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Abstract; In order to observe the solar spectrum between 170 nm to 380 nm precisely, an ultraviolet double
grating spectrometer with its wavelength repeatability accuracy better than +0. 02 nm has been designed. A
wavelength scanning mechanism is the key module of the ultraviolet double grating spectrometer. Mechanical
parameters are derived from optical parameters according to the grating dispersion principle. Error sources
which influence the spectrometer wavelength repeatability error have been analyzed. According to the analysis
results, the repeatability error of the lead screw is the main error source. A wavelength scanning mechanism
has been assembled with a +2 um accuracy lead screw, and the spectrometer mechanism structure has been

designed. Experiments have been carried out with a mercury lamp as light source to verify wavelength repeat-
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ability. The experiment results show that the wavelength repeatability of the spectrometer is between —0. 005

nm and +0. 007 nm, which is better than the required accuracy of +0.02 nm.

Key words: double grating spectrometer; wavelength scanning mechanism ; wavelength repeatability ; concave

grating ; error analysis

13 =

Introduction
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Solar radiation continuously provides the Earth
with an external source of energy, and solar energy
fluctuation has a remarkable impact on Earth’s cli-
mate change, weather, environmental anomaly, etc.
Therefore, the development of specialized instru-
ments for long-term accurate monitoring of solar irra-
diance has important research value for geosci-
ence''”! . Accurate measurement of solar spectral ra-
diation also plays an active role in other disciplines
involving the improvement trace gas inversion accu-
racy, et
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Solar radiation energy has wavelength depend-
ence, and the majority of solar radiation energy is
concentrated at visible light and near-infrared
bands, but the variation of solar radiation energy is
stable within solar cycles. The proportion of energy
at ultraviolet band is not high, but the energy chan-
ges greatly within solar cycles and its variation may
have a remarkable impact on the Earth’s atmosphere

1 The ultraviolet double

composition and climate
grating spectrometer designed in this paper is an in-
strument intended for accurate monitoring of solar ra-
diation at ultraviolet 170 —380 nm band. In order to
reach the linear relationship between wavelength in-
crement and control input, such spectrometer gener-
ally uses a sine mechanism as the wavelength scan-

. . [8:10,12-15]
ning mechanism ;

i. e. the sine of the pen-
dulum rod’ s rotation angle has linear relationship
with the wavelength. In comparison with the spec-
trometer using plane grating and CCD, the scanning
type grating spectrometer has higher spectral resolu-
tion and simple and compact structure and achieves
miniaturization more easily. The wavelength repeat-
ability accuracy of the scanning type spectrometer
depends on the accuracy of the wavelength scanning
mechanism. At present, typical wavelength scanning
mechanisms include the forms such as cam, lead

1810831 The cam-based wavelength scan-

screw, etc
ning mechanism cannot meet the requirements of the
spectrometer designed in this paper due to the factors
such as cam’s profile accuracy and volume eic.

Thus, a lead screw pendulum rod mechanism is used
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as the wavelength scanning mechanism of the double
grating spectrometer in is paper.
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According to the concave grating dispersion
principle and spectrometer structure features, con-
version formulas from optical indexes to spectrometer
structure parameters have been derived in this pa-
per. In addition, the scanning mechanism design
has been improved on the basis of the traditional
wavelength scanning mechanism based on lead screw
pendulum rod. The zero positioning accuracy of the
improved scanning mechanism has been improved,
and the driving force variation is more uniform in the
whole scanning process. FError sources affecting
wavelength repeatability accuracy have been ana-
lyzed, and the wavelength repeatability of the spec-
trometer has been measured using a mercury lamp as
the light source so as to verify the correctness of the-

oretical analysis and the realizability of the index.

2 REMTAEREE LRI
Operating principle and structure

design of the spectrometer

2.1 MESeHh &80 R R IR

Concave grating dispersion principle and

sine mechanism principle
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The concave grating dispersion principle is

shown in Fig. 1. Similar to a plane grating, N is the
normal of the concave grating, B is the angular bi-
sector of incident light and diffraction light, i is inci-
dence angle, @ is diffraction angle, 28 is the includ-
ed angle between incident light and diffraction light,
and ¢ is the included angle between angular bisector

B and normal N.

