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ABSTRACT

The optical mansmission processes for a nonlinear optical (NLO} material are infiuenced by the properties of its
environment. NLO properties such as intersystem crossing rates may be altered by characteristics of the host such as
polarity. The effects of the host material on the optical transmission of the NLO materal is investigated using numerical
laser beam propagation modeling (LBPM) techniques. Numerical simulations are reported for the optical ransmission for
zinc meso-tetra(p-methoxyphenyltetrabenzporphyrin (ZnTMPTBP) in tiquids of differing polarity such as toluene,
tetrahydrofuran (THF), dichloromethane (DCM), acetone, and pyrdine. In addition to investigating the effect of the
solvent on transmission, these calculations explore the effect on transmission of two different singlet lifetimes which have
been reported in the literature. Transmission curves are calculated using separately determined parameters obtained from
curve fitting using zscan data. Calculated results are compared with experimental data for all cases. Z-scans are also
calculated for several cases and the results compared to experimental data. Numerical simulations provide a valuable tool
to study the optical transmission behavior of NLO materials such as ZnTMPTRP.

Keywords: Nonlinear optical materiais, Thermally stimulated nonlinear effects, Zinc porphyrins, Solvent effects, Laser
beam propagation

1. INTRODUCTION

The environment of a zinc porphyrin affects the optical properties of this NLO material. Earlier work ' examined this
phenomenon using optical transmission curves and zscans. This current work is an application of laser beam propagation
modeling (LBPM) methods to investigate the solvent effects on absorption of radiation by zinc porphyrins. For this current
work zinc meso-tetra(p-methoxyphenyhietrabenzporphyrin (ZnTMPTBP} was investigated for five solvents: toluene, THF,
DCM, acetone, and pyridine.

In order to perform the optical ransmission calculations, values were required for the cross-sections and lifetimes for
ZnTMPTBP in each solvent. To obtain these values nanosecond {ns) zscan data were collected with 6 ns (FWHM) pulses
with 2 | mm pathlength and 80 mm focal length and this data was used as the basis for a Runge -Kutta fourth order {(RK4)
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keast squares type analysis to predict the NLO parameters. Inital assumptions and therefore constraints to this curve fitting
process were the values of the first and second singlet lifetimes as well as the values of the first and second triplet lifetimes.
These were assumed 10 be the same for all solvents. Based on this information and the zscan data, values were predicted

for the intersystem crossing rate and the cross-sections (ground, singlet, triplet) for different solvents, These independenty
obtained parameters were used as input for LBPM calculations of optical wansmitiances. The pulse width for the optical
transmittance calculations was 10 ns (FWHM) with a 2 mm pathlength. The optics for these transmission simulations is /5
and the wavelength of the laser is 532 nm. The focal length was 100 mm. The focal plane was placed at the back (beam

exit) face of the sample.

Singlet lifetimes of different magnitudes have been reported for ZnTMPTBP =, A least squares RK« type analysis using
an assurmpiion of a singlet lifetime of 40 ps was reported previously !, New least squares analvses were completed by one
of us (DNR) based on the same ns zscan data as the 40 ps analysis but using an initial assumption of a 400 ps singlet
fifetdme for this current work. Cross-sections and lifetimes predicted using each of these two assumptions were used in two
sets of calculations and comparisons are made with experimental data.

Most calculations for optical ransmittances assumed a volumetric expansion coefficient of zero and did not include the
thermal expansion effects and their associated refraction changes after laser irradiation on transmission processes.
Although the expansion of the host due to laser heating was not included in most calculations, the effects of volumetric
expansion due to laser beam heating on the predicted transmittances was included for selected cases.

In addition to calculations of optical transmission curves. the LBPM method was used to predict open aperture zscans in the
ns and also the ps temporal regimes. For the ns zscans the NLO parameters from the RK+ method using the 400 ps singlet

lifetime assumption were used as input to the code forthe solvents toluene, THF, and DCM. The LEPM method was then
used to calculate as zscans and comparisons made between calculated and experimental zscans.

Picosecond (ps) zscan data were also collectad as part of the original experimental work'. The pulse width for these
experiments was 35 ps (FWHM) with a pathlength of 2 mm. The focal length was 118 mum. The RK+4 method was again
used based on the two initial assumptions of a 40 ps ora 400 ps singlet lifetime. NLO parameters predicted from each of
these two assumptions were used in the LBPM method to calculate ps zscans in toluene. Calculations were also completed
for THF and DCM. Comparisons are made with experimental data.

