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Light diffusion with gain and random lasers
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In this paper we present calculations on light diffusion with amplification that can explain previous experi-
ments on the spontaneous emission from such a medium. Also we discuss the experimental considerations on
realizing a medium that both multiply scatters and amplifies light. In an amplifying random medium different
processes can occur. We argue that one can distinguish three regimes depending on the amount of scattering,
and discuss these regimes in the context of random laser adb863-651X96)05109-4

PACS numbeis): 42.25.Bs, 42.55-f, 78.45:+h

[. INTRODUCTION were published on the spontaneous emission from weakly
scattering laser-dye solutionf7] and modestly scattering
In recent years various interesting interference effect9owdered laser crystal8]. In the latter study, a pulsed out-
have been recognized in light that is multiply scattered fromPut was observed if the powdered laser crystal was pumped
disordered structurdd]. For instance, it was found that the SP”'C'.e”“V-. In Sec;. II', we V.V!" present a calculation on light
interference between counterpropagating waves in disorq'f.fu.Slon with optical amplification, which can explain the
dered structures gives rise to enhanced backscattering. TRLIN of these pulses.
phenomenon is known as coherent backscattering or weak
localization[2]. Later, more interference effects were recog- o ] )
nized such as the spatial correlations in the intensity trans- !N @n amplifying random medium, light waves are both

mitted through random medi&]. These experiments were rﬂultigly sqgtterhed and ar_nplified. The rele\(]ant Iength scales
performed on passive random media. that describe the scattering process are the scattering mean

It is challenging to extend the field of study to active free pathlg defined as the average distance between two

media such as laser materials. The behavior of an amplifyin§Cate"iNg events, and transport mean free paifined as

random medium is expected to be totally different from that € average Qistance a wave travels pefore s dire_c_tior) of
of an (absorbing passive ond4]. Since the amplification propagation is randomized. To describe the amplification

along a light path depends on the path length, the overa rocess, we have to define two more length scales: the gain

scattering properties depend strongly on the sample siz engthlg and amplification Iengthamp. The_gam I_ength IS
There is, for instance, a critical sample size, above which th@€fined as the path length over which the intensity is ampli-
intensity diverges and the system becomes unstable. In thifd by a factore™. The amplification length is defined as
sense, multiple light scattering with gain is similar to neutront g(rms) average distance between the beginning and ending
scattering in combination with nuclear fissifl. However, ~Points for paths of lengthy:

for optical gain through stimulated emission the phase of the T

light waves is conserved, which, in principle, allows one to | amp= -9 (1)
study interference effects in amplifying random media. Re- 3

cently coherent backscattering experiments were reported
amplifying random medig6].

An active random medium can be obtained by introducin
disorder in a laser material, for instance, by grinding a lase
crystal. In Sec. lll we will go into the experimental consid-
erations on realizing amplifying random media. In normal
laser systems, scattering is avoided as much as possible. T,
laser material is placed inside an optical cavity, which result%

Relevant length scales

M the limit without scatteringl ,mp is equal tol ;. The am-
lification lengthl ,,,,and gain length, are the analogues of
he absorption length,,c and the inelastic length that de-

Ecribe absorption.

For an amplifying random medium one can define a criti-
al volume above which the system becomes unstgtile

e will study samples with a slab geometry. In that case,
ne can define a critical thickness, instead of a critical
olume, above which the intensity diverges. The critical
thickness is given by5]

in a coherent and unidirectional output. The combination o
multiple scattering with laser amplification leads to the ques
tion of whether random laser action is possible. We will

discuss this issue in Sec. IV . Recently experimental studies Il

Lo=mlampy=1 3 (2

"Electronic address: wiersma@lens.unifi.it Note thatL, is proportional tdl ;mp.
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Il. LIGHT PROPAGATION IN RANDOM LASER r?WA(F,t)

MATERIALS T=DVZWA(F,t)+cremuNl(F,t)WA(F,t)

