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ABSTRACT: The innovative design of the newly developed Renis-
haw Raman Microscope system and its application to the in situ
detection and identification of plastic explosives contained in finger-
print samples are presented. Raman microscopy is a nondestructive
inspection method. Our experimental results show that Raman spec-
tra and Raman band images can be obtained from explosive particles
as small as 1 pwm?® in size or 1 picogram in mass. After exploring
the full potential of the Raman microscopic technique, the aim of
this research is to develop a real-time and field-deployable plastic
explosive detection system.
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Raman spectroscopy is a well established technique for analyz-
ing and identifying materials. The idea of using it to characterize
explosives was first suggested in 1964 [1]. Conventional Raman
instruments have, however, suffered from poor light throughput
and low efficiency so that experimental work has been confined to
laboratory darkrooms. In-field applications could not be considered
under these conditions. The poor light throughput was caused
by extensive use of gratings, mirrors and lenses required by the
instruments mainly for eliminating the strong Rayleigh scattered
light which comes together with the Raman scattered light. Further-
more the photomultipliers common in the traditional Raman sys-
tems have relatively low quantum efficiency and need to be
carefully protected from over exposure. For these reasons, Raman
instruments tended to be heavy and expensive, were difficult to
align and required highly skilled operators. To overcome these
difficulties and to widen the field of applications, many spectrosco-
pists have been working to modemize Raman instrumentation.
Small and robust Raman spectrometers capable of working in a
non-laboratory environment are now available.

Development of a compact Raman microprobe/microscope sys-
tem was started by the Leeds University group in the late 1980s
[2]. Prototype units were developed and successfully tested before
commercialized units were manufactured by Renishaw plc. [3,4].
In the Police Scientific Development Branch, research work on

Received for publication 22 April 1994; revised manuscript received
16 June 1994; accepted for publication 17 June 1994.

! The Department of Physics, The University of Leeds, Leeds, England.

Police Scientific Development Branch, St. Albans, Hertfordshire,
England.

Copyright © 1995 by ASTM International

explosive traces detection can be traced back to the early 1980s.
The objective of the Raman project is to produce a highly sensitive
and nondestructive technique to investigate fingerprint samples
that may contain traces of explosives; a brief report summarizing
the early Raman work has been presented [5]. In this paper, we
describe the Renishaw Raman microscope system design and report
on the experimental work on the detection of plastic explosives,
in particular their traces in the fingerprint samples.

The Samples

SEMTEX-H was used as the source of explosive material for
this study. This explosive has two active chemical ingredients:
Cyclotrimethylene-trinitramine or RDX and Pentaerythritol-tetra-
nitrate or PETN. RDX and PETN are present in the explosive as
transparent micrometer size crystals bound together by an amor-
phous waxy material. The structural formulae of RDX and PETN
are shown in Fig. 1. The crystal structures of the two materials
were determined by X-ray diffraction some twenty years ago [6,7].
Raman spectra of RDX and PETN were first reported by Hodges
and Akhavan {8,9] who used Fourier Transform Raman (FTR)
spectroscopy; recently very similar results were obtained by
McNesby et al. [10] with the same technique.

Transfer of trace explosives from the source to the surface of
a substrate by means of finger contact and hence producing the
fingerprints in a depletion series has been reported by Neudorfl
et al. [17]. We have tested a variety of materials, such as wood,
glass and cardboard, as the substrate but found that a flat metal
surface is the most suitable. Hence the results presented here are
mainly from fingerprint samples made on aluminum sheet. In a
depletion series the same fingertip which has been contaminated
with explosive has been used repeatedly to leave prints on 4X4
cm’ aluminum sheets. Forty sheets are used in each depletion
series, the explosive residue decreasing with the increasing number.
The exact quantity of the explosive in a fingerprint has not been
determined but we believe it ranges from micrograms down to
nanograms. To simulate real life conditions we also made “impure”
samples with fingertips which were cross contaminated by both
SEMTEX and other greasy substances.

Techniques other than Raman microscopy are available for ana-
lyzing the explosive materials but they require removing samples
from the fingerprints; the disadvantages from the forensic science
point of view are obvious. In contrast the Raman technique is
nondestructive. With the Renishaw Raman Microscope system,
the study has been made in situ. The samples were simply placed
onto the microscope sample stage for either visible light observa-
tion or for full spectral measurements; no further sample prepara-
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FIG. 1—Chemical structures of RDX and PETN.

tion was needed. The fingerprints were not destroyed by the
measurement and could be re-examined later either by Raman or
other methods.

