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A miniature pinhole camera array has been installed on the U-3M torsatron for spatially re-
solved measurements of soft X-ray plasma emission along 20 lines of sights. The recent line-
integrated SXR emission data provide important information about the U-3M plasma confine-
ment. The local SXR emissivity distribution in the poloidal cross-section “A-A” is calculated
numerically on the base of experimental data. The U-3M magnetic surfaces have been approx-
imated as a set of normalized plasma radius data in the grid covering this cross-section. The
local SXR emissivity is determined as a function of the normalized radius. The line-integrated
SXR emission is calculated for every viewing area of each SXR channel on the base of this
local emissivity in the real geometry of the SXR diagnostics. A fitting of the calculated line-
integrated SXR emission profiles to the experimental profiles shows that the radial profiles of
local SXR emissivity are quite narrow, with strong gradient in the central plasma part. The
SXR emissivity profiles are quite different from the parabolic form.
K e yw o r d s: U-3M, SXR, tomography.

1. Introduction

Soft X-ray (SXR) diagnostics is an important tool for
the study of various phenomena in tokamaks, stel-
larators, reverse field pinches, etc. An advantage of
the SXR diagnostics is a possibility of multichan-
nel plasma profile evolution measurements with ex-
cellent temporal and spatial resolutions. Nonetheless,
the SXR signal dependence on a set of parame-
ters and its integral character form difficulties in
the SXR data interpretation. Under the assumption
of the bremsstrahlung radiation from a Maxwellian
plasma, the SXR emission at a detector depends on a
combination of the electron density 𝑛𝑒, temperature
𝑇𝑒, and effective plasma charge 𝑍eff . In the case of
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2 𝜇m Al foil filter, used in U-3M SXR diagnostics,
the impact of the local SXR emissivity to the detec-
tor signal is proportional to 𝑔 ∝ 𝑇𝑒𝑛

2
𝑒𝑍

2
eff [1,2]. Under

the assumption of uniform 𝑍eff , we can roughly es-
timate the electron density and temperature profiles
shapes. For example, if both of them are flat, the SXR
emissivity profile cannot be peaked. The amount of a
diagnostics installed on the U-3M is limited. In such
a situation, a SXR diagnostics is one of the few di-
agnostics available for plasma profile measurements
[3]. It is unique in the U-3M diagnostics, by allow-
ing one to study the main plasma profile with the
use of single discharge data (also available 𝐻𝛼 pro-
file is not directly related to the plasma core). The
plasma profile behavior during the so-called H-like
mode transition [4, 5] is one of the U-3M questions
without an answer up to now. The expected plasma
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confinement improvement will cause the plasma tem-
perature or density to rise (or both of them), which
will cause a substantial rise of the SXR emission. A
transport barrier can be localized by the SXR emis-
sion profile gradient steepening. The local SXR emis-
sivity profile is required for the plasma confinement
analysis. In order to reconstruct a local emissivity
profile on the base of single SXR array data, the as-
sumption that the SXR emissivity 𝑔 is a function of
the magnetic surfaces 𝑔 = 𝑔(𝜌) should be used, where
𝜌 is the normalized plasma radius. In this case, we
can simplify the two-dimensional problem to a one-
dimensional one and use a single SXR array. In the
presence of an electron beam, for example, this as-
sumption is not valid, thus, our framework is lim-
ited. Our assumption is valid for the U-3M discharges
with moderate plasma density, where no suprather-
mal electrons are observed, and needs the additional
consideration for low-density discharges, where the
evidence of suprathermal electrons was demonstrated
by the ECE diagnostics [6]. Fluctuations of the SXR
emission observed in U-3M [3] form another exception
from the framework under consideration. In order to
obtain the local emissivity 𝑔, the tomographic inverse
problem should be solved (see Refs. [7–9] and refer-
ences therein). The tomographic inversion is widely
used in stellarators (e.g., W-7AS [10, 11], TJ-II [12],
LHD [13, 14], H-1 [16], WEGA [15]) and tokamaks
(e.g., TCV [9], JET [8], Tore Supra [17], COMPASS
[18]). Mathematically, the problem consists of solv-
ing the system of integral equations 𝑓𝑗 =

