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ABSTRACT - | |

Centrel to the appifcation of f1u0rescence correlatibn
spectroscopy, to measure the self- d1ffu51on coeff1c1ents and
average concentrat1on of fluorescent molecules in a vo]ume_
determined by'a focused laser beam,_1s the-determ1nat1on.of
the focal sbot size. As the focal spot‘siie_in the sample fﬁ
plane is Varied by.diselaeing either the focusing»1en5‘qr.
samp]e_posifion.aiong the beam axis, the'diffusiOn time and
average number of molecules Qary in a parabolic.mahner;
:'AnaIysis of fhe paramefebs of the perebola Ieeds to estimates
of the beam radius at the waist. The results agree with
fheoretical predictions.ahd brovide'an independent |

measurement of the beam'pfofile.
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INTRODUCTION
| Fluorescence fluctuation or corre]at1on spectroscopy
provides an attractive method for determ1n1ng self- d1ffus1on

coeff1c1ents as well as other k1net1c parameters of molecules

in solution at equilibrium. The attraction stems from the

fact that the thermodynamically driven fluctuations aboutv

equi]ibriom provide the driving force thus obviating the
requirement for application of extrinsic perturbations as are
exemp1ified by tenperature jump experiments. |
in‘this'method introduced by Magde, Elson, and

p1s2,3 s @ focussed laser beam def1nes a vo]ume,‘otherw1se_
open, through wh1ch f]uorescent mo]ecules freely d1ffuse.
Analysis of autocorrelation functions of the fluctuations of
fluorescence 11ght 1ntens1ty 1eads to the klnetlc parameters

Erov1ded the foca1 spot size is known.

In th1s paper we present a s1mp1e method for the

- determ1nat1on of the focal»spot size wh1ch c1rcumvents the
’d1ff1cu1t1es encountered by prev1ous pract1t1oners of thlS

o method._

-'Genera11y; when it’is desired tovdetermine the size of»a

focal spot it is compared w1th an obJect whose d1mens1ons
t_have been determ1ned prev1ous]y by other methods.A The

difficulty increases as the beam size becomes smal]er.

We1ssman, Sch1nd1er and Feher descr1bed a fluctuat1on cor- -

' relat1on exper1ment in wh1ch a 1arge samp]e vo]ume 1s

a11brated with po]ystyrene spheres4. Other approaches

invb]yg:knife'edges and thin fibers being translated across



the focal spot5’6’7."By measuring the amount of light

scattered by the‘fiber or knife edge, the profile of the beam
intensity can be inferred. This is also a calibration step.
The sample is suhsequent]y placed in the beam and the sample
and beam are brought into focus s1multaneoulsy, s0O that the
_sanple is 111um1nated at the bean waist. Thus, the beam
..d1mens1ens are measured in one exper1ment and the fluctuation
. measurements are'made in a separatelexperimeht or
.ekperiments; | | N | |

I.  PRINCIPLE OF MEASUREMENT
| It is possible to. perform both measurements simu]ta-
‘neously. Near the foca] plane the beam shape varies in a
.known wayo' The fluctuat1on parameters will vary |
correspondlngly so that the size of the beam wa1st and the
other exper1menta1 parameters can be est1mated fron the same '
vvdata. |

In f]uorescence fluctuation exper1ments.one measures the‘

autocorre]at1on funct1on G(T), of the photomu]t1pl1er
current, i. For the case of translat1ona1 d]ffu510n in an'
"open vo]ume,(z) . |
| 6(r) - 6(0)/1 + T/TD) N
-mwh1ch is comp]etely spec1f1ed by the twe parameters, G(O) and

W, A : ,

where Ty = w1 +d 2 az) @
- 4D 4D g |
6(0) = <i>? = <1>2 o S ”"(3):
S .n.wz'_’Lc : - 1|'|_C W7(1+A2AZ ) . -
‘H'zw 4 .



