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Abstract

Development of efficient Thomson
scattering diagnostic system on VEST

Young-Gi Kim

Department of Energy System Engineering
(Fusion & Plasma Engineering)

The Graduate School

Seoul National University

A Thomson scattering (TS) diagnostic system was developed to measure the plasma of
the VEST device, and the electron temperature and density of Ohmic plasma were
measured. VEST is the first spherical torus manufactured in Korea and it is studied to
generate high-performance plasma through various plasma start-up scenarios as well as
heating and current drive. In order to support the researches, heating systems such as
electron Bernstein wave (EBW), lower hybrid fast wave (LHFW), and neutral beam
injection (NBI) and the diagnostic systems such as TS system, spectroscopy, and multi-
channel interferometer have been developed. The main purpose of this dissertation is
investigation of the design, development, and optimization of the TS system that provide
the reliable electron temperature and density, which is basic and important information
for analyzing heating efficiencies and plasma transports in VEST.

The TS system measures the electron temperature from the Doppler broadening



of the scattered light by the free electrons inside the plasma with utilizing the high-power
pulse laser. In addition, the electron density can be determined through absolute
calibration of the system. It does not affect the target plasmas, in principle, unlike
Langmuir probes or other beam diagnostics. Furthermore, because of its high spatial
resolution, it is adopted as an essential diagnostics in tokamaks around the world.

On VEST, the Thomson scattering system that consists of a laser injection system,
a collecting optics system, and a polychromator is carefully designed and developed. It
employed a laser with the energy of 0.85 J and a budget of about 60 million won, which
are relatively low compared to the general Thomson scattering diagnostic systems.
Therefore, methods to maximize the performance of the each part are explored in order to
increase the signal level, while simultaneously minimizing noises to obtain a sufficient
signal-to-noise ratio. In the laser injection system, the fundamental wavelength of Nd:
YAG laser, 1064 nm, is used to avoid the energy loss during the frequency doubling. The
beam path was designed so that the Rayleigh range of the Gaussian beam is formed around
the measurement target points, thereby improving the efficiencies of the collecting optics.
There was trade-off between the collecting optics and the polychromator. Compromises
in performance were necessary to meet the requirements within a limited budget. The
collecting optics was developed with the priority, because the small number of collected
photons cannot be analyzed even if the wavelength resolution of the polychromator is
excellent. It was developed to maximize the collecting solid angle in the VEST vacuum
vessel with minimal aberrations. It consists of two large aspheric lenses with an effective

diameter of 109 mm and optical fibers with a core diameter of 1500 um and a numerical



aperture of 0.39. It maintains collecting performance in the major radius of 0.23-0.5 m
where the product of the collecting solid angle and the scattering length is about 300 mm
msr. The optical transmission part of the polychromator was made based on the
polychromator of KSTAR in National Fusion Research Institute. However, the band pass
filters were designed to be suitable for the measurement of the temperature range of 1-
200 eV. In order to reduce the budget, low cost commercial filters with low transmittance,
low blocking rate, and poor wavelength resolution due to overlapping of pass band were
utilized. For reducing the stray light that passes through the filters due to the low blocking
ratio, the components for the stray light reduction were developed and installed inside and
outside the VEST vacuum vessel. It lowered the stray light intensity to about 1/100 of the
initial value.

The Rayleigh scattering measurement was performed by changing the pressure
of nitrogen for the absolute calibration of the system. Moreover, a circuit for the time
synchronization between the VEST control system and the TS diagnostic system was
developed. The TS signal were measured where the electron density is higher than 2x10*®
m=. The signals are analyzed by Bayesian method to determine the electron temperature
and density. In case of the electron density was lower than 2x10* m=, accumulation of
the scattering signals was required to obtain a sufficient signal-to-noise ratio (SNR). The
time variation of the electron temperature and density measured by TS diagnostic system
from repetitive experiments was compared with the tendency of the stored energy, which
is calculated by the diamagnetic loop measurement with the equilibrium analysis.

TS system on VEST is expected to improve the performance through partial

iii



upgrades because the main parts are accessible and easy to modify. First, when a burst
laser is started to operate, the time variation of the electron temperature and density can
be measured within a single discharge, and further increase in SNR is expected. Then, the
introduction of a fast digitizer will follow to measure the burst laser signal. In addition,
use of an optical fiber bundle could help signal level increase. As the number of

polychromators increases, the radial profile will be measured.

Keywords: Thomson scattering, Thomson scattering diagnostic system, Plasma
diagnostics, Spherical Torus, VEST
Student Number: 2012-20992
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Chapter 1. Introduction

One of the important issues of realization of the nuclear power fusion plant is development
of accurate plasma control systems and diagnostic system. Since the theories of plasma
physics are still developing, observation of the plasmas in devices of various scale is
essential to improve the hypothesis. The objective of the diagnostics is obtaining desired
information from the practical measurement by developing proper tools. In order to make
a reliable diagnostic system, not only a deep understanding of the principles of the
diagnostic method, but also the design and development of the device are necessary.

Various properties can be measured from the plasmas, including magnetic fields
and flux, electric potentials, light intensities from emissions or scatterings, refractive
index, and so on. In this dissertation, as a part of light intensity measurement, development

of Thomson scattering diagnostic system on VEST device is descripted in detail.

1.1. Versatile Experiment Spherical Torus

Versatile experiment spherical torus (VEST) is a compact spherical torus that has been
constructed for studying the innovative start-up and no-inductive current drive methods
[1, 2]. The heating and current drive systems including the electron Bernstein wave
(EBW), lower hybrid fast wave (LHFW) current drive, and neutral beam injection (NBI)
are under preparation for high beta operation in VEST. In addition, stable operation
scenarios with high beta plasma are planned for controlling the safety factor profile with
additional heating and current drive systems. For successful high beta experiments, the

accurate plasma properties are important to understand and analyze the plasma state.



The plasma diagnostics have been developed on VEST to obtain information
from the plasmas [3, 4]. At the initial phase, the magnetic diagnostics including magnetic
probes, flux loops, and Rogowski coils that are not only the simplest, but also useful
diagnostics are designed and fabricated to measure the magnetic field inside and outside
a vacuum vessel. Additionally, basic optical diagnostics such as a fast camera and line
monitoring systems and probe systems such as triple Langmuir probes and Mach probes
are installed and operated. However, until now days, experiments on VEST are usually
analyzed by using data obtained by such basic diagnostics. The electron temperature and
density of the ions or electrons at the core region have not been measured yet in the ohmic
discharges due to the lack of advanced diagnostic system such as the Thomson scattering

system, a charge exchange spectroscopy, or an interferometer.
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development state.



1.2. Thomson scattering
Scatterings of incident waves by charged particles can be roughly classified into four types
depending on whether it is elastic collision and whether it happens by a free charged
particle. Firstly, Rayleigh scattering and Raman scattering are the scattering of photons
by an atom or molecule. Rayleigh and Raman scattering can be divided again by if the
scattering is elastic or inelastic, respectively. Similarly, Thomson scattering and Compton
scattering are the scattering of incident photons by a free charged particles. Thomson
scattering is the elastic scattering and Compton scattering is the inelastic scattering. Note
that, strictly speaking, Thomson scattering is the low energy limit of Compton scattering.
By comparing the wavelength of the incident wave with the Debye length of the
plasma, Thomson scattering could be divided into two types: Collective Thomson
scattering and incoherent Thomson scattering. In plasma diagnostics, the former is used
to measure the ion properties and the latter is applied to measure the electron temperature
and density. Generally, wavelength of the infrared laser is much shorter than the Debye

length of the fusion plasmas.

1.2.1. Electric and magnetic fields of a moving electron

Electric field and magnetic field from a moving charged particle can be directly calculated
by using Jefimenko’s equation. However, since it is known as complicated, so the Lienard-
Wichert potentials are generally used to get the field of the point charge [5]. Considering
the configuration of Figure 1.2, the fields measured at the position 7 at time t is

information of the charge at w(t,), where t, is the retarded time which can be found



from following equations.
R=F—W(t,). (1.1)
|R|=F —wi(t,)] = c(t-t,) = cAt, (1.2)

where ¢ is the speed of light.

(retarded position)

g (present position)

observer

trajectory

Figure 1.2 Trajectory of a moving charged particle

Since the electric potential V(7,t) is determined at w(t),t,, and a volume dt’, it is

expressed as follows

LI p(gtr) o' L3

Because of the geometrical effect, an approaching object appears longer and an object

going away from the observer seems shorter. From Figure 1.3, the factor that should be



considered is (1 — R -#/c)~%, where R is the unit vector of direction of R and ¥ is

the velocity of the charged particle at t,.

\ R to observer

Figure 1.3 Observer sees the light from the front side with the light from the back started
earlier due to the optical path length difference.

