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The nonlinear optical properties of fluorescein-doped boric acid glass films have been investigated with sub-
nanosecond laser pulses. With the use of degenerate four-wave mixing, large third-order susceptibilities of
X(3 10-' esu have been measured, connected to the relatively fast decay of the singlet state Si
( = 2.4 + 0.6 ns). This particular system has a long-lived lowest-lying triplet state (0.1-1 s), and the transient
nonlinear-optical and fluorescence properties show a marked dependence on the laser-pulse repetition rate in
this time regime.

1. INTRODUCTION

Recent nonlinear-optical studies of dyes in solid hosts
have been prompted by the low saturation intensities of
such materials, which lead to relatively high nonlineari-
ties stemming from nonlinear absorption." In particu-
lar, under cw irradiation fluorescein-doped boric acid
glass has been shown to saturate at intensities as low as
15 mW/cm2, and values for the third-order susceptibility of
the order of 1 esu have been reported.' Other organic
doped solid materials whose nonlinear-optical properties
have been similarly characterized are acridine dyes in
lead-tin fluorophosphate glass2 and eosin and erythrosin'
in gelatin films. In these and similar systems, excitation
from the singlet ground state S to the first singlet excited
state (absorption cross section o) is followed by effi-
cient intersystem crossing of most of the excited popula-
tion to the long-lived lowest triplet state T, thus making
cw saturation easy to attain. Subsequent intersystem
crossing from the vibrationally excited states of the T,
manifold back to the first singlet excited state gives rise
to delayed fluorescence. This in turn leads to a depopula-
tion of the triplet state on a time scale of the order of
0.1-1.0 s. The decay of the triplet-state population has
been found to be nonexponential, which can be attributed
to site-to-site variations in the local environment of the
dye. The response and decay times of nonlinearities in-
duced by this mechanism of saturation are dependent on
the intersystem crossing time and the triplet-state lifetime.
They are therefore on a millisecond time scale and thus
comparatively slow. Previous experiments in fluorescein-
doped boric acid glass employed cw lasers in order to satu-
rate the lowest triplet state. In this case the saturation
intensity is Isat= iCOI/COTT, where TT is the triplet-state
lifetime and ho) is the photon energy. With the use of
short pulses at low repetition rates (<0.2 s1), buildup of a
triplet-state population should be avoided and saturation
of the first singlet excited level will be made possible if the
pulse width At is longer than the S lifetime T. Saturation
intensities are then given by Isat = hicou/o. If At < , how-
ever, the system simply integrates over the number of
photons absorbed and I = iw/uoAt holds.5 To our knowl-
edge, the nonlinear-optical behavior of these materials

with the use of short (i.e., picosecond) pulses has not been
studied yet. Here we report the results of investigations
of nonlinear-optical processes in fluorescein-doped boric
acid glass that occur on a much shorter time scale than
that previously measured. The third-order nonlinear op-
tical susceptibility (3) was measured by degenerate four-
wave mixing (DFWM) and nonlinear saturation studies
and is of the order of 0-' esu with 200-ps pulses.

2. SAMPLE AND EXPERIMENTAL DETAILS
The samples studied were films of fluorescein-doped boric
acid glass (8 10-' M concentration) sandwiched between
two microscope slides. The preparation method and the
absorption and fluorescence spectra are identical to those
reported by Kramer et al. in Ref. 1. Pulses of 200-ps
duration from a modified PRA nitrogen-pumped dye laser
(LN1000/LN107) were used throughout. The laser dye
was Coumarin 120, which has a peak output at -444 nm,
the wavelength used if not otherwise stated. At this
wavelength the ground-state and excited-state absorption
cross sections were o, = 1.2 x 10-15 cm 2 and £Yex = 0.6 X
10-15 cm2, respectively, as determined from absorption
spectra and nonlinear saturation (see Section 3). We per-
formed nonlinear saturation experiments by placing the
sample in the focus of a 30-cm lens, varying the incident
intensity with a variable neutral-density filter, and mea-
suring the transmission with silicon photodiodes.
DFWM has been widely used as a means of investigating
nonlinear-optical mechanisms in many types of materials.
In addition to providing the magnitude of nonlinear-optical
coefficients, it has been associated with a range of appli-
cations including optical signal processing, real-time
holography, information storage, and image correction.
Extensive reviews cover these and other aspects of
DWFM.5 -5 Generally, two coherent laser beams are made
to interfere in the sample, thus creating a laser-induced
grating. This grating is subsequently read out with a
further beam, and the diffracted signal is detected.
There exist many variations of this standard DFWM ge-
ometry, some of which were used in our experiments on
the fluorescein-doped films and are described in detail in
Section 3.
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Fig. 1. Intensity-dependent transmission of the fluorescine-
doped boric acid glass. The solid curve is a computer fit of
the experimental data using a rate-equation model as described
in Ref. 5.
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pulse width (>0.2 ns) can be estimated from the satura-
tion intensity.

