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A time-resolved vertical soft X-ray (SXR) imaging system was constructed. To identify the structure of the

magnetic island using the obtained SXR images, we calculated the two-dimensional (2-D) image expected from

low-aspect-ratio (low-A) reversed field pinch (RFP) plasmas. The 2-D image was found to reflect the change
in the radiation power caused by the magnetic island. A preliminary experimental result in which we observed
vertical SXR images from the quasi-periodic quasi-single helicity (QSH) state in low-A RFP plasmas is presented.
We successfully obtained the time evolution of SXR images from the vertical port. By comparing the observed
images with simulated images, we found that the evolution of the experimental SXR image suggests a rotating

helical configuration.
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1. Introduction

The measurement of bremsstrahlung soft X-ray (SXR)
radiation is a useful passive method for diagnosing high-
temperature plasmas because the contours of the SXR
emissivity correspond to the magnetic surfaces of the plas-
mas. SXR imaging has been applied to high-temperature
toroidal plasma experiments for the study of pressure fluc-
tuations either in the core or at the periphery [1].

In the reversed field pinch (RFP), the toroidal pitch
of the equilibrium field is relatively short, and the fluctu-
ation component resulting from internally resonant global
instabilities forms a three- dimensional (3-D) helical struc-
ture. Equilibrium analyses have shown that the innermost
mode’s rational surface can be located away from the axis
in a lower aspect ratio (A = R/a) RFP configuration, where
R (a) is the major (minor) radius of the plasma column.
Therefore, a single mode can be expected to grow to a
higher amplitude in a low-A RFP than in medium- and
high-A RFPs. This may allow easier access to the quasi-
single helicity (QSH) state, in which the internally reso-
nant single tearing mode grows significantly larger than
other modes. In the low-A RFP machine RELAX [2,3], (R
=0.51m, a = 0.25m (A = 2)), a quasi-periodic transition
to the QSH state has been observed [4]. During the QSH
state, the fluctuation power is concentrated in the dominant
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single m = 1 mode.

We have developed SXR imaging diagnostics using
multiple SXR cameras which consists a microchannel plate
(MCP) and a fluorescent plate for identifying the structures
of dominant magnetohydrodynamic (MHD) instabilities in
the QSH state in the RFP [5, 6]. The detailed design of the
SXR camera has been reported elsewhere [7]. Moreover,
we have constructed a fast successive SXR imaging sys-
tem. As a preliminary experiment, we have taken tangen-
tial SXR pin-hole pictures with a time resolution of 10 us in
order to identify the time evolution of a simple helix struc-
ture in RELAX plasmas [8,9]. As the next step, we have
developed an SXR imaging diagnostic system that uses
multiple pin-hole SXR cameras together with high-speed
cameras to record the time evolution of the SXR images
from the tangential and vertical directions simultaneously
for studying the dynamic structures of 3-D SXR emissivity.
Using this system, we expect to be able to discuss the 3-D
dynamics of MHD instabilities associated with the QSH
state.

In this paper, we describe the design and configuration
of the vertical SXR imaging system. Quantitative analyses
are explained in terms of both the phase and radial position
of the magnetic island in the RFP. A preliminary experi-
mental result obtained from the vertical port is presented.
Then, the obtained experimental results and a comparison
with simulated images are discussed.

© 2012 The Japan Society of Plasma
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Fig. 1 Arrangement of the SXR pin-hole camera and the high-
speed camera. Solid lines and dashed line represent the
limits and the sight line of the center of the visual field,
respectively.

2. Design of SXR Imaging System and
Calculation of 2-D Image for Verti-
cal Observation
A schematic drawing of the imaging system is shown

in Fig.1. The solid lines and a dashed line represent
the limits and the sight line of the center of the visual
field, respectively. This SXR imaging system uses an
MCP to record a higher-resolution distribution of the two-
dimensional (2-D) luminosity on a phosphor plate. The en-
ergy efficiency of the MCP is nearly constant in the wave-
length range of SXR from the RELAX plasma, and a linear
relationship between the number of electrons ejected from
the MCP and the luminosity on the phosphor plate has been
confirmed [10, 11]. The projected images depend strongly
on the equilibrium magnetic field. It is difficult to clarify-
ing the correlation between the filament structure associ-
ated with a high toroidal mode number n and a projected
tangential image. In this sense, the vertical imaging system
mitigates the shortcomings of the tangential system.

