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Abstract

Spectroscopy is a widely-used diagnostic that is essentially important for understand-
ing plasma parameters both in fundamental sciences and industrial applications. We
can evaluate the temperature and density of electrons in a plasma from the width
of spectral lines and line ratio, and also, we can obtain magnetic field strength in a
plasma from the distance between lines separated by the Zeeman effect. This disser-
tation thesis consists mainly of two parts.

In the first part, I designed an experimental scheme to validate the modeling of
the Zeeman effect in a high-energy-density plasma under the kilo-tesla level strong
magnetic field. Zeeman splitting by kilo-tesla and mega-tesla level magnetic field
were widely observed in astronomy, the next generation space X-ray observatory will
also provide a possibility to observe the high-field Zeeman splitting in soft X-ray
bandwidth. However, the evaluation of magnetic field from the Zeeman splitting
relies heavily on numerical simulation. The motivation of this study is to investi-
gate experimentally Zeeman effect in kilo-tesla level magnetic field for benchmarking
the numerical simulation. To produce such strong magnetic field, we must use high-
energy-density plasma for generating and compressing the magnetic field up to 10 kT.
To generate such a strong field is a challenge for laser-plasma experiment, and to ob-
serve such a splitting a shorter bandwidth window such as extreme ultraviolet (EUV)
or soft X-ray is necessary while consider about the absorption in high density plasma.
The Zeeman effect is one of the measures of magnetic field strength in astronomy,
however, there is no experimental data to validate the accuracy of the model and
numerical code calculating the Zeeman effect in a magnetized high-energy-density
plasma. I used the magneto-hydrodynamics (MHD) simulation code to optimize
plasma parameters for measuring the Zeeman effect of Si ions that are plentiful in
the universe. The modeling shows that we can produce 10 kT of a magnetic field in
a plasma having 100 eV of electron temperature and 1021 cm−3 of electron density by
compressing a low-density (5 mg/cm3) SiO2 foam cylinder with multiple laser beams
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that are ejected from kilo-joule tera-watt laser system. I have calculated spectrum
emitted from the magnetized SiO2 plasma with consideration of the Zeeman, Stark,
and Doppler effects, and the calculation reveals we can measure Si XII line at 96
eV with a soft X-ray spectrometer with achievable spectral resolution. According to
the experiment design, an experiment was performed on the Gekko XII high power
laser facility of Institute of Laser Engineering (ILE), Osaka university. We observed
a potential sign of splitting in the experiment. Although the result is not a solid
evidence for the Zeeman splitting in 10 kT field, the modeling result and experiment
design still can be a guidance for the future experiments.

In the second part, I have studied the properties of hydrogen plasma photoionized
with EUV light. This plasma can remove tin (Sn) contamination on the optics used
in the EUV lithography system as a result of the chemical reaction Sn+4H* → SnH4,
here H* is hydrogen radical. The optics contamination is one of the critical issues of
the EUV lithography system. The optics contamination limits the operation time of
the system, namely this increases the running cost of the system. We measured spec-
tra of Balmer series emitted from photoionized hydrogen plasmas to obtain electron
density, electron temperature, and hydrogen radical density of them with changing
observation time and hydrogen gas pressure. Based on the experimental observation,
I have proposed a mechanism of hydrogen plasma production by the EUV irradation,
in which firstly EUV photons ionize hydrogen atoms, and photoionized non-thermal
electrons having 100 eV of kinetic energy impact with hydrogen atoms and hydrogen
ions are produced by this secondary process, and finally, the hydrogen ions recom-
bined with thermal electrons having 1 eV of temperature and 1013 cm3 of density, then
rich (3.7×1012 cm−3) hydrogen radicals are generated in a 5 Pa hydrogen gas. We
have demonstrated the cleaning of the Sn contamination with the EUV-generated hy-
drogen radicals. The research proves the feasibility of applying the hydrogen radicals
to the tin cleaning in EUV lithography.

Thesis Supervisor: Shinsuke Fujioka
Title: Professor
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Chapter 1

Introduction

Spectroscopy is an important tool of determining the physics behind the plasma

related phenomena [1–4]. In this research, we will try to using the spectroscopy

technology and method to detect the key plasma parameter especially the electron

temperature (T𝑒) and number density (n𝑒) in both of High-Energy-Density-Physics

(HEDP) plasma and EUV-induce one. Other parameters and the spectroscopy infor-

mation are also included. In the first part of this research we design an experiment

which intended to use the high power laser to generate a relative low density mag-

netized plasma, and to use the spectrometer system to observe the Zeeman splitting

of spectrum [5]. The Zeeman splitting is widely observed in the nature both in the

fields of atomic physics and astrophysics, but it has never been successfully observed

in the high-density-laser-plasma experiment in EUV bandwidth and 10 kT level ultra

strong field. For the purpose we provide some calculation of observing condition of

magnetic field strength and plasma parameters, and design an experiment which may

possible for the observing. In the second part we apply the spectroscopy technology to

the plasma parameters and hydrogen radical measurement of EUV-induce hydrogen

plasma. High intensity EUV-induce hydrogen plasma is not a well-researched area.

The hydrogen Balmer lines are detected and measured, the numerical simulation re-

sults are compared with the experimental data.

Basically, the thesis is focusing on the spectroscopy technology and application of

the electromagnetic wave band-width locates around ∼10 nm (∼100 eV). According to

19



the different academic narratives some researchers name it soft X-ray and the others

ascribe it to EUV (Extreme UltraViolet). In this research, the author will not dis-

tinguishes the two conceptions in the following chapters unless necessary, considering

the convenience.

Generating a strong magnetic field with laser driven capacitor-coil target makes it

possible to achieve a strength of 102-103 T on the Earth [6,7]. 102-103 T is close to the

surface of a compact star like a white dwarf [8–10]. Magnetic field strength is one of

the most important parameters for understanding the structure of the compact stars

and the strength is inferred from the Zeeman effect seen in the spectra observed with

the telescope. However, the Zeeman effect has never been successfully observed in the

high energy density laser plasma experiment. Laboratory experiments on the Zeeman

effect will give astrophysicists valuable information to deepen the understanding of the

universe. Traditional astronomical research relies heavily on observation, modeling,

and numerical simulation [11–14]. High power laser can be a novel astronomical tool

that makes it possible to generate magnetic fields strong enough to cause Zeeman

effect in the laboratory under controlled conditions. In this research, we will focus

on Zeeman spectroscopy of EUV emitted from a magnetized high energy density

plasma of 102-103 T field. The goal of this project is to observe the Zeeman effect

in the laboratory. This is an important physics for determining the magnetic field

strength from the astronomical spectrum. Silicon is one of the abundant materials

of the universe [15]. We will observe the change in the spectral shape emitted from

the laser-generated magnetized silicon plasma in the EUV region with changing the

magnetic field strength. Based on the laboratory measurements, there is a possibility

to comparing Zeeman splitting lines in astronomical data. This potential chance may

reveal how laboratory astrophysics contributes to traditional astronomical research.

The EUV light source is widely used in the semiconductor engineering applications

as the technology named Extreme ultraviolet lithography (EUVL). Today EUVL

utilizes laser ablation of Sn droplets as the EUV source. Since Sn contamination on

the first Mo / Si mirror and following deterioration of the reflectance has been critical

issue for sustainable operation of the source, many EUV sources now introduce H2
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gas to the chamber trying to clean the Sn layer. Hydrogen atom in excited electron

state, so called as "hydrogen radial (H*)", is known for its chemical reaction to form

stannane (SnH4), which is gaseous states in room temperature. A H2 molecule also

interact with a photon from the EUV source resulting in hydrogen radical formation.

For basic science, the EUV light source also plays an important role. The EUV

produced plasma is not widely researched in the plasma physics and many atomic

processing is complex and need to be determined. Recent years, researches have

done some works related to EUV produced plasma. In 2016, Horst [16] used the

experimental method to explore the relation between the H2 gas pressure and the

plasma electron density, and van de Ven [17] measured the ion energy distribution in

EUV induced plasma. These studies give a general view of the EUV induced plasma

and even give the atomic formation in it, however the plasma state is complex and

highly sensitive to the external conditions. This study gives a methods to measure

the accurate H* yield which can be used to determine the atomic fraction in EUV

induced hydrogen plasma. It will also verify the feasibility of using EUV induced H*

for industrial applications such as cleaning the Sn layers.

In the Zeeman splitting measurement, according to simulation result the Silicon

plasma generate a 96 eV (12.9 nm) wavelength radiation which is selected as a poten-

tial splitting line. In the EUV-induced plasma experiment the Xe-plasma light source

generate a 11 nm soft X-ray, or EUV light which is close to the Si-plasma radiation

in the first project.

The thesis is organized with 6 Chapters as below :

The Chapter 1 is the introduction of this thesis.

The Chapter 2 the author introduces the laser facilities in the research, the detailed

parameters is included. First section it will talk about the laser facilities, including

Gekko XII and LFEX system, and the EUV experimental device. The details about

the diagnostics will be introduced in the second section, including the EUV diagnostics

and OES spectrometer.

The Chapter 3 the author discusses about the theoretical basis of the plasma and

atomic physics which are related to this research. In the first section it will introduce
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about the laser-plasma generation. Next section it will provide the principle of how

to generate a strong magnetic field in the laboratory. The atomic process in a plasma

and the spectrum generation will be introduced in the last section.

The Chapter 4 the author talks about the trials of detecting the Zeeman splitting

in the experiment, The numerical simulation of detecting the plasma parameters will

be introduced in the first section, and the next section the author will introduce the

experimental design and diagnostic setting up. This part of work has been published

on the journal 𝐻𝑖𝑔ℎ 𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑃ℎ𝑦𝑠𝑖𝑐𝑠 [5]. The third section the author will

talks about the trials of the Zeeman splitting measurement.

The Chapter 5 the author talks about the EUV project for H* radical measurement

for potential industrial application. The population of H* measurement method is

introduced in the first section, and the second section the author analyzes the possible

atomic process in the EUV-induced hydrogen plasma, and compares the data both

from simulation and experiments. The last section the author talks about the Sn

cleaning which will be a possible application of this research. This work will submit

to the journal 𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝑃ℎ𝑦𝑠𝑖𝑐𝑠 𝑙𝑒𝑡𝑡𝑒𝑟𝑠 momentarily.

The Chapter 6 the author provides the summary of the research and the conclu-

sion, discusses the connection of this two researches and provide the inspiration of

this thesis.
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Chapter 2

Laser facilities and diagnositcs

In this chapter, the author provides the facilities which are used in the thesis including

the two projects. The detailed parameter of the laser facilities will be introduced in

the first section. it includes the Gekko XII and LFEX systems, and the facility of the

EUV experimental device. In the second section, the specification of the diagnostics

will be introduced. Including the EUV spectrometer and the OES (Optical Emission

Spectroscopy) system. The optical elements in the OES system are also listed so that

it is possible to re-build and test by any other researchers.

2.1 Laser and EUV generation facilities

This section introduces the fore-end of the experiment facilities. The Gekko-LFEX

system used in the magnetized plasma generation is briefly introduced first, and then

we show the EUV-induce plasma device which is used in the second project.

2.1.1 Gekko XII and LEFX system

The Gekko XII laser was constructed in the year 1983 and it has became one of the

world’s few large-scale laser facilities when it was completed. The Gekko XII laser

has 12 synchronized laser beams with wavelengths of 1.053 𝜇m, peak output energy

of 24 kJ and 1 ns time-duration. To date, it has been instrumental in laser fusion
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Figure 2-1: The Gekko XII system. There are 12 beams in Gekko XII facility, with
1053-527 nm in Chamber I. Pulse duration ranges 0.1 ns - 4 ns. Usually 3 or 4 shots
are possible for 12 beams experiment.

research and high-energy-density physics research. The Gekko XII has driven several

achievements in the areas, such as the generation of plasma with temperatures greater

than one hundred million degrees Celsius, and the compression of matter to a density

greater than 600 times its solid density by laser implosion [18].

The Gekko XII laser has two plasma generation vacuum chambers for conducting

experimental studies. In Chamber I, a target can be irradiated by twelve laser beams

arranged with spherical symmetry. The Chamber I is mainly for inertial confinement

fusion (ICF) experiments. In Chamber II, a target can be irradiated by high power

laser beams from a single direction by combining the twelve individual beams into a

single one. This design allows higher on-target intensity for a wide range of experi-

ments, which are from ICF experiments to laboratory astrophysics experiments. The

Zeeman splitting experiment is performed on Chamber I.

The LFEX laser system provide 4 synchronized laser beam with wavelength of

1.05𝜇𝑚 with a specification maximum output energy of 10 kJ and pulse duration

from 1 to 10 ps. Seed pulse is generated by a femtosecond fiber oscillator with a
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Figure 2-2: Chamber I. Beams are induced into the chamber form different direction
to adapt multiple experiments.

pulse duration of 90 fs, a frequency of 100 MHz. The LFEX seed pulse is amplified

by 3 Optical Parametric Chirped-pulse Amplification (OPCPA) in series, to a 6 Hz

chirped-pulse output with 40 mJ, 6 nm spectral width. The chirped pulse is then

amplified with two 50 mm diameter glass rod amplifier in four passes. The laser beam

is then split into 4 beams, with each beam separately amplified by two rod amplifiers.

Finally, the laser beam is amplified by a 2×2 array, four pass main amplifier, with 8

disk amplifiers in series on each beam [19].

By the output energy restriction, the LFEX maximum energy is limited to 500 J

per beam, giving a total maximum output energy of 2 kJ in 1ps. As the spot diameter

on target is about 70 𝜇m, the LFEX intensity is about 1.6 × 1019 W cm−2 when the

output energy at the maximum value of 2 kJ.

One of the most important mission of the LFEX laser is working as a heating

laser for the ICF, but as the same time such an intensive beam is capable of MeV

proton beam generation by the target normal sheath acceleration (TNSA) mechanism

as well. The LFEX laser is available in the Chamber I of Gekko XII laser system and
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is available to have joint shots with Gekko XII. Between two LFEX shots, the laser

system need 2 hours for cooling down.

2.1.2 EUV experimental device

For the purpose of measuring the plasma parameters and H* yield, an Optical Emis-

sion Spectroscopy (OES) system was used to measure them in the H2 / EUV inter-

action [20, 21]. A laser produced Xenon plasma EUV source at Institute of Laser

Engineering was used in the experiment. The OES systems consist of a set of op-

tical system, a spectrometer and control systems which are shown in the Fig. 2-3.

