








Table 1. Samples used to demonstrate SORS.

Sample ref. Container Thickness Contents Form
) Ammonium Coarse
A Polypropylene (PP); 4.5 mm nitrate crystalline solid

Colour = pearl

Polypropylene (PP) Coarse
B Colour = white 1.5 mm Sugar crystalline solid
0 L
High density Hydrogen 30 A)VSV(;IJ:OH m
C polyethylene (HDPE); 2 mm peroxide ’
o transparent
Colour = white
High density .
D polyethylene (HDPE); 1 mm Flour Fine powdered

Colour = white solid
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Table 2. Ventress samples to demonstrate the potential of SORS for screening household goods packaging.

Sample ref Container Container Content Contents Imase
P ) Material Thickness Form g
High density
polyethylene ) Lo Liquid muscle
U (HDPE); 1-2 mm Clear liquid rub
Colour = silver
Polypropylene (PP) . 5
v Colour = white/blue 1-2 mm Striped paste Toothpaste vt:g
I
i
Polyethylene -.23,1_-._}..
W terephthalate (PET) 2-4 mm Clear liquid Water ;
Colour = green ;
Polystyrene (PS) ) -
X Colour = diffuse 1-2 mm Clouded gel Vaseline
Y Green glass 2-4 mm Clear liquid Alcoholic
beverage
z Brown glass 2-4 mm Clear liquid Alcoholic
beverage
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3. RESULTS

3.1 SORS results

Figure 2 demonstrates the application of SORS to the four samples, A, B, C and D, given in Table 1, contrasted with
conventional backscatter Raman measurements on the same samples.
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Figure 2. Conventional Raman spectra and SORS scaled-subtracted results measured with the four samples, A, B, C and D, described
in Table 1. In each case, the spectra are compared to the reference spectra of the container (PP=polypropylene, HDPE=high density
polyethylene) and also to the reference spectra of the contents. Offsets used were 15, 4, 3 and 3 mm and total acquisition times were

10, 8, 8 and 20 seconds for samples A, B, C and D, respectively.

3.2 Optimum offset distance

For each of the four samples, A, B, C and D, listed in Table 1, a series of SORS spectra were acquired by varying the
offset distance, As, from 1 mm up to a maximum of 20 mm, in 1 mm increments. The SORS scaled-subtraction spectrum
of the pure content was derived in each case and then the signal to noise ratio (SNR) of the SORS result was determined
as the ratio of the strongest characteristic Raman band divided by the peak-to-peak noise adjacent to that band. An
example of such a data set is given for sample C, 30% hydrogen peroxide in an HDPE container, in Figure 3. Hydrogen
peroxide has a single, characteristic Raman band at 876 cm™. The SNR visually improves as the offset distance increases
up to around 6 mm, whereafter the SNR ceases to improve. Figure 4 plots the SNR as a function of spatial offset, As, for
sample C as well as for the other three samples, A, B and D, described in Table 1.

To isolate the effect of the container on the optimum offset distance used to acquire SORS spectra, the same
measurements were performed, except that the contents of containers A, B, C and D from Table 1 were all substituted
with identical contents, namely ammonium nitrate. Figure 5 presents the resultant plots of SNR as a function of spatial
offset for these measurements.

Proc. of SPIE Vol. 7838 783808-6

Downloaded from SPIE Digital Library on 30 Oct 2010 to 130.246.132.177. Terms of Use: http://spiedl.org/terms



—20mm

—19mm

—18mm

—17mm

—16mm

—15mm

—1l4amm
—13mm

—12mm

—11mm

—10mm
=—9mm

—8mm

Intensity (arbitrary)

—7mm

—b6mm

. —5mm

—4mm

—3mm

—2mm

—1mm

400 600 800

1000
Raman shift (cm)

1200

1600

Figure 3. Stacked plot of SORS subtraction result spectra as a function of offset distance, As, for sample C described in Table 1: 30%
hydrogen peroxide solution in an HDPE container.
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Figure 4. Graphs plotting the variation in the signal to noise ratio of the scaled-subtracted SORS result versus offset distance, As,
increased in 1 mm increments for the four samples, A, B, C and D presented in Table 1. The curves are shown as a guide to the eye.
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Figure 5. Graphs plotting the variation in the signal to noise ratio of the scaled-subtracted SORS result versus offset distance, As,
increased in 1 mm increments for the four samples, A, B, C and D presented in Table 1, where the contents have been substituted by
ammonium nitrate in each case. Note that A and B are both polypropylene containers whereas C and D are both HDPE containers. The
curves are shown as a guide to the eye.

