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Abstract

Cuspher is a magnetic confinement system which combines a closed [spheromak] and an
open [cusp]system. The open system surrounds the closed system that provides a plasma reservoir.
The closed system is assumed to have gross mhd stability but is not required to have plasma particle
and energy confinement. The overall confinement is determined by the convective plasma loss from
the open system and the volume of the closed system. The fusion condition may be attained in a

relatively modest size device.
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[ 1 ] Introduction

The concept of the combined confinement system has been discussed previously. I Nested
closed magnetic flux surfaces are surrounded by open magnetic lines. Because the plasma loss
channels in the closed and the open system are in series, the overall confinement time

r is given by
T=T o+ r0(1+VC/V0) ()

where V is the volume and the subscripts ¢ and o denote the closed and the open systems. If the

volume ratio V. /V, is large enough, the overall confinement time is sufficient to achieve fusion

conditions even at the limit of c 0 .

The separatrix surface which devides the closed and the open regions may or may not have
the null of the magnetic field. In the former case, the plasma loss is cusp-like and in the latter case
the loss is mirror-like. Since the line cusp loss is much larger than the point cusp loss, the prefered
closed systems are tort with aspect ratio of unity, an example being a spheromak.

We examine the confinement characteristics of Cuspher - spheromak surrounded by cusp -
in this report. The basic assumptions are {1] the spheromak is mhd stable, [2] the confinement time
of the spheromak is nil and [3] the loss from the open system is convective. In the following sections,

we discuss the configuration, the ion orbit, the cusp and the mirror losses, the start up and the device

size for fusion.

[ 2 ] Configuration

The magnetic configuration consists of [A] spheromak region, [B] cusp region, [C]
solenoid region and [D] expansion region as shown in Fig. I. The spheromak acts as a reservoir of
the plasma and it 1s assumed that the spheromak confinement time is much shorter than the
confinement time of the open system. The plasma pressure is uniform inside the spheromak and it is
a force free configuration. Region [B] is where the cusp and the mirror losses occur. The role of the
solenoid region is to constrict the magnetic flux lines for reducing the cusp loss. Region [D] is to

dispose the escaping plasma in such a way that the cold secondary particles cannot stream back into



the confinement region.

[ 3] lon orbit

The magnetic configuration is axisymmetric and the poloidal magnetic field can be derived
from the flux function ‘P,

B,= [lA] oWz
r=—[1A4] } )

B,= [liloW¥or

The seperatrix is the surface with W =0, which separates the spheromak region ¥ <0 and

the open flux line region ‘¥ > 0.

The azimuthal canonical anglar momentum P, is a constant of motion,
Py=mruvg + e¥ (3)

where m and v are the ion mass and velocity. We examine the ion orbits near the seperatrix to find
the relative positions of the orbits at the median plane of the spheromak and near the axis [r = 0] in
the open line region.

The ions with P, =0 intersect the seperatrix at the median plane with v 4 =0. In the open
line region the orbits go through the axis [r = 0] and the maximum radius of the orbit is twice the

gyro-radius. These orbits pass through the null of the magnetic field and the magnetic moment is not
an adiabatic constant.

The ions just outside of the seperatrix with the orbits tangent to the seperatrix have

Pg =mrvgy >0, where rg is the radius of the spheromak. Away from the spheromak the guiding
centers follow approximately the flux lines with ¥ = mr_v 4 /€. The radial position of the flux line is

roughly the geometrical mean of the spheromak radius and the gyro-radius. The magnetic field on

these orbits is finite and the magnetic moment is an adtabatic constant.
Similarly the ions just inside the spheromak with the orbits tangent to the seperatrix have
Py =mryug < 0. The radial position of the guiding center at the inboard side of the spheromak is

roughly the geometrical mean of the spheromak radius and the gyro-radius. The magnetic moment is
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an adiabatic constant.

[ 4 ] Cusp and mirror losses

The 1ons just inside the spheromak will get on to the orbits Py = 0 through the ion-ion

collisions. Since magnetic moment is not constant, the ions are lost throegh the point cusp along the

axis. The further collisions will take them to the orbits with Pg > 0. These ions will be mirror

confined between the strong field regions produced by the solenoids. The mirror confinement time is
of the order of the ion-ion collision time and the ions will be lost before they diffuse radially much

farther. As a result, the mirror confined orbits are limited to O <P p <MrUg .

We estimate the cusp loss L c by assuming that the plasma flows out at the ion thermal velocity

through the holes determined by the magnetic field strength in the solenoid, namely

L =2ny,4n p*za “4)

where n is the plasma density, v; is the ion thermal velocity, « is a numerical constant to be

determined by more elaborate calculation of the hole size, p is the gyro-radius and *denotes the

quantity in the solenoid region. Numerically, the cusp loss is given by

on (L 2 2
f==3 n 1] =
L. B*z(e)2X10 (5)

The mirror loss L is given by
L, =Vgnv; f(B¥B) (6)

where V, is the volume of the mirror region, v;; is the ion-ion collision frequency and f is a function

of the mirror ratio.

If the thickness of the mirror plasma at the median plane is A 1 the mirror region is enclosed

by the flux lines with W= B, r, Ar.. A rough estimate of the volume can be obtained by assuming



that the length of the mirror region in the axial direction 18 3r¢ and the average magnetic field in the

region is B,. We obtain
Va=6T 1A 1,2 7

where g is a numerical factor to be calculated for the actual magnetic field distribution.

The considerations of the ion orbit and the mirror loss indicate that Ar_ is about an ion gyro-

radius. However the steep pressure gradient thus created may make the ballooning mode unstable.