The time required to compensate the path length difference is

L'-L L'cosd

At = (1.4)
Vv c
Then,
L'= ; (1.5)
1-(v/c)cosé@
This affects to the direction of motion, the volume is changed into
, dr dr (1.6)

T = = = .
1-(v/c)cosé® 1-R-V/c

Therefore,



1 qac

V f,t = —_— = . 17
.9 4rey, Rc—R-V .7

Similarly, the vector potential of the moving charged particle is
A=t _9Y Yy, (1.8)

47 Rc—-R-V ¢°
Eg. (1.7) and Eq. (1.8) are Lienard-Wiechert potentials.
From the potentials, the electric field and magnetic field of the moving point
charge can be calculated. Recall R =7 —w(t,), R = |R| = |F — W(t,)| = c(t — t,),
¥ = w(t,), and ¢, is the function of ¢ and 7. Firstly, calculation of the electric field is
as follows,

qc -1
V= =—
4re, (RC—R-V)

V(Rc—R-V). (1.9)

V(Re—R-V) =CcVR—[ (R-V)V + (V- V)R+Rx(VxV)+Vx(VxR) |. (1.10)
Putting following relations into each term of Eq. (1.10),

CVR =cV(c(t—t ))=—-c*Vt_,
(R-V)V=4d(R-Vt,),
(V-VR=@U-V)F =(V-V)W=V—-V(V-Vt ),
Rx(VxV)=—[a(R-Vt,)-Vt,(R-a) |,
Vx(VxR)=Vx(VxVt,)=[V(V-Vt,) -Vt (v*) ].

Eqg. (1.10) is simplified as follows



V(Rc—Fi-V)z—[W(cZ—v2+F'é-a')Vtr]. (1.11)

Now, V¢, is obtained from following equations. Since R = c(t —t, ),

—¢Vt, =VR=VR-R = V(R-R)= [(R V)R+Rx(VxR)]

\/_

V(R-R)

2\/_
:i[(f{V)§+ Rx(Vx ﬁ)} .
R
Each term can be represented as
(R-V)R=(R-V)F -(R-V)W=R-V(R-Vt,),
Rx(VxR)=Rx(VxVt)=V(R-Vt)-Vt (R-V).
Therefore,
—cVt, =1[F§—(ﬁ-\7)wr],
R
(Rc—R-V)Vt, =—R.

Following relation is obtained.

Vi =— (1.12)

Therefore, gradient of the electric potential is

_qc 1
4rg, (Rc—R-V)

2{\7+(cz—v2+R~a)(—



_qc 1
4ng, (Rc—R-V)?

[(Re—R-V)V-(c* -V’ +R-@)R . (1.13)

Secondly, the time derivative of the vector potential is obtained as follows

%_%(ivj:i%v+v&j_i[ﬂﬁv+vﬂj

ot atlc? c? ot ) ctlet ot ot

g 1 ¢ g 1 8 0 R
c ot 4rey R-U 4ms, (R-U)° ot i

a ot v(aRaﬁqaavj
- — V-R-Z=1].

ot ot ot

oA qc 1
ot 4zg, (Rc—R-V)°

[(Rc— Iﬁ-\7)(—\7+$)+(cz —VvZ+ F‘é-é)%R} . (L1.14)

Lastly, Eq. (1.13) and Eq. (1.14) are summarized into the electric field as follows

E—_w-2A___4d L (Rc—ﬁ-vx-w@)ﬂcz—v2+§-z§)(—§+1RJ
ot 4rg, (Rc—R-V) c c

__9 R
4ng, (Rc—R-V)®

[(©—v*)u+Rx(axd)|. (1.15)

By using the similar vector calculations, the magnetic field of the moving charged particle

is obtained. And it can be expressed by electric field as following below,



B:VxA:%[V(VxV)—VxVV]:E 9 Rﬂ — Iix[(cz—vz)l]—k ﬁx(ﬁxﬁ)]
c ¢ 4ng, (Rc—R-V)

RxE(F,t). (1.16)

Here, second termsof E and B that proportional to R~ remain in the far field, so they
are called the radiation field or the acceleration field. The detailed derivation can be found

in [5].

1.2.2. Radiation power and cross section
The radiation power of the moving point charge is calculated by the Poynting vector.
§-1 (ExB) :i(ﬁx(ﬁx E)):i[Ezﬁ—(é-E)E]. (1.17)
Hy HoC HoC
However, at the far field, the only radiation field terms of E and B represent the

radiation, and the other terms go to zero as integrating them at the infinitely large sphere.

Then the radiation field is considered as follows,

E a R [Rx@xa)], (1.18)

" 4re, (R-U)°
where % =cR—%, and d is the acceleration of the particle. Since E is always

perpendicular to R,

=— E2R. (1.19)

IR
(o)
=)

For v<c, u=cR—-7v

10



2
~ 1 q A oA L A
S =— R-a)R-a|| R
rad 1C [472’80C2R [( ) ]]

1o 5 2B
“foror T RJR
242

Hq-a 2 3
=——-—11-cos°@ |R
1677%cR? I: }

_ 40°a’ sin’ o
167°c R?

R. (1.20)

where 6 is the angle between the direction of the electric field and the direction of the
outgoing radiation. It hold to good approximation as long as v « ¢ [5]. The radiation

power per unit solid angle is obtained from the Poynting vector as following below,

242 ain?2
dP,, =S, -dA= @S'nze R |-RR*dQ, (1.21)
167°c R
dP ‘a® .
o _ Fod —sin’ 6. (1.22)
dQ 16x°c
The cross section can be expressed as below
Re-radiation power [J/s
o [m?] = (ReTadiation power | 3]) . (1.23)
(Flux of incident wave [J/m” - m/s])
Therefore,
do _dR,/dQ (1.24)
dQ u-c

where u is the energy density of the incident wave. If the external electric field is

expressed as E = E, sin(E-?—wt)é, the acceleration of the charged particle is
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obtained from the equation of the motion.

2
mgzqﬁ. (1.25)
2
azgt—gzq—:]osin(ﬁ-r—m)é. (1.26)

Then, the time average of a? is

o9°E;

m?

2
<a’>= (q—on <sin?(k - F —wt) >= (1.27)
m

Hence, the time averaged radiation power per unit solid angle is represented as follows

2 22 2 2 2
AP | _ qz . g E2 sin?g=| —4 . £Eq c|sin®6. (1.28)
dQ / 167°C’s, | 2m 4ms,mc 2

The energy density of the incident wave is obtained as following,

u =l80E2 +i B? =150E2 +
2 214, 2 244,C

E? =50E2,

2

And, the mean energy flux of the incident wave can be written as

2
(u)=g,(E?)= ‘9050 . (1.29)

Now, from Eq. (1.23), if the charge particle is the electron, ¢ = e and m = m,, the

differential cross section becomes

2
do 2 . .
— = q_2 sin®@=r’sin’ @, (1.30)
dQ | 4zg,mc
2 - - - -
where, r, =—2— s the classical electron radius. If observers measure moving
4megmec?
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electrons in the direction of the electric field (¢ = 0), no scattered light will be collected.
However, in case of the right angle about the electric field (¢ = m/2) the maximum
intensity of the scattered light will be measured. The total cross section is obtained by
integration of the differential cross section over a unit sphere. Integration with respect to
the total solid angle gives the total cross section,

do
O = R
4 dQ

do = rjjoz”jo”sinz @sin 6dOd ¢ = gnrj =6.65x10m?. (1.31)
1.2.3. Incoherent Thomson scattering

When Debye length is much longer than the wavelength of the incident wave as depicted
in Figure 1.4, the scattered photons from a Debye sphere are randomly distributed. It is
called incoherent scattering or non-collective scattering. The condition is represented by

Eq. (1.32) [6,7, 8].

<<1. (1.32)

De
The «a is called Salpeter parameter, k is a wavenumber of the incident wave, and Ap,

is a Debye length of electrons expressed as

Ao, = &l (1.33)
en

e
where €,, T., e, and n, are the permittivity of free space, the electron temperature in

the unit of eV, the elementary charge, and the electron density, respectively.
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Figure 1.4 Schematic of the condition for incoherent Thomson scattering.

1.2.4. Relativistic Thomson scattering spectrum

The mechanism of the Thomson scattering is that the free electrons are accelerated by the
electric field of the incident wave, and the wave of the same frequency is emitted from
the oscillation of the electron. The origin of the spectral broadening of the Thomson
scattering in this mechanism is the Doppler broadening from the electrons. Since the
energy is conserved during the scattering, the frequency and the wavenumber of the

incident and scattered waves are same as depicted in Figure 1.5. The spectral broadening

measured by an observer reflects that the electron velocity parallel to the k direction.
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Figure 1.5 Schematic vector plot of Thomson scattering. Doppler broadening of the electron
reflects the moving direction parallel to the k vector.

In plasma measurement, there are fast electron closed to the speed of light in
electron velocity distribution, therefore, the relativistic effect should be considered to find
the accurate Thomson scattering spectrum. The relativistic effect is came from the
relativistic aberration; the rays of the scattered light that reach the observer are tilted
towards the direction of the electron motion [9]. Consequently, it distorts the spectrum of
the Thomson scattering, blue shift for instance. The relativistic effect is usually considered
at the electron temperature higher than 500 eV, it can also be used for analysis of the low

temperature plasmas to increase the accuracy of analysis of low temperature plasmas. The
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second order approximate relativistic spectra are computed by Matoba [10] is adopted.

