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The description of the Neutral Beam Injection block in the 1.5D ASTRA code is
presented including the neutral beam absorption, first orbit analysis and fast ion
slowing down. Benchmarking in the ASTRA code is carried out using the OFMC calculations
for the JT60-U experimental parameters. The benchmarking reveals that the NBI solver of
the ASTRA code provides satisfactory accuracy of the absorbed power and generated
current calculations. Taking account of ripple losses and the multistep atomic
processes for the high energy NBI enables calculation of both the transversal NBI in the
rippled field and the tangential negative beam injection in the JT60-U experiments. The
fast and self-consistent treatment of all plasma parameters in a MHD equilibrium makes
the ASTRA code extremely convenient for the experimental data analysis and plasma

transport simulations in the JT60-U experiments.
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1. INTRODUCTION

The neutral beam heating and current drive block of the ASTRA code [1]
simulates three types of processes connected with the neutral beam absorption and
the hot jon-plasma interaction:

the birth of hot ions due to ionization and charge exchange of the hot neutrals
accompanied by the birth of electrons and warm neutrals ("neutral beam halo"),
taking account of the multistep ionization processes which are important in the case
of the high energy negative NBI ;

the drift motion of the hot ions accompanied by trapping of the hot ions in the
plasma or hot ion losses due to intersection of the drift trajectory with the wall
("orbital losses"), trapping into the ripples (“ripple losses”) and trapping into the

magnetic wells;
the thermalization of the fast ions due to Coulomb collisions with plasma

electrons and jons accompanied by energy and momentum transfer to the plasma and
generation of toroidal current.
Some simplifications allowed us to make the block less time consuming whilst

maintaning safisfactory accuracy.

2. NBI SIMULATION IN THE ASTRA CODE

2.1 FAST PARTICLES ABSORPTION

The neutral beam penetration into the plasma is described in the
approximation of "pencil” beams with the energy distribution in terms of the
“footprint" [2,3], i.e. by the prescription of the input power distribution in the
meridian orthogonal cross section. The power distribution in this cross section 1s
calculated using the real beam geometry and from the fast ion source power
distribution. ‘

In the ASTRA code the NB-plasma interaction is described in a realistic
gcometry of the magnetic surfaces calculated self-consistently with the plasma
parameter distribution from the equilibrium solver including the anisotropic hot ion
pressure. For the solution of the Grad-Shafranov equation we use L.E. Zakharov's
simplified 3M technique [4] with the following magnetic surface parametrization:

R=R, + Ala) + a (cos B - 6{a) sin® %), (1)
Z =k(a)asing,
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where
1V is a parameter;
a is the surface minor radius;
A is the "Shafranov’s shift";
k is the elongation;
d is the triangularity.

In the NBI block of the ASTRA code more accurate formulae for the NB
stopping cross section were used [5] taking account of the multistep processes
(excitation + ionization) in multispecies plasmas for the range of parameters
expected in a fusion reactor and negative-ion-based high energy NBI of IT60-U:

E = 100-10000 keV/nucl, n, = 10" -10% m™ , T, =1- 50 keV.

For the moderate beam energies E < 100 keV/n there are used the following

EXPressions:
for beam ionization by proton and electron impact and charge-exchange cross-

sections [6],[7]:
G Vp = 43.73NE 1073483 5y BI6-082 - for E< 150 keV,

y=3+I1gk,

G, vp = 1.575 1072 (2.22 + 1g E )NE, for E > 150 keV;

<G v, > = 61101 <RV for T. < 0.02 keV,

y+ 0731+

y=0.0136/T, ,

<G, v, > = 10 1IBLI-0SSy 236 o for - T,> 0.02 keV,

¢

y=3+]gl,;

e vy = 9.6 1077 ¥y (1-0.155 1g ) (1 +0.1112 107y ),
with y=1000E

for the rate of the ionization by impurities [3]:

1 \ 07500 +127E)
1+008095E, 64.58+E.

with ov [m” /s]. E, = E/Z [keV/n].

G, vy =7.457107° Z wy [
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The total beam stopping cross section for mediate energies is calculated as:

Gror = (”-p Opi + 1,0+ 1 Gy ne + <O v >lvp

where: v, =(2 T, /m, Y12 is the electron thermal velocity, v, [m/s] is the fast
neutral velocity, <..> denotes the Maxwellian averaging.

2.2 FAST PARTICLES TRAPPING

The fast ion trapping analysis is carried out in the drift approximation taking
account of the toroidal and the Larmour phase symmetries. The ion motion is
considered in variables which describe the inclination of the orbit with respect to the
toroidal magnetic field as well as the fast particle energy:
with & = (v,B)/|vB|, v =y

We also use the variable y(p) = W(p)-*¥'(0) which describes the relative
poloidal flux with respect to the magnetic axes and is an increasing function of the
distance from the magnetic axes in tokamak plasmas (we use a positive value of ).

