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Tha aeucral beaa group »c Oak aidge National
Laboratory haa conaenicead naucral baas generators
for che OBUX and PtI davlcaa, i s presently con-
swuccing aaucral baas devices foe tha ISZ and POX
davlcaa, and la conceaplaclng cha construction of
oaucral baaa systems foe cha advanced THS davlca.
Theaa naucral baaa davlcaa seta froa cha pioneering,
work, on Ian aaurcaa of C. G. Callay and 0 . B.
Morgan-1"J Ua daacrtba cha Ion sources under de-
velopaeac ac cola iaboraeor?, cha baaa opcica ex-
hlblcad by chaaa sources, aa wall as *oaa theoretical
coosldaradona, and f inally cha rtaalndar of cha
BeaaXlne dealgn*

1 . IOH SOURCES

Tha Ion sources conaldarad ac chla laboratory
ara (a) cha hollow cachoda cuap flald duoPIGatxoa.
(It) magnetic mulclpola cuap flald sourca, and (c) cha
LaBr6 hollow cathoda cuap flald sourca. Tha prin-
cipal Una of aourcaa undar development arljinacaa
froa oodlfleaclona of a duoplaamacran and la callad a
duoPtGecron.'"3 le conalaea, aa shown schaaaeleaUy
la Fig. 1, of a charalonlc cachoda dlacharga followad

Fig. 1. Schaoadc of 22-ea Ion sourca

by a calltalon doalnacad dlaeharga followad by axial
extraction. More detailed Uluacraclona of duo-
PlCacron ion sources and cuap aagnaelca ara found la
Rafa. 4-9. Tha plasma generator consists of hoe
cathodes, an lntumadlaca electrode, anoda 1, anode 2,
aagnaclc cuap fields, and a plaaaa grid. Tha incar-
oadlaca electrode serves aa a oagaaclc sola Co
provide an axial aagnacic flald, eha sourca field. In
cha anoda region. A pulsed arc voltage la applied
between eha anodes and hoc cathodes. Tha Ineer-
oadlaea electrode and eargac cachoda ara racurnad Co
cha are supply positive terminal through appropriate
biasing raalaeora.

Tha sourca contains a raehada plaaaa and a PIC
plaama aapazaead by aa laceraadlace pLaaoa double
layer. Tha cachoda plaaaa la produced within eha
intarmedlaea elscCroda chamber by primary elaccrona
ealccad froa cha hoc cathodaa. la this region of
zero aagnaclc field, cha plaaaa danalcy la determined
essentially by cha arc current and cha gaa pressure,
which operates ac a relatively low electron kinetic
energy of <30 aV.

Tha anode plzasa 1* produced In cha region
enclosed by cha anode*, cha intermediate electrode,
and plaama grid. This anomalous glow dlacharga la
craacad essentially by energaelc electrons which
originate froa cha cachoda plaama and which ara
accelerated through eha double layer separating cha
cathode and anoda plasma. Tha electrons are then
confined by eha applied oagnacle flald and ionize the
gaa In Cha upper region of anoda 1 and anoda 2
(Fig. 1) as they oscillate baetraan cha intermediate
electrode and cha plasma electrode. Because oE thair
high energy, they create a dense anoda plasma; con-
sequently, cha deaalsy of eha anoda plaama la mainly
affected by cha applied magnetic field, gaa pressure,
arc volcaga, and arc current.

While cha cachoda plaaaa worka aa an electron
source and supplies ionising electrons co the anode
discharge, che anoda plasma worka aa a source of Ions
and supplies ions co cha extraction electrodes is
order Co fora a high current ion baaa. The double
layer works aa a coacrolling mechanism which deter-
mines eha anoda plasac uniformity and eha sourca
reliability. The axial pocencial as Inferred from
tha discharge aachanisa and deduced from measurements
with a Langmuir probe is shown In Fig. 2.

Tha applied aagnecic field la eha anoda region
consists of cha axial flald of eha sourca electro-
magnet and cha azlouchal cusp flald of cha persanenc
oagnacs. Tha axial field, originating from cha
lnearmadlaca electrode channel, controls che radial
distribution of ionizing electrons In eha anode
region and thus influences che uniformity of the
plasma craacad. Figure 3, Che density profile as
measured by a Langmuir probe la a plane 1 cm above
eha plaama grid, indicates chac as che magnetic field
Is lowered, eha plasma uniformity is improved but che
density la lowered. With che permanent magnae on
anode 2 Co fora the cuap field, che confinenant_pf
tha Ionizing electrons and che plasma cr

4

Research sponsored by cha Office of Fusion Energy (ETH), U.S. Department of Energy
undei,rjfspncgacc «-740S-eng-26 with che Salon Carbide Corporation.

Head of ORML naucral bean program. M N O N L Y

P^TlQm CFTHFS REPORT AP.E ILLEGIBLE. It
ti -w; ;vi rc^rocktsed from ths 'uezt available"
cor-y 5a r:srraiia:e brcadest possible avail-



I.E.

j-X\—owimx LAvn

(A) (A) (A) (•?.) (£%)
• 70 5.4 250 20 <0
o SO 0 32S 2 5

12

10

si / % « HMM

* [""cATHQK /

S PWTtHTIAU p W W , -Mla»

PLASMA m m u i

OOUHC uwwi
•'re

i<

re. re.
OXIM. POSITION Or (UCTMOCS

Fit. 2. Axial potential distribution. The s v m l
T.C. corresponds to thai u lisas grid In Fig. 1.

&N/&8

(

CUSP

Ik "

N
NORMi

1
1
1

s

! \
1
1

— 1— - —
2.9 9.0 7.9

r, RAOIUS (cm)
10.0

(A) (A) (V)
• 40 440 98 3.6
O 60 410 IZO 3.8

-a T9— 4O0 140 7.7

10
19
21

Fig. ft. Typical daoatt? ptofllaa with and without
axial, nacnats.

40 400 MO 71

* W 49 44O IT! W

• M 40 4 » IT* W

9.0 7.9
r. RAOIUS (cm)

Fig. 3 . Density profile for various source
fields (denoted by I ) .

lmprovad substantially. Thus, a uaifora and danaa
plasaa la raadlly eraaeed ae a relativaly waak axial
fiald (Fig. A ) . Haraover, th« colum nnabar of cha
paroananc oagnaea affacts tha plaaam uniformity as
shown is Fig. 5.

The ionlzatloa race la tha aaoda region usually
increases with the gas pressure tbare. For the
7-ca, 10-ca, and 15-cm grid dlaaecar aourees, the
pressure ibstreaae Is obtained by Increasing the gas
feed into the lncernedlate electrode chamber. For
the 12-ca source, tne pressure Increase is also
controlled by the extra gas feeds Into both the anode

r , RAOIUS. em

Fig. 3. Variation of plasaa uniformity with nuaber
of aslauthal aagnats.

region and the upper section of the gas cell. Under
noraal operation of these large sources, the gas feed
into the incerasdlata electrode chamber should be.the
alniana for reliable operation. The gaa feed into--
the anode region should be adjusted for the desired
plasaa density or ion beaa current density. Then the
gas feed Into tha gas cell la used to provide the
desired equilibrium fraction of neutrals in the beaa.
With the proper arrangement of gaa feeds, the source
performance is Improved, particularly tha arc effi-
ciency and monatomic species fraction. With the
optimization of gas feed as mentioned above, the
source tends to be operated la a high Impedance node,
i.e.,Aigh are voltage (greater than 100 V) and low
arc current (less:than 700 A). However, if the gas
feed into the Intermediate electrode Is too high, the
source tends to be operated In a low impedance mode,
i.e., low arc voltage (less than 90 V) and high arc
currenc (greater than 900 A). For example, a 60^A
Ion beaa can be formed from an ion source with swb
different arc conditions: 90 V/900 A and 100 V/60C A.



Hence, the source operated in the high impedance node
is characterized with high arc efficiency, 0.9-A
bean current par icilowacc of arc power for this
particular cue. the base arc efficiency achieved so
far is about 1.1 A/ktf.

la addition to the optimization of the applied
aagaeclc field* and gaa feeds, the optimization of
source electrodes is also important for source
performance. The electrodes of iapottance are
anode 1, the iaeeroadlate electrode, aad the hoe
cathode. They can Influence the source reliability
aad arc efficiency. Are efficiency, which varies
with the diaensions of anode 1, j shown la Fig. 6.
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Fig. 6. Variation of ion saturation currase with are
power far tin types af anode 1.

