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NEUTRAL BEAM CURRENT DRIVE FOR INTOR:
THE POTENTIAL IN STEADY STATE AND
QUAST STEADY STATE OPERATIONS
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The neutral beam current drive potential was investigated for INTOR
benchmark test parameters. Varlous parameter dependences for the current
drive efficiency were calculated and the 500 keV beam feasibility in
INTOR design was clarified. The calculation includes spatial distributions
for the beam driven currents. A flexible current profile control ability
has been confirmed. It was also revealed that the same beam system
could be used for strict steady state operation and for transformer

recharging in quasi-steady state scenarios.
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1. Introduction

A nen-inductive current-drive would be one indispensable
technology to make the tokamak system a more attractive reac-
tor candidate. Although lower hybrid wave current-drive is
most successful to date, the recent beam current drive experi-
ments in JET [11l] and TFTR [1l2], where cover half mega ampere
currents have been driven, imply the large potential for the
NBI (neutral beam injection) current drive method.

This report presents results of investigations on the
beam current driver potential for the next generation tokamaks.
The feasibility of sub MeV beams is mainly discussed, because
of ambigquity in regard tc the near future development of over
1 MeV beams, while about 1.5 MeV beam will give the best

current drive efficiency for the next generation tcokamaks.

AN iy e, . h
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2. Beam Current Drive Model
2.1 Beam Current Drive Theory

After the first proposal of beam current drive by
Ohkawa [1], the 2-D Fokker Planck equation has been used to
investigate the beam current drive.

The velocity distribution for the fast ions, £y{v,&),
generated by a neutral beam injection, is described by the
Fokker-Planck eguation. With the Legendre polynomial P_, the

g
solution for £, is written in an integration form [2,3]:

fb(V;S)
1
ST - 5 3+ 3 -6"2.(2'1'1) 22
_ 0 se 22+1 v3 VphtVe _
= gcx(v) V3+V3 2Eo 5 P,Q. (Eb)PQ(E) V—3 -V—3+—v3 U{vp=-v)
c C <
(1)

where U(vy -v) is the Heaviside step function and £ = cos 8 1is
the pitch angle for fast ions along the magnetic field, Sg

is the particle source at (vy,£,) due to the injection, Tgg
ahd v, are the slowing down time due to the electrons and the
critical velocity where the energy loss rate for fast ions to

electrons and to ions is equal. Assuming log Ai = 24 and

log Ag = 17, these values are reduced as follows:
tee = 1.17 x 1018 ay (1o/kev) 72 / (zln,) I[sec] (2)
ve = 1.42 x10% (To/kev)1/2 [m/sec] (3)

where Ap and Zp are the mass number and the charge number

for the fast ions, and
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2
Zp = (] log A;ny25/A) /(] log Aynyzs/ag) . (4)
1 1

The function g__(v} is a particle loss factor due to charge

cx
exchange [3]. When the charge exchange fast ion loss is
negligible, gcx(v) is unity.

Using fb in Eq. (1), ion current density j;, driven

by the neutral beam injection, is given by

oo 1
ji = eZb J v3dv J fb(v,E)EdE . {5)
0 -1

The orthogonality of the P, has reduced the sum over n to

the n=1 term [5]. Then, Eg. (5) reduces to
3 Xb
P, = el SaTan by i(xbﬂ}y () (2 RARFS (6)
I3 b20 se®b 0% T xy, ! 9ex 23 1 r

where y==22/3,which is a parameter on the pitch angle diffu-
sion. Total driven current J¢ 1s a sum of the fast ion
current and a back streaming electron current induced due

to the momentum transfer to the electrons from the fast icns.
Therefore, current drive efficiency, by nsutral beam

injection, is

jt 2eZstegb
— = J (X yil1 -2, /2 {1-G(2Z ,£) 1] {(7)
P, mpAbvc ( LY { b/ eff eff
1 Xg-+l Yy b %3 +1
J(%y,y) —54 " ) J gcx(x)(v-j-———)y dx {8)
Xb b 0 X" +1
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where the final term in Eg. (7) shows the reduction in driwven
current, due to the back streaming electrons, € 1is inverse
aspect ratio and factor G (order of unity) has been calcu-~
lated by Start et al. [8]. For example, when Zeff = 2 and

e = 0.2, G = 0.84, Functional approximations for G and J,
without charge exchange loss, are found in Ref. [9].

Functions gcx(v) and J, with charge exchange loss, are found

in Ref. [3].

2.2 Beam Penetration and Shinethrough

The neutral beams traversed through the toroidal field
must be re-ionized in the plasma. This re-ionization occurs
by variocus atomic processes. The cross-sections of three
important processes, electron impact ionizatioen Ter protcn

impact ionization o, and charge exchange o, are shown in

P
Fig. 1, where ¢, is the Maxwellian average, i.e., 0o =
<ov>e/v0 (v, is the injection speed) [4]. The total effec-

tive ionization cross section is defined by

Ogff = 1N 04 + (o + 0) %ni},/ne . (9)

In the case of over 100 keV injection, the charge exchange
process is negligible. Also the authors have neglected the
impurity impact ionization in Eg. (9); while the beam current
drive analysis code includes it. The shinethrough fraction
of beam power, f5, is

fS = exp(-1)
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where 1, the number of icnization mean free paths traversed
through the plasma, is given by

L
T = J ne(r}seff(r)ds .

