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TIME DEPENDENT STUDIES OF A TANDEM MIRROR WITH THERMAL BARRIERS
E. Monta]vo* and G.A. Emmert

Fusion Technology Institute, 1500 Johnson Drive
University of Wisconsin-Madison, Madison, WI 53706-1687

ABSTRACT

The time evolution of a plasma confined in a tandem mirror with thermal
barriers has been studied. A physics model which describes the kinetic inter-
actions in velocity space between the particles of the various plasma species
that exist in each spatial region of the confinement and the effects of a
variety of particle and energy sources applied to the plasma is given. The
analysis includes particle and energy rate equations for the various species
that determine the plasma confinement. It also includes quasineutrality and
ambipolarity conditions which define the ambipolar potential profile along the
axis of the device and expressions for the passing particle densities in each
region. This model describes in a self-consistent manner the time evolution
of tandem mirror confinement with thermal barriers including the steady state
phase of operation. The resulting system of equations is solved numerically.
Specifically, we have studied the axicell MFTF-B configuration. A possible
startup scenario has been obtained. The results show the time sequence that
must be followed to build a plasma from given initial conditions up to steady
state situation by means of appropriately programmed particle and energy

sources applied to the plasma.

*Permanent address: Institute for Fusion Studies, University of Texas,
Austin, TX 78712,



1. INTRODUCTION

This work deals with the simulation of the time sequence needed to
achieve a stationary situation in a tandem mirror with thermal barriers. The
confinement of plasma in a tandem mirror with thermal barriers [1] is based on
the magnetic configuration of the device and also on how the existing plasma
species interact between themselves to originate the ambipolar potential pro-
file that provides electrostatic confinement. During the startup of a tandem
mirror with thermal barriers the particle and energy confinement of the vari-
ous plasma species will evolve depending on the instantaneous values of the
plasma variables. Then, to reach a given steady state operating point a care-
ful programming of the startup scenario is necessary.

The time variation of the number of particles and the energy content for
the various species of the plasma are determined, accounting for the kinetic
interactions between the particles and for the external sources. The ambi-
polar potentials that confine the particles are determined by the quasineu-
trality and ambipolarity conditions at the different spatial regions of the
device. These regions are maintained in contact through populations of pass-
ing particles whose densities are evaluated by employing the condition of con-
stant distribution function along field lines. Maxwellian distribution func-
tions are assumed for the trapped species. These equations provide with con-
sistent model that describes the behavior of a plasma confined in a tandem
mirror.

A detailed account of all the kinetic effects in a barrier tandem mirror
would require solving a Fokker-Planck problem which should include all the
plasma species in the device, as well as the external sources applied to the

plasma. Because of the complicated structure of the electric and magnetic



fields in the device there are a variety of particle species occupying differ-
ent regions of the phase space. This makes the problem non-solvable in gene-
ral using the Fokker-Planck codes available to date. The approach considered
here is to make detailed particle and energy balances with velocity space
interactions between species taken into account by analytical models found in
the literature. These models are derived either from numerical studies or
from analytical solutions of simplified Fokker-Planck probiems.

The time evolution of the plasma variables is simulated by integrating in
time the balance equations and by solving instantaneously quasineutrality and
ambipolarity equations. The problem reduces to the solution of a system of
coupled ordinary differential equations which is integrated numerically sub-
ject to constraints that take the form of a system of coupled nonlinear
equations to be satisfied by the ambipolar potentials at each time-step. In
our treatment of the problem, no spatial effects are taken into account other
than the square well profiles of magnetic fields and ambipolar potentials
along the axis of the device.

We have set up a time dependent physics model to describe the evolution
of a plasma confined in a tandem mirror with thermal barriers. We then make
numerical simulations of the time evolution of the more relevant plasma para-
meters when external power and particle sources are applied to the plasma.
Specifically, we consider the axicell MFTF-B reference case [2,3] configu-
ration referred to as the axicell MARS mode of MFTF-B. In this configuration
the central cell is terminated at either end by an axisymmetric mirror ceill
named "axicell." This axicell throttles the flow of jons from the central
cell to the end cells. The central cell ions are mostly confined by the high

mirror ratio provided by the axicells. There is also some electrostatic plug-



ging provided by the axicells, due to the potential peak formed by hot ions
mirror-trapped at their midplanes. This hot ion population is sustained by
neutral beams injected in the axicell midplane.

The higher plugging potential peak and the associated thermal barrier are
inside the yin-yang cells situated at both ends of the device. These minimum-
B cells act as magnetohydrodynamic (MHD) anchors to the whole system. The
thermal barrier plugs include sloshing ions and the ion confining potential is
produced by electron cyclotron resonance heating (ECRH) applied to the outer-
most sloshing ion density peak. The thermal barrier potential dip is main-
tained by neutral beam pumping of the ion population trapped in the potential
depression. The barrier potential is further enhanced by creating a hot
barrier electron population by means of additional ECRH heating applied at the
yin-yang midplane. Electrical contact between the axicell/central cell combi-
nation and the minimum-B anchor cell is maintained through the transition re-
gion by a plasma of relatively low density and pressure. Additional neutral
beam pumping is required to maintain a low transition region density. Axial
profiles of magnetic field and ambipolar potentials are shown in Fig. 1.

This paper is organized as follows: Section 2 describes the physics
model for the axicell barrier tandem mirror. Section 3 presents a possible
startup scenario. Some conclusions are summarized in Section 4. Expressions
for the densities of passing particles at the various axial locations are

given in the Appendix.

2. TIME DEPENDENT PHYSICS MODEL

The axicell MFTF-B configuration consists basically of five different

spatial regions: central cell, axicell, transition, barrier, and plug. The



velocity space is also divided into regions, with each of them containing a
characteristic class of ions and electrons. Figures 2 and 3 show, respective-
ly, the ion and electron velocity space diagrams for the MFTF-B reference
case. The coordinate axes represent energy E and magnetic moment u.

The following species are considered: central cell jons, electrons and
alpha particles; axicell hot ions; transition region cold trapped ions;
barrier cold trapped ions and hot electrons; and plug warm electrons and
sloshing ions. The central cell ion population passes through the axicell,
transition and barrier regions. Central cell electrons occupy portions of
velocity space all along the device. Barrier hot electrons can reach the plug
and the plug sloshing ions are bouncing between the yin-yang mirror points.
In Fig. 4 sketches of the electron and ion axial density profiles are shown.
The external sources acting upon them are: central cell gas, neutral beams
and pellet injection, and auxiliary ion and electron heating; axicell neutral
beams; transition pumping neutral beams; barrier pumping neutral beams and
ECRF electron heating; and plug sloshing ion beams and ECRF electron heating.
Some of these sources, although not included in the axicell MFTF-B reference
case [2,3], have been included here to add flexibility in the time dependent
calculations. The plasma parameters which appear in the equations are defined
on the axis of the device. Radial variations are then taken into account by
introducing a correction factor in the definitions of the magnetic field and
the effective volume occupied by each species. We will consider radial densi-
ty profiles of the form n(r) = no[l - (r/rp)Y], where n, is the on-axis densi-

ty, r, is the plasma radius, and y is an input parameter. The volume correc-

p
tion factor is then ¢ = YZ/((Y + 1)(y + 2)).



Magnetic fields are calculated using the long-thin approximation:

_ _ 1/2
Bp]asma - Bvacuum (1 - <g>) ’ (1)

where <B> is the radially averaged value of the perpendicular beta (perpen-
dicular plasma pressure/magnetic field pressure). The averaged value of B8 is
defined as <> = B c,, where B, is the on-axis beta and it is assumed that the
temperature has the same radial profile as the density. The plasma radius,
rp(z), at a given magnetic field B(z) is calculated using the equation for

magnetic flux conservation,

B
rp(z) =r. (§T§T 1/2 , (2)

where the central cell radius r. is an input parameter. B(z) is known at

c
several axial locations (see Fig. 1). Some comments on the notation may be

useful. The various spatial regions are denoted by the subscripts: c

central cell, "x" axicell, "t" transition, "b" barrier, "a" plug, and "y" yin-

yang (anchor). Additional subscripts give information about whether the

species are ions, "i", or electrons, "e"; cold, "c", warm, "w", or hot, "h";

and trapped, "t", or passing, "p". Quantities used include densities (n),
temperatures (T), volumes (V) and magnetic fields (B). Mirror ratios are de-

noted by R = Bi/Bj. Next we analyze the physics model used to describe

L
the central cell, axicell, transition and anchor regions.

2.1 Central Cell

The central cell model considers two ion populations: a thermal ion

species with density n temperature Tic’ and mass number Aic and a thermal-

ic?



ized alpha particle population with density Nye and temperature T . = Tie-

There is also one cold electron species with density n_.. and temperature Tac-

ec
A fraction of the thermal ion population spans the axicell, transition and
barrier regions. Alpha particles are assumed to be confined in the central
cell. The cold electron population spans the axicell, transition, barrier and
plug regions either as a passing population or filling the entire velocity
space in some regions. The central cell electron rate equation describes cold

electrons all along the machine.

