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1. [5 points in total] Shown in the following figure (a) is the comparison between cross sections of **U+n
fission and D+T fusion. Please explain why nuclear fission is much easier to achieve than nuclear fusion.
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2. [10 points in total] Shown in the above figure (b) is the comparison between cross sections of coulomb
scattering, D-T fusion, and D-D fusion. Please explain why “beam-target” fusion is not viable for
energy generation.
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Coulomb scattering is more likely to happen than
nuclear fusion
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« Beam particles lose their energy before making a fusion reaction, i.e.,
they only thermalize the fuel. Therefore, beam fusion does NOT work!

https://www6.lehigh.edu/~eus204/lab/PCL_fusion.php#x1-10096
https://www.16pic.com/photo/pic_3815585.html
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Hot plasma needs to be confined so that particles have
chance to collide with each other
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* Beam particles just thermalize the fuel. Beam-target fusion does NOT work!




Fusion doesn’t come easy, a “hot plasma” at 100M °C is
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Santarius, J. F., “Fusion Space Propulsion — A Shorter Time Frame Than You

Think”, JANNAF, Monterey, 5-8 December 2005.




3. [5 points in total] When a neutron collides with an 23°U, the nuclear fission reaction releases energy
of ~ 200 MeV. On the other hand, in a deuterium-tritium (D-T') fusion reaction, only 17.6 MeV of
energy is released. Why does the D-T fusion reaction provide more energy than the neutron-22°U
fission reaction for the same amount of fuel in mass?
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4. [5 points in total] To have a self-sustain system such that the plasma can be heated by itself and remains
hot, the heating from the alpha particles generated in the D-T fusion reactions (D + T — *He + n)
needs to be higher than the energy losses, which are mostly by Bremmstrahlung radiations at high
temperature. As a result, an ignition condition, called the Lawson criterion, where Pr > 10 atm — s,
needs to be achieved. Please explain the physical meaning, NOT the math, of the criterion.

- Steady state 0-D power balance:
S, +S5,=Sg+S,
S

S,: external heating

o 0 particle 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



5. [10 points in total] The magnetic field of Formosa Integrated Research Spherical Tokamak (FIRST) is
Br = 01T at R = 45 cm. The small radius of FIRST is @ = 32 ecm. Hydrogen gas will be used in
FIRST. To simplify the problem, assume the cross section of FIRST on the poloidal plane is a perfect
circle with the small radius @ = 32 ecm. When the temperature of protons achieves 100 eV, is the field
of 0.1 T is enough to confine 100-eV protons?
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6. [10 points in total] Shown in the following is the loss function from line, recombination-induced, and
bremsstrahlung radiation for different atoms at different temperatures. Please explain (a) what a
“radiation barrier” at 100 eV is [7 points|, and (b) why a temperature of 100 eV was picked as the
milestone for the Formosa Integrated Research Spherical Tokamak (FIRST)? [3 points]
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[5 points in total] Shown in the following figure (a) are the cross sections of different fusion reactions for
different center-of-mass energy (in keV). On the other hand, the following figure (b) are the reaction
rates of different fusion reactions at different temperature (in keV). Please explain what’s the difference

between “cross sections” and “reaction rates’
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8. [10 points in total] In homework 1, we plotted trajectories of electrons and protons with only toroidal
magnetic field and a negative electric field to mimic consequence of the charge separation. Following
are the 3D trajectories of electrons and protons in figure (a), and the poloidal-plane projection of
trajectories in figure (b). Red curves are for electrons while blue curves are for protons in both figures.
Please explain what happen and why particles can not be confined with only toroidal fields.
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4. [10 points in total] A spherical tokamak with a major radius R = 45 c¢m, a minor radius @ = 32 cm, and an elongation
of Kk = 2. The toroidal field Bp = 0.1 T at 45 cm. The plasma current /I, = 0. An electron with an energy of 1 keV.
Initial position at R = 55 cm. Please compare the result with condition 3.
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5. [10 points in total] A spherical tokamak with a major radius R = 45 cm, a minor radius a = 32 ¢m, and an elongation
of Kk = 2. The toroidal field Bt = 0.1 T at 45 cm. The plasma current I, = 0. A electric field £, = —1000 V/m in Z.

A proton with an energy of 1 keV. Initial position at R = 55 cm.
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6. [10 points in total] A spherical tokamak with a major radius R = 45 cm, a minor radius a = 32 cm, and an elongation
of k = 2. The toroidal field Bt = 0.1 T at 45 cm. The plasma current I, = 0. A electric field £, = —1000 V/m in 2.
An electron with an energy of 1 keV. Initial position at R = 55 cm. Please compare the result with condition 5.
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6. [10 points in total] A spherical tokamak with a major radius R = 45 cm, a minor radius @ = 32 em, and an elongation
of k = 2. The toroidal field By = 0.1 T at 45 cm. The plasma current I, = 0. A electric field £, = —1000 V/m in 2.
An electron with an energy of 1 keV. Initial position at R = 55 cm. Please compare the result with condition 5.

(RS Kl

Electron and Proton Orbits with E; < 0 and Tokamak Magnetic Field

z[m]
o

-0.4

-0.6

:

1

@

O

® By

O,

=z

363

m
~—

m
=
w

€

—_
o
~

Electron, 1 keV
Proton, 1 keV

® Start

Plasma boundary

— — —Magnetic field line

[ |

C ym
~
~
N
AY
\
\
AY
\
\
\
\
\
\
1
|
I
|
I
I
1
1
1
1
1
7
/
!/
/
7/
/
s
7/
S 7 L I
04 0.6 0.8 1
R[m]

z[m]

y[m]

0.6

04

0.2

-0.2

-0.4

o
&
z
%
% 3
v 54
1

Electron and Proton Orbits with E, < 0 and Tokamak Magnetic .Field

23

s,

Plasma boundary
Electron, 1 keV
Proton, 1 keV

= Magnetic field line
Start

: :
dal-plane projgction ..,

y [m]

Top view: electron and proton trajectories

06

Electron, 1 keV
Proton, 1 keV
— — — Outer boundary
= = = Inner boundary
® Start

04

02

-0.2

-04

-0.6




7. [10 points in total] A spherical tokamak with a major radius R = 45 cm, a minor radius a = 32 ¢m, and an elongation

of k = 2. The toroidal field Br = 0.1 T at 45 cm. The plasma current I, = 100 kA. A proton with an energy of
1 keV. Initial position at R = 55 cm.
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7. [10 points in total] A spherical tokamak with a major radius R = 45 cm, a minor radius a = 32 ¢m, and an elongation
of k = 2. The toroidal field Br = 0.1 T at 45 cm. The plasma current I, = 100 kA. A proton with an energy of
1 keV. Initial position at R = 55 cm.
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8. [10 points in total] A spherical tokamak with a major radius R = 45 cm, a minor radius a = 32 cm, and an elongation
of k = 2. The toroidal field Bt = 0.1 T at 45 cm. The plasma current I, = 100 kA. An electron with an energy of

1 keV. Initial position at R = 55 cm. Please compare the result with condition 7.

Electron Orbit with E; < 0 and Magnetic Field

I Plasma boundary
Electron
— — =Field line
° Electron Orbit with E; < 0 and Magnetic Field
0.6 I Plasma boundary
Electron
= = =Field line
0.6 ® Start
04|
0.4 -
0.2 02
0
N N OFf
-0.2
0.2
-0.4 |
0.6 - 0a
06 L 1 L 1 L J
-0.8 -0.6 -0.4 -0.2 0 0.2 04 0.6 0.8
- - -
« Poloidal-pl t
ololaail-plane projeciion
X _ ojection o
y 06 , - S S
4 \
/ \
’ \ ’l
0.4 d \
Electron Orbit with E; < 0 and Magnetic Field “ar l \
08 I Plasma bou ,I N ,
Electron 1 ‘\ ,
L = = =Field line
o [ o san 02 ! !
! 1 ,
04 1 '
— ]
£ 1
E o
L 1
0.2 N | 1
i 1
> 0 ! :
1
0.2 \ i
\ 1
-02F \ !
\ 1
.04 04 h == Electron trajectory projected to R
= ‘\ — — —Magpnetic field line projected to R
\ = = = +Plasma boundary 0.55 ‘—'_r—'_
-06 N ¥ Magnetic axis :
. e St (Rim
| | | ‘ 08 L I L I So -7 L I L I 495 05
08 G — o = - -0.4 -02 0 0.2 04 0.6 0.8 1 1.2 14
Rm]

21



8.

