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NEUTRAL BEAMLINE WITH IMPROVED ION ENERGY RECOVERY

Background of the Invention

This invention relates generally to neutral beam injection systems
for use in controlled nuclear fusfon devices such as Tokomaks, magnetic
mirror systems, bumpy tori and the like, énd, more particularly, this
invention re]ateé to improvements in neutral beam injectors with direct
ion energy recovery.

In the field of controlled nub]ear fusion, a high temperatUre
plasma is formed of fusionable light isotope ionslcontained within a
magnetic field confinement or_containment zone, in an evacuated region.
Such p]asma may generally comprise one or more isotopes, such as
hydrogen, deuterium, tritium, helium 3, etc., which undergo fusion reac-
tions under appropriate conditions of confinement time, density, and
temperature. Thesc condit{ons may be Brouqht about or supplemented by
the injection of properly accé]erated neutra1 partic1e’beams of one or
more 6f the appfopriate species into the magnetically confined plasma.
The injected particles must be neutral in order to penetrate the very
strong magnetic field. These energetic neﬁtra] partic]es are sub-

sequently-ionized either by collision with the plasma ions or by

action pfifhe magnetic confinement field (Lorentz force), and are

'a;cordingly trapped to increase the plasma température in the magnetic

. containment zone.
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Since the neutral partic]és cannot be directly accelerated to high

vg1ociﬁyj i.e., hi@h kjnetic:energjes, they are produced in. an indirect

manner from an ion source. It has been the practice to produce a

neutral beammby;aCCQlérating either positively or nedatively charged.

. ions of aqne or more of the above species emerging from an jon source,-

.and by tréhsporting them through a gas-cell neutralizer wherein they'

1nﬁeraét.with background neutral atoms of the same species at a spe-
cifiéd pressure through charge-exchange collisions. A certain portion
of the energetic ions is converted into neutrals (or neutralized) as

they emerge from the neutralizer. The ion-to-neutral conversion effi-

.

. ciency depends on the species and the beam energy. The positive ion-

to-neutral efficiency decreases monotonically as the energy per nucleon
increases, e.g., from 60% for 40 kilo electron volts (keV) to 15% fqr 100
keV per nucleon,

As future ion sources are developed toward energies of about
100 keV per nué]eon, the efficiency of producing energetic neutral
hydrogen isotopes from positive ions is intolerably low.

One way to improve the neutral beam injector efficiencylis to
recover the energy contained in the unneutralized residual ion fraction

of the beam, which is otherwise wasted. In order to recover the kine-

‘tic energy of .the unneutralized residual ion component of the beam

emerging from the neutralizer cell in the form of usabie electric
energy, the beam ions must bévdiverted from the neutral beam passage,
decelerated, and collected. The_eﬁectkons present in the neutralizer .
cell must be b]ocked from.enteriné the ion co]]éctor area since they
wou]d be accelerated into it, theréby.proqucing an>engrgy‘1oss which

may be equal to or greater than the recovered ion energy.
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In the process of developing direct enerqgy recovery in neutral

-beam~injectors, various means have been._devised or suggested, which may.-

be generally divided into two groups. depending upon the ion deflection

methoquused. Tﬁey are either electrostatic or magnetic jon defiection

“met hods .

An electrostatic def]ecfion system is described in a papér_by
W. L. Barr et.a1, "Proceedings of 7th Symposium on Engiﬁeéring Problems
of Fusion Research", Vol. 1, page 308, 1973. This baper discloses an
electrostatic syétem developed at Lawrence Livermore National
Laboratory, Livermore, California, in which the neutralizer cell .wall
is held at ground potential, the ion beam collector is biased highly
positive up to the initial beam energy, and the electrons emerging from
the ée11 are repelled by a negative voltage (approximately 20 kV)
applied to a set of e]ectrodeé which closely encompass the beam. One
neqgative electrode is placed between the neutralizer cell exit and a
funnel-shaped ion collector which also encompasses the heam. The other
negative electrode is piaCed at the exit of the collector. The ion

collector acts to decelerate and collect the ions diverging radially

. from the beam. For a successful electron blocking in this system, the

neqative electrodes must be biased sufficiently negative to drive the
beam potential negative even on the axis in the presence of the
positive-ion space-charge and the nearby positive-ion collector. There
are inherent prob]ems with this systém which include a severe vacuum
requirement for efficient directAconvgrsion, increased beam-line length
needed to collect most of the diverging and decelerating ions which
consequently reduces the neutral power transmission efficiency, and

uncertain trajectories of fractional energy ions. Low gas pressure
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ié critically required since the slow ions and electrons producéd by -

ionization and charge exchange of the backgrb&nd,gas are “kikely to bé;:_-

drawn to these electrodes cauéing FXCcRSSive power loading. The sub- .-

;equent emission of secondary e]eCtron§ From the surface of the nega- -
tive e]ecﬁrode§«w0u1d give rise to .an additional powe; drain. -

