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s of its value in the 13 — 1 case, where s depends upon the initial pressure distribution in the plasma,
and upon the compression ratio; over the likely range of parameters , 0.1 < s < 0.3. The significance
of this result for the design of LINUS fusion systems is discussed. -
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COMPRESSION BY LINERS OF PLASMA-FIELD
CONFIGURATIONS WITH ~ < 1

I. Introduction

A simp le dynamic model of a cy l indrical , incompressible liner

implod ing into a ~ 1 plasma was developed early in the LINUS pro-

gram 1 in order to derive the basic scaling laws for power-produc ing

systems . This model has recently been further developed to cover com-

press ible liners ,2 but the assumption of a P 1 plasma was retained .

Since the thick , captive liquid liners which now form the basis of the

LINUS concep t° are inevitab ly ra ther slow , axial confinement of the

plasma is essential , and one method of achieving this is by mea ns of

a closed field-l ine system such as the reversed-field theta-p inch (or

bel t-p inch , if an azimuthal field is included) . In this system mag-

* ne t ic f ield and p lasma are mixed , that is to say, ~ < I; the most im-

‘p~ rtant consequence is that, for a given Q, the radius of the system

will be greater than in the ~ 1 case. Clearly it is desirable to

choose cond itions that minimize this increase , in order to maintain

our claim that LINUS reactors will be very compact devices.

The princ ipal relationship obtained from the incompressible

* model of Ref. 1 was

Q B r 0 ~ P(b , T~~ (1)

Note: Manuscript submitted April ~i, 1977.
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where Q = nuclear energy released in one cycle/plasma energy at peak

compression;

B = buffer magnetic field between liner and plasma at peak com-

pression (assumed of negligible extent);

r minimum liner radius; - 
*0

p = dens ity of liner material ;

T plasma temperature at peak compression;

b = a di mensionle ss thickn ess parame ter ,~’defined by A rrb 2r~

where A is the cross-sectional area of the liner.

The function P(b, T0) 
was evaluated by integrating the thermo-

nuclear reaction rate over a compression-expansion cycle; the p lasma

was assumed to have uniform density and temperature .

When plasma and f ield are mixed in a ~ < 1 sys tem , the basic re-

lationship (1) still holds , but the value of P is modified as the result

of a number of e f fec ts , namely:

1) The average plasma densi ty is red uced , red ucing the f usion

reaction rate and hence decreasing P. ‘ 
*

2~ The system energy , for a given pressure , is red uced since now

5/3 < ‘y < 2, comp ared to Y 5/3 for the ~ 1 case. This

increases P.

3) A consequence of (2) is that the expansion velocity is

reduced , and the dwell time increased . This further increases

P.

ii.) The increase in ~1 causes the pressure to f a l l  more rap idl y as

the system expands. This decreases P.

2
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Of these e f f ec ts, (1) is dominant and results in a net decrease in

P. However the other effects are all signif ican t and will be inc luded

in the following d iscussion.

II. Compression of a Reversed-Field Pinch

The reversed-field theta-p inch (Fig. 1) is a long cylind rical con-

figuration of radius R in which the magnetic field B is in the z-direc-

tion over most of the length , and goes from -B 1 on ax is to +B 1 at

r = R. The field lines close at the ends, and for the purpos e of th is

rep ort we assume that th is pr ov ides per fe ct axial confineme nt of plas ma .

The radi al d istribution of p lasma pres sure p 2nkT is de termined by

the pressure balance equation

p + B 2/8~-~ p
~ 

B~/8rr (2)

There is a cyl indrical  neutral surface in the center of the p lasma at

wh ich B = 0 and here the local ~~, def ined by ~3 = 2nkT/p1 will be unity.

Elsewhere ~ 1, falling to zero at r 0 and r = R.

Consider the system initially at press ure p . and take an eleme nt

of plasma initially having ~~ = 
~~~

. and volume ~~~~ Then if the pressure

is increased to p the volume ~iV will be given by -;

~~~ 
5/3 2

= 
~~~

. ~ + (1 - ~~) (~!) , (3)

the terms on the right-hand side representing the partial pressures of
0,

* the plasma and field respectively. This may be written in the form:

— V S  — 1/,~ 3/5

~~~ 
=

~

_

~
_) (

~ 
+ (1 - 

~ (~k) )
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which  a l lows  
~~

-

~~

— = ~ 
(
2.— 

~~j) 
to be ob tained by successive approxi-

mat ions . *

The volume of the whole system is then found by integration:

v ~ ~~ 

(~~~

-

~~~~ 
~~~~~~~~ 

dv. ( 5)

To determine V as a function of p requires that the initial distribu-

tion of ~ is known , and this in turn depends on the method of creating

the initial plasma . For LINUS systems , the rotating relativistic

e t e: tron  beam seems a p romis ing  method of inducing the p lasma cur ren ts

necessa ry  to create  the r eversed- f i e ld  conf i gu ra t ion ,3 but at present

L i t t l e  is known about the pressure  d i s t r i b u t i o n  so forme d . In this  .
~ 

-

report we shall therefore consider two simp le representa t ive  distribu-

tions , corresponding respectively to a uniform distribution of current

density and a parabolic distribution centered on the neutral surface ,

which is taken to be at r R/2. The two distributions are then:

(a~ j
~ 

-- cons tan t ; 
~~~

. — 1 -

(b)  1 - 4x 2/R~~; ~3 . I - (3x/R - 4x 3/R t ) 2 (6)

where c is the d i s t ance  from the neutral surface.

We have used equations (14) and C )  to der ive  VJv~ as a function of

p/p. for  these  two d i s t r i b u t i o n s. One sig n i f i c a n t  result is that v, the

ratio of the specific heats of the plasma-f ield mixture , varies with the

degree of compression . Rere

— 
d( .Lnp)

- 
d(2nV)

--
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which is plotted against V / V , the volume compression ratio , in Fig . 
~~

t h i s  result will be used later in d e t e r m i n i n g  the l i n e r  t r a j e ct o r i~~- .

[ I i  . The rmouti c  lear Reac t  ions

We w i s h  to compare the t o t a l  f u s i o n  reac t ion  ra te  W in tegra ted

over t h e p 13s:n~1 Lro s s—s~~~ti o n , w i t h  the correspond i ng rate in a I

p lasma . The c o mp ar L s o n  i s  g r e a t l y simp l i f i e d  b y the  fac t t h a t , for

t h e  i~- r  reac t ion , f’ , w i t h  an accuracy  of ~ l P , for  ~~ key < -r <

kel~. Provided that t h y -  f i n a l  compressed p lasma t e m p e r a t u re  is in

S r a n Y ~r , th e I ~Ic.I1 re ic t ion rate is proportional to n 2T 2 p - and

~ n e J  on ly  c~~n s i d er  t i t e  r ad i a l  d i s t r i b u t i o n  of p re s su re , w i t h o ut

re~~uiring tha t  the den s i t y  and t emp eratu re  be s p e c i f i e d  independen t l y .

Thus ,

W dV , -
~~. 

,~ .
‘ I

~- l dV

I s i n g  the  method of Sect ion  I I , we have c a l c u l a t e d  
~~~ 

as a func-

t hIn o f  V V  fo r  the  two i n i t i a l  d i s t r i b u t i o n s  used previously .  The

are  given in Fi g. ~~ . It is clear that there is a very si g n i f -

ic.mt reduction in the fusion rate at larger compressions , especiall y

for distribution (b).

In  Ref . 1 the  l i n e r  t r a j e c t o r i e s  were c a l c u l a t e d  a s s u m i n g  t h a t  t I i ’

* l i n e r  was c o m p r e s s i n g  a P 1 p lasma  w i t h  \‘ = ,/ 7 ~~ We now g e n e r a l i z e

* 

this calculation to arbitrary v , h u t retain the assumption ot  — I *

The normalized equation of motion of the line r is now

~t~i_ ~a .(l- a~~~~~~\
dT a \

~ u (1tb~ /a ~1

- - ~~~~~~~~~ ~~~~~~~~~~~~~~~ -- _ _ _ _ _ _ _ _
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w h e r e  a r / r , ~ tv  / r  and v ( p 0 / ( - l) b~ p )  * The subsc r i p t s  o

r e l i c  Le v a l ues at  peak compression. The energy per unit length is

~ ~‘ct i by

E = ~ r7p /(v 
- 1) ( L )

ei~l til e ratio Q of reaction energy released in one cyc l e  to E is

i yen

F: (‘v-I) —

—u- P(b , T , 
N 

-
~~
— ~~ dT (11)

0 ‘ aII r o’~ ~~~~ f
01)

where  E N is the f u s i o n  energy per r eac t i on , which we take as l7 .u  MeV.

£15 can he seen from equation ( 1) , the in t eg ra l  is a f u n c t i o n  of ‘v .

~ i n e  i t  has been shown prev ious l y ’ tha t  P is ra the r  i n sens i t i ve  to T

(a consequence of the variation of ~~ w i t h  T men t ioned  e a r l i e r)  we take

T ~2P keY and der ive  P (\ ‘) for  b ~ , ~ and 11 . The r e s u l t s  are

shown in Table  1. We f i n d  t h a t  the  r a t i o  s~ P (V ) /P ( 5J ~~~~) is insensi-

tive t o  b , dfld so it is p lotted as a function of V only in Fig. 1 4.

~c may now combine the  r e s u l t s  of Figs . ~~, -; and 14 to obtain

s = ~j— — s~ (P ~ ( I : P
P — i

t h a t  is , the  ratio of P for the reversed f i e l d  p inch  to i t s  correspond - I

’

hug value for a P 1 system. s is p lotted as a function of V~~~ /V  in

F i g. ) .

IV . Discussion

l’he fo rego ing  ana l y s i s  has been ar r a n g e d  in such a way as to

j d e n t  i t  v the separa te  con t r  [butt ions of the  v a r i o u s  e f f e c t s  l i s t e d  i n

-~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Section 1. The dominant effect is clearly the (~~2) term (Fig. 3). The

effec t of increased 
~ 

appears at first in Equation (11) as a (‘y - l)~~~~~~
2

term which , in the most favorable case (‘y 1.95, Fig. 2) leads to an

increase in P of 1.7, but when the integral is incl uded this is red uced

to 1.22 (Fig. 4). The outcome of this exercise , cul m ina t ing in Fig. 5,

is to allow us to draw three general conclusions:

1) Uniform initial current distributions are to be preferred I -

to peaked distributions.

2) Volumetric compression ratios should probab ly not exceed

about 100-200.

3) For scaling studies of reversed-field LINUS systems , it is * -

appropriate to take s = 0.2 as the value that could prob abl y

be achieved in practice. For the most optimistic projections ,

one migh t take s 0.25 .

The mos t impor tant consequence of ~ < 1 is an increase in LbY

radial dimensions of a LINUS reactor. For fixed Q, the increase is 
*

by a fac tor s 1; however, as shown in Ref. 2, as the radius is in-

creased , the Q necessary for a self-sustaining reactor cycle decrease:;,

and the net increase in size is only by a factor 5 2/~3, typical l y

about 3.
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Table 1

Table of P(b , y)

5 8 11

1.67 C- . 179 0.205 0.221

0.195 0.223 0.241

0.209 0.238 0 . 256

0.215 0.2145 0.264

2.00 0.225 0.256 0.276
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