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ABSTRACT

The diffusion mode! for multiple mirror confinement has previously been
limited to devices with a large number of cells and high mirror ratios. Ambipo-

lar effects were assumed to reduce the confinement time by the usual factor
T -1
(l+Z7e) . For the ideal multiple mirror regime, in which the mean free
i

path is shorter than the cell length but long compared to the mirror scale
length, a new discrete stair-case density profile model, without those limita-
tions, has been developed. A kinetic description for ion and electron transport
in a multiple mirror device has been used. A self-consistent ambipolar potential
is included. We have found that the ambipolar potential reduces the
confinement time somewhat less than the usual ambipolar factor. Special atten-
tion is given to the last cell which acts as a boundary condition for our system.
The ambipolar potential across the last mirror throat is studied and found to be
of the order of 0.5kT,. For machines with small numbers of cells, significant
improvements over previously calculated multiple mirror confinement times are

found.



I. INTRODUCTION

Muiltiple mirrors are shown to be an effective way to reduce axial losses in open-ended
devices. Various studies have shown that when the mean free path for 90° scattering, A, is
much smaller than the device length, L, imposition of additional mirrors over a simple mirror
machine improves the confinement time substantially!=5. In this "multiple mirror" regime, mir-
rors act as fixed scattering centers; and particles, scattering between these centers, leave the
system through a random walk process. This diffusive flow of particles results in a confinement

time scaling as L2

Makhijani et al!, using a computer code based on single particle motion, studied the scal-
ing of the confinement time. They also developed a simple diffusion theory to study the

confinement for the devices with large mirror ratios, R >>1, and sharp mirrors, [ <LALKL [,
. . (1 aB\! .
where [, is the mirror scale length, /, = (_5 -d7) , and [ is the cell length. In both calcula-

tions, they found 7 ,,, ~ L% Experiments (Logan et al®) confirmed these scaling laws. Makhi-

jani et al also found that the mean free path for scattering out of the loss cone angle 4.,

A= x02= %, separates two distinct regions in which the confinement time scales as L% 1)

[}
The ideal (high density) multiple mirror regime where % << % << [., which has the max-

imum confinement time, and 2) The low density multiple mirror regime where

<< A << L. Using a kinetic description for ion and electron transport along a2 multiple mir-

R

ror field, Mirnov and Ryutov? studied the low density multiple mirror regime. In their analysis,
electron effects were included using a self-consistent ambipolar electric field. They found L2
scaling for both heat and particle transport. In addition, their analysis showed that sharp mir-

rors (/,,<< /) improve the confinement over a sinusoidal field variations.

Multiple mirror devices do not always operate in the ideal multiple mirror regime, such as

during the start-up of a fusion device when plasma is cold and highly collisional, A <</,.



. . . . A
Makhijani et al treated the ideal magnetohydrodynamics (MHD) regime in which T — 0.

m
They found that the axial loss process is sonic flow and the confinement time scales linearly
with the number of cell (or L). Mirnov and Ryutov considered the viscous fluid regime, where

A <<1 but not negligible, and found a diffusive loss process. Miller* applied a viscous fluid

In
analysis to the ideal multiple mirror regime by limiting the classical viscosity for large A, and

found the same scaling laws. Bravenec et al’, using viscous magnetohydrodynamics flow equa-

tions, investigated the confinement when IL <1. Their equations allowed them to study the
m

system over a wide range of parameters, covering both the dominantly flow regime (1L —0)
m

and the dominantly diffusive regime. In addition, they found a stair-case density profile which

is typical of multiple mirror devices.

