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We introduce a sensitive method for laser based standoff detection of chemicals based on

stimulated Raman scattering. Selective excitation of a particular Raman transition is detected by

measuring the diffusely reflected laser light from a distant surface. The method simultaneously

measures stimulated Raman loss and gain within a single laser shot and is insensitive to the

optical properties (reflectivity/absorptivity) of the substrate. We demonstrate the specificity and

sensitivity by detecting and imaging nanogram analyte micro-crystals on paper, fabric, and

plastic substrates at 1 to 10 m standoff distance using only 10 mW of laser power from a single

femtosecond laser. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4817248]

Standoff detection of hazardous materials remains an im-

portant challenge which persists despite decades of research.1–4

A key facet of this broad goal is the ability to safely and non-

destructively detect, at modest standoff (2–20 m), trace quanti-

ties of explosives as indicators of concealed dangers in public

spaces. Due to the low vapor pressure of most explosives,2 an

optical method capable of selectively detecting these com-

pounds as microcrystals on different surfaces, including deli-

cate garments, is highly desirable. The method introduced here

has Raman chemical specificity, excellent sensitivity, and ro-

bust performance on virtually all surfaces.

Detecting minute quantities of condensed-phase hazards

within the complex chemical background of real world surfa-

ces requires exceptional chemical specificity. Raman spec-

troscopy provides unique chemical determination and the

well separated, narrow features make it the preferred method

in laser based identification of chemicals within complex

environments. Raman has been used to identify bulk quanti-

ties of explosives at 50–500 m standoff,5,6 and single micro-

crystals within fingerprints using a microscope.7 However,

the small spontaneous Raman cross-section has prevented

standoff detection of trace quantities (<100 lg/cm2) within a

few seconds.

Non-linear Raman spectroscopy in the form of coherent

anti-Stokes Raman scattering (CARS) has been developed to

enhance the signal of spontaneous Raman through coherent

signal addition and applied to standoff detection.8–13

Recently, single-beam CARS was used to detect 2 lg/cm2

concentrations of an explosive simulant within a complex

background at 1 m standoff within 1 s.14 However, the ana-

lyte was deposited on ideal (specular) surfaces, and diffusive

or absorbing substrates dramatically reduce the number of

photons collected and therefore the sensitivity of the method.

The Silberberg group subsequently used the non-resonant

background for heterodyne amplification of the CARS sig-

nal, allowing detection of sub-milligram quantities of explo-

sives deposited on absorbing substrates, at a distance of 50 m

with �10�5 sr collection.15 In this Letter, the intrinsically

heterodyned stimulated Raman scattering signal is used to

quickly detect and image sub-microgram quantities of explo-

sives on real world substrates, with similar solid angle

collection.

Stimulated Raman scattering (SRS) can be described as

a third-order wave coupling process mediated by Raman

transitions.16 Phenomenologically, when a ground state mol-

ecule is in the presence of two strong fields, there is a trans-

fer of photons from the high frequency field to the low

frequency field if their frequency difference matches a

Raman transition within a molecule. Conservation of energy

is ensured by changes in the population of the excited vibra-

tional state. This effect has been used to provide label free

chemical contrast in microscopy,17,18 achieving video rate

imaging in vivo.19 The most sensitive implementation

requires two synchronized lasers, where >1 MHz rate inten-

sity modulation of one beam is imprinted on the other beam

and measured with lock-in amplification, nearly eliminating

noise due to laser fluctuations.20 The technique implemented

here, which we call single-beam SRS (SB-SRS), includes

several aspects, which are broadly of interest to the non-

linear optics community. We use a single femtosecond laser

and computer controlled pulse shaper to selectively excite a

particular vibration through the SRS process. Macroscopic

applications require low repetition-rate amplified lasers,

which preclude MHz rate modulation. Instead, we create an

intrinsic reference, a delayed replica pulse, which provides

optimal measurement of stimulated Raman loss (SRL) and

gain (SRG) at low repetition rates, even under single-shot

operation. The reference has the same spectrum and inten-

sity, allowing simultaneous measurement of SRL and SRG.

Figure 1 shows a schematic of the experiment. Details

of the laser source, supercontinuum generation, and pulse

shaper have been described previously.9 The temporal profile

of a broadband femtosecond laser pulse is modified, through

spectral phase shaping, to excite a particular Raman mode.

