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The 3-dimensional geometry of stellarators/heliotrons make it more diificult
to calculate beam deposition and thermalization. Extensive comparisons between
the Oak Ridge and Kyoto codes were undertaken, using a simplified model for
the Heliotron-E plasma and magnetic field. The perpendicular injection geometry
cé,uses most of the energetic fast ions to be helically trapped. The high transform
and shear of the heliotron configuration helps to confine these orbits, but energy
losses in the model cases ranged from 20% to 50%. Although the codes use
different coordinate systems and collision operators, when they solve the same
problem, the answers are equivalent. For perpendicular injection, very little, if

any, acceleration of the slowing process can be tolerated.
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Imporiance of Benchmarking NBI Codes

¢ Beam inputs are a significant part of the power balance but are

seldom directly measured

e Calculations serve as a guide to determine optimal injection

angles

e Calculations are expensive, so the appropriateness of analytic

moments should be determined



Codes and Cases Considered

HELIOS - Kyoto real space code

MAGCOM - ORNL magnetic coordinate code

DESORBS - ORNL real space code

CASES:

Perpendicular and parallel injection into Heliotron-E and ATF



ORNL MAGCOM CODE

Boozer coordinates, natural for profiles and electric ficld treatment
Only mod B = Y A, m(¢)cos(np — mO) needed
An m(v) are least-squares fitted

Relatively fast but loss boundary caniiot be extended much beyond outer flux

surface

ORNL DESORBS CODE

Real space cylindrical coordinates

¥ is interpolated using 3-D splines

For complex fields vector B is interpolated using 3-D splines
More difficuit to treat electric fields

Slower than MAGCOM but allows treatment of complete geometry



Guiding Center Equations in Magnetic Coordinates

Y = (Peg — PyI)/~, pe = [~(peg' = €)Ps + (pI' + 1) Py) /7,

o (s9B . 0% 31p+esz dp.
8y " 0w ) 8P, T Tm PP,

qb-—( OB 6‘@) oy e*B?* dp,

30 T8y ) ap, T Tm <8P,

where p. = muv)/eB, B is obtained by FFT,

B=3" Anm(w)cos(ng - 1:9)

The toroidal current within a flux surface is I(¥)/(2 x 1077) A,
and the poloidal current outside a flux surface is g(¥/)/(2 x 10~ ") A.

v =elg(pI" + 1) — I(pcg’ — <)), § =e*p;B/m + p.
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Guiding Center Equations in Real Space

dR , B .
Tt" = — X (I.lVB +mU"E . VB) +"U"B,
d .
ﬂ__E;B.\‘;B,
dt m
B
B=—
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dR -
v = — - B(R).

dt



Slowing Down of Fast Ions

6f . 1 9 3, 3
atﬂr,vzav( +v°)‘f
0 (v — v,)
f= =

ot TyU2
On plasma ions:
3

vl At
Av; = - —=—

On plasma electrons:
At
Av, = —v,—



Pitch Angle Scattering

Sample ( = Ejl from the Gaussiaa:

1 Lo 1.2
P(¢) = 27me 2 ((=(Q))"/

where o2 = ((2) - (()?
let f = 6(C - C.)



Charge Exchange with Re-absorption

L
£=/ e "e%=ln g dl

At
Ln,o., = vAtn,.. = — > —Iné
cz

The neutral is tracked by transforming from guiding center coordinates to particle

coordinates with a random phase for the gyro-motion



Profile Parameters For Heliotron-E Cases

Ti(¥) = To(¢) = To(l — ¢°)% + T,

Ni($) = Ne(¥) = No(1 — )" + N,
E,= 26 keV
High Medium Low |
Density Density Density

R, 0.5 2 1
R, 0.86 1 1
S 1 2.575 1
Ss 1 1 1 |
Ty 376 eV 406 eV 540 eV 1|
T 5eV 10 eV 60 eV '
N, 1.37 x 10 ¢cm 3 8.7 x 10'3 cm™3 4.45x 10*3 cm—?
N, 1.00x 10 em™® | 0.3 x 103 cm™? 450 x 10 ¢m 3
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Sensitivity Questions

Numerical /Statistical - How many particles are sufficient?
Random numbers, etc.

Magnetic field — Are simple models accurate?

Boundary model used to determine orbit losses — Ca,n the outer
flux surface be used?

Acceleration of slowing down process — Can computer time be
saved without loss of accuracy?

Frequency of collisions — What is a reasonable number of colli-
sions? Should collisions be “independent” of orbit integration?



Reducing Collisions Saves A Small
Amount of Computer Time —
Is it Worth the Risk?

Model magnetic field (NF 21(1981) 1067).

Heliotron-E low density case NO = 4.45e¢13, TO = 540 eV,
T, = 12 ms

100 particles

Boundary at last closed surface

Collisions Orbit GE(%) Gi(%)
(1000’s) Loss(%)
2 39.9 42.6 15.7
10 52.7 39.3 11.0
20 51.8 39.5 12.2
30 51.5 35.7 12.4
40 45.4 39.2 14.8
143 45.6 39.1 14.5
47.8 37.9 13.4

Collisions should be every time step in order to accurately sam-
ple at turning points where trapping and detrapping occurs



Acceleration Techniques Drastically Reduce
Computational Time But When are They Valid?

