Proceedings of the 1999 Particle Accelerator Conference, New Y ork, 1999

ION-SOURCE AND LOW-ENERGY BEAM-TRANSPORT ISSUES FOR

H  ACCELERATORS*
R. Keller
E. O. Lawrence Berkeley National Laboratory, Berkeley, CA

Abstract high-energy accelerators.

Since the term “ion source” is subject to some ambig-
H™ ions are being used in high-energy accelerators amity because it may or may not include an extraction sys-
spallation neutron-sources because of the efficiency witem we will here distinguish between plasma generators
which they can be converted into protons at high energytlaat create the ions and extraction systems that provide
mechanism utilized in schemes that provide injection intbeam formation. Extraction systems will be discussed in a
a ring by means of charge. This paper discusses neeparate chapter.
trends and recent developments in the field opldsma
generators, extraction systems, and Low-Energy Beam- 2 PLASMA GENERATORS
Transport (LEBT) systems, with emphasis on low-emit-

tance systems delivering beams in the 50-mA range. There are two basic mechanisms that lead to the gener-

ation of H ions, i. e., surface and volume production.

1 INTRODUCTION 2.1 Surface Production Generators

H'ion beams have been gt|l|zed for many years with hIg%’urface production essentially relies on the small electron
energy accelerators that mcludg a sy.nch'rotron or StOraglefinity of alkaline metals, especially cesium, and plasma
ring because charge-exchange injection is an elegant w nerators utilizing this mechanism have some or all inner

tq ehmma}e the p“’b'e.”.‘s QSSOC.'atEd with extreme falrfaces coated with a cesium layer. Two representatives
ping requirements for injection kickers encountered wit f this class are the magnetron andPdnning sources

positive-ion facilities. Accelerator based spallation NeUs antioned above. Maintaining an adequate cesium cover-

tron-sources are likewise taking advantage of the properé%e especially at higher duty factors is one of the chal-
of H ions to efficiently undergo charge exchange int?eng'es seen with these devices

protons at energies up to a few GeV. Historically, magne-
tron-type [1] and HPenning-type [2] ion sources Wer€aqrators [4] is lined with an external multi-cusp magnet

the first ones to generate intense beams for this kind &gnfiguration that ensures stable and quiet plasma con-

acceleratorsl. v diff i ¢ devel finement. The discharge is filament driven, and a conver-
A completely different line of Hsources was devel- 1o ojactrode in the center of the discharge vessel is cov-

oped in neutral-injection systems for magnetically CON3red with cesium and biased by about -300 V with respect
fined fusion plasmas. These multi-cusp, or “bucket” sou

derived f h he d Ut the plasma potential. The converter attracts positive
ces were derived from proton sources when the desirggq 1hat gre abundantly created in the hydrogen dis-

beam energies started exceeding the 100-keV level Wh%rr?arge, changes a fraction of them intoidhs, and pre-
the charge-exchange process from protons t_o neutral h%ﬁi.'celerates and at the same time focuses them towards the
rogen atoms is less efficient than the one frontoHheut- outlet aperture. Figure 1 shows a schematic of these

'rals: Sub_stanhgl progress has bgen made in the neu”aléghrces. A recent converter source [5] is quoted as gener-
jection field .W'th the uderstgnchg of ext'ractlo.n and ating 47 mA beam current at 12% duty factor, with 7.8
beam-formation processes in general, including beagy,, discharge power. In this device, the axial position of

tra_nsport and space-charge cpmpensanqn phenomen@he converter electrode can be optimized on-line, and the
This knowledge is by now making its way into the formeﬁischarge-chamber walls are designed to run at ap-

fields, Ieaglmg to novel designs of accelerator front ends. proximately 100° C, so as to impede condensation of ce-
A review paper on Hon sources [1] has been recent<i m

ly published, covering a larger variety of source types an

providing a useful general background. The present paper. .

is narrower in focus and discusses recent work witioid pf'z Volume Production Generators

sources, and Low-Energy Beam-Transport (LEBT) sys- | ducti ¢ Hi i ial
tems, mostly involving bucket sources that are, or ar Olume production of Hions relies on a very specia

planned to be, installed in spallation-neutron sources andplasma condition where vibrationally exciteg Holec-
ules are exposed to a flux of cold electrons and converted

*Work supported by the Director, Office of Science, Ofinto atoms and Hons by dissociative electron attachment
fice of Basic Energy Sciences, of the US Department & H," and H" ions undergo dissociative recombination,
Energy under Contr. No. DE-AC03-76SF00098. again leading to Hions [6]. Unfortunately, this plasma

