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Abstract

A Fourier transform spectrometer (FTS) has been used to observe solar activities due to its ultra-high spectral
resolution. However, the FTS in-band spectra are usually distorted and some artifacts appear in out-of-band regions
due to nonlinear effects. Therefore, the FTS nonlinear problem must be corrected. In this study, we proposed a
novel method to correct the nonlinear effects using simulated annealing. We simulated several nonlinear spectra to
evaluate the performance of our method. The calculated quadratic coefficients are extremely close to the given
values, demonstrating that the method is effective and accurate. The proposed method is further used to correct the
blackbody and solar spectra with nonlinearity obtained by Bruker IFS-125HR installed at the Huairou Solar
Observing Station, which is a pathfinder for the accurate infrared magnetic field measurements of the Sun project.
To the blackbody spectra, the nonlinearity in low- and high-frequency regions are corrected by 89.09% and
60.84%. The nonlinear correction of the solar spectra in the low- and high-frequency regions have reached 65.34%
and 81.04%, respectively. These results prove that our method can correct the nonlinear problem to improve the

data accuracy.
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1. Introduction

Tens of physical parameters and their variations with the
opacity are essential to reconstruct the dynamical three-
dimensional solar atmosphere, which is a basis for analyzing
a variety of quiet or active solar phenomena (Feng et al. 2020;
Bai et al. 2021). Solar spectra obtained by a Fourier transform
spectrometer (FTS) provide an effective way to quantitatively
analyze the physical parameters because of the FTS ultra-high
luminous flux, high spectral resolution, and wide bandpass
(Griffiths 1983; Revercomb et al. 1988).

However, the time-based FTS has nonlinear effects due to
moving mirror shaking, instrument operating temperature, too
much photon flux on the radiation detector, or geometrical
effects of the infrared beam (Griffiths 1983; Tobin et al. 2013).
The nonlinearity not only causes the filtered wave band (called
in-band spectra) of an observed spectra to be distorted but also
decreases the spectral accuracy (Learner et al. 1996). More-
over, the artifacts appear in lower and higher wave band
regions (called out-of-band spectra) because of the nonlinearity
(Chase 1984). Therefore, the nonlinear correction must be
made to obtain high-precise spectra.

The nonlinear correction methods include two types,
electronic and algorithmic corrections. The electronic correc-
tion is to convert the FTS electronic-circuit structures (Bartoli

et al. 1974; Schindler 1986; Carter et al. 1990). Whereas, the
algorithmic correction minimizes the unexpected out-of-band
radiations (Hoult & Ragusa 1987; Keens & Simon 1990;
Carangelo et al. 1992; Curbelo 1993; Jeseck et al. 1998;
Lachance 2000; Han et al. 2013; Minzhu et al. 2017).

A project called the accurate infrared magnetic field
measurements of the Sun (AIMS) will be built in China. The
FTS of AIMS will install a detector array of 64 x 2 to obtain
the high-precise solar spectra in the mid-infrared wavelength.
The FTS of AIMS spectral resolution reaches 0.6 A, corresp-
onding to 0.004cm ', inMg1 12.32 um that is the working
spectral line (Bai et al. 2021). But now, we employed the
Bruker IFS-125HR FTS with a point source detector as a
temporary and simple experimental system at Huairou Solar
Observing Station (HSOS), China. However, to the observed
spectra from the FTS at HSOS, they usually exist the nonlinear
effects. So we proposed a new method to correct the FTS
nonlinear effects using the simulated annealing (SA) algorithm
for high-accuracy.

This paper is structured as follows: Section 2 describes the
nonlinear principles generated by the time-based FTS.
Similarly, the SA algorithm is also described. In Section 3,
several simulated spectra with nonlinearities are used to
evaluate our method. The proposed method then corrects the
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blackbody and solar spectra obtained by the FTS at HSOS.
Section 4 evaluates and discusses our method using quantita-
tive comparison. Finally, our conclusion is given in Section 5.

2. Principle and Algorithm
2.1. Instrument Nonlinear Effect

The measured photon flux signal is called the interferogram
in an FTS. Meanwhile, the relationship between the observed
interferogram (/,,) and the ideal linear interferogram (/;) is
described by a Taylor series,

L= al, + al} + a;L+--, (1)

wherea; is equal to unity and a;(i=2, 3,..) denotes a
polynomial coefficient. In case of an ideal linear system,
ai>1) are zero. Jeseck et al. (1998) concluded that
interferograms usually have no significant cubic and higher
order terms. Therefore, we only considered the quadratic term
in our method.

