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Lecture Plan and Teaching Material

Abstract: These Lectures on the Kinetic theory and global dispersion relation of Alfvén
waves in tokamaks are the continuation of the Spring 2018 Course on Physics of Alfvén
waves and energetic particles in fuston plasmas. Mode structures and global dispersion
of Alfvén waves in tokamaks. These Lectures will cover with pedagogical style the first
part of Reviews of Modern Physics 88, 015008 (2016). Prerequisite of the course is
a preliminary knowledge of general plasma physics and classical mechanics, and the
Lecture Notes of the 2018 Intensive Course. General theoretical aspects are treated in
Lectures (1 =+ 6), which are complemented by corresponding Q&A Sessions.

Main areas that will be explored are:

(I) Shear Alfvén waves in tokamaks. Mode structure decomposition

i) Shear Alfvén continuous spectrum and frequency gaps. (Lecture 1)
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(IT) Variational methods for Alfvén waves in tokamaks

ii) Variational formulation and variational principle.
Integral form of the dispersion relation: Ideal MHD. (Lecture 2)

iii) Variational formulation and variational principle.
Integral form of the dispersion relation: Kinetic theory. (Lecture 3)

(ITT) Kinetic description of Alfvén waves in tokamaks

iv) The linear gyrokinetic equation and the global dispersion
relation of Alfvén waves in toroidal geometry. (Lecture 4)

v) Kinetic Alfvén waves and low-frequency
Alfvén Eigenmodes in tokamaks. (Lecture 5)

vi) Toroidal Alfvén Eigenmodes and
Energetic Particle Modes. (Lecture 6)

Lecture Notes: Available in electronic form. At the end of each lecture and during
the Q&A time, a list of specific reading material is given explicitly. Should you have
difficulty in finding literatures and papers, please contact me at fulvio.zonca@Qenea.it.
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Exercises and Research Projects: In the lecture notes, Exercises (E) of various
difficulty levels are suggested. These are meant to be important part of the lectures
themselves. Possible topics for Research Projects (RP) are also indicated, which require
significant more in depth analysis and work.

Q& A Sessions: Devoted to detailed discussions and analysis of technical aspects.
They are meant to be complementary to general lectures and are a necessary addendum
for full appreciation of the material presented in the course.

Time and Location: Lectures (9am-11am) will be held at IFTS on June 4-6-10-12-
18-20, with corresponding Q& A Sessions (3pm-5pm) of the same days.

Fulvio Zonca @ I‘Jﬁ' p 9’{%‘% ;’{Y%&Pﬁ& ﬁl*‘s & FH

ITALIAN NATIONAL AGENCY

FOR NEW TECHNOLOGIES, ENERGY AND B ° v 2 4% . .
SUSTAINABLE ECONOMIC DEVELOPMENT Institute for Fusion Theory and Simulation, Zhejiang University



IFTS Intensive Course on Advanced Plasma Physics-Spring 2019 LeCt ure 1 — 5

Fluid description of Alfvén waves:
one dimensional plasmas

O To illustrate how plasma nonuniformities modify the spectral properties of SAW,

let us consider the simple configuration of a 1D plasma slab confined in straight
magnetic field [Chen 74, Goedbloed 84].

O The equilibrium quantities (plasma density, pressure and magnetic field) are
assumed to vary only along the = direction (00 = omo(x), Po = Po(x),
By = Bo(x)) and the equilibrium magnetic field is taken to be,

Bo(aﬁ) — BOz(az)ez .

O Here, we will adopt the well-known one-fluid ideal MHD description; which, we
note, is valid for |w/we| < 1, |k1pi]? < 1 and m, < m;.

E: demonstrate that one-fluid ideal MHD description is valid for |w/we| < 1, |k pi]? <
1 and m., <€ m;.
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O Introducing the standard notation for the displacement vector du = 0;0& and
applying Faraday’s and ideal Ohm’s laws, such that

0B =V x (¢ x By) ,
it is straightforward to derive the following linearized force balance equation

0* 1 1
Om05 508 = —Vop + 4—(]30 V)?6€ — EBO(BO - V)(V - 68) .

