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ABSTRACT, the halo plasma which is a thin plasma surrounding the Field 

Reversed Configuration (FRC), was observed in the Staged Theta Pinch-

ii"»^ (b.'^-L) experiment. The experimental results show that the i?r. 

flow in the halo plasma increases in opposite directions at the 

vicinity of the sepa.vtrix and at the edge of the halo, when the end 

effect is reduced by the guide field. This double structure of ion 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 reo ion, 

and the numerical result is in a good agreement, with the experiment. The 

proposed model also suggests that the FRC has a good confinement ability 

for the energetic particles if the plasma does not connect with the 

discharge tube. 
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I INTRODUCTION 

It was observed in the Staged Theta Pinch-Linear (STP-L) experiment 

in Naqoya University [1] that the Field Reversed Configuration (FRC) 

plasma has a thin plasma surrounding it which is called, here, "halo 

plasma'', although such a halo plasma is not clearly observed in other FRC 

experimental devices. This difference seems to be characterized by the 

parameter r /p., where r is a separatrix radius of the FRC and p. is 

the ion Larmor radius for the vacuum magnetic field. In the case of 

STP-L, r /p. ̂  3, but in other experimental devices, for example FRX-A, 

B [2] and C [3], PI ACE [4], NUCTE [51 arvi so on, r$/Pi > 5. A plasma 

with r /c. < 5 is defined, nere. *c * "small-aspect" plasma. 

The halo plasma has net been investigated because the plasma is ve>~y 

thin and was not clear in many experimental devices. In the STP-L 

experiment, however, the halo plasma surrounding the FRC was clearly 

observed; and its plasma rotation was firstly measured [1, 6], lhe 

experimental results show that the behav or of the halo plasma is 

closely related to the rotation of the FP.C plasma, and also shows that, 

when the plasma touched the wall of the discharge tube at the end of the 

coil, its effect, which is called in general "end effect", appears first 

in the halo plasma [7], From these results, it can be said that the halo 

plasma may be of importance since it receives the effect from both the 

outer and inner regions. Namely, by examining the behavior of the halo 

plasma, some information about the FRC plasma may be obtained, without 

disturbing the FRC itself. 
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The STP-L exper iineni. wd;> dune by i educing the encs effect, sc that 

the outer end inner effects 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 

rotation of the FRC plasma is decelerated [6, 8], and (3) the double 

structure of ion flow in the halo plasma is observed [6]. The present 

work is devoted to the examination of phenomenon (3). Section II 

describes the experimental results on the ion flow in the halo plasma. 

In Section III, an experimental model is proposed to explain the double 

structure of ion flow in the halo plasma. Under this model the motior >f 

the particles forming the halo plasma is calculated in Section IV, ai-d 

is compared with the experimental results. In SprHon '.', il.c rotücii/,. 

and confinemsnt of the FRC plasma are discussed, and the conclusions or 

this paper ?re summarized. 
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I I . EXPERIMENTAL RESULTS 

The STP-L apparatus, the schematic drawing of which is shown in Fig 

1(a) , has two unique features, i . e . , the guide f i e l d c o i l s , 2.7m long, 

attached to both ends of the main e-pinch c o i l , and the fas t -ac t ing gas 

valves to in jec t the working gas into the discharge tube. The guide 

co i ls generate a quasi-static uniform axial f i e l d c f 0.5T, by which the 

plasma ejected from the main co i l is guided out to the ends of the 

apparatus. The main c o i l , 1.5m long and with an inner bore of 12cm, is 

excited by the super-fast and the fast banks, which generate an axia l 

f i e l d of 0.Á5T and 1T, wi th r ise-t imes of 0.2us and 2.4ys, respective"!/ . 