Another variety of surface-production Hlasma gen-
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condition is not generally encountered in discharges that
would produce high particle densities, suitable for the dispensers electrode
creation of intense ion beams. By separating the discharge f’ electron-deflection
plasma into two varieties, however, it became possible to magnet
consolidate these two contradicting requirements. This | {

separation is achieved by introducing a magnéeipole |

filter into the discharge vessel; only cold electrons and all i /.

ions can penetrate this filter at considerable rates, whereas i I L
faster electrons that are produced in the main chamber and N
sustain its plasma are repelled [7].

magnetic filter collar with Cs  outlet

cusp magnets

gas inlet

FILAMENT (6) ‘
quartz Iight pipe

PERMANENT ¥
s dumping extraction
MAGNETS ! - [ electrode electrode
*‘ water jacket rf antenna
EPELLER . . o
, Figure 2. Schematic of an rf driven idn source.
CONVERTER .
~NA H~ Beam
J =n In principle, rf discharges offer higher lifetimes than those

i found with filament-driven plasmas because the rate of
& | . ; oo

the sputtering process to which the thermionic filaments
} are subject can be reduced by covering the rf antenna with

an insulating coating such as porcelain. Good electrical

conductivity between metal and plasma is not needed in

W " the case of an rf antenna. Application of such a coating,
however, appears not yet to be fully controlled in all

cases, and antennas used in rf-driven plasma generators
have shown a wide range of lifetimes [3].
CESIUM OVEN AND INJECTOR A significant improvement in antenna lifetime (2800

hours operation at 0.05% duty factor without any sign of
Figure 1. Schematic of a filament-driven converter plasmgear) was achieved by widening the coil, thereby moving
generator of the LBNL type [5]. The repeller electrodehe conductor close to the discharge-chamber wall, and
carries magnets that impede electrons from leaving tle@vering the entire coil on its inner perimeter by an alu-
discharge vessel. mina screen [3].

One research group has recently reversed the main
Volume-production Hdischarge-vessels are usually linedrend for H plasma generators, exchanging their rf anten-
with multi-cusp magnets as well, offering the same ben#&a for conventional thermionic filaments to drive a cesi-
fits as in the case of converter devices. Recent versionsuwfi-enhanced discharge in a multi-cusp vessel. The ion
this plasma generator type, however, utilize rf power of gource and diagnostic layout is shown in Fig. 3. A beam
or 14 MHz frequency instead of filaments to maintain theurrent of 120 mA from is reported to be extracted from a
discharge [8]. The power is coupled to the discharge by 4@-mm diameter aperture, when operating a 47.5-kW dis-
internal antenna, using a variable impedance-matchig§arge power at 6% duty factor [11].
network that can be adapted to the required plasma den-
sity. 3 BEAM EXTRACTION
Addition of a minute amount of cesium to the cham-

ber surfaces near the outlet aperture enhances the prodgict Electron Suppression
tion rate of H ions by about a factor of four, prop-

ortionally reducing the power needs to achieve a giveByiraction of a negative ion beam from a plasma presents
beam intensity [9]. This technique in essence combingsyecyliar challenge not encountered with positive ions
surface and volume production processes and also signfiscause large amounts of electrons are being extracted as
cantly reduces the electron density in the discharge, mifjze|| and their space charge tends to deteriorate the qual-
gating the electron-dumping problem that will be disjyy of the ion beam. Furthermore, these electrons form a
cussed below in more detail. . particle beam of substantial power that drains the extrac-
A sghematlc of'a ce5|um?enhanced, rf dr|ven, multigo power-supply, and whose power load has to be ab-
cusp H ion source is shown in Fig. 2. One specimen afyrped by a target electrode. Accelerator H- ion sources

such a source is reported to have achieved 45 mA begrefore use various kinds of magnetic field configura-
current at 6% duty factor from a 6.2-mm diameter outlg{ys to suppress these electrons.

aperture [10].
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there is no widely accepted code available that would al-
turha pump low simulating all essential physical processes that occur
I 11T ) steerer magul during the formation of an H- beam being extracted from
filter aenct a plasma. However, there are again two basic ways to deal
with this problem, both involving the use of simulation
codes for positive ions.

