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ABSTRACT

Diagnosing the amount of radiated power is an important research goal for fusion devices. This research aims at better understanding and
diagnosing the radiated power from the Large Helical Device (LHD). The current radiated power estimate in the LHD is based on one wideangle resistive bolometer. Because the estimate stems from one bolometer location toroidally and has a wide-angle poloidal view, this estimate
does not take into account toroidal and poloidal radiation asymmetries that are observed in the LHD in discharges with gas puffing. This
research develops a method based on the EMC3-Eirene model to calculate the set of coefficients for a weighted-sum method of estimating
the radiated power. This study calculates these coefficients by using a least-squares method to solve for a coefficient set, using a variety of
simulated cases generated by the EMC3-Eirene model, combined with corresponding geometric radiated power density considerations. If
this set of coefficients is multiplied by the detector signal of each bolometer and summed up, this gives a total radiated power estimate. This
new estimate takes into account toroidal and poloidal asymmetries by using the bolometer channels viewing different toroidal and poloidal
locations, thereby reducing the estimation error and providing information about toroidal asymmetries.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0027302., s

I. INTRODUCTION
Measuring the power radiated from the plasma inside fusion
devices is an important diagnostic issue. Limiting the heat and particle flux reaching the divertor to prevent damage is one of the keys
to developing feasible fusion energy power plants. One way to limit
these fluxes is by seeding heavier impurity gases in the plasma edge
regions to radiate power so that they do not reach the divertor. The
ultimate goal is to reach plasma detachment, where the particle and
heat fluxes to the divertor are limited, but the plasma core temperature is maintained. Diagnosing and understanding the behavior of
the total radiated power is, therefore, necessary to improve plasma
performance.
The Large Helical Device (LHD) heliotron is one of the
larger helical devices currently in operation. The LHD focuses on
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investigating nuclear fusion phenomena in a twisted magnetic field
configuration.
The current radiated power (Prad ) estimate in the LHD is based
on multiplying an experimentally determined coefficient by the output of one wide-angle resistive bolometer.1 When measuring from
one toroidal location, this measurement has no poloidal or toroidal
resolution. There is evidence that there are toroidal and poloidal
radiation asymmetries in LHD discharges, especially after impurity gas seeding.2,3 These radiation asymmetries can cause errors
in the Prad prediction because they are distributed toroidally and
poloidally over the plasma. Toroidal asymmetries occur in regions
of the plasma that are not in the line of sight of the bolometer used
for the measurement; using only one bolometer channel leads to
a prediction error that is linearly related to the amplitude of the
asymmetries. The toroidal radiation asymmetries are observed after
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impurity gas seeding, and the discovered effects are dependent on
the seeded impurity gas.2,4 Identifying which type of gas minimizes
the asymmetric effect could aid in improving plasma performance
during gas seeding.
There are 44 working resistive bolometer channels available,
spread out over three toroidal locations, as shown in Fig. 1. By
including the signals from these channels in the estimate of the total
radiated power, the toroidal and poloidal samplings can be improved
because there is more information available from different locations
in the plasma. Theoretically, using three toroidal bolometer locations instead of one should decrease the prediction error for the total
radiated power due to toroidal asymmetry by around two-thirds on
average, depending on the spatial distribution of the asymmetry.
This research aims at improving the estimate of the total radiated power by developing a weighted sum estimation with a coefficient set. Multiplying this coefficient set by the output of the bolometer channels and summing them should then give the total radiated
power as accurately as possible. Calculating a coefficient set that follows these criteria can be done by using a least-squares solver for
a large number of discharges with a known total radiated power
and corresponding detector powers. Since this is not possible experimentally, EMC3-Eirene model data for the edge radiation are used
combined with different artificial core radiation profiles. This combination gives multiple cases with an absolutely known total radiated power and corresponding detector outputs for a variety of discharge scenarios. With enough representative cases, the solver then
gives a coefficient set, with which a total radiated power estimate
can be made using all resistive bolometers. This method is similar
to the method deployed in Ref. 5, which used regression analysis to find a coefficient set for a weighted sum. However, here the
regression analysis is performed on simulated data and applied to
multiple bolometers with a focus on toroidal asymmetries. Other
work calculates coefficients for a weighted sum based on geometric
considerations.6,7
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The developed method of making a total radiated power estimate can additionally be applied to the separate bolometer array
locations to study toroidal radiation asymmetry in the LHD. By analyzing the total radiated power estimates at different toroidal locations from different shots with different gas seeding characteristics
and normalizing each signal to its value before the gas seeding, the
relative change in radiation at each bolometer location gives a quantitative measure of the toroidal asymmetry. For N2, this is done in
Ref. 8. This can be visualized for each different impurity gas. The
differences in the normalized radiated power estimates after the gas
seeding are a measure of toroidal radiation asymmetries.
In order to reach the aims of developing a radiated power estimate and analyzing toroidal radiation asymmetries in the LHD, this
study’s structure is as follows. First, it introduces the measurement
setup, current radiated power measurement, and the EMC3-Eirene
model in Sec. II. Then, in Sec. III, the process of creating the new
coefficient set is specified, and expectations for the improvement of
the estimate are given. In Sec. IV, the new estimate will be analyzed
and compared to the old estimate. The conclusions of this study are
highlighted in Sec. VI.

