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Synopsis

Scrape-off layver and divertor plasmas in helical systems
are studied by using the two-dimensional {2D) numerical
simulation code. Unified Edge Divertor Analysis code (UEDA
code) is applied to the straight helical model of torsatron/
helical heliotron configurations. 2D profiles of plasma
parameter, neutrals and impurities are obtained. Erosion rate
and neutral back flow rate to the core plasma are also
evaluvated. Various shapes of the buffle plate are examined
from the view point of the establishment of "dense-cold
divertor plasma"” by which we can avoid the damage of the

target plate.
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§1. Introduction
Analysis on divertor and scrape-off layer (SOL)} plasma
has attracted attentions in recent researches on thermonuclear

fusion.l' 2)

One motivation of the study on the divertor

and SOL plasmas is to search for the proper method to control
impurities and to realize the sufficient pumping of
particles. The other motivation is the investigation on the
improved confinement of the core plasma, which includes

3, 4) Experimental

H-mode, improved Ohmic mode and so on.
and theoretical studies have flourished, and detailed
modellings have been developed. These modellings have been
applied to a realistic geometry of tokamaks, and comparisons
have been performed with considerable satisfaction.l’ 2)
Several important key parameters, such as the connection
length of the field line to the wall, have been identified.

The analysis on divertor and SOL plasmas has particular
importance for toroidal helical systems such as stellarators.s)
For such configurations, the confining magnetic field is
generated by the external winding current, not by the plasma
current, so that the reality of stationary operation solely
depends on the control of impurities and particles, not on the
current sustainment. At the same time, fairly long
confinement time for impurities has been reported for wide
range of plasma parameters.s) It is alsoc noted that the
connection length of the field line to the wall is much

7} so that

shorter than tokamaks with similar major radius,
the dense-and-cold divertor condition is hardly expected in

helical systems. Considering the long impurity staying time



and short connection length of the field line to the wall, we
note that it is inevitable to evaluate the efficiency of the
divertor plasma from view point of reducting impurity sources
for helical systems. It is also well known that the field
line out of the plasma surface may be stochastic in these

8)

configurations. It is necessary to explore the proper
modelling of the plasma and magnetic field in SOL of the
helical systems. The magnetic structure in the SOL and

70 9) The analysis

divertor plasma has recently been analyzed.
clarify the effect of the short connecfion length (to the
wall) on the boundary parameters.7) The neutral particle
behaviour is also solved by taking into account the plasma
profile along the field line.lo)

In studying the property of the SOL and divertor rlasma,
it is well known that the heat channel width is another key
parameter.l) The knowledge on this width requires the 2D
analysis. We, in this article, apply the Unifield Edge

11, 12) (yEDa code) to the helical

Divertor Analysis code
plasma. We employ the 2D model of torsatron/helical-heliotron
configurationsl3) with a realistic shape of buffle plate and
rate of pumping. We obtain the 2D structures of the plasma,
neutral particles and impurities in SOL and divertor regions.
Erosion rate of the divertor plate is also calculated. Plasma
size is close-to that of LHS. It is confirmed that the
establishment of the dense-cold divertor pPlasma is generally
difficult in this machine because of the short connection

length of the field line to the wall. Emphasis is put on the

study of the various shapes of the divertor chamber,




particularly the buffle plate. It is found that a careful
choice of a complex configuration of the buffle plate can
reduce the divertor temperature and increase the divertor
density. Control of the pumping rate is found to be also
effective to the behaviour of the edge/divertor plasma.
Adequate considerations for the pumping rate would be required

in the design of the divertor.