The optimum shape used in a 22-cm source for PIT
injectors is conical. The insert and axial buttons of
the intermediate electrode are also optimized for
plasma uniformity, source reliability, and high arc
efficiency. Figure 7 show* eh* efface of the button
on the uniformity. The filament llfetlae problem Is
reduced by using multiple off-aria filaments in
combination with the optimized intermediate elec-
trode, la addition to reducing damage caused by
bsekscreamlag tons and electrons, the Increase la
emission area raises the marrtimtm are current, stab-
ilizes the double layer, and thus reduces the noise
level. For a 7-ca source,6 the noise level (<10 kHz)
is S30Z; for a 10-cm source,3 the noise level (<10
kHz) is ±51; for a 22-cm source.9 the noise level
(<10 kHz) is ;3.5Z and (<1 MHz) Is sl5Z.

The 22-ca source for ?LT injectors normally
operates oa the test seand for 100 as pulses every
10 s. The plasms generator has been reliably run for
SOO-oa are pulses for extracting 60 A at 40 kA. A
60-A beam has been extracted for 250 as ss 40 kV.
Recently, a 10-cm source for OBKAK injectors baa been
run for 10-s beam pulsaa ac 6 A/23 kV. la addition
to the accelerating grids, the filament lifetime is
relevant for long pulse operations. Sources with
different electron feeds are being studied and will
be reported later. The scalability of the modified
duoPZGatron ion source is shown in Fig. 3. There
appear to be no physical bounds on source size as
yet.

The fraction of aonaComic species ions extracted
from aa ion source is extremely important since
molecular species generate gluttonous,10 undesir-
able,11 unrecoverable12 fractional energy neutrals.
They are gluttonous because a disproportionate
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Fig. 8. Illustration of scalability of the ion source.
fraction of neutral power ends up in these low energy
components, as described in Sect. 3; they are un-
desirable because they do not serve to heat the
plasma aad may even have deleterious effects (Sect. 1
below); aad they are unrecoverable-because they are
neutral. Moutomic species fractions of O.JO-O.ij
were reported on earlier versions of these ion
sources."-5 Predlssaeiatlon of the gas before i t
eaters che source aot provision of hot walls leads to
a significant improvement,1* as shown la rig. 9.
Hydrogen molecules can be dissociated effectively by
passing the gas through a tungsten oven which is ac a
high temperature (>2&00K). If an equilibrium is
established at these high temperatures, about 953 of
the gas becomes dissociated through multiple col-
lisions with the hoc cuagscea surface. Recombinacion
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Fig. 9. Ion species distributions as cha detector.
Open polaea represent the distributions with pradlaao-
datioa, filled point* represent eha distributions
wlehouc pradlsaociartoa.

dua to ccllisloaa between particles la azpaecad to ba
«ncXl since che loa source gM pressure la normally

_*?•. (<Q'+ 5°?L; Surface interactions a l i i ba a
prsdominaac isarhihism for che generation of molecular
hydrogen. Thla surface raco>alaaeion, however, can
ba raducad considerably by k>ir.37idtng hoc tungsten
walla Inslda eha loa tourca. In general, desorpcion
of hydrogen from a tungsten surface yield* oolaeular
Tsydrogan If the caaparatuca la below iillOOK. te is
eherefora daalrabla to k*ap cha caapaxatura of a l l
cha_valla:«i)OTe chl« taBsaracnr*.

Figure 10 abowa a caloriaatrtc aean of eha full ,
hair, and one-chird enerjy Ion peafca11* of a 22-ca
source without pradlaaocladon. Ihia scan waa
obtained by placing a tingle 0.6-cmr-ID swirl tuba
calarlaeeae la eha laaga region of eha deflection
aagnae, aa shown In Fig. 11. The three separated Ian
speciaa wars oaaaured aa cha aagnaelc field was
varied. Figure 12 shove cha species ratios as
masurad ae cha ion duep and ch* Interpreted spaclas
at eha Ion sonrca aad entering eha eokaaak plaaoa.
The high aooacomlc yield obaorrad (35Z) can probably
ba attributed to eha following: (1) The source with
eha cusp field arrang—isnc Is capable of producing a
cold, dense plaaaa (with low arc power densities) ac
high gaa pressure. (2) Qua to eha high gas pressure,
eha priaary ionizing electrons eaa lose enough energy
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Fig. XI. Th* HESTF twutral buailxx* sch«aat.lc.
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Fig. 12. Heasured aad calculated-specie* ratio flow
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through collialoaa eo fall beneath eha ionizatlon
threshold energy aa they migrate coward eha extraction
region. Moreover, their density will b« too low to "
create many ions la this region. (3) Ihe cold plaaaa
electrons (<S aV) have sufficient energy to- dlsao-
claee nolecular ions and oolecules efficiently bat
have not cha energy eo lon±ia~ta«i7~Tl>a alectron--
aolacular loa collision frequency Is about 5.6 claws
higher than the alaecrotfr-aeaalc Ion collision fre-
quency. (4) The drift velocity of atonic ion* Is
higher than that of anlecular Ions. Conaequently,
eha ions la eha extraction region which sake .up the
baaa currenc ara dominated by atoalc Ions originating
la eha plasaa volume. Applying predlssociactoa eo
the 22-cm source, as was dons for a 10-ca source13

(aee Fig. 9), In combination with providing hot walls
oay increase the procon fraction furchar.

The uadeslrabilicy of a large molecular species
fraction Is illustrated in the following calcula-
tion.11 Ic shows that if, far a particular cokamalc,
eha penetration of cfee full energy beam component i s
marginal, penaerar.ion of the undesirable half energy
component ia poor aad these particles will heat the
outside of cha pliisma. This may ba deleterious
because a thick, cool edge region prevents energetic
particles fro* hitt iss the wall. Also, energy
deposited near eha plaaaa odge leaves faacar aad Is
thus lass effective ia hearing the plasma. To
cmnhaaizc this point, consider typical 80-keV 35X aad
60Z atomic yield sources (Table 1). Although the 351
proton source in the enable delivers two-thirds the
power of tha 60X proton «curce, i t is batter for
heeelng cha cancer o': che plasma since i t ha* mare

Table 1

Fig. 10. Caloriaatric scan of tha full, half, and
third energy ion paska from she nauerallzer call.

Energy

80 keV
40 iceV
27 kaV

80 IceV
40 keV
27 keV

Percent
power

852

857.
10Z
5Z

60X

60Z
302
10Z

Currenc ir>:o
neutralizer

proton source.

38.2 A
9.0 A
6.75 A

proton source.

30.0 A
30.0 A
15.0 A

Nautralizer
efficiency

Neutral
current

45 A into neusrallzer

25Z
60Z
70Z

9.6 A
5.4 A
4.7 A

50 A into neutralizer

2SZ
60Z
70Z

7.5 A
1S.0 A
10.5 A

Power
delivered

717 kW
216 kH
127 kU

600 kW
720 kW
230 kU
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Fig. 13. Baa* deposition in Doublet III for tha
parameters of Table 1, assuming no loaaas before
injection.

la cha high energy component and ouch laaa la
tba c m low energy component*. Tha total beam powar
par unit volume deposition profiles for tangential
In]action into cha top halt" of Doublet III ara shown
for four casas la Fig. 1 3 . Tha lattermost point of
Fig. 13 is artlftcally high dua to the larga (compared
to cha beam widen) siza o£ tha first flux surface.
Tha conclusion from thla is that it is asaaaeial to
hava a vary high atomic hydrogaa fraction la tha
source la ordar to haae the caatar of a larga dansa
tokaaak.11

Another source which baa racaivad soaa attention
at thla laboratory la tha aagnadc aultlpol* lina-

— . ...... c u a p plasma generator. I S~ 1 8 Tha aagnatlc aultlpola
line-cusp davice davaloped by KacCanzla and aasaclatas
has baaa adapted for uaa as a neutral baaa Ian source.
It has produced high density, large volume, quiescent,
uniform hydrogen plasmas. The device ia a watar-

