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% Preface

i This report is the culmination of my efforts to

understand selected physical phenomena inherent in a

thermonuclear plasma. An incomplete computer simulation

of inertially confined fusion, program MOXNEX, is the
ceﬁtral vehicle in the study. It is hoped that the modest
development and documentation contained here may contribute
to the understanding of others participating in programs
in Nuclear Engineering and Physics at the Air Force
Institute of Technology.

I would like to thank Doctor George Nickel, not only f
for originating the project, but for extending it for
further study. I would like to thank Major Michael Stamm
and especially my advisor, Lieutenant Colonel William Bailey,
for patient consultation, advice, guidance and leadership.
I would also like to thank Ms. Sharon Gabriel for manuscript
preparation. I thank Miss Patricia Horton for patience,
understanding and support. Finally, and most importantly,
I would like to thank my parents, Joseph and Florence
DeBruyne, for continued faith and encouragement in this and

other endeavors.

David A. DeBruyne
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Abstract

Energy transfer processes in a thermonuclear plasma
including Coulombic phenomena, bremsstrahlung, and Compton
scatter are critically reviewed. These processes are
incorporated in a three temperature, inertially confined
fusion computer simulation which uses a one dimensional,

spherical, Lagrangian hydrodynamics scheme. The computer

code, still in the validation phase, uses separate subroutines to
model hydrodynamics, thermonuclear burn, neutron heating, alpha par-

ticle heating, and energy transfer processes in CGS units.
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ONE DIMENSIONAL ANALYSIS

OF INERTIALLY CONFINED PLASMAS

I. Introduction

Background

The scarcity of energy resources is a growing national
concern. Nuclear energy has helped to ensure an independent
and balanced energy supply system since the early 1960's
through the use of fission reactors. An energy source yet
to contribute to civil energy reserves is nuclear fusion.

Nuclear fission is the exothermic breakup of certain
heavy elements into lighter components and is the driving
mechanism for the nuclear reactors in service today. Nuclear
fusion is the exothermic combination of certain light nuclei
into a heavier nucleus. Two concepts show promise in
exploiting nuclear fusion as an energy resource. Magnetic
fusion uses a magnetic field to confine a thermonuclear
plasma. Inertial confinement fusion bombards a fuel pellet
with a concentrated energy pulse creating a thermonuclear
plasma by the resulting compression and heating. Both con-
cepts warrant further study.

Three technologies are being researched to supply the
concentrated energy pulse for an inertial confinement
scheme, namely: electron beams, ion beams, and laser beams.

These energy sources, known as drivers, couple energy into




a fuel target only micrometers in diameter. The surface
layer of the target absorbs much more energy than the
target interior. As a result, the outer layer vaporizes
and expands outward extremely rapidly. This outward pres-
sure must be balanced by inward pressure which is manifest
in a shock wave. The shock wave compresses the fuel and
the compression action raises the temperature. The result-
ing thermonuclear burn will free large amounts of energy.
In fact, this is a nuclear explosion; it is a miniature
nuclear bomb. Very careful design of the target using
sophisticated physics optimizes the pellet compression and
attains a maximum yield from the fuel mixture (see figure 1).

The U.S. government has identified nuclear fusion as
an inexhaustible energy source and sees its commercial use
by 2020 (Ref 19:133-138). In view of the continuing need
for energy, the government has budgeted $593.7 million

dollars for fiscal year 1981 (including Reagan cuts)} and

$650.3 million dollars for fiscal year 1982 for fusion energy

research, Of these totals, inertial confinement fusion will
account for $199.6 million and $190.2 million for operating,
capital equipment, and construction for fiscal years 1981

and 1982, respectively (Ref 20:55-57).

During the Winter Quarter 1980 at the Air Force Institute

of Technology, Dr. George H. Nickel, assisted by class members,
developed the computer code MOXNEX to model inertially confined

fusion in UT microspheres while instructing a graduate class in
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nuclear fusion. The project was founded primarily on two
prior studies, one completed by Keith A. Brueckner and

Siebe Jorna at KMS Fusion in 1974 (Ref 4), and the other
done by a team headed by Gary S. Fraley at Los Alamos
Scientific Laboratory, also in 1974 (Ref 9). Prior to his
retirement from the Air Force and subsequent assumption of

a position at the Los Alamos National Laboratory, Dr. Nickel
entrusted the code to Dr. William F. Bailey for further

study and development.

Goals and Discussion

The goals of this project are to develop a computer
code, MOXNEX, to model an inertially confined fusion plasma,
validate the code, and prepare the code for further studies
in Nuclear Engineering and Physics at the Air Force Institute
of Technology. Though the code has yet to model fusion,
progress has been made toward all three goals.

As previously mentioned, Reference 9, published in

The Physics of Fluids, was a major source for initial code

development., Upon critical examination, however, inconsis-
tencies became apparent in the equations of Reference 9

in the area of radiation-electron energy transfer. These are
mentioned in the text and appendices. Dr. Nickel's efforts to
resolve these inconsistencies through communication with the authors
were unfruitful. Development of consistent formulation, then,

was necessary. The development of the radiation-electron

-~




energy transfer equations is one of the major topics of
this report.

Additionally, simplifications were included in the
coding to expedite code construction. One such simplifi-
cation was the bremsstrahlung Gaunt factor being set equal
to 1. A complicated integral was evaluated numerically
and the resulting values were fit with an exponential
function.

Validation 1s required to enable its use as a vehicle
for further study. Confidence in the MOXNEX code will allow
its application to numerous areas of education and research.
Code hydrodynamics were examined to provide some portion of
this confidence.

Finally, code documentation is necessary to provide
user utility. Under Dr. Nickel's tutelage, each member of
the Fusion Engineering and Devices class, taught during the
Winter Quarter of 1980, contributed to the construction of
the MOXNEX code. Because of the diversity of the originators,
the code is somewhat disjointed and is not strongly supported.
Notes from each of the class members and from Dr. Nickel
are assimilated and presented in this report.

The presence of an inertial fusion code at the Air
Force Institute of Technology provides Physics Department
programs with a valuable tool. Classes in nuclear engineer-
ing, engineering physics and electro-optics may easily find

uses for the MOXNEX code and its results. Classes in




nuclear explosives, fusion engineering, plasma physics
laser studies, and‘others may be directly supported by
code use.

Additionally, further code development might also be
undertaken as design study or thesis projects. Extension of
the code to include driver input would make study of laser-
plasma coupling possible.

With this in mind, mucﬁ work is required for completion
of the MOXNEX code. It is hoped that it can be a valuable
vehicle for the Department of Physics at the Air Force

Institute of Technology.

Scoge

This analysis is concerned with the thermonuclear
burn and related hydrodynamic and energy transfer processes,
code validation, and documentation of the coding. Mechanisms
for the initial delivery of energy were not to be considered,

nor was the coupling of energy to the plasma investigated.