§2. Model
2.1 Model Geometry

We employ a simple model geometry of the &=2 torsatron/
helical heliotron configurations (£ is the multipolarity of
the field). A straight helical configuration is chosen and
the separatrix magnetic surface is defined as the surface of
the main plasma (see figure 1.). The up-down and right-left
symmetries on the poloidal cross section is assumed. {The
asymmetric structures of the plasma such as convective cell or

MARFE14)

are out of the scope of this article.)
This model enables us the application of the 2D-time
dependent numerical simulation code. The magnetic field

7, 9)

structure of the SOL region has been studied. It was

found that the connection length of the field line to the wall
for the toroidal helical system is very close to the straight
helical model in the case of torsatron/helical heliotron

configurations, even though the stochastic region appears and
separatrix magnetic surface disappears in the case of toroidal

9}

helical system. We neglect the small magnetic islands in
toroidal geometry. The plausibility of this assumption is

discussed in §4.



The pitch of the field line, Bpoloidal/Btoroidal
(BP/Bt) is an important parameter of the analysis. 1In
ref. [7}, the average value Bp/Bt is discussed and is
given as c-m/274%, where m is the toroidal pitch number and c
is a numerical coefficient of the order of unity. Averaged
over the heat channel width, ¢ is around 1/2 to 1. The
connection length of the field line from the midplane to the
wall has a dependence on the distance from the surface of the
main plasma. This dependence is logarithmic, and the anélytic
calculation has shown that this dependence causes only small
correction to the heat channel width and the plasma
temperature.7) We therefore neglect the logarithmic
dependence and employ a simplified model of constant pitch

parameter Bp/Bt.

2.2 Numerical Modelling

To simplify the problem, straight helical model (i.e.,
helical symmetry) is assumed and the quadrant model is
employed as shown in Fig. 1. The orthogonal co-ordinates V¥
and z, which correspond to the poloidal flux and the poloidal
length of the magnetic field line of force are employed. 1In
Fig. 1-(b), 1 and j denote the cell number in the z and y
co-ordinates, respectively. The arc-length of the diverter,
2, is measured along the plate on the poloidal cross section.
In this figure, the s0lid line is the first wall (SUS) and the
sheath plate is assumed to be made of graphite. The region
between the first wall and the magnetic surface is assumed to

be free from plasma particle, therefore only neutral transport




(by the Monte Carlo method) is solved. The section AB is the
inlet of the pumping duct. We regard the section as albedo
surface (albedo value of 5%, i.e., 95% of impinging particles
are reflected at the surface, is employed).

The reflection model at the material surface is the
Eckstein/Verveek model for the graphite sheath plate and the

Marlowe model for other structure.ll)

No wall pumping is
assumed in the simulation, except the pumping at the section
AB as mentioned before.

The electron and ion energy inputs Qg and Qj from the
core plasma to the SOL is set as Qe=Qi=2.5 MW and particle
input FP is assumed as 2x10225_l in this guardrant model
(This means that the total power out of the core plasma is 20.

MW and particles of 8x10225-l).

2.3 Governing Fluid Equations

In the SOL and divertor regions, the two-£fluid equations
and the neutral gas transport are solved. A set of eguations
for the SOL and divertor plasma consists of the continuity
equation for the density, the momentum conservation eguation
governing the parallel velocity vll’ the diffusion equation
for the perpendicular velocity Vy with anomalous diffusion
coefficient D? (assumed as the Bohm diffusion) and the energy
conservation equations for the electron and ion temperature
T and T;. We assumed the parallel conductivity is classical,
and the model of xe=xi=3 Dy is employed in the perpendicular

one. The explicit forms of these equations are given in ref.

[11] and are not repeated here.



