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The full neoclassical multi-ion calculation required for the inter-
action between titanium and light impurities like carbon and oxygen is
presented. Intrinsic titanium impurity behavior in pellet fuelled
plasmas was studied by applying the neoclassical impurity transport
calculation to temporal evolutions of Ti XX and Ti XXI spectroscopically
observed. Ti impurity accumulates in the plasma core region, correlated
with peaked density profile and the absence of sawtooth oscillation.
Impurity accumulation is caused by a strong ion density gradient driving
force and collisions with light impurities, as the neoclassical impurity
transport theory predicts. This impurity behavior is well described by
the combination of reduced ancmalous diffusion and neoclassical trans-—
port in the plasma interior. The reduced anomalous diffusion at the
central region inside the g=1 is estimated to be 0.2 m?/s. The outer

zones continue to be dominated by anomalous transport.
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1. Introduction

Tt is well known that transport processes in tokamaks have generally been found to be
anomalous. However, the most interesting aspect of impurity transport is the often observed
correlation between long impurity particle confinement and improved energy confinement.
This result has been seen in discharges exhibiting transport changes. In JT-60{1], improved
energy confinement for additionally heated, limiter and lower x-point discharges has been
obtained with hydrogen pellet injection. The temporal evolutions of Ti XIX, XX and XXI
emissivity lines have dynamically changed following the injection of frozen hydrogen
pellets. These behaviors will be able to be explained approximately by neoclassical models.
In view of this, we describe calculations of the predicted temporal evolutions of titanium
impurity ions in JT-60 using the neoclassical theory. Indeed, the study of impurities in
tokamaks provides excellent opportunities to measure transport coefficients. Since individual
impurities are readily identifiable through their characteristic line radiation, it is possible to
follow the spatial and temporal evolution of ion densities. |

The full neoclassical multi-ion impurity flux required for the interaction between heavy
and light impurities is presented in Section 2. The impurity behavior in pellet fuelled
plasmas with improved energy confinement and the transport analysis of Ti impurity are
described in Sections 3 and 4, respectively. Finally, the main results are summarized in

Section 5.

2. Neoclassical flux of impurity ions

The transport of impurity ions can be described by the simple expression of particle

conservation

Bnk 18 Nk
XK= LTy -5+ S 1
ot rarr Ty x M

where 1y is the impurity ion density with the k-th charge state, T the flux of ions across

the magnetic flux surfaces, Ni/Ty the loss term along the magnetic lines in the scrape-off
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ong _ 10 Ny
Sk 17T -2k4 S 1
ot rarr k Ty ) M

where Ny is the impurity ion density with the k-th charge state, 'k the flux of ions across

the magnetic flux surfaces, Ng/Ty the loss term along the magnetic lines in the scrape-off
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layer and Sk the source term consisting of the ionization and recombination. The particle

flux of an impurity ion is given by a combination of the anomalous and neoclassical

transport fluxes
Ty=TE+TFC - V)

where l_'kA is the anomalous flux and FEC the neoclassical flux. The conventional approach

assumes the impurity anomalous flux 1—‘? to be given by

i) = -DA(r)%irk + VaOn, 3

where 1 is the impurity ion density in the k-th charge state, D A(r) an anomalous
diffusion coefficient and Va(r) an anomalous convective velocity. From the
diffusive/convective model[2], the convective velocity is related to the anomalous diffusion

coefficient through a form such as

Va(r) = -CyDy 2—;‘ @)
Ip

where Cy is a dimensionless peaking parameter. When Cy = 1, Equation (3) provides a
gaussian profile of impurity ion density at steady state. Higher values of Cy lead to more
peaked density profiles. The diffusion coefficient D4 and the peaking parameter Cy are to
be determined from the simulations and are assumed to be the same for all ionization
states. Following a previous analysis of Ti impurity in NB heated, L-mode plasmas[3],
we take D4 to be spatially uniform and its value to be 1.0 m?/s.

