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Multilevel rate-equation analysis to explain the recent observations of limitations
to optical limiting dyes
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A theoretical rate-equation analysis is presented to investigate the molecular properties that are important for
achieving high-fluence optical limiting. Critical conditions for achieving induced absorption are derived in
terms of the material and laser parameters by employing a range of hierarchical energy-level models. The
influences of stimulated emission and saturation of the excited-state absorption are seen to induce the regime
of optical limiting to one of increasing transmittance. This is in direct agreement with recent experimental
measurement$S1050-294®6)04110-9

PACS numbgs): 42.55.Mv, 32.80.Rm, 33.80.Rv, 42.65%

[. INTRODUCTION and radiation parameters. These results are important for ex-
plaining recent experimental findings, predicting trends be-
At high incident radiation fluences the buildup of popula-tween materials, as well as enabling “device” figures of
tion in an excited state leads to a reduction or an increase dnerit to be satisfied.
the corresponding absorption coefficient. The latter response
is referred to as reverse saturable absorptiaduced ab- Il. THEORETICAL MODELS
sorption for dyes, and since it is associated with electronic _ o _
transitions it can be extremely fast. Consequently, there have Fi9ures 1a-1(d) indicate schematically the energy-level
been proposals for its application to laser mode locKihjg modgls to be emp!oyed and .the. proposed parameésérs
short-pulse optical limiting2—8], and optical bistability9]. sorption cross sections;; and lifetimess; ) that will deter-
Such behavior was described by Giuliano and Hs, mine the form of the coupled rate equations, vyhose golgtlon
. . : ; is sought to describe the RSA process. The first radiatively
W.ho .notlced. th"."t th? ab§orptlon of certgln dyes increase oupled excitation is th&,— S, transition, which is itself
with increasing irradiancénduced absorption

‘ i radiatively coupled to S,. The labeled subscripts
For reverse saturable absorptiéRSA), absorption by (|0),]2),|2),|3)) have been chosen for simplicity, but in prac-

suitable photons excite molecules into a higher-lying energyice these levels may be embedded in a spectra of singlet and
state, whereby the excited-state species absorbs photons agig|et states coupled nonradiatively or via spontaneous emis-
rate that is greater than that of the ground-state species, arghn to the ground state.

strong optical limiting may be achieved. In the literature TheS label the electronic energy levels of the associated
[1,2,11,12,9,1BRSA dyes are defined as those materialssinglet manifold and the vibrational and rotational levels
having a larger excited-state cross sectiapy than the therein and theN; denote the molecular population densities
ground-state absorption cross sectiep. It has therefore of the associated levels. Since the analysis is of interest for
been common to define the critical condition for the achieve-

ment of RSA to beR>1, whereR=0,:/04o. This criterion

originates from taking a steady-state model for the classic S, N,
RSA three-level energy diagram as depicted in Fig).1 S N Yoq gy~ 0
. - 2 T 2 2y N
Recently, it is has been demonstrated for picosecond S Gy~ O S | Ty ]!
pulses that the regime of reverse saturable absorption is not ! o1l To Ny - Ny
solely wavelength dependent and there is a limit to the dy- s, : L No So Y10 VY Oy

namic range for induced absorptiph4—16, even for very

largeR values. In this respect, saturation of the excited-state
absorption, and hence the RSA, occurs. The purpose of this
paper is to gain some insight into the basic physical mecha-

nisms that lead to this limitation by utilizing a continuous- S, 1%

wave (steady-stateand dynamic rate-equation analysis. The S, 2y 12
basic three-level model is extended to incorporate effects Sy To

such as stimulated emission and saturation of the excited- 0

state absorption, and modified critical conditions are ob- c

tained for achieving optical limiting in terms of the material

FIG. 1. Energy-level molecular models used for the rate equa-
tion analysis, showing various singleg;J manifolds and, schemati-
*Present address: Department of Physics, University of Tokyogally, radiative absorption and stimulated emission processes and
7-3-1 Hongo, Bunkyo-Ku, Tokyo 113, Japan. intramanifold and intermanifold recombination.
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ultrafast(picoseconglpulses, the triplet states can essentially [

be neglected because even for heavy-metal phthalocyanines, T 1010 atl
intersystem crossing times are typically nanosecdBdls ap=ag ———. (8)
Consider the expression below for nonlinear absorption '_ 11
ho 701010

