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Abstract

A diagnostic technique to study the global structure of the recycling and impurity (molybdenum) influx from the plasma
facing components is proposed and is tested using the three kinds of perturbations (gas puffing, transport oscillation, and
localized heat deposition). Balmer line intensities /y,, charge exchange flux I'cx and neutral molybdenum line 7o are
measured and their correlations are analyzed with response to the perturbation parameters (I, at the gas port, density
ne, and hot spot temperature T}). A simple model calculation is done to understand these correlations. It is found that
the phase reversal of I'cx with respect to n. modulation is well reproduced and a critical density exists for the phase rever-
sal of Ivior. The evaporation Mo flux evaluated with measured 7}, is also compared with enhanced Iyop for the heat load
perturbation and it contribution to the total content of Mo ions is evaluated by ~30% increment.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction (Ry=0.84m, a=0.11 m) [1]. One of our concerns
with respect to SSTO is the reason why the long
Experiments aiming at steady state tokamak pulse operation has been terminated without major

operation SSTO have been done in TRIAM-1M disruptions. In this paper we study how the plasma
wall interaction PWI driven perturbation influences
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PFCs. The contribution of the typical four PFCs,
such as the movable limiter ML (~0.005 m?), the
fixed poloidal limiters PL (3 x0.03 m?), divertor
plates DP (~0.8 m?) and the wall (~5m?), to the
change in the global recycling and impurity influx
is investigated. The three kinds of perturbations
are considered. First, in order to simulate the prob-
lems under the situation that the enhanced recycling
from the local PFC occurs, the gas puffing is modu-
lated at a few Hz at the local position in the torus.
The change in the torus structure of the recycling
evaluated by hydrogen Balmer alpha line intensity
(4~ 653 nm) Iy, around the torus, the role of the
modulated charge exchanged neutral hydrogen
atom flux I'cx (~1 keV) on the sputtered molybde-
num evaluated by the neutral molybdenum line
intensity (4 ~ 386 nm) I, are studied. Second, on
the contrary, how the toroidally uniform perturba-
tion affects the global recycling structure and Mo
production is simulated by analyzing the relaxation
oscillations at a few Hz between the L-mode and the
enhanced current drive mode ECD [1-3]. Since this
perturbation modulates density n. and ion tempera-
ture T;, I'cx, Imor, and Iy, are modulated simulta-
neously. Finally, the local heat load effects on the
recycling and Mo influx are studied by depositing
the high heat flux of several tens of MW/m?. In
order to study the local effect the heat load deposi-
tion is adjusted by positioning the ML.

2. Experimental apparatus and diagnostics

In TRIAM-1M, the in-vessel PFCs are all metals.
ML, PL, DP are made of molybdenum and wall is
stainless steel. Since no iron—nickel-chromium lines
are observed except for the off-normal events [3,4], it
is considered that the surface of the wall is covered
by a thin Mo film [5]. By adjusting the ML vertically
into the plasma most dominant PWI location could
be modified from ML to PLs or vice versa in the
limiter configuration.

Several diagnostics are used to analyze the change
in the global structure of the recycling, main process
for impurity production and the role of the PFCs. An
H, measurement system is used to measure toroidal
(seven positions) and poloidal (seven vertical chords
along the major radius) distributions. The contribu-
tions from the ML, PL, DP and wall can be deduced
from this system. In addition to this, seven spectrom-
eters are used to study Mol and Balmer series
directly viewing at the ML, DP, and the wall. The
content of the Mo ions is monitored by the Mo XIII

line (~34 nm). The CX flux is measured with multi
point neutral particle energy analyzers. Since one
of the eight viewing chords is identical to that of
the Mol measurement at the different torus position,
a time correlation between I'cx and I, With respect
to the sputtering process on the DP is analyzed. With
the assumption of the blackbody emission the hot
spot temperature T}, on the ML is deduced by ana-
lyzing the continuum spectrum measured with a
spectrometer in the range of 900-1600 nm. The evap-
oration process for Mo is studied by comparing the
theoretical evaporation flux derived from 7}, with
Izvior directly viewing the ML. In addition to this
the local enhanced recycling is also studied [6]. The
arrangement of these diagnostics is shown in Fig. 1.

