/li\\\“
) |
Y
Check for
updates

Research Article

Vol. 60, No. 29/ 10 October 2021 / Applied Optics 9101

appliedoptics

Spectral reduction model for an echelle
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device and photomultiplier

YINGCHAO Li," WENYU JIANG,' CHUNSHENG L1I,"®* ZHENYU MA,? YuQING YANG,' AND D1 TIAN"#

'College of Instrumentation & Electrical Engineering, Jilin University, Changchun, Jilin 130012, China
2@rating Technology Laboratory, Changchun Institute of Optics and Fine Mechanics and Physics, Chinese Academy of Sciences, Changchun,

Jilin 130033, China
Se-mail: lics@jlu.edu.cn
‘e-mail: tiandi@jlu.edu.cn

Received 30 July 2021; revised 17 September 2021; accepted 17 September 2021; posted 17 September 2021 (Doc. ID 439219);

published 6 October 2021

For an echelle spectrometer based on a digital micromirror device and photomultiplier, a lens group is placed in
front of the digital micromirror device and used to converge the two-dimensional spectrum and correct aberration.
The matching spectral reduction model is deduced by establishing the mathematical models of the imaging mirror
and lens group. According to the known wavelength and corresponding coordinates, the refractive index of the
prism is fitted, and the spectrum is divided into three parts to calibrate. Experimental results of a mercury lamp
show that the maximum deviations of x and y coordinates are 3.4 pixels and 2.3 pixels in the corrected spectral
reduction model. The deviations are in the range of the errors permitted, which means the extraction of order and

wavelength satisfy the requirement of the spectrometer.
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1. INTRODUCTION

An echelle grating is a kind of diffraction grating with low
groove densities that is blazed for operation at high orders at
high diffraction angles [1]. With the advantages of high reso-
lution, high diffraction efficiency, a broad spectral range and
others, the echelle spectrometer has become the key component
in spectrometric instruments such as the inductively coupled
plasma-atomic emission spectrometer (ICP-AES) [2] and
laser-induced breakdown spectrometer (LIBS) [3]. For a con-
ventional echelle spectrometer, echelle grating is employed as
the main dispersion element, while a prism or grating is used as a
cross-dispersion element. The resulting two-dimensional spec-
trum is detected by the array detector, such as a charge-coupled
device (CCD) array detector [4]. A digital micromirror device
(DMD), a kind of micro-optical-electromechanical device, is
a two-dimensional array with hundreds of thousands to mil-
lions of micromirrors that can be set independently to the “on”
or “off” state to switch selected wavelengths towards a single
detector [5]. As the DMD has the merits of no external cool-
ing, long lifetime, rapid and individual movement, it has been
successfully used as a light modulator in spectroscopy in recent
years [6-9]. The echelle spectrometer based on a DMD has the
capability of sending random domain of spectrum onto the pho-
tomultiplier tube (PMT) and the domain is freely chosen by the
user [10]. It means that the spectrometer could provide a flexible
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alternative under multielement analysis conditions. In Ref. [11],
the authors used the multioptimization method to design the
optical path of the echelle spectrometer based on DMD, and the
result showed that the resolution of the spectrometer reached
0.01 nm. However, the results were based on the simulation
by optical software, and the spectral reduction model was not
established.

One of the main problems urgently to be solved for the echelle
spectrometer based on DMD and PMT is how to reduce the
two-dimensional spectrum to one-dimensional spectral infor-
mation. Thus, a spectral reduction model is needed to establish
the relationship between the wavelength and pixel position on
the image plane, namely, the micromirror position of the DMD
in this paper. Some methods have been proposed to establish this
relationship. The ray-tracing method is dependent on the struc-
ture of instruments and requires a very large amount of time for
computation [12—-15]. The mathematical method enhanced the
speed of algorithms but failed to achieve the required accuracy
[16-19]. In addition, it is difficult to collect all applicable lasers
of different wavelengths to conduct the experiment. Then a
spectral reduction algorithm based on establishing a simplified
optical model was proposed. It is only suitable for the echelle
spectrometer with off-axis parabolic mirrors [20-22]. The
spectral reduction algorithm for the echelle spectrometer with
spherical mirrors as the collimating mirror and focus mirror was
established by calculating the offset distance of principal ray on
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the image of the CCD. The influence of environmental factors
on the optical element was not considered [23].

