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Design for X-Ray Imaging Spectroscopy in Large Helical Device∗)
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An assembly of pin-hole camera has been designed for x-ray imaging spectroscopy in Large Helical Device
(LHD). In the design the camera basically consists of a 2-D-pixel-array detector, a metallic filter, and a pin
hole. The detector measures gray scale images through the filter, while the thickness of the filter changes shot
by shot. The gray scale images are mathematically transformed to a color spectral image by means of Mellin
transform. The available spectral range is depending on the material of the filter. The spectral energy resolution
is also depending on the material of the filter and the intensity of incident x-ray. In the case of the filter made
of aluminum, the spectral range is theoretically predicted to be from 3.0 keV to 30 keV. It is also theoretically
expected in the case of typical LHD plasmas that 50 flames of color spectral 32× 32-pixel-image is obtained per
second with a spectral resolution of E/ΔE = 4.3 at a photon energy of E = 5.0 keV.
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1. Introduction
The x-ray spectroscopy for plasma physics is impor-

tant to study the behaviors of electrons and impurities such
as argon and transition metals [1, 2]. Recently, the lo-
cal emissivities of impurity line and the bremssstrahlung
emitted from electrons have been estimated from the time-
resolved profiles of x-ray spectra [3]. Especially, it is con-
firmed that the energy and spatial distributions of the elec-
trons is non-thermal in ECH plasma [4]. In the case of
argon impurity, the radial profiles of diffusion coefficient
and convective velocity have been estimated [5].

Even in recent advanced technology, the detection
principles for the x-ray are basically conventional such as
electron excitations in semi-conductors, super-conductors,
diffractions from gratings, or refractions from single crys-
tals. Then, in plasma spectroscopy there exists seldom de-
tector which simultaneously satisfies the specific features
such as high counting rate larger than the x-ray emissivity,
spatial resolution, time resolution, and energy resolution.

In the present research a transformation technique
from gray scale images to color spectral image has been
invented as an imaging spectroscopy in order to obtain the
radial profiles of impurity transports, and the spatial and
energy distributions of the electrons in Large Helical De-
vice (LHD). In the technique the x-ray absorptions by ma-
terial are taken into advantage. Then, the technique is quite
different from the conventional ones. In comparison with
a pulse-height analyzer for x-ray spectroscopy, it is theo-
retically expected to obtain the color image with infinite
counting rate and no cooling system.
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2. Mellin Transform for X-Ray Imag-
ing Spectroscopy
Photo-absorption effect is applied to the present spec-

troscopic technique. Especially, it is important that the ab-
sorption coefficients in the x-ray region monotonically de-
crease as the x-ray energy increases except for absorption
edges. This fact makes it possible that an incident x-ray
spectrum is uniquely obtained from the absorption coeffi-
cient and transmission intensity. The mathematical relation
between the transmission intensity through an x-ray filter
and the incident spectrum is expressed as an integral equa-
tion as follows,

I(t) =

∞∫

0

dEI0(E) f (E)e−α(E)t, (1)

where E, t, I0(E), I(t), α(E), and f (E) are photon en-
ergy, the thickness of the filter along optical axis, the in-
tensity of the incident spectrum, the transmission intensity,
the absorption coefficient of the filter, and detection effi-
ciency, respectively. The incident spectrum is the solution
of Eq. (1) as follows,

I0(E) = − 1
2πi f (E)

c+i∞∫

c−i∞
ds

g(s)
G(E, s)

, (2)

∵ g(s) ≡
∞∫

0

dtI(t)ts−1, (3)

∵ G−1(E, s) ≡ αs(E)Γ−1(s)
d

dE
lnα(E), (4)

where c, i and Γ are a positive constant, an imaginary unit
and a gamma function, respectively. Eq. (3) is a Mellin
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transform of the transmission intensity. Then, it is intrinsi-
cally necessary for the present spectroscopic technique that
the thickness of the filter must be changed shot by shot.

