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A miniature multichord soft-x-ray detection system has been installed on the Madison Symmetric
Torus (MST) reversed-field pinch to study the plasma equilibrium and fluctuation properties of
standard- and improved-confinement discharges. Because of the relatively flat MST density and
temperature profiles, the spatial resolution is relatively poor along the line of sight. However, the
system can resolve line-integrated-emissivity fluctuations which are strongly correlated with the
rotating m=1 global magnetic fluctuations as well as heat pulse propagation with edge-resonant
m=0 bursts during improved-confinement discharges. Abel inversion based on Park’s inversion
techniques indicates peaking of the equilibrium emissivity profile following sawtooth events during
standard discharges and profile flattening after=0 bursts during improved-confinement
discharges. ©2003 American Institute of Physic§DOI: 10.1063/1.1537875

I. INTRODUCTION It is important to measure equilibrium and fluctuating
profiles to gain insight into the physics underlying many im-
MHD activity associated witm=1 andm=0 fluctua-  portant issues in a RFP, such as MHD instabilities and their
tions in a reversed-fielq pinchFFb is influenced by pres- _effect on the energy confinement. As a new addition to the
sure and current—density profiles. The MHD phenomena iy, s giagnostic tools employed on the MST, a soft-x-ray

an RFP are also responsible for driving poloidal current, 'n'(SXR) tomography system has recently been developed at

ducing a reversed toroidal magnetic field and leading theConsorzio RFX to obtain the SXR emission profiles in the

system to relax to a minimum-energy stable state. The MH - : .
ystem . nergy . [?VIST plasma. The initial operation of a single fan array has
activity is also accompanied by increased particle and energ

transport. In the Madison Symmetric Tor(MdST) reversed- gucpes_sfully provided MHD proper_tles associated ml

field pinch (major radiusR=1.5 m, minor radiusa=0.52 o§C|IIat|ons, sawtooth events.durlng star?dard-confmement
m), efforts have been made to tailor the parallel currentdischarges, anch=0 bursts during PPCD discharges.

profile with inductive auxiliary current drive. Pulsed parallel ~ We describe the SXR detection array used on MST in
current drive(PPCD? inductively modifies the current pro- Sec. Il. Then, we present some experimental results in Sec.
file, suppresses sawtooth crashes, reduces magnetic fluctull- concentrating on the features of the SXR signals associ-
tions, and significantly improves the energy confinement irated with MHD activity. In Sec. IV we provide some con-
MST:2 cluding discussion.
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FIG. 1. Lines of sight of the SXR detector array in the MST reversed-field 7
pinch. The diamonds indicate the centers of the lines of sight. The thick g
lines depict the regions that contribute 50% of the brightness for a simulated :,’
profile. a
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; ; ; IG. 2. Discharge current and SXR signals from different SXR diodes dur-
The SXR detection camera, deSIQHed and fabricated b g a 400 kA standard dischargshot No.: 1 020 302 037 refer to Fig. 1

the INFM-RFX Group within the framework of the INFM- ¢/ diode chords.
PAIS Project “SOFTCAM,” consists of an IRD
AXUV-20EL* diode array with 20 diodes, a pinhole image
slit, and a beryllium filter of a chosen thickne#gpically 16  the localization of the SXR measurements is better if more
um). The miniature design allows the camera to be insertedeaked density and temperature profiles are assumed for the
through a small vertical port on MST. The lines of sight form Same camera configuration. Although the measured SXR sig-
a fan array. The plasma sampled by each diode has a radigfls are by no means localized, the signals are heavily
spread of~5 cm at the midplane of MST and a toroidal weighted towards the high-plasma-thermal-pressure region.
spread of 41 cm. Therefore, half of each line of sight over-This allows identification of some long wavelength global
laps adjacent lines of sight. Utilizing only every other diodePlasma structures associated with MHD activity using only
in the array, there is no overlap in the diode sampling vol-one array without performing inversion. An irregular emis-
umes. We typ|ca||y use 12 diodes in the array, Covering mos$i0n structure in the plasma with a radial/pC)lOidal extent
of the p|asma Cross section. Figure 1 shows the geometry &ven smaller than the thick lines in Flg 1 may be identified
the fan array, using every other diode in the array, on a posince 10% variations in the brightnedme-integrated emis-
loidal cross section. The Shafranov-shifted magnetic surfacesVity) signal can be easily distinguished.
are also depicted.

The SXR emissivity depends on plasma electron density!l- EXPERIMENTAL RESULTS
temperature, and impurity concentration. In order to estimate | this section we will describe the features of the SXR

the resolution along each line of sight, we have simulatedignals and their possible relation to MHD activity.
bremsstrahlung radiation from a pure hydrogen plasma, the

x-ray absorption of the beryllium filter, and the electron den-A
sity, and temperature profiles. The density and temperature Figure 2 depicts waveforms of plasma current and SXR
profiles are expressed in the following equations: signals during a standard-confinement 400 kA discharge in
r\8 r\4 MST. Traces aréfrom top): plasma current,, SXR signal
1—(— —) , of diode 11, D11, near the Shafranov-shifted plasma center
a a (see also Fig. 11 and three expanded SXR signals D7, D11,
wherer is the minor radial coordinat&=0.52 m is the mi- and D15 for diodes 7, 11, and 15, respectively, to emphasize
nor radius of MST, anathy=1x 10" cm 3 (T,,=400 eV} is the fluctuating part of the signals. During the discharge, the
the density(temperaturgat r=0. In Fig. 1, the thick lines SXR signal D11 shows sawtooth features: it decreases
superimposed on the lines of sight represent the central posharply, recovers slowly, and decreases sharply again. All the

tion of the line of sight that contributes 50% of the line- other SXR diodes signals exhibit the same behavior. The
integrated emissivity. The simulations have also shown thasawtooth crash corresponds to magnetic reconnection. The

