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Abstract — In this work, a compact, portable, extended 
operating life, maintenance-free and remotely operable 
apparatus for optical absorbance measurements in the 
ultraviolet region is proposed. The system is useful for 
concentration measurement of chemical species or 
biological agents that exhibit ultraviolet light absorption. 
An apparatus prototype was developed using a 
commercial LED as photons source at the desired 
wavelength and a photo-detector with low noise, high 
sensitivity and visible blindness, opportunely fabricated 
using Silicon Carbide technology. A suitable electronic 
for handling the very low-level current of the detector has 
been designed and built to be robust, portable, low-
power, low-cost and with a WiFi user interface. The 
ultraviolet spectroscopy apparatus application to which this work is aimed, is the low-level concentration 
measurement of SO2 in volcanic environment, while it can be easily adapted to other molecules detection and higher 
concentration level. While in previous Authors’ work the system feasibility has been explored using laboratory 
instrumentation, in this work the focus is to design a system that can be used in real harsh volcanic environment, 
where system lightweight, endurance and chemical strength against aggressive compounds are paramount. 
Resolution of approximately 1 ppm, compactness, robustness and insensitivity to humidity and temperature variations 
are required for this kind of environment. The performed laboratory tests and calibration for SO2 monitoring, are 
reported and discussed. The system shows good sensitivity as high as 8 pA/ppm, a resolution < 1 ppm for SO2 
detection and low cross-sensitivity to main components usually present in volcanic gases. 

 
Index Terms — Low-Cost Battery Powered Instrument, Portable UV Spectrometer, 4H-SiC UV Detector, SO2 

Monitoring, UV Absorbance, Volcanoes Environment Monitoring, WiFi Instrument 

 

 

I. INTRODUCTION 

ORTABLE spectroscopy apparatus operating in the 

ultraviolet (UV) spectral range, are widely proposed in 

literature for applications such as the detection of micro-

organism in water (that is transparent at UV wavelengths), [1, 

2] exploiting the UV absorption or fluorescence of DNA and 

proteins. Other applications can be related to the concentration 

measurement of gases and volatile compounds [3]. Such 

analyses are generally performed with high accuracy 

instrumentation in laboratories and would highly benefit from 

the development of portable systems for in situ measurements. 

In the case of water purification, for example, real time in situ 

measurements could rapidly assess water quality, facilitating 

proactive management of water supply systems. Some specific 

compact instruments are commercially available [4] for the 

analysis of water samples in cuvette, while other [5] are under 

development for Precision Agriculture applications. Portable 
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monitoring apparatus for gases such as sulfur dioxide (SO2), 

nitric oxide, nitrogen dioxide, ozone and hydrogen sulfide [6], 

all having absorption features in the UV region [7, 8], could be 

of great interest for applications ranging from environment 

monitoring, volcanology and Precision Agriculture [5, 9 - 12]. 

In this context, Authors, in previous work [13], proposed a 

proof of concept of a compact innovative spectroscopy 

equipment that is a candidate for all the mentioned applications 

and that can be developed and engineered as a portable 

instrument for the SO2 volcanic in-situ monitoring, where 

system lightweight, endurance and chemical strength against 

aggressive compounds, are paramount. Furthermore, the 

system is easily adaptable to other molecules detection. SO2 is 

of particular interest in volcanic monitoring, being one of the 

most abundant gas species released by volcanoes. In the last 

decades, the in-situ monitoring of this gas concentration, 

together with CO2, is giving important information on volcanic 

dynamics, helping the scientist and the authorities to 
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determinate the related risk level [14 - 17]. The variation in 

