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‘A STUDY OF FUSION PRbDUCT EFFECTS IN
FIELD-REVERSED MIRRORS
Daniel Edward Driemeyer, Ph.D.
Nuclear Engineering Program

University of Illinois, 1980
The effect of fusion products (fps) on Field-Reversed Mirror kFRM)
reactor concepts has been evaluated‘fhrough the develoﬁment of fwo new
computer,models. The first code (MCFRM) treaté fps as tes;'particles
in a fixed background plasma, which is representéd as a fluid. MCFRH
includes a Monte Carlo treatment 6f Coulbmb scattering and thus,prdvides
an accurate treatment of fp behavior even at lower energies Where
pitch-angle scattering‘becomes important{ The second code (FRMOD) is a
steady-state, globélly averaged, two-fluid (ion and electron), point
model of the FRM plasma that incorporates fp heating and ash buildup
values which are consistent with the MCFRM calculations. These
values are obtained by expressing the fp energy and particle retentién
in the élosed field region in terms of the fraction of margipally

confined fps (i.e., those fps that can interact with both the open and

closed field plasma but still do not have a "loss cone”). Both codes

~employ an approximate representation of the field-reversed equilibrium °

based on Hill's vortex model.
These codes have been used extensively in the -development of an ad-
vanced-fuel FRM reactor design (SAFFIRE). These studies show that a

significant amount of fp energy (and assoclated ash) deposition occurs

- in the closed field‘region of the FRM, despite the relative small size

of the plasmé (radius equal ~ 5 to 15 ion gyroradii). Typically " 507% of
the fp energy (and the resuiting thermal fps) are deposited in the

closed field region of the reference SAFFIRE designs. This is particu-.



larly important from the standpoint of advanced-fuel dperation, where

attractive (Q > 10) systems are found within the current “"stable” limits

on the plasma size, togéther with the possibility of "ignited” operation
if the present stability limits are extended by 50%. These results are

‘illustrated through a discussion of the SAFFIRE reactor optimization

studies and through several Summaries of reference case reactor

parametets. lypical parameters tor a D-JHe type SAFFIRE plant <cell

are:.2.3 MW from a 3/1 elongated, 21.5~cm hirror radius piasma, witb ion

andAelect;on temperatureé of 80 and 75 keV and a plasma ion density of

4.4x101%cm™3, Largér powers can be obtained by stackihg éells.
A'Caﬁalyzed-D version of the plant is also discugsed along with an

investigétion of the steady-state energy distribution of fps in the FRM.

‘User guides for the two. computer codes are also " included.
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CHAPTER 1

INTRODUCTION

1.) Background

Closed field line ggometries, where all of the field 1lines that
penetrate the plasma never intercept a wall, have alw;ys appeéred to be
one of the best ways of_obtaining the long confinement times required
for ‘fusion. Because particles must diffuse across field lines to be
lost from a closed field system (e.g. a tokamak) theif' loss rate is
‘much slower than that  for an dpén, ended system such as a mirror;
Theref&re, in fhe short term, tokamaks are more attractive, because they
‘are closer to demonstratiné the plasma ponditions neéessary for fusion;
namely, a température of ~1O—ke\}, and a product .of - densipy' apd
confinement time (nT) - that surpasses the Lawson .criberion of
~1.0x1014sec/cm3; Mirrors do, however, offer some key advantages over
tokaméks in other areas. The most significant of these is their high B

(defined as the ratio of the 'averageA piasma pressure to the vacuum
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magnetic pressure). This allows the mirror to provide a higher plasma
density than is poésible in‘a tokamak fwith the same magnetic field
strength,. and can thus 1lead to both size and'cost reductions. In

addition, the higher’density reduces the confinement time required for

- breakeven, but the classical mirror.-still falls ohly marginally beyond

the Lawson criterion.

A second advantage of the mirror is its ease of coupling to a direét
energy conversion system. This is important because direct conversion
is only possible in tokamaks through the use of complicated divertors,
which canl represent a significant power drain on the systeﬁ [11. fhe
mirror is thus ideélly suited for burning advanced fuels,' where the
increased fraction of the fusion energy released in the form of charged
particles can lead to much higher overall plant' efficiencies. The
high B helps to offseﬂ the - reduced power density resulting from the
smallér fusion cross secpions and alsoziowers the cyc}otron emission,
which becomes sighificént at the higher temperatures réquired,for
advanced fuels. The mirrof thus seemsfto be a more attractive'_fusion~

reactor concept, if a means of reducing its loss rates can be found.

Research in the mirror program has . therefore focused wupon the
identification of an effective means of "stoppering" the ends of the

mirror, so that its loss rates are more in line with those of .a closed

. field system.' Several means of accomplishing this have been suggested;

however the most effective are currently thought to be the tandem mirror
(TM) (2], and the field-reversed mirror (FRM) [3] concepts. In the TM a

long, low density solenoid is electrostatically stopped by the potential
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. of two small, high density minror plugs; while in the FﬁM, the ends are
closed by creating a cufrent in the plasma' which reverses -the vaeuum
mirror field - along - the magnetic axis. As is shown in Fig. 1, thie
results in a.region of cloSed field 1lines surrounded by a diverting
mirrorl field. The Fﬁﬁ thus combines the good confinement of closed
field systems with the high B and natural diverting action of a mirror
tv produce an extremely attractive deviee; The only drawback it has ie
a reliance'upon finite orbit effects for stability, which ‘limits the
plasma size to some small number of-ion gyroradii} typically less than
jO. This:limitation reduces the economy of scele for fhe FRM; however
it cen be offset by combining individual cells into larger power

multiple-celled FRM systems.

1.2 History ~

The concept of reducing the end 1losses in a -mirror confinement
_scheme “by reversing the magnetic field along its axis was oniginally'
proposed by.Cnristofilos [ﬁ] and McNally [5,6]. In this "Astron"

concept, a layer of relatavisticlparticles, whose gyfo—brbits.encircled
the magnetie axis, provided both confinement and heating of a background
plasme‘which was needed fer spaee charge neutralization. The current of
the relativistic.particles cneated a region of closed field lines,
‘loealized by a weak mégnetic mirrqr, that reduced the background losees
and thus ellowed it to be heated to' fusion temperatures. The
attraetiveness of this concept caused it to be the subject of

experimental and theoretical investigations at Lawrence Livermore
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Laboratory (LLL) throughout thé 1960's and the-early 1970's [7-9].
'Potehtial reactor designs were promising, Figr 2; however the units were
large in size (5-6GWe), and dependent upon tﬁe development of high. power
(600MW), relativistic ion beam sources which méant that they were not
compatable with near-term technology. _In’addition, the experimental
As£ron progrém at LLL was was also meeting with iittle. éuccéss. Its
e;ongated plasma 1ayers exhibited tearing instabilities which caused.
them to b;eak up into shorter layers before fuli reversal was reached.
The Shorter layers were more stable, but they did not contain enough
current to create a closed field c&nfiguration. Therefore, the Astron

program at LLL was eventuaily abandoned.

Related expérimental work céntinugd at Cornell University, however,
‘ and‘ the eXxistence Aof stable field=reversed .equilibria was finaily
Qemonstrated by Flgischman and co-workers [10]. Similar results. have
also 'been observed in an experimenﬁ at theANaval ﬁesearch Laﬁoratory
(NRL) [i1], and £herefore, field-reversal in the‘Astron limit is now a
well accepted phenomena. The sucécess of these laﬁer'experiments ié
mainly attributed to the.fact,fhat the reversal current is built up on a
muchA faster timescale than was possible iﬁ Astron. This is due tg the
ihjection of- a single, h;gh current -pulse in the NﬁL and Cornell
' experimehts,'as compared to the pulse stacking technique used in Astron,

-.and the résulting fast rise time seems to allow reversal to develop
before"insbaﬁilities. Two - more sﬁbtle differencés are also felt to
contribute to the improved results. The first is that the NRL and:
Cornell equilibria are shorter and fatter than the Astron configuration,

and the second is the presence of a quadrupole barrier in the later
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experiments. These characteristics are all thought to lead to enhanced
s;ability in FRM gpemetries, and are thus the  subject of ongoing FRM

' stability'studies, as discussed in the next section.

In these Astron-like configurations, the azimuthal (reversal)
cﬁrrent is provided almost entirely by the axis-encircling relativistic
particles. However, in the course of the Asﬁron theoreiical work, it
was noted that the background particles could also carry a significant
fraction of the reversal current via their diamagnetic effect [(8,9].
The AFRM then 1lies at 'the ultimate 1limit of this process, with the
reversal current supplied entirgly by the net drift motionv of the
background plasma. The quantitive distinction between an Astron
geometry and an FRM is, therefore, best made on the basis of the number
of ion lgyroradii included . in the minor raéius of the piasma. If the
‘ gyroradius p (basedxon'the mean plasma energy and tﬁe vacuum 'field) is
much . less than the minok.radius a, the plasma would be considered an
FRM. If however there is a class of high_energy particles with p > a,

‘the plasma is an Astron-like device.

Evidence of field—reverséd equilibria in the FRM 1limit is also
availab;e. It comes fréom field-reversed theta pinch (FRTP) experiments
,aﬁ'Los Alamos [12], the Kurchatov Institute [13], and- from earlier work
by Eberhagen aﬁd Groséman [14]. ;n these experimengs, a reversed field
geometry i's obtained by supefjmposing a magnetic field ‘on the initial
plasma, and ‘then starting the main‘theté pinch discnarge with reversed
Qirectibn. The resulting piasma configuration 1is shown in Fig. 3a.A

Soon after the start of the discharge, the field lines reconnect at the
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ends of the chamber, and the remaining annular layer then contracts

towards the mid-plane of the coil under the action of the'enclosing

- field lines, Fig. 3b. This produces an FRM-like plasma, Fig. 3c, with a

.lifetime equal to a few hundred sound transit times across its major

radius. PFRTP experiments are thus often cited. as an indication of FRM

stébility, because this lietime is long compared to MHD growth rates.

These encouraging results generated renewed experimental and
theoretical interest in field—reversal at LLL. The originai SUPERLAYER
code, developed for the Astron program;, was modified to'simulate neutral
injéction [15] and was used to study poésible buildup to field—peversal
in mirror machines; Reversai was predicted fér the 2X-IIB experiment
but was never attained. Sufficient current built up to reach marginal

reversal, i.e., zero field at the center of the device, but the

'injectors were hnable.to drive the plasma past this point. Instead, the

plasma seemed to be dumping the injected energy into microinstabilities.
This failure was discouraging; however- it may only be an indication that
the intermediate state between field4revérsal and the normal mirror mode
is unstable. It may therefore be possible to drive a mirror into a
reversed state on a faster timescale than  that in which
miéroinstabilities can occur, and work is cohtinujng at LLL on the
developmént of a fast pulsed, ion-neutral source (IPiNS), which will

allow investigation'of fast start-up scenarios.’
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1.3 Stability -

The above experimental results indicate that stable field-reversed
configurations may exist in both the Astron_and FRM limits. However, it
is clear that‘if typical gradient lengths'become large compared to a
gyroradius; the configuration = is | adequately described by the
magneiohydrodymanic (MHD) equations and is unstable due to its inherent
bad curvature. Ongoing theoretical work [16,17] has been attempting to
develop a theory which predicts stability limitations in the FRMV limit,

but ‘this effort has been hampered by an inadequate understanding of

Aparticular experimental characteristics which may have contributed to

Asﬁability. Conclusions drawn from these studies are therefore somewhat

preliminary. Thus, it is more customary to rely upon the experimental

results which indicate that the FRM configuration is stable if §

"(defined as the ratio of the plasma radius to the average ion

gyroradius) is less than 10. Here the plasma radius is taken to be some
measure of typical density and magnetic field gradient lengths found in

the FRM, and.S is then an indication of the applicability of MHD theory.

Manonf the questions regarding conceptual FRM studies center on the

above stability arguments. This is because long experimental lifetimes

in the FRM-limit have only been observed by the Russians [13]. The

remaining FRTP experiments exhibit ghoss MHD stability, i.e., are
resistant to m = 0 tearing modes; however they eventually are disrupted
by an m = 2 rotational instability,A which sets in after ~25—us of.

quiescient opération. ‘(Here m is the mode number of the instability
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wnich = is used to describe its azimuﬁhal dependance; thus m-i 0
corresponds to axisymmetric "tearing" modes; m=1to "kinking" modes,
andA m = 2 to "fluting" modes. ﬁonmally m ;AZ'modes are-associated,witb
disruptive plasma“ rota;ions, such as those qbserved in the FRTP
experiments.) Linford, et al, have exérted considerable effort in an
atfempt at duplicating the longer Rﬁséian lifetime of ~100-pys but have,
thus far, been ﬁnsuccessful. The reason for the Russian lifetime is
unclear but is thoughﬁ to be due to . their 'strong multipole barrier
field, which keepsv the plasma away from the wall during the initial
v.gbggésA of its formation. Therefore, additional -experiments which
“include a S8tronger barrier field are planned at Los Alamos in an effort

to finally verify the Russian result.

In the Astron limit, theoretical studies have been more successful.
Sudan [18] and Lovelace [19] have investigated the stability properties
of ring-like equilibria for bicycle tire and elongated geometries and

predicted instability in both cases, which is cénsistent with results

from both the Astron and Cornell experimental programs. More recently,

Finn. [20] has addressed thelstability of the short, fat rings which are
observed tolpersist-experimenﬁélly anid. identified several new classes of
'equilibria. Therefqre, the gross MHD stability of field-reversed
equilibria seems to be éccépted; however Morse [17] pdstulates that slow
growth-rate MHD modes aré still possible. He suggests that these modes

will saturate in some form of enhanced transport which dissipates the

frcc cncrgy being released by theb instability. This seems to be

consistant with results from the FRTP and Cornell experiments because

the "driving force,"Ain both casés, is thought to be the thermal spread
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~in the mean azimuthal velocity. The thermal spread is much greater- in
‘the FRTP and thus a shorter lifetime is expected, which agrees with the
experiment. Several impbrtant effects are, however, not included in
Morse's analysis. These include quadrupole fields, plasma elohgation,

and radial electric fields, all of which could stabilize the the FRM

. against the m = 2, low growth-rate modes he predicts.

1.4 Other FRM Reactor Studies

In order to determine the potential of the FRM as a fusion reactor,
a preliminary design. study was begun at LLL fﬁr a D-T fueléd systém
[21]. Their plasma model was based on the similarity between the FRM
-magnetic gepmetry and a tokamak. This 1led to the assumption of a
.diffuse (cubic or parabolic) density profile together with a wuniform
plasma teﬁperature, which allbwed the steady-state, two-fluid (ion and
electron) particle and enérgy ‘balance équaﬁions 'to- be reduced to
.zero-dimenéional form. Pressure balance was sgtisfied by choosing a
value for B (nqrmally 1.5), and 'losses were then calculated in
éccordance with a variety of transport rates, with refueling and heating
being provideﬁ by neutral beam injeétion. This study indicated that the
FRM wgs' an exciting reactor concépt; consequently a more detailed
investigation was undertaken. It focused on improving the physics
' calcu;atiéns (using the same-basic'model) and developing a more complete
engineering evaluation. Size and cost éstimates were made ovef a wide
range of physics parameters, and an in depth "referénce design" was .

completed. A detailed discussion of this work is presented in Ref. 22;
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however a brief summary of the results is presented here. The final

design consisted of 11 FRM cells stacked together along the axis of a

'1ong superconducting solenoid. Each cell produced 20MW of fusion power

and required the injection of 3.6MW of 200-keV D and. T. The reactor had

a net electric output of 76MWe and cost $1200/KWe.’

‘Ap the same.time, erelated FRM conceptlwas also beihg investigated
at LLL;, It Qas based on the relati&istic-ring‘work going oﬁ at Cérnell_
and was called the moving ring"field-reveréea mirfor (MRFRM). In the
MRFRM, relativistic proton layers are continually being formed and set
in motion down .a long solenoidal guide field.A As the rings. move;v_they
are compression-heéted until they reéch ignition, at which time they
enter é_neaction chamber. The fusing plasma is refueled via pellet
injection as it moves through the reaction chamber, and the burn

continues until it is quenched'by ash. buildub. The plasma is then

exhausted into an expansion . region, where its energy is extracted

-.through direct conversion. The key issues are thus the burn time and

the net energy gain per ring; therefore a Fokker-Planck model was
developed in this case so that the dynamiecs of the burn could be-

accurately investigated. A detailed description of the MRFRM work is

given in Ref. 23.

. 1.5 This.Work

The encouraging results reported by LLL in their preliminary reactor

design study [21] generated interest in the FRM as an advanced-fuel
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reactor concept at Illinois. This formed tbe 'impetus for the work
presented here. it was désired to‘modify the LLL study.to include-a
more "self—consistent" plasma model, and: to pro&idg an  accurate
'calculation. of the effect of fusiéq producfs (fps) on the FRM plasma.
The first objective was attained through the use of the Hill's spherical
vbrtex descriptimn of the FRM plasma tzu]. This simple aqalytical model
provides a éonvenient base for developing a series of Survey-type '
" calculations and is alsd' comparable to the model uséd by Livermore
' (which ié based on results obtained from the piasmaA simulation- codé
SUPERLAYER), as 'shown in Fig. 4. '"Self-consistency" is provided by
calculating a background pressure profile from the Hill's vortex field
étrﬁcture anq usiné this to reduce the steady-state plasma particle and

~ energy balances to averaged zero-dimensional form.

The second objective was aptained through the development of g Monte
Carlo computer model of fp behavior in FRM plasmas (MCFRM) [25]. 1t
- couples the Hill's vortex representaéion of field-reversal with a Monte |
Carlo treatment of Coulomb scattering and thus provides a complete '
‘picture of‘fp thermalization; even at lower energies whére' pitch-angle
scattering becomes important. A related technique has previously been
used,in the‘casg of neutral-beam injection iﬁpo -tokamak plasmas [26];
however this ié the .first time such méthods have been applied‘to the
problem of fp behavior in FRMs. The code has allowed fp heating and
associated ash  buildup (i.e., £hermal;zed fusion products that
accumulate in the plasma, diluting the fusingvspecies and, subsequently,
reducing the fusion power density) in the closed field region of an FRM

3plasma to be evaluated and has shown that fps have a significant effect
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Figﬁre 4.

Comparison Between LLL (dashed) and Hill's Vortex (solid)
FRM Plasma Geometries. Note that the LLL design, which
has an elongation of 3/1 is nearly equivalent to a
spherical vortex plasma.
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on the steady-state}partiéle and ehérgy balances. (This latter result
was not expected due to the small size of the plas@a—-radius equal only
a few ion gyroradii.) The code ‘has also formed the basis for several
ongoing studies involving the calculation of fp distribution functions
in ‘order  to determine if fps affect the plasma equilibrium by driving

microinstablities or by altering the reversal current.

The remaindér'of this work describes the details of these two
coﬁputer models and- is Organizéd in the following manner. Chapter 2
gives an introduction into the Hiil?s vbrtex analogy and describes the
preliminary analytical work that went_linto the 4model development.
Chapter 3 descrises the Monte Carlo particle code MCFRM, along with
several test cases ﬁhich were run in order to establish the validity of
| the model. Chapter i cerrs tne averaged, global model, FRMOD, and the
means of coupling the two codes tdgether in order to. obtain a
‘more consistent resﬁlt. Chapter 5 contains a summary of the results énd
their implications regarding the SAEFIRE reactor design, and Chépter )
‘makes some concluding remarks and recommendations for futﬁrej work.
Finally, since the codeé' are generally‘applicable to other problems
concerning ghe overall FRM system, -two appendices are included which
are intended to serve as guides for individuals wishing to Qtilize the

codes. -
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CHAPTER 2

THE HILL'S VORTEX MODEL

2.1 The Field Structure

As originally pointed out by Morse [27] and implemented by Wang and
Miley f28], the Steady-state FRM is.expectedAto assume a configuration
much like thé Hill's spherical vortex. This simple analytical model was
originally proﬁoéed by M.J. Hill in 1894 to descripe vortex formation in
fluid flow [24]; however it is éompleteiy analogou; toAaisbherical fiéld
equilibrium, as was later noﬁed by Shéfranov f29]. The original
formulation was only for the spherical case; but because many of the
experimentally produced field-reverséq plasmas are elongated, the model
hgs been médified slightly forAthis application to include_ a factor K
thch' stretches the equilibrium in the axial Airection. The eiongation

factor is included self-consistently throughout the model by first

. "stretching" the magnetic flux function Y, which consequently takes on

ﬁhe following form:
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2 2 2
-(3/4)8 Ry v (1-R )’ R<1 (la)
Y(r,z) = ,
' 2 2 -3
(1/2) BoRHV r (1-R 7) R > 1. (1b)
‘Here R = (r2+zz/K2)l/% K .= zm/RHV is the elongation factor; r and z are

Adimeﬁsionless cylindrical coordinates normalized to the radius of the
seperatrix, RHV; and éo is the vacuum magnetic field streﬁgtn. fhe flux
is ﬁhen negative for R < 1 (due td the reversed magnetic field), goés
through zero at R = 1 (the seperatrix), and = asymptotically approaches

the solenocidal form of B R2Vr2/2 for R > 1.
_ oH

The magnetic field corresponding to this flux is then determined

from the relation B = Gw p'e @/rRHV and is therefore:
. 2. n 2204 ‘ .
-330/7[rz/n )T + (L-R°=17)z] : R<1 (2a)

-336/2[(rz/K2R5)€ + (2/3—2/3R3+r2/R5)2] R>1. (2b)

This elongated field configuration, shown in Fig. 5 for ¥ = 2.5, has the

following characteristics:

1. As expécted, it is reversed along the axis-of the mirror, with
- a field strength of 3/2 the vacuum value at z = 0, and with
field nulls at z = K,

2. There is another ring-shaped field null, (that corrésponds to
.the minimum in the magnetic flux function, and consequently to
the maximum in the plasma pressure) embedded in the closed
field region at z = 0, with a radius of 1//2. :

3? There is a strong field gradient in the z =0 plane, moving
outward from this null, that causes the field strength to ‘also
reach 3/2 its-vacuum value at the closed field boundary, R = 1.
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4. The field outside this boundary, R > 1, approaches a straight
solenoidal structure as 1/R3. .

The current density required to maintain thiér field configuration
. . > > > .
can be calculated using Ampere's. law, viz. j = (c/8m) VxB. This

results in:

" -3cB

o _2 A - . .
S“RHV (4+k T)r6 R<1 (3a)
j(r,2) = o
3cB ' ~
R W CR P P X R > 1, (3b)

BNRHV

The complicated magnetic configuration is thus produced by a relatively

‘simple current density, which is liﬁearly increasing with r inside -the

- 4
seperatrix and falling off as R outside it (the seperatrix is at

1). (For the spherical case, k = 1, no current is required outside

‘the seperatrix.) This current density has been shown in Fig. 6 at

several axial positions, for the k = 2.5 case., These illustrate that
'thé lelongatedl Hill's vortex analogy begins to break down near the
seperafrix due to the current (or equivalently a plasma pressure
gradient) - thét is reduired on .the open field lines. The vortéx

configuration is, therefore, not completely consistent, but (based - on

" the SUPERLAYER comparison diécussed in tne next paragraph) it has been

retained because it provides a realistic (and simple) picture of the
complicated FRM field structure. 1If a completely consistent, analytic
description of an elongated eduilibrium is desired (i.e., one where no

bressure' gradient is required on the open field lines), it can be found

in Ref. 30.
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The main justificgtion for the use of the .elongated Hill's vortex
model ﬁhus comes from i£s similarity to aétual FRM equilibria predicted
by ‘the plasma simulation code SUPERLAYER [15]. This ' two-dimensional
particle code solves for the self-magnetic field generated by the ions,
and the resulting ion orbits in this field. (Presently, the code
ignores ﬁhe effects of loéal'space charge buildup,'electron currents and
electrostatic fields, all‘ questionable aésﬁmptions, but it has
accurately predicted both the failure-of Astron and tbe success of the
Cornell experiments; thefgfore‘it is thougﬁt to provide a reasonable
pictufe of FRM physics.) A éelf—consistent magnetic configuration is
then obtained by setting up a fixed spgtial grid structﬁre and solving
for the singlé—coﬁpbnent vector pqtential Ae. This allows the plasma
equiiibrium to be evolved in time until reversal is fully dévé;oped thus

providihg a valdable check on the Hill's vortex formulation.

A typipal SUPERLAYER field plot is therefore shown in AFig. 7. The
vortex field model is found to 'compare quite' favoribly with the
SUPERLAYER field structure even though it is a fluid equilibrium and is
‘thus not strictly consistent with the large orbits found in the FRM.
Tﬁis visual argument together with the simple analytical nature of the
vortex field model have led to its application in the present study; It

should be pointed out, however, that the techniques developed here are

éompletely general. They are not dependent upon the choice of the

Hill's vortex representation of the FRM; consequently other descriptions
of the field-reversed equilibrium could be substituted for future work

if desired.
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2.2 Particle Motion and the Effective Potential

Because the FRM geometry is axially symmetric, it can be represented
' . > A .
by a single component vector potential A = Ae(r,z)e , where Ae = w/RHVr
Particle motion in this geometry 1is then described simply ‘by their

Lagrangian which is:
m‘ 2 o q .
L =7 (r" + " 6"+ 27) + = roA . (4)

"Here q and m are the particles charge and mass respectively; r, 6 and z
are now dimensional c¢ylindrical eoordinates; ¢ is the speed of light;
and thé dot has been used to denote the debivetive with respect to time.

