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A brief introduction to Magnetic
Fusion and the quest for future energy

Research on Turbulence

Experimentally by collaboration

with international teams working
on tokamaks and other confined

plasmas.

Experimentally by building our
own [LPLD)

Theoretically by acquiring the
know-how to perform numerical
simulations.

Other projects studied at AUB:
Disruptions, Plasma Facing
Components
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Fusion Occurs when Two
Nuclel Unite to Form One

The Energy Results from
the Difference in Mass
between the Initial and the
Final Nuclel

Reaction |gnition Temperature Output Energy

Fuel Product  (mllllonsof °C)  (keV) (KeV)
St o 17600
E & =» E8 o ® ? - * The fraction of mass “lost” is just 38 parts out of 10,000
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Advantages of Fusion on other ways to

Produce Energy

Abundant Energy From Sea Water

50 Cups Sea Water

Rhadin « Abundant Fuel Supply on Earth and Beyond
X3 « No Risk of a Nuclear Accident
* No Air Pollution or CO2 generation
* No High-level Nuclear Waste
* No Generation of Weapons Material

Thimble of “H (D¢

Deutersam 20 Tong of Coal

Fusion Energy

The fossil fuel era is almost over. If we continue

to burn fossil fuels for energy, they will last only
another few hundred years. At our present rate of use,
experts predict a shortfall in less than fifty years.

400
Assumes world population
stablizes at 10 billion,
consuming at 2/3 U.S. 1985 rate

300 | —

Shortfall must be
suppliec_l by
Energy consumption alternative sources
(billion barrels of

oil equiv. per year) 200

World energy
consumption g

Energy available
(fossil, hydro,
non-breeder fission)

100 |—

o ] | ] |
1900 | 2000 * 2100 2200 2300

Now
Shortfall begins
Year (A.D.)
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Three Ways to Achieve Fusion

This presentation

Magnetic
Confinement

Nucleus

Gravitational

Confinement

Inertial
Confinement

Heating
ot
ablator

Ablatlon
and
compression
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Use high power
laser to heat
outer surface of pellet

OQutward streaming ablator
materlal produces an Inward
directed, rocket-like

force that compresses

the DT fuel



A Plasma is a fully ionized gas globally neutral

= Plasmas are the most common form of matter, comprising more than 99% of the visible
universe.

= Plasmas carry electrical currents and generate magnetic fields, due to their ions and electrons.

Cold . Warm Hot * Hotter

Solid:lce Liquid: Water Gas: Steam Plasma

Dr. G. Antar



The Route Towards a Confined Plasma or

How to Make Particle Go Round-and-Round

Plasma without a magnetic field:
Particles tend to get away from each
other due to their high temperature

Adding a magnetic field
with parallel set of coils:
Particles trajectories are
parallel to B

Relatively Constant Electric Current N

Toroidal Field Coils

f/a%x% “ ff[ - l

Closing the loop by the making the coils form a
torus: Particles go round and round
& Particles are Confined

~

\ Constant Toroidal Field
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Particle Trajectories Inside a Tokamak

inner poloidal field coils
poloidal magnetic field

Plasma

resulting helical magnetic field toroidal field coils

plasma electric current

toroidal magnetic field

Helical Magnetic field

Gyrating Plasma Particle
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Confined vs. unconfined regions

The first wall \ ]

N

separatrix

DIIN-D Cross Section at O°
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Stabilizing Coils:
To stabilize,
shape and
position the
plasma

Solenoid induction
Coils (SC): For
start-up and current

induction d}‘g?
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Magnetically
Confined
Plasma

First wall
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Confinement and Energy Production

10 T
10°% = .
10°% = Coulomb -
i Scattering
T el Energy IEnergy
B ot \/\ NET USED OUT
/ _
§ 10~ / .
I.-’I 1022+ A TInertial confinement
10~ / . Magnetic confinement
1021
10°# I l I
1 10 100 1000
DEUTEROM ENERGY (kaV) nt A A
(m~Ys)
1020 A A
We call Ignited Plasma the state where no external
Power needed to be delivered R
1019 | A |
n ~ 1020 m=3, T=30 keV, 1z ~ 2.7 seconds 0.1 1 10 100