Mther e]ectrostatit_electron:bTQckingjand ion-cé}]éctjon systens
utilizing electrostatic grids are discussed by P. Raimbault in |
EUR-CEA-FE-823, 1976. ﬁne specific system outlined in this reference
employs a cylindrical grid arrangement which surrounds the beém exiting
the neutralizer which is biaéed negative with respect to the neutra-
lizer to suppress the electrons. This long cylindrical suppression
grid is supposed t§ ease the higher negative voltage required to

penetrate into the beam and to block the electrons. However, this

scheme also suffers from direct interception of the ion beam on the

negative potential, cylindrical grid. Not only is the ion energy lost,
but secondary electrons ejected from the grid by the ion impingement
constitute an additional power loss. In this system, unlike the former

system, the ion source is operated at near ground potential, and the

.ions are accelerated by operating the neutralizer at a high-negative

potential, which makes it possible to recover the energy of the ions by -
déée]eration to ground potential.

Further, it has been suggested in the art to eﬁp]oy maqnetic means
for deflecfiné the ions from the neutral beam, and it has Been further.
suggesﬁea to employ magnetic suppression, or blocking, of the electrons
from emerging from the’neutraJizer tube. - It has been recognized in the
art that magnetic suppression woqu'be advantageous in that the magne-

tic field can peqetrate'béams thpt are too thick and too dense for
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electrostatic supression to work; .However; in thé prjor-art experi-
ménts employﬁhg,maqnétic:suppression}'thére'Qéé»nq brovision.made to
térmjnate thg electrons, ndfiwés tﬁerg a strong eéoggh magnetic-field,

A U;S; Patent applicatﬁén-of’cdmmon assignee with -the present

- invention, S.N. 164,990 filed July 1, 1980 by William L. Stir]iné,for

>_fNeutfa1 Beam- Line w{fh Ion Energy Recovery Based on'Magnetic Blocking
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of Electrons" discloses agsyStem~employing magnet1c7b1ockin§ of the
electrons and e]ectfon~co1lection at the neutralize? exit. The neu-
tralizer is operated at a high-negative acceleration potential and the
emerging ion beam experiences a strong electric field due to the
surrounding ground potential structure which is transverse to the
magnetic field applied across tne beam at the neutralizer exit. Any
electrons present in the beam-generated plasma in the neutra]izgr are
quickly moved out of the beam due to ExB field drift and directed into

a slightly positive biased, electron collector. However, there exists
aAffnite fraction of molecular ions (e.q., H; and H;) along with the
atomic ions in the extracted beam from the ion source. These molecular
ions are mostly dissociated into atomic partic]es as they pass through
the near-equilibrium gas cell, and thus these dissociated ion particles
have kinetic energies of fractional values (one-half or onefthird) with
respect to the original full acceleration energy (E) of'ﬁhe atomic ions
accelerated through the neutralizer and cannot réach the ground-potential

surfaces on which the full energy (E) ions are collected. These frac--

tional energy ions are deflected along paths of substantially smaller

radius and, in a bad geometry, could impinge upon the outer walls of
the neutralizer cell producing secondary electrons which cannot be
suppressed from being accelerated to the surrounding ground potential

surfaces.
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. --Therefore, it will be appreciated

ments in neéutral beamline systems with

~advantages of magnetic blocking nf ele
def]ection:irdne particular need is to

“tional energy ions-to prevent their in

the fu}}!énergy ions when the fraction

ered readily. Further, improvement is

ions from prematurely deflecting onto

close proximity of the magnet region t

Summary of the

that there is a need for dimproves
1op eneféy recovery baséd oﬁ-theA
ctrons ana magqnetic beam ion
improve_the haAd]ihé of'frac:
terferring with the récdvé%y of
al energy ions cannot be recoJ-, ':
needed to prevent full ehergy
the gas cell wall dué to the
0 the neutralizer end region.