The experimental conditions are as follows:
B, =6-7T, P;y=10-20 kW for 2.45 GHz and 40—
300 kW for 8.2 GHz (along with ECH power),
e =0.1-4.0 x 10" m—>. The gas puff modulation is
done at the bottom of the chamber at the port #7
and self relaxation oscillations are found to be trig-
gered when the rf power is just below the threshold
power of the enhanced current drive mode [1-3].
These modulation frequencies are a few Hz, which
is much lower than the inverse of transport time
scale (~5-10 ms). The heat load effects are investi-
gated in ECH or ECCD or bi-directional LHW
experiments [7]. In these experiments escaped ener-
getic electrons are lost mainly on ML and localized
heat deposition makes a ‘hot spot’ on ML. Since T},o¢
increases up to the melting temperature in several
seconds, the response to the localized heat load per-
turbation can be studied.

3. Experimental results
3.1. Gas puff modulation

Fig. 2 shows modulation results for n, I, Iy, at
various toroidal positions, I'cx and Iy, at DP.
Since the maximum amplitude of /g, is found at
the gas port, this is used as the reference of the
phase correlation. This perturbation causes An./n.
of ~20%. A change in the recycling structure indi-
cates that puffed H atoms diffuse with a characteris-
tic velocity (<25 m/s) within the toroidal length of
~0.6 m near the gas port, and constant phase delay
of H, at further distance is found. This velocity
characterizing diffusion is much less than the kinetic
energy of dissociated atomic hydrogen (<~3eV).
The modulation in 7y, at further location is mainly
attributed to the edge density with a constant time
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Fig. 1. Top view of the main chamber. Three PLs are installed around the torus at No. 1, 4, and 9 ports. The ML is located at No.l. The
DP consisting of 8 parts is located in the inner-bottom side in the chamber and is almost toroidally uniformly installed. The H, gas is fed
from below of the torus at No. 7. The radial profile of H, intensity /y, is measured at No.1, 2, 3, 5, 6, 7 and 9, and the poloidal one at No.
2, 5. Mol is monitored at No. 1, 2 and 5 and MoXIII at No.8. The CX flux is measured at No. 6. IR spectrometer and CCD camera are set

at No. 1.

delay of 30 4+ 10 ms. 7y, is modulated, however,
within 10° along the major radius (£0.1 m) and this
phase relation is independent of the toroidal loca-
tion. Thus injected H,/H are considered to be dif-
fused as neutral near the gas port with a velocity
of <25 m/s and a new recycling structure is estab-
lished through slow diffusion process near the gas
port and fast ionization relaxation process around
the torus. On the other hand, the phases of I'cx at
E ~1keV and lyo at DP are ~170° and ~100°,
respectively. The amplitude of Iy, variation is
~10%, but that in I'cx is higher by the order of
magnitude, because of the sensitivity of I'cx on T;.
Since the density increment might lead to reduce
I'cx because of both reductions in 7; and the edge
neutral density, it is expected that sputtered Mo
atoms are reduced. This point will be discussed in
Section 4 with a simple model calculation.

3.2. Self relaxation oscillation driven by transport
improvement

In order to obtain the relaxation oscillations the rf
power is set just below the threshold power level [1].
After a transition from the L-mode (~40 kA), the
driven current oscillates from ~43 kA (high level in
L-mode) to ~48 kA (low level in ECD mode).