3.3 Fixed measurement time

In this part of the study, the division in acquisition time between the zero offset and the offset position, As, was varied,
where the total aggregate acquisition time was maintained constant. The four samples A, B, C and D, described in Table
1, were used with total acquisition times of 1 second, except for sample D where the total acquisition time was 20
seconds since this is a more weakly scattering material (i.e. flour). It is worth noting that, in the aviation security sector,
the acceptable elapsed time in which to screen a container is probably less than 30 seconds.

Figure 6 shows a stacked plot of the scaled-subtracted SORS results for sample C, 30% hydrogen peroxide solution in an
HDPE container, with a total measurement time of 1 second and a fixed offset distance, As, of 5 mm. The measurement
periods were split in the order offset/zero offset into: 0.95s/0.05s, 0.9s/0.1s, 0.8s/0.2s, 0.7s/0.3s, 0.6s/0.4s, 0.5s/0.5s,
0.4s/0.6s, 0.3s/0.7s, 0.2s/0.8s, 0.1s/0.9s, 0.05s/0.95s. Visual inspection of the spectra indicates that the SNR visually
improves as the collection time is biased towards the offset spectrum.

Figure 7 plots the variation in the SNR as a function of the time dedicated to the offset measurement for the four
samples, A, B, C and D described in Table 1. The SNR was determined in the same way as set out in section 3.2.

Proc. of SPIE Vol. 7838 783808-8

Downloaded from SPIE Digital Library on 30 Oct 2010 to 130.246.132.177. Terms of Use: http://spiedl.org/terms



0 , " A R iiasiiiaciissd ‘\..,. P Y S v VA Ao~ —0.955/0.05s
mew —0.95/0.1s
- —0.85/0.2s
WWWM/\‘WWW —0.75/03s
ﬂwww —0.65/0.4s
—0.55/0.5s
4 _WWM’WMWMM —0.45/0.65
MWWMMWMWW\ —0.35/0.7s
MVWMWWWMMW —0.25/0.8s

2 4
WWWWMWW —0.15/0.95
5 WWWWWMWWMWM —0.055/0.955

SNR (arbitrary)
(2]

300 500 700 900 1100 1300 1500
Raman shift (cm™)

Figure 6. Stacked plot of scaled-subtraction SORS result spectra for measurements of 1 second in total for sample C from Table 1:
30% hydrogen peroxide solution in HDPE container. In each spectrum, the division in the acquisition time between the zero-offset and
the offset measurement is gradually varied.
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Figure 7. Graphs plotting the variation in the signal to noise ratio of the scaled-subtracted SORS result versus integration time for the
offset measurement for the four samples, A, B, C and D presented in Table 1. In each case the total data acquisition time, including
both the zero-offset and offset measurements, was maintained constant at 1 second for samples A, B and C, and 20 seconds for sample
D. The curves are shown as a guide to the eye.
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3.4 Ventress set examples
The results of SORS inspection of the six samples, U, V, W, X, Y and Z described in Table 2 are set out in Figure 8
through to Figure 13 below:
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Figure 8. SORS measurement of sample U described in Table 2: Radian B muscle rub, compared to the conventional backscatter
Raman measurement and the reference Raman spectrum of the exposed contents. Total acquisition time was 50 seconds split into 10
seconds at the zero offset position and 40 seconds at 10 mm offset.
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Figure 9. SORS measurement of sample V described in Table 2: Aquafresh striped toothpaste, compared to the conventional
backscatter Raman measurement and the reference Raman spectrum of the exposed contents. Total acquisition time was 10 seconds
split into 2 seconds at the zero offset position and 8 seconds at 3 mm offset.
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Figure 10. SORS measurement of sample W described in Table 2: San Pellegrino water, compared to the conventional
backscatter Raman measurement and the reference Raman spectrum of the exposed contents. Total acquisition time was 10
seconds split into 2 seconds at the zero offset position and 8 seconds at 3 mm offset.
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Figure 11. SORS measurement of sample X described in Table 2: Vaseline gel, compared to the conventional backscatter
Raman measurement and the reference Raman spectrum of the exposed contents. Total acquisition time was 7 seconds split
into 2 seconds at the zero offset position and 5 seconds at 7 mm offset.
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Figure 12. SORS measurement of sample Y described in Table 2: Noilly Prat fortified alcohol, compared to the conventional
backscatter Raman measurement and the reference Raman spectrum of the exposed contents. Total acquisition time was 20
seconds split into 4 seconds at the zero offset position and 16 seconds at 7 mm offset.