In the following discussion, we will be concerned with the study of the impurity
transport alone in high density plasrna.s fueled by hydrogen pellets. In order to provide a
framework for this, let us consider the Pfirsch-Schluter flux of an impurity driven by-
friction against several working ion species. From the neoclassical theory[4], the Pfirsch-

Schluter flux of an impurity for a collision with one main ion can be written in the general

form
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TS = my Di |- Li M+ 2% (E, - BoUip) + Hy 5&} 5)
x . Ty Tk
where Dy = quﬁ 2 Vkis _ (6)
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The prime ' means the spatial derivative. The larmor radius, Pk is given by

A 2my Tk . (10)

Pie = ZxeB,

The collision frequency, Vi is given in the general form

4 2n) et miPZiZnem; InAg

Vki = 5 v (11)
3 (4meg) k32 my TE,
where
372 _ 12 ,
Ayi = 3(4mepk) { ToT; } Tu | (12)
Wi ZxZie? \(ZettTe +TNe

_ and Ty = my T +m; Tk )

My = : .
my +m; myg +In;
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The coefficient, Ly of nic /Mg in TES decreases from 1.0 to somewhat below unity as the
collisionality increases. The coefficient Hy of T;c /Tx decreases rapidly from 0.5 to zero
across the intermediate Pfirsch-Schluter regime and is negative (~-0.1) ovér the extreme
Pfirsch-Schluter regime. The values of the coefficients Ly and Hy given by Eqns (7),
(8) and (9) are valid only if the main ions are in the Pfirsch-Schluter regime. However,
even if the main ions are in the banana regime or in the plateau regime, the impurity ion
flux is given as the Pfirsch-Schluter-like formula of Eqn '(5), taking for the coefficients Ly
and Hy the values of 1.0 and 0.5, respectively [4]. To evaluate the fluxes due to collisions
between the background plasma and impurity ions as well as to collisions between various
ionization states, we must first find the Apoloidal rotation from the ambipolar condition,

2. Z;'j = 0. This gives

ZZDJnJ -

i

n|. T'.
(E; -BeU11) X D Zijl’lj |:L] é -Hj —J—:l (13)

T;

where the electron flux is O{ m, /m; Y2 and can be neglected. Using Eqn (10), we can
eliminate (E; -BgU11) from Egn (5) and obtain the simplified equation for the flux driven

by friction against several working ion species,

o T, | eZ T\, < ZiDpy
IES = ng Dy - L 2k + Hy —k + %2k 5 7.D; L~—-H e et i
kK = N kL K k T, 2 in; JI /3 T,

(14)

Therefore, the neoclassical flux of an impurity ion is approximated to be, including the

classical flux,

YC=rf+1gs
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' ‘ eZ;Djn;

=g DYC |- L B+ H Lk 4+ %2k 5 7.Din; L4 —-H l/ i e
x Di K e _ka Tkz Ay 2 T,

(15)

where DRC = (L +q WES Vi

j#k
Using the above combination of neoclassical and anomalous transport fluxes, a one-
dimensional and time dependent, multi-species impurity code[5] is employed to calculate

the impurity ion density and the emissivity lines, in pellet fueled plasmas.

3. Intrinsic titanium impurity behavior in pellet fueled plasmas

Centrally peaked electron density profiles lasting for one second were obtained by
injection of four hydrogen pellets into JT-60 neutral beam heated discharges. A four-barrel
pneumatic pellet injector installed on JT-60 produces cylindrical hydrogen pellets with
velocities approaching 1.6 km/s. The pellet sizes are 2.7 mm (dia.) X 2.7 mm (length) and
3.8 mm (dia.) X 3.8 mm (length). The small and the large pellets contain 0.7 x 10*! and
2.0 % 10°! atoms. Steep density gradients first developed in a zone inside q=1. Sawteeth
were suppressed for one second and the energy confinement time was enhanced by up to
40 % over that of gas fuelled plasmas at a medium neutral beam heating power up to 15
MW/ 1]. The improved discharges are characterized by a strongly peaked pressure profile
around the magnetic axis (inside the sawtooth inversion radius) and degrades when a large
sawtooth occurs or when the pressure gradient reaches a critical value[6].

Figure 1-b) and -c) show the temporal evolution of Ti XIX, XX and XXT emissivity
lines measured by crystal spectroscopy in the pellet fueled plasma. The line density at half
the plasma radius, central electron temperature and the central soft X-ray signal are also
~shown in Fig. 1-a) and -b), respectively. The four hydrogen ice pellets are injected at
around 6.0 sec into the helium discharge with Iy = 3.1 MA and B{=4.8 T. The
combination of pellet sizes is two 2.7 ¢ and two 3.8 ¢. The typical time interval adopted
for each pellet is 50 msec, and the pellets are injected at low heating power of 7 MW to

avoid the ablation due to beam fast ions. The NB heating power increases up to 15 MW

