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The ATF Finale

Emphasizing long-pulse operation, the Advanced Toroi-
dal Facility (ATF) experiment has concluded its final ex-
perimental stage before being mothballed. (See the
article by T. C. Jernigan in the May issue.) The ATF ex-
periment has achieved pulse lengths up to 1 hour.

Figure 1 shows the evolution of the discharge of the
longest pulse length (3693 s). The helium discharge was
heated by a 28-GHz gyrotron with PEcH = 70 kW at

B =0.54 T. Gas feedback control was used to maintain a
constant electron density (e =3 0 10'® m'3). The dis-
charge was terminated by a ground fault in the helical
field system. Keying the gas feedback control to the
vessel pressure (rather than the plasma density) has led
to better plasma performance than that with the constant
density feedback shown here. However, the longest pres-
sure feedback discharge was limited to 1576 s.

Long-pulse operation was very effective in wall condi-
tioning, reducing residual gases (i.e., Mass 18 and 28)

140.0

38.0

0.0

0 1000 4000

2000
time (s)

Fig. 1. Parameters for the longest discharge achieved in
ATF
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in the RGA analysis to the lowest levels observed in the
history of ATF, despite the fact that only a few days had
passed since a vacuum opening. Long-pulse operation
with hydrogen (rather than helium) did not last long be-
cause a few long-pulse shots loaded the vessel wall with
hydrogen. More analysis is being carried out and will be
published in the next issue of Stellarator News.
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Magnetic flux mapping on the
Uragan-2M torsatron

Magnetic flux mapping studies have been performed for
a torsatron with an additional toroidal field, Uragan-2M.
Previous experiments with the “stellarator diode” tech-
nique have shown [1] that there is a rather sharp border
for the volume with the strong probe current suppres-
sion and that the shape of this border corresponds to the
shape of the last closed magnetic surface obtained from
magnetic surface calculations.

In a new experiment “the luminescent rod” technique
has been applied for magnetic surface tracing at reduced
dc magnetic field value (0.1 T). The images of the spots
produced by the impact of an electron beam against the
luminescent rod were taken by a photocamera and proc-
essed by computer. The magnetic surfaces were meas-
ured at the toroidal plane [j = OE for different values of
parameter of K¢=Ith/ (Ith + Itt)]; Ith and Iyt are the toroi-
dal fields produced by helical and toroidal coils, respec-
tively.

In general, the results of measurements are in good
agreement with calculations. However, a systematic dif-
ference was observed between calculated and measured
rotational transform profiles for all Kj values: calculated
profiles are observed in the experiment for larger (by 5
to 10%) values of Kj. This discrepancy can be explained
by the fact that in our previous calculations each pole of
helical winding was modeled by a relatively small num-
ber of current filaments.

In the range of Kj values of 0.33 to 0.36, closed, nested
surfaces are observed (Fig. 1). When Kj > 0.36, the ra-
tional value of = 1/2 occurs in the plasma, and 1/2 is-
lands are observed. The islands’ size and position are
similar to those observed in our previous calculations
[2], modeling magnetic field perturbations produced by
the helical winding current feeds. Similarly, when Kj =
0.33, = 1/3 occurs, and small (dr = 1-2 cm) 1/3 islands
are observed.

The regime with Kj = 0.34 was chosen as a starting
point for experiments on ion cyclotron resonant (ICR)
plasma production and heating. A slow-wave antenna,

shaped to match the plasma border, was installed in the
vacuum chamber near the calculated last closed mag-
netic surface with an average radius of 21 cm. It appears
that the antenna is inside of the last closed magnetic
surface, so a movable limiter could be used to detach
the antenna from plasma.

Yu. Kuznetsov for U-2M group
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Kharkov , Ukraine
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Detection of the Free Boundary
Plasma Shift on Heliotron-E

Magnetic measurements are invariably an important
part of plasma diagnostics in tokamaks and stellarators.
In particular, knowledge and control of the plasma col-
umn shift is essential for sustaining high-beta toroidal
plasmas. The magnetic measurement techniques devel-
oped for tokamaks can also be applied to stellarators.
Essentially one must measure the poloidal magnetic
fields related to the plasma Pfirsch-Schliiter current in a
stellarator. In this article we present the external mag-
netic diagnostics that were used to determine the free
boundary plasma shift of the plasmas in the Heliotron-E
high-beta experiment during the period June 1993 —
March 1994. We have studied the change of the free-
boundary plasma shift as a function of the initial plasma
position and the rotational transform.