The stability condition for the ballooning mode is given by
> 1(LpBs
prs 2 (n)z 5 (8)

where [ is the length of the bad curvature region and

4o n T
Bg
By using a rough estimate for / given by
I~1,(m/2) (10}

we obtain

AISZISBS/S (]l)

In calculating the mirror loss, we should take the larger of two, the gyro-radius or the

ballooning limit as Ar,. However we design a device in such a way that they are equal at the final
temperature. The condition that they are equal is given by
T\ "+ B
n:2.l><1021(?1) 2= (12)

3



At lower temperatures with this design, the gyro-radius is larger than Ar, determined from the

ballooning stability condition for a given density. By taking the gyro-radius as the thickness the

ballooning stability is assured up to the final temperature. The mirror loss becomes

L

2 2
Ln=14x 101 ngB_fs( -

s

(13)

We assume that the cusp loss and the mirror loss are in parallel and the overall confinement

tme is given by

3 -1
l=27x103{ €& _ (_TL)z +45x 1016 (E) (_Tl) (14)
B*zrg [ ISBS c

The cusp loss scales as T; 32 whereas the mirror loss scales nTi‘1 . The optimum is where the cusp

and the mirror losses are equal,

n=6.0x1012{%)(—a—)( (15)

The optimal temperature is obtained by combining the above equation and the ballooning condition eq
(12),

T' 3 f ™
(—el) =3.5x% 108 (Eg) B2, (16)

and the corresponding density becomes
_ R (A} 6 p* U3
n=79x 109 B, (§) 70 B (17)
The confinement figure of merit [nT] using the temperature and the density given by eq.(16) and
eq(17) becomes

(Il‘{.')_l =1.3x10 -18 (fg)2/3 0(”3 r§4/3 Bgl B*(-2/3) (18)



By choosing f -g - o - I, 1, = 3m, B_ = 3T and B* = 30T, the Lawson condition n T = 1020
is obtained at n = 2.0 X 0!9m? and T,= 10*%V. The stored plasma energy is 11MJ and the heating

power to maintain the steady state is 2.2MW.

[ 5] Start up

The spheromak must be created before it can be heated and maintained. A coil and a pair of
electrodes are placed between the solenoids as shown in Fig.2. The time dependence of the currents
in the solenoid, the coil and between the electrodes are shown in Fig.3.

The field of the solenoids is time independent. The time sequence of the coil current is similar

to that in a field reversed configuration [FRC]. Prior tot= r ; the current is reverse biased.
Between t; and t,, the current is switched to positive. The discharge is initiated and some of the
poloidal flux is trapped to form closed lines. After t,, the coil current is time independent.

The current between the electrodes is for producing the toroidal magnetic field or equivalently

for injection of the helicity. It is on only between t, and t,. It may be better to locate the electrodes

radially outward as shown in Fig.2 as alternate positions. The electrodes are powered first in this
case before the reversal of the coil current. The current flows along the field lines produced by the
bias current in the coil. The coil current is switched after the plasma is produced by the current
between the electrodes. The poloidal flux may be trapped better this way.

Immediately after the formation of the spheromak, the heating and the fueling must

commence. At low temperatures the mirror loss dominates over the cusp loss and is proportional to

n? Ti‘l. Because of the steeper dependence on density and the milder dependence on temperature, a

modest beam fueling will keep the density in a narrow tange almost independent of the temperature,

The heating power P should be high enough so that the temperature increases in much shorter

time than the electromagnetic skin time of the spheromak. The condition is given by

P>3n T;V,

1o 1 ) (19)
T o o

where & 1s Spitzer conductivity. The mirror confinement time 1s much shorter than the skin ttme even



at low temperatures and the above condition means stmply that the heating power must be
significantly higher than the heating power to maintain the steady state.

After the electron temperature is raised sufficiently the current drive is initiated to maintain the
steady state. Since the preferred density 1s relatively low, LHCD [Lower hybrid current drive] is a

possibility.

[ 6 ] Piscussion

According to the simple analysis described above, Cuspher has a possibility of reaching the
fusion condition in a relatively modest scaled device. It gives us further motivation to examine the
assumptions more carefully.

The crucial assumption is the gross stability of the spheromak especially against the modes
with small azimuthal mode numbers. The tlt and the sideway shift are dangerous modes. In a sense,
the spheromak is acting as 2a mhd anchor for the mirror configuration and the stability of the entire
system must be confirmed by mhd analysis. It may become necessary to add the multipolar external
field for stability.

The loss from the open system is assumed to be convective. The secondary particles;
electrons, 10ns and neutrals from the wall where the field lines terminate must be controlled. The
conduction cooling due to the secondary electrons and the ion cooling by charge exchange must be
minimized as in any open systems. The more accurate estimate of the hole size of the cusp loss and
the volume of the mirror region is needed. The size of the fusion device depends critically on the toss
rate.

The assumption of the total absence of the confinement in the closed system may be too

pessimistic. If there 1s some confinement, it helps to relax the ballooning requirement at the edge as
well as the reduction of the plasima loss. Also the fusion products, namely - particles, are produced

at the center of the closed region and their orbits will be initially contained within closed region.
Cuspher retains the attractive attributes of the open systems, such as ease of impurity control
and ash removal, small thermal load at the plasma exhaust and the absence of the toroidal
components. When theoretical calculations and experimental tests confirm the stability and the
confinement improvement over the simple open systems, it will become one of the candidate for

attractive fusion reactors.
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