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Abstract

The radial electric field structure in helical system is
discussed taking into account the effects of the orbit loss and
charge exchange loss in addition to the neoclassical fluxes,
Analysis is made for the CHS torsatron/heliotrom, in which the
radial electric field E. was estimated experimentally. It was
found that the fast ion orbit loss and charge exchange loss have
strong influence on the profile of the radial electric field,
particularly near the plasma periphery. The absolute value of
E. in the experiments is still more negative than the theoretical

r

prediction.
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8! Istroductiocn

Recently.it has beemn widely recognized that the radial
electric field Er near the plasma edge plays an importaamt role on
1-3)

the improved confinement such as in the H-mode Thecoretical

prediction that the bifurcation in the radial electric field
causes the H/L transition has heen made4), and theories have
followed that the gradient of the radial electric field (3E /ar)
has a strong influence on the suppression of microinstabilities
and is expected to reduce anomalous transports5_1l). Experiments
on pany tokamaks have coanfirmed the rapid change of the radial
electfric field and strong inhomogeneity of it2’3'12'13),

although, strictly speaking, the causality between the tramsition
and E. has not been experimentally established. In Torsatroun/
Heliotron stellarators, the neoclassical theory predicts that an
electric field reduces the helical ripple loss and improves the
confinement14’15). Therefore, the detailed measurement of the
electric field and their gradient is one of the key topics in
helical systems as well as in tokamaks,

In the Wendellstein VII-A stellarator and Heliotron-E
device816’17), the poloidal rotation has been measured only near
the plasma periphery, using the intrinsic impurity radiation. It
has been discussed that a large negative electric field (Er no-
450V/cn) was built up by the fast ion loss of perpendicularly-
injected neutral beams in Wendellstein VII-A. This is considered
to be originated from the fact that a significant loss cene for

ions exists due to the large aspect ratio and the moderate

rotational transform. Quantiitative comparison of the theory and



eiperiments on Er profiles is far from satisfactory. Since a
neutral beam is injected tangentially in the Compact Helical
System (CHS)IS), however, the fast iom loss may become less
significant and the many mechanisms involved would be important
in determining the radial electric field. Recent measurements on
the poloidal and toroidal rotations in CHSIQ), by using the
charge exchange spectroscopy (CXS)zO}, have covered the whole
region frowm the axis to the edge, thus providing the radial
profile in the plasma coluzn.

In this article, we discuss a theoretical model to determine
the radial electric field and compare the results with
experimental observations. The roles of the fast iom orbit loss
and charge exchange are investigated. It is found that these
processes, which is not included in the neoclassical theory, make
E. mear edge more negative, This influence is considerable, but
still is not enough to explain the experimental observations.

In section 2, the experimental results of the electric field
in tangential NBI experiments in CHS device are briefly
described. A theoretical model to determine an electric field is
discussed in §3. The evaluation of E. and comparison with the
experimental results are given in §4. The last section is

devoted to the summary and discussions,



§2 Brief Survey of Expericental Resulis

The CHS device is a Torsatron/Heliotron configuration
(multipolarity =2, and toroidal pitch number m=8), with a major
radius of 100cm and an average minor radius of 20cm. The
toroidal magnetic field By is IT. We use the coordinates (r, 8,
&) where r is the minor radius, 8 is the poloidal angle and 4 is
the toroidal angle.

The electron temperature and density profiles, Te(r) and
ne(r), are measured with Thomson scattering. The ion temperature
and poloidal as well as toroidal rotation velocity profiles,

Ti(r), US and U are measured by CXS. Radial electric field

¢!
profiles are evaluated by using the force balance equaiion for

impurities

E. = (8Py/ard)/eliny - (BBU¢—B¢U9), (1)

where the suffix I stands for the measured impurity species. It
should be noted that the radial frictional force between
different species is small enough to be neglected.

For the NBI discharges in CHS, as is shown in previous

19,21,22)

articles the toroidal rotation velocity is damped at

r>0.3a by the strong parallel viscosity caused by the helical

22)_ The poloidal rotation has a strong shear near the

ripple
plasma edge. The poloidal rotation velocity shear results from
the inhomogeneity of the radial electric field near the plasma
periphery. It was also found that the poloidal rotation velocity

at the plasma edge depends on the collisionality.




