to 4), partial trans-
missioh occurs at inc?eééingly lower locations ofvthe ipterface, corre-
spondihé fé increasing'refractive index of medium J. Partial transmissién
below tﬁe critical angle of inéidende'resultsxin a décreased intensity
of the reflectéd 1ight;.the critical anglé is recdgnizéd ﬁy én abrupt

change ih.thevreflectedvintensity. The refracted light D (not used in

this instrument) shows an angle of refraction which decreases in the down-

ward direction.

' Céiibration'of the iﬁstfumént is illustrated in Fig. 6. »Reffactd_

~grams of 'solutions of known,cohcentratibp have been photographed. It

can béVSeén that ‘the horizontal displacement of the transition line
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between partlal and total reflectlon (a measure of the crltlcal angle)
is very. nearly a llnear function of concentratlon. Thus, refractlve
index profiles, such as the ones shown in Fig. 4, can be quantitatively

interpreted;

REFRACTIVE INDEX GRADIENT NORMAL TO PRISM FACE

A eompl1cat10n arlses ‘when the 1nstrument is used to measure ‘the
interfacial refracuive index in a medium in which the refractive index
decreéses,witﬁ inereasing disﬁance awvay from fhe prismv(glaesrwall). “In
‘this‘ce5e, light of low angle of incidence which is transmitted by the
interfaee mey°exceed‘the critical angle in a region at some distance from
the prism and be totally reflected. If there is no z:effactive index
gradient in the direetion perpendicular to the line of measurement but
normal to the measured interface, the refractive index corresponding
to.ihe return.ef the‘light incident at a'partieular angle Ceﬁ be cai—
culated frpm Snell'e 1aﬁ.(Eq. 1). .In order fer this returning ligﬁu to
affect the.criticel ahéle measufement, the light must return fouihe .
interfecefatva.iocatien which elldws‘it to be accepted by the'focusing.
optics.”

?he location of fhe feturning light may_bevfound by'solving the_
equation of light,deflectidn (Eq. 2).(5)
. . .'dgy

&x2 n(y

p (1 dy) . “ (2)

y(x) describes the path of the light, with,refractive index n being a
funetioneof the distance Yy from the observed interface;._If the light.
is incident on the observed interfact at x = O, ¥ =_0'and‘eontinues into

the observed medium (which hqs‘an.interfacial refractive index of n. ) at
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an dngle Bk in'the tx, -~y difection, a solution for the case of a

linearly decreasing refractive index is

nk sin 6

3 .
Y - ¥g = 2 (cosn (2 (x - x /g sin 6))) (3
where'yé = —-gﬁv The light penetrates into the solution to point Xy
. Where
yP ' . _
Yp = Yo (sin 6, - 1) | (k)

and re-enters the reference prism at xr‘where

,; x_ = 2'y° sin Gk'(cos_l.(csc 6,)). . - “(S)

The Angle of the returned light equals the angle of the incident light.
'w The light which returns to the interface from within the solution

may be eliminated by épatial filtering. Thus, the refractive index

~profile next to the glass wall can be measured. Altérnatively,’the

 light returning to the ihterface may be used to study the refractive

index profile in the ¥ direction.

‘CONCLUSION
A'critica;_anglé reffactometer:has bé;n constructed for uée iﬁ'maés‘
transfer.studies; The 1nstrument is de51gned to measure a one dlmen31onal
refractive indéx profile parallel to a glass wall. It is capable of

resolving conCentration-difference_on‘the order of 10-5 molar (10—5

refractive‘index units) and distances of 0.02 mm. The images formed are

‘not distorted by réfractive index gradients as are the images férmed from
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1igﬁt rays which have pasSed through a refractive index field.. The
instrument has been used in cdnjynction‘with a Mach-Zehnder interferometer

in electrochemical mass transfer studies.

(6)
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FIGURE CAPTIONS

Fig. 1 Abbe refractometer patterns

Fig. 2

Fig. 3

A. illuminating prism

B. meésured medium

C. refractometer prism

a) Pattern seen in refléction, a low cdntrast boundafy between
totally reflected light and partially reflected light. The

critical angle is the lowest angle ofvtotal reflection.

_ b) Péttern Seén in transmission, a high contrast boundary of the

partially transmitted light. The critical angle is the
highest angle of transmitted light.
Focusing refractometer for observing refractive index gradients
through the glass wall of a mass transfer.éell (top view).

A. water cooled mercury light éource and collimating optics

' B. mirror

C. cylindrical converging lens with vertical axis on the input.

end of the pfism assembly

‘D. calibration cell attached to the aligningvblate

E. cylindrical focusing lens with horizontal axis on the output

end of the prism assembly

'F. motor driven camera with 500 mm lens focused at infinity =

 (Nikon F)

_Séhematic of focusing refractometer (top view)

A. mercury vapor light

B. dichroic interference filters passing SL60A

C. collimating lenses

(9
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D. pinhole spatial filter

E; mirror

. contact prism assembly with convérging-pylinder lens,oﬁ‘fight
and focusing cylinder lens (horizontal axis) on left

G. glass wall of cell

H. 500 mm camera lens focused at infinity

J. electrolyte With_refractive index prbfile in the vertical

direction

‘The optical contact between the prism F and the glass wall G is

nade by introducing methylene iodide between the pieces. Wheh
the optical contact is broken,_tofal-reflection occurs ‘at the

prism face and the light follows the dotted path to 1/2 mm

xspaged horizontal reference lines etchedlén the back of the

| prism (uhdéf P . | | |
Réfraétbgrams from the focuSingfréfraCtometer of the boundary

v bétween water ahd'l.o'mblqr copper sulfate at two_difféfent

times after the boundary was formed.. &) O min b) 3 min. .The

concentration is indicated on the horizontal axis. The separ-
ation between the marks on the vertical axis is 1 mm.

Reflection and refraction at an interface with a vertical

~ refractive index gradient.

A. incident 1ight:

»vB._interfaée.betweenjmédium G (glass wall>of cell) and medium J -

(electrolyte with refractive,index vdriation_in‘vertiéal direction)

C. reflected light

- D. refracted iighﬁa



Fig. 6
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For any angle of incidence of light (planes 1-5) the angle of

reflection is the Same as the angle of incidence but the angle

Jof refraction varies with the refractive index.

-Calibratian of the focusing refractometer.'_Critical angle line

on the film plane marked for solution concentrations indicated

in the right column.

-
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