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Abstract
Beams of short-lived radioactive nuclei are needed for frontier experimental research in nuclear
structure, reactions, and astrophysics. Negatively charged radioactive ion beams have unique
advantages and allow for the use of a tandem accelerator for post-acceleration, which can provide the
highest beamquality and continuously variable energies. Negative ion beams can be obtainedwith
high intensity and some unique beampurification techniques based on differences in electronegativity
and chemical reactivity can be used to provide beamswith high purity. This article describes the
production of negative radioactive ion beams at the former holifield radioactive ion beam facility at
OakRidgeNational Laboratory and at the CERN ISOLDE facility with emphasis on the development
of the negative ion sources employed at these two facilities.

1. Introduction

The study of radioactive nuclei far from stability is at the very frontier of nuclear science [1, 2]. Researchwith
these exotic nuclei addresses awide range of important topics in fundamental nuclear science, including the
underlying nature and stability of atomic nuclei, the origin of elements, the evolution of the cosmos, and tests of
currentmodels for the fundamental interactions that are basic to the structure ofmatter. It also provides the
scientific foundation for innovative applications for society such as discovering new radionuclides for cancer
diagnosis and treatment, detecting nuclear contraband at ports of entry, and assessing the safety of our nuclear
stockpile. The experimental research in this frontier relies heavily on the range and intensity of radioactive ion
beams (RIBs) available in the laboratory, which has provided the impetus forworldwide construction of RIB
facilities dedicated to providing beams of short-lived nuclei for fundamental and applied research. A number of
reviews summarize the recent progress in upgrading the capabilities of existing RIB facilities and constructing
next-generation RIB facilities throughout theworld [3–6].

Two complementarymethods of RIB production are commonly used: in-flight fragmentation [6, 7] and
isotope separator on-line (ISOL) [8, 9]. The in-flightmethod is based on a heavy ion beam, accelerated to high
energies to bombard a relatively thin production target. Interaction of the beamparticles with the target nuclei
results in awide range of radioactive nuclei via projectile fragmentation and in-flightfission. A systemof large-
acceptance dipolemagnets then separate out the rare isotopes of interest for use in experiments. In the ISOL
approach, a light ion beam (typically protons, deuterons, or helium isotopes) from a driver accelerator strikes a
thick production target producing radioactive nuclei via nuclear reactions. The targetmaterial is kept at high
temperature, enabling the radioactive species to diffuse out of the target and subsequently effuse to an ion source
to be ionized, extracted, and accelerated to amass separator where the beamof interest is selected. A post-
accelerator is often needed to further accelerate the radioactive ions to desired energies for experiments. The in-
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flightmethod requires one high-energy, heavy-ion accelerator and, since the process is independent of
chemistry, it is universal and fast. The fragment ions are produced and separated at velocities similar to that of
the primary beam, so rare isotopes with half-lives down tomicroseconds can be obtained.However, if the
radioactive ions need to be slowed down for the particular experiment, the resulting beams have large emittance
and large energy spread. In contrast, the ISOLmethod relies on diffusion and effusion processes in the target and
ion source, and the associated delay timesmake beams of short-lived isotopes (<1 s)muchmore difficult to
produce, especially for refractory and chemically reactive elements. However, with post-extraction acceleration,
the ISOL technique can be used to provide intense RIBswith excellent beamquality andwell defined and
variable energies that are required for detailed studies in nuclear structure and nuclear astrophysics. Because of
these unique research opportunities, a number of RIB facilities are based on the ISOL technique [4, 10–13].

The ion sources used at ISOL facilities are compact and are designed for high efficiency for specific elements,
with the ability to ionize trace quantities of radioisotopes in a high background of other elements [14, 15].While
ion sources for stable elements generally focus on production of high ion currents, ion sources for RIB
generation focus on selectivity and efficiency due to the often extremely low production rates of the radioactive
isotopes of interest. Furthermore, compact and rugged designs capable of stable operation over a fewweeks in
harsh radiological and thermal environments are required. Inmost facilities, positive-ion beams are used either
at low energies directly from the ion source or injected into an accelerator such as a linac or a cyclotron.Negative
ion generation is of particular importance for RIB facilities employing tandem electrostatic accelerators for post-
acceleration, owing to the fact that these accelerators require negative-ion injection. Beams from a tandem
accelerator have precisely controlled energies, good energy resolution, and excellent beamquality (low
emittance and small beam size) and, hence, are ideally suited to study reactions of fundamental importance in
nuclear physics and nuclear astrophysics. A particular example is the capability to search for resonances in
reaction cross-sections relevant to explosive nucleosynthesis in astrophysical systems such as novae, supernovae,
and x-ray bursts [16]. This unique capability has led to the construction of a few ISOL facilities designedwith a
tandem as the post-accelerator [8] including the formerHRIBF atORNL [12].

Venezia andAmiel [17]first demonstrated the production and separation of negative ions of radioactive
iodine isotopes fromfission products by surface ionization and electromagnetic separation at the Soreq on-line
isotope separator. In their initial work, the graphite catcher for fission fragments acted as the surface ionizer and
the yields of negative iodine ionswere very low.One of the reasons for the low ion yieldswas the relatively high
work function of the graphite. A negative surface ionization sourcewith lowwork functionmaterial LaB6 as the
ionizer was later developed [18] and used to study thefission yields of short-lived bromine and iodine isotopes
[19]. Low yields of negative radioactive ions of Br and Iwere also obtained fromaUO2-graphite surface [20] for
delayed neutron emission studies at the SOLARon-linemass spectrometer facility [21].

Thefirst on-line production of intense negative RIBs of halogens [14, 22]was obtainedwith an efficient
negative surface ionization source at the ISOLDERIB facility for research in solid state and nuclear physics
[23, 24]. The ion sourcewas equippedwith a planar sintered porous LaB6 ionizer and demonstrated 10%–50%
ionization efficiencies for Cl, Br, I andAt. A similar LaB6 ionizer configurationwas employed in a source to
provide halogen isotopes for nuclear spectroscopy at the on-linemass separatorOSTIS [25]. The early
experiments at ISOLDE revealed that the LaB6 ionizer was susceptible to poisoningwhen it was usedwith
inappropriate targetmaterials decomposing at high temperatures. Since then, some progress has beenmade in
mitigating the drawbacks and improving the performance of the ISOLDEnegative surface ionization source by
variousmeans, including new ionizer geometries, new lowwork function ionizermaterials, and proper choice of
targetmaterials [24, 26]. Recently atORNL (in early 2016) an ion sourcewith a LaB6 ionizer was used for several
weeks to provide pure beams of radioactive bromine and iodine for studies of total decay heat infission products
and formeasurements of the production rate of antineutrinos in the decay of fission fragments.