[10 points in total] A spherical tokamak with a major radius R = 45 cm, a minor radius a = 32 cm, and an elongation
of K = 2. The toroidal field Bt = 0.1 T at 45 cm. The plasma current I, = 100 kA. An electron with an energy of
1 keV. Initial position at R = 55 cm. Please compare the result with condition 7.
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Plasma current plays an important role for confinement
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9. [10 points in total] To confine the plasma in a Tokamak, magnetic fields are helical as shown in the
following figure (a). Please use the following figure (b) to explain why the plasma can be confined.
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10. [25 points in total] Shown in the following figures are the particle trajectories in a Tokamak. Figure
(a) is the trajectory of the passing particle, while figure (b) is the projection of the trajectory of the
passing particle on the poloidal plane. Figure (c) is the trajectory of the bouncing particle, while figure
(d) is the projection of the trajectory of the bouncing particle on the poloidal plane, which is called
the banana orbit. Please answer the following questions: (a) When a charged particle follows a field
line, why does it experience a nonuniform toroidal magnetic field? [5 points] (b) Since the toroidal
magnetic field is not a constant along the particle’s trajectory, the “mirror effect” occurs. Why are
there two categories of particle trajectories? What determines if particles are bouncing or passing? [10
points] (¢) If there is no drift, what does Fig. (b) look like? [5 points] (d) If there is no drift, what
does Fig. (d) look like? [5 points]
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11. [10 points in total] Shown in the following figure are two adjacent banana orbits. A bootstrap current
can be generated when the number of particles in two adjacent banana orbits is different. Please ex-
plain (a) why banana orbits are essential for generating bootstrap currents. [5 points] and (b) why a
bootstrap current can be generated when a pressure gradient across two adjacent banana orbits occurs.
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Bootstrap current

With poloidal fields, charged particles see nonuniform
toroidal magnetic field

 Wi/o poloidal field

« W]/ poloidal field

Ry >R,

Bt < Bty

magnetic axis

wE Ky,

27



Charged particles can be partially confined by a
magnetic mirror machine
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Parallel velocity changes when particles follow field the
field line
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Particles may be trapped by nonuniform magnetic field
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Charge particles drift across magnetic field lines when
the magnetic field is not uniform or curved

 Gradient-B drift e Curvature drift

mv,2 B x VB
2q B3

T;V:

Viotal = VR T Dy =
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For passing particles, they drift back to the original
position with a “semicircle” orbit

—_— —_—
Viotal = VR T

—_

Vy =

B X VB
w B?

<17||2 +

1
2t

2>_ﬂl_€c><§

Guiding center
trajectory

Nested
surfaces
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For trapped particles, they drift back to the original
position with a banana orbit

* Wi/o drifting
ZA

=

) )

« W/ drifting
Z,

Guiding centgr
trajectory
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Trajectories of charged particles

Magnetic surface

\\/, -
- - ~
’F Y
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Passing Traf@ed

John Wesson, Tokamaks 3™ edition 34



The trajectories of charged particles follow the toroidal
field lines

DUIJCE; m{}Ean 7
& torotdal pretewmn N

/

X. Garbet et al, Nucl. Fusion 50, 043002 (2010) 35



A banana current is generated when there is a pressure

gradient in the plasma

*i RLRRY
=te ) \i/
N/
~
B,
Iu
trapped
JJE—

M

— nner orbit
- - outer orbit

“ net velocity

SR
o ‘S
& <
A 3
% F
C3 &
“, s
o »
T3t

Samuli Saarelma, Helsinki University of Technology, PhD Thesis 2015
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Bootstrap current is generated when passing particles
are scattered by the trapped particles

« Scattering smooths the velocity distribution and shifts it in the paraliel
direction, i.e., a current is generated. It is called the bootstrap current.
A V.

trapped — trapped
N o\
A scattering /
f‘/ I‘I"_ f/ \\ ,
v \Y
! . _4.3/2 1 dn
j = —enuj + enu; = 4€ B_pTE
ons V. - ’\\ _electrons
// ' - h . \\
prd O\
_~ NN
~ « The bootstrap current is vital for
\ / ” steady-state operation.
trapping
boundary

Samuli Saarelma, Helsinki University of Technology, PhD Thesis 2015

o LY,
< S
& <
5 1
% ]
2 4
“, 5
)
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When forces are balances, the system is in the
equilibrium state, or called “Magnetohydrostatics”

« Equilibrium state:
0D -~ -
pmlﬁ+(v MV|=jxXxB-Vp=0
T X B = Vp
j xB=—(|7xB)xB=—[(B-|7)B——|7B2 =Vp +—
Ho Ho 2
V<P+ BZ)— ! (B-V)B
21,/ Ho
Magnetic Magnetic — Forces caused by
pressure tension curvature of the field lines

— jLVp Bivp m) j Vp=0 B-Vp=0

* The surfaces with p = constant are both magnetic surfaces (i.e., they
are made up of magnetic field lines) and current surfaces (i.e., they are
made of current flow lines).
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Plasma condition can be obtained by solving
Grad-Shafranov equation

@
dp 1 dF? vy _ 1
*ofy— 2 _ * — 2 N — __A*
A*Y=—pu, R i 2 aw where A*y = R?V (R2> Hol R Y
dp 1 dF?

Jo =R a9 " 2u,R ap
« The usual strategy to solve the Grad-Shafranov equation:

1. Specify two free functions, the plasma pressure p = p(y) and the
toroidal field function F = F().

2. Solve the equation with specified boundary conditions to
determine the flux function Y (R, z).

3. Calculation the magnetic field using the following equations:

19y F) 199
Br="%3;,  Be=k  B:Tgum

4. The pressure profile can then be obtained from p = p(y¥(R, z)).
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Application of solving Grad-Shafranov equation for
designing a tokamak

oS Kl
e 2
> a1
z m
2 5
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* Given /. ma P(W), (W), I, free boundary of plasma, perfect conductor
as the chamber.

* Given /. ma P(W), (W), |, free boundary of plasma, insulator chamber.

* Given |, ma P(W), (W), .., free boundary of plasma, chamber with eddy
current.

* Given I, ,smas P(W), (), fixed boundary of plasma. Then, use [, free
boundary of plasma and match the plasma shape calculated in the fixed

boundary condition.

dp 1 dF? vy
Y 2 - * — 2 N
A Y=—pu,R a2 dap where A"y = RV <R2>
 _p dp s 1 dF?

Jo =% aw " 2u R dy Ip = —2mF ()

N VF\ _ 1 ~ — 74 .. F ~
uoi=(7)x¢+<—§m¢>¢ B=<7"’>x¢+@¢
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Application of solving Grad-Shafranov equation for
reconstructing a tokamak equilibrium state

« Measure

— boundary conditions, including y, B, etc., on the wall (using flux loop
and B-dot probe).

— Pressure.
— Plasma current (using Rogowski coil).

* Reconstruct y(r,z), j, p(y), (), etc.

