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In the Ohmically heated plasma of JT-60, the transport of impurities
has been studied by VUV and soft X-ray crystal spectroscopies, and from
bolometer and soft X-ray diode signals, along with one-dimemsional
impurity transport code. Changing over a discharge from the limiter
mode to the divertor mode, the decay of the bolometer signals was
measured and the time constant was about 0.3 sec in the central chord.
Temporal evolutions of T; XIII(23.356K), T; xx(259.34) and T; XXI
(resonance line) were obtained in two different discharges with I,,=2MA
which a piece of titanium was accidentally injected into. The comparison
of the time behaviour of the respective lines with the simulation
results by a diffusive/convective transport model shows that the
ancmalous diffusion coefficient is about 1.0 mz/s and convective

inward velocity is not seen,
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1. Introduction

Impurity problem is one of the serious factors which should affect the
tokamak plasma, following the degradation of confinement properties. " Therefore,
impurity transport phenomena have been paid attention in the last few years. In
Ohmically heated PDX discharges [1}, time- and space-resolved measurements of
H:" density following a short puff of helium gas into the plasma edge are fitted
with use of a diffusive/convective transport model with diffusion coefficient of.
Dy=(2.1+0.9) m’/s and convective inward velocity v(r)=(0.8+£0.3;043 (Inn;.)/ar.
Decay time of the line emissivity of titanium injected into neutral beam heated
Doublet III discharges by a laser blow-off technique is simulated with a
diffusive transport model including the neoclassical impurity particle flux and
the D;{r) of (4—5)x1(ﬂ9/ne(r} m’/s is obtained as an -anomalous diffusion
éoefficient, for discharges from the L-mode { bad confinement ) to the H-mode
(- good confinement ) with a modest beam power (<3-4 MW} (2] . Contrary to a
discharge forcefully heated with a beam power of ~7.BMW (3], the modest heating
results in the H-mode plasma with H, burst in which impurity radiation loss does
not accumulate into the discharge and the clear dependence of impurity transport
properties is improved particle confinement time only proportional to the
increment of the electron density, as a consequence of an. improved confinement
properties. On the other hand. in a neutral beam heated ASDEX plasma (4],
H-mode discharges of H, burst-free are obtained and then, strong impurity
accumulation in the center of the discharge is observed. This accumulation
often leads to .excessive radiation loss and results in a thermal collapse of the
good confined plasma. The degree of central impurity accumulation is found to

be strongly dependent of the charge of the impurity ion in the central core of
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PBX H-mode discharge (5] . Assuming a diffusive/convective transport model,
reasonable fits to time-evolving redistribution of impurities, in the plasma
associated with large sawteeth are obtained with the diffusion coefficient of
Dy=0.1 m/s, and a dimensionless peaking parameter of Cy=4 ( Cy=av/2D;, where a
is the minor radius)} for light impurities and Cy=20 for metal impurities. They
conclude that transport inside the g=1 surface appeares to be close to
neoclassical. In TFR [6], transport of impurities in Ohmic and ICRF-heated
plasmas is studied by laser blow-off injection of vanadium. The best agreement
between the experimental and simulated radiances of central ions is obtained for
Ds=0.4 n@/s and Cy=3. No difference is found between the two experimental
situations although degradation of the energy confinement time is observed in an
ICRF-heated plasma. Additionally. it is declared that the Impurity transport
parameters are not modified by the internal disruption. Recently, in JET.
impurity transport 1s studied by utilizing a piece of iron.fallen into a
discharge and Dy is estimated to be of-0.6 nt/s within the framework of a purely
diffusive transport model (7] . It may be generally said that for the impurity
transport properties in a tokamak plasma from medium size machines to large
ones, the diffusion coefficient is (0.4-2.0) w'/s and the peaking factor is
(1-3), excepting the parameters in PBX H-mode plasma. The existence of
convective inward velocity strongly modifies the plasma confinement properties,
especially of beam heated plasma so as to be seen in ASDEX and PBX.  Therefore,
it is important to clarify the impurity transport properties in large tokamaks
attaining the break-even condition.

JT-80.is a unique device with a poloidal divertor in three large tokamaks.
Therefore. we can aggressively make the impurity control experiment due to
changing over a discharge mode from limiter to divertor or vice versa. We also

study impurity transport for some discharges into which a piece of titanium was
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accidentally injected.