The strength o f the quasi-static negat i "^ Viso f i e l u i i 5.5 x 1C"2T. lhe 

time evolut ion of these f i e l ds are show in F ig. 1(b) . The working D? 

gas is puffed at the center of the main coil by two spec ia l l y designed 

fas t -ac t ing gas valves whose muzzles also serve as electrodes fo r the 

small coaxial plasma guns. Therefore, i t s density d i s t r i b u t i o n along 

the axis is of a t rans ient character. Thus, the volume-averaged gas 

pressure is employed here as a measured of the f i l l i n g - g a s densi ty ; i t 

was chosen to be 8.6mTor< in t h i s experiment. The main discharge is 

always f i r ed when the expanding gas fronts reach the ends of the main 

c o i l . Therefore, we may expect that the hot plasma created in the main 

co i l expands in to the vacuum along the guide f i e l d (CF) up t o the ends 

of the apparatus, and that the end effect is el iminated u n t i l the plasma 

t ips h i t th " end wa l l . 

Ac tua l ly , i t is observed that the end effect, is delayed for about 

14us a f te r implosion by the GF [ 7 ] , which means that the onset time of a 

ro ta t ional i n s t a b i l i t y in the FRC plasma is also delayed, as shown in 
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Fig. 2. txcluaed-f lux measurement shows that the ec'ge oT t h * hrir.ht cere 

in F19. 2 corresponds to the separatrix of the FRC, so that the halo 

plasma observed around the bright core should be in the open f i e l d 

region. The re la t ive ion current in the open f i e l d region is measured uy 

the direct ional 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 reproducib i l i ty in each 

measurement is confirmed wi th 3-4 shots of the discharge. These data, 

measured for the two cases with and without the 6F, are shown in F ig. 4. 

I t is mentioned here that the separatrix radius r is about 1.8cm and i t s 

surrounding halo plasma in the open f i e l d region has a radius of about 

3.0cm, which are xcssurcü by Liie «area*, photographs. From Fig. 4 i t is 

noticed tha t , in the case with GF, (1) the direct ion of ion current near 

the separatrix (r *v 2.0cm) reverses about 5us after implosion, in 

contrast with the case without GF, and i t s direct ion is the same as that 

of the electron diamagnetic current, and (2) the ion current around the 

edge of the halo plasma (r 1» 3cm) has the peak value in the d i rect ion of 

the ion diamagnetic current in opposite sense to the current near the 

separatr ix, while in the case without GF i t does not change 

par t i cu la r l y . The time behavior of the ion current at r =• 2.0cm and 

r = 2.5cm, 14us af ter implosion in the case with GF, is similar to the 

case without GF. These can be regarded as the same phenomena caused by 

the end e f fec t , because the plasma in the case with GF is l e f t under the 

condition connected with the wall of the discharge tube af ter about 

14ys. Consequently, the double structure of ion flow in the halo plasma, 

which has occurred 14ys ear l i e r in the case with GF, is independent of 

the end e f f ec t , and should arise from the character of the plasma i t s e l f . 
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r.-..- thi- nhp;vs~«~r.cr. a", experimental model is proposed in the next 

section, and the model results are compared with the experimental 

results. 
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III. EXPERIMENTAL MODEL OF THP HAI O PI ASMA 

The origin of the halo plasma may be due to one of the following 

three cases: (1) a plasma left in the formation phase of the FRC; (2) a 

' diffused plasma from the inside of the FRC after the formation; and (3) 

a plasma connecting with the FRC plasma. The experimental result that 

r /p. i> 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 plas.ua 

is produced from particles being shuttled from the FRl tc the opor. fi°ld 

region. Tabla 1 shows the plasma parameters in this experiment, and th"> 

basic quantities of the FRC nlasma, estimated from Table 1, are shown in 

Table 2. In these quantities it is noticed that the ion Larmor radius p. 

is comparable with the minor radius a of the FRC (p. ̂  a), while the 

electron Larmor radius is much smaller (p « a), and also that these 

particles ar.i almost in a collisionless situation (W^T.. » 1 and 

« T . » 1). Since the FRC has a null point (B = 0) inside it, somo of 

the ions at the null point can easily come out from the FRC, under the 

above condition. These particles form the halo plasm3. 

