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ABSTRACT

A general overview of spheromak reactor characteristics, such as MHD
stability, start up, and plasma geometry is presented. In addition, '
comparisons are made between spheromaks, tokamaks and field reversed mirrors.

The computer code Sphero’is also '‘discussed. Sphero is a zero dimensional time
independent transport code that uses particle confinement times and profile
parameters as input since they are not known with certainty at the present
time. More specifically, Sphero numerically solvé§ a giveﬁ set of transport
equations whose solutions include such variables as fuel ion (deuterium and
tritium) density, electron density, alpha partié]e density and ion, electron
temperatures. ' .
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1.0 INTRODUCTION

Since toroidal devices such as tokamaks have complicated magnetic coil
geometries that may limit their future commercial applications, scientists
have been investigating a new class of configurations called compact tori.
This class of machines includes the field-reversed mirror and more récent]y
the spheromak. The classical spheromak is shown in Figure 1-1; notice that a
mirror like external magnetic field surrounds the plasma.

Because the spheromak is a relative newcomer to the fusion community, its
characteristics are not well known at this time, however, the spheromak does
possess some good reactor qualities such as MHD stability and potentially
simple reactor geometry which makes it a good candidate for further study.
Therefore the purpose of this report is to: define the spheromak more
clearly, show the spheromak's reactor potential, and describe a method for
modeling a beam driven spheromak.
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2.0 SPHEROMAK REACTOR OVERVIEW

2.1 SPHEROMAK DEFINITION

Historically the spheromak is not a new concept. In fact, the spheromak

plasma configuration was postulated in the mid-1950's in an astrophysical
context by such noted astrophysicists as Chandraskhar!, but only recently
has the spheromak been looked at for fusion related applications.

The main feature of the spheromak is that the plasma is a force-free
configuration. This means that the plasma currents are parallel to the
internal magnetic fields. More specifically, referring again to Figure 1-1,
the poloidal and toroidal plasma currents produce the toroidal and poloidal
magnetic fields respectively. This implies that the spheromak has a closed
magnetic field geometry.

From a reactor view point we consider Figure 2-1, which is one spheromak
design envisioned by the people at the Princeton Plasma Physics Laboratory.
Notice that this reactor geometry has three main geometrical advantages over
other toroidal devices such as tokamaks. The three advantages are 1) no
toroidal field coils are required, 2) the spheromak has a natural divertor
action and 3) no ohmic heating coil is needed in the central column. Thus the
spheromak can be compact in size. Note, however, that external field coils
are needed for the positioning of the plasma. The magnetic field strength
inside the plasma for Figure 2-1 can be obtained from Figure 2-2. In

Figure 2-2, part (a) is just a cross section of the plasma found in Figure
2-1, while part (b) is a plot of the magnetic field strengths of the toroidal
(BT) and poloidal (Bp) components vs. the radial distance from the axis of
symmetry. It is interesting at this point to notice that for tokamaks BT >

> Bp, while for spheromaks BT A Bp.
Finally, comparing the tokamak plasma geometry with those in Figures 1-1 and
2-1, one realizes that a spheromak is just a low aspect ratio tokamak with no
toroidal linking magnetic coils?.
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Figure 2-2. Oblate Spheromak Configuration
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2.2 THEORETICAL AND EXPERIMENTAL WORK

The work being done on the spheromak is still in its infancy and hence the
amount of information available is limited. So far though, in the
experimental research area, there are two recent verifications of spheromak
plasma formation.

The first well known experiment was done by Professor Goldenbaum at the
University of Maryland. Goldenbaum used a Z-theta pinch apparatus that
created a spheromak plasma that lasted about thirty microseconds®. The
second verification came from the Princeton Plasma Physics Laboratory using a
newly developed quasistatic set-up. This method produced a spheromak plasma
that lasted approximately twenty microseconds"®.

In the theoretical area there has been alot of study dealing with the MHD
stability of spheromaks. Papers by Rosenbluth and Bussac®, Okabayashi and
Todd® are good examples of the type of stability analysis now being done.
Reactor studies on the other hand are currently being pUb]ished and these show

some promising results’?8,

2.3 QUALITATIVE MHD ANALYSTS

At this time the tilting mode seems to be the most damaging instability for
spheromak plasmas. The tilting mode is characterized by a change in the
orientation of the plasma's axis of symmetry. Since the stability properties
of the three various geometrical shapes of a spheromak plasma (spherical,
prolate, oblate) are different, we must consider each separately, as will be
done below.

The oblate spheromak plasma is a configuration that is elongated perpendicular
to the axis of symmetry (see Figure 2-1). This shape has the most favorable
MHD properties because given sufficient oblatness and/or a close fitting
conducting shell, the plasma is ideal MHD stable® and hence is stable

against the tilting mode. This is in contrast to the spherically shaped
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spheromak plasma which is only marginally stable against the tilting mode
because of complete spherical symmetry.

The prolate spheromak plasma is a body that is elongated along the axis of
symmetry. This plasma geometry is unstable against the tilting mode even with
a close fitting conducting shell. In fact, a resistive MHD analysis, where
the plasma is treated as a resistive medium, shows that magnetic field line
reconnection is possible after a given initial perturbation. The scenario
mentioned above can be clarified with the help of Figure 2-3. In (a) we
initially have a prolate spheromak with a vertical axis of symmetry. A
perturbation sets the plasma in rotation (b) until its axis of symmetry is
horizontal (c). Finally, the internal plasma magnetic field lines connect
with external magnetic field lines which lead to the outside, thus creating
large plasma particle losses.

2.4 START-UP AND PLASMA FORMATION

The start-up of a spheromak plasma configuration seems to be the biggest
problem from an experimental standpoint because of the complicated current
geometries that must be generated. Even though this is true there are, so
far, three experimentally proven methods of forming a spheromak plasma. They
are the coaxial gun method, the reverse Z-theta pinch, and the quasistatic
method.

The coaxial gun technique is an old (1950's) method that uses the plasma's
inertia for formation. Referring to Figure 2-4, notice that in (a) a current
is passed from electrode A to B creating a toroidal plasma with a toroidal
magnetic field component H. The resulting magnetic pressure then forces the
plasma down the tube, thus reaching a radial magnetic field created by an end
magnet. In (b) the plasma is ejected and pulls some of the magnetic field
lines with it. The magnetic field lines reconnect in (c), creating a poloidal
magnetic field for the toroidal plasma. Finally, with external magnetic field
coils, the plasma can be positioned as desired.

The reverse Z-theta pinch is shown in Figure 2-5. This was the technique used
by Dr. Goldenbaum at the University of Maryland as mentioned previously in
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Section 2.2. Here a cylindrical plasma is created in a mirror-like magnetic
field. Then a sudden implosion of the plasma is initiated by reversing the
current in the bias magnetic field coils. Next, magnetic field line
reconnection takes place, thus forming a plasma with toroidal and poloidal
magnetic field components. Finally, a spheromak equilibrium is established.

The two methods described above not only require high currents for their
operation, but they are dynamic, i.e., the time scale of plasma formation is
on the order of a few Alfven wave transit times. To reduce the power
requirements of the system, the plasma start-up should proceed over a larger
time scale. This means that a plasma formation scheme is needed that doesn't
rely on the plasma's inertial properties.

The quasi-static method developed by the Princeton Plasma Physics Laboratory
is shown in Figure 2-6 and uses a slower technique when compared to the
coaxial gun and reverse Z-theta pinch. Part (a) of Figure 2-6 shows a
toroidal iron core, in an external vertical field, with an internal coil that
produces the poloidal magnetic field, while a coil wrapped around the core
produces a toroidal magnetic field. Pulsing the current in the toroidal field
coil creates an electric field Ep which breaks down the surrounding neutral
gas and hence creates a plasma. The pcloidal field coil current is then
reversed in (b) creating line reconnection and finally creating a spheromak
plasma (c) held in position by the vertical magnetic field.

2.5 REACTOR GEOMETRY

From a reactor engineering standpoint any spheromak reactor design must
minimize radiation damage to equipment, and at the same time the reactor
system must maximize energy efficiencies. Fortunately, because the spheomak
plasmoid can be positioned using external coils, the two design criteria
mentioned above can be realized.

For example, consider the reactor geometry given by Figure 2-7 (see reference
(7)). At step (1) we create a low density toroidal shaped speromak plasma

2-9 343r /39



(a) Filuz Core
=}
Support
Lesds

\

8p Coil

By Generating

Reconnection Sclenoid
Ares

: Bp Current
By Genergted - Reduced
in Plesma R AT

Zero

Bp Current Reversed
end Crowbarred

Figure 2-6. Quasi-static Technique for Spheromak Formation. (PPL 806488)

2-10 343F/J9



using the quasi-static technique mentioned previously in Section 2.4. In step
(2) the plasmoid is compressed and then positioned in a cylindrical chamber so
that the plasma can be fueled, possibly with deuterium and/or tritim, and
heated by external means. Notice that a shutter is used to isolate the
delicate start-up apparatus from the radiation environment of the reactor
chamber. Then in step (3), by changing the axial magnetic field in the
chamber the plasmoid is moved to the expansion chamber as fuel is burned.

This relocation of the plasma more evenly distributes the neutron radiation
energy along the chamber walls and thus reduces thermal stresses in
components. In the last step, (4), the external magnetic field pressure is
reduced and the plasma expands, thereby giving up stored internal magnetic
energy. This stored energy can then be collected by surrounding coils at high
efficiency. Also notice that charged particle collection in the expansion
chamber is possible, thus leading to an even higher conversion efficiency.
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3.0 REACTOR COMPARISONS

3.1 SPHEROMAK AND TOKAMAK

The essential differences between a spheromak and a tokamak are: the
spheromak needs no toroidal field coils, the spheromak has a natural divertor
action, the spheromak in an oblate shape is ideal MHD stable, and the
spheromak has a higher engineering beta as will be discussed later on in this
report.

Comparing magnetic field strength as a function of distance from the axis of
symmetry, consider Figure 3-1. Notice that for the most part BTor S BPol
for a tokamak while BTor v BPo] for spheromaks.

The main similarity between spheromaks and tokamaks is that both plasmas have
closed magnetic field geometries. Nested magnetic surfaces are formed. This
is a great advantage because a tokamak analysis can be applied to spheromaks
even though the amount of information on spheromaks is small.

