S

UCRL- 84235
PREPRINT

COoiF - SoloU -~

THE TECHNOLOGY OF DIRECT CONVERSION
FOR MIRROR REACTOR END-LOSS PLASMA

MASTER

W. L. Barr
R. W, Moir

This paper was prepared for submittal to

Fourth ANS Topical Meeting on the Technology
of Controlled Nuclear Fusion

King of Prussia, Pemnsylvania
October 14-17, 1980

October 7, 1980

L
l”'}’ihlh....._, .

This is & preprint of m paper intended for publication it a journal or proceedings. Since
changes may be made before publication, this preprint is made available with (he un-
derstanding that it will not be cited or reproduced without the permission of the author.

s Ll GHMITER




THE TECHNOLOGY OF DIRECT CONVERSION FOR MIRROR REACTOR FND-LOSS PLASMA*

¥. L. Barr and R, W. Moir
Laurence Livermore National Laboratory, University of California
Livermore, Californig, USA 94350

Summar:

Design concepts are presented for plasma
ditect convertors (PNC) intended primarily for
usc on the end-loss plasma from tandem-mirror
reactors. Recent experimental results confirm
mort of these design concepts. Both e one-stage
and a two-stage PDC were tested in reactor-like
conditians using a 100-kV, 6-kV ion beam. In a
separate test on the end of ine TMX machine, a
single stage PDC recovered /9 W for a net effi-
cieney of 50%, Tandem mirror devices are well
suited to PDC, The high minimum energy of the
end~loss {ons, the magnetic expansion outside
the mirrors, and the vacuum conditions in the
end canks required by the confined plaima, all
preexist. The inclusion of a PDC is therefore a
rather small addition. These fucts and the scale
parameters for a PDC are .iiscussed.

Introduction

The tesults from two recent plasma direct
conversion (PDC} experiments support the design
concepts for PXC's that are being used in mitror
fusion reactor studies. One experimental test
was done in reactor-like conditions” (100 keV,
1075 Terr, 75 W/em?) and one was done at lower
pover and emergy (L keV, | W/em“) on the end-
loss plasma in the TMX machine.? In both cases
the results agreed with predictions. The unit
tested on TMX had only s single collector stage,
while both a single-stage and a two—stage ®DC was
tested on the high-power test stand.

A sinple stage PDC (see Fig. 1) comsists of
two highly transparent grids followed by a solid
collector plate. The entrance grid is usually
held at ground potential, while the repeller
grid is held negative Lo prevent electrons from
reaching the positive collector plate. The eal-
lector plate receives u net positive current
which is used to drive a load. Collector voltage
ig develrped across the load and is controlled
by adjusting the resistance of the load. When
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Fig. 1. A single-stape plasma direct converter
with a grounded prid, an electron
supprassor grid, and an {on collector.

the collector voltage is raised, the collectnr
current decreases because fewer ions are able to
reach the collector, The oprinal load resist-
ance is the one that results in the most power
(current  voltage product) at the load, and it
depends on the energy distribution of the jons
arriving at the PDC,

A two-stage PDC can recover more power he-
cause the intermediate collector stage recovers
most of those ioms that are turned back by the
higher potential of the second collector.

Figure 2 shows a sketch of a two-stage, Venetian-
blind PDC. The ions arrive at a small angle

from the normal so that any reflected ions fgl-
low curved trajectories. The Venetian-blind
structure is designed to intercept few incident
ions, but all of the reflected ions. Anothey
xuppregsor grid follows the intermediate stage to
prevent the secondaty electrons produced on the
first stage from flowing to the second grage.
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the energy produced in each fusion reaction.
Expressing Pp in terms of Q and setting

Bin = Iinkins with Ej, equal to the total
beating pover divided by the fuel current, gives
Ip/1jg = 204 /Ep.  Typically, Ejo/Ep ~0.01 so
that a Ip/I;; ~2Q percent. Therefore, the power
lost out the ends of a randem in the farm of ki=
netie energy of escaping fuel is typically 80% of
the heating power. In a high-Q machine this may
be an acceptable loss (being only ~8% of Pp),
but even there it is as important to recover this
power as it is to improve the efficiency of the
plasmg heating system.

