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Transient transport studies in
W7-AS

One tool for deriving the functional dependences of the
electron heat diffusivity is the comparison of the incre-
mental diffusivity, Xe = = 0ge/9(n¢VT), obtained in per-
turbative studies w1th the diffusivity derlved in
stationary power balance analyses, xe =qe/(neVTy).
Modulation experiments in W7-AS feature the introduc-
tion of a small temperature perturbation of typically 5%,
whose propagation is diagnosed by means of a multi-
channel electron cyclotron emission (ECE) diagnostic
with time resolution of better than 0.1 ms. Most of the
experlments are conducted at densities below about 4 X
10 m> , where the ions are sufficiently well decou-
pled from the electrons and radiation losses are small in
the plasma region of interest so that damping of the heat
wave through these loss channels is negligible. In this
way, the electron heat diffusivity is determined rather
than an effective value averaged over the ion and elec-
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tron diffusivities. In perturbative experiments, the incre-
mental heat diffusivity is determined from the modu-
lated flux driven by the modulated gradient in contrast
to the ratio of the flux and driving gradient, in a station-
ary power balance analy51s If . is assumed to be VT,-
dependent in the form xe ~ (VT,)%, the incremental
diffusivity will be enhanced by (1 + o), namely

mcr =(1 'Hx)Xe .

At W7-AS [1] and WVII-A as well [2], no systematic
difference between the stationary and perturbative val-
ues has been observed, which implies that no explicit
VT,-dependence exists.

Figure2 1 compares %™ versus x£° in the range 0.5 < e
< 3 m“/s. With allowance for error margins, the data are
consistent with o < 0.5. Varying the plasma parameters,
density, power, and rotatlonal transform yields the same
scaling of %™ as for XE?: it decreases with increasing
density, decreases with increasing rotational transform,
and increases with heating power as expected from the

scaling of the power balance derived values.
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Fig. 1. The incremental electron heat diffusivity from per-
turbation experiments versus the diffusivity from station-
ary power balance analyses. No systematic difference is
found, which means that no explicit VT, dependence of
the diffusivity exists.
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Attempts have been made to derive a temperature de-
pendence of xg from the heat wave experlments A

power law dependence like xe ~ (1% e) has two conse-
quences. %" is higher than x£° and, in addition, shows

a modulation frequency dependence:
H 1
X&' = [1+ e/ fn 21 X80

where c() is a parameter depending on the exponent v,
and fi, is the power modulation frequency. As a third in-
dication, the temperature-dependent diffusivity intro-
duces a nonlinearity due to a (VT,)“ term entering the
diffusion equation. This quadratic term is expected to
generate mixing effects if more than one modulation fre-
quency is involved simultaneously in the power modula-
tion. In the case of two frequencies, sum and difference
frequencies should appear in the Fourier spectrum of the
electron temperature modulation, which are also not ob-
served. The agreement between %" and X£®, the miss-
ing modulation frequency dependence of xmcr and the
lack of combination frequencies indicate that no signifi-
cant T.-dependence is present. But a power degradation
is observed in W7-AS as in other devices.

As a first attempt to describe the power degradation, a
model is proposed in which 7, reacts faster than the dif-
fusive time scale to changes in heating power [3]. The
idea is based on observations made in transient trans-
port experiments where a large amount of heating
power is switched on or off, and the transient behavior
of the electron temperature profile evolution is studied.
The experiments were performed in purely ECRH-
heated dlschar§es (70 GHz, X2-mode) at low density,
1.5x 10 m™, at 1.25 T. The heating power ranged
from 0.2 to 0.6 MW. Profile development is being meas-
ured by ECE. The profiles are checked against Thomson
scattering profiles, with satisfactory agreement ob-
tained. The density profiles do not change in the time in-
tervals used for the analysis.