The formerHRIBF used a 25MV tandem for post-accelerationwith the unique capability to accelerate RIBs
to energies above theCoulombbarrier for nuclear physics experiments [12]. Both positive-ion and negative-ion
sources were developed or adapted atHRIBF for this research program. Although negative RIBswere commonly
produced by charge exchange in aCs-vapor cell to convert initially positive ion beams to negative ion beams
prior to injection into the tandemaccelerator, negative ion generationwith a negative ion sourcewas preferred
for someRIBs. In spite of the limitation in ion-species capability, negative ion sources offer distinct advantages
to perform research activities with RIBs [14]. For example, direct production of negative ions eliminates the
charge exchange process to transformpositive ions into negative ions, which is generally inefficient and often
results in a rather large, undesired energy spread in the resulting negative beams due tomultiple scattering of the
ions in the charge exchange cell volume (see section 2). Since, inmany cases, the purity of the RIB is crucial to the
success of the experiment, selectivity in the ion source can be very useful. Negative surface ionization sources are
highly selective—only the elements with high electron affinities can be efficiently ionized. This property has
been used to great advantage to obtain high purity negative RIBs for certain elements, such as the halogens, for
which the positively charged counterparts are often contaminated by isobars fromneighboring elements and
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molecular sidebands. For these reasons, extensive research effort has been devoted to the development of
negative ion sources for specific RIBs of interest [12, 14].

The present paper describes the research and development that has been conducted at the formerHRIBF
and the ISOLDE facility for the production and purification of negative RIBs for fundamental and applied
research. Section 2 provides brief descriptions of themethods of negative ion formationwith emphasis on the
specific ion source techniques employed for negative RIB production at these two facilities. Section 3 provides a
review of negative RIB production at the formerHRIBF. Section 4 presents the specific negative ion sources
developed atHRIBF and ISOLDE aswell as the latest results of negative RIB production at ISOLDE. Section 5
discusses beampurificationmethods based on negative ions. Finally, future developments and new concepts for
the production of negative RIBs are discussed in section 6.

2.Methods of negative ion formation

Negative ions can be produced by double charge-exchange of positive ions producedwith a positive ion source
or by direct extraction from anegative ion source. For the production of negative RIBs, charge-exchange has
been themost frequently usedmethod. The charge-exchange process is considered to be a two-step process in
which positive ions sequentially capture two electrons as they interact with a vapor target of low ionization
potential (IP)metal, such asCs orNa. The yield of negative ions depends on the collision energy (beam energy),
the electron affinity (EA) of the projectile element, the IP of the target element, and the density of the exchange
vapor. In general, highest yields are expected for the projectile-target combinationswithminimumenergy
defects in both of the electron-capture processes [27–31]. Table 1 lists the charge-exchange efficienciesmeasured
at theHRIBF for some elements with a Cs-vapor charge-exchange cell (CEC). As noted, the highest efficiencies
for producing As− (EA= 0.81 eV), Sn− (EA= 1.22 eV), and Se− (EA= 2.02 eV) are respectively, 42%, 41%, and
22%,with optimumprojectile energies ranging from20 keV to 50 keV, while the best efficiency for Br−

(EA= 3.37 eV) beamswas only 1.2%. Extensive studies of negative ion formation by charge transfer inmetal
vapors have been reported [30]. These studies showoptimal conversion efficiencies of∼0.5 to>90% for various
elements considered. In particular, Heinemeier et al reported 2%–6% efficiencies for elements with very lowEA
values, such as Be− (EA= 0.24 eV,metastable), B− (EA= 0.28 eV) and Fe− (EA= 0.25 eV)usingNa orMg
vapors and afixed projectile energy of 20 keV. These results indicate that useful intensities of negative RIBs can
be obtained formany elements with a proper selection of the charge exchange vapor and the ion energy.

Although positive ion sources in combinationwith aCEC is a versatilemeans of generating negative RIBs, as
pointed out earlier, negative ion sources are desired for certain radioactive species for higher beam intensities
and better beampurity. Themajor challenge associatedwith radioactive beamproduction at an ISOL facility
concerns the required fast release and efficient ionization of radioactive trace products from the target-and-ion-
source unit within amuch larger vapor load of impurities from the target and structuralmaterials.
Consequently, the ion source should ideally exhibit high efficiency, high temperature operation, simple design,
radiation resistance, and long lifetime. Although a variety of negative ion sources are available, a limited number
of them canmeet these criteria. Themost successful andwidely employed for RIB applications has been
negative-ion sources based on surface ionization. Sputter-type negative ion sources have also been used for some

Table 1.Measured charge exchange efficiencies with Cs-vapor
(unpublished data fromHRIBF) for selected elements.

Element EA (eV)
Conversion effi-

ciency (%)
Beam

energy (keV)

As 0.81 42 20

30.7 40

Se 2.02 22 20

16.6 40

Sn 1.22 41 50

Br 3.37 0.6 20

0.8 40

1.2 50

Sr 0.05 0.6 20

0.9 40

Rb 0.498 0.5 50

Note. Column 2 lists the electron affinity (EA) of the element. Column 3

gives themeasured efficiency for conversion into negative ions for the

specific positive-ion beam energy shown inColumn 4.

3

New J. Phys. 19 (2017) 085005 Y Liu et al



specific beams such as fluorine and for isotopes with relatively long lifetimes. The basic principles of these
negative ion sources are discussed below,while the detailed descriptions of the specific sources are given in
section 4.

2.1. Negative surface ionization
Whenneutral atoms ormolecules come into the proximity of a hotmetal surface, a certain fraction of themwill
be thermally desorbed as positively or negatively charged ions, depending on the electropositive or
electronegative nature of the neutral species. The underlying physics and theory of this surface ionization
process have been extensively studied and reviewed [32–34] andwill not be described in detail here. Briefly, for
the formation of negative ions, under thermodynamic equilibrium conditions, the degreeα of ionization for
neutral particles of EAEa evaporating from an ideal surfacewith awork functionf at temperatureT is
quantitatively given by the Saha–Langmuir equation:

exp , 1n

n

g

g

E

k T
i i a

0 0 B
a = = f-( ) ( )

where ni and n0 are the numbers of the ions and neutrals respectively leaving the surface in unit time, gi and g0 are
the statistical weights of the ionic and neutral states, respectively, and kB is the Boltzmann constant. The
ionization efficiencyβ is defined as the ratio of the negative ionflux leaving the surface to the incident neutral
flux and is given by
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These equations show that for high ionization efficiencies Ea>f is required. IfEa−f> kBT, the negative
ion formation process is exothermic andβ∼ 1. This requirement could bemet for high EA elements such as
halogens. In fact, negative surface ionization has been a preferredmethod for halogenRIBs because of the high
efficiency and high purity due to low ionization efficiency for neighboring elements, such as noble gases and
alkalimetals.

LaB6 has a lowwork function in the range of 2.4–3.0 eV [35, 36] and has beenmost frequently used as the
ionizermaterial for generating negative halogen beams. Since themajority of the elements in the periodic table
have electron affinities less than thework function of LaB6, it cannot provide good negative ion yields formost
elements. In addition, LaB6 is known to dissociate and evaporate at temperatures of about 1400 °Cunder
vacuumand is prone to poisoning from impurities outgassing from the targetmaterial. Therefore, it is extremely
desirable tofindmaterials with lowerwork functions that canmaintain their properties at high temperaturewith
variable impurity loads.New ionizermaterials have been investigated [26] at ISOLDE, including gadolinium
hexaborides (f= 1.5 eV), alloys of iridium and cerium (f= 2.6 eV), and tungsten impregnatedwith lowwork
function oxides such as BaO and SrO (f= 1.0 eV). It is well known that thework function of ametal surface can
be lowered by adsorption ofminute amounts of lowwork functionmaterials such as the alkalimetals. This
approachwas also explored [37] in a source equippedwith a permeable Ir ionizer and controlled feeding of a
highly electropositive vapor such asCs through the Irmatrix to decrease the surfacework function for negative
ion generation.

