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A dynamical theory is developed with the purpose of explaining recent experimental results on multiphoton-
excited amplified stimulated emission (ASE). Several conspicuous features of this experiment are analyzed,
like the threshold dependence of the spectral profile on the pump intensity, and spectral shifts of the ASE pulses
co- and counterpropagating relative to the pump pulse. Two models are proposed and evaluated, one based on
the isolated molecule and another which involves solvent interaction. The spectral shift between the forward
and backward ASE pulses arises in the first model through the competition between the ASE transitions from
the pumped vibrational levels and from the bottom of the excited-state well, while in the solvent-related model
the dynamical solute-solvent interaction leads to a relaxed excited state, producing an additional ASE channel.
In the latter model the additional redshifted ASE channel makes the dynamics of ASE essentially different from
that in the molecular model because the formation of the relaxed state takes a longer time. The variation of the
pump intensity influences strongly the relative intensities of the different ASE channels and, hence, the spectral
shape of ASE in both models. The regime of ASE changes character when the pump intensity crosses a
threshold value. Such a phase transition occurs when the ASE rate approaches the rate of vibrational relaxation

or the rate of solute-solvent relaxation in the first excited state.

DOLI: 10.1103/PhysRevA.74.033814

I. INTRODUCTION

Multiphoton-pumped frequency-up-converted lasing has
become one of the most active topics in nonlinear optics and
quantum electronics since two-photon-pumped stimulated
emission in dye solutions and dye-doped polymer matrices
was first observed in the mid-1990s [1-9]. Much of this in-
terest is owing to the fact that many important applications
of the effect can be found in the emerging areas of biopho-
tonics and optical communications [10,17], but interest also
arises from the fact that the effect is associated with rich
interpretations and issues of fundamental physics. Not long
ago, three- and four-photon-pumped amplified spontaneous
emission (ASE) in solutions was experimentally observed
and analyzed theoretically [10-13]. In the case of three-
photon [10,13,14] and four-photon [13,15,16] ASE, the
pump mechanism requires ultrashort laser pulse sources to
provide high peak power [15]. These recent experimental
studies of stilbazolium dye solution [13] showed an unusu-
ally strong dependence of the ASE spectral profile on pump
intensity: the peak position of forward ASE almost coincides
with the maximum of steady-state fluorescence for low pump
levels, while it experiences a blueshift (20—-30 nm) relative
to the fluorescence as well as relative to the backward ASE
when the pump exceeds certain energy threshold.

To explain this apparently new and surprisingly strong
dependence of the ASE spectral profile on the pump inten-
sity, we have developed in the present paper a dynamical
theory of ASE based on two different models that take ac-
count of experimental data, showing that the effect is essen-
tially dynamical and related to the relaxation of excited
states. The first model, which we will henceforth call the
“molecular model,” is based on vibrational relaxation of the
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excited electronic state. The pump radiation promotes the
molecule from the ground to the first excited electronic state
and populates a group of vibrational levels in the Franck-
Condon region near the vertical transition energy. The radia-
tive decay from these “vertical” levels to the ground elec-
tronic state starts immediately and opens up the first ASE
channel. At the same time, these pumped vibrational levels
relax nonradiatively to the bottom of the excited-state poten-
tial due to intramolecular interaction and interaction with the
solvent. The radiative decay from the lowest vibrational level
of the excited state also leads to ASE. This second ASE
channel is delayed and redshifted relative to the first channel.
The two ASE channels compete with each other and the
appearance of each channel depends on the Franck-Condon
factors of the decay transitions as well as on the pump level.
When the pump intensity is larger than a certain threshold
level, the ASE rate of the first channel exceeds the rate of
nonradiative quenching of the pumped vibrational levels and
the first ASE channel starts to dominate.

The background of the second so-called solvent model
refers to an instantaneous change of the magnitude and/or
direction of the permanent dipole moment of the dye mol-
ecule upon excitation. The first ASE channel starts from the
nonequilibrium state. This state relaxes to a new state with
lower energy within tens to a hundred picoseconds due to
relaxation of the solvent molecules around the newly formed
dipole. The radiative decay from the relaxed state forms the
second ASE channel. Similarly to the molecular model, the
threshold occurs when the rate of stimulated emission of the
first channel approaches the rate of solute-solvent relaxation
in the excited state.

We show that both models can explain the current experi-
ments. To select one of the models, further experimental
studies are needed. The applicability of the models is sensi-
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FIG. 1. The molecular model of formation of the ASE spectral
profile.

tive to the system and both underlying mechanisms can si-
multaneously affect the ASE dynamics for some molecules.
However, the solvent model is clearly more adequate for
experimental situations where the pump pulse is longer than
the time of nonradiative depopulation of the pumped level.

The paper is organized as follows. We start in Sec. II from
the physical picture of ASE for the molecular and solvent
models. The theory of ASE is presented in Sec. III. Results
of numerical simulations are analyzed in Sec. IV. Our find-
ings are summarized in Sec. V.

II. PHYSICAL PICTURE

The dynamics of formation of ASE spectral profiles de-
pends on the excited-state vibrational and electronic relax-
ations. The theoretical considerations coupled to numerical
simulations lead to two models that can explain the current
experiments. These models—the molecular and solvent
models—are described in detail in the following.

A. Molecular model

In the molecular model, we assume that only the lowest
vibrational level of the ground electronic state of the mol-
ecule with many vibrational modes is initially populated.
Figure 1 shows the excitation of the molecule to the first
excited electronic state S;. This excited electronic state can
be populated by two-, three-, four-, etc., photon excitations;
however, the mechanism of population is not crucial for the
physics of ASE formation. Because of this, we discuss here
only the case of three-photon population which was studied
in the recent experiment reported in Ref. [13]. Figure 1
shows the excitation of a molecule with only one vibrational
mode, a simplification that allows the necessary compactness
of our explanatory model while still retaining all essential
physics.

A strict treatment of the problem studied has to follow the
scheme of Fig. 1 with ab initio calculations of the multimode
Franck-Condon factors. Such an approach was recently de-
veloped and implemented for two-photon absorption of poly-
atomic molecules [18]. At the beginning, only the group of
vibrational levels near the point of the vertical transition is
populated [level v;=1; Fig. 1(a)]. The first ASE channel
starts directly from these pumped vibrational levels. These
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states decay due to the intramolecular vibrational redistribu-
tion [19-24] (IVR) and due to the interaction with the sol-
vent [25] (see discussion in Sec. III B). The second, time-
delayed, ASE channel is the radiative decay from the bottom
of the potential well [level »,=0; Fig. 1(a)]. Apparently, this
channel selects only the most intensive decay pathway,
which is the transition from the bottom of the S; well to the
point of vertical transition in the ground-state well S,. We
will see below that the pump level strongly influences the
relative intensities of these ASE channels when the ASE rate
approaches the rate of vibrational relaxation.