. Brightness fluctuations

n:no y Te:TeO 1-
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FIG. 3. Discharge current and SXR signals during a 400 kA PPCD dis- 0.0 | . | . | . | ) |
charge(shot No.: 1 020 304 050refer to Fig. 1 for diode chords. —40 —-20 0 20 40

x {cm)

SUd_de_n drop in the SXR brightness at the SaWtPOth crash Ho. 4. (a) Line-integrated andb) inverted SXR emission profiles at dif-
an indicator of the confinement degradation, which has beefarent times in a standard-confinement dischdsget No.: 1 020 302 037
measured with other diagnostics. A sawtooth crash occurs just before 14 ms.
The expanded traces of D7 and D15, with centers of
their lines of sight on the two sides of the Shafranov shifted
centers, show nearly sinusoidal oscillations withl80° _ . .
phase shift. The oscillation frequency is around 10 kHz. Th ood confmement after the purst. The b“ght”ess of the in-
signal of diode 11 near the shifted plasma center oscillates _ard edge diode channels 1, 3, and 5 increases, and the
twice the frequency of the off-center channels. This fre- rlght_ness of o_ther diode ghannels_ decreases after. the burst.
quency doubling results from the rotation of a bright, off- The tlme.at which the maximum brlghtqess_ occurs increases
o- Progressively for D5, D3, and D1, indicating radially out-

ward heat pulse propagation. This phenomenon is similar to
éhe sawtooth oscillations observed in the tokamak core re-
%ion and the inverted oscillations in the edge region. Using a

eat pulse propagation model developed for tokamaks,
electron thermal diffusion coefficient during tine=0 burst

is roughly 100 rd/s in the regiorr~30 cm.

center, helical structure® These oscillations are highly ¢
herent, at the fundamental frequen@0 kHz in this casg
with the magnetic fluctuations detected by pickup coils at th
plasma boundary, indicating that the magnetic fluctuation
are closely related to the plasma temperature and density.

B. Heat pulse propagation

Figure 3 shows the waveforms from a 400 kA PPCDC' Equilibrium emissivity profiles

discharge. The expanded traces for SXR signals D10, D7, Abel inversion based on Parker’s metAdsiused to ob-
and D5 are low-pass filtere(D.3 kH2 to emphasize the tain SXR emissivity profiles. Parker’s method includes the
overall signal change after tre=0 burst att=15.8 ms. The  Shafranov shift, assumes up—down symmetry, and can be
maximum SXR signal for D11 for this discharge is four applied to parallel vertical chords only. In our inversion al-
times larger than that of the discharge shown in Fig. 2, indi-gorithm, the fan array geometry has been included. Instead
cating significantly higher electron temperatufgonstant of assuming up—down symmetry, the total path length of the
density is controlled by gas puffihg line of sight, which twice enters a zone between two dividing
Unlike the standard-plasma sawtooth events duringircles, is included in the equation $&t=3L;&;, whereB,

which the SXR brightness decreases by more than 80% peis the brightness detected by diodel;; is the total path
cent, the decrease of the SXR signal is only 30% for thdength in zong for diodei, ande; is the average emissivity
m=0 burst in the PPCD discharge shown in Fig. 3, suggestat those two locations where the line of sight enters the zone
ing that perhaps some plasma region still maintains relatively. Inversion applied to a set of simulated data based on a
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Brightness before the inversion. The emissivity profile is low and
peaked att=14 ms immediately following the sawtooth
crash and progressively increases and flattens bettvebh

ms andt=18 ms. Finally, the profile becomes weakly hollow

- att=19 ms, before the next sawtooth crash. Figure 5 shows
the brightness and inverted emissivity profiles for the PPCD
discharge shown in Fig. 3. In contrast to the profile peaking
- after the sawtooth crash, the profile flattens afternan0
burst.

60 — —_—
1020304050, PPCD burst
(a) 15.8 ms

A
o
1

i IV. CONCLUSIONS

L . L . L . L . L The newly installed SXR detector array has been rou-
—40 -20 0] 20 40 tinely used to monitor SXR radiation from the MST
Impact Parameter (cm) reversed-field pinch. Preliminary data analyses based on
L. single shots have shown that the system is able to extract
Emissivity MHD-related SXR emission changes over the entire plasma.
' ' ' ' ' ' ' ' T Despite its limited radial/poloidal resolution, the SXR detec-
tion system is capable of resolving features relatethte0
andm=1 MHD activity. To better reconstruct the emissivity
structure associated with the=1 modes in MST, an addi-
tional diode array has been installed at the same toroidal
location to view the plasma from a port with a poloidal offset
of 90° with respect to the existing array.

e (a.u.)
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