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Abstract
The Integral Field Spectrograph (IFS) is an important scientific instrument at
the back end of the Chinese Space Survey Telescope (CSST), used to carry out
spectral observations with high spatial resolution. In both ground testing and
future on-orbit operation, wavelength calibration of the IFS is required to obtain
accurate detection results and high-quality astronomical observation data. The
IFS has two observational bands, ultraviolet and visible light, among which
the visible band contains 32 data channels. The mercury-argon lamp used
for calibration will produce nearly 30 spectral lines in each channel, making
the traditional manual calibration method time-consuming and labor-intensive.
To improve calibration efficiency, an automated wavelength calibration method
needs to be developed. To address this problem, connected-component analy-
sis is first used to automatically extract spectra from the two-dimensional IFS
data, obtaining one-dimensional spectra for all channels; then, particle swarm
optimization combined with Gaussian fitting for peak finding is used to auto-
matically identify characteristic spectral lines in the spectra, and the relevant
algorithm parameters are provided; finally, a fifth-order polynomial is used to fit
the dispersion curve. This method is applied to wavelength calibration of all 32
channels in the visible band of the IFS, and the calibration accuracy (root mean
square of fitting residuals) is better than 0.35 Å for all channels, satisfying the
accuracy requirements and realizing an automated workflow for IFS wavelength
calibration.
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Abstract The Integral Field Spectrograph (IFS) is an important scientific in-
strument at the back end of the Chinese Space Survey Telescope (CSST), used
to carry out spectroscopic observations with high spatial resolution. In ground
testing and future in-orbit operation, wavelength calibration must be performed
for the IFS in order to obtain accurate detection results and high-quality astro-
nomical observational data. The IFS has two observational bands, ultraviolet
and visible. The visible band contains 32 data channels; the mercury lamp
used for calibration will produce nearly 30 spectral lines in each channel. Tra-
ditional manual calibration methods are time-consuming and labor-intensive.
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To improve calibration efficiency, an automated wavelength-calibration method
needs to be developed. To address this problem, a connected-domain analysis
method is first used to automatically extract spectra from the two-dimensional
IFS data, obtaining one-dimensional spectra for all channels. Then, a method
combining particle swarm optimization with Gaussian fitting for peak searching
is used to automatically identify the characteristic spectral lines in the spectra,
and the relevant parameters of the algorithm are given. Finally, a fifth-order
polynomial is used to fit the dispersion curve. Using this method, wavelength
calibration was performed for all 32 channels in the visible band of the IFS. The
calibration accuracy (root-mean-square value of the fitting residuals) is better
than 0.35 Å, satisfying the accuracy requirement and realizing an automated
workflow for IFS wavelength calibration.

Keywords Instruments: spectrographs; techniques: spectroscopy; methods:
data analysis

CLC number: P111; Document code: A

1 Introduction
The Chinese Space Survey Telescope (CSST) is an off-axis three-mirror anastig-
matic telescope with an aperture of 2 m and an f-number of 14. It will mainly
be used to carry out large-scale multicolor imaging and slitless spectroscopic sky
surveys[1–3]. The back-end instruments carried by the telescope include a multi-
color imaging and slitless spectroscopic survey camera, a multichannel imager,
an Integral Field Spectrograph (IFS), a spectrograph for exoplanet imaging,
and a terahertz spectrometer. Among these, the IFS can acquire spectral infor-
mation for every spatial-resolution element in a two-dimensional image; it has
relatively high spatial resolution and is a powerful tool for studying neighboring
galaxies and their physical processes[1].

Wavelength calibration[4–6] is an important step in the data processing of var-
ious spectrographs. Using a calibration light source (generally a line lamp) to
produce emission lines of specific wavelengths, and combining these with the po-
sitions at which the spectral lines are imaged on the detector, a correspondence
between detector pixels and spectral wavelengths is established; this is the dis-
persion curve of the spectrograph. For the IFS in CSST, wavelength calibration
is particularly important. On the one hand, in ground testing of the IFS, its
bandpass range and spectral resolution must be tested to ensure that the design
specifications are met, and wavelength calibration is a necessary prerequisite
for carrying out these test items. On the other hand, after the IFS is put into
operation, wavelength calibration is also required to provide a basis for further
analysis of celestial spectra and for astrophysical research.