For random media in which the scattering mean free path
is larger than the wavelength, the propagation of light can + iNl(F,t), (5)
usually be described as a diffusion process. Because almost Te
all light scattering experiments are performed in this regime,
we want to investigate some aspects of light diffusion in an 9N, (r t)
amplifying medium. i
We will study a slab geometry of laser material in which
disorder is introduced. The laser material is assumed to be a - - 1 -
standard four level system. We wish to study the temporal X[WR(r, 1) +Wa(r,H)]— T_eNl(r’t)’ (6)
response of this disordered laser material to an incident

pump and probe pulse, thereby distinguishing three freyherey is the transport velocity of the light inside the me-
quency bands: thégreen pump light, (red) probe light, and  gium, o, and o, are, respectively, the absorption and
(amplified spontaneous emission. The energy density inemission cross sectid@averaged over the relevant frequency
these three bands is denoted by, respectiviifs(r,t),  band, 7. is the lifetime of the excited statd), andN, is the

Wi(r,t), andW,(r,t). The (narrow spectrum of the pump total conce_ntration of laser particles. Héeis the diffusion
and probe bands is determined by the incoming pulses, arfgPnstant given by

remains unchanged. The spectrum of spontaneous emission

is usually broad, however, this spectrum will narrow down D vl @
upon amplification(gain narrowing. We do not consider the 3’

precise spectral properties of the output at this stage, that is,

we only distinguish between the three frequency bands deand | (r,t) andlg(r,t) are the intensities of, respectively,
scribed above. the incoming pump and probe pulses. For simplicity, we use

Assuming a diffusion process, one can describe the timethe same value of the diffusion constant for the pump and
and position-dependent energy densities of pump, probe, argtobe light, and for the ASE, although different values could
amplified spontaneous emissiGASE) by a diffusion equa- easily be incorporated.
tion with appropriate absorption and/or gain terms that de- The first terms right of the equality sign in Eq8)—(5)
pend on the local excitation of the system. T(adso time represent regular diffusion. The second terms represent re-
dependentlocal excitation of the system is described by thespectively absorption of diffuse pump light, stimulated emis-
set of rate equations of the laser material. We are consideringjon of diffuse probe light, and stimulated emission of ASE.
a four level laser system such as Ti:sapphire or Rhodaminghe third terms in Eqq3) and(4) represent the scattering of,
6G. This system is pumped into an excited st@ewhich  respectively, the coherent pump and probe plBje The
decays rapidly to a metastable stéte The laser transition third term in Eq.(5) represents spontaneous emission.
occurs from this metastable state to a si@® just above The probe pulse is incident on the front sample interface.
the ground state, which decays rapidly to the actual groundhe pump pulse is either incident on both the front and rear
state(0). This means that stat®) and (0') are nearly un- interface or on the front interface only. In the latter case we
populated, and that the population of st&l¢ can be de- have
scribed by one rate equation.

The total set of coupled differential equations describing . b (t—tg—12z/c)?
our system is formed by three diffusion equations for, re- la(r\t)=lco\/— eXF[—KeZ]eXF{—b—z—
spectively, pump light, probe light, and amplified spontane- e

= Tapd [Ny = Ny (F,1) IW(r, 1) = 07 Ny (T, 1)

ous emission and the rate equation for the concentration ®
N,(r,t) of laser particles in statél): and
IWe(F 1) IR(F D=1 \/B  — 2] p[ p 1R 0"
s(r, - - - r,t)= — exfd —kezlexg —b————|,
— o =DV2Wa(r,t) — oapg [Ni— Na(1, ) IWe(r' 1) i O N ) R o
1 .
+|—IG(r,t), (3  where b=4 In(2), «. is the extinction coefficient, and

c=cg/n, with n the effective refractive index of the me-
dium. Herel 5 andl gq are the average intensities of, respec-
tively, the pump and probe pulse, and 7y are the pulse
lengths full width at half maximum, ang; andtg denote the
points in time at which the maximum of, respectively, the
pump and probe pulse is incident on the sample surface. If
the pump pulse is incident on both sample interfaces we
modify Eq. (8) to

IWR(T,t)

. DV2WR(T,t) + oo N1 (T, 1) WR(T, 1)

1 .
+|—IR(r,t), 4)
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- bexd — k.z]+exd — ko(L—2)] — - . - . -
Ie(r,t)=lgo - 2 . . 106
30k single sided pump o
(t—tg—2z/c)? o Lo e pump/probe in g
xXexpg — bf ; (10 gm ---------- average excitation - < 0.4 %.
7G 2 20} probe out 5
) . w iy e probe out (no pump) 1 2
with L the thickness of the slab. 2 e
For a slab geometry we have the following boundary con- Lof 102
dition: :
Wa(F ) =Wa(F,t) =WA(1,) =0, (11 OEm——— 1 o0
for _3or t"-,__ double sided pump g
z=-12, and z=L+2z,, 12 X : {04 %
= 20} i
wherezy=0.71 is called the extrapolation lengfii0]. % g
Because our system is a slab in the plane illuminated = ol Joz2
by plane waves in the direction, we can omit th& andy .
dependence of the energy densities. This means we can re-
tain only the partial derivative ta in the gradients in Egs. 0.0 Lot : 0.0

