Enhancement of the nonlinear optical properties of
fluorescin doped boric-acid glass through cooling
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We examine, both theoretically and experimentally, the temperature dependence of the nonlinear optical
response of fluorescein doped boric-acid glass. The third-order nonlinear susceptibility is increased by an
order of magnitude over its room temperature value to greater than 10 esu by cooling the sample to a
temperature below 200 K. Keywords: nonlinear optical materials, organic materials, four wave mixing,

saturable absorption.

. Introduction

Organic dyes doped into solid hosts form a class of
nonlinear optical materials that can be used for many
applications involving low intensity light sources.
Saturable absorption in organic molecules doped into
solid matrices can be exploited to achieve very large
optical nonlinearities.!-!3 In fact, studies®1% have
shown that at room temperature fluorescein doped
boric-acid glass has a saturation intensity as low as 15
mW cm~2 and a third-order nonlinear optical suscepti-
bility x® larger than 1 esu. In this paper, we report
the results of an investigation of the temperature de-
pendence of the nonlinear optical response of fluores-
cein doped boric-acid glass. In particular, we have
found that the nonlinear optical response can be en-
hanced dramatically by cooling the samples; for exam-
ple, the third-order nonlinear optical susceptibility
can be larger than 10 esu for samples that are cooled to
sufficiently low temperatures. We have studied the
temperature dependence of the third-order nonlinear
susceptibility by measuring, as functions of tempera-
ture, the saturation intensity and the phase conjugate
reflectivity.

ll. Model of Temperature Dependence

The reason why the nonlinear optical response of
fluorescein doped boric-acid glass is temperature de-
pendent can be understood from a consideration of the
energy level diagram illustrated in Fig. 1. Following
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optical excitation from the singlet ground state, popu-
lation can make an intersystem crossing from the exit-
ed singlet state into the lowest lying triplet state. In
fluorescein doped boric-acid glass, the lowest-lying
triplet state has an extremely long lifetime due to the
absence of quenching mechanisms that are usually
present for organic dyes in liquid solution. The prin-
cipal relaxation route out of the lowest-lying triplet
state at room temperature is thermally activated de-
layed fluorescence. By lowering the temperature of
the sample, the rate of delayed fluorescence is de-
creased, leading to an increase in the lifetime of the
triplet state. A saturable absorber can be character-
ized by a saturation intensity Iy which can be related to
other optical properties by the formula I; = Aw/a,7,
where w is the laser frequency, o, is the absorption
cross section of the singlet ground state at the laser
frequency, and 7 is the effective lifetime for the return
of population to the singlet ground state. Hence, as
the lifetime of the triplet state increases with cooling,
the saturation intensity decreases. Under the as-
sumption that the absorption lineshape is Lorentzian,
the nonlinear susceptibility can be expressed in terms
of the unsaturated absorption coefficient at the laser
frequency a,, the unsaturated refractive index n,, and
the saturation intensity I; as

nZc’a,

247%0l,

x® = (CR) 1
where 6 = (w — w,) T is the normalized detuning of the
laser frequency w from the resonance frequency w, and
T is the dipole dephasing time. Thus, as the satura-
tion intensity decreases with cooling, the nonlinear
susceptibility increases.

We model fluorescein doped boric-acid glass as the
four-level system shown in Fig. 1. A molecule in the
ground state, level 0, absorbs light at a rate R, = o,/
hw; this process transfers the population to the excited
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Fig. 1. Energy-level diagram showing the relevant optical interac-

tions in fluorescein doped-boric-acid glass. Levels 0 and 1represent

singlet states, and levels 2 and 3 represent triplet states. Due to its

long luminescent lifetime, the lowest lying triplet state, level 2, acts

asatraplevel. Atroom temperature, the principal relaxation route

out of level 2 is delayed fluorescence; that is, thermally excited

transfer from level 2 to level 1 is followed by fluorescence decay back
to the ground state.