The first decay channel from the pumped vibrational level
of S, (near the point of the vertical transition) deserves a
special comment, because a few decay channels can compete
with each other. We consider the rather common situation of
a moderate displacement of the potential surface under elec-
tronic excitation. This allows us to consider only spectral
transitions with changes of vibrational quantum numbers
Av=0, =1 [Fig. 1(a)]. We assume also that the vibrational
frequency A, of the excited state S; is larger than the vibra-
tional frequency A of the ground state. This is in agreement
with the experiment [ 13] which shows smaller broadening of
the fluorescence compared to the absorption profile. (How-
ever, this is not the only possible explanation of the different
bandwidths of the fluorescence and absorption profiles.)
Strong self-absorption allows us to neglect the decay chan-
nels S;v;—Sovy with v, =1, because the transition fre-
quency w(Slvl —>SOVQ)=(1)0+(V]—Vo)A1+V0(A1—A0) €X-
ceeds the threshold of one-photon absorption wy=w(S;0
—8,0). However, the photons emitted due to transitions with
the change of quantum number by v,—v;=1 are not ab-
sorbed. Thus, we have two ASE channels S;1— 5,2 and
S10— Syl with frequencies @(S;1— Sy2)=wy+A;—-2A, and
o(S,0—Sy1)=wy—A,, respectively [Fig. 1(b)]. The ASE
channel from the pumped vibrational level is blueshifted
relative to the ASE channel from the bottom of the potential
well: Aw=0(S;1—S5)2)-w(S;0—S5,1)=A;—A;>0. The
peak position of the ASE channel from the bottom of the
excited-state well coincides with the maximum of fluores-
cence. This ASE pulse is delayed relative to the ASE channel
from the pumped vibrational level S;1, because the popula-
tion of the lowest vibrational level takes some time defined
by the rate of vibrational relaxation.

Comparison of the widths of fluorescence and one-photon
absorption [13] allows one to estimate A;—A, and, hence,
the spectral shift between the two ASE channels Aw: AX
~ 10 nm. The blueshift of the ASE can be explained also by
anharmonicity which is larger for the channel 1 — 2 than for
0— 1. The typical anharmonicity constant (~30 cm™') leads
to a 10 nm blueshift. This value is in qualitative agreement
with the experimental shift [13] of the forward ASE with
respect to the fluorescence (20 nm) measured for high pump
levels. We neglect here the direct population of the vibra-
tional state S;(v;=0) by the pump radiation. This is justified
because in the experiment [13] the narrowband pump radia-
tion, with spectral width ~10 nm, was tuned almost in reso-
nance with the maximum of photoabsorption [13], Sy(w,
=0)—S,(y,=1).

To conclude this section, it looks reasonable to reduce the
model depicted in Fig. 1(a) to the scheme shown in Fig. 1(b).
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FIG. 2. The solvent model of formation of the ASE spectral
profile.

In the numerical simulations we use an energy level scheme
that implies the same final state for both ASE channels [Fig.
1(c)]. Such an approximation is justified when the population
of the final state by channel 3 — 1 does not influence the ASE
channel 2— 1, and vice versa. This happens if the ASE chan-
nel 2—1 is delayed relative to the ASE channel 3 — 1 [Fig.
1(c)] with a delay time longer than the lifetime of the final
state 1, FI1~3 ps (see Sec. IV B).

B. Solvent model

Let us turn our attention to a more general model of ASE,
namely, the solvent model [13] (Fig. 2). Similar to the mo-
lecular model, the pump radiation promotes the molecules
from the lowest vibrational state of the ground electronic
state [S,|0); Fig. 2(a)] to the excited electronic state S,. Usu-
ally, the laser frequency is tuned in resonance with the maxi-
mum of photoabsorption, which corresponds to a vertical
transition to the vibrational state 4. The pumped vibrational
level 4 rapidly relaxes by nonradiative relaxation within
=3 ps to the bottom level 3 of the excited state S;. The first
(fast) ASE channel 3—1 occurs due to radiative transition
from level 3 to vibrational level 1 of the ground electronic
state S, [Fig. 2(a)]. The mechanism of formation of the sec-
ond (slow) ASE channel, following Ref. [13], refers to the
polarity of the solvent molecules utilized in the studied
cases, in which situation the interaction between the dye
molecule and the surrounding solvent molecules is compara-
tively strong. Upon electronic excitation, the dye molecules
instantaneously change the permanent dipole moment d
—d,. The excited state experiences a redshift Aw due to
relaxation of the solvent molecules around the newly formed

dipole. This new relaxed state is shown in Fig. 2(a) as S.
This solvent relaxation may occur on a time scale ranging
from several tens to a hundred picoseconds, depending on
the specific properties of the dye and the solvent [25,26].
After this time interval one can expect to observe the ASE
with longer wavelength. In Sec. IV we will discuss these two
channels of ASE formation [3 — 1 and 2— 1; Fig. 2(b)] tak-
ing into account the propagation effects. Simulations (Sec.
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FIG. 3. (Color online) The PRL-L3 molecule.

IV B 2) of the frequency splitting |Aw| between levels 3
and 2 due to solvation show Aw=-379.7 cm™' or A\
~13.5 nm for the PRL-L3 molecule (Fig. 3) in dimethyl
sulfoxide (DMSO) solvent. This value is in good agreement
with the experimental value [13] ANy, =20 nm.

We will also study the simplified energy level scheme
shown in Fig. 2(b). The main objective is to elucidate the
role of the pump level in the competition between different
ASE channels. It is worthwhile to note that, as in the mo-
lecular model, ASE from the pumped level 4 occurs also in
the solvent model. The threshold pump level of the 4—1
ASE channel is comparable with the threshold of the 3—1
channel. So in the general case one can expect three ASE
channels in the solvent model: first the 4 —1 blueshifted
ASE pulse appears, followed by the 3— 1 pulse. The 2—1
redshifted ASE pulse experiences the largest delay caused by
the solute-solvent relaxation of the excited state. The role of
the 4 — 1 channel is diminished when the vibrational relax-
ation I' is faster than the duration of the pump pulse. This
can occur in the case of a fast (=100-500 fs) IVR depopu-
lation of the pumped level [23].

III. THEORY

In this section we outline the theory of the molecular
(Sec. I A) and solvent (Sec. II B) models in accordance with
the schemes of transitions depicted in Figs. 1(c) and 2(b),
respectively. These simplified schemes select the principal
ASE channels.

A. Rate and wave equations

The pump radiation selectively populates a certain excited
electron-vibrational state with probability P and initiates the
ASE process. In the molecular model [Fig. 1(c)], the ASE
dynamics can be described by three rate equations for the
populations of levels 3, 2, and 1:

J
(5 +F3>P3=P— ¥1(p3 = p1).
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J
(E + Fz)Pz =503 = v1(p2—p1),

Jd
(5 +F1)1)1 =T33+ Toipa + va1(p3 = p1) + va1(p2— py).
(1)

The rate equations are slightly different for the four-level
solvent model [Fig. 2(b)]:

J
o +T4)ps=P—yy(ps—p1).