In this paper, we use kinetic theory to study the confinement and density profile in the
ideal multiple mirror regime (/,<<A<<RI/). We use a long, thin approximation: parameters
vary only in the z direction and therefore have only non-zero derivatives with respect to z.
The distribution function of particles in velocity space is also assumed to be axisymmetric. We
consider a symmetric multiple mirror device with 2N+1 cells. A source introduces S particles
per unit time in the central cell (S ions and ZS electrons, where Z is the atomic number of the
ions). Because of the symmetry, we restrict our study to only one half of the machine: from
the central cell (cell no. 1) to one end (cell no. N+1). We assume modest mirror ratios
(R23), and a modest number of cells (N>5). We also assume sharp mirrors (/,<</);
therefore, each cell can be divided into a highly collisional region (bulk of the cell) and a rela-
tively short, collisionless, mirror region. Because A << R, any particle, detrapped in one cell,
will be retrapped and confined in the adjacent cell. The distribution function in each cell, then,
depends only on the parameters of the adjacent cell. Fig. 1 shows two adjacent cells: cell no. j

and cell no. j+1. We denote points j and j+1 as the centers of the cells j and j+1 respectively,



while points A and B represent the beginning and the end of the mirror region joining the two

cells; point M is located at the mirror throat.

Instead of solving Boltzmann’s equation for the system, we use our assumptions to find
the distribution functions at each point (section II). We then apply moments of Boltzmann's
equation to the fully collisional region, while single particle motion is used to determine the
parameters of the collisionless mirror region. The moments of Boltzmann’s equation can be
summarized in the following conservation laws:

1) Conservation of particle flux--continuity equation:

F,= Afd’v v, fs = % ‘Eg-n const (1a)
$

2) Conservation of energy flux--energy equation:

T.mQ = Z,m,Af d*v v, f, = const (1b)
3) Conservation of momentum flux (z component)--momentum equation:

T,mP, =X ,m,Af d*v v2if, = const (1c)

where s is the particle species, g is the particle charge, and A is the cell cross sectional area. It
is important to note that the first two conservation laws are valid even across the mirror region,
while the momentum equation is valid only where B = B,z. Particles exchange momentum

with the magnetic field in the mirror region which results in a net force on the mirror coils.
The confinement time in multiple mirror devices scales as v,", where v, is the thermal

So electrons diffuse out of the system much faster than ions (by a

1/2
velocity, v, = (2—:11) .

1/2

m. 3 - 3
factor of (m—') ). Thus multiple mirror machines are basically ion confinement devices and
e

electrons are confined electrostatically via an ambipolar potential, similar to a simple mirror



machine. Previous studies™* in the ideal multiple mirror regime usually treated the effects of

the ambipolar potential crudely. They assumed that ambipolar effects can be taken into account

T, .
by using the familiar factor (1+Z7f-) derived in the diffusion theory. In this work, we use a
i

self-consistent ambipolar potential. By assuming that the electron distribution is maxwellian
(section III), we can relate the density and the ambipolar potential through the Boltzmann rela-

tion.

To solve; our equations analytically, we use our basic assumptions to introduce certain
approximations. We can then, determine the parameters of each cell in terms of the parame-
ters of its adjacent cell (section IV). Special attention is given to the last cell which acts as a
boundary condition for our system. The ambipolar potential near the last mirror throat is stu-
died and found to be substantially different from that of a simple mirror machine (section V).
No restriction has been imposed on mirror ratios in any cell. Engineering considerations can be
used to adjust the mirror ratios and optimize the confinement. Such a scheme is discussed in
section VI. A comparison of the results with the previous work on multiple mirror confinement

is presented in section VII.
II. TION DISTRIBUTION

The confinement time in each cell is much larger than the relaxation time for particles
because A << Rl. Therefore, we can assume that the distribution functions at points j and j+1
are drifting maxwellians with parameters n; and 74, (density), vy and vy (drift velocity),

and T;and T}, (temperature),

vi-l-(v:-vd:)z
n ] v
Sy, T)) = gy o (¥}
Ly

Using (2) for f, one can find F, Q, and P, given by (1), to be



S
? = 1’} = Ajnj Vdjvv (33.)
Qy = A;n; Vv 2.5+ V}) = Fv2Q2.5+V3) (3b)
Pj == AJ”]V,%(O.S"" V}j) (30)

v
where Vy = vi’ and parameters of point j+1 can be found by exchanging j with j+1 in (3).
s/