'pos1t1on and the pos1t1on of beam minimum z = 2z .

and W, is'the radius of the beam in the focai'piane,‘Dvis7the

~ diffusion coefficient, C is the average concentration of

fjuorestent.diffusing molecules in the illuminated volume, L

is the depth of the illuminated volume, <i> is the average'

‘phptocurrent, and Az is the distance between the sample

o
Thus, both- T and <1>/G(0) depend on Az in essent1a1]y

the same.way, If measurements of the parameters are

expressed in the form

2 .

' Tp =alk” +b and _<_]_22 = cA,'z2 + d,
: | () .
o o 2 % /2 Nk IR
e ot (BE) t(54) oep _ma 73
' | T L _ 4n/EB . A

1In th1s way measurenents of the autocorre]at1on funct1on at
_d1fferent va]ues of Az lead to essent1a11y independent

’estjmates of w wh11e s1mu1taneous]y giving values for the

0
diffusion coefficient, D, and the'twecdimehsionalleoncehtra-.

' tion, CLo

“Before demonstrat1ng the techn1que we w111 f1rst char-

"acter1ze the beam proflle in front of the focus1ng lens. We
'-can then pred1ct the beam shape near the focal plane, after
'fbwh1ch the beam shape near the focal plane will be measured

fd1rect1y. F1na11y, we w111 1nfer the bean shape from.

:parameters measured by fluorescence fluctuat1on spectroscopy

- . and compare the values obtained for the beam wa1stvrad1us,

Woe o



IT. RESULTS

A. Beam profile

The illuminating beam is that of an Argon ion laser
- operating at 488nm. After spatial filtering, to reject

higher order modes, and reco]]imation, the beam is primarily

'gaussian in profile. To measure the 1ntens1ty profile of the

"recoll1mated beam in the plane normal to the beam axis, a

-pinhole was translated across the beam. A photosensitive

field-effect-transistor measured the light transmitted by the -

pinhole. The pinhole and detector were driven by a -

- micrometer. Fig. 1 shows the beam,intehsity,profile meésuredhv_

in this way. The points'are-measqred valueshwhile the so1id_
_curve:is the'fit,ofea gaussian to the observed yd]ueé{
If I(r)= I exp(-2r%/¢?), then d = 3.08 mm.

'B. Size of the focussed beam;'prediction and direct

measurement -
' 8

SCa]ar-diffraction theory predicts® that the laserhbeam

"-intensity ih é p1ahe perpehdicu1ar to the prbpagation

*'d1rect1on remains gauss1an in. prof11e near the focal plane,

| I(r)- I exp(- 2r /w )
2 ' 2 2,.2
W =W 1 + A"Az
‘ 0 ( FZEF)
)

'is the wave]ength of the laser l1ght, and Az 1s the d1s-
placement a1ong the beam ax1s from the focal m1n1mum, z‘= Z_.
The reco]11mated beam i's focussed by a lens of focal.

length, f = 25.4_cm.. The beam radius in ‘the foca1 p]ane will

(4)

e o )
- where w_ is the beam rad1us as measured in the foca] p]ane, A,

be8
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<.w =)\f
°©

where A is the wavelength of the light, f is the focal length

-2

of the_]ens, and d is the e radius of the coT]imatedvbeam

at the frqnt:surface of the lens. Thus we eXpect W, = 12.8 .

'“’The:uncertainty in this value is about 0.5 u.

When the beam is focussed, the pinhole used to charac-

'_ ‘terize it will no. 1onger be small compared to the d1mens1on

of the beam.v Translatlng the p1nhole across the focussed

beam would g1ve a d1storted measure of the 1ntens1ty prof11e.

‘Rather than trans1at1ng the p1nhole across the beam, the

shape of the beam near the focal plane 1s_conf1rmed by trans-

~ lating the pinhole along the beam axis. The pinmhole is
'centered on the beam axis and the transm1tted l1ght 1ntens1ty

|  1$ measured as a function of d1sp1acement of the pinhole

along the.bean axts through the foca1 region. The-arrange-

_‘ment 1s shown in Fig. 2.