-L
where L is half length of the beam path (s) in the plasma.
For example, T =3 gives ébout 5 % shinethrough. A too large
T (»>> 5) causes surface heating and a low 1 {<< 2) results
in too much shinethrough. Figure 2 shows an example of beam
power deposition profile function H(r) for various 1. The
deposition power density (Watts/m3) is given by PbH(r)/ZﬁR,
where Py is the injection power, R is the plasma major radius.
In this example, 500 keV beam energy and the parameters
(R=5.2m a=1.12m, « = 1.6, Rtang = 4,6 m) are assumed

with a rectangular beam line cross-secticon of 1.2 m {(in

height) x 0.4 m (in width).

2.3 Beam Current Drive Analysis Code

In order to investigate the beamfdriven currents and
the driver powers, the authors have developed an up-graded
version of the beam current drive analysis code used in
Ref. [5}. The new version consists of a 2-D current profile
calculation code and a 3-D beam power and momentum deposition
code. In both cecdes, magnetic flux surfaces, labeled by ¥,

are given by

R - (RO-+Aw) = rw(cos 8 - 6¢]Sin g 1) (10)
z = inrwvlsin gl , (11)
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where ¢ is a poloidal flux functioen, Ty is a half width of
the magnetic flux surface on the z =0 plane, RO is major
radius of torus and & is poloidal angle, measured from the

horizontal plane. Plasma elongation «,, triangularity & (=4)

v’ P

and r, (=a) at the plasma surface are given, which charac-

2
terize the plasma shape. When discussing in detail the cur-
rent profile consistent with the MHD pressure balance, the
shape of each magnetic surface in the plasma and the axis
shift for each magnetic surface Ly must be determined by an
MHD equilibrium analysis. Such a full ﬁreatment on the
beam driven MHD equilibria is deferred elsewhere. 1In this
v 6¢ and Aw somewhat

arbitrarily, except these values on the plasma surface,

report, the authors chose rather «

because the detailed forms of magnetic surfaces inside the
plasma have a comparably small effect on the global current
drive efficiency. These values, x, § and A, on the

plasma surface are very important.

The beam power deposition calculation gives the portion
of beam powers absorbed on each magnetic surface Pdep' Then
it is converted in power density pg, averaged on the
flux surface, fcllowed by

Plep (W) @Y = py (V) (dS,/av) 27<R> 2

where Sw is area of poloidal cross-section of the plasma
inside the flux surface labeled by ¥. Average radius <R>lp
is defined so that 2nm<R>ySy may give the volume surrounded

by the flux surface y.
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Toroidal jon current density by circulating fast ions,
ji’ is derived from the velocity distribution of fast ions
fb(G),as described by Eg. (l1). In order to take into
account fast ions energy diffusion, an ion distribution
tail in a regime v > vy is added to fb(§);

f£oai1 = Fp(Vy) + (af/a?z)vb-(v—vb) , (13)
where (8f/8§) is determined by the manner in Ref. [2]. Never-
theless, the energy diffusion effect in the driven currents
is always small (less than 5 %).

As fb(§) has been given by a linearized fast ion
Fokker-Planck equation, the current-drive efficiency jt/pd
has no dependence on power density Pa- Then, once ji,driven
by a unit power density, is obtained, jt/pd is known.

The Py and jt/pd calculations are carried out on each

magnetic surface, whereby the current-profile in the plasmas

is known. Total driven current IP is obtained by an integ-
ration of local current density jt(w) = (jt/pd)wpd(w) ;
Ip = J jt(w)(dsw/dw)dw . {14}

Using Ip and injected beam power Py global current-drive
efficiency I/P (= Ip/Pb) is determined. Note that Pb
includes the shinethrough power, i.e. the power absorbed

by the plasma is given by
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where fS is the shinethrough fraction of the beam power.
Therefore, efficiency I/P depends on fs. Calculating the beam
power deposition profile and the shinethrough fraction is
accomplished with a three dimensional modeil, where any beam
line orientations (see Fig. 3), any profiles for the beam
line cross-section and any shapes of the target plasmas {Dee,
Bean etc.) can be treated. The code includes the cross-
section data for ionizations and charge-exchanges due to the
electrons, the fuel ions and various impurity ions ([6,7].

