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We demonstrate an experimental technique that allows to achieve a robust control on the emission

spectrum of a micro random laser and to select individual modes with sub-nanometer resolution.

The presented approach relies on an optimization protocol of the spatial profile of the pump beam.

Here we demonstrate not only the possibility to increase the emission at a wavelength but also that

we can “isolate” an individual peak suppressing unwanted contributions form other modes. VC 2013
American Institute of Physics. [http://dx.doi.org/10.1063/1.4792759]

Standard laser sources allow to generate light with a

high degree of coherence, precise directionality, and gaus-

sian beam profile. Thanks to the progress of nonlinear optics,

modern devices allow also femtosecond pulse compression1

and wavelength tunability.2,3 These technological achieve-

ments always rely on a precise control of light paths in a

macroscopic (usually of the order of the meter) cavity for

which any imperfection (like material damage, optical impu-

rity, mechanical instability, or misalignment) result in a

severe decrease in device efficiency: any form of disorder is

detrimental. On the other hand, it has been recently demon-

strated that disorder may be compensated by various

approaches involving adaptive optics: in practice, by intro-

ducing an appropriate phase delay to each point of a laser

wavefront warped by disorder, it is possible to restore it to

its pristine state.4,5 Applications range from the possibility to

focus through opaque media both in space and in time6–8 to

subwavelength microscopy.9 Merging nonlinear optics with

adaptive techniques is much more difficult for the inherent

instability of nonlinear processes. However one-dimensional

numerical simulations10 predict that such an approach is pos-

sible for Random Lasers (RLs).

RLs11 are coherent light sources in which stimulated

emission is generated in a “disordered” cavity, with a certain

degree of localization,12–14 infiltrated with a gain material.

Here disordered means that the cavity has not been previ-

ously designed but is randomly selected by the light diffu-

sion process inside the random medium.15 Therefore the

position, direction, and wavelength at which the lasing action

occurs are unpredictable ex-ante. From the fundamental

point of view, RLs are paradigmatic systems that mix in-

triguing features like nonlinearity, disorder, and complexity

but are becoming increasingly more attractive also from the

applied point of view.16,17

In trying to control the RL emission spectrum, various

approaches have been proposed to date such as the design of

individual scattering elements18 or the engineering of the

absorption.19 In this paper we demonstrate another strategy

that allows an active, sub-nanometer precise control over the

spectrum emitted by the RL. The procedure relies on the

selective excitation of modes through pumping engineering.

The hypothesis behind this work is that pumping configura-

tions can be found that couple best to a (preselected) target

mode so that its emission is enhanced whereas other modes’

is suppressed. To demonstrate the effect a single, isolated,

small cluster (average diameter between 10 and 25 microme-

ter, 10 micrometers in thickness) of TiO2 (sub-micrometer)

nanoparticles embedded in a laser dye solution is the best

candidate.20–22 At variance with small clusters, larger assem-

blies present an enormous amount of modes,23 all practically

indistinguishable, in which the selection of a single one is all

but impossible.

In order to realize a pumping scheme that optimizes the

lasing action from a single mode we exploited the same

approach of Ref. 20 in which the amplified spontaneous

emission (ASE) of the dye surrounding a scattering cluster is

used for pumping. In this configuration the cluster lies on the

surface of a microscopy coverslip and is embedded in the

rhodamine solution, which is pumped from the bottom while

the emitted radiation is collected from the top.

The numerous laser modes available in the cluster have

different coupling abilities with light coming from a given

direction and impinging on a given spot of the cluster.

Ideally it would be desirable to be able to send a pump laser

beam with any direction and pointed at any desired spot on

the cluster. This can be achieved indirectly by generating

“rays” of ASE in the surrounding dye with a “green” laser in

a manner entirely similar to that used to determine gain in

the stripe length method.24 A green laser excites “red” ASE

from the dye and these red beams pump the cluster. The

cross section of the green laser beam determines the direc-

tion in which ASE is generated. If additionally a circular

area encompassing the whole cluster is illuminated, prepar-

ing the RL cluster near lasing threshold, the rays will trigger

lasing only for modes that couple best with the incoming

ASE. This approach can be called directionally constrained

pumping. At variance with the spatial constraint a directional

constraint allows to pump over the threshold modes that are

located in distant positions within the cluster thus being

barely interacting.

In a nutshell, the goal is to optimize the pumping direc-

tion to favor emission from a target mode chosen among the

many that may be activated in the RL cluster. To achieve
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such a goal, we used a spatial light modulator (SLM) in am-

plitude configuration (a typical gray scale bit-map sent to the

SLM is shown in Fig. 1(b)) that shapes the green laser (see

Ref. 20) and subsequently the ASE beams (yellow area in

Fig. 1(a)).

