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Abstract

Backscattering of high-power laser pulses in a randomly inhomogeneous media containing microparticles
suspended in a liquid is treated theoretically. Relationships for the temporal correlation function of multiply
scattered radiation, which account for acceleration of particles in the field of optical radiation, are derived
for the first time. A new method for determination of particle velocities based on correlation properties of
scattered light is proposed.

Correlation properties of radiation under multiple-scattering conditions have been studied intensively
during the last decade [1]. A large number of experiments have been carried out using particles of micrometer
and submicrometer size (polystyrene spheres) suspended in liquid (water) [2, 3], under conditions of laminar
flow of scatterers [4] and also when the dynamics of the light-scattering particles is nonuniform in the bulk of
the medium [5, 6]. However, results available at present relate only to the case where the radiation is of rather
low intensity, which makes it possible to perform theoretical analysis neglecting the effect of scattered light
on the dynamics of scatterers in the medium. At the same time, it is well known that a laser pulse incident on
a randomly inhomogeneous medium modifies the motion of particles in the medium if the laser-pulse power
is sufficiently high. Several mechanisms of such modification exist [7-9]. In this connection, it is of interest to
analyze correlation characteristics of scattered light with allowance for the light-induced motion of scatterers
in the medium against the background of the scatterers’ random walk.

In this study, we use a diffusion approximation to calculate the autocorrelation function Ci(7) =
(E(t)E*(t + 7)) for the light backscattered from a semi-infinite, randomly inhomogeneous medium (with
volume density of the light-scattering particles in excess of 1%) with allowance for the particle motion in-
duced by the focused-radiation laser pulse. It is demonstrated below that the function C;(7) depends on
the power of radiation incident on the medium. Furthermore, a new method of measuring the characteristic
velocities of microparticles in the experiments with laser-induced acceleration of these particles is proposed.

Let a high-power focused-radiation laser pulse (with wavelength in the medium )\, peak-power density Iy,
duration 75, neck size d, and repetition rate f) be incident on the boundary of a semi-infinite medium that
occupies the half-space z > 0 and consists of a suspension of microparticles (of sizes a 2 ) in a liquid. We
assume that 7, is much smaller than the characteristic lifetime of a photon in the medium, which is about
107! s [10]. Let the origin of coordinates be coincident with the point of incidence of the pulse onto the
boundary of the medium and let us characterize the medium by the transport mean free-path length I* > A
of a photon and by the diffusion coefficient D of the particles [11]. The correlation function of backscattered
radiation in the case where the medium does not absorb the radiation can be written [2] as

Ci(r) = SUE®E" (¢ + 1hn = Y- 1) exp { ~ (A6 (7))n (1)
n=1 n=1

where the nth term of the sum represents the contribution of the nth-order scattering processes; (.. .), signifies
averaging over the above processes and also over all kinds of microscopic configurations of scatterers in the
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medium; I(n) is the intensity related to the nth order scattering processes; and Ay(7) is the phase difference
for two photons sequentially scattered by the same particles at instants separated by the time interval 7. The
quantity Ae(7) can be represented as the sum of contributions stemming from (i) chaotic (Brownian) motion
of particles and (ii) light-induced motion of the same particles. The first of these contributions is given [2] by

(Agh)a =, 2)

where 79 = (4k2D)~! and k = 2w/). In order to evaluate the second contribution, we assume that the laser
pulse induces the motion of the particles in the direction of the z axis within a narrow cylinder of diameter
d < I* with the root-mean-square velocity of this motion being V' <« ¢. Such an assumption is realistic when
the pulse-repetition rate f is high and the laser radiation is sharply focused; in this case, the particles are
accelerated under the effect of the incident-light pressure and are kept at the laser-beam axis by gradient
forces [8]. The contribution to (p?(7))n, related to light-induced motion of the particles, is then determined
as

1
(AGH(T))n = 5 kK*v2:2p,, (3)

where P, is the average number of photon-scattering events in the zone of light-induced motion of particles
when the photon was involved in a total of n scattering events and left the medium at the point (0,0, 0) of
pulse incidence. In order to determine P,, we assume that the conditions for applicability of the diffusion
approximation to the transport equation are met in the medium [11]. Much the same as in [12], the quantity
P, is then expressed in terms of the Green function determined to a diffusion approximation [13] for the
problem under consideration. In the limit of large n, we arrive at

P, ~ 32 2L

zgl*_z 2n

With allowance for the expression for I(n) derived to the diffusion approximation [2, 3|, formula (4) yields