An interferogram usually consists of a direct-current (DC)
and an alternating-current (AC) component, ie.,
L=1 gc+1; e Ln=1y ac+ 1y acc Thus, Equation (1) is
updated by:

I_gc + Ii_ac = Un_ac + In_ac) + as_ac + 1, _ac)z- (2)

The DC component is independent of the optical path
difference (OPD) and its Fourier transform (FT) also has little
effect on spectral analysis. Hence, I; 4c, I, qc and I2_,. are
removed and 1, ,. is merged, and Equation (2) is modified as,

I_oc = (1 + 2“21171_dc)1m_ac + azlrﬁ_a(:' (3)
The FT of Equation (3) is defined as,
Si_ac = (1 + 2“21 _dc)S _ac T aZSm_ac ® S _acy (4)

where §; ,. and S, ,. are the FT components of I; ,. and I, ,,
respectively. The symbol & denotes a convolution operator. On
the right of Equation (4), the first part is the distortion of the in-
band spectra, and the second part is the out-of-band artifacts.

To an ideal spectrum without nonlinearity, its out-of-band
regions are zero. Thus, the spectra of the out-of-band regions
are defined as follows,

0= (l + 2a2Ln_dc)Sout + aZSout by Sout’ Sout g Sm_aCs (5)

here S, denotes the measured out-of-band spectra.

The nonlinearity is corrected by subtracting the quadratic
component of an observed interferogram after obtaining the
quadratic coefficient a,. So an interval (az(y,n;) including the
a, value is first obtained by using a small spectrum (sp,;,,)) in
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out-of-band regions, and the expression is as follows,

S
Atemp = _w’ S[vl,vh] C Sout,
Stvtvi] @ Spvt,vi ©)
Atemp ’
Qv = — T > a2 S a2 (vi,vh)

1 —2a temp Ln_ac

where 1, 4., we considered the mean of the observed
interferogram as the DC component.

Subsequently, we made the following objective function
reach the minimum to obtain @, which is a calculated quadratic
coefficient. Meanwhile, the absolute value of @, is highly close
to a,.

dy = arg min{(1 + 2as,_dc) Sjvi,vm
az
+ a2 Spivm @ Spiwm}s a2 € aspin. @)

The SA algorithm (Kirkpatrick et al. 1983) retrieves d, in
aopvivny by making the right of Equation (7) reach the minimum.

2.2. Simulated Annealing

SA is an optimization process and retrieves the global
optimal solution by making the objective function (f) con-
vergent. It uses the Metropolis principle (Metropolis et al.
1953) process to determine the whole control parameters and
the state transition of the optimal solution. The Metropolis
principle avoids the algorithm falling into a local minimum,

1, AF<0

Af ,

——y, Af>0
exp( KTP) f

Af=f =1, Prp(Af) = ®)

fi and f; represent an objective function f in state i andj,
respectively. Af denotes a reduction from f; to f,. K is a
Boltzmann constant and Tp denotes the temperature parameter.

The SA parameters include initial temperature (7p,), Markov
chain length (&), cool-down schedule («), and stop criteria. Tpg
is closely related to the final optimal solution and time-
consuming of the entire algorithm. Therefore, it is set to 90
under considering the timeliness and the accuracy according to
the Metropolis principle. N denotes the total iteration numbers
at a temperature. The value is set to 1000 for precisely
retrieving a,. « is a temperature-drop parameter and affects the
time-consuming of the entire algorithm. It is 0.98 in our
method. The stop criterion is 7p,, close enough to zero, or the
final optimal solution is found.

Our method executes N iterations at each temperature value.
Each iteration process is as follows. First, select an initial
value (xp) randomly from a,,,,, as an optimal solution (),
and then use Equation (7) to calculate its objective function
value. Second, select x; randomly in x, neighborhood and
calculate its objective function value. Subsequently, use the
Metropolis principle to determine whether update £. Stop if f
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Figure 1. The nonlinear spectra with different spectral resolutions. (a) The nonlinear spectrum with the spectral resolution 1.3109 cm ™. (b) The nonlinear spectrum
with the spectral resolution 0.0041 cm™ . Their filtered wave bands are 700-800 cm ™! and those artifacts are located in [0, 100] and [1400, 1600] cm ™. The region

from vl to vihem ™! is used to retrieve d.

has been converged, otherwise repeat this process for N times.
Finally, update Tp,, . | according to aTp,,.

The entire method stops until Tp approaches zero, or f
reaches convergence. The general description is listed as
follows,

Method: The Nonlinear Correction Method using the SA Algorithm

Step 1 Get an interval ayj,,,,) containing the “real” value of ay;

Step 2 Give a random initial solution x, from a(,;,) and set it as the initial
optimal solution (%);

Step 3 Repeat the following processes until 7p < 0.1.

