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The cross-field diffusion coefficient (D ) at the edge in the HT-7 tokamak is close to the Bohm value when the line
average electron density ranges from 1.5 x 1019 to 3.0 x 10'°m 3. The energy profile of the particles is derived directly
from the Hqo (Do) line shape; the dissociative excitation of molecules is dominating when the local electron temperature
is above 10eV. By means of the Monte Carlo method the D, line shape is also simulated. We find that the molecular
dissociation contributes to 57% of neutral atoms and 53% of emission intensity in front of the limiter, and 85% of
neutral atoms and 82% of emission intensity in front of the wall. The influence of atomic and molecular processes on the
energy balance is discussed for the scrape-off layer (SOL), and the power loss from molecular dissociation is found to be

6 x 10%kW at the SOL. The ion Bernstein wave (IBW) can effectively suppress the magnetohydrodynamic behaviour,
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the fluctuation levels and the turbulence; the D in front of the limiter declines from 0.84 to 0.2m

confinement time rises from 9 to 12ms.

2.5~ 1 and the particle
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1. Introduction

It is already evident that tokamak operation are
largely controlled, or even dominated, by edge pro-
cesses. The particle confinement, electron density and
impurity density depend strongly on the condition at
the edge. The edge condition plays a key role in pro-
ducing the H-mode, improving ohmic and super shot
modes. But diagnosis of the edge has been much less
extensive than that of the central part, and the ex-
perimental database of the edge is also very limited.
In this paper, a number of important plasma parame-
ters at the edge obtained by an optical method and a
Langmuir probe array are presented. The result can

describe the basic image of the edge in HT-7 tokamak.

2.Experiment

HT-7 is a superconducting tokamak,!!] with ma-

jor radius R=1.22m and minor radius a=27.5cm, de-

fined by a full circular limiter in the circular cross
section. Twenty-four superconducting coils can cre-
ate and maintain a toroidal magnetic field up to 2.5T.
The recent operational parameters are plasma cur-
rent 100-250kA, toroidal field 1.0-2.5T, line-averaged
electron density (7) 8x10¥-6x10%cm 3, and elec-
tron temperature (7, ) 0.5-1.5keV. The main diagnos-
tic systems on HT-7 tokamak have been described in
Ref.[2].

Two sets of vertical multi-channel diode arrays
are used to measure the distribution of H,(D,) radi-
ation in front of the limiter and the wall separately.
The H,(D,) line shape is measured by two sets of op-
tical spectroscopy multi-channel analysers (OMAS).[3]
The spectral dispersions of the system, equipped with
a 1200 lines mm ! grating and a 3600 lines mm !
grating, are 0.023nm pixel ™! and 0.057nm pixel ! re-
spectively. The experimental arrangement is shown
Fig.1.
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Fig.1.
the emission and the distribution of Ho(D4) in front
of the limiter (a) and the wall (b).

Experimental setup for the measurement of

3. The plasma parameters at the
edge

The profiles of electron temperature and density
at the edge can be measured with a Langmuir probe,
which has a spatial resolution of 1mm. The result

is shown in Fig.2. The scrape-off lengths of T, and

—O0—ne=3.5x10%m-3
—0—1e=3.0x10%m=3
—— Ne=2.5%x101%m—3
—8— Ne=2.0x10%m—3
—e—TNe=1.5%x101m—3
—@— Ne=1.0x10%m—3

17,e/1018m_3

r/cm

Te, Ae and A, can be derived directly from the pro-
files of T, and n, at the edge.l] For a simple scrape-
off layer (SOL), where the cross-field transport is the
only source term and the limiter is the only sink term,
the cross-field diffusion coefficients can be written as
D, = )\flcs/(ZLc),[s] where L, ~ 0.75¢g7R is the con-
nection length, ¢, = (kT./m;)'/? is the ion acoustic
velocity, and the radial variation of ¢, has been ne-
glected. On the other hand, according to so-called
Bohm diffusion formula, an empirical diffusion coef-
ficient is DB°b™ = 0.067/B, where T is the plasma
temperature and B is the magnetic field. The evolu-
tion of D and D]}_Ohm with 7n. is shown in Fig.3. It is
obvious that D | in the SOL is close to the Bohm value
of 0.45-0.82m?2-s~! when 7, ranges from 1.5 x 109 to
3.0x10%m 3 in HT-7. D?_Ohm reduces almost linearly
with increasing density, because the electron temper-
ature at the edge decreases linearly with increasing

M.
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Fig.2. The profile of the electron density (a) and temperature (b) at the edge, with 7./10'°m~3=1, 1.5, 2, 2.5, 3, 3.5.
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Fig.3. The evolution of D and DE"}““ with 7ie.

