R. Sano et al.

CONFERENCE PRE-PRINT

INVESTIGATION OF PLASMA PARAMETERS IN SAWTOOTH
OSCILLATION BY ABSOLUTE INTENSITY OF SOFT X-RAY EMISSION IN
JT-60SA INTEGRATED COMMISSIONING PHASE

R. SANO,

Naka Institute for Fusion Science and Technology, National Institutes for Quantum and Radiological Science and
Technology

Naka, Ibaraki, Japan

Email: sano.ryuichi@gst.go.jp

H. HOMMA

Naka Institute for Fusion Science and Technology, National Institutes for Quantum and Radiological Science and
Technology

Naka, Ibaraki, Japan

M. TAKECHI

Naka Institute for Fusion Science and Technology, National Institutes for Quantum and Radiological Science and
Technology

Naka, Ibaraki, Japan

T. NAKANO

Naka Institute for Fusion Science and Technology, National Institutes for Quantum and Radiological Science and
Technology

Naka, Ibaraki, Japan

Abstract

An electron temperature profile with 1 keV at the plasma centre and its sawtooth oscillation were evaluated from the
power spectrum of bremsstrahlung by a soft x-ray diagnostic system in JT-60SA integrated commissioning phase. The
evaluation indicates that the observed opposite phase oscillations between high-energy and low-energy bremsstrahlung
emissions in soft x-ray signals are due to opposite changes in the electron temperature and density or effective charge. From
the absolute intensity of different energy bremsstrahlung emission, it was indicated at sawtooth crashes that the electron
temperature decreased while the electron density and/or effective charge increased, respectively. Changes in the profile of
products of the electron density and the effective charge indicated a possible inflow of electrons and/or impurities across the
inversion radius.

1. INTRODUCTION

MHD (magnetohydrodynamic) phenomena, such as sawtooth oscillation, can degrade the performance of
magnetically confined plasmas and can lead to disruptive plasma events. The sawtooth oscillation was observed
on soft x-ray emission and electron temperature in many plasma devices, such as JT-60U [1], LHD[2], and JET[3].
From the experimental data, which show the electron temperature and density decrease at the plasma centre in the
sawtooth crash [4] and theoretical evaluations, the sawtooth oscillation is basically understanded as particle
ejection from inside of the surface of q = 1 by sawtooth crash. On the other hand, the increase of local or line
integrated electron density at the plasma centre by the sawtooth crash is also reported at TCV [5] and W-7X[6]
with ECH heating. To understand the sawtooth oscillation, the transient evolution of profiles of plasma parameters
should be investigated. However, because of difficulties of fast diagnostics for the profile of the electron density,
the evolution of the electron density during the sawtooth oscillation is not commonly evaluated.

An x-ray photodiode array is widely used to measure soft x-ray emission from the core plasma. Because of the
fast time response of the x-ray photodiode, the x-ray photodiode array is widely used to measure the sawtooth
oscillation. In the x-ray photo diode array, line integrated soft x-ray emission power density along sight line is
detected. From the line integrated emission, a profile of local emission power density can be reconstructed using
tomographic reconstruction techniques, such as Abel inversion [7]. In plasma devices which have carbon walls,
soft x-ray emission is mainly emitted from electron as bremsstrahlung. Because the power spectrum of
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bremsstrahlung strongly depends on the electron temperature and density, the spatial profiles of the electron
temperature and density can be evaluated from the profile of reconstructed soft x-ray emission. However, the x-
ray photodiode array is mainly used as a qualitative measurement without evaluation of absolute emission
intensity. The measurement of the plasma parameters using the x-ray photodiode array is not widely applied.

In this study, the evolution of spatial profiles of plasma parameters during the sawtooth oscillation is investigated
by the soft x-ray diagnostic system in JT-60SA integrated commissioning phase.

