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A FINITE-CIRCUIT -ELEMENT CODE

FOR MODELING THE COMPRESSION OF A GYRATING

CHARGED-PARTICLE BEAM

I . INTRODUCTION

Over the gast several years a great deal of interest has arisen in connection with the topic

of gyrating intense ion beams)’ ‘~~~ A ring or cylindrical current layer is produced by the motion

of the ions in the superposed background (quasiuniform) magnetic field and the poloidal self-

field, with ring major radius R equal to the ion gyroradius. If the net current in such a

configuration is strong enough, the direction of the field lines within the ring can be opposite

that of the background field (Fig. 1). When the poloidal field on axis , 8,, =

exceeds the background field B,,, the field in the interior region is completely reversed.

Recently it has been proposed to increase the intensity of the neutral beams used to heat

the plasma in 2x118 and similar mirror devices in order to produce field reversal. 141 As pointed

out by Baldwin and Rensink ,1
~’ electric fields induced by the buildup of current tend to partially

cancel the ion current. It is thus unclear that an initially unreversed configuration can become

reversed, no matter how much ion current is added. Even if the configuration is compressed

radially (by the action, e.g.. of external coils, an imploding liner , or axial translation in a tank

with converging metal ‘calls) , field reversnl is problematic. The flux linking the ion ring tends

to be conserved , and collisional diffusion only flattens the profiles.

Manuscript submitted July 19 , 197S. 



BOOK , TURCHI, AND STEIN

The present paper describes a code developed for treating the dynamics of a gyrating ion

ring interacting with a background plasma and a (possibly imploding) metal liner. The code is

called IPICAC (for Ion Beam-Plasma Interaction with Cylindrical Adiabatic Compression). It is

two-dimensional (in r , z) and assum es axisymmetry, but does not employ finite-differences on a

2D grid to solve the dynamical problem. Instead, each portion of the system which carries

current is regarded as part of a circular curren t loop. The beam is one such loop; th~ liner or

wall may be approximated by several loops side by side. These current loops are coupled by

their mutual inductances, and the dynamical behavior is determined through solution of the cir-

cuit equations. Thus the system is described by ordinary differential equations, rather then the

partial differential equations of the usual magnetohydrodynamic treatment.

The principal difficulty in this approach lies in determining the inductances. These change

as the geometry of the beam and liner changes, and have to be recalculated at every timestep.

Unless some approximation is invoked to simplify them, no computational advantage results

from the circuit theory technique. Fortunately, such an approximation is available in many

charged-particle ring configurations of interest , namely that of large aspect ratio. That is, the

major radius R~ of the j  th current loop is taken to be large compared with its minor dimension

and the separation in the r—z plane between it and any other loop. It is not necessary but is

often convenient to assume that resistance and current are distributed uniformly throughout the

r—: cross section of the loop. The latter may be of arbitrary shape, but is usually taken to be

circular or rectangular.

In this conception, collisions between the ion beam and background plasma enter as a

resistance (and possibly an Ohkawa current 161) Plasma energy losses by radiation and convec-

tion also affect the beam dynamics through the inductances and the resistance. Consistent with

this approach, the inertia of the various particle species is ignored (except in the cent rifugal

force) , so that the beam and plasma remain in force balance with the wall currents.

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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The code described here was originally U ?J developed for an ion-beam-plasma interaction

problem related to but distinct from that of producing field reversal. We started with a ring of

deuterium (D) ions assuming an already existing field-reversed geometry. The ring was

compressed by implosion of the liner, and the thermonuclear energy production arising from

collisions between the beam ions and T or He3 target ions in the background plasma was stu-

died. An attempt was made to balance the components of the system so that the collisional

slowing-down of the beam ions just canceled their tendency to speed up because of angular

momentum Conservation. ‘Clamping” the beam in this way at the energy for which the beam-

target reaction rate peaks (— 150 keV for D-T reaCtions) maximizes Q, the ratio of the yield to

the sum of liner and plasma energy. It was found however that even with optimized parame-

ters, Q was limited to 10% or less. The reason was that the energy given up by beam ions in

collisions, most of which went into electron heating, caused expansion of the toroidal beam-

plasma system and reduced all of the number densities, and accordingly reduced the beam-

target reaction rate. Presumably Q would increase if a method were found to cool the electrons

and recycle their thermal energy.

Some results from this earlier work will be displayed for purposes of illustration, but the

method is much more general in applicability. Instead of assuming a preexisting state of field

reversal, one can employ the code to study its origin and development in time. This problem

will not however , be addressed in the present paper, which is devoted to describing the code

and some of the techniques employed in its implementation. The plan of the paper is as fol-

lows. In Section II we derive the equations of the circuit theory model of the beam-plasma-

liner dynamical system. In Section III we discuss isentropic (lossless) compression of an ion

ring and the role of the induced electron current in the resultant scaling. Collisions are

described in Section IV. The implementation of conduction, particle transport processes and

3 
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other phenomena is discussed in Section V, and an example is described in Section VI. Our

results are summarized in Section VII. A listing of the code is given in an Appendix.

II.  LINER MOTION AND EQUIV ALENT CIRCUIT EQUATIONS

It is natural to represent the ion beam (and the currents carried by the electrons and tar-

get ion) as a current loop. It is equally convenient , though perhaps less natural, to represent

the axial current profile on the liner (and possibly on the driver coil) as a superposition of coax-

ial current loops. Each such loop constitutes an electrical circuit individually coupled to each of

the others , and contains a self-inductance and a resistance (arising from charged-particle

encounters in the case of the ring) . The circuit elements vary in time as the geometry charges.

Thus it is possible to calculate the implosion dynamics to any desired degree of realism

entirely by means of the equivalent circuit equations. This representation is, in fact , a type of

‘finite-element” simulation. The minimum number of such circuits required to describe
electromagnetic implosions of the liner is one each for the driver, liner and ring. In this limit

the equivalent circuit is that shown in Fig. 2.

The circuit equations take the form

(1)

where j  runs over all current-carying loops in the system. For the circuit of Fig, 2, j  — d,1,r

(signifying driver, liner, and ring, respectively). The flux threading the jth element is

‘b J = Z) l ~~ I t ,  (2)

where ~R J~ is the inductance coupling circuits j  and k, and ~R1 is the resistance of the j  th circuit.

Equation (1) describes the evolution of t ,. Given a knowledge of the 4~ and the induction

coefficients ~II J~, Eq. (2) then can be solved for the 1, by matrix inversion.

4
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If the driver is static and energized only during the outermost portion of the cycle , we can

make an additional simplification by restricting our attention to times when the liner and ring

are far removed from the driver coil. Then j, k take on only the values I,,, and there are just

two each of equations (1) and (2). The numerical results described and plotted below were

obtained using this two-loop circuit. It should be clear , however , that most of the discussion

which follows is independent of the number of loops employed. We have experienced no

difficulty in implementing versions of the code where as many as ten loops are employed to

simulate the current profile in the liner. It appears that it would be easy to generalize the

method to multiple ion rings or single rings with multiple constituent current filaments.

The coefficients ~lt J~ are very easily calculated. Since the ring deforms freely, it tends to

evolve so as to maximize its self-inductance, that is, toward a circular cross-section. Moreover,

one wants to consider configurations where ring and liner are close together , to minimize the

volume filled with magnetic energy. Thus all distances separating current-carrying filaments are

small compared with the major radii R, R1 (Fig. 1). In this limit the self and mutual induc-

tances can be calculated in the large-aspect-ratio approximation as

£~. )II ~ 0R [ln (8R) — 2 — lnDJ, (3)
where the average is over the current-carrying part of the cross section , and the minor diameter

D satisfies D << R.

Using (3) we find that the self-inductance of the ring is given by

— ~tL 0R Iln(8R/r) — 2 + ~J (4)
where r is the ring minor radius, and 8 depends on the details of the assumed current profile.

For example, if all the current is carried in a skin located at the minor radius, 8 — 0; if the

current is uniformly distributed, 8 — 0.25; and if the ring looks like a Bennett pinch in cross-

sect ion, 8 — 0.5. Similarly, the self-inductance of a liner segment is approximately (assuming

the current is carried on the inner surface)

5
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( 8 R/ I)  — 1/2] (5)
where I is the length of the segment , assumed much larger then the thickness, and R, is the

inside radius; and

8(RR ) I/2
— ~ 0 (RR 1) 1/2 In 1/2 — I (6)

+ (//2)2]

{ — — R) / ( l / 2 ) J  tan ’[(//2)/ (R, — R)J J

More important than the exact forms of (5) and (6) (which depend on the cross sections as-

sumed to describe the liner) is the fundamental geometrical requirement M,~ ~ L~L,, with

equality holding only if R R1. Since Eqs. (4-6) are approximate , this inequality must be en-
forced by means of an explicit interpolation; otherwise , the ring can pass right through the
liner. The interpolation formula actually used is

Ii i, + E(’~r.~’i) 
1/2 — 

~11 ,,i [i + [ (R , — R ) /r J ”J . ( 7)
whet~M’ is the corrected value of the mutual inductance, The dynamical results are not very

sensitive to the choice of p, which was taken to be 10 in the numerical calculation.

As is well known from electromagnetic theory, the force tending to change any coordinate

9 on which an inductive coefficient 
~R j k depends is given by

F ’jk — hJ !k j ~~’ . (8)

Employing (8) consistently with the definitions used for 
~lt jk guarantees conservation of total

energy, the magnetic portion of which is

WM E ‘11 J k 1j ’k = } ZJ~~,, (9)

Thus in carrying out numerical calculations, we determine the total force of the ring acting on
the liner according to

L _ ~~~~~~~~ ~~~~
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where the summation runs - “er the ring and all segments of the liner; while the same expres-

sion with opposite sign yields the force with which the liner tends to hold the ring in place. The

liner equation of motion is thus

M1R , — F , (11)
Similarly, the electromagnetic force acting to constrict the ring is given by Eq. (8) with

0= r :

F, — — ! , r.:i~ ( 12)

Most of the force F, comes from the term containing )R,, — .
~~~~ . Because of the use of the

interpolation formula, Eq. (7) , however , there is a small contribution from the liner-ring

mutual inductances.

Ill. ISENTROPIC COMPRESSION

It is possible to develop scaling laws in terms of which the liner motion and beam and

plasma evolution are described by analytic expressions , provided we assume the absence of

both fusion reactions and loss mechanisms. This model is not a useful starting point about

which to perturb to describe a realistic reactor design, because the latter is quite sensitiv e to

beam slowing and the heating resulting from production of charged fusion reaction products, It

is, however , valuable in describing the dynamics in the absence of a target plasma , as well as

guiding us in developing an intuition about the interdependence of various parts of the system.

If the liner is represented by J, distinct current-carry ing segments , there are I, + I fluxes
and I, + 11 physical variables. In our numerical calculations we usually took i~ I. For this

case the 12 physical quantities used to describe a dynamical state of the system are the fluxes

~~ and c1 , linking the liner and ring, respectively; R and R ,; the ring minor .~dius r, the total

7 
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numbers of beam and target ions , N~ and N 1, respectively; the beam, target and electron tem-

peratures , T8, T, and T,., respectively; and the mean azimuthal ion drift velocities v 8 and y r.

To proceed , we write down all the conservation laws that are available. The conserved quanti-

ties are the magnetic flux threading the j  th liner segment

( 13)

and that threading the ring,

= 
~ r ’r + ~~ 

J1i ,,11 = 4~’; (14)

the specific angular momentum of beam ions,

R v 8 = R ° v~ , (15)
and of target ions ,

RV r R~v~ ; (16)
the total ion numbers for each species

N 8 = N~ . (17)

N r N~; ( 18)

and the beam, target and electron entropy functions:

T8 V~~’ = T~( V °) ~~ ’, ( 19)

T~V~~
1 = T~( V°)~~~ , (20)
= T~?( v°)~-* (21)

Here V = 2ir 2Rr 2 is the volume of the beam/plasma ring. Superscripts (°) indicate an initial or

a reference state of the system (e.g., the state of maximum compression). To these equations

must be added the condition of force balance on the ring in the direction of major and minor

radius,

0=  I, 
~~

I, ~~~!.LL + ~~~ j,2 .
~~~~~

