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A new miniature spectrometer with two entrance slits is proposed to expand the spectral band. The proposed
spectrometer is designed such that the two entrance slits share the same concave grating and detector array. The
two slits are located at different positions such that the spectral range of the same light source incident on the
detector array varies greatly between the two slits. Only one of the two slits is illuminated at a given time; as
such, the two spectral ranges are sequentially measured. Theoretical calculation and experimentation are

conducted to verify the proposed design.
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Portable miniature spectrometers are used in a wide vari-
ety of fields, such as environmental sensing, biological
research, geologic survey, and water safetyl™. These
demands have motivated researchers to develop low-cost
and compact spectrometers with both a wide spectral
range and a high spectral resolution®22. Among different
types of miniature spectrometers, the concave grating
type has attracted increased attention because of its com-
pact configuration and reasonable cost. A concave grating
spectrometer is equipped with a single concave grating
that simultaneously performs light dispersion and light
focusing that are generally conducted by a diffraction gra-
ting and mirrors in conventional spectrometers®,

However, in view of the nature of spatial-spectral coding
in spectrometers, expanding the spectral range while
ensuring a resolution that can benefit many applications
requires that the number of resolution elements is
increased, which expands the length of the detector array
along the dispersion axis; such adjustments make spec-
trometers larger and more expensive?. A multigrating
design has been proposed recently for expanding the
spectral band®2), In this method, two or three concave
gratings are used to disperse and focus a given spectral
range of an entire spectral band to the same detector
array. This method enlarges the spectral band and guar-
antees the spectrometer’s resolution. However, moving
parts such as a precise rotary stage must be added to
set the positions of the concave gratings, which introduces
challenges to the compactness, stability, and fast measure-
ment of miniature spectrometers.

In this Letter, a new concave grating miniature spec-
trometer that can overcome the abovementioned chal-
lenges is proposed. Instead of multiple gratings, a
stationary entrance slit is added. By using two stationary
slits the spectral band can be effectively expanded without
using any auxiliary concave gratings or enlarging the
detector. The principle behind expanding the spectral
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band is explained in detail as well as the procedure of
system design and construction.

Figure 1 shows the principle behind concave grating
spectrometers. In a conventional setup shown in Fig. 1(a),
the light for spectrometric analysis raying from entrance
slit A is projected onto the concave grating where the light
is dispersed, focused, and directed to a linear detector
array. The X axis is coincident with the grating normal.
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Fig. 1. Principle of a concave grating miniature spectrometer.
(a) A conventional concave grating spectrometer with one
entrance slit. (b) The new concave grating spectrometer with
two entrance slits. (A, Ay, Ay, By, By, Bj, By, and B;3 are
all located in the meridional plane XOY. P is an arbitrary point
in the grating).
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The XOY plane is a plane of symmetry called the
dispersion plane. Origin O is at the grating center on
the Cartesian coordinate system. Points C and D
represent two point sources for forming the grating struc-
tures. A (r4,0,) is the entrance slit. A, By, and B, are all
located in the meridional plane XOY. P is an arbitrary
point in the grating. Spectral information of the light is
obtained by analyzing the intensity distribution on the de-
tector array. The geometric theory of aberration is utilized
to determine the available spectral band and resolution on
the basis of the image quality on the detector array by
appropriately setting the positions of the entrance slit,
the concave grating, and the detector array2. However,
in a conventional one-entrance slit design, once the spec-
trometer’s resolution reaches the detector’s limitation, the
number of resolution elements must be increased when a
wider spectral band is desired. Increasing the number of
resolution elements would inevitably enlarge the size of
the detector array, thereby increasing the size of the spec-
trometer and reducing its portability.

Figure 1(b) depicts the modifications made in the new
setup in which the spectrometer can expand the spectral
band without increasing the number of resolution ele-
ments of the detector array. First, an additional entrance
slit is added to the conventional setup. These two entrance
slits, represented by A; and A,, share the same concave
grating and detector array. Second, the two slits are posi-
tioned on different coordinates A; (r41,041), Ao (7 42,0 49)
such that spectral ranges directed toward the detector
array vary between the two slits. The spectral range of
A1 — A9 of the light raying from slit A; reaches the detector
array, and the spectral range of A, — A3 of the same light
raying from slit A, reaches the same detector array. Third,
the geometric theory of aberration is applied to optimize
the positions of the two slits, the concave grating, and the
detector array such that the two spectral ranges can be
connected without a gap. The two slits A; and A, are
sequentially illuminated and the two spectral ranges
can be analyzed separately. The spectral band is success-
fully enlarged by connecting the two different spectral
ranges. For clarity, the two recording points represented
by (r¢1,0¢1) and (rpy,0p;), which will be referenced in
the following section, are not shown in Fig. 1(b). Similarly,
Ay, Ay, By, By, and B3 are all located in the meridional
plane XOY.

