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THROTTLE COIL OPERATION OF TMX-U

ABSTRACT

A tandem-mirvor configuration with an axisymmetric central cell, similar
to the geometry of MARS {Mirror Advanced Reactor Study) or the Kelley-TDF mode
of MFTF-B, can be generated by inserting a 6-tesla, throttle coil in each end
of the TMX-U central cell. The throttle coil geometry of TMX-U will test the
Physics issues associated with axisymmetric tandem-mirror reactors, such
issues as (a) increased radial confinement time for central-cell jons confined
by axisymmetric mirror cells and electrostatic potentials, {b) theoretical
limits set by the trapped particle instability for the reguired passing
density between the central cell and the end-cel) anchor, and {c} pumpinrg of
trapped particles within the thermal barrier and transition regions with
methods other than neutral beams. The central-cell plasma parameters for the
throttle coil) geometry are evaluated for two operating points. The first
requires heating hardware (neutral beams and ECRH) and vacuum performance at
the TMX-U proposal level, yielding plasma parameters, central-cell betas, and
pliasma confinement exceeding those of the original TMX-U proposal. The second
operating point, requiring approximately half the ECRH end-cell performance of
the first, is predicted to equal the beta and to exceed the plasma pressure
and confinement time of the central cell in the standard TMX-U geometry.
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1. INTRODUCTION

D, L. Correll

Comparative studies]"] of end plug configurations for tandem mirror
fusion reactors with thermal barriers led to the selection of the
axicell! -2 configuration as the reactor geumetry for further detailed
des*ign.l"3 Both the eng‘ineering]"4 and ph_ysi:sl"5 aspects of
converting MFTF-B from an A-cell to an axicell geometry have been documented.

The purpase of this present document is to discuss the physics issues of
adding 2 6-tesla axisymmetric-coil insert (see Fig. 1 -1) to beth ends of the
central cell of TMX-U.'*"® This throttle coil insert also includes an
accompanying low-field transition cail to winimize the geodesic curvature of
the transition between the central cell and end cell. Smaller geodesic
curvature will in turn Tower the amplitude of parallel current in equilibrium
and reduce the resonant-particle radial transport_associated with»the
quadrupole niagnetic fields within the transition. The throttle coil geometry
will net only improve the axial confinement of the central cell by the
electrostatic enhancement factor exp (%) but also will reduce radial
losses, associated with nonsymmetric magnetic fields, by the axisymmetric
mirror ratio RTh' The axial magnetic-field profile for the throttle coil
geometry is given in Fig. 1 -2.

The objectives of the TMX-U throttle coil experiment are:

(] To generate data bases relevant to axicell tandem mirrors: radial
transport, MHD equilibrium, low-frequency stability, and
microstability.

] To demonstrate improved central-cell performance by both
axisymmetric-mirror and electrostatic confinement.

® To evaluate thermal-barrier end-cell power requirements for tandem
mirrors with throttle coils.

The throttle coil geometry will allow future investigations into methods of
trapped particle pumping other than neutral besms.

The central cell length for the throttle geometry is equal to the
axisymmetric section of the standard geometry. This design constraint
precluded the aldition of a complete axicell, similar to MFTF-B and to Mirror
Advanced Reactor Study (MARS), for TMX-U. More recent geometries for the MARS

T
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study use a throttle coil exclusively. As seen in Fig. 1 -3, the axial
magnetic-field profile for the throttle geometry is very similar to the
Kelley-TDF mode of MFTF-B. The plasma potential ($) and density (n)
profiles for the throttle coil geometry and standard geometry of TMX-U will
qualitatively be the same as the pravicusly calculated Kelley-TDF and TMX-U
operating modes of MFTF-B (see Fig. 1 -3).

Generation of a potential bump in the TMX-U central cell that is similar
to the axicell bump in the MARS mode of MFTF-B will not be possible. The
throttle coil gecmetry however, wil1 allow investigation of most physics
issues required for the design of a thermal-barrier tandem reactor
incorporating axisymmetric geometries. These physics issues are addressed
individually in Section 3 of this dgcument, Reference 1.-5, entitled Physics
Basics for an Axicell Design for the End Plugs of MFTF-B, presents a detailed
introduction to the theory of these physics constraints. Section 3 does not
include issues already being tested in TMX-U, issues such as, {a} start-up and
generation of hat, mirrvor-confined electrons, (b) electron microstability, {c)
hot electron stability (MHD), and {d) ion microstability of the end cells.
These topics are reviewed in Section 2.3, Table 1 -1 lists the axicell
physics issues addressed in Section 3, the means of control, and the
theoretical 1imits expected in the TMX-U throttle coil geometry,

The central-cell physics parameters in Section 2.2 of this report were
arrived at by satisfﬁing the constraints of particle and power balance (see
Appendix A), by meeting the theoretical limits given in Table 1 -1, and
utilizing the neut:al beams, the ICRH; and the ECRH that were available on
TMX-U. With respect to neutral-beam heating of the central cell, we compare
in Tabie 1 -2 the standard geometry reference cases A and B with cases C and D
having TMX~U throttle coil geometry. Case C reguires heating hardware
{neutral beams and ECRH) and vacuum performance at the TMX-U proposal level
that will yield plasma parameters, central-cell betas, and plasma confinement
exceeding those of the original TMA-U proposal. Case D performance, requiring
approximately half the ECRH end-cell performance of Case C, equals the
predicted beta and exceeds the plasma pressure and confinement time for the
central cell with the standard geometry of TMX-U.

The most abvious improvement in the throttle geometry compared to the
standard geometry fs the increase in the radial confinement,

(nt)zgdia1. because of the reduction in the number of central-cell
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Table 1 =1. Physics issues of axisymmetric tandem mirrors,
Means of Thegretical Scaling Reference Case C
Section Control for Case C Parameters
3.1 M0 8, = a;i? B, < 1.28, 8, = 0.5
stabflity BA = Eent By % 0.4
3.2 Parallel g (T) A (arent) - zo(gii) B, 04T
currents c ¢ [
KD, Geodesic % % §H0ds 0.2
curvature .
1 " 8,8
3.3 Electrostatic n = n [ ATh
ballooning Pass ‘B;: pass > 7 _B?_— > 20
c
Brox6T
3.4 S::;E]—ce'll lbeam‘ Igss’ ij £{v,) monotenic 5 Igas » 2 amps
stability Pitch-angle width > 22 Binj - 65°
’ B = 0.5
3.5 Radial £ (v/em) 1}, (s) = 0.5 J-% £ < 100 V/em
transport E
- -3 PUD () o
3.6 ;::;a::ge Poass {em ™) I pg:g 100 N bass = 1.2 x 1072
n
pumping Tpass {kev) P Tpass > 1 keV
pass
3.7 E:ir?aces/ £7%8 drift closed r?\""n < 26cm ra =25 cm
adiabaticity 51 (keV} t:diabatic (s) = . IL’Scm/: {16 Ka¥ D*-i
einj '

60 exp [—2} v (mam,s)]




Jable 1-2. Central-cell parameters for TMX-U.

Throttle

Parameter Standard Genmetry —__tri" geometry
Case A Case B Case C Case 0

Plasma Species H, 02 l)z 02
Density, 0, (m”c.r:') Y.7¢warm}), D.E{hot) kX I 4,0 3.0
Tan Energy, € (l:eV) T.4{warm), 4.7(hot,§} 2.0 5.5 1.0
Ton Temp., T,-L—. ™ (kev) 0.9, 0.9{warm) 1.5, 1.0 4.3, 2.4 2.3,1.4
Electron Temp., Top (keV) 0.6 0,352 0.78 0.52
Magnetic Field, B, n’c"“'“‘“' {n 0.3, 2.0 0.3, 2.0 0.4, 6.0 0.4,6.0
Ion Beta, 8. (L} 0.07(warm), 0.13{hot) 0.21 0.43 0.23
"Total Beta, B, (D 0.26 0.26 0.50 0.27
Canfinlng Potential ¢, (k¥) 2.2 2,2 2.2 2.2
Central Cell Paiential ¢, {kv) 2.6 1.6 i 2.3

® patal Continement, {30! fao! Tom 3 5 w 2 o n n
Radial Confinement, (m’)ia‘”'l ('IDll es) [ 6.7 200 60
Pumping Confinement, (M)pumping ('IO”cm'J's) 3 [ 50 3
Total Confinement, (n1)}2t2 (10" Tem~2us) 39" 2.1(a.3)b 8.6b 5.4b
Bean Curvent, 14, 1902 (4on a) 180, 27 180, 37 170, 22 90,10
Gas Feed, IC%, 1;‘;:“ {Rtom A) a8, 42 170, 57 5. 2 39,13
Plasma Radius & Length, Ter Le [em) 26, 510 22, 510 17, 260 17,260
Plasma Density at B"“"“. n:‘::g‘:q (0% Y not calculated 2.2 1.2 1.5
Passing Temp. at B"""m' Tg'::;f:g (kev) not calculated 0.6 1.3 1.0

%goes not include additional power input to the central-cell electrons through the end-cel) electrans from ECRH,
Pyalues in parentheses are without pumping 10sses (T1C)“ N (-ri::“‘)'l + (t‘;:d“‘)". Values with no parentheses include

=1 axialy-1 radial,-\ umping, -1
pumping Tosses, (v, )™ = (1{} )yl (T s (-r‘;c )y .




ions that experience radial resonant traasport associated with nonsymmetric
(quadrupole) magnetic fields. The throttle coil magnetically confines

approximately (1- ?ﬁl_) fraction of the central cell ions to axisymmetric field
Th

regions. Only electrostatically confined central-cell ‘ions experience any
quadrupole fields, Thus the central-cell ions confined to the machine, i.e.,
those not Tost axjally at the Pastukhov confinement rate, (nt)géia]
fall into two classes: first, ions magnetically trapped between the two
throttle coils {trapped population) and second, jons electrastatically
stoppered between the peak end-cell potentials {passing population).

Ion-particle losses from the central-cell passing population that are
either collisionally trapped or are charge-exchange pumped within the end cell
and transition cell are known as pumping 1osses. Because only the passing
poputation is subject to the pumping losses, the effective confinement
parameter, (nt)ggmping, for the total central cell fons (trapped plus
passing) is larger than the pumping confinement parameter of the
passing-particle

L]

"¢ .
Improvements in density and ion energy give higher central-cell plasma
pressure, which demands the central-cell magnetic field change from 0.3 to
0.4 T to meet MHD beta 1imits, Figure 1 -4 gives the axiai variation of B,
¢, and o that corresponds to Case C of the throttle coil geometry.
Unlike Kelley-TDF scenarios where T;: > Tgc = G40 in the
MARS mode of MFTF-B and in reactor scenarios where central-cell ion
confinement is on the order of 100 times the ion-ion collision times, the
imp}ovement in central-cell confinement by mirror effects must be replaced
solely by electrostatic confinement, where T{t = Tgc < ¢ic'
The throttle geometry could address physics issues associated with the

.

population by a factor,
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ion-velocity distributions of the central cell that are expected for the MARS
mode, if ICRF heating and neutral gas fueling are used in the central cell
instead of neutral beams. The retative number of mirror trapped and
electrostatically stoppered ions would differ from the previously discussed
throttle coil Kelley-TDF modes and the passing population would become more
dominant.

The throttle coil geometry could also be operated in the “standard TMX-V
geometry” mode of MFTF-B where the central-cell density is constant through
the transition by not pumping the transition region. Thus, all three modes of
MFTF-B (see Fig. 1 -3) can be operated in the throttle geometry.

The remaining two sections of this document provide detailed analyses of
the plasma parameters and operating modes (Section 2) and give thearetical
background on the physics issues of a tnermal-barrier tandem-mirror reactor
that are addressable in the throttle coil geometry of TMX-U (Section 3).
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2. PLASMA PARAMETERS AND OPERATING MODES

2.1. QOPTIMIZATION OF MAGNETIC FIELD GEOMETRY
C. Damm and R. Wong

The geometry of the design for the throttle coil magnet is based on a set
of constraints aimed primarily at controlling the cost and schedule for the
modifications, The first constraint is that the overall machine length should
remain the same. This eliminates costly pit extension and vacyum-chamber
rework. The second constraint is that the end plugs, with associated neutral
beams and ECRH equipment, should be used as they exist. This ensures that
ena-plug plasmas can ba generated without additional ECRH or neutral beam
capability and without costly relocation of injection ports. The third
constraint is that the plasma radial size should remain about the same as in
the present TMX-U, rp = 15 ¢m, with a halo extending teo rp = 25 ¢cm.,

This ensures the adequacy of the heating systems, brackets the vacuum
requirements at the present level, and sets the size of the flux bundle that
must clear any insert coils.

With these constraints, insertion of a full axicell at each end of the
TMX-U centr2l cell reduces the central-cell to an insignificant length.
However, insertion of a single axisymmetric coil at each end leaves room for a
reasonable central cell and this geometry was adopted. The ,ore of the
high-field solencid is chosen to clear the = 23-cm_flux bundle with
Br, = 2.2 T (see Fig. 2.1-1). At this field, By, = By" and, with the
present value of the central fig]d Bc = 0,3 T, the fraction of central-cell
ions passing ta the anchor will be the same as in TMX-U. This gives a tie-in
of performance, inciuding trapped particle effects, to the present operatian.
Improved performance by reduction of the passing-ion fraction requires
increasing By,. A maximum field strength of 6 T was selected for the
reference case. This makes TMX-U a half-field version of MFTF-B. At this
field, the flux bundle with rp = 25 cm easily clears the bore.

While a central field strength of B, = 0.3 T provides a tie-in to
present TMX-U operation, higher central fields help to meet
trapped-particie-mode stability requirements {(Sec. 3.3). Higher fields also
allow confinement of higher plasma pressures, within the_constraintsvof MHD
baliooning 1imits (Sec. 3.1). Because the existing central-cell beams are

1
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Fig. 2.1 -1. Projection of flux lines on the § = ° plane faor

rp = 23 cm and Br, = 2.2 T. Clearance to the throttle coil

conductor bundle located at z = 220 cm Teaves room for coil casing and
iead box. The section of the second transition guadrupole is at z =
290 cm.
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adeguate to sustain higher plasma pressure with the improved confinement
predicted for the throttle coil geometry, a reference case value of BC

= 0.4 T was selected as best meeting the several stability and perfarmance
requirements., Variation of BC between 0.3 and 0.5 T (the maximum
attainable) will then aid testing of the stability criteria.

The field design now reduces to an optimization of the transition between
anchor and throttle coils so as to maintain adequate MHD stability with
minimum geodesic curvature. The physics basis for this optimization is
identical to that described by Baldwin and BulmerZ:1*~1, »

The MHD-stability requirement is set as a minimum {0 match the present
TMX-U reference case at 8, = 0.25, for B, = 0.33. The goal for the
geodesic curvature is to reduce the net value integrated over the transition
region te zero. A gquadrupole pair similar to the MFTF-B transition was tried
for TMX-U but with that geometry, net-zero geodesic curvature could only be
achieved by lengthening the transition and hence reducing the ceatral-cell
Tength to an unacceptable value, Instead, the existing transition coil is
retained and the geodesic curvature minimized by the addition of a second
smaller quadrupole adjacent to the throttle coil (Fig. 1.-1). Quadrupole
currents in this magnet oppose those in the large transition coil, thus
providing a Tocal reversal in geodesic curvature and the desired reduction in
net value. The coil shape and optimum transition-coil currents were
determined by successive trials, using the EFFI code to calculate the fields
and the TEBASCO code to evaluate normal and gecdesic curvatures, parallel
currents, and MHD stability. While the geodesic curvature could not be
completely zeroed with the constraints jmposed, the improvements in
performance predicted by theory for the reference design are substantial as
will be seen in subseguent sections. With tﬁis ¢oil arrangement, the
central-cell length is 4 m between throttle-field peaks, a length
approximately equal to the axisymmetric part of the TMX-U central cell in the
absence of a throttle coil. A plot of the rp = 15 ¢m flux bundle is shown
in Fig. 2.1-2.

Reference

2.1.-1, D. E. Baldwin and R. H. Bulmer, A Physics Conceptual Design for the
MFTF-B Transition Coil, LLNL Report, UCID-19562 (August 1982).

13



t

Fig. 2.1 -2. Projection of flux lines on the 8 = 0° plane for
r-p = 15 ¢m and BTh = 6 T (reference cise}. The center of the
central cell is at z = 0.
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2.2. OPTIMIZATION v THE KELLEY TDF mODE
D. L. Correll and M. E. Rensink

Reference Case

Table 2.2-1 compares the TMX-U central-cell-plasma parameters for the
throttle coil and for the standard geometry. Case A is the grigina?
thermal-barrier reference case of the TMX-U proposal ({see Ref. 2.2-1, Table
A2-1, p. A-21). The analytically derived parameters of Case A can be compared
to the Fokker-Planck derived values given in Case B. The Case A plasma is
hydrogen and the Case B plasma $s deuterium because improved operation of
TMX-U has been observed with deuterium. Case C is the throttle coil reference
case, which requires ECRH, neytral beams, and vacuum performance at the level
of the TMX-U proposal. Using the same jon-confining potential (¢1c) and
electron temperature (Tec) as in Cases A and B, we ran the Fokker-Planck
code® *272 yith a central-cell mirror ratio of 15 (Bc = 0.4 7 and By, = 6 T,
with radial losses, as well as pumping losses, being applied only to the
passing population. For the total central-cell population, the confining
parameter resulting from passing-particle losses is larger than lpass1ng
by the rativ n, /npass1ng evaluated at the midplane. Also included in
the loss boundary (see Fig. 2.2-1} in Case C was a potential drop, A¢C
0.8 keV, from the central-cell midplane to the central-cell mirror throat.
Case D, the other reference case for the throttle coil. geometry, reauires
approximately half the ECRH end-cell performance and half the central-cell
beam current as Case C. Because of the larger fraction of passing part1c1es,
the 1oss boundary for Case D's was defined with A¢ = 0.

