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Abstract — Soft-X-ray (SXR) brightness measurements contain information on a number of physics parameters
in fusion plasmas, however, it is nearly impossible to extract the information without modeling. A validated
Jforward model is therefore necessary for the accurate interpretation of SXR measurements and will be critical in
the burning plasma era, where medium- and high-Z impurities are ever present. The Atomic Data and Analysis
Structure (ADAS) database is a powerful interpretive tool that is extensively used to model and predict atomic
spectra, level populations, and ionization balance for fusion plasmas. These predictions are in good agreement
with experimental measurements. However, continuum radiation in the X-ray range, while also modeled in ADAS,
has not been rigorously verified or tested against experimental data. We therefore performed a systematic
comparison of ADAS to a simplified model called PFM. PFM only calculates continuum radiation but shows
good agreement with experimental data when only continuum radiation is present. ADAS and the simplified model
agree to within 1% to 2% indicating that ADAS is calculating continuum radiation correctly. We have also begun
a validation of SXR brightness calculations from ADAS. The SXR brightness measurements modeled by ADAS
agree well with experimental measurements from an extreme where the signal is dominated by line radiation
continuously through another extreme where the signal is dominated by continuum emission. While this validation
work is preliminary, it strongly suggests that ADAS accurately models the physics that lead to SXR radiation.

Keywords — X-ray brightness, collisional-radiative modeling, validation.

Note — Some figures may be in color only in the electronic version.

|. INTRODUCTION

Soft-X-ray (SXR) brightness measurements are sensi-
tive to many plasma parameters of interest, but to take
advantage of the wealth of information embedded in those
measurements, absolute SXR brightness measurements must
be combined with information from modeling. SXR radiation
is dependent on electron temperature 7, electron density #,,
neutral density np, and impurity content n, and thus the
effective ionic charge of the plasma. SXR measurements
provide qualitative information about the internal structure
of the magnetic field assuming that n,., T,, and n, are all
constant on a magnetic flux surface.' > Additionally, electron
temperature can be inferred via the two-color technique,®’
but this assumes the SXR spectrum contains only continuum

*E-mail: Immcguire@wisc.edu

radiation (e.g., bremsstrahlung). In machines with only low-Z
plasma-facing components, these assumptions are typically
met; however, many candidate materials for future machines
are much higher-Z, and therefore, the plasmas will likely
contain some high-Z impurities. In these cases, it is likely
that n, will not be constant on a flux surface, as has been
previously seen.®'® Additionally, high-Z materials emit
atomic line radiation and other noncontinuum radiation up
to very high photon energies, so the X-ray spectrum will not
contain only continuum radiation.

Absolute measurements of SXR radiation remove the
need to assume that the SXR spectrum contains only
continuum radiation and provides constraints on n., n,
and np profiles in addition to 7,. These absolute measure-
ments require additional calibrations compared with relative
measurements; however, such calibrations for SXR bright-
ness can be straightforward. This additional calibration
effort is worthwhile as X-rays are intrinsically generated,
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allowing access to information about these plasma para-
meters without the need for concurrent operation of lasers
or neutral beams.

While absolute measurements of SXR radiation can be
straightforward, interpretation of such measurements is
nearly impossible without using information from modeling.
Many different sources of radiation that depend on different
atomic processes contribute to the SXR signal. Free-free
bremsstrahlung, radiative and dielectronic recombination,
and atomic line radiation can all contribute, depending on
the impurities present. Free-free and radiative recombination
radiation are straightforward to calculate, but dielectronic
and line radiation depend sensitively on the surrounding
plasma environment.'' "> Furthermore, np affects every-
thing as charge exchange with neutral particles affects the
charge state balance of higher-Z impurity species.