To simplify the following analysis, the magnetic field
structure is fitted to the conventional torsatron configuration

with one helical harmonic as

B = Byll-£4(r)cose-g;(ricos(Le-nd)], (2-1)

g4(r) = r/R, (2-2)
and

ep(r) = Legl,(ar/R), (2-3>

where In is a2 modified Bessel function of the first kind, and
the constant g is 0.3919 for the discharges subject to the

analysis. This simplification gives the form of the rotational

transform ¢ as

1,RP d Lid
r) = 5073;(;&";): (3)

where x=mnr/R and the safety factor is given by q(r)=1/:. This
fitting does not includes the positive pitch modulation of the
helical winding with «*=0.3 in CHS device. The effect of o« was

examined in Ref.[19]; it was confirmed that the «F

effect
slightly changes Er near edge but is far insufficient to explain

gxperimnents.



$¢3 A Theoretical Hodel to Peieruine Er

In this section, we consider a theoretical model to explain
the large electric field measured near the plasma edge. ¥e study
the steady state solution of the ambipolarity equation, taking
into account nonclassical terms as

_ NC(s) NC(as) orbit

i icx:
This equation coansists of the neoclassical fluxes (denoted by the
superscript of NC), the fast ion orbit loss flux (riorbit), the
charge exchange contributions of fast ions (chx) and bulk ioms

(F ). The orbit loss of bulk ions are not taken into account,

icx
because the bulk ioas are not in the collisionless regime for the
discharges of our interest. The neoclassical contribution is
given as the sum of the flux FiNC(S), associated with the passing
and toroidally trapped particles, and PiNC(aS) related to the
ripple trapped particles, according the Ref.[14]. For electrons,
the nonclassical terms in Eg.(4) are insignificant. Only the
neoclassical terms are kept in the electron flux.

The explicit form of the fast i1on orbit loss is discussed in

Appendix A. It follows that

T — T

1 P
(

4m2Rr By “a — T~)fmnd’ (5)

Ff’ﬁf(r) ~
where Pin is the inmput power, Eb denotes the beam energy, Ty is
the radius representing the loss boundary, and the coefficient

fbound implies the fraction of the power absorbed in the region



Ty < r < a. The dependence of the radius r, on the radial
electric field was discussed and expression is given 1in Ref. [2317.
The fast particle flux is generated by the charge exchange
loss. The charge process conserves a local charge, but takes
away the momentum. This loss of momentuwm causes the drift flux
in the radial direction. Simplifying that the fast particle
velocity 1s characterized by the toroidal one with injection
energy, the toroidal]l momentum density of fast particles is given
as Meneve, where My is the fast ion mass, nf(r) is the fast ion
density and vy = /2E /¥,. The rate of the charge exchange with
neutral particles is n0<dvf>, and the toroidal force on fast ions

associated with the cx loss 1s evaluated as
Fi = -nplavpdlenevy, (8)

where no(r) is the neutral particle density. Balancing this

force with the toroidal force eFfCXBp/c, ve have

c
ch_.,_. ~ *“"—anfﬂa<0'1}_f>'l)f, (1)
eB,

The cross section <s> is approximated by the formu1a24)

0.6937 X 10_18(1 —0.155 lOngb)z

< g >
7 1+ 0.1112 x 10-14E33

[m?, (8)

The cx rate <gv> is estimated at the energy of the fast ion.
The charge exchange of bulk icns with neutrals can cause the
radial electric field. The momentum loss rate is calculated in

tokamaks, which in turn gives the radial ion flux through the



force balance. 1In tokamaks, the toroidal force balance is

used6’7’25), because the bulk l1on viscosity directs in the

26)

poloidal direction In helical systems, the toroidal rotation

damps off due to the large helical ripple and the poloidal flow

26)

remains Since we are interested in the regiocn r/a>0.3, ws

assume that the maln 1ons are rotating in the poloidal direction

and subject to the poloidal force due to the ¢y loss. The
induced radial flux by this poloidal force is
c (8)
Liw = —4nM <oy > nouy,
e B,

where M is the ion mass, and the cx cross sectionm 1s estimated
with the energy of bulk ion temperature. The poloidal velocity

is given as

)—’_]s (10)

where Biq and Hig are neoclassical viscosity coefficient.
The radial electric field solution in the steady state is

evaluated by the ambipolarity equation

- NC
I, = Tg . (11>
This equation is a nonlinear algebraic equation with respect to
the radial electric field if one employs the formula of Ref. [147.
Equation {11) can have multiple solutions on sach magnetic
surface. This equation is given on each magnefic surface, and

contains a class of solutions Er(r) which have discontinuities at




some radial points. This fundamental solution to the problen of
the discontinuity can be given by noticing the small but finite
diffusion coefficient of the radial electric fieidzg)_ Ve
therefore look for the solution which is continuous and satisfies

the condition

E.(r) =0 asr - 0. (12)



