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A Study on Density Profile and Density Limit
of NBI Plasmas in CHS

Abstract

The mechanism of density profile formation has been studied in CHS. It
has been generally known that the profiles become peaked and hollow in
limiter- and divertor-dominated cases, respectively. This tendency does not
change for the direction of NBI such as co- and counter-injection resulting a
difference of the electric field. It is also found that the density profiles are not
affected by the magnetic configuration itself. The density profile, however, 1s
influenced by the limiter insertion. Edge ion temperatures were correlated with
density peaking factor of ne()/<ne>. As a result, it was found that a peaked
profile (nep/<ne>21.5) can be obtained with higher edge ion temperature
(240ev at p=0.9). These results indicate the importance of energy distribution
of incoming neutral particles. An analysis is done to explain the results. On
the other hand, the density limit has been also studied in CHS NBI plasmas. It
was found that the density limit was strongly affected by the density profile.
Some discussions are made on the mechanism related to the density limit.

1. Introduction

In helical plasmas the density profiles have a large variation in
comparison with tokamak in which the hollow and flat density profiles can not
be easily produced. In tokamak the inward particle velocity is frequently
introduced to describe the peaked density profile, although in helical devices it
is believed that the velocity is very small. The ExB force between the toroidal
electric field and the poloidal magnetic field in tokamak is too weak to explain
the inward velocity. The physical understanding is insufficient at present to
explain the density profiles and the mechanism for the density profile formation
is still an open question.

In CHS, at least, the density profiles are seemed to change according to a
variety of the experimental conditions like Rax, magnetic configurations, ne
and Pheat etc. Furthermore, the density limit and the density profile frequently
change according to the wall conditioning method like Ti-gettering and
boronization which present a different condition between wall recycling and gas
puffing rates. Experiments have been carried out to study the mechanism of the
density profile and the density limit formation. In this paper results are
described on a study of density profile and density limit obtained from NBI

plasmas (neS1x1014cm“3, Te<2keV, Ti<0.6keV) of Compact Helical System
(CHS heliotron/torsatron: <a>/R=0.2/1.0m, B<2T, [/m=2/8,
Pngi=1.1+0.7MW, Pgcy=0.2+0.5MW).

2. Magnetic Configuration of CHS

In CHS the LCFS is defined by the inner wall of the vacuum vessel for
Rax<94.9cm since the major radius of the center of the vacuum vessel is
100cm, and it is called "Hmiter-dominated configuration". On the contrary, for
Rax>97.4cm a small clearance begins to appear between the inner wall and the
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LCFS, which is called "divertor-dominated configuration”. The clearance
becomes lcm for Rax=99.5cm and 4cm for Rax=101.6cm. The magnetic well
is performed for almost all configurations, at least in the core region, except for
the case of Ryx=88.8cm. The helical ripple €p is less than 2% at the axis
position for Rgx<94.9cm and it increases when the Rax is shifted outward

(ch=8% for Rax=101.6cm).

3. Density Profiles of NBI Plasmas

Figure 1 shows a typical example of the density profiles obtained from
NBI plasmas (Bt=0.9T) [1]. There is a clear tendency that the peaked density
profile is performed in the limiter-dominated configuration and the flat or
hollow density profile is performed in the divertor-dominated configuration. In
the case of limiter-dominated configuration the actual limiter area at the inner
wall occupies 7-8% of the total plasma surface. The hydrogen particle influx
from the inner wall limiter I'ljm to the total influx I'tet is approximately 40% at
<ne>=4x1013c¢m™3 for the Rax=89.9cm case. For the Rax=101.6cm case the
I'im disappears and the gas puffing rate is increased instead of it. The particle
influx rate T'op/Ttot from a location where the gas puffing is carried out reaches
20% for the Ryx=101.6cm case, whereas it is less than 10% for the
R;x=89.9cm case.
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Fig.1 Radial profiles of ne as a function of averaged radius p for two different
magnetic axis cases. (left: co-inj., right: counter-inj.)