NS |

ik edk
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Fig.1  Grating dispersion principle

MR AR (s AR A
The following formula is obtained from the dif-

fraction grating dispersion formula''""*

mA (1)

sini — sinf = d

Forb m S EHIMIT S 9, d el B, A O &
SR PR, X T ARSOEIE N ARG, m =1,d =
1/3600 mm
Where m is grating diffraction order, d is grating
constant, and A is system scanning wavelength; for
the spectrometer system in this paper, m =1 and
d=1/3 600 mm.

SR PSRN IP I

The following formula can be obtained from the
geometrical relationship between the included angles
in Fig. 1.

{L =0+¢ ‘ (2)
0=6-¢

i (2) i AR (D) TR, A5

Substitute formula (2) into formula (1) and
carry out simplification to obtain

)\ = 2dsingpcosd ‘ (3)

m
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In formula (3), the grating constant d, the in-
cluded angle 28 between incident light and diffrac-
tion light and grating diffraction order all are a con-
stant, so the linear relationship between control in-
put and wavelength can be guaranteed as long as the
relation of wavelength and sine of angle ¢ is linear.
The schematic diagram of the sine mechanism used
in wavelength scanning is shown in Fig. 2. The outer
circle of the grating seat support bearing is fixed on
the spectrometer cabinet wall, and the inner circle is
fixed with the grating shaft and pendulum tail end,
so that the pendulum rod can drive the grating to ro-
tate. The other end of the pendulum rod keeps tight
contact with the sliding block depending upon the
spring tension. Driven by the stepper motor, the
lead screw rotates, and the sliding block moves back
and forth, so that the pendulum rod drives the grat-

ing to rotate and wavelength scanning is achieved.

K2 JokFsg

Fig.2 Wavelength scanning mechanism
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The scanning band of the spectrometer in this
paper is 170 —380 nm, the corresponding grating ro-
tation angle is 18.924 4° —46. 464 8°, the pendu-
lum rod length is 140 mm, and the effective travel of
the lead screw is 75.27 mm.

X B 2 58 B G X A5 H, JEAZ N
W) S T 4% 31, 00 28 B B [T
o P, FEBRTEIESZ UG I, 25 W1 A6 07 ER AT
S RUE TR B AL E, IR 2 ML BT 1 e
o SRS N M2 B B A o IRAANAE,
IR AR, 715

For the well-adjusted spectrometer structure,
the normal N of the grating rotates with grating rota-
tion, and the position of the angular bisector is
fixed. Therefore, if the pendulum rod is vertical to
the lead screw initially in the sine mechanism de-
sign, the rotation angel o of the pendulum rod is al-
ways equal to the included angle ¢ between normal
N and angular bisector B during grating rotation.
The following formula can be obtained from the geo-

metrical relationship :

sing = sina = X s (4)

l
AP, x T REEE R UG A B A EE RS, L O AT
B Fa(4) i A(3) Al fE
Where x is the distance from the sliding block to the
initial position, and [ is the pendulum rod length.
Substitute formula (4) into formula (3) to obtain;

2xdcosd (5)

ml
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According to formula (5), except the sliding

A =

block position variable x, all other parameters are a

constant. The sliding block position is of linear rela-
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tionship with the step number of the stepper motor,
so the wavelength position also has linear relation-
ship with the input step number of the stepper mo-
tor. The control relationship has been simplified via
the sine mechanism, thus ensuring the improvement
of the wavelength scanning accuracy and the reliabil-
ity of the mechanism.
2.2 RIS
Spectrometer structure design
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The basic structure of the ultraviolet double
grating spectrometer is shown in Fig. 3. The ultravio-
let double grating spectrometer consists mainly of en-
trance slit component, gratings, intermediate slit
component, reflectors, exit slit component, detec-
tor, etc. The light shield is at the foremost end of
the system and plays a role in reducing stray light.
Rays pass through the light shield, quartz window,
diffuse transmission panel and entrance slit succes-
sively for dispersion on the first grating; refracted by
the reflector, rays pass through the intermediate slit;
after passing through the second reflector and grat-
ing, rays converge at the exit slit and finally reach
the detector for data acquisition and processing. The
parameters of the two concave gratings are complete-
ly identical and they are installed in the same grating
seat to rotate co-axially. During spectrometer work-
ing, the wavelength scanning mechanism drives the
grating to rotate; at different rotation angles, the de-