] The total (kinetic plus magnetic) perturbed pressure

Bo(SB”

op=0P
P + 4

corresponds to the eigenvector for the compressional Alfvén wave.
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O Denoting by I'" the ratio of specific heats, from the equation of state, the perturbed
plasma pressure can be obtained as

P,
or _éfxb —FPO(V5€) — 5PC0nv+5Pcomp-

O Note that, by adopting a fluid description, we have suppressed important kinetic
effects such as wave-particle interaction in the compressional component of 0P,
0 Peomp (Lecture 4; cf. also discussions in Lecture 2 and Lecture 3).

O Use the following Fourier representation for the generic perturbed
quantity f:

F(x,1) = f(a)e i)
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u The force balance equation yields [Chen 74]

AT . . . d
DA(Sf” = B—SZkH(Sp—I—ZkH (Zk|5f|| —|—Zky5€y + %5533) ;
47 _
47 d
DadE, = B_(%%(sp’

H Here, we have denoted vy = (47omo) V2 By the Alfvén speed, kj = k. and
0&)| = 0&,; while the local SAW dispersion function is

D = (w?/vy) — k‘ﬁ :

O Applying Faraday’s and Ohm’s laws to 0B in the expression of 0p, one can
readily write dp in terms of the three components of 0&,

_ B8\ (. d
op = —’LkHFP055H — (FP() + 4—7?_> (Zkyéfy + %555,;) .

Fulvio Zonca @ I‘*ﬁ' p J{%‘% ;’W%&Pﬁ& ﬁl‘*‘s & EH

ITALIAN NATIONAL AGENCY

FOR NEW TECHNOLOGIES, ENERGY AND B ° v 2 4% . .
SUSTAINABLE ECONOMIC DEVELOPMENT Institute for Fusion Theory and Simulation, Zhejiang University




IFTS Intensive Course on Advanced Plasma Physics-Spring 2019 LeCt ure 1 — 9

O Substituting 0§ and noting the equation for 4, one obtains

~ daky,  do&,
5®uﬁ_2%3—DACM’
where 8(z) = 87 Py(x)/Bi(x) and
I Bw?

alx) =1+

2 _ 2.2 °
2w —T'p3 k” V%
E: Derive the above results step by step. What can you do next? What is the physical
meaning of the equation that you are about to derive?

O Combining results, one finally arrives at the following wave equation in terms of

0&, [Chen 74]:

d ( B2Dja doe,

— B2D6é, =0.
dpa@—a4m> 00408
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O This equation describes SAWs coupled with compressional Alfvén and ion-sound
waves by equilibrium nonuniformities.

E: Show that this is indeed the case. Why can you say that the compressional Alfvén
wave is described by this equation?

O We note that the obtained differential equation — and hence its solution &, — is
singular at the points where B(Q)D aa = 0.

E: Discuss what is the condition for a singular layer to appear in a differential equation.
Apply this argument to the obtained differential equation.
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The shear Alfvén continuous spectrum

O Singularity defines the following two continuous spectra.
One is the SAW continuum given by D4 = 0; i.e., by

The other is the ion-sound continuum given by @ = 0; id.e., with v%(az) =
['Py(x)/omo(x) being the ion sound speed,

v%(x)kﬁ
1+ vg(z)/vy(z)

w* = w§(2)

O Note that the spectra are continuous, since the wave frequency varies continuously
in the non-uniformity direction x.
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O To gain further insights into properties of SAW continuum, let us suppress the
ion sound wave by assuming a cold plasma; that is I'6 — 0 or & — 1.

O Assume the plasma is confined by two perfectly conducting plates at z = 0 and
z = L [Chen 95].

O Our governing equation then describes shear and compressional Alfvén waves
coupled by plasma non-uniformities; g,,0() in this case.

O In this limit, 0§ = 0, and it is sufficient to consider the perpendicular components
of the force balance equation

DA5€J_ — VJ_ (B—()) .

O Here, 0§, = 0§,e, + 0&,e,, V| = ikye, + e, 0, and meanwhile D4 is the local
shear Alfvén operator

2 2
w 0
Dy = +
A vi 0z

. » d ‘L‘) 3 -
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O The compressional component of the magnetic field fluctuation is given by
By -

E: Justify the above expression using the results obtained so far.