The comparison is also made between co- (Fig.1; left) and counter-NB
(Fig.1; right) injection cases. It is very clear that there is no difference between
the two. For the counter-injection case the large amount of the NB fast ions are
lost by the inward shift of the drift orbit due to the VB drift under existence of
the inner wall as a limiter. As a result it enhances an electric field and poloidat
rotation. The rotation velocity reaches 10km/s at the plasma edge for the
counter-injection case in the limiter-dominated configuration (Rax=92.1cm)
case, whereas it is less than 3km/s for the co-injection case. This result
indicates that the electric field does not have any influence on the formation of
the density profile.
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The experiment was done by changing the NBI power for Rax=92.1cm
case to study an influence which the magnetic configuration directly gives on
the density profile. In CHS the power dependence of the electron temperature
is remarkable for the edge region rather than the central region. The result is
shown in Fig.2. Two different profiles are obtained from the same
configuration, although it is rare that such a hollow profile is obtained at
Rax=92.1cm. In the two discharges the edge Te was very different as
expected. Here, it should be noticed that the input power of the #2 NBI 1s
decreased. For the hollow profile case it was 19eV at p=0.85 (Te(=233eV),
but for the peaked profile case it was 102eV (Te(=353¢V). The ion
temperature also has the same tendency as the electron temperature. From this
result it can be understood that the magnetic configuration does not directly give
any effect on the density profile.
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Fig.2 Two different radial ne
profiles obtained from the same
configuration (Rax=92.1cm). PNBI
is 0.9MW for #1 (counter-inj.) and
0.6MW for #2 (co-inj.).
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Fig.3 Radial ne profiles before and
after insertion of carbon-head
limiter. The limiter was inserted
(z=20mm) from the bottom of the
vertically elongated position.

The limiter was inserted into NBI plasmas with a hollow density profile.
The result is plotted in Fig.3. It is understood that the peaked density profile is
realized after insertion of the limiter. The Te profile does not change for the
two cases. From this result we can understand that the density profile is
strongly affected by the existence of the limiter.

The edge Tj (CVI charge exchange line) at p=0.9 is measured with the
density peaking factor for different Rax positions (see Fig.4), since the peak
position of the radial neutral hydrogen distribution at the outside half along
major radius side normally appears between p=0.90 and 0.95. The peaked
density profiles tend to have a high edge Tj and are realized mainly for the
limiter-dominated configuration. In contract to this, the flat density profiles
have a low edge Tj for the divertor-dominated configuration. It is noticed that
the recycling rate R becomes too large for the divertor-dominated cases.
Especially for Rax=101.6cm case, the value of R is close to 0.98 even in

ne<2x1013cm3 [2].
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A similar relation between ne profiles and edge Tj is obtained for the
reheat-mode operation in the configuration of Rax=94.9cm[3]. In the reheat-
mode which is observed after switching off the gas puffing at high-density
range, the density peaking can be also obtained with a large increase in the edge
ion temperature. It is shown in Fig.5. Generally, in CHS, the density profiles
become peaky for Rax<92.1 cases and become flat for R3x>99.5cm cases.
For the cases of Rax=94.9cm and 97.4cm, however, the density profiles are
extremely sensitive to conditions of the vacuum wall surface. In other words
the density profiles easily change according to each experimental week.
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Fig.5 Density peaking factor as a
function of edge Ti obtained from
CIV(1548.2A) broadening at
Rax=94.9cm case (solid circles: gas
puffing case, open circles: reheat-
mode case after gas puffing off).

Fig.4 Comparison between edge Tj
(p=0.9) and density peaking factor
for different Ryx positions.

