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Abstract: We have recently developed a spectral re-shaping technique to
simultaneously measure nonlinear refractive index and nonlinear absorption.
In this technique, the information about the nonlinearities is encoded in the
frequency domain, rather than in the spatial domain as in the conventional
Z-scan method. Here we show that frequency encoding is much more robust
with respect to scattering. We compare spectral re-shaping and Z-scan
measurements in a highly scattering environment and show that reliable
spectral re-shaping measurements can be performed even in a regime that
precludes standard Z-scans.
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1. Introduction
The Z-scan technique can be considered the gold standard for measuring nonlinear absorptive
and dispersive coefficients [1,2] and it has been used to study the nonlinear properties of a
wide range of optical materials, such as pure or doped glasses [3,4], semiconductors [5],
liquids, and liquid crystals [6]. However, its reliance on detecting small beam variations
restricts the use of Z-scans to clean, transparent materials. Therefore, highly scattering media,
such as biological tissue (other than clear liquids such as vitreous humor [7]) are not suitable
for studies with this technique.
Nonlinear absorption and dispersion is, however, ubiquitous in biological materials and
can offer a range of novel contrast mechanisms. Conventionally, the use of nonlinear contrast
in tissue is limited to processes that create light of a wavelength that is sufficiently distinct
from the wavelength used for excitation [8], such as in two-photon fluorescence [9], secondharmonic generation [10], or coherent anti-Stokes Raman scattering [11]. Using recently
developed measurement techniques we have shown that nonlinear absorption has the potential
to offer contrast of diagnostic value [12–14]. In addition, parametric processes are beginning
to be used in biological samples, such as stimulated parametric emission [15] and self-phase
modulation (SPM) [16].
We have recently developed a spectral re-shaping technique that can simultaneously
measure two-photon absorption and self-phase modulation with good sensitivity [17,18].
While this technique has been shown to provide contrast in biological samples [16,19], here
we perform the first quantitative comparisons between spectral re-shaping and the Z-scan
method in scattering media. In regimes where both methods can be used we show that
scattering prevents accurate quantification of nonlinear refractive index with the Z-scan
technique. The spectral re-shaping technique does not suffer from this limitation. We also
demonstrate that spectral re-shaping can extract nonlinearities even in such highly scattering
media that preclude the use of the traditional Z-scan technique.
2. The Z-scan and the spectral re-shaping technique
In the standard Z-scan technique, the sample is translated through the focus of a laser beam in
the direction of beam propagation (the Z-direction). Because nonlinear processes have higher-
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order dependence on light intensity, the light-matter interaction is predominantly localized to
the focal region. In case of a two-photon absorbing media a transmission minimum occurs
when the focus position is centered in the sample. The two-photon absorption (TPA)
coefficient can be extracted by fitting the transmission as a function of sample position (the
open-aperture scan). In the case that a sample exhibits self-phase modulation (SPM) only, the
total transmitted power remains constant, but small phase shifts are imposed on the highintensity parts of the beam. For a Gaussian beam profile this effect leads to self-focusing or
self-defocusing in the sample, resulting in changes in the far-field diffraction pattern. The
conventional way of detecting these changes in the spatial profile is by measuring the power
transmitted through a small aperture placed in the far-field region of the beam. The recorded
transmission as a function of sample position (the closed-aperture scan) shows dispersive-type
features from which the SPM coefficient can be extracted. If the material exhibits both TPA
and SPM the two contributions can be disentangled by fitting the open- and closed-aperture
scans [20].
Over the years various modifications have been introduced for the Z-scan technique to
enhance its sensitivity and applicability [21–23]. The sensitivity to beam shape changes can
be enhanced over closed-aperture measurements by eclipse-type measurements [24] or by
numerically fitting complete beam profiles acquired with an imaging device [25]. Still, a well
characterized and clean input beam profile is required for precise measurements [20]. Bridges