O We now decompose all perturbed fields f in the complete orthonormal set of
shear Alfvén eigenfunctions 1 a¢(z|x)

flrt) = e Wik Z fo(wo, 21) Y a(z]21)

(=1

where 1 40(z|z), with boundary conditions ¢4y = 0 at z = 0 and L, satisfies the
differential equation (w%,(z) defines the local SAW frequency)

‘9_2 X whe(T)
022 vi(x)

Yae(z|x) = 0.
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IFTS Intensive Course on Advanced Plasma Physics-Spring 2019
Perturbed field decomposition takes into account the existence of continuous

frequency spectra, with a corresponding singular eigenfunction behavior, intro-
ducing “fast” x( (singular) and “slow” x; (equilibrium) radial variables.

[l

O Using the following definition of the internal product

L
(WaelVar) = / ViV A andz = Spp
0

with k; = ¢r/L and w,(x) = kjv3(x), one has

Wae(z|z) = (2/Lv3) Y2 sinkyz

0 We now exploit the existence of two spatial scales (zg and x1) and solve the

problem via asymptotic expansions of the fluctuating fields

fo=F0+ 70+

where |f£(1)/f€(0)| ~ |0y, /Ox,| €tc.

a2 A E AT R RES
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Lecture 1 — 15
0 Noting that |[D4| < k2 for a typical shear Alfvén wave (i.e., ki < k7)), the per-

pendicular force balance equation with the expression for 0 B may be combined
and yield, at the lowest order,

0 0 NG
970 M D J€ac| 08, =0,

where €40 = w? — w5, ().

E: Derive the equation above step by step.

O Solutions become singular at the radial positions xr, where the “local dispersion
relation”, €49 = 0 (w? = wiw(m re)), is satisfied; i.e., at those positions where the
shear Alfvén continuous spectrum is resonantly excited.

[]

A natural definition of the “fast” (singular) variable is x9 = x — x gy, since
EAYy — e;w(xl)a:g.
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O It is readily shown that solutions that may be written in the form
A Cg(xl)
5E0 — T 4 ()
gazé 624 g(xl) ( 0)
- Meanwhile, at the lowest order, V - 55&02 = 0, from which we get
2 ' 2 'Cg(aﬁl) 1
560 = 29,669 = 2 .
Sy@ ky 0 Sxﬁ kyeiéw(xl) Wiy
O Using this expression along with the y component of the perpendicular force

balance, one can show that 0B is given as

00
5BH — e Hwt—hkyy) Z 5[?”6(:61) ?,DAg(Z’QZl) :
/=1
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= Here, the (5bA|| ' functions depend only on the slow variable and are directly related

to the functions Cy(z1) introduced above:

0by (1) _ 6f4g(x1)zvo(sg(0) _ _Cul)
BO il{:yvi(xl) yt ](7?31)124(331) .

O This result means that, in a non-uniform plasma, shear and compressional Alfvén
waves are coupled together and their coupling is the origin of the singular solu-
tions corresponding to the “local” shear Alfvén oscillations of the continuous
spectrum w? = w?,(z).

O The group velocity of shear Alfvén waves is directed along the magnetic field
lines (z-direction in the present case), whereas the compressional wave generally
carries energy across the field itself.

O Thus, CAW “piles up” wave energy at the radial location where the shear Alfvén

spectrum is resonantly excited, explaining the origin of “local singular oscilla-
tions” [Chen 95].

. - - ‘L‘) 3 -
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Resonant excitation and resonant absorption

[ The concept of resonant absorption of shear Alfvén waves is introduced by [Chen
1974]. In fact, a finite amount of wave energy can be absorbed at the resonant

layer, xry.

O The time-averaged energy absorption rate, d(W)/dt, is given by the Poynting
energy flux into the infinitely narrow layer at xp,. Thus [Chen 74|, with L, is
the system extension in the y-direction,

W) el f [ [0 [(Ssem) o ).

O Using the fluctuation decomposition and orthogonality relations, along with
boundary conditions at z =0 and z = L,

d<W> . BOLy - < 0 W 4 A~ %
dt = 7 Re{;/oo 1 ( vi(Sfxg(Sb”E) d:l:’} .
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[l

[l

The power absorption has contribution only at the resonant surface xgy.