The rate equation describing the thermal ion density evolution is

dnic = g9 <OV>1'o,g + € <°v>io,c + NecxMihx 2vx - <] N 2vt
dt abs <GV>tot,g abs <<J‘V>mt’c (ntls V:’ trap”t V:'
ic
- EXQ + st EXI + sP 2V, - gX <GV>cx,x Micx 2Vx (3)
trap,b V, abs V_ abs V;" abs <°V>tot,x n V.
n2
1 2 _ ic
7 Mi¢ Vgt aniic :

Central cell ions can be supplied by gas and neutral beams. The first term on

the right side of Eq. (3) represents fueling by ionization of gas. Sgbs is

the gas absorption rate per unit volume, <cV>io g is the gas ionization cross

3

section due to collisions with ions and electrons, and <oV>tot g is the gas
»

total cross section assuming that the only reactions are ionization and charge
exchange. A1l cross sections employed in this work retain their dependence on
plasma temperature during build-up. Similarly, the second term represents

fueling due to neutral beam injection. Sgbs is the neutral beam absorption

rate per unit volume and <°V>io,c and <°V>tot,c are the ionization and total

cross sections. The third term takes into account the losses of hot ions out



of the axicell confined region. We assume (see Fig. 2) that all these ions
end up in the central cell. Next, we take into account losses due to the
central cell passing ions which become trapped in the transition and barrier
regions. To pump out these trapped ions, the MFTF-B reference case uses
charge exchange on pumping neutral beams. The sixth and seventh terms repre-

sent the source to the central cell ion population due to transition and

t b
abs abs

transition and barrier, per unit volume, respectively. The eighth term gives

barrier pumping beams. S and S are the neutral beam absorption rate in

the loss of central cell particles due to the central cell passing ions that
charge exchange on the axicell neutral beam. The ions resulting  from this

reaction are considered as axicell hot trapped ions. s:bs is the axicell

neutral beam absorption rate per unit volume, n; is the axicell passing ion

1CX

. ic .
density, <°V>cx,x and <°V>tot,x are the axicell neutral beam charge exchange
cross section for collisions with passing ions, and total cross section,

respectively, n, is the axicell total density, and Vx and VC are the axicell

X
and central cell effective volumes. The ninth term gives losses due to fusion
reactions. <orV>dt is the fusion cross section. Finally, the tenth term is
the axial ion loss rate over the potential barrier ¢.. The central cell ion
axial confinement product (nr)ic is determined according to the following con-
siderations. Central cell ions are electrostatically confined by the po-

To calculate (n1); we use

tential e and the mirror ratio Rxo jce

,C*
Pastukhov's [4] result when ¢C/Tic > 1. Pastukhov's formula is valid for
¢c/Tjc >> 1. Numerical calculations [5] show that Pastukhov's result slightly
underestimates the central cell ion confinement time when $c = Tic' For

¢, < 0, central cell ions are only confined by the mirror ratio Rxo,c‘ We use

the expression for the confinement product given in Ref. [6], valid for



Rxo,c >> 1. The case ¢, < 0 is allowed by the model as long as ¢4 > 0 (see
Fig. 1). For 0 < ¢c/Tjc < 1, a Tinear interpolation is used. For situations
in which central cell ions are electrostatically confined by the axicell po-
tential ¢, (¢, > ¢.), (nt);. is calculated using ¢, instead of ¢.. The con-
finement time expressions referenced above are based on the assumption that
the mean free path of the particles is long compared with the device length.
This assumption is not satisfied during the early stages of plasma buildup due
to Tow central cell ion temperature. We take into account this collisional
regime by adding a collisional contribution [7] to the confinement products
for all values of ¢c/T1C' Our study emphasizes the irreducible axial losses
of particles in tandem mirrors including a smooth transition from the
Pastukhov expression to the collisional regime result., Radial transport con-
siderations are outside the scope of this work. In this sense our results
apply to configurations in which the radial confinement time is much longer

than the axial confinement time.

The central cell ion temperature rate equation is of the form

[«
—_
—

. dn.
— = - - ¢ __1¢
dt §nic (s L)ic n dt @ (4)

O

where (S - L)ic represents the central cell ion power balance. The ion power

balance equation is



( ) g <cyv)io C <°V>io C Mecx™ihx 2vx
S-L). =58 ——V———iﬂ— E +5S 2 E_ + (E,, +¢.)
ic abs <o >tot,g g abs <Ov>tot’c c (nr)ihx Vc X X
2Vt 3Tic 2Vb 3Tic t 2Vt

" Yirap’t v 7T trap,b V2 * Sabs v [Enpt = ppe

b %Y 1 2
)]+ Saps T [Eppy = @pop = 4501 * 7 050V [f4E,(1
5 (5)
Ey ) ] ¢ g <UV>cx g 3
+ -E] - (6 + T, ) =S 22 (2 7. -E)
Efus r lnriic c ic abs <°V>tot,g 2 ic g
c <cv>cx c (3 "iclec 3
" Sabs <oV (3 Tic = ) * Pyc - 2 (Tic ~ Tec!
ot,c ec-ic
n, .n, 2v wV>1 g 2v
icx ihx (§ T. - E; ) X _ gX cx,x  _dcx 3 4 X
Nt ,-ipx 2 1¢ ihx Vz- abs <°V>tot,x n 2 ic Vz—

The first nine terms on the right side of Eq. (5) describe power vari-
ation due to particle gain or loss. Eg and EC are the gas and central cell
neutral beam injection energies, respectively. Axicell losses contribute with
(sz + ¢x) where E,, is the axicell ion loss energy given by the Logan-Rensink
model [8], and ¢, is the potential difference between axicell and central
cell. Energy lost by trapping in the transition and barrier regions is ob-
tained assuming that the average loss per trapped ion is 3/2 T;ce The gain
per absorbed particle from the transition pumping beam is (Enbt - (¢nbt -
¢X)), where E  ; is the beam energy and ¢, is the potential drop between the
axicell potential peak and the location where the beam is injected. Similar-
1y, (Egpp = (éppp = ¢x)) is the energy gain due to the barrier pumping beam.
If the beam is injected axially, as is the case of MFTF-B, $nbb represents the

average potential drop between the axicell potential peak and the points along

the anchor region where the ionization events can occur. Alpha particles born

10



in fusion reactions with energy E, = 3.52 MeV slow down by collisions with the
background plasma. The fraction of their energy imparted to ions is given by
faij = 1. - 0.908 exp(-T,./101.7) [9]. For plasma parameters relevant to re-
actor operation the ion heating due to coliisions with alpha particles is the
more important term in the ion power balance. The eighth term of Eq. (5)
gives the power gain due to this effect. Ef o is the energy produced per

fusion event (17.6 MeV) and E. is the average reacting ion energy, E. = 45. +

r
1.5 Ty, [9]. The ninth term gives the energy lost axially by the ions [4].
The tenth and eleventh terms represent the energy loss due to charge exchange
of injected gas and neutral beam, respectively; <°V>cx,g and <GV>CX’C are the
charge exchange cross sections of the gas and neutral beams. The twelfth term
represents the auxiliary ion cyclotron resonance heating (ICRH) applied to
central cell ions.

Next, the collisional energy transfer terms are considered. The colli-
sional energy transfer rate va/B from species B to species o is calculated
using the expressions of Ref. [10]. Collisional terms are usually small. The
first collisional term represents losses due to central cell electron drag.
The second collisional term gives the gain due to collisions of the central
cell ions passing through the axicell with the axicell hot ions. Njcx and

n are the densities of the axicell passing and hot ions, respectively and

ihx

E is the mean energy of the axicell hot ions. The central cell ion passing

ihx
density beyond the axicell mirror peak is small, thus, the central cell model
does not include collisional energy transfer with species outside the axicell
region. The last term gives the energy loss due to the central cell ions
passing to the axicell that charge exchange on the axicell beam. The energy

Toss per ion is 3/2 T;..

11



The cold central cell electron density is given by

dn <gV>. <oV>, <gV> 2V
ec _ 9 io,g + s io,cC + ¥ jo, x X
dt abs <oV>t t,9 abs <oV> abs <oV>tot . V'—
S <qv)io,s 2Vih Fo+ St <cv>1o t 1 th
abs <o¥>, .. o V. 'S¢ Tabs <UV>tot,t |- OVt Mictp Ve
Wittt Ny
(6)
. sb <ov>10 b 1 2Vb . r ;XE . ;XE
abs <oV> v wrC C+W
tot,b L - <oV>CX b nicbp c c c
<Gv>tot,b b
2
+F 2Veh - F 2veh _ Nec
h>c V c+h Vc an)ec

where Va, Vih and Veh are the effective volumes occupied by the plug warm
electrons, sloshing ions and barrier hot electrons, respectively. The cold
electron sources result from the ionization of the central cell gas and vari-
ous neutral beams. The first, second and third terms on the right side of Eq.
(6) represent the ionization of the central cell gas, central cell neutral
beam and axicell neutral beam, respectively. The fourth term gives the frac-
tion of electrons produced by ionization of the anchor sloshing ion beam that
end up in the cold electron species. Depending on the location of the injec-
tion point, fsc varies from 1.0 to 0.0. If the injection occurs at the inside
part of the anchor cell, f = 1.0, If the injection is on the outside,

sC

fse = 0.0 and the electrons produced by ionization of the neutral beam are
considered as a source for the warm electron species trapped in the plug. The
fifth and sixth terms represent the sources due to cold electrons born by ion-

ization of the pumping beams in the transition and barrier regions. The next

12



four terms give the fluxes of electrons across the velocity space boundaries

which 1limit the region occupied by the cold species. F F and

W>C? ' CHw? Fh+c

Fesp are the fluxes from warm to cold electrons, cold to warm electrons, hot
to cold electrons and cold to hot electrons, respectively. These fluxes are
obtained by applying the theory developed in Ref. [11] to the configuration
considered here [16]. Finally, the last term is the axial loss over the
electron confinement potential ¢,. The central cell electron axial confine-
ment product ("T)ec is calculated similarly to (nr)ic, with an electron con-
fining potential Po-
The central cell electron temperature rate equation has the form

dT T _dn

ec _ 2 _ _ ec ec
gt "3 S " e T3 at ° (7)
ec ec

where (S - L)ec represents the central cell electron power balance. Electrons
produced by ionization of gas and neutral beams are assumed to be born without
kinetic energy. The energy from the neutral particles is carried out by the
ions. The difference in potential between the ionization point and the
central cell is taken into account in the power balance by adding or subtrac-
ting the appropriate energy. Collisional energy transfer between species and
auxiliary ECRF heating are also considered. The central cell electron power

balance is given by

13



<oV>, 2V <oV>, 2V,
(S - Llg = _Sgbs <OV>10’X V’x x S:bs <<ﬂl>w,S V1h fsc ®nbs = #x!) (8)
tot,x ¢ tot,s c

\ St <0V>io,t 1 2Vt 4 o)

abs <°V>tot,t L. <°V>cx,t nictp VC nbt X

9Viot,t Mt

. Sb <ch>1.°’b 1 2Vb 4 o)

abs <dV>tot b <oV>1'c o V:' nbb X

? 1 - cx,b ictb
<9Veot,b M
2Va 2Va 2Veh
* P VZ' (0 + Tew = %) = Feow V;' (6 + Toe = 0c) * Fpac VC
b, = ¢ . 2V T b, = ¢ .
(E + b yi_ . o 6.) - F eh ( ec b yi_, 8
2eh R . -1 b X c+h V 2 R . -1 b
yi,b C yi,b
2
n n.._n
ec ic ecC 3

-¢.) - (6. + T ) (T, =T, ) +P

X an}ec e ec Nt ac-ic 2 ''ec ic ec

Recxihx (§ T -E.) 2Vy - F 2Va 1 T -T_)

NT)cx-ihx 2 €€ ihx V:' CHW V:' 2 Yec ew

n?c ( Er )
+ — <oV> f E + .

