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In order to understand the recycling and emission processes of hydrogen atoms in HT-7, spectral profiles of the
Da(Hq) line emitted in front of the limiter have been observed with a high-resolution spectrometer and simulated by

using the neutral particle transport code DEGAS 2. The results show that four processes are necessary to interpret the
Da(Hg) line shape: 1) atom desorption, 2) molecular dissociation, 3) particle reflection, and 4) charge-exchange. The
products of the first two processes are cold atoms which emit photons near the peak of Do (Hq) line shape, and those

from the last two are warm atoms contributing to the blue side of the spectrum. For a typical ohmic discharge (shot
68520 n¢(0) =~ 3 x 101 m~3), these components contribute 32%, 15%, 32% and 21%, respectively. Do (Hg) line shapes
under different plasma parameters are also discussed in this paper.
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1. Introduction

For extrapolation to future fusion reactor devices,
an understanding of the edge plasma in present toka-
maks is necessary. The transport of neutrals, atomic
processes, and plasma-wall interactions play key roles
in edge plasma physics. To study basic recycling
processes, ! the spectral profile of the D, line emitted
from the divertor region of JT-60U was measured and
simulated. In TFTR, Monte Carlo neutral transport
simulations of hydrogen velocities using DEGAS were
compared with measurements using Balmer-« spectral
line profile.l?! In TEXTOR, the profiles of the D, (H,)
lines emitted in front of limiters were observed with
high-resolution spectrometers and analysed by Monte
Carlo calculations.®! H, line shape was once analysed
by multi-Gaussian fitting!*! in front of the limiter in
the HT-6M. The spectral profile of the H, line con-
tains abundant information on the velocity distribu-
tion of hydrogen atoms which determines their pen-
etration depth into plasmas and their basic recycling
processes. Understanding the behaviour of hydrogen
atoms in the edge region is necessary to control fu-
elling and pumping in fusion plasmas.

For the HT-7 tokamak of a limiter configuration,

recycling particles contribute more than 90% of the
total fuelling to sustain particle balance during the
plateau of a discharge.l’) The limiter plays an impor-
tant role in edge recycling, so the study of recycling
from the limiter is the focus of this paper. To inves-
tigate the recycling mechanism in detail, the D, (H,)
line shape was simulated by using DEGAS 2.[6 In or-
der to further clarify observations and understand re-
cycling processes, the D, (H,) line shape is obtained
and simulated under different plasma parameters and
will be discussed in this paper.

The rest of the paper is organized as follows. In
Section 2, a description of relevant diagnostics is given.
A brief description of DEGAS 2 code and the simula-
tion method for HT-7 are presented in Section 3. In
Section 4, the basic recycling processes of deuterium
atoms are discussed by comparing the observations
and the simulations of the D, (H,) spectral profile
under different plasma parameters. Finally, a short

summary is given in Section 5.

2. Experimental measurement

HT-7 is a medium-sized iron core superconduct-
ing tokamak. The main parameters are major radius
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R = 1.22m; minor radius a = 0.27m; the working
gas is deuterium. It is equipped with active water-
cooled up-down symmetric toroidal limiters and belt
limiters located on the high-field side as shown in
Fig.1. A new form of doped graphite with a SiC gra-
dient coating is chosen as the plasma facing material.
Edge electron density and temperature profiles from
25 to 30 cm in radius are measured by using a Lang-
muir probe located on the top of the tokamak along

the central line.["]

Plasma electron density profile from
0 to 25cm in radius is measured by using a vertical
5-channel far-infrared hydrogen cyanide (HCN) laser
interferometer.!® The electron temperature profile is
estimated from the soft x-ray pulse height analyser
(PHA).”) The central ion temperature is measured

with the neutral particle analyser (NPA).[10]

inner vacuum vessel

lower belt limiter

Fig.1. Schematic diagram in the poloidal cross-section of
HT-7 tokamak.