In this paper, the echelle spectrometer based on DMD and
PMT is first constructed. The matching spectral reduction
model is established and corrected. Considering the require-
ment of a wide wavelength range, we choose the DMD with
the existing maximum size for the spectrometer. A lens group
placed in front of the DMD is employed to correct aberration,
and, more importantly, to converge the two-dimensional spec-
trum to make sure that it is focused on the area of the DMD.
The added lens group increases the complexity of the spectral
reduction model. The design parameters of the optical system
are the input parameters and the correspondence between the
wavelength and spot position on each surface of the optical ele-
ment are the output parameters in the model. The coordinates
of wavelengths for five element lamps (As, Bi, Cd, Pb, Sn) are
extracted according to the centroid method by setting the DMD
in block scanning mode. Based on these coordinates, the initial
spectral reduction model is corrected by fitting the expression
of the refractive index and calibrating the free spectrum region
divided into three parts. The theoretical and experimental
results verify that the pixel deviation of the echelle and prism
direction is in the range of the errors permitted.

2. PRINCIPLE OF THE ECHELLE
SPECTROMETER BASED ON DMD AND PMT

The optical layout of an echelle spectrometer based on DMD
and PMT is shown in Fig. 1. First, an incident light beam passes
through the entrance slit; then it is collimated by a spherical
mirror. A group of optical lenses, including a cylindrical lens
and a spherical mirror, are placed between the entrance slit and
collimating mirror, which are used to compensate for astigma-
tism and spherical aberration. Next, the parallel light beam is
dispersed in the longitudinal and transverse direction by an
echelle grating and reflective prism, respectively. Then, it is
reflected by an imaging mirror and focused on the DMD in the
meridian direction through the backend optical lenses. This lens
group corrects aberration and converges the two-dimensional
spectrum and make sure that the two-dimensional spectrogram
is not imaged out of the range of the DMD. Finally, the cor-
responding wavelength domain is sent to the detector passing
through the focusing mirror and focusing lens when the mirrors
of DMD are in the ON state.

The DMD used in this work is 0.95 1080p DMD (Texas
Instruments, USA; the cover window is replaced by Corning
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7980 standard-grade fused silica; the transmittance is beyond
90% in the range of 180-800 nm) with 1920 x 1080 micromir-
rors, in which each micromirror can rotate +12°(ON state) or
—12°(OFF state) from the neutral position and is controlled
by a development kit (developed by our research group). Each
rectangular block of micromirrors of partial regional DMD cor-
responds to a small wavelength range, which makes the DMD
like an exit slit of adjustable size. The Hamamatsu R955 PMT
with a spectral response of 160-900 nm is used for detection.

3. ESTABLISHMENT OF THE SPECTRAL
REDUCTION MODEL

The two-dimensional spectrogram of the free spectrum region
is focused and imaged on the DMD after the cross-dispersion.
The echelle dispersion is in the vertical (Y) direction, while the
prism dispersion is in the horizontal (X) direction. The purpose
of establishment of the spectral reduction model is to obtain
the relationship between wavelength and the micromirror
coordinate. Finally, a one-dimensional spectrogram between
wavelength and spectral intensity can be obtained after the
detection by the PMT. The offset distance of random wave-
length A from the location of center wavelength in the image
plane is calculated as follows.

A. Basic Equations of Two Dispersion Dimensions

The prism used in our design is a reflecting prism; hence, the
outgoing angle of the prism 7’ can be expressed as

sin k&
i’ =arcsin |:n1 - sin (2t — arcsin >:| , (1)

n

where ¢ is the apex angle of prism, and £ is the incident angle of
the prism. As the refractive index of prism #; is the function of
wavelength A, the one-to-one corresponding relationship can be
obtained between wavelength and the x coordinate.

