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Note!

« Final presentation in class on 6/11!

« Time: 6/11 9:10
 Time for each person: 10 mins
« Topics: anything related to plasma. You can talk about a plasma
phenomenon or a plasma application. In your presentation, you need
to describe how plasma is involved. What rule does the plasma play in
the phenomenon or application.
* Your scores (34 points in total) will depend on:
* (2 points) Presentation time.
<8 min: 0
8~9 min: 1
9~11 min: 2
11~12 min: 1
>12 min: 0
(2 points) Plasma related.
* (10 points) How clear the physics is explained?
* (10 points) The presentation skill.
* (10 points) Your slides.



Deposition and implementation
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* Plasma-assisted deposition, implantation, and surface modification are
iImportant material processes for producing films on surfaces and
modifying their properties

« Example processes:
— Plasma-enhanced chemical vapor deposition (PECVD)
— Sputter deposition / physical vapor deposition (PVD)

— Plasma-immersion ion implantation (PIII)



Chemical Vapor Deposition (CVD)
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Plasma-enhanced chemical vapor deposition (PECVD)

RF Electrode

Matching Plasma
Network :

Ionic liquid

Substrate
holder

. plasma 5+ Intercollision
SiH, SiHy

ILs
Si, H3* (SiNPs) — Stablized SiNPs

Y ot o
Lf <
P &
% H
5 i
3 J
%, 5
) e
Taa



ysical vapor deposition can be achieved by heating
the deposited material

« Thermal evaporator » Electron-beam evaporator

Vacuum chamber
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* Pulsed-laser deposition
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https://en.wikipedia.org/wiki/Pulsed_laser_deposition
Engineered biomimicry by A. Lakhtakia and R. J. Martin-Palma
https://en.wikipedia.org/wiki/Electron-beam_physical _vapor_deposition



Sputtering deposition
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The chamber becomes very dirty after the deposition
process
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« The turbomolecular pump is also
very dirty after the process.




Plasma-immersion ion implantation (PlII)
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« Silicon doping —ions such as B, P, As are implanted

« Surface hardening of metals — N, C are implanted
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Magnetron sputtering provides higher deposition rates
than conventional sputtering
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Examples of magnetron sputtering deposition
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Demonstration experiments — magnetron sputtering

e System * Without magnet « With magnet
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A bright ring occurs when the magnet is inserted into
the system

Confined electrons

e xu,
= »

§ <

p 2

p

5 2

° 4
% @
v Ld

[

13



self-aligned quadruple patterning
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Plasma can be used for cleaning surface

« Cleaning mechanisms:

— Chemical reactions by free radicals

— Physical sputtering by high energy ions

Chemical Energy

Plasma Cleaning

Hydrogen Plasma Oxygen Plasma

Chemical Energy

Argon Plasma

Physical

23522

BRRAREROHBIRAE

https://www.ecplaza.net/products/plasma-cleaning_111807
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Free radicals are generated and used in chemical reactions
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« Highly reactive free radicals generated in plasma may react with the
hydrocarbon contaminants of surface oxide.

* Both He and Oe can react with grease or oil on surface to form volatile
hydrocarbons.
H eyt CrHani2(s) = CHys)

Oe )+ CnH2n+2(s) - CO(S) + CHxOy(g) + HZO(g)

(g

e Oeis more reactive than He. But Oe may also react with surface metal to form oxide,
deteriorating the material properties. Nevertheless, He can make metal oxide back
to metal.

Oe¢ +Me » MeO

He+ +MeO - Me + H,0

16



The effect of chemical reactions Is increased as the
pressure increases

« Advantages:
— Stable gas products are formed.
— No redeposition problem.

— High etching selectivity.

« Disadvantages:

— Higher concentration of H, or O, is required to ensure an appropriate
etching rate.

— H, safety or O, strong oxidation ability needs to be monitored.

17



High energy ions are used in physical sputtering
cleaning

* lons generated in plasma can be accelerated toward the substrate to
physically bombard away the atoms of contaminants.

 The physical sputtering rate increases as the following quantities
Increase:

— Plasma density;

— Accelerating voltage;

— Mass of bombardment atoms.
 The physical sputtering is also enhanced by lowering the pressure.
« High cathode bias is used.

« Ar* has strong sputtering effect.

18



The physical sputtering rate increases with higher
cathode bias and Ar concentration and lower pressure
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« Advantages:
— Highly efficient cleaning effect can be achieved.

— Gas consumption rate can be very low.

« Disadvantages:
— Etching problems — non-selective etching by physical sputtering.

— Redeposition problems: the products sputtered out may be highly
unstable and tend to deposit again downstream.

19



Plasma cleaning examples
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Low-pressure plasma system: Generation with a low-frequency or high-frequency generator Low-pressure plasma system: Cleaning with a microwave generator
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Plasma cleaning needs to work in the regime of
abnormal glow discharge
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EUV light sources

A semiconductor device is fabricated by many
repetitive production process
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Surf. Topogr.: Metrol. Prop. 4 (2016) 023001
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Ultraviolet lithography (EUVL) is one of the key
technologies in semiconductor manufacturing nowadays

v 4

« The process technology of Taiwan Semiconductor Manufacturing
Company Limited (TSMC):
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« Optical diffraction needs to be taken into account.
« Shorter wavelength is preferred.

« Light source with a center wavelength of 13.5 nm is used.

https://www.tsmc.com/chinese/dedicatedFoundry/technology/logic.htm 23



EUV lithography becomes important for semiconductor
iIndustry

* 0.15 billion USD for each EUV light source.
https://lwww.youtube.com/watch?v=NHSRG6AHNIDs

http://finance.technews.tw/2019/01/25/euv-asml|-2018/ 24



EUV light can only be reflected using multilayer mirrors
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13.5-nm EUV light is picked for EUV lithography
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At T=35-40 eV (~450,000 K), . 4p®4dN — 4p54dN+L + 4p6adN-LAf
In-band emission occurs. (1<N < 6) in ions ranging from
Xenon: Sns8+ to Spl2+

* 4p®4d® — 4p°4d75p + UTA @ 13.5nm

from single ion stage Xel0+

« UTA@ 11 nm "
« UTA: unresolved transition array

V. Bakshi, EUV sources for lithography
R. S. Abhari, etc., J. Micro/Nanolithography, MEMS, and MOEMS, 11, 021114 (2012)
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EUV light is generated from laser-produced plasma (LPP)

Vessel
With Collector, Droplet

+ Key factors for high source power are: ! Generator and Metrology
|

High input CO, laser power

High conversion efficiency (CO, to EUV energy)
High collection efficiency (reflectivity and lifetime)
Advanced controls to minimize dose overhead
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D.-K. Yang, etc., Chip, 1, 100019 (2022) 27



Two laser pulses are used to heat the plasma
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Hydrogen buffer gas with a pressure of ~100 Pa is used
to protect the collector mirror

: , * Hydrogen buffer gas (pressure

' DG | ~100Pa) causes deceleration of ions

’ ’ « Hydrogen flow away from collector
reduces atomic tin deposition rate

EUV collector | i
Temperature controlled .

H, flow

Laser beam ‘

Sn droplet / IF

plasma

Reaction of H radicals with Sn to
form SnH,, which can be pumped
away.

Sn (s) + 4H (g) — SnH, (g)

T * Vessel with vacuum pumping to
remove hot gas and tin vapor

Sn * Internal hardware to collect micro
catcher particles

D.-K. Yang, etc., Chip, 1, 100019 (2022) 29



Laser-produced plasma (LPP) is used in the EUV
lithography
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High harmonic generation from high-power laser
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EUV light can be gen
plasma

erated using discharged-produced
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Light source and display systems

Plasma display panel (PDP)
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Outlines

« Cathode Ray Tube

« Color space (CIE 1931 color spaces)
« History of plasma display panel (PDP)
* Design of PDP

« Liquid crystal display (LCD)

- LCD vs PDP
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CRT
Cathode Ray Tube uses electron beams to light the
fluorescent screen @
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http://www.sciencefacts.net/cathode-ray-tube-crt.html
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The image is shown by scanning through the whole
screen with the single electron beam
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Color image is formed by using three electron beams

scanning through three different color channels

Deflection coil (aka yoke): magnetically steers
beam in a left-to-right top-to-bottom pattern.
There are separate H and V coils.

Cathode: separate
beams for R G and B

Shadow mask: ensures R
beam only illuminates R
pixels, etfc.

Source: PixTech

Phosphor Screen: emits light
when excited by electron beam,
intensity of beam determines
brightness
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http://web.mit.edu/6.111/www/f2008/handouts/L12.pdf
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Color space

Color can be created using three primary colors

aaaaa

Additive primaries Subtractive primaries

Y

https://en.wikipedia.org/wiki/Primary_color 38



Human retina has three kinds of “cones” that have
different spectral response
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Spectral response of retina “cones” are tested using
light sources with single wavelength
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The CIE 1931 color space chromaticity diagram is the
standard color space
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History of PDP

Plasma display panel was invented at the University of

lllinois in 1967
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L. F. Weber, IEEE Trans. Plas. Scien., 34, 268, 2006 42



PDP was invented due to a need for Programmed Logic

for Automatic Teaching Operations (PLATO) in 1960s

1981 Plato V.

https://topwallpapers.pw/computer/keyboards-computers-history-teletype-typewriters-desktop-hd-wallpaper-1035981/
https://en.wikipedia.org/wiki/Punched_tape
https://en.wikipedia.org/wiki/PLATO_(computer_system)
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The positive column in a glow discharge is used to
excite phosphors in color PDP

CATHODE
HITTORF} DARK SPACE
ASTON DARK SPACE <" ?A%ngm DARK SPACE ANODE DARK SP
CATHODE "~ ATHODE GLOW . ~POSITIVE COLUMN ANCC

NEGATIVE GLOW ANODE GLOW

Majority of monochrome PDPs use the negative glow as the light source
The positive column is used to excite phosphors in fluorescent lamps
and in color PDPs

Industrial plasma engineering, volume 1, by J. Reece Roth
https://en.wikipedia.org/wiki/Neon_lighting 44



Early plasma panel (PD) attached to the glass vacuum
system used for the first plasma displays at Ul

* It had the same alternating sustain voltage, neon, gas, and dielectric
glass insulated electrodes that are used for plasma TVs today.

L. F. Weber, IEEE Trans. Plas. Scien., 34, 268, 2006
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Early plasma panel (PD) attached to the glass vacuum
system used for the first plasma displays at Ul
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« It had the same alternating sustain voltage, neon, gas, and dielectric
glass insulated electrodes that are used for plasma TVs today.

L. F. Weber, IEEE Trans. Plas. Scien., 34, 268, 2006 46



Early 4x4 pixel panel has achieved matrix addressability
for the first time

L. F. Weber, IEEE Trans. Plas. Scien., 34, 268, 2006 47



Early 4x4 pixel panel has achieved matrix addressability
for the first time

L. F. Weber, IEEE Trans. Plas. Scien., 34, 268, 2006 48



A 16x16 pixel PD, developed in 1967, needed to be
addressed manually

L. F. Weber, IEEE Trans. Plas. Scien., 34, 268, 2006 49



First color PD was three cell prototype with red and
green color phosphors excited by a xenon gas discharge
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L. F. Weber, IEEE Trans. Plas. Scien., 34, 268, 2006 50



Open-cell structure developed in 1968

It could be baked under vacuum
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at 350 °C to drive out contaminants.

L. F. Weber, IEEE Trans. Plas. Scien., 34, 268, 2006

51



More progress

1968, University of lllinois
16x16 pixels

1971, Owens-lllinois
512x512 pixels

L. F. Weber, IEEE Trans. Plas. Scien., 34, 268, 2006

52



Color PDPs had short display lifetime due to the
degradation of color phosphors caused by ion sputtering
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Design of PDP

A lower breakdown voltages can be obtained with very

Firing Voltage (V)

small amounts of added gas
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AT&T three-electrode patent

L. F. Weber, IEEE Trans. Plas. Scien., 34, 268, 2006

55



Reflective phosphor geometry is used in most of

today’s plasma TVs
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Spectrum of the different phosphors
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The foundation of AC discharge
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The plasma can be sustained using ac discharged

ov =+ 220V oy -+ 220V
| | | |
— = — = ¥+ + + — = — = ¥+ + +
HEBE Jululala)
- = — R — R e el
X —] P
o "o e T 27 -
o i o~ A
+ S50V ov <+ 180V ov
| | | |
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g O oo

 Wall discharge reduced the required discharge voltage
Slides from Prof. Heung-Sik Tae, School of Electronic and Electrical Engineering, Kyungpook National University

59



Wall discharge reduced the required discharge voltage

VF Vs VF
Optical } Wall Optical
Output Chargeo"tp”t ON
OFF | ON ON
OFF
—p
Electrical Electrical
Input Input

Slides from Prof. Heung-Sik Tae, School of Electronic and Electrical Engineering, Kyungpook National University 60



ON/OFF State Selection

VE: 250V
150V GND 150V GND 150V GND
ON Cell =5 -
- -

4+ 4+

GND GND 100V 100V 100V
=T 150V GND 150V GND 150V GND

OFF Cell
GND GND GND

(i)

(ii)

(iii)

(iv)

Slides from Prof. Heung-Sik Tae, School of Electronic and Electrical Engineering, Kyungpook National University
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Sustain discharge

ON Cell
GND GND GND 180V GND GND 180V GND
- cmcm_w OO0 % w_cc}cm
)
GND GND GND GND
OFF Cell
GND GND GND 180V GND GND 180V GND
GND GND GND GND

(i)

Slides from Prof. Heung-Sik Tae, School of Electronic and Electrical Engineering, Kyungpook National University
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Address and sustain electrodes are connected to

different drivers

Z Address Driver

Z1919

<

Scan &
Sustain Driver

Z2

21920

X

Common
Sustain Driver

Z Address Driver

Slides from Prof. Heung-Sik Tae, School of Electronic and Electrical Engineering, Kyungpook National University
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PDP pixel can only be either ON or OFF

A

. . Optical
Cathode Ray Tube : o‘z tout

=
Electrical
_ Input
« Plasma Display Panel :
Optical } Optical }
Output Output
OFF | ON
> >
Electrical Pulse
Input Number

Slides from Prof. Heung-Sik Tae, School of Electronic and Electrical Engineering, Kyungpook National University 64



PDP luminance is controlled by using number of light
pulses

s Ku,
& “
P Z
z m
£ &
%, $
v 14
[

* CRT : Control the Luminance using Electron Beam Intensity

Luminance Ratio
2:1 K

Time Time

A 4
Y

* PDP : Control the Luminance using Number of Light Pulses

P o 111117

.
>

Time Time

A\ 4

Slides from Prof. Heung-Sik Tae, School of Electronic and Electrical Engineering, Kyungpook National University 65



A single field is divided into 8 subfield

MSB LSB
1/1 /11 11|11
111,01 (1|1[0]|0
1/0/1|1(1[0|0]|1
255 204 153 128 64 32 16 8 4 2 1

SF1 SF2 SF3 SF4 SF5 SF6 SF7 SF8
1 2 4 8 16 32 64 128

Slides from Prof. Heung-Sik Tae, School of Electronic and Electrical Engineering, Kyungpook National University
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Composition of each subfield

Reset . ) ]
. Address Period Sustain Period
, Period
L))
S
. |
s
L
5
S
\J
480
0.3msec 1.44msec 0.01~1.28msec

Spec : VGA (640*480)
8 Subfield
0.03msec Address Pulse
100KHz Sustain Freq.