Generally, the absorption coefficient is also depend-
ing on the polarization of the incident photon. In the
case of magnetized transition metals or rare earth metals,
the polarization dependences of the absorption coefficients
have been precisely obtained by means of polarized syn-
chrotron radiations in x-ray region [6, 7]. Particularly, the
kind of polarization dependences is called a magnetic cir-
cular dichroism or a linear dichroism. The dichroisms are
given rise to in the vicinity of the absorption edges. In
the case of gadolinium the dichroism is close to 100%
in the pre-threshold region of 4d-4f excitation [7]. How-
ever, the experimentally observed dichroisms are more ex-
tended [6, 7]. Those facts are predicted to be due to Fano
effect on the quantum interaction between a discrete exci-
tation and continuous excitations. In the case of nickel the
extended dichroism is approximately 5% [6]. Significantly,
the polarization measurement is available in the region far
from absorption edges. The transmission of the polarized
spectrum through the magnetized filter is as follows,

J±(t) =

∞∫

0

dEI+(E) f+(E)e−α±(E)t

+

∞∫

0

dEI−(E) f−(E)e−α∓(E)t, (5)

where I±(E), J±(t), and f±(E) are the intensity of inci-
dent polarized spectra, the transmission intensity of the po-
larized spectra, and detection efficiency for the polarized
spectra, respectively. The solutions for polarized spectra
are as follows,

I±(E) = − 1
4πi f±(E)

c+i∞∫

c−i∞
ds

g+(s) + g−(s)
G+(E, s) +G−(E, s)

∓ 1
4πi f±(E)

c+i∞∫

c−i∞
ds

g+(s) − g−(s)
G+(E, s) −G−(E, s)

, (6)

∵ g±(s) ≡
∞∫

0

dtI±(t)ts−1, (7)

∵ G−1
± (E, s) ≡ αs

±(E)Γ−1(s)
d

dE
lnα±(E), (8)

Eq. (6) converses to Eq. (2) with no polarization limit.

3. Estimation of Energy Resolution
The energy resolution is estimated from Eq. (2). The

infinitesimally narrow spectrum is mathematically ex-
pressed by using a delta function as follows,

I0(E) = δ(E − E0), (9)

where δ and E0 are the delta function and the energy of the
incident photon, respectively. The analyzed result using

Eq. (2) is also the delta function as follows,

I0(E) = δ(X)
dX
dE

, (10)

∵ X ≡ lnα(E) − lnα(E0). (11)

Then, the ideal energy resolution is proved to be infinite.
From Eq. (10) and Eq. (11), the result is also confirmed
to be exactly equal to the incident spectrum in the condi-
tion that the absorption coefficient monotonically increases
or decreases. Consequently, the analysis by using Eq. (2)
is restricted to the energy range between the absorption
edges. In the case of nickel there are absorption edges at
0.8 keV and 8.0 keV. Then, the energy range for the spec-
troscopy is between 0.8 keV and 8.0 keV. In the case of
copper the range is between 1.0 keV and 9.0 keV.

It is impossible to calculate Eq. (2) exactly by using
a computer, since the integration range of Eq. (2) is infi-
nite. Actually, the imaginary part of the parameter of s
in Eq. (2), (3), (4) is corresponding to the digit number of
parameters in a computational calculation.

In order to avoid the infinite problem, an approxima-
tion is taken into account in Eq. (2) as follows,

Iσ(E) = − 1
2πi f (E)

c+i∞∫

c−i∞
ds

g(s)
G(E, s)

e−[
σ
2 (s−c)]2

, (12)

where σ is a parameter meaning the finite integration
range. Eq. (12) is equal to Eq. (2) if the parameter of σ is
equal to zero. In the same case of the infinitesimally nar-
row incident spectrum as shown in Eq. (9), the analyzed
result is different from Eq. (11) as follows,

Iσ(E) =
1√
πσ

f (E0)
f (E)

ecXe−(
X
σ )2 dX

dE0
. (13)

As is shown in Eq. (13), the parameter of σ is a width
of a gaussian and corresponding to the energy resolution.
Eq. (13) also converses to Eq. (10) with a zero limitation
of the parameter of σ. By means of Talor expansion, the
energy resolution at the energy of E is approximately ob-
tained as follows,

ΔE−1 ≈
∣∣∣∣∣σ−1 d

dE
lnα(E)

∣∣∣∣∣ , (14)

where ΔE is defined as the width of the gaussian as same
as the parameter of σ.

It is the characteristic feature of the present technique
that the energy resolution is depending on the absorption
coefficients as shown in Eq. (14). Then, it is available to
make the filter from metals or glasses. Particularly, liquids
or gases are also possible.

Figure 1 shows the absorption coefficient and the en-
ergy resolution of E/ΔE estimated from Eq. (14) [8]. The
absorption coefficient monotonically decreases in the x-ray
region above K-edge. However, the energy resolution be-
gins to decrease above the region that the Compton scatter-
ing becomes dominant. As a result, the spectral range for
the x-ray spectroscopy is from 3.0 keV to 30 keV for the
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Fig. 1 (a) Absorption coefficient and energy resolution of the
aluminum. (b) Absorption coefficient and energy resolu-
tion of the beryllium. Solid and broken lines represent
the absorption coefficient and the energy resolution cal-
culated from Eq. (14), respectively.

