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Behavior of superthermal electrons is investigated by using X-ray.
measurement and electrostatic energy analyser. Superthermal electrons are
divided into two groups; 1l.e. high energy electrons (10 keV - 100 keV) and
epithermal electrons (150 eV - 500 eV). Loss flux of the epithermal
electrons is obtained and their loss is shown to be explained by destruction
of magnetic surfaces near the separatrix due to non-axisymmetric perturbations.
Two—dimensional path of high energy electrons is obtained and the effects of

non-axisymmetric perturbations on the drift surface are described.
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1. Introduction

Several distinct runaway regimes in tokamaks are identified depending
on the extent to which runaways are present, their energy, and confinement
quality. These are categorized as a weak, continuous, and strong runawvay
regimes. The presence of each regime has been well-documented in various
tokamak devices [1-3]. The weak runaway regime is present during a normal,
stable tokamak discharge and is characterized by a very low density of
runaways.

In this paper, superthermal electrons are studied in a weak runaway
regime in DIVA with an axisymmetric divertor. The superthermal electrons
in this paper are divided into two groups, that is, high energy electromns
(10 keV — 100 keV) and epithermal electrons (150 eV - 500 eV). An X-ray
probe is used to search for the path of high energy electrons. A Faraday
cup (multi-grid energy analyzer) is used for the measurement of the energy
spectrum and flux of the epithermal electroms. By operating a divertor,
these probes in the scrape-off layer can be used without disturbing the main
plasma for studying superthermal electrons.

Superthermal electrons provide a sensitive means probing field per-
turbations, which affect not only on a plasma confinement but also the
scrape-off layer. Especially the epithermal electrons in the scrape-off
layer affect the heat flux to the divertor [13~15]. These electrons may‘
be continuously generated and lost throughout the discharge. A model is
presented to explain the loss mechanism of the epithermal electrons across
the separatrix. This model describes a destruction of magnetic surfaces
near the separatrix due to the non-axisymmetric perturbations, and may
account for the amounts of the lower energy epithermal electroms in the
scrape—off layer in the divertor region.’

The high energy electrons are observed only in low density plasmas
and/or in high loop-voltage plasmas. The measured drift surface of high
energy electrons may be also explained by the model.

Experimental apparatus and operating conditions are given in Section 2.
Experimental results for the epithermal electrons are described in Section 3.
A model for thé loss mechanism of the epithermal electrons is presented in
Section 4. The study on high energy electrons is given in Section 5 and

conclusions are in.Section 6.
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2. Experimental Apparatus and Operating Conditions

Detailed description of DIVA was reported in Refs. [4, 5]. A schematic
diagram of the layout used for the experiments is given in Fig. 1.

Plasma equilibrium with a separatrix magnetic surface is obtained in
a shell with an opening towards a divertor hoop.

A Faraday cup (multi-grid energy analyzer) is used for the measure-
ments of the energy spectrum and particle flux of the epithermal electrons
(150 eV - 500 eV). Detailed description of this probe is given in Ref. [6].
Targets are used for searching the path of high energy electrons (10 keV -
100 keV) in the scrape-off layer. The target supported by a stainless
steel pipe (2 mm in diameter) is a molybdenum tip of cylindrical shape and
its axis is parallel to the toroidal magnetic field. One side of the
eylinger is cut off under the angle 45° and its surface is the source of
X-ray radiation which we observe. Namely the target is oriented so that
the high energy electrons from the main plasma can hit the observed surface.
The collimation is so made that the X-ray beams from that surface can pass
to the scintillator and the light from the scintillator is transmitted to
the photomultiplier, using fiber light guides.

One X-ray probe with target (a) is used to study a two-dimensional
structure of the drift surface of the high energy electrons. This target
(4 mm in diameter) is mechanically to be located at any position in the
scrape-off layer. X-ray from the surface of the target {a) is measured
through a quartz glass (8 mm in thickness).

