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Coherent backscattering of a picosecond pulse from a disordered medium: Analysis of
the pulse shape in the time domain
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We have studied the temporal profile of the picosecond laser pulse scattered from random
media in the backward direction in two angular regions: coherent ( —

1 ~ 0~ 1 mrad) and
diff'use (7.5 ~ 9~ 9.5 mrad), using a streak camera with overall 15-ps time resolution. To give a

good description of the temporal profile of the scattered pulse, in addition to a diAusion term,
terms from the maximally crossed diagrams are required to account for the coherent enhancement
of scattered intensity in the backward direction due to time-reversal symmetry.

Recently, there has been growing interest in studies of
multiple scattering and Anderson localization' of elec-
tromagnetic waves in a random medium. Anderson locali-
zation is due to the coherent interference between waves
scattered from random scatterers, which causes the
transmission coefficient to vanish. Although Anderson lo-
calization has not yet been observed in transmission ex-
periments, a weak coherent interference effect ' has
been observed in scattering experiments. These experi-
ments were performed using a cw laser incident on ran-
dom media which consist of concentrated latex beads
dispersed in water, and the scattered intensity in the exact
backward direction was found to be about twice the
diA'used scattered intensity. This eff'ect is due to the
time-reversal symmetry in the scattering process of the
waves in random media. Corresponding to any given path
of wave propagation in the medium, there is always anoth-
er wave propagating in reversed time direction. These two
counterpropagating waves maintain some phase correla-
tion even in a random medium. For example, one can
easily show that these two waves have exactly the same
phase when they are counterpropagating along the same
path in space. Therefore, for scattering in the exact back-
ward direction, their amplitudes add coherently to give an
increased intensity which is a factor of 2 greater than the
scattered intensity in other directions (diffuse scattering).
The angular width of the coherent peak, or the increase in

intensity at other angles close to the backward direction,
depends on the phase correlation between the counterpro-
pagating waves in the random medium.

Time-reversal symmetry holds for photon transport as
well as for electron transport as long as the symmetry is
not destroyed along the scattering paths. Thus, study of
the transport of the former would also lead to understand-
ing of the transport of the latter. The real time dynamics
of electron transport in a random medium due to weak lo-
calization alone is difficult to probe experimentally. How-
ever, this problem can be illuminated by studies of the real
time dynamics of photon transport which can be con-
veniently probed by an ultrafast laser with streak camera
detection. The understanding of the effect of weak locali-
zation on the real time reflection of photon and electronic
pulses from random media is important, particularly be-
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FIG. 1. Schematic of experimental setup. BS denotes beam-
split ter.

cause of the current advances in the applications of ul-
trafast photon and electronic pulses. Although the
reflection of a light pulse from a random medium has been
studied before, ' the eff'ect of weak localization on the
scattered pulse time profile has not been taken into ac-
count. In this paper, the temporal profile of intensity of
the reflected pulse from the random media backscattered
in two angular cones, one making an angle from —1.0 to
1.0 mrad and the other from 7.5 to 9.5 mrad, were mea-
sured with a streak camera and analyzed theoretically.

In our experiments, we studied the scattering of a ps
(10 ' s) pulse from latex beads dispersed in water which
was contained in a 1X1&5-cm ' glass cell. The latex
bead concentration in water was 10% and studies were
carried out on various bead diameters of 0.09, 0.46, 0.6,
1.06, and 16.8 pm. A schematic of the experimental setup
is shown in Fig. l. A 15-ps/530 nm pulse was generated
from a Nd mode-locked-glass and potassium diphosphate
(KDP) laser system. The laser pulse was collimated by
two pinholes and incident on the random medium after
reflecting from a 50%-50% beam splitter. Light scattered
in the backward direction was collected by a converging
lens and focused onto the detector of the streak camera.
The slit of the detector was placed at the focal plane of the
lens, so that the light scattered into each angle would fall
onto a corresponding region of the detector. Two detec-
tion windows were set on the streak camera, the first win-
dow measured the intensity of backscattered light making
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an angle between —1 and 1 mrad (coherent region), while
the second window measured the intensity of the light
scattered between 7.5 and 9.5 mrad (diffusive region).
The scattered-pulse profile from a single shot showed a
rather noisy characteristic which is typical of multiple
scattering from random media. A smooth profile was ob-
tained when an average of 30 measurements were taken.

