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Abstract—A variety ofH ion sources are in use at accelerator
laboratories around the world. A list of these ion sources includes
surface plasma sources with magnetron, Penning and surface con-
verter geometries as well as magnetic-multipole volume sources
with and without cesium. Just as varied is the means of igniting and
maintaining magnetically confined plasmas. Hot and cold cath-
odes, radio frequency, and microwave power are all in use, as well
as electron tandem source ignition. The extraction systems of accel-
eratorH ion sources are highly specialized utilizing magnetic and
electric fields in their low energy beam transport systems to pro-
duce direct current, as well as pulsed and/or chopped beams with
a variety of time structures. Within this paper, specific ion sources
utilized at accelerator laboratories shall be reviewed along with the
physics of surface and volumeH production in regard to source
emittance. Current research trends including aperture modeling,
thermal modeling, surface conditioning, and laser diagnostics will
also be discussed.

Index Terms—Accelerator, beam, beam transport, emittance, in-
jector, ion, ion source, negative hydrogen, phase space, plasma,
simulation.

I. INTRODUCTION

OVER THE years, many excellent review articles and
texts have been written to discuss ion sources,

beams, and their applications. An early review [1] summarizes
both experimental and theoretical work on sources up to
1973, and is suggestive of the major advances that will occur
in sources in the following decades. Seven Brookhaven
National Laboratory Symposia from 1977 to 1995, under the
title “Production and Neutralization of Negative Ions and
Beams” [2]–[8], document the considerable advances made in

sources and beams over these two decades. Essentially, all
of the sources operating on accelerators today have their
physical bases described in this conference series. References
[9]–[12] are relevant source reviews for accelerator appli-
cations, while [13]–[16] focus on high power, high intensity
requirements for accelerators such as the spallation neutron
source (SNS), the European spallation source (ESS), the CERN
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superconducting proton linac (SPL), the KEK/Japan Atomic
Energy Research Institute Joint Project (J-PARC) and the Los
Alamos Neutron Science Center (LANSCE), Los Alamos Na-
tional Laboratory (LANL), Los Alamos, NM, upgrade projects.
The principal efforts in source technology today are di-
rected toward fusion energy applications (described elsewhere
in this volume), and comparatively low-emittance sources
with long duty factor (up to continuous wave (CW) mode) for
high-energy accelerator applications. It is the goal of this paper
to summarize performance characteristics of the sources
used in accelerator applications.

The following two major sections summarize 1) source
fundamentals and 2) a summary of the source types and
their characteristics that are presently in operation at major ac-
celerator facilities. For topic 1), phase-space area (beam emit-
tance), some details of plasma temperature, plasma fluctu-
ations which lead to beam current fluctuations, and ion op-
tics at extraction will be discussed. For topic 2), pure mul-
ticusp volume, cesiated multicusp, and cesiated surface plasma

source performances are summarized (see Sections III and
IV). The cesiated surface plasma sources (SPS) include Pen-
ning, magnetron, and surface converter type geometries.
beam currents and their beam emittances will be sum-
marized. The discharge power required to maintain the
source plasma and the power efficiency of the beam,

, are also summarized wherever possible.
Electrons are co-extracted with the ions, and as the duty
factor (df) increases, the extracted electron current to
current ratio gains increasing practical impor-
tance. Here beam df is given by the product of beam pulsewidth
times the repetition rate. Note that the source df might be con-
siderably larger than the beam df, as beam may be extracted over
a limited part of the source discharge time. The achieved and
beam df for the various sources are summarized. The source
lifetime at the design beam voltage , current and df is
given. Although these latter quantities are not perhaps as funda-
mental to accelerator operations as beam current and emittance,
they must nevertheless be taken into account in any practical
source accelerator application.

II. SOURCE FUNDAMENTALS

A. Beam Emittance

A general review of ion source and injector emittance is given
in [17]. An ion source emittance should be preserved in the in-
jector, the injector being that accelerator element that transmits
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the beam extracted from the source plasma to the next ac-
celerator section. Beyond electron filtering and ion extraction
systems, injector types will not be discussed in detail in this re-
view. Laboratory beam emittance is defined as

(1)

where is the phase space area occupied by the beam.
The and are spatial and angle coordinates transverse to
the beam direction. The calculated area value is divided by
and typically the unit cm- or mm- is then
attached to . In order to make comparisons among sources
that have beams at different energies, , a normalized
emittance is defined

(2)

where is the relativistic velocity factor corresponding to .
Equation (2) is valid for low energies ( , where

is the rest mass in electronvolts and the relativistic
mass factor ). Equation (2) is appropriate at typical
source energies. Implied in (1) is that emittance data is ob-
tained from a slit and collector or a two-slit system, where the
orthogonal transverse coordinates are integrated by the
measurement technique. Discussion of measurements is
found in the literature [18], and is discussed below in regard
to extraction physics with two-dimensional (2-D) axisym-
metric design codes.