T (keV)
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Turbulent transport of particles and energy from
the confined region to the walls
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Lebanese Linear Plasma Device [LLPD): The

basic design

AUB. It consists of:
a vacuum chamber

We are in the process of building a plasma simulator at the Physics Department of

|
= an RF power source (2 kW)
= an axial magnetic field about 1000 G.
= Diagnostics End-plate Mognetcoils  Disgnoste port End-plate 2
e = I\ Water
| \\\\::-7:_1 {H\\ T . Cootlmg
Bellow 4 & ‘ \
uartz tube | \
_I:I:I:| ["I—\:l £|:E
Antenna
~ Wl 7T
‘Water .G?S
cooling Inlek .
pump
| Controller |
RF power supply
@ 13.56 MHz
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Convective Transport in Magnetic Fusion

Devices: What can we learn from linear devices?

Turbulence is studied in linear devices such as PISCES described
below and CSDX (later) where the magnetic geometry is simpler
and the plasma iIs better diagnosed

Scanning
Langmuir Probes

AllPdC

C—

| 1 ] L ] ‘

Im ! |_+_I_,

Magnets

H I ” Plasma Parameters:
* N, ~ 5x10" m3
P
Electrically i ? * Te ~15eV
isolated Source
baffle tube, s Foed «B=0.12-02T

» Gaz type: Hydrogen, Argon ...
 Plasma radius = 2.5 cm

* \Vessel length=1m

* Vessel radius = 10 cm




Comparing the Tore Supra (France), Alcator C-MOD

(USA) , MAST (UK) tokamaks and PISCES (USA)

Tore Supra tokama Alcator C-

MOD tokamak

G

ea=76cm, R=2.32m

*B;=35T, Ip=1 MA ea=21cm,R=70cm
e limiter machine *B;=53T1,~0.8MA
« divertor machine
PISCES | .a=52cm, R = 73 cm
%Langmuir Probes Ao A BT — 06 T, Ip :700 kA

MI | I I | I | II « First wall far from the LCFS
I | Cathode
|@ Z:S cm :l“ cm _I_LI_}
Target

I n,~107m3 T,~10eV,

4 .
ump B=0.12-024T
Sl m

e Plasma radius = 2.5 cm

Pum Electrically P ?
isolated copper Source © VeSSEI radlus = 10 cm
baffle tube Gas Feed
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Similarity of the avaloid temporal signature
« Non-conservation of mass
« Asymmetric shape

P -
I

= o Tore-Stpra | |, E_—
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Similarity of the PDF of I, fluctuations

 Gaussian for negative fluctuations
« Strongly Skewed for positive fluctuations

Similarity of the power spectra of I,
* One scaling region

* approximately the same scaling
exponent -1.6
« Large scales

F

3 =
10 ¢ =
£

-

4 1 i %
10k IJ,Tore Suplra | o] E %
-5 0 5 10 =

Isat/G(Isat)

f [Hz]
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Inside the main plasma column
» The system transits from low to high mode number fluctuations in time

and can remain in one of the modes for relatively long time.

» One can no longer speak of
“stationary turbulence”...

Poloida Mode Number Determined by a Polynomial Fit
I |

M”HH'\ \ *
\Mww i
w HMH

0.035

0 40 50 B0

Camera settings:
Integration time 1 ps

Time between frames 15 ps
32x32 pixels
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Shifting the viewed area to outside the main plasma
Fast Imaging allows the observation of the growth of avaloids, their

scale lengths and velocities

No detachment of the
structure, hence, 1t is not a
“blob” but rather has a finger-

like shape

Camera setting:
Integration time 1 ps
Time between frames 15 ps The vessel wall 7|

32x32 pixels

The probe -
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The conditionally averaged movie reveals that the onset of avaloids is

associated with the non-linear evolution of the poloidal number m=1

Instability.

y [em] y [em] y [em]

y [em]

-10

'CAI during the onset of an avaloid, B=800 G, P=3 mTorr, Argon

(1) 2) (3) €)
(5) (6) (7) (3)
) (10) (11) (12)
(13) (14) (15) (16)
S - e -~
LS L L 9 <
55 10 -5 5 10 -5 5 10 -5 5 10
X [cm] X [em] X [em] X [em]
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Quasi 2D turbulence, the liquid Gallium Experiment