(3)—(5).
The resulting set of coupled partial differential equations
can be solved numerically using a standéatward Eulejy

Time (ns)

FIG. 1. Outgoing probe flux in backscattering for single sided

discretization for the time derivative: and two sided pumpingsolid line), for a powdered Ti:sapphire
_ sample. Sample parameters: thickness 0.8 mm, diameter 4 mm, and
ot(z.1) = f(zt+Ay-f(zb) (13 | = 40 wm. Material parameters: doping level 0.15 wt %,®i;
at At (which, at a volume fraction of 33% Ti:sapphire particles, corre-

o _ sponds to N,=1.6x10° m™S) o0,pe=3.0<100% m?, oo
and for the second order space derivative the straightforward 3 0x 1023 m?, 7,=3.2x10°¢ s, effective refractive index
discretization: n=1.35, andv=c=c,/1.35. In the upper graph, the sample is
5 pumped from one sidéront interface with 14-ns pulses at 532 nm,
ot (z,t) o f(z+Azt)—2f(z,) +f(z—Azt) (14) with pulse energy 200 mJ. In the lower graph, the same pulse en-
9z° AZ? ‘ ergy is distributed over both sample interfaces. The dashed line is
the outgoing probe flux in the case where the pump is absent. The
This discretization method has the advantage that it is simpléotted line is the incoming probe and pump flux, of which the latter
and explicit, that is, the discretization of the space derivatives scaled by a factor of 0 The dash-dotted line denotes the aver-
depends only orf(z,t) and not onf(z,t+At). The disad- age excitation level in the sample.
vantage is that for smalhz, the time stepg\t have to be
taken very small in order to satisfy the stability criterion

In Fig. 1 we have plotted the outgoing probe flux in back-

(11} scattering for a powdered Ti:sapphire sample of 0.8 mm
22 thickness and with a transport mean free gath40 pm, for
At< 2D (15  two pumping geometries. In the upper graph, the sample is

pumped from one sidéront interface with 14 ns pulses at
The physical interpretation of this criterion is that, apart from>32 M, with pulse energy 200 mJ. These sample parameters

a numerical factor, the time steps have to be smaller than th@1d pump energy are experimentally realistic values. In the
diffusion time across a distancez. discretization Az is taken to bd/2 andz, is taken equal to

be |. The discretization error is estimated and found to be
negligibly small, by repeating the calculation with a smaller
Az. In the lower graph, the same total pump energy is inci-

We have solved the above set of partial differential equagent on the sample, but now equally distributed over front
tions numerically for various practical values @fns, cem:  and rear sample interface. The dotted lines denote the incom-
and 7, at different pump intensities and values lofThis  ing pump and probe fluxes, and the dashed line denotes the
provides us with all information on the spatial and temporaloutgoing probe flux in case no pump is present. The latter is
distribution of the three energy densitiggump light, probe  slightly smaller than the incoming probe flux due to the finite
light, and amplified spontaneous emisgi@md of the gain  sample thickness, which allows some probe flux to disappear
coefficient inside the sample. The gain coefficient is given bythrough the rear sample interface. The ratio of the amplified
kg=1l4= 0Ny (r,t). Also we can calculate the outgoing outgoing probe to the outgoing probe in the case where no
flux at either the front or rear interface of the slab, which ispump is present gives the average overall gain in back-
determined by the gradient of the energy density at thescattering. Here the overall gain is 1.63 for single sided and
sample interface. 1.42 for double sided pumping.