3.2 SPHEROMAKS AND FIELD REVERSED MIRRORS

A field reversed mirror is shown in Figure 3-2. Compare this to Figures 1-1
and 2-1 and notice that an azimuthal plasma current usually created by neutral
beams closes the field lines. Next, using Figure 3-1, compare the magnetic
field strengths of the spheromak and field-reversed mirror. Notice that

BTor A 0 for a field reversed mirror. Thus the main diffcrence between

the field reversed mirror and the spheromak is that the spheromak contains a
toroidal magnetic field component and the field-reversed mirror does not. A
more pictorial view of this difference is given by Figure 3-3. Note that if
(A) had a toroidal component such that BTor "\ BPo] we would have a

prolate spheromak. Tables 3.1 and 3.2 sum up the various compact toruses in a
simple way. In Table 3.1 notice that a description of a compact torus relies

on the poloidal Larmor radius (pPol)
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(a) FIELD-REVERSED MIRROR
(b) OBLATE SPHEROMAK

Figure 3-3. Comparison of the Field Reversed Mirror and Spneromak Configura-
tions
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TABLE 3.1

COMPARISON OF COMPACT TORUSES

PpoL < 2pLASMA

PpoL > 3pLASMA

Field-Reversed

BPOL >_> BTOR Mirror or E-Layers
' @-Pinch
P-Layers
Spheromak.or
BPOL \ BTOR "Null-Field "~ REB-Injected
' Z-Pinch" Toruses
(See Reference (9))
3-5 343F /39




relative to the plasma radius (a ) and that Ppoy < @

for

plasma plasma

a field reversed mirror and spheromak.

3.3 REACTOR PARAMETERS

Table 3.2 given on the next few pages gives a rough idea on how a spheromak

(beam driven), field reversed mirror, and compact tokamak compare in various
parameters. A compact tokamak was chosen for this table because thé machine
more c]oéely resembles the other two devices in terms of size. This can be

seen by rgferring to the aspect ratio in Table 3.2.

A word of caution must be made about Table 3.2. Since the information listed

in the table are essentially from “"paper" studies, the data is subject to
large errors and revisions as refinements are made.
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TABLE 3.2

REACTOR PARAMETER COMPARISONS

MAGNETIC

_REACTOR TEMPERATURE DENSITY OPERATION nt
TYPE FIELD (kG) (keV) (cm-3) sec/cm’
SPHEROMAK BTOR = 120 20 2 x 10" Steady A 1014
State '
(Ref. 2) BPOL A 120 - (Beam Dr1v§n)

FIELD B v 41 ~ 200 ~ 1.3 x 1015 Steady |~ 10* - 105
REVERSED (Initial (Injection (Peak) State (Estimated)
MIRROR Vacuum Field) | Temperature) T (Beam Driven) i
(Ref. 10)

COMPACT Brgg ™ 60 20 10t* Pulsed 10t
TOKAMAK BpoL << Bror (Average)
(Ref. 11) :
REACTOR BETA (B)(%) CURRENT (MA) FUSION POWER ASPECT Q VALUE
TYPE © | ouTPUT (M) RATIO
SPHEROMAK 2 6 40 ~ 1 2.5
(Ref. 2) (Engineering (Low) (or Larger)
Beta)
FIELD 2.8 22 x 1078 22 N2 N~ o5
REVERSED (Peak) (Injection
MIRROR Current)

(Ref. 10)

COMPACT 7.5 7.7 1233 3.5 ©
TOKAMAK (Ignited)
(Ref. 11)
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4.0 SPHEROMAK REACTOR MODELING
4,1 BASIC ANALYSIS

A detailed particle and energy balance of a sphefomak plasma is given in
Figures 4-1 and 4-2 respectively. In Figure 4-1, the left side represents
particle source rates .while the right hand side denotes particle loss rates,
thus S implies a source rate while L means a loss rate. A similar logic holds
for Figure 4-2'2, but this time the left hand side denotes input power

(QS) and the right hand side means power loss (QL). Figure 4-2 also

contains the power exchange between species, such as Qfe’ Qfa’ Qae'
Also note that in both figures the neutrons created by deuterium, tritium
fusion are ignored. The reason for this is since the neutrons are neutral and
relatively high in energy (v 14 MeV), they 1éa3e the plasma quickly with

practically no interaction.

To describe mathematically the ba]ancg of energy and particles we must use the
transport equations given below:

PARTICLE BALANCE:

an

- : o L . DS
3tV (_nK !K).- SK (Units of (Volume) (Time) ) (4.1.1)
ENERGY BALANCE:
33 3 - o <
23t (7 MTkd) + Tl s Y + 90 ge= Q. (4.1.2)

73t (KT + 3
(Units of (Enérgy)(Vo]ume)'](Time)'])

Where: r = posilion vector
t = time
K =

Kth species
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nk(r,t) = density of Kth species

nK4 =

Tk = Tg(r,t) = temperature of Kth species

VK = W (r,t) = fluid velocity of Kth species

gk = gk{r,t) = heat conduction vector of Kth species
Sk = Sk(r,t) = particle.source term of Kth species
Qx = (r,t) = power source term to Kth species

and the assumption of pressure isotropy has been made. Here SK, and QK
are the algebraic sums of the terms appearing in Figure 4-1 and 4-2
respectively.

Next consider the beam driven spheromak giveﬁ back in Figure 2-1. Assuming
- that the prolate torus can be modeled by a cylindrical torus, the procedure
given by Borra g!3 (see also Section 3.1 of this report) is applicable.

There Borra B applies the transport equations to a tokamak to obtain a zero
dimensional model.

A zero dimensional, time independent, mathematical analysis was performed for
a beam driven spheromak using equations (4.1.1), (4.1.2) and reference (13) as
a guide. Since the resulting equations are cumbersome the detailed analysis

- i5 left for Appendix A. However, it will he sufficient to say that in the
analysis it was assumed that the plasma contained the following species,
deuterium, tritium, alpha particles, electrons, and an impurity. Also the
following profiles for the density n, and temperature T were assumed for each
specie:

n(r) =n [ - (r/a)2)* (4.1.3)

T(r) = n  [1 - (r/a)?) (4.1.4)

where
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a = mean minor radius of the plasma
X,y are numbers

Such an assumption on profiles is needed since they are unknown, and notice
that the parabolic naturevof the profiles resembles those of tokamaks. The
resulting analysis produced six simultaneous nonlinear algebraic equations:
two particle balance equations, two energy balance equations, and two
conservation equations. These six simultaneous equations must then be solved
numerically.

4.2 INTRODUCTION TO SPHERO

Sphero is a zero-dimensional, time independent transport code that is designed’

to numerically solve the six equations mentioned in Section 4.1. Sphero uses-

the subroutine ZSYSTM from the International Mathematical and Statistical

Library (I.M.S.L.) to do the iterative computations for the set of
simultaneous equations.

Sphero also has particle confinement times and the profile shaping exponents
(see Equations (4.1.3) and (4.1.4)) as inputs. This is an advantage since
these values are unknown experimentally for spheromaks.

The main disadvantage with Sphero is that the code fs very sensitive to the
initial guess values that deal with the temperature and densities of the
species. This wés confirmed by using a set of simultaneous equations whose
solutions were known, and the subroutine Z system. The sensitivity problem is
obviously due to the non-linear nature of the transpdrt equationé.

The output structure of sphero 1ists.information that is relevant to a reactor
study, such as cyclotron, bremsstrahlung power losses and reactor power
output. The code Sphero is compiled in fortran on the Magnetic Fusion .
Enérgy's (M;F.E;) C.D.C. 7600 computer at Lawrence Livermore Laboratory. More
specific information, on input and output formating is left for Appendix B of

this report.
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4.3 TYPICAL PARAMETRIC STUDY

Because of time limitations, a detailed study of a spheromak reactor using
sphero was not performed. However, a representative study of a spheromak is
presented in Table 4.1 from reference (8). Here Miley et al., assume a
geometry similar to that previously shown in Figure 2-7. The most important
thing to notice in this table is that the reactor engineering betas are
extremely high (41%), this is in contrast to tokamaks whose engineering betas
are on the order of a few percent. This is shown more explicitly in Figure
4-3, taken from reference (9), notice that a complete spheromak is shown while
only half of a tokamak is presented. In this figure <B*>coi1 is the
engineering beta mentioned above and is defined as:

1

2.2,p2
* = ’ X
<B*>_ i1 8m <p~> /Bcoil s
where
<p2> = average of the squared plasma kinetic pressure
Brni] = magnetic field at inner edge of external coil.

ihus, as can be seen by the definition, <B*>coi] determines how »
efficiently the magnetic field is utilized in containing the plasma. This
impTies that the spheromak requires less external magnetic energy than a
tokamak for the same plasma kinetic pressure, (because the spheromak produces
its own poloidal and toroidal fields) hence power consumption can be reduced
in a spheromak. - ’
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" SPHEROMAK TOKAMAK

[ BCoi'l Max

BCoil Max
o <ﬁ*> o - 5"100_/0 S .' o <:B*>O = 5-10%
<ﬁ*>Coi'=30f60°/o " - <ﬁ*>00“:,|'5—3%

Figure 4-3. Comparison of Beta Values in Spheromaks and Toxamaks. (PPL 806483)
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TABLE 4.1 .
REPRESENTATIVE PARAMETERS FOR A LINEAR
SPHEROMAK FUSION REACTOR
(The Spheromak Fusion Reactor, Miley, et al.)

REACTOR PARAMETERS - 100 MWe 1000 MWe
Plasma Minor Radis (m) 0.45 | . 0.75
Plasma Major Radius (m) ~0.90 1.5
Engineering Beta (%) , A ' 4
On-Axis Beta (%) 5.8 5.8
On-Axis Tempefature (keV) 15 15
Initial Solenoidal Field (T) 60 | 7.0
Magnetic Field Energy

Investment/Plasmoid (MJ) . 125 980
Energy Storage Time (s) ' 10 _ 10
Plasmoid Burn Time (s) | 25 30
First Wall Radius (m) | 2.5 4.5
Maximum Thermal First Wall

Loading (MW/m?) | 1.5 | 2.6
Fusion Yield/Plasmoid (MJ) 2.7 x 108 2.9 x 10"
QP]asma 21 29

4-8 343F/J9



5.0 CONCLUSION

5.1 REACTOR POTENTIAL

The future reactor potential of the spheromak was presented by looking at the
various aspects of reactor engineering, such as MHD stability and reactor
geometry. It was found that the spheromak being a force-free configuration,A
is a good candidate for further detailed study because the spheromak requires
no toroidal field coils, no ohmic heating coils, has a natural divertor
action, is ideal MHD stable with an oblate shape, and can obtain high
engineering betas if initial studies are correct. In terms of reactor
geometry, the best choice is a “"chimney" type reactor. In this system the
spheromak plasmoid i; formed in one chamber, then fueled and burned while
moving along a linear chamber. Stored internal energy is collected in an
expansion chamber. ’

5.2 TRANSPORT CODE SPHEROQ

The zero-dimensional, time independent transport code Sphero which modeled a
beam driven spheromak reactor was discussed. The main advantage of Sphero is
that confinehent times and profile sﬁaping exponents are used as inpuilsince
they are unknown at the present time. The main disadvantage of Sphero is that
the code is very sensitive to the initial guess used because of the non-linear
nature of the problem. Thus it is planned to include an algorithm that.wi1]
produce desirahle initial conditions.
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APPENDIX A
DERIVATION OF THE TRANSPORT EQUATIONS

