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We study the coherent excitation profile (CEP) of resonance enhanced femto-
second CARS in a model system zinc phthalocyanine in a polymer film host as a
prospective technique for detection and identification of molecular species in
ambient environments. A new method of suppressing the non-resonant FWM
background is demonstrated. Transform theory is applied to calculate CEP based
on the absorption spectrum, and good agreement between theory and experiment
is obtained.

1. Introduction

Recently there has been increased interest in using advanced techniques of ultrafast
laser excitation, in particular coherent anti-Stokes Raman scattering (CARS), as a
tool for real-time detection of molecular and biological agents, including airborne
contaminants such as bacterial spores [1, 2]. The potential high selectivity of the
proposed technique is based on the fact that the CARS signal can be sensitive both
to the electronic and vibrational signature of the species under investigation. On the
other hand, excitation with high intensity ultrashort (femtosecond) pulses can bring
about high optical gain, and associated high brightness of the CARS signal, which
offers prospects of high sensitivity and high selectivity of detection.

The studies performed so far on ultrafast CARS in organic systems have
emphasized separation and recognition of individual vibrational modes [3-5].
In the case of biologically relevant species, which are typically characterized by a
large number of vibrational and electronic degrees of freedom, such separation of

*Corresponding author. Email: rebane@ physics.montana.edu

Journal of Modern Optics
ISSN 0950-0340 print/ISSN 1362-3044 online © 2005 Taylor & Francis Group Ltd
http://www.tandf.co.uk/journals
DOI: 10.1080/09500340512331329091



1244 A. Rebane et al.

individual vibrational frequencies becomes rather challenging, both from the
view point of implementation, as well as from the view point of interpretation of
the results. Furthermore, these measurements rely on polarization to discriminate
spurious background signal [6], and require thus highly controlled conditions, such
as non-scattering, optically transparent samples, etc.

In this paper we make an attempt to address some of the limitations mentioned
above. We use a model molecular system, zinc phthalocyanine (ZnPc) in a solid
host, and measure coherent excitation profile (CEP) of CARS signal with femtosec-
ond pulses. Our approach is to make use of the electronic resonance enhancement
effect [7-10], by tuning the frequency of one of the two excitation pulses to the
absorption frequency of ZnPc. The resulting strong resonance enhancement allows
us, on the one hand, to do away with the polarization-based discrimination, and
on the other hand, provides us with a characteristic CEP signature.

To perform quantitative analysis of the experiment, we apply the transform
theory [11, 12]. Besides being a convenient calculation tool for obtaining CEP from
linear absorption data, the transform theory has the advantage that it takes into
account all vibrational modes in both excited and ground electronic state. We also
apply the current transform theory to predict the ideal amplitude and phase of the
excitation pulses to achieve maximum efficiency of the CARS signal.

2. Theoretical considerations

The underlying idea of the transform theory consists in an intrinsic connection that
exists between the amplitude of resonant scattering and the corresponding resonant
absorption [13] (see also reviews [14, 15]). Normally, according to the optical
theorem [16], the complex amplitude of Rayleigh scattering in an atomic gas
medium, and at a frequency close to an absorption line resonance, is directly
proportional to the linear susceptibility, ®(w) of the medium. Since the imaginary
part of the complex index of refraction is proportional to the coefficient of
absorption, then, by measuring the absorption spectrum, and by applying
Kramers—Kronig dispersion relations to calculate the real part of the complex
index, one can easily find the excitation profile of the resonant Rayleigh scattering.
The same approach can be applied to include the excitation profile of spontaneous
resonant Raman scattering [13—15, 17, 18], as well as resonant coherent Stokes and
anti-Stokes Raman scattering [19-23].

The transform relations for Raman scattering for different types of vibronic
coupling were derived in a series of publications (see reviews [15, 17, 24]). The
simplest vibronic model, called the basic model, starts out from adiabatic approxi-
mation (i.e. the total wave function is the product of an electronic wave function and
a vibrational wave function) and Condon approximation (electronic transition
matrix element is independent of the vibrational coordinates). This model also
assumes that the vibrational potential is harmonic, and that the overlap integral
between the vibrational wave functions in the ground and excited electronic states is
determined by two identical, but slightly shifted, potentials (linear vibronic coupling
model).

In the basic model, the first-order spontancous complex Raman scattering
amplitude, corresponding to one Raman-active vibration, can be expressed as

a(wp) = §[P(wp) — P(wp — @), (M
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where w; is the Raman frequency, w, is the excitation laser frequency, and §;
denotes the dimensionless Stokes shift of the vibration. The complex refractive
index, ®(w), can be found from the normalized absorption line shape function,
I(w), by applying Kramers—Kronig dispersion relations
o0 /
d(w) = J & do' + inl(w), )
0w —w

where the normalized absorption is defined as
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with o(w) denoting molecular absorption cross-section.

