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A two-dimensional (2D) soft X-ray (SXR) imaging system for obtaining tangential views of plasma-
produced SXR has been installed on the QUEST tokamak. The system comprises a chevron micro-channel
plate (MCP) and a phosphor screen, which together serve as an SXR detector and image intensifier, along with a
high-speed video camera for capturing and storing image data. The system can be used in imaging mode to obtain
high spatial- and time-resolution images or in photon counting mode at an ultra-high framing rate of 100 kHz to
obtain SXR energy spectra. Here, we propose a method of in situ energy calibration based on the transmission
characteristics of a 25-µm Be filter. The proposed method was used to obtain SXR spectra in the energy range
1.5 - 3.5 keV with a core electron temperature in agreement with electron temperatures measured by the Thomson
scattering method. Furthermore, oscillations based on the modification of plasma parameters and rapid increases
in impurity radiation were detected in imaging mode. This dual-mode-compatible method for obtaining 2D SXR
diagnostics is useful for the study of high temperature plasmas.
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1. Introduction
Soft X-ray (SXR) diagnostics have been commonly

used to study a number of high-temperature plasma
phenomena, including magnetohydrodynamic activity [1],
plasma shaping control [2], and impurity contamination
[3]. One-dimensional scintillator-based arrays [4] and
diode-based arrays [5, 6] have been widely used in the to-
mographic two-dimensional (2D) reconstruction of X-ray
emission images; however, the spatial resolution of SXR
arrays is limited. Another problem with SXR measure-
ment is the difficulty of identifying the physical meanings
of signals. The characteristics of SXR emissions depend
on the plasma temperature, density, and impurity content
and can be used to capture variations in the plasma, but it
remains difficult to clarify which plasma parameters have
varied.

Direct 2D SXR imaging with high spatial and time
resolutions has recently been made possible through the
use of charge coupled device (CCD) cameras sensitive to
SXR [7] or image intensifiers comprising a microchannel
plate (MCP) detector and a phosphor screen coupled to a
high-speed video camera [8, 9]. The image intensifier of
an MCP detector can measure SXR signals with higher
gain [10] than SXR cameras, enabling their use in low-
density plasmas. In this study, we attempted to exploit
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these diagnostic abilities to propose a mode-compatible ap-
plication for MCP detectors. The time resolution of an
MCP-based diagnostic system is limited by that of the
high-speed video camera, which generally has the capabil-
ity of taking data every 10 us. The camera can be used in
one of two modes—photon counting or imaging mode—
which are selected by setting the time resolution of the
high-speed camera. The diagnostics of photon counting
mode can be used to obtain an SXR energy spectrum cor-
responding to an accurate electron temperature; in imaging
mode, the high-speed camera output can be used to pro-
duce a time-integration SXR signal as a very high-spatial-
resolution 2D SXR image that can be used to measure
rapid variations in the plasma.

In this study, we looked at how mode selection could
be applied in measuring the characteristics of the high-
temperature plasmas produced by QUEST and resolved a
number of difficulties in applying the respective modes.
Typical examples of our results are discussed in this pa-
per to demonstrate how the compatible use of modes can
extend the potential of SXR measurement to obtain further
understanding of the properties of plasma.

2. Experimental Setup
The Q-shu University Experiment with Steady-state

Spherical Tokamak (QUEST) is a medium-size spherical
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Fig. 1 Schematic of FOV of the tangential SXR imaging system on QUEST. (a) 3-D view; (b) poloidal section with movable FOV (red
color circle in imaging mode and green color circle in photon counting mode). Fundamental and second harmonic resonance layers
of 8.2 GHz ECW at Bt = 0.13 T are denoted by red and green lines.

tokamak (ST) device [11] with major and minor radii of
R = 0.64 m and a = 0.4 m, respectively, and major lim-
iter radii of 0.22 and 1.32 m on the mid-plane. All of the
QUEST discharges discussed in this paper were produced
in an inboard limiter (IL) configuration [12]. Two elec-
tron cyclotron wave (ECW) systems operating at 8.2 and
28 GHz are used for current start-up and current driving,
respectively [13–15]. A center solenoid (CS) coil is used
for Ohmic heating [16].