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 ions is isotropic on the null point 

(B = 0 at r = r0) inside the IRC. 

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

f reely along the i r Larmor o rb i t s . 

(4) Al l electrons are frozen in the magnetic f i e l d , and provide the 

quasi-neutral i ty for the ion motion with *arge Larmor radius. 

(5) The FRC plasma rotates.as a r i g i d body. 

Assumption (1) is consistent with the experimental result that the 

diameter of the FRC is almost constant af ter implosion. Assumption (2) 

is also consistent with the experiment [1CJ. The assumption (3) may be 

reasonable from a poii i t of view of the small-aspect FRC plasma {p.^ a). 

For assumption (4) , the fol lowing reason is given: since the par t ic le 

confinement in the open f i e l d region is nuch poor than the one in the 

closed f i e l d region., the density gradient on the separatrix surface 

becomes steep. In th is experiment the characterist ic density gradient 

length * is comparable with the minor radius a of the FRC. The growth 

rate of micro instab i l i ty caused by the ion motion with large Larmor 

radius p . , then, becomes largest for the lower hybrid d r i f t i ns tab i l i t y 

[11] , the saturation growth time of which is less than 10ns under the 

experimental conditions of 0-/26 <v 0.5 and w... -v 1.7 x 109s~a. 

Consequently, these micro ins tab i l i t ies may be saturated in the ion 

Larmor period of about 200ns in the present case, in v/hich time the 

electrons can be scattered along the Larmor o rb i t . 

The assumption (5) is equivalent to that the equif lux surface 

corresponds to the eqxipotential surface inside the FRC. One of the 

characterist ic features of the FRC is the presence of the nul l point in 

the mannc-tic f i e l d , which is wrapped up only in a poloidal magnetic 

f i e l d . Therefore, each l ine of force between the coi l axis and the nul l 
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point (magnetic axis) must pair with that betwser; Llwr t-ull ^oini ?r.rf the 

separatri.x. In other worrit, the di f ferent flux surfaces are isolated 

from each other. In such a FRC, rotat ing with the azimuthal velocity V f , 

the plasma feels an e lect r ic f i e l d ? ' , given by 

V ="vf xl . • (1) 

Since each equiflux surface is isolated, an electrostatic field E is 

created in the opposite direction to t 1, 

E = -Vf x B . (::) 

In cylindric?! coordinates, Eq. (2) becomes 

K . ! f Í M l - i f » i t I , (3) r z r ar r 3z 

- i -*• 
where ty is a f lux function such that ty = rA6. From the re la t ion E = -V<j>, 

vie have 

Ü£ = ííÜ. Jilt 
Sr r ar 

and 
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Here, taking account of the condi Li»»! L»ií t!-e *Ç»;ÍÍ"!;ÍV xsn-farp ir; 

equivalent to the equipotential surface, i.e., $ « tj», we get one of the 

solutions for V. as follows, 

Vfe - ra . ^ (5) 

where ij is the r i g i d body angular veloci ty of the FRC plasma, 

independent of r and z. I f the potent ial on the separairix surface i s 

zero, then the re la t ion of <{> and if» becomes 

( f i r .z) = i * ' ( r ,z ) . (6) 

I t is noticed, here, that the rotat ion of the FRC plasma i s free as for 

a r i g i d body ro ta t i t r i about the axis. 
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IV. PARTICLE MOTION FRO'-' THr TN"".:r!r 

OF THE FRC 

In the preceding stction, it is proposed that the halo plasma 

surrounding the small aspect FRC is generated by particles beire 

shuttled from the inside of the FRC to the open field region. The 

interesting problem hern is how particles come out from the FRC under 

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

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

view of the confinement capability perpendicular to th* magnetic fielo 

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

as follows: 

# m(r" - rò*) =- qEr + qG 
dr 

and (7) 

mire • 2rb) . -q Í 4fc 
r dr 

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

field inside the FRC given by Er = -f2^ 5 from Eq. (6). Because of this 

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

Eq. (7) using a rotating cylindrical coordinate syevem (r', 9') with the 

constant angular velocity ft, as follows: 



