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Introduction-

Attalnlng ignition tcmperatures .in tokamak thexmonuclear plasmas
probably will require a heatlng system to supplement ohmic heat:ng A
prime candidate for this task is mneutral beam heating. Nzutral beams
are being used to heat present day tokamak devices and are planned for
.heatiﬁg the next generation devices as well as future feasibilify and
burning tokamak éﬁperiments. The evolution of the.neutral.beam systems
to satisfy the requirements of the. future tokamak éxperiments'shéﬂld lead
to reactor neutral beam heaters. This evolution from present systems can’
be catagorized into increases in time of oﬁeration,-beam current and
-beam energy. . _

The first two ORMAK injection units at ORNL produce 125 kW of neutral
power per injector at 25 to 35 kV with up to 200 msec pulse lengths. Eighty
percent of this power'is available for ﬁeating of the ORMAK plasma and has
been successfully used to heat the ORMAK plasma. These unit; ﬁ:ﬂi—gigip
scaled up by a factor of two in current and power éapability, with two such new
units scheduled for insta11a£ionAon ORMAK in Juﬂe 1974.

Further scaling towards more regctor-iike injection systems is now . ST
being undertaken. This pap@r presents some initial design considerations for
a 20 A, 150 kv D° injection system, which at this time seems %o be. the proper
parameters for the ORMAK F/BX-2 tokamak concept jllustrated in Fig. 1. This
syétem will be based on neutralizétion of a positive ion beam. These energies
and power levels are approéching those of reactor injection units and in fact

equal those of some conccpts, such as Lgnit&en—at—smalimfad&us—£6449wed

hy-ox-pans-ma/l L %xe_]?b\ Ivo. Ll ur‘?a.o.m@lm.
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B The initial design considerations include optimization and parameter
studies of neutralizing cell lengths, neutral fractions; gas flow rates,
total beam line lengths, divergence losse;, tﬁe number of extraction system .STAéas/
. power loading and, power supply current_drains. These design considerations
are based on the technology, design cxperience and operating experience of

the svccessful ORMAK neutral injection systems.

Neutralizing Cell Lengths, Ncutral Fractions and Gas Flow Rates

The heart of the ORMAK ncutral injection system is the duoPIGatron
' 6-8 !J‘\_; on AcAaLe 0“" (\-{,L-ﬁ'*\ﬁ-\m Gas
ion source shown in Fig. 2. In-this—eencept=of-.closc=couplin;’ aswused

wdh o bt/
with~thesc.injectors, the gas cell is fitted Fightly to the last of the three
electrodes of the accel-decel extraction system, shoun in the lower part of
Fig. 2. Hydrogen or deuterium which is not vsed in forming the ion beam
must pass through the.electrodes, through the gas cell, and a large
fraction of it is theﬁ pumped in the gap beyond the cél].4 This close
coupliné simplifies the pumping problem and minimizes the source-to-target
distance, thus minimizing beam divergence losses. Alternatives to close-
coupliné appear to require discouragingly large pumping speeds and pumping
capacities. i .

The ncutral gas pressurce in the ior source which torresponds to the
optimum extracted current dénsity, ~0.35 A/cmz, is ~ 0.015 torr. These
optimum values will hold also for scale-ups of this system. The pressure
drops across the cell and the electrode system must tﬁcn.total this source
pressure. The cell dimensions and gas flow rcic are then not independent, as

they must produce this pressure rise. S¢ if :.¢ neutralizing effectivcness

of the cell is dictatcd, the cell length and therefore its contribution to
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'Eﬁe total béam_linc length have becn détcrmincd, and the gas flow rate agd
tirercfore the pumping fequi;emcnts have been hctcrmincd.
Considering the gas conductances for cylindrical tubes and the multi- .

aperture clectrodﬁs, we find the cell length is given by:

o e i af {124
Pty 4 ' :;'3'5.’}' . ST G q‘ ‘c,\,‘)
} :- '.-_l: N -yt " ‘,’ .-m—:--:——-— 1“

