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ABSTRACT

The effects of spectral shape on two photon fluorescence excitation are investigated experimentally using an
acousto-optic pulse shaper to modify femtosecond pulses from a Ti:sapphire laser. By using different spectral
window shapes, we find that the measured two photon efficiency can vary by a factor of 2 for differently
shaped spectra with the same full width at half maximum. We find that these effects are described well by a
simple model assuming transform-limited pulses. The fact that even small changes in the spectral wings can
significantly affect the efficiency of nonlinear processes has implications for biological multiphoton imaging,
where it may be desirable to minimize sample exposure to radiation and maximize fluorescence or harmonic
efficiency. © 1999 Society of Photo-Optical Instrumentation Engineers. [S1083-3668(99)00303-1]
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1 INTRODUCTION

To date, the primary laser variables in multiphoton
microscopy used to optimize efficiency have been
wavelength, average power, and peak power.1–3 In
this article we introduce a fourth parameter—the
pulse shape. The temporal structure of the electric
field which drives the multiphoton process de-
pends on both the spectral amplitude and the
phase. The spectral amplitude distribution, i.e., the
power spectrum, determines the distribution of fre-
quencies that make up the pulse, and the shortest,
most intense pulse is obtained when these frequen-
cies are all in phase and arrive at the same time.
Both the spectral phase and the amplitude in the
frequency domain determine, via Fourier transfor-
mation, the peak intensity and duration of the pulse
in the time domain.4 An exact knowledge of these
properties is crucial for estimating quantities like
excitation cross sections and damage thresholds.
Because the pulse shape is usually assumed to be a
simple analytical form, such as a Gaussian or hy-
perbolic secant squared (sech2), this means that the
stated peak power, and consequently the intensity
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at focus, has been based on certain assumptions.
Thus, knowledge of the actual pulse shape is not
only useful for maximizing the efficiency of the ex-
citation, but is also necessary for an exact description
of the fields generated at the focus. This will be
critical in determining the optimal conditions for
useful imaging and minimal biological damage.

A simple example using analytical shapes can be
used to illustrate the importance of pulse shape.
The time-bandwidth product of a pulse, defined as
the full width at half maximum (FWHM) of the in-
tensity profile of the pulse in the time domain (Dt),
multiplied by the FWHM of its intensity profile in
the frequency domain (i.e., the FWHM of the power
spectrum, Dn) provides an indication of how the
spectral content translates into the time domain.
Consider the difference between a Gaussian pulse
and a sech2 pulse shape which have time-
bandwidth products (DnDt) of 0.44 and 0.32, re-
spectively. This belongs to an important class of
pulse shapes, because self-mode-locked Ti:sapphire
lasers, which are the most common lasers used in
multiphoton microscopy, normally produce a time-
bandwidth product that varies over this range. If
we consider the case where the FWHM of the
power spectrum, Dn, is identical for the two pulse
shapes, we find that the Gaussian pulse shape pro-
duces a pulse that is 1.375 times longer (FWHM) in
the time domain than the equivalent sech2 pulse. If
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both pulses have the same total energy, then the
peak intensity of the sech2 pulse is greater and the
probability of two photon absorption (2PA) in-
creases proportionately, i.e., we expect the sech2

pulse to generate a signal which is roughly 1.375
times stronger in two photon processes like second
harmonic generation (SHG) and two photon ab-
sorption (2PA). The effect in third harmonic
generation5,6 or three photon absorption7,8 is even
more dramatic—the shorter sech2 pulse should en-
hance the signal by almost a factor of 2. The differ-
ence between a Gaussian and a sech2 spectrum with
the same Dn lies mainly in the low amplitude wings
and may not be readily apparent to the casual ob-
server. This example illustrates how relatively
small changes in the frequency domain can lead to
significant effects in the time domain and in the
yields of multiphoton processes driven by these
short pulses.

It is worth noting that this information is also
useful for designing a multiphoton laser system.9

For example, recently available mode-locked fiber
laser systems inherently work in the soliton regime,
and thus tend to produce pulses with time band-
width products on the order of 0.32. Thus this type
of laser source should result in more efficient mul-
tiphoton imaging. Even if the spectrum from the
laser itself is fixed, the optics in the system may
affect the laser spectrum seen by the sample. For
instance, if the passive optical components used in
many fluorescence imaging experiments have lim-
ited bandwidths, they can act as spectral filters and
may affect the pulse shape at the experiment.