Slides from Prof. Heung-Sik Tae, School of Electronic and Electrical Engineering, Kyungpook National University 67



8 subfield in one TV-Field (ADS)

1 Field (16.67msec)

1
480

SF1 SF2 SF3 SF4 SF5 SF6 SF7  SF8
1 2 4 8 16 32 64 128

Vertical Line

Slides from Prof. Heung-Sik Tae, School of Electronic and Electrical Engineering, Kyungpook National University 68



PDP uses line-by-line scanning

» Cathode Ray Tube : Cell-by-Cell Scanning

S DS DDS DDDS DDDD
S

v Vv Vv ¥

* PDP : Line-by-Line Scanning
SSSS

v

Slides from Prof. Heung-Sik Tae, School of Electronic and Electrical Engineering, Kyungpook National University 69

SSS|S

ODOD
DOOD
OOOb
ellwlle]e]




Video signal processing

« Analog Video Signal = Digital Pulse Signal

Input Analog
Video Signal

Color
Seperation

A/D
Converter

255,

8Bit/color

Digital

Analo§

8bit
Digital

8bit
Digital

v

8bit
Digital

8Bit Binary
Code

O =00
O == O
OO0 =
OO0 —
- O= O

QO0OC

-0 00
Q=
Q000
o= 0O
-0 =0
=000
—_ | -
Q000

v

o= O =
e ="
-0 =0
SO0
-0 =0
OO 0=
oSO =0

—_ - OO

8bit
Digital

8bit
Digital

8bit
Digital

Subfield
Method

v

Slides from Prof. Heung-Sik Tae, School of Electronic and Electrical Engineering, Kyungpook National University
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Addressing period

Slides from Prof. Heung-Sik Tae, School of Electronic and Electrical Engineering, Kyungpook National University
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Displaying period

Original Image

Slides from Prof. Heung-Sik Tae, School of Electronic and Electrical Engineering, Kyungpook National University
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LCD

Liquid crystal are a special state of matter between
liquid and crystal

0000000 I =Y A

ggggggg Heating 80%%0303 Heating 4\72Q0

Cooling Cooling <a» /

Mt U S
Y
N
!
10090

T. Kato, et. al., Chem. Soc. Rev., 36, 1845, 2007



Linear polarization of a light can be rotated by miss
aligned liquid crystal

Un-polarized Light

r"’f’

>
i B special polymer T
rubbed on the side of @ i -
the glass substrate - Liquid
_ that does not have I_I | crystal
Liquid crystal the polarizing film on - - director
director () it to create v
""*-R____“ ~C microscopic grooves
in the same direction i m _ E
Light path a3 the polarizing film. l_] Applied
through Voltage
liquid crystal / \.
Glass Substrate” =
\Polarizing Filters

Cross-Sectional View of an LCD Panel

@ Practical-home theater-guide.com 2006

http://www.practical-home-theater-guide.com/Icd-display.html 74



Structure of Liquid crystal display (LCD)

& Transmittance ~ 5%

Color Filters: 30%

*— Wide-view LC: 85%
“—TFT-Array: 60%

Polarizer: 45%

A ' \
[ ] ‘<" Q/ \Z \12/ +— Optical films: 70%

<— Backlight

\

\\

YB Huang, IDRC 2008 Notes from ST Wu, UCF

http://wwwé.cityu.edu.hk/cityu25/events/engineering/pdf/proftang.pdf
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Optimistic projection of PDP market
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Reality

TV Shipment Growth by Technology

300 100%
. OLED
250 80%
RP
200 60% £
£ E
2 o
— |
= O memPDP ——
Z150 40% 4
=
]
100 20%?': LCD
> (LED)
| D
50 0% (CCFL)
0 209, |WCORT

[~ o on = — [ M =+ un v
] =) ] — — — — — — —
= [} = = [} = = L] = =
™ [n} [ ™ [n} [ ™ [ [ [

http://www.digitaltvnews.net/?p=22108



Too many reasons that PDP died!

« Bright showroom conditions put plasmas at a distinct disadvantage
versus LED-lit LCDs

« Aesthetics may have played a role in hastening plasma's demise
« UHD/4K caught on quickly

« Screen-size limitations also played a part in plasmas plight
 You can't bend a plasma

 Plasmas were harder to deal with than LCDs

 While OLED is still in the early stages of development, there's no
guestion it offers greater potential than plasma

* Energy efficiency may have played a part in putting plasma out to pasture

« Plasma was the original flat-panel technology, People just thought of it as
old technology.

* Projectors improved in quality and prices dropped

http://www.avsforum.com/forum/40-oled-technology-flat-panels-general/2080650-10-reasons-plasma-died.html 78



Let’s stand up and do exercise!!

79



The hydrogen bomb
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The “iron group” of isotopes are the most tightly bound

Binding energy per nuclear
particle (nucleon) in MeV

Fe

-

The "iron group”
of isotopes are the
maost tightly bound.

.+ yield from
. ' nuclear fission

- ggmi (most tightly bound)
58 :
o€ ' Elements heavier
56 Fe : than iron can yield
26" have 8.8 MeV" energy by nuclear
per nucleon fission.
yield from binding energy. -
nuclear fusion .
L | W
: Average mass
: of fission fragments 235
1is about 118, U:
lIlI!IIIIIEIIIIIIIIIIIl:
50 100 150 200

Mass Number, A
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1831

http://hyperphysics.phy-astr.gsu.edu/hbase/nucene/nucbin.html
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Chain reaction can happen in U%3 fission reaction

O

 ~ 200 million electron volts
(MeV)/fission, ~million times more
than chemical reactions
 Energy for bombs, or for civilian

b
power can generate huge amounts of
energy (and toxicity) in a small space
9
e @) B e
O @
@)

with a modest amount of material
» Source of safety, security issues for
nuclear power

https://en.wikipedia.org/wiki/Uranium-235
Talk given by Matthew Bunn, IGA-232: Controlling the World’s Most Dangerous Weapons, Harvard Kennedy School, 2013
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The neutrons are leaking out and stopping the chain
reaction in a sub-critical mass

Talk given by Matthew Bunn, IGA-232: Controlling the World’s Most Dangerous Weapons, Harvard Kennedy School, 2013 83



Solution 1: add more material

Talk given by Matthew Bunn, IGA-232: Controlling the World’s Most Dangerous Weapons, Harvard Kennedy School, 2013 84



Solution2: reflect the neutron back in

Talk given by Matthew Bunn, IGA-232: Controlling the World’s Most Dangerous Weapons, Harvard Kennedy School, 2013 85



Solution 3: increase the density

Talk given by Matthew Bunn, IGA-232: Controlling the World’s Most Dangerous Weapons, Harvard Kennedy School, 2013 86



How to get the material together before it blows apart?

s Ky
(R KUy,
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 There are always neutrons around
 Once chain reaction starts, material will heat up, expand, stop reaction
« How to get enough material together fast enough?

Talk given by Matthew Bunn, IGA-232: Controlling the World’s Most Dangerous Weapons, Harvard Kennedy School, 2013 87



Gun-type bomb

« Simple, reliable — can be built

W.I'[hOUt. '[eS'[.I ng | Active Materia)
« Highly inefficient — require lots of (Each Two-Thirds Critical)
nuclear material (50-60 kg of 90%
enriched HEU) . W’
. Can only get high yield with HEU, [ 8 ""w

not plutonium

 Hiroshima bomb: cannon that
fired HEU projectile into HEU
target

Source: NATO

Talk given by Matthew Bunn, IGA-232: Controlling the World’s Most Dangerous Weapons, Harvard Kennedy School, 2013
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Implosion design
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« A schematic diagram of an « Small-scale slow-motion
implosion bomb cross-section of a shaped
charge implosion design

Initiator: Polonium, Beryllium

Detonators: 32

https://www.wisconsinproject.org/nuclear-weapons/
https://en.wikipedia.org/wiki/Trinity_%28nuclear_test%29 89



The 15t nuclear bomb: Trinity (Bradbury Science
Museum)

« Model of the Trinity Gadget + Project Y Atomic Bomb Detonator
| s — System

* Project Y Atomic Bomb  Project Y Atomic Bomb Detonator
Detonator System System Spark Gap Switch

https://www.flickr.com/photos/rocbolt/with/8061684482
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The 15t nuclear bomb: Trinity

https://www.theatlantic.com/photo/2015/07/70-years-since-trinity-when-we-tested-nuclear-bombs/398735/
https://saddlebagnotes.com/arts-and-leisure/tucson-seismographs-detected-first-nuclear-test-at-trinity-n-
m/article_b01c5b20-f6fb-11eb-a221-6327df2feaeb.html
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Trinity explosion on July 16, 1945

0.025 SEC. 100 METERS

e S

0.053 SEC. 100 METERS

po—ARO METERS
N

—— 100 METERS

https://www.theatlantic.com/photo/2015/07/70-years-since-trinity-when-we-tested-nuclear-bombs/398735/
https://en.wikipedia.org/wiki/Trinity_%28nuclear_test%29
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Hiroshima Bomb - “Little Boy”

Gun Type — Easiest to design and build (Hiroshima bomb was never tested)

About 13 kiloton explosive yield

Talk given by Dr. Charles D. Ferguson, President, Federation of American Scientists, Department of Physics,
Colloquium, American University, 2012 93



Atomic bomb is very destructive
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Hiroshima: August 6, 1945 Nagasaki: August 9, 1945

Talk given by Dr. Charles D. Ferguson, President, Federation of American Scientists, Department of Physics,
Colloquium, American University, 2012 94



The fusion process

Deuterium
(H-2) Tritium
), /‘ (H-3)
(i

3.5 Mev
Alpha Particle 14.1 Mey

(He-4) ; Meutron

Deuterium-Tritium Fusion Reaction

H+H = 4“He+n+Q = 17.6 MeV
Energy release Q=17.6 MeV

In comparison

2H+2H = H+3H +Q = 4.0 MeV
2H+2H = 3He+n +Q = 3.2 MeV
3H+3H = “He+2n+Q = 11.3 MeV
235+n = X,+Xg+3n +Q = 200 MeV

Fusionable Material, deuterium 2H (D) and tritium 3H (t):

Deuterium: natural occurrence (heavy water) (0.015%).

Tritium: natural occurrence in atmosphere through cosmic ray
bombardment; radioactive with T,,=12.3y.

https://isnap.nd.edu/Lectures/phys20061/pdf/10.pdf
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“Advantages” of hydrogen bomb

Fusion of 2H+3H: % = L7.6 Me) =3.5 Mel
A (3+2)amu amu
) 200 MeV Mel

Fission of 235U: g = c = (.85 c
A 236 amu ami

Fusion is 4 times more powerful than fission
and generates 24 times more neutrons!

1
L =—=02

‘H+'H: —
4 5

Neutron production:

557 s o2 0.0085
4 236

https://isnap.nd.edu/Lectures/phys20061/pdf/10.pdf
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Hydrogen bomb uses a fission bomb to initiate the

fusion reaction

Primary Fission Device

Core: 2°Py, <381J,
plus 2H+3H booster
Shell: 238U tamper

High explosive lenses

Fuel

Secondary Fusion Device

Radiation channel
239Py sparkplug
6Li, 2H, 3H fusion cell

2381 tamper

https://isnap.nd.edu/Lectures/phys20061/pdf/10.pdf
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Event sequence

1. Warhead before 2. HE ﬂtes in primary, 3. Fissioning primary emits
firing; primary (fission bomb) comp plutonium X-rays which reflect

and

5. Compressed
at ndary (fusio ilo ercrltl lity along the inside of ing daty demlumm-gsm
top, secondary (fusion  core into su cal le} nside compressing secon u ue
fuel) at bottom, all auspended and beg ng a fission the casing, irradiating and plutonium sparkplug  fusion reaction, neutron
polystyfene reaction, the polystyrene foam. begins to fission. flux causes tamper to fission.
A fireball is starting to form...

Additional pressure from recoil of exploding shell (ablation)!

https://isnap.nd.edu/Lectures/phys20061/pdf/10.pdf
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You don’t want to build a hydrogen bomb!

Hiroshima

:
.

Tzar Bomba
(Soviet)

Illustration From October 2002
Issue of “"Popular Mechanics” (pg. 69)
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To Fuse, or Not to Fuse...

Laser light shines The target
on the target is compressed
B, A
~4mm @‘ O
l " “' '
4+
The target is ignited The target
burns

U73311

100



Outline

 Introduction to nuclear fusion
« Magnetic confinement fusion (MCF)
— Tokamak
— Stellarator
* Inertial confinement fusion (ICF)
— Indirection drive ICF
— Direct drive ICF
* Innovation idea — MCF + ICF
 Plasmain space

* Pulsed-power system at NCKU

101



World energy consumption is dominated by the use of

dwindling fossil fuels

TW

E15657

Fossil fuel

Estimated reserve

(2005 consumption rate)
Years remaining

Oil 1,277,702 million barrels 32 years
Natural gas| ~6,500,000 billion cubic ft 72 years
Coal 1,081,279 million tons 252 years

Oil
5 _\/_
4l

, | Coal
Gas

== Nuclear

3} _
) - _
1 B ——
—‘_'T—'—-_—l-—_-—_l 1 1 '
D 1 1 1 ' 1
1980 1990 2000
Date

While predictions about
the exact number of
remaining years vary,
fossil fuels will run out.

Hydro-electric

Energy Information Administration (EIA) 2006 Annual Report,

U.S. Department of Energy, Washington, D.C.

s Ku,
o Yo
& %L
- =
H
7 5
s &
N &
v 54
Teat

*from Laboratory for Laser Energetics, University of Rochester, Rochester, NY
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The “iron group” of isotopes are the most tightly bound

Binding energy per nuclear
particle (nucleon) in MeV

L#7]

Y

%]

& Ku,
o ,
- s
< <
- H
z
7 ]
£y z
%, d
) (2
1831

Fe

The "iron group”

. yield from
of isotopes are the '

' nuclear fission

most tightly bound.
3 g: Ni (most tightly bound) |
58 ; _
26 Fe . Elements heavier
56 e : than iron can yield
26" have 8.8 MeV: energy by nuclear
per nucleon fission.

yield from binding energy. .
nuclear fusion :

* Average mass
+ of fission fragments 235
: is about 118. U:

i | L1 1

5b 1 I160I I1éul Eﬂu
Mass Number, A

http://hyperphysics.phy-astr.gsu.edu/hbase/nucene/nucbin.html 103



Fusion in the sun provides the energy

* Proton-proton chain in sun or smaller

Particles are confined by the gravity.

'HQD D' 'HQ O
\/ \/
re \v e \v

Hd” | o
) Proton ‘He \"' )
Q Neutron Gamma ray Y
Positron Neutrino D

https://en.wikipedia.org/wiki/Sun
https://en.wikipedia.org/wiki/Nuclear_fusion

o x
S
e 1
o <
P %
1 2
5 3
3 &
“"b r;
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In heavy sun, the fusion reaction is the CNO cycle

4He$ JlH

1HJ\ L ” g/v

12C \$i
13N ’
\/
¥ l\v
13C4‘_) ’
=N
4)» —
o -
/ \
v\ /
' v
J Proton
Q Neutron Gamma ray Y
Positron Neutrino D

https://en.wikipedia.org/wiki/Nuclear_fusion



The cross section of proton-proton chain is much
smaller than D T fusion

D+T—a+n 2.72x1072 3.43

D+T—T+p 2.81x10* 3.3x102 0.06 1250
D+T—3He+n 2.78x10* 3.7x102 0.11 1750
T+T—a+2n 7.90x10+ 3.4x1072 0.16 1000
D+3He—a+p 2.2x107 0.1 0.9 250
p+SLi—a+3He 6x1010 7x103 0.22 1500
p+1B—3a (4.6x1017) 3x104 1.2 550
p+p—D+e*+v  (3.6x102%%) (4.4x10%°)

p+2C—13N+y (1.9x10-26) 2.0x1010 1.0x10.4 400
2C+12C (all (5.0x10-103)

branches)

« “()” are theoretical values while others are measured values.

The Physics of Inertial Fusion, by Stefano Atzeni and Jurgen Meyer-Ter-Vehn



Nuclear fusion and fission release energy through
energetic neutrons

Fission
Uranium Radioactive
‘ daughter atoms Neutron/v
> O == 9 d5 200 MeV

O Neuotrm

Fusion

Deuterium Tritium Helium 4
NeutrV
O%O-Quﬂzo 75 18 MeV

(3.5MeV) (14.1MeV)

107



Nuclear fusion provides more energy per atomic mass
unit (amu) than nuclear fission

17.6 Mel” Mel”
Fusion of 2H+3H: 0 = € =3.5 €
4 (3+ 2) amu amu
200 MelV Mel”
Fission of 235U: O = =(0.85
A 236 amu anii
| Half-life (years)
U235 7.04x108
U238 4.47x10°

Tritium 12.3

108



What could you do with 1 kg DT?

« 1kg DT ->340 Tera joules

— You can drive your car for ~40,000 km (back and forth between
Keelung and Kaoshiung for 50 times).

— You can keep your furnace running for 8 years.

— You can blow things up! 1 TJ = 250 tons of TNT.

*R. Betti, HEDSA HEDP Summer School, 2015 109



Enormous fusion fuel can be produced from sea water

e xu,
z"\(l 2
p ¥
z m
° 4
% ‘s
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[

Total energy
= of world oll
reserve

*R. Betti, HEDSA HEDP Summer School, 2015 110



A “hot plasma” at 100M °C is needed

* Probability for fusion reactions to occur is low at low temperatures due to
the coulomb repulsion force.