4. Energy distribution of particles

The H,(D,) line shape measured by OMA is de-
termined by the convolution of several factors: the
instrument function, the geometry of observation, the
geometry of the resource, and the effect of atomic and
molecular processes. The instrument function can be
eliminated by deconvolution, the excited atoms in the
n=3 state decay by photon emission on a us timescale,
the exposure time of OMA detector is about 5-8ms,
and hence the atomic emission is spatially isotropic.
The H,(D,,) line intensity, within A from the central

wavelength can be written as



1512 Xu Wei et al

Vol. 13

I(AX) x /none (ov) /E(A)‘) f(E)/E2dEdV, (1)

where ng is the local atomic density, (ov) is the ex-
citation rate coefficient for H,(D,) emission, E =
mc?(AN)2/2)2, and the spatial integral is the mea-
suring wavelength region. For T, higher than 10eV,

the number of photons emitted per ionization is ap-

proximately constant,[®l and Eq.(1) can be simplified

as
oo

I(AN) « T, / f(E)/E*dE. (2)

E(AX)

Equation (2) can also be inverted tol”: f(E(AM))) «
dI(AX)/d\. Hence the energy distribution is propor-
tional to the gradient of the H,(D,) profile. The re-
sult of particle energy profiles in several kinds of ex-

perimental conditions is shown Fig.4.
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Fig.4. Energy profiles of particles in front of the wall (a) and the limiter (b).

There are two clear peaks in the energy distribu-
tion of atoms in front of the wall: the quite strong one
is at 0.3eV, which is produced by molecular dissocia-
tion excitation. The reaction is e”+Hy —e~+H(1s)
+ H*(25).[8] The neutral atoms produced in this re-
action have energies ranging from 0 to 1.4eV, peak-
ing at 0.3eV. The average energy loss of the elec-
trons in the collision is about 15.3eV. Another peak is
at 3eV, which is produced by molecular dissociation,
e +H; —e +H(1s) + H(ls).[s] The neutral atoms
produced in this reaction have energies ranging from
2 to 6.5eV, peaking at 3eV; the average energy loss
in the collision is about 10.5¢V, and the peak at 3eV
is weaker when the local T, is above 10eV. The en-
ergy profile of the particles in front of the limiter also
depends on the experimental condition or local elec-
tron temperature. In addition to the peaks at 0.3 and
3eV, another two peaks, at 2.5 and 4.5¢V, can be ob-
served when the local T, is above 20eV; both of them
are produced by molecular dissociation excitations:
e +Hy —e +H(1s)+H* (n=3) and e +Hy —e +
H* (2p)+H*(2s).[8] The neutral atoms produced in the

two reactions have average energies of 2.5 and 4.8eV;

the average energy losses of the electrons in the two
collisions are about 21.5 and 34.6eV respectively. A
high-energy component lying between 5 and 20eV in

the blue wing can always be detected.
5. The result of D, line shape sim-

ulation

The D, line shape is simulated by calculation
based on the Monte Carlo method. During the simula-
tion the background plasma parameters are calculated
by the one-dimensional code, in which the fluid equa-
tion along the field line in each flux tube is solved
under the boundary conditions given by the Lang-
muir probe, while the ion temperature is assumed
equal to the electron temperature and the ion den-
sity is also assumed equal to the electron density in
front of the limiter or the wall. Several molecular pro-
cesses, which have been discussed above, are consid-
ered in the simulation, and the charge-exchange and
reflection of particles have also been considered in the
simulation. The Zeeman split is about 0.04nm, while
the Doppler broadening of the D, line is wider than