Campared to Case B the throttle coil geometry of Case C as predicied by
Fokker-Planck analysis, will show a2 30% increase in density, a 200% increase
in beta, a 275% ircrease in jon temperature, and a total central-cell
confinement parameter four times larger [[nr)tuta1 =8.6%x10cen3 s
compared to the standard geometry value of (T?' 3—7 + 1)'1 x 10

=2.0%x 100 ¢ '3-5]
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Table 2,2-). Lentral-cell pacameters for TRE-U,

— e e

. . Throttle

Parameter Standard Geometry coil geometry

Case A Case 8 Case C Case O
Plasma Species - H, o, . tl2 02
Density, o, (101%em3) 1.7(vara), 0.6(hot) (AN 0 3.0
lon Energy, E“__ (kav) 1.4{warm), 4.7(hot,}) 2.0 5.% 3.0
Ton Tem., T, r'i'c (ke¥) 0.9, 0.9{warm) 1.5, 1.0 4.3, 2.4 2.3,1.4
Electran Temp., Tee (kev) . 0.6 0.389 0.7 0.52
Magnetic Field, B, a‘:“'"““ in 0.3, 2.0 0.3, 2.0 0.4, £.0 0.4,6.0
Ton Beta, By, {1) 0.07{worm), 0.13(hot) 0.7 0.43 0.23
Total Beta, B, (1) . 0.26 0.26 0.50 0.27
Confining Potentia dic (kv) 2.2 2.2 2.2 2.2
Central Cell Potential ’ec {kY) 2.6 1.6 . 3a 2.3
Mxtsl Confinement, (n)3A121 (10" len3es) 10 2 n n
Ragta) Confinement, {n}j2912 (10'Ten30s) 5 6.7 200 60
Punping Conf inement, (n7)fomPind (0 len3-5) 3 4 50 13
Total Confinement, (n7)52t27 (10" Tem™3:5) 3.9° 2.1{4.3)b 8.6b 5.4b
Bean Cureent, I10C10, 11001z (pron p) 80, 27 180, 37 170, 22 90,10
Gas Feed, 1522, l;:';h (Btom &} 88, 42 170, 57 6, 2 39,12
Plasma Radius & Length, Tor Lc {cm) 26, 510 22, 510 17, 260 17,260

irror _mivror 13 -3

Plasmo Density at BT + Mhaseing {107€07°) not calculated 2.2 - 1.2 1.5
Passing Temp. at BI"TO", 1;“;;:;’,"’!3 (keV) not calculated 0.6 1.3 1.0

®poes not Include sdditional power input 0 the central-cell electrons through the end-cell electrons from ECRH.
Byalues 4n parentheses are without pumping Yosses {1, c)" € (1::"‘)" + (t';:‘"“ )’1. Values with no parentheses include

. pumping Tosses, (T1c)..] - (t:’é“')" . (-r';:'“al)'] + (Tlglémping)-l'
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The parameters for Cases C and D are a self-consistent set in that they
satisfy all the physics constraints discussed in Section 3.

In the remainder of this section, we give a step by step discussion of
the parameters within Table 2.2-1. Appendix A supports these values by the
use of analytical equations to model the particle and power balance.

Central-Cell lon Fokker-Planck Results

In Table 2.2-1 we summarize the Fokker-Planck studies and associated
analytical calculations used to compare the standard and throttle-coil-
geometry operation of TMX-U. The power- and particle-balance equations for
the central-cell ions (see Appendix A) were solved initially without the
additional constraints set by the theoretical limits of Sectjon 3. At a
midplane magnetic-field value, Bc = 0.3 T, the available neutral-beam power
was large enough and the ion confinement long enough so that the calculated
parameters from the Fokker-Planck code could surpass the the theoretical
central cell heta 1imits. In the reference case, the operating parameters for
Bc = 0.4 T satisfy the constraints from Table 1-1.

The Kelley-TDF mode of the throttle coil geometry utilizes the same
end-ce1l parameters and the same central-cell neutral beams as the standard
geometry for TMX—U.Z'Z'1 Using the same standard-geometry value for the ion-
confining potential, ¢, = 2.2 k¥, and the values of 170 atom amps (Case C)
and 70 atom amps (Case D) for the jncident neutral-beam current with
Vextraction = 15 kV, the centraléczlé ion distribution is calculated using
the Fokker-Planck camputer code.”* The central-cell electron
temperature, Tec' i$ an input parameter to the code. The Tec input value
of 0.6 ke¥ is justified in Appendix A, which.gives a detailed description of
the electron power and particle balance for the central cell.

The velocity-space loss boundary at the central-cell midplane is shown
schematically on Fig. 2.2-1. The two mirror ratigs are the central-cell
mirror ratio, Rc = BTh/B = G?EIT = 15, and the mirror ratig g;sgciated
with the potential peak ¢ within the anchor, R_=8 /B = 2.7,

A potential drop A¢ from the central-cell m1dp1ane to the throttle coil
exists because of the drop in density from the midplane, n trapped pass1ng
to the throttle coil, n?iSSing at B = BTh' Only recently couId the
potential peak and magnetic field peak he modelea in the code to occur at
different axial (z) 1ocations.2'2'3
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When comparing the Fokker-Planck results between the standard and
throttle coil geometry, the parameters associated with‘the Fokker-Planck
analysis of the standard geometry {Case B) will be used instead of Case A,
which summarizes the original TMX-U proposal nunﬂ:er-s.z‘z‘1 Beginning with
the input parameters in Table 2.2-1, the incident beam and gas sources for
Case B are the same as the TMX-U proposal. A derivation of the source terms
associated with the neutral-beam and gas injection is given in Appendix A.
Charge-exchange effects from the beam and gas sources were included along with
the ionization sources. The ratio of charge-exchange to jonization events
were 2 to 1 for the beam source and 3 to 1 for the gas-feed source. The
equivalent current in amps for each source can be evaluated by using
Is= n.ve % wrch, where qc is the centrai-cell density, L
v is source strength {s” '), for example, v;gg;z beam <gyy> OMZ, % js from
geometry averaging, assuming parabalic profiles in radius, r. is the plasma
radius, and L. = Bcfd1/Bc is the flux equivalent length (510 cm for
the standard geometry and 260 cm for the throttle coil geometry).

The value of re for Case A was arrived at by flux conservation between
the end-cell anchor and central cell (By = 0.5 7T, B, = 0.3 T), ry =20 cm
being the TMX-U proposal estimate. More recent estimates of rp with
thermal-barrier operation are closer to 15 instead of 20cm, with 2 halo plasma
extending to 25 cm. Flux mapping 25 cm to the central cell midplane gives
w1210 - 33 cm. The throttle coil at Bry = 6 T will allow, if
necessary, a plasma extending to 49 cm in radius to map from the central-cell
midplane through the coil. On the other hand, recent TMX-U data
(nonthermal-barrier operation) gives ro = 22 cm for a parabolic fit and 18
cm for a Gaussian fit to the beam-attenuation Vine-density
measurements.2‘2'4 Case B used re ® 22. Rather than reduce the Case B
value for r by the change in 8. from 0.3 T to 0.4 T for Cases C and D,
the ECRH harn aiming at 15 c¢m in the end-cell anchor was mapped back to the
central cell to give r. = 17 ecm. Similar mapping of the anchor halo radius
{25 cm) gives rga]° for Case C equal to 28 cm. At B, = 0.4 T, the
throttle ¢oil can be operated at or as Jow a value as 2.6 T and still allow a
28 ¢m radius plasma to map through. At Bc =0,3T, By, = 2 T still clears
re = 28 cm.

=n



The incident beam current, 11619 can be derived using

beam
jeniz (1.2 <ovp O3l neid | 1 oo <gv>totel rngy ‘
ic beam 37 ¢ ¢ <Uv>ioniz beam P v geom °
beam
{2.2.1)
where <gv>t0Ra] = uu1OMZ 4 (50X g Kgeom < 1 takes into

account that beam trapping occurs in the core and halo piasma and that the
beam footprint is not necessarily small compared to the core plasma diameter.
The incident gas current is the sum of the ionized and charge-exchange gas
currents.

The only major discrepancy between the standard-geometry Fokker-Planck
run (Case B) and the analytically derived parameters (Case A) is in the fon
energy and temperature. Case A assumed that the jon density had two energy
components: a "bulk® isotropic component with an jon temperture T:grm
of 0.9 keV and n¥grm of 1.7 X 102 em™3. The remaining density, 0.6 X 10'3 w3 =
n?gt, is described by a tail distribution made up of the slowing down,
neytral-beam trapped particles with a mean energy of 4.7 keV. The
Fokker-Planck output {Case B) gives an anisotropic Maxweilian distribution
with a perpendicular temperature Tf; of 1.5 and a parallel value
T?c of 1.0 keV. Similar to the TMX-U proposal, the central-cell beta
for Case A is the total beta (bulk jon, beam ion, and electron pressure).

Case C describes the thrattle cail gecmetry of TMX-U. The central-cell
volume, Vc = anLc, is 240 rather than 780 liters for Case B
because of the reduction in e and Lc' The central-cell mirror ratio Rc
reflects the throttle coil field value of 6 T compared to the inner end-cell j
mirror field value of 2 T. Case C assumes the same fon confining potential,
Pic = 2.2 keV, used for Case B, which wgszg?rived from the end-cell
parameters given in the TMX-U proposal.”* The electron temperature of
0.6 keV was aiso kept the same as in Case B. The electron power balance for
Case C (discussed in Appendix A) shows more than engugh ign-electron-drag
power in the central cell to justify Tec = 0.6 keV. From earlier studies of
the throttle coil Jeometry, it was apparent that a smaller gas feed would be
required and that a potential drop from the central-cell midplane to the

throttle coil would develop because of the large number of mirrgr-confined
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ions. The anisoptropic temperature, already present in Case B, will cause in
Case C (with R, = 15) the total density at By, to be less than at B,

because of the mirror effect. The value chosen for Aq:c in the ion Tlass
boundary in Fig. 2.2-1 was 0.8 keV, In Case C the final equilibrium value for
A¢C turned out to be

n
8 =T 1n—1S = 0.85 keV . . (2.2.2)

This small discrepancy will not affect any other parameters.

The solid curve in Fig. 2.2-1 is the loss boundary for axial losses. Both
the magnetically trapped and elactrostatically stoppered (passing) populations
are lost because of collisions that transport particles from the confined
region to the unconfined region. An analytical fit to the axial losses that
is within *10% to the Fokker-Planck resylt for R, > 10, Rp > 2, and
¢ /T4 of order one, is

. : b $.
(m,)‘gzcnal = 3x 1010,7?42 4 Tog R, + G(R) ;J.sexp._m . (2.2.3)
jc ic

E;. 2nd G(R) =5§-‘— In (2R + 2). The first term

wiro

where Tic =

of Eq. (2.2_.3) is similar in value to the axial confinement of a simple mirror,
x x 1010 (Egggm)ya log R. The second term is similar to the
$>> 1 Timit of the Pastukhov confinement,
2.3 . !
LI —‘/iG(R)ﬁexp2
4ne’Inp 2 T T

r

which for In A =20 and v = (2T/m)”2 becomes 2.4 X 10]0 1'3/2 G{R) %exp %

The simple mirror term is evaluated with R = R. = Br,/B.. the full

central-cell mirror ratio, and the Pastukhov term with R = Rp = Bp/Bc,

the mirror ratio to the potential peak within the end cell {log 6/0.4 = 1.2

and G(-g:—gé) = 2.7). For injection angles 8, other than 90°, one should

use the effective mirror ratio, Rogs = Asin e].nj. For "ic”ic

of order one, the Pastukhov term is only 50% larger than the simple mirror term.
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The dashed curve in Fig. 2.2-1 separates the confined region in phase
space into the trapped -and passing particle subregions. Tne passing-particle
subregion has an additiagnal lass rate, Vpassing' because of radial
transport associated with the nonsymmetric magnetic fields beyond the throttle
coil (v;:g;?lg) and because of pumping losses from the neutral
beams used to charge-exchange pump the trapped populations within the
transition and end cell (vgﬂ:giﬁg). The pumping loss rate also
includes the particle losses associated with the collisional trapping of the
passing population within the end cell and the transition cell. Whatever Toss
processes {radial or pumping) are experienced by the passing particles, they

are reduced for the total central-cell population according to

, n.
passing _ -1 ic

Tic Vpassing ppassing * {2.2.4)
ic

or equivalently,

. . n. Bmirror
passing oy jc c
Tic Vpassing amirrorf\ " B_ ’ (2.2.5)
ic

where nTérror = ny, and B21rror = B, From Fig. 3.5.3,

T:guia] > 0.5 s for radial electric fields less than 100 V/cm.

Equations 3.6.3 through 3.6.7 give ngmping = 0.13 571, For Ry =

= mirror . _ radial
BTh/Bc =15 and nic/"ic = 3, then Ypassing passing *
WUBRING - g5 4 360 = 450 577, giving T = 2.2 ms.

passing passing
Figure 2.2 -2 compares the perpendicular ion-distribution function,

fic(v }» for Case C with a gas feed giving 2 gas atom amps ionized to
that of a similar Fokker-Planck run {Case C') at half the gas feed. The fact
that fic(v ) for Case C' is not monotonic, as it is for Case C,

represents a destabilizing drive for instabilities within the central cell,
such as the drift-cyclotron loss cone (DCLC) mode {see Section 3.4). At
n..of 4x 1013 cm'3, VIoniz ey o1 generates two ionized

gas
atom amps and also a monotonic f,_ (v ).
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Fig. 2,2 -2 Central-cell veloc¢ity distribution for jons, fic(vl). A
minimym amount of ionized gas current (approximately 2 atom amp.) is reguired
to generate a monotonically decreasing fic(vl).
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To estimate what neutral beam source term, vbg:;z, will

generate a required incident neutral beam current rear the 180 atom amps
available, Eq. (2.2.1) is used. Particle balance demands,

n2
de | joniz joniz
Mﬂ.-NCG%S4WMm)' (2.2.6)
1c

Eas. (2.2.3) and (2.2.5) predict (a1}, = {[(n0) 3310131 o ((npyB2ssingy=ly-1

1012 ca3 5. The solution to Eq. (2.2. 1) for vIOMZ oo JHoniz

gas beam
1on1z 12
therefore, from Eq. 2.2.6 Mic = Vhean 10°¢ is that
ioniz -1 cid
Voeam = 40 57 for I;gam 180 atom amps.
Equation (2.2.6) would predict n,. approximately equal to 4 X 103 em3,
The following plasma-parameter values were used to solve Eq. (2.2.1):
L = 2.4 X100 en®

<gv> OMIZ = 3. 6 x 1078 cmdes™),

total

<gv> /<Uv>10n12 = 3’

=10% emss, k. = 0.45,

v
beam geom

4 hala -1
Sndl TN e sin e]nJ

halo

650, and e = 28 cm.

einj

Once the particle source term is picked and the particle loss rates
defined, the Fokker-Planck equation is iterated by the code until a velocity
distribution is generated that satisfies both ion particle and power balance.
The velocity distribution for case C s shown in Fig. 2.2-3. The
distribution is anisoptropic with TfL > TU and fills the entire confined

region of velocity space. Moments of f(v) give n, = 4,0 X 10 3
;t = 4.3 xe¥, and 1” = 2.4 ¥e¥. The central-cel) confinement parameter,
total 1on1z _ 1 =3, : :
{n r) = ic/vbeam = 8.6 X 10" cm™ s, is the reciprocal of the
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inverse sum of the axial, radial, and pumping confinement parameters:
11 % 10'7, 200 x 10", and 50 % 10'7 em s, respectively. The density and

pressure versus B profiles imply that nThrottIe =1.2 X% 10‘3 cm™3

Throttle _ passing
and Tﬁassing 1.3 keV.
The MHD stability of Case  reaquires maximum available end-cell beta,

and, therefore, optimum performance of the ECRH hardware. Case D of the
throttie coil geometry describes an operating point with reduced demands on
the end-cell beta and hence ECRH power. To reduce the central-cell beta but
still keep the density near that of Case B, we reduce the incident
neutral-beam currént from 170 to 90 atom amps, and a total of 39 atom amps of
incident gas fueling is included to lower the jon temperature.

When gas fueling is used to augment the neutral beam fueling, a larger
fraction of the midplane density will appear at the central-cell mirror, i.e,
the passing population will increase. This can be seen by comparing the ratio

mirror : : .
bassing ta ;. in Cases B and £, taking iato account that

a?irr°’ =2 7T for Case B and 6 T for Case C. The values for

of n

(nr):zdia1 and (nr)ggmp1ng will be decreased by the increase

mirror

in Nic according to Eq (2.2.5). The pumping-confinement parameter

will be Towered also because of the increase in n and the reduction

passing

in IE;;;?:Q, both of which lead to higher jon-scattering rates and,

therefore, to larger trapping and pumping losses (see Egs. 3.6.3 thru 3.6.7).
The axial-confinement parameter, (nt)gija’, remains nearly the same

because the decrease in the jon-scattering lifetime {proportional to

T?ézl is offset by the larger potential confinement (proportional to

¢ic/Tic) for ¢, being fixed at 2.2 kV (see Eq. 2,2.3).

Using the particle inputs, power inputs, and confinement times associated
with Case D results in an operating point with the same central-cell beta, but
higher confinement time, as Case B, but with lower demands on the central-cell
beam current and end-cell ECRH power in Case C.

Case C is still of interest because it has two and one-half times more
plasma pressure than Case D which allows regimes of MHD stability nearer those
of MFTF-B and reactor designs yet to be investigatad,
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2.3. END-CELL REQUIREMENTS
D. P. Grubb, T. D. Rognlien, and E. B. Hooper, Jr.

2.3.1. Introduction
In this section we compare the ECRH and neutral-beam power requirements

of the plugs in the TMX-U standard geometry device with those in TMX-U with an
added throttle coil. We find the throttle coil {Case L} needs less neutral
beam current than the present TMX but requires more ECRH power to anchor the
desired high central-cell betas, The reduced plug neutral beam reguiremants
with the throttle coil reflect the reduction of the required pumping rate in
the piugs (Sec. 3.6). The additional ECRH pawer is necessary to heat the plug
eltectrons to an average perpendicular energy greater than 70 keV so they can
effectively anchor the system against finite-g8 ballooning modes at the

highest achievable central-cell beta-Case € (Sec. 3.1). The specific causes
of the changes in the plug requirements are summarized in Table 2.3.1 along
with a qualitative assessment of the resuiting impact on the neutral-beam and
ECRY power systems.

Quantitatively, our analysis indicates that with the throttle coil in
place the plugs for Case C will require between 50 and 105 A of sloshing-beam
current and between 30 and 40 A of pump beam current per plug, These values
are presently obtainable on TMX. ’

In terms ¢f the ECRH power requirements, the available 200 kW
per plug is sufficient to heat the electrons t3 an average total energy of
35 keV at a density of roughly 4 x 10]2 cm'z. .This provides a peak plug
1?A of 0.20, which is sufficient to anchor a peak central-cell of‘ﬁ} of
0.26. This is less than the desired'§L of 0,50 for Case C. However, the
modeling to date of the hot-electron power reguirements has not included
finite ky effects and optimized microwave beam patterns, which could raise
the maximum hot-electron energy. We alsc note, though, that our models do not
incTude the absorption of ECRH power in the halo which surrounds the plug
plasma or any source of cold electrans in the potential peak. These effects
reduce the amount of ECRH available to heat the hot electrons in the plasma
core and, therefore, tend to reduce the maximum achievable hot-electron
energy. When all of these effects are included in our codes, we will be
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Table 2,3-1.

