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:.:: I P P Cgf.. INTRODUCTION TO NBI

Overview of this lecture

 What is the NBI [Neutral Beam Injector]
* Modelling particle orbits in tokamaks
» Coulomb Collisions and slowing down distribution

» Application: modelling of fast neutrons generation in COMPASS Upgrade

25.04.2023



o IPP NBI: AUXILIARY HEATING

NBI IN SUPPORT OF

TOKAMAK PLASMA NBI

TR

Tokamak plasma heating Neutral beam injection:
» Fast neutrals injected (10-1000 keV) into
Tokamak plasma current drive fokamak (no inferaction with tokamak

magnetic field)
 lonized by collisions with plasma particles
* Fast ions slow down by Coulomb collision
and transfer their energy to plasmo
particles

08.09.2021




NEUTRAL BEAM INJECTOR

Positive ions based beam - accelerated posifive molecular ions (D,*, D;*, D,O*) 2
fractional energies (E/2, E/3, E/10)
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< COMPASS PHOTO OF COMPASS INJECTORS
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o: |PP NBI O IN THE COMPASS TOKAMAK

Overview of the dimensions of the NBI 0 iIn COMPASS\
[fop view]
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COMPASS EXTERNALLY HEATED PLASMA

x10° COMPASS #21787

1Al

New 1 MW NBI-O in COMPASS K:WMMMLMM |
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o: |PP NBI IN EXPERIMENTS

l l 1 | l |
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COMPASS NB INJECTORS

NBIO

Old NBIs (NBI1 + NBI2) A

NBIO current |, .o <22 A <
(-> power ~1TMW) (->power 400 kW)
NBIO acc. Voltage U,.qm <80 keV (70 keV in < 40 keV
experiments)
NBIO pulse duration <1s <0.3s
Tangency radius 0.55m 0.55m

.\\ \ .o . g» Y : ’\.A._’;‘,‘,..\ (, r

& D/ Y =0

08.09.2021




COMPASS NB INJECTORS

Old NBIs (NBI1 + NBI2)

NBIO current |, .o <22 A <12A
(-> power ~1MW) (->power 400 kW)
NBIO acc. Voltage U,.qm <80 keV (70 keV in < 40 keV
experiments)
NBIO pulse duration <1s <0.3s
Tangency radius 0.55m 0.55m
Table 2. Neutralization efficiencies Nefr, including dissociation of the molecular ions, of the ions originating from the source and resulting Beq m
power fractions Py after the neutralizer for the nominal energies of 58keV (#21760), 66keV (#21787) and 80keV. d UC'I'
f:(] — 58keV E{} — 66keV E{j — B0keV
Netr Phrac Nefr Netr Phrac
DT 0.72 0.38 0.68 0.61 0.35
D:T 1.74 0.51 1.71 1.64 0.52
DY 2.71 0.09 2.69 2.6 0.1
DO 1.8 0.02 1.8 1.8 0.02
Overall 0.76 1.0 0.73 0.7 1.0
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:.:: I P P C:g INTRODUCTION TO TOKAMAKS

Overview of this lecture

* Modelling particle orbits in tokamaks
» Coulomb Collisions and slowing down distribution

« Application: modelling of fast neutrons generation in COMPASS Upgrade

25.04.2023



COMPASS UPGRADE MAGNETIC FIELD

I' - N |
~‘Il*llr|

\ : i'."'f\' .

10.5

T

1-0.5

P. Vondracek et al.
Fusion Engineering
and Design 169
(2018) 112490

| | | -1.5
0.5 1 1.5 2

COMPASS Upgrade, B;=5T - A toroidal field is created by juxtaposing
Prague 8, Czech Republic coils in a circle so that their fields add up to

build a circular “toroidal” field
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o IPP MAGNETIC CONFINEMENT: ORBITS

Magnetic confinement

Magnetic

field
/'

- Charged particles “follow” magnetic field lines o

* Their motion is ruled by the Lorentz force

s

d-z}{ YA i€
- — [E —|— V X B] / : B
dt- UL : . = 4% (cyclotron frequency),f =w_ /27
2 | &
\
\ : I, = AN I L (Larmor radius, gyroradius)
\ I wc' qBO
\ |
\ |
Deuterium (D) Gyrating motion is
M=3.3x102" kg called « Larmor

Elementary charge: e=1.6x10"17 C orbit »
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o: |PP MAGNETIC CONFINEMENT: ORBITS

Magnetic confinement

Magnetic
/ field
 Charged particles “follow” magnetic field lines o
9edp J ~2.1*108 rad/s
* Their motion is ruled by the Lorentz force /’7’
/ g
V4
d°x  Z.e ’
— = ! [E—I—VEB] / : d
dt- m : w, = a5y (cyclotron frequency), f =w_ /2
" )
\ I I, = AN I L (Larmor radius, gyroradius)
\\ : . qb,
\ l
Deuterium (D) Gyrating motion is
M=3.3x102" kg called « Larmor
o 10 orbit ) == > 6-17 mm
Elementary charge: e=1.6x10""" C COMPASS-U 80keV. 4.3T

25.04.2023



o IPP MAGNETIC CONFINEMENT: ORBITS

Modelling of fast ion trajectories in electromagnetic fields

Guiding center approximation:

AX gc 2Ehin — uB 1 (b y dvE)

— "'L-’” VE [:ZE]BE “} X VB} o

Full-orbit description

dEJ{ ZIE

-~ " [E+vxB
dt? m E+vxB|

Tokamak cylindrical coordinates (R,Z, )
A/
8 )
I
R % | R (m)
R, Guiding center trajectories of
> fast alphas in JET
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IONIZED PARTICLES TRAJECTORIES

