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Abstract

Thin films of poly( p-phenylenevinylene) have been used to diagnose femtosecond Ti-sapphire laser pulses using
frequency resolved optical gating or third order intensity autocorrelation in the self-diffraction geometry; and using a

two-photon fluorescence autocorrelation technique.

1. Introduction

The recent development of lasers producing pi-
cosecond and femtosecond duration pulses and their
growing range of applications have underscored the
need for methods for fully characterising the ampli-
tude and phase of such short duration pulses. While
simple autocorrelation measurements based on sec-
ond harmonic generation in a nonlinear crystal pro-
vide the intensity autocorrelation function of the
pulse, a more detailed characterisation is needed in
particular to identify linear or nonlinear frequency
chirps which could limit the minimum pulse dura-
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tion. Frequency Resolved Optical Gating (FROG)
[1-4] is a straightforward extension of the common
intensity autocorrelation methods which permits the
measurement of the temporal evolution of the com-
plex electric field during the laser pulse. The FROG
technique can be implemented in several ways but its
important difference from methods providing only
the intensity autocorrelation function is that either
second-order or third-order autocorrelation signals
are spectrally resolved to provide the data set for
subsequent analysis.

As discussed elsewhere [4], third-order processes
have the advantage that they provide FROG signals
which can be unequivocally converted into the time
dependent frequency or phase of the pulse. Further-
more, the raw data when presented as a ‘map’
representing the variation of the spectrum with time
provides a qualitative measure of the basic pulse
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characteristics (for example the sign and magnitude
of any chirp). In general, however, the sensitivity of
FROG measurements based on third order autocorre-
lators is poor because few materials exist with a
large instantaneous third order nonlinearity and mea-
surements to date have relied on the use of fused
silica as the nonlinear material. In this case the
relatively low third-order nonlinear refractive index
(n,=3X%107"S cm?’/W) means that a relatively
thick silica plate is needed to obtain any signal and
this both limits the sensitivity of the FROG measure-
ment and can lead to problems when very short laser
pulses are investigated because of distortion of the
pulse by the group velocity dispersion in the silica.
Third order FROG measurements using the Kerr-gate
geometry using a 1.6 mm thick silica plate as a
nonlinear medium were reported in Ref. [1]. Subse-
quently most FROG measurements have been based
on second order nonlinear processes which although
providing higher sensitivity do not provide raw data
which visually maps the pulse properties nor un-
equivocally determines the phase and amplitude of
the pulse. It is therefore of interest to investigate the
use of alternative third order materials which may
eliminate some of these difficulties.

We report here on the use of the third-order
nonlinear conjugated polymer — poly( p-phenylene-
vinylene) (PPV) as the medium for diagnosing fem-
tosecond laser pulses by several techniques — simple
autocorrelation schemes and by a self-diffraction type
FROG. The instantaneous third order third-order
nonlinearity of PPV is very high [5-11]. The |n,|
values determined by degenerate four-wave mixing
(DFWM) at 800 nm, for example, are in the range
107'2-107 " cm?/W. We have also shown [9] that
the relative contribution of the real (refractive) and
imaginary (absorptive) part of the nonlinearity varies
with the degree of m-electron conjugation (which
depends on the way the polymer films are prepared)
and that the two-photon absorption coefficient 8 in
these highly nonlinear PPV films is also quite high,
reaching 80 cm/GW.