‘ 

~~ 
-
~~

-
~~~ + + ~~~~~~~~~~~~ (22)

8
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and

o. . . J ,2~~~L + J L J 1 i~
[L + p ~~ X (23)

respectively. Here p — k [N 8T8 + NT TT + Ne Tel V~ is the internal pressure in the ring (k ~
the Boltzmann constant) , and the electron number is obtained from the condition of charge

neutrality,

N~ = N BZB + N1Z~, (24)
where Z a is the charge state of ion species a. The last two terms in eq. (22) are the centrifugal

force terms derived from the circulation of the respective species; that corresponding to the tar-

get ions is usually negligible.

Equations (22) and (23) have been derived assuming that the ring inertia is negligible,

i.e., that the ring repositions itself instantaneously in response to any change in the position of

the liner. In addition, the electron mass has been set to zero systematically, as negligible in

comparison with those of the ions. The ring current I, satisfies

‘B + ‘T + ‘e’ (25)
where

N8eZ8v 5
‘B 2’ir R ‘ (26)

Nr eZ rv r
2irR ‘ (27)

and

N ev e
— 

2ir R (28)

Equations (1) , (II) and (13-23) contribute a set of 12 + J, fundamental algebraic equations in

terms of the 12 + J~ physical quantities defining the state. [All the others are expressible in

terms of these through Eqs. (2), (4-6) , and (24- 28).] Thus, specifying the state variables

determines the evolution of the system completely. We rewrite the liner force equation as

9
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= 
!R I2A ,2 (R1 2 — R, 2) + ~~ 

~-~-/ ,2 
~~~~ + J~J, _

~~~~J/ (2P LR ,) } / l n (R i 2/ R i2)

which parametrizes the dynamical history in terms of t. Equation (29) is derived by assuming

conservation of the liner mass M, 2irpL (R ,2 — R,2) ; p is the (uniform) liner density, L is

the overall length, and R, is the outer liner radius.

Let us assume now that the electron current tending to neutralize i~ is zero. Then by

conservation of angular momentum,

1, = ~~~~ (N nv n + N Tv T) 
e 

2 (N DRV D + N TRV T) R 2 . (30)
2~~R 2irR

The minor radius force balance condition (23) reduces to

‘ —2 —4R (31)

Equations (19-21) , weighted by the respective total numbers N1, sum to the adiabatic law

pV~ = const. (32)

Taking y = 5/3 and combining (31) and (32) yields

r — R 714 (33)

Hence the number densities for species a(a = B, T, e) ,  n~ = NG/ V, satisfy

n , — V 1  — R 912 , (34)

and the poloidal field near the ring B~ = ~z ,, / ,/ 2ir r satisfies

BI p — R ’512

We thus have a situation in which almost three-dimensional compression of the ring occurs as

R — R , is reduced. The poloidal field (35) rises almost as the inverse fourth power of R and

the temperatures scale like T ‘— R ~ .

At the other extreme, the motion of the liner may be such as to induce electron currents

I , totally neutralizing the change in ion current ,

1, const (36)

10
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Going through the same steps as above, we find -

r — R 514 (37)
and hence

n,~ ‘—
. V 1 — R312 , (38)

and

B,,2 — p ‘— R512 . (39)

In this limit the beam/plasma system decompresses during implosion, with n, p and B,, decreas-

ing.

The actual result obtained by numerical solution of the equations naturally lies between

these two extremes. The ring is always observed to compress , but at a rate slower then that

given by Eqs. (34-35) , and the scaling is not a power law in R. If I~ = 0 initially, the behavior

tends to resemble the second model increasingly as turnaround is approached. The dependence

of the degree of field reversal on the magnitude of the electron current induced during

compression t51 explains why attempts to derive a scaling law for this parameter t3 -~ do not

appear to yield a simple result. There is, in fact no clear-cut way to predict the scaling without

specifying the geometry of the compression.

IV . COLLISIONS

The electron thermal spread is assumed to be much larger than the thermal spread of

either ion distribution or the relative drift between any two species. The average momentum

transfer rate resulting from a collision between particles of species a and /3 is given by

rn , (-~i~J — v~ ”~m a(v ,, — v,~) (40)

where

~~~~~~~~~~~~ 
4irZA Z ~e4 (1 ± m:/m r ) ln  A 8 T (41)

m8 AT

II 
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~~~~ 
Z~e4( 1+m ,,/ m(.) m f ”2 n,ln A

= , (42)
3 m,~(k 7’~.) 312

a — B, T, and, from conservation of momentum ,

n ,, m a = ~~ ~~ (43)

Here In A is the form of the usual Coulomb logarithm appropriate to the species pair a ,f3, and

v ,,,~ = Iv ,, — v~I. Correspondingly, the average temperature rate of change resulting from a col-

lision is.

k 
dT8 

= 
8ii’ ZAZ~e4 n11n1~ ( )

dt r ~ m8 VBT ’

k 
dl’-,. 

= 
Sir ZjZ ~e4 n8ln . \ 

(4 5)di B ~ m~ V8~r

for ion-ion encounters , and

k 
dT,, 8~i~~ Z~e~.,J~~~n,lnA 

~( T T)  (46)
di e 

— 

m ,,(kTe) ’  C —

a = B, 7’, for ion-electron encounters , with the remaining rates (dT,/ d t) ,, defined so as to satisfy

conservation of energy.

Consideration of the magnitudes of these rate formulas reveals the following general

features: (I) both electron and target ions contribute significantly to the rate at which beam ions

slow down; ( ii) the relative velocity with which beam ions move with respect to the target ions

is chiefly affected by B— T collisions, because electron collisions act in the same sense (as a

drag) on both ion species; (ii i) thermalization of the beam also results principally from colli-

sions with target ions.

On the basis of these generalizations, we can estimate the relative slowing down of beam

and target ions through collisions as

(v 8 — v 1)
~011 — (v~~

T _ 
~~~~~~~ (V~ — 

~~
T) (47)

— v T) .

_ _  --=~~~~ 
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For the usual case where the target ion mass density substantially exceeds that of the beam ,

nr m r >> #z 8m8, 
S
Eq. (47) implies

~,8IT (48)
at the same time, the adiabatic compression produced by the imploding liner tends to cause

both ion species to accelerate in the azimuthal direction according to

dv ,, A A,
~~~~ 

— — v ,, -~~~~— v ,, -~— (49)
~diab “I

Taking the difference between the beam and target equation (49) yields

d
~~ (v 8 — V T) Ad lab — -

~~~~~ 
(“a — v ,-) . (50)

Eqs. (47 and (50) give for the net time rate of change of the relative velocity

-4 (v B — V T) — (A ,IR , + v,) (“B — v ,.) ( 5 1 )

The condition that this relative velocity be a constant is thus

— — (52)
When Eq. (57) is satisfied, the beam is said to be clamped t101 . With a tritium target there is an

advantage in clamping the beam at a relative energy A = 4~
- m8 ~ AT — 150 keV which maxim-

izes the reaction rate for D-T fusion.

Clamping is of course accompanied by a monotonic increase in thermal energy according

to Eqs. (44-4 5). The ion thermal energy density w,~1, — ‘
~~
- k (n 8 T8 + n E T,-) increases as a

result of ion-ion collisions at a rate

dw~ = 
4ir Z~Z r2e4 nBn TInA 

~~~~~~ + —
~
— (53)dl V BT mB m~

— i. 81T n m v 2

Using (48) , we see by comparison of (52) and (53) that the time scale for implosions of the

liner is comparable to that for heating up the ion beams. The electron heating rate can be even

faster.

13
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Note that if ~‘, were approximately constant , the clamping condition (5 2) would imply an

exponential decrease in R 1 with time. As this is not realizable, clamping evidently cannot be

maintained close to turnaround.

In differencing the equations in the code,we found it convenient to use as dependent vari-

ables quantities that are approximately conserved. Thus instead of 7’,, we used the entropy

functions lEqs. (19-21)) , which now satisfy equations of the form

( T , t~~~) — ~~~ ( T 0 — T,,), (54)

where the ~~~ are defined as the rates in Eqs. (44-46). Similarly, the slowing-down rates enter

as

(Rv ,,) = R ~~~~ L’~’-~’(v 1, — v ,,). (55)

V . OTHER DISSIPATIVE PROCESSES

Collisions, discussed in section lv, can transform directed energy into thermal energy.

Although essential for clamping, they may be deleterious if they (i) increase the ratio of beam

ion gyroradius to ring thickness e t.essively; (ii) cause too much of the liner energy to go into

pumping up the target plasma; or (iii) lead to premature loss of confinement as a result of

decrease of beam current below that needed for field reversal. In addition, the following loss

processes can remove energy from the system entirely: radiation , heat conduction along field

lines, particle diffusion across lines, charge exchange with impurities, and ohmic heating within

the liner. The last of these can have a second, more serious consequence: finite resistivity

gives rise to diffusion of field lines through the liner , untrapping the magnetic flux which holds

the ring at a safe distance from the liner.

Radiation processes are modeled by adding loss terms to the expression (55) for the time

rate of change of the electron entropy function. For bremsstrah lung and synchrotron (cyclo-

tron) radiation we have the terms

14
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-
~~~~ ( v -  T

~)~~
— — V~~ x 5.35 x 10 24 (N 0 + N ,.Z ,.) ~~~ ( 56)

and

~~ ~~~~~~~~~~ — V~
-1 x 3.98 x 10 I6 ‘~ p 

, (57)di -

where T is given in eV , p2 — 
~ kTe/ m e c 2 and B,, — p~,,i,/ 2ir r. In the spirit of the circuit-

theoretical approach (wherein the ring is a macroscopic circuit element with certain lumped

parameters derived from microscopic processes), the radiation rates are calculated by averaging

the field strength over the ring cross-section.

In the same fashion, thermal conduction losses can be treated by writing

g~ 
~~~~~~~~ T~) = — ~~~ 4rr 2Rr K,, ( T a/ t) = — V~~ 4ir R K T,,, (58)

di cund

where K,, is the average cross field thermal conduction of species a. The fastest thermal loss

process is that associated with the target ions, a = 7’ Furthermore , thermal equilibration,
alpha-particle heating, etc., can be included in an average sense in the same form.

Finally, particle losses can be estimated simply by assuming smeared-out density profiles

according to some law like the Bennett pinch. If a given profile extends past the position of the

separatrix , located at average minor radi us r — r~, that portion of the particles located at r > r,

is lost. A simple calculation then gives the loss rate as the rate at which particles “fall over the