Effect of throttle coil gn plug-power requirements,

With Throttle Cofl

Primary Result

Secondary Result

{1) Thermal barrier filling rate

reduced

{2} Some pumping 15 done in the

(3]

{4)

(€]

(6)

7}

transition where there are
na sloshing {ons

Because of (1] and (2) the
throttle coil requires less
beam current

Passing-ion density in the
barrier is lower

Qensity of ¢old electrans
*leaning in® on the hot-plug
electrons is lower

The ratio Bp/Be required
for MHD stagillty is higher

Higher electron energy
required by {6} necessitates a
larger fraction af cold elec-
trons in the barrier to avoid
ion=jon two-stream instability

Less pumping current
required

Less sloshing-ion
current required

Less gas {ntroduced
inte plugs by
neutral beams

For g(b} ~ 2 the plug
with a throttle coil
allows more s1osh1"g
{ons at the barrier
and, therefore, a
higher density at the
potential peak

Less ECRH power
required

More ECRH power
réquired to anchor
the throttle-ceil
tandem

Wore ECRY power
reduired

Less slashing=ion
current required

Plugs require less
halo plasma

Less ECRH power
required to produce

$ic

8This henefit can be realized if a 0.25 density ratio of warm-ion to
sloshing-ion in the barrier is stable to loss-cone modes.
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better able to predict the maximum plug betas achievable in TMX-U. At this
time we feel that we will be able to heat the plug electrons to E;h > 70 keV¥
as required for MHD stability of throttle coil Case € (Table 2.3-1.}

In our analysis of the plug reguirements for TMX-U with a throttle coil
we have also examined the ECRH and beam requirements for Case D. Case D uses
less central-cell beam heating than Case C so that the central-cell beta is
reduced to 0.27. Based upon Fokker-Planck and Monte~Carlo code analysis of
the ECRH power requirements for fase D, we conclude that the available 200 kW
per plug of ECRH power is sufficient to heat the plugs to a beta of 0.20 which
provides an adeguate MHD anchor for the central-cell.

In terms of the plug beam requirements, we found that Case D requires two
more pumping beams per plug than Case C because the passing jon density is
higher and the passing ion temperature is lower in Case D than in Case C. TMX
has a sufficient number of neutral beams to provide the two extra beams per
plug. It is important, however, that we have a good vacuum for this case
because our present estimates of the pumping requirements do not include
charge exchange on background gas. This possible source of cold ions must,
therefore, be small compared to pitch-angle scattering and energy diffusion
wihich are included in our models.

We now proceed in Sec. 2.3.2 and 2.3.3 to describe the analysis for.Case
C whith led to our conclusions about the plug requirements. In Sec. 2.3.4 we
examine the guestion of jon microstability in the plugs. '

2.3.2. Plug Neutral-Beam Requirements

In this section, we describe the analysis that led to the plug beam
requirements. As jndicated in Table 2.3-1, the throttle coil geometry
requires less sloshing-beam current than does the standard TMX-U geometry,
primarily because the throttle coil reduces the density of passing ions in the
plugs which can fill in the barrier. This reduces the barrier filling rate
and, therefore, reduces the reguired pumping-beam current. In addition, with
the throttle coil, some of the pumping is done in the transition region away
from the plugs and the sloshing ions. (These phepomena are described in
Sec. 3.6.) Because the sloshing igans are lost predominantly by
charge-exchange with the pump beams, reducing the pump-beam current in the
plug alsoc reduces the required sloshing-beam current.
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We modeled the pumping in the plug region by using a multiregion
Fokker-Planck code developed by Matsuda.z'3'1 We found 2 sloshing-beam
current of 90 A with a pump-beam current of 40 A was sufficient to pump the
warm-ion density in the barrier down to niw(b) =8 x ID]1 cm'3, for a passing fon

N mirror _ 13 _ -3 . irror _ .
density npassing 1.3 x 1077 cm - with Tgassing 1 ke¥, This corresponds

roughly to g{b) = 2, where g(b) = [(npass + "trap}/"pass] evaluated at
the midplane of the barrier (point b).

At this time the code does not calculate the trapping of the sloshing
igns and, therefore, does not self-consistently calculate the slgshing ion
density. HWe can estimate sloshing~ion density by assuming the sloshing-ion
lifetime is determined entirely by charge-exchange with the pump beams. 1In
this 1imit, we solve for the sloshing-ion density according to

13 (sin 47°)°1 {1 + (<o p/<0;2) ng (0)/n)] =
1 (sin 18°)77 (<o 2/40) (ngp(b)in)

where we have set the input current that is due to jonization of the sloshing
beams and sioshing beam charge exchange of warm ions equal to the loss current
that is due to pumping. For 2 sloshing-beam current of I; =90 A, 2
pumping beam current of Ig = 40 A, the ratio of charge-exchange cross
sections to ionization cross section <o, >/<0,> = 2.5, and a ratio

of warm ions to total ion density* at b egual to n_jw(b)/nb =

B x 10]]/4 X 10]2, we find a sloshing-ion density nih(b) = 2.3 x 1012 cm
which is close to the desired value of 3.2 x 10]2. To obtain "ih(b) =
3.2 x 10]2 while maintaining the desired pumping requires us to adjust the
currents slightly to If = 105 A with If = 33 A.

It is possible that this case with n; (b)/n, = 0.2 is not stable to
loss-cone modes because of the low value of "Tw(b)/nih' We are presently
analyzing the stability of this case using Pearlstein's marginal stability
code.2'3' Previous stability analysis for TMX-U indicated that a value of

3

*The total ion density at b is limited to 4 x 1072 em™3 so that ECRH of

2 W Can be used.
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"iw(b)/“b = 0.5 was required for loss-cone stability.2'3'3

raise the value of ”iw(b)/"b for the throttle cofl case by reducing the
beam currents to reduce the pumping rate so that g(b} rises from the g{b) = 2,
in the case we just analyzed, to g(b) = 5.*

As shown in Fig. 2.3-1, the value of g changes rapidly as a function of
the pumping rate when g is in the range of 2 to 6.2'3'4 A reductijon in the
beam current of order 25% will allow us to go from g(b) = 2, which may be
loss-cone unstable, to gib) = 5, which corresponds to "iw(b)/"b = 0.5 and
should be stabie,

For n,.lw(b)/'nb = 0,5, the required beam currents are I; = 49 A and Ig = 38 A.
These values as well as those calculated in the previous case are well within
our present capabilities.

At this point we note that our initial assumption that the sloshing ion
losses are dominated by charge exchange with the pump beams is vailid. When
we compare the pumping time,** T = 10 ms, to either the scattering time,
= 160 ms, where Tiq = 2.5 x 1011

We can

pump

T.. = 160 ms, or to an electron-drag time,

Tdrag
= 10'3 A, (anu) ngz(kev)/lz nin A

11
Eg/z(keV) A}/Z(amu)/(z4 nTnAii) and Tdrag
we find that the pumping time is fast compared to either scattering or drag.

In our analysis we have assumed a perfect vacuum so that there is no
charge exchange on background gas. It is difficult to include charge exchange
on background gas analytically in the sloshing-ion particle balance, because
the rate at which the resultant cold ions are lost is a function of position
on the axial potential profile where the charge exchange event took place, on
the pumping rate, and on the heating rate of the cold ions by the electrons
and sloshing ions. Qualitatively, we know that charge exchange on gas will
require us to raise both the pumping and sloshing beam currents. We plan to
use the Fokker-Planck code to determine the magnitude of the increase as a
function of the background gas pressure.

*0;,,(0) = 9(b) . (b).
**tpump_= “ih(b)vp/(lg fgx "ih(b)/"b) where Vp is the volume of
the slashing igns and fgx is the fraction of the pump beam which is stopped

by charge exchange.
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Fig. 2.3 -1. Change in value of g as a function of pumping rate for throttle
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2.3.3. ECRH Power Requirements

As shown in Table 2,3-1 several differences between TMX-U with and TMX-U
without the throttle cail affect the ECRH-power requirements. Our analysis
indicates that the two most important changes are, first the reduced
cold-electron density "leaning in” on the hot electrons and second, the need
for higher energy hot-electrons to provide an MHD anchor for the central cell.

The density of cold electrons leaning in on the hot electrons is less
with the throttle coil, because pumping in the transition region reduces the
density at the plug inner mirror to less than the central-cell density
(Fig. 2.3-2). Because these cold electrons drag as well as scatter the hot
electrons, reducing the cold-electron density reduces ECRH power requirements.

To determine the magnitude of this effect, we used Ragnlien's Monte Carlo
code to calculate the hot-electron energy and density that we can achieve with
the available ECRH power (200 kW per plug, 100 kW of fundamental ECRH power,
and 100 kW of second harmonic ECRH power). We found that the reduced
cold-electron density allows us to obtain EeH = 35 keV with the throttle
coil as opposed to E,y = 25 to 30 keV with the present TMX-U geometry.

The increased hot-electron energy is required if the plugs are to anchor
a maximum central-cell beta. The increased confinement time of the
central-cell jons and the reduced volume of the central-cell plasma alliws the
available central-cell beam current of 180 A to heat the central~cell to a
higher beta than can be achieved in the present TMX-U geometry. With the
throttie coil in place, we have sufficient neutral-beam power to raise the
average central-cel] beta to 33% for the BC = 3 kG or 25% for B, =4 kG
(see Table 2.2-1) as opposed to B> = 13% for the present geometry.

The higher value of Bc and the fact that the throttle coil for a given
central-cell beta requires a higher plug beta in order to maintain MHD stability (see
Sec. 3.1}, dictates that the average hot-electron energy must be significantly higher
with the throttle coil.

for the throttle-coil base case in Table 2,2-1 Case C, we can cilculate the
hot-electron energy required for MHD stability (see Fig. 3.1-5,)

2
Bc/Bp = 0.50/0.40 = O'SO/{["eH<°) ario) + ngbe) 0] { (Bl } :
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For n.,(b) = 3.2 x 10'% en3, EsL(b) = 4 keV, n,(b) = {0.86) (4 x 10'%)" cm
and B{b) = 0.5T, we find that E'L(b) 74 keV is necessary to obtain
marginal stability tom =1 f1n1te-beta ballooning modes.

A similar calculation for the present TMX-U geometry (Case B in
Table 2.2-1) shows that TMX-U in its present mode of operaticn requires an
average hot-electron energy of 20 keV to anchor the system. Primarily this is
due to the reduced value of central-cell beta Cﬁ; = 0.26) and a more
favorable ratio of B_/8 a]Towed by MHD stability. The value of
20 keV at n H(b) = 3 6 x 1012 appears to be achievable with the available
ECRH power . **

2.3.4. Microstability

The plasmas that can be obtained in the plugs are limited by power and
particle balance and constrained by ion and electron microstability. The
introduction of the throttle coil causes two changes that affect the ion
microstability: the passing ion density at the plug midplane is reduced, and
we increase the average hot-electron energy to maintain MHD stability at the
highest achievable central-cell betas.

As described earlier in Sec. 2.3.2, the warm-ion density at the plug
midplane is approximately 8 x 1011 (:m"3 for the Case C parameters. The
corresponding sloshing-ion density is 3.2 x 1012 -3 for a ratio of warm
to hot ions at b of 0.25. Such a small value of n; (b)/n is desirable to
minimize the ECRH power requirements. The Monte Car]o code modeling of the
ECRH heating shows that we requirc less fundamental ECRH-heating power to
achieve the desired ion confining-potential (2.2 kV) as the density ratio at

® i J = 0.86 N, is necessary to satisfy ion-jon two-stream stability,
wh1ch requires approximately 14% cold electrons at b.

**For the present TMX-U geometry, both the predicted hot-electron energy and
that required for MHD stability are reported in this document to be less than
specified in the TMX-U Major Project Propasal. The expected energy has been
revised downwards from 50 keV to 25 to 30 keV based en Fakker-Planck and
Monte-Carlg qu godgling of the hot-electron power and particle
balance.2+3--

The required value of Egy for MHD stability has been reduced from 50 keV
to 20 keY on the basis of stab111ty modeling using plasma pressure prafiles
derived from Fg %r-P1anck code calculations and experimental
measurements., 2 Previous stability calculations were based on an
assumed isotropic-pressure profile that placed more pressure in the
bad~curvature regions of the magnet1c field than was experimentally measured.
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the potential peak over that at the barrier midplane is increased. Since this
density ratio is due primarily to the sloshing ions, it is desirable to
maximize the "iH(b)/"b ratio to minimize the ECRH-power requirements.

The minimum value of "iw(b3/“b- however, is constrained by loss-cone
stability. If this ratio becomes too small, the plasma will be unstable.

Case C with n; (b)/nb 0.2 may indeed be unstable. Analysis using
Pearlstein's marglnal stability code is presently under way. If the analysis
indicates the plasma is unstable, we will change the ratic of pump te
sloshing-beam current, as described in Sec. 2.3.2, thus increasing the
"1w(b)/"b ratio to obtain stability. This will decrease the total beam
requirements but will raise the ECRH power requirements,

The second change in the ion microstability caused by the intreduction of
the throttle coil is an increased need for cold electrons at the barrier
midplane. These electrons are needed to maintain stability against ion-ion
two stream modes. As described in Ref. 2,3-7, the cold electrons Landau damp
the waves to provide stability. The relative density of cold elect~ons that
are necessary to obtain stability is given by

[Ny (3/ng) (T;/Toc) + (ngyy(b)/ny) (T /T)] = 0.27

where the value of 0.27 was taken from Ref. 2.3-7 (Fig. 2}, which is

reproduced here as Fig. 2.3-3. for T i = 1 keV, T = 0.6 keV and

T" = 20 keVY, we find fy (b)/nb = 0.14. A s1m1lar ca1CU1at1on for

the standard TMX-U geometry with a Tower ™ oH value of 7 keV yields
ec(b)/nb 0.08.

Since increasing the ratio "ec(b)/"b decreases the thermal isolation
between the central-cell and the plug electrons, the throttle coil requires
somewhat more ECRH power than the present TMX-U geometry. We are presently
modeling this effect with the Monte Carlo code but believe the increase in the
required ECRH power will be small.

Finally, for the purpose of this report we have not reexamined the hot
electron microstability. We assume that the plug plasma parameters are close
enough to those in the original TMX-U proposal that the electron
microstability is unchanged.
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2.4, ION-CYCLOTRON RESONANT FREQUENCY (ICRF) HEATING
OF THE CENTRAL CELL (MARS MODE}

A. Molvik

The addition of throttle coils to TMX-U necessitates a decrease in the
ICRH power required for heating the central-cell ions. The power reguirements
are decreased by a factor of 5 during start-up before thermal varriers are
formed. Power requirements are decreased by a factor of 2 at the new
higher-design~Tevel densities (Case C of Table 2.2-1) compared with densities
observed without the throttle coil (Case A). Either directly ar by
equilibration with a energetic-ion tail, ICRH heats the bulk of the warm ions
to maintain the central-cell temperature needed for MARS-mode operation. The
transmitter power is about a factor-of-two higher than the absorbed power
given in the figures.

We evaluate the power requirements for heating the TMX-U central cell
equipped with throttle coils by following the treatment in Ref. 2.4.-1
(Appendices A and B). For start-up purposes, consider the power reguirements
before thermal-barrier formation (see Fig. 2.4-1). These can be compared with
the power requirements in the absence ot the throttle coﬂz'4"1
(see Fig. 2.4-2}. The power-balance model is summarized later.

Two aspects of the power requirements must be considered: first, thne
amount-of power that must be absorbed to heat the ions and, second, the amount
of power that can be absorbed. The first is displayed as the power in
kilowatts. The second js shown by the ratio a, the power required in TMX-U
to the measured power absorbed in Phaedrusz‘A"I. In Phaedrus, the power
absorbed is approximately proportional to the plasma density and is expected
to scale with the cross-sectional area of the plasma. One can then reasgnably
expect a as Jarge as 4 to 10 in TMx-y2+3--1, The power in kiloWatts
indicates that the existing transmitter of 200 kW w{ll sustain a plasma
density exceeding 2 x 10]2 cm'3 with the throttle coil compared to a
density of about 1 x lolzcm'3 without the throttie coil. This is

compatible with a < 4.
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The general power balance for ions is given approximately by

2
dnk ane ¥V 1.5(T, - T_ )
akyV =S = 1.5 x 1078 o - —&1 le ec
2" Tdt C . "Tdrag
uninzv fx
- 1.5 T, + T ¢E_ >
™ adial fe o Ty Vex
qn§n1V fx
- [q¢ + Tic] + I‘?]— Eed !l s
axial

where the coupling parameter o s defined as

a (%;%; .
to give the ICRH power {in watts) that we expect to couplie into the central
cell. The excess gas injected {over and above the end-loss current times the
charge exchange to ionization ratio fx/fi) is given by I'. The latter
was taken to be two in these computations, which agrees well with gas-fueling
efficiencies in TMX but needs to be reevaluated in the axisymmetric
central-cell geometry of TMX-U. The volume is Y. Axial losses dominate and
are muitiplied by charge exchange from gas fueling. At higher temperature,
the axial confinement is given by

1

R 1+72
oty = 5.47 x 10%:0° () T/ SenEE Dinar o v o) —K v exnn)
. 1 eff € 1+ =

where x = g ¢c/Tic' The: exact equations used are discussed in detail
in Ref. 2.4.-1,
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Fig. 2.4 -3. Power-density curve after thermal barrier formation {with
throttle coil). Dashed line shows the power requirements to hest only the
17-cm-radius core. The solid lines include heating the halo out to a radius
of 28 c¢cm with the throttle coil and to 33 cm without the throttle coil.

44



The central-cell power requirements with the throttle coil are reduced

for several reasons:

¢ Radial diffusion is substantially reduced.
. pPlasma length is reduced by a factor of 260/508 cm.
(] Total plasma radius is reduced from 33 to 28 cm; ICRH is ekpected

to heat the boundary plasma in addition to heating the
17~cm-radius core. The power requirements are shown in Fig. 2.4-3
for heating the 17-cm-radius core plasma and for heating the entire
28-~cm-radius total plasma column.
The mirror ratio is increased from 6.7 to 15.
Deuterium rather than hydrogen as assumed in Ref. 2.4,-1 decreases
the power by a factor of 20‘5.