Step 3.1 Execute the following process N (1000) times at each Tp until f is
converged:

Step 3.1.1 Select a new solution (x;) in the neighborhood of x;

Step 3.1.2 Af = f(x;) — f(xi—1);

Step 3.1.3If Af <0, thus £ = x;. Otherwise £ = x; depends on exp(—%f).

Step 3.2 Update T,: Tp,,., = aIp, (o = 0.98), and reset N. !

Step 4 Output *.

Notation: x is the optimization variable, N the Markov chain length, n the nth
iteration, 7p the temperature

parameter, and « the temperature-drop parameter.

3. Simulated Experiments and Applications
3.1. Simulated Experiments

We first simulated an ideal spectrum using the Planck
formula of the blackbody radiation to evaluate our method,

av?

B(T) = —
D= @

©)

where v denotes wavenumber and 7 is the blackbody
temperature and set to 300 K.¢; is 3.74 x 10 *W-m 2. cm®
and ¢, is 1.44cm - K.
An ideal interferogram without DC is described by,
1
I(L) = EZ B(v)cos(2mvd) Av, (10)

v

where L and Av denote the OPD and the spectral resolution,
respectively.

The nonlinear interferogram with a quadratic component is
defined as follows,

11

where Ljpear and Lyopiinear denote the linear and nonlinear
interferogram, respectively. a, is a given quadratic coefficient.

As mentioned above, we simulated a total of 24 data. The
data have different quadratic coefficients and different wave
bands in different resolutions. The coefficients are 6x, 7%, 8X,
and 9 x 107" and the wave bands are located at [700, 800],
[800, 900], and [900, 1000] cm ™ '. Their spectral resolutions are
1.3109 and 0.0041 cm ™', The data are generally classified into
two different experiments, Simulated Experiment 1 and
Simulated Experiment 2, according to the two spectral
resolutions.

Figure 1 shows the spectra at 700-800 cm™ " with different
spectral resolutions. The higher resolution, the more noticeable
the spike at the step. Meanwhile, the nonlinear quadratic
coefficients are both set to 6 x 10!, The spectra within ([0,
100] and [1400, 1600]cm™ ') are the quadratic artifacts.

2
Liontinear = Jlinear + a2I]inear’

1
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Figure 2. The spectra with resolution 1.3109 (a) and 0.0041 cm™! (b). There, a, is 6 x 107!, The amplitudes of spectra after correction (blue) in [0, 100] and [1400,

1

1600] cm™ " are close to zero, meaning that the quadratic components have been eliminated fairly.

Table 1
The “Real” Values and the Quadratic Coefficient Calculated by SA

Simulated Experiment 1

Simulated Experiment 2

as| x 107! [700, 800] [800, 900] [900, 1000] as| x 107! [700, 800] [800, 900] [900, 1000]
6.000 6.021 5.948 6.026 6.000 6.102 5915 5.941
7.000 7.033 6.933 7.004 7.000 6.778 7.179 7.088
8.000 8.005 8.029 8.000 8.000 7.773 8.037 7.954
9.000 9.024 8.862 9.028 9.000 8.739 8.843 9.288

Whereas, the dual modulation phenomenon maybe affect the
artifacts in the higher region (Chase 1984; Jeseck et al. 1998;
Han et al. 2013). Therefore, we used the artifacts at v/ and vh
cm~' in lower regions to retrieve the d, value using our
method.

After obtaining the d, value, a nonlinear interferogram is

corrected as follows,

A 72
Icorr = honlinear + a2Innnlinear' (12)

In Figures 2 (a) and (b), compared with the spectra before
correction (orange), the amplitudes of spectra after
correction (blue) in [0, 100] and [1400, 1600] cm ! are close
to zero, meaning that the quadratic components have been
corrected fairly. Table 1 lists all calculated quadratic coeffi-
cients of simulated data.

Meanwhile, as shown in Figure 3 (a), all optimization
processes of different a, (6x, 7x, and 8 X 1071) in same
wave band ([700, 800] cm™ ') are converged quickly. Similar to

Figure 3(a), all optimization processes shown in Figure 3(b) are
converged after a total of 200 iterations. The same coefficient
(9 x 107" is in different wavebands. These results indicate that
our method has good robustness.

Because the nonlinearity is corrected by subtracting the
quadratic component from the nonlinear interferogram, which
means the more accurate d, the better the corrected result. In
other words, the much smaller difference between the
calculated d, and the given value a,, the better nonlinear
corrected results.

