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1.Introduction

Successful trandation experiments of field reversed configuration (FRC) plasmas have been
achieved in severa facilities. [1-3] In such experiments, an axial FRC motion is initiated by
an uneven driven mirror magnetic field or a plasma formation in aslightly conical theta pinch
coil. The axial kinetic energy of the plasma is converted from the internal energy of the
plasma by reducing a magnetic field strength at a transation region and expanding the plasma.
[4] The plasma is trapped in the confinement field after the several times inelastic reflection
by the mirror field. But the confinement degradation caused by the interaction with the mirror
field is observed at the reflection phase. [5]

In this paper, we report a trandation experiment using resistive metal liners for the initiation
of the axial motion and the control of the axial velocity of the translated plasmas. At the
formation phase, the liner is used to control a magnetic reconnection and to ensure a position
of the plasma formation. [6] By the adjustments of a penetration time and the position of the
metal liner in the coil, an uneven magnetic reconnection is triggered and the axial motion is
initiated. The velocity is dependent on the field strength under the liners determined by the
penetration time. On the other hand, when the plasma injects in the liner with the penetration
time (7o), which is longer than a plasma transient time (t;) through the liner, a magnetic field
excluded by the plasmais conserved in the liner. The magnetic field increases and the plasma
is compressed. By the energy worked by the magnetic pressure, the plasma is decel erated.

In the following sections, a ssimple model of the velocity control by the metal liner, an
experimental apparatus for the translation experiment, preliminary experiment results and
summary are presented.

2.Model for velocity control by metal liner
Theta Pinch Coil
|

The FRC plasma under the equilibrium Metal Liner Bt
injects in a metal liner with the penetration
time of to> t,. Since the metal liner works as Au A
a perfect conductor, the magnetic field in the
metal liner (B") increases and the plasma
parameters change adiabatically, shown in
Figl. Cross sectional areas of the FRC
plasma, the theta pinch coil and the metal
liner are A, Aw, and Ac. The externa
magnetic field, the internal magnetic field in
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the plasma, the injected plasma length and
trandation velocity are Be, Bj, |, and V,
respectively. Subindexes of 1 and 2
represent plasma parameters before and after
plasmainjection.
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Fig.1 Model of the velocity control



When the magnetic field penetrates enough, the confinement magnetic field profile becomes
amirror one. The magnetic fieldsin and out the liner are the following equations
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The change of internal energy of the FRC plasma (Awiy) is defined as the sum of the changes
of the external magnetic field energy, the internal magnetic field energy and the plasma
thermal energy and is represented, in the case of t << z‘o, by the following equation,
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By using NUCTE parameters, which Be, Aq, As, Ay, Ac and |1 are 0.4T, 0.0785m?, 0.0785m?,
0.0907m?, 0.0506m° and 0.25m, respectively, the ratio of B"/B, is about 1.08 and the
change of the interna energy is about 12.5J. The corresponded translation velocity of the
deuterium plasma of 0.05mg is about 22.4km/s.

2

3. Experiment set up

The theta pinch coil of NUCTE 111 device is modified for the trandlation experiment. [7] The
schematic view of the typical theta pinch coil arrangement is shown in Fig. 2. The mirror coil
at the right side is removed and the center coil is prolonged from 1.0m to 1.5m. To form the
FRC plasma in such an asymmetric theta pinch coil and initiate the FRC plasma to an axial
motion, a pair of SUS 304 liners with the penetration time of about 12us, the radius of
0.127m and the length of 0.25m, isinstalled at z=-0.645m and 0.260m. The time is defined as
the time when the magnetic field strength inside the liner is equal to that outside liner. By the
installation of the liners, the position of a magnetic field connection between abiasfield and a
compression field is confirmed. A radial compression and an axial contraction are aso

controlled
e, L Table 1 Coil Configuration

- P e i g T mmme— Coil No. Mirror Coil Radius Bg to
| [ - Number  (m) (M (uy

T — > Nol 5 015 0315 11

B P _‘l el e — 4 No.2 3 015 0260 11
- ESERECFSTSEDE,. No.3 5 016 0275 12

S e No.4 3 016 0255 12
A 5 017 024 14

i No.5

= Table2 Plasma Parameter at Formation Phase
" ! . Ve(kmys) i ffomin - Z+H(M)  Z-(m)

Nol 42 0.75 05 -07
' No2 28 0.70 05 -07
V. No3 32 0.84 05 -04
N No4 25 0.85 05 -07
au a4 ] :-. a4 g No5 21 1.00 0.5 -04

Fig.2 Experimentél set up and
Time history of the confinement field



An axial trandation velocity is dependent on the compression field strength, which is adjusted
by the penetration time of the metal liner and the theta pinch coil arrangement. The coil
arrangements used in the experiments and the penetration time are listed in Table 1.