II. BACKGROUND
This section describes the working principle and calibration of
the resistive bolometer. Second, it gives an overview of the measurement setup that is used. Then, it details the current radiated
power estimate, gives an account of the existing research concerning
toroidal and poloidal asymmetries, and describes the EMC3-Eirene
model.
A. Resistive bolometers
A resistive bolometer is a diagnostic that measures the power
coming from a radiation source. The bolometer integrates all the
wavelengths that reach the bolometer, with the upper x-ray energy
limit determined by the thickness of the bolometer foil. It is usually
placed in a pinhole camera such that it has a line of sight to the radiation source, in this case, the LHD plasma. The wavelength integrated
radiation from the plasma then heats the metal resistor in the detector. The increase in temperature changes the resistive properties of
the metal, which is thermally connected to the radiation absorbing
foil by an electrically insulating layer. The change in the resistance is
subsequently measured and creates a voltage. This system has been
calibrated using a laser with fixed Prad , to determine the sensitivity K
and the thermal time τ from the following equation:
Prad =

1
dV
(Vb + τ b ).
K
dt

(1)

B. Measurement setup

FIG. 1. LHD top view with the locations of the different bolometers given by
their yellow lines of sight and gas seeding ports as given by their yellow circles and label. The LHD is divided into ten field periods with roughly the same
characteristics.
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The LHD is divided toroidally into ten field periods, each with
one turn of the helical winding. At the integer numbered ports, the
plasma has a horizontal elongation, and at the half-integer numbered “5” ports, the plasma has a vertical elongation. The inboard
side ports are noted by “I,” the outboard side ports by “O,” and the
upper and lower ports by “U” and “L,” respectively. The locations
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of the bolometer arrays and gas seeding ports are shown in Fig. 1.
There are three different gas seeding locations: at 3.5-L, 5.5-L, and
9.5-L. There are four different locations with bolometers: one wideangle bolometer at 3-O, two arrays at 6.5-L (one on the inboard
side “i” and one on the outboard side “o”), and one array at 8-O.
The lines of sight of the 8-O and 6.5-L bolometer arrays are, respectively, shown in Figs. 2 and 3. Each of the bolometers’ channels has
a different part of the plasma in their line of sight. Their output
depends on the radiated power in that part of the plasma. The 3-O
bolometer is uncollimated and has a broader view poloidally and
toroidally.
Recently, there has been a change in the measurement setup.
The 6.5-L-i bolometer array has been moved from outside the vacuum chamber to the inside. This has resulted in a loss of shielding
from electron capture (EC) radiation, so during electron cyclotron

scitation.org/journal/rsi

FIG. 3. Poloidal cross section of the 8-O bolometer.

heated (ECH) operation, this bolometer picks up ECH radiation and
shows spikes.
C. The current radiated power estimate
At the LHD, the current radiated power estimate is based on
the power output of the 3-O bolometer. This bolometer has a wide
viewing angle, viewing nearly the entire poloidal cross section and
approximately one field period (36○ ) toroidally. The power output
of the 3-O bolometer P3–O (in μW) is then multiplied by a coeffikW
cient k[ μW
] that relates the power at the detector with the actual
radiated power. This gives an estimate of the total radiated power.
This relative power coefficient was established experimentally as
follows:1
1

2

3

4

The 8-O multi-channel resistive bolometer was used in a shot
with standard operating parameters to perform tomographic
inversion to find the radial profile of the radiated power density
(Sj ) profile, where j is the index of the radial regions.
The radiated power density is multiplied by the volume V j
corresponding to each radial region and summing this as
Prad = ∑j Sj ⋅ V j .
The coefficient is then found by dividing the total radiated
power found in this procedure by the detector power of the
3-O bolometer at that same time. The coefficient is calculated
Prad
by k =
.
P3-O
The estimate of the total radiated power of all shots is now given
by multiplying the detector power of the 3-O bolometer by this
coefficient Prad = k ⋅ P3–O .