4 dt Efus

The energy change due to electrons produced by ionization is described in

the first four terms in the right side of Eq. (8). Axicell electrons must go

over the potential ¢, to reach the central cell. Electrons produced by joni-
zation of the sloshing ion beam can cause energy loss or gain depending on the
beam injection point. $nps 15 the potential at the injection point relative
to the axicell potential peak and is defined positive when it is below the

level of the axicell potential. Electrons produced by ionization of the

14



transition pumping beam as well as those produced by the barrier pumping beam
carry energy provided that (¢,,¢ - ¢,) and (¢, - ¢,) are both positive.

The next four terms give an estimate of the change of energy due to the
interactions of the central cell electrons with plug warm electrons and
barrier hot electrons. It is necessary to emphasize here that the energy
associated with the particle fluxes across velocity space boundaries has not
yet been derived rigorously. Egen 1s the mean hot electron loss energy taken
to be Eeh/z where Een is the hot electron mean energy. The average energy

carried by a plug electron is (¢a + Tew -¢_); ¢ is the potential barrier,

C a

T is the average perpendicular energy, and ¢. the potential difference.

ew

Similarly, the average energy carried by a cold electron going to the warm
specie is (¢a + Tec - ¢c). Cold electrons trapped in the hot barrier region

have at least (¢b - ¢yi)/(R - 1) perpendicular energy, thus, the average

yi,b
energy loss per electron is taken to be (Tec/Z + (¢b - ¢yi)/(Ryi,b -
t oy - ¢x), where (¢, - ¢,) accounts for the difference in potential energy

1)

between the central cell and barrier. The energy gain per hot electron scat-

tering into the cold region is (Ezeh + (o - ¢y1)/(Ryi - 1) + e - ¢x). The

»b
next term gives the axial energy loss. Each electron lost over the barrier e
carries an average energy ¢ t Tec' Next we have the collisional energy
transfer with the central cell ions, the auxiliary RF power applied to central
cell electrons and the collisional energy transfer between the axicell cold
electrons and hot ions. The following term 1is the conduction term [12]
associated with the passing central cell electrons scattering into the plug.
The last term gives the electron heating due to collisions with alpha parti-

cles produced in fusion reactions where fea = 0.88 exp(-TeC/67.4) is the frac-

tion of alpha particle energy going to electrons [9].

15



The rate equation for the density of thermalized alpha particles is

2
dnac _ Nic (9)

dat ~ "1 <UV>d1‘. fctt - Calnac ’

where f . = 0.864 (1 - (B_/B, ))/% exp(-T__/324.6) is a semi-empirical fit to

the results of numerical Fokker-Planck simulations of thermalization and trap-
ping of fusion alpha particles [13]. Cye represents any mechanism which re-
duces the central cell alpha particle density.

The central cell model described above is solved to obtain the time evo-
lution of densities and temperatures. Equations (3), (4), (7), and (9) are

integrated to obtain ny T T.~ and Nycs respectively. Then, by quasi-

¢ 'ic’ ‘ec

neutrality we obtain the central cell density Neg = Nc = Njc t 2"ac‘ Finally,

the central cell beta parameter is given by

nc(Tec Tt Ta)
2.5 x 10" B
c
where T = 8.3 x 1010 <oV> . E f T3/2 [9], represents the contribution of the
o * dt "a ea ec ’

suprathermal alpha particles to the central cell pressure and B, is the
central cell vacuum magnetic field.

2.2 Axicell

Two ion species are considered in the axicell: hot, trapped ions con-
fined within the velocity space region limited by the surfaces represented by

the lines qu + ¢, and uB 5 in the E, u diagram (see Fig. 2), and cold ions

X

passing from the central cell. The density and mean energy of the hot species

are Nypys Eihx and the density and temperature of the cold species are Njex?

Tic' The only electron species is the central cell cold electrons, with

16



density ng., and temperature Tec. The total axicell density is n The hot

x*
ion population is sustained by neutral beam injection in the axicell midplane.

The time evolution of the hot ion density is given by

ic
an; px = gX <°V>io,x _ Mecx"inx X <0V>cx,x icx (11)
dt abs <dv}tot,x 5D I abs <°V>tot,x n,

The first term on the right-hand side is the ion source due to ionization of

the absorbed fraction of the axicell neutral beam. <aV>, is the neutral

i0,x
beam ionization cross section due to collisions with electrons and the two ion
populations, and <°V>tot,x is the total neutral beam cross section assuming
that the only reactions are ionization and charge exchange with both cold and
hot ions. S*

abs
The second term represents the ions scattering out of the axicell. The axi-

is the axicell neutral beam absorption rate per unit volume.

cell hot ion confinement product, (nt) is calculated using the Logan-

ihx?
Rensink model [8]. This model was derived for a mirror cell with one mirror-
trapped ion species and one electron species. The axicell contains two ion
populations. Thus, the calculation of the axicell ion confinement time ne-
glects losses due to cold ion drag. In the axicell MFTF-B reference case

[2,3], the values of B,;, B,, B,, and ¢,, ¢,, are such that the axicell hot

X* °Xo

ions are confined by the effective potential at the inside mirror point X3
and therefore, the particle flux out of the axicell is an input to the central
cell ion population. With the same magnetic field profile and larger ¢,  the
effective potential at the outside mirror can drop below the level of the ef-

fective potential at the inside mirror. In this case the particles scattering

out of the axicell will be lost from the machine. The last term gives the
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particle source due to the cold ions which charge exchange on the beam. It is
assumed that the resulting ion belongs to the trapped ion population.
The time evolution of the hot ion mean energy is given by

dE, (S - L), E;p, dn.
ihx _ ihx _ “ihx “Tihx (12)

dt nihx n1’hx dat

where (S - L)jp, is the hot ion power balance given by

ih
(S = L),, =s% <Uv>i°’x E - lecxihx E - sX <0V>cx,x "5 hx
ihx abs <OV>tot,x nbx ‘"T’ihx 2x abs <°V>tot,x n_
(E -E. ) - NicxMinx (E _ 3 T, ) - Necx™ihx (
ihx nbx NT) s v—ihx ihx 2 ‘“ic NT) o cx—inx ihx
(13)
ic
) 3TEC) N SX <0V>CX,X niCX :
2 abs <0V>tot,x n nbx

The first term on the right side of Eq. (13) gives the energy gain due to

jonization of the axicell neutral beam. E is the beam injection energy.

nbx
The second term is the energy loss due to scattering out of the confined re-
gion. E,, is given in Ref. [8]. The third term represents the energy loss
due to hot ions that charge exchange with the neutral beam where <°V>1:,x is
the appropriate cross section for this reaction. The fourth and fifth terms
are the energy loss rates due to collisions with central cell passing ions and
electrons, respectively. Finally the sixth term represents the source of
energy due to cold ions which charge exchange on the beam and become trapped

with average energy Enbx'
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The axicell beta is defined by

_ nxTec * nichic + 0.9 E1’hxn1‘hx
BX - T 2 ) (14)
2.5 x 10 BX

where the factor 0.9 in the hot ion pressure contribution accounts for the
anisotropy of the hot ion distribution [3], and B, is the vacuum axicell mag-
netic field at the midplane. The beta parameters at the inboard and outboard
axicell mirror peaks are Bxj * 0 and By, = 0, respectively.

The potential at the axicell midplane is calculated from quasineutrality

necx icx ihx * (15)

where n;,  is obtained from the numerical integration of Eq. (11); the passing

ion and electron densities at the axicell midplane, n and n are calcu-

icx ecx
lated in the Appendix.

To calculate the central cell passing ion density at points outside the
axicell, we need to know the potential drop from the axicell midplane to the

axicell outboard mirror, This point contains cold passing ions and

4xo°
electrons. In addition, a fraction of the transition trapped ions spans the
outside axicell region. The transition trapped ion density is determined by a
balance between trapping and pumping rates. A model to calculate the trapped
density point by point is not available. To estimate the trapped density at
the axicell outside mirror, the ratio of the total density and the passing

density, g,,, is taken as input data [3]. The potential 940 1s calculated

solving the quasineutrality condition,
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=n R (16)

gxonipxo exo

where n. and n

ipxo exo are the passing ion density and electron density at the

axicell outboard mirror (see Appendix). For cases in which ¢ < ¢, we take
nipxo = 0,

2.3 Transition Region

The transition region connects the axicell with the anchor cell. This is
a region of relatively low plasma density. We consider two cold ion species:
central cell ions passing over the axicell magnetic field peak, with density
Nictps and trapped ions with density Nictt which are produced when the passing
species collisionally trap in this region. Both species are assumed to be at
the central cell temperature Tic' The trapped species is pumped out by charge
exchange with neutral beams injected in the transition region. The only
electron species are central cell electrons with density Nect and temperature

T The transition region has quite variable density, potential, and mag-

ec’
netic field spatial profiles. Thus, to describe the plasma in this region
with some accuracy an axial dependent model would be needed. Here it is as-
sumed that the trapped ion density of the transition region can be represented
by an averaged quantity Mictt’- The coefficients of the rate equation that
gives the time evolution of the average density Ny are calculated using

averaged magnetic fields and potentials assuming parabolic profiles.

