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We examined laser action in a two-dimensional amplifying and scattering medium consisting of random
array of dye-doped plastic fiber. When the excitation pulse energy was increased, the parallel emission com-
ponent to the fiber first reached the laser threshold showing spectral collapse, and then further increase in the
excitation pulse energy resulted in the subsequent laser action in the perpendicular component. Two-beam
spatial-correlation measurement was performed to examine the gain regions. It was found that the size of the
gain region is different between the two polarization components. Experimental results on the threshold and the
gain region are discussed on the basis of simple rate equations.
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Recently, there have been a lot of studies on laser ac
in two-dimensional~2D! photonic crystals. There are tw
ways to realize photonic crystal lasers@1,2#. The first type is
to use a localization mode in the band gap@3#. By introduc-
ing defect in the crystals, we can pull a state from continu
and make the localized mode, which acts as a cavity w
perfectly reflecting walls. The other type is to use the sm
group velocity intrinsic to the photonic crystal@4#. It has
been discussed that the amplification factor is inversely p
portional to the group velocity, since propagation modes w
the small group velocity stay long time in the crystal, t
interaction of light with materials being enhanced.

Periodic structures of crystals may not be necessary
increase the interaction of light with materials in dielect
structures. Light amplification in random media has ext
sively been studied. The emission spectrum shows spe
collapse and the input-output characteristic curve exhibi
typical behavior similar to a multimode laser@5#. Narrow
peaks in the emission spectrum of random laser in ZnO p
der have been attracting much attention@6,7#. The measure-
ments have been explained in terms of resonant feedbac
the recurrent scattering loops induced by disorder. Althou
this explanation based on Anderson localization is fascin
ing, some other effects, such as feedback by the bounda
parallel facets of the hexagonal ZnO microcrystalline@8# or
by the surface of the micro sample@9#, have also been sug
gested as the possible mechanisms.

In this paper, we experimentally investigate the rand
laser action in a 2D medium consisting of random array
dye-doped plastic fiber. In wave propagation, the dimens
ality is a crucial parameter. In one- and two-dimensional r
dom systems, arbitrary small disorder will lead to a fin
localization length, while in three-dimensional~3D! systems,
a certain critical degree of disorder is needed for the loc
ization @10,11#. This means that the coherent feedback due
the recurrent scattering loop would appear easily in 2D s
tems than 3D systems. Another difference is the polariza
effect. In 3D system, two components of polarization a
mixed via the scattering process, whereas in 2D system
polarization effects are expected owing to the asymme
property of the system. We clearly observed the polariza
dependent laser threshold and the gain region. Experime
results are discussed on the basis of simple rate equatio
1063-651X/2002/66~2!/027601~4!/$20.00 66 0276
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Figure 1 shows the schematic illustration of 2D amplif
ing and scattering medium consisting of random array
dye-doped nylon fiber. The diameter of the fiber was 15mm
and the refractive index was 1.5. The fiber was first dipped
a methanol solution of kiton red in order to dope dye m
ecules as the gain medium. The concentration of the dy
the fiber was estimated to beN5231024M , which corre-
sponds to the absorption length,l a5490 mm. The fiber was
bundled in air~refractive index is 1.0! to a thickness of 5 mm
and a width of 20 mm. The sample without dye appea
opaque and white in color, and no specific laser diffract
pattern was observed. Therefore, we can consider that
micrometer size fibers are in the random alignment a
hexagonal-like order is not induced by stacking. The tra
port mean free path was calculated on the basis of M
theory @12#. The transport mean fee pathl * is related to the
scattering mean free pathl s5(n0ss)

21 by l * 5 l s /(1
2^cosu&), wheress is the scattering cross section,n0 is the
density of the scatterer, and^cosu& is the average angle o
scattering of light by a single scattering. The average an
were calculated aŝcosu&i50.80 and^cosu&'50.84 for the
parallel and perpendicular emission light in the pres
sample, respectively. The mean free path of the emiss
light parallel and perpendicular to the fiber were then cal
lated asl i* 573 mm andl'* 592 mm, respectively. The ex-
citation light source was the second harmonics of an inj

FIG. 1. Schematic illustration of the 2D random sample.Ei and
E' are the polarization directions of the excitation and the emiss
light. Scani and Scan' indicate the scanning direction in the two
beam spatial-correlation method. The inset is a photograph of
incident surface of the sample.
©2002 The American Physical Society01-1
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tion seeded Q-switched Nd31 yttrium-aluminum-garnet
~YAG! laser. The wavelength was 532 nm, the pulse dura
was 8 ns, and the repetition rate was 1 Hz. The polariza
of the excitation pulse was rotated using al/2 wave plate.
The spot size of the laser beam on the sample wasw
5100 mm. The emission light from the incident surface
the sample was collected in a reflection geometry and le
a 25 cm spectrometer through a polarizer, and detected
charge coupled device camera. The peak wavelength o
emission light from kiton red was 610 nm.