Using the causality constraint Imw — 0(H)| it is possible to demonstrate that
55;%) (cf. p.16) has a jump given by

Aééi%) = —iﬂsgn( ; - ) Colp) :

GAg(xRE) 614@(551%)

Thus, the power absorption becomes [Chen 95]

d(W) Ly k2  |wae(TRe)]

5b,
dt 8 —1 ’6145(371% ‘ HE R@)

‘ 2

52 0)|?
— AS ‘
8](72 Z ’w.Aé SUR@ A (2Re) ‘ gazf

This demonstrates resonant energy absorption at a rate oc w’y,. In turn, the

resonant energy absorption of a given initial perturbation takes place on time
scales = (w;wa)_l, with Ax the perturbation radial extent.
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Initial value approach

O The discussions on the singular solutions and resonant absorption are pertinent
upon steady state excitations.

O It is also instructive to consider the wave perturbations from the initial-value
approach.

O We are interested in the |w 4st| > 1 time asymptotic behaviors. Assuming, to be
justified a posteriori, |05| > |k, |, the governing equation (p. 15) with w replaced
by 70; then becomes

0 [& + w4, () 8(55 (x,t) =0

or |02 T AT | g e T

O This equation can be straightforwardly integrated once and it yields

0 .7 _ +iw o ()t
axagxf(xvt) T C@(x)e )
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= Here, C’g(x) is a function depending on equilibrium non-uniformities. Now, note

that, as w4st — 0o (the assumption |0,| > |k, | is justified time asymptotically),

and, thus, & ()
~ ‘ T
S, 1) = Firi)

e:l:iw_Ag (z)t .
W'y ()t

- From the condition V - 5éM = 0, one derives 5éyg = (i/ky)&,;ééxg; ie.,

. i A .
6ye(x,t) = —Cy(x)eFar)t,
ky
O Insight in the dynamics associated with the resonant excitation of the shear Alfvén
continuum and resonant wave absorption:

e the 6¢,0 component exhibits the characteristic (1/t) decay via phase mixing
of the continuous spectrum

o 5éyg shows undamped oscillations at frequencies corresponding to the shear
Alfvén continuum
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O These properties are nicely demonstrated by the satellite observations of magnetic
field fluctuations in the Earth’s magnetosphere [Engebretson 87]. Bpr, Br and
By correspond to, respectively, d B, (08;), 0 B, (6&,), 0B

AMPTE CCE YEARDAY = 87065 MAR 6, 1987

BR

02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00
™
b i
< )
> e
Q BE 3
g 5
3 3
w
o
'
02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00
BN
UT  02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00
L 49 £ 8.8 9.1 8.6 72 4.7
MLT 1.6 131 139 145 15.1 159 173
MLAT -11.2 -12.3 “12:2 -10.6 -7.9 -4.9 B:5
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O The same behaviorshave also been demonstrated by ideal MHD initial value
numerical simulations of Alfvén wave dynamics in a cylindrical plasma [Vlad
1999].

O Introducing (r, v, z) as coordinate system in a cylindrical plasma of periodic length
2w Ry and radius a, du(r, 9, z,t) = 0,06 = ei(”z/RO_mﬁ)éﬁm,n(r, t).
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611;{’1_‘ _ 0.12’11,_“ n “ n n n n H-
\
0.04 —
\ 0.1 H 4
0.00 0.0 H 4
0.1 H :
0.04 1/ -
Jf 02 F i
’ ERARRRRRRARRRA
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O The existence of “local singular oscillations” of the SAW continuous spectrum
is further demonstrated by the Fourier frequency spectrum of 5'&,71“,1(?7 t) at sev-
eral radial locations, reflecting the spatial structure of the continuum frequency
wa(r/a)/wa [Vlad 1999].
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The importance of toroidal geometry

Toroidal geometry must be ac-
counted for, since it crucially mod-
ifies

e Particle motions and trans-
port processes

e Linear and nonlinear mode
structures

e Plasma response: effective in-
ertia, dispersiveness, etc.
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Tokamak: 2D axisymmetric equilibrium

o

Jacobian J = (Vi x V6 - V¢) ™
B-VYy=0=B=DB1VYxV0+ ByVo¢p x Vi
V-B=0= 0yBy =0= By = Ba(¢) F = F(y) only if there are no

Choose 1) = &, /21 = By = 1; toroidal forces on the system!
¢, = [ IB - VOdipdp = 27 [ Ba(p)di

B = F(1),0)V¢ + Vo x V)
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(47 /c)J = VF x V¢ + R*V¢V - (R V)

(47 /c)I x B = =V§V - (R™2V))
—R2FVF 4+ J V¢ F

F = F(v) only if there are no toroidal
forces on the system!

