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Hydrogen gas is an important and promising energy resource that has no emissions of pollutants during power generation.
However, hydrogen gas is very dangerous because it is colorless, odorless, highly flammable, and explosive at low concentration.
Conventional techniques for hydrogen gas detection are very difficult for measuring the hydrogen gas distribution at long
distances, because they sample the gas to measure its concentration. Raman lidar is one of the techniques for remotely detecting
hydrogen gas and measuring the range of the hydrogen gas distribution. A Raman lidar system with an on-axis optical receiver
was developed to improve the range of hydrogen gas detection at long distance. To verify the accuracy and improvement in the
range of detecting the hydrogen gas, experiments measuring the hydrogen gas concentration are carried out using the developed
on-axis Raman lidar system and a gas chamber, to prevent explosion of the hydrogen gas. As a result, our developed on-axis
Raman lidar system can measure a minimum hydrogen gas concentration of 0.66 volume percent at a distance of 50 m.
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Fig. 1. Schematic diagram of the off-axis Raman lidar system®.
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Fig. 2. Schematic diagram of the on-axis Raman lidar system.
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Table 1. Specification of the Raman lidar system

50 mm off-axis Raman lidar system

75 mm on-axis Raman lidar system

Laser Max output energy (mlJ) 30 30
Telescope diameter (mm) 50 75
Detection distance (m) 20 50

Beam splitter (Transmit : Reflect coefficient)

General beam splitter (50 : 50)

Dichroic beamsplitter 1 (95:95 at 365 nm)
Dichroic beamsplitter 2 (95 :98 at 409 nm)

Remark

Same condition

Pulse laser : Nd : YAG laser (Quantel Brilliant Q - Smart 100, Wavelength: 355 nm, Repetition rate: 20 Hz)

PMT (Photo multiplier tube): Hamamatsu (R9880U-210)
Band-pass filter 1 (BPF1): 416.06+0.15 nm (for hydrogen gas)
Band-pass filter 2 (BPF2): 386.7+0.15 nm (for nitrogen gas)
Laser line filter (LF): CWL=355+2 nm, FWHM =10+2 nm

75 mm on-axis
Raman lidar system

Dichroic beam splitter 1: Semrock, Cut-off wavelength 365 +3.0 nm
Transmission band (370 to 525 nm > 95% T average)

Reflection band (255 to 360 nm > 95% R average)

Dichroic beam splitter 2: Alluxa, Cut-off wavelength 409 +3.0 nm
Transmission band (415 to 850 nm > 95% T average)

Reflection band (325 to 403 nm > 98% R average)

Digital camera: Basler acA 640-UC
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Fig. 3. Photograph of on-axis Raman lidar system for remotely measuring the hydrogen gas at long distance.
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Fig. 5. Raman lidar operating program interface.



(A= dAE] ea 7k 44 ASS AT

rd'

. A J7IA &2 =X AlS gl

30, A3

On-axis Q] st 4~ =3
oot qiAel 54 Tk e
G sl e s o AE 2T
wre] 9132 2= ]9 S1gF B % shupolch. wetd o
w sfolth BAo] Gk vl FE 24
s17] gjsto] 4kae] Aol 75 7l WeAE ol gl

9 62 /NH on-axis I8t FAIV|E 2= 2L 2otk
YA ol ATl 44 ha A 23 AW BES
vehd Zlolck B9} 24E Bele] i Aol BE 24
o] 7Fsdt 7k MM E e 2kt ol A ZFE 50 m
Aol 91 4 AES WAL, s Aol et
ZAE E3}9] 0.66~100 Vol. % Alo]o)A =4 71A s

3 inch On -
Axis optical
receiver

Gas chamber

Fig. 6. Photograph of 75 m on-axis Raman lidar system for
remotely measurement of the hydrogen gas in distance of 50 m.

