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LONG-PATH LA)ER INTERF'EEOMETER CELLS 

FOR USE IN CONDENSED PHASES . 

I. Electrodeposition Cells. 

. l _2 3 4 
By R. N. O'Brien, E. A. Beer, K. Beach and J. Leja 

The developmen.t of a truly long path interrero-

meter for use in condensed phases was not possible until 

the uniphase out-put continuous C.W. gas laser became 

commercially available, although an interferometer with 

a path length limited by the spacial coherence of the 

light source (sodium vapor) but still qulte long (the order 

of interference being limited to about 10 4 ) has been 

reported in this journal 1 and considerable rAlDrk was dune 

w:ith it2 and its prototypes. The spacial cuh::;rence of Uw 

laser is such that no appreciable attenuatJon of the 

lntensity of a beam occurs :in less than about one kilometer> 

A.nd the monochromin:tty is ~:;o good that us:tng the Rayliegh 

cr1 ter1 on for distinguishing between fringes, c•c! lls 50-60 

meters thick using water or non absorblng a.queous solutions 

are theoretically possible. Using previous light so1lrces, 

a.t the very least one collimatJng lens was needed ( EHlmetime:·; 

8. fJ lter) thr:: cell thlcknei~:> wa~3 l:Lmtted to nhout ~) r;ttll and 
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j_f photography was the recording means, normal ::peed motJun 

picture photography was difficult because of low light 

intensities, whether transmitted or reflected. Using a 

,'3pectro-Physics Model 130 gas laser with a beam e.xpand:Lng 

telescope in which the beam was expanded from 1.2 mm in 

d:i.ameter to as much as 60 mm in dj ameter f lne-gr.:-11ned f'i_lm 

of ASA speeds of 50-80. could be used at 8-16 frames/sec. 

The theory of interferometry inc lud Jng method ~3 of 

calculating results has been previously explained 1 and an 

excellent text exists 2 , but briefly the formula 2~t Cos~= n~ 

where ~ = refractive index, t = thickness of the cell in crns, 
f r = the angle of incidence of light and Cos lf = l for all 

cases here considered, n order of interference and A 

wave length of the light in ems states that along any 

interference fringe (n is a constant) the product of the 

refractive index and the path-length difference (2~t in 

wedge interferometers) is a constant. If the interferometer 

is a rigid wedge so that t is constant at any point then when 

the refractive index changes the fringe must move up or 

down the wedge, or become curved in one direction or the 

other depending on the intensity and extent of the 

refractive index perturbation. The interference fringe in 

the family of cells to be considered is then a refractive 

index contour. All cells are of the transmission, rather 

than reflection type as seen in Figure I, a schematic light 

' I 

1~ 

, 

' 



.. 

.. 

3 

path dJagram . Refractive index can be· reJ.ated to 

chemical composition by the expression ~ = KM where M = 

molarity and K is a proportionality constant that generally 

has an undetectable variation with concentrati.on up to 

about half molar concentrations, depending on the solution. 

In electroJ.ytes the foregoing is true for 1:1 electrolytes 

but variations of ±0 .1% occur for 2:2 or any electrolyte 

containing highly charged or ion-pair forming species. 

The refractive index can also be affected by changes 

in density as seen in the Lorentz-Lorenz Law 

where R is the molar refraction, M the molecular weight, P 

the derisity and ~ the refractive index. Changes in d~nsity 

may occur because of changes in temperature-and pressure or 

hydrodynamic shear. The"'Concentration change contour(which 

if the solute has a density different from the solvent is 

also a density contour) has beenutilized in electrodeposition 

and the cells evolved will be described here, the density 

change contour and the cells to study it wllJ. be described 

in Paper II. 
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An Elt~ctrochem:Lcal Interferometr.l.c CelJ w:l th Het'eronce FJ <~ctro<ku 

Previous cells~3 have had no reference electrodes, and 

theoretically this is a grave limitation. One cell used for 

non-interferometric work 4 did use a copper probe electrode 

and some interferometric work was done with a similar celJ. 5 

The cell is sealed by tightening the three clamping screws. 

~he screws are adjusted after sealing the cell to give the 

desired wedge angle which is about two minutes of arc to 

give 3-4 fririges/mm. The first reflecting coating interface 

encountered (Figure I) was 90% reflecting and the second 70% 

so that although the cell is a multiple beam interferometer, 

the effective number of traverses of the cell is about 2. 