tector receives the energy of lights with different

wavelengths, and the mechanism performs continu-
ous scanning so as to achieve continuous spectral

measurement within the band range of 170 -

380 nm.
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Fig. 3 Schematic view of ultraviolet double grating

spectrometer
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According to the operating principle of the ul-
traviolet double grating spectrometer, the wavelength
scanning mechanism is the key mechanism of the
spectrometer, and the reasonableness of the mecha-
nism design has a decisive impact on wavelength re-
peatability accuracy. The lead screw mechanism has
been improved on the basis of the traditional scan-

ning mechanism based on lead screw pendulum rod
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in this paper. In order that the roller can tightly con-
tact the sliding block in the whole scanning process,
the fixed end of the pre-loaded spring is moved from
the cabinet onto the sliding block, as shown in
Fig. 4. In the scheme where the fixed end of the
spring is fixed on the cabinet wall, the fixed end of
the spring keeps still in the whole scanning process;
as the travel of the sliding block increases, the
spring length increases remarkably, and the needed
driving torque of the stepper motor also increases ac-

the fixed end of the
spring is fixed on the sliding block,

cordingly. In the new scheme,
the spring also
plays a role in pre-tightening, and the spring size
can be reduced remarkably. In the whole scanning
process, the variation of the spring tension is very
small, the friction between the roller and the sliding
block is rolling friction, and the driving torque of the
stepper motor almost remains unchanged. This
scheme can effectively reduce the required motor
torque and also has remarkable advantages in reduc-

ing spring amplitude during instrument vibration.

B

DR 8 2 A

K4 ot

Fig.4 Diagram of improvemental spring design
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In order to improve the zero returning positio-
ning accuracy of the wavelength scanning mecha-
nism, the method of combining rough positioning
with precise positioning is used in zero positioning,
as shown in Fig. 5. The rough positioning sensor is
installed on the sliding block to make linear motion
and quickly search zero position; the precise positio-
ning sensor is installed on the coupling and rotates
with motor rotation. During zero position searching
operation, the motor rotates reversely at quick speed
and reaches the rough positioning sensor position;
then the motor rotates positively at slow speed and
finds the precise positioning sensor position. The
motor always rotates positively in the whole scanning
process, which can thus effectively reduce the lead
screw backlash error and improve repeatability accu-

racy.

HEEES

LRGN

KIS M REEA 7
Fig.5 Rough and precise positioning method
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The structure of the whole spectrometer is
shown in Fig. 6. In order to ensure the rigidity of the
whole spectrometer structure, the housing of the

spectrometer uses the integral machining mode, and
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different components are partitioned with rib plates,
which can reduce the impact of stray lights on the
system while increasing the rigidity. The three slit
components are sliced from stainless steel sheets.
The slit size is adjusted and tested under a 50-power
microscope, and the size of all the three slits is
0.4 mm x 1 mm. The detector uses photomultipliers
and is tightly installed with the exit slit component to

prevent stray lights from entering.

Sk
Bl

e
HWER
K6 Stk iCEiLaitaA

Fig.6  Structure diagram of spectrometer model

3 ERKREAMRESH
Wavelength repeatability error anal-

ysis
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High wavelength repeatability accuracy is the
basic requirement satisfied to achieve accurate scan-
ning within the solar spectral band range of 170 -
380 nm using the spectrometer and also the premise
for subsequent linear calibration of wavelength and

spectral measurement. Spectral resolution is decided

by the width of the entrance slit and exit slit. The
smaller the width, the higher the spectral resolution;
but the energy entering the spectrometer system will
also be reduce so as to reduce the system’s SNR.
Therefore, the width shall be considered comprehen-
sively to achieve high spectral resolution while meet-
ing the requirement of the SNR index. The design
indexes of the ultraviolet double grating spectrometer
in this paper; spectral resolution 1 nm, wavelength
repeatability +0. 02 nm.