We also use conservation of the toroidal and magnetic moments as well as fast

ion energy on the first pass along the trajectory. Taking account of:
the generalized toroidal momentum:

R.Mh v E- e W/2me = Ry My vy &b - e Wy /2T ¢ = const,

the energy:

M, v12 = E, =const,
the magnetic moment:
v /B = const,

one can obtain the integral of motion:

W2nBy + ro R (1-Ro/R )" = C(y,R) = const = Gy,

with

(vo .En W ) - coordinates of the appearance of the hot 1on, index "b"
corresponds to the point of the hot ion birth;

B - BUR() /R ’
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(-) corresponds to the co direction of the hot ion motion to the plasma current
(co injection);

(+) - counter motion;

Yp = Vh VM, cleZ, B-is the ion gyro-radius for v L B;

Rcr = Rb -R ,2 /Rh;

R, is the tangential radius of the specific "pencil” beam.

For simplicity we neglect the dia(para) magnetic corrections in the radial
dependence of B = ByRy/R as well as the electrical potential. In general it 1s possible
to take them into account following a similar calculation, But in presence of the
electrical potential (which is difficult to measure experimentally) the trapping
analysis becomes more complicated and time consuming.

The hot ions with R., < Ry - a, keep the sign of & (the direction of the toroidal
motion) on the whole trajectory. Thus it is necessary to analyze only whether the
particle leaves the bulk plasma (reaches the separatrix, limiter or wall).

If R, > Ro - a, it is also necessary 1o know whether the particle reaches the
point R = R, (whether itis trapped in the magnetic well) or it remains untrapped K

> R
The analysis of trapping in the magnetic well can be dope in the following

way. Using
Vo=V (Ro+ AD) - Ry ), W, = y(a),
R.=Ry+a, R =Ry - a,

one can reduce the condition of trapping in the magnetic well to the simple
condition: |

(WCl"Cb )(Wu-Cb ) < O

and the condition of ion loss from the bulk plasma to following two:

Cly,R.)-Cy <0, for the co motion, |

Cy,,R.)-C, <0 for the counter motion.

For the case of large gyroradius the loss expressions should be corrected
taking account of #y:

Va=W(a-ryvialve)

R.=Ry+a-rvidv, R=Ry-a+ryvidv,
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The first orbit analysis is carried out to eliminate the fast ions with orbits
crossing the plasma boundary from the fast ion source S, We also exclude the
trapped ions from the fast ion current in the steady state Fokker-Planck solver (see
bclow). In the case of the full scale Fokker- Planck solver this trapping is taking into
account in the proper integration over the pitch angle (see below).

Keeping in mind the large rippling of the magnetic field and large fraction of
the trapped particles for the case of the perpendicular injection in the JT60-U we
introduce also the ripple loss analysis following the consideration of ref. [I1}.
According to [11] the dominant part (80 - 90 %) of the energy losses is caused by
the direct trapping of the hot ions into the ripple loss cone. Thus we restrict our
consideration of the ripple losses by the direct trapping of the “banana” particles into
the magnetic wells (and do not consider passing particles and collisional and

diffusion into the loss cone). Following [11] the criterion of the loss cone 1s 1 > T ,
on/dz < 0, where:
n= BR/BtpN 6,

By and B, are the R- and toroidal component of the magnetic field,
N is a number of the toroidal field coils (= 18 in the JT60-U),

8 = (Binax - Bmin)/ (Birax + Bmin) 18 the amplitude of the ripple.

To calculate the ripple depth & in the JT60-U we use the Yushmanov’s
analy:ic expression valid for the tokamaks with circlar coils:

8 = 61‘1 ]()(Na/(RO - LO))
where J; is a modified Bessel function,

a=1{2(Ry-Lo)(R-(R>- 7 - Ly - 2rLgcos®)'™)}

R=Ry+rcosd, z=rsins.

172
?

The cther parameters were chosen to fit the JT60-U ripple depth
L() - 084, Sn - 000025 N R() = 33

The “banana” hot jons with the “banana” tips in the Joss cone leave the
plasma very quickly due to the fast drift. We exclude these particles from further
calculations. According to [11] this approach enables us to calculate the NBI power
to ions and elecrtons with accuracy of 3-4%
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After the first orbit analysis, the fast ions are considered in the thin orbit
approximation. The coordinates of the trapped particle (vy ,&p ,Wp) correspond to the
point of ionization. .

