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EXECUTIVE SUMMARY 
 
 
A unique handheld standoff Raman detector that uses no focusing optics and has a 

semi-collimated interrogation source was compared to traditional handheld Raman 
spectrometers. These instruments provide Warfighters with greater lethality and increase 
survivability by allowing them to address potential chemical threats at greater distances while 
maintaining a protective posture. This work identifies the advantages of using a non-lens-based, 
semi-collimated Raman system as compared to traditional methods of obtaining Raman signal at 
standoff or proximal distances.  

 
The standoff Raman detector that used semi-collimated light to interrogate surface 

samples showed improved figures of merit at all distances as compared to traditional methods of 
using lenses to focus laser light to a point. This provides (1) increased flexibility for the 
Warfighter, whereby they do not need to maintain a fixed distance from the sampling surface; 
(2) the ability to interrogate larger areas more easily with dispersed analyte on a surface, given 
the light is not being focused to a small point; and (3) greater ease in maintaining a protective 
posture because there is more flexibility in the distance that can be used to acquire identifying 
chemical information. 
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STANDOFF RAMAN SEMI-COLLIMATED (SORSC) INSTRUMENT EVALUATION: 
A COMPARISON TO A TRADITIONAL HANDHELD RAMAN INSTRUMENT  

 
 

1. INTRODUCTION  
 

Bulk material detection is relatively easy and understandable when approached 
using spectroscopic based systems. Dispersed material detection is not as easy, although it is 
necessary, especially when detection techniques are applied at mission-applicable speeds. The 
difficulties of dispersed material detection are largely based on two requirements: (1) the 
dispersed materials must physically overlap the transduction technique, and (2) the signal from 
the analyte must be measured. This is further convoluted by the additional background clutter 
that occurs when an analyte is very sparsely dispersed, resulting in less analyte available for 
detection and identification. An example of a dispersed threat may include improvised explosive 
device residues or disseminated materials released to contaminate an area with potentially 
harmful chemicals.1 Use of a proximal detection system is ideal for these types of scenarios;2 
however, proximal detection systems often work only at specific distances, require a lot of 
power, are heavy, or must be very complicated to achieve flexibility. When a proximal 
light-based detection system is used on a vehicle, the working distance must be known so that 
the signal return to the sensor can be optimized. 
 

Light-based sensing techniques are advantageous for proximal or standoff 
detection because they often do not require direct contact with an analyte to sense it. However, 
many transduction systems operate only at a specific distance that is based on the optics 
employed. This issue can be mitigated with the use of adjustable optics that can be automated by 
coupling them with a distance-measuring instrument. These improvements increase the overall 
system size, weight, power consumption, and cost.     
 

Raman spectroscopy can include optics with fixed focal lengths at distances of 
≥1 m, thereby providing proximal or standoff detection distances when telescopic lenses are 
used. Typically, Raman data are collected using optics that tightly focus a laser beam to a small 
spot (<5 mm diameter) in backscatter geometry to maximize the number of Raman scattered 
photons incident on the detector. This is because Raman is an inherently weak phenomenon. 
Focusing the laser light maximizes the photon flux incident on the analyte and thereby increases 
the chance of observing a Raman spectrum. Understanding adequate sampling methods, which 
are based on the instrument and its physical operation characteristics, can improve 
maneuverability through contest areas by bounding operational limitations.  
 

Techniques for decreasing the size, weight, power, and cost of an instrument 
while maintaining maneuverability and operational capabilities are paramount when integrating 
instrumentation into a Warfighter’s gear or onto a vehicle. In this report, a standoff Raman 
semi-collimated (SORSC) instrument that uses no optics to manage the laser light source is 
compared to a traditional handheld proximal Raman instrument that uses traditional optics to 
manage the laser light source. The report documents performance at different distances and 
angles as well as the capability to sense a dispersed analyte.   
 



 

 2 

2. METHODS 
 

All of the work described herein was performed by personnel from the Chemical 
Analysis and Physical Properties Branch of the U.S. Army Combat Capabilities Development 
Command Chemical Biological Center (DEVCOM CBC; Edgewood Area, Aberdeen Proving 
Ground, MD) from January 2020 through February 2021. All computer-based analysis was 
completed using MATLAB R2019a software (MathWorks; Natick, MA).  
 
2.1 Instrumentation 
 
2.1.1 Raman Spectrometers 
 

The two Raman spectrometers used throughout this study were 785 nm diode-
based Raman systems. Both were handheld instruments designed to be portable (i.e., battery 
operation compatible), although each system was powered with shore power for the test duration. 
 

The integration time used for all data acquisition through this study was 10 s per 
spectrum. The 10 s time period was chosen to provide ample signal at a distance of 2 m. A 
shorter integration time could be used at all distances but at the cost of having a robust, 
repeatable Raman signal. In all cases, three measurements were obtained: one with the SORSC 
instrument (Cyclops; Smiths Detection; Edgewood, MD), one with the CBEx system (Snowy 
Range Instruments; Laramie, WY) when focused, and one with the CBEx system when rastered. 
These were chosen to identify (1) differences between lens-based and non-lens-based Raman 
systems and (2) whether the interrogation area affects measurements. 
 
2.1.1.1 SORSC Instrument 
 

The Cyclops SORSC system is a handheld proximal detector that is 
approximately 4 × 4 × 3 in. Smiths Detection provided the Cyclops as a prototype lens-less 
Raman system. The system was controlled via an integrated touch screen and a graphical user 
interface that allows the user to choose an integration time, background subtraction, and library 
matching. In all cases, the background was subtracted automatically. All data were transferred 
directly from the instrument to compact disc via a universal serial bus disk drive.  
 
2.1.1.2 Focused Raman System 
 

The lens-based CBEx system is a handheld Raman spectrometer that was 
obtained from a previous program at DEVCOM CBC. The instrument has two interchangeable 
telescopic lenses for 1 and 2 m standoff sensing. In addition to the standoff telescopic lenses, the 
instrument has a cuvette attachment that was not used during this study. The CBEx system could 
also focus the laser to a single point or “raster” scan it in a circular pattern. The latter provides a 
larger average area of interrogation for the signal. 
 

The CBEx system was controlled via a tethered laptop computer. Although the 
CBEx system could be used as a handheld instrument, greater control was possible when the 
computer provided the shore power and the interface. The CBEx instrument has both high and 
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low laser power, and the high laser power was used for the duration of this study. As mentioned 
previously, the spectra were automatically background-subtracted.  
 
2.1.2 Linear and Rotational Stages 
 

Linear and rotational stages from Zaber Technologies (Vancouver, BC) were used 
to reproducibly reach specific distances or angles for various aspects of this work. A 3 m 
motorized linear stage (model X-BLQ3000-E01) was used for distance-based measurements to 
reproducibly attain the same distance point in each trial. A motorized rotational stage (model 
X-RST120 AK) was used for the rotation-based measurements to reproducibly attain the same 
angle for each measurement trial. Each stage was controlled by a computer and the company’s 
proprietary control software. 
 