To find the distribution function at A, we assume that a drifting maxwellian,
f(n,, V4, T,), moves towards the mirror throat at point A. Particles which are not in the loss
cone (region R,) are reflected back with f(n,,— V4, T,). Particles in the loss cone (region R;)
will pass through the mirror throat and reach point B (Fig. 2a). As before, a drifting maxwel-
lian, f(ny, Va4, Tp), moves towards the mirror throat at point B. Trapped particles are reflected
back with f(ny,— ¥y, T;) (Fig. 3a). Particles that are not trapped will pass through and reach
point A. We will show later that ¥;<<1 and n; is very close to n;; therefore, the distribu-

tion functions at A and B are very close to a maxwellian and are not very distorted.
The mirror region AB is collisionless; so the laws of single particle motion govern this

region. Constants of motion are: 1) Total energy--E = %—mv’+q¢, 2) Adiabatic invariant--

w
®= T"‘ We define normalized constants of motion as:

€= V+¢ (4a)
v: -
p=— (4b)

where ¢ = T’ = T b= T and V= v The distribution functions in terms of

these constants of motion are then preserved in the mirror region AB.



It is more convenient to consider the distribution in (e,u) variables rather than (v ,v,)
variables. The differential volume element at any point z transforms as

Ev=2av}V, dV, dV,= + % vib.(e—¢ .~ b,) V2 dedu (5)

where + (-) sign is used when ¥, >0 (¥,< 0). To transform the velocity space into € u

space, we note that ¥, should be real at any point z (e~¢,—u b, >0). In Fig. 2b, the region to

€
the right of the line u = 4

5 is allowed in cell j (sz 20). Of this distribution, that to the
A

€e—dy
M

has ¥? >0 at the mirror throat (region R;). These particles,

right of the line p =

therefore, are in the loss cone of cell j. The remainder of the distribution, region R,, is
reflected back by the mirror field. Fig. 3b is similarly constructed except that a new region, R;,
appears. Particles in this region pass the mirror throat, but cannot get to point A. These parti-

cles are reflected back by the ambipolar potential in the region AM (d ,—® ).

Using (4) and (5), the integrals in (1) for points A and B can be evaluated in € M space.
One can easily show that the contributions of the trapped particles (region R,) to the F and Q

integrals cancel out. Furthermore, using the conservation of the magnetic flux

A B,
AM=§j‘ ’.B_‘;, 6)

one finds that the particle flux in the mirror region is conserved: F; = F, = Fg. However, to
evaluate the momentum flux, P, and the density at any point in the mirror region, the integra-

tions should be carried out over the entire allowed e M space.
III. ELECTRON DISTRIBUTION

Basically, one can make the same arguments as in section II to find the electron distribu-

tion function at different points; however, by substituting (3a) in (1a) for any cell, we get



ne VigVee = Zni Vavg = 22§ o)

12
The charge neutrality condition, n, = Zn,, then, results in ¥, = V( —mm—e-) << V4. In section
i

IV, we will show that V;<<1; therefore, V,<< V,<<1, which suggests that it is a very good
approximation to assume that the electron distribution is maxwellian and the electron loss rate
is determined only by the ambipolar potential. This assumption, together with the charge neu-
trality condition, enables us to relate the potential and the ion density through the Boltzmann

relation:

Ze T, n
—¢y = —(D—P,) = Z— Ln (— 8
d)] ¢z kT;(ld)z) Tl n(n2 ()
We will show in section IV that changes in the ambiploar potential between the cells are
small and most of the potential appear near the end of the device. Therefore, electrons move
between the cells quite freely. This freedom of movement, together with the high electron ther-

mal conductivity parallel to the field lines, holds the electron temperature constant throughout

the machine.
IV. DENSITY PROFILE

Evaluation and substitution of the fluxes at points A, B, j, and j+1 in the conservation
laws, (1), together with the Boltzmann relation, (8), result in a set of eight equations in nine
unknowns: n;, Vg, T, g, Vg, Tay sy Vi, and Ty One of these equations, Fy = Fp, is trivial; so
we need two more equations to complete our set. These are found from the viscous magne-
tohydrodynamics equations which describe the change in the ion temperature in each cell. As a
good approximation, one can assume that the flow in each cell is isothermal: T; = T, and
T, = Tj1. Note that T is not necessarily equal to Tj: there can be a change in the ion tem-
perature across the mirror region. Our set of equations is now complete. In principle, one is

able to solve these equations exactly (numerically) and find the parameters of cell no. j



(nj, V4, T)) in terms of the parameters of cell no. j+1. Instead of doing this, we introduce the

following approximations that simplify the equations considerably.

