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Abstract In this study, a micro-ultraviolet spectrometer with an IV-type optical system is designed, fabricated,
and analyzed. The micro-ultraviolet spectrometer is effectively validated for online real-time analysis applications.
The main parameters of the prototype include a wavelength range of 200—400 nm, resolution of 0. 31 nm,
wavelength accuracy of £0.1 nm, and a signal-to-noise ratio of 507:1. The experimental results of a 12-h system
stability test suggest that the spectral fluctuation is less than 0.47%, confirming the long-term stability of the
spectrometer. Finally, the performance of the spectrometer is verified by measuring SO, gas at 25 “C. Based on the
theory of differential absorption spectroscopy, a differential absorption cross section calculation of a standard gas is
performed. The test results show that the inversion mass concentration of the spectrometer test data has a
fluctuation of less than 1%, linearity error of less than 0.6%, and maximum indication error of —0.56 mg/m®
upon testing an SO, mass concentration of 20—100 mg/m?* for 24 h.

Key words spectroscopy; ultraviolet spectrometer; IV-type optical system design; differential absorption
spectroscopy technology; SO,

OCIS codes 300.6540; 050.1950; 120.6200

T 3o 44T 5 A 0 0 0 L
A L 5 B O 1 B

SRR WA N 200~400 nm BYHLBENE . BAT M RE b T EE D o0 A R PR B 4 R AR E

Wi B HEA: 2019-08-01; EE B HI: 2019-08-07; FABHI: 2019-09-06
EemB. EEEEME TR (2018YFF01011200) | [ &K A R Bl 22 3 4 (61327002) | H g &5 £ 3 A B 0F b 55 2% & 100
(2019CDCG0007)

" E-mail: huang_lk@cqu.edu.cn; ** E-mail: Quan.Wen(@ enas.fraunhofer.de

053003-1



Wt 5ot T o R

[ W I P S B TN V<0 G A SN A =X £
TR R AN AR Y L A G AN G 4
BT ASC P B8 58 ' 2 2 I L1 TG D' M B £ B R 0 2% A8
WL BRI . B TR AR G Il AT R L R S B IO 2
A AEAE 2R AN e B RS SR ABAR Y [7) 8, [ B
SF-TE A I AT S AR BB R K R B
VKo T AN A5 M BE RR ARG, PR e AR SC AR — B 3
4 5L NI DG MY 28 S0 O6 1% 43 B A, R AT 4 B M
T G A ) B 52 B A S 6 B 4 e R R AR L 0> T R
SRR, KRG T RGOLR, At m T %
2R AP 43 A AR A7 R L

H A, P4 2 3 B ik A Ak 58 Ak ol i A E
77 REMFREY ., HA HAMAMATSU /3 A 78
LAY B FHHE TM R B, % & 51 % A 5 200
FEE T2 -5 B CCD IR A% 8 4%, H o B R
R AR AR e, AE R F O OB A 09 37 2o 2 AT I AL
R REAR LA B R . 26 I VR O W
Maya 51 i 8 58 S0 56 135 A3, SR T AR X FR Ok 2= 45
e v, o T R m Gk 90% . B R | ik
0.1 nm.IEHEH TR REEMN HIZE. B2
C-T G540 75 2 0 2 19 0 24 38 1, 5 B0 Rk J3E o
R I HL K S 7= A 4 A v DA
HMETEACT S EE R A Ll R AT KA ALY
FX2000 J& 55 Gk {3 iy i B0 R 3R (A2 A7 78 O i
Bt B R BB M MR EE R A Bl A5 L AR ST
14 B 780 58 A1 6 T AR FH 4 B 19T 1T O A L AT 4R 43
BUGR T — 1 B 0B/ RGAR 2, 1w A5 W L A
Gy PR AR AR A, W R T b A 4
A 7E 25 S Bt W I 8 T R T B AR O 4 b
IR ZE SR AR SCER XA A B A R W R 4
M1 SO, 7E 200~400 nm I Bt A9 W I 45 1, % 4 B
T G A A A% 0 S A B L B A S B N B B
P& T 5 A IS o M A0 KRR AL AT KO & L I
HEAT AR 56 1 8 3 AR SE G

2 OB AN B R G AR R
e

2.1 EARESMAELEITERE

AT R 4 R e 4R A O X O
LM R R UK AR R ST R Ok
N R o S AN R i ok s AN B N B e a4
W B Sk 5 A W IO L 1208 T R L T BRGE Ok
B W I K B R 200~ 400 nm, H T4 4 1 i
ST I Y R K T AT A ROt 1 L AR 25 5 K

