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Remotely measuring the hydrogen gas
by using portable Raman lidar system
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A Raman lidar system is able to detect the range of gas distribution and measure the hydrogen gas
concentration remotely. This paper discusses the development of a photon counting Raman lidar
system for remotely measuring the hydrogen gas concentration. To verify the developed photon
counting Raman lidar system, experiments were carried out in outdoor conditions. As the results in-
dicate, the developed photon counting Raman lidar system is possible to measure 0.66 to 100 vol%
hydrogen gas concentrations at a distance of 30 m. In addition, the measuring average error measured
0.54% and the standard deviation is 2.42% at a distance of 30 m.
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1. Introduction

Hydrogen gas is a very important energy resource and it will be used daily in the near
future. However, hydrogen gas is very dangerous because it is flammable and explosive
at a very low concentration ratio. Therefore, the hydrogen gas leakage detection tech-
nique is essentially needed for safety [1].

Various hydrogen gas detection techniques are used such as catalytic combustion sen-
sors, semiconducting oxide sensors, thermal conductivity sensors, and electrochemical
sensor owing to their significant advantages such as low cost, high reproducibility, and
simple execution [2]. However, these local type sensors affect the airflow direction and
difference in hydrogen gas densities from the measurement locations. In addition, these
sensors need a large number of sensors to cover a wide area and be attached in the form
of a phased array for measuring the hydrogen gas distribution [3-7].

A Raman lidar system is one of the remote hydrogen gas detection techniques. It is
able to measure the range of the hydrogen gas distribution and hydrogen gas concen-
tration densities remotely [1, 2, 8—13]. PrivaLov suggested the method of the hydrogen
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gas molecules detection by using the Raman lidar system with a 532 nm wavelength
laser [8]; 100 mJ and 400 mm diameter telescope was used in 2004 [6]. Laboratory
Raman scattering hydrogen gas detection systems have been described by BaLL [9]
and by NiNomivA et al. [10, 11]. Both systems used Nd:YAG lasers as a light source
in the light transmitter devices. NINOMIYA et al. operated a pulsed Nd: YAG laser at the
third harmonic of 355 nm wavelength, 6 mJ and 170 mm diameter telescope was used.
BALL et al. [9] operated a pulsed Nd:YAG laser at a 355 nm wavelength, 125 and
250 mJ, 100 mm diameter telescope was used. LIMERY et al. [13] operated a pulsed
Nd:YAG laser at the third harmonic of 355 nm wavelength, 30 mJ and 152 mm diameter
telescope are used. Baik et al. [12] developed the Raman lidar system to measuring
the hydrogen gas remotely. BAIK ef al. used a pulsed Nd: YAG laser at a 355 nm wave-
length, 30 mJ and suggested the method of the reduce of the background noise signal
of the Raman signal to improve the signal-to-noise ratio of the Raman lidar system.
Table 1 shows a summary of previous invented Raman lidar system. In general, a Raman
lidar system uses a high power pulse laser and large size diameter telescope to measure
the Raman signal of the hydrogen gas because a Raman signal is very weak.

This paper discusses the development of the miniaturized photon counting (PC)
Raman lidar system. A small size diode pumped pulse laser was used for a laser source
with a high repetition rate and small energy pulse. The signal-to-noise ratio of the
Raman scattering signal is significantly lower than that of high energy pulse laser and
large optical receivers because individual pulse energy is very low. The photon counter
system is able to eliminate the background noise signals using a discriminator. To verify

Table 1. Specifications of previously invented Raman lidar system.

PrivaLov [8] BALL [9] NiNnomiva [10, 11]  Baik [12] LiMERY [13]
Low hydrogen
gas measuring 0.6 0.76 0.6 0.67 2
limit [vol%]
Laser max energy 100 750 6 30 30
output [mJ]
Wavelength [nm] 532 355 355 355 355
Repetition
rate [Hz] 50 10 100 20 20
Telescope 400 100 170 75 152
diameter [mm]
Detection
distance [m] 2 >0 13 30 85
Band-pass 648 375,385,395 4163 416 416
filter centre [nm]
Band-pass filter 5 B 18 03 15

FWHM [nm]
Number of average 15 50 64 100 1200
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the developed miniaturized PC Raman lidar system, experiments remotely measuring
the hydrogen gas concentration are carried out at a 10, 20, 30 m distance in outdoor
conditions. As the experiment results show, the linearity of the hydrogen gas concen-
tration is very high, the mean measuring error is 0.54%, and the standard deviation is
2.42% at 30 m.