. dp 1 dF? . vy
AII):_%RZE_EW where A II)=R2|7'<F>
Ip = —2nF(Y)

. VP 1 S _
Ko J =(?)X¢+<—EA*¢>¢ B=<?>x¢+T¢

S
e 2
> a1
z m
g 5
%, il
et
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Example of the analytical solution of the
Grad-Shafranov equation

dp 1 dF? c,=1
A p=—poR? o~ 2 ——
dy 2 dy C, = -8
dp 1 dF?2 C; =-20
3
» For Moz =-C - —=¢
Y 2 diy Cy =20
Cq C, _
zp(R,z)_—7 2+ R*+ €3+ C4R? + C5(R* — 4R?Z?) (=02
1/c,
Br(R,z) = - (—Clz —8CsR?*z) B,(Rz) = = (7 R3 +2C4R + C5(4R3 — 8Rz2)>
4 I I T 4 ————— e —— ——— 44/ NN | NERUBNANRLENANE
Contours of A OO Y N ) @ontomrs'ot‘ '
constant ¥/ FA A O N 7 coristant W ¥
5k A ‘ffﬂ/\\\\y‘i' N SRR
27‘7‘?‘/‘/\\\1*‘1 “117 V\iiyv_
A A W TR TR TR W\ SRR
**T*“*ff/‘/\%'i'ﬁlv R Vo Voo
z 0k . . R Y | R Y
0 Z0 (R A N N R ivv*vlv 0 *"Y"*"' v
(O B B S S v‘v Ty R
kf‘f &\\\\/r Fror oy Foror oy
—2r 1 -2 \;R;\ \"‘/’r’r'i'r‘"r"ﬁ -2r V'/V*v" * '—_
k. s Y by L N
RN /’r'r'r by \ ‘ ///’,-”;' BPJT
_4 I 1 1 _4 L S R i / / _44 N ; - AR ;o
0 2 4 0 g 0 2 4 6 8 ” o 8
R R 42



Examples: Large Aspect Ratio Tokamak

2 , Large aspect ratio
A*II)__H RZ dp _ 1 dF : (Standard tokamak)
°Tdy 2 dy |
g
dp 1 dF e

-
Jo =" qpt 2urdy

Major
Radius

I
[

T Assuming: oo Ro
o
* Jo=J,= constant . ) vy 0%y 1 3y
© Fw)=B.R,=constant AV =RV:\37) =572+ R5p\R ok

d : 1, i 10
=>—p—COIlSt Ivlo]q):_EAlI) = —U.Rj,= a_lf-l_RaR(Ra_lII;)

dy
1 2 2 1 2 * .
1/J(R,Z)=EA(R — R, )+EBZ A*Y = A+ B = —u,Rj,
Letd = B = — -J° YR, Z) = —”ZO [(R? = R,") + 27]

2
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Equilibrium reconstruction

oS Kl
e 2
pr 3
z m
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et

Magnetic Diagnostics (Essential for the Grad-Shafranov equation)
— Magnetic flux loops: Measure poloidal flux i at different locations.
— Poloidal field (PF) probes: Measure B,,.
— Toroidal field (TF) coils: Provide information on B,,.
— Rogowski coils: Measure total plasma current I,,.
— Hall probes: Measure local magnetic fields.

* Interferometry & Thomson Scattering - Provide electron density profile
n(r).

« X-ray & Spectroscopy - Measure soft X-ray emission, used to infer
internal plasma profiles.

« Motional Stark Effect (MSE) & Polarimetry - Measure the pitch angle of
the magnetic field, used to infer the safety factor profile g(y).

« Soft X-ray and ECE Imaging - Can give additional constraints on plasma
shape and profiles.
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Equilibrium reconstruction — conti.

dp 1 dF? _ dp 1 dF?
dy 2 dy dy " 2u.R dy

JoW) p(P) F(p) <=They are constrained with each other. When
two are given, the third can be calculated.

« Adjustable functions: F(y) and P(YP) are written in analytical forms.
« Solve Grad-Shafranov for y)(R,Z)

« Compute derived quantities (flux loops, magnetic probes, pitch angles)
« Compare to diagnostics

* Adjust profile parameters

* Repeat until residuals are minimized

« Calculate Jj¢@)
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Magnetically confined toroidal equilibrium

(S Kl

< ‘S
& e
5 3
7 F
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1. Radial pressure balance in the poloidal plan needs to be provided so
that the pressure contours form closed nested surfaces. Both toroidal

and poloidal fields can readily accomplish this task.

2. The radially outward expansion force inherent in all toroidal geometries
needs to be balanced without sacrificing stability.

* Forces associated with toroidal force balance are usually than those
corresponding to radial pressure balance. However, they are more

difficult to compensate.

Z Z
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Toroidal configuration with a purely poloidal magnetic field

®
& <
o 1
z m
s &
“, S
) v
Taat

 Hoop force: I » Tire tube force
Y=Y, =9y PL=D2=PpP
N B,2S, — B,%S B N .
Fygr < €g Y Frgp x —eg(pS1—pS2) >0

: . Constant pressure
m m contours
I
U{'s, .S - R S | Sz R

By 5 B, S, pS; pS;

B?S, > B2 S, pS;< pS,

— > Net force
Net force
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The outward force can be compensated by either a

perfectly conducting shell or externally applied vertical field

» Perfectly conducting shell

7 Perfectly conducting wall

Expanded flux
reduced B

Compressed flux

R

increased B Fp =

- Externally applied vertical field ~

V4

%@d B

Vertical field

Finite conductivity

With a finite conductivity wall, flux can only remain compressed for

about a skin time.

This configuration develops disastrous MHD instabilities (z pinch).

48



Toroidal configuration with a purely toroidal magnetic
field, stable but NOT balanced

Plasma is
diamagnetic

Coil current

(B%—B%)Ss

(822 B?E)SZ

Net force

A~ Ro 24 I

B Bq)eq) B(I) = BO? o Z;Rc

o

(Ba1 i17)S1 — (Ba2* — Bi2”)S, >0

z 2p,
Perfectly conducting wall
Magnetic lines
R
J X B vert
B vert /._Q

j X Bvert

is not pointed along éy

M=
A 4 @ v

] X Bvert
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Coils in a tokamak

Inner poloidal field coils

(Primary transformer circuit)

Poloidal magnetic field Outer poloidal field coils

Resulting helical magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

« Toroidal field coils (in poloidal direction) — generate toroidal field for
confinement.
« Poloidal field coils — generate vertical field for plasma positioning and
shaping.
« Central solenoid - for breakdown and generating plasma current (in
toroidal direction) and thus generating poloidal field for confinement.
https://www.euro-fusion.org/2011/09/tokamak-principle-2/
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Fluxes and currents

Two neighboring
flux surfaces

Poloidal flux: Yy
Yp
Toroidal flux: Py

Poloidal current: I

Toroidal current: I,
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Normalized plasma pressure, 8

_ plasma pressure  2uy(p)
"~ magnetic pressure  BZ \
1 N |
- Plasma pressure: (p) = v jpd T «a
p
B2 -
 Magnetic pressure: Pg = Ao
21,
2
Hol 2
£ T 5 o "\Zma) 1712
B> =B,” B,=B@R=R, « Elongation:
g2 tol 2 (Bl 2 B, = Zﬂo(zp) g - 4m2a?(1 + k%)p
P \2ma) \ C, B, P TN
5 1 1 N 1
1+ K = T
C, ~ 2ma B B: By
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6 =-0.5
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Different poloidal shapes
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Safety factor

Kink Safety Factor:

aB, 2ma’kB,

q (r) =

R,B,  moR,I,

Inner poloidal field coils
(Primary transformer circuit)

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

Resulting helical magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)
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Kink instability in action in a 3 by 25-cm pyrex tube at
Aldermaston

https://en.wikipedia.org/wiki/Kink_instability
R A Bingham et al 2026 Plasma Phys. Control. Fusion 68 030201
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Safety factor
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Fazan®
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« Shear

Flux surface

e

POLOIDAL
PLASMA CURRENT | MAGNETIC

\
v\

TOROIDAL MAGNETIC
MAGNETIC FIELD B,
FIELD
LINE = ROTATIONAL
7 TRANSFORM
— ANGLE ¢
(@

N
* Rotational transform: ;= lim %2 40,

N

N—-oo
1
2 dy./dv
« MHD safety factor: q(V) = , (17:) = d:/I)); Tav Y= (V) o, =9,(V)
. | v dg _ . (d,/dv
Shear: sW) =205y W = 2n (g4

C. C. Baker, et al, Nuclear Technology/Fusion, 1, 5 (1981) 56



Global magnetic shear

N
e

Poloidal angle (0)
3

; /

-— |nner surface
- Quter surface

0 (4 21 3 41 51 61 7T 8w

Toroidal angle (¢)
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Volume of the constant flux

R =R, +rcosf

Z = rsinf

Y =Y(r,06)
A r=71(00,9)

L [ [ [sravaaa

RO ﬂl R
2n . 2 /(7
V(y) = nRof dor |1+ - (—|cos6
0 3 \R

o

Do
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A cylindrical plasma column is stable when the safety
factor is greater than unity

- Sausage instability (m=0) - Kink instability
I
plasma o sl E&ﬁ:ﬁg
surface -
By large
By small
rB,(r) _
« MHD Safety factor: q(r) =——— Kruskal-Shafranov limit

B R,By(1)
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Magnetic well
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A B ¢
, V d B?
=2 — + — NO EQUILIBRIUM NEUTRALLY STABLE (METASTABLE)
(B?) dV HoD 2 EQUILIBRIUM

%
« A magnetic well is a quantity / //%%

that measures plasma stability
against short perpendicular D E

Wavelength mOdeS driven by STABLE EQUILIBRIUM UNSTABLE EQUILIBRIUM
the plasma pressure gradient.

