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Abstract

Spherical tokamak (ST) can be a compact and economical reactor, but plasma current start-up method
without the central solenoid needs to be established. The final target of this study is to understand the
plasma current start-up and current drive process in ST configurations, and experiments and measurements
have been carried out for this target.

In the TST-2 spherical tokamak device, current drive experiments using the lower hybrid wave (LHW)
are carried out. Although the LHW shows very high current drive efficiency in conventional tokamaks, it is
believed to be difficult to use it in spherical tokamaks, because it cannot propagate at low magnetic field.
Therefore, it is important to understand the current drive physics, such as wave propagation, absorption by
electrons, and fast electron transport in ST configurations. In addition, optimization and control of wave
launching scenario is essential. Since the LHW accelerates electrons directly through Landau damping, and
the generated fast electrons carry the plasma current, it is necessary to get information on the fast electrons
produced by the LHW. Measurements of x-rays (XRs) emitted through bremsstrahlung process is a standard
method to study the behavior of the fast electrons and the physics of lower hybrid current drive (LHCD).

In this study, we developed several wide energy range (a few keV to several hundreds keV) x-ray
measurement systems, and investigated the spectrum under various conditions. As a result of soft x-ray
measurement using two filters, Fe: 10 ym and Al: 200 pum, the signal ratio during LHW injection showed
~ 20 %, suggesting the presence of the characteristic line radiation from stainless steel components. In the
modulation experiment, a fluctuation synchronized with the power modulation of LHW was measured, and
in the phase where LHW is off, it was found that the signal ratio was 60 % or more and it indicates the
measured spectrum is considered to be a continuous spectrum.

As a result of HXR measurements, a spectrum of the photon energies below 100 keV was measured by
vertical sightlines using thin PEEK flange, and the dependence on the plasma current was observed. Using a
newly developed LY SO scintillation detector, a good sensitivity for high energy x-rays and an excellent time
resolution have been demonstrated. A strong dependence of the radiated HXR energy on the plasma position
was found and described by model considering RF induced radial transport. Thick target spectra by fast
electrons colliding with the antenna limiter was modeled, and experimental HXR spectra were quantitatively
explained by the model. Consequently, the loss mechanism of fast electrons was explained for the first time.

For a more sophisticated x-ray measurements, a state of the art detector “CMOS based 2-dimensional
pixel array sensor with electrical discriminators and counters” is an attractive detector. Since there is few
implemented cases in plasma experiments, we have developed a computational tool for designing multi-energy
soft x-ray (ME-SXR) measurement system using the detector, and applied this tool to estimate SXR emission
for the MST device at the University of Wisconsin-Madison and the DIII-D device at General Atomics as
well as the JT-60SA device at QST and the NSTX-U device at PPPL. This computational tool can calculate
the spectral, spatial and temporal responses of the ME-SXR pinhole cameras for arbitrary plasma densities
(ne,n), temperature (T,) and impurity densities (nz). For the purpose of simulating the detector response,
a large database has been created for calculating the SXR emission from several ions (e.g. D, C, O, Al, Si,
Ar, Ca, Fe, Ni, Mo and W) generally encountered in tokamaks.

The ME-SXR pinhole camera system for MST has been designed using this tool and calculated results



were compared with experimental data at MST and it was found that the measured signals are comparable
to the calculation results within a factor of two. This is the first verification of the tool by an actual
plasma. Using this tool, ME-SXR system designs have been developed for several devices including TST-2
and QUEST at Kyushu University and the installations are planned. This tool can be used not only for the
design of a system suitable for each target plasma, but also for the analysis of experimental data.
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Chapter 1

Introduction

1.1 Nuclear fusion and plasmas

Nuclear fusion is one of the nuclear reactions where two or more nuclei or subatomic particles collide to
produce a heavier nucleus. When the mass of the produced nucleus becomes closer to that of iron, the
reaction tends to generate an energy because iron is the most stable nucleus. Nuclear fission is another type
of reaction where a heavy nuclei, such as uranium splits into small lighter nuclei, and the reaction tends to
release an energy. The released energy is equal to the defect of mass, and it is written as E = Amc?, where
F is the released energy, c is the speed of light and Am is the difference in the total masses before and after
the reaction.
A deuterium (D)-tritium (T) reaction, written as

D+ T —*He (3.52 MeV) +'n (14.06 MeV), (1.1)

is one of the easiest fusion reactions to cause, and the world’s fusion research is focused on this reaction
because of the following several advantages : virtually inexhaustible fuel which we can get from seawater,
capability of producing large amount of energy, and large reaction cross section at a lower temperature
compared with those for other reactions. Fusion reactions which are considered for a fusion power source
including the D-T reaction is listed in Table. 1.1. Reaction No. 1 is the D-T reaction, and No. 2, No. 3
and No. 6 are the reactions known as proton—proton chain reactions which generate the energy of the sun.

The cross section of the D-T reaction is the largest and the reaction can occur at a lower energy compared
with other reactions.

In order to cause a fusion reaction, sufficient energy is needed to overcome the mutual Coulomb repulsion
force between ions, and make the particles closer to the range of strong force. This energy can be achieved

Table 1.1: Favorable fusion reactions [1,2].

1. 2D43T =  4He(3.52 MeV) +1n (14.06 MeV)
2. lp+lp — 2D4e” +0.42 MeV
3. 2D+!p —  3He + 5.49 MeV
4. 2D+?D = 3T(1.01 MeV) +'p (3.02 MeV) (50 %)
—  3He(0.82 MeV) +1n(2.45 MeV) (50 %)
5. D+3He — “*He(3.67 MeV) +!p (14.68 MeV)
6. SHe+?He — !'p+'p+*He+ (12.86 MeV)
Ip+1B — 3 4He+ 8.7 MeV




by heating the ions to very high temperatures, which normally lead to a plasma state. In addition, in order
to obtain a net energy, it is necessary to sustain the particles with sufficient density during a sufficiently
long time. That is why the temperature (T"), density (n) and energy confinement time (7g) are the most
important parameters for nuclear fusion power plants.

The condition of these parameters T', n and 7 necessary to maintain the fusion reaction was evaluated
by John.D.Lawson in 1957 [3]. Here, the number of reaction per unit volume and unit time is expressed
as nqng (vo), and the output power of D-T reaction is Py, = (n?/4) (vo) E, where (vo) is a reaction cross
section, and ng = ny is assumed. An energy confinement time 7g is defined by the ratio of the stored energy
of plasma (3/2)n(T, + T;) = 3nT and the energy loss per unit time Py, that is 75 = 3nT/PL.

Assuming that the energy loss of the fusion reactor is expressed as the sum of P, and bremsstrahlung
Pz = an?, then the condition that the fusion output energy becomes the same as the input energy is
expressed as

2
3nT 3nT
PL+PBn(Pth+PL+PB)¢>n<z<va>E+:+om2> >7_L+om2
E E

3T

< NTg > .
(vo) E + «

- (1.2)

4(1—n)

Assuming that n is 1/3 as a general power generation efficiency, or 1/5 as a case where the fusion reaction
is sustained by the energy of *He particle, the nTg—T diagram obtained from Eq. (1.1) is called a Lawson
criterion [3]. The case of n = 1/3 is called a “break—even condition” which the fusion output energy becomes
the same as the input energy, and the case of n = 1/5 is called an “ignition condition” which the fusion
reaction can be sustained without external heating. The minimum of the product for ignition condition is
ntg > 1.5 x 1020 s/m3 occurs at T ~ 26 keV. Note that the triple product of n, 7¢ and T has also been used
as a more convenient indicator of the parameters needed for sustaining a fusion reaction. The minimum
triple product of the break-even condition for D-T reaction is nTmg > 1.0 x 102! keV - s/m3.

As shown by these conditions, we have to confine a high density plasma for a long time to obtain sufficient
energy from the fusion reaction. Several effective schemes of plasma confinement have been investigated,
and tokamak, which confines a plasma with strong magnetic fields, is considered to be the most practical
scheme for a fusion reactor.



Toroidal direction

Figure 1.1: Definition of toroidal and poloidal directions.

1.2 Tokamak

The word tokamak is a Russian acronym for “TOpounnanbuas KAmepa ¢ MArautaoivn Karymramvn”
meaning TOroidal CHAmber with MAgnetic Coils [4]. Tokamak uses magnetic fields to trap charged
particles, and keep them away from the vacuum vessel wall. It has two magnetic field components shown
in Fig. 1.1, toroidal and poloidal components, to avoid particle loss caused by drift motions. The toroidal
component (By) is produced by the toroidal field (TF) coils, and the poloidal component (Bp1) is produced
mainly by the plasma current (I,) in the toroidal direction.

Tokamak is currently the most successful confinement scheme, and the break—even condition was achieved
by the JT-60U tokamak in 1998 [5,6]. For the development of tokamak reactors, ITER project is in progress,
and the device is now under construction in France. The objective of ITER project is the research and
development under a situation close to that in fusion power plants, and to achieve () = 10, where @ is the
ratio of the fusion power to the input power.

In tokamaks, the beta value is defined as the ratio of the plasma pressure to the magnetic pressure as,

P

h= B2 /20’

(1.3)

and is an indicator of the efficiency of magnetic confinement method. A high beta value indicates an
economical confinement that the plasma thermal pressure can be confined with a smaller magnetic pressure.
Here, the fusion power density Pg is approximately proportional to BEB,?VP, where f3; is the toroidal beta
value, By is the toroidal magnetic field, and V}, is the plasma volume.

Since the magnetic field B; has an engineering limitation (< 20 T) and the plasma volume V], should
be kept small for an economical reactor, the improvement of the beta value is an important issue and the
spherical tokamaks are one of the candidates for a high beta and economical reactor [8].

1.2.1 Spherical tokamak

A spherical tokamak (ST) is a kind of tokamak device, and its aspect ratio (A = R/a) is less than about 2,
where R and a are the plasma major and the minor radii, respectively. A schematic comparison between the
spherical tokamak and the conventional tokamak is shown in Fig. 1.2. The concept of the ST was proposed
by M. Peng and D.J. Strickler in 1984 [9]. They theoretically showed that the advantages of an ST: natural
elongation, high I;, and good stability.

The first spherical tokamak experiments with hot plasmas was performed in START [10] at Culham, and
a high f; was demonstrated.
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Figure 1.2: The shape of a spherical tokamak (inner torus) and a conventional tokamak (outer torus).

1.3 Non-inductive plasma current drive methods

The magnetic configuration for a tokamak needs plasma current to make poloidal magnetic fields. In most
tokamaks, plasma current is driven by the (uni-directional) toroidal electric field induced by a central solenoid
(CS). Since the maximum flux swing (i.e., the product of the loop voltage and the duration) is finite, the
CS can produce loop voltage only for a finite duration. For long pulse operation, plasma current must be
driven non-inductively, and (i) neutral beam injection (NBI), (ii) helicity injection and (iii) radio frequency
(RF) waves are used for that purpose [11].

NBI is one of the heating and current drive methods, which is widely used in fusion devices. In NBI high
energy neutral particles are injected into the plasma, then the neutral particles experience charge exchange
reactions with ions in the plasma, and the energy of the plasma is increased as a result. The efficiency
and the location of energy deposition depends on the density (and temperature) of the target plasma. If
the plasma is too rarefied the particles penetrate through the plasma without depositing energy, and if the
plasma is too dense the energy is deposited at the edge region, where the confinement of high energy ions is
poor. Thus, the target plasma must have an appropriate density, which also depends on the beam energy.

Electron cyclotron wave (ECW) and lower hybrid wave (LHW) are major methods for non-inductive
plasma current start-up and ramp-up using RF waves [12]. The first RF start-up experiments were performed
in the WT-2 tokamak at Kyoto university [13,14]. Electron Bernstein wave (EBW), which is converted from
the ECW is used also for ionization and heating of initial plasma because of the characteristic that the
ECW can propagate in vacuum and in low density plasmas. In JT-60U, plasma current ramp-up using a
combination of ECW and LHW with a small contribution of inboard coils was demonstrated in 2002 [15,16]
and fully CS-less start-up was successfully achieved in 2004 [17].

The first non-inductive plasma current start-up and sustainment of an ST configuration was demonstrated
on the CDX-U ST [18,19]. Similar non-inductive current start-up experiments have been performed on several
STs, such as TST-2 (The University of Tokyo) [20], LATE (Kyoto university) [21,22], QUEST (Kyushu
university) [23,24], NSTX [25], MAST [26,27], and etc. These experiments were performed using ECW. Non
ECW plasma current were performed on TST-2; high harmonic fast wave (HHFW) [28] and LHW [29] were
used and successful plasma current start-up and sustainment of ST configurations were shown.

1.3.1 Review of lower hybrid current drive experiments in tokamaks

As described in Sec. 1.3, lower hybrid current drive (LHCD) is one of the most effective RF current drive
method in conventional high aspect ratio tokamaks, and thus, the LHCD has been studied on several ST
devices including TST-2 at the University of Tokyo.



The LHW is an electrostatic wave, and it can accelerate electrons directly through a process of a Landau
damping.

The first LHCD experiments were performed on several tokamaks around 1980 and non-inductive
current drive was experimentally verified by injecting LHW to OH plasmas (i.e., inductively current driven
plasmas) [30-33]. In 1983, a plasma current over 100 kA was generated and sustained by LHW alone
on the conventional tokamak PLT with the power of 200 kW at the frequency of 800 MHz [34]. The
PLT experiments exhibited good agreement between theory and experiment but their plasma density was
relatively low (n. < 10! m?).

An LHCD experiment at the high density, more relevant to the reactor regime, was performed on the
Alcator-C tokamak at MIT and the theoretical scaling law of the current drive efficiency was confirmed [35,
36]. These experiments suggest that there is no absolute density limit as long as the density is not reached to
the mode conversion density, above which the LHW cannot propagate into the plasma core, but the efficient
current drive is obtained only when w > 2wpy. Here, w is the launched wave frequency, wyy is the lower
hybrid resonance frequency defined as

L1
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wpi = (n;e? 72 Jegm;)'/? is the ion plasma frequency, ; = ¢;B/m; is the ion gyro-frequency, and Q. = eB/m,
is the electron gyro-frequency [37].

Because of the high LHW frequency (4.6 GHz) and the high magnetic field (11 T), the inequality w > 2wrg
yields n < 3x10%° m~3 so that the efficient current drive regime is satisfied [38,39]. Although the propagation
of LHW is theoretically clarified, understanding of its behavior in high density plasmas is still inadequate.
In the experiments conducted on Alcator C-Mod device, the current drive efficiency at the high density was
much smaller than what would have been predicted based on the empirical rule from prior experiments and
also by a numerical simulation [40,41].

The density limit for efficient current drive is a function of magnetic field strength, and is low at a low
magnetic field strength. For this reason, it was thought to be difficult to use the LHW in STs, which are
characterized by high density plasmas confined by low magnetic field strengths. However, it can be used in
STs as long as we can keep the density at a low level. Thus, it is important to clarify the effect of density
and to clarify the usefulness of LHW current drive in STs.

LHW current drive experiments on the STs have been performed on TST-2 [29] and Globus-M [43,44].