Code Synopsis with Assumptions

The three temperature MOXNEX code models inertially
confined fusion in deuterium-tritium microspheres using
separate ion, electron, and radiation temperatures. The ions
and electrons are modelled by a Maxwellian energy distribution
and the photons are modelled by a Planckian distribution.

The program is written in Fortran V using the central program




to call each of seven primary subroutines. A general
flowchart is seen in Figure 2. The subroutines, tasks
performed, and assumptions are discussed briefly in the
following paragraphs. Constant temperatures and number
densities are assumed at the time of each subroutine call.
Appendix A is a program listing and Appendix B is a glossary
of variables,

1. Subroutine GDATA. This subroutine sets initial

conditions by initializing variables and is called one

time prior to execution of physical processes. Energy is
deposited in the microsphere by initializing ion, electron,
and radiation temperatures to selected levels at selected
cell locations. Compression is also set as an initial

condition by specifying an initial density.

2. Subroutine HYDRO. Subroutine HYDRO is a one-

dimensional spherical Lagrangian hydrodynamics code. It
accounts for the hydrodynamics of the cells and the change
in temperatures due to PdV work.

Assumptions in HYDRO include (1) all materials in
the microsphere are an ideal gas, (2) pseudo-viscous pressure is
due only to the ions, (3) electron degeneracy occurs only
in the deuterium-tritium fuel regions and can be approxi-
mated with an effective temperature to account for additional
pressure, (4) total system PdV work changes can be divided
between the electron, ion, and radiation species based on

the pressure of each component. Viscous pressure is set
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Figure 2. General flowchart for Program MOXNEX




to zero when the cell has expanded during the previous time

step.

3. Subroutine TBURN. The TBURN subroutine provides

reaction rates of the deuterium-tritium fusion reaction.
Deuterium-deuterium reactions are not considered. Tritium
created by deuterium-deuterium reactions is not included.

If the ion temperature is below a specified ignition temper-
ature of 1 kev, a figure based on bremsstrahlung power 1lost,
no reactions are computed in any cell. The number of deu-
terium and tritium ions burned are subtracted from the totals
in each cell.

The hydrogen fuel mix is equal amounts of deuterium and
tritium at all times in TBURN. Therefore, the hydrogen number
density is used in modelling the reaction rate density.

The Maxwellian velocity distribution weighted average of
cross section for the deuterium-tritium reaction is modelled

in two ranges of ion temperature. Curve fits to data above 10

kev below 10 kev ion temperature are used for the model.

4. Subroutine NUHEAT. Subroutine NUHEAT calculates

total neutron heating in each cell. Deuterium-tritium react-
ions are counted during one cycle and, by assuming isotropic
production of one neutron per reaction, the new neutrons are
placed at the center of the microsphere and attenuated during
their pathlength through the plasma. Using an energy of

14.1 Mev for the neutrons and a cross section of 0.8 barns

for collisions with deuterium, tritium and helium nuclei,

T —



the number of interactions per cell is ascertained. An
average energy transfer per collision is used to deposit
energy into a cell based on the specific ion numbers in

the cell.

S. Subroutine ALPHAl. This subroutine is designed to

compute the energy deposited in each cell by monoenergetic
3.5 Mev alpha particles born in the deuterium-tritium
reactions. Additionally, it computes the number of alphas
produced in each zone, adjusts the helium particle mass
number in each zone, and adjusts ion and electron temperature
in each zone. Collisions with electrons are assumed to
dominate the alpha particle deceleration and are also

assumed to provide no significant scatter to the alpha parti-
cles. Upon reaching an area where ionic collisions dominate
energy loss, the motion of the alpha particle is stopped

and all residual energy is dumped in the current cell.

Subprogram ALPHAl calls 14 other subroutines to
complete its tasks. General program organization is seen
in Figure 3,

Subroutine ALPHAl updates the total heat added, the
number of alpha particles, total mass, electron temperéture,
and ion temperature in each cell. Geometry subroutines
compute alpha particle position, direction and cell number
as the particle slows. An integration increment is computed
to integrate dE/ds along the path length in each cell using
a 4th order Runge-Kutta method. The energy deposited in

each cell is partitioned between ions and electrons.

10
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Figure 3. General Program Organization of Subroutine ALPHAl

6. Subroutine HTFLX. This subroutine computes the

energy transfer between the radiation, electron and ion
components. Drawing heavily on Appendix B of Reference 9,
HTFLX first models electron-ion energy exchange and electron
heat conduction. Ionic heat conduction is considered negligible.
Energy exchange between the photons and electrons is then
calculated. The energy exchange between photons and ions

is considered negligible.

7. Subroutine OUTPUT. This subroutine prints a variety

of information on hard copy including iteration number, time,

11




time increment used during the iteration, input energy, and
output energy. Additionally, OUTPUT provides current cell
radius, velocity of the cell wall, reactions during the
iteration, relative density, electron, ion, and radiation
temperatures, energy output, heating, and neutron fluence

for each cell. Subroutine OUTPUT can be called at convenient

places in the main program to provide timely output of data.
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Aggroach

This report will briefly describe phenomena important
to nuclear fusion for a deuterium-tritium fuel. Energy
transfer processes in the plasma will then be addressed
including Coulomb collisions, bremsstrahlung and Compton
scatter. The equations used to code MOXNEX are then
discussed as each subroutine is examined in detail.

Chapter IV discusses the validation of the hydro-
dynamics using a quasiequilibrium study and a point explo-
sion. Chapter V addresses recommendations and code improve-
ments.

Appendices include a program listing, a glossary of
variables, equation derivations, and discussions of pertinent

items. Each is referred to in the text where appropriate.
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II.  Physical Processes

Introduction

Before looking at the MOXNEX code, some basic phenomena
concerning thermonuclear plasmas and fusion will be examined.
The question of why fusion is attractive will be addressed,
as will the nuclear reactions of interest. Knowing why the
process is attractive, attention will be turned to the
question of feasibility. A simple three species plasma
model is then presented and energy transfer processes between
these species examined. The three species plasma model is then
generalized to a thermonuclear three species model that describes

all MOXNEX processes.

Fusion

As mentioned previously, energy resources are a growing
national concern. The following paragraphs, then, will
reveal why energy can be attained from a fusion technology.

The average mass per nucleon varies slightly from 1
atomic mass unit in most nuclei. Table 1 gives values for
the average mass per nucleon of selected light nuclei.- If
nuclear reactions can be produced such that the total mass
of the ieactanfs is greater than the total mass of the
products, a net release of energy of E = (Am)c? is attained.

The quantity Am is known as mass defect.