7 , ' ' Boris “exact” change of
- E +v x B] Leap-frog algorithm | i oosition

t-At/2 t! t+At/2 v
— [ Position J — [ Position J

Implementation (leap-frog): first velocity estimation
[simplified here by neglecting Larmor orbit correction]

VN4l = Vy_1 T Ze[Ey+vy xBylate At/2 << ]/wc
— 'v'-m__% _I_ % E_."'.,." I Vln.;_%i;v_.\;_% Y :E.}"'l.,:| jf— ,,/ "‘]/(2]*]08)
~ E - ‘{,
2 2 B 2 2 € . C )

E —
Vi = VN+%_fEE

g V4= Vo= fe[(V4 + V) X D] b =

Vo = VN_%+fE§

25.04.2023




o IPP IONIZED PARTICLES TRAJECTORIES

The Boris infegration algorithm

Vyi—Vy1 = fo 2% + (V1 +Vy 1) X b £ = Z;‘ZBA; _ w% b = % Vector product matrix:
E O B, -B
= Vy.i—fi— /
Vo = Vv~ fep V-V = fe [(V+ 4 V_) % b] 1 ¥
v —v +fE ¢ Xb — E B(p O BR
B = f X Vi = I+ fXp] v B, —Bp 0
v
—1
ve = |I— fXp] [T+ fXp| v
Y B [ LU Ub+ U, —Ub, +Ub,D. )
‘\x\\ I-RU]™ = Ter(d 1_ R —Ub. + U?b, b, 1+ 2/{2{93 Ub, +Z/(;2b‘ybz
SA \ Ub, +Ub.b. U, +UD,b. L+ue: )

_

u®v=uvT

-~ bb'=(b-v)b

(u@v)w=(v:-w)u

25.04.2023



o: |PP IONIZED PARTICLES TRAJECTORIES

The Boris infegration algorithm

Vi a—Vy 1 = fe :2%+ (Ve + Vi 1) ><b: fE:ZZBA; :w% b=~ Vector product matrix:
V. = V. 1— E ] O B _B
W vi—ve = fo[(vy + v.) X b] 1 é z
Vo= Vy_itfe= |
b [ — feXo] VI+ = [I+ feXp| v BZ —BR 0
v
~1
Vi = []I o fexb] []I T fexb] \E Xz o _]I
[1- £, = [H+f62bbT +feXb] [(1+f2) b
v

v, = : [11 + f2bb" + fEXb] [T+ £X,]v_

€
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o IPP IONIZED PARTICLES TRAJECTORIES

The Boris infegration algorithm

Vi =V = e 2% + (Vyo1 +Vy ) xb £ = ZZBA; _ w% b=~ Vector product matrix:
E O B, —-B
+ — +L1=Je[ Z
A% VN 5 fB V_|_—V_ — fE [(V_|_ + V_) X b] 1 ¥
i : Xb = —| B 0 b R
E | @
VeVt 1 M B By —Br 0
Vo= T+ f2bbT + £, | [T+ £X,] v_ Z R
V=TT L+ 2£X, + 2f2bbT + f2X] + f2bb X, | v_ 2
Vi =1 +1 12 [11 + 2 X, + 2f7bbT + (2f7 — fHX; + fjbbTXb] v_ Xb — _]I
=TT T+ f2) + 2fX, +2 f2obT = 271+ f2bbTX, | v_
|
\ 4
2f€ T
Vi = [+ (Xb — fE]I + febb ) V_ Neglecting terms of order f3
L+ f2

25.04.2023



o: |PP IONIZED PARTICLES TRAJECTORIES

The Boris infegration algorithm

Vi a—Vy 1 = fe F2%+ (Ve + Vi 1) b fE:ZZBA; :w% b=~ Vector product matrix:
I 0 B, -B
RIS vV = fo[(Ve +V0) X b] 1 R
V.=V +fE ‘i’ Xb:g B(p 0 BR
B 2 ; B, ~Bg 0

- _ 7 —DR
Vo |I+- e (Xp - fI+ f.bb )] v_
I
I
| 2
i v, =~ |+ Je 2M] V_
! 1 + f;
‘i' F 2
TWNJF_ ~ | ] fe 2M (VN_1+fEE/B)+fEE/B This is Th@ evplu’rion of velocity in the
2 i 1 + fe ) 2 referential given by unit vectors af

=N

25.04.2023



IONIZED PARTICLES TRAJECTORIES

The Boris infegration algorithm

Boris algorithm: Evolving position

In cylindrical coordinates means we
need to move the coordinate system Xyl = RN+‘7XN+1/2Af Ryy = \/ XJ%H + YA%H
at each time step!

YN+1 = Voy, A ON+1 = QN + O
Y (fjirec’rion of e, @t=N) . (YN+1 )
e(p @t=N+1 RN+]
‘\ "€ @t=N+]
Ry B ~ - ~ Rotation of angle a
s VRN+1/2 — COS (G{) VRN+1/2+Sln (O!) v90N+1/2 to express the .
o L ~ ~ ~ vector velocity in
\ 4 % = —sin (@) Vg, ,+coSs (@) V Y
) : : PN+1/2 +1/2 PN+1/2
- - - - = - - - —— X (direction of ey Y " " the new
Rn @t=N| - coordinates

F. Jaulmes et al 2021 Nucl. Fusion 61 046012
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IONIZED PARTICLES TRAJECTORIES

Performances of infegration scheme
Precision strongly depends on the quality of the underlying map for the poloidal flux y

When there are no collisions, 3D fields or Electric field, p,, is conserved we define the canonical linear momentum as:

P=mv+ Z,eA.