— — cooled cylindrical coppar discharge chamber (25 ca in
dlaaatar by 36 cm long) with one end enclosed by a
set of extraction grlda with a 15-cm-diaa aultlaper-
ture pattern, aa shown la Fig. 14. The chamber wall
serves as an anoda and is surrounded by an external
system of « — » « « • cobalt magneta arranged in a line-
cusp geometry of 12 cusps; plasma is produced by
electron emission from a hot cathode assembly. This
source haa achieved extracted beam currents of 16 A
at 18.5 fcV (see Fig. 1 5 ) , radial plaaoa density
uniformities of sSZ over a 15«ca diameter, noise
levels of lesa thaa ±0.5Z, and arc efficiencies (bees
current/arc power) of 0.6 A/tdT.
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Another source being considered at this labora-
tory is a quiescent discbarge obtained by replacing
tha electros feed and cathode plasma region (shown la
Fig. 1) with aa array of 60 filaments.1' The source,
now under fabrication, is shown ia Fig. 16. So
attention ia given to fllamanc lifetime at chia stage
of development. Since there is no source magnetic
field, this source is expected to ba free of ooise.
la collaboration with D. M. Goebal and A. T. Forrester.za

a Ufls hollow cathode structure waa affixed to a
22-ca source, replacing the cathode plasma. Prelimi-
nary testa enabled a 30-A ion beam to ba extracted.
The noise level ia approximately ±22, which ia an
ordar of magnitude lower than in a duoFIGatron.
Preliminary aaaauremeat of tha proton fraction of
this source vas measured to ba 90Z (Che gas flow wa«
three times greater than la the.duoPllCatroa). .

Fig. 16. Quiescent discharge source.

1 Tha bottom line far our source development is a
duoPIGatroa with an SSZ proton: yield, aa arc effi-
ciency of 1.1 A/kW with 65-A extracted current,
negligible filament powar (81 A/kU), and a nudeon
gaa efficiency of 60-80Z that can be conditioned ia
less than 30 hr of operating cloa with a duty cycle
of IX. Such sources have been used on OSHAK and PLT
injectors and will probably ba used on ISX and POX
lajectors.

2. ION OPTICS ADO ACCELEHATIBC STOTCTUHES

He describe some theoretical methods acd develop-
ments pertaining to ion optics, the associated experi-
mental methods nm* developments, and an examination
of accelerating structures. A two-dimensional solution
waa found to the Foisson-Vlasov equation for ions
extracted from a collisionlesa plasma with a BolCzaana
electron distribution.21 Foisaoa's aquation is
solved by a finite difference method on a mesh with
given source earns, using the method of successive
overrelaxatlon (SOR). Boundaries ara treated with a
procedure due to Horosby.-2 The overrelaxation
coefficient is automatically chosen using a aethod
due to Carre for the miritrnw rate of convergence. A
stretched grid in the axial direction is chosen such



chac mesh points near che emitter are relatively
closa together. Vlasov'a equation is solved indirectly
by solution of orbit aquation* tar many initial
orbits entering from the emitting surface coward the
hole with velocities appropriate to the initial
velocity distribution specified. After consideration
of electric fields produced by che solution of the
Poisson equation and centripetal forces, the orbit
equations are solved by a deferred limit integrator
and Ion charge is deposited on che mesh points in

-accordance wich che continuity equation.
Electron charge is deposited directly on the

mesh points by iterating and underrelaxing as sug-
gested by tf. S. Cooper23 (denoted by A in Fig. 17),
until a solution is reached. lane are icerated after
a solution is found for a previous iteration. An
illustration of che ion iteration scheae is slwsu in
Fig. IS where the cop pare shows che .ire trajectories
through che vacua solution asd z'a* boccoa shows the
converged solution r-; she Poisson-Vlasov aquation. A
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three schemes considered as a function of perveancs
an the scale of Che Child-Laagaulr pervesace. The
arrow on che abscissa is the perveanca where the ion

is aost convergent.

more expeditious iceracion scheme-4 uas found by not
requiring a solution before iterating che electrons
(denoted by B in Fig. 17). A yet sore expeditious
iteration2" was found by accelerating che underre-
laxation as wall (denoted by C in Fig. 17 and by
method t in Fig. 19). From Fig. 17 we see chat
convergence problems are elialnacad wich scheae C, at
least in the sense of numerical stability. It should
not bo inferred that the iteration scheme useri by W.
S. Cooper is as inefficient as Fig. 17 suggests
(scheme A), became we were uairuj an.Aiararive
solution to Sue Poisson aquaclan ae* a single pre-
cision TSi machine. (The powerful mesh generator was
deviioped by Hornsby and was written wich many over-
lays which make it nontrivial to convert CO double
precision.) Cooper doee noc use an iterative schema
ami uses double precision-. Thi* could significantly
change 'the'radius of convergence of the solution and
ics efficiency. A yec more expeditious and accurate
scheme was developed25 which put_ch*_ electrons
implicitly into the linear SOU solution. This Xewcon
SOS iteration has provable uniqueness and convergence
properties. Shown in Fig. 19 is "a comparison of the
computational effort for the accelerated underrelax-
acion scheme and che Newton SOR schea* as a function
of the TUTimisj accuracy of che solution and mesh
size, tfe had to teach the IBM 370/195 to do tha
exponential in an expeditious manner, saving a factor
of 15 in the exponential calculation and a factor of
three in the entire code.26 With this apparatus we
were able CO do several comprehensive studies.

The best schema of Raf. 24 was used to examine
che effect of plasma properties on loo optics.27

This was the first tine the ion extraction solution
was carried back far into the source plasma (100
Debye lengths, as in Fig. 18). Ion optics ii always
found to be dominated by aberrations for thick cylin-
drical bore apertures, with che ion temperature
playing a minor role and che electron temperature
playing virtually no role. An important efface of
ion temperature is chat the opclaum pervear.ee de-
creases as ehe ion euperacure increases. The more
accurate Newton SOR scheae25 shows che sasn results.28

The perveanca at which a solution can be obtained is
indefinite, extending at lease far beyond che Child-
Langmuir space charge limited flow. The electrons in
the plasm* prevent space change limited flow no
aatter what che source plasaa density, ice used che
Newton SOR scheme25 in ehe following studies.
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Fig. 18. Typical converged solution (boccoo) and
initial iceracion in vacuum fields (tap) at a relative
perveance of 1/3.

Fig. 19. Properties of che accelerated underrelaxacion
scheme (Method I) compared eo the Newton SOS Iteration
scheme (Method II) .

Several different shaped aperture plasaa grids
were studied, yielding che well known conclusion chat
a pseudo-Fierce shape virtually aliainates she aber-
rations but decreases che opclauo pervoance.19

Enieeance diagrams for a cylinder" 6ore and for a
pseudo-Fierce geomecry are shown in Figs. 20 and 21,
reapeccively. Orbit trajectories for the pseudo-
Pierce geometry are shown in Fig. 22.

A scudy of cecrode opeics with cylindrical bore
apertures was made30 (see Fig. 23 for a typical
crajeceory coapueaeion). The principal conclusion is
that if cha field ratio between gaps can be suitably
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The affect on Ion.optics of a preacceleraeion
potential applied to the plasma electrode was
studied.31 A. principal result Is chat tha Ion
divergence Is decreased as tha praaccaleratlon
potential, u. Is raised, as shown in Fig. 25. Figure
26 shorn an emlteasca diagram for a large preacceler-
ation potential of u - 0.1. Tha electrical connec-
tions are shorn In Fig. 1. An insulator on the
plasma side of the plasma grid shows the same effect
with tha application of a precel poeential. This

theoretical result predicted all o£"Cfae-suboaquen«
experimental findings, adding new dimensions to che
applicability of tha ion optics code to Che real
world.

r
Fig. 21. Baittanea diagram of piaudo-ffiarce apareuraa.