edge.” Thus we find

— — -
~~~~~

— v~ N,,, (59)
di

where G is a geometrical factor (equal to 12 for a Bennett profile) which decreases as the

assumed profile becomes more localized, and r’~ is the total scattering rate for species a.

VI. A NUMERICAL EXAMPLE

Using the equations and techniques described in Section ll-V , we consider the following

situation. A liquid lithium liner (density p 0.54 g/cm 3) of length L = 13.5 cm and inner and

Is 

.

~

-—  ~~~- -.--- - - - —-- - ~~~~~~~~~
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outer radii 31.59 cm and 48.43 cm implodes with velocity 3 x io~ cm/s on a fully ionized D-

He ring with major and minor radii of 30 cm and 0.758 cm , respectively. The initial target ion

number densities are = 2n 0 = 3.59 x 10~ cm ~~ . The temperatures are 
~
‘
0 = 23. 7 keV ,

I keV and T~ = 10 keV. The deuterium current is 1.52 MA, twice the electron back

current. These numbers are chosen to give a beam ion streaming energy of 550 keV and a

poloidal field of 200 kG, with beam clamping. Since the emphasis was on determining Q, only

the part of the evolution in the vicinity of liner turnaround was considered, and the early-time

conditions giving rise to these parameters were not investigated.

Figure 3 shows how the beam and liner radii change in time. Note that the separation

increases, a reflection of the increase in beam minor radius (Fig. 4). Correspondingly the

number densities (Fig. 5) drop, level off as collisional heating and compression come into bal-

ance , then drop again in the expansion (decompression) stage , and the poloidal field (Fig. 6)

decreases , increases, then decreases monotonically after turnaround. The various forms of

energy (magnetic , liner kinetic , ion directed , and thermal) are plotted in Fig. 7, along with the

fusion yield. Figure 8 shows how the component temperatures increase near turnaround, the

evident irreversibility being a consequence of collisions.

Running time on the calculation using an IBM 360/168 was 91 seconds , of which about a

quarter was required for diagnostics. Using ten current 1oops to represent the liner current

profile approximately doubles the running time , since roughly twice as many differential equa-

tions have to be solved [matrix inversion of Eq. (2) does not add any substantial amount to the

total). It turns out to be convenient in writing the code to make extensive use of nested

sequences of statement functions in redetermining force balance on each time step, and most of

the running time is expended in this task.

A variety of prescriptions are possible for defining the initial conditions. The main thing

is to insure that they be neither over- nor underdetermined. When working with multiple liner

16 
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current loops, we arbitrarily imposed the condition that the flux threading all the loops be the

same. Though straightforward, this is unlikely to be a good approximation in the late stages of

the implosion if finite liner resistivity is modeled.

VI I. CONCLUSIONS

We have presented a new numerical technique for solving problems involving the dynam-

ics of charged particle rings. Its principle advantage is that it is couched in circuit-theoretical

terms , obviating the need for solution of partial differential equations. Because of its adaptation

to the physics and geometry of such problems, the method can be implemented with only a

small number (— 10) of current carrying elements. In effect , it replaces the uniform or quasi-

uniform mesh of the standard 2D finite-difference technique with a highly nonuniform “mesh”

of circuit elements , located optimally to reflect the relevant physics.

The code has been applied to calculations of the thermonuclear yield and other charac-

teristics of a beam-target fusion device. The particular concept for which the code was originally

developed turns out to be disappointing in terms of its efficiency as a reactor (the examples of

Section VI yielded Q 3.2%), and also appears to be unstable to kink modes H; however it

may have non-fusion applications. It is clear that the code can be applied to a variety of

axisymmetric situations involving field reversal and changes of system geometry, and therefore

is potentially of wider utility.

This work was supported by the Office of Naval Research.

References

1. P. Dreike , R. L. Ferch, A. Friedman, S. Humphries , R. V . Lovelace, 0. Ludwig, R. N.

Sudan, D. L. Book, G. Cooperstein, A. T. Drobot, J. Golden, S. A. Goldstein, C. A.

Kapetanakos , R. Lee , W . Manheimer , S. J. Marsh , D. Mosher , E. Ott , S. S. Stephanakis ,

17

- -

~

. — ----

~

- - -,

~

--——‘- -

~

= ~~- - .-~~~~
-- --- 



w-. ---------- --- ----- -- - - - 
- - - ----. -.----- - - 

--
~~~~~ ~~~

-—--—-- 
-

~~

BOOK, TURCHI, AND STEIN

and P. 1. Turchi, Plasma Physics and Controlled Nuclear Fusion Research 1976 (IAEA ,

Vienna, 1977) , v. 3, p. 415.

2. S. J. Marsh, A. T. Drobot , J. Golden and C. A. Kapetanakos, Phys. Res. Left. 39, 705

(1977).

3. R. N. Sudan and E. Ott , Phys. Rev. Lef t .  33, 355 (1974).

4. D. E. Baldwin and T. K. Fowler , Lawrence Livermore Laboratory Rept. UCID-17691

(1977).

5. D. E. Baldwin and M. E. Rensink, Lawrence Livermore Laboratory Rept. No. (submitted

to Phys. Rev. Leti.) .

6. T. Ohkawa, Nuclear Fusion 10, 185 (1970) .

7. D. L. Book and P. 3. Turchi, Bull. APS 20, 1278 (1975), Abstract

8. E. S. Weibel , Phys. Fluids 20, 1195 (1977).

9. S. I. Brag inskii , Reviews of Plasma Physics, vol. 1 (Consultants Bureau , New York , 1965) ,

p. 205.

10. 10. 3. M. Dawson, H. P. Furth and F. H. Tenney, Phys. Rev. Len ’. 26 , 11 56 (1971).