0 (4) <@

« If the ions are sufficiently hot, i.e., large random velocity, they can collide
by overcoming coulomb repulsion

2= o0

Probability

s Ku,
& Yo

< %L

- =

H

7 5

2 &
N &
v 54

Teat

Energy

*R. Betti, HEDSA HEDP Summer School, 2015
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Fusion is much harder than fission, a “hot plasma” at
100M °C is needed

e xu,
3+ i

§ <

p 2

p

5 2

° 4
% @
v 4

[

« Fission: n433°U —55° U —:5* Ba +52 Kr +3n + 177 MeV
« Fusion: D+ T — He*(3.5MeV) + 5 (14.1 MeV) D @ (—). T
““““““““““““ 10_24 b |
. :
107
2 : 2 U+n
5 100 ¢ o~ 10725 Coulomb Scattering -
< — E
g 5
3= 1 — S 10728
%é 0.0] + ‘?m D-T Fusion -
g 10-4 | | | | | 1 © p-30L
- - - « D-D Fusion
10°10° 10001 1 100 10° ; e
Projectile/Neutron Energy (keV) T T T e 000

Deuteron Energy (keV)

https://www6.lehigh.edu/~eus204/lab/PCL_fusion.php#x1-10096 112



Fast neutrons are slowed down due to the collisions

Neutron @ ==) @ Atom

my My

A moderator is used to slow down fast neutrons but not to absorb
neutrons.

 For m,,~m,, the energy decrement is higher. Therefore, H slows down
neutron most efficiently.

e However,H+ n — D, i.e., Habsorbs neutrons.

* The best option is the D in the heavy water (D,0O).

Energy Neutron scattering | Neutron absorption
decrement Cross section (os) |cross section (os)
GENS) GENS)
H 1 49 (H,0) 0.66 (H,0)
D 0.7261 10.6 (D,0) 0.0013 (D,0)
C 0.1589 4.7 (Graphite) 0.0035 (Graphite)

https://en.wikipedia.org/wiki/Neutron_moderator#cite_note-Weston-4
https://energyeducation.ca/encyclopedia/Neutron_moderator#cite_note-3
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Fusion doesn’t come easy

10-27 Temperature (MKk)
10-2 58 116 580 1160 5802
E | |
10728 ~ 7
‘Tth
€ E 102
e 10 29¢ @
3 c
3
g 10730 é 10-23
o o
Q
103" o D-D
10—24 | Y AN ‘ L
1 5 10 50 100 500
10— 5 5. 10, 20. 50. 100.200. 500.1000. lon temperature (keV)
Center—of-Mass Energy (keV) . -
« Reaction rate: Proseotty
D+D->T+ D + He3 — He? +
P P <ov>= |owvf(v) dv
— He3 +n
p + Bl — 3He*
D+T — He?+n Cross section

https://i.stack.imgur.com/wXQD5.jpg

Santarius, J. F., “Fusion Space Propulsion — A Shorter Time Frame Than You
Think”, JANNAF, Monterey, 5-8 December 2005. 114



It takes a lot of energy or power to keep the plasma at

100M °C

« Let the plasmado it itself!

@ The neutron leaves
because is neutral
Tritium

O + @
e o Helium (alpha particle)

Deuterium 'Q ® stays in the plasma because
® is charged and collides with

®  the electrons

 The a-particles heat the plasma.

*R. Betti, HEDSA HEDP Summer School, 2015 115



Under what conditions the plasma keeps itself hot?

o
¥ “
J %
z m
3 d
3 8
et

« Steady state 0-D power balance:
S+S,=Sg+S
S, aparticle heating
S, external heating
Sg: Bremsstrahlung radiation

S: heat conduction lost

Ignition condition: Pt > 10 atm-s = 10 Gbar - ns

 P: pressure, or called energy density
* Tis confinement time

116



The plasma is too hot to be contained

« Solution 1. Magnetic confinement fusion (MCF), use a magnetic field to
contain it. P~atm, T~sec, T~10 keV (108 °C)

Tokamak Stellarator

Inner poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer poloidal field coils
(for plasma positioning and shaping)

Resulting helical magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

https://www.euro-fusion.org/2011/09/tokamak-principle-2/
https://en.wikipedia.org/wiki/Stellarator 117



Don’t confine it!

« Solution 2: Inertial confinement fusion (ICF). Or you can say it is confined
by its own inertia: P~Gigabar, T~nsec, T~10 keV (108 °C)

Laser light shines The target
on the target is compressed

A [ 4
. X f‘?
~4mm »@« > o < _&
! N 7Y | ¢ W . F
aﬁ o
The target is ignited The target
burns
i’ \{
u\ 'w

U733]1

Inertial confinement fusion: an introduction, Laboratory
for Laser Energetics, University of Rochester 118



To control? Or not to control?

« Magnetic confinement fusion (MCF) ¢ Inertial confinement fusion (ICF)
< Laser light shines The target
on the target is compressed
The target is ignited Ths target
q’ 5{
uﬁ 'w
« Plasmais confined by toroidal - A DT ice capsule filled with DT
magnetic field. gas is imploded by laser.

Laboratory for Laser Energetics, University of Rochester is
a pioneer in laser fusion
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Outline

* Introduction to nuclear fusion
« Magnetic confinement fusion (MCF)
— Tokamak
— Stellarator
* Inertial confinement fusion (ICF)
— Indirection drive ICF
— Direct drive ICF
* Innovation idea — MCF + ICF
 Plasmain space

* Pulsed-power system at NCKU
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Charged particles gyro around the magnetic fields

121



Charged particles can be partially confined by a
magnetic mirror machine

« Charged particles with small v, eventually stop and are reflected
while those with large v, escape.

1 1 1
~mv* = -my)* + -mv,?

2 2 2
* Large v, may occur from collisions between particles.

« Those confined charged particle are eventually lost due to collisions.

https://i.stack.imgur.com/GlzGZ.jpg 122



“loffe bars” are added to stabilize the Rayleigh-Taylor
Instabilities at the center of the mirror machine

o Kl
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- iz

H
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v 2
Teat

loffe bars

 Rayleigh-Taylor instability

Introduction to Plasma Physics and Controlled Fusion 3™ Edition, by Francis F. Chen 123



A “baseball coil” is obtained if one links the coils and
the bars into a single conductor

S K
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> %

1 4
2 &
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« Baseball coil e MFTF-B mirror machine

Introduction to Plasma Physics and Controlled Fusion 3 Edition, by Francis F. Chen 124



Plasma can be confined in a doughnut-shaped chamber
with toroidal magnetic field

« Tokamak - "toroidal chamber with magnetic coils" (TopounaanbHas
Kamepa ¢ MarHUTHbIMUN KaTyLUKamMM)

Relatively Constant Elecinic Current

ﬂ

Taroidal

1 T;E f;‘fﬂ s E:ﬁ

=A% ?%ﬁ’?»\
e )
-tECEmnl Taroidal Field <<\\\\\\\\

https://www.iter.org/mach/tokamak
https://en.wikipedia.org/wiki/Tokamak#cite_ref-4
Drawing from the talk “Evolution of the Tokamak” given in 1988 by B.B. Kadomtsev at Culham. 125



Charged particles drift across field lines

« ExB drift e Grad-B drift
@ E - @ .

os  E M

Vgc - S
® VB

ION ELECTRON

Asuial
magnetic
field

http://www.geocities.jp/tomoyahirata417/fusion/gennkou.htm 126



A poloidal magnetic field is required to reduce the drift
across field lines

Inner poloidal field coils

Toroidal (Primary transformer circuit)

Direction Poloidal magnetic field Outer poloidal field coils

(for plasma positioning and shaping)

lon gyro-motion

Resulting helical magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

https://www.davidpace.com/keeping-fusion-plasmas-hot/
https://www.euro-fusion.org/2011/09/tokamak-principle-2/ 127



A poloidal magnetic field is required to reduce the drift
across field lines

~

Outer poloidal field coils
or plasma positioning and shaping)

& )

-
[
o
-
4

Id Toroidal field coils

oidal magnetic field
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A divertor is needed to remove impurities and the power
that escapes from the plasma
o

Closed magnetic
surfaces

Open
magnetic
surfaces

~
&

s
Scrape-off layer

Strike points X-point

Divertor plates Private plasma

https://www.euro-fusion.org/newsletter/divertor-concepts/ 129



D-shaped tokamak with diverter is more preferred
nowadays

* Make the plasma closer
to the major axis

Introduction to Plasma Physics and Controlled Fusion 3" Edition, by Francis F. Chen 130



Spherical tokamak is formed when the aspect ratio of a
tokamak is reduced to the order of unity

WS Kuy,

& ‘s
& B
- iz

H
z 1
5
Y &
45

« NSTX @ Princeton « MegaAmpere Spherical Tokamak
(MAST) @ Culham center for
fusion energy, UK

Introduction to Plasma Physics and Controlled Fusion 3" Edition, by Francis F. Chen 131



ITER ("The Way" Iin Latin) is one of the most ambitious
energy projects in the world today

https://www.iter.org 132



ITER ("The Way" Iin Latin) is one of the most ambitious
energy projects in the world today

« Vacuum vessel

« Magnets

Divertor

https://www.iter.org/ 133



ITER

PN PR
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https://www.iter.org 134



ITER — Magnets

Eg=51 GJ
Tg=4 K

Length of Nb;Sn
superconducting
strand: 10° km

B =11.8T
B =6 T

T,max

P,max

|
LA

o

L —

rrrrr

https://www.iter.org 135



ITER — Vacuum vessel

« W =8000tons B o RS
. V=840 m? 3 T —

_ - .. o = B ——— :%\
« R=6m . n.Apag.an;ﬁ»;‘\}:/..

T

”‘I
=
-

https://www.iter.org 136



ITER — Blanket

* 440 modules
« Thermal load: e T~ ST
736 MW e ——— kAR

https://www.iter.org 137



ITER — Divertor

SR YO,

54 cassettes e S

Thermal load: A | -

20 MW/m?2 e AR
= = s | I,

A=y

> i

Each cassette: S S
10 tons

https://www.iter.org 138



ITER — Crystat

« P=10%atm b e
« W =3800 tons : ~a | B

+ V =16000 m?3 e =:A;=s-=‘i;_\\§\\?§f"“

https://www.iter.org 139



Supporting systems

« Tritium breeding

« Control, Data access and Communication (CODAC)
« Cooling water

« Cryogenics

« Diagnostics

* Fuel cycle

« Hot cell - a secure environment for processing, repair or testing, etc., of
components that have become activated by neutrons.

 Power supply
« Remote handling
 Heating and current drive

* Vacuum system

140



ITER is being assembled

(S KU,

Gravity supports v
18 required, 11 installed "

- 1 |

Cryostat lower cylinder & '

PF6.clamp plates v-»"

(to be posntloned) i“

-
& 4,
a 5%%
- &
@,
Faann®

Gravity supports
18 required, 11 installed

(N
\ /'// »
\# ‘

g I\a
5 -(

https://www.iter.org
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ITER is being assembled

_,-,\'I‘- _—
N E
16/
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https://www.iter.org 142



There is a long way to go, but we are on the right path...
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* Dec 2025 First Plasma
« 2035 Deuterium-Tritium Operation begins

https://www.iter.org 143



Joint European Torus (JET) facility has a record-
breaking 59 megajoules of sustained fusion energy

s Ku,
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H
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Record-breaking 59 megajoules of sustained fusion energy in Joint
European Torus (JET) facility in Oxford demonstrates powerplant potential
and strengthens case for ITER.

https://ccfe.ukaea.uk/resources/#gallery 144



Stellarator uses twisted coil to generate poloidal
magnetic field

Tokamak Stellarator

Inner poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer poloidal field coils
(for plasma positioning and shaping)

Resulting helical magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

https://www.euro-fusion.org/2011/09/tokamak-principle-2/
https://en.wikipedia.org/wiki/Stellarator 145



A figure-8 stellarator solved the drift issues

Introduction to Plasma Physics and Controlled Fusion 3 Edition, by Francis F. Chen 146



A figure-8 stellarator solved the drift issues

147



Lyman Spitzer, Jr. came out the idea during a long ride
on a ski lift at Garmisch-Partenkirchen

https://www.snowtrex.de/magazin/skigebiete/garmisch-classic-zugspitze/ 148



Exhibit model of a figure-8 stellarator for the Atoms for
Peace conference in Geneva in 1958
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Introduction to Plasma Physics and Controlled Fusion 3" Edition, by Francis F. Chen 149



Twisted magnetic field lines can be provided by toroidal
coils with helical coils

toroidal
. coil

—_—

\ y 3' . ‘
. 7
flux surface - \helical

plasma field line

Wagner, F., Fusion energy. MRS Energy & Sustainability, 5, E8 (2018) 150



LHD stellarator in Japan

https://en.wikipedia.org/wiki/Large_Helical_Device 151



Wendelstein 7-X is a stellarator built by Max Planck
Institute for Plasma Physics (IPP)

f‘ﬁﬁ K“%n
p iz
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“’" Teal i

outer vessel ports and domes
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-9, central support ring 1 =
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< e
Y _nop-pla far eoils

vacuum field
Poincaré sections

« Wemdelstein 7-x is now
installing new diverters.
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Demonstration of a magnetic mirror machine

Show video. https://i.stack.imgur.com/GlzGZ.jpg 153



Plasma is partially confined by the magnetic field




Many mirror points are provided by a pair of ring-type

magnets

ALK

]

]

0
mm
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Outline

 Introduction to nuclear fusion
 Magnetic confinement fusion (MCF)
— Tokamak
— Stellarator
* Inertial confinement fusion (ICF)
— Indirection drive ICF
— Direct drive ICF
* Innovation idea — MCF + ICF
 Plasmain space

* Pulsed-power system at NCKU

156



Compression happens when outer layer of the target is
heated by laser and ablated outward

Laser light shines
on the target

The target is ignited

u’ ™

%9 A
k S

U733]1

The target
is compressed

The target
burns

Light wave /S — Critic_al

density
pCI‘, ncr

pens'ty

| Sonic point M=1 |

—Corona conduction zone — M Mach # = VIC,
Isotherr.nal r steady state i
expansion Subsonic flow M<1

Time-dependent v =Ablation velocity

Supersonic flow
M>1

v,=blow-off velocity :

T

Heat flows by
conduction

Laser energy
deposited near
critical surface

Ablated plasma

II:Ilgtht Prarse ~ 1-158/cC
< xc — I
X g:i.t.if:zlz;scirffi‘:e -g=acceleration in the lab frame:
0.35um light

Inertial confinement fusion: an introduction, Laboratory
for Laser Energetics, University of Rochester
R. Betti, HEDSA HEDP Summer School, 2015
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Plasma is confined by its own inertia in inertial

confinement fusion (ICF)

Laser light shines The target
on the target is compressed

The target is ignited The target

burns
i’ 5&

veEY

U733]1

Spatial profile at stagnation

Pressure

IIIIIIIIIII..III...