Fig. 2 Calculated result using a personal computer in the case of
the aluminum filter. In the analysis it is assumed that the
incident spectrum is an infinitesimally narrow line at the
energy of 5.0 keV.

aluminum and from 0.8 keV to 8.0 keV for the beryllium,
respectively. Above 30 keV, higher Z materials is recom-
mended instead of the aluminum.

Figure 2 shows the numerical analysis obtained with
Eq. (12) in an assumption that the incident spectrum is an
infinitesimally narrow line. For the analysis a personal
computer is used. In the numerical calculation the digit

Fig. 3 Geometrical illustration of the assembly. The typical ro-
tation velocity of the filter is 3,000 rpm. The flame rate of
the detector is 1 ms. The gray scale images are taken 20
times per rotation. It takes one rotation to obtain a spec-
tral image, if the incident spectrum linearly increases or
decreases.

number of parameters is defined to 8. This condition is
corresponding to that the incident intensity of I(t)|t=0 in
Eq. (1) is 16-digits integer as signal intensity, since the rel-
ative static error is reciprocally proportional to the square
root of the incident intensity. As a result, the actual energy
resolution of E/ΔE is finite and approximately estimated
to be equal to 20. This fact indicates that the parameter of
σ−1 is approximately equal to 6.9, since the energy resolu-
tion of σE/ΔE shown in Fig. 1 (a) is equal to 2.9. Conse-
quently, the parameter of σ−1 is equal to the digit number
of the signal intensity multiplied by 4.3× 10−1.

4. Design of Assembly of Pin-Hole
Camera in LHD
The assembly of pin-hole camera has been designed

for the x-ray imaging spectroscopy in LHD. The geomet-
rical configuration is illustrated in Fig. 3. The thickness of
the filter continuously changes from 0.1 mm to 5.0 mm so
that the x-ray above 3 keV can pass through the filter. The
time resolution can be controlled by the rotation velocity
of the filter. A pin hole is set close to the filter. The assem-
bly is planned to install at a bottom port of LHD. Since
the distance between the pin hole and the mid plane of the
LHD plasma is approximately 5.0 m, the spatial resolution
of 24 mm is to be obtained at the mid plane.

The energy resolution of E/ΔE is estimated from the
x-ray emissivity in LHD. The emissivity integrated be-
tween 3.0 and 10 keV is 1.5× 1018 photons/m3/s in the case
of typical NBI plasmas of LHD [3]. This fact means in
the case of the configuration that the incident intensity is
2.5× 106 photons/s/pixel. A single color spectral image is
transformed from gray scale images which are measured
in a rotation of the filter. Then, the time resolution of the
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assembly is 20 ms. The intensity of the incident x-ray is es-
timated from the flame rate of the detector. In the case of a
typical 32× 32-pixel-array detector, the flame rate is 1 ms.
Then, the incident intensity is 2.5× 103 photons/ms/pixel.
The parameter of σ−1 is approximately expected to be
log10(2.5× 103)× 4.3×10−1 = 1.5. As is shown in Fig.1,
the energy resolution of E/ΔE at 5.0 keV is approximately
estimated to be 2.9× 1.5 = 4.3. Accordingly, the energy
resolution of the present technique is approximately esti-
mated to be six times less than a semi-conductor detec-
tor. On the contrary, the counting rate of the technique
is expected to be two orders larger than that of the semi-
conductor detector in LHD [9].

5. Summary
An assembly of pin-hole camera is designed to obtain

color spectral image in Large Helical Device. The pin-
hole camera basically consists of a 2-D-pixel-array detec-
tor, a rotational metallic filter, and a pin hole. The detector
measures gray scale image, while the thickness of the filter
is changed shot by shot. The gray scale images are nu-
merically transferred to color spectral image by means of
Mellin transform. The spectral energy range is depending
on the material of the filter. In the case of aluminum the
energy range is from 3.0 keV to 30 keV. The spectral en-
ergy resolution is depending on the absorption coefficient

of the material and the incident intensity of the incident
x-ray. By using a typical 32× 32-pixel-array detector, it is
theoretically expected in LHD that the energy resolution of
E/ΔE at 5.0 keV is 4.3.
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