Equation (2) gives the surface ionization efficiency for a planar surface. For a tubular (cavity) geometry,
provided that the neutral isotopes have the possibility to interact several timeswith the cavitymaterial and have a
high probability to be captured in the plasmawell before extraction, significantly higher efficiencies for all
halogens are predicted. The enhancement is expressed asN in amodified Saha–Langmuir expression in
equation (3) [38]:

N1 exp . 3N
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g

g

E
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The theoretical Saha–Langmuir ionization efficiencies for planar and tubular LaB6 ionizer configurations are
reported for some representative parameters infigure 1, reflecting the two types of ion sources that have been
operated online at ISOLDEwith pulsed proton beam from the PSBooster [26]. The variation in the effective
work function of LaB6 surface, from anominal value of 2.6–2.9, and 3.4 eV, reflects the possible variations of the
material properties and poisoning by impurities in the target-ion source unit and has a strong influence on the
predicted efficiencies. As shown for Astatine this variation can lead up to a 500-fold change in the ionization
efficiency. In contrast, a variation of 200 K of the LaB6 surface temperature willminimally affect the efficiencies if
thework function is constant. For a planar ion source (MK4), themaximumachievable ionization efficiency of
50% comes froma geometrical ‘view’ factor of the ion source configuration-about 50%probability for the
isotopes to escape the target-ion source unit without interactionwith the LaB6 ionizer. A high efficiency is
predicted for cavities withwork functions of 2.6 eV, e.g., approaching 100% for halogens, and reasonable
efficiencies are obtained evenwhen poisoning is observed to degrade thework function of the LaB6 ionizer up to
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3.4 eV. Iodine and astatine are shown to be themost sensitive and challenging elements to ionize owing to their
low electron affinities with respect to the ionizermaterials used. It is noted that these calculations are for
ionization efficiency only, independent of other properties such as diffusion from the targetmatrix, chemical
reactivity, sticking times to interfaces, andmolecule formation.

2.2. Sputter generation of negative ions
In sputter-type negative ion sources, negative ions are also formed on a lowwork function solid surface.
However, the ion formation process ismost commonly accepted as a two-step process that involves first the
ejection of atomic and/ormolecular particles from the surface via knock-on sputtering and then electron
transfer between the surface and the ejected particles. The ionization of the sputtered particles is complicated by
the dependence on the characteristic properties of the outgoing particles, the emitting surface, and the projectile
ions aswell as themechanismof the ejection process. Variousmodels have been proposed [41] for a theoretical
description of the ionization process, including an electron tunnelingmodel, a bond-breakingmodel, and a
substrate-excitationmodel. However, there is still no theoreticalmodel that can predict the secondary ion
probability with sufficient accuracy for practical applications. An exponential relationship scaling of the
ionization probability P− of sputtered negative ionswith thework function of the surface is predicted by the
theoretical treatments and observed experimentally [42]

P exp , 4Ea

0
µ - f

e
- -( ) ( )

where ε0 is a characteristic parameter of the ion emission process and is reported to depend on the normal
component of the ion emission velocity [43, 44]. Similar to negative surface ionization, P- can be greatly
enhanced by lowering thework function of the sputter site, which can be achievedwith the addition of a sub-
monolayer of alkali atoms such as cesium to the surface [45].

Cs-sputter negative ion sources aremore versatile than negative surface ionization sources, but are
unsuitable for ISOL generation of short-lived radioactive beams. The sputter target is also the production target
for the radioactive species, so the area to be sputtered shouldmatchwith the area irradiated by the production
ion beam. Consequently, the primary production beammust overlapwith theCs-sputter ions and in turnwith
the resulting negative radioactive beam. This would adversely affect negative ion generation and extraction. On
the other hand, Cs-sputter sources can be used for batch-mode generation of relatively long-lived RIBswhere
production and ionization are performed independently (see section 4.3). In fact, the batch-mode technique is
one of the early approaches for producing negative ion beams of isotopes with lifetimes longer than a few hours
[46–51]. Amulti-sample Cs-sputter ion sourcewas developed atHRIBF for batch-mode generation of RIBs of
long-lived isotopes [52, 53]. Chemically active radioactive species are often released from targetmaterials in a
variety ofmolecular forms, for example, fluorine isotopeswere found to be released fromAl2O3 production
targets primarily as AlF. Since the species of interestmay be distributed in severalmass channels in the formof
thesemolecular sidebands, beam intensities of the desired radioactive species are diluted. The sputtermethod

Figure 1.Theoretical ionization efficiencies (solid and dashed lines) calculatedwith equations (2) and (3) for the planar and tubular
configurations noted ‘MK4’ and ‘tub’ in the legend. The symbols representmeasured data from the indicated ion sources. Thework
functions and temperatures are displayed in the legend. The value of gi/g0 is approximated at 0.5 for these simulations. The poorly
known electron affinity of Astatine is taken at 2.31 eV ([39] andRothe, private communication). For a tubular configuration,N= 20
based on previous studies with positive tubular surface ion sources [40].
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for negative ion formation is found to be an effectivemeans for simultaneously dissociatingmolecular carriers
and efficiently ionizing highly electronegative atomic constituents present in themolecule. A uniqueCs-sputter
negative-ion sourcewas conceived [54, 55] atHRIBF that could solve themolecular sideband problem for 17,18F
beams. Details of these sputter-type ion sources are reported in section 4.

3. Production of negative RIBs atHRIBF

TheHRIBF [12] atORNLwas aDepartment of EnergyUser Facility with amission to deliver high-quality RIBs
using the ISOL technique. The ISOL techniquewas implemented atHRIBF (figure 2)with the followingmajor
components: theOakRidge IsochronousCyclotron (ORIC) driver accelerator, twoRIB production systems—
Injectors for Radioactive Ion Species (IRIS1 and IRIS2), and the 25MV tandem electrostatic accelerator for RIB
post-acceleration. TheORICprovided a light-ion beam (proton, deuteron, or alpha)whichwas directed onto a
thick targetmounted in a target-ion source (TIS) assembly located on IRIS1 or IRIS2. Radioactive atoms or
molecules that diffused from the targetmaterial were transported to the ion sourcewhere theywere ionized,
extracted, and formed into a beam. Typically, the RIB (either positive or negative ions)was accelerated from the
ion source at an energy of 40 keV and passed through the first-stagemass analyzer which selected beams of a
singlemasswith resolving power of∼600:1 (FWHM). Themass-selected beam could then be sent through an
optional Cs-vapor charge exchange cell before being further accelerated to 200 keV energy from the high voltage
production platform and passed through the second-stagemass analyzer (isobar separator)with amass
resolving power M MD( ) up to 100 00/1 depending on the emittance of the incoming beam.Next, the beamof
negatively charged ionswas injected into the 25MV tandem for post acceleration. Alternatively, beams of either
charge could be transported to the low-energy RIB spectroscopy station [56]where the decay properties of the
isotopeswere studied.

