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Abstract

The radial electric field structure in the fusion reactor of
the Torsatron/Heliotron configuration is discussed taking into
account the effects of the orbit loss of =« particles. It was
found that the direct loss of a-particles has small influence on
the profile of the radial electric field. The trapping
efficiency of the alpha particle is also evaluated by using the

self-consistent radial electric field.
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$1 Introduction

Recently, it has been widely recognized that the radial
electric field E. plays an important role on the confinement in
helical devices (stellarators) such as Torsatron/Heliotron con-
figurations(Gourdon, et al., 1968; Mohri, 1970; Uo, 1871). 1In
Torsatron/ Heliotron stellarators, the neoclassical theory
predicts that an electric field reduces the helical ripple loss
and improves the confinement(Furth, et al., 1968; Hastings, et
al., 1985). The detailed measurement of the electric field and
their effects on confinement has been one of the key topics in
helical systems.

In the Wendelstein VII-A (WVII-A) stellarator(¥obig, et al,

1987) and Heliotron-E (Kondo, et al., 1988) devices, E. near edge

r
was measured. It has beer found that a large negative electric
field (E, ~ -450V/cm) was built up by the fast ion loss of
perpendicularly-injected neutral beams in WVII-A. ¥e have devel-
oped the self-consistent analyses on the loss and E. to evaluate
the heating efficiency by emergetic particles(Itoh, et al.,
1992a; Sanuki, et al., 1991). Quantitative comparison of the
theory and experiments on E, profiles is made, and the influence
of the direct ion loss has been identified(Itoh, et al., 199%a,
1892b), The analyses on the CHS experiment(Ida, et al., 1982)
has shown that the direct loss of NBI particle has small effect,
except the plasma periphery region(Sanuki, 1991, 1992). These
analyses have clarified that (l)there is a strong mutual inter-

action between the loss cone loss and radial electric field, and



(2) the mutual influence depends on the plasma parameter as well
as the geometry. The application of this method for future
burning plasmas is necessary, since the absolute trapping of the
fusion products, e-particle in DT reactor, is the important issue
for evaluating the prospect of the helical reactor. A signifi-
cant role of the radial electric field on the confinement in a
reactor grade plasma was confirmed (Watanabe, 1992). The determi-
nation of the self-comsistent determination is an important
issue.

In this article, we apply a theoretical model to the reactor
grade plasmas, in order to determine the radial electric field
and direct loss of a-particles simultaneously. The roles of the
a-particle loss on E. are investigated. It is found that there
is a large contribution from the neoclassical process and «-
particle has oaly small effect on E. The ratio of the direct
loss is calculated by using the self-consistent radial electric

field.
82 The Model

The model geometry is chesen such that the magnetic field
structure is fitted to the conventional tforsairon configuration
with one helical harmomnic, to simplify the following analysis, as

B = Bg[l-et(r)cose-sh(r)cos(ne-m¢)], (1)

at(r) = r/R, (2-1)



and

where m is the torcidal pitch number, & is the pultipolarity, Iﬂ
is a modified Bessel function of the first kind., r and R are the
ninor and major radius, respectively. This gsimplification gives

the form of the rotatiomal transform ¢ as

3 r
AR 9 d (IGI,
4(r) 2r 0 dx [ X ] (8)

where x=nr/R, '=d/dx, and the safety factor is given by q(r)=1/4.
The modulation of the helical winding (Nishimura, 1980) is often
introduced, which is characterized by the parameter ¢y. The
effect of oy was examined (Ida. et al., 1982); it was confirmed
that the «, effect changes E. only slightly.

¥e study the steady state solution of the ambipolarity

equation, taking into account monclassical terms in the particle

flux T as

- p.NC(s) NC(as) )
Fi = Fi t Fi + zra. (4-1)
This equation consists of the neoclassical fluxes (dencted by the
superscript of NC) of bulk ions and the orbit loss flux of «-
particles (Fa)' The charge exchange process can influence the

radial electric field (Ohkawa, 1986: Sanuki, 1991, 1992). This



process is neglected here in order to study the autual influence
of a-particle loss and E.. The orbit loss of bulk ioms are not
taken into account, because the bulk ions are not in the colli-
sionless regime for the discharges of our interest. The neoclas-
sical contribution is given as the sum of the flux riNC(S),
associated with the passing and toroidally trapped particles, and
riNC(as) related to the ripple trapped particles. ¥e use a
formula by Kovrizhnykh (Kevrizhnykh, 1984). For electromns, the
nonclassical terms in Eq.(4-1) are insignificant. Only the

neoclassical iterms are kept in the electron flux as

. [ ;
T, - T C. (4-2)

The explicit form of the a-particle orbit loss is given as

1 (r
Tolrd = Jr*/—z%sdrdr, (5)

where Sa is the birth rate of a-particle per unit volume and is

P /¥

o Yoo (Pa is the o-power density and Wm denotes the e-particle

energy, ) and ry is the radius representing the loss boundary. In
this article, we estimate r, by that for the deeply trapped
particle. The average with respect to the pitch angle is appro-
ximated by /fEi. This estimation is slightly underestimating,
but does not change the conclusion of this article. The loss
cone region is a functional of the radial electric field. The
dependence of the radius ry on the radial electric field was

discussed and its expression is given {Itoh, et al,, 1981).