Identification of the characteristic spectral lines of the calibration lamp is an
important step in wavelength calibration. In traditional wavelength-calibration
work, spectral-line identification is performed manually: the positions of charac-
teristic lines are found in a one-dimensional spectrum, and then the wavelengths
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of those characteristic lines are found by comparison with a line list. This not
only requires the operator
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⋯possess a certain level of experience, which makes the calibration work more
laborious. The visible-light band of the IFS has a total of 32 channels. The
spectral data in each channel must be wavelength-calibrated separately. The
light source used for calibration is a mercury–argon lamp, which produces nearly
30 spectral lines in each spectrum that must be identified one by one. Clearly,
an inefficient manual identification method is not suitable for IFS wavelength
calibration, and it is necessary to develop an automated spectral-line identi-
fication method. In addition, the one-dimensional calibration-lamp spectrum
required for IFS wavelength calibration must be extracted from the original
two-dimensional image data. To automate the entire calibration procedure, it is
necessary to develop an automatic spectrum-extraction method corresponding
to the IFS data format.

In response to the needs of ground testing and scientific applications of the
integral-field-of-view spectrograph for the Survey Space Telescope, this paper
establishes an automated processing workflow for wavelength-calibration data.
First, based on connected-component analysis, automated spectral extraction
is performed on the two-dimensional IFS image data. Then, using an iterative
approximation method based on prior values, a template spectrum of the mer-
cury–argon lamp is generated by a particle swarm optimization algorithm; the
template spectrum is then used to match the positions and wavelengths of the
calibration lines in the measured spectra, thereby realizing automated spectral-
line identification. Finally, the method presented in this paper is applied to IFS
ground-test data, and the calibration results are analyzed.

2 Automated Spectral Extraction Based on Connected-
Component Analysis
Connected component analysis (CCA)[7] is a technique widely used in digital im-
age processing. By selecting an appropriate threshold to binarize a digital image,
the portions with larger numerical values (light intensity) in the original image
appear as connected regions. CCA can be used to extract feature information
such as the area and centroid coordinates of these regions. In this section, CCA
is used to process the two-dimensional IFS data. The characteristic information
of the connected regions of spectral lines is used to determine the distribution re-
gion of the spectral data in each channel, and the one-dimensional spectral data
in the dispersion direction are extracted, thereby realizing automated spectral
extraction for the IFS.
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Fig. 1 2D image of IFS data

Figure 1: Fig. 1 2D image of IFS data

The two-dimensional IFS data image after preprocessing such as bias correction
is shown in Fig. 1 (the IFS has two detectors for the ultraviolet and visible
bands; this paper processes the data from the visible-band detector, and this
will not be stated separately below). In the figure, the horizontal direction is
the spatial direction, and the vertical direction is the dispersive direction. In
the central region of the image, 32 channels of data arranged along the spatial
direction can be seen; from left to right, they are channels 1–32. There are 3072
pixels in the dispersive direction. The wavelength increases with increasing pixel
coordinate; that is, the lower end of the image is the short-wavelength end, and
the upper end is the long-wavelength end.

Fig. 1 2D image of IFS data

Because of the influence of instrument efficiency, the light intensities differ
among channels. If CCA is applied directly to the full-frame two-dimensional
image, it is difficult to determine a unified threshold for image binarization.
Therefore, the approximate boundary of each channel’s data should first be
determined, and the data of each channel should be extracted for separate pro-
cessing. Determining the boundary of each channel means identifying the pixel
coordinates of the channel boundary in the spatial direction, i.e., the initial
localization of the channel data.

The imaging regions of the IFS channels on the detector are essentially stable.
After the initial localization is completed, the approximate boundary coordi-
nates obtained can be repeatedly used in subsequent work. The approximate
channel boundaries can be manually marked on the two-dimensional image, or
they can be determined using IFS data under white-light illumination (the in-
terior of the channels is uniformly illuminated); in a single row of data along
the spatial direction, the points where the light intensity changes most sharply
are the channel-boundary positions. The initial localization results for the 16
odd-numbered channels are shown in Table 1. The table gives the pixel posi-
tions of the left and right boundaries of each channel in the spatial direction.
Taking the average of the pixel positions of the two boundaries gives the center
position of each channel. Taking the average of the center positions of adja-
cent odd-numbered channels gives the approximate center positions of the first
15 even-numbered channels. The center position of channel 32 is obtained by
adding the average width of a single channel to the center position of channel
31.