1.4 The TST-2 spherical tokamak

The Tokyo Spherical Tokamak-2 (TST-2) device (Fig. 1.3) was built at the University of Tokyo [45], after
TST-M (Tokyo Spherical Tokamak Modified) [46]. Tt is a small spherical tokamak with plasma major radius
Ry = 0.36 m, minor radius a = 0.23 m, and aspect ratio A = Rg/a ~ 1.6. Its main parameters are listed in
Table 1.2. In TST-2, a fully non-inductive start-up by LHW (200 MHz) has been investigated, and plasma
currents up to I, ~ 28 kA have been achieved. The LHW is excited by capacitively-coupled combline (CCC)
antennas (Fig. 1.4) located on the outboard- and the top-side of the plasma, and the antennas are fed by
four power amplifier units with 100 kW output each (Fig. 1.5).

The outboard-launch CCC antenna (Fig. 1.4 (a)) was installed on TST-2 in 2013. The radial coordinate
of the front surface of the antenna is R = 621 mm, and the vertical coordinate of the antenna center is Z = 0
mm (mid-plane). Antenna limiters with molybdenum (Mo) tiles are attached on both input and output
sides of the antenna to protect the antenna from plasma, and its radial coordinate is R = 585 mm.

The top-launch CCC antenna (Fig. 1.4 (b)) was installed in 2016 [47]. The radial extent of the antenna
is from R = 139 to 378 mm, and the vertical coordinate of the antenna surface is Z = 435 mm (originally
installed at Z = 335 mm, and later updated to 385 mm and 435 mm [48,49]).



Table 1.2: Main parameters of the TST-2 spherical tokamak.

Parameter OH discharge LHCD exp.

Major radius Ry 0.36 m

Minor radius ag 0.23 m

Toroidal field By 0.3 T (@ Ry = 0.36 m)
Plasma current I, < 120 kA < 28 kKA
Electron density ne <2x10¥m=3 < 10¥m=3

Electron temperature T, | < 400 eV (@ core) < 40 eV (@ core)
Pulse duration ~ 50 ms ~ 120 ms

Figure 1.3: Photograph of TST-2.
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Figure 1.4: Photographs of the outboard-launch CCC antenna installed on the low field side (a), and the
top—launch CCC antenna installed on the top of the plasma (b).
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Figure 1.5: Block diagram of the 200 MHz RF power amplifier system.



1.5 Diagnostics and simulations

1.5.1 Diagnostics using x-rays

X-ray emissions contain a wealth of information about a magnetically-confined plasma and thus, lot of
diagnostics have been developed. The non-thermal electron generated by RF current driven was confirmed
by x-ray measurement [50]. Measurements can be classified into three types: (1) Pulse height analysis (PHA)
for the photon energies from 1 to several hundreds of keVs, (2) X-ray imaging systems (XIS), and (3) X-ray
crystal spectroscopy (XCS).

PHA method enables to obtain a histogram showing the number of x-ray pulses versus its photon energy.
High energy x-ray emission from a fast electron during LHCD on the Alcator C tokamak was measured by
PHA method for the first time in 1986 [36]. Although a time response is slow and a profile definition is
poor, it is still widely used because of its good energy resolution for estimating electron temperature and
impurity concentrations [51,52]. In this work, HXR detectors using the PHA method is developed and used
to measure the x-ray radiation from the fast electron generated by LHW on TST-2.

Soft x-ray tomography is one of the essential techniques of XIS, and can provide 2-D images of x-ray
emissivity from the plasma [53]. A conventional SXR tomography consists of an array of diodes and metal
filters, and each diodes (detectors) measure the line integrated brightness along several different sightlines,
and a large number of algorithms have been proposed to reconstruct the plasma emissivity profile from the
line integrated brightness. An analytical solution is known as the inverse Radon transform, and the x-ray
tomography was demonstrated on JET tokamak in 1988 [54]. SXR tomography with different algorithms,
such as the maximum entropy methods [55] and the Tikhonov regularization related pixel methods [56], are
still being used for MHD instability and impurity transport studies on many devices [57-59].

XCS can measure the ion temperature and flow velocity profiles via Doppler broadening and line shifts
with He-like ions of medium-Z impurities. Measurements of these parameters are important for optimizing
plasma confinement thus, XCS have been installed in many large devices [60-67].

1.5.2 Plasma diagnostics on TST-2

Many instruments for plasma diagnostic are installed on TST-2. The plasma current and coil currents
are measured by Rogowski coils surrounding the vacuum vessel and cables for each coil. Spatial
profile measurements for electron temperature and density are provided by the Thomson scattering
measurement [68]. A microwave interferometer is also used to measure the line-integrated electron density.

1.5.3 Simulation codes
PHITS

PHITS is a Monte Carlo code mainly developed by JAEA, KEK, and NIST, by which one can calculate
particle transport in materials [69,70]. PHITS is used for many purposes such as simulation of high energy
physics, design of shielding structure of nuclear facilities, and calculation of neutron and x-ray emission from

fusion plasmas.

EFIT, GENRAY and CQL3D

In TST-2, three computational codes are used for analysis of the plasmas. EFIT is an equilibrium
reconstruction code [71] and provides information of the magnetic flux surfaces using the results of magnetic
measurements. GENRAY is a ray-tracing code which calculates propagation and absorption of waves under
the given plasma parameters, and CQL3D is a conservative finite-difference bounce-averaged Fokker-Plank

equation solver [72].



1.6 Thesis objectives and outlines

The final target of this study is to clarify the heating process in spherical tokamak configuration and to
explore a more efficient start-up method.

In the T'ST-2 spherical tokamak device, current drive experiment using LHW is carried out. As described
in Sec. 1.3.1, LHW shows high current drive efficiency in conventional tokamak, but it is believed to be
difficult to use in spherical tokamak. Since ST devices have various good characteristics, it is very important
to investigate the behaviors of LHW in high density plasmas, and clarify the performance of LHW current
drive in ST plasmas.

Information of x-ray radiation is important because it reflects electron population accelerated by LHW.
Hard x-rays which has photon energies between a few tens of keV to several hundreds of keV are useful to get
information of the effective temperature of fast electrons, and soft x-rays with energies up to approximately
20 keV are helpful to know about the impurity contamination.

Recently, in fusion research fields, pixelated x-ray detectors using CMOS sensor have been applied to
x-ray spectroscopy and imaging measurements. PILATUS3 is one of the successor and it has an adjustable
energy threshold for photon detection which can be decided individually on each pixel. This adjustable
response on each pixel enables us to operate it with various arrangements and to select an energy range with
or without line emissions. This system has a capability for measurements with a good spatial and temporal
resolutions compared with conventional methods, but these resolutions strongly depend on their design and
configurations such as pinhole camera geometry, energy threshold settings, exposure time, and etc.

The main objectives in this study are listed below:

1. To develop a several wide energy range (a few keV to several hundreds of keV) x-ray measurement
systems and to investigate the spectrum under various conditions in order to investigate the fast
electron transport and the energy loss mechanism in ST configurations.

2. To detect and identify soft x-rays from thick target emission which contaminates the x-ray radiation
from the core plasma.

3. To simulate soft x-ray emission profile from fusion plasmas and to design the ME-SXR pinhole
camera for several devices including TST-2.

This thesis is composed of six main chapters:

Chapter 2:
This chapter describes a theory about x-ray measurements and details of the developments of the
x-ray measurements on TST-2. Results of calibration and test are also described.

Chapter 3:
Chapter 3 describes a multi energy soft x-ray measurements using the Pilatus detector. Methodology
for calculating x-ray emission from a plasma, results of the calculation, and designs for several
conditions are presented in detail. Experimental results are also discussed.

Chapter 4:
Results of LHCD experiments on TST-2 are presented in this chapter. SXR measurements for
identifying the thick target radiation from vacuum vessel and HXR measurements for studying the
fast electron transport are introduced.

Chapter 5:
This chapter discusses the results of x-ray measurements.

Chapter 6:
Summary and conclusions.






Chapter 2

Development of x-ray diagnostics on
TST-2

2.1 Principle of x-ray spectroscopy

Plasmas emit electromagnetic radiation in a wide energy range, and its characteristic energy depends on
the temperature, density and other parameters. X-rays are dominant emission from hot plasmas and thus,
x-ray measurements have been used as one of the most important diagnostic tools for fusion plasmas. X-rays
can be divided into the low energy soft x-rays (SXRs) and the high energy hard x-rays (HXRs), and the
following sections describe their features and measurement methods.

2.1.1 Soft x-ray measurements

X-rays with the photon energy from several hundreds eV to 10 keV are called soft x-ray (SXR). However,
in magnetic confinement fusion field, the energies up to approximately 50 keV are often considered as being
part of the SXRs. SXRs are emitted via charged particle interactions, which can be divided into three types;
bound-bound, free-bound, and free-free interactions. Bound-bound interaction causes line emission, and
both free-bound and free-free interactions produce the continuum component of SXR spectra (Fig. 2.1).

In hot plasmas, a soft x-ray spectrum consists of continuum parts and line emissions. For the former
Bremsstrahlung (free-free) and radiative recombination (free-bound) are the dominant emission processes,
while for the latter, the bound-bound radiation is the mechanism. These emissivities, which are the energy
emitted from a unit volume per unit time and unit energy, are expressed as

dpPLi _ ngj _ ,
dgp =3 x 10" Bngn, <nﬂ> 72 17? % gpp(Te, B) exp (—E/T.) [keV /keV /em?® /3] (2.1)
AP,
TLF?B =3 x 10" Pngn, {?Z%TCI/QBM(TC,E) exp (—E/TC)] [keV/keV/cm?’/s} (2.2)
dPE’j o Mi Mij

<ou (T, E)m.> (2.3)

L “Ne n;
where, subscription ¢ and j represent an impurity ion ¢ and a charge state j, respectively, n, is the electron
density, n; is the total density of the 7 th ion, density ratio n;;/n; is the relative abundance of the j th

charge state of the impurity 4, Zeg; is the effective charge of ion ¢, Z;; is the charge of the ion i j before
recombination, grr is the Gaunt-factor, the function 3; ;(Te, E) represents recombination from all quantum

states, and <m/ (T, E), j> is the total cross section averaged over a velocity distribution [73-75].

11



i) bound-bound (ii) free-bound (iii) free-free

////////

} excited states

ground state

(i) Line radiation (ii) Recombination (i) Brems-
radiation strahlung

Figure 2.1: Three types of x-ray radiation process in plasma.

2.1.2 Hard x-ray measurements

High energy x-rays with the photon energies above 10 keV are called hard x-rays (HXRs), and are emitted
by the electromagnetic radiation process known as Bremsstrahlung which is produced by a high energy
electron decelerated in the electric field of an ion. In some configurations such as lower hybrid current
drive (LHCD) or electron cyclotron current drive (ECCD) plasmas, a fraction of the electron population is
accelerated to high energy range, and its distribution function is not the thermal Maxwellian distribution.
HXR measurements are useful to obtain the information on the distribution function of such fast electrons.

Let us consider the fast electrons having a Maxwellian distribution function with an effective temperature
of To, the spectrum of Bremsstrahlung energy Prp (Eq. (2.1)) can be simplified as [75]

dPrp E
— keV /k
1g O exp < T(;ﬁ) [count/keV /keV /5],

where F is the energy [keV] of hard x-rays. Neglecting the weak E dependence of gpp in Eq. (2.1), the slope
of the spectrum in a semi-logarithmic plot becomes 1/Tog. Therefore, the effective temperature Teg can be
estimated by from the HXR spectrum.

2.1.3 Scintillation detector

A scintillation detector is a standard device to measure the energy of each HXR. It consists of a scintillator
crystal and a photomultiplier tube (PMT). A scintillator crystal emits visible scintillation light by absorbing
an x-ray, and a photomultiplier tube attached on the scintillator detects the scintillation light and yields an
amplified current pulse.

Scintillator

There are many types of scintillators: sodium iodide crystal doped by thallium (Nal(Tl)), cerium doped
lutetium based crystal (LYSO, Lu; §Y2SiOs : Ce), cerium activated lanthanum bromide (LaBrs), etc.

An NalI(T1) scintillator, first developed in 1948 by Hofstadter [76], is commonly used because of its several
good features such as high scintillation intensity, ease of the fabrication of a large crystal, and low prices
compared with other scintillators. The next generation scintillator such as LYSO and LaBrs are discovered
in early 2000s. An LYSO:Ce was made from 90 % of Lu; gSiO5 and 10 % of Y5SiO5 by Czochralski growth
process in 2000 [77]. It is demonstrated that an LYSO:Ce has a few times faster scintillation light decay
time and ~ 75 % of the intensity compared to that of Nal crystal [77-79]. However, !“Lu, an intrinsic
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Table 2.1: Performance of typical scintillators [81].

Scintillator | Relative efficiency —Decay time [ns] Wave length of a Density [g/cm?]
scintillation [nm]

Nal(T1) 100 ~ 250 415 3.67
LYSO 75 ~ 40 420 7.20
LaBrs(Ce) 165 ~ 16 380 5.29

FOCUSING ELECTRODE

DIRECTION

OF LIGHT —» t\[ \
FACEPLATE | Kl/ K

ELECTRON MULTIPLIER \ . ANODE
(DYNODES)

\
\, PHOTOCATHODE

| SECONDARY

,f _ELECTRON _LASTDYNODE ~_STEMPIN
i “\. VACUUM
| (~10P™)
!

Figure 2.2: Schematic construction of a PMT [83].

radioactive isotope with an abundance of 2.6 % in the natural lutetium, decays S~ followed by the three
~-ray emissions with the energies at 88, 202 and 307 keV. As a result, a spectrum obtained by LYSO is “self
contaminated” and thus LYSO is not widely used for x-ray measurements. In 2002, LaBrs was developed
and it has been used for x-ray spectroscopy due to its good characteristics, much more shorter decay time
and higher intensity, despite the small fraction of radio active isotopes, 0.09 % 38La and 22" Ac, emitting
v-rays with the energies at 31-38, 789, 1436 and 1850-3000 keV [80]. The disadvantages of LaBr3(Ce) are
the shorter scintillation wavelength and the lower density. The former leads to lower signal and the latter
leads to lower efficiency at high energies. Table 2.1 shows the performance of typical scintillators [81].

Photo multiplier tube

A PMT consists of an input window, a photocathode, dynodes which multiply electrons, and an anode,
and it is sealed into a vacuum tube [82]. As shown in Fig. 2.2, the light emitted from scintillator induces
photo-electrons at the photocathode, and then the electrons are accelerated and focused by dynodes. These
electrons are finally collected by the anode, and provides a current signal to an external circuit. In principle,
the number of scintillation light is proportional to the energy of the incident HXR, and the PMT yields
current signal proportional to the scintillation light. Thus, the energy of the HXR is proportional to the
output signal.

2.1.4 Semiconductor detector

For the energies less than about 100 keV, semiconductor detectors are commonly used. When an x-ray
enters a detector, electron-hole pairs are generated and they can be extracted as a current signal. In many
semiconductor detectors, the mean energy required for an electron-hole pair creation is around 3 — 4 eV. In
contrast, scintillators require an energy more than ten times larger than it to generate one photon. Due to
the higher efficiency of a semiconductor detector, the number of the electron—hole pairs is much larger than
the number of photons from a scintillator. As a result, the statistical error in the signal is small and the
energy resolution is very high. Typical detectors are Ge, Si, CdTe, etc, and these detectors have very high
energy resolution as described above. Most of these are cooled with liquid nitrogen to reduce thermal noise,
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Table 2.2: Signal intensities and ratios for different filters.