The echelle grating is under the condition of a quasi-Littrow
configuration; therefore, the grating equation can be expressed
as follows:

mA =d (sini + sin 0;) cos w, (2)

where 7 is the order number, A is the wavelength, 4 is the groove
spacing, 7 is the angle of incidence, 6, is the angle of diffraction,
and w is the off-axis angle of grating. The diffraction angle of
each center wavelength is equal to the incident angle of grating,
while that of the other wavelengths are not. 8y, is the function of
wavelength A, and the height of the light spot on the image plane
is the function of 6, . Therefore, the one-to-one correspondence
between wavelength and y coordinate can be deduced.

The geometric model between imaging mirror and DMD is
established as in Fig. 2. O is the spherical center of the imaging
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Fig.2. Geometric model between imaging mirrorand DMD.
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mirror. OA is the curvature radius of the imaging mirror and
equal to the R. DA is the incident light from the front surface
of the echelle grating. BE represents the DMD. B is the inter-
section point of the reflected light and the DMD. Although the
light of different wavelengths is diffracted on different positions
of the grating, DF is approximately set as the light path from
the center of the grating to the center of the imaging mirror,
namely L. AF is approximately perpendicular to OF because of
the much larger curvature radius of the imaging mirror than its
diameter. Hence, ZADFand H, can be written as Eqs. (3) and
(4). LADFisalso represented by Af,

/ADF=0; — i = A, 3)

H, =L -tan AG,. (4)

From the exterior angle formula and reflection law, we obtain
the following identities:

/ADF= /DAO + ZAOD, (5)
/AOF = /OAC + ZACF, (6)
/DAO = / OAC. (7)

From the above identities, ZACFis expressed as follows and is
also represented by the symbol o:

LACF=2/A0F — ZADF

H
= 2 arcsin 7] — AD;. (8)

In order to lessen the size of the two-dimensional spectro-
gram, a group of two spherical mirrors are placed between the
imaging mirror and the DMD. The geometric models between
the imaging mirror, the group of optical lenses, and the DMD
are described in the following section.

B. From Imaging Mirror to the First Spherical Mirror

The geometric model between the imaging mirror and the first
spherical mirror in the dispersing direction of the echelle grating
is shown in Fig. 3. To simplify the process of calculation, the
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moving horizontal distance of different wavelengths is approx-
imately the same value, ; to ds. d, is the distance between the
imaging mirror and the first spherical mirror. 4, and dj are the
thickness of the first and second spherical mirrors. The distance
between the two spherical mirrors is ds. ds is the distance from
the second spherical mirror to the DMD. The offset distance
from the location of the center wavelength on the front surface
of the first spherical mirror in the vertical direction, y;, can be
expressed by

n=~H,—d -ano. (9)

The curvature radius of the front and back surface of the
first spherical mirror are Ry and R;, respectively. O; and O,
are spherical centers. The incident angles of the front and back
surfaces are ¢; and @3, while the corresponding refracted angles
are ¢, and @4. As the first spherical mirror is made of the same
material as the prism, its refractive index is shown as 7;. From
geometrical considerations, we can get the following equations:

= arcsin%1 -0, (10)

@) = arcsin SH; id , (11)
1

&= arcsin% — ¢ (12)

Based on the sine rule for the corresponding triangle and
geometric relationship, the refracted angle @3 can be calculated
by the following identities:

0,0, =Ry — Ry — dy, (13)

. n /52
OlG_tanS —_ R1 —_)/12, (14)
Ry -sings = (0,0, + 0,G) - sin &. (15)

The offset distance from the location of center wavelength on
the back surface, y,, can be written as

y2= Ry -sin(€ + ¢3). (16)

The geometric model between the imaging mirror and the
first spherical mirror in the dispersing direction of the prism

d;

Imaging mirror

First spherical mirror

Fig.3. Geometric model between imaging mirror and the first spherical mirror in the dispersing direction of the echelle grating.
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Fig.4. Geometric model between imaging mirror and the first spherical mirror in the dispersing direction of the prism.
is shown in Fig. 4. U is the origin point of the prism, and 7y Y = arcsin% + /M, PK, (24)
is the angle of the outgoing light of the prism at the center of
wavelength. The angle between the random outgoing light of sin ¥,
prism and the outgoing light at the center of prism is ZQUP, Y, = arcsin (25)

which can be expressed as
ZQUP=1i"—iy. (17)