S (g)—(ﬁjm O
NI ‘f2(1—cos(9) P 2(1—cosd) |

3
Ae) :1_Zg P
2  2(1—cos8)

1 §—5cose +1 29 + S g2
8a\ 4 8 1-cosé@

1

azge
_—(28_ jw b
16(1—cos ) 1-cosé 8(1—cosb)

P (£) = Sy () Ae)

m,cC
o =
2T,
A
E=—.
Ao

(1.34)

(1.35)

(1.36)

(1.37)

(1.38)

Eqg. (1.34) is the nonrelativistic spectral density function, and Eqg. (1.36) is the second

order approximate relativistic spectral density function. Here, m, is the static electron

mass and c is the speed of light. € indicates the normalized wavelength divided by the

wavelength of the incident wave. 6 is angle between directions of the incident wave and

the scattered wave, called scattering angle.
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Figure 1.6 Relativistic Thomson scattering spectra (top) as a function of the electron
temperature with the fixed scattering angle and (bottom) as a function of the scattering
angle with the fixed electron temperature.
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As seen in Figure 1.6, the spectrum has dependency on both the electron temperature and
the scattering angle. Firstly, it can be seen in the left figure that the broader spectrum is
appeared as the temperature increases. In addition, it should be noted that the central
wavelength shifted towards shorter wavelength (blue shift) in 100 eV and 500 eV.
Secondly, at the fixed electron temperature, the larger the scattering angle, the greater the
broadening. This feature can be used to increase the broadening on purpose when

measurement of the low temperature plasmas are desired.

1.2.5. Principle of Thomson scattering diagnostics

The principle of the Thomson scattering diagnostics is similar to the spectroscopy. The
electron temperature is determined by analyzing the Doppler broadening of the scattered
light. And, the electron density is determined from the height of the measured spectrum,
if the system is well calibrated. It requires a light source, a collection optics, and detectors.
First, since the total cross section of Thomson scattering is extremely small as already
explained in section 1.2.3, usually powerful lasers with the energy of > 1.5 J are utilized
as an incident light source. Secondly, the scattered photons are collected by a set of lens
or a mirror. Large size optics are preferred to collect the sufficient number of photons.
Then, the collected photons are transferred to the detector that analyzes the spectrum.
Finally, the electron temperature and density could be deduced by using a ratio evaluation

method or Bayesian analysis [11].
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1.2.6. Review of Thomson scattering diagnostic systems

Since the Thomson scattering diagnostic system is firstly demonstrated in high
temperature measurement on the Russian tokamak T3 in 1969 [12], the various types of
the systems have been developed and utilized as one of the most fundamental and critical
diagnostics in a fusion experiments [13, 14, 15, 16, 17, 18, 19, 20, 21, 22].

The system has lots of merit in measuring the plasmas. Because Thomson
scattering is the elastic scattering, the input beam does not transfer the energy to the
plasmas. It is a stand-alone system because the concept of the Thomson scattering system
does not require physical assumptions. In addition, the absolute values of the electron
temperature and density are directly obtained from the well-calibrated system. Besides,
since the pulse durations of the lasers are generally 8-20 ns, it provide information of very
short moment. And, the spatial location and resolution is accurate as well.

On the other hand, successful detection of the Thomson scattering is difficult due
to its small cross section. Therefore, it is resource consuming diagnostic system. Not only
the powerful lasers or the large collecting optics for increasing light intensity, but also the
superior quality of detecting and spectral analysis system demand high cost. Furthermore,
stray light and the emission from the plasma could affect the measurement.

The key parameters for increasing the Thomson scattering signals could be
summarized in three factors: the energy of the incident laser, the geometrical factor
including a collecting solid angle and a scattering length, and the electron density. The
performance of several Thomson scattering systems [13, 14, 15, 16, 17, 18, 19, 20, 21]

are compared in Figure 1.7.
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Figure 1.7 Performance of the Thomson scattering systems on various devices.

The abscissa of the figure means the geometrical factor, the product of the collecting solid
angle and the scattering length. The machine performance is directly proportional to the
product of the laser energy and the collecting performance, in other word, the area.
Interestingly, almost Thomson scattering systems are distributed on the curve that having
similar values of the product of the laser energy and the collecting performance. From the
position of the data point, the concept of each Thomson scattering system could be
guessed. For example, contrary to the KSTAR, JT-60SA, ITER, and MAST whose target
electron density is about 1x10* m=3, TST-2 and QUEST have the large collecting
performance, since they designed the system that could measure the low electron density
of about 10*” m for non-inductively sustained plasmas.

In case of VEST, the collecting performance is similar to large tokamaks, but the
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laser energy is lower than other devices. Furthermore, since both the ohmic electric field
and the toroidal magnetic field are lower than the large devices, such as KSTAR and
MAST, the expected plasma current is low. Therefore, the Thomson scattering signal
measurement on VEST seemed pessimistic considering that the target density and the

system performance.

1.3. Motivation

The successful measurement depends on not the signal level, but signal-to-noise ratio
(SNR). Even if a large signal is expected, it is difficult to be distinguished where the noise
level is comparable to the signal. On the contrary, the SNR can be increased if the noise
level is much smaller than the expected signal.

E AQALN,
oLC—.
O

SNR (1.39)

noise

Except the electron density that depends on the plasma performance, SNR can be
relatively simply increased by utilizing a high power laser and large collecting optics.
However, it requires too high cost, so development of other necessary parts could be
delayed in this research. Thus, increase of SNR is attempted by lowering the noise to the
theoretically expected level, while maximizing the components on the numerator within

a given budget.
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1.4. Objectives

The main purpose of this dissertation is investigation of the design, development and
optimization of the TS system that can provide the reliable electron temperature and
density. Based on understanding of the principle and the physics regarding the TS system,
the details of development, optimization, and calibration are presented. And, practical
techniques to treat the noisy environment and signal analysis are described. It could help
someone desire to develop the efficient and cost-effective Thomson scattering diagnostic

system.
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Chapter 2. Configuration of Thomson scattering system
on VEST

2.1. Requirements for measurement

The minimum criteria for successful measurement could be considered to SNR > 1. The
prediction of the SNR could be performed using the values in the specification sheet [23]
and the theoretical expression of the noises. The expected signal is express as Eq. (2.1)
[24].

Vi =G(Q.E.xeM)RyN,, =GknyN, , 2.1)

where G, Q.E., e, and M are the amplifier gain, the quantum efficiency of an
avalanche photodiode, electron charge, and the multiplication of the avalanche photodiode,
respectively. n is determined by the low pass characteristics of an amplifier. In this
computation, n = 1(mV)/3.284 x 107%(nVs) is used as a conversion constant
between the peak voltage in mV and the time-integrated signal in nVs of a pulse signal.
Ny is the number of collected Thomson scattered photons.

For random noise sources, three dominant noises are selected: thermal noise,
dark current noise, and shot noise. The thermal noise, also called Johnson-Nyquist noise,
is generated by the thermal motion of the charge carriers in the resistors even if any
voltage is not applied. The standard deviation of the noise is proportional to the square

root of the room temperature and the bandwidth of the digitizer as expressed in Eq. (2.2).

V,

thermal

=G.J4k, TRAF , (2.2)

where kg, T, and Af are Boltzmann constant, the room temperature in K, and the
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bandwidth. The dark current noise originates from small current inside the photodiode
even if no photons are detected by the detector, because of the random generation of
electron-hole pairs in the depletion region. It changes depending on the room temperature,

and measured with the voltage as Eq. (2.3).
Vi =Gl R. (2.3)

For conservative estimation of the SNR, the typical value of the dark current, i;q., Of
the APD was assumed the standard deviation. Shot noise, also called Poisson noise or
statistical noise, occurs in photon counting since light has also the particle nature. [ref]
According to the Poisson distribution, when the expected number of event is N, the
standard deviation of shot noise is equal to the square root of N. Unlike that DC
component, when the high frequency noise from the background light such as the stray
light and plasma emission may not be attenuated by the filters. Therefore, similar to Eq.

(2.1), the standard deviation of the shot noise is express as Eq. (2.4)

Vshot = Gkn\/NTS + Nstray +N (24)

plasma *
where Ngtrq, and Npigemq are the number of photons and the plasma detected by the

same system as the Npg. Finally, the total noise level is obtained by the sum of the

standard deviations as Eq. (2.5)

2 2 2
Vnoise = \/Vthermal +Vdark +Vshot ' (25)

By using the Eq. (2.1) and Eq. (2.5), the minimum number of Thomson scattered photons

that required to satisfy SNR > B can be computed as following equations.
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noise

SNR = (VAJ >B. (2.6)

2.2
KNz _kepN [ 4K TRAF +i2, R? +K272 (N + N ) | >0 27)

BZ
It can be noticed that the condition is expressed by the quadratic function in terms of Nys.

The computed results are depicted in Figure 2.1.
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Figure 2.1 (Left) The computed results of Eq. (2.7) by changing B and (right) the number

of Thomson scattered photons to satisfy SNR > B.
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In the left figure, the black curves are the case of without the stray light and the plasma
emission and the red curves are the case of Nsqy = N pigsma = 10*. The root of the
equation increases as the more Ng;yq, and Npiqaemq in fixed B, since the noise level is
increased. The ordinate of the right figure indicates the root of the equation, and the
abscissa does the target SNR. As Ny g increases, Vy,,o: increases as well, therefore, it is
indicating that the rate of increase of Ny is larger than the rate of the SNR.

To measure the Thomson scattering signals in VEST with the stray light and the
plasma emission, at least 450 photons should be transferred to each APD to satisfy SNR

> 1, and about 1000 photons are required to obtain SNR > 2.

