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12.1 Introduction

Most elements and many molecules form stable negative ions by adding an
electron to the neutral atom or molecule. The existence of the negative-ion
state has provided an additional means for producing charged beams. Neg-
ative ions can be formed through several processes. In this chapter, partic-
ular emphasis is placed on high-probability negative-ion formation processes
of dissociative attachment, charge transfer, thermodynamic-equilibrium sur-
face ionization and nonthermodynamic secondary-ion formation processes,
and negative-ion sources. Early treatises devoted to the negative-ion state
have been written by Massey [1] and Smirnov [2]. Many experimental mea-
surements and theoretical predictions have been made of electron affinities
(binding energies) of elements [3-20], as well as for electronegative mole-
cules [21-33]. In addition, multiple electrons can be attached to certain
complex-structure molecules; this subject has been reviewed [34].

Negative-ion beams have been used for many years in fundamental
accelerator-based physics, as well as in applied research. As an example, H™
beams have been used as sources of neutral beams for heating plasmas by
injection into controlled thermonuclear-plasma-fusion research devices. The
applications have provided the impetus for the development of sources ca-
pable of producing negative ion beams containing almost every element.
Sources generally are characterized by the mechanism utilized for produc-
tion of negative ions (e.g. volume production in plasmas, charge exchange,
thermodynamic-equilibrium surface ionization and nonthermodynamic sec-
ondary surface ionization phenomena). In certain cases, two or more mech-
anisms may be involved in the production process. The sources vary in op-
erational and mechanical complexity, depending on the method required to
produce the desired ion species and beam intensity for the particular appli-
cation.

** Managed by UT-Battelle, LLC, for the US Department of Energy under contract
DE-ACO05-000R22725.
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12.2 Beam Extraction and Beam Quality Definitions

12.2.1 Beam Extraction

A number of sophisticated codes have been developed for simulating the ac-
tions of electric and magnetic fields on charged-particle beams during extrac-
tion of space-charge-dominated ion beams from plasma ion sources [35-40].
These codes have enabled the design of a variety of beam transport com-
ponents, as well as the simulation of ion extraction from solid and plasma
emitters. Such codes simulate the actions of the fields on charged ions moving
through or accelerated by such fields. Poisson’s equation

V3¢ = —p/eo (12.1)

is solved at each point within the configuration using space-charge densities
computed from the collective influence on the particle trajectories within the
beam. In (12.1), ¢ is the electric potential, p is the charge density and &g is
the permittivity of free space.

The Positive-Ion Current

Sputter-type sources can be categorized according to the means of produc-
ing the positive-ion beam used to sputter the sample. Several sources utilize
direct surface ionization of cesium vapor as it comes in contact with a hot,
high-work-function surface to form positive ions, which are then accelerated
against a negatively biased probe (cathode) containing the material of inter-
est.

Extraction of beams at an extraction voltage A, under conditions where
p in (12.1) limits the ion beam current I (the value of the current that can be
extracted) obeys the Child-Langmuir relation, given by I = P A¢§342, where
P is the perveance of the particular electrode system. For a parallel-plate
electrode system, the perveance is

P,, = {420/9} [2q¢/M]"/? 7a? | d? (12.2)

where a is the radius of the emission aperture (circular apertures), d is the
electrode spacing and M is the mass of the extracted ion species. In general, P
varies from system to system because of differences in geometry and electrode
design.

Optimum Perveance

The perveance for a given electrode system can be expressed in terms of the
perveance F,, for the parallel-plate electrode system, according to P,,; =
fPpp(dopt), where f is a factor that varies from electrode system to electrode
system [41].
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The Negative-Ion Current

According to [41], when ions are extracted from a plasma, the plasma bound-
ary has an optimum concave radius of curvature that minimizes the angular
divergence from the source and thereby minimizes the emittances of extracted
beams. Thus, the extracted current has an optimum value, given by

IOPt = Pom(dom) A 242 = fppp(dopt) A¢§£2 (12-3)

The value of the perveance at the minimum half-angular divergence (w = 0)
is referred to the optimum perveance F,,:. The factor f is approximately 0.6
for extraction of space-charge-limited currents from a parallel-plate electrode
system, and f = 0.49 for extraction from a two-electrode, spherical-geometry
system [41].