2.2 Interrogation Area 
 

The interrogation area for each system was obtained at both 1 and 2 m. A green 
paper (Mohawk; no. 104083, BriteHue, 30% recycled, vellum, 8.5 × 11 in., 60 lb) was used to 
capture digital images of the laser profile on the surface, at the points where data were collected. 
The green paper was used to help reduce saturation and maximize contrast between the green 
background and red laser. 
 

A grid scale (American Board of Forensic Odontology [ABFO]; no. 2) was 
included in each frame so that the actual size of the interrogation area with respect to the pixel 
size of the digital camera could be determined. The region of interest (ROI) that was chosen in 
each frame included the scale, which consisted of white areas (background) and dark tick marks. 
The regions were summed to obtain a two-dimensional intensity representation (intensity per 
distance) of the two-dimensional spatial region (Figure 2). A fast Fourier transform (FFT) was 
performed on the data to objectively and reproducibly obtain the frequency of the tick marks and 
thereby measure the distance between them. 

 
Each image was analyzed as follows to yield an objective and reproducible 

method of area analysis: 
 

1. Identify the ROI while fully encompassing the incident laser light. 
2. Apply Otsu’s method to binarize the image to threshold. 
3. Suppress structures connected to the border of the image. 
4. Morphologically decompose extraneous pixels farther from the border. 
5. Measure the properties, including area, of the resulting logical image. 

 
2.3 Analyte Considerations 
 

A polytetrafluoroethylene (PTFE) puck was used for analysis. The puck was 
3.5 × 4 × 0.3 cm (width × height × thickness), and it provided a homogeneous material that was 
not penetrated by any of the laser light. The PTFE puck was mounted onto a bracket that was 
then secured to either the linear or rotational stage for measurement. 
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2.4 Spectral Analysis 
 

All spectra were obtained in at least triplicate or from 16 trials. The comparative 
value between instruments as a figure of merit was identified as the area under the curve (AUC) 
of the Raman band of interest (721 cm–1 symmetric C–C stretch; Figure 1)3,4 when using PTFE 
or at 1523 cm–1 when analyzing ink on paper. A Lorentzian model5 was applied to fit the Raman 
peak of interest: 

 𝑓𝑓(𝑥𝑥) =
𝑎𝑎

(𝑥𝑥 − 𝑏𝑏)2 + 𝑐𝑐2
 (1) 

where a is the peak center, b is the peak width, and c is the full width at half-maximum (FWHM) 
of the peak.  
 

The AUC was determined for a region of the Raman spectrum that fully included 
the Raman band of interest. The AUC was fitted using eq 1 and integrated under the fit area. This 
AUC was used as the comparative metric between distances, instruments, and acquisition 
techniques. AUC outliers were determined by identifying AUCs that were greater than three 
scaled median absolute deviations away. If a point was an outlier, that AUC was discarded, and 
the signal-to-noise ratio (SNR) was determined with the remaining points.  

 
 

 
Figure 1. Raman spectrum of PTFE. *Raman band used for comparison  

purposes throughout this work. 
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2.5 Distance Dependence Measurements 
 

Distance dependence measurements were completed using a 3 m linear stage 
(described in Section 2.1.2). Data were obtained with the CBEx instrument in 100 mm 
increments at the focal region of each lens (focal region ± 1000 mm) and in 500 mm increments 
outside the focal region. Data with the Cyclops system were obtained in 500 mm increments. 
The data were obtained in replicate from 3–16 trials at each distance. 
 
2.6 Angle Dependence Measurements 
 

Angle dependence measurements were completed using a rotational stage 
(described in Section 2.1.2). Data were obtained at distances of 1 and 2 m with a PTFE sample 
mounted in the center of the rotational stage, perpendicular to the angle of incidence. The 
appropriate lens was used with the CBEx instrument at each distance, and the Cyclops 
instrument was used at each distance. Raman spectra were obtained in at least triplicate at 0, 15, 
30, 45, 60, and 75° angles. 
 
2.7 Artificial Dissemination Studies 
 

The artificial dissemination studies were performed in two parts. The first part 
focused on the experimental aspect of creating artificial dissemination patterns and 
characterizing the instrument’s performance with those data. The second part focused on using 
modeled spectra to characterize each instrument’s performance.  
 

Blue ink was printed on white paper to produce artificial dissemination patterns. 
Spectra were obtained of each pattern, and differences were identified. Calibration curves were 
completed that were based on 14 increments of ink fill factors, from 100% (solid printed ink) to 
0% (only white paper).  
 
 
3. RESULTS AND DISCUSSION 
 
3.1 Interrogation Area 
 

The imaging area of the two systems, with the appropriate lenses for the CBEx 
instrument, was used to help determine the areas of integration. This was then used to 
characterize how each instrument performed the sampling. Because the CBEx instrument has 
two different settings (e.g., focused vs rastered), the way that area affects the Raman signal can 
also be evaluated. To objectively determine the area of integration for each system, a digital 
image was obtained with a scale bar providing millimeter increments (Figure 2A). The remainder 
of the analysis was completed using MATLAB software to provide the scale and distance per 
pixel on the digital image, and then image processing techniques were applied to determine the 
laser integration. Some inconsistencies exist between ABFO no. 2 rulers produced by different 
manufacturers.6 However, the methodology described below takes into account the inconstancies 
of the scale gradations and therefore mitigates any concern of inconsistency.  
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First, an ROI of the scale bar was chosen (Figure 2B). The pixel intensity was 
summed per column (if scale bar ROI was on top) or per row (if scale bar ROI was on the side). 
The summed intensity values provided a patterned signal as shown in Figure 2C. Using FFT, the 
frequency of the signal was determined, which represents the spatial distance between two low- 
or high-intensity points (i.e., the tick marks). Figure 2D shows a representative example of an 
FFT on the signal from the ROI of the scale bar. This example, 0.0201 Hz, represents a spatial 
separation between the tick marks of 49.75 pixels/mm. As with all data on which an FFT is 
performed, the Nyquist criterion must be met; the data herein meet this criterion.  
 

Table 1 shows the area for each of the systems at 1 and 2 m. As expected, the 
raster setting with the CBEx instrument has a greater area than the focused setting, and it 
provides a larger area of interrogation. In all cases, a larger area of interrogation was realized at 
greater distances. The laser spot area was between 3 and 3.5 times larger when the system was 
1 m farther away. Identifying differences in interrogation area is especially important when 
analyzing non-bulk samples that may present in a disseminated pattern. A larger area would 
provide the Warfighter with a greater probability of interrogating an analyte of interest as 
opposed to the empty space between the analytes.  
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Figure 2. (A) Determining pixel laser spot size via a digital image of the laser spot size with a 
ruler in the frame; (B) finding an ROI of the ruler markings; (C) gray-scaling and column-wise 
summing the pixel intensities to create a line profile; and (D) performing an FFT of the spatial 

profile to accurately determine the resolution of the digital image.   
 