If we let T be the fract1on of 11ght transm1tted then

T

/ ° exp_(-2r2/w2) r dr | _

T = 0 . ' . o - | 2 2 .
: _ . = 1-exp(-2r _/w°) -

j; exp(-2r/l) r dr

~ where hovis‘the radius of the pinhole.

:Next,'we'define wz(T) = -2/1n(1-T). From the-expreSSion

for T, we see that w(T) is the beam radius expressed in un1ts
_ 2 -2 2 2
of r,, the p1nhole radius. That is, W(T) =_ ol O + A Az )

6)

.



o ‘ | 8
'HicrOphgtographs ef the pinhole'indieate that it is roughly '
~circular with radius, r o =( 23 + 1)u . Airy diffraction
rings of 1ight transmitted by the pinhole give a value for o
of (23.5 + 0.5)u. Fig.3 shows how,wz(T) varies with the
position of the pinhole'along the beam axis. The solid line
is a computer fit of the data assuming the parabolic

14u

L]

dependenCe of-wg(T) onA.z. From these data we find w,

and ro = 22.6y .. which compare favorab]y w1th the expected

'vvalues of 12 8u for wo and 23.4u for. ro®

C. Beam shape 1nferred from fluctuat1on exper1ments
| The apparatus used,for f1uorescence fluctuation measure-
ments is shohn in Fig. 4._ It'is'essentially the same’as the
one descr1bed in reference 3, except that our system contains
an externa] servo for add1t10na1 stab1llzat1on of the beam |
1ntens1ty.  The beam power is, nonltored by a photosens1t1ve
' fieldQeffeCtotransistor. The samp]e 1s a d11ute solution of.
Rhodamine SGQ It is situated at the focus of a parabolo1da1
mirror-which‘d1rects fluorescent 11ght-to a photomu1t1p11er;
The photocurrent is converted to a voltage and amp11f1ed, S0
| that the photomu1t1p11er ‘and the beam monltor show equa] |
Aaverage vpltages° A d1fference amp11f1er subtracts the beam -
' mdnitof.signai:from the photomu1t1p11er 51gna1 1n an effort_"'
to m1n1m1ze the effect of fluctuations in beah‘jntens1ty.:he
The dszerence s1gna1 is corre]ated by a Sa1cor hode] SAI 43A”
Autocorre]ator and Probab1]1ty Ana]yzer. The output,pf the.'v
'autocorrelator is pun;hed on_paper ‘tape. A combuter o

estimates theubest'1east.5quares‘fitaof the data to a



the variances of w

'funct1on of the form G(T) = G(0) (1+1/'rD)"1

where B is a constant. Correlations imposed on the: s1gna1 by -
electronic filters are not considered in the computations.
Measurements are made for vanious displacements of the.
sample along the beam'axis. From each individua1 autocor—
relation funct1on, est1mates of TD and <i> /G(O) are made. -
These values of TD and <i> /G(O) are then p]otted aga1nst
p051t1on, Az, and are shown in Figs. 5 and 6, respectjvely.,
Error bars shown in Figs;“SaandQG are Computed'from the
differences between observed values of G(T)_and fitted'.

values. Consequently, they reflect only the precision Of_the

’f1t. The observed values of G(t) are, themselves, subjeét to

uncerta1nt1es which would 11m1t the accuracz of va]ues
derxved from the computer est1mates.'-Thus the error bars in.

the figures take into account only a'fractionlof the relevant

‘uncertainties. The error bars were used to weight the data

in the least squares.estimates'of'paraneters used to conpute'
Wos D and CL. The data were not we1ghted in computat1ons of
o’ D and CLe.
. Assum1ng the stated dependence of Ty -and <1> /G(O) on
Az, these data lead to estimates’ for the diffusion '

coeff1c1ent; D, the two d1mens1ona1 concentrat1on, CL,-and to

two est1mates of W . The results are summar1zed in Table I.