Jd
(5 + F3>P3 =Ty3ps— v31(p3 = p1),

J
(5 + Fz)Pz =303+ Taops = v21(p2 = p1)s

Jd
(5 +F1)P1 =Lg1ps+ 5103+ Toipy + va1(p3 — p1)

+ %21(p2 = py). (2)
Here

Yu1 =Putlps n=2,3,4, (3)

is the rate of ASE transition n— 1 and 1,,;=1I;, +I, is the sum
of the intensities of the forward- !, and backward- I, propa-
gating ASE pulses of the ASE channel n— 1. T'; are the rates
of depopulation of the levels i=4, 3, 2, 1, and Fij is the
partial decay rate of the nonradiative transition i — j. Gener-
ally, the backward-traveling component of the ASE emerging
in a real system [10,13] interacts with the forward pulse
through the term 1y, in the rate equations. Although the in-
tensity of this component I, ; is usually smaller than that of
the copropagating one I, the interaction between the co-
and counterpropagating ASE pulses can be important as
shown here and earlier [12,27].

We assume that only a small fraction of the molecules is
pumped into excited electron vibrational states. Due to this,
we also assume that the ground-state population is constant:
po=const. According to our previous studies [11], this as-
sumption is valid for the pump intensities used in the studied
experiment [13]. Both models have two ASE channels. The
first channel, 3 — 1, is fast and starts immediately in the mo-
lecular model and with a rather small delay time l";_gl ~3 ps
in the solvent model. The second ASE channel, 2—1, is
delayed relative to the first one because the population of the
lasing level 2 takes some time to build up (a few I'3;). The
wave equations for forward- (+) and backward- () propa-

gating ASE pulses are the same for both models:
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(__i_)l;fl:gnl[jh gn1=Bn1(pn_p1)_a’

n=2,3,4. “4)

These equations are written in the slowly varying envelope
approximation; we use SI units. The ASE process is initiated
by spontaneously generated noise photons with intensity [11]
1(0)=10"* W/cm?. Here,

dyy
Fﬁ2C80 '

Bnl =2ﬁwn1pnl’ (5)

Pn1 =

The photoabsorption in the lasing transitions 3— 1 and 2
— 1 is included in the gains g,;. The remaining part of the
photoabsorption, «, being weak nonresonant absorption, is
neglected in our numerical simulations. Such an approxima-
tion breaks down for low pump intensities when B,,(p,
—p;) becomes comparable to or smaller than . However, the
result is obvious in this region; indeed, ASE is absent when
8,1 =0. The threshold pump intensity I,,:IE}'I’) when the ASE
starts is defined by the condition

The ASE threshold Ig;) is different for different ASE chan-
nels, due to, for example, different transition dipole mo-
ments. The wave equation (4) has a simple, almost strict,
solution for the forward ASE:

I(1,2) =I(O)CXP{fZ gnl(t* + Zc_l’zl)dﬁ} (7)

0

in the characteristic time ¢ =7—z/c=const, where the gain
gn1(2,z) depends on the time 7 and coordinate z through the
rate equations. This solution is not strict due to the backward
ASE, the role of which can be important for the solvent
model and for the I3,(f,z) component in the molecular
model.

All parameters used in the simulations, like the transition
dipole moments d,,;, resonant frequencies w,;, homogeneous
broadening, I, etc., are collected in Tables I and II below and
in the figure captions.

B. Role of intramolecular vibrational redistribution

The dynamics of depopulation of the pumped vibrational
levels by the redistribution of the excess energy over other
vibrational modes is rather complicated. However, experi-
mental data [23,28] shows that the dynamics can be de-
scribed by a two-exponential model with different time of
the pumped level depopulation and time of population of the
lowest vibrational level of the active mode. Energy initially
localized in one or more Franck-Condon active modes is

TABLE 1. The common parameters for the molecular and the solvent models.

L(m) T (eV) y(em?’’/GW?) Ny (M) T, (s7') Tp=Iy (s7h)

o (371

w3 (57 @y (57 7 (fs) a(em™)  wy (m™)

1072 0.1 1.67x 107 0.02 3x10" 1x10°

1.45x10%

325X 10% 3.15x 10 100 0 2.39%107°
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TABLE II. Relaxation constants for the molecular and the solvent models in s™' and permanent dipole moments of the PRL-L3 molecule

in the ground and the first excited electronic states (in debye).

I's I3, Is Iy Ly =Ty
Molecular model 3x 10 2.97 % 10! 3% 10°
Solvent model 2.15% 100 1.99 X 10'° 1.66 % 10° 3x 101 2.97x 10" 1.5%10°
dy(x) do(y) dy(z) d,(x) d,(y) d,(z)
5.3265 4.6241 —4.0414 6.1305 5.4807 -6.7324

rapidly redistributed among a few near-degenerate states be-
cause of the anharmonic coupling between modes. These
states are in turn each coupled to a successive tier of near-
degenerate states via additional low-order resonances 4 —i
— j—-+-. Such a hierarchical coupling scheme of the tier set
with increasing density of states results in a sequential en-
ergy flow from the active mode [19]. The relevant time scale
for departure from the pumped level I';' (Fig. 4) due to such
an intramolecular vibrational redistribution [19-24] was re-
ported to be from below 60 fs to several hundreds of femto-
seconds depending on the dye molecule and excitation en-
ergy [29-33]. In some cases this process continues up to a
few picoseconds (about 6 ps in Ref. [34]). However, the time
of arrival I';} at the lowest vibrational level of the active
mode due to the energy transfer to nonactive modes is often
essentially larger than the time of departure from the pumped
level. The reason for this is that among numerous pathways
in the entire vibrational space of a molecule only a few end

Pump 4

’Y4 1 YZ 1

Y VY VY y 1

FIG. 4. (Color online) Simplified picture of IVR which takes
into account only the active mode (in contrast to the many-mode
picture of IVR discussed elsewhere [19,21]).

up in the lowest vibrational state of the active mode,4 —i
—j—+++—3 (Fig. 4). It is worthwhile to note that in the
general case the lowest state is populated by transitions from
different intermediate states i, and the term I'y3p4 in Eq. (2)
should be replaced by =,I";3p;. When molecules are dissolved
in a solvent, the other mechanism of vibrational cooling of
the active mode becomes important. The vibrationally hot
molecule equilibrates thermally with the solvent by vibra-
tional energy transfer between low-frequency solute and sol-
vent modes. For many systems vibrational cooling (vibra-
tional relaxation to the lowest vibrational level) was reported
to be slower, at least by an order of magnitude, than decay of
the pumped level because of IVR [30-33]. By IVR the ex-
cess energy is distributed over many intermediate multimode
vibrational states with low populations. This amplies a rather
weak ASE from these levels except the lowest vibrational
level 3 (Fig. 4). Indeed, only this level is finally populated
due to the flow of excess energy in the molecular quasicon-
tinuum and in the solvent.