Power balance calculations are carried out at time slices
using an analysis code, and simulations with a predic-
tive code are performed and compared with the experi-
mental T-profile evolution. The data are analyzed on
the basis of a purely diffusive transport model. The
analysis is started 1 ms after the power level has been
changed.

Three different model assumptions are compared:

(1) ng remains unchanged,

b

(2) starting from the steady state value, x2” is modified

proportionally to T 72 and

(3) the steady-state value of ng at the new power level
is used.

All steady-state values are taken from power balance
analyses in the stationary phases. The experimental re-
sults are best reproduced by assumption (3) for the time
developments following the switch-on and switch-off
phases (see Fig. 2).

Surprisingly, the comparison suggests that 1 ms after
the heating power has changed, 2 already has adjusted
throughout the profile to the level expected for the
steady state of the modified power level. The change is
much faster than the modifications of Ty(r) and VT(r),
which follow on the adjusted diffusive time scale. In
agreement with the results of the modulation frequency
variation, xgb appears not to be explicitly dependent on
the electron temperature or the temperature gradient, but
seems determined by processes relating to the heating
power, which causes a fast propagating mechanism to
act on the transport. This model is able to resolve the ap-
parent contradiction between the stationary and pertur-
bative analyses: while xe increases with both 7, and
VT.,, as found in power scans, heat wave analysis ex-
cludes these dependencies.

The contradiction is solved if xgb does not depend on
the local power flux, but on a process governed by the
heating power inside the respective flux surface on
which it almost instantaneously reacts. Experiments are
going on to find an observable quantity that reacts faster
than on the diffusive time scale to the change in heating
power, using sufficiently time-resolved H,

a ™

Te (arb. units)

c
b

a >

AP

—rr Tt
5 0
At (ms)

L S B B B

5

LU N S S N B |

-5 5

0
At (ms)

Fig. 2. Time evolution of the electron temperature after
switching of the heating power by AP. The experimental
data are compared with three different simulations: ()
X, is unchanged, (b): x,, is modified proportional to T
and (c): the steady- state value of y,, for the new power
level is used.




reflectometry, and microwave scattering measurements.
Particular attention will be put to changes in the radial
electric field as in WVII-A.
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High current negative ion beam
obtained for NBI at NIFS

Previously, we reported to have extracted 1.2 A of nega-
tive ions with the current density of 54 mA/cm? from
36 holes at the center of one-third scale ion source [1].
The extraction area was then increased to 560 holes, and
we have now succeeded in extracting 16 A of negative
ions with the current density of 45 mA/cmZ, which are
the record values [2]. Figure 1 shows accelerated nega-
tive ion current as a function of input arc power. The to-
tal ion current is measured by a two-dimensional
calorimeter array placed 2.3 m downstream from the
plasma grid. The accompanied electrons are removed by
the magnetic field in front of the calorimeter. A remark-
able feature of Fig. 1 is that H current increases line-
arly with the arc power and that it does not saturate yet.
The operating gas pressure in this high-current-density
experiment was 0.9 Pa. At this gas pressure, the strip-
ping loss of negative ions through the accelerator is esti-
mated at about 30%, which is still a large fraction. The
amount of H™ decreased to a half when the ion source
was operated at 0.4 Pa.

The operating gas pressure can be reduced if the ioniza-
tion efficiency is improved, which might be done by in-
creasing the magnetic field strength to confine fast
electrons. We have constructed a new one-third scale
source for this purpose, where the strength of the mag-
netic cusp field increases almost twice (from 1 kG on
axis to 1.8 kG at the wall), and the magnetic filter con-
figuration is converted from a “rod type” to an “external
type” where the filter field is produced by a pair of
strong magnets at the side wall of plasma chamber. We
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Fig. 1. Dependence of extracted negative ions on the
arc power. The right axis shows a corresponding current
density. Beam energy is 35 keV.




have obtained 16.2 A of negative ion current at the oper-
ating gas pressure of 0.5 Pa) [3], where the correspond-
ing current density is 31 mA/cm?. 13.6 A of H™ has
been accelerated with the energy of 125 keV at 0.4 Pa.
Because an external filter can improve transparency of
the grid, the arc power efficiency (total ion current

/ input arc power) can be improved from 0.06 to

0.1 A/kW. The results of our R&D are summarized in
Fig. 2 with those of other groups.

Why negative ions?

