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A FINITE-CIRCUIT-ELEMENT CODE
FOR MODELING THE COMPRESSION OF A GYRATING

CHARGED-PARTICLE BEAM

I. INTRODUCTION

Over the iast several years a great deal of interest has arisen in connection with the topic
of gyrating intense ion beams.!! "3/ 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, B, = u,//2R,

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 2xIIB and similar mirror devices in order to produce field reversal.'¥! As pointed
out by Baldwin and Rensink, ' 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 walls), field reversal is problematic. The flux linking the ion ring tends

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

Manuscript submitted July 19, 1978.
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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 lon Beam-Plasma Interaction with Cylindrical Adiabatic Compression). It is
two-dimensional (in r, z) and assumes 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 current loop. The beam is one such loop; the 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—z 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!®)). 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 centrifugal

force), so that the beam and plasma remain in force balance with the wall currents.
2
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The code described here was originally!":” 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 He? 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, QO 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 111 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




BOOK, TURCHI, AND STEIN

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 EQUIVALENT 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

S
—s =R 1 1)
5 R.1 (
where j runs over all current-carying loops in the system. For the circuit of Fig. 2, j = d,Ir

(signifying driver, liner, and ring, respectively). The flux threading the j th element is
d’_l et zmﬂ\ Ik' (2)
k
where %, is the inductance coupling circuits jand k, and R, is the resistance of the J th circuit.

Equation (1) describes the evolution of ®,. Given a knowledge of the ® , and the induction

coefficients m,.k, Eq. (2) then can be solved for the /; by matrix inversion.
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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 /,r, 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 M jk 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, R, (Fig. 1). In this limit the self and mutual induc-
tances can be calculated in the large-aspect-ratio approximation as

£ M =u,Rn 8R) -2 -InD], @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
£, =M, =un,RInBR/r) -2 + 5] (4)
where 7 is the ring minor radius, and & 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-
section, 8 = 0.5. Similarly, the self-inductance of a liner segment is approximately (assuming

the current is carried on the inner surface)




AT

BOOK, TURCHI, AND STEIN

€=M, = ok [in GR/D - 1/2] s)
where [ is the length of the segment, assumed much larger then the thickness, and R, is the

inside radius; and

8(RR 1/2
m,, - “-o(RRI) 12 In }3 { I) 727} — 1 (6)
kR—Rp’+(unﬂ

[ - [t - R//D)| tan[1/2/(R, - R )]}
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 = R,. Since Eqgs. (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

o= W, + (200 -M,) 1+ = r) %
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
6 on which an inductive coefficient Jjk depends is given by
6 mj‘k
09

Employing (8) consistently with the definitions used for m}k guarantees conservation of total

energy, the magnetic portion of which is

1 1
WM=? ;mjkljlkai Equ)j (9)
S J
Thus in carrying out numerical calculations, we determine the total force of the ring acting on

the liner according to




NRL MEMORANDUM REPORT 3827

FI - Ir zlj ’ (]0)
where the summation runs ‘:ver 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

M/R‘[ -y Fl (l ])
Similarly, the electromagnetic force acting to constrict the ring is given by Eq. (8) with
6 =r:

o
Foe—=L Y1 —2
G 7 Qr

Most of the force F, comes from the term containing M, = £,. Because of the use of the

(12)

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

mutual inductances.

I11. 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 sensitive 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-carrying segments, there are J, + 1 fluxes
and J; + 11 physical variables. In our numerical calculations we usually took J, = 1. For this
case the 12 physical quantities used to describe a dynamical state of the system are the fluxes

®, and ®, linking the liner and ring, respectively; R and Ry, the ring minor radius r, the total

TP NIRRT

s A e i
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numbers of beam and target ions, Ny and N, respectively; the beam, target and electron tem-
peratures, Ty, Ty and T,, respectively; and the mean azimuthal ion drift velocities vg and v .
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

o, =3 ML +MW, = (13)

/i

and that threading the ring,

q)r o gr[r + Z -mrlll = d)'o; (14)

L

the specific angular momentum of beam ions,

Rvg=R%?, (15)
and of target ions,
Rivip =R (16)
the total ion numbers for each species
Ng = Ng, 17)
Ny = N (18)

and the beam, target and electron entropy functions:

TV~ = TV, (19)
TrpVr=Y= Te(Vo)r-L, (20)
LVr="= Toyor-L (21)

Here V = 272Rr? 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,

am',, 1

8L, v Ngmgvy  Nympvi a

= —_— — e i
0=L Lh 3+ 7" 3R *7 3R R R

!




|

I

NRL MEMORANDUM REPORT 3827

and

- 1,988 oM, . av
. e +l';'1‘ ar or’

> (23)
respectively. Here p = k[NgTgp + N;T;+ N,T, )V~ is the internal pressure in the ring (k is

+p
the Boltzmann constant), and the electron number is obtained from the condition of charge
neutrality,

Ne= NEZB+ NTZT' (24)
where Z, 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 /, satisfies

lr_IB+IT+ 19, (25)

where

NgeZgvg
= T 27R
NreZivr
2#R '’

Ig (26)

Iy = 27

and

N,ev,
TR 28)
Equations (1), (11) 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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3L, an,
ar, T 1 3R,

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

-;—I(R,R,) ={RRMR2-R ™D+ X %1,2 ]/(2pLR,),/ln(R,"/R,’)
]

conservation of the liner mass M, = 2mpL (R;> — R?); 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 /g is zero. Then by

conservation of angular momentum,

e e ERE
27R

The minor radius force balance condition (23) reduces to

1 (Npvp + Npvpy = 2—""R—2 (NpRvp + NyRv;) ~ R% (30)

_ Mo erz
B

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

~ r 2R 31)

pV? = const. (32)
Taking y = 5/3 and combining (31) and (32) yields

r~ R (33)

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

Ny ~ Vol < R—9/2, (34)

and the poloidal field near the ring B, = u,/,/2mr satisfies

B} ~p ~ RS2 35)

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 7 ~ R 3.

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

1, totally neutralizing the change in ion current,

I, = const (36)

10
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Going through the same steps as above, we find

7o B (€F)
and hence
n,~ V1~ RN (38)
and
B}~ p ~ R, (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 Egs. (34-35), and the scaling is not a power law in R. If /, = 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®! explains why attempts to derive a scaling law for this parameter’®:8! 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 B is given by

dv,
dt

=—vPm (v, — vy (40)
8

@

where

dnZ4Zfe* (1 + mg/mpin A ny

BIT : (41)

Vg

mg Vir
11
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we_ 4VIm Z*Q4m/mImnin A
- 3 m2(kT,)3?

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

(42)

v

Ny myveP = ngmgvhe (43)

Here In A is the form of the usual Coulomb logarithm appropriate to the species pair a, 8, and

Vag = v = vﬁl. Correspondingly, the average temperature rate of change resulting from a col-

lision is.
dT, V4 Z InA
( B 81r 4psre” npl . (44)
T mg Var
dT Z2Z 34 InA
Ll . S A (45)
d' B 3 mT VBT
for ion-ion encounters, and
AL T e L, P (46)
a |, 3 m (kT,)3? o e

a = B,T, for ion-electron encounters, with the remaining rates (d7,/dt) , defined so as to satisfy

conservation of energy.

Consideration of the magnitudes of these rate formulas reveals the following general
features: (/) 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) 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

L (Vg = Ve == GET= 078 (vp = v)) 1)

= —Vs(vﬂ o V'r)‘

12
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For the usual case where the target ion mass density substantially exceeds that of the beam,

nymy >> ngmpg, ‘Eq. (47) implies
v, =BT (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,
dt

R
=—v,—=-v, — (49)
adiab R Rl

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

d R
P (Vg = Vi) agiab = — F: (vp=vyp. (50)

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

Fd’(Vg—Vr)"—‘—'—(R//RI“"VS) (VB—VT) (51)

The condition that this relative velocity be a constant is thus

R[/R/ -V (52)
When Eq. (57) is satisfied, the beam is said to be clamped''Y). With 2 tritium target there is an

advantage in clamping the beam at a relative energy € = % mg v3r ~ 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 Egs. (44-45). The ion thermal energy density w;, = %k(nBTB + nyT7) increases as a

result of ion-ion collisions at a rate

dw), 4w Z3Z?%e* ngnsinA
" _ BZje” ngnr . (53)
dt Var mpg mr
= V,B/T"Bma"%r

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.
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Note that if v, were approximately constant, the clamping condition (52) would imply an
exponential decrease in R, 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 T, we used the entropy

functions [Eqgs. (19-21)], which now satisfy equations of the form

L vy = v TR (T, - T, (54)
dr s
where the v ¢/ are defined as the rates in Eqgs. (44-46). Similarly, the slowing-down rates enter

as

4 (Rv) =R T vy —v,). (55)
dr -
V. OTHER DISSIPATIVE PROCESSES

Collisions, discussed in section IV, 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«cessively; (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 bremsstrahlung and synchrotron (cyclo-

tron) radiation we have the terms

14
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}"7 (v T,]b,- — ¥ x 535 x 1072 (N + N;ZP) T2 (56)
and
ZEZ
% (V7IT,) o= — V7! x 3.98 x 10-16 %. (57)

where T is given in eV, B! = -;— kT,/m.c? and B, = w,l,/2wr. 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

}‘17 [w—l T‘,]md = — V' 4x?Rr k, (T,/r)= — V"' 4xR «,T,, (58)
where «, is the average cross field thermal conduction of species a. The fastest thermal loss
process is that associated with the target ions, « = 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 radius 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 4

2 e

dN 2
l—" . T (59)
dt diff rg

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

assumed profile becomes more localized, and v ¢ is the total scattering rate for species a.

