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Abstract Incoherent radiation of amplifying random

media was investigated using Monte Carlo simulation

and the characteristics of random laser were observed.

The entire emission spectra of the random media would

become narrow abruptly when pumping energies

exceeded certain threshold values, and as the pumping

energies further increased, distinct sharp peaks would

emerge on the spectrum background. The intensity of a

certain spatial point within the scattering media was

contributed from emissions of many frequencies. The

intensity of a single frequency of the entire spectrum

was contributed with emissions from wide spatial

location and angle ranges. It has been pointed out that

the incoherent radiation of amplifying random media is

essentially different from amplified spontaneous emis-

sion without any feedback as well as conventional

resonant-feedback laser. The explanation on distinct

sharp peaks is that rare photons have experienced

rather more scattering events and walked longer paths

in amplifying random media, which accumulates more

gain for these photons.
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1 Introduction

In the late 1960s, Letokhov predicted that laserlike

emission would take place in amplifying random media

by solving the diffusive equation with gain terms [1,2].

Later, it has been experimentally observed that

emission spectra becomes narrow abruptly above

certain thresholds in many kinds of amplifying random

media, such as solid powder, dye scatterer systems and

semiconductor powder [3–6]. The phenomenon was

called ‘‘random laser’’. Thereafter, laserlike emission in

amplifying random media became a hot topic for

researchers. Now, there are two explanations on

random lasers: resonant emission [7] and amplified

nonresonant emission [4,8], using several research

methods such as solving diffusive equations with gain

terms [1,2], solving Maxwell equations using finite-

difference time-domain (FDTD) method [7,9] and

Monte Carlo simulation method [8,10]. Among those

research methods, the Monte Carlo method has been

used to trace photons in random media and then

successfully explained the threshold and spectrum-

narrowing phenomena with nonresonant emission. In

this article, Monte Carlo method is used to simulate the

nonresonant emission in amplifying random media.

The entire spectra, spatial location and angle distribu-

tions of emission intensities have been calculated for

different excitation energies. It has also been observed

that the full width at half maximum (FWHM) of the

emission spectra becomes narrow abruptly when

excitation energies exceed certain thresholds and when

these energies increase further, discrete sharp peaks will

appear on smooth spectrum background. The spectra

at certain spatial points, the spatial location and angle

distribution of certain single frequency have been

calculated too, which exhibit the characteristics of

random laser from a new point of view.

2 Model

The system under study consists of an organic dye

solution suspended with spherical scatterers homo-

geneously, and a pumping Gaussian light beam is

normally incident on it. In the simulation, the particle

number density Ns is 1.46 1019 m23 and the dye

concentration C is 36 1023 m23. The particle radius R

is 60 nm. The refractive indexes of particle and solution

are n2 and n1, respectively taken to be 1.9 and 1.4. To

eliminate the influences of surface reflection on the

photon propagating process in the random media, the

surrounding refractive index n0 is set equal to n1.
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Sample thickness is designed to be 1 cm and its

transverse dimension is much larger than the incident

pumping beam radius rinc which equals to 50 mm, so the

influences of side faces of the random system on

photon transport can be ignored. Pumping light has a

wavelength of lp 532 nm and is assumed to work in
single-pulse mode. Pulse width t is far smaller than

laser upper level lifetime t0. This assumption of t% t0
is easily achievable in practice. The simulations are

carried out for pumping energies Einc of 0.5, 1.0, 1.5,

2.3 and 3.0 mJ. Here, dye is assumed as a standard four-

level system. Thus, the population only distributes on

the ground level and laser upper level. The population

densities on these two levels are respectively N0 and N2,
and N0 +N25C. Emission photons are collected from

incident face.

The simulation is formed in two steps: pumping stage

and emission stage. During pumping stage, the decre-

ment of population on laser upper level is ignored

because t% t0. The absorption cross sections Cabs(l),
emission cross sections Cemi (l) and emission spectrum of

dye molecules are adapted from Ref. [11]. The aver-
age distance l between two scattering events is taken as

2ltrln(j), where j is a uniform variate in (0,1) and ltr is

transport mean free path which approximately equals to

ls because anisotropy factors are very small for the

scatters used in this article [12]. ls is scattering mean free

path and taken as

ls~1=NsCsca, ð1Þ

where scattering cross sections Csca can be calculated

according to Mie’s theory [13]. The scattering angles h
after every scattering event is also calculated through

Mie’s theory and the azimuth angle w evenly picked up
between 0 and 2p.