et al. have demonstrated a technique which partially relaxes the stringent beam shape
requirement by measuring the nonlinearity of the sample relative to a reference sample [26].
The key mechanism of the Z-scan technique is to measure the SPM-induced phase shift via its
effect on the far-field diffraction pattern. In a strongly scattering medium these small changes
in the beam profile are masked by the diffusive nature of multiple scattering. Beam profiles in
such samples are “washed out” and Z-scan traces do not provide the information required to
extract nonlinear coefficients. Scattering therefore not only decreases the amount of light
available for detection, but also leads to quantitative errors in the estimation of the nonlinear
parameters. Higher sensitivity versions of the Z-scan (such as eclipse or pump-probe type)
still suffer from this inherent lack of accuracy.
In contrast, the spectral re-shaping technique encodes the nonlinear signature in the
spectral rather than the spatial domain. As described in [17], the self-induced phase shift
results in a small change in the frequency spectrum of an ultrafast laser pulse. For moderate
power levels this spectral change is generally quite small but can be distinguished from the
large background by appropriately pre-shaping the laser pulse. Using femtosecond pulse
shaping techniques we introduce a spectral hole in the center of the pulse spectrum. Due to
their nonlinear nature, both TPA and SPM alter the spectrum in such a way as to partially refill the spectral hole. These effects can be separated by the phase of the polarization in the
spectral hole: TPA is an absorptive process and adds a field that is 180° out of phase with the
remainder of the pulse, whereas SPM is dispersive and adds a field 90° out of phase. By
adding a well-defined reference field (referred to as the local oscillator) in the spectral hole
these two contributions can be separated. This homodyne scheme not only provides a phase
measurement but also a dramatic signal enhancement due to the amplification effect of the
local oscillator. In contrast to the beam shape, the frequency spectrum of a pulse is largely
unaffected by linear scattering events. Therefore we can extract nonlinear signatures
imprinted on the spectrum even if only a small fraction of the light passing through the focus
can be collected by the detector. Moreover, even if only a small, scattered fraction of light can
be collected for detection, an accurate determination of nonlinear coefficients is possible. This
also means that back-scattered light could be used to extract the spectral information, making
this technique suitable for thick, non-transmissive samples.
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3. Experimental setup
Figure 1 shows a simplified schematic of our experimental setup. Our laser source was a
Coherent RegA regenerative amplifier seeded by a mode-locked Ti:Sapphire oscillator
(Vitesse, Coherent). The output pulse length was about 50 femtoseconds at a repetition rate of
20 kHz. The spectral shaping was performed using a standard 4−f acousto-optic pulse shaper
[27]. The phase of the central portion of the pulse spectrum (~3 nm) was rotated at 5 kHz to
create the local oscillator (LO). The beam was then spatially filtered to achieve a nearGaussian beam profile for use with the Z-scan technique. Part of the beam was diverted by a
beam splitter (BS) onto a photodiode (D1) for input power monitoring. The beam was then
focused using a 100 mm focal length lens into the sample, which was mounted on a
translation stage for scanning along the beam axis. The beam radius at the focus was about 9
µm. For each sample we performed traditional Z-scans and spectral re-shaping scans in
succession. For the spectral re-shaping trace the beam was passed through a band-pass filter
(BPF, an angle-tuned interference filter). The central 1 nm portion of the LO passed through
the filter and was collected onto a photodiode (D3). The signal from the photodiode was timegated with a boxcar integrator and analyzed in a lock-in amplifier. A 5 kHz (LO rotation
frequency) reference signal was provided to the lock-in amplifier by the pulse shaper
electronics. For the Z-scan data we acquired two closed-aperture traces: a “high power” trace
and a “low power” trace that was used as normalization in order to compensate for linear
sample distortions and for variations in the input beam profile. To acquire these closed
aperture Z-scan traces a 150 µm pinhole was placed in the far field and the light passing
through this aperture was collected by a photodiode (D2). This signal was also time-gated and
analyzed in a lock-in amplifier. Here, the incoming pulses were amplitude modulated with the
same modulation frequency of 5 kHz.

