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1. Introduction

Soft X-ray (SXR) diagnostics have been widely used
in the study of the magnetohydrodynamic activities of
fusion plasma [1,2], due to their fast time resolution and
non-invasive measurement. In the versatile experiment
spherical torus (VEST) [3], a 40-channel SXR camera
system has been installed [4] to get two-dimensional
SXR images through tomographic reconstruction [5]. In
addition to this system, we are developing another SXR
system for electron temperature (7.) measurement.
Although SXR intensity is a function of multiple plasma
parameters such as electron density (n.), temperature,
and effective ion charge (Zy=12; Z]-zn]- /Zn; , j is ion
species), we can estimate line-integrated 7. along the
lines-of-sight (LOS) through a two-filter method [6].
Moreover, local profiles of 7, can be obtained through
tomography of multi-channel SXR measurement with
the two-filter method. In this paper, we report the
progress in the development of a two-filter SXR
diagnostic in VEST.

2. Methods and Results
2.1 Two-filter Method

The two-filter method estimates electron temperature
by comparing the ratio of SXR signal through two

different filters coming from the same LOS in the plasma.

In the plasma, SXR emissivity from bremsstrahlung
continuum is a convolution of plasma parameters such as
Zef, Ne, and T.. Therefore, the emissivity P.q through
certain filter of transmittance, eff(£), is given by [7]

Praq = C- [ tt e Teeff(E)dE )
Here, the constant C includes the gaunt factor and
geometrical factors, and E is the energy of the photon.
Equation (1) can be rewritten to highlight its dependency
on the T,

E
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where C* = Cn?Z, since Zyyand n, are not affected by
photon energy, £. By dividing the two signals with two
different filters, we can get a function depending on the
T..
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Equation (3) is a monotonic function to a certain
temperature, indicating 7. can be obtained by measuring
the ratio of SXR intensity with two different filters. The
shape of the ratio-temperature curve obtained from Eq.
(3) varies with filter combination, so it is important to
select a proper filter set by application. Considering the
estimated temperature of VEST Ohmic discharge, we
selected aluminum (Al) 1.0 um and silver (Ag) 0.2 um as
the initial filter set. Fig. 1(a) shows the transmission
curves of the Al and Ag filters. The possible
measurement range is about 30 eV—-140 eV, as shown in
Fig. 1(b), which is calculated using Eq. (3).
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Fig. 1 (a) Transmission curve of Ag 0.2 um and Al 1.0 um

filters. (b) Ratio-temperature curve of the Ag and Al filter set.
2.2 Soft X-ray Measurement System

To measure SXR, a pinhole camera capable of
mounting multiple filters was designed. Fig. 2 shows the
interior design of the SXR camera. 16-channel absolute
extreme-UV (AXUYV) photodiode array was used as the
SXR sensor, and two AXUVs were placed 4 cm apart in
the toroidal direction of the torus, as shown in Fig. 2(a).
Therefore, the camera has 32 channels with two AXUVs,
and 16 LOS in a poloidal plane. Then, light covers were
located on the AXUV to prevent possible stray light. A
filter wheel, which can mount six filters, was utilized to
test various filters and pinhole sizes without breaking the
vacuum. The filter wheel is connected to the rotary wheel,
which is rotatable outside the vacuum. Specifically, we
installed a preamp inside the camera to reduce noise by
shortening the connection between the sensor and the
preamp. As shown in Fig. 2(b), the custom preamp board
is directly inserted at the bottom of AXUV and then
connected to the feedthrough without a cable. As for the
preamp, we applied a 32-channel preamp with a
transimpedance gain of 10° V/A. Finally, we put a
stainless-steel shield onto the camera, as shown in Fig.
2(c). The SXR camera was then installed in the upper
part of the VEST.
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Fig. 2 (a) Interior of the pinhole camera. Two AXUV 16
were used. (b) Filter wheel and light cover were installed along
the light path, and the preamp electronics were directly
connected to AXUYV and feedthrough. (¢) The complete pinhole
camera with a stainless-steel shield.