This avoids the problem of bending of the light rays as 

they traverse a region of constantly changing refractive 

index which causes the successive contribution to a multiple

beam fringe not to coincide in space with resultant loss of 

resolution. 6 The present cell as can be seen in Figure II 

has luggin capillaries of fine teflon tubing place~ directly 

in front of the working surface of the electrode. The 

extra set of holes was used to introduce the electrolyte 

(Figure II b). Figure II c shows the cell set up for 

electrolysis and fringes showing in the cel.l gp.p. Figure III 

is a ser:les.of interferogram taken with this cell when the 

electrodes were high purity zinc and the electrolyte was 

O.lN ZnS0 4 , pH 4.5, current density 0.5 ma/cm2
• 
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Electrolytic pr6cesses in which stirring or 

forced convection is employed and particularly eJectro-

machining where the electrolyte is pumped through the 

machining site,cannot be studied conveniently interfere-

metrically unless the electrolyte flows into and through the 

cell in a hydrodynamically acceptable way. One such way is 

delivery from a uniform cross-section, straight, smooth 

channel into the space between the electrodes which must 

be accomplished with no sudden changes of shape, cross-

sectional area or direction of flow. Th1s cell was 

designed specifically to introduce at appropriate Reynolds 

numbers a turbulence-free stream of electrolyte. The square 

channels which lead the electrolyte in and out are made of 

teflon pieces held together with stainless s..teel pins. 

Figure IV shows the cell detail. The cell is sealed by 

axial pressure on the teflon cylinder by the adjustable 

brass ring which presses the teflon cell ·wall against the 

glass flats. The wedge angle is adjusted by the clamping 

screws. The cell is to be used to investigate the system 

Cu/Cu.S04./Cu under forced convection condi t:tons. 

Rot_~tj_ng_j)i_~c Electrode· Cell 

In this modification the basic cell was fitted with 

a bottom electrode which protruded into the cell far enough 
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to fit into a hole in the bottom of a hollow cylj_nder of' 

teflon (Figure V). The cylinder was shaped so that with the 

bottom electrode inserted into the cylinder's bottom hole it 

was held upright. Slices were now cut from opposite walls, 

the slices being thick enough to cut through the cylinder 

walls, to form parallel chords of the cylinder's interTial 

diameter. A l/8" diameter hole at the top was used to fill 

the cell and to admit the rotating disc electrode. When the 

electrode rotated within the cylinder. The coated glass 

flats fitted tightly to the sliced off side of the vertical 

cylinder and the laser light traversed the cell through the 

open sides of the cylinder. The cylinder served the purpose 

of constraining the horizontal hydrodynamic path of the 

electrolyte to a close approximation to a circle. It was 

hoped that the change of tangential velocity where the teflon 

cylinder walls ended and the glass began would be small enough 

to be neglected. The cell was l em thick and the disc 3 .lf~9 mm 

in diameter. Figure VI (d) shows that at 300 rpm the hydro

dynamic shear zone extends to about 0.38 mm as seen by the 

limit of. the fringe perturbations. Knowing the wedge apex 

was downward the change in refraction index can be interpreted 

as a decrease in density or a dilation from the Lorentz-Lorenz 

expression. The other frames of Figure VI (a,b,c) show a 

1 mA/cm2 current density with no rotation in (a), in (b) the 

rotation has begun and the diffusion layer (which is about 

one haJ.f as thick as the hydrodynamic J.ayer in (d)) has aJ.most 

disappeared, in (c) a hydrodynamic shear layer is beginning 

to appear with a refractive index change opposite in sign to 

the electrochemical diffusion layer. Since a small fraction 
)' 

' 

' 
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of a fringe shift (±1/10) can be detected and the order of 

interference is about 4 x 10 4 a change in density or volume 
can be measured 

of about 1 part in 4 x lOo/. The possibility of using this 

cell as a sensitive dilatometer is being pursued. 

Dropping Mercury Electrode Cell 

This cell differs only in that sufficient space 

was provided to allow the complete electrode assembly,thatw tie 

capillary, salt bridge and degassing tube to be inserted 

into it. For this purpose three large holes (the largest 

4.5 mm diameter) were cut in the top of the cell and the 

assembly inserted (Figure VII). 

The cell was sealed in ·the usual way. The wedge 

angle used was about double the 2 minute of arc usually used 

to give more fringes, so that a full sized drop would have 

4-5 fringes across its diameter. Figure VIII is a interfere-

gram taken with a 35.mm motion picture camera under the 

following conditions: room temperature, drop time 1t 

seconds, -0.45 volts O.lN Pb(N03 ) 2 in lN KCl solution. 

