Analytical estimation of drift-orbit island-width
in static magnetic perturbation
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Width of orbit island can be a scale
length of transport

Useful if we have estimation method
of the width for a reduced model,
e.g. belt transport model, to
contribute to scenario development
which require a large calculation

Motivation -

Previous work;
K. Shinohara et al NF 2018 082026 -

Orbit with E=90keV
uB,,|E=0

Magnetic field
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- Resonant interaction => Forming
orbit island

- Proposed a mapping method using
safety factor and “orbit pitch
parameter”, "still” assuming velocity
perturbation could be represented
by magnetic perturbation
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Error lies wnhln 25% even when magnenc dnﬂ is Iarge “drift is about 50 % of
the minor radius in this study
- Deficits in previous mapping method:
- Assumption would be broken in large drift orbit
- Need calculations to make magnetic Poincare plot and some
calculations for the mapping
- Inthis work, PP Overcome A
- Direct estimation of w(P, ¢ res) , using newly derived analytic
expression
- D i )

P pp! method to evaluate the
analytic expression

@ Resonant condition
QST for static magnetic perturbation wy,/wp
represent orbit pitch of particle motion
Resonant condition: w = 1w, — mgppwye =0 for static field
=> Wtor/Wpor = Morp/M.
0@ =9, R; = dlyot /Tpor @Nd wpoi(C) = 2/Tyo: , Where C =

(Py o B sign(v))

Or;;:E p;ch ‘/ Field pitch

C Weor/ Wpot
Vioro dlpot “ aWpo) = _Byo dlg,..ag
= o RBoyg0 2T

orb Rvpal o 2m (91nag is simply 0 below)
- Resonance can be discussed by the analogy with MHD, using h
- h=myp/n & q=m/n
- qis function of only ¥, but h is function of four phase space parameters,
Py, E, p, sign(vy))
Note:

- Hereafter, B, = — P,/Ze = Y, = 3 Rv¢or

Want to have approximate expression for orbit

QST equivalent to that for magnetic island
Familiar for magnetic field island (in text books)
_ (9 res)

W(pres) =4 J q,w’; -

Wit = |28 P
-

Starting point is
B = Vi 0XVOmag + VO XV, (¢ 0, Omag: @)
Ao _B-VPro _ _ 9Yp
dp B-Vgp ae,,mg
dOmag _ B V6mag _ dp _
dp B-Vo 0o 4q

We have found equivalent forms as below 5

sy,™"

< Orbit coordinate

BFSI.TBoozer. PF(1984)2441 tells guiding-center velocity vector is expressed:
with " v=aH My
a=y3 H=VxA', A=A+pyB, Py=75
b: unit vector of magnetic field B, B: amplitude of B, A: vector potential which
satisfy B =VxA
In axisymmetric system, particles with a same canonical coordinate, C, lie on a
surface, where Py, o = const.
= Can set a coordinate on the surface using V¢ and V6,,,, where ¢ and
8,rp are a toroidal angle and poloidal angle on the surface
= Can take hd0,, = dg like PEST- 05y, = 3 [ :;:;fn dlyo
= Can describe a particle position using a coordinate (s,8,,5.¢), where s is
surface label
= Then H = T'(s)VsXV8,.p, + P'(5)VexVs, indicates derivative w.r.t s
= Vector potential corresponding to this His A* = TV8,,, —PV¢
= Realize P is P, and T can be Py,
= Finally, Hy = VP, 0XV0or, + V9XVPy o(Pg, ., 0,80rb, #)

orb
In same form with Bo = V¢ 0XV6mag + VOXVp 0¥t 0, Omag: #)

QST
- The form for B can be held for perturbation when divB= 0 [A.H. Boozer, PF
(1983) 1288J =>The His same sirloeAdivH=Q
H =VPg,,,0XV0or + VoxVFy (Po,,, 0,00rb, 9)

- Drift orbit is described by

Derivation of width of drift-orbit island
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- For small perturbed orbit £, = [ d Pgm ot 8B, oS (np — MorpBorp).

dPy, b !
o1t = — 5Py ™" MorpSin(ne — MorpBors)

- Then, we have
e APy o = ~morsin(Q)dQ,

where Q =ng — mm,o,,,., phase in a island

QST
- Integrating this around resonance position of P, ;.. where h(Py res) = morp/n,

* nh(Pyo)—mory

Derivation of width of drift-orbit island

wehavej' dP, o—cos(QH-k

Py res Morp6Py o0
Relation between Pw and Q for each k
fau] 15 - Value of k.
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O-point: ke-1, c0s(Q)=1 X-point; ke1, cos(Q)e-1

When nh = mopy = nh'(Py yes)(Pyo = Py res)

Width of the island, w (£, .;) = £, """ — B, is obtained by setting k =
1(separatrix) and cos(Q) = 1(Q=0.2n for O-point), namely solving equations