F G
EQUILIBRIUM WITH LINEAR EQUILIBRIUM WITH
STABILITY AND NONLINEAR LINEAR INSTABILITY
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Variational formulation for checking stabilization

. Equilibrium state: j,xB,="Vp, -
N N RN RN g /
« Momentumeq: p, —+(v-|7)v =jxXB—-V-P
AN D
—_— —_— a |
pm — po _|_p1 p — p() +p1 T)\ — _\0 + "ijl — ﬁl — _f STABLE EQUILIBRIUM
j=j,+j, B=B,+B;=B,+Q /’%
62? N _\ = —_ N N — —_ g
Pm—z = F (3) F(3)=7,xQ+7,xB,—Vp, :
UNSTABLE EQUILIBRIUM

F (%) =”—(V><Bo)>< Q +H—(V>< Q) xB,+V(§ -Vp+ypV-¥)
o ()]
« The change in potential energy associated with the perturbation:

1 RN RN —
5W=_§jf -F(E)dT‘ - Stable requirement: W > 0
— (2
swy =L | a7 |19 +BZIV-? 27 % +yplv-Z|
F~=2 Ho Mo * N

_2(?J_ ' Vp) ('_c\ ' ?\J_*) —Jj (?J_* X T;) ' 6J_]
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Variational formulation for checking stabilization

o LY,
< S
& <
5 1
% ]
2 4

- The change in potential energy associated with the perturbation: 4
1 ¥ N, N .
oW = ) ff - F (f)d T - Stable requirement: W >0 W

D
|Q\ |2 BZ STABLE EQUILIBRIUM
4

—_

—_— 2 —_—
+—|V-& +2& K| +yp|V-
q A

_2(?¢ ' Vp) (’_C\ ' ?_L*) —Jy (?J_* X T;) ' 6_1_
« Stabilization terms: ]
0.

o

ow —1 d7
F=75 r

E
UNSTABLE EQUILIBRIUM

: For bending magnetic field lines, (shear Alfvén wave).

B? N N 2
Il_o(||7 E, +2¢& - x|) : For compressing the magnetic field,

(compressional Alfvén wave).

2
yp||7- E| :  For compressing the plasma, (sound wave).

- Destabilization terms: _2(7)9L . Vp) (Tc‘ . ?L*) _, (?l* y Tf) | Ql
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Alfvén waves

« Shear Alfvén wave:

* Longitudinal sound wave
(the slow magnetosonic wave)

e
S
ettt

- Ky
S
- o
& <
P t
H
i
% s
v 4

* The fast magnetosonic wave -

(Compressional Alfvén wave):

‘| ‘L “I ‘L“ I
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Alfvén waves

« Shear Alfvén wave:

@jed B field

Equilibrium
B field

= [

Y
Y
'
Y

- - - -]

B field

 The slow magnetosonic wave

(Shear + Compressional Alfvén wave):

Equilibrium

pressure

¥ L, - L, < K contours
™  Perturbed

z pressure
v Combined

pressure

contours

z

* The fast magnetosonic wave -

wE Ky,
3% A
& <
¥ %
2 &
% &
v 54

(Compressional Alfvén wave):

! J f
A } t Equilibrium
y </ B field
! J !
‘ 4 — 4
z \ Perturbed B field
” Total
y B field
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Classification of MHD instabilities

 Locations:

— Internal/Fixed boundary modes: mode structure does not require any
motion of the plasma-vacuum interface away from its equilibrium
position.

— External/Free-boundary modes: the plasma-vacuum interface moves
from its equilibrium position during an unstable MHD perturbation.

 Dominant destabilizing term

— Pressure-driven modes: the dominant destabilizing term is the one
proportional to Vp.

— Current-driven modes: the dominant destabilizing term is the one
proportional to J;,.

— 2
B? N
d7T [o,] +—|

SW _1 v 2% R/ v. 2|
F_E uo ”O fJ_-l_ EJ_K| +yp| fl

_2(?J_ ' Vp) (’_c\ ' ?\J_*) —Jj (?J_* X T;) ' 6J_]
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Classification of MHD instabilities

 Locations:

— Internal/Fixed boundary modes: mode structure does not require any
motion of the plasma-vacuum interface away from its equilibrium
position.

— External/Free-boundary modes: the plasma-vacuum interface moves
from its equilibrium position during an unstable MHD perturbation.

 Dominant destabilizing term
— Current-driven modes, e.g., kink instability, sausage instability.

— Pressure-driven modes, e.g., interchange mode, ballooning mode.
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External mode vs internal mode

* Predicted behaviors of the plasma in ITER

-8

vs1
—4 | circuit

| n=1 external .
kink mode

In-vessel

j VS coils .

N

e,
s
o .
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lllllllllllllll

D n=4 internal |
mode

o — >

—— R
G N
N
- N
R
\
[ N
{ N N
\

Ccs3aL | cs2L

R [m]

2 3 4 5 6 7 8 9 10 11 12
Rm]

https://www.iter.org/newsline/-/3401
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External vs internal kink instability

« External kink instability * Internal kink instability

Reconnection
region

T = constant

e

Regiong=1

https://en.wikipedia.org/wiki/Kink_instability
R A Bingham et al 2026 Plasma Phys. Control. Fusion 68 030201
E. G. Zweibel and M. Yamada, Annu. Rev. Astron. Astrophys., 47, 291 (2009)
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Current-driven instability
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« Sausage instability (m=0) * Kink instability (m=1)
54 ns 70 ns

(a) Face-on Cathode

8.3 mm

Side-on

35ns 60 ns 75ns
Side-on

F. N. Beg, et. Al., Plasma Phys. Control. Fusion 46, 1 (2004) 69



Kink instabilities in the lab

central object —20 cm—
or inner electrode \ unnulfys
- as feeds
'\;: disk gas feeds
\
bias field coil

[11]

(un)

poloidal field accretion disk or
outer electrode

i - Zernnlc break

magn (tic 'pr e | ==
/‘/vacuun wall

10.25 Us 10.75 us

=

15 s &S |is 1T8I5 s

S. C. Hsu, P. M. Bellan, Phys. Plasma 12, 032103 (2005)
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Kink instabilities in space

@024.571' @0:7.571' @0:9.071'

\\/\\; ~/ \\f‘ =\/ \/\

t=25 W=0.59

t=21 W=0.61

<

T Torok et al, Plasma Phys. Control. Fusion 56, 064012 (2014) 71



Kink instability in Tokamak

https://en.wikipedia.org/wiki/Kink_instability 72



Pressure driven instability — interchange perturbations

#® K

& ¢,
5 %
Z F
s 4

 Unstable: bad curvature Tic . Vp <0 . stable: gOOd curvature Tz‘c | Vp> .