After the approximate center positions of the channels are obtained, several
columns of data are taken on both the left and right sides of each center to
obtain the two-dimensional data of a single channel. Here, the width of each
channel is taken to be 120 columns, which is significantly larger than the average
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Fig. 2 The original image (a) and binary image (b) of IFS channel 5

Figure 2: Fig. 2 The original image (a) and binary image (b) of IFS channel 5

channel width (80 columns), to ensure that the data of the entire channel are
included. At this point, the extracted region contains a considerable amount of
background data, so further analysis is needed to determine the positions of the
calibration-lamp spectra. Binarization and CCA are performed separately on
the two-dimensional data of each channel. Taking IFS channel 5 as an example,
Fig. 2(a) shows the original channel data image, in which the bright lines
are mercury–argon lamp emission lines. Because the channel contains many
relatively strong⋯

emission lines. The range for setting the binarization threshold is relatively loose;
generally, taking 10% of the maximum flux value within the channel is sufficient.
The binarized image is shown in Fig. 2(b), where the regions containing spectral
lines of relatively high intensity become thin, strip-like connected components.

Table 1 The rough edge positions of IFS odd channels

Channel
Left edge

/pixel
Right edge

/pixel Channel
Left edge

/pixel
Right edge

/pixel
1 1384 1463 17 3081 3169
3 1620 1675 19 3293 3381
5 1807 1891 21 3506 3593
7 2031 2106 23 3720 3806
9 2232 2318 25 3930 4016

11 2443 2527 27 4144 4230
13 2656 2741 29 4361 4445
15 2872 2959 31 4572 4655

Fig. 2 The original image (a) and binary image (b) of IFS channel 5

In the CCA of this study, the most important connected-component features
are area and centroid position. First, according to the order of area, the five con-
nected components with the largest areas are selected; their feature information
is shown in Table 2. The centroid coordinates of these five connected compo-
nents in the spatial direction are averaged and used as the central position of
the spectral line within the channel. Taking these average coordinates as cen-
ters, 80 columns of data are extracted from the two-dimensional channel data;
each column is a one-dimensional spectrum of a calibration lamp distributed
along the dispersion direction, which can be used for subsequent wavelength
calibration. A one-dimensional spectrum in IFS channel 5 is shown in Fig. 3.

Table 2 Properties of the connected components in IFS channel 5
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Fig. 3 The 1D spectrum in IFS channel 5

Figure 3: Fig. 3 The 1D spectrum in IFS channel 5

Area/pixel2 Centroid/pixel
459 57.90
365 56.54
331 56.75
325 55.94
296 57.00

3 Automated spectral-line identification based on particle
swarm optimization
The key step in wavelength calibration is identifying the spectral lines in the
spectrum, that is, matching the pixel positions of the spectral lines in the disper-
sion direction with their wavelength values. Achieving automated spectral-line
identification is the core problem to be solved in this paper. In the initial
wavelength calibration work for the Large Sky Area Multi-Object Fiber Spec-
troscopy Telescope (LAMOST) in China’s Guo Shoujing Telescope, there is a
class of iterative approximation calibration methods based on prior values[^8-9].
According to the prior information of the spectrograph, a rough relationship
between wavelength and pixel is preset, namely a prior dispersion curve. Using
the calibration-lamp line list and the dispersion curve, the calibration-lamp spec-
trum under this dispersion curve can be generated, namely a template spectrum.
An appropriate optimization algorithm is then used to iteratively optimize the
dispersion curve so that the template spectrum approaches the measured spec-
trum, ultimately obtaining an accurate dispersion curve as the calibration result.
This method realizes automated wavelength calibration; however, to achieve rel-
atively high calibration accuracy, relatively complete prior information for the
spectrograph is required. At the same time, in order to rapidly optimize the
dispersion curve to the optimal result, the requirements on the performance of
the optimization algorithm are also relatively high.

The method in this paper uses an iterative approximation calibration based on
prior values

As the basis of the method, only the most basic spectrometer design param-
eters and the calibration-lamp line list are used. A particle swarm algorithm
is employed to optimize the template spectrum; however, the optimization re-
sult is not used directly as the calibration result. Instead, through comparison
between the template spectrum and the measured spectrum, the positions and
wavelengths of the spectral lines in the measured spectrum are automatically
matched, thereby fitting the dispersion curve and realizing automated wave-
length calibration.

chinarxiv.org/items/chinaxiv-202608.00147 Machine Translation

https://chinarxiv.org/items/chinaxiv-202608.00147


图 3 　 IFS 第 5 通道一维光谱

Fig. 3 　 The 1D spectrum in IFS channel 5

3.1 　 Application of the Particle Swarm Algorithm in
Template-Spectrum Optimization
Particle Swarm Optimization (PSO) is a stochastic optimization method pro-
posed by Clerc et al. in 2002[^10]. Inspired by the foraging behavior of flocks of
birds, it uses the continuous updating of the positions and velocities of a swarm
of initial particles (random solutions) to iteratively search for the optimal solu-
tion of a function. In each iteration, a particle evaluates the quality of its own
solution using the fitness function, and updates its own velocity and position
by referring to the individual best position and the global best position, until a
solution satisfying the convergence criterion is found. The PSO algorithm has
the advantages of simple parameter settings, fast convergence, strong global
search capability, and relatively easy programming implementation, making it
particularly suitable for engineering applications.

