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Abstract

Theoretical model is developed to determine the radial
electric field and the fast ion loss simultaneously in stellarat-
ore, and is applied to the Wendelstein VII-A stellarator, The
predicted value of the radial electric field is more closer to
experiments than the purely neoclassical calculation, The loss
rate, which is determired simultanecusly, is in the range of
experimental observations. The parfition of the injection energy
by the bulk heating, direct orbit loss and shine through is
estimated by using the self consistent electric field profile,
The orbit loss become noticeable as the injection energy
increases. The influence of the neutral particles is zlso
studied, Neutral particles enhances the negative radial electric
field, and reduces the direct orbit loss by the expense of the
charge exchange loss. The impact of the increased radial
electric field on the neoclassical ion thermal energy loss is
compared to the direct loss of fast ions. The reduction of ;the

necclassical loss is much smaller than the orbit loss.
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8l Iniroduction

The important roles of the radial electric field in
stellarators (helical systems) have been widely known.
Motivation for the analysis on the radial electric field was
first given from the improved absolute trapping of particlesl'g)
(i.e., reduction of the loss cone), and then as a result of this,
the reduction of neoclassical thermal transport4_6) was another
strong drive for the investigations. <Experimenis in Wendelstein
VII-4 (WVII-A) has shown that, even though the anomalous
transport prevails, the reduced loss was observed in NBI heated
discharges in which the radial electric field was piled up as
wellT‘S). The reduction of the neoclassical ion heat flux has
been discussed7). The reﬁuced fluctuation has also been
observedg). The causality between the reduction of the anocmalous
loss and the radial electric field has not been confirmed yet,
but the recent observations and modelling on H-mode in tokamaks!O~
12) also encourage the study of the radial electric field
associated with the energetic particle loss.

The poloidal gyroradius of fast ions generated by the NBI in
WVIT-A stellarator is compatible with the minor radius, and the
trapping (and hence the plasma heating) is very difficult without
the help of radial electric filed. The infiuence of the observed
radial electric field on the orbit was studied, and the potential
difference of about lkeV is enough to confine this energetic

13,14).

particles The selfconsistent analysis, which determines

the loss of energetic particle and electric field simultaneocusly,



has net been performed, although the importance of the research
of this kind was recognized. The analysis on the radial electric
field in helicai systems has shown that neutral particles and
anomalous loss flux are 2also importantlB’IG). In a preceding
article, we present a simple analytic theory for the eguation to
determine the loss boundary of energetic particle17). The radial
electric field is determined by the procedure in which loss cone
current is balanced with the neoclassical current. This analysis
gives the radial profile and loss rate cf fast 1ons simultaneously.

In this article, ¥e apply this method to the NBI heated
plasma in WVII-A. The fraction of the loss particle, and hence
the radial electric field itself, depend on the birth profile of
fast ioms. Using the experimentally obtained density and
temperature profiles., we evaluate the selfconsistent radial
electric field, keeping the fast ion loss. The partition between
the ratio of the bulk heating, direct orbit loss and the shine
through is evaluated. Dependence on the injection energy 1s also
discussed. Higher injection energy increases the radial electric
field for fixed plasma parameters. We find the potential
difference of the order of lkeV and the loss rate of fast ion
orbit loss of about 30%, which is im the range of experimental
observations. We also study the 1nfluence of the neutral
particles, which make the radial electric field more

18'19}, The fast ion loss enhances the radial electric

negative
field and reduces the neoclassical bulk 1on loss. This reduction
in the ion heat loss, however, 1is nuch smaller than the power

taken away by the direct orbit loss.



32 Model

The FVII-A stellarator7) has the very high aspect ratio,
R/a=20, and medium rotational transform, ¢ = {/3~1/2. (a is the
pinor radius and R 1s the major radius). The poloidal gyroradius
Py of the hydrogen lon with the 1njection energy of Wb:QSkGV
reaches about 30co (at BT=2.5T) exceeding the minor radius of
a=10cm. Substantial part of the injection power 1s carried by
the particles with the energy of W, /2 or ¥,/3, but almost all of
them enter the loss come in the absence of radial electric field.

