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Abstract/Netes

The halo plasma, which <s a Lhin plegmy surrounding tho
Ficld Reversed Configuration (FaC), wae olwerved in Lhe Staged Ticla
Pinch-Lincar (STF-L) experinctt. The cxprrimental rocults shos riat the
ion {low in the kalo plasma {ncreases 0 oppesite diveetione ai ‘he
vzlcirriuty of Lhe cepsvatrix anl at the edge of the holo, whan th: end
efj'oi i reduccd by the guids fleld, Thic double ztructiure of ion flow
may Le crplained by the peopoced modzl thaat the hale plasma ic formed
by energatio done chutilding belacen Lthe PRC and the open field rogion,
and ihe rwraprfon] vodl 98 T o paslagressent With the exparinent, Tha
propoced model aloo sugpests that the MRS has a good confinement ability
for Lhe enaegzidio paerticles i Lhe plecra dees not cinnect wIlh the
digchang. tube,

15, frparks
qee Leomeial g S pnbi e Joa i odrae Puaton,




YOSHIYUK] ASQ

Laboratorio Associado de Plasmas - LAP
Institute de Pesquisas Espaciais - INPE
12225 - Sao .lose dos Campos, SP

Brazil

ABSTRACT. he halo plasma wh{ch is a thin plasma surrounding the Field
Reversed Corviguration (FRC), was observed in the Staged Theta Pinch-
tansar (S ieotb ) experiment., The experimental results show that the dnr
flow in the halo plasma increases in onnosite directions at the

vicinity of the separ.trix and at the edge of the halc, whan the end
effect is reduced by the guide field, This double structure of ior flow
may be explained by the proposed model that the halo plasma is formed

by energetic ions shuttling between the FRC and the open field region,
and the numericalresult i51in a good agreement with the experiment. The
proposed mode) alsc suggests that the FRC has a good confinement ability
for the enernetic particles if the plasmz dees nol cornect with rhe

discharge tube.



o
g
o
2
3

-t
)

1t was observed in the Staged Theta Pinch-Linear (STP-L) experiment
in Nagoya University [1] that the Field Reversed Configuration (FRC)
plasma has a thin plasma surrourding it which is called, here, "halo
plasma”, although such a2 halo plasma is not clearly observed inothar FRC
experimental devices., This differcnce seems to be characterized by the
parameter rs/oi, vhere re is 3 separatrix radius of the FRC and Py is
the jon Larmor radius for the vacuum magnetic field, In the case of
STP-L, rs/pi ~ 3, but in other experimenral devices, for example FRX-A,
B [2] and € [3], PIACE [4], NUCTE [5%] ann so on, rsloi > 5. A plasma

with rs/:,i < 3 is defined, nere  ac » “«<mall-aspect” plasma.

The halo plasma has nct been investicated because the plasma is very
thin and was not clear in many experimental devices. In the STP-L
experirient, however, Fhe halo plasma surrounding the FRC was clearly
vbserved, and its plasma rotation was firstly measured [1, 6], The
experinenta) results show that the behav or of the halo plasma s
closely retated to the rotation of the FRC plasma, and also shows thai,
when the plasma touched the wal? of the discharge tube at the end of the
coil, ils effect, which is called in general "end effect”, appears {irst
in the halo plasma [7]. From these results, it can be said that the helo
plasma may be of dmnortance since it receives the effect from both the
outer and inner regions, Namely, by examining the behsvior of the halo

plasma, some informution aboul the FRC plasma may be obtained, witho:t

disturbing the FPC itself.
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The S5TP-L experineni wds dune by 1€duci na ¢
the outer and innor offects could be separated for the first time. From
this experiment, the following results were found: by reducing the end
effect, (1) the rotational instability can be stabilized [1], (2) the
ratation of the FRC plasma is deceleraied [6, 8], and {3) the double
structure of Jjon flow in the halo plesma is observed [6]. The present
work is devoted to the examination of phenomenon (3). Section 11
describes the experimenta) results on the jon flow in the halo plasma.
In Section I11, an experimental model is proposed to explain the double
structure of 1on flow in the halo plasma, Under this model the motior f
the particles forming the halo plasma is calculated in Section IV, ard