The.equations of motion can then be shown to be:

mr = P /rm - (q /2m) (A ) +- (qP /m) (A /t) A (5)
mi = -(a%/2m) 52 (A2) + (apy/m 5 2 (gl o ®
Pg = mrvg +~% rhq ; : ' - ‘ (7

yhere P.e is the .canonical angular K momentum, which (if there is no
Coulomb drag or scattering) is a constant of the motion. The
introduction of Pe thus reduces the complicated ‘thhee-dimensional
berticle~ motion to a simpler two—dimensional projection in the
r-z plane. Unforeunately, for most céses of intereet, Pe.is not a true
invariant due to Coulomb interactions; however for high energy

9

effects are deminate. Therefore, the above equations .give a good

particles, such as fusion products, P varies slowly because drag
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approximation to> the actual particle motion except at lower energies

where pitcn-angle scattering becomes important.

It is useful now to notice that these equations describe particle
motion in the r-z plane,‘within’an~éffective scalar potential defined
by:

_m 2 _ 1
. V= 2 ve 2m r

P,- qp/c] 2 A o ,
1 [_Q___;_{] » . - (8)

The energy of the particles can then be written in terms of this

potential as:
E=%(vi+v§)+v . . | | (9)

' fhis_shows that_particles'can be absolutely confined in the FRM, i.e.,
no }onger have a conventional mirror "loss cone,"‘if thé potential is
such thét E < V within some closed region of configuratién ‘space. The
boundary of this region is then determined by setting E = V, and ié thus
dependent upon the magnetic . flux function, .w,'-and the particle's
canpnical angular momentum, 'Pe. Particles are confined within this
. "energy surface" because, from Eq. 9, their energy becémes entirely ;n
the theta direction-as they approach it, which prevents them from gbing
beyond the boundary it represents. The'COnvenience of this formulation
was originally noted by Northrop, et al, [31,32] .in discussing the
problem of non-adiabaticity of particle orbits in a mirror field;
'ﬁowever' it 1is also well suited for this applicétion; as tﬁe next few

sections will show.
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From the Hill's vortex expression for the magnetic flux,-Eq. 1, -the

effective potential can be written as:

- - 2772 L
2 e+ 3 20aRY R <1 - (10a)
2 Le "4 —
2r .
v = B ,
1 [ 1 2 -3 2
— [P, - = r (1-R ") R>1 . - (10b)
2 e 2 _ _
2r - . .
In  this di ionl £ R B B B R /c
n is imensionless orm - Hy? B oRHV’ aB Ryy/¢» and

(i/m).(qBoR}ZW/c)2 have been chosen as units for lengph, magnetic field,
magnetic flux, canonical angular momentum, and enefgy respectively.
Thus, a 3.5—MeV alpha partic;e in a 20-cm,-6.0—T spherical vortex would
have a dimensionless energy of 0;0252, while a ~200-keV injected'

deuteron's energy would be 0.0029. (These units will be used throughout

the remaihder of this work, since they lend themselves quite naturally

to the problem.) The implications of this effective potential will now
be discussed, especialiy as they pertain to fusion products (fps) in the

FRM.

2.3 . Absolute Confinement Theory

From simple energy arguments, it was shown that particles could be

absolutelyv confined in  the FRM éeometry if their energy, E, was less

- than the eéffective potential, V, in some closed region- of space. The

spécific condition for absolute confinement can then be established by

examining the general'form of the effective potential, Eq. 8. Since Y
. : , : 2 2

is known to approach -the solenoidal form of BORHVr /2 for large R, a

potential barrier will always exist in the radial direction, and the




27

height of thisA barrier is given by the value of the potential at -the

wall, viz.

Ve—pg —r o | BN GED

Absolute confinement ‘is then possible if there‘is also a potential
barrier in the axial. nirection. Because Y is positive everywhere
outside the seperatrix, Eq. 8 shows that an axial narrier gxists only if
Pe < 0. ‘(This is true for ; large fraction of the particles in the FRM
»due to the reversed magnetic field which leads to neéative values of w‘
that allow Pe < 0, from Eq. 7.) To determine if this barrier is. high
enough to confine the particle,' theA "critinal" value of'V’mnst be
evaluated.. Thié nalue corrésponds to the absolnte minimum in the
potential and occurs at a radius, nc, which is found frpm:

B . , ' S an

3
c

The asymptntic.form of w'can then be used to f}nd that:

2

o= - (2c/q BORHV) Pe . | : (l?)
Therefore, . the critical value of the potential is found to be

) i(qBo/mc)Pe, and the conditions for absolute confinement of "a particle

are thus:

Py < 0 ' - : | (14)

E < - ‘(qBo/mc)'AP6 . | (15a) -
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It is also possible to deﬂermine a condition for confinement
completely within the closed field region. The boundary of this region

is defined by ¥ = 0, and ﬁhe minimum value of V along this boundary. is

found to occur at r = 1. The critical potential for this case is then

: 2 :
found to be. Pe/ZmRHV, .again from Eq. 8. Thus, the condition for

closed-field confinement is:
) . ‘ : '
P < §
E < Py/2m Ry, e | . S ~ (16a)

where the- side condition on Pe, Eq. 14, must still be satisfied. At

"first glance, this criterion does not appear to be more restrictive than

that for absolute confinement; consequently it is instructive to look at
the dimensionless forms -of the confinement criteria, found by writing
the equations in terms of the previously defined units for Pe and

energy, namely:

E< - ?e | ' | C 1sb)
2, ‘ | o
E <. Pg/2 - (16b)

with' the side condition Pe < 0 still in effect. These show, clearly,
that the closed-field confinement criterion ié more restrictive, " since

|Pe|< 1 for all particles in typical FRM systems.

For the spécific case of Hill's spherical vortex, the analytic form
of the effecpiye poteﬁtial, Eq. 10, allows a more defailed look at itsi
cénfinement properties. As was mentioned before, the.pofential well .is
always bounded in the radial direction, and this is illuétrated'by'

Fig. 8. Here, the potential is shown as a function of r at several
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at Z = 0 which confines low energy particles to flux
surfaces. :
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axial postioné for %3 = -0.125 (a representatiQe value for the FRM): A
particularly interesting aspect of this figure is the shape of the well
inside thé seperatrix (the Z = 0 curve). This shows that barticles.will
tend to be confinéd to flux surfacés in the closed field region‘if their
energy is small compared to the central hump in the potential. Most of
the background particles in the FRM fall into this category, and they
' éaﬁ then be ‘approximately treated by diffpsigh theory. However,
barticles with large energies . no longer see the central humb;‘and their
motion thus encompasses many flux surfaces. This large orbit type df
"behavior is charadteristié of fps and will be discussed in more detail

in the next chapter.

The critical value of the potential, which is used to detefmine if
tﬁe- pafticles are aiially confined; was defined previously as the
absolute minimum in the potential bdrrier. The analytic form of V,
Eq. 10, Ehen allows the asymptotic apprbach to this criﬁical valde of
the potential to be examined as a function of z. This is déne by "first
évaiuating' the radius corresponding to the local minimum, rc,,from the

relation:

2 4
v r 2, 2,2-3/2] ¥ 2 2, 2-5/2
. = PG { —% [é_(rc + 2z /") :] +-—E£'(rc+z /™) / =0, (17)

and then using this value £ogether with the associated axial position to
evaluaté the potential;from Eq. 10b. The resuit,is shown in Fig. 9A for
several values of PG in a spheriéal (k =71) plasma. This figure is
significant because it illustrates that the critical poteniial has
attained éver 95% of its asymptotic value of ;Pe, at 2z = 2.0. Thus, thg

absolute confinement criterion, Eq. 15, is vaiid as long as the system
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is approximately‘ twice . the length of the'plasma. In shorter systems,
the critical vaiue of the . potential for absolute confinemeﬁt is
.caICulated by uéing Eq. 17 @o evaluate fc at the axial boundéry of the
system and then substituting these values back into Eq. 10b. This will

give a potential that is smaller than —Pe,'as shown by Fig. 9.

2.4 Energy Surfaces

A final valuable prodpét of tﬁe agglytic form of ‘ﬁhe potential is
its use in_evaluating'fhe energy surfaces for typical particles in the
fRM. As previously mentioned, these surfaces are determined by setting
the particles energy,-E, eéuai to the potential, V. Then, assumiqg the
particle's ﬁa is known, a locus. of - r,z values defining the energy
Suffaéé can be calculated using EqT;)O. For low energy particles this
locus is approximately. a flux surface;‘ however for higher energy
particles, such as fps, it is quite different. Figs. 10-12 illustrate
this by showing several energy surfaces and trajec;ories for ai 375-MeV.
.alpha particle ‘in a typical FBM plasma. These point out dramatically
.ﬁhe effect of % on the enefgy surface which changes f}om an open—ended
‘stfucture (Fig. 10) for Pe = -0.02, 'to a ’iarge D-sﬁaped region
(Fig. 11) for P, = -0.050, to a smaller,  elliptical region (Fig. 12)

)
when Pe = -0.22.

These figures also illustrate the confinement theory because the
dimensionless energy of this alpha is 0.022. Thus, as expected from the

dimensionless form of the confinement criterion, when E > -Pe, the
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energy surface 1is open-ended add the alpha eécapés.‘ However, for:the
two. cases where‘E < —P6 the'energylsurfaces are closed and the alphaé
l'are .confined. In addition, Afor Fig. 12 where E < Pé /2 the élphg'S'
energy surface 1is completely within the closed ‘field boundary.
’Thérefore, coupling the effective potential witb the Hill's vortex modél
has'made i# possible to determine where in configuration sﬁace an fp may
reside, without solving for its détailed:trajgctory. This information
may make it possible to evaluate fp energy depoéition in the FRM without

resorting to the .time-consuming Monte Carlo procedure developed here, -

and future work will focus on this possibility.

2.5 Applicaﬁions to Fusion Product Energy and”Particle Deposition

‘The conllinewent theory of section 2.3 makes it possible to put
absolute 1limits on the ciosed field fp éneréy.and particle deposition.
‘These limits are not only véluable when assessing‘tbe accuracy of the
Monte Carlo calculation but are also particularly'useful in idenﬁifying
Qhether sgch é detailed analysis is needed. The upper limit corresponds
to - the optiﬁistic assumptionA that all of the absolutely confined_fps
deposit their energy in the closed field region; while}the lerr limit
cdrresponds to the pessimistic assumption that only fps which are
completely confined within fhe closed field'region deposit energy there.
(FPS. not absolutely confined are thought to be lost on a timescale much
shorter fhan their slowing down time and thus to deposit virgually no
. energy in the plasma.) TheAactual fractional fp energy and:particle

déposition will lie somewhere between these two limiting cases and. will
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depend- on the slowing down time in the‘cold,'open field plasma relative

" to that in the hot, closed field region.

The limiting values are established by sampling a large number of.

particles, at successive values of'the dimensionless énergy variable
mczE/(qBoRHv)2 , chosen to represent' the fusiqn birth distribution.
'The abéolute and closed-field confinement criteria (Eqs. 14,15) are
applied to.these particles, and the number falling into each category is
‘tabulated. The fréctional confineﬁ%ﬁt is then obtained by dividing by
ﬁhe number sampled, and the.error in the fractions is_thué statistically
proportibnal to /T7_N: where NC “is the number of particles 1in a
particular category. ‘Studies have shown that with ~100,000 particles,
estimates of the confine@ent fractions are obtained which are aqéuréte
to within 1%. Therefore, this number of particles has been used to
evaluate the «curves presented in Fig. 13, where the absolute and
closed-field confinement fractionsAare plotted versus the dimensionless

birth energy of the fps.

These curves are- extrémely- useful because they are completely

general. That = is, they specify the ablolute and closed-field

.confinement'fractions of any charged fp in any FRM plasma. This is made

possible by expressing the confinement fractions as functions of the

A ’ | A
dimensionless fp birth energy, mc E /(qBORHV)z. The vortex radius (RHV)

‘and- the vacuum magnetic field (Bo) thus characterize the plasma, in the
.dimensionless energy unit, while the mass,'charge, and birtn energy (m,
q, and Eo) identify the type of fp. For example, in a 25 cmy, 50 kG FRM

plasma, the 3.52-MeV, D-T alpha; (whose dimensionless birth energy in
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 this plasma is 0.016) have 95% absolute and 334 closed-field confinement
fractions, whiie the 14.7-MeV, D—3He protons.{whose dimensionless birth
energy is 0.068) .have only 66% ;bsolute confinement and 7% closed-field
~confinement. ﬁFig. 13 -thus summarizes the general limits on fp
.confinement in the FRM and, in addition, has allowed the results of the
Monte Carlo heating studies to be represented in an extrehely combact

form that is discussed in Section 4.4,

Thevimplications of the fp confinement limits shown in Fig.'13 were
very exciting;' espeéially in light of earliér, encouraging FRM reactor
studies [22,23], which had assumed that there was virtually. no fp
heating in the FRM plasma due to its 'small size (radius equa} only a few
fp gyroradii). For-the first time, the possibility of a significant
heating contribution from fps had ‘been identified due to the large
. fraction of them thét were found to be absolutely confined. (Even for
. the case of the 14.7-MeV, D-3He protons, over 40% absolute confinement
is found ‘in typical FRM plasmas.) The majority of fhese fps, however,
.are only marginally confined (i.e., they Samp;e‘boﬁh the open and the
"élosed field plasma); consequently an evaluation of their actual closed
field énergy (and .assoéiated particle) deposiﬁion requires a more
‘detéiled analysis. This was provided through the development of the

Monte Carlo particle code (MCFRM) that will now be discuésed.
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CHAPTER -3

- THE MONTE CARLO CODE - MCFRM

3.1 Introduction

As was mentioned in the previous chapter, the FRM plasma is
characterised by its small.size, and large .field and denéity gradients.
Tbese properties together with the additional complexity resulting from
the two distinét regions of plésma nave led tq the deye¥opment of a
dgtailed particle.code (MCFRM) to evaluate fp behavior in the FRM. This
code couplés the Hill's vortex represehtatibn of the FRM equilibriﬁm
with a Monfe'Cérlo treatment of Coulomb.scattering and thus pfovideg a
complete picture of fps from birth thhqugh their thermal diffusion. The
code is therefdre able to calculate both energy and particle deposition
in the lclosed field regioﬁ, and consequently address the ash Suildup
question that accompanieé the enhanced fb cénfinemept in the FRM plasma.
This ‘is particularly important since the FRM holds the promisevof true

Steady-staﬁe operation due to its small size, which enables the majority

o
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of the éharged fps to be "scraped off" by the cold, floWing'piasma on
the open field lines. The optimum design then involves a trade off

between the positive contribution of fp heating, and the reduction in

~ power density resulting from ash buildup.

. The Monte Carlo solution technique also allows a large amount of

‘additional information regarding the fps to be extracted because the

time that the test particles spend in a particular region of ' phase

space, i.é., between two energies or within a physical boundary, is

proportional to the steady-state number of particles in that region.

‘'This assertion is verified by recognizing tnat the Monte Carlo code is

solving for the Green's function of the time dependant Boltzmann

equation, G(;,;,t t'), weighted by the fp éource density,_S(F). ‘Then,
in accordance with the theory of the Green's function, the: steady-stéte
distfibution of fps, f(?,:), is found by taking the time integral of
this résglt and is given by:

P

£(r,v) = fs(r*) G (F,v,t|t") at' . . | (18a)

-—00

Because the source is independent of time, the primed and unprimed '

variables can be interéhanged in the Green's function to give:

T .
£(T,9) = fsd?)‘ ¢ (F,v,t'|0) de' . ' © (18b)

(o}

- Here T is the maximum time that any fp spends in the system (which in

practice'is sét equal‘to the longest particle history in the code), and

the offset t (which is now arbitrary) is set to zero.
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If the above'equation is integrated over phase space and Split up
into a discrete gboup structure, as is done in the code, the folldwing
expression for the steady-state number of fps in the g-th region is

obtained:

. | . " T ) .
n = fd3r fd3v' £(F, V) = fd3r 5 (x) fd?v f G(F,v,e'[0) ac' . (19)
Av Av Av Av o '

Then expressing the time integral as a summation and taking the group

integrals inside the sum, results “in the form of the group density

constructed by the code, viz.

ST N _ ' '
n =S, ZAt z S gelv - . (0)
- i71 .

t=1

’ 2
Here S is the peak fusion source density, n0 ov>, At is the timestep

o
(which is a constant,in the code), T is the.total number of timesteps
required. for +the MCFRM calculation, N is the total number of test

particles, and &, - is defined such that:
L ' lsg:t '

1 If the i-th particle is within the g-th group
= boundary at time t. .

Gi t
18 ‘0 Otherwise.

Therefore, the steady-state_group density is indeed proportional to the
_time that the test particles spend within that group boundary, and this
fact has been used in the present study to investigate superthefmal fp

energy distributions, fp induced currents, and several other proberties

of the steady-state distribution of fps in the FRM.

Finally, section 3.6 discusses a number of test problems .run using

the MCFRM code. The simple nature of these cases made it possible to
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develop alternate solutions using other (usually analytic) techniques,

and these solutions were _subsequently compared to the corresponding

‘MCFRM calculations in order to provide a check on the code. These‘

comparisons not only demonstrate the accuracy of the Monte Carlo method

in the present application (thus providing justification for the MCFRM

" results in the more complicated FRM studies) but also provide a means of

estimating the number of particle histories Eequired to obtain good

statistics in the actual FRM cases.

3.2 The Particle Pusher

Because typical fp trajectories encompass tremendous field gradients

in the FRM plasma, a conventional guiding center apbroximation is not

possible. Instead, the particle equé%ions of motion must be solved in

detail.‘ Unfprtunately, the two-dimensional form of the motion equations
given previously, Egs. 5-7, is not pi?iicluarly convenient for numerical
iﬁtegration due to the presence of a singularity alohg tﬁe axis (r = 0).
fhis singularity is due to the centrifugical force term' which must be
included' since the coordinate frame is noﬁ-inertal. The problen can
thus be évoided (at the cost of increasing ‘the dimensionalityv of the
problem back to .three) "by instead writing the motion equations in an
inertial reference frame. This form is more attractive for the present
applicaﬁion “because it leads to a particle pérticle push that is easier
to‘implemeﬁt. In addition, the canonical angular momentum,lAPe, is né
longer completely invariant in the real problem due to the presence of

Coulomb interactions. The two-dimensional form-of the motion equations
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is thebefore only approximately valid at high energies and completely
breaks down at lower energies where scattering becomes important. The

formulation used in the code is then:

dx,

i_ . ' ,
Tl , _ (21a)
dv, ' ‘
i_q o . | o
dt mc.(vak VkBj)’ . : (21b)

Awheré the magnetié field components are calculated in accordahce with
the Hill's vortex model, Eq. 2, and electric field effects have been
neglécted..'This latter assumption 1is wused because fp energies are
4generaily expected to be much larger than any plasma potentials which
'méy.dévelop, and fp motion should therefore be unaffected by the fields

that are producéd.

These equations are then integrated using a modified 1leapfrog
algoriﬁhm [33], and thus take on the following finite difference form in

the code:

.n+l n V.r1+1/2 o o , - (22a)

n+3/2 n+l/Z n+1

v 32 V'n+1/2+(vn+3/2+vn+l/2 o+l " ve

)B

R . .- . /2.(22b)
i i i 3 k

/2=-(v

Here the position coordinates,’xi, the velocity components, Vi and the
magnetic field components, Bi’ are all dimensionless values, -and time
.has_‘been scaled such that the timestep is unity. Thus, the x's are in

units of the Hill's vortex radius, R “the v's. have units of

Hy?

‘RHVNDTw /2T where 2ﬂ/w is the cyélotron period of the test particle in
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the vacuum field end NDT is the npumber of" timesteps per cyclotron
period; and the B's are in units of BONDT/ZW where Bo is the vacuum

magnetic field strength. This form of the motion equations is chosen

because it involves fewer, and simpler, numerical operations due to the

elimination of an'explicit dependence on the times;ep.

It should be noted here that background electric field effects have

.been’ neglected in the present study because any plasma potentials which

may develop are limited to a few electron temperatures in magnitude.

Consequently, the influence which the associated electric fields nave on
the fp motion is small due to their large energies. Future work will,
however, consider electric fields in order to determine the influence

which they have on fp motion at lower energies, where electric field

effects could lead to slightly higher ash buildup fractions than those

found here. For general completeness, then, the -electric field term

will need to be added to the right hand side of Eq. 22b, evaluated on

.integer timestep- intervals, and expressed in  units of

2 ) .
(mRHv/q)(NDTwO/Zn) where q and m are respectively the.charge and mass

of the test particles.

The algoritﬁm draws its name from the fact that the position and
velocity coordinates of the particles are a half timestep apart, as
indicated by ﬁhe shperscripts. Thus, they are chpinually "leapfroging"
each other in time which helps'to reduce the accumulation of round off
error. Aeditional accuracy is obtained ﬁhrough the use of a "time

N :
averaged" value of v in the evaluation of the v x gvforce, and the net

result is a particle push that conserves energy. exectly, within the




limits of machine round off. The '"push"_ is .then implemented by

+3/2

eliminating the v? terms from the right hand side of Eq. 22b and
using the position coordinates xr1+l to calculate the magnetic field as

given by the Hill's vortex model, Eq. 2. The effects of - Coulomb drag-

‘and "scattering are not included directly in the motion integration but

are instead added in later using a separate calculation. The "scatter"

is"therefore applied to the velocity vector after the "push" has been

completed, as is discussed in the hext section.

3.3 Treatment of Coulomb Interactions

3.3.1 The Theoretical Model

A simple drag model, such as Sivukhin's [34], is adequate to
determine’ fp energy deposition in the closed field région of the FRM;

however tne desire to answer questions concerning ash buildup and

‘removal necessitate a full Coulomb scattering treatment. Spitzer [35]

has developed such a model for test particles slowing down in a wuniform
background of Maxwellian field particles, and it is applicable to the
FRM case because the elimination of the "loss cone" allows the FRM

plasma “to -asSume' a ,Maxwellién velocity distéibution. The 'fp

‘thermalization process is then described by the Spitzer coefficient for

drag:

dt

- dv,, . A
. <—> = - % 1+ I—x:—) G (Z—) , : : (23)
. f . : : o

f f
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and the associated coefficients for velocity diffusion (VD) .and

" pitch-angle scattering (PAS):

<:dv":> f]—’-G = | | o BETS
< > [<I> (—) - G(——)J : - @5

4 2 2

Here . AD = 8Te anf lnA/m
9 ' .
vf = 2k[‘/mf
®(x) = erf(x)

G(x) = (8(x)-(2/VMx exp(-x2))/2x?

while nf is the‘field particle dehsity; inA is the apbropriate Cqulomb
logérithm for test-field particle'interactions; and v(f), m(f), and Z(f)
" are the test (and field) particle velocities, masses and charges. 1In
this model, the angle brackets are used to denote a statistical average
over a large number of Coulomb interactions. Therefore, the drag term-
corresponds io the mean change in the magnitude of the velocity per unit
time, and the VD .and PAS coefficients'represent the variance of the

Gaussian distributed deviation about this mean in the parallel and

perpendicular direcﬁions,‘

In the Sbitzer formulation, the PAS term‘refers to an accumulation
" of smail angle Coulomb scattering - interé@tions.' This should be the
primary slowing down and scattering mechanism fqh' most fps, and ‘the
present analysis should therefore‘lead to a good "first order" estimate

of the superthermal fp slowing down -~ distributions (cf. Section 5.U4).
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4 However, 'in the case of the ‘14.7-MeV,A D-3Hé préﬁops, there is éi
signifiéant probability of large angle, nuélear elastic scattering (NES)
during slow down. This‘seeqnd order effeét has been neglected in the
present study; but, due to the influence which NES will have' on the
slowing <down distribution of high. energy fps in the FRM (and the
subsequent effeétlwhich.this may ‘have on the plasma's resisﬁaﬁce to
microinstabilities), ongoing work 1is focuéing on‘including NES in the

'MCFRM code.

3.3.2 The Background Plasma

The field particles in these equations are assumed to be described
by the Hill's vortex equilibrium which gives the'self-consistent'plasma
deuslly as:

2,02 .
nor (1-R™) + n_ R<1 (26a)
n(r,z) = v .
n ' S R>1 . (26b)
In this form, a uniform plasma temperature has been assumed due to the
large 1ion orbits, which are thought to give rise to good cross-field
éonductivity in the closed field region. The ion and electron fluids
are, however, treated separately; therefore the resulting description-of

the plasma temperature is:
T., T . R<1 (27a)

T |  R>1 . (27
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Here Ti’Te are respectively the ion and electron temperatures in -the

hot, closed field region, and TC is the temperature of the cold, flowing

‘plasma on the qpen field lines. Self-consistent values for the

background parameters are then chosen based on results obtained from a

‘zero-dimensiohal; stéady-state plasma model ..(described in Chapter "U4)

that incorporates appropriate energy and particlé balances.

