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We report the development of an innovative Standoff Ultra-Compact micro-Raman (SUCR) 

instrument that would solve some of the limitations of traditional micro-Raman systems to provide 

a superior instrument for future NASA missions. This active remote sensor system, based on a 532 

nm laser and a miniature spectrometer, is capable of inspection and identification of minerals, 

organics, and biogenic materials within several centimeters (2 to 20 cm) at a high 10 micrometer 

resolution. The sensor system is based on inelastic (Raman) light scattering and Laser-Induced 

Fluorescence (LIF). We report on micro-Raman spectroscopy development and demonstration of 

the standoff Raman measurements by acquiring Raman spectra in daylight at a 10 cm target 

distance with a small line-shaped laser spot size of 17.3 micrometer (width) by 5 millimeter 

(height). 

 

1. INTRODUCTION

An increasing interest in implementation of 

Raman spectroscopy is observed due to its 

spectral sharpness and precise detection of 

specific species, especially in the presence of 

complex mixtures. Raman spectra consist of a 

variety of molecular fingerprint information 

that make this technique very attractive to the 

planetary science community to investigate 

planetary materials. This technique can be used 

to identify water containing minerals, 

biomarkers, biominerals, minerals, and 

chemical compounds based on the positions of 

vibrational frequencies, relative intensities, 

band widths, and number of Raman lines in the 

spectra [1-6]. Crystalline polymorphs [7-8], 

amorphous vs. crystalline ices, and clathrates 

[9-13] were investigated using this Raman 

detection technique due to its unequivocal 

inspection capability. 

The search for life on other planets and 

other Solar System objects is one of the 

important goals outlined in the NASA Decadal 

Survey 2013-2022 [14]. To date, there has been 

no evidence that life exists outside of Earth. 

However, the detection of biological materials 

and biomarkers would be evidence in support 

of life outside our planet and an important step 

towards meeting the goals of the NASA 

Planetary Exploration Program.  

Raman spectroscopy, as one of its 

strengths, can be used to detect the presence of 

life. Signs of life forms past or present can be 

realized through the detection of specific 

biomarkers, such as amino acids, whether life 

is extant or extinct. These amino acids, the 

‘building-blocks’ of proteins, have been 
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identified as a high priority biomarker in the 

search for evidence of life on planetary bodies 

[15] and are part of a biological system that 

could provide potential evidence of life on 

Mars. Raman spectroscopy is also a powerful 

technique for characterizing and analyzing 

geological samples as well as biological 

molecules, and has been suggested as a 

detection technique for biomarkers on missions 

to planetary bodies [16]. Edwards et al. [17] 

and Jehlicka et al. [18] have successfully 

investigated Raman spectroscopy to detect 

organics and biomarkers for exobiological 

applications.  

The case for a micro-Raman instrument has 

been identified in the recent Mars 2020 Science 

Definition Team (SDT) final report [19]. There 

are two micro-Raman systems under 

development for future missions: the Raman 

Laser Spectrometer (RLS) for Exo-Mars 

(2018) [20-22] and Mars Micro-beam Raman 

Spectrometer (MMRS) by JPL and the 

University of Washington (UW) [23]. Current 

micro-Raman instruments have some 

limitations: they are slow to generate a Raman 

image and they require sample collection. By 

understanding the limitations of current micro-

Raman systems, it becomes obvious that there 

is a strong need for the development of a more 

sensitive and faster system for NASA 

exploration programs. Here we discuss how to 

solve some of these limitations by developing 

a new compact Standoff Ultra-Compact Raman 

(SUCR) instrument for future NASA missions 

for rapid daytime mineralogy and micro-

Raman imaging without sample collection. 