D. Toroidal and poloidal asymmetry

FIG. 2. Poloidal cross section of the 6.5L bolometers. Red lines indicate the
outboard bolometer channels and green lines the inboard bolometer channels.
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Due to the helical winding, the LHD is not a toroidally symmetric device. Helical periodicity is most often assumed and means that
every separate field period is identical. Toroidal radiation asymmetry is defined as the difference in radiation between the field periods.
In addition, especially in the ergodic edge region outside the last
closed flux surface (LCFS), the radiation is poloidally asymmetric,
with radiation localized near the X-points of the helical divertor. In
the regions of the plasma inside the last closed flux surface where
the temperature is high, transport and, hence, equilibration are fast,
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and the assumption of toroidal symmetry is natural. However, especially in the ergodic edge region, toroidal (radiation) asymmetry
is a phenomenon that is observed from different diagnostics2 and
models.4 Therefore, it is necessary to sample these different regions
of the plasma to estimate the total radiated power accurately. The
toroidal asymmetries are experimentally observed to be localized in
the region next to the gas seeding port in the direction of a negative magnetic field. A recent study of nitrogen seeding with the
developed method shows this behavior.8
E. EMC3-EIRENE
EMC3-EIRENE is a 3D edge and divertor-leg transport model
that incorporates fluid transport equations in the Edge Monte
Carlo 3D (EMC3) code and kinetic transport equations with atomic
molecular processes in the EIRENE code.4,9 The model outputs the
radiated power density distribution over its grid in the edge and
divertor-leg regions for one helical field period in equilibrium. It
does this for different input parameters: the densities of impurities, the magnetic field configuration, different heating methods, and
more.10 The precise equations that are taken into account have been
documented.11 There is qualitative agreement with the LHD plasma,
as seen in comparing the EMC3-Eirene model with experiment4
and in comparison of synthetic images with imaging bolometer
images.12

III. METHODOLOGY
This section describes how the set of coefficients is calculated.
First, it details how a coefficient set for a weighted sum could be
determined. Then, it explains how the cases to calculate the coefficient set were built up. Finally, the generated coefficients are tested
on synthetic data.

scitation.org/journal/rsi

resolution. The extended set of coefficients kj cannot be determined
experimentally without “knowing” the actual radiated power, which
was the problem to begin with.
Calculating the coefficients can be done for single bolometers
by weighting the coefficients according to geometric considerations,
as was done in Refs. 6 and 7. Here, more bolometer channels are
used, and the actual radiated power is still not known.
Ideally, one would like to know Prad and Pj for a representative
set of cases that represent as many different discharge scenarios in
the LHD as possible. The system of equations with known Prad and
Pj can then be fitted for the coefficients using a least-squares solver.
The EMC3-Eirene model is deployed to generate a representative set
of cases in order to solve for the coefficient set kj . This coefficient set
will still have an error, but the better poloidal and toroidal resolution
that comes from increasing the number of detectors should give a
better estimate than before.
B. Generating the cases
Generating cases to train the coefficients is done by combining the EMC3-Eirene edge and divertor-leg radiation model with
artificial core radiation densities and profiles. This is done for the
case where the magnetic axis is at R = 3.6 m. Using this model
approach has the advantage that the radiated power Prad is known
absolutely from the model, and the corresponding detector powers Pj can be found from geometric considerations of the line of
sight of each detector. Finding the detector powers for each case
was done by using a synthetic analysis tool that has been successfully implemented in previous works.4,10,13 In addition to using the
EMC3-Eirene output, artificial toroidal asymmetries, core radiation,
detector noise, and impurity radiation variations are added to the
model. The following sections detail the buildup of the set of cases
that is used to calculate the coefficients.
1. EMC3-eirene cases

A. Making a coefficient set
The goal of this research is to make a set of coefficients that,
when multiplied with the powers of their respective detectors and
summed up, yields an estimate of the total radiated power Prad . So,
a coefficient set kj , multiplied by the detector output power Pj at
every detector channel and summed, should yield the total radiated
power. For the run-time and data processing of the radiated power
measurement, this should be one set of coefficients,
channels

∑ kj Pj = Prad .