The temperature and density distributions are assumed

as in the following profiles;
T = T,ll- (x/2)21%T, n = ajll-(z/a)21%n

The code also outputs the fusion power and the net electric’
output, where 'nmet' means (total electric output)-{electric
power due to @river). These values strongly depend on the
temperature and density profiles. The fusion power cal-

culation includes a power from a beam-plasma direct reaction.
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3. Current Drive Efficiency
3.1 Dependence on Tg and ng
FPigure of merit on global current drive efficiency

Ip (MA) T (1020m™3) R(m)
Pb(MW)

Y:

depends on the plasma electron temperature Te. Alsc Y has a
dependence on density ne, because of beam deposition
characteristic change. |

The beam driven currents are calculated by the beam
current drive analysis code with the INTOR parameters
(Parameters A} listed in Takle 1. The magnetic flux surfaces
used here are shown in Fig. 1l4. The beam parameters are
listed in Table 3. The injection energy 500 keV is lower
than the optimum energy (~ 1.5 MeV), which gives a maximum
current drive efficiency, but it is more realistic for the
INTCOR desion, when considering near future developments in
beam techneology [10]. The beam line is split into 16 beams
in the beam current drive analysis code, as shown in Table 3,
assuming a syrmetry with respect to the tokamak eguatorial
plqne. The actual calculation is deone with the upper 8 beams
only. ({(In the beam power deposition calculaticn, each beam
is further split into many pencil beams.)}) Through the
iteration of the driven current profile calculations, each
beam power is automatically controlled so that any deviation
between the driven current profile and a preset objective
current profile may be minimized. The objective profile

has been chosen as j = (1 —52)0-5 throughout the present
Jo g

e s 9 L BT 2h S o
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Te and ng dependence calculations, where s = rw/a and Ty is
the half width of flux surface labeled by ¥. Spatial
profiles for T, and n, are also shown in Table 1. The Tg
profile is parabelic and the ng profile is very broad.
The driven current profile for mg = 0.7 x1020 m™3, Ty = 20 kev
is found in Fig. 13-b.

The T, dependence for v is plotted in Fig. 4. The Tg

dependence is weaker than linear. In the 10 kev < T, < 30 keV

range, Y is written by a following functional approximation;
Y = 0.064 (To/kev) -8 | (15)

The ne dependence of Y and the shinethrough fraction fg
are plotted in Fig. 5. 1In the regime ng > 0.4 x 1020 cm™3,
the shinethrough is small enough (less than 6 %), thus Y
depends weakly on He. In this range, the change in beam
power deposition brings about a small Y-degradation with ng.
On the other hand, the shinethrough fraction increases rapidly
as ng decreases below 0.4 %1020 m=3. Therefore, in this low
density range, Y depends on n, exponentially.

In the 0.1 i'ﬁé/lozom_3 < 1.0 range, Y is approximately

given by

__0'092{1

y = 0.355 ng - exp(-7.5n,)} (16)

with ng in 1020 m=3.
Although Eq. (16) is obtained with Ee = 20 kev, it is
expected that the beam power deposition characteristics may

depend on Te weakly. Therefore, the convenient functional
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approximation of Y, including the ng and To dependences,

can be reduced from Egs. (15) and (16);

=0.58—--0.092
n

Y = 0.0624T, - } (17)

{1-exp(-7.521,)

0

(Te in keV and ng in 1020 pm=3)

10 < Tg/keV < 30, 0.1 < ng/104%m™3 < 1.0

2

L/LO = /(RO + a} 2 - Rtang

The factor L/L0 in Eg. (17), which is the ratic of beam
paths, is added in order to give some generality to this
formula for small change in the plasma size. This treat-
ment will give a good approximation of ¥ for the reactor
parameters close to INTOR parameters A in Table 1. The
formula deviation from the numerical simulations is shown in
Fig. 6, where the formulaz has been compared with the simula-
tions in 10 < Tp/keV < 30, 0.1 < Me/10%%m-3 < 1.0, 4.1 <
Bg/m < 5.8 ranges. The formula error is within +10 %, -2 %
in these parameter ranges. Note that this formula is wvaiid

for the 500 keV beams only.

3.2 Te dependence with a retained beta

The Te dependence for current drive efficiency
Ip/Pb is plotted in Fig. 7, where the beta value due to the
thermal pressure is retained at 5.9 %. Thus, the density is
not constant (ng = 0.93x1020 m=3 at Te = 20 kev). 1In this

calculation, reactor parameters B {Table 2) are used,

o A A
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The beam parameters are listed in Table 3. From Fig. 7,

the T, dependence of Ip/Pb for constant 8 is written by

| ég- = 6.65 x 104 (To/kev)1->8 (18)
This T, dependence is consistent with the formula (17), because
B8 « N,T, is retained constant in the present calculation,
whereby ¥ « Te(Ip/Pp) « (Ip/pb)/ﬁe o TéO.SS_

Increasing T, with a constant beta usually results in a
reduction in fusion power, while the drive efficiency Ip/Pb
is increased. Therefore, a @ value (= fusion power/driver
power) tends to saturate with T, over 20 keV. The Q value
is also shown in Fig. 7. The Q value is almost constant in
the 25 keV < Ee < 30 keV range. In the over 30 keV range,
¢ reduces gradually.

Although the maximum Q value is obtained with Te & 30 keV,
a net output power is usually maeximized at Te ~ 20 keV, where
'net' means (total electric output) - (electric power for
driver). Also, the maximum fusicn output is generated with
T, ¥ 10 kev. Then, the operating temperature should be
chosen in accordance with the experimental task. For a
demonstration to commercial use, the optimum temperature
should be about 20 keV.

Finally, it should be noted that  the power balance
between the injection power and the loss power from the

plasma is not discussed in the present Q calculation. As

shown in Ref. [18], including the power balance calculation
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with a transport model may result in a lower Q wvalue than
that of the present calculation, owing to the operating

parameter range restricted by the power balance condition.