The time evolution of the transition region density is given by

d

T Micet” = <J (17)

trap t ~ Yex,t Mctt”

The first term of the right-hand side gives the trapping rate [12] of passing
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ions which scatter into the potential depression per unit volume. The second
term represents the loss rate due to charge exchange with neutral beams in-
Jected into the transition region. The requirement that ions produced by ion-
jzation and charge exchange of this beam be passing ions, i.e., that they be
in the transition loss cone at the injection point, limits the minimum energy
and the maximum injection angle of the pumping neutral beam. There are sever-
al reactions that can happen to neutrals absorbed by the plasma: (1) ioniza-
tion due to a collision with a passing or trapped ion or an electron (the pro-
ducts are a new ion which appear in the passing region and an electron).
(2) Charge exchange due to collision with passing ions. This reaction pro-
duces another passing ion and a neutral atom which is in the passing region.
It is assumed here that this neutral is equivalent to a newly injected one.
(3) Charge exchange with a trapped ion. This is a pumping event because a
trapped ion is replaced by a passing one. The resulting neutrals tend to have
fairly Tlarge perpendicular velocities. It is assumed that these neutrals
leave the machine without undergoing secondary reactions. Then, the proba-

bility of pumping event per absorbed neutral is

p - <GV>cx,t <nictt> 1
Pt <Pt M Pt Mierp (18)
“GPiot,t N¢

where <n;

1ctp> and <n.> are the average passing and total transition densities,

respectively, and <°V>cx,t and <°V>tot,t are the charge exchange and total
transition beam cross sections. The total cross section includes charge ex-

change and jonization due to collisions with ions and electrons.
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The central cell electron source per neutral absorbed in the transition

region is given by

p - <UV>io,t 1
e,t <dV>tot,t - <ch’>Cx’t <nictp> (19)
Wit t e

where <°V>io,t is the neutral beam ionization cross section due to collisions
with ions and electrons. It is assumed that all electrons born in the transi-
tion end up in the central cell population. Finally, every absorbed neutral
in the transition produces one central cell ion.

The pumping frequency per trapped ion can be written as

P
_ ot p,t
v =S . . (20)
cX,t abs <nictt>

where S: is the transition neutral beam absorption rate per unit volume. To

bs
obtain the average potential <$4>, we use quasineutrality,

<n > = <n (21)

. Lo+ <n. >
ect ictt n1ctp ’

> and <n;

where <n ictp

ect > are the electron and passing ion average densities in

the transition region, respectively. Expressions to calculate <n_.;,> and

ect
<"ictp> are given in the Appendix. For cases in which dc € ¢, we take
<"ictp> = 0. The trapped ion density Nyctt” is calculated from the integra-
tion of Eq. (17).

The average transition region beta is given by

<nt>(Tec * Rt,xoTic) (22)

2.5 x 107 <Bt>2 ’

B> =
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where Rt,xoTic is assumed to be the perpendicular ion temperature in the
transition region and <By> is the average vacuum magnetic field. The average
pumping parameter is defined as the ratio of the total density to the ion
passing density, <gy> = <"t>/<”ictp> with <ng> = Mictp> ¥ Nic”-

2.4 Anchor Region

The plugging potential peak and the adjacent thermal barrier are located
in the minimum-B anchors at both ends of the device. There are several dif-
ferent species of trapped and passing particles considered in the barrier-plug
region. A hot, sloshing-ion population with double peaked axial density pro-
file spans the anchor region. This ion species has its minimum density at the
yin-yang midplane and its outboard peak at the plug point (a). It is confined
in the velocity space region limited by the lines E = uB, + ¢, and E = uByo -
$o» as shown in Fig. 2. Cold passing ions from the central cell pass through
the barrier in their transit through the machine. The passing ion density
falls to zero at the plug point. A fraction of these passing ions is trapped
by Coulomb collisions in the barrier potential depression. This produces a
cold trapped ion species centered at the barrier midplane. The trapped ion
density falls to zero at the point (a) where the potential maximum occurs.

Cold passing electrons from the central cell span the whole machine,
Their density falls to zero at the outboard yin-yang mirror since this is
where the absolute potential minimum occurs. Centered at the plug, there is a
population of warm, trapped electrons sustained by ECRH heating applied at the
plug. A fraction of this warm electron population passes through the barrier
midplane. Additional ECRH heating applied at the yin-yang midplane heats the
warm electron species and creates a new population of hot electrons centered

at the barrier midplane. In our model it is assumed that the warm plug
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electrons passing to the barrier reach the hot electron temperature and are
included as part of the barrier hot electron population. Barrier hot
electrons pass through the plug and their density falls to zero at the out-
board yin-yang mirror.

The neutral beams injected into the barrier-plug include the high-energy
sloshing-ion beam, incident perpendicular to the axis at the point where the
plug is formed, and a high-energy pumping beam designed to pump out the warm
trapped ions, which would otherwise build up in the potential well in the
barrier. In the axicell MFTF-B design [2,3] the barrier pumping beam is
injected axially. Our model includes the option of the sloshing ion beam
being injected in the inboard side of the barrier at the point where the hot
ion density peaks. The notation used for the densities and temperatures, or
average energies, of the various species considered is as follows. Barrier
cold passing and trapped ions have densities "icbp and n;.pi» respectively,

and are at the central cell ion temperature, T Sloshing ions at the plug

ic*

have density Niha @Nd mean energy Eiha and at the barrier point their density

is given by Nihb with the same mean energy E The densities of cold pass-

iha*
ing electrons at the barrier and plug are given by n,., and ng ., respective-

ly. Hot electrons at the barrier have density Nehb and mean energy Eehb and

at the plug their density is n with the same mean energy E,... Finally,

eha

the plug warm electron density and temperature are denoted by n and Tew’

ewa

respectively.

2.4.1 Thermal Barrier Model

Two species are trapped in the barrier and are described by means of rate
equations: cold trapped ions and hot electrons. The cold trapped ion density

evolution is given by
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dnicbt
at— ~ Ytrap,b ~ Vex,bMicbt (23)

The first term on the right-hand side gives the trapping rate [12] of passing
ions which scatter into the potential barrier per unit volume. The second
term gives the loss rate due to charge exchange with the pumping neutral beam.
If the beam is injected in the axial direction, as is the case of MFTF-B, the
requirement on the beam to pump particles out to the central cell is
$5 > Enbb > bps where Enbb is the barrier neutral beam injection energy, o is
the barrier potential and ¢4 is the plug potential. For other than axial in-
jection, the neutral beam injection energy and injection angle must belong to
the passing region of the velocity space at the injection point.

We assume that the neutral beam atoms absorbed by the barrier plasma
either charge exchange with the barrier ions or are ionized by collisions with
barrier ions and electrons. Any ionization reaction produces a passing ion
and a cold electron. Charge exchange reactions with sloshing ions result in
passing ions and hot neutrais. It is assumed that these hot neutrals escape
without further interactions. Charge exchange reactions with cold trapped
ions replace trapped ions with passing ions and produce neutrals which are
assumed to leave the plasma. Finally, a fraction of the absorbed neutrals
charge exchange with cold passing ions, producing neutrals which are in the
passing region. We make the approximation that these neutral particles react
with the barrier plasma with the same cross sections as the injected neutral
particles. As a result of all these processes, the barrier pumping beam
influences the particle balance of several species. The central cell electron

source per absorbed barrier neutral is given by
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<gV>,

p - io,b 1
e,b <oV> c ’
tot,b - <°V>cx,b nicbp (24)
Vit M

where <oV>;. is the ionization cross section due to collision with every
species of electrons and ions weighted with the appropriate density fraction,
c
<0V>cx,b
and <°V>tot,b is the total cross section which includes ionization and charge

is the cold ion charge exchange cross section off the neutral beam

exchange reactions. The sloshing ion loss due to charge exchange with the

barrier neutral beam is given by

h
b2 SVex,b Minb 1
h,cx <oV> n c ?
tot,b 'b L - <GV>CX,b n,icbp (25)
<ov>tot,b My

h
cx,b

beam. Every absorbed neutral in the barrier produces one central cell ion.

where <oV> is the hot ion charge exchange cross section off the neutral

Finally, the charge exchange loss of barrier cold trapped ions per absorbed

neutral is given by

c

b oS Pexb Micbt 1
p,b  <aoV> n c
tot,b b - V> b N3 cbp (26)
<dv}tot,b M

The pumping frequency per trapped ion, Vex.b (Eq. 23) can then be written as
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P

b b
v =S ._.E_’._._, (27)
cx,b abs nicbt

where sgbs is the barrier neutral beam absorption rate per unit volume.

The hot, barrier electron density evolution is given by

dn v v
ehb _ - . a4 a
dt Fc+h Froc * Fush veh Fhow veh . (28)

The terms on the right-hand side of Eq. (28) are the fluxes of electrons col-
lisionally exchanged between the various electron species across their boun-
dary surface's velocity space (see Fig. 3). The expressions for the fluxes
are those of Ref. [11] applied to the MFTF-B configuration [16]. Feoh = Frsc
is the net flux between the hot barrier electrons and the cold passing

electrons in the barrier. F = Fpsy 1s the net flux between the warm

w+h
electrons at the plug and the hot, barrier electrons passing to the plug. V,
and Veh are the effective volumes occupied by the warm and hot electrons,
respectively. Equation (28) assumes that Byo > Byi (see Fig. 3) and therefore
there is not a direct flux of hot electrons out of the device.

The time evolution of the hot electron mean energy is given by

(s - L) E_,. dn
ehb _ ehb _ “ehb “ehb (29)

dE
dt Pehb Nehb dat

where (S - L)ehb represents the hot electron power balance given by

T N o, - b .
- = ec , b yiy b yi
(S = Lepp = Feoh (T * =51 ~ Froe Egen *T—=1) * Fron Rp,aTew
yi,b yi,b
(30)
Va
*Eyv T %) Ven " Frow Egen t Eay ~ 8 * Py - Psyn,b
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The energy factors associated with each flux term represent an estimate
of the average energy involved in the process of particle exchange between
species. The particle exchange between cold and hot electrons occurs in the
barrier region. Cold electrons scattering into the hot barrier electron re-
gion have at least (¢b - ¢yi)/(Ryi,b - 1) perpendicular energy and their aver-

age energy is taken to be (Tec/Z + (¢b - ¢y1)/(R - 1)). Similarly, the

yi,b
average loss of energy due to hot electrons scattering out of the trapped re-

gion is assumed to be (Ezeh + (¢b - ¢xi)/(R - 1)), where Egep, 1S the mean

yi,b
hot electron 10ss energy, Ereh * Eehb/z. The particle exchange between hot
and warm electrons occurs in the plug region. The average energy gain per
warm electron scattering into the hot electron population is estimated to

be (R +E - ¢a). The factor Rb,a has been introduced [12] to correct

b,aTew av

the temperature because warm plug electrons are not mirror-trapped but they
are located in a magnetic hill with respect to the barrier point. ¢, repre-
sents the potential energy difference between the plug and barrier regions and
the quantity Eav gives an estimate of the minimum energy needed by the warm

electrons to pass over the potential barrier and is estimated by

by - ¢“-
+ (Rb. -11 to )= fy (31)

- eeECT—————
yi,b

)
b,a f

rf

where f.¢ is a parameter that takes values between zero and one (frf + 1 im-
plies that the energy is mostly perpendicular) and we have assumed fog = 0.5.
Unfortunately, the value of this parameter is crucial in the evaluation of the
RF power applied to the barrier and plug plasmas. The energy loss per hot

electron scattering out of the trapped region is taken to be (Ezeh + Eav -
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$a). The last two terms of Eq. (30) are the ECRH power, P.,, and the synchro-
tron radiation losses given in Ref. [14].