The D, (H,) spectral profile is measured by us-
ing an optical multi-channel analysis (OMA) system.
It is equipped with a high-resolution Acton Research
Spectrometer (SP-750) and ICCD (EEV 384x578 pix-
els) cooled by a multistage Peltier element. The
2400 gr/mm grating is used with a spectral resolu-
tion of 0.01nm. Ten lines of sight shown in Fig.1
go through the upper-midplane plasma region. The
lowest chord of these sights, used for this analysis,
passes through the plasma centre facing the belt lim-
iter located on the high field side. Thus, the photons
from particles moving towards the centre are Doppler
shifted to shorter wavelengths, and wavelength shift
due to plasma rotation is avoided. The measured
D, (H,) line shape is determined by the convolution
of a number of effects: the instrument function, the
geometry of observation, the geometry of the source,
the effects of plasma profiles, atomic and molecular
processes, etc. Because of the strong toroidal mag-
netic field perpendicular to the plane of observation,
the D, (H,) spectral line is split into three Zeeman

components. The two o components can be elimi-

nated by the use of a suitably orientated polarizer,
and the measurements refer to the unshifted single =
component. The instrument function is taken as the
measured shape of 6328A (1 A = 0.1nm) He-Ne laser
line and can be deconvolved. Corresponding to the
2400 gr/mm grating with a slit width of 50 ym, the
measured instrumental width is about 0.03nm with
Gaussian profile. FElectric fields in the plasma also
affect the energy level structure of hydrogenic ions
through the Stark effect; however, the ambipolar fields
and ion microfields are generally too small to influence
spectral line widths. So, the Doppler Effect is domi-

nant.

3. Simulation

In this work, the simulation of D, (H,) line shape
is performed by using the three-dimensional neutral
gas transport code DEGAS 2 in which toroidal sym-
metry is assumed. For a given geometry and plasma
parameters, neutral atoms and molecules are tracked
by using the Monte Carlo technique as they undergo
ionization, charge exchange, dissociation, and interac-
tions with surfaces. The result is effectively a numer-
ical solution of the Boltzmann equation for a neutral
distribution function.

As shown in Fig.1, the magnetic geometry of HT—
7 is assumed to be a circular configuration. Accord-
ing to the characteristics of tokamak plasma parame-
ters and magnetic geometry, four regions are set: core
plasma (0-25cm), cold plasma (25-27cm), scrape-
off-layer (SOL) plasma (27-30cm), and vacuum (30—
33 cm).

In the simulation, it is assumed that the hydro-
gen ions arriving at the limiter are either reflected
as atoms or desorbed as atoms and molecules. The
H* flux or current to the surface is input to DEGAS
2. In computing the neutral profile associated with
that source, DEGAS 2 begins by sampling an ion from
that flux through using the ion temperature and ve-
locity near that surface. The local sheath potential
is evaluated by using the electron temperature there
and accelerates the ion to the target. This gives the
energy with which the ion will strike the plate. It is
assumed that it hits at normal incidence. The ion is
assumed to be neutralized by the cloud of electrons
at the surface, and thus it interacts with the mate-
rial as an atom. This allows us to use the same set



4564 Huang Juan et al

Vol. 17

of particle-material interactions to describe incoming
ions and atoms. Some neutralized ions are reflected
as atoms (H + C — H shown label K in Table 1).
The reflected atoms originating from the ion incident
on the limiter have the energies Eyog = Rg(E; + Pan),
where Rp is the fraction of the incident energy re-
tained by the reflected atoms, which is dependent on
the incident angle, energy and the target material, F;
is the ion energy before the sheath, &gy is the sheath
potential, which is taken as 37,. The dependences
of reflection yield and energy reflection coefficient on
the incident energy used are from ‘refl.dat’ in DE-
GAS 2 which is calculated by using VETRIM code. "]
Reflected particles are assumed to have a cosine an-
gular distribution. In low incident energies of car-
bon or deuterium, the sputtering yield of deuterium
is less than the reflection yield.?) So, in our case
the sputtering of hydrogen isotopes from the graphite
limiter can be neglected. Deuterium ions that are
not reflected are assumed to be desorbed as atoms
or molecules with an energy of the surface tempera-
ture of the limiter. In Ref.[12], it was observed that
at the limiter temperature Ty, > 1100 K the direct
atomic release was dominant, whereas at low temper-
atures (550 K< T, < 1100K) the ratio of molecules
to atoms is unknown. Thus, desorption process is set
as H + C—H+ H; (label L in Table 1). Molecular hy-
drogen entering the plasma will be ionized and/or dis-
sociated by electron collisions. Table 1 lists all atomic
and molecular reactions considered in our simulation.
The energy of the hydrogen product atoms depends
on the particular dissociation pathway and the energy

transferred from the electron. 8l

Table 1. Atomic and molecular processes considered in
DEGAS 2 (A—J); Plasma and surface interactions (K:
reflection, L: desorption).