Most computerized emittance diagnostic systems analyze the
beam intensity distribution to give the beam emittance
as a function of the beam fraction . This is a valuable exer-
cise for at least two reasons. First, beam theory often describes
the phase-space area in terms of root mean square (rms) emit-
tance [19], [20] which is based on the second moments
of and . Beam emittance fraction analysis under reasonable
assumptions gives a relationship between and laboratory
emittance measured at the fraction , . For a Gaussian
beam [21], [22], the relation among , , and is given
by

(3)

A second reason for obtaining is that knowledge of
emittance at 95% beam fraction is often desired to evaluate
beam losses in high-energy accelerator components [23]. By
solving (3) for , one finds , that is,
corresponds to about 40% beam fraction. Similarly, by taking

, one finds . These relationships can
be used to make approximate comparisons among measured
source emittances, where quoted emittance results are not all re-
ported at the same .

A sophisticated treatment of background in measured trans-
verse phase space distributions has been developed, and ap-
plied to several sources [24], [25]. Except for the magnetron
source, which is subject to emittance growth associated with
extracting ions directly from the cathode, the surface con-
verter, Penning SPS, and cesiated multicusp sources were

found to have nearly the same emittance. Within [22], [24] sev-
eral plots of versus are made, and an approx-
imate linear relationship is found. The slope of this line is the

value. Constructing this plot is a valuable exercise to see
if the beam emittance has a Gaussian distribution, and at what
beam fraction the distribution deviates from Gaussian. A knee in
this plot may signify the onset of aberrations in the extraction or
beam transport systems that may ultimately be solved by more
appropriate design considerations. More recently this emittance
analysis technique has been applied to false particle (“ghost”)
signals [26] in the two-slit electric sweep scanner [27].

B. Temperture in Plamsa

A prediction for the rms normalized emittance [21],
[28] at the source emission aperture with radius is given
by

(4)

where is the ion plasma temperature. The units
of are the spatial unit of (usually millimeters or
centimeters) and radians. At least two measurement types for

have been made on accelerator sources: first, volume
production [29]–[31] using a two-laser photodetachment

technique; and second, the SPS Penning source [32], [33]
equipped with a long emission slit and measurement of the
extracted angle distribution in the orthogonal plane with
an electric sweep scanner [27]. In the case of the photodetach-
ment technique used in volume production, two distributions
corresponding to cold and hot temperatures are found. De-
pending on source operation, cold – eV
and hot – eV were found. In the case of
the SPS Penning source, – eV was found for
low discharge current (2A dc) operation. The Penning source

temperature increased to 0.8–1.0 eV for the high-current
(350 A) pulsed discharge case. Emittance calculations based
on measurements and (4) are typically lower than
source measurements. Additional contributions to source emit-
tance are thus expected and other source emittance growth
mechanisms are discussed in Section II-C.

C. Plasma Fluctuations, Beam Noise, and Multiple Beams

The influence of plasma fluctuations in the generation of
beams with time varying current (beam noise) and the

possibility of “two beams” being born at the plasma meniscus
can rapidly degenerate the intrinsic emittance of an ion source
and cause subsequent problems in accelerator transmission.
The noise characteristics of the SPS Penning [34], [35] and
magnetron [36] discharges have been investigated. A guideline
for dynamic decomposition of beam space-charge neutraliza-
tion [37] is given by

(5)

The beam noise amplitude and frequency are and . The
beam velocity is , is the neutral background gas den-

sity, and is the ionization cross section of the background
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gas by the beam. When the inequality is satisfied, a time
dependent space charge force exists leading to a time averaged
emittance growth. Substituting typical ion source numbers, the
right side of (5) gives 20 kHz, thus significant effects from beam
space charge decomposition may be expected in the hundreds of
kilohertz to megahertz beam noise frequency range. Typically,
these considerations apply to injectors that use magnetic lenses
in beam transport.

Various analytic techniques can be applied to evaluate emit-
tance growth from beam noise. One analytic approach follows
a current fluctuation with the Kapchinskii–Vladimirskii equa-
tions through a beam transport channel [38]. A second method
is to define a mismatch factor [38], [39], which is a combi-
nation of the matched and mismatched Courant-Snyder param-
eters. The time-averaged emittance growth is then given
by , where is the beam emittance with .

In the SPS magnetron geometry, extracted ions have been
determined to have two energies: those characterized by
born on the cathode, and those that originate from the ion source
volume and/or anode potential [40], [41] (see Section III-C).
The LANSCE converter source [42], [43] has a geom-
etry similar to the SPS magnetron in that the converter (
origin) is in line-of-sight to the source emission and extraction
apertures. It has recently been proposed that a large emittance
growth observed in a recent LANSCE development program
[44] can be attributed to two simultaneously extracted beams.
Those two beams are characterized by two plasma species
with plasma energy (1–10 eV) and converter energy (250–300
eV). Measured test-stand phase-space distributions are highly
suggestive of two beams at 80 keV that can be character-
ized by two independent Courant–Snyder parameters. Beam
extraction simulations, as well as the mismatch calculations
described above, reproduce the measured emittance growths.
If this proposal is confirmed, emittance growth attributable to
mismatched Courant–Snyder parameters may be extended to
time independent as well as time dependent phenomena.