3. Numerical Results

Numerical simulation is performed for given total plasma
particle input I‘p=8x]_0225—1 and heat input QT (=Qe+Qi) =
20 MW. These values are chosen so that the particle

confinement time Tp=10 msec 1is satisfied for the averaged

18 -3
m

density Ne=4x10 (r =§Vp/1p) and the plasma volume, Vi

P
of 20 m3. The choice is consistent with experiments in
present day helical devices.ls' 17) Throughout this paper,
values are fixed in order to study the divertor performance
for the given core plasma performance. ~ The size of the plasma
is as follows: major radius R=4 m and m=10 (i.e., helical
pitch length is 2.51 m), B.=4T at axis. The value of
<Bp/Bt> is chosen as uniform value of 0.5.°) In this
section, we first show the result for a standard divertor
configuration which has a semi-closed divertor chamber bounded
by the buffle plate. We examine the establishment of the
dense and cold divertor plasma. The erosion rate of the
divertor plate is calculated based on the physical sputtering
process, and the influx of the carbon impurities is
estimated. Based on the results of the standard case, we
analyze two different divertor configurations in order to
realize the better divertor performance. One is with the more
closed divertor chamber (2nd model) and the other is with a
fin structure (3rd model). Finally, the effect of the pumping

rate cn the divertor performance is also examined.

3.1 Standard Case
The spatial profiles of T. and N,r in the SOL and

divertor region, are shown in Fig. 2-(a) and Fig. 2-{(b). The




electron temperature 'I'e and density N, are shown as a
function of the poloidal length. The right hand edge
corresponds to the divertor plate. The highest T, and Ne

are expected in the nearest flux tube (j=5) to the separétrix
surface. The profile of the ion temperature T; is similar

at the mid-plane

(Teb) is around 27 eV while at the divertor plate (Ted) is

to that of To- In this configuration, T,
12 eV. Because of the short connection length, the decrease
of T, at the divertor plate is expected to be small. N, is
about 3x101%m™3 at the boundary and 9x101%n 3 at the divertor
plate. We do not observe the sufficient density buildup in
front of the divertor plate. 1In fact, the multiplication
factor of the particle flux at the divertor plate stays around
12, which shows that the particle recycling is insufficient in
this divertor configuration. The results clearly show that
the dense-and-cold divertor plasma is not established in this
parameter range. Because of the high electron temperature at
the divertor, the high erosion rate of the divertor plate is
expected. In Fig. 3, we show the heat lcad and the erosion
rate of the graphite plate. The electron heat flux, Q.. the
are shown along

ion heat flux, Q and the particle flux, T

il’ d.l‘

the arc-length of the divertor plate. The peak values are
observed in j=5 flux tube, each peak value is 272 W/cm2 for

0_, 270 W/cm®_for 0 and 1x10%%g71

for integrated Tg- The
graphite erosion rate associated with this load is calculated
and is shown by the hatched region in Fig. 3. The high

erosion rate is obtained and the highest rate of 120 cm/y is

expected on j=5 f£lux tube. The erosion is due to the fuel ion



and the self-sputtering by carbon is negligibly small (about
2% of the total sputtering).

The sputtered carbon ions flow back to the main plasma
through the SOL, if the shielding effect and the sputtering
effect are insufficient. 1In Fig. 4, the contour plot of C4+
density is shown. Carbons are sputtered from the divertor
plate, flow back to the SOL and would impinge into the core
region. The dominant component of ionic carbons is C4+,
because of the temperature in the SOL. 1Its density reaches
18,-3

above 10 near the midplane as is shown in Fig. 4. The

total impinging flux of carbon ions to the main plasma is
Os—l

calculated to be l.5x102 , which may cause the radiation

cocling near the edge as well as the dilution of fuel ions.
-1

The particle pumping is found to be 4x10225 in this

case.

3.2 Study of Divertor Configurations

From the analysis in previous subsection, we see that the
dense-and-cold divertor plasma is not established in a
standard configuration. To search for the better configura-
tion, we examine two different configuration of divertor
chamber {2nd and 3rd models).

The 2nd configuration has the more closed divertor
chamber and the 3rd one has the 'fin' structure in the
Cchamber. The configurations are drawn in Fig. 5 together with

the standard one.

For the same parameters as the standard case, we examine

the divertor plasma performance. The results are listed on




pPable 1. In table 1, the electron/ion temperatures at the
midplane (Tb), those at the divertor plate (Td), the density
at the midplane (Nb) and the density at the divertor plate
(Nd) as well as the multiplication factor of the particle
flux at the divertor are compared. Also compared are the

© to the main plasma and the

integrated neutral influx Tin
peak values of erosion rate of the graphite plate.

