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Abstract: We carry out wavelength-dependent second harmonic
interference experiments using thin films of an organic dye as nonlinear
optical sources. While the measured difference of refractive index between
the fundamental and second harmonic wavelengths follows the theoretical
expectation for air in a wide spectral region, anomalous dispersion is
observed when the second harmonic light lies in the absorption band of the
dye. The sensitivity of the technique to small refractive index variations
may prove useful for sensing applications as well as for testing models of
light dispersion in weakly dispersing and absorbing media.

OCIS codes: (190.2620) Harmonic generation and mixing; (120.3180) Interferometry;
(300.6420) Spectroscopy, nonlinear.
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1. Introduction

Precise knowledge of the dispersion of light in air is crucial for accurate length interferometry
[1,2], geodetic surveying [3] and ground-based astronomical observations [4], and it can be
useful to measure pollution or humidity levels [5,6]. Phenomenological formulae allowing the
calculation of the wavelength-dependent refractive index of air from known parameters like
pressure, temperature, humidity or CO, content have been derived by EdIén [7] in a review
paper of 1966. Several different improved models were published since then which have
focused on the impact of these parameters (see [8] and references therein). The analytical
expression for the refractive index differs from study to study, yielding distinct wavelength
dependences, and even when the same functional form is used the intervening constants are
different [7,9-16]. Moreover, to obtain expressions which are valid for distinct chemical
compositions (e.g., different water vapor or CO, content) knowledge of the optical response of
the single constituent gases is necessary. This response is in general wavelength-dependent,
and recent studies of light dispersion in constituent gases of air have brought forth improved
models with distinct functional dependences than older work (see e.g. [17]). To obtain a better
knowledge of the refractive index in weakly dispersing media, accurate wavelength-dependent
measurements would prove useful.

We discuss here a compact, robust and simple method for measuring the spectral
dependence of the refractive index based on wavelength-dependent second harmonic
interferometry. The detection of anomalous dispersion due to the propagation of light through
the molecular films near an absorption resonance demonstrates the high sensitivity of the
probe. While second harmonic interference spectroscopy has been mainly applied to the
measurement of the (relative) phase of the second harmonic light generated at specific
interfaces [18-21], we show here that it holds a great potential for the accurate determination
of the refractive index in weakly dispersive media which has not been exploited so far.
Compared with other interferometry tools to measure light dispersion, nonlinear interference
spectroscopy has the advantage of requiring light propagation only over a single path in one
direction, yielding a robust, alignment-independent measurement, and avoiding the need for a
sophisticated method of detection of spatial interferometric patterns to achieve high accuracy.
The detection of anomalous dispersion suggests a possible application of the technique for
sensing purposes.



2. Description of second harmonic interference spectroscopy and experimental setup

Second harmonic generation is a coherent parametric nonlinear process in which phase
information plays a crucial role. The coherence of the process allows implementing
interferometric tools based on the relative dephasing of the fundamental and double-frequency
beams. Several versions of second harmonic interferometry exist [22,23], all based on the
generation of second harmonic light from two consecutive sources so that generation from the
second one occurs in the presence of the second harmonic field generated by the first [24].
Under such conditions, the total second harmonic intensity after the second source depends on
the relative phase of the fundamental and second harmonic field impinging onto it. If the two
fields (of wavelengths A and A/2) reach the second source with the proper phase
relationship further generation of second harmonic light will occur, while a phase mismatch
will lead to back-conversion of the second harmonic into the fundamental field [22,23].

The easiest implementation of this principle is obtained when the two sources lie in a
(weakly) dispersive medium like air and their mutual distance is varied. By scanning the inter-
source distance d, the optical path difference between the fundamental and the second
harmonic beam can be varied, thus tuning the dephasing between the two fields. Since second
harmonic generation depends quadratically on the fundamental field intensity, the relevant
dephasing is Akxd where the wavevector mismatch is given by Ak =k,,, —2k,. The

second harmonic intensity measured after both sources shows a characteristic sinusoidal
modulation as a function of their distance, whose frequency Ak is a measure of the
dispersion of light in the medium embedding the two sources.