_5)
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' ' | eZ:Din;
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(15)

where Dk = ( 1 +q )p}C 2, Vij-
J#k
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after the pellet injection. The intensities of Ti XIX and Ti XX rapidly increase due to the
sudden reduction of the electron temperature by pellet injection. Conversely, the intensity
of Ti XXI decreases at once and comes back to increase until the reappearance of a
sawtooth at ~7.05 sec. The central soft X-ray signal also shows the same behavior as the
temporal evolution of Ti XXI. Figure 2 shows the temporal evolutions of the profiles of
electron density and electron temperature of a pellet fueled plasma. The electron density
abruptly increases due to the pellet injections at around 6.0 sec, and the density profile
seems to shrink later and is relaxed at 7.05 sec by the reappearance of sawtooth oscillation.
The fundamental question is whether the titanium impurity accumulates or not in pellet
fuelled plasmas showing improved confinement. Because plasma profiles dynamically
change as shown in Fig. 2, there is still a possibility to explain the temporal evolutions of
Ti intensity from the changes of electron temperature and density profiles in time and

space.

4. Unsteady impurity transport analysis

First, we present calculations of the anomalous predicted time behavior of intrinsic
Ti-impurity in the pellet fueled plasma with the profiles of the electron density and the
electron temperature shown in Fig. 2. This calculation was performed for comparison
with time-evolutions of Ti XX and Ti XXT emissivity lines observed after pellet fuelling.
Our interest will be limited to the range up to 7.0 sec, because the sawtooth dominated

transport is beyond our scope.

Figure 3 shows the comparison of the observed line emissivities with the calculated
time evolutions of Ti XX and Ti XXI, for systematic parameter scans of Cy from 1 to 4.
The measured and calculated values are normalized to the values before the pellet injection.
The calculated temporal evolution of Ti XX1 needs a larger value of Cy in order to meet-
the observation. The result of Ti XX, however, reveals that the peaking parameter must be
less than two. These results indicate that the contribution of the conventional
diffusive/convective transport model is eventually ifery unsuccessful in explaining the

observed response of line emissivities to density and temperature profile changes.
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This situation is reminiscent of the neoclassical transport that provides impurity
accumulation due to large density gradients through the electron density evolution in pellet
fueled plasmas as shown in Fig. 1. Although impurity collisionality in pellet fueled plasmas
lies in the Pfirsch-Schluter regime, the temperature screening effect driven by the temperature
gradient term could not play the role to prevent the impurity accumulation, because of the
flat temperature profile. Accordingly, the nature of profiles in pellet fueled plasmas strongly
encourages impurity accumulation. The combination of the anomalous transport and
neoclassical transport models is now examined. In Fig. 4, comparison of measured
emissivity lines with simulation results based on neoclassical transport theory demonstrates
that the contribution of neoclassical flux is at least an order of magnitude smaller than the
anomalous transport flux. Accordingly, the simple combination of anomalous and
neoclassical transport fluxes cannot account for the observed response of line emissivities.

Returning to the individual behavior of titanium impurities and soft X-ray signals, it is
certainly found that the temporal evolution of Ti XXI is correlated with the duration of
disappearing sawtooth oscillation. Concerning the effect of the sawtooth oscillation on
impurity transport, some experiments have reported a continuous increase in the central
soft X-ray emission followed by a rapid decrease with large m/n=1 MHD oscillations[7].
These results indicaté improvement of central confinement in the sawtooth free phase. We

therefore propose a two zone model as

shown in Fig. 5; the inner plasma zone

+ 1.0 m2/sec with reduced transport extending to the q=1

surface, and the outer plasma zone
continuing to be dominated by anomalous
Da transport. As for reduced transport, the
.anomalous diffusion coefficient in the inner

zone is assumed to be a factor of ten smaller

than that in the outer zone. Figure 6 shows

—p
q=1 radius the behavior of TI XXI and XX emissivity .

lines simulated by the two-zone model.

Fig. 5 Two zone model of the anomalous ) o ) )
diffusion coefficient. The predicted titanium evolutions are 1n

good agreement with observation.

Therefore, impurity transport appears to be reduced to a level close to neoclassical in the
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central good confinement region of in pellet fuelled discharges.

