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Summary . I
Practical systems for beam direct conversion are
required to recover the energy from ion beams at high
efficiency and at very high beam power densities in the
environment of a high-power, neutral-injection system.
Such an’ _pxperiment is~now in progress using a 120-kV
beam with ‘a ma:d.mum tota]. current of 20 A. After neu-

tralization, the H -component to be recovered wilL have
~a power of approximately 1 MW. A system. testing these’

. concepts ‘has been designed and tested at 15 kV, 2 kW in °

preparation for the full-power ‘tests.’ The engineering
"problems. involved in the full-powe . tésts affect elea-
- tron suppression, gas pumping,.voltage-holding, diag—-
nostics, and measurement.conditions. Planning for
future experiments at, higher power includes the use of
cryopumping and electron suppression by a magnetic.
field rather than by an electrpstatic field. Beam
direct conversion for large .fusion experiments and
reactors will save millions of dollars In’ the,cost of
pawer supplies and electricity and will dispose of the
charged beam wnder conditions that may not be possible
by other techniques.

Introduction

A beam direct converter recovers électrical power
: by converting the kinetic energy of an .on beam to .
e “electrostatic potential energy. Such a converter in a °

high-power; peutral-injection system will save electri-

..cal power by improving the overall:efficiency, will

“save the capital cost of icn~source power supplies, and

s . " will eliminate the need for high-power beam dumps by
decelerating the charged beam before it is dumped on a
- ‘" target. ' These.considerations are especially important
' for neutral injection .in the enérgy range above 100 keV
s because of the low effictency of neutral atom produc~
: ' tion from positive ions in this range of energy.

. || . Electron
Neutralizer

. cell, V=0 o
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" . in"the neutralizing cell are repelled by negative.

To be useful in a large fusion experiment or: in a’
reactor, a beam direct converter must be capable of |
operating continuously at high effic1ency and high
power dengity in a compact apparatus. In sich.an
apparatus now being developed we are uaing a 120—keV

. ion beam that has a maximum total current of 15 A. s
The physics design is"based upon computations and tests
in a4 smaller system at emergies up to 15 keV 4nd beam

powers up to-2 kH.z .Some of the-areas of - engineering
problems involved in these tests are electron suppres—.
sion, gas pumping, voltage holding, diagnostics ~and
heat transport. . e

Operation of a :Beam Direct C¢

verter
R '
‘A side view of an in-line, spacé-charge-. s
controlled, beam direct converter is° shovm in" Fig. 1. .

In this version; the neutralizing-gas ce. . is at gro_und
potentiel, the collection electrode is at positive high "

voltage vt (100 to 110 kV), and the electrons- produced

" voltages V (~20 kV) applied by electron repellers- R
before and after the positive collector. Co

The charged. bea.m beginis to diverge (blc: up)-. .
because of its own space charge when the ele trons are..
suppressed. The beam-blowup becomes more prnounced as
the beam is decelerated because of the incre: 2 in-

.‘apace-charge density. Under optimized condit: .ns, 90
or more of the charged beam is collected at pc:itdve

high vultage. Trajectory computations2 indicate that
a small fraction of the charged beam, is lost either by
transmission through the collector or, by reflection
frow the collector entrance. This fraction depends -
upon the collector potential and the.heam density.:

&

Electron » Lo
repeller, ) ea =
Voo )

- - -~

Fig. 1. Space-charge-controlled beam dfrect convarter.
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. potential and the potentials of the positive and uegqtive electrodes are +V and v, respecti’ve’ly

. -1

In this version, the neutralizing cell is at ground ‘
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[ £ ci.rcuits o recirculnte the recovered, energy to supplement the acceleration pover supply
8 device such ‘as’ TFIR. In both designs. the total power supply, requirement is 4015 M,

efficiency for 120-kV D .' Conpa.red to the totalibeam requiremenr of 60 A at 120