L1

is compared with the experimental resuits, In Section ¥V, L rulaliun

-

and confinemznt of the FRC plasma are discussed, and the conclusions o

this paper »re summarized.
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11, EYPERIMENTAL RESINTS

The STP-L apparatus, the schematic drawing of whicn is shown in Fig.
1{a), has two unique features, i.e., the guide field coils, 2.7m long,
attached to both ends of the main ¢-pinch coil, and the fast-acting gas
valves to inject the working g;s into the discharge tube. The guide
coils generate a quasi-static uniform axial field of 0.57, by which the
plasma ejected from the main Zoil is guided cut to the ends of the
apparatus. The main coil, 1.5m long and with an inner bore of 12cm, is
excited by the super-fast and the fast banks, which generate an axiaj
field of 0.:57 and 1T, with rise-times of 0.2us and 2.4us, respectivei,.
The strengtl of the quasi-static negative “i2; fiejd v 5,5 x 10737, The
time evolution of these fields are shown in Fig. 1{b). The working D,
gas is puffed at the center of the main coil by two specialiy designed
fast-acting gas valves whose muzzles also serve as electrodes for the
small  coaxial p1asma'guns. Therefore, its density distribution along
the axis is of a transicnt charicter, Thus the volume-averaged gas
pressure is ~mployed here as a measured of the filling-gas density; it
was chosen to be E.6mTor: in this experiment. The main discharg- is
always fired whzn the erpanding gas fronts reach the ends of the main
coil. Therefore, ve may expect that the hot plasma created in the mzin
c0il expands into the vacuum along the guide field (GF)} up to the ends
of the apparatus, and that the end effect is eliminzted untid) the plasma

tips hit the end wall.

fctualiy, it is obseryed that the end effect is delayed for ebout
t4us afier dmplecicn by the SF [7], whichk means that the onset time of &

rotational inctability in the FRC plazma is also delayed, as shown in



1

Fig. 2. Exciuced-Tiux measurenent shiows that the edge of the hrighl core

in Fiy. 2 corrasponds to the separatrix of the FRC, so that the halo
piasma observed around the bright core should be in the open field
region, The relative icn current in the open field region is measured vy
the directional probe [9] shown in Fig. 3(a}. The ion current is
obtained from the difference between the measurements in two opposite
directions 1 and 2, as shown in Fig. 3(b). The reproducibility in each
measurement is confirmed with 3-4 shots of the discharge. These data,
measured for the two cases with and without the GF, are shown in Fig. 4.
It is mentioned here that the separatrix radius re is about 1.8cm and its
surrounding halo plasma in the open field region has a radius of about
3.0cm, which 2re moosurcu by ibe sureax photographs. From Fig. 4 it is
noticed that, in the case with GF, (1) tte direction of jon current near
the separatrix (r ~ 2.0cm) reverses about 5Sus after implosion, in
contrast with the case without GF, and its direction is the same as that
of the electron diamagnetic current, and {2) the ion current arocund the
edge of the halo plasma (r A 3cm) has the peak value in the direction of
the ion diamagnetic current in opposite sanse to the current near the
separatrix, while in the case without GF it does not change
particularly. The time behavior of the jon current at r = 2.0ck and

r = 2.5cm, 14ps after implosion in the case with GF, is similar to the
case vithout GF. These can be regarded as the same phenomena caused by
the end effect, because the plasma in the case with GF is left under the
condition connected with the wall of the discharge tube after about
145, Consequently, the double structure of jon flow in the halo plasma,
which has occurred 14us earlier in the case with GF, is independent of

the end effect, and should arice from the character of the plasmz itself,
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Tav t5his ahenamenon o oxperimonial model ig oropoced ip the next

section, and the mode} results are compared with the exnerimental

results,



- 07 -

11
4 &

L]

. EYDIRIMENTAL MDDEL OF THS HAID PtASH

The origin of the hé]o plasma may be due to one of the following
three cases: (1) a plasma left in the formation phase of the FRC; (2) &
diffused plasma from the inside of the FRC after the vormation; and {3)
a plasma connecting with fhe FkC plasma, The experimental result that
rs/pi ~ 3 is inconsistent with cases {1} and (2) for the halo plasma. In
this paper we consider therefore the plasma in case (3}, which is
floating across the vacuum magnetic field, and is independent of the end

effect.