The source rate Sa is calculated once the fusion cross

section is given:

w2
I

2 2
He <6V>(1"fd) (6)

R
e f

where n is the electron demsity, <6v> is the fusion cross
section, and f4 is the dilution factor of fuels by impurities,
ZZyny/n, (suffix I stands for impurities). The DT mix ratio
nD/nT is chosen to be unity. For the analytic study, we employ

the fitting formula of <ev> as (Takizuka, et al., 1987)
<av> = 3.7x107 187,72 Bexpog0r. /31 m (ad/s) (7-1)
h o= T;/87 + 5.45/[3+T,(1+(T;/37.5)2 8} (7-2)

where Ti is measured inm a unit of keV.
The radial electric field solution in the steady state is

evaluated by the ambipolarity equation
r. =T, (8)

This equation determines Er’ the ambipolar particle flux I, and
the loss cone region ry, Simultaneously,

Equation (8) is a2 nonlinear algebraic equation with respect
to the radial electric field. Equation (8) can have multiple
solutions on each magnetic surface. It should be noted that this

equation is givea om each magnetic surface, and contains a class




of solutions Er(r) which have discontinuities at some radial
points. The fundamerntal solution to the problem of the
discontinuity can be given by noticing the small but finite
diffusion coefficient of the radial electric field (Yahagi, et
al., 1988). T¥We look for the soluiion which is comtinuous and

satisfies the condition

Er(r) >0 asr ~» 0. 3 (9

§3 Radial Eleciric Field and Direct Loss of a-Particles

#e estimate the radial electric field from the ambipolar
condition Eq.(8). Two cases are selected for the machine
paraneters as shown in Table I. In case [A], large size is
chosen. Case [B] is for a design of small machines size. The

plasma profiles are chosen to be parabolic as

n () = (a(0)-ng}{1-p%} + ng (10)
and

To. 1(P) = (TCO)-TgH1-p%) + T, (11)
where p is the normalized radius r/a. ¥e choose, in the

following calculations, the parameters of n(0) = 5x1020/m3, ng =

1019/m3 and TS =200eV, unless oiherwise specified., High density



parameter is chosen, because the neoclassical erergy loss can be

more serious for the case of low density operations.

(3. 1) Radial Blectric Field Structure

Figure 1 shows the self-consistent solution of the radial
electric field profile for case [A] for various values of T(0).
Negative radial electric field is obtained, which reaches of the
order of -40kV/m for the case of T(0)=25keV, The radial electric
field becomes more negative in proportion to the temperature.
This electric field is influenced by the direct loss of a-
particles very little. Figure 2 shows the result of the case
[Bl. Negative radial electric field of the similar magnitude is
obtained. It is also noted that the electric field starts to
approach to zaro or positive value, near the edge, at high
temperature cases. This is because the electren loss becomes
more important.

In these calculations, the loss come of a-particle and the
radial electric field are determined self-consistently, It is
found that the electric field has weaker dependence on the
temperature. Figure 3 illustrates r, and FiNC at ¢=0.5 and 0.7
as a function of T(0). (Solid lines are for the values at p=0.7
and dashed lines at p=0.5 for the «-particle flux and the
neoclassical flux TNC.) It is clearly shown that the net
particle flux is dominated by the contribution of the bulk
particles. TFigure 4 is for the case [B] and the same conclusion
is obtained. It is noted that the ratio Tu(P=0.7)/T (p=0.5) is

an increasing function of T(8). This is because the birth



profile becomes more broader for higher temperature case as is
understood from Eq. (7). This T(0) dependence is stronger for the
case [B] compared to the case [A], because the loss cone region
is narrower for [B] in the absence of E. effects.

¥e note the dependence of FjNC on E.. Figure 5 shows rNC
for electrons and ions at p=0.5 and 0.7 for the case of T(0)=
10keV. TFor both cases, the derivative of riNC with respeci to

E ariNC/aEr, is much larger than that for electrons

r
areNC/aEr,for the present parameters. This indicates that the
additional e-particle flux is not effective in affecting the
solution of E.. The relation PiNC =~ 0 is a good approximate form
in determzining E.. The influence of the additional a-particle

filuxes T, on the change of the radial electric field, AEr, is

estimated by the relation

- NC(as)
r, =~ -AE Ty /aE, (12)

where AE represents the difference of Er between the neoclassical

calculation and that with a-particle contribution.

{3 .9) Direct Loss of e-Particles

The loss rate of a-particles is calculated selfconsistently.
Figure § illustrates the loss cone region in the plame of r/a and
the potential difference A¢ = ®(0)-&(a) for cases [A] and [B].
The region between two lines {denoted by the symbol L) corres-
ponds to the loss regioan, The solid line indicates the resuli of

the self-consistent calculation, where the static poteantial is



derived from the solution of Eq.(8). The dashed line shows the
case of the simple estimation, where the radial shape of &(r) is
modelled by the parabolic shape. (It is found that, inm the
parameter region of this article, the approximation by the para-
bolic model gives a good approximation so long as to evaluate the
loss cone boundary.)