A. Approximations

—n .
1) Earlier work!? has shown that DR 1 -and n—njyy ~ ﬁ. Using (3a),
n; N—J AjVs

for modest R and N, we get V, ~ }ﬁ <<1 and &-”nﬁ ~ RV,;<<1. Therefore, ¥; and
/]

= Ny

- are of the same order. One can easily show that the change in drift velocities in adja-
J]

cent cells is second order in V4, V1~ Vy ~ RV} To simplify the evaluation of the integrals
in (1) for points A and B, we expand the distribution functions in terms of ¥, and keep only

the first order terms.

S, Ve, T,0,6) = (142V,V,) f(n,0, T, $,b) = WJT”ZV;(H-: Vale—g—ub)e«®  (9)

where f(n,0,T,,b) is a maxwellian distribution (¥, = 0).

2) By substituting (3b) in (1b), we get
2.5(Ty=Tye)) = Ty Vv =W V3 (10)

So to second order in ¥, we have T = Ty+1 = T, i.e. the ion temperature is constant

throughout the machine.

3) If one applies the Boltzmann relation, (8), to cells jand j+1, one can easily show
that the change in the potential between adjacent cells is also first order in ¥V,

T,
S~ ~ Z?‘ RV,<<]1.
i

B. Simplified Conservation Laws

Using the approximations from part a, we drop the second order terms in (3) and



10

substitute the result in the conservation laws. Then we have:

F,=F,,=FB=F,+.=2§ (11a)
Q4 = Qp = 2.5V2F, (11v)
T P, T
14Z5) = —— +n, 7=
'IJ( T} ) O.SAJ-VSZ nAZ T] (11c)
T Ps T
1+Z-=) = +ng Z— 11d
4 ( T ) X ng T (11d)

) T,
where the terms with Z—Te— are electron momentum flux terms, and the factor Z is the result of
i

the charge neutrality condition. Electron terms in the energy equation drop out because elec-

trons are maxwellian.
C. The Density Step, An = nj—njy,

With the aid of the same set of approximations, all of the integrals in (1) for points A and
B can be carried out easily by keeping only the first order terms. We subtract (11d) from
(11c), substitute the flux terms, and eliminate n,, ny, Vg, Va, and ¢ ¢ g with the aid of

(11a), (11b), and the Boltzmann relation5. We then have

S (n gj"‘# 3]4-1) (o tpe ) Ca
n—np) = == (1-¢,) ——— 12)
/ ak w AMVS (l—;l.gj) Rj+(l—p.3,+1) Rj+l ? 1+Z£
T;

where C, and ¢, are defined below. Knowing the density in the last cell and the field geometry
(u.’s, where u . = cosé.), one can use (12) to find the density in each cell. The drift velocity
in each cell, then, can be found from (3a). Equation (12) can also be used to find the

confinement time for a multiple mirror device, or to define a local diffusion coefficient.
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Before calculating these quantities, we discuss some of the important terms in (12). The

term ¢, is the result of the difference in the mirror ratios in the adjacent cells. ¢, is usually very

C
small (<1079, and ¢, =0 for p=po4. The last term, _GT’ is due to ambipolar
1+z—Ti
i

effects, and C, has the form

T,
L (S z=+

C, = T‘ (13)
1+[l+k2([.l. cj+p. cj+l)] Z‘?:

where k; and k; are complicated functions of . and 4. Equation (13) shows that in the

T,
limiting case of Z?e — 0 (no ambipolar potential), C, = 1 and the ambipolar factor goes to 1.
i

Furthermore, when uo = 41 — 0 (a solenoid with no mirrors), C, =1 and the ambipolar

1 -1

T.\~ T,
factor, C,,(l+Z—T5-) , becomes the usual ambipolar factor (1+Z—7Te) , as expected. A
i i

numerical calculation, in Fig. 4, shows C, as a function of u, s 41, and Z?"'. The solid lines
i