Stainless steel Molybdenum
Filter Intensity I [a.u.] Ratio [%] Filter Intensity I [a.u.] Ratio [%]
Cu:20 pm  8.12 Cu:20 ym  6.69

s Ini/Tow = 20.1% s In/Tow = 79.7%
AL:600 pm  1.63 AL:600 pm  5.33
Fe:10 ym  22.1 Fe:l0 ym  12.4

Ia1/Ive = 17.6% Ini/Ive = 85.8%

Al:200 pm  3.88 Al:200 pm  10.7

but a CdTe detector can be used at room temperature. The drawback of semiconductor detectors is that
it is difficult to make a large detector, so that high energy HXR tends to penetrate through the detector
without making electron-hole pairs. As a result the maximum sensitive energy is limited to 10 — 100 keV.

2.2 Development of soft x-ray measurements

2.2.1 Thick target emission and filter selection

A main purpose of this measurements is the detection of the line emission from solid stainless steel which
is irradiated by high energy electrons. All the x-ray measurement systems have its own line of sight and
the detected signal reflects the emission not only from the electrons in the (rarefied) plasma, but also from
the facing wall which is much more dense than the plasma. When high energy electrons hit the wall, it
emits x-rays through Bremmsstrahlung in the wall material. The latter x-rays are referred to as thick
target emission, and it can dominate the signal. In the case of TST-2 LHW sustained plasmas, high energy
electrons can be generated at the edge plasma, and they produces thick target emission when they hit the
wall. Therefore, it is quite important to estimate or measure the effect. Since the TST-2 vacuum vessel wall
material is mainly stainless steel, and we can expect that the thick target emission contains spectral lines
of iron and nickel. In order to see the contribution of such lines, we adopt an absorption method, in which
thin foils with different materials are placed in front of an x-ray detector, and signals with different foils are
compared.

Figure 2.3 shows thick target spectrum from both stainless steel and molybdenum calculated by the
Monte Carlo transport code PHITS [69,70] as well as transmission curves of Cu (illustrated by green dashed
curve) and Al (illustrated by red dashed curve) filters. According to the calculation results, the SXR
detector with Al filter shows finite sensitivity at the energies above ~ 8 keV, while the detector with Cu
filter shows sensitivity at the energies of the characteristic line emission from the stainless steel in addition
to the sensitivity for the detector with the Al filter. Energy flux can be estimated by

E1=50keV

I= [ F(B)Tha(E)E,
Eo=1keV

where, F(E) is a spectrum calculated by PHITS as a function of photon energy E, Thjte, is a transmission of

the filter, Cu or Al, and the integration interval is from 1 keV to 50 keV. Thus, comparing the ratio between

signal intensities of the two detectors with difference filters, we can quantitatively estimate the contribution

of the thick target emission.

Since the signal intensity was expected to be small, another filter combination, 10 microns Fe and 600
microns Al, which have a transmission window in the same energy range as copper and higher transmittance
were also selected. According to simulation results by PHITS, three times larger signal is expected by
changing the filter combination.

The signal ratio between two filters are simulated by PHITS, and summarized in Table 2.2.
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2.2.2 Radial measurements using different filter

Two silicon surface barrier detectors (SBDs) are installed to a port on the mid-plane on TST-2. In this
study, ORTEC R-015-050-10 (Fig. 2.5 (a)) connected on ICF114 flange was employed and filters described
in previous section are attached on the detector (Fig. 2.5 (b)). Gate valve and Turbo molecular pump (TMP)
are connected between flange and the TST-2 vacuum vessel so that the replacement of the filter is available
without the vacuum break of the TST-2 vacuum vessel.

® mm‘"w

Detector size: 50 mm?

Figure 2.5: (a) Photograph of SBD and its dimensions and (b) two SBDs with different filters, Al and Fe
attached on the vacuum flange.

2.3 Design and development of hard x-ray measurement systems

2.3.1 Components of HXR diagnostics

Most of the HXR diagnostic systems used for this work consist of a scintillator crystal and a PMT. The PMT
cannot be used in a magnetic field due to the degradation of sensitivity (see Sec. 2.1.3), and therefore needs
to be installed away from the coils of the TST-2 device that produces a strong magnetic field. In previous
studies, scintillation light was transmitted to a distant PMT using an optical fiber or liquid light guide
(LG), or whole system including scintillator crystal was located far from the machine [85]. However, the
transmission efficiency is low because the smaller diameter compared to the scintillator crystal’s diameter,
therefore, in this study, an acrylic LG with the same diameter as the scintillator crystal was used [86, 87].
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The scintillation light transmitted to the PMT, and its output current signal is converted into a voltage
signal by a trans impedance amplifier circuit. This signal is sampled by 20 MS/s digitizer and its pulse
heights are analyzed to obtain the HXR spectrum.

Figure 2.6 shows typical components of HXR diagnostics on TST-2. In this section, details of these
components are described.

HXR spectrum

TST-2 plasma

Pulse height analysis | |20 MS/s
using IDL Digitizer
HXRs Trans impedance amplifier

Scmtlllator crystal

Acrylic LG

Figure 2.6: A schematic drawing of the HXR diagnostics on TST-2. HXRs emitted from TST-2 plasmas
are measured by scintillator crystal and converted to the visible lights. The acrylic LG transmits the light
to the PMT, which converts scintillation light into a current signal. The current signal is converted into a
voltage signal by the trans impedance amplifier circuit, and amplified, and digitized. Pulse height analysis
(PHA) is performed on a computer to obtain spectrum.

2.3.2 Electric circuit

Output current of a PMT needs to be converted to a voltage signal for digitizing. In order to measure
the energy of the detected x-rays accurately with a good time resolution, we developed a fast response
low noise two stage amplifier. The amplifier consists of a trans-impedance amplifier circuit for converting
current to voltage and a non-inverting amplifier. Figure 2.7 shows a block diagram of a typical and ideal
trans-impedance circuit and an actual circuit diagram of a trans-impedance amplifier in the first stage and a
non-inverting amplifier in the second stage. Assuming the virtual ground in the ideal trans-impedance circuit
(Fig. 2.7 (a)), the output voltage is expressed as Vout = — (IinR). However, in the actual configuration, input
capacitance Ci, which is composed of the cable capacitance (typically 50 pF/m), the floating capacitance
and the input capacitance of the op-amp, deteriorates the performances of the circuit. In addition, the
amplifier circuit becomes unstable and starts oscillation because of the phase delay arising from this Cj,. A
compensation capacitor Ct is connected to suppress the oscillation by phase advance [88,89]. The appropriate
capacitance for Ct can be calculated as 2,/Ci,/ (mR¢Gpp), where Gpp is a gain bandwidth product. Since
the appropriate capacitor Ct is proportional to input capacitance Cy,, C;, must be kept small for making a
fast response circuit because the RC' time constant 7 of the circuit response is written as 7 = R¢C}.
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(a) Ideal trans-impedance amplifier ~ (b) Actual circuit
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Figure 2.7: (a) Block diagram of trans-impedance amplifier circuit. (b) An actual circuit diagram of trans-
impedance amplifier (first stage) and non-inverting amplifier.
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Figure 2.8: Appropriate values of Ct as functions of input capacitance Cj, and resistance Ry scanned from
750 € to 10 k€.

In the circuit used for this work, two operational amplifiers OPA627 (Texas Instruments) are used, and
Cin is estimated to be the order of 10 pF. Here, an appropriate Ct is calculated for five cases of feedback
resistor Ry with the gain band width Ggp = 16 MHz [90] in the range of Cj, from 1 pF to 100 pF. Figure 2.8
depicts a stable C; as a function of Cj, and it shows that the stable Cf is located above each line indicating
different R¢. In our circuit, 22 pF and 1 k2 are selected for Ct and Ry, respectively, and thus, Cj, must
be smaller than 12 pF (illustrated by hatched region in Fig. 2.8) for stable operation. The band width f of
trans-impedance amplifier is expressed as f = 1/(27R¢C) ~ 7.2 MHz

The second stage of Fig. 2.7 (b) is non-inverting amplifier with the gain of A = 1+ Ry/R; ~ 10.1.
Resistors are connected to the output of the two operational amplifiers in order to avoid oscillation due to

the floating capacitance. Characteristics of entire circuit obtained from specification of each components are
listed in Table 2.3.

18



Table 2.3: Characteristics of the trans-impedance amplifier for HXR measurements.

Op-amp OPAG627
Band width ~ 7 MHz
Current gain ~ 10 mV/pA

Noise ~ 100 pVims
Input impedance 1 kQ
Output impedance 51 Q

Table 2.4: List of parameters of fgy.

parameter value parameter value
A 1.003 0 3.0188 x 10°
B 0.599 A 3.8537 x 10°
C 5.017 x 102 A2 6.9387 x 10*

2.3.3 Pulse height analysis

The pulse heights of the output signal are proportional to the energy of each HXR detected by scintillator
crystals. In order to identify the peak timing and to obtain the pulse height of each x-ray signal, we adopted
the analysis algorithm in which a template pulse shape fitting is performed for each pulse.

Fitting method using parametrized function

A pulse shape of an output signal is shaped by RC circuit, thus it can be expressed using exponential terms.
The process is as follows: first, a time window of the analysis is determined when the signal crosses the
pre-determined threshold voltage. Second, we calculate amplitude Aamp from the peak value, and timing 7
from the peak timing through fitting. The fitting function fs; is written as

fﬁt — Aamp{Ae—G(t—T) o Be—)q(t—‘r) _ Ce)\z(t_T)}.

Here Aamp and 7 are the fitting parameters for each HXR, and A, is proportional to the energy of the HXR.
The fixed parameters A, B, C, 0, A\1, A2 depend on the PMT’s gain and the preamplifier circuit. Example of
these parameters are listed in Table 2.4.

Finally, the fitting function fg is subtracted from the original signal, so that the analysis for the following
pulses are not affected by preceding pulses (Fig. 2.9).

This method is used in the pulse height analysis (PHA) of the measurements by a module type scintillation
detector (OKEN, SP-10), and the fitting for an overshoot of a pulse (a voltage having a reverse polarity after
the pulse) works well. However, when the fitting function is compared with the actual pulse, the reproduction
of the rising part is not perfect (depicted by red circle in Fig. 2.9), and therefore, when determining the
variable Aump, the fitting process was performed using the shape of an entire pulse. Therefore, in the case
where the second half part of the pulse (i.e. between the time of the maximum and the time of the end of
the pulse) is masked by the pulse pileup, the fitting accuracy is deteriorated. In addition, waveform of the
fitting function is quite sensitive to fixed parameters A, B, C, 60, A1, A2 and when we change the circuit (i.e.,
time constant or gain of the amplification), these parameters and the function fg should be recalculated.
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Figure 2.9: An example of the fitting process using a fitting function fgy. Since the reproduction of the
function fgt is not perfect, an error is included in the rising portion of the pulse indicated by red circle.

Fitting method using template waveform

Since the free parameters for each pulse are the amplitude (Aamp) and the timing, a stored template waveform
can be used for fitting A,mp. The procedure is almost the same as that described in the previous section
but a template waveform is used instead of a parametrized function.

1. A time window is determined when the signal exceeds the pre-determined threshold voltage.

2. A peak position and a pulse height are searched and the template waveform is fitted by adjusting

amplitude Agmp.

3. The fitted function is subtracted from whole signal in the time window then repeat the same
procedure for following signals.

Figure 2.10 shows fitting processes for a pileup signal. The original signal is illustrated by blue curve in
Fig. 2.10 (a), which is fitted by the template waveform (cyan solid curve). This fitted template waveform
(cyan solid curve) is subtracted from the original signal (blue solid curve), and the same steps are repeated
for the remaining signal (red dashed curve in Fig. 2.10 (a) and blue solid curve in Fig. 2.10 (b)). Since this
method uses only the the first part (i.e. from the time that the signal exceeds the threshold and the time of
the maximum) of a signal for the fitting, it is possible to separate multiple pulses even for a pile-up signal.
However, as shown in Fig. 2.11, in the case where two pulses are measured with very short intervals and the
maximum value of the first pulse cannot be detected, the pulse heights are not correct and cause distortion
of the spectrum (in Fig. 2.11, the pulse height of the first pulse should be ~0.04 V but ~0.065 V was stored
instead, and the pulse height of the second pulse is also incorrect). In order to eliminate the incorrect pulse
heights, a coefficient for judging the fitting result was used. This judgment coefficient (JC) is defined as the
standard deviation of the residual p, in the range between start of the time window and the peak position.
In this work, the decision limit is set to be 10 % and thus, pulse heights with JC less than 10 % are used for
making a spectrum. Figure 2.12 shows the comparison between fitting results with different JCs.
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Figure 2.10: Results of pulse height analysis for pulse pile-up signal. A base signal (blue solid curves) is
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Table 2.5: List of radioactive isotopes and energies of their photoelectric peaks. Effective peak energies were
calculated by the averaged energy weighted by the emissivity when the energies of peaks are close.

Radioactive isotopes photoelectric peak effective peak energy

5TCo 122.0614 keV 194 keV
136.4743 keV

13334 80.997 keV ~81 keV
276.398 keV 905 keV
302.853 keV
356.017 keV 350 keV
383.851 keV

137Cs 661.66 keV ~662 keV

2.3.4 Calibration

By measuring x-rays radiated from radioactive isotopes having well known photoelectric peaks, the energy
can be calibrated assuming that the x-ray energy is proportional to the pulse height.

We used three radioactive isotopes, 57 Co, 13®Ba and '*7Cs (Table 2.5). Since the energy resolution of the
scintillator detector is several percent, when two photoelectric peaks have close energies, the peaks cannot
be separated [81]. Therefore, for the two peaks of 5"Co and !33Ba, the averaged energy weighted by the
emissivity was used as the effective energy.

Figure 2.13 shows a typical photon detection result (blue curve in Fig. 2.13 (a)), pulse heights obtained
by PHA (red square in Fig. 2.13 (a)), resultant spectrum for three radio active isotopes, >’Co, **Ba and
137Cs (top plot in Fig. 2.13 (b)) and relationship between output voltage and x-ray energies (bottom plot in
Fig. 2.13 (b)).

2.3.5 Collimation and shielding

Shielding in HXR measurements is extremely important not only for limiting the field of view to be measured,
but also for preventing spurious signals generated by the x-rays detected without passing scintillator crystal.