Negative ions at 200 keVwere injected into the tandem electrostatic accelerator, which has a folded-
geometry and has been operatedwith beam at terminal potentials up to 25.5 MV (highest in theworld), and as
low as 1MVwith excellent reliability. At the terminal, electronswere stripped away from the beamparticles
using thin carbon foils or a dilute gas. The resulting positive ionswere selected based on energy,mass, and charge
state by a 180° dipolemagnet and subsequently accelerated down the high-energy side of the tandem. For light
nuclei (A< 80), single-stripping allowed for acceleration up to at least 5 MeVper nucleon. For heavy ions
(A> 80), a second foil stripper could be inserted at about a third of theway down the high energy column to strip
to higher charge states to achieve higher energies. This capability enabledHRIBF to be the first RIB facility to
accelerateA= 130 neutron-rich fission fragments above theCoulombbarrier. A 90° energy-analyzing dipole
magnetmounted on a rotating platform at the base of the tandemhigh-energy tube selected the beamof interest
and directed it into one of several beam lines for nuclear physics experiments.

Based on the capabilities of the driver cyclotron,ORIC, several types of RIB production targets were
developed for theHRIBF [57]. ORIC provided proton beams up to 54MeV, deuteron beams up to 49MeV, and
4He beams up to 85MeVwith intensities up to 20μA for proton, 15μA for deuteron, and 5μA for 4He on target.
For neutron-rich RIBs, a uranium carbide target was developed to produce fission fragments via proton-

Figure 2.HRIBF layout showing themajor ISOL components andRIB experiment stations.
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induced fission.While several uranium carbide target geometries and formats were developed, this was
essentially a single target formany radioactive beams.On the other hand, radioactive beams on the proton-rich
side of the nuclide chart required the development of several targets. Due to the low energy of the driver beam,
the radioactive nuclei were producedwithA andZ very close to the target nucleus, so unique production targets
were developed for each element, including hafniumoxide targets forfluorine beams, silicon carbide targets for
aluminumbeams, and liquid germanium targets for arsenic beams. In all cases, the production targets and the
ion sources developed at theHRIBFwere designed such that any production target could be usedwith any ion
source, so the best combination for a particular experiment could be used.Negative-ion sources were used
extensively with oxide targets forfluorine beams andwith uranium carbide targets to provide pure beams of
bromine and iodine isotopes from fission.

The ISOL production techniquewas used atHRIBF to produce beams ofmore than 200 radioactive isotopes,
includingmore than 175 neutron-rich species fromfission of uranium (see figure 3).Many of thesewere post-
accelerated to energies required for nuclear physics experiments (severalMeVper nucleon)while others were
used at low energies (40–200 keV) for decay studies (figure 4).More than 50 of those RIBs, including doubly
magic 132Sn, were available at intensities of 106 ions per second or greater. A careful comparison offigures 3 and
4 show a number of isotopes that are available as low-energy beams but are not available as post-accelerated
beams. This is due to the fact that it is not possible tomake a negative ion for some elements, including noble
gases and specific elements such as Zn andCd. The large gap in available beams fromZr to Pd is a general short-
coming of the ISOL technique—these elements have very low vapor pressures even at high temperatures and
thuswill not diffuse out of the production target.

Most of the negative-ion beams atHRIBFwere produced using a standard charge-exchangemethod in
which radioactive species were first ionized as positive ions and then passed through a cell filledwithCs vapor to
form a negatively charged ion beam. Themost commonly used positive-ion sourcewas the electron beam

Figure 3.Post-accelerated radioactive and stable ion beams that were available at theHRIBF for a variety of nuclear reactions and
spectroscopic studies [12]. About 80 stable isotopes from39 elements were also produced as negative ionswith aCs-sputter ion source
and accelerated in the tandem for nuclear physics experiments. Reproduced from [12]. © IOPPublishing Ltd. All rights reserved..

Figure 4. Low-energy RIBs produced at theHRIBF.Depending on the desired intensity and purity, these RIBswere extracted from the
ion source as either positive-ion or negative-ion beams.
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plasma ion source (EBPIS) [58, 59]—a universal and efficient ion source that can ionize essentially any atomic or
molecular species transported into the plasma volume.Nevertheless, negative-ion sources were needed to
provide higher beam intensities and better beampurity for some radioisotopes. For example, the EBPIS is not
selective and often generated beamswith strong isobar contaminants that could not be readily separated by the
magnetic isobar separator. In addition, the charge-exchange processes often resulted in rather large energy
spreads in the negative-ion beamswhich in turn limited the isobar suppression capability of the electromagnetic
isobar separator. In these cases, additional isobar suppressionmethods or steps were necessary. Considerable
effort was put forth to investigate potential negative-ion sources based on different ionizationmethods,
including surface ionization [37, 60, 61], plasma-sputtering [62], Cs-sputtering [54, 63], and electron-beam
plasma [64]. Three negative-ion sources that have been successfully used online for RIB production are
described in the next section.

4.Negative-ion sources for the production of RIBs

4.1. Kinetic-ejection negative-ion sources (KENIS)
The kinetic-ejection negative-ion source (KENIS) [54]wasfirst developed atHRIBF for the production of 17F
and 18F beams. Radioactive 17,18F beams are of considerable interest for studying nuclear astrophysical reactions
responsible for element synthesis in theUniverse. Theywere produced atHRIBF through the respective
reactions 16O(d, n)17F or 18O(α, pn)18F using thinfibrous oxidematerials such as A12O3, Y2O3, ZrO2, orHfO2

[57]. Although negative surface ionization sources with LaB6 ionizers have been shown to be highly efficient for
halogens such asCl, Br, and I, their efficiencies for negative F ions are extremely poor [22, 55]. This could be
explained by the observation [55, 65] thatfluorine isotopeswere released to the ion source primarily in
molecular forms, such as AlF, which have relatively low electron affinities and thus small probabilities for
negative surface ionization. The charge-exchangemethodwith the EBPIS has been used for generating negative
F beams, but ionization efficiencies for thefluorine compoundswere found to be on the order of 1% and the
desired F ionswere distributed in severalmolecular sidebands.Moreover, the charge-exchange efficiencies from
the positivemolecular ions to negative atomicfluorine ions, e.g., AlF+→ F−, were also very low. Therefore, an
efficient negative-ion sourcewas needed to dissociate themolecules and ionize the atomic F simultaneously.
This requirement has led to the development of KENIS, which is a uniqueCs-sputter negative-ion source for
direct production of negative 17,18F beams.

A schematic view of theHRIBFKENIS is shown infigure 5. The ion source and the target assembly are
designedwith the following principal components. ATa target-material reservoir is attached to a Ta vapor-
transport tube. A 50%porosityW-ionizer for formation of intense Cs+ beams via surface ionization, is co-
axially located in the center of and fixed to the exit end of the vapor-transport tube. Cs vapor is transported to the
porousW-ionizer from an externally locatedCs-oven through an independent tube, co-axially locatedwithin
the vapor-transport tube andweld attached to theW-ionizer. A negatively biased acceleration grid accelerates
the Cs+ beams to energies of 150–300 eV to bombard the inner surface of a negatively biased, conical geometry
Ta cathode. Annular apertures, located between the vapor-transport tube and theW-ionizer allow the
radioactive species emerging from the target reservoir toflow through the acceleration grid and deposit on the

Figure 5. Schematic view of theKENIS developed for the production of 17,18F beams atHRIBF.
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conical cathode surface where they are sputtered by positive Cs ions and a fraction of them are re-emitted as
negative ions. TheCs+ beamnot only serves to eject particles from the cathode surface, but also lowers thework
function of the surface, thereby greatly enhancing the yield of negative ions. Negative-ion beams are extracted
through a circular aperture (diameterf= 2 mm) in the apex of the cathode cone.

