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Abstract

The effectiveness of drift-orbit pumping of thermal barriers is analyzed
by calculating constant J surfaces of barrier trapped ions. The calculations
are for two magnetic configurations: a double yin-yang, which produces an
elliptical barrier, and an inboard barrier which is circular at one end and
elliptical at the other end. In both cases, drift-orbit pumping is relatively
ineffective. This is because the radial electric field produces an E x B

drift which 1imits the excursion of trapped ions from the flux surfaces.



I. Introduction

A significant improvement in tandem mirror confinement is made by
creating a thermal barrier between the end plug and central cell sections.(l)
The thermal barrier is a region of reduced magnetic field strength and plasma
density; this creates a dip in the electrostatic potential and thermally
insulates the plug electrons from the central cell electrons. The plug
electrons can then be heated to, and maintained at a higher temperature than
the electrons in the central cell. Consequently, for a fixed plug-central
cell density ratio, a Targer plug potential is obtained, and hence there is
better central cell confinement.

Collisional scattering will, however, cause ions to become trapped in the
electrostatic well formed by the barrier. This reduces the density depression
and the barrier potential dip. Sustaining the barrier requires that these
trapped particles in the barrier be removed (i.e. "pumped out"). This pumping
mechanism could be accomplished by neutral beam injection at low pitch angle
which, via charge exchange, converts the trapped particles back into the
streaming component. Another method of barrier pumping is the use of RF power
to heat the parallel motion of the ions and hence detrap them. Both of these
methods represent an increase in input power.(z) Kesner(3) noted that the
drift motion of particles trapped in the barrier cell could deviate signifi-
cantly from the flux surfaces by grad-B drift effects if the flux tube is
elliptical there. Streaming particles from the central cell, which one would
not want to remove, would stay on the flux surfaces, but trapped plasma would
drift away from the surfaces where it could be collected on a limiter. This
method of passive pumping would thus require no energy input in the barrier,

but it does represent an energy drain from the central cell.



Ba]dwin(4) has noted some problems with this passive pumping scheme,
foremost of which is the removal of barrier trapped electrons that are also
pumped. These electrons may be desired in order to enhance the barrier po-
tential dip. He further points out that the radial electric field will pro-
duce an azimuthal E x B drift that will follow nearly the flux surfaces. This
drift will compete with the grad-B drift and will Timit the effectiveness of
drift-orbit pumping.

In this paper, the drift surfaces of these barrier trapped particles will
be calculated to determine the extent of this passive pumping. It will be as-
sumed that the bounce frequency of the trapped particles is much greater than
their collision frequency. Hence, the particle dynamics will be assumed to be
collisionless, with parallel motion described by guiding center theory. The
magnetic moment, u, is then a constant of the motion, along with the total

particle energy E, and the second adiabatic invariant
Jd=¢§v,ds .

Since J is conserved, the trapped particles' drift surfaces will be the sur-
faces of constant J.
The parallel velocity is a function of the local magnetic field and the

local electrostatic potential,
vi(s) = G IE - uB(s) - ep(s)2 (1)

Drift surfaces are calculated at the barrier minimum, where particles are

launched with initial velocity components v, and v, relative to the magnetic



field direction. These, together with the values of the magnetic field and
electrostatic potential at the point of launching, determine the constants E
and u. With these constants Eq. (1) can be used to determine the parallel
velocity of a particle along various field lines in the barrier, and values of
J can be calculated numerically.

The value of B(s) along the field lines used is calculated by the EFFI
code, but the value of ¢(s) along these lines must also be calculated. Sec-
tion II of this report describes how the electrostatic potential is determined
along a particular field 1ine. Section III gives the results of this drift
surface analysis for a coil configuration where drift-orbit pumping should be
strong. In Section IV the WITAMIR-I tandem mirror reactor design(z) is ana-
lyzed for the effect of this pumping.