11. R. N. Sudan and M. N. Rosenbluth , Phys. Rev. Lef t.  36 , 972 (1976) ; R. N. Sudan and M.

N. Rosenbluth (to be published) .

18

~

. ±___ _ _
~~. _ .~~~~~___ _ ~~~~~~

-“--
~~~~~~~~~— —--



J r . — — — - -

NRL MEMORANDUM REPORT 3827

C
C 98W B E A M . P L A S M A  INTERAC 1’IO~4 CL*MPED THROUG H A X I A L  COM PR ESS ION ’
c
C I’MIS P R OGRA M CAL CULA T ES CO MPR ESS IO N . l4 EAT1 N~ AND BURN IN AN AX ~ ALI..Y
C CO MP~ESSE o BE A M _ TA RGE T P LAS M A , THE BEa M IS A RING OF 0 IONS, TH~C TAR GET A M IXT UR E OF COLD T R ITI UM AND HOT ELEC TRON S. THE CONFINI NG
C MAGN ETI C FIELD BUILDS UP OW I NG TO CO M PRES SIO N PRODUCED BY AN
C IMPLOD ING LITHIU M LINE ! (IJNUS), DR IV E N E LCY R OM AG N E T ICALL Y ~Y
C EXT E RNA L THETA—PINCH W IN OINGS . PARAM E TE RS A R E CHOSEN 50 T14A?
C CS~4PRESSIO $ , C0LLI~~ION 4L SLO W ING OP THE C SEAM , AND LOSSES BALAhCI ,
C PRO DU CING A S ITU A T iON IN WH ICH THE BEA N IS CLAMP ED FOR THE ENT IRE
C DU RA TI~ N OP THE cO M PRES SION .
C 0 , I.. BOOR, P~ j . lURCh ! & 0. 1., STEI N
C

IMPLICIT RE AL *6 (A—I, K—!), !NT EGER*4 (j ), R~ AL *A ($3
LOGI C AL *4 COLL . LOSS , BU RN , FORW R D
CO M H ON / N E W TON / DTO, JITER
COM M ON /QBLOCK / 0(25)
CO MNON/ A R A A Y ~ Y ( 2 5 ) s  DY (25), Y0(23)
EX TERN AL DERI Y
NA MEL IS1 ’ /LI NER/ R~ Q , R2o, RW , B2o , RHO, OMEGA, LN G TM O . ETA ,

I 5P M! , TL , R CA
DATA R I O , R2 0,_ R~ , 920, RHO , OMEGA . L.NGTMG , ETA , PMT , ¶1., RCA

I / 2.06D?, ?.12602, 3,Dj, 0.00, .SADc . 0.00. 13.500,
2 U5.2D .1, 6.07, 5.02, .100 / - . -

N A M (L~ ST /PLA SMA / RM A JO R , WV, TO , YE , IT, BP , VRA TIo . NRATIO,
I - IRA ’T IO .

— DA TA R HAJ OR , WD , D, TE, TI, ~P, V PA TIO ,,N RA T IO , IR A7~~ /
I 2~ 02, 7.02, 1 .02, 1.D2 , 1.02, 3.C5I .5Do , 1.00, .300 /

NA W EL IS T /LOGI CL / COLL , LOSS, BURN, FORHP D -
DA TA COL L, LO SS , BuRN , FORW RD / .TRUE ,, •TR(J(,~ .TRUE ..

1 .F45E , t
NAM E L IST /CNTR RL/ DY, DTPLOT , D’T?IL$, D IDUM P , YLAST , 7, TPLOT ,

* TF~ l.M, .TOU~ P
DATA 07, DTPI.OT , DtF!LM , OTOUMP , TI.A $T , 7, 7P~.OT~ tr!Lw ,. TpIJMP

/1 ,0— 5 . 1 ,0.1, 1,D—3, 1.0.2, .100 . 0.00, —1,0.12, —1.0.12,
I — 1 . 0 — 1 2  /

CA LL Z P4DUMP
CA LL CRD U M P(4O .10) —

C
C IN IT IA L IZE .
C

10 A g A D  (S,L1$ER ,EP40.$00)
READ C5, PLA $MA ,END.I OO )
RE AD (5 ,LCGICL ,END .100)
R E A D (5,CNTRO%..ENO.l00)
PR ZN T ee
00 11 J I ~~, 5

II PRINT Q9
WR I TE C6 ,L! NER)
WR ITE ( b ,PLA SM A 3
WR ITE (b,LOG!CL)
WRITE (6,CW TROL)
DO IS J ‘ 1, 25

13 0C,~) • O.D0
JITER.0
D Y N A X  • 07
D Y B I OT
CALL IMPU ’UT ,

I ~~~~ R2 o, PM , 920 , RHO , OM EGA , L.WGTNO, ETA , 5PM ? , TI., RCA ,
2 RhA J OR , W O. TO , Y E,  TT,  BR , VR A?!0 ,  NRA T! O, IRAY!O,
3 CO LL. LOSS.  BURN , F ORWR D,

T~~ fl~ -~~~[~ DT PLOY, D!PIL’4 , DTDW4 P, T LA$T , TR LBT. TFILM. TDIJNP)

______________ C
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C. — - 

-

C PERFORM DUMPS, D I A G N O S T I C S  AT APPR O P R IA T E INT ERVAL S .
C

20 1? (7 .1.7. TO UMP) GO TO 30
YD UMP • TOUM~ • DTDU MP

30 IF CT .1.7 . T FX LM) GO TO 00
TF !LM • T FI LM • DT FILM

So IF CT ,LT. T P L O T )  GO TO 30
TPL OT s T PL OT • DT P1.OT
CALL DE R !VCT ,JT O TA L )
IF CT ,E0 . 0,09) PRINT 90
IF CT •NE , 0,00) pRINT 9~, 7
D A T A  SY , SY O~ SOY , SI.!, IRINO, $Pl,A $,  INU, ICNU, J OA TA /

& ‘V i . ‘YD ~ , ‘DY ~ , ó(J • , ~R!NG ’ . ~PLA$ ’ , INU ~ ,.5 ‘CNU ~. ‘D ATA’ /
CALL D S P L A Y ( $ y )
CALL DS PLAY (IYO)
CALL D S P LA Y ( $ D Y )
CALL DS P L A Y ( $ L I )
CA LL D S P L AY ( $ R ! N G )
CA LL DS PLA Y ($PLAS )
CALL DS PLAY C ! NU )
IF ( I .GT . 0.00 ) GO TO 50
CALL DS P LAY C $ CW U )
CALL O S PLA YCSD A TA)

- SO CO NTINUE
C
C A DVA N CE V A R IABLE S ONE TIM E STEP .
C

JITERIO . - -IF cV C 3 , .NE. o.00~ DI’ • DMIN I ( DTM A X , . 05 0 0 * D A B S ( Y ( 2 ) / Y ( 3 ) ) )
010.01 -
CALL INT(J TqT A L, T ,DERI V ,DT )
IF CT .LT . TLA ST ) GO 70 20
GO TO to - . -90 FO RM A T(’Q ’ , !I~9ZTI AL DISPLAY, INCLUDING TABULATED CON$TAN T S I ’3

,* FO R M A 1 ’ C I I I , ‘D!S~ LA Y AT TI ME T P ‘~ IPDio .a , ‘ SEC t ’)
9$ FOR M A T ( t t t , oo~ , ti P 1 C A C’ // ‘ ‘, ~sx , ‘ION BE A M Pi ,

* ‘PLASMA INTERA C T ION CLAMPED THROUGH AXIAL COMPR E 55~ 0N’ )
99 FOR MAT (’s ’ , 35 X , ‘I

I ‘P 1 C A C
100 RETU RN

E N D
C - -S U B R O U T I N E  D E P I V ( 1 ! M E , J T O T A L )

IMPLIC IT REAL * B  (A .! ,  K — ! ) ,  INT EGERaS (J ),  RULeS CI)
INTEGE ReQ MO O
0 % M E N $ I O N  RLINE R( 53 , E HA G I C S )
DIMENSION Z& ( I~3), Z R(3 )
D I M E N S I O N  R M A J , C a ) , RMA J 2 ( W ) , RM!N l (a ) ,RMINZ (43
CO MMON / NE W T ON / DT.  JITE R
CO MM O N / INCO ~ MU, KMU
C O M MON / RADI I/
CO M M ON / P8 1.0CM / P
CO MMON/ COE F F/  MC F , NDTO T , Ry~CO MM O N / C URR EW / !LINER(3)
CO MM O N/  LENG1’ M/ L N G T H ( 5 ) ,  LHLSQ (S)
CO MM O N / INDEX / J MAX ,  J M A X I
COM M ON/ FLUX, PH!,PSII (5)
CO~~’40N / A R R A Y I  Y(25), OY (2S), Y0 (25)
LOOICAL .4 W OCOL L , P4OLOS$ , NOB U PN ,FOR WRD
DIMENSION St.INE C )3)

C
C THE F OLL OWING STAT EM EN T FU N C T IONS AR E USED B E L OW IN SOLVING FOR
C RM A JO R AN D R H IN OR ~Y REG UIRING THAI THF F OR CE S IN THE COPREBPONDINO
C OIPICTIONS VA N IS H . HERE A , B, C ARE R FS P LCTIVE LY THE MINOR A14p
C P4A JS R R A D I I  OF TH E PING A I~D THE LINER INSIDE RADIUS, ALL IN CM .

20
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C
L R C A ,8 )  S KHUe B , ( DLOG(O .DOe9/A)  — 2.00 • MD)
D A L R C A , 8 )  • —K M U * B/ A
D8~.R( A , 8 )  • KM UACDL OG C O .O O * B/A )  1.C0 • MD)
LL(C ,D ) IM U* C . ( D L O G (16 .0 0 * C /D )  — O .S DO )
D CLLC C ,D )IMU.( D LOG (1 b.00*C/D ) • o .500
LN( D,F)a O. S D O A ( D/ F ) P D LO G ( D )
F A C ( D , F ) I C C ( F — D ) * a ? ) / C 2 . bO*O. F) ) . D LO G ( D A BS ( F . D ) )
MI.L (C,D,9 IMUeC* ( DLO G ( I b .DO* C).LN(b ,F).LN(F ,D ) 4 F A C ( D . F ) O .500)
O C P’ L L( C ,D, F)zP -h U . ( D LOG ( Ib .DO* C ) . L NCD , F) — L N C F ,o ) , FA CCD,F ), O .SDO )
I1LRCB ,C, F) IM U* DS QRT CB * C ) * ( .50 0 * D L OG ( 6 .SCI * B * C / C C B— C ). * 2  •

I F)) — l.D O • ( C B — C ) / O S Q R T ( F ) ) * D A T A N ( D S O R T ( F ) , ( B . C ) ) )
DBM1. R (B ,C , F ) t .~~D O * M U * D S Q R T C C / B ) * ( . 50O.D L O G ( 6 , 4 D 1 * 9 a C , ( ( B . C ) ** 2

I - • F ) ) 4 ( ( C .3 . D O* B ) / P S O R T ( F ) ) I DA T A N ( D S G R T ( 9 / C B . C) ) )
0C M L RC B ,C, F)1 .SDO * MU * 0S QR T CB/ C ) * C . 5DOaD LO G ( b.~4 D1aB * C ,( CB— C )a. 2

I • F ) ) + C . ( 3 . D 0 * C . 8 3 / D S Q R T ( F ) ) * O A T A N ( D S C R T C F ) / ( B — C ) ) ,
MI. R$ (A ,8,C,D,F,.MLR ( B,C , r ) , ( OSORT(LA (A , E, * L L ( C. D ) ) — M LR ( 8 ,C , F))

* - ,(1.D0,(CC .B) ,A )** P)
D A M 1 . P S ( A , B , C , D , F ) I ( . SD O , D A L R C A , 8 ) * D $ O R T ( L L ( C , 0 ) / L R ( A , 8 ) ) , ( ! / A )

I a ( ( C .B ) / A ) . . P * ( D S Q *~T ( L R ( A , 8 ) a L L ( C , D ) ) . M L R ( B , C , F ) ) / ( 1 . DO ,
2 C ( C — 8 ) / A ) . ~P ))/Cl.DO • ((C—8)/*)*eP)

0 B M L R $ ( A , 8 , C , D . F ) . r ~8 M L P C 8 , C , F ) , C . S O O I D B L R ( A ,S). D S Q R T ( L L C C , D ) /
* LR (A,8)3 • (P/ (C.B)) * (CC— 8)/A )e*P* (OSORT(1.R(A ,B )CLL (C,D)).
2 MLRC ! ,C ,F)),~~1.Do + ((C !)/A)**P))/(1 .DO • ((C—B) /A)**P)

DCML P S (A ,8 ,C ,Q ,F )W DC M L R CB ,C , F) +C. 500 ,DCLL ( C, D ) a DS OR T CL R CA ,S)/
I LL (C ,0 ))— ( P/ t c —8 ) ) * (  (C B) IA ) * . P .( DSGP T C L RCA ,B )*LL(C ,D)) .
2 MLR(B ,C,F)),( 1.DO • C(C .8)/A )e. P) )/ ( I ,DO •

NK T (A ,B ) • PV G , (KVOL*A*A *B)** GPh I -
SIGHA (t) • 1 .D—2S~~CA5 • A3/ (j,~ Q • (A3.( •

* . CDE X P C A I /D SO N T C E ) ) — 1.00))
DATA E TOT O / ó .DO /

C
C TIME (INDE PENDENT VA R IA BLE ) HAS UNIT DERIVATIVE .
C

D Y C I )  s 1 .00
C
C REPLAC E SUBSCRIPTED QUANTI T IES W ITH MORE FA MI L IAR NOTATION.
C

P 150 • V C 2 )
• V U)

P5 12 I Y C 5 )
RV O • Y(7)
RV I • Y ( 8 )
TDV G M t • YC9)