Fig. 22. Orbits In converged solution for pseudo-
Flarea geometry ac option parvaaaea.

adjusted, eha aberrations of the plasma alaccroda can
be minimized ac optimized parvaanca lines In this
c a n the source plaama Is puahad far tnco cba apar-
cura. Tha manifestations of this are illuacracad la
Fig. 24. This coticlusios Is aoc relevant co apetcura
shapas which causa little aberration. Also, che
sensitivity co source danalcy variations is smaller
in che tecroHe than la a cylindrical bora criode of
eha same gap am eha cacroda extraction gap. The
absorption of plasma ions Into eha plaama electrode
is far larger for the cacroda than for che criode
under normal operacing conditions, yielding a rela-
tively low optimum perveanca.
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Fig. 25. Tha rma beamlac divergence as a function of
precel potential, on tha scale of tha accal potential,
u, at opelaum parvaanca. Tha ieft-hand side at the
graph corresponds to and isolated conductor.



Fig. 26. Baitcance diagram of • cylindrical bora
aperture plasma grid at a pracel » 0.1 accel.

By reversing che polarity of tha potential oa
eha plasma electrode from chat la eha precel case, a
Halting singular solution to eha Poiasan-Vlasov
equation lm approached as cha plasma electrode poten-
tial equals eha plasma potential. It la character-
ised by no aberrations, no absorption by tha plasma
electrode (even chough it la cylindrically bored),
and a great sensitivity co noise or plasma varia-
tions. An cmleeanca diagram for this case la shown
la Fig. 27.

Fig. 27. Baiteanca diagram of a cylindrical bora
aperture plaaaa grid ac a poceneial equal eo about tha
plaaaa potential.

Tha efface of plaaaa dansicy variation on ion
optics was studied for eriodas with various shaped
holes, aspect ratios, and praacealeratioa potentials,
as wall as for tetrodes.3 A principal result H I
chat for Large aspect ratios the sensitivity eo
options perveance increases substantially. The
aberrations do not noticeably increase with large
aspect ratio,£S leading co tha conclusion chat noise
or inhoaogeneoua plaaaa density Is the cause of the
well-founded experimental observation with noisy
sources that large aspect ratios cause poor opeics.
This suggests tha extent to which the source plasma
is uniform. Tha low noise sources described la
Sect. 1 above should not show a deterioration of
optics with large aspect ratio (sea Fig. 28), as
found in cha Culhaa studies.32 This would easa some
constraints on source design.
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Fig. 23. Variation of divergence angle with daaaity
fluctuations for four cases.

Noise la the source plasma may causa cha effec-
tive ion caaperatura eo ba higher than it would be
without eha noise. This is because eha ions are
pushed around by eha grossly fluctuating local fields
before they are extracted. Thus, eha optimum per-
vaance will ba higher for a noiaefrea source than for
a noisy source In view of the analysis of cha efface
of source ion random notion.27>za

The effect of aperture displacement on steering
la tetrodes has been computed," predicting that che
steering la a function of the field ratio between che
gapa. An elaboration of eha computation caused
lsproveaant la tha accuracy.31* A computation35 of
beamlae-beaalet interaction In cha acceleration
region, suitably elaborated,35 shows chat for aber-
ration dominated optical systems such interactions
are negligible, but they aay be significant for
caittance dominated optical systems.

Experimental opeics studies fall into cwo
classes: measurement of single beaalet intensity
distribution and measurement of a multibeamlet
source power deposition. A single beaalec study was
dona for a variety of shaped plasma apertures.2' For
a paeudo-Pierca shaped eleeerode, tha half-width
half-aaxinum (HUHM) beamlae divergence angle was
0.6*. For a cylindrical bore aperture eha HHBH angle
is 1.0*. This improvement is in agreement with the
theoretical results.29 A movable Faraday cup placed
1 a from eha acceleration electrodes was used, and
eha accelerating potential was approximately 24 kV.
The optimum perveance was thought co decrease for che
shaped electrode, in accordance with the theoretical
results. However, che fraction of drain current due
co cha bean in single beaalec studies la uncertain
due to tha possibility of plasma leakage to ehe gas
pumping hole in ehe slacerodes.

A single beamlse study of che tetrode was pre-
formed.39 A principal resulc is that f or _a high
ratio of second gap to first gap fields the ion
optics Improves considerably. This is in agreement
with che cheoracicaX results.30 These studies were
done up to 60 kV. Further single beamlac studies
ware dona fron 60 kV to 110 kV.3r The optinum
perveance is far lover Chan that indicated in the
lower energy studies and by ehe paraxial studies,39

but is in agreement with cha computational results if
cha absorption of cha ions into eha plasma electrode
is taken Into account (see Fig. 7 of Saf. 30). In
che lower energy study the "•<"<"""• beam divergence
(HHBH) was 0.4* ac 60 kV (Raf. 3C) and in che higher
energy study cha minimal beam divergence (HUHM) is
0.25* ae 100 kV.37

A single beanlec scudy on tha effect of nre-
acceleraclon with insulator coating waa performed.71

A 0,02-cm-ehlck coating of aluminum oxide was de-
posited, by eha plasma spray technique, on tha side
of che plasma electrode facing che source plasma,
tfich a movable Faraday cup positioned 1 m from che
acceleration electrodes, a ^^^ as low as 0.S5* was

measured for aa aceal potential of 14.4 fcV, a precel
potential of 0.32 kV, and aa accel gap of 0.S6 cm
(see Fig. 29). Mich an ucel gap of 1.4 en, a di-
vergence angle a^^g of 0.31* waa measured ac an

accel potential of 2S.S kV and a precel of 0.49 kV.
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This is the smallest HUHH divergence angle wa hava
ever obaarvad at thasa relatively low voltages.

The acaarlng proper das of tetrodes3"* and
triad**38 were experimentally determined and the
theoretical prediction33 that tetrode steering « u
dependent on cha fields in the gaps was borne out.
In addition, the tetrode steering was observed to be
extremely nonlinear,3<* even for relatively small
displacements. This is attributed to the small
aspect ratio and was not predicted by the linear
analysis.33

All of the previously aentioned single beanlet
experiaents •assured bean distributions using a
oovable Faraday cup. For the measurement of trans-
mission and deposition properties and bass distri-
bution of multibeamlet sources, several other diag-
nostics were developed. An on-line optical diagnostic
of neutral besa distributions is being developed39
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Fig. 30. Power deposition for cylinder bore electrode
M a function of beam perveance.

which measures excitation light from parallel chords
of a beaa cross section by an array of FIN photo-
diodes. This information can in principle be un-
folded by an Abel inversion to yield beam distribu-
tions. The pinhole caaera is another diagnostic used
to examine bean distributions. A small aperture
(1/32-in.) is placed in the center of a uater-cooled
target at the focal plane to which the beamlets are
steered. A sheet of Mylar is placed behind this
small aperture. An Image of the aperture grids is
produced which shows the contribution from-each
besnlet.1*0 This diagnostic gives information about
the plasma density, uniformity, and electrode shape.
It can, with considerable elaboration, give infor-
mation on baaalet distributions while the source is
operating."0 An array oi pyroeleccric disks has also
been utilized to measure ion and neutral beam dis-
tributions.1*1 The response of these disks is suf-
ficiently fast to examine the beam distribution,
within a pulse. Finally, measurement of power
deposition comes froa determination of water flow
rates and temperature rise at virtually all places
whare basa interception is possible (e.g., grids, gaa
call, beam dumps, target). A PDF 11/40 computer
gives on-line determination of power deposition which
accounts for over 95Z of the input power.l*

A typical power deposition profile as a function
of perveance is shown in Fig. 30. A most interesting

SO

40

Q

g
30

ui

I
0.

20

10

D I
PRECEL VOLTAGE •
175 ±25 V

INERTIAL TARGET

a

DEFINING
PLATES

GAS CELL

4 6 8
PERVEANCE ( ft perv )

10 12

Fig. 31. Power deposition as in Fig. 30 but with
180-V pracel.