VI. A NUMERICAL EXAMPLE

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

situation. A liquid lithium liner (density p = 0.54 g/cm?) of length L = 13.5 ¢cm and inner and
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outer radii 31.59 cm and 48.43 cm implodes with velocity 3 x 10* 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 n,, ;= 2n;, = 3.59 x 10'®cm 3. The temperatures are T, = 23.7 keV,

T,3=1keV 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 loops 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 multipte 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.

VII. 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!'; 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.
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"ION BEAMePLASMA INTERACTION CLAMPED THROUGK AXJAL COMPREZSSION"

THIS PROGRAM CALCULATES COMPRESSION, WEATING AND BURN IN AN AXIALLY
COMPRESSED BEAM«TARGET PLASMA, THE BEAM IS A RING OF D IONS, THE
TARGET A MIXTURE OF COLD TRITIUM AND HOT ELECTRONS, THE CONFINING
MAGNETIC FIELD BUILDS UP OWING YO COMPRESSIGN PRODUCED BY AN
IMPLODING LITHIUM LINER (LINUS), DRIVEN ELCTROMAGNETICALLY BY
EXTERNAL THETAPINCH WINDINGS, PARAMETERS ARE CHOSEN 88 THAT
COMPRESSION, COLLISIONAL SLOWING OF THE D BEAM, AND LOSSES BALANCE,
PRODUCING A SITUATION IN WHICH THE BEAM I8 CLAMPED FOR THE ENTIRE
OURATION OF THE FOMPRESSION,

0, L. 800K, P, J, TURCHI & D, L, 8TEIN

IMPLICIT REALAB8 (A=I, K=I), INTEGER#Q (J), REAL#G ($)

LOGICAL=4 COLL, LOSS, BURN, FORWRD

COMMON/ NEWTON/ DTS,JITER

COMMON /GBLOCK/ G(25)

COMMON/ ARRAY/ Y(2S)s DY(2%), YO(2%)

EXTERNAL DERIV -

NAMELIST /LINER/ R10, R20, RW, B20, RKS, OMEGA, LNGTHO, ETA,
SPHT, TL, PCA

DATA R10, R20, RW, B20, RHO, OMEGA, LNGTHG, ETA, S$PHY, TL, PCA
/ 2.0602, 2,12602, 3,02, 0.00, ,540c, 0,00, 13,500,
05.20.7, 6.07, 5.02, «100 7 x i

NAMELIST /PLASMA/ RMAJOR, WD, TD, TE, TT. BP, VRATIO, NRATIO,

. IrRaTIO s

DATA RMAJOR, WD, YD, TE, TT, B8P, VRATIO, NRATIO, IRATIO /
2,02, 7.02, 1,b2, 1,02, 1,02, 5.5, .500, 1,00, .00 /

NAMELIST /LOGICL/ COLL, LOSS, BURN, FORWRD

OATA CULtn,LUSh BURN, FORWRD / ,TRUE,, .TRUE., .TRUE,,
JFALSE, ¢

NAMELISY /CNTReL/ DY, OYPLOY, DTFILM, DYDUMP, TLASY, T, TPLOT,

. TEILM, TOUMP Sl )

DATA DT' DT’LUY. DTFILH' OTDUH" tL"TO,JI T'LQT‘ YFlL"p,TDUHP
11.0-55 ’.0-‘. l.b”. I.D-Z. .100, 0.00, .1.0012. -l.b-ll,
=1{,0e42 /

CALL INDUMP

CALL CRDUMP(40,30) 2

INITIALIZE,

READ (S,LINER,END®]00)

READ (S,PLASMA,END®100)

READ (S,L8GICL,ENDB100)

READ (5,CNTROL,ENO®100)

PRINT 48

0o 1y J =14, 8

PRINT 99

WRITE (6,LINER)

WRITE (6,PLASMA)

WRITE (6,L0GICL)

WRITE (8,CNTROL)

0o 1S J =1, 2%

G(Jy) = 0,00

JITER=O

DYMAX = DT

D18=DY

CALL INPUTLY, )
Ri0, R20, RW, B20, RHO, OMEGA, LNGTHO, ETA, 8PHT, TL, PCA,
RMAJBR, WD, YD, TE, TT, BP, VRATIO, NRATIO, IRATIO,
CoLL, L8SS, BURN, FORWRD,

DTPLAT, DYPILM, DTDUMP, TLAST, TPLBY, TFILN, TOUNP)
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¢ PERFOAM OUMPS, DIAGNOSTICS AT APPROPRIATE INTERVALS,
(4
20 IF (T .L1, TOUMP) GO TO 30
TDUNP = TDUMP ¢ DTDUMP
30 IF (T LY., TFILM) GO TO 40
TFILM » TFILM ¢ DTFILM
a0 IF (T LT, TPLOT) GO TO SO

TPLOT = TPLOT ¢ ODTPLOT

CALL DERIV(T,JTOTAL)

1F (T ,EQ, 0,00) PRINT 90

IF (Y .NE, 0. 00) PRINT 91, 7

OATA SV. SVOS ,UV' $Li, .RZNOo "l," NV, ’SNU: $0ATA /
Yo f, '0Y §, i1 RING', PLASY, INU |,

'CNU ty TDATAY ¢/

CALL DSPLAY(!Y)

CALL DSPLAY(SYO0)

CALL DSPLAY(SDY)

CALL DSPLAY(SLI)

CALL DSPLAY(SRING)

CALL DSPLAY(SPLAS)

CALL DSPLAY($NU)

IF (T ,GT, 0,00) GO YO SO

CALL DSPLAY(SCNU)

CALL DSPLAY(SDATA)

S0 CONTINUE

" v

¢ ADVANCE VARIABLES ONE TIMESTEP,
c

JITERS0 b,
IF (Y(3) NE. 0.,00) DT = DMINI(DTMAX, ,0500#DABS(Y(2)/Y(3)))
DTOsDY
CALL INT(JTQTAL,T,DERIV,0T)
IP (T LT, TLAST) GO T8 20
68 T8 190
20 FORMAT('0', (INITIAL ODISPLAY, INCLUDING TABULATED CONSTANTS;')
91 FORMAT (11, iDISPLAY AT TIME T ® +, 1PD10,4, ' 8ECH!)
98 FORMAT (11, 60X, f1 P T € ACY 22 ¢ 1, 38X, 'I0N BEAMwI,
1 IPLASMA INTERACTION CLAMPED THROUGH AxxAL cannngsszeu')
99 FORMAT( "4, 35X, 4 ',
1 'p 1 (z A (4 L)
100 RETURN
END

SUBROUTINE DERIV(TIME,JTOTAL)
IMPLICIT REAL«8 (Ael. KeZ), INTEGERe& (J), REALeQ (3)
INTEGERw#G MOD
DIMENSION RLINER(S), EMAGI(S)
DIMENSION ZA(3,3), IR(3)
ODIMENSION RMAJYI(G),RMAJ2(4),RMINI(G),RMIN2(Q)
COMMON / NEWTON /DY, JITER
COMMEN /7 INCO / My, KMU
COMMON/ RADII/ RMINOR,RMAJOR,RJ
COMMON / PBLOCK / P
CO¥MON/ COEFF, KCF,NDTOT, RVD
COMMON / CURREN 7/ ILINER(3)
COMMON/ LENGTH/ LNGTH(S), LHL8Q(S)
COMMON / INDEX / JMAX, JMAXY
COMMON/ FLUX/ PHI,PSIL(S)
COMMON/ ARRAY/ Y(2S), DY(2S), Y0(2S)
LOGICAL#G NoCBLL, NOLGSS, NOBURN,FBRWRD
DIMENSION SLINE(3Y)