A. Results
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. . . time-dependent gaif4]. The relevant length scale to de-

. . loa scribe the amplification in the system is the amplification
single sided pump ’ . . .
~ast/ N d . length | ,,, @s introduced before. The interpretation of the
; . ouble sided pump m 2 p. ; .
g g origin of this pulsed output is the following process.
= 03 g (1) In the beginning of the pump pulse, the average am-
§ LOF o e NG % plification length in the medium decreases slowly due to an
g o2 2 increasing excitation level. The time scale on which this
O] ’ = buildup takes place is determined by the pump intensity.
05 (2) Whenl 4, crosses a critical valughat is, when the
0.1 " . .
critical thickness given by .= 7l ;mp, becomes smaller than
the sample thicknegsthe gain in the sample becomes larger
00 — ” Y3 o0 than the loss through the boundaries and the system becomes

unstable. This leads to a large increase of the ASE energy
density. The characteristic time scale corresponding to this

FIG. 2. Spatial profile of the excitation level just after the pump PUildup of ASE islq/v, wherely is the gain length in the
pulse, for single sided and two sided pumping, for the same sampl@€dium andv is the (transport velocity of the light.
and pump geometry as in Fig. 1. The excitation level for two sided (3) The large ASE energy density will deexcite the system
pumping is nearly homogeneous, and its average is slightly largeagain, which leads to an increaselgf,,. This deexcitation
than the average excitation level for single sided pumping. continues as long as the large ASE energy density is present.
The characteristic time scale on which the ASE energy den-

The advantage of two sided pumping is that the resulting;jry giffuses out of the medium through the front or rear
gain in the sample is nearly homogeneous. In Fig. 2, we havg iarface is given by 2/D.

plotted the spatial profile of the gain coefficient just after the An equilibrium situation would be reached when gain

pump pulse for single and double sided pumping. The pum uals loss, i.€., whenl yg=L. In step(2), an overshoot of

energy and the sample parameters are the same as in I:'g't & excitation takes place because the deexcitation mecha-

We see that the gain coefficient drops almost linearly with". . e .
9 P y nism (stimulated emission of ASEheeds a nonzero time to

increasingz for the single sided case, whereas the gain co- . . .
efficient becomes almost homogeneous if we pump from tw€t iN- On the other hand, once the ASE has built up consid-
the ASE energy density can disappear only slowly

sides. Also the average gain coefficient is somewhat highe‘?rably' . . ; :
for two sided pumping. Despite this fact, the average overaffiué to the presence of multiple scattering, which leads again
gain is smaller for two sided pumping, as we saw in Fig. 1.0 an undershoot below the equilibrium.

In trying to obtain a large overall gain in backscattering, the, This pfrlocess Iea(_js I(cbrfar;&enl os<_:llllla_t|ons in the outgo(—j
excitation of the sample at small depth is more importantNd ASE flux. Damping of these oscillations occurs, e.g., due

than the excitation of the deeper lying parts of the samplel© the fact that the increase by, in step(3) is opposed by
xcitation due to the presence of pump light. The system

because the backscattered light spends on average more tifff& L S :
in the first half of the sample. reaches therefore after a few oscillations the equilibrium situ-

The dash-dotted line in Fig. 1 represents the average e)@ti?: E:Smp; the oump flux and the sample thickness are
citation level in the sample, defined Bg(r,t)/N;. After the varied. We see that for larger pump flux@ming from bot-

Fhumlg E[)_ulse ;htﬁ excnitlgn tletvel_dgczays)aprr)]rp)glmatelyhwmom to top in the graph the oscillations start earlier and are
e lifetime of the excited stater{=3.2 us), which is muc more rapid, which is due to a more rapid decrease,gf.

larger Fhan thg time span of th? plot. At this pump INeNSItY\ e aiso see that at larger pump fluxes the equilibrium state
the C”t'c"’}l thicknessL remains larger than the actual is reached earlier, which is due to a larger damping of the
sample thicknesk. oscillations. At extremely large pump fluxes, no pulsed out-

thi ILwe increase the phug:p |n'thns||ty a.nd vary the ;ampleput is observed because the oscillations become overdamped.
ickness, we can reach the critical regime in whichbe- Upon increasing the sample thickndsggoing from left

comes smaller thah and the system becomes unstgii2] to right in the graph the oscillations also start earlier be-

In Fig. 3, we have plotted the temporal profile of the ampl"cause the situationrl ,,,;<L is reached at larger values of

fied spontaneous emission flux from a powdered Ti:sapphirFamp_ The value of  is related td g Via | = VI /3. Fur-

sample in bagckscattermg d”“.”_g and just after t_he pumrfhermore, the gain length, is inversely proportional to the
pulse, for various pump intensities and sample thicknesses.