While second harmonic interferometry is usually implemented with lasers operating at
fixed wavelength, second harmonic interference spectroscopy is the generalization of this
concept to the case of a tunable light source. By varying the pump frequency, spectral
information may be obtained both on the relative phase of the second harmonic light
generated at the two sources [18-22], and, which is of interest here, on the spectral
dependence of the refractive index of the medium embedding them. The experiments were
performed with an optical parametric oscillator (OPO) pumped by a Q-switched Nd:YAG
laser operating at 10 Hz, which provides wavelength-tunable nanosecond pulses. Thin films of
a nonlinear dye (crystal violet) adsorbed on microscope glass slides were used as nonlinear
optical sources. The substrates were immersed into solutions of the dye in 1-propanol during
few minutes and then retrieved at a constant speed of 0.3 mm/s. One side of the microscope
slide was then carefully cleaned, leaving the molecular film only on the other in order to avoid
second harmonic generation interferences between the two sides of the same substrate [22].
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Fig. 1. Schematic diagram of the setup for second harmonic interference spectroscopy. The
second source (S2) is mounted on a motorized translation stage

The setup used for the experiments is shown in Fig. 1. The idler infrared beam (IR) from
the OPO, whose wavelength was tuned between 750 and 1250 nm during the experiments,
was passed through a RG715 filter (Schott) to get rid of residual UV and visible radiation and



through a Fresnel rhomb to rotate its linear polarization to transverse magnetic (P-
polarization) so as to maximize second harmonic generation from the thin molecular films
(labeled SH in Figure 1). The reflection off a clean glass slide was used as trigger for the
detection of the second harmonic signal. A lens with 100 cm focal length was employed to
obtain a weakly focused beam with a relatively long Rayleigh range, which yielded a second
harmonic intensity from the second source (S2 in Fig. 1) approximately constant (see Section
3). The first nonlinear source (S1) was mounted on a fixed stage while the second was placed
on a motorized translation stage. In both cases the substrate normal lay at 45° with respect the
laser beam to enhance second harmonic generation. The sides covered with the dye faced one
another, so that the two molecular films were only separated by air. After filtering the
fundamental beam by a combination of KG5 and BG39 filters, the second harmonic light was
focused into a monochromator by a lens with 10 cm focal distance, and then detected at the
monochromator output with a photomultiplier tube. The interferograms were recorded by
displacing the second sample over a total distance of 310 mm along the beam direction in
steps of 5 mm. The position of the second sample and the data acquisition were controlled by
computer using a simple LabVIEW® routine.

3. Results and discussion

Two examples of interferograms recorded at the second harmonic wavelengths of 470 and 550
nm, respectively, are shown in Fig. 2(a). The two films used as sources were obtained with a
8x10™ M solution. The inter-source distance d is measured in millimeters, and the signal
intensity is normalized between 0 and 1. All interferograms displayed only little or no drift,
which demonstrates that the pump energy density remained roughly constant over the whole
distance covered by the second sample. The interferograms were fitted with sine functions
defined as:

h+asin(fxd+g). M

It can be observed in Fig. 2(a) that the quality of the fit is rather good for both
interferograms. Each of the parameters h, a, f and ¢ was left free to vary in the fitting
procedure. The most important parameter is the frequency f =Ak of the sinusoidal

modulation, which as described in Section 2 is the wavevector mismatch in air between the
square of the fundamental field and the second harmonic field. This quantity is plotted as
function of the fundamental wavelength in Fig. 2(b). The relative error was lower than 0.5%
for all probed wavelengths.
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Fig. 2. (a) Second harmonic interferograms acquired at second harmonic wavelengths of 470

and 550 nm, fitted with sine functions as defined in the text. (b) Plot of the wavevector
mismatch as obtained from the fitting procedure, as a function of the fundamental wavelength