In this study, the particle swarm algorithm is used to optimize the coefficients
of the prior dispersion curve, so as to obtain a template spectrum sufficiently
close to the measured spectrum. The spectral distribution of the IFS is very
close to linear, and the prior dispersion curve can be directly set as a simple
linear function; thus the coefficients to be optimized are only two: the 0th-order
coefficient (intercept) and the 1st-order coefficient (slope). According to the
IFS design parameters, the spectral coverage in the visible band is 6000 Å to
10000 Å, and the number of pixels in the dispersion direction is 3076. Based
on these parameters, the prior dispersion coefficients to be optimized are set as
follows: the 0th-order coefficient is the starting value of the spectral coverage,
6000; the 1st-order coefficient is the ratio of the spectral coverage interval (4000)
to the number of pixels in the dispersion direction, approximately 1.3. No other
complicated prior information is needed.

Using the dispersion curve and the calibration-lamp line list, the template spec-
trum of the calibration lamp can be generated[^8]. IFS wavelength calibration
uses a mercury–argon lamp. The line list within the instrumental spectral range
is shown in Table 3; the wavelength values and relative-intensity data in the
table are from the National Institute of Standards and Technology (NIST). In
addition, the table also indicates the elemental spectrum to which each emission
line belongs and the corresponding ionization state of the element.

In Table 3, lines with relatively weak intensities have been removed to ensure
that all lines in the line list can be detected by the IFS and maintain good
profiles. This is important for subsequent processing.

In the particle swarm algorithm, each iteration generates multiple sets of
dispersion-curve coefficients, and then generates the template spectra cor-
responding to these coefficients. The correlation coefficient between the
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template spectrum and the measured spectrum obtained from extraction is
calculated[^8] and is used as the fitness function of the algorithm, i.e., the
evaluation parameter for the optimization effect of the algorithm.

During the optimization process, updating the particle velocity is a key step.
Its basic formula is as follows[^11]:

𝑣𝑘+1
𝑖 = 𝜔𝑣𝑘

𝑖 + 𝑐1𝑟1 (𝑝𝑘
𝑖 − 𝑥𝑘

𝑖 ) + 𝑐2𝑟2 (𝑝𝑘
𝑔 − 𝑥𝑘

𝑖 ) , (1)

where 𝑘 is the iteration number, 𝜔 is the inertia weight, 𝑐1 and 𝑐2 are learning
factors, 𝑟1 and 𝑟2 are random numbers in [0, 1], 𝑥𝑘

𝑖 is the position of particle
𝑖 at the 𝑘-th iteration, 𝑣𝑘

𝑖 is the velocity of particle 𝑖 at the 𝑘-th iteration, 𝑝𝑘
𝑖

is the position of the individual optimal solution of particle 𝑖 after 𝑘 iterations,
and 𝑝𝑘

𝑔 is the position of the global optimal solution of all particles after 𝑘
iterations. 𝑣𝑘

𝑖 represents the current velocity state of the particle; the self-
cognition component 𝑟1 (𝑝𝑘

𝑖 − 𝑥𝑘
𝑖 ) is the vector difference between the current

particle position and the particle’s own best position, indicating that the source
of the velocity-update component for the next iteration is its own experience; the
social-experience component 𝑟2 (𝑝𝑘

𝑔 − 𝑥𝑘
𝑖 ) is the vector difference between the

current particle position and the global best position of all particles, indicating
that the source of the velocity-update component for the next iteration is the
sharing of information among particles.

The velocity-update formula determines the particle’s state in the next iteration.

position, i.e., the random solution found by the search. Therefore, correctly
selecting the inertia weight and learning factors in the formula plays a decisive
role in the rapid convergence of the algorithm. For different practical problems,
the inertia weight and learning factors have different selection methods.

