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| ntroduction & motivation
Current hole (CH) model B
FO loss and confinement criteria of fast ions

Neoclassical & cone |losses
1) DT alphas& DD tritons
11) NBI tritons

CH effect on the distribution of confined energetic ions
1) distribution function in COM space
I1) density, bootstrap-current, bulk plasma heating
profiles, NBI triton induced neutron emission

Summary
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e Motivation

Hollow current profilestypical for tokamak experiment scenarioswith ITBs =

improved plasma cor e ener gy confinement at reduced inductive current
plasma equilibrium states stable over remar kably long periods

= hollow current configurations could be regarded as serious candidate for
stationary oper ation of a fusion tokamak-reactor

confinement of charged fusion products (CFPs) and NBI ions - ?

Purpose:

examinethe effect of toroidal current hole on FO loss and on the collisional
|loss of fast ions,

predictive modelling of distribution function of CFPs (3.5 MeV a’sand
1MeV t’s) and NBI 1onsin hollow current JET discharges
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* Model used

Toroidal current density, j [MA/m 2]
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Model B with j(r) and
FS shapefrom M SE
measurementsfor JET
(#51976)

X, radial position of
maximum J(r)

reasonable
approximation for
measured j(r) in JET

X,=0.45, #51976) and
JT 60 (x,,=0.6)
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FS shape parameters and g-profiles
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a)  Shafranov shift A(r) = Aj[1-(r/a)2],
b) elongation k(r) = k_-[k-k,l[1-(r/a)?]>-0.5 k' (r/a)[1-(r/a)?],
c) triangularity A(r) = A (r/a)?
with A,=0.15m, k_=1.7, k,=0.9, A_=0.28, k'=0.8
Reconstructed g-profiles arein satisfactory agreement with M SE measur ements
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Normalised fusion source profile, S/<S> [au]
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CFPssourceterm & plasma parameters

16

#51976, 44.8s<t<45.8s

—O—TRANSP, t=44.8s
==0==TRANSP, t=45.3s
-==c==== TRANSP, t=45.8s

N 3l ——model, S2(x) -
L \\ A -
_ a\ _
0 02 04 06 08

(Normalised toroidal flux)'?, x

1

S, [Jexp(-33x3)+30.7x%exp(-11x2)
S, [Ingn{aV)

Ny, N, - deuteron and triton
density
(aV) - fusion reaction rate

T.=10 p(x) keV, T,= T,=20p(x) keV,

ne:O.S)(_LOZO pP(x) m-3, ns=n,
Zeff(X):1-5+2.4x2/(1+4XE0)

PO)=1-((XX, ¥ V(1% *))2OX-X, ),
X+ =0.45

AX) - Heaviside step function
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3.5MeV alpha gyro-orbits

I/B=2MA/3.45T, Ea=3.5MeV,
a)  Ro=3.2m, VRo=Vzo= 0.698V

| Fixed FSshape &
ALY . \¥ same initial conditions

I+ magnetic
|' axis

,é\ xm=0.60
N | ——xm=0.30
1 L g f Effect of current hole
ISrather strong
-1
-2

1.5 2 2.5 3 3.5 4
R (m)
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Confinement domains
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» substantial reduction of confinement domain of alphas as current
holeregion isenlarged (increasing X.,)
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First orbit (FO) loss of alphas
0-6 | | | 1 |
IB=(2,2.5,3)MA/3.45T | = currenthole
05 | o enhances FO loss
i I from (8-25)% at

——3MIA, S o) monotonic profile

0.4 --0--2A S T oA (Xm,=0) to (20-50)%
==0==25MA, S2 _” L’ at szo_6

0.3

0.2

FO alpha loss fraction

0.1

01 02 03 04 05 06

Xm

shift of current
maximum from 0.45
to 0.6 correspondsto
effect of current

decr ease of about
0.5MA
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Poloidal flux, Y(x)/(1)
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Confinement criteria (qualitative consideration)
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- -@- - qualitative model, X«=0.57
==={3-== monotonic j(x), S=2
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Normalised flux surface radius, x
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1/q