Since k, = zl n, the wavevector mismatch may be written as:
A

Ar
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One can therefore directly extract the difference in refractive index between the wavelengths
M2 and A by multiplying the experimental values plotted in Fig. 1(b) by the corresponding
fundamental wavelength times a constant. The result is shown in Fig. 3. Along with the
experimental data we have plotted the theoretical curve corresponding to a recent
phenomenological model [12] based on the modified Sellmeier equation [8]. The equation for
the theoretical curve is:

K
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The parameters B; and C; are taken from Ref. 12, and correspond to the case of dry air under
standard conditions as defined therein (temperature 20 °C, pressure 100 kPa, CO, volume
fraction 0.04%).
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Fig. 3. Plot of the refractive index difference between A and A/2 in air (dots), as a function of A.
The dashed curve corresponds to the phenomenological model of Ref. 12

It can be seen in Fig. 3 that the model is in very good agreement with the experimental
data apart from a range of fundamental wavelengths between 1020 and 1180 nm. In this
region, the experimental dispersion appears to be less smooth than at lower wavelengths (see
also Fig. 2(b)). The origin of the discrepancy for fundamental wavelengths between 1 and 1.2
microns is that the corresponding second harmonic light (between 500 and 600 nm) lies in the
spectral region of absorption of the molecular dye used in the experiment [25]. We show in
Fig. 4 the dispersion curve measured with thicker crystal violet films as sources, which were
obtained using a more concentrated 10° M solution. The theoretical curve for air [12] is
shown again for comparison. It is apparent from Fig. 4 that the measured dispersion displays,
on top of the expected decay with increasing wavelength, a characteristic S-shaped
modulation, which signals the presence of a molecular absorption resonance.
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Fig. 4. Anomalous dispersion of the second harmonic light around the absorption resonance of
the dye, as measured using thicker molecular films as second harmonic sources

As shown in Fig. 5, the linear extinction spectra of the adsorbed films display a broad
absorption around 550 nm with two characteristic bands, which are interpreted in condensed
phases as due to the formation of agglomerates and to the existence of distinct excited states
[26]. While for the lower concentration the most intense absorption band is the one at longer
wavelength, similar to what is reported in solution [25], for higher dye content the low-
wavelength band becomes the most intense one, leading to a blueshift of the absorption
maximum by approximately 40 nm. Similarly, the signature of the anomalous dispersion
appears blueshifted at higher dye concentration with respect to the lower density case (Fig. 3).
The extent of this blueshift is consistent with a value of twice the displacement of the
absorption maximum. Hence the shape, wavelength range, and dependence upon dye
coverage of the observed dispersion features unambiguously indentify their origin in the
molecular resonance, indicating that the dispersion anomaly is related to the propagation of
light through the absorbing sources.
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Fig. 5. Linear extinction spectra of the molecular films used as sources, for both concentrations



It is not straightforward to see why the anomalous dispersion shows up in the
interferograms. In order to investigate the origin of the dispersion anomaly, we have
performed second harmonic interferometry experiments as a function of the pump power,
using as fundamental beam the output of the Q-switched Nd:Yag at 1064 nm. Although the
laser intensity was varied by almost two orders of magnitude in these experiments, no change
was detected in the period of the sinusoidal modulation. This indicates that the observation of
the anomaly is most likely due to a linear effect, rather than a nonlinear one, and that it
therefore involves the propagation of the visible second harmonic light through the thin films
near their (linear) absorption resonance. In principle, the coefficient which multiplies the
inter-source distance d in Eg. (1) should contain only the wavevector mismatch in air, since
varying this distance only varies the optical path through the gas. However, eq. (1) strictly
holds for a collimated pump beam without any field gradients, while the case of a focused
beam is more complex. In our experiments, the second source is initially close to the focal
point of the laser and moves away from it as the interferogram is recorded. This can be
inferred also from Fig. 1(a), where the small decrease in amplitude observable in the
interferograms is indicative of the fact that the second harmonic intensity from the second
source decays as it is moved away from the focal point. Both the fundamental laser beam and
the second harmonic beam generated at the first source diverge away from the focal point, so
that the average angle with which the beams impinge onto the surface of the second source
increases as the latter is moved away from the focus.