The plasma parameters collaborate on the conclusion that the halo plasna

region. Tablz2 1 shows the plasma parameters in this experiment, and th»
basic guantities of the FRC nlasma, estimated from Table 1, are shown in
Table 2. In these guantities it is noticed that the jon Larmor radius CH
is comparable with thé minor radius a of the FRC (p_i ~oa), while the
electron Larmor radius is much smaller (pe << a), and also that these
particles ar2 almost in a collisionless situation (miTii >> 1 and

W, Taq > 1), Since the FRC has 2 null point {B = 0) inside it, some of

the ions at tne nul) puint can easily come out from the FRC, under the

above condition, These particles form the halo plasna.

The behavior of the halo plasma will be considered, here, under the
following assumptions: ‘

(1) The magnetic field configuration of the FRC is given explicitly.

(2) The temperature of confined fons is isotropic on the null point

(B=0atr=r,) inside the I'RC,


http://plas.ua
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(3) A1l confined ions pass through the nul) point, and can move

freely along their Larmor orbits,

(4) A1 electrons are frozen in the magnetic field, and provide the

quasi-neutrality for the jon motion with Targe Larmor radius,
{5) The FRC plasma rotates.as a rigid body.

Assumption {1) is consistent with the experimental result that the
diameter of the FRC is almost constant after implosion. Assumption (2)
is alsc consistent with the experiment [1C]. The assumption {3) may be
reasonabie from & point of view of the small-aspect FRC plasma (piﬂa a).
For assumption (4), the following reason s given: since the particle
confinement in the open field region is nuch poor than the ore in the
closed field region, the density gradient on the separatrix surface
becomes steep. In this ereriment the characteristic density gradient
Tength o is comparable with the minor radius a of the FRC, The grow'r
rate of microinstability caused by the ion motion with large Larmor
radius p;s then, becomes Yargest for the Tower hybrid drift instability
f11), the saturation growth time of which is less than 10ns under the
experinental conditions of oi/2r5n v 0.5 and wmy v 1.7 x 10°s7%,
Consequently, these ricroinsiabilities may be saturated in the ion
Larmor period of sbout 200ns in tie present case, in which tire the

electrons can be scattered along the Larmor orbit.

The assumption (5) is equivalent to that the equiflux surface
corresponds to the eqiipotential surface inside the FRC. One of the
characteristic features of the FRC is the presence of the null point in
the maguetic field, which is wrapped up only in a poloidal magnetiic

ficld. Therefore, zach Jine of force between the coil axis and the null
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point imognelic axis) must pa
separatrix. In other words, the different flux surfaces are isolated
from each other., In such a FRC, rotating with the azimuthal velocity ?f'

the plasma feels an electric field £, given by

t - Vf xB . . (1)

Since each equiflux surface is isplated, an electrostatic field t s

created in the opposite direction to f',

-+ -+
E-- PR B . v}
In cylindrics) coordinates, Eq. (2) becomes
- v -+ v -+
JUNRALRE CE S T (3)
r ar r gz

where ¥ is a flux function such that ¢ = rég. From the relation [ -§¢,

we have
. y .
3¢ . fb oy
ar r ar
and
4 vfa o (4)

2
n
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equivalent to the eaguipotential surface, i.e., ¢ = ¢, we get one of the
soTutions for er as follows,

er = rl o, . {5)

where ) is the rigid body angular velocity of the FRC plasma,
independent of r and z. 1f the potential on the separairix surface is

zZero, than the relation of ¢ and ¢ becomes

¢f{r,z) = in(r,z) . {6)

It is notic:d, here, that the rotaticn of the FRC plasma is free as for

a rigid body rotati.: asbout the axis.