There are three approximations introduced in order to
simplify the process of calculation. First, the light path UQ is
approximately equal to the distance L’ from the center of prism
to the center of the imaging mirror. Second, PQ is approx-
imately perpendicular to QT, as the curvature radius of the
imaging mirror is much larger than its diameter. As ZU QT is
very small, PQ is also perpendicular to OQ and UQ. Third, PK,
QG, is approximately equal to ;. Based on the above, we can
derive

L' -tan ZQUP

ZQ0P=
Q arctan z

(18)

From the reflection law and the internal angle relations of the
triangle, the identities can be deduced as follows:

LUPO= /M, PO, (19)
LUPO + ZQOP= ZUQO + ZQUP, (20)

LUPO+ G1 PO+ /PG,Q=2,UQ0+ ZQUP. (21)
Based on the above identities, ZM; P K can be described as
/M PK =/UPO— /G, PO— /PG Q
= /QUP —2/QOP. (22)

The offset distance from the location of center wavelength on
the front surface of the first spherical mirror in the horizontal
direction is expressed by

x1=d) -tan LM PK + L’ - tan ZQUP. (23)

The incident angles of the front and back surface are ¥/, and
Y3, while the corresponding refracted angles are ¥, and 4. The
angles can be written as follows:

n

From the exterior angle formula and law of sines, we can
derive the following equations:

IMTG = arcsin% — Y, (26)
1

X1 = TG1 - tan ZMI TGl, (27)

(TG] - 01 G1 + 01 02) . sin LM] TG1 = Rz . sin W3. (28)

Then the incident angle 13 can be calculated. In the hori-
zontal direction, the offset distance from the location of center
wavelength on the back surface can be expressed as

Xy = Rz - sin (1//3 + éMl TGl) . (29)

C. From the Second Spherical Mirror to the DMD

The geometric model between the second spherical mirror and
the DMD in the dispersing direction of the echelle grating is
shown in Fig. 5. O3 and Oy are spherical centers. R3 and Ry
are the curvature radius of the front and back surfaces of the
second spherical mirror. The refracted angle ¢4 and angle & can
be expressed as

@4 = arcsin (71 - sin 3) , (30)
£=q4— arcsin-j%. (31)

Based on the sine rule for the corresponding triangles and
geometric relationship, the following identities can be obtained
and angle y can be derived:

0,03 =R3 — Ry + db, (32)

R2 - sin Q4 = Sl 02 - sin &, (33)

R3 . Sin(S + )/) = (S] 02 + 02 03) -sin €. (34)
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ds
First spherical mirror

dy

Fig. 5.

Second spherical mirror

ds
DMD

Geometric model between the second spherical mirror and DMD in the dispersing direction of the echelle grating.

The offset distance from the location of the center wavelength
on the front surface of the second spherical mirror can be repre-
sented as

V3= R3 - sin Y. (35)

The incident angles of the front and back surfaces are ¢s and
@7, while the corresponding refracted angles are ¢ and @s. 7,
is the refractive index of the second spherical mirror, which is
calculated by polynomial fitting. The steps are similar as above.
The incident angle s, refracted angle ¢4, and angle o can be
expressed as

s =y t+e, (36)

@6 = arcsin e , (37)
)

a=@s — P — & (38)

Then the following identities are acquired and the angle f is
calculated:

0304= R4 — Rz + ds, (39)

R3 -singpg = S,0; - sina, (40)

R4 -sin(B —a) = (5,05 — 03 0y) -sina. (41)

Therefore, the offset distance from the location of the center
wavelength on the back surface of the second spherical mirror is
written as

y4= R4 -sin B. (42)

From the exterior angle formula for the corresponding trian-
gles and refraction law, the incident angle @7, refracted angle ¢s,
and angle § can be expressed as

$7 = :B -, (43)
@g = arcsin(n; - sin ¢7), (44)
§=p—g¢s. (45)

Finally, the height of the light spot on the DMD can be
obtained based on above known equations. The relationship

between wavelength A and the y coordinate is given by Eq. (40),
hy=y5— S3E -tand
=y4 — [d5s — (R4 — R4 - cos B)] - tan 8. (46)