From the view point of the establishment of dense-and-
cold divertor plasma, the 2nd configuration (II) does not
satisfy the condition. 1In spite of the tight buffle plate and
the more closed divertor chamber, which is thought to be
efficient for the density buildup, the expected density build-
up is not observed. The pumping rate of neutral particles is .
enhanced as 6x10225-1, and this leads to the reduction of the
density in the SOL. As a result, the divertor temperature
Ted becomes higher than that in case (I) {increase of the
temperature at the midplane Teb is also observed in case
(II)). The high erosion rate stays similar to case (I}, since
the increased sputtering yield ratio (because of the higher
Ted) is compensated by the reduced incident particles.

As a whole, we may say that the configuration (II) has little
merit to the divertor performance in this parameter range.

The addition of a fin structure (III) is seen to have an
effect on establishing the dense-and-cold divertor plasma.

The density buildup near the divertor plate is seen as
compared with cases (I) and (II). The flux multiplication

factor is around 25 in this éonfiguration, showing the

sufficient recycling. The temperature at the divertor plate



is about 4 eV. Associated with this reduction, the erosion
rate of the graphite decreases to only 0.1 m/y. We see
sufficient divertor performance. 1In this case, the particle
pumping is found to be 8x10215"1. Compared to the second case
(IT1), the divertor density is 10 times larger but the particle
pumping is small. This seems to be because of the screening
of the recycling neutrals by the fin structure.

Another issue to be resolved in this configuration is the
back flow rate of neutrals, Tino' to the main plasma. The
ingress of neutrals to the main plasma will deteriorate the
confinement properties, As is seen in Table 1, the back flow
rate in case III, which is a most dense-cold plasma condition,
shows the lesser value compared with the standard case (I).
The back flow rate is the same level to the case II. This is
because of the sufficient shielding of the neutral particles
by the dense-cold plasma (small mean free path of neutrals)

compared with the case I. It should also be noted the back

flow rate is also affected by the pumping efficiency.

3.3 Effect of Pumping Efficiency
The pumping efficiency affects the divertor plasma per-~-
formance. In case (I), we could not obtain the dense plasma
near the divertor plate. This may be partly because of the
high pumping rate. The pumping rate in the standard case is
calculated to be 4x10225_l. To examine the effect of pumping
efficiency, we reduce the pumping rate by a factor of 2 {by

reducing the area of the pumping duct AB), keeping the other

parameters to be fixed in the standard configuration (I}. The




results are summarized in the right hand ccoclumn of Table 1.
The reduction of the pumping rate causes the conspicuous
increase of the divertor density, accordingly reduces the
divertor temperature. Also, it is to be noted that the
density in the SOL is higher than the standard case (I}. The
erosion rate of this case stays around 0.4 m/y, which seems to
be a better one compared with the case (I) and case (II). The
reduction of the pumping rate causes the back flow of neutrals
to the SOL. BAlso, there is a possibility of increase of the
influx of neutrals to the core plasma,'?ino. However, the
numerical result does not show its increase in case (IV)
compared with the case (I}. This is because the density in
the SOL as well as at the divertor region is higher in case

(IV) than in case (I) as mentioned before and therefore, the

mean free path of neutrals in case (IV) is shorter than in

case (I). For this reason, T. in case (IV) stays ~lxl

in
which is a similar value in case (I) though the pumped
particles is a half of the case (I). 1In Fig. 6, comparison
for the profiles of neutral density for cases (II), (III) and
{(IV) is shown. The neutral density in case (II) is low since
a considerable amount of neutrals is pumped out. The retain-
ment of neutrals near the divertor plate is better in case
(III) than in case (IV). But the neutral density in case (1V)
is higher than in case (I) (see Fig. 2). From these results,

we see that the pumping rate strongly affect the divertor

performance.



