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The boundary constraincé are either MNeumaen,

to have a negiigible effect su ion optics ac optimum Vlo -0, 71f -0, (33
perveance; othsrvisa, the examples showvn establish .
au ionization gredient (astability. laficite slot
‘ optics as & function of perveance sad potential ot Dirichlec,
parcitioning 18 delineated for the TFIR tetrode from s =0 ¢ - f (4)
2-D conaiderations; finite slot optics at optizum n' a '’
parveancs is dellineaced from 3-D considerations.
Finally, furcher 2~D consideraticos viald an end whare € = 0 on all Dirichlet boundaries except Zhat

slot desiga.

of the source plasma, in which caee ve couple o a
collisionless 1-D sheath soluctlom of*

3t 4%s(2) j EETI R LT P
Because of the geometrical constraints imposed 2 dZ A we(l) - dix)
upou them, neutral beam geanerators muast produce (S)
bears with very low divergenca., la & neutral bean vhere
syetex, the compouent most crucial to the optics is
the extraction electrode, where one~hundredth of a N v ’;"
centimeter con Zake the difference betwveea an effi- a =7 D, f—
cient geutral bean and failure. The following tells L Zes mng

part of the atory of this one~hundradth of s cenri-~
weter, moat of which is heretofores unnentioned.

For {on extraction through a collisionlean
sheath, it is necessary to solve the Poissoun-Vlasov
equation,

“‘D 1g the Debye lengch, L is the mean iree path

between jonization, and 25 1ls some arbitrary axial
distanca from the center of the source plasma in
Debyva lengths (shown in figure 1). This distamce is

923 = jf dv ~ e ? (1) short emough with respect to the first electrode
Z> 2y, thac the equipotentiala are planar, il.e., maoy DEbya
£ 1 ’
v e TE 4T - v\.f -0 (2) ::ng:hl ron the winirum axial sheath position Zs

in the intericor of the regioa, ag shown in figure 1.
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z:-ac >> 1 . (6)

The distance is not so great, however, chat signifi~

cant lonizatlon takes place between Zp and tha
/,..‘..%..\_ maximym axial sheath posicion Zs, oY
B //O“P“ T2 3—ENVELOPE OF s .
— ] REGION QF 77 oN TRAJECTORIES Z -2g <ca’t. (7
} SIMULATION O ol
\ --"’“*QED —r = Solution of equations (1) amd (2) is not without
i g! d1£ficuley?™}! becausa of nonlinearity; however, much
| ¢: 1 m progresa has baen made in this area, -~ !% and thers
| ACCEL ] 1s evidence that the solution obtained is an adequate
! ELECTRODE~ - - NEC representacion of the facts.2073°
% PLASMA ; (o m--D : 4 Equations (6) and (7) can be simulcanecusly
. ELECTRODE ~. e S satiafled for sufficiaently dense scurce plasmas
} o J_t ({.e., vhera a < 0.01). If che source plasma is not
; ) Py 2 7 T g0 dense (a > 0.01) or if the plasma electrode is
g i : P ) vary thick, thea the effects of finite a2 need o be
g ! o/ considered. We will argue chat finite—a effects are
= i T =040 SOURC‘ '{ﬁ\\\m POSITION OF segligible at optimum perveance if the electrode
| ‘ . . ‘0BC ¢ AssiIcAL dimensions are swall compared to tha Debye lengch.
‘ 7=0.22 . ;o SHEATH EDGE The argument will proceed in three scepa. Firsc,
‘ ‘\S'URFACE oN the optimum optics .1ill be shown to be indepandamt
\ WHICH 1ONS of either the electon temperature or tha electron
| ARE EMITTED distribution function ip & particularly sesnsitive
| system (Q = 7). Second, given a couvergent solution,
NEBC - NEUMANHN BOUNDARY CONDITION the optics will ba shown to be virtually independent
0L - QIRICHLET BOUNDARY CONDITION of the iou velocities over a wide range about the
nsan, such as would occur vith strong =satially
Pigure §. Ragion 10 wAich yolucion to tha Polssop-Viasow squations dependent icnizatien (a < 0.01). Third, & aodel for
is sought. ionization will be examinad that allows examination
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of finite-a effects. The results of thig model show
that, at optimum perveance, the optics 1s unchanged
tor all situations considerad (a < l). However, a
previously undisclosed phenomenon appears: a large-
ionization-gradient instability, where the sensi-
tivity of the ion optics to plasma denslity variations
is enhanced due to sharp icnization gradients. This
phenomenon is unrelated to another ionization insta-
bility discussed alsewhere.“9“2

First, the results of other studies’®
indicated that ion optics was a weak function of
electron temperature; however, in these studies the
potential of the first clectrode with respect to the
plasma potential 99 was also varied to keep oo/kTe

=12

constant (for constant electrode flux). Because of
the presence of this other variable, the foregoing
results are ambiguous in that they cannot show a
similerly weak dependence of the lon optics on the
vlectron distribution function alone. To clear up
this ambiputty, we coasidered the effect on ion
optics of varyving only the electron temperature or
the width of the electron denasity distribution, while
keeping everyvthing else constant.
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Figure 1. Sheath potentials and lon trajectories
tor {(a) l'l./l = 2 eV and (b) 12t eV.