Wi (9 A2 4k, A i RT T T 4 Al 5 E RN E O
Bt o SOOI PRI B A i — B AR S R A A 1
7R o 5 TG i A0 00 A ot 80 Bl sk 28 A S
B a1 2R ) S AR B R Rl o bR E R 2 T
LD A RE AR 09 A B AR B AT BT AR B Y
2H BRI SR T AR G 3 S R I R A f S G S
AR VR il G35 I 5 0 7R A TE AR A Sk AT PR

I3 A b HC B3 B

training spectral analysis
samples software samples
; nature
proing— [

1 rdrad B s 2 8
Fig. 1 Schematic of analyzing process

22 RERHZRITEHE

D62 B G T i o T A A B R AR A R
g o AL AR B PERE . BRI A b B UL RO
2 CE AR R I TP DM C-T 28RN 3L 1 4 BV i
MRS, C-T YA A R 25 0 B (HDOG 5 v F
LA S RO I S o ML R o i
B2 o (ELFG TV I A 4 230t L AR T — R, T Lk
RARHOE AR MR 22 P f A A A
Gyt SR AR SR Y — e 4 AR R R 5
SMETE O 2 R G T R TV B R G i
e OB A 32T T M AR T 46
B ALE S 200~400 nm , AR5 DGR ) 1 5 22 %
T IUER A T T O A R T AR R — R R O R R
HAR PR IF ] RoR

1,
F =F +yFm JF?,’Y‘FZ() +

[data analysis]

%ZZF(Q +%y3F3() Jr%ystlz +
1
8
ArpFy o4 B M OEH iR 22 RBGy o2 Rt
fEpRA, F, ol KR h
F, =M, + (mA/A,)H, , (2)
Ao, il sk B A el R E K M,
SRR 0 L SRR B R DG A AR s H ;o A OB =
Boe R SiEs A i g K., 7ESBRrOLy kit
rh 2 IR 22 B9 SZ R, I S /N AR 9 2 8L IR F
MR 2ZEWMH MW, W, 78 &tk i DL F; 5y 48 XA

1, . 1,
y4F4o +IyZZZF22 +§Z4Fo4 + ey (D

053003-2



Wt 5ot T o R

B /N R SN BIFESG3 T FL 2 i, €A e NS AR 22
REF L AR E R /N AT LR IR
B

max

Fj = J [F,;(asBarasrp-0:7srcsrp-R)1*dB,
P min
(3)
e Bora s B AGS A ATHA OAGHE K
MPE K0 7 orevrp MIEFGIER S EGR R
T DGR A A A Sl AN R T R A
K AP e OGRS A bR . B E LIRSS
7 ik — PR 22 8 30 BRI ZEMAX B
7 A A TR AL A & 2 Bros g . RIS A
SHE RN 60.67 mm, KN 77.43 mm, BU+1
AT AN 300 nm Kb AP SE AR 55 KT AT LUF Y H
P HEARAIK 0.2 nm, AR ROGIR A FR N (0,0,
—101.5), (0, — 31. 1, — 120. 1), id & ¥ K
A 325 nm,
holographic concave grating

source

== 300 nm, 300.2 nm

reflective mirror N !

linear detector

& 2 737 111 T ' B 47 45 4 1]
Fig. 2 Simulation results of the flat field holographic

concave grating

ZOE RO B A S B sE 4 B M DG P
T S5 8% L R B I 4 5 0 AL 2O UR & i &R
Hos A B g 4 BTG, &0 R RS,
AN TR I K 1 B 6001 28 - T8 S U5 S S JiE Rk R A HE
B 1 B AR 1 7 Fe 2 FR 2R B CCD 44T 28 35 B
JeiEE B FESS AT I, 7E BRI 4R AR Ak 4%
Jei R FH PR AR AL DAk 20 2% O S $2 T+ 3 48 2 44 1% AT Jin
Tk ARG WSS P BE R B AR 2 A
B Mo MR A A T EA R BT
ROt B3 hGiE i RE AR B .

FE L B T O T O R4 R AU R G
T A/D #4ug% . FPGA Al USB 2.0 i 18 44 i . )%
HL A0 2% SR T B 2 T A S11151-2048 £ FE X CCD
PRI . P B Y 32 2 T B R 0 USB 2.0 U8
F B R R g — A R EE T4 4 /£ A FPGA
IPE R e . FPGA AR Z v & ) A/D $ ik

concave

grating detector
signal
acquisition
silicon slit card

optical fiber

reflective mirror

3 ek REEA R R
Fig. 3 Schematic of spectral analysis system configuration
an R AR AR G S A/D i 2 4E FPGA (3% 45
PERIT SRS 5 5 e 7 155, IR 2 1l 1E
O RAR R AF A A X 5 AR B EAHL .