H𝛼 (656.3 nm), H𝛽 (486.1 nm) and H𝛿 line emissions from the electron transitions

of n = 3 to n = 2, n = 4 to n = 2 and n = 5 to n = 2 respectively were detected

showing the existence of the H* [22]. A Nd:YAG laser (1064 nm) is induced into the

vacuum chamber, radiates on a liquid-nitrogen-cooling Xenon frost target and the

plasma generates which works as the EUV light source. Two elliptical total reflection

mirrors reflect and focus the EUV light with 100𝜇m radius spot size, a broad band

EUV which the peak wavelength of 12 nm (103.5 eV) and intensity of 109 W/cm2 to

the gas cell center (GCC), with an angle about 15 degree to the central axis of gas

cell [23]. The hydrogen gas is pumped in and out of the gas cell at the same time with

individual pipes. There are several windows around the gas cell which are used for

conducting the emission from the plasma to the diagnostics systems. The hydrogen

gas pressure is controlled outside which makes a dynamic equilibrium in the gas cell,

and keep the vacuum chamber with a high vacuum state (10−3 Pa) at the same time,

or as known as "differential pumping". The EUV generator is shown in the Fig. 2-4.

When the EUV radiation interact with hydrogen gas at the GCC, an EUV induced

hydrogen plasma is generated. A series of experiments have been done to examine

and verify the plasma states, which indicate a relative low temperature and density

plasma exists.

The EUV produced plasma radiation is exported by a series lenses and mirrors.

The light pass through the gas cell window, then it is reflected by the mirror 1 and

converted to parallel light by the lens 1 which is shown in Fig. 2-3. The parallel light
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Figure 2-3: The OES system and the experimental setup. A liquid-N2 cooling Xeon
frost target are used as the EUV source, which is excited by a Nd:YAG laser (1064
nm). The EUV radiation is focused by 2 Au-coated reflect mirrors and irradiates in
the focus point. The plasma emission are conducted and collect by the OES system
which is consisted by optics, spectrometer and ICCD.

Table 2.1: Optics used in the OES system
Name Description Parameters Produced by

Mirror 1 Al coating,
2 inch 𝑁/𝐴 SIGMAKOKI

Lens 1 ARC coating (400-700 nm),
2 inch f=300mm Thorlab

Mirror 2 Al coating,
2 inch 𝑁/𝐴 SIGMAKOKI

Mirror 3 Al coating,
2 inch 𝑁/𝐴 SIGMAKOKI

Mirror 4 Al coating,
2 inch 𝑁/𝐴 SIGMAKOKI

Lens 2 ARC coating (400-700 nm),
2 inch f=300mm Thorlab

Mirror 5 Al coating,
2 inch 𝑁/𝐴 SIGMAKOKI

Spectrometer SP2500i 150/1200/2400l/mm
gratings Princeton Instruments

ICCD PI-MAX4 1024f Princeton Instruments
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Figure 2-4: The laser-produce EUV source. The Xeon are frosted on the target
drum. The Nd:YAG laser irradiates and EUV radiation is generated. The radiation
is collect and focused by 2 Au-coated reflect mirrors then conducted into the gas cell.
The purpose of setting up an intermediate focal point by 2 mirrors is to reduce the
detritus from the drum.

will be focused again by the lens 2. The lens 1 and lens 2 are the same type which

are produced by Thorlab with Anti-Reflection (AR) coated for 400-700 nm range and

300 mm focus length. As it is shown in Fig. 2-3, the light is focused on the slit of a

Princeton Instruments SP2500i visible spectrometer [24]. The slit width is adjusted

to 15𝜇m. A PI-MAX4 Intensified Charged Coupled Device (ICCD) camera is coupled

to the spectrometer to obtain the signal from the EUV induced hydrogen plasma [25].

Both of the ICCD and the spectrometer are controlled by a computer system with

Lightfield software [26]. The detailed diagnostic parameter will be introduced in the

next section.

2.2 Plasma diagnositcs

The main topic of this thesis is soft X-ray, or EUV diagnostic and application. The

diagnostic system is an important part for this project. In this section, we will in-

troduce the main diagnostic systems in the laboratory astrophysics experiment and

the EUV-induce hydrogen plasma experiment. In the laboratory astrophysics exper-

iment, which is focusing on the Zeeman splitting measurement in this project, the

prior diagnostic is the EUV spectrometer. In the EUV induced hydrogen plasma
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Figure 2-5: The structure of GIS. The emission from the plasma are collected by the
ellipsoidal mirror in the front of the spectrometer, Then focuses on the slit.

experiment, the main diagnostic is the OES system.

2.2.1 EUV spectrometor

The EUV emitted from plasma have spectral information, and in order to measure

the EUV radiation, it is necessary to disperse the light along the wave-band. In this

experiment, a Grazing Incidence diffraction Spectrometer (GIS) is used. The EUV

spectrum are measured using a back-illuminated Charged Coupled Device (CCD)

camera as the detector. Figure 2-5 shows the configuration of the oblique-incidence

type diffraction spectrometer in the EUV reflection plane [27].

The EUV emission from the plasma light source is focused on the slit by using a

gold-coating ellipsoidal mirror, and the slit is used as the focus spot of the mirror to

induce the light into a reflection-type diffraction grating to disperse the light. The

following points need to be noticed: Firstly, the typical light amount from the plasma

which is needed to be dispersed by the diffraction grating is extremely small. For

this reason, an ellipsoidal mirror focus is set at the center of the slit and re-focus

again at the detecting surface after the grating reflecting. It enables measurement

with a high Signal to Noise (S/N) ratio. Secondly, when the diffraction grating is

placed near to the plasma, on the other word which is close to the light source, The

light amount will be increasing with the solid angle. Therefore, S/N ratio will be

better and the detecting will become easier, but if it gets too close to the plasma,

it may be contaminated by the debris. At the same time, the slit may also be

contaminated, and the grazing-incidence reflecting mirror may also be deteriorated.
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As the opticals such as diffraction grating is very expensive it must be used very

carefully. Thirdly, since short-wavelength light such as hard X-rays is not reflected

by the grazing-incidence mirror, it is possible to prevent light in these regions from

entering the diffraction grating. It makes sure that the dispersed light will not be

mixed with other wavelengths radiation from the light source. For the measurement

waveband which has a shorter wavelength it is more effective. Lastly, using a slit as a

virtual light source limits the size of plasma which we are observing, especially for the

Zeeman splitting measurement which the target spectra is coming from a small region.

As mentioned above, the grazing incidence spectroscope has many advantages [28].

The relationship between incident light and diffracted light can be expressed by the

following Eq.2.1.

𝑑(𝑠𝑖𝑛𝛼− 𝑠𝑖𝑛𝛽) = 𝑚𝜆 (2.1)

where 𝑑 is the grating width, 𝛼 and 𝛽 are the angles of the two sides of the Grating

normal which is shown in Fig.2 − 5, 𝑚 is the mass of the particle and 𝜆 is the

wavelength.

2.2.2 OES system

The OES system consisted with three main parts: Opticals (including lens and mirrors

which are used to conduct the radiation of the plasma out of the gas cell), A Princeton

Instruments vis-spectrometer (SP-2500 series model) and A Princeton Instruments

PI-MAX4 ICCD camera. The detailed information is in Tab.2.1

According to the time resolved experiment data, the timing of 25 ns (0-50 ns for

exposing) and 40 ns (20-60 ns for exposing) are used to measure the H* yield. The

pressure in the gas cell is set to be 5 Pa. The Fig. 2-6 shows the entire processing of

the spectra measurement. When the EUV induced plasma generates in the gas cell

the light is collected by lens and then enter the OES system. The solid angle (Ω) of

the system is decided by lens 1 which gives Ω = 0.02𝑠𝑟. The light path is transferred

by the optics which are consisted by 2 lenses and 5 mirrors, is already detailed shown

in Fig. 2-3. The energy efficiency of the optics and spectrometer / ICCD are measured
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Figure 2-6: The measurement of EUV induced hydrogen plasma. The spectrum
or images are observed on the screen with count, by carefully measure the system
quantum efficiency (including the spectrometer / ICCD and the optics), and examine
the diagnostic solid angle, it is possible to get the photon number information from
the plasma.

with HeNe laser (633nm for H𝛼) and Cyan laser (487nm for H𝛽). For H𝛼 it has an

total efficiency of 3% and H𝛽 is 4.1%. With the experimental setup which has been

described in Sec. II, the spectra of H𝛼 is shown in Fig. 2-6a. The white dashed

rectangle is the selected region that plot the spectra profile (Fig. 2-6b). As the light

from the plasma is refocused by lens 2 and path through the spectrometer slit, the

H𝛼 signal in the view of Fig. 2-6a is only the photons access the slit. However, the

total number of photons which focused on the spectrometer slit can be calculated.

In Fig. 2-6a, the H𝛼 signal width is equal to the slit’s one (15𝜇m) and length can be

regarded as the diameter (2.4 mm) of light spot (White solid cycle) which is focused

by lens 2. Due to the existence of H𝛼 and H𝛽 line in the experiment, the two lines

are used to calculate the radiation ability of the EUV induced hydrogen plasma.
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Chapter 3

Plasma physics and atomic physics

basics

In this chapter, we will introduce the physical process and mechanism in this re-

search. In the first section we will talk about the basis of laser-target interaction

and plasma generation. In the second section, the main topic is the strong magnetic

field generation in the laboratory, and how the magnetic field affect on the spectrum.

The last section will introduce about the measurement of spectrum, and what kind

of information we can get from them.

3.1 Laser-plasma generation

At the irradiance of interest for the typical high-power laser facilities, which are typi-

cally 1012 to 1016 W/cm2, the laser light immediately produces a plasma at the surface

of the target. At the even higher irradiance in this range, the the laser electric field

is sufficient enough to directly ionize the atoms. At the lower irradiance, the process

is more complicated but nonetheless a plasma is quickly produced [29,30]. There are

three fundamental processes that occur when laser light penetrates a plasma: refrac-

tion, reflection and absorption. As the electric field of the laser pulse penetrates into

a solid, part of the incident energy is absorbed, changing the state of the solid and its

properties quickly. The problem of laser-matter interaction, which means the effect of
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the laser electric field on matter and the inverse effect of matter on the electric field

are considered simultaneously. The field equations coupled to the material equations

describe the medium response to the action of the electric field. The matter consid-

ered stands for the ensemble of non-relativistic particles, electrons and nuclei that

compose the solid, liquid, gas or plasma, depending on the parameters of the laser

beam, namely, the intensity, wavelength, and pulse duration. Therefore, the coupled

time-dependent field and material equations describe all continuous transformations

of the materials [31].

Several definitions are needed to make the field of high power laser-matter inter-

action and its boundaries clear. First, the laser pulse is considered as of ultra-short

duration if it is shorter than the duration of major relaxation processes, including

the electron-to-lattice energy transfer, heat diffusion and hydrodynamics. Therefore,

an atomic motion is negligible in the laser-affected solid during the pulse and the

atomic structure remains intact. The associated absorbed energy density per unit

volume delivered to a target allows one to study the excited solid state from subtle

excitations to phase transformations, such as transition from one crystalline structure

to another, from a solid to liquid, conversion to plasma, ablation, and, if the laser

is focused in the bulk of a transparent dielectricâĂŤcreation of extreme pressure and

temperature conditions confined inside a solid.

Second, the salient feature of the ultra-short pulse laser-matter interaction is that

ultra-short pulses excite only electrons, leaving the lattice cold for the time required

for the transfer of the absorbed energy from the hot electrons to the lattice. There-

fore, any phase transformations in a laser-affected solid occur in non-equilibrium con-

ditions, creating properties of the material drastically different from their equilibrium

counterparts. The statistical distributions in the electron and lattice sub-systems are

time-dependent, and the time required for attaining the state of equilibrium state

depends heavily on the parameters of the laser pulse and the characteristics of the

material.

Another important feature of the high power laser-matter interaction is that the

affected area is of only a few hundred atomic layers, which relaxes within picoseconds
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after the excitation. Thus, the space constraints and surface phenomena (surface

states and quasi-equilibrium distribution in the outermost surface layers) are essential

for understanding the phase transitions induced, such as laser ablation. Understand-

ing the phenomena occurring on a time-scale of picoseconds and on a space-scale of

nanometers is essential for high power laser-matter interaction, bringing these studies

closer to research into nano-structures.

Comparing the mobility of electrons by comparison with ions, the electrons dom-

inate for example the direct interactions of the laser with the plasma. This might

lead one to expect that the thermal electrons would play a dominant role in trans-

porting energy throughout all plasma systems. This, however, is not the case in the

systems of interest here. Laboratory systems in the high-energy-density regime are

typically so collisional that the electrons cannot manage to escape the ions and do

not manage to affect the dynamics very strongly. It is also remarkable that there are

very few astrophysical systems in which the electrons carry significant heat. The elec-

trons, because of their small mass, are very tightly bound to the magnetic field, and

the magnetic field is typically tangled enough to keep them from accomplishing any

large-scale heat transport. Systems involving instabilities in loops of magnetic field,

which occur for example near the Sun, or involving magnetic reconnection, which

occurs in many places, produce bursts of energetic electrons. These electrons in turn

radiate, so that the electron radiation can be an important diagnostic of the phenom-

ena. However, the electrons do not dominate the overall dynamics of reconnecting

systems. Likewise, the radiation from electrons has become an important indicator

of cosmic-ray acceleration in supernova remnants, but the cosmic rays that actually

reach the Earth are almost all ions. So electrons are important. However, with two

crucial exceptions, they rarely carry much heat anywhere that matters.
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Figure 3-1: The laser driven capacitor target and the B-field generation. The plasma
are generated on the rear plate, as the electrons in a plasma is moving fast than
ions, the electrons arrive the front plate first. So that there is a potential difference
generated between the plates and the current in the coil produces a strong B-field.

3.2 Produce a strong magnetic field in the labora-

tory

To generate a strong magnetic field in the laboratory, two methods are widely used

in the high-intensity laser systems. One is the laser driven capacitor coil target and

another one is the laser driven snail target [32–34]. In this research, the capacitor

coil target is used for the strong B-field generation.

The Fig.3 − 1 shows the generation of strong magnetic field by high intensity

laser. The ingenious and simple design of this target makes it widely used in the

HEDP experiments, which makes it possible to generate a strength > 500T [7]. On

Gekko-LFEX facility, 3 Gekko beams (kJ / ns) are used to driven a capacitor coil

target. In principle, 3 Gekko beams irradiate on the back plate through the hole on

the front plate which both plates are made of Nickel. The plasma is generated on the
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focus spot of back plate. In plasma, as we know that the electron is moving faster

than ions due to the mass difference, the electrons will attach on the front plate first.

Then there is a huge potential difference between the front and back plate which will

lead a current through the coil between the two plates. The current induce a strong

magnetic field over 500 T through the coil.

3.3 atomic process and plasma spectrum

Discussing about the spectrum measurement, one of the most important goal in this

research is to determine the basic plasma parameters [35–37]. For local thermody-

namic equilibrium (LTE) and non-LTE (NLTE) plasma, there are several methods to

measure the plasma electron temperature (𝑇𝑒) and electron density (𝑛𝑒) [38–40]. All

most all of these methods need several properties of spectrum, such as line intensity

and broadening.