2. PPV film preparation and characterisation

PPV films used in the experiments were prepared
to have low scattering and hence provided a low

background for the measurements. The material was
prepared according to the precursor polymer route
[12—16]. The synthetic procedure performed by us
was similar to the one described in Ref. [12] with
modifications introduced in Ref. [13]: tetrahydrothio-
phene instead of dimethyl sulphide was used to react
with «,a’-dichloro-p-xylene to form the bis-
sulfonium salt monomer. The monomer salt was
polymerised in a water:methanol (50:50) solution
using sodium hydroxide with 0.9 mol equiv. of base.
The viscous polyelectrolyte precursor polymer solu-
tion was purified by dialysis against deionised water
(3 X 2000 cm?) with Spectra/Por 3 dialysis tubing
of the molecular weight cut-off of 3500 Da. The
concentration of the precursor polymer was 0.74%.
PPV films were obtained by spinning of the solution
of the precursor polymer onto silica or Fisher micro-
scope slides and thermally converted under dynamic
vacuum at elevated temperatures (150-200°C) for
3-5 hours. We found that we could prepare films of
better optical quality if the precursor solution prior to
the deposition was diluted with methanol (e.g., 2:1),
stored at room temperature for at least 1 day then
filtered (0.5 pm) and concentrated with a rotary
evaporator. The influence of methanol on the precur-
sor polymer has been already observed at tempera-
tures 50—60°C [14-16] leading to the precursor par-
tially substituted with methoxy groups possibly act-
ing as defects breaking the conjugation in the rigid
rod molecule of poly( p-phenylenevinylene) and lim-
iting the tendency for crystallisation. Indeed, the
scattering of light in our films was reduced (wave-
guiding of HeNe laser light was observed). Films
were characterised by UV-VIS-NIR spectroscopy,
refractive indices and thicknesses measured with a
prism coupler. Absorption spectra of the PPV films
showed maximum at ca. 420-430 nm, the absorption
coefficients at the resonance were in the range (1.6—
1.8) X 10> ecm™!. Refractive indices ng and nqy
were found to be equal to 2.26 and 1.60 at 633 nm
and to 2.10 and 1.58 at 810 nm, respectively, indicat-
ing anisotropic alignment of the molecules in the
films. The index data varied slightly (5%) between
samples. The data indicated moderate conjugation
length had been introduced into the polymer back-
bone during the polymerisation and under the pro-
cessing conditions we applied. The third order opti-
cal nonlinearities evaluated with fs degenerate four
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wave mixing at 800 nm in these films were in the
range |n,| = (2-4) X 107'? cm?/W.

3. The laser system

The laser system used in the investigation com-
prised of an Ar-ion (Coherent Innova) pumped Ti-
sapphire oscillator (Coherent Mira 900D) and an
amplifier using the chirped pulse amplification
scheme. Single 90 fs pulses from the 76 MHz mode-
locked train generated by the oscillator were selected
with a Pockels cell and expanded by a factor of
about 1000 in a grating decompressor. The pulses
were then injected into a Ti-sapphire regenerative
amplifier pumped at 30 Hz with frequency-doubled
pulses from a Spectra-Physics GCR-130 Nd-YAG
laser. After amplification using a fixed number of
passes (12) in the regenerative amplifier the pulses
were recompressed in a grating compressor. This
resulted again in about 90 fs pulses with energies
which could be varied in 0.1-100 microjoule range
by controlling the delay between the pulse of the
Nd-YAG pump and the moment of the injection of
the pulse from the Mira oscillator into the amplifier.

4. Third-order autocorrelation with PPV films

The simplest way of diagnosing Ti-sapphire pulses
with nonlinear effects in PPV films which we found
useful for routine diagnostics of pulse duration was
third-order autocorrelation by self diffraction. If two
short pulses from the same laser overlap within a
third order nonlinear material, a transient refractive
index grating is formed from which the beams can
be individually diffracted. If the film is thin and the
nonlinearity very high, significant energy can be
diffracted into the first (or higher) order components
since, although the interaction is non-phase matched,
strong diffraction occurs in a distance (the film
thickness) shorter than the coherence length for the
interaction. If a delay is introduced between the two
pulses then the variation of the diffracted intensity
with delay provides a measure of the third order
autocorrelation function of the pulse.