Figure 2 shows the intensity profile in the time domain
for the incident laser pulse and the scattered pulse in the
coherent region from two different random media. The
actual intensity of scattered light in the backward direc-
tion is much weaker than the incident pulse. However,
the peaks of the scattered pulses were normalized to the
peak of the laser-pulse intensity for comparison of the
pulse profiles scattered from the random media with
different transport mean free paths. Curve 2 displays the
backscattered-pulse profile from a random medium with
10% latex beads of diameter 1.06 pm dispersed in water.
The transport mean free path of this medium is about 30
pm. In contrast, curve 3 displays the backscattered pulse
profile from a medium with beads of diameter 0.09 p.m
which has a longer transport mean free path 1. Both
curves 2 and 3 show a similar long-tail feature which indi-
cates that the light still is being scattered in the backward
direction long after the incident pulse has ceased. The
scattered light at 100 ps has probably gone through about
750 scattering events. This is computed for the case of
10% latex beads of diameter 1.06 pm, where the transport
mean free time is —', x 10 ' s. There are two noticeable

differences between the scattered pulses from these two
media. The peak of the scattered pulse is displaced fur-
ther for media with larger l. Also, the scattered-pulse
shape is fatter for media with larger I. An interesting
point worth noting here is the backscattered-pulse profile
from 10% concentration of latex beads with diameter of
15.8 pm is very similar to its counterpart with diameter of
0.09 pm. Presumably they have the same I, ' although
the scattering characteristic of these two individual parti-
cles are very different because of their sizes compared to
the wavelength. The waves will be scattered in all direc-
tions by the small particle (diameter d & k) as for latex
beads with d 0.09 pm, whereas the waves are scattered
mainly in the forward direction by a large particle (d )X)
as for d 15.8 pm. Physically, a transient-pulse incident
on a random dielectric undergoes multiple scattering dur-

ing its propagation into the medium. During each scatter-
ing event, part of it also gets scattered back outside the
medium. Thus, along with. the diffusion of the incident
pulse into the medium, we also have a reAected pulse. The
intensity and the shape of the refiected pulse depends on
the normalized diffusion coefficient.

The scattered light in the coherent region ( —
1 ~ 8 ~ 1

mrad) and the diffuse region (7.5~ 8~ 9.5 mrad) are
compared in Fig. 3. It is clear from the curves that the
intensity of the scattered pulse in the coherent region is
higher than the diffuse region. This indicates that more
photons are scattered into the coherent region and is par-
ticularly obvious in the 6rst 40 ps. At later times, the two
scattered pulses seem to merge together. The time can be
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FIG. 2. The backscattered intensity vs time of ps pulse in-
cident on random media in the coherent region ( —

1 ~ 8 ~ 1

mrad). (a) Experiment results (average of 30 shots): curve 1

incident laser pulse; curve 2 10% of latex beads of diameter
d 1.06 pm dispersed in water; curve 3 same as 2 but d 0.09
pm. (b) Theoretical plots: curve 1 incident laser pulse; curve 2
transport mean free path I 100 pm; curve 3, I 300 pm.
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FIG. 3. The scattered intensity vs time of a ps pulse incident
on a random medium, the scattered pulse in the coherent region
( —

1 ~ 8 ~ 1 mrad) and diff'use region ( —7.5 ~ 8 ~ 9.5 mrad).
(a) Experimental results from 10% latex beads with diameter of
0.46 pm dispersed in water; (b) theoretical plots with I 100
pm.
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directly related to the distance traveled by the scattered
light in the random media. Thus, the constructive in-
terference due to the time-reversal symmetry for the light
scattered in the backward direction gradually diminishes
at later times, and its intensity becomes equal to the
diffuse intensity. A detailed analysis of the angular line
shape of the coherent peak shows that the width of the line
narrows as the light undergoes a longer scattering
path. ' ' This narrowing of coherent peak can account
for the two curves shown in Fig. 3(a) to merge together at
later times.