Pariicle Currents and Energies
at the Direct Converter

In the tandem mirror cancept,ds? the
positive plasma potential of a standard mirror
machine at esch end is used to plug the loss of
plasma from a long central solemnoid. Figure 3
shows a sketch of the potential and the magnetic
Field in a simple tandem mirror configuration.
Recent modifications of this configuration?
(ive., the addition of barrier cells) affect the
electrons but don't change the ion energy dis-
tribution at the ends, which is the point of
interest here,

On the average each fuel ion that escapes

Fig. 2, A two-stapge plasma direct comverter of from the center cell has a mean energy of Tj,
the Venetian-blind type. The inter- (ive, central-cell thermal energy in two degrees
mediate collector receive: :hose ions of freedom), and is then accelerated by the
that are turned back before reaching potential difference $. + ¢, before reaching the
the second collector at higher POC (See Fig. 2). The average ion energy is
potential,

The patentials of the two collectors are choser
to produce the maximum output power. These
optimal valuee depend or. the energy distribution
of the ians entering the PDC.

The energy distribution of the end-loss ions
in a mirror machine is ideally suited for energy Minimum Bl ~
recovery because of the high mean energy, and end cells
especiglly because of the high minimum energy.
Tandem~mirror machines have high minimum energies
because of the high plasma potential in the end
plugs which serve to stopper the end less of ions
from the central cell. Also, the two origins of
end-loss ions (central cell and plugs) results in
two energy groups which suggest a two-stage PDC.

In mirror machines, some of the injected
power and fuel is consumed in producing fusion
power, but most is lost out the ends, This is
true in tendem-mirror machines as well, although
the loss is less in a4 tandem because of the
higher Q. The fraction of injected fuel that is
burmed is directly proportional to Q &= Pp/Pip,
vhere Pp is the fusion power produced and Py, is
the pawer that is consumed in hesting and fueling
the plasma. Since two fuel ions are uged to pro-
duce one fusion reaction, the rate Iy, that fuel Fig. 3. Tandem mirrgrs with ambipol r barriers
ions are consumed is 1y = IPp/Bp, vhere Ep is at the ends.
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therefare Tic + e{¢c + ¢o) at the PDC, and the
minimum energy is e(d. + 9o)s Ideally, a PIC
with collector potential equal to ¢ + 4o could
recaver all the escapiug central=cell ions with
an average excess ~L..gy of Tjc. The excess
energy would appear as heat. Typically T ia
small in comparison with e{d. + $p), 80 the
efficiency of direct recavery would be high, The
many loss mechanisms discuseed here degrade this
idesl efficiency to a somewhat lower value.

The current, 1, of lost fuel ions from
the central cell is equal to the total number
confined at one time divided by the mean con=
finement rime, T.. That is,

Te = enl V./(0D)c

vhere ne is the density and Vo the volume of the
central-cell plasma.

The plugs ave standard, minimum B, mirror
machines whase purpose is t¢ provide the high
ambipolar potential to stopper {plug) the ends
of the cent-al cell. To be confined in a plug,
an ion's velocity vector must lie outside the
loss cone defined by the magnetic mirror ratio,
Rpy and the plug potential, $¢ + $¢. The mini-
mum kinetic energy that an ion can have and still
he confined in a plug is e(§c + ¢g)/(Rp=1), and
after acceleration by the potential difference
this minimum~energy ion could arrive at the PDC
with an energy of Rpe(fq + o)/ (Rp=1). On the
average, plug ions arrive at the BDC vith Ty,
more than this minimum energy, where T;, is the
ion temperature in the plugs. The current of
ions from both plugs to the PDC is

= 2
lp = 2eng Vp/(aT)y
by arguments eimilar to those for I..

