
VOLUME 75, NUMBER 9 P H Y S I C A L R E V I E W L E T T E R S 28 AUGUST 1995

Coherent Backscattering of Light from Amplifying Random Media

Diederik S. Wiersma,1 Meint P. van Albada1 and Ad Lagendijk1,2

1FOM-Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands
2Van der Waals-Zeeman Laboratorium, Valckenierstraat 65-67, 1018 XE Amsterdam, The Netherlands

(Received 23 February 1995)

We report on coherent backscattering measurements from amplifying random media using optically
pumped Ti:sapphire powders. The top of the backscattering cone sharpens with increasing gain,
reflecting a change in the relative contributions to the intensity from paths of different lengths. A
calculation based on diffusion theory is performed on coherent backscattering from amplifying random
media, which is in good agreement with the data.

PACS numbers: 42.25.Hz, 42.70.Hj, 78.45.+h
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The recent discovery of various interesting interferen
effects in light that is scattered from disordered structur
has led to a renewed interest in multiple light scatterin
[1]. It was found that the interference between counte
propagating waves in disordered structures gives rise
enhanced backscattering. The phenomenon is known
coherent backscattering or weak localization [2]. Late
more interference effects were recognized like the spat
correlations in the intensity transmitted through rando
media. So far, experimental studies on these phenome
have been restricted to passive random media.

It is challenging to extend the field of study to active
media, such as laser materials. An amplifying disorder
medium can be made by combining multiple scatterin
with stimulated emission. Recently, it was shown tha
powdered laser crystals can serve as incoherent qu
monochromatic light sources [3]. The behavior of an am
plifying random medium is very different from that of a
passive one. Since the amplification along a light pa
depends on the path length, the overall scattering pro
erties depend strongly on the sample size. There is,
instance, a critical sample size above which the intens
diverges and the system becomes unstable. In that se
multiple light scattering with gain is very similar to neu-
tron scattering in combination with nuclear fission [4].

Coherent backscattering is a consequence of reciproc
[5] in multiple scattering. Consider a disordered sam
ple that is illuminated by a (spatially homogeneous) ligh
beam. A partial wave that propagates over some distan
through the sample, and then leaves the illuminated spo
the backscattering direction, will have a counterpropaga
ing counterpart of equal amplitude and phase. The wav
will interfere constructively. Moving away from the exac
backscattering direction, a phase difference will develo
between the counterpropagating waves that depend on
relative orientation of the points where the waves enter a
leave the sample. For the ensemble of light paths, t
relative phases will therefore gradually randomize. A
ter averaging over all light paths, this leads to a cone
enhanced backscattering which has a width of the ord
of 2ply, with , the (transport) mean free path for ligh
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in the medium andl its wavelength [2]. The top of this
backscattering cone is due to very long light paths (featur
that are due to.104 scattering events are experimentally
accessible), and coherent backscattering can therefore
expected to be strongly influenced by gain [6].

In this Letter we report on the observation of coher
ent backscattering from amplifying random media. Ou
samples consist of (0.15 wt %) Ti2O3 doped Ti:sapphire
powders. The samples are strongly polydisperse (avera
particle size 10mm). Two types of sample are obtained
by either using the dry powder or suspending it in wa
ter. The latter type exhibits a longer (transport) mean fre
path. The samples have a slab geometry, with thickne
1 mm and diameter 15 mm.

The Ti:sapphire is optically pumped through the fron
sample interface with a frequency doubled Nd:YAG lase
(wavelength 532 nm, pulse duration 14 ns) with puls
energy varying between 0 and 190 mJ. The lifetime o
the excited state of Ti:sapphire is 3.2ms. After a time
delay of 14 ns, the green pump pulse is followed by a lo
intensity (40mJ) red probe pulse (wavelength 780 nm
pulse duration 14 ns). The beams overlap spatially o
the sample surface, and both have a diameter of 5 m
The angular distribution of the scattered probe light i
recorded using a setup as described in Ref. [7]. Th
probe light is linearly polarized, and both the polarization
conserving and reversing channels have been monitore
The repetition rate of the pump (5 Hz) is half that of the
probe, so that the sample is pumped just before eve
second probe pulse only. The detected signals from ev
and odd probe pulses are averaged separately, so
experimental run yields two backscattering cones (on
with gain and one without).