1 dP

— A — P
Z@_G dt V(V )

Z [m]
Z [m]

1 dpip B (')AR aﬂz (')AHQ 0P

§ 1 R | : tiz | ) ; .

po =mgRv, — (Zre)(o + 1)

076 0.8 1 1?2 076 0.8 1 1?2 0.6 0.8 1 1.2 _ _ _
R [m] R [m] Rm] P, Is the toroidal canonical angular momentum

Trajectories of 80keV ions deposited in the mid-plane with map y(R,Z) ~1200x2400
F. Jaulmes et al 2021 Nucl. Fusion 61 046012

25.04.2023 21




INSTITUTE OF PLASMA PHYSICS ASCR

X P P . COMPASS IONIZED PARTICLES TRAJECTORIES

Performances of infegration scheme

Precision strongly depends on the quality of the underlying map for the poloidal flux y
Of course decreasing time step size can influence the precision, down to some value when the grid

precision dominates
2 ms simulations of collisionless frajectories [80 keV ions]

ot=0.2107°s ot=0.110"°

erTor on Py,
T

ot =107s ot =0.5 107

x 10'3 C€ITor on p, 9 X 10'4 €ITOr ONn Py,
’ ] T T T

1 T T T T
“llll 5 ‘ T ‘.5 nl MU Wiy HH ‘ﬂ n “ l}i".wl“ 1] ‘P( llﬂ ‘ {Ii H’W 111 QV pv““‘”‘ 14 'W \“, Il l'i‘ '\ (s "'H"‘
f A I | il j"'." A JI"HW ‘“‘ {1 H ,\4 [ ‘

error on p,,
4 T T T

il ‘
| " ’\ h‘ H; “[' ,'H” le ! V"” | ‘ ! !
‘ It i ] | , \[ I A O ‘ ,@" 0 1 w

= i 1[;‘v,[“u“w’!|‘

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
-3
x10

error on &y, %1078

65];:/‘,/1,

0 0:2 0:4 0.6 0.8 tim; " 1:2 1.4 1.6 1.8 ><10-32 0 0:2 0:4 0.6 0.8 tim; " 1:2 1.4 1.6 1.8 ><10-32 0 0‘2 0‘4 O_‘6 0.8 tlm; el 1.2 1.4 1.6 1.8 ><10_32 firewe (g ><10'3
Cumulated error of ~10~ / ms on p,
5p,, = 8*10 5p,, = 2*10 5p, = 4*10°5 8p,, = 2*10°S
® ¢ ¢ o 14%10-8
ok, = 4*108 eV ok, = 7*108 eV ok, = 11*108 eV ok, =14*10° eV

25.04.2023




IONIZED PARTICLES TRAJECTORIES

The Boris infegration algorithm

Boris algorithm: Adjusting time step to
match the cyclotron frequency
[optional]

Inaccuracy arising on long simulations VitV
due to the Larmor orbite

V1 = cos(B)

Vi—V_ = fel[(Vvi + V) XDb] B B2 -

This rotation [ is given by the equation:

: = [tan(/2)] = . VI cos(B

S. Parker and C. Birdsall, “Numerical error in electron orbits with large wAt”
Journal of Computational Physics, vol. 97, 91-102 (1991).
http://linkinghub.elsevier.com/retrieve/pii/002199919190040R

v — v

lvi — vt

3 should be wAt, === . = tan|ZC2Y) = tan [, 2
m 2 2

F. Jaulmes et al 2021 Nucl. Fusion 61 046012

25.04.2023 23
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IONIZED PARTICLES TRAJECTORIES

o0
@ P P Z COMPASS

The Boris infegration algorithm

Boris algorithm: Adjusting time step to
match the cyclotron frequency

[optional]
. Z;eBAt At
fo= ZieBA? — W g —-=—==3» f.=tan ‘ = tan | w,— 0t=05107s
" m 2 ‘2 m 2 2
With Larmor orbit correction Without Larmor orbit correction
x107 | | error |On Py S— , F10'4 error |on D

b ,Ip#mm.w«.w?

5p¥9

W..«;I.MNWMW i

: »MW W " W "ﬁ ™ J‘W ’“' i W‘“W‘ “M ey ” ‘ (\ Mh

0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
time [s] %1073 time [s] 210
Larger periodic excursions on p,, Cumulated error appears on p,,
F. Jaulmes et al 2021 Nucl. Fusion 61 046012
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o: |PP :ocovenss IONIZED PARTICLES TRAJECTORIES

Overview of this lecture

» Coulomb Collisions and slowing down distribution

« Application: modelling of fast neutrons generation in COMPASS Upgrade

25.04.2023



Coulomb collisions: principles

Fast ion collisions: NBI D ion against
thermal electrons and ions (D)
‘//',»" [PP&FE - J. Freidberg pp. 201-203]
Center-of-Mass Frame /
Collision: / YL
Particle 1 4 X | x dp Al d8 ] Zm |
nymny - e e e — ~V12Px ., — V2 81
mr — rﬁ: K C-of—M - e ﬁ—,% dt dr ml + m2
") + ny 5 i
,/'/ time step = 107s
/ fime simulated = 20 ms (2r,) dU I m |
. / Collision time step = 1085 (21,) .
Center of mass frame velocity: i — = V12 U]
. ds mip + nm»
M1Vy + MaVo
v — ) Laboratory Frame, ‘, /o
T 1 ﬂlz Stationary Target P
. . iR "1 ki —
v, C-of-M .f—’v fb
' \ Paticle 2
25.04.2023

fall-2006/readings/chap3.pdf

See : https://ocw.mit.edu/courses/nuclear-engineering/22-61 1j-infroduction-to-plasma-physics-i-

FAST IONS & COULOMB COLLISIONS


https://ocw.mit.edu/courses/nuclear-engineering/22-611j-introduction-to-plasma-physics-i-fall-2006/readings/chap3.pdf