In one recent studyr’. Ig = 330 Ay T4 =
40 ket'y 9o + 4o = 355 kV, I, = 5A, Tip = 400 keV,
and R, = 1.5, 1In that case both the eurrent and
power from plug ions was almost negligible. The
n values needed to evaluate the currents were
deterined by numerical calculations, but analytic
expressions have been developed! to estimate
them.

In steady state the net negative electron
current leaving the plasma must exactly equal the
total ion current. Only those electrona in the
tail of the energy distribution are able to escape
from the positive plasma potential. To the extent
that the confined electrons have a Maxwellian
esergy distribution with a temperature Te, the
losa electrons arrive at the PDC with an average
energy of T, and with zero minimum energy.

The fusion reactions in the central cell
produce alpha particles which finally arrive in
the end tanks in one of three different energy
groups. Becauge their initial energy is greater
than the confining potentials, those alphas that
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sre born within the magnetic loss cone escape
immediately with their Ffull 3,52 MeV of energy.
Half go out each eud and arrive at the PDC with
3.52 MeV + lefy, since the potential difference
between central cell znd end wall is ¢,. The
fraction f that are born within the losa cone is

1/2
go1-fRer ! ,

Ref

where Rps is the effective mirror ratio ar the
central cell, including the plasma diamagnetic
effect, The remaining 1 - f of the alphas are
trapped and cooled by the plasma. Some of these
are scattered into the lass cone and lost, half
out each end, before their kinetic energy is
redyced below 2ed., where they become electro-
statically trapped. The fraction of the alphas
that escape in this way and their mean energy
when they escape can be calculated nimerically.
They are accelerated by 2ed, befere reaching the
PIC. The remaining alphas thermalize with the
central-cell plasma and eventually diffuse
radially to the outer layer near the wall. The
magnetic field lines through this outer, annular
region are left unstoppered to allow an escape
route for the alphas and for cold impurity ions
born near the walls. Skimmers backed with cryo-
panels in the end tanks remove this cold plasma
from the outer field lines before it can reach
the PBC.

Except for the enmergetic alphas, the ion-
energy distribution at the ends of a tandem
mirror reactor is well suited for direct re-
covery., The distribution tends to he narrow
with g high minimum energy~~ideal for a asingle
stage PDG, If the power in the en! 1 s freu
the plugs is significant, a two-stage, Venerjan-
blind PDC may be more cost effective than a
single stage unit.

Power Deasity at the Direct Converter

The end-lose plasma is guided by the magnetic
field in the end tanks. It is restricted to tie
magnetic flux tube that maps back to the central-
call plasma. For this reason, the cross-
sectional area of the end-loss column varies
inversely with B, the magnetic field strength,
which can therefore be used to control the power
density at the PDC. It is necessary to expand
the plasme columm to reduce the power density
from the many kW/cni at the mirrors to a level
(~100 W/cm?) that con be tolerated by the grids
in the PDC.

Expansion serves the equally important
purpose of transforming particle motion that is
perpendicular to the field lines into motion
along the Field lines. If the expansion is
gradual enough the magnetic moment U = W /B of a
charged pacticle is an approximate constant of
the motion. Then, the perpendicular energy, W,
must decrease proportionately with B, Numerical
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trajectory calculations® have shown that is
preserved if the varistion of B satisfies the
inequality,

da k)]
& 5

where the pitch length p = 2mMv)/eB is the dis-
tance the particle would move along the field
line in one gyro period at that value of B. This
condition on dB/dx is only approximate, since it
can be shown that M is preserved regardless of
dB/dx if the field lines radiate out from a point
and are straight.’ When M is preserved, the
conservation of energy ensures that the decrease
in W) a8 B decreases will appear as an equal
increase in H”, the energy of parallel motion;

Wy =Wl - 1/R)

vhere W) is the parallel energy at th PDC, W is
the total energy, and R is the magnetic expansion
ratio from mirror to PDC. Since R > 100 is re-
quired to reduce the power density, the energy is
nearly all converted into recoverable R

In the magnetic expansion, there is another
festriction on any turvature >f the field lines,
1f the radius of curvature of a field line is
less than about one pitch length, p, the guiding
center for the particle will be unable to follow
the field line. Too much curvature will destroy
not only the simple scaling of power density with
field strength but also will destroy the one-for-
one mapping of regions in the ceatral eell onto
regions st the end walls. To avoid these prob-
lems, any necessary curvature of the field lines
should be concentrated near the mirrors where B
is high and the pitch lengths are short.