Figure 1 shows backscattering cones as recorded
both polarization components from one and the sam
sample at different pump power. The overall scattere
intensity increases with pump power. Moreover, in th
polarization conserving channel, the top of the backsca
tering cone is seen to sharpen upon increasing the gain

This sharpening becomes even more apparent if they
axis is scaled such that the background levels coincid
© 1995 The American Physical Society 1739
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FIG. 1. Three backscattering cones in the polarization co
serving channel and two backscattered intensities in the p
larization reversing (pol. rev.) channel from the same samp
at different pump power. Sample: 30% Ti:sapphire particle
(10 mm) in water, transport mean free path: 40mm. The over-
all gain of 0%, 36% (34% in the pol. rev. channel), and 71%
corresponds to pump powers 0, 165, and 190 mJ. The inte
sity is normalized to the diffuse background at zero gain. Sol
lines: calculated curves based on diffusion theory. Upon i
creasing the gain, the overall intensity increases and the top
the cone sharpens.

(see Fig. 2). It can be understood if one realizes th
the shape of the cone reflects the path length distributi
in the sample. The angular range of an interferen
contribution is inversely proportional to the distanc
between begin and end points of the paths that produ
it. The wings of the cone are therefore mostly du
to contributions from short paths. As we approac
the top of the cone, interference contributions from
successively longer paths add to the intensity. Becau
the amplification along a path will depend exponentiall
on its length, the introduction of gain will mainly affect
the very central region of the backscattering cone, where
the wings are hardly affected.

From Fig. 2 we also see that the enhancement fac
is essentially independent of the gain. The enhancem

FIG. 2. Same backscattering cones as in Fig. 1 buty axis
scaled such that background levels coincide. One can see
the top of the cone sharpens and that the enhancement facto
essentially independent of the gain.
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is a consequence of reciprocity, which could be broke
by the introduction of gain in the following way. After
amplification of a pulse in part of the sample, the probe
region is partly deexcited and the counterpropagati
pulse will probe this region in a different state. Fo
pulse durations comparable to the residence time of t
light in the sample, this could affect reciprocity. In ou
system we do not expect this effect to occur, as the pu
duration by far exceeds the residence time and the pu
energy is low enough to leave the sample in almost t
same state (there is no saturation of the gain at increas
probe power). This is consistent with our observation
a constant enhancement factor at increasing gain.

In the polarization reversed channel, correlation b
tween the amplitudes and phases of counterpropagat
waves diminishes with increasing order of scattering [8
Coherent backscattering in this channel is due to low ord
scattering. Depending on the phase function of the sc
terers, the enhancement factor ranges from 1.0 to ab
1.2. We expect this enhancement factor to decrease w
gain: Long path contributions are present in the bac
ground but not in the cone. In Fig. 1 it can be seen tha
even without gain, the Ti:sapphire powders do not exhib
any significant enhancement factor in the polarization r
versed channel and therefore do not allow us to meas
this dependence of the enhancement factor on gain.

Coherent backscattering from passive random med
can be calculated conveniently using diffusion theory [9
Recently, Zyuzin [6] used diffusion theory to calculat
the central cusp of the backscattering cone from a
amplifying medium. In the following we will calculate
the complete angular distribution of the backscattere
intensity from an amplifying random medium. We star
from the stationary diffusion equation with gain [4,10]:

1
3 ,2=

2
$r1

Fs$r1, $r2d 1 ,kgFs$r1, $r2d 1 ds$r1 2 $r2d ­ 0 .