14
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Table 1

Average Mass per Nucleon for Selected Light Nuclei
(Refs 16 and 5)

Nucleus Ionic Mass (amu) Mass per Nucleon (amu)
n 1.008665 1.008665
D 2.613553197 1.0067766
T 3.015501407 1.0050047
He3 3.014932114 1.0049774
Het 4.001506114 1.0003765

For instance, consider the reaction
D+ T Het +n )

This will probably be a central reaction in a first generation
fusion reactor (Ref 6:279). The total nucleq; mass of deuterium
and tritium is 5.029254604 amu and the total mass of a helium-4
nucleus and a neutron is 5.010171114 amu. The difference is
0.0188349 amu. This equates to an energy release of 17.609889
Mev. The process of exothermically combining nuclei is known
as fusion.

Although many fusion reactions are L possible, the primary

reactions of interest for hydrogen fusion are listed in

15
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Table 2. The excess kinetic energies of the reaction

products are indicated with the reaction products.

Table 2

Reactions of Interest for Hydrogen Fusion
(Ref 19:2)

D+D » SHe (0.82 MeV) + n (2.45 MeV)

D+D =+ T (1.01 MeV) + H (3.02 MeV)

T » %He (3.5 MeV) + n (14.1 MeV)

=
+

D+ 3He + %He (3.6 MeV) + H (14.7 MeV)

In order to bring about fusion reactions, it is neces-
sary that the ionized nuclei collide with sufficient energy
to overcome Coulombic repulsion. Classically, the relative
energy required to overcome electrostatic repulsion for
hydrogen is 0.28 Mev (Ref 10:7). The quantum mechanical
effect of barrier penetration, however, reduces this energy
threshold.

The nuclei are distributed in kinetic energy or velocity
in a Maxwellian distribution. The average kinetic energy

of a particle in a Maxwellian distribution is % kTi.

There are decreasing, but still finite, numbers of particles

| at many kTi, however, and the high energy of the particles
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in the '"Maxwellian tail" is therefore a notable influence in
overcoming Coulombic repulsion. These two factors, barrier
pentration and the high energy tail on the Maxwellian
distribution of the ions, make consideration of fusion reac-
tors feasible.

Again, for a feasible system, the fusion reaction rate
must be at least finite. Generally, a reaction rate may

be expressed
RR=n.n.o0~v (2)

where

RR is the reaction rate density

n; is the number density of species 1

n, is the number density of species 2

0 is the reaction cross section

v is the relative velocity of the reactants.

The nuclear cross sections in Eq (2) are strong functions
of velocity or kinetic enmergy. Averaging over the entire
range of relative velocities, the product v can be
represented as an expectation value <ﬁﬁﬁ> . Values of <§‘v€>
which assume a Maxwellian particle distribution are shown
in Figure 4. Notable from Figure 4 is the deuterium-tritium
reaction is much more likely than the deuterium-deuterium

reaction at any given kinetic temperature.
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The excess kinetic energy may be redeposited in the
plasma or it may escape from the mixture. In order to
sustain the thermonuclear burn, the redeposition of energy
into the plasma is preferable. If more energy can be retained
in the plasma, less energy is required from an outside input.
This energy may be transferred from the reaction products by
Coulomb collisions, participation in elastic collisions, or
radiation-electron energy transfer. The process of redeposit-
ing the particle energy released by fusion reactions back
into the plasma is known as bootstrap heating.

Singling out the deuterium-tritium reaction,
D+ T Het (3.5 Mev)+ n(i4.1 MeV) (3)

the neutrons can participate only in elastic collisions, but
the alpha particles can participate in all three mechanisms
named above.

The alpha particle path is dominated by Coulomb
collisions with both electrons and ions. Thus, much or all
of the 3.5 Mev possessed by the alpha particle is retained
in the plasma promoting further fusion.

In order to retain the 14.1 Mev of the neutron within
the plasma, high plasma densities are necessary (Ref 4:330).
The mean free path of a 14,1 Mev neutron at typical magnetically con-
fined thermonuclear plasma densities (1015 ions/cms) is ~10° cm’ S0

neutrons are difficult to retain. The energy transfer from
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radiation energy is also generally a small factor. The
photon mean free path for particle number densities 1015 cm3

is %1020

cm (Ref 10:29). Significant bootstrap heating
comes primarily from alpha particle Coulomb collisions for
the reaction given in Eq (3). A generalization can be made to
other reactions that significant bootstrap heating comes
primarily from the charged particle reaction products.

A primary energy loss mechanism is bremsstrahlung. As
ionized particles are deflected by Coulomb interactions,
they continuously radiate. The rate at which energy is

radiated by an accelerating charge of =z = 1, Py, is expressed

by the Larmor formula, namely,

e2g*

c3

F%~ =

(4)

ATHY

where

e 1is the electronic charge in statcoulombs

a is the acceleration in am/sec?

¢ 1is the speed of light in an/sec.
This newly created photon energy can be redeposited through
inverse bremsstrahlung or Compton collisions, but it may
also escape the plasma. An optically thick plasma is
desirable to recapture this radiation.

If the rate of energy loss from the plasma due to
bremsstrahlung is greater than the rate of energy deposition

by bootstrap heating, energy must be put into the system
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from an outside source in order to sustain the thermonuclear

burn. If the energy deposition rate is greater than brems-
strahlung loss rate, reactions may continue as long as fuel

is available. A bremsstrahlung energy loss rate may be calcu-
lated as a function of number density and temperature. Postu-
lating that 100% of the charged particle energy is retained

in the plasma, a bootstrap heating rate may also be calculated
as a function of number density and temperature.

Fortunately, as ion temperature increases, the bootstrap
heating rate increases faster than the bremsstrahlung loss
rate (Ref 10:33-36). The temperature at which the bootstrap
heating rate equals the bremsstrahlung loss rate is known as
minimum ideal ignition temperature. Below this temperature,
energy must be pumped into a system to realize sustained thermo-
nuclear burn. Above this temperature, the reaction may be
self-sustaining and energy can be extracted from the system.

Noting the charged particle products of the reactions
from Figure 2 and the probability of reactions from Figure 3,
this '"ideal ignition temperature'" for deuterium-tritium is
about 4 kev and for deuterium-deuterium is about 36 kev,
almost an order of magnitude difference (Ref 10:35).

These temperatures correspond to particles with high
kinetic energies which tend to diffuse the plasma. Coulomb
repulsion adds to dispersion effects. Confinement of the
plasma for times long enough to achieve an economical energy

gain, therefore, becomes difficult. Since the power density
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depends on the reactant number density, the confinement
time for energy breakeven is a function of the reactant

number density. This can be stated in the Lawson criteria,

nr = 10" e e (5)

where ‘¥ 1is the confinement time (Ref 6:282),
Magnetic fusion relies on various geometries of magnetic
bottles to confine the ionized particles. Typical number

densities for magnetic fusion are about 1015

particles per
cubic centimeter. This requires a confinement time of about
0.1 seconds to achieve energy breakeven.