Since experimental laser spectra rarely achieve
ideal Gaussian or sech2 profiles, it is worth explor-
ing experimentally the effect of spectral shape on
the efficiency of the 2PA process. Femtosecond
pulse shaping has been used previously to optimize
both second harmonic generation10,11 and one pho-
ton fluorescence.12 In the present work, we use a
femtosecond pulse shaping apparatus12,13 to con-
trollably modify the spectral amplitude of femto-
second Ti:sapphire pulses and then use these
shaped pulses to excite two photon fluorescence
from dye molecules in solution or to generate sec-
ond harmonic in a nonlinear crystal. In both cases,
we vary both the bandwidth and the detailed spec-
tral shape. We find that both processes are quite
sensitive to the detailed shape of the spectrum, es-
pecially to the presence of low-amplitude wings. A
simple model, based on assuming an instantaneous,
frequency-independent nonlinearity, gives good
agreement with the experimental data. The implica-
tions of this work are that the details of the tempo-
ral profile of the pulse, as deduced from the Fourier
transform of its frequency spectrum, do not get
washed out in a real 2PA experiment and can
change the measured two photon efficiency (2PE),
defined as the fluorescence output divided by the
square of the pulse energy, by a factor of 2 or more.
This clearly illustrates that simplistic assumptions
of Gaussian or sech2 pulse shapes are insufficient to
determine the maximum achievable 2PE of a given
laser system, and that the detailed spectral shape
must be taken into account.

2 EXPERIMENT

To produce the input pulses for the pulse shaper,
the output of a Ti:sapphire oscillator travels
through a grating stretcher and then seeds a regen-
erative amplifier operating at a 1 kHz repetition
rate. A birefringent filter in the amplifier cavity pro-
vides a wavelength-dependent loss which prevents
the gain narrowing usually associated with regen-
erative amplification.14 This pulse is further ampli-
fied in a two pass postamplifier before passing
through a grating compressor. The input laser pulse
spectrum typically has a bandwidth of 800 cm−1

and a duration of about 45 fs, limited by residual
cubic phase distortion. Our pulse shaper, shown in
Figure 1, is based on the design of Warren and
co-workers13 using an acousto-optic modulator
(AOM). Briefly, the input beam, 1 cm in diameter, is
dispersed in frequency by a 1200 line/mm grating
and focused onto a TeO2 acousto-optic crystal using
a 0.5 m focal length spherical mirror. In the crystal,
the optical wave is mixed with an acoustic wave
generated by a radio-frequency (rf) pulse coupled
into the crystal by a transducer. We use high power
(1.5 W peak power) rf pulses in order to improve
the diffraction efficiency of the AOM. The acousto-
optic effect results in a diffracted optical wave pro-
portional to the product of the two incident waves.
The diffracted beam is recollimated and reas-
sembled in frequency by a second spherical mirror
and the grating. An external grating pair is used to
compensate for the large linear chirp introduced by
the diffraction of the AOM. Using a large diameter
beam and limiting the amount of AO modulation
help to minimize the temporal walkoff effects in-
herent in these spectral pulse shaping schemes,15,16

and we do not observe any spatial distortion in the
shaped beam profile.

Fig. 1 Schematic of the computer controlled acousto-optic modu-
lator pulse shaping system.
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In the AOM pulse shaping method, the rf wave
form, Vrf(trf), is converted to a traveling acoustic
wave in the modulator. For small optical band-
widths, the laser pulse is linearly dispersed in fre-
quency at the modulator and thus different time
slices of the rf wave form modulate different fre-
quency components of the input laser pulse,
Eopt

in (nopt), according to the relation

Eopt
out~nopt!}Eopt

in ~nopt!Vrf~trf!. (1)

By changing the shape of the rf window in the
AOM, we change the shape of the diffracted spec-
trum. The rf windows used in these experiments
consist of square, Gaussian, sech, exponential, and
stretched exponential. The exact functional forms
are

H 0 t,2tsq

1 2tsq<t<1tsq

0 t.1tsq

J ~square!, (2)

exp~2t2/tga
2 ! ~Gaussian!, (3)

2/@exp~t/tse!1exp~2t/tse!# ~sech!, (4)

exp~2ut/texu! ~exponential!, (5)

exp~2At/tst! ~stretched exponential!. (6)