TEVG M I • YC l O )
ITV GM I  • Y C I t )
WD T O T • Y ( l 2 )
N TT O T • V ( 1 3 )
LOM M IC • Y C I S )
CR A D • Y C I S )
NCOU HT • Y C L O )
PVOP ~D ‘ Y (17)
BURNUP • Y ( 18)
DO S J.l ,JMAXI

S P$I1 (J).Y(I9,J)
PpjI.YC19 .J P4e1)

C
C FIND SOME OF THE QUAN T IT IES NEEDED TO DEIC~ ISE TH5 LINER DYNAM ICS .
C

PSOUSO • RUAP U
P230 I P130 • P050
II I DS Q RT ( R 1 S O )
Ri • OS0~ T (R2 SD )
UI • RU/RI

(
~ ) n~~P- r - U2 • PU/Ri
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¼JL_ ~ J w  SI • K F L % J X . P$ I ) ( j ) / R t 5 Q

52 P K FLU X . P5 I2 / ( RW S Q — P250 )
RLOG • 0L06CR250/RI30)
ORSO • P1080 — P15 0
P1250 • 1.DO/ RIS0  • I.DO/R2$Q
PHAG I •
PMAG2 • M PIB2 *B2
LIIBY RI • Ut/R I

C
C NØ W DO ION RING DY~ A MIC3 AND PLASMA PROCESSES, USE ALL THE
C AVA IL ABLE ALGEB RA IC RELATIONS BEFORE COMPUT ING ANY DERIVAT IVES,
C THE SING MA JOR AN D MINOR RADII APE FOUWQ USING NEWTON’S METHOD TO
C SOLVE THE EQUATIONS FOP PO~ CE BALANCE IN THE RING, GIVEN THE FLUXES
C WHICH ~RE ENCLOSED BY THE RING AND LINER (PHI AND P811,
C RESPECTIVELY), A ND .USING HANDBO OM FO!NYLAS F~

P SEt.!— AND MUTUAL
C INDUCTA NC E S . NK 5 UNITS A RE USED IN THIS PORTION OF THE CODE.
C - - - -
C EXTRAP O LATE FROM LA ST TW O T IME STEPS TO GET GOOD INTIZA I . GUESSES
C FOR RM A JO R , RM ~ p 4OR (USED ONLY ON EVEN STEPS OF R—K ~ G).C

IF ( l I T E R  .M E , 0) GO TO I
JS TE~ • 00101.0 • OTNEW
OT N EW I 07
W It • —OTNEW /OtOLD
WTZ • I ,D0 • W T I

* CO NTINUE
C

JSTEP • JS1’EP • I
IF (M ODCJSTEP ,2 ) •NE . 0) GO TO 2
RHA J O R • W TI CRM A J ICJ ST ( P)  • W T2*RMAJ 2(JST (P)
RM !NOR * WT I* Ph4 INI(JSTEP) • WT ?ARM INZ(J$ TC P)

2 CO NTINUE
C

JIT a o
A • RMINOP
B • RM A JOP
P.) • RI -
PVG * K N K T * ( M D 7 O T * ( T D V G M I  • Z O* 1’EV G MI ) + N TTO Ta( TTV GMI •Z T e T E V G M I ) )  • 1,D—7*PVGPRD

10 CONTI NUE
D A F A I ( R A  (A+0,2 00,8,PJ,NKT (A+O/2 °.DO ,5)).FA (A— O/2, 00,B,PJ ,
DAPSI (F8 CA,O,2 .DO ,8,RJ ,t~~T (A+O/2.0O ,B)).FB (A.O,2,DO,B,RJ ,

1 NKT(A.O,?,00,B)))/O -
OBF A I (F A C A ,8,0 12.0o,PJ ,N KT (A ,B ,O/2.D03 )•FA(A ,SsO/2 ,00 ,RJ ,

t
Dsra .C FB CA ,e,ea.Do, RJ ,MK T C A ,e.o/a.oo ),.FSCA ,,•e,E.oo ,RJ,

I N K Y ( A ,B—O / 2 . Q O ) ) ) / O
DEl • DA FA * DB F B • DA FD * DBF A
F MTN OP • F A ( A ,8,RJ, NM T ( A , 8 ) )
FP4 A JO R • r B ( A ,S, PJ, N MT ( A , B ) )
V A • CDB FB .FMJNOR • DB FA *FMA JOR )/DET
08 • (D A FA *FM A J O R • DAFB*,MINOR)/DET
A • A • DA
8 • B — 06
J I T Z J Z T + I
IF C 0 A B 3 ( D S ~ • GT . RTES1’ eB ,OR , D A B S C D A )  .GT , RTES TCA ) GO TO 10
RM !NOR • A
PH AJ OR • B
J ! T E R . J I T E R , J I T
ITER • DPLOA ’(JXTER)
IF C H OD ( J STEP ,2) •NC, 0) GO TO 12
P MA J * ( J $ I ’ E R )  • RMA J2CJSTEP )
PMA J2(JSTEP) a RMA JO R
P NX N I C J S T E P )  • RMINZCJ$TEP)
P M I N Z ( J S T E P )  • RM ZNOR

12 CO NTINUE

-I,
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C
C DEFI NE T HE FO~.LO W I N0  FOR D IAGNOST IC PURPOS ES.
C

_ L %ILL(RJ ,LNGT M ( 1))
LL2’ LL( PJ , LNGTH(2) )
M L I2 $ M LL ( PJ ,LNGTH ( f l , L NGT MC I) )
NLRII .MLRS ~RM INOP ,RMAJ O R, RJ, LNGT M( I) , L HL$Q( t ) )

C
C EVER YTH IN G ELSE C A N  NOW SE CALCULATED .
C.

LP!NG • LR(PMINOR, Rt4AJOP)
LLINERILL ( P J , L N G T M ( J MA X * ) )
IR INGSIL !NER (J MAX )
Y D a RV D / R MA J O R
~T a R V T / R M A J O P
V O L U M E I KVOI.. CRM A JOR*RMINOR** 1
NQ • NDTOI ’ /VO L U M E
N T i  NT T O T / ~IOLUME
N ET OT • N O T O T I Z O  • N T T O T * Z T
NE • NETOT /VOL UME
ID I K I0 .N DT6T *V D ,R MAJ O R
77 • XIT .NTTOT .VT /RMAJ OR
IE • IRING • ID — IT
YE a RM AJOP. I~ ,(MIEAN ETOT)C

C HAVI N G C O MP UTED T M? MA G NET O DYNA M I C PA RAM ET E R S ,  W E CAN WR ITE DO W N
C THE E Q U A T I O N S  OF MOT ION OF THE LINER .
C

CY (2 ) • 2.DO a RU
JH AX2•J MAXI .j
FO RCE * D. DO
DO I’4 J:t ,JMAX I
FOR C EIPO PC E.ILI N ER(J )A( 0 .S0 0 .Z L INE R(J )! CC LL(P J , LNGT H(J ))

I .IR I NG a D C M L P I C R M IN O R ,RM A J O R ,R J ,LN G THCJ3, LHL SO (JflI
! F C J . E Q . J M A X I )  GO T O 14
JPIaJ .t
00 II JJ IJ P* ,JMA X I

13 FORC EIFORC E , !L !NEP(J ) * ! L INER(JJ) I DCM LL( RJ, LM LSQCJJ ) ,LHL$Q(J ) )
14 C ON T NUE

P 1 • Kr*FOPCE/ PJ
P2 • PMA Q2
D Y ( S )  • (R SQU S O * Rt2BO • OMEGARI 2.(RO SQ • DRSO.(2, 00.RLOG +I D R S Q * R 12 5 0 ’ ,) • 2.0O*(Pt — Pj)/RHO)/R LGG

C
C FI ND TEMP ERAT URES FROM PRODUCT OF V TO POWER GAMMA — I AND T.
C

VG M I • V CL U ME* * GMI
TO a T D V G M I / V G M I
TE • T! V CM1 / VG ’4 ~IT • T T V G M I / V G M I

C
C KEE P TRACK or RING, PLAS MA EHERGETZCS .
C

EKIN •
E POT • O~OT.(DP30*.2eRLOG/2 ,DO + RO SO* (CPSQ • CR 150 • P2501/

I
tM AG ?.LNGTH( J~

4 a ( 1 ) .8 ? a8� .C RW$Q — R25O ) /5 ,DO
.50 7.

00 lb J I t , J M A $ ~
E M A G I  (J ) ’C . 5 D 7 ~~ILINEP(J)* PSI1CJ)
E?~A G1 EMA GsE~’AG1 (.3)lb  CONTI ~~UE

23
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BOOK, TURCHI, AND STEIN
EM A G SE MA •EM A G2

LI _ U V’81 P lO •
MT I M T C V T * *2 / ( 2 . D O S B O L T Z )
EDDIR a NDTOT*BOLTZCWD
CYDIP • NTTOTCPOL1Z*W T
EDTH • KE*NOTOT*TD
£TTH • KE* NTTO7*TT
EETH • KE eNETOTeTE
EBEAM • EDO IR 4 EO T H
CPL. A S • ET ~~!P • ETT H + CETH
ERING • EBE A M + E P L A S
EPOT • ER ING+ E MA G
1767 • (KIN 4 EROT 4 (POT
IF (E T O T O  ,EG . 0.00) ET O TO S ETOT
Y IELD • KY IELO .BUR NUP
O • V I E L D / E T O T O
ENET • ETOT • ERAD • EOHMIC • YIELD
RD • BOL 1’Z.ND.TD
PE • BO LTZ* NE .T (
PT • BOLTZA NT.tT
Pl OT a PD • PC • PT
BETA • KBET ASDSOPT(TE)
BP • .Z DO* !R!N G/ RMIN OR
KAPPA • KP RO P.VD/ ( RM I NO R* BP)
PPOL • KP.Bp.*2
BETAIL • NKT( RM INGR , R $AJOR) /PPOL
IL • EO NM IC/ HT CA P • 71.0

C
C FIND ACCELE RATI ON AT INN ER , O UTCR FACE OF LINER .
C

01 • OMEGA .RIóSQ/Rj$Q
02 • OMEGA *R2 050/R230
• (0YC3) • U1*Ul)/ RI • O I a O I C R I

02 a (DY(3) • U2*U2)/R2 • O2e02.R2
C - - - -

C Z E RO DER IVATIVES OF ION RI NG AND PLASMA GUAN T !TIE$ CONS ERVED IN
C THE ABS E N CE OF DISSI PAT ION .
C

J701 ’A L 125
- 00 15 Js ’~, 3TOTAL
IS D Y ( J )  • 0. Do

J T O T AL . 22
VOl • VD — VT
IF (NOCOLL) 00 70 20

C - . .
C PUT IN COLLI SIONA L EFFECTS, IF ANY . START 5Y STOR ING THE RELA TIVE
C VELOCITIES AND THEI R SQUARES ,
C

VDE • VO — VE
VET • VE • VT
VT O • —VO T
VED • —V DE
V I E • —VET -
V O T S O • VDT*VD?
VO E SO • VOE*VOE
VETSO • VE TAVET

C
NDMD • NOAMO
N EM E • NECME
N7M T • NT*Ml’

C
C FIND COULO M B L O GARITHMS.
C

LOGLDT • LCGDTO • .S D O * DL OG ( N E/ ( T EA VD TSG * a 2) )
EL~ G • .500CDLOG(Nt/TE*a3)
LOOLDE I L~ GDEO — C LOG
LOGL TE • LOGICO — C LOG

C

24 
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C CALCULATE THE EE P EC T S OF COLLISIONS BETWE EN SEAM AND TARG ET IONS .
C THE LO W — T E M PERATURE LIMIT OF TRUBNIKOV’$ FORMULAS IS USED.
C

NUSOT • C NUSD TaL OG LDT * NT / DA BS CV DT * 53 )
NUSTO • NUS D TCN UM D /N TM T
DIOST a C N UTOI , LOG LDT* NT / DA B$CV DT )
NUTO T • DTD $ T/ TD
OTT SD • DTD$T * P4DMD / NT MT
W UTT O • OTT$D/TT
DM057 • 07087 — KTO *P4U SDT*VD* V D T
DW T SD • DTT SD • KTT*NU STD*V TCV ?D
I? (Ut .ME. 0.00) R NUB YU • RMA JOR*N U $D T /U I

C
C USE 8L~ W.8EAP’ LIMIT TO COMPUTE INTERACTION BETWEEN IONS AND HOT
C ELECTR O NS .
C

EF AC IR • NE/ TEeeI ,500
NUSDE • CNUSD (*LOGLDE*EFACTR
NUTOE • C NUTOE * LOG LDE* EFACT R
010$! • WUTOE.(11 • TO )
NUST E • CNU $TEC1.OGLTE*EFA CTR
NUTTE • CNU TTE .LOG LTE *EFA CTR
DTT SE • NUTTE * (TE — TI)

C
C CONSERV ATION OF M OM ENTU M GIVES THE REMAIN ING NUB’S.
C

MUSED- • NUSOCeNO MO/ NEM E
NUSET • NUST EeNINT/ NEME

C
C USING KN O WN M US’S AND aT’S , THE CORR ESPO NDING OW ’S ARE FOUND .
C

DW ’ .~E • DTDIE — KTD * NUS DE*V O*VD E
OW T$E • DTTSE — KTT *NUST E *VT*VT I

C
C CO NSERVAT ION OF ENE RGY GIV ES THE R EMA IN IN G THREE OW ’S.
C

DW ES D • —DWD$E.ND/NE
DW ElT • •DWT $ E.NT/ NE

C
C F RO M TH E DERIVED NUB’S A ND D W ’ S , FIND THE REMAINING DI’S.
C

DT ESD • DW E$D • KTE *NU SED*VE*VE D
M UT ED • DT ESD/ T E
DTE $T • DWElT , KTE .NUSET*VE*VEI