 

2. EXISTING MICRO-RAMAN 

SYSTEMS AND THEIR 

LIMITATIONS 

Micro-Raman systems are developed for 

planetary rovers for in situ analysis. In order to 

determine whether life ever evolved on Mars, 

the European Space Agency (ESA) expects to 

launch an exobiology mission known as Exo-

Mars to Mars in 2018. As part of ESA’s long-

term Aurora program to prepare for future 

human missions, Exo-Mars will deploy a high-

mobility rover on the Martian surface. The 

RLS, one part of the Pasteur instrument 

payload, is a micro-Raman system. RLS has 

two main objectives: identify organic 

compounds in the search for life and identify 

the mineral products or other indicators of 

biological activities [20-21]. Similarly, JPL 

and the University of Washington have 

developed a MMRS micro-Raman system [23]. 

Both MMRS and RLS micro-Raman systems 

use a Continuous Wave (CW) 532 nm laser for 

Raman excitation. Light is transferred from the 

collecting optics to the spectrographs using a 

fiber optic cable. The spectrographs utilize 

transmission gratings and Charge-Coupled 

Device (CCD) detectors to record the Raman 

spectra, which is incapable of performing time-

resolved measurements. Because of this 

traditional approach, these micro-Raman 

systems have the following limitations: (i) they 

require sample collection and manipulation, (ii) 

they cannot operate in daylight conditions, (iii) 

they are affected by the presence of mineral 

luminescence, and (iv) they are slow for 

generating Raman images. 

These limitations significantly lower the 

science return in terms of the number of 

samples that can be analyzed in a day from a 

micro-Raman system, mostly due to the need 

for sample collection, sample manipulation of 

proper focusing distance, and complete 

shielding of daylight background. Under the 

current Exo-Mars mission, samples will be 

crushed into powders and then presented to the 

RLS chamber [20]. MMRS will only collect 

data during the Mars early night [23]. 

These micro-Raman systems are slow and 

most of the Raman spectra collected by 

MMRS have a typical integration time of 60 

seconds [23]. Similarly, RLS has measured a 

bulk calcite sample using integration times 

ranging from 3 to 12 seconds [22]. This will 

translate into a very long interrogation time 

needed to generate a Raman chemical map.  



The slow speed for generating Raman imaging 

is a known problem in the Raman spectroscopy 

community.  

 

3. DEVELOPMENT METHODOLOGY 

The working principle of the SUCR system is 

based on a directly coupled remote Raman 

system that obtains high quality Raman spectra 

of distant targets in daytime with very short 

integration times. To develop the SUCR, we 

modified the collecting optics for acquiring 

micro-Raman spectra at several centimeters 

distance, implemented vertical line imaging for 

faster Raman images, further miniaturized the 

Raman spectrometer, and improved vertical 

imaging resolution to around 10 microns. 

Raman spectroscopy is typically 

envisioned as an in situ analysis technique. The 

potential for performing Raman analysis 

remotely was explored theoretically as early as 

1974 by Hirschfeld [24] and experimentally in 

the 1990s [25-26]. At NASA LaRC, Abedin et 

al. [27-28] and the University of Hawaii, 

Sharma et al. [29-38] and Misra et al. [39-44] 

measured remote Raman spectra of minerals 

and organic compounds up to 15-120 m away. 

These remote Raman systems provide high 

quality Raman spectra from a distance, in 

daytime, without sample collection, and with 

rapid speed. Recently the Univ. of Hawaii 

demonstrated good quality, remote Raman 

detection of several minerals from a distance of 

430 m and with 1 s integration time in the 

afternoon with the Sun shining on the targets 

[45]. The SUCR provides these same 

capabilities as larger systems, but on a 

microscopic scale. With a short working 

distance of several centimeters there is a 

significant increase in the signal and significant 

decrease in the size of the Raman system. A 

high power laser and a large collection lens are 

not needed at short distances. Therefore, we 

can further miniaturize the collection optics, 

spectrograph, and laser optics of our already 

compact remote Raman system developed at 

NASA LaRC and the University of Hawaii, 

further reducing the size and weight of the 

SUCR instrument. 

Our SUCR instrument uses pulsed-time 

gated Raman technology capable of operating 

in daylight. This provides a superior micro-

Raman instrument for future NASA missions. 

A block diagram and a 3-D enclosure design of 

the SUCR system are shown in Figure 1. This 

consists of a transmitter and a spectrograph.  