II. The Electrostatic Potential Model

The model used to determine the electrostatic potential throughout the
barrier cell calculates the potential relative to an assumed ¢ = 0 in the
central cell, on axis. The potential change from this value is achieved in
two steps. First, a radial potential drop, App, is assumed in the central
cell in going from the axis to a particular field line. In this calculation a
Gaussian model is used, with a defined plasma radius R, to determine the po-
tential drop; that is,

)2

Bop = deell - (/R

) (2)

where ¢.. is the potential of the central cell (on axis) relative to ground.
The actual radial potential profile is determined by the transport processes

in the central cell and end plug. Equation (2) is chosen for simplicity; its



only justification is that it resembles the results of tandem mirror transport
simulation codes.(5) The second step in determining the barrier potential is
then the variation along the field line, Appp s which is a function of the mag-
netic field through the barrier. The evaluation of this second potential
variation will now be described in more detail.

The equations that determine this potential change along a field line
start with an analysis of velocity space to determine the extent of plug
electrons vs. central cell electrons. In Fig. 1 the typical variation of
magnetic field and potential along a field line is shown schematically through
a thermal barrier and end plug. Two zones are used for the analysis of the
electron density. In the first zone, between points A and B, the electrons
are assumed to belong to the central cell population, which is assumed to be
Maxwellian at temperature T,.. However, in the second zone, between points B
and C, there will be a mixing of central cell and plug electrons, which are at
different temperatures.

For the plug side of the barrier, the equations of conservation of E and

u for electrons relative to point B,

%—mv% +-% mvi - e =-% mv, ; +-% mv ; - e¢p (3)
g
yield
B




Figure 1.

A B C D =S

Typical magnetic field and electrostatic potential variation
through a thermal barrier and end plug.



Equation (5) defines an ellipse in velocity space, shown in Fig. 2, at each
point along a field Tine characterized by B(s). Those electrons outside the
ellipse have v"HB > 0, i.e. they can pass over the potential barrier. These
electrons spend most of their time mixing with central cell electrons, and
hence are considered central cell electrons. Those inside the ellipse are
reflected by the potential barrier and are assumed to be the hotter plug
electrons. At s = B the ellipse has zero size and all the electrons are then
considered central cell electrons, as one would expect.

For the ion dynamics one only considers those ijons streaming from the
central cell through the barrier into the plug. As a first approximation, we
assume drift-orbit pumping is effective, and therefore ignore trapped ions in
the thermal barrier. Calculating the potential variation along a field line
relative to ¢ = 0 in the central cell, two cases appear: ¢(s) < 0 and
¢(s) > 0. The former has already been treated by Kesner.(6) When ¢(s) > 0,
there is a reflection of some of the streaming ions off the plug potential
peak. Equations of conservation of E and u, similar to Eqs. (3) and (4) only
for ions, yield

B

-% mv%(s) +-% mvi(s) (1 - 2

&) .,

7)) = -e¢(s) +-% mv

A

where point A has been taken as the reference and it is assumed ¢*A = 0.,

Equation (6) divides velocity space as shown in Fig. 3. The shaded area

2

I > 0.

A
We now assume that, in the populated regions of velocity space, the

between the hyperboli is the streaming ions for which v

distribution functions are Maxwellian, with temperature Tec for central cell

electrons, Tep for plug electrons and T; for the streaming ions. Integration
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Figure 2. Velocity space for electrons between points B and C. Shaded
region represents electrons that pass over the barrier potential,
¢b’ and enter the central cell.
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Figure 3. Velocity space for ijons between points B and D. Shaded region
represents streaming jons.
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over velocity space and quasi-neutrality yield the following equations which
can be solved for ¢(s):

for A< s<B

ed/T -e¢/T.
e €. e Verfc /&2 .
/ Ti

for B<s, ¢ <0

-yeo/T.

e ! erfc --%%i : (7)

1

-

e¢p/T A e¢/T

e I -Fo )T+ gle TP EGLT)
o

-e¢/T, -veo/T.
= e ! erfc /- e _ 1 e 1 erfc --%93 5
i Yy i

for B<s, ¢ >0

ee<1>/Tec [l - F(s.T, )] +.25 ee¢/Tep F(¢,Tep) i e-e¢/T1 _.;% e—Ye¢/Ti
where
F(4,T) = erf //WEYE;F_EET. ) /EE e'(3+1)e(¢-¢3)/T D(//’§E($—:TH;T )
™ 1
Y=—1——_—1T 6=Bl-1
Bla ET;
00 = | & at A, - nDe'e¢D/Tep .
0

The input to Egs. (7) are the plug and central cell densities, n. and np, the



plug-central cell potential difference ¢p> and the temperatures Tg., Tep and
T;+ The radial dependence of temperature and density is included by using a
Gaussian, similar to that for 8¢y, for n., Toe and Ti.

