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Fast changes of electric potential with different
polarities are observed during sawtooth oscillation in a
core region of a tokamak plasma using a heavy ion beam
probe. The potential change inside the inversion radius
is found to be positive. The change is negative outside
the inversion radius and shows clearly a propagation
nature. The observed potential can be interpreted by the
mixture of the potentials of two origins. Cne of them
drives the fast MHD plasma motion through E/B drift and
the other is a barrier potential induced by mixing of

hot and cold plasmas at sawtooth crash.
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A periodic crash of the central electron
temperature called sawtooth oscillation is a common
feature of tokamak plasmas.l'5) After the crash, the
flattening of the pressure throughout the g=1 surface is
observed. Kadomtsev proposed a theoretical model of the
resistive reconnection.’) The theory predicted the
flattening of the g-profile as well as the pressure
profile inside the g=1 surface. The prediction was,
however, found to be in contradiction with the recent
measurement of the current density in tokamak plasmas.s)
In addition, the experiment in large machines such as
JET and TFTR showed much faster crashes than the
prediction by the resistive reconnection.3r%4,3) More
refined theories taking account of the kinetic effect
and ergodicity on the reconnections, are now
proposed.?s10) In this paper, we report the first
measurement of potential changes during sawtooth
oscillations and discuss the implications of the
results,

The experiment is performed at JIPP T-IIU
tokamak.1ll) Major radius is 93 cm and the maximum
toroidal field is 3 Tesla. The experiment is conducted
at a relatively low electron density of about 2x1033/cm3
for good beam penetration into the center of the plasma.
The thallium icn beam with the energy of 450 keV is
injected into the tokamak as a heavy ion beam probing

(HIBP) .12,13,14) The HIBP setup is similar to that in
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TEXT tokamakiB} . Intensity and change of energy of the
secondary beam (T1%t") produced in a tokamak plasma are
measured by a parailel—plate analyzer in order to study
the local density and the local potential.

The basic principle of the potential measurement by
HIBP was proposed by R.L.Hickok et al.l®) and is
illustrated in Fig.la. The amouni o©of the change in a
total kinetic energy of the secondary beam detected at
an energy analyzer is the local plasma potential where
the ionization of a primary beam takes place, if the
change c¢f the beam energy due tc the electric field
caused by the time derivative of a vecter potential
da/dt, is negligible. Since in low-B plilasmas like
tokamak plasmas, perturbed A is parallel to an
equilibrium magnetic fieldl”?) and is nearly
perpendicular to the trajectory c¢f the probing beam in
our experiment. It does not, therefore, affect the beam
energy. The change in the beam energy even in the MHD
time scale is due to an electrostatic petential at the
ionization point. The current-profile change induces,
however, the change of a toroidal deflection angle and
an out-of-plane entrance angle (8®Wen) to the analyzer.
Since a parallel-plate analyzer measures the energy of
the movement parallel to the analyzer plane (the plane
of symmetry of the analyzer) instead of a total kinetic
enerqgy, the current-profile change causes the errcr of
—S{Vbsinz(men)} = —2Vbsin(men,o)cos(men,o)amen in the

potential measurement,13rl4} where Vp 1s the primary
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beam energy and Wen,c is the out-of entrance angle
before the crash. Since this error changes sign as ®en, o
changes sign, we can estimate the magnitude of this
error by conducting the measurements at various wvalues
of ®en,o through changing the toroidal angle of the
analyzer plane.

The birth place of the secondary ions T17T that go
out of the plasma and pass through an input slit of the
energy analyzer, 1s the point of measurement {sample
volume) . It can be swept across a plasma cross-section
by sweeping an injection angle to the tokamak as shown
in Fig.lb. A small change of the energy i1s measured by
the parallel-plate analyzer in terms cf the normalized
difference (ND) of secondary beam currents to upper and
lower detector plates (Iy, Id4), where, ND={I;-

Iq) / (Iu+Tq) .13-14,16) The conversion rate of ND to
plasma potential is about 1 kV/ND in the case of 450 keV
beam. Figure 1b shows trajectories of 450 kV thallium
beams at the tcorcidal field of 3 Tesla and points of
measurement (sample volume A, B and C) in this
experiment. A 1l0-channel ECE polychromator and §-channel
¥—-ray plin-dicde horizontal arrays are used for the study
of sawtooeth oscillaticon. Because of a relatively small
number cf detectors of ECE and soft x-ray a tomographic
analyvsis cof the change in magnetic configurations inside
the g=1 surface is rather difficult.