¥
2T !, N3 .
One’ way to aupprena the electrons in the besm is:

te provide sn electrostatic potential ‘barrier. To do
this, a negative voltage is applied to an electrode .
that”fits closely around- the beam.. The voltage must be
'Figure 2. .great encigh to drive the potential negative even on
xnmples' of pwer—supply systens that ¢ould the dxis in the presence of the’ positive-ion space
*the’ recovered energy to supplement the. high- charge -and’ the nearby positive-ioni collector. The
NG tage power supplies "for. the ion source’ ‘These- power required voltage incréases linearly with fon current
supplies, whiich’ may: I:g thev.nostaexpensive, comp‘onen’ts‘of density and roughly as the square of the besm thick-

ke inje v:Bygten; * ness; We calculate that -20 kV_is needed to siuppress

i the “électrons in the 15-A, 120-keV hydrogen beam at

urren capacity of the rectifiers vithout direct ‘con-" - <strcnce Berkeley storatory (LBL). .
version. Beam—energy recovery ‘could therefore be aged % . : -

either to economize: on the capital cost of, -power sup- - . Another way to suppress EthtﬂnB 18 Hit'l'l a: .
Plies or to increase the total” beam usins existing : magnetic fleld of the proper strength and extent.
. -pouerw supplies. . L . . Because the womentum of the electrons is wmuch less than
! . - “ that of the ions, a magnetic field can be designed to

lf ve assume that the - ‘overall’ efficiency of « . stop the electrons without significantly affecting the
.chsrged-beam enérgy Lecovery ' 1s  70% and the heutrali- - ions. HoweVer, the positive tollector tends to attract
zation efficiency is 40%, the.total power-supply -+ - the electrons, cdusing them to drift across the magnetic
“'tequirsment .in -each of -the ‘examples of Fig. 2 [based on = field while diffusing toward- the collector. Complicated
. Tokamak Fusion eat Reactor (TFIR) requirements] is . ¢lectron motion can result, and the observed electron
4.15. HW. Because of ita higher, neutralizdtion ef~ - .. current indicates the existence of long-li'ved electrons
,fici.ency, the half-energy charged bean will be not more: that are efficient ionizers. The advantage of magnetic
: thsn 10-to 20%; . This effect is includéd in the 703 -, suppression (1f it can be madé to work) is that it can
overall efficiency-of direct conversion, and is: not penetrate beams that are too thick and too dense for
: otherwise' indicated in- the Simplified diagrans of electrostatic auppression to work.
Lt Fig. 2. In, conparison with the total beam.power “of .
7.2.¥W, ‘these exauples represent a saving of 3.05MH - . . . IS-keVgggg_i_____

“for. each injector, eac‘n of which - supplies 2.9"MH of

. neutral-beam power. ., . . Ve have tested a bedm direct. converter with elec~

- trogtatic electron suppression at. hydrogen ion besm

lectron Supg' reslicn' . energies up to 15 l:ev.2 A MATS-IIT ion sourc:e3 was
. mndified to produce a elab beam 15 mm thick by 60 nm”

tense ion beam to propngste,( the .che _wide. ' (Our computer simulation used slch geometry.)
chnrge of the {ons must be neutralized. Otherwise, the .- To be effective with ion’ cutrents up to 130 mh, the
lutual repuleicn of the ions will cause the beam.to ° 8Uppressor electrodes had to be held at, ~3 kV:
cha: ge is usuelly -aeutralized by allav-
produce - the, _necessary electrons by
of: the. baclsground gas,  These electrons. must
be prevented fron .entering ‘the direct converter for two
Teasons ’First, 1€ the"y. rea_ch ‘the ion” collector. their

Figure 3 shows the device. Thé electrodes were
formed from sheet molybdeuum and- he1iarc weided *in
spots, | Although brittle, the welds' ‘have survived
multiple cycling to white-hot temperature. The radia-

" tively cooled.electrodes give a visual indication uf

.. the efficiency of the direct couverter: when the volt—
' -ages are set for low electrical efficiency, most of the -
“power appears as, heat. At the optimum settings, the -
_efficiency 18 about 70% and. the electrodes remain

relatively cool.’ -5

Tom be:l.ng doflected L t'of the bun nnd ‘onto the col-

l-ctor electrodc 'l'he_pressurc is about "5 x 107 Torr’




Fig. 3. A radiatiion-cooled bean direct coavercer
operated at 15 kV and recovering 2 kW of energy.
.Tha electrodes are made of molybdenum.

of HZ’ and the loss of efficiency due to :I.anizat:ion of

gas is abaut: 15%.

