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A fast successive soft-X ray (SXR) imaging system where SXR camera and high-speed camera for the
study of time evolution of magnetic islands has been constructed. A preliminary experimental result in which
we observed tangential SXR images from quasi-periodic quasi-single helicity (QSH) state in low-aspect-ratio
(low-A) reversed field pinch (RFP) is presented. We successfully obtained time evolution of SXR images from
tangential port. By comparison obtained images with simulated images, we may conclude that the evolution of
experimental SXR image suggests the rotating QSH RFP configuration. The filamentous configuration tends to
be observed in QSH state rather than in multi-helicity (MH) state.
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1. Introduction

Soft-X ray (SXR) emissivity measurements are of-
ten adopted for studies of both equilibrium and fluctua-
tion structures in combination with computer tomography
(CT) techniques. Tangential SXR imaging has been ap-
plied to high-temperature toroidal plasma experiments for
the study of fluctuations either in the core or at the edge
[1]. Moreover, fast successive imaging measurement has
been a useful tool to understand many aspects of plasma
research involving dynamic plasma formation processes,
plasma equilibria, magnetic reconnection, or plasma insta-
bilities [2, 3].

Three-dimensional (3-D) structural studies are of cru-
cial importance for toroidal confinement systems. In addi-
tion to the conventional asymmetric toroidal systems such
as stellarator/heliotron plasmas, 3-D effects in axisymmet-
ric systems such as tokamaks and/or reversed field pinches
(RFPs) have attracted much attention. In the RFP, for ex-
ample, recent progress have shown the importance of he-
lically deformed RFP configuration where single helical
magnetic axis state is self-organized [4]. Since the inter-
nally resonant single tearing mode causes helical defor-
mation of RFP, development of imaging diagnostics for
magnetic islands structure is required for the detailed study
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on dynamics of the self-organizing process. We have pro-
posed SXR imaging diagnostics using SXR camera for the
identification of local structures of dominant MHD insta-
bilities in the RFP [5, 6]. Detailed design of SXR imaging
system from low-aspect-ratio (low-A) RFP machine RE-
versed field pinch of Low Aspect eXperiment (RELAX)
[7,8], device with R=0.51 m/a = 0.25m (A = 2), where
R is the major radius and a is the minor radius, has been re-
ported in Ref. [9]. In the present study, we are developing
a fast successive SXR imaging system where SXR camera
and high-speed camera for the study of time evolution of
magnetic island in RFP. As a preliminary experiment, we
have taken tangential SXR pin-hole pictures with time res-
olution of 10 usec, to identify time evolution of filament-
like single helix structure in RELAX plasmas.

In this paper, we describe the arrangement of the suc-
cessive SXR imaging system. A preliminary experimen-
tal result obtained from tangential port will be presented.
Then, we compare the obtained images with simulated im-
ages. Finally, relation between singularity of mode and
filament configuration will be presented.

2. Experimental Set-up and Results
In order to study of time evolution of magnetic island
structure, successive SXR imaging system with high time
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Fig. 1 Arrangement of the SXR pin-hole camera and the high-
speed camera. Solid lines and a dashed line represent the
limits of the visual field and the line sight of the center of
the visual field, respectively.

resolution is being constructed. A schematic drawing of
the developing imaging system is illustrated in Fig. 1. Plu-
ral unit is located tangential view of the plasma to have a
view of nearly the entire plasma diameter and most of the
vertical extent of the plasma. Solid lines and a dashed line
represent the limits of the visual field and the line sight of
the center of the visual field, respectively. This SXR imag-
ing system utilizes a microchannel plate (MCP) to record
a higher-resolution distribution of two-dimensional (2-D)
luminosity on a phosphor plate. The projected images
strongly depend on the equilibrium magnetic field. Clar-
ifying a correlation between the high toroidal mode num-
ber n filament structure and a projected tangential image is
difficult. As the A of RFP is lowered, the safety factor ¢ on
axis increases and n of dominant internally resonant mode
is to be lower. In this sense, the core of a low-A RFP is
favorable for this kind of tangential measurement.