 

Table 1. Laser Spot Sizes at 1 and 2 m Distances 

Integration 
Distance 

Laser Spot Area 
(mm2) 

Cyclops CBEx  
Focused 

CBEx  
Rastered 

1 m 26.7 2.6 14.9 
2 m 78.7 9.4 41.7 

 
  



 

 8 

3.2 Spectral Analysis 
 

Generally speaking, a Lorentzian model can be used for fitting a Raman band. In 
some cases, a Gaussian, Gaussian–Lorentzian (GL) sum, or Voigt function can be used, but these 
are often dependent on the phase or state of the analyte.5,7 To verify the model for use, Gaussian, 
Lorentzian, and GL sum models were applied to fit a representative Raman band. A model was 
chosen based on its goodness of fit (R2) value and how well the residuals fit (data not shown). 
Generally, the Lorentzian model provided the best fit for the data. In the instances where the GL 
sum was a better fit, the difference was marginal. It was determined that a reduction in the 
number of adjustable parameters outweighed the minor increase in the fit.  
 

The AUC was used to compare differences in the instrumentation. When 
normalized, the AUC provides a method for comparison between two spectrometers that have 
comparable spectral resolution. As shown in Figure 3, analysis of variance (ANOVA) tests were 
used to evaluate the FWHM of the fitted Raman bands to determine the statistical significance 
between the means of the FWHM values for the different systems and distances. In an ANOVA 
test, the means of two samples are compared to identify whether they originate from the same 
mean. As shown in Figure 3, left, all of the 1 m measurements from both systems had means that 
were not statistically different, and all of the 2 m measurements from both instruments had 
means that were not statistically different. Furthermore, using a two-way ANOVA test (Figure 3, 
right) validated this by showing that all of the 2 m measurements originated from a statistically 
different mean than the 1 m measurements. 
 

The FWHM between the two sets of instruments were not statistically different. 
The spectral resolution of the two spectrometers is similar. Therefore, although some aspects of 
the spectrometers were unknown, these systems could be compared with one another using the 
AUC. The AUC provides an area measurement that can be used as a figure of merit between the 
two instruments.   
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Figure 3. ANOVA analysis of FWHM of the 721 cm–1 Raman band of PTFE. (Left) Box plot 
shows the means and spread of the FWHM from the data at 1 and 2 m for each instrument. 

(Right) Two-way ANOVA test shows the spectral resolution was different (but comparable) 
between 1 and 2 m.  

 
 
3.3 Distance Dependence Measurements 
 

The distance dependence between the two instruments was expected to be 
different, largely because a focusing lens was used for the CBEx instrument. The lens requires a 
focal region as an ideal area for obtaining the backscattered Raman signal. This requires the 
CBEx instrument to be within a certain range of the lens’ focal region and results in distance 
dependence of the instrument. However, another aspect of the instrument distance dependence was 
evaluated; namely, the sensitivity of the signal changed with small, incremental changes in distance.  
 

In an effort to understand this and ensure that the AUC was adequately fitting 
each of the Raman peaks in the spectra, the R2 for each trial at each distance was recorded. This 
is an empirical visual representation of how well the function fit the band. That is, as the 
amplitude of the Raman band decreases, the goodness of fit also decreases because of the 
increased noise; eventually, when the signal is at about the noise level, the function is very 
poorly representative of the data manifesting itself through a reduction of the R2 values. In 
Figure 4A, the CBEx data show high confidence in the goodness of fit (≥0.9) at 1 m for the 
focused and raster scanned 1 m lens (black and red dots, respectively). There is also a high 
confidence in the goodness of fit (≥0.9) for the focused and raster scanned 2 m lens (black and 
red asterisks, respectively). The decrease in the goodness of fit and, therefore, an indication of 
poor fit quality (due to lower signal) is shown for the 1 m lens at approximately 1.5 m and 
greater and for the 2 m lens at less than 1 m, where the R2 values consistently drop well below 
0.9. The data for the Cyclops system show adequate fitting (≥0.9) in all measurements out to 3 m 
(Figure 4B). The model appears well fit to the data around the focal regions, thereby providing 
confidence in identifying the sensitivity of moving off peak.   
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Figure 4. A visual representation of the R2 goodness of fit of the AUC at the 721 cm–1 Raman 
band for the (A) CBEx and (B) Cyclops instruments. R2 values of 1 are perfectly fit, whereas 

R2 values of <0.9 are considered not well fit for the purpose of this report. 
 
 

3.3.1 Distance Dependence of Each Instrument 
 

The distance dependence of the Cyclops instrument is not dependent on the lens 
focal region. Therefore, it can be fit to a model to determine the signal, AUC, or SNR at arbitrary 
distances. Figure 5A shows the distance dependence of the Cyclops system from 0 to 3 m. The 
distance (d) dependence of the signal decreases with 1/d1.3, which is a slower decrease in signal 
than occurs with the expected inverse-square relationship. As shown in Figure 5A, the strongest 
signal can be obtained when closest to the analyte, whereas the weakest signal is obtained farther 
away. An “optimal” distance was not determined in this study; however, a minimum distance 
could be determined for each analyte with specific acquisition parameters. By not being reliant 
on the focal region of a lens, the Warfighter has more flexibility in their positioning relative to 
the analyte of interest. This has the potential to improve soldier survivability and, in turn, 
increase soldier lethality.  
 

As expected, the CBEx instrument has a focal region that provides higher relative 
intensity of the Raman backscatter than occurs in regions outside the focal region (Figure 5B). It 
is clear from the data that the signal is focal region dependent. The 1 m lens had a narrower focal 
region, as shown by the sharpness of the data peak at approximately 1 m (Figure 5B, blue and 
red lines). In contrast, the 2 m lens appeared to have a broader focal region (Figure 5B, yellow 
and purple lines). This too was expected because the numerical aperture (NA) for standoff lenses 
tends to be lower; the focal point is farther from the lens, which necessitates a shallower angle 
and results in a lower NA. The broader focal region provides for more flexibility in distance for 
the Warfighter during operation of the handheld system, although its optimal performance is 
within the focal region. As the instrument is forced to the extremes away from the focal region, 
its performance deteriorates.  
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When the Cyclops and CBEx instruments are compared, the Cyclops provides 
greater flexibility. The CBEx instrument performs best at the focal region, which may be 
difficult for the Warfighter to precisely acquire, whereas the Cyclops instrument’s performance 
increases as the analyte is brought closer to the spectrometer. This suggests that the Warfighter’s 
confidence in measurement can be increased as the potential target is brought closer to the 
instrument.  

 
 

 
Figure 5. Distance dependence of the (A) Cyclops and (B) CBEx instruments. 

 
 
3.3.2 AUC at 1 and 2 m 
 

The AUC is an appropriate method for comparing these methodologies when the 
spectral data has been normalized; therefore, this can be used to determine how well the 
instruments perform at different distances. The AUC indicates that, at 1 and 2 m, the Cyclops 
instrument outperforms the CBEx instrument, despite this being the focal region for the 
respective CBEx lenses. As shown in Figure 6A, the AUC of the Cyclops instrument at 1 m is 
almost two times larger than that of the CBEx focused method and about three times larger than 
that of the rastered method. At 2 m (Figure 6B), the AUC of the Cyclops instrument is more than 
three times larger than that of the CBEx instrument for both the focused and the rastered 
methods. The measurement variation of the AUC does increase with the Cyclops instrument 
from 1 to 2 m, although it remains statistically significantly higher in all cases as compared to the 
CBEx instrument.   
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Figure 6. AUC of the 721 cm–1 Raman band at (A) 1 m and (B) 2 m for the unfocused, focused, 

and rastered methods.  
 