T

temperature

heat flux

hot spot

Inertial confinement fusion: an introduction, Laboratory
for Laser Energetics, University of Rochester
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A ball can not be compressed uniformly by being
squeezed between several fingers

Rayleigh-Taylor instability

P2 P2

« Stages of atarget implosion

(a) Early time (d) Peak compression

Imprinting and shock

Laser drive

Feedout Core—shell mix

Propagating burn

Plasma formation
and laser—plasma
interactions

Fusion neutrons, charged
particles, and x rays

Hot-spot ignition

Rayleigh-Taylor growth,—”
mitigation, and saturation

Shock convergence
Rayleigh—Taylor growth

Laser drive

(b) Acceleration phase (c) Deceleration phase

E988611

P.-Y. Chang, PhD Thesis, U of Rochester (2013)
R. S. Craxton, etc., Phys. Plasmas 22, 110501 (2015)

159



A spherical capsule can be imploded through directly or
indirectly laser illumination

Direct-drive target Indirect-drive target

Capsule

Laser beams

Diagnostic hole

Hohlraum using
a cylindrical high-Z case

*R. Betti, HEDSA HEDP Summer School, 2015
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Rochester is known as “The World's Image Center”
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There are many famous optical companies at Rochester
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Laboratory for Laser Energetics, University of Rochester
IS a pioneer in laser fusion

o x
v,
& <
P %
1 2

3
2 &

« OMEGA Laser System « OMEGA EP Laser System

UR
60 beams 4 beams; 6.5 kJ UV (10ns) '-'—E*
« >30 kJ UV on target « Two beams can be high-  FS€>
* 1%~2% irradiation nonuniformity energy petawatt
» Flexible pulse shaping « 26 kJ IR in 10 ps

« Can propagate to the
OMEGA or OMEGA EP
target chamber

OMEGA target

- OMEGA EP
' : target
chamber

Main

i _amplifiers
Compression

chamber

OMEGA EP Laser Bay
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The OMEGA Facility is carrying out ICF experiments
using a full suite of target diagnostics

Imaging x-ray UR %é
LLNL flat streak camera LLE
crystal x-ray Target X-ray pinhole FS€
streak in TIM #1 positioner camera

X-axis target-
viewing system

X-ray pinhole
cameras = KB x-ray
‘microscope
#2 (GMX1)
Indium _
activation X-ray pinhole
camera
Copper
activation KB x-ray
microscope #1
KB x-ray X-ray framing A-ray Plasma
microscope camera #1 pinhole calorimeter
#3 in TIM#3 cameras

E8012b Photo taken from port H11B
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The 1.8-MJ National Ignition Facility (NIF) will
demonstrate ICF ignition and modest energy gain
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[Seand ) oo 3%

Completed March 2009
and beginning
experiments
at LLNL

= » ;' }’
\ Relative
size

OMEGA experiments are integral to an
ignition demonstration on the NIF.
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Targets used in ICF

« Triple-point temperature : 19.79 K

300

200

Power (TW)

100

TC8286J1

Time (ns)

12

http://www.lle.rochester.ed
https://en.wikipedia.org/wiki/Inertial_confinement_fusion
R. S. Craxton, etc., Phys. Plasmas 22, 110501 (2015)
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Softer material can be compressed to higher density

« Compression of a baseball

> Pl N 1447450

« Compression of a tennis ball

https://www.youtube.com/watch?v=uxlldMoAwbY
https://newsghana.com.gh/wimbledon-slow-motion-video-of-how-a-tennis-ball-turns-to-goo-after-serve/ 167



A shock is formed due to the increasing sound speed of
a compressed gas/plasma

« Wave in the ocean: Jockn

213 km 3 23 km

Depth Velocity Wave length
(meters) (km/h) (km)

7000 943 282
4000 713 213

2000 504 151

200 159 48
50 79 23
10 36 10.6

« Acoustic/compression wave driven by a piston:

CS3 Ushock>c
Csz
3V C., shock

X
Cs ~ B ™~ p \/7401}3
p p

http://neamtic.ioc-unesco.org/tsunami-info/the-cause-of-tsunamis
*R. Betti, HEDSA HEDP Summer School, 2015 168




Targets used in ICF

a Cryogenic hohlraum

Tent- > Gold hohiraum

Q_a'psule

https://www.lle.rochester.edu/index.php/2014/11/10/next-generation-cryo-target/
Introduction to Plasma Physics and Controlled Fusion 3" Edition, by Francis F. Chen
https://www.lInl.gov/news/nif-shot-lights-way-new-fusion-ignition-phase 169



Nature letter “Fuel gain exceeding unity in an inertially
confined fusion implosion”
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* Fuel gain

exceeding unity was demonstrated for the first time.
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Nature 506, p343, 2014
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The hot spot has entered the burning plasma regime

Hotspot pressure-energy [no-ol]
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National Ignition Facility (NIF) achieved a yield of more
than 1.3 MJ from ~1.9 MJ of laser energy in 2021 (Q~0.7)

Generalized Lawson Criterion

1.6

—
O CHLF
O CHHF

g cnr 1.35 MJ
@ HDC BF

I HDC Iraum
B HDC HyE

1.41

1.2

1F

0.8}

0.6}

Fusion yield (MJ)

0.4

0.2

o y !
0010203040506070809 1

PP,

National Ignition Facility (NIF)
achieved a yield of more than 1.3
MJ (Q~0.7). This advancement puts
researchers at the threshold of
fusion ignition.

Y
7 5
L/v Teal v

THEROAD TO IGNITION

The National Ignition Facility (NIF) struggled for years before achieving a
high-yield fusion reaction (considered ignition, by some measures) in 2021.
Repeat experiments, however, produced less than half the energy of that result.

On 8 August 2021, a laser shot
produced more than 1.3 megajoules
of fusion energy.

B The NIF’'s original
goal was to achieve
ignition by 2012.

Fusion yield (megajoules)

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

« Laser-fusion facility heads back to
the drawing board.

T. Ma, ARPA-E workshop, April 26, 2022

J. Tollefson, Nature (News) 608, 20 (2022) 172



“Ignition” (target yield larger than one) was achieved in
NIF on 2022/12/5

NIF fusion yields versus time

NIF’s ignition achievement in perspective

; 3 . 15 M\J Energy in megajoules @ =1

" (Q=1.54)
P 2.05MJ
18 Max laser energy

Fusion yield (MJ)

1.2

0.8
0.6

04 Energy required from the grid Energy of laser fired upon hohlraum Energy produced via fusion
0.2

ol : <r--=--‘-7'r-h-||ﬁl,i| 300 MJ 2.05 MJ 3.15 MJ

2011 2012 2013 2014 2015 2016 2017 018 2019 2020 2021 2022

3.15 MJ 3.88 MJ 2.4M) 3.4 MJ

PRODUCED PRODUCED PRODUCED. PRODUCED

https://physicstoday.scitation.org/do/10.1063/PT.6.2.20221213a/full/
The age of ignition: anniversary edition, LLNL-BR-857901 173



External “spark” can be used for ignition

« Shock ignition

(a)

Compression )
wave (b) Spike shock wave

Return
shock
Picket
shock wave
]_O . . — f'/\-l-\ 20 T ) T T T —] 8 PT
~ Picket delay 4 = S 5L Spike delay 5
= s& E INES
: 5 F e ~ o — 10 | H4 E
o 2 = 3) =
=~ 2 = 0 | I | 0 %
0 ' 0 = =
-1 0 1 2 -1 0 1 2 3 4
Time (ns) E 1613011 Time (ns)

« Fastignition

a) channeling Fl concept

Hole [ '

boring ” Ignition

—| |a—

10 ps

b) cone-in-shell FI concept

ignition
10ps pulse

J. Badziak, Bull.Polish Acad. Sci. Tech. Sci.Phys. Plasmas 15, 056306 (2008)
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A shock is formed due to the increasing sound speed of
a compressed gas/plasma

« Wave in the ocean: Jockn

213 km 3 23 km

Depth Velocity Wave length
(meters) (km/h) (km)

7000 943 282
4000 713 213

2000 504 151

200 159 48
50 79 23
10 36 10.6

« Acoustic/compression wave driven by a piston:

CS3 Ushock>c
Csz
3V C., shock

X
Cs ~ B ™~ p \/7401}3
p p

http://neamtic.ioc-unesco.org/tsunami-info/the-cause-of-tsunamis
*R. Betti, HEDSA HEDP Summer School, 2015 175




Ignition can happen by itself or being triggered externally
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Self-ignition External “spark” for fast ignition
Conventional ICF Fast Ignition Shock Ignition
X ¥
Hot spot Shock
pulse
Fast
|- injection

T ' I I AP of heat

| T A | A

' |

Low-density central spot ignites Fast-heated side spot ignites Spherical shock wave ignites
a high-density cold shell a high-density fuel ball a high-density fuel ball
PThot = PTeold (Isobaric) Phot = Peold (Isochoric) PThot ® PTeold

P. B. Radha, Fusion Energy Conference,2018 176



Outline

 Introduction to nuclear fusion
 Magnetic confinement fusion (MCF)
— Tokamak
— Stellarator
* Inertial confinement fusion (ICF)
— Indirection drive ICF
— Direct drive ICF
* Innovation idea — MCF + ICF
 Plasmain space

* Pulsed-power system at NCKU
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A strong magnetic field reduces the heat flux

O .
= ° °
o
R, ° i ° K, = KT 5/2
} o ° K” Imfp
k, =—; forlargeHallparameter y oc — >>1
(o] ’( 0 o y 4 RL
o o o

* Typical hot spot conditions:
R, ~40 pm, p ~ 20 g/cm3, T ~ 5 keV:

B>10MG isneededfor y >1

Magnetic-flux compression can be used to provide the
needed magnetic field.
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Principle of frozen magnetic flux in a good conductor is

used to compress fields

Seed B-field
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M. Hohenberger, P.-Y. Chang, et al., Phys. Plasmas 19, 056306 (2012).
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Plasma can be pinched by parallel propagating plasmas
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https://en.wikipedia.org/wiki/Pinch_(plasma_physics) 180



Plasma can be heated via pinches
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Sandia’s Z machine is the world's most powerful and
efficient laboratory radiation source

WS Kuy,

Peak current: 26 MA

Rise time: 100 ns

Peak X-ray emissions: 350 TW
Peak X-ray output: 2.7 MJ

« Stored energy: 20 MJ
« Marx charge voltage: 85 kV
« Peak electrical power: 85 TW

182



Z machine
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Z machine

Compressed
fuel at fusion
3 temperatures

« Stored energy: 20 MJ  Peak current: 26 MA

« Peak electrical power: 85 TW  Risetime: 100 ns
 Peak X-ray output: 2.7 MJ
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Z machine discharge
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Before and after shots

- Before shots - After shots =

SAND2017-0900PE_The sandia z machine - an overview of the
world's most powerful pulsed power facility.pdf
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Promising results were shown in MagLIF concept
conducted at the Sandia National Laboratories
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t=0ns t =100 ns t =150 ns
Laser entrance hole t’?;‘eétln:;?lnce hole La:ﬁ: 20, 2 kJ, 2 ns Axial field compressed
by implosion

with CH foil - ‘CR 20

magnetic fuel
field 250 eV :
lcm Compressed e
Liner fuel at fusion g %
(Al or Be) temperatures \
Cold DT .
gas (fuel)

Compression

The stagnation plasma reached fusion-relevant temperatures with a
70 km/s implosion velocity

S. A. Slutz et al Phys. Plasmas 17 056303 (2010)
M. R. Gomez et al Phys. Rev. Lett. 113 155003 (2014) 187



MagLIF target
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Neutron yield increased by 100x with preheat and
external magnetic field.

(b) (b) 4
20 B on Temp
E TS Electron Temp 110"
< 15 gé 3| I DD yield
= 12§& S | MEEMDT yield
1 S 88 a2 o
- 5 R o S >
& Q 5 115 @ = 110"
3 5 - 11 '
J 0 0 I - .
2950 3000 3050 3100 j 110
Time [ns] 0N =~ o m o o =9 o
© © _- o, m m o m
Jd & © N ®© ¥ = o
N N § © © ©o o -
I8 8§ 8§ §
™ o N N N N

M. R. Gomez et al Phys. Rev. Lett. 113 155003 (2014) 189



Sheared flow stabilizes MHD instabilities

m = 0 (sausage)

Perturbation o g™M®+¥2+1 m =1 (kink)

increasing

2o

u BZ , 2
L—r—} <3, decreasing dggreasin g \A"’j
:;,J: -— 28—; increasing </K|:C/

T I

dVv
2.0 M. G. Haines, etc., Phys. Plasmas 7, 1672 (2000)

dr U. Shumlak, etc., Physical Rev. Lett. 75, 3285 (1995)
U. Shumlak, etc., ALPHA Annual Review Meeting 2017 190
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A z-pinch plasma can be stabilized by sheared flows

Inner Electrode Neutral Gas Injection Plane Z-pinch plasma Electrode End Wall
]

& Outer Gas Valve

“ »

|

Inner Gas Valve ey

ST
o |
!

>

L]
L]
€&—— Outer Gas Valve Z=0 Z=15cm s
]

]
"“j.

.
Outer Electrode Observation Side-Window

Acceleration Region Dl Assembly Region ==
(100 cm) l (50 cm)

https://www.zapenergyinc.com/about
A. D. Stepanoy, etc., Phys. Plasmas 27, 112503 (2020)



Elevated electron temperature coincident with observed
fusion reactions in a sheared-flow-stabilized z pinch
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B. Levitt, etc., Phys. Rev. Lett. 132, 155101 (2024)
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Fusion reactor concept by ZAP energy

Vacuum Pumping

Weir Wall

™~

Sheared Flow
Stabilized
Z-Pinch in

Reactor
Chamber

Molten Wall

Outer Electrode \

From Steam Generator /
Fuel Recycling System

—
-

To Steam Generator /
Fuel Recycling System

Molten LiPb -

https://www.zapenergyinc.com/about
E. G. Forbes, etc., Fusion Sci. Tech. 75, 599 (2019)




There are alternative

TRAPPING
FUSION FIRE

When a superhot, ionized plasma is trapped in a
magnetic field, it will fight to escape. Reactors are
designed to keep it confined for long enough for

the nuclei to fuse and produce energy.

A CHOICE OF FUELS

Many light isotopes will fuse to release
energy. A deuterium-tritium mix ignites at
the lowest temperature, roughly 100 million
kelvin, but produces neutrons that make the
reactor radioactive. Other fuels avoid that,
but ignite at much higher temperatures.

D-T Tritium Neutron
e, + 3. R — 0:. + ®

Deuterium Helium-4 (o)

D-D

)+ @& —> (@ +o
D D Helium-3 "

D-*He
%)+ (& —> @ + 0

D 3He a Proton

p-1'B
20

.+'.5°§).—’.' + (@8 + @

Boron-11 o g

Magnetic field coils

Plasma Plasma
chamber

TOKAMAK

(ITER AND MANY OTHERS)

Multiple coils produce magnetic fields that
hold the plasma in the chamber. A coil
through the centre drives a current
through the plasma to keep it hot.

Fuel beams

Central
Central plasmoid
chamber

Plasmoid

Liquid metal
vortex

Pistons Plasma

MAGNETIZED TARGET REACTOR
(GENERAL FUSION)

Magnetized rings of plasma are injected
into a vortex of liquid metal. Pistons punch
the metal inwards, compressing the plasma
to ignite fusion.

COLLIDING BEAM FUSION REACTOR
(TRI ALPHA ENERGY)

'Cannons' fire plasma vortices into a
chamber, where they merge into a
stationary vortex. This is suspended in
magnetic fields, and is kept heated by
beams of fresh fuel.

http://mww.nextbigfuture.com/2016/05/nuclear-fusion-comany-tri-alpha-energy.html
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Commonwealth Fusion Systems, a MIT spin-out
company, is building a high-magnetic field tokamak
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« Fusion power o« B4,
« The fusion gain Q > 2 is expected for SPARC tokamak.

https://en.wikipedia.org/wiki/SPARC_(tokamak) 195



Merging compression is used to heat the tokamak at the

start-up process in ST40 Tokamak at Tokamak Energy Ltd

Inner vacuum .

chamber Outer vacuum

chamber/cryostat
Central Merging
solenoid

compression
coil

i
“;%a
v 14

High temperature superconductors
are used.
B~3T

Toroidal
Poloidal
field coil
S field coils
Divertor
coil
Merging =4.0ms =14 ms

compression

15 20 0.4 1 15 20 0.5 1

L L
1 18 2ot s % 18 Z0 o8 A 1 0.5 15 2
R [m] R [m] R [m] R [m] R[]

M. Gryaznevich, etc., Fusion Eng. Design, 123,177 (2017)

https://www.tokamakenergy.co.uk/
P. F. Buxton, etc., Fusion Eng. Design, 123, 551 (2017)

196



Reconnection

b A

| ! !

/ ! ;
plasma reconnection | ‘ / "
current diffusion region / ‘ | T :

layer A B2 ; 3 | - “ |
DA ‘ . -
\E B P B
s\l : |
' N e :

magnetic
slingshots

https://www.youtube.com/watch?v=7sS3Lpzh0Zw
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Merging compression is used to heat the plasma

R [m] R [m] R [m]

http://www.100milliondegrees.com/merging-compression/
P. F. Buxton, etc., Fusion Eng. Design, 123, 551 (2017)
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Spherical torus (ST) and compact torus (CT)

 Spherical torus (ST)

Large aspect ratio

ta) (Standard tokamak)

MinoF

radius
R
ajor .
ius.