The objectives of this work are to compare calculated and experimental transmittances for optical transmission data and ¢o
study the effect of the singlet lifetime on the predicted values of these transmittances. Objectives are also to compare the
results of ns and ps zscan calculations with zscan data. The objectives are also to demonstrate for the zsean caleulations a
consistency that was not achieved for the experimental data by specifying the same peak intensity for the incident Jaser
beam for different solvents. NLO material concentrations for the ns zscan calculations were not the same for all solvents
in an attempt to foliow actual experimental specifications. However, the code provides a method where all paramneters such
as these can be specified to be the same for all solvents thus facifitating comparisons between solvents on the transmission

for materials such as ZnTMPTBP.
2. PROCEDURE

2.1 Nonlinear optical and thermal Code

The numerical simulation code for the laser beam propagation model, (LBPM), is described in Whalen *, 1999, Kowalski > \
1996 and Kowalski et al ®, 1995, for the Fourier transport models. The code allows the user to select the appropriate thermal
transport model and it is divided into preprocessor and simulation functions. The preprocessor function uses the problem
inputs 10 calculate the nodal system parameters required for the solution. The simulation function is a transient, three
dimensional, finite difference algorithm that determines the thermal response interaction with the optical problem. Itis
written in a Cartesian coordinate system. The code includes the internal reflections of the beam, which are caused by the
spatial gradient of the index of refraction. The index of refraction gradient is related to the temperature variation using the
Lorentz-Lorenz law and the thermodynamic equation of state. The reflection from the sample as well as the transmitted
intensity and optical phase changes through the sampie area and also the temperature profile within the sample area are

calculated by the code.
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The thermal response of the material is described by the differential energy balance en it.
JT
V.qz(Pcp/kt)—a—[——qnbsfkt (l)
The Fourier heat transfer model is used as the thermal transport mechanism.

=~k VT (2)

The investigated sample region is centered on the incident beam and includes oaly the affected region. A 5x5x3 nodal -
system was used for the optical transmission simulations. The node spacing for the x and v directions was 17.5 Um and for
the z direction the node spacing was Imni. The air system interface is treated as adiabatic because of the short time of the

laser pulse.

The absorbed radiation per volume, Q. is determined from the electromagnetic wave model. In this algorithm the incident
wavefront is divided into a set of rays that are perpendicular to the beam wavefront. This treatment of the electromagnetic
wave is valid for thin material layers. A similar approach is used in the previous literature by others, (Sheik -Bahae', 1990
and Chen and Tiens, 1993). The node system is defined so that each ray is incident onto one node. An individual ray is

followed as it ravels through the sample area to calculate the thermal heating it causes as well the optical phase change and
reflection it undergoes. Each ray is traced through the system and its contribution to the energy absorbed in each node and
the energy reflected from each nodal volume interface is evaluated. The elecromagnetic wave is taken to propagate in the
z direction. In this model the spatial dependence of the total electric field E and total magnetic field H must satisfy the

. - . R h
following relationship within the m™ node volume

dy
— = Ay 3
dz : (3a)
where
_| Ex 10 jkpe
o[5] e aefl ]
(3b)
k =2/

The magnetic permeability, Uy, is assumed to be constant. The intensity and temperature variation of the complex
dielectric coefficient is determined by relating it to the index of refraction.

Equations 3 are reformulated to obtain the radiative transport equation, RTE, which describes the absorption of the intensity
within the node volume. The RTE is used to calculate the energy absorbed within the node volume, .

Qabs = tm (1= Ry _ exp(-((t-t p Yip) > )1 expi-cipy Azpy ) ()

The nodal reflectance is determined from the electromagnetic wave model described by Egs. 3.

The preceding equations are numerically solved by applying a spatial and temporal finite difference method. The temporal
finite difference solution uses a modified Euler integration technique. The modified Euler integration technique is a
predictor-corrector method that enabies the code to include the nonlinear aspects of the problem:.

The energy level diagram used in this investigation for the NLO material is schematically shown in Fig. 1; where. the N;'s

are the populations for each level, the &;"s are the one photon cross-sections, B is the two photon abserption cross-section,
the ki's are the rate constants, and k 13 is kise (where ISC is intersystemn crossing from the lowest excited singlet to the

lowest triplet).