2.2. Overview of the system
The Thomson scattering system on VEST consists of a laser injection system, a collection
optics, a polychromator, and a data acquisition system. The schematic of the system is

illustrated in Figure 2.2.
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Figure 2.2 The schematic of the Thomson scattering diagnostic system on VEST.
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When the laser beam is injected into the plasma, the scattered photons from plasmas are
collected and transferred to the polychromator by the collecting optics system. Each
channel of the polychromator selectively detects the scattered photons in the desired
spectral bandwidth. Then, the signals are digitized by an oscilloscope to analyze the
Doppler broadening which is related to the electron temperature. The main parameters of

the system is summarized in Table 2.1.

Table 2.1 Main parameters of the Thomson scattering diagnostic system on VEST

Parameters Value
Laser energy (J) 0.85
Laser wavelength (nm) 1064
Laser repetition rate (Hz) 10
Collecting f-number 4.7-3.6
Scattering length (mm) 12-4
Viewing range (m) 0.23<R<05
Viewing range (normalized) -0.61<p<0.2
Number of polychromator 1(+1)
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2.2.1. Laser injection system

The purpose of the laser injection system is maximize the laser energy reaching to the
plasma for increasing the scattered photons as many as possible. Therefore, it is designed
to use as few optical elements as possible to minimize the loss along the beam path to the
vacuum window. As a probing beam, the system utilizes a pulsed Nd:YAG laser with the
energy of 0.85 J which is relatively weak for TS measurements. The pulse duration and
repetition rate of the laser is 7.8 ns and 10 Hz, respectively, and the fundamental
wavelength of 1064 nm is used to avoid the power loss during the frequency conversion.

The details of the laser is presented in Table 2.2.

Table 2.2 Specification of the Nd:YAG laser

Parameters Value
Output energy (J) <0.85
Laser wavelength (nm) 1064
Laser repetition rate (Hz) 10
Energy stability (%) +2
Pulse width (ns) 11
Divergence (mrad) <05
Beam diameter 10
Measured M-squared 10
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Along the beam path of 4.4 m from the laser head, the laser enters through the
vacuum chamber by passing a Faraday isolator, a half-wave plate, six mirrors, and a plano-
convex lens with the focal length of 2 m as illustrated in Figure 2.3 and Figure 2.4. Instead
of using the Brewster windows, the anti-reflection (AR) coated windows have been

adopted (Figure 2.5).
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Figure 2.3 The schematic of the laser injection optics. The beam path of (black) the

Nd:YAG laser and (red) the HeNe laser.
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Figure 2.4 The installed laser injection optics. The beam path of (cyan) the Nd: YAG laser
and (red) the HeNe laser.
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o Guiding tube (1 m)

AR coated
vacuum window

Figure 2.5 Anti-reflection coated window is installed on the laser guiding tube as vacuum
entrance / exit windows.

The transmission of the AR coated windows is > 99.4% at the laser wavelength.
It also used to minimize the alignment error that may be caused by the different refractive
index between the Rayleigh scattering and the Thomson scattering as shown in Figure 2.6.
Due to the total loss along the beam path, the maximum beam energy measured inside the
vacuum vessel is 0.65 J. As shown in Figure 2.2, the entrance window and the exit window
are symmetrically installed at the end of 1-m-length guiding tubes. The distance between
two windows is ~3.9 m, and the focal point of the beam is 1.9 m far from the entrance
window. Focusing of the laser using the convex lens not only collimates the beam along
the beam path, but also helps to collect the scattered photons with a single core fiber by
decreasing the beam diameter. After the beam exits the vacuum vessel, it is tilted at about
90 degree by a mirror and trapped by a beam dump, which is shown in Figure 2.7. To
minimize the misalignment of the beam caused by the machine vibration, both the laser
optic table and the dump are unconnectedly installed from the vacuum vessel except for

the vacuum windows.
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Figure 2.6 The difference of the beam path during Thomson scattering and Rayleigh
scattering. Alignment error caused by the different refractive index of between nitrogen
and vacuum can be ignored in case of angle of incidence = 0.
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Figure 2.7 The beam dump of the lasers; Both Nd:YAG and HeNe lasers are trapped by the
beam dump after they passed through the vacuum window and tilted by a mirror.

The focal point and the distance between the exit window and the beam dump
have been set so that the two vacuum windows and the beam dump are safe. The M-
squared factor of the Gaussian beam has been obtained from the measurement of the beam
radius along the distance and fitting as illustrated in Figure 2.8. The beam diameter along
the beam path is calculated by using the measured beam diameter and the M-squared of
the Gaussian beam as shown in Figure 2.9. The beam diameter is fitted by using Eq. (2.8).
The beam propagation is calculated by referring the Self’s paper [25] with consideration

of the measured M-squared factor.
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Figure 2.8 Measured result of M-squared of the Gaussian beam
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Figure 2.9 The beam diameter of the Nd:YAG laser along the beam path.
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2.2.2. Collecting optics

The collecting optics system is designed focusing on two points of views: to increase the
spectral broadening and to maximize the collection solid angle. Firstly, as mentioned in
section 1.2.4, since the TS spectrum is the function of not only the electron temperature,
but also the scattering angle, the observing direction affects the measured spectrum. In
case of VEST plasmas, the expected spectral broadening of the target temperature range
is too small to analyze the spectrum using a set of interference filters. Therefore, the
proper lens position is determined so that the scattering angle is about 130 degree to get a
much broader spectrum, as illustrated in Figure 2.10. The different measurement position
has the different scattering angle. Therefore, every scattering angle should be larger than
90 degree at the desired measurement range. In order to use the 3D CAD program, the
scattering angles are measured in several scattering position. It is checked that the
difference between the measured and the designed angle is lower than 0.2 degree (Figure
2.11). Based on actual measurement results, the scattering angle of every measurement

point is estimated by using the designed values, and the results is shown in Figure 2.12.
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Figure 2.10 The scattering geometry of the system. The location of the collecting lens is
determined by considering the large scattering angle.
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Incident beam

Figure 2.11 Measurement of the scattering angle at the scattering position of R = 0.4 m. The
error between the measurement and the design has been lower than 0.2 degree.
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Figure 2.12 Scattering angle as a function of major radius. The data are gathered using
Autodesk Inventor, the 3D CAD program.

Secondly, the lens specifications are determined to have a maximum solid angle
at its position. The collecting lens consists of two customized aspheric lenses as illustrated
in Figure 2.13 for minimizing spherical aberration as well as astigmatism. The effective
focal length and the diameter are f = 123.6 mm and d = 109 mm, respectively. Near the
optical axis of the lens, the magnification and the collecting f-number are 3.3x, and /4,
respectively. Each lens is AR coated by the wavelength of 1064 nm for reduction of the
photon loss. In the VEST chamber, the plasma boundary is typically located between

0.1< R(m) =0.76 due to the limiters on the center stack and the low field side wall.
The coverage region of the collecting optics system is 0.23< R(m) =0.5 (-0.61< p

=0.21) as depicted by green area in Figure 2.2. Figure 2.14 is the ray diagram for the
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collecting lens is simulated by using LightTools for R = 0.3, 0.4, and 0.5 m. The lower
limit is determined by the radius of the smallest circle that the laser meets tangentially.
On the other hand, outside the R = 0.5 m, the solid angle greatly decreases due to the

limitation of the angle of view.

SCHOTT_NBK7
__ARcoated  gcHOTT NBK7
Fusedsilica @ [T\ AR coated
AR coated '
_ spherical aspheric
aspheric

spherical

Figure 2.13 The drawing of assembly of the vacuum window and collecting lens housing.
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Figure 2.14 The ray diagram of the collecting lens simulated by LightTools about the three
measurement positions: R = 0.3, 0.4, and 0.5 m.
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The lenses are also AR coated like as the vacuum windows. The upper graph of
Figure 2.15 is the transmittance of a single window. Red dots are the data points measured
by the coating company, Green optics. The lower figure is the transmittance of the lens.
In case of the lens, the collected light would not be monochromatic. Therefore, the
transmittance between the wavelengths from 900 nm to 1064 nm is compensated during

the analysis of the Thomson scattering signals.
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Figure 2.15 The measured transmittance of (top) the AR coated vacuum windows of both
laser injection system and collecting optics and (bottom) the AR coated lens.
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The collected light by the lens is transferred to the polychromator by a 1.5-m
length single core optical fiber with a core diameter of 1500 um and a numerical aperture
(N.A.) of 0.39 (FT1500UMT, Thorlabs). The scattering length is mainly determined by
the size of the optical fiber, and with the magnification of the lens and the scattering angle
[26]. Figure 2.16 and Figure 2.17 show the scattering length and the collecting solid angle
within the viewing range. In addition, the product of the scattering length and the solid
angle is illustrated in Figure 2.18. The optical power collected by the lens is conserved
during the transmission as the minimum etendue [27] is determined by the collecting lens;
the etendue of the collecting optics is summarized in Table 2.3. The fibers are connected
to a fiber holder in the shape of an image-plane, and the holder is installed on the solid
optical stage as shown in Figure 2.19. Besides, inside the vessel, a replaceable AR coated
vacuum window (d = 127 mm) is installed in front of the lens to prevent the degradation
of the lens transmission, and a mechanical shutter protects it during the wall conditioning

with the glow discharge plasma.