3.3.1 The measurement of plasma temperature

For many cases of HEDP experiments, which the plasma is generated by the direct

irradiation with high-power laser, the plasma is in LTE status, which can be judged

by the McWhirter criterion [41]:

𝑛𝑒 ≥ 1.6 × 1012𝑇𝑒
1/2(∆𝐸)3 (3.1)

where 𝑛𝑒(𝑐𝑚
−3) is the electron density and 𝑇𝑒(𝐾) is the plasma temperature and

∆𝐸(𝑒𝑉 ) is the difference in the energy between the upper and lower state of all the

investigated transitions.

The LTE status plasma has a simple way to estimate the electron temperature

with line intensity ratio. Derived by the Saha equation [42], we have

𝑇𝑒 =
𝐸2 − 𝐸1

𝑘 · 𝑙𝑛( 𝐼1𝐴2𝑔2𝜆2

𝐼2𝐴1𝑔1𝜆1
)

(3.2)
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where the 𝐸𝑛 is the energy difference of transition of the spectra from a same element,

𝑘 is the Boltzmann constant, 𝐼𝑛 is the line intensity, 𝐴𝑛 is the Einstein coefficient, 𝑔𝑛

is the statistical weight and 𝜆𝑛 is the spectra wavelength.

For NLTE plasma, for example the electron density (𝑛𝑒) is in the region of

109𝑐𝑚−3 < 𝑛𝑒 < 1014𝑐𝑚−3 where the plasma is in collisional-radiative (CR) model,

the Saha equation is not available. In this region the plasma behaviour is more com-

plex, the excitation and de-excitation processes for all states in the atom, molecule

or ion have to be balanced by the population model. The detailed discussion of the

exciting status of population in CR model will discussed in Chap. 5, for now we

just introduce one of the methods to measure 𝑇𝑒 in CR model, the line broadening

method.

Basically, for a spectrum there are several broadening mechanisms [43]:

1. Natural broadening is caused by the finite lifetime of excited states and can be

determined from the Heisenberg uncertainty relation

∆𝐸 · ∆𝜏 ≥ ℎ/2𝜋 (3.3)

where the ∆𝜏(𝑝) is the lifetime of state 𝑝 due to spontaneous emission is called

the natural lifetime.

2. Resonance broadening is caused by collisions of radiating hydrogen atoms with

other hydrogen atoms of the same species.

3. van der Waals broadening (∆𝜆𝑊 ) is caused by the presence of atoms of a differ-

ent kind than those of the emitting hydrogen particle. this gives the following

expression for the FWHM

∆𝜆𝑊 =
5.521

𝑇
7/11
ℎ

𝑃 (3.4)

where 𝑇ℎ is the background temperature of the heavy particles and 𝑃 is the

background pressure.

4. Instrumental broadening (∆𝜆𝐼) is caused by the instrument resolution with a
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Gaussian shape.

5. Doppler broadening (∆𝜆𝐷), caused by the velocity distribution of the emitting

particles. The intensity distribution of a Doppler-broadened spectral line has a

Gaussian shape of which the full-width gives

∆𝜆𝐷 = 7.16 × 10−7𝜆0

√︀
𝑇𝑒/𝐴 (3.5)

where 𝐴 is the atomic mass of the emitter expressed in a.m.u., 𝑇𝑒 is in K and

𝜆0 the center wavelength of the spectra in nm.

6. Stark broadening (∆𝜆𝑠) is related to the plasma electron density (𝑛𝑒) with a

Lorentzian profile, we will discuss about it in the next subsection.

Considering about all the broadening mechanisms above in a plasma, it is possible

to calculate the electron temperature by Doppler broadening width with Eq.3.5. We

can use this method to estimate the 𝑇𝑒 both in the LTE and NLTE plasmas.

3.3.2 The measurement of plasma electron density

As it is already mentioned in the subsection 3.3.1, there are several line broadening

mechanisms affect on the spectra widths. Two of the most important information, 𝑇𝑒

and 𝑛𝑒 are both can be derived from the line width measurement if one can separate

different widths components.

We already know that the 𝑇𝑒 can be calculated by the Doppler broadening width

with Eq.3.5. Considering about the plasma electron density 𝑇𝑒, if we know the Stark

broadening width the 𝑛𝑒 can also be obtained. To calculate the plasma electron

density from the line broadening profile needs to know the element properties. As an

example, for hydrogen plasma it gives

𝑛𝑒 =

√︃
(

∆𝜆𝑆

7.4 × 10−19𝑍𝑝(𝜆2
0)(𝑛

2
𝑖 − 𝑛2

𝑓 )
)3 (3.6)
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where 𝑍𝑝 is the charge of the ion, 𝑛𝑖 and 𝑛𝑓 is the principle quantum number of the

beginning and ending states.

In principle, if one knows all the factors of spectra line broadening effects and

considering every components carefully, it is possible to get the plasma parameter by

∆𝜆𝐷 ∼
√
𝑇𝑒 and ∆𝜆𝑆 ∼ 𝑛

2/3
𝑒 . To separate the different line broadening profile need

the deconvolution method, it will be detailed introduced in the experiment section.
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Chapter 4

The Zeeman splitting measurement

In this Chapter, the first part of the EUV project which is the laboratory astrophysics

study in this thesis is introduced. Pervious HEDP experiments which are focusing or

relating to the strong magnetic field generation with high power laser has confirmed

the existence of laser-induce field. The field is confirmed and measured with difference

diagnostics, such as B-dot probe, Faraday rotation and proton photography. However,

one of the most basic physical phenomenon, the spectral Zeeman splitting in the

magnetic field has never been successfully observed in the HEDP experiments. The

problem may be because of the theoretical guidance or experimental design, but it

becomes a dark cloud shroud over the HEDP experiments. There are some researches

focusing on lower magnetic field (<100 T) splitting effect in visible or UV bandwidth

(200-700 nm), but for more "extreme" laser plasmas (t𝑒>102 eV, n𝑒>1019 cm−3), there

is no experimental and astronomical observation to the best of our knowledge. The

next generation high-resolution space X-ray observatory missions may provide some

data. For this purpose, to build a data base and experimental benchmark of Zeeman

splitting in the high field and EUV bandwidth has its necessity, when the Zeeman

splitting is widely used as an astronomical tool for the magnetic field measurement.

To design such an experiment, there are not a single one of a suitable line, a relative

low plasma density and a strong magnetic field can be dispensed with. The suitable

line should lay in EUV bandwidth which could transmit from relative high plasma

density, and the atomic processes should be well researched in spectroscopy. silica
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and carbon are common used because their high element abundance in our universe.

To control the plasma density, foam or gas are easy to think about working as the

plasma generator. There is also a challenge of high field generation. To generate

such a high field as kilo-Tesla level usually needs an ingenious experimental design

and a high power laser facility. If such a strong field is confirmed in experiment, it

is also a progress in the laser plasma physics. In this Chapter, the first section will

introduce the astrophysics background of this research, and next section introduces a

new design for the Zeeman splitting measurement and some trials. The last section

will talk about some trials which focus on the Zeeman splitting observation that the

author has taken part into.

4.1 The compact star and the spectrum observation

A compact star (or compact object) refers collectively to white dwarfs, neutron stars,

and black holes in astronomy. It would grow to include exotic stars if such hypothet-

ical, dense bodies are confirmed to exist, or become a black dwarf when the energy

is exhausted by radiation. All compact objects have a high mass relative to their

radius, giving them a very high density, compared to ordinary atomic matter. Com-

pact stars are often the endpoints of stellar evolution, and are in this respect also

called stellar remnants. The state and type of a stellar remnant depends primarily

on the mass of the star that it formed from. The ambiguous term compact star is

often used when the exact nature of the star is not known, but evidence suggests that

it has a very small radius compared to ordinary stars. A compact star that is not a

black hole may be called a degenerate star. On 1 June 2020, astronomers reported

narrowing down the source of Fast Radio Bursts (FRBs), which may now plausibly

include "compact-object mergers and magnetars arising from normal core collapse

supernovae" [44].

The usual endpoint of stellar evolution is the formation of a compact star. Most

stars will eventually come to a point in their evolution when the outward radiation

pressure from the nuclear fusions in its interior can no longer resist the ever-present
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Figure 4-1: The X-ray image of Crab nebula, a pulsar is in the center of it. The X-ray
image shows more details of magnetic field has influences its appearance of bipolar jet
and plasma accretion disk. Indicating that magnetic field is one of the most important
factors for the compact star physics. (Source: Chandra X-ray Observatory, NASA,
USA)

gravitational forces. When this happens, the star collapses under its own weight and

undergoes the process of stellar death. For most stars, this will result in the formation

of a very dense and compact stellar remnant, also known as a compact star (Fig.4−1).

The compact stars have extreme strong magnetic field, for a white dwarf, the

typical field strength can be 100 T, where a neutron star (or a pulsar) may achieve

104 to 1011 T [45, 46]. The compact stars has the strongest magnetic field which we

have observed in the nature, the characters of mater in such an extreme states must

be interesting and be known very little. Now, as the technology developing the high

power laser facility in the laboratory gives human a possibility to re-produce such a

state on the earth. There must be more findings in the future.

Basically, the field strength on a compact star is usually beyond the laboratory

capability. In this situation the non-linear Zeeman effect is possible to be observed

from the astronomical data which is shown in Fig.4− 2 [47]. The criterion is roughly

at 6 kT. It means that if one can produce a magnetic field over 6 kT there may be a

possibility of non-linear Zeeman effect in a laboratory by spectrum.

What One Can Learn from Studying Spectrum? Essentially all information about

astronomical objects outside the solar system comes through the study of electromag-
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netic radiation (light) as it reaches us. This light can contain much detailed informa-

tion which is only obtained by careful analysis. Generally speaking, one can classify

the information obtained by observing light according to the spectral resolution; that

is the degree of sensitivity to different wavelengths, used to make the observation.

One can classify such observations using the following general categories.

The most detailed astrophysical information is only obtained from high-resolution

studies which involve detecting the light arriving at the earth as a function of its

component wavelengths. This allows detailed spectroscopic features to be identified

separately from broad band features such as color. At the highest resolution, such

studies not only yield the central wavelength of any feature, often referred to as a line,

but also the shape of the feature. Such studies can yield significant extra information

and this thesis is largely devoted to the physical basis of this information and how it

can be interpreted.

To interpret an astronomical spectrum, one needs considerable knowledge of atomic

and molecular physics. This knowledge usually comes from laboratory studies which

provide the basic physical parameters necessary for understanding the astronomical

spectrum. There is a direct relationship between these physical parameters and the

astronomical information that can be obtained by observing spectra. Thus for any

line observed in an astronomical spectrum, one can potentially use laboratory data

to extract the following information [48].

1. The composition of the object being observed can be inferred by knowing which

atom (or ion or molecule) produces the observed transition.

2. The temperature and other physical conditions can be deduced from assigning

the actual transition being observed to precise energy levels in the atom.

3. The abundance of the species undergoing the transition can only be determined

if the intrinsic strength of the transition being observed is known. Line strengths

can be hard to determine in the laboratory.

4. The motions of the species being observed relative to the earth, or indeed the
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whole region containing the species, lead to a shift in the wavelength of the line;

this shift is known as the Doppler shift.

5. The pressure or density of the environment local to the species under- going the

transitions can be monitored by observing the line profile. Such observations

require particularly high resolutions.

6. Any magnetic field present can be monitored as certain spectral lines will be

split into more than one component. Energy levels of states which possess

angular momentum are split in the presence of a magnetic field. The result is

that a single transition can become two or more distinct transitions. The degree

of separation between these component lines depends directly on the strength

of the local magnetic field. Such splittings, if observed, can therefore provide a

measurement of this field.

The information obtained from such observations is the key to most astronomical

knowledge. However, to interpret any astronomical spectrum requires detailed infor-

mation about the intrinsic properties of atomic spectra. Actually, we can see that the

physics processes behind the spectrum properties and formation in astronomy and

the atomic physics are the same. This is also the key which we can use to reproduce

the astronomical phenomena and detect it with experimental methods.

4.2 Numerical simulation of plasma parameters

In order to achieve appropriate experimental conditions, there are two important

issues that must be considered. The first issue is that the maximum magnetic field

in the compression core should be more than 6 kT, for which the nonlinearity of the

Zeeman effect becomes important for hydrogen atoms [9]. The second issue is that

the electron temperature and density of the compressed plasma should be in suitable

ranges for EUV line emission. This is important to produce detectable EUV spectra

and to minimize the Stark line broadening effect.
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Figure 4-2: Magnetic white dwarfs fwith polar field strengths 𝐵 = 10−50 kT (100-500
MG), compared to those components of the Balmer series that undergo turnarounds
or reach stationary points in the region of interest. Spectra are positioned along the
ordinate by the approximate mean surface field strength.

46



We use the FLASH code to calculate the two-dimensional (2D) plasma hydrody-

namics under an external magnetic field. FLASH is a modular, parallel, multi-physics

simulation code that is capable of handling general compressible flow problems found

in many astrophysical environments [49] and high-energy-density-physics systems [50].

In addition, the magnetic field effect is included in the FLASH code. The Zeeman

splitting can be more easily observed at longer wavelengths. However, long wave-

length light is absorbed in high-energy-density-plasma due to its high opacity. EUV

light is better for Zeeman spectroscopy in high-energy-density plasma. The plasma

parameters obtained from the FLASH calculation can be used to test and verify the

spectrum in a simulation.

Using these results, we were able to identify experimental conditions appropriate

for the Gekko-XII experiment. A 250-𝜇m radius and 10-𝜇m-wall-thickness plastic

cylinder tube is filled with a 1-mg/cm3 SiO2 foam. The foam density is determined

not only by simulation results but also by its availability [51]. The cylinder surface

was irradiated with laser beams having 1013 W/cm2 of peak intensity and a 1.2-

ns full-width-at-half-maximum (FWHM) Gaussian pulse shape. The laser intensity

peaked at 2.0 ns in the simulation time. As mentioned earlier, the seed magnetic field

should achieve a maximum strength when the foam compression begins. In the real

experiment, the field driven laser is applied 1 ns before the compression starts. In the

simulation we set a parallel seed field at the initial timing, which is sufficient for the

calculations.

We performed the magneto-hydrodynamic simulation with and without the seed

magnetic field parallel with the cylinder axis. We found that the Zeeman effect is

related to the angle between the magnetic field and the observational direction, and

we chose the seed field based on this and set the spectrometer parallel to the cylinder

axis. The strength of the seed field was set to be 100 T, which is easily achievable with

the capacitor-coil target [6]. Fig.4−3(a) shows the 2D hydrodynamics of a laser-driven

cylinder calculated with the FLASH code. (a) is the initial state of the foam filled

cylinder target (0 ns). The simulation results show that the maximum compression

occurs at 3.1 ns. Fig.4 − 3 (b) and (c) show the mass density profiles (g/cm3) at the
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Figure 4-3: 2D hydrodynamics calculated with the FLASH code.(a) Initial state of
the foam filled cylinder target (0 ns). (b), (c) Mass density profiles at the maximum
compression time (3.1 ns), without and with the seed magnetic field, respectively.
The seed magnetic field is parallel to the cylinder axis.

maximum compression time (3.1 ns) without and with the seed magnetic field (the

seed magnetic field is parallel to the cylinder axis), respectively.