The shielding performance basically depends strongly on its density, thus a higher density material can
stop HXR more effectively with a smaller volume. The most commonly used shielding material is lead due
to its high density of p = 11.34 g/cm® and the low cost (see Fig. 2.14 (a) for comparison). In this study,
we designed shielding materials using lead with the requirement of suppressing transmission of HXRs up
to 300 keV to 0.1 % or less. Figure 2.14 (b) shows x-ray mass attenuation coefficients u/p obtained from
NIST database [91] (top) and transmittance of Pb with the thickness of 2.1 cm (blue curves in bottom) and
1.5 cm (red curves in bottom). Transmission calculation using x-ray mass attenuation coefficients (see also
Sec. 3.1.2 for details of calculation) indicates that Pb with a thickness of 1.5 cm can be used as a shielding
material for HXRs with the photon energy of 300 keV or less. However, considering the HXR scattering, the
effective transmittance is not so good. The effect of the scattering is expressed by a build-up coefficient B.
The build-up coefficient needs to be evaluated by experiments or simulations because it involves geometrical
conditions as well as HXR energy, material composition and thickness. The build-up coefficient for simple
geometries can be obtained from the Boltzmann equation and has been calculated for 26 types of shielding
materials so far [92,93]. In the most simple case, build-up coefficients can be approximated as B = 1+pur, here
w and 7 are the mass attenuation coefficient and the thickness, respectively [81]. Transmittance calculated
using this build-up coeflicients indicates higher transmission and 2.1 cm thickness Pb will be necessary for
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Figure 2.13: Results of photon detection (a) and calibration (b).

shielding HXR with the energy of 300 keV (shown in dashed curves in Fig. 2.14 (b)).

For HXR diagnostics of TST-2 plasmas, detectors are shielded and collimated by at least 2.0 cm thickness
of lead. Note that the LG and PMT have a small sensitivity that is, x-ray like pulses are generated even in
the case where the scintillator is not attached. Thus, whole detection system including LG and PMT should
be shielded against not only visible light but also x-rays.
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(a) Comparison of shielding materials (1.5 cm thickness)
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Figure 2.14: (a) Comparison between four metallic shielding materials with the thickness of 1.5 cm. HXRs
with the photon energy above 100 keV can easily penetrate Stainless steel (blue curve) and Brass (green
curve) while Pb (purple curve) and tungstain based heavy alloy (red curve) can suppress the transmittance
at the photon energy of 300 keV to less than 0.1 %. (b) Transmittance of Pb with the thickness of 2.1 cm
(blue curves) and 1.5 cm (red curves). The dashed curves show the transmittance including the scattering
effect, and in the case of 1.5 cm, it exceeds 0.1 % for 300 keV HXRs while the transmittance of 2.1 cm Pb
is not exceed 0.1 %.
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PHITS calculations for evaluating effects of scattering

Scattering of HXRs deteriorate not only the shielding performance but also the absorption efficiency of a
detector or a scintillator. In order to evaluate more realistic influence of the scattering, we calculated some
arrangements of shielding material and scintillator crystal using the Monte Carlo code PHITS. Figure 2.15
shows two arrangements, placing the scintillator crystal near or far from the Pb collimator (Fig. 2.15 (a))
and the spectra expected to be obtained by the scintillator (Fig. 2.15 (b)). PHITS simulation indicates that
when the scintillator is placed near the collimator (Arrangement #1), the resulting spectrum includes flux
due to Compton scattering by the collimator between 150-300 keV and characteristic x-rays of lead around
10-30 keV and 90 keV [94,95]. Therefore, it is favorable to put the scintillator sufficiently away from the
collimator. However, it should be noted that the collimated beam should be smaller than the scintillator
size and should be incident on the center of the crystal. Otherwise, the x-ray incident on the scintillator
penetrates without being photoelectric absorbed.

(a) Arrangements and simulated flux (b) Simulated spectra
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Figure 2.15: PHITS simulation for two arrangements of the position of collimator and scintillator (a). Here,
indicies denote the materials (104: lead, 102: scintillator, 100: vacuum). 300 keV mono energetic XRs
are injected from the point (z, 2)=(0 cm, -1 cm). Spectra obtained by the scintillator for the source XRs
of 300 keV are compared (b). Solid blue curve indicates arrangement #1 and dashed red curve indicates
arrangement #2, and a larger influence due to scattering is observed for arrangement #1 (solid blue curve).
Note that the spectra are normalized by number of x-rays impinging on the scintillator.

Lead glass for shielding back scattering x-rays

Since the scintillator crystal is connected to LG and PMT, x-rays incident from the photocathode behind
the crystal can be a noise source. Lead glass, lead doped borosilicate glass, was tested for shielding material
against a back scattering x-rays, which can shield x-rays injected to the crystal from the back, but can
transmit scintillation light to LG or PMT. The characteristics of the lead glass are ~ 85 % transmittance for
450 nm scintillation light, density of 4.36 g/cm? (c.f. density of standard borosilicate glass is ~ 2.3 g/cm?),
and the effective thickness of lead is ~ 2 mm for the tested lead glass.

Figure 2.16 shows the change of the spectrum by attaching the lead glass. While the signal intensity
obtained was reduced by ~37 %, the count rate of x-rays radiated from the radioactive isotopes put at the
rear decreased from 250 cps to 80 cps in total. No signs of deterioration to the calibration spectrum are
observed, thus the effect of shielding x-rays from the rear is confirmed.
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2.3.6 Design of hard x-ray detector
Profile measurement system using Nal scintillator

We developed a hard x-ray profile measurements system using Nal scintillator, light guide (LG) made of
acrylic and a PMT [86,87]. It is installed on the mid-plane, and it can measure Ria, from 260 mm to 560
mm illustrated by red lines in Fig. 2.17. Since the PMT should be located far from the TF coils, scintillation
light is transmitted by the acrylic LG.

Hard x-ray detector using LY SO scintillator

The short decay time of scintillation light and the high density are great advantages of an LYSO scintillator.
An HXR detector using LYSO crystal have been developed and tested for expanding measurable count rate
and energy range.

For taking advantage of the short decay time of the scintillation light, a fast trans-impedance amplifier
circuit that can provide pulses 25 % faster in the rise time and 70 % faster in the decay time than the circuit
used for Nal scintillator was developed (Fig. 2.18(a)). A higher density of LYSO enables more efficient
measurement of high energy HXRs (see Fig. 2.18(b) for comparing x-ray sensitivities and Fig. 2.19 for
PHITS simulation).

An HXR radiation due to the spontaneous decay of radioactive materials contained in LYSO crystals
(Fig. 2.20 (a)) is one of the disadvantages, but as a result of PHA, the amount of radiation is about 3.5 keps
(Fig. 2.20 (b)) for this system. Since the count rate in the typical HXR measurements on TST-2 is several
hundred keps, it was found that the error due to the self contamination is about 1 %.

Figure 2.21 shows the calibration result using radio active isotopes °"Co and '3*Ba. The self
contamination spectrum of LYSO was also observed, suggesting that in situ calibration using this photopeaks
is possible.
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TST-2 top-view

Photo multiplier tube Acrylic light guide Nal scintillator

Figure 2.17: Schematic drawing of the top view of TST-2 and HXR profile measurements system installed
on mid-plane. A measurable range is depicted by red line.
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(a) Pulse shape comparing LYSO and Nal
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Figure 2.18: Comparison between LYSO and Nal scintillator. (a) A pulse shape from LYSO (blue curve)

and Nal (red curve) scintillator. (b) Calculated absorption as a function of photon energy for scintillator
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(a) Decay scheme (b) X-ray spectrum from 6Lu
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Figure 2.20: Decay scheme of 1"®Lu in LYSO scintillator (a) and resultant spectrum of self contamination
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Vertical measurement using a PEEK flange

Polyether ether ketone (PEEK) is a semi-crystalline thermoplastic polymer with the chemical formula of
(-CeH4—O-CsH4—O-CgHy4—CO-),,, of which features are good dimensional stability and dielectric strength
(24 kV/mm), and excellent characteristics of flexural and elastic modulus [96,97]. Outgassing rate is
approximately 2-10 times smaller than Polyimide (PI, known as Kapton film) which is commonly used
inside of vacuum [98,99]. In addition to these features, PEEK consists of the light atoms, hydrogen, carbon,
and oxygen. These features can be used to make an ideal large area vacuum window for XR measurements.

A measuring system with a vertical sight line using a PEEK flange has been developed. The aims are
not only to avoid metallic structures in the field of view, but also to measure HXRs with lower energies that
cannot be measured in the conventional system by measuring through PEEK window.

The PMT must be located far away from the coils to avoid influence of the magnetic field. Compared
to the measurement on the equator plane, the poloidal field (PF) coils make a strong magnetic field close
to the vertical port, an atmospheric light transmission in a long distance is necessary, and acrylic LG and
PMT with the same diameter as the scintillator crystal were used.

In order to measure lower energy HXRs, the PEEK flange must be as thin as possible while being able
to withstand the pressure. Here the deformation of the center of the flange wy.x due to the atmospheric
pressure can be approximated [100] as,

o = OFVRYp B4 v) R (2.4)
64(1 +v)D 872
where D = E73/(12(1 — v?)) (Fig. 2.22). We used the parameters listed in Table 2.6 [97] The limit of
maximum displacement is assumed to be 10 % of the thickness 7 (blue dashed line in Fig. 2.22) and the
maximum stress is defined using the modulus of rupture of PEEK 80 MPa=80 N/mm? (red dashed line in
Fig. 2.22). The thickness is decided to be 7 = 6 mm and the maximum displacement and the maximum
stress are wWmax ~ 0.7 mm and opmax ~ 12 N/ mm?, respectively.

The x-ray transmittance of 6 mm thickness PEEK flange is illustrated in Fig. 2.23 (a) and the schematic

drawing of the measurement configuration is shown in Fig. 2.23 (b).
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Figure 2.22: Calculated displacement (blue curves) and stress (red curves) using Eq. (2.4) as a function of
the thickness of PEEK. The limitation values we assumed are illustrated by dashed lines.
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Table 2.6: Parameters of the flange and the material properties of PEEK [97]

Property Values

Pressure p 1 atm = 0.1 N/mm?
Radius R 57.5 mm

Young’s modulus £ | 4200 N/mm?
Poisson’s Ratio v 0.4

(a) Transmittance of PEEK and SiO, window
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(b) Schematic drawing of vertical measurement with PEEK flange

g
PEEK flange
PF1
— -
- -
N I \}\ PF4 W
PF2
H Coil
10 turns

. I PF5
\ |

| Pr3\Coil

16 turns

I

PF3 Coil
16 turns =
/ I PF5

/ -
-
H Coil PO
0tirns = =
1430/, "=
m PF4

-—

Acrylic lightguide

PMT

il Scintillator

Figure 2.23: Schematic drawing of the poloidal cross section of TST-2 and diagnostic sight line.
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2.3.7 Calibrations and tests for HXR measurements
Results of energy calibration of the detectors

In this section, calibration results are presented and reviewed. A method of calibration and the energies of
photopeak are described in Sec. 2.3.4.

Figure 2.24 shows calibration results for two detectors using Nal crystal. Both detectors use the same
Nal crystal, PMT and circuit, but without (Fig. 2.24 (a)) or with (Fig. 2.24 (b)) acrylic LG. The resultant
plots show that in the case using acrylic LG (Fig. 2.24 (b)), the signal intensity is reduced to about 1/3, but
the resolution and linearity are not deteriorated.

The calibration results of the detector using LY SO crystal are shown in the Fig. 2.25. Spectra show that
the influence of the self contamination due to an '"SLu contained in the crystal is negligible, that is, the
count of photopeaks of 1"6Lu is relatively small compared to the count of HXRs emitted from ?3Ba. Note
that the HXR count from ®7Co is very low because it has been used for several years longer than its half-life
time.

Comparing the spectra obtained by LYSO and Nal, the LYSO spectrum shows a smaller Compton edge
(between the 81 keV and 359 keV peaks of *3Ba) and a relatively larger count of 359 keV peak. This is due
to the high density of LYSO, and it suggests that LYSO is suitable for high energy HXR measurements.

(a) NaI+H10426 @Port 10-D (Radial) (b) NaI+H10426 @Port 6.5 (Tangential)
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Figure 2.24: Result of calibration for two Nal detectors.

Tests of PMT sensitivity

A PMT’s gain degradation due to magnetic fields is tested by inducing the magnetic field by poloidal
magnetic field (PF) coil. Figure 2.26 shows results of scanning of the distance between PMT and PF coil
and the align of PMT. Figures 2.26 (a) and (b) indicates that the PMTs should be oriented in a way that
the ambient magnetic field is pointing in the PMT ’ s vertical direction (direction-y illustrated in Fig. 2.26
(e)). Figures 2.26 (d) suggests that the distance of ~1 m is necessary for avoiding influence of the magnetic
field. The red curves in Fig. 2.26 indicate coil current of the PF coil.
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Figure 2.25: Result of calibration for LYSO scintillator.

Relationship between gain of PMT and applied control voltage was tested to make sure not to saturate the
output signal. By the energy calibration, a control voltage of PMT for HXR measurements is set to be 1.0 V
and thus, 0.9 V, 1.0 V and 1.1 V were applied and tested. The visible laser with an AM modulation of 1 kHz
sine wave was used for the test, and the result indicates that the measured signal intensity (depicted by square
in Fig. 2.27) completely traces the relationship shown in datasheet of PMT (solid curve in Fig. 2.27) [83]

and there was no sign of saturation.

Noise estimation

In order to evaluate the performance of shielding and collimation, we compared two cases where the pinhole
is shielded (illustrated by red curves in Fig. 2.28) and not (illustrated by blue curves in Fig. 2.28). The noise
due to background x-rays, visible lights, and circuit noises, systems are also tested in a vacuum discharge.
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Chapter 3
Multi energy soft x-ray imaging

With recent advances in x-ray detector, especially the CMOS based two-dimensional pixel array sensor, it is
possible to measure x-rays in multiple energy ranges with high spatial resolution. A hybrid photon counting
detector PILATUS [101-103] developed by CERN and Paul Sherrer Institute for synchrotron experiments,
and commercialized by DECTRIS [104] is one of the successors and has been used for a multi-energy x-ray
spectroscopy (Fig. 3.1). This detector has an adjustable energy threshold for photon detection decided
individually on each pixel, which enables us to operate it with various arrangements that we can select an
energy range with or without line emissions from plasmas.

In the fusion research, these detectors have been applied for x-ray crystal imaging spectrometers (XICS)
in Alcator C-Mod [60-63], Large Helical Device (LHD) [64,65], KSTAR [66] and EAST [67], and tested
successfully for multi-energy soft x-ray (ME-SXR) cameras using second and third generation detector
PILATUS2 and PILATUS3 in Alcator C-Mod [105,106] and Madison Symmetric Torus (MST) [107-109].

This ME-SXR camera using PILATUS series of detector has a capability for simultaneously measuring
a variety of plasma properties with spatial resolution, while the electron temperature T, and n2Z.g can be
inferred from the absolute intensity and shape of the continuum spectrum [111]. However, this resolution
and signal to noise ratio strongly depend on their design and configuration. In order to satisfy the spatial,
temporal and spectral resolutions, estimation of photons emitted from the target plasmas and impinging
the pixel of the detector is necessary for their design. In addition, a highly accurate estimation of spectral
resolved SXR radiation is necessary to decide and optimize a configuration of an adjustable energy threshold
to bracket or eliminate a line emission from a certain impurity. Applying this technique and setting an
appropriate energy thresholds, a simultaneous measurement of Te, n, and AZ.g with high spatial, temporal
and spectral resolution becomes possible.