In simulations of the molecular model (Sec. IV A) we
ignore the biexponential behavior of the vibrational relax-
ation and use Fglzl"gzlz3 ps. Such an approximation is
valid for molecules with rather long IVR time (a few pico-
seconds) [21,34,35]. The fast IVR depopulation of the
pumped vibrational level is taken into account in the solvent
model (Sec. IV B) by neglecting the ASE channel 4 — 1 from
the pumped level 4 [see Fig. 2(b)]. This assumption is valid
for rather long pump pulses with the duration larger than the
IVR time: 7,I';> 1.

C. Pumping the upper level by three-photon absorption

As already mentioned, we explore the ASE induced by
three-photon absorption, occurring with probability [11]

NO
— 20 (3)3
P L(t=zle,z), (8)

where N, is the concentration of the absorbing molecules in
the ground state, and w is the frequency of the pump field.
The cross section of the three-photon absorption is expressed
through the three-photon absorption coefficient y as

) 9)

o

X
Ny
According to Ref. [11] the value of the three-photon absorp-
tion coefficient y for the organic stilbene chromophore
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4-[N-(2-hydroxyethyl) - N (methyl) aminophenyl]-4 s - (6
-hydroxyhexyl sulfonyl) (abbreviated at APSS) is y=0.88
X 1073 cm®/GW? (theory) and y=~0.5X 107 cm?/GW? (ex-
periment) for Ny=3.6X 10> m™. An experimental value of
v for the PRL-L3 dye (Fig. 3) is absent, but the similarity of
APSS and PRL-L3 molecules allows us to conclude that the
values of the three-photon absorption coefficient are of the
same order of magnitude for these molecules. According to
experiment [13] we use Ny=1.2X 10> m™ in our simula-
tions. Because of this we choose y=(0.5/3) X 107*=1.67
X 107 cm?/GW2.

It is reasonable to approximate the shape of the pump
pulse by a Gaussian

2
1,(t=2/c,z) =Ip(r,z)exp[— (t— < lo) %] . (10)
c 7

Here, 7, is the half width at half maximum of the pump
pulse, and z=I, is the peak position of the pump pulse at the
moment t=0. We set [y=-47,c in the simulations. The pref-
actor I,(r,z) shows the radial distribution of the Gaussian
beam along the cell axis z:

2 2
2
I,,(r,z):lpe‘“p<z—’0)( Yo ) exp(— —r>

w(z") w(z')

w2(zf)=wg{l+<%>2} (11)

™™

where z'=z—-L/2, w, is the radius of the Gaussian beam
waist, while w(z’) is the beam waist at distance z’ from the
focus (center of the cell). The pump intensity is attenuated
due to three-photon absorption ap=7112). In the simulations
we approximate the intensity distribution by its distribution
on the axis of the beam

Iy(r;z) = 1,(0,2) :Ipe—/)\z- (12)
1+ (Z—2>

D. Role of the duration and intensity of the pump pulse in
formation of ASE

The conventional mechanism of ASE is based on the as-
sumption that ASE is formed only due to the transitions from
the bottom of the excited electronic state S;. However, this is
true only for rather long pump pulses 7,I';>1. When the
pulse is short 7,I'3<1, as in the experiments of Refs.
[10,13,17], ASE from upper vibrational levels becomes im-
portant. One can see this from the solution of Egs. (1) for the
molecular model [Fig. 1(c)] with a low pump level (v,
<T,)

t
p3(t) = €_F3tf P(ty)e'31d,
0
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t

po(1) = F32€_F2tf p3(t))e2dr, . (13)
0

The rate of depopulation of 2 is usually small, I', <I'5. In the
case when the pump pulse is long (P = const), mainly the
bottom of the S, potential is populated due to the effect of
optical pumping,

I3t max
P3 32(1 _ e—FZZ) > pr3nax.

2

l1-e

I3

ps(t) = P( ) pa(t) =

(14)

Here, p{™=P/I'; is the maximal population of the upper
level. Thus, ASE occurs only due to radiative transitions
from the bottom of the S; well and the peak position of the
ASE spectrum coincides with the fluorescence maximum.
The picture changes qualitatively when the pump pulse is
shorter than the lifetime of the upper state 3, 7,I';<1. Now
the populations of both levels can be comparable,

max —I'5t
p3 Tpe 2

) = S()e ',
ps(1) (ne T,

py(1) = (1-e™) < pi™.

(15)

Here, p7™*=5(c), S(¢)=["dt, P(t;). Thus, when the pulse is
short, ASE, as well as the fluorescence, acquires a double-
peak structure due to transitions 3 — 1 and 2 — 1. This analy-
sis is valid only for small pump intensities, where the relative
intensities of the doublet are defined by the square of the
ratio of the transition dipole moments, d,/d3,.

The pump intensity is another important parameter that
influences the ASE dynamics. Indeed, when the pump level
is high, the upper state 3 [Fig. 1(c)] is also depopulated with
rate y3; due to stimulated emission, which promotes the ex-
cited molecules to the final state 1. Apparently, this ASE
channel 3— 1 suppresses the nonradiative population 3 —2
of the lasing level 2. The nonradiative population of level 2
is almost quenched when the ASE channel is faster than the
nonradiative quenching of the pumped level 3 —2: y3,>1T;.
In this case, the double-peak ASE spectrum is transformed to
a single-peak profile due to the dominant contribution of the
blue component 3 — 1. When the rate of stimulated emission
731 approaches the rate of nonradiative decay I';, the ASE
spectrum changes qualitatively. The threshold pump intensity
of this effect, 1, is defined by the condition

Y31lp) =15, (16)

We would like to point out the difference between the thresh-
old I, and the threshold of the ASE, 1, defined by Eq. (6).
It is also worthwhile to mention that the threshold I, of the

4 —1 ASE channel in the solvent model

7’41(1(,)) =Ty (17)

in general differs from the 3— 1 threshold (16). In the fol-
lowing section we study the dynamics of ASE induced by
short pump pulses more precisely using numerical solutions
of the coupled rate and wave equations.
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IV. NUMERICAL MODELING OF FORWARD AND
BACKWARD ASE

We begin this section by analyzing the results of numeri-
cal simulations of the three-photon pumped ASE dynamics,
experimentally studied recently for stilbazolium dye solu-
tions (PRL-L3 and PRL-L10 molecules) [13]. Parameters
that are common for the molecular and solvent models are
collected in Table I. Table II includes the relaxation con-
stants, which are different in these two models, and perma-
nent dipole moments of the molecule in the ground and first
excited electronic states calculated for the solvent model.
The solute-solvent relaxation of the excited-state potential of
the solvent model (see Fig. 2) is very sensitive to both solute
and solvent, and the corresponding relaxation time _21 varies
in a broad region ~100 fs—100 ps [23]. We use 1'5,=50 ps.

The theory has been coded exploiting numerical methods
for solving the ordinary differential equations (1) and (2) and
the partial differential equations (4). The wave equations (4)
were solved with the following initial and boundary condi-
tions: I*(0,z)=1I"(¢,0)=1"(¢,L)=1(0)=10"* W/cm?. In ac-
cordance with the studied experiment [13], the equations are
solved for a cell of length L=1 cm.