£oacura of Fig. 30 is Che large fraccion whicahits
tha gas cell wall and baaa defining aperture."'
This is ooc consistent with beaalec profiles which
are Cauaaian"3 buc ia conaistent with a torentslan
beaalac distribution.1** The acre sophisticated
complications*-1*31 aor* accurately described the
situation where tha computed28 pervaance dependant
baaa diaxribueiona at* is agreement with th* differ-
ing opciaum perveanc* found on tha various curves in
Fig. 30. Th* addition o£ a pracal11'45 improve* th*
power on target aa shown la rig. 31. A virtue of th*
precal technique la that by connecting the plaaaa
elactroda to either the arc negative or intermediate
electrode, tha optics may be innroved. This tech-
nique hia been used on eitiaciag PtT neutral injectors
with benefit. Transmission measurements for a soaped
plasma electrode'*6 are shown in Fig. 32. Since the
transmission ia higher than that, of a cylinder bore
aperture electrode, and an applied precel also
increaau the transmission of a cylinder bore elec-
trode, by inference it ia expected tha: th* addition
of a precel to a shaped aperture electrode will
iccreaaa tha transmission still further.

0.60 —

0.50 —

0.40

0.30 —

0.20 —

Fig. 32. TransmUiion efficiency eo a 1.8' target for
shaped cylladar bar* aperture plasma electrode aa a
function of perveaoce and accal gap, Z, for voltage*
up co 40 Vt.
50

The affect of gap spacing on shaped electrodes
and cylinder bore electrodes is shown ia Figs. 32
and 33, respectively."6 As the accel gap decreases,
the transmission efficiency decreases. Theoretical
evidence suggests the sensitivity co nonoptiaua
plasma density explains this.3 ?inhole camera
results for tha larger and smaller gaps shown in
Fig. 32 are shown in rigs. 34 and 35, respectively.
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Fig. 33. transmission efficiency to a 1.3' target, for
cylinder bor* aperture plasma electrode aa a function
of perveance and accal gap, Z, for voltages up to 40 'tV.
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Fig. 34. Pinhole camera result Cor che case shown ia
Fig. 32 with Z - 5.7 cm.
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Fig. 33. Flahol* camera result for tha case shown Li
Fig. 32 with Z -4.9 ca.
The cusped pattern shown in Fig. 35 indicates plasma
density inhooogenaitiea due to the cusp fields. This
should be present also in Fig. 34 but the inaensi-
tivity to such variations3 due to the large gap hides
the feacure. The affect of noise an ion optics is
hinted at in Fig. 36, where a relatively noisy
duoFIGacron (An/n "* i0.15) is compared with a LaBr5
hollow cathode source (An/n < =0.02) (the electrodes
were misaligned ia both studies). The optimum
perveance appears higher with the quieter source, as
predicted by the theoretical results-7''3 coupled
with the hypothesis of fluctuation enhanced ion
temperature as mentioned above.
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We have developed a high energy test facility
for sources using r-o-scage accelerating structures.
Using l-o extraction and accel gaps, hydrogen beaa
energies of up Co 104 leV at 10 A have baen attained.
Using a source with a 0.75-cs extraction gap and a
0.45-aa accal gap, the characteristics at a r-"=-stagr
aailtiapeztura source (13-ca grid pattern) ware
xtudled over eha wide range of perveances and accal/
extraction field ratios, as shown la Fig. 37 (total
enargy. 38-38 kaV, all at IS A). The transmission
efficiency was Sound to b« a strong function of the
accaX/axtraction field ratio aa predicted by earlier
aaaaurasants and theoretical results.30'37 A trans-
mission efficiency of (S3 t S)Z of tha beaa uaa
achieved on a target subtending 2.0* and located 4 m
away. This study is consistent with the 0.30* HWRH
singla beamlec divargenca seudiaa97 la tha saaa way
that tha singla stage 401 target deposition Is con-
sistent with the 1.0* HHHM singla beaalat studies.
Unlika single stage sources, tha two-stage source
could also be operated with tha plasma generator
turned on prior to establishing tha accelerating
electrode potential?..

Tha design of urid structures aa Indicated above
la dominated by beam optics and transmission. How-
ever, other eleaants of electrode design are la-
poreaat aa described below. The principal limitation
oa scaady-stata operation of these sources Is prob-
ably tha need for the electrodes to operate normally
without malting, distortion, or othar deterioration.
A. grid design which Is often used (Illustrated In
Fig. 38) has watar-coaliag channels which niaialza
these problems. The electrodes are fabricated from
3/32-ln.-thick copper with 1/16-ln. capper tubing
furnace brazed Into ntarhtnad chsmnils. Other ma-
terials such aa mclybdenua. tungsten, and tantalum
have been considered. However, the difficulties with
fabrication are considerable. Construction methods
being pursued are furnace bracing of slabs of molyb-
denum or copper with oachined coaling channels, heavy
plating of copper slabs with machined cooling grooves
filled with a reaovabla "wax" or atchable metal, and
a one piece sintered molybdenum construction. A one-
dimensional approxla»'.« solution to tha heac con-
duction equation wau used1*7 to estimate heating
characteristics and showed that under typical cir-
cumstances tha copper tamparatura reached SOZ of its
malting point. For a ZZ-ca source grid, distortion
and/or warping ara hinted at la Fig. 34.

x • 1 - 1

x * 0

Apertures 2 mi radius

Grid Thickness 1.5 - Z m

Local Transparency, T • 6St

Fig. 38. Typical electrode design.



Pig. 39. Two-dimensional temperature distribution of
•a alaecxada with wac«r l i n e * .

A ewo-diaeoaional haat conduction calculation
waa earrlad out** expl ic i t ly including che waear
Unas. An example of eha results obtainable La shown
la Fig. 39. displaying eha temperaeure distribution
of a coppar alaetroda wlch wacar l ines .

Other conaldaracloaa include alaetroacaclc
deflection** which could ba serious for larga a lec-
erodaa, voltage holding crtearla tor tetrodes, s o

allaiaacioa of eha chird electrode la a triode by
insulator coating, and voltage application.5 1 A
ehaoracical study comparing cha ?ro;»jrtl«s of s loes
and hola oulelpla apactura electrode structuraa la
undar way.52 Principal properties cooaldarad ara
abarrationa. sensit ivity to danaity variations, and
transmission. Sloes previously^3 considered ae ehla
laboratory were fabricated from a milled coppar
plata. For a noisy sourea, s loes gave ralaelvely
high ion divergence. Sow that eha sourcas f'-«
qulatar. wa hava considarad daalga of steady-seata,
easi ly fabricated, deflactionlesa, high tranaaissios
tubas. s u Th« Idea la Co stress the tubes while
vaeer-cooling than. Thermal prescressing waa re-
jected due to tharaal creep, but spring stressing
appears attractive. Such tube* fabricated from work-
hardened, 0.082-la.-diam, 0.009-la.-chick, stainless
s tea l 304 hava been tested for deflection and loading
capacity. Using an oxyacacyiena torch in contact
with the surface, the s lo t waa found to show no
deflection (<10"* In.) with about 200 1b stress and
30 cm3/sec water flow. Power loading was tested
ahaically and showed that power densities of greater
than 1.4 kU/cmz could ba absorbed at steady state (>3
oin) .

The bottom Una of our study of ton optics i s
that wa have invented and ut i l ized several methods
for Increasing baas transmission efficiency. How-
ever, we are not yet absolutely sura what mechanisms
are dominant in the remaining inefficiency. The
prime suspects on the 22-ca source, as evidence above
suggests, are: (a) plasma electrode Induced beaolec
aberrations, (b) misaligned or warped electrodes, (c)
source plasma inhoaogsneicy or fluctuations, and (d)
noise induced anomalous ion temperature. Leas l ike ly
suspects are: (a) normel Ion temperature, (b)
residual space charge blowup in eha aautralizer c e l l ,
and (c) beamlet-beaalat interaction in the accelera-
tion gap.

3 . SEAM LINE DESIC3/SYSTEM SSGTXBESISG

Principal itema in eha design of a neutral
beamlisa not Included above are: (a) power supplies
and control for the ion source and accelerator, (b)
vacuum systems, (c) aeutralizer ce l l , (d) direct
recovery, (e) drift tube, and (f) target design.
These items ara included la this section.