In addition to the cold trapped ions and hot electrons described above,
the barrier contains several passing populations. The sloshing ion density at
the barrier, ny,,, depends not only on the magnetic field and potential axial
profiles but actually is closely related to the characteristics and location
of both the sloshing ion neutral beam and barrier pumping neutral beam. We
have chosen to give n;p, as a fraction (fs) of the plug density. This
fraction should be evaluated by appropriate numerical studies. Expressions to

calculate the density of central cell ions passing over the barrier, n and

icbp
cold electron density, n,.,, are given in the Appendix. For cases in which

oo < ¢x’ we take n 0.

icbp =
The beta parameter at the barrier is given by

o o 28 Menbenb * Pecblec * %% Minbtiha"b,a * MicbTicRn,yi (32)
b 2.5 x 107 B}

The factor 0.8 in the hot electron pressure accounts for the anisotropy of the
hot electron distribution function [3]. Similarly, the factor 0.9 in the
sloshing ion pressure accounts for the anisotropy of the sloshing ion distri-
bution. The mirror ratio factor in the hot and cold ion pressure terms takes
into account the effect of u conservation along field lines on the respective
perpendicular energies. By is the vacuum barrier magnetic field and ny., is

the total cold ion density. The pumping parameter
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= 1 + Jcbt , (33)

gives a measure of the trapped cold ions.

The barrier ambipolar potential is obtained from barrier quasineutrality,

n_.+n =

ecb T "enb T Micbt T Micbp T M

inb (34)

where Nicbt and Ngpp are obtained by numerical integration of Egs. (23) and
(28), respectively. In order to solve Eq. (34) we need to know the value of

the potential at the anchor inboard peak, Neither hot electrons nor

¢y'i .
sloshing ions reach the inner anchor peak. There are cold electrons, cold
ions passing from the central cell and cold ions trapped in a velocity space
zone which overlaps the transition and barrier regions. The potential ¢yi
would be obtained by solving the quasineutrality condition at the point Yi-
The expressions for the density of the passing species are similar to those of
the barrier (see Appendix). The ion trapped density, however, cannot be
determined with a model that lacks axial dependence because this density de-
pends on how the pumping mechanisms applied at the transition and barrier act
on the barely trapped ions spanning both regions. We will assume that the

potential ¢yi is a given fraction of the barrier potential [3].

2.4.2 Plug Model

The region where the plugging potential is formed contains sloshing ions
and three electron populations: warm electrons confined to the plug region
and electrons passing from the central cell (cold) and barrier (hot) regions.

The evolution of the sloshing ion density is given by
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2

Mina s “Pio,s _ Mina
dt abs <°V>tot,s (nr)iha
) (35)
_b Pexb Minb 1 b
abs <oV> n [ V., °
tot,b b L - <°V>cx,b "icbp ih
9V>iot,b b

The first term on the right side gives the ion source due to ionization of the

S

sloshing ion neutral beam. Sabs is the absorption rate per unit volume of the

neutral beam that sustains the sloshing ions. The ionization cross section

<orv>1-o,S takes into account collisions with ions and electrons and the total

cross section <ov>tot,s includes ionization and charge exchange reactions.
The second term represents the loss of sloshing ions due to ions scatter-
ing out of the confined region in velocity space, bounded by the surfaces

represented by the lines E = uB, + ¢. and E = uB
a

c o = %o (see Fig. 2). Ions

y
scattering out of the hot region are lost from the device. For parameters
near steady state, the injection energy of the sloshing beam E, ;¢ is in the
trapped velocity space region and the confinement time multiplied by the
density is given by [2]

10 .3/2

(nr)iha = 2,23 x 10 Enbs log10 Reff,s R (36)

re-

where R =R _/[1+ (9o + ¢c)/Ean]. This expression for (nt);,.

eff,s yo0,a
quires that the beam is injected in the trapped region. In some situations
far from steady state, magnetic fields and potentials are such that the beam
is in the loss region. It is assumed here that the sloshing ion confinement
time can then be represented by the transit time of sloshing ions in the

anchor region,
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v, = 2.28 x 107 (éﬁ%f)l/z Lot s » (37)
where Anbs and Enbs are the neutral mass number and injection energy, respec-
tively, and Leff,s is the hot ion species effective length. If, during the
calculation of the potentials $c and $os W obtain values such that
¢ + 6. <0, it is assumed that Eq. (36) 1is still applicable with

The calculation of (nt) described above covers all the

Reff,s = Ryo,a- iha
situations which can appear when time evolution of the plasma parameters is
considered and gives a rough estimate of the ion confinement time that permits
evaluation of the neutral beam power required at the anchor region.

The third term on the right hand side of (35) represents the charge ex-
change losses with the barrier pumping neutral beam. It is assumed that this
process only occurs at the barrier where the density of sloshing ions is Nihbe
Vp and Vih are the effective volumes associated with the barrier region and
the sloshing ion region, respectively.

The time evolution of the sloshing ion mean energy is given by

% ha - (S = L), _Eiha %iha (38)

dt Miha Niha 9%

where (S - L) represents the sloshing ion power balance given by

iha

32



<oV>. <oV> n.
(S - L) = gS io,s - gS CX,S (E iha
iha abs <oV> nbs abs <cV>t t,s (nr) £1h
h
S SVexb Minb 1 .
abs <oV> n V. iha
tot,b b - <oV>Cx b nicbp ih (39)
<°Vstot,b ny
- Mewa"iha (Eer. -2 T) Va
NT)yaih jha 7 'ew V;E

The first term on the right hand side gives the power input due to ionization

of the sloshing neutral beam. The second represents the power loss or gain

associated with the ions which charge exchange with the sloshing ion neutral

beam. The third term gives the scattering losses. Ezih is the average energy

of ions scattering out of the confined region and is approximated by

¢, + ¢
7=t e

yo,a

E iha) :

2ih
The fourth term gives the power loss due to ions that charge exchange with the
barrier pumping beam. The fifth term is the collisional energy transfer rate
with the warm electron species. If the beam is injected at the point where
the sloshing ion species peaks at the inboard side of the anchor region, the
injection energy is corrected by the potential difference between the injec-
tion point and the plug, (¢c + o, - ¢nbs) where Pnbs is the potential at the

injection point relative to the axicell potential peak. To calculate ¢

nbs’

quasineutrality at the injection point needs to be solved. At this point
there are two electron species, cold passing electrons from the central cell

and hot, barrier electrons. Their densities are calculated from the condition
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of constant distribution function along field lines. There are also three ion
species, sloshing ions, cold passing ions and trapped ions. The sloshing ion
axicell density profile is approximately symmetric about the barrier midplane.
An expression to calculate the cold passing ion density is given in the
Appendix. The cold trapped ion density cannot be evaluated with a model with-
out axial dependence. We have chosen to fix the value of ¢, . as a fraction
of the barrier potential $p -

Next we describe the warm electron population. The warm electron density

rate equation is given by

dnewa s <UV>io S vih
It = Sabs <oV>tot . fow V;- * Frow " Fwsh Y Feow T Fusc - (40)

The first term in the right side of (40) gives the fraction of electrons pro-
duced by ionization of the anchor sloshing ion beam that ends up in the warm
population. Depending on the location of the injection point fsw takes values
from 0.0 to 1.0. If the injection point is at the inboard side of the anchor,

f = 0.0. We assume that fSc + f

SW = 1.0, where fSC is the fraction of

SW
electrons that ends up in the cold population. The remaining terms are the
flux of electrons collisionally exchanged between the various electron species
that exist in the plug region. The expressions for the fluxes are those of
Ref. [11] adapted to the configuration of the axicell MFTF-B [16].

The warm electron temperature rate equation is

dT T dn
ew _ 2 - _ _€wW ewa
dt "~ 3n (5 - Llgy =7 at— ° (41)
ewa ewa

where (S - L)ew represents the warm electron power balance given by
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<oV>.

- = S i0,S ih _
(s L)ew Sabs <cV>t0t . fsw V;' (¢c oy ¥ ¢nbs) * Fh+w (Ezeh * Eav)

- F (Ry aTew ¥ Eqy) +F

wrh ‘"b,a ew (Tee * 03) = Flae (Toy +95) (42)

Crw c ew a

n

- 1 - - _Mewa"iha
F 2 (Tew Tec) tP P

CHW ea syn,a nt (3 -k
? ew+ih

Z Tew ™ Eina) -

The first term in the right side gives the contribution of electrons produced
by ionization of the sloshing ion neutral beam. The factor (¢c -0y ¢nbs)
represents the potential difference between the point of injection and the
plug peak. ¢,,s 15 positive when it is below the axicell potential and nega-
tive otherwise. The next four terms given an estimate of the energy transfer
due to collisional particle exchanges. As noted also in the central cell and
barrier sections, this analysis is not rigorous, but it is expected that it
will provide a reasonable estimate of the power balance terms related with
fluxes of particles. The hot and warm electron exchange occurs at the plug
region, Hot electrons scattering into the plug carry an average energy
is given in Eq. (31). The average

(Ezeh + Eav), where Eze = Eehb/2 and Ea

h v

energy of warm electrons escaping to the hot region is Rb aT + Eav’ where

ew
Rb,a corrects for the fact that warm electrons are confined in a magnetic hill
[12] and E,y 15 the representative energy of their boundary contour. The cold
and warm electron particle exchange occurs in the plug region. Warm electrons
scattering into the cold region have at least an energy $a and an average
kinetic energy Tg,. Similarly, the gain of energy per cold electron trapped
in the plug is T,. + ¢,. The sixth term of Eq. (42) is the convection loss

[12] associated with the cold electron species. Pea is the RF power applied

to the plug. The synchrotron radiation loss is given in Ref. [14]. The last
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term is the collisional energy transfer rate with the sloshing ion population.