The other X-ray probe (see Fig. 2) with a smaller target (b) (1 mm in
diameter) is used to study the spread of the path of the high energy
electrons at R = 40 cm in the divertor region. The whole assembly of the
target (b), scintiliator, and the collimator is vertically movable so that
the target can be placed at any position between Z = 0 and Z = 6 cm without
changing the solid angle of observation. Z-ray energy which we observe
with 100% efficiency range from approximately 10 keV to 100 keV is deter-
mined by the thickness of an aluminum window and the height of the NaI(Tl)
scintillator.

The experiments were mainly performed under the following conditions.
The movable shell is at the open position, protection plates extend 5 mm-
from the shell, and no titanium is flushed. Toroidal magnetic field is
fixed at 1T and hydrogen gas of 1.5x1018 atoms is admitted by four fast

acting valves. Additional hydrogen gas of 3.4x10%9 atoms/sec is injected

- 2 —
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during the discharge. Plasma current Ip = 14 kA and divertor hoop current
Ip = 1.2x1p. Figure 3 shows a typical time evolution of the main plasma
parameters, including Ip, loop voltage Vi, total number of electrons Ne and
hard X-ray radiation. The electron temperature Te at R = 62 cm and Z = -1
cm near the center measured by Thomson scattering is about 250 eV, and the
ion temperature is 85 eV from the neutral particle energy analysis. The
electron temperature and the density in the scrape-off layer measured by
Langmuir probes and the Faraday cup are 40 eV and 1 x 1012 cm™3 at t = 10
msec, respectively.

Typical plasma parameter are tabulated in Table I.

3, Epithermal Electrons in the Scrape-off Layer

Figure &4 shows vertical profile and time evolution of particle flux
of the epithermal electrons measured with the Faraday cup at R = 40 cm.
Open circles denote the particle fluxes in the energy above 150 eV, and
closed circles denote those in the energy above 300 eV. The epithermal
electrons in the energy from 150 eV to 300 eV, are observed in the scrape-
off layer throughout the discharge. The total electron current to the
divertor due to the epithermal electrons is about 1A at 10 méec, while ion
saturation current is about 20A.

Figures 5-(a) and -(b) show the energy spectrum of the epithermal
electrons measured at R = 40 cm and Z = #4.5 cm. The epithermal electrons
(150 eV - 500 eV) exist not only on the upper side to the equatorial plane
but also on the lower side. However, the amount on the lower side is very
small and their energy is low. Mean free path of the epithermal electrons
in the scrape-off layer in DIVA is several hundred meters and is much
greater than the connection length from the main plasma to the divertor,
which is about 10 m. Once the epithermal electrons flow into the scrape-
off layer from the main plasma, they go to the divertor plate through the
scrape-off layer without collisions and disappear after colliding with the
divertor plate (See Fig. 1). These results indicate that the epithermal
electrons must be continuously generated due to the acceleration of the
toroidal electric field in the vicinity of the main plasma and lost across
the separatrix throughout the discharge. The energy spectrum of the
epithermal electrons shows that the confinement time of these electrons in
the main plasma is very short compared with the deflection time.

We can estimate the velocity of these electrons across the magnetic
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field, using the rate of runaway production and the loss rate experimentally
obtained. In the stationary state, total current I of these electrons in

the scrape-off layer is given by,
I = S+derq+2rRe2ma (3-1)

where S is the rate of runaway production, d is the width of a domain where
these electrons are produced, q is the charge of the particle and R and a
are the major and minor radii.

The rate of runaway production has been given by Lebedev (7] as,

21/35=1/2Nyg =1/ 2exp (~1/202-2/a~1/2) (3-2)

W
It

where a2 = ET/2me3NA

= electron density which is equal to the ion demsity

N =
T = electron temperature
v = electron-electron collision frequency for thermal velocities

= 4ﬂe“NA/J£E§

A

and E = electric field

Coulomb logarithm

Taking the experimental values at the edge of the main plasma at

t = 10 msec in DIVA,
Y, = 21RE = 4 V, T = 40 eV and N = 1x10!2 em™3

we obtain, for the rate of runaway prpduction in the vicinity of main plasma:
Sn1x1015 em 3sec™?