0

' L, the depth of the samp1e ce]], was 100u .
111, stcussron |

The uncerta1nt1es stated for wo, ro,-D, and C are o

estimated from the differences between the observed and .



is: conslstent w1th the size of the mo]ecule

10v
fitted va]ues. Consequently, any systematic errors are |
excluded from consideration in arriving at the stated
nncertainties.. For example; measurements using the pinhole
near the focal plane are subject to uncertainty in the
determination of the total light intensity in the beam. If

the tota] Tight intensity'were inaccurately measUred,'the

fraction of light transmitted, T, WOUTd containia small sca1e
',factor error. | _
Near the focal minimum the fractlon of the light trans-'

'mitted was essent1a11y 1.0. Since the quant1ty_plotted in

Fig. 3 includes the factor 1n(1-T), it would be sensitive to
systematic errors.in T. ThUS,-thefStated uncertainty'for the

value of‘wd measured in this way is probably an under-

est1mate.

Nonetheless, the resuits presented are about as ex-
pected. ~-The va]ues g1ven for the beam radius in the focal

plane are 1n c]ose agreement. It is significant that scale

'vfactor errors in TD and <i> /G(O) have no effect on the

est1mate of wo. This is in contrast to the sen51t1v1ty to |
scale factor errors of the estlmate of wo obta1ned by trans-
mission through the p1nh01e. | _

The va1ue for the d1ffu510n coeff1c1ent of Rhodam1ne 66

9 a]though

'1reports ex1st of somewhat 1ower va'lues3 The value obta1ned

~ for the rad1us of ‘the p1nhole agrees sat1sfactor1ly with

d1mens1ons obta1ned from_the m1cr0photograph and Airy rings.

nnThe measured two-dimensional concentration of the fluorescent

. \-r .

)
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molecules is also about a§ expected. The dye soiutfon wase
prepared to be 5 x 10_"9 M by serial dilution fromfstock. )
solutionse During the course of the experiments some*of the -
molecules are destroyed by the exciting light and thus do not
appear in <i>2/G(0), leading to an underestimate of the
two-dimensional concentratjon. We consider an,underestimate
of CL by a factor of‘five'fo be reasonable.

IV. CONCLUSIONS | I

The results bresented here demonstrate that the focused
beam behaveé as predicted by sca]af diffractioﬁ theory and
that the beam shepe can be characterized by'measurements made
byffleorescence correlation spectroscopy} It wasAmentioned<

above that other methods eXist for determining beam size down

to microscopic dimensions. In fact, one such measurement was
presented here. The avantages of the correlation method are

.:three-fold'by tomparison with direct;bhysical'measurements.

" This method helps confirm that the autocorrelation
functions arise from translational diffusion. 1In the'caSe_of
rdtetional diffusiongrfor instance, the'correlatibn time
wou1d not depend on beam size, whiTe <i>2/G(O) woh]dlo’ll..,'

This method also errenges for T and <i>2/G(0) to be

 ‘estimated at the beam fdcaT minimum even though no measure-
ments need be performed at that precise location. A third

' advantage is that the beam waist is measured with the sample

in situ. The last two points are especially important'jn'

’prattiCe° ,Typica11y,vthe fluorescent light is collected by

'an'optica1 system different from the system that focuses the



12
'exciting;beam onto the samp1e. Both systems muSt‘be properly-_‘
focused relative to each other and to the samp]e if fe1ian¢e
is to be placed On'dirett.physical measurements of fhe beam

~shape.

\ \J/’
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.Tableel. hSummary‘of7Results

A+

L . o 2'_ - - R
wy () ro () | p (cm /sect) o C (M)
‘Expected value 12.8 + 0.5 23.4+0.5 2-5x10°% 5x10Y
,-OhserVed vaiues" | o o | o
Transmission . B : o e ' :
‘ through pinhoie .14 0.4 22.6 + 0.5 - emm T --

T versus Az i 13

<>2/6(0) versus”Az 1z

|+
—
'
'

©(5.5+0.8) x10% .

|+
—
[}
]
—~
—
-
|+
o
—
~
x
pa—y
(=)