T, T,
give values of C, for different Z-?e when g = w41 The dashed lines give C, for Z?e 1
i i

with puo; # w4 Fig. 4 also shows that C, increases slightly with the increase in mirror ratio

T,
or Z?’. For the practical range of parameters, C, is between 1.1 to 1.2.
i

D. Diffusion Coefficient and the Confinement Time

We define a local diffusion coefficient from the relation
5 D(2)A(2) & D(2)A(2) Az (14)

In the limit of large N, we have
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An __ Bi=l1 BT

Az - 0.5(ch+lcj+|) - lc(Z) (15)
Substituting for n,—n;; from (12) in (15) and using the result in (14), we find
T,
1+Z2—=
1—p} T,
D(2) = Jr L. (2)vg e (2) d (16)

8 p,:(z) CG(Z)

where C, is a function of u. and, therefore, is a function of z, and we have set
Ry = pgn = r(2).

The confinement time , 7 ,,,, can be defined as

T mm S

N+1
Ic1n1+2 Z chnj (17)
J=2

In order to simplify our expressions, we assume to have constant mirror ratios throughout the
machine, p¢ = p 41 = pe and therefore 4; = 4, = 4. We also assume that the density in
the last cell, ny4), is of the same order as the density jump, An = nj—n;4), so that an explicit
determination of the last cell density is not required. Then, n; = (N+2—,)An and substituting

for An from (12), we have

1 L? ﬁ": Ca (
—_ = 18)
7 mm e AR 1“#3 T,
1+Z—
T,
where 7: is the average cell length.
N+l
lcl I11+2 zzlcj n_,
- j -
e = N+1 (19)
m+2 Y n
J=2

Equations (16) and (18) show that the ambipolar potential increases the diffusion coefficient
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T,
(decreases the confinement time) by the factor , C; l(1+ZTe), which is somewhat less than
i

T e
1+Z-F'. In a multiple mirror device, the ambipolar potential is distributed throughout the
i

machine; therefore, one expects the ambipolar effects to be similar to the familiar factor

T,
l+Z?e. However, the ambipolar potential appears as potential jumps near each mirror throat.
i

There, a combination of magnetic and electric fields affects the particle diffusion. The factor

C, is the result of the interaction of these fields near each mirror throat.

For comparison with the previous work, we find the confinement time in the absence of

T,
the ambipolar effects. We set ZT" 0in (18) to get
i

1 L2 mé
L L me 20
Tmm = = v Top (20)

Makhijani et al' found the confinement time to be

2 2
1-,:,,,,==-\/4iL-R’~"0.443 L

ICVS cvs

R (21)

2
The confinement time in the new model, (20), has the same scaling law, —lf-;/—’ as Makhijani’s
5

but different dependence on mirror ratio. Makhijani et al, in their theoretical model with con-
stant mirror ratio and no ambipolar potential (section III, ref. 1), assumed large mirror ratio
and argued that, as a result, they could set the drift velocities in the mirror region, V4 and

Vas, equal to zero. They found that the particle and the energy fluxes in the mirror region are
connected through, ;—mQA =2T,F,. Comparing that with (l11b), they concluded that

T, = 1.25T;: the ion temperature in the mirror region is 1.25 times the ion temperature in the

cell, which cannot be justified in physical terms.
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For large mirror ratios, when u . is close to 1, one can expand the mirror ratio function in
(20) in terms of the small parameter € = 1—u; then a simple expression for the confinement
time will be

LZ

IAA

Tmm = 0.376 (R-2) (22)

Fig. 5 shows the two confinement times, (20) and (21). The dashed line in Fig. 5 represents
this approximate expression. Fig. 5 also shows that Tmm — 0 when R — 1 in agreement with
the viscous magnetohydrodynamics models for muitiple mirror confinement. We find the den-

sity in the last cell, ny4;, below, to complete our density profile calculations.
V. LAST CELL AND BOUNDARY CONDITION

As the boundary condition in the last cell, we assume that no ion enters the device
through the ends: integrals containing f(ny, Vz,4,5) in (1) vanish. But, in the last mirror
region, our approximation, V;<<1, is not valid and the complete expressions for fluxes must

be used to find the last cell parameters.