In the vertical system, an indium tin oxide based phos-
phor plate is employed to cover the shortfall in the lumi-
nosity in images caused by the short sight line. The pinhole
is placed at 172 mm horizontally (along the major radius)
away from the plasma edge. The 2-D luminosity distribu-
tions corresponding to the integrated SXR emissivity are
measured with a high-speed camera (Photoron FASTCAM
SA-4) with an image size of 264 X 96 pixels array and
a 12-bit dynamic range. Nevertheless, the SXR image is
produced only in a limited area on the pixel array: 70 x 70
pixels.

To identify the magnetic islands of the RFP by refer-
ring to the SXR image, we first estimated the 2-D image
on the phosphor plate Pjn, expected from low-A RFP plas-
mas. In our calculations, we assume the profiles of the ra-
diation power from the magnetic island Pyag-mi as follows.
Considering a toroidal plasma, the electron density 7.(0),
electron temperature 7.(0), and Prag-mi(0) on the plasma
axis are assumed to be 1.00 x 10'%/m3, 1.00 x 10%eV,
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Fig.2 Calculated 2-D luminosity distributions on phosphor
plate due to the radiation power emitted from the m =
1/n = 4 magnetic island located at » = 6 cm. The phase of
the magnetic island changed by 0.25 r in each succeeding
image.
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Fig. 3 Dependence of Pjy, on the radial position of the magnetic

island. The m = 1/n = 4 magnetic island is located at r =
(a) 6¢cm, (b) 10cm and (¢) 14 cm.
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and 5.72 x 1077 W/cm?®, respectively. The power of the
bremsstrahlung SXR radiation Py,q is written as [12]

Praa = 1.54 X 1020, 22 (kTe) ?25(Z, T.), (1)

where n; is the ion density, Z is the effective ion charge,
and gy is the temperature-averaged free-free Gaunt factor.
Here, n. and n; are assumed to be equal, and Z is unity.
Therefore, P4(x,y,z) can be determined from n(x,y,z)
and T¢(x,y,7). Also, as eq. (1) shows, Py,q is proportional
to ng and Tel/ 2N ext, after calibrating the inherent sensitiv-
ity of the MCP to the incident angle of SXR, the value of
Praa(x,y,7) is summed along the line of sight. Finally, the
2-D image of the SXR distribution Pjne(x,y) is obtained.
Ping(x,y) has been calculated by assuming a single
bean-shaped magnetic island due to a tearing mode at
m = 1/n = 4. Typical calculated 2-D images are shown
in Figs.2 and 3, which show the dependences of Pip, on
Praa-mi(x, v, z) and the phase (Fig. 2) and the radial position
of the magnetic island (Fig. 3), respectively. White circles
indicate the field of vision. In Fig.2, when the magnetic
island due to the tearing mode is rotating, the calculated
2-D image reflecting its phase changes considerably. Fig-
ure 3 shows the results when the peak of Prag-mi 1s located
atr = (a) 6cm, (b) 10cm, and (c) 14 cm. Comparing these
results reveals that it becomes difficult to detect the peak in
the luminosity as the radial position of Pyag-mi increases.
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Fig. 4 Time evolution of the amplitude in m = 1/n = 4, 5, 6
modes (a), the phase of the m = 1/n =4, 5, 6 modes (b).

3. Experimental Result and Compari-
son with Calculations

In the low-A RFP machine RELAX, a quasi-periodic
transition to a QSH state in which the internally resonant
single tearing mode grows significantly larger than other
modes has been observed [4]. During the QSH state, the
fluctuation power is concentrated in the single dominant m
= 1 mode. Figure 4 (a) shows the time evolution of the
amplitudes of the m = 1/n = 4, 5, 6 modes obtained by
edge measurement at an expanded time scale. In this time
window, the dominant mode is the m = 1/n = 4 mode until
950 us. In Fig.4 (b), we compare the time evolution of the
phase of the m = 1/n =4 mode to that of the m = 1/n=5,6
modes. The phase of the m = 1/n = 4 mode changes slowly
while corresponding mode is dominant.

