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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 action Figure 1 shows the schematic illustration of 2D amplify-
in two-dimensional(2D) photonic crystals. There are two ing and scattering medium consisting of random array of
ways to realize photonic crystal las¢fis2]. The first type is  dye-doped nylon fiber. The diameter of the fiber was A
to use a localization mode in the band d&p By introduc-  and the refractive index was 1.5. The fiber was first dipped in
ing defect in the crystals, we can pull a state from continuun@ methanol solution of kiton red in order to dope dye mol-
and make the localized mode, which acts as a cavity witlecules as the gain medium. The concentration of the dye in
perfectly reflecting walls. The other type is to use the smalthe fiber was estimated to B¢=2x10"*M, which corre-
group velocity intrinsic to the photonic crystdd]. It has  sponds to the absorption length=490 um. The fiber was
been discussed that the amplification factor is inversely probundled in air(refractive index is 1.0to a thickness of 5 mm
portional to the group velocity, since propagation modes witrand a width of 20 mm. The sample without dye appeared
the small group velocity stay long time in the crystal, theopaque and white in color, and no specific laser diffraction
interaction of light with materials being enhanced. pattern was observed. Therefore, we can consider that our

Periodic structures of crystals may not be necessary tonicrometer size fibers are in the random alignment and
increase the interaction of light with materials in dielectric hexagonal-like order is not induced by stacking. The trans-
structures. Light amplification in random media has extenport mean free path was calculated on the basis of Mie
sively been studied. The emission spectrum shows spectréieory[12]. The transport mean fee paith is related to the
collapse and the input-output characteristic curve exhibits &cattering mean free paths=(ngos)~* by 1*=I4/(1
typical behavior similar to a multimode lasgB]. Narrow  —(cos#)), whereoy is the scattering cross sectiam, is the
peaks in the emission spectrum of random laser in ZnO powdensity of the scatterer, aRdosé) is the average angle of
der have been attracting much attentjér7]. The measure- scattering of light by a single scattering. The average angle
ments have been explained in terms of resonant feedback wfere calculated aécos6)=0.80 and(cos#), =0.84 for the
the recurrent scattering loops induced by disorder. Althougtparallel and perpendicular emission light in the present
this explanation based on Anderson localization is fascinatsample, respectively. The mean free path of the emission
ing, some other effects, such as feedback by the boundary @ight parallel and perpendicular to the fiber were then calcu-
parallel facets of the hexagonal ZnO microcrystalli¢or  lated asf =73 wm andl¥ =92 um, respectively. The ex-
by the surface of the micro samfl@], have also been sug- citation light source was the second harmonics of an injec-
gested as the possible mechanisms.

In this paper, we experimentally investigate the random
laser action in a 2D medium consisting of random array of
dye-doped plastic fiber. In wave propagation, the dimension-
ality is a crucial parameter. In one- and two-dimensional ran-
dom systems, arbitrary small disorder will lead to a finite
localization length, while in three-dimension@D) systems,

a certain critical degree of disorder is needed for the local-
ization[10,11]. This means that the coherent feedback due to
the recurrent scattering loop would appear easily in 2D sys-
tems than 3D systems. Another difference is the polarization
effect. In 3D system, two components of polarization are
mixed via the scattering process, whereas in 2D system the FiG. 1. Schematic illustration of the 2D random samfgieand
polarization effects are expected owing to the asymmetri& are the polarization directions of the excitation and the emission
property of the system. We clearly observed the polarizatiofight. Scap and Scan indicate the scanning direction in the two-
dependent laser threshold and the gain region. Experimentakam spatial-correlation method. The inset is a photograph of the
results are discussed on the basis of simple rate equationsincident surface of the sample.
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FIG. 2. (a) Semilogarithmic plot of peak intensityb) spectral mcreasmgHexcnatlon pulse energy andH approached a c_onstant
width of the emission as a function of the excitation pulse energyvalue of R'=5.2 above the threshold/,, (0.26 mJ. It is

Open and solid circles represent emission components parallel adgteresting to note that when the excitation pulse was perpen-
perpendicular to the fiber, respectively. Arrows indicate thresholdsdicular to the fiber, the emission component perpendicular to
The excitation pulse is polarized parallel to the fiber. The inset is théhe fiber was stronger, i.eR*=0.7 under the weak excita-
emission spectra of parallel componddashed ling and perpen- tion, whereas above the threshold, the emission parallel to
dicular component(solid line) at the excitation pulse energy, the fiber was enhanced, suggesting the stronger feedback for
0.24 mJ. this polarization component.