« Magnetic Sup_gression of Electrons

The limits on beam d_ens:lcy and thick.ness’ imposed
_ by electrostatic electron.suppression could be relaxed
1f the electrons could be magnetically suppressed. We
are using our 15-keV facilit.y to test different mag-
netic field configurations.. In one approach, an iron
yoke and narrow pole pileces (see Fig. 4) are used to
produce a localized field perpendicular to the beam.
Figure 5(a) shows the location of the magnet relative
to tlie collector. A" plot of the magnetic field

strength on the beam axis 1s shown in Fig, 5(b)., We

find-that a field of about 300 G is needed to stop the

. electrons when the collector is blased positively.
However, only a slight blowup of the beam occurs after
the magnet, indicating that enough new electrons are
produced to newtralize the space charge. A net-direct
recovery efficiency of about 50% can be obtained by
increasing the magnetic field until the ions are de-
flected onto the side walls of ‘the collector.

In an effort to eliminate the regions where elec—

trons could become trapped, we are also testing the
- ‘axially symmetrical configuration shown in Fig. 6(a).

The magnetic field, plotted in *Fig. 6(b), is produced

by the oblong-shaped coil with an irom outer shield .
_ that encircles the beam. In'the preliminary test of
this system, we observed only a alight space-charge
blowup of the beam. K r

Gas-Pressure Requirements for =
“Efficient Direct Conversion ‘.

The most c:r:it'ical yufpreésure requiremeﬁt placed- N

on a direct conversion system is imposed by the power ’
load resulting from the acceleration and collection of
the slow ions and electrons produced by fonization aud
charge exchange of the background gas. The resulting
. emisgion of secondary electrons at negative high volt-
age must also be considered.’ Other gas-pressure con-
siderations such as voltage—holding requirements are

+ less’ critical than the power load:!

‘.l‘he power load due to the above effects }:usc be
R negligible compared “to the power of the charged beaa,,
I vt s where the energy of the charged bean is almost

Coil -

L Iron yoke

Fig. 4. The magnet used to produce a field perpendicu-
" lar to the beem for magnet:ic electton supptass:lon.

. {a)

- Magnetic field -G

X -~ cm

{b)

" (a) The beam difect comvertsr with aperpemdic~ ~:* -
(b) Field ; '

Fig. 5.
ular field to suppress the electrons.
strength along the axis. .. ,

equal to the positive electrode voltage vt oas an :I.on- _v“"

electron pair produced by ionization of a gas mo].ecule

1s accelerated to a.total energy of (V + V ), the .-
pouer load P will . ) R

.
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Fig) 6. (a) Beu direct convcrcer with a symmetriesl
- nagneti electron suppressor. .{b) Field ac:.ensth
along the axis. i - e

&

N where n sas
| effective length of the beam -insidé the direct conver—,
“‘sion system. - The cross .sections for slow-ion_ produc-

} tion ‘By- chorge exchlnge and by ionization by fast ions
4nd fnt neutrals u:e, reapectively, 001, °ion+’ and

18, [Bquntion Q) ia sl:lghcly
pno:l.li-tic ‘with respect to the power loud due to

Jr, 10001 =% 010, where %o 13 ‘the éroas aection )

-or re-ionization of- fa.lt neutula.
10 ¢an be elini.nnted fron the equu:ion.
ire cln be coqaul:ed by requiring that Plnss <« 1+ v .

'1‘he gas preo-

v

f Ye ’ L .
'éio “Tion,+ G 9%, Y4on,0) = 2-29 ¥'10 el
o'p < 2x 10 -4

" cadn P << 2 x 107

L

io che‘blckgromd gas d.ensicy. and L 1a the <

For a 10! losg due to .-

chnrzc cxchlnge because no free clectrans are involved '
quil:lbriun ben energing fz-on the neu:r-l— d

Therefore, ™t md .

