Den Outer et al.

Vol. 10, No. 6/June 1993/J. Opt. Soc. Am. A 1209

Location of objects in multiple-scattering media
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When a small object is placed in a multiple-scattering medium the stationary diffusion equation can be used to
derive the disturbance in the transmitted and backscattered light intensity. The diffusion equation will de-
seribe the intensity outside and inside the object. The object is characterized by a size, a diffusion constant,
and an absorption length. In this way absorbing objects as well as nonabsorbing objects can be treated. The
results are derived for two and three dimensions. Experiments are performed on suspended titanium dioxide
particles in glycerine, wherein objects could be placed. There is good agreement between theory and experi-
ment. This work shows that with the use of continuous light sources, it may be possible to recover the location
of objects accurately inside a diffusive scattering medium. .

1. INTRODUCTION

When an object is placed in a highly scattering medium,
ballistic light transport from the object to a detector is
nearly absent. Direct imaging of the object is impossible,
and other methods should be used. Many researchers'®
have been attracted by this problem, for which there are
important medical applications, such as the location of
those tumor cells in human tissue that cannot be seen
with conventional techniques (cat scanner, x rays, etc.).
As a first step to solving the problem of imaging through
scattering media, one could try to reduce. the multiple-
scattering contribution to the image either by making the
media absorb, by filtering out the lowest order of scatter-
ing with the help of femtosecond light pulses and ultrafast
detection methods,>® or by spatial incoherence tech-
niques.® By these methods only the low order of scat-
tered light is detected; therefore high intensities for the
incoming light are necessary, and an exponential decay of
the signal with increasing distance between the object and
boundaries of the scattering medium is to be expected.
This puts a severe limit on the probing depth. If one
wants to enlarge the probing depth, one should measure
the diffuse intensity (i.e., the multiple-scattered light). A
good description for light propagation through disordered
media can be given by diffusion theory.”™ Also, in human
tissue light propagates diffusively, and the diffusion ap-
proximation can be used to determine, for instance, pa-
rameters such as the oxygenation state of tissue."

Expressions for the Green’s function for the diffusion
equation with and without absorption are found,"®* and
in a few simple geometries where absorption is negligible
a closed expression can be given (for a spherical geometry
see Ref. 15). A closed expression for a two-dimensional
slab is derived in this paper.

When the object is small compared with the system size,
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we show that it is possible to calculate the disturbance on
the diffuse intensity. We approach this problem by taking
a diffusion constant inside the object that differs from the
diffusion constant of the surrounding medium. Also, to
characterize the object we introduce a size a and an aborp-
tion length [, or absorption parameter a, describing the
situation in which absorption takes place only at the sur-
face of the object. It turns out that one can distinguish
between absorbing objects and scattering objects. Scat-
tering objects do not absorb but have a diffusion constant
that is different from the surrounding medium.

The important parameter for the visibility of an object
is the ratio a/L, a being the size of the object and L the
thickness of the system wherein the object has been
placed. The local intensity disturbance that is due to the
object is diffusively broadened; therefore the visibility is
independent of the scattering mean-free path.

To illustrate our approach, we consider a few examples
of scattering media confined in a simple geometry. We
calculate the transmitted and backscattered intensity for
three- and two-dimensional slabs in Subsections 2.A and
2.B, respectively. In Subsection 2.C the disturbance on
the diffuse intensity when a point source is used instead
of a plane wave is calculated. A spherical geometry is
considered in Subsection 2.D. Measurements were car-
ried out for a two-dimensional slab to test the theory. In
Section 3 we report our experimental results, which are in
good agreement with diffusion theory.

2. CALCULATION OF DIFFUSE INTENSITY

For the transport of light through a scattering medium
and through an object we use the diffusion approximation,
and we take smooth boundaries for medium and object.
We consider a spherical object with a radius a that is small
compared with the system size L. Our goal is to solve the
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stationary diffusion equation with boundary conditions
given by the geometry of the scattering medium and extra
boundary conditions from the embedded object. We con-
sider a slab geometry and a spherically shaped geometry.
The slab is situated between x = L and x = 0 and is infi-
nitely extended in the yz plane. A source S(y,z), plane
wave or pointlike, is placed at x = L. The sphere that
confines the scattering medium is centered at the origin.
The stationary diffusion equation reads as

Allr) = 0. 0y

The boundary conditions at the outer surfaces of the me-
dium are for a slab

IL,y2) = 8(y2), I0,3%2)=0 2)

and for a sphere
IR,6,¢4) = 86,¢), 3)

where I(r) is the diffuse intensity, L is the thickness of the
slab, and R is the radius of the sphere.

