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Helium line intensities have been utilized to measure the electron density, n., and
temperature, T,, by comparing measured line intensities to a collisional-radiative
model (CRM). In this study, we use multiple regression analysis to train a model of
the helium line intensities and n. /T, obtained from a Thomson scattering system
in the linear plasma device Magnum-PSI; based on the trained model, we predict
ne and T, from line intensities. We show that this method can also obtain radial
profiles of n. and T.. We discuss appropriate selections of line pairs for the pre-
diction based on the multiple regression analysis. A big advantage of this method
against the standard technique using CRM is that modeling of atomic population
distributions is not required, which sometimes needs to take into account various
effects such as radiation trapping, transport of helium atoms in metastable states,
etc.

I. INTRODUCTION

Line emissions from helium (He) atoms have been utilized to measure the electron density,
ne, and temperature, 7., in various fusion devices'™. The basic principle of the measure-
ment is to fit a relative population distribution obtained from a collisional radiative model
(CRM) to a measured one®. This method has also been used in various linear devices, and
comparisons have been made to other diagnostics such as an electrostatic probe and laser
Thomson scattering (TS)6 1L,

For the optimization process of CRM calculations, in addition to the dependence of the
relative population distribution on n. and T, it is sometimes important to take into ac-
count several other effects including high energy electrons®, radiation trapping'?, plasma
fluctuations'®'4, and transport of He atoms in metastable states'. However, it is not
straightforward to model these effects inclusively. For instance, concerning the effect of
radiation trapping, various investigations have been conducted in terms of neutral He den-
sity and temperature!®!!, the radius and radial profile of the optical escape factor®!®. In
particular, it is not easy to assess the influence far from the plasma column center in a
linear plasma device, because the emissions from the central region significantly disturb the
population distribution at the edge.

Recently, Nishijima and his colleagues have applied a machine learning method to the
relations between He line intensities and n. /T,, and successfully reproduced radial profiles of
ne and T, from optical emission spectroscopy (OES) data'®. This method requires another
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reliable diagnostic tool, but does not require any sophisticated modeling of population
distribution. Since n. was limited up to ~ 4 x 10'® m~3 in Ref. 16, it is of interest to check
the validity of the method in a higher n. range, covering the divertor strike point region in
fusion devices. Although a machine learning technique without a physics backbone cannot
compete with a modeling that is able to treat all the relevant physics correctly, it can be a
useful tool when the physics has yet to be fully understood. Also, the difference between
machine learning and physics-based methods can give us clues to understand the physics
further.

In this study, we analyze OES data collected at a higher n, range of 10'? — 10%! m
in the Magnum-PSI linear device using multiple regression analysis to predict n. and T.
Previously, in Magnum-PSI, it was found from the comparison between the OES data and
CRM that n., and T, deduced from the OES were sometimes not consistent with those
from TS!'. In this study, in addition to a line of sight (LoS) observing the center of the
plasma column, we will try to deal with radial profile data and discuss the robustness and
limitation of the OES data. Moreover, based on the multiple regression analysis, selection
of lines appropriate for the prediction of n, and T, is discussed.

-3

Il. PREPARATION

A. Data set

In this study, the data set in Ref. 11 that had 24 discharges at different discharge
currents and gas pressures is used. The magnetic field strength was 1.2 T. Details of the
experimental device and experimental setup can be found in Refs. 11 and 17; here, a short
explanation of the setup is provided. Pure He plasmas were produced in the linear plasma
device Magnum-PSI. Figure 1 shows a schematic representing the field of views of the OES
and TS seen from the target to the source. The second harmonic of Nd:YAG laser pulses
(532 nm) pass through the plasma from the bottom to the top of the device!®. The laser TS
signal is collected from a side field of view and is detected by a high etendue transmission
grating spectrometer that equips with an intensified charge coupled device. The Rayleigh
peak, which is much narrower than TS, can be separated from the TS signals. The signal
intensity is calibrated by Rayleigh scattering, enabling to measure n., while 7T is evaluated
from the spectrum broadening. The minimum measurable n. and T, are 1 x 107 m~3 and
0.07 eV, respectively. The radial profiles of n. and T, can be measured along the laser path.
In this study, we assume the Thomson scattering system gives unbiased n. and T, data.