THE FOLLOWING BTATEMENT FUNCTIONS ARE USED BFLOW IN SOLVING FOR
RMAJOR AND RMINOR BY REGUIRING THAT THE FORCES IN THE CORRESPONDING
PIRECTIONS VANISH, KERE A, B8, C ARE RESPECTIVELY THE MINGR AND
MAJOR RADII OF THE RING AND THE LINER INSIDE RADIUS, ALL IN CM,
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LR(A¢B) ® KMUaB2(DLOG(8,D04B/A) = 2,00 ¢ KD)
DALR(A,B) = =KMU#B/A
DBLR(A,B) ® KMUx(DLOG(8,D0%B/A) = 1,C0 ¢ KD)
LLCC,DYaMUC# (DLOG(16.,002C/D) = 0,500)
DELLCC,D)EMU*(DLOG(16.004C/D) ¢ 0,500)
LN(D,F)a0,5D0%(D/F)aDLOG(D)
FAC(O,F)S(((FaD)#02)/(2,00%DaF))aDLOG(DABS(F=D))
MLLCC,0,F)SMUaCx(DLOG(16,004C)=LN(D,F)eLN(F,D)+FAC(D,F)=0,5D0)
DCMLL(C,D,F)ZMUs (DLOG(16,D0C)=LNCD,F)=LN(F,D)+FAC(D,F)+0,500)
MLR(B,C,F)SMU«DSQRT(BAC) #(,500#0LOG(6,4C12BaC/((B=C)an2 ¢
F)) » 1,00 = ((B=C)/DSGRT(F))«DATAN(DSQRT(F)/(B=C)))
DBMLR(B,C,F)=,5D0#MU*DSGRT(C/B)#(,500#0LOG(6,4014BaC/ ((BeC)an2
°F))0((C-S.DO-B)/DSORTtra)-DAvAN(osch(r)/(e-cwz)
OCMLR(B,C,F)®,5004MUxDSART(B/CIA(,5D0aDLOG (6,40 aBoC/((B=CYan2
0F))¢tc3 Doac-a)/DSORTtr))-oATAN(oscnftr)/ta =C)))
MLRS(A,B,C,0,F)sMLR(B,C,F)+(OSORT(LRCA,B)aLL(C,D))=MLRCB,C,F))
/01, 000((c-s)/a)--P)
DAMLRS (A,B, CoD.F)R(,SDORDALR(A,BY#DSGRT(LL(C,D)/LRCA,B))¢(P/A)
a((C-B)/A).-Pa(DSQRT(LRtA B)aLL(CsD))=MLR(B,C,F))/(1,00¢
((CeBY/AY2aP)) /(1,00 ¢ ((C=B)/A)anP)
DBMLRS(A,B,C,D,F)SNBMLR(B,C,F)4(,500eDBLR(A,B)aDSCRT(LL(C,D)/
LR(A,B)) + cP/cC-B))'(cc-e)/A)--?a(osaarcLR(A.e).LL(c 0))e
MLR(B,C,F))/(1.00 ¢ ((CeB)/A)nsP))/ (1,00 ¢ ((c.a,,A;.-r;
CMLRscA.B c.o.r;-oanﬂca.c Fe(. SDo.DCLLcc D)*DSGRT(LR(A,B)/
LLtc, o)) gP/;c-a))'((c-a)ll)anP-(DSGRTcLR(A,a )+LL(C,0D) )=
MLR(B,C,F))/¢1,00 ¢ ((CuB)/A)aaP))/ (1,00 ¢ ((CeB)/A)nnP)
NKT(A,B) & PVGI(KVULtAtAnB)tnGHl
lIGHAtE) " 1,De24n(AS ¢ 42/(1,00 ¢ (A3eE = AG)2ed))/(Ew
4 (DEXP(‘IID§ORT(E)J = 1.00))
DAYA ET0T0 / 0.00 /

TIME (INDEPENDENT VARIABLE) MAS® UNIY DERIVATIVE,
Dy(1) = 1,00
REPLACE SUBSCRIPTED QUANTITIES WITH MORE FAMILIAR NOTATION,

R1SQ = Y(2)
RYU = Y(3)
PSI2 s Y(S)
RYD ® Y(7)
RVY = Y(8)
TOVGMY = ¥(
TEVEML & Y(
TTVGML s Y(
NDTOT = Y(1§
NTTOT B Y (I
EOHMIC = Y(14)
ERAD = Y(15)
NCOUNT = Y(16)
PVGPRD = Y(17)
BURNUP & Y(18)
D6 5 Jmi,JMAX]
PSI1(J)sY(194))
PHISY(194JMAX)

FIND SOME OF THE QUANTITIES NEEOED T6 DESCRIBE THE LINER DYNAMICS,
RSOUSO ® RU#RY

R280 = R1SO ¢ ROSO
f1 = DSQRT(R180)

9}
10)
1)
2)
3)
14

RZ ® DSQRT(R280)
1 & RU/PI
= RU/R2
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VeV Y Yt gy s KFLUXSPSTII(1)/R18Q
82 & KFLUX*P8I2/(RWSQ = R28Q)
RLOG = DLOG(R28G/R18Q)
DRSC = RI08C = R180
R1250 » §,Do/R1S0 « {.,D0O/R28Q
PHAGL s KP#BiB]
PMAG2 = KPaB2#B2
ULBYRL = Ut/Ry

NOW DO ION RING DYNAMICS AND PLASMA PROCESSES. USE ALL THE
AVAILABLE ALGEBRAIC RELATIONS BEFORE COMPUTING ANY DERIVATJIVES,

THE RING MAJOR AND MINOR RADII ARE FOUND USING NEWTON'S METHOD T8
S8OLVE THE EQUATIONS FOR FORCE BALANCE IN THE RING, GIVEN THE FLUXES
WHICH ARE ENCLOSED BY THE RING AND LINER (PWI AND PSIY,
RESPECTIVELY), AND USING HANDBOOK FORMULAS FOR SELFe= AND MUTUAL
INDUCTANCES, MKS8 UNITS ARE USED IN THIS PORTION OF THE CODE.

EXTRAPOLATE FROM LAST TWO TIME STEPS 70 GET GOOD INTIIAL GUESSES
FOR RMAJOR, RMINGR (USED ONLY ON EVEN STEPS 8F ReKeG),

A0 DD0O0O0

1F (JITER ,NE, 0) GO TO
JSTEP = 0
DTALD & DINEW
OTNEW = 0T
WT1 3 =DTNEW/DTOLD
W12 & {,D0 » WYY
1 CONTXNUE

JSTEP s JSTEP ¢

{F (MOD(JSTEP,2) .NE. 0) GO TO 2

RMAJOR & WT{#RMAJI(JSTEP) ¢ WT2#RMAJ2(JSTEP)

RMINOR = WTIARMINI (JSTEP) & WT2aRMINQ(JSTEP)
2 CONTINUE

JIT = 9

A s RMINOR

B = RMAJOR

RS = Ry

PYG = KNKTa(NDTOTA(TDVGMS & ZD«TEVGMI) ¢ NTTOT(TTVGML o
1 ZT«TEVGM1)) ¢ §.D0=7aPVGPRD

10 CONTINUE

DAFAR(FA(A+0/2°00, s."J NKT (Ae8/2°.D0,8))eFA (Aa8/2,00,8,RJ,
| NKT(A=3/2,00, 8)))

DAPBS (FB(A+0/2.00, B.RJ NKT(A00/2 00,8))«FB (A=8,/2,D0,B,RJ,
i NKT(A=0/2,00, 8)))/0

0BFAR (FACA,Be0/2, Do,RJ NKT(A,8¢0/2.00))ePA(A,B=0/2,00,RJ,
1 NxTcA,B-OIz.pO)))/B

DBFB® (FB(A,B840/2,00,RJI,NKT(A,B40/2,00))<FB(A,B=0/2,00,RJ,
1 NKT(A,BaB/2, oos))/u

DET » DAFA#DBFB = DAFB*DBFA

FMINAR 3 FA(A,8,RJ NKT(A¢B))

FMAJOR = FB(A,8,RJ,NKT(A,B))

DA = (DBFBeFMINOR e« DBFA®FMAJOR)/DET

DB = (DAFAAFMAJOR « DAFB#FMINOR)/DET

A g2 A« DA

8 » 8 « DB

JITeJITel - AL 2

IF (DABS(DB) ,6T, RTEST«B ,0R, DABS(DA) ,GT, RTEST#A) GO TO 10

RMINOR = A

RMAJOR = 8 .