Evaluation and substitution of the flux terms in the conservation laws, (11), together with
the Boltzmann relation, (8), result in a set of nonlinear equations which is solved numerically.
The solution determines the drift velocity at any point in the last cell. Note that for this calcu-

lation we again drop quadratic terms in the drift velocity in the center of the last cell, V4.

T,
Fig. 6 shows values of Vg4, for different values of u. and Z?e. The density, then, can be
i

found from (3a). The drift velocity in the last mirror throat, V,,, is approximately constant,

12
Vag = 0.7 = gorvmz (%T) .

As before, we have obtained the expected qualitative result that the ambipolar potential

increases the drift velocities, and therefore, reduces the confinement time. But the rate of

T
increase in the drift velocities is smaller than the usual factor (l+2?e).
i
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Fig. 7 shows the potential drop, (A® = & ~®,,), in the last mirror throat for different

T, . .
last cell mirror ratios and Z—. The potential drop is about 0.5 kT,, in contrast to a simple

T
mirror machine, in which the potential drop is typically in excess of 4 to 5 kT,. The loss cone
in a multiple mirror device is almost full, compared to a simple mirror machine which is almost
empty. Therefore, the difference between the density in the mirror throat and in the cell is

small. This leads to a relatively moderate potential drop at the last mirror throat in multiple

mirror devices. Fig. 7 shows that the potential drop, A®, increases as the mirror ratio increases.

A reduction in Z-Fe also increases A®. Any increase in the mirror ratio or any decrease in
i

T,
Z-Fe reduces the loss cone angle; therefore, for fixed n,, the number of particles which reach
i

n
the mirror throat, n,, becomes smaller. Since A® ~ La (”—"), A®, will increase as Fig. 7
M

T,
shows. Note that even though A® increases when Z—Ti decreases, the potential which acts on
i

. T, ny . .
the ions, ¢ 4—¢y = Z—Te Ln (—-” ), decreases resulting in an increase in the confinement
i M

time, as expected.
V1. OPTIMIZED MULTIPLE MIRROR CONFINEMENT

Equations (12) and (3a) determine the parameters of cell j (n;,V4) in terms of the
parameters of cell j+1. No restriction has been imposed on i c’s in any cell. A reasonable way
to adjust u ., is to keep B constant throughout the machine. Because the density drops as one
moves towards the end of the machine, the pressure drops significantly. From an engineering
point of view, one desires to have the magnetic field as small as possible, so one can adjust the
field so that 8 remains constant in all cells. The magnetic field, therefore, decreases as one

moves towards the end of the machine, as

B 2
L = const (23)
ny
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2
For classical collisional scattering, A ~ ”L, the decrease in density near the end of the

machine results in much longer cells to keep the device in the right mean free path regime
(A<<RI). An increase in the mirror ratio in the last cells can partly compensate for this effect
and keep the cell length reasonable. Engineering considerations set a practical limit for the max-
imum field. We, therefore, assume that the maximum field in the mirror throats is constant,

Bpax = const, which, together with (23) gives
’ljRJz = nj.HRﬁH = Cconst (24)
If we adjust the mirror ratios so that (24) is satisfied, the change in the mirror ratio in adjacent

Rj+l"Rj - ny= Ny
Ry n

cells will be first order in ¥, ~ RV, ,<L1.

The parameters of the last cell found from Fig. 6 and (3a), together with (12) and (24),
uniquely determine the parameters of a multiple mirror device. Table I shows the result of

numerical computations for a 15 cell multiple mirror device with last cell mirror ratio of 8.6

T,
(uo = 0.94) and Z-% 1. Figs. 8a and 8b show the profiles of the density and the potential in

!

the same machine, respectively. They show the stair-case profile which is typical of multiple

mirror devices. Fig. 8c shows the drift velocities in the same machine.
VII. COMPARISON WITH PREVIOUS RESULTS

The new model is compared with the numerical computations of Makhijani et al. To
compare, we set S = 5x10% (particles /sec), A =1 (cm®, R =5 (u.=0.894), T = 2.5 Kev
(vs = 4.8x10° (m /sec)), and N =3 (7 cell device). We find central cell parameters:
m =2.125x10" (m™3) and vg = 1.13x10* (m /sec), in excellent agreement with his results

ny = 2x10" (m™3) and v, = 1.2x10% (m / sec).