To determine whether SXR images with high-speed
camera can be obtained in RELAX, we have conducted an
test experiment. In low-A RFP machine RELAX, a quasi-
periodic transition to a quasi-single helicity (QSH) state in
which the internally resonant single tearing mode grows
significantly larger than other modes state has been ob-
served [10]. During the QSH state, the fluctuation power
is concentrated to the single dominant m = 1 mode. Fig-
ure 2 (a) shows the time evolution of the amplitudes of m
= 1/n = 3, 4, 5 modes with an expanded time scale. In this
shot, dominant mode changes as time goes. The m = 1/n
= 3 mode grows from 1.31 ms for about 0.01 ms, and then
a gradual decay follows. From 1.39 ms, on the other hand,
the m = 1/n = 5 mode growth and decay is observed. Sim-
ilar quasi-periodic growth and decay of the dominant m =
1 mode continues to the end of the loss of field reversal.
There appears to be a trend that these neighboring modes
grow (decay) during the decaying (growing) phase of the
dominant m = 1 mode. In Fig.2 (b), we compare the time
evolution of the phase of the m = 1/n = 5 mode to that of
the m = 1/n = 3, 4 mode. A correlation is indicated be-
tween the quasi-periodic oscillation of the mode amplitude
and phase evolution. During the growth of either mode, the
phase of the corresponding mode does not change much,
whereas the phase changes rapidly during the decay of the
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Fig.2 Time evolution of the amplitude in m = 1/n = 3, 4, 5
modes (a), the phase of the m = 1/n = 3, 4, 5 modes (b).
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Fig. 3 Snapshots of time evolution of obtained tangential SXR
images during QSH RFP state at (a) 1.39 ms (b) 1.40 ms
(c) 1.41 ms. Dashed lines in (a) represent the axis of view
field.

corresponding mode.

In this preliminary experiment, we have taken tangen-
tial SXR pin-home pictures with time resolution of 10
sec, to identify time evolution of filament-like single he-
lix structure in quasi-periodic QSH state in the RELAX
plasmas. Here, we show a preliminary experimental result
in which we observed tangential SXR images from QSH
RFP discharges correspond to Fig.2. 2-D luminosity dis-
tributions corresponding to integrated SXR emissivity are
measured with a high-speed camera (Photoron FASTCAM
SA-4) with an image size of 320 x 192 pixels array and
12 bits of dynamic range. Figure 3 shows snapshots of
obtained tangential SXR images with developed SXR di-
agnostic system at from 1.39ms to 1.41 ms after plasma
ignition, i.e. Fig.3 was taken at QSH state. In Fig.3 (a),
luminosity distribution like as a tip of arrow is observed
in upper of figure. And filament structure is also observed
in upper right of figure. Comparing with each figures, it
is recognized that these structures move to the right direc-
tion as time goes. We successfully obtained time evolution
of SXR images from tangential port and these figures may
reflect the configuration of rotating QSH.
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3. Calculated 2-D SXR Images

We have calculated SXR images for some model pro-
files of SXR emissivity to make clear the meaning of the
configuration in 2-D SXR images such as Fig.3. Images
of SXR emission contain both from equilibrium compo-
nent and from fluctuation component. In the calculation,
equilibrium component of SXR emissivity is decided with
equilibrium reconstruction from several external diagnos-
tics on RELAX, plasma current /,, average toroidal field
<B4>, edge toroidal and poloidal field By(a), By(a) and
internal line-averaged density n. obtained with interferom-
eter [11]. Edge magnetic measurement decides size and
phase of magnetic islands. The magnetic island width W
due to the corresponding m/n tearing mode can be esti-

mated as
12
} , (D

1
W = 4r,,,,,[ B (i)
mBg \rq’

where Br1 is the fluctuation component of B; for the cor-
responding tearing mode. When the W of neighboring is-
lands are sufficiently broad, they are overlapped each other,
resulting in a stochastic magnetic field. Rational surface is
also obtained with equilibrium reconstruction. We have al-
ready simulated the SXR image obtained from tangential
SXR camera in low-A [9].

In this calculation, we assume the constant radiation
along the magnetic field line. Phase of magnetic island ¢
is fixed with experimental data obtained with edge mag-
netic measurement. SXR emissivity profiles are control-
lable without departing from the result of equilibrium re-
construction. The spatial structure of the SXR emission
profile has been assumed as follows. As a background
SXR emissivity profile, we have used a broad profile con-
sistent with the features of the result of equilibrium recon-
struction from experimental result. The emissivity power
is determined as