Her (pf) is the c21l1 thickness or line density and is beiﬁg used as a parameter,
P is the source pressure, NE is the number of citra?tion system electrodcs_ )
and g their tramnsparency, a and ﬁo are the radii of the gas cell and clectrode
"systom, and Te and Tg are the absolute temperatures of the gas in the cell

and extraction regions. The gas flow rate, in forr-liters/scc, is given by

(D T J}] A B )
‘ C (.'\/ o ,
where a is in cm, £ is the cell length in cm, TE is in_degrces K, M is the

mass number, and (51} is in torr-cin. The beam neutral fraction, assuming

an atomic-ion bcam, is given by:

To = G {l - q-:»--( ot Tei J{ P4
Q n 5

4
Oot o L 700 T RECT } J ¥

-where O, and Gbi arc the cross sectzons for ncutral1zatzon and 1on1zat1on

- 10
of the atomic ions in cmz, and k = 1.0 x-10%° torr/cm3°".

]

Y Ve

These relationships are shown in Fig. 3 for the 20 A, 150 kv D° system. .
The solid lines are for a cell gas temperature of 300°K and show that for

this casc a cell length of about 1-1/2 meters is_desirable. The cold gas flow
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r#te is then equivalent to 20 A of atomic neutrals to go with the 20 A of
extracted Df, or a 50% source gas efficicncy. Also shown in Fig. 3, by
the dotted lines, is the dccrcﬁsé ir, ccllvlcngth which can be obtained by
- cooling the gas fp 90°K in the ccll region. 7he desirable ccll-lc#gth is
o

then about 50 cm and the cold atomic ncutral flow rate is about 30 A, for 40%

gas cfficicncy.

Divergence Losses and Beam Focusing

We have done studies of the beamlet profiles obtained with a single-
aperture extraction system with varying extraction voltages, exiraction gaps,
ptessﬁres,'and currcnt densities. We have done extensive studics of beam1€£
'angular displacements, as a function of these source parameters, caused by
deliverate misalignment of the single apertures. Thesc data fit very well
the cmpiriéal equation 0 =.18.4 &r/z degrees, where Ar is the translation,
perpendicular to the beam, of the aperture in the sourcc and z is the
' citraction gap. This cupirical formula is in agrecment with a model proposcd
by Green, which predicts 0 = 19 Ar/u.,

¥e corbine this profile data and this angular displacement data with
data on souxr.c plasma density profiles and therefore becum current density
profiles to Qesign multiaperture cxtraction systems. The design equation

for uperture displacement thus obtained is

v £ \31
AfF = ';.u%?- ¢ () °.: [Z{R *-”(0):(\( ) S . W
Herc Ar is the displaccment of a single aperturc at the radial locatxon T

on an clectrode of radius Ro’ f is the desired focal length of the cxtract:on

s}stcm, and z(RO) and Z2(0) are the values of the extraction gap at r = Ro and

r=0. In gcneral, z(Ro) #‘;(0) béénusc of electrode curvature donc for
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thermal stability.and donc to obtain optimum single beam optics given the
‘source density gradient. |
Elcctrode systoms dcsigned-according'to Eqn. (4) are uscd on the ORMAK

injectors and pr;;ide up to 40% increases in the ncutral beam power delivéred,
over systems which use no aperture displaccméﬁt. A calorimeter scan of the
current density for such =z systcm,'dqnc approiimatcly at the focal point, is
shown in Fig.” 4. Also shown for compariéon is a scan for a soéurce and
extraction system identical in all respects eicept lacking the aperture
programming of Eqn. (4).