. The ratio of charge exchange to jonization is somewhat smaller for
deuterium at the energies in TMX-U, so that less gas fueling is
required and less power is expended in charge exchange,

The effect of radial diffusion is seen at high ijon energies.
With the throttle coil, axial losses daminate, so the power decreases with
increasing T,. (Fig. 2.4.-T). Whereas without the throttle coil, radial
losses dominate so the power increases with Tic (Fig. 2.4.-2). The power
requirements on the ICRH system are substantially reduced by the thrattle coil
before thermal-barrier formation, 4

The higher central-cell density achievable before barrier formation may
provide the gption of start-up in the central-cell stand-alone mode.z'a"2
In this mode, start-up guns would provide preionization to be sustained by
gas-box fueling and ICRH. The basis of the apparent MHD stability of this
mode has not been established, but in recent experiments on the Phaedrus
tandem mirror, stable gperation i¢ achievad in an axisymmetric
geometr_y,z"“'3 This would provide for more efficient use of the ECRH
gyrotrons {compared with using ECRH for preionization as well as heating) by
forming a dense plasma in the central cell before beginning to heat the
low-density flewing plasma in the end cells. This start-up mode would be
similar to that proposed for the MFTF-B A-cell configuration.2'4"4

Similar reductions are also found after barrier formation (Fig. 2.4-3).
Axial power losses with a thermal barrier are expected to be reduged from
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those of TMX-U without the throttle cail by a factor of about 3. This is due
primarily to the reduction in length and the change from hydrogen to
deuterium. The largest reduction is expected to be in radial diffusion, which
is taken to be zero in the throttle-coil power balance computations shown in
Fig. 2.4-3. While some radial diffusion can be expected to increase the power
requirements beyond those shown, two other effects should reduce the power
requirements. First, the model used2'4"] assumes that, with a thermal
barrier, the effective mirror ratio is for the field at the potential peak
compared to that at the central-cell midplane; thus ignoring any improvement
in confinement because of the throttle coil. The second effect is that the
gas-box efficiency has been higher in THMX-U than the T = 2 found in

TMX"* "1. Thus decreased charge-exchange losses are expected.

A second frequency range might enable all the central-cell heating to be
done with ICRH, Fundamental heating (wcil is required for start-up and is
expected to heat to densities approaching 1 x 10 3 t:m'3 where the fast
wave begins to propagate. Above a density of 3 x 1012 cm'3, the second
harmonic (chi) will propagate and will heat an énergetic-ion tail. This
will equilibrate with the bulk in a way similar to energetic fons from
neutral-beam heating.
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3. PHYSICS ISSUE3

3.1. WMHD STABILITY
W. E. Nexsen and R. L. Wong

Recent developments in tandem mirror MHD theory and the understanding of
the rale that hot electrons play in modifying the MHD response were applied to
the magnetic field design of TMX-U with throttle coils. In addition,
plasma~-pressure profiles, which better approximate the output of the
Fokker-Planck runs, have been incorporated in the stability calculats-.s, The
stability boundaries for the Q.4-tesla central-field reference case are given
in Fig. 3.,1-5.

3.1.1.  Introduction

Basic tandem-mirror MHD stability (i.e., the demonstration that proper
pressure weighting of regiong of good curvature cam stabilize bad-curvature
regions against flute interchange modes) was demonstrated in TMX and in the
initial TMX-U operation.3‘]"]"2 In TMX-U the role that hot electrons play
in the MHD equilibrium and stability aspects of tandem mirrors will be
explored. With the addition of throttle coils to TMX-U, new regions of bad
curvature and the possibility of trapping plasma in the transition regions
will modify the MHD stability boundaries from their standard TMX-U values;
however, no new MHD stability issues are expected to be encountered.

3.1,2. Recent Developments in MHD Stability Theory

Some recent developments in tandem-mirror MHD theory yielded more
favorable ballooning-stability boundaries than those previously obtained.
These new developments follow from attempts to incorporate
finite-Larmor-radius (FLR) corrections, Calculations that include the FLR
effects in the large, but finite, mode number ]imit3‘1'"3 show that typical
tandem configurations would be stable down to mode numbers so small as to
violate this eikonal approximation. In addition, only the lowest order modes
have been gbserved experimentally in x3+ V-4 and Phaedrus.3'1"5

These results suggest that the only important perturbation to consider is a
rigid displacement of the plasma cross sectionj""s i.e., a perturbation in
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which the MHD displacement varies only as a function of distance along the
magnetic axis. With such a perturbation there are no FLR effects because both
ions and electrons experience the same average force. One can apply an energy
principle to this perturbation to obtain Euler-Lagrange equatigns identical ta
the "infinite-m", zero Larmor radius, ballooning-mode equations of marginal
stability except for the presence of an extra field-line bending term and the
substitution of radial averages of Q = g2 + Py -P,andp=1/2 {py+ p“)
for peak values, The extra term that arises from the perturbation of the
magnetic field in the vacuum beyond the lateral boundary of the plasma is
strongly stabilizing, leading to stability predictions closer to interchange
than to ideal MHD ballooning. The vacuum bending energy is furthur increased
if there is a conducting wall near the plasma; the maximum stabilizing effect
of the wall occurs when it coincides with the plasma boundary. In that case
the mode becomes flute-like, with a critical beta egual to the interchange
Timit.

A furthur development has been the inclusion of the effects of
finjte-beta distortions in the eguilibrium flux-line geometry.3'1"7 This,
at the present, is limited to an assumed flat radial-pressure profile.

3.1.3. Pressure Distribution Modeling.

The MHD-stability calculations require the proper modeling of the
plasma-pressure variation with magnetic field in the various regions of the
tandem mirrer. In the TMX-U anchors, the majority of the pressure will be due
to the hot-mirror-contained electrons in the thermal barriers. We first
examine whether these hot electrons have a fluid MHD response or wheth.r ‘they
are "rigid", in which case the effective pressure is less than the calculated

value.

For a tandem mirror, the condition that the electrons give a fluid

response is given by3']"8

> 3.1.1
lw 1 << 1 Wice . (3.1.1)

where Dn is the hot-curvature-driven-drift frequency of the hot electrons
. * . . .

in the anchor and Wiee 18 the diamagnetic-drift frequency of the
central-cell ions. This condition reduces to

P R
Ehe/E‘iC << RC/V‘A Y . (3']'2)
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where EE: is the hot-electron perpendicular energy, E{t is that of the
central-cell ions, Rc is the field line radius of curvature in the anchor,

and ry is the p]asma radius. For the TMX-U anchors, Re = 850 cm at rg = 15 om,
yielding Ep /E1C << 57 for the hot electrons that are to be treated as a

fluid. For Reference Case C the point design value of E‘t 4.5 keV,
requires E e << 250 keV. Since E'L is estimated to be of the order of

60 keV for th1s case, this cond1t10n is met and all of the hot-electron

pressure contributes to stabilization.
The pressure variation in the anchors is modeled for the stability

calculations by the expressions,

=p (1-8/8)° (3.1.3)

o
I

P = Py [1- (878 )87, (3.1.4)

where Bm is the Tower of the two mirror-field values. Since the pressure is
the sum of the contributions of the hot electrons and sloshing ions (which
have a different variation with B}, the above expressions are compromises that
approximately conform to the sum of the outputs of the Fokker-Planck jons for
hot electrons and sloshing dions. For TM¥-U, we estimate that the above
pressure models result in a stability integral value

P P
. L+
! ]plug g Adz

which is approximately 10% higher than the value obtained if the Fokker-Planck
values are used.

In the pumped transition region we model the pressure of the passing ions
plus the barely trapped ions by the relations

"

Pu =P, (B/BT) , (3.1.5)
Py = o (2 (B/B) - (882 (3.1.6)

where BT is the throttle coil-peak value and PC is the pressure of the thermal
component of the central-cell ions. A mirror distribution, similar to that used
in the anchor, models the pressure of the deeply trapped ions.
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For the reference-case neutral-beam-heated central cell much of the
plasma pressure is due to an energetic mirror-confined ion component. A
thermal-pressure component, whase value in the central-cell midplane is
15% of the mirror-confined value, is also predicted by the Fokker-Planck
runs to be present. We model the central-cell plasma pressure by

P, (1 - B/BT):;) (10(8/8;) + 1) + 7, , (3.1.7)
P“ = PD {1 - B/BT) + Pc . (3.1.8)

When expressions are plotted (Fig. 3.1-1) and compared with reference case
Fokker-Planck values, the fit is quite good.

3.1.4. Sensitivity Analysis

The MHD equilibrium and stability code is TEBASCO, which uses magnetic
fields generated by the magnetic-design code EFFI and analytic expressions for
the plasma pressure of the type described in Sec. 3.1.3. Here we examine. the
sensitivity of the MHD stability boundary to changes resulting
either from the addition of the throttle coil or from the new developments in

theory.
In Fig. 3.1-2, the finite-B, rigid, ballooning-mode-stability
boundaries for several values of throttle coil field are compared with those
of TMX-U in its present configuation. For these cases Bc is 0.3 tesla, and
we assume a thermal central-cell plasma whose pressure is constant to the peak
of the plug inner mirrar, i.,e., we assume that throttle coil transition
regions are unpumped, The differences in the boundaries reflect the effect of
the additional curvature introduced by the throttle coil and the new
transition coil. For these ballooning calculations and those that follow, we
assume for the wall location a value of (rw-rp)/rp = 1.62, which best
approximates the TMX-U conditions. Here, T is the radius of the wall at
the central-cell field minimum and T is the plasma radius in the same plane.
In Fig. 3.1-3, we see the effect on the stability boundary of pumping the
transition regions. The rarameter 8P is the value of the radially
averaged beta of the deep .irror-trapped jons at the field minimum in the
transition region. Repeated for comparison is the 6-tesla unpumped case
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Fig. 3.1-1. Analytic fit to the reference-case Fokker-Planck centrai-cell
gressure distributian. For discussion see Sec. 3,1.3.
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Fig. 3.1-2. Marginal stability boundaries for finite B, rigid, ballooning
modes in TMX-U in its original configuration and for two values of the
throttle coil peak field. The value of perpendicular beta in the MHD anchor,
<Ba{L, required to stabilize a given beta in the central cell,

<Bc3L, 1s shown as a function of <Bch. The transition regions

are unpumped and a constant pressure extends to the peak of the inner mirror
of the anchor. The equilibrium is stable to the left of the curves.
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Fig. 3.1-3. Effect of pumping transition region on finite B, rigid,
ballooning-mode-stability boundary for TMX-U with a 6-tesla throttle coil
field and thermal cencrai-cell pressure distribution; <B>4 is the
perpendicular beta of the deep mirror-trapped ions in the transition region.
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Fig. 3.1-4, Effect of wall position on finite 8, rigid,
ballooning-mode-stability boundary for TMX-U with a 6-tesla throttle coil
field, a fully pumped transition, and a thermal central-cell pressure
distribution.

54



from Fig. 3.1-2. In addition we plot the boundary for a fully pumped transition,
<8y /<Bcc> = 0, as well as for an intermediate value, <B7> /<Bcc> = 0.125,
The improvement in the stability boundary for the pumped case is due to the
reduction of the plasma pressure in the regions of bad curvature in the
transition. For proper throttle coil operation, we expect pumping to reduce
the pressure of the deeply trappec jons in the transition region to a very
small value, Consequently, for the remaining plots we will show only the
fully pumped case.

The effect of conducting walls on the stability boundaries is shown in
Fig. 3.1-4, where we compare the ballooning limit with the flute 1imit
obtained if the wall radius eguals the plasma radius. As expected, the
ballooning Timits and flute 1imit are the same at low values of beta but
diverge as beta increases.

3.1.5. Reference Case Stability Boundary

Using the analytic expressions of Sec. 3.1.3 for the pressure weight*ng
of the Reference Case C {6-tesla throttle, 0.4-tesla central field,
neutral-beam heated central-cell plasma, and fully pumped transitions) in
TEBASCO, we compute the stability boundary. We then raise the stability
boundary by 10% to compensate for the overestimate of the anchor stability
caused by the use of the analytic pressure distribution rather than the
Fokker-Planck distribution (see discussion in Sec. 3.1.3), and we cbtain
Fig. 3.1-5 as our best estimate of the Reference Case ¢ stability boundary.
For this case, the peak central-cell density is predicted to.be 4.0 x 1013
with average ion-perpendicular energy of 4.5- and 0.7-keV electron
temperature, yielding a peak perpendicuiar beta of 50% or, for 2 parabolic
radial-pressure profile, an average perpendicular beta of 25%. For stability,
we require an average plug-perpendicular beta greater than 22% and peak
greater than 44%. In the anchor central plane the ions contribute less than
2% to the peak-perpendicular beta so we require for a peak hot-electron
dersity of 4 x 1012 an average perpendicular energy of the order of 60-keV
for MHD stability. For Reference Case D, if we assume that the same stability
boundary applies, we find that a peak hot-electron density of 4 x 1012 will
reguire an average perpendicular energy of the order of 30-kev for stabilit,.
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Fig. 3.1-5. Finite B, rigid, ballooning-mode-stability boundary for a
beam-heated TMX-U central-cell plasma with a 6-tesla throttle coil, a
0.4-tesla central-cell field, and fully pumped transitions. Central-cell
thermal beta js 15% of the beam-injected beta.

56



3.1.-1.

3.1.-2,

3.1.-3.

3.1.-4,

3.1.-5,

3.1.-6.

3.1.-7.

3.1.-8.

REFERENCES

W. E. Nexsen in Summary of Results from the Tandem Mirror Experiment
{TMX) T. C. Simonen, Ed., LLNL Report, UCRL-53120 (1981}, Section 8.

T. C. Simonen et al., TMX-Upgrade (TMX-U) Operation in the Sloshing-
Ion Mode, LLNL Report, UCIO-19568 (1982).

W. M. Nevins and L. D. Pearlstein, in Physics Basis for an Axicell
Design for the End Plugs of MFTF-B, D. E. Baldwin and B. G. Logan,

Eds., LLNL Report, UCID-19359 (1982), Anpendix B.

T. A, Casper and E. B. Hooper, in Summary of Results from the Tandem
Mirror Experiment (TMX), T. C. Simonen, Ed., LLNL Report, UCRL-53120
(1981), Section 11. E. B. Hooper, Jr., J. Foote, and G. Hallock, to
be published in Phys., Fluids.

R. Bruen, 5. N. Golovato, L. Yuijiri, B. McVey, A. Molvik, D.
Smatlak, R. S. Post, D. K. Smith, and N. Hershkowitz, "Experiments in
2 Tandem Mirror Sustained and Heated Solely by vf," Phys. Rev. Lett.,
26 1833 (1981).

T. B, Kaiser, W. M, Nevins, and L. D. Pearistein, LLNL Report,
UCRL~88268; also L. D. Pearlstein, T. B. Kaiser, and W. A. Newcomb,
"Analytic Equilibria with Quadrupole Symmetry in the Paraxial Limit,”
Phys. Fluids 24 (7), 1326 (1981).

L. D. Pearlstein, LLNL, personal communication.

D. E. Baldwin, "Some Effects of Hot Electron Stability in Tandem
Mirror Geometry,® in Mirror Theory Monthly, LLNL (February 15, 1982).

57



58



3,2. PARALLEL CURRENTS
W. C. Tyrner and R. L. Wong

Because the divergence of the diamagnetic current is not everywhere equal
to zero in a nonaxisymmetric linear device, currents exist that are flowing
parallel to the magnetic flux 1inas ir a tandem mirror stabilized with
quadrupole end p1ugs.3'2"] In the central cell of a tandem mirror,
parallel currents have the deleterious effect of giving rise to transverse
magnetic-field components that distort magnetic-flux surfaces. In a long
machine the distortions can become appreciable and even causr flux surfaces to
intercept material walls unless the parallel-current drive is minimized during
design. Fortunately, it is possible to control the magnitude of the parallel
currents by judicious magnet design without unduly increasing the
bad-curvature drive for MHD instability.

In the paraxial Timit (radial scale length << axial scale Tengths) and
to first order in plasma pressure, the derivative of the parallel current

density per unit magnetic flux (j”/B) is given by3°2"1
a1 o LeiT. o .
as 8 -8 [ PLtfw , (3.2.1)

where ¥ is the flux coordinate and W) is the geodesic curvature (geodesic
curvature 1ies in a magnetic flux surface while normal curvature is
perpendicular to a flux surface). For guadrupole symmetry the geodesic
curvature c¢an be written as

K=y g(z) sin 28 , (3.2.2}

where g(z) is related to the strength of the quadrupole field component. For
a tandem mirror with opposite end plugs rotated 90° the function g(z} is odd
about the midplane z = 0 of the central cell. Because of this, integrating
ta. (3.2.1) between the outboard mirrors gives no net current flowing out of
the device. For an isolated single-cell quadrupole, g(z) is also odd about
the center of the quadrupole 30 no net axial currents flow out the ends.
Joining a guadrupole to 2 central-cell solenoid, however, breaks the symmetry
of the guadrupole so that axial currents may flow into the central cell.
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As can be seen from Eq. (3.2.1), the key to contralling the axizl extent
of parallel-current flow is arranging nearby regions to have opposite signs of
geodesic curvature that will tend to cancel one another when integrating along
a magnetic-field line. This was recognized by Baldwin and Pearlstein in the
design of the trangition section for the MFTF-B axicell design.3'2"2
Recircularizing a flux tube as it leaves the inboard mirror of an end plug and
enters the axially symmetric central cell necessarily introduces relatively
large geodesic curvature. To balance this out, in the MFTF-B axicell designs,
it was necessary to introduce two transition guadrupoles to fan the flux tube
in opposite directions. A similar solution was adopted for the TMX-U throttle
coil design in which a transition guadrupole, in addition to the existing one,
was added. However, because of space limitations the cancellation of regions
of opposite geodesic curvature will not be as good as achieved in the MFTF-B
axicell design.

Figures 3.2.-3 to 3.2,-3 show some computational results related to
parallel currents in the TMX-U throttle coil design. These results were
cbtained for 6.0-T in the throttie coil, 0.4-T in the central cell, for
central-cell beta peak Bc = 0.20, and for end-plug beta peak Bp = 0.33.

The magnitude of the results were determined to be insensitive to 50%
variations in these beta values.

The normal and geodesic curvature along the flux line ¢ = ¢y (the
flux where the plasma pressure vanishes, corresponding te rg = 20 cm in the
central-cell midplane), with 8 = 45°, are shown as functions of axial
pasition in Fig. 3,2-1. As was discussed, the geodesic curvature is odd about
z = 0, has its largest values (KO~ 0.2) in the transition region, and
nearly vanishes in the central cell. Geodesic curvature in the end plugs is
much smaller than in the transition and odd about the end-plug midplanes. The
largest peak in the geodesic curvature occurs just inside the inboard mirror
of the end plugs, where the exjsting transition quadrupoles begin to
recircularize the flux tube fan. Opposite sign peaks occur in the new
transitions added near the outboard sides of the throttle coil but do not
entirely compensate the larger peaks at the existing transitions. Shown in
Fig. 3.2-2 is the parallel-current density per unit magnetic flux flowing
3long the same flux Tine as in Fig. 3.2-1, One can cleariy see the jmperfect
current cancellation in the guadrupole end plugs and transition regions as
finite parallel current flows from the plug to the transition and from the
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Fig. 3.2-3,
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transition to the central cell. In the central cell, j ~ 20 amps/cm2 for
this case. In Fig. 3.2-3, we show the magnitude of the transverse components
of B*, normalized to the central-cell axial field Bc at ¢ = wB’ z =0,
as functions of azimuthal coordinate 6 from 8 = 0 to n/2. We find Br
and Be have the symmetry expected for axial guadrupole currents. For 2
central-cell field Bc =0.47, the parfllel-CUrrent—induced transverse
components have magnitudes B v 5 x 10 ° T, For the TMX-U throttle coil
design, transverse components of this magnitude perturb flux surfaces in the
central cell by less than 1 cm and by themselves are benign. However, Tield
components of this magnitude appear to be measurable and would constitute an
important test of the existence of parallel currents, The magnitude of
parallel currents is relatively insensitive to beta variations but quite
sensitive to variations of transition-coil currents.