(2)

j

The same can then be applied to each of the bolometer arrays,
at 6.5-L, 8-O, and the single wide-angle bolometer at the 3-O port.
These coefficient sets for each bolometer port then allow the calculation of a local estimate of the total radiated power that can be
used to study toroidal asymmetries. This could, for instance, be done
by looking at the relative change in the estimates for different gas
seeding scenarios.
The method that was previously used is the same but with only
one detector channel and one experimentally determined coefficient:
Prad = k3–O ⋅ P3–O . Using more detectors, and thus having more coefficients, is beneficial because it increases the toroidal and poloidal
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The EMC3-Eirene model is used to generate a set of cases for
different and variable operating parameters. For each of these cases,
it calculates the radiated power in the edge and divertor leg. The
cases can be made for different densities, for instance, [1, 2, 4, 8,
16, 32] ⋅ 1018 m−3 at the last closed flux surface (LCFS), and different powers crossing the LCFS, for instance, [1, 2, 4, 8, 16] MW.
These sets of cases are also generated for different plasma compositions. For example, (1) no impurities (only deuterium) without core
radiation, (2) deuterium with a carbon impurity and a flat core radiation profile, (3) and deuterium with a carbon impurity and a hollow
core radiation profile. Different combinations of PLCFS and nLCFS are
chosen, where for each PLCFS , a density was chosen such that the
temperature in the core would remain above 50 eV. These are chosen to reflect different LHD operating scenarios. This makes for a
total of 51 cases.
2. Adding core radiation
Now, there are 51 cases with EMC3-Eirene calculated edge
radiation. These are supplemented by artificial core radiation to get
a full emissivity profile. The core radiation profiles are chosen to
reflect the core radiation profiles as present in different LHD discharges in agreement with a previous study.14 The core of the LHD
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is divided into four radial regions, from radially outward to radially inward based on vacuum magnetic flux surfaces. The different
imposed core radiation power densities and power density profiles
in cases [2] and [3] are varied so as to include as many possibilities
as possible in the calculation of the coefficients. In the flat power
density profile case, the radiated power density itself is varied but is
equal in each section of the core. In the hollow core radiation profile cases, the radiated power density in every one of the core regions
is varied. For every EMC3-Eirene case, 30 different core radiation
power densities and power density profiles are used. Now, there are
51 × 30 = 1530 cases.
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coefficient set more robust. The problem of making a coefficient set
is in some sense a tomographic problem, identifying for each detector what part of the plasma is in its line of sight. More variation in
the different regions should, therefore, increase the prediction accuracy. The artificial toroidal asymmetry distributes the radiated power
prediction over the three available bolometer array locations. The
detector noise amplitude distributes the radiated power prediction
on each bolometer array location over the different available channels instead of giving one coefficient a very high value, which could
be considered non-physical. Furthermore, the higher the amplitude
of the artificial detector noise, the fewer the negative coefficients are
found.

3. Adding toroidal asymmetry
In order to better take into account toroidal asymmetry, an
artificial sinusoidal asymmetry is added to the data. This toroidal
asymmetry mimics one possible form of a toroidal asymmetry. The
purpose is mostly to optimally distribute the weighting of the coefficients over the channels at the different toroidal locations. It is added
to the model with a starting point ϕ that varies every 5○ to the cases
in the following way: Pdeta = (1 + A sin (ϕ + f ⋅ ω)) ⋅ Pdet , where A is
the amplitude of the toroidal asymmetry, ω is the location of each
bolometer toroidally, Pdet is the original synthetic power reaching
the detector, and Pdeta is the new power reaching the detector after
adding asymmetry toroidally. This gives 72 times more cases for the
calculation of the coefficients, which now consists of 51 × 30 × 72
= 110 160 cases.