One can distinguish at least two means of absorption by
the object: uniform absorption in its volume or absorp-
tion only at its surface. Absorption at the surface could
be used, for instance, as a model for dyed polystyrene
spheres. For uniform absorption an absorption length
1, = 1/k can be introduced, and for the intensity inside the
object the diffusion equation

AIlr) = k*I(r) 4)

should be considered. In this case the problem is to solve
Egs. (1) and (4), together with the boundary condition
given by Eq. (2) or (3) and with extra boundary conditions
on the surface of the object that are given by

Iout(a+) = Iin(a—)’ (5)
anut aIin
DL —p
o | . - (6)

The diffusion constants D, and D; are for the medium and
for inside the object, respectively. The normal derivative
d/on is taken on the surface of the object. Equation (5)
provides continuity of intensity, and Eq. (6) conserves the
flux through the boundary of the object. These boundary
conditions follow from the underlying transport theory,
which yields both the diffusion equation and its boundary
conditions.

To account for absorption only at the boundary of the
object, one modifies Eq. (6) such that the flux is not con-
served. In this way absorption takes place at the bound-
ary of the object, and we can use Eq. (1) for the intensity
inside the object. The modified boundary conditions are

Iout(a+) = Iin(a—) ’ (7)
anu in

D,—=| =D, oL + alin(a). )
on g+ on |q-

The absorption parameter o has the dimension of speed
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We can distinguish a number of relevant cases. For
instance,

a =k =0,D, # D;: pure scatterer, no absorption,

a=k=0,D; =o: glass object or air bubble,

a#0,ork#0: absorber, absorbing behavior
dominates scattering.

Since Eq. (1) is a Laplace equation, we can use the
formalism of electrostatics and introduce the analog of
charges, dipoles, and their mirror images. Positive
charges describe light sources and negative sources de-
scribe absorption of light. Dipoles describe scattering
objects.

A. Three-Dimensional Slab

We consider a plane wave S(L,y,2) = I, incident upon a
slab. A schematic view is given in Fig. 1. A spherical
object with radius a is located at ry = (x4,0,0). We must
write the potential for a point charge and apply the bound-
ary condition given by Eq. (2), with S(y,2) = 0. This re-
sults in a summation over mirror images, the outcome
being the diffusion propagator for a slab. The potential
for a dipole can easily be obtained from this result if one
takes the derivative with respect to the position of the
charge. The intensity in the slab can be expressed as

x - 1 1
Ir) =I,— + -
o) °L q,;_:,, r — rp+ 2Ln%| v+ ro + 2Ln#|
- x — x9 + 2nL
+
p,,;w (x — xo + 2nL)? + p?]32

x + xp + 2nL
[(x + xo + 2nL)? + p%]*?

9

with £ being a unit vector along the x axis and p* =
y% + 2%

The first term in Eq. (9) describes the undisturbed in-
tensity, the second term represents the effect of absorp-
tion analogous to a charge in electrodynamics, and the

!

0w » L
Fig. 1. Schematic view of a multiple-scattering system with an
embedded spherical object. The scattering system is character-
ized by a diffusion constant D; and the object by radius a, diffu-
sion constant Dy, and absorbing parameter a. A plane wave is
incident at x = L. The intensity is derived at x = 0 and x = L.
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third is the dipole term from scattering. Further details
of the object will be found in higher multipoles for the
intensity outside the object, but their contribution to the
disturbance far from the object will be small. When a <<
L, it is sufficient to retain only the first two multipoles.

The ansatz for the intensity inside the object depends
on whether we take uniform absorption or absorption only
at the boundary of the object. When we introduce an ab-
sorbing length I,, the ansatz for the intensity inside the
object is given by the first two spherical Bessel functions
with imaginary arguments

L) = A - Yo6,8),

10

sinh k» 3B {sinh kr
Tk \ k%P

cosh kr
r

Kr K

where Yi(0,¢) = cos 6 is the spherical harmonic with
l=1,m=0.

If the object absorbs only at its boundary, we can take
for the intensity inside the object in leading order a linear
solution of the diffusion equation

Iin(l') = A + B(x - xo). (11)

For small « Eq. (10) shows similar behavior,

lim In(r) = A + <_—3—B—> <1'f5> ("—iﬂ> : 12)
k=0 K 3 r

Note that we have chosen 6 to be the angle between r and
the x axis.

Most general is to allow both for uniform absorption and
for absorption at the surface, so that ansatz is given by
Eq. (10) and the boundary conditions by Egs. (7) and (8).