In this appendix the zero-dimensional, time independent transport equations
are derived. The proceeding derivation will closely follow that of Borra g8
(Reference 13). Begin with the equations of transport: (equations (4.1.1)
and (4.1.2)) '

an, (r, t)
at +9 e (ng(r,t) Y(r,t)) = S (r,t) (A.1)
B B (rt) T ()] + 7+ B (1) Te(rat) Y (r,t)] (a.2)

+ i (r,t) Te(r,t) Ve Vo(r,t) +7 « g(r,t) = Qr,t)

where the above variables have already beenvdefined-in Section 4.1. Next, if

we assume that the variables depend only on the magnitude of the minor radius, i.e.,
n(rst) = nr,t), T(r,t) = T (rot), Y (r,t) = Vo (r,t), S (r,t) = Se(rst);

gK(ﬁ,t) = gK(r,t), QK([,t) QK(r,t), then diffusion and convection occur only

in the radial direction, i.e., gK(r,t) = qf(r,t), !K = Vt(r,t) where the

subscripts denote the radial component. Thus in cylindrical geometry

equations (A.1) and (A.2) become:

QU

n

K, 139 Ky -
3Tt rar W) = S (A-3)
3,3 19,3 K 19, Ky .13, K _ \
At k) T F ar TVt TE gR(rV) ¢ ap(ran) = Qg (A.4)

Notice we can rewrite equation (A.4) by differentiating as:
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3 3 3 3

3t G%Tk) * 7 ¥ IngTy 3¢l (rif) + "VK a7 (Tg)]
19, K .13 . Ki._

T v artrVe) +paplral) = G

n,T
3 3 5 "K'k 3 Ky . 5 K29
3t %K) Y7 o (V) 3 Ve gE (ngTy)
K 2 13 , Ky _
- Ve aringTd * 7 aelrap) = G

thus (A.4) becomes:

a_

3 K. K 3
at(Z K r) (

19 56 -+ . Ty 413 Ky _ .
TK).+?—8—(? n T‘Y'.V' - VY‘ 3?-"KTK) + r 3r -(Y‘vqr) = QK (A.4')

Next we assume that we have deuterium, trifium, electrons, alpha particles,
and an impurity and that the ions (deuterium, tritium,’a]pha particles,
impurity) have the same temperature. Thus adding the transport equations
together produces (using A.3 and A.4'):

PARTICLE BALANCE:

Fuel Ions (D +T):

an

f,ol13 vy =
st Trar (M) = 5 (A.5)
ne =n, * ht = density deuterium + density tritium.

fuel density

Alpha Particles:

My 13 a
T v (Malr) =% (A.6)
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where
a denotes alpha particle.

Impurity Ion:

(rn V%) =S , ‘ | | (A.7)

‘g denotes the impurity. It will be assumed that the impurity has a charge
7 . A . :
o]

E]ectrons:'

(A.8)

e g

Ne = Ne +2n +17n
S a (o]
subscript e denotes electrons. Notice that a neutrality condition is assumed.

It is also found that the total ion density must be conserved hence:
Ions:

where the subscript i denotes total jons (D + T + a + a)

ENERGY BALANCE:

Ions:
3 ,3 13 5 f : o
FTGN T *yar (003 TingVy + n Wi+ n W)
f o6 . O f 9 3 : |
g g+ D) - Vo g(ngTy) -V gR(ngTy) - (A.10)
- Vc-a—(n T.) = Q n, =ng +n_+n
ror' o i i? i f o o
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Electrons:

3 3 13 (5104 s
3¥(2 neTe) * r ar(r[2 Te"evr' * qr]) . (A.11)

Now defihing the particle flux as nxvi = Px, where x is a given species and
assuming ambipolar diffusion, i.e., Ff + Pd + Pof» Pe we rewrite our
balance equations as: ‘ ’

PARTICLE BALANCE:

fuel:

an 4
f 123 _ '
3t *yoar (Te (A.51)

[
w
—h

Alpha Particles:

(]
[L2]

My 13
3Tt rar (Te) = S ‘ (A.6")
Impurity Ion:

an
g
E]

|

-+

13 _ - » | y
*rar(Ty) = S, o . (A7)

E]ectrdns:

n =n.+2n +27n
e f o oa
Ions:
n. =n.+n +n
i f a o
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ENERGY BALANCE:

Ions:

2 (B

33 1y 12 5 . (s, O
at(anTi) * r ar (r[2 Tire * (qr * 9 * qr)J)

2 31,13 e
at(ZneTe) * r or (r[2 Tere * qr])
T
e d _
- EZ”EF ("eTe) Qe

Next we define our volume average as:

?

F(r,t) = \‘7 Jf(r‘,t)’dv

(A1 )

. 2.2 .
since V = 2n a R where a = plasma minor radius, R = plama major radius we

find:

a

3%? 4!.f(r,t)rdr
a .

—h|
"o

Using the definition of volume average and assuming the following profiles:

X
nee(t) (1= (5T

]
]
=
—
-+
~—
—
—
L]
—
-
g
~N
~—
4]
n

fuel density profile

electron density profile

A-5
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and

=]
"
=

3

[}

3
—
(ad
~—
—

3
]

(0]

2X.
j=n (1) (-

jon density profile

ri2,%i
Ty =T, (0) (0 - (3) ) * = ion temperature profile
. O .
S ry2yYe .
Te =T (t) (1 - (3)7) © = electron temperature profile
0

using these relationships:

a
%%{Hrt -%.gég;ﬁuxnnw
- 2_2 [f(r t)],., for f(0,t) = 0
n (t)
e (00 - QT =
B T (t)
T - @7 = iy
AT = (1) T (t) [ - (D)A* [0 - (3.)2]3'
(o] 0. a " a
ny(t) Ty(t)
NCEXER
e AR A i o 2 a
) T2
nar (nT) = *-a'z ! 'dr Y‘[‘ﬁ'W (nT)]
A-6
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assuming rT' v constant

| a
oL S, j dr
0

'w

Q

ola

S
+

S|+

|

s|s
S

a

then using the following facts:

-2T (t)y .

% = —————ag r(a - (_ra;)z)(.y-])
-2n (t)x

S r0 -

thus we find:

!QJ

L 3(nT) v S5 [, To(0) 11+ 2

- T
a r=a o

Q

r

we finé]]y.obtain the volume averaged equations of (A.5')-(A.7'), (A.8), (A.9),

(A.10'), (A.11%):

PARTICLE BALANCE:

fuel:

Qo
|
w

o .
f 2
3t + a2 [rrf]r=a -

alpha particle:

I
wn|

2
at "2 Malra s

"(A.12)

(A.13)
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Impurity ion:

an

g, 2 T : .
E +';7 [Tolp=a =S¢ (R.14)
Electrons:
n, = ne + 2nOl + zgn0 , (A.15)
Ions:
Ny =ne 4N+ o (A.16)

ENERGY BALANCE:

Ions:

(x, + 1)(y. + 1)
i i 3 (3 - 2 5
CAENTER) 3t G 0T+ 2 [r(3 Tl + (a

f
r

v+ a))]., (A7)

+ T, (1 + X 2 '
P05 G Dred,y)
i a
- xa 2
+T, 00+ y)000 + y?] C;Z [fF“]r=a)

) =1,

+T.(1+ 1+ "o g—-[ T
i( y; )L }:] (aE L NS

A-8 : 343F/J9



electron:

(X' + 1)(y. + 1) . .
e e 9 (3 - 2 5 e .
(Re Vg + 17 3t (2 Tele) * 7 rz Tele * 9)lre S (haey

X
+T, (1 ye)E1‘+y§](§§{rPe]r=a) - T,

We will next assume that Fx and qi of a species x follows the laws:

: anx X aTX

where Dx’ X, are the particle diffusion and heat conduction coefficients
respectively. Also because of the way our profiles have been chosen they are
zero at the boundary, r = a. Hence we will chose our variables to be
evaluated at r = Aa to eliminate any mathematical difficulty. Note that A

is a constant, usua11y chosen to be around 0.70. After much algebra and
setting a + Aa produces‘the fo]]owing equafioné:

PARTICLE BALANCE:

Fuel:
an 2 (x .- 1)§
f = 14 2\ '\ f = ,
Alpha Pértic]e:
an 2 - (x - 1) |
o, = V4 2\ o _ T
= n“?? xa(x + ])Da()\a_)(l - 29 % = Sd_ - (A.20)
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Impurity

Electron:

n
e

Ions:

3|
]

n,+2n +2zn
f a cho

Ng

2

+n +n
. o g

ENERGY BALANCE:

Ions:

(x.

1

+ )y *1) 40

(xj +y; +1)

where:

4).
o ;E— xo(xo + 1)Do(xa)(1 -

2)

niTi) +‘niTi F+6

A-10

(x - 1)

(o]

(A.21)

(A.22) -

(A.23)

- (A.24)

_

343F/J9



_nf | " ) )
[(%?fo(xf + 1)D(xa)(1 - 2%) 10 + yi
. 2 . ﬁ ) (x ) ]) x
4 N ) (% )
] =X 1+ L
G -;??;;-:—T; | + [(%:)xa(xa +1)0 (2a)(1 -x%) I + yi]

(x -1)

2,0 Xg
) ]'[1_+ ;;]"

n o
+ [(:_g)xo(xo + 1)Do(xa)(] -2
n.
;

Electrons:

(x, + 1y, *+ 1),

B ERT)4RT(H)x + Dy +1) =0 ~ (A.25)
(xé * Yo +1) 9t 2 ee ee e e e: e
where:

(x +y +1) -
, 4)2 (1 - Az) € € Eg De(xa)xe,f yexegxa)]
H =24 : _
e 2 S

-1
N p0a0 - 2% TV 2y

Now the source terms represented by 3%, §a, 35,'51, ﬁé will be discussed.

Since the derivations are rather involved the results will be presented on1y.
Here most of the results will rely on reference (13), otherwise a new
reference will be cited.

AVERAGE FUEL PARTICLE SOURCE RATE:

e =3 -1 <l B, <F | | y
Sf(cm sec ) = Sf + Sf + Sf (A.26)
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1 Average 20 P

Ping - . (Deuterons
S¢ = Beam = 3.16 x 10 — e(tH - t) make up
Injection E aR Beam)
of Fuel °
. Average
_g Burn up of 13 ﬁi (xf + 1)2 _
Sf = Fuel Due to = -2.45 x 10 H(1 - H) = 73 3/3 )
Fusion ~ ; (ye )

F Average _
Sf Refueling = Nf
Rate

where
P. . = Total Beam Power‘In MW
inj A A
E0 = Injection Energy in KeV
a = Minor Radius in cm
R = Major Radius in c¢cm
H =_ﬂg _ deuterium density

ne " fuel density

H is assumed to be approximately constant.