0.1

MSE, Pulse No: 51976, 44.8s
—CO—JET model, Xm=0.45
--@- - qualitative model, X«=0.41

o

3.2

28
R(m)

2.4

W(r)DaW(x-x.), wly)=

0, y<O
0, y>0

X;00.2+1.1x_>-0.3x_* - effective size of current hole

San Diego, 6-8 October 2003, IAEA TCM on Energetic Particles




** o EFD EUROPEAN FUSION DEVELOPMENT AGREEMENT

Critical currents & enerqgies

»>1>1 .. (E<E,,) particlescrossing CH, r<rg are confined

»>1>1 . (E<E,,) particles crossing r=0 are confined

ﬂ. 1 Al ZI ° E
Icr1DF \/7 cr2 Ecr1D |:F (1 \/g):| - fcr22

H,

EinMeV, | inMA, Z and u - fastion charge & mass numbers
1<F<1.5 — geometrical factor

1< f(x) = (1+0285/x,-0.107x;) <12 | >{I 1.}, E<{E, ,E, .}

crl? "cr2 crl?

San Dieqgo, 6-8 October 2003, IAEA TCM on Energetic Particles




EFD ﬁ EUROPEAN FUSION DEVELOPMENT AGREEMENT

Orbits of marginally confined barely trapped particles for x,=0.57

----- Cl)utmoslt FS I—d:Idcrl

5 mrq*zo.S?a —d=dcr2
1 B

E

N Ot
1 F
2 A=3, Q‘(a):-O.IS, k(a):|1.7, A(a):0.28
15 2 25 3 35 4

R (m)

d — poloidal gyroradius/(plasma
major radius)

at d<d,= 0.08 particles crossing
current hole, r<r, areconfined

at d<d_,= 0.108 particles crossing
r=0 areconfined

|, =7.6MA,I_,=5.6MA for
alphas

Essential improvement of
confinement requiresonly ~ 20%
reduction of d even in the case of
rather large CH
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Critical currentsreguired to confine fusion alphas passing hollow

current plasmacore, Icrl, & plasmacentre, lcr2

- ™ . T T -- T Z
! QAII current hole particles confinedy/ S
< A=3, k=17, Al(a):'o'3 u \ = =lcr1 ==0==[cr1982 93__)
< —o— 7y
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& g _u". J <
@ —t—lcr1, qualitative model ] o 1E ..o Nofattest banana confined =
o --m--|cr1, JET model a) .07 . _ . ol 1 8_
—O=—Icr2, qualitative model N c
==0==|cr2, JET model b) All particles los 7
1 . . ——— o

02 0.4 0.6 08 1 0.2 0.4 0.6 08 1
X Normalised effective current hole size, x,

»in ITER-liketokamak | = 10MA will provide a good alpha confinement for hollow
current scenarioswith xup to 0.7

»current hole effect is equivalent to the reduction of total plasma current given by
factor 1- x 32
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Poloidal angle, deg
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Distribution of FO alpha flux over pitch and poloidal angles

Cosine of pitch angle, V”/V
----- fattest bananas 1087 05 0 -05-0.87-1

©
80 S l—l
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50 £osl
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X

90 divertor ..—? 0.6
O

T T 0.4
60 ‘ é

30 I/B=2.5MA/3.45T, I/B=2.5MA/3.45T, - £ 0.2
Xm=0, S=S1 Xm=0.45, S=S1 i I/iﬁ:%MGA/S:;SlT \\></

0 = o
0 30 60 90 120 150 1800 30 60 90 120 150 1800 30 60 90 120 150 180 8

Pitch angle, deg Pitch angle, deg Pitch angle, deg

(Z,0) =[number of particleslost per 1sm?[{lpitch angle deg)ls]
Poloidal angle 8 = sin@=-Z/2.9m counted clockwise from min B at midplane (R=3.9m)

