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Two dimensiomal (2-D) images of electron temperature fluctuations with high temporal and spatial resolution
have been employed to study the sawtooth oscillatiorir{ = 1/1 mode) in Toroidal EXperiment for Technology
Oriented Research (TEXTOR) tokamak plasmas. 2-D imaging data revealed new physics which were not avail-
able in previous studies based on the 1-D electron temperature measurement and X-ray tomography. A review
of the physics of the sawtooth oscillation is given by corafige studies with prominent theoretical models and
suggests that a new physics paradigm is needed to thesttr® reconnection physics of the sawtooth oscillation.
The new insights are: A pressure driven instability (not a ballooning mode) leads to the “X-point” reconnection
process. The reconnection procesilentified as a random 3-D local recaution process with a helical struc-
ture. The reconnection time scale is similar faffelient types of sawtooth oscillation (“kink” and “tearing” type)
and is significantly faster than the resistive time scédeat flow from the core to #houtside of the inversion
radius during the reconnection process is highly collective rather than stochastic.
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1. Introduction

Technology advances in mm-waves and signal pro-
cessing have enabled the development of a microwave
“camera” system [imaging system] which can provide high
time resolution 2-D images daflectron temperature fluc-
tuations. 2-D images of theeatron temperature fluctua-
tions measured by an electron cyclotron emission imaging
(ECEI) system [1] have been used to study the physics of
the sawtooth oscillation (f/n = 1/1") in TEXTOR. The
sawtooth oscillation common in tokamak plasmas, while
benign in moderate beta plasmas, is potentially harmful in
future fusion grade plasmas [2], if the growth of this mode
is not controlled. In order to identify the control mecha-
nism(s), itis thus imperative to have a better understanding
of the underlying physics of thsaawtooth oscillation. The
observed 2-D ECE images are directly compared with the
predided 2-D pattern of the prominent theoretical models
for the sawtooth oscillation: théull reconnection [3, 4],
guasi-interchange [5], andballooning mode [6, 7] models.
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The time evolution of the growttlecay of the islantiot
spot before the crash and the heat flow pattern after the
crash resembles that of tifigl reconnection model; how-
ever, the econnection process is not helically symmetric
and the crash time is not even close to the resistive time
scale. The fact that the time evolution of the 2-D images of
the hot spofisland observe at thehigh field side does not
resemble those from thaeiasi-interchange model suggests
that pressure driven instabilities are dominant over mag-
netic instabilities for the crash mechanism of the sawtooth
oillation. The image of the initial reconnection process at
the low field side is similar to the pressure driven instability
of the ballooning mode model; however, theimilar crash
pattern argues against this model. Here, the global stochas-
ticity of the magnetic field line may not be the dominant
mechanism for the transporttie coreheat, since the heat
transfer is highly collectiveluring the reconnection time.
The earlier 3-D localized reconnection model [6, 7] based
on the ballooning mode only inhibits in the lower field side.
Further aalysis of the crash pattern employing the plasma
rotetion clarifies that the crash pattern is toroidally local-
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ized and has no preferred spatial location along the inver- spectively. The fundamentals of the ECE process are well
sion ralius. Other types of pressure driven modes such as established and have been routinely utilized to measure lo-
the interchage mode should be considered as candidates cal electron temperatures in fusion plasmas [8,9]. In a 2-D

for thereconnection of the sawtooth oscillation.

2. Electron Cyclotron Emission |mag-
ing (ECEI) Systemson TEXTOR

In magnetized plasmas, the electron gyro motion re-
sults in emission of radiation at the electron cyclotron fre-
quency and its harmoniase,e = €B/me, whereB is the
applied magnetic field strengtb,is the electron charge,
and me is the electron mass. In optically thick plasmas
where the electron density and temperature afigcgently
high, the radiation intensity approaches that of black body
emission where the intensity is directly proportional to the

electron cyclotron imaging (ECEI) system, the single an-
tenna of a conventional 1-Eadiometer is replaced by an
array of antennas as shown with the optical design of the
system in Fig. 1. Here, large collection optics are required
to project high resolution images of the local electron tem-
perature emission onto sensitive 1-D arrays through ad-
vances in array technology with well defined antenna pat-
terns and state-ofie-art wide band radio frequency (RF)
and intermediate frequency (lElectronics as described in
detal in Ref [10].
A protatype system [1] hasden developed for the