NF = refueling rate assumed to be uniform and constant

| step ;] t< tH e .
e(t'-t) = function S10 t > t” » Ly = Healing Time
o -19.94 -19.94
4 . 2n + 1 Y 4 (D Yo -19.94
- P( P (3) N
S(T) =4y (& : 22 +e
n=0 n= '
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where:

S (cm 3sec ]) =S, * Sy | - (A.27)

Average Alpha
§B _ Production -
a From Thermalized
" Fuel Ions '

- 5¢/2

<ZH _ Average Alpha Production from Beam Deuterons
o  Slowing Down on thermal Fuel Ions '

<IH _ 6.8 x 107 neTe (xet Dy + 1) 2y

o "~ pa2e 573 Ping(l - M = I CE I
0 e .
-19.94
. 173,173
1 1 o X
[ZH (x¢ + v # %) (e oty - t) |
. 0 L u 0 x (M6 372, 4.64(H + 2)  , )3/2 T3/2u3/2ye)
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AVERAGE IMPURITY PARTICLE SOURCE RATE:

So(

cm-3sec-]) = assumed constant referring to equation (A.21), S, 2 (A.28)

constant implies that 36 is constant when 3ﬁc/at = 0.

AVERAGE ION POWER SOURCE:

3

ﬁi(KeV cm” sec_]) = 5?‘+'5? +'62H0 + Q%HF (A.29)

QA i} Average Power Exchanged Between Ions and
i Electrons in Thermal Background

6N Average Heating of Ions from Alphas Produced =
i By Thermal Background Fusions '

52H0 _ Avefage Heating of Ions by Deuteron-
i Beam Slowing Down on Background

EZHF _ Average Heating of Ions From Alphas Produced by
i~ Deuteron Beam Slowing Down on Background

2 +H Tenenf nenf
5 | Z 3 By - 1/ B,
T T
= -12 < Téﬁéﬁ§ : nena ]
@ = 3.01 x 10 + =28, - =28, :
1 + 3/2 = 1/2 '
. T.
1 "‘I L
2 [TAA,  nng ]
TS ST
k T.‘ T.‘ J )
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where:

B - e e
1 3/2 3
(‘y'i+]) (ye+xe+xf'7.y_1'4+])
(xe + ])(xf +1)
%2 * 1/2 Y
(.Yi*']) (Xe+xf"2—+])

’ (y; + 1)3/2(ye * X t X, - %y1 +1)
AR R
* + 1 1/2 + Y
(yj + 1) " Hxg +x, -5+ 1)
5 =(ye+1)(xe+1)(x +1)
Syt Dy et xg -yt )
- (xg + Dx, + 1)
6 y
(y; + Do (x, 4%, -5+ 1)
R (ke + Ay, + 1) |
7 (0.000457(H + 2)2/3) e 7f y§/3 3y )
o r23 Ly 0
o = 1,29 x 107001 - W)
o |
ﬁ?fg/z (x¢ + 1)2(ye + 1)3/2

- (0.0000283(H + 2))

K\“ T}2/3 (yi + 1
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where:

= : 2n + 1,a P
#T) =4 (A
n=0
4
b P (
o(Ty) = 4y (Bt
n=0

)
]
——
—
+
‘<
S
\
w

1

P Pinj Yq
+3.66 x 107 —= | du (KT u ) )arctan .

Ra 0

v

) P1nJKTe

+1.92 x 1020

(y, + DRa% Oty

n)Y -19.94

4 nY  -19.94
g)

Ny n
1 - (KT, e)”2+ (KTqu ©)

T+ 2(KT Jeve ., (KTu €)

vy
2 - (KT u e)

A
Y3 (KTeu )

o(t, - t)

H
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where: .

N 2/3
_10(H + 2)
K = E (.ye + ])
0
p 273 me (v + 1)k, + 1)
P 2 913 4 102! ind (1 - H)(H + 2)¢/° = 572 "¢ Ve Xg
j o =913 2 5/3 Te = o+ 7)
Ra E n e
0 A e
] .
(5/2ye toxe ¥ Xe)
j duu (*) « (**)o(ty - t)
0
vy Ny
(ST )2 (5T ®
(*) =4{1In o <
= Ye,1/2 = Ye
1+ 2(ST U €+ (ST ®)
N~y
2 - (STu ©)
+ 2 /3 arctanf ( - < 7 + 713
/3 (sTu ®)l/2
-19.94
: Eo1/3X1/3
(**) = dx e :
0 _1/6, 372, JO(H* 2) %y, + ])TEUMe 3/2
x 77 (x + E )77%)
. .
$ = 5.65x 107(H +2)3(y,_ + 1)

' AVERAGE ELECTRON POWER SOURCE

T (Kev em3sec™!) - ¢ QY+ @ ) + T+ ﬁiHo +ET (a30)
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= Average Ohmic Heating Power to Electrons

QN _ Average Heating of Electrons From Alphas
e Produced by Thermal Background Fusions

e - Average Bremstramlung Power From Electrons

+ =

(5Li 6Re)-_ Average Line and Recombination Power
e e From Electrons on Impurities

'ﬁiv = Average Cyclotron Radiation Power From Electrons

~GZH0 _ Average Heating of Electrons From Deuteron

e  Beam Slowing Down on Background
—ZHF _ Average Heating of Electrons From Alphas Produced
Qe " By Deuteron Beam Slowing Down on Background

: -2 . 2

n (xg + 1) 5
=431 x 107 %0 - opf— F w75 S(T}) - T
® w2/3 (y; + 1)
i i
Br _ 15 <1/2— 172, - - -
Qe -3.95 x 10 Te ne(ye + 1) (xe + 1)[an] + naK2 + n0K3]
where:

o (xg+ 1) 4(x_+1)
Ky - f o K. ® - =
T Y T A PO

(?s+xe+xf+l) (—-2—+'x +x_ +1)

(x + l)Z2
Ky = —2
3 Yo

(= + xg *+ X +1)
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e
4 ———-1/2
O T (xg + Dxg + N nn.T,
| S (x_+x -ZQ«*]) (ye+])]72.
X e 2
6 ——=-3/2
-258x10']8 (x0+1)(xe+1)20 ncJ"eTe .
' : 3 /2
(Xo+xe’_2'ye+]) (yetl)
P. .
MO = 397 x 1020 Mgty - t) - TP
aR
= =3/2 | 3/2
B a.ga x 1024 Pingll = W) MeTe  xp ? Dle * D77 awr 4
e UV 2. 5/3 — (x. +1) e i
Ra't n . e
0 e
-19.94

: 1/3.1/3
- . (Xf +%ye _ xe) 1 . ’eEo X G)(tH -t)
-J’ du u dx

e J’ - - | - 3/2y
1/6,.,3/2 , 4.64(H + 2 3/2 =3/2 e
' 0 v ‘ 0 X (X -+ ———é-37-2—L (ye + ]) T u : )

0

X

(equation (2.20) from reference (12))

e
| 2 2
=03k 10716 e T D e ! Dowre
e ° [2(x, +yo) +1]
'ﬁg = (equation (63) from reference (14))
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21.2 A
1.42 x 10 IT 1

) = 3/2
Te

= ;
(1 - 3y )My, + N2

'IT = Toroidal Current in MA

Finally, combine equations (A.19) to (A.30) together. Now assume that the
variables are time indepehdent, this means time derivatives are set to zero.
Then from reference (13) and (16) we find:

Xg v 0y

Particle 'Ta
T, = Confinement = 3N
P Time -ZDI ar

here D = Di or De

1

51X
: = _ (L
notice for n = n, [1 (a) ]

' 1
D =
2 -1
%’ 3%— x (x +1) (1 - AZ)(X )Tp

Using this information plus the equations (A.19) to (A.30) provide the time
independent equations shown on the last few pages. Note here that these
equations are used in the computer code sphero. ‘
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TIME INDEPENDENT TRANSPORT EQUATIONS

1. FUEL PARTICLE BALANCE:

3-2

.n p
f o f = 20D = _
pf T). ) o
2. ALPHA PARTICLE BALANCE:
n ne” - F% Te 1) = o
— - & = S(T:) - — a e/ =
Toa i ;1__2’/3 i’ m

3. ELECTRON PARTICLE BALANCE:

5. ION POWER BALANCE:

== . Fo T HC= = HC= = | HC- =
n, T {cch+ cin T, + Ci]nfTi + 0 T+ G T,

n
- ee f= A, = A, = e - - -
" T3 2{"fc1 * Nty "ocg}‘“;fl/z{"fcé * TyCh * "oC%}

343F /39



6.

TIME INDEPENDENT TRANSPORT EQUATIONS (Continued)

—2 Zr 3/2
e (T, + o (Ty) - 180 (7 ) - (20 (7
273 ‘2 | 'rim T T et Taperan @
' .
N A L N S
1 e n 1 e
e
ELECTRON POWER BALANCE :
- - —F CA - A
neTe[ ](x F (Y + 1)+ 3/2{ <) 3+ T3
'I
— -2 2=
n n n_T
e A A ed ] Nf fe
- 1260 * el 006 ) < Gz - G mys STy + o} o8y 2 (M)
‘I’1 Te 'I'1 1T,
m 2-.-!? 3/2 .
N f e = Br——= . —-= re Br— Br-- ;
- Ciz W‘P (Ti) + (’e1nfneTe * nele (CE:] £t Cezn * Ce3no)
1
IY =2 =2 |, — — Li + Re | Li + Re 1
+Cy ng Tg *+ ngn (Cy =172 * Ce = )-317x10 P
1 T 2 T3
e e
= =3/2 S0
_ , n.T LHF
. I?m T) + (ZHO () + C%HO Tl fe T (T)
In VARCTAN n
"t _5/2 IHF =
+ L7 IS0 (T) = 0
F e 1 e
e
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DEFINITIONS:

12
p. . (x. + 1) £E.
inj -13 f i
P = , & =2.45x 107 T H(1 - H) . =
P S | g+ F
X 4 X ‘
(1 +-1) (1 +2) (1 +39)
cC = Yi 1 Y Y3

. ' N
pf (x + 1) Tpa (xi +1) Tpo (x1 +1)

= FUEL PARTICLE CONFINEMENT TIME

Tof
Toa - ALPHA PARTICLES CONFINEMENT TIME
Thg = IMPURITY PARTICLE CONFINEMENT TIME

Tpe = ELECTRON PARTICLE CONFINEMENT TIME

/

! | X
He = Txg * 1T 10 (01 - 32 e *2) (2543 (;E)) + (1 *'yf)

10-12 (2 + H) (y + ])(X + ])(X -+ 1)