Another metal liner with the same geometrical parameters is aso installed at z=0.71m to
control the trandation velocity. The penetration time is 25us and two times longer than the
other ones. The time evolution of the compression field strength at the geometric axis, which
Is estimated by a computer smulation is shown in Fig.2. The raise time of the magnetic field
under the liner (about 10us) is about twice longer by the effect of the liner. At about 10us, the
compression field penetrates enough into the former liners and at about 25us, into the latter
liner.

Deuterium FRC plasma is formed in a transparent discharge quartz tube, which is
evacuated till 1.5x10™ Paby aturbo-molecular pump. The pre-heated plasmais produced by a
I, ringing discharge method. The I, current isinitiated before 40us of the bias field initiated.

A profile of plasma radius (r«z)) is estimated from a diamagnetic measurement using a
magnetic probe array and a flux loop. The left and right end positions of the plasma (z. and z)
are defined as the plasma position at half-maximum of the plasmaradius profile. The position
and velocity of the center of gravity (zs(t) and vg(t)) is also obtained from the profile using

the following equations,
2(0)= | mi @ty | (2 )z

Ve(t)=dzs(t)/dt  (3)
The velocity of the axia contraction (v4,Vv.) is aso estimated from the motions of the left and
right plasma ends. A kinetic energy of the trandation plasma (Ex) is aso calculated by the
following equation,

Ek = % md ﬁeVpV(23 (4)

where V, = J?;zrjdz, n, = j n.dl / 2r(0) and my are a plasma volume, an average density,
and amass of the deuterium atom, respectively.

4. Experimental Results

Typical time evolution of the plasmaradius
profile is shown in Fig. 3. The call .
arrangement of the mirror coil consists of | g temmamfed
five coil elements with a diameter of 15cm j
and the metal liner for the velocity control is IR .
not installed. The FRC plasma is produced j T
in the space between the metal liners. The TS |
field line connection between a bias and P Y N v
compression field occurs at the outside of L T LA
the metal liners and, at Sps, have been s
aready completed. By the difference of the et
pinch time of the plasma under the each | s e
metal liner, the plasma unevenly contracts to '

+ am 3

the midplane of the device. The velocities of = 2]

the contraction at the left and right plasma ;' P P

end are about v.=40km/s and v,=-20km/s, x [m

respectively. After 10us, the plasma is Fig.3 Time history of Plasma radius profile

trandlated for the right end of the device,
with the amost constant velocity of 20km/s.



The mass of the FRC plasma is about
0.04mg. The kinetic energy is about 8J. "

Figure of 4 indicates the relation between '
the trandation velocity (vg) and the vacuum
magnetic field strength under the liner (Bo).
The trandation velocity is defined as the
velocity at the time when the plasma moves
with the same velocities at the both ends and
the center of the gravity. The value of By is _
the vacuum magnetic field strength under ad : , : : :
the left liner at 4us. The strength isrelated to . o A -
the p-i nch radius- and the axial: contraction Fig.4 Relation between magnetic strength under the
VeIOCItY’ shown .m .the Table 1 and_2. The metal liner and trandlation velocity
trandation velocity is amost proportiona to
the magnetic field strength of Bo. Then, the
magnetic field strength and the rising time are controlled by the penetration time of the liner.
In the uniform magnetic profile without the mirror coil, the initiation of the axial motion will
be possible by the liners with the different penetration times. By the method, the obtained
trangdation velocity is from 10km/s to 40km/s and the kinetic energy is from 5Jto 30J.

