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Two-Photon Pumping of a Random Laser

Alexander L. Burin, Hui Cao, and M. A. Ratner

Abstract—Random lasing originates from pumping disordered random walk path length of a photon within the medium of size

materials by high-intensity and high-frequency light. The per- [, reaches the gain length [1]
formance of random lasers is restricted due to the absorption of

pumping light within the interfacial layer. The lifetime of optical 1 I

modes there is short due to the emission of photons to the outside, - T (@)
and it is hard to pump them sufficiently for lasing. The oppor- lg L?

tunity to excite the modes far from the material surface using

two-photon absorption is investigated within the diffusion model. Recent work on ZnO nano-powder [3], solid solutions of

The authors show that lasing requires lower pump power for the  TiQ, particles and rhodamine dye in PMMA [2], [3], [6],
two-photon pumping mechanism under conditions of negligible 5,4 some molecular materials [4] suggests experimental
absorption of the emitted light. Experimental implications and o . L o
restrictions are discussed. realizations of random lasing. The lasing instability emerges at
sufficiently high pump intensity when the gain rate for some
optical modes exceeds their decay rate, caused by light leakage
or absorption [7], [8]. This is equivalent to the criterion (1),
when the diffusion approximation is valid. Although it was
ANDOM lasing has attracted much attention since its thelemonstrated in [8] that the diffusion model fails to describe
oretical prediction by Letokhov [1], more than 30 yearfasing in low-dimensional open systems, the situation is much
ago. It has a certain fundamental interest as the manifestatimiter in case of closed geometry. The numerical analysis of the
of coherent phenomena in random media with no electronasing modes behavior in a two-dimensional model of resonant
analog. Experimental demonstrations of amplified spontaneaiipoles formed by infinite rods, with polarization parallel to the
emission from mirrorless random media [2] and recent discoplane (TE modes) [9] confirms the diffusion model validity to
eries of coherent random lasing from ZnO nano-powder [3] apdedict the lasing threshold (1). The analytical random matrix
disordered organic polymers [4] suggest that this effect can mdel [7] also supports the diffusion approximation.
used to construct a cheap and efficient microsize source of coThe absorption of pumping light restricts the sizef the ac-
herent light [5]. However, practically the pump intensity retive part of the medium to the penetration length within the inter-
quired for random lasing (lasing threshold) is so high{ > face region. Light leakage is very strong there, so that the lasing
1 MW/cm? [3]) that the system is not suitable for any real apthreshold, i.e., the minimum pump intensity needed to reach
plication. lasing, is high. Pumping deep into the sample interior can reduce
A challenging problem is how to reduce the lasing thresholtiremarkably because in that case the emitted light spends much
by orders of magnitude. In this paper, we examine the oppanore time in the active medium, as was demonstrated in sev-
tunity to do so using a two-photon pumping scheme. One caral modeling considerations [8], [1L0]-[12]. In fact, even within
characterize light transport in an active random medium by itise diffusion picture (1), simultaneous increase of the medium
transport mean free path (approximately the distance passedize L — alL, a > 1 with the proportional increase of the gain
between two scattering events) and the gain ledgitthe av- lengthl, — al, (conserving the total absorbed pumping energy
erage distance the photon travels before it stimulates the emisL/[,) reduces the lasing threshold (1).
sion of one more photon). Lasing takes place when the sponiowering of the random lasing threshold is very significant
taneously emitted photon stimulates the emission of one mdoe fundamental and practical applications [5]. Therefore, any
photon before leaving the active domain. This happens when thenge of the pumping mechanism permitting the excitation
of deep optical modes is of the great interest. One possible

. . . , cenario, realized experimentally for Ti@ye solution by
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pumping. We demonstrate that two-photon pumping is gener-The z-dependent gain coefficient can be expressed through
ally more efficient than single photon pumping. The ratio ahe absorbed pump power as

lasing thresholds for single-photon and two-photon pumping is

defined by the ratio of corresponding scattering lengths for the g1(z) = nyIy = nyloy exp <_ /i$> (6)
pumping light of the initial frequenay, and the half-frequency Dy

light w,, /2 for two-photon pumping. This ratio is expected to bg g

less than unity. Effects of deviations from the diffusion model

. . . 12
due to que fluctuatlon§ [8] and Iocgh;anon effgcts .[10], [11] ga(w) = nLI2 = o0 20 . @)
and practical and experimental restrictions and implications of (1 n /Mi)
multiphoton pumping are discussed. 6D