For an analysis of experimental results, such calculations can be used to reconstruct n2Z.g profile by

comparing spectrum of both continuum part and line emission part.

3.1 Modeling of x-ray emission from plasmas

In this section, methodology of calculation and modeling of x-ray emission from an arbitrary plasma
is described. The objective of this calculation is obtaining a number of photons on each pixel of
the detector. The total emitted power due to energy transitions could be theoretically obtained by
calculating Bremsstrahlung (free—{ree), recombination (free-bound) and line (bound—bound) radiation using
Egs. (2.1)—(2.3). However, it is nearly impossible to calculate all line emission and recombination radiation
for all impurities and charge states because of a large number of the free parameters. Thus, we adopt the
following simplified code.
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(a) PILATUS3 detector (b) Examples of conventional double filter method
and multi energy measurement
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Figure 3.1: (a) Photograph of the PILATUS3 detector and a block diagram of photon counting circuit. (b)
Comparison of the methods of conventional and novel SXR measurements.

In this work, spectra are calculated by the generalized collisional-radiative code FLYCHK [112, 113]
developed by NIST instead of calculating equations listed above. In the FLYCHK, calculated spectrum Fy
for Z ion depends on the electron temperature, the electron density and the ion density.

3.1.1 Spectrum calculated by collisional-radiative code FLYCHK

In order to calculate soft x-ray emission from plasmas with arbitrary temperature and density, spectra and
charge state populations for twelve different atoms, such as 1H, gC, sO, 13Al, 145i, 13Ar, 21Ca, ogFe, ogNi,
49Mo, 54Xe, and 74 W, were obtained from FLYCHK.

FLYCHK provides average charge state (Z) and charge state distributions as well as spectroscopic
emissivity for a certain plasma parameters such as the atomic number of Z, electron temperature 7, and
density n, under local thermodynamic equilibrium (LTE) or non-LTE model. A similar collisional-radiative
code FLY [114] had been used for analyzing spectra before FLYCHK was developed. While FLY was able to
solve only for low-Z ions from helium (Z = 2) to iron (Z = 26), FLYCHK provides atomic level population
distribution for mid- and high-Z atoms up to gold (Z = 79).

FLYCHK is a web-based software and a user should make an input configuration to get spectra for each
parameters such as electron density, temperature and ion density. We have made and stored a huge database
so that we can calculate spectra for an arbitrary plasma profile. Since the emissivity is proportional to both
electron and ion densities, the database has been built at a single density 1.0 x 102°m~3 but at multiple
electron temperatures from 0.1 to 20 keV (note that the electron temperature range for silicon, aluminum,
calcium and molybdenum is from 0.1 to 10 keV because the plasma including these impurities cannot reach
a temperature exceeding 10 keV) and photon energies between 1.0 and 50 keV. The ion density used in the
FLYCHK code is assumed to fulfill the quasi-neutrality as n; = ne/ (Z(Ts)) [115], therefore, the obtained
emissivity scales with n2 for a given T, and concentration of impurities. Emissivity spectra for different
elements and the n? scaling are shown in Fig. 3.2. Solid and dashed curves illustrate two different electron
temperatures, 500 eV and 5 keV, and colors indicate electron densities from 1 x 10¥m™3 to 1 x 102°m~3.
Emissivity of both continuum and line emissions completely follow the n? scaling.

Figure 3.3 shows emissivities for twelve elements that we built the database as a function of photon
energy E. The electron temperature T, is scanned from 0.1 keV (shown by black curve) to 10 keV (shown
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Figure 3.2: FLYCHK emissivity is scalable with electron density (o n2).

by red curve), and the electron density is assumed to be n, = 102°m=3.

Figures 3.3 (a)-(c) show only a
continuum spectrum because ions are fully striped, while Figs. 3.3 (d)-(1) include bright line emissions as
well as recombination edges.

Figures 3.4 indicates a relative ion charge state (Z) population obtained from FLYCHK for different
electron temperatures. Figure 3.5 shows the average charge state (Z) as a function of electron temperature.
With the increase in electron temperature (Z) increases. The blue dashed lines show the (Z) of the fully
striped state, in which the plasma shows spectra without line emissions. Therefore, identification of line
emissions with a energy resolved system provides the information on the electron temperature.

Emissivity € from a plasma composed of species Z in the photon energy range Ey—F; with the electron

temperature T, and the electron density n. is expressed as

c ‘/E1 FZ(nevTeunZaE)
Z:
Ey E

7;ilter']}/~’4detec‘sldetec(-ECa E)dE (31)

where Fy is the spectrum calculated by FLYCHK for species Z, ny is its density, Taier(E) and Tv(E) is
the transmission of the filters to be used and that of the inter-component space which can be dealt with
nearly 100 % for this calculation because the detector is installed in the vacuum, and Agetec(F) is the x-ray
absorption in the silicon detector lattice. Detector’s electronic response curves Sgetec(Ec, ) was calibrated
using radio active isotopes and fitting function was obtained [108,116], which can be approximated as

E — Ec¢
V2Ew } ’
where Ew (= 500 eV) represents the width of the response. F¢ is the adjustable energy threshold and the
detector response S becomes 50 % at E = Ec. Note that E¢ is set by 6 bit DAC, and up to 64 energies can
be set.

The resultant local deuterium concentration np/n. and plasma charge are calculated using

1
Sdetec(EcyE) =1 §eI‘fC {— (32)

quasineutrality,

np nz,;
P 1_ZE'<Z(Te)>F¢
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Figure 3.3: The spectra for twelve elements calculated by FLYCHK with the electron temperature from
0.1 keV through 10 keV and the electron density of 102° m~—3. In SXR, mid-Z and high-Z materials consist
of continuum and line emission, while low-Z materials (H, C and O) have only a continuum radiation.
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Table 3.1: Composition of commercial Be filter “IF-17.

Element Actual Percentage || Element Actual Percentage
Alminum  0.01 0.01 Lead <0.0005 0.0001
Be 99.9 99.9 Magnesium <0.006 0.0019
Be-O 0.01 0.01 Manganese 0.002 0.002
Calcium <0.02  0.005 Molybdenum <0.001  0.0005
Carbon 0.03 0.013 Nickel 0.01 0.01
Chromium  0.0025 0.002 Silicon 0.01 0.01
Cobalt 0.0004  0.0004 Silver <0.0005 0.0001
Copper 0.002 0.002 Titanium 0.001 0.001
Iron 0.03 0.03 Zinc <0.01 0.002
Total: 100

where, (Z (T¢))p, is the FLYCHK average charge state of the element Z as a function of the local electron
temperature T, (see Figs. 3.4 and 3.5). Here we assume deuterium D is the main ion components of the
plasma.

The total emission at the one local point in space is the sum of the emission over all the ion species,

n

€= Zez(R, Z).

Z

3.1.2 X-ray interactions inside materials

X-ray attenuation, transmission and absorption in materials are calculated. When a collimated beam of
photons with the energy F penetrates a thin slab with the thickness 7, a transmission T'(E) can be calculated
as T(F) = exp(—uaT), here pa is mass attenuation coefficient obtained from NIST database [91]. An
absorption is defined as 1 — T'(E).

A transmission for complex material with the concentration C; can be expressed as,

Tcomplex = H/TJC7 (Eu 7-complex) (33)

here, T} is a transmission for the single material of j and Tcomplex is the thickness of the complex material.

Such calculations can be performed by x-ray oriented program (XOP) [117,118]. XOP is a graphical
user-interface (GUI) software and widely used for synchrotron facilities as well as x-ray research laboratories.
It provides transmission and absorption not only in the single material but also in the complex materials
such as Mylar foil and borosilicate glass window.

In the actual measurements, for example, Be filter which will be used for the vacuum wall between
machine vacuum and rough vacuum of PILATUS detector is not a pure Be but has some compositions less
than 1 %. Even though the compositions are small their effect cannot be neglected in the energy range of
SXR. Table 3.1 shows the compositions of commercial Be filter “IF-1” [119], and Fig. 3.6 shows expanded
view of the calculated transmission of IF-1 with the thickness of 100 pm.

Figure 3.7 shows the transmissions of a typical configuration of filters including a beryllium filter with
the thickness of 50 pm (solid black curve) and that of a protective Mylar foil with a thicknesses of 12 pm
(dashed orange curve) coated by 0.1 ym aluminum (solid green curve). Here, the Be filter is used to act as
a vacuum-wall interface separating the machine and diagnostic vacuum ensuring the integrity of the main
vacuum vessel. In order to avoid changes of the spectral response with respect to the incident angle we
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Figure 3.6: Expanded view of the transmission of 100 pm IF-1 filter.

propose the usage of a curved filter. The x-ray absorption on the PILATUS3 silicon lattice with a thickness
of 450 pm is also illustrated by the blue dashed curve in Fig. 3.7. The total x-ray detection efficiency

represented as,

Teotal = TarAsi = Ta1Tvylar TBeAsi (3.4)

is illustrated by solid red curve.

3.1.3 One-dimensional calculation from emissivity to line-integrated brightness

The basic relation between the SXR brightness and the inverted emissivity can be expressed as

B; = Z Lijej < ¢j = Z L3'B; (3.5)
j i
where, L;; is a length matrix, B; is the line-integrated brightness, €; is the local emissivity and subscript %
and j denote a viewing chords of a pixel and an emission zone for the Abel reconstruction, respectively. Such
matrix-based inversion technique [120] has already been applied to tangential imaging of charge exchange
recombination spectroscopy and SXR imaging. The number of x-ray photons per-unit time (V) impinging
on each pixel is given by the product of the line-integrated brightness, the etendue and the integration time
(At) as

Npn = B; - n(0) - At (3.6)
Assuming that the thickness of the Be filter is smaller than the thickness of the pin-hole aperture, and that
the latter is smaller than its 2D dimensions (see Fig. 3.8), the etendue can be approximated as

~ Apin : Apx

0) ~ “P__PX o5t g,

The etendue depends on the pinhole area Api,, the pixel area of the PILATUS detector Apx = (172 pm)?,

the distance between the pinhole and pixel surface d and the incident angle 6.
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Figure 3.8: Schematic drawing of PILATUS detector, pinhole and Be filter.
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Figure 3.9: Input profiles for (a) electron temperature, (b) electron density and impurity densities and (c)
Zog profile.

3.2 Benchmark and experimental result at MST

Using the computational tool described in the previous section, photon counts impinging on the detector
is calculated for ME-SXR diagnostics on the Madison Symmetric Torus (MST) [107]. MST is a reversed
field pinch magnetic confinement device at University of Wisconsin-Madison [121]. Device parameters are
as follows; major radius: R ~ 1.5 m, minor radius: a ~ 0.52 m, typical plasma current: 200 < I, < 500 kA,
electron temperature and density: T, ~ 2 keV and n, ~ 1 x 10! m™3 and discharge duration is < 100 ms.
In MST, pulsed poloidal current drive (PPCD) plasmas in which tearing modes are surppressed and the

confinement is improved [122-124] and quasi-single helicity (QSH) plasmas which have a non-reversed mode
are studied [125].

3.2.1 Profiles and geometry

The electron temperature and density profiles in MST, which are the input information for the computational
tool, are expressed by a parameterized function based on measurement as,

F(R) = fo (1 - (f))ﬁ T ot

Figure 3.9 shows profiles in MST, in which fo and fofrset are fo = Te, = 2.0 keV and fogrset = Te, frset = 0.1 keV
for electron temperature profile, fy = ne, = 1.2 X 10Y m=2 and fofrset = Neyfiset = 1.2 X 105 m~3 for
electron density profile respectively. « and S defining for both temperature and density profiles are aop = 6
and Br = 4, and a,, = 4.2 and 3, = 4, respectively. These parameters are obtained from the analysis of
several measurements in MST, and we can rely on them for the present benchmark. Impurity concentrations
are assumed to be homogeneous across the minor radius, and their profiles have a constant fraction of the
electron density profile (Fig. 3.9 (b)). The concentrations are set to be 2.5 % for carbon, 0.5 % for oxygen
and 0.2 % for aluminum [126].

Pixel responses of PILATUS3, filter transmissions and an absorption of detector are calculated and
illustrated in Fig. 3.10. The pixel responses (Fig. 3.10(a)) on each pixels are defined by Eq. 3.2 with E¢
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Figure 3.10: Transmission of filters (b). Two Mylar foils (purple and red solid curve) with Al coating (green
solid curve) and Be-filter (blue solid curve) and absorption of the silicon detector (black solid curve) are
calculated. Cyan dashed curve indicates the total sensitivity of filters and detector.

from 1.8 to 7 keV with 0.2 keV steps, and the filters (Fig. 3.10(b)) are a beryllium filter with the thickness
of 25 pum (solid blue curve), a protective Mylar foils with the thicknesses of 100 pm (solid purple curve) and
12 pm (solid red curve) coated by 0.1 pm aluminum (solid green curve), respectively. The absorption of
the silicon detector is denoted by black solid curve. Cyan dashed curve indicates the total efficiency of the
system calculated as Tiotal(E) = TBe(E)TMylar:12.5pm (E) Ivylar:100um (E) a1 (E) As(E).

We have designed the geometries for the ME-SXR measurements on MST and fabricated and installed.
The geometrical parameters are as follows: the pinhole area Ap;, = 1.0 mm x 4.0 mm, the pixel area
Apx = (172 pum)?, the distance between the pinhole and pixel surface is d = 30.56 mm. The incident angles
satisfy —55 © < § < 55 © with a central (§ = 0) etendue of ~ 1.0 x 10~7 c¢m? calculated from Eq. (3.7), and
these values are used for the calculation of this benchmark.

3.2.2 Calculation and initial experimental result

The third generation of ME-SXR detector, “PILATUS3” has been installed on MST, and photon counts
estimation was carried out to compare the experimental data and evaluating the calculated result [109].

Figure 3.12 shows photon counts as functions of pixel number in radial direction and the energy threshold
Ec¢ from 1.8 keV (red curve) to 7.0 keV (black curve). The experimental result is shown in Fig. 3.13. The
top figure indicates two dimensional pixel map and the bottom plot shows toroidally integrated brightness
as a function of sight-line. The maximum photon count expected numerically is /2110 photons/pixel/ms for
Ec = 2.0 keV, which agrees well with the experimental result Ny, & 80 photons/pixel /ms within a factor
of 2.
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Figure 3.12: The calculation results with the energy threshold E¢ from 1.8 keV (red curve) to 7.0 keV (black
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3.3 Simulations for several devices

3.3.1 DIII-D like plasmas

DIII-D is a mid-size tokamak located at the General Atomics in San diego, USA and it started operation in
1986 [127]. On DIII-D we are now proposing a research plan, in which an ME-SXR system is installed to
measure the whole plasma [111]. The main objective of the research is to study the impurity transport by
active injection of various impurities. DIII-D is one of the devices suitable for this study because of their
various means for injecting impurities and controlling plasmas [128]. Impurities can be introduced using gas
puffs, pellet injection systems, laser blow off systems and impurity granule injector [129]. In addition carbon
based machine remains ideal reference DCO profile for studying medium- to high- Z impurity transport.