When the trandation velocity is less than about 15km/s, the plasma injects into the metal
liner for the velocity control in 25us. The compression field is enough penetrated into the
metal liner and the profile of the magnetic field is a mirror one. The time evolution of the
velocity and the positions of the center of gravity are shown in Fig. 5. The solid line indicates
the transition of the center of gravity. When the head of the plasma injects into the liner (at
about 28us) with the velocity of about 13km/s, at fast the velocity increases and, after that,
gradually decreases and the plasma is settled down at about 48us. At the deceleration phase,
the plasma length is decreases with keeping the plasma radius. The mass of the plasma is
about 0.05mg. The deceleration force is about 65N. During about 10us, the amost part of the
kinetic energy (about 4.2]J) is dissipated in the liner. Rotational instability of n=2 mode grows
and the plasmais disrupted. The lifetime is about 55us.
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Fig.5 Time history of the plasma position and velocity Fig.6 Time history of the plasma position and velocity
in the deceleration case using the metal liner in the acceleration case using the metal liner
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On the other hand, the plasma injects into
the liner before the complete penetration if "
the trandation velocity is more than 20kmy/s.
The plasma is accelerated and the velocity 11
increases from about 30km/s to about
45km/s, shown in Fig.6. The mass is about
0.03mg. The acceleration force is about 96N.
The plasma gjects from the right side cail
end and terminates before the growth of n=2 34
rotational instability. .

Figure of 7 shows the relation between the .
change of the kinetic energy in the liner : : " L m
(AEY) and that of the external magnetic et
energy of W, which is calculated by the first Fig.7 Relation between the change of the kinetic
term of the equation 1. The deference of data engeé%ifgg dthe energy worked by the external
points from the relation of W = AE, is caused '

by the assumption of the above simple model. The decay of the magnetic field in the liner, the
decay of the plasma parameter and etc., are not included in the model.

5. Summary

By using the metal liner, the initiation of the axial motion is possible. The obtained velocity
is from 5km/s to 40km/s. The maximum velocity is about a half of the Alfven velocity.
Though the magnetic field strength under the liner is controlled by the change of the coil
radius in the preliminary experiments, the control of the strength is also possible by the
penetration time of the liner. By the simple model calculation, the change of the penetration
time of 5us, 10us and 15us is corresponded to about 90%, 70% and 60% of the reduction,
respectively.

The acceleration and deceleration of the trandation plasma are also possible by the metal
liner. When the injection time of the plasma into the liner is earlier than the penetration time,
the plasma is accelerated by the gradient of the confinement field, which is created by the
liner. Otherwise, the plasma is decelerated. In the case of the deceleration, the controlled
kinetic energy is from about 5% to about 50% of the estimated value by the simple model.
The deference is caused by the assumption of the model. It is needed to the precise model.

By the realization of our method, not only the translation in the uniform confinement field
without the mirror coil but also the control of the global motion will be possible. [6] The new
application field of the FRC will be also created.

References

[1] D.J. Rg, W. T. Armstrong, R. E. Chrien, P. L. Klinger, R. K. Linford, K. F. Mckenna, E. G.
Sherwood, R. E. Siemon, M. Tuszewski, and R. D. Milroy, Phys. Fluids 29, 825(1986)

[2] H. Himura, S. Okada, S. Sugimoto and S. Goto, Phys. Plasma 2,191(1990)

[3] A. L. Hoffman, P. Gurevich, J. Grossnickle and J. T. Slough, Fusion Tech. 36, 109 (1999)
[4] M. Tanjyo, S. Okada, Y. Ito, M. Kako and S. Ohi, Technol. Rep. Osaka Univ. 34,
201,(1982)

[5] M. Tuszewski, W. T. Armstrong, R. E. Chrien, D. J. Rg, P. L. Klinger, R. K. Linford, K. F.
Mckenna, E. G. Sherwood, and R. E. Siemon, Phys. Fluids 29, 863 (1986)

[6] F. Fujimoto, E. Tachikawa, H. Gota, T. Takahashi, and Y. Nogi, in this proceeding

[7] F. Fujimoto, A. Hoshikawa, S. Ohmura, T. Takahashi, Y. Nogi and Y. Ohkuma, Phys.
Plasma 9, 171 (2002)