Multiphoton intrapulse interference phase scan (MIIPS) is

used to correct for all dispersion in the setup before applying

the calculated phase.21 A time delayed reference pulse,
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identical in energy and spectrum but not spectral phase, is

created, and the two pulses are focused on the sample. If a

compound of interest is on the surface, there will be a trans-

fer of photons between the two halves of the spectrum of the

first pulse leading to SRG and SRL. However, this transfer

does not happen for the second pulse because it has a differ-

ent phase that tunes it out of resonance. The diffusely

reflected laser scatter from both pulses is collected, and the

relative intensity of the two spectral halves of each pulse is

recorded with 1 GHz amplified photodiodes and digitized

with an oscilloscope (Lecroy, Waverunner 610zi). The SRL

and SRG are computed, and the experimental components

are synchronized to allow image acquisition at the maximum

rate allowed by the pulsed laser, here 1 kHz. The reference

pulse is required to prevent optical characteristics (absorp-

tivity and/or reflectivity) of the target from contributing to

the signal. Furthermore, SB-SRS eliminates contributions

from laser power fluctuations that otherwise limit the sensi-

tivity of the technique (see Supplementary Information S1 in

Ref. 22). The combination of selectivity and the intrinsic ref-

erence result in a robust method to detect trace quantities of

explosives on a wide variety of real-world chemically com-

plex surfaces without the need for a spectrometer.

Selective excitation of particular Raman modes using a

phase shaped femtosecond laser was demonstrated by

Weiner et al. using prefabricated periodic spectral phase

masks and time domain transient grating detection.23

Silberberg’s group used a computer controlled spatial light

modulator and a sinusoidal spectral phase to perform single

beam CARS microscopy,24 and the Dantus group utilized

selective excitation in the first single-beam CARS standoff

measurements.9 Conceptually, quantum interference bet-

ween different pathways of excitation available within the

laser bandwidth leads to selective excitation of a particular

vibrational mode, determined by the spectral phase.24 Here

we use a pair of displaced parabolic phase functions, which

are the frequency analog to a pair of time-displaced chirped

pulses that have been shown to cause selective vibrational

excitation.25 Here, selective excitation provides the spectro-

scopic resolution for single-beam measurements of SRG and

SRL. Figure 2, presents details of the specific implementa-

tion. Recent analysis by Rahav and Mukamel describing

FIG. 1. Schematic of the SB-SRS experimental setup. The spectral phase of a broadband femtosecond laser is modified with a pulse shaper. A Michelson inter-

ferometer creates two collinear pulses. The window adds dispersion to the second pulse. The beam is steered by the fast scanning mirrors and expanded and

focused at 1 m on the sample surface. A lens collects the diffusely reflected light at a distance of 7.5–10 m. The signal is split between two fast photodiodes

using a dichroic mirror and digitized with an oscilloscope. Software compares the intensity of the two pulses and the normalized difference is recorded.

Scanning the pulse shape produces a spectrum, scanning the mirrors creates an image. The SRS process is explained and contrasted with the two beam imple-

mentation diagrammatically on the right. The Raman transition probability, Pa!b, can be controlled by adjusting the phase, /(x), in the broadband case. BS:

beam splitter, DM: dichroic mirror, fs: femtosecond.

FIG. 2. Selective Raman excitation. (a) Experimental laser spectrum and

phase. (b) Simulated time domain intensity profile. (c) Calculated excitation

efficiency. The selective excitation phase is designed for a 1000 cm�1 Raman

transition and the supercontinuum laser spectrum is cut to cover 2000 cm�1

shift, which is optimal in this example.22 The resultant time domain intensity

profile consists of a long pulse train with a period of 33.3 fs. The SRS excita-

tion spectrum (c) has a resolution of �25 cm�1, yet equivalent excitation effi-

ciency as a transform limited pulse (TL). The peak of excitation shifts by

�40 cm�1 with the application of 300 fs2 of group delay dispersion.
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heterodyne CARS from the material’s perspective using scat-

tering theory provides an intuitive framework to describe

features of the broadband SRS measurement,26,27 a more

complete theoretical formulation is provided in Supplemental

Section S2 of Ref. 22. Recently, broad bandwidth sources

taking advantage of chirped pulse selective excitation25 have

been used for SRS microscopy.28–30

We find that single-beam SRS allows us to obtain 3:1 or

better signal-to-noise ratio with few (<10) laser pulses. We are

able to obtain a complete Raman spectrum in a few seconds

by scanning the selective phases using the computer controlled

pulse shaper (see Supplemental Section S3 of Ref. 22).

However, the best application of SB-SRS is to quickly monitor

the intensity of one or a few vibrational resonances for chemi-

cal imaging as in SRS microscopy.18 Figure 3 shows such an

image, created by raster scanning a “post-it” note with a small

diamond placed on the adhesive portion. With 10 laser shots

per pixel, a satisfactory chemical image is created using SRG

or SRL. With the phase tuned off resonance, only noise is visi-

ble. This shows that SB-SRS is only sensitive to chemical

information, and bright field features only manifest as a change

in noise magnitude. The images also have no background, as

shown in the line scans; thus, SB-SRS can be used for detec-

tion in addition to image contrast.