In this section, typical H-mode and L-mode plasmas in DIII-D is assumed, and various concentration of
various elements are assumed. In addition, photon noise is calculated to show the tailoring of spatial and
temporal resolution.

Profiles and geometry

The electron temperature and density profiles used in the calculation are shown in Fig. 3.15 (a). For a high-
confinement (H-mode) case we have used realistic profiles measured by Thomson scattering measurement
at DIII-D [130] in the core region, while the edge profile is approximated by a tangent hyperbolic function
using the measured data as a function of a cylindrical normalized radius p = R/a, where the minor radius is
a = 0.57 m. For an example of the low-confinement (L-mode) case, we have used a parameterized function
defined by,

Fr) = fo (L= (0)")° + foftsets

to express the temperature and density profiles. The central value fy 4+ fosset is adjusted to be 2.8 keV for
electron temperature and 0.8 x 1020 m~3 for electron density, respectively. These are the same as those in
the H-mode scenario. The values of « and g are ap = 8 and Sy = 5, and a,, = 8 and 3, = 2, for electron
temperature and density respectively.

In this work, we have assumed a reference “DCO” plasma using deuterium (D) plus constant carbon (C)
and oxygen (O) concentrations of 2.5 % and 0.25 % which result in a core Zeg = 1.9. We also calculated
the cases with additional (heavier) impurities, in which the additional impurity concentration is assumed to
be homogeneous across the minor radius, and is set to be either 0.052 % for argon or 0.022 % for nickel or
0.015 % for molybdenum. The concentrations were determined so that the Z.g at the core increased only
by the trace limit as AZ.g ~ 0.1.

In order to simulate an impurity transport experiment we also considered several localized impurity
concentration cases, in which the density profile of a selected impurity is localized only at the edge (p = 0.9)
or at the mid-radius (p = 0.5) (Fig. 3.15 (b)). This impurity perturbations are approximated by a Gaussian

2
pP— 5p)
ong = Angexp ] — ,
= amon{ - (g2 )'}
here the width parameter of is Ap = 0.01 for 6, = 0.9 (edge) and Ap = 0.03 for 6, = 0.5 (mid-radius),
respectively. Peak concentration Any and maximum A Z.g for the extrinsic impurities are listed in Table 3.2.

function as

Impurity profile considering the “peaking factor” was also taking into account for transport
studying. Impurity transport is a very complicated function of collisionality and plasma profiles, but
phenomenologically, a peaking factor expressed under the steady state condition dngz(r,t)/0t ~ 0 is written
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Table 3.2: Parameters of Gaussian impurity profile

d, = 0.9 (edge) 9, = 0.5 (mid-radius)

Impurities Concentrations nz/n. AZeg | Impurities Concentrations nyz/ne AZeg
Ar 0.117 % ~0.3 | Ar 0.037 % ~0.1
Ca 0.098 % ~0.3 | Ca 0.031 % ~0.1
Ni 0.083 % ~0.3 | Ni 0.016 % ~0.1
Mo 0.052 % ~0.3 | Mo 0.010 % ~0.1

(a) Impurity density profile (b) V,/D, profile
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Figure 3.14: (a) Impurity density profile as a function of p and (b) Vz /Dy ratio profile derived from density

profile.
as [131,132]
Lz (r,t) = —Dy(r, t)w + nz(r,t)Vz(r,t) =0
Ve 1dngl
"Dz ngz dpa

The ratio Vz/Dz can be determined from the spatial evolution of an impurity density [133]. Figure 3.14
depicts impurity density profiles and V7 /Dy ratio profiles for the four cases we considered.

A schematic top-down view of the DIII-D tokamak and that of the planned tangential view and tangency
radii (Rtan) are shown in Fig. 3.16. The blue lines indicate the original configuration to image the DIII-D
core, while the red lines show the high-resolution configuration for imaging the low-field-side (LFS) edge.

Local emissivities

The local emissivities for both H-mode and L-mode DCO plasmas as a function of major radius R and
detector cutoff energies are shown in Fig. 3.17. Comparing H-mode and L-mode emissivity profiles, strong
emission at the edge due to the pedestal structure located around p = 0.9 is obtained. The contribution on
the overall emission by small change in AZ.g ~ 0.15 using an extrinsic impurity can be easily observed in
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(a) Electron temperature and density profile (b) DCO+impurity density profiles
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Figure 3.15: Input profiles for DITI-D H-mode and L-mode plasmas.
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Figure 3.16: A schematic top-view of the DIII-D tokamak and measurable ranges of ME-SXR system.
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(a) DCO H-mode (b) DCO L-mode
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Figure 3.17: Calculated emissivities for (a) DIII-D H-mode DCO plasma, (b) L-mode DCO plasma, (c-g)
DCO plus impurities Ar, Ca, Ni and Mo, respectively.

Fig. 3.17(c)—(g). The contrast between the reference DCO case (Fig. 3.17 (a)) and the impurity-seeded cases
(Figs. 3.17 (¢)—(g)) is quite large and the difference increase further when comparing with cleaner reference
plasmas with Z.g ~ 1. Note that the emissivity from Ni measured using lower cutoff energy Ec <7 keV is
small because its line emission exists only around the photon energies from 7 to 11 keV while the line spectra
from Ar and Mo exist below 5 keV. This results show that the Ar and Mo can be useful as seed impurity
for intensity enhancement. In addition, we expect to find experimentally a strong contribution from the Ar
recombination edges as a result of the recombination (steps) around 4 and 4.5 keV. This enhancement - not
considered in this simulations - corresponds to the radiative capture of free electrons by hydrogen-like Ar into
the ground state of helium-like Ar mostly induced by outward particle transport as observed in PLT [135].

The emissivity profiles of H-mode plasmas with the impurity localized to the mid-radius or the edge are
simulated. The enhanced emission from Ar and Ca gas puffs or Ni and Mo injection at the LFS-edge is
demonstrated in Figs. 3.18 (b)-(e), and it was found that the argon emissivity is stronger than that from
other elements, calcium, nickel and molybdenum due to the low electron temperature. This simulation also
shows that the SXR emissivity at the top of the H-mode pedestals can be greatly enhanced with the use of
an Ar puff at the edge. In contrast, the molybdenum emissivity at mid-radius is a factor of three stronger
than that of argon due to the change of the electron temperature (Figs. 3.18 (f)-(j)).
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Figure 3.18: Calculated emissivities for (a), (f) DIII-D H-mode DCO plasma, (b-e) impurity injected to the
edge, (f-1) impurity injected to the mid-radius.

Photon counts on the detector

Photon counts on the PILATUS3 detector was calculated using Egs. (3.5), (3.6) for H-mode DCO plasma
and Ar and Mo injected cases. Since photon counts are one of the main noise sources, it is important to
predict them for given plasma parameter and geometrical configuration. Through the prediction, we can
optimize the spatial and energy (and temporal) resolution of the ME-SXR measurement system.

A PILATUS3 has 195 pixels in the vertical direction and 487 pixels in the horizontal direction. For a
1-D measurement, pixels in the horizontal direction can be used for spatial profile and pixels in the vertical
direction can be used for energy spectrum. However, when we consider the noise and required spatial
and energy (and temporal) resolution, we may bin several pixels in the horizontal and vertical directions.
Such binning and energy resolution are practical and available due to the huge energy resolved pixels of
a PILATUS3, and the computational tool we developed is quite useful to optimize the performance of the
ME-SXR system.

Figure 3.19 shows the two different arrangements:

(a) Moderate spatial resolution: 487 pixels in the horizontal direction are used for spatial and energy
resolutions, and the pixels of an entire row in the vertical direction are binned to obtain sufficient
number of photons for good signal-to-noise ratio.

(b) High spatial resolution: 487 pixels in the horizontal direction are used only for spatial resolution, and
195 pixels are used to set multi-filters.

In arrangement (a), binning and energy setup are adjusted to achieve moderate spatial and energy resolutions,
which are necessary to study impurity transport in DIII-D. In the cases of MST, 60 sight-lines with 8 different
energy filters, and each sight-line with a certain energy filter has 195 pixels for the integration. In contrast,
the arrangement (b) can use up to 487 sight-lines and 19 different energy filters with 10 binned pixels,
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Figure 3.19: Two examples of pixel arrangement for the 1-D measurement. Top gray box shows a horizontal
slice of a DIII-D plasma with relatively short height. Bottom colored boxes show two cases of 2-D detector
area (487x195 pixels) with different energy threshold E., (indicated by color) settings. (a) moderate spatial
and high energy resolution case, and (b) high spatial and low energy resolution case are shown.

which allow us to measure a profile with significantly high spatial resolution as long as sufficient photons are
obtained.

In this calculations, we assume 230 sight-lines with 0.5 cm spacing in the core covering a tangency radii
from Ry, = 1.16 in the HFS to 2.31 m in the LFS as shown in Fig. 3.16, and we also assume 19 energy
thresholds from Ec = 2 keV to 20 keV with 1 keV for spectral resolution. Here we adopt an arrangement
similar to (b), where 487 pixels in the horizontal direction are binned to 230 sight-lines and 195 pixels in the
vertical direction are used for 19 different cut-off energy filters. Thus, two rows in the horizontal direction
are used for the same viewing chord, and 10 rows in the vertical direction has the same cut-off energy filter.

The count of x-ray photons as a function of chord number and cut-off energy for the DCO case and that
with injections at the edge and mid-radius are shown in Figs. 3.20. The maximum count of x-rays computed
from all cases is less than 8 x 102 counts/pixel/ms and do not exceed PILATUS3’s maximum count rate 10*
counts/pixel/ms, which indicates there is enough throughput to operate at even higher temperatures and
densities as well as higher impurity concentrations. In the case where the photon count is larger than the
maximum count rate, it is necessary to decrease the pinhole vertical dimension so as not to affect the radial
spatial resolution.

For the cases in which Ar and Mo are injected at the edge, the signals are enhanced over the DCO
hydrogenic Bremsstralung (compare Figs. 3.20-(a) with (b) and (c)) but are not comparable to that at the
core (compare Figs. 3.20-(d) with (e) and (f)). The Ar and Mo emission at mid radius shown in Figs. 3.20 (b)
and (f) will be easily reconstructed from the line integrated brightness, because the reconstructed local
emissivity is proportional to the derivative of the line integrated brightness with respect to the tangency
radius.

Resolution and discussion

The signal to noise ratio (SNR) depends on the total photon counts of each binned pixels. In this
configuration, we can bin 2 pixels in the horizontal directionand 10 pixels in the vertical direction leading
to 19 energy thresholds (Fig. 3.19). From the calculated photon numbers we can estimate SNRs assuming
Poisson processes.

In order to evaluate spacial and spectral resolution, a photon emissivity profile was reconstructed using a
computed photon count profile and the reconstructed profile was compared with original emissivity profile.
Here we show two cases — (i) good SNR with low spacial resolution and (ii) high spacial resolution but low
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Figure 3.20: Photon counts as a function of chord number for (a), (d) DCO case and with (b) Ar and (c)
Mo injections at the mid-radius, and (e) Ar and (f) Mo injections at the edge.

SNR - illustrated in Fig. 3.21, using photon count profile of the Ar injection at the edge (see Fig. 3.18 (b) and
Fig. 3.20 (b)) with adding a Poisson noise calculated as 6 = VNiotal, Wwhere Nioial is a photon count on one
sight-line. In case (i), total 100 sight-lines with 1.15 cm spacing is assumed and therefore the photon count
N is obtained by computed photon count times 100 (binned 5 pixels in vertical and 20 pixels in horizontal).
Figure 3.21 (a) shows the reconstructed emissivity profile and its expanded view of the LFS is shown in
Fig. 3.21 (c) by color curves. The black curves depict the original emissivity profiles (same as Fig. 3.18 (b)).
In this configuration, we can clearly distinguish each signals obtained by different cutoff energy setting and
can measure the contribution by Ar injection. On the other hand, in case (ii), we assume total 497 sight lines
with ~ 0.2 em spacial resolution, and only 20 pixels in horizontal direction is binned. In Fig. 3.18 (c¢) and
(d), pedestal structure is clearly reproduced, but evaluation of argon’s emission contribution is difficult due
to low SNR especially for HFS. However, the identification of the shoulder position of the H-mode pedestal
becomes possible by:

1. Using the reconstructed profile of the lower cut-off energies below 2 keV

2. Increasing the exposure time by double or more

3. Removal of the Mylar protective cover which will result in the signal increase by 50%
4

. Adopting a high-resolution LF'S optional design with a secondary pinhole at d ~ 29 cm as shown in
Fig. 3.16.
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(d).
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Figure 3.22: Input profile of JT-60SA scenario no.2 [136]

3.3.2 JT-60SA plasmas

JT-60SA is a large size tokamak and currently under construction in Naka, Japan, as a part of international
project, which will start operation in 2020, with first deuterium experiments in 2023. The JT-60SA device
has been designed to achieve a break-even-condition class high temperature and density with a duration of
100 s.

We applied our computational tool to JT-60SA high temperature plasmas (operational scenario no.2 [136])
and performed feasibility study for future measurements. The target profiles used for evaluating the detector
response are shown in Fig. 3.22. Firstly, deuterium plasma with a constant carbon and oxygen concentrations
of 2.5 % and 0.25 % which result in a core Zeg,o =~ 2.14 was considered (green curve in Fig. 3.22 (¢)). In
order to evaluate signal enhancement due to the impurities, we considered four impurities, argon, nickel,
xenon and tungsten with a constant concentration and calculated the local emissivity profiles.

Results of calculated emissivity profile is shown in Fig. 3.23. As a result of the calculation, it was found
that in the case where the presence of Ar and Ni was assumed the line emission intensity was increased by a
factor of 1.5-2 at the pixels having the energy thresholds between 2 and 3 keV and 2 and 7 keV, respectively.
In the case where Xe or W was induced, it was found that strong emission was expected at p ~ 0.4 for the
Xe-case (Fig. 3.23 (c)), and at p ~ 0.6 for the W-case (Fig. 3.23 (d)).
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3.4 Design for TST-2 lower hybrid current driven plasmas

The ME-SXR system in TST-2 has been designed to measure HXRs with the photon energies below 20
keV from fast electrons generated by LHW. Since the FLYCHK calculation assumes a Maxwellian for the
electron distribution function, emissivity of the plasmas with non-Maxwellian distribution function cannot
be calculated. Therefore, we performed two approaches to estimate SXR radiation and to design camera
settings.

Assuming a second Maxwellian with a constant fraction of ng./ne

In order to calculate emissivities using FLYCHK, fast electron distribution function is assumed as a second
Maxwellian. In this calculation, ratio of the fast electron density is set as 3 % of bulk electron density.
Effective temperature of the fast electron is set to be 20 keV, which is a highest temperature in the database

we developed.
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Figure 3.25: Design for the ME-SXR measurements for TST-2 LHCD plasmas.
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Chapter 4

Experimental results

4.1 Results of double filter soft x-ray measurements in

LH power modulation experiments

In order to detect a thick target emission from stainless steel, which is the main material of vacuum vessel
and other metallic components, soft x-ray measurements with two different filters have been performed.
We used Fe: 10 pm and Al: 200 pum filters to detect the characteristic line emissions of stainless steel.
Figure 4.1 shows result in LH power modulation experiment. The left two plots indicate signals of SBDs
with both iron and aluminum filters and their ratio Ia;/Ir. and the right plots are the waveforms of plasma
current I, injected LH power Py and line integrated density ne1. I, and ne showed weak modulation less
than 5 % as a result of 100 % modulation at 1011 Hz for LH power. The expanded view of the ratio is shown
in Fig. 4.2, which indicates the fluctuation of the ratio synchronized with modulation. It should be noted
that Ix;, which is expected to reflect the continuum part of the x-ray spectrum do not respond to the Pry

modulation.
. T I [kA] 165819
BO[ ' ]
SBD with Fe-10 pm
o[ SBD with Al-200 pm .
E 40 E
T 2o} .
=
[
o LH net [kW] 165819
120 ]
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8O e ‘ with f=1kHz .