D. Beam Optics at Extraction

Much effort in source development is expended on
improving the ratio in extracted beams, and to
achieve the lowest possible emittance growth in the extraction
process. Maintaining a low ratio is especially important
for the longer df sources; the experimental results from this
effort are reported in Section III. Magnetic and electric filtering
techniques are used to separate electrons and ions. An
increasing theoretical effort to minimize the ratio in the
plasma region near extraction using particle-in-cell codes (PIC)
is underway [45], [46].

Prior to extraction, the plasma density affects the
ratio. For example, may be destroyed by electron collisions
through the collisional detachment process (6). An loss rate

(6)

(7)

equation for this process is given in (7) where is the
density at time , and is the electron density. Using the reaction
rate cm from [1], and assuming an

velocity and cm , one finds half
the population is destroyed in 1 cm. Detailed simulation
of destruction processes have been modeled in the three-
dimensional (3-D) NIETZSCHE Monte Carlo code [47].

In order to minimize emittance growth in the ion ex-
traction process, codes based on the successive over relaxation
technique originally developed for positive ion extraction elec-
trode design [48]–[50] are being used and developed for the

extraction problem. These codes take into account the high
space-charge forces encountered in the extraction process, and
include algorithms to make a self-consistent prediction for the
plasma sheath position and shape. The PBGUNS code [50],
which does include a positive and negative ion Maxwellian dis-
tribution (for emulating the plasma temperature), has proven
useful in describing some source problems [44], [51]. The
IGUNS extraction code used in [48] now includes more com-
prehensive modeling [52], [53], of the and electrons for
source design, and is incorporated in the nIGUN code [54].

The 2-D axisymmetric codes discussed above use cylindrical
coordinates for trajectory description. Cylindrical coordinates
imply coupling of the radial and azimuthal motions, and it is
useful to employ a meridional plane if one is interested only in
radial motion. Thus, these codes may use post-processing rou-
tines on the coordinates to calculate rms beam quanti-
ties at selected axial positions in the simulation. As noted above,
most beam emittance measurements are made in coordi-
nates. Thus, to obtain a comparison between a prediction
and measurement, a coordinate transformation must be
made [55], [56]. A physical interpretation of the relationship be-
tween and gives when

motion is taken into account [57].

III. ACCELERATOR SOURCE REVIEW

A. Uncesiated Multicusp Volume Sources

1) Desy Volume Source: The DESY-HERA RF volume
source [58] uses an external RF antenna to couple power into
the source plasma. The coil, operated at 2 Mhz, is located
behind a 5 mm thick ceramic cylinder [59], see Fig. 1.

has a very low sputter rate and ion bombardment is
reduced due to the low RF plasma modulation associated with
the external antenna system. For ignition, a special source
was developed [60] which works with the high pressure of the
hydrogen inlet. A lifetime of much more than a year with an

current of 40 mA and a duty factor of 0.12% has been
demonstrated. The 90% rms normalized emittance for 40 mA is
0.25 mm- in both transverse planes. The collar is biased
and made adjustable in position and angle. Extracted electrons
are dumped with a permanent magnet into a shielded box.
A second magnet corrects the beam, which then travels
parallel to the source center line [61].

The use of Cs was ruled out in order to achieve high stability
and reduce maintenance. This source produces purely
through the volume effect. Energetic electrons generate vibra-
tionally excited hydrogen molecules
in the discharge chamber. A dipole magnet pair allows heavy
elements and low energy electrons (typically eV) to pass
into the extraction region. These low energy electrons may
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Fig. 1. DESY-HERA RF volume source with external antenna and ignition source.

Fig. 2. Drawing of J-PARC ion source KEK prototype withLaB filament. (Reused with permission from A. Ueno, Rev. Sci. Instrum., 75, 1714 (2004). Copyright
2004, Amer. Inst. Phys.)

then attach to the vibrationally excited molecules to form
[31], [62].

2) J-PARC Source: A KEK prototype source with a
filament (see Fig. 2) is presently in use at the Japan Proton

Accelerator Research Complex (J-PARC) LINAC project where
30 mA of was accelerated in the LINAC to 20 MeV [63].
The cesium free source itself has demonstrated an current
of 38 mA with a duty factor of 0.9% (360 s 25 Hz) at 50

keV. Development is underway [64] to use W-filaments, a
cathode, or a RF coil in the source discharge chamber. As part of
this work, the original cylindrical source chamber was reduced
50% to 10 cm in diameter and 12.5 cm in length.