Figure 2 shows typical fast changes of the

pctential at A, B and C shown in Fig.lb. Plasma current
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is about 220 kXA {ggz = 4.5), and in order to increase the
inversion radius, an additional heating by IBW or NBI is
performed. In Fig.2a, very sharp positive changes are
obser%ed at A in Fig.1lb, well inside the inversion layer
of ECE and soft x-ray. At B, near the inversion layer,
mixtures of positive and negative potential pulse are
ocbserved as shown in Fig.2b. At C, cutside the inversion
radius, negative potential pulses are observed in
Fig.2c. In order to check how ND is affected by the beam
deflection due to the current-preofile change at
sawtooth, we measured KD under various cut-cf-plane
entrance angles by changing the analyzer plane
toroidally. Since the same characteristics of fast
changes at sawtooth cscillation were obtained, we can
conclude that the current-profile change at the sawtooth
crash does not contribute much to the change of ND and
the change of ND records the change of the local plasma
potential.

We found by ECE and x-ray measurements that the
polarity of fast potential changes in Fig.Zb (near the
inversion layer) depends on the direction of the fast
movement3s3:6) of a hot core just before a rapid decay
of the electron temperature. Figure 3 shows expanded
views of the plasma potential at B, and signals of 3
sawtoothing ECE channels. Horizontal (radial) movements
of the hot core can be measured by ECE measurement if we
assume an n=1/m=1 structure cf the perturbation. Before

sawtooth crashes, n=1/m=1 oscillations are ocbserved to
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grow. During the n=1/m=1 oscillations, a radial
{outwards) fast movement of the het core is observed in
the case of Fig.3a. In this case a negative change of
the potential is observed. In Fig.3b, the movement of
the hot core is inwards and a positive potential pulse
is cbserved. We can conclude that if a fast adiabatic
mcvement of the hot core before the crash is towards the
point of measurement, the potential change is positive
and vice versa, taking intc consideration that the ECE
and HIBP measurements are separated toroidally by 120
degrees. Since the pulse length of a fast potential
change is about 1/3 of the period of the n=1/m=1
oscillation, a potential pulse at B is modulated by the
oscillation and is often followed by a pulse of
different pclarity depending on the angle of the
adiabatic motion, as shown in Fig.3b.

In reduced MHD eguations plasma motiocon

perpendicular to the magnetic field wv|, is described by

dyyp through v = ExB/BZ where E=-V®yugp. In a sawtooth

crash, the theories predict the potential which causes
rather uniform shift inside the g=1 surface.’r10,17) The
maximum MHD potential ®dmpp occurs near the inversion
radius and may be estimated by the ®Myup = v |XBtXrinv-

At the fast adiabatic motion just before the crash at
Fig.3b, the estimated maximum potential is dmup =
~100eV. The experimentally observed potential at the
adiabatic shift is in rough agreement in magnitude and

polarity although it is complicated because of the
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n=1/m=1 oscillation. In case of Fig.3a, the adiabatic
shift is slow and the observed potential is small in
accordance with dmpp. The observed potential reaches,
however, its peak where the crash is completed and there
is presumably no MHD motion. In addition, the predicted
MHD potential near the magnetic axis may be small and
change its polarity depending on the direction of the
fast movement in contradiction with the observed
behavicur at A. Accordingly, we conclude that observed
fast changes of a potential are the mixtures of a MHD
potential dmyp and a transient ambipclar potential
along the magnetic line of force (barrier potential),
caused by the mixing of a hot core inside the g=1
surface with a cold plasma through the reconnection cor
enhanced ergodicity at the crash.

The larger number of electrons of the hotter and
denser plasma diffuse through destroyved magnetic
surfaces into the region of cold plasma, changing a
local space potential (formation of barrier potential).
The region of higher pressure (A) will become positive
and celd region (C) will be negative in accordance with
experimental results. The predicted MHD potential is
small and the observed potentiazl is dominated by the
barrier potential at both regions. This is the effect
which can not be predicted by the one-fluid-reduced-MHD
equations.

The change of the potential during the intervals of

crashes shown in Fig.2 is small compared with the fast



potential changes. This means that the potential profile
inside the g=1 surface is rather flat and the cbserved
fast change of the potential is not due to the mixing of
the plasmas with different space potentials at the
sawtooth crashes. The formation ©of a large change of a
space potential along a magnetic line of force in
different plasmas separated by magnetic mirrors, plug or
thermal barrier potential, is the target of intensive
researches in mirror cconfinement experiment.zo) This
experiment is the first cbservation c¢f a change of space
potential due to the interaction of plasmas with
different pressures in a torus experiment, where the
mirror ratico is very small. The formation of an
electrostatic potential barrier in plasmas with
different pressures buried in the uniform magnetic field
was observed at a linear steady-state plasma
experiment.zl) The polarities of the potential agree
with our results. The maximum change of the potential
after the crash {barrier potential) is about 100-200 V
and is approximately the same with the change ©f the
electron temperature measured by YAG Thomson scattering
and ECE measurement; Te,vYac(0) = 1.2 keV and

ATe  mCE(0) /Te,ECE(0) = 0.1. Since the observed potential
barrier is small ccompared to the electron temperature,
the effect of this barrier potential on an electron heat
flow may be small in these low-density plasmas. If the
plasma density is higher and the density peaking is

larger, the barrier potential may be deminated by the

— 8 —




difference of the densities across the inversion laver
and the potential difference may be order of the
electron temperature, producing large effect on a heat
flow at the crashes.