The absorption coefficient ¢ is given by eqn. (5)

¢ =0, Ny + 6/ Ny + G2 N:+ I (3)
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The transient population density of the ground state

_CLMO = - _QO_.LNO +
dt h v

and excited levels are determined using a five-level population model,

N+ N; - ﬁl_z
T, Ty 2hv

dNy = + 6, IN, - & IN, - N, - N+ N-

dN>= - g IN; -

dNy = - g2 IN; +
dt h v

dN: = - G IN; +
de h v

where h is Plank’s constant and v is the frequency of

hv T Tisc T2

N. + BI-
T- 2hv

N - N - N,
Tisc Ty W

(6)

(7

(8)

9

N, (10y

T3

the incident laser radiation.

The system of differential equations for the populations, Ny Ny, Nz, N3 and Ny of the five level model is solved using the
same modified Euler predictor-corrector technique used in the thermal model, The transmitted energy through the sample

in calculated by spatially and temporally numerically

2.2 Code inputs

integrating the ray intensity at the exit of the sample.

Code input values for the solvent properties are provided in Section 2.2.1 and the NLO property values are provided in

Section 2.2.2,

2.2.1 Solvent input properties

The solvent parameters used in the calculations are provided in Table 1. The effects of volumetric expansion were

neglected for most calculations. A nonzero value of tf

2.2.2 NLO properties

e volumetric expansion coefficient was used in selected calculations.

2.2.2.1 ns Calculations (optical transmission curves and zscans)

NLO input properties for ns calculations are provided

in Table 2. Two categories of ns calculations were conducted. The

first is optical transmission calculations. For these calculations a value for the ground state cross-section was calculated

from spectroscopically measured extinction coefficients. These values along with the co
coefficients are provided in the table. This ground state cross

each solvent

The second category of caleulation is a ns zscan. For
from the RK¢ curve fining including the ground state

the zscan calculations all NLO properties used for code inputs are
cross-section. In the previous work’, the ns NLO parameters were

obtained from curve fitting using an assumption of a 40 ps singlet lifetime for ZnTMPTBP. New curve fitting was
completed for this current work using an assumption of 400 ps for the singlet lifetime. Predicted NLO properties using
each of these assumptions are shown in Table 2. Calculations are reported here for each of these two assumptions for the

singlet lifetime.

2.2.2.2 ps NLO properties

The NLO parameters used for the ps zscan calculations are provided in Table 3.
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3. RESULTS AND DISCUSSION

The results for the optical ransmittance curves are presented in Section 3.1. Section 3.2 examines the inclusion of thermal
effects. Sections 3.3 and 3.4 provide the results for ns and ps zscans. Section 3.5 provides a discussion of factors which

affect the calculated results.

3.1 Optical transmission curves for volumetric expansion coefficient of zero

Comparisons of calcutated and experimental results are shown in Fig. 2.

Table 4 shows the energies where the transmittances are approximately one-half the linear transmittances for toluene, THF,
DCM and acetone for the 400 ps singlet lifetime assumption. The 400 ps assumption was chosen because this was closer
to the experimental data than the 40 ps lifetime assumption for the optical transmission results. Table 4 thus provides a
comparison of the effects of the different solvents on the effectiveness of ZnTMPTBP to attenuate the incident laser
radiation. Both calculated and experimental results suggest that toluene is one of the better hosts of the four solvents
compared for facilitating laser attenuation for ZnTMPTBP.

In the sections below results are discussed for the optical rransmittance curves in each of the five solvents. Table 5
provides quantum efficiencies for each of the solvents based on code input parameters along with the ratios of the triplet to
ground state cross-sections used for the calculations.

3.1.1 Toluene

Figure 2 (a) shows a comparison of calculated and experimental results for ZnTMPTBP in toluene for optical transmission
calculations. The calculated results show comrespondingly higher transmittances than the experimental data. A comparison
of the two sets of calculated results shows that the 400 ps singlet has lower predicted wansmittances than the 40 ps singlet
results. These results are expected based on quantum efficiencies and ratios of the triplet cross-sections to the ground state
cross-sections. The quantum efficiency for the 400 ps case is 44.4% with a ratio of 2.39. The quantum efficiency of the 40
ps case is 7.41% with a ratio of 2.23. Therefore, the quantum efficiency is about six rimes greater for the 400 ps case.
Consequently. for the 400 ps case, many more NLO molecules are decaying to the first excited triplet than back down to the
ground state. Since the triplet cross-section is more than two times greater than the ground state cross-section for each case,
the transmittance is expected to be smaller for the 400 ps case as shown in Figure 2 (a).