Equations (7) give the potential variation along a field 1line, but have
two deficiencies. First, the potential drop at the barrier maximum, AbFL|As
should be zero, but is calculated to be non-zero. Secondly, there is a multi-
valuedness of A¢p (s) around the transition region of Appp = 0 on the plug
side of the barrier. Li(7) has resolved both these discrepancies, the first
by remodeling the ion distribution function and the second by the inclusion of
electrons trapped by the barrier potential minimum and the plug magnetic field
peak. In this calculation the multi-valuedness was removed by a Tinear
approximation across the multiple-valued region.

Combining the radial drop of potential and the potential variation along
a field line, A4, and A¢p; gives the net potential throughout the barrier
relative to ¢ = 0 on axis in the central cell. Figure 4 illustrates the net
potential variation along various field lines that intersect the y-axis at the
barrier minimum for the coil configuration used in Section III of this report.
The field 1ine (0,14) (not shown) maps into r = R in the central cell. The
radial potential drop in the central cell, and the effect of radial temper-
ature variation which reduces the variation in A¢p is evident. The wall
potential is at -277 keV.

[II. Drift-Orbit Pumping in a Double Yin-Yang Configuration

Drift-orbit pumping should be effective in a configuration like the so-
called Double Yin-Yang, where one set of yin-yang coils serves as the magnetic
barrier peak, and the other as the end plug, with a low B barrier cell between

them. The coil arrangement is shown in Fig. 5. The flux tube through the
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Figure 4. Axial variation of electrostatic potential along various field
lines, double yin-yang configuration. The coordinates (x,y)
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barrier minimum,
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barrier goes from circle to ellipse and back to circle. This is shown in Fig.
6 along with the axial magnetic field and potential calculated from Eqs. (7).
The flux surfaces were obtained by tracing circular surfaces from the central
cell through the barrier using the EFFI code. The plasma radius is assumed to
be 100 cm in the central cell. This maps into an ellipse at the barrier mag-
netic field minimum with an ellipticity of 26.2. Because of this extreme
elongation, one expects the trapped particles to have drift orbits which devi-
ate considerably from the flux surfaces there. The barrier mirror ratio in
this configuration is approximately 8.6 on axis.

The surfaces of constant potential deviate from the flux surfaces in this
configuration. Equations (7) predict that the potential drop along a field
line is primarily a function of the local barrier mirror ratio. Field lines
on the same flux surface and having the same potential in the central cell
will, in the non-axisymmetric barrier, have a different barrier mirror ratio
and hence a different potential drop in each plane defined by a constant azi-
muthal angle, 6. For example, the 100 cm central cell flux tube has a maximum
mirror ratio of 8.64 in the plane of the ellipse's minor axis. But along its
major axis, which has a factor of 2 Tower minimum B in the fan of the ellipse,
the maximum mirror ratio is 15.9. The variation of potential across flux sur-
faces is illustrated in Fig. 7. The variation in the R = 100 cm flux surface
is significant, 10.1 keV in an average potential drop of 57 keV. The vari-
ation of potential will affect the degree of thermal isolation provided by the
barrier and create azimuthal electron temperature gradients in flux surfaces
in the central cell. If these gradients are not removed by drifting central

cell particles, they could give rise to azimuthal variations in the central
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for the double yin-yang configuration.
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cell potential and hence cause enhanced plasma convection through the radial
component of the £ x B drift velocity.

The barrier trapped ions will have two competing azimuthal drifts, the
E x B drift and the grad-B drift. These are compared in Fig. 8. The £ x B
drift will follow surfaces of constant ¢, which are nearly the flux surfaces.
Figure 8 clearly shows that if the drift surfaces, i.e. surfaces of constant
J, follow a path similar to that of the grad-B rather than E x B drift, a
large portion of the elliptical flux tube can be pumped. If the E x B drift
dominates, however, then drift-orbit pumping is ineffective.