46



12 |

10

AL (mm)

0 L L L
0.2 0.3 0.4 0.5 0.6 0.7 0.8

R (m)

Figure 2.16 Scattering length as a function of major radius.

70

o L I i i
0.2 0.3 0.4 0.5 0.6 0.7 0.8

R (m)

Figure 2.17 Solid angle as a function of major radius.

47



350

300

AL AQ (mm msr)
- - N )
(3] o (3] (=] o
o o o o o

oo
)

L 1 1

!

R (m)

0.3 0.4 0.5 0.6

0.7

0.8

Figure 2.18 Product of the scattering length and the solid angle

Table 2.3 The etendue of the collecting optics.

AAsource AAtarget d |Stan Ce Eten d Ue

Source Target (mm?) (mm?) (mm) N.A. (mm?sr)
Plasma CO'I':;;'”Q 9  14x10* 58 012 042
Colecting  optical fiber  1.4x10¢ 18 16 039 084
Optical fiber Co'lgr?;a{'”g 18  85x10? 27 039 084
Colgr'ga;'”g APD 85x10° 7.0686 24 056 69
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Figure 2.19 The collecting optics (left) outside the vacuum vessel and (right) inside the
vessel.
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2.2.3. Polychromator

Polychromator is usually employed type of the spectrum analyzer in Thomson scattering
diagnostics in fusion devices. The most generally used spectrometer with the charge-
coupled devices (CCD) could not be adopted, because the expected humber of photons is
not sufficient to be detected by the CCD. On the other hand, the filter polychromator can
increase the amount of light entering one sensor although it cannot directly measure the
spectrum due to the small number of spectral channels. The polychromator for VEST is
developed based on the polychromator of KSTAR [28]. The mimic of the relay and
collimating optics of KSTAR polychromator have been installed. However, a set of
interference filters is different because the target electron temperature of VEST is much
lower than the temperature of KSTAR. The specification of the filters are summarized in
Table 2.4. The objectives of filter 1 and filter 2-4 are absolute calibration for electron
density measurement and spectral calibration for electron temperature measurement that

are described in Chapter 3.

Table 2.4 The specification of the filters equipped in the polychromator

Filter number Type Center wavelength / FWHM
1 Band pass filter 1064 / 4
2 Band pass filter 1060/ 10
3 Band pass filter 1050/ 10
4 Band pass filter 1025/50
Short pass filter 1040 (cutoff)
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There was a trade-off in use of the research fund between the development of collecting
lens and purchasing a set of customized interference filters. For instance, if the well-
designed filter sets [29] were prepared, the expected transmittance and reflectance are
satisfactory. However, due to the extremely high cost of small number of the customized
filter, the sufficiently large collecting solid angle could not be obtained. On the other hand,
the collecting lens with the large solid angle has been developed to increase the feasibility
of the signal measurement, taking the decrease of the filter specification, which is related
to both the spectral resolution and the photon loss. It can be noticed that the full width at
half maximum (FWHM) of the filters are quite large, thus, the overlap between the filters
causes difficulties in measurement. The problems caused by the filter specifications will

be discussed in more detail in Chapter 3.

2.2.4. Data acquisition

The typical pulse width of the discharges of VEST is 10-20 ms and the repetition rate of
the laser is fixed as 10 Hz. It means that only one pulse can match the time of the plasma
with accurate synchronization. The synchronous system is developed as illustrated in
Figure 2.20 and Figure 2.21. The time sequence of the system is presented in Figure 2.22.
At the warm up phase, an external 10 Hz oscillator is entered as a trigger signal for the
flash lamp. The Q-switching trigger occurs automatically inside the laser power supply.
When the plasma discharge signal is activated in the VEST control system, a master signal
is transferred to a pulse generator 17 sec before the discharge. Then the trigger for the
flash lamp is switched from the external oscillator to the pulse generator that generates 10

Hz signal exactly synchronized with the VEST control system. Finally, after 17 sec of the
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master signal, additional trigger signal is transferred to an oscilloscope (Tektronix
DPO7104C) to activate the data recording. While the maximum sampling rate is 10 GS/s,
the sampling rate of 1 GS/s has been used to avoid unwanted distortion of the waveform

due to its bandwidth of 1 GHz.
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Figure 2.20 The circuit diagram of the synchronous system.
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Figure 2.21 Data acquisition system consists of an oscillator, a pulse generator, relay, and an
oscilloscope.
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Figure 2.22 The time sequence of the Thomson scattering system on VEST.
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2.3. Evaluation of the system

To check the number of collected photons is enough to satisfy the requirements computed
in section 2.1, the numbers of photons are theoretically estimated as shown in Table 2.5
[30]. Referring the estimation, about one thousand photons would be detected by each

APD, in case of the electron density is 5% 10 m?3. Therefore, the plasmas with the

electron density of 2.5 < 10' m may be detected with signal-to-noise of 1.

Table 2.5 The number of photons estimated at the electron density of 510 m3 with

assumptions that the photons are uniformly distributed to the APDs.

Number of

photons Equation Values
E
Laser —+ 4.55% 108
hv
Thomson n, Ea (dU—TS]dQ 7.57 X 10°
scattering hy 4az{ dQ
E d
Collected n—tAL[ [=23 o 20577
hv del dQ
Polychromator N ooiected J Sts (T, AT (A)d A 19750
1 1
APD N Polychromator xT x Rf XoX—— 1129
2 #,
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Chapter 3. Improvement of signal-to-noise ratio

The interference filters have deficiencies in the transmittance, the reflectance, and the
bandwidth. In this chapter, the efforts to overcome the problem related with the poor pass
band and to improve a photon-to-electron conversion efficiency are described. In addition,

the reduction of the stray light and the noise for improving signal-to-noise are presented.

3.1. Optimization of polychromator

The specification of the filters, summarized in Table 2.4, is illustrated in the left of Figure
3.1. The optical density at the right side of the figure is obtained by a log of the inverse of
the transmittance. It shows two problems; one is the pass bands of the filters are seriously
overlapped, and another one is the optical density at the laser wavelength is too low to
block the stray light. To reduce the bandwidth of filter 4, a short pass filter (SPF) has been
installed whose cutoff wavelength is about 1040 nm. Consequently, the usable pass band
and the optical density at the laser wavelength has been obtained. In this thesis, filter 4

means the combination of filter 4 and the short pass filter.
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Figure 3.1 (Top) The transmittance of the interference filters. (Bottom) The optical density
of the filters.
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3.1.1. Placement order of filters

To find the best placement order of the filters, three candidates are chosen by experiments
that the measuring the responsivity for possible combinations. The first combination is 1-
2-3-4 depicted in red curve in Figure 3.2 (a). It minimizes the total loss of the photons
inside the polychromator, since the filter of higher reflectance is placed first and the lower
is the later. However, since filter 4 placed at the end measures the tail region of the TS
spectrum, the signal amplitude of filter 4 was often buried in the noise level in actual
measurements. Moreover, the high responsivity of the filter 1 is not useful for the spectral
analysis, because it is for the absolute calibration. On the contrary, the reversed
arrangement 4-3-2-1 is tested to give a priority to measure the tail region. However, filter
3 becomes obsolete due to the pass band is overlapped by filter 4. In this case, since the
photons near 1050 nm transmit filter 4 in advance, the amount of photons reaching to filter
3 is decreased. As a result, the relative error of both low and high temperature regions
increased, and measurable range gets narrower as depicted in Figure 3.2 (b). As a
compromise, the measurement with the filter set 3-4-2-1 is conducted. Like the set 4-3-2-
1, filter 2 and filter 1 are placed on the rear to preserve the photons in the short wavelength
region. Moreover, filter 3 is arranged in front of filter 4 so that the bandwidth of both
filters can be used. The relative error calculation, as illustrated in the Figure 3.2 (b),
supports that this placement order is the best in the given resources. The relative errors
are calculated by Monte-Carlo simulation for the position of R = 0.35 m using the
parameters such as laser energy of 0.65 J, electron density of 5x10% m, solid angle of

50 msr, and scattering angle of 131.9 degree, by assuming the Gaussian noise composed
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of the Johnson noise, the shot noise, and the dark current [31]. In this thesis, | define the

interval where the error is lower than 10% as the measurable temperature range.
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Figure 3.2 (a) The responsivity of the polychromator and (b) the relative errors about the
electron temperature.
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3.1.2. Photon-to-electron conversion efficiency

The polychromator equips the infrared enhanced APD, S11519-30 from Hamamatsu
photonics [23], which is highly sensitive to the light with the wavelength > 1000 nm.
Since both the electron multiplication and the dark current in APD have dependence on
the reverse bias voltage [32], there should be an optimum voltage for each APD. Therefore,
the bias voltage is scanned from 0 to 300 V to find the optimal. The experimental results

of the APD at channel 3 are presented in Figure 3.3.
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Figure 3.3 The signals of the APD equipped with the filter 3. The larger data number is the
signal measured in higher voltage.