§4. Summary and discussion

In this article we studied the SOL and divertor plasma in
torsatron/helical heliotron configuration by using the Unified
Edge Divertor Analysis code. The perpendicular and parallel
transport coefficients are assumed to be Bohm like and
classical, respectively.

For the LHS-grade plasma, we obtained the 2D profiles of
the plasma, impurities and neutral particles for the given
particle and heat fluxes from the core plasma. The erosion
rate of the divertor plate was also calculated. Various
shapes of the buffle plate were examined.

For the standard case of the simple buffle plate with
-1

T =8x10225
P

electron temperature at divertor plate Ted reaches 12 ev

and QT=20 MW, the followings were found:; the

while that at the plasma boundary Teb remains 27 eV; the

b is about 3 and the flux enhancement factor

ratio Ned/Ne
Pd/Fp is 12, the erosion rate reaches about 1.2 m/y at the
maximum. The motion of impurities was also solved and it was
found that the carbon impurities flow to the main plasma.
These features are not favourable from the view point of
controlling the impurities and protection of the plate
materials.

In order to resolve these difficulties, various shapes of
complex buffle plate were examined. The second type of the
buffle plate, i.e. the plate surrounds the SOL plasma near the
throat, was found to enhance the pumping rate and to brock the
ionization in the throat region; the integrated particle flux

to the divertor plate Tqr @s a result, reduces to 3x1023s_1 at




maximum. It was found that the divertor plasma density

reduces and Ted

increases to 33 eV. The reduction of T4
tends to reduce the erosion rate but the increase of the
sputtering yield ratio compensates it. We found this type of
the buffle plate is not the solution for the parameters
studied here. The third type of the buffle plate is intended
to increase the recycling near the divertor plate. This type
was found to increase T 47 Tg reaches 21&10245_l at maximum and
Nd/Nb becomes 10. By this improvement for Tgr the erosion
rate was found to decrease to <0.1 m/y. It is noted that in
this case the neutral back flow to the core plasma is ax10%ts71

The effect of the pumping efficiency was also examined.
The pumping efficiency was reduced to 1/2 for the case of the
standard buffle plate. This can considerably improve the
divertor condition (Ted decrease to 6 eV) reduced ercosion rate
(~0.4 m/y) without increase of the influx of neutrals to the
core plasma compared with the standard case (I) at least for
the assumed (Qn- FP)-

The study on the case (IV) implies that the pumping speed
is also effective on the establishment of the dense and cold
divertor plasma. In this case, however, the electron density
at plasma edge, Ny, reaches about 4.5 x lOlgm'3; this wvalue
can be comparable to the averaged plasma density of the core

for this value of T although. the scaling law on the

p!
particle confinement time needs further refinement. This
implies that the control of core density would be difficult in

the case {(IV). The compatibility with other requests for the

core plasma should also be carefully studied.



From these studies, we summarize as follows;

(1) very careful design is requested for the buffle plate in
order to establish the dense-cold divertor plasma,

{2} the buffle plate in the case (ITI) realizes the dense-
cold plasma and reduces the erosion rate sufficiently
(0.1 m/y),

(3) the reduction of pumping efficiency in case (I) establish
the dense-cold divertor plasma, though the influx of
neutrals to the core plasma is higher than case (III)

(4) screening of carbon impurity is not sufficient and
therefore, carbon ions flow up to the core plasma.

It is noted that the calculation is performed for the
fixed values of rp and QT. As is well known, the reduction of
QT and the increment of FP can improve the divertor conditions.
This means that the divertor condition imposes a constraint
for the proper working region of the core-plasma. The search
of this consistent working region for the core plasma is not
in the scope of this article and is left for the future work.