The fps are treated as'test particles - in +this béckground plasma;
ﬁherefore the effect of their energy deposition (and associated buildup

as ash) on the closed field region is included via an iterative process.

This process involves using the 0-D code to evaluate initial background

parameters, based on a preliminary estimate of fp heating "and ash

buildup, and performing a MCFRM calculation to.find the actual fp energy

and particle deposition in this background plasma. :The resulting
informatibn then serves as a new estimate of fp heating and ash buildup

in the 0-D code to repeat the process; if necessary, until convergencé

'is obtained. The compdter time fequired for MCFRM calculations makes

this iterative .process quite unattractiye4 for’ general parametric
studies;-cpnsequently effort has recently focused on converging'selected
cases and using4these‘resluts to develop a @eans of " estimating the
éctual fp ‘energy and particle deposition over a wide range of
parameters, This work.(summatized_in section u.u) has eliminated the

need - for running MCFRM in individual cases and has greatly reduéed the

. computation time required for parametric studies.
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3.3.3 The Scattering Algorithm

The scattering geometry associated with the SpitzerAmodel is defined

relative to the.instantaneous velocity vector of the test partiéle and
is shown in Fig. 14, Here the inertial reference frame of the particleA

" pusher 1is denoted . by the x-y-z coordinate system, and the local u-v-w

. coordinates are defined such that the velocity vector is aligned with
the Q direction. Thus, the two reference frames are related through a

standard coordinate rotation, namely

M5
e

cosa cosB °  <—sinB " sino cosB
; = cosa'sinBA cosf sina sinB v (28)
Z -sino. -0 ' cosa Q s
where cosq = vz/v
sina = /1-_(VZW
cosB = v _/vsino
sinB = vy/vsina ,
‘and v, ‘iy and v_ are the velocity components of the particle at the
completion of the "push."™ (All possible rotations are encompassed

because these velocity components are ;igned quantities.) The
"scattered" velocity vector is then calculated by wusing -the- Spitzer
coefficients for drag and VD (Eqs. 24,25) to evaluate the change in the
parallel direction, Avw; the PAS coefficient (Eq. 26) to find the
chgnges in the perpendicular directions, Avu and Avv; and rotating the

resulting "local" vector back into the -inertial frame using Eq. 28. 'The

inertial components of this "scattered" velocity vector are thus found
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Scattering Geometry Used in MCFRM. The x-y-z coordinates are
the fixed reference frgme, while u-v-w are local coordinates,
aligned such that the w direction corresponds to the initial
particle velocity vector; o and f are thus the coordinate
rotation angles used to translate the change in the local
velocity components back into the reference frame.
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' Av (vov [v)-Av v'w r Av
= u_xz vy + v [1+—W:\ ' (29a) .
' v sino J x v
Av (v v /v)—Au'u'w . ‘ Av .
=[“yz. v X + v [1+——‘1-J' : (29b)
v sina .J y v .
Av T _ : :
= - Av sing + v E-i-—“l:] s (29¢)
u Tz v

where Av , Av and Av are random-changes, in the local velocity frame,
u w . A -

v
that describe the cumulative effect of -Coulomb interactibns during the -

timestep.

Because scattéring is dominated by small angle events, these random
changes are selected by sampling from triangular (as opposed to the
actual Gaussian) probability distribution functioné_in the code. This
approxihation‘ is quite reasonable, as shownA'in Fig. 15, if the
triangular distributions are made té naQe the same standard deviation as
their Gagssian counterparts. It is also more efficient because'sampling
from a triangular distripution- requires the generation of only two

,fandom numbers, as opposed to the twelve that are commonly used to
" sample from a "Gaussian." The change in the local velocity components

ddring é timestep is then given by:

| 2. —1/2 S
Av = [:3 —d—:i";':'—> At:] (p,-P,) - (30a)
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Figure 15. Illustration of the Actual Scattering Probability
Distribution Compared to the Triangular Approximation
Used in MCFRM. Good agreement is obtained by normalizing
the triangular distribution such that it has the same .
standard deviation as its Gaussian counterpart.
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A"v; [<d‘“> ] (py-p,) A | o (30b)

Av = [<d"">At]l/2 (p.-p,) + <d""> At - | (l30c)3
w 576 : ‘ ‘

Herg pl-p6 are ‘the random numbers uéed  to copstruct the triangular
scattering probability distributions, At is the timestep, and the
factors of ﬁhree ‘and sixA are‘ needed to correctly normallze the
scattering brobabilities. In this form{ the statistical properties of
the Monte Carlo process have been used to "decouple" the change in -the
perpendicular bomponents, Avu anq-AvV; thus eliminating the need for
_evaluating trigonometric'functioné. This aléo improves the efficiency
<Qf. the algorithm; -however energy is now only conserved statistically,
“requiring that there be a iarge number of PAS calculations per barticlé
history, and not eiactly as it would be if Avu and Avv.were not

decoupled.

A final facet of the scattering algorithm arises’ due to the fact
thag characteristic  fp motion requires the particle‘pusher to use a
timestep on the order‘of a gyro-period, which is typically, nearly eight
orders of magnitude less than fp slowing down times in the FRM.
'Consequently, in érder to reduce the‘éomputation time to a tractable
amount, the béckground densitiés are artifically ennanced by a factor of
'~105Ain the code. (This factor is not included when cﬁlculating. the
.Coulohb iogarithms, lnA,v and is thﬁé a linear term in the equations.)
-While this seéms to be a .rather severe ‘modification, it "has 1little

- effect ‘on the results for two reasons. The first is that the slowing
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down time.is still long compared te a timestep, wnich meens. that »tne
Spitzer modei is still valid, and the second is that fps tend to erbit
in well#defined regions'of configuration space (the energy surfaces
discussed in Chapter 2) over long time intervals. Thenefore, ae long'as
fps are able,tg traverse a representative portien of this region during
slow—donn? the calculation should provide an accurate model ef the

actual situation.

3.4 Particle Initialization and Termination

Because an overall picture of'the‘fp energy and ash despsition in.
the FRM 1is desired, a starting grid is set up which chooses particles
from ali regions of phase space in tne most efficient way possible.
This. is accompiished by forcing each MCFRM barticle to have the same
weight, i.e., represent the same number of fps. Intconfiguration space
- the fp birth distribution is proportional to n2<ov>d3r. Therefore, from
the Hill's vortex description ofvthe background plasma (Ee. 26;27)~ and

the equal weighting requirement, a spatial grid is chosen- such that:

i i N
R%dR it R4 -rH21-c%% = const = [miw ]Eé%] . (31)
. ‘ o R e g

i-1 - Ei—l

Here R 1is again the spherical radius; & = z/KR; NR is the number of
radial grid divisions, Ri; andANg is the number of grid divisions in tne
cosine of the spatial.polar angle, Ei, at each radial increment. The
spherical coordinate system has been chosen because it leads to~

independent integrations over the two spatial coordinates, R and §&.
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This allows separate relations governing the radial and angular grid

spacing. to be developed, and in simplified form they are:

11 1, N (32a)

9 7 - . _ .
63 R;” - 154R; + 99R; -A[8(1-1) + 4N, =0 i= R
4 - qned ' , TR - C '
Jgi - 10;i + 15,‘51 - [16(i-1) + 8] /NE = -8 i=1, Ng (32b)

A typical .grid structure for NR = NE = 5 is then shown in Fig. 16 to
illpstrate the use of these formulas; notice that the grid points are
indeed concentrated in regions where the weighting factor n2d3r is

greatest thus representing the actual fusion birth distribution.

The fps are born‘isotropiCally in velocity space; therefore the

- equal weighting requirement: means that each MCFRM particle  must

represent an equal element of solid angle. This leads to a grid chosen

~such that:
ST b, ' : ' :
1 1
, f dy f d¢ = const = [1_\]_2_ %ﬂ] (33)
u, b, . b el |

Here NU is the number of grjd divisions in the cosine of the velocity -

space polar angle, ui; and N ‘ is the number of azimuthal starting.

¢
angles, ¢, , at each polar increment. The above integrations over
i

u and ¢ can again be separated to give the following relations governing

the selection of fp direction vectors at each initial spatial posiﬁion:
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(34a)’

I

|
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1
[
=4

Wy - [2(i—1)+l]/Nu

(34b)
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-
=z

o, - Lont-nlm,

This‘ initialization procedure thus ensures that all regionslbf phase
space are represented equally, and the particle histories.,are then
calculated in parallel. Histofies are terminatgd when particles hit the
wall, are carried out the mirror throat, or slow déwn to an énergy less
than three tiﬁes the background ion tempetatﬁre. Below this energy,
which typically correspohds to ~300-keV, the fps are either désignated
as contributing to the ash buildup in the closed field regioﬁ, or as a
qomponent of the oﬁen field plasma which is subsequently' diverted outb

the mirrors.

3.5 The Ash Buildup Calculation

3.5.1 Thermalized Fusion Products

The decision to assign fps to the ash buildup fraction 1is made- on
the basis of their canonical angular.momenbum,'Pe, at the time they are

terminated. Since their energy is known to. be equal to the cutoff

‘valhe, EC; it is possible to test them usihg the confinement criteria,

Egqs. 15,16. Thed- fps that are only mirror confined (i.e., have

Pé > -E ) are assigned to the open field component, and fps that are
c ' _

closed-field confined (i.e., have Pg < -/55;) are assigned to the ash

buildup. This accounts for most of_the fps (as shown in Fig. 17 for a
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1 Figure 17. Distribﬁtioﬁ of Thermal aéh per'Unit P, vs. P,. This

distribution is accumulated as the fp slow down and reach the
3T, cutoff. Note the large fraction which are absolutely
cofifined but not closed-field confined.
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typical éase); however a'significant-fraction fall between tnese ‘two
- limiting  values (i.é., have -/?EC < Pe < -EC) and are therefore
contributing to the density in both .the open and the closed field

regions.

In order to determine whether these _fps make a ‘Significgnt
‘contribﬁtion to the ash buildup, it is useful tolconéider the energy‘
surfaces' shown in Fig. 18. They correspond to the regions of
configuration space accessable to a 300-keV alpha (in a typical 23§6cm
radius, 60kG vacuum field FRM plasma) having Pe': _-»/2\3_C (the limi.t of
closea-field confinement), Fig. 18a, and Pe = -E, (the limif of absolute
-confinementf} Fig. 18b. The most important feature of these figureév is

‘that fps with -V2EC < P ‘<'-EC are found to be restricted from most of

6
the closed field region and thus do very little to reduce the fusion
power. (In fact, nearly 80% of the total fusion power is prodﬁced in
the cross-hatchgd region of Fig. 13a which is off ijmits‘to fps with_'Pe
in the above range.) Furthérmére, these fps ére able to cross over the
closed-field.bouﬁdafy and interact with the oben fie}d plasmé (as  shown
by AFig. 18b) . This causes them to be lost on a much shorter timescéle

.than their closed-field confined counterparts which also reducés their
effect on the fusion power. For these reasons fps wifh —Kﬁi: < Pg < -E,
are neglected when calculating the ash buildup fraction, and, as a
result, the aéh buildup consists only of fﬁs with Pe < evﬁﬁz'(i.e.,

those that are confined completely within the closed field region at the

cutoff energy).
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'3.5.2 Superthermal Fusion Products

The preQious discussion dealt with the method of- calculating. the
thermal ash bgildup; however an additional reduction in the~fusion power
occﬁrs due to the presence of superthermal fps in the 'closed field
fegion. Altﬁough the steady=-statc densliLy of these particles is small
cbmpared to that of the thermal ash (because the slowing down time is
short compared to the confinement time), their pressure contribution may
be significant due to their high energies. The effecp' of superthermal
fps on the steady-state pfessure balance is therefore included in the.
0-D calculation by using MCFRM Fo.evaluate an average slowing down time,
Ty (which is wused to find the density of superthermal fps),.ahd a
representative‘superthermal'energy, Es’ for each <charged fp résulting

from the common fusion reactions.

The approbriate means of calculating TS and Es are determined by
beginning with the actual .expression for the superthermal pressuré
cbntribution, namely

" E
o
-> .
ppr) = f E £(r,E)dE. . S (35a)

E
c

Here f(?}E) is thé steady-state, slowing down distribution of a given
type of fps in the FRM} Eo is their birth energy; and EC is the:cutoff
energy. The steady-staté distribution is, however, equivalent to the
time integral of the quion source weighted Green's function (cf.

‘Section 3.1); therefore the above equation can also be written as:
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Thus by interchanging the order of integration, averaging over the
plasma ‘volume, and writing the integrals in the discrete representation

of the code; the superthermal pressure is finally found to be:

T N : .
Peo = Sa 2“ zgi,t di’t/N . ‘. (36)

In this form SA is the volume averaged fusion source density,An2<0v>;.T

~is the number of - timesteps required to complete the Monte Carlo

calculation, N is the total number of test particlés, E.

i i ner
i,t is thne e» gy

of the i-th particle at the t-th timestep, and Gi't 'is defined such

b

that:

1 If the i-th history has not been
terminated at the t-th timestep.

0 Otherwise.

Consequently, the correct superthermal pressure is obtained if the

laveragé slowing down time is defined to be:

A W 7
e b )E N | (37)

and the reprééentative superthermal energy is. designated as:
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- . - | |
ES=‘Z At in,t di’t/NrS . - (38)°

".The total pressure from superthermal fps is then included in the. 0-D
code by éalculating individual contributions from.each type of fp based
- upon their respective values of Tq, Eq, and SA; and including each of

these components in the pressure.balance.

- 3.6 Discussion of Test Cases

As mentioned.in'the introduction to this chapter, the validity of
the Monte Carlo model was verified by comparing its solutionsAfor a
number of simplified test problems ‘to alternate solutions developed
'uéing other méthpds; This section discusses:four of theée comparisons
thét~were pérticularly valuable in assessing tbe accurady of the model.
The fifst is for a much simplified_proﬁlem which has an analyticél
'solution.' It invloves turning off the energy exchange during scattering
and watching an initially monoenergetic, uqidirectional burst‘of testv
particles relax towards isotrqpy in an infinite background plasma; whefe
the- background is composed of the same particles with a Maxwellian
distribgtioh. The énalytic solution for this case was developed by
Trubnikov f36] and is given in terms of the avérége pérpéndicular energy
component of the tes£ particles as a function of time. . If all thé test
lﬁarticle energy - is iﬁitially in the parallel direction, the expression

for their perpendicular energy component is then given by:
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<:E;:> = %-E; [l—exp(—3t/2T900)] . | (39a).

Here Tyo0 is the 90° scattering time, which is:

3/2 4 ' -1 .
T90” - £5 K1jZ-h—— [ért(l) + 2 exp(—l{]‘ s (39b)
Y21 ne’ fnA .V _ _

and Eo is the total energy.. The comparison for this case is shown in

Fig. 19, where the time dependant energy components calculated by MCFRM
. 19 -3

(for 500 deuterons in a 80-keV, 5x10. em ~ deuterium background) are

plotted against the analytical expression. The MCFRM calculation is in

'excelient agreement. It not only ‘éppfaoches the correct asymptotic

values, of E, = 2E0/3 and Ey = Eo/3, but = also reproduces the correct

analytical time constant Tgon.

The second test case involves a direct comparison with a well-tested
Fokker-Planck .code FOKN [37]. Since FOKN, like other available
Fokker-Planck codes, -cannot be applied to the full 3-D problem of

interest, " another simplified problem was devised. It considered the

' thermalization of an initial delta function source of 12,000 alpha

" particles, at 379-keV, in an infinite background plasma of deuterium and

electrons at 80-keV. The alpha distribution }function calculated by
MCFRM was tben compared tq that‘found'by FOKN'at several times prior to
thermalizabion, and the results from four of these comparisons are shown
in Fig. 20. The insﬁantaneOUS'distribution funcpion calculated by MCFRM

was alway$ in excellent agreement with - that predicted by FOKN . (as
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illustrated by the figure), and it also approached the éorrect
asymptotic Maxwellian. This asymptotié behavior is particulahly‘
iﬁportant since the Méxwellian distribution represents the equilibrium
bglance between the Spitzer drag term, which 1is constantly pulling
particles down 4in energy, and the VD and PAS terms, which in turn kick;
particlés‘back up in energy. Thélfact thét the code reproduces both tﬁe
transient and thel asymptotic forms of thé distribution function (as
predicted by the Fokker;Planck calculation) indicates ﬁhat the Monte

Carlo scattering treatment is correct.

The third test‘caée idvqlves a fuil spatial diffusion calcuiation in
ordér to study both the scattering algoritnm and the particle ﬁushef.'
In this‘préblem the diffusion of an initial delta function of isotropic-
test particles in an infinite background plasma with a uniform magnetic
field was investigated. Under these assumptioas, an analytic solution
describing the pérticle distribution in time can be developed frbm
diffﬁsion theory, and it is given by'the following forms for one and twq

dimensional cases

N 2

1-D: N(x,t) = exp (- Z%‘E) (40a)
: vam D, t - , .
A N . , . :
2-D: N(r,t) = exp (- 7577 ' (40Db)
: /4n‘DLt L

Here N0 is the total number of test particles, and D,Z 1is the
‘perpendicular diffusion coefficient. To compare with the Monte Carlo
calculation, the spatial dispersion corresponding to these two

distribution functions must be evaluated, and it is found to be




1-D: <x2>A‘= ZDlt . A _ _ (41a)

C2-p: <t = 4D, t - (41b)
Therefohe; the distributions are spreading linearly in time, with the
-dispersion relative to an initial plane source increasihg at  half the

rate . the dispersion relative to an initial line source increases. The

MCFRM calculation argees with these results as shown in Fig. 21; however

the real value of this test case comes from evaluating the perpendicular

diffusion coefficient predicted by the code, and comparing it to the
expected analytic diffusion coefficient. This provides a check on the

entire model, including the particle push section of the code.

This check is implemented by drawing upon an analytic apprbximation
for the diffusion coefficient developed by Longmire and Rosenbluth [38]
for the case of a uniform plasma with constant magnetic field. Their

expression for -the diffusion coefficient, D 6,5, is:

= &7 (—‘“ )1/2 (—Zeé) . ~ @)
1A 3 2kT B : - : .
Here m = Mm/(M+m) is the reduced mass for test particle, M, background

ion, m, interactions; n and T  are the background ion density.  and

‘temperature; -Z. is the test‘particle charge; ¢ is the speed of light; B

is the magnetic field strength; and 1nA is the appropriate Coulomb

logérithm with the approximation being accurate to order 1/1nA. For the

MCFRM calculation (which considered 500 protons diffusing in a -

' ‘ ' 14
background of deuterium having a density of 5x10 cm and temperature
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of 100-keV, with an embedded field of 60kG) the expected value of the

4 -2 :
diffusion coefficient is 5.8x10 cm /sec. The corresponding numerical

value is then found from Eq. 41 (using the slope of the curves in

: 4 2 ’ ‘ '
Fig. 21) and 1is equal to 6.2x10 cm /sec. This differs by -~5}% from the .

expected value; however the analytic approximation is ~only valid to
within 1/1nA (which is also ~5% for ﬁhis case); thereforé‘the numerical
vaLué of the diffusion Qoefficiegt is found to fall within the  error
range . of the analytic approximation. This demonstrates that the codé
provides. an accurate model of fp behavior over the entire_energy Eange;

including the diffusive motion that occurs at lower energies due to PAS.

The final test case involves a check on the method used in MCFRM to -

construct  steady-state fp distribution functions. This method,

-disqussed in Section 3.1, was tested by comparing the MCFRM energy

distribution to an approximate solution developed byCordeyand Hougnton
[39], again for the special case of an infinite plasma with uniform

magnetic field, where the initial velocity of the test particles is

between the thermal velocities of the ions and the electrons. This

épprokima:e distribution function is given by:

vE : ' .
E <E | (43)
o E3/2 +E 3/2 c

c

"f(E) =C

/3ve2 is the "critical" test particle energy

where E "= (M/2)(3/mm /”m.)z
4 c e i

.at which energy transfer rates to the background ions and electrons are

equal, and CO is an arbitrary constant. It is shown.in'Fig; 22, along

with two MCFRM solutions, for the case of 1000, 3.52-MeV alphas in a
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-3

. 14
.10-keV deuterium’ background, again with a density of 5x10 cm ~. -All

three solutions are in excellent agreement Aexcept' at lower energies

4(E~~ Ec) where the analytic approximation begins to bréak down because

‘it neglects VD and PAS. These effects cause a decreased <dE/dt> at

lower energies due to upscatter. 1In a steady-state system this leads to

an increase in the distribution function because particles will. "pile

up" instead of continuing to slow down to zero energy. Consequently,

the actual distribution, MCFRM with PAS, is expected to be (and is)

-larger . than the analytic approximatioh at energies near the "cfitical"

value.

Due to the excellent comparison between the MCFRM calcdlation. and
the alternate solutions in all of the test cases, the code has been

applied with confidence ﬁo the more complicated FRM cases. It has

'provided a wealth of information regarding the effect of fps on the

steady-state FRM, and much of this information has been incorporated

into the zero-dimensional model discussed in the next‘chapter,'
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CHAPTER 4

THE ZERO-DIMENSIONAL PLASMA MODEL - FRMOD

4,1 Introduction

In Chapter 1, the éncouraging experimental results hegarding‘

field-reversal [10-14] together with the fact .that the FRM offers a

small-size alternati#e totconvéntional magnetic fusion concepts (eg.

. the tokamak) were cited as reasons why the FRM has.reéently come under

.intense investigation. In order to determine its potential as an

advanced-fuel fusion reactor, a globally averaged point model of the

steady-state FRM.plasma was developed at Illinois. This model (FRMOD)

is based wupon the Hill's vortex description of the FRM equilibrium

(Eqs} 1-3) and uses its simple analytical nature to reduce the balapce
equatidns for particles, ‘energy, and pressure to volﬁme_averaged,
zero—dimensionaliform. The blasma configuration is théreby "linked" to
the magnetic geometry through the vortex model,' and the resuit‘is

thought to be an improvement over the plasma description found in. other
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" FRM reactor studies, This fact, together with the treatment of fp

heating and ash buildup that is included in FRMOD allow it to provide a

',Self-consistant picture of the steady-state FRM plasma that is unique to

it alone.

In the course of the reactor studies, many additional features were

incorporated into the FRMOD code, and it is now one of the most compleﬁe‘

“FRM 'plasma models. aQailable. In addition to the consistant fp.

treatment, it also includes the following:

1. The effects of cold neutral gas (that refluxes from the wall or
streams in through the beam ports) charge-exchanging and being
ionized by the hot plasma, thus representing a power drain and
a particle source to the closed field region. ’ ’

2. Heat conduction losses to tHe cold, flowing plasma on the open
field lines, that is introduced to reduce the cold neutral flux
~and to help "scrape off" the thermalized fps [U40].

3. A model of neutral beam deposition that includes.the effects of
beam spreading from the source to the plasma and the bean
shape, both of which are important in the FRM plasma due to its
small size. . .

4, The, ability to evaluate both near-term (D-T) and more advanced
(D-"He, Cat-D) fuel cycles.

5. A variety of diffusion laws (including an Vanbmalous" diffusion”
rate) that allow different loss rates to be investigated, since.
the actual loss mechanism in the FRM is not yet known.

.6. An optional ion cyclotron resonance heating séurce, that allows

refueling via low energy neutral -beams or pellet injection to
be considered. A :

This chapter explains the details of the FRMOD code in order to
illustrate .the Dphysics, and some of the more crucial assumptions, that
‘went into its'deveiopment, aﬁd it is organized in the following manner.

‘Section” 4.2 discusses the major assumptions and their implications in
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the code. Section 4.3 defines the terms in the balance equatioﬂs gnq
goes into their subsequent reduction to -globally "averaged" férm.
Section U.4 presents the means of coupling the fp heating and- ash
buildup, prediqted by the Monte Carlo code, into the FRMOD calculations,
and Seétion'u.S takes a general look at the zero-diménsional form of the
balance equations 1in order to establish some expecped scaling laws for
‘ the FRM system. These scaling laws should prove to be useful when

interpreting. the reactor parameters presented in Chapter 5.

4,2 Physics Assumptions

As must be done in any fusion Eeactor study, g.number of "assumptions
hgve been madé concerning the'scale—up-of the fRM plasma pagameters from
current experimental values to fusion reactor conditions. .This section
discusses several of the physics assumptions that have been made.in the
pnesenp'study in order to provide some justification for them, if

possible,' or to indicate how large an extrapolation théy represent, if

no direct.experimental evidence exists to support them. (This latter

option is usually required for the FRM case since its experimental data

base is s0 small.) Furtherméfe, if there is no experimental data at all
(as in the case of -FRM confinement scaling), the code allows for a
variety of different physics assumptions in order to, hopefully,

encompass the actual case.