The third-order nonlinear susceptibility tensor, which is responsible for the
resonant CARS process, can be expressed as a product of two simultaneous resonant
Raman scattering amplitudes [25]:

xcars(wp) = aj(wp)a(w, + ;). 4)

By substituting equation (1) into equation (4), and by considering that the intensity
of nonlinear scattering is proportional to the square modulus of the nonlinear
susceptibility, we obtain the following CEP if the excitation frequency, w,, is varied
in the region of the electronic resonance transition:

Iears(@y) o |[@(w,) — P(w, — 0)][P(w, + o)) — q’(wp)”2~ ®)

Note that formula (5) takes into account not only the contribution of the purely
electronic resonance transition, but also all transitions involving vibrational modes
in the excited electronic state. Because of this property, the current approach is
especially well suited to analysis and identification of systems exhibiting a large
number of vibrational degrees of freedom, such as macromolecules, solids, and even
complex biological agents such as bacterial spores.

If Condon approximation is violated, then we need to take into account the
dependence of the electronic transition matrix element on the vibrational coordi-
nates. Accordingly, the Raman scattering amplitude acquires additional terms,
known as the Herzberg—Teller interaction. By expanding the electronic matrix
element with respect to the vibrational coordinate, Q, and keeping only the first
two terms

M(Q) = My + M, Q, (6)

Ref. [26] obtained the following expression for the complex Raman scattering
amplitude:
aj(wp) = §[P(w)) — P(wy — @) + My[P(w)) + P(w)p — w))]. (7
Substituting equation (7) into equation (5) gives a modified expression for the CEP:
Iears(wp) o [{[@(wp) — P(w)p — )] + Di[P(wp) + P(wp — w))]} ®)
x ([®(@) + @) — D(@))] + DAP(@p + @) + D)}

where the relative strength of the Herzberg—Teller interaction is accounted for by the
parameter, D; = M;/§;.
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3. Experimental

Our experimental arrangement (figure 1) comprised a 1kHz repetition rate, femto-
second Ti:sapphire regenerative amplifier (Clark MXR, CPA 1000), which was
seeded by a mode-locked Ti:sapphire femtosecond oscillator (Coherent, Mira 900)
pumped by a cw 5W power frequency-doubled YAG laser (Coherent Verdi). The
regenerative amplifier system produced 0.8 mlJ energy, 150fs duration pulses at
wavelength 780nm. The amplifier output was used as an input of an optical
parametric amplifier, OPA (Quantronix, TOPAS), which frequency downconverted
the wavelength of the femtosecond pulses to the near-IR range of wavelength. The
signal beam output of the OPA was then frequency-doubled in a type I BBO crystal,
which resulted in 100fs duration pulses, with 0.01-0.1mJ energy and with a
wavelength tuning range of about 550-850 nm.

A 5% beamsplitter picked up a small fraction of the amplifier output pulse
energy, and was used as the Stokes excitation pulse at a fixed wavelength ;=780 nm
(ws= 12800 cm™"). The frequency-doubled output of OPA was used as a pump pulse,
and was tuned in the wavelength range 4,=650-690nm (w,=15380-14500 cm ™).
The two excitation beams were adjusted to zero time delay with an optical delay line,
and then focused with two separate f=20cm lenses to a common d~ 0.1l mm
diameter spot, at a relative angle 6 =3-5°.

Typical pulse energy was 1-10 uJ in each of the two beams. Both beams were
vertically linearly polarized. No special measures were applied to control the
polarization. The spectra were measured with a 0.5m imaging spectro-
meter equipped with a cooled CCD array detector (JobinYvon, Triax 550 and
SpectumOne).

BS
Ti:sapphire regenerative _|OPA1.1-1.7 um, | N\
amplifier 1 kHz, 0.8mJ, 780nm|[ [T 02md SHG N
A
< ]\?80 nm
N
ke AGSO-GQO nm
Delay
y
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[ == 19
M6/ @
Sample
Q) Spectrometer cCD
" Triax 550

Figure 1. Experimental set-up. BS, 5% beamsplitter; (1) stokes pulse; (2) pump pulse;
(3) CARS signal.
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The sample was a polyvinylbutyral (PVB) film of thickness, d =30 pm, activated
with zinc 2,9,16,23-tetra-tert-butyl-29H,31H-phthalocyanine (ZnPc) at a concentra-
tion of 3 x 10~ mol/litre. A neat PVB film of the same 30 pum thickness was used as a
blank comparison sample.

We note that using a constant phase matching angle was justified by the very
small thickness of the sample, and by the fact that the maximum phase mismatch
that could result from varying the pump frequency under current conditions,
dAw,=3 x 103 cm x 880cm ™! =2.6, was sufficiently small, i.e less than 7.