2. PC Raman lidar instrumentation
2.1. Raman lidar system

Figure 1 shows a schematic diagram of the on-axis Raman lidar system. The Raman
lidar system consists of three major parts. First, a transmitter part is the pulse laser il-
luminating the laser beam to the target gases. It consists of a pulse laser and beam ex-
pander. Second, an optical receiver part measures the Raman signal from the target
gases. It consists of optical lenses, a beam splitter, a band-pass filter, and photomulti-
plier tube (PMTs). Third, electronics parts convert the analogue to digital signal. In
general, a high-speed digitizer was used in the Raman lidar system for converting the
analogue to digital signal. However, the developed PC Raman lidar system used a pho-
ton counter instead of a high-speed digitizer because it eliminated the noise such as
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Fig. 1. Schematic diagram of the on-axis PC Raman lidar system.
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Table 2. Specifications of the PC Raman lidar system.

Transmitter
Type Diode pumped laser (CryLaS FTSS 355-Q2)
Repetition rate 10 kHz
Pulse width 1 ns, jitter + 2ns
Energy 3 wJ at 355 nm (third harmonics)
Optical receiver
Telescope diameter 75 mm

Band-pass filter (416 nm) 416 nm + 0.15 nm (for hydrogen Raman signal), OD = 6, Alluxa
Band-pass filter (387 nm) 387 nm + 0.15 nm (for nitrogen Raman signal), OD = §, Alluxa
Dichroic beam splitter Cut-on wavelength 409 nm + 3.0 nm, Alluxa

— Transmission band (415 to 850 nm > 95%, T average)

— Reflection band (325 to 403 nm > 98%, R average)
Transmitted wavefront error < 0.25 wave RMS at 632.8 nm
— Size 35.6 x 25.2 x 1.05 mm (H x V x T)

Notch filter (355 nm) 355nm+ 10 nm, OD =6

Electronic
Photon counter FastComtec, MCS6A, Multiscaler, 400 ps
DAQ (data acquisition)  National instrument, NI — USB 6211 (PMT amplifier value control)
PMT Hamamatsu R9880-U210 (PMT H, and PMT N, same)

Photocathode area = 8§ mm

Peak wavelength = 400 nm

Rise time typical = 0.57 ns

Transit time typical = 2.7 ns

Dark current max value (after 30 min at 1000 V supplied to anode) = 10 nA
Luminous min and max value (anode) = 100 to 270 A/Im

Luminous min and max value (cathode) = 100 to 270 pA/Im

Pre-amplifier Hamamatsu C6438-02

3 inch on-axis
optical recewer'

y
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Fig. 2. Photograph of on-axis PC Raman lidar system.
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a laser induced light, ambient light, and fluorescence using the photon counters. Table 2
shows the specifications of the developed PC Raman system. Figure 2 shows a photo-
graph of the PC Raman lidar system.

2.2. Photon counter

Figure 3 shows the roles of the discriminator in the photon counter system and Fig. 4
shows the principle of measuring the Raman signal using the photon counter. The am-
plitude of the Raman photon pulse was affected by pulse laser energy. When using a low
pulse energy laser, the amplitude of the Raman photon pulse is weak and distinguished
from noise signals. However, a photon counter system has discriminators. A photon
counter system counts the Raman photon pulses over the discriminator threshold val-
ues. Therefore, noise signals such as a laser induced light, ambient light, and fluores-
cence are eliminated from the Raman photon pulse counting data. The photon counter
measurement data indicate the accumulation of the number of photon pulses in excess

L Photon pulses

I l l l L | A l Discriminator

threshold

Fig. 3. Role of the discriminator in the photon counter.
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Fig. 4. Principle of measuring the Raman signal using the photon counter.
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Table 3. Specifications of the photon counter used in the PC Raman lidar system.

Remark Specification
Trigger channels 1 start channel (positive and negative selection)
Measuring channels 3 stop channels (each a channel has individual discriminators)
Start and stop input threshold  +1.5 V (adjustable in steps of 183 pV)
Dead time No dead time between time bins
Bin time 1,2,4,8, 16,32
(available time resolutions: 400, 800, 1600, 3200, 6400, 12800 ps)
Band width 10 GHz, 64 bit counting results

of the discriminator’s threshold values, by a large number of individual laser pulses.
Table 3 shows the specifications of the photon counter used in the PC Raman lidar sys-
tem. [t detects the time of the incidence of the stop signals (rising, falling or both edges)
relative to the start signal with a 400 ps time resolution. In addition, three built-in dis-
criminators can be individually adjusted, and FIFO (first in, first out) memory buffers
are enabled.

2.3. Measuring algorithm of the PC Raman lidar system

Figure 5 shows the measurement algorithm of the developed PC Raman lidar system.
To quantitatively measure the hydrogen gas concentration using the PC Raman liar sys-

( Start )
]
Remotely turn on the all device
(laser, photon counter, PMT amplified circuit and so on)
¥
Photon counter variance input
(threshold value, trigger value, sweep number, activation channel...)

i
—-| Photon counting processing |4—

Sweep value reach
the setting value?