Transition from x.,=0 to x,,=0.6 enlar ges maximum FO loss about 2.5 times and shiftsit
from @ =55%60° below midplaneto rather high €>100%105° (divertor area)
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Collisional lossfractions L and L -oye Of alphaswith 0.0625<E/E <1
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©
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collisional loss fraction of fast alphas
Lot =~ (D /V)Y?2~ (D, /[a-r,,(A=0,0)]?v)Y? ~ 0.1 for v4/v,~102

reason - rather steep initial distribution of confined alphas, |¢3Infa/<3lnci | >>1
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Poloidal angle, deg
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Distribution of collisional + FO alpha flux over the pitch
and poloidal angles

Cosine of pitch angle, V”/V

----- fattest bananas, E=3.5MeV 1 087 05 0 05 -087 -1

)
180 2 .
3) B=25MA/3.45T, IIB=2.5MA/3.45T, A b) ‘-E?
X =0.45, S=S1 . . = H .
150 il ctr circulating WUENE = / _,] ctr circulating _.>5 08
: «©
120 / ] =
/ ; S
} FO loss Cone Ioss r ] ..c—; 06
90 - FOloss =
50 g 041
trapped v/ g’
30 , | 1
co circy]ating Ny trapped > 0
o I - =
0 30 60 9 120 150 180 o 30 60 90 120 150 180 = ©
Pitch angle, deg Pitch angle, deg

= maximum collisiona fluxes result from NC loss of trapped alphas at
poloidal angles ~10° and pitch angles ~ 60° and from cone | oss of
fattest bananas at pitch-angles ~ 50°- 709
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(E>220keV)
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Energy spectra of NC collisional loss
7 ! ! ! ! r !
5| @ NCloss, IB=2.5MA/3.45T /_ * For NC loss effect of
| | | - | current holeis

Sp S R S 1 important only at
. ——Xm=0,8=S1 | -

4 — —————— — — Xm=0.45, S=S1 ——————————— e ] hlgh! E>3M ev! and
. ——Xm=0.6,5=S1 | low, E<1MeV,

3L . - Xm=045,S=S2 s :
R R energies

0 05 1 15 2 25 3 35
E, [MeV]
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(E>220keV)
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Enerqy spectra of cone collisional loss

4 ! | | T I l
=2. 5|\/|A/3 45T
35| b)CONE'°§S'/B ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
3L —o— Xm=0, S=S1
—— Xm=0.45, S=S1 ;
25 —— Xm=0.6, S=S1

-=7=== Xm=0.45, S=S2

conelossisessentially
affected by toroidal current
shape also in moder ate
energy range
1IMeV<E<3MeV

peculiarities of coneloss
spectra are dueto increase of

-loss cone size in phase space
with enlargement of current
hole area and

-number of alpha particles
contributing to loss at plasma
periphery

I OD(1-L o)dinf/dinc
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EFDA’
Lossof DD Tritons (40keV<E<1.AMeV) S(r) = S, (#51976)

While L_F_O DD tritons — LFO DT alphas (_dueto gyro radii pDD tritons = O'93[?D_T alphas)
thecollisional lossL , of tritonsis enhanced because of higher efficiency of

pitch-angle scattering
— (VD/VS)DD tritons 7(VIII/VS)DT alphas

S monotonic j(r)
©
§ L. | : :
% 04 o “D“l‘:LFO-LCOLL" """""""""" - L coll DD tritons >
"‘E | L FO DD tritons
Q 02 |
O E>40keV, xn=0.05, B=3.4 T

01 1.5 2 25 3 3.5 L coll 15-30%

MA]
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Confined tritons fraction
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Current hole effect on the confinement of DD tritons