A. Dynamics of ASE in the molecular model

Let us first discuss the ASE formation in the framework of
the molecular model. The results of the numerical simula-
tions of this model are presented in Figs. 5-7, 9, and 10
below. We explore two cases: (A) the transition dipole mo-
ments of the ASE transitions 3— 1 and 2— 1 are the same,
and (B) the transition dipole moment of the fast transition
3—1 is smaller than that of the adiabatic transition 2— 1.
The transition dipole moments differ from each other due to
the Franck-Condon amplitudes of these transitions. In our
simulation we use d5150:9'9 D and d;=(3| 1>d51So’ dy
=(2| 1)ds s, The values of the transition dipole moments ds,
and d,; are given in the figure captions.

Figure 5 shows the branching ratios of two ASE channels,
I3,/ (I3, +1,), for the peak intensities of forward and back-
ward pulses at the end of and at the entry to the cell, respec-
tively. The branching ratio for the forward ASE changes
qualitatively when the pump level crosses the threshold
[see Eq. (16) and Fig. 5]. Such a threshold is not seen for the
backward ASE in the studied region of pump intensities. The
ratio of the dipole moments of transitions 3—1 and 2—1
influences the value of the threshold pump intensity [, as
well as the branching ratio below the threshold [compare
Figs. 5(a) and 5(b)]. The corresponding spectra of forward
and backward ASE are shown in Figs. 6(a) and 6(b). One can
see that below the threshold I, only case B shows the sup-
pression of the blue peak 3 — 1 in agreement with the experi-
mental results [13]. However, above the threshold 1,>1
both cases A and B display the same trend I3,>1,; as the
experiment [13].

Let us discuss case B in more detail. When the pump
intensity is very small (<0.31,, Fig. 5) the two ASE channels
2—1 and 3—1 have comparable probabilities defined by
the square of the transition dipole moment (see Sec. III D). It
is necessary to recall that the “pure” gain B,,;(p,—p;) OCIZ can
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FIG. 5. Branching ratio versus the pump intensity /, (molecular
model). The branching ratios are computed at the entry (z=0) and at
the end (z=L) of the cell for backward and forward ASE, respec-
tively. (a) The same transition dipole moments for ASE transitions:
dy1=d>=7.73 D; I)=217 GW/cm?. (b) Different transition dipole
moments: ds;=5.67 D, dy=8.12 D; I,=276 GW/cm?. The case
7,['3>1 with ngl =50 fs is shown by pentagrams; I,=750
GW/cm? (see the text).

be smaller in this region than the weak nonresonant absorp-
tion a [see Eq. (4)]. This means that the ASE is absent for
low pump levels and our simulations are valid only above
the ASE threshold 7,> I, [Eq. (6)], because the weak non-
resonant absorption « is ignored in the calculations (see Sec.
III D). Both forward and backward ASE of the slow 2—1
channel dominates for moderate pump intensities (0.5
<I,/1y<1). When the pump intensity exceeds the threshold
Iy [Eq. (16)], the forward ASE is switched to the fast channel
3—1, while the slow 2—1 channel continues to give the
major contribution into the backward ASE up to pump inten-
sities 1.41; (see Figs. 5 and 6). To understand such a distinc-
tion between forward and backward ASE, let us look at the
competition of the ASE rates y;; and v, of these channels
with the nonradiative decay rate I'5, (Fig. 7). When the pump
level exceeds the threshold I, (y3,>13,) level 3 decays
mainly to level 1. Due to this circumstance, the population of
level 2 and, hence, the forward ASE channel 2—1 is sup-
pressed above the threshold I, (Fig. 6). The picture is quali-
tatively different for the backward ASE. The ASE rate at the
entry to the cell (z=0) originates only from the backward
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FIG. 6. Spectra of the forward and backward ASE (molecular
model). (a) The same transition dipole moments: d3;=d,;=7.73 D;
I,=217 GW/cm?. (b) Different transition dipole moments: ds
=5.67 D, dy;=8.12 D; I,=276 GW/cm>.

ASE, because the forward ASE is absent here. Figure 7
shows that, contrary to the forward ASE, the pump intensity
does not reach the threshold value Ig’) for the backward ASE,
because 73, <I';, for backward ASE pulses in both cases A
and B. Due to this situation, the backward ASE of the chan-
nel 3—1 is absent up to the pump intensity 1.41, (Figs. 5
and 6), and the spectrum of backward ASE consists of only a
single resonance 2 — 1.

Let us now pay attention to the strong dependence of the
forward ASE on the transition dipole moments below thresh-
old I, [compare Figs. 5(a) and 5(b)]. One can see an almost
complete quenching of the forward ASE channel 31 when
dy/d;;=1.43 (case B), contrary to the case with the same
transition dipole moments (case A). One can understand this
with the help of a solution of (15), which states that the
lasing levels 3 and 2 have comparable populations below the
threshold ;. This means that the branching ratio below the
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L
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(a) L (b) 1

FIG. 7. The ASE rates 3, and 7y, as functions of the pump
intensity (molecular model). The rates for forward and backward
ASE are given at the end (z=L) and at the entry (z=0) of the cell,
respectively. (a) Transition dipole moments of ASE transitions
are the same: dy=dy;=7.73 D; I,=217 GW/cm?. (b) Transition
dipole moments are different: d5,=5.67 D, d,;=8.12D; I,
=276 GW/cm?.

PHYSICAL REVIEW A 74, 033814 (2006)

s backward 2-1

At t

< T3

FIG. 8. Scheme of formation of the forward and backward ASE
pulses for channels 3—1 and 2—1. The z¢ plane is divided by
convention into the regions I and II where (g3;>0,g,,=~0) and
(g31<0,g2,>0), respectively. The label A marks the absorption
region (g3;<0) of the backward 3—1 pulse. The forward and
backward pulses have large intensities in the regions z>/ and z
<[, respectively.

threshold must be about 0.5 when d,,=d5, [see Fig. 5(a)].
Apparently, the intensity of the 2— 1 channel must be essen-
tially larger than the intensity of the 3— 1 channel when
dy;>d3;. This explains the suppression of the branching ra-
tio below the threshold in Fig. 5(b). We would like to point
out the strong (exponential) dependence of the ASE intensity
on the dipole moment (7): I,,;(L) =1(0)exp(g,L), g, *d>,.
For d,;/d;;=1.43 we get I,,(L)/1(0)=~[15,(L)/I(0)]*. This
estimation is in good agreement with the strict solution
for 1,/1p=0.8 [I(L)=0.01 GW/cm?, I;(L)=~3 X 107*
GW/cm?, 1(0)=~10""* GW/cm?] which shows strong en-
hancement of the 2 — 1 channel due to the larger dipole mo-
ment.