Aside from driving parallel currents geodesic curvature also enhances
radial transport. This is discussed in Sec. 3.5.
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3.3, STABILITY TO ELECTROSTATIC BALLOONING (TRAPPED-PARTICLE) MODES.

E. B. Hooper, Jr.

Control of trapped particle modes 3.3.-1,-2 is a significant constraint
on tandem mirror design.3‘3"3 Theory, described here, predicts that TMX-U
with a throttle coil can be operated both in stable and unstable regimes.
These experiments will thus provide a definitive test for electrostatic
ballooning modes which are predicted to grow in the central celi at rates
approaching MHD.

The TMX-U geometry with a throttle coil responds to the trapped particle
modes in the same manner as the MFTF-B axicell configuration in that stability
is provided by a coupling to drift waves because of the differences in turning
points of the passing electrons and ions. For trapped-particle modes, the
primary significant difference between MFTF-B and TMX-U experiments is the
absence (in TMX) of the potential maximum in the axicell that reduces the
number of passing particles below those that are due to the magnetic mirror.
The reduction in passing particles by the throttle coil will provide a much
mnore étringant test of trapped particle theory than is possible without the
coil.

The trapped-particle analysis 37112 follgws that for MFTF-5.
The m = 1 mode is expected to be the mast unstable. Stability to the mode

requires that

(.u*.iz 4(] + Ar)

7 >3 o
Ye Ay

3.3.-3

(3.3.1)

where w, is the diamagnetic-drift frequency, Ye the MHD growth rate
of the central cell, and

1 zfﬁ
k pi J[

2 pass
r- 2(L, + L.) B_ n%
2 C A T "¢ i , ) (3.3.2)

pi2 Fc BA nc

>
of® mI%
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2i - Til(M.mZ.). Also, in Eq. 3.3.2 Ly, Ly, and L,

with p i

are the lengths of the anchar, transition, and central cell; nf%5% and

n. are the passing and central-cell densities.

In TMX-U we have Lc =4.2m, by = 3m, and LT = 1.9 m, Bc =0.3T7,

and Ba = 0.5 T to yield

2 npass

D:l nc

Using typical parameters (rc = 20 cm, py = 1.5 cm, 1.5 ke¥; and
233 fnc = 172 x; = ;/40), we estimate A_ = 17.3, so stability is
predicted for w,;/y > 0.24.

In the 1imit Ar >> 1, condition 3.3.1 becomes

m*iz
2 >
C

|
.

r

<

We have A, given by Eq. 3.3.3,

2
oo, =1V 1 Vdp V., [0i Zei
*1 —
and
Y2=2"i2 wciz
¢ I:t:Tr

(3.3.3)

(3.3.4)

The value of Lefps which is the length of bad curvature in the central

cell, actually depends on the pressure weighting of the curvature.
TEBASCO code was run in two 1imits to evaluate the MHD growth rate:

thermal plasma Lete = 32 cm, and for a purely sloshing~-ion plasma
LcTr =70 cm.
Equations 3.3.4 and 3.3.2 yield the stability condition:

pass 2
i LT B
Mie LcTr (LA * LT) Bc
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Thus, for a thermal central cell-plasma, ng.asslnc > 0.04 for

stability, where as for a central cell with beta domirated by sloshing ions,
npass/nic > 0,02. The passing to central-cell density at the mirror peak is
nE255/nry = B/2Bp; for B = 0.4 T and Byy = 6 T, nf2%5/ny, = 0.03.

Thus the purely thermal case is predicted to be unstable by a small amount.
The beam-injected case is predicted to be stable if the thermal density at the
throttle coil is greater than 30/51 or 0.6 of the central-cell sloshing
density. The experiment, however, has considerable flexibility for varying
the operating conditions; e.g., using ngasslnic = 1/2 R, condition

{Eq. 3.3.5) can be written as

2 2

.'.I.Iﬁ . Bc ar,

1
> v 5w (thermal) s
LcTr (LA + LT) 20

nie BaBry " %3-(s1oshing)

which can be achieved by varying either B or BTH' For example, for a
thermal central cell at Bry = 6 T, stability is achieved for Bc =0.,29 7,
slightly below base operating conditions of 0.4 T.

The experiment will permit a wide range of magnetic fields and thus
stability conditions, as shown in Table 3.3.1. We see that BE SABTH
ranges from (62.5)" to (4.4)'1I and thus includes the values redicted
for marginal stability. In the throttle coil geometry TMX-U uill;
therefore, permit stable operation to test thermal-barrier concepts in the
tandem mirror, including a axisymmetric central cell, and also permit tests
of trapped-particle theory by varying aperating parameters. A
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Table 3.3-1 Values of BE/BABTH that can be achieved in the throttle
coil experiment with By = 0.5 T. These values can be used in Eg. (3.3.6) to
determine the density ratio, ”TH’"ic’ required for stability.

BTH
Be 2.2 3 4 6
0.2 0.036 n.027 0.020 0.013
0.3 0.082 0.060 0.045 0.030
0.4 0.145 0.107 0.080 0.053
0.5 0.227 0.167 0.125 0.083
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3.4, CENTRAL-CELL MICROSTABILITY
T. A. Casper and G, R. Smith

The longer jon lifetime achieved by using the throttle coil impacts the
microstability of the central-cell plasma. The preliminary analysis given
here is based on our best knowledge (from Fokker-Planck calculations) of the
jon distribution function f(v}. Improved knowledge of f(v) will notivate an
updated analysis of microstability. Such a future update is particularly
important for the drift-cyclotron (DC1) and Alfvén ion-cyclotron (AIC)
instabilities, which are quite sensitive to f(v) and may occur in TMX-U, both
without and with the throttle coil. The convectively unstable AIC mode is not
expected to grossly affect confinement because of its limited spatial
amplification. Additional physics is presently being incorporated into the
BCI stabiiity anmalysis. This mode, predicted to be unstable in past
experiments, has not been observed experimentally.

Using the latest TMX-U Fokker-Planck ca1cu1ation§3'4"1 for the central
cell (properly includes the confining potential and the R = 15 throttle coil
affects}, we observe nearly monotonically decreasing distributions
f”(v”) and fy (vy) as shown in Fig. 3.4-1. Since a strongly
double-humped perpendicular ion distribution does not result, we rule out the
occurrence of the tvrlo-cemponenta'4"2 {bump-on-tail) instability in the
central cell.

The possibility also exists for three modes driven unstable by the radial
density gradient. These three related modes are the drift-cyclofron loss=-cone
(DCLC) mode, the DCI instability, and the lower-hybrid-drift (LHD)
instability. Since the expected perpendicular ion distribution is nearly
monotonically decreasing (see Fig. 3.4-1a), we do not anticipate the presence
of loss-cone-d-iven modes; specifically, neither the DCLC nor the axial loss
cone {ALC, independent of the density gradient) modes chould be prese :.

In the 1imit of a Maxwellian ion-velocity distribution, however, the DCLC
mode becomes the DCI. It is driven selely by the radial density gradient and
results from a coupling between ion-cyclotron waves (stable in a Maxwellian
plasma) and drift waves propagating in the ion diamagnetic direction.
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Fig. 3.4-1. Velocity distributions from TMX-U throttle cail Fokker-Planck
calculations: (a) perpendicular and (b) parallel jon-velocity distributions.
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3.4,-3

According to a simple theory, stability is expected if

-1/2

where r is the radial density-gradient scale length, p. is the jon
gyroradius, 91 is the ion-cyclotron freguency, and Wnj js the ion-
plasma frequency. For the proposed TMX-U throtile coil operating conditions,
this reduces to rn/pc > 21 for stability. This is satisfied if the
average jon energy of the central cell, Eic’ is less than 251 eV. Since the
expected energy Eic is 5.5 keV it would appear that this mode is unstabla.
Note, however, that a similar calculation for the TMX central cell indicates
it also was unstable but no evidence for this mode was ever observed in that
experiment. We believe the simple theory uses an inadequate model for the
central cell. We hope to obtain more realistic stability limits for the
drift-cyclotron mode by including the additional physics of electron Landau
damping, electromagnetic couplings, and radial gradients of temperéture and
magnetic-field strength, )

A small level of collisions can destroy the cyclotron resonance leading
to the OCI mode. In the 1imit where collisions become important, the DCI
evolves to the LHD—instabi]ity.3'4'4 Near maximum growth rate, this mode is

unstable if

vi3/9; > me/mi .
The TMX-U throttle coil parameters indicate that Vi v 129 s"'| << (me/mi)ni'
Thus, due to the low central-cell jon collisionality, the LHD-instability is
not expected to occur.

The moderately high beta, Bcc = 50%, leads to the possibility of an
AlC instabi]ity.3’4"5 The longer ion lifetime and larger mirror ratio with
the throttle coil allows pitch-angle scattering to buiid a broader pitch-angle
distribution with the result that the throttle coil may improve stability to
the AIC mode as compared to TMX-U.
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Figure 3.4-2 shows theoretical convective-absclute stability boundaries
for two different models of the pitch-angle dependence G(¢) of the ion
distribution. For Fig. 3.4-2a we use a Gaussian model,

Sl) = exp [-(p-00)2/28%) + exp [-(0-180° + p)7/28%],

where ¢ = sin'](qL/v) and, for TMX-U, ¢, = 65°. At B, of 43% the
instability is merely convective if 4 > 22°. An don distribution with

a = 22% is similar to the distribution found in Fokkar-PTanck calculations
(Fig. 3.4-3) except that the Fokker~Planck distribution extends further
towards the loss-cone angle aof 157 than does the & = 229 distribution.

The ion distribution found in the Fokker-Planck calculations is, therefore,
merely convectively unstable.

The model distribution with & = 22°, 8, = 43%, and E, = 5.5 keV
causes AIC convective growth with an e-folding length for the wave amplitude
of 0.2 m. Since this length is a sufficiently large fraction of the 4-m
distance between throtile coils, convectively growing waves will not degrade
performance unless the axially propagating waves are somehow reflected back
towards the center of TMX-U. )

Figure 3.4-2b shows the convective-absolute stability boundary for
another pitch-angle distribution G{d), which is constant for ¢edge <o
< 180° '¢edge and zero for other ¢. [f we take ¢edge equal to
the loss-cone angle of 157 in TMX-U with throttle coils and thus obtain a
distribution more stable than the Fokker-Planck distribution, the figure shows
the plasma to be well into the convective region at any conceivable B. At
8, = 43% the convective-sbsolute boundary is at wedge = 25°, which is
consistent with the results obtained with the first model for G(¢). Our
conclusion is therefore confirmed that the Fokker-Planck distribution should
be only convectively unstable.

Based on current theory and available Fokker-Planck runs, the central
cell of TMX-U with throttle coils is predicted to be unstable to both the DCI
and the AIC modes. However, since the DCI was predicted in the past to be
unstable but was not observed, it is possible that improved stability analysis
will provide a boundary sufficiently relaxed to actually indicate stability.
Because of the possibility of a broadened ion distribution during
thrattle-coil operation, the AIC mode may be more stable than in TMX-U. Even
though the AIC mode is convectively unstable, its presence may not be

72



! | ' I ) | | |
501 (a) (b =]
30 uln —
Absolute

_. 20  Absolute 1 .
g A
]
o
@ 10 Convective -] F Convective -1

5 | | TMX-U (TC) ]

' loss cone
3 o I I ! ! ! i N
10 14 18 22 5 15 25 35 45
A (degree) ¢udge (degree)

Fig. 3.4-2.
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distributions: (a} Gaussian angular distribution and {b) rectangular angular

distribution.

A comparison with the Fokker-Planck distribution indicates

TMX-U at Bc = 50% operates well into the convective region for both model

- distributions.
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detrimental to confinement. The mode observed in the TMX-U central cell
during beam heatiﬁg3'4'6, which may be the AIC mode, does not appear to
severely alter confinement. A detailed analysis using improved stability
codes and Fokker-Planck runs specific to the operating conditions should be
performed to refine the estimates.

For the lower-beta reference case, the conclusions reached for the OCI
mode and the stability of the loss-cone medes remain virtually unchanged. For
the AIC mode, we note from Fig. 3.4-2a that the lower-beta reference case
{B = 25%) requires a smaller 4 {==17°) to prevent absolute instability,
and the AIC mode is less Tikely to occur than in the higher-beta case.3'4"5
We conclude, therefore, that microinstability is less of a problem in the

lower central-cell beta case,
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3.5. RADIAL TRANSPORT
R. H. Cohen, J. A. Byers, and E. B. Hooper, Jr.

3.5.1. Introduction

The axisymmetric throttle coil limits the fraction of central-cell jons
that sample the region of nonsymmetric magnetic field to ~1/2 R~1 = 0.03.
This reduces radial (resonant) transport of thermal central-cell jons by a
factor > 5 relative to TMX-U without the throttle coi1;3'5"1 the exact
reduction depends on the radial electric fields in the two machines and lies
between 5 and 30. ’

By isolating the bulk of the central-cell jons from the quadrupole
regions that contain nonzero geodesic curvature, the throttle coil TMX-U
models an essential part of the MFTF-B design. The experiment will provide a
first test of transport theory in a regime in which radial transport is
dominated by particles (the passing fraction) in a smail part of phase space.
Furthermore, because the predicted radial flux is small, searches may be made
for anomalous transpgrt mechanisms, if any.

The use of the throttle coil reduces the predicted radial transport to a
sufficiently low level that axial processes will be the dominant josses in
TMX-U, This occurs even though the high degree of geodesic-curvature balance
in the MFTF-B plug has not been achieved in TMA-U., Because the particle
motion is not stochastic for TMX-U parameters, even with the imperfect
balance, much larger gains in confinement are achieved than would be possible
in MFTF-B with a corresponding inbalance. ’

3.5.2. Application of Resonant Transport Theory to TMX-U.

The theory‘of resonant transport for a system with an axisymmetric
throttle is described in a MFTF-B physics study.a's"2 The first step was
to determine whether the particle trajectories were stochastic. This was done
in two ways: (1) Analytic approximations to the particle drifts were
calculated, using various integrals of the field-Tine curvatures generated by
the EFF1 program and the electrostatic potential. The Cherikov stochasticity
parameter K was calculated as in Ref. 3.5-2 (K =-2Aum 3A8/du, where
a,B8 denote the usual flux coordinates and da, denotes the
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azimuth-maximized value of Aa.) A value K > 1 corresponds to intrinsic
(collisionless) stochasticity. For these calculations, a model electrostatic
potential

2r2/rﬁ

-1

¢ (r,z) = o(2) Syt (3.5.1)
is used. For TMX-U parameters {with the radius ry taken to be 25 cm), K
reaches a broad, shallow maximum of about 0,95 at r = 21 cm at BC =0.3T.

(2) Particle-guiding centers were followed numerically with the EFFI-generated
magnetic fields. Particle trajectories were well-balanced (small, bounded
oscillations in radius versus time) out to about 18 c¢m (Fig. 3.5-1a) but
showed stochastic behavior (random, apparently unbounded radial motion) at
larger radii (Fig. 3.5-1b). Given the degree of approximation made fin
evaluating K analytically, a 5 to 10% error is certainly within reason; thus
we consider the analytic and numericail results to be in agreement.

Particle and energy transport can be expressed in the form3+5+1
¢ aT.
ey (&, o), n Dy - 30 — (3.5.2)
ar T, or) T, ar
ard
‘ ' aT,
- 9n  ng3d n 3 i
Qr'T{% (w*?:ﬁ%*T;Gz'EDJ mr]- (3.5.3)

The diffusion is found to be in the banana regime. The three diffusion
coefficients are shown as a function of radial electric field in
Fig. 3.5-2, Multiple resonances may be seen, far example in qo, and yield a
non monotonic dependence of D on Er. The values given here are for
ne = 1.7 x 1013 en3, T, = 0.9 kev, and B, = 0.3 T. The diffusion
coefficients will scale approximately as vy in the banana regime. The
confinement time associated with resonant transport is a very weak function of
central-cell magnetic field so that these estimates can be used for fields
other than the assumed 0.3 T.
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Fig. 3.5-1. Passing-particle orbit crossing x-y positions as the orbit
crosses the midplane. of the central cell. Positive-z and negative-z traveling
orbits are shown with a plus or minus sign, respectively. {(a) Nonstochastic
initial radius at r = 10 cm. (b) Stochastic initial radius r = 17 cm. This
particle is aimost on the boundary between stochastic and nonstochastic
behavior. After about 25 bounce periods it is lost radially. (Note the
negative crossing at y = 20 cm near x = 0.)
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To obtain an estimate of the particle-confinement time we replace
gradients by an effective scale length, Ceff> [e.g., n/(3n/dr)] and define

Ty = e/ (DL (0 TiTass) - 1721 + D} . (3.5.4)

The value of T, is plotted in Fig. 3.5-3. The rapid increase in Ty
below 0.03 kV/cm is due to a cancellation in the denominator of Ty
associated with the temperature-gradient term in Eg. (3.5.2); one anticipates
that the temperature-gradient will flatten out in that limit.

Operation of TMX-U wil} be at E. < 0.1 kV/cm with corresponding
radial confinement times because of resonant transport greater than Q0.5 s.
At a central-cell density of 2 x 1013 cm'3, this corresponds to nt >
1013 s cm'3. Precise values will depend on density, temrerature, and
electric-field profiles.

3.5.3. Diffusion Caused by Particle Transitions.

When a particie scatters between trapped and passing orbits its radial
excursion changes by some maximum amount, dr, hecause of the geodesic
curvature in the quadrupole regions. This change causes a radial
giffusion.3-3--3:-4

Although a detailed theory has not been worked out, we estimate
the diffusion coefficient as

3.5.-4

oo ()"
Do'b 7 \ T . (3.5.5)
From analytic analysis of the drift equations (confirmed by orbit

calculations), we find 8r/r = 0.18.