The example SXR spectrum shown in Fig. 1 illustrates
the inherent complexity when medium- or high-Z impu-
rities are present. This spectrum was created using plasma
parameters from the high-confinement regime of the
Madison Symmetric Torus'®'” (MST), which is a
medium-sized reversed-field pinch that has a closely fitting
aluminum (Al) shell that acts as the plasma first wall.
Aluminum is always present in MST plasmas, with differ-
ent levels of concentrations depending on the plasma
conditions. Aluminum emission lines and recombination

steps are clearly visible around 2 keV. The free-free back-
ground is shown as the dashed line (red), which is much
smaller than the total radiation (solid, blue). Several low-Z
impurities (B, N, C, and O, which arise from other plasma-
facing components or are atmospheric contaminants) also
contribute to the spectrum and must be taken into account
in order to accurately match absolute measured brightness.
Low-energy photons such as visible and extreme ultravio-
let (XUV) photons (gray box) are outside the range of
interest and are typically filtered out. MST is an excellent
machine on which to validate a quantitative SXR bright-
ness model because all impurities in MST have been well
studied.'"®2° Furthermore, the presence of a single med-
ium-Z impurity Al can act as a proxy for higher-Z
materials. For the plasma conditions used in this example
and throughout the rest of this paper, in the core of the
plasma, all low-Z impurities have been fully ionized, and
roughly 30% of the Al has been fully ionized.

Because of the complex interdependence of the atomic
physics and plasma environment, a suitable model to use as
an aid in interpreting SXR brightness measurements must
be a collisional-radiative model that takes into account the
charge exchange with neutral particles. The Atomic Data
and Analysis Structure database®’ (ADAS) is one such
model. There are many other models, but they will not be
discussed here. ADAS calculates excited level populations,
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Fig. 1. An example SXR spectrum containing B, N, C, O, and Al impurities. Solid curve (blue line) is total emissivity that is
measured, compared to the free-free bremsstrahlung (dashed, red line) that is often assumed to be the main source of radiation in
this energy range. Discrete radiation lines and recombination steps from Al are present. The absolute amplitude is also affected by
the presence of the low-Z impurities in the plasma, but there are no recombination steps or emission lines in this energy range for

those impurities.
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ionization balance, dielectronic recombination, line spectra,
and total line radiation that might come from a wide range
of plasma environments, from astrophysics to laboratory
plasmas, with major application in fusion. Those quantities
have also all been compared fairly extensively to data and
agree well.'>'3222° ADAS also calculates free-free and
radiative recombination,”’ but these calculations have not
been extensively compared to data. In order to use ADAS as
an aid in interpreting SXR measurements, all parts of
ADAS need to be verified and validated. This work there-
fore presents a verification of the free-free and radiative
recombination radiation calculations and a comparison of
ADAS modeling to SXR brightness measurements.

Il. VERIFICATION OF ADAS

A first step to use ADAS as an interpretive model is
to verify that free-free and radiative recombination emis-
sion are being calculated correctly. As both radiative
recombination and free-free radiation involve free elec-
trons from the continuum, they will collectively be
referred to here as continuum radiation. As noted above,
continuum radiation can be straightforward to calculate;
however, it is important to make sure it is being done
correctly, and to our knowledge, this has not been done.
We also note that verification of noncontinuum sources of
radiation and other collision-dependent quantities from
ADAS is outside the scope of this verification and are
generally assumed to be suitably accurate due to the long
history of comparison to data for those quantities. For the
verification of continuum radiation, we compared results
from ADAS to an in-house model that has long been used
to interpret SXR data where we expect only continuum
radiation to be present. This model was originally written
by P. Franz of Consorzio RFX and is referred to here as
PFM for conciseness.

PFM (Refs. 28 and 29) calculates free-free and radiative
recombination emission assuming a Maxwellian electron
distribution. For a given ion of charge x, this is*
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ny = density of the ion in question
Z = ionic charge

n = principal quantum number of the lowest
unfilled shell

& = number of holes in the lowest unfilled
shell

X = recombination energy
R, = Rydberg constant

gy> 8w = free-free and free-bound Gaunt factors,
respectively,

and the integral is over all photon energies E.

A complete description of how recombination radia-
tion was implemented in PFM can be found in Ref. 29.