The first assumption regards the stability of the FRM configuration.

As was mentioned in Chapter 1, FRM related experiments (eg. the FRTP)
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seem to exhibit gross MHD stability (attributed to finite Larmof radius,
.FLR, effects), but they are eQentually disrupted by an m = 2 rotétional
instability ﬁhat sets in after a long quiescent period (12,14].  There
are indications, however, that phe rotétion.can be prevented by imposihg
a qﬁadrupo;e barrier field on the plasma [10,11,13]. The overall
reactor designs presented here thus include a quadrupolé field, but the
effect of'this azimuthal, asymmetry ié no£ speéifically incorporated
into the plaéma model because it is thought to be sméll. To ensure that
the necessary FRL stabilization is preseﬁt, howevér, the plasma size . is
chosen on the basis of the stability factor S, thch was earlier defined
as the ratio of typical gradient lengths (i.e., B/$B, n/en, ete.) to

the background ion gyroradius (pi) in the vacuum field.

In the present experiments, wheré gradient lehgths are approximated
by the plasma radips, the stability factor typically lies between five
and teﬁ; conséquently these limits on S are also chosen for this study.
(Some results for S = 15 are also presented to indicate how the designs
miéht be affected should.stability be observed for larger values of S.)
The conventional plasma -radius is not, however, a convenient meéns of -
relating the plasma size to gradient lengths in the Hill's vortex model.
Therefére, a more useful relation has been developed by examining
Eqs.‘2,26. They show that the the magnetic field is increasing from the
fieid null to 3/2 its vacuum value in a radial distance equal to RHV/3’
while the density is deéreasing from its peak to the open field .value.
Thus RHV/3 provides the same eétimatg of the gradient lengths,vfor the
vortex modei, that the plasma radius gives in the eXperiments. For all

of the results presented here then, S = RHV/3pi; and, to ensure FLR
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zstability, the plasma size, whicn is subsequently-set'equal to 3piS, is

determined by ‘choosing a value for S that lies in the stable range.

This fact, together with the quadrupole field mentioned earlier, has led

to the assumption that the plasmas considered in this study are stable.

" The. second general assumption made in the present study involves the
plasma energy and particle loss rates. Because FRM experiments give
little indication as to the -actual ‘particle loss meéhanism in the

plasma, pérticle diffusion is normally assumed to be "near-classical" in

the code; with the electrons being confined classically, and the ioné

being lost anomalously due ﬁo their large orbits. (For charge
neutraliﬁy in steéd&—state, of courée, eleétrons and ions "are -lost at
the same rate.) This sets up an electric field (found byiequéting the
steady-state eiectron and ion currents perpendicular}to the fiéld lines)

which is equal to:

D 6 n - 2D ,3 n,
e e 13

ES

E = = . : ' (44)

1 - Z .
n, LI ni Uy 4

, and U

+i(e) 11 (e)

densities, classical diffusion coefficieﬁts, and - mobilities; and

Z = né/ni is the average ion charge. The cross field flux, Fi’ can

' therefore be expﬁessed in terms of an "ambipolar" diffusion coefficient,

D,p» @nd is given by:

P,=n, u.E =D, V¥n =-D,Vn, |, ).

where the above form: of the electric field can be used to show that:

are respectively the ion (and electron)
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. Uy 3 Die = g Mue D,y ,
Dop =2 7 , . ’ (46)
0y My ~ B Mie

Tﬁis<expression can be simplified by remembering that for a strong

magnetic field:

T.
e 1 ’ .
Wye D, = = 77 Mii Die : (47a)
e
Wo << M,y : (47b)

therefore the ambipolar diffusion.coefficient can finally be written in

the following manner:

-T, . .
1 Lo
Dip = Die G H7) - | | - (48
e .

This corresponds to the ‘value of the diffusion coefficient that is

| ~used to evaluate the reference case, "near-classical" loss rates in the

‘ . : code; with the energy confinement time presently being set equal to the

particle confinement time. (The latter assumption is used because

thermal conduction losses ére included in a separate calculation, based

upon a model that 1is diScussed‘ in Sectionlu.3.2.) The results are

consequently thought to provide a more optimistic look at.the 4ERM than
may later be jusﬁified by experiment; therefore'a provision is also made
in the code to allow tﬁe use of more peésimistiC‘ loss estimates, in
order to determine how the reactor parameters‘wouldAbe affected if

anomalous diffusion is found.
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A final géneral assumption is that the steady-state -FRM
configuration can be sustained bf simply balancing the ba}ticle and
energy loss rates in such a way that the plasma pressure profile is
maiqtained. This means that the reversal current must be supplied
entirely by.tne plasma, itself, If the configuration is a fluid
equilibrium, this is automabically true due to.diamagﬁetic'effects;

however, in practice, a fluid model does not apply over the whole FRM

. plasma because = fluid thedry breaks down near the field null.

Fortunately, the large ion orbits should result‘ih a fairly continuous
ion drift motion (hence reversal current) across the ;ull region, but
studies have showh'LU1] that the electrons will tend to cancel this ion
current in a smail portion of the plasma, vefyvnear'the field null,
where they also begin to exhibit "iarge orbit" motion and are thus free
to drag up to the ion: drift velocity. This can be preventeq by

introducing additional ion species into the plasma, with charges and

velocities that differ from the reversal current carriers. The added

drag from these "secondary" ions keeps the electrons from catching up

with the ion drift velocity and cancelling the reversal current.

it’is thought that fps will serve aé the secondary‘ ions " in the
present reactor designs; iherefére a steady-state equilibrium sﬁéuld
result,'if the plasma pressure profile is maintaihéd.' Supplemeptal work
has thus focused on identifyiné .an effective means of refueling the
plasma, without drastically disturbing the plasma pressure distribution.
Ipdications are that this can be done either by using low energy neutral
beams for refueling [U42], with additional energy being supplied by ion

cyclotron resonance heating (ICRH), if necessary; or by using cold
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pellet injection to refuel [43] and balancing energy losses completely

with ICRH. The second option is very attractive for the present
épplication because the pellets (since they cbntain-virtually no energy)
do not affect the plasma pressure profile (which drives the reversal

current). Furthermore, due to the good cross-field conductivity in the

_FRM, the ICRH -should be redistributed across the hot region with a '

minimal change in the.temperature distributions. Thus, the ' combination

of ICRH and cold pellet refueling should allow the FRM plasma to be

“sustained without disrupting the equilibrium configuration.

The zero-dimensional model, FRMOD, was devéloped on the basis of

these general assumptions. It 1is, therefore, limited to considering

'stable FRM equilibria, with diffusive loss rates, that are maintained by

neutral béam, -or cold pellet, injection. (supplemented by ICRH when
necessary). _The details of _this' model, and the more specific
assumptions relating to its development, are discussed in the next

section.

4.3 The Steady-State Balance Equations
4,3.1 Particle Balance

In theAFRM, the condition for steady-state particle balance can be

expressed‘in the following way:
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Injection " Fusion | [Cold - . Plasma | . [Fusion
A + + |Neutral = + |Burn-up
Source Rate Source Rate Source Rate Leakage Rate Rate

Here the injection source is in the form of eitheriiow energ& neutral
‘beams. or cold peilets, thé fusion source is due to thermal fp déposition
in the closed field region, the cold neutrals are a result of streaming
~through the beam ports and cold gas reflux from the walls, the leakago
is " calculated in ‘accordance with diffusion pheory, and the‘bdrn-up is
found from ﬁhe fusion reaction rate. 'This.type of balance musﬁbhbld for
gach individual species in a steady-state plasma; therefore.it not only
specifies the rgquired refueling rate But alsol allows the fusion ash
cqncentfatioﬁs'to be deﬁermined.A In the followiﬁg discussion, then, the
“-equilibrium density and temperature profiles in the closed field region,

. given previously as (Eqs. 26,27):

n(r,z) n_ r?(l—rz—zz/K?)

T=1T,, 7T,

are used to reduce these individual species balances to volume-averaged

"point" fornm.

"The first source term in the above balance, which only applies to

fuel species, is written in the following manner:

Averagé Injection ‘ )
3 . _ ﬁ— .
f d7r nj = 33 noj | (49)
\ ) . ’

< |

Source Rate

. 3 Lo . .
Here V = (u/3)ﬂKRHV is the plasma "volume, and n01 is the required

refueling rate for the j-th injected ion, specified in terms of the

"peak" -density} nd. For the Hill's‘Vortex case, the average density is
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.therefOre'found to be 4/35 of the peak value. (This may seem small, -but

it is due to. the fact that ‘no does not correspond to the physical

maximum in the density, which is actually equal to_no/u.) The injection
power is then found by evaluating the beam trapping efficiency (using
the algorithm discussed in Section U4.3.4) and specifying the injection

current such that the trapping rate is equal to the required refueling.

The second source term, due to the thermal fp deposition, generally
applies only‘to ash species, but it cén also represent a source of fuel
(as in the case of the D-D reactions where the resulting fps include a T
and a - 3He). ‘It is, éf course, related to the fusion reaction rate and

is given by:

Average Fusion

4 (50a)

1 3 ‘ | .
= — < > = .
v f d’r szP,k nyRy<ov>y S = 35 Ty, p
Source Rate v k .

In this equation, the volume averaging only affects the density terms

and thus introduces a factor of 64/3U65. Therefore, the form which.

n . takes on in the code is:
oJapr :
n. = 16 f n . n .<ov> 6 (50b)
oj,fp 99 RP,k ol 02 """k “jk °? . '
k : .

wherje‘noln02<0v>k is the k-th: fp production rate; ij is wused to
represent - the fact that ‘these fps are only included if they correspond

to the species being considered; and f represents the fraction of

RP,k

these fps that are deposited in the closed field region. This fraction

is estimated on tne basis of the Monte Carlo calculation (using the
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method ‘discussed in Section 4.4) and thus allows -an accurate picture of

the actual fp deposition to be obtained.

The last source term in the particle balance is written in the

following manner:

Average Cold Neutral

(l’l v ) SA exi 4 .
= v (1 -5 ) =_-n_. (51a)
-|Source Rate 4 i v ( ZGTj 35 oj,cg

Here (ngvg/u)j is the incident flux of the J-th type of ‘cold gas

particles; SA/V is the plasma surface to volume ratio which is equal to
T’
Whevercxj and Jpj are the charge exchange and total ionization cross
sections for these cold neutrals, is included to correct for that
fracﬁicn of the cold gas interactions where no net particles are

deposited because the subsequent hot neutral is lost. The incident flux

of these cold particles is then specified ‘by assuming Franck-COndon_

dissociation (which resulté in a velocity, vg, corresponding to 3—eV)‘

and allowing the background gas density to be chosen 'by ‘the user.

" Hence, the form which n |, cg takes on in the code (in CGS units) is:

J>
- : o, _. :
. _ 7.895%10° (K-l + _s_l_n_l_E) i (1 - __CL]_) , (51b)
0j,cg RHV € % mj ZGTj i

where ngj is thus the background density of the j-th type of cold"

neutrals; and mj is their mass in AMU.
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The 'first' loss term, corresponding to leakage, is found - by
'integréting the diffusion flux over the surface of the plasma and-is

therefore given .by:

Average Plasma

_ 1 o - b Mod

= 3 J- - Dlﬁn ds 35 1 . . (52a)
S “ P

A

Leakage Rate

~ In this representation,' Tp is defined to. be the average particle

confinement time for the plasma, and it is consequently equal to:

2 .
_—_RHV—Z Dt . 3 » | (52b)
P ACE D)

Furthermore, D, is the cross field diffusion coefficient, which is

normally chosen to- have the ambipolar value discussed in Section 4.2,

Optional anomalous and completely classical values can also ‘be chosen;

however for all of these cases D, is expressed>in the following general
form:

. ) :

D, ap,V _

L .

B cB (53)

Here 084 is the characteristic step size (normally chosen to be the

gyroradius in the vacuum field), and,\)CB is the corresponding collision

- frequency (evaluated using the average plasma density).

The various confinement options in the code result from ' choosing
different values for the characteristic step size and collision

frequency and correspond to the following three cases:

1. Classical, where the. step size is the electron gyroradius in
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the vacuum field, and the collision time 1is that for
electron-ion interactions.

2. Near-classical, where the classical diffusion coefficient is
modified by the ambipolar factor (1+Ti/Te).

3. Anomalous, where the step size is the ion gyroradius in the

vacuum field, and the ‘collision time -is. that for ion-ion
interactions. ’ '

The corresponding values for the particlé confinement times are thus

given by
. 2 2
10 B~ /T
Classical: . T = 5.980xig RHV2 o o e . ‘ (54)
~ P b+ %)y z oi . :

2 2
_5.980x100 Ruv B /e

Near-classical:T — (55)
: P (4+K—g) 72 _noi(l+Ti/Te)
‘ 2 2 ‘
: C l.981x109 Rhv Bo Ti
. "Anomalous: T = =) 5 o . : (56)
P T z°  Toi

In these equations CGS units are used except for Bé which is the vacuum

field strength in - kG, Ti(e) which are the ion (and electron)

temperatures :in keV, and mi'which is the average ion mass in AMU.

The other loss term in the particle balance, corrésponding to
burn-up; is evaluated by integrating ‘the fusion reaction rate over the

' plasma volume and is found to beﬁ

Average Fusion . :

1 3 4 "oj |
= = d’r n,n. <ov>,, = o . (57)
\Y 273 23 35 1.
Burn-up Rate v 2 : Fj

Here Tf..represents the inverse of the sum of the various fusion
J

23’ and is therefore:

reactivities involving the j-th spécies, <ov>



|
1
l

87"

99 . . -1 : . .
Tr T 16 Z Doy <OV2g3 : . (58)
N 2, .

The'fractional burn-up, fﬁj’ of a fuel species in the FRM can then ‘be
conveniently written, in terms of this average fusion time and thé

particle . confinement time, as:
£ . = | 1+ /t |7 - (59)
Bj - Fi' 'p ‘ .

These individual terms are then recombined to produce the final form
of the particle balance equation, which is written in terms of the

"peak" density, and is consequently given by:

.
11

,'f'u,fl'n,C g _[_O
o] 0],Ip 93{ g P Fj

.This is the form of the equation that is found in the code. It is then

used either to ,evéluate the required refueling rate (for the case of

injected particles) or to determine the steady-state ash density (for
fps which are noﬁ reusable as fuel). In the latter case ‘the injection,
cold gas, ahd-burn—up terms are all zero; thus the steady-state ash

concentration is found by setting the feakage rate equal to the thermal

fp deposition rate and is consequently written as:

) . T . (61)
o] oi,fp p _

' n_, n _ o
* M ,,.,_..9.3.4.._.1 : . (AN
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4.3.2 Energy Balance

Becéuse the model treats the ion and electron fluids separately,

there are. two separate energy balanées included in the code. The first

is for the ions:

= +
P..+P_, +P P, +P _+P P |  62) -

= + + ‘ '
Poe T Fre +.Pie Pre ¥ Por ‘ PCy : . ‘ (63)

In these equations PBi(e) and P correspond to the injection and and

Fi(e)

fusion absorbed by the ions (and electrons), PLi(e) corresponds to the.

ion (and electron) leakage powers, P_. represents tne ICRH input, P, is

I1C ie

the power exchanged between the ions and the electrons, ch repﬁesents

“HC

PCyA'the bremsSprahlung -and cyclotron rédiatibn.' In the following

the charge exchange losses, P the heat conduction losses, and PBr and

discussion, these power terms are expressed .as volume averaged power

densities, by making use of the previoué results fortthe average value
of n = Mno/35 and ;§.='6Mn02/3u65, and they are_spécified in  terms of
CGS uhits, whth thé following exceptions: the energies and températures
are in keV, ‘the masses are in AMU, and the magnetic field strengthvis in

kG.

The first two terms  in these balance equations,- PBi(e)’ are

evaluated by considering each injected species separately. The




“individual injection sources, n;
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(determined from Eq. 60), ‘and -the

j ’
specified injection  energies, on, allow the total trapped beam power,
PB’ to be found; and it is given by the following equation:
p .= 1.831x10 10 Zr’x . E . ‘ S : (64)
B 0] o]
]

The fraction of this power that 1s subsequently absorbed by the
electrons is then determined by integrating over the resulting slowing

down distribution: 4
Es ’ ' o .
- dE .
P, = Z f £, ® <dt>e,j dE . - (65)

Here fj(E) is the steady-state slowing down_disthibution of tne j-th
injected species, <dE/dt>é i is the electron dfag term for this species
’

(ef. Sivukhin [341), and the on(T) are the corresponing beam injectidn

. (and thermal) energies. In the code this energy integral is performed

by defining a group structure, such that <dE/dt>e i is constant over a
, v

group, and representing the integration-as a sum. Then, by further

assuming that the "peak to average" ratio is the same for superthermal -

particle densities as fdr the background plasma,  the following form of

the trapped beam power absorbed by the electrons is found:

j

G
‘ 8
_ -10 g /dE -
PBe = 1.831x10 z Z noj <dt>e,j . (66a)
. g=1

In this equation, ngj is the "peak" density of the j-th'particleS'in the

’

g-th energy group, <dE/dt>§ . is the electron drag for the particles in

‘this group, and G is the total number of groups.



90
The value of the group density, ngj, is determined by recognizing
that, fdr continuous slowing down, the total enérgy lost by the
particles in a group can also be written as the group -width, AEg, times.
the rate at which particles are being transferred to the next lower

group. Then, because the rate of transfer between groups is equal to

. the source rate in a steady-state situation; the group density will be:

AE_ |
¥ = —8—qn . (66b)

0j ag\ 8 ©°J
2

where <dE/dt>§ is now the total drag (ion plus electron) for .the j—th
particles at the g-th group energy and boj is again the j-th particle
source rate. The remainder of the trapped energy must. necessarily go to

the ions, hence:
P =P -P . | . - (6])

The next two terms considered are the fusion power inputs to the
plasma. PFi .and PFe' They are also found by evaluating sepérate
contributions from each k-th type_(in this case <charged fp) species.

Therefore, the fusion.power‘released in these particilar fps must first

be found, and it is given by:

. G I
2 [ 43 S 8 o8 :E: 8. 38 |
PF,k fd r E’lln2<0v>k + n, an <0V>21k + n, nl<0v?lg Ek' (68)
v : g=l g=1

Here n1n2<0v>k is the k-th background reaction rate, and the
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- superthermal ‘gfoup' structure.- for the injected ions, together with -the

beam-background reactién rates'63v>21k and  Ov>;45p has been used to

include the fusion during slow down. The plasma heating will, of

course, only come from the fraction of this power that is deposited in

the closed field regioh (which is written here as ka K? the fraction of
9.

retainéd energy), and this fraction is estimated by using  the method

discussed in Section 4.4 (again based upon a Monte Carlo c¢alculation).

| The specification of PFi(é) is coméleted by splitting the resulting,
retained fusion power, for each different charged fp, bétween the ions
and electrons in the Vapprobriate manner. This 1is done using a
convenient formulaA given by Conn and Kesner [44], whicn describes the

fraction of each fp's energy going to ions during slow-down, fi k,'as:
i, A

L E E - /EE +E q[PEAE |
f. K s 5——5- gn [-= €O 9 I'y+ 2/3 tan ~|————— + —| }.(69a)
s Eo /3EOA - V3,

E + 2/E E +4E
c co o

In this equation 'E0~ is  the fp birth energy, and Ec is the critical

energy, where the jon drag is equal to the electron drag, which is given

by:

(69b)

2: n, Z./m.:]z/3

Here mj(k) are the masses of the backgroupd ions (and fps), nj(e) are
the background ion (and electron) densities, Zj is the background ion

charge, and Te is the electron temperature. Since the remainder of each
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i,k .
and are found by multiplying the k-th charged fp production rate by the

’ ' - I3 - . . d
fp's energy (1 fi ) goes to the 1ons,’both PFi(e),khave been specifie

fraction of its retained energy that is given to the ions (or

‘electrons). The final form of the expressions for the total fp heating,

PFi(e)' is determined by summing the individual contributions over all

' charged fps giving:

. . | o
Pry = 2.959x10 ) Znok fi,k fR-E’k Ek s _ (70a)
k : : :

where (for. electrons) the f, factor is replaced by.(1-f‘i k), and the
. - ’

i,k

aok term represents the total "peak" production rate for the k-th

charged fps, namely

G

ﬁ = n ._n <gv> + n . ng <ov>g + n
ok ol o2 k ol 02 21k 02
g=1 g

g )
nol<0v>12k . (70b)
1

G
The last two related terms are the plasma leakage powers PLi and

PLe" For the ions, this power loss is defined in the following manner:

' : n n _—
P = 4.578x10 10 of 3¢ o) ¢ . . (71a) .
‘Li : Tp 5 Lj TFj i

3

In this equation, noj/T represents the . diffusive losses, where each
particle transports 3kTi/2 out of the system and requires an additional
kTi‘ to diffuse through; and (3/5)fijnoj/TFj repreeents the fusion

burn-up losses (which are not diffusive and thus remove only 3kTi/2).
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The loss factor ng is then defined as:

z:n.n <0v> 2: RE k

Z niqj <0’v>

(71b)

[
’_J
1

ij

Here the f are again the fraction of the k-th fp's energy (resulting

RE,k

- from the <0v>ij reaction) that is retained in the plasma, and ij
therefore accounts for the portion 6f'the'"fused" background energy thét

is ‘carried out of the system by unconfined fps.

The electron leakage is similarly defined to be:

“10(™ . , :
P. = 4.578x10 [——99+ n ] T ~ (72a)
Le i Tp oe e -

In this case, noe/Tp again accéupts for'the diffusive losses (where L :
is the "peak" -electron density), but the second term, n
represents the effect of quion burn-up on the electron energy balance.
It is -equal to the;numbeerf electrons that musp be lost to compensate

for the charge associated with escaping superthermal fps and 1is

thereforé given. by:

. 16 .
Toe ~ 99 Z A-fpp,i) 2 Po102 %" 12k - (72b)
. m . j
where f was defined earliér_as the fraction of the k-th charged fps

RP,k

that are not lost; and Zk'is their charge. Finally, since both of these

losses are diffusive in nature, the electrons each carry,off 5kTe/2.
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The remainingl terms in- the  electron eﬂergy balance are
straightforward. ~ The first is the energy-exchange tgfm} P which is
_daiculaﬁed in accordance with the standard- formula for Maxwellian
distributjdns (aQeraged using the épéropriate density .weighting):

-

: ' =23 "oe o3 ?i;
Pyo = 895200077 —3 z L1 -1y . (73)

e h|

The others are the radiation terms. The bremsstrahlung losses, PBr” are

~fqdnd using the standard -expression (also appropriately averagedj,

namely
- y l ) .
P_ = 9.884x10 26 Z n_. z% T /2 . . - (74)
Br 4 oe oj 7§ e :
’ 3
However, the cyclotron 1losses, P. , are modified slightly (to accounf

Cy
for the high B of the FRM) by introducing a (1-B)/B factor, as suggested

by Miley [45]. ‘This factor is included in the average over the-plasma
vélume by Eecognizing that (1-6)'represents tﬁé magnetic pressure in the
plasﬁa (given by the square of thé Hill's vortex field strength, Eq.'2),
and,phét B represents the plasma-pressure (which is alsb specified for
.tne ‘Hill's vortex case). The appropriate- averaging féctor for the

cyclotron emission is thus found from:

1 3. 1-B, 2 _ 16 2 - -
v f d’r - ( 5 Y n°” = 3465 Py (75)
. |



95

and the final expression for the cyclotron radiation losses is:

P o= 1.154x10°% k d n® T> . ' (76)
Cy : c oe e . :

Here d=(1+n.T./n T )(1+4T /204) and K_ is the plasma reabsorption
il ee e : c . ,
coefficient which is calculated in accordance with the Krajeck formula

[h6] assuming cylindrical géomeLry.b

The remaining terms invoive the ion pqwer'balance, and two . of them
are élsol straightférward. " The first, PIC’ is the IChH input‘which isz
“set equal'to the amount of power that. is required to satiéfy the 1ion
energy balance. -~ This can be dphe because ICRH: replaces. the ion
temperature in the dependent variable set, when it is used; and, as ‘a
resﬁlt, the ién-temperature then-becomesAan independent value specified
-by:the user, with the required ICRH input being éalculated.b&'the code.
The details of ICRH éoupling into the plasma do not enter into the ion
power balance but. are, insteéd, included vié an ‘estimate of ICRH
efficiency that 1is also speéified by the user. The second simple term

4is the estimate of charge-exchange,losses, P.

cx? which corresponds to hot

charge-exchange neutrals which are not reionized in the‘plasma. The
power they carfy 6ﬁp is thus équal to the average rafe at which they
leave the plasma, (discussed when considering the cold peutral source
fate) multiplied by their average energy, jkTi/Z. ‘Therefore, this power
loss is represented by the following expréssioh in the code:

3

' - , -1 | ~ 0, 0 . .
p - 2.168x10° -1  sin"e :E: 8l exi g - (77)
€ — 20.,. 1 o
A iy Y

xRy
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The final term in‘the ion power balance is P,., which represents the

HC
heat éonduction losses. It 1is evaluated by using the boundary layer
model tﬁat is shown in Fig. 23, where é uniform temperature profilé jsA
assumed; except fér a thin layer (that:‘is taken to be oﬁe hot ion
o g&foradius thick) where the densjty'becomes uniform and the temperature
profile. takes on thg shape’of the Hill's vortex pressure distrihutinﬁ.
This model is choseﬁ because the larée ion orbits should 1lead to 'good
'thermall conductivity in the. closed field region (and consequently a
uhiform plasm; temberature); ﬁowe?er there needé to be some sort of
"ﬁransition" to the‘ oben field plaémé parameters. The width of this
“transition region is thought to be equal to tﬁe width of tﬁe -energy_
‘'surface - for those'ﬁot ions that are "just confined" (i.e., have PG ~ B,

- ef. Fig. 18b).