Figures 2~a! and 2~b! show the peak intensity and th
spectral width of the emission light as a function of exci
tion pulse energyW, measured with a single beam. The e
citation pulse was polarized parallel to the fiber. Open a
solid circles represent emission components parallel and
pendicular to the fiber, respectively. When the excitat
pulse energy was increased, the parallel emission compo
first showed a spectral collapse from the initial width of
nm to 5 nm owing to the strong stimulated emission in
sample @5,7# and the peak intensity rapidly grew. As th
pulse energy was further increased, the perpendicular c
ponent showed a similar behavior. We define the threshol
the laser action as the excitation pulse energy,Wth , at which
the spectral width becomes half of its initial value. T
threshold of parallel and perpendicular emission compon
were Wthi

i 50.12 mJ and Wth'
i 50.26 mJ, respectively

which are indicated by arrows in the Figs. 2~a! and 2~b!. We
performed similar experiments with the excitation pulse p
larized perpendicular to the fiber, and the experimental
sults on the threshold are summarized in Table I.

The intensity ratio of the parallel to the perpendicu
emission componentsR5I i /I' , was calculated from Fig
2~a! and shown in Fig. 3. When the excitation pulse w
polarized parallel to the fiber this ratio is initiallyRi51.2.

FIG. 2. ~a! Semilogarithmic plot of peak intensity,~b! spectral
width of the emission as a function of the excitation pulse ene
Open and solid circles represent emission components paralle
perpendicular to the fiber, respectively. Arrows indicate thresho
The excitation pulse is polarized parallel to the fiber. The inset is
emission spectra of parallel component~dashed line! and perpen-
dicular component~solid line! at the excitation pulse energy
0.24 mJ.
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Above the thresholdWthi
i ~0.12 mJ!, the ratio increased with

increasing excitation pulse energy and approached a con

value of Ri55.2 above the thresholdWth'
i ~0.26 mJ!. It is

interesting to note that when the excitation pulse was perp
dicular to the fiber, the emission component perpendicula
the fiber was stronger, i.e.,R'50.7 under the weak excita
tion, whereas above the threshold, the emission paralle
the fiber was enhanced, suggesting the stronger feedbac
this polarization component.

We performed a two-beam spatial-correlation measu
ment to examine the polarization dependence of the siz
the gain region@13–15#. In this method, two incident exci
tation beams are injected onto the sample and the spe
width of the emission is measured as a function of the spa
distanced between two focus spots of the incident beams
the sample. When two beams are spatially overlapped,
excitation pulses work cooperatively to result in the stro
spectral collapse, while spatially separated two pulses ad
→`, excite the sample independently. Therefore, the sp
tral width as a function ofd provides direct information on
the size of the gain region. Figure 4 shows spectral wi
SW(d) as a function of the beam separationd. The excitation
pulse was polarized parallel to the fiber. The pulse ene
was 0.12 mJ and 0.30 mJ for the measurement of parallel
perpendicular emission components, respectively. The
angles showSW(d) for the parallel emission componen
where two beams were scanned parallel to the fiber as sh
in Fig. 1. Open and solid circles areSW(d) for the parallel

y.
nd
s.
e

FIG. 3. Semilogarithmic plot of intensity ratio of the parall
emission component to the perpendicular componentR. The exci-
tation pulse is polarized parallel~open circles! and perpendicular
~solid circles! to the fiber.

TABLE I. The polarization dependence of the threshold and
correlation length.

Excitation Emission Wth Lc*
~mJ! (mm)

Parallel 0.12 760
Parallel

Perpendicular 0.26 1090

Parallel 0.20
Perpendicular

Perpendicular 0.26
1-2
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BRIEF REPORTS PHYSICAL REVIEW E66, 027601 ~2002!
and perpendicular emission components, respectively, w
two beams were scanned perpendicular to the fiber.

We introduce a correlation lengthLc as the length that the
spectral width becomesSW(Lc)5$SW(0)1SW(`)%/2 and

also define a reduced correlation length asLc* 5ALc
22w2 to

deconvolute the effect of the finite excitation beam diame
w5100 mm. When the scanning direction was parallel
the fiber, the valueLc* 594 mm obtained from Fig. 4 shows
a good correspondence with the beam spot size. This re
indicates that the excitation and emission light propagat
the plane normal to the fiber. When the scanning direct
was perpendicular to the fiber,Lci5760 mm and Lc'
51090 mm, for the parallel and perpendicular emissi
components, respectively. The correlation length for the p
allel component to the fiber is smaller than that of the p
pendicular one. These results are summarized in Table I

Finally, we performed a time-resolved photoluminescen
experiment in order to examine the polarization characte
tics of dye molecules in the sample. The excitation lig
source was the second harmonics of a mode locked N31

YAG laser, which provides 80 psec pulses at 532 nm, and
detection system was a synchronous scanning streak cam
The excitation pulse energy was 0.18 nJ and correspond
the weak excitation limit in Figs. 2 and 3. The time depe
dence of the photoemission is shown in Fig. 5 on a semi-
scale. Both the parallel and the perpendicular compon

FIG. 4. Spectral width as a function ofd in the two-beam
spatial-correlation measurement. The emission is polarized par
~open circles and triangles! and perpendicular~solid circles! to the
fiber. The scanning direction is parallel~triangles! and perpendicu-
lar ~open and solid circles! to the fiber. The left axis is for open
circles and triangles, and the right axis is for solid circles.

