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Coherent backscattering (CBS) is a beautiful physical phenomenon that takes place in a highly scattering
medium, which has potential application in noninvasive optical property measurement. The current
model that explains the CBS cone shape, however, assumes the incoming beam diameter is infinitely
large compared to the transport length. In this paper, we evaluate the effect of a finite scalar light illu-
mination area on the CBS cone, both theoretically and experimentally. The quantitative relationship
between laser beam size and the CBS cone shape is established by using two different finite beam models
(uniform top hat and Gaussian distribution). A series of experimental data with varying beam diameters
is obtained for comparison with the theory. Our study shows the CBS cone shape begins to show distor-
tion when beam size becomes submillimeter, and this effect should not be ignored in general. In biological
tissue where a normal large beam CBS cone is too narrow for detection, this small beam CBS may be
more advantageous for more accurate and higher resolution tissue characterization. © 2012 Optical

Society of America
OCIS code:  030.1670, 290.1350.

1. Introduction

Coherent backscattering (CBS), also known as en-
hanced backscattering (EBS) or weak localization
of photons [1,2], is a photon self-interference phe-
nomenon which enhances the photon intensity in the
backward direction of the incident light in the
presence of highly scattering medium. From observa-
tion, a sharp cone always appears on top of the
smooth diffuse background within a narrow angular
distribution. The mathematical expression of this
CBS cone was established in 1986 by using the time-
reversal photon pairs model [3]. This phenomenon is
observed in various scattering systems [4-7], and
also discovered and studied in biological tissue [8,9].

The effect of partial coherence light source and low
spatial coherence light source on a CBS cone was
then studied [10-12]. Under such conditions, both
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theory and observation show that the full width at
half-maximum (FWHM) of the CBS cone will in-
crease and the enhancement factor of the CBS peak
will be reduced. Because of these features, low-
coherence enhanced backscattering (LEBS) has
advantages in biological tissue characterization
[13-16] where a normal CBS peak would be too nar-
row to observe. Relevant study suggests the reason
behind LEBS cone shape is the elimination of photon
pairs with high-order scattering events in the self-
coherence signal [11,17-20].

For a CBS experiment, one typically uses a
collimated laser beam with a diameter of several
millimeters, which can be regarded as infinite illumi-
nation compared to {*, the transport mean free
length of the medium. So the effect of finite illumina-
tion area has been ignored in most cases, until recent
reports [21-24]. In this paper, we show this size effect
exists even with a moderately small laser beam di-
ameter, both theoretically and experimentally. The
beam-size-induced distortion of a CBS cone is
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qualitatively similar to one by LEBS. We developed a
new finite beam size CBS model based on the pre-
vious analysis by Akkermans, which is described
in [3], to compare with our experimental data, and
the simulation and experimental results show good
correlation. The result indicates that we need to be
very careful when the illumination beam diameter
is in the submillimeter range, and the FWHM of a
CBS cone can be broadened several times with a
small illumination area. Thus, this phenomenon
has high potential to help with facilitating the extre-
mely narrow CBS cone detection, which is a main
challenge for CBS application in biological tissue.
The small beam size also means a smaller probing
volume, which enables higher resolution mapping
of optical properties.

2. Theory

The time-reversal photon pairs model is the most fre-
quently used theory to explain the CBS phenomenon
[3,8,11,25]. In this model, the coherent peak is re-
garded as an integration of all the constructively in-
terfering photon pairs which share the same path but
in an opposite direction, as shown in Fig. 1.

Under the assumption of infinite illumination
area, the CBS peak can be described as [3]:

I(H) 3 |: 220
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Where 0 is the scattering angle from the exact back-
scattering direction, z, is extrapolation length that is
given by [26,27]

1+ Ry

=2 Ry

(2)

where R.y = -1.44/n? + 0.71/n + 0.668 + 0.064n,
n being the refractive index. When the refractive in-
dex is 1, zy = 0.7¢*, where {* is transport mean free
path length. When @ is 0, the CBS cone reaches its

Fig. 1. Coherent multiple scattering inside a scattering medium.
k; is the incident wave vector and k, is the emission wave vector, R
is the radius of the beam.
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maximum value, which is two times the background
intensity. The ratio between maximum value and the
background is the enhancement factor, which is 2 in
theory. The enhancement factor does not change with
£*, and the FWHM of the CBS cone is given by [28,29]

0.72

However, in practice, we use a finite illumination
area with a laser beam of several millimeters in di-
ameter. To quantify the effect of the illumination
area in CBS, we need to build a finite integration
model over the illumination plane.

According to the CBS theory which was developed
by Akkermans in 1986 [3], the backscattered albedo
is then given by

a(k;. k;) = (c/4nt*?) / dzdzd%p exp(-z/uyl?)

