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To solve the problem where the actual grating aperture decreases with an increasing scanning angle during the
scanning of a three-grating monochromator, we propose an off-axis assembly method for the worm gear turntable
that makes it possible to suppress this aperture reduction. We simulated and compared the traditional assembly
method with the off-axis assembly method in the three-grating monochromator. Results show that the actual
grating aperture can be improved by the off-axis assembly method. In fact, for any one of the three gratings,
when the monochromator outputs the longest wavelength in the corresponding wavelength band, the actual grating aperture increases by 45.93%. Over the entire monochromator output band, the actual grating aperture
increased by an average of 32.56% and can thus improve the monochromator’s output energy. Improvement
of the actual grating aperture can also reduce the stray light intensity in the monochromator and improve
its output signal-to-noise ratio. © 2018 Optical Society of America
OCIS codes: (050.0050) Diffraction and gratings; (120.4640) Optical instruments; (300.6320) Spectroscopy, high-resolution.
https://doi.org/10.1364/AO.57.002647

1. INTRODUCTION
The monochromator is the basic optical instrument in the
fields of spectral measurement and spectral analysis, and has
a wide range of applications in physics, chemistry, biology,
medicine, environmental protection, and industrial chemistry
[1–4]. Monochromators can be divided into grating-type and
prism-type instruments based on the different dispersion elements that they use. Grating monochromators are widely used
because of their uniform dispersion, high spectral resolution,
and several other advantages [5]. Wavelength scanning is realized by rotation of the grating in a grating monochromator, and
different rotation angles correspond to different monochromatic light wavelengths [6]. Monochromators can be used
to analyze the absorption spectra of transparent objects and solutions to determine their compositions [7–9], and can analyze
emission spectra to determine the energy distributions in these
spectra [10–12]. In addition, high spectral resolution monochromators can be used to perform wavelength calibration
for other spectroscopic instruments [13–15].
The spectral resolution and the wavelength range of the grating monochromator, however, are contradictory [16]. To ensure high spectral resolution, a grating monochromator cannot
1559-128X/18/102647-06 Journal © 2018 Optical Society of America

output a wide band of monochromatic light, and it is difficult
to use a single grating to achieve high diffraction efficiency over
a wideband range; therefore, to output high-resolution and
wideband monochromatic light simultaneously, multigrating
switching is necessary [17–19].
In traditional monochromator systems, scanning of a single
grating can be performed using a sine bar mechanism [20] in
which the center of the grating acts as the center of rotation.
However, in a monochromator system using multigrating
switching, a worm gear scanning mechanism [21] is required
because it can rotate through 360° and achieve its intended purpose of grating switching and scanning, so the scanning axis is
out of the grating plane, and, as a result, it brings two changes
to the optical system. One change is the distance between the
grating and the collimator during the worm gear scanning process. However, since the collimation beam from the collimator is
parallel light, and the value of this change is very small relative
to the distance between the grating and the collimator, the influence of the position of the grating on the actual aberration
can be ignored. Of course, the impact on the monochromator
resolution is also extremely limited. Another change is that the
full aperture of the grating cannot always be present in the
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collimated beam during scanning of the worm gear turntable.
This means that the actual grating aperture is smaller than the
theoretical aperture in the optical design. As a result, all of the
energy of the collimated beam cannot enter the subsequent optical system, meaning that the monochromator output energy
will be reduced. Additionally, the light in the collimated beam
that does not enter the subsequent path will be directed toward
the inner walls of the instrument, thus increasing the stray light.
Accordingly, during use, the output energy of the monochromator is reduced while the stray light is increased, which means
that the signal-to-noise ratio of the instrument is reduced, leading to reduced accuracy in the spectral analysis.
With regard to the loss of the actual grating aperture during
the grating scanning process in a three-grating switching scanning monochromator system, we propose the use of the worm
gear turntable off-axis assembly method to suppress aperture
reduction during the scanning process and thus ensure the
actual monochromator performance. Using a three-grating
scanning monochromator that was designed for the wavelength
calibration of imaging spectrometers, we have performed accurate theoretical calculations and simulations, and the changes in
the actual grating aperture during the grating scanning process
are compared for worm gear turntables that use the traditional
assembly method and the off-axis assembly method. The results
show that the worm gear turntable off-axis assembly method
can be highly effective in suppressing the reduction of both
the actual grating aperture and the output energy, and can also
reduce the stray light in the instrument, thus improving the
system’s output signal-to-noise ratio.
2. COMPARISON OF THE TWO WORM GEAR
TURNTABLE ASSEMBLY METHODS IN A
THREE-GRATING MONOCHROMATOR
A wideband and high-resolution three-grating monochromator
was designed to perform wavelength calibration of an imaging
spectrometer. The grating densities of the three gratings,
designated G1, G2, and G3, used in this monochromator are
2400 gr/mm, 1200 gr/mm, and 600 gr/mm, respectively, and
these densities correspond to monochromatic light outputs
in the 280 nm–560 nm, 560 nm–1120 nm, and 1120 nm–
2240 nm ranges, respectively. Typically, we only analyze the
conditions of the grating G1 in this work.
A schematic diagram of this three-grating monochromator is
shown in Fig. 1. In Fig. 1(a), the worm gear is traditionally
assembled [i.e., the rotation center O of the worm gear turntable to which the gratings are fixed is located on the central axis
of the system (Fig. 1(a), dashed line)]. When the worm gear
turntable rotates, G1 can be scanned, or the other gratings
can be switched into its position for operation. In Fig. 1(b),
the worm gear is assembled off-axis, so the rotation center
O 0 of the worm gear turntable is not located on the central
axis of the system and has been shifted relative to the central
axis of the system.
When the grating rotation angle φ  0, the grating is
located at the initial position. When the monochromator operates from the initial position, the worm gear rotates clockwise,
and as shown in Fig. 1(a), the actual aperture of grating
G1 decreases monotonically with increasing grating angle;