Since the ASE is directional a circular sector (that we

call wedge) pumped by the green laser generates an intense

ASE beam at the vertex and is the best configuration to con-

trol both the angular span of the pumping and the exact point

in which the ASE is impinging on the cluster. The wedge is

pointing to the center of a circular area which maintains the

modes of the cluster barely below threshold while the wedge

feeds the modes that have to be brought to lasing, actively

performing the directional selection. In previous experiments

multiple wedges have been used to guarantee the hydrody-

namic stability of the solution. In the present experiment the

angular span of the wedge (and the total pumped area) is

always small preventing the presence of hydrodynamic

fluxes in the liquid. This technique allows a completely digi-

tal control over the green pump beam cross section, hence

the shape of the population inverted area on the sample and,

subsequently, over the directions ASE generated. Instead of

using a stripe we used a pointed wedge (a circular sector)

whose angular span (h parameter) and orientation (/ param-

eter see Fig. 1(b)) can beselected. The pumping conditions

can therefore be modified without any mechanical interven-

tion on the experimental setup.

The initial process in the optimization protocol involves

identifying the available modes which can be achieved by

retrieving the RL emission as the input direction / is

scanned. In Figures 2(a)–2(d) we present images of an indi-

vidual cluster (sample C1) pumped under 4 arbitrary values

of / (indicated in the respective upper left insets). As can be

seen, ASE pump rays with different input directions result in

modes (hotsposts in the cluster images) dwelling in different

locations within the cluster. Light emitted from the cluster

can also be spectrally analyzed. For this purpose a micro-

scope objective images the cluster on the tip of a fiber that

relays the signal to a spectrograph that provides the spectrum

corresponding to light emitted in a circular area 20 micro-

meters in diameter centered on the cluster. Spectra corre-

sponding to each configuration are shown on the right panels

of Figures 2(a)–2(d).

Now we want to find a configuration that allows the

selective pumping of an individual mode while suppressing

all other contributions. Since the response matrix of the

selected cluster is not known we proceed by a sequence of

steps. First, we select the wavelength for which we want to

maximize the emission (the “target frequency”). Then we try

different pumping configurations (input direction) from

which we select that showing strongest signal at the target

frequency. And finally we change pumping parameters to

suppress unwanted modes (other peaks in the spectrum). The

optimization protocol may be performed manually or by a

computer programmed routine. In the following we will refer

to the configuration obtained at the end of an optimization

stage as the best configuration (BC). Although the system is

static (the cluster is fixed and spectra are composed of the

same peaks shot after shot) successive pulses have slight in-

tensity fluctuations,22 in order to get rid of which spectra are

averaged over 25 shots. The optimization then proceeds

through the following stages. The first step is a coarse scan

over /: we change the direction of the input ASE ray by

changing the orientation of the pumping wedge. The scan is

performed with an angular resolution of 1�, fixed h ¼ 6� and

fixed fluence over the sample of 0:1 nJ=lm2 and allows to

find the BC. The second step is a fine scan, performed with

angular resolution (0.1�) around the value of / retrieved

from the previous optimization (within a range of 62�).

FIG. 1. (a) A sketch of the setup for tuning a random laser. Light, generated

by a Nd:YAG pulsed laser (9 ns, 532 nm, 20 mJ max pulse energy) is modu-

lated by the SLM and then directed onto the sample from underneath.

Average dimension of the rhodamine drop and of the wedge are indicated in

the figure. The RL emission is collected from a microscope objective (0.55

numerical aperture) shown in the upper part of the figure. (b) A generic

mask sent to the SLM with the parameters h and / indicated.

FIG. 2. Images of cluster C1 for 4 different pumping configurations (in the

insets) and relative spectra. Scale bar is 9 lm.
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Again the BC is that with the highest intensity at the target

frequency. This configuration, referred to as the preliminary
optimization, is aimed at coupling the maximum amount of

energy onto the target mode.

At this stage we have strongly increased the intensity at

the target mode, but the intensity from other peaks may still

be considerable. Thus the following steps are aimed at maxi-

mizing the signal-to-noise ratio defined as SNR ¼ Itarget=IOM,

where Itarget is the intensity at the target mode while IOM is

the maximum of the other modes’ intensities. An inverse

approach (i.e., maximizing first the SNR and then the inten-

sity) is more difficult because before the intensity optimiza-

tion, the identification of a single peak in a messy spectrum

is challenging. In our protocol the third step is an optimiza-

tion over the h parameter in search for a compromise

between increasing the energy reaching the target mode

without exciting others. Here h is scanned from 0.2� to 6�

with a step of 0.2�. The chosen configuration is the one for

which SNR is maximum. In the fourth step we repeat a fine

tuning over / performed with the newly defined h (scanning

parameters are the same used in the second step). Again the

BC is the one that maximizes the SNR. The fifth step is a

scan over the input fluence that is varied between 0.05 and

0:2 nJ=lm2 with steps of 0:01 nJ=lm2. As previously the

chosen configuration is the one with the highest SNR. A sum-

mary of all the steps is presented in Table I.