We performed a two-beam spatial-correlation measure-
tion seeded Q-switched N&* yttrium-aluminum-garnet Ment to examine the polarization dependence of the size of

(YAG) laser. The wavelength was 532 nm, the pulse duratiof€ gain regior{13—15. In this method, two incident exci-
was 8 ns, and the repetition rate was 1 Hz. The polarizatiofflion beams are injected onto the sample and the spectral
of the excitation pulse was rotated using.£2 wave plate. width of the emission is measured as a function of the spatial

The spot size of the laser beam on the sample was distanced between two focus spots of thg incident beams on
=100 xm. The emission light from the incident surface of tNe Sample. When two beams are spatially overlapped, two
the sample was collected in a reflection geometry and led t§*citation pulses work cooperatively to result in the strong
a 25 cm spectrometer through a polarizer, and detected by $Pectral collapse, while spatially separated two pulsesl as,

charge coupled device camera. The peak wavelength of the' > €Xcite the sample independently. Therefore, the spec-
emission light from kiton red was 610 nm. tral width as a function ofl provides direct information on

Figures 2a) and 2b) show the peak intensity and the the size of the gain region. Figure 4 shows spec.tral' width
spectral width of the emission light as a function of excita-Sd) as a function of the beam separattilhe excitation
tion pulse energyV, measured with a single beam. The ex- pulse was polarized parallel to the fiber. The pulse energy
citation pulse was polarized parallel to the fiber. Open andvas 0.12mJ and 0.30 mJ for the measurement of parallel and
solid circles represent emission components parallel and pePerpendicular emission components, respectively. The tri-
pendicular to the fiber, respectively. When the excitation@"gles showSW(d) for the parallel emission component,
pulse energy was increased, the parallel emission componefff€re two beams were scanned parallel to the fiber as shown
first showed a spectral collapse from the initial width of 35in Fig. 1. Open and solid circles a&\\Md) for the parallel
nm to 5 nm owing to the strong stimulated emission in the
sample[5,7] and the peak intensity rapidly grew. As the
pulse energy was further increased, the perpendicular com-
ponent showed a similar behavior. We define the threshold of
the laser action as the excitation pulse eneviy,, at which
the spectral width becomes half of its initial value. The
threshold of parallel and perpendicular emission components
were VVItth:O-lz mJ and V\l|t|m=O.26 mJ, respectively,
which are indicated by arrows in the FiggaRand 2b). We
performed similar experiments with the excitation pulse po-
larized perpendicular to the fiber, and the experimental re-
sults on the threshold are summarized in Table I.

The intensity ratio of the parallel to the perpendicular G, 3. Semilogarithmic plot of intensity ratio of the parallel
emission component®=1;/1,, was calculated from Fig. emission component to the perpendicular compoienthe exci-
2(a) and shown in Fig. 3. When the excitation Fulse wastation pulse is polarized parallébpen circley and perpendicular
polarized parallel to the fiber this ratio is initiaIR‘zl.Z. (solid circles to the fiber.
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decay exponentially with a time constant of 0.5 nsec. This

_ s 1 result means that dye molecules adsorbed inside the fiber are
g 126 frozen and free from the rotational motion within the time
= 24} 1. scale examined.
= We consider the population of dye molecules in the gain
= 20} | P ! . ; .
% volume on the basis of simple rate equations and discuss
16} {20 experimental results. We note the gain volumevgs: ng,
2 ) . . " whereL is the size of the gain volume and simply assume
500 1000 1500 2000 that all dye molecules are in excited state in the gain volume,
Beam scparation o [pm] N;~N [14]. The photon number injected into this volume in

FIG. 4. Spectral width as a function af in the two-beam unit time isSe«W/# w, wheref is the Planck constant anal

;o A SpE Lo . is the frequency of the excitation light. First, we consider
spatial-correlation measurement. The emission is polarized parall? at both the emission and the excitation light are polarized
(open circles and trianglgsind perpendiculatsolid circles to the parallel to the fiber. The number of dye molecules that decay

fiber. The scanning direction is parallgtiangles and perpendicu- . . 0 . .
lar (open and solid circlésto the fiber. The left axis is for open Vi& spontaneous and stimulated emissions in the gain volume

I ;
circles and triangles, and the right axis is for solid circles. are represented 8¢ N/7 and VgN®as7C, respectively,
where 7 is spontaneous emission lifetimegy is the projec-
tion of the molecular dipole moment to the direction to the
iber, o is the stimulated emission cross section of dye and
c is the velocity of light in the medium. The symbd|
spectral width becomeSWL.)={SWO0)+SWoo)l/2 and  "epresents the densllty for the emission Ilght, V\_/here.the upper
P W(Lc) ={SWO) + SW=)} and the lower notationg, denote the polarization direction

; i 2
also define a reduced correlation lengthlds= VLc—W“ 10 f the excitation and the emission light, respectively. We
deconvolute the effect of the finite excitation beam diametergptain

w=100 um. When the scanning direction was parallel to

the fiber, the valug&.* =94 um obtained from Fig. 4 shows S=VN(L/r+d|ognC). 1)

a good correspondence with the beam spot size. This result

indicates that the excitation and emission light propagate iffor the emission light, it escapes from the gain volume by
the plane normal to the fiber. When the scanning directiorihe diffusion process

was perpendicular to the fibet, ;=760 um and L., 0 _ I

=1090 um, for the parallel and perpendicular emission VgN(L/7+ ®josmc) =Vy®)/7q, 2
components, respectively. The correlation length for the par- . o .
allel pcomponent tpo the fi)tger is smaller than tr?at of the [?ery\{here ma=Lg/lf ¢ is the characteristic time for the light to
pendicular one. These results are summarized in Table I. diffuse out from the gan v_olume. . .