Choosing n = 2 x 1013 cm'3, Ti =1 keV, and L = 1100 em (the plug-to-plug
length); and with the mirror ratio R = 20, we estimate D0 v 1.4 x 103 cmZ/s.
This mechanism may, therefore, be the dominant mechanism here and i»n MFTF-B;
if we take rgff = 25 cm, we estimate 2 confinement time t (25}2/104 X 103 =
0.45 s, but with a significant uncertainty. This loss mechanism thus is slow
on the time scale of the 75-ms experiment. The diffusion coefficient will scale
as B;Z, so that the process will become even less important at higher fields.
Further analysis is required to evaluate this effect with more a<curacy.
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3.5.4, Other Transport Mechanisms

The ambipolar diffusion coefficient resulting from electron-ion collisions is
given approximately by vgve1ﬂu = 50 cm2/s atn=2x10"7 cn?
and T = 10° eV and is, thus, about an order of magnitude less than resonant
diffusion. It can thus generally be neglected in the TMX-U with the thrcttle coil.
Transport arising from jon-neutral collision is dominated by mobility
resulting from charge-exchange. The transport is givenr by (evcx/Mimii)Er’ with
Vey = N, Ovr = 10'7N 3 Ny is the neutral density. For
comparlson with prev1ous resu]ts define an equivalent diffusion coefficient
Deq = VZ“cx/wc1 =5 x 107’ N0'9 Th1§ will be small compared to )
resonant transport if NO << 10” cm ~; at a hale attenuat10n of 3 x 105,
this corresponds to a neutral density of 3 x 10 3 (70'5 Torr) outside
the plasma. Reduction of the central-cell neutral dens1ty below this .value
will make the effect unimportant.
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3.6. TRANSITION AND BARRIER TRAPPED~PARTICLE PUMPING

t.B. Hooper, Jr., J. A. Byers, W.F. Cumnins,
B.G. Lngan, and Y. Matsuda

3.6.1. Introduction

Both the plug and transition sections in TMX~U hav axial minima in the
magnetic field. It is important to maintain the density of warm ions
considerably below the thermal equilibrium value in both -~egions. Warm jons
trapped in the plug will fill in the thermal barrier, elininating the
isolation between central-cell and plug electrons that is required for the
generation of a large confining potential. 1In the transition, trapped jons
sample a large (bad) curvature region and thus reduce the mz:imum central-
cell beta that can be achieved. In additien, if the transit an fills up,
pumping requirements in the plug will not be reduced by the .-ge mirror ratio
caused by the axisymmetric coil but rather will be determined oy the mirror
between the transition and the plug.

The primary source of trapped jons is the passing-ion population.
Coulomb collisions among passing jons and between passing and trapped ions may
cause passing particles to scatter into the trapped part of phase space. In
addition, charge-exchange of passing ions will generate Jow energy jons which
may be trapped. For this process to be unimportant, it is necessary that

n0 <av>cx << ”ii .
with <av>,, 2 1077 en® 57 and gy = 5.0 x 1078 P35S gn /T2,
this yields
-3/2

n, << 10 npass Ti .

Estimating T; % 10° eV and ngass =510 em™3, we

require n, << 1.6 x 108 en™3, At a halo attenuation of 300, the gas
pressure cutside the plasma thus must be p(D,) << 1.4 x 1078 Torr for
trapping by charge-exchange to be negligible. If this pressure is not
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achieved, trapped-ion pumping beyond that calculated from Coulomb collisions
will be reguired . In the following, we assume that adequate pressure is
achieved in the experiment.

Three methods of trapped-particle pumping were considered for TMX-U.
Neutral beams are used in the base case and are discussed in detail later.

(] Neutral-beam pumping. Charge-exchange between trapped ions and
energetic neutrals will produce an ion that leaves the field minimum if the
energy parallel to the field is large enough. This mechanism was suggested in
the original thermal-barrier proposal3‘6';] and is used in TMX-U operation
in the absence of a throttle coil. It ¥s concluded that adequate pumping can
ve achieved with two pumping beams (18° beams} arranged as on the non
throttle coil experiment and two beams (9° beams) aimed to pump the
transition section.

’ Drift pumping. Baldwin®-6--7 originally proposed removing
trapped particles by radial transport induced by alternating magnetic fields.
The concept has been significantly improved3'6"3 by recognizing that
resonances with bounce motion cause an amplification of the radial motion. An
rf drive at a frequency near the bounce motion causes the radial excursion to
accumulate ogver many bounces. The radial motion can be further increased by
driving the oscillating £ x B motion across the narrew fan in the
magnetic-flux surfaces. Radial diffusion can be obtained by driving the
motion with a range of frequencies. The result, described further in
Appendix C.1, is an efficient pumping of trapped particles that can
discriminate against passing particles with their significantly different
bounce frequencies. Although the analysis of this technigue is still
incomplete, it potentially has three significant advantages: (1) little or no
gas may be generated {beams generate gas at their dumps}, (2} it works in the
minimum of the magnetic field (unlike ICRH pumping), and (3) it may be able to
pump impurity ions radially. This technique is now used in the MARS {reactor)

reference case.

. ICRH pumping. This technigue uses the large magnetic fieid of the
throttle coil. lons that are Yushmanov-trapped between the throttle coil and
the plug potential are heated at high magnetic fields by ICRH. Although this
heating technique heats ions primarily in the perpendicular direction, the
large mirror ratio (5/1) between the ion-cyclotron resonance and the maximum
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of the plug potential converts the energy to parallel motion, propels them
over the potential, and expels them from the system. However, ICRH pumping
does not work near the field minimum, and must be supplemented by pumping in
this region. .

Before evaluating these pumping technigues, we will discuss two general
constraints on pumping. Drift and ICRH pumping are discussed in detail in
Appendix C: Alternate Pumping Techniques.

(1) Threshold in pumping rate., The efficiency of pumping increases
dramatically above a threshold level (2 detailed example is given in
Appendix B). The threshold occurs when the electrostatic-potential minimum
becomes deep enough that energy scattering time to the bottom of the minimum
is longer than the inverse-pump frequency. At pumping frequencies below the
threshold, the potential well fills in with a near Maxwell-Boltzmann
distribution. Because of the filling in, the potential is small and jon-ion
collision frequencies Targe. Above the threshold, however, the filling in
does not occur; the relatively large potentials lead to sloshing distributions
for the trapped ions. As shown in the Appendix, the transition between the
two regimes is abrupt. The TMX-U design provides pumping rates above this
threshold.

(2) Pumping requirements at magnetic-field minima. Because passing
particles are trapped by small-angle scattering, trapped particles initially
slosh, with turning points high on the throttie magnetic mirror and the plug
potential. Pumping at high magnetic field can thus remove trapped ions before
they scatter enpugh to reach the f%e\d minima. Some particles, however, will
leak through the pump and accum late at the bottom of the well. If the only
pumping is at the high-fiald paint, the deeply trapped iens will vreach the
pumping volume only by scattering in angle and energy. As a result, the well
will £i11 up until the potential difference between the minimum and the pump
js < Ti’ {Numerous runs with the Fokker-Planck code lead to this
conclusion.) Pumping part way up the magnetic mirror can reduce the trapped
particle fraction significantly at a beam energy below that reguired at the
mim’mum.3'6"4 In the present scheme, however, we ensure that the wells
will be pumped by requiring some pumping at the field minimum.




3.6.2 Neutral-Beam Pumping
Access for pumping neutral beam modules is avzilable at three locations:
. 18° Pump Beams. The four ports used in the original TMX-U
experiments are available for experiments with the throttle coil. The
pumping frequency, °cij/e =4 x 103 jb. along the machine axis is
shown in Fig. 3.6-1 for a single (18°) pump heam located at ane of these
ports. The peak of the inner-plug mirrar is at z = 407 cm; only a small part
of the beam extends into the transition and essentially none td the transition i
midplane. These beams must conseguently be suppiemented by additional pumping 1
in the transition region.
. 9° Pump Beams. These beams replace the 18° beams (using the
same ports) but are smaller (10 A) and mounted at an angle, which permits
penetration into the trarsition region. The g¢ beams can be obtained by
relocating a pump-beam module and a sloshing-beam module with internal masks;
existing power supplies can alsc be used. The pumping freduency (on axis) is
plotted in Fig. 3.6-2 for a single 99 peam.
(] Axial Pump Beams. A second option for pumping the transitian
regions is to inject a beam up the axis of the device. The resulting pumping
freguency is shown in Fig. 3.6-2. Note that the pumping frequency throughout
most of the transition region {s less than that for a single 9° pump beam;
we will see that a single axial pump beam is not a viable option because of

Y T

its low pumping efficiency.

Two computational tools are available to evaluate the pumping {ssues; '
the single region, bounce-average, Fokker-Planck (:ode.3'6'5 and Matsuda's :
multi-region, bounce-average, Fokker-Planck Code.3’6'6' The first code
includes the physics of neutral-beam injection, charge-exchange, etc., and has
been used to evaluate conditions in tandem mirror anchors,3'5'7 especially
thaose in the anchor of TMX-U.3'6'8 The code cannot, however, be used to
evaluate the effects of multiple regions. Matsuda's code, on the other hand,
can handle multiple regions but cannot (at this time) handle the trapping of
neutral beams. It is being upgraded to permit analysis of the full prablem.

The pumping physics of anchor and transition regions is quite different.

In the barrier, potentials are affected by the presence of hot electrons and
by the difference in Te between the central side and plug side. In
addition, the sloshing neutral beams contribute significantly to the pumping
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rate. Because the 9° beams and axial beams have only a small effect on the
pumping in this cell, the analysis is based partly on a single cell model
(bounce-averaged code), including trapping using the 18° beams, and partly
upon 3 double-cell mode! without neutral beam trapping.

The pumping in the transition section, on the other hand, i5 affected by
the strong pumping in the anchor section. Because of the magnetic geometry
the trapping of passing particles first occurs between the high-field throttle
coil and the plug-potential peak., The 18° pumping beams remove significant
numbers of particies before they are trapped in the transition region.
Consequently, a two-cell analysis is required using Matsuda's code. Future
vork will include more complete physics in both regions using an upgraded
multi-region code.

Anchor Pumping. The high-field throttle coil will reduce the passing density
in the barrier region from that in TMX~U without throttle coil. At the design
potentials, we have

npassing T 1/2
iC ~ 1{_ic
’
nth v R\Te, T T

with ¢y, the potential drop from the throttie coil to the barrier. Thus,
for a given T.ic and ¢b’ the density ratio drops by about three by
inserting the throttle coil.
Futch and LoDestro>+8+~
X . s e - uatrapped
requirements. Setting their filling rate dn/th =g and
rearranging terms, one finds the regquired pumping frequency

5 obtained an emperical formula for pumping

nPass

F 1/0.3
_ _1C -
v = o [cu + 0.0441 R) -9%1-] H o,

with nt, = 6.27 x 101 132700 4, g = ny B35S, ¢ = 0,935
and H is a shape factor. Comparing the two cases R =4, ¢=2and R =12, g =
6, we have v(R = 4}/u{R = 12) = 2.3 H(R = 4)/H(R = 12). In the absense of
shape-factor changes, we thus expett a large decrease in the pumping

requirements.
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This decrease is offset, in part, by the transition section. If the
transition s weakly pumped, it will fi112 and the density at the inner anchor
mirror becomes close to that at the throttle. The distribution at that point
is nearly Maxwellian despite strong pumping in the anchor., (This is an
example of the threshold effect discussed in Appendix 8.) In this limit,
therefore, the throttle coil will offer 1ittle advantage for barrier pumping.

Anchor pumping requirements are thus largely determined not by the
central-cell passing density but rather by ions that are Yushmanov-trapped
between the throttle and the plug potential. Consequently, to significantly
reduce the barrier pumping requirements, we must have sufficient pumping in
the transition region to reduce the density at the inner anchor mirror well
below that at the throttle. The conditions to do this are discussed in the
next subsection, Transition Pumping.

For prasent purposes we make a conservative evaluation of anchor pumping
and sloshing-beam requirements by neglecting any enhancement resulting from
the throttle ceil. The single-region Bounce-Averaged Code is used to
determine the density and distribution of particles in the anchor.

The example for n = 1 x 10'3 em™3 and Ty = 1 keV is shown in
Fig. 3.6-3a and b. This example includes 90-A equivalents of sloshing neutral
beams and three pump beams (NIB = 3).

Charge-exchange on background gas was neglected. The required sloshing
current, however, is a factor of Z below that available and even below that
required for sleshing-ion experiments on Xy, 3-6-2

The conclusion of these calculations, therefore, is that the available
sloshing-ion curent is more (by a factor of 2) than required for operation of
TMX-U (throttie coil) at the design parameters. Good anchor pumping can be
achieved by three 18° pump beams if the transition is unpumped. When
resulits from the next subsection are included, it is fpound that two 18° pump
beams are sufficient to pump the anchor if the transition fs well pumped,
€.g9., by two g° pump beams .

Transition Pumping. In the transition region the potential is determined by a
Maxwell-Boltzmann factar because there are no hot, magnetically-confined

N
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Fig. 3.6-3. Density and distribution of particles for case of TMX-U plug

without a throttle coil. (a) Axial density profile. Sloshing neutral-beam

current of 90 A and two 18° pump beams are used. (b) Phase space at the

plug minimum for case in (a). . '
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electrons. For fixed magnetié field and pumping geometry, the density at any
point s u therefore given by
Mifony = Vs Mgs Ngs Nyys To/Ti1 - (3.6.1)

Here the sub/superscript "TH" refers to values at the throttle peak; all other
plasma parameters scale from that value. Thus,

TH _

vl = g, a0 as(6.27 x 101y T2 (3.6.2)

keV

The number of pump beams are given by NIB’ Ng, and Nax; these determine

the axial profile of the pumping rate. Finally, the electrostatic potential
is proportional to T, and thus its net effect depends on the ratio T/T;.

To estimate the effects of the throttle coil, the multi-region code
(including a 6-T throttle coil) was run with no sloshing ions from neutral-
beam trapping. The resultls, shown in Fig. 3.6.4, show that the transition and
plug are indeed well pumped; this calculation yields g = n,ip/nf;ass = 1,7,
which is considerably less than required.

To evaluate the pumping requirements, Matsuda's muiti-region
Fokker-Planck code>*%*“® was run for several values of N. The magnetic
field in the code closely matches that on axis in the transition and anchor
sections of TMX-U; the multiple-section phase space is properly handled by the
program. The physics of the sloshing ion$, magnetically confined electrons,
etc., is absent from the code; results, therefore, apply primarily to the
transition region. The behavior in the anchor is mocked-up by an axial
potential variation that is held constant. 1n the transition, the potential
is given by T_ &n (n/nl..H); the value and axial shape are obtained by
iteration of the converged output.

As noted in the previous section, in the absence of puiping in the
transition section, the density at the inner anchor peak is close to that at
the throttle and the distribution ¥s close to Maxwellian. An example is shown
in Fig. 3.6-5. 1f the passing distribution is filled in, the anchor pumping
requirements in the absence of transition pumping are not significantly
jmproved by the presence of the throttle coil.



Density (10%2em-3)

Fig. 3.6-4. Axial density profile for TMA-U with a throttle coil.

sloshing beams is included but na sloshing ions are trapped.
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Fig. 3,6-5. Phase space at the plug inner mirrar (B = 22 kg) in che absence

of transition pumping. Here n}-H =2x 1003 cm'3, T; (kev, Nig =

and the density at the inner mirror is 1.65 x 10'3 em™3,
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An example of moderate pumping in the transition region is shown in
Fig. 3.6-6,-7. Note that at the inner mirror the distribution is clearly
sloshing. The density at the transition minimum is about 0.32 nTH
enough to reduce the instability drive from the transition to a 1ow level.
(See Sec. 3.1. on MHD.)

The result of neutral-beam pumping is shown for three different beam
configurations in Figs. 3.6-8 through 3.6-10. Each graph shows the total
dens1ty at the bottom of the transition, nrs and at the inner mirror,

:", narmalized to thei at the throttle coil} nIH. and plotted as a
function of the icn-ion collision frequency at the throttle peak.

For the propased case of N]B 2, the density in the anchor is Tound
to "fill=-in" at vTH > 10 s '. This is a rativ of vii/vpump 2 0.1 (when
weighted with the rat1o of pump to anchor lengths), in fairly good agreement
with the transition value of 0.2 {see Appendix B} found for a simple square-
wall model., As this model does not include pumping that is due to the
sloshing beams, we conclude that two, 18° pump beams provide good barrier
pumping at the design parameters.

The result of pumping with N]B =3 and Ny
Fig. 3.6-9. The pumping effectiveness in the transition is approximately the
same as for N9 = 1. At the highest collision frequencies the pumping i3
marginal, and we conclude that the configuration is not as effective as
N]S = 2, Ng = 1, The latter case is thus the preferred pumping beam

assignment for the throttle cail arrangement of TMX-U.

= 1 495 shown in

Central Cell Confinement Time, The pumping of trapped particles causes a
corresponding passing-ion loss and thus a reduction in the central-cell
confinement time. The effective central-cell confinement time that is due to

pumping is
pump . 1 )
) ;1= Jtrap(E?_T) Conadlt {3.6.3)

where jtrap is the trapped current per end and where g = (“pass + “trap)/“ ass

corrects for pumping of both trapped and passing particles. That is, Eg
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Fig. 3.6-6. Axial profiles for a moderately pumped transition. Here
nzH =1x 103 cm'a, T; = 1 keV, Npg =3, and Ny = 1.
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Fig. 3.6-7. Phase space for the case of Fig. 3.6-6. (a) Transition minimum.
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Fig. 3.6-8. Transition pumping for Mg =3 =1, N =0and T, = T,.
Shown are the density at the inner mirror, N'", and at the trans1t1on
minimum, N T, normalized to the density at the throttle coil. The densities
are plotted against the ion-ion collision frequency at the throttle coil
peak. The potential at the barrier is fixed at -1.7 k¥ below that at the
throttle coil. The mass of a deuteron is 3.35 x 10-%% gram.

it

1.0 T _— T™=T—T"T7

e e e o et em e

- IN TH .
]
B 4
x|
'_“
.5?- -
1
0.1}~ -
C nTH =2 x 101 ]
i T=1keV ]
F L 1 ] Lead Lol
102 10°

Fig. 3.6-9. Transition pumping for Nig = 2, Ng =2, N, =0, and T, = T..
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Fig. 3.5-10. Transition pumping for Nig = 1, Ng = 0, Nax =1, and Te = Ti'
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includes not only the pumping Josses but the trapping losses of the passing
population. Thus, for a two-region end cell {transition plus anchar),

; - 5
Jirap 9- §=trans [g Tpass Y pump] - {3.6.8)
+
anchor
=9 =
where g npass 31 "trap npass + ntrap .