 
3.4 Angle Dependence Measurements 
 

Angle dependence measurements were made to assess the need to hold the 
instrument perpendicular to a surface to obtain chemical measurements at proximal distances. 
The angle dependence of Raman signals is well known,8,9 but the extent that it applies to 
nonfocused Raman is not known. Therefore, a preliminary assessment was made of the angle 
dependence of nonfocused Raman scatter compared to that of focused and rastered techniques. 
Figure 7 shows the angle dependence of the AUC. The Cyclops (nonfocused) Raman scatter at 
1 m had a stronger distance dependence than the other techniques at any other distances. For all 
of the instruments, the AUC decreased as the angle was increased. The largest change in the 
AUC was when the instrument was moved from perpendicular to 75°; it occurred for the Cyclops 
instrument at 1 m at about two times the magnitude of signal of any of the other collected data. 
However, the Cyclops instrument at 2 m behaved similarly to the other instruments. 

 
 In addition to the obvious distance dependence shown for the nonfocused 
technique (the Cyclops instrument) at 1 m, the AUC at 75° was, within error, as good or better 
than that for all of the other techniques when perpendicular at any distance or angle. The angle 
dependence is due to two primary phenomena. First is the inherent Raman scattering profile, 
whereby forward and backscatter are preferential; and second is the solid collection angle of the 
optics or openings, which are used to collect or allow light into the spectrometer. Because the 
same angles were employed here, the effects inherent to Raman scattering are the same. 
Therefore, the effects of the optics (or the lack of optics) are likely the basis for the differences in 
the angle dependence. The greater effect observed at 1 m aligns well with our hypothesis; with 
no optics, the collection cone will be widest when the spectrometer is closest to the sample. 
Because scatter is minimized perpendicular to the path the light travels, the 1 m proximal 
detection with no optics would likely exhibit minimized scattering compared to other optics that 
are designed to have an appropriate working distance.   
 



 

 13 

 
Figure 7. Angle dependence measurements of the Cyclops instrument at 1 m (black line) and 2 m 
(blue line), the CBEx instrument when focused at 1 m (red line) and 2 m (magenta line), and the 

raster scan at 1 m (green line) and 2 m (cyan line).  
 
 
3.5 Simulation and Modeling Studies 
 
3.5.1 Laser Profile Simulation 
 

Laser profiles were estimated and simulated to compare analyte overlap with 
predicted and experimental data. An inkjet printer was used to produce varying droplet densities 
to simulate material coverage on a surface. Using the same simulated droplet pattern for 
simulations and experiments makes them directly comparable.  
 

The laser profiles were simulated and assumed to be circular. On average, this 
assumption was valid, as indicated by the data listed in Table 1. The simulated laser profiles are 
shown in Figure 8. The left side of Figure 8 is a single circular laser profile (red, L) that overlaps 
with circles for analytes A, B, and C. This was valid (not scaled) for the Cyclops (nonfocused) 
instrument and the CBEx instrument that employs focusing optics. The simulated laser profile 
fully overlapped analyte A, partially overlapped analyte B, and did not overlap analyte C at all. 
The right side of Figure 8 represents the toroid profile produced by the CBEx instrument that 
uses raster scanning. The laser profile is represented by the red ring (L1) with the center removed 
(green, L2). This profile partially overlaps with analyte B and does not overlap with analytes A 
or C. These profiles were scaled and used based on the technique being simulated.   
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Figure 8. Simulated laser profiles (not scaled for individual techniques). (Left) A solid red circle 
represents the laser (L) with analytes A, B, and C and approximates the nonfocused and focused 

proximal lasers. (Right) Raster profile (red, L1) with the center taken out (green, L2) overlapping 
analytes A and B.  

 
 
3.5.2 Simulated Droplet Experiments 
 

Blue ink can be used to print simulated disseminations in relevant patterns on 
paper so that system performance for disseminated materials can be determined. An inkjet printer 
was used to print areas with varying fill factors of blue ink on white paper. As shown in 
Figure 9A, the ink fill factor ranged from 100% (solid blue box) to 0% (blank white paper). The 
different fill factors were used as a calibration to determine the response to the amount of blue 
ink present. The spectra in Figure 9B show that the profiles are differentiable: peaks that can be 
identified from the blue ink are not present in the white paper (circa 1500 cm–1).  

 
 The different ink densities were printed into 2 × 2 in. blocks on white copy paper 
and used as target analytes. The same pattern was also simulated with ink (the blue ink spectrum 
from Figure 9) and white copy paper (the white paper spectrum from Figure 9). The spectra were 
summed and normalized to represent how they would be collected and then analyzed the same 
way for both the experimental and the simulated data. The data are shown in Figure 10. There 
was good agreement between the distribution of the area (percentage of area filled with ink in the 
2 × 2 in. block), represented as the solid black line; the simulated signal that was determined by 
overlap of the simulated laser beam (described in Figure 8); the printed droplet pattern (red 
dashed line); and the experimental data obtained with the Cyclops instrument. There was 
agreement at both 1 and 2 m, which suggests that as the distance is increased, these relationships 
will hold true.  
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Figure 9. (A) Fill factor profiles of ink printed on white paper from most concentrated (100%)  
to least concentrated (0%, blank); and (B) spectra of white paper (black line) and blue ink  

(blue line). 
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Figure 10. Nonfocused Raman with varying fill factors of blue ink printed on paper 
(black points), the estimated percentage fill based on the density (black line), and the 

simulated spectral signal (red dashed line) for (A) 1 m and (B) 2 m. 
 
 
 The agreement between these data suggest that this simulated density, simulated 
spectral analysis, and spectral analysis of experimental data can all be related for other purposes 
as well. Extending this simplified model of spectra summation, the assumption is made that the 
two materials (analyte and background) are opaque. Informing the model through acquisition of 
pure material and pure background with the same experimental conditions would include taking 
into account some differences, such as differences in Raman cross sections.   
 