¢4 Bvaluziion of gadial Blecuisic Fzgie

In this secltion we estimate the radial electric field from
the ambipolar condition Eaq.(12) with the experimentally obtained
plaspa profiles. To study the collisionality dependence, two
typical NBI discharges. namely, the low density and high density

discharges, are studied,

In order to use the experimental data in the analysis, the

following fittings are used. As for the bulk plasma parameters,
we use
— (1 — pm) az\S2—1
n{p) = (n(O)—n,)-T[l—(l-v)(l—p ¥+, (13)
Te(p) = (Te(O) - Té&)(l - pa;)ﬂs + Tes, (14)
and
T(p) = (T40)—T)(1 - p™)* + T, (15)

where p is the normalized radius r/a, and the indices (mk, Bk)
are constant (k=2-4). The coefficient ¥ i1s introduced to fit the
hollow profile, and is given as 7= 1-32—1[1-pmm2](1'32). py is
the minor radius corresponding to the maximum of the density.

n, and T, represent the values at the plasma edge. JSimplified

form is employed for fast ions and neutral particles., We assume

that ng and e profiles are given
ng(e) = ngq exp[-ao(l-p)z], (16)

10



and
n:(p) = 1yp4 exp[-alpzj, (17)

where ng is the neutral density at edge, and ngy is the fast ion
density at the center, Parameters & and ey are constants.

The characteristic parameters, which are adjusted so as to
reproduce the experimental results, are listed in Table 1 for the
low density and high density NBI discharges., Since the accurate
experimental data are not available for the neutral and fast
particles, we employ plausible values for Ny Degs B and o).
The best fitting curves for the profiles of the density and
temperature are plotted in Fig.1A (low-density) and in Fig, 1B
{high-density) for two cases shown in Table 1. This choice of
the fast particle density gives the heating rate of about IMW/mg,
which is in the range of experiments.

¥e first review the result of the neoclassical estimate.
Figure 2 illustrates erC (j=i.,e) as a function of Er for the
position of p=0.8. Dashed lines are for the case of the low
density, and the solid ones are for the high density case. The
solution of the ambipolarity condition is denoted by an open
circle. Solution of the equation FiNC=TeNC with the condition
Eq, (12) was compared with experimental observationslg). The
experimental observations show that the neoclassical estimations
are much smaller than those measured, particularly in the regioca

of ¢ > 0.5. The neoclassical estimation cannof explain the large

negative electric field.

i1



Before going to examine the nonclassical component, we note
the dependence of Fj on E.. Figure 2 shows that the derivative
of T with respect to E., aI'/aE_., is large for ions, but remains
small for electrons. This indicates that the additional electron
flux (which is bipolar), if there is any left, is not effective

in affecting the solution of Er. 0n the centrary, the change of

T. hv a fartar of fow wot
i Dy a Tactor oI fgw wo

i uld change the solut

N
%1 i

n. Since EP/aEr ig

auch larger for ions than elecirons, the relafion Fi =0 1is a
good approximate form In determining Er‘ An additional-bipolar

ion fluxes AT is estimated by the relation
AR, NC(as)
AT; =~ -AE- a8l /aEr (18)

where AE represents the difference of E. between the neoclassical
calculation and the experimental results.

¥e study the effects of additional ion loss fluxes, Egs.
{(56). (7)., and (9) mentioned in §3, and compare theoretical
estimation of E. with those in experiments.