3.3 Zeff dependence and nec-classical effects

Current drive efficiencies Ip/Pb (Amp/Watts) and
Q value (= fusion power/driver power) for INTOR are plotted
in Fig. B. Reactor parameters B used here are listed in
Table 2, 1In Fig. 8, the solid line values are calculated
with the finite aspect model of neo-classical trapped elec-
tron effect [8]. The broken line values are the case without
trapped electrons. If the present neo-classical model is
valid, the to ¢ dependences of Ip/Pb and Q value are very
weak, in the 1.5 < Zgff < 3.0 range. On the other hand,
without the trapped electron correction, the efficiency and
Q value are greatly reduced, and high Zoff operation will
be required to obtain an acceptable drive efficiency.

In recent beam current drive experiments in JET and
TFTR [11,12], the driven currents have shown a fairly good
agreement with the values estimated by the neo-classical
model. Therefore, the uncertainty over the existence of
the trapped electron effects seems to be greatly reduced by
these experiments. Throughout this paper, the full
nec—-classical effects [8] are used in the driven current

calculations.
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3.4 Beam energy dependence and Alfven wave instability

The current-drive efficiency strongly depends on the
beam energy. The local current drive efficiency j/Pd'
where j is the driven current density and Pq is the absorbed
beam power density, is maximized when injection energy
E, v 4 B, =4 (%mbvi)[vcz see Eg. (3)]. For Té X 20 kev,
this optimum injection energy is about 1.5V 2 MeV. When
injection energy Eg exceeds this optimum, j/pd_gradually
decreases, while it is rapidly reduced with E < 2Ec

In order to discuss global current drive efficiency
IP/Pb’ beam penetration and shinethrough must be
taken into account. Considering deutrium beams, over
several MeV injection is not desirable, because it usually
results in a heavy shinethrough. Then, the energy from
several hundred keV to 2 MeV is an acceptable range for the
next generation tokamaks. (In this section, the MeV
beams future development feasibility is not discussed.

The use of heavy impurity beams is also out of the scope for
this paper.)

As the fast ion velocity can exceed the Alfvén velocity
with the over several hundred keV injection, the Alfven
waves may be generated and absorb the fast ion energy. The
beam ions would be rapidly slowed to the Alfven velocity
[9,13]. The Alfven wave effect existence is ambiguous,

because no experiment has been reported to date with such

high energy injection.



JAERI-M 87-200

The E}, dependence of Ip/Pb and the drive efficiency
degradation, due to Aifven wave instability (A.W.I.), is
shown in Fig. 9, where parameters B (Table 2) are used.
In order to take into account the A.W.I., in this calculation,
it is assumed that the injected beam ions are immediately
slowed down to the Alfven velocity, after being trapped in the
plasma. The beam energy with the Alfven velocity, Ep, is
about 500 keV when Tg = 20 keV, n_ = 0.93x102% =3 ana
Hi = 0.87 x10720 =3 (Zggf = 2.0). Therefore, the current
drive efficiency for over 500 keV beams is greatly reduced
by the A.W.I., while there is no degradation when Ep < 500
kev. As the over 500 keV beam is indispensable to drive
currents with reasonable beam power in future large tokamaks,
the A.W.I. investigation is a very critical issue.

Without the A.W.I., the optimum injection energy is
about 1.5 MeV, as shown in Fig. 9,

The case with a lower density n, = 0.7x1020 n=3 is
shown in Fig. 10, where Z,.¢ = 1.8. It was found that the

optimum energy is reduced down to 1 MeV. This is because

the shinethrough has increased for over 1 MeV beams.

- 3.5 Charge Exchange Loss Effect

The beam driven currents can be reduced by charge
exchange loss of fast ions during the slowing down process.
A detailed study report on the charge exchange loss effect
is fcund in Ref. [3].

The efficiency reduction, due to the charge exchange
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loss, is shown in Fig, 11, where parameters A in Table
1 are used. The neutral atom distribution in a plasma is

assumed as

ng(r) = 10907728 (n-3)
where ag = loglo(n0 edge) and s = rw/a.
When n /n_ exceeds about 10‘5, the Y-deterioration
0 edge’ e

becomes appreciable due to the charge exchange loss.

The current profile has been retained (1-s2)0-3 profile,
in this calculation. If the beam power distribution is
retained, the current profile would become peaky, because of

the charge exchange loss in the ccld edge region.

3.6 Dependences on n, and T, profiles

The global current drive efficiency should depend on
the plasma density profile and the temperature profile. In
this paper, the following profiles are used to estimate

the driven currents;

Te = Teo(l-s%) T (19)
Ng = Neg(l-s2)%0 (20)
where s = r_ /a, again.