When Eq. (9) is approximated for r close to ry, the equa-
tion reduces to

x 1 a
Ix)=Ij—+ q| —— + O| —
@ =h "Lr i °(L>]
X — Xo a
+ p|l/—=+0|—]|
ph—mP‘%J] 49
A straightforward calculation gives for the coefficients

axy Dylcosh ka — sinhe ka)/sinhc ka + aa
e ’
L D, + Dy(cosh ka — sinhc ka)/sinhc ka + aa

q=-1I
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expressions reduce to

XoQ aa
_—_-—
L D1 + aa

' GSDI"DZ—CYG,

q=-I

P=lr o Dit aa’
a=2u,
aa
I, 1
= — 4 —_—
B Lt Ps 15)

Within the diffusion approach the transmitted and
backscattered light is defined by the intensity at x =/
and x = L — [, with [/ being the transport mean-free
path.”® So the transmitted intensity is given by

(o) =1
- % * 24! n,i_w [xo +x;:L?2nf POEE
e
and the backscattered intensity by
B(p)=1- Il—oz—i .
=1 (% * 2ql§w %o +x2(—;rf (f’;);?lj POEE
+ 2pl ,,:-m {[‘; 20 - 2(5: : 1()2 Ln] : j’,fﬁ};) -ooan

When the object does not absorb (¢ = 0 and x = 0), only
the dipole term in Egs. (16) and (17) is present. The
strength of the dipole term, the peak height relative to
background, is of order a®/L®. When absorption is pres-
ent, we usually have aa >> D;a%/L* (a << L), in which
case the charge term dominates with strength a/L. From
Egs. (16) and (17) we see further that the absolute
strength of the disturbance on the backscattered and
transmitted intensity is equal, but in transmission the
strength is more pronounced, since it is superimposed
upon a much lower background.

At this point we can compare our results with a predic-
tion of Berkovits and Feng.” These authors base a model
on one nonabsorbing static particle embedded in a sea of

a® D; — Dy(2 cosh ka — 2 sinhe ka — ka sinh ka)/(sinhc ka — cosh ka) — aa

moving particles. We can mimic this situation by setting
o small and @ = k = 0 in Eq. (16), which gives a small
dipole disturbance in the intensity. In Ref. 7 it is claimed
that the static particle will act as a light source with unit

p=h7 2D, + D,(2 cosh ka — 2 sinhc ka — ka sinh ka)/(sinhc ke — cosh ka) + aa’
aa® sinhe ka + Ads(cosh ka — sinhc ka)
1 «2a® I, p

B== 24 2, 14
3 sinhc ka — cosh ka (L al g

where sinhc x = sinh(x)/x. When k becomes small, these

strength and independent of the particle size. This con-
tradicts our result. We do not see how the effect of a light
source can be explained from a physical mechanism.
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Moreover, a careful reinvestigation of the diagrammatic
analysis employed in Ref. 7 reveals that the result indeed
has the behavior of a dipole rather than of a charge.

B. Two-Dimensional Slab

The disturbance on the intensity for a two-dimensional
slab is derived completely analogously to the previous ap-
proach. To obtain the intensity distribution from a point
source in a two-dimensional system, one has to write
down the potential for a line charge and apply the first
boundary condition of Egs. (2) with S(L,y2) = 0. Ex-
perimentally a two-dimensional system can be realized if
one makes the system translationally invariant along one
coordinate; i.e., if one uses rods and glass fibers as objects.
The application of the boundary condition of Egs. (2) on
the potential for a line charge results in a summation over
mirror images, which can be performed exactly. Here it
is convenient to introduce the complex variable / = x +
iy. The potential for a line dipole can again be found if
one takes the derivative of this result with respect to the
position. The ansatz for the solution of the diffusion
equation [Eq. (1)] with a line charge and a line dipole out-
side the object reads as

2 sin[(#/2L)¢ — xo)]
Loul@) = Lop + qRe{h‘ sin{(m/2L)¢ + xo)]}

+ pRe{cot[%({ - xo)] + cot[%({ + xo)]}’

(18)

where x, is the position of the scatterer (y, = 0). For ab-
sorption only at the boundary the ansatz is

m({) A+ B(x - xo) (19)

For uniform absorption the ansatz for the intensity inside
the object is

L) = Aly(kp) + %Il(Kp)cos 5. 20)

Here Ip(r) and I,(r) are the modified Bessel functions of
order 0 and 1, p = |p| = (x + y%)'?, and ¢ is the angle
between p and the x axis.

To obtain the constants g, p, A, and B we approximate
Eq. (18) for ¢ close to xy and for a/L small:

xo + (x — x¢)
L

. [(x — %) + y2] 12 (a_2>}
+ q{ln 9L sin(m/L)xo +0 3
2L(x — xo)
P{ﬂ'[(x - x0)2 + yz] 172 + cot on + 0<L)}
(21)

Iont({) = I

We insert Egs. (19) and (21) into Egs. (7) and (8), which
accounts for uniform absorption and absorption on the
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surface of the object, to obtain

q= IO[L +p cot(wxo/L)]

aa + Dixal;(ka)/Iy{ka)
Dl + [aa + DzKaI1(Ka)/Io(Ka)]ln(L/a*)

wa® Dy — Difkaly(ka) — I,(ka)]/I1(ka) — aa

P = 10312 D, + Dilxalo(xa) - I,a)l/I;(ka) + aa’
A= KaII(Ka)g:K:)Io(Ka)aaD 19,
211 (Ka) (I" 72752> ’ 22)
with the rescaled radius
L — (23)