A sweep of velocity space was made at the barrier minimum for various
points é]ong the major axis of the ellipse. Particles were started with
assigned velocities v, and v, relative to the magnetic field there. These
determine the constant E and u for the particles. The value of J obtained is
compared to the value of J calculated using the same E and u at the plasma
boundary at the minor axis to determine whether the particle would drift out-
side the plasma. The plasma input parameters used in this calculation are in
Table 1.

The growth of the drift-orbit pumped region of velocity space as one
moves up the major axis of the ellipse is shown in Fig. 9. Region I is the
pumped region, II is the non-pumped, and Region III is the loss cone. The
units are keVl/2, The plasma's defined boundary at the barrier minimum is 367
cm along the major axis. Figure 9 shows that drift-orbit pumping starts to
occur at 225 cm, roughly 2/3 of the way up the ellipse, and it shows that a
large proportion of velocity space isn't pumped until 275-300 cm. This means
that only the top 1/4 of the trapped plasma ellipse is being effectively

pumped.
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Figure 8. The E x B and grad-B drifts of the barrier minimum, double
yin-yang configuration.
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T; (on-axis)
Tac (on-axis)
Tep

Mp

ne (on axis)

$plug-c.c.
Ree (plasma)

¢c.c.-ground

Table 1. [Input Parameters

Double

Yin-Yang

WITAMIR

40 keV
40 keV
190 keV

2.5 x 1013 cm3
1 x 1014 cm‘3

145 keV
100 cm
277 keV
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32.5 keV
32.8 keV
123 keV
2.73 x 1013 ¢m3
1.51 x 1014 cm-3
102 keV
72 cm
224 keV
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By analyzing the surfaces of constant J the reason for this becomes
apparent. This was done by comparing the value of J for a particle on the
major axis, with values of J along lines making angles of 5, 10, 30, 45, 60
and 90 degrees with that axis. Values of J along these lines were computed at
various radial points for the same E and u of the on-axis particle. J was
found to be monotonically increasing as one moved radially outward along these
Tines, and the particle's intercept could then be found from the initial value
of J. (This monotonic radial dependence of J is what simplified the calcu-
lation of effective pumping in velocity space to be just a comparison of the J
value at the plasma boundary.)

Figure 9 shows the location in velocity space of 3 points; the first near
the Toss cone, the second strongly pumped, and the third of large pitch angle.
Figures 10, 11, and 12 show the drift surfaces and constant potential surfaces
for these particles. Compared with the two competing drifts shown in Fig. 8,
these plots show that the drift path is close to that predicted solely by the
E xB drift. The radial potential gradient here is too large, and the re-
sulting B x B drift too strong, so that it dominates the grad-B drift that
would produce effective pumping.

IV. Drift Surface Analysis in the Barrier Cell of WITAMIR

The Wisconsin tandem mirror reactor design(z), WITAMIR-I, was also
investigated using the techniques of the previous section. The barrier cell
in this configuration is produced by a group of solenoid coils that create a
14 T peak magnetic field on axis. The minimum B end plug is created by a set
of yin-yang coils. The coil arrangement is shown in Fig. 13. The flux sur-
faces through the barrier are therefore circular until the barrier minimum,

where they grow in ellipticity going into the plug. This flux behavior is
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cone, point 1 of Fig. 9, at the barrier minimum, double
yin-yang configuration.

21



/—PLASMA BOUNDARY

300 |
r _—CONSTANT J
(&)

200 CONSTANT ¢
24
X
<
X 100

0 20

Y AXIS (cm)

Figure 11. Surfaces of constant J and ¢ for a strongly pumped particle,
point 2 of Fig. 9, of the barrier minimum, double yin-yang

configuration.

22



E CONSTANT J
(&

200 /
2, CONSTANT ¢
< ,
<
X 100

20

o ?!‘Y;};AXIS (cm)

Figure 12. Suffages of constant & aﬁd ¢ for a large pitch angle particle,
point-3 of Fig. 9, at” tn& barrier minimum, double yin-yang

conffgu?attog ~'ﬁfm_b\

23



T-HIWVYLIM 40) S|LOD m:_.a pus pue [}92 Jatddeg

)J

"€l ounblLy

24




shown in Fig. 14, along with the on-axis magnetic field and potential calcu-
Tated from Eqs. (7). The potential in the plug was calculated by knowing the
design maximum, ¢p, and then scaling with the plug mirror ratio so that the
resulting potential is continuous. The input parameters used in the WITAMIR
analysis are in Table 1.