4. Results and discussion

The absorption spectrum of the sample in the Q-band region (figure 2) consists of the
purely electronic S; <— Sy transition band at 680 nm (14700 cm™"), accompanied at
shorter wavelengths by vibronic satellite bands. Characteristic vibrational frequen-
cies in the excited state are in the range up to 2000 cm™'. The insert in figure 2 shows
also the spontaneous Raman scattering spectrum of ZnPc, measured under non-
resonant 532nm excitation. This spectrum is similar to that reported for related
metal phthalocyanines [27], and exhibits a range of ground state vibrational modes,
covering a similar range of frequencies as the absorption spectrum.

In the CARS experiment, the excitation pump frequency is varied in the region of
the relatively narrow Q(0-0) absorption resonance. At the same time, the excitation
Stokes frequency is considerably below the Q-band, and the Stokes intensity can
therefore be considered uniform across the sample. The CARS frequency is
generated well above the strongest Q-band, and is only minimally affected by the
finite absorption of the sample.
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Figure 2. Absorption spectrum of ZnPc sample. Q(0-0) band at 680 nm corresponds to the
lowest allowed purely electronic transition. Inserts show Raman scattering spectrum of ZnPc
measured with 532 nm laser (boxed) and chemical structure of ZnPc.
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Figure 3. Dependence of CARS signal intensity on the intensity of excitation pump pulse at

wavelength A, =650nm (rectangles), at constant intensity of Stokes excitation pulse at
/s=780nm. Dashed line is fit with quadratic function. Insert shows the same data points in
linear scale.

Figure 3 shows the measured dependence of the CARS signal intensity on the
intensity of the pump pulses. The fact that the dependence follows a quadratic law
indicates that, even at the highest pulse intensity, under our experimental conditions
the CARS signal was not saturated. In the measurements presented below, the
energy of the excitation pulses was maintained in this non-saturated region.

At our experimental conditions, the sample consists predominantly of the host
polymer, with the dye molecules making up only 0.1% of the material. Therefore, the
measured intensity contains, besides the signal due to ZnPc molecules, also the four
wave mixing (FWM) signal arising from the polymer host. Discrimination between
the two signals usually achieved by the polarization technique [6, 7], which requires
an exact control over the state of polarization of the excitation beams. In our
experiment, we took a different approach, which does not rely on the polarization,
but rather takes advantage of the resonance enhancement effect. We assembled the
ZnPc sample side by side with a blank polymer sample of the same 30 um thickness.
By gradually lowering the intensity of the excitation pulses, with the pump pulse
frequency tuned to the 0-0 absorption resonance, and by comparing the signal from
two samples under identical excitation conditions, we noticed that the signal from
the blank sample decreased more rapidly than that from the sample activated with
ZnPc. Below a certain excitation power of about 1-2 GW cm ™2 only the activated
sample gave a detectable signal. Figure 4 shows the measured spectrum from
the two samples. We see that under conditions described above, the signal from
the ZnPc sample is clearly detectable, whereas that from the pure FWM from the
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Figure 4. Spectrum of CARS signal in ZnPc-activated sample ( ) and in reference blank
sample (----- ). The spectrum of the pump and Stokes excitation pulses, along with the
absorption spectrum of ZnPc (dotted) is shown for comparison.

polymer is practically absent. We explain this difference by increased optical gain at
the mixing frequency, wcars=2w,— w,, in the ZnPc-activated sample, brought
about by the electronic resonance condition. From the known relative concentration
of the dye molecules (by weight), we estimate that the resonance enhancement
increases the CARS efficiency by at least a factor of 10%. In the following meas-
urements, we took advantage of this property to make sure that the detected signal
was predominantly due to the ZnPc molecules, while the FWM background from the
host polymer remained negligible small.

The next step in our experiment was to measure the CEP of the CARS signal by
varying the pump frequency, while maintaining the stokes frequency as well as the
intensity of both illuminating pulses constant. Figure 5 shows that the intensity of
the CARS signal increases significantly as w, approaches the electronic Q(0-0)
transition resonance. Note that the maximum of the CEP does not coincide with the
absorption maximum, but is rather shifted to lower frequency by about 200cm ™. In
addition, the experiment data indicate that the main CEP maximum is accompanied
by some structure on its both sides.