In the simple approach, the purpose of the calcula-
tions is reduced to minimizing the ion-optical aberrations
of the extraction, or LEBT, system under the full space-
charge load of the expected beam current. This approach
appears to be more promising when the ions enter the ex-

elecirom
suppressaon  elecinan
ayslem shielling

(HEL
Imigmels

flaments

gas inlel

Bl copper cesium . . . . H

B vl injection traction region already with considerable energy, as is the

] staialcss sicel e case with a converter source, because then the trajectories

= ="---'.-'"ﬂh | e cund will be less influenced by the exact shape of the plasma
WELer chanime L= [ R L Al

meniscus that cannot be properly simulated. Examples of
extraction/LEBT systems developed according to this
principle are given in Refs. [12] and [13], applied to the
dump and Faraday cup. plasma generator shown in Fig. 1. Results of beam simul-

) ] ] ) ations from Ref. [13] are displayed in Fig. 4.
Magnetic suppression can be achieved either at full beam

energy, separating the electrons from the ion beam some-

where downstream of the extractor electrode as illustrati™

in Fig. 3, or by repelling them still within the discharge l
plasma itself. The latter way is being used in convert s0000v |/ , w000V | | oV
sources where one can take advantage of the higher |

energy provided by the converter bias-voltage. For vos ,
ume-production sources, suppression of the electrons

an area where the ions have extremely low velocitie _
would lead to serious problems with space-charge densiwy? » ol » 100 128 150 175 mm

essentially inhibiting the formation of high-quality beams.

In a recent approach [10], the electrons are deposithi)gure 4. Optimized extraction/LEBT configuration for
on an intermediate, “dumping” electrode in the main ex e LAN$CEthpIasn;a IgGeBeNratlc;r, E?setd gn betarnf SI'mUI_
traction gap near the outlet electrode, as shown in Fig. eét_lorllsdu_sn:g f.e code v t [14]. i ectro g potentials as
The separation of the electrons from the ion beam fgarked in this Tigure apply to a positive lon beam.

achieved by inserting permanent magnets in the outlet el-
ectrode that generate a transverse dipole field in a locatio . X s
ny modern simulation codes allow splitting the prob-

where the ions have already acquired some elevat . L X X
. ) em under investigation into smaller parts, with the aim of
speed. With this arrangement, the electrons can be en-

tirely removed from the ion beam and deposited at theéﬁhancmg the resolution in more critical areas while not

comparatively low energy of 5 keV. making excessive demands on computer memory and

Utilization of an electron-dumping field has its OWnprocessing times where it is not warranted. Trajectory da-

. L . . .ta_obtained at the border of the first area are simply trans-
price because this field exercises a weak steering acti

n o S
on the ion beam. This action could in principle be CounEerred as initial conditions into the subsequent area. In the

teracted by yet another magnet field, but the simpler rerkase of negative-ion extraction from a plasma, the full ion
' and electron space-charge (electrons are best represented

edy consists in mechanically tilting the entire plasma gen- . . . . ) .
y y g P g their proton-current equivalent) is being considered in

erator with respect to the ideal beam axis through the ad* th tlet electrod d traiect dat
jacent LEBT. Model calculations let expect that no offsef 20N€ near the outiet electrode, and trajectory data as
ell as equipotential shapes are computed.

is needed, additionally to the tilt, to steer the beam ontd .
y The border between this zone and the subsequent one

the ideal axis [10]. The first ion source that is being built X
chosen at a location where complete removal of the

on the base of these calculations will have an adjustaﬂﬁa ¢ f the ion b b bl d
tilt angle to avoid having to rely on code predictions. electrons rom the 1on béam can be reasonably assumed.

In the second part of the problem, only the ion-beam
space-charge is considered to be present [15].
With this method, even results from different codes

can be merged, for example, introducing trajectories ob-

Apart .from. the Stee””g, angle introduceq by the ele‘?trorféined from a 3-d code that is able to accommodate the
dumping field, extraction systems for kbn-beams in i f,ence of a magnetic electron-dumping field into a

general are rather conventional. Unfortunately, to this dag?mpler one that assumes cylindrical symmetry of the in-

Figure 3. Layout of the Frankfurt' ldource with electron

75000V

more refined method makes new use of the fact that

3.2 Beam Simulation Issues
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vestigated problem, with the benefit of higher resolutiotasks, compromises have to be made sacrificing less im-
and greater speed in the latter part [10]. portant features for the really essential ones.