The experiment was performed at 0.62 T, 0.94 T, 1.26 T
and 1.9 T to match the electron cyclotron resonance
heating (ECRH) power available at 53 and 35 GHz.
Neutral beam injection (NBI) of up to 3.5 MW pro-
vides additional heating of the ECRH plasma. The injec-
tion angles of neutral beams are 0°,11°, and 28° from
the direction perpendicular to the torus. We have also
performed experiments using coinjection (the direction
of neutral beam is the same as that of equivalent current
of the helical field).

The principle behind determining the free-boundary
plasma shift in a stellarator is to interpret the change of
the poloidal magnetic field due to the plasma-induced
dipole (Pfirsch-Schliiter) current. We have used one pair
of poloidal magnetic flux loops that are set in the equa-
torial plane. One pair of cosine coils is separated by a
half helical period. A theory to analyze the normalized
free-boundary plasma shift is given by Pustovitov [1].
We have also measured the stored energy with a diamag-
netic loop.

Figure 1(a) shows the resulting free-boundary plasma
shift Ab/ ap<1.3 06 10'2, where ap is the average
plasma radius. In this discharge, the hydrogen plasma is
produced at 0.61 T by a 35-GHz microwave power
source (from ORNL) and heated some more by NBI
(0.65 MW at 28° and then 3.2 MW at 0°, 11°, 28°). The
diamagnetic measurement shows that the volume-
averaged beta value is 0.95%, and the stored energy is
5 kJ as shown in Figs. 1(b) and (c). Figures 1(a) and (b)
show good proportionality between the measured free-
boundary plasma shift and the volume-averaged diamag-
netic beta. The toroidal current Ip (& 2kA) flows first to
the same direction as beam and then reverses. The total

radiative power loss (700 kW) is measured with a
bolometer. The line-averaged density increases linearly
with time from 1.0 6 10'* cm™ t0 6.0 6 10" cm™ . The
central temperatures are in the range 200 to 230 eV at
400 ms.

The free-boundary plasma shift was measured for a con-
fining helical magnetic field of 0.62 T, 0.94 T, 1.26 T.
and 1.9 T for the standard magnetic configuration in
Heliotron-E [with R = 2.2 m, ap = 0.21 m, vacuum rota-
tional transforms #(0) ~ 0.53 and #(ap) ~ 2.8]. We find
that the proportionality between the plasma shift and the
volume-averaged beta is nearly 1.8... bOia for the
standard configuration. We compared the experimental
observation of the shift (Ab/ ap versus ... bOdia) with
the theoretical calculation of the plasma boundary shift
[1]. The measured shift is in the range between the ex-
pected upper limit (Ab/ ap = b(0)/2beq) and the lower
limit (Ab/ ap = ...bO/2beg), Where beq =

R (ap)]2 (ap/ Rp) ~ 0.77 for the standard Heliotron-E
configuration.

The measured free-boundary plasma shift strongly de-
pends on the initial plasma position (R) and the rota-
tional transform. We have studied the free-boundary
shift(Ab/ ap) by changing the initial position of the
plasma column (R = 2.21 m — 2.14 m) by changing the
auxiliary vertical field coil current from shot to shot.
This configuration scan also changes the vacuum rota-
tional transform at boundary [#(ap) = 2.4 —3.2)].
Plasma was produced at a magnetic field of 0.94 T by
ECRH with three 53-GHz microwave sources and then
heated by 3.0 MW of NBL

Figure 2(a) shows the free-boundary plasma shift and
the average beta in the outward-shifted configuration.
These data show that for the outward-shifted case the
free-boundary shift [Fig. 2(a)] is larger (30%) than that
of the standard configuration [Fig.2(b)] at the same aver-
age beta. The absolute value of average plasma bound-
ary shift is within 3 mm.