B SR £ 023 A 2 2R G800 AR o1, L SR N
JEREHORS 2R G 0 O R . e O R AR R
Bl it USB 2.0 b BUE B 1F 196 35 15 5 1352 A 5
A AL G Ak EE AR e SR X 1 BRI T AE S B AT
T U S AL B ST B e B S S B
JE L RE - FLUCHE 2 152 BOR AT 4R AIE % 26 14 5 AiE i iy
Xtk CCD #RI A 19 53 — M50 . % 2 1 XU
B HBRRE J5 106 58 A0 6 1% AT A 5 5 1B AR 7 R
A7 AR R 32 B R SR AR B i i USB 5l 335 £ 4l
L35 e 3 B EALALLLS . O 1 5 8 1 7 4y
e Ak B R I OISR S R s Ok 5 RO
AR 5 B 12 R P 75 2 LR SOR R U7 A 3
FH P 348 1 SCPF

3 RS AMEIE A S SR b oy B

3.1 HHBH

DF i 7 A 7R 58 AR S S ACRE L 1) B S Hcn
T:f=33.11 mm, f/D =1.66 (D J At
) BREE VLN 50 pm, JGHEIE SN 200~400 nm,
S HERIK 0.31 nm, REFE M <04 %, PR HET
H+0.1 nm, X F KD 80 mm X80 mmX45 mm,
3.2 EKEHE

AR D R LR i LA ) AR e
Bl o S ERO T C  OG B T LER 2E ALRDYG
PR IR, KA Avantes 24 8 4 P2 R KT GCTR . %
JEE 4 121 A Y T AR 25 1 T AT S R0 ) R
HTAEB KN 200~400 nm, N T KM EEHL G B
KAFE L % 220 nm Fl 400 nm 172 4 586 A, F)
FA A U8 2 B ) 79 & P G 1% 43 BT 0 E B3 B[]
H 3.4 ms WIE LT A5 B 1 GTE A& 4 ) FTR R a2
J& 1 GTE an & 4 (b) B

053003-3



WMot 5 ot Mo F ¥ R
4 7
) (;;0 —— 220 nm filter g 6| —— deuterium lamp
53 nm 400 nm filter 85
s <
B 5 54t
= 400 nm =) 3
21 I 2
0w n
i, / i
= =0

200 240 280 320 360 400
Wavelength /nm

P4 Sk AR ALY 't 3% 1 Bl A SE 45

200 240 280 320 360 400
Wavelength /nm

o (I 5 (b) b J5 #9612k

Fig. 4 Spectral range and calibration results of the spectrometer prototype. (a) Wavelength range;

(b) calibrated spectral curve
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Table 1 Test data of wavelength accuracy
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Fig. 6 Test results of system stability. (a) 12 sets of test data chart; (b) 12 h test data scatter chart

4 N FHSZER

LA N 22— Tl AR A HE
SO, A NO By BT v BE HF 47 5 &t 40 A, S5 50 R
NS BT AR 2 W Az 7 B SR 2 BT AR Sy %l B 03X
RGBT (0 FrR I R 25 W 0% 5 B R

= gas absorptionfe
nane X pool

A

—=

. NG
S

pecirometcr R YN/
N\ Va

4 host computer
auxiliary circuit
, T

collimating
mirror

focusing
mirror

K7 KA RS, (LB RF LY
(b) JRAT -5 G AL I 1 R 5
Fig. 7 Gas detection and analysis system. (a) Physical
picture of test system; (b) deuterium lamp-

ultraviolet spectrometer measurement system

(DOAS) SEHL X SO, [t i ¥R BE (1 56 TE . H 5 3
S I R 0 A A 14 o kR 2R A% I B A e iR
TEAFTE I — 8 B0 06 F 3 3 i 06 2 mT DA T
DU A ) P SR AR A e BE AL . K 3B SO 5 I
UREBRAE UEAT X L L A5 X He W i B L ) R 22 10 2 4
B — 2R WS 18 AR b i 2k L SR TS AR ek s
18 A5 Ak i 2 5 T A5 3 25 2 WO A 55 o A
) A 22 43 W S B 5 B ST w4 31 B A o 43 T B T
WS T AT AR Fi 2045 B A 0 AR 1 J5 v
. B 7h) I R g B L GUT TR S
A AN RIME R E R EARE . ASHOLE
T 5 0 A A 2 R A A TR A O B e R £F E SR A
3, YETEAGE 1 USB S 20K %t b A% 2 B PG ik
OY BT A AT 43 BT AL 3