OF THE FRC

In the preceding section, it is proposed that the halo plasma
surrounding the small aspect FRC is generated by particles beirng
shuttled from the inside of the FRC to the open field region. The

interesting problem here is how particles come out Trom the FRC under

the action of the radial electric field. We consider this probliem only

for the radial dependency of the confined particles, from the point of

view 0f the confinement capability perpendicular to th? magnetic fiela

In cylindrical coordinates, the equation of molicn to be solved is

as Tol)lows:

mF - rd2) - gEr + gb S¥
dr

and

{(7)

where g is the ion charge, m is the jon mass, and Er is a radial electric

field inside the FRC given by Er:-!?gg, from £q. {6). Lecause of this

electric field, the FRC plasma rotates about the axis. Thus, we rewrite

Eq. {7) using a rotating cylindrical cocrdinate syziem (r', 8'} with the

constant angular valocity 22, as follows:
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mr' =mr'(8' - @) +q(0' - Q) -gn = {8}
dr ¥
and
2 . =
mr' (8' - ) + qp = const., , (9)

where r = r* and 6 = 8’ - Qt. On the right hand side of Eq. {8), the
first and the second terms are the centrifugal force and the Lorentz
force (due to the magnetic fieid) terms, respectively, and the third one
is the electric field produced by the rocation of the bulk plasma. For
convenience . & veprace wei€ ' and 8 by r and B, respectively, so that
after some algebra we obtain the follow ng equations for the radial ('-!r,)

and the azimuthal (Ve) velocities:

YRR - 0y - y,))"
v’=v’+[1-_?—”v9 c 20+ T L———-E—}
o 0

r r 2t} vz S 2r? -l
]
5 )2 r
_9 - we)? {1 R H__-"__._] 228 (- v e (10)
mér? l 2re - r;) m ®
and
v r '
0 s q 2 2
V, =20, =2 =2 (p-yg,)+-=(2r2 - r2), {11)
6B v ° 2r s
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azimuthal velocities at the field null point, respectively.

s )
"ne o

The particles which are confined inside the FRC and which satisfy
the condition that Vi < 0 on the separatrix surface sre described in the

velocity space by the following inegquality:

- 2
(v* - _.;E f - YAl < 2y - 2uet . (12)

This equatica is normalized by the quantity w?r;. Thus, V; =V, Jure,

V;o = Veofm}rs, 0t - Q/mi and w: = wo/Ber;, where w, is th; jon '

ey ivien anguler freguency for the external field B,. The absolute
confinement region in the FRC described by Eq. (12) is then bounded by
an ellipse curve cerizred off the origin in velocitly space, and its
position ang size depend on the angular velocity @ of the FRC plasma,
as shown in Fig. §. For this asymmetric confinement region, it is
noticed that the isctropic plasma on the aull point spreads symmetrically
around the origin (v;o = Vgo = 0) with 2 Maxwellian distribution. This
means that the number of particles, other than the absolutely coni ned
ones, which are in the incomplete confinement region in Fig., 5, is
strongly dependend on the angular velocity of the FRC plasma, These
particles form the halo plasma. Consequently, the behavior of the halo

plasma depends on the rotation of the FRC plasma.

1t must be mentioncd here that the FPC plasma cen rotate freeiy as a
bulk, but the rotation of the plasma in the open field region is
complicated becavse the flux surface is open, For the calculativn of ion

flow in the open ficld region, the effect of the FRC plasma rotafion is
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examined here. The ion distribution function on the null point inside

the FRC is a Maxwellian one, of the form

2 l_,-’.