2 sin(wrxy/L)

Although the dipole term depends on a and « separately,
we take k = 0 from now on. This simplification is justi-
fied because the dipole contribution to the intensity dis-
turbance can be neglected whenever absorption is present.
One may conclude that the intensity disturbance far out-
side the object does not depend dramatically on specific
mechanism of absorption. For k = 0, the coefficients re-
duce to

— Dy — aa wa]

= + ——————
7 I"[L cot{mo/. L)D1 + D, + aa 217

aa

X — ™
D, + aa In(L/fa*)

D1 - Dz - aa 7ra.2

p=I°D1+D2+aaE’
D
A=_1q,
aa
1 2L
==+ p—s- 2
B=lLyp+poz @4

When aa > D;a?/L? the charge term dominates and has
strength [In(L/a*) + D,/ea]™. We obtain for the trans-
mitted light

! [ i m sin(mxo/L)
7 cosh(ary/L) — cos(mxy/L)

1 — cosh(mry/L)cos(rxy/L)
[cosh(wy/L) — cos(mxo/L)]?
and for the backscattered light

B(y) =1- L 40

Io ax
3 1 ar sin(mx,/L)
=1 L [1 * qcosh('n-y/L) + cos(mxo/L)

1 + cosh(my/L)cos(mx,/L) ]

(25)

»
x=L

P [cosh('ny/L) + cos(mxo/L)]? 26)
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Fig. 2. Calculated diffuse intensities are shown for an object
embedded in a two-dimensional multiple scattering system, as a
function of the transversal distance to the object. The intensity
is plotted relative to the undisturbed intensity (no object pres-
ent), according to Eq. (26). (a) Transmission for absorbing rod,
a=1la=mok=0 Solid curve, xo = 20 /; dotted curve, xo =
80 I. (b) Transmission for scattering rod, a = l,a =k =0,
D, = ». Solid curve, xo = 20 [; dotted curve, xo = 30 /; dashed
curve, xo = 401. Inall cases L = 100/ L is the thickness of the
slab, and [ is the mean free path.

12 16 20

A few examples are plotted in Fig. 2 for different posi-
tions and absorption coefficients.

C. Point Source

It is often more convenient to use a point source instead of
a plane wave, and also the quality of the image can be im-
proved when the response of the system on a point source
is known.”” To calculate this response, first one should
know the intensity distribution in the slab that is due to
the point-source incidence in the absence of an object.
According to Akkermans et al.,'® one can make the as-
sumption that all the incoming light starts to propagate
diffusely at one transport mean free path inside the slab.
Without an object, the intensity distribution inside the
slab is given by

_ sin[(w/20)¢ — 1)]
GLo = Re{ln sin[(m/2L)¢ + l)]} @7
for a two-dimensional system and by
C 1
G“r*‘giuz—x+sz2+y2+zﬂW
L (28)

T+ x + 2Lt + P + 27
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for a three-dimensional system. Since a point source is
used, the ansatz for the solution of the total problem, me-
dium plus object, will change. One should realize that the
direction of the dipole depends on the local light flux.
The direction of the flux at a particular point is now a
function of position. The new ansatz in two dimensions
reads as

sin[(@w/2L)¢ — %9 — iyo)]} '

L) = LG, ) + qRe{ln sin[(@/2L)¢ + %o + iy0)]

+ Re{p cot[% & — x + iyo)]
+ p* cot[z—wi({ + x9 — iyo)]}’ (29)
with

p = Psi1(xg, ¥o) + ipsa(xo, yo). (30)

The coefficients s;(xo, ¥o) and ss(xo, ¥o) follow from a first-
order Taylor expansion,

o = sin[(w/L)(xo ~ )]
cosh[(m/L)yo] — cos[(a/L)(xo — 1)]
_ sin[(m/L)(xo + 1)]
cosh[(m/L)y,] — cos[(a/L)(xo + l)]’
o= sinh[(#/L)y]
cosh[(@/L)yo] — cos[(m/L)(xo — 1)]
_ sinh[(@/L)x) )
cosh[(m/L)yo] — cos[(#/L)(xo — D]

(31

Also, the intensity inside the object should be adjusted to
the local flux direction:

I, = A + B[s;(x0, ¥0)(x — xo) + 82(x0, ¥0)(3y — y0)].
(32)

Now one can perform a straightforward calculation to
obtain the coefficients g, p, A, and B. They are

aa

q = [LG¢, L) + ﬁ81(xo,yo)00t(ﬂxo/L)]m’

