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Abstract

Multichannel polarization measurements of the Balmer o line of beam emission are
performed using a 15-channel four-polarizer optical system on the JIPP T-ITU tokamak. The
pitch angle of the internal magnetic field is obtained using a newly developed method where
only o-components of the motional stark spectrum are analyzed to avoid difficulty due to the
n-component asymmetry caused by appreciable beam divergence. Radial profiles of internal
poloidal magnetic field and safety factor are successfully obtained in a current ramp-up
discharge. The safety factor at the magnetic axis q(0) is about 1.7 just before the current
ramp-up and gradually decreases close to unity during the current ramping phase till the
appearance of sawtooth oscillations. In the sawtoothing phase, q(0) is further decreased to
be obviously below unity, i.e., 0.7-0.8, which suggests that no complete reconnection of the

poloidal magnetic flux takes place at the sawtooth crash.

Keywords: Tokamak, Motional Stark Effect Polarimetry, Internal Poloidal Magnetic Field,

Sawtooth, Partial Reconnection
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§1. Introduction

Radial profile of the toroidal current density or the safety factor strongly affects the
stability and confinement performance of a tokamak plasma. In an early stage of tokamak
research, effectiveness of the current profile control on MHD stability had already
demonstrated experimentally[1]. Later, the current density profile was controlled to induce
the H-mode[2,3] and to produce high beta-poloidal plasmas[4]. Recently, in large
tokamaks, the profile control is carried out to produce magnetic shear reversal in the plasma
core region with various methods and to improve the plasma confinement [5, 6, 7, 8]. In
these experiments, a direct measurement of the internal magnetic field is critically important to
clarify the impact of the profile shape on plasma stability and plasma transport.

Several methods by means of Faraday rotation effect of launched laser beams or
microwaves[9], Zeeman effect of visible lights[10, 11, 12], Alfvén wave resonance [13],
and forward laser scattering{ 14] have been developed for the measurement in the past years.
Recently, the motional Stark effect (MSE) of the Balmer o line emitted from a fast neutral
hydrogen- or deuterium-beam (~50 keV/amu) injected into a toroidal plasma is recognized to
be powerful to measure the local pitch angle of the internal magnetic field( ap=tan'1(Bp/Bt) ,
Bp: poloidal magnetic field, B: toroidal magnetic field) and to obtain the safety factor profile
with high accuracy. In the PBX-M and DIII-D tokamaks, the local pitch angle of the
magnetic field is measured with a so-called polarimeter based on MSE [15, 16]. In the JET
plasmas at the high toroidal magnetic field an optical system that in principle consists of a
spectrometer and two polarizers tilted with respect to horizontal direction by + 45° is applied
to obtain the local pitch angle profile of the internal magnetic field{17].

Development of these powerful diagnostics for measurement of internal magnetic field
profile also enables us to discuss whether or not a complete reconnection of poloidal
magnetic flux takes place at the sawtooth crash and to compare the experimental results with

existing theories on the sawtooth.



In this paper, we describe the MSE polarimetry carried out in a current ramp-up
discharge of JIPP T-IIU. We have developed a four-polarizer optical system, and also
developed a new analysis method of the MSE spectra which is based on using only
components with the same optical system to derive the pitch angle. The MSE polarimetry has
successfully carried out to measure the local pitch angle of the internal magnetic field in the
current ramp up plasma. In Section 2, the four-polarizer optical system and the analyzing
method of the measured spectra are described. In Section 3 we show the radial profiles of
the safety factor obtained in the current ramp-up experiments. In Section 4 we discuss time
evolution of the g-profile, in particular, of the g(0) in the current ramp-up plasma. We also
discuss whether or not complete reconnection of the poloidal magnetic flux takes place at the

sawtooth crash. Finally, we summarize our results in Section 5.

§2. Experimental Set-Up
2.1 MSE Polarimeter System

The JIPP T-IIU device is a medium sized tokamak with a major radius R » 91 cm and
minor radius a » 23 cm, where the maximum toroidal magnetic field is 3 T {18]. Figure 1
shows the experimental arrangement of the MSE polarimeter system in JIPP T-ITU. A
neutral hydrogen heating beam is injected into the plasma almost perpendicularly (9° tilted).
In order to get Doppler shift of the beam emission line as large as possible, the port for the
beam injection and that for the spectrum observation are separated toroidally by 66.4° as
shown in Fig.1.

The optical system consists of four polarizers tilted by 0°, 45°, 90° and 135° with
respect to the horizontal direction, respectively, which are put inside the vacuum chamber to

avoid additional Faraday rotation when the light passes through a glass window of the port.