B0 }
|
\

a nl104 [107m™?] 165819
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Figure 4.1: Result of power modulation experiments using double filter.
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Figure 4.3: HXR spectrum simulated by GENRAY /CQL3D (shown by blue curve) and total sensitivities for
two filters (shown by dashed curves).

As calculated in Table. 2.2, the signal ratio is predicted to be 18 % when the line radiation from stainless
steel is measured, and around 85 % when a thick target emission from molybdenum is measured.

As a result, it was found that the SXR emission observed during the LH power is ON was dominated by
the characteristic line radiation from stainless steel. On the other hand, the ratio is recovered within ~1 ms
when the injected LH is dropped off.

Here we calculated the signal ratio for the case where the radiated spectrum is continuum
(Bremmsstrahlung) emission from LHW plasmas. The spectrum is simulated by the Fokker-Plank equation
solver CQL3D coupled to a ray tracing code GENRAY and the calculated ratio of the two filters is 66.7 %
(Fig. 4.3). This result also suggests that the x-ray spectrum measured at the time when LH power is OFF
is not dominated by the thick-target radiation. The quick response of the ratio to the P,y modulation
indicates the fast electrons inducing the thick target radiation have a very short confinement time. This
fact suggests that the fast electrons exist at the plasma edge region, where high energy particles easily hit
the wall and do not contribute to the plasma current I;,. In contrast to the Ig., I, n. do not show a large
response to Py modulation, and these results suggest that the I (and the continuous x-rays) reflects the
fast electrons sustaining the plasma current Ip,.
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It should be noted that the characteristic x-rays of SUS are emitted not only by the fast electron injection
but also by the injection of the x-ray with the photon energy larger than the values of absorption edges.
Figure 4.4 shows line emission from SUS wall by x-ray injection with the temperature of 10 keV. This line
emission can also be detected by the double filter method. Therefore, it is difficult to distinguish between

electrons and x-rays that cause thick target radiation from SUS.

4.2 Results of hard x-ray measurements on TST-2

As described in Sec. 2, x-ray radiation from a plasma consists of line spectrum and continuum spectrum.
Since TST-2 plasma has relatively low electron temperatures: 40 eV at the core for LHCD plasmas, or
400 eV for OH plasmas, Bremsstrahlung from fast electrons generated by LHW is a main component of
the HXR radiation. Figure 4.5 shows x-ray spectra measured at LHCD and OH plasmas by scintillation
detector located at mid-plane, which indicates that the high flux and high energy HXRs are observed only
at LHCD plasmas. It is notable that some electrons in OH discharges can be accelerated by the positive
loop voltage during plasma current ramp-down phase, and they would emit a high energy Bremsstrahlung
x-ray. A critical energy which represents minimum energy of electron to start acceleration under the given
loop voltage V] is estimated as [137]

3In A In A
_ € MR 0.21 x 1079, —o

—_—. 4.1
87T€0E ‘/1/27TRO ( )

In the case of a typical TST-2 OH plasma, electrons with the energy above few keVs can be accelerated to
several hundreds keVs during the plasma current ramp-down phase.
In this section, HXR spectra measured by several probes during LHCD experiments conducted on TST-2

are described.

4.2.1 Spectral comparison among outboard- and top-launch CCC antennas

HXR profile measurements were performed by the Nal scintillation detector on the mid-plane and the effective
temperature Tog calculated from its slopes was obtained. Figure 4.6 shows waveforms of the discharges with
different antenna and resultant spectra. The two discharges have the same plasma current and the density
but the discharge indicated by blue curves was sustained by using the top antenna and one indicated by
red curves was sustained by the outboard antenna. Note that the plasma sustained by the top antenna was
ramped up by the outboard antenna and later, it was switched to the top antenna because plasma ramp up
with the top antenna alone was quite difficult. The data for each sight line was obtained by accumulating five
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Figure 4.5: An x-ray spectrum with fast electron generated by LHW (blue curve) compared to spectrum at
OH discharge (red curve).

reproducible discharges for 50-55 ms, where I, was a flat top because the fast electrons can be accelerated
by the positive loop voltage when the plasma current starts decreasing. PHA was performed for the data
and a spectrum is calculated.

The resultant spectra shows that the higher energy flux and the higher effective temperature at the
high field side (HFS) in the top-launched cases, while in the outboard-launched cases the energy flux and
the effective temperature do not depend on sightlines. It should be noted that the effective temperature is
calculated from the data in the region above 100 keV because the lower energy data are sensitive to the low
transmittance of windows so that the data contain large uncertainty.

The spectral trends obtained from discharges with different antennas are qualitatively consistent with the
results predicted by the simulation, but the radiated energy flux is much larger than that of the numerical
results. It is strongly suggested that there is a loss of LH power used for current drive and a mechanism of
HXR radiation that is not considered in the numerical simulation (discuss in Chapter 5).
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Figure 4.7: Resultant spectra measured by vertical sightlines (a) and time evolution of the HXR count rate

(b).

4.2.2 Vertical sightline measurements through thin PEEK flange

The aims of this vertical sightline measurements are to eliminate thick target emission from the metallic
structure and to focus on lower energy x-rays (20-100 keV), and thus the vertical sightline was designed not
to see the metallic structure. Figure 4.7 shows results of two types of discharge with the plasma current
I, ~ 26 kA (indicated by blue curve in (a)) and I, ~ 16 kA (indicated by red curve in (b)). Since the count
rate is low because of the small solid angle, ten reproducible discharges are analyzed for each case. Detected
HXR was attenuated by the PEEK flange and reflected in the scintillator crystal. The corrected spectra
taking into account an absorption of the scintillator crystal and a transmittance of PEEK (see Fig. 2.23
(a)) are illustrated by dashed curves. Thanks to the good characteristics of X-ray transmission of the thin
PEEK flange, HXR spectra with low energy ranges are measured and these spectra show the structure that
strongly depending the plasma current.

The time evolution of HXR count rates with four different energy bands with the energy steps of 30
keV are obtained and illustrated in Fig. 4.7 (b). The LHW is injected from ¢ = 15 ms to 60 ms for high
I, discharge and from 15 ms to 50 ms for low I, discharge. Results indicate that the HXR flux decreased
rapidly right after the LH is turned off. Note that the large HXR flux in the latter half of the discharge is
due to the electrons accelerated by the loop voltage induced by the decrease of plasma current.

4.2.3 Evaluation of the fast electron confinement time
Time evolution of HXR radiation

The time evolution of HXR flux was investigated for both radial and vertical sightline measurements. Since
a pulse count is not enough to obtain a spectrum in a short time width, the time evolution of the count
rate without discrimination was obtained. First, by turning off the LH injection during the plasma ramp-up
phase, relaxation time of the fast electron was estimated.

Figure 4.8 shows the discharge waveforms of the plasma with the plasma current of ~ 17 kA (Fig. 4.8 (a))
sustained using the top antenna, and the injected LH power was turned off at t = 32.7 ms (Fig. 4.8 (b)).
Figures 4.8 (c) and (d) indicate time evolution of HXR count rate with the time steps of 0.1 ms measured
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Figure 4.8: Time evolution of HXR count rate for both radial and vertical sightline. Waveforms of (a) plasma
current and (b) injected LH power. (¢) Time evolution of the HXR count rate by radial sightline and (d) by
vertical sightline. Time evolution of the loop voltage is plotted in (c¢) and (d) by red curves.

by radial and vertical sightlines (black curves). The HXR count rate decreased at the same time that the
LH was turned off, and showed very fast changes within 0.2 ms for radial sightline, and 0.1 ms for vertical
sightline. The time evolution of the loop voltage illustrated by red curves in Figs. 4.8 (c¢)-(d) is synchronized
with the decrease in the HXR count rate measured by radial sightline. It is considered that the loop voltage
is applied due to the rapid decreasing of the fast electron sustaining the plasma current, and the electrons
in the lower energy region (i.e. bulk electron) start carrying the plasma current.

RF power modulation

In order to estimate the relaxation time more accurately, LH power modulation experiments are performed
and much higher count of HXR was obtained by integrating multiple periods of the modulation.

The results of double filter soft x-ray measurements (Sec. 4.1) suggest that the x-ray radiation during
the OFF phase of Pry is not contaminated with thick target radiation and reflects confined fast electrons
contributing the plasma current. Therefore, modulation experiments are also helpful to study the wave
physics and the current drive mechanism. In these experiments, the amplitude of the incident LHW power
Pru was modulated.

As a result of 100 % power modulation for the top-launched discharge, the x-ray count with the photon
energies above 50 keV showed ~ 80 % modulation in synchronization with the phase of the injected LH
power (Fig. 4.9 (a) and (b)). The amplitude of the fluctuation of the HXR count rate and the fall time does
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Figure 4.9: HXR spectrum of modulation experiment with a frequency of 1011 Hz. The blue curves in (a)
and (c) indicate injected LH power for each periods and red curve illustrates an average power. Figure (b)
shows time evolution of the count rate of the HXR radiation for several energy regions with the photon
energy steps of ~ 50 keV. Figure (d) shows an averaged HXR signal intensity which indicates the relaxation
time of ~ 10 us.

not depend on their photon energy. By averaging the HXR intensities for all photon energies in each period,
the time evolution was obtained. Figures 4.9 (c) and (d) are enlarged views of the time window of LH-OFF,
and the average intensity of HXR suggests that the confinement time of fast electrons was about 10 us.

Here, the electron—ion relaxation time 7.; can be estimated as [2],

T3/2
Tei = 151 x 107* —5————— =~ 130 ms, (4.2)

Z%(n;10-201n A)
where Teg is an effective electron temperature Tog = 40 keV, Z; is an ion charge =~ 2, an ion density
ni ~ 5 x 10" m™3, and In A is known as “Coulomb logarithm” of which typical value is about 15 [138]. The
relaxation time we estimated experimentally is extremely short compared to the theoretical fast electron
confinement time of ~ 100 ms.

Here, we assume fast electrons with the density of less than 1 % of the bulk electron density carries a
plasma current, stored energy of the fast electron can be approximated as ~ 100 J. If measured HXR reflects
bremsstrahlung of the fast electron, RF power must be 10 MW or more to sustain fast electrons with 100 J
of stored energy in a steady state with a confinement time of 10 us, which is inconsistent with experimental
conditions. Therefore, the existence of HXR radiation by a mechanism other than collision with ions is
suggested.

4.2.4 X-ray radiation depending on plasma position

Dependence of the HXR flux on the plasma position was investigated by using both radial and vertical
sightlines. Two discharges #169199 and #169219 shown in black curve and red curve in Fig. 4.10 respectively,
have fixed plasma current (Fig. 4.10 (a)), LH power (Fig. 4.10 (b)) but different radial positions (Fig. 4.10 (c)).
Figure 4.10 (d) and (g) show the time evolution in the count rate of HXR flux measured by radial and vertical
sightlines, and Fig. 4.10 (e)-(f) and (h)-(i) show the count rate for each energy region analyzed by PHA.
As aresult of the measurement, the radial sightline indicates a large difference in that the signal decreased
when the radial position of the last closed flux surface (LCFS) is large, while HXR count rate measured
by the vertical sightline showed a small dependence on the plasma position. Figure 4.11 indicates that the

70



700

‘2 600+
— £ 500+
g 2 400 -
o 2 300+

S 200-

Q

(6]

700

LH net [kW]

Count rate [kcps]

(Y, | [ eesmsne—— 700

2 600 -
= 055 8 500
£ @ 400+
S 0.50f 2 300
o § 200
a 100 -
0.45 S 100,

0

Time [ms]

100 ¢
0

600+
500+
400
300+
200+
100 -
0i

0

I (f) Radial

....100-150 keV .

20 40 60 80 100
Time [ms]

Count rate [keps] Count rate [keps]

Count rate [keps]

,,,,,,, (h) Vertical ]
0-40 keV

,,,,,, --{i)-Vertical- 4
40-80 keV

20 40 60
Time [ms]

80

100

Figure 4.10: Time evolution of HXR count rate for difference discharges:#169199 (black) and #169219 (red).
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average energy of the radiated HXR (E,n) (Figs. 4.11 (b) for #169199 and (d) for #169219) depends on
the distance (Figs. 4.11 (a) for #169199 and (c) for #169219) between radial position of the plasma LCFS
Ri,crs and the antenna limiter Rj;,, = 585 mm. This results also show that the correlation between AR and

(Epn) has a delay of ~ 2 ms.

Figure 4.11 (e) shows (Epn) versus AR from ¢ = 30 ms to ¢t = 60 ms with the time steps of 1 ms for two

discharges, and it was found that the radiated photon energy (Epp) is linearly correlated with the distance

between plasma and the outboard limiter (blue line in Fig. 4.11 (e)). This relationship leads to the possibility

of the mechanism that the fast electrons accelerated in the plasma collide with the antenna limiter and emit

HXRs.
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Chapter 5

Discussion

5.1 Comparison between experimental results and simulations

Comparing measurement and simulation results is one of the key topics of this study. As described in
Sec. 4.2.1, HXR profile measurements show the difference in energy flux and effective temperature depending
on the antenna position and sight line. This trend that the higher effective temperature - which suggests that
the fast electrons are generated more efficiently - in the top-launched case compared to the outboard-launched
case is consistent to the simulation result of the ray tracing code GENRAY shown in Fig. 5.1 [48]. Figure 5.1
shows that the LH waves incident from the top side of the plasma show a strong up-shift on the HF'S side of
the device (Fig. 5.1 (a)), while LH waves incident from the outboard side propagate with slowly increasing
n). However, according to the results of a double filter soft x-ray measurement (see Sec. 4.1), the resultant
spectra may be “contaminated“ by thick target x-ray radiation. Since stainless steel has characteristic lines
with photon energies only below 10 keV, the contamination in HXR range (above 20 keV) is a continuum
spectrum and thus, the Bremsstrahlung spectrum shape (including Teg) is not distorted, but the energy flux
is changed.

(a) TOP launch (b) Outboard launch
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Figure 5.1: Wave propagations simulated by a ray tracing code GENRAY [48] for (a) top-launched case and
(b) outboard-launched case [139].