Fig. 1. Simplified schematic of the experimental setup.

Our sample consisted of a 1 mm thick glass slide placed in a scattering medium (intralipid
in water) contained in a 20 mm × 20 mm glass cuvette. Varying the concentration of the
intralipid solution changes the scattering strength of the medium. The incident power onto the
sample was 1.7 mW (85 nJ/pulse) for the spectral re-shaping and 4.9 mW (245 nJ/pulse) for
the Z-scan measurements.
4. Results
Figure 2 shows sample traces for the spectral re-shaping (a) and the Z-scan technique (b) at
different concentrations of the intralipid solution. To calibrate the scattering strength as a
function of intralipid concentration, we performed a set of linear transmission measurements.
For these measurements we recorded only the unscattered light passing through the cuvette
(the ballistic photons). We fit the resulting transmission data with the exponential function
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T = exp(−a0 C L) (Beer’s law), where C is the concentration (in % vol) and L is the length of
the cuvette. We obtained an exponential reduction parameter of b0 = a0 L = 10.4 .

Fig. 2. Part (a) shows spectral re-shaping scans at concentrations C0, C1 and C2. Part (b) shows
averaged Z-scan traces at concentrations C0 and C1. The red lines in the graphs are the
corresponding fit traces. Part (c) shows relative linear transmission of the sample as a function
of concentration of intralipid in water. Also marked in (c) are the concentrations C0, C1 and C2
used in parts (a) and (b). The spectral re-shaping and Z-scan traces are averages of 9 scans
performed at multiple transverse positions of the cuvette (to reduce the influence of possible
sample impurities).

The traces in Fig. 2(a) and 2(b) show qualitative differences. The spectral re-shaping
traces in (a) provide a signal that is proportional to the nonlinear coefficient at every position
within the sample [18]. It is apparent that glass exhibits a larger self-phase modulation
coefficient than water and the intralipid solution. We can also see that in a scattering sample,
the signal decays exponentially as a function of focus position, because scattering reduces the
amount of light reaching the focal volume (the left side of the graph corresponds to the light
entrance side). Even in the case of pure water (C0 = 0) we observe a reduction in signal when
moving the focus towards the exit surface. We traced this behavior to the combination of two
effects: the dispersive broadening of the ultrafast pulse in the solution and the small loss of
power due to the refractive index mismatch at the water/glass interface.
The Z-scan traces in Fig. 2(b) exhibit the typical features of self-focusing/defocusing. The
transmission changes occur near interfaces (air/glass and glass solution) and are sensitive to
the relative change of nonlinear index (this is in contrast to the absolute nature of the spectral
re-shaping signal). Here, too, a signal decrease due to scattering, index mismatch and
dispersion is apparent in the asymmetry of the peaks at the air/glass and glass/air interfaces.
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To quantify the influence of scattering on the two measurement techniques we performed
nonlinear least-square fits on the signal trace averages (9 traces were averaged for each
concentration). For the spectral re-shaping method, we approximated the trace within the
cuvette as the sum of an exponential decay and a Gaussian peak centered at the position of the
glass slide. Note that with this model function, the Gaussian amplitude measures the
difference in nonlinear coefficients between the glass and the surrounding solution (in analogy
to the Z-scan case). The traces in Fig. 2(a) show the best fit curve as thin red lines. We then
extracted the values of the Gaussian amplitude and normalized this set to the case of pure
water. The resulting data set is shown in Fig. 3 (top).

Fig. 3. Relative nonlinear self-phase modulation (SPM) signals in the glass slide as a function
of concentration of the intralipid solution. Shown are spectral re-shaping (top) and Z-scan
results (bottom). The inset shows a high-resolution scan for low concentrations. In the bottom
panel we also show two-photon absorption (TPA) signals in a colored glass filter. The values
and error bars are best fit values and fit errors, respectively. The fit was performed on an
average of 9 traces and the resulting fit values were normalized by the value for pure water.
Also shown as lines in each graph is the expected signal drop-off based on a focal intensity
reduction due to scattering.

The influence of scattering in these measurements can be estimated as follows. Once the
light has entered the cuvette it is attenuated by the factor exp(−a0 C L / 2) on its way to the
focus assuming that the glass is centered in the cuvette. Since the spectral re-shaping scales
quadratically with intensity, the signal at the focus is reduced by exp(−a0 C L ) . The resulting
spectral signature is further attenuated by exp(−a0 C L / 2) between the focus (glass slide) and
the exit side of the cuvette. This results in a reduction of exp(− 3 2 a0 C L ) , yielding
bSpec = 3 2 b0 , where b0 is the reduction parameter for linear transmission. An exponential curve
with this parameter is indicated in the top panel of Fig. 3 and is seen to match the
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experimental data very well (note that this curve has not been obtained by fitting the SPM
data).
We also extracted quantitative data from the Z-scan traces via nonlinear least-square
fitting. The model function we used is applicable to “thick” refractive samples (Eq. (29) in ref
[20]). For concentrations above C1 we were are not able to fit Z-scan traces due to extremely
low signal to noise ratios. We normalized the obtained value for nonlinear refraction (dΦ0R in
ref [20]) to the pure water case. The results are displayed in Fig. 3 (bottom). The estimation
for the influence of scattering can be performed similarly. However, in a Z-scan trace the
signal that is analyzed is the power transmitted through the aperture divided by the
transmission when the sample is out of focus (i.e. the linear transmission through the
aperture). The absolute reduction of aperture transmission also scales quadratically with focal
intensity, leading to a reduction of exp(− 3 2 a0 C L ) . However, division by the linear
transmission (proportional to exp(−a0 C L ) ) results in a reduction parameter of bZ − scan = 1 2 b0 .
A curve with such a behavior is displayed in Fig. 3 (bottom). To further test this model, we
replaced the glass sample with a 1 mm thick color glass filter (RG665), which shows strong
two-photon absorption (TPA) at our laser wavelength. We then performed an open aperture Zscan to extract the TPA coefficient for several concentrations of the surrounding scattering
solution. The resulting relative TPA values are also plotted in Fig. 3. In contrast to the SPM
values, the TPA values fit the expected reduction curve well.