TEXTOR tokamak plasma. The system has 16 (verti-
cal)x 8 (horizontal) sampling volumes arranged in a 2-D

local electron temperature. In tokamak plasmas, the ECE matrix of 16 cm (verticalx 7 cm(radial) withatime reso-
frequency has a spatial dependence due to the radial de- |ution of ~5usec. The fluctuation quantities are relatively

pendence of the applied toroidal magnetic fi@(R) =
BoRy/R, whereR, and B, are the geometric center and

the magnetic field strength at the center of the plasma, re-

calibrated to the averaged value obtained with a long inte-
grdion time and the intensity of the images is represented
by 6Te/(Te), whereT, is the electron temperature ard

ECE Imaging
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Fig. 1 (a) Conceptual schematic of the microwave camera system on TEXTOR where the vertical sample volume is imaged on the 1-D
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array (b) Optical design of the Microwave &ging system where the focal depth is cotied by the adjustable lens so that the

images can be measured at various locations along the horizontal plane. The target plasma is concentric and magnetic field strength

falls as function (IR). The left half of the plasma in Fig. (a) with the smalRis the high field side and that with the lardeis

low field side.
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1/1 mode (yellowish green color) during precursor time is given

in frames 1 to 4. The distortion of the/n = 1/1 mode is an indication of the initiation ohé reconnection due to the pressure
driven mode as shown in frames 5-7. The island is fully recovered tife crash (frame 8). In this case, the plasma rotation speed

is estimated as- 8 x 10* my/sec.

is the time average. Diamagnetic and poloiddtets are
negligble in this experiment.

3. Experimental Results

The TEXTOR tokamak plasma has a circular shape
with a major ralius of 175 cm and a minor radius of 46 cm.
The range of toroidal magnetic field in the present work
was 19-2.4T and the corresponding plasma current was
< 305KA. The H plasma is heated with energetic neutral
beamsDg, ~50 keV, up to 3 MW) in order to maximize the
temperature fluctuation of the sawtooth oscillation as well
as to control plasma rotation (by varying the ratio of co-
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to counter injection with respect to the direction of plasma
current. The key plasma parameters were as follows: the
central electron density andrhperature range from 1.5 to
2.5x 10*m2 and from 1.2 to 1.6 keV, respectively. The
corresponding peak toroidal beta-i$.0 % and the average
poloidal beta is between 0.3 and 0.5. The toroidal rotation
of the dasma varied from- 1 x 10* m/s to~ 8x 10% ns.

The speed of a thermal electron 4s 6x 10" nys. The
Alfv'en and ion acoustic speeds are 50° and 7x 10° s,
respectively. Using plasma parameters close to the inver-
sion radius, the calculated characteristic reconnection time
(t¢ = ﬂ‘rr) is ~700us, wherer, is the Alfvén time near
the inversion radius antj is resistive time.
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(b)
Island

Fig. 3 Direct comparison of the 2-D image of the island (cold spot as shown in bluahand mode (hot spot as shown in yellowish

color) with the simulation result from (a) the full reconnection mode (by Kadomtsev) and (b) quasi-interchange model (by Wesson).
The pattern appears in good agreement with the full reconnection model but grossly disagrees with the quasi-interchange model.

Color scale is thsame as in Fig. 2.

In Fig. 2, the growth of thésland and evolution of the
hot spot in the fast rotatinglgsma are characteristics of
the tearing type instability proposed by the full reconnec-
tion model where the presence of the island (precursor) is
an indication of the occurrence of the helically symmetric
reconnection process (i.e., development ofithe 1 mode
fromm = 0 mock forn = 1). In this model, the heat from
them = 1 mode and cold plasma frooutside the inversion

lation [11-13]: thefull reconnection, quasi-interchange,
andballooning mode models. The pattern of the island and
hot spot obtained during the precursor oscillation provide
an opportunity to directly compare the shape of the island
and hot spot with the expected simulation results from the
full reconnection and quasi-interchange models as illus-
trated in Fig. 3. For the tefmg type of the sawtooth os-
cillation, the growth of the island that is evident in the 2-D

radius is exchanged through an elongated current sheetimage though the plasma rotation (appears as a precur-

similar to the Sweet-Parker model as illustrated in earlier
simulation based on single MHD fluid model where the
hot spot diminishes as the island is fully occupied through
a long reconnection time (resistive time scale). This is con-
trast to the fact that there is no clear indication of the heat
exchange until the distortion of then = 1 mode is @vel-
oped as shown in frames 5 to 7. dbbserved di®rtion of
them = 1 mode resembles the “pressure finger” proposed
by the ballooning mode model when the plasma beta is
moderate £ ~1% andB, ~ 0.4). After the cash, while

