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Standoff detection via single-beam spectral notch filtered pulses

Adi Natan,? Jonathan M. Levitt, Leigh Graham, Ori Katz, and Yaron Silberberg
Department of Complex Systems, Weizmann Institute of Science, Rehovot 76100, Israel

(Received 22 November 2011; accepted 13 January 2012; published online 3 February 2012)

We demonstrate single-beam coherent anti-Stokes Raman spectroscopy (CARS), for detecting
and identifying traces of solids, including minute amounts of explosives, from a standoff
distance (>50m) using intense femtosecond pulses. Until now, single-beam CARS methods relied
on pulse-shapers in order to obtain vibrational spectra. Here, we present a simple and
easy-to-implement detection scheme, using a commercially available notch filter that does not
require the use of a pulse-shaper. © 2012 American Institute of Physics. [doi:10.1063/1.3681365]

Laser based remote detection and identification of haz-
ardous materials, including biological warfare agents and
explosives have recently been the focus of intense research
efforts.'™” In particular, it has been shown that the vibrational
response of molecules provides a unique fingerprint for vari-
ous molecular species and, hence, vibrational spectra can be
used for identification.”™"' One such suitable technique for
identifying vibrational spectra is coherent anti-Stokes Raman
spectroscopy (CARS).'? In CARS, pump ,, and Stokes
photons excite a vibrational level w,;, that is subsequently
probed with a probe photon w,,. The vibrational levels are
resolved by measuring the scattered anti-Stokes photons
located at w,;, + W, = wyus, and coherent signal buildup
occurs when k, — ks + k. — kas=0. In conventional CARS,
narrowband (ps) pump and probe beams are tuned such that
W, — wy;=w,;, Where a single vibrational level is excited.
Multiplex CARS can also be achieved by using spectrally
broader (fs) Stokes pulses to excite multiple bands of vibra-
tional levels and identify them by measuring the spectrally
resolved anti-Stokes photons.

CARS is typically challenging to implement due to the
strict spatiotemporal overlap requirement of several beams
from several sources.''™'® To overcome this issue, single-
beam techniques have been developed using shaped, spec-
trally broad femtosecond pulses to simultaneously provide
the necessary pump, Stokes, and probe photons.'*!” By
employing single-beam techniques, spatiotemporal overlap
is inherently achieved; however, the exclusive use of tempo-
rally short, femtosecond pulses results in a nonresonant four-
wave mixing (FWM) signal that is orders of magnitude
greater than the resonant CARS signal.'>'® The measured
CARS signal is, therefore, the coherent sum of the resonant
and nonresonant signals, as shown in Eq. (1).

A variety of CARS schemes have been developed in
order to suppress the nonresonant background signal, such as
tailoring the temporal width and delay of the probe-pulse,'’
using polarization pulse shaping techniques,*® and employ-
ing coherent control.'* These schemes exploit different prop-
erties of the nonlinear FWM interaction to achieve the goal
of background-free measurements. While these methods are
effective for applications such as microscopy,'*'® they are

Y Author to whom correspondence should be addressed. Electronic mail:
natan@stanford.edu.

0003-6951/2012/100(5)/051111/3/$30.00

100, 051111-1

not necessarily suitable for long-range standoff probing of
scattering samples. Under such conditions, polarization shap-
ing is sensitive to the depolarization caused by the multiple
random scattering in the sample. Furthermore, the nonreso-
nant signal can serve to amplify the resonant signal and,
thus, suppression can result in a remaining resonant signal
that is too weak to be detected.

In this work, we demonstrate single beam standoff
detection of traces of solids without using a complex pulse
shaping apparatus or nonresonant background suppression.
Instead, we use a commercially available notch filter as pas-
sive optical element and exploit the nonresonant signal in a
homodyne amplification scheme.

For the notch filter, we use a resonant photonic crystal
slab (RPCS), which is a waveguide etched with a subwave-
length grating that creates a tunable notch feature in the
spectrum (Figs. 1(a) and 1(b)). The notch can be adjusted
over a wide spectral range by changing its angle with respect
to the incident beam.'” The use of an RPCS as a passive
shaping element has been recently demonstrated in single-
pulse CARS micro-spectroscopy.”’ In this technique, the
spectral notch feature serves as a narrow probe that allows
for multiplex CARS detection. We exploit the strong nonre-
sonant background and use it as a local oscillator in a homo-
dyne amplification scheme:

1(0) = |PY(0) + P ()
[PY% (@) +21PF () ||P* () |cos ¢(w), (1)

12

where I(w) is the measured signal intensity at frequency w,
PR, and P™® are the resonant and nonresonant signals,
respectively, and ¢ is the relative spectral phase between
them. Usually, with ultrashort pulses |PYE(w)|* > |PR(w)[?,
making the resonant signal challenging to measure.'*'>'¢
However, the cross term is the product of a strong, smooth,
and featureless nonresonant signal, with a weak resonant sig-
nal that has a typical spectral phase modulation around a
vibrational resonance. The phase modulation is governed by
the vibrational resonance lineshape and the phase structure
of the RPCS notch resonance.'> As a result, the resonant fea-
ture is amplified by several orders of magnitude, allowing
detection of the much weaker coherent Raman signal.