Nd:YAG laser

y Thomson scattering
to measure ne and Te

g - 35 channels
Optical emission spectroscopy To spectrometer

Fiber %

40 channels

To spectrometer

FIG. 1. A schematic representing the field of views of the OES and TS seen from the target to the
source. Although the coordinates are different between TS (y) and OES (y'), we will treat the data
under the assumption that the parameter variation in the azimuthal direction was not significant
for simplicity.

Figure 2 shows a typical observed emission spectrum. The wavelength coverage of the
spectrometer used in this study is ~165 nm in a single acquisition. At each plasma condition,
two spectra were taken at two wavelength ranges: ~365-530 nm and ~660-825 nm. Note
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FIG. 2. A typical emission spectrum from the Magnum-PSI device used in this study.

TABLE I. The nine line intensities used in this study. The wavelengths and upper/lower states for
the transitions are shown.
Index Wavelength [nm]|Upper state Lower state

1 728.1 nm 31s 21p
2 706.5 nm 33s 23p
3 501.6 nm 3lp 2's
4 388.9 nm 33p 238
5 667.8 nm 3D 2'p
6 492.2 nm 4D 2lp
7 447.1 nm 43D 23p
8 438.8 nm 51D 2lp
9 402.6 nm 53D 23p

that the strongest visible line at 587.6 nm was not measured in this study, as it often
saturates when it is measured with other lines. And the line emission at 471.3 nm was
not used, because there was an overlap with another line probably from some impurity.
Other emission lines observed with a decent intensity are included in the analysis. Table
I describes the wavelengths and transitions of the observed nine He atomic lines in the
wavelength range of 388-728 nm. Those lines were observed by a Czerny-Turner type
spectrometer. The intensities have been calibrated using a standard lamp; the calibration
is, in principle, not necessary for the method used in this study. The axial (in the direction
parallel to the magnetic field) position of the field of view for the OES was the same as the
TS measurement, but it was rotated 135 degree in the clockwise direction from the LoS of
the TS system, as shown in Fig. 1. The number of fiber channels was 40 for OES and 35
for TS. We will treat the data in the coordinate system shown in Fig. 1 with y for TS and
y' for OES under the assumption that the parameter variation in the azimuthal direction
was not significant for simplicity.

Figure 3(a) shows the emission profile of the nine lines in a logarithmic scale, and Fig.
3(b) shows the relative emission profiles normalized to the intensities at '’ = 0 mm in a
linear scale. Figure 3(c) shows the radial profiles of n. and T, measured by TS. In this study,
we split radial profiles to three regions: core (r < 3 mm), transition region (3 < r < 7 mm),
and periphery (r > 7 mm), where r is the distance from the center of the plasma column.
The profile at 501.6 nm has a relatively strong intensity at the periphery similar to the
other devices'?. This is because the upper state of the transition at 501.6 nm is 3'P, which
is also associated with a resonance line at 53.7 nm (1!S-3'P), and the photoexcitation by
the radiation from the center can increase the population at the periphery!'®2Y.

Figure 4 shows the distributions of T, and n. that will be used for the analysis in this
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FIG. 3. (a) The emission profile of the nine lines in a logarithmic scale, (b) the relative emission
profiles normalized to the intensities at ¥’ = 0 mm in a linear scale, and (c) the radial profiles of
ne and T, measured by T'S.

study; different markers represent the three radial regions (core, transition, and periphery).
In the core and transition regions, n. and T, are mainly in the ranges of 102°-10%! m~3 and
0.2-3 eV, respectively. In the periphery, the density is lower than the core and transition
region, and n, and 7T, are mainly in the ranges of 10'9-102° m~3 and 0.2-2 eV, respectively.
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FIG. 4. The distributions of T, and ne that will used in this study from the three regions (core,
transition, and periphery).



