Development of curved drift tubesfor the vertical CT injection
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1. Introduction

Spheromek-type compact toroid (CT) injection method is an advanced technology for refueling in
future fusion reactor [1]. The non-disruptive centrd refueling had been demondrated for the firg timein
the TdeV tokamak [2]. Recent CT injection has been studied not only for refueling but dso for the
plasma control including H-modetriggering [3,4]. The other experiments, however, dso indicate adverse
effects of the toroida magnetic field on CT injection [5]. CT injection has so far been tested with
horizontd injection which is subject to aforce dueto the gradient in the magnetic pressure dong the path.
Inthe JFT-2M tokamek, CT has been injected horizonatally in the midplane as shown in Fig. 1[6-9]. In
this case, CTs were trangported from CT source through a linear drift tube. When a CT s injected
horizontally from the low field side, it is decelerated by the gradient in the toroidd field. If a CT is
injected verticaly from aport & the bottom of the tokamak as the vertical arrow infig. 1, CT may enter
the tokamak core region with less resstance since the magnetic gradient is aosent.

Recently, Suzuki & d. reported the theoreticd investigation of vertical CT injection in non-dipping
sphere modd [10]. When a CT with a speed of 300 ks is injected into a device region goplied a
toroidd field of 0.8 T, in the cases of horizontal CT injection, the CT penetratesinto the region but gops,
then bounces back to the drift tube region. Wheress, in the case of the vertica injection, the CT 4ill
penetrates. The penetration length of the CT is longer than the horizontal injection case. The vertica CT
injection may be more advantageousto CT injection efficiency than the horizontd.

We have proposed indallation of a CT injector with a curved drift tube as shown in fig. 2. This
ingdlation would provide flexibility of design and arrangement of the CT injection system.

Inthe case of verticd inddlation of CT injector

Fig.l Schematic of HIT-CTI indalled on  Fig.2 Conceptual drawing of indtallation of a CT
JFT-2M and directions of vertical and  injector on atokamak for vertical CT injection.



2. Experimental setup

Preiminary experiments to demongtrate CT propagetion in curved drift tubes have been performed
using the HIT-CTI12 a the Himgi Indtitute of Technology. The experimental setup of aCT injector witha
curved drift tube with a45° bend (Dashed lines show graight and 90° bend.) isshownin Fg. 3. The CT
injector isamagnetized coaxia plasma gun which congsts of one-sage coaxia eectrode sysem for CT
formation and acceleration. The CT injector was connected to alarge vacuum chamber with aliner tube
and two types of curved drift tube with inner radius r = 66.9 mm. These curved drift tubes hed a
common curvature radius of R = 190 mm. CTswereinjected into the chamber passng these drift tubes.

The power supply for the injector wasabank of 1 mF, 6.5kV cagpacitors with atotd energy sorage
cgpacity of 21 kJ. The pesk gun current is 60 kA. The bias poloidal field in the injector regions produced
by a solenoida coil which fit over the outsde of the injector assembly. Two fast gas puff vaves are
placed on the both sdes of the gun region. These valves provided hydrogen gas between the ectrodes.

We mounted magnetic probes & G3 to G6 dde ports and magnetic probe arays a G3 and G6
upper ports for magnetic field measurements and Langmuir double probes & D1 and D2 ports for
electron dengty measurements.
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Fig.3 Schematic of a CT injector and a drift tube with 45° bends
(dashed lineisthe case of aliner (0°) and 90° bends).

3. Experimental results

Initially, we mesasured poloidal and toroidal megnetic fields B, and By, éectron density ne and CT
pead v, trangported through the Sraight drift tube. Same measurements were then made with curved
drift tubes with 45° and 90°. Figure 4(a) shows By, versus the distance from the point G3 in front of the
bend entrance, where B, are normalized by the mean values of B, measured & G3 in the case of aliner
tube. It can be seen that bending in the drift tube does not affect the plasma parametersin an gppreciable



manner. B, decreases smilarly with the propagetion distance with or without bend. The electron density
neisnot affected by bend ather as shown infig. 4(b).

The data points demote the time of passage of CTs based on magnetic probe measurementsiin fig.
4(c). The speed of CTsedimated from the CT transmission is 37 knv/s for liner tube (6=0°), 41 ks for
45° bend and 37 kn/s for 90° bend, respectively. The decdleration of CT due to the bend of the curved
drift tube was not observed.

Figure 5 shows the decay of B, of CTsin trangport with curved drift tubes. The decay depends on
the plasmaresgtivity and the size of the drift tube. The decay time of B, from the experimental detaare:
Tq= 22us for liner tube, 29us for 45° bend and 26ps for 90° bend. These values are condgent with an
estimate based on Ohmic dissipation Tq =plo/NA % wheren isthe plasmaresistivity and A isthe eigenvalue
in the force-free Maxwell’s equation (0xB =AB. For linear drift tube, the formula gives 14= 24ps,
wherea=0.067 m, | =05m, Te=10€V, n.= 1x10” m>. It appearsthe CT decay time is not affected by
the presence of bend and CT remainsintact after passing the bend section.

We obsarved the magnetic structure in traveling CTs. The profile of B, and B, before and after
passing the 45° bend are shown in Fig 6. It has been confirmed that a plasmoid at the final location of the
G6 port has a typical spheromak configuration and the CT was trangported without destruction after
passing the bend. The magnetic Sructure and its integrity appear to be well conserved even inthe curved
section of the drift tube. Potertial detrimenta effect due to the curvature centrifugal force in the curved
drift tube has not manifested itsdf in experiments.
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Fig.4 (a) Poloidal fidd of atraveing CT at each trangt point, (b) Electron density of a traveling
CT at each trangt point, (c) CT trandtion in a drift tube.
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Fig.5 Decay time of poloidal fiddintravding CTs. Fig.6 Poloidal and toroidal fidd profilesof a
CT at G3 (L=0n before bend passage) and
G6 (L=644mm after bend).

4. Conclusons

CT injection has so far been tested with horizonta injection which is subject to a force due to the
gradient in thetoroidal magnetic field ong the path. Vertical injection eliminates the force and thus may
be more advantageousto CT injection efficiency. As preparatory experiments toward vertica injection,
we have developed a curved drift tube to change the direction of CT propagation. It has been observed
that a CT can be trangported smoothly through curved drift tubes with 45° and 90° bends without
gopreciable change in the CT parameters. Magnetic field, electron density and speed of CTs trangported
through both 45° and 90° bends are Smilar to those observed in alinear drift tube. The further gudiesare
required to investigate higher speed CT trangport with acurved drift tube.
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