Fig. 1. Schematic diagram of the three-grating monochromator.

however, in Fig. 1(b), the actual aperture of G1 increases with
increasing grating angle, and then decreases with an increase in
the grating angle. This intuitive idea serves as the inspiration for
the proposed worm gear turntable off-axis assembly method.
The core concept of the worm gear turntable off-axis
assembly method is that when the grating rotates to an angle
that corresponds to the center wavelength, the grating center is
then located on the central axis of the system. In other words,
when the monochromator output is at its center wavelength,
the grating is in the theoretical position from the optical design.
Therefore, the reduction in the actual grating aperture can be
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suppressed across the entire working angle range, and the degree of actual aperture reduction at the edge wavelength can be
balanced. Based on this idea, we can determine the turntable
displacement by Fig. 1(b), the displacement is given by
ΔL  R × sin φc , where R is the radius from the center of
the grating to the center of turntable (i.e., the radius of grating
rotation), and φc is the grating angle that corresponds to the
central wavelength (i.e., the displacement of the worm gear
turntable relative to the center axis of the system is ΔL).
3. THEORETICAL CALCULATION OF THE
ACTUAL GRATING APERTURE IN THE
TRADITIONAL ASSEMBLY METHOD
Using the geometric abstraction concept, we can simplify the
worm gear turntable part of Fig. 1 to give the form shown in
Fig. 2, where grating G1 is abstracted as the line segment AB,
and the two edge rays of the collimated beam are straight lines
L1 and L2 . The grating is filled with collimated beams in the
initial position, but when the turntable rotates clockwise, a portion of the grating will obviously roll outside the collimated
beam’s range.
In Fig. 2, a Cartesian coordinate system is established to
quantify the loss of the grating aperture. The rotating center
O of the turntable is used as the origin of the coordinate system,
where the horizontal and vertical directions are the x and y axes,
respectively. It is easy to see that point B tracks a circular arc
during the grating scanning with respect to the center of the
circle as the coordinate system origin, with a radius of LOB .
Thus, we can obtain this parameter equation for the circle,
x  LOB × cos θ

y  LOB × sin θ:

(1)

Here, θ is the circle equation parameter. Based on the geometric
relationship shown in Fig. 2, we obtain
 
L
 90°:
(2)
θ  φ  arctan
2R
When the grating angle is φ, the coordinates of point B can
then be written as

Fig. 2. Geometric abstraction schematic of the worm gear turntable
components.