E: What is the effect of rotation? And of
anisotropic pressure tensor (still diagonal)?

Straight Field line flux coordinates
2D with Generic ( = ¢ — v(0, 1))

v

Tt

ITALIAN NATIONAL AGENCY
FOR NEW TECHNOLOGIES, ENERGY AND

ECONOMIC DEVELOPMENT

Fulvio Zonca

Lecture 1 — 27

Choose v(0, 1) such that
¢=B-V({/B-V0=q¥)
E: Derive the expression of v(6,1)).

Clebsch representation for B
B =Va(,0,() x Vi
=V (¢ —q0) x V¢

E: Show that magnetic field lines are
intersections of surfaces (1,0, () = ag

and ¥ = 1.

Further freedom of choosing 6 is used

to select J = (Voo x VO - V) ™!

Examples are:
J=J 1 (v): Hamada coordinates
J = Jg(¢)/B?*: Boozer coordinates

QD ypi2 kB & £ RERES 4
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Shear Alfvén waves in tokamaks

— . . .
@ﬁ-w& O SAW continuous spectrum in one dimen-
" sional non-uniform plasma (this lecture)

S = KR = A).

O In higher dimensionality systems, such
as nearly two-dimensional (2D) or three-
dimensional (3D) toroidal devices, the
main additional complication is due to
the modulations of v4 along Bg.

IS sz AR E LI A MIFS
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ITALIAN NATIONAL AGENCY

FOR NEW TECHNOLOGIES, ENERGY AND & ° g 2 . . .
SUSTAINABLE ECONOMIC DEVELOPMENT Institute for Fusion Theory and Simulation, Zhejiang University



IFTS Intensive Course on Advanced Plasma Physics-Spring 2019 LeCt ure 1 — 29

O This causes the loss of translational symmetry for shear Alfvén waves traveling
along Bg and sampling regions of periodically varying v 4.

O Similarly to electron wave packets traveling in a one-dimensional periodic lattice
of period L, shear Alfvén waves in toroidal systems are characterized by gaps in
their continuous spectrum, corresponding to the formation of standing waves at
the Bragg reflection condition; i.e.,

2T

2L:€)\, )\E?, KEN,

E: Justify why the analogy of SAW with electron wave packets traveling in a one-
dimensional periodic lattice is meaningful. Comment on the role of SAW group velocity,
which is directed along By.

O In toroidal systems, L = 2wl is represented by the connection length; i.e.,
the length of a magnetic field line connecting two distinct points on the same
magnetic surface where the shear Alfvén wave frequency (or another equilibrium
physical quantity of interest) is the same.

Fulvio Zonca @ I‘Jﬁ' p 9’{%‘% ;’{Y"%&I‘ﬁ& ﬁl‘-‘f"s & FH
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O Considering that k <> k) in this analogy, the Bragg reflection condition becomes

4 ALY

b = —— —
=2, Y T A

{eN |

with v4 representing now some “typical” value of the Alfvén speed on the refer-
ence magnetic surface.

E: Discuss what is the “typical” value of the Alfvén speed to be used in the equation
above.

O Examples:
e /= 1: Toroidal Alfvén Eigenmode (TAE) gap [Pogutse 78, D’Ippolito 80,
Kieras 82]
e ( = 2: Ellipticity induced Alfvén Eigenmode (EAE) gap [Betti 91]
e / = 3: Non-circularity induced Alfvén Eigenmode (NAE)
gap [Betti 91]

O A low-frequency (¢ = 0) gap also exists because of finite plasma compressibility
[Chu92, Turnbull 93] at w ~ 8/%v4/Ry < va/Ro.

Fulvio Zonca @ I‘Jﬁ' p 9’{%‘% ;’{Y%&Pﬁ& ﬁl*‘s & FH
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Mode structure decomposition

[ In axisymmetric tokamaks, a generic fluctuation field f(r, 6, (), assuming implic-
itly exp(—iwt) time dependence, can be expressed as

f(r,0,0) =€ Y e ™ fo(m,r) .

meZ

O Here, in linear physics, only a single-n mode is considered. Note that for low-
frequency (|w| < [€2;|) modes of interest here, finite k| = |bo - V| generally plays
crucial stabilizing roles; such that instabilities tend to minimize kj.