- 12 -

.:,.'. 
mr' = mr'ie' - íi)' + q(ü' - ft) ̂ - qíi 

dr d> 
\o) 

and 

mr' (6' - çi) + qij,' = const. , (9) 

where r ~ r' and e = e' - nt. On the right hand side of Eq. (8), the 

first and the second terms are the centrifuga! force and the Lorentz 

force (due to the magnetic field) terms, respectively, and the third one 

is the electric field produced by the rotation of the bulk plasma. For 

convenience, we replace Lore ;•' and C by r and 6, respectively, so that 

after some algebra we obtain the following equations for the radial (7 ) 

and the azimuthal (Vfl) velocities: 

V ' = Vf. + 
/ 
1 

> 

r* ) 
s 

*r'j 

vn - -in + fir. m ! 

e o /l s 2r* - r! J 

alia-juJi [i + _ Í _ j . 2a (^. * )0 
m'f I 2r* - r > , m 

(10) 

and 

Vn = SL . -Ü - -9- (v - v, ) + A (2r* - r») , 
0 ã r mr 2r s 

(11) 
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.here V o , V^ and Vg ire the '' lux fund iu ! : , Lese rêc''?s7 *•">•"• í»«r 

azimuthal veloci t ies at the f i e l d nul l point» respectively. 

The part ic les which are confined inside the FRC and which sat is fy 

the condition that V* < 0 on the separatrix surface are described in the 

velocity space by the fol lowing inequal i ty: 

V*» 
ro 2 2 { 6o ^ 

< 2ip* - 2tfn* (12) 

This equation is normalized by the quantity a£r*. Thus, V* = V /u.r , 
• s r0 r0 i s 

ve = ve / M / s » ft* = R / u i and * o = * o / B
e

r s ' where M i 1s the ion 

cytloií . / . i fingulér frequency for the external f i e l d Be. The absolute 

confinement region in the FRC described by Eq. (12) is then bounded by 

an e l l ipse curve centered of f the or ig in in veloci ty space, and i t s 

position ano size depend on the angular velocity fiv of the FRC plasma, 

as shewn in Fig. 5. For th is asymmetric confinement region, i t is 

noticed that the isotropic plasma on the null point spreads symmetrically 

around the or ig in (V* = \* = 0 ) with a Maxwellian d is t r ibu t ion . This 

means that the number of par t i c les , other than the absolutely confned 

ones, which are in the incomplete confinement region in Fig. 5, is 

strongly dependend on the angular veloci ty of the FRC plasma. These 

part ic les form the halo plasma. Consequently, the behavior of the halo 

plasma depends on the rotat ion of the FRC plasma. 

I t must be mentioned here that the FPC plasma can rotate freely as a 

bulk, but the rotat ion of the plasma in the open f i e l d region is 

complicated because the f lux surface is open. For the calculation of ion 

flow in the open f i e l d region, the effect of the FRC plasma rotat ion is 
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examined here. The ion d is t r ibut ion function on the nul l point inside 

the FRC is a Maxwellian one, of the form 

f = Hi . I i (_ ŝ ( y « + v*?)( (13) 

where n0 is the number of particles per unit volume, and p. is the ion 

Larmor radius. When an ion reaches the separatrix surface, it has the 

following radial V* and azimuthal V* velocity components: 
rs ws 

vís = K[ \ fve0 - 7 " *<}* ' 2*o? - «*:«* OO 

and 

v;s - ~ f + *: + - n * . (i5) 