Hydrogen gas concentration
110

90
70

50
y=1x+0.0002
R?>=0.9991
30
——Raman signal of hydrogen gas

—Trend line (linear)

Measuring hydrogen gas concentration (Vol.%)

0 10 20 30 40 50 60 70 80 90 100
Hydrogen gas concentration_gauge (Vol.%)

@

On-axis 2p¢t ghojt} #

) — Aol - WAE o) 123
HIA 71 i 7k2of of%t 2t 4139 A7) 57453

ok iRk 2Rt Ehelek AR o]-8-3te] 0.66~100 val. %2
Fh TS w9 BAR U a4 TES B SAS
YT P ThAel| ot Bk Als= vl vkt 4l
SRA, AT EE7E e w2 AN A 7
Aoﬂ oJgt ahit A% 10071 FHFo R F 309 w24

Eote] i ek oloh FAle] 54 oAk 9 Hde
= Eg?ﬂ’ 22 Qe E SIETH w3l AA)| AFL 23] HHEsh
of =Rk =ojtt A9 i Tk sk A WEALS 29l
T S SRk pa Thsof Qg Bk Ale s A
7] HoPOﬂl AR FS 719 S S ffste] ket &
H A9 A S 560 VE gkt 1008 253t
datas Ftote] 18] SHgts wEs] HuR 4 7hs
sk 2R A9 S AR 527 Htt

-| ﬂ.l

J1>n 1
obop

gl

i

3.2. AI%-I 71_l|. al :IA-|

1% 7(a) @t 7(b)= on-axis ZHt a]—o]r,} 2= o
50 m Aol YAF 4 IS A 2AI

op
[0
-

Fa:y

st A=
Wl aefzolch. 24 Axbe] X & *Wl s 7pe
e Uehe, Y &8 on-axis 2Ht 2ho|th AAE o
o] ST pa Vks S G UERA Foloh = s
et A3 o], 2int gojoh AAE o]&ste] ST
& 7kE F SR AY AR FAEE UERd
AR 0.99913F 099878 UeEhf= 2S & <= Qi
2(a)@t 2(b)= on-axis Z}YF olty 2| E o] gt A%
Fa 7k T AV g AR eR B4R Hlojth 39
A B A3 on-axis it F/POIE} BAE o
Z]o] 2|3k 0.66 Vol. %2] 424
ol— /\ o]r,}_

3 32 on-axis FE| 9] J*i ¢ﬁ7l7} g5 et golrt
BAE o
=4 7,=EJJ—~ H] gk 740];} -+ L94 ke Ay Ay, 54
R} B2 0.850000 4] 0.9918 Ato]e] ZEO 2 A 1% m]yke]

=

% %

2

Ol
o

o fe i o>

i
oL

¢

Hydrogen gas concentration
110

70

y=1x-0.0004

R?=0.9987
30
—Raman signal of hydrogen gas
—Trend line (linear)

Measuring hyrogen gas concentration (Vol.%)

0 10 20 30 40 50 60 70 80 90 100
Hydrogen gas concentration_gauge (Vol.%)

(b)

Fig. 7. Results of the hydrogen gas concentration measuring experiment by using the on-axis Raman lidar system in distance of 50 m. (a)

First experiment results, (b) Second experiment results.
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Table 2. Analysis results of the hydrogen gas concentration measuring experiment by using the on-axis Raman lidar system in distance of 50 m

(a) First experiment results
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Hydrogen gas concentration

Raman signal (V/100)

Measured value of
hydrogen gas concentration

Error rate (%)

Standard deviation (%)

(Vol. %) (Vol. %)
0.66 -55.0549 -1.1792 -1.8370 1.9142
1.32 -55.7070 1.9283 0.6125 2.3982
3.29 -57.1410 3.1325 -0.1570 2.5827
6.58 -59.7987 5.9385 -0.6405 2.5035
13.16 -64.6910 14.1489 0.9910 6.0287
39.47 -85.7631 41.5104 2.0367 2.6522
65.79 -104.0985 65.9731 0.1837 3.0461
78.95 -114.4221 78.0665 -0.8809 4.0671
100.00 -126.9578 99.6892 -0.3108 3.5074
Average - - 0.8500 3.1889
(b) Second experiment results
Hydrogen gas concentration Raman signal Measured value of . .
(Vol. %) (V/100) hydrogen gas concentration Error rate (%) Standard deviation (%)
(Vol. %)
0.66 -55.0549 -0.0300 -0.6879 2.2489
1.32 -55.7070 0.8546 -0.4612 2.4761
3.29 -57.1410 2.7998 -0.4896 2.2449
6.58 -59.7987 6.4050 -0.1740 2.9384
13.16 -64.6910 13.0413 -0.1166 3.2808
39.47 -85.7631 41.6252 2.1516 3.1597
65.79 -104.0985 66.4968 0.7074 34111
78.95 -114.4221 80.5007 1.5533 3.9225
100.00 -126.9578 97.5052 -2.4948 3.8673
Average - - 0.9818 3.0611