Inertial confinement, on the other hand, realizes
number densities of about 1026 particles per cubic centi-
meter and so requires a confinement time of only about 10'11
seconds (Ref 6:282).

Additionally, fusion reactors have some advantages over
fission reactions. Deuterium for fusion fuel is readily
available in seawater. Though tritium is not present in
large enough quantities to be of interest in seawater and
must be processed from other sources, deuterium is present
in a ratio of about 1 deuterium.étom to 6500 hydrogen -
atoms in ordinary water (Ref 10:2).

Another advantage is that radioactive reactants and

by-products are minimized using fusion when compared with

fission. Neutrons do activate some nuclei in the local
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environment and some materials desirable for fusion reactions
are naturally radioactive; for instance, tritium. Fusion
reactions, however, create no radioactive fragments which

are a necessary by-product of fission,

In summary, these paragraphs have tried to briefly
develop some of the important concepts for nuclear fusion and
fusion technology. Mass defect, barrier penetration, the
high energy "tail" of the Maxwellian distribution, reaction
rates, bootstrap heating, bremsstrahlung losses, ideal ignition
temperature, and the Lawson criteria are all concepts central
to nuclear fusion and fusion reactor technology. A quantita-
tive physical model is now required that can follow some of

these concepts in a time history.

Three Temperature Model

Knowing some of the central concepts of fusion, a physical
model is now required that can follow macroscopic quantities
through a time history of a fully ionized plasma. A simple
yet physically accurate model is desired.

The motivating basis for researching nuclear fusion is
that it offers the possibility of net energy gain. Energy
may be calculated from power over a complete time history
and power may be computed from number densities and particle
velocities or particle energies. Ionic hydrogen will be the
fusion reactants in the MOXNEX code so ion number densities
and ion energies will be required to compute overall energy

output. Ion number densities can be characterized by an
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energy distribution. An ion species will be characterized

by a Maxwellian distribution which can be denoted by a

number density per unit energy at a given kinetic temperature.
Ion-ion collisions partition energy throughout the species to
attain a Maxwellian distribution (Ref 26:136).

But ion-ion collisions are not the only collisions
occurring. Fuel pellet atoms all bind one electron prior to
the driver pulse. Complete ionization, then, means as many
electrons are present as are ions. Electron-electron col-
lisions partition energy in the electron species also in a
Maxwellian distribution (Ref 26:136). Electron number density
can also be identified as a function of kinetic temperature.
This temperature may differ, however, from the ion temperature
(Ref 26:136).

If these temperatures do differ, equilibration between
species will take place through electron-ion collisions.
Energy exchange between these species must also be tracked.

As mentioned in the previous section, Coulombic accel-
eration of the electrons by the ions will result in brems-
strahlung so a photon species is present also. A third
species energy distribution is required. These photons may
be characterized by a Planckian distribution which requires
a third species temperature. Additionally, the radiation
may couple energy back into the electron species by either

inverse bremsstrahlung or Compton scatter.
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The minimum requirements, then, are two Maxwellian
distributions and a Planckian distribution characterized
by three species temperatures. All species can interact
with each other, although the photons will interact preferentially
with the electrons because of the mass difference between the
ions and electrons. In addition to energy flow between species,
energy flow in space, diffusion, will affect the energy distri-
butions. The more massive ions will move relatively slowly
compared to the lighter electrons, but electron diffusion must
be considered. Also, radiation diffusion will carry energy
through space.

A simple model is now apparent. A three temperature
model using separate 1on, electron and radiation temperatures
accounting for electron and radiation diffusion may be used
to model a fully ionized plasma. Such a model is illustrated
in Figure 5,

The task at hand now is to develop understanding of the
pertinent energy transfer processes. This will be the topic

of the next section.

Coulombic Phenomena

Electrostatic encounters between particles of charge

Z and Z2 which are separated by a distance r are described

1
by the Coulomb potential, namely

L 3
V() = B2 (6)
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In a plasma, these electrostatic forces contribute signi-
ficantly to energy transfer between species and to species
diffusion.

The distance r is a determining factor in the magnitude
of the resulting force. In the case of charged particles
possessing kinetic energy, an impact parameter, b, is often
used to denote the distance of closest approach. Figure 6

illustrates the impact parameter of approaching particles

in the rest frame of particle 2.

Figure 6, Illustration of Impact Parameter
Between Two Charged Particles
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Figure 5 assumes a small momentum transfer so that particle

1 is basically undeflected from straight line motion. In a
center of mass frame, the paths of both particles is actually
hyperbolic.

In space, the range of the Coulomb force is infinite and
there is no maximum interaction distance. In a plasma,
however, even though the entire system is electrically neutral,
random thermal motion creates small deviations from strict ‘
electrical neutrality. Electrostatic forces accentuate this
and a time average will show a net negative charge density
around an ion and a net positive charge density around an
electron. This net opposite charge may be regarded as an
"atmosphere'” around each charged particle (Ref 10:84). The

radius of this atmosphere based on a Maxwellian distribution

and a Coulomb potential expressed in Poisson's equation is

e N
[ ]
.RD = 41‘— Ne et (7)

(Ref 6:10). The quantity 21) is known as the Debye length
and determines the maximum shielding or screening distance
at which a Coulomb force can be felt in a plasma. Notice
that as electron temperature increases, the Debye length
increases. It is also a function of electron number density.
The Debye length is a dynamic parameter and the pseudo

"atmosphere'" is not static.
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Coulomb collisions can be divided into short range

encounters and long range encounters. The Debye length is

the limiting distance for long range encounters. The

charged particle is "screened'" from charged particles farther

away because of the opposite charge '"atmosphere." Because

of the large number of particles within a Debye radius, the

number of long range encounters is large. The number of

long range encounters is so great that their effect greatly

outweighs the effect of short range collisions (Ref 26:123).
The cross section for a short range encounter resulting

in an angle of deflection from its original path of 90°

is

. wZiZlet
Csr — _TE::._ (8)

where E1 is the energy of the less massive particle in the
rest frame of the more massive particle. In a hydrogen
plasma, this can be an electron passing any positive particle.
A long range encounter may be described by a change in

momentum such that

(Z) - o

AP = Pinitial (9
This is equivalent to multiple scatters suming to a total 90°

deflection. The cross section for this type of interaction is
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where E1 is again the energy of the less massive particle

in the rest frame of the more massive particle, and

A = Y (11)
min
or
Ap
A = (12)
min

Both short range and long range Coulomb cross sections are
discussed in Appendix C.

Comparing Eqs (8) and (10), note that the long range
cross section 1s =8&nA greater than the short range cross
section. Also noting that typical values for &nA are between
10 and 25 at thermonuclear temperatures and densities
(Ref 10:94), the long range interaction is much more dominant.