Table 3 Emission lines of the Hg-Ar lamp for IFS wavelength calibra-
tion

Spectrum Wavelength/Å
Relative
intensity Spectrum Wavelength/Å

Relative
intensity

Hg I 5771.283 1000 Ar I 8008.479 600
Hg I 5792.354 1000 Ar I 8017.110 700
Ar I 6967.451 300 Ar I 8106.043 600
Ar I 7069.267 300 Ar I 8117.664 1000
Hg I 7083.954 150 Ar I 8266.919 300
Ar I 7275.045 60 Ar I 8410.648 400
Ar I 7386.121 300 Ar I 8427.091 600
Ar I 7506.045 600 Ar I 8523.913 400
Ar I 7516.831 400 Ar I 8670.458 130
Ar I 7637.320 700 Ar I 9125.613 1000
Ar I 7726.001 400 Ar I 9227.174 400
Ar I 7726.447 300 Ar I 9660.587 700
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Spectrum Wavelength/Å
Relative
intensity Spectrum Wavelength/Å

Relative
intensity

Ar I 7950.481 600 Hg I 10142.7 1000

Through repeated experiments, we determined algorithm parameters that yield
good performance, as shown in Table 4. The table includes parameters appli-
cable to the IFS template-spectrum optimization problem, such as the inertia
weight, learning factors, number of particles, and initial estimates of the coef-
ficients to be optimized. Among them, the maximum velocity (Max 𝑣) limits
the maximum amount of change of the coefficient to be optimized in each iter-
ation. In this study, a dynamically varying inertia weight factor was adopted1,
so that the inertia weight factor gradually decreases as the number of iterations
increases, thereby enhancing the local search capability of the particle swarm.

To test the optimization performance of the algorithm, 500 rounds of optimiza-
tion experiments were carried out separately using the spectral data from IFS
channels 5 and 6, and the fitness value after each round of optimization was
recorded. To take into account both the optimization success rate and oper-
ating efficiency of the algorithm, the fitness-value threshold in each round of
optimization was set to 0.8; that is, when the cross-correlation value between
the template spectrum and the measured spectrum is greater than 0.8, the op-
timization is considered successful, and the dispersion coefficients at that time
are output to generate the corresponding template spectrum. The histogram of
the fitness values obtained in each round of optimization is shown in Figure 4.
The results show that, for this problem, the particle swarm algorithm with the
parameters shown in Table 4 has a relatively high optimization success rate; the
average success rates for single optimizations of channels 5 and 6 are 96.6% and
99.8%, respectively. In the experiments, an Intel Core i7 processor was used,
and the average running time for a single optimization was about 5 s, indicating
relatively high operating efficiency.

Table 4 Parameters of PSO in this particular research

Parameter Value
Max iterations 300
Particle amount 150
Max 𝜔 3.0
Min 𝜔 0.4
𝑐1 1.8
𝑐2 0.04
0 order coefficient 6000
1 order coefficient 1.3
Max 𝑣（0 order） 30

1Reference marker visible on the page.
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Histogram of the cross-correlation coefficient of IFS channel 5 (a) and channel
6 (b)

Figure 4: Histogram of the cross-correlation coefficient of IFS channel 5 (a) and
channel 6 (b)

Parameter Value
Max 𝑣（1 order） 0.05

Figure 4 Histogram of the cross-correlation coefficient of IFS channel 5 (a) and
channel 6 (b)

Comparing the successfully optimized template spectra with the measured spec-
tra, the results are shown in Figure 5. Figure 5(a) and Figure 5(c) are the
measured spectra of channels 5 and 6, respectively, while Figure 5(b) and Fig-
ure 5(d) are obtained by plotting together the template spectra for which all
cross-correlation values in the 500 rounds of optimization for the two channels
are greater than 0.8. These template spectra have different cross-correlation val-
ues relative to the measured spectra; that is, they have not been optimized to
the optimum. However, all the template spectra almost completely overlap and
are very similar to the measured spectra, and all can be used in the subsequent
spectral-line matching work.

3.2 Matching and Profile Fitting of Calibration Spectral
Lines
After optimization, we obtained template spectra that are sufficiently close to
the measured spectra. In this study, these template spectra will be used to
segment the measured spectra, and peak searching will be performed on the
measured spectral data blocks. The precise center coordinates of the spectral-
line profiles will then be fitted, thereby realizing the matching of spectral-line
pixel positions and wavelengths, i.e., automatic identification of spectral lines.