A

C;y = 3.01 x
' 3 2

w1+n’

. 3
(ye + Xe ¥ Xg -3y ¢ 1)

2 (2 +H) et ) (xp n

A
A - 3.01 x 10 -
2 5 1/2 . 3
(v * D2 (yg * % *+ % -3 y; + 1)

(y + 1)(x_+ 1) (x_ +1)

cé = 3.01 x 10712 3/3 .
(g + D7yt xg v x, -3y + 1)
(x +1)(x + 1)

A = 3.01x 10712 @

4 172 i
(y, +1) (x  +x -5+1)
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DEFINITIONS (Continued):

(y, + Dix, - 1) (x, + 1)

A 12 Zo e
2 = 3.01x10'¢ (<9 —
> oy ey xg g m gyt )
Z (x +1(x +1)

A = 3.01x 1072 (%) & 2

( +])]/2 (x_ + x _'Zl+])

_yi e "o~ 72

2
_ » by (Kp* 1) (y. +1)

N - 1,20 x 10°8 W (1 - H)(0.000457 (H + 2)2/3) Zf IR
1.] (y.i +]) /

(x + 1?2 (g + Y2

)2/3

c’;‘ = 1.29 x 1078 H (1 - H)(0.0000283 (H + 2))

2 (‘y._i + ]

. N y
! e
A A Y. 1= (KT u ™)
IHO = | _ 20 = e e

n ' 2/3
_ 10 (H+2)"
K= Eo (ye +1)

! 2 (; T e

0 = .. 2n = Yo TR v
I%HARCTAN (Te) = 3.66 x 10 PD fdu (K T.u 7)) arctan = Ey

0 V3 (KT u €)
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DEFINITIONS (Continued):

v
P K
ZHO _ 20 D
,C‘i = ]f92X 10 m
ik R 16 (g + ixg + 1) 70
c-! T Re 1.14 x 10” g - £ 9
e (x +x_ - Je, Ny +.1) 1/2
o e 2 Yo 71
Li + Re (x +1)(x_+1) 2%
C- _ -18 ‘"o e o]
e2 = 2.58 x 1Q . 372
(gt %xg =5 Y + Dy, + 1)
: -15 1/2
B 395 X107 (g 4 N2 (xg + Dixe + 1)
e y s
1 (?g + Xq + Xe + 1) _
_ - -14 1/2
Br . 1.58 x 10 (ye + 1) ,(xe + 1)(xa +1)
e2 ye ' ’
(Z %t %+ 1)
’ 215 .2 1/2
Br . 3.95 x 10 (Zo)(ye + 1) (xe + 1)_(xo +1)
e y
3 (_§+xe+xo+1)
. 2 2
N 210 (xg + 1) Zy 16 (et 1) (ye + 1
- C.=4.31x10 H(1 - H) —————,, , C77 =3.13 x 10
€ . (y; + 12/3° e [2(x, *+y,) + 1]
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DEFINITIONS (Continued):

; 142« 102! 1% e 2.5 (1 - Ay
C = C. = -
e 3 3/2 4] . i (x; + 1) 1

(1 *Z'.Ye)(ye + 1) a 1 pe

2,4 2,Yi
CHC=,(]_.>\) Y3 , CHC=(]->‘) Y3
iy (x5 *+ 1) T xg i I+
_ a a
(1=
cHe . Yi
i, ‘Tki + 17’Tpo Xy
' 5/2
P . (yo + 1777 (xg + 1)
ZHF _ . 21 D ) 2/3 Ye f .
I (T,) = 9.13 x 10 —573 (1 - H)(H + 2)</" )
0 . e
1 (-rzi‘y +xf+xe)_ _ _
S du u f(T,) £ (T,)
0
" Ye Ve Yo. . vy
_ 1-(ST,u®)  +(sT, uf 2- (ST u®) .
f(Tg) = {1n N ; T a— )+ 2 /3 arctan — 172 + o
142 (ST u®) (ST u®) VI(ST,u®)

s = 5.65x 1073 (H + 2)%/3 (yg + 1)

A-26 343F/J9



DEFINITIONS (Continued):

1 -19.94
E0|;3 leE
F(T) = Yox € 7
2/3 - = e
1/6 3/2 10 (H + 2) (ye +1) Te u
o X 7ot E
2 | !
' 6.84 x 10°°P (xg + 1)(y. +1)
ZH _ D _ f e (xg vy +x)
o M) ===z (0 - W ——= quu t e e
. 0
0
1 219,94
Eo1/3 x1/3
* dx e ,
1/6 (.3/2 , 4.64 (H + 2) 3/2 =3/2 3/2 y
g X (x + - 377 (ye + 1) Te u e
0
24 ‘ 32 | 3
4.84 x 107" P (e + )(y. + 1) (g + 5y, - X
IZHF (T)= - D(-] _H) f e du u f 2 Je
e e E 5/3 (xe +1)
. 0 .
: 0
1 -19.94
1/3 _1/3
. . E0 x

e
- §dx
1767 377 468 (R 7]
0 X (x v et )
0

3/2 Tg/? u3/2 y%)

Definitions of other variables can be found elsewhere in this appendix. Note:
Te in keV, En in keV? Pin' in MW

J

A-27 ' 343F/J9



APPENDIX B
SPHERO DOCUMENTATION

The flow diagram for Sphero is shown in Figure B.1. Notice that all of the
computations done on the six transport equatiohs given in Appendix A are done
by subroutine trans, and as mentioned previously in the text the I.M.S.L.
subroutine ZSYSTM is used. '

The input to Sphero is in a namelist format. A list of the input variables,
their definitions and the initial values are listed in Table B.1. Notice that
the letters and numbers in parentheses after the variable names in Table B.1
denote which namelist block the variable belongs to. '

Sphero can be run on the CDC-7600-computer at Lawrence Livermore Laboratory,
using the CHATR compiler. Speéific questions on syntax should be refered to
the M.F.C.C. (Magnetic Fusion Computer Center) reference manuals.

The output of Sphero consists of the inputted data as well as calculated
values. So far the output consists of the calculated values:

AVERAGE FUEL DENSITY IN CM-3
AVERAGE ALPHA DENSITY IN CM-3
AVERAGE TOTAL ION DENSITY IN CM-3
AVERAGE ELECTRON DENSITY IN CM-3
AVERAGE ION TEMPERATURE IN keV
AVERAGE ELECTRON TEMPERATURE IN keV

. AVERAGE BREMSTRAHLUNG POWER LOSS IN keV CM-3 SEC-1
AVERAGE CYCLOTRON POWER LOSS IN CM-3 SEC-1
AVERAGE LINE, RECOMBINATION POWER LOSS IN keV CM-3 SEC-1

AVERAGE FUSION POWER OUTPUT IN keV CM-3 SEC-1

~
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AVERAGE TOTAL FUSION POWER OUTPUT IN keV/SEC
AVERAGE nt OF FUEL IN CM-3 SEC.

Of course more data can be extracted from Sphero but these seem 1iké.important

variables to consider.

Finally the source program of Sphero is given on the last few pages of this
Appendix- for further reference.
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READ IN INPUT
DATA, PRINT
OUT INPUT

CALL SUBROUTINE TRANS
CONTAINS Z SYSTEM AND
TRANSPORT EQUATIONS

OE.

THE -
. SOLUTION YES STOP, INPUT
VECTOR X CONTAIN NEW INITIAL
NEGATIVE OR / . ' - GUESS
ZERO .
LEMENTS?

CALL SUBROUTINE WOD
PRINT-OUT DATA

“|sTop

Figure B-1. Flow Diagram of Sphero
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 VARIABLE
NAME

n (IN1)

EPS (IN1)

NSIG (IN1) -

ITMAX (INT)

XE (IN3)
XE (IN3)
“XA (IN3) -
Xs (IN3)
XI (IN3)
YE (IN3)
YI (IN3)
PINJ (IN4)
EO (IN4)
CT (ING)
HR (IN4)

R (INS)
A (INS)

LAMDA (IN1)

ZS (INS)
XNF (IN5)
XNS (INS5)

~ TABLE B.1
INPUT VARIABLES

VARIABLE
DESCRIPTION

INTERVAL MESH NUMBER FOR SOME OF THE
FUNCTIONS CALLED IN- SPHERO

FIRST STOPPING CRITERION FOR ZSYSTEM
(CONVERGENCE INTERVAL)

SECOND STOPPING CRITERION FOR ZSYSTEM
(SIGNIFICANT DIGITS)

MAXIMUM NUMBER OF ITERATIONS ALLOWED
TO ZSYSTM

ELECTRON DENSITY PROFILE EXPONENT
FUEL .DENSITY PROFILE EXPONENT

ALPHA DENSITY PROFILE EXPONENT
IMPURITY DENSITY PROFILE EXPONENT

ION DENSITY PROFILE EXPONENT
ELECTRON TEMPERATURE PROFILE EXPONENT
ION TEMPERATURE PROFILE EXPONENT
TOTAL INJECTED BEAM POWER IN MW

DEUTERIUM BEAM INJECTION ENERGY IN keV

TOROIDAL CURRENT IN MA

RATIO OF DEUTERIUM TO FUEL (D + T)
PLASMA MAJOR RADIUS IN CM
PLASMA MINOR RADIUS IN (M

BOUNDARY SIZING CONDITION USUALLY SET
TO 0.70

EFFECTIVE CHARGE OF IMPURITY
AVERAGE REFUELING RATE IN CM-3 SEC-!
AVERAGE IMPURITY DENSITY IN CM-3

B-4

DEFAULT
_VALUE_
1

1.0 x 10-6

100

—
O O O o o o

0.0
120.0
1.0
0.5
12;0
6.0
0.70

8.0

1.0 x 1014
1.0 x 1010
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VARTABLE
NAME

TAUPF (IN6)
TAUPA (ING)
TAUPE (IN6)
TAUPS (IN6)
X1 (IN2)

X2 (IN2)

X3 (IN2)

X4 (IN2)
X5 (IN2)

X6 (IN2)

TABLE B.1 (Continued)
INPUT VARIABLES

VARIABLE DEFAULT

DESCRIPTION ' VALUE
FUEL PARTICLE CONFINEMENT TIME IN SEC 1.0
ALPHA PARTICLE CONFINEMENT TIME IN SEC 1.5

ELECTRON PARTICLE CONFINEMENT TIME IN SEC - 0.10

IMPURITY PARTICLE CONFINEMENT TIME IN SEC 2.0
INITIAL AVERAGE FUEL DENSITY GUESS IN 1.0 x 1014
CM~ : !
INIEIAL AVERAGE ALPHA DENSITY GUESS IN 4 x ]0]2
ctm-