Yang et al’, using Makhijani’s diffusion coefficient, found that the density profile in the

system has the form of
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2
n(z) = m(1— % (25)

where ny = n(0). As the boundary condition, he assumed that the density goes to zero at the
end of the device, n(L/2) =0, or L'= L. Fig. 9 shows a comparison between the stair-case
model and Yang’s for a seven cell machine. The dashed line represents Yang’s model, not
using his boundary condition, but instead by adjusting L' so that the profile has the same den-
sity at the center of cell no. 2 (L' = 9.8 while L = 5.2). Fig. 9 shows that this adjusted profile
has almost the same density in the center of each cell as the stair-case model. Therefore, the
boundary condition n(L/2) = 0 is not accurate for devices with a small number of cells. When
N is not large, the new model predicts longer confinement times than the ones obtained from
the diffusion theory. For example, by using the stair-case model in a reactor with 11 cells, we
have found a decrease in length of about 30% from the length predicted by the diffusion

model?,

In addition to the improved confinement time for machines with a small number of cells,
the new model is flexible and, therefore, more advantageous for reactor calculations. We have
used this model in our parameter optimization of multiple mirror reactors®, The multiple mirror

fusion device considered there consists of a central solenoid with length /.; and mulitiple mirrors

on both ends. We show there that the diffusion density profile, (25), indicates that b1 = -g’-— for

the shortest reactor. The new model results in /,; = 0.3L. Engineering considerations demand
the fewest number of cells possible. Therefore the shortest reactor is not necessarily the
optimum reactor. We have found that with an increase of about 10% in the reactor length (and
ky = 0.4L), the number of cells can be reduced to half of the shortest reactor. The new stair-
case model, with its flexibility to find the density profile for any number of cells, is an impor-

tant tool for this type of reactor optimization calculations.
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TABLE I Parameters of a 15 cell multiple mirror machine (N=7) with

T.
Ry+1= 8.6 (uoyey = 0.94) and 27‘ =1,
i

cell no. fe R 'l:+1 1czf+1 A:H
8 940 8.59 1. 1. 1.
7 922 6.68 1.65 707 77
6 908 571 2.27 561 664
5 897 5.09 2.84 470 593
4 886 4.66 3.40 407 543
3 877 4.34 3.92 360 505
2 869 4.08 4.43 324 475

1 .861 3.87 4.92 .295 451
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LIST OF FIGURE CAPTIONS

Fig. 1. Parameters of two adjacent cells: cell no. j and cell no. j+1, a) potential, b) magnetic
field, c) density.

Fig. 2. The loss cone for the ions moving to the right in cell no. j, a) Velocity space, b) € »
space.

Fig. 3. The loss cone for the ions moving to the left in cell no. j+1, a) Velocity space, b) € »

space.

T, .
Fig. 4. Ambipolar term, C, (#cjvl-"cj-l-],ZTe‘) versus u. Solid lines: uy = 4 and different
i

T, T,
Z—-. Dashed lines: .y # p, and Z== = 1.
T; T;

Fig. 5. Confinement time, 1 ,,,, versus the mirror ratio, R. Dashed line represents the approxi-

mate formula, (22).

T,
Fig. 6. Drift velocity in the last cell, ¥4, for different mirror ratios and Z?e.
i

Fig. 7. Potential drop, A® = & ~d,,, in the last mirror throat for different mirror ratios and

T,
Z?l.

Fig. 8. Parameters of a typical multiple mirror device. a) density, b) potential, ¢) drift velocity.
Z axis not in scale.

Fig. 9. Comparison of the density profiles in a 7 cell machine, new stair-case model and Yang’s
model, with (n(L/2) = 0). Dashed line represents the diffusion profile, (25), adjusted to pass

point A.
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