73



10

10*

measured (LH off)
10°

AT
|

7
/

10

-

107 simulation ™ ~~ _ _

Energy flux [W/m?/sr/keV]

/ \\\\\\

woel L TIsITeneTes

50 100 150 200
Photon energy [keV]

/
/
L

o
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We measured spectra using PEEK flange with vertical sight line in order to eliminate a thick target x-ray
radiation. The x-ray radiance F from plasmas can be calculated from the energy flux measured by HXR
detector Fieas as

F(E) = Fueas(E) x 10% [count - eV] x 1.6 x 107'?/S/Q/AE
2.5 x 1079 Feas(E) [W/m? /sr/keV],

Q

where, the cross section of pinhole is S = 7(0.0035 [m]/2)?, solid angle is © = 0.005 [st], bin size of the
spectrum is AE =1 [keV]. Figure 5.2 shows comparison between the experimental radiance F and the
radiance simulated by the Fokker-Plank equation solver CQL3D coupled with GENRAY. The spectrum is
measured by vertical sight line and during the LH power is off, and it is therefore considered unaffected
by thick target radiation. However the experimental x-ray radiation is still anomalously higher than the
simulation result.

In the comparisons between measurement and simulation, driven plasma current shows a large
discrepancy as well as the x-ray radiation. The simulated plasma current was higher for top-launch, which
quantitatively consistent with the experimental result, but the predicted plasma current is higher than the
experiment one by a factor of 3-5 (Fig. 5.3) [141]. This fact leads to two possibilities: (1) the calculated fast
electron distribution function generated by LHW is quite different from the distribution in the experiment
and (2) a major part of the generated fast electrons do not carry the plasma current and lost immediately. The
former possibility is considered to be denied because the spectra measured by the discharges using different
antenna configurations qualitatively match the calculation result. The latter is considered reasonable because
the time evolution of the HXR count rate in the modulation experiment showed a much faster variation than
that of the plasma current. That is, the fast electrons that do not carry the current are not confined and
emit a large amount of HXRs. Experimentally estimated fast electron confinement time is much shorter
than theoretical one, and the results also support this possibility that the fast electrons are rapidly lost. In
addition, as described in Sec. 4.2.4, a radiation process is considered that the fast electrons in the plasma
collide with the antenna limiter and emit HXRs.
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Figure 5.3: Predicted plasma current by simulation. Simulated driven currents are higher than the
experiment regime (depicted by arrow) by a factor of 3-5 [141].

5.2 X-ray radiation from the outboard limiter

The experimental results suggest that the x-ray radiation due to the fast electron loss other than
bremsstrahlung is considered to be a major loss mechanism in the LHCD plasmas. One of the candidates
is a thick target radiation from the antenna limiter due to the collision of fast electrons accelerated by the
LHW. In order to estimate the thick target radiation at the antenna limiter, transport and diffusion of
the fast electron are modeled by considering an RF induced radial transport [142]. The RF induced radial
transport has originally been suggested for describing effect of the ion cyclotron range of frequencies (ICRF)
waves on radial transport of ions in tokamak plasmas [143]. Applying the RF induced transport model to
the TST-2 LHCD plasmas, electron parallel velocities v|s are calculated. The acceleration of electrons by
LHW is assumed to occur at the inboard side which is predicted by previous numerical simulations [49,140],
and the deceleration due to the collisions with bulk electrons, ions and neutrals are calculated through a
random walk [142]. When the velocity of the fast electron becomes large and its orbit reaches the outboard
antenna limiter, the fast electron is lost by the collision with the Mo (Molybdenum limiter) attached on
the antenna (Fig. 5.4 (a)). Figures 5.4 (b)-(d) show simulated spectra of the thick target x-ray emission
from Mo (Fig. 5.4 (b)), spectra of the x-rays after a reflection at the SUS wall (Fig. 5.4 (¢)) and plasma
bremsstrahlung from fast electrons with the effective temperature of 30 keV (Fig. 5.4 (d)). Colors indicate
two cases with different Rycps (red curves for Rrcrps = 0.515 m and black curves for Rycrs = 0.540 m).
Since the HXR detector is located outside the vacuum vessel, transmission of the SUS wall is also taken into
account in these spectra.

Figure 5.5 (a) shows the thick target radiation from the outboard limiter (solid curves) and experimental
results of the HXR spectra obtained by radial sightline in during the period from ¢t = 46 ms to 48 ms
(illustrated by symbols) . Comparison between the simulation and the measurement showed that the
tendency that higher energy flux is radiated when Rpcrs is small was in good agreement for the two cases
with different Rrcrs. Note that the values of simulated radiation are multiplied by a factor of 1/3000 in the
plot because thick target radiation is much larger than the experimental result.

In the model, the kinetic energy of the fast electron colliding against the limiter is approximated as
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meVi2../2, and the velocity Vioss can be expressed by using model parameters Rsout, Rsin and . as

Rsout 0

Vioss = AZ:L)LCFS
pes
Rsout - Rsin

where, Rsout and R, represent the initial outboard and inboard midplane striking position, and €2 is the
electron cyclotron frequency for a given poloidal magnetic field B,,. Therefore, the energy lost in the limiter
A FEyss is expected to be proportional to AR%CFS. Figure 5.5 (b) shows plot of the ARy,crs versus averaged
photon energy (E,;,) during the I, flat top phase (from ¢ = 40 ms to 52 ms). Dashed curve in Fig. 5.5 (b)
indicates the quadratic polynomial fitting for the experimental data illustrated by square symbols. It strongly
supported AR%CFS dependence, and the model was validated qualitatively.

(a) Orbit trace for inboard acceleratiol

0.4 prerrrrre |LRALERARL | LARRLERRE} LARRARRLLE] TrorTTT T
Rjim = 585 mm

02

00

Z[m]

04 L L L L
0.1 0.2 03 0.4 05 0.6
R m]

(b) Simulated spectra from Mo (c) Reflected spectra on SUS wall (d) Plasma bremsstrahlung

10" F

10" |

10 |

Photons [keV/keV/s]

10° E 3

10° | b I

0 50 100 150 200 250 300 O 50 100 150 200 250 300 O 50 100 150 200 250 300
Photons energy [keV] Photons energy [keV] Photons energy [keV]

Figure 5.4: Results of calculation of the RF induced radial transport model for two cases with a difference
Rycrs position. (a) Trace of the orbit of the fast electron started from one particular point in the real space.
Its orbit expand outward with the energy, and the electron is lost when the orbit reaches the limiter position
illustrated by the blue line. (b) Simulated spectra from thick target emission from Mo limiter. (¢) Simulated
spectra from Mo with a reflection and transmission at the SUS wall. (d) Calculated plasma bremsstrahlung
radiation.
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target spectra from Mo are multiplied by a factor of 1/3000 in the plot. Dashed lines indicate the theoretical
typical electron energy meVIESS /2 for two cases. (b) plot of the measured average photon energy of every
1 ms as a function of ARycrs. The fitting result is illustrated by a dashed curve, which indicates a AR? pg
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As described above, simulated thick target spectra and measured spectra are quantitatively consistent
but it showed a discrepancy of roughly three orders of magnitude. This factor may be due to the anisotropy
and localization of thick target emission from Mo. In order to validate this possibility, we performed same
measurements but the detector is located on the opposite side of the vacuum vessel. In this case, it was
expected that the signal increases due to the anisotropic radiation depending on the direction of the fast
electron velocity. Resultant spectra are shown in Fig. 5.6. As a result of measurement by two sightlines, it
was confirmed that the spectrum measured from the opposite direction (illustrated by red curves) showed a
larger flux compared to that in the forward direction. This result suggests that the model is qualitatively
correct. However, the emission anisotropy have a large uncertainty, and it is difficult to evaluate them
preciously.

In addition to the anisotropy and localization, we must consider the reflection. The detector is located
at the opposite side of the electron colliding surface and thus, the x-rays emitted from the limiter can reach
the detector when it is reflected at the vacuum vessel. Note that the results of the double filter soft x-ray
measurement described in Sec. 4.1 showing the presence of SUS lines are consist also with this model. We
believe that this hypothesis can be verified by a future measurement of HXRs with the field of view that
includes Mo target which causes the thick target x-ray emission.

5.3 Future plans and suggestions

Additional work needs to be performed to establish RF induced radial transport and to validate this model.
One of the important experiments is the direct measurement of the thick target emission from the Mo target.
Schematic drawing of this measurement is shown in Fig. 5.7. The target is inserted to Riarget ~ 570 mm
by linear motion drive attached on Port 6 and the thick target emission will be detected by scintillation
detector installed on Port 3. In the experiment, it is expected that not only the direct measurement of the
thick target HXRs emitted from Mo but also the dependence between ARy,pger and averaged energy (Epp)
can be obtained in more detail by scanning its radial position.

Finally, methods to suppress RF induced radial transport and perform LHCD experiments more
effectively are discussed. According to the calculation, more than half of the RF energy absorbed by the
plasma is considered to be lost by fast electron hitting the limiter. Since the parallel velocity of the electron
is accelerated by LHW and decelerated by collisions with bulk electrons, ions and neutrals, higher electron
density and Z.g, can reduce the energy loss by the thick target emission. In addition, acceleration point of
electrons by LHW is expected to have a strong dependence on their orbit. The current model assumes that
the electrons are accelerated near the HFS (inboard side) edge which is the position of RF power deposition
according to the simulation Genray/CQL3D [49], but the LFS (ourboard) power deposition can suppress
the outward expansion of the orbits and can improve their confinement.
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Chapter 6
Conclusions

In this study, we performed experiments and measurements on TST-2 in order to investigate the formation,
transport and the loss mechanism of fast electrons during the lower hybrid current drive (LHCD) in an ST
configuration.

In the T'ST-2 spherical tokamak, we developed soft and hard x-ray measurement systems for identifying
the soft x-rays emitted from a stainless steel, and for measuring the hard x-rays emitted from fast electrons,
and investigated the spectra under various discharge conditions. Our work has led us to the conclusion that
the major part of the LH power is lost by fast electrons colliding the antenna limiter, and the transport of
the fast electron is described by the mechanism of RF induced radial transport.

We also developed a computational tool for simulation and design of ME-SXR, pin-hole cameras for fusion
plasmas. We performed calculation for estimating photon count impinging on each pixels of the ME-SXR,
detector and optimization of the spatial spectral and temporal resolution. This tool provides a powerful
methodology to design and to optimize configurations of the ME-SXR methods for magnetic confinement

fusion devices in the world.

Study of X-ray measurements on TST-2

In the modulation experiment, time variations synchronized with the power modulation of LHW was
observed. As a result of soft x-ray measurement using two filters, Fe: 10 um and Al: 200 pum, the signal
ratio during LH-ON phase was about 20 %, suggesting the presence of the characteristic line emission from
stainless steel components. On the other hand, it was found that the signal ratio was 60 % or more during
an LH-OFF phase, and it indicates the measured spectrum is considered to be a continuum spectrum. These
results suggest that a significant part of the x-rays during LH arises from the fast electrons hitting the walls
or the limiters. These x-rays from the wall or the limiters are called thick target x-rays.

For HXR measurements, a new system using an LYSO scintillator has been developed, and it was
demonstrated that the LYSO scintillation detector has an excellent sensitivity for high energy x-rays as well
as a good time resolution. We also newly developed a vertical sightline HXR detector using a PEEK flange
for measuring HXRs with low photon energies. The measurements shows the photon energies below 100 keV
was measured successfully and the dependance on the plasma current was obtained. These spectra were
considered to reflect the energy distribution function of the fast electrons.

As a result of taking advantage of the newly realized high time resolution, time evolution of the HXR
count rate is obtained and it was found that the HXR flux dropped within 100 us right after the LH power
turn-off. In addition, the result of modulation experiments shows that the flux in all energy ranges decreases
rapidly within 10 us. Considering the results of the double filter SXR measurements, the spectrum during
the LH-OFF phase would appear to indicate the spectrum of the fast electrons, but the slowing down time
of fast electrons is much longer than the time scale of HXR flux temporal variation, and thus, It has been
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suggested that the slowing down due to collisions with ions is not a dominant loss process of the fast electrons,
and another loss mechanism should be searched.

We investigated the relationship between the plasma position and the HXR radiation, and consequently,
we found that the averaged HXR energy detected by a radial sightline is strongly correlated with the plasma
position. We developed a simulation model considering an RF induced radial transport to simulate an x-ray
radiation caused by the fast electron hitting the antenna limiters. Measurements with the HXR detector
located on the opposite side of the vacuum vessel were also carried out, and the results qualitatively agree
with the simulation model. Expected dependence between the position and the radiated HXR energy was
confirmed. Consequently, a significant RF induced transport was suggested. Although the simulated thick
target x-ray spectra and the measured spectra are qualitatively consistent, the present model still shows a
large deviation from the measurement results. Further experimental study is necessary.

In summary for the x-ray measurements, double filter soft x-ray measurements were developed for
identifying the thick target radiation, and the presence of thick target radiation in the LH-ON phase was
clarified. The HXR detector using LYSO crystal and PEEK flange has been developed, and it can cover
over a wide photon energy range that could not be measured by conventional HXR detectors. Energy
discrimination with high temporal resolution and evaluation of the confinement time of the fast electrons
were also demonstrated. Fast electron losses due to the RF induced radial transport were modeled and
discussed, and the experimental HXR radiation was qualitatively explained for the first time.

This work revealed the transport and loss mechanism of the fast electrons generated by LHW in ST
configuration by measuring soft and hard x-rays.

Development of a computational tool for simulation and design of ME-SXR

For the purpose of designing the ME-SXR measurement system, a computational tool for calculating the
amount of soft x-ray emission from plasma and estimating the signal of the detector was developed. This
makes it possible to calculate soft x-ray emission from plasma with arbitrary electron temperature, electron
density, and impurity density distribution. In addition, the signal at each pixel of the detector can be
calculated considering the measurement settings such as pinhole camera geometry, energy threshold settings,
exposure time, and etc.

Using this tool, we have estimated a signal intensity on the detector and optimized signal to noise ratio,
and designed the ME-SXR pinhole camera system for 1-D radial profile measurements of PPCD plasmas
on the MST device. The first measurement using the PILATUS3 detector was carried out. The maximum
photon count rate expected to be ~110 photons/pixel/ms for Ec = 2.0 keV, which agrees well with the
experimental result Npyax &~ 80 photons/pixel/ms within a factor of 2. This is the first verification of this
computational tool by an actual plasma measurement.

We have also calculated x-ray emission profiles for both H-mode and L-mode plasmas with various
condition of impurity concentrations on the DIII-D tokamak. As a result, the computed brightness of
H-mode plasmas ranges from few 10? counts/pixel/ms depending on the cut-off energy thresholds, and the
typical spatial resolution in the mid-plane will be ~ 0.5 cm with a photon-energy resolution of 500 eV at
500 Hz frame rate. We also evaluated the signal to noise ration of this 1-D profile measurement and found
that the pedestal structure of H-mode profile can be clearly observed by this configuration.

Using this tool, ME-SXR measurements have been designed for several devices including TST-2 and
JT-60SA, and the feasibility of this ME-SXR techniques were discussed.

In summary, a powerful and flexible computational tool for ME-SXR measurements have been developed,
and it is used to optimize the design of several systems. This tool is considered to be very useful not only
for designing but also for reconstructing the impurity distribution and effective charge distribution from
the measurement results. We believe this diagnostic technique should be explored also as a fusion plasma
diagnostic for tokamaks.
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