NUTET • DIEST/TE

ADD COL L IS I ONAL C O RR EC TIO NS TO THE DE RIVATIVES CALCULATED ABOVE.
C

D Y CITO TAL ) •KPN I.RMA JORaCNU $ED*VED ,NUSf, *VET)
DY 17) • SR MA JOR * (N US DE *V DE • NUS QT*V OT) • KV D *DY(4r O IAL )
DY( S ) S .RMAJOR , (NUSTD *VTD • NUST~ .VIE ) — K VT * DY (JTO TAL )
0YC 9)  a V G M I* ( DT DSE 4 DTD IT)
D Y C I O )  • VG MI.(DVEID 4 OTE IT )
DY C I I )  • VG M1eC DT T $ D 4 DTT $ E)

20 IF (NOLOSS) GO TO 30
C
C PUT IN OTHER SOURCES OP $INMS , IF ANY , ST A RT W ITH OHMIC L OSSES.
C

OMM IC.0 .D0
PC ONSTSKRESaET A /R LO G
00 25 J II, JMAX I
PL INEP (J )IR CO N$ T/1. NGT P4CJ )
OP4 W t4TIP L!NER CJ)* ILINERCJ)
DY ( I9•J )* .OHW MT

25 O P-I P’IC.OMMIC.OIIMMI
C~J f l ; ’~ T O Y C 5 )  • OPSI2

25 
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BOOK, TURCHI, AND STEIN

-~~ ‘--~~~~~ ‘ 
~ O~~cio) a 0.00

DO 2* J a t ,J P’ A XI
2* DY (1 4) • DYC I4 ) • l.07*OHHHT.XLINCNCJ)
C
C THEN TRE AT LOSS ES BY DI FFUSIO N , CHAR GE EX CHA NG E, ETC.
C

D Y C I O )  • D Y C I O )  • T ELO SS
0YC1 2) • ~‘ D LO S S
C Y C I S )  • NTLOSS

C -

C FINALL Y , COMPUT E BREM SSTRA ML UN G AND CYC LOT RON RA DIAT ION LOSSES.
C

PcYCL • KCV C t . * C B E T A C B P ) * a 2 / C I , DQ • BEIAa e2)
PBPEM • KBR E M * D$ Q RT (T( ) * ( ND* ZDC Z D • NT .ZT CZT )
PR AO • PBPEM • PCVCL
O TE RAD • KT*PRA D
NURAD U OT E RA D/ TE
O Y ( I 5 )  a N ET OT * P RA D
DY U O )  ~ o~~c i o ~ — DTERAD.VGMI

30 IF (NO BURN) GO TO 40
C
C CO MP UTE TH E RMON UCLEA R BURN .
C

RAT E • S I G M A C I . DSa WD ) *DAOB(V D T)*ND aNTTOT
0Y(12) a DY(ti) — RATE
DYCIS) a QV(13) • R A T E
DYC I b) • KNEUTP*RAT E
0YC1 7) • KBURN *VGMI *RATE
D Y ( t 6 ) * R A T E

SQ IF (1 .61, ô) RETUR N
C

00 35 J.4,JTO ’TAL
35 0 Y ( J ) . — D V ( J )

RETURN
C
C PASS IN DA TA NE(OED “0 IHIT1AL1!! PUN , SAV IN G IN IT IAL VALUES AS Y~ ,
C PREC O M~ LJT E C O N S T A N T S  FOR USE IN $UBSEQU(NT CALLS TO OIRIV . COB
C U N ITS ARE USED THROUG HOUT, EX CE PT THAT TEMP C PA TUR EO A N D PARTICL E
C ENERGIES AR E IN KE y AND CIR CU IT QUANTITIES (CURRENTS, FLUXES AND
C INDUCT ANCES) A R E IN MK3 ,
C

ENTRY IN PIJI(T IM g ,
R I O , R2~~, RH , 820, R HOO , OP~CGAj , LNGT M0, CTA O , SPIlT ,

2 T LOO ,  RCA ,
.3 R MAJ O ,  W DQ , T Dc , lEO, TTO , 5P~ , V RAT IO . NRAT IO . IRA T IO .
4 C O L L9 1.055, BURN, PHD ,

DIPLOT, DTF ILM , DTDU MP , TLA $T , TPLBT, TFILM , YDU MP)
LOGIC&Le4  COLL . t.OS~ , BURN,FWDF OP WR D.F MO
RHO • PHOO
OM EGA • OH E G A O
ETA a ETA O
T LO a T L OO
RMA JO R • RHAJ O
Pal , DI
JMA X ’3
J TOT A L a 22
J H A X I a J H A X .I

— DLNGTHI LN GTMO ,DFLOATCJ MAX I )
D O 55 J a t , J M A X I
1. NC TN (.3 ) FLO AT (J) .DLNGTH

35 LHLS Q (J)a (0 .5O0aL ~ CTH (J))**2
HOC O L L • .46T. COLL
N O LOSS • .NOT . LOSS
NO BUPN • •NØ T , BUR N
D A T A  C ,  B O L T ! , C / 4.6032 0.10, ~.Ô022 D~ 9• 2,4974 0.10 /

26
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DATA MD , M E , MT / 3.S~~3 0—5a , 9,~o~S D.lS, 3,0174 0—24 /DATA ZO, ZT I ~,O0, 2.00 /DATA G A M M A  I t,bb6a64bb7 DO /
DA TA 0P312 I 0.00 /
DAT A TELO SS . NOLOSS, N1LO$$ / 0.00, 0.00, 0.00 I
DATA 0, RT EST / I,D•b, 1,0.5 /
DATA A l ,  AZ, Al , AS. AS 1 2.82) 0). 2,39 07. )9$ 0.4,

1 ,297 D~ , 4.47 DS I
DATA Z / 0.00 /
P~ • 4.DO .DATAN (1,D 0 )
SQPTPI • D SQR TC P I)
RT2PZ • DSORT(Z.OQ.PI)
TWOPI a 2.D0’ PI
FOUR P I a . 4.DOaPI
£ IGIPIa I.D0*PI

C -

C COMP ILE TABLE OF MISCEL LAN EOUS CONSTANTS.
C

OM I a GA M M A  — 1 ,00
KBE T A • OSQRT(SOLT Z/CGM I*MECCeC))
KBRE M • 3,330—2 5
KBURN • I8 ,3R DISBOL TZ AOM I
KC P4 V RT • C/1 .D1
M C F • 1.D.7eM0
KCY CL • 3, 9 80 —I a
K D.O,23D0
XE a BO LT ZIGM I
KF I1 ,D7/CT~.O D I .LNGTHO )
KFLUI a t ,DSIPI
KID a EeZ D, ( TW O P I* KC NV RT )
KU..EI (TW O P I SKC NV RT)
W I? S E*ZT/(TWOPI*KCNVPT)
KKIN*P1. RP4OeLN GTI4O/2, 00
KMU a FOURPI* l. D—9
MU • FOURP!ei,D .9
KNEUT R • 0.00
KNKT a , l,D~ 7*B0LTZ
K? a I.DG/(6 ,00*PI)
KPW I • I. D.SaTWOPI*NE*C,E
KPPOP •
KR • OSQRTC3.OO*MD*SOLTZ)*C/E
KRE $al .02*FOUR PI
K RO TSP I* PHO .OI4 EGACC2 * L NGT MO
KT a GM IIOOLTZ
MID a MD*GM,/SOLTZ
KT C • M(*G HI/OOLIZ
KTT a MIAGMI/BeLt !
K V D • l . D S C Z D . E / ( T W O P I *P t 0 *C )
XVI • l,08*Zt.E/(TWOPI*PIT*C )
KVO L • IWOPZaP !
KY IELD a KB U PN/ GTM I

C
C CALCU L A TE CONSTA N TS TO BE USED IN COLLISIO N RAT ($ .
C

L060fO • —DLOG (DSQRT(FOURPI/BOLTZ.e3).ZCete*3)
LOG DIO S •DL OG (DS QR T ( F OUR P I /B OLT Z)eZO * Z T CE.1 3 a ( M D• MT) ICM Q * MT ))
LOG IEO • .D LOG ( O S O RT ( PO U R P I/ S O L TZ C* 3 )C Z T * Ee * $)

C -CNU S D E • C4.Dô.RT2RI/3,00)*ZDee2.E..IeC1.DO • MD/14C)eMEe.1 ,3/
* C P4D* .2 .BOLTZaaI .3)

CNU SDT • 4.po .PIaCZDeZI*E*a2)a .2.(*.0O . MD/N I)/HDee2
CNUSTE • (Q .Dó.RT2PI/3 .DO)*ZTea2.E..4.C1.D0 , MT/ME)eME .aI,S/

* (MTe.2 .BOLIZ**I. S)
C

CN U TDE P (B ,D OeRT2PI /3 ,0 0 ) a ( Z D *E e f l *a 2 . D SO P 1 ’ CM E ) / CM D . S O L Y Z .e
- I.SDO)

27
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BOOK, fl ’k( ’HI , AND STUN

C NUTDT • FOUR PI.( ZD *ZTCECE)SC2S GNI/ (SOI. TZ *M D)
- 

CNUTT E U (8 ,00. RTZPI / 3 .DO )* CZT *t * t ta *2.DSQ RT( ME)/ (MTCSOL, tZ,a
I 1.300)

C
C DETER M INE LIN E R CONSTA NTS.
C

P 1030 I
P2050 • P~ o*R~ o
P 050 • R2030 — R IO sO
RW SQ S R WPRW
,~ICAP .SP WT .P7.ROSOeLN GTH0.RHO
P5120 • 820a(Rw 5Q — R2OSQ )/KPLUX

C
C DETE RM INE IN IT IAL RING AND PLASMA PARAMETERS.
C

V D0 • .DSGPT (2 .DOaBOLTZ*WDO/M0)
Cl a P I a R M A J O R ,’1.D2
C2 • 5 .DO CP P0 

-
C3 a BO LTZ . ( T D0  • N R A T I O * T T O  • (ZD , NRATIO*ZT)STEO)
Ca • (KID • lc IT* PIR,TIO.VRA T IO). (1 ,DQ • IRAT IO ).V DO/ R MAJ O
IRING • C 3 / C C 1 a C 4 )
RHINO • • I RX NG/C 2
RHINOR • RHINO
VO LUME a O~6 L a R M A J O R * R M t W O R * a 2
V GMI • V O L UP~E* .G M 1
N O T OTO a IRING/C a
P400 a N D 7 OTO/ V OL U H E
NTT O TO a NRAT IO * N DTOTO
P47 0 • NTTOTO/VOLUME
vto • V R A T X O C V D O
100 a X I D * N 0 7 0 7 0 , V D O / R M A J O
ITO a K I T , t 4 T T O T O C V T O / R M A J O
l E O  • IRING — 100 — I T O
RIO a PL O

C - -
C THE IKITIM . VA LU ES 0! ‘TM( LINER CURR ENTS AN D NW’? A PE NOW FOUND
C THROUGH A SE~ 1ES OF ALG E B RA IC E QUAT IONS DESIGNED TO INSURE
C THAT ZE RO FLUX THREADS PE RPEN DICUL AR TO TM ! LIN ER AT
C SPECIFIED POINTS.
C

J P-’I aJMAX .2
06 51 Ja I, JMAX

• 00 41 JJ ’ l ,J MAX
41 ZACJ .JJ)aO .00

DO 54 Ja l ,JMI
ZA (J .J)IKMU .DLOG ((LNGTH(J ,1),LNGtH( J))/ (LNGTM(J q. 1)

I ‘.LNGTPICJ)))/CTWOPI*I. NOTM(J))
IFCJ .E Q .l) GO TO 55
JP•J—1
DO a3 J J a i , J P
D • CLNG’ P~CJ .t ,  — LNGTP4(JJ)) / 2.00
F • LNGTH(JI7)

43 ZACJ ,JJ ) a (KP’U/( TWOPIC LHGTH(JJ) )) • DLOG (CD+F ) I 0)
CO NT I NUE
DO 51 JSI ,JM AX I
Z A ( J W A X ,J )a DPHLRS(~ N !N0, PMA JO, RJ0 ,LNGTH(J) , LHLSQ(J))

SI ZA CJMAX I,J )IDAMLR $(PM INO, RMA JO, RJO ,LP.CTPICJ).LHL$QCJ))
Z A (J M A X %  ,JM AW) u 2 , 00/CRMI N O*I R ING)
Z A ( J M A X , J M A X ) . t  ,DQ/ C PMA J O * IR I NG)
DO 52 J~~I,JMI
DEPJOM, ( LNGT H CJ~ I )/2,00).*2+ (RJ0 .RMA JO )~ e?ZR (J)I .(KPIU.ZRTNG/F OURP I)CLNGTH (J,I)/DENOM

52 CONTI NUE
ZP (JM A XI) s .c,SQ0 .!PIMGC DALR(RM INO ,R $A J 0)
ZR (IM A W  )z.O .5Dó *IRIN GUDBL R (RN IN O , PMA JO).KCF .NDTOTO .V00.*2/

I CR M AJ O*X R I NG)

28
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JM& X 2. JI’ AX
C A LL D GE LGCZ R ,ZA ,J M A X ,JHAX2 ,I,I .D.e,JIEA)

- PR INT 52, JIER
42 F O P P A Y C ’  ‘,IX ,’IERROR S ’, Il)

PR INT 46, (ZP(J),Jat,.JP4AX)
4* FO IMAT( IP5EI 2 .4)
47 CO N TINUE

DO 33 J a Z ,J$A X i
SI ILIN ER (J)a ZR (J)

N PC T 0 a ZR ( JMAX )
C

P H IQ •LR( R H INO , RMA JO )* IPXNG
DO 55 Ja I ,JP4AXI
D a LMGTH CJ )
FaLP 4L SO( J) -
PNI Q.PH IO ,MLR$(RH !NO ,RHA J Q .RJO ,0,F)CILINERCJ)
P$II (J )ULL (PJO ,D)CILI HER (J )$M LR $CRMI P4O ,RM*J0.RJO,0 ,F*CIRIPLG
00 62 JJ a l ,J”A XI
Z PCJ .E 0 .JJ) G O , TO 62
P511(J) • P511(J) • MLL (RJO ,LNOTN (J),LNGTH(JJ))CILINERCJJ)

*2 CONTINUE
Y (J.1Q )aPSI* (J )

34 CON T INUE
NU O • CPdU SDT ,2 .D1. N TO /CDA SSCV DO — VTO ))e.3