]

fo—,-2 exp {- N V;’)} , (13}
W o 3

-~

where n, is the number of particles per unit volume, and p. is the jon
Larmor radius. When an ion reaches the separatrix surface, it has the

following radial V:s and azimuthal Vgs velocity components:

& Y2
R IR R )
and
v .
* 3 -
VEoe By, gt (15)
8s 5 e T, |

With these welocity components, the ion is shot from the rotating FRC
plasma into the open field region. From this initial velocity and the
equation of motion, we can calculate the ion current in the open field
region, Figure 6 shows the numerical result for the ion current
integrated over thé distribution function of Eq. ($3). The ion current
is normalized by the quantity Znnwirs, and Hil1l's vortex is assumed for
the flux function, so that ¢ = -1/8. It is noticed here that ihe current
evolution as o function of 7* is similar to the experimental recult of

the directional probe in the case with the guide figld (see Fiq, 4) up
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are different. The experiment with quide field shows that until about
t4ps after implosion the plasma is floating across the vacuum magnetic
field, which means that the plasma is isolated. So, it can be thought
that, due to the joss of ion Particles with large Larmor radius, the
radial electric field which corresponds to Er = «§ 9¢/3r, is built up
with time. If we take the experimental parameters Be = kG andrs = 1.8cm,
the value 8% = 0.2 corresponds to a rotational velocity of 5.8 x 10*rad/
sec. Thus, the above electric field becomes -6.3 x 10"V/m at the inner
separatrix surface, which also-correSpOnds to a potential wei] of -140V.
Such an ejectric potential is not still -onfirmed experimentally, but it
15 @s3&iiic] in the present mode) to explain the double structure of .,
flow in the halo plasma. On the other hand, the value of ion current
becomes about -3 x iuSA/m* when 1* = -2.5 x 10722 at 0% = 0.2 and

n, ~ 1072 m”>, This value is roughly in agreement with the experimental

value of -1.8 x 10%A/m? at 3dps.

The phvuical picture of this halo plasma, which is shown in Fiqg. 7,
is as follows, Due to the increase of the radial 2lectric field caused
by ion loss, the particlz rotation in the dire;tion of the electron
diamagnetic current (the positive flow particle) is increased, which
also corresponds to the increase of the absolute confinement region in
velozity space (see Fig. 5). At the vicinity of the separatrix surface,
the positive flow also increases. As a result of Larmor motion the
negative flow at the position of 20i off separatrix increases, If we
consider Lhe end effect Tor the above proress, the cnd effect can be

regarded'as the opporite process, so thst the radial electric field
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space decreases toward the vanishing point.



The double structure of ion flow in the halo plasma observed in the
STP-L experiment is explained through the proposed mode) that the halo
plasma is formed by particles being shuttled between the outside and
inside of the FRC, The FRC plasma in the present experiment is confined
to a magnetic configuration of small scale comparable to the ion Larmor
radius. Such a configuration has a very asymmetiric confinement region in
velocity space as shown in Fig., 5. If the FRC is of large scale relative
to the tarmor radius of the confined parcicle, i.e. rs{pi > 5, the
effect of the asymretric configuration may be neglected, as is the caze
for the electron in Fins 5. [ii (i smal? aspect FRC, however, the
asymretric character is not negliigible i a point of view that the
particles rotating in the direction of tue ion dramagnetic current
(ve < (1) can be more confined than the particles with velocity Vo > o.
This means that the Eartic?es confined to the FRC begin to rotate
naturally in the direction of negative Yo Because of this contradiction,
the radial electric field was introduced to explain the behavior of ivn
flow in the helo plasma. As shown in Fig. 5, when the direction of the
radial electric field is inward (0" > 0), the FRC plasma confincment is
improved, and when it is outward (0% < 0) the confinement region
decrcases, whose results might be caused by the end effect. It is
mentioned here thai this rotation is the bulk rotation in the direction
of the electron diameynetic current for the case Q" > 0 and is due to
the electrostatic field caused by the loss of jons. Such an electric
field is special not only for the FRC, but was always observed in a

Tokamak plasma {12, 133,which is the toroidal plasma without the end
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ohserved [13]. In the case of the Fﬂc; this rotation currasponds to the
toroidal rotation, and the inverse rotation {to the iunsense) observed
in the early phase of the discharge in the STP-1 experiment {87 might

correspond to that rotation.