1f we substitute the above production rate and other DIVA data into Eq. (3-1),
where I~ 1A, S 1x101° cm 3esec”l, q = 1.6x10712% coulomb, R" 60 cm and

a V10 cm, the equation gives
dn 3 x 10”1 [em] ' . . (3-3)

If these electrons are freely accelerated by the toroidal electric

field until diverted, the necessary time for these electrons to reach the
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average energy of 200 eV is about
t ~ 30 x 107% [sec] , . (3-4)

and the circulation number of these electrons around the torus until
diverted is about 50 in the present plasma parameter. Using the results

(3-3) and (3-4), the velocity of these electrons across the magnetic field

is obtained as follows.

Vr=d/t ‘
9 x 10° [cm/sec]

Thus, the equivalent diffusion coefficient of these electrons are

estimated as follows,

D d'Vr
A3 % 103 [em?/sec] .

The above diffusion coefficient of the epithermal electrons is greater than
that of particles in the divertor region at R=40 cm, as estimated from the
vertical profiles of ion saturation currents at different major radii [4].
These results suggest that observed large diffusion coefficient is not

explained by Coulomb scattering, and has to be explained by other mechanisms.

4, Model for Loss Mechanism of Lower Energy Epithermal Electrons

The cbserved very large loss rate of the epithermal electrons seems to
be due to free motion of these electrons along ergodic magnetic surfaces.
it is well known that sub-harmonic resonances in the rotatiomal transform
lead to bands of islands which become more pronounced as the separatrix is
approached, and that near the separatrix there appear to be no stable
magnetic surfaces [8-11]. The drift surface of the epithermal electrohs
nearly coincides with the magnetic surface. Thus the non-axisymmetric per-
turbations have a possibility to explain the observed large loss rate of
the epithermal electrons. |

In order'to.clarify the effect of the non-axisymmetric perturbations
on DIVA configuration, we calculate numerically the width of the ergodic
region near the old separatrix and the circulation number of field lines

around the torus until diverted under the effect of the perturbations.

e

e i i b e
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average energy of 200 eV is about
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and the circulation number of these electrons around the torus until

diverted is about 50 in the present plasma parameter. Using the results

(3-3) and (3-4), the velocity of these electrons across the magnetic field

is obtained as follows.

Vr - d/t
9 x 103 [em/sec]

Thus, the equivalent diffusion coefficient of these electrons are

estimated as follows,

D~ deVy
nv3 ox 103 [em?/sec] .

The above diffusion coefficient of the epithermal electrons is greater than
that of particles in the divertor region at R=40 cm, as estimated from the
vertical profiles of ion saturation currents at different major radii [4].
These results suggest that observed large diffusion coefficient is mot

explained by Coulomb scattering, and has to be explained by other mechanisms.

4. Model for Loss Mechanism of Lower Energy Epithermal Electrons

The cobserved very large loss rate of the epithermal electrons seems to
be due to free motion of these electroms along ergodic magnetic surfaces.
It is well known that sub-harmonic resonances in the rotational transform
lead to bands of islands which become more pronounced as the separatrix is
approached, and that near the separatrix there appear to be no stable
magnetic surfaces [8-11]. The drift surface of the epithermal electroﬁs
nearly coincides with the magnetic surface. Thus the non-axisymmetric per-
turbations have a possibility to explain the observed large loss rate of
the epithermal electrons.

In order to clarify the effect of the non-axisymmetric perturbations .
on DIVA configuration, we calculate numerically the width of the ergodic
region near the old separatrix and the circulation number of field lines

around the torus until diverted under the effect of the perturbations.

— 5 —
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To represent the basic feature of the unperturbed configuration in
DIVA, a model is used, consisting of two filamentary circular rings located
at the center of the main plasma (Rp = 0.61'm) with current Ip, and at the
divertor hoop position (Rp = 0.37 m) with current Ip. And also shaping
coils are used, which make magnetic'surfaces fit the shell surface. This
model well describes the magnetic configurations near the separatrix in
the equilibrium [12]. We use the (R, ¢, Z) co-ordinate system to describe
toroidal magnetic surfaces and field lines (Fig. 6}.