2. EXPERIMENTAL

In JT-60SA, a soft x-ray diagnostic system with two photodiode arrays, each of which were equipped with Be
filters with different thicknesses, which are 7 and 50 um, to measure soft x-ray intensity at different energies, was
installed [8]. These filter thicknesses were determined to filter out line emissions from light impurities, such as C
and O, which were expected in JT-60SA integrated commissioning phase. Figure 1 shows the field of view of the
soft x-ray diagnostic system. Because the soft x-ray diagnostics system views the lower half of plasma with upper
null configurations, the local soft x-ray emission power density in core plasma can be obtained with reconstruction
methods, such as Abel inversion [7].

The local emission power density which passes through the Be filter having n-pm thickness, Sge p, is
expressed as

Spen = f Bren(v) €F dv [Wm™3], (1)

where Bg, , isthe transmittance of a Be filter having n-pm  thickness, €ff is the power spectrum of the emission
power density of bremsstrahlung. With the assumption that electron velocity distribution is Maxwellian and the
Gaunt factor for hv = T, is applied, the power spectrum is expressed as follows

Z £ 2 -hv hy —04
ef=68x1071"—eTe (—) [Wm~3Hz"'], (2)
Y JT./k T

Where Z.g is the effective charge, T, is the electron temperature, n, is the electron density, k is the Boltzmann
constant and v is the frequency of photon, and h is
the Planck constant. From the reconstructed local
emission power density profile with two different
energy ranges by Be filters, which have 7 and 50 pm
thicknesses, the power spectrum of bremsstrahlung
at each location can be obtained by “two filters
method” [9]. From the power spectrum, the electron
temperature and product of electron density and
square root of effective charge could be evaluated on
the assumption that bremsstrahlung dominated soft
x-ray emissions. With this analysis, the profiles of
T, and ne@ in the core plasma can be evaluated

for each time slice. To reduce the influence of photon
shot noise and background noise on the signal of the
soft x-ray diagnostic system, an averaging with 100
time slices was performed on 100 kHz sampled data
in the following sections. Therefore, data of the soft
x-ray diagnostic system is treated as 1 kHz sampled
data. Additionally, the soft x-ray diagnostic system
measuring low energy (1 - 8 keV) and high energy (2

Figure 1 Field of view of the soft x-ray diagnostic system in - 8 keV) soft x-ray with 7 and 50 pum Be filters are
JT-60SA4.
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written as SXR07 and SXR50 in the following sections.

In the campaign of the integrated commissioning of IT-60SA, two types of sawtooth oscillations were observed.
One was off-axis sawtooth, which was obtained with ECH injection during ramp up phase of the plasma current.
The other type of the sawtooth oscillation was core sawtooth, which peaked at the centre of the plasma. The core
sawtooth was mainly observed during the flat top or ramp down phase of the plasma current. The oscillation
intensities during the off-axis sawtooth are about 10 - 20% and 20 - 30% of the measured emission power density
by SXR07 and SXR50, respectively. On the other hand, the oscillation intensities during the core sawtooth are
less than 3% and 6 %, respectively. Both oscillation intensities are evaluated along the sightline views the peak
of sawtooth oscillation.

Figure 2 shows time traces of photocurrent of SXR07 and SXR50 during a discharge having the both types of
sawtooth oscillation. The photocurrent corresponds to line integrated soft x-ray emission along each sightline. At
2.5 - 3.0 s, an off-axis sawtooth is observed on channel 6 which views about p = 0.6. The oscillation intensities
of SXR07 and SXR50 are about 13% and 25%, respectively. The ratio of SXR50 and SXRO07 is less than 0.05. It
indicates that the electron temperature at the peak of the off-axis sawtooth is less than the limit (150 eV) of the
evaluation of the electron temperature by the soft x-ray diagnostic system. From 7.0 s, a core sawtooth is observed
on channel 11 which views the centre of plasma (p = 0.0). The oscillation intensities of SXR07 and SXR50 are
about 3% and 4%, respectively. The ratio of SXR50 and SXRO07 is about 0.32, which indicates that the electron
temperature at the peak of the core sawtooth is about 850 eV. The low and high energy range soft x-ray show
oscillations in the opposite direction during the core sawtooth along the same sightline. The oscillations of
opposite direction cannot be explained with only the electron temperature oscillation.