 

 
 

(a) Block Diagram of SUCR instrument 

 

 
 

(b) 3-D Enclosure Design 

 

Figure 1. Block diagram of SUCR instrument 

system (a) and the 3-D enclosure design of the 

system (b). 

The key components of this transmitter and 

spectrograph are a compact Nd: YAG laser 

from CrystaLaser, which transmits at a 532 nm 

pulse with a total laser energy of 50 J/pulse, 

and a 10 ns pulse width at a repetition rate of 

1.0 kHz. The laser beam transmits through a 

532 nm dichroic filter to the target surface. The 

backscatter signals are received by the 

collection optics and pass to the spectrograph 

through a notch filter or a long pass filter and a 

slit. The long pass filter (LPF) was used in this 

work to reflect or block the 532 nm laser line 
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from the wave trains. The Raman signals pass 

through focusing optics and an ultra-compact 

volume phase grating spectrograph to a mini 

Intensified Charge-Coupled Device (ICCD) 

camera. This ICCD camera detects signals in 

the 534 nm to 700 nm spectral range through 

the spectrograph, which covers the entire 

Raman spectral range. 

 

4. Line-Shaped LASER SPOT SIZE 10 m 

X 5 mm DEMONSTRATION 

We report the development of a pulsed line 

scan image Raman spectrometer. The 

resolution for line-shaped laser excitation is 10 

µm as discussed in Figure 2. First, we 

performed an optical ray trace simulation, as 

seen in Figure 2, to get the quantitative analysis 

of the beam size. To achieve a laser beam size 

of 10 m by 5 mm, the laser beam from the 

CrystaLaser passed through the beam expander 

to make a collimated beam with a 5 mm beam 

diameter. A cylindrical lens with a focal length 

of 60 mm was used to reduce the beam size 

from 5 mm to around 10 m at a target distance 

of 6 cm. To characterize the beam size, we used 

the well-known knife edge technique to 

measure the laser beam’s properties including 

beam waist, divergence angle, and beam 

quality. Based on the parameters of a laser 

beam, we designed the laser illumined system 

and Raman image system. Both of the systems 

are coaxial which makes the system insensitive 

to variation in the target distance [39]. The 

coaxial geometry of the directly coupled 

Raman system has a large sampling range in 

comparison to a fiber coupled system. This 

eliminated the need for a precise working 

distance between the target and the system.  

This also helped in analyzing 3-D objects with 

a rough surface morphology. We selected the 

cylindrical lens with a 60 mm focal length (in 

Fig. 2) and characterized the beam size at a 6 

cm target distance with a 10 µm x 5 mm spot 

size. Other spot sizes were determined using 

the following equation, 𝜔𝑜 =
M2.λ

π.θ
 (where 𝜔𝑜 

is the radius of the laser beam at the beam 

waist, λ is the laser wavelength, M2 is quality 

of the beam, and θ is the divergence half angle 

in radian) at different locations with different 

cylindrical lenses. Cylindrical lenses with 

effective focal lengths of 60 mm, 100 mm, and 

200 mm, were used.  They provided beam spots 

of 10 µm x 5 mm, 17.3 µm x 5 mm, and 33.5 

µm x 5 mm on the target distances at 60 mm, 

100 mm, and 200 mm, respectively. 

 

 
 

Figure 2. Laser beam determination: x-plane 

mode shows 10 µm beam width and y-plane 

mode shows 5 mm length. 

 

5. -RAMAN SYSTEM PERFORMANCE 

DEMONSTRATION 

In this study, special consideration was given 

to further miniaturize the size and weight of the 

instrument. At a short working distance, the 

Raman signal was expected to be significantly 

larger because of 1/R2 dependence (R is target 

range) of signal intensity. This allowed for 

significant reduction in the size of both the 

excitation laser and the collection optics, 

hence, we built the SUCR system for planetary 

exploration. Figure 3(a) shows the SUCR 

instrument in a 3-D enclosure. Figure 3(b) 

shows a grating, a c-mount lens and a slit inside 

the spectrograph, and Figure 3(c) shows a 

SUCR instrument system with mounting 

optical components, an ICCD, and a laser. The 

target distance from the collecting optics is ~10 

cm, which was determined through a ray trace 

design in Figure 2 using a 532 nm laser with 
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0.05 mJ energy at a 1 kHz repetition rate (see 

Fig. 3(a, c)). The SUCR system can be used as 

a hand-held instrument to characterize and 

identify unknown samples and interpret them 

in real time. 