In Eq. (3.6.4) LU is the charge-exchange pumping rate defined as

pump
S-p [8
LU = Bo j B L]
Integration of the rates shown in Figs. 3.6-1 and -2 yields
dL = 3 4 -1
B, /-g— Yoump {5.4 x 103 Ny + 1.8 x 10 Nm] ens”) . (3.6.5)

Integration of the sloshing-ion-current density yields

d? .slosh _ 4 -1
Bo g ‘bump =6.4x 10 cms (3.6.6)
for I1osh = 90 A Efgimating Mass = nTh/(R Y1+ 1$/7), g = 2.5,
{2<g<3), Nyp = 1.2x10'7, and taking Nqg = Ny = 2, one finds for
Case C that
,PU™= 0,135 . (3.6.7)

ic
This confinement time is combined in Sec. 2.2 with those for axial and radial.
losses to yield the total central-cell confinement time.
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3.7. DRIFT SURFACES AND ADIABATICITY
J. H. Foote

We have calculated drift surfaces and checked adiabaticity for ions
trapped in the three distinctive megnetic-field regions of the throttle-coil
configuration: end cell, central cell, and transition region. For the
computer calculations summarized here, the particles moved under the
constraint of the vacuum magnetic field. We have not included either
alterations of the magnetic field arising from plasma diamagnetism (beta
effect) or influences of electric fields and particle collisjons.

The analysis methods used are summarized in Ref. 3.7-1, where
drift-surface and adiabaticity results for the standard TMX-U magnet1c-f1e1d
configuration are given. A more detailed discussion is also presented there-
Here we compare the present results for the end and central cells of the
throttle-coil configuration with results in Ref. 3.7.-1.

The reflection points for the various orbits calculated are dep1cted in
Fig. 3.7-1. There, R off 1S the ratio of the maximum-~to-minimum
magnetic~field magnitudes experienced by a particle.

End Cell '

The end-cell magnet-coil configuration has not been changed from the
standard design, so little change in particie trajectories was expected here.
Nevertheless, some of the earlier calculations were repeated to check that the
changes made in the transition region did not significantly affect the
end~cell particle trajectories. This indeed is the case.

Figure 3.7-2 shaws the cross section of one of the four calculated drift
surfaces for the throttle-coil configuration. This cross section i5 Tocated
at z = 563 cm, the minimum-B position along the magnetic axis. The drift
surface is closed and well behaved and is similar to those of the standard
configuration (Fig. 8 of Ref. 3.7-1). The drift surface was started on the
x-axis at 20 cm and at z = 563 cm, it encircles the magnetic axis, and it has
an Reff of 2.00. The other three calculated drift surfaces correspond to
Rogs values of 1,12, 3.00, and 3.75, and differ only slightly from the one
shown. The farthest gut radially that any of the four drift surfaces extends
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Fig. 3.7-1. Plot of magnetic-field strength on-axis from the midplane of the
central cell to beyond the end-cell outer-mirror. The reflection points for
the various calculated ion trajectcries are depicted. The numbers shown are
values of Reff’ where Reff is the ratic of the maximum-to-minimum
magnetic-field magnitudes experienced by a particle.
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Fig. 3.7-2. Intersection of the calculated drift surface for Rege = 2.00

with the end-cell plane at z = 563 cm (minimum-8 position). Also shown is the
gyrodiameter for a 15-keV proton at the minimum-B position, with 45° pitch
angle there (Ref'r' = 2.00).
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Transition Region )

Unlike the end-cell and central-cell regions, the shapes of the plasma
cross sections on the two sides of the transition-region midplane {away from
and toward the central cell) are not similar, even with a 900 rotation about
the magnetic axis. The cross section is highly eiliptical toward the end cell
and less elliptical near the throttle coil, which tends to circularize it
there. One would thus expect resuilts for drift surfaces and adisbaticity to
differ from those obtained in the other magnetic-field regions and that is
what we find.

We calculated drift surfaces for the four diffarent values of Roff
shown in Fig. 3.7-1, starting ions at z = 315 cm {position of minimum-B
on-axis) and at radii of 10 c¢m along the x-axis and at 22 cm along the

y-axis. These starting positions correspond to the mapping of magnetic-field
lines from peints in the end cell at 2z = 563 e¢m and r = 15 cm. The particles
starting with ReEf = 1.12 rapidly moved to the wall. But, according to

J.A. Byers,3‘7" the presence of electric fields in the transition region
will create £ X B rotation that closes the drift surfaces for these deeply
irapped particles. The calculated drift surfaces for the other three values
of R, g¢ are closed and .without excessive ellipticity {maximum ratio of majof
axis to minor axis lengths at the z = 315 plane is 1.4). For comparable
particle energy, the Ar jumps at reflection for these drift surfaces are
greater by only 2 factor of up to 1.6 than those in the central cell of the
standard configuration,

We calculated detailed trajectories to estimate Toss lifetimes from
nonadiabatic behavior for 4ions that become trapped in the vacuum magnetic
field of the transition region with various midplane pitch angles tﬁere. To
enhance the nonadiabatic jumps in the calculations, energetic 15-keV p* were
followed. The fon starting at z = 315 em, x = 0O,
and y = 22 cm, with 71° pitch angle (Reff = 1.12), escaped the transition
region in 21 us. The R ¢¢ = 3.00 particle (35% pitch angle, i.e.,
toward the loss cone) had magnetic-moment jumps of a magnitude that Ted to 2
calculated lifetime of about 1.0 ms. The trajectories with intermediate
Reff values gave much longer Tad times.

These drift-surface and adiabaticity calculations suggest that we cannot
depend on particle drifts to pump out the transition region. The drift
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{at 2z = 563 cm) is 26 cm along the y axis {as compared with 31 cm for the
standard configuration). Orift surfaces with the same four values of Ras
but starting at 25 cm instead of 20 cm are also closed for the throttle-coil
design, while for the standard configuration the two starting at 25 cm with
Towest values of Reff open up jnto banana shapes. Thus, the end-cell drift
surfaces appear even better behaved than before. .

Figure 3.7-3 shows calculated end-cell adiabaticity resuits. Llifetimes
for loss from nonadiabatic behavior are plotted there for protons with variocus
energies and with Reff = 2.0 {corresponding to injected sloshing jons). The
plot is taken from Ref. 3.7.-1 for the standard design, with two newly
calculated values (at 30 and 120 keV) added for the throttle-coil
configuration., As expected, 1ittle change is found. If anything, the new
configuration is slightly more adjabatic.

Central Cel}

The main purpose for installing the throttie coils is to produce an
axisymmetric magnetic field in the central cell with reduced radial
transport. We have calculated a series of drift surfaces for ions trapped in
the central cell, with pitch angles at the midplane ranging from near 90° to
near the loss cone. As anticipated, the radial jumps of the particles at
refiection are much reduced in magnitude compared with the standard design:
the peak Ar for the throttle-coil configuration is about 2% of that for the
standard design, other conditions remaining the same. This large reduction is
in addition to that already obtained with the magnetic ramp of the standard
design (those results shown in Fig. 14 of Ref. 3.7-1).

Because adding the throttle coils shortens the central-cell length, one
mighl expect particles trapped in the central cell to be less adiabatic with
the shorter length available for 1Bl to change. But our trajectory
calculations show particles with midplane pitch angles in the range of the
injection angles of the energetic neutral heating beams to be more adiabatic
for the throttle-coil configuration than for the standard. Evidently dB/dz
versus z is smoother in the throttle-coil design even though dB/dz is larger
in magnitude. Figure 3.7-4, taken from Ref. 3.7-1, shows the
standard-configuration results (circles) as weill as two values of adiabatic
lifetime calculated for the throttle-coil configuration {triangles). In
_ either design, the particles are highly adiabatic.
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Fig. 3.7-3. Adiabatic lifetime 1,4 versus velocipy v for protons confined

in the TMX-U end cell [for standard design {circles and square} and
throttle-coil design (triangles)]. Proton energies in kiloelectron volts are
shown. Starting points are at 15 cm along the x- or y-axis, at z = 566 cm for
the standard design and 563 cm for the throttle-coil design. To approximately
apply these results to D+, divide the velocity scale and the energy values

by a factor of two.

108



104 —
[

Tad s}

F A ]
T ]\
2k ]

wz 70 SJU 5Iu

& (deg)

Fig. 3.7-4. Adiabatic lifetime Tag VErsus pitch angle 8 at the

central-cell midplane for 15-keV protons confined in the TMX-U central ceil
(at a 20-cm midplane radius). The circles are for the standard design and the
triangles for the throttle-coil design. The two arrows show the angles {5¢°
and 70°) at which the central-cell heating beams are injected.
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surfaces do not appear that distorted, especially when one includes the EXE
rotation in addition to the vacuum-magnetic-field effects. Also, the
lifetimes against nonadiabatic loss will probably be longer than those
calculated above because the jon energy expected is near 1 keV instead of the
15 keV used (leading to smaller magnetic-moment jumps and a longer time
between jumps) and because of the tempering effect of the E X B drifts.
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APPENDIX A
PARTICLE- AND POWER~-BALANCE FORMULARY FOR THE CENTRAL CELL
D. L. Correll

A.1. Introduction )

A series of formulas for the central cell, .hich describe the jon
particle and power accountability within the Faokker-Planck code, are
discussea. The electron power balance is analyzed explicitly. These formulas
allow central-cell scenarios to be described analytically. The Fokker-Planck
code input requires an electron temperature Tec’ which was fixed at 0.6 keV

{see Sec. A.8), and an jon confining potemtial TP whicth was set at 2.2

kV. Both Tec and ¢ic are consistent with the TMX-U proposal

values.A~1 “The peak of the confining potential is within the end cell at B

= 8,5 kG. The axjal variation, used in the code, of the magnetic field and
plasma potential for Case C is given in Fig. A-1. The potential is referenced
to the central-cell electron potential, boe © 2.6 kV; the central-cell

mirror ratig, Rc = gg-= 155 and the mirror ratic at the potential peak,

Rp = §§§ = 2.1. A1l equations are general in nature but when examples
are given the numbers refer to Case C of the throttle coil geometry.
Figure A-2 summarizes the parficle and power balance for Case C.

A.2. lon-Particle Sources

The neutral beams witnin the central cell were modeled to have an
extraction voltage VEXL  of 15 kV and to be injected at 657 with
respect to the magnetic axis. The three beam species associated with D+,

D;, and D; particles had extracted currents in a 55, 30, 15% ratio

with ;.6 atom-amps per power amp. The mean incident-beam energy
incid | ; 108 5

Ebeam is 9.4 keV with Vbeam = 10 ¢m/s for deyterrum. If we

include the variation in neutralization, energy, velocity, and fonization rate

for each species, then the relative neutral-beem source strength,
ioniz _ ioniz : 1
e am P aam ¥ , for particles at 15, 7.5, and 5 keV
is 30, 35, and 35%, respectively. The charge-exchange events to ionfzation

s c-x ,eioniz _
events for beam particles was assumed to be fbea fbeam 2.
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joniz
lgas = 2 Atom A Eq. (A.8)

ioniz

lheam = 22 Atom A Eq. (A.D)

trapped
Pooan = 345 ki Eg. (A.18)

! PAOSS = 35k
———— Eg. (A.22)

EC-X s E

13
Fic =4x 10
ic

ic
Eic = 5.5 keV

:}g“ = 24 Atom A Eq. (A.9)

loss
Pdrag 160 kW Eq. {A.22)

oss -
for T, » 0.7 keV Pharticle = 150 kW Ea. (A.22)

€195 = 6.3 kev

. 13
nye 4x10

| s ma— ls“o““” bgc ° 220 kW Ea. (A.27)
Tec a2 0,7 keV
!secondary =72 A Eq. {A.22)
bge * 3.1 keV Ea. (A.26)
lass
Tec (¢ec + Tec) = 370 kW

loss
lec 96 A Eq. (A.24)

Too * 0.7 keV Eq. (A.28)

Fig. A-2. Throttle geometry: particle and power balance (Case C).
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In terms of the source strength, the jonized beam current,

joniz joniz _ 1 _ 2
I = I av e—aril . (A1)
beam species beam 3 €¢
The target density, ncs is the central cell density (n. = a3 = n..).
For parabelic profiles,
r2
nc(r) =n (1-=5 . (A.2)
Te

The following relationships hold:

4
fnc(r)dr =Anr, (A.3)
In_(r)2rrdr = & n e {A.4)

c 2'¢ ¢ ¢
and
2 122
fnc(r)errdr =g nTrC. ‘ (A.5)
For the throttle coil, r =17 cm, L =8 81 < 260 om, and v, ELC =

2.4 X 10° cm3, For example, given a toteﬂ vwmz =43 5" the
species mix for 15, 7.5, and 5 keV neutral-beam partxc]es wuu]d be
15, 17.6, and 17.6 s'], respectively. This source strength at n. =4 x 10"
would imply lgg;‘;z = 22 amps. For fﬁ;:m f;g:;‘z =2, an

accompanying 44 amps of charge-exchange current from the beam would be present,
if the plasma was "thin".

For "thick” plasma targets,

a
wowtotal Fare oo (A.6)

»
Vbeamsme inj

total | (50> 10M2 4 i3 €X 4o charge-exchange

products are modeled to be re-ionized before leaving the plasma. Therefore,

with <gv>
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vgggm is set equal to zero. Given <ov>19"12 =36 x 1078 end .« 571,

c-x,.joniz _ - = @E0
fOff =2, r. = 28 cm {core + halo}, einj = 659, and Vbeam
=108 cm/s, a thick density according to Eg. [A.6) is
nthick 5> 2.2 x 1013 end (A.7)
ioniz _ ioniz
When neutral-gas sources are used, Vgas ngas <av>gas s
which provides a particle source of "zero" energy given by
joniz _ ioniz , 1 .2
Igas n. vgas e-a-m‘ch . (A.8)

Because the gas source has no directed energy, <av>;gglz =

3%x108 e & s']. The value of <Uv>1°mz for the beam source

had an additional input from ion-ion jonization collisions, 0.6 X 10'8,
bringing the total for beam ionization up to 3.6 X 10'8 md . 5L,

Again due to the difference in the energy of the two particle sources
{gas and beam), the ratio of gas charge-exchange events to jonization
for the gas source, f;;:/fgggiz, is 3 rather than the value of 2 for the
beam_source. Tperefore. phe_total incidgnt neutral-gas current,
I;';‘;"d =4 Ii‘;';“. For v;g';n =4, 1;‘;2” = 2, and l(;;’;ﬁ

6 atom amps.

A.3. lon-Particle Losses
The central-cell ion-particle losses can be calculated from

2

n.
Toss _ ic 3 .
Iic - int'ic gV » (A.9)

where V. = ﬂrch =2.4 x 105 cm'-3 for the throttle geometry and

the 1/3 geometry factor comes v+om Eg. A.5. The central-cell confinement
parameter

. -1
(ne) 50202 Hne )30 [(r) RN 4 e RUPPIN9Y "} (8.10)
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or

1 - i =11 -

(nTJtota { [(nT)ax1a1] 1, [(nr)§3551"9] T} 1 . (A.11)
Equivalently,

2

Mic - Toss _ axial passing { radial pumping
(nT)tota1 Tic Vic "icYic M (vpassing * Vpassing (A.12)

ax1a1 - radial _ ’

For Case C of the thrott]e coil (see Sec. 2.2), v 36, Vpassing a0,

and “Eggﬁlﬂg = 360 s'. As discussed in Sec. 2. 2 on]y the
passing population for the throttle geometry experiences radial and pumring
losses, whereas in the standard geometry the total confined density, Ny

undergoes radial transport from nonsymmetric mirror fields. If the sum of the

two terms within the parentheses of Eq. A.12 is defined as Ypassing® then
£q. (A.12) can be rewritten as
loss _ axial passing
"jcVic MicYie T MicVic ' (A.13)
where
passing
pass1ng = lc
1c n; pass1ng (A.14)
c
and
pass1ng nmirror B
1c _f Jic c
— il . (A.15)
ic ic mirror
-1
In Case C of Table 2.2-1, v Vpassing 1350 53 . The values for Nic and

(B= =Br,) are 4 x 10 13 and 1.2 x 10 » respectively. This implies

v§3551"g = 9. Knowing that vloss = ;23;2 + v;g:xz =43 + 4 =47,

16



Eq. A.13 substantiates yaxial o 36 Using nv = n2/nr gives
(ne)total = g6 x 10", (nt)?éia1 = 11 x 10", and
(nt)QCSSi“g = 40 x 10" cn3s for the Case C value of nic =
4.0 x 10'3¢cm3.  Equation A.9 gives 1}255'= 24 atom amps.
A.4, Ion-Particle Balance

Equations A.1 and A.8. for ploniz and I;::iz give 22 + 2 =

beam
24 atom amps for Case C, which does indeed equal the resuTt from Eq. A.9 where

Iggss = 24 atom amps. The general result for particle balance is

Tass _ yioniz ioniz
Lic = lheam * Igas ’ (A.16)
e 2 s
with nv = n%/nt, giving
< {,joniz ioniz !
Mie = Wpeam * Vaas ) L PP (A.17)
A.5. lon-Power Input
"The trapped neutral-beam power is calculated from
trapped 1 ) joniz c=X . '
Pbeam * Nie §'vc species [‘Beam eam * ‘beam(Ebeam Eic)] ) (A.18)
For E, = 15, 7.5, and 5 keV, the values for Case C of ugg:;z were
13, 15, and 15 s", respectively. The values for vC2X are twice
the vi911Z Loyias. Equation A.18 gives ptrapred _ g:gmk“
bezm - kA * beam
for E;c = 5.5 keV. Solving
trapped _ ptrapped|  ioniz,-1 c-x -1
Ebeam Pbeam (;beam Vo (Ibeam) {A.13)
gives EEZ%ﬂPEd = 4.8 keV. The value of (nr)ﬁgergy js calculated from
2
trapped _ “cFic ] (A.20)

beam Energy 3 Ve »
{n)5e
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which gives (nT)S"e'% x 3.3 x 10" en™3 « s and ngergy = 8 ms. ;
Knowing 11955 = [EFaPPed coc p g %, and A.20 impl
9 ic T Ye , Egs. A.9, A19, and A, imply

energy _ Eic total fE;:m -1 i
(nt) trapped (nT)fC 1+ f10n'IZ . {A.21) i
beam beam .

A.6. Ion-Power Losses

The jon population loses power through three channels: fon-electron drag,
particle losses, and charge-exchange losses with neutral gas. Charge-exchange
events with beam neutrals have already been accounted for in Eq. A.18.
Mathematically,

Toss
loss _ 1, (EIC z ec) 1cE1c + o, NOTX X
Pic 3Vc ("T)drag + lﬂT)1c icvgas “ic . (A.22)

where (depending on where the gas is fed and the relative values of T,

ic
and 157%) E; < ESC < ELTOPPRd ong where (M) gpaq = 101213/ (xev)

for deuter1um.