(b) Off-axis (¢) Core In the campaign of the integrated commissioning of JT-

5 M i 60SA, 19 discharges having sawtooth oscillation were
obtained. The core, off-axis, and both types sawtooth were
observed in 11, 5, and 3 discharges out of the 19
discharges. The off-axis sawtooth is out of the scope of this
SXRO7 manuscript because the electron temperature of the peak of
m the sawtooth oscillation is difficult to evaluate by the soft
NN x-ray diagnostic system due to a low signal-to-noise ratio.
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Figure2 Time traces of photocurrent of (black)SXR07 Time (s)
and (red)SXR50 during (a) the whole discharge, Figure3 Time traces of (upper) plasma current, (middle)
(b)off-axis sawtooth, and (c) core sawtooth. (a) and photocurrent of SXR07 and SXR50, and (lower) line density.
(c) show signal along channel 11. (b) shows signal (shot #101008).

along channel 6. (shot #101025)
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To investigate the plasma parameter profile

B 18.8 - (a) SXRO7(Ch1 1)‘ 3 during Fhe core sawtooth, analyses using the soft
g E 184 F e /J# ; x-ray diagnostic system were performed.
A X E ;
17.6F - Figure 3 shows time traces of a helium plasma
7.2 . y discharge having the core sawtooth. In this
= - (b) SXR50(Ch11) e - discharge, the flat top of the plasma current is
gf 708 /) /f / ‘| - from around 2 to 6 seconds with divertor
2 'S 3 / W ' ‘. E configuration without EC heating. The core
é’ x 68F / / ’ : sawtooth is observed from 5 to the end of
3 \ - discharge. The peak of soft x-ray emission and
6.6 sawtooth oscillation is along channel 11. The line
_ 116 L (o) SXRO7( 0 :0)' ' ] electron density is gradually increasing during
T O114F ] the flat top phase.
Z : ]
E‘ 112 F E Figure 4 (a) and (b) show transient
£ 110k a changes of photocurrent of SXR07 and SXR50
[ 1 along channel 11 with a period of a sawtooth
3180%; - ‘ ) ) oscillation. Photocurrent of SXR07 and SXR50
— T F (d) SXR50 (p =0) E increases and decreases, respectively, at 5.917
g E E seconds, which is a timing of sawtooth crash. It
E 375 3 E indicated that the oscillation direction for SXR07
Lz;‘ 36.5 : : a}t:d Sf(RSIO are qpposite. Filgurg 4 (;:) and ((31)
- e ] show local emission power density, Sge 7, and,
E ] Sgeso » at the plasma centre which are
39548 ‘ ' ' ; reconstructed by the Abel reconstruction. The
90 E opposite oscillation is also obtained in the local
_ ] emission power density. It is indicated that the
s 900 g opposite oscillation does not appear by effect of
E 880 4 line-integration along each sightline. The
860 3 absolute intensity of the oscillation for SXRO07
240 .(e). o S 1 a.nd SXR50 are c.omparable desplte the three
3.4 . : . 3 times larger emission power density of SXRO7
— c (D than SXR50. The electron temperature at the
© IE 335 _ plasma centre decreases at the sawtooth crash, as
Neo 30EF 3 shown in Figure 4(e). The time trace of the
2 = electron temperature is similar to SXR50. From
x 3l 3 E equation (1), the Sge; and Sgesp
30¢E . . - E monotonically increase with increasing the
5.88 5.90 5.92 5.94 5.96 electron temperature. The opposite oscillation

Time (s) and the comparable absolute oscillation intensity

Figure 4 Time traces of (a)photocurrent of SXR07 and (h)SXR50, ~ are not obtained by only the oscillation of the
(c)reconstructed local emission power density of SXR07 and ~ electron temperature. Figure 4(f) shows that the
(d)SXR50, (e)local electron temperature, and (f)local  product of electron density and square root of
Nev/Zesr- ()(d)(e)(f) are parameters at the plasma centre.  effective charge, Ney/Zeg, suddenly increases at
Error bar indicates the uncertainty by shot noise and  gawtooth crash at the plasma centre and decreases
background noise of the soft x-ray diagnostic system. by the next sawtooth crash. It indicates that the

opposite oscillation of SXR07 and SXRS50 is
obtained by the opposite oscillation between the
electron temperature and ne\/ﬂ . The
oscillation intensities of each plasma parameter at the plasma centre are about 2%, 4%, 7%, and 6% for Sg, 7,