=
o

o
e

Processes
Ho+e—H(1s)+H(1s)+e
Ho+e—H*(n = 3)+H(1s)+e
Ho+e— e+H2++e
Hao+e—H(1s)+Ht+ e
Hj4+e— e+ Ht 4+ Ht e
HJ +e— H(ls)+ Ht4e

Hf +e— H*(n = 3)+HT fe
HJ +e— H*(n = 3)+H(1s)
H+e— etHt+e

H+H* — H+H

H + C — H(Reflection)

H + C — H + Hz(Desorption)

[ = o R B o R ol e I ve e =

4. Results and discussion

The electron density n., and the electron (ion)
temperature T, (7}) of a typical ohmic discharge 68520
are shown in Figs.2 and 3, respectively, which are
fitting chart according to repetitively measured raw
data. The ion temperature profiles are not available
and treated as an adjustable parameter. Owing to
the charge exchange process and particle reflection, it
mainly influences the blue side of the spectrum. The
higher the ion temperature is, the broader the far wing

component will be.
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Fig.2. Radial distribution of electron density ne(r) for
ohmic discharge shot 68520.
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Fig.3. Radial distribution of electron and ion tempera-
tures (shot 68520).

The spectral profiles for the present study are
measured in the plateau state of this discharge with an
integration time of 0.1s. Figure 4 shows the observed
D, (H,) line shape and the H,spectral profile from a
hydrogen lamp for a comparison. The working gas is
deuterium; hydrogen comes from the wall and limiter
surfaces. The rest wavelength of H,is 656.285 nm (D,
656.104 nm), and the central wavelengths of observed
D, and H, line shape are 656.102 and 656.276 nm,
respectively. It is shown that compared with stan-
dard H, shape, the spectrum differs strongly from
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the Gaussian profile and is clearly asymmetric with
a slight but significant blue shift of the peak.

1.0 shot 68520 ~ T
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Fig.4. The observed Dy (Ha) spectrum (solid line) in a
typical ohmic discharge (shot 68520) and H, line shape
(dashed) from a hydrogen lamp.

Observed and simulated D,(H,) spectra are
shown in Fig.5. The simulated line profile accords
reasonably well with that observed. The isotopic mix
of incident hydrogen ions is adjusted to match that
experimentally observed in the Balmer-a spectral pro-
file. According to the area of the shape of the D, (H,)

spectra, the ratio of H/(H+D) is about 30%.
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Fig.5. Observed (solid line) and simulated (dashed)
Do (Hq) spectra of shot 68520.

Figure 6 shows that four processes are necessary
to interpret D, (H,) line shape: 1) atom desorption,
2) molecular reactions, 3) particle reflection, and 4)
charge-exchange. The products from the first two pro-
cesses are cold atoms which emit photons near the
peak D, (H,) line shape, and those from the last two
are warm atoms contributing to the blue side of the
spectrum. These components have the proportions
32%, 15%, 32% and 21%, respectively. Atom desorp-
tion and reflection are the two dominant processes in

edge recycling. Although the charge-exchange does
not contribute to particle recycling directly, it can
transfer energy from plasma ions to atoms produced
by dissociated, increasing their penetration into the

plasma.
1.0 1
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2 0.8 4 .- atom desorption 32% 1
2 -~ reflection 32%
i 0.64 === molecular reactions 15%| i
"8 =-=- charge exchange 21%
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Fig.6. Proportions of the simulated D (Ha) spectrum in
four processes: 1) atom desorption (32%), 2) molecular
reaction (15%), 3) particle reflection (32%), 4) charge-
exchange reaction (21%).

Since the edge density is insufficient to ther-
malize the velocity distribution, the contributions of
the various reaction pathways that generate hydrogen
atoms may be associated with different wavelength re-
gions (velocities) in the spectral profile. For atom
desorption, the position of its simulated peak is at
656.102nm. According to Doppler shift, a mean en-
ergy of an atom is about 0.05eV which corresponds
to 600 K of the limiter temperature. The limiter tem-
perature used in DEGAS 2 is based on measurements.
This leads to a slight shift in the peak of the emission
from desorbed atoms, which seems consistent with ob-
servations. The peak of the reflection component is
656.082 nm, corresponding to an energy of 12eV. The
models used in the code imply a shift in the emis-
sion from reflected atoms. The resulting emissions
are consistent with observations, showing the overall
agreement between the observed and the simulated
spectra. Those atoms from molecular reactions have
a mean energy of 3.7eV. The detailed compositions of
the molecular reactions are shown in Fig.7. There are
two principal breakup reactions, i.e. dissociation into
two ground state atoms (A in Table 1) and ionization
(C in Table 1) followed by dissociation (F in Table 1).
In molecular reactions, F contributes 42% to Balmer-«
emission, and A about 21%. The edge electron tem-
perature of this shot from 25-27 cm is about 40-15eV
shown in Fig.3. Under these conditions, molecular
ion dissociation and molecular ionization are the two
principal breakup reactions.
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Fig.7. Detailed proportions of the molecular reaction
component (each label is shown in Table 1).