The plasma is confined with the usual multicusp magnet ar-
rangement (18 bar rows). The filter magnets are outside of the
plasma saddled on the top and bottom cusp magnets. The in-
sulated plasma electrode plate has a 9-mm-diameter beam hole,
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Fig. 3. Drawing of the SNS cesiated multicuspH source and low-energy beam transport system [67]. (Reused with permission from R. Keller, Rev. Sci. Instrum.,
73, 914, (2002). Copyright 2002, Amer. Inst. Phys.)

thickness of 10 mm and internal angle of 45 . This configuration
gave the best results in a series of tests with plates of different
angles and thicknesses. The plate was run with a bias, negative
to the source body, of 12.6 V that attracts positive ions.

The extracted electrons are accelerated to 8 keV and then
dumped into a gap with a set of dipole permanent magnets. The

beam, which also gets deflected, is subsequently corrected
with a second magnet pair poled in the opposite direction.

B. Cesiated Multicusp Sources

1) SNS/LBNL Radio-Frequency Multicusp Source: The
SNS multicusp ion source is now being used to commission the
drift tube linac at the SNS [65]. Ultimately, this facility will
produce a 1.4-MW beam of protons at 1 GeV. In order to meet
this requirement, the ion source needs to produce 40 mA of
at a 6% df, 1-ms-long pulses at 60 Hz [66], one of the most
demanding source requirements to date [14].

During ion extraction, the plasma of the SNS multicusp
source is excited using 20–50 kW of 2 MHz RF. To speed
the high powered ignition, the plasma is sustained continually
with 200 W of 13.56 MHz RF [67]. The RF power is coupled
into the plasma using an internal water-cooled copper-antenna
that is coated with porcelain. Pin-hole cracks in the porcelain
quickly lead to antennae failures. This problem is minimized
by using multiple layers of free porcelain up to 1 mm
thick. Removing the , a standard color additive, reduces
the dielectric strength, and helps minimize the electric field in
the plasma sheath [68].

In order to obtain high currents, both volume and anode
surface production processes are utilized. The surface processes
are enhanced by introducing Cs into the source using
and a getter material made of Al and Zr that reduces the chro-
mate to elemental cesium at elevated temperatures. Dispensers
of this mixture are mounted in a collar surrounding the extrac-
tion aperture, which can be independently heated to 550 C
thereby releasing Cs, see Fig. 3. Cesiation is needed every few

Fig. 4. (a) TRIUMF source (courtesy of T. Zhang, China Institute of Atomic
Energy) with Ta ring filament and (b), an example of the filter magnet pattern
(courtesy of T. Kuo, TRIUMF).

days to maintain the required currents. Because useful pro-
duction only takes place in the extraction region, a direct Cs
transfer technique is being developed to insure optimum Cs cov-
erage of surfaces near the extraction aperture which are con-
stantly being “cleaned” by particle bombardment of the plasma
[69], [70].

Running Cs free, the SNS volume source produces 10–15
mA of . Upon cesiation, the output current presently reaches
30–40 mA implying surface production is directly responsible
for 25–30 mA (aprox. 70%) of the beam current [70]. A
horizontal normalized emittance of 0.115 mm- (rms)
has been measured at 28 mA [26], [71]. At 33 mA, horizontal
and vertical normalized (rms) emittances of 0.22 and 0.18

mm- were reported in [25]. Efforts to increase the
surface production were recently carried out by integrating the
outlet aperture and Cs collar. Upon cesiation, a beam current
of 60 mA was achieved. However, shoulders to the main beam
spot also appeared (cf. [70, Fig. 11]) resulting in a normalized
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Fig. 5. Depiction of the surface plasma reactions including the role of cesium for both the (a) magnetron and (b) Penning configurations. ExternalB field direction
is shown for the Penning configuration, for the Magnetron it is orthogonal to the electric field (see Fig. 7).

vertical emittance of 0.35 mm- (rms), which is unac-
ceptably large. Because volume and surface production appear
to produce different phase space profiles, this data may lend
credence to the concept of time independent beam parameter
mismatches presented in Section II-C. Further efforts to opti-
mize the anode surface production while maintaining a lower
emittance is under way.

2) TRIUMF Cesiated Filament Multicusp
Source: Unique in the construction of the TRIUMF
source [72] is the filter field which is produced by a permanent
magnet array outside of the plasma on the cylindrical wall, see
Fig. 4. The plasma in the discharge chamber, which is 10 cm in
diameter, is confined with the usual cusp magnet arrangement
(20 bar rows) and is heated by four half circle Ta filaments.
This makes it possible to cancel out the fields on axis
resulting in a reduced drift which lowers the extracted
electron current and increases the output.