=Ngog+ N , 1 o . I
@ni= Moo N1021 @ Therefore, ifR is greater than 1o,,>079), increasing irra-

diances cause the transmittance to decrease. The irradiance

which can be written rate equation may now be written

IR+
I+

) Ny di(y)

—=1+—(R-1), 2) ay - 1(y), 9

—ag

. N . . - where a saturation irradiande=%w(o97,) ! has been de-
wherea is the low irradiancelineay) absorption coefficient fined. Using partial fraction techniques and integrating from

ey = e o molecla popton densty, Fo TSRS o 1 aterial fength th above lencs sl 10 th -
9 » 0P 9 scendental solution for transmittance

sorption cross section of the excited species is sufficiently

larger than that of the ground-state spedies., theN;o>; I(L) I(L)R+1¢]1 IR
contribution becomes significantly large in E.)]. It is T=m=exp(—aoL) T+, , (10
noteworthy that the condition for accomplishing induced ab- s
sorption isR>1, |rrespect|ve'of the irradiance. which is the result for current RSA models.
From the energy-level diagram, one can construct rate
equations to describe the changes in populations and irradi-
ance. For example, consider the case for Fig), Wwhich is lll. THE ROLE OF STIMULATED EMISSION
the model used by most groufi?,17,18,4,19-21 Initial excitation promotes electrons into high-lying
Franck-Condon states and the molecules typically initiate
. | N, into vibration, with electrons falling rapidly to the bottom of
No=—Noo1o7—+ —, (3  the S, band. In the previous model, the intraband rate was
oL assumed to be zero; however, for sufficiently high irradi-
ances, the influence of stimulated emission from the first-
Mo N N2 L N (4y ©xcited-state manifold back to the ground-state manifold
00560 1 Y e Ty cannot be neglected. Indeed, there is a finite intraband vibra-
tional lifetime (7,), which, in a sense, controls the extent to
_ | N, which stimulate_d emissiop contributes, as shown in Filg).1
N,=N;oy T (5) The rate equations for this case may be written
12
: . I N, N;
14 4l No=—(No N1)010%+T—m+7—01, (11
EE+W__I[N0010+N102]J' (6)
: N, N I
. L . . Ny=——+—=Nyoa 57—, (12
wherel is the irradianceg is the frequency of the laser light, Tor Ty hw
andy is the direction of propagation. Note that the rate-
equation approximation is valid here since for the maximum -, , I Ny N; , | N>
irradiances to be simulateg~10'* W/cn?), the Rabi fre- N1=(No—=Ny)o1o 7=~ Ton Ty Nioa1 -+ o'
quency(~10*2 s~ %) is much less than the inverse rate of the ’ (13
phase(~10*s71). Also for the present analysis, we have in
mind experiments where the pulse duratidgpgcoseconds . I , I N
are much longer than the dephasing times and, consequently, N2=N102; ho +tNyo2 ho 15 (14
coherent transient effects can be neglected.
For the nondiffusive case, the sum of the population equa- 19 al
tions[(3) plus (4) plus (5)] equals zero, Ca + W =—1[(Ng—Njp)o1gt (N +Nj) o], (15
=N+ N;=Nr, (7)  where it has been assumed that the absorption cross sections