O Noting the mode decomposition above, we have
K| = |kjqRo| = |nq —m]| .
O Thus, f,,(m,r) tends to be localized about its corresponding mode-rational surface

located at r = r,, where nq(r,,) = m. In other words, f,(m,r) generally should
have a strong dependence on (ng —m).

. - - ‘L‘) 3 -
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O This suggests to explicitly express f,(m,r) as f,(r,ng — m), where the first r
dependence corresponds to other “weak” dependence on 7:

f(r,0,¢)=¢e" Y e fu(r,ng —m) .

meZ
- Introducing fn(r, ) as the Fourier conjugate of f,(r,ng —m); i.e.,
fn(r,ng—m) = / ei(m_"qwfn(fr, V)dl

the mode structure decomposition becomes

(0. @)

f(’l“, 0, C) _ einC/ e—z’nqﬂfn(r, 19) Z eim(ﬁ—e)dﬁ .

e meEZ
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O Applying the Poisson summation formula
Dm0 =21y " 5(9 — 0 + 27e)
me”Z Lel

we then have [Lu 12]

f(r,0,¢) =2m ) e mal0=2m0 f (r 6 — 270) |
LEZ

u Mode structure decompositions (MSD) introduced above are valid for general
toroidal mode number, n [Lu 12], and introduce and define the projection oper-

ator Ppp(r,v) : f(r,0,() — fn(r,?), such that MSD reads

F(r,0,0) = €6 3 ¢mimd / e 9V [f]di

meZ

. - - ‘L‘) 3 -
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O Ppn(r,¥) properties allow interpreting ¥ as an extended poloidal angle

e Multiplication by a periodic function p(#) in (r,0) space corresponds to
multiplication by a periodic function p() in (r, ) space

e in Clebsch coordinates (r,6,£) with £ = ( — g0,
b-V = (JBo) 10— (TBy) 10y

e Finally,
0 0 b 0
H — ) / — y — —
+ T( qu?—l—&) TV 0(819 mq> J By 0V

0 0 b 0O

E: Demonstrate all the properties of the projection operator Pg, (7, ).

O The MSD approach is valid for general toroidal mode number, n [Lu 12]. For
high toroidal mode numbers, |n| > 1, this approach reduces to the well-known
“ballooning-mode” representation.
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O Representation is valid for general mode structures in toroidal systems, from
macroscopic to microscopic.

T = 3500 | PE: 8 — 52 | PSI: 120 | Scale: 0.11

Courtesy of Y. Xiao et al., POP 22, 022516 (2015)

RP: Exploit this formalism, showing it can recover usual representation and is readily
extended to micro-scale (turbulence) and meso-scale fluctuations with its embedded
field-aligned flux coordinates. Construct the corresponding algorithms for an elemen-
tary problem of your choice.
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Ballooning mode representation

- In the n > 1 limit, one may define Ag = 1/(ng’), r1 ~ O(a) and |Agri|"/? as,
respectively, the microscopic, macroscopic, and mesoscopic radial scale lengths.

O In the MSD representation, f,(r,ng —m) can then be expressed as

fn(r7 ng — m) — An(/r)f()n(rh ngqg — m) )
with A, (r) representing the meso-scale radial envelope.

O Noting that the functions fo,,(r1; ng —m) are nearly invariant under radial trans-
lations by multiples of Ag, a generic fluctuation f(r,0,() can then be expressed
in the following “ballooning-mode” representation

. - - ‘L‘) 3 -
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fr,0,0) = D ™ () =D An(r)e™ ™ fou(r1;ng — m)

meZ mEZL

= Y At [t oy )9

meZ

meZ

u Due to the meso-scale nature of A, (r), it is possible to use the eikonal Ansatz
[Zonca 93]

An(r) Nexpi/ ng 0y (r1)dry

introduced originally by [Dewar 81, 82| in theoretical analyses of short wavelength
ballooning modes.
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O In this way, the mapping of the perpendicular gradient can be written as
V1 — ikygVr(s¥ — sO;) +inV{+ ikyrVe ,

with ky = —(nq/r) and the magnetic shear defined as

E: Derive the mapping perpendicular gradient step by step.

O To proceed further analytically, in Lecture 2 we will adopt the so-called (s, «)
model equilibrium for a local description of tokamaks with shifted circular mag-
netic surfaces [CHT 78]. Here, « is the dimensionless “ballooning” pressure
gradient parameter

= —ROQQE .
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