JITERSJITERGJIT

ITER = DFLOAT(JITER)

1F (MOO(JSTEP,2) .NE, 0) GO T8 2

RMAJL(JISTEP) » RMAJ2(JSTEP)

RMAJ2(JSTEP) s RMAJOR

RMINL(JSTEP) = RMINZ(JISTEP)

RMIN2(JETEP) a RMINGR

12 CONTINUE
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DEPINE THE FOLLOXING FAR DIAGNSSTIC PURPOSES.

LLISLLIRI,LNGTH(1))

LL23LL(RJ,LNGTH(2))

ML128MLL (RJ,LNGTH(2) (LNGTH(1)) )
MLRSIBMLRSCRMINOR,RMAJOR,RJ,LNGTH(1),LHLEO(L))

EVERYTNING ELSE CAN NOW BE CALCULATED,

LRING & LR(RMINGR, RMAJOR)
LUINERSLL (RJ,LNGTH(JMAXL))
IRINGSILINER(JIMAX)
VD ® RVD/RMAJOR
¥T ® RVT/RMAJOR
VOLUKE = KVOLaRNAJORARMINGRA#2
ND = NDTAT/VOLUME
NT ® NTTOT/VEOLUME
NETOT = NDTOT#ZD ¢ NTTOT#2T
NE ® NETOT/VOLUME

T KIDO«NDTOTaVD/RMAJOR

8 KIT«NTTETaVT/RMAJOR
IE ® IRING » ID = IT

® RMAJORaIE/(KIERNETOT)

HAVING COMPUTED THF MAGNETODYNAMIC PARAMETERS, WE CAN WRITE DOWN
THE EQUATIONS O8F MATION OF THE LINER,

CY(e) = 2,00#RU

JHAXZEIMAX et

FORCE=0,D0

00 14 J=t,JIMAX}

FORCESFORCE$ILINER(JI#(0,S500«ILINER(JI)«CCLL(RI,LNGTH(J))
¢IRING#OCMLRS (RMINOR,RMAJOR,RJ,LNGTH (J) LHLEGCJ) )Y

IF(J.EQ.,JMAXL) GO TO 14

JPiaJey

08 13 JJugPy, MAXY

FORCESFORCE+ILINER(JIAILINER(JI)wDCMLLCRI,LHLEO(IJ),LHLEA(J))

CONTINUE

Pl = KFaFORCE/RJ

P2 m PMAG2

DY(3) ® (RSQUSOaRI280 ¢ OMEGAR#2a(ROBQ ¢ DRSGw(2,00aRLOG o
DRSG#R128Q)) ¢ 2.,00#(Pl « P2)/RKE)/RLEG

FIND TEMPERATURES FROM PRODUCY OF V TO POWER GAMMA = { AND T,

YGMY 3 VOLUME«aGM|
YO = TOVGMI/VGMY
TE = TEVGM1/VGMY
TYT & TTVGMI/VGML

KEEP TRACK 6F RING, PLASHMA ENERGETICS,

EKIN 3 KKINaRSQUSGRLOG

EROT m KROTA(DRSQ##2#RLOG/2,00 ¢ ROSG(DRSQ ¢ (R180 ¢ R28Q)/
4,00))

EMAG2SLNGTH (JMAX1)«B2#B2o(RWBQ=R28G)/8,00

EMAG=Z0,507« IR T \GaPK]

DO 16 Jsf,JMAXY

EMAGI(J)=0,507«ILINER(J)#PEI1(J)

EMAGZEMAGHEMAGL (J)

CONTINUE
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EMAGSEMAG+EMAG?2

LLOYST ™o = MD#vD#2/(2,00#B0LTZ)

o000

OO

a0

o0

it

WT 8 MTaVT242/(2.000BOLTZ)

EODIR = NDTOT#BOLYZaWD

ETDIR = NTTOT#BOLTZANTY

EDTH = KE«NOTOT*TD

ETTH a8 KE*NTTOT#TT

EETH 8 KEWNETOT#TE

EBEAM = EDOIR ¢ EDTH

EPLAS = ETDIR ¢ ETTH ¢ EETH

ERING = EBEAM ¢ EPLAS
EPOTSERING*EMAG

ET6T = EKIN ¢ EROT ¢ EPOT

JF (ETOTO .EC, 0.00) ETOTO s ETOT
YIELD = KYIELD*BURNUP

@ s YIELD/ETOTO

ENEY = ETOT ¢ ERAD ¢ EOMMIC o YIELD
PD ® BOLTZ#NDeTD

PE = BOLTYZ#NEeTE

PT = BOLTZaNTaTY

PTOT 8 PD ¢ PE ¢ PY

BETA s KBETA#DSQRYT(TE)

BP = ,2D0#IRING/RMINOR

KAPPA s KPROPaVD/(RMINOR#BP)

PPOL & KPaBpPes?

BETAPL = NKT(RMINGR, RMAJOR)/PPOL
TL = EOHMIC/HTCAP ¢ TLO

PIND ACCELERATION AT INNER, OUTER FACE OF LINER,

81 = OMEGA*R1QSQ/RISQ
02 = OMEGA®R208Q/R230
Gy = (DY(3) « UleU1)/RY @ 0ja01eR}
G2 = (DY(3) = U2#U2)/R2 « 02#02%R2

ZERO DERIVATIVES GF IGN RING AND PLABMA GUANTITIES CONSERVED IN
THE ABSENCE OF DISSIPATION,

JTOTALE2S [

08 1S J=4, JYSTAL
DY(J) = 0,00
JTOTALE2?2

VOT & VD =« VT

IF (NOCOLL) GO T8 20

PUT IN COLLISIONAL EFFECTS, IF ANY, START gY STORING THE RELATIVE
VELOCITIES AND THEIR SQUARES,

VDE 8 V0 « VE
VET 8 VE =« VT
VT0 = «yDT
VED ® =VDE
VTE s aVET .
VDTS0 8 VDTaVDT
VOESQ ® VDEVDE
VETSG = VETaVEY

NOMD = ND#Mp
NEME = NEwME
NYMY & NTeMT

FIND COULOMB LAGARITHNMS,
LOGLOT = LOGDTO « ,SDO*DLOG(NE/(TE«VDT8Gwan2))
ELPG = ,SDO«DLOG(NE/TE#n3)

LOGLOE = LOGOEO = ELOSG
LOGLTE = LOGTEO = ELOG

24
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CALCULATE THE EEFECTS OF COLLISBIONS BETWEEN BEAM AND TARGET IONS,
THE LOW<TEMPERATURE LIMIT OF TRUBNIKOV'S FORMULAS I8 USED,

o000

NUSDTY
NUSTOD
0T0SY
NUTOY
ARE 1
NUTTO

CNUSDT«LOGLDT#NT/DABS(VDT#a3)
NUSDTRNDMD/NTMY
CNUTOT#LOGLDTaNT/DABS(VDT)

DT0ST/TD

DYOSTANDMD/NTMT

OTTSOD/TY

OWOST OTOST = KTDANUSDT#VD2VDY

OWTSD DTYSD = KTTANUSTDaVTavVTD

IF (U1 ,NE. 0,00) RNUBYU = RMAJORaNUSDT/U!

USE SLAWeBEAM LIMIT T6 COMPUTE INTERACTION BETWEEN IGNS AND MOT
ELECTRONS,

oo

EFACTR & NE/TEwx1,500

NUSDE 3 CNUSDE«LOGLODE®EFACTR
NUTDE = CNUTDE«LOGLDE*EFACTR
DTOSE = NUTDE«(TE « TD)
NUSTE = CNUSTE«LOGLTE*EFACTR
NUTTE = CNUTTE«LOGLTE*EFACTR
DYTSE = NUTTE®(TE « TT)

CONSERVATION OF MOMENTUM GIVES THE REMAINING NUS'S,

o000

NUSED- = NUSDE#NDMD/NEME
NUSET = NUBTEaNTMT/NEME

USBING KNOWN NUSIS AND DT'S, THE CORRESPONDING DW'S ARE FOUND,

o000

I DWi:GE s DTDSE = KTD#NUSDE#VD#VDE
I DWTSE ® DTTSE = KTTANUSTEaVT#VTE

CONSERVATION OF ENERGY GIVES THE REMAINING THREE OW'S,

OO0

DWESD = «DWDSE#ND/NE
DWEST = «DWTSE#NT/NE

FROM THE DERIVED NUS'S AND DW'S, FIND THE REMAINING OT'S,

aoco

DTESD = DWESD ¢ KTE#NUSED#VE®VED
NUTED = DTESD/TE
OTEST = DWESY ¢ KTEaNUSET#VERVET
NUTEY = DTEST/TE

ADD COLLISIONAL CORRECTIONS TO THE DERIVATIVES CALCULATED ABOVE,

' DY(JTOTAL) sKPHI#RMAJOR® (NUSED#*VED¢NUSET#VET)
b DY(7) ® =RMAJOR(NUSDE#VDE ¢ NUSQTaVDT) = KVD#DY(JTOTAL)
| DY(8) ® wRMAJOR®(NUSTD#VTD ¢ NUSTE4VTE) = KVT#DY(JTOTAL)
DY(S) & VGMia(DTDSE ¢ DTDST)
DY(10) » VGM1#(DTESD ¢ DTEST)
OY{i1) ® VGM1a(DTTSD ¢ DTTSE)
20 IF (NOLGSS) GO TO 30

o0

e ——

PUT IN OTHER SOURCES OR SINKS, IP ANY, STARY WITH OWMIC LOSSES,

o000

OHMICH0,00

PCONSTSKRESAETA/RLOG

00 25 Jui,JMAXY

i RLINER(JIZRCONST/LNGTH(J)

: OHMHTRRLINERCJI*ILINERCY)
DY(19¢J)8e0KMNY

25 OHMICEOHMIC+OHMHT

C/IN:NTDOY(S) = DPSTR

25
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SEVUNM T Byt16) ® 0,00
00 26 Jat,JrAX1
6 DY(14) ® DY(14) ¢ 1,D7«0HMHTSLINER(J)

THEN TREAY LOSSES BY DIFFUSION, CHARGE EXCMANGE, ETC.