CO2/SO2 ratios and the CO2 and SO2 absolute budgets (flux in 

ton/day), are of paramount importance in the studies of changes 

in volcanic energy [18 - 20], so a direct measurement of both 

CO2 and SO2 concentrations in-situ, near the rim of the craters, 

is fundamental for geochemical volcanic surveillance. While 

reliable CO2 optical sensors are commercially available, SO2 

electro-chemical sensors [21] are actually the unique economic 

and portable available solution. However, they exhibit chemical 

strength and physical stability not yet adequate for their long-

term applications in volcanic environment. They are less 

precise and reliable with respect to optical devices; moreover, 

they suffer of a short operating life (maximum 2 years in air, 1 

year considering a normal operating life in volcanic 

environment) and they show often dependency from 

atmospheric pressure and humidity or other contaminants. All 

that impose frequent maintenance, recalibrations and device 

replacement during field operation, mainly due to limited H2S 

scrubbing filter capacity (450 ppm/h for Alphasense SO2-BF 

sensor [22], that can easily overcome in few days in fumarolic 

environment). 

In this work, a prototype of a portable UV spectroscopy 

apparatus and its application to the SO2 measurement is 

described within its laboratory tests and calibration. The 

proposed system is compact, robust and real-time remotely 

operable; it exhibits a resolution < 1 ppm and a sensitivity better 

than 8 pA/ppm. 

II. MATERIALS AND METHODS 

The apparatus geometry and operating principle are widely 

described in Authors’ previous papers [13]: it consists of a 

chamber named Chemical Interactive System (CIS) hosting the 

chemical species (as fluid in gaseous form mixed with air or in 

liquid form mixed with water or other solvent) that must be 

analyzed. A photons source consisting of a LED operating in 

the UV region is at one end of the CIS, opposed to an extremely 

sensitive Silicon Carbide based detector, appropriately 

designed and fabricated at CNR-IMM HQ laboratories, that 

exhibits low noise and visible blindness [23]. In further system 

development, the use of an array of LEDs controlled by 

appropriated electronics, could allow the exploration of 

different spectral regions and therefore the analysis of different 

chemical species present in CIS or the verification of multiple 

lines to exclude co-present competitive chemicals. The use of 

the SiC detector, with excellent sensitivity between 210 nm and 

390 nm while remaining insensitive in the visible range [23], 

guarantees the absence of interference due to the visible 

fluorescence of any interfering chemical, co-present with the 

chemical species of interest in the CIS. A dedicated Lecture 

Electronic Chain (LEC) has been developed and is widely 

described in the next paragraphs. The operating principle of the 

system is based on the well-known Beer-Lambert-Bouguer law 

[24, 25]: at specific wavelength, measuring the light intensities 

transmitted with or without the chemical species of interest in 

the CIS, it is possible to obtain its concentration.  

Indicating with I0 the initial light intensity, with I the light 

intensity after travelling in the medium/fluid and received by 

the detector, with  the molecular absorption cross section of 

the chemical in the CIS, with L the optical path length, with C 

the concentration of the chemical along the optical path 

expressed in ppm (part per million per volume), with f a 

conversion factor between ppm and mg/m3, with MW the 

molecular weight and with NA the Avogadro number, the Beer-

Lambert-Bouguer law is expressed by (Eq. 1) [24, 25]: 

 

𝐼 = 𝐼0𝑒𝑥𝑝 (−
 𝐿 𝐶 𝑓 𝑁𝐴

𝑀𝑊
) (1) 

 

From Eq. 1, the Eq. 2 for the transmitted light intensity 

reduction follows: 

 

𝐼 = 𝐼0 − 𝐼 = 𝐼0 (1 − 𝑒𝑥𝑝 (−
 𝐿 𝐶 𝑓 𝑁𝐴

𝑀𝑊
)) (2) 

 

In the proposed apparatus, the light intensity I0 is set by 

appropriately driving the LED; the bias current has been set in 

order to fully exploit the dynamics of the ad hoc developed 

readout electronics and described in the following pages. 

Moreover, as the I (Eq. 2) of the system is directly 

proportional to the I0 light intensity, it is opportune to maximize 

its value. On the other hand, high-sensitivity detector and high-

performance LEC are required. 