In addition to the warm trapped electrons described above, the plug con-
tains hot e]ectron§ passing from the barrier and cold electrons passing from
the central cell whose densities ng,. and ng.,, respectively, are calculated
in the Appendix.

The plug beta parameter is given by

_ 99 M55 iha * Mewalew * Mecalec * 08 Mepafen (43)

a 2.5 x 10’ B§ ’

B

where the factors 0.9 and 0.8 in the sloshing ion and hot electron pressures
account for the anisotropy of their respective distribution functions [3]. By
is the vacuum magnetic field at the plug point.

The plug ambipolar potential $o and warm electron density Newa are ob-
tained by solving the system of equations formed by the ambipolarity condition

at the plug

1ha (44)

together with the quasineutrality condition

Nn,,. =n +n +n . (45)

iha ewa eca eha

The time derivatives dn,,./dt and dn;,./dt are given by Egs. (40) and (35),

ewa 1

respectively, and n;,. is obtained by integration of Eg. (35).
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2.5 Global Ambipolarity

An equation is necessary to obtain the central cell electron confinement

potential e We use the condition of plasma global ambipolarity

dni dne
} (Vi qe) = 1 (Ve o) (46)
where the subscripts i and e stand for all the trapped ion and electron
species which are considered in the device, and zZ; is the ion atomic number.

Substituting Eqs. (3), (6), (9), (11), (17), (23), (28), (35), and (40) into

Eq. (46), we obtain

2 2 2
n. n, n
ic 1 2 _ jha ec
[znrj_ic * Z nic <oV>d'l: (1 fut) * zcaknca] Vc * ‘m)iha 2v'ih ~ Tnt ec vc

(47)

This equation gives the net charge variation in the machine. It contains end

losses of central cell ions, electrons, and sloshing ions and terms related

with alpha particle production and loss. Equation (47) is solved for the
electron confinement potential, Pe-

We comment next about the methods employed in the preceding sections to

obtain the ambipolar potentials in the various regions along the axis of the

device. The quasineutrality condition ) Ne = ) z.n, is satisfied everywhere.

SR
This condition is established in a veryeshort lime of the order of the bounce
time, t,. To maintain a quasineutral plasma, the particle flux through the
boundary of every region needs to be ambipolar. Ambipolarity only concerns
the trapped species because, in the limit 1, » 0, passing particles enter and

Teave the region instantaneously. In a time dependent analysis as the one

considered here, the time scale for variation in the electron distribution
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function is much shorter than the characteristic time for variation of the ion
distribution function. It is because of this reason that during typical time
intervals for integration of the ion equations we consider the electron
distribution as varying on a finer time scale as to preserve ambipolarity and
quasineutrality along the axis of the device. For a given ion density in a
space region, these two constraints determine the electron trapped density and
the ambipolar potential. In this sense the dynamics of the plasma can be
viewed as a series of instantaneous calculations in which a consistent set of
ambipolarity and quasineutrality conditions are solved, linked by the integra-
tion in time of the density of the trapped ion species.

2.6 Energy Multiplication Factor

The energy multiplication factor Q is defined as the ratio of the fusion
power to the total external absorbed power. The fusion power is defined as

the power carried out by neutrons produced in the fusion reactions,
P = - <«V> .,  E .V , (48)

where <oV>,, is the fusion cross section for central cell ions, E ¢ is the
energy of the neutrons produced per fusion event (14 MeV) and VC is the effec-
tive central cell volume. Only fusion power produced in the central cell is
taken into account. The total absorbed power includes contributions from the
central cell neutral beam, gas, ICRH and RF electron heating; axicell neutral
beam; transition and barrier pumping neutral beams; sloshing ion beam; and RF
power applied at the barrier and plug.

Only a fraction of the power absorbed by the plasma actually results in

an increase in the plasma thermal energy. The remaining absorbed power is
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spent either to counteract for the various loss mechanisms or to provide the
potential energy required by particles moving along the machine. The loss
mechanisms include ion and electron end losses, synchrotron radiation and
power carried out by the neutrals produced by charge exchange reactions off
the various neutral beams injected in the plasma. A part of the end losses
can be recovered by direct conversion. Neutrals produced by charge exchange
reactions end up heating the wall of the device. A fraction of the power
deposited there can also be recovered by the thermal cycle. Alpha particles
born in fusion reactions provide a heating source to the plasma.

To obtain the neutral beam injected power, the absorbed power is divided

by the neutral beam trapping fractions given by [15]

8

4,52 x 10 n2<0V>t°t

f =1- exp(- ) s
tr 1/2
(E /A )

where n is the total density, & is the path length, <cV>tot is the total cross
section including all reactions that cause beam attenuation, Enb is the injec-

tion energy and Anb is the neutral mass number.

3. MFTF-B STARTUP SCENARIOQ

The tandem mirror model described in Section 2 has been solved numerical-
ly. The density and temperature rate equations form a system of ordinary dif-
ferential equations that are integrated to obtain the time evolution of densi-
ty and temperature of each species for given variable sources injected into
the plasma. Initial conditions are provided by the target plasma. Ambipolar
potentials are calculated at each timestep by solving a system of nonlinear

equations. To integrate the rate equations a predictor-corrector method is
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used. The predictor is Euler's formula and the corrector uses a quadratic
form. The timestep length is limited to 10% of the shortest characteristic
time for density or temperature variations. The set of densities and tempera-
tures obtained as a result of the time integration may be such that the non-
Tinear system of equations that gives the ambipolar potentials either does not
have roots or the roots are not within the physically feasible ranges. The
conditions for the potential equations to have roots and the criteria followed
in the code to choose one of the roots when there are more than one, are ex-
plained in detail in Ref. [16]. The basic idea has been to choose those roots
which imply physically meaningful solutions. The numerical code developed to
solve the physics model is used to evaluate startup scenarios for barrier
tandem mirror configurations. The code can also be used in studying near
steady state situations and make parametric studies to evaluate different
designs. Plasma startup has to be accomplished while minimizing the amount of
injected power and particle sources. An ideal case would be to reach the sta-
tionary operating point using only the power supplies needed at steady state
operation, but in general this is not the case. In order to reach a steady
state operating point, a tandem mirror plasma needs to be fed with a variety
of carefully programmed sources.

A number of constraints on the plasma parameters must be satisfied at all
times during operation in order for the plasma to be maintained. Some con-
straints are related to the stability criteria for the most dangerous modes
relevant to the tandem mirror configuration. The tandem mirror configuration
is an average minimum-B system. MHD stability is provided by building up the
plasma pressure in the regions with good magnetic field curvature (anchors)

above the plasma pressure of the regions with neutral or bad magnetic field
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curvature. Microstability of the plug plasma is provided by ions streaming
out from the central cell and is substantially enhanced by the sloshing
character of the hot ions as well as by the mirror confined electrons. To be
stable, the plug plasma must exceed a minimum ratio of the cold ion density to
hot ion density in the midplane of the plugs. Thus, microstability is ensured
when the cold ions start to be electrostatically confined. Microstability of
the central cell plasma will be provided by the electrostatic confinement of
low energy ions. Stability to trapped particle modes requires maintaining an
adequate ratio of plug passing ions to central cell ions. Therefore, the
plasma will be less susceptible to trapped particle modes if the plug po-
tential buildup starts before thermal barrier formation. These issues are
discussed in detail in Ref. [2].

We present a possible scenario for the startup of the axicell MFTF-B
reference case (MARS mode) [2]. Table 1 shows the machine parameters and the
initial conditions. The startup scenario discussed here is based on the
startup scenario proposed for the TMX-Upgrade with thermal barriers [17]. In
this scenario every cell is started simultaneously. An initial plasma is cre-
ated either by plasma guns or by RF ionization of gas. Then all systems are
turned on except for the transition and barrier pump beams which will be con-
nected at a later time as needed. During the early stages of its buildup, the
central cell is fueled by gas and heated by ICRH. This kind of heating has
been shown [17] to be more efficient at low densities than the heating by
neutral beams. Sloshing ion neutral beams (80 keV) are used to provide micro-
stability and MHD stability and also to help in the formation of the plug po-
tential. ECRH applied at the barrier heats the mirror confined electrons.

Additional RF heating applied at the plug heats the warm plug electrons., As
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the efficiency of gas as a central cell fuel starts to decrease due to the
increase of temperature, another system should be provided to continue the
buildup of the central cell density. We have chosen 80 keV neutral beams.
Pellet injection would be an alternative form of central cell fueling. The
axicell neutral beam (70 keV) can be connected at any time as needed. This
neutral beam creates a potential bump which confines low energy central cell
ions while the outer confining potential peak is formed. Transition and
barrier pump beams are turned on when the accumulation of central cell ions
trapped in the transition and barrier regions cause a reduction on the respec-
tive potential dips. Their energies are 40 keV and 80 keV, respectively. The
transition region neutral beam is also used to control the plasma pressure in
that region.

The startup scenario described here 1lasts approximately 1.5 seconds.
Figures 5.a to 5.2 show in detail the time evolution of the plasma parameters
as well as the injected sources that are absorbed in the plasma. The initial
values of the central cell gas source (40 A), sloshing ion source (12 A),
central cell ICRF power (1.2 MW), barrier RF power (0.2 MW) and plug RF power
(0.1 MW) are such that they allow the plasma buildup to proceed at the desired
rate. Successive changes in the source levels are imposed when the injected
sources are no longer appropriate to sustain the plasma buildup. By varying
the central cell gas, neutral beam and ICRH it is possible to find a combi-
nation that provides the amount of particles and energy required for central
cell buildup.