 
4. CONCLUSION 
 

The SORSC (Cyclops) instrument performs as well as or better than a traditional 
method of obtaining proximal Raman spectra. One key difference is there is no focal region, 
which provides greater flexibility for the Warfighter when obtaining spectra or greater capability 
when the system is operated on a vehicle. Although the total signal tended to decrease with 
distance, the total signal obtained was comparable to that of the focused-based Raman system at 
its ideal working distance. These results suggest that removing the optics and relying only on a 
collimated or semi-collimated source reduces size, weight, power, and cost of an instrument and 
functionally increases the capability of employing Raman technologies in the field.   
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ACRONYMS AND ABBREVIATIONS 
 
 

ABFO American Board of Forensic Odontology  
ANOVA analysis of variance 
AUC area under the curve 
DEVCOM CBC U.S. Army Combat Capabilities Development Command 

Chemical Biological Center  
FFT fast Fourier transform  
FWHM full width at half-maximum 
GL Gaussian–Lorentzian 
NA numerical aperture 
PTFE polytetrafluoroethylene 
R2 goodness of fit 
ROI region of interest 
SNR signal-to-noise ratio 
SORSC standoff Raman semi-collimated 
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A unique handheld standoff Raman detector that uses no focusing optics and has a semi-collimated interrogation source was compared to traditional handheld Raman spectrometers. These instruments provide Warfighters with greater lethality and increase survivability by allowing them to address potential chemical threats at greater distances while maintaining a protective posture. This work identifies the advantages of using a non-lens-based, semi-collimated Raman system as compared to traditional methods of obtaining Raman signal at standoff or proximal distances. 



The standoff Raman detector that used semi-collimated light to interrogate surface samples showed improved figures of merit at all distances as compared to traditional methods of using lenses to focus laser light to a point. This provides (1) increased flexibility for the Warfighter, whereby they do not need to maintain a fixed distance from the sampling surface; (2) the ability to interrogate larger areas more easily with dispersed analyte on a surface, given the light is not being focused to a small point; and (3) greater ease in maintaining a protective posture because there is more flexibility in the distance that can be used to acquire identifying chemical information.
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[bookmark: _Toc221588024][bookmark: _Toc280622505]STANDOFF RAMAN SEMI-COLLIMATED (SORSC) INSTRUMENT EVALUATION: A COMPARISON TO A TRADITIONAL HANDHELD RAMAN INSTRUMENT 





[bookmark: _Toc125625034][bookmark: _Toc512926584]INTRODUCTION 



[bookmark: _Hlk124861381]Bulk material detection is relatively easy and understandable when approached using spectroscopic based systems. Dispersed material detection is not as easy, although it is necessary, especially when detection techniques are applied at mission-applicable speeds. The difficulties of dispersed material detection are largely based on two requirements: (1) the dispersed materials must physically overlap the transduction technique, and (2) the signal from the analyte must be measured. This is further convoluted by the additional background clutter that occurs when an analyte is very sparsely dispersed, resulting in less analyte available for detection and identification. An example of a dispersed threat may include improvised explosive device residues or disseminated materials released to contaminate an area with potentially harmful chemicals.1 Use of a proximal detection system is ideal for these types of scenarios;2 however, proximal detection systems often work only at specific distances, require a lot of power, are heavy, or must be very complicated to achieve flexibility. When a proximal light‑based detection system is used on a vehicle, the working distance must be known so that the signal return to the sensor can be optimized.



Light-based sensing techniques are advantageous for proximal or standoff detection because they often do not require direct contact with an analyte to sense it. However, many transduction systems operate only at a specific distance that is based on the optics employed. This issue can be mitigated with the use of adjustable optics that can be automated by coupling them with a distance-measuring instrument. These improvements increase the overall system size, weight, power consumption, and cost.    



Raman spectroscopy can include optics with fixed focal lengths at distances of ≥1 m, thereby providing proximal or standoff detection distances when telescopic lenses are used. Typically, Raman data are collected using optics that tightly focus a laser beam to a small spot (<5 mm diameter) in backscatter geometry to maximize the number of Raman scattered photons incident on the detector. This is because Raman is an inherently weak phenomenon. Focusing the laser light maximizes the photon flux incident on the analyte and thereby increases the chance of observing a Raman spectrum. Understanding adequate sampling methods, which are based on the instrument and its physical operation characteristics, can improve maneuverability through contest areas by bounding operational limitations. 



Techniques for decreasing the size, weight, power, and cost of an instrument while maintaining maneuverability and operational capabilities are paramount when integrating instrumentation into a Warfighter’s gear or onto a vehicle. In this report, a standoff Raman semi‑collimated (SORSC) instrument that uses no optics to manage the laser light source is compared to a traditional handheld proximal Raman instrument that uses traditional optics to manage the laser light source. The report documents performance at different distances and angles as well as the capability to sense a dispersed analyte.  



[bookmark: _Toc125625035]Methods

[bookmark: _Toc221588028][bookmark: _Toc280622510]

All of the work described herein was performed by personnel from the Chemical Analysis and Physical Properties Branch of the U.S. Army Combat Capabilities Development Command Chemical Biological Center (DEVCOM CBC; Edgewood Area, Aberdeen Proving Ground, MD) from January 2020 through February 2021. All computer-based analysis was completed using MATLAB R2019a software (MathWorks; Natick, MA). 



[bookmark: _Toc125625036]Instrumentation



[bookmark: _Toc125625037]Raman Spectrometers



The two Raman spectrometers used throughout this study were 785 nm diode-based Raman systems. Both were handheld instruments designed to be portable (i.e., battery operation compatible), although each system was powered with shore power for the test duration.



The integration time used for all data acquisition through this study was 10 s per spectrum. The 10 s time period was chosen to provide ample signal at a distance of 2 m. A shorter integration time could be used at all distances but at the cost of having a robust, repeatable Raman signal. In all cases, three measurements were obtained: one with the SORSC instrument (Cyclops; Smiths Detection; Edgewood, MD), one with the CBEx system (Snowy Range Instruments; Laramie, WY) when focused, and one with the CBEx system when rastered. These were chosen to identify (1) differences between lens-based and non-lens-based Raman systems and (2) whether the interrogation area affects measurements.



[bookmark: _Toc125625038]SORSC Instrument



The Cyclops SORSC system is a handheld proximal detector that is approximately 4 × 4 × 3 in. Smiths Detection provided the Cyclops as a prototype lens-less Raman system. The system was controlled via an integrated touch screen and a graphical user interface that allows the user to choose an integration time, background subtraction, and library matching. In all cases, the background was subtracted automatically. All data were transferred directly from the instrument to compact disc via a universal serial bus disk drive. 



[bookmark: _Toc125625039]Focused Raman System



The lens-based CBEx system is a handheld Raman spectrometer that was obtained from a previous program at DEVCOM CBC. The instrument has two interchangeable telescopic lenses for 1 and 2 m standoff sensing. In addition to the standoff telescopic lenses, the instrument has a cuvette attachment that was not used during this study. The CBEx system could also focus the laser to a single point or “raster” scan it in a circular pattern. The latter provides a larger average area of interrogation for the signal.



The CBEx system was controlled via a tethered laptop computer. Although the CBEx system could be used as a handheld instrument, greater control was possible when the computer provided the shore power and the interface. The CBEx instrument has both high and low laser power, and the high laser power was used for the duration of this study. As mentioned previously, the spectra were automatically background-subtracted. 



[bookmark: _Ref92357266][bookmark: _Toc125625040]Linear and Rotational Stages



Linear and rotational stages from Zaber Technologies (Vancouver, BC) were used to reproducibly reach specific distances or angles for various aspects of this work. A 3 m motorized linear stage (model X-BLQ3000-E01) was used for distance-based measurements to reproducibly attain the same distance point in each trial. A motorized rotational stage (model X‑RST120 AK) was used for the rotation-based measurements to reproducibly attain the same angle for each measurement trial. Each stage was controlled by a computer and the company’s proprietary control software.