W EE A 3 A R RO B 1 e AN,
THERAE A 2% AR SR R A 1000 mg/m’
HIFRME SO, SR E ZE N, SERHER, SO, ARl
JERE AN 8 iR . AR A - LR s A b
22 53 W W TR 2 3R

Io(A) — Tai (1) c
/1 :1 - D)
a{d) “[1@)—JM¢U> I”Aﬁ/(Lj

(5)
O T QO HALEFBE MRS 5 T, () S A8 A FF IS

PR A9 S AR Y658 5 T (A0 S 48 ad R ISR W iU 18 0
I()(A)*Idmk(;{) . N

. > \47—‘ = A HIPAN /Fl
gﬁ’l"(k)j\j/{*I(/\)*Idark(/l)ﬂ% ZIMAMA 1S

FUMRIR s ARvERF I AR B BRI S L R
FHOLB IR BE . ZR8 75 OGSO I B2 A

053003-5



Wt 5ot T o R

Fl,%E$E 215~238 nm.290~315 nm ¥ B HE1T 8
TR0 e D AL PR A5 3] % 2= 4 TR SR T a0 18] 8 BT
F #2224 hill i 20~100 mg/m® i £ K T 1

L 2. o 30
5 °% b
cg =2 15
:S§
E= I 0
:(E 4r gg E 1.5
= 238 50
8 - < 5777200 300 310
S gh i 5 <7 Wavelength /nm
O e e :
= | =
— 1 8 ~  _ Se==dUL.
S of {5 50
B i 8% 25
2 V23
2 \EE LY
S 1r LS -25)
% g _5.0]
M 215 225 235
o — 3
or é Wavelength /nm 1000 mg/m
200 240 280 320 360 400
Wavelength /nm

K8 SO, SR LI K& 215~238 nm F1 290~311 nm
UE BT 1 SO, 2243 W I i

Fig. 8 Absorption spectrum of SO, gas and filtered SO,

differential section at

215-238 nm and 290-311 nm

absorption Cross

SIS E A AT o v B S, S5 R R 2 R, WL
B F) T i T T W A A SN T
1%, iR 2Z/NTF 0.6%,. It KanfH IR 2N
—0.56 mg/m’ ., RICAEALE 2 Tk i b ot & ok B
100 mg/m’ MIXZEPEIRZETE 120 LA FHZEK .

5 %% )7

T2 A1 23 BT SO R S A BT A 2 AR A0
AR SCRIF ] 9 35 T 4 2 TH1 T ' M 1 7 2k S R 43 A Ak 2
LHMETE ORI TV B2 R GE B4 8 i
FEMHE /N2 R Ge A5 2% i /MU R B B IR AR A
A, IF HLfE o i 1R 5 200~ 400 nm 9% B AY % 226
T, PR ATIA 0.31 nm, 453G AR R UL L AMGIE
AT IR BIARE 1 T ARSI 58 B 25 40 e O 1%
FiARAEEE ST AL A 03K i B I 5.l i S
B R T 5N IE  BTAUAE SO, ST i vk
T H P B 3 B R T 4 R S R AR Y
LHMCIEAL S T REFE bR £ AR 15 B 52 b 7K S 5 5
S B A B R A T e 3 BB R T DG
A 1 3 Sl T — 2 TAERY E A

F 2 RIS SO, KMk B ML 45

Table 2 Measurement results of SO, gas mass concentration in UV spectrometer

Gas Actual concentration /  Max value / Min value / Avg value /
Wave /% Error /%
concentration (mg+*m ) (mg*m ) (mg+*m ") (mg+*m )
20 20.2678 19.4669 20.0034 0.80 0.53
30 30.0814 29.4796 29.8016 0.60 0.52
Concentration of SO, 50 50.3914 49,7273 49.9489 0.66 0.39
80 80.1215 79.6022 79.9303 0.52 0.40
100 100.3695 99.4389 99.9356 0.93 0.56
Concentration of N, — 0.3905 —0.3312 0.028 0.72 0.39
5 %= % B visible spectral sensor[J]. Applied Optics, 2017, 56
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