The geometric model between the second spherical mirror
and the DMD in the dispersing direction of the prism is shown
inFig. 6. The refracted angle ¥4 and ZM, V G, are written as

Y4 = arcsin(n; - sin ¥3), (47)

LMV Gy =14 — arcsin%. (48)
2

From the law of sines, we can derive the following equations:

R2 - sin 1//4 = VOZ - sin ZMz VG2, (49)

R3 -sin £ VM3 03 = (VOz + 02 03) - sin AMZ VG2 (50)

The angle £V M5 Oj is calculated, and thus we get the offset
distance from the location of the center wavelength on the front
surface,

X3 = R3 - sin (Z VM3 03 + AMz VGz) . (51)

The incident angle s, refracted angle ¥, and the angle
£ M; WGy can be expressed as

W5 =n—-Z VM3 03, (52)
Y6 = arcsin sin s , (53)
72
LMWG,=Ys — g — LMV G,. (54)

Next, the steps are similar as above. From the law of sines, we
obtain

R3 - sin g = WOs - sin LZM;W Gy, (55)

Ry -sin; = (W05 — O50;) - sin LMy WGy (56)

Combined with the above equations, the incident angle ¥ is
derived, and yg is described as Eq. (57). The offset distance from
the location of the center wavelength on the back surface of the
second spherical mirror can be obtained,
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Geometric model between the second spherical mirror and DMD in the dispersing direction of the prism.

g = arcsin(zn; - sin ¥7), (57)

x4 = Ry4-sin LM;O4G4
=Ry -sin(yr; + LMy;WGy). (58)

If the DMD is parallel to M4Gy, the horizontal distance of
the light spot on the DMD 4/, can be deduced based on above
known equations,

}J; = X4 — G4E - tan ZM4ZG4
=x4— (ds — G4N;) tan LMy Z Gy
=x4— (ds — R4+ Ry - cos LM;O5Gy)

X tan(ZM4 04 G4 — wg) (59)

In the process of detection, each micromirror rotates +12°
or —12° from the neutral position. In order to guarantee all
spectral information is reflected to the focusing mirror, the
DMD is placed at an angle of angle 7 in the horizontal direc-
tion. Therefore, the relationship between wavelength A and x
coordinate is given by Eq. (60),

b - cos LMy ZGy

b, = . 60
cos(n — LMy ZGy) (60)

A combination of Eqs. (46) and (60) gives the corresponding
coordinates on DMD of different wavelengths. The initial
theoretical spectral reduction model is established based on the
geometric models. For different designs of a reflective-prism
echelle spectrometer, the corresponding spectral reduction
model can be obtained by substituting the design parameters of
the optical elements. As each micromirror acts as a spatial optical
switch, Syy is the state of each micromirror, which equals to 1 at
the ON state and 0 at the OFF state. 1, is the spectral intensity
of each micromirror. The intensity obtained after the detection
by PMT is /, shown as Eq. (61), where p and ¢ are the row and
column number of the DMD,

T
gxl}’l le}’l
X 1)6'
= (61)
S"N’Lf ]xﬂq

4. CORRECTION OF THE SPECTRAL
REDUCTION MODEL

There is a deviation between the actual parameters and the
design parameters of the optical system due to the change of
ambient temperature and humidity and errors of installation
and machining. After the precise adjustment of the spec-
trometer, the actual coordinate of the wavelength is still not
consistent with its theoretical coordinate. It is necessary to cor-
rect the initial spectral reduction model and make it match the
actual condition of the spectrometer. The steps of the correction
of the spectral reduction model are as follows.

A. Fitting the Expression of Refractive Index

The accuracy of the refractive index of the prism has a great
influence on the calculation of horizontal coordinates. With
the change of the external environment, the refractive index
changes. According to the coordinates of known wavelengths
in the prism direction, the actual fitting expression for the rela-
tionship between the refractive index and the wavelength is
obtained. The theoretical expression of the prism in the initial
reduction model is substituted by the fitting expression. The
Sellmeier method for the relationship between refractive index
and wavelength is used and shown in Eq. (62),

n)? —1= o P (62)
where () is the refractive index of different wavelengths, and
B1, B, Bsand C, C,, Cj are coefficients.