ocoOoONn

PY(10) ® DY(10) ¢ TELOSS
DY(12) ® NDLOSS
PY(L3) = NTLOSS

PINALLY, COMPUTE BRENSSTRAHEUNG AND CYCLOTRON RADIATION LOSSES,

(e XeXal

PCYCL & KCYCLw(BETA#BP)an2/(1,D0 « BETARe2)
PBREM ® KBREMaDSQRT(TE)a(NDaZ0O#ZD ¢ NTe2T42T)
PRAD = PBREM ¢ PCYCL
DTERAD ® KY#PRAD
NURAD s DTERAQ/TE
DY(1S) & NETOT#«PRAD
DYC10) & DY(10) = DTERADeVGMY
30 IF (NBBURN) GO YO 40

COMPUTE THERMONUCLEAR BURN,

o0n

RATE = SIGMA(1.DInWD)*DABS(VDT)IANDANTTOT
OY(12) ® DY(12) « RATE
DY(13) 3 DY(13) « RATE
DY(16) 2 KNEUTRARATE
OY(17) = XBURNaVGMIARATE
DY(18) 3 RATE
a9 IF (! .G, 0) RETURN

(2]

D0 35 Ja4,JT0TAL
DY(J)m=DY(J)
RETURN

L
w

PASS IN DATA NEEOED YO INITIALIZE RUN, SAVING INITIAL VALUES A8 Yo,
PRECOMPUTE CONSTANTS FOR USE IN SUBSEQUENT CaALLS TO DERIV, CGS
UNITS ARE USED THROUGHOUT, EXCEPT THAT_TEMPERATURES AND PARTICLE
ENERGIES ARE IN KEV AND CIRCUIT QUANTITIES (CURRENTS, FLUXES AND
INOUCTANCES) ARE IN MKS,

OO0

ENTRY INPUT(TIME,
R1n, R20, RW, B20, RHOO, OMEGAO, LNGTHO, ETAO, SPHT,
TLOO0, PCA,
RMAJO, WDg, TDo, TEO, TT0, BP0, VRATIO, NRATIO, IRATIS,
CoLL, LOSS, BURN, FWD,
DTPLOT, DTFILNM, bTbunP, TLAST, TPLOT, TFILM, TOUMP)
LOGICAL#G COLL, LOS8S, BURN,FWD
FORWRDZFKD
RHO = RKAQ
OMEGA ® OMEGAQ
ETA u ETAQ
TLO ®= TLOO
RMAJOR ® RMAJO
Pai,D1
JHMAXa3
JTOTALE22
JMAXIaIMAXw|
DLNGTHRLNGTHO/DFLOAT(JMAXY)
D8 55 Jsi,JMAX|
LNGTH(J)SCFLOAT(J)»DLNGTH
5s LHLSQ(J)®(0,500aLNGTH(JI) )02
NSCOLL = ,NOT, COLL
NOLASS = ,NOT, LOSS
NOBURN ® ,NOT, BURN :
DATA E, BOLTZ, C / 4,8032 Dw10, §,6022 D=9, 2,9979 Dei0 #
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DATA MD, ME, MT / 3,3453 D=24, 9,109% Ds28, 55,0179 De24 /

DATA 20, 2T 7 {,00, 2.00 /

DATA GAMMA / 1,666666667 DO /

DATA DPSI2 7 0,00 /

DATA TELOSS, NDLOSS, NTLOSS / 0,00, 0,00, 0,00 #

DATA 0, RTEST / 1,06, 1,0=6 ¢/

DATA Al, A2, AY; A4, AS ¢ 2 ‘z‘ 0!. ! L 1] 07. : L1} 00..
1 1,297 Do, 6,47 DS ¢/

DATA 2 / 0,00 /

Pl s 4,00#DATAN(1,00)

SQRTPI = DSQRT(PI)

RT2Pl ® DSORT(2,00+PI)

TWOPI s 2,00#P1

FOURPI & 4,00eP]

EIGTPIs8,D0eP]

¢ ; 5
g COMPILE TABLE OF MISCELLANEOUS CONSTANTS.

GMi ® GAMMA « §,D0

KBETA & DSORT(BOLTZ/(GMIeMEACHC))

XBREM = §,350e24

KBURN s 18,34D34B0LTZaGM]

KCNVRT 8 C/1,01

KCF = §,D=7aMD

KCYCL ® 3,980e16

KD®0,2500

KE = BOLT2/GMY

KF®],D7/(TwOPI+LNGTHO)

KFLUX ® {,D8/P]

KID ® Ea2D/(TWOPIaKCNVRT)

KIEs=E/(THOPIaKCNVRT)

K3IY 8 Ea27/(TWOPIaKCNVRT)

KKINSPIaRHOALNGTHO/2,00

KMU 8 FOURPI#),De9

MU 8 FOURPIn],De9

KNEUTR 8 0,00

KNKY 8 §,De7280LT2

KP ® 1,00/(8,D0*P])

KPHI ® 1§, D-DnTﬂGP!lNE'CIE

KPRGP & MDaC/(20+E)

# KR = DSQRT(3,00sHMDaBOLTZ)eC/E
KRES®| ,02+FQURPL

KROTSPIaRHOAOMEGAn#2«LNGTHO

KT = GMi/BOLTZ

KTD ® MDeGM1/BOLTZ
KTE = MEAGM{/BOLTZ
KTY & MTaGM{/B6LTZ
KVD ® 1,08#ZDsE/(TWOPIaMDC)
KVT 8 {,D8#2T2E/(TWOPI#MTC)

KVOL = TWOPIwPI
KYIELD = KBURN/GM1

CALCULATE CONSTANTS TO BE USED IN COLLISION RATES,
LOGDEO 8 «DLOG(DSQRT(FOURPI/BOLTZ#a3)w2CaEwn})

LOGDTO0 & «DLBG(DSART(FOURPI/BOLTZ)#2Z0a2TaEna3a(MOOMT)/(MDAMT)Y)
LOGTEO & =DLOG(DSGRT(FOURPI/BOLTZan3)eZTaEnn])

o000

CNUSDE ® (4,D0eRT2P1/3,00)#2Das2eEnsda (1,00 ¢ MO/ME)aMEel S/
1 tHDn-atBOLYZtﬂi.S)

CNUSDT ® 4,pOaPIn(200ZTaEwn2)ae2e(].00 ¢ MO/MT)/MDee2

CNUSTE & (4,DposRT2P1/3, DO)OZYQQZQElt‘t(l 00 o HTIH!)-NEQH S/
1 (MT#a24BOLTZen1,S)

CNUTDE 8 (8,D0eRT2P1/3,D0)%(ZD*ERE)n#22DSART(ME)/(MDaBOLTZ 0
eIngaTe 1.500)

27
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CLVYVENUTOT 8 FOURPI(ZO#ZT#EE)aa2eGM1/ (BOLTZaMD)
) CNUTTE & (8,D0eRT2PI/3,00)a(2ToEnE)an2aC8GRT(ME)/(MTaBOLTZ0n
| 1,%00)

OETERMINE LINER CONSTANTS,

aoOo0

R10SQ = R{G«RYO

R20SC ® R20#R20

ROSC » R20SC « R10S0Q

RWSQ & RWaR#w
HTCAPESPHT#P1«R0OSGeLNGTHORRKD
P§120 s B20+(RWSQ = R20SQ)/KFLUX

DETERMINE INTTIAL RING AND PLASMA PARAMETERS,

o000

VDO ® «DSGRT(2,D0#BOLTZ#WDO/MD)

Ci1 & PIeRMAJOR/L D2

€2 = S,D0*BPO _

C3 & BOLYZe(TDO ¢ NRATIORTTO & (2D ¢ NRAT1IO0aZT)eTED)
C4 = (KID ¢ KITaNRATIO«VRATIO)n(1,00 = IRATIO)«VDO/RMAJO
IRING ® C3/(C1eCd)

RMINO ® eIRING/C2

RMINOR & RMINQ

VOLUME & KVBLaRMAJSR*RMINOR a2

VGM] ® VOLUMEwaGM}

NDTOTO s IRING/CU

NDO ® NDTOTO/VBLUME

NTTOTO 8 NRATIGANDTOTC

NTQ ® NTTOTQ/VALUME

VIO & VRATIO*VDO

100 ® KIDaNDTOTO*VDO/RMAJO

IT0O 8 KITaNTTOTO«VTO/RMAJO

JIE0 ® IRING = 100 = ITO

RJO ® R{Q

THE INTTIAL VALUES oF THE LINER CURRENTS AND NKY ARE_NOW FOUND
THROUGH A SERIES OF ALGEBRAIC EGUATIONS DESIGNED Y0 INSURE
THAT ZERO FLUX THREADS PERPENDICULAR TO THE LINER AT

SPECIFIED POINTS, '