In offline studies, the performance of this sourcewas evaluated by injecting SF6molecules into the high-
temperature target reservoir filledwithfibrous Al2O3materials. SF6 decomposes and reacts withAl2O3 at the
target operating temperatures to form aluminum fluoridemolecules, which can be effusively transported to the
ion source. Themass spectrumof the negative ions extracted from theKENISwas clean and simple, with
essentially 100%of the F-ions appearing in themass 19 channel. As a reference, the positive ions generated using
the EBPIS contained various fluoridemolecular ions, with only about 13%of the totalfluorine in the atomic F+

channel [54]. Tomeasure the ionization efficiency of theKENIS, SF6was introduced into the source through a
calibrated leak at a precisely controlled rate. The ratio of the F− ions detected to the number of neutral fluorine
atoms injectedwas the overall ionization efficiency andwasmeasured to be 5%–7%.

In low intensity, online tests,mass-analyzed beams of 17F−, up to 107 ions s–1μA–1 of deuteron beam
(figure 6)were obtained using fibrous ZrO2 andHfO2 target-materials through the 16O(d, n)17F reaction. In
general, ion yields increasedwith increasing target temperature until the targetmaterial started to dissociate. At
∼1800 °C, ZrO2 andHfO2 started to dissociate and the high vapor pressure of oxygen and oxidemolecules
reduced the efficiency of the ion source. This effect occurred atmuch lower temperatures for Al2O3 (around
1400 °C)when the aluminawas in contact with tantalumor other refractorymetals. During online operations,
with theKENIS installed on the IRIS1 RIB production platform, 17,18F isotopeswere produced usingHfO2 cloth
targets. ThisHfO2 cloth consisted of thinfibers of about 5 μmdiameter woven together to form a low-density,
ruggedmaterial that was free from volatile impurities. However, the fastest andmost efficient transport
mechanism from the target to the ion sourcewas theAlFmolecule, so a layer of Al2O3 foamwaswrapped around
theHfO2 target to provide the required Al atoms. TheAlFmolecule was transported to the ion sourcewhere it
was collected on the cone and negative fluorine ionswere subsequently sputtered off the cone by theCs+ ions
generated in theW ionizer and accelerated to about 300 eV by the negative potential on the cone.

TheKENISwas the primary ion source for generation of negative 17,18F beams at theHRIBF from
1998–2012, with post-accelerated 17F beam intensities reaching 107 particles/second and 18F beam intensities on
the order of 2× 105 particles/second. The 18F beamwasmixedwith the stable isobar 18O at a ratio of 18O/18F∼
8. Pure 18F beam could be obtained by fully stripping the beam to 9+ charge state, with some loss in intensity.
The average TIS lifetime during online operationwas about 1200 h (3000 μAh)with themain failuremode being
lowfluorine yields due to beam-induced target damage. Availability of thesefluorine beams enabledmany
experiments, including directmeasurements of astrophysically important proton capture cross sections, e.g. the
18F(p,α)15O and 17F(p, γ )18Ne reaction cross sections [66], andmeasurements of elastic scattering and breakup
of 17F on a 208Pb target and simultaneous two-proton emission from an excited state in 18Ne [67].

4.2. Negative surface ionization sources
Negative surface ionization sources are generally characterized by a high degree of ion beampurity (chemical
selectivity) and high efficiencies for highly electronegative species. These advantages have been utilized for
negative RIB generation of high-EA elements such as theGroupVIIA halogens (Cl, Br, I andAt).

Figure 6. 17F− beamyields from low-intensity online tests withAl2O3, ZrO2, andHfO2 target-materials.
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4.2.1. Negative surface ionization source atHRIBF
At theHRIBF, positive RIBs of the groupVIIA elements, e.g., bromine and iodine, were available with the EBPIS
and uranium carbide targets, but theywere stronglymixedwith isobars of the neighboring elements. For
example, themass-88 positive ion beam consists of 7%Br, 33%Kr, and 60%Rb. Even after the Cs-vapor CEC,
this negative-ion beamwas still amixture of 26%Br and 74%Rb. A negative surface ionization sourcewith a
spherical-sector LaB6 ionizer [60, 61]was developed to address this problem. A schematic view of the ion source
and target assembly is given infigure 7.

Similar to theKENIS, the ion source is connected to the target reservoir via a Ta vapor-transport tube
(8.5 mm inner diameter) and the spherical-sector LaB6 ionizer is co-axially located at the exit end of the
transport tube. The ionizer (spherical radius: 2.5 mm; diameter: 4.3 mm) ismachined froma solid LaB6 rod and
pressed into a 6 mmdiameter Ta holder. Atomic ormolecular species released from the target reservoir enter the
ionization region through the annular slots surrounding the ionizer holder. The spherical-geometry, extraction
optics are designed to focus negative-ion beams through a very small extraction aperture (0.41 mmdiameter)
throughwhich all charged andneutral particlesmust pass before leaving the ionization volume of the source.
The neutral species will strike the hot extraction electrode bounce back and forth between the hot surfaces of the
ionization volume, eventually striking the hot LaB6 surface. Thus, this geometry enhances the probability for
ionization of highly electronegative species that enter the volume. The negatively ionized particles are then
accelerated and focused through the small aperture by the electric field produced between the spherical
geometry ionizer and the extraction electrode that ismaintained at positive potential. This ion source also
generates large currents of electrons, which are deflected away from the extraction electrode to a grounded plate
by amagnetic field perpendicular to the beam axis, which is produced by an electromagnetmounted outside the
vacuumchamber alongwith internal pole pieces near the extraction aperture. In offline studies, the transport
tubewas heated resistively to 1400 °C–2000 °Cby passing an electric current through the tubular structure,
while the temperature of the LaB6 ionizer was typically operated around 1650 °C, below the onset (1730 °C) for
thermal dissociation of LaB6, as calculated using the softwareHSCChemistry [68]. The performance of the ion
source for generating negative beams of Cl andBrwas investigated by feeding AlCl3 andAlBr3 vapors at low-feed
rates into the source and ionization efficiencies up to about 28% and 15% forCl− andBr−, respectively, were
obtained [61, 69].

In online operations, the LaB6 source has shown to be able to provide isobarically pure beams of Br and I
isotopes. Table 2 lists the production rate of Br and I isotopes fromproton-induced fission of 238U in a uranium
carbide target irradiatedwith a 54MeVproton beam. Also, listed are themeasured negative ion rates, the total
TIS efficiency, and the negative-ion beam intensities injected into the post-accelerator when a 5 μAproton
driver beamwas used. As noted, an overall TIS efficiency of 7%was obtained for the relatively long-lived 83Br, in
close agreement with the offline ionization efficiency of 15% for Br. Despite the somewhat low ionization
efficiencies for Br and I isotopes, the negative-ion yields for Br isotopes were about 25 times greater than the
positive-ion yields from the EBPIS followed by charge exchange and the beamwas pure, no contaminationwith

Figure 7. Schematic view of the negative surface ionization source used atHRIBF. This ion source utilizes a LaB6 ionizer with a
spherical-sector geometry.