For Simulated Experiment1 of the same coefficient in
different wave bands, e.g., 6.000 x 10_1, a, is very close to the
given value a,, where the mean difference is only 1.65%.
Meanwhile, Simulated Experiment 1 of the same wave band of
the different coefficients also achieve good performance, e.g.,
the mean difference of [700, 800] cm ! s only 0.29%. In
general, these results indicate that our method performs well on
correcting the nonlinearity. The temperature factor also plays
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Figure 3. The convergences of our method. (a) The ([700, 800] cm ") wave band with different quadratic coefficients (6 x 1071, 7 x 107", or 8 x 107 1). (b) The
same coefficient (9 x 107") in different wave bands ([700, 800], [800, 900], or [900, 1000] cm " ).

an important role in the FTS nonlinear effects. Therefore, we
further evaluated the robustness of our method at different
temperatures. All calculated coefficients listed in Table 2 are
close enough to the given value, 6 x 107", These results
demonstrate that our method has good robustness in different
temperature situations.

3.2. Applications

To further evaluate the performance of our method, we
corrected the blackbody spectra with nonlinearity obtained by
the FTS at HSOS. Figure 4 shows the observed spectra at
different temperatures.

The four out-of-band spectra within [0, 400], [1000, 1500],
[2500, 3200], and [3800, 4600] cm ' are also shown in
Figure 4. The distributions in [0, 400] and [2500, 3200] cm ™!
wave bands are generated by the two in-band spectra ([500,
900] and [1900, 2300] cmfl). Similarly, the spectra within
[1000, 1500] and [3800, 4600]cm ! are also the quadratic
artifacts. Different temperatures cause the different amplitudes
of the quadratic artifacts. The lower the temperatures, the
smaller the amplitudes.

Figure 5 shows the correction before (orange) and after
(blue) at 750 and 800 ° C, respectively. It is noted that both the
amplitudes of the observed spectra and their corrected results
have been normalized. In addition, all out-of-band spectra
before and after correction are magnified.

In the terms of evaluation, we used the decrease of artifacts
amplitudes before and after correction in out-of-band

Table 2
The Same Coefficient (6 x 10~") at Different Temperatures

Simulated Experiment 1 Simulated Experiment 2

300 K 6.002 6.102
310K 5.937 6.041
320K 6.070 6.108
330K 6.114 6.071
340K 6.007 5.977

regions (P) to evaluate our method.

P= (1 — %) x 100%, P € [0, 100%], (13)

m

where R,, and R.denote the spectral amplitudes of before and
after correction, respectively. The higher P, the better corrected
result, and the nonlinearity is corrected completely when P
equals 100%.

We used the mean of P in a small wave band (P) to evaluate
the correction effectiveness. P is defined as

S
P=— P,i=1,2,-,M. 14
M; (14)

The nonlinearity in [0, 400] cm ! is corrected by 89.09%,
those in [1000, 1500] cm~ ! corrected by 72.22%, in [2500,
3200]cm ™! by 83.11%, and by 60.84% in [3800, 4600] cm "
of Figure 5 (a). Similar to Figure 5 (a), the nonlinear effects in
those wave bands are corrected by 87.80%, 72.50%, 80.44%,
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Figure 4. The observed spectra with nonlinearity at different temperatures obtained by the FTS at HSOS, and the corresponding filtered wave bands are [500, 900] and
[1900, 2300] cm™". The four artifacts within [0, 400], [1000, 1500], [2500, 3200], and [3800, 4600] cm™"' in out-of-band regions.
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Figure 5. The corrected blackbody spectra at 750 and 800 °C using our method. (a) The results of 750 °C. The amplitudes are corrected fairly in the four out-of-band
regions, [0, 400], [1000, 1500], [2500, 3200], and [3800, 4600] cm L (b) The results of 800 °C that is similar to panel (a).

and 58.08% in Figure 5 (b), respectively. Table 3 lists all
corrected results at different temperatures.