In the optimized template spectra, the wavelength and pixel position of each
spectral line are determined, and the positional distributions of these spectral
lines are very close to those in the measured spectra, with at most a devia-
tion of 1 to 2 pixels. First, according to the distribution of spectral lines, the
entire template spectrum is divided into several data blocks, each containing
several spectral lines that are close to one another. Then, according to the pixel
positions of the boundaries of each data block, the data at the corresponding
positions are extracted from the measured spectrum to obtain the measured
spectral data blocks to be processed. Such segmentation is mainly based on two
considerations. First, for spectral lines that are close to one another, there is
cross-contamination of flux between them; when fitting the spectral-line profiles,
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Fig. 5

Figure 5: Fig. 5

an appropriate number of Gaussian functions should be selected for simultane-
ous fitting according to the number of spectral lines within the data block.
Second, the IFS calibration-lamp spectra to be processed are not strictly line
spectra, but instead have a certain continuous flux distribution. Within small
data blocks of several tens of pixels, the slowly varying continuous flux distribu-
tion can be regarded as a constant or a linear function, facilitating subsequent
spectral-line profile fitting.

Generally speaking, the measured spectral data block should contain the same
number of peaks as the number of spectral lines in the corresponding template
data block, and they should correspond one-to-one. However, the spectral-line
list used to generate the template spectrum is incomplete; weak calibration-
lamp spectral lines may not appear in the template spectrum because they were
removed from the line list, but they may appear as peaks in the measured
spectrum. At the same time, some spectral lines of unknown origin or strong
noise may also appear in the measured spectrum. These factors can cause
the number of peaks in the measured spectral data block to be greater than
the number of spectral lines in the template spectrum. In addition, owing
to the limited spectral resolution of the IFS, multiple spectral lines with very
close wavelengths in the line list may overlap, causing the number of peaks in
the measured spectrum to be smaller than the number of spectral lines in the
template spectrum. To solve this problem, peak searching must be performed
on the measured spectral data block, and the characteristic spectral lines in
the calibration-lamp line list (Table 3) are selected for fitting of the dispersion
curve.

Fig. 5 Measured spectrum (a), (c) and model spectrum (b), (d) of IFS channels
5 and 6

At present, commonly used spectral peak-searching methods mainly include the
derivative method[^13], fitting method[^14], symmetric zero-area method[^15],
and continuous wavelet transform method[^16], etc. This paper adopts the
fitting method for peak searching: a Gaussian function is used to fit the charac-
teristic spectral-line profiles in the measured spectral data block[^17], obtaining
the precise center position of each spectral line. The fitting formula is as follows:

𝑛
∑
𝑗=1

𝑎𝑗𝑒
− (𝑥−𝑏𝑗)2

2𝑠2
𝑗 + 𝑑, (2)

where 𝑛 is the number of superposed Gaussian functions, which is equal to the
number of spectral lines in the corresponding model spectral data block; 𝑎𝑗, 𝑏𝑗,
and 𝑠𝑗 are respectively the amplitude, center position, and standard deviation of

chinarxiv.org/items/chinaxiv-202608.00147 Machine Translation

https://chinarxiv.org/items/chinaxiv-202608.00147


the 𝑗-th Gaussian function, and the constant term 𝑑 is used to fit the continuous
background flux distribution. During fitting, the pixel positions of the spectral
lines in the model spectrum, the flux values at the corresponding positions in the
measured spectrum, and the mean flux values at the two ends of the measured
spectral data block are used respectively as the initial values of the parameters
𝑏𝑗, 𝑎𝑗, and 𝑑, in order to obtain accurate fitting results; the initial value of the
parameter 𝑠𝑗 can be set to 1.

After the fitting is completed, every spectral line (wavelength) in the line list
corresponds to a pixel position in the measured spectrum. Taking the processing
result of one spectrum in channel 5 as an example, Fig. 6 shows the measured
data (circles) and profile fitting results (solid curves) for some spectral lines,
and marks the wavelength of each spectral line. The spectral lines shown in the
figure are all lines that are close enough to each other to produce partial overlap
or have relatively weak intensity, and they are distributed basically uniformly
over the entire spectrum and are representative. The correspondence between
the wavelengths of all calibration spectral lines and pixels is shown in Table
5. Using these corresponding points, the dispersion curve can be fitted and
wavelength calibration completed. Compared with the line list used to generate
the model spectrum (Table 3, with a total of 26 spectral lines), Table 5 used for
fitting the dispersion curve contains only 24 spectral lines. This is because, in
the measured IFS spectrum, the emission lines of argon at wavelengths 7726.0 Å
and 7726.4 Å overlap. In the actual data processing, it was found that the line-
center positions obtained by fitting the data block containing these two spectral
lines have relatively large errors, which reduces the precision of the wavelength
calibration. Since the characteristic spectral lines of the mercury-argon lamp
are relatively abundant, these two spectral lines are not used when fitting the
dispersion curve. In addition, due to differences in the spectral ranges of the
channels, the two spectral lines at 5771.3 Å and 5792.4 Å located at one end of
the spectrum appear only in the spectra of odd-numbered channels. Therefore,
wavelength calibration of spectra in odd-numbered channels generally uses 24
spectral lines, whereas even-numbered channels use 22 spectral lines.