C. Neglected channels
Apart from deleting malfunctioning detector channels, other
channels were deleted. These channels either were located in the
far edge and had more noise than the signal, had a negative signal, or predicted the amount of total radiated power on their
own that was more than 30% of the total radiated power prediction at that bolometer. The existing channels indicate that
there could be some mismatch between the EMC3-Eirene model
and experiment in these regions since the lines of sight of these
deleted channels were mostly pointed toward the outer core of the
plasma, which is where some discrepancy might arise. After deleting these channels, coefficients were recalculated for the remaining
detectors.

4. Adding noise
Random noise is added to the model detector signals for multiple reasons. First of all, bolometers have noise, so it is a representation of a physical phenomenon. By adding noise, the weighting of the
coefficients should be more evenly spread over the bolometer channels and, thus, decrease the possibility of noise being picked up in
the signal. Second, adding noise to the model prevents the existence
of unrealistic singular solutions to the coefficient set, with some
very high coefficients and some negative, indicating that somehow
one slice of plasma would account for three times the total radiated power and another slice for “negative radiation,” which would
only have a mathematical meaning. Finally, not all possible scenarios are taken into account in the cases, and adding noise would add
to the robustness of the set by diminishing the case-specificity of the
coefficients.
The noise is added to each detector separately; a new random
number is generated for every detector for every case in the following manner: Pdetn = (1 + B ⋅ RN ) ⋅ Pdet . With B the chosen amplitude
of the detector noise, RN is a random number chosen from a normal
distribution, Pdet is the original synthetic power reaching the detector, and Pdetn is the new power reaching the detector after adding
noise.
5. Analyzing the set of cases
Using this set of cases, which now consists of 110, 160 cases,
a coefficient set can be produced with the least-squares solver. The
variables in the production of this coefficient set are now the amplitude of the: toroidal asymmetry, detector noise, and the different
hollow core profiles. These variables have a physical representation,
but they can also be interpreted as computational aid to make the
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D. Testing the coefficient set on synthetic data
The calculated set of coefficients is tested to analyze its behavior
on the synthetic data. This is done by testing the coefficient set on the
110 160 cases for different toroidal asymmetry amplitudes (TAAs)
and comparing this to the old estimate behavior. In addition, the
separate total radiated power estimates of the 6.5-L and 8-O bolometers are shown. The average absolute prediction errors are shown in
Table I. One observes that the single bolometer estimates are more
affected by toroidal asymmetries and that the 8-O and 6.5-L bolometers, having more lines of sight, have a slightly lower error than the
3-O estimate.

TABLE I. The average absolute estimation error of the different estimate over the
110 160 synthetic cases, with different applied values for A, the Toroidal Asymmetry
Amplitude (TAA) as described in Sec. III B 3. All cases have an applied detector
noise of B = 0.1, as defined in Sec. III B 4. It is visible that the new total radiated
power estimate is less affected by the artificial asymmetries than the single bolometer
estimates.

Avg. estimation 0 TAA 0.1 TAA 0.2 TAA 0.3 TAA 0.4 TAA
error
(%)
(%)
(%)
(%)
(%)
New estimate
Old estimate
3-O estimate
6.5-L estimate
8-O estimate

7.5
14.9
13.9
9.4
8.1

7.8
15.7
15.0
11.7
10.0

8.7
18.1
17.7
15.3
13.8

9.9
22.2
21.6
19.1
17.9

11.3
27.1
25.9
23.1
22.5
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IV. RESULTS
In this section, the calculated set of coefficients is applied to
experimental data of different shots. The results are structured in
the following way: First, the new total radiated power estimate is
compared to the current radiated power estimate for different shots.
Then, toroidal asymmetries during different gas seeding and magnetic field scenarios are analyzed by normalizing to just before gas
seeding and measuring the relative changes in radiation.
A. Absolute total radiated power estimates
The old and new radiated power estimates are shown with different shots in Figs. 4 and 5. When there is no gas seeding, the
estimates are in agreement. Overall, the new estimate seems to give
a higher total radiated power estimate than the old estimate when
there is gas seeding. This is visible after neon seeding in Fig. 5.
In order to understand the differences between the old and new
radiated power estimates, consider the supplemented total radiated
power estimates from each of the separate toroidal locations, at ports
3-O, 8-0, and 6.5-L.
The new estimate acts as a form of “average” between the two
extremes, which implies that the prediction error arising from the
toroidal asymmetry caused by the gas seeding is decreased with
the new estimate. This analysis gives insight into the behavior of
the new total radiated power estimate compared to the old one. For
shot 151 714 in Fig. 5, the estimate based on the 6.5-L bolometer
arrays, which are close to the neon gas seeding port 5.5-L, shows
a higher total radiated power estimate than Pnew after neon seeding than before, whereas before neon gas seeding, the estimate from
6.5-L aligns with Pnew almost indistinguishably. Figure 4 shows that
the new estimates from ports 6.5-L and 8-O give values similar to the
new total radiated power estimates when there is no toroidal radiation asymmetry. The separate bolometer estimates do, however,
show a spread in their estimates. An estimation error is expected,
especially in the separate bolometer estimates. These results imply