To demonstrate the ability to remotely detected back-
scattered CARS signal, we probed samples with 30 fs pulses

© 2012 American Institute of Physics
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FIG. 1. (Color online) (a) Schematic diagram of the RPCS filter. (b) AFM
image of the RPCS surface (from Thayil er al., Optics Express 16(17),
13315 (2008). Copyright © 2008). Reproduced with permission, © 2012
Optical Society of America. (c) The experimental setup. The broadband
excitation pulse (i) is shaped with a tunable narrowband spectral notch by
the RPCS filter (ii). A long-pass filter (LPF) is then used to attenuate the
short-wavelength region. The spectral notch serves as a probe for the CARS
process, generating narrow features which are blue-shifted from the probe
by the vibrational frequencies (iii). The scattered light is collected, then
short-pass filtered (SPF) and coupled to a spectrometer.

(Femtolasers GmbH) that were notch filtered by an RPCS
filter. The pulses were then long-pass filtered around the
spectral region that overlapped with the CARS signal, and
focused on samples at distances of 5-50m (Fig. 1(c)). The
beam diameter on the sample was ~1.5mm, resulting in
peak powers of ~ 10" W/cm?. We collected the backscat-
tered CARS signal from various materials using a single
7.5 in. lens imaging configuration. The light was then short-
pass filtered and fiber coupled to a spectrometer (Horiba
Jobim Ivon, Triax 321). We placed a black absorptive mate-
rial behind the samples to eliminate the possibility of collect-
ing specular reflections of the much stronger forward CARS
signal. This is in contrast to previous studies that placed the
sample on a reflective surface,8 while assuming the worst-
case scenario for real-life situations, where a minute contri-
bution to the signal due to diffusive reflections from the
background material will occur. Such contribution can be
estimated by pD?/16/°, with background reflectivity p,
collecting lens diameter D at distance r from the sample,
yielding an attenuation of at least 10~ for the setup used.
For each acquisition, we obtained two measurements, corre-
sponding to different notch positions, spectrally separated by
the notch width (~ 1 nm). The CARS spectra were obtained
with integration times ranging from 1 to 5s. The typical
signal power collected by the spectrometer was ~ 1 pW. The
dispersion induced by the propagation in air was compen-
sated using the internal prism compressor of the laser source.

Typical CARS spectra from complimentary notch loca-
tions are shown in Fig. 2. The interference feature due to the
resonant contribution at 1051 cm ™! is evident in the KNO;
spectrum. In order to extract the Raman line, we normalized
the differential measurement by pVR (Ref. 20)
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FIG. 2. (Color online) (a) Raw spectra of trace amount (<1 mg) of KNO;
collected from a distance of 5 m, using two notch positions: 784 nm (dashed
line) and 785 nm (solid line) with integration time of 3 s. (b) Taking the nor-
malized difference of the two spectra by the non-resonant spectra (dashed
line), the Raman line (solid line) is retrieved.

where I, is the intensity measured with a notch at wave-
length 4, of width A/, and P"¥ is approximated by smoothing

I,;)(w) using a moving average filter with 1 nm window
following a median filter with 3 nm window. We have found
that estimating P** for each notch acquisition helps reduce
beam pointing fluctuations effects between the two
acquisitions.

Experimentally resolved Raman spectra of traces of
solids and explosives particles are presented in Fig. 3. The
measured spectra are in a good agreement with the known
Raman lines of the probed materials.” In our experiments,
the acquisition time was limited by the beam-point stability
of the experimental setup. For example, the missing Raman
lines in Fig. 3(a) were detectable in shorter distances (not
shown); however, the limited beam pointing stability and the
available laser bandwidth obscure them at longer distances.
Actively stabilizing the beam would reduce signal fluctua-
tions between measurements and allow shorter measurement
times. Other alternative shaping techniques could also be
used to generate a similar spectral notch-like feature. For
example, the use of an interference filter, Fabry-Perot inter-
ferometer, or fiber Bragg grating would yield similar results.
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FIG. 3. (Color online) Resolved CARS spectra of several scattering samples
(dashed line). (a) Cyclotrimethylene-trinitramine (RDX/T4) <1 mg (b) sul-
fur powder <500 ug (c) crystalized potassium nitrate (KNO;) <1 mg (d)
crystalized urea <4 mg. Spectra were obtained at a standoff distances of (a)
24 m and (b-d) 50 m, with integration times of (a) 3s (b) 5s (c) 5s (d) Is.
The samples have glass like morphology. The Raman lines (solid line) are
plotted for reference.
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However, these lack the simplicity, compactness, and com-
patibility with high intensities.

Femtosecond CARS spectroscopy using a spectral notch
filter has numerous advantages over other single beam techni-
ques. The RPCS is virtually alignment free and has broad tun-
ability allowing for flexibility in the detection window, while
nearly eliminating the inherent losses of grating based pulse
shapers. A transmission of almost unity is particularly benefi-
cial as the CARS signals are cubically proportional to the
pulse intensity. Moreover, the RPCS can be mounted on a gal-
vanometric mirror to achieve rapid (KHz) modulation rates
that are 1.5 orders of magnitude faster than typical liquid crys-
tal spatial light modulators (LC-SLMs) allowing lock-in
detection and fast scanning. Additional signal enhancement
can be made using multiple notch filters. By spectral position-
ing of several notches spaced by the vibrational lines of a
known substance, the coherent addition of signals from several
vibrational levels will generate a feature, which is significantly
larger than the linear sum of the individual contributions.?!
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