Let us estimate E. by imposing the following ambipolarity

conditions:

r NC _ p NC

e ] (19-a}
NC . ¢ NC orbit
r,'v = T (19-»)
NC _ NC -
Too” = I+ Teoy (19-¢)

NC _ NC orbit
r r. + I'i + chx +I.

e i icx (19-d>

12



In order to see the importance of the additional terms, solutions
of Eq.(19-2) to (19-d) are illustrated in Fig.34 for the low
density case and in Fig.3B for the high density case. In Figs.
34 and 3B, the curves (a) to (d) represents the radial profiles
of E. as is calculated by the relations (19-a) to (18-d),
respectively. Open and closed data points are experimental
values, which are quoted from Ref.[29]. In solving these
equations, we take r,=0.6a. This choice of r, is not affected
nuch for the solution which is obtained in Fig.3. Therefore the
constant r, approximation is a good one. We also take fy . 4 to
be unity, in order to estimate the upper bound of the influence
of the fast ion orbit loss., Coefficients pj, and u;o are chosen
as 1,365 and 2.31, respectively,

Figure 8 shows that the fast ion losses which are caused by
the loss cone and cx with neutrals are always positive and make
the electric field more megative. First, we see that the orbit
loss makes the raidal electric field more negative, We would
like to note that the influence of the orbit loss appears only in
the region r > 0.9a, although, the loss cone is introduced in the
region r > r, and r,=0.6a. The charge exchange loss of fast
particle can also be effective in enhancing the electric field.
Predictions by theory approaches to the experimental one. The
naximum radial electric field, which 1s more than five times
larger than the neoclassical prediction, exceeds -150eV/cm,
approaching the level of the experimental observaticon. However,
the influence is localized near the edge and is still

insufficient. As for the conmiribution of the charge exchange of

13



bulk ions is concerned, the effect is swall. The corrections to
the neoclassical prediction is given near the periphery, r>0. 8a,
and is still insufficient. The experimental observations show
that E,. substantially deviates from the neoclassical prediction
in the regice of r>0.68a. Based on these results, we see that
another bipolar ioan loss flux, which is several times as large as

the neoclassical one, 18 necessary to explain this discrepancy,

AdelLosdal

14



$5 Suuuary a2ad Discussions

In this paper, we discussed an analytical modelling of the
effect of the nonclassical losses on the radial electric field in
torsatron/heliotron configurations. VWe examined the loss comne
loss of fast ions, the loss of fast ions through charge exchange,
and the bulk ion loss due to the charge excharnge. Applications
are made on the NBI plasma in CHS device, in which the radial
electric field has been deduced from the measurements of the
plasma flows. Comparison was made between the theoretical
calculation and experimental one.

¥e confirmed that bcoth of the orbit loss and charge exchange
loss gave a more negative E. than the neoclassical prediction.
Enhancenment of the radial electric field is largest near the
plasma edge. Although this gqualitative agreement was found , the
quantitative predictiorn is not satisfactory. TFirst, Er deviates
from neoclassical theory in the region of r>0,5a, while the fast
pariicle effect is only effective in the region of r>0.8a. Some
other large ion loss process, which i1s several times as large as
the neoclassical one, is necessary in the region of 0. 5a<r<0.8a
to explain the discrepancy beiween theoretical and experimental
results. Unfortunately, thé direct comparison cannot be made in
the region of r > 0.8a, where the experimental observation is not
available, although the largest deviation from the neoclassical
prediction was found in this article. Even though the absolute
value is different, the density dependence of the radial electiric

field is recovered by this theoretical mcdel. The experiment

shows that the edge electric field seems to increase (i.e., 18



more negative) as the density increases. The present analysis
predicts that E. becomes more negative as the density increases.
This theoretical trend is associated with the fact that the
temperature decreases for the higher density.

It should be carefull in comparing thecry and experiments on

E because Er has 8 dependence due to the ellipticity of the

e
magnetic surface. This correction, however, amcunts to about 30%
and is not enough to explain the discrepancy. It should be also
-noted that the solution of Egs.(19-c) and (1%9-d) depends on the
choice of the neutral density profile, for which good
experimental value is not given. Even though this uncertainty
cannot be annihilated, the conclusion is not changed so long as
the majority of neutrals are supplied by the recycling at the
wall, and entering into the core plasma with the energy of the
order of a few electron volt. For instance, if we nultiply LY
by a factor of 10 (which is beyond the experimental uacertainty),
the noticiable deviation from experimental value of E. stiil
remains, Another possibility toc reduce the discrepancy is that
neutrals are supplied with much faster speed from the wall so
that %y is of the order of unity. [In this case, however, the
particle confinement time is much underestimated; less than ms at
the center. ] Further experimental informat:on would be necessary
to get rid of this uncertainty.