- This distance is neérly equal to the "gyro-diameter" of the hot ions
id, the magnetic field ét fhe boundary (Eq. 80a); consequently the hot
ion gyroradius in the “ayetage" field of Eq. 80a is used to approximate
the "step size" for energy diffusion, Pg. Futhérmore, the geometric
average‘of the closed-field density near the seperatrix (found from the
Hill's vortex density profile Eq. 26a) and the open-field denéity (i.e.,
/E;E;), together with an agsuméd boundary temperature, -are used “to
calculate thevcol;ision frequehcyvfor heat transfer through the boundary
layer, vE. (Thé‘open;field density enters the problem because heat must

- conduct across the seperatrix to the open field region before it is. lost

‘along the field lines.)
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FSL-79-114
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Figure 23. Illustration of the Boundary Layer Model Used to Caléulate

the Heat Conduction. Losses in the FRMOD Code. The distance
x_ is equal to the hot ion gyroradius in the vacuum field,

n. is the plasma density on the "hot' side of the boundary

layer, and n. is the cold, open field density.
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The total heat conduction losses: are thus given by:

o -2
16 ki RHV k{4t )

T, . : - (78)

Q = f -k, VT+ds =

S

15 x (2-5x +4x2)
S, "o o o

In this equation, X, is the thickness of the boundary layer (in units of
the vortex radlus, . Ry s T; is the ion temperature in the hot region,

and k, a pé vE is the cross field thermal conductivity:

Ym, n_ n Z2
i B ¢

BZ.JT—B

0

k, = 6.310x107" (79)

‘Thgs B, TB, and B are thel density, temperature{‘ and magnetic field

strength in the boundaryr-layef; n, is the density éf the cold, open

field plasma; and mi and Z are the average ion mass and charge.

i | o |

} In the;spirit of" the zero-dimensional nature of the model, k‘ is

l evaiuated fof "average" properties ofA the boundary layer, which are
taken to be those in the region qf the steepest temperature gradient

% ' . (where most of the conduciion losses Qccuf). Fof the Hill's voftex

pressure profile,'this corresponds to the region near (r =1, 2z = 0);

therefore the "average" properties are found to be:

2 3

B

‘2 26 2
B" =35 B [1—4xo.+ 3 xo] (sqa)
n.=n X [2—5x. + 4x2] ' o (80b)
B oo "o o ? A -
with T, left to be chosen by the user, since the results are‘Afairly.
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sensitive to its value. The conduction loss estimate is then completed

by substituting'thesé "average" boundary layer properfies into the-

expression for the thermal conductivity.and converting the losses to a
volume averaged form. This results in the following expression (used in

the code) for the heat conduction losses, namely:

-19 -2 T
Puc T > 392X;g 2 (3+K : T 2 (81)
(l 4x X ) RHV : /E;

M.3;3 Tne Remaining Balance Equations

Thé final thfee balance equations used in the code, are those for
pressure, chérge, and background comboéifion. The pressgre balance
condiiion is satisfied by chposing the "peak" densities, ST for each
species‘ and energy grodp} such that the sum}of the individual pressure

contributions is equal to the total "peak" pressure, Po, which is given

by:

9B
o 32

In the code, the pressure balance then takes on the following form:

MQ

5.588x1013(4+K'2) Bz =n_, T + (n T + gj ES) (83)

g=1

Similarly, the charge balance requirement is written as:

G . .
= Z. n . + 2 ng- ) . (84)
J o] (s Ol _ , .
k| el |

Wy L _ ENCHER
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"apd the balance on the background ion compqsitién, which simply states:
that the sum of all of the fractional ion densities in the code be equal

to the total ion density, i.e.,
- G - - .
, _ g .
.n = o+ . : ,
Tt Z (noj z noj) ~ (85)

‘This completes the equations necessary to specify tﬁe steady-state
plasma parameters. They represent a system of five non-linear algebraic
.equations, which are solved by choosinglvalués for the stébility factor,
S; the elongation factor, K ; the magnetié, field strength, Bg; the-
various'injecﬁion .eﬁergies, on; the open field density, ng; the
boundary layer temperature, Tg; and fgei species denéity ratios. = The
remaining plasma parémeters aré then calculatéd in the code 5y ‘using a
stghdard non-1linear algebfaic equation solver (QNNT) from the MSL
subroutine library, whichAsolves the equations by reducing 'the balance
equation - residuals to'.small values. The "“"solution" criterion is
normally chosen to be when the squaré root of the sum of the squares of

. . =4
these residuals’'is less than 10 .

4.3.4 Neutral Beam Deposition

Because of the small size of the FRM plasma, the effects of beam
spreading and ‘the actual shape of the beam source are important in
evaluating the beam trapping efficiency in the FRM. Therefore, a

detailed calculation of the beam trapping efficiency is included in
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-FRMOD. This calculation begins by assuming that the bean has the

following shape when it reaches the plasma:

I : ' 2 © 2
J (y,2) = S —  exp [f (——)L——) - (——E———) }. (86)
o TTD2 tan ey can ez . Dtan6y DtaneZ |

Here Is'is the total beém current (part;cle/sec),'D is the distance from
tbe source to the plasma, Gy(z)are‘the beam divergence angles in the y
(and z) directions,.and the coordinate system is defined such that the

beam is travelling in the positive x direction; Once the beam contact;

the:lplasma surface it beginé to be attenuated, .and the beam current at

any distaﬁce along the peam path x inside the‘plasmé is therefore givén

"by: |

X

J(x?y,z) ='Jo(y.z) exp [} <(7>T -[ dx' n(x',y,z{] . (87)

-X
S

Ip .this equationt <O>T_ is the.'total bea@ ionization cross séétion;
4n(x,y,2).is the background density; and xg is the value of x (which is a
function of y and z for the present case) where the beam first makes
éontact with . the plasma. The corresponding geometry 1is shown in-
Figg 24, for the beam coming in at angle B relative to the reference

coordinate frame which defines the blasma parameters.

The beam trapping efficiencies, for individual species, ‘are then
calculated by dividing the plane perpendicular to the beam direction
(the y-z plane in this case) up into small unit areas, AyAz, and summing

.the tranémitted beam 'for each area element over a rectangular region
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FSL-78-249

m/8
\ 2.7 cm

Reversed Field
Region
(20 cm radius)

Figure 24. Neutral Beam Injection Geometry for the Trapping Calculation
Made in the Code FRMOD. The rotation angle shown (m/8) was
found to give a beam trapping profile that best matched the
refueling profile.
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that encompasses the projection of the plasma in this plane. The result
is divided by the total injected current to find the trapping efficency,
which can thus be written as:
' : N . X :
AvAz .82 ' ' .
= -— ° - < > B .
nBTj 1 —X——IS 2 JoR exp [ o] T3 f dx. nl(x ) (88)

=1 Xl

In this form, Jol represents the sourcé current evaluated for the

_appropriate values of y and z (using Eq. 86); ny(x") representé the
_ A

bapkground density along tne path length.(found from the same values of
y and z; the vortex density profile,'and the known rotation angle 8);
and the yalues of xsl(Z) correspond respectively to the incident (and

exit) values of x, for the beam, at thié y and z location.

The total trépping cross sections, used in evalqating these trapping
efficiencies, are made up of the individual compohents for the electron,

and the ion, interactions and are thus given by:

<g>_ = <g>.. + <g>, + <o> , 4 ‘ ' (89)

T ii . e cx ]
where . the <0>ii term represents ion-ionization, the <0>ip term
represents electron-ionization, and the <0>cx represents- charge
"exchange. ' Because the background particles are assumed to have

Maxwellian distributions, the averages indicated by the angle brackets

can be evaluated as:
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2 2

28 2 2 -
o 'e-BO'VO f e-—BO v o'(v)vzsinh(ZBcz)VoV) dv . (90)

)
In this equation% Bo; VE;7§E¥ is thé idverse of thé average background
particle velocity, v0v=A/§E;7a; is the velocity 6f the injected ion,
mB(o) are their respective mnasses, and v is ?he relative ‘velooity
bétween fbe barticles. The cross sections, O(V), are then taken from
Ref'. 47, and ﬁhe integral ovef the relative velocity is performed gsiné

26 point Gauss-Laguerre quadrature.

4.4 Fusion Product Heating Estimates

As was indicated'earlier, the computer time required for MCFRM
calculations makes it impractical to couple the Monte C#rlo’code
directly with theAO-D model; therefore a means of estimating the actuai
fp énergy and particle deposition §ver a wide range of plasma parameters
haé been‘developed. This is made péssible through " the usé of the
closed-field and absolute confinement 1limits discussed in Chapter 2.
Studieé have'éhown that virtuaily all of the closed-field confined fps
stay confined within the closed. field .bouﬁdary during Aslow down;
therefore all of their energy (and the particles ﬁﬁemselves) are
.deposited in the closed field region. The remaiqder of the cloéed-fieyd
energy aqd p;rticle deposition comes from the mérginally .confined fps
(i.e., those that are absolutely confined but not restricted'to the
closed .field regiqn); cohsequently both fp energy and particle
.deposition are represented in terms of the fractional retgntion of

marginally confined fps, and their energy, in the FRMOD code.
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The fractional deposition of the marginally confined fps and their
energy in the closed field region (respectively referred to as fMCP and

fMCE) are, in general, related to the ratio of the fb slowing down time

‘} in . the hot, closed field region, Ty to that in the cold, open field

region, Tc. When TH/IC is large, the fp deposition should be near the

lower, closed-field confinement limit (i.e., fMCE and fMCP will be near

zero); but, as TH/Tc becomes smaller, fps which are marginally confined

will also be able to deposit a larger fraction of their energy in tne

hot-region, and fp .energy deposition should therefore approach the

.upper, absolute confinement limit (i.e., fMCE and fMCP wiil be

approaching one).

A similar result is expected as a function of the dimensionless

birth energy, Eh; of the fps (where the dimensionless units are those

noted earlier, namely (1/m)(qBORHV/c)2). This is Dbecause the

dimensionless energy is a measure of the time which fps spend .in the hot
(relative to the cold) region. For large dimensionless birth energies,
the fps that are marginally confined spend most of their time outside
the closed field_regidh, and fhus are éxpected to Aepﬁsip little of

tneir energy there. (corresponding to fM and fM near zero); but, as

CE CP

the dimensionless"birth. energy becomes smaller, these marginally

confined = fps spend more time in the closed field region, and the values

for fMCE and fMCP should approach unity.

The final parameter that is expected to influence fMCE and- fMCP }s

‘the number of slowing down times required to reach thermal energies.

This pumber 'is related to the parameter log(Eo/Ti), and if its value is
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large (éonresponding'to many slowing down times)‘the marginally confined -
fps will have more opportunities to interadt with theAhot plasma region.
than if its vglue is small. These fps are therefore expected to deposit
less of their energy in the open field region because tﬁey will tend to
be "dragged" inward as they slow down.  Consequently, a largg value of

log(Eo/Ti) is thought to lead to larger values of fMCE ang fMCP‘

The influence which 'thgse three parameters (TH/TC, ED, and
log(EO/Ti)) have on the fractions fycp and fMCf haé caused ?hem to be
,cohbined to- correlate the valués for these ffactions‘that are calculated
using the MCFRM code. The results of the oorreiation search are shown
in Figs. 25,26 wheré the actual values for-fMCE and fMCP frpg selected
MCFRM calculations for the six common charged fps (a 3He, T, and p
produced by the D-D reaction; an o produced by the D-T reqctioﬁ; ahd the
‘a and'ﬁ produced by D-3He fusion) in a variety of different FRM plasmas
are'élotted. In both of these fiéuteé, the correlation parameter turned
oﬁt to be equal to log[(TH/TC)ED/lOg(EO/Ti)]’ and (as is iilustrated)'
thié'correlation provides an éxcellent means of approximating the-actual
fp. energy and particle deposition ovér the entire ranée of parameters.;x
’ Tﬁe app}oximation is then implemented by making use of the fitted curves

‘shown in the figures, and the values for fMCE and fMCP are thus:

TH ED

| fMCE.= - 0.42887 log [; Tog(E /T.) + 0.25044 _ (91a)
Cc. (o] 1
- ' T Bp |
fyep = ~ 0.35011 log [Tc l°g(Eo/Ti ] + 0.34500 | (91b)
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‘The fraction of fp energy and particles retained in the closed field

region 1is subsequently determined by interpolating between the the

‘closed-field confinement fraction f.. and the absolute confinement

CF

fraction ‘qAC (since their difference. gives the marginally confined

- fraction). The fraction of retained energy, f, E is therefore: .

R

£ _=f_+f (f

RE CF MCE

acfer : (92a)

and the.fraction of retained particles, ka, is similarly given by:

frp = for * fyep ¢

. _ N . . ‘ . 2
acfer : S (920)
RP

charged fp; however, because theA qonfinement limits (SAC"

These fractiobs (ka, f..) will, of course, be different for each

be) are

general (i.e., not restricted to a specific type of fp) the retained

energy and particle fractions for fps other than those mentioned above

can also be apprqximated using this method.

‘4,5 Scaling Laws-

Because the wsize of the FRM is restricted due to. the FLR

‘stabilization, it has somewnat different parametric scaling than is

normélly found in a fusion reactor. It is therefore useful to consider
how the plasma properties are related to the specified parameters:

S, k, and %). From the expression for the peak plasma pﬁessure

(Eq. 82), and the vacuum magnetic pressure (Boz/8n), an average value

for B can be definedAfor the Hill's vortex FRM model, namely
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_ 9 A-z . : 2 ' . ‘
B = 35 (bhc ™)y . | , (93)

The spherical vortex is thus found to make the most efficient use of the

applied magnetic field, with elongated plasmas having a B that is

~reduced by as much as 20} for large values of K,

This means that the fusion power does not scale linearly with the

plasma length, but instead takes on the following form:

'(4+K-2)2 « 52 B <ov> . : - ‘
) F .
P o > , (94)
VT, 1+ £ T /T,)
i e e 1" .
Here <0v>F is the total fusion cross section; Ti(e)_are the ion (and

>electron) temperatures, and fe is the ratio pf electrons to ions, ne/ni.

Similarly, 'since 1leakage -and bremsstrahlung are the dominate loss
mechanisms, the plésma energy multiplication factbr Q (defined as thex
fusion power . divided by the total injection power) is given

approximately by (for a plasma where fp heating is small):

A <ov>g VTe ' :
Qa - ; . : (95)
‘ fo (a2 Ty T - |
415 2 St (Lhg) (L+ £ 25 + 1
m., s e € ¢
1 R

In this reiation, the first term in the denominator represents the
relative éffect of plasma leakage, and the second term (Te) corresponds

to bremsstrahlung losses.
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The optimum energy mulﬁiblication then occurs yhen the stability_
:factqr is \as lérge as possible' and (since Te ~ Ti) fallslnear the
ltemperatureA which corresponds to thé méximuh in the ratio
<OV}FVT;7(CL+Te), where CL ié now just a constant equal to 9845/82 for a

-spherical D-3He plasma. Furthermore, as seen from Eq. 94, larger output

powers can be obtained by either elongating the plasma or by increasing

the vacuum magnetic field strength. The most attractive of these two

‘alternatives 1is elongation; howeveh the plasma cannot be made too lqng

because it becomes susceptible to tearing instabilities. To assure that
tnis problem is avoided, the maximum value for the elongation factor is

typically taken to be three.

_These general scaling laws are useful, but the actual designs may

vary from the predicted dependence due to the presence of fp heating and

ash buildup. Their influence will- tend to reduce the ‘optimum
temperature because as the system approaches. ignition the Q value begins
" to peak at lower plasma temperatures where the fusion power input is

just beginning to'drive the system. It is clear, however, that the FRM

is destined to be a small device (due to the limitation on both x and

-8), with -the only economy of scale coming from the possibility of

stacking individual FRM plasmas togetner to form a larger"powef

multiple—celled system.
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CHAPTER b

. DISCUSSION OF RESULTS

" 5.1 Introduction

As was noted earlier, the primary motivation for the studies
summarizeq in'thiS'WUPk is an interest in assessing the potential of the
FRM as an advanced fuel fusion reactor concept. Indeed, as indicated in
this chapter, advanced fuel FRM reactors (i.é., those based.on the D-3He

vand'Cat—D'fuel cycles) do seem to be feasible (and quite attractive) if

future experiments verify that the more optimistic "near-classical" -

diffusion is characteristic of FRM loss rates. If, on the other hand,
the more pessimiétic»"anomalous" diffusion rates are observed, a viable
advanqed fuel FRM reactor only appears to be possible if the upper bound
“on the stébility factor S can be.extended to fifteen. This chapter wili
theréfdre focus on ﬁhe results obtained _for‘ D-3He and " Cat-D SAFFiRE
reactor$ with '"near-classical" ‘loss rates; however a few results for
both D-T systéms and those with "anomalous" 1loss rates will' also be

presented in order to contrast with the other parameters.
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The concebtual'reactor designs discussed herein have been termed

 SAFFIRE (Self—Sustained Advanced Fuel FIeld-REversed mirror) reactors to

stress the fueling and heating techniques that have been incorporated in
an - attempt to achieve steady-state operation without the high-energy

injection used in other FRM designs. The SAFFIRE concept thus relies

'upqn three important aspects of the Illinois studies, namely the

. fueling, fp heating and ash buildup,” and ptability. {The stability

aspects of the SAFFIRE design are‘not'addressed, per se, in this work,
but they have been examined in detail by Morse [17]. The reader should
therefore- refer to that study for an in-depth discuésion; however,. in -

summary, he concludes that the SAFFIRE design may encounter7 low growth

‘rate instabilities. He postulatés that this may lead to turbulence and

enhanced diffusion unless corrective action, such as the‘ possible
addition of a qﬁadrupoie barrier field, is taken.) To obtain an
attractive energy multiplication with advanced fuéls, . supplemental
plasma heating must be hgld to a minimum, and stgady-state or long-pulse
operation must-be achieved. Calculations show that once reversal is
attained, ;steady-stéte operatioﬁA is posible because diffusion-driven,
diamagnetic cutrents will supply most of the reversal current. This~
allows'the beam power to be reduced to a "state of the art" level (i.e.,

~1 amp and 10keV). Then, through proper geomertical orientation [42],

‘the beam trapping can maintain the plasma pressure profile, thus

" sustaining the "driving force" behind the reversai current.

The bulk of thevplasma heating is then subpliéd by fps, supplemented
by some auxiliary ion-cyclotron resonance type heating. Steady-state

operation donsequently relies upon controlling the fp ash' buildup, and
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the SAFEIRE design includes a cold, flowing plasma on the open field '
lines that facilitates the "scrape-off" of fp ash. This cold plasma

12cm—3, a temperature of 50eV, and (on

typically has a density of 5-20x10
the basis of a detailed study [40)) should be sustained by the energy it
recieves from the marginally confined fps. . In addition, this cold

piasma layer also serves to shield the closed field region from wall

impurities, reducing charge exchange erosion of the plasma surface, and’

couple the diverted plasma to an energy dump or direct collector.

The reméinder of this chabter contains a summary of the SAFFIRE
design studies for both D-3He and Cat-D systems. Section 5;2 thus
focuses on the FRMOD ' results relating to various parametric
inyestigations and indicates how the optimum "refereﬁce" designs of
Section 5.3 were determined. ' Section 5.3 then ‘summarizes the
"reference" case 'péramebérs for various systems, while Section 5.9
presents some of the more recent MCFRM results rglating to the energy

distributions of fps in the FRM and whether or not they give rise to

anomalous fp slowing or transport.

5.2 FRMOD Parametric Studies
: 3
5.2.1 D-"He Systems

A In order to determine the optimum SAFFIRE reactor design, a number

of',parametric studies were carried out. These studies (summarized in

" Figs. 27-29) evaluated the plasma energy multiplication, Q, (which is an
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approximate figurc of merit used to judge overall system performance)

over a wide range of the various independent parameters. In the ' first

'of these figures the plasma Q-value and the net electrical power output

(calculated assuming thermal, direct, and injection éfficieﬁcies of 40,

'~ 60, and 80% respectively) are plotted vs the ion temperature for several

different system parameters. These results (which' are. for the more
oplimistic l"near-clasSical" particle confinement time, Eq. 55) indicate

that D-3He,'FRM reactors are indeed feasible, if these optimistic 1loss

rates are realized. (The low plasma density in the region cobresponding_

to the last "closed" energy surface, Figs. 18a,b, "insulates" the hot,
closed-field plasma from. thé cold, flowing plasma on the open field
lines. Particle losses are thus the dominate. energy 1loss mechanism. )

Plasma Q-values of ten or more are possible for open field densities of

12 -3 : : A
5x10 cm and S factors in the "stable range" (i.e., between five and

ten). This corresponds to a small, but efticient, reactor that will

produce 0.5MW of net power.

‘An even more'interesting-feature of Fig. 27 is ‘however ' the strong
dependence of the system performance on the stability factor S. The_
SAFFIBE plasﬁa is found to go from a.marginal power producer for S of '
five (Q ~ 1-2), to a reasonably attractive system for S of -ten
(Q ~ 10-20), to an "ignitéd“ plasma for S of fifteen (Q > 100); (Here
the term "ignition is wused to denote Caseé where the only auxiliary

heating input to the plasma was that energy supplied by the low energy,

10keV  refueling beams.) This exponential dependence is much'stronger

than that predicted by the general scaling law, Eq. 95 {(which finds that

Q is proportional to SZ) due to the effect of fp heating. This leads to
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drastic reductions in the required injection power at larger S - values;

consequéntly it is extremely importaﬁt that a theoretical basis be

developed fdr establishing the actual limitatjons ofl S in the FRM.
Especially if the mofe optimistic loss rates are nét observed, because,
as will later be shown, the SAFFIRE concept requires an S of fiftéen for

the more pessimistic, "anomalous" confinement time of Eq. 56.

A final facet of Fig. 27 relates to the previously mentioned

'possibility of "ignited" advanced fuel operation in the FRM. If such

operatiodn is indeed possible, the cold, flowing plasma on the open field

} lines could have a very valuable purpose (in addition to protecting the

closed field region from neutrals, cf. Ref. 40); that of controlling

Athermal runaway. As the S = 15 cases of Fig. 27 show, when the 6pen

field density is increased from 5x10120m—3 to 2x1013cmf3 the "ignition

window" disappears. The flowing plasma has lowered the plasma operating
curve by reducing the fp enefgy deposition in the closed field  regi6n;
consequehtly it appears that the open field plasma can ﬁé used to assure
that the operating_eurve intersects the ignitionv curve at only one

point, thus leading to thermal stability.