Initialize the all device

(laser, photon counter, PMT amplifier circuit turn off)
¥

( Stop )

Fig. 5. A measuring algorithm of the PC Raman lidar system.
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Fig. 6. Interface of the PC Raman lidar system-operating program.

tem, a photon counting process was controlled according to the number of laser pulses
because of the accumulation of a number of photon pulses in excess of the discrimi-
nator’s threshold values by a large number of individual laser pulses. The sweep mode
stops the photon counting process when the counts of the laser pulse reach the set-up
values. A PC Raman liar system algorithm was implemented using the LabVIEW pro-
gram platforms. Figure 6 shows the interface of the PC Raman lidar system-operating
program. A PC Raman lidar system is able to control the photon counter, pulse laser,
and amplifying value of the PMT. It is able to monitor the laser power output and pho-
ton counting number.

3. Experiment
3.1. Experimental set-up

To verify the performance of the PC Raman lidar system, hydrogen gas concentration
measuring experiments are carried out. To keep the hydrogen gas concentration and
prevent an explosion of hydrogen gas, experiments were carried out using a gas cham-
ber. A gas chamber was located from the distance 10, 20, and 30 m from the PC Raman
lidar system to verify the possible range of the remotely measuring the hydrogen gas
distribution by the PC Raman lidar system. Also, Raman signals were measured at the
hydrogen gas concentration of 0.66, 1.30, 3.25, 6.36, 12.99, 19.48, 38.96, 58.44,77.92,
and 100 vol% each 10, 20, and 30 m distance. In addition, the measured minimum time
resolution set up is 1.6 ns in the photon counter (bin time 4 selected) and the threshold
value of the discriminator set up is 0.075 V. To compare the quantitative measurement
of the hydrogen gas concentrations, Raman signals of the hydrogen gas were measured
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by the PC Raman lidar system during the 300000 laser pulses. To analyze the meas-
urement precision and repeatability of the PC Raman lidar system, 20 replicated ex-
periments on measuring the Raman signal of the hydrogen gas under the same
hydrogen gas concentration conditions were conducted. A hydrogen gas is very flam-
mable and explosive. In addition, hydrogen gas has a faster diffusion speeds in the air
because it is lighter than the air. The 6 m gas chamber that had two viewports to transmit
the laser pulse was used to keep the hydrogen gas concentration and prevent the ex-
plosions. Figure 7 shows a photograph of the 6 m gas chamber. Table 4 indicates the
specification of the hydrogen gas analyzer in the gas chamber.

— 1
Viewport Viewport |

Hydrbgen
gas analyzer

Fig. 7. Photograph of the gas chamber for keeping the hydrogen gas and preventing the explosion.

Table 4. Specifications of hydrogen gas analyzer

Remark Specification
Manufacturer Masskonzept
Model FTC-200
Hydrogen gas measuring range To 100 vol%
Measuring method Thermal conductivity
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Fig. 8. Hydrogen gas (6.36 vol%) concentration measuring result at 10 m distance.
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3.2. Experimental results

To measure the Raman signal according to the hydrogen gas concentration, the mini-
mum time resolution of the photon counter was set at 1.6 ns. Therefore, the number
of 25 data could be measured from the 6 m gas chamber using the photon counter. Fig-
ure 8 shows the results of the Raman signal of the hydrogen gas in the 6 m gas chamber
by using the PC Raman lidar. The viewport of the 6 m gas chamber does not perfectly
transmit the laser beam. A laser beam was reflected from the viewport and it was com-
bined with the Raman signal of the hydrogen gas. If a Raman signal measured near
the viewport of the gas chamber was used for measuring the hydrogen gas concentra-
tion, it would involve an error caused by a laser beam. To get rid of the error introduced
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Fig. 9. Hydrogen gas concentration measuring results at 10 m distance.

Table 5. Hydrogen gas concentration analysis results at 10 m distance.

Hydrogen gas Photon counting ~ Measuring hydrogen gas  Measuring  Standard
concentration [vol%]  number concentration [vol%] error deviation [%]
0.65 67.50 0.20 —0.44 0.34
1.30 112.25 0.98 -0.31 0.41
3.25 245.50 3.31 0.06 0.53
6.36 415.40 6.27 -0.09 0.61
12.99 815.20 13.24 0.26 0.57
19.48 1221.10 20.32 0.84 0.88
38.96 2315.25 39.40 0.44 1.05
58.44 3368.40 57.76 —0.68 1.02
77.92 4497.05 77.44 —0.48 1.81
100.00 5814.20 100.41 0.41 2.17
Average - - 0.40 0.94

Remark: All results were measured by the same laser pulse (300000 shot) regardless of the hydrogen gas
concentration.
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by a laser beam from the Raman signal, the Raman signal data of the hydrogen gas
which measured the mid-point of the gas chamber was used for analyzing quantita-
tively the hydrogen gas concentration by using the PC Raman lidar system.