The ionization length Aj of neutral hydrogen is typically 4.7, 6.7 and

10.5cm for Ti=10, 20, 50eV cases at ne=3x1013cm'3, respectively. These
values can easily change the neutral hydrogen profile and the density source
term at core region. In the limiter-dominated configuration a direct distance
(Rax-R) between the inner wall surface (R=80cm) and the magnetic axis (Rgx)
is very short. Therefore, the distance becomes equal to the A; when the energy
of the neutrals increases. Detailed analysis is now being carried out. Typical
example of the neutral hydrogen profile is shown in Fig.6. The Ha poloidal
and toroidal locations are carefully measured in CHS[2]. The results are
included in the calculation. The ion temperature measured from the He line
profile gives a low value less than 1-2eV at the gas puffing position and a
relatively high value of 7eV at the x-point. The particle fueling from the NBI is
less than 20% for the total electron density at the plasma center. Therefore, the
beam fueling has no large influence on the observed density profiles.

4. Relation between Density Limit and Density Profiles
Time behaviors of the electron densities at p=0.75 obtained from YAG
Thomson system are plotted in Fig.7. The data are taken from 3 typical
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discharges with and without plasma collapse. The line-averaged density was 4-
5x1013cm-3 at the end of the pulse for the 3 cases. It is understood that the
edge density rise causes the plasma collapse at t=120ms. We can see the
peaked density profiles are favorable for increasing the density limit. Figure 8
shows a comparison of the density profile (ne(0.75)/ne()) between collapsed
and steady discharges. The results are similar to Fig.7.
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Fig.6  Calculation of neutral Fig.7 Time behavior of edge ne

hydrogen profiles at cases of
R4x=89.9cm and 101.6cm. The
profiles are normalized to the neutral
density of 5x1010¢m-3 at p=1.0.

p=0.75) from YAG Thomson
measurement for typical 3 NBI
discharges with (solid circles and
triangles) and without (open circles)

plasma collapse.

The obtained density limit is plotted against the peaking factor in Fig.9.
These data are obtained with strongly carried out Ti gettering. The highest

density achieved in CHS until now is 9x1013cm3 as a line-averaged density at
B¢=1T. The further effort will be done at higher B¢ range up to 2T and NBI
power up to 2MW (1.1IMW: #1, 0.7MW: #2). The higher values of the density
limit shown in Fig.9 are obtained from the limiter-dominated configuration. In
the counter-NBI case the density limit is lower than the co-injection case, since
the fast ions in the counter-NBI case hit the inner-wall and the impurity buildup
becomes serious. The density limit is extremely low for the co-injection case
with the divertor-dominated plasmas. This combination lowers the net NBI
power deposition. Moreover, in the Ti gettering case a large amount of the gas
puffing is needed to get a density. This leads to the formation of the hollow
density profiles and a further lowering of the NBI deposition power. Then, the
low density limit for the divertor-dominated configuration can be improved for
a high-recycling plasma like boronization[4,5]. In such a case the density limit
reaches the same level as the limiter-dominated plasma, although the
temperature is relatively low.

When the plasma collapses, the MHD instability is studied. At present,
however, any correlation related to the collapse has not been obtained.
Furthermore, the density limit for the Rax=88.8cm configuration is comparable
with other limiter-dominated configurations, whereas the m/n=2/1 sawtooth
oscillation is excited because of the magnetic hill geometry. Then, these
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observed values of the density limit are mainly restricted by the radiation and
particle losses which are a strong function of the density profile.
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Fig.8 Density ratio of ne at p=0.75  Fig.9 Density limit in CHS NBI
to ne at p=0.0 as a function of ng at  plasmas as a function of density
p=0.0 (nep). Solid points indicate  peaking factor obtained at Bt=1T
collapsed discharges (solid triangles: ~ and PNBI=1MW under Ti-gettering
inner p=0.75, solid circles: outer  (open circles: counter-injection case,
p=0.75, open circles: both sides solid circles: co-injection case).
p=0.75).

5. Summary

The variations of the density profiles of NBI plasmas in CHS were
observed by changing externally controlled plasma parameters like Rayx,
direction of NBI, input power of NBI and limiter insertion. Through these
studies it was found that the density profiles were strongly affected by the edge
ion temperature. A possible candidate to explain the density profiles is a
change in the neutral hydrogen profile as a source term. The density limit was
also correlated with the density profiles. As a result, the peaked density profile
is favorable for a rise of the density limit.
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