ExB

Sl

Re l}‘ic Curvature
&——>R.x B Curvature drift
B
Unstable Stable
plasma—vacuum plasma—vacuum
interface interface

Ben Dudson, Lecture note of Magnetic Confinement Fusion 2014 73



Rayleigh-Taylor instability

* Rayleigh-Taylor instability
Unstable

plasma—vacuum
interface

Plasma p

gravity

04/ 04 0.4 -0.4

-0.5 05 -0.5

05 .
0 0.1 0.2 0 0.1 02 0 0.1 02 0 0.1 0.2
x X X X

« Kelvin-Helmholtz instability

(c) (d)

https://en.wikipedia.org/wiki/Rayleigh%E2%80%93Taylor_instability
https://en.wikipedia.org/wiki/Kelvin%E2%80%93Helmholtz_instability
- Xie Lei et al, Energy Report 7, 2262 (2021)
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Pressure driven instability — interchange perturbations

Good curvature Unstable

R.-Vp<O

Bad curvature

Bt
Suydam criterion for 2r2 1 _. 1 | r dq
cylindrical plasmas: Ho B_ez 2 Rc.-Vp>-—7 Shear: s = g dr

Mercier criterion for tokamak: D — 2r 1 dp (1 2) - 1
~ "Hopz sz gy 1 4

#® K
& ¢,
5 %
Z F
s 4
e i
Tea31
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Ballooning mode — show wavelength mode

- 2

1| |le.]
sWy== | d +
P2 " e

05 10 15 05 1.0 1.5 05 10 15 05 1.0 15
R
R. Khan et al, Phys. Plasmas 14, 062302 (2007)
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Ballooning mode — show wavelength mode

Tokamak Ballooning Mode Visualization (Artificial)
(m=5, n=4) (m=10, n=8) (m=15, n=12)

https://blog.sciencenet.cn/home.php?mod=space&uid=222053&do=album&picid=308476#pic_block

rrrrr
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The Spherical tokamak

4 I I I

Contours of
constant Y

« Aspect ratio R /a ~ 1.6

(a) | Large aspect ratio Tk
' (Standard tokamak)

(] i » 2_ [:] | -
' Minor " Minor
radius radius
WL W
Major : -2F 7
Radius }
Low aspectradio |
(Spherical tokamak) 4 I I |
0 2 4 6 8
. (b) R
Z , Good curvature Bad curvatt
V Bt BAD
B _ LiUH}/f\TlJHf
¢ 2” _— REGION ——
—Vp —Vp
Zhe Gao, Matter and Radia. Extrem., 1, 153 (2016) B i T A

Y-k. M.Peng and D. J. Strickler, Nucl. Fusion 26, 769 (1986)
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The Spherical tokamak

« Aspect ratio R /a ~ 1.6
« Advantages:
— Higher B, limit.
— A compact design almost spherical in appearance.

« Challenges:

— Minimum space is given in the center of the torus to accommodate
the toroidal field coils.

— With a very compact design the technology associated with the
construction and maintenance of the device may be more difficult
than for a “normal” tokamak.

— Large currents will have to be driven noninductively, a costly and
physically difficult requirement.
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Limiter protects the vacuum chamber from plasma
bombardment and defines the edge of the plasma

DA

Poloidal limiter Toroidal limiter Rail limiter

#® K
& ¢,
> %
Z F
S 4
e i
Tea31

Interior magnetic line ~ ® Vertical field « Vertical field < Vertical field
Plasma surface is correct. is too small. is too large.

Exterior magnetic line

Limiter
Shadow region ’\ @ @

[ 1 || [ | | |
[} | |
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Limiter protects the vacuum chamber from plasma
bombardment and defines the edge of the plasma

A mechanical limiter is a robust piece of material, often made of
tungsten, molybdenum, or graphite placed inside the vacuum chamber.

Some of the particles of the limiter surface may escape. Neutral

particles can penetrate some distance into the plasma before being
ionized.

The high-z impurities can lead to significant additional energy loss in
the plasma through radiation.

In ignition experiments and fusion reactors, the bombardment is more
intense and extends over longer periods of time. In addition, if the
impurity level is too high, it may not be possible to achieve a high
enough temperature to ignite. Interior magnetic line

Plasma surface

Exterior magnetic line

Limiter
Shadow region
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The magnetic divertor — guide a narrower layer of
magnetic lines away from the edge of the plasma

. Single-null + Double-null « Island
poloidal-field  poloidal-field  divertor for

divertors for divertors for stellerators
tokamak tokamak
y— Scrape-off layer
Separatrix
/ X-point
D
Diverter plates

 Standard  Snowflake

- 44 -
. - |
. »
- -
" o
.- e
- vy
- %

.~
.- d
- - f, =
.- [k
" .

.
.
» .

e B | | Y. Feng, Nucl. Fusion, 46, 807 (2006)

2.5 L Xue et al, Plasma Phys. Control. Fusion
R (m) 58, 055005 (2016)
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Pros and cons of a divertor

« Advantages:

— The collector plate is remote from the plasma. There is space
available to spread out the magnetic lines.

— A lower intensity of particles and energy bombard the collector plate
leading to a longer replacement time.

— It is more difficult for impurities to migrate into the plasma.

— There are longer distance distances to travel and if a neutral particle
becomes ionized before or during the time it crosses the divertor
layer on its way toward the plasma, its parallel motion then carries it
back to the collector plate.

— The larger divertor chamber provides more access to pump out
impurities.

— The plasma edge is not in direct contact with a solid material such as
a limiter.

- Disadvantages: larger and more complex system and more expensive.
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Course Outline

« Magnetic confinement fusion (MCF)
— Gyro motion, MHD
— 1D equilibrium (z pinch, theta pinch)
— Drift: ExB drift, grad B drift, and curvature B drift
— Tokamak, Stellarator (toroidal field, poloidal field)
— Magnetic flux surface

— 2D axisymmetric equilibrium of a torus plasma: Grad-Shafranov
equation.

— Stability (Kink instability, sausage instability, Safety factor Q)
— Central-solenoid (CS) start-up (discharge) and current drive

— CS-free current drive: electron cyclotron current drive, bootstrap
current.

— Auxiliary Heating: ECRH, Ohmic heating, Neutral beam injection.
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Breakdown

Collisions play an important role in ionization process

« At the microscopic level, breakdown requires the presence of sufficiently
energy charge particles that have acquired enough energy from the
applied electric field between two energy-dissipating collisions to ionize
the material and to create more charge particles.

Energy > ionization level Gain energy
O o ©
E E E

, Vo
& <
B 3
% 3
% &
Ty 4
T3t
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In most cases, electrons dominate the breakdown
process since its mobility is much larger than that of ions

1 ’ZE
Ek=—mv2 v = 27k EkaT
2 m
-1/3
S n
Collision time: t= ~ vm n = #/ _#// son-1/3
ZEk \/T V 53
\/ m
m; . L
—~2000 X Atomic mass L ~45x+VA

m, te
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Mean free path is important in ionization process

* For an electron to acquire enough energy between collisions, its
mean free path in the material must be sufficiently long.

Mean free path, A

Cnll ®

@\ Ex=eXEXA=eV

E
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Electron impact ionization is the most important
process in a breakdown of gases

« Electron impact ionization: A+e- — A*+e +e-

— The most important process in the breakdown of gases but is not

sufficient alone to result in the breakdown.

eEZ.; = eV; V.: ionization potential

E

Excitation Excitation

lonization

lonization
Az

lonization lonization

Elastic

EA,

i, g |
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Collision cross-sections of elastic, ionizing collisions
between e- and H, and coulomb collisions

100

Cross-section 1020 m2
5
—_ o

o
—

0.01

---Ela.st‘ic:collis.iqns (e- VS H2)
—lonizing collisions (e-_l_ H2 — Ze-+H+ + H)

, = Total neutrals

—-Coulomb collisions (e- VS H+)

1.75 x 1016
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aelastic,mz

#® K
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T3t
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€= We Eion~15 eV for H,
Eign
; € InA
| ‘ T O coulomb =
° Electronle(:\?ergy (eV) o0 1000 conon 4n€02me2ve2
et 5
_ = InA~10-16w ~
v ="nVgg 16me,2W,° ©
1
Iy forInA~13 — 15

P. C. de Vries and Y. Gribov, Nucl. Fusion, 59, 096043 (2019) g9



Townsend avalanche process for Tokamak breakdown

» The first Townsend coefficient a: the number of ionizing collisions madg
on the average by an electron as it travels 1 m along the electric field:

1 Vei n0<o-ve>ne p (O'V>ne _ _ 1 <Gv>ne
aA~—=——= — = — — = Ap A=— -
A Ve Ve T v, T v,
 Number of primary electrons with energy higher than the
ionization potential:

dn, = —n dx = ne(X) = exp (— ﬁ)
° " A Meo %

#/ ionization collisions

X (#/electron with E > ionization potential)
per electron

(44

_ 1 ne(xi _ l ﬁ
A Me A eXp A A =3.83 m'Pa'=1060 m'Torr"’

1
a = Ap exp(—Apx;) B =96.6 Vm-'Pa' = 35000 m-'Torr"

AV~ B V*
a = Apexp <— E/p> = Apexp <_E_/p> Xj = T where V* > V;

 The parameters A and B must be experimentally determined.