Started in 1990 as a cesium free direct current (dc) source,
this is the volume source which has been in accelerator service
for the longest time. Recently, it was the model for sources made
in Finland [73] and China [74]. Cesium was first added in 1998
and it now runs well in either mode [75]. After cesiation, an
emittance drop from to 0.13 mm- at 28
keV and a current of 20 mA was reported [76]. The maximum
beam current increased with cesiation by a factor of 1.25 to 25
mA dc with an emittance of 0.15 mm- . A drop in the
already very low ratio of 4–5 was not reported. The
extracted electrons are dumped into a gap at 25 kV.

By changing the magnet bar material from SmCo to NdFeB
with a surface strength of 1.3 T and extending the source 10
cm an emittance of 0.1 mm- without Cs at 20 mA dc,
30-keV energy and 5-kW arc power was reported [75].

3) J-PARC Cesiated Filament Multicusp
Source: Another prototype volume source from JAERI
[77], [78] is available for J-PARC. It has delivered 72
mA with a high df of 5% (1 msec 50 Hz) at 70 keV.
This source is cesiated and a normalized rms emittance of

mm- was measured.

Fig. 6. Magnetron (in Russian: Planotron) energy spectra [85]. (a) For
different discharge voltages, 120 V (l) to 210 V (4), adjusted by changing the
cesium flow. (b) For different gas injection rates, 1� 10 mol/pulse (1) to
2.2� 10 mol/pulse (4). Charge exchange is optimized at the higher pressures.

C. Surface Plasmas Sources

Surface plasma sources (SPS) of the magnetron and pen-
ning geometries were first developed and cesiated in Novosi-
birsk, the former Soviet Union [79], where they achieved output
current densities of several Amperes per square centimeter of
aperture. The Magnetron concept was ultimately adopted by ac-
celerator laboratories at Fermilab, Batavia,, IL, Argonne Na-
tional Laboratory, Argonne, IL, and Brookhaven, Upton, NY,
in the U.S. and DESY, Hamburg, Germany; while the Penning
geometry was investigated at LANL, in the U.S., and is now uti-
lized at ISIS, Didcot, U.K. Papers by Dudnikov [80], [81] dis-
cuss the history of SPS in more detail. Since the original
conception of SPS many modifications and improvements
have been made such that they constitute a mature and reliable
technology today.

SPS sources rely on plasma surface reactions to produce
negative ions (see Fig. 5). The cathode, typically molybdenum
(Mo), is impacted by protons, heavy positive ions and energetic
neutral atoms or molecules created in the plasma. As a result of
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Fig. 7. Magnetron configuration of H surface plasma sources.

these surface collisions, hydrogen atoms or protons desorbed
or reflected from the cathode surface occasionally form
ions. Cesium is added to the source in order to lower the
surface work-functions thereby improving the electron capture
probability. At an optimal Cs coverage of approximately 0.6
monolayers, the work-function of Mo decreases from 4.6 eV
to about 1.5 eV; above this coverage the work-function rises
to that of Cs approximately 1.8 eV [82]. Cesium also plays a
role in stabilizing the plasma by providing additional electrons.
Negative ions produced at the cathode surface are accelerated
across the plasma sheath. Once in the plasma, they can suffer
electron detachment and be lost or undergo charge exchange,
which is more prevalent once the ion enters the anode pro-
trusion, see Fig. 5. In this region the electron density is reduced
due to restricted diffusion across the magnetic field. These
effects have been studied experimentally in the Penning SPS
geometry [83], and in a multicusp volume source [84], while a
theoretical treatment is found in [45]. Some ions may also
be formed by surface production near the anode aperture. As a
result of the different production mechanisms the extracted
ion energy distribution has two distinct peaks in the magnetron
geometry, see Fig. 6. The low energy peak is associated with
slow ions formed in the anode protrusion via charge exchange
or anode surface effects. The higher energy peak, around 100
eV, corresponds to ions which are extracted directly from the
cathode and have been accelerated through the cathode plasma
sheath. Magnetrons are optimized on the high energy peak
by running at low gas pressures thereby minimizing charge
exchange while Penning sources are run at high gas pressure
enhancing charge exchange, which results in a lower energy
distribution.

The high-current density A/cm ion beams produced
by these sources require strong focusing and/or rapid space
charge neutralization. At 20-keV, a 100-mA beam diverges

within a few centimeters due to space charge
defocusing [86]. Thus, apertures in the extraction region deter-
mine beam throughput and a large aperture system with strong
focusing is required to collimate and accelerate the beam.
HV electrostatic columns (Argonne and Fermilab) and more
recently radio-frequency quadrupole (RFQs) (Brookhaven,
DESY, and ISIS) have both been used successfully.

1) Magnetron SPS: In a magnetron, the discharge volume
has a race track configuration with a central cold cathode biased
by roughly relative to the surrounding anode (see
Fig. 7). A transverse magnetic field along the cathode axis of
1–1.5 kG is applied, confining the plasma to an drift

around the race track. The minimum distance between the
cathode and anode is approximately 1 mm. Near the extraction
region, a circular groove has been added to the cathode for
geometric focusing of the ions produced on that surface.
At Fermilab, this groove is approximately 1 mm deep and has
been extended all the way around the cathode [36].