With these velocity components, the ion is shot from the rotat ing FRC 

plasma into the open f i e l d region. From this i n i t i a l velocity and the 

equation of motion, we can calculate the ion current in the open f i e l d 

region. Figure 6 shows the numerical result for the ion current 

integrated over the d is t r ibut ion function of Eq. (13). The ion current 

is normalized by the quantity 2n0io.rs, and H i l l ' s vortex is assumed for 

the f lux funct ion, so th* t 4>* = -1/8. I t is noticed here that the current 

evolution as a function of Q* is similar to the experimental result of 

the direct ional probe in the case with the guide f i e l d (see Fig. 4) up 
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te \':\:t after lusplys'Ii?!!, -lt;»:>'jy'; th* .-.;;sr.í.ities r.r. the horizontal axes 

are different. The experiment with guide field shows that until about 

14us after implosion the plasma is floating across the vacuum magnetic 

field, which means th3t the plasma is isolated. So, it can be thought 

that, due to the loss of ion particles with large Larmor radius, the 

radial electric field which corresponds to E = -SI 8£/3r, is built up 

with time. If we take the experimental parameters B = 6kG andr = 1.8cm, 

the value SI* = 0.2 corresponds to a rotational velocity of 5.8 x 10-rad/ 

sec. Thus, the above electric field becomes -6.3 x lO"V/m at the inner 

separatrix surface, which also corresponds to a potential well of -140V. 

Such an electric potential is not still confirmed experimentally, but it 

is £S3civi.;rl in the present model to explain the double structure cf "Jir. 

flow in the halo plasma. On the other hand, the value of ion current 

becomes about -3 x t'Jh/m* when I* = -2.5 x 10~21 at SI* = 0.2 and 

n0 *v» 10*
1 m"3. This value is roughly in agreement with the experimental 

value of -1.8 x 106A/m* at 14us. 

The physical picture of this halo plasma, which is shown in Fig. 7, 

is as follows. Due to the increase of the radial electric field caused 

by ion loss, the particle rotation in the direction of the electron 

diamagnetic current (the positive flow particle) is increased, which 

also corresponds to the increase of the absolute confinement region in 

velocity 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 2p. off separatrix increases. If we 

consider the end effect for the above process, the end effect can be 

regarded as the opporite process, so that the radial electric field 
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áecreases, whicn ~.ca:.s that the absolute «?üfiüüü^r:! region i» veir.rity 

space decreases toward the vanishing point. 
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V. DISCUSSION Ar;D CONCLUSION 

The double structure of ion flow in the halo plasma observed in the 

STP-L experiment is explained through the- proposed model that the halo 

plasma is formed by part ic les 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 asymmetric confinement region in 

velocity space as shown in F ig. 5. I f the FRC is of large scale re la t ive 

to the Larmor radius of the confined parcic le, i . e . r / p . > 5, the 

effect of the asymmetric configuration iray be neglected, as is the ca.̂ e 

for the electron in F ig. 5. lit ííic smaTI aspect FRC, however, the 

asymmetric character is not negl igible v. a point of view that the 

part ic les rotat ing in the d i rect ion of t.ie ion dl.'magnetic current 

(v_ < 0) can be more confined than the part icles with velocity v. > 0. 
o 0 

This means that the particles confined to the FRC begin to rotate 

naturally in the direction of negative v„. Because of this contradiction, 

the radial electric field was introduced to explain the behavior of iun 

flow in the halo plasma. As shown in Fig. 5, when the direction of the 

radial electric field is inward (ft* > 0), the FRC plasma confinement is 

improved, and when it is outward (n* < 0) the confinement region 

decreases, whose results might be caused by the end effect. It is 

mentioned here that this rotation is the bulk rotation in the direction 

of the electron diamaynetic current for the case fi* > 0 and is due to 

the electrostatic field caused by the loss of ions. Such an electric 

field is special not only for the FRC, but was always observed in a 

Tokamak plasma [12, 13],which is the toroidal plasma without the end 
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Cí fcct , cnri also the peloids1 reLí l iun by the e l r c t - i r f-;?"!,-! wr.s 

observed [13 ] . In the case of the FRC, this rotat ion corresponds to the 

toroidal ro ta t ion , and the inverse rotat ion (to the ion sense) observed 

in the early phase of the discharge in the STP-L experiment [8 ] might 

correspond to that rotat ion. 