Theoretically, the intensity of the scattered light in the
direction s is

I(s, r ) =„Idh'R(s, r')Io(r r')—,
where Io(r —t ') is the incident pulse, and R (s, t ') is the
response function of the random medium. In the diffusion
approximation, one can write"

r

I r

R(s, t') =a e " D 3 2Dp

where a is some constant, I is the transport mean free
path, D-3(x) =u( 2,x) is the parabolic cylinder (Weber)
function, Do =cl/3 is the diffusion constant, and c is the
effective speed of the wave in the medium. Equation (2)
corresponds to diffuse scattering and is independent of the
scattering angle. Theoretically, it corresponds to the sum
of ladder diagrams in the calculation of a two-photon
Green's function. To include coherent interference due to
time-reversal symmetry in the scattering process, one
should take the maximal crossed diagrams into ac-
count. "' The sum of the maximal crossed diagrams will

result in a factor of e in Eq. (2), where q =(2'/X)
x sinO, and O is the angle s made with the backward direc-
tion of the incident light. This term accounts for the
coherent interference between scattered waves propaga-
ting in the time-reversed path in the random medium, and
exhibits the following important characteristics. The in-
tensity at 0 =0 is highest and is a factor of 2 greater than
the diffusive intensity (0=0 corresponds to the exact
backward direction); and the contribution of coherent in-
tensity enhancement diminishes with larger t' which cor-
responds to longer scattering path lengths. The final ex-
pression for the intensity of the scattered pulse is

I(s, t) =a J dr'R(s, t')(I+e ' )I(t —t') . (3)
42rr

(2)

If the random medium is absorbing with coefficient y,
then an absorption factor of e " should be included in
the integrand of Eq. (3). However, within the time scale
of less than 100 ps in which we are working, the absorp-
tion from the latex beads can be safely neglected.

The intensity of the scattered light in the direction s can

be computed numerically from Eq. (3). Figure 2(b)
shows the theoretical plots of the incident pulse, and the
scattered pulses in the backward direction (integrating 0
between —1 and +1 mrad) from two different random
media with transport mean free paths of 100 and 300 pm.
These plots show characteristics similar to the experimen-
tal results shown in Fig. 2(a).

Figure 3(b) displays the computed profiles of the scat-
tered pulses in the coherent ( —1~ 0~ 1 mrad) and
diffusive regions (7.5~ 0~9.5 mrad) from a medium
with transport mean free path of 100 pm. These theoreti-
cal plots also show similar salient features observed in the
experiments. However, we find that the relative intensity
of the coherent region to the diffuse region is larger in the
theoretical plots than the experimental one. The reason is
that we use scalar theory which predicts the intensity of
the coherent peak is twice the intensity of the background.
In the actual experiment where no polarizer was used, the
intensity of the coherent peak is about 1.6 times the back-
ground (for latex beads with the diameter in the range of
the laser wavelength). If this smaller factor is taken into
account, then our theory gives closer agreement to the ex-
perimental data. In addition, we found that the theoreti-
cal curves predict faster decay than the experimental re-
sults. It is unlikely this is due the usual resolution of the
streak camera and laser pulse (15 ps) used in the experi-
ments. The most likely cause is the effect of the collecting
lens which not only resolves the angular direction of the
scattered light along the horizontal slit of the streak cam-
era, but the vertical distribution of the scattered light cou-
ples with the finite width of the slit (30 pm) which could
affect the temporal resolution of the streak camera. The
correlation between latex bead distribution which has
been neglected in theory may also effect the pulse shape.

In conclusion, the phenomenon of weak localization in
real time has been observed in the ps time domain. The
theory for the temporal profile of the backscattered pulse
has been formulated in the diffusion approximation, and
terms from the maximal crossed diagrams are required to
account for the coherent backscattering. This formulation
gives a good description of the experimental results where
the scattered-pulse profile is characterized by I and O.

Note added: A theoretical result similar to our Eq. (3)
was independently obtained and recently reported by
Akkermans et al. [J.Phys. (Paris) 49, 77 (1988)].
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