Low aspectradio |
(Spherical tokamak)

« Compact torus (CT)
« Spheromak * Field reversed configuration (FRC)

Zhe Gao, Matter Radiat. Extremes 1, 153 (2016)
https://en.wikipedia.org/wiki/Field-reversed_configuration 199



Field reverse configuration is used in Tri-alpha energy

cusp
mirror segmented
coils theta-pi\nch coil

separatrix
1
\ N

\

open \— . quartz tube
magnetic | closed poloidal toroidal

A SRR GG LANL.: design, test
field lines magnetic field line (F:)urrent AFRL: Shiva-FRC

*Magneto-Inertial Fusion& Magnetized HED Physics by Bruno
S. Bauer, UNR & Magneto-Inertial Fusion Community
**https://en.wikipedia.org/wiki/Field-reversed_configuration
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Field reverse configuration is used in Tri-alpha energy
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Neutral-Beam Injectors

Plasma Gun

(inside)

Confinement Chamber
DC Magnets

http://trialphaenergy.com/
Zhe Gao, Matter Radiat. Extremes 1, 153 (2016) 201



NBI for Tri-Alpha Energy Technologies

202

https://tae.com/media/



Neutral beams are injected in to the chamber for
spinning the FRC

https://tae.com/media/
https://zh.wikihow.com/%E5%9C%A8%E6%89%8B%E6%8C%87%E4%B8%8A%E8%BD%ACYE7%AFY%AEYE7%90%83 203



FRC sustain longer with neutral beam injection

hg20160914.tae.2
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H. Gota, etc., Nucl. Fusion 57 (2017) 116021 204



General fusion is a design ready to be migrated to a
power plant

Plasma Injectors

Hydraulic Rams J Core Liquid drain

\

/ Heat Exchanger

Injectors —> Steam Turbo-alternator

A

Core Injector Pump

https://en.wikipedia.org/wiki/General_Fusion 205



A spherical tokamak is first generated

Fast CHI Spherical Tokamak devices

SPECTOR
= =1
[Tl 11 ) | PI3
- Tm

K. EPP, etc., 60" APS-DPP, CP11.00192 06



Plasma injector for the spherical tokamak

K. EPP, etc., 60" APS-DPP, CP11.00192 07



A spherical tokamak is generated in a liquid metal
vortex
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The spherical tokamak is compressed by the pressure
provided by the sournding hydraulic pistons
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BBC: General Fusion to build its Fusion Demonstration
Plant in the UK, at the UKAEA Culham Campus

Nuclear energy: Fusion plant backed
by Jeff Bezos to be built in UK

By Matt McGrath
Environment correspondent

® 17 June

- .
e | L
e L (i

i R i M Ty RN GENERAL FUSION

An artist's impression of what the new demonstration plant might look like

A company backed by Amazon's Jeff Bezos is set to build a large-scale
nuclear fusion demonstration plant in Oxfordshire.

(Canada'c Ganaral Fucian ic nne nf the leadina nrivate firme aimina tn tiirn the

https://www.bbc.com/news/science-environment-57512229 210



Helion energy Is compressing the two merging FRCs
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Ebsite uses cookies. Read more about our privacy policy & terms of use.

https://www.helionenergy.com/ 211



Two FRCs are accelerated toward each other

e uses cookies. Read more about our privacy policy & terms of use.

https://www.helionenergy.com/ 212



Two FRCs merge with each other

usion electricity is used to power homes and

bsite uses cookies. Read more about our privacy policy & terms of use.

https://www.helionenergy.com/ 213



The merged FRC is compressed electrically to high
temperature

e uses cookies. Read more about our privacy policy & terms of use.

« Similar concept will be studied in our laboratory. nitps:/fwww.helionensrgy.com
. . . 214




Projectile Fusion is being established at First Light
Fusion Ltd, UK

(a) (b)
Q Inkent Shock /M T Jet
ra \Q
Cavity
) . / "'_“ ‘ i i S“
L { = i 4

« Stored energy: 2.5 MJ @ 200 kV
(Cioi=125 uF)
lpeak=14 MA W/ T);~2US.

« High pressure is generated by
the colliding shock.

https://firstlightfusion.com/
B. Tully and N. Hawker, Phys. Rev. E93, 053105 (2016) 215
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A gas gun is used to eject the projectile

T

https://www.youtube.com/watch?v=JN7lyxC11n0O
https://www.youtube.com/watch?v=aW4eufacf-8



Many groups aim to achieve ignition in the MCF regime
In the near future

 ITER - 2025 First Plasma  Tokamak energy, UK
2035 D-T Exps « 2025 Gain
2050 DEMO .

« Commonwealth Fusion Systems, USA
— 2025 Gain

|

https://www.iter.org
https://www.tokamakenergy.co.uk/
https://www.psfc.mit.edu/sparc
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Fusion is blooming
FUSION
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https://www.fusionindustryassociation.org/members
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We are closed to ignition!

(P)tp (atm X 8)

103 E L S T T T T ITTT] T T T T ng 10005 ITER target of T; = 18 keV, nTt = 3.4 atmosphere seconds
- Ignition = Ignition - JT- 60U
g g B e JT-60U
]03 EE NIF m FRC 100k Fusion: Triple product nTt JT-60Ug ® ol
r ITER 4 Spheromak E doubles every 1.8 years JT - 60U TFTR
101 E A RFP % B JT - 60U
E OMEGA (2(109) JIET v ST *é 10§ JT-60U g 4 Pentium 4
100 E ® % Stellarator g E — 4 Merced P7
E C-mod @ @ Tokamak g B Alcator C o Pentium Pro P6
10-1 F e TFTR @ Tokamak = 1? JET Pentium 75
- LHD* DIID @ Tokamak E - Alcator A g
10-2 v NSTX @ Tokamak 0.1 HAC
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—3 mLSX (projected) B
10 E Tevatron
E AMST ® Laser DD 0.01¢
4k ’ O Laser ID F
10 ;?SSPX (projected) T3 Accelerators: Energy doubles every 3 years
B | I ‘l 0.001 E_ Moore's Law: Transistor number doubles every 2 years
1 11 1 111 1 11 1 111 1 11 1 1111 C |SR
10-1 100 101 102 19|65 19‘70 19‘75 19‘80 19‘85 19'90 19‘95 20'00
Year
(T) (keV)
Other private companies:
BN ' //, P~
generalfusion @ ‘ ) O H BN
";'.“‘\ first light
_
To kam ak MTF ICF

A. J. Webster, Phys. Educ. 38, 135 (2003)

2005

R. Betti, etc., Phys. Plasmas, 17, 058102 (2010)
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Many groups aim to achieve ignition in the MCF regime
In the near future

 ITER - 2025 First Plasma  Tokamak energy, UK
2035 D-T Exps « 2025 Gain
2050 DEMO .

« Commonwealth Fusion Systems, USA
— 2025 Gain

|

https://www.iter.org
https://www.tokamakenergy.co.uk/
https://www.psfc.mit.edu/sparc
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Fusion projects in Inst. Space and Plasma Sciences
, National Cheng Kung University
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- BIRNEFTE - MRS EERNR - Magneto-inertial fusion (MIF)

Formosa Integrated Research pr |
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We welcome anyone interested in fusion research to join our team!
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A new design using a spherical chamber can tolerate
several potential shapes and sides calculated by the

theory group o0
« Parameters:
 Elongation k=b/a
« Triangularity o
e T~100 eV
« B;~05T
« 1,~100 kA
_|R(cm)|a(cm) [Ra |k |5
¢1 45 32 1.41 2.2 05
¢ 2 45 32 141 2.2 0.3
3 45 32 1.41 2.2 0.4
4 45 32 141 22 0.6
. ' 5 47 32 1.47 22 05
____ﬁ__L_1____ -
Rl a2 R Rimax - We welcome anyone interested in
r=R+ aCos(e + 6Sin(9)) fusion research to join us!

Z = akSin(0)

222



Outline

 Introduction to nuclear fusion
 Magnetic confinement fusion (MCF)
— Tokamak
— Stellarator
* Inertial confinement fusion (ICF)
— Indirection drive ICF
— Direct drive ICF
* Innovation idea — MCF + ICF
 Plasmain space

* Pulsed-power system at NCKU
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Aurora
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https://en.wiktionary.org/wiki/aurora 224



Aurora seen from a satellite

https://flashpack.com/insights/2014/11/20/aurora-australis-forget-the-
northern-lights-have-you-heard-about-the-southern-lights/ 225



Earth’s magnetic field

~ The Earth’s Magnetic Field
- North . ' .
. . Magnetic Geographic " . Spiral Trajecho of
gels | MorhPals 8 harged lF'atrtiz:"';ne-

! - -
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150/ + A
4 e £
: e [

Magnetic Field
Lineg

South

%

Geographic ' ;

. SouthPole Magnetic
: Pole

https://www.nasa.gov/mission_pages/sunearth/news/gallery/Earths-
magneticfieldlines-dipole.html
http://www.pas.rochester.edu/~blackman/ast104/emagnetic.html
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Earth magnetic fields are strongly influenced by solar
wind

http://www.pas.rochester.edu/~blackman/ast104/emagnetic.html
227



Reconnection

b A
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plasma reconnection | ‘ / "
current diffusion region / ‘ | T :
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magnetic
slingshots

https://www.youtube.com/watch?v=7sS3Lpzh0Zw
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Corona mass ejection (CME)

http://cse.ssl.berkeley.edu/SegwayEd/lessons/exploring_magnetism/i
n_Solar_Flares/s4.html#sf 229



Reconnections occur in many locations

Magnetopause

Solar Wind

Sun
Nollols Streom
CME

Magnetotail el

Earth
Magnetic,
Field '

o

- Magnetotail il

. NS N— Oxygen lons

Magnetopause
is ‘broken’
Solar Wind enters

» The Aurora Borealis:

https://www.youtube.com/watch?v=IT3J6a9% 08

http://www.natalia-robba.com/myblog/travel/the-aurora-borealis-the-
northern-lights-everything-you-need-to-know/
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Simple glow discharge is demonstrated




Auroral/ring current are demonstrated

« B w/magnet: aurora demonstration
« Fw/ magnet: ring current



Aurora and ring current are expected to be seen




Neutral beam source

* Neutral beam injection for heating plasma in Tokamak
— Jure Maglica, Seminar at University in Ljubljana

— lan G. Brown, The Physics and Technology of lon Sources

« Electric propulsion (plasma thrusters)

— D. M. Goebel and I. Katz, Fundamentals of Electric Propulsion: lon
and Hall Thrusters
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Neutral beam source

* Neutral beam injection for heating plasma in Tokamak
— Jure Maglica, Seminar at University in Ljubljana

— lan G. Brown, The Physics and Technology of lon Sources
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Hot plasma is confined by the magnetic field in
magnetic confinement fusion

Center solenoid coil

Inner poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer poloidal field coils
(for plasma positioning and shaping)

-
i
=
-
-
-
et
-
-
-
-

JG05.537-1¢

Resulting helical magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

http://www.dailykos.com/story/2010/5/24/869588/-
https://www.euro-fusion.org/jet/ 237



Neutral beam injector is one of the main heat
mechanisms in MCF
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Heating by
electromagnetic waves

Plasma current

"""" Ohmic heating

Heating by injection of

neutral particle beams
Accelerator

Neutralizer

D. Mazon, etc., NATURE PHYSICS, 12, 14, 2016 lon source
https://zh.wikihow.com/%E5%9C%A8%E6%89%8B%E6%8C%87%E4%B8%8A%ES8%BD%ACY%E7
%AF%AE%E7%90%83 238



Varies way of heating a MCF device

Overall Development /
System Frequency/ Maximum power system demonstration
energy coupled to plasma efficiency required Remarks
Demonstrated g 157 oy, 2.8 MW, 0.2 5 Power somrees
in tokamaks : U Provides
ECRI 30-40%  and windows, Foaxcis CD
ITER needs  150-170 GHz 50 MW, SS off-axis CD of-axis L
Demonst.ra‘t.ed 95120 Mz 22‘ I}IV\ 3 s (L-mode);
in tokamaks 16.5 MW, 3 s (H-mode) Provides ion
ICRF 50-60% SE‘E\:H:OIEMMI heating and
ITER needs  40-75 MHz 50 MW, SS ° smaller ELMs
Demonstrated . . 2.5 MW, 120 s;
in tokamaks 138 GHz 10 MW, 0.5 s Launcher, Provides
LHRF 45-55%  coupling to .
ITER needs 5 Gz 50 MW, SS Hemode off-axis CD
.Demonstrated R0-140 keV 140 1\1“ 2 s;
in tokamaks 20 MW, 85 Not
+ve ion 35-45%  None N
applicable
ITER needs None None
NBI S
Demonstrated 0.35 MeV 52MW, D, 08s
in tokamaks (from 2 sources)
—ve ion

ITER needs

1 MeV

50 MW, S8

‘\‘37(}7(,|

System, tests
on tokamalk,
plasma CD

provides
rotation

‘S S’ indicates steady state

Nuclear Fusion, 39, 2495, 1999
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Neutral particles heat the plasma via coulomb collisions

. I Nentral beam Baam Baam Baam
on on . ] Ganaaiion |Maul@lzalion Tamspori
S urce Acceleration Nentralisation =g u
Tons Cakrimalar ély
(loz=esz)
Neutral Collisional Dramp
» Tomsahon Slownne-down I—I
beany
PLASKA
Yacuum Ves==al

FlE=ma

Aocalealion

Grids
Magnal Caoil

High Spaad .
kon Bandi
Yacuum Fump on Durmp Mag el ™

1. create energetic (fast) neutral ions

2. 1onize the neutral particles
3. heat the plasma (electrons and ions) via Coulomb collisions
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Negative ion source is preferred due to higher
neutralization efficiency
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Energy [keV/amu]
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There are two ways to make negative ions — surface and
volume production

« Surface production, depends on :
— Work function @
— Electron affinity level, 0.75 eV for H-

S

— Perpendicular velocity

— Work function can be reduced by covering the metal surface with
cesium

H+e — H™
H* +2e- - H™
* Volume production:

H; + epg(>20 eV) — H," (excited state) + €fast:

H, " (excited state) + egy(=1 €V) — H™ + H.
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Two-chamber method of negative ions in volume
production with a magnetic filter

Permanent
. Maghet
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-
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Adding cesium increases negative ion current
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Electrons need to be filtered out since they are extracted
together with negative ions

ISl-:‘mnme Enfcelﬂauun Neutralization | L
Ions
(loz=esz)
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> Tomisation Slowing-down
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.
e
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Elect
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Acceleration

« Multi-stage acceleration
« Single-stage acceleration

SINGAP

Shgle CAP
SINGL= APertured

N\

AN Rt
MAMUG 4 Al
QT Aperture :5! % EIE dji ;5
MUl Griel E E.-ErE Eig r i%é ig
S e V

&

& &

&

The ITER neutral beam system: status of the project and review of the main technological issues,
presented by V. Antoni

246



NBI system of the LHD fusion machine
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« 180keVand 30A
 Arc chamber: 35 cm x 145 cm, 21cm in depth
« Single stage accelerator

Y. Takeiri, etc., Nucl. Fusion, 46, S199, 2006 247



JT60U NBI system

« JT-60 (Japan-Torus) is a tokamak in Japan.
« 550 keV, 22A

« 2m in diameter and 1.7 m in height

« 3-stage accelerator
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Neutralization

« Gas neutralization
— Collisions between fast negative ions and atoms
H +H, H+H,+e
— Fast ions can lose another electron after neutralized

H+H, > H*"+H,+e”

« Plasma neutralization

— Collisions with charged particles in plasma
H +X(e,Ar,H"  H,") > H+ X+ e~

— The efficiencies reach up to 85% for fully ionized hydrogen plasma
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Beam dump

+
o
90 | . 1.0 MeV D >
80 —— -
70

60 -
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40
30 |
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1.6 MeV D°
I _\
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(@)

Neutralisation efficiency [%]

Energy [keV/amu]

+1.58 MV

R. W. Moir, Fusion Technology, 25, 129, 1994 250



NBI for ITER

S K
&, <
> %

1 4
2 &
% 5
nr sal =

« beam components (lon Source, Accelerator, Neutralizer, Residual lon

Dump and Calorimeter)
« other components (cryo-pump, vessels, fast shutter, duct, magnetic

shielding, and residual magnetic field compensating coils)

ITER-ITA data

O9m

..?“V
£ 'I“
.’.‘* P4 g Z "v.j :\"'
calorimete goa=
Gate valve RID 1 v
MAMuG Source

and accelerator om
The ITER neutral beam system: status of the project and review of the main technological issues,
presented by V. Antoni 251




Neutral beam penetration

B

7 \N 2\

« Parallel direction
 Longest path through the densest part of the plasma
« Harder to be built
» Perpendicular direction
« Path is short
« Larger perpendicular energies leads to larger losses
- Easier to be built https:/vww.iter.org 252



NBI for Tri-Alpha Energy Technologies

253
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Neutral beams are injected in to the chamber for
spinning the FRC

https://tae.com/media/ 254



Outline

 Introduction to nuclear fusion
 Magnetic confinement fusion (MCF)
— Tokamak
— Stellarator
* Inertial confinement fusion (ICF)
— Indirection drive ICF
— Direct drive ICF
* Innovation idea — MCF + ICF
 Plasmain space

* Pulsed-power system at NCKU
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Neutral beam source

« Electric propulsion (plasma thrusters)

— D. M. Goebel and I. Katz, Fundamentals of Electric Propulsion: lon
and Hall Thrusters
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Comparison between liquid rockets and ion thrusters

* Liquid rockests

u~4500 m/s
ISp~450 s
Energy ~ 100GJ
Power ~ 300MW
Thrust ~2x10° N

 |lon thrusters

u~30000 m/s
Isp~3000 s
Energy ~ 1000GJ
Power ~ 1kW
Thrust ~0.1 N

Gun Mozzle Exhaust

Fuel

Oxidizer

Pumps

Propellant
i/ Supply

Neutralizer

Hos D
- s =t .