0.1 nm; therefore the Zeeman effect can be neglected.
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So the H, line in front of the wall can be entirely
separated from the D, line and the ratio of H, line
intensity to D, line intensity is about 5% in front of
the limiter, hence the Zeeman effect and the effect of
H,, line are not included in the simulation. The result
of the simulation is shown in Fig.5. The simulated
D, line shape agrees with the measured data except
for the distribution at the red wing due to the effect
of H, line. The simulation of D, line shape in front
of the wall (Fig.5(a)) shows that the central wave-
length shifts 0.015nm to the blue wing. This means
that the velocity of particles flowing into the plasma
is about 3.0 x 10%ms™!, and large emission compo-
nents are derived from the dissociatively excited and
dissociated atoms; they contribute to 82% of the emis-
sion and 85% of neutral atoms. The emission profile
from the dissociatively excited atoms is symmetrical in
this process, whereas the excited atoms decay by pho-
ton emission almost instantaneously on a microsecond
time scale, without interaction with the plasma and
wall. The emission profile from the dissociated atoms

is asymmetrical, where the profile is shifted to the

blue wing and becomes stronger. This is due to the
direction of observation: in this direction the atoms
moving to the spectrometer will flow into the core of
the plasma, where the density grows higher. The emis-
sion from the atoms excited by collision with electrons
is stronger. However, the emission from the reflected
and charge-exchanged atoms is quite weak; they con-
tribute to 3% of neutral atoms and 13% of emission
intensity. The simulated D, line shape in front of
the limiter includes a larger portion of emission com-
ponents derived from the dissociatively excited and
dissociated atoms, and they contribute to 53% emis-
sion intensity and about 57% of neutral atoms. Their
emission profile is similar to the profile in front of the
wall, but the emission from the dissociated atoms is
weaker. This is due to the temperature in front of the
limiter being higher. The emissions from the reflected
and charge-exchanged atoms contribute to 34% and
The rate of
particle reflection at the surface of the limiter (Ry) is
about 0.47.

13% of emission intensity respectively.
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Fig.5. Comparison of the observed D, line shapes with the simulated ones in front of the

wall (a) and the limiter (b).

6. The influence of atomic and
molecular processes on the en-

ergy balance at the edge

Tons diffuse from the plasma core of a tokamak
into the SOL during their flowing towards the limiter.
They are accelerated in the plasma sheath layer, gain-
ing an energy of about 3k7T, at the same time, and
then neutralized at the surface of the limiter and re-

flected or absorbed. Atoms reflected into the plasma

will have a certain energy of %mv2 = Rp3kT,., where
Rpg is the reflection rate of average energy. The aver-
age energy of atoms reflected is about 6, 9 and 12¢V
at local T.,=20, 30 and 40eV respectively, as shown
in Fig.5; therefore Rg is about 0.1. As defined by
Q = I'L€kT,, where Q and £ are the heat flux at the
surface of the limiter and the heat transfer coefficient
respectively, @ or & can be reduced with increasing
fraction of particles reflected.

The molecular density near the limiter and the
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wall is significantly high, and the power loss rate per
volume can be written as P = neng (X (ov)) AE,
where ng is molecular density, ¥ {(cv) AE =~ ¢ X
1078 (10 4 25¢V),[*! ¢ is possibly larger than 1, due
to the effect of vibrational excitation. At the edge in
HT-7 n. ~ 2.2 x 10'¥m™3 and ng ~ 9 x 101%m—3,
g =~ 1, then the rate of loss of power from molecu-
lar dissociation is about 1. x 10kW-m~3, the ioniza-
tion depth of the molecular (for A;, = vp, /ne(a) (ov),
(ov) ~ 5 x 1078cm3-s71) is about 2cm, and the total
power loss from the molecular dissociation is about
wa?27RA\P ~ 6 x 10°kW. Therefore, the molecular
dissociation processes play an important role in the
energy balance and may control the production of the

impurity, especially in front of the wall.
7. Particle behaviour at the edge
during IBW heating