Sge 50> Te, and nNe./Zgs, respectively.
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4. DUSCUSSIONS
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Figure 5 Dependences of the local emission power density of (a)SXR07 and (b)SXR50 on the electron temperature and
N/ Zegy- Thick lines and numerical characters in graph indicate contours for the emission power density. Cross symbols
and black line indicate plasma parameter changes from 3ms before to 3ms after sawtooth crash. (5.914-5.920 s)

Thick lines in figure 5 show the dependence of the Sge ; and Sg, 50 0n the electron temperature and nem
using a contour. The cross symbols and a black line indicate plasma parameter changes at the plasma centre for
the sawtooth crash from 5.194 s to 5.920 s. In this figure, in the case that the cross symbol and black line cross
the thick line, Sge ; or Sge 50 oscillates at a sawtooth crash. Oscillation direction is determined by the crossing
direction. In figure 5 (a), black lines cross contour lines from the low power density side at each sawtooth crash,
leading to the Sg, ; increase at the sawtooth crash. On the other hand, the black line crosses the contour lines of
Sgeso from the high power density side,

leading to the  Sgeso  decrease.

Furthermore, the oscillation intensities of }(2)8 F I E
Sge7 and Sgeso are determined by the 80 :1} 3
angle between contour lines and the black 60 E- I E
line. In this discharge, because the contour ;g £(a) Sge_7 [Wm™] ! 3
lines of Sge ; is closer to parallel to the 40 I 1

black line than the contour lines of Sg, 50, 30 E = ! i
the oscillation of Sge, is suppressed. 20E \‘,\
Therefore, the opposite oscillation and 10 : T
comparable oscillation intensity of Sgegy 0 0

and Sgeso can be explained by the relation 1050 T

between the contour and the changes of the 950 -

electron temperature and ne./Z.¢r. Because 350 E |

the inclination of both Sgep; and Sgeso : !

contour is flattened at higher electron P9 }

temperatures, in the case that the electron qﬂ — :

temperature, the opposite oscillation of 25 _
(d) ney/Zegr [* 10" m?] I =3

LLALS e

Sgeo7 and Sgeso 1s expected to disappear.
1.5
Figure 6 (c) shows the spatial profile of the 0 0.1 0.2 0.3 0.4 0.5
electron temperature 3 ms before and after a p

sawtooth crash with the normalized minor
radius, p. In these time slices, the electron
temperature at the plasma centre is about 1
keV. The change direction of the electron
temperature at the sawtooth crash is
different according to the inside and outside

Figure 6 Spatial profiles of local emission power density reconstructed
from (a) SXRO7 and (b)SXR50, (c) electron temperature, and (d)
ne\/fff 3ms (black) before and (red) after sawtooth crash. Dashed
blue line indicates the inversion radius. Red arrows indicate change
directions.
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of p=032-0.34 . It indicates the
inversion radius of the electron temperature.
Figure 6 (a) and (b) shows the spatial
profiles of Sge ; and Sge 50. Both emission
profiles are peaked at the plasma centre.
Sge 7 increases at both the inside and
outside of the inversion radius of the electron
temperature. On the other hand, Sge 50
increases and decreases at the inside and
outside of the inversion radius, respectively.
The change is similar to that of the electron
temperature. The nem shows the
opposite change direction with the electron Figure 7 A time trace of (black) measured visible bremsstrahlung
temperature at both of the inside and outside  emission and (red) synthetic visible bremsstrahlung emission
of the inversion radius as shown in Figure 6 evaluated by the soft x-ray diagnostic system (#E101008). Error bar