At the maximum compression timing, the magnetic field pressure is important for

terminating the plasma and field compressions [52]. The diameter of the compressed

core with the seed magnetic field is about two times larger (∼ 25 𝜇m) than that

without the seed field.

The plasma 𝛽 is defined as the ratio between the sum of the plasma thermal

pressure (𝑃therm) and plasma dynamic pressure (𝑃dyn) and the magnetic field pressure

(𝑃B):

𝛽 =
𝑃therm + 𝑃dyn

𝑃B

=
𝑛e𝑘B𝑇e + 1

2
𝜌𝑣2

𝐵2/2𝜇0

, (4.1)

where 𝑛e is the number density of electrons, 𝑇e is electron temperature, 𝑘B is Boltz-

mann constant, 𝜌 is plasma mass density, 𝑣 is plasma bulk velocity, 𝐵 is magnetic

field strength, and 𝜇0 is permeability. Fig.4− 4 shows 2D profiles of: (a) the electron

density (𝑛e), (b) electron temperature (𝑇e), and (c) magnetic field strength (𝐵) at the

maximum compression timing (3.1 ns). The magnetic field strength, electron density,

and electron temperature are, respectively, 12 kT, 1.6 × 1021/cm3, and 103.4 eV at

the central area. Clearly, a higher density increases the electron density and makes
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Figure 4-4: Two dimensional profiles of the key plasma parameters at the maximum
compression timing. (a) Electron density (𝑛e, in 𝑙𝑜𝑔10 /cm3) profile. (b) Electron
temperature (𝑇e, eV) profile. (c) Magnetic field strength (𝐵, T) profile

Table 4.1: Parameters for different foam compressions
𝜌foam 𝑛e 𝑇e 𝐵max

1 mg/cc 1.6 × 1021/cm3 103.4 eV 12 kT
5 mg/cc 7.5 × 1022/cm3 129.3 eV 11.4 kT

the Stark effect more effective, and also changes the temperature. Table 1 shows

the FLASH code calculation results for a higher density 5-mg/cc foam. The Zeeman

splitting and Stark effect are not as effective due to the relatively low electron density

at the maximum compression timing, demonstrating why a 1-mg/cc foam was chosen.

Of course, a lower density gives a lower electron density, which will be a challenge for

the target technicians.

At the maximum compression timing, 𝑃B = 0.4 Gbar. Fig.4 − 5 shows the 2D 𝛽

profile at the maximum compression timing, showing that the central area reaches a

pressure equilibrium 𝛽 = 1 at the maximum compression timing.

The energy width between lines separated by the Zeeman effect can be obtained

with plasma parameters calculated with the FLASH code. The nonlinearity of the

Zeeman effect becomes significant for hydrogen atoms in a 6-kT magnetic field. How-

ever, the linear model is still applicable for calculating the energy width for silicon

atoms in a magnetic field as strong as 10 kT, expected in our experiment. The EUV

and VUV spectrometers used for the spectral measurements cover wavelengths of
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Figure 4-5: Two-dimensional 𝛽 value at the maximum compression time (3.1 ns).

10–200 nm, corresponding to photon energies of 6–120 eV. There are many potential

lines that can be used for the Zeeman splitting measurement in such a wide range.

We identified the Si XII (Lithium-like) line at 95.4 eV as being an appropriate choice

for measurements in the definite plasma condition.

The linear Zeeman splitting model gives

∆𝜈 =
𝜇B ·𝐵(𝑚1𝑔1 −𝑚2𝑔2)

ℎ
, (4.2)

where ∆𝜈 is the frequency difference caused by the Zeeman effect, 𝜇B is the Bohr

magneton, 𝑚 and 𝑔 are the magnetic quantum number and Landé g-factor of the

electron state, and ℎ is the Planck constant [53]. The maximum energy shift is

calculated to be 3.4 eV for the emission line at 95.4 eV under a 10-kT magnetic field.

However, a 10-kT magnetic field is strong enough to destroy the 𝐿 + 𝑆 coupling

and lead to the splitting being Paschen–Back effect dominant [54], resulting in a

different pattern of splitting. In a relative weak magnetic field, the coupling of the

orbital angular momentum 𝐿 to the spin angular momentum 𝑆 is stronger than their
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coupling to the external field, which means that 𝐿+𝑆 coupling is dominant. In a 10-

kT strong magnetic field, 𝐿 and 𝑆 coupling is stronger to the external magnetic field

than the coupling to each other, and can be visualized as independently precessing

about the external magnetic field direction. The energy shift of the Paschen–Back

effect gives

∆𝐸 = (𝑚𝑙 + 𝑚𝑠)(
𝑒ℎ𝐵

2𝑚𝑒

) = (𝑚𝑙 + 2𝑚𝑠)𝜇𝐵𝐵 (4.3)

which is similar to the normal Zeeman effect but only two splitting lines can be

observed [55]. In addition, a consideration of the selection rules of electric dipole

radiation gives

∆𝐽 = 0,±1, ∆𝑀 =

⎧⎨⎩ ±1, 𝜎 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠,

0, 𝜋 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠,
(4.4)

where 𝑀 is the magnetic quantum number. By observing along the magnetic field

direction, which means that the light coming into the diagnostic system is parallel to

the seed field, the 𝜎 components acquire a circular polarization and the 𝜋 components

disappear. That is why we set the EUV and VUV spectrometers along the magnetic

field in the experimental design. Finally, in the 10-kT magnetic field the maximum

splitting in the 𝜎 components is calculated to be 1.2 eV.

For non-hydrogenic ions, the Stark broadening occurs predominantly by electron

impact [56]. Since the perturbations caused by ions is negligible compared to elec-

trons, it can be calculated as ∆𝜆s1/2 = 2𝑊 (𝑛e/1016), where 𝑊 is the electron impact

parameter, which can be calculated for different temperatures [57]. It can be calcu-

lated that the Stark broadening corresponds to an energy of 0.7 eV, which is smaller

than the Zeeman splitting width for an electron density of 1021 cm−3.

The EUV spectra were calculated using the FLYCHK code [58] and the splitting

profile was calculated by the MASCB-PPPB code [59], in which the Stark effect is

considered as line broadening, with the plasma parameters obtained from the FLASH

result. As described in the pervious discussion, the compressing core has parameters

of about B = 10 kT, 𝑛𝑒 = 1021/cm3, and 𝑇𝑒 =100 eV at the maximum compression
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timing. The calculated spectra with the above plasma parameters are shown in

Fig.4−6. EUV spectra calculated by the MASCB-PPPB code with plasma parameters

calculated with the FLASH code at the maximum compression timing. The black line

is the spectrum of the Si XII line (Li-like), observed as being isotropic. The blue line is

the 𝜋-component dominated line (perpendicular observing) and the red line is the 𝜎-

component dominated line (parallel observing). A 1.2-eV splitting along the magnetic

field is apparent where the 𝜎 components dominate. The emission peak near 95.4 eV

comes from Lithium-like silicon ions (Si XII) by the transition between 1𝑠24𝑓 and

1𝑠23𝑑. However, in the actual experiments, the resolution of the spectrometer must

be considered. For this purpose, a spectral convolution is also calculated, as shown

in Fig.4 − 7. These spectra were obtained by convoluting the spectral result with a

spectral resolution function of a 1-eV resolution EUV spectrometer. The black line

is without a magnetic field, and red line is in a 10-kT external magnetic field with 𝜎

components. The splitting is not as apparent even if we observe it along the cylinder

axis, using a minimum 1-eV resolution spectrometer, but a 0.5-eV splitting can still be

observed for our high-resolution spectrometers for the best experimental conditions.

High-resolution spectrometers will achieve a better spectrum. In conclusion, the

Zeeman splitting is observable in this plasma condition even considering the Stark

effect and spectrometer resolution.

4.3 Experimental design and diagnostic setting up

Fig.4 − 8 shows a schematic drawing of the design of the experimental setup. A

cylindrical plastic tube of 20-𝜇m thickness filled with a low-density SiO2 foam is

the main target. The plastic cylinder, located at the center of the two capacitor

coil targets, is compressed by six Gekko-XII laser beams. The SiO2 foam in the

cylinder tube becomes a strongly magnetized SiO2 plasma by laser-driven implosion.

EUV/VUV lines emitted from magnetized Si ions are split by the Zeeman effect and

observed with a high-spectral-resolution EUV/VUV spectrometer along the cylinder

axis. Silicon is selected as the target atom because it is one of the most abundant
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Figure 4-6: EUV spectra calculated by the MASCB-PPPB code with plasma param-
eters calculated with the FLASH code at the maximum compression timing. The
black line is the spectrum of the Si XII line (Li-like), observed as being isotropic. The
blue line is the 𝜋-component dominated line (perpendicular observing) and the red
line is the 𝜎-component dominated line (parallel observing).

53



Figure 4-7: 1-eV convolution spectrum results of the Si XII line at 95.4 eV, without a
magnetic field (black line) and in a 10-kT external magnetic field, with 𝜎 components
(red line).

elements in the universe [15]. Silicon ion emission lines are frequently observed in

astronomy. The low-density SiO2 foam is used to reduce the Stark broadening effect

[60,61]. If the Stark broadening is wider than the Zeeman splitting energy, the Zeeman

splitting is smeared by the Stark broadening. Based on calculations, we chose a 1-

mg/cc density foam for the experiment as appropriate for measurement. As there

may be stray light irradiating the two ends of the cylinder and causing foam heating,

two CH cones are attached to the ends of the cylinder to block stray light. The

cylinder is placed in a spatially uniform seed magnetic field produced by a pair of

laser-driven capacitor-coil targets. A 20-𝜇m thick tantalum shield is attached to each

coil to prevent the X-rays from the laser spots irradiating the cylinder. A ∼ 102-level

seed magnetic field is generated by two Gekko-XII beams (one beam is used for each

coil). In a previous experiment, a capacitor-coil target was irradiated by one Gekko-

XII beam and generated a 250-kA current and 610-T magnetic field at the center of

the coil [7]. Using two capacitor-coils generates a stronger magnetic field [62].

The cylinder is soaked in the generated magnetic field before the laser irradiation.
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Figure 4-8: The Zeeman measurement experimental setup. The plastic cylinder,
located at the center of the two capacitor coil targets, is compressed by six Gekko-
XII laser beams. The SiO2 foam in the cylinder tube becomes a strongly magnetized
SiO2 plasma by laser-driven implosion. EUV/VUV lines emitted from magnetized
Si ions are split by the Zeeman effect and observed with a high-spectral-resolution
EUV/VUV spectrometer along the cylinder axis.

The main target is then irradiated by six Gekko-XII beams, which drive a cylindrical

shock wave in the SiO2 foam. The magnetic field seed is compressed by a converging

flow of highly conductive SiO2 plasma produced by the converging shock wave. The

magnetic field driven beams are applied 1 ns before the six Gekko-XII compression

beams, in order to get the maximum seed field when the compression starts. At the

maximum compression timing, the hot SiO2 plasma is magnetized by ∼ 10 kT of

the compressed magnetic field. EUV spectra emitted from the magnetized silicon

ions are measured with a grazing incidence EUV spectrometer coupled with an X-ray

streak camera to obtain high spectral and temporal resolutions. On the opposite

side, a VUV spectrometer measures the potential splitting in the VUV wave band.

Both the EUV and VUV spectrometers are coupled with pinholes to obtain images

of the central area of the plasma. The pinholes also shield signals from other hot

plasmas, for example signals from the cylinder shell or capacitor coils heating. The

hydrodynamics and magnetic field structure of the compressing cylinder are measured

simultaneously by X-ray self-emission and proton radiography techniques.

The density of the SiO2 foam and thickness of the CH cylinder must be optimized
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to obtain clear Zeeman spectra in the experiment. The CH shell works not only as a

container for the foam but also as a piston to drive the converging shock in the foam.

4.4 Trials of the Zeeman splitting measurement

In order to observe the Zeeman splitting in the experiment, we also performed our

experiment on Gekko / LFEX system in 2018 based on the discussion above. The first

subsection will introduce this experiment, and the second subsection will introduce

another experiment performed on LULI facility, Ecole Polytechque, France.

4.4.1 Gekko XII / LFEX experiment

Based on the discussion in section 4.2, we performed the experiment with the similar

design. There are some differences between the design and experiment.

1. Only EUV spectrometer is used in the experiment. Before the experiment the

VUV spectrometer is also setup, but the front image lens (using optics, not

pinhole in the design) is broken by the target debris in the first shot. And it is

never used in this experiment series.

2. The proton backlight target is not set up in the following experiment, as the

target-insert operator found that it is difficult to operate it in position by human

hand.

3. The foam targets are fabricated by the Lawrence Livermore National Laboratory

(LLNL), United States [63]. Three different density of foam targets are provided

(10mg/cc, 5mg/cc and 1mg/cc), But the foam targets are very fragile and all of 1

mg/cc and some of higher density targets are lost. However, as the simulation is

based on 2D, higher density may also fullfill the spectrum observing conditions.

These differences indicate that in the experiment, especially on big facilities it is never

an easy work to bring the ideal setting up to the reality, what we can do is try our

best to coordinate. Although the Zeeman splitting has a solid physical theory and
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Figure 4-9: The raw data of EUV spectrometer. The upper figure is w/o B-field shot
as reference one, and the lower figure is the w/ B-field shot.

should not be absent in the HEDP experiment, to observe it still need a simple and

subtle experiment plan.

Here we show a raw data from EUV spectrometer in Fig.4 − 9. On the reference

shot we can see two significant O V line at 17 nm (1𝑠22𝑠4𝑑 to 1𝑠22𝑠2𝑝), and 18.6 nm

(1𝑠22𝑝3𝑝 to 1𝑠22𝑠2𝑝). Other spectrum is absent or difficult to confirm. The lower

one shows the target shot with magnetic field. There is no lines corresponding to

each other which can be used to compare the potential Zeeman shifting. At 16.17 nm

and 16.32 nm there are a double line exist with a similar intensity. If it is a Zeeman

splitting the energy difference is 0.16 nm / 0.7 eV. However, There is no line on the

reference shot at same position and no known spectra at ∼16.2 nm so that cannot

identify the element (Fig.4− 10, where is in the white dotted line of Fig.4-7). On the

target shot there is a wave shape background shape on the right side (≥ 16.6 nm) of

the spectrum. It is not physical but a grating failure after the post-mortem.

So that the evidences are lacking to make a solid conclusion to say there is a

splitting with so many diagnostics unavailable in the experiment. The possible reason

may be:

1. The plasma was not generated successfully. This is one of the decisive reasons

which we guessed, the foam-fill cylinder was not compressed correctly. That

may explain why only Oxygen lines were observed when the Silicon lines were

missing as the Oxygen has multiple origin while Silicon has not.