B. Methods

In this study, we mainly use multiple regression analysis (LinearRegression in Scikit-
learn?!) and partially use a non-linear model, Kernel ridge regression (KernelRidge in
Scikit-learn). The main reason for using a linear model is that we can interprete the
coefficients in an easy manner.

In the regression analysis, the relations between n. or T, from TS and line intensities are
trained. The TS data was interpolated to the corresponding OES radial position. Because
only the relative population distribution is important, the intensities are normalized to the
sum of the used ones as

Li

Zjbj7

where ¢; is the line intensity with the index number of i, which is shown in table I. Then,
we take the logarithm for all the above values, and they are used for the input values of the
model. In other words, in the multiple regression analysis, we assume that n. and T, can
be expressed in the following form:

I, = (1)

ne or T, = CoI IS? . I, (2)
where Cy, C1, Cs, -+, and Cy are coefficients. When taking logarithm on both sides, Eq.
(2) becomes

logne or logT, =logCy + Cilog Iy + Colog Iy + -+ + C, log I,,. (3)

Although there is no theoretical support that ne and Te can be expressed using Eq. (2),
Nishijima et al.'® have recently shown that the power function model using the relation in
Eq. (2) can be well used for the prediction of n. and T, in the ionizing plasmas in the
PISCES-A linear device. Thus, in this study, we mainly use the linear model, and the
deviation from Eq. (2) is discussed using a non-linear model. First, in Sec. III, among the
available 24 discharge data, 2/3 (16 discharges) of them are selected randomly and used for
training, and remained 1/3 (8 discharges) is used for testing.

I1l. MULTIPLE REGRESSION ANALYSIS

First, we use all the radial profile data at once for training and testing. Figure 5(a,b)
shows predicted n. and T, respectively, as a function of the measured TS values. As
mentioned in Sec. IIB, randomly selected two-thirds of available discharges were used for
training and remaining discharges were used for testing. We repeated the random selection
three times and plotted in Fig. 5(a,b) with different markers. The scattering of predicted
ne is not small and has a range from 10'°-102° m—3 at TS-measured n., ~ 2x10'? m=3.
The scattering of the predicted T, also has a wide range, and the maximum scattering is
roughly a factor of five.

To specify the origin of the scattering, the data set was separated to the three regions
(core, transition, and periphery), and training and testing were performed in the three
regions separately. Figure 6(a,b) plots the predicted n. and T, respectively, as a function of
measured TS values for the three regions (core: circles, transition: triangles, and periphery:
crosses). The blue and red colors represent the different sets of data used for training and
testing. It is seen that the residual errors are relatively small in the core region, while they
gradually increase with increasing radius.

In Table II, the multiple correlation coefficient, R, and the residual errors, e, are presented.
In this study, e is defined as
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FIG. 5. Predicted (a) n. and (b) Te of test data as a function of TS-measured n. and T, respec-
tively. All the radial profile data were analyzed together. Different markers represent the results
using randomly chosen three different set of data for training/testing.

TABLE II. The multiple correlation coefficient, R, and the residual errors assessed from the multiple
regression analysis in Figs. 5 and 6. Here, All in the region of interest means that all the three
regions were used for the analysis together, and Core, Transition, and Periphery mean the three
regions were used for the analysis separately.

Region of interest R coefficient Residual error (%)

AL (1, 0.81£0.05 80.3
All (T2) 0.7540.11 37.9
Core (n.)  0.82 £0.11 19.8
Core (T.)  0.89 £0.07 17.0
Transition (n.) 0.79 +0.08 29.1
Transition (7.) 0.74 £0.15 25.1
Periphery (n.) 0.55 £0.13 90.7
Periphery (T.) 0.45 +0.19 45.5