The optical path length L was fixed to obtain a relevant 

attenuation while maintaining small instrument size. All other 

quantities, instead, depend on the chemical species of interest, 

that in this work is SO2, for which the UV spectrum of the 

molecular absorption cross section are known in the literature 

[26, 27]. On the basis of the aforementioned spectrum for SO2, 

which has a large peak near the 280 nm wavelength, the 

commercial UV LED LEUVA66B00HF00 from LG, with peak 

emission at 278 nm and output power up to 2 mW (at 20 mA 

forward driving current) [28] was adopted.  

For what concerns the intensity measurements of the 

transmitted light, a 4H-SiC based detector developed at CNR-

IMM HQ laboratories in past years, was adopted. Its electro-

optical characteristics are well established and widely discussed 

in previous Authors’ work [23]. The biasing voltage value of 

the detector Vbias was chosen in order to minimize leakage 

current and maximize its response. The detector provides an 

output photocurrent Iph obtained from the product of the 

collected optical intensity I by its responsivity, that is of about 

0.11 A / W at the wavelength of interest and at the fixed 

operation voltage.  

Let introduce the quantity ∆𝐼𝑝ℎ = 𝐼𝑝ℎ0 − 𝐼𝑝ℎ, as in Eq. 2 for 

the light intensity reduction I, where Iph0 is the detector 

photocurrent value in absence of chemical species of interest in 

the CIS. The Iph is the measurement signal, given by the 

photocurrent reduction with respect to the photocurrent Iph0. It 

is proportional to I and then to the chemical concentration of 

interest in the CIS through Eq. 2. 

In order to describe the response of the proposed 

spectroscopy system, is possible to define the apparatus 

sensitivity, S, as the ratio between the measurement signal, Iph, 

and the gas concentration, indicated as C and measured in ppm, 

in the monitoring chamber: 

 

𝑆 =
∆𝐼𝑝ℎ

𝐶
 (3) 
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From Eq. 3, the apparatus sensitivity is expressed in unit of 

Ampere per ppm. 

III.  DESIGN PARAMETERS 

In order to design a stable and robust mechanical structure 

and a dedicated LEC, from Authors’ previous work on this topic 

[13], a set of geometrical parameters, of typical operating 

conditions and of desiderata, have been fixed as described 

below. 

 

A. Mechanic design parameter 

 

- CIS length L and diameter: 20 cm and 2 cm, respectively. 

- Possibility to integrate the noise sensitive electronics inside 

the mechanical structure. 

- Possibility to use almost the same structure for liquid or gas 

analysis. 

- Guarantee operator safety with respect to UV radiation 

emission. 

 

The chamber volume plays a relevant role as regard system 

dynamical response and while the optical path L is fixed, a 

compromise between fast response and mechanical feasibility 

must be considered for its diameter. 

 

B. Electronic design parameters 

Starting from previous work experimental conditions and 

results [13], electronic design specifications of the current 

apparatus are based on following parameters: 

 

- Detector size: 3x3 mm. 

- Idark: 35 pA. 

- Vbias: -15 V. 

- LED optical output power (@1.2 mA driving current): 21 

µW. 

- Iph0 (detector current in standard air condition): 20 nA. 

 

Furthermore, a set of desired conditions follow: 

 

- Desired SO2 concentration operative range: 0 - 100 ppm. 

- Desirable resolution: better than 1 ppm. 

- Sensitivity better than 7 pA / ppm is expected [23], to which 

it corresponds a value for full-scale measurements signal 

Iph of 700 pA. 

IV. MECHANICAL DESIGN 

For the prototyping of the apparatus described in previous 

paragraphs, a mechanical structure was entirely made of 

aluminum, as shown in the Fig. 1. It consists of a cylindrical 

chamber that form the CIS and of two symmetrical heads placed 

at both ends of the chamber, hosting the LED and the detector, 

respectively, with the associated electronic boards. In the Fig. 1 

there is also a picture of one of the two heads separated from 

the cylindrical CIS chamber. A detail of the head hosting the 

LED (on the right side in Fig. 1) is reported in Fig. 2. The 

unmounted board hosting the detector (left picture) and the 

same board inside the head (right picture) are shown in Fig. 3. 