3.1.2THF

As in the case of toluene, the solvent THF shows greater transmittances for the 40 ps case than for the 400 ps case. This is
shown in Figure 2 (b). Again, the quantum efficiency is a factor of 8.5 times greater (16.67% vs 1.96%) for the 400 ps case
thar for the 40 ps case and the ratio of the triplet cross-section to the ground state cross-section is about 2 for each case.
Therefore, these results would be expected.

3.1.3 DCM

Figure 2 (c) shows that for the solvent DCM, the 40 ps and 400 ps calculated transmittances are about the same. A
comparison of the quantum efficiencies show that the 400 ps case is 88.89% while the 40 ps case is 44.44%.  This is only
a factor of about 2 {versus 6 for toluene and 8.5 for THF). In addition the ratio of the miplet to the ground state cross-
section is 1.3 which is much less than that for either toluene or THF. Therefore, not as much discrepancy between the
predicted transmittances would be expected for the 40 ps and the 400 ps cases.

3.1.4 Acetone

Figure 2 (d) shows that the 40 ps case has greater predicted transmittances than the 400 ps case for acetone. The quantum
efficiency of the 400 ps case is 7.41% versus 2.60% for the 40 ps case. Hence. the 400 ps case is only 2.83 times greater
with respect to quantum efficiency. However, for the solvent acetone, the ratio of the triplet cross -section to the ground
state cross-section is larger than for any of the other solvents evaluated here.  Consequently. even a smaller increase in
quantum efficiency for the 400 ps case Wwould result in correspondingly less transmittance. In addition, the ratio of the
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triplet to the ground state cross-sections is greater for the 400 ps case than for the 40 ps ¢ ase. This will futher decrease the
expected transmittances for the 400 ps case. Therefore, the calculated results shown in Figure 2 (d) are reasonable,

3.1.5 Pyridine

Figure 2 (e} shows the results for pyridine. There were no new NLO parameters available for the 400 ps case. Therefore,
only the 40 ps case can be examined, As opposed to the other solvents, for the solvent pyridine, the triplet cross-section
was predicted to be smaller than the ground state cross-section with aratio of 0.59.

Pyridine reacts reversibly with zine posphyrins forming 1:1 complexes. Inneat pyridine a porphyrin exists predominanily
as a complex. In our case, however, in the analysis of zscan daty, the complexation has not been taken into consideration in
deriving various parameters. This neglect of the reactions Involving the complexation might be the cause of the increase in
the calculated transmission values with an increase ir the input energy before the decrease takes place.

3.2 Optical transmission calculations with thermal effects included

The predicted transmittance values are less when thermal is included than when it is not included. Forexample. at an input
energy of 10 WJ, toluene has a predicted transmittance of 0.1853 when thermal effects are included and 0.2134 when
thermal is not included (400 ps singlet assumption). Similarly for THF at this same input energy, without thermal the
fransmittance is predicted to be 0.1422 and with the inclusion of thermal the transmittance is calculated to be 0.1626 (400
ps singlet}. This is explained by the beam spreading resulting from sample heating and volume expansion. The less intense
beam has less limiting due to less excited state abserption. Even though toluene is predicted to provide a better limiting
environment in the low to mid energy ranges, at this relatively high input energy, THF is predicted to provide a better
limiting environment for ZnTMPTBP, It should be noted that the concentration of the THF solution was approximately
cne-half that of the toluene solution. It would be of interest to make a similar comparison for selutions of equivalent

concentrations.

Although no temperatures are reported here, the code has the capability to predict temperatures and could be used to
compare the temperature rise for Zn TMPTBP in different solvents. This is of interest because the code can account for
both excited state absorption by the NLO molecule as well as solvent thermal properties such as density, thermal
conductivity, and specific heat. The temperature rise in the host due to laser heating is a function of all of these parameters.

3.3 ns mcans

Figs. 3(a), 3(b}. and 3{c) show results for ns zscans for toluene, THF, and DCM. Anexample RK4 curve fit for toluene is
shown in Fig. 3(a). The NLO parameters used for input to the LBPM calculations were based on these types of curve {its to

the data.