The SXR imaging system was installed at a tangential
port on QUEST. The system watches the core region of
QUEST plasma tangentially and the ECW harmonic reso-
nance layers at the typical toroidal magnetic field. When
Bt is fixed at 0.13 T at the center of the vacuum vessel
(R = 0.64 m), the fundamental and second harmonic reso-
nance layers of 8.2 GHz ECW are located at Rres1 = 0.29 m
and Rres2 = 0.58 m, respectively. Figure 1 (a) shows 3-D
field of view (FOV) of the system. The viewing area is a
range of 36-cm circle at the poloidal section of QUEST,
which is changeable at radial direction by moving the rear
end of the system. Figure 1 (b) shows the typical FOV at
imaging mode (R = 0.26 - 0.62 m) and photon counting
mode (R = 0.48 - 0.84 m) in this paper.

Figure 2 shows a schematic of the QUEST 2D SXR
diagnostics. The incoming SXR flux can be adjusted by
changing the size of the pinhole (between 1, 2, 4, and
6 mm) using a slider. A 30-mm-thick tungsten mask with a
V-shaped hole is mounted at the front of the pinhole plate
as a shield against hard X-rays. A 5-µm-thick Al filter
mounted on a shutter is used to prevent visible and ultravi-
olet (UV) photons from entering the imaging system. The
second, 25-µm-thick Be filter mounted on the plate can be

used to cover half of the four pinholes. The two filters
can be used independently for detection of SXR emissions
above 600 eV or together for energy calibration in photon
counting mode. The details of these methods are described
in Sec. 3.

The core component of the SXR imaging system is a
chevron detector assembly (PHOTONIS USA, INC) com-
prising a two-stage MCP assembly and a fiberoptic P46
phosphor screen mounted to a 6.0′′ vacuum flange. The
MCP serves as an SXR detector and image intensifier
with an SXR detection efficiency of 5 - 15% in the en-
ergy range 0.02 - 10 keV [17]. SXR photons incident on
the MCP produce photoelectrons that induce an MCP elec-
tron cascade via a secondary emission process. These sec-
ondary electrons are transformed by the phosphor screen
into visible images that are recorded by a fast camera
(PHOTRON, INC. Model FASTCAM SA-X). The speci-
fied gain of the MCP is up to 1×107 at an operational volt-
age of 1.8 kV; gains of this magnitude have been shown
to be useful in monitoring the relatively low-density and
-temperature QUEST plasma. The gain performance of
the MCP/phosphor assembly was tested experimentally us-
ing MCP and phosphor voltages of 1.5 and 3.0 kV, respec-
tively, as references. As shown in Fig. 3, increasing the
MCP voltage from 1.5 to 2.0 kV increased the image in-
tensity by a factor of 11; by contrast, increasing the phos-
phor voltage from 3.0 to 5.0 kV increased the intensity by
only a factor of 2.5. According to the gain model in [10],
the gain of an MCP has an exponential dependence on the
MCP voltage. As shown in Fig. 3 (a), the gain begins to
exponentially increase at MCP voltages above 1.8 kV as a
result of current saturation in some of the MCP channels.
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Fig. 2 Schematic of the SXR imaging system on QUEST. A 25-µm-thick Be filter mounted on 1 and 6-mm pinhole plates is displayed;
another set of 2- and 4-mm pinhole plates is also available.

Fig. 3 Variation of image intensity during bench test voltage
scan of: (a) MCP and (b) phosphor screen. The upper
and lower limit data are obtained from the intensity vari-
ation over 200 frames. Exponential and linear fitting were
applied to the MCP and phosphor data, respectively.

In addition to high gain, the MCP has ultra-high time
(< 100 ps) and spatial resolutions (12-µm-diameter chan-
nels with 15-µm center-to-center spacing); the decay time
constant of the P46 phosphor screen is also very short
(about 70 - 80 ns) [18], which allows the system to measure
SXR emissivity with high spatial and time resolutions in
imaging mode. The MCP is also capable of single-photon
detection and can operate in photon counting mode using
the 100 kHz maximum framing rate available to the fast
camera.

Fig. 4 (a) Photon counting frame. The red dash circle denotes
the imaging area of the MCP assembly. (b) Pixel infor-
mation of yellow rectangular region in left image. Some
photons occupy more than one pixel.