∫︀
𝑆𝑗

𝑔𝑑𝑠;
𝑗 = 1, ..., 𝑛𝑗 , where the integral is taken along the
line of sight, and 𝑛𝑗 is the number of available mea-
surements. This equation can represent an underde-
termined (if the number of measurements 𝑗 is less
than the number of space zones of reconstruction) or
overdetermined system. In tomography, the function
𝑔(r) is approximated by the expansion in a suitable
set of basis functions 𝑏𝑗(r): 𝑔 ≈

∑︀
𝑗 𝑔𝑗𝑏𝑗(r) with ex-

pansion coefficients 𝑔𝑗 . If a substantial amount (sub-
stantial number of SXR lines of sight) of linearly in-
dependent (more than one SXR detector array) mea-
surements are available, then the 2-D (𝑏𝑗(𝑥, 𝑦)) or
even 3-D (𝑏𝑗(𝑥, 𝑦, 𝑧)) tomography can be used. The
2-D tomography is recently used in the modern fusion
devices [8,9]. In the 2-D case, the local basis functions
(square pixels, pixels in a form of sections of rings
that match the flux surfaces, etc.) including natu-
ral basis functions (based on the functional shape of

the viewing geometry) and global basis functions (like
in the Mac-Cormack method based on the Zernike
polynomials) were used [7, 8]. The square pixel ba-
sis functions were used in recent works [9, 17] as an
universal one due to a rather complex topology of
magnetic surfaces and due to 3-5 SXR arrays avail-
able in these devices. This type of the inversion is
also caused by the fact that, in most of modern fu-
sion devices, the radial distributions of quasistation-
ary plasma parameters (like 𝑛𝑒 and 𝑇𝑒) are measured
directly, and the SXR emissivity is used in the in-
vestigations of transient non-stationary phenomena
only. In addition to the transient plasma behavior in-
vestigation, the SXR arrays viewing toroidally were
used recently in fusion devices [13, 14]. In the overde-
termined case, the least-squares fit algorithm provides
a sufficient accuracy of the inversion [8, 9]. In the
underdetermined case, additional constraints on the
function 𝑔 are represented by the regularization tech-
nique. The linear regularization, maximum entropy,
and minimum Fisher regularization (MFR) methods
have been widely used [8,9]. The pixel-style is, in gen-
eral, a rather unsatisfactory choice for many situa-
tions, because it employs none of the additional infor-
mation that one has a priori, for example, about var-
ious approximate symmetries. In the stationary equi-
librium case, the SXR emissivity, as discussed above,
is a function of the magnetic surface 𝑔 = 𝑔(𝜌). We
can reduce the number of degrees of freedom owing
this information and convert our problem to the 1-D
case (𝑏𝑗(𝑥, 𝑦) = 𝑏𝑗(𝜌(𝑥, 𝑦)) = 𝑏𝑗(𝜌)). Due to only one
SXR array of 20 channels available in the U-3M tor-
satron, we should use this tomographic technique. On
the other hand (as a remark), for non-stationary pe-
riodic processes, the simple tomographic technique
based on a 1-D Singular Value Decomposition (SVD)
[19] provides a sufficient accuracy, and even single
array can be used, if the symmetry of the magnetic
surfaces is taken into account. In the case of 1-D con-
version, the underdetermined system of integral equa-
tions is thus transformed into an overdetermined sys-
tem of algebraic equations for the coefficients of the
base functions, which can be solved, by using a least-
squares fit. Such a solution is provided, for example,
by the Mac-Cormack–Granetz algorithm [8, 9], which
is widely used in fusion researches. Since the Abel
inversion technique [7, 8], the 1-D tomographic tech-
nique was used in old fusion experiments [7, 8] and
still used recently in [11, 12, 16].
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Fig. 1. Magnetic surfaces, divertor fluxes, and central lines of
sight of the SXR detector array across the U-3M cross section
“A-A”

In our work, we do not pretend on the quite ac-
curate tomographic inversion. In the experimentally
observed up-down asymmetry of the line-integrated
SXR emission profile caused by misalignments of the
SXR diagnostics [1, 3], the difference between local
profiles reconstructed with the use of the up or down
part of the experimental profiles exceeds the possible
errors in calculations.