OO0

JUiaIMAXe?
DO 41 J=y,JMAX
DO 41 JJsi,JMAX
[} IACJsJJ)m0,D0
DO 44 Jst,JMt ;
TACS o 3IEKMUQDLBG ¢ (LNGTH(J41)oLNGTH(J))/ (LNCTH(Je1)
1 SLNGTH(J)))/(TWOPI*LNGTH(J))
IF(J.EQ,1) GO YO 44
JPaJey
DO 43 JJ31,JP
D & (LNGTH(J#13y = LNGTH(JJ)) 7 2.00
F s LNGTH(JJ)
43 TACI)JI) & (KMUZ(TWOPIWLNGTH(JJI))) » DLEG((DeF) 7 D)
aq CONTINUE _
D0 51 Jsi1,JMAX]
ZA(JMAX,J)eDBMLRS(RMINO , RMAJO,RJO,LNGTH(J),LHLEG(J))
sy ZA(IMAXYL, J)RDAMLRS (RMINO,RMAJO,RIO,LNGTH(J))LHLER(J))
TACIMAXYL, JMAX)82,00/ (RMINOATRING)
ZACJMAX,JHAX )81 ,D0/ (RMAJORIRING)
DO 52 Jal,JMt |
DENOME(LNGTH(J$1)/2,00) w024 (RJ0O=RMAJO) 202
ZR(JIme (KMHUAIRING/FOURPI)aLNGTH(J¢1)/DENOM
L1 CONTINUE
IR(JMAX ] ) o0 ,S004IRINGDALR(RMING,RMAJO)
TR(JIMAX )20, SDORNIRINGRNDBLR(RMINO,RMAJ Q) «KCFaNDTOTORVDO®R2/
1 (RMAJO*IRING)
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JMAX2mJMAXRR2

CALL DGELG(ZR,ZA,JMAX,JMAX2,1,1,D=6,JIER)
PRINY 42, JIER

FORMAT(! t,1X,'IERRORS!, I2)

PRINT 46, (ZR(J),Jul,JMAX)
FORMAT(1PSE12,4)

CONTINUE

00 53 Jm),JMAXY

ILINER(JISZR(Y)

NKTOEZR (JMAX)

PHIOELR (RMINO,RMAJO) *IRING

DO 54 Jui,JMAX)

DaLNGTH(J)

FalKLSQ(Y) : .
PHIOSPHIO+MLRS(RMINO,RMAJO,RIO0,0,F)oILINERCY)

PSIL1(JINLLCRIO,O)RILINERCIISMLREC(RMING,RMAJQ,RI0,0,F)I0IRING

D0 62 JJsi,J¥AXY

1P (J.EQ,JJ) GO TO 62 ‘ . O
PSI1(J) & PSI1(J) o MLL(RJO,LNGTH(I),LNGTH(JJI)InILINERCIS)
CONTINUE

Y(Je19)3PSI§(J)

CONTINUE :

NUO & CNUSDT#2,D14NT0/(DABS(VEO = VTO0))ae3
Uio ®» RHAJORWNUQ/PCA

IF (FORWRD) Ui0 ® =UL0

INITIALIZE THE CEPENDENT VARIABLE (Y! ARRAY,

Y(1) s TIME

Y(2) s R10%¢C
Y(3) 3 R102U19Q
Y(4) = 0,00

Y(S) s PSI20
Y(8) & 0,D0

Y(7) » RMAJO*VDO
Y(8) s RMAJO®VTO
Y(9) ®» TCOwvGMY
Y(10) s TEOuVGMY
Y(11) ® TTOaVGM]
Y(12) = NDTOTO
Y{13) s NYYoYO
Y(14) = 0,00
Y(15) s 0,00
Y(16) s 0,00
Yt17) = 0,00
Y(18) = 0,00

Y(19) = 0,00
DO 60 Jsi,JMAXY
Y(19¢J)8PSI1(J)
Y(ITOTAL)wPKIO

COPY INITIAL VALUES INTS BAVE ARRAY,

00 SO0 Jsi,JT0TAL
YOotJ) s Y(J)

INITIALIZE EXTRAPOLATION PROCEDURE FOR PIRST GUESSES USED IN
NEWTON=RAPHSON ROUTINE ON EVEN STEPS OF ReKeG,

DO &t J = 3, 8
RMAJI(J) = RMAJO
RMAJ2(J) ®» RMAJO
RMINI(J) s RMINO
RMIN2(J) s RMINO
TINHOTDINEW & DT
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OO

(2 X ¥2)

o000

o0

PlaV v v . a:ru.N

100

101

-0
-0

120
121

130
134

140

2 'cnu L 'DATA‘ /

1 'Y (9) YE10)  YE11) Y1) YOl Ytie)  yais)y',
@ YoY(Le) Y1) Y(i8) ")
) CALL SCNVRS(SLINE, Y(1), YC2)) Y(3), Y(S)s Y(6)s Y(T)s Y(9))
1 YE10), YC31), YC12)0 YC13), Y(14), YC15), Y(16), Y(1T),
2 v(18))

PRINT 199, SLINE

RETURN

BOOK, TURCHI, AND STEIN

ENTRY O8PLAY(SINAME)
DATA IV, !VOg §0Y, 3

SLI, SRING, SPLAS, INU, SCNU, $0ATA /
', DY i, LI 1, IRING
/

1 o TPLASI, 'NU 1,

DATA SBLANK /0 '
06 100 J = 1, 33
SLINE(J) = SBLANK

1F (SNAME ,EQ, SY ) GO 7o t10
IF (SNAME ,EQ, SY0 ) GO YO 120
1F (SNAME ,EQG, SDY ) GO YO 130
IF (SNAME ,EQ, SLI ) GO Y68 1490
IF (SNAME ,EQ, SRING) GO T6 150
IF (SNAME ,EQ, SPLAS) GO TO 160
IF (SNAME LEG, SNU ) GO 70 170
IF (SNAME ,EQ, SCNU ) GO TG 180
IF (SNAME ,EQ, SDATA) GO TO 190
PRINT 101, INAHE

FORMAT(CIQ!, IDSPLAY CALLED WITH INVALID ARGUMENT Y, AQ //)
RETURN

DEPENDENT VARIABLES,

PRINT 111
FORMAT('e Y(1) Y(2) Y(3) Y(5) Y(6) Y(7) e

INITIAL VALUES OF DEPENDENT VARTABLES,

PRINT 121 N
3 FORMAT(r1e YO(T)_  YO(2)  YO(3)  YO(S). YO(6) Yo(7) 'y
i 'Yo(9) Yocioy YO(11) YO(12) Yo(i3) Yo(14) voczs;-
2 'YO(16) _YO(1T) Yo(18)!)
N CALL SCNVRS(SLINE, YO(1), Y0(2), YO(3), YO(S), Yo(s), YO(7),
i Y0(9), YO(10), YOC11), YO(12), YO(13), YO(14), YO(15),
2 Yo(16), YO(17), YO(18))

PRINT 199, SLINE
RETURN

DERIVATIVES OF DEPENDENT VARIABLES,

PRINT 131 R

. FORMAT('e DY(1) DY(2) DY(3) OY(S) OY(6) DOY(T) 'y
[ 'DY(9)  DY(10) DOY(11) DOY(12) DOY(13) DOY(14) DOY(15)'»
‘e tODY(16) 01(11) DY(18)Y)

. CALL SCNVRS(SLINE, DY(1), DY(2), DY(3), OY(S), DY(6), DY(T),
1 DY(9), DY(J0), DY(11), DY(12), OY t:sa, DY(14), OYC1S),

2 DY(16), DYC17), DY(18))

PRINT 199, SLINE
RETURN

LINER PARAMETERS AND ENERGETICS,

PRINT 141

FORMAT('s R{ R2 vt ve G G2 'y
) ' 81 82 ETA P812 RSKIN PS8I1(1) ’3!1(3)'
‘2 ' PST{(3) PSIL(4) PSILI(S)")

30
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- G ARE SONVATS JenE e, ¢ me, « -

PEIIC(Y)
PRINT 199, SLINE

PRINT 142 .