Figure 2(e) shows the measured free-boundary plasma
shift and the average beta in the inward-shifted vacuum
magnetic configuration with parameters R = 2.14 m,

DR =-6 cm, ¥(ap) = 2.4,#0) = 0.51, b* U By/Buf(0)=
-0.206. These data show that the magnetically measured
free-boundary plasma shift decreased remarkably in the
inward-shifted configuration. In fact, the plasma-
induced vertical field, which was monitored by the psi-
loops, also decreased. This result suggests that the
inward-shifted configuration would be a configuration
with reduced Pfirsch-Schliiter current in the Heliotron-E
device.
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Fig. 1. (a) Time evolution of the free-boundary plasma
shift, (b) diamagnetic average beta, (c) diamagnetic
stored energy. The hydrogen plasma is produced at
0.61 T by a 35-GHz microwave power source, and fur-
ther heating is supplied by NBI (0.65 MW at 28° and
then 3.2 MW at 0°, 11°, 28°). The magnetic configura-
tion is the inward-shifted case ( DR = -2 cm) with the ad-
ditional vertical field

b* =B /B,(0) = - 0.193. A weak additional toroidal field
is also superposed [a*=B/B,4(0) = +0.05] to improve the
plasma production and confinement in this discharge.

The optimum beta and the energy content are also ob-
tained in the inward-shifted position [R = 2.16 m, #(ap)
=3.2,#0) = 0.47] as shown in Fig. 2(d). The heating
NBI 1power (3 MW) and the line-average density (5 to 6
610 cm'3) are nearly constant in the configuration
scan.

In summary, we have applied poloidal magnetic diag-
nostics to determine the free-boundary plasma shift in a
stellarator/heliotron plasma. The typical measured
plasma boundary shift Ab/ ap 1n the standard Heliotron-
E configuration is 8 to 12 6 10° when the volume-
averaged beta is 0.50%. Measured normalized plasma
boundary shift is nearly proportional to the diamagnetic
volume-averaged beta, which can go up to 0.95%. The
magnetically determined plasma boundary shift Db is
<3 mm.

We find that the measured plasma boundary shift
strongly depends on the initial vacuum magnetic con-
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Fig. 2. Dependence of the free boundary plasma shift on
the initial plasma position (R) and the rotational trans-
form. The magnetic field is 0.94T. (a) the outward-
shifted configuration with the vacuum rotational
transform given by i(ap) =2.6 and {(0) = 0.57; (b) the
standard configuration with i(a_) = 2.8 and #0) = 0.53;
(c) the inward-shifted config. with i(ap) =3.2 and #0) =
0.47; (d) the inward-shifted config. with i(a_) = 2.9 and
#(0) = 0.47 (e) the inward-shifted config. with f(a )=2.4.
and #(0) = 0.51.

figuration parameters, such as the horizontal position of
magnetic axis and the rotational transform. When the
vacuum magnetic axis is shifted inward toward the ma-
jor axis, we observed a significant decrease of the nor-
malized plasma shift (Ab/ ap) and the plasma-induced
vertical field, possibly due to a reduction of the Pfirsch-
Schliiter current.

More information from these studies will be presented
at the EPS conference (June 27, Montpellier, France).
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Improvement of ICRF heating
after boronization in CHS

Ion cyclotron radio frequency (ICRF) heating experi-
ments (H minority heating: 26 MHz, Bt ~ 1.7 T, Prf <

1 MW) have been carried out since October 1993 and
are scheduled to continue until the end of this year.
However, progress was usually limited by increasing im-
purities. It was very clear that the impurity sources were
the ICRF antennas (4 P-ports + 1 U-port) toroidally ar-
ranged to maintain a 1.5-cm clearance to the LCFS at
Rax = 92.1 cm. The most important thing is to reduce ra-
diation loss from oxygen, which radiates strongly in the
edge region only. Therefore, boronization was restarted
to achieve impurity control during the ICRF experiment.

Boronization was carried out twice using decaborane,
and a total of 10 g of decaborane was introduced into
CHS; 5 g of boronization makes a boronized surface
with an average thickness of 800 A in each case. The
boronization was very effective for our ICRF experi-
ment, whereas it has not shown a clear advantage for
NBI heating with titanium (Ti) gettering except for a
small increase in the stored energy (Wp) in a high-den-
sity region [1]. After boronization, the metal impurity
(titanium) completely disappeared, and oxygen radia-
tion was largely reduced. The reason originates in the
difference in accessibility for ICRF antennas between
the Ti-gettering and the boronization. The flashing area
of the Ti-gettering in CHS covers 70% of the total vac-
uum surface. This covering, however, is largely reduced
for the ICRF antennas because of their complex geomet-
rical features. In contrast to this, the boronization is
very effective for covering the antennas, since it is car-
ried out using He-glow discharge.