Note that the sech rf window results in a sech2 in-
tensity profile in the optical spectrum. If the input
pulse had a perfectly flat and infinite spectrum,
these windows would transfer their shape directly
onto the optical spectrum. Instead, the output spec-
tral amplitude is more complicated and does not
have a simple functional form since the input spec-
trum has a nonideal shape. Figure 2 shows the mea-
sured power spectra resulting from using a series of
sech rf windows with varying widths. We do not in
general create a perfect sech2 spectral intensity pro-
file due to inhomogeneities in the input pulse spec-

Fig. 2 Series of output power spectra shaped using sech rf win-
dows of increasing width. The short-dashed line represents the nar-
rowest window which most closely resembles a true sech2 spec-
trum.
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trum and also due to nonlinear acoustic pulse
propagation which distorts the rf pulse in the
AOM. For the sake of brevity, we will refer to a
pulse that has been windowed by a square rf wave
form as a ‘‘square pulse,’’ even though the optical
spectrum is not truly square. Nevertheless, the dif-
ferent rf windows do result in qualitatively differ-
ent output pulse spectra, especially in the wings,
and these differences will serve to illustrate the
main points of this article.

The two photon experiments themselves are done
in a solution of rhodamine 610 and methanol with a
concentration of approximately 1024 molar. The
maximum pulse energy, with full spectrum, is
about 100 nJ and the 5 mm diam beam is focused
using a 38 mm focal length lens into a cuvette con-
taining the dye solution. Assuming a Gaussian
beam profile and diffraction limited focusing, these
parameters would result in a maximum intensity in
the sample of roughly 1012 W/cm2. No nonlinear
effects such as self-focusing or continuum genera-
tion were observed. The fluorescence is collected at
an angle of 90° to the exciting beam by a photomul-
tiplier tube equipped with a glass filter to reject
scattered 800 nm photons. A fraction of the exciting
beam is split off and monitored using a reference
photodiode, so that the fluorescence and pulse en-
ergy are measured simultaneously. The exciting
beam is chopped at a frequency of 211 Hz to enable
the use of lock-in detection. The second harmonic
measurements are done in a similar manner, except
that a 20 cm lens focuses the beam onto a 100 mm
thick potassium dihydrogen phosphate (KDP) crys-
tal and the second harmonic is detected collinearly.

In order to simplify our analysis, we try to com-
pensate for the spectral phase as well as possible.
By using an external grating compressor we com-
press the full diffracted spectrum, i.e., the width of
the rf window is set equal to the width of the rf
crystal, and the output pulse is measured using
noncollinear autocorrelation in a thin KDP crystal.
The measured autocorrelation width is 88 fs, while
the width of the autocorrelation calculated from the
transform limit of the measured spectrum is 55 fs,
which corresponds to an intensity FWHM of 43 fs
for this spectrum. Thus the full spectrum is roughly
a factor of 1.5 off the transform limit. This phase
distortion is relatively small and its effect on the
narrower shaped spectra we analyze should be
even smaller.

3 RESULTS

The power dependence of the fluorescence due to
the 2PA was measured for several different pulse
shapes and was found to depend on the square of
the pulse energy in all cases. Thus we can define
the 2PE as the fluorescence signal divided by the
square of the pulse energy, normalizing out any
fluctuations in power. Figure 3 shows the 2PE as a
function of the FWHM of the measured power
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spectrum for several different pulse shapes. The or-
dinate is plotted in nanometers to facilitate com-
parison with easily measurable experimental quan-
tities, and within this wavelength range Dl is
proportional to Dn to within 2%. The differences
between pulse shapes is dramatic: from band-
widths of 3 to about 15 nm, a stretched exponential
spectrum is almost three times as efficient as a
square spectrum of the same FWHM. As expected
from the discussion in Sec. 1, the difference be-
tween a sech2 and a Gaussian spectrum is signifi-
cant, even though the measured spectra look almost
identical. Figure 4 shows representative Gaussian
and sech2 shaped spectra whose FWHMs are ap-
proximately 16 nm. The slight differences in the
wings translate into a 12% difference in the 2PE, as
can be seen in Figure 3. After FWHMs of about 15
nm, we begin to run out of the input spectrum and
the efficiency of the stretched exponential pulse be-
gins to level off. This is because the stretched expo-
nential has the largest wings, and their extent is
limited by the input bandwidth to the pulse shaper.