A description of how continuum radiation has been
implemented in ADAS can be found in Ref. 27. The main
difference between the two models is in the treatment of
recombination radiation and the limits of the spectral integra-
tion. In PFM only the first five quantum states are included in
the sum, but ADAS has a temperature-dependent criterion for
truncating the sum. Regarding the integration over photon
energies, PFM was designed to be used with a modeled
instrument function, making numerical integration possible
between a lower bound of 10 eV and an upper bound of
10 keV. These limits were chosen such that at the low-energy
cutoff, the filter transmission is negligible, and at the high-
energy cutoff, the detector absorption is negligible. An
instrument response can be included in ADAS, but it is also
possible to calculate the spectral integral without any filter or
detector. This is accomplished though application of the first
exponential integral.

While a full discussion of Gaunt factors is outside the
scope of this paper, it should be noted that PFM can use either
a Born approximation for g or values interpolated from Van
Hoofetal.*' The free-bound Gaunt factor is equal to 1. ADAS
uses free-free Gaunt factors from Karzas and Latter,”> which
agree well with those in Van Hoof et al. All comparisons here
are made with PFM using Gaunt factors from Van Hoof et al.

The emissivity for a given atomic element z is the
sum of Eq. (1) over each charge state x of element z:

X
g Yan, n/P: @b

X

However, n, depends on the total density for element
z and the fractional abundance of charge state x. To
highlight this, Eq. (2) can be written as
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X
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where

n, = total density for the element

ny=n, = fraction of ions in charge state x (i.c., the
fractional abundance)

P, = coefficient that includes the rest of the terms
in Eq. (1).

The sum over charge states can be combined into a coefficient
quantifying the radiated power for an element as a whole.
This recombination and bremsstrahlung power coefficient
(PRB) is thus defined as

Tep.: op

n;

X
PRB Y4

X

PFM does not calculate ionization balance; rather, all density
profiles are specified by the user. For the impurities found in
MST, PFM assumes fully ionized low-Z impurities (B, C, N,
and O) based on previous impurity studies in similar plasma
conditions."®*® Aluminum densities are specified with an
ionization balance also based on experimental measurements
in similar conditions that show that an ionization balance for
Al is consistent with ADAS predictions.'® The predicted
emissivity based on the user-defined profiles is then
integrated along the line of sight for each detector, treating
each line of sight as a pencil beam. A more complete
discussion of how the plasma parameter profiles and possible
poloidal asymmetries are incorporated into the model can be
found in Ref. 28.

This model has long been used to infer 7, from SXR
measurements using the two-color technique. The inferred
electron temperatures typically agree very well with
Thomson scattering measurements, indicating that PFM
accurately models the continuum for multiple energy ranges.
The absolute brightness also matches experimental data.
Figure 2 shows an example of the agreement between PFM
(red triangles) and SXR data (black circles) for two cases
where no noncontinuum radiation was present. Figure 2a
shows results from RFX-mod, which has a carbon first wall
and thus has no medium- or high-Z impurities. Agreement
can also be attained in MST as illustrated in Fig. 2b despite
the Al first wall, by filtering out noncontinuum sources of
radiation. Here, noncontinuum sources of radiation were
filtered out using thick beryllium (Be) filters of , 400 and
800 pm (10% cutoff energies of , 2700 and , 3300 eV,
respectively). This agreement between PFM and experimen-
tal SXR measurements for multiple machines gives us

@ANS

confidence that PFM is a good model with which to verify
the calculation of free-free and radiative recombination in
ADAS.

The comparison between PFM and ADAS used the
PRB values as defined in Eq. (4). This was done for each
impurity (B, C, N, O, and Al) as well as the majority ion:
deuterium. The comparison was performed over a range
in T, of 10 to 3200 eV. Given the requirement that PFM
include an instrument response, we used three different
Be filter thicknesses in both PFM and ADAS: 5, 85, and
800 pm with a 35-um Si detector. The results in Fig. 3
show example results using an 85-pm filter; however,
similar levels of agreement were found for all ions and
filter thicknesses.

A temperature range was chosen to check that
ADAS and PFM agree where PFM is known to be
valid (7, = 500 eV) and disagree for lower temperatures.
We compared free-free and radiative recombination
components separately, as well as the total. For all ele-
ments, ADAS and PFM agree with each other within 1%
to 2% for T, = 500 eV. Figure 3 shows an example of
this agreement for carbon. The top row shows the PRB
as a function of 7, for ADAS (solid, black), PFM
(dashed, red), and the absolute difference (dash-dot,
green). The curves for ADAS and PFM are nearly indis-
tinguishable because of the strong agreement. The bot-
tom row shows the percent difference between ADAS
and PFM. The columns correspond to the total radiated
power, free-free, and radiative recombination for left,
center, and right columns, respectively.