As a result, the optimum bias voltage that maximizes the signal-to-noise ratio of each

APD is found. The voltages are usually higher than the voltage that makes the
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multiplication of 100, therefore the actual multiplication would be higher than 100. In
addition to this, to suppress the perturbation of the sensitivity and the dark current caused
by the temperature changes, the room temperature is maintained at 27 <C by the air

conditioners during the campaigns.
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Figure 3.4 (Red) the signal level, (black) the noise level, and (blue) the signal-to-noise ratio
about the bias voltage

3.2. Stray light reduction

The stray light reduction is one of the important issues in the Thomson scattering system
on VEST, because the measured waveform of the stray light and the scattered light are
overlapped in the time domain due to the small size of the vacuum vessel. However, the

optical density of the filters is lower than 3 or 4 which are not high enough to block the
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stray light penetration. Even in case of filter 4 of which the bandwidth is the farthest from
the laser wavelength, its transmission at 1064 nm is10% without the short pass filter.
The stray light is typically generated during the penetration of the vacuum
windows or the incident rays outside the main beam path. Therefore, the optical alignment
of between the laser injection optics and the chamber is important to remove the dominant
source. For this reason, the large bellows with 10-inch CF flanges is inserted between the
laser guiding tube and the vacuum window at the beam exit. The design and the
installation are shown in Figure 3.5. The alignment of the beam with the dump is also

important to reduce the stray light.
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(b)
(d)

—_—
()
—

Figure 3.5 (a) The design of the bellows, (b) the bellows installed between the VEST (left
side of the figure) and the guiding tube (right), (c) check of the beam path with naked eye,
and (d) check of the beam path with accurately attached beam target.
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In addition to the bellows and the dump, the in-vacuum components have been
developed to reduce the reflections inside the stainless steel chamber [33]. Double-edged
baffles [34, 35], a louvre [36], and a viewing dump [37] are illustrated in Figure 3.6, Figure
3.7, and Figure 3.8, respectively. The baffles were made by aluminum with black
anodization and installed along the laser guiding tubes to trap the scattered light generated
at the vacuum window. The inner diameter and the angle of the blades were optimized
using LightTools program with the Gaussian beam that is modelled based on the
measurement. In addition, the louvre made with a stack of hundreds of blades (OLFA BS-
10B and SKB-7) was installed to prevent the reflection of the halo beam on the exit-side
chamber wall. Similarly, the viewing dump, a crescent-shape blade of 130 layer, was
installed behind the center stack limiter to reduce the direct reflection along the line of
sight. The thickness of the each blade is 1 mm, and it was designed to cover an azimuthal
angle of 52 degree of the center stack around the mid-plane. The 316 stainless steel was

chosen as a material to minimize the perturbations on the magnetic field.
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Figure 3.6 (a) The cross sectional view of the design of the double edged baffle, (b) the photo
of the double edged baffle, and (c) the view along the beam path.
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Figure 3.7 (Left) The design of the louvre and (right) the louvre.
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Figure 3.8 (Left) the viewing dump installed on the center stack and (right) the typical
image of the fast camera during discharges. The yellow arrow indicates the viewing dump.
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Although it is difficult to evaluate the performance separately, the amplitude of
the measured stray light is reduced about two orders of magnitudes compared to the initial
state of the stainless steel walls as depicted in Figure 3.9. As a result, the amplitude of the
stray light penetrating filter 2, 3, and 4 became comparable to the TS signals so that the
proper bit resolution could be used. Installation of the polarizing film was tried to filter
out the randomly polarized stray light in front of the optical fiber. However, the use of the
film was dismissed because the signal was lowered together due to the transmittance while

the electrical noise remained the same.
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Figure 3.9 History of the signal of the stray light measured by an APD equipped with filter
1. Time flow is black-green-blue-red in order.
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3.3. Noise reduction

The noise appeared in the Thomson scattering system on VEST could be categorized
according to the type: DC offset, random noise, and pulse noise, as summarized in Table
3.1. Firstly, DC offset appeared in measuring plasmas has been removed by installation
of the high pass filters behind the amplifier. Thus, it has been possible to use the maximum
bit-resolution of the oscilloscope that was limited by the offset. Secondly, the main source
of the pulse noise was Q-switching noise generated from the laser power supply. Due to
the limited size of the laboratory, the distance between the laser power supply and the
polychromator was shorter than 50 cm. Therefore, in order to reduce the intensity of the
Q-switching noise, the length of the signal and power cables were shortened. In addition,
the interference has been decreased after installation of the metal fabrics as a faraday

shield, which is evident in Figure 3.10.

Table 3.1 Classification of the noises appeared in the Thomson scattering system on VEST

Type Source Solutions

. Using batteries instead of power supply
Plasma emission . ) -
DC offset . High pass filter (circuit)
Electronics L
Fitting parameter

Thermal noise
Random noise Dark current
Shot noise

Temperature control
Multi-pulse averaging

Shorten signal and power cables
Using batteries
Faraday shielding

Electromagnetic

Pulse noise :
interference
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Figure 3.10 The typical Q-switching noise generated from the laser power supply (black)
with no treatment, (green) with shortening cables, and (red) with shortening cables and the
Faraday shielding.

Lastly, the random noises are decreased by averaging the multiple signals. It was checked
that the random noise measured by the APDs with the same experimental setup as the
Thomson scattering measurement is proportional to the square root of the number of

averaging pulses as seen in Figure 3.11.
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relation between the noise level and the number of average.
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Chapter 4. Calibration of developed system

4.1. Spectral calibration

The electron temperature is determined by the measurement of Doppler broadening
caused by the electron velocity distribution. Therefore, accurate spectral calibration is
necessary to analyze the correct electron temperature of the measured plasmas. The
spectral calibration is performed by using a stable tungsten lamp and a grating
monochromator that is controllable by a computer. The responsivity is typically scanned
from the wavelength of 800 nm to 1200 nm with 0.1 nm interval for the VEST
polychromator. In order to compensate the spectral difference of the tungsten lamp, once
again, the spectrum of the lamp is measured by a primarily calibrated spectrometer. Before
the measurements, the bias voltage of each APD is optimized to have the maximum
signal-to-noise ratio as mentioned in 3.1.2. The solid lines in Figure 4.2 represent the
responsivity of each APD and the dashed lines are the normalized TS spectrum at the

scattering angle of 130 degree for the electron temperature of 50 eV and 200 eV.
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Figure 4.1 (Top) Schematic and (bottom) the photo of experimental set-up for the spectral
calibration

75



—_

Filter1(Rayleigh calibration)
0.9~ Filter2(Te measurement) i
Filter3(Te measurement)

0.8 Filter4(Te measurement) i
~ 0.7 4
=
< 06" 50eVv [~ i
> 4 N
S 05) / N
g ’ \
04 ) .
3 )

o 0.3r- 7/ n
/
0.2+ SOUE\L _;/____ - - -
[ == ’
0.1F =7 pag .
- - P -
0 —————— [r———— = i I -
960 980 1000 1020 1040 1060 1080

wavelength (nm)

Figure 4.2 The results of the spectral calibration: the responsivity of the polychromator

4.2. Absolute calibration

Basic principle of the Thomson scattering diagnostic system is analyzing the ratio

between the spectral channels. Therefore, absolute calibration of the system is necessary

to obtain the absolute values of the electron density from the measured data. In other

words, if the electron temperature and the density are given, the signal level of the

Thomson scattering can be predicted after both the spectral and the absolute calibration.
Firstly, the theoretical system efficiency is estimated using the information of the

APD and the amplifier. Figure 4.3 is the circuit diagram of the amplifier. The theoretical

76



photon-to-voltage efficiency is calculated as following equations,

QE) eMR,G — =

photon
osc RS

S..=(N

out

=6.928x10°N_ . (nV -s), (4.2)

photon

V,, =6.928x10°N _(nV -s)x30.45(mV /nV -s) =0.0021IN 4.2)

photon photon *

From the result of (4.2), a quantum efficiency of 40% is used. And, the multiplication of
the APD is set as 100 because it is difficult to measure the actual multiplication after
optimization. According to a result of the estimation, 1 mV signal can be appeared with

more than 474 photons.
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Figure 4.3 The circuit diagram of an amplifier for the APD.
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Secondly, Rayleigh scattering is measured. Rayleigh scattering and rotational
Raman scattering are typically used for the alignment and the calibration of the Thomson
scattering systems by filling the vacuum chamber with the nitrogen gas. For example,
KSTAR used Rayleigh scattering [13] and NSTX used both scatterings [38] for the
absolute calibration. Generally, the Rayleigh scattering has the difficulty in measuring the
scattering signals, since the wavelength of Rayleigh scattering is the same as that of the
stray light, the laser wavelength. However, in the Thomson scattering system on VEST,
the Rayleigh scattering signals and the stray light have been clearly distinguished,
although they are overlapped. Since the stray light is quite reproducible, the subtracting
the stray light is used to find the scattering signals like as removing the background light.
Therefore, the Rayleigh scattering experiments are conducted to calibrate the total
efficiency of the system. Besides, the raw signals could be used to find the waveform of
the scattering signals. Left hand side of Figure 4.4shows the Rayleigh scattering signals
measured for the various nitrogen pressures. The right figure shows linear increase of the
peak voltage of the Rayleigh scattering signals about the pressure changes. In addition, it
has been observed that the measured efficiency is about 60% higher than the theoretical
efficiency calculated with M = 100. Note that the ratio of the peak voltage to the time-
integral of the signal, n in Eq. (2.1), is a constant, since the pulse shapes of the
normalized signals obtained from the different pressures are fitted with an identical

function.
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Figure 4.4 (Top) The Rayleigh scattering signals obtained by the stray light subtractions
and the fittings. (Bottom) The linear fitting of the peak voltage of the scattering signals
about the pressure in Torr.
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The result of the Rayleigh scattering measurement is a ratio of a signal to the nitrogen
pressure. In order to apply the result to Thomson scattering, the total cross section of the
Rayleigh scattering is required. However, it cannot be found that the Rayleigh scattering
cross section measured in the wavelength of 1064 nm. Therefore, the total cross section
of the Rayleigh scattering was used as the value obtained by extrapolating the data
measured at shorter wavelengths, as shown in Figure 4.5. [38, 39, 40, 41]. As an example,
Figure 4.6 is the estimation of the expected signals for the given electron densities. The

ratio of two scatterings used in computation is about 2030.

o  6.65x107%
o 3.28x107%

=~ 2030. (4.3)
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Figure 4.6 Expected signals for the electron density. Conversion from the pressure to the
electron density is based on the ratio of the total cross section of Thomson scattering and
Rayleigh scattering.