The technique of forward DFWM'0 may be used as a
quick and simple means of measuring X() It is best
suited to thin, highly absorbing samples and was therefore
employed here to carry out magnitude measurements.
The experimental setup is illustrated in Fig. 2. The two
incident pump pulses of intensities denoted by I, and I2

are focused by a 30-cm lens to a diameter of -400 tum.
They overlap in the sample to create an intensity modula-
tion (I, - I2)1(1 + I2). A variable optical delay line
serves to achieve temporal overlap to within the coherence
time of the dye laser pulse (-3.0 ps). If the sample ex-
hibits a significant intensity-dependent refractive index,
self-diffraction of each pulse from an induced refractive
index grating occurs, yielding one or more signal pulses to
either side of the transmitted (or zero-order) pulses. The
exact position of these signals is determined by momen-
tum conservation. The angle between the incident pulses
is kept small in order that the thin-grating condition be
satisfied.6 When this is the case, the Bragg condition is
relaxed and diffraction efficiency becomes independent of
incident angles. Of interest to us is the first-order signal,
as this can be used to give an estimate of X(3)- Higher-
order signals are due to a combination of higher-order sus-
ceptibilities and higher diffracted orders. X(3) can be
expressed in terms of diffraction efficiency 71 as

(2)
lx 33I - 4Eocan 2 Aq'1 2

XI= 3,rTI/2(l - T)Io

Fig. 2. Experimental setup for forward DFWM.

3. NONLINEAR-OPTICAL BEHAVIOR

The sample transmission as a function of incident laser in-
tensity is shown in Fig. 1. The saturation intensity (i.e.,
that intensity at which the absorption coefficient drops
to one half of its unsaturated value) is -5 X 107 W/cm2.
Saturation curves were taken at three laser repetition pe-
riods (ranging from 250 ms to 3.6 s) that span the T, life-
time in order to establish whether intersystem crossing
and delayed fluorescence significantly affected the
sample transmission at a particular intensity. Within
experimental error no difference between the curves was
apparent; thus it could safely be assumed that the trans-
mission was independent of the laser repetition period
over this range. Furthermore, this shows that the satura-
tion originates in the singlet system and is rather insensi-
tive to these transitions. The sample is characterized by
a saturated transmission saturation well below unity,
indicating that excited singlet-singlet transitions are pos-
sible. From simple considerations of a saturated ground-
state absorption and a nonsaturable excited state, we can
estimate the excited-state absorption cross section °ex

from the transmission Tex achieved as9

° ex = oCo ln(Tex/To), (1)

where To is the unsaturated transmission. This leads to
the values of a7ex quoted in Section 2. As these become
significant only at intensities well above 'sat, they are of no
major concern for DFWM measurements described below.
A value for the singlet lifetime that is larger than the

where T is the film transmission at the total incident in-
tensity Io. A derivation of Eq. (2) is given in Appendix A.