In Figure 3 we show the spectra obtained after the pre-

liminary optimization (end of the second optimization step,

panels (a) and (b)) and at the end of the complete optimiza-

tion protocol (after the fifth optimization step, panels (c) and

(d)). The striking feature of this result is that modes other

than the target are practically suppressed: SNR is 4.3 in panel

(c) and 3.4 in panel (d). Thus in the preliminary optimization

the intensity is coupled strongly to the mode of interest while

in the three final steps the pumping is sculpted to lower the

contribution from unwanted modes.

The stability of the system is an important point. The

system is a static one in which gain (dye) and scattering ma-

terial (nanoparticles) arrangements are fixed, and modes are

persistent so that the system, at variance with for instance

colloidal ones, stays the same throughout the experiment.

This was plainly shown by speckle patterns taken before and

after sequences of experiments.20 We verified that in a time

comparable with the duration of the protocol (about 600 s)

just one mode over twenty is lost. Spectrum intensity fluctua-

tion in our system is comparable with that reported in

Ref. 22 so that averaging over 25 shots enables the optimiza-

tion procedure.

This work only aims at providing a proof of principle

and demonstrates that it is possible to select modes in a RL,

and although the selection protocol is hardly optimized it

clearly shows its potential. In fact, the presented optimiza-

tion protocol allows appreciable results for all the investi-

gated wavelengths. We will next demonstrate the possibility

to use the device to obtain narrow radiation emission at any

user selected frequency chosen across the whole active spec-

tral range of the RL (in the region in which RL peaks are

found).

To measure the spectral effectiveness of our protocol,

we will now compare the optimized spectrum for any given

mode with the average spectrum, the most unfavorable

standard because it includes modes showing under all possi-

ble pumping conditions. Thus to have a measure of the aver-

age response of the cluster we measured hSðkÞi/, that is, the

FIG. 3. Spectra obtained for two different target

frequencies at the end of the preliminary optimi-

zation (a) and (b) and at the end of the optimiza-

tion process (c) and (d). The experimental

parameters are indicated in each panel (FLU

stands for Fluence).

TABLE I. Parameters varied in each stage of optimization, range, and step

of variation and magnitude optimized. Scan. var. stands for “scanned varia-

ble,” while Max. magn. stands for “maximized magnitude.”

Step Scan. var Range Step Max. magn.

1 / 360� 0.5� Itarget

2 / 62� around BC 0.1� Itarget

3 h 0.2��6� 0.1� SNR

4 / 62� around BC 0.1� SNR

5 Fluence 0:05–0:20 nJ=lm2 0:01 nJ=lm2 SNR
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spectrum resulting by averaging spectra over /. In practice

hSðkÞi/ measures the response of the cluster regardless of

pumping configuration. Figure 4(a) shows hSðkÞi/ obtained

by averaging over 360 equally spaced values of /.

To characterize the spectral improvement upon optimi-

zation, Figure 4(b) shows the enhancement defined as the ra-

tio of the intensity at target frequency at the end of the

optimization process IOPT to the value of the intensity at the

same frequency in the average spectrum IAV G for nineteen

different target frequencies. The values retrieved are higher

than 1 meaning that every mode can be optimized with

respect to its value in an average configuration. A few out-

standing modes in the average spectrum, marked by different

symbols, show remarkably good performances when

optimized.

Other important parameters are the SNR (presented in

Figure 4(c)) and the average linewidth that is 0.3 nm. Being

both SNR and the enhancement higher than 3 for most of the

investigated frequencies means that it is practically possible

to obtain a line narrowed tunable emission throughout the

active spectral range of the RL.

We demonstrated a random laser capable of generating

a tunable (within a fraction of nm) lasing emission at any

pre-selected wavelength throughout the lasing spectrum. The

monochromatic emission tunability has been obtained by a

feedback mechanism that finds the configuration which

allows to pump an individual mode among the many that are

available for activation in the disordered matrix of the clus-

ter, and suppressing the contribution from competing modes.

This is the tunable dye-based source with the smallest reso-

nator producing a subnanometer emission ever developed.

Improvement of the rudimentary optimization protocol used

here will reduce the time and increase the mode selectivity

improving both SNR and enhancement. Additional chal-

lenges comprise the optimization of the quality of the lasing

material, (employing polymeric or solid active media),

which will allow to increase the stability and efficiency of

the device.
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FIG. 4. (a) Average spectrum hSi/ obtained by averaging the spectra meas-

ured at the first optimization step (configurations with different values of /
(h fixed to 6�)). In panel (b) the enhancement IOPT=IAVG as a function of the

wavelength. In panel (c) the SNR is reported instead.
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