We argue that the observation of the anomaly in the interferograms may be related to the
details of the experimental geometry. A possible explanation is that the effective optical path
through the film depends on the position of the second source. This is not unlikely as the

beam divergence implies that the average angle of impact & of light rays unto the film
surface grows larger as the latter is moved away from the focal point, or equivalently as the

inter-source distance d is varied. Hence the average optical path n6><< > through the

cos(0)
absorbing film increases with d (6 being the film thickness measured normal to the film
surface). Such dependence contributes to modify the shape of the measured interferogram,
and, although it is not a simple linear dependence, it may affect the effective periodicity of the
pattern thus possibly resulting in the observation of anomalous dispersion. However, we
cannot rule out that other mechanisms (perhaps also involving the nonlinear optical response)
may be responsible for the observation of anomalous dispersion in the interferograms.

Since the signature of anomalous dispersion is already visible for the thinner molecular
films (Fig. 3), which have a thickness of few molecular layers, we find that a very small
amount of molecules of the order of a monolayer is already sufficient to give a detectable
deviation from the expected dispersion in the gas. This suggests that second harmonic
interferometry might be applicable to sensing small amounts of resonant (molecular or
atomic) species in a gas by detecting the deviation in refractive index associated with
dispersion anomalies. Since the number of molecules lying inside the beam’s cross section A
is N=cA, where o is the molecular surface density, and the interferometer volume is
V =/¢A with ¢ the average distance between the two sources, the same amount of molecules

would result in a volume number density g = % if they were spread in the whole volume of

the interferometer instead of on the surface of the microscope slide. Taking o to be of the
order of 10* molecules per square millimeter (a typical value for a dense molecular layer on a
flat surface [27]) and an interferometer length of one meter, the equivalent volume density
turns out to be of the order of 10'” molecules per liter, that is, of the order of 10 parts per
million (ppm) in air at standard conditions. The method may therefore be useful to detect the
presence of resonant species in a gas with concentrations of few ppm (and possibly lower,
depending on the detection accuracy).



Compared with other techniques for measuring light dispersion, second harmonic
interference spectroscopy has the obvious advantage of using a tunable light source which
allows obtaining measuring dispersion curves of gases (and in principle also liquids) over a
wide spectral region. We point out that the same experiments can be carried out with a bulk
nonlinear crystal rather than with thin-film samples, thus vyielding higher conversion
efficiency and a more easily detectable second harmonic signal. The use of non-resonant
sources or of a collimated beam eliminates dispersion effects due to the sources, so that the
intrinsic dispersion curve of the medium embedding them is obtained. By suitable fitting
procedures, accurate values of the phenomenological constants entering dispersion models can
then be retrieved. For example in the case of moist air, pressure or temperature variations lead
to a wavelength-dependent renormalization of the dispersion, so that a simultaneous study as a
function of e.g. pressure and wavelength yields complete knowledge of the refractive index
(including the constant term in the Sellmeier expansion or similar [8]). The acquisition of data
at many different wavelengths may also enable more sophisticated wavelength-dependent fits
based on models which take into account broad rather than localized resonances [28]. The
typical accuracy obtained in our fits implies that a precision of 10 ° or lower on the refractive
index mismatch is easily obtained, in agreement with an earlier estimate [29]. The achievable
accuracy is thus at least as good if not better than that of state-of-the-art refractometry [8,30].

4. Conclusions

In summary, we have employed second harmonic interference spectroscopy to measure
the difference in refractive index between the fundamental and second harmonic frequencies
in air at room temperature, and have observed the signature of anomalous dispersion in
correspondence with the absorption band of the thin molecular films used as nonlinear
sources. We have discussed the advantages of wavelength-dependent nonlinear interferometry
over existing measurements of light dispersion, which are namely the possibility of exploring
a wide continuous range of wavelengths, the propagation of light only along a single optical
path in one direction, the ease of implementation, and the high sensitivity. Our results and the
accuracy of the probe suggest that the method may be applied for testing gas dispersion
models as well as for sensing small concentrations of molecular or atomic species in gas form
based on the detection of dispersion anomalies near absorption resonances.
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