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Real-time measurement system of the ion temperature profile has been developed for the feedback (FB)
control of the ion temperature gradient (grad-T;) with the filter charge exchange recombination spectroscopy
(CXRS) system in JT-60U. The rapid analytical scheme without non-linear least square fitting enables us to
calculate the ion temperature with four spatial points every 10ms using a real-time processor system. The FB
control experiment of grad-T; has been demonstrated in ELMy H-mode plasmas by use of the neutral beam
injectors having different deposition profiles as actuators. Grad-T; was controlled to the reference value in the
ramp-down phase, however, it did not recovered in the ramp-up phase because the internal transport barrier or
transport was affected by the ramp-down of grad-T;. From the transient response analysis of grad-T;, theincrease
in the central T; using the additional heating was required to recover the deteriorated grad-T;.
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1. Inroduction

In magnetically confined plasmas, the real-time feed-
back control of the radial profile of the plasma pressure
(density times temperature) is subject not only for sustain-
ing the high performance plasma with internal transport
barrier (ITB) but also for avoiding the disruptive MHD in-
stabilities due to the steep pressure gradient [1]. The feed-
back control of the plasma pressure requires the special re-
solved real-time measurements in both densities and tem-
peratures of the ions and electrons, In the progress in the
feedback control system of JT-60U, the real-time measure-
ment system of the electron density has been devel oped us-
ing the far-infrared interferometer [2]. The feedback con-
trol of the radial profile of the electron temperature has
been demonstrated with the fast electron cyclotron emis-
sion radiometer system [3]. For theradial profile of theion
temperature (T;), on the contrary, the real-time measure-
ment system has not been proceeded because of the com-
plicated analytical scheme of the ion temperature.

Recently, we developed the high time-resolved mea-
surement system of the ion temperature and its rapid an-
alytical scheme using the filter charge exchange recombi-
nation spectroscopy (filter CXRS) [4]. Utilizing the filter
CXRS system to the real-time monitor of the ion temper-
ature, we carried out the demonstration of the feedback
control experiment of the core T; in JT-60U [5]. In order
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to control the gradient of the ion temperature (grad-T;) in
real-time, we expand the filter CXRS system to the real
time monitoring system of theradia profile of theion tem-
perature. One of the simplest ways of the feedback control
of grad-T; is to change the core T; with changing the to-
tal heating power such as neutral beam (NB) injection. In
this scheme, the scale length of the ion temperature gradi-
ent (grad-T;/T;) would be constant within the limit of the
critical gradient. The control of the deposition profile of
the heating is another way to change grad-T;. This method
has some possibility of controlling the pressure gradient
near the rational surfaces where MHD instabilities occur.
In this study, the feedback control experiment of grad-T;
is demonstrated in the ELMy H-mode plasmas with ITB
using two NB deposition regions, core and edge deposi-
tions. By use of the feedback control scheme, the transient
response of the grad-T; is analyzed to discuss the problem
in the feedback control of grad-T; together with the plasma
confinement.

2. Experimental Apparatus

T; in fusion plasmas is generally evaluated from
the charge exchange recombination spectroscopy [6]. The
charge exchange recombination (CXR) reaction is a col-
lision between the impurity ions and hydrogen atoms, re-
sulting the subsequent decay with photon emission. In the
standard CXRS system, the spectral profile of the CXR
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Fig. 1 (a) Schematic view of the filter charge exchange recom-
bination spectroscopy, and (b) relation between intensity
ratios of Ipyt1/lipmT2 @nd Ipyts/IpmT2 and theion temper-
ature and rotation velocity.

