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coherent light: a Monte Carlo model

Lihong V. Wang
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A Monte Carlo model of the ultrasonic modulation of multiply scattered coherent light in scattering media
is provided. The model is based on two mechanisms: the ultrasonic modulation of the index of refraction,
which causes a modulation of the optical path lengths between consecutive scattering events, and the ultra-
sonic modulation of the displacements of scatterers, which causes a modulation of optical path lengths with
each scattering event. Multiply scattered light accumulates modulated optical path lengths along its path.
Consequently, the intensity of the speckles that are formed by the multiply scattered light is modulated. The
contribution from the index of refraction is comparable with the contribution from displacement when the
acoustic-wave vector is less than a critical fraction of the transport mean free path and becomes increasingly
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greater than the contribution from displacement beyond this critical point.

well with an independent analytical model for isotropically scattering media.
phenomena, requiring the use of a coherent light source.
290.7050, 290.4210, 110.7170, 030.1670, 030.6600.

OCIS codes:

Ultrasound-modulated optical tomography is a new
area of research for the imaging of scattering media,
such as biological tissues. In this technology an
ultrasonic wave is focused into a scattering medium to
modulate light inside the medium. The advantage of
this technology is its combination of optical contrast
and ultrasonic resolution. Marks et al. investigated
the modulation of light in homogeneous scattering me-
dia with pulsed ultrasound.! Wang et al. developed
ultrasound-modulated optical tomography in scatter-
ing media.> Kempe et al. showed experimentally the
transition of ultrasonic modulation from the ballistic to
the scattered regime.®* Wang and Ku developed a fre-
quency-swept technique with which to obtain scalable
imaging resolution along the acoustic axis.* Leveque
et al. employed parallel detection of multiple speckles
to improve signal-to-noise ratio, which was demon-
strated with one-dimensional images of biological
tissue.® Yao and Wang further demonstrated this
parallel-detection scheme with two-dimensional im-
ages of biological tissue.® In addition, by combining
the parallel-detection and the frequency-swept tech-
niques, Yao et al. obtained two-dimensional images
with resolution along the acoustic axis.” Lev et al.
developed a reflection configuration.®

Three possible mechanisms have been identified for
the ultrasonic modulation of light in scattering me-
dia; which mechanism is dominant has, however, re-
mained a mystery. The first mechanism is based on
ultrasound-induced variations of the optical properties
of the media. As an ultrasonic wave propagates in
a scattering medium, the medium is compressed and
rarified depending on location and time. Variations
of density cause the optical properties of the medium
to vary. Accordingly, the detected intensity of light
varies with the ultrasonic wave. This mechanism, re-
cently modeled by Mahan et al.,’ does not require the
use of a coherent light source; however, it is too weak
to have been experimentally observed.

The second mechanism is based on variations of
the optical phase in response to ultrasound-induced
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displacements of scatterers. The displacements of
scatterers, assumed to follow ultrasonic amplitudes,
modulate the physical path lengths of light traversing
the ultrasonic field. Multiply scattered light accu-
mulates modulated physical path lengths along its
path. Consequently, the intensity of the speckles
formed by the multiply scattered light fluctuates with
the ultrasonic wave. A theory by Leutz and Maret!’
modeled this mechanism but is valid only when the
scattering mean free path is much greater than the
acoustic wavelength.

The third mechanism is based on variations of the
optical phase in response to ultrasonic modulation of
the index of refraction, which vary when the optical
phase between two consecutive scattering events is
modulated. As in the second mechanism, multiply
scattered light accumulates modulated phases along
its path, and the modulated phases cause the intensity
of the speckles formed by the multiply scattered light
to vary with the ultrasonic wave. This mechanism
has apparently never been modeled.

Both the second and the third mechanisms require
the use of coherent light. In this Letter I present a
Monte Carlo model based, for what is to my knowledge
the first time, on both of the mechanisms for the ultra-
sonic modulation of coherent light in scattering media.
The Monte Carlo model is compared with an analytical
model for isotropically scattering media based on diffu-
sion theory. The Monte Carlo model is not subject to
the limitations of diffusion theory and is studied here
for anisotropically scattering media. The applicabil-
ity of the analytical model to anisotropically scattering
media is numerically validated.