3.3 Current Measurements 4.1 Magnetic LEBT

One diagnostic issue related to extraction systems dddhie classic LEBT configuration for high-current ion
erves careful attention, i. e. measurement of the extractedams easily reaches 1-m length or more and essentially
beam current in a Faraday cup. In the presence of an gonsists of wide-bore magnetic lenses such as solenoids
tense electron population within the beam, it is very easy quadrupole multiplets, diagnostic chambers, and vacu-
to underestimate the danger of measuring electrons tom pumps. The possibility of obtaining complete space-
gether with the negative ions, or of not fully suppressingharge compensation in these structures by bleeding in a
secondary electrons. A simple validity check can be pecontrolled amount of auxiliary gas used to be the desirable
formed by operating the ‘Hblasma generator with helium feature that led to this choice, allowing for relatively
gas, while still using a positive extraction voltage [10]. Inmodest focusing-strength requirements.

this case electrons only will be extracted because helium Designers of Hbeam lines have adapted this concept,
does not form negative ions, and no signal should Hmit the recent trend with beam currents around 40 mA
measured in the cup if the electron separation from tlymes towards much shorter structures. Apart from severe

main beam works as intended. emittance growth, one problem will occur as soon as fast-
rising pulse flanks are needed because of the finite time it
4 LEBT SYSTEMS takes to establish full space-charge compensation. Those

parts of the beam whose space charge is not fully com-

Low_Energy Beam_Transport (LEBT) Systems for the iorﬁ)ensated will be focused diffel’ently than the main part
sources under discussion usually have to perform multiphéd will be lost along the subsequent transport line.

tasks. Their main function is to match the extracted H A magnetic test LEBT using two solenoids [16] is
beam into the subsequent accelerator structure, such aB@wn in Fig. 5. This LEBT is rather short, and its diag-
RFQ or a high-voltage column, giving the beam the de&ostic elements are supplemented by several instruments
ired radial size and angle. To be able to handle a Varié’@stalled in a separate diagnostic chamber at its exit. In an
of input conditions and allow empirical tuning to optimizeOPerational beam line, insertion of such a chamber would
the beam transport downstream of the LEBT, a wideseverely degrade the beam quality; therefore it could only
range of decoupled matching parameters is convenieR€ uUsed during commissioning, but this is a price to be
but it requires at least two independent lenses. At tHid in any case when highly efficient transport structures
same time, the LEBT should include some beam-steerifigf high-current, high-brightness beams are designed. In
elements which may be magnetic, electrical, or simply dhis LEBT, compensating particles can be removed by six
mechanical nature and provide adjustments of axis offsggaring electrodes.

and tilt angle.

Facilities where the beam ultimately has to be extrac-
ted from a ring accelerator at GeV-level energies, such
spallgion neutron sources, use beam chopping to av
excessively activating their extraction septum. In view
the fact that a considerable fraction of beam is separg
from the useful portion and has to be deposited son
where, the main chopping function is most convenient
performed in the LEBT where the beam power is lowe:
leaving the clean-up task where pulse flanks with nar
second-range rise and fall times are shaped to some o
beam-line structure.

As another set of requirements, a variety of diagnc
tics, notably of current and emittance, may be requiT—"—
from the LEBT in order to fully characterize the Iow
energy beam before it is injected into the subsequent ac-
celerating structure.

Last not least, efficient pumping of the gas emittedfigure 5. Short magnetic LEBT. A, Faraday cup, profile
from the plasma generator has to occur in the LEBT, thaonitor. B, solenoids of 0.73 T, maximum. C, residual-
first place in the entire accelerator system where it can lgas ion-energy analyzer. D, Faraday cup. E, ion source. F,
performed. The art of the LEBT designer consists in fubeam scraper. G, 500 I/s turbo pump. H, clearing elec-
filling all these demands while keeping the beam emitrodes. |, emittance scanner. J, 500 I/s turbo pump. A 200
tance from growing excessively. And, in fulfilling thosel/s turbo pump is installed between the two solenoids.
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4.2 Electrostatic LEBT Source (SNS) project. It is a pleasure to acknowledge the
help received from all members of the SNS Front-End

From a particle-optical standpoint there is not too muchYystems group at LBNL, in particular from R. A. Gough

difference between magnetic and electrostatic lenses28d K. N. Leung. Thanks are further due to H. Klein of

variety of design tools is available to optimize the gedAP Frankfurt/Main, Germany, for contributing copious

metrical shapes of either kind. Some practical issue@figinal material.

however, can determine a choice of one over the other.

Electrostatic LEBTs can be built as “open” configura- 6 REFERENCES

tions, providing larger cross-sectional area for pumping

than magnetic LEBTs. On the other hand,qfrent [1] Yu.l Belchenko, G.I. Dimov, and V.G. Dudnikov, Nuclear Fusion

sparking used to be a serious draw back associated Wgtl \:54(;(1EI)Z)7:(3.r1ikov Proc. # All-Union Conf. On Charged Particle

electrostatic transport systems that have to approach accelerators, Moscow, 1974 — NAUKA vol. 1, p. 323 (1975).

breakdown limits to achieve the intended properties. [3] J. Peters, “Review of negative hydrogen high brightness/high cur-
Beam simulation codes are again helpful in devel- rention sources,” Proc. 1998 Linac Cpnf., Chicago, IL.

oping optimized electrostatic structures that fulfill the opLg] K.N. Leung and K.W. Ehlers, Rev. Sci. Instrum. 53, 803 (1982).