The power carried by the electrona can make
the dominant contribution to the heat load on the
grids of the PDC, and this heat load determines
the choice of the expansion ratio, R. All of the
electron power is eventually deposited on the
entrance grid through whicn the electrons are
reflected back and forth between the suppressor
grid on one side and the magnetic mirror on the
other. Only the small intercepted fraction of
the ion power goes into heating the grids. The
effective power density, q, at the entrance grid
is

q=q; +q./(1-1),

where q; and q, ore the power densities of the
jons and electrons, respectively, and T is the
transparency of the grid. Since T ¢,95 far
good recover efficiency, g, can contribute most
of the heating to the entrance grid even though
Qe << 4. Only q; is incident on the
suppressor grid.

The simplest grid structures are ones that
use solid wires cooled only by radistion. In
steady state operatiom, each grid wire must
radiate away as much pover as it receives from

e

the particles it intercepts. For round wires
the condition per unit of length is

2rq = 2mroeT,

where r is the radius of the wire, q is the
effective beam-power density, 0 = 5.7 x 10712
W/em? degh is the Stefan-Boltzmann constant, €
is the emissivity of the wire surface, end T is
the temperatyre of the wire. A q = 100 w/cn?
produces a temperature of about 1900 X when

g = 0.4, Many high-melting-point materials have
an evaporation rate at this temperature of less
than 107 gm/em2-g and would survive more than a
year if the sputtering rate were also lows, The
typical sputtering rate of about 16-2 atoms/ion
for 100 keV D* on heavy metals would take several
years to erode a wire away.

The maximum allowable grid temperature, and
hence the maximum q4 is set by the therminnic
emission of electrons from the grid wires.
Thermionic emission is described by the
Richardson-Dushman equation

j = AT2emWkT,

vhere j is the saturated thermal emission current
density in Afem?, Aq is Dushman's constant whase
theoretical value is 120 Afcm? dagl, T is the
temperature in Kelvins, ¢ is the work Function in
eV, and k is Boltzmann's constant (k = 8.6 x 10-5
eV/X), Measured values of A, are typically about
half the theoretical valuel0, For tungsten
$=6.5ev, Ay =170 A/cm2 deg2 which results in
=5 104 p/co? at 1938 K. This s roughly
equal to the currrent density of beam ions when

q = 100 H/cmz, s0 the wires emit about ¥ therm-
ionic electrons for each intercepted ion. The
secondary emission of electrons i+ an additional
effect to be discussed later.

Uncertainties in the values of both € and ¢,
because of changes in the wire during operation,
cause an uncomfortably large uncertainty in the
q that can be allowed. Figure & shows a plnt of
j vs q calculated for round wires with several
possible combinations of € and ¢. As a general
rule, an emission current density of j = q/W can
be allowed, where W is the average energy of the
incident ions. For tungsten wires € can range
from 0.21 for a smooth surface'’ to 0.4 for an
“etehed" onell ar 1900 k. Rhenium with high
values of both ¢ = 5.1 eV and € & 0.4 would he
better than tungsten, while graphite with
¢ = 4.6 eV and E = 0.8 would be even betrer as
far as reduced thermionic emission is concerned.
Ribbon-shaped wires could possibly increase the
allowed power density because of their greater
surface areg for cooling. However, the differ=
ential expansion would tend to twist them and
could cause them to intercept more power from
the beam than round vires.