Also plotted is the pump flux through the sample interfacee.xc'tatlon level, so the obtained excitation level is in prin-

(dotted and the temporal profile of the average excitationfr']?gir%imversely proportional to the square of the sample
Ievel(dashea'i No probe pulse iS. inciden? in this case. Goin'g Becauée the characteristic time scale for the buildup of
Irom Isft to right, the rs];ample th]!lckn(ejss tl)rlwcre_ases, and go'r?%SE isly/v, and the time scale for the diffusion out of the
rom bottom to top, the pump flux doubles in every graph. g% o

We see that at sufficiently large pump fluxes 4og iarge sample isL</D, oscillations become slower at larger sample

enough sample thicknesses, the outgoing ASE flux is pulseéh'Ckn.ess‘ This agan leads to the fact that the equilibrium
State is reached earlier at larger sample thickness.

In Fig. 4, the same graph is plotted as in Fig. 3 but now
for a transport mean free pakthalf as long. Becausg,, is

The pulsed behavior of the output observed in Fig. 3proportional to the square root bf a decrease df leads to
originates from the combination of a diffusion process with aan earlier onset of the oscillations. This again leads to larger

Depth (mm)

B. Interpretation
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FIG. 3. Temporal profiles of the amplified spontaneous emission flux in backscattering from a powdered Ti:sapphireleamgleevel
0.15 wt % Ti,O3), transport mean free path= 100 wm, for different sample thicknesses and pump intensities. The pulse duration of the
pump pulse is 14 ns. Also plotted is the temporal profile of the excitation lelzshedl and the pump fluxscaled by a factor %4 10°)
(dotted. Sample diameter 4 mm. Going from left to right, the thickness of the sample increases in each graph with 1 mm, starting from 1

mm, and going from bottom to top, the average pump flux doubles in every graph, starting froxl8?3Bhotons/sec, which corresponds
to 175 mJ at 532 nm in 14 ns.

values ofl4 and correspondingly smaller values of the ob- C. Laser spiking

tamed excitation level. Due to a Ia_trgbg and a smaller dif- Most regular laser systems, when switched on, also show
fusion constant@ =v!/3), the oscillations are slower and yansient oscillations in the output, a phenomenon that is
the equilibrium state is reached earlier. known as laser spikinpL4]. The process that leads in regular
The above results can explain recent observations bjssers to spiking is similar to the process described above. In
Gouedarcet al, who studied the emission from pumped hy- reqular lasers, the photon number in the cavity also needs a
drated neodymium powdef8]. There it was found that at nonzero time to build up after the population inversion has
large enough pump powers the output of the powder during 8een pumped above its threshold value for lasing. This leads
6-ns pump pulse shows a pulsed behavior. These observis an overshoot of the population inversion above its steady
tions are consistent with the pulsed output that we havetate value, followed by a spike in the output and again an
found above. undershoot of the population inversion. This process can re-
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FIG. 4. Same as in Fig. 3, but for a transport mean free path half aslloadg0 um.

peat itself many times, however, most lasers are designed uency wsp Of spiking in normal lasers is approximately
such a way that these spikes die out after a few oscillationsgyiven by[14]
This similarity between regular lasers and light diffusion
with gain is also apparent if we compare E@5) and (6) wsp= VR K= v27c, (16)
with the rate equations of, respectively, the photon number
and population inversion of a normal laser. In both cases wén which R, is the pumping rate, and is the coupling con-
have a set of coupled differential equations that are first ordestant between the photon number and the population inver-
in time and that have similar gain and loss terms. The firssion, which is equal tero,v. Herey, is the decay rate of the
and second terms of Eq¢5) and (6) compare to, respec- excited state(so y,=1/7,) and vy, is the loss rate of the
tively, a cavity loss term and a cavity gain term. The third cavity, which in our case is given by the first term in E§).
term of Egs.(5) and (6) is the spontaneous emission term, and depends thereby on both space and time. However, we
which for a regular laser is only present in the rate equatiortan approximate the cavity loss rate by the reciprocal of the
of the population inversion and is missing in the rate equaaverage time the light needs to diffuse out of the sample, that
tion of the cavity photon number. is w2D/L2. The equivalent of the pumping rate is the first
Both sets of rate equations give rise to transient oscillaterm of Eq. (6), which in our case depends also on both
tions and we can compare the frequency of our oscillationspace and time. However, the average pumping rate during
with the frequency of spiking in regular lasers. The fre-the pump pulse and over the whole sample can be calculated
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T —— T TABLE I. Pump efficiency for some laser materials with disor-
der in a single sided pump geometry. The transport mean free path
60 - is chosen! = 20 um. The inelastic mean free pathwas calcu-
8 A PN lated from the maximum absorption cross section assuming a vol-
g - . . ume fraction of, respectively, 30% powdered laser crystal or 10%
2 N latex spheres with R6G. Also listed is the required pump energy to
.g 40 o © 9 o000o00,, N fully excite a slab of thickness 0.4 mm and diameter 4.0 mm, taking
e SIN into account the pump efficiendyL6].
[ B [e7N
o [s]
g 0L & two sided pump éée i Material l; [ /1 Pump  Pulse
2% o single sided pump % eff. energy
%@% . (m) (mJ
[y Y ¥ S S N | il ol %P%_@_o_né. Latex spheres 5010°° 2.5 40 % 6.0
102 10t 10 100 107 100 10t 10° with R6G
{ / [ Ti:Al ,05 (0.159%9  2.3x10°2 1.17x10° 7.7% 351
i CrAl,0; (0.05%9 25102 1.23x10° 7.4% 122
o _ CrAl,03 (2.1%  5.9x10°% 292x10" 38% 992
FIG. 5. Pump efficiency vk /I for a single and two sided pump  Ng-yAG (1.1% 20x10°3  1.0X1%  29% 269
geometry, calculated in a Monte Carlo simulation on light diffusion Nd:glass(5.0% 09x10°3 45x10 359% 771