INITIAL AVERAGE ION DENSITY GUESS IN CM-3 1.0 x 1014

INITIAL AVERAGE ELECTRON DENSITY GUESS 2 x1014
IN CM~-
INITIAL AVERAGE ION TEMPERATURE GUESS 15.0
IN keV

INITIAL AVERAGE ELECTRON TEMPERATURE GUESS 15.0
IN keV ‘
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03 N O N BN —

c*

‘c#+ progran sphero is a very simple steady state , zero dimensional

c** nodel of a spheromak reactor in beam driven mode

c*

¢* units are in cgs when possible'*

c#

ct+ yritten by john m. les 3%

ce

c¥t ipput variables ave: #¥

4
C T
d a
c pinj
c hr
(4 xe
4 xf
C Xa
4 XS
c xi
c ye
c yi
c taupf
¢ taupe
¢ taupa
¢ taups
¢ landa
4 zs
¢ xnf
(4 xns
¢ el

major radius in cm

ninor radius in cm

total injected beam power in nw

ratio of dueterium to total fuel (d+3) -
electron dengity profile exponent

fuel density profile exponent

alpha density profile exponent

inpurity dansity profile exponent

total ion density profile exponent
electron t2nperature profile exponent
total ion Lemperature profile exponent
fuel particle confinenment time (sec)
electron particle confinement tine (sec)
alpha particle confinenent time (sec)
impurity particle confinement time (sec)
boundary sizing condition (usually set to 0.70)
effective charge of irpurity

average refueling rate (cm-3 sec-1)
average impurity densizy (cm-3)

bean energy in kev (dueterium beam only)

£ 3
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M

32
33
34
35
36
37
38

AN OO PN AN

ct = torodial current in ma -
eps = first stopping criterion for zsysta
nsig = second stopping criterion for zsysta
x(6) = solution vector which contains average densities and
tenperatures {(initial quess at begining of program)
itmax = maximum number of iterations allowed to zsystm
n = interval mesh nunber needed for some functxons called in

this progranm

39 cEsexbek

0 c
41
42
43
44
45
44
47
48 ¢
49
0
i
32
33
94
59

real landa

common x{6)

common/cp/ n,eps,nsig,itmax
connon/exc/ xe,xf,xa,xs,xi,ye,yi
connon/pow/ pinj,e0,ct,pd,hr
comnon/din/ r,a,lamda,zs,xnf,xns
connon/conft/ taupf,taupa,taupe,taups

call link("unitS=(input, opeﬁ),unit6=(output créate,hc)//")

. data n/1/,itnax/100/,nsi9/5/,eps/1.0e-6/, landa/o 70/
data x1/1.0e14/,x2/4.0e12/,x3/1.0e14/, x4/2.0e14/ #9/15.0/,x46/15. 0/
data xe/1.0/, xf/l 0/,xa/l. 0/ xs/1.0/, x1/l 0/,ye/1 0/,yi/1.0/
"data pinj/0. 0/ e0/120.0/, ct/l 0/, hr/0 S/
data r/12.0/,2/6.0/,25/8.0/, xnf/l Oel4/,uns/1. 0e10/
data taupf/1.0/ taupa/l 3 taupe/O 10/ taups/2 0/
nanelist/inl/ n,itmax,nsig,eps,landa.
nanelist/in2/ x1,x2,x3,x4,%%,%é
nanelist/ind/ xe xf,xa xs,y1,ye,y1
nanelist/in4/ pinj,eld,ct,hr
nanelist/ind/ r,a,zs,xnf,xns
nawelist/iné/ taupf,taupa,taupe,taups

read(5,inl)
read(5,in2)
read(9,in3)
read(d,ind)
read(3,ind)
read(5,iné)
write(6,10) n,itmax n519,eps landa
10 fornat("n-",14/“1tnax-",x4/'n519-",14/"ep5‘",e13 5/“1anda-",e13 5
write(8,11) x1,x2,x3,x4,x5,x6 ' )
11 fornat("xl-“,el3 5/“x2-",e13 5/"x3=",e13.5/"x4=" ,e13. 3/"%5=",e13.5
1/"%6=",e13.5)
write(6,12) xe,xf,xa,xs,xi, ;e,yx .
12 fornat("xe-“,flo 5/"xf-" f19. 5/"xa-",f10.4/"xs=“,flo.5/"xi=“,f10.5
1/"ye=",£10.5/"yi=",£10. 5) '
write(4,13) pinj,ed,ct,hr )
13 fornat("pinj=",e13.u/“e0-" e13.5/"ct=",e13.5/"hr=",e13.5)
write(6,14) r,a,2s,xnf,xns
14 fornat("r-",e13 5/"a-",e13 5/"z5=",e13.3/"xnf=",e13, Sl“xns-",eIB .9



82
83
84
85
86
87

89

90 -

N

92

93

94

93

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
m
112
113
114
115
116
17
118
119
120
12
122
123
124
125
126
127
128
129
130
13
132

1
write(4,15) taupf,taupa,taupe,taups
15 format("taup®=",e13.5/"tzupa=",e13.5/"taure=",e13.5/"taups=",e13,5

17/) .
c
%x(1)=x1
x(2)=x2
x(3)=43
x14)=x4
X19)=u3
xi8)=xé
c
c
c#s
€ note that :
c
3 %C1) = average fuel densiiy in cm-3
4 x(2) = average alpha density in cn-3
c " x(3) = average total ion dewnsity in cm-3
c %x(4) = average electron density in ca-3
c x(3) = average total ion lemperature in kev
c x(4) = average e_ectren temperature in kev
¢
€ .
c¢ call subroutine trawvs which will try and salva the simultaneous
¢ transport equations for the given input #**
c

call trans(nn?

s+ next if nn=1 then this means that the solution vector x has a
% zero or negative element. since each elenents of x represents a
#* real positive quantity we aust guess another init:zal vector.

(o B T o I o T o ¥

ifinn .eq. 0) 30 to 509
write(4,3500) . .
3500 format("*% warning *+ the solution vector » has &t least one zero"
1/5%,"0or negative 2lement, the solution is given ky:"//)
300 format("x(",i2,")=",e13.5)
do 50 i=1,6
write(6,300) i,x(1)
50 continue :
30 to 400
c
¢k if trans solves the transpori equations so that = contains no zero
c* or negative elemants, then czll subreutine wod which will write out
c* the output. '
c
3500 call wod
400 call exit
end
4



taa ¢

134 function zhoiln(te,n)
135 * conmon/pow/ pinj,ed,ct,pd,hr
136 conmon/exc/ xe,xf,xa,xs,Ni,ye,yi
137 if(pinj .eq. 0.) zhoiln=0.
~18 if(pinj .eq. 0.) write(s,23) ‘h011n
139 if{pinj .eq. 0.) return
140 h=1./n/2.
141 xk=10.#{ (hr+2, ) ¢40.8667) k(ye+t. )/eO
142 suno=0.
143 sune=0.
144 sumel=0,
.14 do 10 i=1,n
146 uosh+({i-1)%2.%h) _
147 ue=(2.%h)+((i-1)+%2,%h)
s argo=(1.-(sgrt((xketex(uoksye))))+{xkkter(uorsye))) /(1,42 x(sqrt ((
149 Ixk*tes(uotrye))))+(xk+te* (uortye)))
150 arges (I.-(sqrt((xk*te#(ue**ye))))+(Mk*tef(ue**ye)))/(1 +2 .k (sqrt((
151 1xk*tex(uessye))) ) +(xkste*(uetrsye)))
132 suno=xkktex(uo**ye)*alog(argo)+sumo
153 if(i .1t. n) sumezxk#tex(uettye)salog(zrge)+sume
154 if(i .eq. n) sumel=xk*tes(ue*tye)*alog(arge)
133 10 continue
136 zhoiln=(h/3.)*((4,.%5ump)+(2, *sune)+sunel)*l, ObeZO*pd
157 write(6,25) zhoiln
18 2% fornat("zhoxln'",e13.5)'
159 return »
180 end
181 ¢
S 182 ¢ - .
-143 function zhoiat(te,n)
164 connon/pow/ pinj,e0,ct,pd,hr
163 - conmon/exc/ xe,xf,xa,xs,xi,ve,yi
146 if(pinj .eq. 0.) zhoiat=0. :
147 if(pinj .eq. 0.) write(é,15+ zhoiat
168 if(pinj .eq. 0.) return
149 - h=1./n/2.
170 xk=10.%((hr+2,)+.0, 666’)*(yp+1 )/e0
m suno=0.
172 sumne=0.
173 sumel=0,
174 do 10 i=1,n
175 uo=h+{(i-1)#2,%h)
176 - ue=(2.3h)+((i-1)%2,%h)
177 argo=(2.-(xk+tet(uostye)))/(1.732%xkrtex{vorsye))
178 ' arge=(Z.-(xk*tes(uessye)))/(1.732¢xketet(uetrtye))
179 suno=xk*te*(uottye)*atan{arzo)+sumo
180 ifli .1t. n) sume=xk#ter(uewtye)*atan{arge)+sume
181 if(i .eq. n) sunel=xk*te#(ue$*ye)*atan(arqe)

182 10 continue
183 zhoiat=(h/3. )*(1.u7l+(4 *suwo)+(2.*sune)+sune1)*3 66e20*pd



T irite(6,15) zhoiat
185 15 format("zhoiat=",e13.5) .

186 return

187 end

188 ¢

189 ¢ . .

190 function sx{ie,itype) -
191 common/exc/ xe,xf,xa,xs,xi,ye,yi
192 go to (1,2,3), itype

193 1 xx=(2.#xf)=(0.66667%yi)

194 go to 10

195 2 xx=(2.#xP)-(0.66667+yi) +ye

196 go to 10

197 3 xx=(2.#x0)-(0.66%67%yi)+¢{ .S1ye)
198 10 gamna=yi/3,

199 o p=(tet*0, 3333 *((yitl,)s+e . J333)

200 suno=0. ‘

201 sume=0.

202 sunel=0.

203 do 20 i=1,35

204 uo=0,1+({i-1)40.2)

205 ue=0,2+({i-1)40,2

206 argo=-19.94/p/ (uotkgannma)

207 arge=-19,94/p/(uet*gamma)

208 suno={uo*+xx)Fexp(argo)+s.:no

209 if(i .1t. 5) sume=(uesrsxxd*exp{argel)+sune
210 . if(i .eq. 5) sumel={ue*exx)#exp(arge)

21 20 continue

212 sx={4,*suno)+i2.4sunel+sumel

213 write(4,26) sx

214 26 format("sx=",el13.5)

2135 return

216 end

217 ¢

218 ¢

219 function zhxu(te,nyitype)

220 comnon/pow/ pingj,=20,ct,pd,br

221 connon/exc/ xe.xf,xa,xs,xi.ye,yi

222 common/zhxzh/ 3a,2u,2z,dy,.bb,st

223 data w1/0.027778/,uw2/0.141°1/,u3/0.027778/,w4/C.11111/,u3/0. 44444/
224 1,96/0.¢1111/,47/0.027778/ ,u8/C. 11111/,u9/C.027778/ '
225 if(pinj .eq. 0.) zhx=0,

226 if(pinj .eq. 0.) write 4,200} zhx

227 if(pinj .eq. 0.) returs

228 h=1./n/2.