- 2.0x 107"

7w 1,1 % 10718 en?

-

16 2

1f v = 120 kv, V7 = 25 kv, and the value of the .
‘coefficient Y is between 1 and 4, then the right side
of Bq. (2) has a nininum value of 0 17. Therefore,

T. <<¢'7.3 % 1011' molecules/cm . If the effective
length of the dircct conversion system is.about 100 cm, -
| <« 7.3-x 1012

the gas density is “ga
Torr. i -

Iolecules/cll .. OT

‘Using the sppropriate cross oec!:ions. we havc
experinenully verified this cnlputation using a 12-keV

ll beam, In’ the test. we - increased the background gas

pressure up, to ‘s %-10”* Torr vihile measuring ‘the power
loading of the negative electrodec. The increase in
poner "load was ‘consistent with Eq. (1). L .

Rather large pumping speeds are’ required to main-

Torr. For exanple; the 15-A total -
beam of the LBL 120-kV ion source deposite a maximum gas-.
load of about 3 Torrel/a in the direct converter.and
burial chamber. If thia must be pumned at a preseure

of 2 x 10 -5 Torr for high efficiency, a pumping apeed- .
‘.of 150,000 1/- is requir_ed.

However, high efficiency is not che first require-
ment fér a development program. Our first objective is’
.to recover energy at some lower efficiency and to prove
the effecta of gas pressure and of other limitations.
‘l'hez'efore, we conducted our firat experiments at 120
keV.uging only the vacuum system of the LBL test ~ -

stand.6 which consists of an’evacuated' sphere of suf-
ficient volume to ‘ccept a 0.5-a bean pulse with .a N

pressure rise of 3'x 10 5 Torr.. The . effective pump‘i.ng
speed is limited by the conductance of the 24-in. beam
line, which ia not more than 30,000 1/a.

‘The first tests indicated that 1 to 2 A of don-

* electron paira were being produced from the background

gas and were attracted to the electrodes, where they
produced secondary electrons. Wher, the collector yolt-
age vas low, only 1 A of beam ions wascollected where-’
as 10 A passed through the convertet. Therefore, after
a few milliseconds the 1 to 2 A of electréns dominated_
the collected don current and preveated the collector
fzon assuming a positive bias. . I

" For the pext 120-kV tests we are iustalli.ng a
amall cryopump in the beam line between the direct
converter and the burial chanber. This punp, which has
& punping speed of 16,000 1/s, will reduce the gas load
«/from.the burial, chamber and improve the pressure in the
. direct conyerter by a ‘factor of 3. ~Ultimately, the
larger cryopump Shown in Fig. 7 will be installed in
this position to attain the required speed. Another:
possibility, illustrated by Fig. 8, 13 to install
cryopmels directly within the convercet chamber .




" Since the mean free path between molecule_—mb].ecule ~
scattering events inside the neutralizer-cell is much -
- ghorter than the length of the neutralizer, the gas "
w111 make good contact with the walls of the cell. "It-
will leave the cell with approximately a codine distri~’
bution and with a thermal velocitv ndistributiau corre-
sponding to the temperature of the walls, . (In the
conceptual design shown in Fig. 8, the. neytralizer ce11
4is cooled to 77 K to reduce the gas flow when gas 18 -
pumped out at both ends of the neutralizer.) In .
.spherical coordinates, the streaming-gas density 'y at |
pos:l.tion (r, 8) is obtained from the flux I' of el
molecules. . . K P

. S T= nvt =Qq cosB/nr -

- where Vyp, 18 the thermal speed, equal to, L. 3 x 10 cn/s )
for DZ at 300 K. )

' S

Therefore, the density of screaming gas decreasea
with the square of the dictance from the exit of the L.

neutralizer. At 35 cm, ‘the density is helow 3.5 x 10 16.

cm 3; this corresponds to a pressure of 1 % ic S.Torr .
and can be tolerated by the direct converter, This o
simple analysis ignores the diameter of the cell. It

" geems clear, however, that the required separation

between the-direct” converter and the neutralizer cell

1s not excessive. . . -

Fig. 7. Lawrence ‘Berkeley Laboratory 120-keV test 3
astand:with ‘the direct converter and cryopump.