Although calculated results for the LBPM method and the experimental results are shown on the same ploets, there is not a
direct correspondence. Concentrations as well as peak intensities for the laser beam were not the same for the calculated
and experimental zscans. The peak insensity for the laser beam for both the LBPM calculations and the experimental data
are shown on each plot for comparison. The differences in concentrations and peak intensities is suggested in differences
between the calculated results and the experimental data for the z = 0.0 point for toluene. This also applies to THF where
the experimental peak intensity is approximately one-half the value for the LBPM calculations. At the z = 0.0 point for
THF, the transmittance is much lower for the calculated than the experimental results suggesting more attenuation due to

the higher beam intensity.

In addition , there was not an exact corre spondence for determining the Raleigh length for the LBPM calculations and for
the RKd method. The Raleigh length affects the NLO properties obtained from the curve fitting. Differences in Raleigh
lengths would cause differences in intensities between the two methods and could give a different shape zscan curve as seen

for the DCM case.

Considering these factors, the calculated results are in good generzl agreement with the experimental data.
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3.4 ps zscans

Figs. 3(d), 3(e), and 3(F) show results for Ps zscans for toluene, THF, and DCM. Again, for the same reasons provided in
Section 3.3 above, a direct correspondence between caleulated and experimental results is not expected. For the case of
toluene, a comparison is included for a zscan predicted using the 40 ps singlet lifetime assumption with a zscan predicted
using the 400 ps lifetime assumption. At the z = 0.0 position of the sample, the 400 ps case has a lower transmittance in

agreement with results obtained for optical transmittance calculations in Section 3.1,

3.5 Considerations of factors which affect the results

Both the LBPM calculations and the REKA4 curve fitting assumed a Gaussian spatial shape for the laser beam. The actual
experimental beam shape is not a pure Gaussian. In addition, another consideration for the laser beam inzensity values was
that there was not an exact correlation between the calculation of the Raleigh length for the LEPM calculations and the

RK4 curve fitting procedure.

While the LBPM calculations did include rises in temperature due to laser irradiation, most of these calculations did not
include the consequent sample expansion and volume increase associated with the temperature rise. For the RK< curve
fitting calculations, temperature increases were not included in the five level model equations used as the basis for
predicting the NLO input parameters,

We would expect the values of the ground state cross -sections to be the same for the ns and the ps cases and there were
some differences. The differences in the ground state absorption cross -sections between the two sets of zscans are due 1o
the instability of the material. We are testing improvements in the materia) handling.

4. CONCLUSIONS

NLO properties were extracted from ns zscan data and used as input to LBPM calculations to predict optical transmission
i

curves. in comparing the experimentat data and the calculated values using the properties extracted from the zscans, the

We are planning to test improvements for techniques to obtain NLO properties for inputs to LBPM calculations that will
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TABLE 1: Solvent properties