 

 
Figure 3. Stand-off Ultra-Compact Instrument 

design shows a 3-D enclosure in (a), a grating, 

c-mount lens and a slit inside spectrograph in 

(b), and mounting optical components, an 

ICCD, a laser, and a target naphthalene sample 

at a 10 cm target distance in (c). 

The system operates in both daytime and 

nighttime conditions and is not restricted by 

background noise. The mini-ICCD consumes 

3.5 W with Peltier cooling. The total energy 

consumption of the sensor is low because of the 

fast data collection. For a 20 cm target range, 

the total data collection time to collect a Raman 

line image of size ~34 micron x 5 mm is 0.1 

second. The commercially available compact 

Q-Switch pulsed laser from CrystaLaser 

operating at 1 kHz weighs 600 g and consumes 

40 W. 

This miniaturized version of the Raman 

spectrometer (16.5 cm (length) x 11.4 cm 

(width) x 12.7 cm (height)) was constructed 

using a custom HoloPlex grating from Kaiser 

Optical Systems, Inc. (KOSI). The mass of the 

spectrograph with optics and laser from 

CrystaLaser is 4.6 kg. The miniaturized 

spectrograph is based on a custom HoloPlex 

grating from KOSI and covers the spectral 

range of 100 cm-1 to 4500 cm-1 (534 - 699.5 

nm), Stokes-Raman shifted from the 532 nm 

laser excitation line.  The SUCR system shown 

in Fig. 3(c) utilizes a regular 25.4 mm diameter 

lens as the collection optics. The SUCR was 

tested to measure Raman spectra of sulfur, 

naphthalene, mix samples (naphthalene + 

sulfur), marble, water, calcite minerals, and 

amino acids from 10 cm with a room light on. 

We report Raman spectra of sulfur, 

naphthalene, mix samples, water, calcite, and 

amino acids (L-glutamine) at a 10 cm target 

distance with a 17.3 µm x 5 mm laser spot in 

this article. The luminescence spectra of ruby 

is also presented to demonstrate spectral 

resolution of the system. 

 

6. RESULTS AND DISCUSSION 

We report standoff spectra of ruby, sulfur, 

naphthalene, combined naphthalene and sulfur, 

water, calcite, and amino acids using the above-

mentioned spectrometer at a distance of 10 cm 

as shown in Figures 4 to 8. Figure 4 shows the 

luminescence spectra of ruby using continuous 

wave (CW) mode of the system. The strongest 

phosphorescence bands are produced by the 

Cr3+ phosphorescence R1 and R2 doublet. The 

doublet has very strong and sharp lines at 693 

nm and 694 nm [34, 46-47]. A broad band in 

the 653 – 676 nm of the ruby is easily 

distinguishable. Figure 4 shows the capability 

of the compact spectrograph to resolve ruby 

lines demonstrating high spectral resolution. 

Figures 5a, 5b, and 5c show the Raman 

spectra of sulfur, naphthalene (low and high 

frequency regions), and combined sulfur and 

naphthalene (low frequency region), 

respectively, employing gate widths of 150 ns. 

Identifiable Raman lines were observed at this 

gate width as seen in both naphthalene and 

sulfur spectra. The Raman spectra of sulfur in 
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Figure 5a are measured and the characteristic 

features are due to the vibrational modes of the 

sulfur sample. The sharp and narrow Raman 

fingerprints are detected at 85, 155, 220, 439, 

and 476 cm-1 for the low frequency region [34]. 

The Raman spectra of naphthalene in 5b are 

measured and the characteristic peaks are 109, 

514, 765, 896, 1022, 1149, 1382, 1464, 1577, 

and 1628 for the low frequency and 3058 cm-1 

for the high frequency regions (5b and 5c) [39, 

48-49]. Similarly, Raman spectra of combined 

samples are obtained and displayed in Fig. 5d. 