2. The magnetic field did not achieve the ideal intensity, or even not generated.
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Figure 4-10: The spectra at 16nm in the experiment, there is a double-peak in the
w/ field shot but there is no corresponding spectra in the reference w/o field shot.
The 16.3 nm peak in w/o field shot is due to the noise spot.

There is not significant splitting on Oxygen line indicate this possibility. Even

though there is a background disturbing, there are no splitting lines overlying

on it.

But this trial still provide some experiences for the Zeeman splitting measurement. Of

course the plasma status and radiation properties are very important for the Zeeman

splitting measurement, on the other hand, we also need to consider more about the

reality. Experimental operation has so many limitations for the facility. It is necessary

to try simpler design and less materials to reduce the disturbing.

4.4.2 LULI experiment

In September 2019, the author participated another Zeeman splitting measurement

experiment performed on the LULI facility, Ecole Polytechque, France. Two nanosec-

ond laser is used in this experiment. One beam is used to drive the laser-induce

strong magnetic field, and another one is used to generate the low density plasma.
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Figure 4-11: The experimental setup of LULI experiment. a) B-field generation by
capacitor-coil target (1053 nm,500J ns-beam). b) CO2 gas is ionized into plasma by
1052 nm, 50J and 500 ps-beam. c) and d) The target schematic diagram in design
and realistic assembling.

The experiment setup is shown in Fig.4 − 11. The 500 T magnetic field is generated

by the capacitor coil target (a), and a gas nozzle is insert into the coil, puff the CO2

gas into the it and irradiated by another beam (b), generated a low density (about

1018𝑐𝑚−3) plasma. According to the experimental condition there is an 2 nm splitting

can be observed at one of the carbon UV spectrum (CIII 229 nm).

The diagnostic is a 1200l/mm gratings UV spectrometer with 0.2 nm resolution.

The spectrometer is coupled with a streak camera so that the spectrum data can be

temporal resolved as well. The experiment result is shown in Fig4-13. The x-axis is

wavelength, covered 15 nm from left to right. The y-axis is time, covered 20 ns from

top to bottom. The magnetic field is generated 1 ns later than the CO2 plasma, it

can be seen the CIII 229 nm line is observed in the CCD view. However, when the

magnetic field generated and achieved the maximum intensity (about 1 ns after the

B-field driven beam), there is no splitting observed at 229 nm spectra. The spectra
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Figure 4-12: The diagnostic system of LULI experiment. The upper figure is the
optical and diagnostic system and the lower one is the deployment in the experiment.
The UV light is induced into streak camera (Hamamatsu C7700) coupled spectrometer
(Oriel MS260i) the approximate 1:1 optical system. With 200𝜇m slit and 2400l/mm
grating it is possible to get 1 nm resolution at 230 nm UV line.
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Figure 4-13: The one of the typical target shot results of LULI-Zeeman experiment.
the horizontal axis is the wavelength and the vertical is time, from top to bottom.
The available spectrum width is about 15 nm, and the time evolution covers 20 ns.
The gas plasma is produced about 1 ns before the B-field generation.

is shown in Fig.4− 14. There is a very tiny broadening effect at 229 nm CIII spectra,

if it is due to the Zeeman effect, the field strength can not be larger than 40 T, which

is much weaker than the original goal >500 T.

The possible reason to explain the Zeeman splitting absent is the magnetic field

is not generated successfully. In some of the target shots, after checking the optical

images of the experiment operators found that sometimes the capacitor coil is blowed

away by the puffed gas, which would make the B-field driven laser miss the target.

Another probably reason is that there is a short cut between the nozzle and the coil,

which would lead the current miss the coil and dismiss the magnetic field.

According to these trials, it is obviously that a simpler design is necessary both

for theoretical works and experiment operators. A strong magnetic field is usually

produced in a relative small spatial and temporal region, but the plasma-in-field

should be high temperature and low density which usually generated in a relative

large spatial region. On the other hand, the observing direction is limited. These
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Figure 4-14: The spectrum of the the raw data shows w/o and w/ B-field. At 229
nm there is the CIII line in w/o B-field spectrum but w/ B-field case the S/N ratio
decreases, and no significant splitting observed (The theoretical prediction is about 4
nm).
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factors may makes the Zeeman splitting measurement to be a tricky work which we

need to solve in the future HEDP experiments.

4.5 Summary of the Zeeman splitting experiment

The previous sections have mentioned that not a single one of a suitable line, a relative

low plasma density and a strong magnetic field can be dispensed with. From these

trials, there are still some achievement we can talk about.

1. Starting with the astronomical meanings, Si spectrum which is one of the rich-

est elements and well-observed in astronomy researches are chosen in the HEDP

experiment plan. The author picks one of the potential EUV spectra and cal-

culates the Zeeman splitting in 10 kT strong magnetic field. This result can

be a guidance for the present and future Zeeman splitting experiment with

laboratory astrophysics background.

2. Aiming at observing this spectra, the author designs an experimental plan with

Gekko facility, and confirms the plasma parameter is possible for the present

spectroscopy science to measure such a splitting with MHD modeling.

3. The experiment needs an ultra-low density SiO2 foam of 1 mg/cc, our collabo-

rators from LLNL successfully fabricated it which is a good examining for the

target-fabricating technology.

4. Both of the Gekko and LULI experiments observed some potential splitting, or

broadening effect. In Gekko experiment, whether the spectra observed around

16.2 nm was caused by magnetic field or not, the experiment shows that the

present EUV spectrometer has the acceptability for Zeeman splitting measure-

ment in the planning condition. For LULI experiment, as the field may be much

lower than the original plan, A higher resolution diagnostic system is needed

for the future experiment.

Both trials of Gekko and LULI facility showed that an ingenious target design

is necessary. As mentioned above there are some guessing for the reasons of the
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absence of the Zeeman splitting, for future experiments to confirm the plasma status

is important for analyzing the experimental data. For the foam target, a streak

camera or self-emission diagnostic system can be set up to check the compressing

process and compression ratio, and comparing with the 2D MHD simulation density

distribution result. A proton back-lighter target is still necessary for the magnetic

field cross-check measurement in this experiment.

About the CO2 gas plasma experiment of LULI facility, a possible improvement is

to increasing the coil diameter. This changing will reduce the magnetic field strength

which means the researches must be carefully examining the field changes with the

diameter and re-calculate the splitting width, and testing whether it is observable in

the experiment.
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Chapter 5

EUV project for H* measurement

and atomic process

EUV light source (13.5 nm) widely used in EUVL for chip curving recent years. It

has about 10 years history for processor-making industry, as a replacement, new light

source technology for mercury g & i-line, KrF and ArF light source. The scientists

and engineers are keep working on to find a better light source for curving chips.

A shorter wavelength source can improve the lithography resolution, which means a

more powerful, but smaller and energy-saving processor can be produced. In 2020,

with the newest EUVL technology 5 nm level node structure of processor is achieved,

which is already applied on the iPhone 12’s processor "A14 Bionic" by Apple Inc. [64].

The improvement of EUV lithography technology is shown in Fig.5 − 1.

In this Chapter, the author will introduce another application of researches related

to the EUV. Different from the previous Chapter, here will be more related to the

industrial applications. The final goal of the project is using one of the component

in EUV-induced plasma, H readical (H*) to clean the Sn ions in the Chamber when

the Sn is used as the EUV source. The laser heating Sn is common used as the EUV

source in EUVL, but the Sn debris are easy to attach on the EUV reflect mirror, and

decrease the reflecting efficiency gradually. In the EUVL, a widely used method to

slow down this process is inducing H2 as a buffer between Sn debris and mirror. An

interesting thing is the technicians and engineers noticed that when they are inducing
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the H2 into the chamber, the mirror life is significant extended which is beyond the

buffer mechanism. Some researchers suggest that H* play an important role in this

effect. This research will try to observe the EUV-induce hydrogen plasma parameters,

and try to estimate the H* yield [65, 66]. The next step is try to find the possibility

of applying this technology to Sn cleaning [67, 68]. The first section introduces the

EUV-induce hydrogen plasma spectrum measurement, especially the Balmer series

for the key plasma parameters (T𝑒 and n𝑒) estimation. The second section provides

the methods of H* estimation. The last section will give a discuss about the probably

applications.

As the previous description the experiment setup is shown in Fig.2 − 3, here we

provide a raw data of the H-Balmer series which we obtained from the experiments.

In the experiments the first three lines of Balmer series are observed which are shown

in Fig.5− 2. Obviously, the H𝛼 and H𝛽line has better S/N ratio, and H𝛾 one is worse

than the others.

In the section 3.3, we discussed how to derive the key plasma parameter from

the spectra profile. Obviously, this method demands a good S/N ratio. Considering

this factor, the H𝛼 and H𝛽 line should be good choices. But for hydrogen plasma

diagnostics, usually, H𝛽 profile are used for the broadening measurement [69, 70].

That is because the H𝛽 line is more sensitive to the Stark broadening than the H𝛼

line. That means when we talk about the line broadenings, H𝛼 is Doppler broadening

dominated while H𝛽 is Stark broadening.

According to our experimental parameters, the pressure of hydrogen gas we pumped

into the gas cell is relative low (1-10 Pa) which means that the van der Waals broaden-

ing is very small [71]. Actually for H𝛽 line profile, the natural, resonance and van der

Waals broadening are all at least 2 orders smaller than the other 3 broadening mech-

anisms. So that when we analyzing the experiment data only Doppler broadening

(∆𝜆𝐷), Stark Broadening (∆𝜆𝑆) and Instrumental broadening (∆𝜆𝐼) are taking into

account. As the Doppler and Instrumental profile has a Gaussian shape (𝐺(𝑥,∆𝜆𝐺))

and Stark Broadening has a Lorentzian profile (𝐿(𝜆0 − 𝑥,∆𝜆𝐿)), the total line shape
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Figure 5-1: The history of light source development of EUVL technology and resolu-
tion relative improvement. The scientists and engineers are keep working on to find
a better light source for curving chips. A shorter wavelength source can improve the
lithography resolution, which means a more powerful, but smaller and energy-saving
processor can be produced. In 2020, with the newest EUVL technology 5 nm level
node structure of processor is achieved. (Source: I. Fomenkov, ASML, NL)

5.1 Spectrum measurement of EUV-induced
hydrogen plasma
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Figure 5-2: The Hydrogen Balmer (H𝛼, H𝛽 and H𝛾) lines in experiment. The grey
crosses are the counts on the CCD. The X-axis is in nm and the Y-axis is the counts
shows the intensity. Obviously the H𝛼 line has the best S/N ratio and the H𝛾 has the
worst.

should be a convolution with Voigt profile which gives [72,73]

𝑉 =

∫︁ +∞

−∞
𝐺(𝑥,∆𝜆𝐺)𝐿(𝜆0 − 𝑥,∆𝜆𝐿)𝑑𝑥 (5.1)

As the Instrumental broadening is already known by the diagnostic resolution,

in principle, first we fitting the H𝛽 spectra and de-convolute the profile, we can get

the Doppler and Stark width. This is the method to calculate the plasma electron

temperature and density.

5.1.1 Estimation of plasma density by the EUV intensity

Before we apply this method to calculate the plasma parameters, it is necessary to

have a roughly estimation of them. there is a scaling estimation from Horst by the

EUV intensity [74],:

𝑛𝑒 =
1.05𝜎𝑝𝑖𝑛𝑔𝑎𝑠𝐸𝐸𝑈𝑉

𝐴𝐸𝑈𝑉𝐸𝑝ℎ

(1 + 𝑘𝑒𝑖𝑛𝑔𝑎𝑠(𝑡𝑚 − 1

2
𝜏)) + 𝑃 (𝐸𝐸𝑈𝑉 ) − 𝐿𝑓𝑒 (5.2)

where the factor 1.05 is average number of electrons generated per absorbed photon,

𝜎𝑝𝑖 is the EUV / H2 cross section (for 92 eV EUV light is 6 × 10−24𝑚2), 𝑛𝑔𝑎𝑠 is

the background gas pressure density, 𝐴𝐸𝑈𝑉 is the EUV focus area, 𝐼0 is the EUV
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Intensity, 𝜏 is the duration time (10 ns), 𝐸𝑝ℎ is the EUV photon energy (92 eV) 𝑘𝑒𝑖 is

the electron impact ionization rate (≈ 10−16𝑚3𝑠−1 for several eV) 𝑡𝑚 is the maximum

𝑛𝑒 timing, 𝐸𝐸𝑈𝑉 = 𝐼0𝜏𝐴𝐸𝑈𝑉 is the EUV energy, 𝑃 (𝐸𝐸𝑈𝑉 ) is the loss of pressure

independent source and 𝐿𝑓𝑒 is the loss of high energy electrons. 𝑃 (𝐸𝑈𝑉 ) and 𝐿𝑓𝑒

are two constant terms, 1.8 × 1013𝑚−3 which are both ignorable in our cases.

Then we take our experimental parameters into the equation, as an example 5 Pa

hydrogen gas (where the number density is 109𝑐𝑚−3), 𝐼0 = 109𝑊𝑐𝑚 − 3, 𝜏 = 10𝑛𝑠

and 𝐴𝐸𝑈𝑉 = 150𝜇𝑚, The Eq.5.2 become

𝑛𝑒 =
1.05𝜎𝑝𝑖𝑛𝑔𝑎𝑠𝐼0𝜏

𝐸𝑝ℎ

= 5.65 × 1013𝑐𝑚−3 (5.3)

This is the 𝑛𝑒 estimation by the EUV intensity.

5.1.2 Key plasma parameter measurement by the line profile

According to the discussion above, probably, the EUV-induce hydrogen plasma in our

experiment is relative low density and NLTE. It means that the methods we can use

from the spectrum are limited. Another thing we must take careful is that the key

parameters, 𝑇𝑒 and 𝑛𝑒 which are derived from line profile width also has its limitation.

There are several theoretical works which are examined widely in lots of researches

before. These theories range from the model of quasi-instantaneous electron collisions

of Lorentz (or impact model) [75], via the quasi-static theories for ion collisions by

Kepple and Greim (KG) [69], to finally reach the recent micro-field model meth-

ods (MMM) [76]. The different theories provide expressions to calculate the Stark

broadening as a function of the electron density and temperature. Except Kepple

and Greim, another classical example is the theories of Vidal, Copper and Smith

(VCS) [77]. One of the most refined Stark broadening theories was developed by

Gigosos and Cardenoso (GC) using computer simulations [78]. The main advantage

of the GC model is the consideration of ion dynamics and the possibility of working

with two temperature plasmas. For these reasons the computer simulations of GC

have been chosen as the Stark broadening model for the diagnostics of the electron
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Figure 5-3: An example of H𝛽 fine structure convolute with instrumental profile. Ex-
cepting all the broadening effect and considering the fine structure only, the spectrum
are shown as the green dotted line. Assuming an instrumental profile with Gaussian
profile (red dotted line), the convolution profile is the solid black line. The exper-
imental results are the convolution of fine structure and all the broadening effects,
and these effects are influenced by the plasma and diagnostic parameters.

density in this work. However, it must be said that all the mentioned theories are

derived for 𝑛𝑒 values above 1014𝑐𝑚−3. Below this density there is no theoretical pre-

diction with the width to density. These models limit the range because in the lower

density the fine structure affect on the line profile and makes it getting far away from

the standard Voigt profile.