S
e 2

> a1
z m
g 5
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Paschen-like curve for minimum breakdown voltage

L= = ave (7
~— = a = ex i
S P PEXP\ " E/p

* Forp=1mPa, 2,~262m ,forlITER, 2nr,~38 m

* For breakdown to happen:

BplL
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BpL - 1
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P. C. de Vries and Y. Gribov, Nucl. Fusion, 59, 096043 (2019)
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Perpendicular stray-field (B,) needs to be as small as
possible

~7

* Forp=1 mPa, 4,~262m ,forlITER, 2nr,~38 m

27r,

B, B,
—Z.1073 A X—=0.26m
BT ' BT

 ForITER,

E~Ejgop = 0.3V/m
p=1mPa Lgp=357m
* Required loop field:

1.25 x 10%P
EBD > Torr
In(510PL,)

B,
Lc = 0. 25aeff B_T

« W/ preionization: ET? >100V/m

* Purely Ohmic discharges: Ey % >1000V/m

C. de Vries and Y. Gribov, Nucl. Fusion, 59, 096043 (2019)
J.

P.
S. J. Doyle et al, Fusion Eng. Des. 171, 112706 (2021) 92



Examples or required loop electric fields

1.25 X 10*Pygr
In(510PL,)

Egp >

Lc = 0. 25aeff <—

By

E
townsend
—— with L[m]=574.2
at R[m]=0.23
A <E >atRmj=0.23

10" ¢

E
townsend
m— yith Lf[m]:271 3
at R[m]=0.51
A <E > at RmJ=0.51

Emwnsend
— With Lf[m]=246.85

at R[m]=0.8

Il
Etownsend
== with L [m]=121.05
at R[m]=1.09
A <E >atRm]=1.09

Il
Emwnsend
e with L [m]=45.75
at R[m]=1.37
A <E >atR[m]=1.37

A <E >atRm=08 | |

Electric field [V/m]
: Q(‘—‘——

1073 102 107
Prefill gas pressure [Pa]

10°

+ W/ preionization: Ez " > 100V/m

Bz) * Purely Ohmic discharges: Ey ? >1000V/m

y

Solenoid~

. 0¢p 0l
¢~ 9t~ ot

1 3¢
E""_anﬁ

H.-T. Kim, etc., Nucl. Fusion 62, 126012 (2022)
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Central solenoid can be used to provide the required
loop voltage for breakdown

o
& T
P i

H
7 F
3 i
%, &
Y"’b r;
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Epoxy Electrical
Moulding break

Wrapping
Ring | { Cylinder

Torque
Arms

Flexible
Joints

TFC Inner
Bars

74 _ Asol”Nsol dIsol
loop Lsol dt

J. Segado-Fernandez et al, Fusion Eng. Des. 193, 113832 (2023) o4



Height Z [m]

Poloidal coils are used to reduce the stray field during

breakdown
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Momentum exchange may be needed to drive plasma

current

Jy =Xqn7v = —en, UV, + en; U;

ECRH #1
ECRH #2

) ¥ ECRH#

Z[m]

HXR energy spectrum
nd intensity

00 05 10 15 20
Rm] Yuejiang Shi et al, Nucl. Fusion 62, 086047 (2022)
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Solenoid can be used to drive the plasma current

I dIsol
Ltora + IR = Vloop =M dt Solenoid—
8r,
Lior = UoTo |In a ) 1.5
27tr,

Rspitzer = MNspiter A
tor

Nspiter = 5-2 X 1073Z InA T oy >/




Current is initially driven at the surface and then
diffuses into the plasma

Simplified Ohm’s law: E+7xB=n7]
| | .. B B,
Assuming a stationary plasma: pxF = T V X (11 j)
t

Assuming a constant n:

a N RN —_\ —_—
——VXB=nVXVXj =11(|7(|7']')—sz)

ot
aj N
J _ 1 vz
at
Assuming non-constant n:
aj 1 _,. N djr 1
— = _ . = —:—|72 .
ot~ V7)) =v[v ()] 5¢ = .V @in)

Since n a T3, resistance drops with higher temperature. The typical
limited temperature is ~3 keV.
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Eddy current needed to be considered

Side view (xz plane)
Inner vacuum vessel wall

outer vacuum vessel wall ;
Central solenoid current

(time-varying current)
Eddy current induced in

inner vacuum vessel wall Discharge voltage

induced in the vacuum/
plasma current
induced in the plasma

Eddy current induced in
outer vacuum vessel wall

D CEUBIRE pafe Central solenoid
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YWY

UAIRIAIRIR
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Chamber is broken into ring elements carrying eddy
currents

CenterLine 4100 mm  .2™™, Center Line 188 elements

@ 3 . " (b) —
| 88 mm L. ! ( <—»10 mm
| 140 +140 ' I I
I = 280 turns O | g3y < :

| elements
' OO0 fwmd !
I Isolation: 12 mm |:107 mm > > 113 mm
Coil: 10 mm : r

I Cooling: 7.6 mm * I< » 833 mm
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The eddy current in each chamber element is solved

numerically
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Eddy current on the chamber wall is induced when the

current of the solenoid changes with time
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Temperature of 100 eV is the threshold of radiation

barrier by impurities

L [Wm?]

Line and recombination-induced
radiation
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| radiation

H. Lux, etc., Fusion Eng. Des. 42, 101 (2015)
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Plasma temperature can be estimated using the simple

circuit model

Current Profile
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The collisional re-distribution of the ECRH-driven

anisotropy in E, causes some parallel momentum to
flow from e- to ions

« Coulomb collisions are more efficient at lower energies.

.* nuhiurnl||-.|-hppil-nrl’uul-ullHnlllﬂhn||I'H|Itrfllllll"lir*l“
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* Electron cyclotron current drive: f ® © 9:>.
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V. Erckmann and U. Gasparion, Plasma Phys. Control. Fusion 36, 1869 (1994)
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Passing electrons can be trapped if the v, Is increased

by heating

w— kv, =

neB

yme

Fisch-Boozer

Ohkawa (Collisionless™

V. (Collisional region) Vi  region

L1 /1P

Boundary

ViV

Lecture note “Physics and Applications of Electron Cyclotron Heating and Current Drive” by R. Prater from GA at 6t
ITER International School 2012, Institute for Plasma Research, Gandhinagar Ahmedabad, India, December 2-6, 2012
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Comparison of Fisch-Boozer Mechanism and Ohkawa
Mechanism

Sy
< ‘S
& <
A 3
7 F
C3 &
“, s
it

Aspect Fisch-Boozer Mechanisml'] Ohkawa Mechanism[?]
: Asymmetric heating of passing Selective de-trappl_ng of bar_e ly
Physical : trapped electrons into passing
electrons with subsequent . . .
Process . . orbits (collisionless
collisional momentum transfer :
mechanism)
Req_u[res Yes (collisional mechanism) No (col_llsmnless pitch-angle
collisions? scattering)
Key Par_tlcle Passing electrons Trapped (or barely trapped)
Population electrons
Wave i Depends o.n Do_ppler-shlfted Usually near edge where barely
absorption |resonance; typically near ;
i : : . i trapped particles are abundant
location magnetic axis or mid-radius

1 N. J. Fisch and A. H. Boozer, Phys. Rev. Lett. 45, 720 (1980).
2 T. Ohkawa, “Steady state operation of tokamaks by rf heating,” General Atomics Report No. GA-A13847 (1976).
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Strong absorption occurs when the frequency matches

the electron cyclotron frequency

« Electron cyclotron resonance (ECR) plasma reactor
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Electron cyclotron frequency depends on magnetic field

only

 Assuming B =Bz and the
electron oscillates in x-y plane

 Therefore
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Electrons keep getting accelerated when a electric field
rotates in electron’s gyrofrequency

dv e N N N R o
me— =7 UVxB—eE B =B,z FE =Ey[xcos(wt) + ysin(wt)]

: e : e ] .
m,v, = — szy + Egcos(wt) mev, = EBvx + Epsin(wt) m v, =0
v, = — v, — —wsin(wt) = —w v, —— (w w)sin(w

X mec y me ce X me ce
.o eB . EO _ 2 EO
v, =— mecvx + m—ewcos(wt) = —We"Vy + E (wee + w)cos(wt)
eB