For magnetrons, extraction is typically at the
space-charge limit with an extraction voltage of 35 kV or
less. Slit (0.9 mm 10 mm; Fermilab) and circular anode
apertures (2.8 mm in diameter; Brookhaven [87]) are both
being used. The corresponding extraction systems are single
acceleration gaps with magnetic focusing, either in the form
of a double focusing sector magnet or a solenoid lens. These
magnetic lens elements enable beam transport where the

beam space charge is mostly compensated by accumulation
of positive ions from background gas ionization. At Fermilab,
Argonne, and DESY, a single electrode extraction system is in
use coupled with a high-gradient 90 bending magnet which
serves to remove electrons and unwanted ions and to shape
the ions into a suitable beam for acceleration. The energy
resolution of this system is not sufficient to separate out the
different energy peaks.

Magnetrons producing beams are operating with 0.5%
duty factors or less. This limit is attributed to gas loading of
the vacuum system and maintenance of the proper cesium cov-
erage on the cathode surface, which is slowly sputtered away
when the discharge is on. Operating in pulsed mode minimizes
the gas load and maximizes the time cesium has to condense on
the cathode surface. Gas injection is accomplished utilizing a
piezoelectric valve, mounted close to the discharge area. With
pulsed operation gas efficiencies of around 6% for the grooved
cathode design have been achieved. An external boiler charged
with liquid cesium is held between 70 C–150 C allowing ce-
sium to continuously creep into the system. The cesium con-
sumption at DESY is approximately 0.8 mg per day at a plasma
duty factor of 0.063%. The consumption rates at the other ac-
celerator labs are slightly higher, when scaled with df.

Magnetron lifetimes are on the order of 6–9 months and typ-
ically the sources are turned off for maintenance rather than
failing. The principle failure modes are listed in [13] and in-
clude build up of cesium hydride near the gas inlet restricting
gas flow and build up of Mo and Cs on the anode around the
extraction aperture, which may dislodge limiting the aperture,
shorting the cathode or impeding the plasma.

Operation of the BNL circular aperture SPS was recently
summarized [88]. Typical operation parameters are an arc
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Fig. 8. Sectional view of the Penning SPS in use at RAL. (Reused with
permission from J. W. G. Thomason, “A review of recent H ion source
work at Rutherford Appleton Laboratory,” (ed), Conf. Proc. 639, 37 (2002).
Copyright 2002, Amer. Inst. Phys,)

voltage of to , arc currents of – ,
and a 0.5% df (7.5 Hz, 700 ). The extracted current
is 90–100 mA at 35 keV. The source power efficiency was
significantly improved when cathode geometrical focusing was
introduced. The BNL SPS is the highest of any
operating accelerator source, and . The beam
emittance, after transport through a two-solenoid space-charge
neutralized low energy beam transport system and acceleration
to 750 keV in a 200-MHz RFQ, is mm- .
Simple scaling of this magnetron suggests the df could be ex-
tended to 4.5%, although lifetime reduction should be expected
because of increased component wear.

2) Penning SPS: The Penning source is now being used
at the Rutherford Appleton Laboratory (RAL), ISIS spallation
neutron source [89], [90] and the Moscow Institute of Nuclear
Research (INR) [91]. Fig. 8 shows a sectional view of the RAL

Penning source with cathode, anode insert, discharge re-
gion, and ion beam extractor. Cesium metal flows from a 3
gram reservoir to the discharge from an external oven. The ISIS
source operates at 50-Hz, 200- s beam (1% df) while the dis-
charge pulsewidth is 400–650 s long (2%–3.2% df). The op-
erating current is 45 mA . While operating at this df, the
source lifetime is up to 40–50 days. The beam is extracted from
the plasma at 17 kV through a 10 0.6 mm slit. The beam is
then transported by an , 90 dipole magnet with an 8 cm
bending radius. The dipole magnet provides the magnetic field
for the Penning discharge (2.3 kG), coextracted electron sup-
pression, separation of other negative ion impurities, and trans-
forms the slit beam into a spatially round beam. Upon leaving
the magnet box, the beam energy is increased to 35 keV. Recent
RAL source development work [92] has led to rms normalized
emittances of 0.62 and 0.73 mm- in the horizontal and
vertical planes.

At INR [91], [93], the Penning source is used to produce
a 100-Hz, 200- s beam pulse. The beam is extracted from a
15 0.6 mm slit at 20 kV. For a 50-mA beam with fluctuations,
the normalized emittances in the and planes are 0.4 and 0.7

mm- . No explicit mention is made of the beam fraction
for these emittance values. INR notes that a quiescent mode for

Fig. 9. Thermal analysis model for the RAL Penning source. (Reused with
permission from D. C. Faircloth, “Advances in the Ion Source Research and
Development Program at ISIS,” (ed), Conf. Proc., 243 (2005). Copyright 2005,
Amer. Inst. Phys.)