—~Conventional Raman
Z
o
I
.4:
.E_ —SORS Result
£
7]
c
[
)
£
——Cavareference
300 500 700 900 1100 1300 1500 1700

Raman shift (cm-?)

Figure 13. SORS measurement of sample Z described in Table 2: Cava sparkling wine, compared to the conventional
backscatter Raman measurement and the reference Raman spectrum of the exposed contents. Total acquisition time was 30
seconds split into 4 seconds at the zero offset position and 26 seconds at 3 mm offset.
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4. DISCUSSION

The application of SORS shown in Figure 2 to the four everyday containers, A, B, C and D, described in Table 1,
highlights the high specificity of this technique in detecting concealed substances. Conventional back-scatter Raman
spectroscopy yields spectra which are dominated by the container signal, thereby masking the much weaker signal from
the contents. Even in the most favourable cases, where the container and content spectra are sparse and do not overlap as
for samples C and D, it is difficult to assign the content bands and unambiguously identify the contents from its
conventional Raman fingerprint. Generally however, the container and content spectra can be dense and overlap, as is
seen for samples A and B, making a definitive assignment with conventional Raman spectroscopy near impossible. For
example, the characteristic band at a Raman shift of 1043 cm™ in the reference ammonium nitrate spectrum in sample A
is completely masked by the band at almost the same wavenumber in the spectrum of the polypropylene container;
extracting the weaker ammonium nitrate band would be very challenging. By contrast, the SORS result spectrum in each
of the four cases is very closely matched to the reference Raman spectrum of the respective contents making an
unambiguous assignment trivial. The contamination of the container signal has been removed and, although the spectra
are noisier, the resultant SORS spectra are dominated by the content signal. It is worth noting that a very clean SORS
signal is obtained with sample A despite the 4.5 mm thickness of the polypropylene tube; this impressive result is helped
by the fact that samples A and B are both good Raman scatterers in a diffusely-scattering and non-absorbing form (i.e.
coarse crystalline powder). In the case of sample C, although hydrogen peroxide is a good scatterer, since it is a clear
liquid the content signal at spatial offset is weaker in absolute terms than A or B; nevertheless the marker band at 876
cm’™ is clearly defined although the SORS spectrum does show a lower signal to noise ratio (SNR). Even in the case of
flour in sample D, which is a very weak Raman scatterer, it is easily possible to clearly assign the marker bands and
match the SORS result with reference flour Raman spectrum.

In section 3.2 of this paper, we investigated the impact on the SNR of the resultant SORS spectra of gradually varying
the spatial offset from 1 to 20 mm in each of the four cases A, B, C and D described in Table 1. The results shown in
Figure 4 demonstrate that the spatial offset does have a significant impact on the measured SNR. Samples A and B are
both strongly-scattering coarse crystalline material in polypropylene containers and exhibited well-defined optima in the
spatial offset of 8-10 mm (sample A) and 5-8 mm (sample B). Sample D is a weakly scattering material in the form of a
very fine powder and exhibited a very pronounced optimum offset at just 2 mm. In these three cases, there is a great
penalty in terms of SNR for measuring SORS at the sub-optimal spatial offset — for example in sample D the SNR is four
times poorer if the SORS measurement is made at 10 mm offset instead of 2 mm. In contrast, for sample C, there is no
obvious optimum provided the offset is greater than 5 mm. Since C and D are very similar HDPE containers, this implies
that the contents cause this differing response: the very fine flour powder in sample D causes the content signal to
attenuate rapidly so that the SNR of the SORS spectrum reaches an optimum close to the laser excitation point; the
hydrogen peroxide liquid in sample C is optically transparent and therefore the content contribution remains unchanged
even at much larger offsets.

The influence of the container on the optimum spatial offset (as measured by highest SNR) was isolated by substituting
all the contents in samples A, B, C and D with identical ammonium nitrates crystalline powder. The plots given in Figure
5 illustrate that containers A and B, both polypropylene give the same optimum of 8-10 mm despite the fact that
container A is three times thicker plastic. Equally, the optimum SORS signal with containers C and D, both made of
HDPE, is obtained over the range of 4-8 mm despite the fact that container is twice as thick. This would suggest that the
container material has a dominant impact on the optimum SORS offset, as well as the content material, although the
container thickness appears to have no significant effect in the studied range of thicknesses. It should however be noted
that the container thickness will also be expected to play a role at some level..