A plane ultrasonic wave is assumed to insonify uni-
formly a homogeneous scattering medium. The auto-
correlation function of the electric field, E(¢), of the
scattered light can be expressed as

Gitr) = | " p(s) (DB, (¢ + m)ds, D
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where the averaging is over time ¢, E; is the unit
electric field of the scattered light to path length
s, and p(s) is the probability density function of s.
The contributions to the autocorrelation function
from Brownian motion and from the ultrasonic field
are independent and can be treated separately. For
conciseness, only the ultrasonic contribution is consid-
ered here.

The ultrasonic contribution to the autocorrelation
function from a path of length s is

(Es(ES"(t + 7)) = (exp[—iA ¢ (¢, 7)]), (2)

where Ap(t, 7) = SV MGt ) + X Adajlt, 7),
Adynjt, 7) = ¢nj(t + 7) — ¢yj(t), ¢n;is the phase varia-
tion induced by the modulated index of refraction along
the jth free path, A¢gy;(t, 7) = ¢q;j(t + 7) — Pq;(0),
¢q; is the phase variation induced by the modulated
displacement of the jth scattering site following the
jth free path, and N is the number of scattering
events along the full path. There is an additional free
path to the detector after the last scattering event.

On the one hand, the phase variation from the jth
free path is

lj
¢nj(t)=[0 koAn(rj-1,s;,0;,t)ds;, 3)

where [; is the length of the jth free path, & is the
optical wave vector in vacuo, An is the modulated index
of refraction, r; is the location of the jth scatterer, s;
is the distance along the jth free path, and 6; is the
angle between the optical wave vector of the jth free
path and the acoustic-wave vector k,.

The modulated index of refraction is

An(rj_l,sj, 0,t) = nonk.,Asin(k, - rji-

+ kysjcos6; — wat), (4)
where ng is the background index of refraction, %, is
the amplitude of k,, A is the acoustic amplitude, w,
is the acoustic angular frequency, and 7 is related
to the adiabatic piezo-optical coefficient of the mate-
rial, dn/dp, the density p, and the acoustic velocity
ve: = (In/op)pv>.
Completing the integration in Eq. (3), one obtains

&nj(t) = 2nokonAsin(k, - rj_1 + keljcos /2 — w,t)
X sin(kqljcos6;/2)/cosb; . (5)

On the other hand, the phase variation from the jth
scattering event is

ba;(t) = —noko(k;s1 — k;) - Asin(k, - r; — w,t), (6)

where k; is the unit optical wave vector for the jth free
path and A is the acoustic-amplitude vector.

A public-domain software package for incoherent
light transport in scattering media based on a Monte
Carlo technique!*? was modified to model ultrasonic
modulation of coherent light in scattering media. In
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this modified model a coherent optical beam from
an extended plane source is incident upon a slab of
thickness L, and the transmitted light is detected from
a point. A direct solution to this problem by use of
the Monte Carlo technique would be computationally
inefficient. Exploiting the principle of reciprocity
makes it possible to overcome this problem. In the
reciprocal problem, a point source illuminates the slab,
and a plane detector detects the transmitted light.

The new Monte Carlo model is briefly described
as follows: (1) Launch a photon packet from the
point of incidence into the scattering medium.
(2) Determine the step size by [; = —In(¢)/us, where
¢ is a random number evenly distributed between
0 and 1 and u, is the scattering coefficient. (3) If
the step size fits in the scattering medium, move
the photon packet to the new location. Accumulate
A¢nj(t, 7) based on Eq. (5), where both ¢ and 7 vary
from O to the acoustic period, T, with a given number
of divisions. (4) Scatter the photon packet in a new
direction based on the scattering phase function (form
factor): a Henyey-—Greenstein function for the polar
angle, and a uniform function for the azimuth angle.
Accumulate A¢gj(¢, 7) based on Eq. (6) similarly to
step 3. Then, go back to step 2 to continue trac-
ing the photon packet. (5) If the step size crosses
the incident surface, the photon packet is diffusely
reflected and is terminated. (6) If the step size
crosses the transmitting surface, the photon packet is
transmitted and is terminated. The contribution of
this photon packet to the autocorrelation function is
recorded by use of Eq. (2). (7) Repeat steps (1)—(6)
and sum the autocorrelation functions from all the
photon packets to obtain the overall autocorrela-
tion function. (8) The light intensity at frequency
nw, is calculated based on the Wiener—Khinchin
theorem: I, = fOTa cos(nw,7)G1(7)d7/T,;. The modu-
lation depth, M = I,/I,, is then calculated.