In the linit where the poloidal amotion of particles 1s
dominated by the ExB rotation, not by the parallel motion, the
location in the poloidal cross section is dictated by the

equationzo’ZE)

%“(r, ) = {r@/eBOR]cose -@/BO - gconstant (1)

where r is the minor radius, e 1s c¢lementary charge, 8 1s the
poloidel angle, and & is the stalic potential which is the
function of r.

We define the loss cone by Lhe condition that the particles
starting from r=r, B8=0 (or 0:1) reaches to r-b at some poloidal
angle. (b > a). The loss cone boundary ry 1s defined by the
condition that particles gencratled at the radius r>r, enter the
loss cone and those bone in the region rir do not. We are
interested 1n the case that the static polential 1s a monotonous

function of the minor radius. 'Note Lthat we neced not to assume



that & is parabelic.] In case of the negative radial electiric
field, which is realized in the NBI heated plasmas, the loss cone
appears in the ianner side of the torus (8=w). Substituting (b,0)
and (ry,m) in the left hand side of Eg. (1), we have the relation

by which the loss cone boundary is determined as
[8(b) -8(r,)le/¥ = (bir,)/R. (2)

From this relation, we see the lower boundary for the potential
barrier, which is necessary to prevent the loss cone from

touching the magnetic axis, as
e[®(b) - (03] > (b/RHV. (3)

In the region r>r,, there exists the radial current
associated with the loss cone loss. In this article, we choose a
simple model of injected beam, such that the birth profile is
limited on the equatorial plane and the radius of the beam
channel is neglected. The power flux P(x) is the injection power
across the surface x=rcos8. Under this simplified situation, we
have derived a forr of the radial current associated with the

16,17)

loss cone in a previous article as

Pie(r) = [PCr)-Pr)1/4nPReky (4)

where the suffix lc indicates the loss cone, and the minus value

of the argument of P implies that the loss cone exists in the



high field side of the torus for Br<0' Figure 1 1llustrates the

drift orbit @(r,85=const, the loss cone boundary r and the

%
birth profile of fast ions. Si(x), schematically. The particle
source which is born in the region [-r, -r,! contributes to the
radial current byAthe loss cone at r=r. It is noted that the
partition between the shine through, direct orbit loss., charge

exchange loss, and bulk heating 1s given by the following ratios

a8

g, = P(-a)/P(a) (5-1)
7,1 = [PCry)-PC-a)]1/P(a) (5-2)
Moy * Moy = 1 - P(-r)/P(a) (5-3)

where suffix st. ol, cx and bk denote the shine through, orbit
loss, charge exchange, and bulk heating, respectively. These

ratios satisfy the relation

gt tMo1 ¥ Moy T Ty = 1 (8)

which 1s the energy conservation relation.

The radial electric field in the stationary state is
determined by the charge neutrality equation. e solve the
equation

e _ 1
Tye” = Tye™ + Ty 77 (1)

CcX



to determine the radial electric field profile E_(r). The suffix
NC indicates the neoclassical centribution, lc for loss cone and
cx for the charge exchange loss, respectively. The superscript e
and i denote electrons and ions, respectively. The expression of
the neoclassical transport we employ here is quoted from Ref. [5].
The form of the current driven by the charge exchange loss 1is
given as{16]

oy = (c/eBp)anfn0<dvb>vft (8)
where Bp 1s the poloidal magnetic field, N, is the mass of fast
ioms, 1 is the neutral particle density, ny is the fast particle
density, vy 1s the beam velocity /§EE7E;, vy, 1s the toroidal
velocity of the fast iomns, and ¢ is the charge-exchange cross
section which can be approxinmately given as [22]

0.6937 x 10728(1 — 0.155 logyp By )?

6 = 2) 9
1+ 0.1112 x 10-14 B33 [m] (¢

Equation (7) is solved with the boundary condition that

E. 0 asr = 0. (10)

It is noted that the sclution of Eg.(7), Er(r), is a functional
of the parameter T yr because the loss cone current Eg. (4) depends
on the choice of Iy We have the equation (2), which ry nust

satisfy. The radial Er(r) and the eigenvalue r, are deterained



to satisfy Bgs. (2) and (7). Thus we can determine the radial

electric field and the loss rate simultanecusly.