The first step of the design process is to determine the
specific spectral band, spectral resolution, and size of the
spectrometer. A spectral range of 400-1200 nm is deter-
mined as the spectral band of the proposed miniature spec-
trometer. This spectral range not only spans the majority
of the spectral band of visible light, similar to that of
commercial products?), but also covers a range of the
near-infrared spectral band. A spectral resolution of better
than 2 nm is decided, which is an acceptable value for
many applications?¥. The new spectrometer should be
placed in a volume of no larger than 120 mm x 70 mm x
50 mm to ensure portability.

The second step of the design process is to construct a
proper optical configuration and to select suitable compo-
nents for building a prototype spectrometer that can meet
the abovementioned requirements. The parameters of the
optical configuration include the coordinates of the two
recording points, the two entrance slits, and the detector
array in the meridional plane XOY. A commercial detec-
tor, Sony ILX511B with 2048 total pixels and pixel size of
14 pm, is selected. The size of the two commercial slits is
determined to be 5 pm x 1 mm, and the grating aperture
is chosen to be 30 mm in a square shape for an acceptable
sensitivity by maintaining a certain amount of power pass-
ing through. The radius of the concave grating is set to be
83.68 mm to attain a compact system.

An algorithm based on light-path functions that are
thoroughly illustrated in Ref. [20] is employed to calculate
the values of these parameters. Optical-path-length func-
tion F; (i =1,2) represents the light path raying from
entrance slits A; and A,; the light is diffracted at a point
P located on the kth groove of the concave grating, and
then directed into a point B;;_;3 on the detector can be
written by

Fy = (A, P) +(PB;,_,,) + Kmi, _,,, (1)

Fy=(AyP) + (PB;,;,) + Kmi,, ;,, (2)
where m is the diffraction order of the spectrum, m = 1 in
this study; k is the groove number on the concave grating,
which is related to the coordinates of the recording
points shown in Fig. 1(a) and the wavelength of the
recording light source. Diffraction of the lights from slits
Ay and A, following the basic diffraction principle, as well
as the relationship between them, can be written as

A

sin 0, + sin 0, =L, (3)
A

Sin 0, +sin 0, = 2. (4)

Given that the two slits share the same concave grating
and detector in the new optical configuration, the diffrac-
tion of the lights from the two slits have to also meet the
following relationship:

sin @, = sin fp,. (5)

A computer program is constructed based on Egs. (1)-
(5) to calculate the initial values of the optical configura-
tion parameters shown in Fig. 1. These values are
then input into the well-known optical design software
ZEMAX, which further optimizes these values and pro-
vides the final parameters.

To illustrate the advantages of the new spectrometer
over the conventional one in terms of expanding the spec-
tral band, the optical configuration of a conventional
spectrometer is optimized using a similar calculation
program and the same hardware but with only one slit.
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Table 1. Optical Configuration Parameters of the New

Spectrometer
Recording Points rcp (mm) 78.693
rpi1 (mm) 94.980
0c1 (°) 3.550
Op (°) 14.500
Optical Path r41 (mm) 90.060
04 (°) —5.700
749 (mm) 114.339
04 (°) 4.710
T (mm) 66.063
O (°) —27.670

Table 2. Optical Configuration Parameters of the

Conventional Spectrometer

Recording Points ro (mm) 104.881
rp (mm) 122.701

00 (°) 14.857

) (°) 24.266

Optical Path r4 (mm) 69.310
0, () —2.401

Ty (mm) 84.510

0y (°) ~37.930

Tables 1 and 2 summarize the optimization results of the
two types of spectrometers under the same requirements
mentioned at the beginning of this section. The values
shown in Table 1 are obtained under the condition that
a spectral range of 400-800 nm of the light raying from
slit A; reaches the detector array and a spectral range
of 800-1200 nm of the same light raying from slit A,
reaches the same detector array. The values shown in
Table 2 are obtained under a spectral range of 400-
900 nm. The spectral range distributions of slits A; and
A, are not only decided by the length of the detector array
but also determined for a higher resolution across the spec-
tral band. For the two spectrometers, the values of the
groove density are all 350 grooves/mm, which are related
to the recording points shown in Fig. 1(a).