The two heads are optically connected to the central chamber 

through two sealed quartz windows with high UV 

transmittance; the presence of O-rings (visible in the top picture 

of Fig. 1) ensures the gas-sealing of the CIS. The cylindrical 

chamber has also two ports (observable in lower part of Fig. 1) 

for the inlet and outlet of the gas to be analyzed which is 

pumped through a fluidic circuit. 

 

 
 

 
 

 

V. ELECTRONIC DESIGN 

In order to allow for a compact, portable and cheap 

instrument, dedicated measurement electronics have been 

developed. The system is designed for operating using a single 

12 V lead-acid or equivalent lithium-based battery. All 

necessary electronics sub-systems are shown in the system 

block diagram of Fig. 4 and can be grouped as: 

 

- Power supply sub-system 

- UV-LED driver 

- SiC detector bias generator 

 
Fig. 1.  Mechanical structure of whole system and a detail of head-pipe 
connection 

 
Fig. 2.  UV LED side: head details  

 
Fig. 3.  UV detector side: board containing 4H-SiC UV detector and 
head details.  
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- Analog front-end able to measure currents in nanoampere 

range 

- Second order low-pass filter 

- 14 bit A/D converter (ADC) stage 

- Microcontroller Unit (MCU) with ASCII serial data output 

and user interface using an HTML page through a WiFi 

connection. 

 

A brief description of all blocks, follows here. 

 

 
 

Power supply sub-system: to improve system portability, a 

typical solution is to use a standard battery. As regards power 

supply, the critical part of the whole system is the 

transimpedance stage described below; in order to obtain a 

well-regulated, low ripple and low-noise +/- 15 V rails, a 

DC/DC converter TVN3-1223 from Traco Power has been used 

with suitable capacitive filtering. 

 

 

 
UV-LED Driver: Following manufacturer documentation, 

the UV LED is driven at constant current using a driver able to 

power-up the LED with a current level between 1 mA and 3 

mA; the current can be adjusted through a resistive trimmer. A 

100 Ohm feedback resistor in series with the LED allows the 

LED current monitoring. An analog-temperature sensor is 

mounted very close to the LED chip and thermally correlated to 

it by means of copper planes. Through LED current and 

temperature measurements, is possible to monitor the emitted 

relative radiant flux of the LED. The LED forward constant 

current has been selected in order to minimize self-heating 

while ensuring suitable emitted UV radiation level; the LED 

itself is mounted on a PCB with thermally enhanced design that 

is able to easily transfer the generated heat to aluminum body 

structure. As a consequence, the temperature and current drift 

is very limited during a typical measurement cycle that, in real 

volcanic applications, is of the order of half hour. [15, 17] So, 

the LED UV photon flux can be considered stable in a standard 

volcanic monitoring run.  

SiC detector bias generator: the detector should be biased at 

- 15 V for best tradeoff between performances, noise and dark 

current [13]. This voltage level is obtained from the - 15 V rails, 

considering the negligible current consumption. 

Analog front-end: a typical readout front-end for a 

photodiode is a transimpedance amplifier [29 – 33]. In Fig. 5, a 

picture of that stage is shown. This configuration is relatively 

low cost and very compact. The critical component is the 

operational amplifier that must have very low input bias 

current. The selected amplifier is an AD795JR from Analog 

Devices with a typical bias current of 1 pA @25 °C. The 

feedback resistor is a 500 MΩ resistor, with low thermal noise 

and drift, in order to have a 0 - 20 nA maximum range in a 

voltage range of 0 - 10 V. In parallel with this resistor, a 10 pF 

capacitor is used to limit the maximum bandwidth to 30 Hz. 