When we cxamine programmed-aperture profile of Fig. 4 and consider our
.studi;s of the sjngle-aperture profiles which comprisc the total profile, we

conclude tl:e total profile can be represented accurately by a gaussian with a half

width piven by:
hos e o F (5)

llerc L is the distance from the extraction system to the target, Ti is a

characteristic source ion temperaturc having thc same units as V, the beam idn
energy, Qi is single-aperture gaussian half-angle divergence remaining after
account is taken of the finite source ion temperature, and Os is additional
gaussiaa half-angle spreading introducea by imperfect focusing or summing
of the singlc-aperture becamlets. . |

The ORMAK injchioﬁ units exhibit the values T, = 0.5 eV, Or = 0.4° |
and 9 = 0.6°, ’l‘i is probably a characteristic of the duoPIanron source and may
be cpnsidcred constant for_future scalings. Or is the result of parametcf
studics and optimizations of both single-beamlets. and total beams and may

be very close to optimun, Qs’ however, indicates errors in aperturc displaccment
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which are larger than basic data error bars and larger than can be accomnted
fbr.by random mﬁchining errors. We feel Os is due to beamlct angular displace-
ment causcd by electrode curvatures and source dcnéity gradients. These .

o effects have not geen faken into account in the design Eqn. (4). More
extensive single-aperture studies will be undertaken to include these effects
in electrode design and thefcfore Gs may be decreased in the future.

Integration of the gaussian profile gives the total current within a
target of radius r: '

B X (RPN U]

R (6)

where Is is the tn;ai source current. This shsws that if, as we contend,

- that programncd apertures allow Ty/2 to be constant as the sourc; area and
therefore I, are increased, an arbitrary amount of current can be put onto
a target of given radius. The penalties to be paid for having Is large or 172
large tomparcd with r are large power supplies, incrcaséd gas flow, and wasted
beam power to be handled.

Equation (6) has been combined with the previous_considerations of cell
lengths, neut:al fractions and gas flows for the 20 A, 150 kV D° system. Using
the attained values for T,, 0 and 9 and using the length and size of the
beam drlft tube compat1ble with the access and stray fields of the ORMAK F/BX-2
system of Fig. 1, we'get an’ optimum céll length as shown in Fig. S. This is
an opt:mum in nuetral pover delivered to the plasma, given as the ratio of
neutral current delivered to total source current, "and comes about because
increasing the cell length increases the meutral fraction as well as the

divergence losses.



. Extraction System -Pover Loading

We obsexrve in our injeétion systems that extraction system power loading
is dircctly proportional to the pressure in the extraction gap and is
.~~~ independent of aperturc misalignment. We conmclude from these things that the
power loading may not be due to direct interception but rither due to .ions
and electrons in the eitraction.gap, produced by collision between the beam
ions and the background gas, which are accelerated by the electric field of
the gap. The ion incident on the extraction electrode then prodbce a power
loading and also a significant numbcr of secondary electrons, which are
* accelerated, along with the electrons from the ionizations, fowards the
source electrode, where they resuit in power .loading.
Pressures in the eitract;on system” are predicted for a particular.system

10

" as described above, and along with the cross sections for ionization = and

secondafy emissionn lcad to predictions of power loading. These predictions,
including source plasma loading, are shown in Tabie I for the ORMAK systems

and for 20 A, 150 kV D° systems (called TCT in the table) which have up to

three acceleration stages.

Table I
WAXTHUN ELECTRODE POMCR LORDIHGS, Kit/c®
' " PLASIHA FIRST RCCEL SECOND ACCEL  THIRD ACCEL
SYSTEN ELECTRODE  ELECTRODE . ELECTRODE ELECTRODE
ORMAK . 0.5 0.08
TCT ORE STAGE 15 3
TCT THO STAGE 5 . -8 \9&5 .‘ P _ _
3 2 2 03

TCT. THRLE STASE
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The power loadings are‘given as kW per cm2 of total extraction system-

surface and might be decreaccd by whatcver fractlon of the power passes
through the apertures and onto the 1nterna1 source structure, which is more .
amenable to poweridissipation. However all this power must be handled by

a pover supply, and Table II shows these power loadings translated into
current loadings of the supplies attached to tﬁe various stages.  Thesc

are given as the basic beam current loadings plus an additional amount due

to these extraction system interactions. These additioms are per stage for

the multistagé systems. The 800 mA of additicnal loading calculated for the

 voltage drop,  j is the beam current density, z is the acceleration-stage gap,

ORMAK system is in agreement with the actual loading observed.