E >40keV, xm=0.45, B=34T

! i . .
E > 40 keV, xm=0.6, B=3.4 T

Confined tritons fraction

7% EER A S S
| —o—1-LFo - ‘
| -0 1lrolcow = —o—1-LFo
0.2 e oo o o oo | 0.2 e T - s --0--1-LFo-LcoLL - |
0 0
1 15 2 2.5 3 3.5 1 1.5 2 2.5 3 3.5
IIMA] I[MA]

Essential effect of collisional transport on triton burn-up
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Collisional loss of 100keV co-injected NBI tritons

0.3 | ‘ ‘ 0.3
\E NAAXIS) Tri | . —100kiv B=3.4T NBI(OFF?-AXIS) Tritons, Eo=100keV, B=3.4T
0.25 . NBI(ON-AXIS) Tritons, Eo=100keV, B=34T __ 025 % A S S i
c ' 3 | 3 c Y\ ! 3 3
S 02 % T — S— U Y T — T — i
% \ —o— Xm=0 7 N : —O— Xm=0
O 015 e e 01— Xm=0.45 - 4 2 01545 e R e = XME0.45
o & 1 | ©==Xm=0.6 = Lo ‘
5 . | | 5
%) 01 |t e o 4 @ 0.1
= 0 v . : =l
o \ N ! | Q
0.05 -y R s e . 0.05
e, . 0
2.5 3
I[MA] I[MA]

Collisonal loss becomes essential (> 10%) only at | < 1.5MA and x, > 0.5
l41(%:=0.4) =1.5MA!
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Distribution function, [au]
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Distribution function of confined alphas at
|/B=2.5M A/3.45T for monotonic |(r)

co-going particles, x,.,.=0

E=3.5MeV, xm=0 a)

— E=1MeV, xm=0 b) — E=0.25MeV, xm=0 c)
3 8,
3 c
S 02 S o7
E=] =06
g 0.15 g 05
S 04
2 0.1 E o3
c 0.2
S 005 S o1
S 0 = 0
o Ie)
= 0 = 0
= 0
2 025 A
a) 0.7 Los 05 )\ .
A 14 10 o7 rla 14 10 r/a

Normalized to f,=S/(41V3v,), S,- alpha source rate, V,=1.3 10%cm s,
v,=0.03 s, S, ,;010%S, ,;~10tlcm-3s-!
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Distribution function, [au]
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e counter-going particles, x,,=0

E=1MeV, xm=0

E=3.5MeV, xm=0

E=0.25MeV, xm=0 'I f)

0.48

0.4

0.32

0.24

0.16

0.08

0
T

35
0.7

0.5
1.05
A 14 1.0 o rla

0.035
0.03
0.025
0.02
0.015
0.01
0.005

?*.:".VJ.

0.25

Distribution function, [au]
Distribution function, [au]

f(r...., A) - monotonicin “radial” coordinate with

maximum corresponding to stagnation or bits

max?
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Distribution function, [au]

E=3.5MeV, xm=0.45

0.016
0.014
0.012

0.01
0.008
0.006

0.002
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Distribution function of confined alphas at

|/B=2.5M A/3.45T for hollow |(r)

CO-going particles, xm:0.45

E=1MeV, xm=0.45 h) E=0.25MeV, xm=0.45

9)

Distribution function, [au]
Distribution function, [au]

w0 orla
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e counter-going particles, x.,=0.45

E=0.25MeV, xm=0.45 )

E=3.5MeV, xm=0.45 i) E=1MeV, xm=0.45 K)

0.015 0.064
0.056
0.048

0.04
0.032
0.024
0.016
0.008

Distribution function, [au]
Distribution function, [au]
Distribution function, [au]

f(r...., A) - nonmonotonicin “radial” coordinate with

maximum cor responding to stagnation orbits
e~ min{r.. }andatr .~ (0.6-0.7)a

max?
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Alpha particle density, bootstrap current and enerqy deposition
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Normalised FS radius, r/a

hollow j profiles affect mainly n, P
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1.2 ! ! ! !
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0.8
==¢==Pqi, Xm=0