Finally, we performed a time-resolved photoluminescence _Under the \_Ne".ik excitation condmo_n, we can ignore the
experiment in order to examine the polarization characterisStimulated emission in Eq1), and obtain
tics of dye molecules in the sample. The excitation light 112
source was the second harmonics of a mode locked” Nd Lo (STINW) ™ &

YAG laser, which provides 80 psec pulses at 532 nm, and thginder the strong excitation condition, the stimulated emis-

detectior_1 system was a synchronous scanning streak cameggon becomes much more important. We can ignore the spon-
The excitation pulse energy was 0.18 nJ and corresponds tgneous emission term in E() and obtain

the weak excitation limit in Figs. 2 and 3. The time depen-
dence of the photoemission is shown in Fig. 5 on a semi-log ( Iﬁ‘ )1/2
gl”

and perpendicular emission components, respectively, whe
two beams were scanned perpendicular to the fiber.
We introduce a correlation length. as the length that the

4

scale. Both the parallel and the perpendicular components N oo,
S

We consider that two expressions for the size of the gain
regionl,, Egs.(3) and(4), are equal at the threshold. The

_ threshold is
e
< *
S = v (5)
2 I asTT)|
80
S - .
In a similar way, we obtain
01— . . .
0.00 0.25 0.50 0.75 W
Time [ns] l =— (6)
OsT1L

FIG. 5. Time dependence of the emission intensity normalized
by the peak intensityl (0);. The emission is polarized parallel for the emission light polarized perpendicular to the fiber.
(open circles and perpendiculagsolid circles to the fiber. From these results, the ratio is
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Sﬂ HE In a 3D system, similar analysis to E¢p) leads to the
% == iy (7)  threshold
S I ™
Similarly, when the excitation pulse is polarized perpendicu- Gt3f42|*3/2
lar to the fiber, we obtain = (10)
Sth Ug/lelzT
S 1T m @
Sw 7 From Egs.(5) and (10), the ratioW{?) to W) is
From Eqs(7) and(8) and the experimental results in Table I,
we obtainl/IT=0.59 and# /%, =1.3. This valuel/I*
s ” 075 )75 =W =
=0.59 shows a reasonable agreement witlilT =0.79, SsP=wWERIwWE =0 (11
which is obtained from the calculation of Mie theory as de- btk

scribed in the experimental description. The slight difference

, : . .
betweep thfe expgrm;gn: ar:cd the Mlje Icellzlculatlonlmll h Narrow peakg6,7] in the spectrum were not observed in the
may"arllse from simplicity otour n;)o € .b' ort ?xa:rrrpte,t | .Gpresent experiment, suggesting that the recurrent loops are
parallel emission component may be Subject to the total in, important in the present sample. It is, however, noted that
ternal reflection at the boundary of sample. This reflect|on[ threshold pulse energy in a real 2D system is smaller than
acts as a strong feedback and reduces the laser threshqncgt of 3D system by a factaw/L, , since both the excita

th 3

. e )

Sty » Which also reduces the ratitf,/I7 on the basis of EGS. o and emission light are confirmed in the plane normal to

(7) and(8) in our model. The valuey /7, =1.3 also shows 14 fiber.

a good agreement witly; /7, = 1.4 obtained from Fig. 5. In conclusion, we observed polarization dependent ran-
_ From Eq.(4), the ratio of the gain volume of the perpen- qom |aser action in the 2D amplifying and scattering me-

dicular to the parallel component is dium. Two polarization components exhibit a behavior simi-

| 1/2 lar to a two-mode laser oscillation in an inhomogenously
LLL: e 9) broadened gain medium. When the excitation pulse energy
Ly Iﬁ‘ s was increased, the parallel component first reached the

threshold showing the spectral collapse. Further increase in
Using Iﬁ‘/lj =0.59 and7 /7, =1.3 obtained above, we get the excitation pulse energy resulted in the subsequent laser
Ly /Lg=1.5 from Eq.(9). This value is in good agreement action in the perpendicular component accompanied with the
with Ly, /Ly =1090/766=1.4 in Table I. increment of the size of the gain region.
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