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Abstract: In this paper we present two methods to measurdiffusion has started; the diffusion coefficientdalculated
the diffusion coefficient in transparent media gsin by fitting the fringe data to the analytic solutiohthe one-
electronic speckle pattern interferometry (ESPIthédugh  dimensional diffusion equation. In the second metfi®-
these methods are not new, it appears that theg hav 22], one arm of the interferometer is tilted slightetween
been compared, and that the proposed scheme of da&gposures; this produces curved fringes, the stpara
treatment by least-squares adjustment for one efeth between the extrema of which allows calculating the
methods has not been applied before. The methods weliffusion coefficient directly.

tested on a cell containing a 1.75 M NacCl solutiiffusing

into distilled water. Results using either methoérevvery obtlar;ntrt];]se F()j?f?j;i%ecfgf%gieonr; :)r;ecg;?‘ng; Z(;tlrt] dgﬁltggds
similar and they compare well with the value of the

e - . . water. The interferometer was of the Mach-Zehnggpe t
g:]flf)usst;):cec:efﬂment reported in the literaturer fthe two and fringes were produced through f[he ESPI tecler._ﬂqu
' Results are in good agreement with those published
Keywords: diffusion coefficients, interferometry, least- elsewhere [23].
squares adjustment.
2. THEORY

1. INTRODUCTION Consider a one-dimensional test section in whiehneths an
The coefficient of diffusion of some substance iftuad can  index of refraction (IR)n(y,t), where y is a Cartesian

be predicted theoretically or found from availablecoordinate andt is the time. A coherent light beam of
experimental correlations [1-3]. However, valuesaoted wavelength/ travels at timet, along a lengthd in the x

with either procedure are only approximate. If ¢tgea .= . ) .
precision is needed, experimental methods should glirection and is made to interfere with a referebeam.

applied. Optical interferometry is one among thedewi The process is repeated at a later tipeThe two images
variety of techniques available. The procedure iappto  are stored and then subtracted from each other thdwy
transparent fluids, and is based on the fact thet t of ESPI shows that bright fringes will appear ore th
concentration distribution in a diffusion procedwems the resulting image at those values of the coordingtethat
optical path length of light that traverses the med By  satisfy:

making this light interfere with a reference beathe

information encoded in the irjterfe_rer}ce pattern kx_arused n(y,t,) - n(y, ,i):i N, 1)

to reconstruct the concentration distribution, fratmich the d

diffusion coefficient may be inferred. Although stical
interferometry can be employed, the techniquesepred
currently are holographic interferometry and elecic
speckle pattern interferometry (ESPI) [4].

where N, in an integer called the fringe order.

In general, the IR is a function of several pararset
one of them is the concentration of a species withie

A number of investigators have used interferometry diffusion cell. For relatively small total differeas in
calculate diffusion coefficients for various mixtsr from  concentration, and if temperature is kept constamé, may
data obtained in diffusion experiments. To minimizeassume that the IR in the cell is a linear functadnthe
practical difficulties, and to simplify the mathetical  concentration, thus allowing to write
analysis, the experiments have consisted on aelishich An=KAC @)
one-dimensional vertical concentration distribusiohave

been established. wherek is a constant of proportionality.

Two different interferometric methods have been A monotonic one-dimensional IR distribution can be

extensively reported in the literature. In the tfifS-11],  established by setting up a transparent diffus@hvehere a
horizontal parallel fringes are obtained at variboees after



boundary separates two regions of a solvent witfotm
but different initial concentrations of a certaipesies. Let
the boundary be ay = 0 on the horizontalx — z plane, and
let it be carefully removed at tim¢=0. If the initial
concentrations at negative and positive valuey acdire C,

and 0, respectively, the concentration at a lates t is:

Yi _ Yi
erfc{z\/DTZ] erf{ 2JDTJ N -
erfd Y |—erfd Y N,
2,/ot, 2,/Dt,

where y; and y; are the coordinates of the fringes with

®)

C(y, t):%erfc( y j ordersN; and N, respectively.

2Dt

where D is the diffusion coefficient and erfc is the
complementary error function. Equation (3) is weibwn;

it corresponds to the solution of Fick’s second Iavone
dimension for constanD .

In practice, it is more convenient to determife by
considering all possible combinations of fringesrpawe
can do this by minimizing the sum of squared reslitu

. =ZZ{1‘H(D)—%}

where f (D) is the left-hand side of equation (5), and

where subscriptsandj include all fringe pairs that one can
or wishes to take into account, but consideringhepair

) . only once.
in concentration

By substituting equations (1) and (2) into equat{8h ()

one gets

y y
erfcf —=— |- erfd —== |=0N 4
[Z/Dtj {z/mj ’ @
where 9 =A/(kd)
difference, at arbitrary times$, and t, after the start of

diffusion, between consecutive fringes in the ifergram.
The shape of the left-hand side of equation (43€en in
figure 1.

is the difference

Despite the simplicity in its derivation, it appsahat
equation (6) has not been used by other investigato
However, other types of least-squares fitting pdoces are
described in [5-11].

It will be shown below that to obtain the coeffigieD it y

is not required to know the laser wavelength, nameasure N
the length of the cell, the proportionality const&n or the

N

initial concentrationC,. However, the sensitivity of the

interferometer is proportional t@, k and A™, in that A

more fringes will appear for a given concentrationif any e g ot B T p— S e S R
one of these quantities is increased.

It should also be stressed that equation (4) assuina w
the IR is linearly related to the concentration dhdt the
diffusion coefficient is constant. Since in genebath D
and n depend on temperature, to obtain good results it i
essential that temperature be kept as constanbssbpe
during the diffusion process. Also, the initial centration
C, must not be too large, otherwise the linearityusen n

and C may be lost.