229 22=1.9%ye

230 bb=-19.94/(e0+r0.33333.

2n dy=4.64%(hr+2,. s (tye+], ) 2] . 3)* (texk] .5)/(ed*e!,3)
232 st=5.65e-3%((hr+2.)%%0.66457)#(ye+l, iste
23 ¢

234 ¢ 3% 4=electron, 2=alphz, I=ton Tor itype #¢



235 ¢ #* deternine either electroﬁ, alpha, or ion double integral *+ ..
236 ¢

237 if(itype .eq. 3) go to 70
218 - if(itype .eq. 2) qo0 to 10
239 ¢
240 c** electron double integral constants %
281 ¢
242 'aa=4.84924*pd*(1.—hr)*(xf+1,)*((ye+1.)8*1.5)/(e0#t1.6667)/(xe+1.)
243 eu=xf+(1,5*%ve)-xe i
- 244 go to 8¢
245 ¢
246 c*+ alpha double :ntegral constants ##
. 247 ¢

248 10 aa=6.84e20+pds (1 .-hir)*(xf+1,)#l{yet1.)/(e0+x1.6667)/(xetl.)
249 eu=xf+yetxe :

250 go to 80

251 ¢ . :
232 c#** ion double iniegral constants #%
B3 ¢

254 70 aa=9.13e2t*pde (1.-hr)* ({hr42.)#20.66667) ¢ ( (yet+] )22, 5)#(xf+1,) /(e .
235 10%+1.6667)/{xe+1.)

236 eu=(2.3+ye)+xf+xe
257 ¢
258 ¢ - ** solve the double integrals ¢
25% ¢ . .
260 80 sunz=0.
261 . do 100 j=t,n
242 u0=h+((j-1)22.+%h)
283 do 100 i=1,n
2484 x0=h+ ({i-1)%2,%h)
245 ¢ : :
- 244 x=x0=h
- 2487 . u=ul-h
248 f1=0. ‘
- 269 if(x .eq. 0. .and. u .eq. 0.) 30 to 30
270 f1=zh(x,u,i>ype)
221 ¢ .
272 S50 x=x0-h
- 273 u=ul .
274 f2=zh{x,u,itype)
2725 ¢ :
276 x=x0-h .
277 © . u=ulth
278 f3=zh(s¢,u,itype!
M«
280 x=x0
- 28 u=ud-h
282 PA=zhGi,u,iiype)
283 ¢
284 3#=%0
285 u=u



286
287
288
289
290
n
292
293
294
295
294
297

298

299
300
R{J
302
303
304

303 -

306
307
308
309
310
3N
312
311
314
315
314
317
318
319
320
321

322 ¢

323
324
- 325
326
327
328
329
330
kXY
332
313
334
335
336

£5=zh(x,u,itype)

%=x0
u=ul+h
fé=zh{x,u,itype)

x=x0+h
u=u0-h
f7=zh(x%,u,ityoe)

x=x0th
u=ul )
f8=zh(x,u,ityge)

x=x0th
u=ul+h
f9=zh(x,u,itype)

szhx=f1*ul4f2$a20f3*u3+f4¢u4+f5*u5+f6*w6+f?$w74f8tu8+f9*u9

sunz=sumz+szhx
100 continue
zhx=sunz/ (n*s2)
write(4,200) zhx
200 format(*zhx=",e1l.3)
" rpreturn
end

function zh(w.,y,m)

coanon/exc/ we,xf,xa,xs,xi,ye,yi
coanon/zhxzh/ aa,eu,z2z,dy,bb,st
nul=n-1 -

go to (1,2,1),mnl

sk electron and alpha part ##

1 zh=aax(ysxeu) *exp((bb/(w#*0.33333)))/(uskD . 14647)/ ({utx]1.3)+ dy*(y
1%%22)))
return »

** jon part #¢

2 zh=aat(y**ye)t((alog(((1.-(sqrt({stklyrkyal)) s (stelyiya))) s (1,44
12.2(sqri{(stsiy*seye)})))+istelyssye))) ) )¢ 484+ {atan(( (2, -{st*(y
2%%ye)))/1,732/¢sqrt((stx(y*rye)))))) 1) +1.3138)vexp((bb/(w#+0.33333
3N/ (uwr0,166E67)/((use], 52+ (dy*(y*sz2)))

return
end



337
338
339
340
341
342
343
344

345 .

- 346

347
348
- 349
350

351 ¢

3352
353
334
355
356
357
358
359

341

[a]

. real function flx,k,par)
integer k
real x(1),par(1),lamda
-conmon/exc/ xe,xf,xa,xs,ni,ye,yi
comnon/pou/ pinj,el,ct,pd,hr
conmon/conft/ taupf,taupa,tauvpe,taups
common/con/ ee,ei,cdl,cd2,cdd,cdd,cdd,cdé,cnt cnh,c ko, cne cbrt,ch
1r2,cbrd,clrl c1r2,c hfe,czye.cje, cf1 chect,chc2,ched,cc,hh
connon/din/ r,a,landa,zs,xnf,xns_
common/cp/ n,eps,nsig,itmnax
write(6,120) k,x(1),2(2),2(31,:(4),x(5),:1(8)
120 fornat(™k=",12,6(e10.3,2%))
q0 to (1,2,3,4,5,6), k

t¥ fuel particle balance eguation ##

ToP=ix 0101, /taupf)) s (et (00 1)#42) /(2 {D) #40 . 6667) Y rex(x(5),1))-(3.
116e20%(pd/e0))-xnf
write(6,100) f
100 fornat(“fpb=",el3.5)
return

¢ %t alpha particle balance equation e
360 ¢ '

362 -

363
364
365
366
367
368
369
370
3
372
373
374

375
376
377
378

379
380
381
382

383

384
385
384
387

C
C
C

2 f=(x(2)2(1 . /taupa))-(eiwl (1) *#42) /(x (5)¢+0.6667) )¥sx (2¢(5),1))-((x
D #x(6)/x(4) ) ezhx(x€6),n, 20
write(6,101) ¢
101 format(®apb=",e13.5)
" return

¢% total ion energy balance equation *#

I P={x(3)xx(S)kcc) + (S #( (cPi®(4) )+ (che1#x(1) )+ {chc2#x(2) )+ (chcI*x
Tns) ) ) -C0eb) #x (4} /(R {S)#*#1. 3+ ((cdl#x (1)) +(cdI+x(2))+{cdT*xns)) )+
20(0(8) /{sqri (x (31N ((cd2#x:1) )+ (cdd#x(2) )+ {cdéxns)) I+ (((n (1) ##2

C 3w (b)) /(x(D)%%0.6667))%((cn2%s5qrt (:(8)) %5 {%(5),3))-(cnt#su(x({5),2
4))))-zhoiln(x(8),n)-zhoiat(x{4),n)-(czho*x (6)) (U /704 ) % (x(6)
9%%2.5) )xzhx(%(6),n,3))

write(6,102) ¢
102 format(“tieb=",e13.5)
return

*¢ electron energy balance equation *#

4. 7= (x () (6) % (xet1 ) (ye+l ) 2hh) +( (x (M) £:(4) /(D) ##1.5) I ({cdl #x(
11))4(cd3#x(2))+(cd5¥xns) ) )= (ix(4)/(sqri(x(5))))*( (cd2#x (1)) +(cdb*x
202))+{cdb*uns) )) —(cje/ (n(6) et Lo+ (0 (1) ##2) /(x (D) 440.64687) )¢ ( (5
Jlore(leatssx(x(9),2))-(cn2%sqri{x(b) ) *s:(%(3),3))))-(cneksu{x(3),!
D)NNHU(4) 2081+ ((cbrisx (1) +(cbr2#x(2) )+ (cbr3tuns) ) ) +(czyes (x (4
S)#E2) (3 (8)#%2) )4+ (x () dxns/isqri(e(6) 1)) *(clrt+(clr2/x(6))))~-3.17
be20*pdtzhoiln(x(é),n)tzhoiatix(8) ,n)+{czho*x{6))~((x (1) e (x(6)%%1.5"



- 388 7)7%(4))*zhx(x(é),n,4))+((xll)#(x(b)*#Z.S)ix(4)?t:hx(x(é),n,3))

389 write(6,103) f
390 103 format("eeb=",e13.5)
31 return '
392 ¢
393 ¢ #% electron particle balance #**
394 ¢ :
395 5 F=xlA)~x(1)-(2,%x(2) )-{z25%xns5)
394 write(4,104) f
397 104 format("epb=",e13.3)
‘398 return
399 ¢
400 ¢ ** totzl ion particle balance ##
401 ¢ '
402 § P=1(3)=xl1)-x(2)-=ns
403 write(4,105) f
404 105 format("tipb=",et3.5)
. 405 return
406 end
- 407 ¢
408 ¢
409 sutiroutine trezms(an)
410 real lamda
411 dinension wal(38),par(i)
412 comnon x{é)
413 conmon/cp/ n,eps,nsig,itnax
414 comnon/exc/ xe,xf,xa,Ns,xi,ye,yi
415 connon/pow/ pinj,e0,ct,pd,hr
416 comnon/din/ r,a,lamnca,zs,xnf,xns
417 . connon/conft/ 1aupf,taupa,aupe,taups
418 common/con/ ee,ei,cdl,ed2,cdd,cd4,cd3,cds,cnl,cnz,chzo,cne,cbrl, cls
419 1r2,cbrd,clrt,clr2,czhfe,czee,cje,cfi,chcl,chc2,che3,cc,hh
420 external f
421 ¢

422 c*#¥ the function f contains the transport equatians ¢

423 ¢

424 c** here subroutine ccon calculates the needed canstant coefficients #¢
425 ¢

424 call ccon

427 ¢ :

428 c** zsysim solves our simultanecus equations of transzpart #%

429 ¢ )

430 call 2systn(f,sps.nsiq.é,x,itlmax,wa,par,ier)

431 ¢

432 c*+check for problemns givem by ier #*

433 if(ier .eq. 122) write(4,100) itmax

434 100 format(“"failed to converge in ",i4," iterations™)
435 iflier .eq. 139) writel6,200}

436 200 format(“"singularity in jacobian matrix has zeen encauntered twice”
437 1
438 ¢



45y
440
441
442
443
444
445
446
447
448
449
450
. 451
452
453
454
455
454
457
458
459