3. Photon Counting Mode Applica-
tion
The MCP detector can obtain QUEST plasma SXR

spectra in photon counting mode. Figure 4 show a typi-
cal photon counting image taken at the fast camera fram-
ing rate of 100 kHz. X-ray photons are detected at a rate
of seven counts per 256 × 256 pixels in each frame. This
photon flux is low enough to achieve a complete photon
counting mode in which no double X-ray photons are de-
tected in a given pixel. It is seen that some photons occupy
two or more pixels in a manner similar to the split events
produced in SXR CCD camera images [7] as a result of
spreading of the finitely sized electron clouds produced by
individual X-ray photons into neighboring pixels. To de-
termine the energy of such X-ray photons accurately, the
photon intensity of electron spreading to two or more pix-
els is integrated.
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The energy of an SXR spectrum is typically calibrated
against that of an X-ray source [7,19]. However, the gain of
the SXR imaging system varies with the applied MCP and
phosphor voltages, making conventional calibration diffi-
cult. Here, we propose a new in situ calibration method
based on the transmission curve of a Be filter. Over the
MCP and phosphor voltage ranges discussed in the pre-
ceding section, we performed photon counting over two
consecutive shots with the same plasma parameters but dif-
ferent filters—an Al filter and an “Al+Be” filter—applied.
The ratio of SXR photons detected using the respective fil-
ters is given by

R(In) =
NAl+Be

NAl
=
Ψp · (T Al · TBe) · TMCP

Ψp · TAl · TMCP

= TBe(hν), (1)

where Ψp is the SXR photon flux from the plasma, NAl+Be

and NAl are the photon numbers obtained by the MCP de-
tector with the “Al+Be” and Al filters, respectively, TAl and
TBe are the transmission rates of the Al and Be filters, re-
spectively, TMCP is the quantum detection efficiency of the
MCP, In is the intensity of an image produced by an indi-
vidual incident photon, and hν is the SXR photon energy.

The energy calibration (i.e. the relationship between
In and hν) is determined in the following process. Accord-
ing to [20], the Be filter transmission can be approximated
using the following equation

TBe = exp

⎛⎜⎜⎜⎜⎝− E3
0

[hυ]3

⎞⎟⎟⎟⎟⎠ , (2)

where E0 = (log 2)1/3Ec,50%, and the 50% cutoff energy of
25-µm Be filter is Ec,50% = 1588.4 eV. Combining Eq. (2)
with R(In) = TBe(hυ), photon energy can be expressed as

hν =
E0

[− log(TBe)]1/3
=

E0

[− log(R)]1/3
. (3)

Finally, the energy calibration function is determined by a
linear fitting of In and hν data using least squares method.

The data and results of the energy calibration are
shown in Fig. 5. Figure 5 (a) shows the photon counting
data of NAl and NAl+Be, and Fig. 5 (b) shows the ratio data
R and calibrated TBe curve. It should be noted that for
In < 25, the ratio R is about 0.1∼0.2, higher than what we
expect from the Be transmission curve. The data in low
energy part is curious and remove from the fitting. The
several candidates are considered, but we could not have
any conclusion yet. Therefore, this part is removed in the
energy calibration. For In ≥ 60, the ratio R reaches 0.8
and starts to fluctuate around 1.0. This is because TBe is
close to one, so NAl+Be is close to NAl. The error bar in R
is larger because the photon number is smaller with large
error. We used 35 points in 25 ≤ In < 60 for energy cali-
bration, which gives the energy calibration function:

hυ = 24 × In + 590 [eV]. (4)

Fig. 5 (a) Photon counting number with Al filter and “Al+Be”
filter. (b) Left-hand and lower axes: ratios of photon
numbers with “Al+Be” and Al filters to photon intensity,
In. R = NAl+Be/NAl. Data obtained from 260,000 frames
in photon counting mode are divided into 26 groups. The
error bars denote the standard deviation of data. Right-
hand and top axes: transmission curve of 25-µm Be filter
as a function of photon energy, TBe(hν).

Here the Be filter transmission of the intercept 590 eV is
TBe < 1 × 10−5, close to 0. The coefficients with 95%
confidence bound in the fitting is 24 ± 2, and the intercept
with 95% confidence bound in the fitting is 590 ± 90.

Figure 6 shows the SXR spectra in the energy range
1.5 - 3.5 keV following calibration and correction. This en-
ergy range is free of the characteristic radiation lines of
metal and light impurities that are produced in other toka-
mak devices [19]. Here, we compare the energy spectra
produced by the left and right halves of the viewing area.
In the shots, which were conducted using a limiter con-
figuration, plasma currents of 6 kA were sustained non-
inductively by an 8.2 GHz, 40 kW ECW power supply with
the value of Bt fixed at 0.13 T. The calculated bulk plasma
temperature (lower component) for each half is about 120 -
140 eV, a result consistent with Thomson scattering mea-
surements for an inboard limiter configuration. It is seen
that the SXR spectra have a temperature component that
is much higher than the bulk temperature, clearly indicat-
ing the presence of higher-energy components in the RF
current-driven plasma that might play an essential role in
non-inductive current driving. Although this information is
potentially useful in understanding how plasma current can
be driven by RF, the associated physical analysis exceeds
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Fig. 7 Waveforms of: (a) plasma current, Ip, and toroidal field coil current, IT F ; (b) Ohmic heating by CS coil and ECW heating power;
(c) hydrogen Balmer line radiation, Hα; and (d) SXR intensity. (e - h) Zoomed waveforms of: (e) Ip; (f) loop voltage and Hα; (g)
oxygen-2 line radiation OII and carbon-3 line radiation CIII; and (h) SXR intensity. I1–I3 denote the timing of SXR images in
Fig. 8.