In this paper., section 2 presents bolometric results obtained by changing
over a discharge from the limiter operation to the divertor operation, and VUV
line radiances of titanium and crystal spetroscopic results observed in
particular discharges. After a short description of a diffusive/convective
transport model in section 3, we will, in section 4, deal with transport
properties by fitting the time evolution of individual spectral lines with the

transport model. The summary and discussion are given in section 5.

2. Experimental Results

In order to study the divertor effect on the impurity confinement, the
magnetic configuration was changed from the limiter mode to the divertor one
during the flat-top phase of hydrogen discharge { shot number of EDSZ2) with
plasma current Ip = 0.5 MA and toroidal magnetic field B, = 3.0 T. Major and
minor radii were 3.05 m and 0.9 m in the limiter mode and 3.15 m and 0.83 m in
the divertor mode, respectively. Figure ! shows the typical evolution of the
radiation power along the central chord from the bolometric measurement 8]
During the change of the discharge mode, the electron density was kept almost
constant. It is clearly seen that the radiation loss rapidly decreased to one
third of it, following the divertor mode. The decay Lime accounts to 0.34 sec
for the central chord. If there were no recycling of impurity particles, the
decay time of radiation power could have represented the impurity particle
confinement time. The temp05a1:evolution of the radiation power is affected by

both processis of transport and recycling. The recycling, lower ionized
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accidentally injected.

In this paper. section 2 presents bolometric results obtained by changing
over a discharge from the limiter operation to the divertor operation, and YUV
line radiances of titanium and crystal spetroscopic results observed in
particular discharges. After a short description of a diffusive/convective
transport model in section 3, we will, in section 4, deal with transport
properties by fitting the time evolution of individual spectral lines with the

transport model. The summary and discussion are given in section 5.

2. Experimental Results

In order to study the divertor effect on the impurity confinement, the
magnetic configuration vwas changed from the limiter mode to the divertor one
during the flat-top phase of hydrogen discharge { shot number of EBS52) with
plasma current [p = 0.5 M4 and toroidal magnetic field By = 3.0 T. Major and
minor radii were 3.05 m and 0.9 m in the limiter mode and 3.15 m and 0.83 m in
the divertor mode, respectively. Figure 1 shows the typical evolution of the
radiation power along the central chord from the bolometric measurement (8] .
During the change of the discharge mode, the electron density was kept almost
constant. It is clearly seen that the radiation loss rapidly decreased to one
third of it, following the divertor mode. The decay time accounts to 0.34 sec
for the central chord. If there were no recycling of impurity particles, the
decay time of radiation power could have represented the impurity particle
confinement time. The tempOEallevolution of the radiation power is affected by

both processis of transport and recycling. The recycling, lower lonized
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impurity ions enhance the radiation power at the plasma boundary by a factor of
10 and result in making apparent decay time enlarged. Therefore, the decay time

observed is apparently longer than the particle'Confinement time.

There are two discharges in which the spectral line intensities of titanium
suddenly increase and subsequently decrease I, =2.0MA, B, = 45T and
hydrogen - diverted plasma. During the flat top of discharge, line radiation is
detected in the 0:5-B0 nm VUV region by two units of flat field grazing-incident
spectrometers with 512 and 1024 channel detectors. Figure 2 shoﬁs the temporal
evolution-of plasma current in the discharge of E1805 and the electron density
profiles after accidental injection of a piece of titanium. Figure 3 shows the
temporal evolution of chordal electron densities and the centfal electron
temperature and the arrow shows the injection time. The soft X-ray, in fig. 4,
~are detected by fifteen channel pin diode arrays with B, foil filter providing
low energy cut-off at 4.5 KeV. Although the rapid increase of loop voltage
appears at the injection time, the central electron temperature keeps to be
almost constant. . In the decaying stage of soft X-ray diode signals, the
electron density begins to decrease owing to cut of fuelling gas. The change of
the electron density, however, remains slight through our interesting timé. In
another shot-of E1968, the temporal evolution of the He-like Y?&' ion resénance
ling‘is detected in a current rump up phase by a crystal spectrometer { silicon
plate,- crystal cut 224 of ‘the Johann type. The temporal evolutions of plasma
current and of the electron density profile after the injection are shown in

fig' b, with the arrow corresponding to the injection time.