Relaxation times are often used to describe long range

encounters and may be defined as the time required for the

momentum changes to sum such that

(BR)° - 2 - as

initial
The long range cross section given in Eq (10) yields for
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electron-ion relaxation time

~ (2 Me),/z Ez/‘

.te.

¢

AT e*ni dn Mes bl

Coulomb interactions between ions and electrons at
different temperatures will eventually lead to equilibrium.
Based on Maxwellian velocity distributions for both ions
and electrons and defining ¢t from the relation given by

eq
Spitzer (Ref 26:135),

e

=——— = - (15)
where Tj is species kinetic temperature, teq can be
written
¥z
fey = 3mmk* [T T »
- i 16
8(2m) S E 2t € Un A | ™1 | T L

Relaxation times and equilibration times are further

discussed in Appendix N.

In addition to electron-ion energy exchange, Coulomb
collisions add to energy transfer through heat flow. Heat
conduction may be approached in the same manner as other
transport phenomena using a conductivity coefficient
(Ref 26:143).

In the presence of a temperature gradient (assuming

no external electric field), the flow of heat, Q, can be
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described by

Q=KYT (17)

where T is temperature and K is the conductivity coefficient. For
a Lorentz gas, a fully ionized gas in which the electrons are assumed to
interact only with ions which are all at rest (Ref 26:138), this coeffi-
cient is given by Spitzer (Ref 26:144),
K s (Z-)"Vz (":.T)S/‘h
T m® e Zm A

(18)

Heat flow caused by a temperature gradient results in a
current, however, and this current produces a secondary
electric field which reduces the flow of heat by a factor of
¢ which is dependent on the net Z of the material.
Additionally, for an actual gas K 1is further reduced by a
factor of GT which is also dependent on the net 2

Employing these terms, the conductivity coefficient becomes

K, = 20(.2_)% (7)"h e &y
¢ Tl mde* Z tnle (19)

A conductivity coefficient may be derived for any charged
species., Equation (19) gives this coefficient for the
electron species. As the least massive charged particles in
a thermonuclear plasma, the electrons should dominate heat
transport if the electron temperature .is not very much smaller

than the ion temperature.
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Bremsstrahlung Processes

Bremsstrahlung occurs when a particle having charge and
finite kinetic energy is accelerated, resulting in a photon
being radiated and decreased kinetic energy of the original
moving particle. This occurs typically in a thermonuclear
plasma as an electron is accelerated as it passes a positive
ion. The instantaneous power radiated in a non-relativistic
acceleration is given by the Larmor formula (Ref 14:469),

here for Z =1,

(4)

A bremsstrahlung emission is shown symbolically in Figure 7,

for the case of an electron passing a positive ion.

Figure 7, Symbolic Illustration of Bremsstrahlung
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Inverse bremsstrahlung occurs as a photon adds energy
to a particle in the presence of another particle. The second
particle is necessary to conserve momentum. In the case of
a photon adding energy to an electron in the presence of a
positive ion, typical in a thermonuclear plasma, the kinetic
energy of the electron is raised and the photon is absorbed.

This is represented symbolically in Figure 8,

Figure 8. Symbolic Illustration of Inverse Bremsstrahlung
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With these pictures in mind, some of the theory pertinent
to bremsstrahlung interactions will now be developed. The
equations presented in the following discussion and Appendices
E through G are prompted by the unpublished notes of Dr.
George H. Nickel. Significant portions of the development
are contained in Reference 22.

The bremsstrahlung cross section for a non-relativistic

Coulomb collision is given by Jackson (Ref 14:513) as

6.1~ 4 ZE (BN (55 4 (S

where

is the charge of the radiating particle

[}
[

Z2 is the charge of the particle providing the
accelerating force

M is the mass of the radiating particle

v is the velocity of the radiating particle

or E in the rest frame of the ion.

This cross section is also supported by Bethe and Heitler
(Ref 14:512). Its dimensions are area per energy.

For the case of a thermonuclear plasma, the radiating
particle is usually an electron so that Z =1 and M =m,
and the particle providing the accelerating for ionic hydrogen

or ionic helium. Referring to Appendix E and denoting the
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ionic charge as simple Z , Eq'(20) becomes

d;(EQ.Ev):: !'é'zzA i‘oz —r:-"("s:/é"\ (M Ee +\/E¢'E\l »
> B, U 1)

where
A = e*/Hc is the fine structure constant
Ee is the electron energy

E is the photon energy

The bremsstrahlung reaction rate density is then

RR@ L n;nc(Eg)’U'OF(Ec,EV) (22)

which has dimensions of reactions per volume per time per

square energy. The inverse bremsstrahlung cross section may

"be derived using this reaction rate density and assuming

local thermodynamic equilibrium exists. The inverse brems-

strahlung cross section, also discussed in Appendix E, is

- Ehn
i, a it —
Qp(&,Ev)' %—2‘-“‘.2 £ )‘m.c (l' ‘—')/@n FetEv *VEe

EeMe Evﬂv(h) e-"/hr' VE (23)
v

with dimensions area per energy.
The reaction rate densities for the respective processes
can then be expressed using these cross sections. The brems-

strahlung reaction rate density can be written explicitly as
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2E
RR = N j;]c (EC ( c) AEC 0-‘ EP,EV) -g'/kn) (24)

which has dimensions of reactions per volume per time. From

this, the power density can be expressed as

o Ee
B = n;fne(&) ZE’) JE«JGF (e, 83— dEs e
s o

OFED

which has dimensions of energy per unit volume per unit time.

The enhancement factor

|

| - éE'VhTr (253

| + BE) =

used for the bremsstrahlung equations is derived in Appendix D.
For inverse bremsstrahlung, the reaction rate density

and the power density can be expressed as

oo (-}
RRIF =n; cjne(e.)JEg)’n, (£)) Oy (Ee,E/) dEv (27)
°o (-]

and

a

PIF = niﬁjng (Ee) dEe 5“9 (Ev)o;‘, (Ee,Ev)EvC‘EV (28)

(]

Substituting explicit expressions into lk , changing

variables to




and noting

Te (31)

Tesults in

e Wl ! <
Brmin22( L) 2’uc.‘mgc'(h7eyj;i . e"/’)d(j'e o (VT4 [51) dx

WM

(32)
Analogous manipulations can be performed to refine Plﬁ
This 1is
oy | e
Vx W, —_— (-0
Bp=nine3 (2-) z’xn’mc‘(kﬁ)'Ji(n-e‘t/l)dQe & A (V5 + V7 )dx
(3 f (33)

These two power densities can be expressed using a
Gaunt factor G(X)j , where j denotes either pure brems-
strahlung or pure inverse bremsstrahlung. Using this Gaunt

factor, Eqs (32) and (33) may be written as
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where

Wil e
G(”p‘ ,_i, f('[_e-?/‘x de ei@n(ﬁ‘h/x-l)dx (35)
and

?l"e:n;ne (_——— 24, mecz BG(J‘)IF(;LTQ-&T,) (36)

where

I et AL el -
G (X)Ip = T_:;S i‘ o e_(/), J{Je i e{/fé,, (ﬁﬁ/v-;,tlx(w)
° !