Wee =

m,c
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Electric field in a circular polarized electromagnetic
wave keeps rotating as the wave propagates

* Right-handed polarization « Left-handed polarization

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



Only right-handed polarization can resonance with
electron’s gyromotion

A e-
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FIGURE 13.5. Basic principle of ECR heating: (a) continuous energy gain for right-
hand polarization; (b) oscillating energy for left-hand polarization (after Lieberman and
Gottscho, 1994).
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Strong absorption occurs when the frequency matches

the electron cyclotron frequency

« Electron cyclotron resonance (ECR) plasma reactor

RESONANT SURFACE
W= weg

MAGNETIC NOZZLE
MAGNETIC TRIM COIL
RESONANCE COIL

TARGET
MATERIAL

CERAMIC
WINDOW

INPUT WAVEGUIDE

—— \\\\\\/

& 8

z m

2 &
it

113



The collisional re-distribution of the ECRH-driven

anisotropy in E, causes some parallel momentum to
flow from e- to ions

« Coulomb collisions are more efficient at lower energies.
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Neutral beam injector is one of the main heat
mechanisms in MCF
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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 qpyy 2.8 MW, 0.2 5 Power somrees
in tokamaks : U Provides
ECRF 30-40%  and windows, Hoaxis CD
ITER needs  150-170 GHz 50 MW, SS off-axis CD Of-axis
Demonstra.ted 925190 Ml 22. I}IV\ 3 ; (L-mode);
in tokamaks 16.5 MW, 3 s (H—Illode) Provides ion
ICRF 50-60% SE‘E\:H:olerant heating and
ITER needs  40-75 MHz 50 MW, SS ° smaller ELMs
Demonstrated ‘ , 2.5 MW, 120 s;
in tokamaks 1.3 8 GHz 10 MW, 0.5 s Launcher, Provides
LHRF 45-55%  coupling to .
ITER needs 5 GHz 50 MW, SS Homode off-axis CD
Demonstrated 80-140 keV flo I\IV\ 2 CH
in tokamaks 20 MW, 8 s Not
+ve ion 35-45%  None appllicable
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

Ng?‘%l

System, tests
on tokamalk,
plasma CD

provides
rotation

‘SS’ indicates steady state

Nuclear Fusion, 39, 2495, 1999
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Neutral atoms are ionized by collisions in the plasma

Energy of hydrogen beam atoms

107" 10 keV 100 keV

L T T T T T

Charge
Exchange (o4,)

L L

I

Cross- ~
section ~

(m?)
10 %

Electron ~
ionization ™~

1074 | L L g

Tonization
by ions{q,)

| -

10 keV 100 keV

Energy of deuterium beam atoms

Charge exchange:
H,+H,* — H," + H,
lonization by ions
H,+H*—> H,*+H*+e
lonization by electrons

H, + e-— H,* + 2e-

b: beam
p: plasma

John Wesson, Tokamaks 3™ edition
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Neutral beam absorption length increases with
tangential injection

« It is more difficult to access through the toroidal field coils with
tangential injection.

Tangential injection

@ Normal injection

field coils

John Wesson, Tokamaks 3™ edition 118



Neutral particles heat the plasma via coulomb collisions

. " Meutral beam Baam Baam Baam
on on . ) Geana@lion  |MNeul@lzalion Tamepar
U Acceleration Mentralisation = u

lons Cakrimalar ély

(los=as)
Heutral Collisional Dump
»> Tomisation Slowinz-down I—I
beany

PLASKA
Yacuum Ves==al

FlE=ma

Aocaleation

Grids
Magnal Caoil

High Spasd )
Yacuum Fump hblggﬂr:?d' ng

1. create energetic (fast) neutral ions

2. ionize 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

100
90 -
80 -
70 -
60 -
50 -
40 -
30 A
20 -
10 A

Neutralisation efficiency [%]

10 100 1000
Energy [keV/amu]
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There are two ways to make negative ions — surface and
volume production

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

— 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
. Magnet
Extraction @ Cnamber
i (a) s /s 8 _ s
=>0=>0=>0=>8
-\ Plasma Grid
H— IDn Permanent é:]cgmber

( ) Magnet \
i Z/ =]

------- \-PlasmaGrid

Chomb

Magnetic Filter . amber
g Plasma Extraction (c) B B

Grid Grid SN P

-
—= lro -\ Plasma Grid
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Adding cesium increases negative ion current

Cs-Seeded oo < 'E:.
Source Plasma

...................
...................

..................

i HY Hpt Hgt
" Positive lon ::

..............
OO0

Cesium Coverage

Plasma Grid

NEGATIVE ION CURRENT | , - (A)

-t
N

-
L=

Varc=70 V o
Vb=2-3V o ©
Vacc=50 kV o
with Cs o °
PA =1 .0 Pﬂ o]
[ &)
Q
o Q
]
o without Cs
o] Pa=1.4 Pa
Q
© 5 poooo poono@m O
]

J

200 400 600 800
ARC DISCHARGE CURRENT larc (A)
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Electrons need to be filtered out since they are extracted
together with negative ions

Ton Ton . |
Sonree Acceleration Heutah=aten
Heutral Collisional
> Tomsathon Slownng-down
beam
PLASMA

Meutral beam

i i
% &
\¢ 4

Permanent Magnet Cooling Tube
\
) = ©
>
) B
- Negative
(a) ’Ion Beam
) B Q
s~
s NO O
T
Electron
Plasma Extraction Grounded
Grid Grid s“p‘gfizs"’" Grid
b,C>0 —
. egative
Electron ""Ion Beam
® D 1 [ ]
-Electron :
B
D [ >0 1]
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Acceleration

* Multi-stage acceleration =~ - o P
- Single-stage acceleratic £ qéf“ &
Le@ & &
&, & S

SINGAP

SNgle CAP
SINGl= APertured

i T

RS T s

£ dldid
NANUG 1R Ll
QU Aperture g%i ﬁig EE:% i:g
MUt Gried - 13; i{;l_l- g;:.n. L

LtREL LI

2/ |/ @5

9444

[~ J‘dy J"@* O
&?4‘ &\9'3 69' ‘:9-
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The ITER neutral beam system: status of the project and review of the main technological issues,
presented by V. Antoni 125



NBI system of the LHD fusion machine

=

INSULATOR

180 keV and 30 A
Arc chamber: 35 cm x 145 cm, 21cm in depth

Single stage accelerator

0

NEGATIVE

\ ACCELERATOR :
/ Permanent Magnet B
Cooling Pipe  Coolin H

H™ Ion@— ''''''

''''''''''' ION BEAM
(o] e O
Grounded ExtractionPlasma
\ Grid Grid Grid /
Negative lon Accelerator FILAMENT

y FILTER FLANGE

ARC CHAMBER

Y. Takeiri, etc., Nucl. Fusion, 46, S199, 2006
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JT60U NBI system

JT-60 (Japan-Torus) is a tokamak in Japan.

550 keV, 22A
 2m in diamete

3-stage acceélergtt
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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 A
50 A
40
30

+ -1.58 MV
20 | \
10 A p*

1.6 MeV D°
e -\

(b)

(a)

Neutralisation efficiency [%]

Energy [keV/amu]

+1.58 MV

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



NBI for ITER

s Xy
e K,
3 2
& <
P &
H
% F
Y 4
% &
1,
v 4
et

« 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

9m

e ‘:.I‘ :_: ‘ =N :5:: L

. @ ’,‘*4\\\ &

be"ows - A 4'4*2-:-:- T
calorimete N
Gate valve ,@

"TT‘" .

= 7 e/
neutralise =

MAMuG Source
and accelerator oSm

The ITER neutral beam system: status of the project and review of the main technological issues,
presented by V. Antoni 130




Neutral beam penetration

- 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://www.iter.org 131



Temperature of 100 eV is the threshold of radiation

barrier by impurities

L [Wm?]