There are a t J.oast seven power supplies neces-
sary for source oparation. The biggest power supply
i s that which accelerates eha ions. The following
describes cha function and performance of a fast
series switch between this high voltage power supply

and she iccelaraciatj structure of che ion beaa iccei-
eracor used in high power .leucral beaia injection
sys-ems.'5

High vaicage breakdown in che accelerating
structure of a high ?ov«r ion bean accelerator la
in i t ia l ly frequent and finally occasional or aven
rare as the structure reaches what la connooly called
che "conditioned" scaca. This breakdown cannoc ba
prevented; ic i s , in tact, beneficial in cleaning and
polishing the structure. What auat be prevented,
however, i s the flow of an excessive amount of elec-
trical energy into rhe fault which aight lead to
daxage of cha structure. This energy l l o i c l i sa in
the 10- to 100-J range.

A series switch between the output of the power
supply and the accelerator has soveral advantages.
It protects the accelerator by interrupting r.iie fault
current, which nay be considerably l ess Chan the
supply short c ircui t i f the switch la fast enough or
inherently current Hal t ing . The series switch mist
be able Co interrupt fu l l short-circuit power for tha
short tlaa required to clear the fault . Tha power
supply remains at fu l l output voltage, ready for
instantaneous raappllcaclon to the accelerator after
eha fault has cleared. A crowbar shunt svicch and
prlaary breaker may be used aa backup In case the
series switch f a i l s to interrupt. We use as a fast
series switch a high power tetrode vacuum Cube.
Existing tubas can switch up to 60 kV reliably and
Interrupt more than 100 A of current. Tha eetrodt'a
consCane current characteristic provides Inherent
current Hal t ing under load fault. Oparation of the
tuba in tha negative grid region simplif ies driver
circuitry. Tha tube ia biased juat abov* saturation,
with a 2- to 5-kV plate drop at operating current,
allowing soma supply droop regulation and supply
overshoot regulation up to the tuba breakdown l i s l e
The ii0-W/30-A aodulator designed and bui l t for the
OSKAK neutral baam Injectors (10-ca-dlaa duoPICarrona
providing up to 40-kV/lS-A ion baaas) i s shown In
Fig. 40. Five such units have been bui l t and oper-
ated successfully on test stands and on OSHAiC. The
aodulator consists of an Elaac 7-647 tetrode switch,

ION ACCELERATOR M0DUUkT0H.4OttV.iO*

Fig. 40. Schematic of 40-W/3C-A modulator.

driven in a direct coupled circuit by a high voltage
power transistor. Tha voltage regulation faedback
loop as well aa ovareurrent inhibit and enable input
logic ara directly coupled. Fast control signals are
transmitted to tha floating deck via light pipes;
slow control signals such as trip levels are see by
potiratioaeters driven by insulated shafts from
ground. Solid-state components on cha floating dec!.
are protected from high voltage transients through
careful shielding, careful lead layout, and adequate
transient suppression with varistors, diodes, and
spark gaps. Tha modulator normally delivers a
regulated high voltage to che ion accelerator. If
che current sample exceeds a preset value. Indicating
a fault, che cube la cut off for a fixed time, In-
terrupting the fault current. After this Interrupt
tlaa ehe tuba resumes conduction and reapplles
voltage to che accelerator. This f i » t overcurrenc
signal iniciacw a trip count clock, which perma-
nently cuts off the tube if a preset number oc
overcurrenc crips per unit tima interval (e.g., 3
trips in 10 as) is exceeded, indicating a possible



Fig. 41. 60-W/6-A modulator.

permanent accelerator fault. This crip coune dock
is usually autoaastcally rasac eo avoid lockout
during sourca conditioning. Modulator rise and fall
claaa Cor a normal oucpue pulse ara <S0 us.

A 60-kV, 60-A modulator was buile Cor the da-
valopaaac of injectors for FLT.3S The baalc circuit
shown la Fig. 41 m a baaad on cha 40-kV, U - A OBtUUE
aodulacora. Tha Input pulse originates in a pulse
generator synchronlxad with other cosmmdi eo tha
neutral baaa alactmnlea system. This pulse drlvaa a
light emitting dloda that la optically coupled Co a
pbococranslscor on tha driver dack of Cha floating
deck aodulator. Two solid-atata amplifier stages

a high voltage switching txenslstor Into
saturation. Tha switching transistor providas tha
grid drive foe n o Elaac 4CX-130O-B tatrodas oper-
ating la parallal as cha drlvar acaga. A voltage
regulator on cha drlvar screen supply controls tha
grid drive of tha final high power switch tuba. Tha
high powar switch tuba la an Ffmar X-2170 vacuum
tetrode. Spark gap protection la provldad from placa
to ground and froa scraan and control grids to
cathoda. In addition, tha tuba and Ion sourca aza
protaetad by an alactroalc crowbar which f Iras if tha
switch tuba falls to block aa Ion sourca breakdown.
The Ion sourca currant la saaplad by a currant sansor
lsolacad froa tha floating dack. Tha currant sampla
la aapltflad and compared with a prasat currant trip
level. If a faule occurs, eha comparator output
crlggars a pulsa ganaraeor that provldaa a pulse
oucpuc of approximately 500-us duration. This pulsa
lncarrupcs cha output switch tuba and parmlts tha
fault eo daar. Tha switch tuba resumes conduction
and high voltaga Is appliad again to tha ion accal-
aracor. Each tiaa tha pulsa gsnarator is triggered.
Indicating a fault, a stairstep ganarator Is erlg-
garad sad stepped downward. A spaciflad noabar of
faults during a pulsa can ba controllad by tha trip
count control. Whan tha stalrseap output gaas
negative, cha modulator Is lockad out for tha re-
—<"•«»•» of tha pulsa. Tha function of cha dock
shown la Fig. 41 la to control tha tiaa lntarval
before anochar pulsa nay ba generated. Several
spaclal daslgn requirasuuts ualqua to hi^h voltaga
modulaeor daalga hsva baaa consldarad. These loduda
aaoda and filament wacar column resistance, fllamaac
heating runup and rundown, snarglziog eha screen
supply only whan placa voltaga is praasnc, and ensur-
ing case adequate bias voltaga Is presane bafors high
voltage ia appliad. Koninducciva rasistors ara usad
la critical locar.lons, and bypass capacitors are
utilirad whan required. Low laval circuits ara pro-
tected by variscoM, capacitors, and transient ab-
sorbing Zenar diodes.

A 150-kV, 50-/. modulator system shown in Fig. 42
la essentially three 60-fcV, 60-A modulators stacked
for cha series switch to tha accel grid of cha ion
sourca and a shunt modulator to regulate cha voltage
on the gradient grid of a two-stage ioa sourca.
Modifications of the 60-kV, 60-A modulator consist of
removing most of the low laval protective circuits
from eha floating deck and locating then it ground
potential. Fault current Is sensed on tha floating
deck and optically couplad to ground. The pulse

cocsund for :ha three decks originates ir- chraa
tarltsxtrlven light caiccing 41od«s. Delay :1a* and
rii* ciae ara carefully ;oncroii«d up ca :t^ control
grids of che final svltch cu..i*. Scaclc and tran-
sient '/olcaga division across che separate decks is
forced with realaclve and capeclclve dividers. A
differencial voltaga la ssapied across each switch
cube and if this voltage exceeds a preset level, all
cubes are forced en tha blocHng state. .The arariiwir
grid voltage is controllad by an Eiaac T-647 cecrode
vacuva cube. Aa shown In Fig. 42, curreac Jlow is
aasuaed co ba away frost cha gradlenr-frtd of a two-
scsge Ion source. Tha function of~"Elie"graaTaac
oodulacor la co regulate eha voltage at cha gradient
grid. Details of cha accel power supplv delivering
168 WHO A. ara found In Baf. 37 (see Fig. 42).

Fig. 42. UC-kV/30-A aoduiacot.

A seleifhnsel caleaetry syscea ham bssr. de-
signed and constructed eo control and aonltor
duoPICatroa Ion sources." With the exception of the
accelerating and decelerating power supplies, all
power supplies and H2 gas control thae operate the
ion sourca are elevaeed co accelerating potential.
The laieaan j system operates and aonltors the
Isolated power suppllas and transalts data across che
high voltaga gap. Tha eransalaalon nadlua Is In-
frared light pulsed through 10-ft-long, l/8-ln.-dlaa
fiber optics, one and at high potential and che other
sod at ground potential. Conversion Is sccoaplished'
by digitizing analog signals before transmitting
through eha optical syscea and demodulating at tha
terminating end. A maatlaua conversion race of
100 kBx provides adequate resolution to operate the
Ion source. The output data ara docuaencad and
stored in a PDP-11 computer. Although tha control
input la computer compatible, no attempt thus far has
been made for doaed loop feedback control of tha ion
sourca.