In section 3.3, we investigated the impact on the SNR of the resultant SORS spectra of gradually varying the split in a
fixed acquisition time between the zero-offset and offset position in each of the four cases A, B, C and D described in
Table 1. The results shown in Figure 7 indicate in all four cases that the SNR improves as more time is acquired at the
offset position and less time at the zero-offset. Indeed the best results were obtained when just 1/20™ of the time was
committed to the zero-offset position in samples B, C and D. In the case of sample A, where the absolute SNR was an
order of magnitude better than with the other samples, an optimum time split was reached at a ratio of about 4:1 (i.e. 0.8
seconds offset versus 0.2 seconds at zero-offset) although there was an insignificant penalty in increasing the split to
20:1. This bias to measure for a far greater time at the offset position may be understood by two factors: (1) the offset
signal is weaker with a higher SNR than the zero-offset measurement, and (2) the zero offset spectrum (and hence its
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inherent SNR) is demagnified by a scaling factor in order to perform the scaled-subtraction performed to reach the SORS
result. In order to optimally match the SNR of the zero-offset measurement, with the multiplied offset measurement in
the scaled subtraction, a far greater integration time is required for the spatially offset acquisition.

In section 3.4, a selection of six items from the Ventress set were inspected with the original contents, and the SORS
results are shown in Figure 8 through to Figure 13. In each case, the contents were extracted from the container and the
Raman spectra measured in order to provide a reference signal of the contents for comparison. Also in each case, the
conventional backscatter Raman spectrum was acquired. Figure 8 shows the inspection of a 1-2 mm thick HDPE bottle
containing Radian B alcohol-based muscle rub. As this is a clear liquid, SORS is more challenging than with diffusely
scattering powders, but despite this the SORS results give an unambiguous match to the reference spectrum with the
characteristic alcohol band at 870 cm™ being clearly resolved. By contrast the conventional Raman spectrum is
dominated by the container spectrum. This measurement 50 seconds total acquisition time split 10 seconds at zero-offset
and 40 seconds at an offset of 10 mm. Given the results in section 3.2 and 3.3, it is likely that better results would have
been obtained had the time been split with just 1-2 seconds measuring the zero-offset position and 48-49 seconds
acquiring the offset spectrum.

Figure 9 shows the SORS measurement for Aquafresh toothpaste revealing a high-quality match with the dense reference
spectrum. This is a diffusely scattering material and the best spatial offset was found at 3 mm.

Figure 10 shows the SORS results for water in a PET plastic bottle. Despite the fluorescence from the green bottle, the
water band at 1,648 cm™ is clearly identified within the 10 seconds total acquisition time. Once again this would be very
difficult to identify from the conventional Raman measurement.

Figure 11 shows the SORS results obtained in 7 seconds for Vaseline gel in a 1-2 mm diffuse polystyrene plastic tub
exhibiting an excellent match between the SORS result measured through the tub and the reference measurement of the
contents.

Figure 12 and Figure 13 show SORS measurements of alcoholic drinks through green and brown glass, in both cases
clearly resolving the characteristic 870 cm™ band, as well as other features allowing a unique match to the alcohol
reference spectrum. In contrast, the conventional back-scatter Raman signals are overwhelmed by the fluorescence from
the green and brown glass containers making identification of the contents with any confidence near impossible.

5. CONCLUSIONS

This study illustrates that SORS is capable of high chemical specificity in detecting concealed substances in opaque
plastic and coloured glass containers. It shows that SORS can obtain significantly cleaner Raman spectra of the content
material than is possible with conventional backscatter Raman uncontaminated by the Raman or fluorescence signal
from the container. This permits the identification of the concealed materials with a higher confidence level.

This work also shows that there is frequently a well-defined optimum spatial offset that maximizes the signal to noise
ratio (SNR) of the resultant SORS spectrum, in accordance with the findings of Maher and Berger'?, and that this
optimum can vary greatly depending on content material and container material. Content materials which are diffusely-
scattering exhibit pronounced optima, whereas clear liquids show only a broad optimum and are therefore relatively
insensitive to SORS offset position. Container thickness appears to have significantly lower impact on the optimum
offset distance for a given material. It was also shown for the first time that, for a fixed total acquisition time available, a
disproportionately large fraction of this time should be spent acquiring the offset spectrum. For common samples, the
best results were obtained where the offset measurement was acquired for 20x longer than the zero offset position.

The above conclusions were reinforced by the inspection of six items selected from the Ventress set shown as examples.
In conclusion, SORS has the potential to be a very powerful screening and inspection method in security environments

such as at airports. This study has ramifications for the design of a dedicated device for security screening highlighting
that optimization of spatial offset and acquisition time is required.
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