[bookmark: _Toc125625041]Interrogation Area



The interrogation area for each system was obtained at both 1 and 2 m. A green paper (Mohawk; no. 104083, BriteHue, 30% recycled, vellum, 8.5 × 11 in., 60 lb) was used to capture digital images of the laser profile on the surface, at the points where data were collected. The green paper was used to help reduce saturation and maximize contrast between the green background and red laser.



A grid scale (American Board of Forensic Odontology [ABFO]; no. 2) was included in each frame so that the actual size of the interrogation area with respect to the pixel size of the digital camera could be determined. The region of interest (ROI) that was chosen in each frame included the scale, which consisted of white areas (background) and dark tick marks. The regions were summed to obtain a two-dimensional intensity representation (intensity per distance) of the two-dimensional spatial region (Figure 2). A fast Fourier transform (FFT) was performed on the data to objectively and reproducibly obtain the frequency of the tick marks and thereby measure the distance between them.



Each image was analyzed as follows to yield an objective and reproducible method of area analysis:



Identify the ROI while fully encompassing the incident laser light.

Apply Otsu’s method to binarize the image to threshold.

Suppress structures connected to the border of the image.

Morphologically decompose extraneous pixels farther from the border.

Measure the properties, including area, of the resulting logical image.



[bookmark: _Toc125625042]Analyte Considerations



A polytetrafluoroethylene (PTFE) puck was used for analysis. The puck was 3.5 × 4 × 0.3 cm (width × height × thickness), and it provided a homogeneous material that was not penetrated by any of the laser light. The PTFE puck was mounted onto a bracket that was then secured to either the linear or rotational stage for measurement.




[bookmark: _Toc125625043]Spectral Analysis



All spectra were obtained in at least triplicate or from 16 trials. The comparative value between instruments as a figure of merit was identified as the area under the curve (AUC) of the Raman band of interest (721 cm–1 symmetric C–C stretch; Figure 1)3,4 when using PTFE or at 1523 cm–1 when analyzing ink on paper. A Lorentzian model5 was applied to fit the Raman peak of interest:

		

		

		(1)





where a is the peak center, b is the peak width, and c is the full width at half-maximum (FWHM) of the peak. 



The AUC was determined for a region of the Raman spectrum that fully included the Raman band of interest. The AUC was fitted using eq 1 and integrated under the fit area. This AUC was used as the comparative metric between distances, instruments, and acquisition techniques. AUC outliers were determined by identifying AUCs that were greater than three scaled median absolute deviations away. If a point was an outlier, that AUC was discarded, and the signal-to-noise ratio (SNR) was determined with the remaining points. 
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[bookmark: _Ref91672693][bookmark: _Toc126243113]Figure 1. Raman spectrum of PTFE. *Raman band used for comparison 
purposes throughout this work.






[bookmark: _Toc125625044]Distance Dependence Measurements



Distance dependence measurements were completed using a 3 m linear stage (described in Section 2.1.2). Data were obtained with the CBEx instrument in 100 mm increments at the focal region of each lens (focal region ± 1000 mm) and in 500 mm increments outside the focal region. Data with the Cyclops system were obtained in 500 mm increments. The data were obtained in replicate from 3–16 trials at each distance.



[bookmark: _Toc125625045]Angle Dependence Measurements



Angle dependence measurements were completed using a rotational stage (described in Section 2.1.2). Data were obtained at distances of 1 and 2 m with a PTFE sample mounted in the center of the rotational stage, perpendicular to the angle of incidence. The appropriate lens was used with the CBEx instrument at each distance, and the Cyclops instrument was used at each distance. Raman spectra were obtained in at least triplicate at 0, 15, 30, 45, 60, and 75° angles.



[bookmark: _Toc125625046]Artificial Dissemination Studies



The artificial dissemination studies were performed in two parts. The first part focused on the experimental aspect of creating artificial dissemination patterns and characterizing the instrument’s performance with those data. The second part focused on using modeled spectra to characterize each instrument’s performance. 



Blue ink was printed on white paper to produce artificial dissemination patterns. Spectra were obtained of each pattern, and differences were identified. Calibration curves were completed that were based on 14 increments of ink fill factors, from 100% (solid printed ink) to 0% (only white paper). 





[bookmark: _Toc125625047]Results and Discussion



[bookmark: _Toc125625048]Interrogation Area



The imaging area of the two systems, with the appropriate lenses for the CBEx instrument, was used to help determine the areas of integration. This was then used to characterize how each instrument performed the sampling. Because the CBEx instrument has two different settings (e.g., focused vs rastered), the way that area affects the Raman signal can also be evaluated. To objectively determine the area of integration for each system, a digital image was obtained with a scale bar providing millimeter increments (Figure 2A). The remainder of the analysis was completed using MATLAB software to provide the scale and distance per pixel on the digital image, and then image processing techniques were applied to determine the laser integration. Some inconsistencies exist between ABFO no. 2 rulers produced by different manufacturers.6 However, the methodology described below takes into account the inconstancies of the scale gradations and therefore mitigates any concern of inconsistency. 



First, an ROI of the scale bar was chosen (Figure 2B). The pixel intensity was summed per column (if scale bar ROI was on top) or per row (if scale bar ROI was on the side). The summed intensity values provided a patterned signal as shown in Figure 2C. Using FFT, the frequency of the signal was determined, which represents the spatial distance between two low- or high-intensity points (i.e., the tick marks). Figure 2D shows a representative example of an FFT on the signal from the ROI of the scale bar. This example, 0.0201 Hz, represents a spatial separation between the tick marks of 49.75 pixels/mm. As with all data on which an FFT is performed, the Nyquist criterion must be met; the data herein meet this criterion. 



Table 1 shows the area for each of the systems at 1 and 2 m. As expected, the raster setting with the CBEx instrument has a greater area than the focused setting, and it provides a larger area of interrogation. In all cases, a larger area of interrogation was realized at greater distances. The laser spot area was between 3 and 3.5 times larger when the system was 1 m farther away. Identifying differences in interrogation area is especially important when analyzing non-bulk samples that may present in a disseminated pattern. A larger area would provide the Warfighter with a greater probability of interrogating an analyte of interest as opposed to the empty space between the analytes. 
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[bookmark: _Ref91663105][bookmark: _Toc126243114]Figure 2. (A) Determining pixel laser spot size via a digital image of the laser spot size with a ruler in the frame; (B) finding an ROI of the ruler markings; (C) gray-scaling and column-wise summing the pixel intensities to create a line profile; and (D) performing an FFT of the spatial profile to accurately determine the resolution of the digital image.  