A second parameﬁric.study is suﬁﬁariged in Fig. 28. It illustrates
the effect of the vacuum magnetic field sﬁrength_bn the plasma Q-value
(and the total fusion powef output), and another unexpected result is
found. Eq. 95 had predicted that the Q-value would be independent of
the magnetic field; however this is not the case when ‘fp heating is
considered. The plasha ‘energy multiplicétion increases appréxfmately

linearly with the magnetic field strength. The reason for this is again
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the - influence of: ﬁhe fp - heating term. As the magnetic field (and
consequently the closed field plasma density) increase, the ratio of the
fp slowing down time in the-hot, closed field region to that in the

cold, opén field region becomes smaller. This causes a larger fraction

of the fp energy to be retained in the hot plasma, leading'to larger>

Q-values. Indeed, for the 4OkG case only 30% of the ‘fp energy is

. retained in‘ the SAFFIRE plasma, but for the 100kG case almost 50% fp

" energy retention is found. The effectiveness of this 'method for

enhancing the plasma performance is, .of course, limited due to the

economic and technoldgical constraints on the magnetic field coils;

therefore a relatively moderate field strength of 60kG has. been chosen

for the present reference designs. The push to higher fields could
become . important, however, should "anomalous" loss rates be found to

occur.-

The final parametric study involves an investigation into .the

viability of the SAFFIRE concept if the FRM confinement scales like the

"anomalous" loss' time -of Eq. 56. 'The results of this study are
summarized in Fig. 29, where the plasma Q-value is again plbtted vs the
ion temperature. This figure illustrates that a substantial degradation

in  the plasma performance ocurs (as expected); however there is still a

design window for the SAFFIRE, if the stability 1limitation can be

extended to fifteen. Thé _net power produced by the optimum (Q ~ 5)

reactor would be 1.8MW and its net efficiency is ~38%.
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5.2.2 Cat-D Systems

A number of similar parametric studies have also been made for

. Cat-D, SAFFIRE reactors, but the majority of the results are similar to

those already presented for D-3He. The Cat-D discussion is therefore

limited to the optimization curves shown in Fig. 30. These curves

~illustrate that Cat-D, FRM reactors are also feasible} having even

higher energy multiplication  factors than their D-3He counterparts
(i.e., a peak Q-value, for S of ten and "an open .field density of
5x1olzcm"% of ‘Sﬁ as compared t§v19 for the equivalent D—3He‘design).
The enhanced Cat-D preformancé is due to a combination of small effects,
all of which impfove the system pérformance. These effects include: A
lower Z-effective which leads to a 36% increaée in the fusion power
density relative to,AD-3He and also to a decrease in the radiation
losses. An increased energy confinement time (4.6 sec as compared to
3.1 sec for the céﬁparable D-3He system) due to the iarger system size
that results from'the lower charge to mass ratioA(hepce larger average
gyroradius) of the 'Cat-D plasma ions. A higher ch;rged fp energy
retention (69% as compared to 51% for D-3Hé) which leads to an overall"
fp heating input, for the Cat-D plasma, that is nearly equal Qo that for

D-3He, in spite of the fact that a much larger fraction of the total

Cat-D fusion power is in the form of neutrons. Cat-D FRMs,

conséquently, also hold the promise of "ignited" operation, .if. the
optimistic ioss rates and increésed S values are'possible. For these
"ignited" cases, the open fie;d plasma can again serve as a control over
thefmal ruﬁaway, since the "ignition window" also disappears when thg

open field density is increased in the Cat-D system.
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5.3 Reference Cése Summaries and Comparisons
5.3.1 D-3He Systems

The first reference case comparison is presented in Table 1 where
the - plasma - parameters 'tor thé "optimum" (i.e., peak Q-value) systems
wiﬁh S of five (Casé A), S of ten (Case B), and S of fifteen (Case C)
are presented. In all three of these cases the "near-classical" loss
rates (Eq. 55) were used;'aﬁd the open field _density was 5x10120m-3;
~ furthermore, for comparison purposes, the 'vacuum field sﬁrehgth gnd

elongation factor were held at 60kG and one respectively. The most

interesting feature of Table 1 is the behavior of the particle and

‘energy confinement times as the stability factor increases. The.

confinement improves as S increases from five to ten; however for S of
fifteen_the confinement is worse than that for S of ten, in spite of the
fact that the S of fifteen plasma has a smaller surface to volume ratio

.and should therefore have better confinement.

This<parédox occurs because the 6ptimum - temperature (i.e., that
where the peak Q-value occurs) is lower for the S of fifteen plasma than
‘fpr S the S of ten case because plasma losses are no longer dominatéd'by
leakage (which scales inversly with T). ‘Radiation losses (which are
proportional to:T) begin to become important and, consequently, a lower
éptimum temperature results. The 1lower temperature 1leads to an
increased collisionality,‘which causes particles to diffuse faster, and,

because this effect 1is stronger than the decrease in the surface to
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Reference Case Comparison of Principle Plasma Parameters for

Three D-3He SAFFIRE Designs With.Different Stability Factors

Etability Factor, 5 = S

A S 38y
Vacuum Field (kG)

Elongation Factor, K+

Plasma Radius, Volume (cm, %)
Ion, Electron Temp. (keV)

Ion, Electron Density (x10%4cn™

Particle, Energy Confinement
Times (sec)

Retained fp Energy (%)
Fractional Ash Buildup (%) 
Gréss Power (MW)

Radiation (%)

Leakage (%)

Copdﬁction (%)

Neutrons (%)
: Ehergy Multiplication, Q
-~ Fusion, Net.Elgctric Power (Mw)

Overall Efficiency* %)

3)

Case A

5
60

1

14.2, 12
140,'91
3.7, 5.6
4.5, 1.7

24

7

0.48

16

77

6

1

2.1

0.32, 0.07

23

Case B

10

60
1

21.5, 42

80, 76

5.3, 7.9

8.0, 3.1

51
164
1.2
28

65

19

1.1, 0.54

49

Case C oo

-

15
60

-

25.1, 66
48, 48

8.9, 13.5

503, 205

69

11

2.4
41

52

129
2.4, 1.2

50

*Assumes thermal, direcﬁ, injection, and ICRH efficiencies of 40, 60, 80,

and 80% repectively.

+Larger output powers are obtained for elongated (x > 1) plasmas.
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volume ratio, the "ignited" plasma of Case C has poorer confinement than
the driven plasma of Case B. As a result, Case. . C also has a smaller ash
buildup fraction (only 11% as compared to 16% for B) even though the fp

retention has increased to 69% (as compared to 51% in Case B).

The most significant feature of Table 1 is, however, the fact that
all three cases produce net power. Case A (with S of five) is somewhat

marginal, having a Q-value of 2.1 and an overall efficiency of 23%, but

"Case B (with S of ten) 1is not. With a Q-value of 19 and an overall

efficiency of 49%, the plasma of Case B makes anAattractive system. The
low neutron production rate (only 3% of the total output power) leads
to reduced activation problems and more flexibility in siting A(along

with a higher overall efficiency); while the ability to elongate -

‘individual cells (see Table 4) together with the possibility of stacking

~many cells into a longer system‘mean that the SAFFIRE concept could fill

an important void in the present fusion reactor scheme--that of

providing an intermediate sized (i.e., 50-100MW) power plant [48].

5.3.2. Cat-D Systems

The'second!reference case comparison (Table 2) is similar to the
first éxcept‘that it invloves'CatéD systems. Tﬁe "optimum" designs for
systems with S of five, ten, and fifteen, héving "near-classical" 1loss
rafes and an open field density of‘5x10120m_3, are agajn shown. The
Cét—D‘results aré similar to those for D-3He; however several important

differences will be noted here. The firstAis that the Cat-D plasmas are
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Vacuum Field (kG)

Elongation Faéfor, o

Plasma Radius, Volume (cm, &)
Ion, Electron Temp. (keV)

Ion, Electron Density‘(x1014cm'3)

Particle, Energy Confinement
Times (sec) ’ .

Retaiﬁed fp Energy i%)
o - . TPractional Ash Buildup (%)
Gross Power (MW)
Radiation (%)
~ Leakage (%)
~‘Conduction (%)
Neutfons (%)
Energy Multiplication, Q
'Fusion{ Net Electric Power (MW)

Overall Efficiency* (%)

and 80% repectively.

‘Table 2

Case A

5
60
-
15.2, 15

100, 75

6.0, 2.6

37

0.50

u
53

3

30

3.4
0.39,:0.11

29

Case B

10
60

1

23.8, 56
65, 62

8.0, 9.1

10.3, 4.6
69

14

1.5

24

36

2

38

59

1.5, 0.67-

46
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Reference Case Comparison of Principle Plasma Parameters for

Three Cat-D SAFFIRE Designs With Different Stability Factors

Case C

15

60

1

27.7, 89

40, 39

13.1, 15.0

6.9, 3.5
80

10

3.5

32

29

1

38

119

3.4, 1.6

45

*Assumes -thermal; direct, injection, and ICRH efficiencies of 40, 60, 80,

+Larger output powers are obtained for elongated (k > 1) plasmas.
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slightly larger than their D-3He conterparts (89 as compared to 66
*liters for the S of fifteen cases) due to their lower "effective-Z."
This allows the "average" Cat-D plasma ion to have a larger gyroradius

than that for the D-3He case, and the result is a larger plasma for the

same S factor.

The inereasod oisc tegether willi Lhe lower average energy of the

Cat-D fps is also. reflected in the fp retention for the Cat-D plasmas.

In Case B (with S of tenj, 69% charged fp retention is found as compared
to oqu 51% for the equivalent D—3He case. As was ﬁoted earlier, this
fact, together with the improved energy confinement time and lower
Z—effective,i.allows the S of 5 and 10,. Cat-D plasmas to attain
significantly higher Q-values than are found in the equivalent D;3He
. systems (e.g., 59 as compared to 19 fof S of 10). However, the shift to
increased neutron production (hence thermal convérsion) causes the Cat-D
system‘ té, gain little in overall efficiency. In fact, for S of 10 the
D-3He system is actually more efficient (49% as compared ﬁo 46% for

Cat-D) in spite of its lower Q-value. As .indicated by Tables 1 and 2,

the Cat-D reactors trade-off leakage and neutron power on almost a 1/1

basis. Each per cent increase in neutron production in the Cat-D systeﬁ
corresponds to a per cent decrease in the leakage relative to D—3He.
The Cat-D reactofs also have slightly smaller radiation and conduction
lossesA due to ' their lower Z-effective and Areduced operating

temperatures.

The Cat-D version of SAFFIRE [49] is thus a viable supplement to the

Ds3He reactors. It does not require the development of a source of.3He,
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which cduld prove ﬁo be the "Achilles' heel" of the D-3He fuel cycle,
“. but it doés involve a higher neutron production rate, which.will leaa to
increased shielding requifements and éctivated material. An evéluation
‘of these complicated economic and envibonmental tradeQOffs is necessary
to determine which fuel cycle is most attractive; however the Cat-D
system appears to be ‘especially adaptable to applications involving

remote placement or synlhelic fuel production,

5.3.3 Systems With Anomalous Loss Rates

The cases discussed in the previous two séctions were assumed ﬁo
have the "near-ciassical" confinemenf of Eq. 55. Such confinemenﬁ is
gheoretically reasonable for a closed field line geometry such as the
FRM; however seldom has theory" pfedicted, in advance, the observed
confinement scaling for a fusion devicé. In order to illustrate the
consequence of a more optimiétic tybe of lo;s mechanism, several cases
calculated using the "anomalous" loss rate of Eq. 56 are presented in
Table 3. These caseé are élso for an open field'densi;y of 5x10120m-3
and a vacﬁum fiéld strengfﬁ of 60kG; however a stébility‘ factor of-

fifteen was required in order to obtain a viable system for the D-3He

and Cat-D fuel cycles (S of ten was suficient for D-T).

The most striking feature of Table 3 is the high plasma temﬁerature
that” is .required in the case of the "anomalous" loss rates. This high
" temperature not only reduces the collisionality of the plasma but also

increases the plasma size, both of which serve to decrease leakage. In
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~ ‘Reference Case Comparison of Principle Plasma Parameters for D-3He and

Cat-D SAFFIRE Designs With "Anomalous” Loss Rates to a D-T Fueled FRM

30i
Vacuum Field (kG)

Elongation Factor,AlK.

‘Plasma Radius, Volume (cm, %)

Ion, Electron Temp. (keV)
Ion, Electron Density (x1014cm_3)

Particle, Energy Confinement
Timesi(sec)

Retained.fp Energy (%)

Fractional Ash Buildup (%)

- Gross Power (MW)

Radiation (%)
Leakage (Z)
Conduction (%)

Neutrons (%)

-Energy Multiplication, Q

Fusion, Net Electric Power (MW)

"'Overall Efficiency* (%)

3

D- He °

15

60

1

45.6, 398

160, 115

2.6, 3.9

4.7, 2.6

83

15
5.7
30

66’

4.9
4.7, 1.8

39

Cat-D

15
60

1

49.0, 495

120, 94

bob, 4.9

5.4’ 3'0

95

11

8.8

20
45
1 .
34
8.1

7.9, 3.1

© 40

10

60
1
26.0, 74

60, 53

‘7.4, 801

0.58, 0.32
79
9
29
1

16

79
57
29, 12

43

*Assumes thermal, direct, injection, and ICRH efficiencies of 40, 60, 80,

and 80%Z repectively.
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addiﬁion, the larger plaéma also .retains ‘a higher fraction of the
charged fps, and thié is reflected in their energy retention fraction
- > 80%). The inpreasedlioss rates, however, do keep ;he ash 'buildup
under"control,, and the steady-state ash fraction turns out to be no

larger than that for the “hear—classicalﬂ cases (i.e., < 15%).

The key point made Sy Table 3 is that the SAFFIRE concept is 3till
viable for the "anomalous" los rates, if‘the current.limitation on S can
- be extended from ten to fifpeen. This extension 1is thought to be‘ a
mini@al one for two reasons. The first is that the pfesent limit of ten
has been chosen,based upoﬁ'the .fact ‘that field;reversed theta - pinch
(FRTP): experimenfs have successfully operated at S <10. Their
operétion at higher S values has not been observed; however this is due
to experimental limitations rather thén iﬁstabilities. It appears that
FRTPs can go to higher S values and, due to their Similarity, the same
should be true ‘for FRMs. Secondly, theoretical investigations of FRM
stability have concluded that the FRM configuration is stable in the
limit as S -> 1, and that it is unstable for large S values ( > 30)
where the MHD description becomes valid. The FRM 1lies in . the:
"intermediate ground between these Lwo analysis, and it is not yet clear
exactly how large S can becomé.before finite orbit stabilizatioﬁ begins
to break down. The extension to S of fifteen thus seems to be no mofe
"questionable" than.the selection of "near-classical" loss rates fér the
earlier reference case studies. Finally, as Case C indicates a viable
D-T fueled FRM reactor is feasible even‘if the present stébility< bound
- of ten is found to be the-actual limit, and anomalous loss rates are the

rule. The output power .split from the D-T plasma, of course, shifts
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. strongly towards neutrons' (79% as éompéred to 3“ and 2% for Cat-D and:
R ‘D-3He'respectively); however the reduced recirculating power, relative
to. the Cat-D and D-3He cases, actuélly"leads to a higher overéll
efficiency for the D-T system. Still, - the D—3He.‘device .pbtentially
offers the advanfage of reduced radioactivity (tritium and induced),
making thig particulariy attractive for‘small plants where a 1location

near the user is desired.

5.3.4 Elongated Systemé

The effect of elongation on the SAFFIﬁE reference design‘ is
summarized in Tasle 4 where the principle plasma parameters for D—3He
and Cat—D systems with S of 10 and "near classical" 1loss rates afe
shown. As the iable indicates the parametric scaling vs the elongation
factor k is .almost exactly as indicated by Eq. 94. . The fusion output
increases by a factdr of ~2 for both D-3He and Cat-D, just'as Eq. 94
predicts fOP‘K =A3, while the Q valué decreases slightly relative to the
K= 1 case. - This latter result is noﬁAaccurately predicted by Eq. 95,
- again- beqausé of thé effect of fp heating. While _ the actual”
Asupgrthermal fp confinement 1is unaffecﬁea by system elongation, the
closed field fp energy depositidn is slightly 1less in an elongated
.plasma, (relative to the corresponding spherical case)._dUe to the
reduced _B (Eq. 93). The lowet B leads to lowef background _densities
for elongated FRM blasmas,' and, as a result, £o reduced fp energy
deposition (i.e., U9% fof.the K= 3 case vs 51% for K= 1). The 'Q
values aré thus slightly lower for the elongated case because thé

reduction in fp heating is offset by an increase in the injection power.
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Reference Case Comparison of Principle Plasma Parameters for Two

Elongated SAFFIRE Designs with D-3He and Cat-D Fuel ‘Cycles

Stability Factor, S = 2%2
i

Vacuumn Field (kG)

' -Elongation Factor, K.

Plasma Radius, Volume .(cm, £)
Ion, Electron Temp. (keV)
Ioﬁ,‘Electron Density (x1014cn™3)

Particle, Energy Confinement
Times (sec)

RetainedAfp Energy (%)
Fractional Ash Buildup (%)
Gross Power (MW)

Radiation (%)

- Leakage (%)

" ‘Conduction (%)

Neutrons (%)
Energy Multiplication, Q
Fueion, Net Electric Power (MW)

Overall Efficiency* (%)

*Assumes thermal, direct, injection, and ICRH efficiencies of 40,‘60, 80,

and 80% repectively.

D-3He

10

60

3

21.5, 125

80, 75

bob, 6.6

11.6’ 4.3 .

49
18

2.3.

29

64

4

3

16

2.2, 1.1

48

10

60

3o
22.8, 150

60, 57

7.2, 8.1

12.6, 5.5

67

14

2.9
25
36

2

37

- 37.

2.9, 1.3

45
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Elongated plasdas do however have other characteristics which offset
their reduced Q-valués. Ihe most significant of these characteristics
are an increased net power output per cell (i.e., 1.1 and. 1.3MW
respectiveiy~ for the D-3He aqd Cat-D plasmas as compared td 0:54 and

0.67MW for the corresponding spherical cases), and a possible enhanced

resistance to instability (as postulated by Morse.[17]). In addition,

the elongatced - plasma is also unore attractive from an engineefing

. standpoint because a 1larger. fraction of the total vacuum volume is

filled with hot plasma (due to the fact that there are fewer intervening

"breaks" between cells per unit length) and because a smaller number of

~individual cells are required to reach a given total output power. This

latter point' greatly reduces the complexity of the supporting systems;
however plasma elongation is 1limited by the onset  of tearing
instabilities to. Kk < 5. A conservative value of K = 3 has thus been

chosen for the present studies.

As a result of these arguments, the parametgrs from Tablehu have
served - as .the basis for an overall economic evgluation of ‘the SAFFIRE
feaqtor -pbncept, (48], and the system potentially appears‘ to bel
economically cémpeéative. Undef the optimistic assumptions of mass
produétioh of units, 60%‘ direct cohversion efficiepcy, 40% thermal
coﬁveréioh efficiency, and the previously mentioned physics scaling, the

SAFF1RE reactors produce power at a cost of ~ HSmills/kw-h. This

‘compares favorably with that produced by current oil fired "peaking"
~units, and it becomes competative with coal fired units for coal prices

. of ~ $50/ton (presently ~ $25/ton). The SAFFIRE concept thus could

conceivably offer a viable supplement to'the larger and moré capitol
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intensive Tokamak and Tandem Mirror reactors assuming that the basic

confinement principle (i.e., stable, steady-state fiéld—reversal) with

“near-classical” particle loss rateé) ~can be verified, ‘and that fhe
. conditions poétulated in the economic analysis of Ref. 48 devélop
(namely, the feasibility bf mass' prdduétion of small, 1local fusion
uﬁits). Tf, howaver, the optiwmislle "near-classical” confiﬁement scaling

is not observed,. a viable SAFFIRE reactor does not appear to be

. attainable unless the present stability limitations.can be extended from

10 to 15).
5.4 Fusion Product Energy Distribution Functions

5.4.1 1Introduction

Since the SAFFIRE reactors -require a high plasma temperature.

(T. > 40-keV) due to their advanced-fuel nature, most of the fpg in
i, : :
these reactors mainly sioﬁ down through Coulomb collisions with
background ions. Because the rate of energy transfef to ions increases
as the fp energy decreases (Fig. 31) the high electron temperatures
flatten the distribution-fﬁnction of fps in SAFFIRE relative to those
found in low tempgraturé D-T fusion reactors. ' Such diétributions may

give rise to anomalous slowing and alpha transport [50]; therefore the

» éﬁergy distributions of fps in SAFFIRE have been examined. The analysis

has focused on the 3.67-MeV alphas and 14.7-MeV protons produced in the

D—3He reaction; however the techniques are general and thus apply‘ to

other fps as well.
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It shoula be'noted that the consequences of anomalous slowing.are
not clear. Physically such slowing could occur by resoﬁaqt coupling of
energy from the fp into wavé,energy éssociated with the background plasma
(e.g. Alfven waves are a potential background mode considered in several
"analyses [50]). = At the best, the main consequence would be:to reduce the
fp slowing down time, reducing the loss fraction and enhancing energy
depbsition. If, indeed, this occured, present SAFFIRE.results would be
conserative and ignition‘might ﬁé easily achieved. On the other.hand,
vafious complicétions could off-set this bénefit} 4 ‘Depending on the
details of the particle—&ave coupling, velocity space diffusion could
result in ehhénced {losses. Further, waves induced in the background
could result iﬁ turbulence and in increased energy and particle loses’
from ;he'thermalized‘plasma. A clear.understanding of fhese effects is
nbt possible ﬁasedAon studies of aﬁomalous slowing to date, and this is
bejond‘the scope.of the present study. However, since the MCFRM code
makes it~'possible.'to caiculate fp distribution functions basedl on
claésical slowing, it was thought to be important to examine these
distributions to éeeAif conditions (namely a'sufficiently positive slope
of the enérgy distribution function) exist that could trigger anomalous
slowing.

Finally; it might be noted that there is not experimenﬁal evidence
for anomalous slowing to date. Some neutral beam injection experiments
on tokamaks should have, according td tﬁeory, encountered threshold
effects. However none have been reporﬁed. Still, with injection only at

25-keV, these experiments are quite different from conditions expected in
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‘fusion grade plasmas with MeV fusion products. Thus, the possibility of
.aﬁomaloué slowingAcan nét be ignored.

In order.to establish a framework for evaluating the MCFRM results
in the more complicated FRM cases, é brief sﬁmmary of "a Fokker-Planck.
analysis oflfp distribﬁtions in a'uniform‘plasma, developed by Ohnishi
[51], wiil first be presented. The form which the Fokker-Planck equation
assumes in this appliéation is: |
' 2 2 SS{v-v )
%% = F{(2v3)‘1 '2_\;2_ (v2 :_V% f)f.v'—z 3_3 [:f(vz %‘ + %)} - % + ——;Tzo)} (96?
where f is ghe velocity debendent' fp. distribution fﬁnction,
I = Aﬂe4222nA/m2, and Sis the birth rate of the fps. In this form
the leakage associated with Tp ~is assumed to be isotropic ‘and
independent-of enérgy. vThis assumption is_ﬁot entirely valid; however,
as the resuits will show, Eq. 96 does provide a good first approximation

to the actual case.

General expressions for the Rosenbluth potentials h and g are given
in Ref. 52, but for the present application, where v; > v >> .Ve'
.,(vi’e are the background ion and electron thermal velocities), the

coefficients of Eq. 96 can be simplified to:

. 3 2 .
. ) n v, n, Z,
V2 %—1‘ '+ ’g‘g' = it 4 _ﬂ e3 -m m . (973)
v v 3/ Me vy i
a?, _ . 2 _ . : 7b
—a-\—,‘ = znj Zj = ne Zeff | (9 )
; )
) n v2 . '
J2oe_ 4 e 1 En. 22 2 . (97¢) -
2 v j 3.3 ' :
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These simplifications can subsequently be used to allow an approximate

solution for the fp energy distribution function f(E) to be expressed in

the following simple form:

ot (E3/2 N E3/2)y/3 =
£(E) = — 02 3;2 | 372 3/2
@? 4 g &% 4+ &
o c c .
where
3/2 m TZ/Z
T = -
8/m Vm_ n e Z°%nA
e e
o n'zz 2/3
S BT N m
¢ |é4n m. - 1/3 Te
e -7, J m
i e

Y =3 - TS/TP
m
. _e 2
Te =77 Ve

(98)

(99)

- (100)

-(101)

(102)

Thus Tg4 is the electron drag time for the fps, E_ is the critical

energy i.e., the energy at which the electron and ion drag contributions

are equal, and Egj is the fp birth energy. The above analytical form

(Eq. 98) is particularly valuable in interpreting the actual FRM cases.

"5.4.2 Analytical Approximation

The predictéd dependences of the fp energy distribution functions on

the plasma electron temperature and the superthermal pafticle loss rate
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are summarized in Figs. 32,33 for D-3He alphas énd in.Figs. 34,35 for
D;3He protons. The supefthefmal protgn distribuﬁion is found to have
"good" curvature (i.e., negative slope) under'aimosc‘all'codditions, with.
only 'sgvere loss during sloQ down giving risei to a flattened
distribution; however, such is'not the case for.albhaé. Due to the high

electron temperatures found in SAFFIRE (i.e., Tg > 40kév); the critical

'energy (which is ~ 10.5m_._ T, for the D-3He SAFFIRE plasmas) is nearly
fpe .

equal to the alpha birth energy.. The shape of the alpha.distribution is

thus strongly dependent on the electron temperature.

For Te >-50—kev; the“crigical energy is neariy equ;l tQ'the'élpﬁa
birth ehergy and the alphas slow down mainly through Coulomb collisions
with ions; _ Since the ion dpag is a decreasing function'of ehergy ;nd
f(E) =« 1/<dE/dt>, this  causes theAéupgrthermal alpha energy distribution
to have fegions of positive siope, as sﬁown by the curves in fig. 32f.
Many of the fefefence case designs presented in Section 5.3 had Tev>
SOkeV; therefore it is important that the diétribﬁtion of alphas in tHe

FRM be investigated in order to determirne the extent of this effect and -

whether or not it can lead to anomalous slowing. Superthermal particle

losses can also affect the energy distribution of the alphas, and (as
shown in Fig. 33) the loss of alphas during slowing down also leads to

regibns of positive_SlOpe.

The preliminary results thus indicate that high energy protons in

-3/2

the‘FRM»will have a more convenﬁional E shaped energy distribution.