(1)

Here Fs$r1, $r2d is the intensity Green function,kg is the
(intensity) gain coefficient in the medium, and, is the
(transport) mean free path. We assumekg to be posi-
tion independent. Because our system is translationa
invariant overx andy, it is convenient to use the Fourier
transform

Fs $q', z1, z2d ­
Z

Fs$r1, $r2de2i $r'? $q' d $r' , (2)

with $r' ­ $r1' 2 $r2' is perpendicular toz. The diffu-
sion equation then reads

1
3 ,2

µ
≠2

≠z2
1

2 q2
'

∂
Fs $q', z1, z2d 1 ,kgFs $q', z1, z2d

1 dsz1 2 z2d ­ 0 . (3)

The appropriate boundary condition for a slab wit
thicknessL is Fs $q', z1, z2d ­ 0 in “trapping” planes at
distancez0 on both sides of the slab, withz0 ø 0.71,



VOLUME 75, NUMBER 9 P H Y S I C A L R E V I E W L E T T E R S 28 AUGUST 1995

t-
at-

lds
e-

ith
d

e
ce

ly
is
[11]. Solving Eq. (3) with this boundary condition we
find

Fs $q', z1, z2d ­
3 cosfbsL2zsdg2 3 cosfbsL12z02jzdjdg

2,2 b sinfbsL12z0dg
,

(4)

where zs ; z1 1 z2, zd ; z1 2 z2, L is the slab thick-
ness, andb ;

q
,22

amp 2 q2
', with ,amp the amplification

length in the medium. We have to distinguish betwee
the gain length,g ; k21

g , which is the length of a path
along which the intensity is amplified by a factore11

and the amplification length,amp ;
q

, ,gy3, which is
the (rms) average distance between begin and end po
for paths of length,g. The amplification length,amp and
gain length,g are the analogs of the absorption lengt
,abs and the inelastic length,i in the case of absorption.

Note that the solution given in Eq. (4) is unstable fo
slabs thicker than a critical thicknessLcr ; p,amp 2

2z0. In the limit L ! Lcr , the scattered intensity diverges
For a disordered laser material, the gain will satura
close toL ­ Lcr , which provides an upper limit for the
intensity.
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To calculate the angular distribution of the backsca
tered intensity, the interference between counterpropag
ing waves must be incorporated. This interference yie
a cosine modulation on the scattered intensity that d
pends on the phase difference$q s $r1 2 $r2d between a par-
tial wave and its counterpropagating counterpart, w
$r1 and $r2 the begin and end points of the path, an
$q ; $k1 1 $k2 the sum of incoming and outgoing wav
vectors. In terms of a bistatic coefficient, the interferen
part of the backscattered intensity is given by [9]

gcsud ­
1
,

Z L

0

Z 2L2zd

zd

Fs $q', z1, z2d

3 cosszddde2hzsdzs dzd ,

(5)

whered ; k0s1 2 cosud, h ; s1 1 cos21udy2,, andu

is the angle of the outgoing wave vector$k2 relative to the
z axis. The incoming wave vector is taken along thez
axis. The integrals in Eq. (5) can be performed explicit
using the intensity propagator from Eq. (4). The result
gcsud ­
3e2hL

2,3b sinfbsL 1 2z0dg
1

sb2 1 d2 1 h2d2 2 s2bdd2

3

h
2sb2 1 d2 1 h2d coss2bz0d cossLdd 2 4bd sins2bz0d sinsLdd

1 2
b

h
s2b2 1 d2 2 h2d sinfbsL 1 2z0dg sinhshLd

1 2sb2 2 d2 2 h2d cossLdd 2 2sb2 1 d2 1 h2d cosfbsL 1 2z0dg coshshLd

1 4bh sinsbLd sinhshLd 1 2s2b2 1 d2 1 h2d cossbLd coshshLd
i

. (6)
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This solution agrees with the result of Zyuzin for sma
angles [6]. By taking the limit,amp ! `, we obtain the
solution for zero gain. In this limit, Eq. (6) is indeed
equal to the bistatic coefficient from diffusion theory fo
absorbing media in the limit of zero absorption [9].