N <7ra)2D1 - Dz - aa
p=1I o

.2—L D1 + D2 + aa
A = Dygjaa,
B=1, % 2D (33)

oL D, + D + aa

In three dimensions the new ansatz reads as

d d
L@ = I,GU,x) + ql,(x) + p; Gd,r) - —a—r—Iq(r),
ro 0
(34)

L(r) = A+ B — 1o) - —
ar

ad,r), (35)
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Fig. 3. Calculated transmitted diffuse intensities as a function
of the transversal distance y for a slab containing an absorbing
spherical object at various positions, following Eq. (16). The light
source is pointlike and placed at r = (/,0,0). Slab thickness
L = 50 I, absorbing object radius @ = [, = =, scattering term
neglected. Solid curve, no object; long-dashed curve, xo =
45 1, yo = 0; dashed-dotted curve, xo = 45 I, 5, = 10 [; short-
dashed curve, xo = 5/, = 0; dotted curve xo = 5 1, yo = 10 L.

where

®

1
L) = ;_:w [ — xo + 2Ln)* + (y — 3o + (z — 20)7] "

1
[+ 2o+ 2Ln)® + (7 — ol + (2 — 271
(36)

The coefficients g, p, A, and B follow again from boundary
conditions (7) and (8). This results in

aa

q = —al,G(, ro)m»
==a,3] Dl—Dg—aa ,
p °9D, + D, + aa
a=2u,
aa
3D
B=1I, ! (37

2D, + D; + aa
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now a displacement of the source can give either a back-
ground measurement (without an object) or a measure-
ment with an object. A few examples are plotted in Fig. 3.
The transmitted intensity is plotted for various positions
of the object with respect to the point source and the
boundaries of the slab. The strong dependence of the
transmitted intensity on the position of the object is read-
ily seen from the figure.

D. Spherical Geometry

An expression for the light intensity is derived for a
spherical medium in which an object has been placed.
First we must know the diffusion propagator, or the
Green’s function, for a sphere. When absorption is absent
or negligible, a closed expression can easily be obtained
with the help of only one mirror image.’® We will use this
Green’s function to calculate the disturbance. A point
source is used and placed at the positive z axis at one
transport mean-free path underneath the surface of the
sphere’® r, = (0,0,R — 1). So the intensity inside the
sphere of radius R, in the absence of an object, is given by

Ir) = I,Gr(x,r,). (38)
The Green’s function for a sphere is given by
1 R 1

|r1 - l’gl B r_z 122
rya— —3r
ra

Gr(r;,r;y) = (39)

When an object is placed at r, inside the sphere, we can
express the intensity as

)
Ly (r) = I(r) + qGr(r,x0) — p - E‘GR(I', ry).  (40)
' [1)

Inside the sphere we use the ansatz
Iin = A + I(]B . (r - ro). (41)

We use boundary conditions (7) and (8) to derive the
coefficients

R aa
= —a|l s - : ’
! “[ Gl xo) =B xor s R2>2] Dy + adll = aB/ird = )] “2)
=a3Ii Ge(r,r,) D~ D, - aa
p ar |5 7 2001 — %a®R(ryf — RYP] + Dy + [l + a°R%/(rs — R
P D, + Dy + aa )
T T T READ,[L - %a'RY/(re? — BY*] + (D3 + adl + @R /(re: — RO’
D
= -=4, on
aa
8 R 1 R?
= I — —_— J— —_— .
B °r |, Gr(r,r,)gro E- R p[aa + o R2)3] (45)

The disturbance on the intensity depends strongly on
the position of the light source. The disturbance can be
more pronounced than for plane-wave incidence, depend-
ing on the relative distance between the object and the
light source. This is a more convenient situation because

The coefficients ¢ and p are still to be obtained from
Egs. (42) and (43). But the above form permits an easy
comparison with the former obtained coefficients. The
transmission through the surface of the sphere can be
found if one takes the normal derivative.
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OBJECT

S Le D

Fig. 4. Experimental setup: L, laser, Sp, spatial filter; S,
screen; C, cell with the scattering medium and the object; Le,
lens for imaging the diffuse intensity on D, the one-dimensional
diode array.
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Fig. 5. Transmitted intensity profiles from a cell containing a
diffusive scattering suspension, for various positions of the em-
bedded absorbing wire ¢ = 350 um: a, xo = 1.00 mm; b,
%o = 2.60 mm, and ¢, xo = 4.10 mm. The experimental data are
shown together with the best numerical fits for Eq. (25): a,xo =
1.41 = 0.05 mm, D;/aa = 0.95 * 0.03; b, xo = 2.86 = 0.05 mm,
Di/aa = 1.04 = 0.03; ¢, xo = 4.33 = 0.056 mm, D /ea =111 *
0.03. In all cases a = 0.175, p =0, I = 20 £ 3 pm, and cell
thickness L = 10.0 mm.