To describe the occurrence of lasing in different pumpinl%r single- and two-photon pumping, respectively. Heig the

regimes we use the diffusion formalism suggested in [1]. T’E?oportionality coefficient between the absorbed power and the

applicability of the diffusion model to both pumping and emittet\??n rate. Thisis the simplest assumption for the relationship be-

light i.s assudmed.l Tgisl. nrw]eans that ”the ﬁcattc;ring Isngth; een the absorbed intensity and the gain strength. One should
pumpm? an hemltr:e '9 ﬁ arehsmader t an tdi'r a Sorlpt!%te that in the regime of saturated absorption the pump energy
or gain lengths. The gain length is determined by popu at'?é}m go deeper and the consideration should be modified [9]. We

inversion, which 15 proportional to the density of a_bsorbe 0 not think that this saturation effect is significant for weak
pump power for single photon and two-photon absorptions. Tﬂﬁo-photon absorption

absorption of emitted light is neglected. This is reasonable, for-l-he propagation of the emitted light within the mediur 0

instance, atthe dye emitting frequency (rhodamine dye absorb&q.I be described by the diffusion equation with gain
and emitting bands have almost zero overlap; see also arguments

in [8], based on the experimental data). The calculations are  9f 0?1
done in parallel for both cases to enable direct comparison of 9 ~ = 9z2
results. They are performed in the steady state regime and for t

e . . _ . .
semi-infinite medium(z > 0) pumped by a laser pulse of theW ereD stands for the diffusion coefficient of the emitted light.

+g(z)I, I(0)=0, I(cc)<oo (8)

T S . |n both cases of single-photon and two-photon pumping the
infinite diameter. This simple case can be resolved analyt'calé/mission occurs at the same frequency defined by the resonant

which is convenient for qualitative comparison. " . .
The propaqation of bumping liaht of intensitv: (or I.) for transition (e.g., exciton resonance for ZnO particles [3]). The
bropag pumping ig i (0 foo) zero boundary condition at the sample interface= 0 cor-

smgle (or two-photon) regimes obeys the diffusion equat'orr]eszsponds to the regime of full absorption. For real materials it
with the absorption

should be slightly modified (see e.qg., [6]), but this modification
d?I is negligible in the case of the short scattering length compared
dz2 v, 1(0) = Ion (@) to the characteristic penetration depth and the weak surface re-
. . flection. The gain ratg and the gain length, can be expressed
for the single-photon pumping and through each other as = v/, wherev i;}the speed of light
d?1, ) within the medium. We consider only this simple case, although
0= DQW —Tl3, 15(0) = lo2 ®) inthe opposite regime of the strong surface reflection the results

. e for the single and two-photon pumping change similarly.
for two-photon pumping, wher®, and D, are diffusion co- L o - .
efficients for pumping light in the medium for single and two; Lasing instability emerges at sufficiently large gain, when (8)

hoton pumping, respectively,andT characterize single- and has a solution exponentially increasing with the tif{e) o
ENO phoﬁon gbgérptic?n inside' the medium. It is clegr that teé(p()‘t)' A > 0 (this regime does not take place in reality be-
e - . ) ause of the gain saturation, but gives an estimate for the lasin
diffusion coefficientD is greater tha; because the half-fre- 9 9 9

quency light scattering is much weaker than that for the hi tnreshold). Formally, (8) is similar to the Schrodinger equation

. . . ith imaginary time. The lasing instability is equivalent to the
frequency light that is normally close to the Mie resonance f%rmation of the bounded state in the attractive potentiglr)

scattering particles [8]. h

The solutions for the diffusion equations in the sem'—'nf'n'teavmg the zero amplitude at= 0. At the lasing threshold the
. ut . MusSt quati ! N crement (“energy”) is zergA = 0), and (8) becomes time
medium are straightforward and given by

independent, while at larger gain (pump intensity) it grows ex-
v ponentially with the time. The time-independent solution of (8)