FAST IONS & COULOMB COLLISIONS

1 e*n, In A | -
Vhe = n
4 Egmpme Ug + 1.33Ut3hE
- momentum
1 e*n; In A |
Vhi = = N
Egm%) v;’ + 1'33U3hi -
1 e*n, 1 - Equaling loss rates on e and I: . N ,
Vhe = (4 26 ! In A 3 3 Over-simplified view of
HEOmDmE o * 1'33Uthe U3 ~ 133& e U3 — ThiﬂgSI we need to
. - norm of ‘ nemp N account for
vy = I e™n In A I velocity 2/3 /3 « random distributions
I . . .
A esmy, v, + 1.33uf’hi ) 5, ~ (1,33:_1) (’ZD) T, ~ 18.667, « pitch angle scattering

25.04.2023




o: |PP comenss FAST IONS & COULOMB COLLISIONS

Stochastization of the losses: variance in velocity norm

Fokker-Planck equation: collision tferm Averaging on gyrophase ®
The drift kinetic equation is an equation for the gyro-averaged
0 0 0 steibuti :
Jf 0. / Y E+1vxB). af (of distribution function
dt ax  m, v\ o .
- — [ a9,
Tokamaks, 39 edition T
J. Wesson - -
?—f“—l-v Vf+|eE-vgA af 9
_8_{- _ f(x,v,t—l—ﬁf)—”f(x,v,t). 3¢ g J g ! 8[ aK 9t C’
df /. At
ExB vbx(®-V)b+ubxVB
v = V)b + 57—+
af B Wey
(5}“)0 == m( (Ave) ) + 5 Z 3%3% ((Ave Avg) 1), where b = B/|B| and w,, = ¢, B/m,.
3 f *Z°Z3In A
The quantity (Av,) 1s called the coefficient of dynamic friction and (E) = Z 877 2m
(Avg Avg) the diffusion tensor. C |
" K3 S afw)  f(v) 3f;(v;))u dy
Vg m dvg m; 0v;B e

where

2
u5a‘3-—uau3
n=v—v; and u,g= 3 :

25.04.2023




o: | PP FAST IONS & COULOMB COLLISIONS

Stochastization of the losses: variance in velocity norm

We admit: Fokker Plank equation for fast ion vi<v<v,

|18, . 1 3 (0T, T\
ot |, .0 év G t.v° o ( m, N mbv) ov
Vi 0 2 9
+ L (1) = f,
e 1= O g
Taking f = d(v — v,) o( — {),
l 8 .. B v o 500f 1 AT, - T.vNOf
T 102 (9\’[(“ tvelfl + Ts V (95(1 ~¢ )(9_6 T T Oy mg . mg v | v f st | 2o (1 —2T.,/m,v2) + 0 (1+Tf 2)
S | S _ C S i fi V V' =0, — — (1 — m, v /m,vs) |,
S 0 T, el ""'H Y0 UE;?.TS il "t p Yo
ey A TV o= (1/vy,) Evolution of norm of
oy =6 ZnA, nofem?] S ¢/v=0 velocity during 61
22 1/3
Ve = 5.33-10%- T, [eV]-<A—{> m/s
5 = <le> ’ <i_,2>: Z,-n,-(Ziz/A,-)lnA,-’ <Zi2>: >iniZ2 In A,
4 : ne In A, ne In A,

V4
Vs <A—> Ag New Techniques for Calculating Heat and Particle Source Rates due to Neutral
' Beam Injection in Axisymmetric Tokamaks,
R.J. Goldston et al., J. Comp. Phys. 43 (1981) 61

25.04.2023




o: | PP FAST IONS & COULOMB COLLISIONS

Stochastization of the losses: variance in velocity norm

Fokker Plank equgﬂon for fast ion Vi<V<Ve New Techniques for Calculating Heat and Particle Source Rates due to Neutral

Beam Injection in Axisymmetric Tokamaks,
R.J. Goldston et al., J. Comp. Phys. 43 (1981) 61

o' = vy — 61 |2 (1= 27, fm, ) + (14 Tm,o) .
(sz> = ((U’ — v)2> = ((U"')2 + 0% — 2w’> = ((U"')2 +v? = 20(v + 6t (81)/6&‘)))
—_—— Taking f = o(v — v,) o(¢ — {,), we arrive at
(Av?) = ((v)* = v* = 20(61 (v /1)) )3

(Dvfor) = — Ti (1 = 2T, /my0") = —= (1 + Ty/m,0?)

(Av?) = 6t (00201t — 20 (v /00))

QAL (T, U2 T;
(0f /1) v*dvdé (0f /1) v dvdé 2y _ ¢ 4 €1 7o = (1/Vpe)ye
(90°/01) = f ffvzgvdf . (ovon = f ffvzgvdf — W) 7 \mp  v3mp 1/ Vbedv=0
The standard deviation will scale as square root of this.
of | 1 o, 1 & (0T, 0T\ of For consistency, we use the crifical energy related to “norm
o | "o Tt T ( — mbv) o of velocity” loss rates, not momentum loss rates.

25.04.2023




o: | PP FAST IONS & COULOMB COLLISIONS

Pitch angle scattering

Diffusion in the perpendicular plane (often called oyy0r O) :

See: https://ocw.mit.edu/courses/nuclear-engineering/22-611j-infroduction-to-plasma-physics-i-fall-2006/readings/chap3.pdf

2m2
012 = V12
mp + ny
2m, 2mp
Ohe = Vhe = 0 Opi = Vbi = Vpi
mp + me mp + mp .

*

" Close value
‘.“ See: F. Jaulmes et al 2021 Nucl. Fusion 61 046012

‘0

/ A“
50 = N (1, 1)%\/(5t)m

Random walk process

J.D. Callen. Draft Material for Fundamentals of Plasma Physics book, 2006.
homepages.cae.wisc.edu/~callen/chap2.pdf.