On the other hand, we also have to pay attention to another aspect of the neoclassical
impurity transport theory which predicts enhanced, inward transport particle flux due to
collisions with light impurity ions. In our pellet experiments, it has been reported that the
light impurity contents of carbon and oxygen were 3 % and 1 %, respectively, before the
pellet injection][8]. The effects of light impurities on titanium impurity transport is not
small. Since the Ti flux is driven largely by the C and O ions, it is necessary to properly
take into account the interaction with the C and O ions. Including the contribution of
light-heavy impurity collisions to impurity ion fluxes, we calculated the titanium impurity
jon behavior and presented the results in Fig. 7 for scanned parameters of reduced anomalous
diffusion coefficients from 0.1m2/s to 0.3m?2/s. Holding D4 = 0.1m?%/s, the calculated
results show stronger impurity accumulation due to the collisions between light and titanium
impurity ions, and are not in agreement with the experimental observations. If the outward
flux driven by anomalous diffusion in the improved confinement region still prevents the
impurity accumulation predicted by the neoclassical transport theory, one could estimate
the value of the reduced anomalous diffusion coefficient so that the calculation results
match the observed behavior. Then, it is found that the value of the anomalous diffusion

coefficient is 0.2m?/s in the central, improved confinement region.

5. Summary and discussion

Impurity transport analysis shows that the titanium impurity ions accumulate in the
plasma core region, correlated with peaked density profile and the absence of sawtooth
oscillation in a plasma deeply fueled by pellet. This impurity behavior is well described by
the combination of reduced anomalous diffusion and neoclassical transport in the plasma
interior. Impurity accumulation is caused by a strong ion density gradient driving force
and collisions with light impurities, as the neoclassical impurity transport theory predicts. .
The reduced anomalous diffusion at the central region inside the q=1 surface is estimated
to be 0.2 m2/s. The outer zones continue to be dominated by anomalous transport.

The metal impurity accumulation, in general agreement with estimates of neoclassical

transport, strongly suggests that an impurity problem is still one of the fatal problems ina
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future reactor. In a fusion plasma, it is assumed that the central ion temperature should be
higher than 33 keV and the central density larger than 1.05 x10%° m-3. Since a reactor
plasma radius is only a factor of 2 larger than that of present tokamak devices, the
gradients of temperature and density become large. Accordingly, the impurity particle
fluxes driven by those gradient terms also can be estimated to be large. Furthermore, the
impurity ion collision frequency enters the plateau or banana regions in such fusion
plasmas with temperature as high as 33 keV. In such a collision regime, the ion
temperature gradient term does not work any more as a temperature screening effect but as
an inward driving force, resulting in impurity accumulation. In a design study for a fusion
reactor, it is also recognized that the sawtooth suppression is one of the key issues in
obtaining a reactor plasma. Therefore, the profile characteristics assumed for a fusion
plasma may cause impurity accumulation. This indicates the need for active impurity

control research.
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future reactor. In a fusion plasma, it is assumed that the central ion temperature should be
higher than 33 keV and the central density larger than 1.05 x102° m-3. Since a reactor
plasma radius is only a factor of 2 larger than that of present tokamak devices, the
gradients of temperature and density become large. Accordingly, the impurity particle
fluxes driven by those gradient terms also can be estimated to be large. Furthermore, the
impurity ion collision frequency enters the plateau or banana regions in such fusion
plasmas with temperature as high as 33 keV. In such a collision regime, the ion
temperature gradient term does not work any more as a temperature screening effect but as
an inward driving force, resulting in impurity accumulation. In a design study for a fusion
reactor, it is also recognized that the sawtooth suppression is one of the key issues in
obtaining a reactor plasma. Therefore, the profile characteristics assumed for a fusion
plasma may cause impurity accumulation. This indicates the need for active impurity

control research.
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Temporal behaviors of plasma parameters of a pellet fueled plasma: a) the line
electron density Nl at about half the plasma radius and the central electron
temperature T, ; b) the T1 XXI emissivity line ; c) the emissivity lines of Ti
XX and Ti XIX ; d) the NB heating power, Pnp, and the central soft X-ray

intensity, Igx.
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Fig. 4  Temporal behavior of the emissivity lines of a) Ti XXI, and b) Ti XX

calculated by taking the neoclassical impurity transport flux into the anomalous

transport driven flux with the uniform D = 1.0 m?%/s.
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Fig. 6  Comparison of measured lines with the simulation results based on the two
zone model assuming the improved transport inside the q=1 surface : a) Ti

XXI;b) Ti XX.
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Fig. 7  Comparison of measured lines with the simulation results for scanned
parameters of reduced anomalous diffusion coefficients from (.1 m2/s to

0.3 m2/s inside the =1 surface : a) T1 XXI; b) Ti XX.
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