Raman Microscopy and the Instrument

Raman scattering is a weak effect that is usually observed by
focusing a laser beam upon a sample. The scattered light is col-
lected by lenses and directed into a spectrometer to determine the
frequencies or wavelengths. The major component of the scattered
light, called Rayleigh scattered light, has the frequency of the
incident laser and therefore can not be used to characterize the

chemical compositions of the samples. Raman scattered light, a
small portion of the total, appears at lower frequencies (only the
Stokes lines are concerned in this application). The change of the
frequency is caused by the interaction between the incident laser
beam (the photons) and the molecular vibrational modes (the pho-
nons). Each of these vibrational modes is characterized by a certain
energy or frequency; if this mode is Raman active then a peak
will appear in the spectrum. The frequency difference between
this peak and the laser line is called the Raman shift. A given
molecule will give a characteristic Raman spectrum with several
peaks; bigger and more complex molecules tend to give more
Raman peaks. The intensities of the Raman peaks reflect the con-
centration of the molecules within the sample. The whole spectrum
also contains information about the structure of the molecule and
its environment.

Rayleigh scattering is very much weaker than the incident laser
beam and Raman scattering is even weaker, with typical orders
of magnitude as follows:

Ly > 10° X Ly > 108 X Iy

here Iy, Iy and Iy, are the light intensities of the exciting laser
beam, the Rayleigh scattered light and the Raman scattered light,
respectively. Hence it is essential that the spectrometer has a sensi-
tive detector and that the Rayleigh light is efficiently rejected for
good Raman spectra to be obtained.

Work on Raman microscopy began in the 1970s [12]. The basic
idea is to use a high numerical aperture microscope objective as
the lens to focus the laser beam and to collect the scattered light.
The focal spot and/or the size of the sample is on the order of one
to a few microns. Its success in examining miniature samples
has made the technique popular, so that most commercial Raman
instruments now have an optical microscope as an attachment.
Figure 2 shows schematically the layout of the Renishaw Raman
Microscope. It has been designed to perform two functions: the
microprobe, which takes Raman spectra from micron size samples,
and the microscope, which produces 2D magnified images using
only the Raman scattered light. The Raman spectrum is used to
identify the particle of explosive while the Raman image highlights
their spatial distribution.

The Renishaw system, as is shown in Figure 2, consists of a
spectrometer on the right hand side and an optical microscope on
the left. The instrument employs two holographic notch filters
(HNF) [131, the first functioning as the combination of a beamsplit-
ter and a rejection filter and the second purely as a rejection filter.
Depending upon its fine angle tuning, one HNF is able to reject
the light at the laser frequency to the order of 1075 to 107° and
still transmit more than 80% of the light at other frequencies. In
the instrument the laser beam is directed onto the sample by the
mirrors, the beam collimator (two lenses), the first HNF and the
microscope objective. The 180° back scattered light from the sam-
ple is collected by the same objective and fed back into the spec-
trometer. The Rayleigh scattered light and reflected light are
blocked by the two HNFs but the Raman scattered light is transmit-
ted. The combined result of the two HNFs, at best, reduces the
intensities of Rayleigh scattered light by a factor of 1072, This
high rejection rate allows the use of only a single grating stage in
the spectrometer even with highly scattering samples. Optics in
the system are designed in conjunction with the microscope; this
coupled with the use of the HNFs has improved the light
throughput dramatically.

When taking a Raman image the laser beam is defocused through
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FIG. 2—Schematic diagram of the Renishaw Raman microscope.

the adjustment of the beam collimator to illuminate an area of the
sample. Scattered light from this area is collected to form the
image, Two movable mirrors, M, and M, allow the instrument to
perform the Raman microprobe function when set at the “out”
positions. At the “in” positions, the beam of the scattered light is
deflected by the mirrors to bypass the grating stage and go through
the imaging filter; the instrument is then functioning as the Raman
microscope. The filter stage holds a group of five or six dielectric
narrow-band-pass filters, each of which has a different transmission
band. The center of the filter transmission band is a function of
the incident angle of the light, so that effectively each filter can
be tuned to cover a spectral range of several hundred wavenumbers.
The whole Raman spectrum is covered by the group of filters.
This novel way of making 2D Raman band images with the tunable
dielectric filters is also many times more efficient than conventional
scanning methods.

The instrument covers the spectral range from 100 cm™! to 4000
cm™! (or more than that in special cases). Spectral resolution in
the microprobe mode is 1 cm™ and in the microscope mode, 20
cm™!. The Raman imaging field is presently limited to a region
of 300 wm (with X10 objective) in diameter but in principle it is
possible to image a larger area. Spatial resolution of the imaging
mode, or the minimum size of the laser focus spot of the spectral
mode, is 1 pm.