Recognize that these power densities are limiting cases.
Equation (34) models a case of pure bremsstrahlung and

Eq (36) models the case of pure inverse bremsstrahlung. For
practical applications, the power density equations musf be
extended from the limiting cases of either pure bremsstrahlung
or pure inverse bremsstrahlung to a situation of competing
processes. This is done by simple subtraction.

Note that the power density equations have a common

A

er * and is

coefficient, which may be denoted by A
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p 2 2 '/Z 2 r 3 2 N¢Ne
=SS (O A "m
Aer 3 ( e 2 ° Qc (b_‘re)‘/l G (r) (38)

Substituting explicit expressions for & , r_ , n , and

n. , this becomes

£ 327 2 V2e*N. ?‘) e prZ
N T R

Thus the net rate of energy flow into the radiation field

from bremsstrahlung processes is

&m: R-Ea -
which is
Bm: AL (;Jc-k@ (& (¥)s- G(J')rp) (41)
Denoting

G =a(N)y= G(Ve

(42)
this can be written

B AL (kTe-kTe) G (1) -
where |
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G(r)= "'XJO;('!: ee—(/x )ij‘e'x/é" (\[’—‘-*\/:7)&" (44)

or

)< ”idi%(()(:-éw’-'))
G(r)= o (1=¥)(1- g¥?) (45)

where

P4) = jZ (= J"") e dx

(46)

Note that G(Y) 1is dimensionless.
The values of G(J) as x - 0 and as 3’->ao may be

found analytically. These are

G(o) = 1 (47)

and

2
() = 1}-

(48)

Appendix F discusses the reaction rate densities, power
densities, Gaunt factors, and the bremsstrahlung coupling
coefficient in more depth. Appendix G discusses the Gaunt

factor and its limiting values.
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Compton Processes

The quantum theory of light postulates that photons
behave like particles except for the absence of rest mass.
This concept provides a foundation for radiation-material
energy interaction to be treated as an elementary mechanical
collision.. Figure 9 symbolically illustrates such a

collision known as a Compton collision.

Figure 9. Symbolic Illustration of ‘a Compton Collision
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The energy transfer can be described by the wavelength change

of the photon which is (Ref 2:71)

' - _h
’R - 1 = m ({‘Cose) (49)

Since the photon is not absorbed and a photon exits from

the interaction, Compton collisions are a scattering process
as opposed to absorption processes such as pair production
or photoelectric effect.

The classical cross section for Compton scatter is

6‘\ . 87!"}‘
g 3 (50)
where
2
n =t
m, C* (51)

is the classical electron radius. This cross section, known
as the Thomson cross section, becomes suspect at higher
photon energies.

At higher photon energies, Compton scatter can be des-

cribed by

3 6 Ev \*
o a;[' '2(m:c*) N %(mvc') +oe] 2

(Ref 3:124), where E, is the energy of the incident photon.
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This is known as the Klein-Nishina cross section and applies
only for photon energies such that E,{< m, e2
Inverse Compton collisions are also possible and such an

interaction is symbolically represented in Figure 10.

Figure 10, Symbolic Illustration of an Inverse Compton Collision
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Note that in both processes a photon is emitted. Again,
since photons are Bose particles, the photon population will
be enhanced by photons already existing in the plasma and

this enhancement factor can be expressed as

| + Pu(E) = | = (26)
'_ “te
€
Again, much of the following development is due to
George H. Nickel (Ref 22).
The reaction rate density for Compton scatter now can

be written as

|
| - % (53)

RR. = neny (&) 05 ¢

which has dimensions of reactions per volume per time per
energy. This formula assumes the electrons are at rest. The
cross section, however, is dependent on electron energy. Note
from Eq (52) that if E,<{LL mec2 that the Klein-Nishina
cross section reduces to the Thomson cross section. This is
well approximated in a thermonuclear plasma as typicél photon
temperatures can be expected to be on the order of 1 kev

(Ref 9:475). As the electron rest mass is mec2 = 511 kev ,
an approximation might be made assuming G‘KN*J‘T for a
thermonuclear plasma and using Gq.for the reaction rate

density.
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A power density may be written from the reaction rate
by including the energy exchange per collision and integrating
L over the entire range of photon energies. This average

energy exchange per collision can be approximated by

<fE> Me cz (54)

This quantity is discussed in Appendix H.

The power going from radiation to electrons per unit

volume 1is

@ ES l
R = neinv(Ev)G?C Me c‘) | — e-Ev/hTr AEV (55)

No integration is done over electron energy as the electrons
are again assumed to be at rest. Using explicit expressions,

this becomes

4+ Elere

g 8 ' (V' )3Cne JE
¢~ 3ar\re/meer” (E'/u.-__ 1) v (56)

By multiplying and dividing by (kTr)S , and substituting
y =E /k Tr ,

i _ 217 1 YcCne
1 ‘PC ~ 37w (hc) mecgr (h g)l

(57)
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The value of the integral is 47#/15 , therefore

3 Y
Pc. = 32 443 ' CNe n* (hTr
45 hC/ MeC? (58)

This is the rate of energy flow from radiation to electrons
for pure Compton scatter.

The calculation for inverse Compton scatter is fairly
complicated and will not be included in this report. Inverse
Compton requires that the electron have non-zero kinetic
energy prior to incidence with the photon. The calculation
first requires a transformation to the rest frame of the
electron. The energies of the incident and emerging photons
are also transformed in the electron rest frame. Rates are
calculated in this reference frame and transformation back

to the original frame is required. The result is (Ref 20)

3
Re = 32w (5] o o (k)" (k) 2

This equation represents pure inverse Compton scatter.'

The net flow of energy from electrons to radiation can
be found by subtracting the power from radiation to electrons
due to Compton scatter from the power from electrons to radia-

tion due to inverse Compton scatter, or
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P, = - P (60)

Inserting Eqs (58) and (59) for P and P

IC C
Y
’P"ETz ) Sl <h'r) (hTe'kT:‘) (61)
¢ hc) mec?
The coupling coefficient for Compton scatter may then be
written
c 3 4
A< = 32,[,, | ) cNe nz(;,_-,;)
hel meer (62)

This can be expressed in terms of the Stephan-Boltzmann

constant and explicit expressions as

€
= 12 € Z
Ao = SR Tomg eGP @

Pertinent information on the Compton power density and

Compton coupling coefficient may be found in Appendix I.

Thermonuclear Three Temperature Model

Complete ionization does occur in a thermonuclear
plasma. Nuclear interactions, however, are not modelled in

Figure 4. Neutral particles in the form of neutrons exist
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in a thermonuclear state and are also not modelled in
Figure 5. Figure 11 includes these items.