The dependence of the diffraction efficiency on input
intensity was measured and is shown in Fig. 3. For a
third-order nonlinearity a square dependence would be
expected; however, from inspection of the intensity-
dependent transmission of the sample (shown in Fig. 1),
one can expect that the increase in transmission at higher
intensities leads to reduced coupling of the input pulses
and a consequently lower diffraction efficiency. From
this measurement and using Eq. (2), one can estimate a
value for Xt3) of 9 X 10-8 esu at 444 nm. The wavelength
dependence of X(3) when it is normalized to the laser out-
put, and the absorption coefficient of the sample follow the
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Fig. 3. Intensity dependence of the diffraction efficiency in for-
ward four-wave mixing showing saturation at high intensi-
ties. The solid portion depicts a line with slope 2 as predicted
by Eq. (2).
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Fig. 4. Wavelength dependence of the nonlinear susceptibility (3 )
The solid line represents a guide to the eye.
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Fig. 5. Diffracted signal intensity as a function of the wri-
beam delay in forward four-wave mixing. The solid curve de
a fit to a squared hyperbolic secant temporal pulse profile,
the dashed curve represents a fit to a Gaussian pulse shape.

absorption (see Fig. 4). At long wavelengths the diff
tion efficiency decreases owing to loss of writing b
coupling, and at short wavelengths the absorption is
large. In the forward DFWM technique, diffraction f
the induced grating and creation of the grating are tal
place simultaneously; therefore only a limited amour
temporal information can be gained by a delay of i
dence of one of the pulses. In Fig. 5 we show a plc
diffracted signal intensity as a function of delay of i
dence of one of the pulses. The width of the pea
2.9 ps, which corresponds to the temporal coherence of
dye laser. Fits to both a Gaussian and a squared hy
bolic secant pulse shape are given. These fits idicatel
the grating lifetime Tg is longer than the temporal co
ence T of the laser." If, on the other hand, Tg < Tc t
similar measurements would yield the intensity auto
relation of the incident laser pulse. (The peaks to eil
side of the central peak are due to a coherence subst:
ture in the laser output.) Hence a preferable mean
probing the lifetime of the induced nonlinearity is to u
third independent readout beam. For this procedui
probe beam I3 was split off from the main beam, pas
through a variable optical delay line, and directed thro
the lens traveling parallel to I, and I2, but in such a
that the three beams were positioned at three corners
square on the lens surface. In this manner one cc
switch from the two-beam to the three-beam arranger
with minimum disturbance. As momentum conservai
would predict, the diffracted signal 3d due to this pi

pulse is observed at the fourth corner of the square. The
presence of the self-diffracted signal due to the two pumps
is useful, since their alignment can be optimized in the
presence of the probe. Also, I'd is much more difficult to
observe simply because 13 is much weaker than I, or I2.
By monitoring the intensity of 3d as a function of inci-
dence of 3 with respect to I, and 2 at the sample, one
can obtain the lifetime of the induced grating. This
arrangement is commonly termed folded boxcars geome-
try.' 2 As Fig. 6 shows, the transient grating is found to
decay with a time constant of 1.2 ± 0.3 ns. The S life-
time is therefore twice this value: T = 2.4 ± 0.6 ns.

4. FLUORESCENCE MEASUREMENTS AND
LASER REPETITION RATE DEPENDENCE
With the exception of the transmission saturation men-
tioned at the beginning of Section 3, all the measurements
described above have been carried out at a repetition pe-
riod of 800 ms. Figure 7(a) shows the variation of X(3)
with laser repetition period. As a comparison, Fig. 7(b)
shows the variation of the sample fluorescence (as mea-
sured with a photodiode) with laser repetition period.
Both signals increase wih the laser repetition period to
reach a plateau at periods greater than 1.0 s. This sug-
gests that, at repetition periods less than or close to the T,
triplet-state lifetime, a triplet population builds up, reduc-
ing the singlet population and thus decreasing the fluores-

20 cence. As the repetition period is increased, the triplet
population cannot grow, and the Si population relaxes di-

ting- rectly to So by fluorescence. The intersystem crossing
picts time can be estimated from the triplet quantum yield'
and (<0.9) and the S lifetime and appears to be slower than

the pulse width (i.e., >0.2 ns). As a result, we can confirm

Irac- that in the four-wave-mixing experiments it is the induced
eam Si population that gives rise to the transient grating and
too hence to the diffracted signal. Since we were working in