25.04.2023
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o: IPP covesss FAST IONS & COULOMB COLLISIONS

Full-orbit simulations with the EBdyna CU2z4300Tor 1MW NBI @R,=0.6m

EBdyna code allow to obtain 104
description of NBIl in space and

velocity space .l

_

_

- [Slowing Slowing down

Scenario Bf Ip [MA] Ecrlf No,wall down on ions
2 |
2.6

#24300
Slowmg down distribution of the 80 keV NBI 1+

F. Jaulmes et al 2021 Nucl. Fusion 61 046012

| .

me 1 5

ro= L |1+ [ 2] | with 8 ~ 18.6T, o ' l l l l

Serit 0 2 4 6 8 1
Ekin [eV] 10

F. Jaulmes et al 2021 Nucl. Fusion 61 046012

25.04.2023



o: | PP C FAST IONS & COULOMB COLLISIONS

Full-orbit simulations with the EBdyna CU24300 or IMW NBI ©R;=0.6m

Edena code allow to obtain . NBI 1MW velocity space distribution %107
description of NBI in space and |16
velocity space \ 114

F. Jaulmes et al 2021 Nucl. Fusion 61 046012 /
> 1 1
"'"--..

Scenario Bt Ip [MA] Ecrlt Ng wall >
#24300 04 a - .
-0.5¢ 0.4
60 = N (1, 1)5/(6t)v; i &
) -10 2 4 6 8 10 ’
Ekin [eV] x10°
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Overview of this lecture

» Application: modelling of fast neutrons generation in COMPASS Upgrade

F. Jaulmes et al.: Journal of Fusion Energy volume 41, Article number: 16 (2022)
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0: |PP  oovenss NEUTRON DIAGNOSTICS IN THE EXPERIMENTAL HALL

Spectrometers and DAq in shielded area

2 1 ne M Tl T o NN - 2 - S - - e 01 S - e e oL 0 e o T
HXR and neutron u L | L L L)
diag spectrometer o l
channels | . E | | | : _

Tokamak hall - shielded area | Region of
HXR and

.///' neutron

monitor

Main shielding —
60 + 90 =150 cm nlacmenet
of concrete M N r 1 1 [

(#98 Portland type)
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@ MODELLING OF COMPASS-U NEUTRON EMISSION

NEUTRON YIELD: BEAM -> TARGET 2) 20 +20 — 3T ( 1.01MeV ) + p* ( 3.02MeV )
H.-S. BOSCH AND G.M. HALE 1992 NUCL. ) .
USION 32 61 ]) (2ii) — SHe ( 0.82MeV ) + n® ( 2.45MeV )

Throughout this paper, E denotes the energy avail-
able in the CM frame. For a particle A with mass m,
striking a stationary particle B, the simple relation

EA = E (mA + mB)me holds. n: n.

dR/dV = ——— (ov 10
l N L+ & v 1o

where n;, n; are the particle densities and 6; is the
Kronecker symbol. With (V) the velocity distribution
of a particle and g the relative velocity (g = ¥, — V),
we obtain
(ovy = || f(¥) ¥) o(|gl) lg] d¥d¥, (11)

] / i :

012 , o= B _ _ SEcom) b (1072%m?) with B, = 31.3970 VkeV
] /’; E exp BNE) | o= xp (B VE) in mb ( m~) with B, 3¢ e
I [ iTr]'ll‘I[ P I Fli—l'—l'['[ I ) R
1 10 10% 10°

Energy in the centre-of-mass frame (keV)

25.04.2023




@ I P P < COMPASS MODELLING OF COMPASS-U NEUTRON EMISSION

NEUTRON YIELD: @ %D +2 -3 (101MeV)+p' ( 302MeV |

(2ii) — 3He ( 0.82MeV ) + n® ( 2.45MeV )

LS# SC(JIH . ‘ .
o= ( ) in mb (107**m?) with B, = 31.3970 VkeV

GXP( J/V CDIII)

‘SGC:-I]] — 1e1/2 — "nDplpl/_L

Neutron rate yielded by a single fast Emitted nevutron parameters:

ion marker:
Vn = Veom 1+ Un

R = npov,e
| (Ep) =~ 2.45MeV with |uy| ~ 2.165 - 10'm/s.

~ Upx = |uy|cos (arcsin(y)) cos(a)
Isotropy of the

eutron emission | Uny = [Un[cOS (arcsin(y)) sin(a)

_ UnzZ = [Un (X)

25.04.2023




COMPASS

:: IPP

TRANSPORT SIMULATIONS

STRATEGIES FOR
3 EDGE TRANSPORT
BARRIERS TYPES

Thanks to scaling laws we recover the
same type of profiles as was observed
in ALCATOR C-mod

Scenario Poed No,wall
%] [1 02° m-3] ms] [kPa] [10'8 m-3]
3.5

#5400 1.24 2.04
#45400 1.3 3

77 0.3
136 62 1.2 8.6

T =
Me 3V,

25.04.2023

In

1:(

&

8crit

)3/2“

—

with 8CI’it = 186T€

pol

[—#5400: ELMy H-mode
—=#45400: EDA H-mode
H—=#34300: I-mode '
0.2 04 0.6 0.8
’OpDI
_><1[J5
0.2 04 0.6 0.8

T [keV]
N oW Ao

loh) L
1 L

0.2 0.4 0.6 0.8 1

’Opul
0.06r
- #5400: ELMy H-mode
—#45400: EDA H-mode
E 0.04 #34300: I-mode
>
2
]
L 0.02
0 | ﬂ

0.2 0.4 0.6 0.8 1

pol
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COMPASS

INSTITUTE OF PLASMA PHYSICS ASCR

NDD NEUTRON MARKERS IN COMPASS UPGRADE

Full-orbit simulations with the EBdyna code allow to obtain
description of neuirons in space and velocity space

CU#5400 DD neut/s/m°

Z [m]

0.6 0.8 1 1.2

R [m]

x 1014

116

114

j 12

110

Z[m]