in a four level laser material with disorder. The medium had a slah
geometry with optical thickness 20. During the diffusion through

the me_dium, the light was given an absorption_ chance at e"e%aterial(assuming a standard four level sysiemthere the
scatt.erlng event that depend.ed. on the local excitation level of thﬁght was given an absorption chance at every scattering
medium[15]. The number of incident photons was chosen equal (et that depended on the local excitation level of the me-
the amount of excitable particles in the slab. dium [15].

) ) In Table I, we have listed the value of/1 for a few
from the average pump energy that is absorbed. For instanggsordered laser materials with a transport mean free path of
for the parameters of Fig. 3, at sample thickness2 mm | =20 ,m. We see that the resulting pump efficiency can be
and pump flux 1.3& 10°° s~ (second row, second column  |ower than 10%. In Table I, we have also listed the pump
the average pumping rate is X80°* s~ *m~°. This leads pulse energy required for a complete excitation of a sample
via Eq. (16) to ws;=2.2x10° or an oscillation period of 2.8 of optical thickness 20 and optical diameter 200. The listed
ns, which is in surprisingly good agreement with the ob-py|se energies take into account the pump efficiency for a
served oscillation period, that ranges from 3.3 to 3.7 ns. simple single sided pumping geometry.

The intensities required to excite a laser material are high,
which is a complicating factor in the experiments. With a
continuous wavécw) laser, they can be obtained only if the

Optical amplification can be obtained in practice throughlight is focused to a diameter of a few tens of micrometers,
stimulated emission in a laser material. To introduce scatterand the resulting excited volume will therefore be very
ing in such a material, one can grind a laser crystal such asmall. If we wish to excite a larger volume, we are forced to
ruby or Ti:sapphire. Another option is to use latex micropar-use pulsed pump light. This means that our disordered laser
ticles combined with laser dye, either by suspending the pamaterial will not amplify continuously, but only during some
ticles in a dye solution or by doping the particles with thelimited time window(ranging from 10 ns to several msit a
dye. certain repetition rate. At low pumping intensities, this win-

To obtain amplification, the laser material must be ex-dow will be determined by the excited state lifetimg. At
cited, which can, for instance, be done optically. However, ichigh pump intensities amplified spontaneous emission will
a disordered medium, one encounters several problems thdeexcite the system thereby largely narrowing this time win-
do not occur in conventional laser systems. In a conventionalow.
laser system, the pump light is simply absorbed by the laser The excited state lifetime of ruby is very larg®8.0 ms.
material, which is thereby brought into the desired excitedJnfortunately, this material is a three level system and there-
state. If disorder is introduced in such a laser material, thdore the absorption at the emission wavelength is large. Laser
pump light will also be multiply scattered. If the scattering is dye such as Rhodamine 6G has the advantage of a very large
much stronger than the absorptiowhich is generally the absorption and emission cross sectien (02° m?). How-
case for the media of intergstmost of the pump light is ever, experiments on dye using a probe pulse will have to be
scattered out of the system without being absorbed. performed with picosecond time resolution due to the very