Thermionic emi.sion can be avoided if the
grid elements are short enough to allow the use


http://th.1t
http://addition.il

-2
10 r T 1 T T 4
[ Wic=023,¢6=452eV) .1
(04,452 |
Re (0.4, 5.07
03 -
. | 4
C{0.8,4.62)
0w d -
o~ -1
E + b
2 | w
BRI 3
108 H -
i ]
L i
w? J 11 1 |
0 100 200 300 400 500 600 700
a (Wiem?)
Fig. 4. Thermionic electron emission current vs

the power flux on one side of c¢ircular
grid wires cooled only by radiation.

of convectively cooled hollew tubes instead of
wires. When tubes can be used, the power densicy
at the POC can be increased several fold over the
liniting value for wires. It is difficult to es-
tablish the power density limit for tybes because
of the compromise that must be made between high
trapsparency of the grid and safety against lesks
and tuptures, GCalculation of the stress in the
tube walls!? is complicated by the differential
thermal expansion due to the one-sided heating
and central cooling. However, a conservative
estimate of the possible power density when the
stress on the tubes is not the main issue can be
made rather simply.

The stesdy-state temperatur= rise Tg of the
bulk coolant flowing through a length L of s tube
which is being irradiated on one side with power
density q is

qld

T, = g
B cQ
vhere d, is the outer diameter, C is the heat
capacity of the coolant, and Q is the flow rate,
The flow depends on several things, including the

inside diameter, d;, of tha tube, the pressure
gradient, Ap/L, along the tube, the Reynolds

number, and che friction factor, f, for the in-
side of the tube. For the special case of water
flowing in long tubes with f = 0.03,

Q= 6.6 x 103 g3/ (ap/1y/2,

where Q is expreased in emd/e, 4; and L in emy
and p in atmospheres. Turbulent flow is assumed
and requires that ~d; > 20 cml/s, where v is the
flow velocity, When this Q is combined with the
expression for Ty, the result is

q L3/2

w4

d

a
572
;i AP

1
LIS

/2 !

vhore we have set € = 4,18 Jfcmd dep for vater.

There is an additional temperature differ-
ence, ATgjyps between the bulk cooling water
and the inner tube walls. The 4T¢{jn is usually
calculated in terms of a heat tramafer coeffi-
cient vhich depends mainly on the flaw velacity
When the film is not boiling, chis transfer coef-
ficient can be expressed in teems of dj, Ap, and
L, giving the temperature differeace Tgjy, as

8T¢i1m = 0.080 q(L¥/8p2 d;)1/5,

Actually, q here is not exactly the same as the

q incident on the one outer side of the rube,
Redial conduction through the tube wall concen-
trates the heat, and azimutha! conduction spreads
it out. We aggume here that the two effects
cancel,

Finally, there is the temperature difference
hetween inner and outer surfaces of the rube wall
on the beam side. To the extent that the radial
and azimuthal effects cancel, the canduction
through the wall takes place with 1 constant
temperature gradient given aimply by

a.g
dx k °

where k is the thermal conductivity of the tuhe
materisl,  The maximum temperarure difference,
ATy across the tube wall is therafore

k|

AT, = i

W d

b di .

Figure 5, supplied by the authors of Rel. J2,
shows g sketch of the temperature variation along
the length of a tubs, The onmser of fully devel-
oped subcooled nucleate boiling in the outer film
octurs at the point labeled ONB. The bulk tem~
perature, Ty, continves to rise beyond ONB unril
at the point OBB it reaches the value Ty, equal
to the saturated fluid temperature where bulk
boiling occures at the local pressure. For any
given length of tube, q must be restricted so
that the end of the tube is resched before the
point OBB, where burnout is imminent.