where X; and x; are measured and predicted values, respectively, j is the index of the data.
We repeated random selections of the test/train data 100 times, and the summation was
taken for all the test data. Even with including all the radial data at once (Fig. 5), R is
0.81 for n, and is 0.75 for T,, indicating that the correlation is not so bad. However, e for
ne is 80%, which is not sufficiently low. When focusing on the core region, both R and e
are improved. In particular, e is reduced to less than 20% for both n, and T,. As shifting
to the outer regions, R gradually decreases and e increases. Thus, the errors are found to
originate mainly from the periphery in the current data set.
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FIG. 6. Predicted (a) n. and (b) Te of the test data as a function of TS-measured n. and Te, respec-
tively. The training and testing were performed in the three regions separately. Different markers
represent the different regions (core: circles, transition: triangles, and periphery: crosses), and blue
and red colors correspond to randomly chosen two different sets of data for training/testing.
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Figure 7(a,b) shows the obtained coefficients of the nine lines for n, and T, predic-
tions, respectively, at the three different regions. Here, to improve statistics from Fig. 6,
where calculations were done only twice, we repeated the analysis with random selection
of test/train data 100 times, and the average and standard deviation values are plotted
as bars with error bars. It is found that the coefficient values are different in the three
different regions. For example, the coefficients of 728.1 and 438.8 nm for the n. prediction
alter from positive to negative values as shifting from the core to the periphery. One of
the potential causes is the effect of radiation transport. Previously, it was revealed from
both experiments in the PISCES-A device and a ray tracing simulation that the intensity
of singlet lines is enhanced especially at the periphery of the plasma column, because of
the absorption of resonance lines emitted from the brighter plasma central region, while
the enhancement of the triplet line intensity is much smaller over the whole profile’®. For
example, the population densities in 3'P and 3'S states increased by three orders and an
order of magnitude, respectively, due to the absorption of resonance lines. This means
that the absorption effect is more dominant than electron-impact excitation processes to
populate the singlet states. As shown in Fig. 3(b), the 501.6 nm and 728.1 nm lines have
relatively higher intensities at the periphery, because the upper states of these line are 3'P
and 3'S, respectively. Thus, these lines are more sensitive to the absorption effect and are
less sensitive to electron-impact excitation, i.e. n. and T, especially at the periphery. On
the other hand, lines that are less sensitive to absorption are thought to be more beneficial
for the prediction of n, and T, at the periphery. In addition to the value itself, the relation
between the value and the scattering (error bar) is also important. If the scattering is com-
parable or larger than the value itself, it is suggested that the value is not stable and does
not have a clear sensitivity to the parameter. Concerning the coefficient of, e.g., 728.1 nm
for T, prediction, the error bars are larger than the coefficient values, suggesting that the
line intensity is not sensitive to the T, prediction. We will use Fig. 7(a,b) later for practical
selection of lines.

Although the error is large at the periphery region, the fact that R is ~0.5 suggests the
predicted values have correlation with the measured values to some extent. Here we try
to reconstruct the radial n. and T, profiles from the OES data. Figure 8(a,b) shows those
from OES and TS. Here, one discharge was selected for test data and all the other data
were used for training. For assessing the errors of n. and T,, we repeated the analysis (1/3
test data and 2/3 training data) used in Fig. 6(a,b) 100 times, and standard deviations of
the TS n, and T, of the test data that have close predicted n. and T, (< £10%) values,
respectively, were used. While the errors are relatively large, the predicted radial profiles
of ne and T, from OES agree well with those of TS. It should be noted that OES coupled
with CRM was not able to reproduce the radial profiles from TS!!.

IV. SELECTION OF LINES

In Sec. III, nine lines were used for the analysis as in the previous study!!, where the
quality of the n. and T, predictions using CRM was deteriorated when reducing the number
of lines. In this section, we assess the importance of each line and discuss the best selections
of necessary lines.