Pra = 1.54 X 10720 Z*(kT)*55(Z, T, (2)

where n; is the ion density, Z is the effective ion charge
and gg is the temperature averaged free-free Gaunt fac-
tor. Here, n. and n; are assumed to be equal and Z is
unity. Therefore, Piq(r) can be decided from n(r) and
T.(r). Also, as seen from Eq. (2), Py is proportional to
ng and Tg/ 2 Asa result, the SXR emissivity in the back-
ground plasma was assumed to be Gaussian in shape, with
FWHM of 17.5cm (0.7a). The SXR image on the MCP
was calculated with by assuming a bean-shaped m = 1/n
= 5 magnetic island at ry,,—s = 14 cm with the normalized
width of 12%. The SXR emissivity inside the island was
assumed twice as high as that in the background (at the
O-point). Figures 4 show the simulated result the SXR
image on the MCP calculated with assuming same back-
ground SXR distribution and same SXR emissivity inside
the island. ¢ is decided by the result of mode analysis from
edge magnetic measurements, ¢ = —3.1 for 1.39ms (a), ¢
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Fig.4 Simulated tangential SXR images for a single island
model. Each figures are corresponding to Figs. 3, respec-
tively. Dashed lines in (a) represent the axis of view field.

= 2.9 for 1.40ms (b) and ¢ = 2.7 for 1.41 ms (c), respec-
tively. The luminosity distribution like as a tip of arrow
and filament similar to the experimental results was repro-
duced in the calculated images. In this case, there arises
a discrepancy in the peak position, however, the overall
characteristics show good agreement. The reason of the
difference in right edge region is the effect of the Shafra-
nov shift, which is estimated to be about 0.2a from equi-
librium reconstruction using the RELAXFit code [11], but
not taken into account in calculating the tangential images.
In the Figs.3 (c) and 4 (c), differences become larger be-
cause dominant structure is focused in right edge region.
From the results in Figs. 3 and 4, we may conclude that the
major features of the experimental tangential SXR image
could be reproduced by a single island model. Figure 4
represents the rotating QSH configuration, because we as-
sume a single island model and each figures are obtained
with change only in ¢, which are —3.1, 2.9 and 2.7. There-
fore, the evolution of experimental SXR image in Figs.3
may suggests the rotating QSH RFP configuration. It is
clear that we need further effort to adjust the island param-
eters to realize better agreement between the experimental
and calculated images. The small-scale structures seen in
the experimental images in Fig. 3 may represent the effect
of the neighboring modes, which might also have island
structures.

4. Discussion and Conclusion

Then, relation between singularity of mode and fila-
ment configuration is presented. Figure 5 shows the time
evolution of the spectral index N defined as

8 bf 277!
EIR

n=3

N, =

When a single mode is excited, Ny becomes 1, while N
equals the number of the modes considered when all modes
have the same magnetic energy. Thus, N; is often used as
an indication of the quality of QSH in RFP. Four pictures
around the graph are corresponding experimental images
at each times. In above two figures in Figs. 5, it is difficult
to determine configurations, such as a tip of arrow and fila-
ment, due to multi-helicity (MH) state of plasma. As seen
in below two pictures in Figs. 5, on the other hand, we can
identify the configuration due to magnetic filament in QSH
state. According to mode analysis, the ¢ of m = 1/n =5 in
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Fig.5 Relation between singularity of mode and filament con-
figuration.

Spectrum index

1.44 ms is similar to its in 1.40ms. Therefore, the lumi-
nosity distribution seems to be similar tendency with each
other. Figure 5 suggests that luminosity pattern on tangen-
tial SXR image being consistent with the edge magnetic
measurement. Moreover, coming and going of filamen-
tous configuration reflects the realization of quasi-periodic
QSH RFP state. More detailed analysis is in progress.

In conclusion, initial result of successive SXR imag-
ing measurement with high-speed camera has been pre-
sented. We show a preliminary experimental result in
which we observed tangential SXR images from quasi-
periodic QSH RFP state. We successfully obtained time
evolution of SXR images from tangential port. We have
calculated SXR images for some model profiles of SXR

emissivity to make clear the meaning of the configuration
in 2-D SXR images. By comparison obtained experimen-
tal images during single mode dominant phase with sim-
ulated SXR images calculated on the assuming rotating
QSH configuration, we may conclude that the evolution of
experimental SXR image suggests the rotating QSH RFP
configuration. The relation between singularity of mode
and filament configuration has been presented. The fila-
mentous configuration tends to be observed in QSH state
rather than in MH state. We need further elaboration of the
imaging diagnostics to identify whether the shape of the
helical structure is magnetic island or helically deformed
3-D magnetic axis configuration.
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