The additional Faraday rotation is still induced by the polarizer itself, but it can be neglected
because its thickness is very thin (~1 mm). Four lenses (focal length f=10 mm and diameter

¢=10 mm) are arranged behind the polarizers and fifteen optical fibers

-3 -



with 0.1mm diameter are on the focal plane of the lens, viewing fifteen chords of the plasma.
The spectroscopes are simultaneously recorded by an one-meter spectrometer equipped with
a two dimensional (256pixel x256pixel) CCD detector with the intensity integration time of
20 ms. A 600 g/mm grating is used for our experiment. The wavelength dispersion of the
spectrometer is carefully calibrated and wavelength resolution of the spectrometer is 1.8 Ain
the interested wavelength region. The measurement region of the beam emission mainly
covers a core plasma region of JIPP T-IIU from major radius R=83 cm to 109 cm. The
spatial resolution of the measurement varies from 3 cm for the most inner chord to 6 cm for
the most outer chord.

2.2 Pitch angle analysis

In the MSE polarimetry, the pitch angle is usually determined by analyzing the ©t
component intensities of a diagnostic beam emission obtained from the signals of two
polarizers. The MSE spectrum is fitted by a sum of Gaussians convoluted with the
instrumental function of the spectrometer. It is comparatively easy to realize multichannel
measurement of the pitch angle by applying this technique. However, since there is a
spectral asymmetry in the & component as mentioned in reference [17], the spectrum fitting is
expected to be difficult in practice due to many parameters. This difficulty is mainly caused
by the large beam divergence which results in poor separation of each © component and large
spectral asymmetry of the Stark feature. That is, it is more serious when a heating beam
with fairly large divergence(> 1°) is used such as in our experiments. To overcome this
difficulty, we have developed a new method where only G-components are used to derive the
local pitch angle of the magnetic field. In this subsection, we describe this spectral analysis
method.

As is well known, the Balmer a line of hydrogen atom emission is split mainly into
nine components due to the motional Stark effect[19], since there is the Lorentz electric field (
E=Vpeam x B ) in the rest frame of the beam. The central c component (Am=1,-1) is
polarized perpendicular to direction of the electric field, while the T components (Am=0)



distributed on both sides of the o components have parallel polarization when they are
observed transversely. Figure 2 shows a universal situation of the o light transmission along
the viewing line. The beam and the toroidal magnetic field are in the mid plane of the plasma,
and the viewing line also lies on it. The Lorentz electric field is in a plane perpendicular to
the mid plane. The straight line and circles stand for the linearly and circularily polarized
parts of the o components, respectively. The angle a.; is the angle of the electric field with
respect to the direction perpendicular to the mid plane, y the angle between the electric field
and the viewing line, a the polarization angle of the & line transmission along the viewing
line, and B is the Doppler shift angle of the beam emission. The relations between the angles
are

tan o = tan o, cos B (D

and

cos y =sin alsin B. (2)

In an ideal case that the = manifolds are well separated from the ¢ manifold, the

intensity of the ¢ emission is determined by each polarizer as

= 2
11,2 =1,/2+ IU cos“(45 t o). (3)

1

Here, Ig¢ and Ig] are the intensity of the circular and linear polarized part, respectively, in the
o component which satisfies a relation of Is¢ /Ig] = 2cot2y. The relation between the angles

and the measured intensities I] and I can be obtained from equation (3) such that

+1
cot 2y = %(5 sin 2a—1). (4)

E-1

’

where, & =I2 /I1. Taking account of the relation of the pitch angle ap and the polarization

angle a, tanop = tana sin{/cosP, the pitch angle can be expressed as

_ Ncos B+ \/n2c0s2[3—(1+sin 2g)
tan o, = sin C{ (1+5n2p) , (5)




where C is the intersection angle of the beam with the magnetic field, and 1 =(&+1)/(E-1).

The 't' operation in the equation (5) is opposite to the sign of 1.

§ 3. Experimental Results

The MSE polarimetry has been carried out in the current ramp-up experiment to test
possibility of magnetic shear reversal, where the neutral beam of about 500 kW is injected
into a torus for 120 ms. The hydrogen beam energy is 30 keV and the toroidal magnetic field
is Bt=3.0 T at R=91 cm. Figure 3 shows time evolutions of various plasma parameters in
the current ramp-up discharge, where an ice pellet is injected at 250 ms. The electron
cyclotron emission (ECE) signal clearly shows the sawtooth oscillations having about 7 ms
period, in the phase of high plasma current and high electron density after the pellet injection.
Soft X-ray emission near the center shows m=1/n=1 oscillations about 10 ms before the ice
pellet injection, and then shows clear sawtooth oscillations such as ECE signals.