the stable region (island) is fully occupied, the post-cursor
wasobserved and iis identified asm = 0 mode. In the
ballooning mode model, the finite pressufieet develops

a pressure bulge at the low field side and eventually leads
to the ballooning moel as thepressure gradient increases.
Note that there will be no pressure bulging and ballooning
modes at the high field side due to the total flux conserva-
tion. A striking observation of a similar reconnection pro-
cess at the high field side of the inversion radius concludes
that the cause of the reconnection is not due to a pure bal-
looning mode. A variety of experimental measurement of
2-D ECE images provided an opportunity to compare the
measured 2-D images with the predicted 2-D pattern of
the prominent theoretical models for the sawtooth oscil-

sor) is an indication of theazurrence of the reconnection

in the full reconnection model. The fact that there is no
clear heat flow prior to the presence of the pressure finger
which leads to the puncture of the magnetic field, suggests
a different (or modified) reconnection process for the full
reconnection model. In the course of this study, two types
of the sawtooth oscillation were observed; “tearing type”
and “kink type” and the time scale of the growth of the
pressure finger and reconnection process for both the kink
and tearing type.

The heat flow pattern during the reconnection pro-
cess following the pressure finger is observed to be highly
collective and the flow pattern outside the inversion ra-
dius indicates that accumulation of the heat is symmetric
within the so called “mixing zone” before propagating ra-
dially. After the relativey long growth time 6the idand
(~1.5ms), then = 1 mode entersnto the crash phase. 2-

D images o theinitial crash phase at both the high and low
field side are directly compared with the simulation results
of theballooning mode model from the plasmavith a sim-

ilar poloidal and toroidal beta as illustrated in Fig.4. The
distortion of the sawtooth oscillation, just before the crash
time, occurs in the form of a “pressure finger”, reminis-
cent of the ballooning modaccompanied with the finite
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Low field side crash

High field side crash

Ballooning Model Comparison

Fig. 4 Direct comparison of the 2-D image ¢fet distorted sharp pressure point which leads to the reconnection with those from sim-
ulation is shown. The “pressure finger” of the ballooning mode model (rectangular box in the simulation) at the low field side
is in good agreement with the measured 2-D image (far right) but the observed pressure point at the high field side (far left) is

inconsistent with that of the ballooning mode model (rectangular box in the simulation). Color scale is the same as in Fig. 2.

pressure ffect [14].

In plasmas with a moderate bef, (~ 0.4 andg;(0)
~1%), where the expéments were performed, the level
of the bdlooning modes and global stochasticity of mag-
netic field lines that are strongly coupled with the pressure
sufaces, is moderate compared to those in high beta plas-
mas in the ballooning mode model. The sharp point of the
pressure finger eventually leads to the puncture of the mag-
netic field near the inversion layer and the exhaust of the
heat occurs in a coherent manner through the poloidally lo-
calized hole in the inversion radius similar to the case of a
broken water dam. The observation of the crash at the high
field side clearly suggests that this mode is pressure driven,
but not necessarily a ballooning type mode. Furthermore,
the global stochasticity of the magnetic field may not be
the dominant mechanism forghrangort of the core heat,
since he heat ejection pattern is high collective. The time
evolution of the growtfdecay of the islanthot ot before

theoretical models. In the ballooning mode model, such
discrepancy has been eliminated by introducing a global
magnetic field stochasticity concept so that the core plasma
current does not have to change while the core heat can be
dispersed rapidly. In the previous section, the comparison
study with the ballooning mode model indicated that the
pattern ofthe heat transfer during crash time is highly co-
herent rather than stochastic.