" Power v <t~ Thrust
Processing lonization * .
Unit Chamber

lon Acceleration
Electrodes

* lons - Atoms - Electrons
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Electric thruster types - electrothermal

* Resistojet

Resistojet
AC or DC Power

Hydrogen, NismmmeR
Ammonia, or
Decomposed Hydrazine
300 s (hydrazine)

900 s (hydrogen)

Heater

« Arcjet

Arcjet

Anode (+)
Qs‘ulator \ P

: Cathode (-)
Ammonia, or

Decomposed Hydrazine
(500-600 s hydrazine, up to 1,800 s hydrogen)

http://pages.erau.edu/~ericksol/courses/sp300/ch5/propul_ch5.html
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Electric thruster types - electrostatic

Xenon or

lon thruster

lon Engine

 Hall thruster

Magnetic coils
Cath_ ode-neutralizer

Magnetic core Ay

Anodel/gas- éiistributor
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Electric thruster types - Electromagnetic

* Pulsed plasma thruster

capacitor

l

<+—— spark plug

cathode

1

<+—— plasma sheet

Y propellant

« Magnetoplasmadynamic
thruster (MPD)
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The thrust in an ion engine is transferred by the

electrostatic force between the ions and the two grids

dE(x) p(x) qni(x)
dx - €o - €o

a (%
E(x)=—£0 J n;(x")dx" + Escreen
0

Gauss's law: o0 = ggEgcreen

(E +0) 1
Fycreen = 0 Screezn — ESOEscreen2
Eoce +0) 1
Faccel = —0 accez = _EEOEaccelz

T=F ¥ Faceet = = £0(Escroen? — E ?)
— T screen accel — 2 80( screen accel

d 1dE
Fion = qj n;(x)E(x)dx = eof ax
0 0

Screen Accel
Grid Grid
——
11
" Faocel
F

1
Edx == E‘QO(Eaccel2 - Escreenz)
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The rocket equation

p(t) = p(t +dy)

Mv = (M — dm,)(v + dv) + dm,(v — Vey)

W=W+ Mdv—%v—dmpdv+d »V — dmy,vey

dv~ — vexdﬁM where dm,dv isneglected and dm, = —dM
vr Md dM
Li dv = —Vey jmd+mp7 M
vex
Av = (Isp X g) In <mdr;:dmp) T e @ —

= mg[e®/Vex — 1]
= my[edV/(spxg) _ 1]

my,
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Force transfer

d dm,
T = BT (mpvex) = —Vey
m, = QM
1., T?
P]et _Empvex — _Zmp
dm,
T = —erx ~ —MM;V;
2qVy
V; M
. I,M

dt

m,, = propellant mass flow rate inkg/s

Q = propellant particle flow rate in particles/s
M = atomic mass in kg

m; = ion mass flow rate inkg/s
I, = ion current

T = j@wv_b (Nt)
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lon thruster has the highest specific impulse (Isp)

Specific Input Efficiency
Thruster impulse Power Range Propellant
(s) (kW) (%)
Cold gas 50-75 — —- Various
Chemical 150-225 — -— N2H4
(monopropellant) H,0;
Chemical 300-450 — — Various
(bipropellant)
Resistojet 300 0.5-1 65-90 N-H; monoprop
Arcjet 500-600 0.9-2.2 25-45 N;H; monoprop
lon thruster 2500-3600 0.4-4.3 40-80 Xenon
Hall thrusters 1500-2000 1.5-4.5 35-60 Xenon
PPTs €50-1200 <0.2 7-13 Teflon

264



Metallic lon Thruster Using Magnetron E-Beam
Bombardment (MIT-MEB)

High speed ions

s

Ceramic

Accelerating
grid

Heating E- gun'——

: |
Focusing magnet —

T

To high voltage




Electrons are used to generate metallic gas, metallic
plasma and to neutralize ions

HV24 F

filament neutralizer

Focus magnet

B~0.2-0.3T o
metallic ions

metal target

evaporator accelerate grid

heating external electron accelerated
electric field bombardment electric field

| } | | !

filament - Thermal electron — target » vapor — plasma — exhaust

| i 1 1

evaporated ionized neutralizer




High energy particle accelerator

* linear particle accelerator

(Linac)

7~ «—_Electron
booster

Linear

accelerator -’ <——Damping

rings

Magnets
S
& SEEmC Al
"3;5:).
e T A -
o —— Electrons (")
B, 0] e Positrons (&)
& = &
Mark Il o —
particle
detector

« Cyclotron « Synchrotron

External beam

 Reference: Introduction to plasma phenomena and plasma
medicine, Y. Nishida and K.-L. Ou
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A linear particle accelerator (linac) accelerates charged
particles using a series of oscillating electric potentials
along alinear beamline &

- 11!- - -Lz—l- - 13 R 14 -

drift tubes Ll

et
P

https://en.wikipedia.org/wiki/Linear_particle_accelerator 268



Cyclotrons use a magnetic field to cause particles to
move in circular orbits

eB
w =
ce m,c
v mycv
r, = =
°® we,e eB

External beam

» Cyclotron was invented by Ernest Lawrence who earned the 1939
Nobel price in physics

http://math.ubooks.pub/Books/ON/M1/1704/C33S4M004.html
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Synchrotron uses time-dependent guiding magnetic
field synchronized to a particle beam

Ring cyclotron

Synchrotron

Uniform magnetic field
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Stanford linear accelerator center (SLAC) is a 50 GeV
electron / positron accelerator

s Ky
(R KUy,
X 3
& <
P &
H
3 %
Y b4
% &
+,
v 4
et

\ _«—__Electron
d booster

Linear

-~ i
accelerator Damping

rngs

SAYAVAVAVAP- 2 j Z&\\

———= Electrons (&) c- o I @
...... = Positrons (&)

]

oe+

ce-

Mark Il p
particle
detector

http://cnx.org/contents/ayp TUEKP @4/Accelerators-Create-Matter-fro
https://upload.wikimedia.org/wikipedia/commons/6/64/Pair_production_Cartoon.gif
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Large Hadron Collider (LHC) is the world's largest and
most powerful particle collider providing 13 TeV protons

Z ki
2 &
%, 5
W »
et

http://www.coepp.org.au/large-hadron-collider 272



Plasma based accelerators will become 3 orders
smaller than the regular microwave based accelerator

o
& (]

p ¥

z m

(3 g
5 8
Ly

« Maximum field strength:
— Microwave: 100 MV/m

— Plasma: >10 GV/m, 300 GV/m was achieved using laser wakefield
accelerator!?

 Plasma based high energy accelerators:
— V,xB or surfatron accelerator?
— Plasma wakefield accelerator (PWFA)3
— Plasma beat wave accelerator (PBWA)*

— Laser wakefield accelerator (LWFA)*

IN. A. M. Hafz, et al., Nature Photonics 2, 571 (2008)

°T. Katsouleas and J. Dawson, Phys. Rev. Lett. 51, 392 (1983)

3P. Chen, et al., Phys. Rev. Lett. 54, 693 (1985)

4T. Tajima and J. M. Dawson, Phys. Rev. Lett. 43, 267 (1979) 273



Charged particles can be accelerated in the wave
electric field

+

- Positive charged particle

Q0

&) .

= Position

&)

@

L

i Negative charged particle
a b c

‘Whitewater' of
plasma electrons

/sLaser pulse
1

:: =

Surfing Mono-

x‘_ng‘,lectrons energetic
‘ beam
>

T. Katsouleas, Nature 431, 515 (2004) 274

Plasma wake potential Loaded wake



Who will catch the wave?

https://lightsabersandsurfboards.wordpress.com/tag/lake-erie-surfing/ 275



Plasma wake field accelerator is just like boat wake
surfing

http://newscenter.lbl.gov/2011/03/17/simulating-at-lightspeed/ 276



A wake surfer catches the wake field via being pulled by
the boat using a roap

https://www.youtube.com/watch?v=VFp7SloeAnk

https://learntosurfkona.com/featured/wake-surfing-vs-regular-surfing/
https://i.ytimg.com/vi/CA-SDflwvTQ/maxresdefault.jpg 277



The surfer glides in a direction not parallel to the wave
direction to be in phase to the wave propagation
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The surfer glides in a direction not parallel to the wave
direction to be in phase to the wave propagation
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Electrons may be accelerated to speed of light using

V xB acceleration (Surfatron)

|

a
-
N>

« Plane wave electric field and
uniform magnetic field:

E = Egsin(kx — wt)®

B =Bz

d qE, .

7 (yv,) = Tsm(kx — wt) + wcvi,
d y =

On the wave frame and if the
particle is trapped in the wave:

X1 =X—Vypt _d( )=0
vx—>vph

wcvpht

Vy = —

y
242 2
a)ctvh
th\/l-l_ E

c2

speed of light
circle
r'd

0y) = o,

+ T. Katsouleas, et al., PRL 51, 392 (1983)
» T. Katsouleas, et al., IEEE TNS. NS-30, 3241 (1983)

* Y. Nishida, et al., AIP Conf Proc. 737, 957 (2004) 280



Experimental results of V xB acceleration (Surfatron)

800
r probe
i 4
coil filaments 800 T
@ ® ,GﬂOdE{ 450 I~
z probe - 400
B 350 |~
klystron , ' 1\0: electron gun ~ 300
) -E :I ! 0= - @) 3 250 — -
hj' ; ! . / 8 < 200%=% —
n n v z probe 150 [ ]
grid horn e mall 100 |- =
I TIT — 50 ]
@]::@I[ U_tlt\l\tl\|£1t|l—
microwave U J o 1 =2 3 4 5 6 7 8
absorber fo pump .@J_‘ ) Magnetic Field {G)
nr vo VH
* Ny~ 1-30 x 1017 m-3 . T,~0.1-0.2 eV
« T,~2-5eV « Microwave frequency: 3-10 GHz

C. Domier, et al., Phys. Rev. Lett. 63, 1803 (1989) 281



Plasma beat wave accelerator

+ |

x1+x X1 —X
sin(xq) + sin(x,) = 2 sin( ! 2) cos( ! 2)
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A plasma wave is driven by the laser beat wave

aaaaa

Plasma wave

elED . gp(2)+ j M }

mmwqw-

F=—eVgp,=-V
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Electrons were accelerated to over 20 MeV using
plasma beat wave accelerator

e xu,
¥ “
p ¥
z m
° 4
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v i
[
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NaCl 1
Leans t11o fW?:dcc:w %
= « @
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Pyrodetector g 1035”0 ©
E. RIS
eam Polaroid Film ~_Cu-Ge = o
Splitter r o
Turbo Pump ortoOMA  Detecto g © O @
- S-S °
 —= COz Laser z : ; ® ., O ©
10
O
101 — p P . 4
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@ 257
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A 2314
O 2084

" 164J/>3e17/cc
x  164J/5e16/cc
O 246J/4e17/cc

Y. Kitagawa, et al., Phys. Rev. Lett. 68, 48 (1992) 284



Plasma wakefield accelerator employs two beams

« When a bunch of electrons
enter the plasma, they expel
local electrons.

« When the bunch of electrons
leave the plasma, the local
electrons try to return but
oscillate around their original
locations and generate a wake
field behind the bunch.

« The longitudinal field of the
wake can accelerate the
particles in the back.

« Key components:
« Drive bunch: excite wake-
field
« Test bunch: beam that is
accelerated to high
energy

T. Katsouleas, Phys. Rev. A 33, 2056 (1986) 285



Energy doubling of 42 GeV electrons in a metre-scale

plasma wakefield accelerator
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I. Blumenfeld, et al., Nature 445, 741 (2007)
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Dream beam —the dawn of compact particle

accelerators

$00Z 19quwidas 08 Z19-L6b ‘bEY

:
:
:
3
5

30 September 2004 International weekly journal of science

The dawn of gompact partigle accelerators

e

Disease control
Europe plays
catch-up

W

Protein folding
Escape from
the ribosome

The Earth’s hum ‘ Humai a‘ncestry
Sounds of air One from all and
and sea all.from one

LIl

technology feature RNA interference 9 77| ﬂ!!

\ ’
-

Front page of nature, 30 Sep., 2004
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Ponderomotive force expelled electrons away from the
higher electric field region

myx = q,E = q,Ey(x) cos mt dE dE
°_ o —%>0
X =xg9+x1 Wherexy =% dx dx
) ) dE, — Wenk stons
my(xg +x1) = qs| Eg + X1, | €os wt 5
« Take time average: <
) dEo|
MsXo = qs—g—| X1€0S wt
; ) oo dE,
° X1 > Xg , E0>>x1d :
\
myx; = q,E, cos wt t
E
X1 = —:: woz cos wt i qs> 5
’ Fp =msxo =  4m,w? dx (EO )
. qszEO dEO S
Xo = —

2mlw? dx
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Laser is used to create a bunch in laser wakefield

accelerator

2P 212
I(r,z) = exp

w2 (z) -~ w2(2)
. z2
« Waist: w(z) =wy |[1+—
ZR
_ w,?

« Rayleigh length: 2z, = 2
L
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Bubble/blow-out regime

m 8 ne/ My
Electrons Laser pulse |7
( 4
3
2
Plasma wake 1

V. Malka, et al., Nature Physics 4, 447 (2008) 290



A plasma wake is generated by a short pulse laser

=

(1+]
S
)

Electrons Laser pulse
\ N —

< '.0:3*

Plasma wake

—S N WS O~

Trapped

alectrons Intense laser

/ 7, - pulse duration

lonization Front

Instantaneous Ap - plasma wavelen
electron density

V. Malka, et al., Nature Physics 4, 447 (2008)
http://cuos.engin.umich.edu/researchgroups/hfs/research/laser-wakefield-acceleration/ 201



The wakefield generated by a short pulse laser is very
similar to the wave behind a boat

https://upload.wikimedia.org/wikipedia/commons/4/4f/Wake.avon.gorge.2boats.arp.750pix.jpg 292



lonization injection
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Large relative energy spread

Energy required to trap
electrons is reduced so that
electron beams with large
charge can be produced in a
moderate laser energy

A. Pak, et al., Phys. Rev. Lett. 104, 025003 (2010)
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Colliding laser pulses injection

5 ny/n,

Injection pulse 4
— <

Pump pulse

- N W

Beatwave

Pump pulse

>

33 *

Injection pulse

V. Malka, et al., Nature Physics 4, 447 (2008) 294



Few femtosecond, few kiloampere electron bunch is
produced by a laser—plasma accelerator

Injection pulse

i g~ Towards CTR
- = A i Dipole diagnostics
Pump pulse -

Hegasjet  CTR radiator

LANEX scintillator

01 2 3 4 5 6 0 10 20 30 40 50 0 50 100 150 200
Duration (fs) Charge (pC) Energy (MeV)

O. Lundh, et al., Nature Physics 7, 219 (2011)
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Plasma medicine

» Reference:

— “Applied Plasma Medicine”, by G. Fridman, et al., Plasma Process.
Polym., 5, 503, 2008

— “Plasma Medicine”, by A. Fridman and G. Fridman
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Outline

« Example of several plasma discharges for plasma medicine
* Living tissue sterilization

 Blood coagulation

* Nitrogen oxide (NO) treatment

* Non-thermal plasma treatment of melanoma skin cancer

« Skin regeneration

« Egg sterilization

« Facemask regeneration
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Outline

 Example of several plasma discharges for plasma medicine
« Living tissue sterilization

* Blood coagulation

* Nitrogen oxide (NO) treatment

* Non-thermal plasma treatment of melanoma skin cancer

« Skin regeneration

« Egg sterilization

« Facemask regeneration
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Plasma is characterized by the electron and ion
temperatures

* Non-thermal plasma

- T,<<T,

— Also called non-equilibrium plasma
 Thermal plasma

- T =T,

« Earlier applications of plasma in medicine — thermal effects of plasma
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Plasma can provide good surface treatment with low
temperature

Treatment | Surface Depth Temperature Cost
treatment level

Chemical Large Deep Room temperature Medium
~200 °C

Heat Only oxidizing Deep High temperature Cheap

Radiation Small Whole High temperature Expensive

sample

Plasma Large Surface = Room temperature Cheap ~

~100 °C Medium

Yu-Lin Kuo, etc., BEIEARERZBREABFEA NS EEWE(E, BHEMA227 # p50 300



Microwave plasma torch
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Dielectric-barrier discharges (DBDs)