The electron temperature profile is usually cobtained by six channel Thomson

scattering measurements and the time evolution of the central electron
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temperature by second-harmonic electron cyclotron emission with the time
resolution of 15 ms. The electron density profile is deduced from fitting
chordal integral values, which is calculated with an assumed parabolic type
profile function on the magnetic flux surface from a magnetic equilibrium code
f9}, to the values of three channel submilimeter'interferometer. Another
density profile is also obtained from the Thomson scattering data of which
absolute value is normalized to the value of the submilimeter at the central
chord. and gives good agreement with the profile from the submilimeter., Figure
6-a shows the magnetic flux surface at 6.5 sec in the discharge of El60b, in
which a piece of titanium is accidentally injected at ~ 8.3 sec. Figure 6-b
shows agreement between the measurements from the submilimeter interfercmeter
and the chordally integrated profile of fitted function. Taking into account
the shift of magnetic flux surface, the profile of the electron density is

reduced to the one-dimensional profiles as shown in fig.6-c.

3. Transport Models

A one dimensional time-dependent, multi-species impurity code., which is
incorporated in the tokamak code system of LIBRARY [10] ., is employed to
calculate the impurity ion density profiles and the line radiation respective to

the titanium lines. The time evolution of the density is expressed as
S s =T s S — (1)
ar

where ni is the density of k-th charge state lon. 'y 1s the particle flux, Sy 1is

the source term. and n.<v; is the loss term along the magnetic lines in the
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temperature by second-harmonic electron cyclotron emission with the time
resolution of 15 ms. The electron density profile is deduced from fitting
chordal integral values, which is calculated with an assumed parabolic type
profile function on the magnetic flux surface from a magnetic equilibrium code
{91, to the values of three channel submilimeter interferometer. Another
density profile is alsc obtained from the Thomson scattering data of which
absolute value is normalized to the value of the submilimeter at the central
chord, and gives good agreement with the profile from the submilimeter. Figure
6-a shows the magnetic flux surface at 6.D sec in the discharge of E1805, 1in
which a piece of titanium is accidentally injeclted at ~- 6.3 sec., Figure 6-b
shows agreement between the measurements from the submilimeter interferometer
and the chordally integrated profile of fitted function. Taking into account
the shift of magnetic flux surface, the profile of the electron density is

reduced to the one-dimensional profiles as shown in fig.6-c.

3. Transport Models

A one dimensicnal time-dependent., multi-species impurity code. which is
incorporated in the tokamak code system of LIBRARY [10] , 1s employed to
calculate the impurity ion density profiles and the line radiation respective to

the titanium lines. The time evolution of the density is expressed as

(12

where n; is the density of k-th charge state ion. I is the particle flux, S 1s

the source term, and ny<T; is the loss term along the magnetic lines in the
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scrape—of f region. Based on a diffusive/convective transport model, the

particle flux Iy for the k-th charge state ion is given by
D (ri= Dy (Y2 vy (o @

where D, (r) is the radial diffusion coefficient and Vi{r) 1s a convective
velocity. Connecting with a shape parameter, a convective velocity is written as
Vilr) :—CWDAZr/a2; The diffusion coefficient is assumed to be radially
constant.

In the plasma periphery ( r>»a ). a limiter scrape-of f model is employed. -
The cross field diffusion in this region is assumed to be the Bohm diffusion Dy,
and ¥4=0. ' The particles are lost along the field lines to the . limiter with an
averaged flow velocity V}zC&N/TZ?ﬁ?, where m; is the background ion mass and T,
is the electron temperature. 'In the following simulation, we choose C;=1.
Thus, a parallel loss time is given as 7ty = wqR/Vy. Although we do not have
the measurement of the boundary plasma., we apply the general feature in the

scrape-of f layer plasma as

=

n.(ry = nefaeipi-—) 3
o .
p . - L
Toir) = Toia@ewp (- (4)
. I

T
where i, and i; are the fall-off lengths of the electron density and. the
electron temperature. Using T, (a)= B0 eV, the density fall-off length N/?TBE
is about 1.5 cm and the electron temperature fall-off length [11] 1is about 0.6

cm. The width of a scrape-off layer is taken to be 4 cm.

The source term is given as

Sk o= MOkt~ Me + Nefi TNk NPl M - 53
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where . and (3, are ionization and recombination rates, respectively, calculated
by Hulse's multi ion model [12) . The line radiances respective to the
measurements are calculated using the multi ion model and are deduced to the
averaged line emission for the specified charge state ion. Impurity neutral
density profile is calculated from the Boltzmann equation in a cylindrical

geometry, with the assumption of the neutral energy of 2 eV.