Improvements of instrument performance are also due to the
employment of the CCD detector and modern personal computer.
The CCD detector, a two dimensional electronic photographic
plate, has a high quantum efficiency and very low dark current.
It, and all the other moving stages in the instrument, are cable-
linked with a PC and controlled by the operator through the key-
board. Data acquisition is fast and straightforward. Taking advan-

tage of the 2D sensor, a new method with no pinhole aperture has
been developed for performing confocal Raman spectroscopy. The
spectra can be obtained from a small and well defined sample
volume which is 1 wm in diameter and 2 pm in depth [4]. This
technique can be used, for example, to determine the phase struc-
tures inside a bulk sample [/4].

As the result of the high light throughput, compact lasers with
a moderate power output of 25 mW are commonly used as the
light sources of the Renishaw Raman Microscope. The whole
instrument, including a laser and a computer, can be placed onto
a table with area less than 2 square meters. The instrument is
robust, relatively easy to transport and re-align; it does not require
special laboratory facilities. Routine work can even be performed
on a simple desk or table in the presence of daylight or room light.
A trained technician can move the instrument to a new location
and set it up in working order within a few hours. Only basic
knowledge on how to use optical microscopes, lasers and PCs
is required.

Results and Discussion

Typical Raman spectra from RDX and PETN crystals, several
microns on a side, deposited on a silicon wafer are shown in Fig.
3, a) is for RDX and b) for PETN. The measurements were made
with a 25 mW HeNe laser emitting at 632.8 nm. A X20, NA = 0.45,
microscope objective was used. The amount of power reaching the
sample was about 5 mW, which corresponds to an energy density
of 2 X 10° W/m?. Acquisition time for the above two spectra was
5 s. Both RDX and PETN appear to have large Raman scattering
cross sections, making the Raman spectra easy to acquire. We
have also tested a 514.5 nm line Ar+ laser with the same samples
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and obtained essentially identical results. The spectra are similar
in appearance to those acquired at lower spectral resolution using

the FT Raman technique with much greater laser powers and longer

recording times [9,/0].

The intention of this paper is to demonstrate that a plastic
explosive like SEMTEX can be identified by simply taking a
Raman spectrum or a Raman band image. Table 1 is a list of all
the Raman bands appearing in the spectra shown by Fig. 3. The
relative peak intensities are shown by letter indexes: S means
strong, M moderate and W weak; the V prefix means very. P
indicates the peak is polarized. On first inspection the Raman
spectra from different RDX particles often look somewhat different
because most of the particles are individual single crystals. For a
single crystal sample, the intensities of the polarized Raman bands
depend upon the angle differences between the polarization plane
of the laser and the crystalline orientation. The frequencies remain
the same, however.

Polarized Raman spectra taken from a RDX single crystal are
shown in Fig. 4. The crystal was grown in our laboratory and
came out rectangular in shape, approximately 1 X 2 X 5 mm’ in
size. We defined the X, Y and Z axes accordingly; therefore the

TABLE 1—List of the Raman bands of RDX and PETN,

RDX (CM™) PETN (CM™)
129 S
152 S 147 S
194 W
207 S
226 W 229 S
260 M
280 M
304 Vw
321 W
345 VS, P
413 M
463 S 458 M
487 M
539 MS
589 w 589 MS
606 M
625 VS
668 M 677 M
705 M
737 W
751 W
787 M
849 M 840 M
874 VS
885 S
922 w
944 W 941 M
1005 VW
1031 S, P 1033 vw
1045 M
1195 W
1217 VS, P
1235 M, P
1253 M
1272 S, P 1279 M
1294 VS
1312 S,P
1350 M, P
1390 M, P
1405
1426 M, P
1471 M
1509 VW 1512 VW
1573 VW
1595 W, P
1631 VW
1662 M
1675 M
2909 W 2917 W
2953 M
2990 M
3006 M
3024 M
3079 M

longest dimension of the crystal was along Z and the two flat
surfaces in the YZ planes. Theoretical analysis shows that the
intensity of Raman scattered light is proportional to the square of
the dipole moment induced in the sample by the incident radiation.
This dipole moment u is written as:

u=aE 1)

or
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u, = a,E, + a,E, + a,E,
u, = a,E, + a,E, + a,E, 2)
u, = a,E, + ayE, + a,E,

where E is the electric field of the incident laser beam and a the
polarizability tensor. By orienting the RDX crystal sample with
the microscope sample stage and arranging a polarization analyzer
in front of the spectrometer, nine Raman spectra were obtained.
Each of these spectra reflects the contribution from one of the
nine elements of the polarizability tensor, such as, XX, YY, ZZ,
XY, YX, XZ,ZX, YZ or ZY etc. Only the six independent spectra
are shown here because of the fact that a,, = a,,, a,, = a,, and a,,
= a, In addition to proving that the RDX particles are single
crystals, this type of study provides detailed information about the
symmetries of the vibrational modes.