Neutral injection of 20 MW with a pulse length of 10 s
is planned as a main heating method in LHD. Tangential
injection is essential here to avoid the loss of deeply
trapped fast ions in the helical ripple. The lack of so-
called “profile consistency” in helical systems requires
that the beam should be deposited at the center of the
plasma. These two constraints and the large aspect ratio
of the machine (R/a = 6.5) make the required beam en-
ergy high (125 keV for hydrogen and 250 keV for deute-
rium). This energy is higher than that of a conventional
neutral beams system (80 keV for hydrogen at most).

For constructing the neutral beam injection system of
this energy range, the use of negative ions is inevitable.
The neutralizing efficiency is only 13% for the positive
hydrogen ion of 125 keV, while remaining 58% for the
negative ion of same energy. The negative-ion-based
system has some advantages besides its high neutraliza-
tion efficiency. There are no fractional energy compo-
nents in the beam. The beam optics are very good, and a
bright beam can be obtained, which is very preferable
for LHD-NBI because the size of the tangential port is
small.
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Fig. 2. Summary of the recent development of large cur-
rent negative ion sources in the world. Closed symbols
show the achieved results, and open ones indicate near-
future targets.

R&D of a large current negative ion source

The beam energy required for a reactor-relevant large
machine such as ITER is higher than 1 MeV, where the
development of a high-current accelerator is the key
technological issue for a negative-ion-based neutral
beam injection system. In the LHD project, however,
the required beam energy is low, but we need a large
amount of negative ion current: 360 A of negative ion
current is needed for 20 MW injection at an energy of
125 keV when the total efficiency is taken to be 45%.
At the start of LHD project, the state-of-the-art of high
current negative hydrogen ion source was only in the
1-A range. Therefore, the development of a large-cur-
rent negative ion source is the key technological issue
for the LHD project [4], although we can adopt a con-
ventional electrostatic accelerator due to the low beam
energy. We are planning our NBI system with four
beamlines, each of which has two negative ion sources.
We have designed our ion source to deliver 45 A of hy-
drogen negative ions with a current density of 30
mA/cm>. We consider that this current density is the
minimum necessary to design an ion source of realistic
size (the extraction area is 25 cm X 150 cm with a trans-
parency of 40%). These are our R&D target values.

The R&D project was started in 1989. In the research,
one-third scale negative ion sources have been studied
mainly, which have an extracting area of 25 cm X 50
cm. The first ion source was designed based on the pure
hydrogen discharge. Then, introducing a small amount
of cesium vapor into the discharge was found to en-
hance dramatically the production of negative ions. Our
recent results reported here were obtained by using
these cesiated discharges. We are carrying forward
R&D at the test stand that was constructed at Toki in
1992. The test stand was designed based on the concep-
tual design of LHD-NBI to test the feasibility of compo-
nents of the NBI system, such as neutralizer, beam
dumps, cryopumps, and so on. The power supply sys-
tem can operate a full-scale ion source. We are now pro-
ceeding with a detailed design of the injector. The final
design of the neutral beam injector will be finished in
1995, and the construction will start in 1996. The beam
injection experiment is scheduled in 1998.
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several adjustments made during the long pulse to cir-
cumvent several limitations in the ATF long-pulse opera-
tion. To keep the vessel wall temperature below 150°C,
the ECH power was reduced to about 70 kW shortly af-
ter the initiation. The electron density had to be main-
tained below the cut-off density (5 X 108m~ ) of the
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second harmonic 28-GHz ECH. We used density feed-
back control with manual adjustments of the reference
value to maintain vessel pressure below 2 X 10~ Torr

I/s.