singlet state, level 1. The population of the excited
singlet state can return to the ground state via fluores-
cence with transition rate Ay or can make an intersys-
tem crossing to the lowest-lying triplet state, level 2.
The transition probability per unit time for an inter-
system crossing is Ajs. The population in the lowest-
lying triplet state can return to the singlet manifold
either through the phosphorescence at a rate Ag or
through thermally activated delayed fluorescence.
We describe delayed fluorescence theoretically by as-
suming that the population in the lowest-lying triplet
state is distributed among its vibrational sublevels in
accordance with a Boltzmann distribution. We desig-
nate the energy separation of the lowest-lying triplet
state and the first excited singlet state as A, and we
assume that the population in the vibrational manifold
having vibrational energy greater than A returns to the
excited singlet state with a rate As;. The rate of ther-
mally activated delayed fluorescence is then given by!4
fAg; with f = exp(—A/kgT), where T'is the temperature
and kp is the Boltzmann constant. It has been
shown15-17 that, for most fluorescence dyes, the rate
Ag is of the same order of magnitude as A;3. The rate
at which population is raised from level 2 to level 3 is
equal to R, = ¢.I/hw, where o, is the cross section for
triplet-triplet absorption. We assume that popula-
tion raised to the higher lying triplet state quickly
returns to the lowest-lying triplet state at a rate we call
Azs. Thus, we assume that the transition between
levels 2 and 3 cannot be saturated.
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The rate equations for the fractional populations P;
of the energy levels i of Fig. 1 can be written in the
following form:

Py=R,(P; — Py) + AP, + APy,

Py = —R,(P, ~ P)) = A;gP, — AyoP, + fAg Py,

Py = APy — APy = fAyPy + R (Py = Py) + Ay,Py,

Py=—R,(P;— P;) — Ay,P, 2
From the steady state solution to the above set of

equations, we obtain the steady state populations P{*
given by

Pt = (Ao + Ro)(fAgy + Agg)/Ap + Ay
2Ry + Ai)(fAgy + Agg)/ Ay + (Agy + Ry) + RoRJ(R, + Ayp)

Py = [(fAy + Ag)/A) P,

R
Pss = o
2[R, + A (fAg + Ag)/App + (Agy + R) + R.RJ(R, + Ag)’
PSS = Re PSS 3
3 = R.t4, ° 3)

These solutions reduce to those of Hercher,!8 when
delayed fluorescence is ignored (i.e., for f = 0).

For fluorescein doped boric-acid glass using low
power, continuous wave excitation, the rates of pump-
ing are much smaller than the rates of decay for the
excited singlet state A;o and the excited triplet state
Az, that is, By < Ajyp and R, < Ass. Under these
conditions, excited states 1 and 3 contain almost no
population, and the expression for the steady-state
population of the lowest-lying triplet state (level 2)
reduces to Py’ = (R,7)[1 + R,7]~1, where

Ay -1
=0 (fAg + Agg) + Agg 4)
12

defines an effective lifetime, which gives the recovery
time of the saturable absorber.!® We note further that
R,7 can be identified as the saturation parameter I/1,.

We have measured the values of the parameters f,
R,, R., Ay, A2, Ag1, and Ay for fluorescein doped
boric-acid glass. The sample was excited by 30-ps
pulses from a frequency-doubled Nd:YAG laser and
the prompt fluorescence from the excited singlet state
was measured with a photodiode placed behind a
bandpass filter. The singlet decay time A7 was found
to be approximately 5ns. Figure 2 compares the lumi-
nescent spectra for a sample that is cooled to 100 K
with that of a sample at room temperature. The sam-
ples were illuminated by an argon-ion laser operating
at 457 nm. From the emission spectra shown in Fig. 2,
the separation of the fluorescent and the phosphores-
cent peaks is measured to be 77 nm, which corresponds
to an energy separation A between the excited singlet
state and the lowest-lying triplt state of approximately
0.4 eV. We substitute this value of the energy separa-
tion A into the expression for the factor f and find that f
= exp(—A/kpT) is approximately equal to exp(—4500/
T), where T is the temperature in degrees kelvin.
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Fig. 2. Luminescence spectra of fluorescein doped boric-acid glass
at 100and 290 K. The contributions due to phosphorescence and to
fluorescence are separated at 100 K. The sample was excited by an
argon ion laser operating at 457.9 nm.