In Table 3, the corrected results, especially at higher
temperatures, are more obvious in [0, 400] cm™ L. To the
artifacts in [1000, 1500] and [2500, 3200] cmfl, although their

corrected results are universally worse than these in [0,
400]cm !, the nonlinearity has been corrected fairly in a
way. The worse results are possibly a result of the smaller
intensities of their original wave band in [500, 900] cm~ ! than
the spectra in [1900, 2300] cm™".
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Figure 6. The solar spectrum obtained by the FTS at HSOS and its corresponding interferogram (orange). The filtered wave band is from 2400 to 2900 cm ™', the
artifacts are in [0, 500] and [4800, 5800] cm™". The spectral amplitudes (blue) after correction in these regions are more flatten.
Table 3 Table 4
The Corrected Results of Spectra at Different Temperatures Performance Evaluation of Different Nonlinear Correction Methods
Attifacts (cm ™) 600 °C 650 °C 700 °C 750 °C 800 °C Dataset Correction Method s x 107" |Gs| x 1071
[0, 400] 75.30% 71.62% 84.81% 89.09% 87.80% Comparison Method 1 6.000 5.934
[1000, 1500] 66.43% 68.19% 70.10% 72.22% 72.50% Experiment 1 Method 2 6.000 5.934
[2500, 3200] 72.76% 71.13% 81.39% 83.11% 80.44% Our method 6.000 6.021
[3800, 4600] 59.46% 65.20% 60.36% 60.84% 58.08%
Comparison Method 1 6.000 3.395
Experiment 2 Method 2 6.000 3.213
Our method 6.000 6.102
Finally, we corrected the solar spectrum observed by the Blackbody Method 1 0.024
FTS at HSOS in [2400, 2900]cm ™' wavenumbers whose Comparison Method 2 0.330
Our method 0.112

nonlinear artifacts are located at [0, 500] and [4800,
5800] cm ™ '. The nonlinearities are enlarged in Figure 6. They
are corrected by 65.34% and 81.04% in [0, 500] and [4800,
58001 cm ™", respectively. The corrected interferogram and the
corresponding spectra are enlarged and shown in the right of
Figure 6.

4. Comparison and Discussion
4.1. Comparison

We compared two nonlinear correction methods, simple
iteration (Method 1) and convolution iteration (Method 2)
(Lachance 2000; Minzhu et al. 2017), to our method. The
two simulated data shown in Figure 1 are again used to achieve
Comparison Experiment 1 and 2. The blackbody radiation
datum with 750 °C is used to achieve Comparison Experiment

3. All experiments were completed on a Windows 10 64 bit PC
with an Intel Core i5 2.60 GHz processor and 32 Gbyte RAM.

As the results shown in Table 4, to the two methods
(Methods 1 and 2), @, are 5.934 x 10" when they reached
convergence in a total of 28 and 25 iterations in Comparison
Experiment 1. Both have obtained relatively good perfor-
mances. In Comparison Experiment 2, the two methods have
converged after 133 and 58 iterations, respectively. The d,
values are 3.395 x 10" and 3.213 x 10" whose “real” value
is 6 x 107!, However, our result is 6.102 x 10~!, demonstrat-
ing that our method has better effectiveness. The calculated
coefficients of observed blackbody radiation are listed in
Table 4.
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The comparison results prove that our proposed method has
better accuracy, robustness and stability.

4.2. Discussion

Table 3 indicates that the corrected effectiveness is different
at various temperatures. The higher temperature, the better
corrected effectiveness. Meanwhile, the nonlinear correction
for the artifacts in higher out-of-band regions is not obvious
compared to others. For example, the corrected results in
[3800, 4600] cm~! where the P value is only 60.78%, are
worse than others in [0, 400], [1000, 1500], and [2500,
3200]cm ™. The reason may be that the dual modulation
phenomenon (Lachance 2000; Han et al. 2013), or the
intensities in these regions are too small.

In addition, for our method, the calculated quadratic
coefficient firmly depends on the optimal interval ([vI,
vhlem™'). Therefore, we need to continuously modify the
optimal interval by comparing the spectra before and after
correction for a more efficient correction.

5. Conclusion

We first introduced the necessity of the FTS for observing
solar activities. However, the interferometer in the FTS exists
the nonlinear problem. So we proposed a method using the SA
algorithm to correct the FTS nonlinearity. The blackbody
spectra with nonlinearity are simulated to evaluate the
performance of the proposed method. The experiments indicate
that the calculated quadratic coefficient is extremely close to a
given value and the difference is only 0.29% in [700,
800] cm ), demonstrating that our method is more accurate.
Meanwhile, our method performs very well in different spectral
resolutions and different temperatures, proving that the method
holds a good robustness. Finally, we corrected the spectral
nonlinearity of the blackbody and solar spectra observed by the
FTS at HSOS. The nonlinearity of the blackbody spectra in
low- and high-frequency components of the out-of-band is
corrected by 89.09% and 60.84%, respectively. The nonlinear-
ity of the solar spectra is corrected by 65.34% and 81.04% in
the low- and high-frequency regions of the out-of-band,

Dong et al.

respectively. All results prove that our proposed method using
the SA algorithm can correct the nonlinearity efficiently and
can be further used by the FTS of AIMS to improve its
accuracy.
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