Figure 1 shows plasma stored energies obtained for both
cases of Ti-gettering and boronization. The input power
of the ICRF pulse was 700 kW for both cases. The den-
sity was limited below 3 6 103 cm™ in the case of Ti-
gettering, and the Wp did not show any increase for the
increased density. Nevertheless, the density limit ex-
tended upto 5 6 10" em for the boronization case.
The Wp increased up to 60% of the LHD scaling level.
Here, it should be noticed that an injected power of

700 kW was used as an input power in the scaling calcu-
lation.

A typical time trace of the experiment is shown in

Fig. 2. During the ICRF pulse with a density rise up to 5
6103 cm™ the radiation power was kept to a constant
level of 170 kW. This was a main reason why the elec-
tron density could be raised up to 5610'3 cm™. The elec-
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Fig.1. Comparison of plasma stored energy W_ be-
tween Ti-gettering and boronization cases. The RF
power is 700kW. The solid line shows LHD scaling.

tron density and temperature profiles are measured for
these experiments, as shown in Fig. 3. The comparison
is also made between the Ti-gettering and boronization
cases. The electron density was adjusted to 3 6 102 cm’
3 at the central column of the plasma for both cases. The
RF power injected was 300 kW and 700 kW for the Ti-
gettering and boronization cases, respectively. In the
case of the Ti-gettering the plasmas were not reproduc-
ible for higher injection power because of the radiation
collapse.

The electron density profiles obtained are roughly the
same, and they indicate flat or hollow features. It seems
that the tendency toward a hollow profile is enhanced
for the boronization case, although the plasma is not
steady state. Normally, for this configuration (Rax =
92.1 cm) in CHS, the experimental results with Ti-
gettering give a hollow density profile for ECH and a
peaked density profile for NBI. Further understanding is
needed to explain the formation of the electron density
profile. The electron temperature obtained changes a lot
for the boronization case. The central electron tempera-
ture reaches to 400 eV. This level is close to NBI case of
1 MW injection. Higher electron temperatures are also
obtained when an ECH pulse is added during the ICRF
plasma.

The electron temperatures are plotted as a function of
the electron density in Fig. 4. The electron temperature
is obtained from the diamagnetic energy under assump-
tions of Te = Ti, Zeff = 3, and parabolic profile of the
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temperatures. The result obtained for the boronization
case shows constant electron temperature below
3610 cm™ and it slowly decays above the density.
Then, the increase in the Wp shown in Fig.1 comes from
the increase in the electron density. The density of

3.6 10"3cm™ at which the Wp saturates probably de-
pends on the injected power of the ICRE.

In almost all cases of the boronization, large H/D ratios
of 50% were observed, because a large amount of hydro-
gen is introduced by the boronization. The two-ion hy-
brid resonance is set near the plasma center, and at
present it is thought that the electron heating is effective
for these ICRF experiments. The estimation of the depo-
sition profile and deposition power is a next step for the
study in connection with the scaling analysis as shown
in Fig. 1.

Figure 5 shows the relation between the electron tem-
perature and the total radiation power. The ICRF power
injected was 700 kW. The electron temperature does not
show any change for Prad more than 250 kW and keeps
a constant low temperature. However, the temperature
increases rapidly when the Prad decreases below

250 kW. A small change in the Prad gives a large change
in the electron temperature. This result indicates that the
central electron temperature is related to the local bal-
ance of the Prad, especially in an edge region.

Finally, we can estimate impurity concentration for the
typical results of the Ti-gettering and boronization cases:

Ti-gettering: Prf =300 kW, ne=1.80 1013 cm'3,

Te=240eV, Prad= 150 kW, Zeff=3
3

Boronization: Pt =300 kW, ne=3.2 6 1083 em” ,
Te=240 eV, Prad = 120 kW, Zeffr= 3.

The total radiation consists of 80 kW oxygen, 40 kW ti-
tanium, and 30 kW others (hydrogen, carbon, nitrogen)
for the Ti-gettering case. For the boronization case, it
consists of 25 kW oxygen and others. The main part of
the remaining radiation in the boronization case is esti-
mated to be from the boron itself. The guard limiters of
the antennas are made of stainless steel (SS). The impu-
rity concentration can be estimated from these results
with the observation of the Zeff. For the Ti-gettering
shot the impurity concentration was 1% for carbon,
1.5% for oxygen, 0.5% for titanium; and for the boroni-
zation shot it was 5% for boron, 1% for carbon, 0.5%
for oxygen, and 0% for titanium. However, we have to
say at least that computations from the impurity trans-
port code always give us a certain difference between
measured Zefr and measured radiation power from each
of the impurity ions such as O V. Then, the impurity
concentration mentioned above is obtained by a normali-
zation to the measured Zeff values. Further under-
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standing for the impurity transport, especially in the edge
region, will bring a consistency between the calculation
and experiment in such a problem.
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First results from the new NIR
Zetf diagnostic on W7-AS