L
x B  LOB × cos 90° − φ − arctan
2R


L
y B  LOB × sin 90° − φ − arctan
:
2R
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(3)

At this point, the slope of the line l , at which the grating
is located, is given by tan (180° − φ), and thus the linear
equation is


L
y  tan180° − φ × x  LOB × sin 90° − φ − arctan
2R


L
: (4)
− tan180° − φ × LOB × cos 90° − φ − arctan
2R
If we assume that the eccentricity of the collimator is α∕2,
then the slope of the collimated ray l 2 is tan (90° − α). If the
grating aperture is L, and the line segment AB, which represents
the rotation radius of the grating, is R, then we can obtain the
coordinates of point B as (L∕2; R). When the grating is at the
initial position, then the linear L2 equation is
L
(5)
y  tan90° − α × x − × tan90° − α  R:
2
By combining Eqs. (4) and (5), the coordinates of the intersection point M x M ; y M ) of the line L and the collimated
beam L2 can be obtained; thus the reduced grating length
LM B (R; L; LOB ; α, and φ) during the scanning process is
given by
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(6)
LM B  x M − x B 2  y M − y B 2 :
In the three-grating monochromator, when the output
wavelength range of grating G1 is 280 nm–560 nm, the corresponding grating angle φ is 19.95°–43.03°. The grating aperture L is 60 mm, and the grating rotation radius R is 30 mm,
which means that LOB  42.43 mm. The eccentricity of the
collimator is 4.5°; therefore, according to Eq. (6), we can obtain
the actual grating aperture L00 that corresponds to any grating
angle φ, because L00  L − LM B . The relationship between the
grating rotation angle and the actual grating aperture is shown
in Fig. 3. As we can see from the range of the monochromator
working angle, the actual reduction in the grating aperture is

Fig. 3. Relationship curve between grating rotation angle and actual
grating aperture.
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close to linear. When the grating rotation angle φ  43.03°
(i.e., at a monochromator output wavelength of 560 nm), the
actual grating aperture is reduced to a minimum (i.e., L00 
39.83 mm). The resulting loss of the grating aperture is as high
as 33.6%, and thus the actual monochromator performance
will be seriously affected.
4. THEORETICAL CALCULATION OF THE
ACTUAL GRATING APERTURE IN THE OFF-AXIS
ASSEMBLY METHOD
We simulated the scanning process of the worm gear turntable
off-axis assembly, and found that within its working angle
range, the process of change in the actual grating aperture is
roughly divided into three stages. These three stages are
discussed in detail here.
A. First Stage

The geometric abstraction diagram of the first stage is shown in
Fig. 4. The grating rotation angle range of the first stage is from
19.95° to the left edge of the grating, which is just covered by
the collimated beam. Similarly, a planar coordinate system is
used to solve for the grating angle of the critical state.
The rotating center of the off-axis worm gear turntable is O 0
(−ΔL; 0), and similarly, the track of point A is also a circular arc
during the grating scanning. Therefore, the equation for the
circle is
x  −ΔL  LO 0 A × cos θy  LO 0 A × sin θ;

(7)

where θ is the circle equation parameter. Based on the geometric relationship shown in Fig. 4, we obtain
 
L
θ  φ  90° − arctan
 180°:
(8)
2R
When the grating rotation angle is φ, the coordinates of
point A can be obtained using Eq. (7),
x A  −ΔL  LO 0 A × cos θA

yA  LO 0 A × sin θA :

(9)

Of course, the slope of the collimated ray L1 is tan (90° − α),
and the intersection between the line of the grating and the
collimated light L1 is at point D (−L∕2; R); therefore, the equation of the linear ray L1 is

Fig. 4. Schematic diagram of the first stage of the scanning process.

L
y  tan90° − α × x  × tan90° − α  R:
2

(10)

By substituting Eq. (9) into Eq. (10), we can obtain the intersection point between the collimated ray L1 and the scanning
trajectory of point A, and the corresponding parameters are
θA  107.85° and θA  −125.85°. Based on the geometric
relationship shown in Fig. 5, θA  107.85° is the desired angle,
and we then can obtain the critical rotation angle for the first
stage using Eq. (7). This critical rotation angle is φ  27.15°,
which means that the grating rotation angle range of the first
stage is 19.95°–27.15°.
When the grating is at its initial position, the equation of the
line l , where the grating is located, is y  R. The grating rotates
around the point O 0 during the turntable scanning process, and
when the grating rotation angle is φ, the slope of this line
changes to tan 180° − φ. At this point, the coordinates of point
A on line l are


L
x A  −ΔL  LO 0 A × cos 90° − φ  arctan
2R


L
:
(11)
y A  LO 0 A × sin 90° − φ  arctan
2R
Therefore, during the scanning process, the equation for line l
can be expressed as


L
y  tan180° − φ × x  LO 0 A × sin 90° − φ  arctan
2R



L
:
− tan180° − φ × −ΔL  LO 0 A × cos 90° − φ  arctan
2R
(12)
By combining Eqs. (10) and (12), we can obtain the position
coordinates of intersection point D, (x D ; y D ) during the scanning process. Then, by applying the two-point distance formula, we can obtain LAD (i.e., in the first stage of the process
of monochromator operation), and the reduction of the actual
grating aperture is given by

Fig. 5.
process.