Line and recombination-induced
radiation

o L W VI WY

AR R Y LW T L R W}
oW A T L N Y
LSRN AU T \ T WY
\ \\\I v \I\ AN

_ Bremsstrahlung
| radiation

H. Lux, etc., Fusion Eng. Des. 42, 101 (2015)
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Course Outline

 Inertial confinement fusion (ICF)
— Plasma frequency and critical density
— Direct- and indirect- drive

— Laser generated pressure (Inverse bremsstrahlung and Ablation
pressure)

— Burning fraction, why compressing a capsule?
— Implosion dynamics

— Shock (Compression with different adiabat)

— Laser pulse shape

— Rocket model, shell velocity

— Laser-plasma interaction (Stimulated Raman Scattering, SRS;
Stimulated Brillouin Scattering, SBS; Two-plasmon decay )

— Instabilities (Rayleigh-taylor instability, Kelvin-Helmholtz instability,
Richtmeyer-Meshkov instability)
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Under what conditions the plasma keeps itself hot?

—
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3 z
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- Steady state 0-D power balance:
S, +S,=Sg+S,
S,: a particle 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
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Significant breakthrough was achieved in ICF recently

egoN
é .
> %
z m
s &
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e

 Inertial confinement fusion (ICF)

« National Ignition Facility (NIF) demonstrated a gain grater than 1 for the
first time on 2022/12/5. The yield of 3.15 MJ from the 2.05-MJ input
laser energy, i.e., Q=1.5.

https://zh.wikipedia.org/wiki/ B 2% 2 K & hff
https://www.science.org/content/article/historic-explosion-long-sought-fusion-breakthrough 135



Don’t confine it!
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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
on the target

v

| |

The target is ignited

m’ ™ ¥

€§:< A
3\ s

U733J1

The target
is compressed

The target
burns

Inertial confinement fusion: an introduction, Laboratory
for Laser Energetics, University of Rochester
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Compression happens when outer layer of the target is

heated by laser and ablated outward
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Laser light shines
on the target

The target is ignited
v
1’ \n

&
k 4

U73311

The target
is compressed

The target
burns

Light wave

Critical
L density

pCI‘, nCl’

ns! Y

De

| Sonic point M=1 |

—Corona l conduction zone — M Mach # = VIC,
Isothermal ' steady state :
expansion <
Subsonic flow M<1 v,=Ablation velocity

Time- dependenf
Supersonic flow=
M>1 i

v,=blow-off velocity }

T

Heat flows by
conduction

2 blatiop‘fr‘unt

Laser energy
deposited near
critical surface

Ablated plasma
Light
Hot

Prarget ~1-158/cC

< Xc " I
X gri_t_ifgzlztscl::ff:ﬁe -g=acceleration in the lab frame
e L
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
on the target

1I" M

~4rl1m >
n ‘;“

The target is ignited
l’ . Y
A ﬁ? A
u\ 'v

U733]1

The target
is compressed

The target
burns

Spatial profile at stagnation

Pressure

lllllllllllllllll..
A

T

temperature

heat flux

hot spot

Inertial confinement fusion: an introduction, Laboratory
for Laser Energetics, University of Rochester 138



A ball can not be compressed uniformly by being
squeezed between several fingers

Rayleigh-Taylor instability

P1

P2

1

P2

« Stages of a target implosion

(a) Early time (d) Peak compression

X Imprinting and shock
Laser drive

Feedout Core—shell mix

Propagating burn

Fusion neutrons, charged
particles, and x rays

Plasma formation
and laser—plasma
interactions

Hot-spot ignition

Rayleigh-Taylor growth, —
mitigation, and saturation

Shock convergence

Rayleigh—Taylor growth

Laser drive

(b) Acceleration phase (c) Deceleration phase

E9886J1

P.-Y. Chang, PhD Thesis, U of Rochester (2013)
R. S. Craxton, etc., Phys. Plasmas 22, 110501 (2015)
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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 140



The 1.8-MJ National Ignition Facility (NIF) will
demonstrate ICF ignition and modest energy gain
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and beginning
experiments
at LLNL

K , Ny 1o b
» 3 i _‘-! ‘V
Relative
size

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

200

Power (TW)

100

= | 1 !
10 12 http://www.lle.rochester.ed
Time (ns) https://en.wikipedia.org/wiki/Inertial_confinement_fusion
R. S. Craxton, etc., Phys. Plasmas 22, 110501 (2015) 142
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Softer material can be compressed to higher density

« Compression of a baseball

P> Pl N r44/a50

« 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/ 143



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

« Wave in the ocean: 10.6 km

213 km 23 km

10m

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

7000 943 282

ZL0[0]0) 713 213
{0[0]0) 504 151
200 159

10

10 36

« Acoustic/compression wave driven by a piston:

CS3 Ushock>c
Csz
av C., shock

v P Ozp
Cs ~ - \/7401!3
P P

http://neamtic.ioc-unesco.org/tsunami-info/the-cause-of-tsunamis
*R. Betti, HEDSA HEDP Summer School, 2015 144




Targets used in ICF

a_Cryogenic hohlraum

Tent < LY N - Gold hohiraum

_C_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 145



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

a Inner cone

Laser quads

b Shot
N130927

D-T ice layer
————— 2263 mm ——————>

CH ablator graded

2% Si doped \

entrance hole

5.0

Yield (kJ)

20 T T 1\5 T T . T T T T : T T , T T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T
32 | @Llow foot 1 | ‘ ] High foot
25 | High foot | l 1 i 1
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Fuel gain exceeding unity was demonstrated for the first time.

Nature 506, p343, 2014 146



The hot spot has entered the burning plasma regime

Hotspot pressure-energy [no-o.]
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D. T. Casey, etc., Phys. Plasmas, 25, 056308 (2018)
A. L. Kritcher, etc., Phys. Plasmas, 28, 072706 (2021)
H. F. Robey, etc., Phys. Plasmas, 25, 012711 (2018)
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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

] ICH LF‘
[}
3 o 1.35 MJ

@ HDCBF
Bl HDC Iraum
B HDC HyE
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1.2¢

1t
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0.6

Fusion yield (MJ)
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0.2

o y !
0010203040506070809 1
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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.
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THE ROAD 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
W ignition by 2012.

Fusion yield (megajoules)

| I I.l- I-‘ | I
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) 148



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

Fusion yield (MJ)

28

26
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NIF fusion yields versus time
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Max laser energy
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(Q=1.54)
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NIF’s ignition achievement in perspective
J Energy in megajoules @ =1

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

lu’n 300MJ 2.05MJ 3.15MJ

2022

3.88 MJ 2.4MJ 3.4 MJ

PRODUCED PRODUCED. PRODUCED

https://physicstoday.scitation.org/do/10.1063/PT.6.2.20221213a/full/
The age of ignition: anniversary edition, LLNL-BR-857901 149
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Power (TW)

External “spark” can be used for ignition

« Shock ignition

a)

Compression
wave (b)

Spike shock wave

Return
shock
Picket
shock wave
10 . : 4 a 20 — T g &
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* Fastignition
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ignition
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J. Badziak, Bull.Polish Acad. Sci. Tech. Sci.Phys. Plasmas 15, 056306 (2008)
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External “spark” can be used for ignition

« Shock ignition

(a) Compression )
p— wave (b) Spike shock wave
- ': -~ ~ : nd
lf , N
8 R Return
b Y
1 8 R shock
1 1
v ! 11
v M 4 =
N % Picket
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3 34
= 10 | 44 E?E
2 ‘7 X
£ T 12 §°
0 L1 1 0 E

-1 0 1 2 3 4

E16130]1 Time (ns)

* Fastignition

a) channeling Fl concept

Hole [ '

boring ” Ignition

—| |a—

10 ps

b) cone-in-shell Fl concept

ignition
10ps pulse

J. Badziak, Bull.Polish Acad. Sci. Tech. Sci.Phys. Plasmas 15, 056306 (2008)
T. Ditmire, etc., J. Fusion Energy 42, 27 (2023)
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A shock is formed due to the increasing sound speed of
a compressed gas/plasma

« Wave in the ocean: 10.6 km

213 km 23 km

10m

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

7000 943 282

ZL0[0]0) 713 213
{0[0]0) 504 151
200 159
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« Acoustic/compression wave driven by a piston:

CS3 Ushock>c
Csz
av C., shock

v P Ozp
Cs ~ - \/7401!3
P P

http://neamtic.ioc-unesco.org/tsunami-info/the-cause-of-tsunamis
*R. Betti, HEDSA HEDP Summer School, 2015 152




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
L Injection

T & I I AP of heat

| T 4 | ApD

! |

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 153
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