[

In the previous sections, values has been kept so that

ap = 1.0 and o, = 0.3. The yv~-dependence on o and Clrp is

shown in Fig. 12, as function of Qv where A, B and C are
the cases of ap = 0.5, 1.0 and 1.5, respectively, where

parameters A in Table 1 are used. The fusion output depends
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on the T, and n, profiles. Then the Q values are also plotted
in Fig. 12. The broken line regime in the Y-plots means

that it has been impossible to keep the reguired current
profile [« (1-52)0-57 in such regime (o, 3 1.0). It was
found that peaked temperature profiles always reduce both

Y and Q. On the other hand, the Y-dependence on o is

not simple. One of the reascns for this complicated -
dependence is that the power deposition characteristics are
very sensitive to the density profile, while the sensitivity
to the température profile is weak. Nevertheless, if one
considers the Q value, instead of Y, Q increases monotonically
with the density profile peaking. It will result in a broad
temperature and a peaked density will give the largest ¢ value.
Then, it implies a possibility of Q enhancement by the
peaked density profile produced by pellet injections etc.

3.7 Characteristic change by R variety

tang
The Y-values and fs are shown in Table 5 for various
Rﬁang' It was found that an increase in Rtang results in a
larger Y, while the shinethrough is enhanced. A similar
result had been repcorted in Ref. [19]. In the case of
R > BR., the current profile is intrinsically hollow.
tang 0
As shown in the following, the hcllow profile slightly im-
proves the yvy-value. Note that the No. 7 and No. 8 beams
are switched off for Rtang > RO’ in order to avoid direct
shinethrough.
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4, Current Density Profile Control
4.1 Current density profile tailoring

The current profile, driven by beam injection, depends
on the beam line orientation. Using these characteristics,
current profile tailoring is possible. A method proposed
in Ref. [19] is based onthe variation in Rtang values. 1In
Ref. [18], the authors also proposed a current profile control
method, where a rectangular shaped beam line cross-section
with a large height is used and the beam power profile on
vertical plane is controlled for tailoring the current profile.

In the former method, the R change will encounter diffi-

tang
culty due to the physical limitations caused by toroidal field
coils spacing, especially when Rtang > Ry- The latter method
may be limited by the maximum port size in height. 1In this
study, the authors will analyse-the:latter method. The rec-
tangular bheam line will split in.multi beam lines arranged in
a vertical row. Each power is changed to take into account
the power profile variety. This method is same to used in
Ref. [20]. The current profile control by the vertically ar-

ranged multi beams was later proposed independently by the

authors of Ref. [l6].

4.2 Current density profile control ability

Throughout the calculations by the beam current drive
analysis code, the injected beam line (with rectangular
cross-section H xW) is split into multi beams. In the present
study, the beam line is split into 16 beams, as shown in

Table 3. Each beam has a cross-section of 0.4 m in width and
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0.2 m in height. 1Individual beam centerlines are parallel
(6y =0, see Fig. 3) to the horizontal plane, but are ver-
tically shifted with Zp from the tokamak equatorial plane.
Assuming symmetrical injection in respecé with the eguatorial
plane, the beam deposition is calculated in the upper half
plasma with 8 beams. Each vertically shifted beam drives
the current in a toroidal shell with a minor radius in ac-
cordance with Zp. Therefore, driven current tailoring is
possible by control of individual beam powers.

The beam current drive analysis code, used in this study,
has a routine to automatically control each beam power in
order to obtain a required current profile. Through the
iterative current profile calculations, the beam powers, to
minimize the deviation between the driven current profile
and the preset objective (reéuired} profile, are determined.

Driven current profiles on the equatorial plane for
various objective profiles are shown in Fig. 13 with the
beam power distribution on the wvertical plane. Flux sur-
faces for parameters A are shown in Fig. 14. (The actual
ry mesh number is 100, while 10 flux surfaces are plotted.)
It was found that the current profile control ability is
very flexible. Parabolic and very flat profiles have been
generated as well as the hollow profile. The deviation be-
tween the driven profile and the objective profile is less
than 2 %, except for the central small bumps and the edge
region (rw/a > 0.85). Since the central bumps are removable

with a finer control of the central beams (Zp < 0.3 m),
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they are not essential imperfection,
The Y-value is almost independent from the current profiles.
As the current profile flattens and hollows, the beam
powers injected near the plasma edge increases gradually.
This results in more shinethrough, as shown in the figure.
In the hollow 2 profile (Fig. 13-e), most of the power is in-

jected in regime Z._ > 1.0 m, and shinethrough fraction fg,

h
averaged in the total power, is about twice as large as for
the parabolic case, The average shinethrough seems to still
be small (v 1.5 %), but most of shinethrough occurs in beams
No. 7 and 8. Generally speaking, when Z, exceeds 0.7 ka, the
shinethrough fraction rapidly increases. In the present case,
beam shinethrough values for No. 7 or No. 8 are over 3 %,
while beam shinethrough values for Nos. 1~V 6 are comparably
small (<« 1 %).

Although the 3.2 m total beam line height exceeds 85 %
of plasma height, the current profile control .ability seems
to be still insufficient near the plasma edge to drive the
flat or hollow current profile. Increasing the beam height
may be very difficult because of the physical limitation in
regard to the injection port size imposed by the size and
spacing of toroidal coils and blanket. Moreover, beam injec-
tion with a larger Zj will result in a still heavier shine-
through. The shinethrough limit and the injection port size
are essential limitation for the current profile control
ability of beam current driver.