== Pge, Xm=0.45
==m==Pgi, xm=0.45 __]
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==¢==Pqgi, Xxm=0.6

0.6

0.4

Energy deposition, au

0.2

04 0.6 0.8 1

Normalised FS radius, r/a

P, and lessj,
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JET

Alpha particle density and alpha driven current, |/B=2.5M A/3.45T, x,=0.6

pd 1/B=2.5MA/3.45T, xm=0.6 |

’ N a)
1.5
.k
é 0.5
N i
Of
-0.5F
-1 "’,;\
Temees “Outmost FS
2 24 28 3.2 3.6
R(m)

J o1t — INCludes alpha current and electron reversed current;

na(R,Z)/max[na(R,Z)]

14

0.8

0.6

0.4+

0.2+

pd |/B=2.5MA/3.45T, xm=0.6

2 242832 36
R(m)

jatot = ja [1 - (1 - G)Zalzeff]

G O(r/R)Y2 —trapped electron correction

Ja(R,Z)/max[Ja(R,Z)]
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P.e & Py power depositions, 1/B=2.5MA/3.45T, X,,=0.6

™ il
: | |
'\L 0.8 ’[\T 0.84
T ¥
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0.6 o I
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Pae max 10 Pai max
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Distribution function of NBI tritons at monotonic current
(on-axis co-injection, X,,=0, [/B=3M A/3.45T)
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Normalised magnetic moment, A

f (40keV<E<100keV) islocalized near the confinement domain boundary corresponding to
the stagnation orbitswith 0.03<r/a <0.1

reason: beam israther thin and isinjected in mid-plane

at monotonic current thedistribution of NBI tritonsin plasma cross-section is maximum
near magnetic axis
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Normalised magnetic moment, A
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Distribution function of NBI tritonsin CH JET equilibrium
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(on-axis co-injection, x,,=0.45, [/B=3M A/3.45T)
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f (40keV<E<100keV) at x.,=0.45 islocalized near the confinement domain
boundary corresponding to the stagnation orbitswith 0.25<r/a <0.3

distribution of NBI tritonsin plasma cross-section is strongly dependent on
poloidal angle with maximum value at r/a~0.3 in midplane
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Distribution function of off-axis NBI tritonsin CH JET equilibrium
(co-injection, x,,=0.45, /B=1MA/3.45T)
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f (40keV<E<100keV) at x =0.45 is localized at r/a~0.5

population of coutergoing tritonsis small even at E=40keV in spite of rather strong pitch-angle
scattering (v//v,~0.5-1)

1 o 02 04 06 08 1
rmax/a

distribution of NBI tritonsin plasma cross-section is essentially nonmonotonic with maximum
value at r/a~0.5
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CH effect on NBI triton induced neutron emission

= EEEIEE <distribution of 14MeV
S b neutron emission induced
2 : by NBI tritons in JET is
expected to be essentially
affected by the current hole
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Injection CH seen to result
In i) outward shift (~xp of
the neutron emission
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e Summary

hollow current profilesin JET result in a moderate increase of FO &
collisional losses of CFPsif current holeregion israther small, r/a<0.5

at 1>2MA FO lossfraction of CFPsis < 30% and collisional lossfraction is<
10-12% for DT alphas (with E>220keV) and < 20-25% for DD tritons (with
E>40keV);

maximum alpha particle flux is comparable and even exceeds the neutron flux
and maximum alpha lossinduced heat load is~ 30-40% of neutron first wall
load

flux of lost CFPsis strongly localised both in poloidal and pitch angle; loss
distribution is essentially affected by the current hole

current hole effect is equivalent to the reduction of total plasma current in
accordance with 1 = 1(1-x4/?)

distribution function of confined CFPsand NBI ionsis essentially affected by
hollow current profiles = affects fast particle density, bootstrap current and
energy deposition profiles, distribution of 14MeV neutron emission induced by
NBI tritons

San Diego, 6-8 October 2003, IAEA TCM on Energetic Particles