Schematic diagram of the second stage of the scanning
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qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x D − x A 2  yD − y A 2 :

2651

(13)

B. Second Stage

The geometric abstraction diagram for the second stage is
shown in Fig. 5. As the figure shows, at this stage, the left side
of the grating has turned into the collimated beam range, while
the right side has not yet turned out of range. This means that
the entire grating is within the collimated beam range, and the
critical state is thus at the right side of the grating, just at the
right edge of the collimated beam.
The intersection E between the right end of the grating and
the collimated ray L2 is on the circle O 0 . The coordinates of E
can then be written as
x E  −ΔL  LO 0 A × cos θE

y E  LO 0 A × sin θE : (14)

By substituting Eq. (14) into Eq. (5), we can obtain
θE  10.06°. Similarly, based on the geometric relationship
shown in Fig. 5, we can determine that the critical rotation
angle of the second stage is 34.94°, and thus the grating rotation angle range of the second stage is 27.15°–34.94°. In the
second stage, the entire grating is located within the collimated
beam range to participate in the dispersion process.
C. Third Stage

Fig. 7. Relationship curve between grating rotation angle and actual
grating aperture.

actual grating aperture L 0 and the grating rotation angle is
written in piecewise form as
8
>
>
< L − LAD 19.95° < φ < 27.15°
0
(16)
L  L
27.15° < φ < 34.94° :
>
>
:L − L
34.94° < φ < 43.03°
BE

The grating rotation angle range of the third stage is 27.15°–
34.94°, and the geometric abstraction diagram of the third stage
is shown in Fig. 6.
In the third stage, the right edge of the grating turns such
that it is located outside the collimated beam range, and the
actual grating aperture decreases with an increasing grating
rotation angle. If the equation of the line l , at which the grating
is located during the scanning process, is combined with the
equation of the collimated ray L2 [i.e., combined Eqs. (10)
and (4)], we can obtain the coordinates of intersection
Ex E ; y E . Therefore, during the third stage of the monochromator operation process, the reduction of the actual grating
aperture is given by
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(15)
LBE  x E − x B 2  y E − y B 2 :

Therefore, during the monochromator operation process,
we can obtain the actual grating aperture that corresponds
to any given grating angle using Eq. (16). Figure 7 shows
the functional relationship curve of Eq. (16). The figure shows
that the worm gear turntable off-axis assembly method can ensure that the actual grating aperture loss is smaller than the loss
when using the conventional method and the trend of the
actual grating aperture with grating rotation angle is consistent
with our simulation results. The maximum loss of the actual
grating aperture is only 7.8%, and no aperture loss occurs when
the output wavelength is close to the intermediate wavelength.
Additionally, when the monochromator outputs both sides of
the wavelength, the resulting aperture loss is more balanced.

We can summarize these three stages of the monochromator
operation process, and the functional relationship between the

5. CONTRAST AND ANALYSIS OF THE TWO
ASSEMBLY METHODS
During the monochromator operation process, the proportion
of the increase in the actual grating aperture when using the
worm gear turntable off-axis assembly method compared to
that when using the conventional assembly method is represented by K , and can be expressed as
k

Fig. 6. Schematic diagram of the third stage of scanning process.

L 0 − L00
× 100%:
L00

(17)

Here, L00 is the actual grating aperture of the traditional
assembly, L 0 is the actual grating aperture of the off-axis
assembly, and the change curve of K with grating rotation angle
φ is shown in Fig. 8. The figure shows that the worm gear turntable off-axis assembly method can increase the actual grating
aperture across the entire monochromator working angle range.
With increasing grating rotation angle, the increase in the aperture size becomes more obvious; when the monochromator
outputs the longest wavelength in this wavelength band, the
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