If an additional 9th beam with Zj = *1.7 is permissible

(total beam height H is, ncow, 96 % of plasma height!), the
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edge profile control ability is much improved, as shown in

Fig. 15, where the objective profile is 'Hollow 2' in Fig. 13.

The profile deviation is less than 2 % in the whole region
except for the central bumps. The averaged shinethrough has
been increased up to 6.7 %. Most of power loss occurs in
the No. 9 beam.

As beam height H decreases, the current profile
controcl ability is reduced, especially in the plasma edge.
The driven current profiles with various H are compared in
Fig. 16. When vertical angle 6,=0, the large Zh beams
are indispensable to drive a broad profile current.

Use of non zero ev beams allows controlling the edge

current profile, even when the beam height is restricted to

within a moderate value. The current profile in Fig.l17 is driven

by 4 beam lines. The first beam line is injected with 8, =0,

beam height H = 2.4 m (65

e

of plasma height). This is
identical to the béams Nos. 16 in Table 3. Other 3 beam
lines are set at by # 0 as listed in Table 4, while the in-
Jection positions Zy are kept at 1.1 m. These angle beams
increase the profile control ability, but also reduce drive
efficiency v, and the shinethrough is still an essential

limitation.

et e e AL L S
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5. Transformer Recharging
5.1 Plasma and beam parameters

Transformer recharge operation is possible with the same
~ beam system as that used in heating and burning phases.

The authors used the same beam parameters in Table 3
except that beams No. 7 and 8 are switched cff in order to
reduce the shinethrough. Beam energy is 500 keV. This is
higher than the benchmark value, Ey, = 400 keV, decided upon
;n the INTOR workshop [14]. The plasma density range is 0.8 <
He/lol9 m~3 < 1.4. This value is also higher than the
benchmark value, Hg = 0.6 x1071° m=3. PFirst of all, the
reasons for the parameter choice will be given.

The low beam energy, to reduce shinethrough, is not
advisable, because the shinethrough reduction is cancelled
by-the beam power increment owing to the current drive
efficiency detericration. In Fig. 18, beam power Py to
drive 10 MA and shinethrough power f5-Py are plotted as
functions of beam energy Eb, where reactor parameters A is
used with ng = 1019 m=3, Te = Ty = 10 keV. The solid lines
are the case with the beam line height H = 2.4 m, i.e. No. 7
and 8 beams are switched off. With increasing Ep, fg increases
but P, decreases. In a result, f£_Pg is almost constant
for 0.2 MeV < Ep < 1.0 MeV. When the beam power density 1is
retained, the wall heat lcad due to the beam shinethrough
is proportional to f -Py,. Therefore, there is no merit in lower-
ing E,. Moreover, the wall particle load is increased by lower-

ing Ep. ©On the other hand, the authors' time dependent quasi-1D
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transport analysis [15] has shown that a first difficulty
for the transformer recharge operation with NBI is to exhaust
the injected beam particles, in order to keep a very low
density. To reduce the number of beam particles, a higher
beam energy is advisable. The 1 MeV beam would be the best,
if possible. However, in the beam technology limitation point
of view, the 500 keV beam system, used in the burning phase,
is a reasonable choice.

Throughout this section, the fg values are somewhat
larger than the values in Ref. [16]. The reason is that
beam height H used in the present study is still very large
(2.4 m) while beams No. 7 and 8§ have been éwitched off. This
beam can drive acceptable parabolic profile currents. An
example of the driven current profile is shown in Fig. 19.
If beams No. 37 6 are also switched off {(H=0.8 m), fS is
reduced by 3/4. The broken lines in Fig. 18 are shown Pp and
fg+Py for H = 0.8 m. However, the driven current profile by
such a beam is guite peaky, as previously shown in Fig. 16,
wherely it would result in g(0) less than unity and MHD in-
stabilities.

When assuming 500 keV beam, the number of particles
input rate for P_ = 50 MW attains 3x10%8 n3sec™t.
Since the particle exhaust time constant in the INTOR size
tokamak will be several seconds, keeping a low density below
10-19 m~3 would be difficult. The quasi-1D transport
analysis [15] has shown that maintaining a density below 1012

m~3 is very difficult with any confinement scalings proposed

to date. Therefore, the authors have chosen comparably

s iy



JAERI-M 87-209

high densities in this study (0.8 < ng/1013 m=3 < 1.4).

5.2 Results from parameter scan

During the transformer recharging, the ion and electron
temperatures should satisfy the steady state power balance.
In order to determine these temperatures, the authors have
combined the beam current drive analysis code with O-D power
balance code, which 1s based on a 2 flow transport model and
inciudes various impurity radiation data. A neo-classical ion
confinement time is assumed. An electron energy confinement
time is almost identical to a global energy confinement time
Tg. Various 1p scalings have been proposed to date, but no
scaling is fairly reliable for the transformer recharging
parameters (extreme power in very low density with hgih Zegff).
Therefore, in this study, the authors have used a most basic

scaling, INTOR/ALCATOR type,
g = 0.69na (1020 m=3){a(m)}%c . (21)

The 1. values for 35/1019 m~3 =0.8, 1.0, 1.2 and 1.4 are

E
0.12, 0.15, 0.18 and 0.21 sec, respectively. Note that the
Goldston L-mode scaling [17] gives a better confinement under
the present extreme plasma condition, i.e. tg(G-L) = 0.3

sec with Ip = 8 MA and Pgpg = 50 MW. The INTOR/ALCATOR
scaling gives a lowest Tp value in various scalings for

such a low density regime.