83 Application to the NBI Heated Plasma

3.1 Determination of the Eadial Electric Field

We first show the selfconsistent solution of E (r) for the
given profiles of plasma density and temperature. As a first
step the contribution of the neutral particle is neglected.

Numerical example is obtained, Tigure 2 shows the sample
distributions of density and temperatures. The profiles are

assumed as, sipulating results in Ref. [81],

NCe) = [n(0)-ngl(1-p%2)P2 + 1, (11)

T (p) = [T (0)-T,g1(1-p%80F8 + T _, (12>
and

Ti(p) = [T500)-T; 1C1-p%4)B4 + T, (18)

where o is the normalized minor radius s=r/a, and the indices
(e, By) are constant (k=2-4). ng and Ty represents the values
at plasma edge. For the present analysis, we choose the
parameters of the shape as ag=3, Bo=T, vg=T, B8g=T, 04=8, By=42.
Plasma parameters are neo=6.8x1019/m3, Top=350e¥, T.4- 530eV. No
impurity iomns are taken into account. The injection power 1s
taken to be 1.ZMW.

Based on a thin pencil beam model of the 1hjected fast

neutral particles we calculate the birth profile. This



simplification allows us to use

a

P(x)/P(a) = exp(- Jr E(x){du/sdxidx} (14)
x
where the integral 1s taken along the path u. x = u Coseinj'
6. . is the injection angle of the neutral beam with respect %o

1n)

the magnetic axis and the rate of the 1onization &£ is

approximated as
E = n <o, (15)

This is because the fast neutrals first exchange electrons with
slow plasma ions and then ionized by clectrons for the parameter
of our interest. The diréct ionization of fast neutral particles
by electrons enhances & slightly, but this does not change the
following conclusion. [One can use more correct form of P(r) if
necessary. ]~ The following caiculations were done by taking b=a.

Figure 3 shows the dependence of each current component on
E, at p=0.8. Solid line indicates the clectron current, which
has a very weak dependence on E.. The dashed lines indicate Fi
in the absence of direct orbit loss (r,-a), the case of ry/a =0.5
and 0.3, respectively. If the loss boundary approaches to the
axis, the loss current increases and the radial electric field
becomes more negative., This graph shows that the influence of
the lon orbit loss is large, so that the solf consistent
determinatlion is inevitable,

¥e also note that a simple multiplication of FNCI is not



effective 1n increasing the radial electric field. We see that
aI‘NC/aEr is large for ions compared to electrons, and the
absolute value of FNCe is small. The electric field is close fo

the value ErO which is given by the relation
ir -
Tye [Epgl = 0. (18)

The solution Erg is not influenced by wmultiplying the constant
factor on rNCi' The enhancement by the factor 10 to the
neoclassical estimation does not give a noticeable difference in
the solution of Eq. (7).

By determining the loss boundary self-consistently, we have
the radial profile of the electric field in Fig.4, We take Wy
as l4keV. (Half of the nominal injection energy is chosen as an
average. This i1s because the power partition between the
injection energy and 172 and 1/3 energies ¥y, W,/2, and Wy/3 is

4:3:3.) The loss boundary is calculated as
Iy =0.5 a

for this case. The radial profile in the region of r<a/2 1is
deterrined by the neoclassical process. The partition of the

injection power is given as
Mge ¢ M1 ¢ Mpp = 0.49 @ 0.04 ; 0.47, (17)
About 10% of the boran particles is los!{ as the direct orbit loss



The enhancement of radial electric field is found in the
periphera] region, which is effective in confining about 1/2 of
the injected fast 1omns,

¥e study the effect of the birth profile on the radial
electric field and loss cone boundary. In a preceding article,
we have chosen a simple uniform profile. In this case the loss
rate is larger as 7,7:7%,;,=3:7, and the boundary was given r,/as=
0.67. In this paper, the birth profile is larger near the axis
due to the peaked density profile. The loss boundary approaches
to the axis, since the birth particles are small near the
boundary.