4. Numerical simulation of ‘titanium emission

In order to interpret spectroscopic data by using the one-dimensional
impurity transport code. the deduced one-dimensional.profile of electron density
is employed in time. On the other hand, we have to assume an electron
temperature profile except the central value, because of unexpected injection
time. Therefore, we estimate the electron temperature profile from the one in
different discharges on the same conditions. The results are not- so sensitive
to uncertainty of temperature profile except for low charge state ions, within
this work.

The incoming neutral particle flux as an accidental titanium injection 1s
applied so that the content of titanium ion in the plasma may become 0.1 %,
which is roughly estimated from the increment of the electron density, with a
delay time of b ms. The maximal content for the case of no inward convection,
however, results in 0.02 % due to assumed zero recycling rate and to the time

constant of 1 ms for the impurity content control.
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where . and . are ionization and recombination rates. respectively, calculated
by Hulse's multi ion model 712] . The line radiances respective to the
measurements are calculated using the multi ion model and are deduced to the
averaged line emission for the specified charge state ion. Impurity neutral
density profile is calculated from the Boltzmann equation in a cylindrical

geometry, with the assumption of the neutral energy of 2 eV.

4. Numerical simulation of ‘titanium emission

In order to interpret spectroscopic data by using the one-dimensional
impurity transport code, the deduced one-dimensional profile of electron density
is employed in time.  On the other hand, we have to assume an electron
temperature profile except the central value, because of unexpected injection
time. Therefore, we estimate the electron temperature profile from the one in
different discharges on the same conditions. The results are not S0 sensitive
to uncertainty of temperature profile except for low charge state jons, within
this work.

The incoming neutral particle flux as an accidental titanium injection is
applied so that the content of titanium ion in the plasma may become 0.1 %,
which is roughly estimated from the increment of the electron density, with a
delay time of 5 ms. The maximal content for the case of no inward convection,
however, results in 0.02 % due to assumed zero recycling rate and to the time

constant of 1 ms for the impurity content control.

— 7 —
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Figure 7-a.shows the comparison of experimental peripheral line radiance ¢
T, XITT 23.256A ) with simulated one for Di=1.0w"/s and Cy=0. This comparison
is almost indepéndent of the transport parameters, because of the passing ion in
the ionization dominant process. "The temporal evolution of this low ionized ion
radiance, -however. corresponds to the one of incoming ion flux. The agreement
between time behavicurs of peripheral line radiance shows that an assumed
incoming neutral-particle flux would appear quite reasonable.

The time resolved measurement of T; XX (259.3A ), vwhich has a peak radiance
nearly r~a/2 for plasma parameters with T./0)~2.2KeV, is fitted with the
diffusive/convective transport model and agrees with simulated one for
DA:I.OHF/S and Cy=0, as shown in fig. 7-b. Since the temperature modulation due
to the sawtocth, of which inversion radius is about «/4~a/3 at the discharge of
2 MA, has little effect on the radiance of this ion, the electron temperature
profile is assumed to be constant in time and the effect of the sawtooth on the
impurity transport is not included.

A similar comparison 1s performed for the line radiance of central ion ‘
T, XXT rescnance line } observed in another shot of F1988. Figure 8 shows the
experimental and simulated radiances of central ion and the best fitness is
again found for Dy=1.0w* /s and Cy=0. The increment of this line happens to be
observed at a current rump up phase when there 1s no sawtooth oscillation.
Therefore, the sawtooth effect is not included in this simulation, too.

Figure 9 shows the comparison between the profile of soft X-ray diode array
slgnals and the simulated one for the shot of E1605. The transport parameters
of DA:l;OnF/S and Cy=0 well reproduce the temporal evolution of the profile

during a decaying stage.
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H. Summary and Discussion

Fven in two different discharges, the time constant of the line radiances
by the accidental titanium injection is 180 ms for T; XX line and 1680 ms for
T: XXI line, respectively. It is quite attractive that the time constant value
of the central peaked ion of T; XXI is almost same as the one of T, XX 1ion
peaked at ~q/2. That no convective inward flow velocity exits should be
responsible for the concurrence of the time constant, resulting in the broad
profile of 7! ion. Really, observed same decay time in the different
ionization stages is consistent with the transport analysis Cy=0 and DAzl.OWF/s
which is the same order as Doublet III scaling of 4x10'9/n, for new£3x1019i
Whereas the value of the anomalous diffusion coefficient 1s nol so differenﬁ
from the values estimated in many other tokamaks, the characteristic of no
convective inward flow is a quite distinguished feature of JT-80 plasma.