In the driven current analysis, the electron density

and the absorbed beam power P ps 2re given first. Then
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the dion and electron temperatures are determined by power
balance code. Throughout this study, 1 $ Xg impurity is as-
sumed. The Zeaff value depends on the temperature, because
the X, ion charge state changes with changing Te. The im-
purity radiation rate also changes with changing To. The
beam current drive analysis code estimates shinethrough fg,
driven current I, and Py [= Papg/ {1 -£fg)]), using T, and Zg¢¢
cbtained by power balance code. Return OH current Igp is

determined by

Iog = ZWROE/RP {22)
where E = -0.01 (V/m) and
_ -7 2.1.5
Rp = 1.0 x 10 (Zeff/l.S)(?rJ (53) . {23

e

The parameter scan result is shown in Fig. 20 and some
data are listed in Table 6. From Fig. 20, the beam power,
to sustain ID-+IOH = 8 MA, can be determined. The 47 MW
to 60 MW power 1is regquired for 0.8 < ﬁé/lol9 m~3 < 1.4.

As the current drive power in the burning phase is 74 MW for
reactor parameter A, the same beam system can be used for
transformer recharging. The shinethrough can be reduced by
raising the density, while the beam power increases,

The operational parameters in thée transformer recharge
phase are summarized in Table 7. The Y-value increases with

Mg s but I/P is retained almost constant.

ey ony ke Tl .



JAERI-M 87-209

6. Fast Beam Ions Pressure
Pressure generated by the circulating beam ions (so
called 'beam pressure') is not a negligible value in contrast
with most cther r.f. current drive methods where the cur-
rent carrying electron pressure is usually small.
The f-values are plctted in Figs. 21 and 22 as
functions of Ty and n,, respectively, where reactor parameters
A is used. (The Y-values with these parameters have been
shown in Figs. 4 and 5, previocusly.) Beta value due to the
fast alpha pressure, Ba’ increases with ng and Te as well as the

beta value due to the thermal pressure, B On the other

th-
hand, the beta value due to beam pressure, 8y, 1is retained
almost constant. As the beam beta is proportional to the

driven current Ip, the following formula for Bb is obtained

for INTOR size tokamak;

2 1
B = 1.2 3 (22217 (2D, (.g_é_éﬂ

b Bg 8MA" . (24)

This formula is approximately applicable to the transformer
recharge phase, where the thermal beta (v 0.3 %) is negligible
in comparison with the beam beta (~ 2 %).

If the beam beta should bé taken into account in a beta
limit scaling, like the Troyon's scaling, the beam
pressure existence may be a critical drawback for the beam
current drive. On the other hand, the higher total pressure
in the transformer recharge phase (v 30 % of burning phase
pressure) , would reduce cyclic stress on poloidal coils

[18]. Therefore, the beam pressure can be an advantage cof
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the beam current driver for transformer recharging.

If a full non-inductive current ramp-up is required in
thé initial phase of operational scenario, special atten-
tion should be paid to the existence of finite beam pressure.
The beam pressure immediately attains its steady state value
within the beam-ion slowing down time tb’ but the current
ramp-up time depends on the plasma skin time Lp/Rp, which
is usually much longer than ty,. As a result, the beam
pressure could exceed the poloidal and the toroidal beta
limits during the initial current ramp-up phase, where

ty, < t < Lp/Ry [15].
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7. Conclusion

Benchmark parameters in Table 1 and Table 3 give
I/P » 0.108 (A/W) and ¥ & 0.37. Then, 74 MW injection will
drive 8 MA current. The Y-scaling formula, on the reactor
size and the plasma parameters, is derived [formula (17)}].

The current density profile control ability is very
flexible. Parabolic profile current can be driven, as well
as flat and hollow profile currents, by the beam power profile
control in the vertical plane. The y-value is nearly inde-
pendent from the current profile. The essential limitation,
for profile control ability with NBI, is the shinethrough
from the edge plasma region, while the port size restriction
could be overcome if injection with some vertical angle were
used.

The same beam system as the burning phase current driver
is applicable for transformer recharging. Required beam
power, to keep 8 MA current with a reverse electric field
E = -0.01 V/m, is 50 to 60 MW. High density recharging with
N Over 1012 m~3 is possible and desirable. The shinethrough
fraction can be moderate (v 15 %) with Ty = 1.4 x 1019 m—3,

Although the negative ion beam technelogy development
is a key issue for the beam driver, the current drive effi-
ciency for the 500 keV beam is acceptable for the next genera-

tion tokamaks. If over 1 MeV beam is available, the beam

current driver characteristics will be much improved.
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Table 1 Reactor Parameters A

INTOR benchmark test parameters [14]