To determine the phosphorescent decay time Aj],
the light beam illuminating a sample cooled to 100 K
was cut off abruptly and the decay of a 20-nm wide
portion of the phosphorescent emission centered at
560 nm was measured using a photodetector. The
phosphorescence was observed to decay exponentially
with a decay time Ay of 2.5 s.

The rate A; was found from the emission spectrum
at low temperatures. At 100 K, the ratio of the inte-
grated area of the fluorescent peak to the integrated
area of the phosphorescent peak was ~4.75. Thisratio
should be equal to the ratio of P§* to P§Ag, which, by
Eq. (3), implies the following:

A
A20 A12

(fAgy + Agg) = 4.75. (5)

We cansolve Eq. (5) for Ajsand find Ajp = 4.2 X 107s71.

We have also verified the assumption made above
that the pumping rate R, is much smaller than the
decay rate A;o and that R, is much smaller than As,.
We substitute the previously reported values!3r =0.1s
and I, = 15 mW cm™2, along with the largest values for
the intensity I reached in this experiment (1 W cm™2),
into the expression R, = I/I;r; we find the maximum
value of R, is approximately equal to 700 s~1, which is
much smaller than the fluorescent decay rate Ao = 2.0
X 108 s~1. It has been shown!® that the absorption
cross section of the lowest-lying triplet state o, is
smaller than the singlet ground state absorption cross
section o,; therefore, since R, is smaller than 700s™1, R,
is much smaller than the triplet decay rate Ass which is
believed®15 to be of the order of 1012 g1,

Theoretical predictions for the dependence of the
saturation intensity on the temperature can be found
from Eq. (4) using the relation that I; = Aw/o,7. Since
the saturation intensity is inversely proportional to the
effective lifetime 7 and since we have found that o, is
independent of temperature, the ratio of the satura-
tion intensity at room temperature to the value of the

saturation intensity at temperature T is equal to the
ratio:

LK (T

I(T) 7(290K)

 (A/AR)(F(290 K) Ay + Ay) + Ay
(A1p/ A1) (F(DAgy + Agg) + Agg

(6a)

where 7(T) and 7(290 K) are effective lifetimes as
defined by Eq. (4) at temperature T and at room tem-
perature, respectively. We have measured the ratio
7(T)/7(290 K) at several temperatures and we have
substituted these measured values into the above ex-
pression, along with the values of the constants. We
find that Ao is approximately 3 X 107 s71. We can
then introduce the measured values into Eq. (6a) and
find that numerically

L(290K)  (T)

- - N .
T @0 R - 008+ (6 X107 exp(~4500 K/T)I™.

(6b)
. Saturated Absorption

The temperature dependence of the nonlinear sus-
ceptibility was studied experimentally through mea-
surements of the saturated absorption of a sample of
fluorescein doped boric-acid glass. The incident
pump light can be absorbed by molecules either in the
ground state or in the lowest lying triplet state. The
singlet ground state absorption cross section o, has a
value!? of approximately 3 X 10716 cm?2 at a wavelength
of 457.9 nm; the absorption cross section of the lowest-
lying triplet state o, has a value of approximately 1.5 X
10716 ¢m2. The total absorption coefficient afgr in
steady state for a sample containing N molecules per
unit volume is the sum of the absorption coefficient for
the singlet—singlet transition o’ = No, P and the
absorption coefficient for the triplet—triplet transi-
tion o’ = No P53,

afor = No,P5 + o.P%) (7a)

= WNo)+—N (5, =),

1+171, (7b)

where in obtaining the second form we used the results
Py =(I/I)[1+1I/I]]land P§ =1— P§. Thefirstterm
on the right-hand side of Eq. (7b) gives the unsaturable
part of the absorption coefficient, which we call o,
and the second term gives the saturable part of the
absorption coefficient, which we call of°. Weseethata
consequence of our assumption that the triplet state
absorption cannot be saturated is that the transmis-
sion of the sample approaches the value exp(—c;*¢) for
very large laser intensities, where £ is the length of the
nonlinear optical material. Since the saturation in-
tensity I; is temperature dependent, the absorption
coefficient ofor is temperature dependent. In the
above, we have ignored the polarization dependence of
the absorption!3 to simplify the analysis.