Spectral information for the pure RDX and PETN samples pro-
vides the foundation for the Raman imaging work on SEMTEX.
Raman images are normally taken at one or two selected Raman
bands which are intense and distinguishable from the background.
RDX has a strong band at 885 cm™ and PETN a strong band at
874 cm™, neither of which are polarization dependent. The 20
cm™! wide imaging filter window can be centered at 880 cm™! to
cover both. A typical imaging result is shown in Fig. 5. The
two micrographs were taken from the same area of an explosive
contaminated fingerprint sample; on the left is the visible light
image and on the right the Raman band image. A X50 objective
was used for this measurement. The fluorescence background was
subtracted from the Raman image using the computer software.
It can be seen from the photographs that the visible light image
shows all particles, SEMTEX, dust and grease, etc., but the back-
ground-free Raman image shows only the RDX and PETN parti-
cles.

As previously described, the action of CCD camera is controlled
by the PC. When the instrument is in the imaging mode, repeat
exposures can be taken and the images will be read out and shown
on the PC monitor. It is easy to acquire the visible light images
in real time but the Raman images take considerably longer as the
intensity of the Raman scattered light is weak. Hence an integration
time is needed to build up a screen contrast on the PC monitor.
The exposure time for taking the Raman image shown in Fig. 5
was 10 minutes. This long exposure time is not always necessary,
especially in the case where Raman imaging is used to select
certain targets for the spectral analysis and therefore the image
background does not matter very much. A 20 s exposure Raman

FIG. 5—Images of a SEMTEX fingerprint sample: a) visible light
image; b) background-subtracted Raman image.

band image without background subtraction is shown in Fig. 6.
This Raman image is of an area in the 40th fingerprint sample
from the depletion series; alongside is the visible light image from
the same area. If, under certain conditions, less contrast is tolerable,
the image can even be produced with only a few seconds exposure.
However, for making a positive judgment, the background-free
Raman images are more reliable.

The applicability of the Raman imaging detection technique has
been further tested by a series of experiments on “impure” samples.
Those samples often exhibit a strong fluorescence background
which is sometimes considerably more intense than the Raman
scattered light. It has been found that very fluorescent “dust”
particles may appear in a Raman band image. For those samples
we always deploy the microprobe afterwards to examine the relia-
bility of the Raman image. Figure 7 shows spectra taken from the
object of dimensions 5 wm® visible in the Raman image of Fig.
5. The figure shows the series of spectra taken with different
exposure time: 1 s, 55, 10 s, 20 s and 40 s, respectively. The
insert is the 1 s spectrum shown in an enlarged intensity scale.
These spectra confirm that the particle is RDX. In the same way,
Fig. 8 shows Raman spectra from a 1 pm’ particle observed in
the Raman image of Fig. 5. The spectra confirm that the particle
of approximately 1 picogram mass is PETN. The particle was

FIG. 6—Images of the 40th fingerprint sample in a depletion series:
a) visible light image; b) Raman band image with 20 s exposure time.
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FIG. 7—Raman spectra of a 5 um® size particle (RDX): from the
bottom to the top, 1 s, 5 s, 10 s, 20 s and 40 s exposures, respectively.
The insert shows the 1 s data with a magnified intensity scale.
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FIG. 8—Raman spectra of a 1 pm’ size particle (PETN): from the
bottom to the top, 1 s, 55, 10 s, 20 s and 40 s exposures, respectively.
The insert shows the 1 s data with a magnified intensity scale.

surrounded by the binding wax which caused the high background
signal. Qur experimental results indicate that for the impure sam-
ples, 1) Raman imaging can filter out the majority of the nonexplo-
sive particles; 2) all the explosive particles tend to show up clearly
in the Raman image; 3) acquiring spectral confirmation is simple
and quick. The confidence level of Raman imaging detection is
high, though false alarms can not be totally ruled out. Further
checking of suspect particles by taking a full Raman spectrum is
necessary for confirmation.

Conclusion

We have presented experimental results showing that the detec-
tion and identification of plastic explosive traces by means of
Raman microscopy is not only feasible but practical. It has also
been confirmed that examination of fingerprint samples can be
performed in situ and over short time scales. The Raman micro-
scopic technique is highly specific and capable of identifying
explosive samples 1 um?® in volume or 1 picogram in mass quantity.
The imaging analysis has a high confidence rate with farther
spectral analysis capable of providing confirmation.
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