In Fig. 5 we have plotted the pump efficientthat is, the  short lifetime of the excited state<{ 10~ ° s). A good choice
ratio between the absorbed pump light and the total incidentf laser material is Ti:sapphire because it has a reasonably
pump lighd versud; /I for a slab with an optical thickness of large emission cross sectidB.0x 10~ 2* m?) and excited
20. Herel, is the inelastic mean free path if the system is instate lifetime(3.2 us), and its emission wavelengths are in
the ground state andt the transport mean free path. This the visible regime.
pump efficiency was determined in a Monte Carlo simulation We have performed experiments both with ruby and
on the diffusion of pump light through a disordered laserTi:sapphire. The maximum pulse energy incident on the

Ill. REALIZING DISORDERED MEDIA WITH GAIN
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TABLE II. Results of transmission and backscattering measurements on the overall gain from powdered
ruby (2.1 wt % Cr,O3) and powdered Ti:sapphir@®.15 wt % Ti,O3). Pump wavelength 532 nm, pulse
duration 14 ns. The ruby-air samples get burnt already at modest pump intensities. The ruby-glycerol samples
show air bubbles at high intensities. With the Ti:sapphire, a large gain is obtained without damage to the
sample. Only at the highest pump intensities, a slight structural change is visible for the Ti:sapphire—air
sample. The gain lengths for the backscattering data are calculated using diffusiof@heory

Transmission data

Material in L I Pump int. Overall Remarks
(nm) (m) (Jim?*s) gain

Ruby Air 200 =10 3.6x10% Dark burns

Ruby Glycerol 100 =40 3.6x10% 1.02-1.04

Ruby Glycerol 100 =40 7.3x 101 Gas bubbles

Ti:sapphire Air 100 =10 1.6x 101 1.16-1.18

Ti:sapphire Air 100 =10 2.5 10" 1.25-1.31

Ti:sapphire Air 100 =10 3.6x10M = 1.30

Ti:sapphire Air 175 =10 2.1x 101 = 1.38

Ti:sapphire Air 175 =10 3.0x 101 = 1.42

Ti:sapphire Air 100 =10 6.0x 10'* Struc. change

Backscattering data

Material in L I Pump int. Overall lg
(um) (um) (JIm?9) gain (mm)
Ti:sapphire Water 1000 40 Q10! 1.36 13.9
Ti:sapphire Water 1000 40 6910t 1.71 11.2
Ti:sapphire Water 1000 28 65 101 2.15 13.4
Ti:sapphire Air@ 1000 18 6.5 101 2.34 18.6
Ti:sapphire Aird 1000 18 6.%x 10 2.55 18.5

&The medium consists of wet Ti:sapphire particles surrounded by air, and | is therefore somewhat larger than
for a completely dry Ti:sapphire powder.

sample was about 200 nidulse duration 14 nswhich fora  observed overall gain is merely reduced absorption. For
beam diameter of 5 mm corresponds to a maximum incidenpowdered Ti:sapphire, the problems with heating are much
intensity of 7.3<10' J/m?s. A low intensity probe pulse smaller. Only for the dry Ti:sapphire powders at high inten-
was incident at a time delay of 14 ns after the pump pulse, osities(6.0x 10'* J/m? s corresponding to 165 mJ in 14 ns on
the same side of the sampléProbe pulse energy 4@J, an area of 20 mrf), we see a small structural change of the
pulse duration 14 ns, and beam diameter 5 mm. Probe arghmple surface after a few hours. The obtained overall gain
pump beam overlap spatially on the sample surjat@e for Ti:sapphire samples is high both in reflection @.0) and
temporal profile of the transmitted and backscattered intenin transmission € 1.4).
sity was recorded. The overall amplification in transmission Also listed for the backscattering data in Table Il is the
and in backscattering was determined by comparing theaverage gain length in the sample, which was calculated
probe intensity with and without pump light. To avoid arti- from the overall gain using diffusion theorgsee Refs.
facts from long term effectdike cumulative heating of the [6,15]). The theoretical shortest gain length00% excita-
samplg, the repetition rate of the probe was chosen twice asion) for these samples is 2.3 mm.
high at the pump repetition rate, so every second probe shot The above results show that it is possible to realize an
could serve as a reference measurement without pump lighamplifying random medium on which scattering experiments
In Table Il, the results are listed for various ruby andcan be performed. Using powdered Ti:sapphire, average gain
Ti:sapphire samples. The samples have a slab geometry witbngths on the order of 10 mm can be obtained in a large
thickness 1 mm. We found that for dry powdered ruby(several mni) and reasonably strongly scattering<( 20
sample, single shot heating poses a problem. Already agim) medium. Experiments have to be performed, however,
modest pump intensitie@.6x 10'° J/m? s corresponding to  with pulsed light at a low repetition rate. We have used the
10 mJ in 14 ns on an area of 20 M)ndark burns occur on powdered Ti:sapphire samples to perform coherent back-
the sample surface after a few pump pulses. By suspendirgrattering experiments, which are described in R&f.
the ruby powder in glycerol, this problem is partly solved,
however, in that case at high intensities, gas bubb!es occur in IV. RANDOM LASERS
the sample. The overall gain that is observed with ruby is
very small (1.02—-1.04, and because ruby is a three level The output of an amplifying random medium can show
system with a large absorption at the laser wavelength, theharacteristics that are very similar to laser action. As we