from the upper and lowgN; andN,) S; band to theS, band
where the population of the short-lived manifdj is as- are equal. This is a coarse approximation; however, it goes
sumed to be negligible due the very short recombination timdeyond previous approximations. The critical condition for
(72~0). The steady-state approximation is employed for thethe onset of RSA is too complicated to quote; instead an
above rate equations such tit=0. Thus, solving the rate extreme situation is tested by setting=c«. Again if one
equations above in the steady-state regime, the followingssumes thal,=0, the above may be mathematically ma-
nonlinear absorption is obtained: nipulated to obtain the resulting transmittance equation
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1.0 |
—+1
IR 1
0.8 @ni= Ao | o (17)
—+1+| - —
o s ls/ To1
£ 0.6
.*g which yields the transmittance solution
[%]
c
& 0.4
= 712 1(L)—1(0)
= T=ex;{—aoL——12—( ( )
T10 I's
0.2 |(L)R+|s 1-1/R+ 195/ 79R
—_— 18
1(0)+1g (18)
00 -3 I-2 I-1 I 0 I 1 I 2 3
10 10 10 10 10 10 10 The criterion for the onset of induced absorption is now
I/1.
FIG. 2. Simulation of steady-state transmittance against increas- R>Re=——"; (19
ing irradiance for a range dR=o0,4/04g values; also shown is the 1— 12
effect of extreme stimulated emissia, =) depicted by the ls701
dashed lines. The linear absorption coefficiagt was chosen to
be —0.15. i.e., the following must be satisfied:
(S HLRELER R>1, 20
= ——= X — _—
i(0) ~ &P~ L) Troy, (19
o<i<1 T2t 21)
s T12 R '

The critical condition is nowR>R.=2 as opposed to 1.
Thus, with the inclusion of a finite, , the criterion for in- This points out that, contrary to earlier suppositions, the
duced absorption is tha lies between 1 and 2. Figure 2 critical condition for achieving RSA is actually a function of
shows theoretical plots of transmittance against irradiance, ihe radiation parameters and does not depend solely on the
units of saturation irradiande . Plots for various values @@  Material characteristics. Further, the reader should note that
are shown that verify the trend of decreasing transmittance d8€re are, in fact, numerous laser dyes that have a signifi-

the ratio of the first-excited-state to ground-state absorptiof@ntly greater excited-state absorption cross section to
increases. The dashed simulations include the effect Oqround—state cross section, but still exhibit saturable absorp-

stimulated emission from ths, manifold, which for anR  UoN- Speisser and Shakkd#2] have measured various pho-

value of 1 tends towards bleaching, since the critical condi:[OquenChIng parameters of numerous saturable dyes that in-

tion has been increased to 2. This is caused by the excite&“cme some very higR values; however, these dyes act as

state absorotion now having to compete with stimulate aturable absorbers because of their relatively lepdife-
e P 9 P . imes. Theoretically, typical laser parameters witHRavalue
emission back to the ground state as well as with the

. : . . of ~40 andr, of ~60 ps can show an increaseRy below
process. To recapitulate, the stimulated emission acts to iNgn energy of 1 ndl ~10' W cm™2) for picosecond pulses. It
s .

hibit the excited-state absorption as is expected from the alseems almost paradoxical that a greater excited-state absorp-
sorption expressiony,=(No—Ny) 010+ Nyop;. tion cross section actually causes the critical condition to
increase at lower irradiances since this imposes a limit to the
overall dynamic range for induced absorption. These predic-
IV. INCLUSION OF THE SECOND-EXCITED-STATE tions have been confirmed experimentally for picosecond
RECOMBINATION LIFETIME 7, pulses with fluences of the order 0.1 J ¢i14—16 and will
. be modeled theoretically in Sec. VI. Figure 3 shows the
Prgwo.us model$9,2,17,18,4,1}90f reverse sa.turable ab- steady-state RSA respor%ses for various ggecond-excited-state
sorption include the assumption of an infinitesimal Seco“ddecay lifetimes assuming d® value of 20; with a recombi-
to first-excited-state interband lifetime. Consequently, the,aiion lifetime ,, of 0.001 ps(solid line), the transmittance
absorption coefficient saturates to a high value as the popugturates to a low value, as expected. Howeverr,ass
lation in theSl manifold begins to dominate. Nevertheless,increased to 0.1 p@jot-daghed |inband 1 ps(dashed ||n§':\'
RSA action may cease when accumulation of population inthe dynamic range is seen to be severely restricted for in-
the second excited stal&,) depletes the number of mol- creasingr, values. Finally, Fig. 4 shows the effect that
ecules contributing to the absorption processes. The detailestimulated emission has on these findings, which again in-
behavior will depend on the cross sections and lifetimes of #ibits the induced absorption. For the above simulations, the
series of excited states of the material. Utilizing Fige)lthe  first-excited-state lifetimey, was set equal to 1 ns, which is
absorption coefficient becomes typical of RSA dyeq3,18,23.
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1.0 |
1+R’T—12|—
R>Ry=———————] (22
1+ 2 (2R —1) —
o To1 s
Q
s
g hence
2
5
= R>1, (23
I{1-R
0<l<— | | —. (24)
R-—Z[2R —1]-R' =
10 10° 10" 10" 10'  10° 10 To1 To1