2. SXR Diagnostics
Setup and Experimental Data

The 2 𝜇m Al foil has been installed in the U-
3M SXR pinhole diagnostics [1] to cut-off the low-
energy radiation. The SXR camera array consists of
a 20-channel photodiode linear array IRD AXUV-
20EL. The camera is viewing horizontally through a
symmetric plasma cross-section “A-A”, as is shown
in Fig. 1. The gain of SXR photodiode photocurrent
amplifiers is 2.5 × 107 V/A. The bandwidth of am-
plifiers is 10 kHz. It allows one to suppress success-
fully the high-level RF noise and to register SXR sig-
nals [1]. An example of the SXR profile temporal be-
havior in a low-density frame antenna discharge with
the transition at 37.5 ms is shown in Fig. 2 [3]. The
transition is related to the complex U-3M plasma col-

umn perturbation associated with the MHD activity
[3]. No smoothing is applied to the data in Fig. 2, b in
order to demonstrate the accuracy of the SXR emis-
sion profile measurement, in contrast to Fig. 2, a,
where the spatial interpolation of the data from 20
channels and the temporal averaging are used. As is
seen from Fig. 2, b, the major source of the SXR emis-
sivity measurement error is based on the profile asym-
metry due to the SXR diagnostics misalignment. The
space derivative irregularity of the profile can be de-
termined by the 5–10% accuracy of the relative sensi-
tivity of the SXR channels (due to the geometrical de-
sign and electronics of the SXR diagnostics), as well
as due to some impact of the non-equilibrium SXR
emission due to plasma fluctuations. We should note
that, according to the statistical comparison of the
SXR emissivity in a set of similar U-3M discharges,
the accuracy of a equilibrium SXR profile averaged
over the time is 5–7%.

An example of the SXR profile modification on the
final degradation stage of the three half-turn antenna
discharge is shown in Fig. 3 [3]. A peaking of the
SXR emission profile near the discharge end is clearly
seen even by the line-integrated SXR data. This in-
dicates that the plasma cooling at a periphery oc-
curs. Probably, a degradation of the RF power ab-
sorption at the periphery appears at the end of the
THT antenna discharge under consideration.

3. Calculation of the Local SXR Emissivity

In order to the calculate line-integrated data with
the use of a single SXR array, the distribution of
the SXR emissivity across the polidal cross section
𝑔(𝑅, 𝑧) is assumed to be a function of the normal-
ized plasma radius 𝜌 as 𝑔(𝜌(𝑅, 𝑧)), where 𝑅 is the
major plasma radius, and 𝑧 is the vertical coor-
dinate. The topology of U-3M magnetic surfaces is
quite complex, as it is shown in Figs. 1 and 4, a. We
need to construct the monotonic function 𝜌(𝑅𝑖, 𝑧𝑗)
at the grid points 𝑅𝑖 and 𝑧𝑗 from a set of unsorted
data supplied by the code of calculations of U-3M
magnetic surfaces provided by Dr.Nemov [20]. The
chains of magnetic islands form additional difficul-
ties. In our calculations, the value of normalized ra-
dius inside magnetic islands is assumed to be equal
to its value in the outer border of islands. In the re-
gion outside of the confinement area (where minor
radius is 𝑎 > 12 cm, and normalized radius 𝜌 > 1),
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Fig. 2. SXR profile in a low-density discharge (a). Distribution of the SXR emission
before (at 37.27 ms) and after (at 38 ms) the transition (b)

Fig. 3. SXR profile at the end of a THT discharge

Fig. 4. Magnetic surfaces and divertor fluxes (a); 𝜌(𝑅, 𝑧)

contour-lines (b). U-3M cross section “A-A”

the unclosed magnetic surfaces (sets of drifted ra-
dially points) were approximated as some surfaces
with constant normalized radius in order to use this
area in our calculation. The 𝜌(𝑅𝑖, 𝑧𝑗) function was
smoothed numerically by the moving average in or-
der to remove jumps of its derivative. The function
𝜌(𝑅, 𝑧) constructed under these assumptions is shown
in Fig. 4, b. Calculations of the line integrated SXR
signal were performed in the real geometry of the SXR