10

New J. Phys. 19 (2017) 085005 Y Liu et al



isobars fromneighboring elements. For iodine isotopes, the gain in yield from the LaB6 ion sourcewas about a
factor of 10 greater than achieved from the EBPIS followed by charge exchange and again, the beamwas pure.

4.2.2. Negative surface ionization sources at ISOLDE
Negative surface ionization sources with planar and hollow-tube ionizers have been developed at ISOLDE. As
discussed in section 2.1, the overall ionization efficiency can be significantly enhancedwith the tubular geometry
as given by equation (3). Figure 8 shows the cross-section view of the TIS assemblies with a planar-ionizer source
(MK4) and a tubular-ionizer source. The important functional elements for the ion source operation are
indicated, namely amagnet to create a perpendicular field of about 0.08 T to deflect the emitted electrons, an
electrostatic deflector/collector typically polarized at 1 kV (0–3 kV range), made of copper, to collect the
electrons. For the planarMK4 ion source, the LaB6 sintered pellet is held in placewith amolybdenumfitting in
the tantalum cavity, while for the tubular ion source, twoMolybdenum rings are used to hold the tubular ionizer
in the tantalum transfer line. A capillary is used to inject Cs vapor to provide positive charge compensation of the
emitted electronswith counter-propagating Cs+ ions, aiming at creating a positive plasmawell in the tube to

Table 2.Measured ion yields from aUC target coupled to the LaB6 surface ionization source atHRIBF.

Isotope Half-life

In-target production rate ions s–1 μA–1

1H+
Negative-ion TIS yield ions s–1 μA–1

1H+
TIS effi-

ciency (%)

Beam injected

into the tan-

demwith

5 μA, 54 MeV
1H+

83Br 2.40 h 9.04E+07 6.4E+06 7.1 3.2E+07
84gBr 31.8 m 1.12E+08 5.2E+06 4.6 2.6E+07
85Br 2.90 m 1.34E+08 3.2E+06 2.4 1.6E+07
86Br 55.1 s 1.32E+08 8.5E+05 0.6 4.3E+06
87Br 55.6 s 1.11E+08 1.5E+06 1.3 7.5E+06
88Br 16.3 s 6.82E+07 2.3E+05 0.3 1.2E+06
132mI 1.39 h 1.35E+08 8.2E+0 0.61 4.1E+06
132gI 2.3 h 1.35E+08 7.3E+05 0.54 3.7E+06
134mI 3.5 m 3.60E+08 1.5E+06 0.42 7.5E+06
134gI 52.5 m 4.13E+08 2.7E+06 0.65 1.4E+07
136mI 46.9 s 2.20E+08 1.9E+06 0.87 9.5E+06
136gI 83.4 s 2.26E+08 1.2E+06 0.53 6.0E+06
137I 24.5 s 2.25E+08 2.2E+05 0.10 1.1E+06
138I 6.2 s 7.65E+07 2.3E+04 0.03 1.2E+05

Figure 8.Cross-section view of the TIS unit at ISOLDEwith a negative surface ionization source of a planar ionizer (left) and a tubular
ionizer (right).
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trap the negative ions. The tubular negative-ion source has been developedwith different lowwork function
materials including aGdB6 ceramic tube, a BaO/SrO impregnatedW tube, and Ir5Cemetallic alloys. Ionization
efficiencies for Br− and I− of 10%have beenmeasuredwhen operating the ion source at 1700 °C.

TheMK4 ISOLDEnegative-ion source equippedwith a planar ionizer is the traditional ISOLDEnegative-
ion source that was developed in the eighties byVosicki and collaborators and usedwith a number of different
targetmaterials to produce halogen beams—with the exception offluorine beams. At that time, the
radioisotopeswere producedwith aCW600MeVproton beam from the synchro-cyclotron impinging target
materials such as niobium andmixed niobium thoriumpowders, tantalum andmixed tantalum thorium foils,
and uranium carbide [22]. This type of ion sourcewas again used to produce RIBs after the ISOLDE facility was
moved to the proton synchrotron booster to use its pulsed 1.4 GeVproton beam [4] to produce radioactive
nuclei. In table 3, we present the beam intensities for isotopes of Cl, Br, and I from theTIS unitUC263A-MK4
operated online in 2005, which combined theMK4with a uranium carbide target. The unit was operated at
target temperatures of 1800 °Cand 2000 °Cwhile the LaB6 pellet was at 1300 °C.

As seen in table 3, the reported TIS efficiency, which takes into account the efficiencies for all of the processes
going from in-target production to ion beam extraction, decreases with the half-lives of the isotopes of a given
chemical element. This trendwas further analyzed bymeasuring the temporal isotope release function of the TIS
unit, collecting and analyzing the so-called release curves [70], exploiting the pulsed nature of the proton beam
of the PSB and time-dependent isotope activities collectedwith a tape station [71]. The release function p(t) takes
the form:

p t A 1 exp exp 1 exp . 5t

t

t

t

t

t

ln 2 ln 2 ln 2

r f s
a a= - + -- - -⎜ ⎟⎛

⎝
⎞
⎠( ) ( )( ) ( )( ) ( ) ( )( ) ( ) ( )

The extracted parameters from the fits to themeasured release profiles for Cl, Br, and I from a LaB6 ion
source are reported in table 4. Figure 9 shows that the ionized fractions for the bromine isotope series as a
function of their half-lives (solid line), computed from the release curve for Br and the ion source efficiency,
comparewell with the released ionized fractions computed using the in-target production andmeasured beam
intensities of the Br isotopes (full diamonds). The ion source efficiencywas initially 8.4%,measuredwith the
long-lived 83Br beam. It however rapidly dropped to 0.1%,whichwas attributed to the poisoning of the LaB6
with the outgassing of the carbide target. The systematic comparison in figure 9was done after the poisoning had
taken place and no further decrease in source efficiencywas observed. The results thus indicate that the drop in
efficiencies for exotic isotopes is related to the release characteristics of the TIS unit, and not to the ionization
process itself.

The LaB6MK4 ion sourcewas operated again in 2016with amixedTh/Ta foil target, forfission fragment
and spallation products, in particular Astatine beams. The reported ion yields are 38Cl: 1.105/μC, 85Br:
1.104/μC, 128I: 9.105/μC, and 204At: 9.103/μC, respectively. The unit was operated at target temperature of

Table 3.Measured ion yields fromUC target using theMK4LaB6 surface ionization source at
ISOLDE.