+ lnn] . (4)

00 2
Cl('r)ocnz_:l-‘;&—sll—2 exp{—-{zn—é%[ign—l+lnn]}, (5)
where 7y = 41* /(v/3kV d) and an insignificant numerical multiplier is omitted. It is noteworthy that typical
values of 7y for suspensions of latex spheres of micrometer-scale sizes are on the order of 107* — 1073 s [1]
for A ~ 500 nm, whereas 7y ~ 1075 s already for V = 1 cm/s. Expression (5) was derived with absorption
of light in the medium neglected; however, the absorption can be easily taken into account if we introduce
the substitution 7/79 — 7/79 + */(2l,), where [, is absorption path. Thus, the role of absorption consists in
suppressing the contribution of the scattering processes of high orders.

As is evident from formula (5), the contribution of Brownian motion to decorrelation of n-fold scattered
photons increases in proportion to n, whereas the contribution of light-induced motion increases much more
slowly (as Inn for large n). This is related to the fact that all particles of the medium are involved in the
Brownian motion, whereas only a fraction of the particles are involved in light-induced motion. Nevertheless,
the temporal correlation function is found to depend on the velocity of light-induced motion; this is illustrated
in Fig. 1 where the function C}(7) is plotted for several velocities V of light-induced motion. As evident from
Fig. 1, the characteristic decay time for C;(7) is directly related to V and hence to the peak-power density I
of laser pulse incident on the medium because V « Ij [8]. In view of this, measuring C;(7) we can uniquely
determine the velocity V' of light-induced motion of particles of the medium. It is evident from Fig. 1 that
the proposed method for measuring the velocity is bound to be sensitive to variation of V' within a very wide
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Fig. 1. Temporal autocorrelation function C; () for backscattered radiation (normalized so that C; =1 for 7 = 0.1 5)
in the absence of light-induced motion of particles (V = 0) (1), for V. =0.01 m/s (2), V =0.1m/s (3),and V =1 m/s
(4). The following values of parameters were used in calculations: 7o = 10~* s, A = 387 nm, and d = I*.

range. In particular, we can foresee no basic restrictions on the use of this method also in the case where the
particles are accelerated to supersonic velocities (in [9], velocities of particles up to ~10* m/s were reported).

It is worth noting in conclusion that the proposed method for measuring the velocity of light-induced
motion of micrometer-size particles in dense media exposed to the field of high-power laser pulses seems to
be, as of now, the only technique that does not affect the particle motion. This method can be widely used
not only in studies of laser-induced acceleration of particles under laboratory conditions, but also in various
systems for particle-mixture separation whenever laser-induced acceleration of particles is employed.

We thank the participants of the Moscow Seminar directed by V. L. Ginzburg for their interest in this
study.

References
1. V. L. Kuz'min and V. P. Romanov, Usp. Fiz. Nauk, 166, 247 (1996).
2. G. Maret and P. E. Wolf, Z. Physik B, 65, 409 (1987).
3. P. M. Chaikin, D. J. Pine, D. A. Weitz, and H. Herbolzheimer, Phys. Rev. Lett., 60, 1134 (1988).
4. D. Bicout and G. Maret, Physica A, 210, 87 (1994).
5. D. A. Boas, L. E. Campbell, and A. G. Yodh, Phys. Rev. Lett., 75, 1855 (1995).
6. M. Heckmeier, S. E. Skipetrov, G. Maret, and R. Maynard, J. Opt. Soc. Am. A: Opt. Image Sci., 14,

185 (1997).

188



Volume 19, Number 2, 1998 Journal of Russian Laser Research

. Ashkin, Usp. Fiz. Nauk, 110, 101 (1973).

. A. Askar’yan, Usp. Fiz. Nauk, 110, 115 (1973).

. D. Zakharov, M. A. Kazaryan, and N. P. Korotkov, Pis’ma Zh. Eksp. Teor. Fiz., 60, 317 (1994).

. E. Wolf and G. Maret, Phys. Rev. Lett., 55, 2696 (1985).

. Ishimaru, Wave Propagation and Scattermg in Random Media, Academic Press, New York (1978),
Vol 1.

12. D. Bicout, E. Akkermans, and R. Maynard, Phys. France, 1, 471 (1991).

13. P. M. Morse and H. Feshbach, Methods of Theoretical Physics, McGraw-Hill, New York (1953), Vol. 1.

189