As a trivial explanation, the frequency shift of the CEP maximum could be due to
non-uniform intensity of the pump across the sample, especially as the frequency is
tuned to the maximum extinction (OD ~ 1.7 at 2= 680 nm). However, one can show
that under current conditions, the CARS intensity is only slightly affected by the
optical density. Furthermore, careful investigation of the experimental data reveals
that the minimum on the lower frequency side of the measured CEP profile does not
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Figure 5. Intensity of CARS signal as a function of the frequency of the pump pulse
(e @@ e /0o o0o0) Filled and empty dots correspond to two different sets of measurements.
Dashed curve shows theoretical CEP that accounts only for the strongest Raman mode
(wj=1500 em™ ). Solid curve accounts for two Raman modes (1500cm™' and 700cm™").
The Condon deviation parameter is D=0 for the dashed curve and D=1 for the solid
curve. The absorption profile of ZnPc (----- ) is shown for comparison.

coincide exactly with the absorption maximum, but is slightly shifted to higher
frequency. These observations render the trivial explanation unlikely.

The broken line in figure 5 shows theoretical CEP calculated according to the
basic model formula (5), where we account only for the strongest (wj= 1500 em ™)
mode in the Raman spectrum. Even in this most simple case, a clear shift of the CEP
is observed, and is explained by the fact that the maximum of the CEP is expected
when the electronic resonance condition occurs simultaneously with the vibrational
resonance.

The presence of several vibrational modes, along with the potential deviation
from the Condon model, lends a possibility of a more accurate fit of the experi-
mental CEP data. The solid curve in figure 5 was obtained by applying formula (8)
to the principal vibrational mode (1500cm™'), along with one additional
mode at 700cm™~'. Best fit was obtained with Herzberg-Teller parameter D =1
for both modes. The resulting CEP was obtained by adding the two contributions,
with the weight factors, 1.0(1500cm™') and 0.2(700cm~'). Here we also
account for the finite width of the vibration modes through introducing
Gaussian factor, exp[—(w — ws — a)i)z/(2Aw2)], where Aw(700cm™")~200cm ™'
and, Aw(1500cm™") ~100cm™". In this manner, simulation allowed reproduction
of all essential features of the experimental spectrum — the red shift, the width, as
well as the tentative structure on the low energy side of the main peak.

The fact that a deviation from the Condon approximation can lead to an even
larger shift of the CEP maximum, can be easily verified by setting D=1. In this
limiting case, equation (8) reduces to the product of two ®-functions,

Icars(@p) o |D(wp)P(wp + )| )
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Figure 6. (a) Spectral phase (bold) calculated from theoretical CEP function (normal);
(b) temporal pulse intensity profile calculated from the complex spectral amplitude.

If the characteristic vibrational frequency exceeds the characteristic width of the
absorption peak, wj> Aw, then the CEP will comprise two maxima — one at the
absorption peak and the other shifted to the lower frequency by wj. If the opposite is
the case, Aw> wj, then the two maxima merge, shifting the overall CEP peak towards
the low-frequency, by approximately one half of the vibrational frequency.
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Although the last theoretical calculation agrees well with the experiment, more
data is needed to finalize the analysis presented above. In particular, the Raman
spectrum itself can change substantially upon resonance condition [27], which may
explain the discrepancy between the measured and theoretical frequencies. Further-
more, to our knowledge, Herzberg—Teller mechanism in phthalocyanines has been
previously discussed only in connection to the surface-enhanced Raman effect [28].
In our case, the S| < S; electronic transition is allowed, and therefore, a more
detailed consideration of the vibronic coupling is on order.

Finally, we want to point to one further possibility that the current transform
theory may offer in connection with the ultrafast CARS experiments. Namely, if the
goal is to obtain maximum CARS signal from a known species, then the calculated
CEP profiles presented above can be viewed as an optimum spectral profile for such
excitation. The corresponding spectral phase can be easily calculated ecither directly
by using the complex index of refraction, or by applying a standard procedure,
such as Hilbert phase calculation [29]. To illustrate this, figure 6(a) presents
the Hilbert phase function obtained for the non-Condon CEP profile in figure 5.
Figure 6(h) shows the temporal shape of a pump pulse, which corresponds to the
amplitude and phase in figure 6(«). Using this specific pulse shape for the excitation
of the CARS signal in this particular molecular species, should give a higher CARS
intensity, than an equal energy, but non-optimized pulse. This last circumstance
can be potentially useful for the detection of the presence of particular compounds
in a mixture of species.

In conclusion, we measured coherent excitation profile of CARS signal
excited with femtosecond pulses under electronic resonance conditions in ZnPc in
a solid host, and without polarization discrimination of FWM background. We
applied transform theory to obtain a quantitative explanation of the shift of the CEP
profile towards lower frequency with respect to the absorption maximum. Our
results indicate that the CEP profile measurement under the electronic resonance
condition, which increases the sensitivity of the CARS signal by at least 3—4 orders of
magnitude, in combination with the model calculations using transform theory, can
be used as a basis for quantitative detection and identification of molecular species in
ambient condensed environments.
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