R= 4.9 m, a=1.167 m, R/a = 4,2
k = 1.6 , d = 0.5 : By = 5.5 7T
o 0.7 x 10 m n, {1l -5
Te = 20 keV T, (1-s2)1-0 [s =r/a]
Ip = 8 MA j+j0(l-sz)0'5
{as close as possible)
Zege = 2.0 (Xe 0.04 %, He 5 %)
Table 2. Reactor Parameters B
Previous INTOR benchmark test parameters [20].
R=5m, a= 1.2 m, R/a = 4.16
Kk = 1.6, d = 0.2, By = 4.96T
fle = 0.93 x 1020 m3 n, = (1-s2)0-3
To = 20 keV T, = (1 - 5?10
= : : _ «2470.5
Ip = 6.4 MA i > jo(l s<)
(as close as possible)
Zeff = 2.0 (X, 0.04 &, He 5 %)

e o e e BV AL
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Table 3 Beam Paramefters

0

E, = 500 kev, D° beam (W/0 DD

0
2+ P3)
Beam line cross-~section shape
Rectangular 3.2 mx 0.4 m f(h x w).

Minimum major radius of beam line axis

{ 4.3 m (for parameters A)
R
tang

4.7 m {(for parameters B)
Vertical injection angle
j— Q
ev = 0
Vertical beam axis shift from the mid-plane

Z. = 0m

(This beam line is split into 16 beams in the numerical code.}

Beam No. Zy/m h/m w/m ev
1 £0.1 0.2 0.4 0
2 £0.3 0.2 0.4 0
3 £0.5 0.2 0.4 0
4 £0.7 0.2 0.4 0
5 £0.9 0.2 0.4 0
6 +1.1 0.2 0.4 0
7 £1.3 0.2 0.4 0
8 +1.5 0.2 0.4 0
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Table 4 Vertical angle beams

Beam No. Zhr/m h/m w/m 6

v
7 1.1 0.2 0.4 * 5°
8 1.1 0.2 0.4 +10°
9 +1.1 0.2 0.4 +15°
Table 5. Rtang scan.
Rtang A fq Comments
(m) (%)
%ea : 4.0 0.351 0.68 Beam in Table 3
%1a 4.3 0.369 0.92 4
%la . 4.6 0.376 4.2 4
: 4.9 0.375 6.4 4

No. 7 & 8 beam s/w off

5.2 0.391 5.7 Hollow profile

%—a . 5.5 0.387 8.1 3

— 33_
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{Reactor Parameters A)

Table &
ng Te  Ti
1019m-3  kev kev
1.4 5.2 5.4
1.2 6.2 6.5
1.0 7.1 7.7
0.8 7.9 9.3
1.4 8.2 8.8
1.2 11.6 13.5
1.0 11.6 14.2
0.8 11.6 16.3
1.4 12.7 14.2
1.2 13.8 16.3
1.0 13.9 17.7
0.8 14.5 23.3
Table 7.
1019m'3 kev kevVv
0.8 8.0 9.5
1.0 11.2 14.0
1.2 13.6 16.0
1.4 12.2 13.0

Zeff

(Xo 1%)

13.5
13.6
13.7

13.8

13.9
15.0
- 15,0

15.0

15.6
15.9
16.1

l16.1

Recharging parameters summary.

(Reactor Parameters A)

MW

46.5

53.0

59.5

57.0

Pabs
My

30.0

30.0
30.0

30.0

40.0
40.0
40.0

40.0

50.0
50.0
50.0

50.0

£s
%

33
25
20

15

49.7
53.5

59.9

58.8
61.9
66.6

74.0

0.093

0.13

0.15

15.3
19.8
25.9

33.9

15.6
19.5

25.3

/P
A/W

0.24
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Fig. 3 Example of beam line orientations, for 3-D beam power
deposition code. This figure is illustrated assum-

ing that the vertical shift Zp for beam axis is zero

o1l Ep= 500kéV |
R=49m
10 15 20 25 30
Te /(keV)
Fig., 4 To-dependence of Y

{Reactor Parameters A)
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and 4.1 < Rg/m £ 5.8
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Fig., 19 Driven current profile during transformer recharging
ng = 0.1x1020 n=3, T, = 11.6 kev, Ip = 12.7 MA
(Reactor Parameters A)

20— ‘
T, =1.4 fg=l.2
: :5;5545%%/ y K
= |0} T T .
? =
T.
obe o o .
20 ——r—r—t— I T Iul
2 fotlow | | Io*Iow |
\ — —— e — — — —— ——
. 8MA 8MA
1,220 %
76 30 50 80 70
Py /MW Py /MW
2
>
0 1 1 1
20 T T T T
I
q . Io*lon
B BMA
f,~25%
02555 e 7o
R/ MW
Fig. 20 Parameter scan results for transformer recharge
phase. ng = 0.8, 1.0, 1.2 and 1.4 x101% m-3,
respectively

(Reactor Parameters A)



B (%)

Fig.

Fig.

8 (%)
O — N W P O ONDOYOW O

JAERI-M 87-209

o

O — N U OO N DY

21

T, /(kV)

T -dependence of By, By

(Reactor Parameters A)

30

and Bth

1

22

c2 04 O6 08 10 12

Ne/10%°m-3

ne-dependence of B Ba and B+h

(Reactor Parameters A}