2.3 FAST ION DISTRIBUTION

The fast ions thermalization in the NBI block of the ASTRA code is
calculated by solving the linearized Fokker-Planck equation (nyn.<<1) in the
coordinates (v,&,r) for the gyro- and magnetic surface averaged distribution function
fof the fast ions. The radial variable (the square root of the normalized toroidal flux
r =p/p, = (®/®,)"%) is included only as a parameter in the coefficients of the
Fokker-Planck equations and particle sources and sinks:

of v, Zzn(aTbB o , of
9 _ YLl Y _To e 7 O g2 _ g
ot T, ; nyv' \ov My ¥, ov (el )+ of a-5 )Bﬁ VS, &
where: .
o=1e,

Ze Holr), To(r), My are charge, density, temperature and mass of the proper
plasma components,

Sy, (v,&,r) is the fast ion source: _

v(v,€,r) f- describes the volume losses of the hot ions due to charge exchange;

Uy = VIV, Vo = (2 T/MDM, Ko =expM, v'2T,)
4" re '
= —= —x7)x"dx
b, \Eiexp( X)X

W

e exp(—ug )+ Quy — a:z[f)J-exp(—x2 Yxdx
1]

8
T Jn
1,2 ESPM,PN2nZ e n.In A

The boundary conditions on the fast particle flux in velocity space are
prescribed at infinity: I'-=0 (in the ASTRA E.=E; 16/9) and provide the absence
of artificial numerical sources and sinks. The boundary condition at v = 0, as well as
these at £ = 1, & = -1, are excluded by using a special shifted flux mesh i2]. The

9

supra therma) part f; of the fast ion distribution function f is determined the following

way:

£ &R = fv.E1) - fO.E 1) expl-(v /v 1), (4)
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with v: = (2 T: /M,)"? - the thermal velocity of the Maxwellian ions.
All distributions connected with the interaction of the fast ions with plasma are
determined using the solution of (3) calculated on the different magnetic surfaces:
The fast ion current is calculated taking into account the trapping into the

magnetic wells:

i -£,
jin = ] [J@:d&+ Jéf,,da}ﬁdv (5)
&, -1

with the boundary of the trapping in the magnetic wells E= (2e/(1+¢ N, and € =
a/R. For the high beta case in the tight aspect ratio tokamaks one should improve this

expression taking the magnetic field from the equilibrium:

£ = (anx = er‘n.)/(Bnmx + Brrzin)'
The density of driven current is calculated taking account of the electron

Okhawa current together with the neoclassical corrections [9]
Jin= (1 - FilZeg) i (6)
where

FilZe ©)=(Z 2 +1.81Zg + (Zog +0.45 Zegg)(Zogg +1.41Z,5 +

+ (2 22 +2.66Z4+0.75)g + (Zog +1.24 Z5+0.35)g), (7)
and the expression for the toroidal correction [9] which is valid in contrast with [10]
for arbitrary aspect ratio up to € =1:

£ = e (1.46-0.46 g), where g = f/(1-f) describes the fraction of the trapped
particles.

All other distributions (fast particle density n, pressure ppi, Pop POWED
transfer to ions and electrons Py, Pp.) are calculated in the usual way by means of

fi)

This technigue is used to simulate the dynamics of present day NBI heating
and current drive experiments, where the beam slowing down time is comparable
with :he energy confinement time and the beam energy is comparable with the ion
lemperature. _

For plasma parameters typical of future reactors Ej =1000 keV >> T = 10
keV. n, = 10°® m?, the velocity space diffusion can be omitted. The Coulomb

slowing down time is less than the charge exchange time as well as the energy
confinement time:
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1., 5> Tp > T, = 3.7 My /M, (T, /10 ke V)" An, /10" m™ ) [s] 8)

and Eq. 3 can be reduced to the steady state equation:

\J%(U}-i-vi)ﬁ? +0.5Z; v 8_§(] &) %J} =-v 1,5, ©)

where:
= (3\/75 m, Z; /1AM, )“3 Ve
=X n 2 /M )M, /n,,
Zo=2xnmZ 2,
T, = (My/Zy € Y v:/4AnZ; n, In A is the Coulomb collisional time

This equation (9) can be solved analytically [8].

IH+1Z4 16
J (10)

XSP(Q(

,—.'(1

where
vy = (2 Ep IMp)'?
X =V, Xo = VeV
P; (£) are the Legendre polynomials:

[ Ppede=08,/(l+112);

S,'= ([+]/2) J SP,' dg

Using the expression (10) for the steady state fast ion distribution function, it
is casy to determinc all the variables which are necessary to solve the plasma
transport and equilibrium equations in ASTRA analytically:
the fast ion current density is calculated taking account of fast ion trapping:

i =lepvfo & v=2es Syt Fr(Uxe,y) b3, (1)

where:

Fi(x, vi=x'(1 +x‘3)Yj (142 )™ dusx/(4+3y+x7(x+1.39+0.6 15" 7))
0
(12) see [10]
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h, = 0O for the fast ions trapped in the magnetic well,
h, = 1 for passing ions;