We finally note that the simplified geometrical model is
employed in this article. This is not a problem in dealing
with the neutral particles because the mean free path in the
plasma is much shorter than the toroidal curvature. One
concern is the negligence of the fine structures, such as
small magnetic islands, in the SQL region. We average out
these three-dimensional structure and reduced the problem to
the two-dimentional model. There is a possibility that this
fine structure may cause a microscopic strcuture in the

temperature profile: the most dangerous would be the narrow




peak of the heat flux to the divertor plate and very localized
erosion on that plate. It is noted, however, there is a
perpendicular diffusion across the magnetic surface, so that
the sharpness of the heat channel is limited to a certain
level; for the case of standard buffle plate, the heat width
diffuses such that the half-width at half maximum across the
field line reacheé 4 mm. The structures finer than this
length is averaged out by the diffusion. The diffusion
coefficient is assumed to be Bohm-like. The absolute values
obtained here depends on the diffusion model. The examination
on the diffusion coefficient requires the comparison with
experimental results in the present devices. It is also known
that the drift heat flux, i.e., the Eva term, affects the

divertor functioning.z’ 18)

Such an improvement of the
model is also regquested. These are left for the future

research.

- 15 -
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Figure Captions

Poloidal Crosssection of the model geometry, (a)
Helical symmetry is assumed.

The surface of the main plasma is defined by the
separatrix. The up-down and left-right symmetries are
assumed. Analysis is done for the one guarter of the
crosssection, {(b).

The divertor plate (hatched) is assumed to be carbon
and other solid surface is taken to be SUS. The thick
line near the joint of the buffle plate indicate the
location of the pumping duct, which is modeled by the
albedo of 5%. Meshes and poloidal-radial indecis are

also shown.

Profiles of the electron temperature and density in
the SOL-divertor region, {(a, b).

The index j = 5 indicate the magnetic surface touching
the main plasma.

(c) illustrates the contour plot of the neutral
particle distribution. 1In this case, the dense and

cold divertor plasma is not established.

Distributions on the divertor plate.

Abscissa is measured along the plate (see Fig. 1l(b}).
Electron heat flux, ion heat flux and deutron particle
flux are shown. Erosion rate (averaged over small
distance) is also shown by hatched hystogramn. The
width (HWHM) of the heat channel is about 8 mm on the

plate.

- 19 -



Fig. 4 Flow velocity of carbon impurities and the contour
. + s .
lines of the C4 density. It is shown that the

carbon impurities flow to the main plasma.

Fig. 5 TIllustration of the buffle plates. One quarter of the
peloidal crosssection is shown; Standard case (I}, the
closed divertor plate case (II) and the case with fin

structure (III).

Fig. 6 Contour plot of neutral particle density for the cases
of second (a) and third (b) types of buffle plates,
respectively.

The case with reduced pumping is given in (¢). The
closed divertor plate enhances pumping and reduces the
ionization in the SOL/divertor plasma. The fin struc-
ture (III) is effective in enhancing the recycling in

divertor plasma.
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Table 1.

Numerical Results

Type Standard 2 il type 3ord type Reduced pump
Shape
T/ 1%ev) | 2us0 37/80 21/62 26/53
T4/ THe V) 12/8 33/16 1/4 /5
ND () 3x10'° N101° 311010 4.5:10'°
N (o) 9xi0!® 1010 30x10'? 30:10'?
ICYWEIT, ~12 ~3 25 25
ZT g (70| ~Ax102 6x10% RVI0™! 211022
EI“?n (st 1.6x10%° 4x107 0167 1x10%2
EJT’d (s"') 1x1024 RIS 241074 231071
Pea'ém?;‘)m"” ~1.2 ~1.4 <0.1 0.3-0.4
*high Tg & low ] +very high Tg wvery tow Tg gl +low T:f & high
Ng & very low Nlel hizh Nf N'(f
Remark +high erosion | shigh erosion | snegligible ok eresion

«Rad diverior
function

*Bad divertor
function

ernsion
wsoud divertor
finet jon

sreasonahie
diverior
finetion