emission from the collisions with the energetic neutrals
of NB is obtained using the monochromator and the CCD
camera system. T; and rotation velocity (V;) are estimated
from the Doppler broadening and the Doppler shift of the
spectral profile of the CXR emission using the non-linear
least square fitting procedure, respectively. In the filter
CXRS system, on the contrary, the three-filtersassembly is
used to determine the Doppler broadening and the Doppler
shift. As shown in Fig.1(a), the filter CXRS system for
the carbon CXR line (CVI n = 8 — 7, 1p = 529.06 nm)
consists of a fiber-optic bundle, a collimation lens, beam
splitting mirrors, and three Fabry-Perot interference fil-
ters mounted in front of the high-sensitivity photomulti-
plier tubes (PMTs, HAMAMATSU: R-1104). The coalli-
mation lensis used to make a parallel light, and one-third
and half-mirrors split the light to the each PMTs. The
bandwidth of each filter at full width at half-maximum
(FWHM) AApynwm is used from 0.2nm to 1.0 nm accord-
ing to target T; and V,. Three interference filtersin the as-
sembly have dlightly different center wavelengths (CWL)
to obtain the spectral emission of the CXR reaction. For
instance, for the target value of T; around 1keV, the band-
width of the each filter is 0.2nm and the differences be-
tween the center wavelengths of the three filters Acw. and
Ao, Adewe (i.e. AdewL — Ao) isselected to be —0.2, 0.0, and
+0.2 nm, respectively.

Theanalytical method for the determination of T; used
in the three-filters assembly is as follows: The measured
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Fig. 2 Time chart of the data analysis in the real-time processor
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intensity of the CXR emission of j-th channel Ipyr; is rep-
resented by

[ ()10 &)

where n; and (1) are the sensitivity of PMT and the
spectral transmission profile of the interference filter at
j-th channel, respectively. In this formula, we assume a
Maxwellian distribution function of T; to obtain the spec-
tral profile of the CXR emission f (1), depending on both
Ti and V,. Then, the intensity ratios, which are defined as
the ratios of the intensity at the central wavelength chan-
nel to that of the shorter wavelength channel Ipyt1/lpvT2
and to the longer wavelength channe lpyt3/lpvT2, Can be
determined as functions of T; and V;. The spectral sensi-
tivity of the filter assemblies (1) is determined from
the calibration experiment. The relation between the inten-
Sity ratios, lemTa/lPMT2 and lemTs/ IpmT2, and Tj and V, is
shownin Fig. 1(b). Finaly, thefitting function of T; can be
summarized following formula,

4 _ .
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The above analytical method without non-linear least
square fitting enables us to calculate T; rapidly with the
filter CXRS system.

Real-time processor (RTP) system in JT-60 has been
improved in order to apply the filter CXRS system to the
real-time measurement of the radial profile of T; [7]. Fig-
ure 2 shows the time chart of the data processing in RTP.
To prevent the scattering of T;, the raw data acquired in
an analog-digital cornverter (ADC) is averaged for 60 ms
(600poaints). In this system, four spatial points of T; can
be calculated using the fitting functions. These processes
are managed in less than 5ms and the obtained T; profile
is transferred to the discharge control system of JT-60U,
Zenkei, in every 10ms. The detailed radial profile of T;
and V; is measured with the conventional CXRS system
using the monochromator and the CCD camera[8].

3. Feedback Control of lon Tempera-
ture Gradient
The control scheme of grad-T; is described asfollows:
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Fig. 3 Dependence of the ion temperature gradient on the NB
heating power in the ELMy H-mode discharge at 1,/B; =
1.OMA/2.67T and ne = 2.0-2.4x 109 m3.

(i) By use of the real-time measurement system of T; pro-
file with the filter CXRS system, the gradient of observed
T; between two spatial positions (ATcxr/AR) is compared
with the pre-programmed reference value (ATrer/AR). (ii)
In order to control grad-T;, wetry to change the heating de-
position profiles using NB injections. Several units of NB
are categorized into two groups; core and edge heating de-
positions. One of the NB units for the base plasma heating
is also used for the CXRS diagnostic. The number of NB
unitsis determined as,

Ucore = Ggore AT (t)
AT () — AT (t — AY)

Core
+Gp At 3
Ukdge = G % AT (t)
. ngge AT (t) — AT (t — At) @

At
where U, Gp, Gp and AT (t) are the number of NB units,
proportional gain, differential gain and the difference of
grad-T; between the measurement and reference values
(i.e. ATrer/AR — ATcxr/AR) @t time t, respectively. The
subscripts or superscripts of “Core”’ and “Edge” mean the
core and edge NB heating depositions, respectively. The
first term of the formula shows that the NB units for core
or edge heating are determined according to the deviation
from the reference value. The second term is used to re-
strict the rapid change in AT in the case of the overshoot
or undershoot of grad-T; by the change in the NB heating
power.