Tha objective of ehe vacuum components develop-
ment program59"62 is development and construction of
integrated high spaed (*106-10s liters/s) pumping
systems for nsar-tarm fusion experiments with appli-
cability co future fusion reactor requirements.
Since geceers, cryosorptlon, and cryocondenssclon
have many complementary characteristics, It is
probable that a fusion device vacuum system would
employ a combination of chase techniques.

Seven cryocondansatlon pumps cooled by 4.2K
liquid helium were fabricated for the PLT injectors
by Arnold Engineering Development Canter under sub-
contract. These ware designated as cypes A (5 a 2),
B (0.5 m z ) , and C (2.5 mz) and were installed in ehe
source tank, drift tube, and Stadium Energy Systems
Test Facility (HESTF) target Cant., respectively. The
numbers in parentheses give che pump iolec areas.
During injector system cescs at OBSL, ehe helium
consumption per pump varied from 3 to S licers/hr,
depending on operating conditions. Continuous flow
hydrogen pumping tests on a C pump indicated a
— ^ i " " pumping speed of about 2 x 10s liters/s
(Ref. 63) after proper ion gage sensitivity correc-
tions were applied. Mo evidence of pump Instability
waa observed during high power neutral beam pulses,
and typical •—^»™»• beam line pressures remained in
che range of 1Q~U Turr. Otner design and performance
details are given In Ref. 63.

Construction Is proceeding on a large cryosorp-
Cion pump with an inlac area of 2 m2 (Kef. 64). The
pump (Fig. 43) ia very similar ia configuration to
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Fl«. 43. Escalibur cryosorpcloa pump.

cha CTPa C cryocondeasaclca pumpa. and will b«
ceaeed la eha HEIT targee chamber ta dlraec comr-
parieon with etaa esisclag " pump. The (n«p la b«lng
fabricated by Excalibur Cora, of Uelcham, Massa-
chusetts. The pump panal* will bs maintained ac
casparacuraa between 10K and 20Z by 3-eta super-
critical helium gaa circulated through a liquid
hallua bath by a room taaparaeara coapraaior couplad
to cha cold loop Ehroaah a haac axchangar. Daalgn
and anac of cha proeuraaant for ehla loop ara COB-
plata, and fabrication la procaadlng.

eaglnaarb4 data on aolacular ilava oacarlala
for cryoaorptlon ara balna. obcaload In collaboration
with cha 0181 Ch—leal Taehnology Division. Saapla
panala 10 ea In dlaaatar ara balng taacad Is a
vartabla panal/caBparatura cryoatat (Fig. 44). Tha
flrac eaaea wara carrlad ouc on a aaspla of typa 5-A
aolacular alava (I-A poraa) la 1.5 — daap groovaa era
a scalalaaa tcaal aubacraea. L cneal of 82 5-ala
caat ruaa with hydrogaa gaa uara coaplasad ae panal
canparacuraa ranging from 12Z eo 351. Ho avldaaca of
panal datradation waa obaarvad. clgura 45 givaa
avarag* apaada «a praamra ac various hydrogan flow
racaa and panal caaparacuraa. Ic caa ba aaaa chac
cha hlghaac apaada ara obulaad ac tha lovaac panel
caanaracuraa. Tha ntniwa 13K spaad a o m u co aboue
Z licara/a/ar1 ac W* eorr. Thla low valua la dua
co rapid falloff of cha puaplng spaad aa aacartil
accioulacaa la cha lurfaca pcra layart and indicates
chac 5-A sl«v« will probably aoc ba aecapeabla for
fusion applications. Soaa prallalaary cases with
cypa Sa-Y slava (7-A poraa) on a siailM scalalaas

Fig. 45. Avaraga pumping spaads for a J-nia rr» va
praaaura for a 10-aa-dia« eypa 5-A aolaeular siava
cryosorpcion panal.

Fig. 44. 7arlabla paaal/eanparacuxa cryoscac.

sceal subacraca ladicaca chac largar pores give an
ordar of magnitude becear pumping speed ac 15K. This
slave w i l l be used on Che 2-a2 Excalibur pump.

The pumping systems for che divarcor and main
plasaa chamber w i l l have co handle gas mixtures
concoiaiag as much aa 151 helium produced by che
fusion "burn." Pumping speed ceaes with a. D-52 He
mixture ware performed on a molecular s ieve 5-A
panel ac 4.2K.6S The resulcs indicated chac che
slava wi l l w s pimp boch gases ac once — che dau-
cerium plugi :ha slave pores and eha helium accuo-
ulacea, leaiing co cryogenic runaway. When an
intermediate chevron cooled with 4.2E helium gaa was
interposed, pumping speeds comparable co those for
pure deuterium ware obcaiaad. Hence, compound pumps
having aeparaca 3cages for each gaa component wi l l be
required for mixed gases.
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Fig. 46. Variation of fractional p n m carried by
particle spaciaa aa a Junction of tha danuttua l isa
density of B2 (or O2) for hydrogen energy of 40 kaV
(or 80 kaV) for dautarliaa.

The beam power Intensity distribution* down-
stream from Btleibaaalae focuaad snireaa hava b«as
eoapuead for Cauaaian1*3 and Lotaae*iaa56 baaalaca.
This has baas dona asslrsteail? uaing a "sqoara pas
-in ~a romnrhola" approxiaacion which rapidly con-
vargaa for vitcually all ragiooa of latarase. Daalgn
of baaa Unas la conaidarably facllltatad by uaa of
this analyais.

Spaciaa avoluclon In tha nauerallzar call uaa
——•««—' by cooaldaring cha aoat doaloant reactions
and aolving ena seeady-ieate Eular laval eranaporc
aquaciona for aach apacias.10 Spaciaa aralution aa a
function of Una densley la ahown in Fig. 46.

" Ah analyaia67 m a laada of eha spatial dapandance
of cha naueral gas density dua to charga azchanga and
ionlzation with tha baaa. Tha aolutlan to cha cwo
coupled nonlinear Eular laval cransporc eqaaclons «as
found by tha following aachod. A fir*c integral was
dona directly, yielding a single Bernoulli aoolinear
equation> This was tranaforaed to a linear ficit
order equation In cha Inverse gas density and sub-
sequently solved in conpaee analytical form. The
solution (Fig. 47) was found to depend only on one

Fig. 47. Variation of gas call naueral density as a
function of distance, on tha scale of the a folding
equilibrium length, and a parameter jhovn, which is
typically 2-5.

parameter, u, which is cyplcally equal zo about
chree. The neutral gan density dua r-> :heae pro-
cesses diminishes more rapidly :han cne fast procons
aven chough the gas dansicy Is orders or magnitude
greacar Chan cha beaa danaicy. This analysis lapllaa
chac the oeueral gas supply In a typical oaucralizer
call is racombinaclon dominated Cor an equilibrium
call. Heicher pressure gradiancs nor recombination
processes ware taken Into accoimt. However, die
physical Insight into cha neutral gaa processes which
this analysis affords may hava a profound lapacc on
dealgning beaa lines — particularly pumping syaceas
and prevention of charga exchange la cha accelerating
alaccrodea. This will have an affect on Che analysis
of Raf. 10 and other similar analyses68 which assume
che gaa densley is independent of cha beam and cha
baaa interactions with tha slow positive pJUaaa ions
are negligible.

40 —

£30

1 ' 1
BEAM COMPOSITION
a 100% Mf
b 8 0 % H T - 2 0 % K J

"~ e «0%Mt-40%Hj

• 20%H,-S0%H$ /

M°(E) /

- / /
1 J.—'-

~ (Iff o -

1 1 1

1 1 1 1
_ _ •

-

| 1

s

1 I

10 —

20 40 60 SO 100 (20
ACCELERATION ENERGY (ktV)

140

Fig. 48. Heutral beam power par ampere of tha original
ion baaa current as a function of tha beam energy for
different apacias distributions (Sf and Hf only).