Figure 7 shows the loss rate as a functiom of T(0). Loss

rate is defined as ,
Moss = 4REART,(a)/ {18 4V}, (13)

When the influence of the radial electric field on the a-particle
orbit is swall, (i.e., T(0) is low in this case, ) the case [4]
has wider loss cone than the case [B] (as is understcod from the
difference of ey/e.) and has larger loss rate Moss- Ihe loss
rate is an increasing function of the temperature. This has two
reasons. First, when the temperature is low, <6v> has a strong
temperature dependence, and the fusion reaction is localized rear
the axis. As temperature increases, the birth profile becomes
broader so that the direct loss increases. Secondly, as the
temperature increases, the potential difference becomes larger as
is shown in Figs.l and 2. By this stronger negative radial
electric field, the loss cone region becomes wider, as is

illustrated in Fig.6. The loss rate is in the range of 25-30%.

§4 Summary and Discussion

10




Iz this paper, we applied the analytical method to model the
effect of the direct loss of a-particles on the radial electric
field and to determine the loss cone self-consistently to the
reactor-grade plasma in torsatron/heliotron configuratioms. We
examined the radial electric field profile and the loss cone loss
of the fusion product a-particles self-comsistently.

We confirmed that the orbit loss of fusion product has small
effect on E, compared to the neoclassical prediction. The
large enhancement of the radial electric field, and hence the
strong improvement of the confinement, by the direct loss of the
a-particles, is not expected. The ratio of the absolute irapping
of the emergetic am-particle is also evaluated by using this
electric field structure. It is about 70% for large and small
designs of reactors.

The calculation in this article is done without considering
other constraints such as the g-limit or the power amplification
factor Q. For the case [A], 8-value at the axis exceeds 40K at
the temperature of 20keV. This is because we have choser high
density case. If one reduces the density and fixes T, T, is
reduced by the factor 22, but riNC reduces less. As a result of
this, the influence of m-particle on the self-consistent radial
electric field is weaker than this evaluation, From Figs.3 and
4, it is understood that the neoclassical energy fluc is
considerably large compared to the a-particle heating. The
expected Q-value would not be high, but this is beyond the scope
of the article.

Tt should be noted that, in order to establish the

11



reliability of the prediction in this article, a satisfactory
explanation for the present experiments awaits further
theoretical and experimental studies. The model of E. profile
based on Eq. (8) may be subject to change by the future progress,
The improvement of the modelling for the present experimental
plasmas is ap urgent task in order to obtainm the accurate

estimation for the fusion plasmas.
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R(m) 20
a(m) 2
B(T) 4
i 10
L 2
g, (2) 0.11!
g, (a) 0.10

[B]

0.
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15

24
14

Table 1



Figure Captions

Fig.1 Self-consistent solutior of the radial profiles of the
electric field for the case [A] are shown for the various
values of T(0). Other parameters are chosen as n(0)=

5x1020073, 0 -101973, and T -200eV.

Fig.2 Self-consistent solution of the radial profiles of the
electric field for the case [B] are shown for the various
values of T(0). Other parameters are chosen as n(0)=

5x1020073, 0 -101%2°3, and 7 -200eV.

Fig.3 o-particle flux and the ambipolar flux (T, and r¥Cy are
shown as a function of T(0) for the case of [A]. Solid
lines for p=0.7 and dashed lines for p¢=0.5 Other
parameters are chosea as n(0)=5x1020g73, ns=1019m'3, and

TS=2003V.

Fig. 4 e-particle flux and the ambipolar flux (T, 2nd FNC) are
shown as a functicn of T(0) for the case of [B]. S8olid
lines for p=0.7 and dashed lines for p=0.5 Other
parameters are chosen as n(0)=5x1020p"3, ns=1019m'3, and

TS=200eV.
Fig. 5 Neoclassical fluxes FENC (solid lines) and PiNC

(dashed lines) are shown a function of Er for p=0.7 and

0.5. Parameter are those for the case [Bl, T(0)=10keV and

16



2(0)=5x10205"3,

Fig. 6 Less cone boundary for deeply trapped particles for
cases [A] and [B]. The region between two lines is the loss
cone region. Solid line indicates the result where the
potential shape of the self-consistent calculation of the
radial electric field (case of T(0)=10keV) is used. The
dashed line is for the case with the parabolic approximation
for the static potential, ¢(r). Here we use ¥,=3.7MeV, and

Ad=9(0)-¢(a).

Fig. 7 Ratio of the direct loss of w-particles as a function
of T(0). Solid lime is for [A] and dashed line is for [B].
Other parameters are chosen as n(0)=5x1020m’3, nS=1019m-3,

and TS=2OOeV.
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