. function and are not expected to experience anomalous slowing, wunless
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there are substantial losses during slow down, or the.distributions are
anisotropic. Thé latter may be a problem for protons in SAFFIRE because
theirkdgﬁ energy.gives rise to a Significant'fraction of promp; iosses
which ézg anisotropic. Since phé sufficiént conditions-for anomalous
effects are that af(?)/av” or 3f(3)/évi_be greater than zero in some
;egion Qf Qelocity épace [50];- a more detailed 1look at ﬁhe broton
distribution is needed in order to Qraw any final conclusidnslregarding
their resistance to anomalous slowing. Such a détailed ahaiysis is
beyond the séope of this work, however the fact that their average slope

. is negative is encouraging.

The preliminary results for the alpha distributions are quite .

different. Their distributions are found to exhibit regions of positive
slope for typical SAFFIRE conditions. It should be remembered, ﬁpwever;
that positive slope is a necessary, but not a sufficient céndition for
vanomalous slowing and transport under the isotropic conditions expected
. to exist for alphas dge to their reduced prompt losses. The sufficient
conditions [50] . are agéin that 3f(3)/3v" or af(G)/ayL; | These
conditions are not satisfied‘for any of thg prelimina?y alphé results
‘under the_isotroﬁic assumption. Seyere loss during slow-~down (Tb <1

_sec) may, however, produce either of these conditions in the alpha

distribution. The MCFRM results are thus ‘particularly valuable in

identifying if superthermal losses are significant, and  if they can be

‘controlled by varying the system parameters.
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"5.4.3 MCFRM Results

Thé_actual distribution of alpha. particles "in the FRM is shown iﬂ
Figs. 36,37. In Fig. 36 the  "ideal” case with no open field plasma
(n, = '0) 'is compared- éo the fstandafd"A case (with a 50-eV, n, =
3.2x1013 cm_3 plasma on the open field lines), while Fig. 37 illustratés
how a change in the plasma size (or'équivalently the stability factor)
affects the alpha distribution. As these figures show, the actual
results are éimilar to those predicted by tﬁe analytic approximation;
however the open field plasma (whiqh_can_only be treated via MCFRM) is
found to shift the region of positive gradient to lower energies. The
open field plésma doés this by lowering the "effective” electroﬁ
tempefature-which the alphas sémple during slow-down. lThis, in“turn;
luwers Lhé critical ‘energy and aléng with it, the region where <dE/dt> is
a decreasing function of energy. Increased superthermal-particle losses,
resulting from particle interactions in the cold plasma layer, thus do
not givefriée to anomalous alpha siowing or tramsport in typical SAFFIRE

plasmas, as long as the distributions remain isotropic.

Several other features of the cold plasma layer are depicted by Fig;
37. The discrepancy bgﬁween ghe results for n, =_0 andlnc = 3.2}(1013cm_3
is explained by recognizing thaﬁ a decreése'in the plasma siée introduces
two combeting effects (when a cold, open-field plasma is present). The

first is an increase in particle loss during slow-down, which causes a

reduction in the energy distrubiton at lower energies (cf. Fig. 33), and
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‘the second is a decrease in the "effective” electron temperature, wﬁich
causes an iﬁcreasé in the energy digtribution at lower energies (cf. Fig.
32). With n. = 0, ohly the effect of increased losses during slow-down
is present,vaﬁd the positive gradient of the alpha energy distribution’is
increaséd in the smaller 15.7-cm plasma.. The lower "effective"” eleétron
temperature‘(resulting from inte;action in the open field region) intro-

duces an opposing influence in the n, = 3.2x1013 cmm3 case, however,

c
and the net resultvis a distribution that is independent of the plasma
size. It should be noted that none of these results meets the sufficient
conditions for anomalous slowing (i.e., of/dv,, > 0 or 3f/3v, > 0), as-
suming isotropic distributions. Futﬁre work will therefore focus on the
isotropic assumption in érder to determine its wvalidity in the presence
of increased superthermal losses. |

The proton birth energy is much greater than that of the alphas;
éonsequently the protons leQ down mainly by electron interactions. The
: electrén'drag is.an increasing function of energy (cf. Fig. 31); thus the
proton energy distribution Qas expected to have a negative gradient and
(in general) does, as tﬁe analytic results (Figs. 34,35) showedf The
only effeét which Qas found to introduce a positive gradient into the
pfoton' energy distribution was a se&epé- loss duriﬁg slow-dqwn (i.e.,
Tp <.1 sec); therefore the only proton _distribution vstudy‘ presented
involves a reduction in plésma'sizéAin order té increase slowing down
losses. The results of this study (shown in Fig. 38) illustrate that
proton energy distributioné in smaller plasmas do have reduced negative

gradients, but are still not susceptible to any anomalous effects, unless

‘they result from anisotropy.
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In summary then, - the SAFFIRE plasmas do not -éppear to héve .the
potential for exhibiting anomalous fp slowing, wunless the fp distri-
butions are anisotropic. Almost all the alpﬁas are absdlufely cénfined
in the FRM geometry;‘ therefore their distribution is expected to be

| © isotropic and anomalous alpha slowing isWﬁot expected. Prombt proton
losges maf, however, give rise to an“ anisotropic. éuperthermal proton
distribution,in the FRM. The incorporation of Qelocity component infor-
mation into the proton studies is thus necessary before final conclusions
concerning the resistahce of the protons to anomaloﬁs effects can bé<

drawn.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

The two main objectives of this work were earlier cited as: The
development of a more consistent model of the FRM plaéma; and'to prévide
an accurate calculation of the effect of fusion<products on the FRM. To
adhievé these two objectives, twb new compﬁter models were déveloped.
The firsf is a zero-dimensional, two fluid (ion and glectron) plasma
burn code (FRMOD), while. the second is a Monte'Carlo-particle code’

(MCFRM). Together, these two codes have allowed both objectives to be

'achieved. Not only -has the behavior of. fps in the FRM been

calculated throughout their slowing'down, ‘but the' ‘development of a

unique method of coupling the<resuits of the Monte Carlo calculation

with the 0-D model (discussed in Section 4.4) has allowed fp heating and

- ash buildup to be included in the evaluation of the steady-state plasma

parameters over a wide range of.parameteré. '?inally, because the Monte
Carlo solution technique provides a wealth of detailed information about

fps in ‘the steady-state FRM, fp energy distributions have also been

‘calculated.
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A brief summary of the unique features of the present analysis' and

some of the characteristics of the FRM system which have, for the first

time, been identified includes:

7.

The application of a Monte Carlo treatment of Coulomb
scattering to fp motion in the FRM; .thus allowing both fp

-energy and particle deposition to be evaluated.

The use of a modified Hill's vortex model of the FRM

“equilibrium  (that allows for possible elongation) which not

only provides a straightforward means of coupling the results
of the Monte Carlo calculation into the plasma burn code,
but also provides an improved basis for reducing the
three-dimensional balance equations for particles and energy to
zero-dimensional form.

The subsequent identification of a significiant amount of fp
heating and ash buildup in the FRM plasma (a result which was
not previously expected due to the small size of the FRM).

A simplified means of expressing the absolute and closed— field
confinement 1limits for fps in the FRM; which allows these
limits to be determined for any charged fp in any FRM plasma by
specifying only the vacuum field strength and the plasma size.

A corresponding means of correlating the MCFRM results for ‘the
actual fp’ energy and particle deposition in the closed field
region of the FRM over a wide range of system parameters.

A model of heat conduction losses to thé cold, flowing plasma

on the open field lines that assumes the development of a low

~density "boundary layer" which helps to "insulate" the closed

field region.

A calculation of fp energy distributions in the steady-state’
FRM, and a discussion of their trends.

As the above list indicates, many advances in the understanding of

the FRM have resulted from the present study, and, as a'result, a

detailed investigation into the potential of the FRM as an advanced-fuel

fusion reactor concept (SAFFIRE) was made. The SAFFIRE conéept was

found to be both attractive and flexible;  offering a small-sized

(50-100MW) supplement to tokamaks and tandem mirrors. Utilizing the low
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3 .
activation D- Helor the fuel self-sufficient Cat-D fuel .cycles, the

SAFFIRE reactors are‘especially well suited for specialized applications

(such as synfuel production or localized "peaking" units).

As is often the case in a study of this type, however, new questions’
and opportunties for additional work have been identified. The
following recommendations are therelore included to serve as én impetus

for supplemental inveétigations.

1. The incorporation of electric fields into. the Monte . Carlo

calculation. These fields will affect fp motion at lower

" energies thus altering the ash buildup fractions predicted by

the present analysis. The magnitude of the fields could be

estimated by calculating the prompt fp losses as a function of

the magnetic flux coordinate and using this information to
evaluate the space charge buildup. :

2. The incorporation of 1large angle nuclear elastic scattering
into the collision model. This effect could have a significant
influence on the distribution of the high energy protons and
can be included in a straightforward manner due to the Monte
Carlo nature of the model.

3. An investigation into the diffusion rate of background
particles in the FRM. Assuming that the actual background
" density profile is adequately described by the Hill's vortex
model, a first-order estimate of the spatially dependent (1-D)
diffusion coefficient could be obtained by starting a group of
test particles on . a grid that was consistent with the vortex
density profile. The known density gradient together with the"
initial rate at which particles were displaced spatially would
allow an estimate of D( ¥) to be found. This would have the
‘advantage of including finite orbit effects. '

4, A calculation of fp induced currents in the FRM. This would
involve a straightforward extension of the technique used to
calculate the steady-state fp energy distribution. The energy
distribution would simply need to be broken down into its

" parallel and perpendicular components, weighted by Vg, and
integrated to give the total fp current. Current density
profiles could also be obtained by breaking the spatial
integration into groups. .

5. The field model could be made more general by representing it
on a  grid structure, as opposed to the present Hill's vortex
. description, and including quadrupole effects.
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6. An investigation into whether or not the superthermal fp dis-
tributions are anisotropic, and,if so, what effects this has
on the overall fp energy and particle deposition.

This list is, of course, not an exhaustive one . and, due to .the
wealth of detailed information generated by the Monte Carlo treatment

seems to be limited only by the creativity of the individual user. The

- author, therefore, encourages the reader to consider other possible

adaptations as well; especially since the groundwork 'laid here is

thought to have potential applicatiods in many areas.

In conclusion, then, two valuable new tools for invéstigating the
potential of small field-reversed systems have been developed. The

models have been thoroughly tested and applied extensively in the

development of the SAFFIRE reactor éonceptA at Illinois. They have

subsequently led to the identification of several unique aspects of the
FRM, both from an engineeriﬁg and from a. physics stahdpbint; however

these results are thought to be only the "tip of the iceberg". With the

' growing 'interest in reversed-field geometrieé (due to their inherent

small sSize and resulting possibility of '"near. term" development)-

’oppoptunities for related applications of the present work are being

identified at an increasingly rapid pace. The hope is, therefore, that
the present methods are not laid aside, but used to form the basis for
additional studies which will one day lead to the commercial use of

fusion energy. .
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APPENDIX A

FRMOD User's Guide

The zero-dimensional FRM plasma burn code, FRMOD, described in this.

‘work is written in Lhe FORTRAN language'and is currently available on
the Control Data Corporation (CDC) 7600 computer at tne Magnetjc Fusion
Energy Computer Center (MFECC), sponSered by the U. S. Department of

Enebgy, in Livermore, CA. This guide will assume ‘that the user is

familiar with the system architecture and some of the utility programs

available. on the .MFE-7600 machine, since online' documentation is‘

available for system routines through the use of the DOCUMENT utility.

Users may therefore refer to it for answers to system related duestions.

The files associated-with the FRMOD code are avéilable through the
FILEM u;ility, using the command: ‘
FILEM .RDS 1345 .DRIEM <list> / t v,.
where <list> 1is a string of file names chdsen from Table A1, t is tne
user allocated time 1imi§, and v is the priority value. For execution
of tne alfeady compiled version of FRMOD, XFRMOD, :the following command
would then be issued: |

‘XKFRMOD D=data,H=cutput / t v.

Here the data .and output files (see Tables A3 and A5 for examples) méy"

have ahy name exCépt NEWDAT, which is a temporary scratch file used for
outputting the converged values of the five dependant variables for each

_ case (see Tapble A0). These values can thus be copied into new data
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files and used as an initial guess for Aadditional parametric
calculations involving related FRM plasmas. A value of t equél to one
snould normally be sufficient for completing a series of parametric
studies’; however: the code can be restarted by typing:

+XFRMOD? / ¢t v,
where ? is a letter corresponding to the cnannel being wused, if the

initial time allocation runs out.

The>progfam is currently set Qp to be run in an :interactjve mode
with periodic action required of the user if the code-is having problems
converging. Wnen such aqtion is.needea the coée will prompt the user at
the terminal. Thié interaction feature was included because the set of
‘algebraic equations deécribing the steady-state plasma parameters 1is
Ahighly non-linear, and numerjcal convergence.is consequently difficult
in" some vases. Thus, when a solution has not convérged after some
méxi@ﬁm number of iterations (typically 100)'cbntr01 returns io the user
"and a revised guess for the five dependant parameters may be' entered.
(Continuation using the. existing values of the parameters is alSq
possible if zeroes are entered for the new guéss.) Control also returns -
to 4the user if the solver begins to search for a solution where thé
values of the dependant. pérameters are né longer .physical (j.e.,

' negative), and a revised guess should always be entered in that case.

To illustrate the use of the FRMOD code, a typical data. file, and
the first portion of its corresponding outbut ‘file are given in
Tables A3 and AS. They are for an -elongated D- He study vs the

stabi;ity factor, 3. As Table A3 indicates, the input to -the code is
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specified in NAMELIST format; except for hbe initial guess for the five
dependant'variables, which may be‘enteréd in a frée format style (where
the values are terminated by commas) when the guess is tybed in from ﬁhe'
germinal, oh'in a fixed G10.0Aformat mode when the gueés is'specified as
part léf‘ the data file.  The output file éan then be examinéd by‘
dlSpOSIUg it, using ‘the ALLOUT or NETOUT utilities, or by prlntlng it at
the terminal; using the TRIX AC edltor, if it is short. Becau°e the
input is in NAMELIST formaﬁ extremely compact data files are normally
possible. The uéer does, hqweve;, have tbe freedom to specify otner
values for many parameters; thus a summary of all user specifiable.
variables, . and their default values, is given in Table A2. Sfmilérly,
because the code rebresents a-large amount of infqrmation symbolically

in its output summary, a .key to the output file is also included in

Table Al.

Finally, for those individuals who are interested in a bit more
- detail, a brief flow chart for the FRMOD code is prov1ded in Fig. A1l.
This should aid in locating genéral sections of the code; howevgr
specific questions regarding more . subtle .modifications should be
referred io the author. In any case, when changes afe made in the‘FRMOD
code- the new FORTRAN source file mustybe recompiléd and loaded along
with the FORTLIB libraries. The command for this process is:
CHATR I= FRMOD,L=0,LIB=(F') / t v,

and the new version of XFRMOD can then be executed in the above manner.
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TABLE A1

Files Associated with the FRMOD Code.

Remarks

- —— — - . D - - — - - —— o ——— — - - ——— " -

FRMOD
XFRMOD

DATHE1
DATHE2

DATHE3

DATHEUY
DATHES.

DATCD2
~ DATCD3
DATDT2

DATDTS

'FORTRAN source for the FRMUD code.

Compiled version of theiFRMOD code.

Data file for a study of refgrencé D-3Hé plasmas
with no heat conductioﬁ_losses.

Data filevfor a sbudy'of reference, spherical
D-3He plasmas'with heat conduction losses.

Data file for a-study of elongated D-3He plasmas.
Data file for a study of spherical p-He plasmas
with_different mqgnetic tield strengths.

bata file for a study of spherical D-3He plasmas
with anomalgué diffusion lossés,

Data file for a study of spherical Cat-D plasmas.
Data file for a study of elongated Cat-D plasmas.

Data ‘file for a study of spherical D-T plasmas.

- Data file'for a study of spherical D-T plasmas

with anomalous diffusion losses.




Block

IN1

IN1
IN1

IN1

IN1

INZ

IN2

IN2

CIN2

Variable

Name

ITMAX

FPRNT

ZKAP

IDIF

ICD

RHO
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TABLE A2

Input Variables for the FRMOD Code

Default
Value

100
20

10

9.7E-T

Remarks

The number of dependant variables.

The maximum numbef of iteratiéns used by
QNWT before coﬁﬁrol ﬁeﬁurns to the user.-
The number‘of.iteratjons between inter— o
mediate printouts by QNWT.

Convergence criterion for QNWT.

Detailed printout occurs évery IPRNT-th

iteration.

The plasma elongation factor, K. -

The diffusion coefficient conﬁrol:
0 -> Classical diffusion. |

1 -> For near-classical diffusion.
2 => Anoméloﬁs diffusion.

The Cat-D system flag:

0 -> Fixed fuel fractions.

1 -> Cat-D fueled system.

The resistivity of .the first wall ({i-m),

" used in calculating the cyclotron losses.
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Remarks

e o - T - " - = —— — — ———— i ——— — - - —— — ——— -  — —— - —— — -

Variable -
Block Name
IN2 "FH-
~IN2-  EC
IN2 GAMED
IN3 FB(1)
FB(2)
FB(3)
Note:
IN3 C3
IN3 ETATH
IN3 ETADC
IN3 ETAI
IN3 ETAIC
IN3-  DIST
IN3  TANY
IN3 TANZ
- IN3 BBETA

0.0

0.5

The hole fraction of the first wall,
used inlcalculating the cyclotron losses. -
Tne extraneous cyclotrbn loss facpor.
The correction for the electron drag

reduction in the circulating current.

‘Fraction of the fuel that is deuterium.
Fractibn of the fuel that is tritium.

Fraction of thé fuel that is helium-3.

For Cat-D systems, these fractions are chosen by the code.

0.7

0.6

0.8

0.8

500.0

.017U52

.017452

/8

The sensitivity parameter for attempting
to converge on an improved iﬁitial guess.
The theirwal conversion efficiency.

The direct conversion efficiency.

The beam‘injection efficiency.

The ion cyclotron coupling efficiency.
The distance from the beam source to

the plasma (cm).

The tangent of the beam divergence angle
in the y-direction.

The tangeni of the beam divergence angle
in the z-direction.

The beam.orientation anglg relative to
the coordinate frame useq to describe the

background plasma.
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Variable Default

Block  Name  Value Remarks
IN3 - BMAX 10.0 The cutoff value for the beam shaping
factor.
IN3 NBT 20 The number of grid divisions used to

integrate the beam trappibg.

”INH4 TEAV(T) 650.0 The average gnergy‘(in keV) of the six
% EAV(Z)A 750.0 fps found in a deuterﬁum fuecled system.
4 ‘ .' . EAV(3)' 1600.0 Namely, the‘BHe, T, and p pfoduced by
EAV (L) 2000.0 D-D quion; the o produced by D-T
EAV(5) l2100.0 | fusion; and the o and p produced by
EAV(5) | 5500.0 D-3He fusion.

A Noﬁe: The nextlfour values are used in calculating the
| fraction of tnc marginally confined fps and‘their
energy that ;s dgposited in the closed field region,7
INY AE -0.42887 The slope of the correlation line for
energy deposition.
INY BE " 0.25044 The intercept of the corrglafion liné
'for energy deposition.
INU AP ;0.35013 The slope of the correlation line f&ﬁ
particle deposition. »
INY ‘BP ' 0.34500  Tne intercept of the correlation line

for particle deposition.
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_ Variable Default .. |
Block ‘Name Value Remarks
ING -IC A 0.05 The temperature of the piasma on the
open field lines (keV).
INY XNC .0..02 The density of the plasma on ﬁhe open
field lines (x10150m_3).
ATNQ TBL | 1;0 The temperature of the boundary layer
region (keV).
ING  GAMW 1.0 The thickness of the bopndéry layer in

units of the average ion gyroradius in

the vacuum magnetic field. .IfAdAMW:O,

there are no heat conduction losses.
INY IFED - . 0 Control over the fb ehergy and particle

’ depositibn:

0 -> FRMOD approximation is used.

1 => No fp heating or asn buildup.

2 -> Closed-field confinement limit.

3 -> Absolute cbnfinement limit.

4 -> Input values are used,

INS ;E(k,j) 24%0.0 The energy of the k-th énergy-group of
| the j-th injected species (kev5. 'The'
first group ié a temperature, not an
energy, and the species are:
1 -> Electrons.

2 => Deuterium.




D o . - — - - — - ——— - - —— A . > - T - D P W - - - - — - o o=

l.iNS
s
INS
INS

INS

INS

INS.

INS

-Variable
Name

EINC( i)

TINC

ANG

BO

GAMC

FRP

Default
Value

1.0E+8

10.0

60.0

6%0.0

6%0.0
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- Remarks

3 => Tritium.
A ~> Helium-3.
5 -> Alphas.

6 -> Protons.

‘The beam energy increment. between cases

for the j-th jhjgctéd species’(kev).

The ion temperature jECremgnt between
cases Ekev);

The dehéity of cold neutrals at- the sur-
face of the closed field régipn (cm—3).

The plasma stability factor.

The vacuum magnetic field sﬁréngﬁn (kG).

A factor used to destroy tne confinement

in order to study tne effects of enhanced

" diffusion.

The fraction of the'éix charged fps';
energy retained in the closed field
region. Normally,.thése fractjons
aré found usiﬁg the correlations.

The fraction éf'ﬁhe six charged fps
deposited in the closed‘field region.
Normélly,.these fractions are also

found using the correlations.




Variéble ~+ Default

Block Name Value
IN5 NPT 3
INS  IDAT o

- INS NG 2

ICMAX none
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Remarks

The number of differentvbackground tem;
peratures calculated for each set of
input parameters. If only.beam heating
is used this valheAcorresponds to the
nuaber of djfferedt injection energies
for each set of parameters.

The éontrol over wneﬁher the input is

from disk or from the terminal.

"Tne number of energy groups. This

number should be increased if the beam

power is large.

Cnosen when inputting an initial guess

for the five dependant variables. If

- ICMAX>1, this number of iterations is

used in aﬁ:attempt to improve‘ﬁhe‘
initial guess and enhance the proba-
bility of finding a solution. (If this
value is ;ét larger than one a large

amount of intermediate output is gen-

erated at the terminal. Also, ICMAX=5S
'snould be sufficient to allow a reason-'

"able guess to be evaluated.
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Variable - Default
Block Name : Value Remarks

X(1) none Initial guess for either the background
fon temperature (keV), if X(1)>1, or the“
relative ICRH input, if X(1)<1. Eor the
first cése the ICRH input is zero, neu-
trgl béamsAaPe thé only'ehérgy input to
tﬁé plasma, and the ion temperature thus
becoﬁeé a'dependant variable; Wnen
X(1)<1, however, the ion temperature is
fixed; and the ICRH ipput becomes a
dependant variable. |

X(2) , " none Initial guess for tne temperature of

the background electrons (keV).

X(3) ﬁone Initial guess for tho peak density of
the‘background ions (x1015cm_3)7

X(4) none Initial guess f§r the ratio of the
electron to ion density.

X(5) - ' none Initial guess for the fractionAof the

background that is fuel.
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TABLE A3

Sample Data File for a Spherical D—3Hé Plasma Stﬁdy
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TABLE A4

‘Definition of Symbols Found in the Output File

‘Symbol Meaning

TI ~ Ion temperature (kéV).

.TE _ Electron temperature (keV)L

P/AV Peak to average temperature,

XNBO Peak background ion density (¢m—3).

'XNEO | Peak background electron density (cm—B);

TAUPN Particle confinement time for anomalous diffusion (sec).
TAUE  Energy confihement time (sec).

TAUPC f Particle confinement time for classical diffusién (sec).
GAMC | Anomalous loss facter. .
PHIO Neutron flux at the plasma surface (#/cmz/sec).

RHV , fne spherical vortex radius (cm).

RHO The average ion g&roradius in ;he'yacuum field (cm).
IDIF - The type of diffusion for this case:

0 -> Classical.
1 => Near-classical.

2 => Anomalous.

PMAG The magnetic préssure.
PPLAS The plasma kjnétié pressure.
) BETA _ The plasma beta value.l
IR-MA The plasma current'reguired to maintain the equilibrium.

I1D-MA Tne diamagnetic plasma current contrjbution.




F-E
F-D-
F-T
F=ile
F-AL

F-PR
FAI
FCFI

FIC

FLT

FBR -

FCY -

. AKCY

Meaning

17

The injected plasma current contribution,

The ratio of the electron

The fractional density of

The fractional density of

The fractional decnaity of

The fractional density of

The fractional density of’

Fraction
Fraction
Fraction
Fraction
Fraction

Fraction

Fraction

-Fraction

Fraction

Fraction

Fraction

of

of
of
of
of

of

of.

of

of

of"

of

radiation.

Fraction

of

radiation.