The invariant surfaces form a family of nested closed surfaces, as
illustrated in Fig. 7, which surround the plasma circular ring, are axisym-
metric. This family of closed surface is bounded by a separatrix surface
beyond which the surface are extended to the divertor region. The location
of the separatrix magnetic surface is determined by the ratio of the divertor
hoop current ID'to_tﬁe blasma current Ip. Perturbations of field lines
destroy the axial symmetry and the absolute existance of surface. In this

section, we .consider a perturbation described by the following relations.

-o SIN(NG)
- oz
R

ws]
e
i

o
™
"

where o is the strength of the perturbation and N is the toroidal number
of perturbation. These expressions satisfy the relation div B =0 and
simulate the perturbation arising from a setting error of the toroidal
coils to the meridian plane. The fourth order R.K.G. method is applied to

investigate the equations describing the field lines.

dR RA? az

p0) + By By Bz0) + By
The field lines are traced back by the same method from the final point to
the initial start point (Rg, %y, Zp) to check the numerical errors. The
accuracy of the calculations is 10-2. '

Numerical calculations are made for a range of DIVA, that is, the'rétio
of the divertor current Ip (Ip=-16 kA) to the plasma current Ip (Ip=-13.3 kA)
is 1.2 and the tor01dal magnetic field is 1T. The.positions of the shaping
coils are R = 110 cm and Z = 270 cm and the current Ig is 8 kA. Figure 7
gives a typical set of field surfaces. The position of the null point of
the separatrix is in the region between R = 46.18 cm and R = 46.19 cm on the

equatorial plane.
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Figure 8 shows the behaviors of the field lines near the old separatrix
in the case of o = 1073 T and N = 1. The field lines are followed fof 70
turns around the torus in the counter direction to the plasma current.

This direction corresponds to that of acceleration of electrons by the
toroidal electric fields. The dots in the figure denote the co-ordinate

of the point depicting the field line through each field period with initial
values Ry = 46.46 cm, Zg = 0 cm and ¢g = 0. The field lines through the
initial point are diverted after 42 circuits arcund the torus. The region
A in Fig. 8 is expanded in Fig. 9. The solid lines show the old separatrix.
We find the islands at an old g = 10 rational surface and small isolated
islands at an old q = 11 rational surface. Table II gives numetical results
of the circulation number of field lines around the torus until diverted,
which start out at various points on the equatorial plane in the ergodic
region.

These results show that the width of the ergoidc region is at least
several mm, in which the circulation number of field lines around the torus
until diverted is about 50 in the case a = 1073 T and N = 1. Thus, a field
error of o = 10-3 T can explain the loss of the epithermal electrons and
the quantity of these electrons in the scrape-off layer in the divertor
region, which were discussed in the previous section. Figure 8 and 9 also
show that non-axisymmetric perturbations spread the magnetic surface near
the old separatrix in the divertor region.

The case of o = 1073 T and N = 1 corresponds to the case in which the

angle of the toroidal coil to the meridian plane is about 0,1°.

5. Effects of Non-Axisymmetric Perturbations on High Energy Electrons

In the preceding section, we have shown that non—axisymmetric perturba-
tions spread the magnetic surfaces near the old separatrix in the divertor
region. In this séction, we discuss the effects of non-axisymmetric per-
turbations on the drift surface of high energy electrons. X-ray target
probe with a small target (b) (1 mm in diameter) is used to study the spread
of the path of the high energy electrons. '

Figure 10 shows the path of high energy electrons at t = 20 msec in
the later phase of the discharge where the plasma density is low. The path
is obtained, using the target (a} (4 mm in diameter) shown in Fig. 1. The
closed circles, inside the shell, show the first detectable positions when

the target (a) is scanned vertically on each plane. Figure 10 clearly shows
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that high energy electrons are well-guided along the diverted magnetic field
lines to the divertor under the acceleratioﬁ'of the toroidal electric field.
Figure 11 shows vertical profiles of X-ray intensities from the target and
particle fluxes of the epithermal electrons in the emergy above 150 eV, on
three planes (R = 40, 43 and 45 cm) and t = 20 msec., The position at

= 45 cm is near the null point but outside the main plasma. It should

' be noted that not only epithermal electrons but also high energy electrons

widly exist along the vertical axis in the divertor region.