Here we give an example of H𝛽 to explain how the fine structure affect on the

line profiles [79]. As shown in Fig.5 − 3, considering an extreme condition where

the density is very low and no broadening on the spectrum, Spectra of H𝛽 should

be consisted by several separate lines. when there is a broadening mechanism exists,

such as instrumental, Doppler and Stark broadening, the spectra profile should be a

convolution of all the effective mechanisms. In our cases, when the plasma electron

density increases and the width grows, the effect of fine structure will decrease and

getting close to the Voigt profile.
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This is also the reason why the theoretical predictions mentions pervious has

limited to the lower boundary of 1014𝑐𝑚−3 where the calculated 𝑛𝑒 error is acceptable.

The plasma density in our experiments may be just below this boundary, makes the

situation become complex. For the plasma above this limitation, one can simply

fit the spectra and de-convolute the profile and get 𝑇𝑒 and 𝑛𝑒 at the same time as

discussed in the section 3.3.1 and 3.3.2. According to our plasma conditions, this

method can lead to big errors about 50% to 100%. However, for the plasma electron

density ranges between 1012𝑐𝑚−3 and 1014𝑐𝑚−3, there is still a possibility to use the

∆𝜆𝐷 ∼
√
𝑇𝑒 and ∆𝜆𝑆 ∼

√︁
𝑛
2/3
𝑒 relations That requires one of the parameters is

already known. For example, if one already confirmed 𝑇𝑒 then one can calculated

a Doppler broadening width. Assuming this width contribute to Gaussian part (of

course instrumental profile is considered as well) of the Voigt profile, and regard the

remain width is Lorentzian which is contribute by the Stark broadening, It is still to

estimate the electron density with 𝑛𝑒 ∼
√︀

∆𝜆3
𝑆 with an error less than 20% [79].

In the experiments, H𝛼 line has the best signal / noise ratio. As the H𝛼 line is

more sensitive to Doppler broadening, here we using a mixed method to calculate 𝑇𝑒

and 𝑛𝑒.

1. Firstly, we de-convolute the H𝛼 line and get the ∆𝜆𝐷, and use the 𝑇𝑒 ∼ ∆𝜆𝐷

relation to get a temperature.

2. Secondly, using the 𝑇𝑒 to calculate a Doppler broadening width of H𝛽 and

convolute it with the instrumental broadening, then we have a Gaussian profile

(∆𝜆𝐺 =
√︀

∆𝜆2
𝐷 + ∆𝜆2

𝐼).

3. Lastly, assuming the remain width in the H𝛽 Voigt profile is due to the Stark

broadening, and calculate the 𝑛𝑒 ∼
√︀

∆𝜆2
𝑆.

Following the steps, we can use ORIGIN software to deal with the spectrum of H𝛼

and H𝛽 (Fig.5−4) [80]. The typical hydrogen gas pressure we used in the experiments

is 5 Pa, Which is considered both for the emission observing intensity and the pressure

dynamic equilibrium in the gas cell. The measurement results is shown in Tab.5.1.
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Figure 5-4: The ORIGIN software window, which fits H𝛼 line with Voigt profile and
gives the ∆𝜆. Using the deconvolution method is possible to get the Lorentzian width
and Gaussian width.

The first column is the background pressure in the gas cell, the second column is the

plasma electron temperature derived by the H𝛼 line profile, and the last column is

the plasma electron density derived by H𝛽 according to the steps above.

Table 5.1: Plasma 𝑇𝑒 and 𝑛𝑒 in the different background pressure
Pressure 𝑇𝑒(𝐻𝛼) 𝑛𝑒(𝐻𝛽)

1.0 Pa 0.88 eV 3.85 × 1013𝑐𝑚−3

2.5 Pa 1.05 eV 4.82 × 1013𝑐𝑚−3

5.0 Pa 1.15 eV 3.21 × 1013𝑐𝑚−3

7.5 Pa 1.21 eV 5.32 × 1013𝑐𝑚−3

10.0 Pa 1.25 eV 4.04 × 1013𝑐𝑚−3
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Figure 5-5: The Schematic diagram of plasma 2D distribution observation. The slit
of the spectrometer limits the vision of view. In order to observe the 2D image of
plasma, we fully open the slit and set up an image rotator (Dove prism) in the optical
systems. It makes it possible to get the full-size image of the hydrogen plasma. By
setting the different central wavelengths of the spectrometer, H𝛼 and H𝛽 emission
image are obtained.

73



5.1.3 Plasma electron temperature estimation by expansion

speed

The plasma electron density is already estimated by two methods, the EUV inter-

action rate and the line profile broadening. For plasma temperature except the line

profile method we also examine it by the plasma expansion speed. In order to get the

emission form the plasma by OES, we open the slit of the spectrometer and setting

the central wavelength of the 1200l/mm grating to be 656 nm and 486 nm, which

means that both H𝛼 and H𝛽 emission image are observed in the experiment. The

Schematic diagram of plasma 2D distribution observing method is shown in Fig.5−5

The exposure time of the CCD camera is set to 10 ns, starting with 5 ns and keep the

10 ns step we get the time evolution data of the EUV-induce hydrogen plasma. The

5 Pa experimental results of H𝛼 is shown in Fig.5 − 6 and H𝛽 is shown in Fig.5 − 7.

As the CCD pixel size (13𝜇m) and the OES magnification (1:1) are known, it is

possible to calculate the plasma width and the expansion speed. Here we considered

the horizontal FWHM as the plasma width, The plasma radius expansion with time

is shown in Fig.5 − 9. The expansion radius can be perfect fit with a linear function,

which indicate a constant speed of 1.12×106 cm/s (H𝛼) or 1.27×106 cm/s (H𝛽),

respectively.

For hydrogen plasma the plasma sound speed (𝑐𝑠) gives

𝑐𝑠 = 9.79 × 105
√︀

𝛾𝑇𝑒 (5.4)

where 𝛾 is the adiabatic index. As the previous discussion indicate that 𝑇𝑒 is around

1 eV, then we can get 𝑐𝑠 = 1.20 × 106 cm/s which has a good agreement with the

observation result. It also shows that the plasma state is in a free expansion.

So far the 𝑇𝑒 and 𝑛𝑒 are both estimated by 2 different methods, above all here we

can give a conclusion to the measurement as 𝑇𝑒 = 1(±0.2) eV and 𝑛𝑒 = 3(±2) × 1013

cm−3.
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Figure 5-6: The plasma H𝛼 image with time evolution from 5 ns to 85 ns. The plasma
emission is getting stronger before 40 ns, and after that timing is getting weaker with
the plasma expansion.
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Figure 5-7: The plasma H𝛽 image with time evolution from 5 ns to 85 ns. The similar
time evolution emission of H𝛼 are observed.
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Figure 5-8: The plasma expansion speed measurement. The H𝛼 color distribution
shows the emission intensity (counts). The left pattern shows the EUV direction and
the central plane, which has a 15 degree angle between them due to the Au-coated
EUV mirror (see section 2.1.2). the 3 pattern in the right side show 35 ns to 55
ns emission, by measuring the horizontal distribution at the most intensive position,
gives the estimation of plasma width.
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Figure 5-9: The plasma radius increasing with time. The red points are the H𝛼 data
and the blue ones are H𝛽 data. The dotted line are the linear fitting with the least-
square method. Both of H𝛼 and H𝛽 data show an expansion speed about 1 × 106

cm/s.
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5.2 The H* population in the EUV-induced hydro-

gen plasma

To apply this project into the industrial application, it is necessary to promote the H*

yield to ≥ 1015 cm−3. This yield is an estimation which can clean the Sn drops effec-

tively. When the EUV photons irradiate on the hydrogen gas, there are three reactions

occur [16]: single photoionization (Eq.5.5), dissociative photoionization (Eq.5.6) and

double photoionization (Eq.5.7).

𝛾 + 𝐻2 → 𝑒− + 𝐻+
2 (𝑋) (5.5)

𝛾 + 𝐻2 → 𝑒− + 𝐻+*
2 → 𝑒− + 𝐻* + 𝐻+ (5.6)

𝛾 + 𝐻2 → 2𝑒− + 𝐻2+
2 → 2𝑒− + 2𝐻+ (5.7)

where X denotes the ground state. These three reactions do not contribute to the

ionization events equality which depends on the EUV photon energy. In our case, the

fist one contributes to about 80%, the second one to about 15% and the third one to

about 5% [81].

5.2.1 Plasma quasi steady state solution

As the H* is the only production of the bound state in the EUV / hydrogen interac-

tion, For the purpose of estimating the H* population, we follow the steps as:

1. Building a data base of the population information of bound-state electrons in

the different 𝑇𝑒 and 𝑛𝑒 plasmas.

2. Observing the Balmer series in the experiment (H𝛼, H𝛽, H𝛾, ...), and calculating

the population on each energy level.

3. Comparing the theoretical data and the experimental one, providing an estima-

tion of H* yield based on the 𝑇𝑒, 𝑛𝑒 and Balmer series data in the experiment.
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In this subsection we discuss the first item, about the theoretical works. The ex-

periment measurement will be introduced in the next subsection. A common method

is calculating the population of the excited levels with the principal quantum number

(𝑝) of the quasi steady state plasma. Considering the rate equation gives

𝑑

𝑑𝑡
𝑛(𝑝) =

∑︁
𝑞<𝑝

𝐶(𝑝, 𝑞)𝑛𝑒𝑛(𝑞) − {[
∑︁
𝑞<𝑝

𝐹 (𝑝, 𝑞) +
∑︁
𝑞>𝑝

𝐶(𝑝, 𝑞) + 𝑆(𝑝)]𝑛𝑒 +
∑︁
𝑞<𝑝

𝐴(𝑝, 𝑞)}𝑛(𝑝)

+
∑︁
𝑞<𝑝

[𝐹 (𝑞, 𝑝)𝑛𝑒 + 𝐴(𝑞, 𝑝)]𝑛(𝑞) + [𝛼(𝑝)𝑛𝑒 + 𝛽(𝑝)]𝑛𝑒𝑛𝑧

(5.8)

where these parameters

∙ 𝑛(𝑝) are 𝑛(𝑞) are the population of two different excited state 𝑝, 𝑞 separately.

∙ 𝑛𝑒, 𝑛𝑖(= 𝑛𝑧) are number of the electrons and ions respectively, where for hydro-

gen we have 𝑧 = 1.

∙ 𝐶(𝑞, 𝑝) is the collisional excitation from the principal quantum state of 𝑞 to 𝑝.

∙ 𝐹 (𝑞, 𝑝) is the collisional decay form 𝑞 to 𝑝.

∙ 𝐴(𝑞, 𝑝) is the spontaneous radiation from 𝑞 to 𝑝.

∙ 𝑆(𝑝) is the electron impact ionization from the state 𝑝.

∙ 𝛼(𝑝) is the three-body recombination to the state 𝑝.

∙ 𝛽(𝑝) is the radiative recombination to 𝑝.

Obviously there are several processing in the CR plasmas, basically the two main

process affect on the population which gives

𝑛(𝑝) = 𝑅0(𝑝)𝑛𝑒𝑛𝑖 + 𝑅1(𝑝)𝑛𝑒𝑛(1) (5.9)

where the first item on the right side is recombining and the second one is ionizing from

the ground state atoms which including the process above by the matrix manipulation

[82–84]. For hydrogen plasma here we assume 𝑛𝑒 = 𝑛𝑖, and 𝑛(1) is the background
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population, in our case it related to the gas pressure which is pumped into the gas

cell. For different state 𝑝 here we use the modeling code by Goto.

5.2.2 The absolute population measurement of Balmer series

For the purpose of measuring the hydrogen radical (H*) yield, there are several diag-

nostic parameters need to be determined. Obviously, the 3 equations above indicate

the spectrum of hydrogen Balmer series are only contributed by H*. As the previous

description, The bound electron transition of H* is directly related to the absolute

number of EUV photons which can be measured by the OES system. That provide

a feasibility of calculate the hydrogen radical yield. In order to know the absolute

photon number, the energy efficiency of all the opticals in the OES system including

lenses, mirrors and the window of chamber flange need to be measured. These values

are measured with HeNe laser (633 nm) for H𝛼, Cyan laser (487 nm) for H𝛽 and H𝛾

separately. Besides, the solid angle of the OES system also needs to be confirmed.

Based on the system design it is decided by lens 1 (Fig.2-6).

According to Fig 2-7, here we give a simple explanation of the population by the

absolute intensity.

1. Observing an intensity on the CCD of H𝛼, H𝛽..., some technical parameters

should be take care such as the exposure time, accumulation, etc.

2. As the system efficiency, or the response of the diagnostics and the optical solid

angle are known, the photon number from the plasma can be calculated.

3. The spectrometer slit is aiming at the most intensive emission from the plasma

and the actual intensity distribution may be not uniform. So the population

density is characteristic and the population is related to the plasma volume

assumption.

According to the discussion the plasma population can be written as

𝑁(𝑝) = 𝐹 · Ω

4𝜋
· 𝑡 · 𝐴 · 𝑉 · 𝑛(𝑝) (5.10)
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where 𝑁(𝑝) is the photon number of principle quantum number of 𝑝, 𝐹 is the system

efficiency, Ω is the solid angle which is decided by the first lens, 𝑡 is the exposure

time, 𝐴 is the Einstein coefficient and 𝑉 is the plasma volume. The errors of popu-

lation measurement may come from the efficiency calibration and the CCD counting

fluctuations. Here we give an error value for H𝛼 is 3%, H𝛽 is 17.7% and H𝛾 is 85.8%.

5.3 H* population and cleaning rate estimation

Considering all the pervious discussion on this project, we tried to find suitable plasma

parameters T𝑒 and n𝑒 for Goto’s code modeling [85, 86]. On the other hand, the

population simulated results should be comparable with the experimental ones. Under

our experimental conditions, only H𝛼 (𝑛(3)), H𝛽 𝑛(4)and H𝛾 (𝑛(5)) spectrum are

observed. The results comparison are shown in Fig.5 − 10. The difference between

two pattern is the exposure timing, the left one is 0-50 ns exposure and the right one

is 20-60 ns. Three electron density states are chosen, 1.0× 1019 cm−3, and 5.0× 1019

cm−3 which are in red and blue separately. the dotted line is the population which

not only considers the recombination process (𝑅0(𝑝)𝑛2
𝑒) but also the ionization, which

gives the total population (𝑛(𝑝)). The experimental results are shown in black dotted

line. The temperature are set to 1.1 eV for the best fitting. The X-axis are the

principle quantum number and the Y-axis are population in m−3.