Particular attention must be put at the input part of the circuit: 

any trace of dirt between component can badly affect amplifier 

stability and performances, especially as regard of input bias 

current, thus affecting performances of the measurement 

system. The printed circuit board material is made using 

standard FR4 plate that has shown good performances (when 

perfectly cleaned with isopropyl alcohol). Moreover, also the 

feedback resistor or soldered joints at the input BNC connector 

must be kept clean from soldering residual. The board is then 

closed in a metal box for shielding purpose during lab trials. 

This stage has an analog-out temperature sensor mounted very 

close to the AD795JR chip and thermally coupled with it. 

Second order low-pass filter: the analog front end is followed 

by an inverting second order low pass Butterworth active filter. 

The cut-off frequency is set to 1 Hz. 

14 bit A/D converter (ADC) stage: the resolution of the A/D 

converter stage is chosen to meet readout performances. A 

MAX127 8 channel, 12 bit SAR ADC from Maxim, has been 

selected, while a MAX1032 8 channel 14 bit SAR ADC will be 

adopted in a next system upgrade, as MAX127 is reported as 

obsolete. MAX127 has an I2C interface and each channel can 

be separately configured in software through the I2C digital 

interface. Channel 0 is dedicated to acquire the output of the 

filtered transimpedance amplifier, while others channels are 

dedicated to monitor UV LED temperature and forward current, 

analog front-end temperature, +/- 15 V rail levels (through 

resistor divider); selected input range for channel 0 is 0 - 10 V. 

Using oversampling and decimation technique, 14 bit 

resolution is achieved; the theoretical current resolution is then 

 
Fig. 4.  Block diagram of the Lecture Electronic Chain (LEC) 

LED Driver

Detector Bias 
Generator

MCU

nA Current 
Measurement

1 Hz second 
order LPF

Power Supply 
subsystem

 
Fig. 5.  The transimpedance amplifier with the second order analog filter 
and power supply filters. 
 

 
Fig. 6.  The Arduino Nano board with the MAX127 ADC and ESP8266 
WiFi interface. 
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of about 1.2 pA. Output data rate is 1 Hz. 

Microcontroller Unit (MCU) with ASCII serial data output 

and HTML page interface: The MCU is responsible for raw 

data reading from the ADC, implementing a digital decimation 

filter and applying suitable calibration coefficient in order to 

have a numerical output in nanoampere unit in the ASCII serial 

string as well as in the HTML page over a WiFi connection. 

Update rate is 1 Hz, the same as the sample rate of the signal. 

The output can also report concentration measurement in ppm, 

when the system is calibrated for a specific gas. These 

coefficients have been obtained after different experimental 

runs using reference instrumentation, that will be described in 

next paragraphs. The used MCU is a low-cost Arduino Nano 

board with an additional ESP-01 module (that use an ESP8266 

chip from Espressif [34]), used as web server to show read data.  

In Fig. 6 some details of the digital sub-system are reported: 

Arduino Nano board with the MAX127 ADC and ESP8266 

WiFi interface. In Fig. 7, a screenshot of the real time data 

monitor on a standard web browser is shown. This software is 

a Javascript web application stored in the MCU and served by 

a standard web server running on the MCU. The application can 

run in the most common web browsers. The measurement data 

can also be logged out from a RS232 port in ASCII format. The 

use of an ESP32 module from Espressif [34] is under evaluation 

in order to have a single chip able to handle data logging and 

web user interface. 

 

VI. INTERFERRING GASES ANALISYS 

In volcanic environment, some interfering gases must be 

taken into account. From literature [18, 35, 36], the mean ratio 

values of concentration of main plume gases can be the 

following: CO2/SO2  15, HCl/SO2  0.2, H2O/SO2  150, 

HF/SO2  0.05, H2/SO2  0.013, H2S/SO2  0.11 [37].  