{1+ coslq - (r - r)}Q(r. r') exp(-z"/ut"),
(4)

where z and 2’ are the projections of r and r’ on the z
axis, p is the projection of r —r’ on the propagation
plane, and uo and u are the directional cosines of k;
and ks on the z axis, respectively. The factor 1+
cos[q - (r—r')] is responsible for the interference.
Q(r,r') has been studied in classical transport theory,
which is given by [27,30]

AN 1 1
Q(r’r) - (1/4”D)(|r_ rr| (|r_ r/|2 _I_a2)1/2)’ (5)

where a = 2(£* + z(). In a water-based liquid sample
where the reflective index n is 1.33, z; = 1.24¢*.

Equation (1) has the integration over the x—y plane
and z direction. The integration over the z direction is
infinite, and can be easily done. The expression that
is left only with p integration is given by

a(0) = (3/47%%)

1 1
X /dzﬂ[l + cos(q 'P)](p - (W) (6)

We transform this integration from the rectangular
coordinate to polar coordinate, and can obtain

2n R (1 1
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For the first term in the bracket, the d¢ integration
results in 2z, and for the second term in the bracket,
the d¢ integration results in 27J/y(qp), where J is
the Oth order Bessel function of the first kind.



a() = (3/27%) [R +a-vVR?+a?

" Toapap— [ L ___dp|. (8
+L o(gp) /J—A O(QP)W /’]’ ®)

where q = 2z/0|/4, and R is the radius of the
light beam.

Equation (8) gives us the CBS peak profile under
finite illumination conditions, with the light beam
radius of R. This result so far is based on uniform il-
lumination within the light beam. However, the
practical laser beam is better approximated as a
Gaussian beam, whose intensity distribution follows
Gaussian function in its propagating plane. Then we
need to modify Eq. (4) for better simulation.

alks. k) = (/42 / dzdz'd2p exp(—z/jul")

{1+ cos[q - (r - r)]}Q(r, 1)
x exp(—2'/ul*) exp(-2p%/R?), 9)

where we assume the intensity of the Gaussian
beam drops by 1/¢? at radius R. This integration
range reaches infinity and can only be calculated
numerically.

3. Experiment Methods

The schematic of our experiment setup is shown in
Fig. 2. We use a diode laser working at 655 nm
(Melles Griot, 561CS254/HS). Right after the laser
source, a neutral density filter is employed to reduce
the light intensity. Then the laser beam is expanded
by two biconvex lenses to 6 mm in diameter, and we
use a small pinhole in front of the beam splitter to
control the beam size. Then, a 50:50 nonpolarizing
beam splitter guides the laser beam incident into
the sample, which is tilted slightly to avoid the spec-
ular reflection. The distance between the pinhole and
the sample surface is 5.5 ¢m, and in the directly
backward direction, the backscattered signal is col-
lected by a lens of 100 mm focus length. A CCD
(Photometrics, Cascade 512F) with the pixel size of
16 x 16 um is placed in the focal plane of the lens.
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Fig. 2. Schematic of experimental setup for CBS cone measure-
ment. LS is laser source, ND is neutral density filter, L1 and L2 are
lenses, I is iris, BS is beam splitter, BD is beam dump.

We use a commercial brand intralipid (BBraun,
Lipofundin N 20%) which is a highly scattering
liquid medium as a sample. By using different pin-
holes of different sizes, we generate a series of laser
beams with varying diameters. For image acquisi-
tion, 20 images are taken for average at certain
diameter, and the exposure time is set between
0.1-1 s for optimal use of dynamic range.

4. Results

To validate that we indeed observe the CBS cone, we
first used a 6 mm diameter laser beam to get a series
of CBS images from samples with different concen-
trations of scatterers. For samples, we diluted the
intralipid with water, so that the concentrations
change from 90% to 30%, by steps of 10%. From
Eq. (2), the reduced scattering coefficient y;; can be
calculated from the FWHM of CBS cone. The linear
relationship between concentration and yu; is shown
in Fig. 3. This u; value again was validated by sepa-
rate optical measurement using frequency-domain
diffuse optical spectroscopy.

Then we placed the pinhole in front of the beam
splitter, with diameters of 138, 262, 369, 554, 692,
and 1025 um. 60% intralipid is used as a sample,
where the y; calculated from FWHM of the CBS cone
is 221 em™!. Our normalized experimental CBS pro-
files are shown in Fig. 4. As beam diameter becomes
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(Left) CBS cones of different intralipid concentrations, and (right) relationship between intralipid concentration and y; calculated
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Fig. 4. Experimental CBS profiles with different beam sizes.

smaller, the CBS cone will become broader and lower,
in a similar fashion as the LEBS cone behaves.