The neutrals are a result of the nuclear reaction
D+T —» Hc4(3.5f4cv>+ h(l‘i‘.l MCV) (3)

Note that one particle is returned to the ion distribution with
an additional 3.5 Mev of energy. One neutron at 14.1 Mev is
added to the neutral distribution for each nuclear reaction,
also. The nuclear reactions, then, affect both the ion and
neutral particle distributions, and are shown affecting both

in Figure 11.

Once born, however, the 14.1 Mev neutron may undergo
elastic collisions with the ions, adding energy to the ion
distribution. This interaction is illustrated in Figure 11
also. The neutrons have no mechanism with which to interact
with the photons and, though the neutrons can collide elast-
ically with the electrons, the collision cross section is
negligible when compared to the ion collision cross section.

The energy distributions of the ions, electrons and photons
remain the same as do the interactions between these species.
The energy distribution of the neutrons is represented as a
Maxwellian distribution in Figure 11. At extremely high
densities, this should be the case as neutrons, being particles,
will tend toward a Maxwellian distribution. But at lesser

densities, many 14.1 Mev neutrons will escape the plasma after
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only few, if any, collisions. Few will thermalize. The
escaping particles will not be in the distribution long,
however, so the actual distribution may be a Maxwellian
distribution with a peak at high temperatures.

The nuclear interaction will dramatically add to the
energy of the total system and is indeed the motivating
process for this study. Chapter II, then, addresses the
system illustrated in Figure 11 and how these processes are

modelled in the MOXNEX code.
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III. Theory and Coding

Introduction .

This chapter discusses specific theory and how it is
coded into program MOXNEX. Remembering energy transfer
theory developed in Chapter II, the specific equations of
MOXNEX will first be presented. A comparison of this set
of equations with another formalism will then be given.
Finally, the coding of the formalism into the specific

equations of MOXNEX will be discussed.

MOXNEX Formalism

The MOXNEX one-dimensional, three temperature, spherical,

Lagrangian code uses the momentum equation

.é_?.- :——Li_(ﬁ.+%>

¢z £ dr 68
where PT is the sum of the three species pressures or
PT = P + Pi + Pr (65)

and q is the artificial viscosity. The coupled energy

equations are
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(67)

J(kR) 2"5 ROV, AL (hre-km)-AL (7o hT)
g J¢ + V& r2K, J'TZ)}
r* gr dr

CJ(L7} e\dV 2 Te
Cyr (Pr L )& (kTe -kTe +_F %(“ Kr %T) (68)

The coupling coefficients in the equations are

s VA A
A.u. - "‘—;— (69)

where j and k denote specific species. Each energy

equation is derived using the chain rule

0% _ ¢, 9% , 9% JV

CEamSt—
-

d¢ d¢  Jv ¢

(70)

j denoting species, where
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and for an ideal gas

3+ _ O

mp———— g,

dV

(71)

(72)

The energy densities and specific heats for the three species

are

E. = f%n:z;

pausiTy @

and

=z

Me

Niw

Cye =

for electrons,

EDENMTV ¢ =10M‘I£

and

|w

Gy

for ions,
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Bl oo sl G
and
e, = 4%
e
where

T, - ‘c”;j' (+)*

Ion and electron species pressures are computed using an

ideal gas equation of state. Radiation pressure is

R ()3

3

The ion electron fields are coupled by
£
Aig = Cve v&r

where

v, 8emeeNa Zeb Ao
1 3A (R T 2

The electron diffusion coefficient is
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where

and

In Lei = 2o {3(

and is defined to have a minimum value of 1.

K, = 20(77)

€dr =

2 V& (kTe)™k e o

0.432

”h:‘€3"5?,45n./1ea

(344 + 2+ 026 4al[2])

26

34ty

radiation coupling coefficient,

where

e

and

AC" - Afr + Accr
5 D& ) [+ th
3 17'”k hC
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The electron

is

./‘_’__- 6 G()
(RTe)*

(19)

(83)

(84)

(85)
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2 4
A er = ____gi. ™ ﬁ*)" Nq (%) e {’ (Tr) (87)

with

—z Yr-1)
G(X)—j ¢di 1)L - . ’.J
" Je (1-X)(1- e"/*) e

= (o (g5 ) € -

The Rosseland mean free path 1is

%
Ar = 13 Te
r -~

from which the radiation diffusion coefficient is attained,

(90)

namely

/6 :
K, = _,_0‘ p My A —_

Only the deuterium-tritium nuclear reaction is modelled
assuming a fuel that is 50% deuterium and 50% tritium so the

nuclear reaction rate density is modelled as

KRy = %:. {aTv),

(92)
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Two hydrogens are subtracted from the hydrogen number array

for each reaction.

Radiation-Electron Energy Transfer Formalism Comparison

Reference 9 presents the bremsstrahlung Gaunt factor

a

(%=1

(GgrddLi-e ]
G(y)“i (X_‘)('_e-//,) (93)

where

o
-fx
‘N{)"" 5/&»(\/;(-*\/)(1'[)6 dx (94)
[ :
Appendix F derives these quantities as

G(X) = jwaf-]‘(g'>[I_ e’f(’/)'-l)J
° (l-X)(|~ eﬁf/&) )

where

P(f) = ern (\/3<"+\/§<_-T)é-€x¢!x | (89)

All quantities are dimensionless. The bremsstrahlung Gaunt

factor is used in the project as derived.
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Reference 9 gives the bremsstrahlung coupling

coefficient as

6 _32/2 YVee!NS | [2\pZ
Aec = 3 ’n’me) he k<—/? (i.re)y&éw) (95)

and the Compton coupling coefficient as

c= 128wetay 2\ Tk
= les Z\Tr (96)
- 3 (mec?)" N“(A)

These are used according to the relation

3T, _ + Aer

——— o

d? Cv () o

where

A= Coy ({A0r *Bier)

(98)

and j denotes either electron or radiation. The quantity

Aer , then, should have dimensions of 1/mt ., The dimensions

of Aer in Eq (98), however, are 1/(t-m-%).
The coupling coefficients used in this study+may be

expressed
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8 /. 4N2 2 2
B )R )

Tmel fe (RTe)"
and
¢ 128 et 2 )‘*
) (mecz) NQ A ﬁ (87)
where
A c
Aer = Aec + Aer (85)

For computations in MOXNEX

é];. = % .Jeé;; ('H:-'Fr>

(99)
d¢ Cyi
where
Af - Ae.r
" - === (100)

Comparing Eqs (86) and (95), it is seen that they
differ by a factor of pT - Equations (87) and (96)
differ by the same factor. The dimensions of Agr from
Eq (100) should be 1/mt also. The dimensions of Ags

in Eq (85) are 1/(t-2%) . The quantity Agr , then, is
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1/mt , consistent with Eq (99). Derivations of these

coupling coefficients are included in Appendices F and I.