The inward e lec t r i c f i e l d caused by the ion loss produces i n i t i a l l y 

the electron rotat ion in the direct ion of the electron diamagnetic 

current. This electron rotat ion also produces the induced e lec t r i c f i e l d 

Efl> which accelerates the ions in the same direct ion of n* > 0, leading 

to the bulk ro ta t ion . Since the electron current forms the diaraagnetic 

current, in the case o f the Tokamak, t h i s current decreases the magnetic 

pressure in i t s inner region, but in the FRC i t increases the inner 

magnetic f i e l d , because the magnetic f i e l d in the inner region of the 

FRC reverses. Thus, there are two rotations in the FRC plasmas: one is 

the bulk rotat ion related to ft* and the other is a par t ic le rotat ion 

related to v ! , as shown in F ig . 5, and the part ic les coming 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 for the FRC 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 f i e l d l ines in the confinement 

region, and i f the f i e l d does not reverse, for example, Tokamak and so 

on, the confinement character w i l l change for the worse because of the 

higher energy par t ic les. Since the above characterist ic of FRC inviHes 



- 19 -

in p a r t K i c Soss, the supply cf p a r i i t l s i w i l l be -;.>»>•:.•.-*ant f.-.-.- the FRC. 

I t is mentioned f i n a l l y that the condition in the present experiüient 

( r / p . < 5) may be similar to that o f the a-part icle confinement in the 

fusion plasma. 
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Fig. 1 - (a) Schematic drawing of STP-L apparatus. 

(b) Time evolution of the main B and B_p magnetic f i e l d s . 

Fig. 2 - Side-on streak photographs with and without guide f i e l d . The 

central bright core corresponds to the FRC plasma, and i t s 

surrounding th in image is the halo plasma. 

Fig. 3 - (a) Schematic drawing of directional probe. 

(b) Two directions on the probe measurement. The ion current 

war. measured by cancelling the electron current in the two 

direct ion measurements. 

Fig. 4 - Ion currents in the open f i e l d region measured by the 

directional probe. The positive ion current corresponds to the 

ion flow in the direct ion of the ion diamagnetic current. 

Fig. 5 - (a) Variable par t ic le confinement region of FRC in the veloci ty 

phase space. Si* is angular velocity of FRC plasma as a r i g i d 

body, which is normalized by the ion Larmor frequency of w.. 

V»o is the trapped f lux inside the FRC, which is also normalized 

by r?E . Through the relat ion of $* » - -L the H i l l ' s vortex is 
s e o 

assumed for the magnetic f i e l d p ro i i l e . The dotted parabolic 

curve is a t ra jectory of the semiminor radius of e l l ipse curve 

for SI*. The direct ion of posit ive v* is in the electron sense, 

which is contrary to the experimental data in Fig. 4. 

(b) Ion and electron dist r ibut ion functions estimated from the 

experimental data for r / p . * 3.7 and r /(, ^ 390, respectively. 
•> I 9 C 
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Fie. 6 - lor. current evolutions in thP haln region for the rigid angular 

velocity fi* of the FRC, where I* = Iioj/ 2 ne wi TV T h e P o s i t™ e 

direction of the vertical axis is in the direction of the ion 

diamagnetic current which is the same as the experimental 

result of Fig. 4. 

Fig. 7 - Physical picture of the halo plasma flow. 
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TABLE CAPTIONS 

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

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



quasi static phase 4 ps to 16 lis unit 

B : external field *8.0 5.5 kG e 

T,: ion temperature 350 ?00 eV 

T : electron temperature 120 eV 

' 15 IS • 

n : average electron density 5.5x10 4.0x10 cm 

r : separatrix radius 18 15 mm 

r : major radius (= r^/^2) 13 11 mm 

a: minor radius (- rs - r . ) 5 4 mm 

Jt: axial length 800 400 mm 

working gas : deuterium (D?) 

Table 1 
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