4264 DIEDERIK S. WIERSMA AND AD LAGENDIJK 54

saw in Sec. Il, the amplified spontaneous emission from sucAs we saw in Sec. Il, modest scattering with gain can also
a system can be pulsed. Also, due to gain narrowing, théead to a pulsed output. As mentioned before, this pulsed
amplified spontaneous emission can be spectrally narrow. putput was also observed in R¢B], where the emission
is tentative to call this system a random laser, however, ongharacteristics from powdered laser crystals were studied.
has to be careful.

Laser action requires the presence of some sort of optical C. Strong scattering and gain
cavity. When the loss rate OT this cavity beco”?es smaller If we even further increase the scattering strength we
than the spontaneous emission rate, laser action can talﬁg

; o ; . . ach the situation whetebecomes equal to or smaller than
place in the speC|f|¢nodescorresp9nd|ng to. Fh's cawty.' N the wavelength. This is the regime where Anderson localiza-
that case the number of photons in a specific mode will be

: fion of light is expected to occul]. Due to very stron
come (much larger than one and the output will be spec- g P u] y g

rall d coh L C ; lifvi d scattering, recurrent scattering events afikg]. These are
rally narrow and coherent. Concerning amplifying ran Omscalttering events in which the light returns to a scatterer from

media, one can d.'St'ngu'Sh three regimes, depending on tIWhich it was scattered before, thereby forming closed loop
amount of scattering. paths. If the amplification along such a loop path would be
_ _ strong enough, they could serve as random ring cavities for
A. Weak scattering and gain the light. In that case the system would lase in the modes
If the scattering is very weak, that isjs of the order of allowed by these random ring cavities.
the sample size, the role of the scatterers is trivial. If we A strongly scattering medium with gain could open inter-
pump a clear laser material in a certain geometry, amp”fie@sting possibilities in the search for Anderson localization of
spontaneous emission will build up in the direction of largestight [19]. So far, no experimental evidence for Anderson
gain, which is generally the direction in which the excited localization of light waves has been found because it is dif-
region is most extended. This yields a directionality in theficult to obtain samples that scatter sufficiently. The transi-
output of the system. Due to gain narrowing, the spectrum ofion to a localized state could be assisted by the introduction
ASE can be very narrow as in the output of a laser. Also, thé®f gain: the occurrence of “random ring cavities” could in-
pulse length of the ASE output can be much shorter than therease the importance of recurrent events, thereby lowering
lifetime of the excited state of the laser material. If one addghe amount of scattering required to obtain localization.
some scatterers to the clear laser material, the directionality From an experimental point of view, it is, however, not
of the ASE is scrambled, and in all directions the output will trivial to obtain strong scattering and amplification. One op-
be spectrally narrow and will decay rapidly. In this regime of tion would be to dope TiQ particles with, e.g., a Rhodamine
weak scattering, the only role of the particles is to scrambldaser dye. The disadvantage of such a system is that the
the directionality of the ASE, which would build up also in lifetime of the excited state is very short, and experiments
the absence of scatterers. This was the effect observed With a probe pulse will have to be performed with picosec-
Ref. [7], where very weakly scattering dye solutiofvgith ond time resolution. Another option would be to use mix-
|~ sample sizewere studied. tures of a strongly scattering material such as Ji@wder
with powdered Ti:sapphire.

B. Modest scattering and gain
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