4 Automated Wavelength-Calibration Results for Mea-
sured Data
Using the automated wavelength-calibration method presented in this paper,
the IFS ground-based

The test data were processed, yielding wavelength calibration results for 32
channels in the visible-light band. For each channel, 80 columns of spectral
data were taken and calibrated separately, for a total of 2560 columns. Before
calibration, the data in each column were combined with one column of data
on each side, making three columns in total, and then processed to increase the
signal-to-noise ratio and improve calibration accuracy. Owing to the influence
of instrumental efficiency, some channels contained weak spectral data; these
spectra were strongly affected by noise, their line-intensity distributions were
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Fig. 6 Measured data and profile fitting result of spectral lines
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abnormal, and the mutual-correlation value with the template spectrum could
not be optimized to the set threshold (0.8). Among the test images used in
the experiment, after removing these abnormal data, a total of 2539 columns of
valid data remained.

Figure 6 Measured data and profile fitting results of spectral lines

Fig. 6 Measured data and profile fitting result of spectral lines

In the experiment, a fifth-order polynomial was used to fit the dispersion curve.
After obtaining the dispersion curve, the pixel positions of the spectral lines were
substituted into it to calculate the fitted values of the spectral-line wavelengths.
The fitted wavelength values were compared with the theoretical values in the
line list to obtain the fitting residuals, and the root mean square value (Root
Mean Square value, RMS) of the fitting residuals for all calibration spectral
lines was taken as the evaluation parameter for calibration accuracy. The RMS
error distribution of the wavelength calibration results for the 2539 columns of
spectra is shown in Fig. 7.

As can be seen from Fig. 7, the wavelength-calibration errors of the vast majority
of spectral data are less than 0.3 Å. Reference [4] points out that the accuracy
requirement for wavelength calibration of a spectrograph is generally 10% of the
spectral resolution. For IFS, this upper limit of accuracy is 0.35 Å. Among the
2539 columns of valid data, a total of 5 columns of spectral data have calibration
errors exceeding the accuracy requirement; these spectra come respectively from
channel 11, channel 22, channel 25, and channel 30. By analyzing the fitting
residuals of individual calibration spectral lines, it was found that the maximum
fitting residuals in these spectral calibration results all came from the spectral
line with wavelength 8106.0 Å. The two spectral lines at 8106.0 Å and 8117.7
Å are close together in the spectrum and partially overlap, and their intensities
differ greatly; the fitted centroid position of the weaker 8106.0 Å spectral line
⋯

there is a certain error. For spectra with relatively large calibration errors, the
spectral line with wavelength 8106.0 Å was removed from the fitting points of
the dispersion curve, and wavelength calibration was carried out again. The cali-
bration results meet the precision requirements. A comparison of the calibration
errors of the 5 spectra before and after is shown in Table 6; the first column of
the table indicates the channel number to which each spectrum belongs.

Table 5 Position and wavelength of the lines used for calibration
(channel 5)
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Position /pixel Wavelength /Å Position /pixel Wavelength /Å
18.300 5771.283 1455.776 8017.110
31.768 5792.354 1512.743 8106.043

783.954 6967.451 1520.150 8117.664
849.144 7069.267 1615.666 8266.919
858.655 7083.954 1707.701 8410.648
980.877 7275.045 1718.155 8427.091

1051.909 7386.121 1780.140 8523.913
1128.664 7506.045 1873.994 8670.458
1135.603 7516.831 2165.241 9125.613
1212.728 7637.320 2230.299 9227.174
1413.144 7950.481 2507.507 9660.587
1450.312 8008.479 2816.129 10142.700

Fig. 7 Wavelength calibration error (RMS)

The mean value of the spectral calibration error in each channel was calculated
separately, and the results are shown in Table 7. It can be seen that there are
differences in wavelength calibration precision among different channels; among
them, the average calibration errors of channels 1 to 5, channel 31, and channel
32 are about 0.07 Å, indicating relatively high calibration precision.