Tha nonlinear icy of ttio inefficiency of sources
producing molecular Ions was delineated in Sect. 1.
There the fractional energy neutrals wara shown to be
undesirable.11 Here wa show chac they ara glut-
tonous.10 Below wa show the potential manifestations
of their unracovorability.IZ An illustration10 of
che powar distribution among eha naueral components
is shown la Fig. 48. It shows, for ezaapla, that at
30 itaV, if half tha ions are oonatomic and half are
diatomic, only one-third of tha input powar goes
toward accelerating Cha monacomic ions. This is
because tha electron capture cross section is higher
for che slower heavier species ae 80-kaV energy.

Residual space charge in Che neutralizer cell
was studied extending che analysis of Cabovich for
high current densities, bean radii, and variations in
beaa composition along its path.33 The result is
chat for a constant beaa below che energy of che cwo-
scraaa instability, che beam blowup dua co residual
space charge is negligible. Consideration of re-
sidual space charge blowup of a beamlet in che
neucralizar leads co the conclusion that this effect
may ba reduced by ac leaat a factor of four by
reduction of beaa perveance.70



Flf. 49. Ion baas distribution and equlpotantlal
nritcu ahown for a hypothetical racovary device
where cba loo baas deneiey far Che bottom caa* i» 10
tlaaa that of tha cop casa.

We ara pursuing a diract recovery development
baaad an w o coacapca distinguished by chs alaccron
blocking tiachaniaa. Tha first Is magnetic ftald
blocking over tha ancira bars. Tha potential vlrtuaa
of this scheme ara tndlcatad by the toccMS of
aarliar experiments.71 Bacent theoretical calcula-
elaaa72,73 Mj,Tlaj tha Polsson-Vlaaov aquation by tha
accalarating undartalazacion scheme2* show due for
sufficiently iatanaa baana In steady I U M , * col-
lector plasma forma, making tha region of ion de-
calaracion small (see Fig. 49). This snail ragion
increases the recovery efficiency slnca the Ion beam
doas oot gat a chance w blow up and bacon* retro-
grade even for vary insansa, hifb pervacace boaaa.
An Illustration of potential racovary efficiency ias
a particular geometric configuration is shown in
Fig. SO. Ue convlncad lalph Holt of Laurence Liver-

:»re Laboratory of ;ae possible success or ;he
aagnecic blocking direct recovery scheme in early
1977. Ha subsequently pertoroed a tesc ac his
facility and fauad 501 recovery efficiency. u

Ve showed above coat the tractioaal energy
neutrals produced froa aolecular ions ware glut-
conoua-3 and undesirable.-1 Even if Che geometry
u«re such as to provide lOOt recovery, a finite
fraction of aolecular ions would ruin this possi-
bility because of tha unrecoverable half and ana-
third anargy neutrals which ara chua produced. This
is shown In Fig. 51, which illustrates recovery
potential as a function uf aonatoalc spacias fraction
and beaa energy. Also shown is cha a w l a a effi-
ciency without direct racovary aa a function of
sjnatoalc spades fraction.12 The direct racovary
exparlaest tinder way here has tha ion source at
ground potential and tha nautrallser cell ac high
potential.75
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Fig. 50. Potential recovery from a geometry shown ia
3af. 72 u i function of retarding voltage, on cha
seal* of baas anargy and baas density.
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Fig. SI. Potential beam efficiency (full anargy
neutral produceion/powar expended) aa » function of
oonatomic spades ratio, been anargy, and existence of
diract recovery.

Tha drift Cub* has received considerable at-
tention lately dua to tha possibility of a nonlinear
beam attenuation resulting from gca desorption from
the wall which in turn la dua to deflection of tha
Ionized beam by the stray tokaoak fields (Riviere and
Sheffield76). This analysis has baan axtanded to
include Che effect of direct interception of the beam
on the wall dua to finite beam divergence.77 Assuming
Gaussian baaalacs and using a. beam intensity anal-
ysis,u3 the affect of beam divergence on relonizacion
loss is illustrated in Fig. 52 for the system shown
In Fig. 11 at various values of tha specific de-
sorption coefficient. Experiments on the drift ci'-e
pressure rise of a 30-lcV, 40-A beam of pulie duration
up to SOO ma7a have been performed on the system
illustrated in Fig. 11. Principal findings are: (a)
the pressure buildup in the ?LT drift tube la a
linear function of time within a pulse and depends on
beam power, (b) the pressure increase in the drift
cube Is substantially greater than can be accounted
for by cold gas emerging from che source and Is
therefore attributed to gas desorpcion from the drift
cube walls, (c) hydrogen is che principal gas de-
sorbed from che drift cube wall, (d) pressure buildup-
does not change significantly as a. function of-
cumulative pulses, (e) pressure rise time constants
are characteristic of temperature variations in dricc
cube tiacerials and are much longer Chan any ocher
system characteristic time, and (f) pressure fall
cine is short compared to rise time and is similar to
nonexcraccion pumping time conscanes. Me deduce from
this chat (a) the desorpcion process is rapid because
che pressure fall time is ouch shorter- than che
pressure rise time, and (b) che desorpcion coeffi-
cient, Y. is an increasing function of che temper-
ature. The manifestation of these results is that
for a 39-ttV, 60-A extracted beam on our ORNL/PLT beam
line, an average of >10Z would be reionized and bent



back, co cha drift cub* wall by a magnacic flald.
cauaing aa additional eta* in gas pressure and yet
aora raioalzacion loaa. A pulaa length af 300 aa
would laccaaaa eha »10S figure to an average of >1SZ
raionisaclon without a maguaclc flald and even aora
with a field.

Fig. 32. Steady-scata eranaalssloa efficiency tbrough
eha drift tuba duet aa a, function of chat besalec
divergence and specific daaorptlon.

Targac daalgn la important alnca cargata nay
have eo dlaalpata a powar flux1*3 of mora than 10
fetf/ca2. Hater-cooled tubaa placed at as obllqua
angle eo eha baaa are eha baala for our principal
targa'; design (aae Fig. S3). Vortex flow In a Cuba,
produced by an internal spiral svagad rlbboa, haa
baan ahowa eo produce a heat tranafar coafflclanc aa
• K h aa two tlaas larger Chan a straight axial (low
of eha sana fluid. Itj haa baaa ahoim79 cane the ..
ratio of vortex flow do axial flow burnout haat
fluxaa la aboue two and chat vortex flow la moat
beneficial with either bulk boiling wieh aae seaaa
generation or local boiling with moderate subcoollns.
A two-dimensional steady-state heat conduction equa-
tion, accounting for eha "•*•—thai variations In haat
fltac, haa baan carried out30*81 eo analyze eha target
requiraaents. It was found that eha oaa-dlaanalonal
heat transfer calculations axa too conservative by aa
ouch as a factor of two far the burnout heue flux.

Fig. 33. Vortax flaw tub* eargae.

Swirl tuba targets axa currently used aa a
calorlaatar cergac and a charged particle duap. The
syscaa haa baaa run up co aa "accelerator povar"
level of i>2 HH. From a pover profile naasureaanc at
a taodeat beam powar level (30 lrf/40 A) ̂ wa..astlaaca a
peak baaa powar incaoale? of 6 kW/eo2 (both neutrals
and loaa In this case) with a pulse length of 100 ma
at a duty factor of IX. In this case, the water flow
rate waa 0.43 lieers/s/cube as an lnlec pressure of
230 psia and an outlet pressure of 23 pals, resulting
la eha axial flow velocity of IS s/s. Tha nonboUing
swirl flow haat transfer coefficient is estioated aa
h » 8.4 U/ea^K. Tha copper tube dloansions are D. •
07633 ca and D - 0.902 cm. The haat transfer time
constant for tola case la than about 70 ma, which
lmpliaa that tha heat transfer la not yae fully
steady state for eha beam pulaa length of 100 ma.
Tha one-dlaanslonal steady-state burnout haat flux
la about 2 kW/em2. However, this two-dlaanaioaal
computation predicts 4 kU/ca2.
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