Since this configuration is to a large extent axisymmetric, one does not
expect to see the non-axisymmetric features of Section II. It was found that
there is 1ittle variation of potential in the flux surfaces, that is, the
surfaces of constant ¢ are very nearly the same as the flux surfaces, in
contrast to the double yin-yang configuration. This is illustrated in Fig.
15. Also, the deviation of the drift surfaces from constant ¢ surfaces is
small. Figures 16 and 17 show these surfaces at the barrier minimum for two
trapped particles in velocity space near the streaming ion loss cone, and Fig.
18 shows them for a high pitch angle particle. Figure 19 shows the location
of these points in velocity space. Whereas the constant ¢ surfaces are very
nearly circular, the constant J drift surfaces are slightly elliptical along
the x-axis, which is the major axis of the flux surfaces' ellipses in the end
plug. The ellipticity there is approximately 24, so the small variation of
the drift surfaces from constant ¢ surfaces again shows the dominance of
the B x B drift over grad-B effects, as in the double yin-yang configuration.
Figures 16, 17, and 18 also show that the variation of the drift surfaces is
smallest for the high pitch angle particle, as one would expect since it is
strongly trapped and doesn't experience the grad-B effects that Tower pitch
angle particles do, since they penetrate further into the plug.

From the above analysis of the drift orbits, one would expect drift-orbit

pumping to be restricted to a small number of particles within a few
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Figure 16. Surfaces of constant J and ¢ for a particle near the loss
cone, point 1 of Fig. 19, at the barrier minimum of WITAMIR-I.
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centimeters of the plasma's y-axis boundary (at y = 115.3 cm), whose ellipti-
cal drift-orbits take them out beyond the x-axis boundary (at x = 113.6 cm).
In fact, although pumping is possible and only for a small class of particles,
it is in the opposite sense, i.e. ions near the x-axis boundary drift out
beyond the y-axis plasma boundary. That these drifts are different from those
previously analyzed further inside the plasma is because the magnetic field in
the fans of the plug ellipse is significantly lower (~ 40%) than it is near
the axis. This means that trapped particles on field lines that go into these
fans, i.e. field lines near the x-axis plasma boundary, are not magnetically
reflected as strongly as they would be on y-axis field lines that map into the
plug ellipse's minor axis. Thus, the integration of v, yields larger values
of J along these lines into the fans, which predicts a particle will be out-
side of the plasma after a 90° azimuthal drift. This tendency is weakened by
the electrostatic potential, whose contribution to particle reflection does
not vary strongly azimuthally. Therefore, this effect is Timited in position
space to those regions near the plasma edge, and Timited in velocity space to
particles near the plug loss cone which travel far enough into the plug to
sample the variation in magnetic field.

The ion velocity space at the barrier minimum is shown in Fig. 19. Line
A is the central cell loss cone and line B represents the plug Toss cone so
that below them would be streaming ions. Particles in Region II are barrier
trapped and those in Region I are those that would be pumped. Units are again
kevl/2, Figure 19 shows velocity space for four x-axis points, all within 12%
of the plasma boundary at x = 113.6 cm. It is seen that this pumping effect

does border on the plug loss cone, and disappears as one moves into the plasma
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as the azimuthal magnetic field variation becomes smaller and the required
radial drift for pumping becomes larger.
Summary

An analysis of drift surfaces and the possibility of drift-orbit pumping
has been done by calculating numerically the surfaces of constant J. In this
evaluation an electrostatic potential model has been used that includes the
potential's variation along a field line as a function of magnetic field, and
also the radial variation of the potential. The drift surfaces obtained have
been dominated by the E x Bdrift. Even in a configuration designed to maxi-
mize the grad-B drift away from the flux surfaces, the radial electric field
was too strong to allow significant particle excursions. Thus, pumping by
drift orbits was only effective for a portion of the trapped plasma.

In WITAMIR-I, an axisymmetric barrier configuration, the constant po-
tential surfaces are very nearly the same as the flux surfaces, and the drift
surfaces deviate slightly from these. There is, however, in this configu-

ration a small zone of pumping caused by the non-axisymmetric plug.
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