Penning operation can be achieved at a peak current of 80 mA
by reducing the magnetic field.

At LANL, the Penning source technology has been ap-
plied to numerous linac commissioning exercises [94], [95]. The
first Penning experiments [96], [97] at LANL used a 10 0.5
mm emission slit at 0.5% (7 Hz, 0.7 ms) to 2% (40 Hz, 0.5 ms)
df. These two pulsed modes gave 108 mA and 30–40 mA
currents, respectively. For 100 mA beam, estimated (cf [97,
Fig. 7(c)]) normalized rms emittances were 0.2 mm- and
0.03–0.04 mm- in the long and narrow slit dimensions,
respectively. Experiments with circular apertures [98] showed
that a factor of three emittance reduction could be achieved with
a factor of three reduction in the discharge voltage noise. For
the low noise cases and mm, normalized emittances
of 0.10 and 0.08 mm- were measured in the transverse
planes for 35 mA current at 15 keV beam energy. The beam
fraction for these emittances was 63%.

The Penning source measurements discussed above use
a 90 bending magnet immediately following extraction. In
1983, a significant improvement in the SPS Penning technology
occurred at LANL [34]. In order to reduce the 20-keV beam
transport length, the 90 bending magnet was replaced with a
permanent magnet assembly. This led to an 8.1 bend for 22
keV source that was named the small angle source (SAS).
This step resulted in a slit emission source with 150-mA current
at 0.5% df. The rms normalized emittances in the transverse
planes were found to be 0.27 mm- and 0.04 mm-
in the long and short slit dimensions, respectively. Subsequent
circular aperture SAS development [99] with mm
gave rms normalized emittances of 0.053 0.056 mm-
in the transverse planes with 82 mA current. The duty
factor was 0.5%.

An active area of research is to increase the Penning source
df. For extended df operation, both RAL [92], [100] and LANL
[101], [102] have pursued Penning source thermal analyzes
with subsequent increase of internal source areas to reduce
power flux density. This is especially critical for the cathode
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Fig. 10. Shows the cesiated SPS sources used to confirm anode production of
H ions where (a) is the honeycomb SPS with a mixture of cathode and anode
H production, while (b) is a hollow cathode Penning SPS where cesiated anode
H production is enforced. (Reused with permission from Yu. I. Belchenko,
Rev. Sci. Instrum., 65, 1179 (1994). Copyright 1994, Amer. Inst. Phys.)

surface, where a pulsed temperature rise is thought to lead to
a surface cesium imbalance resulting in discharge instabilities
[34]. The thermal analysis model developed at RAL is shown in
Fig. 9. This model has been validated by comparing temperature
predictions to source measurements at typical source operating
conditions. The RAL model has been extended to temperature
increases associated with pulsed operation. The thermal anal-
ysis [92] has led to a proposed scaled source that should operate
at 50 Hz with a 2 ms pulse length (10% discharge df) at 4
kW instantaneous power to give the same cathode temperature
rise as the standard RAL source. This implies 35 mA of
current from a slit emitter at the extended df. One scaled up
LANL source (the 4 source) [101] was aggressively cooled,
and was operated successfully in discharge-only mode with
a 4 ms pulse length at 15 Hz (6% df). A request by the ESS
community [103] to apply the Penning scaling laws to study the
feasibility of 100-mA accelerator quality beam was made
in 2001. It was concluded [104] that using a slit extraction
system a 4X scaled Penning should reach 100-mA current with

mm- in both transverse planes at 5% df
(50 Hz, 1 ms).

3) Hollow-Cathode Penning SPS: The Budker Institute of
Nuclear Physics (BINP) is developing a dc version [105], [106]
of the Penning source using hollow-cathodes. currents up
to 8 mA at 25 kV are obtained using a 3-mm-diameter aper-
ture. Emittance measurements give rms normalized emittances
of 0.2 mm- along the magnetic field and 0.3 mm-
across the magnetic field. The BINP development emphasizes

production at the cesiated anode surfaces [107], [108].
Convincing experimental evidence for anode production in

cesiated SPS is described in [108]. Fig. 10 shows two SPS
sources investigated at BINP. On the left [Fig. 10(a)] is a
multiaperture honeycomb SPS with a movable emission plate.
This honeycomb SPS has 120 matched geometrical focused
cathode indentations and anode emission apertures. The total
negative ion current was found to be a sum of currents pro-
duced at the cathode and the anode emission apertures. Anode

production was deduced to be about 20% of the total
negative ion current. The high anode production led to the

Fig. 11. LANSCE H surface converter source.

construction of the hollow cathode Penning source shown in
Fig. 10(b). This geometry enforces anode production, and the
reported is three times lower than that of the
honeycomb SPS. Unlike cathode production, anode produced

may be directly extracted, or ions with trajectories
away from the emission aperture may undergo charge exchange
reactions with atomic hydrogen in the near anode plasma
volume. These latter ions may then be extracted.