I/1.
/ Thus, if o3, is sufficiently large, the saturation of the in-
FIG. 3. Steady-state transmittance calculations demonstratinguced absorption may be pr,evented. As an e>_<§1mple, _When
saturation of the excited-state absorption as the recombination tim&2 71=0.001,1 =101, f’inq R’=0.1, then the critical ratio
7, is increased. The first excited-state recombination lifetime ~ Rc becomes 5.5; but witR'=1, R; is 1.005.
was set equal to 1 ns amlwas taken to be 20. Calculations for a
range of 7, were simulated: 0.001 pésolid line), 0.1 ps(dot-
dashed ling and 1 ps(dashed ling For increasing lifetimes, the

dynamic range for optical limiting is seen to be severly restricted, in - To study the interaction of an intense, short-picosecond
agreement with recent experimental measurements. pulse propagating in a nonlinear medium, ultimately one has
to appeal to numerical techniques. To simulate nonlinear op-
tical pulse propagation, the pulse is split into timgt)(and
radius (6r) increments, while the sample that exhibits a non-
The above analysis suggests that there is a fundamentéifear polarization is split into space slicedy(). The task is
limit to the performance of any reverse-saturable dye fotherefore to calculate the irradiantg;,r;.y,), where the
sufficiently high irradiances. However, as tBe manifold ~ subscripts,j,k represent the various slices. Each irradiance
becomes significantly populated, the absorption from thiglice experiences the boundary conditions created by the pre-
second excited state becomes an important factor in dete¥ious time slice, which enables the solution to be obtained
mining the high-fluence responfsee Fig. 1d)]. In particu-  iteratively for any multilevel model.
lar, this transition will have a key influence on whether the T0 model pulse propagation our aim is to solve the time-
saturation of the excited-state absorption occurs. If one dedependent rate equations describing the nonlinear medium,
notes the second-excited-state absorption cross section 9f every slice of the input pulse, and also step it through the
035, Whereoz,=R’' 0oy, then the RSA criterion becomes sample in order to take account of pulse depletion. The first
time slice(i=1) approaches the multilevel material with the
boundary condition®N;=0 andNy= N, whereN; refers to
1.0 the population in each level. The input irradiances then cre-
ate excitations that consequently affect the next time slices.
In the absence of spatial diffusion, the pulse can either be
stepped through the first sample slice with successive time
slices, for all radii, and so on to the next sample slice or,
alternatively, stepped through the first time slice, at all radii,
through the entire sample space slices and repeated for all
subsequent time radii slices. Since we calculate all the popu-
lations at all times and radii, we can calculate the nonlinear
absorption for the entire pulse through the first space slice,
which then leads to the next sample slice, where the entire
process is repeated. The eventual output irradiances are inte-
grated to obtain the energy and, subsequently, the transmit-
0.0 T T T T T tance. This algorithm allows us to take into account the ra-
10° 10% 10" 10° 10' 107 10° dial distribution of the dielectric polarization and a possible
1/1. variation of the pulse shape inside the absorber. The various
‘ slices were minimized when a stable solution was ap-
FIG. 4. Influence of stimulated emissigsolid to dashed calcu- Proached, i.e., when increasing the slices resulted in approxi-
lations on the saturation limit response depicted in Fig. 3, wheremately the same output. Typically, time slices of 500, radius
the correspondin@R and ;, values were taken to be 20 and 1 ps, slices of 25, and sample slices of 10 were found to be suffi-
respectively. cient.