Figure 4 shows measured Ho. motional Stark spectra of the full energy beam
emission at the radial position of R=97 cm. Although each motional Stark component is not
well separated due to relatively large Doppler broadening of the line caused by a finite beam-
divergence, the o component of the full energy beam emission is comparatively well
separated from the half energy beam emission and the t component manifolds, as seen from
Fig. 4 (a). Figure 4 (b) shows the spectra of the full energy beam emission obtained from
+45° polarizers. The pitch angle is derived using central intensity of the o component, while
the spectra of the o and m components from the 0° and 90° polarizers are utilized to monitor
the intensity integration region. The pitch angle of internal magnetic field has been derived
from the analysis of MSE spectra described in Subsection 2.2.

Figure 5 (a) shows the pitch angle as a function of the minor radius r (=R-Rax; Rax is
the major radius of the magnetic axis) in the mid-plane, before(t=190 ms) and after (t=230
ms) the plasma current ramp up and after the ice pellet injection(t=270 ms), respectively (as

seen from Fig.3). Note that because of the time resolution of our system, for instance, the
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profile at 190 ms means the profile averaged from 180 ms to 200 ms and the others also do.
It is clear that the slope of the pitch angle at the plasma center become steeper with time. The
poloidal magnetic field is derived from the pitch angle as Bp= Btanoyp, since the toroidal
magnetic field is known beforehand. Figure 5 (b) shows the radial profiles of the poloidal
magnetic field. For the JIPP T-IIU plasma having low beta and a circular plasma cross-
section, the safety factor is straightforwardly estimated from the poloidal field as in Fig.5 (c).
In particular, the safety factor at the plasma center q(0) is obtained from the slope of the pitch

angle at the magnetic axis as,

1
10 = R dtan o yar_’

In Fig.6 we show the time evolution of q(0) estimated by this equation together with the
safety factor at the plasma surface q(a). Figure 6 also shows time evolution calculated from a
magnetic diffusion equation based on neoclassical resistivity using experimentally obtained
electron temperature and density profiles so that the calculated loop voltage and size of
sawtooth inversion radius should agree with the experimental data[1]. Since poloidal beta
value in this plasma is not significant (Bp < 1) and plasma collisionality is in the lower edge
of plateau regime or higher edge of the banana one, the bootstrap current effect can be
neglected . The q(0) measured with the MSE polarimetry agrees well with the calculated one
based on the neoclassical resistivity, where uniform Zeff-profile gives good agreement in the
size of sawtooth inversion radii. The value of q(0) is about 1.7 just before the current ramp-
up and decreases during the ramp-up toward about unity around t » 230 -240 ms when
m=1/n=1 oscillations appear on soft X-ray signal, as shown in Fig.3(b). Finally, the q(0)
value reaches about 0.7 in the phase with the sawtooth oscillations.

The offset of the measured pitch angle is crucial to determine the poloidal magnetic
field. In our arrangement, the offset may mainly be caused by the accuracy in a geometrical
alignment of the polarizers. The offset is considered to be less than 0.5°, which is the

maximum tilt angle of a flange of the port. We have assumed the offset to be 0.3°
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throughout the discharge. In this discharge the major radius of the plasma is fluctuated by
NBI heating between 88 cm and 92 cm. With this assumed offset value, the poloidal
magnetic field obtained by the MSE polarimetry agrees with the values in the region of
r/a=0.6-0.7 independently obtained by the Zeeman polarimeter[12], within experimental
error bars. The position of magnetic axis estimated by the MSE polarimetry is also
consistent with magnetic probe measurement. However, the size of the q=1 surface at t=270
ms is fairly large (~ 9 cm), compared with that estimated from ECE data (~ 5 cm). This
discrepancy can be interpreted by the fairly large spatial resolution of about 4cm to 6 cm in

the interested radial location, as described in subsection 2.1.

§ 4. Discussion

The multichannel (i.e., 15 channels) MSE polarimetric measurement has revealed that
a monotonical g-profile with q(0)~1.7 just before the rapid current ramp-up evolves to an
almost similar profile shape during the current ramp-up, although the profile in the core
plasma region tends to become flat. This time evolution of g-profile during the current ramp-
up may be caused by relatively low electron temperature (Teo~1.5 keV), small minor radius
(a <23 cm) and low auxiliary heating power level (PNBI < 0.5 MW). Moreover, in JIPP T-
U, ice pellet injection usually enhances sawtooth activity instead of realization of magnetic
shear reversal as observed in large tokamaks [2,5].