Fig. 5. Local SXR emissivity profiles 𝑔 and calculated line
integrated SXR emission profiles 𝐼SXR for two time moments

diagnostics in the U-3M. The line-integrated SXR sig-
nal for each of the SXR channel was calculated using
the set of 10 lines in order to take the poloidal diver-
gence of its viewing area into account [1]. It was calcu-
lated, by using the numerical integration of the input
local emissivity profile 𝑔(𝜌) and the 𝜌(𝑅, 𝑧) data. The
local emissivity distribution profile 𝑔(𝜌) was varied
by the values of 13 base points with the spline con-
nection between these points. The spline style of the
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Fig. 6. Local SXR emissivity profiles 𝑔 at 43 ms and 47 ms of
the discharge 1462014−07−17 and a parabolic profile; calculated
line-integrated 𝐼sxr profiles

connection of base points determines the smoothness
constrain to the emissivity 𝑔, as well as 13 points
per plasma radius constrains the type of this func-
tion. We used the least-squares fit algorithm in cal-
culations. The results of calculations at 43 ms and
47 ms of the discharge 1462014−07−17 are shown in
Fig. 5.

The significant up-down asymmetry of the exper-
imental profiles is clearly observed in Fig. 5 and
causes the discrepancy of the fitting of up-side and
down-side profiles. The asymmetry is caused by mis-
alignments of the SXR diagnostics and, in particu-
lar, by some angle between the SXR viewing plane
and the poloidal cross-section “A-A”. The toroidal
declination of the viewing plane leads to a modifi-
cation of the shape of viewing magnetic surfaces. It
can cause the observed asymmetry and cause un-
certainties in the local emissivity profile determina-
tion. In addition, a possible discrepancy between cal-
culated and real magnetic surfaces can cause an ad-
ditional asymmetry. Nonetheless, the profile modifi-
cations induced by the plasma behavior substantially
overcome those uncertainties, as it is clear, for exam-
ple, from Fig. 5. Figure 6 summarizes the calculations
and compares the U-3M SXR emissivity profiles with
a parabolic profile.

Our calculations clearly show the strong peaking
of the emissivity profile. This peaking is observed
in most of the U-3M discharges with sufficiently
hot plasma (where the measurable SXR emission is
present). This result is in a qualitative agreement
with the narrow profile of the emissivity of the 𝐶𝑉

spectral line [21]. This indicates that the U-3M elec-

tron density and temperature profiles are quite nar-
row, in contrast to the profiles usually observed in
stellarator-like fusion devices (e.g., in LHD [22], CHS
[23], and TJ-II [24]).

4. Summary and Conclusions

The local SXR emissivity distribution in the poloidal
cross-section “A-A” is calculated numerically on the
base of experimental data. The U-3M magnetic sur-
faces have been approximated as a set of normalized
plasma radius data in the grid covering this cross-
section. The local SXR emissivity is determined as a
function of the normalized radius. The line-integrated
SXR emission is calculated for every viewing area of
each SXR channel on the base of this local emissiv-
ity in the real geometry of the SXR diagnostics. A
fitting of the calculated line-integrated SXR emis-
sion profiles to the experimental profiles shows that
the radial profiles of local SXR emissivity are quite
narrow with strong gradient in the central plasma
part.
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СТОСОВНО ПИТАННЯ
ПРО ПРОСТОРОВИЙ РОЗПОДIЛ ЕМIСIЇ
М’ЯКОГО РЕНТГЕНА В ТОРСАТРОНI У-3М

Р е з ю м е

Мiнiатюрний датчик для вимiрювання просторового роз-
подiлу випромiнювання м’якого рентгена уздовж двадця-
ти хорд був встановлений на торсатронi У-3М. Нещодавно
отримана еволюцiя профiлю iнтегрального випромiнюван-
ня м’якого рентгена у розрядi У-3М дає важливу iнфор-
мацiю щодо утримання плазми торсатрона У-3М. У данiй
роботi шляхом чисельних розрахункiв знайдено розподiл
локальної емiсiї м’якого рентгена по перерiзу “A-A” торса-
трона У-3М, базуючись на експериментальних даних. Ви-
конано апроксимацiю магнiтних поверхонь перерiзу “A-A”
у виглядi набору значень величини нормованого радiуса у
вузлах сiтки, яка покриває даний перерiз. У реальнiй геоме-
трiї комплексу дiагностики м’якого рентгенiвського випро-
мiнювання на У-3М виконано чисельне знаходження розпо-
дiлу iнтегрального випромiнювання на кожному з двадцяти
дiагностичних каналiв для рiзних модельних профiлiв емi-
сiї i порiвняно їх з експериментом.

ISSN 2071-0194. Ukr. J. Phys. 2016. Vol. 61, No. 9 811