12.2.2 Liouville’s Theorem

Liouville’s theorem states that the motion of a group of particles under the
action of conservative fields is such that the local number density in the
six-dimensional phase space volume (hypervolume) zyzp,p,p. everywhere
remains constant. The theorem applies to an ion beam subjected to conser-
vative fields. The quality of an ion beam is usually expressed in terms of the
emittance € and brightness B. Both are related to Liouville’s theorem.

12.2.3 Emittance

For DC beam transport, the components of phase space transverse to the di-
rection of beam motion are usually the most important. If the motions of the
particles in the orthogonal planes (x, ps), (y, py) and (2, p.) are uncoupled,
the phase spaces associated with each of these planes will be separately con-
served. These conserved area in the respective direction of motion is referred
to as the emittance € of the ion beam in the given direction. The conserved
components of transverse phase space are taken to be elliptical in shape, the
areas of which are given by A, = n{xp,/m} and A, = w{yp,/m}. For the
case where the component of momentum along the z-direction of the beam
is approximately constant,

Ay = m{zp, tanb,, /r} = n{zMytanb,, /7 }Byc
A, =n{yp,tanb,./n} = n{yMstanf,./n}5yc (12.4)

where f = wv/c and v = 1/[1 — {v/c}?|"/2. My is the mass of the parti-
cle, of speed v; c is the speed of light; and 0., 6,. are the angles that
the projection of the particle’s velocity in the zz and yz-planes make with
the z-direction (direction of motion). In the small-angle approximation,
tanfy. = 0,. = dr/dz = 2’ and tanf,, = 6,. = dy/dz = v/, so that
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Ay = m{aa’ My /m}fye and A, = w{yy’ My /m}[~c (relativistic case). For the
nonrelativistic case, A, = r{za’/7}[2EM]'/? and A, = n{yy' /7 }[2EM]'/?,
where E is the energy of the ion beam. The emittance € of the ion beam is
proportional to the transverse phase space and thus is a conserved quantity.
The following definitions related to the energy E and velocity v have been
adopted historically for the normalized emittances €,, and ey,y:

- %W//[d:cdm’/w]; - %W//[dydy’/w] (12.5)

- %ﬂ//[da:dx’/w]\/E; - %W//[dydy’/ﬁ]\/E (12.6)

where the integrations are performed over the emittance contour that con-
tains a specified fraction of the beam (e.g. 10%, 20%, . .. 90%, etc.) Equation
(12.6) has been historically adopted as defining the normalized emittance in
the electrostatic-accelerator community.

or

12.2.4 Brightness

Another figure of merit, often used for evaluating the properties of ion beams,
is the brightness B. Brightness is defined in terms of the ion current dI per
unit area dS and per solid angle df2, or B = d*I/dS df2. The normalized
brightness B,, can be expressed as B,, = 2d*I /e,,6n, [42].

The normalized root-mean-square (RMS) emittance €, raps and the nor-
malized physical emittance €, are usually defined according to the following
formulas:

5n,RMS(xa x’) = 7T[(<352><9C/2> - <fm/>2)/772]1/257
enrvs (W) = ()W) — (wy')?) /7)1 By (12.7)

where the relationship between &, rars and &, (90% contour value) is often
defined as

En(.'lf, xl> = 45n,RMS(m7 I/); En(y? y/) = 4€n,RMS(ya y/) (128)

In this context, the normalized RMS brightness B, rass is defined by
Bn.rms = 2d°1/{ene rms (@, 2')eny rus(y,y')}, where dI is the ion beam
current within a specified emittance contour.

12.3 The Negative-Ion State

12.3.1 The Electron Affinity

The processes involved in the attachment of electrons to neutral atoms or
molecules to form negative ions are exothermic, in contrast to the endothermic
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Fig. 12.1. Potential-energy curve for an atom and negative ion as a function of
distance from a hot metal surface. ¢ is the work function of the metal; AH, and
AH,; are the respective enthalpies of adsorption for the atom and ion; and E4 is
the electron affinity of the atom

processes required for positive-ion formation. The parameter that character-
izes the negative-ion state is the binding energy of the additionally attached
electron, or the electron affinity, F4. The electron affinity of a negative ion
is a measure of the stability and ease of ion formation, as well as ease of
detachment, and therefore is defined as the difference between the energy
of the neutral ground state Fy and the energy of the negative ion E_, or
Ep, = FEy— E_. E4 must be positive to form a stably bound negative-ion
state.