In order to increase the spatial resolutions, we use X-ray probe with
a small ‘target (b) (L mm in diameter) at R = 40 cm. Flgure 12 shows the
vértical profiles and time evolution of high energy electrons measured by

the target probe. The results show that the full half width of the high

- energy electrons is 1 cm.

Particle orbits of high energy electrons in the axisymmetric magnetic
fields [see Section 4] are numerically" calculated, using the guiding center
approximation. The toroidal electric field is not considered. Figure 13
shows the numerical results of drift surfaces of high energy electrons in
DIVA, projected on a minor cross sectiom. The solid lires denote the '
electrons in the energy of 100 keV and the broken line in the energy of 10
keV. The dotted line denotes the separatrix. The high energy electrons
with the energy of 100 keV, which start out at the point R = 71.02 cm aﬁ 
the right hand side on the equatorial plane,-are confined, while the elec-
trons, which start out at R = 71.03 cm are lost to the divertor. The
results show that the critical drift surface ffom which the 100 keV electrons
are diverted, intersects the region between R = 71,02 cm and R = 71.03 cm.
Table III gives the numerical results of the region where the critical drifc
surfaces of high energy electrons in the energy of 100 keV and 10 keV, and
also the separatrix surface exist at right hand side on the equatorial plane.

These results show the difference between the trajectory of diverted
high energy electrons in the energy of 100 keV and that of 10 keV is about
10 mm at the right hand side on the equatorial plane, but the difference
of that in the divertor region between R = 40 cm and R = 46 cm is within
3 mm. These numerical results show.the energy difference of these electrons
cannot explain the observed spread of the high energy electrons shown in
Figs. 11 and 12.

Another possibility to explain the spread of the drift surface in the

divertor region is the movement (or fluctuation) of the equilibrium position.
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The observed width of the movement of the null points is less than 3 mm,
which gives only 1.5 mm spread at R = 40 cm. Thus this mechanism seems no
to be influential on the spread of the drift surfaces.

The non-axisymmetric perturbations may explain the spread of the path

of high energy electrons.

. 6. Conclusions

Behaviors of superthermal electrons in the scrape-off layer in DIVA
are experimentally studied.- Superthermal electrons are divided into two
groups, that is, high energy electrons (10 keV - 100 keV) and epithermal
electrons (150 eV - 500 eV). 1In the normal discharge, the epithermal
electrons play an important role in the heat flux density in the scrape-off
layer [13-15]. The loss flux of these electrons is measured and explained
by a model assuming the destruction of the magnetic surface near the sepa-
ratrix due to non-axisymmetric perturbations. The observed spread of the
path of high energy electrons also may be explained by the model.

It is necessary to control the density of the superthermal electrons
in the scrape-off layer to reduce heavy impurity contamination caused by
the evaporation.

The spread of the flux surfaces near the old separatrix due to non-
axisymmetric perturbations has a possibility of a reduction of heat flux

density on the neutralizer plate or limiter.
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are experimentally studied. Superthermal electrons are divided into two
groups, that is, high energy electrons (10 keV - 100 keV) and epithermal
electrons (150 eV - 500 eV). In the normal discharge, the epithermal
electrons play an important role in the heat flux density in the scrape-off
layer [13-15]. The loss flux of these electrons is measured and explained
by a model assuming the destruction of the magnetic surface near the sepa-
ratrix due to non-axisymmetric perturbations. The observed spread of the
path of high energy electrons also may be explained by the model.

It is necessary to control the density of the superthermal electrons
in the scrape-off layer to reduce heavy impurity contamination caused by
the evaporation.

The spread of the flux surfaces near the 0ld separatrix due to non-
axisymmetric perturbations has a possibility of a reduction of heat flux

density on the neutralizer plate or limiter.
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The observed width of the movement of the null points is less than 3 mm,
which gives only 1.5 mm spread at R = 40 cm. Thus this mechanism seems no
to be influential on the spread of the drift surfaces.