460

461
462
4563

464 -

465
466
467
468
- 4469
470
an
472
473
474

475

476
477
478
479
480

L

c*+ check to see if solutien x cortains any zero or negative elements *+

[«

10

481

482
483
484
485
486
487
488
489

=0

do 10 i=1,6 .
if(x(1) .1t. 0. .or. (i) .eq. 0.) nn=1
continue .

return

end

subroutine ccon

real landa

comnon/con/ ee,ei,cdl,cd?,cdd,cdd,cd5,cdb,ent en2,czho,cne,chrt,ch
1r2,cbrd,clrt,cle2,czhfe,czye,cfi,chet,chc2,chcd,cc,hh

counon/pow/ pinj,ed,ct,pd,he

cosnon/din/ r,a,lamda,zs,xnf,xns

comnnon/conft/ taupf,taupa,taupe,taups

connon/exc/ xe,xuf,xa,xs,xi,ye,yi

calculate the constants #*#

pd=pinj/(a+k2)/y

ee=2.45e~13«hr#(1. -hr)*(((.f+1 Y2}/ ((yi+l, )viO 6667))

ei=ee/2.

cd1=5.02e-13*(2, +hir) s (ye+l  iklse+1 ) #(xf+1 )/ ((yi+ 1) #%1,5) / (ye+xe
14xP-(1.9%yi)+1,) :

€d2=5.02e-13* (2. +thr)*(xe+1. 1+ (xP+1.}/ (sqri(lyi+).))) /(xe+x - (0. 5%y
11)41,) .
€d3=3.01e-12*%(yett. )*(re+1.I*(xa+1.)[((yi+1.)**1.5)/(ye+xe+xa-(1.5
P*yid+l.)

cd4=3.0te- 12*(¥e+1 Y#(xatl, i/ (sqri((yi+1.)) ¥/ (xe+xa-(0.5¢yi)+1.)
cd5=3.01e-12%(zs/2.)#(yetl . is(netl ) e(xstl M/ ((yi+].)*%1,5)/(yetxe:
T4xs={1.5%yi)+1.) .

cdb=3. 01e-12*(zs/2.)*(xe+1.Z*(Ns+1.)/(sqrt((yi+l.)))/(xe+xs—(0.5*y
1i)}+1.)

cni=1,29e- B*hr*(1 ~hir)}#(0.060457% ((hr+2, )80, 6667))#((xf+1 )*t7)t(
Tyet1)/Clyit1.)#50.6667)

cn2=1,29e-8+hr®(1.-hr)*(0. 0@00283t(hr+2.))5f( (f1, )ti7)*((ye+1 Y%
11.5)/C(yi+1.)%%0.6467) -

€zho=1.92e21#pde ((hir+2,) %0, 6667) /el _ ’
cne=4.Jle-10%hr* (1. -hr)#((xf+1, )2}/ ((yit1.)+40.6667)
cbr1=3.95e-15#(sqrt((ye+1.) ) x{xe+l . )k (xP+1.)/((yes0.5) +xe+xf+1.)
cbr2=1.58e-14%(sqri((ye+1,) ) e(xe+1. )k {xat) ) /{(0.5eye ) +xetna+l.)
cbr3=3.95e-15%{sqri{(yet1 ) )k {xe+1 . )¥(us+1.)/ ((ye0.3)+xe+xs+l,)
clri=t.14e-16%(xs+t. )% (xe+l.)*{zss*4)/(sqrii(ye+1,)))/(xs+xe-(0,54
lye)+1,)
clr2=2.58e-18%(xns+1,)k(xe+l. ) x(2skeb) /(xs+xne—(1.3kye)+1.)/({ye+].)
1%41.5)

czhfe=4.84e24%pd*(1.-hr)s( f+1 Y (ye+1,) %1, §)/(e0%*1.6667)/ (xe+1

1)



539
940

tzve=3.13e-16*((xe+1.i**?)*((ye+1.)*t2)/((2.*ixerye))+l.)

490

an cj2=1.42e21%(ct**2)/(1.-(1.9%ye) )/ ((ye+1.)%e1, 35) 7 (aked)

492 cfi=2.5#((1,-{landa*sz)) exyi) /(xi+1.)/tauze

493 chot=0(1.~(landa+s2) ) skyideyis/ (xit1. )/ uf/taupf

494 che2=((1.-(landa**2) Jesyireyi/(ni+t1.)/xa/taupa

495 ched=({1.-(landa**2) ) #ryitsyi/(xi+1.)/us/taups

494 ce=((1./taupfi*s 1+ (xf/yi1 )/ (zit1. N+ 0 (1. taupad s (T o+ (xa/yi ) 0/ (xi+
497 1.)+#((1./taups)# (1, +(xs/vi) ) /(xit1 )

498 hh={(1./(xe+1.i/taupe) #(((21.-{1andats2)) $xiye+2. 1) #(2,5+ (3. 2ve/ne)
499 11 =(1,+(ze/yei)) ' '

300 return

301 end

562

503

304 subroutine wod.

509 real landa

506 connon %{4)

507 connon/cp/ n,eps,nsig,itnax

508 conmonSexc/ xe,xf,xa,xs,2i,ye,yi

509 comnon/pow/ pinj,e0,ct,pd,hr

310 connon/dim/ r,a,landa,zs,x2f,xns

311 comnon/conft/ zaupf,taupa,-aupe,taups

512 cornon/con/ ee,ei,cdl,zd2,cd3,cdd,cdS,cdé,cnl,en:,czho,cne,ckrl,ch
513 tr2,cbrd,clrl,cir2,czhf2,c2ve,cje,cfi,chci,chc2,ctcd,cc,bh

9t4 ¢

515 c #** subroutine wod prints ost the cutput =

916 ¢ ’

517 write(6,100)

518 100 format("s#++ here are the iwput values weEderrrtrerirsss"//)

519 write(6,110) xe,xf,xa,<s,%xi,ye,yi

520 110 foraat("we = ", £9.5/"x® = *,f9.5/"xa = ",f9.5/"4s = ",£9.5/"xi = "
521 1,f9.5/%ye = ", 49.5/"yi = ", £9.5//)

522

523 write(6,120) pinj,e0,cs,pd,hr

524 120 format("pinj = ",e13.5." ew"/"eQ = ",e13.5," ‘kev"/"ct = ",e13.5,
325 1" ma"/"pd = ",e13.3," nwcad"/"hr = ",e13,5//)

526

927 write(6,130) rya,iamda.zs,:nf,xns

328 130 format("r = ",213.5," cm"s"a =a",e13.5," ca"/landa = ",et3.5/"

529 1zs = ",e13.5/"=nf = ",e13.5," cn-3 sec-1"/"uns = ",e13.5," cn3"/
530 2/) '

53

532 write(6,140) taupf,taupa,taupe, taups

333 140 forsat("taupf = ",e13.5," sec"/"taupa = ",213.5," sec"/"tauge =

334 t",e13.5," sec”/"taups = ",e13.5," sec"//)

335

336 write(6,150) .

337 150 format (kbbb td CEE I bh bR R R SRR R LR ER B bR Rk R " /] )
538 ‘

write(4,200)
200 format("- - - - - here are some calculated waluses _ _ _ _ _ _"//)



941 €

g2
543
L]
D45

G546 .

547
S48
. 549
350
351
352
. 253
354
385
356
357
358
339
5350
351
352

543

354
385

366 -
367

568
569
570
- 971
572
573
974
575
576

AN N oM

write(6,210 %(1),x(2),x(3),x(4),x(5),xn{&)

210 format("average fuel density = ",el13.9 ‘ " oen=3"/"average alpha den
1sity = ",e13.5," cn-3"/"average total ion deansity = ",e12.3," cn
2-3"/"average electron density = ",e13.5," cn-3"/"average ion tenp
Jerature = ",e13.5," kev"/"average electron temperature = ",e13.5,
4" kev"//)

** calculate sose output such as line radiation, etc. fromn the
values given by the vector u #*

bri=(x(4)+x{8) )¢ ({cbri+:{1))+{cbr2+x(2))+{cbrI+uns))
crl=czyes(x{4)x22) e (x(4)+%2)
rlri=(xns*xl4)/sqrif: (6)))4(c1r1+(c1r“//(6);)

© fpo=(ei®{x{1)#£2)/(x(5)*++0. 666’))#(sx(x(a) 1)1%17600.
xntau=x{1)*Laupf
tfpo=fpo*19.74%(a*s2) ey

write(6,220) brl

2’0 fornat("average bremstrahlung power loss = ",e13.5," kev/cad sec”
177} . :
write(6,230) crl

230 format("average cyclotrosw power loss = ",e13.5," ‘kev/cnd sec"//)

write(6,240) rirl

240 fornat("average line, recombination power loss = ",eld.5," hkev/cm

13 sec"//)
write(6,250) fpo,tfpo (-

250 fornat("avewage fusion power output = ", e13.5," kev/cm3 sec”/"ave
1rage total fusion power output = ",e13.5," kev/sec"//)
-write(6,260) xntau _

260 format("average n*tau of fuel = ",eld.5," sec/cm3"//)

write(4,270) ‘

270 format("- - - - - - e e B

return
end .



EXTERNAL MAILING LIST
WFPS:TME-81-

Director,

Office of Energy Research
U.S. Department of Energy
Mail Stop G-234

Washington, DC 20545

Associate Director ,
Office of Fusion Energy
U.S. Department of Energy
Mail Stop G-234
Washington, DC 20545

Associate Director

Office of Inertial Confinement Fusion
U.S. Department of Energy

Mail Stop G-234

Washington, DC 20545

H. P. Furth

Princeton Plasma Physics Laboratory
Princeton University

P. 0. Box 451

Princeton, NJ 08544

Director

Fusion Power Program
Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL 60439

Director

Fusion Energy Division

Oak Ridge National Laboratory
P. 0. Box Y

Oak Ridge, TN 37830

Terry Kammash

University of Michigan

Nuclear Engineering Department
Cooley Building, North Campus
Ann Arbor, MI 48109

Andrew Van Ecko -
8211 Jeb Stuart. Road
" Rockville, MD 20854

Director

Plasma Fusion Center

Massachusetts Institute of Technology
77 Massachusetts Avenue
Cambridge, MA 02139

Associate Director

Magnetic Fusion Energy

Lawrence Livermore National Laboratory
P. 0. Box 808

Livermore, CA 94550

Associate Director for Lasers -
Lawrence Livermore National Laboratory
P. 0. Box 808

Livermore, CA 94550

CTR Division Leader

Los Alamos National Laboratory
P. 0. Box 1663

Los Alamos, NM 87544

- ICF Program Manager

Los Alamos National Laboratory
P. 0. Box 1663
Los Alamos, NM 87544

Fus1on Power Systems Program Manager
Electric Power Research Institute

P. 0. Box 10412

Palo Alto, CA 94303

Director, Pulsed Energy Programs
Sandia National Laboratory

P. 0. Box 5800

Albuquerque, NM 87185

343F/J9