Because of the low ECH power used, power loss due to

atomic processes (ionization, radiation, and charge ex-
change) was significant, keeping the electron tempera-
ture below the apparent burn-out threshold value.

The ATF finale

The final stage of the ATF experiments, described in
part in the last Stellarator News, was completed on July
21, 1994. This operation achieved pulse lengths longer
than one hour, obtaining experience useful for future
toroidal devices (e.g., LHD and TPX). Some dimension-
less scaling experiments were also conducted.

In the last report we described a long-pulse discharge
whose pulse length exceeded an hour. We made another
attempt as the last shot (#21380) of the ATF operation,
achieving a pulse length of 4667 s (1 h17 min), which is
comparable to that achieved on the Japanese TRIAM-
1M tokamak (1 h 11 min).

In these long-pulse operations, a strip chart recorder
proved very useful for real-time monitoring and control.
Figure 1 reproduces monitor signals of the strip chart re-
corder during the longest shot. These signals reveal
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However, higher temperature can be obtained by reduc-
ing such atomic-process-related losses and/or higher
ECH power. Feedback using the vessel pressure (rather
than plasma density) tends to reduce neutral density in
the plasma, leading to a higher electron temperature. Hy-
drogen (rather than helium) discharges tend to have
higher electron temperatures (up to 200 eV) due to
lower ionization losses. However, hydrogen operation
longer than 20 min was not possible because of lack of
density control due to desorption of hydrogen on the
wall.

Long-pulse operation provided very effective wall con-
ditioning. The total input power to the plasma during
one ATF long pulse was about 380 MJ (1 x 0.08 MW X
4700 s). This power approximately corresponds to one
thousand shots with full NBI in ISX-B (10 x 1.5 MW
% 0.25 s), or one dozen high-power shots on TFTR (12
X 30 MW X 1 s). Indeed, substantial reduction of low-Z
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Fig. 1. Strip chart of the longest ATF shot.
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impurities was observed during the single long-pulse
shot. The residual gas analysis (RGA) data showed that
mass-18 (H,0) level decreased to a record low level,
without using any gettering, in a few days after a vent.

Dimensionless parameter scaling experiments took the
advantage of the ATF long-pulse capability. In the pre-
vious ATF experiments, modulation of dimensionless
parameters (v* and B) was used to determine an addi-
tional dependence to the gyro-Bohm scaling:

TE/Tgp o< Pt |3+0‘36. However, p* (gyro-radius nor-
malized to minor radius) was also modulated in that ex-
periment. Long-pulse operation afforded an additional
flexibility of varying the helical field (B), allowing the
three variables (B, n, P) to independently control the
three dimensionless parameters (p*, v¥, f*). By employ-
ing two discrete ECH heating frequencies (28 and

35 GHz) and by adjusting their power, the magnetic
field, and the plasma density, it was possible to maintain
fixed plasma beta and collisionality while varying the
normalized gyroradius by 16%, as shown in Fig. 2. A
preliminary analysis of the ratio of the energy confine-
ment times at B = 0.65 to 0.50 T ranges between 2 and
1.5. This value is even higher than that expected from
gyro-Bohm scaling (1.3), let alone that from Bohm scal-
ing (1.09). These results generally imply the gyro-
Bohm-like scaling, which is consistent with the earlier
results.

Although limited in many ways (time, resources,
plasma parameters, and diagnostics), the final stages of
the experiments were very beneficial in gaining experi-
ence useful for long-pulse operations on future toroidal
devices. The ATF device is now mothballed. However,
with minor modifications to add vessel cooling, ATF
could be operated as a steady-state technology and/or
material test facility.
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Fig. 2. In this scan, the normalized gyroradius, p*, was
varied by 16% while plasma beta and collisionality were
held fixed.