[ TOLUENE THF | DCM | ACETONE | PYRIDINE B
| p(Keg/m™) 981.9 §89. | 1330. [ 790 978. -
C (J/Kg °K) 1698. 1720. 1 1190. eI 1676.
| K(Wm°K) 0.131 0.120 | 0.122 | 0.6l 0.165
n g2 1497 l 1.407 | 1.424 | 1359 | 1510
| _B(°K™T) 9.70E<4 | LOOE-3 | 1.13E-3 | 136E3 | 900E4
TABLE 2: NLO properties for ns calculation
Il TOLUENE | THF l! DCM !1 ACETONE ‘f PYRIDINE 1}
& (liter/mole/cm) 4100 5600 ’ 5400 3800 4200
G, (m’*/molecule) ! 1.57E-21 2.14E-21 2.06E-21 [ 45E-2] L61E-2|
S, (m*/molecule)” 2.33E-2] LITE-2T [.61E-21 | 191E-2i | [91E2) ]
N, (molecules/m”)" 2.618E33 3.145E23 1 1.777E23 | _29852E23 | 27009E33 |
N, (molecules/m®y | 3.3724F23 I.ISIE24 ] 4.559E23 | 4343E33 | 4.547E3 ]
] T (k) | E-13(EI3) E-I3(E13) | E-13(E13) | E-13(Ei3 | E-13(E13) |
L Ta(ka) | E-I3(E13) | E-13(EI3) | EI3(E13) | E-I3(E13) | E-13(EI3)
[ % 30 (o) | 2E4(5E3) | 2E4(3E3) | 2E-4 (5E3) | 2E4(5E3) | 3E4 (3E3)
| oy (m¥molecule) | 55E7] | 3.0E-21 J 5.1E-21 | 30E21 | 2.1E2i
[ 40 ps assumptio | | | : :
T (Kio) | 40E-12 (23EQ0; | 40E-13 (2.3E10; | 40E-12 (2.5E10; | 40E-12 (2.3E10; 40E-12 (2.5E10; |
Tisc (ki) | SE-i0 (2E9) 2E-9 (5ES) | SE-1i (3EI0) | 15E9(6.67E8) | 3E-I] (2E1D) |
Ga(m/molecule) | 33E0] 4.0E-21 | 2.7E-21 | 3.7E2] 0.9E-21
B (nvWV) 1.5E-10 04E-10 | 1.6E-10 | 0.8E-10 I.5E-10
400 ps , I
T 10 (ko) HO0E-12(2.5E9) | 400E-12(3.5E9) | 400E-12 (2.5E9) | 400E-12 (2.5E9)
Tisc (ki) SE-10 (2E9) 2E-9 (SE8) SE-11 (2E10) SE-9 (2ES)
| o:im’/molecule) 3.75E-21 4.0E-2] 2.7E-21 4.25E21 |
i B (m/W) 1.5E-10 0.4E-10 1.6E-10 0.8E-10 | ]
1. Value used for optical transmission calculations 2. Value used for ns zscan calculations
TABLE 3: NLO properties for ps calculation
TOLUENE THF DCM ACETONE PYRIDINE
G, (m /molecule) 6.76E-22 6.39E-22 9.0E-22 9.32E-22 6.677E-22
N, (molecules/m’) 6.072E23 1.054E24 4.078E23 4.651E23 6.496E23
31 (ka) E-13(El3) E-13(ElI3) | 'E-13(El3) E-13(El3) E-13 (E13)
T 30 (k) 2E-4 (5E3) 2E- (SE3) |  2E- (5E3, 2E-f (SE3) 2E-4 (3E3)
S (m /molecule) 5.3E-21 3.25E-21 | 53E-2] 3.0E-2] 53E-21
o 1 (m /molecule) 0.0E-21 0.00E-21 | ~ 0.0E-21 0.0E-2| 0.0E-21
40 ps assumptio !
T1p_ (k) 40E-12 (2.5E10; | 40E-12 (2.5E10; | d0E-12 (2.5E10) | 40E-12 (3.5E10) | 20613 (2.5E10)
Tisc (ki) 2E-9 (5ES) 2E-9 (SE§) 2E-9(5ES) 2E-9(SES) 2E-9 (5E8)
B (m/W) 2.67E-10 2,67E-10 2.67E-10 2.67E-10 2.67E-10
400 ps |
16 (kyp) 400E-12(2 5E9) 40CE-12(2.5E9) | 400E-12 (3.5E9) i
Tisc (ky3) 2E-9 (S5ES) 2E-9(5ES) 1.5E-9 (6.667E3) |
B (m/W) 2.85E-10 2.75E-10 25E-10 |

Note:

No values were available for © 4 (ay for the ps case,
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TABLE 4:

Comparisons of transmission attenuations showing 14

Ty, experimental energy

Calculated (400 ps Experiment —‘

Singlet Lifetime) |

Toluene 52n] l 05u) —f
THF 15.3 | 1]
DCM 84.6 | 0.4
Acetone 13.9 | 2.3

TABLE 35: Quantum efficiencies

|

| 40 ps Singlet Lifetime | 400 ps Singlet Lifetime
[ Ratioof g ato Gy ‘ Quantum Efficienc I Ratioof 61 to Gy I Quantum Efficiency
Toluene 2.23 7.41% J 2.39 l 44.4%
THE 1.87 1.96 | 1.87 l 16.67
DCM 1.31 4444 1.31 £5.80
Acetone* | 2.35 2.60 2.93 7.4
Pyridine | 0.56 | 444
* Note that tau(isc) is different for 40 ps vs 400 ps acetone
S 2(Ny
;b T Ny
k 21
va kg
S {Ny ks G2
\ — . T Ny
ki
Gy
S o(No) A

&2

Fig. I: Five level energy dingram
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Fig. 2: Optical Transmittance Curves for Various Solvents: (a) Toluene, (b) THF, (¢)
DCML (d) Acetone, and {e) Pyridine for Nanosecond Pulses
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Fig.3: Zscans: (a) Toluene (ns pulses), (b) THF {ns pulses), {(¢) DCM (ns pulses), (d)
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