Figure 5.a presents the time evolution of the plasma temperatures. The
species sustained by neutral beams (axicell hot ions and sloshing ions) reach

their steady state mean energy in a few milliseconds. Central cell ions are
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fueled by cold gas and heated by ICRH. In order to maintain the ICRH power
within reasonable 1limits ion temperature buildup has to proceed at a slow
rate. At time = 0.35 s the central cell density buildup requires an increase
of particle fueling which is provided by an increase in the gas injection rate
as well as by turning on the central cell neutral beam. ICRH is reduced at
the same time. The combined effects of these changes are reflected in the
central cell ion temperature evolution. The temperature of the anchor
electron species is very difficult to control for small changes in the RF
power applied at the barrier and plug cause large variations in the warm dnd
hot electron temperatures.

Figures 5.b and 5.c show the time evolution of the density of the various
plasma species. In this scenario, the buildup of the axicell hot ions starts
at time zero to help in the confinement of central cell ions. At time
~ 0.35 s, the growth rate of the central cell ion density starts to decrease
and the central cell sources are adjusted (see Figs. 5.h to 5.i). The central
cell alpha particle density is calculated assuming a DT-mixture fuel. MFTF-B
is an experiment designed to use deuterium fuel. DT fuel has been used in
this simulation to evaluate the energy multiplication factor Q. It is assumed
here that alpha particles are confined in the central cell.

Figure 5.d shows the time evolution of the radially averaged beta para-
meter in every region of the device. The barrier and plug plasma pressures
provide MHD stability for the system. Figure 5.e shows the ambipolar po-
tentials. Figure 5.f shows the time evolution of the confinement products
{(nt). The behavior of the central cell ion and electron confinement products
depend on the potential to temperature ratio. At the initial stages of the

startup the central cell confinement potentials grow faster than the tempera-
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tures and the opposite is true as steady state is approached. The sloshing
ion confinement product decreases logarithmically with the plug potential.
Figure 5.9 shows the time evolution of the transition and barrier pumping
parameters as well as the transition and barrier trapping rates. Their vari-
ation with time is closely related to the variation of the central cell ion
temperature.

Figures 5.h to 5.k show the particle and energy sources required for the
startup scenario proposed. The axicell, transition and barrier particle
sources are presented in Fig. 5.h. Curves 1 and 2 give the neutral injection
rate and the neutral absorption rate due to the axicell neutral beam, respec-
tively. Curves 3 and 4 give, respectively, the neutral injection rate and the
neutral absorption rate provided by the transition region pumping neutral
beam. The beam is turned on at time = 0.5 s. Curves 5 and 6 give the neutral
injection rate and neutral absorption rate due to the barrier pumping neutral
beam, respectively. The barrier beam is turned on at time ~ 0.9 s.

Figure 5.1 shows the sloshing ion and central cell particle sources.
Curves 1 and 2 give the neutral injection and absorption rate of the sloshing
ion neutral beam, respectively. Curves 3 and 4 give the injection and absorp-
tion rates of the central cell neutral beam. Curves 5 and 6 describe the
central cell fueling by gas and its ionization rate, respectively. The ab-
sorption fraction of the gas is taken to be unity. The efficiency of fueling
by gas, unlike fueling by neutral beams, decreases as plasma buildup pro-
gresses. At time = 0.35 s, the gas injection rate is increased to 60 A, and
the central cell neutral beam is turned on. At the same time the ICRH heating
is reduced. At time = 0.5 s the gas and ICRH are gradually turned off while

the central cell neutral beam takes over central cell fueling and heating.
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Figure 5.) shows the neutral beam power injected in the plasma. Figure 5.k
shows the time evolution of the RF power injected and absorbed in the plasma:
auxiliary central cell ion heating, plug electron heating and barrier electron
heating. The absorption of RF power by the plasma depends on the specific
launching structure used. The power levels shown in Fig. 5.k are normalized
assuming total absorption at steady state. The RF power absorbed is calcu-
lated assuming that the absorption fraction is proportional to the density.
When the central cell neutral beam 1is connected, ICRH power 1is gradually
turned off. Finally, in Fig. 5.1, curve 1 shows the fusion power produced in
the central cell assuming a DT-mixture fuel. Curves 2 and 3 show the total
power injected and absorbed in the plasma, respectively, and Curve 4 gives the

equivalent energy multiplication factor for a D-T mixture fuel.

4. CONCLUSION

We have analyzed the time evolution of a plasma confined in a tandem mir-
ror with thermal barriers. We have presented a time dependent physics model
that describes the kinetic interactions in velocity space of the various plasma
species that exist in each spatial region of the confinement and the effect of
a variety of particle and energy sources applied to the plasma. The configu-
ration considered in this study is the axicell MFTF-B [2,3] reference case.

The physics model includes particle and energy rate equations for the
various species that determine the plasma confinement and quasineutrality and
ambipolarity conditions which define the ambipolar potential profiie along the
axis of the device. Expressions to obtain the passing particle densities are
also included. The region-averaged properties of each plasma species are

calculated. The particle and energy rate equations have been written utili-
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zing the available analytical and numerical results of kinetic problems in
tandem mirror devices. The model describes in a self-consistent manner the
time evolution of tandem mirror confinement with thermal barriers including
the steady state phase of operation. The physics model is solved numerically.
The equations describing the time variation of densities and temperatures of
the various species form a system of differential equations coupled by the
equations which determine the ambipolar potential in the different regions.
The calculation of the ambipolar potentials requires finding a physically
valid solution to a system of nonlinear equations at each timestep. In order
to obtain a complete startup time sequence the particle and energy sources
appliied to the plasma need to be carefully programmed. In addition, a reason-
able startup scenario should minimize the intensity of the sources required to
achieve plasma buildup, and should satisfy at all times the stability criteria
for the plasma. Following these ideas we have obtained a startup scenario for
the axicell MFTF-B. We have given the sequence of particle and energy sources
that are required for plasma buildup starting from a target plasma.

The numerical code can also be used to make parametric studies near
steady state in order to evaluate different design points of a configuration.
This approach to solve the problem of startup of barrier tandem mirrors has
the benefit of allowing the consideration of detailed particle interactions in
an economical way as well as to make fast evaluations of possible startup sce-
narios and find the power and particle sources required for the plasma to
evolve from a given initial state to the stationary operating point. An im-
portant advantage of this approach is its self-consistency. To properly solve
the problem, all species that exist at every region need to be taken into ac-

count.
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Because of the passing species, all spatial regions of the device are
closely interrelated and the effects of an external action over any of the
regions affects the entire structure of the confinement. Simple calculations
that simulate the variation of some regions or species while maintaining the

rest constant are not meaningful due to the lack of self-consistency.

APPENDIX: PASSING PARTICLE DENSITIES

The passing densities at various locations along the axis for the axicell
MFTF-B [2,3] are calculated using the relation that equates the distribution
function expressed in terms of the particle constants of motion at different
points along field lines. This condition is correct to lowest order in the
ratio of collision frequency to bounce frequency. We assume local Maxwellian
distribution functions for the trapped particles.

The ion velocity space in E, u variables is shown in Fig. 2. Central
cell ions occupy the velocity space domain located above the line E = uB., ex-
cept for the central cell loss cone region. The central cell potential is
taken as the reference potential.

Central cell passing ions at the axicell midplane, point "x", occupy the
regions labeled I, II and III in Fig. 2. We will include also as part of the
passing region the central cell loss cone. This can be justified by noticing
that the axicell outboard magnetic peak which provides magnetic confinement to
the central cell particles is located outside of the point "x" and, therefore,
the approximation of including the loss region as a part of the passing region

at "x" has a small effect on the passing ion density at “x".
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The passing ion density at the axicell midplane is then given by,

¢ o R .
X 1/2 X X, xi
n, o =n, exp ( -==)[1-(1-R, .)7"% exp ] .
icx ic 'ic X, X1 Tic(Rx,xi 1)

Central cell ions passing through the axicell outboard peak, point "xo",
occupy the region labeled I in Fig. 2. For particles at "xo" and farther
along the axis, the effect of the central cell loss cone on the passing ion
density calculation becomes increasingly important as the point in which the
passing density is calculated moves towards the ends of the device. For the
axicell MFTF-B parameters the central cell loss cone correction to the passing

density at "xo" is ~ 50%. Thus, the passing ion region does not include the

central cell loss cone. The passing ion density at the axicell outboard peak

is given by
Nipxo = 0
for ¢, < ¢,. For E¥ » E' (see Fig. 2)
¢
= - = X - T . pyl/2 2
Nipxo = Mic exp( T?—)[exp(x)(erfc/x erfc/x + x_) + (Reg.a = 1) =
*(exp(- TR_____I_)_XcRx,a ) D/ “ua 1 xoux X
X,a - (Rx’a - 1) —1 - Rxo,a (1 - Rxo’a)
- exp(=x.) D p——-—Tx . ) - R, - 12 2 (exp(- -(—————-yXCRX’a )
‘ x0,a ~ X0, x &3 Rx,a = 1
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where X = 222
T
« = bc 7 9%
c T.
ic
_ z 2
and D(z) =e % [ e dz
0
in Dawson's integral.
For (E* < E'),
n =n,  exp(- iﬁ—)[exp(x) erfo/X + =2 (R - 1)1/2 [ A —
ipxo ic Tic /o X0,X Rxo,x -1
¥ X
) o2 _1/2 ) X T X
exp(x) erfo/x + X. = (Rxo,a 1) expl( xc) D R =1 ] .