We have studied the temperature dependence of the
saturation intensity by measuring the transmission of
a sample as a function of intensity for a variety of
temperatures; typical data are shown in Fig. 3. The
experiment was performed using the 457.9-nm output
of an argon-ionlaser. To vary the intensity of the laser

20 September 1990 / Vol. 29, No. 27 / APPLIED OPTICS 3923



40 r_| T T T T T T u

transmission (%)

0o 1 I 1 | | I ]

|
0 5 350
intensity (mW/cm<)

Fig. 3. Transmission of fluorescein doped boric-acid glass as a
function of laser intensity at wavelength 457.9 nm for three tempera-
tures. The data points are the measured values and the solid lines
are theoretical predictions using the following parameters: apf =
2.67, a.f = 1.14,I,(200 K) = 2mW/cm?2, I,(290 K) = 23 mW/cm?, and
I,(330 K) = 160 mW/cm?2.

beam, the laser beam was passed through a Pockels cell
followed by alinear polarizer. The solid lines shown in
Fig. 3 represent the transmittance predicted theoreti-
cally, including the effects of propagation, excited
state absorption and site to site variations in the elec-
tric field. The predicted transmittance is found by
numerically integrating the differential equation for
the intensity I:

dr

o —aford, )
where afor was determined by averaging predictions
of Eq. (7) over a spread of energy separations A with
the distribution being described by a Gaussian whose
standard deviation is 40% of the mean. It has been
shown previously that site to site variations in the local
fields that the molecules experience?%21 cause a varia-
tion in the energy of the lowest-lying triplet state and,
hence, to a spread in the decay times.1%2223 It is easy
to understand the origin of this effect from Fig. 1; the
rate of thermally activated delayed fluorescence de-
pends very sensitively on the energy separation be-
tween the lowest-lying triplet and the excited singlet
states, and any site to site variations in the local fields
that the molecules experience will change the energy
separation.

We see from Fig. 3 that the saturation intensity
decreases as the temperature is lowered, as expected.
We determine the saturation intensity from the best fit
of theory to the data and we find the saturation inten-
sity at room temperature to be 23 mW c¢cm=2. The
value of the third-order nonlinear susceptibility x®
corresponding to this saturation intensity is approxi-
mately (3 — 3i) esu as calculated using Eq. (1), assum-
ing that n, = 1.5, a,€ = 2.76, £ = 75 & 20 um, X = 457.9
nmand é = 1. Thedetuning from line center & and the
small-signal, single-pass absorption «,€ at the laser
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wavelength were found from the measurement of the
wavelength dependence of the small-signal absorp-
tion. Thesaturation intensity at 200 K was lower than
the room temperature value by a factor of 11 and at 327
K it was larger than the room temperature value by a
factor of 6.9. These experimental results agree fairly
well with the predicted values for these ratios which
are 12 and 5.5, respectively, as calculated from Eq.
(6b).