Xhe concentration is about 2 orders of magnitude 

greater than that usually used~ -0.45 volts vs the normal 

hydrogen electrode is just at the beginning of the normal 

polarographic wave for Pb 2 +, so very little concentration 

change would be expected. The change in concentration is 
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The salt bridge containing KCl in agar gel can be 

seen to the right of the capillary. KCl (and possibly 

agar) is diffusing out of it causing severe perturbations 

to the fringe system. 

Information resulting' from the use of the cells 

will soon be published. 
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FIGURE CAPTIONS (Paper 1) 

Schematic Light Path. 

Detail of the internal parts of the Electrodeposition 
Cell showing luggin capillaries leading to reference · 
electrodes. 

Detail of the external parts of the Electrodeposition 
Cell. 

Photograph of the assembled cell with visible fringes 
showing the electrolyte gap at the centre of the 
picture. 

A series of interferograms taken using the Electro
deposition Cell. The top interferogram is at zero 
time, zero current, the middle is 16 seconds after 
the beginning of electrolysis at 0.5 mA/cm2

, in the 
Zn/ZnS04 /Zn system, cathode-over-anode orientation, 
O.lN ZnS04 pH 5.5. The bottom is the same system after 
about 5 minutes of electrolysis, 15 seconds after 
switching off the current. In each interferogram an 
oval window of references fringes appears above the 
electrolysis chamber. 

Flowing Electrolyte Electrolysis Cell. 

The Rotating Disc Cell. 

The Result of Rotation of the Disc Electrode on the 
Diffus:Lon Layer. Frame (a) shows a diffusion gradient 
j_n 2N N~OH, O.lM K~Fe(CN)s an~. O.lM K3 Fe(CN) 6 formed 
by passlng 1 rnA/em with the dlSC polarized as the 
anode. Frame (b) is taken about -k ?econd later and 
shows that the rapidly accelerating disc has almost 
lost its diffusion layer. Frame (c) taken about 1 
second after (a) shows a hydrodynamic shear zone 
beginning,with dilation of the solution distorting 
the fringes in the opposite sense to the original 
electrochemical diffusion layer. Frame (d) was taken 
more Ulan 10 seconds later and shows the stable 
hydrodynamic shear zone set up at about 300 rpm in this 
solution. All frames are from. a 16 mm motion picture 
film taken at 12 frames/sec. 

Detail of the Dropping Mercury Electrode Cell. 

Interferogram of a Mercury Drop Cathode. This frame 
was taken just before the drop fell~ drop time li 
seconds, -0.45 volts, O.lN Pb(N03 ) 2 in lN KCl. 
Concentration change near the top of the drop is 
about 0.03N. 
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Fig. I 



MATERIAL: TEFLON. 

NOT IN SCALE. 

0.016" 

r-0.400'1 

I 
THE HOLES OF 0.161" DIAMETER, HAVE A DEPTH OF 

APPROXIMATELY 0.125" 
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Fig. Ilb 
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ZN- 57 41 

Fig. IIc 



15 

.. 

,_ 

ZN-5738 

Fig. III 
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Fig. IV 
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Fig. VIII 



LONG-PATH LASER INTERFEROMETER CELLS 

FOR USE IN CONDENSED PHASES. 

II. Interferometric Cells Other Than Electrodeposition. 

By R. N. O'Brien, S. Weiner* and K. S. Spiegler.* 

Refractive index is a distinctive property of all 

phases of all matter and has been used as an analysis tool 

for many years, 1 but the analysis has been a spot analysis 

rather than a constantly measured variable in a physical 

process or a chemical reaction. The transport of solute in 

the growth of a crystal from a saturated solution was 

observed interferometrically by Berg2 in a fairly thin cell. 

Cells are now presented in which the physical processes of 

gas dissolution in liquids, the conduction of heat in trans~ 

parent liquids and the electrodialysis of sea water can be 

observed continuously. It is also thought that the formation 
. 

of hydrocarbon hydrates3 (clathration compounds) has been 

observed and there appears to be no reason why the kinetics 

of chemical reactions with low enthalpies of reaction such 

as the hydrolysis of an ester could not be studied this way. 

The addition of a thermocouple and prior knowledge of the 

thermal coefficients of refractive index of all reactants 

would permit calculation 

*Present address: Sea Water Conversion Laboratory, 

University of California, Richmond, California. 
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of reaction rates even when the complication of 

moderate enthalpies of reaction were encountered. 

An Electrodialysis Cell 

Some problems such as concentration polarization 

at ion exchange membranes in electrodialysis can more 

easily be investigated when they can be observed directly. 

A cell was built (Figure I) in which an anion and a cation 

exchange membrane were set into a teflon cell case which 

was machined to admit an Ag/AgCl electrode behind each 

membrane and sea water in front of them. The remainder 

of the cell, clamps, thermostat, etc., were identical to the 

DME cell in pap.er I but 3.25 mm thick instead of 7.65 mm. 