The amplified signal is transmitted to the outside of
the vacuum through a D-sub cable bundle. The cable
bundle is connected to a power supply for the preamp,
and we used a 24V battery to minimize noise by isolating
the power line of the VEST chamber. Then, the signal
goes to the digitizer (CAEN VME 8008X, maximum 125
MHz sampling) and is eventually stored in the data
acquisition system.

2.3 Preliminary Results from VEST Discharge

We tested the camera in the VEST Ohmic discharge
(shot #38269). Figure 3(a) shows the LOS of SXR
measurements, and Figure 3(b) presents multi-channel
measurement results from Al 1.0 um filter. The
maximum plasma current (/,) in the discharge was
approximately 100 kA, as shown in Fig. 3(c).
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Fig. 3. Schematics of installed system and signal time trace
during VEST discharge #38269. (a) The system has 16-LOS
in a poloidal plane to cover entire plasma. (b) 16-channel
signal from Al 1.0 um filter. (c) I, time trace.

A high-quality signal without offset and noise is
important for the signal ratio. In these measurements, the
different offset levels existed in each channel, mainly
because of the leakage current of each semiconductor
channel of AXUV. To eliminate the offset, we averaged
the signal before plasma formation and subtracted it from
the measured signal. As shown in Fig. 3(b), we could
effectively adjust each offset level by this method.
Moreover, Fourier spectrum of the signal showed no

significant noise under 200 kHz. Because the plasma
spectrum in VEST, which got from magnetic coils, is
usually under 100 kHz, we applied an additional 100 kHz
digital low-pass filter to minimize the high-frequency
noise.
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Fig. 4. (a) SXR signal from a core sight line through Al 1.0
um and Ag 0.2 um filters. (b) I, time trace.

From the test with the filter combination using Al and
Ag, we observed that the signal level from the Ag filter
was considerably low, especially in the 7, ramp-up phase
(308 ms—311 ms), as shown in Fig. 4(a). The fluctuations
observed during the ramp-up phase had a root-mean-
square amplitude of 14 mV with the frequency of 11 kHz.
However, the mean value of 10 kHz low-pass filtered Ag
signal during this phase was under 10 mV, even with the
pinhole size of 1x4 mm?, which was the maximum size
we tested. The current Ag filter was supposed to cut off
the photon under 100 eV, as shown in Fig. 1(b), so this
low signal level means that the number of photons above
100 eV emitted from the plasma was quite small in the
early stage of the Ohmic discharge scenario.
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Fig. 5. (a) Transmission of Al 1.0 um and Ag 0.2 um, and Be
1.0 um filters. (b) Ratio-temperature curves of the filter sets.

The insufficient signal level of 0.2 um Ag-filtered
channels makes it difficult to determine the signal ratio
between the two channels. Therefore, to precisely
measure the electron temperature, including 7, ramp-up
phase, it is necessary to maximize the signal level from
the Ag filter. The current Ag filter can be manufactured
with a minimum thickness of 0.1 um, and in this case, the
signal is expected to be doubled as the transmittance
increases. In addition to the thinner Ag filter, beryllium
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(Be) has transmittance in the intermediate energy band
between Al and Ag, shown in Fig. 5(a). From the ratio-
temperature curve in Fig. 5(b), Be 1.0 um filter is
expected to show a signal level of about 80% of Al at 50
eV plasma. We will further investigate the different filter
sets to get proper ratio estimation in future work.

3. Conclusions

We developed a multi-channel SXR camera system
that can apply the two-filter method and installed the
system on VEST. For the filter set, we selected a
combination of Al and Ag filters with different
transmission bands. The initial measurements showed
that multi-channel measurements using a 1.0um Al filter
were possible without significant noise level. However,
the level of the 0.2 um Ag filtered signal was similar to
the background noise level and much smaller than that of
the Al-filtered signal in the I, ramp-up phase. Thus,
additional optimization of filter selection is required to
apply the two-filter method. We will apply a thinner Ag
filter first. In addition, we plan to attempt a Be filter that
shows transmittance in the energy band between 50—100
eV to increase the signal level.
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