FORMAT('e ETOT EXIN EROT EPOT EMAG EMAGR 'y

3 'gRING EBEAM EDDIR  EDTH EPLAS  EETH ETTH 'y
1 ' ETOIR  ENET Q)
; CALL SCNVRS(SLINE, ETOT, EKIN, EROT, EPOT, EMAG, EMAG2,
1 ERING, EREAM, EOOIR, EDTH, EPLAS, EETH, ETTH, ETDIR,
1 ENET, O)
PRINT 199, SLINE
PRINT 143 )
FORMAT ('e EMAG(L1) EMAG(2) EMAG(3) EMAG(A) EMAG(S) 1L )
) ‘IL2 L3 L4 ILS RL1 RL2 RLS 4,
] ' RLA RLS w')
CALL SCNVRS(SLINE, EMAGI(1), EMAGI(2), EMAG1(3), EMAGL(4),
! EMAG1(S), ILINER(1), ILINER(2), 2,2,2,
@ RLINER(1), RLINER(2), RLINER(3), RLINER(4Q),
3 RLINER(S), TL)

PRINT 199, SLINE
RETURN

PARAMETERS OF TON AND IMAGE RINGS,

PRINT 18}
PORMAT('e RMAJAR RMINOR  IRING 10 LRING MLRE !,
| ' PHI PD VD WD NDTOT ND 10 ‘e

'VOLUME ITER  RATE')
CALL SCNVRS(SLINE, RMAJOR, RMINOR, IRING, ID. LRING, MLR1S,
PHI, PD, vD, WD, NDTOT, ND, TD, VOLUME, ITER, RATE)
PRINT 199, SLINE
RETURN

TARGET PLASMA AND RADIATION PARAMETERS,

PRINT 161t

FORMAT('e NETQT  NTTOT VOLUME NE NT wr 'Y
1 'VE A PToY TE T PE PT '
2 S | 13 4 YIELD')

CALL SCNVRS(SLINE, NETOT, NTTOT, VOLUME, NE, NT, WY, VE, VT,
| PYOT, TE, YT, PE, PT, 1E, IT, YIELD)

PRINT 199, SLINE

PRINT 162

FORMAT('es BETH apP PCYCL PBREY PRAD NURAD ¥,
1 ' ERAD DTERAD PPOL  RNUBYU NCOUNT BETAPL EGHMIC ',
2 ' KAPPA PVGPRD BURNUP!')

CALL SCNVRS(SLINE, BETA, BP, PCYCL, PBREM, PRAD, NURAD, ERAD,
1 OTERAD, PPBL, RNUBYU, NCOBUNT, BETAPL, EOMMIC, KAPPA,
? PVGPRD, BURNUP)

PRINT 199, SLINE
RETURN

TRANSPORTY RATES,

PRINT 171}
FORMAT('s NUSDE NUSDT  NUSTE  NUSED NUBTD  NUSET ',
1 ' vor VOE VET EL0G DWC/E  OWD/T  OwWYT/E ¢,
H ' DWE/D OWT/D DWE/T!') .
CALL SCNVRS(SLINE, NUSDE, NUSDT, NUSTE, NUSED, NUSTD, NUSET,
1 VDY, VOE, VEY, ELOG, DWDSE, DWDST, DWTSE, DWESD, DWTSD,
2 OWEST)
PRINT 199, SLINE
PRINTY 172

FORMAT('s NUTDE NUTDT  NUTET  NUTEC  NUTTD  NUTTE Y
1 'oTo/€ 0TOD/T OTE/T OTE/D OTY/D OYT/E LOGLOE',
e ' LOGLDT LOGLTE')

NQn’ Q7 CALL SCNVRS(SLINE, NUTDE, NUTDT, NUTET, MUTEDe. NUTTD, NUTTE,

31
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badatadd s e DTDSE, OTDST, DTEST, DTESD, DYTSC, CTTIE, LOGLOE, LOGLOT,
LOGLTE, 2)
: PRINT 199, SLINE
g INDUCTANCES,
PRINT 173
173 FORMAT('e  LL1 LL2 Ly (] LLS  THIS SPACE',
1 ' FOR RENT ') .
. CALL SCNVRS(SLINE, LL3, LL&, LL3, LLG, LLSy 2,2, 2, 2, 2,
1 Ty 202, 20 2, 2
PRINT 199, SLINE
PRINTY 17S%
178 FORMAT (e LS ML12 ML MLYG MLLIS MLZS 'y
1 ‘ML24 ML2S ML3G ML3S MLUS MLRSL  MLRS2 ',
F) ' MLRS$3 _MLRS4  MLRSS ')
CALL SCNVRS(SLINE, LLS, ML12: ML13, ML14, ML1S, HL23, MiL24,
1 ML2S, ML3G, ML3S, ML4S%, MLRS!, MLR$2, M_RSI, MLRSUG, M_RSS)
PRINY 169, SLINE
RETURN
¢ N e .
¢ CONSTANTS USEFD IN EVALUATING TRANSPERY AND RADIATION RATES.
c
180 PRINT 18¢
181 FORMAT('= LOGDEO LOGCTO LOGTEC. ~ KTD _  KTE KTT 1,
{ 'CNUSDE  CNUSDT CNUSTE  CNUTDF  CNUTDT CNUTTE  KBETA 'y
e ! KBREM KCYCL KT")
CALL SCNVRS(SLINE, LOGDEO, LOGDTO, LEGYEQ, KTD, KTE, KTT,
b CNUSDE, CNUSDY, CNUSTE, CNUTDE,CMUTCT, CNUTTE, KBETA,
] KBREM, KCYCL, KT)
PRINT 169, SLINE .
RETUSN
[~
4 PHYSICAL CONSTANTS AND STOREC COMBINATIONS THEREOF,
(4
190 PRINY (61
191 FORMAT ('w £ BOLYZ = ¥D ME MY e
1 ¢ 10 4 ) RW LENGTH TELOSS NDLOSS NTLOSS',
Q . OPSI2  OMEGA  GAMMAY)
CALL SCNVRS(SLINE, E, BOLYZ, C, ™MD, ME, MT, 2D, 2T, RW,
1 LNGTRO, TELOSS, NOLOSS, NTLO8S, DP812, OMEGA, GAMMA)
PRINT 199, SLINE
PRINT 192
192 FORMAT('e KBURN KCNVRT KCF KD KE KF Yy
1 TKFLUX k1D KIE KIT KKIN KMU  KNEUTR 1,
2 ' OKNKT KP KPROP 1)
CALL SCNVRS(S$LINE, KBURN, KCNVRT, kCF, KD, KE, KF, KFLUX,
1 KI0D, XIE, wIT, KXIN, KMU, KNEUTR, KNkT, kP, KPROP)
PRINT 108, $LINE
PRINT 193
193 FOOMAT('= KPHI KR KRES KROY KVD KVY ',
1 ' oyeL KVD KVY KYIELD CR RTESTY SPHT !,
2 ' ONTCAP')
CALL SCAVRS(SLINE, KPHI, KR, KRES, KROT, KVD, KVT, KVOL, KVD,
i Kv1, ¥YIELD, D, RTYESTY, 3PHT, WTCAP, 2, 2)
PRINT 149, SLINE
PRINY 19¢
194 PORNAT (Ve DY DIPLOT DTFILM DTCUMP TLASY T Yy
1 ‘YPLOT  TFILM  TOUMP IRATI® VRATJO NRATIO')
CALL SCNVRS(SLINE, OT, DTPLOT, DTFILM, CTOUMP, TLASY, TINME,
1 TPLEY, TFILM, TDUMP, IRATIO, VRATIO, NRATIS, 2, 2, 2, 1)
PRINT 196, SLINE
RPETURNM
4
199 FORMAT(! ¢, 334Q)
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ENTRY OUTPUTY

c

!

1

!

1

!

H

1

2

!

2
c
c
1
]

RETURN
END

REAL FUNCTION FA#B8(A,B,C,NKT)

IMPLICIT REAL#8(A=I,K*2), INTEGER®4(J)

DIMENSION YA(3,3)

COMMBN / INDEX / JMAX, JMAX]

COMMON ¢/ PBLACK / P

COMMBN/ RADII/ RMINOR,RMAJOR,RJ

COMMEN/ LENGTH/Z LNGTH(S), LHL8GQ(S)

COMMAN/ ARRAY/ Y(2S)s OY(25), YO0(2S)

COMMON / INCO / MU, KMU

COMMON/ FLUX/ PHI,PSI1(S)

COMMON / CURREN ¢ R(3)

LR(A,B) 8 KMUxB#(DLOG(8,00%B/A) = 2,00 ¢ KD)

DALR(A,B) ® =KMU#B/A

DBLR(A,B) ® KMUa(DLOG(8,D0%B/A) = 1,C0 ¢ KD)

LL(C,D)BMUsC# (DLOG(16,004C/D) = 0,500)

DCLL(C,D)BMUS(DLOG(16,00+C/D) ¢ 0,50D0)

LNCD,F)50,5004(D/F)*DLAG(D)

FAC(D,F)s(((FaD)#w%2)/(2,00%DaF))aDLOG(DABS(F=D))

MLL(C,0,F)SMUxCa(DLOG(16,004C)=LN(D,F)=LN(F,D)¢FAC(D,F)=0,500)

OCMLL(C,D,F)sMU«(DLOG(16,00aC)=LN(,F)aLN(F,D)¢FACID,F)¢0,500)

MLR(B,C,F)sMUsDSORT(BeC)w(,500#DLOG(6,UC10BaC/((B=C)and ¢
F)) = 1,00 = ((B=C)/DSQRT(F))«DATAN(DSGRT(F)/(B=C)))

DBMLR(B,C,F)®,500aMUsDSART(C/B)a(,50040L0G(6,4D aBeC/((B=CInn2
4F))¢((C=3,00#B)/0DSART(F))*DATAN(DSCRT(F)/(B=C)))

DCMLR(B,C,F)®,SD0aMUnDSART(B/CIn(,SD04DLOG(6,4D1aBaC/((B=C)an2
+F))4((3,004C=B)/DSGRT(F))aDATAN(DSGRT(F)/(B=C)))