The Thomson scattering signals of i-th channel (i = 2-4) and the Rayleigh

scattering signal of 1% channel are calculated theoretically as Eq. (4.4) and Eq. (4.5),

respectively.

V™ (t) = P (t)n, Al j j ddG—QTST(ﬂ, 0,dQ)R.(1)S(A,T,,0)dAdQ.  (4.4)
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VS () = P @y Alx | %T(ﬂo,e, dO)R,(4,)dQ. (4.5)

PIS and PRS are the laser power of the incident laser of Thomson scattering and
Rayleigh scattering, respectively. AL is the scattering length, and T is the total optical
efficiency including the transmittance or the reflectance of the laser injection optics,
collecting optics, and the optical fiber. In particular, T of the vacuum windows and the
collecting lens are compensated using the measured results, shown in Figure 2.15, with
interpolation. T, is the electron temperature, A is the wavelength, and A4, is the

wavelength of the incident laser. n, and ny, are the density of the electron and nitrogen,

do do,
TS and RS

10 10 indicate the differential cross section of the Thomson

respectively.

scattering and Rayleigh scattering, respectively, where Q is the solid angle of the
collection lens. 6 is the scattering angle and S is the sepctral density function which is
the function of the electron temperature and the scattering angle. The integral over the
wavelength of S is unity. Finally, R; represents the responsivity of i-th channel
considering the spectral sensitivity and multiplicatio of the APD with the amplifier gain.
Here, the geometircal factors such as AL, 6, and 2 are common in the equations, the
absolute values of the Thomson scattering signals can be calculated by dividing Eq. (4.4)

by the time integral of Eq. (4.5).
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do
[vidt prg I(jngnIRi(ﬂ)S(i,Te,e)dﬂ

V'TS t1Te’ e) = e
)=l jPLRS(t)dtJdLdeQ R(4)
dQ

(4.6)

The first three terms of the right hand side of Eq. (4.6) are related with the absolute
calibration. And, the terms behind the electron density is related with the spectral
calibration. The integral over the solid angle is canceled out using the ratio of cross
sections. The last term can be numerically calculated using the results in section 4.1. In
conclusion, the expected signals for the APDs that measuring Thomson scattering at the

plasma with given electron temperature and density are illustrated in Figure 4.7.
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Figure 4.7 The estimation of the Thomson scattering signals in the unit of V for the filter
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Since the APDs are coupled with the certain band pass filters, each channel has the
sensitive range of the electron temperature corresponding to its own pass band at the fixed
electron density. For instance, as the pass band of filter 2 is near 1064 nm, it responses to
the low temperature range well. Unlike channel 2 and channel 3, channel 4 intensively
responds to the far wavelength from the laser wavelength. Obviously, in the fixed electron
temperature, the signals are proportional to the electron density and it is consistent to that
the deduction of the electron temperature only depends on the ratio between the signals

of the channels.
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Chapter 5. Results of measurement

In this chapter, how to obtain the Thomson scattering signal from the measured raw
signals would be explained. Then, the method to determine the most likely electron
temperature and density from the intensities of the signal would be described. Finally, the

measured results in KSTAR and VEST are presented in section 5.2 and section 5.3.

5.1. Extraction of Thomson scattering signals
Despite efforts to reduce the noise and the stray light, both the stray light and the Q-
switching noise were still measured with the signal. In case of the stray light, it could be
subtracted from the raw signals because the waveforms of the stray light remain almost
same at the conditions with or without plasmas. On the other hand, the intensity and the
phase of the Q-switching noise were not maintained. Therefore, it should be measured
before every Thomson scattering signal measurement to minimize the difference between
the signals and the background noise.

The signals measured in the APD with the filter 2, 3, and 4 are illustrated in
Figure 5.1 (a). Blue curves are the raw signals containing the Thomson scattered photons,
the random fluctuation of the plasma emission, the stray light, and the Q-switching noise.
Red curves are the background signals; the signals measured under the same conditions
in a vacuum environment instead of plasma. Subtracting the background signals from the
raw signals yields signals with only the Thomson scattering components remaining, as
shown by the black curve in Figure 5.1 (b). To find the accurate pulse waveform, the

signal with high signal-to-noise ratio, which is measured from the Rayleigh scattering
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experiment, is used. As the pulse waveform function, a convolution of a Gaussian function

and low pass filter characteristic of the amplifier circuit is employed as following [42],

Vo =[" EXp{W]exp[—t’t'jdt' . 5.)

L

The time constants of the Gaussian function and low pass filter characteristic of the

amplifier are 7, = 7.8 ns and 74, = 20.3 ns, respectively.

88



Signal (mV)
oo bhbown

o

Signal (mV)
AN

1
[=2]

o

A

Signal {mV)
R

[l
N

100 200 300 400 500 600 700
Time (ns)

2 T \ T T \

Signal (mV)

Signal (mV)

Signal (mV)

_6 1 L 1 Il Il
100 200 300 400 500 600 700

Time (ns)

Figure 5.1 (Tob) The raw signals of the APDs measuring Thomson scattering signals.
(Bottom) The background subtracted signals and fitting.
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In case of low signal-to-noise ratio, the multi-pulse averaging is used to measure the signal
by reducing the random noise level. As seen in the upper box of Figure 5.2, a meaningful
signal could not be obtained from the raw signals because of the similar intensity of the
scattering signal and the noise. Thus, the several plasma discharges of same scenario were
repeated to accumulate the signals. After the averaging the signals, three pulses in this
case, it was able to get the processed signal as shown in blue curves in the middle box of
the figure. It can be found that the phase and the intensity of the Q-switching noise were
slightly different between the averaged signal and the background signal. Similar to the
analysis above, black curves could be obtained by subtracting the background signal from
the averaged signals. Since not only the pulse waveform, but also the timing that the
scattering signal should appears have been already known, the signal as low as < 1 mV

could be found by the fitting.
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Figure 5.2 Extraction of the Thomson scattering signal by multi-pulse averaging in low
signal-to-noise case

5.2. Determination of electron temperature and density

There are several ways to find the electron temperature and density: ratio evaluation
method [11], minimum chi-squared [24, 31], neural network [43], and Bayesian statistical
analysis [11, 44]. Among the methods, the Bayesian analysis method is chosen, since it
has been considered that the analysis can handle the information as many as possible
including the system performance and the noise. According to Bayes’ theorem, the

posterior probability is proportional to the likelihood function [45].
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P({data}|T,,n,, 1)P(Te,n [ 1)
P({data}|,1) ’

P(T,.n, [{data}, 1) = (5.2)

The left hand side of Eq. (5.2) is the probability distribution function of the posterior and
the first term of the numerator is the likelihood. The former is the probability to find the
electron temperature and the density from the measured data with additional information
such as the uncertainties. Similarly, the latter is the probability to find the measured data
where the electron temperature, the density, and additional information are known. . In
this method, T and n. are determined by finding Te and n. that maximize the product of
the likelihoods of channel 2, 3, and 4. As an example, assume that the signals are measured
at the three channels: V, = 1.5mV, V; =2.8mV, and V, = 1.2 mV. Then, a contour
can be determined from Figure 4.7 (2) so that the value is same as V5. In the same way,
contours for channel 2 and channel 3 can be determined. If the uncertainty is neglected,
i.e. noise is zero, the possible electron temperature and density can be determined from a
point of intersection like as Figure 5.3. However, because the signals contain the
uncertainty as they are obtained from the noisy environments, the curves are not share at

a certain single point.
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Figure 5.3 The contours that indicating the possible electron temperature and density with
the given signals without noise.