Table 3. Results of the hydrogen gas measuring experiments

First experiment

Second experiment

Coefficient of determination (R?) 0.9991 0.9987
Average error rate (%) 0.8500 0.9918
Average standard deviation (%) 3.1889 3.0611

kstgo, A



(@7=w 9AY a2 7t 94 ASS 3 On-axis 2t 2holt} 23

7] w2t Alse] A7|7F "X 2A SFE e 1y
A e AR)2] 49, 2ufe] AgoA o] e Ak
ghgt gtolct Ax|of vlste] =4 TEA FE AS A ALY

S AIE VeI olef B2 Ail= s =417]9)
270l 50 mmoflA] 75 mmE 158 F7HEE fA7|9] 5
W& F7F 198 F7Hon-axis g3t 4=2417]2] o] A HE
et Aol o3 WA Aol ol FEATE o]
sto] ghqt A15.9] 7|7} 48 571 2 on-axis FEL] P
715 ARESE] $41 FEI Al FE] YA =TT S
gk ek Als A W] FUkE Qg Avks wekEch

2 op o

Lo

vz 2

t
o r

T AT A Tk 97 A=o] 7ps3 2t gt

Ao g Tk A AR ol Uit AezA, A

on-axis FEfo] L8t A17)7F A2bE et go|tt

ol&3ko] 50 m Alo] QX3 Sk TpA LA =H A
KN

S ENEE
Saste] Thedt gre 2Ee o
L=

ot X g O
oo mju i T
rh
2 T~
=
L
i
whn
S
8
8
i
o,

o
A
‘
o
=R
&
w
oflt
fuj
lo
old
sk

>

15 Zhe 2yt toloh gAof niste] HEA Adw
mm 27L& ZH= on-axis FE|Q] Fst 4715 A=
2t atolet gL, HAF HolA FHom fa sin ¢
7 g2 Az 2,50 FAE AHE A9ick 50 m Aol Al
i 7kAE ST A AFA 99.9%, HE= 1% ofs), &
= WA 3% ArkE Adek FUHARl A BEke] A
¥ on-axis 29t zho]th A|AEIS o]gale] 424 FEA o]9]
o] thE 7k tigt UAR v S AFE AL AF
o|tt.

ox. >
Q9
N

& A ARSI MOTIE)2}F eh=rof| U 27| =37}
Y(KETEP)2] 2|2 Rro} 37t 1724 Y1 th(No. 2016
1520101250).

M — DG - ugdE 9 125

References

. R. N. Verem’ev, V. E. Privalov, and V. G. Shemanin,
“Optimization of a semiconductor lidar for detecting
atmospheric molecular iodine and hydrogen,” Tech. Phys.
45, 115-118 (2000).

. E. 1. Voronina, V. E. Privalov, and V. G. Shemanin, “Proving

hydrogen molecules with a laboratory Raman lidar,” Tech.
Phys. Lett. 30, 178-179 (2004).

. A. J. Ball, “Investigation of gaseous hydrogen leak detection

using Raman scattering and laser induced breakdown
spectroscopy,” M. S. Thesis, University of Florida (2005).

. Z. Rovert and B. Nick, “Wide area and distributed hydrogen

sensors,” in Proc. International Conference on Hydrogen
Safety (France, Sep. 2009), pp. 16-18.

. H. Nynomiya, S. Yeashima, and K. Ickawa, “Raman lidar
system for hydrogen gas detection,” Opt. Eng. 49, 0943110-
09430115 (2007).

. Y. Noguchi, T. Shiina, K. Noguchi, T. Fukuchi, H. Ninomiya,

I. Asahi. S. Sugimoto, and Y. Shimamoto, “Detection of
low concentration hydrogen gas by compact Raman lidar,”
in Proc. IQEC/CLEO Pacific Rim (Australia, Aug. 2001),
paper C530.

. I. Asahi, S. Sugimoto, H. Ninomiya, T. Fukuchi, and T. Shiina,

“Remote sensing of hydrogen gas concentration distribution
by Raman lidar,” Proc. SPIE 8526, 852601-852608 (2012).

. 1. Y. Choi, S. H. Baik, N. G. Park, H. Y. Kang, J. H. Kim,

and N. J. Lee, “Development of a Raman lidar system for
remote monitoring of hydrogen gas,” Korean J. Opt. Photon.
28, 166-171 (2017).