In transport steady state, no impurity ion flux { I[=0) exists in the core
plasma, which is a source/sink free region. Therefore, from eq. 2), a

convective velocity is given in terms of the total impurity density as n.=Lng,

Vilr’ a lni. )
A — = . ( Y
D; ar - ©)

According td the necclassical impurity transport, the impurity density profile
is connected with the hydrogenic ion density profile in steady state. as
n.(r)en; (ry’, where 7 is the ionic charge state number and n; the hydrogenic lon
density. The n. may be related to the electron density profile via
nzfrﬁnne{r)aa which will be similar to the relation based on the neoclassical

impurity transport. The convective velocity term of eq. (8) can be recast with

above assumed relation into the form (1)
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Vailr) adlan, (v 5
A,/:CV le_l. {7"

DA ar

If this relation is hold so as to be successfully seen 1n PDX, the flat-electron
density profile observed in JT-60 13] will suggest a weak convective inward
flow.

Figure 10 shows the dependence of the temporal evolution of titanium ion
density brofiles on the transport parameters. Apart from the absolute value of
each ionized charge state ion, the presence of a convective inward.velocity
( Cy =1 ) brings no remarkable difference in the shape of profiles of total ion
density and.T?&' ion density, which takes the main part of the soft X-ray
signals. Therefore, it would be very difficult to distinguish the difference in
1impurity transpoft from spatial profile.of impurity ions due to the
spectroscopic.meésurements. Impurity tracer experiment will become more
important; because a slight difference in impurity transport appears in fhe time
evolution. Impurity study using a tracer like as laser blow-off injection
experiment has been carried out by utilizing a change of impurity level at an
instanteneeus limiter discharge during a divertor one., A more detailed

transport analysis of those measurements will be reported later.
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flow.

Figure 10 shows the dependence of the temporal evolution of titanium ion
density profiles on the transport parameters. Apart from the absolute value of
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{ Cy =1 ) brings no remarkable difference in the shape of prbfiles of total ion
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impﬁrity transpoft from spatial profile of impurity ions due to the
spectroscopic measurements. Impurity tracer experiment will become more
important; because a slight difference in impurity transport appears in the time
evolution. Impurity study using a tracer like as laser blow-off injection
experiment has been carried out by utilizing a change of impurity level at an
instantaneous limiter discharge during a divertor one. A more détailed
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Fig. 3 The time evolution of chordal electron densities
from the interferometers and the central electron
temperature from ECE measurement. The arrow
shows the accidental titanium injection time.
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The channel

numhers of 12 and 13 correspond te the radius
position of ~3.5 cm and ~-3.5 cm from the

plasma center.

The distance between the

channels is roughly 7 cm on the plasma

center chord.
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a); magnetic flux surfaces estimated from the
magnetic equilibrium code, at 6.5 sec for the
shot of E1065 with plasma current Ip=2MA, b);
the chordally integrated profile of fitted
function shown as solid line and the values of
three channel interferometer measurement shown
as open circles, c¢); the electron density
profile estimated from the fitted function,
which is reduced to one-dimensional profile.
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Fig. 7 . a); the time evolution of experimental peripheral
line radiance (7; XxIT 23.256 4), which is sub-
tracted the background level, and the simulated
J1ine radiance with:Dz=1.0 mé/s and Cy=0.0,

b); the time evolution of experimental line
radiance (T; XX 259.3 A), which is subtracted the
background level, and the simulated line radiances,

1) Dz = 1.0 w*/s, Cy = 0.0,
2) pg = 1.0 m?/s, ¢y = 1.0,
3) Dy = 2.0 m?/s, Cy = 1.0.
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8 The time evolution of the line radiance of center
ion (Ti XXI resonance line), which is subtracted
the background level, for the shot of E1968. The
simulated lines are shown as the case with,

1) Dy = 1.0 m%/s, ¢y = 0.0,
2) Dy = 1.0 /s, Cy = 1.0,
3) Dy = 2.0 w’/s, Cy = 1.0.




JAERI-M 86-161

SOFT X-RAY SIGNAL {a.b)

1

At =HOms

s
—
<t
=
o
>
>
<
m.
>
[ -
TR
]
w
()0 1 | 1
0.0 0.2 04 06 0.9
r (m)

9 The profile of soft X-ray signals form the
fifteen channel diode arrays (open circles) for
the shot of E1605 and from the calculation with
Dy = 1.0 m*/s and Cy = 0.0. The At shows the
time after the accidental titanium injection at
6.3 sec.
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