Invention

In view of the above needs, it-js
provide an improved neutral beam injec
residual ion energy recovery based on
within the neutralizer gas cell.

Another object of this invention
beam injection system as in the above
direct energy recovery of fuTl enerqgy

Another object of this invention

beam injection system.as in the above

an object of this invention to
tion system with unneutralized

magnetic blocking of electrons

is to provide an improved neutral
object wherein the efficiency of
ions is enhanced.

is to provide an improved neutral

objects wherein the efficiency is

improved by preventing fractional energy ions from interferring with

the full energy ion recovery.

Another object of this invention

is to provide an improved neutral

beam injection system as in the above objects which may be retrofit to

éxisting neutral beam injectors, thereby increasing their electrical

efficiency and high-power, long-pulse cépability;

Additional objects, advantages, and features.of the invention will

be set forth in part in the description which follows, and will become
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apparent to those skilled in the art upon examination of the follbwing

or may -be learned by'bractice.of the iﬁvention. The objects and advan-A 3l{ ;

tages of. the inventinn may he realized .and attained by means of the-
instrumentalities and combinations partﬁculér]y pointed out in the

appendéd claims.

To achieve the foregoing and othqf objects and in acbordanpe with

the purpose of the present invention, as embodied and broadly described"

herein, an improved neutral beam injection system is provided. lons
produced in an ion source operated néar the ground potential are accel- -
erated to a desired energy by a high negative potential applied on the
neutralizer tube. lons which are not converted into neutrals
experience a retarding electric field developed between the end of the
neutralizer and the surrounding ground surfaces. A transverse inagnetic
field (B) is provided in the exit region of the neutralizer. The
magnetic field strength is sufficient1y provided so as to block the
electrons in the neutralizer from exiting by the action of the crossed
fields drift and also td deflect the full energy ions and the frac-
tional energy ions along separate paths. An electrically conductive
structure defiﬁes the exit region of the neutralizer for providing an
electric field shje]ding'in su;h a way that fractional energy ions can
be magnetically reflected back into the interior of fhe neutralizer
while the full energy ions are deflected out of the neutralizer. A
groﬁnd potential, full enerqgy ion collector surface is provided in the
path of the “full enerqy 1pns'def1ected from the neutral beam path,
which needs only a minimal cooling. Tﬁe full energy ions are suf-
ficiently deCelerated.énd their chérgefis collected in tﬁe form of
electric current which:is returned ts the high voltage power supply.

Thus, their energy is not expehded.' -
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"The structure defining the exif region of the neutralizer has a
downstream -opening corresponding to the paths of the neutral beam and

the deflecting full enerqy ion beam. Around its opening is an electron.

éof]ectinj té]]ar which is e]éétnica]Wy.biased élight]y'positivg rela-

tive to- the neutralizer tube to collect the e]ecttoﬁs_Arifting froﬁ‘the
ﬁeuf(§1fzer by an!ﬁxﬁ.créssed fields.forcé._
The geometFy of the gas cell extensfon forming the e1ectf1ca11y
conductive structure defining the exit region of the neutralizer
precludes any strong electric fields in the exit region where ions are
bent by the magnetic field. The fractioné] energy ions are contained
within the gas cell end structure and any secondary clectrons emitted
as a result of impingement of the fractional energy ions upon the
internal surfaces of the extension are suppressed likewise and ter-

minated on the electron collector ring. The wide opening of the

neutralizer end structure toward the ion bending direction minimizes

the wasteful loss of full energy ions bent into the neutralizer inner wall.

Brief Description of the Drawings

The accompanying drawings, which are ﬁncorporated fn and form a
part of the specification, illustrate the present invention and,
together with the description, serve to exb]ain the principles of the
invention. In the drawings: »

Fig. 1 is a schematic illustration of a neutra1 beam generator
employing direct energy recovery of positive ioné based on magnetic
blocking of electrons in accordancé with.the present {nVention;

Fig. 2 is a plot of the oberating potentfa] of the vqrious com-

ponents along the beamline shown in Fig. 1,
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. *Fig:'ﬁ 1s”a-perspective view of the gas neutralizer end structure
made‘inlg%égrdéﬁcgkwith the teachings of the prgseﬁt jhvention; and -
 Fig. & is”a schematic i]]ustration-of an alternaté émboqimént of

the neutralizer end geometry of the magnet region conceivable from the-

“teaching of this invention.

. Detailed Description of the Preferred Embodiment .