Recall (see Sec. 2.2.2) for the throttle coil design {Case C) that
X =45 -
gas *
can generate its own power losses through charge~exchange collisions. For
now, both additional gas sources are ignored. For Case C parameters of

= 0.6 keV and Eic = §.5 keY, Eq. A.22 reduces to

Gas from neutral-beam sources and/ar halo fueling

loss gS*

Yoss ic ic
P, 7?(kW) = 230 + 130 — 35 T -

e ic ic

A.7. JIon-Power Balance

The Fokker-Planck code does not output EmSS

carried out by jon particles. By eguating Eq. A 22 for Plgss to either
Eq. A.18 or Eg. A.20 for PEE:%DEG, the value of Eigss that
satisfies ion-power balance can be evaluated. Equations A.20 and A.22 give

s the mean energy

Toss C=X pC=X
+ Eic /Eic + 933 Eic , (A.23)
)¢ Pictic
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For Case C and for E?;x = Eic’ ion power balance requires

E1oss

ic
T ° 0.6 ,

ic
which gives EJ25S = 3.3 keV. This means for T,, = 0.6 keV that the
345 kW of trapped neutral-beam power is split between jon-electron drag
consisting of 230 kW, direct particle losses consisting of 80 kW, and

charge-exchange power lgsses of 35 kM.

A.8. Electron-Particle and Power Balance.
The electron-particle balance can be described by

loss _ ;loss _
Lic lec Liecondary ° (A.24)

A joss

where Igecondary = T - & lic » and A is the secondary emission coefficient,A-2

Rewriting Eg. A.24 as

loss . ; loss
Iic = (1 -21) Iec . {A.25)

the following expression can be seen as an equivalent statement of
electron-particle balance:

¢ o
1)y = (T"ll- )*‘z (n7)9(R) T—ez exp (T—-:‘:) (A.26)
e c
with

(nt)ge = 5 x 10° T2/2(kev) and g(R) = 2R 2lia (ar +2) .
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From Fig. 4 of Ref. A.-2, we find for Te/Eﬁgd ¥all = 0,12 and E?Zd wall .

that A = 0.75. Equation A.26 for Case C, with A = 0.75, implies

¢ ¢ ¢
ec ec . . ec
Texpy—= 420, which gives T = 4.5 .
ec ec . ec

Equation A.24 for A = 0.75 and I}gss = 24 atom amps gives 72 atom amps
of secondary-electron current, Isecondary' and 96 atom amps of primary
electron-current losses, Ie:s . ' -

1c

Electron-power balance between ion-electron drag input and power output

associated with electron end losses is written as

2 1 3
nic 3 % lEicm 7 Tec) = 11058 (4 47 y -1 o
1¢.3/2 ec ec ec secondary ‘ec
101473 5 kev)
. ¢loss
=1 (Pec*Tec) * Isecondar‘_y Tec »
. - oss
with Isecondary =X Iec . For the throttle reference case,
£Ea. A.27 becomes
21 (5.5 - 3 Tec)
1372 = 200 Tec !
ec

which gives Tec = 0.7 keV and hence ¢,. = 3.1 k¥. Both calculated
values of Tec and ¢ec are close encugh to the input values of 0.6 and

2.6 to confirm the validity of the ion parameters. However, Eq. A.22 implies

loss loss
t?g:sPDra becomes 160 kW, Ppartic]e becomes 150 kW and
Eic = 6.3 keV.

These new power-balance values along with Téc = 0.7 keV are used in
Fig. A-2 to summarize the particle and power balance for Case C.
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APPERUTX B
THRESHOLD IN NEUTRAL-BEAM PUMPING.
E. B. Hooper, Jr.

To illustrate the existence of thresholds in neutral beam pumping, a
simple geometry was considered: a square, magnetic and electrostatic,
potential well.- Passing particlies were trapped by Coulomb collisions and
removed by uniform neutral-beam puiping. The pumping rate was varied and a
threshold found above which the pumping efficiency increased dramatically.
The effect apparently arises when the ion-energy diffusion time to the
potential minimum is slower than the pumping rate.

A single region was analyzed by the bounce-averaged code run in the
square-well mode {MIDPLANE = 1). An initial example analyzed by Futch had R =
10, T, = 10 keV, and ngy = 1.38 x 10'% cn™> (sub/supérscript *TH"
refers to values at the mirror peak). The code was run both with potential
p = 1078 (essentially Te = () and with potential ¢ = Tg &0 n with
Te = Ti. The results are piotted in F1gs. B-1 and B-2 Note the sharp

change in pumping character at “pump/ Ha 0.5 (v =

Ny &0 4/6.27 x 10" [T (keV)]slz . Futch has seen similar effects

B. 2

B.-1

in pumping calculations.
From dimensional arguments we know that the trapped density, Nps i

given by
At low pumping rates the scaling with “pump/ TH must be linear
Neo/iey = 1 = 0P3S/n g (v i) (8.2)
Tt TH TH pump’ "ii/ * T

Comparison of t'.= two cases shows that k is greater when the potential is
turned on (Te = Ti) than with zero potential (Te = 0). Apparently the
reduction in passing density by the potential opens up more phase space and
thus permits larger Nope
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At large pumping.rates the scaling is given by

_ TH-1
nre/Py = Ky OpuneVis) s {B.3)
as shown, for example, by Futch and LoGestro.B"3 In this case, k] with

Tg = T; is about 5 times less than with Te = 0.
In the case of zero potential the results may be fitted by a simple madel,

d"Tr

- 2 : 2 _ =
gt = Anpy * By M= ¢ Pre = Voump "Tr 0 . (B.4)

where C is found from the requirement that for v

pass " e " T T P
Also n /nTH = 0,053 for R = 10 and ¢ = 0, so

pump P

C=A n%_,/(nTH - P82 4 g nf (nqy = nP?%%) . (8.5)

The fit shown has A = 0.174 and B = =0.021. (Note that the computer
calculations extrapolate to N + nP355 = g.975 n, at Vpump =0,
presumably because of finite gridding or other problems in the code.)

The results for Te = T; clearly cannot be fitted by the simple form
Eq. B.4. We also tried the model

dnT 2
It T = a nP25S 4 p nP?sS Py - chi - “pump L o, (B.6)
withB.~4 ss 2
nP? Inpy = exp (%i-) erfc (%"-?) K
1,172 R
-0 -7 / exp %ﬁ er'fc(%i ;‘—_-)”2 (B.7)
and
pass
n, +n
Tr
=
¢ =T, M_—___"TH . (B.8)

This could not reproduce the threshold effect.
The threshold, therefore,'apparently is due to effects in phase space.
Figures 8-3 and B-4 show the changes (with Te = Ti) of increasing
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Fig. B-3. Phase space for v /v
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pump/ . from 0.109 to 0.219, In the latter case the potential has
1ncreased enough so that the density at low kinetic energy is small, implying
that the time for trapped particles to scatter to zero energy is longer than
the pumping time.

The effect is illustrated in another way by Figs. B~5 and B-6, both with

pump/"TH 0.437. In Fig. B.5 T, = T,, and the effect of
potential is even more pronounced than in Fig. B.4: The trapped ions are
strongly sloshing. iIn Fig. B-6, Te = 0, and the distribution has filled in
to E =0 and 8 = 90°.

LaDestrnB -15 suggested that the drag between counter-streaming passing
particles might be playing a critical role in the effect. To test this, we
ran an extreme case: pump/ v = = 0.0137, ¢/T = 3, The result,
shown in Fig, B~7, has not complete]y converged; the demsity n/nq, of 8.4 is
still considerably below exp (¢/TE) = 20,1. It is clear that the
equilibrium will be filled in. A similar effect is seen for Te = Ti cases
at low pump freguencies when the trap fills up more than in the absence of
potential. Interaction between the counter-streaming passing particles
undoubtedly is important but is not required for the effect.
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APPENDIX C
ALTERNATE PUMPING TECHNIQUES
J. A. Byers, W. F. Cummins, E. 8. Hooper, Jr., and B. G. Logan

C.1, Rf Drift Pumping

Investigations are now underway to design a practical means of inducing
sufficient controlled amounts of radial diffusion of trapped ions in the
transitions to eliminate or reduce the pumping neutral-beam requirements in
TMX-U, MFTF-B, and MARS axicell-plug transitions. This section describes a
promising adaptation of Baldwin's original drift-pump schemec"] to the
double-quadrupole type of transitions that have been incorporated in these
devices. Rf applied near the bounce frequency of particles trapped in the
transition and plug can drive strong radial transport, thereby providing good
pumping. The resulting pumping technigue is now used in the MARS reference
case,

Figure C-1 shows axial profiles of the field B, geodesic curvature HD,
and normal curvature 8 for one plug of TMX-Y. The drift-pumping scheme
relies on the presence of bounce harmonic resonances and exploits the
geometric features of the extreme fanning of the flux surfaces that occur in
the same z locations as the peaks in the curvatures HO, . Sirong z
structure {which gives rise to bounce harmonic resonances) appears in the rf
field itself, E(z); in the magnetic field through E/B{z); and in the fanning
"structure of the field Yines, Xo(z), Yo(z).

The following arguments show that the effectiveness of the rf field is
maximized when the induced E; vector is aligned parallel to the lang direction

of the flux surface fan. First, since Faraday's Law gives Ey+dly = w B dl)-dz,
we see that the length of the antenna leg, dl,, parallel to the Ej vector
cancels out and so a requirement for a given Ej strength is independent of the
antenna size in the E, direction. Second, the radial distance from one flux
surface to another is shorter across the thin direction of the fan and this
results in a larger drift across flux surfaces for a given Ey operating at the
fanning peak compared to the same E; operating at the midplane circular flux
surface. This results in a maximum enhancement factor of about 10 for MX-U.
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Thus, the rf E; field should have maximum value in the vicinity of the z
location of the fanning peaks, and E; should be aligned parallel to the long
direction of the fan so as to give E; /B displacements in the thin direction,
An optimum coil design has the E field with sizeable value at the curvature
(and fanning} peaks, and the orientation of the E; vector smoothly varying
from approximately vertical in the vertical fan to horizontal in the
horizontal fan. The most effective design would result if the E field could
be maintained at peak values at the z location of the fanning peaks
(see Fig. C-2). ‘

The drift motion in response to an induced, E-time, varying field
exhibits bounce harmonic resonances. Specifically if, for example, the bounce
frequency w, were a constant independent of radius, an rf E field with
w = w, would cause a constant radial drift velocity with r(T) increasing
linearly in time. The same result would occur if w = n w, although the
strength of the resonant behavior would reduce to negligible strength at some
harmonic n = N, The drift pumping idea is to supply an rf signal with
frequency at one of these resonances and with sufficient bandwidth to extend
over the following:

. The range of bounce frequencies encountered by a single particle in
its radial motion, sz(r).
. The range of bounce frequencies dictated by the total spectrum of

pitch angles and energies of the trapped-particle species.
There are further complications when one considers unperturbed motion that
also has a azimuthal drift freguency wp. Since the rf signal is an M =1
mode (E,= E), the resonant frequencies will then be given by

w=nw, Yo, .

Prior work on the drift pumping concept concentrated on a simplified
model with the freguency resonant at the drift freaquency (n = 0 above). In
that work we derived conditions for stochasiicity given a model with
mD(R). For a given € field strength, we derived for frequency &w a
condition for the minimum separation necessary between the individual signals
to ensure island overlap from one resanant orbit to another. This
stochasticity condition was confirmed by the following numerical orbit. The
derived diffusion coefficient also checked out to within a factor of 2.
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It seems plausible that we can directly use the results of the prior work
for the present case with the replacement of wpy by w, and the
replacement of ? by’F /n, recognizing that the tota] signal is now
roughly evenly divided into n different harmonics and we are resonant only at

one.
The w = wp result was

m ~
] B 22
0 = =— r N
r AmD ( Bu )

generalizing tow = Wy, We oW have

w? /8 \2
Dr = EE—'('ﬁl—) Lz £
z 0
where § is the effective amplitude of the first harmonic resonance, and the
factor L2 instead of r2 comes from the coil geometry (an effect not taken
into actount previously}. We now let §1 =B /n and also take into account
the previously discussed fanning factor enhancement factor, F. These factors
combine to give

: Wl s~ \2
r L z B 1
= - x=xF .
Toump v T2, ( g )

Compared to the prior work, we qet an increased pumping rate because af the

Lzlr2 factor, the use of w, instead of’mD, and the fanning

enhancement factor F. The factor 1/n represents a reductiorm from the prior

model result, Both the factor 1/n and the fanning factor F are complicated

functions of the actual total configuration and have not been guantitatively
evaluated yet.

"The numerical work to date confirms that bounce resonance harmonics do
occur and demonstrates that the fanning can be 2 strong enhancement.
Stochastic orbits were also observed under some conditions. Remaining to be
done are first, detailed calculations defining conditions for stochasticity
and, second, detailed diffusion measurements using an ensemble of orbits. A
preliminary result is that § /B°== 0.001 is sufficient for effective

“pumping, but firm answers must await completion of diffusion studies.
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C.2. ICRH Pumping

Description. One alternative to charge-exchange pumping of the transition
region is ICRH pumping of the jons trapped between ihe throttie coil and the
positive electrostatic barrier in the anchor ce11c"2. Figure C-3 shows the .
basic configuration for this scheme. Given an asymmetric-mirror coafiguration
wherein the highest magnetic mirror is inboard (toward the central cell) of
the electrostesic barrier, a fraction of the trapped ijons (primarily
electrostatically trapped) bave turning points that 1ie between the inboard
mirror peak and the field value of the next highest outboard mirror. If ion-
cyclotron resorant zones can be established in the region of these turning
points, the Vy of this class of particles could be effectively incremented on
each axial bounce since w.j >> ®p4+ In the lower B-field region of

these end-cells, this energy increase translates into successive increases in
parallel energy until the ions can escape over the electrostatic barrier. One
must increment the ion energy by the difference in its turning-point potential
and thé peak barrier potential.

A velocity space diagram of the transition midplane (Fig. C-4) indicates
the desired trapped-ion flow. 1f a rf diffusion zone is established near the
boundary between the trapped and passing ion populations, jons that diffuse
along this trajectory are lost from the system. This diffusion must be rapid
enough to offset the trapping rate from the passing jons and the
thermaljzation rate of the trapped ions. In the latter case insufficient

resonant diffusion merely heats the trapped ions. In addition the resonant
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zone must not overlap or interact excessively with the passing-ion
population. Otherwise, these may be trapped or pumped out.

A bounce-average Fokker-Planck code has been used to demanstrate the

feasibility of this scheme for MFTF-B parameters.c"3 In that situation a
power level of 700 w/cm in a resonant zone located at B(z)/Bmax 2/3 was

" able to pump 86% of the trapped current. Since there is a sTow diffusion of
ions through any axially Tocalized pump, some other method is generally

required to remove this residual deeply-trapped group.

TMX-U Throttle. A test of this methad on TMX-U would be to replace a
significant fraction of the transition charge exchange pump with an rf pump.
The prablem that occurs in TMX-U is that the lower temperatures produce
trapping rates for n&??ilag 1x 1013 s which are much

greater than for MFTF-B.

Fokker-Planck calculations are being made for TMX-U throttle
parameters. While data for a complete set of conditions is not yet available,
our initial results, comﬁaring ICRF with sloshing-ion pumping as opposed to
sloshing-ion pumping alone, are summarized in Table C-1. There was no
additional transition pumping. The pump strength was the same as used in the
aforementioned MFTF-B calculations, Plasma parameters were as follows:
n™ITOT . 1.0 x 1013, T = 1keV, T, =1 keV, 8¢, = 1.7 eV,

passing

trans1t1on et
Ls10shing = 120 A+ Bijppgy = 6-0 T, and By = 0.5 T. The rf diffusion

Zone was centered at Br and was Baussian w1th a characteristic length
ABr; A¢mr is the potential drop from the throttle mirror to the
resonant zone; and g, is the usual filling ratio.
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Table C-1. Effect of ICRH Pumping on TMX-U with the throttle coil (Br =
3.5 T, 88, = 0,6 T, v31oMi"9 = ggg 571).

Potential drop,

Bo, Pﬁgtz Filling ratio,
(kV) (W/em®) 9%
0.35 0 4,37
0.35 0.290 4,74
0.96 0 4,64
0.96 0.217 3.05
1.2 0 4.80
1.2 0.198 2.95
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The most striking result is the necessity of a minimum potential
difference between the mirror and the resonant zone. If there is not such a
difference, the diffusion zone begins to overlap the passing-trapped ion
boundary near the inner potential cut-off (YLi <V = (2eA¢tmﬂn)1/2
in Fig. C-4); thus, feeding on the passing-ion population. This effect was
not apparant in previous MFTF-B calculations since the positive,
axicell-potential bump always produced a significant potential drop on the
transition side.

Further evaluation of this effect in TMX-U with throttle coil will
require more precise, self-consistent, potential calcu’stions. However, if
one starts up and maintains 3 well-pumped transition for the ICRF pumping
experiment, there should be sufficient Bbper

from Table C-1, it can be seen that a significant amount of ICRF pumping
can occur with power fluxes of 0.217 kN/cm2 referenced to the transition
midplane. Calculations are continuing as follows:

(] To clarify the ¢, questian.

e To determine optimum pump strength.

. .Tn determine how much transition charge-exchange pumping can be
replaced by ICRF for a nomjrnal 9, = 2.

. To investigate the effect of zmic pumping.

Implementation. For a parabolic density distribution, A power level of 217
H/c;F at the center of the plasma translates to 200 kW of absorbed power.

Given achievable coupling efficiencies of 50%, a 400-kW rf generator would be
required. -If the resonant zone is located near the 3.5-T point of the
throttle field, the frequencies involved wouid be 27 MHZ or 54 MHZ, depending
on whether w = Weq O whether 2 Weq heating was employed. The
latter choice is increasingly appealing because of the effective rf
penetration of the plasma and the degree of absorption at 2 Weir which occurs
when a field and density gradient are present.c"4’ C.-
Diagnostics The primary measurements that relate to this pumping scheme are the
following:

. The variatjon in end-plug parameters (ne(z), ¢{Z)) as rf is

substituted for transition charge-exchange.
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. Differential end-lass energy analysis. This peak shayld have a law
energy cut-off ~ ¢b and a minimum spread A A¢A Br’
The width should be on the order of the potential differential
acrgss the rf resonance zone. There is a spreading which depends
on the thermalization rate of the trapped jons as they are being
pumped. The pdrtion of the spectrum with energy greater than
by - $c is for passing ions, which are pumped. 1

Diamagnetic measurements coupled with density measurements in the
transition should indicate the power going into trapped (pumped and retained)
and passing ians. An increase in ion temperature in the central cell is
indicative of the power going into passing ioms.

A check should be made for the triggering of anchor instabilities under
rf conditions. There will probably be some leakage of rf out of the pumping
zone despite care in rf coupler design, particularly along the plasma
periphery. This can couple to peripheral rf probes without triggering
particularly disruptive instabilities.
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