The spectral bands and spectral resolutions of these two
types of spectrometers are summarized in Fig. 2. The spec-
tral resolution varies across the spectral band, and a fixed
relationship does not exist between the wavelength and
the spectral resolution. A resolution of better than
1.8 nm is achieved for the new spectrometer over the spec-
tral band of 400-1200 nm. By contrast, the maximum
spectral band of the conventional spectrometer is limited
to 400900 nm, across which the spectral resolution can
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Fig. 2. Simulated spectral bands and spectral resolutions in the
whole slit. (a) Spectral resolutions of the two different types of
spectrometers in the spectral range of 400-900 nm, and (b) spec-
tral resolution of the new spectrometer in the spectral range of
900-1200 nm.

meet the abovementioned requirements. Expansion of
the spectral band of the conventional spectrometer wors-
ens the spectral resolution. It can be seen that the spectral
resolution changes with wavelength and appears as two
concavely curved lines. There are two minimum points
located at the wavelengths of around 600 and 1100 nm,
respectively. The maximum value of the resolution, about
1.8 nm, appears at the central wavelength of the entire
spectral band; that is, around 800 nm. Two main factors
causing the resolution’s change with wavelength are inher-
ent light aberration and the use of a plane linear CCD in
flat-field concave grating spectrometers. Because of the
aberration, the actual imaging positions of the whole
spectral band fall on a curved line but not a straight
one. The linear CCD is placed to fit the majority of the
imaging positions, so the spectral resolution changes with
wavelength as Fig. 2 shows.

The spectral resolution was tested to verify the effec-
tiveness of the new design. Figure 3 shows the experimen-
tal setup. In the preliminary experiment, an X Y Z three-
axis manual stage, rather than two real entrance slits, is
used to set the positions of an entrance slit. The spectrom-
eter size is dominated by the positions of entrance slit A,
the concave grating, and the detector, which are enclosed
by the dashed line in Fig. 3(a); the length and width of the
enclosed area are 120 and 70 mm, respectively. The height
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Fig. 3. Experimental setup for resolution testing. (a) A fiber is
set on the position of entrance slit A, for testing the spectral
band of 400-800 nm. (b) A fiber is set on the position of entrance
slit Ay for testing of the spectral band of 800-1200 nm.

is decided by the aperture of the concave grating and can
be smaller than 40 mm, following the design described in
this research. The manual stage will not be used in a real
spectrometer. A movable input fiber will be sequentially
connected with the two entrance slits that have been ad-
justed to the designed positions so that the spectrometer
can be practically and efficiently operated.

A supercontinuum source covering a wavelength range
0f 450-1100 nm (SuperK SELECT) that is slightly shorter
than the spectral band for the design is employed to align
the optical components. These components are aligned
such that the positions of the components can be fixed
when the trends of the measured resolutions are consistent
with the simulated values over the entire wavelength
range. The trend consistency of the simulated resolution
and the measured resolution of the supercontinuum source
is defined by the standard deviation of the relative errors
of these two resolutions over the spectral range. In this
experiment, the optimal condition is obtained with a stan-
dard deviation value of no larger than 8%.

After the components are properly placed, strictly
evaluated mercury lamps and lasers with a smaller spec-
tral bandwidth are used to test the spectral resolution.
Figure 4 shows the spectrum testing results, and a FWHM
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Fig. 4. Measured spectra using the structure of two entrance
slits. (a) Spectrum of mercury lamp. Spectra of lasers with a cen-
tral wavelength of (b) 594.00 and (c) 632.80 nm. (d) Spectrum of
Argon lamp. (f) Spectrum by using a supercontinuum source.

Table 3. Experimental and Simulated Resolutions

Wavelength ~ Experimental Values Simulated Value
(nm) (nm) (nm)
435.83 1.09 1.00
546.07 0.70 0.65
576.96 0.63 0.60
579.07 0.65 0.60
594.00 0.62 0.60
632.80 0.72 0.70
738.39 1.65 1.55
750.39 1.62 1.60
800.00 2.05 1.80
860.00 1.90 1.70
880.00 1.65 1.60
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bandwidth is employed to define the resolution. Table 3
summarizes the experimental and simulated values. The
experimental results of the new spectrometer are compa-
rable to the simulated values in corresponding wave-
lengths, with a maximum error of which is about 9%.
However, testing of resolutions in the near-infrared spec-
trum will be conducted in future studies because near-
infrared sources are currently unavailable.

In conclusion, a new design of a concave grating minia-
ture spectrometer with two entrance slits is theoretically
and experimentally illustrated in this Letter. This study
demonstrates that a two-entrance slit configuration can
expand the spectral band. Simulated results show that
the spectral resolution of a two-slit configuration with a
spectral band of 400-1200 nm is similar to that of a con-
ventional structure with a spectral band of 400-900 nm.
Experimental results using three types of visible light
source show that the measured results are consistent
with the simulated results, with relative errors of less
than 14%. The new design not only retains the advan-
tages of conventional concave grating miniature spec-
trometers in terms of compactness and simplicity but
also effectively expands the spectral band compared with
that of the traditional one-slit design. Such enhanced
capability in the new miniature spectrometer will benefit
spectrometric analysis by providing a wider spectral
band, thus allowing for a more effective and convenient
way of testing. In future studies, laser sources will be
used for spectral resolution testing in the near-infrared
spectrum.
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