Referring now to Fig. 1, there is shown schematically a neutral

" bean system émp]oying direct energy recovery of full energy (E) ions in

accordance with the principles of the present invention, A Tight iso-
éopic specieé paositive ion source 11 is operated at essentially ground
potential. The ion source may be mounted to a vacuum enclosure 13 for
the heamline system by meahs of an electrical insulator and vacuum seal
assehb1y 15. A plasma is generated in the source 11 containing the
selected species positive ions (in the present case, hydrogen ions)
which is accelerated by means of a Viccel power supply 19. The value
of the acceleration voltage Vicce] will depend upon the beam energy
requirements and the ion source capability. For fhe illustration here
Vaccel 1s 40 kV, which is typical for heating plasmas in the Princeton
Large Torus or_Impurity Study Experiment Tokamak.

The VacCef source 19 is connected between ground and the extrac-
tion grid 17 of the source 11 so that the qrid is biased negative with
respect to ground. A slight boost voltage (Vpgost), typically less |
than 4 kV, is applied by means of a power source 21 connected between
ground and the plasma grid 23 of the ion source. Thé exiﬁ qrid 25 of
the ion source 11 is connected electrically to a gas neutralizer cell
27. The gas cell 27 and the exit grid 25 are operated slightly posi-

tive relative to the extraction grid 17, typically. 1 kV (Vdecel), to
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prevent elehtrons generated .in the neutralizer cell 27 from drifting-

" back ﬁnto_thé ion sourcé_11: 'Thfs'may be_accomplishéd by resistively

dividing the voltagé from the. power source 19 by means of appropriate

" resistors, Ry, Rp, and R3. When the .power source is‘pu]ééd on, an-

e]ectrié current flow throudh thgée resistofs, thusipgovjding the
appropriate potentials. These voltages between vénfdus e]ectrodeS-a;e.
slightly modified when ions are extracted.

It will be ovaou; that these voltages may be provided by separate
power supplies floating on the Vsccel pover source 19 to minimize the
povier 10Ss assoéiated with the current drained through the resistors.

Conversion of the accelerated ions into neutrals occurs inside the
neutralizer 27 at a high negative potential. The néutra] beam thus
produced then travels through an evacuated drift duct 29 coupled to a
neutral beém utilization device such as a fusion device 31. The
unneutralized residual ions exiting the neutralizer experience first
the magnetic bending force and then the retarding electric field devel-
oped‘between the neutralizer and the.éurroundings as illustrated in
Fig. 2. Any ions arriving at the surrounding ground potential surface
constitute an energy recovery, the kinetic energy of each recovered ion
being only eVhgost. However, the crux of the problem in direct energy
fecOvery concerns the electrons produced inside the neutralizer at high
negative potential since.the electric field is such that it attracts
electrons toward the ground potential. These electrons loosely con-
tained by the space chargéAfie1d of the ion beam itsé]f-are prevented
from leaking upstream toward the ion source by mean% of Vdece] between

grids 17 and 25.: Blocking the-electrons from exiting through the down-

© stream bpening of the neutralizer is thé;key solution for the success

of energy recovery.
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. To accomplish electron blocking an@-ion~def1ection,'a magnetic

" field is provided transverse to- the beam ‘in the exit end of the. neutra-
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_lizer tube 27. Réferring now.to Fig. 3 in conjunction with Fig. 1, it

will be scen that the magnetic field (B) is provﬁdéd-by means of

- e]ectrqmdgnetic pole pieces 33, composed of pieces 33a and.33b, or

equivalent magnetic field-producing. means in-juxtaposftjon across the
beam path in the exit end région of the'hédtraTiier 27, as shown more
specifically in Fiqg. 3. The magnetic field may be varied to obtain the
proper field strength to block the exit of electrons. The magnet pole
pieces may be tilted at a 45° angle, as shown in Fig;_l and‘Fig. 3, but
a right angle orientation of the ﬁagnets as shown in Fig..4 is
preferred.