IIl. COMPARISON TO EXPERIMENT

The preliminary validation of SXR brightness models
from ADAS used experimental measurements from the two-
color SXR tomography system on MST (Refs. 33 and 34).
The SXR tomography system has four cameras with a pair of
ten absolute XUV diode arrays arranged such that there are
40 unique lines of sight, and each line of sight has two diodes
(a total of 80 measurements). For two-color operation, we
typically aim to filter out the Al line emission by equipping
one diode array on each camera with a 400-um Be filter and
the other with an 800-jm Be filter.

For this work, however, we installed a different-
thickness Be filter on each diode array. This gives eight
different cutoff energies effectively forming a very coarse
spectrometer. Despite having the coarse energy resolu-
tion, this setup enables the assessment of the energy
dependency of the emitted X-rays. This allows us to go
from a situation where the signal is strongly line radiation

FUSION SCIENCE AND TECHNOLOGY - VOLUME 74 - JULY-AUGUST 2018
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Fig. 2. An illustration of typical agreement between PFM (triangles, red) and SXR measurements (circles, black) plotted versus
impact parameter in (a) RFX-mod and (b) MST after filtering out known line emission from Al.

dominated to a situation where the signal contains only
free-free and radiative recombination. As can be seen in
Fig. 4, different filters transmit different amounts of
radiation from different sources.

Figure 4 shows the expected brightness for a chord
going through the core of MST for four of the eight filters
used in the experiment as a function of core T,. For these
plots, profiles based on typical experimental values were
fixed for the underlying plasma parameters, and the on-axis

FUSION SCIENCE AND TECHNOLOGY - VOLUME 74 - JULY-AUGUST 2018

value of T, was varied between 500 and 3200 eV. Each
curve in the four plots shows the brightness for different
sources of radiation. The thinnest filter used was 85 um
(Fig. 4a) and is clearly dominated by line radiation, and as
the filter thickness gets thicker, the contributions from line
and dielectronic recombination radiation get smaller until
they are negligible for a 427-pym filter (Fig. 4d). In the
experiment, the thickest filter used was 833 um, but all
filters thicker than 427 pm contain only free-free and
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Fig. 3. Comparison of PRB between ADAS and PFM versus electron temperature. The top row shows the coefficient for ADAS
(solid, black), PFM (dashed, red), and the difference between the two curves, (dot-dashed, green). The bottom row shows the
percent difference relative to ADAS. Over a large range of temperatures, the two models agree to within 1% to 2%. Discrepancies
for T, below 500 eV are expected because assumptions in PFM are known to be violated.

radiative recombination radiation. It should be noted that the
decrease in line radiation is smooth because the transmis-
sion curve for the Be filters is smooth.

Figure 4 gives some understanding of the relative
amounts of radiation that we expect to measure for the
eight filters for typical plasma parameters, but for an actual
comparison to experiment, experimental data from the same
shot should be used. Electron density and temperature pro-
files were measured using interferometry and Thomson
scattering, respectively, and the neutral density profile was
inferred from H-a measurements using a two-dimensional
reconstruction technique® based on the DEGAS 2 Monte
Carlo model.*® The estimated uncertainty is 10% to 15% in
the core. Impurity density profiles were not available but as
previously mentioned have been well studied and are fairly
similar for similar plasma conditions.'®2*** As such, the
profiles followed those found in Ref. 29.

The neutral density in MST can be quite high, lead-
ing to significant charge exchange between impurity ions
and neutral hydrogen, so two comparisons were done.
Figures 5 and 6 show the comparison between ADAS
modeling and the experiment as a function of filter cutoff
energy for diodes that view the plasma core. Figures 5
and 6 both show separated components of radiation as in

@ANS

Fig. 4 in order to gain a sense of which sources of
radiation are important in the experiment. Figure 5
shows the results when ignoring charge-exchange losses,
and Fig. 6 shows the results when including charge-
exchange losses.