The black dots are the experimental data of H𝛼 (𝑛(3)), H𝛽 𝑛(4)and H𝛾 (𝑛(5))

absolute population by directly measurement. Here we can see that there is a good

agreement of the first three Balmer series population density in this plasma parame-

ters. There are some disagreement in H𝛼 (𝑛(3)), a possible reason is that the modeling

does not including all the physical processes in the photon-ionization process. But

for H𝛽 𝑛(4)and H𝛾 (𝑛(5)) the results are satisfied for the estimation of population.

Although other Balmer lines are invisible under our experimental conditions, accord-

ing to the similarity between the measurement results and the modeling ones, we

can combine the experiment data n(3-5), assume a Boltzmann distribution to esti-

mate n(1), provide n(2) and n(6-10) by modeling, then the population of first 5 levels
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Table 5.2: n(p) populations of (0-50 ns average)
n(p) population density method

n(1) 3.6 × 1012 cm−3 calculation
n(2) 3.7 × 108 cm−3 modeling
n(3) 1.7 × 108 cm−3 experiment
n(4) 1.6 × 107 cm−3 experiment
n(5) 6.0 × 106 cm−3 experiment

are shown in Tab.5.2. it is possible give an estimation of the H* population density

according to the discussion above:

10∑︁
𝑛=1

𝑛(𝑝) = 3.7 × 1012𝑐𝑚−3 (5.11)

The error is estimate as ≤ 1 order, This value is still much smaller than the typical

cleaning density which are aimed at in the beginning. In future the industrial appli-

cation experiment, the Sn cleaning and the cleaning efficiency will be tested. That

will give the information about this condition.

Based on the H* population result, the author estimate the cleaning effect of value

3.7 × 1012 𝑐𝑚−3. First we assume a Sn cube on the sample surface (Fig.5-11). The

Sn number density is known as 3.7×1022 cm−3, then we think about a mono-layer Sn,

which gives a density of 𝑛𝑚𝑜𝑛𝑜 = (3.7 × 1022𝑐𝑚−3)2/3 = 1.1 × 1015𝑐𝑚−2.

According to the CRC handbook the Sn mono-layer average thickness is 0.434

nm [87]. Considering the H* population results mention above and the cleaning rate

can be calculated with

𝑅𝑐 =
𝑛(𝐻*) · 6300 · 0.434

4 × 𝑛𝑚𝑜𝑛𝑜

(5.12)

where the factor of 6300 means there are 6300 shots per experiments and the factor

of 4 because of Sn+4H*→SnH4 reaction. In this conditions the estimating results of

Sn cleaning rate is 2.18 nm/exp.. This value means that in there are about 2.18 nm

thickness of Sn is cleaned per unit area (cm2) per experiment.
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Figure 5-10: The comparison of modeling and experiment 𝑛(𝑝) of 1.1 eV temperature.
a) 0-50 ns and b) 20-60 ns average population of 5 Pa gas cell pressure. The X-
axis is the principle quantum number (p) and the Y-axis is the population in the
unit of 𝑚−3. The red dotted line is the 𝑛𝑒 = 1 × 1013𝑐𝑚−3 and The blue one is
𝑛𝑒 = 5 × 1013𝑐𝑚−3, and the black dotted line shows the experimental data. Both
ionization and recombination which contribute to the population are considered. It
can be seen that the experiment results lay in the theoretical estimate region. For
H𝛼 (p=3) population there are some deviation between the modeling and experiment
one.

Figure 5-11: The diagrammatic of Sn sample surface. The H* will contact the surface
top and the reaction happens.
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Figure 5-12: The experimental result of Sn cleaning. The left pattern is the reference
with out hydrogen in the gas cell, and the right one is the with hydrogen plasma
result. Obviously there is a cleaning effect exists. The patterns are obtained by the
SEM.

5.4 Sn cleaning experiment

For the propose of examining the Sn cleaning result, a Sn cleaning experiment are also

performed. In this experiment the author also used 5 Pa Hydrogen gas for plasma

generation, and put a small Sn sample in the central plane of the gas cell. The

experimental results are analyzed by the scanning electron microscope (SEM).

The SEM results are shown in Fig.5-12. According to the reference results, here the

author assumes that each Sn particulates is sphere. This is a reasonable assumption

according to the sample side-view SEM images as well. As the real radius of the

particulate can be measured by the scaling, one can calculate a total volume 𝑉𝑆𝑛

of the Sn in the view by counting all the particulates in the view and the statistics

of particulate diameter distribution. The total size of view is known as 𝑆𝑠𝑒𝑚, The

cleaning rate can be measured as

𝑅𝑐 =
∆𝑉𝑆𝑛

𝑆𝑠𝑒𝑚

(5.13)

where the ∆𝑉𝑆𝑛 is the cleaned Sn volume. The SEM analyzation gives 𝑅𝑐 = 75.6

nm/exp..
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5.5 Summary of EUV project for H* measurement

and atomic process

In the EUV-induced hydrogen plasma research, the author built a good accessibility

and compact EUV source and OES system for laboratory experiment. The author

measured the high intensity EUV-induced hydrogen plasma parameters, and estimate

the Sn cleaning rate of H*. Finally the author compared the cleaning rate from the

theoretical estimation and the SEM analyzation. The detailed achievements are:

1. The author builds an OES system which can be used not only for the spec-

troscopy but also the 2D emission measurement. The spectra profile can be

used for calculation the 𝑇𝑒 ≈ 1.1 eV and 𝑛𝑒 ≈ 2 × 1013 cm−3. The 2D emission

provides another method to confirm these plasma parameters.

2. The absolute photon numbers and the H𝛼, H𝛽 and H𝛾 were used to calculated

the H* populations. By using Dr.Goto’s code, the total H* population was

calculated as 3.7 × 1012 cm−3.

3. According to the H* population the cleaning rate was estimated and comparing

with the SEM measurement results.

As shown in Fig.5-13 there is a best fitting of the plasma parameter, but there is

still a small disagreement in the H𝛼 populations. Indicating that the population of

excited atoms can not be explained only by quasi-steady modeling. As the spectrum

S/N ratio is relative low for the high time resolution measurement, The 2D emission

of the H𝛼 and H𝛽 are also measured. The time evolution of intensity changes are in

Fig.5-14.

In the first 40 ns the intensity ratio of H𝛼 and H𝛽 is not stable, indicating that

the plasma is not the quasi-steady state. the hot electrons (which are directly ionized

by the 100 eV EUV) may play a role in this process. After 40 ns the two lines goes

smoothly and ratio become steady, indicating the plasma comes into the equilibrium.

The Fig.5-10 also indicating this possibility. As the EUV irradiation is in 0-10

ns with Gaussian profile, comparing the two time average experiment results 0-50ns
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Figure 5-13: The best fitting of the experiment result form the exposure time 20-60
ns, gives a average 𝑇𝑒 ≈ 1.1 eV and 𝑛𝑒 ≈ 2 × 1013 cm−3.

and 20-60 ns the latter one gives better population fitting. Because the 0-50 ns result

includes the EUV duration time and 20-60 the effect of the EUV is getting weaker.

Another thing worthy to talk about in Fig.5-10 and Fig.5-13 is that the H𝛽 and

H𝛾 population are seem fitting better in 20-60 ns as well. But the effects are not as

significant as H𝛼. There is a possibility that the fast electrons affect on all the energy

levels but the time scale are different with each other. As the experiment begins,

some fast electrons are ionized directly by the EUV with about 100 eV energy, and

after about 40 ns collision and interaction, the plasma cooling down and become

equilibrium with 1 eV temperature. To confirm this idea, a possible way is to use

high sensitive diagnostics which can observe the H𝛾 emissions with time evolution.

And observing the average T𝑒 and n𝑒 after 40 ns to confirm the existence of quasi-

steady state.

From the comparison of the theoretical estimated rate and the SEM analyzed one,

obviously the cleaning rate of hydrogen plasma was underestimate if as some pervious

researches simply ascribing the clean effect only due to H*. The experimental mea-

surement shows that there are other effects contribute to the Sn particles cleaning.

The EUV directly evaporation may be a possible reason, and may be some other un-
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Figure 5-14: a). The H𝛼 and H𝛽 intensity time evolution from the 2D emission image.
The EUV irradiation is in 0-10 ns with Gaussian profile. b). The emission ratio time
changes of H𝛽/H𝛼. It can be seen that the intensity ratio became constant after about
40 ns.

known fractions in the plasma react with Sn. In order to do such an analyzation there

is a method to couple a retarding field energy analyzers (RFEAs) and electrostatic

quadrupole plasma (EQP) to get the detailed plasma particle fractions.
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Chapter 6

Conclusion

In the thesis, the author introduces two applications of spectroscopy science which

are EUV related. The first project is a numerical modeling and design for observing

the EUV bandwidth Zeeman splitting in laser-produce magnetized plasma. In the

modeling a low density (1021 cm−3) Si plasma is generated in a 10 kT level magnetic

field. The plasma temperature is about 100 eV. The author confirmed the plasma

parameters with MHD method and calculate an observable splitting at 96 eV Si VII

line, which provides a guidance for the present and future high-field Zeeman splitting

experiment. The second project is using the frost Xe target to generate a 12 nm

EUV light source. The EUV are focused and induced into the Hydrogen gas cell,

to generate the high intensity EUV-induced hydrogen plasma. Then detecting the

EUV-induced hydrogen plasma parameters which is not well researched in the plasma

physics, and determine the possibility of applying H* for the Sn particle cleaning.

The Zeeman splitting experiment plan is aiming at the basic science researches.

The primary goal is to confirm the existence of the magnetic field by the Zeeman effect.

Another goal of this project is if the field strength is high enough which the non-linear

Zeeman effect may occur, it is possible to compare this result to the astronomical

observation in the magnetars. In the experiment trials we observed some potential

effects of Zeeman splitting, but to confirm the result some further experiment and

additional diagnostics are needed, such as the self-emission diagnostics for checking

the plasma compression, and proton back-lighter target for magnetic field generation
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cross-check. These will help us to promote the success rate.

The EUV-induce hydrogen plasma experiment also has the important meaning

for the basic science, where the EUV-induce plasma is a not-well-researched region in

the plasma physics. This research may contribute to this topic, especially the plasma

key parameters, the plasma electron temperature and density. The other exciting

possibility is that one of the EUV-induce hydrogen plasma productions, The H* may

clean the Sn ions in the reaction chamber and if we successfully apply this technology

it may promote the efficiency in EUVL applications. According to our experiment

results, there is a significant cleaning rate in the SEM analyzation (75.6 nm/exp.),

which is much higher than the theoretical estimation rate (2.18 nm/exp.). The result

proves the feasibility of applying the H* to Sn cleaning in EUVL. But it also indicates

that some pervious researches claim the effect is only caused by H* may be not exactly

correct. The H* is not the only factor in the cleaning effects. The EUV irradiation

and the other plasma fractions may also have cleaning effects.

In the future, it is still possible to improve the Zeeman splitting experiment design

and diagnostics, then applicate it into the experiment on big facilities, including but

not limit to the Gekko-LFEX system. About the EUV-induce plasma project, as

we developed a method to calculate the key plasma parameters, it will promote our

understanding of EUV-induced plasma, and partly explain the Sn particle cleaning

effect in the EUVL.
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Appendix A

OES efficiency measurement

The quantum efficiency (QE) of the OES system is one of the important parameters

for the absolute photon number calculation. It is a ratio which is defined as the

incident photon to converted electron (IPCE) ratio:

𝑄𝐸 =
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠/𝑠𝑒𝑐

𝑝ℎ𝑜𝑡𝑜𝑛𝑠/𝑠𝑒𝑐
(A.1)

The system efficiency in Eq.5.10 is represented as the factor 𝐹 , for the OES system

in this research, 𝐹 includes two parts: the optical systems efficiency and the 𝑄𝐸 of

the spectrometer & ICCD system.

A.1 The efficiency of optical system

In order to measure the efficiency, a simple idea is using a photodiode to measure

the emission ability of a light source, for example, a laser device. And comparing the

emission ability after the opticals which are need to measure the efficiency. The ratio

can be the optical efficiency. The method is shown in Fig.A-1.

For the population measurement of hydrogen Balmer series, obviously the light

source wavelength should be similar to the specific spectra as much as possible. Con-

sidering about the limitation of the light source, two kind of laser is used for mea-

suring. HeNe laser (633 nm) and L488P60 laser (488 nm) are used to measure the

91



Figure A-1: The method to calculate the efficiency optical system. In the path 1, the
laser source goes through all the opticals while in path 2 is not. The photodiode is
connect to an oscilloscope, by comparing the voltage ratio between path 1 & 2 it is
possible to get the system efficiency.

H𝛼 (656 nm) and H𝛽 (486 nm), respectively. The measurement results give the H𝛼

efficiency of 19%, and give H𝛽 efficiency of 17.2%. As there is no suitable laser source

for H𝛾 (434 nm), in this research we use the H𝛽 efficiency to instead.

One thing needs to be noticed is that the error in the measurement, as the wave-

lengths are not 100% same to the H𝛼 and H𝛽, also the H𝛾 there is about 50 nm

difference to the "standard" laser. The errors are taking into account in the popula-

tion calculation results, see section 5.3.

A.2 The efficiency of spectrometer & ICCD system

The QE of spectrometer & ICCD system is calibrated by HAMAMATSU L2196 D2

Deuterium lamp. Although L2196 is usually used as a UV light source, the output

power in visible bandwidth is also known. The power output is shown as Fig.A-2.

Hence, we set the lamp 50 cm from the spectrometer slit and measure the counts

at H𝛼, H𝛽 and H𝛾. At the specific wavelength (𝜆) the total energy (𝐸𝑝ℎ) can be

calculated as

𝐸𝑝ℎ = 𝐼 · 𝑡 · 𝑠 · 𝜆 (A.2)
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Figure A-2: The power output of Deuterium lamp. The output in visible band is
lower than UV one. The X-axis is the wavelength in nm with 1 nm resolution and
the Y-axis is the irradiance power with unit 𝑢𝑊 · 𝑐𝑚−2 · 𝑛𝑚−1 at 50 cm distance.
(Source: HAMAMATSU Corp.)

where 𝐼 is the irradiance power, 𝑡 is the exposure time and 𝑠 is the slit size. Then the

photon number can be easily calculated by 𝐸𝑝ℎ/𝐸𝑛, 𝐸𝑛 stands for the specific photon

energy of the spectra. According to the Eq.A.1, The 𝑄𝐸s of the first three Balmer

lines are 0.08, 0.12 and 0.12, respectively.