[bookmark: _Ref91664019][bookmark: _Toc125625592]Table 1. Laser Spot Sizes at 1 and 2 m Distances

		Integration Distance

		Laser Spot Area

(mm2)



		

		Cyclops

		CBEx 

Focused

		CBEx 

Rastered



		1 m

		26.7

		2.6

		14.9



		2 m

		78.7

		9.4

		41.7










[bookmark: _Toc125625050]Spectral Analysis



Generally speaking, a Lorentzian model can be used for fitting a Raman band. In some cases, a Gaussian, Gaussian–Lorentzian (GL) sum, or Voigt function can be used, but these are often dependent on the phase or state of the analyte.5,7 To verify the model for use, Gaussian, Lorentzian, and GL sum models were applied to fit a representative Raman band. A model was chosen based on its goodness of fit (R2) value and how well the residuals fit (data not shown). Generally, the Lorentzian model provided the best fit for the data. In the instances where the GL sum was a better fit, the difference was marginal. It was determined that a reduction in the number of adjustable parameters outweighed the minor increase in the fit. 



The AUC was used to compare differences in the instrumentation. When normalized, the AUC provides a method for comparison between two spectrometers that have comparable spectral resolution. As shown in Figure 3, analysis of variance (ANOVA) tests were used to evaluate the FWHM of the fitted Raman bands to determine the statistical significance between the means of the FWHM values for the different systems and distances. In an ANOVA test, the means of two samples are compared to identify whether they originate from the same mean. As shown in Figure 3, left, all of the 1 m measurements from both systems had means that were not statistically different, and all of the 2 m measurements from both instruments had means that were not statistically different. Furthermore, using a two-way ANOVA test (Figure 3, right) validated this by showing that all of the 2 m measurements originated from a statistically different mean than the 1 m measurements.



The FWHM between the two sets of instruments were not statistically different. The spectral resolution of the two spectrometers is similar. Therefore, although some aspects of the spectrometers were unknown, these systems could be compared with one another using the AUC. The AUC provides an area measurement that can be used as a figure of merit between the two instruments.  
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[bookmark: _Ref91664806]

[bookmark: _Toc126243115]Figure 3. ANOVA analysis of FWHM of the 721 cm–1 Raman band of PTFE. (Left) Box plot shows the means and spread of the FWHM from the data at 1 and 2 m for each instrument. (Right) Two‑way ANOVA test shows the spectral resolution was different (but comparable) between 1 and 2 m. 





[bookmark: _Toc125625051]Distance Dependence Measurements



The distance dependence between the two instruments was expected to be different, largely because a focusing lens was used for the CBEx instrument. The lens requires a focal region as an ideal area for obtaining the backscattered Raman signal. This requires the CBEx instrument to be within a certain range of the lens’ focal region and results in distance dependence of the instrument. However, another aspect of the instrument distance dependence was evaluated; namely, the sensitivity of the signal changed with small, incremental changes in distance. 



In an effort to understand this and ensure that the AUC was adequately fitting each of the Raman peaks in the spectra, the R2 for each trial at each distance was recorded. This is an empirical visual representation of how well the function fit the band. That is, as the amplitude of the Raman band decreases, the goodness of fit also decreases because of the increased noise; eventually, when the signal is at about the noise level, the function is very poorly representative of the data manifesting itself through a reduction of the R2 values. In Figure 4A, the CBEx data show high confidence in the goodness of fit (≥0.9) at 1 m for the focused and raster scanned 1 m lens (black and red dots, respectively). There is also a high confidence in the goodness of fit (≥0.9) for the focused and raster scanned 2 m lens (black and red asterisks, respectively). The decrease in the goodness of fit and, therefore, an indication of poor fit quality (due to lower signal) is shown for the 1 m lens at approximately 1.5 m and greater and for the 2 m lens at less than 1 m, where the R2 values consistently drop well below 0.9. The data for the Cyclops system show adequate fitting (≥0.9) in all measurements out to 3 m (Figure 4B). The model appears well fit to the data around the focal regions, thereby providing confidence in identifying the sensitivity of moving off peak.  
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[bookmark: _Ref91668021][bookmark: _Toc126243116]Figure 4. A visual representation of the R2 goodness of fit of the AUC at the 721 cm–1 Raman band for the (A) CBEx and (B) Cyclops instruments. R2 values of 1 are perfectly fit, whereas R2 values of <0.9 are considered not well fit for the purpose of this report.





[bookmark: _Toc125625052]Distance Dependence of Each Instrument



The distance dependence of the Cyclops instrument is not dependent on the lens focal region. Therefore, it can be fit to a model to determine the signal, AUC, or SNR at arbitrary distances. Figure 5A shows the distance dependence of the Cyclops system from 0 to 3 m. The distance (d) dependence of the signal decreases with 1/d1.3, which is a slower decrease in signal than occurs with the expected inverse-square relationship. As shown in Figure 5A, the strongest signal can be obtained when closest to the analyte, whereas the weakest signal is obtained farther away. An “optimal” distance was not determined in this study; however, a minimum distance could be determined for each analyte with specific acquisition parameters. By not being reliant on the focal region of a lens, the Warfighter has more flexibility in their positioning relative to the analyte of interest. This has the potential to improve soldier survivability and, in turn, increase soldier lethality. 



As expected, the CBEx instrument has a focal region that provides higher relative intensity of the Raman backscatter than occurs in regions outside the focal region (Figure 5B). It is clear from the data that the signal is focal region dependent. The 1 m lens had a narrower focal region, as shown by the sharpness of the data peak at approximately 1 m (Figure 5B, blue and red lines). In contrast, the 2 m lens appeared to have a broader focal region (Figure 5B, yellow and purple lines). This too was expected because the numerical aperture (NA) for standoff lenses tends to be lower; the focal point is farther from the lens, which necessitates a shallower angle and results in a lower NA. The broader focal region provides for more flexibility in distance for the Warfighter during operation of the handheld system, although its optimal performance is within the focal region. As the instrument is forced to the extremes away from the focal region, its performance deteriorates. 



When the Cyclops and CBEx instruments are compared, the Cyclops provides greater flexibility. The CBEx instrument performs best at the focal region, which may be difficult for the Warfighter to precisely acquire, whereas the Cyclops instrument’s performance increases as the analyte is brought closer to the spectrometer. This suggests that the Warfighter’s confidence in measurement can be increased as the potential target is brought closer to the instrument. 
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[bookmark: _Ref91671149][bookmark: _Toc126243117]Figure 5. Distance dependence of the (A) Cyclops and (B) CBEx instruments.





[bookmark: _Toc125625053]AUC at 1 and 2 m



The AUC is an appropriate method for comparing these methodologies when the spectral data has been normalized; therefore, this can be used to determine how well the instruments perform at different distances. The AUC indicates that, at 1 and 2 m, the Cyclops instrument outperforms the CBEx instrument, despite this being the focal region for the respective CBEx lenses. As shown in Figure 6A, the AUC of the Cyclops instrument at 1 m is almost two times larger than that of the CBEx focused method and about three times larger than that of the rastered method. At 2 m (Figure 6B), the AUC of the Cyclops instrument is more than three times larger than that of the CBEx instrument for both the focused and the rastered methods. The measurement variation of the AUC does increase with the Cyclops instrument from 1 to 2 m, although it remains statistically significantly higher in all cases as compared to the CBEx instrument.  
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[bookmark: _Ref91673161][bookmark: _Toc126243118]Figure 6. AUC of the 721 cm–1 Raman band at (A) 1 m and (B) 2 m for the unfocused, focused, and rastered methods. 