Figure 1(a) shows the modulation depth contributed
by the index of refraction alone, M,; the modulation
depth contributed by displacement alone, My; and
the modulation depth contributed by both, Mgun.
Figure 1(b) is a plot of the ratio between the two
types of contribution: M,/My;. The symbols, from
the Monte Carlo model, agree with the lines, from
an independent analytical model based on diffusion
theory that is applicable for isotropically scattering
media (anisotropy g = 0).}* M, increases with k,,
whereas M; does not vary with k,. The former is
because the average phase accumulation from the free
paths increases with k,, and the latter is because
the average phase accumulation from the scattering
events does not depend on k,. The ratio M,/My
shows that M, is comparable with M; when £k, is
less than a critical value—found to be 0.559 w, from
the analytical model-but M, becomes greater there-
after. Experimental verification of this theoretical
observation can be explored with scatterers of various
weights.*

Figure 2 shows M, and M; as a function of the
scattering anisotropy, g. The modulation depths are
found to be insensitive to g if a constant transport
scattering coefficient, us(1 — g), is maintained. A
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Fig. 1. (a) M,, My, and Mg, and (b) M,/M,; versus

k,. The parameters are on/dp = 1.466 X 1071°m?/N,
p = 1000 kg/m?, v, = 1480 m/s, A = 0.1 nm, ny = 1.33,
Ao =500 nm, us =10 ecm™!, g =0, and L =5 cm.
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Fig. 2. M, and M, versus g while u (1 — g) is kept con-
stant. The subscript mc indicates the results from the
Monte Carlo model; and the subscript eq represents the
results from the analytical model, where the modulation
depths for g > 0 are assumed to be equal to those for g = 0.
The parameters in Fig. 1 are used, except that T, = 10 us
and u,(1 — g) =10 cm™ ..

direct analytical solution for anisotropically scattering
media is not readily available; however, the analytical
solution for the corresponding isotropically scattering
medium can be used to calculate the modulation
depths. Consequently, the observation about the
relative contributions to the modulation depth of the
two mechanisms in an isotropically scattering medium
[Fig. 1(b)] can be extended to anisotropically scatter-
ing media if ug of the isotropically scattering medium
is replaced with u (1 — g) of the anisotropically scat-
tering media. Of course, this conclusion is applicable
only in the diffusion regime because the analytical
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model is based on diffusion theory, although the Monte
Carlo model can be used in either the diffusion or
the nondiffusion regime. The Monte Carlo model is
flexible and can be adapted to simulate more-complex
configurations such as localized ultrasonic waves and
inhomogeneous scattering media.

In summary, a Monte Carlo model of the ultrasonic
modulation of multiply scattered coherent light in
scattering media has been provided. The model
is based on two coherent mechanisms: ultrasonic
modulation of the index of refraction, which causes a
modulation of the optical path lengths between con-
secutive scattering events, and ultrasonic modulation
of the displacements of scatterers, which causes a
modulation of optical path lengths with each scat-
tering event. Multiply scattered light accumulates
modulated optical path lengths along its path. Conse-
quently, the intensity of the speckles that are formed
by the multiply scattered light is modulated. The
contribution from the index of refraction is comparable
with the contribution from displacement when the
acoustic-wave vector is less than a critical fraction of
the transport mean free path and becomes increas-
ingly greater than the contribution from displacement
beyond this critical point. This Monte Carlo model
agrees well with an independent diffusion-based
analytical model for isotropically scattering media.
The analytical model is further shown to be valid for
anisotropically scattering media. This work clarifies
the mystery about the mechanisms of ultrasonic
modulation of light in scattering media.
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