The above expression for AT¢{)n is only ac-
curate yp to the point ONB, but we can use it to
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Fig. 5. Variation of temperature along the

length of a water-cooled grid tube.
For meximum power handling, the exit
end should lie between the points ONB
(onset of fully-developed subcoaled
nucleate boiling) and 0BB {anset of
bulk beiling).

make a conservative estimste of the power den-
sity limit For tubes. In Fig. 6 we have plotted
the value of q that lncates the point ONB at the
exit end of the tube as a function af the otter
diameter of the tube. For the figure we took
0.76 mm for the tube wall thickness, and we set
the pressure at the exit equal to 8p, the pres-
sute difference hetwren entrance and exit, We
aave shown that l-cm-diam tubes are allowable,
and the Fipure shows that if tube lengths are

less than 5 m, water cooling can increase the
possible q to perhapa 700 Wen?, well above
the 100 W/em? limit for wires,

Spacings in the PDC and its Grids

All of the various spacings in the PDC are
interrelated and are therefore all determined by
the game considerations. The maximum separation
between the plane of the suppressor grid and the
adjacent ion collector is determined by the apace
charge of the ioms in the region between the two.
Space charge potential is calculated from
Poisson's aquation in this nearly one-dimensional

geometry:

PSS
T
cht2 Eo

vhere V is the potential at position x, P is the
charge density of the ions at position x, and €,
is the permittivity of free space. The charge
density, P, varies with x only becausc V does.
As V increases, the ions slov down and their
density increases. 1f some ions are reflected,
their charge contributes twice to the charge
density before the reflection point. Space
charge potential thetefore depends on the enerpy
distrioution of the incident ions and on the
potentials applied to the electrodes. Numerical
caleulation is required to determiae accurately
the potentia) variation and therefore the iargest
apacings nllowed before local maxima in V(x)
develop.

Lacal maxira in potential would reflect ions

Ap = 40 atmos., L = 260 cm

Fflj_|‘|‘l'l‘i‘j

that otherwise ¢muld reach the colloctor. Actu-
ally, no significant maxima can develup, because
secondary electrons produced at the jor cnliector

J would accumulate there and cancel ir nut, The

net effecr is simplv to waste the space where the
patentia) maxima would be, =ince the electric
field outside of the region is independent the
length of that region. Tt is prudent, therefore,
to snlve Poisson's equation for the separation
that locates the potential maximum at the plane
of the ion collector. A smaller separation would
result in an increased electric field at the grid

Numerical caleulatiuns typically give a value
of just over onme meter for *his maximum spacing
in a single-stage PDC when the power density is
about 100 W/em? and the mean ion energy is
about 150 keV. The electric field, then, is
typically about 103 V/em at the grid plane.

1000
~
£
L
g
-]
0 -
0 02 04 06 08 10 12
d, (em}
Fig. 6. The beam power deneity, q, that locates

the axis end of a grid tube at the point
ONB (Fig. 5) plotted vs dy, the outer
diameter of the tube, and the tube wvall
thickness was taken as 0.76 mm in each
cane.

At the surface of the grid elements the alectric
field is much higher.

The average value, Er, of the electric field

at the surface of a grid element i< easily shown
(using Causs’ law) to be giver by

AR

where t is the radiua of the grid elements, a is

b

and an increase in the capacitively stored energy.



their center-to-center spacing, and E] and Ep are
the electric fields at some distance on either
side of the grid plane. GSpace charge can be
included to a first approximation by correcting
E) and Ey for space charge. Notice that

E. varies inversely with the opacity 2r/a of

the grid. Typically, E. = 10% V/em, 5 high

but not unreasonable value.

Related to this is the question of how
negative the grid potential muat be to prevent
electrons from leaking between wires. Figure 7
shows a plot of the potential as a function of
distance normal to the grid plane, Curve a
shows tle potential along a line that intercepts
a wire, while curve b is far 2 line midway be-
tween wires. Electrons with energies greater
than the minimum value Vpi, midway between
wires {curve b) will penetrate the grid, ‘hen
electrons can be characterized by an electron
temperature, Tp, the requirement is that
Vnin € =3 kT,/2, vhere k is the Boltzmann
constant and e 1s the electronic charge. In
Fig, 7 it is assur ' that T, ~ 30 keV. One
can read from 2 curve like curve a in Fig. 7 the
value of the negative potential requived on wires
of other sizes to produce the same potential dis-
tribution. The required grid voltage increases
rapidly as the opacity, 2r/a, of the grid is
decreaned,

Potential (kW)

0.2-cm wire

1 ]

.
5

-5 -10 -5 0

X (em)

The variation of potential along lines
passing normally through the plane of
the suppressor grid, Curve g is for 3
line through a grid wire, vhile curve b
is for o line passing midway between
wires. The intersection of curve a with
radiug of the wire shows the voltage
that muat be applied to produce Che
potential distridbution shown. An
electron temperature of 30 keV, which
vequires -100 &V for suppreseion, is
aasumed.