CU#45400 DD neut/s/m*

06 08 1 1.2
R [m]

x 1014

EBdyna neuirons

Beam-Plasma [104 s-1]

CU#34300 DD neut/s/m°

06 08 1
R [m]

EBdyna neuirons

EBdyna for 3-4MW NBI @R,=0.6m

x101°

2.5

1 1.5

0.5

Beam-Beam [10'4 s-1]

Pdep [W/ms]

-3
nfast [ITI ]

o N ke O @

2.5

\]

—_
1%}

—

bl
o

o

12

10

EBdyna neuirons
Total [1074 s°1]

METIS neutirons
Total [104 s°1]

- —#5400: P_
B i - - = #5400: Pi
-------- = ——— -...':'ﬁ_;_- - N —#45400 PE
i - - = #45400: Pi
- #34300: Pe
| #34300: Pi
| ' . S o
0.2 0.4 0.6 0.8 1
"Ot
%1018
——#5400: ELMy H-mode
i — #45400: EDA H-mode
#34300: I-mode
l l I\
0 0.2 0.4 0.6 0.8 1

25.04.2023

1.8

Scenario EBdyna neuirons
- Thermal [1074 s-7]
#5400 2.2

#45400

6.1

0.2

12.9
8.1

13.7
9.0




Full-orbit simulations with the EBdyna code allow to obtain
description of NBl in space and velocity space

101"

neutrons/s/eV

108§

10’

neutron energy spectrum CU #5400

. ELMy
- H-mode
12 10%n/s .- .

I
I

I
I
I

I

—BP
—BB

thermal |’
- -total ||

\
\

I T "
‘/////’ “\\\\\:
! \

: \

2 2.2 2.4 2.6
Ekin [eV]

25.04.2023

2.8 3
>-<106

neutrons/s/eV

108;

107

NDD NEUTRON MARKERS IN COMPASS UPGRADE

0! ,heutron energy spectrum CU #45400

—BP
EDA —BB _
. H-mode ) __thermal_

R total

- 810"n/s s
.'l//’—\ ,

2 2.2 2.4 2.6 2.8 3
Ekin [eV] «10°

neutrons/s/eV

101"

108§

107

neutron energy spectrum CU #34300

—BP
—BB

thermal |’
- —total |

2 2.2 2.4 2.6

Ekin [eV]

2.8 3
><106



Z COMPASS NDD NEUTRON MARKERS IN COMPASS UPGRADE

INSTITUTE OF PLASMA PHYSICS ASCR

Full-orbit simulations with Ebdyna (ex: CU#5400):

Detailled map of the neutron source is
generates 4.2M steady state neuiron markers (BB+BP)

obtained from simulation : can design

synthetic diagnostics for neufron camera

—1.066 —1.046
Xpos#1 = ( 0.682 ) and Xposuo = ( 0.629 ) }
0.064 0.057 14
( —0.295 ) —0.347
VLOS#1 = 0.948 and viosx2 = ( 0.930 )
0.12 0.118 1 0.5.
aperty £ 0
0.5 | N
3 i -0.5.
' >0 o 1
Aperture radius ~0.06m i T
Coliimation length ~1.6m gy &
-> COS(V Vpetect) >0.9993 -0.5 SRR, 1

25.04.2023




CU#5400 DD neut/s/m® 10" CU#45400 DD neut/s/m® 10" CU#34300 DD neut/s/m® 10

0.6 18

[ 16 125

NDD NEUTRONS

§ 7
INSTITUTE OF PLASMA PHYSIC| O 4

114

j 12

0.2
_ 110 ) 1.5
E 0 4
N 8
0.2 6 3 1
4 2
-0.4 -
2 1
0.6
0 0 | N
measured neutrons CU #5400 (] | measured . eutrons CU #45400 R [m] | measured neutrons CU #34300
—Beam—>plasma ) _ EDA —Beam->plasma| | "—Beam—>plasma
— Beam->Beam L~ V —Beam->Beam ‘—Beam->Beam IR -..\
thermal \ - 'H-mode thermal - * thermal ' \
- total 12 10"4 n/s - total - total
LMy - '8 10'%n/s
/
> -mode , > %
B I R @
2 2 3 c 103} :
E, 107 ) § 1071 ] s 10
= 5 5
O
= 2 :
| | Ill. I | | ! I | | !
2 2.2 2.4 2.6 2.8 2 2.2 2.4 2.6 2.8 2 2.2 2..4 2.6 2.8
Ekin [eV] «10° Ekin [eV] x 108 Ekin [eV] x10°
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...: I P P cgf.. MODELLING OF COMPASS-U NEUTRON EMISSION

Overview of neutron generation with EBdyna

* Full kinetic neutron calculations implemented in EBdyna

* Neutron fluxes & spectra in EBdyna in good agreement with theoretical formula and METIS
calculations

* Large amount of neutron markers allow to derive approximate statistics for neutron flux on
diagnostics and measured neutron spectra: importance of absolute calibration to avoid bias due to

poloidal distribution of neutron source

25.04.2023



:..: I P P INTRODUCTION TO TOKAMAKS

Summary & outlook

* NBl is a large device used to heat up both elecirons and ions in tokamaks. Its main parameters are
the tangency radius and the injection energy.

* Modelling particle orbits in tokamaks: the Boris algorithm can be implemented in a fast collisionless
orbit solver in toroidal geometry. Typical required time step are of order 10-? s for NBI ions.

« Coulomb Collisions simplified operators can be added on top of the collisionless solver in order to
give arepresentation of slowing down and pitch angle scattering. Obtaining steady state requires
simulations of order 10-1500 ms: can become challenging computationally.

* The full distribution of fast ions has many application: modelling of fast neutrals generation in
COMPASS Upgrade (fast ions diagnostics). It can also be used for MHD studies.