Proposed apparatus is intended to work in two main volcanic 

environments, with different expected gas composition. The 

first one (relatively diluted plume), is the open conduit volcanic 

plume (like near the rims of Mt. Etna and Stromboli craters [15, 

17]), while the second (strong fumarolic plumes) is the 

fumarolic field gases (like close to Mt. Vulcano [38] and 

Yellostone fumarolic fields). In the first case, plume main 

components (in order of abundance) are H2O, CO2, SO2, HCl, 

HF, H2S, H2, and in particular SO2 concentration ranges from 

few ppm to tenths of ppm. In the second case, H2O, CO2 and 

H2S concentration can be higher than in the first case and 

H2S/SO2 concentration ratio around 1.11 could be found. In this 

case SO2 concentration can be sometime higher than 100 ppm 

[38]. In this context, is important to evaluate the 

aforementioned gases as possible interfering in SO2 monitoring 

experiment.  

From molecular absorption cross section analysis, is possible 

to exclude some gases as real interfering due to their small UV 

absorption cross section and/or to the expected low 

concentration, as in the case of HCl, HF and H2. 

Conversely, potentially interfering gases are H2O, CO2 and 

H2S. Considering their molecular absorption cross section [26, 

27, 39], due to their possible relative abundance, is possible to 

estimate from the Eq. 1 the concentration that produce the same 

UV optical attenuation as 0.5 ppm of SO2. Calculated values are 

reported in Table I. A 100% CO2 concentration level implies an 

optical attenuation about 3 orders of magnitude lower than 0.5 

ppm of SO2; concerning the H2O vapor, optical attenuation 

comparable to the minimum detectable SO2 level is obtained at 

8x104 ppm, a concentration possible to find in atmosphere for 

example at 41 °C, 95% RH and 1013 mbar [40] This can be 

considered a worst case, because also at a very high level of 

SO2, excess of water in the plume is low with respect to possible 

atmospheric background (from the volcanic aforementioned 

compositional conditions, 100 ppm of SO2 corresponds to about 

15000 ppm of volcanic H2O, much less than 8x104 ppm that is 

the minimum detectable level). As regard H2S gas, it can 

produce comparable optical attenuation at a concentration of 

about 70 ppm. In the worst case of fumarolic field gases, the 

expected H2S level, is about 111 ppm for 100 ppm SO2. In this 

case, the attenuation is the same as 0.8 ppm of SO2. It is lower 

than 1% and better than commercial electrochemical sensors. 

Moreover, proposed apparatus does not require a not 

maintainable scrubber chemical filters that usually have a 

limited filtering capacity, such as for example the SO2-BF SO2 

filtered commercial sensor from Alphasense. 

VII. SYSTEM TEST AND CALIBRATION SETUP 

In previous pages the principle of operation and apparatus 

sub-systems were described, but in order to test and calibrate 

the system, a dedicated experimental setup has been designed 

using a gas mixture with known SO2 fixed concentration and 

two calibrated reference electro-chemical T3STF CiTiceL SO2  

 
Fig. 7.  Screenshot of the real time web interface while showing data of 
run #1 discussed in the Experimental Results paragraph. 
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sensors, exhibiting a 200 ppm full-scale measurement range, a 

resolution better than 1 ppm and a signal repeatability of 1%.   

The scheme of the system setup is reported in Fig. 8. Using 

a suitable fluidic circuit for the gas injection, the gas from a tank 

(SO2 Mix in Fig. 8) is injected by a micro-pump in the apparatus 

input, passing through the first reference sensor (SO2_REFin). 

The gas coming out from the apparatus flows through the 

second reference sensor (SO2_REFout) and then it is safely 

discharged on air. Both SO2_REFin and SO2_REFout reference 

sensors are connected through a MG2 data logger to the PC, 

also used for the acquisition of data coming from the LEC. MG2 

is a custom datalogger designed by INGV for multi-gas in-field 

monitoring and jointly developed by INGV and Ebenmass srl 

[41]. 