In accordanée with the present invention, the exit region of the
gas cell 27 is modified to provide more efficient energy recovery of
the full energy ions. The end structure in the exit region is an
electrically conductive metal box 37 with its forward (downstream)
sides open for the passage of the neutral beam and the deflected full
energy 1on§. The box 37 is formed of a nonmagnetic mdterial such as
copper; The downward extending side plates of the box structure
parallel to the magnetic pole pieces overlap most of the magnet pole
faces. With this geometry, both the electrons-and residual ions within
the extended neutralizer end structure experience the transverse magne
tic field alone in the absence of ahy strong electric fields. An
e]ectron-co]]ecting,ring-39 1s;fastened around the oﬁening downsffeam
end of the box structure 37 by means of insulators (not shown) and
extends a few centimeters beyond- the opening. The collector 39115 also

nonmagnetic and conforms to the open end geometry. of the box 37.
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The-separatién of the beam plasma electrons and the residual
energetic ions begins at -the entrance to’ the magnetic region in-the

exit struéture of the neutralizer 27. Electrons tend to” gyrate along

- the transverse magnetic flux lines, whereas ion trajectories are only

_bent.. Any electric f{é1d owing to the ions moving away or to electric

fie]d penetration-thrdﬂéﬁ,the open downstream end of the end structure.
37 is approximafe]y perpendicular to the magnetic field, producing only
ExB drifts of the electrons. Thus, electrons within the exit region
eventually terminate either on the gas cell wall or at the collector
ring 39 which is biased slightly positive with respect to the'neutral-
izer cell 27 for sufficient attraction of the drifting electrons. This
bias is provided by connecting the collector ring 39 to a voltage
divider netﬁork formed of resistors Rp and R3. The electron collector
39 voltage is approximately one kilovolt positive with réspect to the
neutralizer cell 27. The full enerqy ions are immediately decelerated
upon leaving the exit end of the neutralizer cell and their charge is
collected at ground potential. It will be appréciated that the entire
ground potentia] eh;]osure may be used for collecting these full energy
ions and recovering thejr energy. The small positive (Vpoost) POten-
tial from the power source 21 applied to the ion source plasma grid 23
ensures that the full energy\;ons deflected from the neutral beam have
sufficient potential energy to reach the grounded collecting surfactes.

As pointed out above, the residual ions exiting the neutralizer

. cell 27 into the exit end structure 37 are not all full energy (E) ions

but contain fractional energy ions due to molecular ions of the gas
species entering the neutralizer from the ion source. In the case of a

. + +
hydrogen source, as exemplified here, molecular ions (Hp and H3)
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extracted from the source 11 along with atomic jons (Hj) are dissociated

. into atomic pafticles as they pass through ﬁhé neutra]jéer cell 27.
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" These particles have erderqy of one-half (E/2) and bﬁe-third (5/3)

ﬁésdective1y, of thé drigina] acceleration energy (E) and tﬁus cannot
reach‘the grohnd-poténiial surfacés 6n which the fu]]Aéngrgyvioné are
cél]ecteq. Therefore, these ions are deflected f}oﬁlgﬁe beamline abouf
substahtia]]& shorter radii than that bfAthe fu]l‘energy ions. This is
illustrated in Figf 4, 1If these ions are allowed to enter the vacuum
reqgion outside the neutralizer cell they tend to strike the outer wall
of the neutralizer re1easind their enerqy énd generating secondary
paras{tic electrons. Since these electrons are born at the high nega-
tive potential, they will be accelerated to ground, detracting from the
energy recovery. Under a proper range of magnetic field strengths, the
lower-energy ions (E/2) and (E/3) are reflected into the inside walls
of the gas cell formed by the downward extending end structure 37.
Thus, electrons emitted from these fractional enerqgy ions striking the
inside wall of the neutralizer cell are.blocked in the same way for the
neutralizer electrons and collected by the electron collector ring 39
and do not exit with the full energy ions to degrade their energy
recovery. The full energy ions are deflected from the neutral beam and
1ea§e the gas cell through the open downstream end. Another purpose'of

the downward extending structure is to minimize the loss of full energy

ions on the wall caused by the magnetic bending.

The magnet pole pieces 33 need not be oriented at the- approxi-
mately 45° angle shown in Fig. 1. As illustrated in Fig. 4 the magnet
pole pieces 33' may‘'be oriented vertically with added advantages such

as the shorter downstream length and the sfmb]ér pafﬁic]e trajectories.
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The dimensions of the maﬁhet poles, the magnetjc.field.strength,'and

- the geometry- of the gas cell end structure are-the primary parameters:

Lo vary in-order to cnhance the energy recovery for various kinetic

- energy levels. ‘The eléctron collector is not shoWn in Fig; 4, but

onTd be p]acé¢ at the end of structure 37" as_in Fig. 1. 1t will-"

be noted that the top-side of the gas_cell end structure 37 i$ extended

~ for the addiiiona] purpose of intercepting negaﬁfvé ions "that are pre-

sent in the beam as a result of charge-exchange collision processes
along the neutralizer.