A S o o ’ R .. Electrode Fabricatior; B : o

£ " Electrodes for the beam, direct: converter were . ..
designed for a beam with an elliptical cross sectiem .

that was predicted by trajectory computations.7 Beam
divergence in the vertical direction was predicted to -
be four times larger. than the divergence in the hori-
zontal direction because the iom, source grids were
installed horizontally with . curvature in one dimension.
This asymmetry is favorable for e1ectrqstatic electron’ >

+ suppression since the required suppression voltage is-
roughly proport:ional to the square of the beam thiék-

* ness.

The aceceptable bea.m was defined by an elliptical
. aperture at the entrance of the direct. converter, as
. iy . . shown by Fig. 9. The vertical and horizontal: .diameters”
: &”gfﬁ:ﬁ: cell Bk . . " of this’ aperture, located 7 1 from the ion source (t‘ee
. SO : - L Fig. 7, were 36 cm: ‘and 9 cm, defining acceptance:
’ ’ angles of *1.5° and 20, 37°, réspectively:’ During the .
first series of tests, ip to B5Z of the beam pagsed * -
through this aperture dnd entered the direct’ converter. )

Mechanically, the, direct converter consists.of .
three electrodes suspended from high-"oltage ingulatore
in a mild-steel vacuum Vessel (see Figs. 10 .and 11). .
A grounded plate with an’ elliptical aperture is’ mounted

Fig. B. A proposed:120-keV neutral injector system
with .a beam direct converter including cryopanels.
- " ) X .

o

- _Density of Gas Streaming from the Neutralizer ... - in the inlet and a back-streaming baffle in the exit. of
. .- - . " the vessel., The aperture plate. is made of wster—-cooled
In addition .to the diffuse background gas that ' coppér with-bolted-on tungsten plates defining the
, . cam be reduced.to the desiréd level by pumping, there elliptical opening. The alignmut of the apert:ure i .
. will be a gas component streamirg collisionlessly from ° adjustable. "
the high-density neutralizer. The density of streaming b N
gas. is determined by the georetry and camhot be reduced . .. Thete are two negative electrodes “and one- positive
3 ) by pumping. The spacing between the.neutralizer and electrude. 'Each 18 elliptical and. made of nickel-~:"
N the direct converter must be aufficient to attenuate plated copper to reduce sputtering. This’ coubinetiqn
the streaming.gas entering the converter and also must 1s ‘dcceptable for this experiment ; “"however, «future worl
_.be 'sufficient to ac:.ommodate d differential pumping . " at higher power loadings. will ’fequire at ledst refrac-
] scage at.this point. : o - . tory metal coatings and, perhaps’ refractory matal fal

cations. These'more advanced’ faubricatilomns have‘be n
. The number of molecules per second Q flowing ‘from reviewed and appear: feasible . h
the neutralizer is equdl-to the number fed ingp-the.-

source mi.nus those ccmverted intg ions-_

The negative electrodes were hand-formed oye!

T 1 ; 15 A R . . aluiioun forms that were made by a numerically con<
P Q LA o 1 . 10"19c = 1.7 x 10 moleculea/s . :rolled milling ‘machine. Grooves for cooling tubu
X

machined in before forming. .- v

W . .
: . . I P . . v-S"'. T A N




. A
- |
i
- JRp—
Collector Second
. : negative
H
b4 - . . h . .
Lector. electzode The high-veliage shield has' 0 10 20 30
. ! I B I—
! cm

. . Do

Fig. 10. The electroda assem)ly, showing electrodes,
insulators, and electrode rountings. This view
indicatea the long dimension of the elliptical cross

numericaily cont!'ol]ed milling machine. The assembly section in the horizontal direction. Other views
was completed by. adding cocling . tybes and bolting the would'show a 90° rotation of ‘the el.l.iptical cross
d icdl sections together. section.