1. Duration and delay times of the forward and backward ASE
pulses

The forward and backward pulses are formed in qualita-
tively different ways due to different trajectories of these
pulses in the zz plane (Fig. 8). The dynamics of the forward
and backward ASE pulses for the pump intensities investi-
gated below, about, and above the threshold intensity I, for
the cases A (ds;=d,;) and B (d3,<d,;), are shown in Figs. 9
and 10, respectively.

The forward ASE pulse of channel 3 — 1 appears imme-
diately after the pump pulse and propagates along the same
characteristic z=ct as the pump pulse with time of flight
fprop=L/c=33 ps. This ASE pulse is shorter than the lifetime
of level 3 (=3 ps) and it experiences narrowing with an
increase of the pump level. The reason for this behavior lies
in the exponential dependence on the gain (7), I3~ es31k.
The forward pulse 2—1 is delayed relative to the forward
3—1 pulse because the population of level 2 takes time,
1/T'3,~=3 ps. However, simulations (Fig. 9) indicate that the
delay time is longer than the lifetime of this level, 1/I';
~1/T'3,=3.4 ps. Such a delay
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follows from the time dependence (15) of the population of
level 2, p,o (1—e7132")e712, When the pump intensity is suf-
ficiently large, the delay 7 of the forward pulse 2—1 be-
comes shorter (Figs. 9 and 10), because the decay rate I'; of
level 2 increases in Eq. (18) due to the ASE rate: I',—1,
+ v, (see also below).

The dynamics of the backward pulses differs qualitatively
from the forward pulses because of the “orthogonality” of
the trajectory in the zz plane (Fig. 8) to the pump propaga-
tion. Let us first discuss the 3 — 1 backward pulse. The maxi-
mum of this pulse reaches the entry of the cell at the instant
~ 7. What strikes the eye here is the large width of this pulse,
A7z, compared to the duration of the forward 3— 1 pulse
(see Figs. 9 and 10). This large broadening originates in the
geometry of the formation of the backward pulse (Fig. 8),
which has nothing to do with the short lifetime of level 3. As
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FIG. 10. Time evolution of the forward and backward ASE
pulses (molecular model). The forward and backward ASE pulses
are shown at the end (z=L) and at the entry (z=0) of the cell,
respectively. Different transition dipole moments: d3;=5.67 D, dy;
=8.12 D; [,=276 GW/cm?.
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one can see from Fig. 8, both earlier and later (than 7) 3
— 1 backward rays reach the entry to the cell. Earlier rays
(t<7) have smaller intensity [/3,~exp(gs;ct/2)] than the
peak value due to the shorter region of the gain (Fig. 8). It
useful to divide the z plane into regions I and II with large
populations of the lasing levels 3 and 2, respectively (Fig. 8).
Due to depopulation of level 3 in region II, the gain gs; is
negative here. The later rays (1> 7) have also smaller inten-
sities, because the 3 — 1 radiation is absorbed when it arrives
in region IT with negative gain g5, <0 (the absorption region
is marked by label A in Fig. 8). Thus, one can conclude that
the width of the backward 3 — 1 pulse has the order of mag-
nitude A7y, =2/cgs;, which is larger than 1/T';.

We pause to mention that forward and backward pulses
have large intensities near the end (z>1) of and the entry
(z<1) to the cell, where z=I is the conditional boundary
between these pulses (Fig. 8). The order of magnitude of [ is
L/2 for low pump levels and this boundary is shifted to the
lower half plane /~L/10 when the pump approaches the
threshold (16) (see Figs. 14 and 16 below). Forward ASE
pulses depopulate lasing levels 3 and 2 in the upper half
plane (z>1) because the forward pulses are strong here. Due
to this circumstance, the backward pulses are formed mainly
in the lower half plane (z<<I). The conditionality of such a
boundary is obvious; the boundary between the forward and
backward pulses is diffuse in reality. The backward and for-
ward pulses interact with each other in the transition region.
Such an interaction results in a modulation [27] of the back-
ward and forward 2— 1 pulses (Fig. 10).

Figures 9 and 10 show another effect, the delay between
the 2—1 and 3—1 pulses longer for backward than for
forward propagation, and this delay depends on the pump
level. The backward pulse 2— 1 starts to grow when level 2
is populated. Figure 8 shows that this ASE radiation begins
to build up from the characteristic of the forward 2—1
pulse. The intensity of the backward 2—1 pulse increases
with increase of the delay time A7, because of the increase of
the optical path length (Fig. 8). However, the backward 2
— 1 optical path length ceases to grow when the 2—1 ray
crosses the boundary z=1 (Fig. 8). The crossing point gives
the peak position of the 2— 1 pulse and it allows us to esti-
mate the delay time between the backward 2—1 and 3—1
pulses: Ar=2[/c. It is worthwhile to note that the intensity
of the 2— 1 pulse for longer delay times decreases with the
growth of the rate I',+ v, of depopulation of level 2. We will
see below that the ASE quenching of level 2 shortens the
delay time A7, as well as the duration of the 2— 1 pulse.

Let us now discuss the shortening of the pulse duration
and the delay times between pulses (Figs. 9 and 10) caused
by the increase of the pump intensity. When the pump ap-
proaches the threshold, the lifetimes of the lasing levels 3
[1/(T3+y3;)] and 2 [1/(T,+ 7,;)] become shorter due to an
increase of the ASE rates v3,=ps[5, and ¥;,=p,I5,. This
leads to a narrowing of the ASE pulses in the time domain.
Such a shortening of the pulse duration depends strongly on
the ASE channel. One can see a moderate narrowing of the
3—1 component of the forward pulse (see left panels of
Figs. 9 and 10); indeed, the lifetime of level 3 decreases
approximately two times at the threshold (16): I';' — (I'5
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+95) = (2I'5)7", because here 4, ~T; [see Eq. (16)]. The
3 — 1 component of the backward pulse (right panels of Figs.
9 and 10) almost does not change the width (I';+y3,)7", due
to the small ASE rate 3, (see lower panels in Fig. 7). How-
ever, both 2— 1 forward and 2— 1 backward pulses experi-
ence strong narrowing in the time domain F;l — (I,
+%,)"" (Figs. 9 and 10), when the pump level is high
enough. This is due to the small value of I',=10° s™' com-
pared with the large ASE rates near the threshold 5, ~1'3
~3 X 10" s7! (see Fig. 7). An increase of the pump intensity
leads also to a decrease of the delay time between 2— 1 and
3—1 (both forward and backward) pulses (Figs. 9 and 10).
The reason for this is an enhancement of the depopulation
rate of level 2, I', —T',+ ﬁl, and, hence, a shortening of the
delay time (18).