The backscattering cone is superimposed on an (
sentially) angular independent background. This bac
ground consists of a diffusive termg,, and contributions
from paths that have no counterpropagating counterpartgi
(e.g., single scattering and window artifacts), so the tot
backscattered intensity is

gsud ­ g, 1 gi 1 gcsud . (7)

We know (because of reciprocity) thatg, is equal to
gcs0d. The value ofgi can be found from the measured
enhancement factor defined as

E ;
g, 1 gi 1 gcs0d

g, 1 gi
. (8)
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The solid lines in Fig. 1 are the backscattered intens
ties calculated using Eqs. (6) and (7). The mean free pa
, for the sample and the enhancement factorE were in-
ferred from the zero gain experiment (bottom curve). Th
gain coefficientkg was determined from the measured
overall gain by comparing the measured and calculate
intensities at largeu [12] and is the only parameter that
varies between the three curves in Fig. 1. Values for th
amplification length and gain coefficient at different pump
energies are listed in Table I. The largest gain coefficie
is about0.9 cm21. The smallest amplification length is
0.336 mm and was measured in a sample with relative
large optical thickness.

Although general agreement between data and theo
is very good in Fig. 1, we see that the upper calculate
curve is slightly narrower than the measured one. Th
samples were pumped from the front side, so the ga
decreases with increasing depth. Our assumption of
position independentkg therefore leads to a relative
1741
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TABLE I. Measured overall gain and calculated gain coef
cient and amplification length at different pump powers an
mean free paths. Also given is the calculated ratio of the sa
ple thicknessL to the critical thicknessLcr ; p,amp 2 2z0.
The actual sample thickness is always 1 mm.

, Pump Overall LyLcr kg ,amp

energy gain (cm21) (mm)
(mm) (mJ) (%)

40 0 0 0 0 `

40 165 36 0.74 0.720 0.428
40 190 71 0.83 0.896 0.384
28 180 115 0.91 0.746 0.351
18 180 134 0.94 0.537 0.338
18 190 155 0.95 0.542 0.336

overestimation of the amplification along the longer pat
(that are more likely to probe the region wherekg is
below average). This effect is more apparent in Fig.
which shows a measurement on an optically thick
sample. We expect that a more homogeneous gain
be obtained by pumping the slab from both sides.

In conclusion, we have studied coherent backscatt
ing from amplifying random media. In our system, rec
procity is preserved under optical amplification throug
stimulated emission. Upon increasing the gain we find
sharpening of the backscattering cone, reflecting an
creased importance of long light paths inside the sa
ple. A calculation based on diffusion theory is performe
which is in good agreement with our data. The possib
ity of making amplifying random media has opened th

FIG. 3. Measured backscattering cones normalized to
angular independent background at zero gain compared w
calculated curves. Upper curve: overall gain is equal
115%, lower curve: unamplified. Sample: (dry) Ti:sapphi
powder, transport mean free path: 28mm. The inset shows the
calculated depth dependence of the gain coefficientkg ; ,21

g

in cm21 calculated by numerically solving the set of diffusio
equations for pump and probe lights together with the ra
equations of Ti:sapphire. The dashed line in the inset is
averagekg, as determined from the data (see Table I) a
used for the upper calculated curve. Because the calculatio
the backscattering cone assumes constant gain, it overestim
the contributions from the longer (deeper penetrating) pat
resulting in a narrower cone.
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way to study the interesting combination of interferenc
in multiple scattering with amplification through stimu-
lated emission. Future experiments could involve speck
correlations from amplifying random media and studie
on the effect of extremely strong scattering on the emi
sion characteristics of laser materials. Also, amplificatio
can be used to compensate for absorption which is pres
in all passive random media. Absorption has constitute
a problem in the search for Anderson localization of ligh
as it cuts off the longest light paths.
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