Figures 9—11 show the results of the hydrogen gas concentration results according
to the measuring distance. Tables 5—7 show the analysis results of the hydrogen gas
concentration according to the measuring distance. To analyze the measuring error and
standard deviation, the measured hydrogen gas concentration values were calculated
based on the linear fitting line of the measured hydrogen Raman signal value.

Table 8 shows the values of the coefficient of the determination, the average value
of the measuring errors and the average value of the standard deviation according to
the distance. Comparing the 10 m results with the 30 m results, average measuring er-
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Fig. 10. Hydrogen gas concentration measuring results at 20 m distance.

Table 6. Hydrogen gas concentration analysis results at 20 m distance.

Hydrogen gas Photon counting  Measuring hydrogen gas ~ Measuring  Standard
concentration [vol%]  number concentration [vol%] error deviation [%]
0.65 9.30 0.15 -0.50 0.28
1.30 20.40 1.05 -0.25 0.41
3.25 44.6 3.01 -0.23 0.41
6.36 84.20 6.22 -0.27 0.60
12.99 175.50 13.63 0.64 1.07
19.48 252.90 19.90 0.42 1.47
38.96 488.40 39.00 0.04 2.25
58.44 732.10 58.75 0.31 2.27
77.92 977.80 78.68 0.75 2.19
100.00 1229.55 99.09 -0.91 2.88
Average - - 0.43 1.38

Remark: All results were measured by the same laser pulse (300000 shot) regardless of the hydrogen gas
concentration.
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Fig. 11. Hydrogen gas concentration measuring results at 30 m distance.

Table 7. Hydrogen gas concentration analysis results at 30 m distance.

Hydrogen gas Photon counting  Measuring hydrogen gas  Measuring  Standard
concentration [vol%] number concentration [vol%] error deviation [%]
0.66 10.25 0.62 —0.04 0.63
1.32 12.80 1.35 0.03 0.98
3.29 17.50 2.68 -0.61 0.99
6.58 29.55 6.11 —0.47 1.14
13.16 53.50 12.92 —0.24 2.07
19.74 76.70 19.52 -0.22 2.18
39.47 152.70 41.13 1.65 2.27
57.89 214.90 58.11 0.92 3.57
78.95 286.05 79.04 0.10 3.95
100.00 355.75 98.86 -1.14 5.92
Average - - 0.54 2.42

Remark: All results were measured by the same laser pulse (300000 shot) regardless of the hydrogen gas
concentration.

Table 8 Summary of the hydrogen gas concentration measuring results according to the distance.

10 m 20 m 30m
Coefficient of determination (R?) 0.9998 0.9998 0.9995
Average measuring error 0.40 0.43 0.54
Standard deviation [%] 0.94 1.38 2.42

rors are increased from 0.40 to 0.54. In addition, standard deviations are increased from
0.94 t0 2.42 and the coefficient of the determination of the linear trend line is decreased
from 0.9998 to 0.9995. The reason for these results is a laser pulse energy reduction
according to the increasing laser emitting distance.
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4. Conclusion

A PC Raman lidar system for hydrogen gas detection was developed. A diode pumped
laser and photon counter were used for an instrumentation of the Raman lidar system.
To verify the performance of the developed PC Raman lidar system, experiments were
carried out. The following conclusions were derived.

Typical Raman lidar systems used the high power laser source and large size tel-
escope because the strength of Raman signal was affected by pulse laser power and
telescope size. Comparing the previously developed Raman lidar system with the de-
veloped PC Raman lidar system, the latter uses very low power laser and small tele-
scope. Therefore, the developed PC Raman lidar system can be miniaturized, which
is not possible with the typical Raman lidar system for measuring the hydrogen gas
concentration.

A developed PC Raman lidar system was able to measure the quantitative hydrogen
gas concentration of 10 to 30 m by using the diode pumped laser which is 3 pJ pulse
energy. Also, it was able to measure the 0.66 to 100 vol% hydrogen gas concentration
at a distance of 30 m. Comparing the 10 m with the 30 m experiments, the mean of the
measurement error is slightly increased from 0.4 to 0.54 according to the increased
measurement distance. In addition, the mean of the standard deviation is increased
from 0.94 to 2.42 according to the increased measurement distance of 10 to 30 m but
it is on a par with the performance of the typical Raman lidar system.

The hydrogen gas is a very important energy resource and will be commonly used
in near future. However, the hydrogen gas is very dangerous because it is flammable
and explosive even at a very low concentration. Therefore, a hydrogen gas leakage de-
tection technique is essentially needed for its safe usage. The PC Raman lidar system
will be one of the solutions.
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