In order to fit the actual expression of the refractive index, As,
Bi, Cd, Pb, and Sn lamps are used as the light source. First, the
two-dimensional spectrograms of element lamps are acquired by
setting the DMD in global scanning mode. Then, according to
the position of light spots in two-dimensional spectrograms, the
corresponding micromirror is set in block scanning mode. In
order to obtain a relatively higher signal intensity, the number of
simultaneous rotating rows and columns is four micromirrors.
For the accuracy of extraction of the coordinate, the number of
interval rotating rows and columns is one micromirror. Finally,
actual 22 x and y coordinates of corresponding wavelengths
for five element lamps are extracted according to the centroid
method. The x coordinates are used to deduce the actual refrac-
tive index of the position. The fitted coefficients are shown in

Table 1.
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Table 1. Coefficients for the Expression of Refractive Table 2. Scale Coefficients and Translation
Index Coefficients of Three Parts
Bl Bz B3 Cl Cz C3 Part a b C d
0.6699 0.4332 0.4399 0.0057 0.0120 64.4945 1 0.9957 —0.2524 0.9999 —0.0649
11 1 0 1 0
111 0.9963 —0.0396 1.0001 —0.0236

B. Calibration of the Coordinates Expression

The deviation in the direction of the prism increases from
the center to the sides of the edge of the DMD because of the
spectral line bending resulting from the reflecting prism. As
there is no deviation caused by spectral line bending on the cen-
ter wavelength of each order, the free spectrum region is divided
into three parts to calibrate so that the established model is much
closer to the actual condition. The bending spectral lines of
each order are symmetric about the center and the y theoretical
coordinate of center wavelength is 1005, so the adjacent 130
pixels above and below are selected as the part without calibra-
tion. Figure 7 is the simulation result of the spectral reduction
model imaged on the DMD. The dispersion direction of the
prism (x axis) is perpendicular to the dispersion direction of
the echelle grating (y axis). The wavelength range is from 190
to 794 nm, and each point corresponds to a small wavelength
band. The y coordinate ranges from 1 to 1920, and the x coordi-
nate ranges from 1 to 1080. The sampling interval is set to half of
the minimum value for the designed spectral resolution, namely,
0.00185 nm. Based on the known wavelengths of element lamps
mentioned above and the corresponding actual coordinates, the
expression can be deduced as

X= a;x + b,‘, (63)

Y=Cl'y+dz', (64)

where #; and ¢; are the scale coefficients and 4; and 4; are the
translation coefficients. (X, Y) is the actual coordinate of the
corresponding wavelength while (x, y) is the theoretical coordi-
nate in the spectral reduction model. The value of the element ‘7’
is I, II, and III, which represents the three parts of the free spec-
trum region. The scale coefficients and translation coefficients
are shown in Table 2.

X
A

1080

1 1020 ¥

Fig. 7.
DMD.

Simulation result of the spectral reduction model on the

5. RESULTS AND DISCUSSION

The echelle spectrometer developed by our research group is
used for the following experiments. The relative design parame-
ters of the echelle spectrometer are shown in Table 3. A mercury
lamp is chosen as the light source to verify the accuracy of the
spectral reduction model and the precision of the adjustment of
instrument. The two-dimensional spectrogram of the mercury
lamp is obtained by setting the DMD in global scanning mode,
as shown in Fig. 8. In order to quickly obtain a clear image of
light spots, the number of simultaneous rotating rows and
columns is set to eight micromirrors, and the number of interval
rotating rows and columns is set to four micromirrors. Several
light spots are marked with their wavelength and labeled by
colored boxes. The brightness value of the light spot is the light
intensity value of the corresponding characteristic wavelength
while the position can be expressed by x and y coordinates.
Based on the coordinates of corresponding wavelengths in
the corrected spectral reduction model, the two-dimensional
spectrogram of eight wavelengths of mercury lamp are acquired
by setting the DMD in block scanning mode. Then the actual
coordinates can be obtained by the centroid extraction algo-
rithm. The theoretical coordinates and corrected coordinates
can be calculated according to the initial and corrected spectral
reduction model, respectively. The contrast results are shown in
Table 4. The comparison between the deviation of the corrected
spectral reduction model and maximum deviation is shown in
Fig. 9. From the results we can summarize that (1) by comparing