Fig. 7.

However, good recovery efficiency requires
grids that intercept very little of the incident-
ion pover, The fractional power losg at the
grounded grid is simply 2r/a. But, since the
suppressus grid is negative and since most of
the secondsry electrons produced there go to the
ien collector, the fractional power loss is
roughly 3 x (2r/a) for that grid. Losses are
discussed in more detail in Ref. 1.

It is clear that the opacity, 2r/a, of the
grids is an important parameter. Efficiency
demands highly transparent grids, while voltage
holding considerationa require that the grids be
more opaque. The best compromise usually places
the opacity in the range 0.0° = 2r/a £0.05.

Reliability is improved if r and therefore a
is increased, whether the grids are cooled by
radiation or by convection, partly because of
the reduced number of elements. But, a is
restricted to a <d/) (d ia the separation
between the grid plane and the ion <ollector} to
limit the scattering of the ijons as they pass
through the grid. And, the maximum value of the
effective value of & is determined by rhe space-
charge of the jons, as it was discussed earlier.
Therefore, the space-charge of the ions finally
derermines not only d, but a and r as well, One
possibly serious consequence of thie fact is tha:
the higher limit on power density for water-
cooled grids could be unavailible if tie higher
power density dictates that thke tubes are ton
small to carry enough water. Since higher inn
energy means lawer space charpe for a giver
power density, tendem-mirror reactors can take
advantage of water cooled grids,

No mention has been made nf the Debve
length, which is usugily an [mportant scale
length in plasmas. The Debyc length can only be
small compared to the srid spacings in the
region before tie suppressor grid. In ather
regions of the PDC the densitv of alectrons is
low, The Debye shielding length, A, is given
(in merers® by

A= (460) (Temgdt2

vhere T, is the electron temperature in eV and
e is the electron demsity in m 3. If the
density of cold electrons (created by ionization
in the end tanks) is large, A can become small

in comparison with a, Then the entrance grid can
become ineffective and cause the suppressor grid
also to become ineffective. Tt is therefore
necessary to limit the production rate of cold
electrons in the end tanks, This imposes a Jimit
on the gas density, which vas discussed in the
section on vacuum rcquirement.

In addition to the major d.mensions just
discussed, the ribbon structure of a multi-stage,
Venetian-blind PDC involves many smaller details.
These are treated in Ref. 1] and are not repeated
here,
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Vacuum Requirement

Any ion that undergoes charge exchange before
it can be collected is lost from direct recovery.
To reduce the loss due to this effect, the den-
sity of gas in the end tanks must be kept low.
The gas density must also be kept low for other
reasons. (old electrons are produced by ioniza-
tion of the background gas in the end tanks, The
electrical potential in the end tanks adjusts it-
self unril these cold electrons are lost at the
same rate that they are produced. They are lost
when they strike the grounced grid of the PDC.
However, before being lost they may penetrate
the strong magnetic field and enter the confined
plasma. The cooling effect of this influx of
cold electrons into thr plasma and the Dehye
shielding Tength at tiwe entrance grid must be
contenlied hy Vimiting the gas density in the
end tanks.

The accurate calculation of the influx of
electrons and of the elecrron demsity at the
grid must be done numerically for each special
case, since it involves the spatial distribution
of potential ard of magnetic field as well as the
opacity of the [irst PDC grid, However, we can
estimate the allmwed gas density in order to
determine the reguiTements on vacuum pumping.