Fig. 4. Ratio of best fit values for the nonlinear coefficient to the fit error (standard deviation)
for the spectral re-shaping and Z-scan technique as a function of concentration of the intralipid
solution. The fit was performed on a 9-trace average. Note that the incident power used for the
Z-scan was about three times higher than the power used for the spectral re-shaping technique.

In order to illustrate the difficulty in measuring nonlinear refractive index in scattering
media we plotted the ratio of fit value to the statistical fit error obtained by the nonlinear leastsquares fit in Fig. 4 for both measurement techniques. It is apparent that the reliability of the
fit decreases rapidly with increased scattering. For the Z-scan only concentrations below 0.05
percent by volume resulted in reliable fit values.
5. Discussion

From the data in Fig. 3 it is apparent that the spectral re-shaping method can be described well
by a model that accounts for the intensity of ballistic photons at the focal spot. The effect of
scattering (other than the reduction of focal intensity) does not interfere with the actual
measurement. However, Z-scan measurements of the nonlinear refractive index are highly
sensitive to the spatial profile of the transmitted beam (two-photon absorption measurements
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are not). Any variation in this profile will be recorded and interpreted as nonlinear in origin.
The situation can be partially alleviated by normalizing each Z-scan with a corresponding
“low power” trace (as was done in our experiments). This procedure aims at separating linear
transmission changes, such as those caused by sample distortions, from changes induced by
nonlinearities in the sample. Even though the effect of scattering (the broadening and
“smearing”) on the linearly transmitted beam can be accounted for, the nonlinear beam
changes wash out equally, leading to a decrease in measured nonlinearity, therefore
decreasing accuracy.
We also observed differences between the two techniques in the way scattering influences
the measurement precision. While it is natural to expect an increase in uncertainty for
increasing amount of scattering, the Z-scan method is substantially more susceptible to this
effect. In the Z-scan technique, only very low concentrations (less than 0.05% vol) allowed
reliable extraction of the nonlinear coefficient. In contrast, the spectral re-shaping method
showed an acceptable signal to fit error ratio even at concentrations as high as 0.3% vol
(where only about 5% of the input power is transmitted through the sample).
In order to demonstrate that the increase in Z-scan’s uncertainty as scattering increases is
not simply due to a loss of nonlinear signal, we investigated the direct influence of focal
power on the Z-scan signal to fit error ratio. In a clean water sample we varied the input
power and compared the signal to error ratio with the scattering case. Figure 5 shows both
measurements, where the two x-axes were scaled to match the power at the focus in both
cases. We can see that the power reduction alone cannot account for the lower signal to error
ratio in Z-scan. To confirm this finding we removed the aperture and recorded time-lapse
images of the transmitted beam profile on a CCD camera (data not shown). For scattering
samples we observed increasing fluctuations in the beam profile on a wide range of spatial
and temporal scales. In comparison, for the spectral re-shaping measurements in a clean water
cuvette the reduction of input power by a factor of 3 did not appreciably affect the measured
signal to error ratio.

Fig. 5. Ratio of best fit values for the nonlinear coefficient to the fit error (standard deviation)
for the Z-scan technique with decreasing input power in comparison to increased scattering.
The two x-axes are scaled to match the power reaching the sample at each point.

6. Conclusions

We have demonstrated that the spectral re-shaping technique can measure the nonlinear
refractive index in scattering media that are unsuitable for measurements with the Z-scan
technique. Here we have performed spectral re-shaping measurements of self-phase
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modulation only, but we have previously demonstrated that this technique is equally capable
of measuring nonlinear absorptive effects [18].
Because this technique is much more robust with regards to detrimental influence of
scattering it opens up a wide range of possible targets, primarily biological tissue that was
inaccessible with standard measurement techniques, such as neuronal tissue [16]. The
localized nature of this measurement technique also promises to offer a new intrinsic contrast
for nonlinear microscopy that is complementary to existing techniques.
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