. . . . . II ] M.D.Williams, R.A. Gough, R. Keller, K.N. Leung, D. Meyer, A.
tical requirements without compromising operational per- Wengrow, O. Sander, W. Ingalls, B. Prichard, and R. Stevens, “lon

formance. Source Development for LANSCE Upgrade,” Proc. 1998 Linac
Fig. 6 shows a very compact electrostatic LEBT [17]  Conf., Chicago, IL.

. ; ] K.N. Leung, “Negative lon Sources,” in I.G. Brown, ed., “The
designed for ,the Spallapon Nemro,n Source presgntly u Physics and Technology of lon Sources,” Wiley, New York, 1989.
der construction. Its main features include extraction at K.N. Leung, K.W. Ehlers, and M. Bacal, Rev. Sci. Instrum. 54, 56

kV for a final beam energy of 65 keV and two lenses  (1983).
separated by a ground electrode, with the second one [#&- K.N. Leung, “Radio Frequency Driven Multicusp Sources,” Rev.

. A . e _ Sci. Instrum. 69, 998 (1998).
ing split into four isolated quadrants to facilitate dc stee K. Saadatmand. J. Hebert, N. Okay, Rev.Sci.|6@r1173 (1994).

ing as well as beam chopping with about 50-ns rise ti ?0] M.A. Leitner, D.W. Cheng, S.K. Mukherjee, J.Greer, P.K. Scott,
[18]. The last of the electrodes acts as target for the Mm.D. williams, K.N. Leung, R. Keller, R.A. Gough, “High-
chopped beam portions and is split into four quadrants as Current, High-Duty-Factor Experiments with the RF Driven H- lon

well, allowing to measure transverse beam offset on-line. S_ource for the Spallation Neutron Source,” Submitted to 1999 Par-
ticle Accelerator Conf., New York.

To compensate fO.I’ transverse offset aga'nSt the !d ﬂ] K. Volk, A. Maaser, H. Klein “The Frankfurt H Source for the
beam axis, the entire LEBT can be mechanically shifted European Spallation Sourcdtoc. 1998 Linac Conf., Chicago, IL.

with respect to the subsequent RFQ structure. [12] R. R. Stevens, W. Ingalls, O. Sander, B. Prichard, and J. Sherman,
“Beam Simulations for the H- Upgrade at LANSCE,” Proc. 1998
Linac Conf., Chicago, IL.

[13] R. Keller, J.M. Verbeke, P. Scott, M. Wilcox, L. Wu, and N. Zahir,

ELECTRON G3 ¢5 “A Versatile Column Layout for the LANSCE Upgrade,” Submit-
DUMP 45KV (CHOPPER) G6 ted to 1999 Particle Accelerator Conf., New York.
AZE}T?LT’?;E —60 kV EXTRACTOR G4 -45 kV DIAGNOSTIC [14] R. Becker, “New Features in the Simulation of lon Extraction with
65 kv +16 kv (GROUND) AND EFQ FLANGE IGUN,” Proc. EPAC 98, Stockholm, Sweden (1998)

(GROUND) . . .
[15] M.A. Leitner, D. C. Wutte, and K.N. Leung, “2D Simulation and

Optimization of the Volume Hon Source Extraction System for
the Spallation Neutron Source Accelerator,” Proc. Int. Conf. On
Charged Particle-Beam Optics, Delft, Netherlands (1998).

[16] A. Lakatos, J. Pozimski, A. Jakob, and H. Klein, “Extraction and
Low Energy Transport of Negative lons,” Proc. 1998 Linac Conf.,
Chicago, IL.

[17] D.W. Cheng, M.D. Hoff, K.D. Kennedy, M.A. Leitner, J.W. Sta-
ples, M.D. Williams, K.N. Leung, R. Keller, and R.A. Gough,
“Design of the Prototype Low Energy Beam Transport Line for the
Spallation Neutron Source,” Submitted to 1999 Particle Accelera-
tor Conf., New York.

[18] J.W. Staples, J.J. Ayers, D.W. Cheng, J.B.Greer, M.D.Hoff, and
A.Ratti, “The SNS Four-Phase LEBT Chopper,” Submitted to
1999 Particle Accelerator Conf., New York.

1 2 3 4 5 8 7 8 8 CM

Figure 6. Electrostatic SNS LEBT [17].

5 ACKNOWLEDGMENTS

A major part of the material presented in this paper is re-
lated to the author’'s work for the Spallation Neutron

91