Ton Bernstein wave (IBW) heating is based on

Pipw /100kW Tp/ms MHD ne/10"m™? I, /kA

0.0 0.2

0.4 0.6

t/s

0.8 1.0

the fact that the wave excited in the range of ion cy-
clotron frequency can penetrate into the plasma core
without attenuation until it approaches the harmonic
cyclotron layers. Ion heating is realized when the wave
passes the resonant layers, where the ion cyclotron
damping occurs. Ion heating by IBW was observed
on JIPP-II-U, (19 PLT. [11] IBW heating was also car-
ried out in HT-7 with an injection power up to 320kW.
Particle confinement improvement and direct electron
heating was observed in deuterium plasma.l'?l A re-
sult of typical discharge with IBW is shown in Fig. 6.
During IBW heating plasma current does not change,
Tie rises from 1.0x10°m =3 to 1.2x10*°m 3, MHD be-
haviour is effectively suppressed, and 7, increase from
9ms to 13ms. The emission of D, in front of the lim-
iter obviously reduces, but D, in the front of the wall
is almost unchanged. Impurity emission (CIII) and
bremsstrahlung emission increase slightly, but effec-
tive charge number is almost unchanged because of
the increase of n,.
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Fig.6. A typical discharge with IBW: (a) plasma poloidal current (Ip). (b) fie. (¢) MHD. (d)7p. (e)
IBW injection power (Pipw). (f) The D, emission from the limiter. (g) The Do emission from the
wall. (h) CIII line emission. (i) Bremsstrahlung emission (Eprem). (j) Effective charge number z.g.

Note: The units of MHD, Dy, CIII and Eprem in Fig.7(c), 7(f), 7(g), 7(h) and 7(i) are arb. units.

The profiles of the electron temperature and den-
sity at the edge are shown in Fig.7. The profiles of T,
and n, become steeper between r=27 and 27.5cm in
front of the limiter. A, is almost unchanged, but A,
decreases from 1.85 to 1.1cm, the D in front of the
limiter drops down to 0.2m2-s~! and is much lower
than the D]}_‘)hm. A transport barrier has more likely

formed in front of the limiter, which results in the
decrease of the heat flux and the particle flux into
the limiter, then the recycling becomes lower and the
emission of D, line reduces clearly in front of the lim-
iter. The profile of T, and n. in front of the wall
is almost unchanged during ohmic heating and IBW

heating, therefore the emission of D, line and impu-
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rity are basically unchanged during IBW heating. The
improvement of particle confinement is due to the de-
crease of D . The IBW heating, which can induce
additional sheared poloidal flow in the electron dia-
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26.0 26.5 27.0 27.5 28.0
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magnetic direction and modify the profile of poloidal
velocity in the limiter,[*3l can suppress the MHD be-
haviour, the fluctuation levels and the turbulence, and

the transport driven by the turbulence will reduce.
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Fig.7. The profile of the electron density (a) and temperature (b) at the edge.

8. Summary

The cross-field diffusion coefficients (D)) are
quite close to the Bohm diffusion value (DBobm) at
the edge when the 7, line is within the range from
1.5 x 10 to 3.0 x 10'%m =3 in HT-7. The particle en-
ergy distribution shows that the main molecular pro-
cesses in the SOL are molecular dissociation excita-
tion, especially when the local T, is above 10eV, and
the reflection rate of the average energy in the limiter
is about 0.1. The result of D, line shape simulation
shows that the molecular dissociation contributes to

57% of neutral atoms, 53% of emission intensity in

front of the limiter, and to 85% of neutral atoms and
82% of emission intensity in front of the wall. The
47% of the reflection rate of the particles and 10% of
the reflection rate of energy will reduce the heat flux
in the surface of the limiter, and the power loss from
molecular dissociation is about 6 x 10*%kW. Both of
them play an important role for maintaining the bal-
ance of energy in the SOL and for controlling impurity
resource. The IBW heating can effectively suppress
the MHD behaviour, the fluctuation levels and the
turbulence. During IBW heating the D, in the lim-
iter clearly decreases from 0.84 to 0.2m?.s~! and the

particle confinement time increases from 9 to 12ms.
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