The curreat of cold electrons produced by
Tonization of ras in the end tanks is

I. = I;ns0l,

where I; is the current of fast iong, ny is the
pas density, g is the cross section for the pro-
duction of free electrans by D* ions in Dy gas,
and 1. is the path leaeth in an end tank. This
rstablishes the vatuum requirement in the end
tank imposed hv the waximm allowed value of the
ratio 1,/1;, once that maximum value is estab-
lished, The solid curves i. Fig. & show the
variation with inn energy of tie gas pressure
allowed hy this effecet for two pessible values
of the ratio 1./1; when L = 15 m.

The dashed curves in Fip., B show the varia-
tion of the pressure that causes a 5, 3, or I}
loss to the PDC by charge exchange. Charge ex-
change can occur anywhere along an ion tiajectory
in the end tank. Along most of the trajectory
the ion energy is high, The .ross section may
be small, but the path length ie large. I[nside
the POC the isns are decelerated to lawer energy
where the cross section for cherze =xchange is
large, Charge exchange in this region amounts
to a reflection of the ion since the new ion, is
expelled from the region of high positive poten-
tial. it is this region that causes the plateau
at the right hand end of the dashed curves in
Fig. R&.

Both effects, cold electron production and

charge cxchange loss of fast ions, cause power
losseg from the reactor. A compromise must be
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Fig. §. The allowed gas pressure in the end
tanas as a function of the mean energy
of the end~lass ians. The dashed curves
are jetermined by losses to the direct
converter due to charge exchange, whiie
the snlid curves are determined by the
production ratr of f[ree electrons.

made between the cost of vacuum pumping and the
value of the power saved.

The aTea of cryopanels needed to provide the
necessary vacuum pumping is determined by the re-
quired preasure (Fig. 8) and the pumping speed of
the panels,. A cryopane] with rwp sets of chrv-
rons has a specific pumping speed of “.4 U/s-cme
for a mixture of Dy and T gas when the trmper-
ature of the gas is 300 K {see Ref. 14). In
Fig. 9 we have ploited the area of cryopancl
required per 100 Md of ion power as a functio:
of the ion energy in the end tanks to give tha
pressure shown in Fig. 8, For comparisen, the
surface area of the POC is about 100 m? per
100 MW if radiatively cooled grids are used and
possibly only 10 »? per 100 MW 1f water cenled
tubes are used,

T. is apparent in Fig. 9 that the required
arvea of cryopanel is comparable to the arta of
the PLC, and that the cryopanel area remains
nearly the same vhether a PDC or a simple,
thermal, plasma dump is used in the end r.nks.
fme difference «n the pumping with a PLC is that
skimmers (See Fig. I0) are required to callect
the cold {ons that stream out along the outer
magnetic field lines.
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Fig. 9. The required area of cryopanels (per
190 My of ion power into the end tanks)
plotred against the mean ion energy.
For comparison, about 100 m? or less
of direct converter surface is required
for 100 MW of ion power.
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Fig. 10. The lacation of cryopanels and skim-
mers in an end tank behind neutron
shielding. From Ref. 6, where 159 MW
of ions with a mean energy of 395 keV
were incident on the direct canverter.

[n either case, the cryopanals must be
shielded from the fusion neutrons which other-
vise would deposit an intolerable heat load on
the refrigrration system.

Conc lusion

The end-loss plasma from a tandem-mirror
teactor, with its high minimum ion energy and
the natural magnetic expansion, offers the ideal
cnvironment for direct recovery, Furthermore,
the vacuum requirement is essentially unchanged
by the inclusion of a plasma direct converter in
the end tanks. Even the volume of the end tanks
is probably unchanged, since it is determined by
the cryopanels. The cryopanels must be shielded
from the fusion neutrons as well as from the
plasma.

Recent experimental tests of direct convert-
ers have verified many of our design concepts.
However, several important points need further
analysis and tests an a larger scale, Among
these points is the build-up nf cold plasma in
the end tanks and irs sffect on the grids in the
direct converter. Annther point requiring
further study is the frequency af grid failore
(breaking of wires or leaking ol tubes) and the
consequences of grid failure, s the rupture af
a water-cooled grid catastrophic? large scale
testing at high power is required.
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