Fig. 1 shows a multiple shot autocorrelation trace
obtained by self diffraction and fitted by a model
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Fig. 1. Multiple shot autocorrelation trace fitted to a 90 fs duration
sech? pulse.

pulse assumed to have a sech® temporal profile. The
Ti-sapphire amplifier output beam was split in two,
passed through an adjustable delay line and the two
beams were focussed to intersect at an angle of about
10° in a 200 wm diameter spot on a 3.6 pwm thick
sample of PPV prepared as described above. The
diffracted signal was generally visible using an infra-
red image converter, and at high energies (> 10 wJ)
several diffracted orders could be observed. Typi-
cally > 100 nJ of input energy was required to
obtain an autocorrelation trace although this value
depends, of course, on the experimental geometry.
The curve fitting indicated the laser pulse duration
was = 90 fs.

5. FROG by self-diffraction in PPV films

While the intensity autocorrelation is very useful
for diagnosing operation of a short pulse laser, it
does not, however, provide any information on the
degree of frequency chirping that may be present in
the pulse. The simple measurement of the intensity
autocorrelation function can be extended by spec-
trally resolving the diffracted light. By measuring the
spectrum as a function of delay, input data for a
FROG analysis can be obtained. Our experimental
arrangement was modified to allow a complete set of
FROG data to be obtained from a single laser pulse.
The incoming beams were focussed using a cylindri-
cal lens to form two overlapping line foci at the PPV
(see Fig. 2). Diffraction only occurs from those
regions where the pulses from the two different
directions overlap in time, and hence the intensity
autocorrelation function can be measured by imaging
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Fig. 2. Apparatus used to record single shot FROG traces.

the diffracted emission as a function of distance
along the line focus. The emission can be spectrally
resolved in a direction orthogonal to the time ‘‘axis”
allowing single shot recording of the FROG trace.

We used a cooled CCD camera (Photometrics
Imagepoint) connected to a framegrabber and com-
puter to record the two-dimensional information in
the frequency—time plane. By optimising the system
(we chose the length of the line focus to be equiva-
lent to = 5 X the pulse duration and used a = 30
wm wide line), FROG data could be recorded using
single pulse energies as small as 200 nJ in 90 fs.
This represents a factor of five better sensitivity than
achieved in previous FROG measurements using
other third order nonlinear media [1].

The FROG data was used to recover the phase
and intensity profile of the laser pulse using algo-
rithms that have been described elsewhere [3]. Fig. 3

shows an example of raw FROG data for a 1 pJ
pulse compared with a reconstructed frequency—time
distribution obtained from the FROG analysis whilst
Fig. 4 shows the intensity and phase profiles of the
pulse. As is evident, the pulse is not perfectly trans-
form limited and contains a nonlinear chirp which
prevents compression below 90 fs.

One of the most useful features of a FROG image
obtained from a third order autocorrelation trace is
the qualitative link that exists between the shape of
the image and the pulse characteristics [4]. Any
residual chirp arising from incorrect setting of the
grating pulse compressor at the output of the regen-
erative amplifier appeared as an elongation of the
FROG image along an axis inclined in the time-
frequency plane. The slope changes sign as the chirp
varies from positive to negative. As a result of the
high FROG sensitivity using self-diffraction from
PPV it was possible to easily optimise the compres-
sor for minimum pulse duration and chirp.

To determine the ultimate sensitivity available
from a PPV autocorrelator we attempted to record
FROG data using the train of 10 nJ, 90 fs unampli-
fied pulses direct from the MIRA oscillator. Self-dif-
fraction could, in fact, be observed but scattering
and/or the growth of a permanent grating in the film
obscured the FROG signal. Thus although changing
from 200 nJ single pulses to a 76 MHz, 10 nJ pulse
train allowed the 20° reduction in the self-diffracted
signal to be partially compensated by the high repeti-
tion rate of the pulses, our present PPV would not
produce a useable FROG trace using the oscillator
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Fig. 3. Raw single shot FROG data (left) compared with reconstructed data (right) from a 1 wJ, 90 fs duration laser pulse. The fringes on the

experimental data are an artifact.
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Fig. 4. Intensity and phase profiles of the pulse obtained from the
FROG data of Fig. 3.

beam alone. Can, therefore, FROG traces be ob-
tained with lower energy pulses that currently
demonstrated? For a given experimental geometry
the self diffracted energy is proportional to the ratio
of the (pulse energy)® /(pulse duration)?, thus, shorter
pulses should produce FROG traces more easily.