rom the absorption maximum at intensities below saturation,
Oing the nature of the grating will be predominantly absorptive
it of and the lifetime of the induced grating corresponds to the
nci- lifetime of the singlet state as measured. To check this
it of nanosecond decay, we used a fast silicon photodiode com-
inci- bined with a Tektronix 7834 storage oscilloscope (com-
k is bined time resolution 5 ns) to study the dynamics of
fthe fluorescence directly. With all the repetition rates we
nper- find a fast (<5 ns) decay, in agreement with the time-
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Fig. 6. -Temporal decay of the diffracted intensity as measured
in the folded boxcars geometry. The solid curve is a computer fit
using a laser-pulse duration of 200 ps and a grating decay time
of 1.2 ns.
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Fig. 7. (a) Variation of nonlinear susceptibility X(3) with laser
repetition period. (b) Variation of sample fluorescence with
laser repetition period. In both plots the solid curve represents a
guide to the eye.

resolved DFWM measurement described in Section 3.
For repetition rates slower than 0.8 s, however, a second,
slower component with a decay time of -15 ns is observed.
We cannot attribute this time to the delayed fluorescence,
as the buildup of the triplet-state population should
increase with increasing repetition period. A possible ex-
planation for this signal is fluorescence of a set of fluores-
cein molecules that are in a specific site of the glass
matrix, giving them a longer decay time owing to local
environmental effects. Such effects can indeed be ob-
served in glass matrices.'3 However, the time needed to
populate this state must be slower than -1 s.

5. CONCLUSIONS

We have observed that with short-pulse excitation optical
saturation and efficient four-wave mixing can be observed
through the singlet state of fluorescein-doped boric acid
glass. The triplet-state population reduces the number of
molecules in the singlet state and thus reduces the four-
wave mixing signal. Nevertheless, we have observed siz-
able nonlinearities (-10-7 esu) that make these materials
interesting also for high-power, short-pulse applications.

APPENDIX A: DERIVATION OF IVx( i
FROM EXPERIMENTALLY MEASURED
PARAMETERS FOR THE FORWARD
DEGENERATE FOUR-WAVE
MIXING GEOMETRY
The phenomenon of self-diffraction occurs as a result of
the modulation of the optical properties of a material by

two light beams owing to nonlinear optical processes and
the subsequent diffraction from the periodic modulation.
The degree of diffraction is therefore a measure of the
susceptibility of the material properties to modulation.

The complex refractive index K of the material can be
expressed in terms of the material susceptibility X:

K2 = 1 + X. (Al)

The change AK induced in the material owing to a nonlinear
interaction with an incident light field is therefore given by

AK = AX/2(l + X)"I2. (A2)

In the formalism of nonlinear optics the input radiation
creates a nonlinear polarization

P I Eo[XjPAj + 3 X (3½)AjAkA, + .. ]

= 1 je[X "'Aj + Ay j Aj] (A3)

which acts as a source term and reradiates, in accordance
with the phase-matching conditions, to produce diffrac-
tion. Here xi) is the ith-order susceptibility and Ai repre-
sents the ith electric-field amplitude. Therefore

(A4)

and, according to Eq. (A2),

AK = 3X( A3 A/8K.

The diffraction efficiency of a laser-induced grating
into the first order is given by6

(A6)IdI = = j;TAKd/Ack2.

The equation holds for gratings with sufficiently small
I AKI and material absorption. For larger material absorp-
tions, 7q is given by

7 = TId/c, (A7)

where T is the sample transmission.
Hence, for the case in which third-order terms domi-

nate, an expression relating the third-order nonlinear sus-
ceptibility to the diffraction efficiency of a laser-induced
grating may be derived from Eqs. (AS) and (A7):

_ 8KAn 1/2
IX 37rdAkA, (A8)

If we convert from field amplitudes to intensity I accord-
ing to the relationship

(A9)AkAI = 2I/eOcK,

Eq. (A8) becomes

4EC Aq1/2

Ix' 4eocK2A77
3CrdI

In absorbing media, for small or intermediate absorp-
tion coefficient a, a2A3 goes to zero and the expression

4eocn2Aa7l/2
Ixt31 - 3rIT 2(l - T) (All)

(A10)

(AS)
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holds. With the simple two-beam diffraction method,
therefore, measurement of the diffracted intensity into
the first order can provide a measurement of the third-
order nonlinear susceptibility.
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