FIG. 4. Total radiated power estimates for shot 151 709, including separate port
estimates. Apart from the 8-O estimate, they are mostly in agreement. An 8-O
calibration error should be considered.
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FIG. 5. Total radiated power estimates for shot 151 714 including separate port
estimates. After neon seeding at 1000 ms from port 5.5-L, all the estimates
increase. However, the estimates of the 6.5-L and 8-O bolometers increase a lot
more than the old estimate and the estimate of the 3-O bolometer, indicating a
toroidal asymmetry. This toroidal asymmetry appears to start in the gas seeding
port 5.5-L and “move” in the direction opposite to the magnetic field, which has
a negative direction in this case. The distance between the seeding port and the
bolometers is 2.5 field periods, but the 8-O bolometer estimate increases by a
factor of 2.7 and the 3-O bolometer by a factor of 2.3.

that, indeed, the prediction error during toroidal asymmetries could
be decreased by using more bolometer locations.
B. Toroidal asymmetry from gas seeding
The new, the old, and the single bolometer radiated power estimates are shown for different shots with different impurity gas seeding. The estimates are normalized to just before the impurity seeding

FIG. 6. All estimates for shot 151 692 without gas seeding; the signals are normalized to 1000 ms. As expected, without gas seeding, the estimates from the different
bolometer locations show no relative change. There is ECRH pickup between 0 ms
and 200 ms.

92, 033518-6

Review of
Scientific Instruments

ARTICLE

scitation.org/journal/rsi

2. With gas seeding
During gas seeding, normalizing the radiation estimates to
before the gas seeding gives insight into toroidal asymmetries. In
Fig. 7, a toroidal asymmetry is visible after neon seeding. During
fueling, where H 2 or D2 gas is seeded, there is sometimes also evidence of some radiation asymmetry. This does not occur in every
fueling shot, but does appear to happen during D2 seeding. One
example is given in Fig. 8. Here, D2 seeding from port 3.5-L leads to
higher radiated power predictions at the 3-O port bolometer. Afterward, the signals converge, so the asymmetry seems to disappear
when the deuterium particles distribute over the device.

V. DISCUSSION

FIG. 7. All estimates for shot 135 506 with neon seeding from port 5.5-L at 1100 ms,
with normalization at 1000 ms. This figure of normalizing the estimates shows
that toroidal asymmetries can be analyzed by looking at the relative increase in
radiation for each bolometer port.

to observe the relative changes in the estimates instead of the absolute changes, which are prone to absolute error. Most shots that are
shown have gas seeding from port 5.5-L, as this port is in between
the detectors, and thus, the toroidally asymmetric effects are more
easily interpreted and analyzed.
1. Without gas seeding
First, a shot without gas seeding is shown as a reference. As
expected, Fig. 6 shows that when there is no impurity gas seeding,
there is no radiation asymmetry; all estimates show the same relative behavior, except when the ECH is turned on, then the 6.5-L
bolometer prediction shows the ECH pickup.