The fact that the change of a space potential near
the center of the plasma (A) is always positive as shown
in Fig.Za means that A belongs to a hot core and a flow
of electrons and energy from the hot core continues
during the crash. B belongs to the island (reconnected
area) in the case of Fig.3a or belongs to the hot core
(Fig.3b), depending on the directicon of the fast
movement of a hot core. If the total reconnection of
magnetic surfaces predicted by B.B.Kadomtsev ') cccurs, A
will belong to a reconnected area at the final stage of
the decay and the observed potential will be negative,
since A 1is near the plasma center. The positive change
of potential at A suggests that the magnetic
configurations continue to be displaced nested surfaces
with an island and A stays in a core region during the
whole decay of the temperature. The same conclusion was
obtained in the detailed tomographic study of the
sawtooth in WT-3 tokamak.®) This was also suggested in
the observation of the small change in g profiles before
and after the sawtooth oscillations.®) The rapid heat
flow in sawtooth may be caused by the enhanced
ergodization suggested by A. J. Lichtenberg et al.9)
These fast changes in potential are observed in OH, NBI-

heated and IBW-heated plasmas.
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Figure 4 shows expanded views of a plasma potential
and the ECE signal at the plasma center, when the sample
volume is outside the inversion layer, (C). The
potential change shows a clear delay time and a sharp
fall in contrast to the diffusive natures??) of the ECE
and soft x-ray signals in sawtooth propagation. The
magnitude of the delay time in poctential change is
similar to the ECE measurement in sawteeth propagation
as shown in Fig. 5. The reascn for a sharp fall in the
potential is not clear and a detailed study is impeded
by the noise of the signals due to the ripple of the
analyzer voltage.

The potential signal in Fig.4 shows no change at
the time of crash of ECE signals in the center. The
trajectory of the secondary beam of C, crosses the
inversion layer and may be influenced by the change of
the vector potential dA/dt. This result, therefore,
shows that the influence of dA/dt on the potential
measurement is negligible.

In summary, & fast potential change is observed at
sawtooth crash and explained by the mixture of a fast
potential which drives the rapid plasmea meotion and a
barrier potential by the mixing of hot and cold plasmas.
The observed potential change near the axis is
comparable to the change of the electron temperature at
the c¢rash and may not have a significant effect om the
heat flow in this experiment. Its effect may be large in

the plasma where the density peaking is significant and



the difference ¢f the plasma density across the
inversion layer is large. The detailed study suggests
the partial reconnection and the enhanced ergodization
of the magnetic surface during the crashes.
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Figure Captions

Figure 1. a) Basic principle of potential measurement in
the plasma by a heavy ion beam probe. If the electric
field is purely electrostatic, the change in the
secondary beam energy coincides with the local plasma
potential at the place where the icnization takes place.
ry in the figure is the place where the icnization takes
place . b) Trajectories of primary and secondary beam
detected by the analyzer. Positicns of the sample
volumes A,B and C and sawtooth inversion circle are also

shown.

Figure 2. Typical changes of ND (the difference of the
upper and lower detector currents, normalized by the
sum) at three positions of sample volumes { A,B and C on
Fig.lb). rinv is the sawtooth inversion radius. Figure
2a, 2b and 2c correspnd to A, B, and C respectively.

The conversion ratic from ND to the change in the plasma
potential is about 1 kV/ND. Also the enlarged signals of

the central ECE emission are shown for reference.

Figure 3. The expanded views of ND (potential) of Fig.2b
and signals of 3 positively sawtoothing ECE channels at
sample volume B near the inverison radius. Vertical
scales of ECE signals are in arbitrary unit. (a) Case of
a negative potential change. (b) Case of & positive

potential change.



Figure 4. The expanded time behaviours of ND, (a) and
ECE center channel (b), in case of Fig.2c showing the

propagating nature of the potential pulse.

Figure 5. Delay time of the potential pulse to the decay
of the center ECE channel at the crash as shown in Fig.
4, versus position of sample volume. + shows the delay

time observed by ECE signal.
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