VI. DYNAMIC SIMULATIONS

V. THE SECOND-EXCITED-STATE
ABSORPTION PROCESS
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FIG. 6. Dynamical evolution of the first three manifold popula-

FIG. 5. Dynamical simulations, showing the input and the out-
tions with the molecular parameters as in Fig. 5.

put pulse, assuming &R value of 30 andr;,=0.01 ps. Also shown
is the corresponding transmission as a function of time. The input

fluence was 0.1 J chf.
R value as was previously thought. Consequently, general

For the simulations, known experimental laser and matefigures of merit are presented here to enhance the dynamic

rial parameters are usé¢fl4]. Pulses of wavelength 532 nm, range for induced absorptiofpower limiting. To prevent
the saturation of the excited-state absorption, one should aim

15 ps in duratio(HW e ™! maximum irradiance and a spot _
size of 90um (HW e ™2 maximum) were assumed and the to satisfy

nonlinear material was taken to have a 1-mm path length,
corresponding éo a d%/e solution with a molecular concentra- T—Ol>R, (25)
tion of 9.5x10' cm 3 and a ground-state absorption cross T12
section of 1.6%X10 1 cn?. These parameters correspond to )
the experimental measurements to be modeled in Fig. 9. R'>1, (26)
Figure 5 depicts a single pulse simulation for a peak input
g p glep p p gl >0, 27)

fluence of 0.1 Jcn? (1,=3.8x10° Wcm ) using the

mcl)del In 5'31 If)’ Wh'.Ch .ShOWS thfe 'nf[).Ut pl;'f.e' thi c’mpmbwhereao is the low irradiancelinean absorption coefficient

puise, and the fransmission as a function ot ime. AS ¢an bg,y | g the length of the sample. As an example of the
€bove, consider what happens if one varies the value of the

and consequently the latter half of the pulse-time profile X; terband nonradiative decay,: Fig. 8 shows the substan-

periences greater absorption. The first-excited-state 1@y effect that this excited-state lifetime can have on the
ground-state lifetimery; was taken to be 1.5 ns, resulting in

the long recovery of the nonlinear transmittance. The upper 4 4
excited-state to first-excited-state lifetimg was taken to be

0.01 ps and the excited-state absorption cross section was
assumed to be 30 times that of the ground-state absorption 0-8 .

cross section, i.eR=0,,/01,=30. In Fig. 6 the correspond- g
ing relative populations of the first three manifolds are & 0.6
shown as a function of time. As can be seen, when the irra- §-
diances become highN, starts to decrease, resulting in an o
increase of the first-excited-manifold population, which £ 0.4
(]

eventually dominates due to high irradiances and the long
recovery time. Near the center of the pulse, the irradiances  ;,_|
are sufficiently high to cause accumulation of the molecules

into the second-excited manifold. This point is further em-
phasized in Fig. 7, where the input fluence has been in- 0.0
creased to 10 Jcm and hence theéS, manifold becomes 0
significantly populated, temporarily dominating in the high

irradiance regime, even for the fast recovery time of 0.01 ps.
From these findings, it is clear that the performance of a FIG. 7. Same as in Fig. 6, where the fluence has been increased

RSA dye is influenced by a range of molecular parameterrom 0.1 to 10 J c®. Consequently, the population 8 becomes
and not just the first-excited recombination lifetime and thesignificant.