The effective ion charge Zeff is one of the main parame-
ters for characterizing the purity of a fusion plasma. In-
creased values of Zeff indicate fuel dilution and possibly
enhanced energy loss from the plasma due to additional
line and continuum radiation. Neoclassical transport,
too, depends on Zeff. Therefore, it is of uppermost im-
portance to have a reliable routine measurement of Zeff.

The flux of bremsstrahlung, emitted from the plasma,
depends almost linearly on the value of Zeff. Its emissiv-
ity has a maximum, for typical plasma parameters (7e

~ 1 keV), in the soft X-ray wavelength range, around | =
1 nm. This wavelength range is, however, usually domi-
nated by recombination radiation and is therefore not
suitable. A sufficient condition, for recombination to be
negligible, is IW < ZzRy, where Ry is the Rydberg en-
ergy. This condition is satisfied for visible radiation and
longer wavelengths. In performing the Zeff measure-
ment in the visible, one still has to ensure that the inten-
sity is measured in a spectral region that is free from
strong impurity line radiation. At low electron density, it
has proven difficult on the W7-AS stellarator, as well as
other machines, to meet this requirement. By accessing
the near infrared spectral region, we try to overcome
this difficulty.

Spectroscopically resolved measurements on the stella-
rator W7-AS as well as on the tokamaks ASDEX and
ASDEX-Upgrade [1] show a 50-nm-wide wavelength
window in the vicinity of | ~ 1.04 mm, where line radia-
tion is not apparent (Fig. 1). A 10-nm-wide wavelength
range within this line-free interval is used to measure
bremsstrahlung, using a PIN silicon diode in combina-
tion with an interference filter. A time resolution of

10 kHz is achieved. For each plasma discharge, the spec-
trally resolved measurement of that wavelength vicinity
is also recorded. While the spectral measurement is in
most cases not sensitive enough to measure bremsstra-
hlung quantitatively, at least the absence of line radia-
tion can be verified after each discharge.

Since bremsstrahlung is emitted from the whole volume
of a plasma discharge, one can measure it only by inte-
grating along a line of sight, enabling only the deduc-
tion of a line-averaged value of Zeff. The geometry of
W7-AS allows us to choose a horizontal line of sight,
which is nearly tangential to the magnetic axis over a
considerable part of its total length. A distance of

<5 cm between the line of sight and the plasma center
can be achieved over an integration length of about

1.4 m. Therefore, the measurement is heavily weighted
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Fig. 1. Survey spectrum of the near infrared spectral re-
gion. The spectrum is composed of 16 individual measure-
ments, which have been conducted in subsequent plasma
discharges with a 35-element Si-OMA detector.
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Fig. 2. Time traces of Nes Te, and NIR bremsstrahlung
during a 200-kW ECRH discharge. Z 4, which is de-
duced from those three measurements, is shown only
where n,_ is higher than 1.5 6 10" mS,

toward the plasma center, so that we are able to deduce
central values of Zeff without recourse to inversion meth-
ods.

The new Zeff diagnostic has been operating routinely
and reliably on W7-AS since the middle of May. Figure
2 shows the time trace of bremsstrahlung for W7-AS
shot 27333. The typical features are the recombination
radiation peaks at the beginning and the end of the dis-
charge and the increase of bremsstrahlung during the
temperature collapse of the discharge, after ECRH has
terminated. The increase of bremsstrahlung at the end of
the discharge is fully explained by the decreasing tem-
perature, so that Zeff remains constant after the turn-off
time of plasma heating. The noise on the deduced Zef is
predominantly caused by the noise on the ne measure-
ment. In Fig. 2 the ne signal has been smoothed with a
time constant of 10 ms. A small level of spectrally unre-
solved background radiation limits the sensitivity of the
Zeff measurement to plasmas with ne above

156107 m™.

Since the commencement of the new diagnostic we
have been able to follow the evolution of Zeff in many
70/140-GHz ECR and co/counter NBI-heated dis-
charges. For the near future, we envisage studying as-
pects of possible impurity accumulation during the
different heating schemes and at various magnetic field
configurations.
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