Fig. 6 SXR energy spectra corrected using the quantum effi-
ciency of MCP detector and filter transmission. The
imaging area of the MCP assembly is divided into a left
half (R = 0.48 - 0.66 m) and a right half (R = 0.66 -
0.84 m). Core plasma temperatures of 120 and 140 eV
is derived from the fitting. The error bar of temperature
is estimated using the 95% confidence bound in energy
calibration.

the scope of this paper. Because the second harmonic res-
onance layer lies in left half (high field side), as shown in
Fig. 1 (b), the measured bulk electron temperature in this
half is higher than that in the right half (low field side).

4. Imaging Mode Application
4.1 Enhancing SXR impurity radiation via

slide-away electrons
Non-inductive current ramp-up has previously been

obtained in QUEST through the use of ECW [13, 14], and
the generation and confinement of energetic electrons has
been shown to play an important role in driving plasma
current [12]. Normally, the presence of energetic electrons
is indicated by the hard X-rays produced when the elec-
trons hit a wall. Here, we propose an SXR imaging system-
based detection method that measures the effects produced
by slide-away electrons.

We used an 8.2 GHz electron cyclotron current drive
(ECCD) to inductively drive a 10-kA plasma current dur-
ing the period t = 1.2 - 1.35 s (Fig. 7), with Bt increased
from 0.13 T at 1.35 s to 0.26 T at 1.8 s. Figures 7 (d) and
8 (a) show imaging system measurements of the SXR radi-
ation from the hydrogen plasma at around t = 1.2 - 1.35 s.
The SXR intensity signals in Figs. 7 (d) and (h) were calcu-
lated by summing the SXR image intensities in each frame.
After inductively increasing to about 50 kA, the plasma
current began to decrease as the ECW power and Ohmic
heating were turned off. After the ECW power was stopped
at 1.3 s, the CS coil current was decreased to drive and de-
celerate the plasma current, which began to decrease from
1.5 s. As shown in Figs. 7 (e - h), the drop in plasma cur-
rent created an enhancement of the loop voltage applied
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Fig. 8 Images of SXR emissivity (false color) in shot 22069: framing rate is 1 kHz. The timing of (a) I1, (b) I2, and (c) I3 images are
shown in Figs. 7 (d) and (h). The white dashed circle in (c) denotes the imaging area of the MCP assembly. Spots outside of the
MCP area are caused by penetrating HX emission. The range of color map is [0, 40]. The 8.2 GHz resonance layer is outside (at
the left side) of the observation window.

Fig. 9 Waveform of: (a) plasma current, Ip; (b) 8.2- and 28-GHz ECW heating (the 28-GHz power is much larger than 20 kW); (c)
hydrogen Balmer line radiation, Hα; and (d) SXR intensity. (e - h) Zoomed waveforms of: (e) Ip, (f) ion saturation current on
upper divertor probes, (g) Hα and (h) SXR intensity of the three areas shown in Fig. 10.

to the plasma, which efficiently accelerated the electrons
driving the plasma current. Visible inspection revealed in-
creases in the carbon and oxygen impurities as a result of
the bombardment of slide-away electrons on the plasma-
facing wall.

The effect of enhanced impurity ejection as a result of
slide-away electron impact was also captured by the SXR
imaging system, as shown in Fig. 7 (h). Figures 8 (b) and
(c) shows SXR images before and after the emission burst.
The time response of impurity events is very fast. The du-
ration is about 1∼2 ms as detected by SXR images and visi-
ble measurement. Unfortunately, the framing rate of 1 kHz

is too slow to catch up the details of spatial intensity evo-
lution. In future work, the framing rate can be increased to
investigate the behavior of impurity transport using images
with high spatial and temporal resolution.