Figure 5 illustrates the dependence on the injection energy.
As the injection energy increases, the loss boundary invades into
the plasma axis, and the loss rate increases. The radial
electric field near the plasma boundary as well as the potential
difference between the plasma surface and the loss boundary ry,
®(a)-@(r,), increase, which are necessary to confine fast ions.
The radial electric field at r=0.8a and @(a)-&(r,) are
illustrated as a function of the injection energy in Fig. 8. In &
high energy limit, the radial electric field approaches to the

value

B - -Wy/eR (18)

which indicates the necessary radial clectric field which cancels
the VB drift.

The radial profile of the power flux and the normalized loss



cone current are shown in Fig. 7 for the cases of Wb:24keV, 14keV

and 9keV. The ratio of the power partition i1s given as
gt ¢ o1 ¢ Mpp = 0.58 : 0.12 - 0.30. (¥y=24keV) (19-1)
Mot + M1 ¢ Mpp ~ 0.49 : 0.04 - 0.47. (Wy,=14keV) (19-2)
Mgy @ Mgp @ My = 0.37 £ 0.02 ¢ 0.61.  (Wy=9keV) (19-3)

The bulk heating is effective for the low 1njection energy
(Wb=9keV), but is not effective in case of the high energy
(Wb=24keV), If the injection energy becomes high, the ratio of
the direct loss with respect to the ionized particles 1ncreases
rapidly. Imn the case of Wy-24keV, this ratio is about 30%.

This value is in a range of experimental observationslg).

3.2 Influence of Neutral Parfiicles

The important role of neutral particles in determining the
radial electric field has been discussed literaturel[16,18,191].
¥e here examine the effect of the neutral particles on the radial
electric field.

The contribution of the radial current is given in Eq. (7).
¥e choose a model distribution for fasl particles and neufral

particles as

Hf = nfo eXp{”O(fPZ} A (20)



and
ng = Igg exp{~a0(1—p)2} (21

where ngqy 1s the fast ion density at the center, n;g is the
neutral particle density 2t edge. Parameters oe and oy are
assumed to be constant. As z model case, we take the shaping
paraseter as «p=2 and a0=40, nodelling the broad fast ion
profile and localization of the neutrals near the edge. We also
choose an example of Wy =14keV, and the nearly perpendicular
injection where the injection angle Binj: /30 is takenm. Vet
which is estimated by VbSineinj' i1s then 1/10 of the injection
velocity vy

Figure 8 illustrateé the radial electric field in the
presence of neutral particle contributions. We have chosen the
parameter nf0=1018/m3. Neutral particle density is varied as
Dy~ 1x and 2.5x 1019/23.  Fe see that the radial electric field
becomes more negative near the plasma edge

Associated with this increment of the radial electric field,
the direct orbit loss is reduced. Figure 9{(a) shows the loss
cone boundary and the potential difference between the surface
and loss cone boundary, ®(a)-®&(r,), as a function of the neutral
particle density, Figure $(b) shows the loss cone flux I'(x)q..
The enhanced radial electric field is effective in narrowing the
loss cone. It is noted, however, that this does not mean that
the total loss of fast ions is reduced. In case of fgg= 2.9%

1016/1313 and the assumption of the profiles of ng and g the cx



loss of fast 1oms reaches about 180k¥. If we compare the
partition between the shine through, direct orbit loss, cx loss
of fast particles and bulk heating, we have
Mt M1 Ty Mo = 0.49 : 0.04 : 0.0 : 0.47 (21)
in.the absence of neutral particles (lime (1) in Fig.8{(b)), but
Mot M1 Py Toh = 0.49 : 0.015: 0.15 : 0.385 (21>
in the presence of neutral particles (line (3) in Fig.9(b)). The

ratio of the orbit loss 1s reduced, but the increment of the cx

loss is much larger than this reduction.

3.8 Effect on the Bulk Energy Transport

It is often discﬁssed that the enhanced electric field can
reduce the energy and particle loss., %e study the influence of
the energetic particle loss on the neoclassical flux of bulk
particles.

Using the obtained radial electric field profile Er(r) with
the density and temperature profiles, the pariicle and energy
fluxes are calculated according to the formula of Ref.[5]

Figure 10 shows the reoclassical particle flux for the cases
of radial electric field with (a) nc fast ion loss (b) direct
orbit loss and (c¢) direct loss and cx loss. As is seen from
Fig.3, the particle flux becomes larger if the radial electric

field becomes more negative, By this mechanism, the net particle



flux increases due to the fast particle loss. The loss flux
governed by the neoclassical process, however, is small, so that
the increment of the particle flux dces not give rise to a
considerable harm to the confinement.