To select lines, let us go back to Fig. 7. For the first step, we focus on the core region
in this study. We can eliminate lines that have little sensitivity to both n. and T,. It is
apparent that lines at 728.1 and 706.5 nm have sensitivity to n., and lines at 706.5, 501.6,
388.9, and 402.6 nm have sensitivity to T, while lines at 667.8, 492.2, 447.1, 438.8 nm
seem not to be so sensitive to both n. and T,. We assess the performance for six cases
(i)-(vi) with different line selections shown in Table III. Case (i) uses all the nine lines, case
(ii) eliminates two lines (667.8 and 492.2 nm) from case (i), case (iii) eliminates two more
lines (447.1 and 438.8 nm) from case (ii), and cases (iv)-(v) are the cases used previously'?.
The three lines used in case (vi) are the popular lines that have been used frequently®810.
In case (v), the line at 501.6 nm, which is sensitive to radiation trapping?’, is added to
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TABLE III. Six cases (i)-(vi) with different lines used for the analysis.
Case| Number of lines| Wavelengths (nm)

6) 9 728.1, 706.5, 501.6, 388.9, 667.8, 492.2, 447.1, 438.8, 402.6
(ii) 7 728.1, 706.5, 501.6, 388.9, 447.1, 438.8, 402.6

(iif) 5 728.1, 706.5, 501.6, 388.9, 402.6

(iv) 5 728.1, 706.5, 501.6, 667.8, 447.1

(v) 4 728.1, 706.5, 501.6, 667.8

(vi) 3 728.1, 706.5, 667.8

case (vi). In case (iv), another line at 447.1 nm, which is sensitive to the recombining

component'?, is added to case (v).

Figure 9(a-f) plots the predicted n. in the core region as a function of the TS-measured
ne for cases (i)-(vi), respectively. Again, randomly chosen 2/3 (16 discharges) data from
the data set was used for training and the remained 1/3 (8 discharges) data was used for
testing. Different markers in Fig. 9 represent five sets of training and testing. It is seen
that the predicted values are almost consistent with TS values, suggesting that the method
can be used for all the cases. It is interesting to note that the quality of the prediction is
good even with three lines for n., i.e. case (vi). Figure 10(a-f) plots the predicted T, in
the core region as a function of the measured T, for cases (i)-(vi), respectively. While the
results are almost consistent for cases (i)-(iii), the quality of the prediction is worth in cases
(iv)-(vi), especially, at T, > 2 eV.
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FIG. 10. (a-f) Predicted Te in the core region as a function of the TS-measured T, for different line
selection cases (i)-(vi), respectively. Different markers represent randomly chosen five different set
of data for training/testing.

Figure 11 summarizes the residual errors in n. and T, for the different line selection cases
(i)-(iv). The error of n. slightly decreases when the number of lines decreases from nine
to three, but it does not depend strongly on the selection of the lines and is in a range of



11

50

Bl Error (ne)
Wl Error (Te)
40
&
S 30
3
©
3
‘w20
o}
14
10
(i) 9lines (i) 7 lines (iii) 5 lines (iv) 5lines (v)4 lines (vi)3 lines

FIG. 11. The residual errors in n. and Te for cases (i)-(vi).

17-22%. On the other hand, the T, error is nearly constant at ~15% for cases (i)-(iii); it
increases to ~ 30% in case (iv) and further increased to a2 40% in cases (v) and (vi). This
might be caused by the usage of the linear model for training the data. Thus, we examined
a non-linear fit model (Kernel ridge regression) for cases (iv)-(vi). As shown in Fig. 12, the
predicted T, using the Kernel ridge regression still deviates from the TS-measured values,
in particular, at T, > 2 eV, as with the linear model. The residual errors of cases (iv)-(vi)
are 28.1, 37.2, and 40.9%, respectively. The error was slightly improved for case (iv), but
almost no improvement for cases (v) and (vi).

(iv) 5-lines
® (v)4-lines 42 2
(vi) 3-lines )

>

< [

= A :

T 10°4 A48 & g A € <

o L (]

BT S

I~ residual errors
> (iv) 28.1 %
k) (v)37.2%
A (vi) 40.9 %

100

Measured T, [eV]

FIG. 12. Predicted T. using the Kernel ridge regression plotted as a function of the TS-measured
T. for cases (iv)-(vi).