(d). means the statistical error by background and shot noises.
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The validity of the profiles of the plasma
parameters in figure 6 is investigated with a
comparison between bremsstrahlung emission intensity taken by a visible spectrometer, which views in a
tangential direction, with that taken by the soft x-ray diagnostic system, which views on a poloidal cross section
using a synthetic signal scheme as shown in Figure 7. The measured visible bremsstrahlung emission and the
synthetic signal are consistent within
statistical error, showing the absolute
emission power density profiles evaluated by
the soft x-ray diagnostic system, shown in
Figure 6, are valid in terms of uncertainty
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increase at the centre of the plasma and
decrease at the outside of the inversion
radius. This result indicates an inflow of the
electron or/and impurity across the inversion
radius. Differences of Sg. 50 and the 2 .,}; [: 4 e o X
electron temperature at p = 0.45 are about p

60% of values at p = 0.0. On the other hand,

differences of ne\/fff at p=045 is Figu}fe 8 ;patial profiles of difference of (a) local emission power
about 35 % of the centre of the plasma. The density of SXR07 and (b)SXR50, and (c)electron temperature, and

. _ Ney/Zepy  from before crash to after crash. Error bars are standard
smaller difference of Ney/Zefr at the _p ~  deviations of 36 sawtooth crashes in 5.1 —6.0s. (#101008)
0.45 than the plasma centre can be explained

with continuity of total ne/Zeg. With the
plasma volume, V(p), the intensity of the

Zeft
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inflow of electron or/and impurity, [, is

expressed as 2.5
20 L Decrease .
T = f Ane\[Zege(p) V(p)dp. (3) ‘ (p=034~06) R .
OQZ 1.5 + ... e :‘. l-.,o

In the case of that Z.s is constant, [, ‘)‘(‘ .. . : B
means that the total increased/decreased — vets $. 2 « e .
number of electrons in a specific region. s 1.0 L ety L,
Figure 9 shows I, of the inside (p = 0 — - cese 0% . * Increase
0.34) and the outside (p = 0.34 — 0.6) 05 L . (p=0 ~ 0.34)
of the inversion radius. The region of the o
outside of (p = 0.6) is not included in this
evaluation due to large error bar in figure 0.0 ! L : .
8(d). In the case that a constant Zgg is 5.1 53 5-5 5.7 5.9 6.1
assumed, [, of the inside means an Time [s]

increased m%mber'Of elect.rons by inflow Figure 9 (red) Total increase of Ne.[Zesy at the inside of the inversion
across the inversion radius. T, of the radius (p = 0.0~ 0.34) for each sawtooth crash. (blue) Total decrease

outside means the decreased nlllmber. of of NeZesy at the outside of the inversion radius (p = 0.34 ~ 0.6).
electrons by flow across the inversion

radius or p = 0.6 boundary. I, of the

inside and the outside are comparable at

each sawtooth crash. It indicates that the

inflow intensity evaluated from the inside and outside is not inconsistent. I}, of the inside of the inversion radius
is 0.4 —2.1 x 10 and shows an increasing trend with increasing the line integrated density in the figure 3. T,
in figure 9 are around 1 - 2 % of the total number of electrons in plasma volumes from p = 0.0 to p = 0.6. The
I, is not significantly large compared to the total number of electrons or impurities in the whole plasma volume
in this discharge. However, because [, increases with increasing the line electron density, it is necessary to
investigate the dependence of the I, on plasma parameter in the next experimental campaign. Furthermore,
because the effects of electrons and impurities cannot be separated in this analysis, the main component of [, is
still required to investigate.

Horizontal axis is time of sawtooth crash occurred.

5. SUMMARY

Using the power spectrum of bremsstrahlung, which was evaluated by the soft x-ray diagnostic system, evolutions
of plasma parameter profiles were evaluated in core sawtooth oscillation in JT-60SA integrated commissioning
phase. The evaluation indicates that the observed opposite phase oscillations between high-energy and low-energy
soft x-ray bremsstrahlung emissions are due to opposite changes in the electron temperature and density or
effective charge. From the analysis of profiles of the electron temperature and the product of the electron density and
the effective charge, a possible inflow of electrons and/or impurities across the inversion radius at the sawtooth crash is
indicated.
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