Figure 4 shows SB-SRS chemical images of plastic and

cotton surfaces. In samples (a) and (b), 100 lg of dissolved

ammonium nitrate (NH4NO3) was sprayed non-uniformly

over a 1 cm2 area and allowed to dry. In (c), trinitrotoluene

(TNT) microcrystals were deposited in the same concentra-

tion by dry transfer. From the photos, the samples consist of

collections of micro-particles or thin residues. Zero back-

ground chemical images are obtained from these surfaces

with 20 laser shots per pixel.

It is challenging to uniformly deposit smaller quantities

than those present in Figure 4. However, by careful observa-

tion of an adhesive paper substrate before and after

FIG. 3. Chemical images of a diamond

on adhesive paper acquired with 10

laser pulses per pixel. Both SRG

(top row images) and SRL (bottom

row images) are detected simultane-

ously. With the pulse shape tuned to

1360 cm�1 (on resonance), the dia-

mond is clearly visible. Off resonance

(1050 cm�1), only noise is observed.

The insets show the data acquired

along the black line in the images. The

statistical analysis of the data includes

error bars corresponding to 1 standard

deviation of the mean, note this is a

zero-background method.

FIG. 4. Standoff SRS images of NH3NO4 on cotton (a) and blue textured plastic

(b) and TNT on cotton (c). The sample distribution on each substrate corresponds

to �100lg/cm2, although the local concentration is higher. With 20 laser shots

per pixel in the 30� 30 images, the distribution of the analyte is recorded by

observing SRL. Statistics were used to eliminate points less than 0.8 standard

deviations of the mean above zero. The black lines are guides to the eye. On (off)

resonance is 1043 cm�1 (950 cm�1) for NH4NO3 and 1360 cm�1 (1043 cm�1)

for TNT. Data for (a) and (c) were collected at 10 m and (b) at 7.5 m.
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deposition, one can identify single micro-particles of

NH4NO3. Figure 5 shows that a majority of the largest par-

ticles are identified with just 20 laser shots. The zero level

background and statistics obtained from multiple laser shots

provide a powerful approach with which to claim “yes or

no” detection. The circled particles’ diameters are

�25–50 lm with calculated masses between �15 and

100 ng. Imaging 15 ng particles in a 1.5 mm2 area is equiva-

lent to �1 lg/cm2; single particles would also be detected on

1 cm2 areas supporting a claim of sub-microgram per cm2

sensitivity.

In comparison to CARS, SB-SRS offers several advan-

tages. The absence of non-resonant background makes SB-

SRS an ideal “yes or no” detection approach. The process

scales linearly with concentration; thus, the signal from mi-

nority constituents is less likely to be overwhelmed by other

materials. Note that SB-SRS requires no spectrometer. In

terms of speed, the images presented here were acquired at a

rate that is two orders of magnitude faster than those previ-

ously attained with standoff CARS imaging and a similar

setup.14

An interesting aspect of SB-SRS is that the signal is

measured by monitoring the diffusely reflected laser light,

which is quite intense and easily collected with small optics

at large distances. For detection distances less than 10 m, the

signal was attenuated to prevent saturation of the simple pho-

todiodes used to detect the SB-SRS signal. This suggests that

SB-SRS could be very useful for greater standoff distances,

especially since the implementation is robust against beam

pointing instabilities due to the short delay of the reference.

As with SRS microscopy, the fundamental sensitivity limit

of SB-SRS is related to the photon number shot noise,31

about 10�5 per pulse with a 2 in lens at 10 m. The noise level

of our implementation is significantly above this level, and

the technique is presently limited by the accumulated instru-

ment noise (�0.5% rms).

We have introduced a standoff detection and imaging

method, SB-SRS, which uses the non-linear process of

stimulated Raman scattering. Coherent control of Raman

transitions provides the chemical specificity for the single

beam method, and time multiplexing enables single shot

implementation. With 10 mW of laser power in the near IR,

we can detect a single �15 ng particle of an explosive simu-

lant within 20 ms on a number of “real-world” delicate sub-

strates such as paper, clothing, and plastic. The speed,

sensitivity, and robust performance on chemically complex

substrates make this technique one of the most promising

methods for standoff detection of trace quantities of explo-

sives. A scientific research laser was used in this initial

implementation. Based on advances in photonics over the

past 10 years, it is fair to assume a compact and industrial

type of laser with the desired characteristics should be avail-

able soon to make this approach widely available.
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