FIG. 8. All estimates for shot 135 506 with D2 seeding from port 3.5-L at 400 ms,
with normalization at 1000 ms. A small toroidal asymmetry is observed for the D2
seeding phase. This asymmetry vanishes over time.
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The results show that the new radiated power estimate behaves
differently than the old measurement during gas seeding. This
implies that it takes into account toroidal asymmetries. Furthermore, the new estimate predicts similar values to the old estimate
when there is no gas seeding. The prediction error due to toroidal
radiation asymmetries seems to have decreased, by the apparent
“averaging” of the new radiated power prediction with respect to the
different single bolometer estimates, which is also seen in modeling
with the synthetic data.
The use of the weighted-sum method to estimate Prad is valid
if enough of the plasma is sampled in the lines of sights of the utilized bolometers. The validity of the coefficients is dependent on the
EMC3-Eirene model that is employed to give the edge and density
radiation profiles. Furthermore, the amount of cases and choices
in profiles that is inputted in the calculation of EMC3-Eirene and
the cases could affect the coefficient set slightly. In general, making
one fixed coefficient set in the weighted-sum method that is accurate for all discharge scenarios is impossible. Different operating
temperatures, densities, impurity types, and impurity densities can
affect the radiated power estimate. For the purpose of this paper,
a choice is made to generate a coefficient set that is most optimal
on average due to the fact that it can then be implemented in LHD
real-time data processing. The new radiated power measurement
close to the old (experimental) measurement in scenarios without
gas puffing is encouraging in this respect. However, some channels
were deleted that predicted more than 30% of the radiated power of
that bolometer. These channels might indicate a mismatch between
EMC3-Eirene and experiment at least in some parts of the plasma.
The new total radiated power measurement also takes into account
toroidal asymmetries, as opposed to the current estimate, where its
value should mostly be allocated, especially when it is used as a
supplemental radiated power measurement in the LHD.
The method to analyze toroidal asymmetries yields information
about toroidal asymmetries after gas seeding. Due to the normalization before gas seeding, the absolute calibration of the bolometers
and the match between EMC3-Eirene and experiment are less consequential. The signals now show the relative changes in radiation in
the plasma. The results show that there are toroidal radiation asymmetries after gas seeding. These results confirm and help quantify
the amount of toroidal asymmetry present in the LHD after impurity gas seeding. The asymmetries appear to move in the opposite
direction of the magnetic field from the gas seeding port, which is in
line with earlier results.
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The results indicating toroidal asymmetry are strengthened
by the fact that when there is no gas seeding, there is no relative
difference between the bolometer estimates.
Normalizing to before the impurity puffing can decrease the
problem of absolute or calibration errors. However, normalization
might bring another problem with it, if deuterium is puffed in
the fueling phase before normalization, that influences the relative
power measurements. Furthermore, the location from which different impurity gases radiate can differ. Since not all impurity gases
were taken into account in the calculation of the coefficients, this
could result in considerable relative differences between the bolometer signals, especially in the comparison of the bolometer signals
from half-integer and integer locations.
Toroidal asymmetries are localized effects, and they can have
large amplitudes. That the radiation does not fully equilibrate, that
is, the radiation asymmetries do not seem to entirely vanish over
time in the neon case is strange. One would expect this to eventually happen when the gas distributes over the torus. It could be
that the time of the shots was short on this time scale or that
part of the impurity remains in the cold edge and, therefore, does
not distribute around the plasma. More research is necessary to
find out exactly why these radiation patterns do not converge. This
could, for instance, be done by seeding an impurity gas, maintaining the shot for a longer time and observing whether the asymmetry
disappears.

VI. CONCLUSION
A new method to estimate the radiated power coming from
LHD plasma was developed. This method multiplies the powers at all
available resistive bolometer channels and sums them up by a corresponding coefficient to give a Prad estimate. This method solves for
a coefficient set using a least-squares solver with 110 160 synthetic
cases. The new radiated power estimate takes into account toroidal
asymmetries, as it uses three toroidal bolometer locations. In addition, it gives a higher radiated power estimate for most shots. So,
although there might well be a prediction error, it is suggested that
this new estimate could be used as an additional radiated power estimate for the LHD because it generates information about toroidal
asymmetries after gas seeding. This method will also be used to
generate new estimates for other standard magnetic configurations,
R = 3.75 m and R = 3.9 m.
Using total radiated power estimates from separate bolometer arrays located at different toroidal locations, an analysis method
for toroidal asymmetries was developed. This analysis gives insight
into the toroidal radiated power distribution and changes therein.
Toroidal asymmetries were observed for neon impurity seeding. The
asymmetric effect might be countered by seeding from all three gas
seeding ports at once.
Future work to extend on this research could be one of the
following. Neural networks could be used to include the different
plasma conditions in the calculation of the coefficient set, as done in
Ref. 15. Highly radiative shots, where the input power should be the
same as the output power, could be used to calibrate the coefficientset method. The lines of sight of the video bolometer that is installed
in the LHD could also be used to improve the results and verify
and identify the radiation profiles. Furthermore, a method using
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singular value deposition, similar to Ref. 5, might be used to decrease
the amount of detectors used and make the method more robust.
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