Values are shown for beam waist radius, "o’ the radius of the pinhole, ro’ the

diffusion constant for Rhodamine 6G in water, D; and the concentration of

fluorescent mo]ecu]es, C. Each type of microscopic measurement gives an

_estimate-of.wo and one other physicaily significant parameter

N

1A}



FIGURE CAPTIONS

Fig 1. The shape of the beam near the focal plane ig
;déterminéd'by the beam prbfile at the front surface.
of the focusing lens. A pinhole is trans]étéd
across the beam to map the beam profile before the
lens. - The pinhole has a diameter ofv46/L. Data
points indicate relative intensity transmjtted by
the pinhole. The solid line is the fit of a |
gaussian to the observed data. The beam proffle.is'

gaussiah with efz-radius of 3.08 mm.

. Fig. 2.  The shape of the beam neér the focal plane is‘ 
 mappéd by’translating a pinhd]e aiong the axis of
 fhe beam; Transmitted 1nténsity‘can be usédlid-.
'eStimate‘the pinhole size and the beam waist size.

Beam Qaist}radius is w,, dfﬁpiacement of the
pinhole from the focal plahe is‘Az,‘and pinhole
'fadiys is ro.

Fig; 3. NZ,'the ﬁprmé]izéd béam radius fs plotted agéinst
,tﬁe disp1aceheht'of the-pinho]é from the. foééf
.'pianef, From these data,_the beam wa1st rad1us and 

the p1nho1e size are. esitmated s1mu]taneously.

0 o

Values for w_ and r_are (14 <+ ]L“ and (22* Sba
respectxve1y. o
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_ Fig.
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Apparatus for Fluorescence Correletion'Spectro-

scopy. The laser is an Argon ion laser operating

‘at 488 nm. The servo helps to stablize light

intensity_frqm the laser. A microscope objective
Tens, L1 focusses the beam into a spatial filter,

SF, which removes unwanted spat1a1 intensity

variations from the beam. The beam is recollimated -

by.jens L2, and focussed on the sample, S, by a

movable lens, L3. The sample lies at the focus of

' parabo]oidal mirror, PM. | Light from the sample_1s
‘directed to an EMI model QB9558 photomultiplier

tube, PMT. Glass filters; GF, diéthihinate against

scattered.exciting light. hThe photomuitiplier

signal is amplified to be equal ihhavehage value to
the beam menitor_Siénal. vThe'differenCeqf.the_tw0-
signals is;autecorrelated by a Saicor; model

fSAI-43A Autocorrelator and Probability Analyzer.

viResu]ts”are punched on paper tape and ana]yzed-by

computer.

Diffusion time, Tp» as é~fuhctfdn of displacement
of the sample from the focal plane. The sd]id

line is a we1ghted 1east squares fit of ‘the va]ueS"

of T to a parabola. lefus1on times are est1mated

from aﬂtocofrelation»funct1ons of the f1uorescence

intensity f]uctuations.v-Frbm'theSe'data,vbeam
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Fig. 6.

'bare (12+1)u and (1. 1+0. 1)x10

17

waist radius, wo and diffusion constant, D, are

estimated simd]taneous]y.; Values for W, and D are
(13+1)uand (5.51-,008)x10"’6 cmz/sec, respectively.
Error bars represent only the precision of the |
computer fit to the observed autocorrelation

functions

<i>2/G(0) as a function bf disp]écement of the
sample from the foca] p’lane° The so1id 1iné is a
weighted ‘least squares fit of va]ues of <1> /G(O)
to a-parabo]a. Values for <1>V/G(0) are taken from
autocorre1atioh functibns of f]uorescence_inténsity

f]uctuat1ons.' From these data, the beam waist

‘rad1us W_, and the 2- d1mens1ona1 concentrat1on, CL

)
are est1mated.s1mu1taneously. Va]ues for wo and CL
Ty M respect1ye1y.

~ The cell depth, L, is 100u . Error bars répresént_-l

7_oh1y the precision of the compdter”fit_to the -

observed autocorrelation function..
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