MLRS(A,B,C,0,Fy=M_LR(B,C,F)+(DSORT(LRCA,B)aLL(C,0))=MLR(B,C,F))
/(1,D00¢((CeB)/A)x2P)

DAMLRS(A,B,C,D.,F)=(.SO0#DALR(A,B)aDSGRT (LL(C,D)/LR(A,B))¢(P/A)

#((C=B)/A)naPna(DSORT(LR(A,B)aLL(C,OD))=MLR(B,C,F))/(1,00¢

((C=B)/AYaaP)) /(1,00 ¢ ((C=B)/A)anP) 3

DBMLRS(A,B,C,D,F)EDBMLR(B,C,F)+(,5D0#DBLR(A,B)aDSART(LL(C,D)/
LR(A,B)) ¢ (P/(C=B))#((C=B)/A)nnaPu(CSART(LR(A,B)*LL(C\)D))=

MLR(B,C,F)3/¢1.00 ¢ ((CeB)/A)anaP))/ (1,00 ¢ ((C=B)/A)xaP)
OCMLRS(A,B,C,0,F)SDCMLR(B,C,F)¢(,500+0CLLCC,D)*DSQRT(LR(A,B)/

LL(CsD))=(P/(CeB))*((C=B)/A)naPa(DSGRT(LR(A,B )aLL(C,)D))e *

MLR(B,C,F))/(1,00 ¢ ((C=B)/A)waP))/(}1,00 ¢ ((C=B)/A)neP)

A SERIFS OF ALGEBRAIC EQUATIONS I8 SOLVEC TO FIND THE CURRENTS
IN THE LINER AND RING,

KD = ,2%00

MINREA

MAJREB

LIRsC

LIR2sLIR
JMAXMaJMAX =]

08 § Jmi,JMAXM
R(J)EY(19¢J)
R{JMAXIBY (190 JMAX)
YACIo1)3 LLCLIR,LNGTH(1))
D8 2 J132,JMAXM
AysUNGTH(J1)
YA(J1oJ1)8LL(LIR,AL)
JIMInJlet

D8 2 J2st,JIM]
PeLNGTH(J2) ,
YACJ1)J2)SMLLCLIR,ASF)
YA(J2,31)8YACJ1,J2)
CONTINUE

DO 4 Jmy,JMAXM
ALsLNGTH(J)
DeLHLSO(J)

R—




e — PR S I

L90V3

20
1
1
1
1
i
2
i
2
)

. ]

¢

¢

1

BOOK, TURCHI, AND STEIN

TYAC(ImAX, P JIBMLRS (MINR,MAJR,LIR,AS,D)

YACS o JMAX)RYACIMAX,J)
YACIMAX, JMAX)RLR(MINR,MAJR)
JMAX28JMAX R4
CALL DGELG (R, YA, JMAX, JMAX2, {, 1,D=6, JIER)
80 soo-ﬂ(JHA!).-z-DAthA,a)oz DOANKT /A
oo 20 Jmt,JMAXY
DeLNGTH(J)
FeLHLSQ(J)
FaA afA SRCIMAX)IR(J)aDAMLRS(A,B,C,0,F)
RETURN
END
REAL FUNCTION FBe8(A,B,C,NKT)
IMPLICIT REAL«B(A=T,K=Z), INTEGER®G(J)
DIMENSION YA(3,3)
COMMON ¢ INCO / MU, KMU
COMMON/ COEFF/ KCF,NOTOT, RYD
COMMON / PBLOCK / P
COMMON / CURREN / R(3)
COMMON/ LENGTH/ LNGTH(S), LHLSQ(S)
COMMON / INDEX ¢/ JMAX, JMAX]
COMMON/ ARRAY/ Y(2S)e DY(2S), Y0(25)
COMMON/ RADII/ RMINOR,RMAJOR,RJ
COMMON/ FLUX/ PHILPSIL1(S)
LR(A,B) ® KMUaB«(DLIG(8,D0#B/A) = 2,00 ¢4 KD)
DALR(A,B) 8 =KMU#*B/A
DPBLR(CA,B) 3 KMU*(DLOG(8,N0#*B/A) = 1,00 ¢ KD)
LLCC/D)ZMUSCa(DLOG(16,00+C/D) = 0,500)
DCLL(C,D)3MU«(DLOG(16,00«C/D) ¢ 0,500C)
LN(D/F)=0,500%(D/F)*DLOG(D)
FAC(D,F)S(((FeD)#%2)/(2,004D#F))#DLOG(DABS(F=D))
MLL(C,D,F)SMUaC(OLOG(16,00aC)eLN(D,F)aLN(F,0)4FAC(D,F)=0,500)
DCMLL(C,D,F)s“Ua(DLOG(16,00C)=LN(D,F)eLN(F,D)+FAC(D,F)+0,500)
MLR(B,C,F)SMUaDSGRT(BaC)»(,500#DLOG(6,4C14BaC/((BeC)an2 ¢
F)) = 1,00 = ((B= C)/osontgr))anAYAN(nsonr(r)/(a.c;,)
DBMLR(B,C, F)t 5oo.nu.osanr(c18)-( SDO#OLOG (6,401 «BeC/((BeC)nnd
0?))0((C DO-B)/DSQRT(F))tDATlN(DSGPT(F)/(B~C))}
DCMLR(B,C,7)s, soo.nu.osanr(SIC).c SDOaNLOG (6,401 eBoC/((BeC)ned
or,)occ:.oo-c-e;/osonrm)-onmwscaur:/ca-cy))
MLRSCA,B,C,D,F)SMLR(B,C/)F)¢(DSORT(LR(A,BYaLLCC:D))=MLR(B,C4F))
/(1.00o(tc-e)/A)--P)
DAMLRS (A,B,C,0,F)8(eSDOaDALR(A,B)aDSGRT(LL(C,DI/LR(A,BY)4(P/A)
#((CeB)/A)aaPa(DSORT(LR(A,B)alL(C,D))eMLR(B,C,F))/(1,00¢
((C=B)/A)aaP)) /(1,00 ¢ ((C=B)/A)asP)
DBMLRS(A,B,C,D, ?)lDB"LR(a CoF)+(.SDO#DRLR(A,B)#DSART(LL(C,0)7
LR(A,B)) ¢ cPMC-Bu-ttc-aJ/A)--’-tcsanrtLRu.s)aLLcc D))=
MLR(B,C,F))/¢t1.D0 ¢ ((C=B)/A)naP))/ (1,00 ¢ uc-eun..v,
DCMLRS (A, B C.D,F)loC"LR(B CoF)ec. SDOtDCLL(C D)#DSQRT (LR (A,B)/
LL(CsD) ) (’/(C-B))'((C‘B)/l)naﬂt(DSCIY(LR(A,O )eLL(C,D))e
MLR(B4CeF))1/1,00 ¢ ((CoB)/A)neP))/ (1,00 ¢ ((CoB)/A)eeP)

A 8gRles or ALGEBRAIC EQUATIONS 18 SOLVED TO FIND THE CURRENTS
IN THE LINER AND RING,

KO s ,2500

MINRSA

MAJRuB

LIRaC

LIR2s IR

JMAXMR IMAX e

00 1 Jusi,JMAXM
RCJImY(19+d)
REJIJMAX)aY (194 JMAX)
YACLot)® LLCLIR,LNGTH(1))
D8 2 Ji=m2,JMAXM

ALs NGTH(J1)
YA(J1eJ1)BLLCLIR, ALY
JIMIngtay

34
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Po 2 J2st,JIM]

FSLNGTH(J2)
YACI1,J2)3MLLILIR,AL,F)

YA(J2,J1)8YA(J1,J2)

CONTINUE

00 4 Jmi,JMAXM

ALsUNGTH(J)

DsLHLSQ(J)
YA(JIMAX,J)BMLRS(MINR)MAJR,LIR,AL,D)

YACJ o IJMAX)BYA(IMAX,J)
YA(JMAX, JMAX)SLR(MINR,MAJR)

JMAX2EJMAX ® 42

CALL DGELG (R, YA, JMAX, JMAX2, 1§, 1.0=6, JIER)
FBeQ,SDOAR(JIMAX) an20DBLR(A,B)¢NKT/BeKCFaNDTOToRVD#2/Bw a3
00 20 Jsi,JMAX]

eyt
sLHL -
Fo. sfB ¢R(JMAX)#R(J)#DBMLRSE(A,B8,C,0,F)
RETURN
END
35
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Fig. 1 — Schematic of a fixed driver coil and moving liner
and ion beam plasma ring, sil having finite length and
roughly satisfying the large-aspect ratio approximation.
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EQUIVALENT CIRCUIT
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Fig. 2 — Electrical circuit equivalent to Fig. 1. A homopolar generator
is used to energize the driving coil.
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Fig. 8 — Beam, target ion and electron temperatuses vs. 1.
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Fig. 7 — Magnctic-en;:rgy [from Eq. (9)], liner kinetic energy, ion
streaming energy, and total particle thermal energy vs. t.
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