Fig. 13(a) plots the line intensity ratios of 728.1/706.5 nm vs. 667.8/728.1 nm with
T, as the color of markers. Here, only the core region data are used. The line intensity
ratios 728.1/706.5 nm and 667.8/728.1 nm are sensitive mainly to T, and n., respectively.
However, high and low T, data points overlap at 728.1/706.5 nm ~0.06 and 667.8/728.1
nm ~24, indicating that T, is a multivalued function of this line intensity ratio pair. This
may be explained by the mixture of ionizing and recombining components?, since there is
a minimum of the 728.1/706.5 nm ratio around the boundary between ionizing (higher T)
and recombining (lower T.) plasmas. While the addition of 501.6 nm to the three lines
(728.1, 706.5, and 667.8 nm) does not reduce the deviation at T, > 2 eV [see Fig. 10 (e)
and (f)], the fit is improved by the further addition of 447.1 nm to the above four lines [see
Fig. 10 (d)]. In Fig. 13(b), a ratio 402.6/501.6 nm is plotted against 501.6/388.9 nm with
T, as the color of markers. Here, the two ratios consist of the three most sensitive lines to
T, in the core, as shown in Fig. 7. The lower T, region exists at the bottom and the higher
T. region exists at the upper right of the figure. In Fig. 13(b), the mixture of different
T, regions is less than that in Fig. 13(a). Thus, as is suggested in Fig. 10(a-c), the line
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selection of cases (i)-(iil) is more powerful to separate the contributions from ionizing and
recombining components compared to case (iv)-(vi).
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FIG. 13. Distributions of the line intensity ratios in the core region: (a) 728.1/706.5 nm vs.
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The color of the marker represents T'S-measured T, values. This kind of plot is useful to find out
if any overlaps of different 7. values exist in a line ratio pair.

In this section, we discussed the line selection, focusing on the data in the core region.
However, as expected from Fig. 7, the best selection of lines can be different in the transition
and periphery regions. Future work will focus on the development of robust tools for
prediction that can be applied to various regions and other devices.

V. CONCLUSIONS

We showed that the machine learning methods can be used to predict the electron density
(ne) and temperature (Ti) from helium (He) line intensities if there is another reliable
measurement method for n. and T, that can be used for training. Multiple regression
analysis was applied to train the data set of optical emission spectroscopy (OES) data
and n./T, from Thomson scattering (TS) in the linear plasma device Magnum-PSI. The
intensity of nine He I lines was used for the analysis: 728.1, 706.5, 501.6, 388.9, 667.8, 492.2,
447.1, 438.8, and 402.6 nm.

When using all the radial data set at once, the residual errors were large: ~80% for n, and
~40% for T.. Thus, the radial profile was separated into the core (r < 3 mm), transition
(3 < r < 7mm), and periphery (r > 7 mm) regions to identify the region, the data of which
caused the large residual errors. It was found that the data at the periphery caused the large
residual errors, probably because the population densities of, mainly, singlet states at the
periphery are altered by absorption of photons transported from the core to the periphery.
Based on the coefficients derived from the multiple regression analysis of the data in the
core region, it was found that a satisfactory prediction of n. and T, requires, at least, the
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following five lines at 728.1, 706.5, 501.6, 388.9, and 402.6 nm. With this line selection, the
error, originating from the mixture of ionizing and recombining components, is reduced.

This study demonstrated that machine learning can be a powerful tool for OES measure-
ment to predict n. and T, in case there is another diagnostic for training a model. This
method has an advantage, which does not require any complicated modeling for population
distribution of He atoms, e.g. the effects of radiation trapping, neutral density /temperature,
transport of metastable state atoms. In this study, we focused on the data from one device,
which covers the n., and T, ranges of 10'9-10?" m™3 and 0.2-3 eV, respectively. In this
study, we used the laser Thomson scattering system, which is reliable with small measure-
ment errors, as an independent diagnostic to train the model. Even if the accuracy of an
independent measurement system is low, we can make a regression analysis with enough
training data unless those are biased. The trained model is expected to predict n. and T,
with a better accuracy than the independent measurement system, since the line intensity
is usually observed with a good signal to noise ratio. In the future, it is of interest to
investigate the property of OES data from various experimental devices, including other
linear devices as well as tokamak and helical fusion devices.
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