The fringes were arranged perpendicular to the surface of 

the membranes and at constant c.d. the build-up of concentra

tion contours was recorded with a 16 mm motion picture 

camera. Figure II is an interferogram from a 16 mm frame 

in which San Francisco Bay water, filtered and diluted to 

1/10 normal concentration is being electrodialized at 3.4 

rna/em (Figure II b). Experiments were performed with no 

flow of water occurring and at desired flow rates. The 

cell is being redesigned to minimize turbulence introduced 

by the shape of the flow channels. 

·-

r 

l 
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Gas-Liquid Solubility and Diffusivity Cell 

A gas-tight cell was designed (Figure III) to study 

the effect of dissolving gases in liquids. The cell was 

originally planned to obtain refractive index data for 

gases in liquids so that the generation of gas at electrodes 

could be studied interferometrically. It was found (Figure IV) 

that the fringe perturbation was for all gases initially in 

such a direction as to indicate a dilation of the liquid on 

dissolution of the gas. In the case of hydrocarbons that 

form clathrate~ as propane or isobutane (Figure IV), a later 

densification occurs and this is thought to be evidence for 

clathration. The stoichiometric unit is 17 H2 0·3M 

(where M is a suitable molecule such as propane) and the 

unit cell is 17 ~ on a side consisting of 136 water molecules 

which would suggest a slower process than diffusion of the 

gas into the liquid. 3 

A wide variety of gases and some interesting water 

solutions have been used and the results will soon be 

reported. The interferogram shown was obtained with a 16 mm 

motion picture camera using a prototype of the cell shown. 

The principal difference was that the cell body was made 

of teflon and at the highest pressures (about 10 atmospheres) 

the cell expanded and had to be calibrated so that the 

expansion could be corrected for. 
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Thermal Conductivity Cell 
A cell (Figure V) was designed specifically to 

measure the thermal conductivity of transparent liquids. 

The original use was intended to allay criticism of 

interferograms taken in electrochemical cells where thermal 

effects are known to occur at electrodes at high current 

densitieso Figure VI is an interferogram from a 16 mm 

motion picture frame showing the result of injecting 

refrigerated water into a cell which was at room tempera

ture containing copper blocks whose thermal capacity was 

much larger than the watero As the water warms up, its 

refractive index change can be used to calculate its 

temperature change. The cell used was a prototype of that 

shown in Figure V. Associated liquids show anomalous 

refractive index changes with temperature and water in 
. 

particular does not show a linear dependence between the 

two variables. 4 

The cell shown is a modification which more completely 

satisfies the_ C\mdition for one dimensional heat. flow than 

the prototype and has extremely high thermal capacity. Each 

side can be thermostated separately and hence it can be used 

to observe transient and steady state thermal conductivity. 

It is intended to study solutions of associated 

electrolytes in various solvents and associated and 

unassociated pure liquids. 
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Figure I 

Figure II 

Figure III 

Figure IV 

Figure V 

Figure VI 

FIGURE CAPTIONS (Paper 2) 

Detail of the Electrodialysis Cell. The core shown 
fits into a Veflon body similar to the Dropping 
Mercury Electrode cell in Paper l. 

Interferograms showing concentration changes around 
ion exchange membranes~ Striated areas are San 
Francisco Bay water (diluted 10: l, 1636 ppm). 
Vertical black solid shadows are anion-exchange 
membrane (right) and cation-exchange membrane (left). 
Vertical channel 1.58 mm, horizontal 3.17 mm. 
Solution stationary . Frame (a) is before passage of 
current, (b) is at quasi-steady-state polarization 
during passage of positive current(right to lef~ of 
3.4 mA/cm2 through silver-silver chloride electrodes 
place outside the camera~ field of view. 

Detail of Gas-Liquid Diffusion Cell. 

Two Interferograms of Propane Dissolving in water. 
The top frame taken t second after about 120 pounds 
per square inch above one atmosphere was applied and 
the bottom one 7/12 of a second after the pressure 
application at 24°C. The refractive index gradient 
has changed sign in l/3 of a second at the gas-liquid 
interface (the curved horizontal line crossing the 
centre of each frame). 

Detail of the Thermal Conductivity Cell. 

Thermal Conductivity Interferogram. Refrigerated 
water (5.2°C) was injected into the cell . which was 
at 22°C. The interferogram shows the change of 
refractive index with temperature as heat flows from 
the copper block walls into the water. Time elapsed 
from injection·, t second, thermal equilibrium required 
Nl second. Distance across the channel is 0.43 mm. 
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