IV. Optical Phase Conjugation

The nonlinar susceptibility of fluorescein doped bo-
ric-acid glass was also determined by measuring the
phase conjugate reflectivity using the standard geome-
try of degenerate four wave mixing (DFWM) with
counterpropagating pump beams. Our experimental
results were compared to theoretical predictions of the
phase conjugate reflectvity which were obtained by
including the effects of excited state absorption in the
theory of Abrams and Lind.?* We assume that the
absorption coefficient is given by Eq. (7) and we per-
form a derivation similar to that described by Abrams
and Lind. We find that the phase conjugate reflectiv-
ity is given by!3

R= [k sin(w®)|?
lw cos(wf) + (o + ) sin(wf)[2’

©)

where
@ =flkl? = (& + 7)?, (10a)
= N( ) L+ 21, (10b)
Y T L+ (1 + 4l
—; 20/I
«* = iN(a, — 5,) (1= 3) A, (10c)

(1 +68) (1 +4I/1)%2°

and where £ is the length of the nonlinear medium.
Since the saturation intensity decreases as the tem-
perature is lowered, the phase conjugate reflectivity
peaks at smaller intensities for lower temperatures.
Thus, to achieve high phase conjugate reflectivities
with weak pump beams, it is advantageous to cool the
material sample.

Experiments on DFWM were performed to measure
the phase conjugate reflectivity as a function of inten-
sity. An argon-ion laser operating at a wavelength of
457.9 nm was used to produce counterpropagating
pump beams of equal intensity. The probe beam had
an intensity equal to 5% of that of one of the pump
beams and made an angle of less than 10° with the
forward-going pump. The sample of fluorescein
doped boric-acid glass used in this experiment had a
small-signal, single-pass absorption o, € = 2.76 at 457.9
nm and a thickness of 75 £ 20 ym.

We measured the phase conjugate reflectivity as a
function of intensity for various temperatures and
then determined the saturation intensity of the sample
at each temperature from the best fit of theory to the
measured curves of reflectivity vs intensity. The the-
oretical fit of the data was found using Eq. (9) along
with the assumption that there is a Gaussian spread of
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Fig. 4. Modulus of the complex third-order nonlinear susceptibil-
ity x®| plotted as a function of temperature. The data points are
the measured values as determined by phase conjugation experi-
ments at 457.9 nm, and the solid line is a theoretical prediction using
Eq. (6b) with [x®(290 K)| = 1.4 esu. In these experiments, the laser
intensity was kept below the saturation intensity.

saturation intensities having a width that is 40% of the
mean. We used Eq. (1) to calculate the third-order
susceptibility x® using our measured value of the
saturation intensity I; and the values n, = 1.5, &, = 370
cm~!, A =457.9nm, and § = 1.0. A plot of the modulus
of the nonlinear susceptibility |x®| as a function of
temperature is shown in Fig. 4; the circles in the figure
show the measured values of x®. Since the nonlinear
susceptibility is directly proportional to the response
time, the value of the nonlinear susceptibility x®(T)
at temperature T is related to its value at room tem-
perature x® (290 K) by the factor 7(7)/7(290 K). The
solid curve in Fig. 4 shows the predictions of Eq. (6b)
with [x®(290 K)| = 1.4 esu. We see that by cooling the
sample we have realized an enhancement of the nonlin-
ear susceptibility over its room temperature value by
about an order of magnitude and that the modulus of
the third-order nonlinear optical susceptibility |x®
was ~11 esu when the sample was cooled below 200 K.
The order of magnitude increase in |x®| agrees fairly
well with the value 11 measured by the technique
described in the previous section and the theoretical
prediction of 12.

V. Conclusions

We have examined the temperature dependence of
the nonlinear optical response due to saturated ab-
sorption for fluorescein doped boric-acid glass. It was
found that one could effectively freeze out the process
of delayed fluorescence, which is the principal decay
mechanism for fluorescein doped boric-acid glass at
room temperature, to lengthen the response time of
the material and thereby lower the saturation intensi-
ty. Theory predicts that, by cooling the sample, the
nonlinear susceptibility x® can be increased by more
than an order of magnitude over its room temperature
value. The results agree well with theory, and the
nonlinear susceptibility was greater than 10 esu when
the sample of fluorescein doped boric-acid glass was
cooled to sufficiently low temperatures.

We acknowledge useful discussions of these effects
with M. Kramer. The measurement of the thickness
of the sample of fluorescein doped boric-acid glass was
made by A. Lindquist. This research was supported
by the sponsored of the New York State Center for
Advanced Optical Technology.
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