In the real measurement, the signal is always contaminated by the noise. And, the
distribution of the noise affects the analysis results. The histogram of the noise that
measured by the APD is obtained as shown in Figure 5.4. The distributions of the noise
amplitude have been well fitted to the normal distribution, and a standard deviation
presents as a noise level. In Bayesian analysis of the VEST Thomson scattering diagnostic
system, the standard deviations obtained from the noise distributions have been calculated
by assuming the noises are Gaussian noise that following the normal distribution. Then,

the probability density function of the noise can be combined as following

measured theory \ 2
-V y
5) } 53)

P({data}|T,,n,, 1) ocexp [— TS >
20

noise

where P is the probability distribution function of the likelihood. Vjeasured yfheory
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and o,,ise are the measured Thomson scattering signals, the theoretically expected

signals using Eq. (4.6), and the measured noise distribution, respectively.
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Figure 5.4 The histogram of the noise measured by an APD of the Thomson scattering
system on VEST

Figure 5.5 represents the probability distribution function of the three channels expressed
as two-dimensional plot. Because of the existence of the noise, the contours of Figure 5.3
have uncertainty region rather than the line with zero width. Similar to the point of
intersection, the overlapped region of the probability density functions indicates the
possible region of the electron temperature and density exist. From the Eq. (5.3), the total
probability function combined with the functions of three channels can be expressed by

following equation.
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P({data}|T,,n,,1) = ﬁ P({data}|T,,n,1) ccexp —Z

4
i=2
The most likely electron temperature and density could be found from the result of Eq.
(5.4), which is illustrated in Figure 5.6. When the noise level of certain channels increases,
the region of each channel will be broader. At the same time, it affects the probability
distribution function of the total likelihood to be broader, i.e. it means that the error bar or

the measurement error become larger.
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Figure 5.5 The possible regions that indicating the electron temperature and density exists
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Figure 5.6 The normalized distribution function of the total likelihood that calculated with
the TS signals and the measured noise distribution. (Lower at blue and higher at red)
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The error region of the measurement is determined by integration of the normalized
distribution function with the electron temperature and density. The most confident
method is the two-dimensional integration of the distribution function as shown in Figure
5.7. However, in many cases it is difficult to determine an error bar of a single parameter,
because the error region is correlated each other. Therefore, in the Thomson scattering
system on VEST, the relatively simple method is usually interested to find the error bar

of the distribution function.
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Figure 5.7 The contours of the confident levels of 39.4% (one standard deviation), 86.5%
(two standard deviation), and 95%.
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To validate the performance of the polychromator and the determination method using
Bayesian analysis, the measurement of Thomson scattering using the VEST
polychromator is conducted at KSTAR. In case of KSTAR Thomson scattering system,
the repetition rate of the laser is 20 Hz. Besides, not only a laser energy, but also electron
densities of the plasmas are much higher than VEST plasma. Thus, it was possible to
obtain a sufficient number of data with high SNR at a single discharge. One snapshot of

the number of raw signal is illustrated in Figure 5.9. At the time of the measurement in
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KSTAR, a new digitizer had been tested for upgrade the data acquisition systems [46].
Therefore, the unit of the ordinate of the figure is not V. The hundreds of signals are fitted
with the same waveform function Eq. (5.1) with the similar time-constants of the laser.
According to the measured results as shown in Figure 5.10, the plasma current is
controlled to maintain the target current. In addition, the plasma position and size are well
controlled which are evident in the equilibrium reconstruction results such as the minor
and major radii. It means that the Thomson scattering system measured a plasma being
held in a fixed position. The electron temperature measured by the KSTAR polychromator
depicted with green in the figure is distributed at 100-200 eV with the quite large humber
spikes. The electron temperature measured by VEST polychromator is also distributed
within 100-200 eV, but, with relatively smaller perturbation than KSTAR. This result is
attributed to that the VEST polychromator has been designed to operate in lower

temperature regions than the KSTAR polychromator.
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Figure 5.9 Raw signals measured by the VEST polychromator at the KSTAR Thomson
scattering system
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Figure 5.10 (a) The Plsama current, (b) the electron tempreature measured by Thomson
scattering diagnostics, (c) the minor radius, and (d) the major radius of shot# 19220.
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5.3. Measurement on VEST

For measuring the electron temperature and density, the Thomson scattering diagnostics
on VEST requires shot-to-shot measurement of multiple discharges since the pulse
duration of the plasmas are shorter than the repetition period of the laser. For that reason,
the experiments are performed repetitively with an identical shot scenario. Firstly, the
discharge is initiated by the pre-ionization using 6 kW electron cyclotron (EC) wave with
the trapped particle configuration [47]. Then, the plasma current is ramped up by the loop
voltage up to 80 kA, and it is slowly ramped down after t = 309 ms as seen in Figure
5.11(a). The size and the position of the plasmas are controlled by the pre-set poloidal
field coil currents. In this scenario, the plasma boundary is determined by outboard
limiters at the low filed side, R = 0.76 m. The time evolution of the global parameters
such as a major radius, a minor radius and an elongation (k) can be calculated by VFIT,
an EFIT-like equilibrium reconstruction code with considerations for VEST. It can be seen
that the overlaps of the radii and the elongation obtained from the multiple experiments
exhibit similar trends in the figure (b) and (c). In addition, the overlapped diamagnetic
flux signals depicted in the figure (d) also support the reproducibility of the experiments.
The stored energy can be estimated from the diamagnetic flux measurement using the
additional equilibrium parameters such as magnetic fields and shaping factors [48]. Since
the ohmic heating power (> 400 kW) was much higher than the EC heating power (6 kW),
in the scenario, the plasma could be considered as ohmic plasmas. Thus, it can be expected
that both the diamagnetic flux and the stored energy would change following the plasma

current.
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The Thomson scattering measurements at this discharge yielded two conclusions. The
first is that when the electron density is higher than about 2x 10 m3, meaningful results
can be obtained through one experiment. At lower densities, signals have been obtained
by averaging various experimental results to reduce the background noise. The second is
that the internal stored energy measured through a diamagnetic loop is consistent with the
results of the Thomson scattering measurements. Although it is difficult to compare the
absolute value between the volume-averaged properties measured by the diamagnetic
loop and the local information obtained by the Thomson scattering diagnostic system,

both measurements tend to increase as the plasma current increases.
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Figure 5.11 (a) The plasma current, (b) the major and minor radii, and (c) the elongation
analyzed by equilibrium reconstruction. (d) The diamagnetic measursement results and the
normalized stored energy. (e) The electron temperature and (f) the electron density
measured by the Thomson scattering diagnostic system.

104



Chapter 6. Conclusion

The design, development, and optimization of the Thomson scattering diagnostic system
on VEST was investigated in this dissertation. The study was quite challenging, because
it utilized the laser with the energy of 0.85 J and there were compromises due to the limited
budget. Therefore, the study was focused on maximizing SNR to increase the feasibility
of the measurement. Each part of the system is carefully developed to minimize the optical
loss and maximize the optical efficiencies. The fundamental wavelength of the laser was
used to avoid the frequency doubling. And, the large collecting optics is developed to
measure the core plasmas around the major radius of 0.23-0.5 m with the similar
performance. In the polychromator, the APDs with high sensitivity near the laser
wavelength are adopted and operated in the optimum bias voltage. The low cost
commercial band pass filters that penetrating the stray light and having poor bandwidth
make difficult to analyze the measured signals. However, they were overcome by
development of the components for the stray light reduction and by optimizing the filter
placement order with the relative error analysis. In the meantime, various noises appeared
with the scattering signals were reduced after classifying it with the offset, the random
noise, and the electromagnetic interference. The absolute calibration of the system was
performed by Rayleigh scattering experiments with the nitrogen pressure up to 100 Torr.
The developed system successfully measured the Thomson scattering signals from the
VEST ohmic plasmas, and the measured electron temperature and density were consistent
to the time trend of the stored energy.

The developed system cannot provide the radial profiles and the time evolution
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without repetitive experiments so far. It is necessary to be improved to provide the time
evolution of the profiles of the single discharge. The upgrade plans and directions towards

the advanced TS diagnostic system for VEST are described in Chapter 7.
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Chapter 7. Future work
The current TS diagnostic system was developed with a focus on building infrastructures
and acquiring signals processing and analysis techniques. However, the ultimate role of
the system is to provide the time evolution of the radial profile of the electron temperature
and density for the interpretation of the experimental results. Therefore, the system needs
to be improved both the time resolution and the spatial resolution.

First, the time resolution is limited by the repetition rate of the pulse laser.
Recently, pulse lasers with the repetition rate of > 20-50 Hz have been developed. But,
they are still insufficient to measure the VEST plasmas with the pulse duration of 10-20
ms. To overcome the limitations, we planned to introduce a new customized laser: bust
mode Nd:YAG laser produced by BeamTech, China. It generates 10 sub-pulses every 2 s
with the repetition rate of 1 kHz. The energy of each sub-pulse is 2 J, which is over twice
of that of the current laser. Therefore, it is expected that the utilizing this laser not only
improves the time resolution, but also increases SNR. To measure the burst signals of the
laser, an upgrade of the digitizer is also required. It is planned to test the same model as
the digitizer (CAEN V1742 5 GS/s, 12-bit switched capacitor digitizer with 32 channels)
that was equipped on KSTAR TS system [46], so that the signals of 100 ns can be recorded
10 times every 1 ms.

It is relatively simple to measure the radial profile as it depends on the number
of the measurement location with additional optical fibers and the polychromators.
However, it will be difficult to increase the polychromators in a short time, because the

APDs and the interference filters are expensive. As shown in this dissertation, maximizing
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the efficiency of each APD and optimizing the placement order of commercial filter sets
will reduce the required costs. Currently, it is planned to increase the number of
polychromators, one polychromator per a year. For the electron temperature up to 200 eV,
a polychromator requires 4 channels of digitizer, therefore, the new digitizer can cover up
to 8 polychromators.

In addition, a method of increasing the scattering length by using optical fiber
bundles can be proposed when if the low target electron density is expected due to the

edge measurement or discharge scenarios.
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