The neoclassical energy flux of electrons and ions are shown
in Fig.1!l. VWe see that the ion energy flux decreases by the fast
particle effect. The electron emergy flux, on the other hand,
increases by the rpegative radial electric field. The lon energy
loss is dominant over the electron loss near the half radius of
the plasma core. The radial electric field in this region,
however, is determined by the bulk radial current. and is not
influenced by the fast particles. Table | summarizes the trade
off concerning on the energy balance.

Table 1 shows the neoclassical energy flux of bulk iomns
qNCi’ which is calculated using the radial electric field in
which the fast ion loss is neglected, and that calculated with
the electric field keeping fast ion loss, INCtorbit- The

reduction of the neoclassical 1on energy flux

i i i
Ag” = qyg INCtorbit

is caused by the enhancement of the radial electric field by the
fast ions. The fourth column indicates the loss flux of fast
ions. These quantities are tabled for various magnetic surfaces.
Injection energy takes the values Wb:l4keV and 24ke¥. In all
cases, the power loss of fast ions are greater than the reduction

of the bulk 1on loss by a factor of several tens tc 100. This



clearly shows that the enhancement of the radial electric field
by using the fast ion loss is not useful so long as one considers

the neoclassical energy loss.



84 Summary and Discussion

¥e have developed a2 selfconsistent analysis in determining
the radial electric field and ion loss cone. Analysis was
applied to the Wendelstein VII-A stellarator. The solution of
the radial electric field has one or two mpaxima and cannot bhe
approximated by a simple parabolic model of the static potential.
The increased loss makes the radial electric field deeper. Tke
effect is prominent near the plasma boundary, and the
experimental observation is better reproduced in comparison with
the simple neoclassical analysis in which the fast particle loss
is neglected. The loss rate of fast ions is evaluated as a
function of the injection energy. and is found im the range of
experimental observations. If one takes intc account the charge
exchange loss effect by ﬁeutrals, the electric field becomes more
negative. The more precise experimental data would provide a
test of the validity of the modelling,

The influence of the newutral particles on the direct orbit
loss is also studied. The neutral particles, through the
influence on the radial electric field, can affect the direct
loss considerably. The total fast ion loss, which comes either
from direct loss or cx loss, does not change drastically.
However, the direct orbit loss alone can be reduced. The
interaction of fast particles with the wall is different between
the direct orbit loss and cx loss. The direcl orbit loss is
often localized at particular toroidal/poloidal position of the
wall., On the other hand, the cx loss is more or less uniform so

long as the neutral particles are nol localized at special



location. When the heat load onto the wall is analyzed, the
partition between the direct loss and the cx loss through
changing the radial electric field must be kept in considerations.

The increased electric field can reduce the neoclassical
thermal conduction. The meoclassical component of the iom heat
flux, which 1s derived using Er(r), reduces from |5k¥ (Er without
fast ion loss effect) to 14kW (in the case of Wy-ldkeV) at p=0.7.
This reduction, which amounts to [kW, however, 1s smaller than
the increment in the direct orbit loss of about 40k¥. From the
over all consideration on the energy balance, if one uses the
neoclassical estimate, it is concluded that the enhanced fast ion
loss is energetically not favorable. The energy balance in a
real experimental plasmas, however, is strongly influenced by the
anomalous energy loss. The effect of this change of the radial
electric field on the anoralous loss needs investigation, 1Im
order to conclude the‘over all trade-off on the energy balance.
The role of this radial electric field cn the anomalous transport
is discussed in a separate articleza), but still needs further

intense analysis.
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Figure Captions

Fig.1 Schemétic plot of the drift surface of the fast ioas
and neutral beam(a). r, indicates the loss cone
boundary. The current across the surface r=r associated
with the loss cone is given by the particle scurce imn
the region {-r,-r,]. Beam power density P, birth
profile S and the loss cone current are shown

schematically in (b).

Fig.? Density (a) and temperature (b} profiles for the analysis.