Scheme 1
Compute 75 for problem. Then choose n. = # of collisions.
The At for the collision operator is given by

At, = 2
c‘—Nc

At., N, are the same for all acceleration factors; i.e., there is

always IV, collisions with At for each collision. The “accelera-
TS

tien” is given by changing the orbit following time t, i = N
g

N, = acceleration factor.

N, collisions during t,.p;¢ time.

Scheme 2

Let Atpg = integration time step of GC egs. Collision after
each step with N,Atpg = At, for the collision operator (pitch
angle and slowing down).

N,y = goose factor
torbit = time for all particles to

thermalize or be lost.
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ORBIT LOSS
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-Model Helical Field Used for Benchmarks

Hanatani, Wakatani, Uo, Nucl. Fusion 9(1981)1067

§=B(O)ﬁ+vw><f_{

h=(2+p0)/(1+p%)

b = -%BCZ(O){a* + e

2Tz
—e1p:K5(2p.) cos 2(6 — 5 I}t

pe =2ma/L, p=2n7/L

a = minor radius

L = pitch length

toroidal correction factor (1 — r/R cos 6)
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Benchmark STEPS
Kyoto and ORNL CODES

Cases benchmarked - Perpendicular injection into high (I) and
low density (II) Heliotron-E plasmas with a model magnetic field
(Hanatani, et al., Nucl. Fusion 9 (1981) 1067)

Beam deposition agrees — 92% (I) and 65% (II) beam absorption,

shinethrough agrees

Coliisionless orbit loss (I) agrees — 28.5% with boundary at last

closed Bux surface

Numerically calculated collisionless orbit shift of deeply trapped

particles agrees with analytical prediction

Collisionless orbits match for Kyoto and ORNL flux coordinate

codes
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Collisionless orbit
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e Thermalization at birth positions for Case I

Number Energy Energy
of Fast to
Ions Electrons
HELIOS 1000 73.3% 26.7%
MAGCOM 512 71.8% 23.3%

o Complete thermalization process, no charge exchange, boundary

at last closed Hux surface

Code Density | Number Energy |Energy |Energy
Case of Orbit to to
Fast Ions |Loss Electrons |Ions
HELIOS High 100 40.3% 46.8% 13.0%
MAGCOM |High 100 43.1% 44.8% 11.0%
DESORBS |High 100 42.8%  |44.1%  [11.4%
HELIOS Low 512 47.4% 39.2% 13.3%
MAGCOM |Low 500 46.1% 39.9% 13.6%
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lHeliotron-I7

R oy VI coils

Zy =312 m
r=340m

I/, = —-0.98911,,

LIF coils
Two filainents, 380 segments
Iy = 1.16 MA (2T)
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ENERGY DEPOSITION
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ENERGY DEPOSITION

ENERGY DEPOSITION vs BOUNDARY
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-enter the

.

Many helical orbits leave and re

ouler flux surface.
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Heliotron-E

Two Filament Model

Perpendicular Injection

Vacuum Vessel Geometry

Density Case | Energy Charge Energy Energy
Orbit Exchange | to
Loss Loss Electrons to lons
High 0.08% 10.3% 66.1% 21.5%
Medium 0.06% 12.2% 64.5% 21.2%
Low 7.32% 21.8% 49.9% 19.2%




Profile Parameters For ATF Cases

Ti(¥) = To(¥) = To(1 - ¥) + T

b =@,(1-7v)

T, = 1000 eV, T, = 50 eV

N,=4x3:10%cm™3, N, =1x 10*2¢cm ™3

®,=00r2kV

E, =40 keV



ATF Six Filament Model

R
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BEAM ENERGY (%)
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ATF
Six Filament Model

Vacuum Vessel Geometry

Injection Energy Energy Energy
Orbit to :
Loss Electrons to lons
Perpendicular 64.2% 26.9% 7.53%
Tangential 7.99% 49.1% 36.5%
& _ —-




Conclusions

e Results are very sensitive to:
—~ Magnetic field model. Also the fields in real space and flux
space must correspond exactly to get agreement.
— Quter boundary model for perpendicular injection where
many helical orbits leave and re-enter the outer flux sur-
face and sample large regions of the plasma. However, outer

flux surface is adequate for ATF tangential injection.

The number of collisions should be large enough to accurately

sample at turning points where trapping and detrapping occurs.

e Acceleration of slowing down process should not be used for
perpendicular injection which produces large numbers of helical
orbits. Acceleration can be used for ATF tangential injection

which produces mostly passing particles.

e Perpendicular injection into Heliotron-E for our “best” model

produces a small orbit loss while for ATF the orbit loss is ~65%.

¢ The analytic moments method can be used for ATF tangential

injection but not for any perpendicular injection cases.