During the pumping stage, the single shot excitation

energies are divided into Np energy packets, so the initial

weight p of every packet is:

p~Einclp
�
hcNp, ð2Þ

where h and c are respectively Planck constant and

velocity of light. Choosing Np must consider both the

precision and the cost time of calculation. Here, Np is

taken to be 106 and the calculation time is about 2 hours.

The initial positions of energy packets are sampled

according to Gaussian distribution and the initial

incident angle is 0u. Then the pumping photons walk
randomly in the media, accompanied with their absorp-

tion by the dye, so the photon weight p after each step

must be updated as

p~p0 exp {CpabsN0(x,y,z)l
� �

, ð3Þ

where Cpabs is the absorption cross section at pumping

wavelength and p0 the photon weight before stepping.

Simultaneously, the local population density N0(x,y,z)

and N2(x,y,z) should be updated accordingly. So after

excitation, a distribution of population density N2(x,y,z)

of laser upper level is obtained, which acts as the input

parameter of the next simulation stage.

During the emission stage, the position and associ-

ated wavelength l of each emission photon are picked

up according to the gain distribution constructed in the

pumping stage and the normalized fluorescence spec-

trum of dye molecules. The initial scattering and

azimuth angle are respectively sampled from 0–p and

0–2p uniformly. Between two scattering events, the

photon undergoes losses by reabsorption and gains by

stimulated emission. So the photon weight p must be

updated as

p~p0 exp {CabsN0(x,y,z)lzCemiN2(x,y,z)lð Þ: ð4Þ

The local population densities at ground and excited

level should also be updated accordingly.

3 Results

In Figs. 1(a) and 1(b), the spontaneous emission

spectrum and the spectra for different pumping

energies: 0.5, 1.0, 1.5, 2.3 and 3.0 mJ are plotted. As

shown, when pumping energy is low, only amplified

spontaneous emission can be observed, and the inten-

sity spatial distribution of which exhibits as a Gaussian

distribution which is close to the pumping intensity

distribution. When pumping energy increases further,

the entire emission spectrum will become narrow. After

a certain threshold, the spectra will narrow abruptly

and a structure with several distinct sharp peaks on top

of the smooth background appears. With the further

increase of the excitation energy, the intensity and

number of distinct sharp peaks increase accordingly.

Figures 1(c) and 1(d) show the changes of FWHM and

peak intensity with pumping energy, where FWHM and

peak intensity are taken according to the inner envelope

of the spectrum curve. From Fig. 1, it is found that for

the random system in this article, the threshold Eth is

about 1.0 mJ, and the emission spectrum and peak

intensity change abruptly when Einc>Eth.

From Fig. 2 it is shown that when Einc,Eth, the

spatial location and angle distribution of emission spec-

trum is almost smooth only with minor energy peaks on

the top of the background spectrum. When Einc.Eth,

there emerges more energy peaks with stronger inten-

sities. Figure 3 shows the spectra at certain spatial

locations in the random media and it is found that the

emission at local position is contributed from a wide

spectrum range.
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4 Discussion on incoherent emission of
amplified random media

4.1 Characteristics of incoherent random laser

Ignoring all losses except for the absorption by popu-

lation on the ground level, the emission photon weight

follows the law below:

p(l)~p0(l) exp

ð
{Cabs(l)N0(x,y,z)zCemi(l)N2(x,y,z)½ �dl

� �
: ð5Þ

From the above relationship, it can be concluded that

the increasing excitation energy Einc will make the

emission within the gain line width amplified and the

spectrum narrowed in three ways: 1) Increasing Einc,

the population density on the laser upper level increases

and then the term of Cemi(l)N2 increases. Furthermore,

the emission at the wavelength with larger value of

Cemi(l) has the priority to be amplified; 2) Increasing

Einc, N2 increases and N0 decreases accordingly, so the

term of CabsN0 decreases; 3) Increasing Einc makes

photons experience more gain and less loss, and then

by combining the random scattering by particles, the

resident time and walking distance of photons in the

amplifying media will be prolonged, so the photon weight

will be amplified further. This mechanism is completely

similar to the conventional laser. When the cavity loss

decreases, the feedback produced by cavity mirrors

prolongs the resident time and walking path of the

photon in the active media forms positive feedback.

Therefore, the scattering feedback supplied by scatterers

makes the emission of the amplifying random material

different from common amplified spontaneous emission

(ASE) without any feedback, and it is also the essential

reason for the threshold behavior of nonresonant

emission in amplifying random media [14].