(Dl2=5, 32=7, 0.’3=7, 33:7, 0(4:8, 34:42,) Central

electron density 1s given as 6_8x1019/m3.

Fig.38 Dependences of the current component on the radial
electric field on the minor radius of p=0.8. Solid
line 1s for electron component. Ion current by the
neoclassical prediction (dotted line), that with the
ion orbit loss (cases of p, = 0.3 and 0.5; dashed
lines) and that estimated by 10 times of necclassical
flux (dashed-dotted line) are shown., Circles indicate
the solution of of the radial electric field. Injection

energy is 14keV and the power 1s [.2MW.

Fig. 4 Radial profile of the radial electric field. Solid



Fig.5

Fig. 6

Fig. 1

line 1s the selfconsistenrt solution for the electric
field and fast ion loss. Line with (1) indicates the
case of Wy=14keV and that with (2) is for W, =28keV
Dotted line is for the neoclassical prediction. It is
noted that the influence of the ion orbit loss is
substantial near the plasma edge. For the case of
¥p=ldkeV (lIine (1)), the loss cone boundary is given as
£4=0.5, but the deviation of E. from the neoclassical
prediction becomes noticeable for £>0.7. Solid circles

indicate experimental results (quoted from Ref.[8])

Dependence of the loss cone boundary on the injection
energy. Injection power 1is kept 1.2¥¥ and other

paramneters are the same is in Fig. 2.

The radial electric field at p=0.8 (solid line) and the
potential difference between the surface and loss cone
boundary (dashed line) as a function of the injection
energy. (dotted line shows the result of neoclassical
calculation without fast ion loss for the reference. )
Thin dashed-dotted line indicates W,/eR. Injection
power 1s kept 1, 2MW and other parameters are the sanme

is in Fig.2.
Normalized distributions of the power flux of the
neutral beam (solid lines) and the loss cone current

(a). (b), and (c) indicate W =24keV, 14keV and 9keV



Fig.8

Fig. 9

Fig.10

Fig.

11

respectively,.

Effect of the cx loss on radial electric field. Solid
lines are the selfconsistent soluition for the electric
field and fast ion loss. Dotted linme is for the
neoclassical prediction. (1), (2) and {3) corresponds
to cases np=0, 1018/03 and 2 5=1018/0%.  Solid circles

indicate experimental results (quoted from Ref.[8])

The loss cone boundary p, (solid line) and the
potential difference between the surface and loss cone
boundary (dashed line) as a function of {he neutral
particle dersity (a). Normalized distributions of the
power flux of the neutral bean (solid lines) and the
loss cone current. (b). In (b), (1), (2), and (3)
indicate cases ny =0, 10:9/0% and 2. 5e1018/n8,
respectively. Injection energy is kept l4keV, the
injection power 1s Kept 1.2M¥ and other parameters are

the same is 1n Filg. 2.

Particle flux profile in the case of (a) simple

neoclassical prediction, (b) with direct orbit loss and
(c) with direct ion loss and cx loss, respectively. Im
(c), HOS:5X1016/m3. W, =l4keV and other parameters are

the same as in TFig. 3.
Electron energy flux (a) and :on energy flux (b).



Symbols (a), (b) and (c¢) correspond to those in Fig.10.



b chl qNC+0rbit1 tq* Ploss
P keV | [k¥] [k¥] CkF ] LkW]
0.60 14 193. 4 192.0 L. 4 249

24 i 185.0 4.4 128. 4
0.65 14 79.4 78. 2 1.2 30.0

24 o 76.5 2.8 132.0
0.70 14 4.8 14.0 0.8 a8.4

24 s 13.1 1.7 141.6
0.75 14 1.7 1.1 0.6 43.2

24 ‘r 0.8 L1 144.0

L

Table 1 Energy fluxes

0.75) for two injection energy Wb=14kev and 24keV

at various radius (p=0.8,

.65, 0.7 and

Radial

electric field is given by the simple neoclassical theory

(FNCe:rNCi) in calculating gyg.

Orbit loss is taken into account

in estimation radial eleciric field (FNCB=FNCi+FICi) in

calculating qye.

orbit-

Ag 1is defined by e 9NCe

orbit-
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