As mentioned above, the value q(0) obtained by this MSE polarimetry decreases
monotonically from ~1.7 to ~1 just before the appearance of sawtooth oscillations. The
significance of this measurement is that the g(0) value is decreased down to 0.7-0.8 during
the sawtoothing phase in the ice-pellet-fueled high density plasma heated by neutral beam
injection. The g-profile is considerably flat within q=1 surface. The time resolution is 20
ms, while the period of the sawtooth is about 7 ms as seen from Fig.3. Therefore, the q(0)
value is averaged over about three sawtooth periods. If the time evolution of q(0) is assumed

to be the following functional form during a sawtooth period of T as,
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q(0)(t)=q(0)max-[q(0)max-q(0)min][1-exp(-t/t)]/11-exp(-T/)],

the q(0) averaged over the period T is <q(0)> =~ [q(0)max+q(0)min]/2 in the case of T«t, and
<q(0)> = q(0)min for T»t. If q(0)max =1 is assumed, for both cases the expected minimum
value of q(0) is decreased well below unity , which cannot be explained by the Kadomtsev's
complete reconnection model where q(0) should be near unity [20]. Our results suggest that
a partial reconnection takes place at the sawtooth crash instead of the complete reconnection.
In the previous JIPP T-IIU experiment, this possibility was discussed through a study of fast
plasma cooling induced by ice pellet injection[21]. The evidence of q(0) well below unity is
similar to the results observed on various discharge conditions of some tokamaks TEXTOR[
9, 22], JET[23, 24], PBX-M[15], MTX{[25], Tokapole II[26] and TEXT[27], butisina
marked contrast to the results from ASDEX][10], TCA[13], TEXT{28, 29], and DIII-D{30].

§ 5. Summary

Time evolution of the safety factor profile in the current ramp-up plasma has been
successfully obtained with a 15-channel MSE polarimeter in JIPP T-IIU, employing a newly
developed spectral analysis method where only -components are analyzed to avoid difficulty

due to asymmetry of n-component. The newly developed two-polarizer method is

demonstrated to be suitable for analyzing the MSE data obtained by a heating neutral beam
with fairly large divergence (> 1°). In the current ramp-up discharge, q-profile evolves
during the current ramp-up, keeping almost similar monotonical profile, instead of realizing a
non-monotonical one. A fairly low q(0) (=0.7-0.8) is achieved during the sawtoothing
phase, which obviously contradicts with the Kadomtev's complete reconnection sawtooth-
model.
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Figure Captions

Fig.1 A schematic of the experimental arrangement of the MSE polarimeter system in the

JIPP T-1IU tokamak.

Fig. 2 A schematic of the pattern of the o component transmission of the beam emission
along the viewing line in the mid-plane.

Fig. 3 Time evolutions of plasma current(Ip), line-averaged electron density(ne), Ho/Dao-
light(HoyDa), electron temperatures at r/a ~ 0 and 0.3 obtained from ECE (Te),
and soft X-ray near the plasma center(Igxo) in the current ramp-up plasma where
the MSE polarimetry is carried out. A neutral hydrogen beam with 30 keV energy
is injected into the plasma, where the heating power is 0.5 MW and the toroidal
field B¢ =3 T. The soft X-ray signal is modulated by m=1/n=1 oscillations from t =
240 ms, and then exhibits clear sawtooth oscillations just after the pellet injection (at
t=250 ms) as well as ECE signals.

Fig.4 Measured motional Stark spectra of the hydrogen beam emission experimentally
obtained from 0°, 45°, 90° and 135° tilted polarizers. (a) o and © manifolds from
0° and 90° tilted polarizers and (b) the spectra of the full energy beam emission
from 45° and 135° tilted polarizers.

Fig. § Radial profiles of the pitch angle of the internal magnetic field(a), the poloidal
magnetic field (b) and the safety factor (c), before(t=190 ms), after the plasma
current ramp-up (t=230 ms) and after the ice pellet injection (t=270 ms)when the
sawtooth oscillations are excited. Magnetic axis position Ry is 93, 91 and 90 cm
at 190 ms, 230 ms and 270 ms, respectively.

Fig. 6 Time evolution of the q(0) derived from the MSE polarimetry(solid circles) and q(0)
calculated from the magnetic diffusion equation based on experimentally obtained
radial profiles of electron temperature and density and neoclassical resistivity( open
circles). The safety factor at the plasma surface derived from magnetic probes is

also shown.
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