ULO a RP4AJOR * NtiD/ PCA
IF (FORWRQ ) U l O  I •U10

C
C INITIALI ZE THE DE PENDENT VARIABLE CY~ £R PAY ~
C

Y (t) a TIME
YC? ) a P1086
YC I ) I PI O a U t o
Y(5) a 0.00
715 ) a P5~ 2Q
Y 16 ) a 0.00
Yll ) I P$AJO ’YDQ
Y (8) • RM A JO CV T O
Y( 9) a T C O eV GWI
7 ( 10 )  • IEO .VG MI
7(11) • TTO.VQM 1
7( 1 2) 1 M DT O TO
7(13) • ~T TO7O
7 (15) • 0.D~
Y(15) • O,DQ
Y (16) • 0.00
Y (I7) • 0,00
Y (18) a 0,Do
7(19) • Q ,D Q
DO 60 J a l,JM A XI

*0 Y ( 19, J ) I P S Z I C J )
Y C J TS TA L ) .PI4I0

C
C COPY IN ITIAL VALUES IN TO SAVE ARRAY ,
C

DO SO J.I,JTOTAL
SO YOU) • 7(J)

C -
C INIT IA L IZE EX TR A PO LAT ION PROCEDURE FOR FIRST GUESSES USED IN
C NE W TON—R A PH SON ROUTINE 5N EVEN STEPS OP P—K— ;,
C

06 *1 .3 • I, ~
R M A J I C J )  a R U AJO
R M A JZ (J) a RM A J0
RM IP4L (J ) a RHINO

4* RMIN2(J) a RHINO
T J  fl1-, iDT ’~EW I CT

29
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BOOK, TURCH I, AND STEIN

RETU RN
C

ENTRY D IPLA Y C I NAH E )
DATA IY, $YO~ $07, IL!, BRING, $PI,A5, INU, $çNIJ , IDA TA I

I ~Y I , ‘YO ‘ , ‘DY ‘, ‘LI ‘ , ‘R !NG~, ‘PLA$ ~, ‘MU ‘ ,
‘2 ‘C NU ~ , 0A TA ~ /

D ATA SBL AN K / ‘ • I
DO 100 .3 • 1, 33

*00 $LINE (J) • SSLA N K
C

IF (INA NE ,EQ , $7 I oe TO 110
IF (SHA ME ,tO , IYO ) 00 10 120
IF (SHAME .EO . $01 ) GO TO 130
IF (INA ME •EQ , $1.1 I GO TO 140
IF (SHAME ,E0. $R !NG ) GO TO 150
IF (INANE ,EO , SPLAS) GO TO 160
IF (SHAME ,E O. SP4U ) GO TO 170
IF ($NAM E ~CO , ICHU ) GO TO 180
I? (SHAM E •CQ . SOA TA ) GO TO I~ O
PRINT 101 , INANE

101 FOR MAT (I O’ , ‘OSPLAY CALLED WITH INVALID AR GUMENT I . A S //)
RETURN

C
C DEPENDENT VAR IABLES.
C
1*0 PRINT 1 1 1
111 - 

PORMAT I ’ . 7 (1) 7(2) 7 (3) 7 (5) 7(6) y C ?,  ‘ ,
1 ‘7(9) 7(10) 7 (11) 7 (12) ‘VU)) 7(10) (113)’.
‘2 ‘ 7 (16) 7 (17) 7 (18)’) -

CALL SCNV RS ($I.INE , Y(1), 7(2), 7(3), 7(5), Y(6), 7(7), 7(9),
Y (lO~ , 7 (11) , 1(12). 1(13), Y (14), 7(15), 7(16), 7(17),-? 7 ( 1 8 ) )

PRINT 199, SLIME
RE TUR N

C - .

C INITIAL VA LUES OF DEPENDENT VARIABLES .
C-

1~ o PRINT 121 - -
121 F0PMA T~~’. 10 (1) YO C2) 10 (3) V0(5) _ 10(6) 10(7) ~ ,

* ‘YO (9) 70 (10) 70(11) 70(12) YO (13) 70(14) 70 (13)’.
-l ‘ 10(16 ) . 70( 17 ) 10 (18 ) ’ )  - -

CALL $CNVR S($L.1NE , 70 (1), 10(2 ), 70(3), 70(5), 70(6), 70(7),

* Yo c~~~, 10(10), 70 (11), 70(12), 70 (13), 70(15). Y0 (1S),‘2 10(16), 10 (17), 70(18))
PR INT 199, ILINE
R E T U R N

C - -

C DE R IVATIV ES Op DE PENDENT V ARIABLES.
C

iso PRINT 131
III FO PMA T (’— DY (1) 07(2 ) 07 (3 )  D Y ( S )  07 (6 )  0 1(7) ‘ ,

3 ‘DY(S) 07 (10) 01(11) DY (12) 07 (13) 01 (14) 01 (15)’,
‘2 ‘ D ’V U 6 )  07(1 7)  D’VUBP) -

CALL SCNVRS( $LZNE . 07(1), 01(2), DY (S), DY (S), 07(4), 07(7),
07(9), DY ()O), 07(11 ), 07 (12), DY(13), 07(14), 07(13),

‘2 01(16), 07 (17), 07(18))
PR INT 199, SLIME
RETURN

C
C LINER PARAM E TER S AND EWE R GE T ICB .
C
140 PRINT 1 51
*4 1 F O R M A T C ’ —  Pt R~ U I 112 Cl 02 ‘ ,

‘ 81 82 ETA ~BI2 RSK IN P511 (1) PSZI(2) ’.
-l ‘ P$i~~(3) P511(4) P511(5)’)

30 
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- •SS •S~~ V a S5 . S e~~ ~~~~ •• • • • ~~~~~~~~~~ •e~ •. . •e, •t* ,

I PSI? , P.3 , P521 ( 1) ,  P111(2),  P121 (3) ,  P111(4) .  P511 ( 5))
PR IN T 1 99, SLIME
PRINT lal

42 PORNAT (’ . (TOT (KIN (ROT (POT (HAG (MAC? ‘.
S ‘E~ I~ G tIt AN EDOIR EDTP4 E PLA S EET $ fTTH ‘ ,
I ‘ E T O Z I  EN ET 0 ’ )
- CALL SC NV RS ($ L I PI E,  (T OT , (K IN, (ROT , (POT, (NAG, EHAG? ,
1 ERX NG . C R EA M , EDDIR , (0714 , (PLAS , LE T M , ETT M. ETOIN .
* ENET, 0)

PR INT 199, SL IME
PR INT 143

143 FORMAT( ’ . EHA G (1 ) EHAG (2) EMAG (3) EMA C (0 CHAG(S) XLI

* ‘IL? ILl 1L4 ILS RL I RL2 •LS 1 ,
‘2 ‘ PL4 P1.5 IL’)

CALL SCNVR S( SL INC, (MAGI (I), (MAG iC ?) , (MAGIC)), £ M* GI (4 ) .
I E N A C t ( S ) ,  !LI NER(1) , ILINE R(2) . 1,7,1,

-j RLINER (t) , RI INER (2), RL INER(3), RLINER(4) ,
.3 RLI NCR (5), IL)

PR INT 199, SL IME
RE TURN

C
C PA RAMETERS OP ION AND IMAGE RINGS.
C
ISO PR INT 131
15* FORMA I (’— R N A J R R RM IN O R IR ING ID LR IHG M L R I ‘ ,

PIP! PD VO W~ NDT O T ND TO ‘ ,

* ‘VOLU ME ITER RATE’)
CALL SC P4VRS ($L!Nt , R HAJ O R , RH IN O R , IRIN C. ID. LR ING . MLR I$,

* PHI, PD, v~, WD, ND IOT , NO, TO. VOL U ME , ITER , NAT E )
PR INT 199, SL IME
RETURN

C
C TA RGET PL ASMA AND RAD IATIO N PA NAM E TERS .
C

160 PR INT 14*
161 POIM AT I ’— NET~ T N ITO T VO LU M E ~E N T W I

I ‘yE VT PTOT TE IT FE PT ‘.
S ‘ IC IT YIELD’)

CALL SCNVR5 C IL INE , N E TO T I P47101 , VOLU ME, NE . NT , WT , Vt, V t ,
* P101, T(, IT, P(, PT, It, IT. YIELD )

PR INT 1 99, SLIME
PR INT 16?

162 FO PMA I (’ . BETA SP PCYCL PIREP PRAD NUR A D ‘ ,

* ‘ ER A D O TE RAD PPOL RNUSYU N COUNT SETAPL (OHM IC ‘ ,
I ‘ KAPPA !VGPRD SURNUP’)

CALL $CNVRS C $L IN E, BETA, I’, PCYCL , P5Rf M , PRAD, NURA Q, ERAD ,
OTER AO, PPSL, RN U SIU , NCSUN T , IETAP1., (OHMIC, KAPPA ,

S PvGPRC . SURNUP)
PR INT 199, SLI ME
~t TURN

C
C TRANS PORT NAT ( S ,
C
*70 PR INT Ill
171 PSIMAT( ’. NUSDE NU$DT NU$TE MUSED NU ITD MU StY ‘.

1 ‘ V Ol VO! VET ELO; DXC/( Dw~ /Y DWT#( ‘ ,
2 ‘ 0W E/ D DWT/D DWE /T’)

CALL SC P4VR S (IL INE, NU SD(, MUlCT , NUSTE , NUIED , NU$T O , MUSE? ,
I V DT , VD E . v(T, (LOG, DWD $E , OWDI T , ONT IE , O WEID, DWT$ D .
2 Dw El l)

PR INT 199, SLI ME
PR INT 11?

IT? p51M47 (’. NU IDE NU TDT NUTIT M UTED NUTT O NUTTE ‘.
1 ‘DTO/E 0?D/T DIE/I 0T(,~ 011/0 DTT/E LOOLDE ’,
2 ‘ LOGLOT LOGLT (’)

4~~~~(i ’ ~ -T CALL SC MV R S( $ LI N( ,  NUIDE, NU1DT, NUT tY , ~u7fD,-NUTTD, MUlTI,

31
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OT O S E , OT O SI , DIES’ , O l EID ,  DT TSC,  CTT IE,  L O G L OC , L OG L DT ,
S LOG L TE , Z )

PR IN T 199 , SL IM E
C
C INDUCT ANCES .
C

PRINT 173
173 F O R M A I ( ’ —  LII LL2 LL3 LL4 LL5 THIS S PA C E ’ ,

1 ‘ FOP RENT ‘)  -

- CALL S C NV R S C S L INC , ~L1, LL2. LL:. LI4 , IL!, 1, Z , 1, 7, 7.
* 1, 1, Z ,  ~. 7, 1)

PR IN T 199, SLIM E
PRINT 175

175 F 5 R M A T ( I .  IL! HLI2 ~
- (  13 MLIS PL1S ML23 ‘ ,

* ‘ML2 S ML2S M L 3S -‘L3 ! M L S5 M LRSI M IPS ? ‘ .
2 ‘ MLR $3 P4LR!5 ML915 ‘~CALL 3CNV RS(S LI NE ,  LL.S. “L I?. ‘~L I3, H ItS , HL %5 , ML?). ‘4L2 5.

* ML25, MLSS,  N~,35,  MLu5, M L PS 1 ,  MLR$2 , MLRSI, I4LR$4, ML R$5)
PRINT *99 , SLIME
RETURN

C - - -
C CO NSTA N T S U~ E0 IN E V A L U A T ~~~C- T~~~N5 P C RT ~~~~ RA DIA I’ ION RAT ES.
C

180 PRINT I6~
181 ,~ P M A 1 C ’  LOGOCO ~~~~~~ L C C I ~ 0 

- 
KID - 

KT E K’T ‘ ,
I ‘C ’4)SDE CMUSDT C’~USTE C’’UTDr C NUT DT C NUY T E K B ET A ‘.
‘2 ‘ PC BR E$ PCCY CL K ’)

CA L L SCNV R 5( SLT P4E , l.OG D EO , LO G OT O,  L e G Y C O ,  KT D, KT E ,  KIT ,
* CN USDE, CNU SD T , CNLIIE , CN U T D E , C K U T C T ,  C NUTTE, KBL’TA ,
2 M 8P ~ M , K C Y C L ,  NI)

PR IN’ i94 , SLI ME -.
RET URN

C
C PHYSI CA L ~ “~ S TANT S A NC S’’~ ED CO M BIN A T!OP .5 T H E R EO F.
C
190 PR!N~ 19%
191 FOR M~ ’ -~’— £ ~OLTZ C PD MT ‘ ,

* ‘ 70 9,4 LEN GT H T ELOS S ND LOS S NT LOSS ’ ,
2 ‘ CR512 OME GA GAMM A ’)

CALL SCNV R5(S L IN E .  E. BC LTZ , C, ~D, ~E, ~T , 70, ZI, RN ,
I LNG TN O, YEI. 08 3. ‘~)L0SS, NT LDS $ .  0P512, O M EGA , G A M M A )

PRIN T 19~ , $L PE
PRIN7 142

191 PO UM A TC ’ . KBUDN KC NVQT i(CF ND W E KF
1 ‘KF ,.UX k % ~ KIE KIT KKIN KNU KMCUTR ‘ ,
1 ‘ KN KT PIP KPP O P’ )

CALL SC~’VR 5 ( f L T N E ,  PIBURN , K C NV RT , KCF , KO , WE, KF , KF LUX,
* K ID , ~1(, K I T , K P I X N. K M U , K N EUTR , KKK T, NP , K PRO P)

P R7 ’ ~
1’ 19k , SL~ ’~EPR INT 14 3

1,3 F 0 ° ’ - A T ( ’ —  ‘~~~I KR W R E S WRO T KVD KVT ‘ ,

* ‘ ~~~~~ WV D PIVI MYX EL D CR RT~ 5T SPHT ‘ ,
2 •

CALL SC~- ’ ’~5 ( S L 2 ~~E, K’H!, KR , )(
~ ES , WRO T , KV D, K V T , K V O L, $V D,

* Kv~~, KY!ELD, 0, PTE5 T , $DN T, NY C A P , 7, 7)
PR I~~’ ~~~~~~~ SL I ME
PR!’ . ’ 1~ 4

l’s P 0”~~’*’. DT D’TPLDT DT F JL M DT CUM P TLA ST I
1 ‘IPLOT TFILM TOUM P IR AT IO VR ’T 0 N RA T I O ’ )  -

C A L .  BC MVRS ( U L I NE, Dt , PT PLOI , D?FILM , CIOUMP , 11.551, T IME.
I “