A satisfactory explanation awaits further theoretical and
experimental studies, including the ancmalous transport in the

whole plasma region.

16
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Appoeudiv: Deriveiica of Bg. (L}

In this article we assume that the particles are lost if
they reach the cutermost magnetic surface r=a. 4 radius r=ry is
defined as follows; the birth particles at the region with I>ry
enter the loss cone, but the particles which ionize at r<r, do
pot enter the loss cone. If we introduce the birth rate S$(r)
[number/n%s] of the fast ions which are ionized at the position

r, the loss flux of fast i1ons 1s given as

) 1 2 p2xR gy ray ' I}
= 47r2Rr/(; fo fodg”dfs(f)p(rﬂ)dz (41)

where p(r;A) represents the probability for the particles to enter
the loss cone and A represents the pitch angle of the birth
particle. We take 2 simplification that the pitch angle
distribution is a delta function, namely, p(r)=1 for r>r, and
p(r)=0 for r<r,. [The loss boundary r, is determined by the
ieplicit function including the particle energy, £,, e,(r) and
the electric field structure, which is givea in Ref. [23].]

By this assumption, fast particles with given pitch angle
which are born in the region ry<rdey contributes to the radial
current at r=ry. The rate of the fast particle generation in the

region r*<r<rl 1s given as

[P(r{)-P(ry)1/Ey (42)

where P(r) is the injection power across the minor radius r.

Thus we obtain

18



: 1 (P(r)—P(r.))
orbtt
F - 4m2 Ry Eb (AS)

Fhen |r-r,{<<a holds, P(r)-P(r,) can be approximated as

T_T::

P(ry—P(rs) =~ ( )+ fround * Fin (44)

a—Ta

where fbound wrecans the fraction of the absorption power in the
region of ry<rda. The coefficient fbound 1s less than unity and
an increasing function of n,. Fipally, we obtain the fast ion

e

loss flux as

orbi 1" P, ,r—r,
Pt = 47r2Rr'E:(a-—r,)fb°u"d (4%)
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Table Capiion

Table 1: Parameters which characterize the bulk density and
temperature, Profiles for two typical discharges in a
tangentially injected neutral beam experiment of the
CHS device. The definifion of these parameters are
given by Egs.(13), (i4) znd (15). Parameters for
neutral and fast particle densities (see Eq. (16} and

(17)) are also added.

22



Figure Capitions

Fig.1 Radial Profiles of the density, i1on and electron
temperatures (Ti’ Te) are shown for the low density {4A) and

high density (B) NBI discharges in CHS device.

Fig.2 Neoclassical ion and electron fluxes (FiNC, FGNC) at
p=0.8 versus radial electric field E. are illustrated for
the high (solid lines) and low (dashed lines) cases. Open
circles represent E. determined from PeNC=FiNC.

Fig.3 Radial electric field profiles are plotted for the low
density case (A) and the high density case (B). The curves
(a) to (d) represent E_(p) which are determined by the
conditions Egs. (18-a) to (19-d), respectively. Radial
electric field profiles which are measured by CXS are shown
by solid and open circles (Quoted from Ref.[29] with

correction. )
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NBI NBI NBI NBI
(Low-n) | (High-n) (Low-n) | (High-n)
n 0
°c.1 4X10'7 | 4x10'7 TeOl 3509 | 19502
[1/m] [ev]
ao 40 40 Tes 26.65 5.00
1%V]
Nfo 11.0x10'7|1.0x17!7
(1/m3] OX as 1.5 1.8
a 2 2 B3 | 09152 | 1.0612
1.804 |5.563 Ti
n (o) O 2031 | 17
[1/m3]] x10'®| X108 [ev] ! 827
1.043 |8.831 T
Ns s 1 267 5.0
[/m3]| x10'8 X10'7|| [ev] 6.70 00
Pm
(=L 0.8097 | 06366 || aa 1.5 1.5
a
a2 | 3.8600 | 6.4975 || B4 | 1.1652 | 1.0007
B2 1.1 20.5959

Table 1
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