Table 6 Wavelength calibration error of 5 spectra

Spectrum number
Calibration error /Å

(original)
Calibration error /Å

(corrected)
1 (CH11) 0.941 0.133
2 (CH22) 0.496 0.066
3 (CH25) 0.415 0.085
4 (CH30) 0.890 0.168
5 (CH30) 0.576 0.166

Table 7 The average calibration error of single channel

Channel number
Calibration error

/Å Channel number
Calibration error

/Å
1 0.067 2 0.064
3 0.068 4 0.067
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Channel number
Calibration error

/Å Channel number
Calibration error

/Å
5 0.071 6 0.087
7 0.087 8 0.101
9 0.109 10 0.119

11 0.131 12 0.120
13 0.112 14 0.111
15 0.123 16 0.120
17 0.138 18 0.115
19 0.119 20 0.108
21 0.150 22 0.132
23 0.122 24 0.127
25 0.124 26 0.092
27 0.094 28 0.094
29 0.093 30 0.117
31 0.072 32 0.064

To visually display the wavelength-calibration results, the fitting result for the
dispersion curve of one spectrum in IFS channel 5 (Fig. 8) and the fitting
residual plot (Fig. 9) were plotted.

Fig. 8 Dispersion curve fitting result

Visible labels in the figure: “Fitting points”;“Dispersion curve”; vertical axis
“Wavelength/Å”; horizontal axis “The Dispersive Direction/pixel”.

Fig. 9 Residual error of fitting points

Visible labels in the figure: “Residual error of fitting points”; “Mean residual
error of all points”;“RMS=0.0569 Å”; vertical axis“Residual error/Å”; horizontal
axis “The Dispersive Direction/pixel”.

5 Conclusion
This paper introduced the automated wavelength-calibration process for the
integral-field spectrograph of the China Space Station Telescope Survey Space
Telescope. The paper described in detail the connected-domain analysis process-
ing method for IFS two-dimensional data, obtained the distribution region of the
calibration-lamp spectrum on the two-dimensional image, and extracted the one-
dimensional spectrum in the dispersion direction. It focused on the automatic
spectral-line identification method based on the particle swarm optimization
algorithm, gave the algorithm parameters applicable to IFS template-spectrum
optimization, and realized automatic matching between the wavelengths of cal-
ibration spectral lines and pixel positions by using the template spectrum and
Gaussian fitting. Finally, wavelength-calibration experiments were carried out
using IFS ground-test data. A fifth-order polynomial was used to fit the dis-
persion curve, yielding wavelength-calibration results for all 32 IFS channels,
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with a total of 2,539 columns of valid spectral data. The RMS values of the
wavelength-fitting residuals of the calibration spectral lines were used to eval-
uate the calibration accuracy. After correction, the calibration accuracy of all
spectra was better than 0.35 Å, meeting the requirements for IFS wavelength-
calibration accuracy. This work realizes automated wavelength calibration for
all channels in the visible band of IFS, without relying on manual identification
of spectral lines, thereby improving calibration efficiency. It provides a useful
approach for developing efficient wavelength-calibration methods for IFS ground
testing and on-orbit operation. Meanwhile, the automatic spectral-line identifi-
cation method used in this paper, which optimizes the template spectrum and
combines Gaussian fitting for peak searching, can also be applied to wavelength
calibration for other similar spectrographs.
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Abstract The Integral Field Spectrograph (IFS) is an important scientific in-
strument on the Chinese Space Survey Telescope (CSST), and is designed for
high spatial resolution spectroscopic observations. During both ground testing
and future in-orbit operation, wavelength calibration for IFS is always required
for precise test results and high-quality astronomical data. IFS has two obser-
vation bands, ultraviolet and visible, with the visible band containing 32 data
channels, each of which has about 30 lines emitted by the Hg-Ar lamp used
for calibration. Traditional manual calibration methods will be time-consuming
and strenuous. To improve the efficiency of wavelength calibration, an auto-
mated wavelength calibration method must be developed. First, the 1D spectra
of all IFS channels are automatically extracted from the 2D data using Con-
nected Component Analysis (CCA). Then, Particle Swarm Optimization (PSO)
and Gaussian fitting are applied to automatically identify the emission lines,
meanwhile the parameters of PSO are given. Finally, the dispersion curve is fit-
ted using a fifth-order polynomial. Implementing this method to all 32 channels
in IFS visible band, the resulting calibration accuracy (root-mean-square value
of residual error) is better than 0.35 Å, meeting the accuracy requirement. This
demonstrates that the automated wavelength calibration of IFS is achieved.

Key words instrumentation: spectrographs, techniques: spectroscopic, meth-
ods: data analysis

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv. Machine translation. Verify with the original.
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