Raw images of SXR emission contain both equilib-
rium and fluctuating components. To illustrate the fluctuat-
ing component clearly, we applied a subtraction technique
that enhances the difference between successive images,
thus showing only the changes in the interval between im-
ages. In an acquisition of consecutive image frames I, the
n-th subtracted image in the sequence is given by I, — I;_;.
Figure 5 shows subtracted images of the emissivity struc-
ture obtained from the vertical port in RELAX with a time
resolution of 150 kfps. A zonal structure moves to the
upper or left direction with time. In Fig.5 (d), this zonal
structure can be recognized even though the amplitude of
the m = 1/ n = 4 mode is comparable with that of other
modes, as shown in Fig. 4 (a). It is cited as a possible cause
that the islands do not overlap because of this mode’s small
amplitudes. Moreover, the m = 1/ n = 5 and 6 modes may
have lower emissivity because the corresponding rational
surfaces are located outside that of m = 1/ n = 4. Figure 6
shows the time evolution of the vertical (Z) luminosity pro-
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Fig.5 Subtracted images of emissivity structure obtained from
vertical port in RELAX at (a) 933 us, (b) 940us, (c)

947 us, and (d) 953 ps. Images were obtained by subtract-
ing an SXR image from another obtained 6.6 s later.

luminosity [a.u.]

0 10 20 30 40 50 60 70
Z [pix]

Fig. 6 Time evolution of the vertical (Z) luminosity profiles in
SXR images at the center of the viewing circle.

files in the SXR images at the center of the viewing circle.
By comparing them, we see clearly that the peak in the
luminosity moves toward the vertical direction with time.

Next, we calculated SXR images for some model pro-
files of the SXR emissivity to clarify the meaning of the
configuration in 2-D SXR images such as Fig.5. In the
calculation, the radial position of the magnetic island, i.e.,
the rational surface, was determined by equilibrium recon-
struction from several external diagnostics on RELAX: the
plasma current I, average toroidal field (By), edge toroidal
Bg(a), poloidal field By(a), and internal line-averaged den-
sity n. obtained using an interferometer [13]. The width W
of the magnetic island due to the corresponding m/n tear-
ing mode can be estimated from the fluctuation component
of the corresponding tearing mode. When neighboring is-
lands are sufficiently broad, they overlapped each other,
resulting in a stochastic magnetic field. In this calculation,
we assumed a constant radiation power along the magnetic
field lines. The phase of a magnetic island ¢ was fixed
according to experimental data obtained by edge magnetic
measurements. The SXR emissivity profiles can be con-
trolled without departing from the results of the equilib-
rium reconstruction.

Figure 7 shows the simulated SXR image on the MCP
calculated assuming the same SXR emissivity inside the
island. ¢ was determined using the result of mode analy-
sis from edge magnetic measurements, (a) ¢ = —3.08 for
933 s, (b) ¢ = —2.92 for 940 us, (c) ¢ = —2.74 for 947 us,
and (d) ¢ = —2.48 for 953 us. Each figure was obtained by
subtracting an SXR image from the next consecutive im-
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Fig. 7 Simulation of subtracted images: Finite SXR emissivity
is assumed only inside the m = 1/n = 4 magnetic island.
The time in each panel is that is the corresponding panel
in Fig. 5. The phase change is based on the experimental
phase velocity.
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Fig. 8 Evolution of the vertical (Z) luminosity profiles in the
simulation of subtracted SXR images.

age. A luminosity distribution resembling the zonal struc-
ture in the experimental results was reproduced in the cal-
culated images. Figure 8 shows the evolution of the ver-
tical (Z) luminosity profiles in Fig.7. A comparison of
Figs. 5 and 6 with Figs. 7 and 8 reveals a discrepancy in the
peak position; however, the overall characteristics show
good agreement. A comparison between the experimen-
tal and simulated results suggests that the vertical images
in Fig. 5 may indicate rotating helical SXR emissivity. It is
clear that we must adjust the island parameters further in
order to realize better agreement between the experimental
and calculated images. Moreover, we need to obtain more
data sets and analyze the transition event between the QSH
state and the multi-helicity state.

4. Summary

In conclusion, the initial result of successive SXR
imaging with a high-speed camera from the vertical port
were presented. To identify magnetic islands by referring
to the SXR images, we estimated the 2-D image expected
from low-A RFP plasmas. We described a preliminary ex-
perimental result in which we observed vertical SXR im-
ages from the quasi-periodic QSH RFP state. We success-
fully obtained the time evolution of SXR images from the
vertical port. We calculated SXR images for some model
profiles of the SXR emissivity to clarify the meaning of the
configuration in 2-D SXR images. By comparing the ob-
tained experimental images during a single mode dominant
phase with simulated SXR images calculated assuming a
rotating helical configuration, we find that the evolution
of the experimental SXR image suggests a rotating helical
SXR emissivity.
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