4.2 Low-frequency plasma oscillation
The SXR imaging system can also be applied to

plasma behavior monitoring. Here, we report on the phe-
nomenon of ∼20-Hz low-frequency plasma oscillation and
its observation using the SXR imaging system. A typical
waveform is shown for shot 22069 in Fig. 9. The plasma
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Fig. 10 Images of SXR emissivity (false color) during one cycle of shot 22069. 15 out of 50 frames in one cycle are shown. The timing
of frame 1 to frame 22 is 2.712 s to 2.733 s, with a framing rate of 1 kHz. Three circular areas chosen to analyze spatial variation
are shown in frame 1; R28 GHz

res2 = 0.32 m and R8.2 GHz
res1 = 0.54 m are indicated in frame 10 by cyan and red dashed lines, respectively.

The range of color map is [0, 12].

oscillation occurs from 2.3 - 2.9 s under the co-application
of 8.2 and 28 GHz ECWs. As shown in Fig. 9 (a), the am-
plitude of Ip oscillation increases with time. This low-
frequency oscillation behavior is also seen in the Hα and
SXR radiation, which are in phase with each other. Al-
though the oscillation is dominant in the plasma core, it
can also affect the plasma boundary, as indicated by the
ion saturation current signal on the upper divertor probes.
Although the cause of this plasma oscillation remains un-
known, it is similar to the oscillation phenomenon reported
in [21], although only an 8.2 GHz ECW was applied in that
study.

The shape and spatial evolution of a plasma oscillation
can be monitored in the imaging mode. Figure 10 shows
parts of the plasma oscillation cycle as SXR images. It is
seen that the oscillation activity is related to spatial move-
ment in the radial direction. The value of Bt is fixed at
0.26 T during the oscillation and the resonance layers of
the 8.2- and 28-GHz ECWs are present within the observa-
tion window. The fundamental harmonic resonance layer
of the 8.2-GHz ECW is located at R8.2 GHz

res1 = 0.54 m and
the second harmonic resonance layer of the 28-GHz ECW
is at R28 GHz

res2 = 0.32 m. To analyze the spatial variation,
the SXR intensities of the left, middle, and right circles in
frame 1 of Fig. 10 are compared in Fig. 9 (h), from which
it is seen that the oscillation affects only the left and mid-
dle parts of the view region, corresponding to R < 0.52 m.
Estimation of the velocity of radial motion from the im-
ages reveals a forward (or outward) velocity of 18 m/s and
a backward (or inward) velocity of 40 m/s.

5. Discussion and Conclusion
Plasma continuum radiation, which primarily com-

prises free-free and free-bound bremsstrahlung and recom-

bination radiation, is described in [4] using the following
formula:

dP
dhν
≈ T−1/2

e γ(Te,Z)Ze f f n
2
e × exp

{−hν
kTe

}
, (5)

where P is the radiated X-ray power, hν is the SXR photon
energy, Te, ne, and Ze f f are the electron temperature, elec-
tron density, and average plasma ion charge, respectively,
and the factor γ(Te,Z) is the enhancement of the radiated
power from recombination radiation, which in QUEST
arises predominantly from ionized carbon and oxygen im-
purities. As seen in Fig. 7 (d), the intensity of SXR radia-
tion from the impurities is about one order higher than that
from the hydrogen plasma. Nevertheless, because of re-
combination radiation it is difficult to calculate Ze f f from
the enhanced SXR radiation.

As shown in Fig. 6, Te can be calculated from the
energy dependence of the continuum radiation in Eq. (5).
Note that, although all of the photons along the line of sight
are collected in the photon counting process, the calculated
value of Te shown in the figure is the core plasma tempera-
ture, not the line-averaged temperature. This is because, at
hν � Te, the outer, cooler regions of the plasma contribute
little to the X-ray emission because of the steep exponen-
tial fall-off of the spectrum. Thus, at high photon energies
one sees only the hottest part of the plasma.

In this study, an SXR imaging system that produces
tangential views was installed on QUEST. The system is
capable of the rapid imaging of SXR emissions in imaging
mode or obtaining SXR spectra and core electron temper-
atures in photon counting mode. Our planned upgrades
to the system include replacing the current “bare” MCP
with a CsI-coated MCP for higher detection efficiency (up
to the 50% reported for CsI photocathodes [22]). Another
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enhancement will involve replacing the shutter and Al fil-
ter with a vacuum Be window to enable placement of the
MCP much closer to the QUEST plasma without incurring
arcing from QUEST gas injection. These improvements
will extend the viewing area into the edge region, which
will enable the calculation of the SXR spectral profile and
electron temperature using Abel inversion.
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