100

time (ps)
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FIG. 8. Picosecond single-pulse transmittance simulations for Fluence (Jom")
various values of the upper second to the first excited-state nonra- _ _ )
diative decayr,,. It is seen that ifr;, (=1.5 ng is sufficiently long, FIG. 9. Picosecond single-pulse transmittance measurement for
then reverse saturable absorptigmduced absorptionis followed ~ HITCI (see the text Reverse saturable absorption is seen for the
by induced transmission for higher fluences. lower input fluences and reduction of absorption for higher flu-

ences. Also included are two theoretical simulations: model 1,
whose vibrational lifetime is a fast,=0.1 ps, and model 2, which
assumes an infinitér,=«) intraband relaxation time.

transmittance characteristics, a faster decay being advanta-
geous if high-fluence optical limiting is desired.

As one can see, if the second-excited excitation is small
(R'<1), a necessary condition for taking advantage of a
large R value is 7p,/7,>R. Furthermore, loweR values,
which still satisfy the critical condition, will produce a VIIl. CONCLUSION
greater dynamic range for the induced absorption.

. . . . In conclusion, various rate-equation models were ana-
Finally, the theoretical techniques discussed and preg

sented are apolied to fit the experimental measurements f zed for reverse saturable absorption in the steady-state and
PP P ents ynamic regimes. The current definition of a RSA dye was

the RSA dye, 1,3,3,13' 3"-hexamethylindotricarbocyanine discussedthose materials having a larger excited-state cross
iodide (HITCI) [24-27 as a reverse saturable absorber at 9 9

532 nm(for the experimental details, see REI4]). ;ection than Fhe ground-state cross Se?t'“?".“d its Iimita-'

From single-pulse transmittance measuremesée Fig. fupns were pointed out. The previous definition sounds intu-
9), an increase in transmittance coefficient at high fluencedtively correct, at least for a three-level system, and can be
following low-fluence reverse saturable absorptigruced derived ~ from the  simple _absorption  equation
absorptiop, is demonstrated, which allows the extraction of @ni=No10+ N1, where the condition for induced absorp-
a range of molecular parameters. For example, by fitting, th80nN is ay—ae=>0. For high irradiances, the above expression
lifetime of the second excited state is determined to bevas found to be incomplete on two accounts: first, it neglects
71,=10 ps, a lifetime previously assumed to be infinitely fastthe inclusion of stimulated emission from the excited-state
with respect to the optical pumping rate of the laser. manifold S;, and second, the excited-state populationis

The model in Fig. (b) is employed to explain the ob- assumed to be zero and hence the excited-state interband
served results. Within model (see Fig. 9, 7,, was set to lifetime 7, is taken to be infinitesimal.
<0.1 ps, which is found to explain the experimental data With the inclusion of stimulated emission, the critical
very well. Model 2 simulates the transmittance with=o,  condition is thatR (o,4/049) must lie somewhere between 1
which does not fit the high-fluence data points as well asand 2 depending on the value of the intraband vibrational
model 1. In either case, tlRvalue(o,,/0¢) was found to be lifetime of theS; manifold (7,). Moreover, it was found that
29 (*2), in good agreement with the value of 30 determinedwith the inclusion of a finite second-excited-state interband
by Zhu and Harrig26]. lifetime (7,), the critical condition for RSA is not fixed but

It has been proposed that reverse saturable dyes, withcreases with increasing input irradiance. Steady-state and
their fast response times, could be exploited in optical limit-dynamic response curves were simulated to demonstrate the
ing componentg2-4]. However, as predicted theoretically influence of various material and radiation parameters. Fi-
and demonstrated experimentally, once RSA action has setlly, the models were applied to fit experimental measure-
in, it does not necessarily continue to all higher fluencesments for the RSA dye HITCI. These results explain recent
One finds that the reverse saturable absorption observed @xperimental findings for picosecond pulses and have impor-
levels of typically 0.01—0.1 J cnf is itself reversed, leading tant implications alone for future exploitation of reverse
to absorption recovery and eventually absorption saturatiosaturable absorbers in the field of high-fluence optical limit-
for fluences greater than 2 J ch ing.
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