Table IT
POYER SUPPLIES

oRMAK 25 kY, 8 At 0.8 A

TCT OME STAGE 150 k¥, 26 & + 12 A
' TCT THO'STAGE .. 150 kY, 20 A £8A

| TCT THREE STAGE 150 kv, 20 A + 6 A

_According to the model presented, the power loadings are given by

approiimately by

—

("J—O.S}(m\/} d20Q |
™

where Y is an averaged secondary coefficient, AV is the acceleration-stage

0 is an averaged ionization cross section, and.p is the background gas

" density. For our copper extraction elcctrodes,‘iZSfZ:S and therefore

secondary cmission is the dominant contribution to the power loading.

oy
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Becausc of this, we will undertake a program to reducc the sccondary’
emission by using coatings or clectrode materials other than copper.
The extracted current density is a function of the voltage drop and

"the ap size according to the Childs-Langmuir law:

' (f[&\]ljrk -
N ATTTE : | - ®

where C = 5.44 x 10™° for AV in volts, M in A.M.V. and z in cm. Also the
gas flow rate and therefore the gas density is proportional to the extracted

current density. Combining these we find:

(9

So we see that backing off in current density and compensating by increasing
the source and extraction system radius is a way of decreasing the large power

loadings of Table I and II.

Tables I and IT also indicate that power loadings per stage can be .

decreased by increasing the number of stages, thus making the total power
easier to handle. If the voitage is divided equally between stages, we have

A = 1/n, where n is the number of stages, and from Eqn. (18), z « (AV)3/4.

Combining these gives

Pa=n1, ' (10)
illusé;ating the gain to be obtained by increasing the number of stages.
We will be obtaining design values for the allowable power loadings
by pushing our systems to whatever limits appear while monitoring calorimetrically
and electrically the electrode power loadings. ﬁs“eﬁpect the intensive beam-

extraction system interaction to cause electrode destruction and/cr voltage

e
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breakdown. This latter effect may already have been noted by Culhamlz who

4 172

ieport brcak@own at a voltage given empirically by VB =6 x10 =z '7, with

z in c¢m and VB in volts. If we set V

B = AV and combinec Eqns. (7), (8), and

(9), we get

-

' T % ﬁ p&
{ .o—-»-—i—-‘:'f"g;""';'l‘-—-_ I % 3{({
Ve = L(&esdg 1 ¢ ,
(11)
This 2°/4 scaling along with the variation in O as a function of Vy produces good

agreement with the Culham data. If we then use our system parameters, which

‘we expect to be similar to those of Culham, we get P =~ 30 kW/,cm2 at breakdovn.

' Conclusions
Initial design considerations for a 20 A, 150 kv D° neutral injection system,
" based on neutiralization of positive ions, have been pre;ented. This design
has been and will be based heavily on the technology, design ekperience and
operating eiﬁerience of the successful ORMAK inﬁection systems. Some results

of optimizations and parameter studies of the neutralizing cell lengths, neutral |

fractions, gas flow rates, total beam line lengths, divergence losses,

extraction system power loading and power supply current drains have been
presented. Substantial extraction system pover loadings and the resultant

power guppiy current drains indicate a potential problem area. This potential
froblem area is being approached through experimental tests of system pover
handling capabilities and tests of the basic concepts underlying the predictions.
Appréachés in the near future will include tests of multistage eitraction systems
and tests of various electrode materials and coatings to control sccondary
emission. Plans arc being laid for fest stands “and pover supﬁLies-capable of

full scale testing of the 150 keV D° injection system which evolves.
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