I = Ioi exp <_\/ D_ll) (4) having the appropriate behavior at— oo can be found for

both single- and two-photon pumping (6) and (7). In the case of

0=D

for the single-photon case and single-photon pumping the solution can be expressed through
Iy ) the zeroth order Bessel function
Lh=———"—— 5
Ll 2exp (— 2z
(1 + 6D§ .T}) Ioml(x) OCJO <%>
for the two-photon case. It is important that the pump intensity
decreases with the depthmuch more slowly for two-photon AL = D - /1o )
pumping. \/ nlioD:’ ’ D
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while in the two-photon case it takes the form dependent of the strength of thephoton absorption, similar to
1 (11) and (12)
Iemg( 1 + )\21:2) sin (—>

nDy
20
677[20D2 (10) Since the diffusion coefficient increases with decreasing fre-

encyw, o~ 1/n the increase of. should reduce the lasing

The lasing instability emerges for the minimum intensity Satl?ﬁreshold If we assume that the diffusion is due to the Rayleigh
fying Fhe Zero b_qundary condition at = 0. This happens at scattering of light, then the diffusion coefficient, for the fre-
pumping intensities quencywg/n scales as* and we getl,,o oc n=* for n-photon

Il 443 (11) pumping lasing threshold (15).
0= Dy Although the diffusion model criterion (15) predicts remark-
for single-photon pumping and able improvement of lasing performance for very low pumping
) frequencies, real systems are more complicated and the applica-
Iy = ™ D ~ 1. 64£ (12) bility of (8) is constrained by the transparency threshold for the
6 nD, nDs medium and the finite thickness of the sample. It is convenient

for two-photon pumping. Both thresholds are independent tmirelate the transparency threshold to the absorption of emitted
the absorption strength for the pumping light. This is becaublght that is very small but finite. The pump power should be
the increase of absorption leads on the one hand to an incrdasge enough to overcome this absorption and only after that it
of the absorbed intensity (increase of gain) and on the other hahtributes to the population inversion. The absorption can be
to a decrease of the size of the gained domain. In this approagdéfined through the absorption coefficien,s or the absorp-
these two effects exactly cancel each other. tion lengthl.,s = v/7ans. The absorption can be ignored when
For both situations the lasing threshold turns out to Hbe pumping strength, [in the domaird < = < L,,; see (14)]
inversely proportional to the diffusion coefficients for theexceeds the absorption rajg,s and the penetration length of
pumping light. To compare the threshold intensities one cgumping light is smaller than the sample thickness. The second
express the diffusion coefficient using the kinetics formula condition can be easily satisfied by making a sufficiently thick
olp sample, while the first constraint is more difficult. One can re-
D= 3 (13) formulate the transparency threshold requirement using the es-

wherew is the speed of light andl is the mean-free path in timate (14) as

the random medium. The speed of light is the same for both NI > vaps. (16)
pumping regimes, while the scattering length (defined by the
inverse of scattering cross section) is different for the single- T0 discuss real systems we consider the dye materials with the
photon pumping (frequenay,) and the two-photon pumping highest two-photon absorption cross section (e.g., trans-4-[p-
(frequencyw, /2). For example, when the scattering takes plad®-hydroxyethyl-N-methylamino)styryl]-N-methylpyridinium
in the long wavelength limit for both pumping schemes th-toluene sulfonate [18])
scattering cross section has the Rayleigh frequency dependence 046
o o w? so it is larger for the single photon pumping by a factor
of 16. Accordingly, the scattering length (and the diffusion coeft is more convenient to express the strength of the two-photon
ficient) is larger for the two-photon pumping by the same factaabsorption in terms of the single photon absorption as
Then the lasing threshold for the two-photon pumping should be )
one order of magnitude smaller than that for the single-photon Dol” ~ il X 1. (18)
pumping. A similar relationship is expected to hold even for dif-
ferent scattering mechanisms when the pumping frequepcy
is close to the scattering particle Mie resonance whjJg¢2 is
much lower.