AClY)

2.1. Method 1

In the first method one uses the fringe ordershsy must
be numbered correctly, and their positions withpees to
the initial boundary must be identified accuratefither
dark or bright fringes can be used, but the forarereasiest
to visualize. Fringe number 1 should corresponthéofirst

Fig. 1. Profile of concentration difference at twogiven times after

dark fringe farthest from the initial boundary betem the
two concentrations, at either end. The rest of fthges
must then be numbered sequentially, as depictethéofirst
two dark fringes in figure 1. Then, from (4) ondgje

starting the diffusion process. The initial bounday is at the grey
horizontal axis (y = 0). The black horizontal lines correspond to the
bright fringes observed in method 1. Dark fringes are irbetween. In

order not to crowd the figure, only the first two dark fringes at the top

are shown with dashed lines. Fringes in method 2 peoduce the curved

concentration profile.

2.2. Method 2

In the second method one uses the separatiobetween
the maxima of the profile given by equation (4)e $igure



1. As was first derived in derived in [12], the fd#ion  necessary to subtract images taken after therdiih fthose

coefficient is then given explicitly by: acquired before the tilt.
-1 _4-1
:ﬁ—tl t2 (7)
8 In(t, /t,)
To apply equation (7) one needs to measure only the FG&C
times t, andt,, and the separatiow . The problem is that  CCD

this separation cannot be measured from an intafam
such as depicted in figure 1, because from thegérin L
positions it is hot possible to know where the maioccur. os'=1='

This problem was solved in [13], where it was rzadi
that, by adding a system of carrier vertical friadgpefore the )
second exposure, the resulting system of curvedds will

follow precisely the shape described by equation tffus BS {\ | M2
allowing distancew to be measured directly from the U oL oF ~
interferogram. NDF
| I— BS
Being simpler than method 1, method 2 has been usedbc (\ |
more often [14-22]. - ﬂfﬂ
M3 U cL sl M1

3. EXPERIMENTAL PROCEDURE

Experiments were carried out on a cell made of stveets Fig. 2. ESPI interferometer. BS: beam splitters; CL collimating lenses;

. . . DC: diffusion cell; FG&C: frame grabber and computer; L: laser; M:
of glass, 2 mm thick, 50 mm h'gh and 30 mm wide. Amirrors; NDF: neutral density filter; OL: object le ns; OS: opal screen;

distance d =7 mm separated the inside of the glass SF: spatialfilters.

surfaces. A 1.75 M solution of NaCl and distilledter was Figure 3 illustrates typical interferograms cormsging
prepared and kept inside the air-conditioned rooher®  to both methods. The image on the left, with hartad
the experiments were carried out. fringes, corresponds to method 1; it was obtaingd b

The experimental setup was as shown in figure 2. ﬁqbtracting images obta?ned after tilting_the mL_rrat 75
consisted of a Mach-Zehnder interferometer illurtédaby min and 60 min. The image on the' right, with .curved
a 35 mW He-Ne laser. The beam was first passedighra fringes, .cor'responds o methpd 2, it was obta|n§d b
neutral density filter to avoid saturating the C&&mera, It Subtracting images at 45 min (right after the aitd 40 min
was then divided by a beam splitter. Both arms hef t (ust before the tilt).
interferometer were spatially cleaned, collimatedd a
recombined by a second beamsplitter after the olyjeam
passed through the diffusion cell. To minimize ithifuence
of refraction, an object lens was used to relayithage of
the cell onto an opal screen, to which the cameas w
focused.

The cell was first half-filled was distilled wateAfter
allowing for residual motions to dissipate, thet sallution
was slowly injected from below using a powered rayei;
this took about 30 s. Time was measured from thee ti
injection was stopped. Images were then capturddstied  Fig. 3. interferograms for methods 1 (left) and 2 right). The vertical
each 5 min. During this time, the temperature i® th scaleisin milimeters; the boundary its at the z® of the scale.
laboratory was monitored with a mercury thermometer
within 0.1°C, it was stable at 23%.

Processing the interferograms according to equdtdn
gave a diffusion coefficient of1.4293« 10° M /. The
Becond method, equation (7), gaie4297 10° m /.

These results apply for a temperature of Z&%nd are in
excellent agreement with those published elsewj2&.24].

The two methods were used on the same experiment.
achieve this, after the first 45 min the objectronir(M3 in
figure 2) was tilted some 5@rad about the vertical axis by
using a piezoelectric actuator. This introduced ¢herier

fringes that method 2 requires.
4. CONCLUSIONS

After completion of the experiment, the stored immg , . .
were subtracted using an image processing software, ' this paper we have presented two interferometethods
method 1, subtracted images corresponded to thugered to measure the diffusion coefficient of a transpare

either before or after tilting the mirror. In meth@, it was ~Selution. Both methods are relatively easy to impet.
Although they are not new, it appears that theyehawt



been compared, and that the proposed scheme of data diffusion and partition coefficients for proteinsgels
treatment by least-squares adjustment for one ebeth Biotechnol Prog. 18 1423-30

methods has not been applied before. [12] Bochner N and Pipman J 1976 A simple method of
The methods were tested on to the same experiment t  determining diffusion constants by holographic
measure the diffusion coefficient of common saffuding interferometryd. Phys. D. Appl. Phys9 1825-30

into distilled water. Results using either methoérevvery [13] Szydiowska J and Janowska B 1982 Holographic

similar and they compare well with the value of the e
diffusion coefficient reported in the literature. measurement of diffusioh Phys. D.Appl. Phys15
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