» Further, modelling of NBI ducft losses [see exfra slides!]
F. Jaulmes et al 2022 PPCF 64 125001
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NBI O IN THE COMPASS TOKAMAK

Overview of the dimensions of the NBI 0 in COMPASS

[side view]
Lyp=4.4 m

1.75m

1.0m

F. Jaulmes et al 2022 PPCF 64 125001
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NBI POWERS

TOKAMAK

ﬁ fneut fpas 1Eion fheat
-
cn — — — —
SEH Pl"Jn Ptot I:’AUX Pﬂ Pheat
O EEEE
ORHE _ beam\ . . Coulomb
iiii neutralizer jonization _—
H duct colisions
foeut--. NeuUtralization efficiency Pion = Upeamlbeam POWEr Of accelerated ions
foass -+ PASSING fraction P e fotal power produced in the neufrals
f.., ... lonizafion efficiency Py ---- Auxiliary heating power entering the fokamak
fheCJT . heating efficiency P ..... Power in the formed fast ions
P .. power heating the bulk plasma

08.09.2021



FAST IONS & COULOMB COLLISIONS

( N )
@ I P P Z COMPASS
° .0 INSTITUTE OF PLASMA PHYSICS ASCR

Pitch angle scattering

Diffusion in the perpendicular plane (often
called oyy0r o) Iis different than momenfum!

ZH”LQ
012 = "+ m V12
1 2 Benchmark with NuBeam code:
Momentum loss rate
2m, 2mp
Tpe = Vpe = 0 Tpi = Vbi = Vi — 5
mp + m, mp -+ mp %10

18 % '—EBdyna Pe
. . . o . — —EBdyna Pi+Pth
See: https://ocw.mit.edu/courses/nuclear-engineering/22-611}-infroduction-to- “e NUBEAM Pe
§ 10 1 = NUBEAM Pi+Pth

plasma-physics-i-fall-2006/readings/chap3.pdf

Simple scatter using systematic deviation:

0Q) = %\/((500’5;

Random walk in 3D

25.04.2023

4
=10
27 ;

Il tests
- —data aver:
- -expected

%= VNég = \/ﬁg\/(&)/T%

1.8+

1.6

1.4

1.21
’ 1799
0.8 -
N 4 ot
0.4
0.2
00 1 2 "I3 4 5
# of steps to reach =/4 x10%

oS
1 2
¥ 1.8
2 16
. 14
1.2
§ - ! |
9 1
Q
L. 0.8
£ 06 t
6 04
0. 0.2 = -
L i 1 1 1 - -
-1 0
0 2 10 X
4 ‘DA"
‘ 18
08 5 i x10
18 | |
0.6 : N —NUR+EBdyna
0.4 6 = NUBEAM ‘
0.2
( —
£ 0
Q.
0.2
04
0.6
0.8
4 1 1 L -

8

4 6
Ekin [eV]

NUBEAM : o B, Rtan=30 cm

fast ions densﬁy [m 3]
oL X N

"o 0.2 0.4 0.6 0.8 1
“Exiniow
Py

F. Jaulmes et al 2021 Nucl. Fusion 61 046012
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https://ocw.mit.edu/courses/nuclear-engineering/22-611j-introduction-to-plasma-physics-i-fall-2006/readings/chap3.pdf

..: I P P INTRODUCTION TO TOKAMAKS

Beam duct modelling

* Modelling of fast neutrals generation in COMPASS

* Ray-tracing of fast neutrals generation
» Calculation of position of ionized neuiral markers
* Full orbit calculation of ion frajectory in 3D field

25.04.2023



o: |PP NBI O IN THE COMPASS TOKAMAK

Overview of the dimensions of the NBI 0 iIn COMPASS\
[fop view]

I I I
— I I I
_,-""'- | — | |
1 o7 QAR ; i
/-'" | | N |X|=1.45m | i
L4 - .T T~ | Y : :
F o
A 5 ~ \ X|=2.15m
0.5 - ‘f ;; : _ 1\ "‘ i : - ;
/ _ X|20.53 m | |
.’ j.‘ ;H E‘M—
_ | AN : | . .
E 0] ! ! X | | ! | '
- 1 1 \ : ™ ~ I : - :
“ 11 N | x{f r! g ', dlaphl‘aglﬂl
_ I TRl YN : d—e
\ ’ Htan_D'ES my, | U . i : .
051 % \'H i N = \: Bending Neutralizer
| |
3 ~ | | magnets
\ ™~ - o l - N |
‘\.\ ':' - l’ |
v Flange~ 2 |
1 .""h- ' - AN . .
| | h-—rﬂﬂ# | T : : thtal:a.q m |
-1 0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
[m]

F. Jaulmes et al 2022 PPCF 64 125001
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COMPASS

INSTITUTE OF PLASMA PHYSICS ASCR

NBI O IN THE COMPASS TOKAMAK

f(ty) = —exp | —= | —

t, = tan(of) ~ o6

|
|
s
n
|
'
1
1
\
EEEEEEEiEEEEEER

On
D
Illlﬁllllll
A

‘ “Ideal beamlet”
\ Last grid

Focal point

25.04.2023

Ray-fracing of fast neutrals

£=Tmrad ; Beam scraping=1.0%

|
1 s
0.5 1 1.5 2 2.9 3 3.9 4 4.5

0.5 1 1.5 2 2.9 3 3.9 4 4.5

E

@Df“al FWHM=0.07m

FWHM 0.2m
fn

0.1
0
-0.1

F. Jaulmes et al 2022 PPCF 64 125001
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Fast neufrals & duct walls

(e ]
Last grid Last grid
(e ]
Goes to Hits duct
olasma wall
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NBI O IN THE COMPASS TOKAMAK