_ " nh—moyp
2= oy, MorbPy TP Pyo 8
% . . & Morpm
(9 Practical expression of 6P, orb
QT
The perturbation amplitude 6P¢,""’""" is related to the magnitude of the

component of the drift velocity normal to the nonperturbed orbit surface as
follows:

H-VByg,

Hnorm = m W. where 1/Jorp = VPe,,,,n (VOorpXVe) =

Ho - Ve and Hy = Hog,, + Hop o gy Hoo,ry = qu,ox -
3Py _ [VPogypoltinorm_ hR2Hoo,,) Hnorm
g Ho Vo Hog
8P, = DMore
Morp .
hR*H Hnorm
D™orv™ s a Fourier transformed component of D(6,rs, ¢) = —‘”ilm— 9
oo
3 Q,ST Implementation
Our purpose is to evaluate orbit island width with small EeokeV /w0
= B/ E=S
calculallonv _— s
- Approximate 5P, is constant around resonant 0.4,
surface 0.2
1 (P b=y €,
2% i ——=dPy, N
8P, Jpyres  Morb 02

- Avoid orbit calcula\lon to define coordinate: Orbit 04

surface is well approximated by P =—0.18

Ypok = Ppo+ JZMER(R, = Reg)/Ze 12 16 2 12
With Reip = RaxisiBo axis/E 50—
[K. Shinohara et al NF 2018 082026] h(Pq, 0)
- Set 100 points on 2-D contour line for a Pq, o w0

©On each point, evaluate v¢or o @nd vpero (in the
axisymmetric system) using vy = aH,

with v/, o = +2E/M /T = Ry;,/Ro

Calculate orbit pitch h for the P,, o- repeat such
calculations for different P,, o and obtain profile of 2854 920 016 -042
h(P, ) => Can evaluate position of resonance, P, res.

Py req for mry/n=311

1

Q;T Implementation (cont.)

- On resonant surface with the Pw res» We establish poloidal angle coordinate
bY Gory = 255l
- On coordinate grids (360x360), we can have H,,,,,.,,.(B‘,,b, @)=H- VPQ, o/
|VPyo| , where H(= VxA")is by turbation through
A"=A+p)B.
- We can have
Morpn
5 Mo,
Morp 2
hl
(Dmoro™ : a Fourier f D(Bory, @) = = ""‘; plinorm | 4
oo
solve -
1 2™ b — Moy
6}3 mwb"jﬁ Morp dp(pﬂ

‘pres

In the case of B
™" = 2”,? for a Fourier transformed component of D (6, ¢) = ﬂfi’ﬂm
o
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@Q§T Application

Magnetic island width in vacuum field approximation

RMP field(n=1, +90 degrees phase): same condition with previous work
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u%%’[‘ Application
it island width in vacuum field a

roximation for
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Application

w%rbit island width in vacuum field approximation for

different Energy or Traveling direction

Reasonable!!
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Application

Magnetic island width in fleld |nc|ud|ngr plasma response
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12 16,

- Field and orbits in skewed structures stay in a specific contour
("well-defined”) though skewed structures move in and out in the

©) /J (d) (a)- Field is calculated
o= |7 | 9=180° ‘ by HINT code (Y.
Suzuki, PPCF (2017)
| 054008): Solve
equilibrium with
helical current
flow at resonant
‘ surfaces
- Plasma shape
and island shape
are skewed
- Skewed structure
has helical
characteristic and
rotate in poloidal
direction when we
move in toroidal
direction (same
for orbit)
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Pw o and ¥, , coordinate defined in the axisymmetric system.
- Particles are not transported practically. => Might ignore the structure in the transport 15

Application

QST
m%rblt island width in field |n,|uding plasma response
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- Future work: need to take into account skewed % p % o T
structure when we evaluate heat, current, particle and . pn w o s
torque drive in the axisymmetric plasma we stand on
as a base of our analysis 17
@QsST Summary
- Newly derived analytic expi for direct of drift-orbit

island width, w(P, res)

- D

method to evaluate the

analytlc expresslon 4\t Overcome deficits in previous work
- Results:

- Improved error: 10% for a field of vaccum approximation (for large
magnetic drift) <= (25% previous method)

- For newly applied self-consistent 3D field by HINT: 15%

- Can provide an indicator to evaluate an overlapping threshold for
chaotic orbits in the same way with the magnetic perturbation

Orbit pitch parameter can be used
to know position of resonance for finite w
and for banana particles

- Resonant condition for finite @ =~ @ = NW¢or — MorpWpor

=> (Weor — @/M)/Wpor = Morp/n

o Mo
=> i—h w/nwpo = hy

- We can have h,, with a small calculatlon for a given
frequency and n by our procedure.

- In the case of banana particles, w;,, is toroidal precession
frequency. Then, 2rh is toroidal precession angle for bounce
time,t,0; = 21/ wpor

- Useful to avoide large beam transport by choosing beams
depositing the resonance retion. (Change experimental plan in a

short ti

me or Apply to real time control) "