Fig. 3 shows modulation results for n, I, Iy, (inner,
center and outer) along the major radius, I'cx and
Ivior at DP. In this case the current modulation
precedes the density modulation, suggesting that
the enhancement in the current drive efficiency is first
triggered and then the particle confinement is
improved. T is also self-modulated by improvement
in ion energy transport. This type of modulation is
considered to be the toroidal uniform modulation
compared with the local perturbation in the first case.
The toroidal recycling structure monitored by toroi-
dal H,, signals is delayed by 0.1-0.2 s with respect to
the start time of the density rise, but the phase
relation is in phase. On the other hand the poloidal
structure shows an in-out asymmetry and the radial
profile of the modulation amplitude is hollow. This
might be attributed to the enhanced recycling near
the inner and outer edge caused by in-out shift of
the plasma column. On the other hand, the phases
of I'cx at E ~ 1 keV and It are ~0 and ~140° with
respect to n,, respectively. The amplitude of Iy var-
iation is ~10%, but that in I'cx is ~200%.

3.3. Heat load perturbation by adjusting the ML

Fig. 4 shows the time evolution of the Iy at the
ML, DP and wall when the additional heat load is
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Fig. 2. Example of modulations in e, I,,, Iy, at several toroidal positions, I'cx, Imor for gas puff modulation. Gas is fed at #7 port, I'cx at

#6 port and Iy at #2 port. All H, signals are taken at R,.

deposited on the ML. The hot spot temperature is
evaluated by the spectrum analysis. The contribution
of the Mo source influx from PFCs to the total con-
tent of Mo ions is deduced from comparison with
Ivioxiir- The enhanced local interaction with ML
by adjusting the position causes this to be the domi-
nant source position for Mo. Actually, Iyior at ML is
abruptly increased and it is deduced from 10 s to 30 s
from the evolution of the intensity /1 in the infrared
spectrometer at A= 1pm that Ty, on ML is
abruptly raised. Since the emission in the infrared

region is dominated by the black body emission,
the Ijr is very sensitive to the hot spot temperature
formed on the ML. However, Iy, from DP shows
no enhancement and ly;o; from wall at port #5 is also
remained constant. Thus, it is considered that local-
ized interaction with particular PFC only causes the
local impurity source. Especially, for 13—19 s I at
ML is kept high level and this peak value of Iyoris 10
times higher than the previous level which may be
caused by sputtering. The density is increased by
20% for this phase, and the MoXIII intensity is also
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Fig. 3. Example of modulations in Iy, 7., I, at poloidal positions, I'cx, Imor for relaxation oscillation. The I'cx is taken at #6 port and
Ivior at #2. At #9 port Iy, are taken along the inner, center and outer chords.

raised by <30%. Detailed comparison of Iy, at ML
with T, will be discussed in Section 4.2.

4. Discussion

4.1. Model calculation of the phase relation between
I'cx and Iyor

In order to understand the correlation of I'cx
and Iy, with respect to the gas modulation, a

model calculation is performed. The profiles of
ne, n, T, and T; are assumed parabolic ones,
and the neutral particle density profile ng(r) is
assumed to be ny(r) = no(a)exp (— [, ne(r)Gion dr),
here G, is the rate coefficient of electron impact
ionization for atomic hydrogen with £ =3 eV and
a is the radius of the plasma. In this calculation
no(a) is fixed and density is modulated. Thus model
equations for I'cx(E=1keV) and Iy, are as
follows:
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Fig. 4. Evolution of I;; at A =1 um, Iyioxm, Imor @t ML, DP, and wall in a discharge with local heat deposition on the ML.

FCX(E):/7:drni(r)no(r).fi\d(TiaE)ﬂcx(E)Eexp (_/’“ dl/ )7

3 j~mfp

Ino= [ drne(r)nmo(a)(ov),,. exp (7 / df > ,

J—a ;vion

nuvo(a) =Y (E)cx(E)/vsp,

where )vionH - Uo/ne <Gv>ionH and /lionMo = vsp/
ne(ov)jonmo are ionization mean free paths of H
and Mo with an assumption of incident energy of
3eV and 4.5 eV, respectively, (ov) their rate coefhi-

cients, fpy Maxwell energy distribution function,
ocx the CX cross section, (ov)exe the excitation
rate coefficient, Y(E) ~ 107> the sputtering yield,
vsp the averaged velocity of the sputtered Mo. For
the gas modulation the ny(0) is only modulated at
2 Hz with keeping the profile constant. I'cx(?) is
simulated to be out of phase with respect to the
phase of n.(f) because the attenuation fac-
tor(oc exp (—C [ ne(r)dl)) dominates the product
nft)no(t). The neutral density ny(¢) has also a similar
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Fig. 5. The results of model calculation for n, I'cx and Iy, for gas puff modulation. n,(0) is varied from 2.5 x 108 m3to4x10¥m3 A

clear phase reversal of Iy is found.