 

VIII. EXPERIMENTAL RESULTS 

As widely discussed in previous pages, the apparatus is 

proposed for SO2 monitoring in volcanoes environment, while 

it can be easily adapted to other molecules detection. So, labs 

test runs were performed with different air-diluted SO2 gas 

mixture in a monitored concentration condition, in order to 

obtain instrument calibration curve and sensitivity. The 

standard SO2 reference gas mixture has a concentration of 118 

ppm +/- 1%, 20% of O2 with N2 complement, from Rivoira Gas 

S.r.l. [42]. The different testing mixtures were obtained by 

adding air in appropriate proportions to the standard SO2 

reference gas. For example, a gas mixture with concentration 

up to about 40 ppm were used in run #4 (Table II). 

The SO2 concentration measurement of the testing mixtures 

in the CIS was obtained as the average value of the 

concentrations read by the two reference electro-chemical 

sensors (SO2_REFin and SO2_REFout) at the CIS inlet and 

outlet, respectively. The testing concentration values adopted in 

the present experiment are summarized in Table II.  

The selected values represent most common conditions 

found in volcanic environment [17] and while the apparatus can 

measure till higher concentration, this work is mainly focused 

at low gas concentration. During the test, different gas mixtures 

at a constant flux of 0.5 l/m were pumped, purging the 

measuring CIS with ambient air between two consecutive 

testing runs.  

Many runs were conducted obtaining congruent results. In 

the Fig. 9 are plotted the concentration values measured by the 

reference sensors and the SiC UV photodiode detector photo-

current, obtained in the test run #1 of the Table II. As described 

in previous pages, the UV light transmitted in absence of SO2 

in the CIS, generates a maximum photo-current indicated as 

Iph0; in current experimental conditions, it assumes a maximum 

value of 20.12 nA. In presence of SO2, the UV photons are only 

partially transmitted, thus producing lower photo-current 

values. For the run reported in Fig. 9 (run #1 of Table 1), the 

presence of a 29.8 ppm SO2 concentration inside the CIS 

(maximum value of blue curve in Fig. 9, referred to the left 

axis), implies a reduction of the transmitted UV light (with 

respect to the case of air in CIS) and a SiC detector minimum 

photo-current of 19.88 nA is obtained (red curve in Fig. 9, 

referred to the right axis). 

In order to better describe the apparatus response, it is 

opportune to plot the measurement signal Iph, as previously 

defined. In Fig. 10 is reported a plot resuming the four testing 

runs performed with the SO2 concentrations reported in Table 

I.  Clearly, the Iph (on the right vertical axis) assumes his 

higher values in correspondence of the presence of the SO2 gas 

in the measurements chamber, whose concentration is referred 

to the left vertical axis in Fig. 10.  In absence of gas, as 

expected, thanks to the low noise level of the adopted SiC 

photodiode and to the opportunely designed and fabricated 

LEC, the measurement signal Iph is almost zero.  

It is interesting to observe the temporal evolution of the Iph: 

the measuring signal follows, with minimum lag, the temporal 

concentration evolution monitored with the electro-chemical 

reference sensors. This confirms the CIS chamber volume is 

small enough to avoid system dynamical response affliction. 

 
Fig. 8.  Scheme of the proposed spectroscopy system: CIS is the 
Chemically Interactive System; LEC is the Lecture Electronic Chain. 
The MG2 logger data and LEC data have been collected to a CSV file 
via serial transmission by a portable computer while real-time 
monitored through the WiFi connection on an HTML page. 
 

TABLE III 
EXPERIMENTAL RUNS 

 #1 #2 #3 #4 #4 transient 

SO2 mixture 

concentration 
(ppm) 

29.8 9.4 3.9 38.5 21.6 

Iph (pA) 232.6 61.5 23.4 297.9 173.9 

SO2 mean concentration inside the CIS and measurement signal Iph. 