-

The inward electric field caused by the ion loss produces initially
the electron rotation in the direction of the electrorn diamagnetic
current. This electron rotation also produces the induced electric field
Ey» Which accelerates the ions in the same direction of % > 0, leading
to the bulk rotation. Since the electron current forms the diamagnetic
current, in the case of the Tokamak, this current decreases the magnetic
pressure in its inner region, but in the FRC it increases the inner
magnetic ficld, because the magnetic field in the inner region of the
FRC reverses. Thus, there are two rotations in the FRC plasmas: one is
the bulk rotation related to " and the other is a particle rotation
related to v;’, as shown in Fig. §, and the particles coning out from
the FRC have the two information, which may be measured by the

directional probe,

As a conclusion, the double structure of ion flow in the halo plasma
may be regarded as one of the phenomena in the process {or the FRU to
change from the asymmetric confinement configuration to the symmetric
one, considering the isolated system, This phenomenon is due to the
reversal of inner and outer magnetic field lines in the confinement
region, and if the field does not reverse, for example, Tokamak and s0
on, the confinement character will change for the worse because of th:

higher cnergy particles, Since the above characteristic of FRC imalies



It is mentioned finally that the condition in the present expericent

(rs/pi < 5) may be similar to that of the a-particle confinement in the

fusion plasma,
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. b

{a) Schematic drawing of STP-L apparatus.

{b) Time evolution of the main B, and BGF magnetic fields.

Side-on Streak photographs with and without guide field. The
central bright core corresponds to the FRC  plasma, and its

surrounding thin image is the halo plasma.

(a) Schematic drawing of directional probe,
(b} Two directions on the probe measurement, The ion current
was measured by cancelling the electron current in the two

direction measurements.

Ton currents in the open field region measured by the
directional probe. The positive ion curreat corresponds to the

ion flow in the direction of the ion dismagnetic current,

(2) variable particle confinement region of FRC in the velocity
phase space. fI* is angular velocity of FRC plasma as a rigid
bodys, which is normalized by the jon Larmor frequency of W

¥, is the trapped flux inside the FRC, which is also normalized
by r;Ee. Through the relation of w: = -11, the Hill's vortex is
assumed for the magnetic field prerile, The dotted parabolic
curve is a trajectory of the scemiminor radius of e)lipse curve
for 2*, The direction of positive vgo js in the electron sense,
which is contrary to the experimental data in Fig. 4.

(b) Ton and electron distribution functions estimated from the

experimental data for rsfpi A~ 3.7 and rs/pe ~ 390, respectively.
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Fig. & - Ion zurrent evolutions in the haln region for the rigid angular

(3

velocity @ of the FRC, where I* = Iionlznvwirs' The positive
direction of the vertical axis is in the direction of the ion

dianagnetic current which is the same as the experimental

result of Fig. 4.

-

Fig. 7 - Physical picture of the halo plasma flow,



Taple 1 - Parameters of the FRC plasma in the STP-L experiment.

Table 2 - Basic quantities of the FRC plasma in the STP-L experiment.



quasistatic phase 4 us to 16 s unit
Be: external field 8.0 5.5 kG
T4: ion temperature 350 200 ey
To: electron temperature 120 ev
F;: average electron density 5.5)&10]5 4.0x10'5 l:.m-3
re: separatrix radius 18 15 m
Tl major radius (= rs/l"Z_) 13 1 ™
a: minor radius (= rg - ro) 5 4 mn
k: axial length 800 400 mm

working gas : deuterium (02)

Table 1
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HALO PLASMA SURROUNDING FRC
CONFINED PLASMA

SEPARATRIX \\ FIELD NULL REGION WHERE THE PARTICLES
SURFACE ARE SCATTERED BY THE COLLISION.

(a) 0= 0 (b) 2*¥>o0

Fig. 7