i

3. MEASUREMENTS

The experimental setup for a plane-wave transmission
measurement is shown in Fig. 4. A 7-mW continuous-
wave He-Ne laser beam (A = 633 nm) is spatially filtered
and expanded to a radius of approximately 20 cm to pro-
duce a flat beam profile. Part of this beam impinges upon
the cell with the object in the highly scattering medium.
The transmitted light, imaged on a one-dimensional diode
array, is read out by a computer. The spatial resolution is
approximately 60 um. When backscattering experiments
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are done, the illuminated side of the cell is imaged on the
diode array. Care should be taken for the window reflec-
tion of the cell. We have used two different cells. The
first has a thickness of 4 mm and 4 mm X 40 mm X
40 mm sized windows, the second has a variable thickness
of 5 or 10 mm and windows with size 20 mm X 60 mm X
60 mm. Complications are introduced by the glass win-
dows, since light is totally reflected by the window-air
interface when the angle between the surface normal and
the light ray is beyond the critical angle. This reflected
light either enters the sample again or is reflected by it.
As a consequence, every point source at the boundary of
the scattering medium is spread out in a triangular inten-
sity profile, and a nonnegligible deformation of the inten-
sity occurs. Transmission experiments on absorbing
objects suffer most from this effect, because the intensity
profile relative to the background is the largest.

This deformation can be reproduced if one convolutes
the calculated profiles with the triangular intensity pro-
file. The latter should be calculated on the basis of mul-
tiple reflections inside the window. However, this will
extend the fitting procedure by the introduction of more
fit parameters, and therefore the procedure is not
favorable.

We have chosen to reduce the effect of these reflections
on the intensity profile by using a cell with thick windows.
The total internal reflected light is well separated from its
source, and in most cases the light is reflected beside the
sample. (An antireflection coating on the windows would
not have solved this problem because the coating cannot
reduce total internal reflections.)

For plane-wave incident experiments we perform ratio
measurements to correct for the sensitivity of the individ-
ual diodes and to correct for the remaining beam profile.
Depending on the strength of the signal, integration times
vary from 10 s to 3 min. The scattering medium consists
of suspended TiO; rutile particles, having an average size
of 220 nm, in glycerine. We calculate the transport mean-
free path from the measured scattering mean-free path by
means of Mie theory.*

In Fig. 5 we present transmission measurements for ab-
sorbing rods. We use a 0.35-mm pencil embedded in a
scattering medium with a transport mean-free path of
20 pm. The thickness of the cell is 10.0 mm. The solid
curves are the best numerical fits of Eq. (25) to the mea-
sured profiles. Here the position and the absorbing

Table 1. Fits of the Calculated Line Shape to Experimental Data Obtained from a Transmission
Experiment with an Absorbing Rod*®

Experimental Fitted Absorption Experimental Fitted Position
Normal Normal Strength Position Relative to Relative to

Position (mm) Position (mm) D, /aa First Position (mm) First Position (mm)
0.75 = 0.05 1.23 + 0.02 0.95 + 0.03 0 0
1.40 = 0.05 1.91 = 0.02 0.99 + 0.03 0.65 = 0.07 0.68 = 0.03
2.30 = 0.05 2.78 = 0.02 1.04 = 0.03 1.55 + 0.07 1.55 = 0.03
3.50 * 0.05 3.91 = 0.02 1.10 = 0.03 2.75 = 0.07 2.68 = 0.03
4.95 = 0.05 5.28 + 0.02 1.11 = 0.03 4.20 * 0.07 4.05 = 0.03
6.30 = 0.05 6.67 x 0.02 0.96 = 0.03 5.55 * 0.07 5.44 * 0.03
7.80 = 0.05 8.2 = 0.1 0.8 £0.1 7.05 = 0.07 7.0 £ 0.1
9.30 = 0.05 9.8 = 0.1 0.6 = 0.1 8.55 = 0.07 86 *0.1

oIn all cases the scattering contribution is neglected, p = 0; the size of the rod & = 350 um, and the diffusion constant inside the rod D, << D;. The

absorption parameter « was used as a free-fitting parameter.
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01 23 456 7 8 9 10
fitted normal position (mm)

Fig. 6. Minima of the intensity profiles for different positions of
the absorbing wire. The experimental points of Table 1 are plot-
ted. The solid curve is obtained from Eq. (25) with L = 10.0 mm,

a = 0175 mm, D,/aa = 1.00, p = 0, and D, = 0.