~~~~~
‘‘ , TFI L P4 , 1DUM P , IR A T X O , V RA T IO, N PA 1ZO, 7, 7, 7, 7)

‘PIN’  199 , SLI ME
R E TU RN

C
P O R ” A T C ’  ‘ , h A S)

--
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C
INTRY OUTPUT

RETURN
E N D

C
REA L FUNCTIO N F A * 8 ( A , a ,C , NK T )
IMP LICIT RF ALa8 (A~~!,K.Z), INTCGEN.a(J)DI MENSION Y A ( 3 , 3 )
C O M M O N / INDEX / JM A X , J PA KI
C O M M O N  / POL OCK / P
COMMO N/ RAD II ! RM INOR ,RMA JOR ,RJ
COMMO N! LEMGTH/ LWGTMC 5), LMLSO (5)
CO MM~ N/ A R P A Y /  YC2S ). 01(23). Y0(ZS)
COMM ON / INCO / MU, KMU
CO MMON ! FLUX ! PHI,PS ! 1 C 5 )
COM M ON / CU RRE N ,‘ PU)
L R ( A , B )  • KM U .B* ( DL O G ( P .t’Q*8 ,A ) • 2. 00 $ ND)
DALR (A,8) I .KMU*B/A
DSLR (A,B) • KM(J. (DLOG (6.0OeB/ A ) • I.C0 • ND)
LL (C,D,.P’U.Ce (OLOG(I6 ,D0*C/D) — O. 5D~ )
DCLL (C,D).uU* (DLOG(*b .t~0*C/D ) + 0.504)
LN (0,F)I0.5Dfla (D/F)*DL~ G (D)F AC (D,F).(((F.D).*2)/(2.D0*D*F)).OLOG (CARS (F—D))
MLL (C ,D,F ).MU.C,(DLOG(t6 .00.C).LN(D,F ).LN(F ,D),FAC(D,F).0.SDO)
DC MLL (C,D,F )IMU .(DLOGC1b .D0*C )—LW(r ,F).LN(F ,D),FAC (r~,F ),O.5D0)
MLR (B,C .F)IMU1DSORTCB*C)* (.SD0.DLOG(6 .4CI aBaC/ ( (B C)**2 •

* F)) • 1 .00 — ((8 C)/DSQRTCF))a (’ATAMCDSCRT (F)/(B C)))
- DBMLR (B,C,r)t.500*MU*USQ PT(C/B)*(.S00*OLOG(b. a01.B.C/(C8 C)**2
I +p)),((C.3.D0AB )/DSORT(F))*DATAN (DSCRT(F)/ (B—C)))

DC PLRCB ,~~,P)$.300*MU*DSQ PTCB/C)*(.3D0*0LOG (b.4DtaS*CI((B.C)**2
1 •F )),U3.OOIC.B)/DSQRT (F))*DATAN(DSCRT (F)/(8.C)))

HLRS (A ,B,C,D,F,IMLR (B,C,F)+(DSGRT (LR (A ,O )*LL (C,Dj )—P4LR (B,C,F))

* /(1.00,C (C.8)/A)**P)
DA MLR$(A,8,C,p,F)I(.500.DALR(A,B).DSORI (LL (C,0)/LR (A,B)),(P/A)

& *((C.B /A)*,P* (DSQRT (LR (A,8)*LLCC,D,)~ MLR(8,C,F))/(I.DO+
2 ((C—B)/A)**P))flI .D0 • ((C—E),A)A.P)

DB M L R $ C A , O , C , D , F,.DB MLR (B ,C,F)+ (.500 *DB LR(a .p )eDSORT (LL(C,D )/
* LR( A ,B ) ) • (!/(C—8) 3*( (C.B)/A). *Pa (CS0RTCLRCA,B )*~.L(C,0))
5 MLR (B,C,r))/(t.DO • ( C C —B )! A) ~ *P))#(*.D0 • (CC.5)/A)l*P)

- O CM L R SC A ,B,C ,D , F)UDC M L R C B ,C, F),(.500 .DCLLCC, D)aDS QRT CL R (A ,8 )/
* LL CC ,D )).(P/~ C~ B))*C(C~ 8)/A)a*Pa (DSGR T (LR(A ,8 )*LL(C ,D))
2 M L R (B ,C,I3 )/~ I.DO • ((C .B)/A )* .P)) / ( 5. D0 + ( C C — B ) / A **!)

C A $E~ !FS OF AL CEB R 5 ZC EQUATIONS IS 8OLVEC TO FIND THE CURRENTS
C IN THE LINER AND RING .

• .25D0
M IN R IA

LIRiC
LIR2 ULIR
JM AXHU JMA X.I
DO * J . 1 ,J MAXM
R (J) Y (IS.J)
R ( J M A X ) u ’ V ( t q , J M A X )
YA (~~,1 )u LL(L IR ,LNGTM(I ))
DO 2 J t a 2 , J M A X M
A IS L N GT l~(J1)

YA (JI,J1 )‘LL (LIR,Al)
JI M IIJI—1
DO 2 J2.1,JIMI
FILNGTH (J2)

I A ( .3 * ,J2)uMLL (LIR,AJ,F)
VA (JS,31)uYACJI,JZ)

2 CONT INUE
DO S J U I , J M A X N
A II LNGT H(J )
DI LP I L SO ( .3)
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I 9 OVSI YA (J M ,J)a P4~ q$(M~ NR, MA j q ,~~7R ,k) ,D) —

YA( J,JMAX )U7A (JMAX ,J )
Y A CJ M A X ,J MAX) . LR(NINR, MA J R)

JNA X2 I J HA X * t 2
CALL OGELG (R , YA , JM A X , JM A X2, I, 1 .D—6 , JIER )
PA •0,SDO IPCJ MAX) **2*DA%.R (A ,B),l.D0*NKT/A
DO 20 J.l,J M A X t
D uLNGTI’P( J)
F • L H L $ Q ( J )

20 P A U FA •R C J PIAX) *R( J ) *D A M IR $ CA ,8,C,D ,F)
RETURN
END
R EAL FUNCTI O N ,8ae (A ,6 ,C , NK T ) —

IMPLICIT R EA L s S C A ~ !,N— Z ) ,  INT EG ER*S(J)
DI M ENSION Y A (3 ,3)
CO MMO N / INCO / MU, KNU
C O MMO N ! COEFF/  KCF, ND T OT , RyD
C O M M O N / PS L O C W / P
CO MMON / CUR REN / RU)
CO MMO N , LE NG T H/ L NGTH (5 ) ,  LHLSQ(5)
CO M MON / INDEX / J MAX , ,J MA X I
C O M M O N /  A R R A Y /  1(25) .  D Ye ? ! ) ,  10(2!)
CO M MON! RADII,  RM I NOR, P~IA JOP ,RJ
CO MMO N ! FLUX! PHI, PS I1( 5)
LR (A ,B) • WMU*p, (DL3G (8.DO.O/A ) • 2.00 j  ND)
D ALR(A ,8) • •W M U .B/ A
DB L R ( A ,e )  a WM U~~(D L e c ( 8 .r )O *e ,A )  — 1.00 • ND)
LL( C , D) IM U .C * ( D LO G(  Ib ,00a C!D) — 0 . 5CC )
D C L L C C , D ) I M L J a ( D L O G C I 6 .DO * C / D) • 0 .500)
LNCD, F).0 ,S D O * ( D / F ) S D L O G ( D )
‘A C ( O ,F) . ( ( ( F — D ) . * 2 ) / ( 2 . DO * D . F) ) I D L O C ( D ~I B 5 ( r — D ) )
MLL (C, 0,F)uMU . t , (D LOG ( I6 .DOaC) ~~L NCD ,F). LN(F ,D) .FACC0 ,F ) . O .5D0)
DC M L L(C ,0 , F).UU* D L O G C I 6 • DO* .LN D, r) .LN F ,0 + FA C ( D , F +O •SDO )
HLR (e ,C ,F)SMU *DSORTOI.C ) * (.SDOeDLOG(6 ,4CtaB.C/ ((P.C)*a2 4

F) )  • 1.Do — ( ( B— C ) , D S O R T ( r ) ) * D A I A N ( C S O P T ( F ) , ( B . C ) ) )
D8MLR(B ,C, F,a .~ Doa M U .& S Q RT( C/ B ac . 5D o * o L O G C 6 . S D1e8*C/ ( (8 .C ) I *2

* •F)),((C.3.D0*O)/DSQRT(F))*DATAN(DSCPT (r)/(B.C)))
DCMLR (B,C.I,..500IMU*DSQ PT (8/C)*C.500a1,LOG (6.SD*.B*CIU6.C)*.Z

* •F))+((3.OO*C.’B)/OSQPT (F))IDATAN (DSGRI(F)/C8—C3))
M1.RS (A ,B,C ,o,F, .MLP(B ,C, F) . ( DS O RT ( L R ( A ,e ) , L L (C , D) ) — M L R(B, C , F fl

/ ( I .D0 ,UC .B)/A ) * * P)
DAMLR S( A ,8.C.D, F ) a ( . S D O A D A L R ( A , B ) . D S C RT C L L ( C , D ) / L P ( A , B ) ) , ( P/ A )

* ( ( C . 8 ) / A ) . . P* (DSO RT (LR (A ,B) * LL( C , D) ) . M LR( B,C , F) ) / ( 1 ,00.
2 ( (C .8) /A ) ,~ P ) / C 1 .D0 • ((C’.O)/A).*P)

DB M L R $ (A ,8,C,D .P).DB MLR(O, C .F).(.SDO *D R L P( A .8) ,DSQRT (LL(C ,b)/

* L R ( A , 9 ) )  , (D/ (C.B))*( (C .B)/A)..PA (CSORT(LR (A ,B)*LL (C ,D)).
5 MLR(B ,C, F )) / c l .Do • ((C—B)/A )*eP)),(I .DO • ((C—e)/ A )~~.P )DCML RI(A ,B,C ,D, F) S DC M LQ C B ,C,F),C. SD O .OC L L CC, D 3 * D S O R T C L R ( A .e) /

LL(C,0)) .(~~/ ( C .8 ) ) * ( ( C — B ) , A ) . * P* ( O S C RT ( L R (A ,, )*LL(C,D)) .
a MLR(8,C , F),,# ( j Do • ((C .B) /A)*aPf l , (I,00 •

C A SER IES OP ALGEBRAIC EQUATIONS IS SOLV (D TO FIND THE CURR ENTS
C ZN TIlE LINER AN D RING.

$D a .2500
P~INR$A
II A JR ‘5
‘IR$C
LIR2 ’t IR
J MA K MuJ M A X I
DO I J . l . J”AXM

I
fl (JUAX).Y ( IR4JMAK)
Y A (t,t). LL(L IR ,LNGI M C I) )
00 2 JII2 .JMAXM
A 1.L NG T I4 (J * )

YA (J*,JI )$LL(LIR ,A11
JP ,I ’J, — l

34
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1)0 2 J211 ,J IMZ
FsLNGTP4( J 2 )

V A I J I  ,J2 )UM LL (L 2R ,Al ,F)
Y A C J2,Jl )UY A( J * ,J2)

2 CON TI NUE
06 4 Ju~~1J M A ~~M
A 1.LNGT H(J )
D . L H L S O ( J )

YA( JMA X, J) .M LR S(I4IN R ,M A JR ,LZR ,AI ,D )
4 Y A ( J ,J MA X ) IY A ( J MA X , J )

YA (JM AX, JNA X). L R(H IN R,M AJ R)
JMA X2.JH A X *aZ
CALL DGELG (R , YA , JMAX , J NAX2, 1, 1.0—6 , .31(P)
FBsO ,SDOIR (J MAX )*AS405LN (A,S) ,N IIT/B.I (CF*NDTOTaRVD**2/B.*3
DO 20 J .I,JMAX I
D iLNG T ’l( J )
FILHLSQ(J)

20 F5 •p~ ,R (JMAX) *R( J )*QB PILR $CA ,S,C,D, F)
RETURN
END

35
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I ~~~~~~~~~~~~~~~~~~ DRIVER
COIL

LINER

ION RING

-‘ hg. I — Schematic of a fixed d river coil and moving i~- ci
and ion beam plum. ring, all having finite length and
roughly satlafying the large-upect ratio approxImation.
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EÜUIVALENT CIRCUIT

i~j j~~ { [ ~~1
Driver Liner Ring

M d

_

Homopolar
Generator

Fig. 2 — Electrical ciccuit equivalent to Fig. 1. A homopolar generator
is used to energize the driving coil.
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Fig. 3 — Ring and liner radii vs t for the given initial conditions.
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Fig. S — Beam number density vs. t .
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Fig. 6 — Poloidal magnetic field vs t.
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Fig. 8 — Beam, target ion and electron temperatures vs.t.
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