Subroutine GDATA

This subroutine sets initial conditions by initializing
variables and is called one time prior to the execution of
physical processes. Constants are gathered at the front of
the subroutine, then specific zone values are computed. The
radii of.the zones are .the inside radius, that is r, =0

1
This requires one more radius element than the number of

zones. Thus, two loops are necessary; one having an upper
limit of the number of zones and another to the number of
zones + 1,

Hydrogen density and pusher mass are constants of inter-
est for parameter study. Additionally, zone thickness and
number of zones may be changed.

Energy is introduced in the microsphere by initializing
the ion, electron, and radiation temperatures as desired.

If a cell has no other initial energy specified, it is set at
a value of 1.16 °K or 1 x 1077 kev. Typically, the radiation
temperature is set at 1 kev and the electron and ion temper-

atures are set between 1.8 and 100 kev following procedures

outlined in Reference 9.
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Subroutine HYDRO

Subroutine HYDRO is a one dimensional spherical
Lagrangian hydrodynamics code. It is based on the Lagrangian

energy equation

"'UZ-" ELv [- <P+1)%\Z/' (101)

o is species temperature
C is the specific heat

P is species pressure

q is artificial viscosity

I is species internal energy
v is volume

t is time.

Appendix J discusses this equation. Viscosity 1s assumed to be due only
to the ions, and is modelled by artificial viscosity. Thus, q is seen
only in the ion species equation.

The first lines of the subroutine dinitializes constants
and steps the cycle counter. Initial densities are
then calculated and viscosities are set to zero for the
first cycle. 1Ion and electron pressures are computed using
a perfect gas law and species populations computed in other

subroutines. Radiation pressure is calculated from
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(30 %

(80)
An effective temperature is calculated for the case
of electron degeneracy and is used as a minimum electron
temperature according to the relation
25 (102)
—E(Qf‘#ectwc) = 0,00565(:

This is discussed in Appendix K. At low values of B
this effective minimum provides electron pressures which
create a disassembly rate higher than classically antici-
pated (Ref 9:477). Total pressure is the sum of the species

pressures, OT

Pp= B +PR+Pr %)

The time step is computed using a fractional value of
the time required for a shock wave to travel across the
thinnest cell or

& (onin

Ltitcra.eion = & —_E—— (103)

where
F is the fractional value specified

c is the speed of sound in the medium.
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The speed of sound is computed using

- ( X:;)V"

This assumes a perftect gas so that Y = 5/3 and also that

viscous pressure is due only to the ions. A minimum time
step is specified in subroutine GDATA and a maximum time
step is specified early in the HYDRO subprogram. The
fractional value used may be varied between 1/10 and 1/2.

Cell wall accelerations and velocities are computed
using total pressure and artificial viscosities. New cell
wall positions are then determined.

With these new positiens, densities are updated.
Artificial viscosities are now updated according to the

relation

g = plary(v-o)

where
q is the artificial viscosity

YU is the divergence of velocity (Ref 27:136).

In the instance of cell expansion, artificial viscosity is
set to zero.
Species temperatures are then updated accounting for

compression or expansion. Computations assume the total

64

1%

(104)

(105)



Pdv work <can be divided between the ion, electron

and radiation energies based on the species pressures.

Ton and electron calculations are done using the ideal gas
law. Viscosity is not used in the electron temperature
update equation, again reflecting the assumption that
viscous pressure is due only to ions. Radiation tempera-

ture is updated using

V4
I (h)) 5 (™ (V(M— AV/3)
r Bl D (106)

where
V(n+1) is the updated volume
AV is the change in volume

n 1is the iteration.

This assumes adiabatic compression and is discussed in
Appendix M, Minimum species energies are specified.

Finally, the total time is re-calculated.

Subroutine TBURN

Subroutine TBURN provides the reaction rates of the
deuterium-tritium fusion reaction., Deuterium-deuterium
reactions are not computed. Tritium created by deuterium-
deuterium reactions is not considered. Constant tempera-
tures and number densities of deuteriﬁm and tritium are

assumed at the time of the subroutine call.
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A minimum ignition temperature flag, TSTART, is set
at 1 kev, a figure based on bremsstrahlung power lost. If
the ion temperature is below the TSTART temperature, no
reactions are computed in any cell. The flag TBURN is used
to carry this information to other subroutines; TBURN = 1
signals ignition and TBURN = 0 denotes no thermonuclear
burn. The number of deuterium and tritium ions burned are
subtracted from the totals in each cell.

The reaction of interest in TBURN is

D+T > He* +n (1)

The reaction rate density for this reaction is

RRpy = NaNy KTy (107)

where <oV>pa is the Maxwell Boltzmann velocity distribution
weighted average of cross section for the deuterium-tritium
reaction times the velocity of approach of the reactants

(Ref 4:358). The weighted average of the product <OV>po

is modelled in two ranges, one for ion temperatures less

than or equal to 10 kev, namely

=
<G"U>m,l % (3.8 x,o-u)—‘-fz/s e('lﬁ.O&Tl )

Ti €10 hao (108)
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and for ion temperatures greater than 10 kev

[(3.6387';',’) -(27207 7))

- LY
<¢v>°‘!75>:oh; (3.4 %107) T "e (109)

Values of<?”U>DT from these functions are seen in
Figure 11,

Since the original hydrogen mix is specified as 50%
deuterium and 50% tritium, only the hydrogen number density
is used modelling the reaction rate density as

2
RRpr = %" <<T‘U‘>Dr

(92)

Subroutine NUHEAT

Subroutine NUHEAT calculates total neutron heating in
each cell. The uncharged neutrons do not participate in
Coulomb collisions as do alpha particles though neutrons
can add significantly to plasma heating at high fuel
densities (Ref 4:330). Most neutrons born at 14.1 Mev;
however, escape unscattered for conditions of interest
(Ref 4:359). Expense is minimized by using a beam attenu-
ation model. This simplification is an economical consider-

ation balanced by the relative importance of neutron heating.
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Figure 12. Graphical Values of <0"U’>DT Used in Subroutine TBURN,
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Deuterium-tritium reactions are counted during one

cycle and, by assuming isotropic production of one neutron per
reaction, the new neutrons are placed at the center of the
microsphere and attenuated during their path length through
the plasma. Using an energy of 14.1 Mev for the neutrons

and a cross section of 0.8 barns for collisions with deuter-
ium, tritium and helium nuclei, the number of interactions

per cell is ascertained according to

Numper oF InTéracrions = (Torae Neurron Numnen)*‘

(1 - ProvaBitsrr A Neutron Pewerrartes THe Ceie) (110)

The probability the neutron penetrates the cell is

=(Numper or Tons * Oy % Rapiar Disrancs THrouen csu-)

Prenetrats = @ (111)
and the ion numbe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>