Fig. 3 The two photon fluorescence yield, defined as the fluores-
cence signal divided by the laser pulse energy squared, for five rf
window shapes: square (l), Gaussian (s), sech (j), exponential
(h), and stretched exponential (m). Note that the curves begin to
converge at large FWHM values due to the limited extent of the
input spectrum.

Fig. 4 Representative shaped spectra with spectral FWHMs of ap-
proximately 16 nm: using a sech rf window (solid line) and a
Gaussian window (dashed line).
The other pulse shapes do not level off as quickly
because they have smaller wings and at 15 nm
FWHM they have not yet run into the limits of the
input pulse spectrum. Also, for the narrowest spec-
tral widths, the stretched exponential shows nonlin-
ear behavior, most likely due to distortions of the
shaped rf pulse in the acoustic crystal. Very similar
curves are obtained for the efficiency of second har-
monic generation, but those curves are not shown
here. Finally, we note that, in both cases, the effi-
ciency increases linearly with the FWHM in the
sub-15 nm range, as expected for a two photon pro-
cess.

We can analyze the effect of spectral shape on
2PE in more detail by considering the three repre-
sentative spectra shown in Figure 5(a). These three
spectra correspond to a FWHM of just over 6 nm
and are the results of square, sech, and stretched
exponential windows. Again, it is clear that none of
the spectra is a true replica of the rf wave form, but
they all possess important characteristics of those
ideal spectra, especially in the shape of the wings.
By assuming that the pulses are transform limited
(i.e., there is no phase structure or chirp) and by
Fourier transforming the square root of the power
spectrum, we obtain E(t). Taking the absolute
value squared of this E(t) results in I(t), the calcu-
lated intensity profile. These are shown in Figure
5(b), normalized so that the integrated pulse energy
is the same for all three shapes. The autocorrelation
functions derived from these calculated I(t)’s re-
produce the general shape and FWHM of the ex-
perimentally measured autocorrelations to within a
few percent. We see that spectral wings in the fre-
quency domain lead to an enhancement of the peak
intensity in the time domain. Since any nonreso-
nant multiphoton process depends nonlinearly on
the pulse intensity, even a small enhancement can
lead to large effects in the yield of the multiphoton
process.

Although from the simple arguments presented
in Sec. 1 we expect the relative 2PE of a pair of

Fig. 5 (a) Representative power spectra with FWHMs of approxi-
mately 6.5 nm. The three types of rf windows used to generate the
spectra are square (dashed line, FWHM56.6 nm), sech2 (solid
line, FWHM56.4 nm), and stretched exponential (short and long
dashed lines, FWHM56.1 nm). (b) Temporal intensity profiles of
the Fourier transforms of the spectra in (a), normalized so that they
have the same integrated area and thus the same pulse energy.
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pulses to vary roughly as the ratio of their time
durations, it is a simple matter to calculate the effi-
ciencies explicitly. We make the simplifying as-
sumptions that the absorption process is truly in-
stantaneous and is independent of the wavelength,
at least over our limited wavelength range. In this
case, the total amount of 2PA (and thus fluores-
cence) is directly proportional to *2`

` I(t)2 dt . The
total pulse energy is proportional to *2`

` I(t)dt .
Since the 2PE is defined as the fluorescence signal
divided by the square of the pulse energy, we find
that3

2 PE }
*2`

` I~t !2 dt

@*2`
` I~t !dt#2 . (7)

Using the calculated I(t) in Figure 5(b), we can
calculate the expected 2PE’s and compare them
with the experimentally measured values. Since Eq.
(7) is not unitless and the absolute values of the two
photon cross sections, spot size, etc. are not mea-
sured, we must scale the calculated yields by a con-
stant value so they lie in the same range as the ex-
perimental values. The important point is that the
calculated and experimental results shown in Fig-
ure 6 agree quite well, despite the assumptions in-
herent in our simple calculation of the 2PE. If any-
thing, the calculation slightly underestimates the
enhancement of the 2PE as we go from a square
pulse to a stretched exponential. There are several
possible reasons for this, the most likely being that
an acoustic wave with sharp edges, like a square
pulse, has a wider range of acoustic frequency com-
ponents than a sech pulse of comparable FWHM.
Thus the square acoustic wave will experience
more distortion as it travels through the AO crystal
and this could result in some phase distortion
(chirp) on the shaped pulse. It is possible that the
square pulse not only suffers from a lack of spectral