| In operation, a system electrically biased, as shown in Fig. 1 and
illustrated in Fig. 2, extracts ions from the ion source plasma genéra—
tor 11 and accelerates them into the neutralizer cell 27. fhe'residua1
full energy ions whose energy is to be recovered are magnetically
deflected downward in the absence of any strong-retarding electric
field. The fractional energy ions, whose energies are too low to be
recovered, are controlled by the magnetic field alone and are reflected
back into the interior wall of the gas cell formed by the downward
extending portion of the end structure 37. The secondary electrons
producéd by the fractional energy ions striking the inner surface of
the structure 37 are thus contained within the gas cell extension. The
geometry of the gas cell extension 37 maximizes the escape of the full
energy ions from the gas cell onto the ground potential recovery
surfaces. Further, its open structure assfsts the pumping of hydrogen
gas that streams out the gas cell exit.

The energy loss due to the termination of the electrons on éhe
collector 39 is less than one keV per electron. The reéovered_ions
impart only an energy corresponding to fhe boost voltdge, which is kept
as low as possible and lies between 2% and 10% of Vaccel- The-brimafy



10

15

20

25 -

_;15 -
foTe of‘the'boostvvq1fage’i§~to»ensure that the full enérgy ions
e}Wtihgfthe gasfcell havéféﬁ@ughieéérgy to reqch-a grounded"suffapei- A---
rather. than reflect back into thevncﬁtra1izef cell. Sccondary |
ejettfons generatea from the‘groundséﬁnche uﬁbn 1méingement of the

recovered ions do not pose a problem since they are born approximately

“in the-electric field-free regjph.at ground potential.

As pointed_out'abové} various 1jght isotopic species may be used’
for the source of ions to be geheréted depending upon the particular
reactor application requirements. The full energy ions are of primary
interest for the purpose of energy recovery in accordance with this
invention since the fractional energy ions cannot easily be récovered
simu]tanedus]y. It is therefore desired to employ an ion source that
can produce high atomic ion fraction in theAbeam. The idn source used
in this example typically yields the atomic hydrogen ion species of 80
to 85%. In an experiment set up as snown in Fig. 1 to show the feasi-
bility of this invention, an average full-energy ion recovery effi-
ciency of about 80% was observed.

The foregoing description of a preferred embodiment of tﬁe inven-
tion has been presented for purposeé of illustration and description.
It is not intended to be exhaustive or to limit the invention to the
precise form disclosed, and obviously many modifications and variations
are possible in light of the above teaching. The embodiment was chosen
and described in order to best explain the principles of the invention
and its practical application to thereby enable others skilled in the
art to best utilize the invention and various embodiménts and with
various modifications as are suited to the particular use contemplated.
It is intended that the scope of the invention be defined by the claims

appended hercto.
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NEUTRAL BEAMLINE WITH IMPROVED ION ENERGY RECOVERY )

~_ Abstract of the Disclosure f _ A' .

A néutra] beam]ine employing direct éqgrgy recovefy of un6eufrai~
ized residual jons is provided which enhances the enérgy recoyéfy of -
the full enmergy ion component of the beam exiting the neutralizer cell,
and thus improves the overall neutral beamline efficiency. The
unneutralized full energy ions exiting the neutralizer are deflected
from the beam path énd the electrons in the cell are blocked by a
magnetic field applied transverse to the beam direction in the neutral
izer exit region. The ions which are generated at essentially ground
potential and accelerated through the neutralizer cell by a negative
acceleration voltage are collected at ground botentia]. A neutralizer
cell exit end'region is provided which allows the magnetic énd electric .
fields acting on the exiting ions to be loosely coupled. As a result,
the fractional energy ioﬁs exiting the cell are reflected onto and
collected at an interior wall of the neutralizer formed by the modified
end geometry, and thus do not detract from the enerqy récovery effi-
ciency of full energy ions gxiting the cell. Electrons within the
neyfré]izer are prevented from exiting the neutralizer end opening by
fhe action of crossed fields drift (ExB) and are terminated to a
co]leffor collar around the downstream opening of the neutrélizer. The
correct combination of the extendedyneutralizer end structure and the
magnét'region_is designed .50 as to maximizé.the exit of full energy

iong'and to contain the fractional energy jons. . - -
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