[bookmark: _Toc125625054]Angle Dependence Measurements



Angle dependence measurements were made to assess the need to hold the instrument perpendicular to a surface to obtain chemical measurements at proximal distances. The angle dependence of Raman signals is well known,8,9 but the extent that it applies to nonfocused Raman is not known. Therefore, a preliminary assessment was made of the angle dependence of nonfocused Raman scatter compared to that of focused and rastered techniques. Figure 7 shows the angle dependence of the AUC. The Cyclops (nonfocused) Raman scatter at 1 m had a stronger distance dependence than the other techniques at any other distances. For all of the instruments, the AUC decreased as the angle was increased. The largest change in the AUC was when the instrument was moved from perpendicular to 75°; it occurred for the Cyclops instrument at 1 m at about two times the magnitude of signal of any of the other collected data. However, the Cyclops instrument at 2 m behaved similarly to the other instruments.



	In addition to the obvious distance dependence shown for the nonfocused technique (the Cyclops instrument) at 1 m, the AUC at 75° was, within error, as good or better than that for all of the other techniques when perpendicular at any distance or angle. The angle dependence is due to two primary phenomena. First is the inherent Raman scattering profile, whereby forward and backscatter are preferential; and second is the solid collection angle of the optics or openings, which are used to collect or allow light into the spectrometer. Because the same angles were employed here, the effects inherent to Raman scattering are the same. Therefore, the effects of the optics (or the lack of optics) are likely the basis for the differences in the angle dependence. The greater effect observed at 1 m aligns well with our hypothesis; with no optics, the collection cone will be widest when the spectrometer is closest to the sample. Because scatter is minimized perpendicular to the path the light travels, the 1 m proximal detection with no optics would likely exhibit minimized scattering compared to other optics that are designed to have an appropriate working distance.  
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[bookmark: _Ref91681646][bookmark: _Toc126243119]Figure 7. Angle dependence measurements of the Cyclops instrument at 1 m (black line) and 2 m (blue line), the CBEx instrument when focused at 1 m (red line) and 2 m (magenta line), and the raster scan at 1 m (green line) and 2 m (cyan line). 





[bookmark: _Toc125625055]Simulation and Modeling Studies



[bookmark: _Toc125625056]Laser Profile Simulation



Laser profiles were estimated and simulated to compare analyte overlap with predicted and experimental data. An inkjet printer was used to produce varying droplet densities to simulate material coverage on a surface. Using the same simulated droplet pattern for simulations and experiments makes them directly comparable. 



The laser profiles were simulated and assumed to be circular. On average, this assumption was valid, as indicated by the data listed in Table 1. The simulated laser profiles are shown in Figure 8. The left side of Figure 8 is a single circular laser profile (red, L) that overlaps with circles for analytes A, B, and C. This was valid (not scaled) for the Cyclops (nonfocused) instrument and the CBEx instrument that employs focusing optics. The simulated laser profile fully overlapped analyte A, partially overlapped analyte B, and did not overlap analyte C at all. The right side of Figure 8 represents the toroid profile produced by the CBEx instrument that uses raster scanning. The laser profile is represented by the red ring (L1) with the center removed (green, L2). This profile partially overlaps with analyte B and does not overlap with analytes A or C. These profiles were scaled and used based on the technique being simulated.  
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[bookmark: _Ref91685902][bookmark: _Toc126243120]Figure 8. Simulated laser profiles (not scaled for individual techniques). (Left) A solid red circle represents the laser (L) with analytes A, B, and C and approximates the nonfocused and focused proximal lasers. (Right) Raster profile (red, L1) with the center taken out (green, L2) overlapping analytes A and B. 





[bookmark: _Toc125625057]Simulated Droplet Experiments



Blue ink can be used to print simulated disseminations in relevant patterns on paper so that system performance for disseminated materials can be determined. An inkjet printer was used to print areas with varying fill factors of blue ink on white paper. As shown in Figure 9A, the ink fill factor ranged from 100% (solid blue box) to 0% (blank white paper). The different fill factors were used as a calibration to determine the response to the amount of blue ink present. The spectra in Figure 9B show that the profiles are differentiable: peaks that can be identified from the blue ink are not present in the white paper (circa 1500 cm–1). 



	The different ink densities were printed into 2 × 2 in. blocks on white copy paper and used as target analytes. The same pattern was also simulated with ink (the blue ink spectrum from Figure 9) and white copy paper (the white paper spectrum from Figure 9). The spectra were summed and normalized to represent how they would be collected and then analyzed the same way for both the experimental and the simulated data. The data are shown in Figure 10. There was good agreement between the distribution of the area (percentage of area filled with ink in the 2 × 2 in. block), represented as the solid black line; the simulated signal that was determined by overlap of the simulated laser beam (described in Figure 8); the printed droplet pattern (red dashed line); and the experimental data obtained with the Cyclops instrument. There was agreement at both 1 and 2 m, which suggests that as the distance is increased, these relationships will hold true. 
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[bookmark: _Ref91686965][bookmark: _Toc126243121]Figure 9. (A) Fill factor profiles of ink printed on white paper from most concentrated (100%) 
to least concentrated (0%, blank); and (B) spectra of white paper (black line) and blue ink 
(blue line).
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[bookmark: _Ref91687703][bookmark: _Toc126243122]Figure 10. Nonfocused Raman with varying fill factors of blue ink printed on paper (black points), the estimated percentage fill based on the density (black line), and the simulated spectral signal (red dashed line) for (A) 1 m and (B) 2 m.





	The agreement between these data suggest that this simulated density, simulated spectral analysis, and spectral analysis of experimental data can all be related for other purposes as well. Extending this simplified model of spectra summation, the assumption is made that the two materials (analyte and background) are opaque. Informing the model through acquisition of pure material and pure background with the same experimental conditions would include taking into account some differences, such as differences in Raman cross sections.  





[bookmark: _Toc125625058]Conclusion



The SORSC (Cyclops) instrument performs as well as or better than a traditional method of obtaining proximal Raman spectra. One key difference is there is no focal region, which provides greater flexibility for the Warfighter when obtaining spectra or greater capability when the system is operated on a vehicle. Although the total signal tended to decrease with distance, the total signal obtained was comparable to that of the focused-based Raman system at its ideal working distance. These results suggest that removing the optics and relying only on a collimated or semi-collimated source reduces size, weight, power, and cost of an instrument and functionally increases the capability of employing Raman technologies in the field.  
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ABFO	American Board of Forensic Odontology 

ANOVA	analysis of variance

AUC	area under the curve

DEVCOM CBC	U.S. Army Combat Capabilities Development Command Chemical Biological Center 

FFT	fast Fourier transform 

FWHM	full width at half-maximum

GL	Gaussian–Lorentzian

NA	numerical aperture

PTFE	polytetrafluoroethylene

R2	goodness of fit

ROI	region of interest

SNR	signal-to-noise ratio

SORSC	standoff Raman semi-collimated
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