Isotope Half-life Yield/Production rate (ions s–1 μA–1 1H+) TIS efficiency (%)

38Cl 37.2 m 1.6 105

39Cl 56 m 1.1 105

40Cl 81 s 4.3 104

41Cl 38.4 s 1.4 104

42Cl 6.9 s 1.1 103

43Cl 3.3 s 3.0 102

82Br 6.13 m 7.3 106 0.55
83Br 2.37 h 1.8 106 8.4
85Br 2.90 m 9.6 105

87Br 55.6 s 2.1 105 1.0
88Br 16.3 s 2.7 105 1.5
89Br 4.4 s 8.4 104

90Br 1.9 s 1.5 103 0.13
91Br 0.54 s 2.5 103

92Br 0.34 s 1.4 103 0.056
122I 3.6 m 4.4 104

137I 24.2 s 1.3 105

138I 6.4 s 7.3 105

139I 2.3 s 1.7 104

140I 0.86 s 3.3 103

141I 0.43 s 3.5 103
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1900 °C and ion source temperature of 1200 °C and displayed slower release characteristics when compared to
theUCx target coupledwith positive ion sources at 2000 °C.Although halogens are volatile elements, they are
reactive elements and prone to strong adsorption and reactionswith various structuralmaterials. Data on
surface adsorption and desorption properties have been documented for transitionmetal interfaces such as
tantalum andmolybdenum [72]. The absolute desorption rates are found in the 1–8× 1014 s−1 range and
enthalpies in 3.7–5.1 eV ranges for F, Cl, and Br. This provides desorption times in the 0.5–4.0 ms range.When
folding this with an estimated number of interactions with a foil target (100 000) orwith the structuralmaterial
(500), this provides an overall effusion delay time of the order of 0.25–400 s for TIS temperatures up to 1300 °C,
well in the range to account for the slow release properties and reduced efficiencies for exotic isotopes as shown
infigure 9 and table 4 [73].

The electron currentmeasured on the collector plate can be used to assess the thermionic emission of the
LaB6 pellet, fromwhich its effective work function can be assessed. The electron current saturated above 2 kV
applied on the deflector plate. A similar value of 2 kVwas also used by Pelletier et al [35] to determine thework
function of LaB6 sintered pellets. Figure 10 shows the dependence of emitted electron current I on LaB6 ionizer
temperature, expressed as log(I/T2) versus e/kT (so-called Richardson plot [74]), for the TaThO576-MK4unit
operated in 2016 at ISOLDE, together with the electron emission currentsmeasuredwith variousMK4units
previously operated at ISOLDE-SC. It can be seen that the historicalMK4 ion sources were operatedwith a LaB6
whosework functionwas close to 2.9 eV, somewhat larger than the 2.66 eV found for a nominal LaB6material.

4.3. Batch-modeCs-sputter negative-ion sources
Negative-ion beams of relatively long-lived radioactive isotopes can be generated usingCs-sputter ion sources in
batchmode. In thismode, long-lived radioactive isotopes are either produced via direct irradiation of the sputter
target and then transferred to aCs-sputter source or the radioisotopemay be produced in a thick target,
chemically separated from the targetmatrix,mixedwithmetal powder, formed into a sputter target, and
inserted into aCs-sputter ion source. Either way, this technique avoids the high target temperatures required for
fast diffusion and fast effusive-flow to the ion source. TwoCs-sputter ion sources have been designed and
evaluated atHRIBF for this application: a batch-modeCs-sputter source and amulti-sample Cs-sputter source
[52, 53]. As illustrated infigure 11, both are based on the previously developed single-sample Cs-sputter sources
[75]with a conical geometry,W-surface ionizer for surface ionization of Cs atoms and similar ion optics for
accelerating Cs+ ions and extracting negative ions. The batch-mode source allows for sequential (without
opening the vacuum system) on-line production and ionization ofmoderately long-lived species. That is, the
species of interest are produced by irradiating the targetmaterials with light-ion beams from theORIC for an
optimum time based on the half-life and the target is then transferred to the ion source position to be sputtered

Table 4.Release time characteristics for the unit
UC264A-LaB6.

Isotope tr (ms) α tf (ms) ts (ms)

Cl 85 000 0.25 79 7180

Br 305 0.87 3865 116 000

I 83 0.65 587 9550

Figure 9.TIS efficiency expressed as released fraction for Br radioisotopes from theUC264A target unit.─ calculatedwith the release
curve and the ion source efficiency for 83Br,#calculated from in-target production rates andmeasured ion intensities (Δ calculated
before poisoning of the LaB6 ionizer).
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with a 1–5 keVCs+ beam. A second target can be irradiatedwithORIC beamswhile generating negative-ion
beams from the initial target. This sourcewas conceived and tested for the generation of 56Ni− (T1/2= 6.077 d)
beams, but could be employed for the generation of several other species with lifetimes in excess of a few hours,
such as 18F (T1/2= 109.77 min).

Themulti-sample sourcewas designed for batch-mode generation of long-lived species andwas used to
deliver beams of 7Be (T1/2= 53.22 d), 10Be (T1/2= 1.51× 106 yr), 26gAl (T1/2= 7.17× 105 yr), and 82Sr (T1/2

= 25.55 d), which can be produced offline, processed chemically, and placed into theCs-sputter ion source. It

Figure 10. Left: Richardson plot of log(I/T2) versus e/kT of theMK4LaB6 ionizer in the TaThO576 unit. Right: electron current
measured at the collector plate as a function of temperature; lines are the theoretical thermionic emission curves fromLaB6with
quotedwork functions. Diamonds aremeasured electron currents from theMK4 ion sources operated at ISOLDE-SC.

Figure 11. Schematic view of theCs-sputter negative-ion sources for generating negative-ion beams of long-lived radioactive species
atHRIBF: (a) batch-mode source and (b)multi-sample source.
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employs a small (30 mmdiameter) sample wheelmade of copper that can also hold up to eight, 6.4 mmdiameter
sputter samples and can be remotely indexed under vacuum to select the desired sample. This sourcewas
specifically designed for providing radioactive 7Be− beams for the nuclear astrophysics experiment atHRIBF to
directlymeasure the 7Be(p, γ)8B reaction cross section in inverse kinematics, 1H(7Be,8B)γ, with awindowless
hydrogen target and theDaresbury recoil separator [76]. The 7Be(p, γ)8B reaction is important for
understanding the observedflux of solar neutrinos from the Sun. Since Be does not form stable atomic negative
ions,molecular ions such as BeO− are commonly used for injection into tandem accelerators inwhich the
oxygen atoms are removed by a stripper foil at the terminal. The sputter samples for 7Be beamswere pressed
copper powder containing a small amount of 7BeO. The production of themolecular negative ionswas
evaluated in offline tests [53]withMgO instead of BeObecauseMgO is chemically similar to BeO and posed no
health hazards. Two types of pressed powder sputter targets were tested: Cu andAgmixedwith 3%MgOby
weight. Similar or higherMgO− currents were obtainedwith theCu targets. The ionization efficiency forMgO−

was estimated based on themeasuredMgO− andCs+ ion currents and the sputter yields reported in literature. A
typical efficiency obtained in such awaywas near 0.5%, as shown in figure 12. It has been suggested [77, 78] that
the ionization efficiency for BeO− could be a factor of 3–5 larger than that ofMgO−. Therefore, the estimated
ionization efficiency for BeO−was about 2%with thismulti-sample source.

The production of 7Be beamswas a collaboration between theUniversity ofNorthCarolina, theColorado
School ofMines, and theHRIBF. The radioactive 7Bewas produced at the Triangle UniversitiesNuclear
Laboratory (TUNL). Samples of lithiummetal were activated at TUNLusing a 10MeVbeamof protons from the
FN tandemaccelerator, producing 7Be via the 7Li(p, n)7Be reaction.Up to 50 mCi of 7Be per daywere produced
using proton beam intensities of about 10 μA. The activated lithium slugs containing about 300 mCi of 7Bewere
shipped toHRIBF, where a simplewet chemical process was performed to separate the 7Be from the lithium. The
separated 7Bewas added to a copper powdermatrix, converted to an oxide (7BeO), and pressed into a sputter
sample designed for usewith themulti-sample sputter source. The influence of the cathode geometry, chemical
composition and ion source parameters on the production of 7BeO− beamwas studied in a series of tests at the
online test facility atHRIBF. Figure 13 shows the 7BeO− beam currentsmeasured as a function of time from two
independent samples, each containing 1 mCi of 7Be (2.5× 1014 atoms)within a coppermetalmatrix. Average
beam intensities of about 1–2million 7BeO−/secondwere obtained under good operating conditions, and a
single sample produced useable beams for about aweekwith a total efficiency of about 0.5%–1.0% for
production of 7BeO− beam.