Results in Fig. 5d are compared with the results 

obtained by combining individual Raman 

spectra of naphthalene and sulfur (Figs. 5b and 

5c), which match very well. 

 

 
Figure 4. Luminescence spectra of ruby at a 10 

cm distance with CW mode. 

 

 
   (a) 

 

 
(b) 

 

 
(c) 

 

 
   (d) 

Figure 5. Raman spectra of sulfur and 

naphthalene ((a), (b) low frequency and (c) 

high frequency and combined spectra in ((d) 

low frequency) at a 10 cm target distance. 532 

nm laser with energy 50 µJoule and 1 kHz 

repetition rate. 
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Figure 6 depicts the high frequency region 

in the Raman spectra of water obtained with the 

SUCR system. This Raman sensor system has 

been demonstrated to have an excellent ability 

to measure the symmetric and antisymmetric 

stretching O-H vibrational modes of water 

molecules that can be found in the 3100-3600 

cm-1 region of their Raman spectra, as can be 

seen in Figure 6 in the spectra of water [43].  

 

 
Fig. 6. High frequency Raman spectra of liquid 

water. 

The Raman spectra of mineral calcite are 

shown in the low frequency region in Figure 7. 

These spectra were obtained using a 150 ns 

gate width and an integration time of 1.57 s. 

The low frequency spectra show a few sharp 

peaks at around 156, 282, 712, 1084, 1435, and 

1748 cm-1 [34, 39, 50]. These are due to the 

vibrational modes of CaCO3 structure. 

 

 
Fig. 7. Low frequency Raman spectra of 

mineral calcite. 

Figure 8 shows the Raman spectra of amino 

acid L-glutamine, which was placed at the 

target distance of 10 cm. Figure 8 (a) shows the 

low frequency spectral range between 100 - 

2600 cm-1. The low frequency range is 

considered the fingerprint region of the amino 

acid glutamine. Raman peaks of L-glutamine 

were determined and compared to the 

published results in ref. 52. The low frequency 

Raman spectra show sharp peaks at 1642, 

1604, 1497, 1169, and 1136 as the NH3
+ 

rocking vibrations and the sharp peak at 1099 

cm-1 as the NH2 rocking vibrations [52]. The 

Raman sharp peaks at 1685 and 1621 cm-1 are 

due to the C=O and CO2 stretching modes, and 

the peaks at 1450 and 1420 cm-1 are due to the 

CH2 vibrations. Figure 8 (b) shows the high 

frequency spectral range between 2600 - 4500 

cm-1 for the amino acid glutamine. The bands 

between 2887 and 3200 cm-1 are due to C–H 

stretching [51, 52, and 53]. The high frequency 

Raman spectra show sharp peaks at 3406 and 

3202 cm-1, which are due to the NH2 stretching 

symmetric vibrations; and the Raman peaks at 

3174, 2990, 2958, and 2935 that are due to the 

CH2 and CH stretching vibrations [52]. The 

detected sharp peaks are assigned as rocking 

vibrations, stretching modes, etc., in addition, 

further peak assignments and their discussion 

are provided in ref. 52, too. 
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         (b) 

Fig. 8: Standoff Raman spectra of amino acid, 

L-glutamine, in low frequency (a) and high 

frequency regions at 10 cm distance. 

 

7. CONCLUSION 

In summary, we have presented Raman spectra 

minerals, organics, biogenic amino acids and 

water samples from a 10 cm distance using a 

newly developed standoff ultra-compact 

micro-Raman system with 17.3 µm resolution.  

The Raman spectra were measured through 

sealed glass vials and with all room lights 

turned on using nano-second pulsed gating. 

The luminescence spectra of ruby is shown to 

demonstrate high spectral resolution of the 

compact spectrograph. Development of this 

compact, sensitive, and faster Raman systems 

would be highly suitable for future NASA 

exploration programs aiming to detect 

evidence of life on other planets.  
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