(L. Zaidouny)

»Liquid gallium

Electrodes

Knobs controlling the distance
between the two magnets
Magnetic coils

Bench allowing the

choice of biased Movie shwm m0|on of gallium in the bulk
electrodes vé . 'Ji
20\ i
The experimental setup: 2P ﬁ

» A set of biased electrodes with variable number
» A strong axial magnetic field
» Liquid gallium with different height is poured in
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Quasi-2D turbulence, using Electrolytes
(L. Moubarak)

This setup uses the same basic
idea as the liquid gallium one
but uses a solution of KOH

7 T

\ortices are reported in the solution as a
consequence of electromagnetic forcing

This leads to rather complex dynamics at low
Reynolds numbers

A : J s A Y
9—4’_ B i -"-I’ Y '\ ",\

NS

¢
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= The goal is to develop a code 1
simulating plasma turbulence in two

dimensions. "

= Our first application is to simulate 2 :
the non-stationary behavior of | N
turbulence that is observed in linear 0 .

plasma devices. .
40

= We shall use the Hasegawa-Mima
and the Hasegawa-Wakatani models .
for turbulence

60
= Apply numerical schemes that do L
not generate artificially vorticity and
energy as they both have to be
conserved.

%(qub—qf))—[(ng x 2) - V] [V%—ln (ﬂ)] -0 Hasegawa-Mima

= lon continuity equation Wei equation
on
STV () =0 I]D:> (a

= lon momentum balance equation =-Voxz- \7) V2 =ci(¢pn)+ecaV'e

at Hasegawa-

Wakatani

du
' _ . = =V i > E B N7 - !
min [(‘% +(u V)u] Vpi +en(E +u x B) +F-VII (C%_w X 5 V) (n +Inng) = c1(¢n) | Quations
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Simulating disruption mitigation in tokamaks |
(R. Hajjar)

Disruptions are an abrupt and violent halt of the plasma.

Most of the plasma energy is dumped on the walls

Most of the magnetic energy is also dumped into the vessel structure
It is one the main parameters limiting the life-time of tokamaks and causing a high risk of a
large damage
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Simulating disruption mitigation in tokamaks 11

(R. Hajjar)

It is proposed to mitigate disruptions by using a massive gas jet which as it
penetrates the plasma, density is increased by ionization which also leads to the
decrease of temperature.
The questions we want to answer by numerical simulations:

« How deep will the jet penetrates

« How fast will the jet penetrates

* The type of gas to use

* The design of the setup will it help?

®)
ORO port 1 5R0 port
MW | @D / ,  30R0port
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Tungsten Coating for Fusion Application

(W. Kassem)

Fusion first wall is a major issue as it~ Surface properties as a function of the Laser Energy
not only determines its life-time but
also dictates the quality of the plasma
by the type and the amount of
Impurities that it releases back into the
plasma.

250mJ 320mJ 420mJ 512mJ 612 mJ

Our goal is to understand and quantify
the growth of tungsten films on graphite
using, and for the first time, pulsed

laser deposition (PLD)

We attempt to grow Tungsten thin films
using a KrF excimer laser with

« 20 ns pulse

» Wavelength 248 nm

* 100 to 600 mJ (up to 30000

MW/m2 ) 0.0
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Conclusion

= Various experimental and theoretical research projects are being
developed at AUB to understand turbulence in fusion plasmas.

= Fusion Is an exciting project where physicists and engineers work
hand-in-hand to achieve their common goal. Fusion Is a strategic
ISSUe.

= The main application is to study fundamental issues encountered in
magnetic fusion plasmas

= These issues are also common to other scientific areas such as: ocean
dynamics, atmospheric science, astrophysics, surface science, fluid
dynamics etc.

= Acknowledgement: Part of this work is funded by the CNRSL
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Good agreement between the images profiles and
fluctuations and those done using Langmuir probe for

scales above 3 mm set by the view line integration.

CSDX,B=875G, P =5mTorr
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