FIG. 5. Time dependence of the emission intensity normali
by the peak intensityI (0)i . The emission is polarized paralle
~open circles! and perpendicular~solid circles! to the fiber.
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decay exponentially with a time constant of 0.5 nsec. T
result means that dye molecules adsorbed inside the fibe
frozen and free from the rotational motion within the tim
scale examined.

We consider the population of dye molecules in the g
volume on the basis of simple rate equations and disc
experimental results. We note the gain volume asVg5Lg

2w,
whereLg is the size of the gain volume and simply assum
that all dye molecules are in excited state in the gain volum
N1;N @14#. The photon number injected into this volume
unit time isS}W/\v, where\ is the Planck constant andv
is the frequency of the excitation light. First, we consid
that both the emission and the excitation light are polariz
parallel to the fiber. The number of dye molecules that de
via spontaneous and stimulated emissions in the gain vol
are represented asVgN/t and VgNF i

issh ic, respectively,
wheret is spontaneous emission lifetime,h i is the projec-
tion of the molecular dipole moment to the direction to t
fiber, ss is the stimulated emission cross section of dye a
c is the velocity of light in the medium. The symbolF i

i

represents the density for the emission light, where the up
and the lower notations,i , denote the polarization directio
of the excitation and the emission light, respectively. W
obtain

S5VgN~1/t1F i
issh ic!. ~1!

For the emission light, it escapes from the gain volume
the diffusion process

VgN~1/t1F i
issh ic!5VgF i

i/td , ~2!

wheretd5Lg
2/ l i* c is the characteristic time for the light t

diffuse out from the gain volume.
Under the weak excitation condition, we can ignore t

stimulated emission in Eq.~1!, and obtain

Lg}~St/Nw!1/2. ~3!

Under the strong excitation condition, the stimulated em
sion becomes much more important. We can ignore the sp
taneous emission term in Eq.~2! and obtain

Lgi}S l i*

N ssh i
D 1/2

. ~4!

We consider that two expressions for the size of the g
regionLg , Eqs.~3! and ~4!, are equal at the threshold. Th
threshold is

Sthi
i 5

l i* w

ssth i
. ~5!

In a similar way, we obtain

Sth'
i 5

l'* w

ssth'

~6!

for the emission light polarized perpendicular to the fib
From these results, the ratio is

lel

d

1-3
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Sth'
i

Sthi
i 5

l'*

l i*

h i

h'

. ~7!

Similarly, when the excitation pulse is polarized perpendi
lar to the fiber, we obtain

Sth'
'

Sthi
'

5
l'*

l i*

h'

h i
. ~8!

From Eqs.~7! and~8! and the experimental results in Table
we obtain l i* / l'* 50.59 andh i /h'51.3. This valuel i* / l'*
50.59 shows a reasonable agreement withl i* / l'* 50.79,
which is obtained from the calculation of Mie theory as d
scribed in the experimental description. The slight differen
between the experiment and the Mie calculation inl i* / l'*
may arise from simplicity of our model. For example, t
parallel emission component may be subject to the total
ternal reflection at the boundary of sample. This reflect
acts as a strong feedback and reduces the laser thre
Sthi , which also reduces the ratio,l i* / l'* on the basis of Eqs
~7! and ~8! in our model. The valueh i /h'51.3 also shows
a good agreement withh i /h'51.4 obtained from Fig. 5.

From Eq.~4!, the ratio of the gain volume of the perpe
dicular to the parallel component is

Lg'

Lgi
5S l'*

l i*

h i

h'
D 1/2

. ~9!

Using l i* / l'* 50.59 andh i /h'51.3 obtained above, we ge
Lg' /Lgi51.5 from Eq.~9!. This value is in good agreemen
with Lth' /Lthi51090/76051.4 in Table I.
au

D.

J

E

nd

02760
-

-
e

-
n
old

In a 3D system, similar analysis to Eq.~5! leads to the
threshold

Sth
(3)5

Gth
3/2l * 3/2

ss
3/2N1/2t

. ~10!

From Eqs.~5! and ~10!, the ratioWth
(2) to Wth

(3) is

Sth
(2)/Sth

(3)5Wth
(2)/Wth

(3)5
w

hLth
(3)

. ~11!

Narrow peaks@6,7# in the spectrum were not observed in th
present experiment, suggesting that the recurrent loops
not important in the present sample. It is, however, noted
the threshold pulse energy in a real 2D system is smaller t
that of 3D system by a factorw/Lth , since both the excita-
tion and emission light are confirmed in the plane norma
the fiber.

In conclusion, we observed polarization dependent r
dom laser action in the 2D amplifying and scattering m
dium. Two polarization components exhibit a behavior sim
lar to a two-mode laser oscillation in an inhomogenou
broadened gain medium. When the excitation pulse ene
was increased, the parallel component first reached
threshold showing the spectral collapse. Further increas
the excitation pulse energy resulted in the subsequent l
action in the perpendicular component accompanied with
increment of the size of the gain region.
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