lonizations of fast neutrals

W

: Last grid
e

Re-lonized

5

Last grid

Re-lonized

But the duct contains residual
nevtral gas! ~ 10'8 m--3

25.04.2023




NBI O IN THE COMPASS TOKAMAK

lonizations of fast neutrals

::-:1[]'EID
Z | | b
l | — “ionize

| L —-E=80 keV

| ! i E=40 keV

I - -E=58 keV

dP,, c : i - -E=58/2 keV
— —’Pﬂ-nog( ) . o E=58/3 keV
dl 1.5 ! ! i
- /A
E VR
o YAl
| | !
1] . .
| | !
| | !
| | !
. | I
Last grid ! o
| | !
05 I 1 1
101 102 10°
E [keV]
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NBI O IN THE COMPASS TOKAMAK

lonizations of fast neutrals

| 1 i dP,
_ : ?LQ 2

t, = tan(of) ~ o6

= —P,ngc(E)

5

Last grid

25.04.2023

— P.—"R =0:;

[ = Iy (exp (—Lngo;))

(uniform density)




NBI O IN THE COMPASS TOKAMAK
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NBI O IN THE COMPASS TOKAMAK

Experimental measurements of NBl duct heating in COMPASS

Bt ‘Slinj Pgrid PeffNB[ At

“,E , W[ /wn w”llw AT [C] [T]  [keV] [MW] [MW] [ms]

"‘” i "'“"”“” 21759 : 140 21759 1.5 53 0.8 0.63 130

e 21760 E 21760 | 1.5 58 1.0  0.77 230

s 21761 i 135  21761| 1.5 58 1.0 0.77 230

21762 i 21762 | 1.5 59 1.0 0.77 180

21763 i 130 21763| 1.5 58 1.0 0.76 190

21765 i 21765 | 1.5 59 1.0 0.76 220

21766 : |o5 21766| 1.5 59 1.0 0.76 170

++ 21767 i 21767 | 1.5 58 1.0 0.75 230

| e E21783 21783 [1.15 65 1.3 096 60

e % 21786 21786 |1.15 66 14 1.0 60

e 21787 21787 1.15 66 1.4 1.03 120

I S S 21789 21780 | 1.15 66 1.4  0.99 90

I i 21790 21790 [ 1.15 66 1.4 1.03 120

v Tens | 21796 21796 | 1.15 55 0.7  0.55 100

R i s 21802 21802|1.15 55 1.0 0.75 120

; 21804 21804 |1.38 60 1.0 0.75 110

21812 21812(1.38 62 1.0 0.75 100

.« 100  -50 0 50
e TC pos angle (clockwise left to right)
F. Jaulmes et al 2022 PPCF 64 125001
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NBI O IN THE COMPASS TOKAMAK

Experimental measurements of NBl duct heating in COMPASS
Einj Parid Peffyg At

&

W[ /wn ””W) AT [C] [T]  [keV] [MW] [MW] [ms]
"‘” P "'”"”"” 21759 | 140 21750] 1.5 53 0.8 063 130
21760 7 21760 | 1.5 58 1.0 0.77 230

21761 | {35 921761| 15 58 1.0 0.77 230

21762 i 21762 | 1.5 59 1.0  0.77 180

21763 i 130 21763| 15 58 1.0 0.76 190

21765 i 21765| 1.5 59 1.0 0.76 220

21766 : o5 21766 1.5 59 1.0 0.76 170

++ 21767 i 21767 | 1.5 58 1.0 0.75 230

© 21783 21783 11.15 65 1.3 096 60

® 21786 21786 |1.15 66 1.4 1.0 60

21787 21787 |1.15 66 1.4 1.03 120

21789 21789 |1.15 66 1.4  0.99 90

Strong localization along the duct 21790 21790 |1.15 66 1.4  1.03 120
suggests the influence of magnetic 21796 21796 ) 11555 0.7 0.5 100
field dominates: fast ion losses 21802 21802 L1555 1.0 0.75 120
) ‘ 21804 21804 |1.38 60 1.0 0.75 110
dominate the power losses! 21812 018191138 62 10 075 100

-100 -50 0 50
TC pos angle (clockwise left to right)

F. Jaulmes et al 2022 PPCF 64 125001
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Modelling motions of fast ions inside the NBI duct

1
m— — Zie (v x B)
dt

#21760 [1.5T] #21787 [1.15T]
— 0.06 {JE' T 1 : Ir ] [JE' T T . [ 1
—Ex E || _EH
0.05 0.4 —E? [ 0.4+ |—B,
EE ther ||U'-'*:-u le BE
1 0.04 0.3 TC position kit . i | 0.3 TC position
E /
] f
0.03 0.2 i : 1 0.2
Exit of NBl vacuum tank
1902 041 5 1 = 01
= : =
0.01 0 ) : | 5
i |:| H H
0.1 0.1 i
1-0.01 ; e ek I,
0.2 1 SN 0.2+ WxBy: drift
:""‘“E\,-- drift ito the top ll
S 0.0z : to the top | ' I|
-0.3 ] | -0.3 | |
P . : . | . . . : |
-1.4 -1.2 -1 0.8 0.6 -1.4 -1.2 -1 -0.8 0.6 0.4
X [m] X [m]

F. Jaulmes et al 2022 PPCF 64 125001
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NBI O IN THE COMPASS TOKAMAK

Trajectories of fast ions

i dP B
N T 1 (t,\" Hﬂ = —Pp,noo (&)
, = tan(of) ~ o6 *
| | | : pﬂ. — expP (— /'?30(]’(8)(“) - Pi—R=0;
; ---------------------- ; L []' _ l B ) [i’ I _ I (e:‘{p(—LH CTE'))
o0 1 4 ‘ideal beamlet” - Pi(l) Pull) — U. U
\ | st gnd (UﬂIfOrm densn‘y)
Focal point
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