Figures 5 clearly shows that ignoring charge-exchange
losses in the plasma results in a brightness that is much too
high at large cutoff energy (thick filters) and too low at low
cutoff energy (thin filters). This is likely because the
process of charge exchange with a neutral hydrogen affects
the ionization balance of the ions, Al in particular. Since
charge exchange tends to suppress the higher charge states,
ignoring it leads to an overprediction of the number of fully
ionized Al particles in the plasma. Fully ionized ions do not
emit line radiation but rather emit more continuum
radiation. The consequence is an overprediction of bright-
ness at high cutoff energy where continuum radiation
dominates and an underprediction at low cutoff energy
where line radiation dominates.

This interpretation is further supported by the
improved agreement present in Fig. 6, which includes the
effect of charge-exchange losses due to neutral hydrogen in
the plasma. ADAS calculates the effect of these neutral
particles on the charge state fraction of Al, assuming all

FUSION SCIENCE AND TECHNOLOGY - VOLUME 74 - JULY-AUGUST 2018
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Fig. 4. The expected brightness for a chord going through the core of MST as a function of 7, for four of the eight filters used
in experiment: (a) 85pm, (b) 172 um, (c) 254 pm, and (d) 427 pm. The 10% cut energy is listed in parentheses below the filter
thickness. The solid curve (blue) shows the contribution from free-free radiation only, the dashed curve (green) shows free-free
plus radiative recombination, the dash-dot (black) curve has free-free, radiative, and dielectronic recombination, and the dash-
dot-dot (red) includes all previous sources plus line radiation. Profiles for the underlying plasma parameters were fixed based
on typical experimental values, and the on-axis value of 7, was varied from 500 to 3200 eV.

neutral particles are in the ground state. The agreement in
this case is quite good. A linear plot shown in Fig. 7 further
illustrates the scale of agreement for the larger bright-
nesses, which are compressed on the log scale. Figures 6
and 7 also show that all sources of radiation must be
included to match data from all filters simultaneously. It
should be stressed that there were essentially no free para-
meters used. The impurity densities were varied within
their known experimental uncertainties to account for pos-
sible shot-to-shot variance, but the other parameters were
fixed from the experiment. Furthermore, impurity densities
serve mainly to match the absolute magnitude of the signal
but do not affect the energy dependence. Electron tempera-
ture, electron density, and neutral density most strongly
affect the energy dependence, and these were all measured.
This agreement between ADAS and the experiment for all

FUSION SCIENCE AND TECHNOLOGY - VOLUME 74 - JULY-AUGUST 2018

eight filters simultaneously is a strong indication that
ADAS can accurately predict SXR brightness. And, while
this is a preliminary comparison, these results indicate that
ADAS is a suitable model for interpreting SXR brightness
models.

IV. CONCLUSION

We have shown a cross verification of ADAS continuum
radiation compared to the PFM in-house model. PFM has
been used extensively as an aid in interpreting SXR bright-
ness measurements, thus making it a good source for cross
verification. ADAS and PFM agree with each other to within
1% to 2% for both free-free and radiative recombination.
Combining these contintum measurements with resonant
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Fig. 6. Predicted brightness for eight filters (squares)
versus filter cutoff energy compared to experimental
SXR measurements () including charge exchange
with neutral particles. The coloring for the brightness
predictions follows that in Fig. 4.

sources of radiation (line radiation and dielectronic recombi-
nation radiation) to predict SXR brightness measurements
indicates good agreement with experimental SXR measure-
ments when charge-exchange effects are taken into account.
The agreement seen spanned several different ranges in
dominant physics, from signals that are line radiation domi-
nated to signals that are continuum dominated. This compar-
ison is a preliminary comparison of ADAS for SXR
brightness measurements, though a more quantitative valida-
tion should be done. However, these preliminary results
indicate that ADAS can be used effectively as an interpretive
model for SXR brightness measurements and can aid in the
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extraction of quantitative information on ., n,, T, and np.
This analysis has immediate application to MST, but this
work based on Al may be extendable to other medium- or
high-Z impurities present in other machines.
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