HRAE RSP S B B A 2347, e A
WAL B 5 A S B R AT A 250 (5)
SE , IR (S ) BHE ST 22 50 (4) G 1R
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TENM R R BE S Aes (5) AT AETREAEHTT Y
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According to the analysis of the principle of the
wavelength scanning mechanism, the relation of the
wavelength position in the spectrometer with the
structure parameter can be determined from formula
(5) ; in addition, formula (5) is derived depending
on the assumption that formula (4) is workable; i.
e. the pendulum rod is vertical to the lead screw at
grating zero order. It can be seen from this that the
error sources affecting the wavelength repeatability
accuracy of the spectrometer include the follow-
ing &' (1) grating constant d; (2) included
angle 28 between incident ray and diffraction ray of
grating; (3)pendulum rod length error Al; (4)run-
out of the roller on the sliding block Ae; (5)pendu-
lum rod deformation under the action of the spring
Ae; (6) waggling error of grating shaft system AB;
(7) zero returning repeatability error of the lead
screw mechanism AX;; (8)repeatability error of the

lead screw mechanism Ax’.

TEASGIEAL R G, R 22 VR (1) (2) F(3) 78
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In our spectrometer system, error sources (1),
(2) and (3) have been determined after selecting
gratings; if there is a machining error, they will not
change with the wavelength scanning process, are
inherent system errors, and affect only the equiva-
lent between wavelength and the step number of the
stepper motor, i. e. wavelength linearity. Wave-
length linearity can be calibrated through measure-
ment. The spring tension mode has been improved
in this design. Moreover, the spring with large rigid-
ity coefficient is used to pre-tighten the roller, the
sliding block contact surface is finely ground, and a
high-precision deep groove ball bearing is used as
the roller, so the radial run-out can be neglec-

ted"*"!,

pendulum rod integrally, so pendulum rod deforma-

In addition, the spring doesn’t tension the

tion can also be neglected. The grating shaft is sup-
ported by a pair of back-to-back mounted high-preci-
sion angular contact ball bearings. The measurement
of the grating shaft end after precise adjustment
shows that the radial run-out is less than 1 m,
which can be neglected for this instrument.

AR BRI ES R, R FRUE G2 73X, B
S AN T T AR 7 A e 22 1) ) g AN ], G
TENKERE AX —RAE 3 ~5 wm, A LUE 5 22 3 A
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According to the actual test result, rough posi-

tioning method is adopted. As the induction distance

between positioning magnet steel and Hall sensor is
different, the positioning accuracy AX, ranges from
3 wm to 5 pwm in general. The positioning accuracy
of the precise positioning sensor installed on the ro-

tating shaft can be deduced as follows:

A

AX.o p
R 360 (7)

= arctan(

¢
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Where R is the turning radius of magnet steel along
the lead screw axis, and p is lead screw pitch. For
the lead screw mechanism, R = 10 mm and p =
0.5 mm. By substituting system parameters into for-
mula (7), the obtained repeatability accuracy of the
precise positioning sensor is about 0.04 pm. The
lead screw mechanism is driven by a stepper motor.
The step angle error of the stepper motor will have
an impact on positioning accuracy. The stepper mo-
tor used in this paper is a stepper motor imported
from Germany, its step angle is 1. 8°, and its step
angle error is better than 3% . Hence, limited by
the step angle precision of the stepper motor, the ac-
tual zero returning error of the wavelength scanning
mechanism is 1.8 x 0.03/360 x 0.55 mm =
0.075 wum. The zero returning accuracy is far too
higher than the repeatability accuracy of the lead
screw and can be neglected in calculation.

