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Abstract: New technologies to measure hazardous substances quickly and safely are 

always required in a wide range of fields. However, the physical properties and the 

physical states of hazardous substances generated by such as: air pollution, volcanic 

activity, CBRNE disasters are assumed to vary. For this reason, there is still no device 

can measure hazardous substances comprehensively. To solve this problem, we have 

been focusing on the research and development of remote sensing device that is highly 

sensitive and applicable to various hazardous substances by using resonance Raman 

effect. We selected air pollutants sulfur dioxide and ammonia as target gases for remote 

sensing. Three sigma limits for sulfur dioxide and ammonia in this measurement were 

3 ppb and 15 ppb at 100 m.  

 

1. Introduction 

The development of new remote sensing 

technology of hazardous substance is required 

in a wide range of fields, regardless of industry. 

Numerous air pollutants and toxic chemicals are 

hazardous to humans at low concentrations. In 

order to ensure safety, it is extremely important 

to establish a technology for remote sensing of 

these trace components. We have previously 

conducted research and development on Raman 

LIDAR as a non-contact measurement 

technique for industrial applications [1-3]. The 

Raman effect is a useful phenomenon that can 

be applied to many substances. Conversely, the 

cross-section is very small compared to other 

light-matter interactions [4]. This is a issue in 

the development of the trace substance remote 

sensing device. The Raman effect is a type of 

inelastic scattering of light by molecules. This 

is a phenomenon in which light with a 

wavelength different from that of the incident 

light is scattered due to energy exchange 

between light and molecules that make up 

matter. The amount of wavelength shift of 

scattering light relative to incident light is 

unique for each substance, and scattering light 

with a changed wavelength is called Raman 

scattering light, and the amount of shift is called 

Raman shift. Since the wavelength of the 

Raman scattering light is determined by the 

wavelength of the excitation light, it is possible 

to identify the substance by focusing on the 

Raman scattering wavelength even in situations 

where multiple substances coexist. Furthermore, 

since the Raman shift and scattering wavelength 

are unique for each substance, spectroscopic 

measurements of multiple substances are 

possible. In this way, the Raman effect has a 

high advantage over various measurement 

methods including spectroscopic measurement. 

In contrast, the fact that the Raman effects are 

extremely small compared to other light-matter 

interactions is a major disadvantage in trace 

component measurement and remote sensing. 

The cross-section of Raman scattering is 

approximately 1/1000 or less compared to other 

light-matter interactions. This shows that the 

measurement of Raman scattering light is 

greatly affected by the optical conditions of the 

observation environment. If the weak Raman 

scattered light could be enhanced, this problem 

would be solved.  

To solve this problem, we have conducted 

research and development of LIDAR system 

using the resonance Raman effect that can 
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significantly enhance Raman effect with the 

aim of establishing a remote sensing techniques 

applicable to many trace hazardous substances. 

We selected air pollutants sulfur dioxide and 

ammonia as target gases and conducted remote 

sensing. Three sigma limits for sulfur dioxide 

and ammonia in this measurement were 3 ppb 

and 15 ppb at 100 m. 

2. Methodology 

Resonance Raman effect is a phenomenon in 

which the Raman scattering light corresponding 

to conjugated vibrational mode is significantly 

enhanced when a target substance is excited 

with light of a wavelength corresponding to the 

electron absorption band of the target substance. 

Energy level diagram of Raman effect is shown 

in figure 1.  

 

Figure 1. Energy level diagram of Raman 

effect. 

Generally, non-resonance Raman is not limited 

by the wavelength of the incident light. 

Resonance Raman scattering greatly enhances 

Raman scattering light when the wavelength of 

excitation light is matched to the electronic 

transition energy of the target substance. The 

case where Raman scattering light is enhanced 

by light near the resonance wavelength is called 

pre-resonance Raman. The incident light 

wavelength completely matches the resonance 

wavelength and the enhancement is maximum, 

it is called resonance Raman. Pre-resonance 

Raman and resonance Raman differ for each 

substance. Besides, Raman scattering light 

follows the fourth-power law of frequency, 

which is a characteristic of scattering light in 

general. Since the scattering light intensity 

increases in proportion to the fourth power of 

the excitation light energy, further enhancement 

of Raman scattering cross-section can be 

expected in this wavelength region.  

In the case of actual measurement, the pattern 

of the UV-VIS absorption spectrum, which 

indicates the electronic transition energy of the 

target substance, is an indicator of the 

applicability of the resonance Raman effect. If 

the electronic transition energy of the target 

substance exists in the wavelength region that 

can be oscillated by laser technology, there is a 

prospect of application of the resonance Raman 

effect. Sulfur dioxide and ammonia have light 

absorption near the DUV wavelength region [5], 

therefore, resonance Raman effect can be 

applied.  