Prior to the feedback control experiment of grad-T;,
we investigated the target range of grad-T; from the power
scan experiment obtained in JT-60U. Figure 3 shows the
dependence of the grad-T; on the NB heating power (Png).
In this discharge, Pyg Was increased step by step in the
ELMy H-mode plasmaat 1,/B; = 1.0 MA/2.67 T, where
Ip and By are the plasma current and the magnetic field
strength, respectively. One unit of NB almost corresponds
to the injection power of 2MW. Grad-T; at the core re-
gion between p = 0.14 and 0.26 increased with Pyg and
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Fig.4 Time evolution of the plasma stored energy, the NB
power for core, edge and base heating, the ion temper-
ature and the ion temperature gradient of the reference
value and measurement obtained in the real-time feed-
back control experiment of ion temperature gradient.

amost saturated above 10 MW. It was found that the grad-
T; also increased as close to the center position. The re-
sult shows that the NB power of 10 or 12MW (i.e. five
or six NB units) are needed to obtain the grad-T; around
—7~-9keV/m at theradial position from p = 0.26 to 0.47.
In that case, theratio of the core NB power to thetotal NB
power was around 0.2.

The demonstration of grad-T; feedback control ex-
periment is shown in Fig.4 observed in the ELMy H-
mode plasmas &t |p,/B; = 1.0MA/2.27T. In this exper-
iment, the reference value of the temperature gradient
ATgrer/AR was pre-programmed to be in the range from
—6.9 to —2.8keV/m at the measurement positions between
p = 0.26 to 0.65. The maximum NB units for the base,
core and edge heating was 3 (= 6 MW) each other. We
adopted the same proportional gain by 1.2 for core and
edge heating, that is, the minimum value of the controllable
grad-T; was equivalent to +0.8 keV/m and the total NB unit
for core and edge heating was kept constant. As shown in
Fig. 4, the core and edge NB heating was controlled in real
time according to the difference in grad-T;. In the earlier
phase, measured gradient ATcxr/AR reached to the ref-
erence value at 5.5sec as ITB grew, and ATcxr/AR was
almost controlled to the reference in the ramp down phase.
In the ramp-up phase after 7.2sec, however, ATcxr/AR
did not recover up to the reference.

To clarify the transient response of the grad-T; on the
heating, the relation between grad-T; and the ratio of the
core NB power to the total NB power (PS¢/Plod) js ex-
amined. Figure 5 shows the time history of grad-T; at ITB
between p = 0.25 and 0.45 deduced from the CCD CXRS
system as a function of P$%e/PI% in the phases of ramp-
down (54s < t < 6.09) and ramp-up (6.8s< t < 7.49).
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Fig. 5 Time history of the ion temperature gradient at ITB asa
function of the NB core heating efficiency.

In the ramp-down phase, grad-T; decreased with decreas-
ing the core heating efficiency. In the ramp-up phasg, it did
not recover to the initia condition even in the same core
heating fraction, because increase in core T; was insuffi-
cient as shown in Fig. 4. This phenomenon is ascribed to
the degradation of ITB or the deterioration of the plasma
transport due to the change in the heating deposition pro-
file after the ramp-down of grad-T;. Although the transport
analysishas not been carried out yet, the degradation of the
global confinement was expected from the beam absorp-
tion analysis. That is, the stored energy decreased about
10% after the ramp-down of grad-T;, however, the reduc-
tionin the NB absorption power in thelow grad-T; phase at
t = 6.8swaslessthan 5% of that at t = 5.2s (high grad-T;
phase). The recovery of the grad-Ti may be prevented by
the change in the confinement. An MHD activity rotating
with the plasma rotation was destabilized after t = 5.5s,
which was one of the reasons for the confinement degra-
dation. The histeresis-like characteristics of grad-T; shows
theincrease in the central T; using the additiona core heat-
ing isrequired to recover the grad-T; in the case where I TB
was degraded.

4. Issue and Future Plan

In this study, the grad-T; was determined from the
temperature differences between only two locations. In or-
der to select the suitable location of the target gradient to
be controlled, the measurement points of T; should beim-
proved. The combination of the feedback controls for cen-
tral T; and grad-T; is one of the ways to control deterio-
rated grad-T;, because the recovery of central T; may im-
prove the transport. To clarify the profile controllability on
the heating actuators, further experiment and analysis are
needed with respect to therel ation of time scales of grad-T;
toward the change in the heating deposition profile.
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