" The ‘three ele'ci:rddes are adjustable with six . / 'The two negative electrodes are fed by a single,
egrees ‘of freedom for alignment purposes, Where nonregulated power supply capable of several amperes at
N shielding helps PI‘EVPnt electﬁcal break-. 30 kV. The current drawn by each of the negative elec-

trodes is measured by a current transformer auitable
for fast measutements and by an electronic sensor suit-
able for slow measurements. .

"l'he poaition of thv'- contactor that determines the
load resistance is remately com:rolled and is indicated
wﬂter—cooled 1oad. resistor and also calorimetrically by | mechanically,
the 'temperature rise ‘of the flowing water. The power

deposited' on-veach, ele_ctrode is also measured-‘both

K ) Other diay:ostics consist of a high-speed ion gagej
to record the rise an¢ fall of gas pressure and probea

, ‘and - electron b“ﬂ'bal'dment- A Eifth " . 'to measure the current:- ‘densitfer: in the hdlo . srround-
1 measures the power depos.l.ted on ‘j_ng the beam. '

mentioned unrer the subject of gas pumping that

To co'nect tl-is condition, we must 1mpr6ve’ the
ollect:Lon and /also reduce the production of elec-

. Trajectory cumputations indicate that under

aln Ond:ltions the beam must be decelerated to
~the space~charge blowup required for efficient
ection on thr: collector. Therefore, an external




Fig. 11. The beam direct converter electrode assembly.

power supply temporarily connected to the collector to
decelerate the beam and improve the ion collection
might initiate the positive self-biasing. After this -
condition is achieved, the total collector current will
be positive and the startup power supply will not be
needed for the remainder of the beam pulse. We have .

_ fabricated this circuit and will soon test it opera-

tionally. The circuit consists of a capacitor capable
of delivering 4 A for 1 ms to apply a voltage of 100 kV
temporarily to the collector when the ignitron is

fired.

Economics of Beam Direct Conversion

The economic motivations for beam direct conver-
sion in a fusion reactor or large fusion experiment are
to reduce the electr:l.city required to accelerate the
beams, to reduce the capital cost of power supplies,
and to solve the problem of disposing of.the high-power
charged beam without building bulky tending magnets and
large-area beam stops. These economic considerations’
will become increasingly important as the size and
power of controlled fusion experiments :anreaae during
the next few years.

Reducing required electricity is- of economic
importance only if the injection system 18 dperated
with a high duty factor, so that the kWh consumption by
the injectors is important. However, the availability
of many megawatts of pulsed powér is a serious problem
even for large, pulsed experiments with low duty fac-
tors. Beam direct conversion can reduce the power re~
quirement. by 30% to 60% depending upon the beam energy
znd other eonﬂitims.

‘Reducing the capital cost of power supplies is the
most clear-cut economic motivation for beam direct .
conversion., Lurge experiments tend to be limited by -
their capital cost. A substantial fraction of these

7=

costs is contributed by the injector power supplies,
which cost roughly 20¢/W, The. example illustrated by -
Fig. 2, which is realistic for the injectors. of TFIR,
shows that the power—supply requirement can be reduced
by about 3 MW for each injector. Therefore, if beam
direct conversion were used for the 12 injectors of
such an experiment, the capital cost saving would be
about §$7, million. . X

Disposal of the high-power charged beam may be
possible by direct comversion under couditious not
possible by.other techniques because our designs indi- *

cate that beam power densities of 10  to 20 kH/cm may
be handled by direct conversion (although these power
densities exceed the thermal limitations of all known
materials for continuous operation). This power den-
sity can be handled because the beam not -only is de-
celerated before it is collected but also is spread out
over the large—aree collector., Consequently, a direct-
converter may offer the best means of disposing of un~

" used beam.

Conclusions

The prineciples of beam direct q.oﬂversion have been

’ succesefully tested at medium power levels, and?we be- -

lieve that substantial economics will result from scal-
ing up the system to full power. The new problems in-
volved in the scaling up are associated with electron
suppression, gas pumping, voltage holding and initial
startup. Because present experiments. are directed
toward these problems, their solutions will ‘become pri-
marily questions of engineering rather.than of physics.
Thus, beam direct converters can be JAntegrated into
future neutral-beam sources. ’
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