Considering all the factors above, the 𝐹 is the product of the spectrometer &

ICCD’s QE and the optical efficiency.
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Appendix B

FLASH setting up for MHD modeling

in the Zeeman measurement

subrout ine S imulat ion_in i tBlock ( b lockId )

use Simulation_data

use Grid_inter face , ONLY : Grid_getBlkIndexLimits , &

Grid_getCellCoords , Grid_putPointData ,&

Grid_getBlkPtr , &

Grid_releaseBlkPtr

use Dr iver_inter face , ONLY: Driver_abortFlash

use RadTrans_interface , ONLY: RadTrans_mgdEFromT

imp l i c i t none

#inc lude " constants . h"

#inc lude "Flash . h"

! compute the maximum length o f a vector in each coord inate d i r e c t i o n

! ( i n c lud ing gua rd c e l l s )

in t ege r , i n t en t ( in ) : : b lockId

i n t e g e r : : i , j , k , n

i n t e g e r : : b lkLimits (2 , MDIM)

i n t e g e r : : blkLimitsGC (2 , MDIM)

i n t e g e r : : ax i s (MDIM)

rea l , a l l o c a t a b l e : : xcent ( : ) , ycent ( : ) , zcent ( : )

r e a l : : t radActual

r e a l : : rho , t e l e , trad , t ion , zbar , abar

i n t e g e r : : s p e c i e s

r ea l , po inter , dimension ( : , : , : , : ) : : facexData , faceyData

#i f NDIM > 0

rea l , po inter , dimension ( : , : , : , : ) : : facezData

#end i f

#i f n d e f CHAM_SPEC

in t e g e r : : CHAM_SPEC = 1 , TARG_SPEC = 2 , TAR2_SPEC=3, TAR3_SPEC=4, WALL_SPEC=5

#end i f
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! get the coord inate in format ion f o r the cur rent block from the database

c a l l Grid_getBlkIndexLimits ( blockId , blkLimits , blkLimitsGC )

! get the coord inate in format ion f o r the cur rent block from the database

c a l l Grid_getBlkIndexLimits ( blockId , blkLimits , blkLimitsGC )

a l l o c a t e ( xcent ( blkLimitsGC (HIGH, IAXIS ) ) )

c a l l Grid_getCellCoords ( IAXIS , blockId , CENTER, . t rue . , &

xcent , blkLimitsGC (HIGH, IAXIS ) )

a l l o c a t e ( ycent ( blkLimitsGC (HIGH, JAXIS ) ) )

c a l l Grid_getCellCoords (JAXIS , blockId , CENTER, . t rue . , &

ycent , blkLimitsGC (HIGH, JAXIS ) )

a l l o c a t e ( zcent ( blkLimitsGC (HIGH, KAXIS) ) )

c a l l Grid_getCellCoords (KAXIS, blockId , CENTER, . t rue . , &

zcent , blkLimitsGC (HIGH, KAXIS) )

#i f NFACE_VARS > 0

i f ( s im_ki l ld ivb ) then

c a l l Grid_getBlkPtr ( blockID , facexData ,FACEX)

c a l l Grid_getBlkPtr ( blockID , faceyData ,FACEY)

i f (NDIM>2) c a l l Grid_getBlkPtr ( blockID , facezData ,FACEZ)

end i f

#end i f

!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

! Loop over c e l l s and s e t the i n i t i a l s t a t e

do k = blkLimits (LOW,KAXIS) , b lkLimits (HIGH,KAXIS)

do j = blkLimits (LOW, JAXIS ) , b lkL imits (HIGH, JAXIS)

do i = blkLimits (LOW, IAXIS ) , b lkL imits (HIGH, IAXIS )

ax i s ( IAXIS ) = i

ax i s (JAXIS) = j

ax i s (KAXIS) = k

sp e c i e s = CHAM_SPEC

i f ( sim_initGeom == " s lab ") then

i f (NDIM == 1) then

i f ( xcent ( i ) <= sim_targetHeight + sim_vacuumHeight . and . &

xcent ( i ) >= sim_vacuumHeight ) then

s p e c i e s = TARG_SPEC

end i f

e l s e i f (NDIM == 2 . or . NDIM == 3) then

i f ( ABS( xcent ( i ) ) <= sim_walloutRadius . and . & ! ! added f o r wal l

ABS( xcent ( i ) ) >= sim_wall inRadius . and . &

ycent ( j ) <= sim_wallYmax . and . &

ycent ( j ) >= sim_wallYmin ) then

s p e c i e s = WALL_SPEC

end i f

i f ( (ABS( xcent ( i ) ) <= sim_targetRadius ) . and . &

ycent ( j ) <= sim_targetYmax . and . &

ycent ( j ) >= sim_targetYmin ) then

s p e c i e s = TARG_SPEC

! wr i t e (* ,* )" foam"

end i f

i f ( ABS( xcent ( i ) ) <= sim_target2Radius . and . &

( ycent ( j )>=sim_target2Ymin . and . &

ycent ( j )<sim_wallYmin ) ) then

s p e c i e s = TAR2_SPEC
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! wr i t e (* ,* ) " cone bottom"

end i f

i f ( ABS( xcent ( i ) ) <= sim_target3Radius . and . &

( ycent ( j )<sim_target3Ymax . and . &

ycent ( j )>sim_wallYmax ) ) then

s p e c i e s = TAR3_SPEC

end i f

! wr i t e (* ,* ) " cone top"

i f ( ABS( ycent ( j ) ) > sim_wallYmax . and . &

ABS( ycent ( j ))>( sim_target2a1*ABS( xcent ( i ))+ sim_target2b1 ) . and . &

ABS( ycent ( j ))<( sim_target2a1*ABS( xcent ( i ))+ sim_target2b2 ) ) then

! wr i t e (* ,* ) " cone"

! ! the sentence below i s f o r c y l i nd e r cover

! ! ABS( xcent ( i ) ) > sim_target2inRadius ) . and . &

! ! ( ( ycent ( j )<=sim_target2outYmax . and . &

! ! ycent ( j )>sim_wallYmax ) . or . &

! ! ( ycent ( j )>=sim_target2outYmin . and . &

! ! ycent ( j )<sim_wallYmin ) ) ) then

! ! over

s p e c i e s = CONE_SPEC

end i f

end i f

e l s e ! ! sphere

i f ( s q r t ( xcent ( i )**2+ycent ( j )**2+ zcent (k)**2)<= sim_targetRadius ) then

s p e c i e s = TARG_SPEC

end i f

end i f

i f ( s p e c i e s == TARG_SPEC) then

rho = sim_rhoTarg

t e l e = sim_teleTarg

t i on = sim_tionTarg

trad = sim_tradTarg

e l s e i f ( s p e c i e s == TAR2_SPEC) then

rho = sim_rhoTar2

t e l e = sim_teleTar2

t i on = sim_tionTar2

trad = sim_tradTar2

! wr i t e (* ,* ) xcent ( i ) , ycent ( i ) , s im_target2a1*ABS( xcent ( i ))+ sim_target2b1 , i , j , k

! wr i t e (* ,* ) sim_rhoTar2

e l s e i f ( s p e c i e s == TAR3_SPEC) then

rho = sim_rhoTar3

t e l e = sim_teleTar3

t i on = sim_tionTar3

trad = sim_tradTar3

e l s e i f ( s p e c i e s == CONE_SPEC) then

rho = sim_rhoCone

t e l e = sim_teleCone

t i on = sim_tionCone

trad = sim_tradCone

e l s e i f ( s p e c i e s==WALL_SPEC) then ! ! added

rho = sim_rhoWall

t e l e = sim_teleWall

t i on = sim_tionWall

trad = sim_tradWall

e l s e

rho = sim_rhoCham

t e l e = sim_teleCham

t ion = sim_tionCham

trad = sim_tradCham

97



end i f

! wr i t e (* ,* ) " check point 3" , xcent ( i ) , ycent ( i ) , spe c i e s , rho

c a l l Grid_putPointData ( blockId , CENTER, DENS_VAR, EXTERIOR, axis , rho )

c a l l Grid_putPointData ( blockId , CENTER, TEMP_VAR, EXTERIOR, axis , t e l e )

#i f d e f FLASH_3T

c a l l Grid_putPointData ( blockId , CENTER, TION_VAR, EXTERIOR, axis , t i on )

c a l l Grid_putPointData ( blockId , CENTER, TELE_VAR, EXTERIOR, axis , t e l e )

! Set up rad i a t i on energy dens i ty :

c a l l RadTrans_mgdEFromT( blockId , axis , trad , tradActual )

c a l l Grid_putPointData ( blockId , CENTER, TRAD_VAR, EXTERIOR, axis , tradActual )

#end i f

i f (NSPECIES > 0) then

! F i l l mass f r a c t i o n s in s o l u t i on array i f we have any SPECIES de f ined .

! We put near ly a l l the mass in to e i t h e r the Xe mate r i a l i f XE_SPEC i s def ined ,

! or e l s e in to the f i r s t s p e c i e s .

do n = SPECIES_BEGIN,SPECIES_END

i f (n==sp e c i e s ) then

c a l l Grid_putPointData ( blockID , CENTER, n , EXTERIOR, axis , 1 . 0 e0−(NSPECIES−1)*sim_smallX )

e l s e

c a l l Grid_putPointData ( blockID , CENTER, n , EXTERIOR, axis , sim_smallX )

end i f

enddo

end i f

#i f d e f BDRY_VAR

c a l l Grid_putPointData ( blockId , CENTER, BDRY_VAR, EXTERIOR, axis , −1.0)

#end i f

#i f NFACE_VARS > 0

! ! In t h i s case we i n i t i a l i z e d Az us ing the c e l l −cornered coo rd ina t e s .

i f ( s im_ki l ld ivb ) then

i f (NDIM == 2) then

facexData (MAG_FACE_VAR, i , j , k)= 0 .0

faceyData (MAG_FACE_VAR, i , j , k)= 0 .0

i f (NDIM>2) facezData (MAG_FACE_VAR, i , j , k)= 0 .0

end i f

end i f

#end i f

! end i f

enddo

enddo

enddo

#i f NFACE_VARS > 0

i f ( s im_ki l ld ivb ) then

c a l l Grid_releaseBlkPtr ( blockID , facexData ,FACEX)

c a l l Grid_releaseBlkPtr ( blockID , faceyData ,FACEY)

i f (NDIM>2) c a l l Grid_releaseBlkPtr ( blockID , facezData ,FACEZ)

end i f

#end i f

d e a l l o c a t e ( xcent )

d e a l l o c a t e ( ycent )

d e a l l o c a t e ( zcent )

re turn

end subrout ine S imulat ion_in i tBlock
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Appendix C

The script used for the EUV-induce

plasma measurement

C.1 Plasma election temperature calculation

1 import numpy as np

2 from sc ipy import constants

3

4 pr in t("#########################################################")

5 pr in t ("#

#")

6 pr in t ("# This s c r i p t i s f o r Doppler Te , Please conf irm be fo r e c a l c u l a t i o n ! #")

7 pr in t ("#

#")

8 pr in t("##########################################################")

9 whi le True :

10 try :

11 w_g=f l o a t ( input ( ’ P lease input the Gaussian l i n e broadening (nm) : ’ ) )

12 lambda_0=f l o a t ( input (" p l ea s e input the cente r wavelength (nm) : " ) )

13 w_i=f l o a t ( input ( ’ P lease input the instrument r e s o l u t i o n (nm) : ’ ) )

14 break

15 except ( IOError , SyntaxError , TypeError , NameError ) :

16 p r in t ( ’ Input er ror , t ry again : ’ )

17

18 w_d=np . sq r t (np . square (w_g)−np . square (w_i ) )

19

20 m=1 #hydrogen

21

22 T_k=np . square (w_d/(7 .16 e−7*lambda_0 ))*m

23 T_e1=T_k/11605

24 T_e=round (T_e1 , 2 )

25

26 pr in t ("The Te i s {} eV" . format (T_e) )
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C.2 Plasma electron number density calculation

1 import numpy as np

2 from sc ipy import constants

3 p r in t(’###########################################################’)

4 pr in t ( ’#

#’)

5 pr in t ( ’# This s c r i p t i s f o r 2400g/mm H−beta ! Please conf irm be fo r e c a l c u l a t i o n ! #’)

6 p r in t ( ’#

#’)

7 pr in t(’###########################################################’)

8

9 whi le True :

10 try :

11 lamda=f l o a t ( input ( ’ p l e a s e input the l i n e L FWHM broadening (nm) : ’ ) )

12 break

13 except ( IOError , SyntaxError , TypeError , NameError ) :

14 p r in t ( ’ Value er ror , t ry again : ’ )

15

16 lamda_n=lamda*10

17 x=lamda_n/(7 . 4 e−19*np . square (4861 .35)*12)

18 ne=pow(x , 1 . 5 )

19 pr in t ( ne )

20 i f ne < 0 :

21 p r in t (" Error : negat ive dens i ty ! " )

22 e l s e :

23 p r in t ( ’The e l e c t r on dens i ty i s { : g} cm−3 ’. format ( ne ) )

C.3 H* calculation

1 from sc ipy import constants

2

3 c t s3=f l o a t ( input (" p l ea s e input the H−alpha counts : " ) )

4 c t s4=f l o a t ( input (" p l ea s e input the H−beta counts : " ) )

5 c t s5=f l o a t ( input (" p l ea s e input the H−gamma counts : " ) )

6

7 sw=15e−4 #s l i t width in cm

8 p=13e−4 #CCD p i x e l s i z e in cm

9 ro =0.16#0.28 #0.12 #rad ius o f CCD observab le r eg ion in cm

10 re =0.16 #100e−4 #rad ius o f EUV rad i a t i on volume in cm

11 r l =2.415 #rad ius o f the f i r s t l e n s in cm

12 R=30 #di s tance o f the f i r s t l e n s to TCC in cm

13

14 A_slt=94*p*sw # reg ion s i z e chosen on CCD in cm−2

15 A_obs=ro **2* constants . p i # obse rvat ion emiss ion area on CCD in cm−2, R=0.12 cm

16 V_euv=(4* constants . p i * re **3)/3 #4.189e−6 # EUV volume in cm−3, R=0.01 cm

17 omega=( r l **2* constants . p i )/ (R**2) # s o l i d angle o f the f i r s t l ens , R=2.415 cm with d=30 cm

18

19 obs_n3=4*constants . p i * ( ( ( c t s3 /A_slt )*A_obs)/(900*100))/ omega #H−alpha t o t a l counts

20 obs_n4=4*constants . p i * ( ( ( c t s4 /A_slt )*A_obs)/(900*100))/ omega #H−beta t o t a l counts

21 obs_n5=4*constants . p i * ( ( ( c t s5 /A_slt )*A_obs)/(900*100))/ omega

22

23 t=10 #ns

24

25 n3=(obs_n3/ t )/0 .044123

26 n4=(obs_n4/ t )/8 .4193 e−3

27 n5=(obs_n5/ t )/2 .5304 e−3

28
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29 dens=(n3+n4+n5 )/V_euv

30 #pr in t ( omega )

31 pr in t (" the populat ion o f n=3 i s %.3e"%(n3/V_euv) )

32 pr in t (" the populat ion o f n=4 i s %.3e"%(n4/V_euv) )

33 pr in t (" the populat ion o f n=5 i s %.3e"%(n5/V_euv) )

34 pr in t (" the H* dens i ty i s %.3e cm−3"%(dens ) )
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