Reguits are shown in figures 2a and 2b for
kTe/e = 2 eV and 128 eV, respectively. The resulting

beam divergence is shown in figure 3, which indicates

that 1f the electrode dimension is very large compared

to the Debve length, the optics is unaffected by
the form of the electron distribution function. This
powerful result enables us to choose electron distri-
bution functions that have favorable convergence
properties or other computational advantages, instead
of the Boltzwann function that is usually used.
Second, one effect of ignoring ionizationm
processes 1s that a distribution of axial velocities
is omitted from consideration. To examine this
neglect, a vastly disparate initial iom velocity
distribution 15 considered through a convergent
solution of the Poisson-Vlasov equation at a fixed
velocity. When velocities of 0.1, 0.3, 3.0, and 10
times this mean velocity are considered, emittance
diagrams such as those shown in figures 4a and 4b are
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obtained. We conclude from these diagrams; that ions
with disparate velocities have little effect on lon
optics. This conclusion, in conjunctior with evi-
dence that ion optics is independent o either
electron tempcrature3°'3: or electron distribution
function, leads to the suggestion ths;t ion optics
does not depend on presheath ionizaz:ion at ontimum
perveance.

Third, we now consider the following riodel for

ionization. Equations (l) and (2) are replaced by
( | (1+viaz, s < 20 8
Vzo-)l[fdv-e-°'.x-
. j l 1 R ¢ > 20 (

v e Uf+7¢ T =0,
v

where ¢ 1s in units of kTe/e and \ﬁ;Z assumes

constant mean free path. With this model, the newly
ionized lons have the same initial velocity as iomns
that have come to the same position from the center
of the plasma. This model also demands that the
electron density increase proportiotlly with the
electron source term from the ionization process.
Solutions to these squations show that for
finite a the sensitivity of ioa optics to plasma
density variations is increased. Physically, this
can be explained by two facts: (l) for an overdeuse
case the sheath moves into the accel gap; and (2)
for a large ionization gradient the demsity at the
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Figure 4. Emittance disgrame for disparate veiocitiss (values are
givea timas the single veloc -y usad for the Poisson-Vlasov equation;:
(a) « 0.6, x 1.7; (b) x 0.33, x 3; (c) x 0.1, x 10; (d) x 0.05, x 20.



sheath gets even larger, which causes it to protrude
further, The reverse argument applies for the
underdense ¢case. In any event, the optics at

optimum perveance is unchasged, which leads us to
conclude that ionizavien gradieats do not affect the
optimum ion optics abtainable, st least on systems

of Interest. Shown in figure 3 (s the bean diver-
gence as a function of plasma density for three
difforent configurations, two different geometries,
and two different ionization rates. In figure 3a, a
tricde configuration is shown with straignt-bore
electrodes in both slot and cylinder geomerries.

This is similer to the configuration considered (n a
receat article dedicated to delineating the differ-
ence betweea slots and holes.}® Slot geometry gives
higher minimum beam divergence and higher sensitivicy
than cvlindrical geometry, even for configuracions
explicitly designed for optimizatiom in slot geometry
(the selectivicy facrtor Q is the loverse fractional
current density charge for beawm divergencee that are
less than 3/1's of the minipmum). Figure Sb shows a
notched electrodel®s 2% such as those used on PDX
i{njectors, and {igure 5c shows a tetrode of the type
dasigned at Lawrence Berkeley Laboratorv (LBL).“® In
all cases, {inite 3 enhances the sengitivity of ion
optics o plasma aensity variations.

JRNL-DWG 8D 3487 el
- ! A
~ ¥

' [

SL3”
Qe St 2
£ — —
LRERECTR B
(248
Q%08 Ot 2
—_ ~@v3, 5407 et

[N PTTY)

SLECY
a5 41,0087

3e0,00 71
v,

109 (N}

Figure 5. DBeap diverizence as a funcrion of plawza density for three
cases: (&} strsighr-bore trivae, (b) nazched tiiode, and 1) tetrode
oprintzed (AT sict jeomacty, Casa (&} shows infinite, transverss slot
SeORetTies with toniratica of ~i, Gi casw (p) shows only cylindrical
feometTy Wwith and without ioaiwstson: and case (c) shovs tlot geometTy
vith and without fonlzacion and cylindrical geometry without ionizazion.

All this leaves open the guestion of slot end
effects. Figure 6 shows why we concern ourselves
with this problem. Filgure 7 shows an actual 3-D
cemputation““~*® ar optimum perveance for minimum
central transverse beam divergence (this includes the
electrades for the reference TFIR design). In the
3-D calculation for a 5:1 aspect slot, the computed
transverse rms angle for all trajectories 1s 1.1°
with an envelope of 3.8°, The longitudinal rms
divergence is 1.6° with a 6.1° envelope. The longi~
tudinal l/e angle is 0.05°. For the middle region
of the slet, the transve:se rms divergence is 0.73°
with an envelope of 2.2°.

Both the examination of the 2~D algorithml2~1?
for the TFIR design using slots and cylinders and the
results obtained by varying the transverse dimension
or radlus of all che electrodes indicate that the iop
optics At constant current remains virtually unchanged

over a wide range of radii and thact the slot end
design of figure 8 (patent pending) 1is preferred for
the virtual elimination of extra end effect aber~
tations.
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