Fig. 6 Calculated and measured two photon fluorescence yields
for the pulses in Fig. 5. The measured yields correspond to the
measured power spectra in Fig. 5(a), while the calculated yields
are derived from the intensity profiles in Fig. 5(b) and the equations
in the text.
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wings in the optical domain, but also may no
longer be transform limited, which further de-
creases its peak intensity and thus its 2PE. Never-
theless, the simple calculation reproduces the varia-
tion in 2PE with respect to pulse shape almost
quantitatively to within the experimental error,
which is on the order of 5%. This very good agree-
ment suggests that the contribution of any nonide-
alities, like residual chirp or distorted rf wave
forms, is small. The fact that the spectral shape ef-
fect persists despite various nonidealities in the
shaping and compression indicates that it is an ex-
perimentally robust variable.

4 DISCUSSION/CONCLUSION

It is widely recognized that to enhance the effi-
ciency of a multiphoton process without resonant
intermediate states, it is desirable to increase the
average squared intensity at the sample. In general
for a light field, DnDt5constant, where the con-
stant depends on the details of the spectral shape.
Given a specific spectral shape, one obvious way to
shorten the pulse duration Dt and increase the in-
tensity is to increase Dn. Another method is to
modify the spectral shape such that the constant
(and thus Dt) becomes smaller. In this article we
have emphasized that, even if the measured spec-
tral FWHMs (Dn) are identical, adding a little am-
plitude in the spectral wings can change the pulse
shape and result in significant 2PE enhancement.
Small changes in the spectral shape, especially in
the low amplitude wings, that are not taken into
account by the crude measure of the FWHM, can
have significant effects on the peak intensity and
thus the 2PE. Such subtle changes in the spectral
amplitude, such as that shown in Figure 4, can be
introduced both by laser fluctuations and by pas-
sive optical elements like band pass filters. Equally
important (although not emphasized in the present
work) is the phase structure or chirp of the pulse
spectrum.4 It is not sufficient to have a spectrally
broad pulse—those spectral components must have
the same phase. By adding spectral amplitude and
removing spectral phase structure (chirp), we can
make a pulse in which all the frequency compo-
nents arrive simultaneously at the sample, resulting
in the highest possible peak intensity and the most
efficient multiphoton process. Other work in this
group has shown how phase compensation of ul-
trashort, broad bandwidth pulses in microscope
systems may be accomplished.17

We have recently developed multiple techniques
which allow complete characterization of the tem-
poral intensity and phase of the field at the focus of
high numerical aperture systems.18 Thus, a pulse
shape need no longer be assumed, and an accurate
measure of the intensity and phase profiles is now
possible. Consequently, for the first time, we can
realistically consider the effects of the pulse ampli-
tude and phase on the imaging process.
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It is important to discover the optimum condi-
tions for biological imaging using multiphoton ex-
citation and fluorescence. The data and calculations
presented in this article clearly illustrate the dan-
gers of simplistic pulse shape analysis. Small differ-
ences between pulse shapes may be hardly notice-
able in a linear measurement (e.g., the power
spectrum), but can make a large difference in a non-
linear measurement (e.g., two photon absorption).
Naive assumptions about the pulse shape, based on
the measured FWHM of the power spectrum, can
lead to differences of up to several hundred percent
in the estimated 2PE. This work illustrates the ne-
cessity of accurate pulse characterization in order
that exposure conditions in the sample be repro-
ducible. This is especially true for studies relating
to biological damage under multiphoton
excitation.4 If the sample is sensitive to linear pro-
cesses at the laser wavelength, like absorptive heat-
ing, then the key to maintaining sample viability
during observation is to maximize the 2PE. Work
by several groups19–22 has suggested that the main
mechanism of biological damage at Ti:sapphire
wavelengths is nonlinear rather than linear. In this
case, it is doubtful that by maximizing the 2PE one
can increase the useful imaging time, since one
would also be maximizing the damage mecha-
nisms. However, it is still necessary to characterize
the exact intensity levels at which damage occurs in
order to determine damage thresholds and opti-
mum imaging conditions. Small changes in the
wings of the pulse spectrum can produce signifi-
cant changes in the peak intensity, and neglecting
this consideration could result in a misinterpreta-
tion as to the exact intensity levels at which damage
occurs. Thus, the details of pulse shape, both ampli-
tude and phase, can have important implications
for the practical application of multiphoton excita-
tion of fluorescent or harmonic radiation for bio-
logical imaging.
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