The non-axisymmetric perturbations may explain the spread of the path

of high energy electrons.

. 6. Conclusions

Behaviors of superthermal electrons in the scrape-off layer in DIVA
are experimentally studied.- Superthermal electrons are divided into two
groups, that is, high energy electrons (10 keV - 100 keV) and epithermal
electrons (150 eV - 500 eV). In the normal discharge, the epithermal
electrons play an important role in the heat flux density in the scrape-off
layer [13-15]. The loss flux of these electrons is measured and explained
by a model assuming the destruction of the magnetic surface near the sepa-
ratrix due to non-axisymmetric perturbations. The observed spread of the
path of high energy electrons also may be explained by the model.

It is necessary to control the density of the superthermal electrons
in the scrape—off layer to reduce heavy impurity contamination caused by
the evaporation.

The spread of the flux surfaces near the old separatrix due to non-
axisymmetric perturbations has a possibility of a reduction of heat flux

density on the neutralizer plate or limiter.
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Table I. Typical Plasma Parameter in DIVA

Main Plasma Scrape-off Layer
Rear In Divertor
Center .
Surface Region
Te [eV] 250 30 30
Ti [eV] : 85 - 30
ng [em™3] 2 x 1013% 102x1012 | 1v2x10%2

* Assuming parabolic profile of electron
temperature and density.

Table II., Circulation Number

Initial Point ,

2g=0 cm. &3=0 Circulation Number
Rgp = 46.38 cm 40

Rp = 46.46 cm 52

Rg = 46.50 cm 26

Ry = 46.55 cm 26

Rg = 46,62 cm w64

Table III. Positions of Critical Drift Surface
and Separatrix on the Equatorial Plane

Region
100 keV R= (71.02 ~ 71.03) cm
10 keV R = (70.05 ~ 70.06) cm
Separatrix R = (69.66 ~ 69,67) cm
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Fig. 2 Side view of X-ray probe with target {(b) shown in Fig. 1.
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Fig. 3 Time variations of plasma parameters, (a) plasma current, Ip; and
loop voltage, Vi; (b) total number of electrons, Ng; and (c)
electron temperature, Tg at R = 62 ¢m and Z = -1 cm, and ion
temperature, T{y, obtained by neutral particle energy analysis
and (d) hard X-ray radiation.



JAERI-M 7309

s /
|e 7 -
(A/cm?)
6 —
5—4
111
3_
2—
o is (E21506V)
-
o ii (EZ300eV) 05

Z (cm)

Fig. 4 Vertical profile and time evolution of flux of the epithermal
electrons at R = 40 cm. Open circles denote particle fluxes in
the energy above 150 eV; and closed circles denote particle
fluxes in the energy above 300 eV.
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Fig. 6 (R, ¢, Z) co-ordinate system.

o T T T 7 T T ]
Separatrix
—— 5_
£
O
= 0
N
...5__
_10.— q=? —
| | | | 1 | | |

R (Cm) v

Unperturbed magnetic surfaces. The rings are located at the posi-
tions of R = Rp (Rp = 61 cm) and R = Rp (Rp = 37 cm), respectively.
And also shaping coils are located at the positions of R = 110 cm
and Z = +70 cm. The position of the null point is in the region
between R = 46.19 cm and R = 46.20 cm on the equatorial plane in
the case of I, = -13.3 kA, Ip = -16 kA and Ig = +8 KA.
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Fig. 8 Behaviors of the field lines near the old separatrix in the case

of a = 1003 T and N = 1.

The dots in the figure denote the co-

ordinate of the point depicting the field line through each field
period with the initial value Rp = 46,46 cm, Zgp = 0 cm and ¢g = 0.
The region A in this figure is shown expanded in Fig. 9.
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Fig. 10 The path of the high energy electrons (10 keV - 100 keV) at 20 msec.
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Fig. 9 This figure shows the region A in Fig. 8. The solid line shows
the old separatrix. The island structures are observed on the
old ¢ = 10 and q = 11 rational surfaces.
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