As it was mentioned above (Sec. III B), the effective time
of depopulation of the pumped vibrational level can be
shorter than 3 ps, the value used in the above simulations.
Due to this, we also performed calculations with I';' ~T73'
~F§2123 ps, 200 fs, and 50 fs for a cavity length of L
=1 mm. It is worthwhile to note that these calculations do
not describe properly the IVR mechanism if I'33>1'5,. It turns
out that shortening of I" 521 reduces the delay time 7, in agree-
ment with Eq. (18): 7=2.6 ps, 190 fs, and 50 fs for F;zl
=3 ps, 200 fs, and 50 fs near the threshold pump level. On
the other hand, the threshold pump intensity (16) increases
when the vibrational relaxation becomes faster. Figure 5(b)
shows that the branching ratio of forward ASE is qualita-
tively different for slow (7,I';,>1) and fast (7,5, <1) vi-
brational relaxation, in agreement with Egs. (14) and (15).

B. ASE formation in the solvent model

Following the molecular model we consider the ASE dy-
namics for two cases: A) ds;=d,;, and B) dy; #d,, also in
the solvent model. The ASE channel 4 — 1 is related to the
direct transition from the pumped vibrational levels and was
studied already in the molecular model above. We ignore this
channel in our simulations as the Franck-Condon factor
(4]1)? is assumed small. The maps of ASE pulses in the z¢
plane (Figs. 14 and 16) show that, contrary to the forward
ASE, the backward ASE pulses are localized near the entry
to the cell. In general, the mechanism of formation of the
ASE pulse and of the spectrum for the solvent model is quite
similar to that in the molecular model. One can see this from
the dynamics of the branching ratio (Figs. 5 and 11) and the
ASE spectra (Figs. 6 and 12), as well as from the depen-
dences of the ASE rates on the pump intensity (Figs. 7 and
13). However, one can see also rather strong distinctions.
First of all, the duration of the forward 3— 1 pulse is much
longer (=3 ps) in the solvent model (Figs. 14—16). Contrary
to the molecular model, this pulse is now delayed relative to
the pump pulse: 11 ps for case A (Figs. 14 and 15), and 7 ps
for the case B (Fig. 16). The reason for this second distinc-
tion is that the population of the lasing level 3 now takes
time 1/T°y3~3 ps, contrary to the molecular model where
this level is populated immediately.The mechanism of this
delay is similar to the delay of the 2— 1 pulse in the mo-
lecular model [see Eq. (18) and Figs. 9 and 10].
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FIG. 11. Branching ratio versus the pump intensity (solvent
model). (a) Same transition dipole moments: ds;=d,;=7.73 D; I,
=222 GW/cm?. (b) Different transition dipole moments: d5,
=6.18 D, dy=7.73 D; I;=271 GW/cm?.

It is worthwhile to point out that an important quantitative
distinction of the solvent model is the relaxation time ngl
=~ 50 ps, which is much longer than the relaxation time in the
molecular model I'3; =3 ps (Table II). This means that level
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FIG. 12. Spectra of the forward and backward ASE (solvent
model). (a) The same transition dipole moments: dz;=d,;=7.73 D;
1,=222 GW/cm?. (b) Different transition dipole moments: ds,
=6.18 D, dy=7.73 D; Iy=271 GW/cm?.
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2 is essentially more slowly populated than in the molecular
model, and, hence, this results in a larger delay time (18)
between the 2— 1 and 3— 1 pulses. For example, this delay
for the forward pulses is =146 ps for case A (Fig. 14) and
=~50 ps for case B (Fig. 16). Similarly to the molecular
model, the delay time depends strongly on the intensity of
the pump pulse.

Figure 12 (see also Figs. 11 and 13) displays an interest-
ing effect: The pump intensity changes drastically the spec-
trum of the backward ASE, in contrast to the single-peak
spectrum in the molecular model (Fig. 6). One can see the
reason for this from comparison of Figs. 13 and 7: the back-
ward 3 — 1 ASE rate in the solvent model reaches the thresh-
old y;,=I';, with pump intensity close to the threshold of the
forward 3 — 1 channel, /. Contrary to the molecular model
(Fig. 6), only the blue 3— 1 peak forms both forward and
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FIG. 14. Shapes of the ASE pulses for forward and backward
ASE for 3—1 and 2—1 channels (solvent model). 1,=I,
=222 GW/cm?. The case A: dy;=dy=7.73 D.

PHYSICAL REVIEW A 74, 033814 (2006)

Forward ASE (z=L) Backward ASE (z=0)

-3
<€ 0.01 319
L I
= —_— 31
S - I21 2 ~d
> /4
£'0.005¢ ) 4
c 1 x 10 /
2 ’
£ s ™
’ l
Ll 7 ’
2] 0 ‘ 0 -
< 0 50 100 150 0 50 100 150
Time, ps Time, ps
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backward ASE spectra in the solvent model (Fig. 12) above
the threshold pump level. To conclude, one can say that in
the solvent model the threshold of backward ASE, y5,=I;,,
is shifted close to the threshold of the forward ASE, v},
=I'y, [Eq. (16)]. Both forward and backward 2—1 ASE
pulses experience a modulation similar to the molecular
model (compare Figs. 10 and 16). The origin of these oscil-
lations is found in the interaction of the forward and back-
ward ASE pulses [27]. Indeed, the oscillatory pattern is ab-
sent when interaction of contrarily propagating ASE pulses is
neglected.

1. Role of the ASE channel from pumped levels

In the simulations we ignore the 4 — 1 ASE channel from
the pumped vibrational level. As mentioned in Secs. II B and
III D, this ASE channel becomes important when the Franck-
Condon factor of the 4 — 1 transition is large and the pump
intensity exceeds the threshold (Ip =1,), where the 4—1
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FIG. 16. Shapes of ASE pulses for forward and backward ASE
for 3—1 and 2—1 channels (solvent model). 1,=1.091,, I,
=271 GW/cm?. The case B: d3;=6.18 D, dy;=7.73 D.
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threshold is defined by Eq. (17). Another reason for the sup-
pression of the channel 4 — 1 is fast IVR depopulation of the
level 4 (see Sec. III B). According to the molecular model
[Fig. 6(a)], the threshold of the ASE transition 3— 1 from
the pumped level is I,=217 GW/cm?2. This allows us to
estimate the threshold of the same ASE channel 4 — 1 in the
solvent model as 217 GW/cm?. This value is very close to
the threshold 3 — 1 channel 222 GW/cm? [Fig. 12(a)].

It is surprising that the threshold pump intensities of the
3—1 (I[p=222 GW/cm?) and 4—1 (Ij=217 GW/cm?)
channels of forward ASE pulses in the solvent model are
close to each other. Indeed, the first impression is that I,
must be essentially smaller than I because the relaxations
rates [',=1.99%10'°s~! and I',;=2.97x 10" s7! in Egs.
(16) and (17) differ by one order of magnitude. However,
this is not the case for two reasons. One reason is the non-
linear (cubic) dependence of the pump rate on /, [see Eq.
(8)]. The other, more important, reason for this is the longer
duration and, hence, smaller peak intensity of the 3— 1 ASE
pulse in the solvent model: Smaller peak intensities need
higher pump levels to reach the threshold (16).