High voltage Discharge

_ electrode gap

High Dielectric

vog%ge @ Dielectric barrier
generator barrier

’ ~_ Ground
_ electrode
L

'\\ . W W . T T . Y
S

[  ©

o B
%) e . Ground
T

electrode

4
14
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Plasma-needle discharge

Matching
network RF source

_

Helium
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Atmospheric-pressure cold helium microplasma jets
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Space charge effect enhance the electric field
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There are three different modes: chaotic, bullet, and
continuous mode

0.10 . . . : . 4
(a)
0.05- L2
6 v T T T T T ¥ T ¥ T . T OOO_M%W.O
1 — Chaotic mode 1
54 —— Bullet mode s -0.054 i
g Continuous mode BAB . . . ' . 4
g 4- i - (b)
g ] < 0.05- 12 <
Q. A4
3_ al - N
o C  0.004 -0
e © S
®© = @©
2 5 i = -0.051 2 =
2 o S
[a) 0.10 4
14 -]
) 0.05- L2
04 y T ' T v T ' T T T Y p— 0.00+ -0
1.0 15 2.0 25 3.0 35 4.0
: -0.05- -2
RMS Applied Voltage (kV)
-0.10 , : . ; : -4
-150 -100 -50 0 50 100 150

Time (us)

J. L. Walsh, et al., J. Phys. D: Appl. Phys., 43, 075201 (2010) 306



In bullet mode, the plasma jet comes out as a pulse
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Simplified electrical schematic of FE-DBD
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Depending on the needs, the size and the shape of FE-

DBD treatment electrodes can vary

Round

Roller

ToH.V. To i—l.V.
I
Quart
Teflon ‘/ -
// L~ Copper
| — Copper
Guncke Tmm
2 Lps
<— ¢25mm —>| ”3"""_" }'_
+—— @ 35mm —» @ 5mm ——I }4—

Teflon
) G _\ To i-|.v.
opper
\
K3 I\O\‘ |
@ 3mm _L @ 5mm
T

50cm

Wheels ‘ . (500mm) . ‘

Wand

s Ky
(R KUy,
X 3
& <
P &
H
] F
5 b4
N &
v Ld
et

G. Fridman, et al., Plasma Chem. Plasma Process., 26, 425 (2006)

310



FE-DBD is a direct plasma medicine
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Outline

« Example of several plasma discharges for plasma medicine
« Living tissue sterilization

* Blood coagulation

* Nitrogen oxide (NO) treatment

* Non-thermal plasma treatment of melanoma skin cancer

« Skin regeneration

« Egg sterilization

« Facemask regeneration
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Bacteria concentration reduces after being treated with
FE-DBD

@
I Table 1. Bacteria sterilization results (in cfu - mL™").28]
Original 5 s of 10 s of 15 s of
concentration FE-DBD FE-DBD FE-DBD
10° 850 =183 9xX3 4+4
10° 2245 545 0+0

107 6+6 0+0

« Maximum acceptable dose — the highest dose that doesn’t cause a
damage on skin

G. Fridman, et al., Plasma Process. Polym., 5, 503 (2008) 313



The power of FE-DBD is low enough such that the
tissue is not damaged by the plasma

Figure 6.23 Photos (top) and tissue histology (bottom) of cadaver skin samples after FE-DBD treatment: (a, d)
control; (b, e) after 15 s of treatment; and (c, f) after 5 min of treatment — no visible damage is detected.

G. Fridman, et al., Plasma Chem. Plasma Process., 26, 425 (2006)
Plasma medicine, by Alexander Fridman and Gary Friedman 314



Bacteria is inactivated by the plasma
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Outline

« Example of several plasma discharges for plasma medicine
« Living tissue sterilization

 Blood coagulation

* Nitrogen oxide (NO) treatment

* Non-thermal plasma treatment of melanoma skin cancer

« Skin regeneration

« Egg sterilization

« Facemask regeneration
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Plasma can stimulate blood coagulation
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Surface of blood plasma
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Example of blood coagulation using plasma

Blood continues
toooze from
untreatged cut

Saphenous vein If left untreated following a cut
is a major blood vessel for a mouse animal will bleed out (control)

(a) (b)

15 seconds at 0.8 Watt/cm? stops the
bleeding completely right after treatment

- ()
G. Fridman, et al., Plasma Process. Polym., 5, 503 (2008)

G. Fridman, et al., Plasma Chem. Plasma Process., 26, 425 (2006)
Plasma medicine, by Alexander Fridman and Gary Friedman 319
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« Example of several plasma discharges for plasma medicine
« Living tissue sterilization

* Blood coagulation

* Nitrogen oxide (NO) treatment

* Non-thermal plasma treatment of melanoma skin cancer

« Skin regeneration

« Egg sterilization

« Facemask regeneration
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Nitrogen oxide (NO) serves a multitude of essential
biological functions

Blood coagulation

* Immune system

« Early apoptosis (Z2AT)

* Neural communication and memory

- Relaxation of flat bronchial (Z& %) and gastrointestinal muscles (BEALA)
- Hormonal (i81%) and sex functions

 Anti-microbial (FifilZ£E¥) and anti-tumor (¥1EEJE) defense

 Play an important role in tumor growth, immunodeficiency (RETRIE),
cardiovascular (0ME), liver (BF), gastrointestinal tract (Z &%) disease

321



NO treatment of wound pathologies

Before treatment 21st day of NO-therapy After 2 months of

(10 seances) . NO-therapy
« Decrease in the trophic ulcer (ZE&H%/&E%) area:

- Traditional treatment methods: 0.7% per day
- NO treatment methods: 1.7% per day

G. Fridman, et al., Plasma Process. Polym., 5, 503 (2008)
Plasma medicine, by Alexander Fridman and Gary Friedman 322



NO treatment of wound pathologies

.

Before treatment After 4.5 months of NO-therapy
(3 courses; 12 seances per course)

G. Fridman, et al., Plasma Process. Polym., 5, 503 (2008)
Plasma medicine, by Alexander Fridman and Gary Friedman 323
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« Example of several plasma discharges for plasma medicine
« Living tissue sterilization

* Blood coagulation

* Nitrogen oxide (NO) treatment

* Non-thermal plasma treatment of melanoma skin cancer

« Skin regeneration

« Egg sterilization

« Facemask regeneration
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Non-thermal plasma treatment of melanoma skin cancer

(BRBEBKREE)

Control
1.0 4 5sec
« Melanoma cancer cell _ B 10sec
(2]
) ) 2 E= 20sec
line (ATCC A2-58) was 8 os- [ 30sec
used .
« ~1.5x106 per dish £ o0s-
P
S
S =
O T
N § 0.2
— < > <
44 mm T
0.0+ T "
1 hour 3 hours 24 hours

Figure 22. Results of FE-DBD treatment of melanoma cancer
cells: Control, 5, 10, 20, and 30 s, counted 1, 3, and 24 h post-
treatment.?7)

G. Fridman, et al., Plasma Process. Polym., 5, 503 (2008)
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SKH-1 hairless mouse is treated with parallel plate
electrode under isoflurane inhalation anesthesia

Jﬂ.

2 4 6 8 10 12 14
Time (days)

Biochem Biophys Res Commun. 2006 May 5; 343(2): 351-360. 326



Melanoma shrinks after the treatment

2l

o

Day 0-3: 3 applications of 100 pulses (300 ns, 40 kv/cm, 0.5 Hz), 30 min apart

Day 4: single application using 5 mm diameter parallel plate electrode
Biochem Biophys Res Commun. 2006 May 5; 343(2): 351-360. 327



Electric field of 20 kVV/cm Is needed to treat Melanoma
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Outline

« Example of several plasma discharges for plasma medicine
« Living tissue sterilization

* Blood coagulation

* Nitrogen oxide (NO) treatment

* Non-thermal plasma treatment of melanoma skin cancer

« Skin regeneration

« Egg sterilization

« Facemask regeneration
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Plasma skin regeneration (PSR) is a novel skin
treatment device

« PSR provides 1-2 J or 3-4 J per pulse for lower or higher power,
respectively

 The skin is damaged slightly by the nitrogen plasma jet
« Skin regeneration is stimulated

- Local anesthetic (fifZ) is required and a systemic anesthetic, administered
orally is recommended

« Ablative-like effect, similar to that of laser skin resurfacing can also be
achieved, but with higher doses

330



Zones of the face and associated treatment energy
settings

M. A. Bogle, et al., Arch. Dermatol.,143, 168 (2007) 331



This particular patient-rated improvement in overall skin
rejuvenation was 85%

« Patients reported minimal discomfort following the procedure and
reported over 60% improvement in their skin condition

M. A. Bogle, et al., Arch. Dermatol.,143, 168 (2007) 332



Outline

« Example of several plasma discharges for plasma medicine
« Living tissue sterilization

* Blood coagulation

* Nitrogen oxide (NO) treatment
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Atmospheric-Pressure Plasma sterilization 99.9999%
bacteria on surfaces of eggs
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« Example of several plasma discharges for plasma medicine
« Living tissue sterilization

* Blood coagulation

* Nitrogen oxide (NO) treatment

* Non-thermal plasma treatment of melanoma skin cancer

« Skin regeneration

« Egg sterilization
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A face mask do restrict the air flow from the mouth and
the nose

. Coughing over one breath w/o mask.

. Coughing over a longer periods of
= time w/o mask.

- Coughing over one breath w/ mask.

" Talking w/o mask.

C. J. Kahler, et al., J. Aerosol Science, 148, 105617 (2020) 336



Wearing face mask can reduce the Covid-19
transmission probability significantly
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Plasma can provide good surface treatment with low
temperature

Treatment | Surface Depth Temperature Cost
treatment level

Chemical Large Deep Room temperature Medium
~200 °C
Heat Only oxidizing Deep High temperature Cheap
Radiation Small Whole High temperature Expensive
sample
Plasma Large Surface Room temperature Cheap ~
~100 °C Medium

« Atmospheric plasma can generate radicals, ozone, reactive
oxygen/nitrogen/NH (ROS - RONS), UV light, electrons, charged
particles.

Yu-Lin Kuo, etc., BEIEARERRBREABFEA NS EEWE(L, BHEMA227 # p50 338



Plasma can generate ROS and RONS
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The temperature of the mask under plasma treamtment
is below 40 °C

aaaaa

Yu-Lin Kuo, etc., BEIEARERXBREABFEA NS EEWE(L, BHEMA227 # p50 340



The surface quality of the face mask was not influenced
by the plasma treament
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M TSRy 2 7 l 108.5°

Yu-Lin Kuo, etc., BEIEARERZBREABFEA NS EXEWEE, BHEMA227 # p50 3a



The growth of the bacteria on the face mask was
suppressed

Without plasma With plasma treated
Disinfected treatment on used mask on used mask

24 hr

48 hr
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DBD plasma demonstration

Ground

20 kHz AC HV

Show video.
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DBD plasma can be generated between the finger and
the dielectric layer