6. Autocorrelation by two-photon induced fluores-
cence in PPV

Whilst FROG analysis provides the most quantita-
tive information on the pulse another property of
PPV proved useful for qualitative analysis. PPV
shows quite strong two-photon induced fluorescence
when exposed to short pulses around 800 nm. This
efficient fluorescence is the result of the high value
of B combined with the fact that a substantial frac-
tion of excited states of PPV decay in a radiative
way. Using the same geometry as for single shot
FROG analysis, a simple single-shot autocorrelator

can be constructed where two photon fluorescence
from PPV is imaged with the CCD camera to pro-
vide an autocorrelation trace. Autocorrelation can
readily be observed using single pulses of a few
microjoules energy from the Ti-sapphire amplifier.
The traces could be analysed as discussed e.g. in
Refs. [17,18], however, the accuracy of the autocor-
relation profiles relies on the time-integrated two-
photon fluorescence intensity depending quadrati-
cally on the laser intensity. In fact, measurements
from degenerate four-wave mixing in PPV at high
intensities (around 100 GW /cm?) indicate that the
decay time for the two-photon induced excited
species becomes power dependent [11]. This leads to
deviation from the desired quadratic dependence
making it difficult to obtain quantitative information
from this autocorrelation signal.

Nevertheless, the convenience of this visible fluo-
rescence signal should not be underestimated since it
is a considerable aid when aligning the other forms
of autocorrelator or setting up experiments on degen-
erate four wave mixing where three ultra-short pulses
must be brought into time coincidence at a sample. A
typical two-photon fluorescence autocorrelator signal
is shown in Fig. 5.

7. Discussion

The advantage of the use of PPV for autocorrela-
tion lies in both the sensitivity and convenience
afforded by the use of this material. The demanding
FROG analysis benefits from the use of a third order
interaction since the FROG traces qualitatively re-
produce the main pulse characteristics (e.g. chirp)

Fig. 5. Two-photon fluorescence autocorrelator signal from PPV. The window width is 2 ps.
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which is masked when FROG data are recorded from
a second harmonic autocorrelator. Self-diffraction
from PPV has also provided a five fold increase in
sensitivity compared with earlier results obtained
using the Kerr gate geometry with silica as the
nonlinear medium. Our 3 wm thick PPV films have,
for example, an equivalent ‘‘nonlinearity’’ to > 20
mm of fused silica and they should provide fs tem-
poral resolution where thick media may be limited.

Finally we comment on the wavelength range
over which PPV can be employed. Our as yet unpub-
lished DFWM results indicate that |n,]| for the most
nonlinear form of PPV >2X 107'? c¢cm?/W for
wavelengths <1 pm (no measurements have yet
been made at longer wavelengths). The range where
the two-photon absorption of PPV may be used for
autocorrelation is roughly from the one-photon ab-
sorption edge at 500 nm to the two-photon absorp-
tion edge at about 950 nm (the two-photon absorp-
tion spectrum of PPV was published in Ref. [19]).
However, we were also successful in using single-
shot two-photon fluorescence autocorrelation in a
thick PPV film (about 10 pm) for amplified 1 ps
pulses at 1.06 wm. Thus we expect PPV to be useful
as an autocorrelator material at least throughout the
entire Ti:sapphire tuning band. We also expect that
FROG measurements should be possible within a
similar wavelength range, however, tuning limita-
tions of our Ti-sapphire oscillator /decompressor /re-
generative amplifier /compressor system (set for 800
nm) have not allowed us to investigate directly how
the sensistivity of a FROG system based on self
diffraction in a PPV film changes with the wave-
length.
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