Next, we calculate the central cell ion passing density at points beyond
the axicell outboard peak: transition t, yin-yang inboard peak Yis sloshing
jon inside peak a' and barrier midplane b. The passing region is labeled I in
Fig. 2. These points have the same type of expression for their passing
density. We evaluate the passing density at a point with magnetic field Bj
and relative potential dy - ¢j with respect to the central cell. The passing

jon density at the point j is as follows.
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For do < by

For oc > Oy
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and the loss cone contribution Ngcj is given next.
First we consider the case Rj,a = Bj/Ba < 1. For ¢, < ¢, + ¢xo(Rx,a -

l)/(Rxo,a - Rx,a)’
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_ b T
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X0,a

Next we consider the case Rj,a = BJ-/Ba > 1. For ¢, < o, + ¢xo(Rx,a -

1)/ (Ryg,a = Ry,a)»

_ _ X . _ 1/2 2
Neci = Mic exp( T;Z)[exp(x) erfo/x +x . + (Ry o - 1) =
* - - - - - - -
(exp( x.) D/ Ty ¥ %,5) exp(-x R} D/=x_ Xej = Xaj )

(I = R. )
- (1 - 1/2 j,a
(1 Rj,x) exp(xj)(erfc ///xca TT-:-EET;T LRSI

_ - - 1/2
erfe/x ¥ Xj) (1 Rj,xo) exp(xjo) erfe/x ¥ X0 ],

¢. = ¢
c X
where X . = p——
ca Rx,a 1
For ¢, > ¢, * 4>xo(Rx,a B 1)/(Rxo,a - Rx,a)
n, .=n, exp(- i)-(—)[ex (x) erfc/x + x_ - (R, _ - 1)1/2 2 [exp(-x_ R
2c jo XPLT T P c Jsa /e Pi™Xco X0,a
ic ™
- x50 D/-xcj = X35 " *ao ~ Xco * exp(-x ) D/-xcj N ]
1/2
- (1 - Rj,xo) exp(xjo) erfc/kjo + xxoRxo,a W ] .

52



The electron velocity space in E, u variables is shown in Fig. 3.
Central cell electrons occupy the region located above the line E = uB., ex-
cept for the central cell loss cone. Electrons passing through the axicell
outboard magnetic field peak and beyond, occupy the region located to the left
of E = ”on + (¢xo - ¢x). Three electron species are considered: central
cell electrons (cold), plug electrons (warm) and hot, barrier electrons. Warm
and hot electrons are confined to the anchor. We assume that the rest of the
device contains only central cell passing electrons. Figure 3 shows the warm
and hot regions; the remaining space is considered the cold region. To calcu-
late the cold electron density along the machine a central cell Maxwellian
distribution function is assumed. The cold electron density at the axicell

midplane "x ', neglecting the loss cone effect, is given by

¢

- c
ecx = Mec eXp(TZ:)

where n and Tec are the central cell electron density and temperature.

€C

Similarly, at the axicell outboard peak "xo", the cold electron density is

given by

where the loss cone effect has been neglected.

For points located outside the axicell, the loss region becomes broader
and its effect on the cold density is significant. The cold electron density

at the transition is given by
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The same expression holds for the inboard yin-yang peak "yi" after substitu-
ting ¢4 by ¢yi and By by Byi’ and assuming Byi < Byo.

Next we consider the anchor region where at every point there is more
than one electron species. At the inboard sloshing ion density peak, point
“a'", we have two species. Cold electrons are located above the line E = “Byi
+ (¢yi - ¢,) and their upper energy limit is the loss region boundary. Hot
electrons are bounded by the lines E = “Byi + ¢yi - ¢, and E = uByr + 9.0 -

¢,- The cold electron density at a' is

¢, = 9. /o : ~ b0 6, ot ¢
Naca' = Mec exp(-éT———E—J[erfc —le———E— - erfc/// £ T a X
ec ec ec

(¢ s T ¢ V)

K R,
1/2 byi T %a Lyilyi
- (1 =R ) erfc/// - exp(—=—245— )
a',yi Tec(l Ra',y;) T (1 R ',y1)

- T ¢ (¢ - ¢ v o)
1/2 be " % X yi X
+ (L -R ) erfc/// — exp( ’ — )] .
» YO (l R |’y0) (1 R |’y07
Barrier electrons are located above the line E = uBb tép - oy (Fig. 3).
Those Tocated to the left of E = uByi + ¢yi - ¢, are the cold species. The
rest of them are hot, barrier electrons. The upper boundary for the cold

species is the loss region. The cold electron density at the barrier is given
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In the plug region there are three electron species. Warm electrons are
confined to the plug. Cold electrons are situated above the barrier base

energy line E = uBb + ¢p -~ by, tO the left of E = uB = by Hot

yi + ¢yi
electrons are located above the line E = uBb t ¢p - ¢4 and to the right of

E =uB The upper boundary of the cold region is the loss cone.

yi T Oyi T 4x-
The cold electron density at the plug is given by
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X b a a 2 1/2
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The barrier hot electron population is centered at the barrier midplane.
Its density falls to zero at the inboard and outboard yin-yang peaks. We as-
sume a Maxwellian distribution function for the barrier hot electrons, with
Tep = 0.8 Egpps neglecting the anisotropy of the actual distribution function.
The hot electron region at the inboard sloshing ion peak, point a', is the

part of velocity space limited by the lines E = uB,+ + ¢,+ -~ ¢, and £ = ”Byi +

dyi ~ ox The hot electron density at a' is then given by
(¢--¢I)
- _ 1/2 'L,yi'Tyi
Nena' = MenbPo exp(——T—-—)[l +(1-R ',y') exp( TR y1) )
¢ = b ¢ = b4
* erfc/// L2 - erfc///-llT———E- ],
Tep't = R ',y1) ec

(6,5 = ¢ IR, s
-1 1/2 yi b'"b,yi

where A®=(1-R _.) exp ( — 2] .

0 b,yi TepH Rb,yi)

The plug hot electron region Dy, is located above the line E = uBy + ¢p = ¢y
and to the right of the line E = uByi + ¢yi = 9y The hot electron density at

the plug is given by
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bt -4 Ry yi(0c + 005 = 0,)
- b c X 1/2 a,yi''c yi X
n =n_ A exp( J(L =R, . .) exp(—=2 — )
eha ehb”o Teb a,yi Teb(i Ra,yi)
. erfc///(¢b - ¢yiwyi,b ‘ byi T O T o
Teb11 = R}i,b) TEbI]. - Ra,yi)
¢ — ¢ ¢, + ¢ - ¢
+ (Ra b~ 1)1/2 exP(T (%1 E 17 ~ b T < X) "'2’
: eb'yi,b eb 'z

* D/// ¢yi 0 _ P o T Oy ]
Teb(Ryi,b - 1) Teptl - Ra,b7
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Table 1.

MFTF-B parameters and Inijtial Conditions

Magnetic Fields (T)

B = 1.0

BXi = 6.0

By, = 4.0

on = 12.0

By = 0.85

Byi = 3.0

Bb = 1.0

Ba = 1.4

Byo = 3.0
Densities (cm™)
12
N hx 1 x 1011
nicbt =] x 1012

Njc =1x 10
n, =1x 108
Nipg = 5 X 1011
Newa = 1 x 1011

nehb 2 x 10

Initial Conditions:

Other Parameters
frf = 0.5
Teb/Eehb = (0.8
fs = 0.4
Yy = 2.0

59

Dimensions (cm)

Leff,c = 1260.0
Leff,x 51.3
Leff,t = 723.0
Leff,p = 145.0
Leff,a = L145.0
Leff,eh = 184.0
Leff,s = 88.0
re 30.0

Temperatures (keV)

Eipg = 1.0
Tic = 0.1
Tee = 0.1
Eipg = 1.0
Ty = 1.0
Eepp = 1.0



" (b)

Fig. 1. Axial profiles for the axicell MFTF-B reference case.
(a) Axial magnetic field.
(b) Electrostatic potential.
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Fig. 3.
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Fig. 4. Axial density profiles for the axicell MFTF-B reference case.
(a) Ions.
(b) Electrons.
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Fig.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(J)

(k)

(1)

5. Time evolution of plasma parameters and external sources applied to
the plasma during startup.

Temperature or mean energy (keV): 1 - Axicell hot ion mean energy Eihx;
2 - central cell ion temperature Tier 3 - centra] cell electron tempera-
ture T, - sloshing ion mean energy E;p.; - plug warm electron

tempera%ure Tews 0 - barrier hot e1ectron mean energy Eqppe.

Densities (cm' ): 1 - axicell hot ions Nihxs 2 - transition trapped ions
n; ; 3 - barrier trapped ions n; 4 - central cell ions n;
ictt ich t ic?
5 = "central cell alpha part1c1es n plug sloshing ions n; iha’
7 - plug warm electrons "ewa’ %arr1er hot electrons Nehb *

Total densities (cm™3): 1 - central cell ne; 2 - axicell n,; 3 - transi-
tion region ngs 4 - barrier ny; 5 - plug n,.

Beta parameters: 1 - central cell; 2 - axicell; 3 - transition;
4 - barrier; 5 - plug.

Ambipolar potentials (keV): 1 - central cell floating potent1a1 ¢
2 - axicell midplane ¢,; 3 - axicell magnetic field peak ¢xo’
tion ¢ 45 5 - barrier ¢hs 6 - plug o

Confinement products (s/em3): 1 - central cell ions; 2 - central cell
electrons; 3 - plug sloshing ions; 4 - axicell hot ions; 5 - barrier hot
electrons; 6 - plug warm electrons.

%ransr

Pumplng parameters: 1 - transition region 945 2 - barrier region 9 and
ion trapping rates (A); 3 - transition reg1on, 4 - barrier region.

Particle sources (A): 1 - axicell neutral beam injected source; 2 - axi-
cell neutral beam absorbed source; 3 - transition neutral beam injected
source; 4 - transition neutral beam absorbed source; 5 - barrier neutral
beam injected source; 6 - barrier neutral beam absorbed source.

Particle sources (A): 1 - sloshing ion neutral beam injected source;

2 - sloshing ion neutral beam absorbed source; 3 - central cell neutral
beam injected source; 4 - central cell neutral beam absorbed source;

5 - central cell gas injected source; 6 - central cell gas absorbed
source.

Neutral beam power {(MW) injected into the plasma: 1 - axicell; 2 - tran-
sition; 3 - barrier; 4 - sloshing ion; 5 - central cell.

RF power (MW) injected and absorbed in the plasma: 1 - external power
applied to central cell ions; 2 - power absorbed by central cell ions;

3 - external power applied to plug electrons; 4 - power absorbed by plug
electrons; 5 - external power applied to barrier electrons; 6 - power
absorbed by barrier electrons.

1 - fusion power produced (MW); 2 - total power injected into the plasma

(MW); 3 - total power absorbed by the plasma; 4 - multiplication factor
q.
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