Table 3. Parameters of the Echelle Spectrometer
Parameters Value

Focus length 385 mm
Groove density of echelle 54.5 gr/mm
Incident angle of echelle 46.6°
Offsetangle of echelle 7.2°
Apexangle of prism 8.3°
Micromirror size 10.8 pm
Entrance slit 10 x 40 um

L]

313.155nm
313.184nm

Fig.8. Two-dimensional spectrogram imaged on DMD.
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Table 4. Contrast Results between Actual and Theoretical Coordinate of a Mercury Lamp
Wavelength Actual Theoretical Corrected Resolution Interval Pixels between
(nm) Order Coordinate Coordinate Coordinate (nm/pixel) Adjacent Orders
253.652 105 (581.9,1115.0) (578.5,1117.4) (578.5,1115.9) 0.0038 11.80
313.155 85 (778.3,1149.3) (781.2,1153.5) (779.5,1149.9) 0.0048 8.46
313.184 85 (779.1, 1144.0) (781.3,1147.5) (779.5,1143.8) 0.0048 8.46
365.015 73 (872.3,1080.6) (872.6,1084.0) (872.6,1079.8) 0.0056 6.72
404.656 66 (919.8,931.7) (918.1,934.5) (919.7,934.0) 0.0062 6.01
435.833 61 (942.0, 1223.0) (945.4,1231.2) (943.1,1224.3) 0.0067 5.56
546.074 49 (1009.8, 807.8) (1006.0,811.2) (1008.0,807.9) 0.0084 4.30
579.066 46 (1017.8,1098.7) (1017.7,1105.8) (1017.7,1096.8) 0.0089 4.20
P obtained by establishing the mathematical models of the imag-
6 —®— Maximum X deviation ing mirror and the lens group. In order to further improve the
—#— Corrected Y deviation . e . . .
o e Maximum Y deviation accuracy of the initial reduction model, the refractive index of
. e o the prism is fitted, and the coordinate expressions are calibrated
4t o ek according to the known wavelengths and corresponding coordi-
~ ~ nates. The accuracy of the corrected spectral reduction model is
= 2 verified by a two-dimensional spectrogram of a mercury lamp,
(=7 o
< 2t do = which satisfies the requirement of extraction of the order and
wavelength for the spectrometer. The established echelle spec-
trometer combined the DMD as spatial light modulator and
of PMT for detection has the characteristics of wide wavelength
{2 range and high resolution. The mode of the block scanning of
DMD without collecting the entire spectral information makes
2 : : : the detection flexible. This echelle spectrometer can be further
200 300 400 500 600 o L . .
used for qualitative and quantitative analysis of elements in
Wavelength (nm) spectrometric instruments.
Fig. 9. Comparison between the deviation of corrected spectral

reduction model and maximum deviation.

the deviation between the corrected coordinates and the actual
coordinates with the deviation between the theoretical coordi-
nates and the actual coordinates, it is found that the correction
of the initial model can effectively reduce the deviation as a
whole. (2) The error of x coordinates will result in the wrong
extraction of order. The deviation of x coordinates between
corrected coordinates and actual coordinates of the eight wave-
lengths is less than half of the corresponding interval pixels
between adjacent orders, which means the wrong extraction of
order will not appear. (3) The error of y coordinates will affect
the accuracy of the wavelength extraction. The design value of
the spectral resolution in short, medium, and long wavelengths
is 0.01, 0.015, and 0.02 nm, respectively. The pixel resolu-
tion of different orders is shown in column 6. Therefore, the
deviation of y coordinates between the corrected coordinates
and the actual coordinates of the eight wavelengths multiplied
by the corresponding pixel resolution is less than the spectral
resolution. Itis determined that the corrected spectral reduction
model satisfies the requirement of wavelength extraction.

6. CONCLUSION

The spectral reduction model for the echelle spectrometer based
on a DMD and PMT is established. The relationship between
the wavelengths and corresponding coordinates on the DMD is
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