s Ku,
& Yo

< %L

- =

H

7 5

2 &
N &
v 54

Teat

344



	投影片 1: Application of Plasma Phenomena
	投影片 2: Note!
	投影片 3: Deposition and implementation
	投影片 4: Chemical Vapor Deposition (CVD)
	投影片 5: Plasma-enhanced chemical vapor deposition (PECVD)
	投影片 6: Physical vapor deposition can be achieved by heating the deposited material 
	投影片 7: Sputtering deposition
	投影片 8: The chamber becomes very dirty after the deposition process
	投影片 9: Plasma-immersion ion implantation (PIII)
	投影片 10: Magnetron sputtering provides higher deposition rates than conventional sputtering
	投影片 11: Examples of magnetron sputtering deposition
	投影片 12: Demonstration experiments – magnetron sputtering
	投影片 13: A bright ring occurs when the magnet is inserted into the system
	投影片 14: self-aligned quadruple patterning
	投影片 15: Plasma can be used for cleaning surface
	投影片 16: Free radicals are generated and used in chemical reactions
	投影片 17: The effect of chemical reactions is increased as the pressure increases
	投影片 18: High energy ions are used in physical sputtering cleaning
	投影片 19: The physical sputtering rate increases with higher cathode bias and Ar concentration and lower pressure
	投影片 20: Plasma cleaning examples
	投影片 21: Plasma cleaning needs to work in the regime of abnormal glow discharge
	投影片 22: A semiconductor device is fabricated by many repetitive production process
	投影片 23: Ultraviolet lithography (EUVL) is one of the key technologies in semiconductor manufacturing nowadays 
	投影片 24: EUV lithography becomes important for semiconductor industry
	投影片 25: EUV light can only be reflected using multilayer mirrors
	投影片 26: 13.5-nm EUV light is picked for EUV lithography
	投影片 27: EUV light is generated from laser-produced plasma (LPP)
	投影片 28: Two laser pulses are used to heat the plasma
	投影片 29: Hydrogen buffer gas with a pressure of ~100 Pa is used to protect the collector mirror
	投影片 30: Laser-produced plasma (LPP) is used in the EUV lithography
	投影片 31: High harmonic generation from high-power laser
	投影片 32: EUV light can be generated using discharged-produced plasma
	投影片 33: Light source and display systems
	投影片 34: Outlines
	投影片 35: Cathode Ray Tube uses electron beams to light the fluorescent screen
	投影片 36: The image is shown by scanning through the whole screen with the single electron beam
	投影片 37: Color image is formed by using three electron beams scanning through three different color channels
	投影片 38: Color can be created using three primary colors
	投影片 39: Human retina has three kinds of “cones” that have different spectral response
	投影片 40: Spectral response of retina “cones” are tested using light sources with single wavelength 
	投影片 41: The CIE 1931 color space chromaticity diagram is the standard color space
	投影片 42: Plasma display panel was invented at the University of Illinois in 1967
	投影片 43: PDP was invented due to a need for Programmed Logic for Automatic Teaching Operations (PLATO) in 1960s
	投影片 44: The positive column in a glow discharge is used to excite phosphors in color PDP
	投影片 45: Early plasma panel (PD) attached to the glass vacuum system used for the first plasma displays at UI
	投影片 46: Early plasma panel (PD) attached to the glass vacuum system used for the first plasma displays at UI
	投影片 47: Early 4x4 pixel panel has achieved matrix addressability for the first time
	投影片 48: Early 4x4 pixel panel has achieved matrix addressability for the first time
	投影片 49: A 16x16 pixel PD, developed in 1967, needed to be addressed manually
	投影片 50: First color PD was three cell prototype with red and green color phosphors excited by a xenon gas discharge
	投影片 51: Open-cell structure developed in 1968
	投影片 52: More progress
	投影片 53: Color PDPs had short display lifetime due to the degradation of color phosphors caused by ion sputtering
	投影片 54: A lower breakdown voltages can be obtained with very small amounts of added gas
	投影片 55: AT&T three-electrode patent
	投影片 56: Reflective phosphor geometry is used in most of today’s plasma TVs
	投影片 57: Spectrum of the different phosphors
	投影片 58: The foundation of AC discharge
	投影片 59: The plasma can be sustained using ac discharged
	投影片 60: Wall discharge reduced the required discharge voltage 
	投影片 61: ON/OFF State Selection
	投影片 62: Sustain discharge
	投影片 63: Address and sustain electrodes are connected to different drivers
	投影片 64: PDP pixel can only be either ON or OFF
	投影片 65: PDP luminance is controlled by using number of light pulses
	投影片 66: A single field is divided into 8 subfield
	投影片 67: Composition of each subfield
	投影片 68: 8 subfield in one TV-Field (ADS)
	投影片 69: PDP uses line-by-line scanning
	投影片 70: Video signal processing
	投影片 71: Addressing period 
	投影片 72: Displaying period
	投影片 73: Liquid crystal are a special state of matter between liquid and crystal
	投影片 74: Linear polarization of a light can be rotated by miss aligned liquid crystal
	投影片 75: Structure of Liquid crystal display (LCD)
	投影片 76: Optimistic projection of PDP market
	投影片 77: Reality
	投影片 78: Too many reasons that PDP died!
	投影片 79: Let’s stand up and do exercise!!
	投影片 80: The hydrogen bomb
	投影片 81: The “iron group” of isotopes are the most tightly bound
	投影片 82: Chain reaction can happen in U235 fission reaction
	投影片 83: The neutrons are leaking out and stopping the chain reaction in a sub-critical mass
	投影片 84: Solution 1: add more material
	投影片 85: Solution2: reflect the neutron back in
	投影片 86: Solution 3: increase the density
	投影片 87: How to get the material together before it blows apart?
	投影片 88: Gun-type bomb
	投影片 89: Implosion design
	投影片 90: The 1st nuclear bomb: Trinity (Bradbury Science Museum)
	投影片 91: The 1st nuclear bomb: Trinity
	投影片 92: Trinity explosion on July 16, 1945
	投影片 93: Hiroshima Bomb – “Little Boy”
	投影片 94: Atomic bomb is very destructive
	投影片 95: The fusion process
	投影片 96: “Advantages” of hydrogen bomb
	投影片 97: Hydrogen bomb uses a fission bomb to initiate the fusion reaction 
	投影片 98: Event sequence
	投影片 99: You don’t want to build a hydrogen bomb!
	投影片 100: To Fuse, or Not to Fuse...
	投影片 101: Outline
	投影片 102: World energy consumption is dominated by the use of dwindling fossil fuels
	投影片 103: The “iron group” of isotopes are the most tightly bound
	投影片 104: Fusion in the sun provides the energy
	投影片 105: In heavy sun, the fusion reaction is the CNO cycle
	投影片 106: The cross section of proton-proton chain is much smaller than D T fusion
	投影片 107: Nuclear fusion and fission release energy through energetic neutrons
	投影片 108: Nuclear fusion provides more energy per atomic mass unit (amu) than nuclear fission
	投影片 109: What could you do with 1 kg DT?
	投影片 110: Enormous fusion fuel can be produced from sea water
	投影片 111: A “hot plasma” at 100M ⁰C is needed
	投影片 112: Fusion is much harder than fission, a “hot plasma” at 100M ⁰C is needed
	投影片 113: Fast neutrons are slowed down due to the collisions
	投影片 114: Fusion doesn’t come easy
	投影片 115: It takes a lot of energy or power to keep the plasma at 100M ⁰C
	投影片 116: Under what conditions the plasma keeps itself hot?
	投影片 117: The plasma is too hot to be contained
	投影片 118: Don’t confine it!
	投影片 119: To control? Or not to control?
	投影片 120: Outline
	投影片 121: Charged particles gyro around the magnetic fields
	投影片 122: Charged particles can be partially confined by a magnetic mirror machine
	投影片 123: “Ioffe bars” are added to stabilize the Rayleigh-Taylor instabilities at the center of the mirror machine
	投影片 124: A “baseball coil” is obtained if one links the coils and the bars into a single conductor
	投影片 125: Plasma can be confined in a doughnut-shaped chamber with toroidal magnetic field
	投影片 126: Charged particles drift across field lines
	投影片 127: A poloidal magnetic field is required to reduce the drift across field lines
	投影片 128: A poloidal magnetic field is required to reduce the drift across field lines
	投影片 129: A divertor is needed to remove impurities and the power that escapes from the plasma
	投影片 130: D-shaped tokamak with diverter is more preferred nowadays
	投影片 131: Spherical tokamak is formed when the aspect ratio of a tokamak is reduced to the order of unity
	投影片 132: ITER ("The Way" in Latin) is one of the most ambitious energy projects in the world today
	投影片 133: ITER ("The Way" in Latin) is one of the most ambitious energy projects in the world today
	投影片 134: ITER
	投影片 135: ITER – Magnets
	投影片 136: ITER – Vacuum vessel
	投影片 137: ITER – Blanket
	投影片 138: ITER – Divertor
	投影片 139: ITER – Crystat 
	投影片 140: Supporting systems
	投影片 141: ITER is being assembled
	投影片 142: ITER is being assembled
	投影片 143: There is a long way to go, but we are on the right path…
	投影片 144: Joint European Torus (JET) facility has a record-breaking 59 megajoules of sustained fusion energy
	投影片 145: Stellarator uses twisted coil to generate poloidal magnetic field
	投影片 146: A figure-8 stellarator solved the drift issues 
	投影片 147: A figure-8 stellarator solved the drift issues 
	投影片 148: Lyman Spitzer, Jr. came out the idea during a long ride on a ski lift at Garmisch-Partenkirchen
	投影片 149: Exhibit model of a figure-8 stellarator for the Atoms for Peace conference in Geneva in 1958
	投影片 150: Twisted magnetic field lines can be provided by toroidal coils with helical coils
	投影片 151: LHD stellarator in Japan
	投影片 152: Wendelstein 7-X is a stellarator built by Max Planck Institute for Plasma Physics (IPP)
	投影片 153: Demonstration of a magnetic mirror machine
	投影片 154: Plasma is partially confined by the magnetic field
	投影片 155: Many mirror points are provided by a pair of ring-type magnets
	投影片 156: Outline
	投影片 157: Compression happens when outer layer of the target is heated by laser and ablated outward
	投影片 158: Plasma is confined by its own inertia in inertial confinement fusion (ICF)
	投影片 159: A ball can not be compressed uniformly by being squeezed between several fingers
	投影片 160: A spherical capsule can be imploded through directly or indirectly laser illumination
	投影片 161: Rochester is known as “The World's Image Center”
	投影片 162: There are many famous optical companies at Rochester
	投影片 163: Laboratory for Laser Energetics, University of Rochester is a pioneer in laser fusion
	投影片 164: The OMEGA Facility is carrying out ICF experiments using a full suite of target diagnostics
	投影片 165: The 1.8-MJ National Ignition Facility (NIF) will demonstrate ICF ignition and modest energy gain
	投影片 166: Targets used in ICF
	投影片 167: Softer material can be compressed to higher density
	投影片 168: A shock is formed due to the increasing sound speed of a compressed gas/plasma
	投影片 169: Targets used in ICF
	投影片 170: Nature letter “Fuel gain exceeding unity in an inertially confined fusion implosion”
	投影片 171: The hot spot has entered the burning plasma regime
	投影片 172: National Ignition Facility (NIF) achieved a yield of more than 1.3 MJ from ~1.9 MJ of laser energy in 2021 (Q~0.7)
	投影片 173: “Ignition” (target yield larger than one) was achieved in NIF on 2022/12/5
	投影片 174: External “spark” can be used for ignition 
	投影片 175: A shock is formed due to the increasing sound speed of a compressed gas/plasma
	投影片 176: Ignition can happen by itself or being triggered externally
	投影片 177: Outline
	投影片 178: A strong magnetic field reduces the heat flux
	投影片 179: Principle of frozen magnetic flux in a good conductor is used to compress fields
	投影片 180: Plasma can be pinched by parallel propagating plasmas
	投影片 181: Plasma can be heated via pinches
	投影片 182: Sandia’s Z machine is the world's most powerful and efficient laboratory radiation source
	投影片 183: Z machine
	投影片 184: Z machine
	投影片 185: Z machine discharge
	投影片 186: Before and after shots
	投影片 187: Promising results were shown in MagLIF concept conducted at the Sandia National Laboratories
	投影片 188: MagLIF target
	投影片 189: Neutron yield increased by 100x with preheat and external magnetic field.
	投影片 190: Sheared flow stabilizes MHD instabilities
	投影片 191: A z-pinch plasma can be stabilized by sheared flows
	投影片 192: Elevated electron temperature coincident with observed fusion reactions in a sheared-flow-stabilized z pinch
	投影片 193: Fusion reactor concept by ZAP energy
	投影片 194: There are alternative
	投影片 195: Commonwealth Fusion Systems, a MIT spin-out company, is building a high-magnetic field tokamak
	投影片 196: Merging compression is used to heat the tokamak at the start-up process in ST40 Tokamak at Tokamak Energy Ltd
	投影片 197: Reconnection
	投影片 198: Merging compression is used to heat the plasma
	投影片 199: Spherical torus (ST) and compact torus (CT)
	投影片 200: Field reverse configuration is used in Tri-alpha energy 
	投影片 201: Field reverse configuration is used in Tri-alpha energy 
	投影片 202: NBI for Tri-Alpha Energy Technologies
	投影片 203: Neutral beams are injected in to the chamber for spinning the FRC
	投影片 204: FRC sustain longer with neutral beam injection
	投影片 205: General fusion is a design ready to be migrated to a power plant
	投影片 206: A spherical tokamak is first generated
	投影片 207: Plasma injector for the spherical tokamak
	投影片 208: A spherical tokamak is generated in a liquid metal vortex
	投影片 209: The spherical tokamak is compressed by the pressure provided by the sournding hydraulic pistons 
	投影片 210: BBC: General Fusion to build its Fusion Demonstration Plant in the UK, at the UKAEA Culham Campus
	投影片 211: Helion energy is compressing the two merging FRCs
	投影片 212: Two FRCs are accelerated toward each other
	投影片 213: Two FRCs merge with each other
	投影片 214: The merged FRC is compressed electrically to high temperature
	投影片 215: Projectile Fusion is being established at First Light Fusion Ltd, UK
	投影片 216: A gas gun is used to eject the projectile
	投影片 217: Many groups aim to achieve ignition in the MCF regime in the near future
	投影片 218: Fusion is blooming 
	投影片 219: We are closed to ignition!
	投影片 220: Many groups aim to achieve ignition in the MCF regime in the near future
	投影片 221: Fusion projects in Inst. Space and Plasma Sciences , National Cheng Kung University
	投影片 222: A new design using a spherical chamber can tolerate several potential shapes and sides calculated by the theory group
	投影片 223: Outline
	投影片 224: Aurora
	投影片 225: Aurora seen from a satellite
	投影片 226: Earth’s magnetic field
	投影片 227: Earth magnetic fields are strongly influenced by solar wind
	投影片 228: Reconnection
	投影片 229: Corona mass ejection (CME)
	投影片 230: Reconnections occur in many locations
	投影片 231: Planeterrella is an aurora simulator
	投影片 232: Simple glow discharge is demonstrated 
	投影片 233: Aurora/ring current are demonstrated
	投影片 234: Aurora and ring current are expected to be seen
	投影片 235: Neutral beam source
	投影片 236: Neutral beam source
	投影片 237: Hot plasma is confined by the magnetic field in magnetic confinement fusion
	投影片 238: Neutral beam injector is one of the main heat mechanisms in MCF
	投影片 239: Varies way of heating a MCF device
	投影片 240: Neutral particles heat the plasma via coulomb collisions
	投影片 241: Negative ion source is preferred due to higher neutralization efficiency
	投影片 242: There are two ways to make negative ions – surface and volume production
	投影片 243: Two-chamber method of negative ions in volume production with a magnetic filter
	投影片 244: Adding cesium increases negative ion current
	投影片 245: Electrons need to be filtered out since they are extracted together with negative ions
	投影片 246: Acceleration
	投影片 247: NBI system of the LHD fusion machine 
	投影片 248: JT60U NBI system
	投影片 249: Neutralization
	投影片 250: Beam dump
	投影片 251: NBI for ITER 
	投影片 252: Neutral beam penetration
	投影片 253: NBI for Tri-Alpha Energy Technologies
	投影片 254: Neutral beams are injected in to the chamber for spinning the FRC
	投影片 255: Outline
	投影片 256: Neutral beam source
	投影片 257: Comparison between liquid rockets and ion thrusters 
	投影片 258: Electric thruster types - electrothermal
	投影片 259: Electric thruster types - electrostatic
	投影片 260: Electric thruster types - Electromagnetic
	投影片 261: The thrust in an ion engine is transferred by the electrostatic force between the ions and the two grids
	投影片 262: The rocket equation
	投影片 263: Force transfer
	投影片 264: Ion thruster has the highest specific impulse (Isp)
	投影片 265: Metallic Ion Thruster Using Magnetron E-Beam Bombardment (MIT-MEB)
	投影片 266: Electrons are used to generate metallic gas, metallic plasma and to neutralize ions
	投影片 267: High energy particle accelerator
	投影片 268: A linear particle accelerator (linac) accelerates charged particles using a series of oscillating electric potentials along a linear beamline
	投影片 269: Cyclotrons use a magnetic field to cause particles to move in circular orbits
	投影片 270: Synchrotron uses time-dependent guiding magnetic field synchronized to a particle beam
	投影片 271: Stanford linear accelerator center (SLAC) is a 50 GeV electron / positron accelerator
	投影片 272: Large Hadron Collider (LHC) is the world's largest and most powerful particle collider providing 13 TeV protons
	投影片 273: Plasma based accelerators will become 3 orders smaller than the regular microwave based accelerator
	投影片 274: Charged particles can be accelerated in the wave electric field 
	投影片 275: Who will catch the wave?
	投影片 276: Plasma wake field accelerator is just like boat wake surfing
	投影片 277: A wake surfer catches the wake field via being pulled by the boat using a roap
	投影片 278: The surfer glides in a direction not parallel to the wave direction to be in phase to the wave propagation
	投影片 279: The surfer glides in a direction not parallel to the wave direction to be in phase to the wave propagation
	投影片 280: Electrons may be accelerated to speed of light using VpxB acceleration (Surfatron)
	投影片 281: Experimental results of VpxB acceleration (Surfatron) 
	投影片 282: Plasma beat wave accelerator
	投影片 283: A plasma wave is driven by the laser beat wave
	投影片 284: Electrons were accelerated to over 20 MeV using plasma beat wave accelerator
	投影片 285: Plasma wakefield accelerator employs two beams
	投影片 286: Energy doubling of 42 GeV electrons in a metre-scale plasma wakefield accelerator
	投影片 287: Dream beam – the dawn of compact particle accelerators
	投影片 288: Ponderomotive force expelled electrons away from the higher electric field region
	投影片 289: Laser is used to create a bunch in laser wakefield accelerator
	投影片 290: Bubble/blow-out regime
	投影片 291: A plasma wake is generated by a short pulse laser
	投影片 292: The wakefield generated by a short pulse laser is very similar to the wave behind a boat
	投影片 293: Ionization injection
	投影片 294: Colliding laser pulses injection
	投影片 295: Few femtosecond, few kiloampere electron bunch is produced by a laser–plasma accelerator
	投影片 296: Plasma medicine
	投影片 297: Outline
	投影片 298: Outline
	投影片 299: Plasma is characterized by the electron and ion temperatures
	投影片 300: Plasma can provide good surface treatment with low temperature
	投影片 301: Microwave plasma torch
	投影片 302: Dielectric-barrier discharges (DBDs)
	投影片 303: Plasma-needle discharge
	投影片 304: Atmospheric-pressure cold helium microplasma jets
	投影片 305: Space charge effect enhance the electric field
	投影片 306: There are three different modes: chaotic, bullet, and continuous mode
	投影片 307: In bullet mode, the plasma jet comes out as a pulse
	投影片 308: Floating-electrode dielectric barrier discharge (FE-DBD)
	投影片 309: Simplified electrical schematic of FE-DBD
	投影片 310: Depending on the needs, the size and the shape of FE-DBD treatment electrodes can vary
	投影片 311: FE-DBD is a direct plasma medicine
	投影片 312: Outline
	投影片 313: Bacteria concentration reduces after being treated with FE-DBD
	投影片 314: The power of FE-DBD is low enough such that the tissue is not damaged by the plasma
	投影片 315: Bacteria is inactivated by the plasma
	投影片 316: Outline
	投影片 317: Plasma can stimulate blood  coagulation
	投影片 319: Example of blood coagulation using plasma
	投影片 320: Outline
	投影片 321: Nitrogen oxide (NO) serves a multitude of essential biological functions
	投影片 322: NO treatment of wound pathologies
	投影片 323: NO treatment of wound pathologies
	投影片 324: Outline
	投影片 325: Non-thermal plasma treatment of melanoma skin cancer (黑色素瘤皮膚癌)
	投影片 326: SKH-1 hairless mouse is treated with parallel plate electrode under isoflurane inhalation anesthesia
	投影片 327: Melanoma shrinks after the treatment
	投影片 328: Electric field of 20 kV/cm is needed to treat Melanoma
	投影片 329: Outline
	投影片 330: Plasma skin regeneration (PSR) is a novel skin treatment device
	投影片 331: Zones of the face and associated treatment energy settings
	投影片 332: This particular patient-rated improvement in overall skin rejuvenation was 85%
	投影片 333: Outline
	投影片 334: Atmospheric-Pressure Plasma sterilization 99.9999% bacteria on surfaces of eggs
	投影片 335: Outline
	投影片 336: A face mask do restrict the air flow from the mouth and the nose
	投影片 337: Wearing face mask can reduce the Covid-19 transmission probability significantly
	投影片 338: Plasma can provide good surface treatment with low temperature
	投影片 339: Plasma can generate ROS and RONS
	投影片 340: The temperature of the mask under plasma treamtment is below 40 ℃
	投影片 341: The surface quality of the face mask was not influenced by the plasma treament
	投影片 342: The growth of the bacteria on the face mask was suppressed
	投影片 343: DBD plasma demonstration
	投影片 344: DBD plasma can be generated between the finger and the dielectric layer