Table 2. Fits of the Calculated Line Shape to
Transmission Experiment Data®

Fitted Transversal
Displacement (mm)

Experimental Transversal
Displacement (mm)

2.00 = 0.02 2.05 + 0.03
4.00 = 0.02 4.04 = 0.06
5.00 = 0.02 5.02 + 0.07
7.00 = 0.02 7.03 = 0.09
9.00 = 0.02 9.1+0.1
11.00 = 0.02 11.1 = 0.2

“Experimental displacements of an absorbing rod parallel to the slab are
compared with those obtained from the correspondmg fits. The distance
between the rod and the boundary (x position) is 4.30 * 0.02 mm, and the
thickness of the cell is 10.0 mm. The scattering contribution is neglected
(p = 0), and the diffusion constant inside the rod is small (D, << D;). In
all cases the relative absorption strength D, /ae = 1.4 * 0.1.

strength are adjustable fit parameters. The size of the
rod was fixed at the physical diameter in the expression
for g (Eq. 24), the diffusion constant inside the object can
be neglected with respect to the surrounding medium,
D; << D,, and the dipole contribution, which is a?/L?
times smaller than the charge term, is also neglected. All
theoretical curves are convoluted with the experimental
spatial resolution. The agreement between measured and
calculated profiles is excellent. We derive from the fits
the positions of the objects; the minimum (or maximum)
gives us the y position, and the width of the profile re-
flects the depth (x position) of the object.

In Table 1 we compare the experimental distances be-
tween the boundary and the absorbing rod with the dis-
tances obtained from the numerical fits of Eq. (25) to the
measured line shapes. There is a systematic error in the
normal position determination. An explanation can be
found in experimental errors that are still present even
after careful alignment of the optical components. Image
faults of the intensity profile on the diode array are
caused by the lens but are also caused by a small misalign-
ment of the rod with respect to the diode array. Reflec-
tion inside the 20-mm-thick windows will still give a slight
deformation of the intensity profile. All these effects
smear tho intensity profile, and therefore the apparent
position of the object will correspond to a position deeper
inside the slab than the real position. In the third and
fourth columns of Table 1 we have listed the positions of
the rod relative to the first position, for the real positions
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as well as for the obtained position from the corresponding
fits. When we compare these columns, we conclude that
the disagreement is less than 100 um and is comparable
with the experimental uncertainty.

From the strength of the intensity profile (the peak
height relative to the background) one can derive the
charge of the rod, and from the charge one should be able
to recover the size of the rod. The charge also depends on
the unknown absorbing parameter «. Only for black ma-
terials, which are hard to find in a tractable shape, does
this minimum value become independent of . But still
an experimental investigation on the size dependence of
the charge strength is difficult, because the charge de-
pends logarithmically on the size.

In Fig. 6 we plot the minima of the intensity profiles as
a function of the fitted normal position of the absorbing
rod. The solid curve is obtained from Eq. (25), with
D, /aa = 1.00 + 0.03 as the best overall value for the ab-
sorbing strength (the last two points, xo = 8.2 and x, =
9.8, were not included in the fit). If one also takes the size
of the rod as a free-fitting parameter, one obtains D, /ac =
2.15 = 0.03 and a = 0.52 = 0.04. When the experimental
instead of the fitted positions are used, one obtains

1.030
1.024-
1.018 '
1.012 -

1.006

relative |ntensity

1.000

0.994 . ‘. . .
—10 -8 -6 -4 -2 0 2 6 8 10
transversal position (mrn)
Fig. 7. Transmitted 1nten51ty profiles from a cell containing a
diffusive scattering suspension for a transparent fiber with
¢ = 350 um at different positions inside the cell: a, x = 0.74 +
0.05; b, xo = 2.5 mm; ! = 20 = 3 um, cell thickness L = 50 mm.
Experimental data are shown together with the best numerical
fits. The fits are obtained from Eq (25): a, xo = 0.60 +
0.02 mm, D, = o, D Jaa =1 X 10% b, xo—24+01 mm,
Dy = Dl/aa =1 X 102

1.005
1.000
0.995
20.990
7]
f=3
£ 0.985
¢ 0.980

relative

£0.975

0.970 F

0,988 ot
-16 -12 -8 -4 0 8 12 16
transversal position (mm) i
Fig. 8. Backscattered intensity profiles for an absorbing wire
¢ = 350 pm inside a scattering suspension at different posi-
tions: a, xo = 1.68 mm; b, xo = 1.38 mm; ¢, xo = 0.78 mm.
Transport mean-free path [ = 47 + 8 um, cell thickness L =
4.0 mm. Experimental data are shown together with numerical
fits for the experimental data from Eq. (26); see also Table 3.
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Table 3. Fits of the Calculated Line Shape to Experimental Data Obtained from a Backscatter
Experiment with an Absorbing Rod"

Experimental Fitted Absorption Strength
Normal Position (mm) Normal Position (mm) D jaa
0.28 = 0.05 0.34 = 0.02 0.5 = 0.1
0.78 = 0.05 0.82 = 0.02 0.6 £0.1
1.38 = 0.05 1.32 = 0.02 2.0 0.1
1.68 *+ 0.05 1.7+ 0.1 1.7 +0.1

Ax = 50 = 5 um

Ax = 48 = 3 um®

*The size of the rod @ = 350 wm, and the thickness of the cell is 4 mm. The scattering contribution is neglected (p = 0). The diffusion constant inside

the rod Dy << D;.

bThe last line in the table illustrates the sensitivity for small displacements of the rod. Two successive scans are taken at 0.650 and 0.655 mm from the
boundary. The displacement of only 50 um is reproduced by the corresponding fits.