On the other hand, emission from amplifying random

media is also different from conventional laser although

they both exhibit a threshold behavior. The function of

scatterers is similar to that of cavity mirrors; however, the

feedback they supply is random, so they cannot choose a

specific light frequency or orientation. As shown in

Figs. 2(c) and 2(d), many sharp peaks will emerge at

different locations or in different directions in random

Fig. 1 Calculated emission spectra (a), (b), FWHM (c) and peak energies (d) at different pumping energies
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media. At certain locations, the spectrum is not

monochromatic and has a spectrum range, shown in

Fig. 3. The spatial locations and directions of emission of

a single frequency spread widely too, as shown in Fig. 4.

4.2 Discussion on distinct sharp peaks

In Fig. 5, the number distribution of photons and light

intensity (product of weight and photon number)

contributed from a different number of scattering events

are plotted. Comparing Figs. 5 (a) and 5(b), it can be

easily observed that the spectrum of nonresonant random

laser becomes narrow markedly and it can also be

concluded how gain spectrum and the number of

scattering events influence the random laser spectrum.

Low gain coefficients lead to a short resident time and

small number of scattering events in the random media.

Thus, the light at the side wavelength of the gain

spectrum, which has low gain coefficient, is amplified

slightly and contributes little to the intensity. On the

contrary, photons around the peak gain wavelength with

larger gain coefficients experience more scattering events

and stay in the amplifying random media for a longer

time, and then they are amplified more. Finally, the

entire random laser spectrum narrows evidently and

sharp intensity peaks appear. The wavelengths of those

intensity peaks are around the peak wavelength of gain

spectrum, as shown in Fig. 5(b). In addition, from Fig. 5

the origin of these intensity peaks can be easily found.

Figure 5(b) shows that the maximal intensity peaks are

contributed from those photons around the peak gain

wavelength, which experience rather more scattering

Fig. 2 When Einc5 0.5 mJ, angle (a) and position (b) distributions of emission; when Einc5 2.3 mJ, angle (c) and position (d)
distributions of emission
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events, but the number of these photons is very small as

shown in Fig. 5(a). Therefore, rare photons experience

many scattering events and take a longer path in

amplifying random media, which produces distinct sharp

intensity peaks on the top of the smooth spectrum

background. When excitation energy is small, photons

travel in random media with a small gain, and longer

path scattering has a negligible contribution to the entire

light intensity. When excitation energy increases, gain

enhances accordingly, and photons taking a longer path

in random media are amplified enough and have a

dominant contribution to the entire intensity. In a word,

the distinct sharp peaks of the entire emission spectrum

are caused by the gain coefficient and number of

scattering, which coincides with the result of Ref. [8].

In addition, from Fig. 1, another phenomenon can be

found. Sharp peaks appear at the range of longer

wavelength when excitation energy is small, and as

excitation energy increases, sharp peaks shift to the shorter

wavelength. The reason is that when the scatter size is

constant, photons with different wavelength experience

different scattering strength, and photons with shorter

wavelength are scattered relatively more strongly and

experience more scattering events. When excitation energy

is small, the scattering numbers at all wavelengths are not

large, and the gain coefficient has more influence on the

determination of the position of the wavelength of sharp

intensity peaks. On the other hand, when strong excitation

energy is used, the scattering number dominates the sharp

peak wavelength. Therefore, with strong excitation, sharp

peaks appear at shorter wavelength where photons

experience more scattering events.

5 Conclusions

In this article, Monte Carlo technique has been used to

simulate the nonresonant emission of amplifying random

media. The existence of scatterers makes random laser

different from conventional ASE. On the other hand, the

disorder of scatterer position and angle distribution also

makes the random laser completely different from

conventional laser. All these results are consistent with

the obtained results by other researchers. In addition,

Fig. 3 Spectra at different spatial positions when
Einc5 2.3 mJ

Fig. 4 Angle and position distributions of single-frequency radiation at 580 nm when Einc5 1.5 mJ
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through calculation, it is found that the emission at a

certain location in random media is not monochromatic

and covers wide spectrum range, and that of a single
frequency spread widely in direction and location. These

results show the characteristics of random laser from

another angle. The narrowing of random laser spectrum is

caused by gain coefficient and number of scattering events.

Rare photons experience rathermore scattering events and

take a longer path, which produces distinct sharp peaks on

the smooth spectrum background. In this article, the

simulation is only carried out in the condition of t% t0,
and the simulation is divided into two independent stages:

pumping stage and emission stage. When this condition is

not satisfied, the simulation could not be divided into two

independent stages and they should be carried out by

turns.
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