One can easily extend the above arguments to the general @ége
of n-photon pumping. Then, the absorption term in the two- I, ~ 10 J/(scn?). (19)
photon (3) has to be replaced with the genergdhoton term

I, I7'. One can estimate the gain rate and the pumping domg
two-photon pumping measurements by one to two orders of

cm's photon . (17)

02ph ™~ 1

wherel, is the formal (very high) intensity of pump light needed
to have equivalent single- and two-photon absorption rates. We
assumed the maximum single-photon absorption streagth-
Making use of (17) one can estimate

RIS intensity exceeds the threshold intensity found in

depth as magnitude. Therefore, the gain length for two-photon absorp-
gn ~nlnlg,, 0<z <L, tion is by the factor of 10—100 larger than for the single-photon
D pumping. Since the typical value of the gain length for a

Ly~ - (14)  TiO,-based random laser is of the order of 10-1@®the gain

n—1
T lon length for the two-photon pumping is about 100®. It can be

wherely,, is the pumping intensity anf),, is the diffusion co- still less than the absorption length for the emitted light that is
efficient for n-photon pumping. Then, using the approximatexpected to exceed the size of the lasing mode estimated by as
estimate (1) for the lasing instability we arrive at a criterion irmuch as several hundred microns [14].
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Real lasing materials show deviations from the predictions[8] A.L.Burin, M. A. Ratner, H. Cao, and R. P. H. Charithys. Rev. Lett.
of the diffusion model [8]. These can be due to fluctuations of __ Vol- 87, p. 215503, 2001. _ _ _
. e . . [9] A.L.Burin, M. A. Ratner, and H. Cao, Physica B, submitted for publi-
the optical mode lifetime, for instance, caused by the destruc-"" .
tive interference of the emission from several resonant scaf:0] Q. Li, K. M. Ho, and C. M. SoukoulisPhysica Bvol. 296, p. 78, 2001.
tering centers [15] or random closed light paths holding thdl1] C.Vanneste and P. Sebbathys. Rev. Leitvol. 97, p. 3903, 2001.
light for a long time inside the active medium. If these fluctua- 12] A. L. Burin, M. A. Ratner, H. Cao, and S. -H. Chariys. Rev. Lett.
'9 ong - ! vol. 88, p. 093904, 2001.
tions are significant for the bulk modes they will show up in the[13] G. Zakharakis, N. A. Papadogiannis, A. B. Pravdin, S. P. Chernova, V. V.
two-photon pumping studies, leading to a lower lasing thresholg  Tuchin, and T. G. PapazogloAppl. Phys. Lettvol. 81, p. 2551, 2002.
. .[14] H. Cao, Y. Ling, J. Y. Xu, and A. L. BurinPhys. Rev. Evol. 66, p.
than (15) (see [8]). The experimental study of these effects will™ = ;55501 2002
be straightforward within the two-photon technique since thgi5] A. L. Burin and Y. KaganJETP, vol. 107, p. 1005, 1995.

light goes much deeper and more modes are involved. [16] D> ngmf‘é; Bartolini, A. Lagendijk, and R. RighiNature vol.
,p. 671, 1997.

The limit (_)f the very strong disorderin_g leading t(_) th_e An- [17] A. A. Chabanov, M. Stoytchev, and A. Z. Genadlature vol. 404, p.
derson localization of light (several experimental realizations of 850, 2000.

the light localization were reported in [16] and [17]) are of spe-[18] D. Wang, Y. Ren, G. Y. Zhou, C. Wang, Z. S. Shao, and M. H. Jidng,
L. . . . Mod. Opt, vol. 48, p. 1743, 2001.

cial interest for multiphoton pumping. The localized states can

be attained very efficiently since their decay rate decreases ex-

ponentially with the distance from the sample boundary [12],

while the gain decreases withby the power law (7). There-

fore, the lasing instability can always be reached for localizegkxander L. Burin received the Ph.D. degree in condensed matter from the

states in the bulk, when the absorption of the emitted light Ipscow Institute for Physics and Engineering, in 1989. .
sufficiently small He works as a Research Associate in the Department of Chemistry and the

_y ) Lo Department of Physics and Astronomy, Northwestern University, Evanston, IL.
Summing up, we have demonstrated within the framework

of the diffusion model that multiphoton pumping can be very

efficient for attaining random lasing in random medium with

small absorption. The Ti@based random lasers can be most

appropriate to realize this mechanism. The great advantageHafCao received the Ph.D. degree in applied physics from Stanford University,
the mUItlphOton. teChmqu? is that a hlgh__frequen_cy laser is . T1fgricsiya$1AA’slgolc?a9t7e. Professor in the Department of Physics and Astronomy,
required to excite the lasing modes, while the disadvantagenisithwestern University, Evanston, IL.

the larger size of lasing material compared to that for the singlePr. Cao has received the David and Lucille Packard Fellowship, the Alfred P.
photon pumping Sloan Fellowship, the NSF Early CAREER award.
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