TABLE II 
EXPERIMENTAL RUNS CONDITIONS 

 #1 #2 #3 #4 

SO2 mixture 
concentration 

(ppm) 

29.8 9.4 3.9 38.5 

SO2 mean concentration during the test measurements. 

TABLE I 
Cross Interferences 

Species  Concentration (ppm) Attenuation I/Io 

CO2 1000000 0.002% 

H2O 80000 5.11% 

H2S 70 5.21% 

SO2 0.5 5.19% 

Typical Interfering gases in volcanic environments: from the Beer-
Lambert-Bouguer law, values of expected attenuation were calculated 
starting from the concentration level and literature absorption cross 
section data. 
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From experimental data reported in Fig. 10, the mean steady-

state variation of the photo-current during each run was 

calculated, obtaining the points (gas concentration vs SiC 

photocurrent variation Iph) plotted in Fig. 11. To consider also 

the behaviors during the concentration transient, a further 

concentration point was chosen along the rising edge of run #4 

(see Table III). 

 

 
The results of Fig. 11 show a linear response of the system 

also at low SO2 concentration and well fitted by a linear 

interpolator with 𝑅2 = 0.9987. The sensitivity S obtained as 

the slope (see Eq. 3) of this interpolator, is better than 8 pA/ppm 

and a theoretical resolution of 0.15 ppm is achieved, 

considering the available current resolution of 1.2 pA described 

in previous paragraphs. 

From experimental data, a standard deviation better than 5 

pA over the Iph0 current and better than 2 pA over the Idark 

current (not reported in the plot for brevity) have been observed. 

Considering the above obtained sensitivity, the steady-state 

noise on the concentration measurement is better than +/- 0.6 

ppm. 

IX. CONCLUSIONS 

In the present work, a portable spectroscopy system for 

environmental monitoring, assembled only using solid state 

components, is proposed. The device is based on previous 

Authors’ work, where system feasibility has been explored. It 

can be used in real harsh volcanic environment, where system 

lightweight, endurance and chemical strength against 

aggressive compounds are paramount. The proposed apparatus 

avoids the need of frequent maintenance, recalibrations and 

device replacements, mainly due to limited H2S scrubbing filter 

capacity of commercially available electrochemical sensors. 

The apparatus consists of a chamber hosting the analyzing 

chemical species and two symmetrical heads containing the 

photon source and the light detector respectively. The two 

heads are optically connected to the central chamber through 

two sealed quartz windows with high UV transmittance. The 

system does not use any other kind of optical elements as 

mirrors, lenses or filters. Thanks to the design modularity of the 

proposed solution, it is possible to replace the central linear pipe 

with other kind of CIS with different geometrical design. For 

example, suitable cuvette holder can be designed and connected 

to the two heads or an optical multipath structure can be used. 

 A photons source consisting of a single LED operating in 

UV region at 278 nm, specifically selected for the SO2 case 

study, is at one end of the chamber as opposed to a low-noise 

and extremely sensitive 4H-SiC based detector. 

This device was appropriately designed and fabricated and 

also exhibits visible light blindness. The system can be easily 

adapted to other chemicals detection by replacing the UV 

source with one emitting at suitable wavelength. A dedicated 

electronic to perform the detector photocurrent measurement 

and to drive the LED with suitable current level, has been 

designed. The measurement readout can be remotely accessed 

through a WiFi interface using a standard web browser. All the 

electronics are low cost and designed to be integrated within the 

apparatus mechanical structure. 

The portable spectrometer prototype has been tested in 

different laboratory runs using gas mixtures with different SO2 

concentration. A linear response over the whole explored range 

has been observed, obtaining a sensitivity S better than 8 

pA/ppm, with a steady-state noise on concentration 

measurement better than +/- 0.6 ppm. Moreover, the apparatus 

shows low cross-sensitivity to main chemical interfering 

usually present in volcanic gases, without the need of a not 

maintainable chemical filters, affected by limited operating life. 
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