factor (o< exp (—C' [/ ne(¢)dl)). The incident Mo
density nyo(a) is modeled by the H sputtered flux
and Iyo(?) is calculated by taking into account the

attenuation of incident Mo atom, exp (— N /d—o’n)
Thus the phase of Iyo(?) depends on ny(?), nypo(a;t)
due to I'x(¢) and ionization loss due to path integra-
tion of n(t). The phase of Iy(?) is simulated to be
in phase when 7.(0) < n = 0.35 x 10" m~3 and be-
come out of phase for n.(0) > n, shown in Fig. 5.
Here #; is a critical density. Although the ionization
factor has an intrinsic out of phase property, the
phase reversal is not calculated in this density range
when ny0(a) 18 modeled constant. Thus it is consid-
ered that the sputtering process is essential to the
phase relation of Iyr [8,9]. The experimental 100°
phase different may be reasonably explained. For
the transport oscillation, 7j(0) (=400eV) is also
modulated by 20% in phase as n.. On the contrary
of the gas puffing simulation, both I'cx(#) and Inio(?)
behave similarly in phase and no density depen-
dence of the modulation phase is found in the range
from 0.15x 10" to 1.5% 10" m ™.

4.2. Mo influx due to evaporation

At t=9s Ty starts to increase and reaches
~2900 K (= Mo melting temperature) at t =13s,
and is kept above 2200 K for ~6s, as shown in
Fig. 6. Although Ti is kept ~2000 K until 30 s,
Inor 1s reduced to the original level. There seems
that a critical temperature (~2200 K) exists above
which the evaporated Mo flux '} overcome the
sputtered Mo flux. According to the intensity ratio
of the absolutely measured one to the black body
intensity evaluated by Tj,. the fraction of the hot
spot area to the total viewed area is deduced. It
is shown that a relative size of the hot spot does
not follow the temperature evolution.

Following I'fy3 = exp(C)/M /\/Thot €xp(—B/ Thot)
[10] with numerical constants B = 30.85 x 10°, C =
8.40, atomic mass M = 94.94 and temperature Tj,o
in  Celsius, the time evolution of the
I'ye is derived. The comparison with the observed
enhancement in Iy, is quit well, as shown in
figure.
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Fig. 6. Evolution of Ty, the relative fraction of “‘hot spot” and theoretically calculated evaporation flux I'y{%. Ivor is compared with I'y.

5. Conclusion

In order to investigate the role of PFCs on the
global structure of the recycling and the contribu-
tion of the sputtering process by charge exchange
flux on Mo influx, a new technique has been deve-
loped by combination of the perturbation at a few
Hz. Since the most dominant PFC for Mo emission
has been known to be DP [1], the correlation
between I'cx and Iy, Whose line of sight is viewing
at DP has been compared. The phase of I'cx is out

of phase to the phase of n, for low density
(0.2x 10" m™) gas modulation, but in-phase for
relaxation oscillations at higher density (~0.8 X
10" m*3). On the other hand, the phase of Iy is
~100° and ~140°, respectively. A simple model cal-
culation is done to understand these correlations
and the phase of I'cx is well reproduced by taking
the electron density effect on the attenuation along
the path into account. It is found that a critical den-
sity exists for the phase reversal of I;,;. A complete
interpretation for the phase difference between I'cx
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and Iy is left for future. For the heat load pertur-
bation, the enhanced Mo influx from the ML is
observed. The evolution of Iy, can be well
explained by the evaporation flux and a factor of
ten enhancements in Iy, With respect to the sput-
tered Mo level form ML is found to contribute to
the intensity Iyoxin increment by 30%.
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