The NBI driven current density is calculated as before (see Eq. 6).
The parallel pressure of the suprathermal jons:
pu=) My vl £y &v=21Ep{ Sy (1-2F g2 (X)/x*)3+4S 2 Fnp(x,Z; Y15},

the transverse pressure of the suprathermal ions:

poL = My vi2 fy 892 =2 T, Ey {Sy (1-2Fng(0)x)/3 - 283
Fup (x,Z2)/15},

where:
x = 1/x,

T

Frex) = | (@+1)7 udu= [arctan((2x-1)3) + 7/61N3 -

(n((1+x)* /(1-x+x)}/6;
Fyp (x,y) = x2(1+x7 Y I (147" u du

All other distributions (fast particle density np, power transferred to the
Maxvsellian ions and electrons Py, Pp.) are calculated from (10) the same way as n

- Ref. [10].

the fast ion density: np =2 Sp T, In{1+x7°)/3
the ion heating: P,i=4 E, Sy Fypz (x) I
and the electron heating: P, =2E,Sp(1-2 FNBQ(x)/xZ).

where the neutral beam absorbed power 1s:

Py=2 Ey, S (13)

In the case of the fast solver only a few terms of the source expansion are
used: S, S, , S» Thus, only these three terms, rather than the fast ion distribution
function, are calculated by the fast Fokker-Planck solver. Thus this technique could
be usad for relaxed fast ion distribution without charge exchange losses.
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3. BENCHMARKING OF THE ASTRA NBI SOLVER

The NBI solver of the ASTRA benchmarking versus the OFMC calculations
was carried out for the same JT60 - U experimental parameters of the NBI L-mode
discharges E021796, E021795. In both cases the perpendicular neutral beam
injection was used. The results of comparison are performed in figs.1,2.

In these shots with large fraction of trapped particles the effect of the magnetic
field rippling plays an important role. The calculations of the NBI absorption without
taking account of the ripple losses noticeably overestimate the bulk plasma NBI
heating at the periphery (figs.la, 2a). The simple technique described above enables
to take into account the ripple losses and provides acceptable accuracy iIn
cOmMparison with the OFMC calculations (figs.1b, 2b).

In the case of the nearly perpendicular injection of both JT60-U shots the
value of the NBI driven current is negligible. Thus the accuracy of the NBCD
calculations of the ASTRA NBI solver was verified by comparison with a few
different codes for the shots with the tangential NBI. The results of comparison with
PENCIL (JET), ONETWO (GA) and TRANSP (PPPL) codes are performed in fig.3.
The agreement of the ASTRA NBI solver calculations with all others could be

considered as satisfactory too.

4. CONCLUSIONS

The benchmarking reveals that the NBI solver of the ASTRA code provides
satisfactory accuracy of the absorbed power and generated current calculations.
Taking account of the ripple losses and multistep atomic processes for the high
energy NBI enables calculation of both the transversal and negative beam injection
in the JT60-U experiments. The fast treatment of all plasma parameters
selfconsistently with the magnetic equilibrium makes the ASTRA code extremely
convenient for the experimental data analysis and plasma transport calculations in

the JT-60U experiments.

ACKNOWLEDGMENTS
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FIG. 1 The benchmarking of the ASTRA NBI solver versus the OFMC calculations
for the NBI L-mode JT60-U discharge E021795 {a) without (b) with taking
account of the ripple iosses in ASTRA calculations

at the right part:
(-0-) Piis the radial distribution of the power absorbed by 1ons from the
ASTRA NBI calculations,
(-#-) Peis the power absorbed by electrons (ASTRA),
(-*-) Pix is the power absorbed by ions (OFMC),
(-+-) Pex- is the power absorbed by electrons (OFMCQC),
at the left part:
(-0-) Pb = Pe + Pi (ASTRA)
(-*-} Pbx = Pex + Pix (OFMC)
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FIG.2 b  NBI with ripple losses

FIG. 2 The benchmarking of the ASTRA NBI solver versus the OFMC calculations
for the NBI L-mode JT60-U discharge E021796 (a) without (b) with taking
account of the ripple losses in ASTRA calculations

at the right part:
(-0-) Piis the radial distribution of the power absorbed by ions from the
ASTRA NBI calculations,
(-#-) Pe is the power absorbed by electrons (ASTRA),
(-*-) Pix is the power absorbed by ions (OFMC),
(-+-) Pex- is the power absorbed by electrons (OFMC),
at the left part:
(-0-) Pb = Pe + Pi (ASTRA)
-*.} Pbx = Pex + Pix (OFMC)
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ASTRA vs. PENCIL (JET)
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The benchmarking of the ASTRA NBI solver versus the PENCIL., ONETWO
and TRANSP codes for the NBCD in the case of tangential injection.

(—) Solid curves correspond to the driven current density profile caiculated by
ASTRA NBI solver, (—) thin curves to the other codes.