Sulfur dioxide has two UV absorption bands at 

180-235 nm and 260-340 nm. Ammonia has an 

UV absorption band at 170-217 nm. Also, 

according to literature values, there is an 

absorption band at 140-169 nm [6]. In this 

research and development, the resonance 

Raman excitation profiles of sulfur dioxide and 

ammonia were obtained in the range of 196-220 

nm and 200-218 nm. The wavelengths below 

280 nm can be measured outdoors during the 

daytime. This wavelength range is known as the 

solar-blind area, where almost no sunlight 

reaches the earth's surface due to light 

absorption by atmospheric components. Being 

able to suppress the effects of sunlight, which is 

a significant disturbance, is extremely useful for 

during daylight hours measurements using 

LIDAR. The measured resonance Raman 

excitation profiles and UV absorption of sulfur 

dioxide and ammonia are shown in figure 2 and 

3.  

 

Figure 2. Resonance Raman excitation profile 

and UV absorption of sulfur dioxide. 
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Figure 3. Resonance Raman excitation profile 

and UV absorption of ammonia.  

As shown in figure 2 and 3, the resonance 

Raman spectra of sulfur dioxide and ammonia 

tended to follow the pattern of the UV 

absorption spectrum of the substance. Based on 

this result, we made a resonance Raman LIDAR.  

3. Device specifications 

 

Figure 4. Equipment appearance of the 

resonance Raman LIDAR. 

 

Figure 5. Device implemented in the resonance 

Raman LIDAR. 

The LIDAR arrangement was a coaxial type. 

The light source for sulfur dioxide measurement 

was a DUV tunable laser system with a tunable 

Ti:S laser (LS-2134N, Ti:S and LT-2211N-FP, 

HG-TF Unit, product of LOTIS TII, PRF 10 Hz, 

pulse energy 1.49 mJ at fourth harmonic 

generator). The DUV tunable laser system 

consists of: a nanosecond pulse laser for 

excitation, Ti:S for wavelength tuning and 

second harmonic generator, and third and fourth 

harmonic generator. The telescope used was a 

Classical Cassegrain telescope with an effective 

diameter of 300 mm. The telescope's focus 

shifts due to the operation of the secondary 

mirror. This makes it possible to measure a 

range of about 100 m from short distances with 

high sensitivity. The collected resonance 

Raman scattering light is detected by a 

spectrometer and photodetector (IsoPlane160, 

PI-MAX4:1024EMB, product of Teledyne 

Princeton Instruments) at the rear of the 

telescope. 

4. Results 

We conducted a remote sensing experiment of 

sulfur dioxide and ammonia using the 

resonance Raman LIDAR. The measurements 

were carried out outdoors during the daytime. 

The excitation wavelength of sulfur dioxide was 

set to 211.8 nm, which is one of the resonance 

wavelengths, and measurements were 

performed while changing the concentration 

stepwise from 1 ppm to 0.1 ppm. In the case of 

ammonia, the excitation wavelength was set to 

212.8 nm and the concentration was measured 

at 20-1 ppm. The target gas was released into 

the atmosphere at a distance of 100 m from the 

LIDAR. The peaks 1551 cm-1 and 2330 cm-1 in 

figure 6 and 7 are the non-resonance Raman 

spectra of oxygen and nitrogen in the 

atmosphere.  

 

Figure 6. Resonance Raman spectrum of sulfur 

dioxide. 
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As a result of the measurement, an extremely 

strong resonance Raman spectrum of sulfur 

dioxide was obtained. Resonance Raman 

spectrum of sub-ppm order for sulfur dioxide 

was measured in the same range as atmospheric 

components. The estimated enhancement ratio 

of resonance Raman effect of sulfur dioxide 

was 10000 times more.  

 

Figure 7. Resonance Raman spectrum of 

ammonia. 

As shown in figure 7, the enhancement of 

Raman scattering light was also confirmed in 

the case of ammonia. The estimated 

enhancement ratio of resonance Raman effect 

of ammonia was about 10000 times.  

The distance resolution of the LIDAR used in 

this case was 1.5 m. Assuming that sulfur 

dioxide and ammonia stagnating to the distance 

resolution of LIDAR, the three sigma limits 

were 3 ppb, 15 ppb at 100 m. The results of the 

study underscore the effectiveness of resonance 

Raman LIDAR in measuring trace amounts of 

hazardous substances.  

DIAL is a useful remote sensing technology for 

air pollutants that has already been put into 

practical use [7]. However, since DIAL 

measures at two wavelengths, one for the 

absorption ON/OFF of the target substance, it is 

difficult to detect the substance or requires a 

long measurement time when the target 

substance is unknown. In addition, because the 

distance resolution of ranging has a trade-off 

relationship with sensitivity, in the case of trace 

component measurement that requires long 

optical path measurement, the ability to identify 

the position and the distance resolution 

deteriorate. Furthermore, the DIAL that is in 

practical use cannot be applied to solid. 

Considering the above points, resonance Raman 

LIDAR has an advantage in terms of ability to 

identify substances, ranging, and range of 

applicable substances.  
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