The earlier 3-D localized reconnection model [15]
based on the ballooning modeeglicted that the localized
opening along the helical structure on the toroidal plane
is always localized in the low field side due to the nature
of the ballooning mode. In order to determine whether the
reconnection zone is helita symmetric or helically lo-
calized, at least two imaging systems separated toroidally
are required. The alternative is to utilize the time of flight
method based on the plasma rotation that can be controlled
by the momentum of the heating beam sources. In the ro-

the crash and the heat flow pattern after the crash resemblestating plasma, the time evolution of 2-D images (radial

that of thefull reconnection model. The fact that the time
evolution of the 2-D images of the hot sgistanddoes not
resemble those from thgpiasi-interchange model suggests
that pressure driven instabilities are dominant over mag-
netic instabilities for the crash mechanism of the sawtooth
ogillation. In the full reconnection model, the exent of

the reconnection zone is poloidally localized and the finite
poloidal opening is helically symmetric along the= 1
surface so that the current density within the= 1 mode

is removed though the reconnection process. The change
of the central current density before and after the crash
has been the fundamental of the full reconnection model.
However, the measured cent@balue insde theq = 1
surface did not change significantly from the value before
the crasl16,17]. This discrepancy invoked manyterent

and poloidal view) is equivalent to an extended view along
the tooidal direction. Here the data are from the same
plasma parameters and thereédatively small variation

in rotation speed estimated based on precursor. As illus-
trated in Figs. 2 and 5, the precursor oscillation provides
the time scale of the plasma rotation speed whict8igand

7 x 10* m/sec (toroidal aicumference is-10 m), respec-
tively. The time evolution of the island and hot spot prior to
the crash time in Fig. 5 is quite similar to the images shown
in Fig. 2. However, the reconnection occurred after the last
view of the island (frame 3) and partial images of the re-
connection zone in the lower part of the viewing window
wascaptured in Fig. 5 whereasdhvhole reonnection pro-
cess was captured in Fig. 2. The crash time is defined as
the initial time when the first heat is detected outside of
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Fig. 5 Hfecive toroidd window created by the plasma rotation is illustrated on two dimensional space (poloidal and toroidal). Even the
worstcase of a helically symetric reconnection zone (width efL5 cm) is overlapping with the wdow. During the crash time,
the window capturesnly the lower part of the reconnection zone in the 2D data. Approximately one third of the data does not
show the reconnection zone during the crash time. Color scale is the same as in Fig. 2.

the inversionradius and the final time when the heat has
been migrated to the outside of the inversion radius. Thus,
a mnservative crash time could be approximate80us

and the toroidal extent of the window becomes approxi-
matdy ~ 650 cm wide. Even though the vertical view of
the image is~16 cm, the &ective opening along the in-
version rails can be~30cm, since theidection of the
escaping heat can be detected along the upper and lower
part of the radial windows.

In Fig. 5, the poloidal and toroidal extent of the win-
dow is mapped onto the two dimensional space spanned by
thepoloidal and toroidal surface of the inversion radius to-
gether vith two extreme examples of helically symmetric
reconnection zones. In the worst case of the helically sym-
metiic reconnection zone, a brief view{3us) of the re-
connection zone (overlapping zones between red and green
color in Fig.5) in the upper and lower sides of the win-
dow. The images in Fig. 5 only captured the reconnection
zone for a brief moment~20us) at the dwer partof the
window, while images in Fig. 2 capture most of the recon-
nection process. For every single crash event, the recon-
nection zone should be captured by the extended window
view and the captured 2-D image can thus range from a
partial view for a brief momenb a full view for the entire
crash time £90us) in the case of a helically symmetric re-
connection process. Statistically, one third of the total ob-
servedcrash events~40) for the window shown in Figs. 2
and 5 did not observe any signature of reconnection zone
before the heat is accumulated in the mixing zone. This ob-
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servationcan be explained only if the reconnection zone is
not helically synmetric. Randomnesg the pattial view of

the reconnection zone whenwvilas captured in the image
suggests that the reconnection process must be random in
toroidal direction and has to be along the helical structure.
Therefore, the entire poess can be a random 3-D local
reconnection process whereas the previously proposed one
is 3-D local reconnection ttas confined at the low field
side. Furthermore the extent of the reconnection zone is
estimated as a 1/3 of the tdal toroidal length.

4. Conclusion

In this review, visualization of the reconnection pro-
cess of the sawtooth oscillation has significantly improved
the understanding of the complexity of the physics of the
sawtooth oscillation through comparative study with the
prominent theoretical models. The study suggests that the
common cause of the reconnection process is a pressure
driven mode in both the kink and tearing type of the saw-
tooth oscillation and that an alternative pressure driven
type of mode which can lead to the rupture of the mag-
netic surface along thaversion radius without preference
of magnetic field sides should be considered. The toroidal
localization of the reconnection zone is demonstrated to
be random along the helical inversion radius andfiteds
from the earlier 3-D local reconnection model in which the
reconnection zone is confined to the lower field side only.
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