AR5 LA B0, 22 FLHUR A4 B 52 5 07 1 2 B
TE TR B R R B AR R 25 A ST
P A5 (5) X Z2ATATRR « U il 45

The above analysis indicates that the repeat-

ability error of the lead screw mechanism decides
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wavelength scanning repeatability accuracy. Accord-
ing to error independence, differentiate formula (5)
by the lead screw travel x to obtain

_ 2dcosd

ml

HPAREZMEIRZEH AL = £0.002 nm [},

2ZFLRY S E LR ZE Ax WAL T 5.3 wm, EH]

22 FTAURE A B 52 E AR FEARPR(EL =2 pm, 7253

BCRTH#EAT SEI, B8 G + 1.8 pum, il 22
PR IR

When the wavelength repeatability error is

AA

Ax . (8)

AX = £0.02 nm, the repeatability error Ax of the
lead screw shall be better than +5.3 pm. The nom-
inal value of the repeatability accuracy of the used
lead screw mechanism is +2 pm. The measurement
before assembling indicates that the repeatability ac-
curacy is * 1.8 pum, which meets wavelength re-

peatability requirements.

4 SEISISIE

Experimental verification
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4 characteristic wavelengths of a mercury lamp
including 253 nm, 296 nm, 313 nm and 365 nm
have been used to carry out wavelength repeatability
verification of the spectrometer, as shown in Fig. 7.
During measurement, the mercury lamp is placed
before the entrance slit; the lights emitted by the
mercury lamp enter the spectrometer after passing

through the transmission panel; the PC sends out a

(a) PUEREE

(a) View of measurement equipment
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(b) Measurement schematic diagram

BT e e ) i
Fig.7 Measurement equipment view and its measure-

ment schematic diagram

control command to drive the wavelength scanning
mechanism to return to zero. According to the calcu-
lated whole-process scanning steps, scanning is per-
formed from zero to the designated lead screw travel.
The detector acquires the lights out of the exit slit,
and the energy distribution at the scanned band can
be obtained. According to theoretical formulas, the
step number of the stepper motor is converted into

the corresponding wavelength number. The measure-
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Fig.8 Measurement result within one scanning period
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ment result within one scanning period is shown in
Fig. 8. The position of the 4 characteristic wave-
lengths is determined according to the wavelength in-
terval, and other non-significant wavelengths are not
processed.
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Scanning is carried out for 5 times. Gaussian
fitting of the data at 4 peak valve positions each time
of scanning is performed to determine the actual cen-
tral wavelength and full width at half maximum
measured for each characteristic wavelength. The
deviation between the central wavelength from 5
times of fitting for the same characteristic wavelength
and the average value is taken as the repeatability
error of the characteristic wavelength. The statistical
results of the repeatability errors of the 4 characteris-

tic wavelengths are shown in Tab. 1.
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Tab.1 Repeatability error of 4

representative wavelength

1/ nm HEEPERZE/nm
253.652 0. 006

296. 728 —-0.005
313.184 0.007
365.016 0.004
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According to the measurement result, the re-

peatability errors of the 4 characteristic wavelengths

are between —0.005 nm and +0.007 nm, and the

spectral resolution is better than 0.8 nm, which
meets the requirements of wavelength repeatability
+0. 02 nm and spectral resolution 1 nm of ultravio-
let double grating spectrometer. This result is con-
sistent with the theoretical analysis result of the
wavelength scanning mechanism of the spectrometer,
indicating that the derived optical-mechanical pa-
rameter conversion formulas are correct and that the
mechanism design is reasonable. The error analysis

is in line with the actual mechanism design.
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In this paper, the wavelength scanning mecha-
nism of the ultraviolet double grating spectrometer
has been theoretically calculated according to the
concave grating dispersion principle, the error
sources affecting wavelength repeatability accuracy
in the structure design have been analyzed, and the
repeatability error of the lead screw has been deter-
mined to be the main error source. According to the
theoretical calculation result, a high accuracy lead
screw mechanism has been selected, the wavelength
scanning mechanism has been improved, and the
design of the whole spectrometer structure has been
completed. Using a mercury lamp as the light
source, the wavelength repeatability accuracy has
been verified with 4 characteristic wavelengths of

mercury lamp. The experiment result indicates that
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the wavelength repeatability meets the requirements The wavelength scanning mechanism design and the
of +0.02 nm index, thereby providing a foundation error analysis method in this paper have a reference
for subsequent linear calibration of wavelength, etc. value for the design of like spectrometers.
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