Fraction

of

first wall.

the

the

the

the

the

the

the
the
the
thé

the

the

the

ion

ion

ion

ion

ion

ion

input
input
ifput

power

‘power

power

electron

electron

electron

electron

‘electron

electron

Ato the ion density.
thermal deuterium.
thermal tripium.
thermal helium=3.
thermal alphas.

thermal protons.

bowér frbm injected beams.
power from charged fps.
power from ICRH..

iosses in leakage.
losscs to the eleétrons;

losses in heat conduction.

input power from NB injection,
input power from charged fps.

input power from the ions.

power losses in leakage.

power losses in bremsstrahlung

power losses in cyclotron

cyclotron radiation absorbed by the
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Symbol = - Meaning

RHO The resistivity of the first wall (9 -m).

VFH i "Fraction of the first wall that is noles.

FL "Fraction of the charged fusion power tnat is given

Lo the ions.

FE . ‘ Eraction of the chaﬁged fusion power that is giQen‘
to the electbqns.

FL The fraction of the charged fusion powér that is
not deposited in the closed field region.

ers energy retained in

. FRDDH "Fraction of the 820-keV, D-D,

the closed field region.

FRDDT . Fraction of‘the 1010-kev, b-D, T's energy retained'in
the clésed field region. - | |

FRDDP Fraction of the 3020-keV, D-D, p's energy rgpained in
the closed field region.

FRDTA . Fraction of the 3520-keV, D-T, a's energy retained in
the,c;osed-field regionl' '

FRDHA ‘Fraction of the 3670-kév; D—3He,.a's ehergy retained
in the closed field region,

FRDHP Fraction of the 14680-keV, D-SHe, p's energy retained

in the closed fieldAregjon.

FHC - Fraction of the total plasma output power in

heat conduction losses.




FCY
FLF
FCF
FNF

PI-MW
- PF-MW
QVAL
PN -MW
ETAIL
FVAL
ETATH
 ETADC

" ETAIC

E0-D,T,H

IED,T,H-A

PI-D,T,H
TAUF

SGVEL

Meaning

- - - —— ——— . - = U - —— — - . P P A = - R G W - =R G LS LS SR S M e S e W S R e e e

Fraction of the total plasma output power in

bremsstrahlung radiation losses.

Fraction of the total plasma output poweﬁ in

cyclotron radiation losses.

Fractlon ol Lhe Lotal poasma output power in-

particle leakage losses. -

'Fraction of the total plasma output power in

charged fp losses.

The

The

The

The

The

The

The

The

The

The

- The

The

The

‘Fraction of the total plasma output power in neutrons.

total injection power (MW).

total fusion power (MW).

energy multip@lication factor5

net electrical power output (MW).

neutral beam injection effiency..

ratio of total to'backgrounq fusion power;
thermal conversion efficiency.

direct conversion efficiency.

ion cyclotron heating efficiency.

beam injection energy for each species (keV).
beam injection current for each speciesA(ampé).
beam power for each injected species (MW).

average fusion time for each species (sec).

. _ . 3
Electron ionization rate for each species (cm /sec).
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TBL
XNBL

. KPRP

GAMW.

X0-CM

SAREA

Meaning

Proton ionization rate for each species (cm3/sec).

Charge exchange rate for each species (cm3/sec).

The beam attenuation for each injected species.

Boundary layef temperature (keV).

Boundary layer density (cmf3).

Cross field thermal conductivity in the boundary

layer (ergs/keV/cm).

. Thickness of the bbundary layer in units of the

hot. ion gyroradius.
Thickness of the boundary layer (cm).

. 2.
The surface area of the plasma (cm ).
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" TABLE A5

Output Summary Corresponding to the First Case Generated
by the Data File Shown in Table A3
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'
Call INPUT
Input data.

Call INITIAL

Initialize
constants.

S$>07?

Yes

No

""Solve" the system

of non-linear eqns.

STOP

-

Call ESPLIT

_____ — ] S i
Evaluate retained
energy split be-

tween ions and
electrons.

Call FFF

e — — — ———
-

Call SFRACT

Evaluate the fractional
make-up of the background

Evaluate

plasma.

Residuals.

j.

. <Are the residuéls\ No

small. enough? //

Yes

PCall PRTOUT

Qutput plasma

parameters for this

cace.

No / Yes

Figure A-1. FRMOD Flow Chart.

I>NPT
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APPENDIX B

MCFRM User's Guide

The Monte Carlo particle code MCFRM, described in this worK is also
written in Lhe FORTRAN language and is avallable on either the MFE-7600
or thg CRAY-1 computers. The discussion presented here will, however,
deal oAly with the steps required to egecute the code on the CRAY, since
tne‘majority of its use should be on that machine. Tné,file céntainingA
the source can be obtained througn FiLEM bylusing the command:

FILEM .RDS 1345 .DRIEM MCFRMD / t v.

Presently, the progranm 'requires precompilation because of'tng dual
machinerption; therefore, before sending ‘the FORTRAN “source to the.
CRAY,.the following must be done:

- TOCFT MCFRMD MCFRM / tov.
This converts- the program to é format that is acceptable by the -CRAY,
and the result is in a file named MCFRM{ which is now ready to be sent
tohthe CRAY. The filé is transferred using the command:

NETOUT C MCFRM / t v.

‘Once logging onto éhe CRAY the uéer is ready to compile and load tne
MCFRM code by issuing the command:
RCFT,I:MCFRM,L;O,LIB:(F',T') / tov.
: This writes the executable file, XMCFRM, which can subsequently be run

by typing:

XMCFRM D=data,H=output, BOX=(Box & ID) / t v.
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Here the data, and output files can have any names, and a value for the-.

time allocation t can be estimated by using the fact tﬁat the .code runs
at ~50us per particle per timestep; thus following 1000 particles
ghrOugh 1000 iimeéteps }equirés ~50 seconds of.gxecution time. The code
can, however, be restarted by'typing:

+XMCFRM? / t v,
where ?‘ is a letter corresponding to the éh;nnei being used, shoula the

initial time allocation run out.

Upon- completion, two output files will have been generated. -The
first (whose name was specified on the execute line) contains printed

output, and the second is a grapnics file beginning with the letter F.

This file contains plots of the instantaneous particle distribution vs

r, and the distribution vs Pe; during slow down. It also’ contains a
brief summary of the printed output along with é'blqt of one particle's
trajectory. This graphi§s~file can either be given to the operating
system kwnich produces ouﬁput in phé form of microfiche) or plotted at a.
remote site by using the NETPLOT utility. The‘first option is selected
by typing: |
GIVE ALWITH. F 999999 END / t v,
while the second opﬁion is implemented. by typing:
| NETOUT <site> ALWIfH. FF.L. D, BOX & ID/ t v.

In~ the latter éaée, {site) is the code identifying tne remote
destination, and the D. option can be.oﬁitted if tne user wishes to

keep a copy of the graphics file on disk.
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‘To'illusérate the use of the MCFRM code, a tybical data file and a
condensed *vgrsion. of the corresponding output file are. given in
Taples B2 and BY4. As Table B2 indicates, the input: to the code is
specified in NAMELIST format, ané therefore.a complete listing of tne
input vaﬁjables is .provided in Table B1.  1In addiﬁion, to aid in
interpreting the printed output of Table BY, a summary of the output
symbols is also provided in Table B3. Finaliy, 'fér those individuals
who are interested in the details of the éode, a brief flow chart is
provided in Fig. B1. This snould help in locating general sections of

cbding; however specific questions should be referred to the author.




TPART

TPART

TPART

TPART

~Variable
Name

uo

CTHO

PHIO

ET
AMT

4T
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TABLE B1

Input Variables to the MCFRM Code

Default
Value

20%0.0

-1.0

‘Default
values
chosen

from

the

value
of

IFP

Remarks
Sqlccted by subroutine DISTRIB (if IFLAT
is false) to represent the birth distri- .

bution of .fps in the FRM.

‘Note: The code assures that PARTO

histories are followed. in its'
initialization of particles.
Used to initialize .particles in velocity
space, if only one history is desiréd:

CTH 1.0 + CTHO

PHI = PI + PHIO.

Otherwisé, thé values of CTH and PHI are
selected isotfopically.

Energy, mass, and CAarge of the pest paf-
ticles, corresponding to the following
six cases hy défault:

IFP = 1 --> 820-keV, D-D, 3he.

2 --> 1010-keV, D-D, T.

3§ --> 3020-kev, D-D, p.

4 --> 3520-keV, D-T, a.

n

5 --> 3670-keV, D-SHe, a.

6 --> 14680-keV, D- He, p.



Block
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TPART

TPART

TPART

TPART
TPART
TPART

"TPART

Variable
Name

PTHETA

"~ PARTO

NPTH

NUMR

NUMU

NUMTHET

NUMPHI

Default
Value

10.0

1000

20

Chosen by

DiSTRIB
Chosen by
DISTRIB
Chosen
isotrop'ly
Chosen

isotrop'ly

The
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Remaﬁks

However, an alternate type of test par-
tjcle‘can be specified by entering new
values for ET(1), AMT(1), and ZT(1).
Used fop making orbit studies where‘only
one particle hiStdry is calculated. For |
these studies, 1ONE and IFLAT mu;t be
true; PUrthermoré, NLCP must be false to
(PTHETA is

see unconfined particles.

entered in units of my R2 2
0 HV

.The number of particle histories that the

code tries to assure are followed.

Tae number of P_ groups used in construc-

)
ting the distribu;ion plots vs Pe during
slow down.

numbef of radial startihg positions,
RO, in physical space.

The number of starting angle cosines,
U0, in physical space.
The number of starting angle cosines,
CIlH, in velocity space.

The number of starting azimutnal angles,

PHI, in velocity space.
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Variable Default’

* Block . Name Value _ Remarks
BACK 'RHVAl ) 20.0 Hill's vqrtgx fadius (cm).
BACK BVAC. < 60.0 Vacuum magﬁetic field stréngtn (kG).
BACK TI? 100.0 Closed field ion temperaﬁure (keV).
BACK  TE1 ' 90.0 Closed field electron‘temperatnre (keV).
BACK T2 0.05 Open field tempen;ture (keV).
BACK DEN10 | 5.0E15 Peak closed field ion density»(cm— ).
BACK  DEN20. 2.0E13 Open field ion density'(cm—g).

'BACK FFI 1.0 Used to "turn off" tne ion drag, while

still including the electron drag.

_BACK DRGEN . 1.0EQ4 variable drag enhanéement factor.

BACK  AMI ' 2.6 | Average ion mass (AMU).

BACK  AME 5.5e-4 " Electron mass (AMU).

BAGCK™  ZION : 1.5 Average ion charge.

BACK FCUTOFF 3.0 The multiple of the ho; ion temperature

correspondiné to the cutoff. energy.
‘BACKA . CAPRTST _ 1.0 . Used to allow for a vacuum layer between
| ;he open and closed field regions.
Vacuum exists if CARPTST>1.
BACK ZK ' 1.0 Plasma elongation factor, K.
BACK. FRV h . 0.001 Maxjmum allowable change in tﬁe particle
velocity during a timestep. FRV is used

to determine DRGEN during the run..
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Variable - Default

:Blockf Name Value Remarks
ONE RMIN o 0.0 Minimum'radial boundary on orbit plots;
ONE RMAX 1.6 Maximum radial boundary on orbit plots.
ONE ZMIN 1.6 Hinimum axial boundary On‘orbit plots.
ONE . ZMAX 1.6 Maximum axial bbundary.on orbit plots.
ONE ESCALE 0.0 The ﬁumber of hot‘ion temperatureé'equal'

to the ma#jmum energy on the energy
distribution plots. Thé maximum energy
“on the piots will be chosen by the code
if ESCALE=0.0. |

ONE = NEPLT | 20 The number'of energy groups used.

" ONE NPDEL 1000 The number of timesteps between inter-

| mediate printouts. }
ONE NITPLT 9000 ' The maximum ﬁumber of timesieps per

orbit plot.

ONE NDT 32' The humber_of timesteps per cyclotron
period.

ONE NiTMAX' 10 The maximum number of timesteps.

ONE - NRU 12 - The number of radial bins used in con-

structing plasma heating profiles.

ONE NzZU ' 30 The number of axiallbins used in con-
struction plasma heating prbfiles.

ONE NPLT 1 ‘The particle history that is plotted.



LGIC

 LGIC

LGIC

LGIC

LGIC

Variable

IFLAT

IONE
NLCP

IQUIT

IGRID

Default

FALSE

FALSE

‘TRUE

FALSE

FALSE
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Remarks

Used to specify "no dfag"i

Used to specify “no pitch-angle scat-

tering or velocity diffusion.”

Used to specify that a "test case" is

Lbeitg run where,tﬁe background density
is uniform.,

Used to specify ﬁnly one history, NPLT
chooses which one. -

Used to include histories of particles

that are not confined.

Used to run multiple cases.

Used to indicate that the user is
specifying the starcting spatial grid.
Values for the arréy RO and UO must

subsequently be entered, if IGRID is

true.




TABLE B2

Sample Data File for a Typical MCFRM Calculation
In This Case Six Consecutive Runs Were Made for

Each of the Six Standard Fusion Products.

IFR-1 % TPART
111:60.0- TE1=56.9.DEN10=6.32E15
DEN2O=5.0E 12 RHV=18.6 % BACK

"NPLT1:625 ¢ ONE

rautt=.F. % LGIC
IFP=2 $ TPART
$ BACK

$ ONE

$ LGIC

IFP=3 ¢ TPART
$ BACK

$ ONE

$ LGIC

1FP=4 $ TPART
$ BACK

$ ONE

$ LGIC

1FP=5 % TPART
$ BACK

$ ONEL

% LGIC

IFP=6 % TPART
¢ BACK

$ ONE
1QUIT=.T. % LGIC

. . . . e o . . . . . . . . . .

187



188

‘TABLE B3

Definition of Symbols Found in the Output File

Symbol Meaning

4NIT Integer nuwmber of timesteps in units of 2W/NDT/u%
where ZHAnO is the cyclotron period of the tesﬁ
' particle in the vacuum field, and NDT ig tne
number of timésteps that correspond £d a cyc-'
loﬁron peribd.
‘NSTOP - The number of pafticle histories.théﬁ have been’

terminated. by NIT.

ETAV The average energy of the remaining test particles
in (keV).
FDRG - The average fractional change in the(particles'

-velocity, due to drag, during the last timestep.
FPAS | The average fractional change in the pérticles'
vélocity, due to pitch-angle scattering and velocity
diffusion during the last timestep.
DRGEN - The drag enhancement factor.
DVXSQ - The deviatipn in the particles position relative
to the x-plane (in uniﬁs of RHVZ)._
DVRSQ The deviation'in'tﬁe particles position relative

to the cylindrical axis (in units of RHVZ).
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Symbol Meaning

BVAC The vacuum magnetic field strength (kG):
‘RHV The radius of the spherical vortex region (cm).
VTOT "The dinitial velocity of the test particles, in

units of (RHVxNDwaO/Zn).
OMEG The'cyélotrohAfrequenéy‘Of the test particleé in

' -1
the vacuum field, W s (sec 7).

DELT " The lengtn of a timestep (sec).

NDT “ Tne number of timeéteps.per cyclotronAberfod.

II-1~ The ion temperature in the closed'field région (keV).
TE;1 The electr&n temperaturé in the closed field

region (keV).
DENT The average ion density in the closed field

. -3
region (cm ~ ).

I-2 = " The temperature in the -open field region .(keV).
S : ' -3

DEN2 The ion density in the open field region (cm - ).

RTST ’ The minimum radius where the cold plasma properties

are used in the calcﬁlation (same és CAPRTST);

FION The fraction of the retained fp energy tnat is given
‘to the ioné. o |

FELE _ The fractioh of the retainéd fp.energy phat is'given

to the electrons.

FAC Tne fraction of- the charged fps that are absolutely
confined. -
FHCF Fraction of the cnarged fp energy that is deposited

in thé closed field region.
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- Symbol » Meaning
FHOF | Fraction of the charged fp energy that is deposited
| in the open field regjpn.
FHLC 4 . éraction éf the charged fp enefgy‘thét is carfied ouf
of the system by unconfined fps.
PDCF Fraction of tne charged fps that.are‘deposited in
thg closed field fegién.
PDOF Fraction of theucharged fps that are deposited in
the open field region.
PDWA : Fraction of the chafged fps that hit the wall.
ETAV ' The-averége.spperthermal fb energy (keV).
TAUSD The average slowing down ti@e for tne éonfined
‘ | o fpsi(sec). |
l B A . TAUP | The a;erage confinement time for the.Pps (sec’.
CLNE1 Tne'Coulomb logarithm for ion-electron interactions
! in tﬁe closed field region.
CLNIT " The Céulomb logarithm for ion-ion ihteraction;
in the closed field reéion.
NLC . The number of the test particles that were ip the
loss cone (i.e., unconfined at birth).
CLNE2 The Coulomb logarithm fér ion—eleégron interactions

/

in the opeh field region.'
CLNI2Z The Coulomb logarithm for ion-ion interactions
in the open field region.

NSTOP "The total number of histories that were calculated.
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Condensed Version of the Output File Génerated by the

radial starting positions
0.524 0.637 .

startlng angle cosines
. 281 -0,089

-0.5

partlcle histories that were found to bo in the
12 17 22 27 a7 .

[-0.360, o]
[-0.250, 0
[-0.140, 143
[-0.029, 57

152 157
227 232
372 392
447 467
572 577
647 652
722 747
817 822
862 867
932 937
1002 1007
1052 1056
1077 1082
1107 1111
1137 1141
1167 1171
1197 1201
1227 1231
1252 1257
nlt nstop
0 0 3
1000 117 1
2000 408 9
3000 667 8
4000 876 6
5000 Q83 6
6000 . 1027 6
7000 1046 6
8000 1059 5
- 9000 1063 4
10000 1066 2
10297 1068 1
the supertherm
[ 92 0.411]
[ 1009., 6.17]
[ 1927., 6.401]
[ 2844., 6.08]

Data File Shown in Table B2

162
237

NN—=—=—=000
WOND—~OUIN
[\V]

etav

6706403
. 457e+03
.7962+02
.182e+02
.856¢+02
.572e+02
'8722+02
1190e+02
.227e¢+02
.543e+02
.561e+n2
. 764e+0?

NN NN

POHUO NOROOLUO N

fdrg

707

182
o857
1402
a7/
602
€72
757
832
8&E7

O
A -0
~-

NNY==—000C

(&
DNTIAN=—D

.367e-04
.680:2-04d
.68&:2-04
. 140 2-04
.191.2-04
.68372-04
L 12862-04

.462¢-04
.827e¢-04
.359¢-04
.23=n-04

oC—

e encrg
4,.0211(
6.435 L
6.291L
6.061C(

ONWO
APOO
et el
latatabel

LI A

LE B4
0.760 0.821 0.#91
0.089 0.281 0.540
1oz fr=action
S S¥%4 - 122
.87 192 197 202 217 222
262 267 297. 332 32 567
407 412 427 432 437 442
502 507 s12 537 542 547
607 612 617 622 657 642
677 382 637 692 712 717
777 A2 747 782 797 812
847 G e32 856 857 " 861
22 g8av 02 817 €22 927
962 - 967 S72 987 992 997
1027 1031 1Cu2 1026 - 1037 1042
1032 1056 1067 1071 1072 i076
1092 1096 1057 1101 1102 - 1106
1122 1126 1127 1131 1132 1136
1147 1152 1187 1161 1162 1166
1177 1181 1182 1187 1192 1196
1207 . 1211 1212 1216 1217 1222
1237 1241 1242 1246 1247 1251
fras drgnn dvxsq dvrsq
o. : 1.000ﬁ+\4 4.9@4@ 01 4 ogdc Q)
7 1012-04 2.948c+"1 1 2, 252e-01 4.56Ce-01.
1.7462-03 2.3:48¢ +uv . (1. 532e-0] 4.,608e-Ul
1.270e-03 1.783¢+.4 2.385¢-0] 4,733e-01
1.8.:30-03 1.73C2+0° 2 445¢-01 4.783c-01
1 219e-03 1.198¢c Ud 2.512e-01 4.952¢-01
1.3612~03 1.414c:0" 2.215e-01 4.7012-01
1.479-03 1.414~04 2.615e-01 4.556e-01
1.323c-03 1 68%e+04 2.873e-01 4.577e-0]
1.177e-03 1.224e+ "4 6.409e-02 4.13Ce-0]
1.2395e-03 f.648e+0U3 2.295¢-01 2.9102-01
1.930~-03 5.129¢ )3 2 295¢-01 2.9102-0i
v dlstrlhutlon is [e,Fle)l
159, %.3710 642, 5.671L 825., 6.
1576, 6.3210 15€C0., 6.4210 1743., ©.
234, 6.3010 2477 , 6.34)[ 2661., 6.
2z11 ., 5.3810 3395., 5.811C 2578., 5.
~utofFf, enerqay (s Ipth, fipth?]
0.313G, o ull-0.2%9, 0.01(-0.272, -
0.206, 74 937 -C. 174, 114.01(-0.162, 17
0.0926, ¢9.8)r-0.C '3, 50.311-0.0%5), 3
0.0195, 70,310 0,017, 8.2110 0.059,

lefo) Yol

TONOC
ONWN
[T

[o¢- 26 ka]
[T



additional parameters for
EQ. 000

bvac. = . rhy
tauc = 2.17147e-08 dett
ti-1 = 60.000 te-1
t-2 = 5.060000e-02 den2
fion = 0.74426 fela
fhcf = 0.57840 fhaf
pdcf = 0.60555 pciic
etay = 1973.4 tausd
clnel = 18.254 clnil
clne2 = 13.3486 clni2

LU I BT I T

mung

relative heating profile for

0.33 O.

0.16
Ul 22

.21

OOOO—‘—'OOOO-‘—'—'—'—,‘-‘—'—'—'OOOO&D—'—'

=“NDhOOIN—=WOO
ND—~W-=Oh—=00—

~
N
.O_'.').OOOO—'—'O—'N'A(JIO)G)G)QOIAI\)—‘O—'—‘OOOOOO

0.73
0.00

ODD0000———NAMNBONIAN=-—500000
[os]
o

0. 86

.15

WN—=—=DNO WU~
TN NNGIW =1

.37

0.00

T computer time th!s run
total computer time

'QPPOOOOOOO~NNNNNNNN-'OOOOOOOOOO

2:

0.

2!
11.

98

1

200D

(¢

pOQCOOOOOOO'JD—‘—‘—"—‘OOOOOOOO

11.7

KX kA kK KK XX KX XX KX KX X

radial starting positions

r

thi1s casa

18. 500 vtot =
6.,785872-10C ndt =
S6. 90U drnl o=
5.00000er12 rtst =
0.25373 fac =
0.243 4 fole =
0.392444 pPadwaa =
7.379720~-0%2 taup T
21 252 nlce =

19. 783 nstop

constant r values

.08 1.13 1.26

00 0.00 0.00
.00 0.0 0.00
.00 0.00 9.00
.00 0.00 0.00
.00 0.0 .00
.00 0.00 0.00
.00 0.60 0.00
.00 0.00 0.00
00 0.00 0.00
.02 0.00 0.00
N 0.00- 0.00
.36 0.00 0.00
.85 0.03 0.00
26 0.06 0,00
63 0.03 0.00
62 0.07 0.CG0
22 0.03 0.00
8z 0.02 G.00
37 0.n0 .00
12 0.00 .00
03 0.00 .00
00 0.00 0.00
00 0.00 0.0n
00 V.00 0.00
00 0.00 0.00
00 0.00 0.00
00 0,00 0.00
00 0.00 0.00
00 ©.0u V.00
00 0.00 0.00

cru fraction

YooK K OKX XX XX

OJTZCD00000CIH000Q0CI0DC 2D0D0C -
- h
(]

e}
=)
D
©

4.85348e- 02
- 32
7.22206e+14

1.0000
0.83836
0.17774
0.00000
6.25518e-02

192
1068
1.42 1.50
U.00 0 o0
0.00 0.00
0.00 0.00
0.00 0.00
Q.00 0 00
0.00 G.00
.00 0.00
0.00 O0.00
0.00 0.00
0.00 0.0D
0 00 0.00
0.00 0.00
0.00 0.00
G.00 O GO
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 C€.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
-0.00 0.00
0.00 0.0
0.00 0.010
Q.00 0 NN
0.00 0.00
0.00 0.0V
KX XX XX XX

_G'\')';3.0999130OOOOOOOOOCOOOOOOOCOOO

XK,

192




5 .
Call INPDATA

Input Data |

!

Call INITIAL
Initialize Particle

Array & Constants

Regin Tima loop

(gégin Particle Looé)
- .

| A

R > RMAX
[z] > zmax
V < VCUTOFF

Advance Velocity

Eaise
Calculate Pitch-Angle Y
\ Scatter
__False__ J
r NDRG
Calculate Drag and True
Deposit Energy on Grid
i o —— ]

(EQVAnce Positio?é)

—————-———JEL———<;;tticle L.oop Complete?)

NIT>NITMAX

- No

NSTOP=NPART

Call ORBPLT-
Call ENPLT
Nutput Resulbs

False

[ QULT Y

Figure B-1. MCFRM Flow Chart.

Termiqate
Particle
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