To compare with experimental data, the simula-
tion result from Eq. (8) with the same set of beam
diameters is shown in Fig. 5. We do the integration
over p numerically, using a trapezoidal integration
method. The integration range is from 0 to R, which
is the radius of the laser beam.

We compare the FWHM and enhancement factor
between experimental data and simulation data with
finite uniform illumination and Gaussian illumina-
tion in Fig. 6.

From Fig. 6, the FWHM of the CBS cone will be-
come broader and enhancement factor will drop
when the incident light beam size decreases. For
FWHM, though both simulations of uniform illumi-
nation and Gaussian illumination show the same
trend as the experimental data, the experimental re-
sult fits the Gaussian beam simulation much better.
In the submillimeter range, FWHM of experimental
and simulated CBS cones are comparable. However,
they start to deviate from each other as beam size
becomes even smaller. For enhancement factor,
Fig. 6(b) shows the decreasing trend of enhancement
factor as beam diameter becomes smaller, both the-
oretically and experimentally. However, due to ex-
periment limitation, theoretical and experimental
enhancement factors do not match well in their
absolute values. The result from Fig. 6 implies the

(a})

16

1025 (um)

Simulation intensity

25 20 -15 -10 5 0 5 10 15 20 25
Angle (in mrad)

measurement of CBS cone width may not be accurate
when a small illumination area is used. A recent si-
mulation study [24] also shows the same trend in an
even smaller illumination area, where a Gaussian
beam waist is applied.

From the viewpoint of the time-reversal photon
pairs model, when a small beam size is used, the
photon pairs sharing the same path with longer
end-to-end spatial distance than the beam diameter
in an x—y plane cannot contribute to the coherent
part of albedo. As a result, most of the long path
length photon pairs are excluded from the CBS cone,
and the FWHM will become larger and enhancement
factor will drop. Our result provides a quantitative
relationship between illumination beam size and
the CBS cone shape.

5. Discussion and Conclusion

In Fig. 6, FWHM of the smallest beam diameter
shows the largest deviation between theoretical
and experimental data, and the experimental data
is much smaller than the theoretical prediction. This
may be caused by the diffraction effect. Under our
experimental condition, for the 138 ym diameter pin-
hole, the airy disk diameter at the distance used in
our experimental setup is about 500 ym, which is a
significant source of error in comparison. For other,
bigger pinholes, the diffraction effect can be ne-
glected. Also as the beam diameter becomes smaller,
the SNR will drop because total photon number
drops, which explains the larger error bars for smal-
ler beam diameter in Fig. 6.

Because of our instrument’s limitation, the en-
hancement factor cannot reach the ideal value 2, and
it drops a bit faster than the theory predicts. Because
of the width of the CCD pixel, our measurement is
the convolution of the real signal and CCD spatial
response function. Thus, enhancement factor is prac-
tically more sensitive to experimental conditions
than FWHM, and it makes more sense to study
FWHM of the CBS cone.

Ifthe laser beam diameter can be constrained even
smaller, so that it is comparable to £*, only photon
pairs which experience double scattering events
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Fig. 5. Simulated CBS profiles with different beam sizes. (a) is uniform illumination and (b) is Gaussian beam illumination.
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Fig. 6. Comparison of (a) FWHM and (b) enhancement factor of a CBS cone with varying beam sizes: among experimental data, simula-

tion of finite uniform illumination, and Gaussian illumination.

can contribute to the CBS cone, then this small beam
size CBS cone is a LEBS cone in nature. However,
such a narrow laser beam is difficult to achieve.

In conclusion, we quantitatively studied the rela-
tionship between illumination area and CBS cone,
and showed that the FWHM broadens and enhance-
ment factor decreases as the beam size becomes
smaller. Simulation results of two types of finite illu-
mination are demonstrated to compare with experi-
mental CBS data. For experimental conditions with
a small size collimated laser beam or focused beam
with small width, we should take beam size effect
into consideration by using the finite integration
method. This small beam size effect shows a signifi-
cantly broader CBS cone, with high potential to be
applied in biological tissue study, where the narrow
CBS angular profile remains a great challenge.

Furthermore, every imaging modality that uses a
coherent light source in epiluminal geometry, such as
OCT or confocal microscopy, should inherently have a
CBS phenomenon associated with the signal.
Although the shape of the CBS cone may be too broad
to be treated as significant, there surely exists the
effect of CBS on each imaging modality that will have
to be understood and compensated for. We are work-
ing on extending our current study in order to assess
the CBS effect in an OCT signal, with a goal of im-
proving OCT image quality with help from a CBS
cone width measurement.
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of Education under the Academic Research Fund
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put by Dr. Mishchenko and kind support from Prof.
Yoonhee.
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