For the 1H(7Be, 8B)γmeasurement [76], a Cu/7BeO sample with 120 mCi of 7Be (3× 1016 atoms)was used.
The 7BeO− beam from themulti-sample sourcewas typically 20 pA,monitoredwith amovable tape collector
and aHPGe detector system.During the 5 d experiment, the total 7Be− output (measured at the tape system)was
about 5.2× 1013 ions, corresponding to 0.21%of the total sample activity. During this experiment, the post-
accelerated beam intensity peaked at about 2× 107 7Be/second on target. Similarly, beams of 10Be−, 26gAl−, and
82Sr [79]were obtainedwith themulti-sample source and delivered to experiments with peak intensitiesmore
than 107 ions s–1.

Figure 12.MeasuredMgO− ion currents with a pressedCu/MgOpowder target and the estimated ionization efficiencies forMgO−.
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5. Beampurificationwith negative ions

Beampurity is critical formost experiments with exotic RIBs.Often the beams extracted froman ISOL-type
target are contaminatedwith isobars that have very smallmass differences and are usually in quantities
exceeding the beams of interest by orders ofmagnitudes. Consequently, isobar suppression is one of themain
challenges for forefront nuclear research on exotic nuclei. A variety of beampurification techniques have been
developed including development of ion sources that have high selectivity, such as surface ionization and
resonance laser ionization, and using chemical properties to select a particular element. One of themore
effective beampurification techniques is based onmolecular ion extraction [80]which takes advantage of
differences in the chemistry of neighboring elements resulting in different efficiencies to formmolecular ions at
high temperatures. At theHRIBF, this techniquewas successfully utilized by extracting the positively charged
molecular ions, selecting themass in the first-stagemass separator, and passing the beam through theCs-vapor
charge exchange cell to break up themolecule and to generate the negatively charged atomic ions, whichwere
then injected into the tandem for post-acceleration. A good example of this technique used to greatly enhance
the quality of the RIB is the purification of Sn andGe beams [81]. The atomicA= 132 beam fromproton-
induced fission in aUCx target consisted of 87%Te, 12%Sb, and 1%Sn, as shown infigure 14, and the Sn
isotopewas the nucleus of interest. It was observed that if the Sn isotopes were extracted from the ion source as
SnS+molecular beams, the intensity of the TeS+ and SbS+ beamswere at least four orders ofmagnitude lower.
The SnS+ beamwas converted to a Sn− beam in theCECwith an efficiency of about 40%. The resulting
negative-ion beams atmass 132 consisted ofmore than 95% 132Sn−. Beams of 132Sn, purified to∼95%were
accelerated to a fewMeV/nucleon and delivered to experiments at rates up to 106 ions s–1.

Figure 13. 7BeO− currentsmeasured atOLTF from two different samples. Each sample contained about 1 mCi of 7Be.

Figure 14. In-target cumulative production rates of Sn, Sb, Te, and I isotopes fromproton-induced fission on 238Uwith 40 MeV
protons.
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Similarly, the negative-ion beams ofGe isotopes were strongly contaminatedwith isotopes of Ga, As, and Se
when theywere extracted from the ion source as atomic ions butwere about 95%purewhen extracted asGeS+

ions, as illustrated infigure 15.
In general, themolecular transport and breakupmethod resulted in a net relative enhancement of the

negative ion of group IVA species (Sn− orGe−) by a factor of∼104 relative to neighboring isobaric contaminant
species (Sb− andTe−, or As− and Se−). Table 5 presents the post-accelerated neutron-richGe and SnRIBs at
HRIBFwith enhanced purity using sulfide extraction. The production of sulfidemolecules was achieved by
introducingH2S gas into the target enclosure during bombardment in a controlledmanner using a variable leak.
Othermolecules used to enhance beampurity include chlorides forGa and In beams andfluorides for Sr and Ba
beams [82].

6. Future

Wehave reported the present status of the development and operation of negative-ion sources used to produce
RIBs. At bothHRIBF and ISOLDE, these developments lead to the production of a range of specific, yet very
important, negatively chargedRIBs. The purity of these beamswas unmatched. The specificities of the elements

Figure 15.Beampurity with andwithout sulfur transport for 80Ge beams. The spectra have been normalized to the same number of
counts in theGe region.

Table 5.Accelerated neutron-richGe and SnRIBs atHRIBF, whichwere purified using sulfidemolecular transport followed bymolecular
breakup in theCs-vapor charge exchange cell.

RIB species Half-life

Energy

range (MeV)
Highest intensity (pps on

target) Purity (%) Comments

75gGe 1.38 h 2× 105 PurifiedGe beams are extracted from the

ion source asGeS+

77gGe 11.2 h 8× 105

78Ge 1.47 h 175 2× 106 67
79gGe 19 s 2× 105

80Ge 29.5 s 179 2× 105 95
81Ge 7.6 s 8× 104

82Ge 4.55 s 183–350 3× 104 22
83Ge 1.85 s 220–327 1500 43
84Ge 0.947 s 220–327 95 12
123mSn 40.1 m 1× 107 18
125mSn 9.5 m 5× 106 0.8
126Sn 2.3× 105 a 378 1× 107 50 Purified Sn beams are extracted from the

ion source as SnS+

127gSn 2.12 h 1× 107

128gSn 59.1 m 384 3× 106 >99
129mSn 6.9 m 5× 105

130Sn 3.72 m 391 3× 106 >99
131Sn 58.4 s 2× 106

132Sn 39.7 s 316–560 9× 105 96
133Sn 1.44 s 316 2× 104 33
134Sn 1.04 s 316–560 3× 103 38
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for which they are best suited, namely halogens and a few other possible beams, calls for further developments to
further improve the results, for instance on the compatibility of the sources with different production targets or
to improve the release characteristics to reachmore exotic beams. This could possibly be achieved using new
types of lowwork functionmaterials, newmaterials to reduce the adsorption times of the halogens, as well as
more favorable geometries to further increase the ionization efficiency for themost challenging of the halogens,
Astatine.

Another future development will need to be focused on the post-acceleration of negative RIBs at facilities
such as ISOLDEor TRIUMF,where the negative ions need to be converted to positive-ions before re-
acceleration. Charge-breeding using an electron beam ion source or an electron cyclotron resonance ion source
has beenwidely used [83] to convert singly charged positive ions into highly charged positive ions for subsequent
acceleration. Itmay be possible to utilize such charge-breeding techniques to convert negatively charged atomic
ormolecular RIBs for post-acceleration, but to our knowledge, no attempts of charge breeding starting from
negative-ion beams have yet been undertaken. The challengewill be to efficiently capture the negative ions and at
the same time effectively extract the highly charged positive ions. New and novel injection schemeswill be
needed.
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