D. Surface Converter Source

The surface converter source was developed for acceler-
ator applications at LANL [42], [43], and at the National Lab-
oratory for High Energy Physics (KEK), Tsukuba, Japan [109]
in the early 1980s, but was based on a source originally
developed for fusion energy applications [110], [111]. A 3-D
view of the LANSCE production source is shown in Fig. 11.
Plasma is generated in by thermionic electrons from fila-
ments or cathodes. The plasma is confined by a multi-
cusp magnetic field. The converter electrode is biased to several
hundred volts negative relative to the ion source cylindrical con-
tainment vessel. Positive ions and neutrals strike the cesiated
molybdenum converter surface and may form ions by ei-
ther charge-exchange or sputtering ions from the converter
surface [112]. ions are accelerated away from the converter
surface, pass through the repeller aperture to the emission aper-
ture, and are subsequently accelerated to injector energies. The
function of the repeller is to reduce extracted electron currents
by combined electric and magnetic fields. If all ions which
reach the emission aperture originate at the converter, the upper
limit of the source’s emittance may be estimated from the in-
ternal geometry of converter, repeller, and emitter radii, and the
separation of these apertures.

1) Lansce Surface Converter Source: The LANSCE oper-
ational source runs on a 24 h/day, 28 day (672 h) operational
cycle at 10%–12% df. The 800-MeV accelerator operates at
120 Hz with nominal 1-ms beam pulses, serving a variety of
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TABLE I
LIST OF ACCELERATOR H ION SOURCES ALONG WITH THE RELEVANT

PARAMETER SPACE DISCUSSED WITHIN THIS REVIEW. TYPICAL I
CURRENTS ARE GIVEN WITH AN ASSOCIATED EMITTANCE. [13], [14] WERE

USED TO FILL IN VALUES NOT PREVIOUSLY CITED. UNDERLINED PARAMETERS

ARE FROM [13] AND BRACKETED PARAMETERS ARE FROM [14]

TABLE II
DESIRED BEAM PARAMETERS OF FUTURE ACCELERATORS. DATA

ADAPTED FROM [13]

user programs. Over the last few years, the source relia-
bility has been high with the source failing once in 18 opera-
tional cycles [113]. The cusp field magnets are made of SmCo
with 3.4 kG fields at contact. Typical source operation is at a
pulsed discharge of , which gives 30–40 A of dis-
charge current, depending on the tungsten filament heating cur-
rent. The 1.5-mm-diameter tungsten filaments have a complex
shape, shown in Fig. 11. The lifetime-limiting source compo-
nents are the tungsten filaments. The surface converter electrode
operates in the to range. The beam current is
typically 16–18 mA at 80-keV, and . With the 10-mm
emission aperture, the laboratory beam emittance is about 70

mm- at 95% beam fraction, which corresponds to about
mm- for 16–18 mA of current. A collab-

orative upgrade program between LBNL and LANSCE on this
source did lead to 40-mA of current, but unacceptably large
emittance growth, – mm- , was found at
the higher current [113], [114]. The LANSCE source de-
velopment is moving in the direction of creating a 25-mA
source at 12% df with minimal emittance growth [44], [115]
while maintaining the 28 day operational cycle.

2) KEK Surface Converter Source: An surface con-
verter source has been used on the KEK synchrotron [109],
[116] since 1985. The KEK surface converter source is similar
to Fig. 11, except is used for the filament material. Typ-
ical discharge conditions are to producing
25–30 A of discharge current from two filaments. The
filament currents are 130 A. While operating with 1.2 and 1.5
mm diameter tungsten filaments, the source lifetime was 200 to
300 h. The filaments have extended the source lifetime to
2600 h. The source df is 0.5% (20 Hz, 250 s). The converter is
typically operated at . current to the linac is 15–20
mA with about 90 mA of extracted electrons, giving .
The beam is immediately accelerated to 750 keV, where the
normalized emittance is 1.8–2.1 mm- at . Using
(3), this gives an estimate of – mm- .

IV. SUMMARY

Within this paper, the basic technical issues ion sources
address in order to provide usable beams for acceleration have
been presented. In addition, a summary of a number of
sources currently in use at accelerator laboratories around the
world has been presented. Table I represents a compilation
of some of the relevant parameter space. Although key to
most applications, intensity is no longer the sole factor in
source selection. Beams with low emittance at all intensities
and duty factors are necessary. In addition source lifetime
and redundancy is important in reducing laboratory down
time. The demands of future facilities follow this trend while
requesting longer pulse lengths and higher duty factors with
currents ranging from 12–65 mA. Table II presents desired
beam parameters of possible future facilities.
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