To understand the phenomena observed in the
D.(H,) line shape, the characteristics of edge plasma
must be examined more closely. The deuterium ion-
ization length can be expressed as \j = vp/(ne(ov:)).
The reaction rates for the most important neutral pro-
cesses are given in Ref.[13]. As can be seen in Ref.[1]
for temperatures lower than 15eV, Franck—Condon
(F-C) breakup of Dy into atoms is important, while
above 15eV, direct ionization dominates. In a typ-
ical HT-7 ohmic discharge plasma, edge parameters
are ne(a) ~ 2 x 10*¥*m=3 and T.(a) ~ 20eV. First,
for thermal D, particles, vp ~ 1.7 x 10° cm/s, and
(ov;) ~ 2 x 1078 cm?3 /s, then \; ~ 4cm, which shows
that recycling molecules can exist only near the lim-
iter region. Secondly, D5 ionization by electron impact
predominates, producing F-C atoms with an average
energy of 4.3eV corresponding to vp ~ 2 x 10% cm/s,
(ov;) =~ 1.5 x 108 cm?/s, and \; ~ 60cm. Thus,
not only charge-exchange atoms but also FC atoms
can reach the core plasma. During ionization, ion
molecules D;’ can also be formed, vp ~ 1 x 10° cm/s,
(ov) = 2x 1077 cm? /s, \; = 0.25 cm, that means once
D;‘ is formed, it will be dissociated immediately.

Comparisons between observed D, (H,) spectra
and between the simulated ones in shots 68508 and
68520 are shown in Figs.8 and 9 respectively. The ra-
dial plasma electron density profile no(r) and electron
temperature profile T,(r) of low-density shot 68508
(ne(0) =~ 1.5x10 m~—3) and a high-density shot 68520
(ne(0) ~ 3 x 101 m~3) are given in Figs.10 and 11.
These show that when the electron density decreases,
the edge electron temperature increases.

The D,(H,) line shape in the high-density case
is slightly broader than that of the low-density case in
Fig.8. The simulated spectra match the observations
well, and the comparison between the simulated ones

Fig.8. Comparison between D (Hqa) observed spectra in
shots 68508 and 68520.
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Fig.9. Comparison between D (Hq ) simulated spectra in
shots 68508 and 68520.
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Fig.10. Radial distributions of electron density ne(r) for
shots 68520 and 68508.

exhibits the same trend. Figure 12 shows the composi-
tion of the simulated D, (H,) spectrum. The possible
reason for the narrower spectrum in the low density
case is that an increase in electron temperature en-
hances a proportion of atom desorption component
to 38%, making the peak component seem narrower.
In JT-60U,[M this phenomenon was also observed and
explained as follows: as the electron temperature de-
creased in high-density cases, the contribution of dis-
sociative recombination became important. But in our
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Fig.11. Radial distribution of electron temperature for
shot 68520 and 68508.
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Fig.12. Composition of the simulated Do (Ha ) spectrum.

case, dissociative recombination component is less
than 5% and can be neglected. It may be due to the
different configurations. For JT-60U, it was observed
in front of the divertor tile in which the neutral den-
sity was high, making recombination more important.
The wings of the profile in Fig.8 are also narrower in

the low-density case. The lower collision frequency be-
tween electrons and ions in this case can reduce the ion
temperature, so that the energies of atoms from reflec-
tion and charge-exchange reaction are lower, making
distribution narrower.

5. Summary

To investigate the recycling mechanism in HT—
7, spectral profiles of D, (H,) emitted from the lim-
iter have been observed and simulated. The results
show that four processes are necessary to interpret
the D, (H,) line shape: 1) atom desorption, 2) molec-
ular dissociation, 3) particle reflection, and 4) charge-
exchange. For a typical ohmic discharge shot 68520
(ne(0) ~ 3 x 101 m=3), these components have the
proportions 32%, 15%, 32% and 21%, respectively.
Atom desorption and particle reflection are the two
dominant processes in edge recycling. In high-density
cases, the narrow component of the D, (H,) spectrum
is clearly broader than that in low-density cases. It
is because when the electron density increases, the
electron temperature decreases, which may reduce
atom desorption component. To understand recycling
mechanism in detail for HT-7, more work should be
done. Spatial distribution of the D, (H,) spectrum
and its evolution during a long pulse discharge should
be investigated and simulated further.
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