The discussed coincidence of I, and [ is absent for faster
vibrational quenching, F;31 <3 ps. Now the threshold pump
level (17) of the 4—1 channel becomes higher than the 3
— 1 threshold. Thus, near the 3 — 1 threshold one can expect
suppression of the ASE channel from the pumped level for
subpicosecond vibrational quenching and 7,=100 fs.

Thus, in the general case, the ASE spectrum in the solvent
model consists of three components—41, 31, and 21.
Clearly, the pulse 41 has the shortest duration. According to
our simulations, the durations of the 4 — 1 and 3 — 1 forward
ASE pulses near the threshold are about 7,;=~0.08 ps and
731=3 ps, respectively. The experimental time resolution
[13] is approximately 7., =2 ps. This implies a large ex-
perimental broadening of the short 4 —1 pulse and, hence,
strong suppression of the peak intensity of this ASE pulse:
Ly ] Toge = I X 0.04=0.01 GW/cm?. This value is
close to the peak intensity of the 3— 1 pulse near the thresh-
old, I5{*~0.01 GW/cm? (Fig. 15). It should be noted that
the ratio of the intensities of the 4 —1 and 3— 1 channels
depends strongly on the corresponding Franck-Condon fac-
tors which are chosen in our simulations to be rather close to
each other. The ASE channel from the pumped level is sup-
pressed if (4|1)<1.

2. Dynamical frequency shift

An important parameter of the solvent model [Fig. 2(b)] is
the spacing between the lasing levels 3 and 2, |Aw|, caused
by the dynamical relaxation of the excited solute molecule to
a new equilibrium state with the solvent. Let us calculate Aw
for the PRL-L3 molecule (Fig. 3) in the DMSO solvent. To
estimate the frequency shift due to the solvation (w,;=ws;
+Aw), we use the reaction field theory formula [36] (in SI
units)
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1 , o (nt-1
hAw= P 2d, - (dy - d,)F(&n) + (dg - de)(n2 " 2)]

(19)
Here, d, and d, are the permanent dipole moments of the
solute molecule in the ground and excited states, respec-
tively,
e-1 n*-1

€+2 ni+2

F(en)= (20)
is  the reaction  field factor; 4mey=1.11265
X 10719 J-1' C2 m~!; € and n are the static dielectric constant
and the optical refractive index of the solvent, respectively;
€=46.45, n=1.478, F(e,n)=0.66 for dimethyl sulfoxide
[36]. The radius of the spherical cavity of the solute a
~8 A was computed as the sum of the radius of the PRL-L3
molecule (=6.5 A) and the van der Waals radius of the out-
ermost chlorine atom (=1.5 A).

The permanent dipole moments of the PRL-L3 molecule
(see Table II) were calculated making use of the DALTON
code [37]. The permanent dipole moments of the first excited
singlet state were calculated in the framework of the Hartree-
Fock (HF) method by means of quadratic response (QR) for-
malism. The Sadlej basis set was employed to describe the
iodine atom while for the other atoms we used the polarized
split-valence 6-31G” basis set. Equation (19) results in the
value for the shift Aw=~-379.7 cm™" or AN~ 13.5 nm. This
value is to be compared with the experimental value [13]
AN¢yp=20 nm. The permanent dipole moments and, hence,
the shift Aw are sensitive to the computational method. For
example similar calculations in the framework of the density
functional theory (DFT) with the polarized split-valence ba-
sis set 6-311G” for the iodine atom give a smaller shift of
AN=4 nm. The difference between HF and DFT values of
the ASE shift means that our simulations of AN can be
treated only as an estimate. To conclude, both molecular
(Sec. IT A) and solvent models give a spectral shift A\ of the
same order of magnitude (~10 nm) as the experiment [13]
(20 nm). Thus, the spectral shift does not allow us to select
one of the discussed models.

V. CONCLUSIONS

Owing to the advancement in laser technology, many-
photon-induced frequency-up-converted amplified stimulated
emission has been observed and characterized in several re-
cent well-recognized studies. The effect is associated with
some outstanding features with rich physical content that
pose a strong challenge to the theory of light-matter interac-
tion. In an attempt to explain the given observations and to
advance our understanding of the many-photon ASE process,
a dynamical theory has been developed in the framework of
two models described in this paper—called the molecular
and solvent models. Special attention was paid to the spectral
and temporal shapes of the co- and counterpropagating am-
plified stimulated emission pulses. The molecular model is
based on two ASE channels: ASE transitions from the
pumped vibrational levels and the decay transition from the
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bottom of the excited-state potential well. The blueshifted
ASE transition starts immediately from the pumped levels.
The second ASE channel occurs from the bottom of the
excited-state potential well, the population of which needs
time for vibrational relaxation. Due to this circumstance, the
second ASE channel is delayed. The spectral as well as the
temporal shapes of backward and forward ASE pulses
change drastically when the pump intensity crosses the
threshold level, which is reached when the ASE rate of the
first channel approaches the rate of nonradiative quenching
of the pumped vibrational levels. This model explains the
experimental observation of a blueshift of the forward ASE
peak relative to the peak position of the backward ASE pulse
that is nearly the same as the steady-state fluorescence. The
outgoing ASE pulses leaving the cavity in the forward and
backward directions have the same spectral features and con-
sist of two components according to the two ASE channels.
The ASE component corresponding to the blueshifted ASE
channel is shorter than that corresponding to the redshifted
ASE channel. This component is also shorter for the
forward-propagating pulse than for the backward one. It is
shown that the threshold value of the pump intensity for
backward ASE pulses is essentially larger than for forward
ASE.

The solvent model is more general and includes the extra
ASE channel caused by the dynamical solute-solvent inter-
action. It accounts for the fact that the excited dye molecules
instantaneously change their permanent dipole moment and
that the relaxation of the solvent molecules around the newly
formed dipole lowers the energy of the excited state. Usually,
the time of such a relaxation is longer than the time of vi-
brational relaxation in the excited state. Radiative transitions

PHYSICAL REVIEW A 74, 033814 (2006)

from the bottom of this relaxed excited state result in an
extra ASE channel, which is delayed and redshifted relative
to the two “molecular” ASE channels. Contrary to the mo-
lecular model, the redshifted ASE pulse displays also a
threshold behavior, with the threshold pump level slightly
higher than for the molecular ASE channels. It is shown that
the delay between the pulses and their duration depend on
the pump level. All pulses experience shortening with the
growth of the pump level. Our simulations display the modu-
lation of the temporal shapes of the ASE pulses caused by
the interaction between co- and counterpropagating ASE
pulses. The experimental data available today do not allow
us to unambiguously select one of the models. Time-resolved
measurements are needed to make certain conclusions about
the mechanism of the observed asymmetric behavior be-
tween the forward and backward ASE pulses. However, the
solvent model is clearly preferable when the pump pulse is
longer than the time of nonradiative depopulation of the
pumped level. The field is certainly rich for further, com-
bined, experimental and theoretical efforts to reach a basic
understanding and to lay the groundwork for new applica-
tions in photonics.
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