1e5
8e4 |
6ed
4e4t

2e4

intensity (a.u.)

0]

O 4 9 13 18 22 26 31 35
transversal position (mm)

Fig. 9 Measured transmitted intensity from a slablike scatter-
ing medium containing an absorbing wire with & = 350 pm. A
line source is used instead of a plane wave. Normal position of
wire xo = 1.05 = 0.05 mm. Transport mean-free path [ = 20 =
3 um, cell thickness L = 50 mm. The smooth curve shows the
nunerical fit to the experimental data, xo = 1.03 = 0.02 mm.
The fit is derived from Eq. (29).

D, /aa = 0.50 = 0.03 and a = 0.075 £ 0.04. In three
dimensions the charge _depen'ds linearly on the size, so one
should be able to obtain more reliable values for the size of
the object. Note also that the strength of the charge gives
the minimum possible size of the object, because a finite
absorption length will always decrease the strength.

. In“Table 2 displacements parallel to the slab are com-
pared with those obtained from the corresponding fits of
Eq. (25) to the measured line shape. The transversal po-
sition can be determined with an accuracy of 20 um, even
if the rod is placed far from the boundaries. The slight
disagreement between the real position and the position
obtained from the fits in Table 2 arises mainly from the
curved focal plane of the lens used.

In Fig..7 we plot the transmitted intensity profiles for a
transparent fiber, & = 350 um, in a cell with thickness
5.0 mm for two different normal positions. Clearly we
see the dipole behavior in the disturbance of the transmit-
ted intensity. However, it turned out that no good fits
could be made without absorption present. That the fiber
can act as a light sink can be understood by considering
the finiteness of the sample. Once inside the fiber the
light can easily escape the sample by leaking out through
the top or the bottom of the cell.

In backscattering we consider only absorbing rods, since
the expected intensity profile from the object relative to
the total backscattered light from the slab is small. We
use a 0.3-mm pencil embedded in a scattering suspension
with a transport mean free path of 47 = 3 um; the cell

with the 4-mm windows was used. Results are shown in
Fig. 8 together with the best numerical fits. The shapes
of the experimentally observed intensity profiles are ex-
cellently reproduced by the calculated profiles. The trans-
versal position can be determined with an accuracy of
20 um. The values for the x positions of the rod, obtained
from the fits, are shown in Table 8 and are compared with
the experimental positions. ,

*To get an idea about. the sensitivity of the profile on the
position of the object, we took two successive scans with a
displacement of the object of 50 + 2 um as the only differ-
ence. From the fitted profiles we obtained a displace-
nient of 48 = 3 wm, which is shown in the last line in
Table 3. - '

- The last figure, Fig. 9, shows the transmitted intensity
profile through a 5-mm-thick sample when a line source is
used and an absorbing rod is positioned besides the source.
We obtained the fit by taking the derivative of Eq. (29) at
the boundary of the slab to determine the transmitted in-
tensity profile. One fits the envelope of the intensity pro-
file by putting the light source one mean-free path inside
the slab. Then the strength of the light source is varied
to give an optimal fit to the envelope. In addition to the
position of the object, the absorption strength must also be
fitted to accomplish the final fit.

4. CONCLUSION

We have considered the situation of a single object embed-
ded in a diffusely scattering medium that is confined in a
simple geometry, and we have calculated the disturbance
on the intensity from this object. We have shown that the
object can be located, as long as the object absorbs or if the
diffusion constant of the object is different from the em-
bedding medium.

The shape of the intensity profiles is completely deter-
mined by the geometry of the surrounding medium and
the position of the object. Thus a small object gives a
broad profile as a result of diffusional broadening. The
calculated profiles are in good agreement with the mea-
sured profiles; therefore one can recover small dis-
placements of the object and the transversal position
determination in a slab becomes rather simple. The abso-
lute normal position determination is influenced by ex-
perimental errors and is of the order of 100 um. For
absorbing objects a minimum possible size can be directly
obtained from the strength of the charge term. More in-
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formation on the size and on the absorption strength can
be obtained when the transmitted intensity can be
recorded for various normal positions of the object.

The visibility of an object scales with the ratio a/L,
being the object and L the sample size, because diffuse
intensity is measured.
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