Consider the potential energy of an atom with electron affinity E4 as
a function of the distance from the surface of a metal of work function ¢,
as illustrated in Fig. 12.1. The energy required for removing the ion from
the surface is AH;, and the condition for residing on the surface as an ion
is AH;, — (¢ — E4) > AH,, where AH, is the enthalpy of adsorption. An
ion supplied with an energy AH; may be transferred to the continuum in
either ionic or atomic form in cases where the potential-energy curves cross.
At a distance far from the influence of the metal on the affinity level of the
atom, the atomic and ionic potential curves will be separated by an amount
(¢ — E4). The probability of arrival at a position far from the metal in a
given state depends on the magnitude of (¢ — F4).

12.3.2 Electron Affinities of the Elements and of Molecules

Approximately 78% of the naturally occurring elements have positive electron
affinities. Figure 12.2 displays first ionization potentials and electron affinities
of the elements [3-20]. The electron affinities have values ranging from E4 <
0, to B4 = 3.613eV for Cl. Notable examples of elements with negative
electron affinities are Be [4,9] and Mg [4] of the group ITA elements, N of the
group VA elements [4], Mn of the group VIIB elements [4], and all members
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GROUP
1A Vina
lonization Potential
1H 4 — Electron Affinity 2He
13.595 4 24.58
0.7542 A nAa VA VA VIA VILA 0.078
3 Li 4 Be 5B 6C 7N 80 9F 10 Ne
5.39 9.32 8.30 11.26 14.54 13.61 17.42 21.56
0.618 0.19 0.277 1.263 | Unstable | 1.461 3.401 | Unstable
11 Na 12 Mg 13 Al 14 Si 15P 165 17 Cl 18 Ar
5.14 7.64 5.98 8.15 10.55 10.36 13.01 15.76
0.548 | Unstable | 0.441 1.385 0.746 2.077 3.613 | Unstable
19K 20 Ca 31 Ga 32 Ge 33 As 34 Se 35 Br 36 Kr
4.34 6.11 6.00 7.88 9.81 9.75 11.84 14.00
0.501 0.0245 0.3 1.233 0.81 2.021 3.364 | Unstable
37 Rb 38 Sr 49 In 50 Sn 51 Sb 52 Te 531 54 Xe
418 5.69 578 7.34 8.64 9.01 10.45 12.13
0.486 0.052 0.3 1.112 1.07 1.97M 3.059 | Unstable
55Cs 56 Ba 81T 82 Pb 83 Bi 84 Po 85 At 86 Rn
3.89 5.21 6.11 7.41 7.29 8.43 - 10.74
0.4716 0.144 0.2 0.364 0.946 1.9 28 Unstable
87 Fr 88 Ra * Meta-stable
4.0 5.3
0.46 0.100
nB VB V.B VIB VIB Vi B IB nB
218 | 22T 23V 24Cr | 25Mn | 26Fe | 27Co | 28Ni | 29Cu | 302Zn
6.56 6.83 6.74 6.76 7.43 7.90 7.86 7.63 7.72 9.39
0188 | 0079 | 0525 | 0666 |Unstable| 0151 | 0662 | 1.156 | 1.235 [Unstable
39Y 40Zr | 41Nb | 42Mo | 43Tc | 44Ru | 45Rn | 46Pd | 47Ag | 48Cd
6.50 6.95 6.77 7.18 7.28 7.36 7.46 8.33 7.57 8.99
0307 | 0426 | 0893 | 0746 055 1.05 1137 | 0557 | 1.302 | Unstable
57la | 72Hf | 73Ta | 74W | 75Re | 760s | 77Ir 78Pt | 79Au | 80Hg
561 7.00 7.88 7.98 7.87 8.70 9.00 8.96 9.22 10,43
0.500 20 0322 | 0815 0.15 1.10 1565 | 2128 | 2309 |Unstable

Fig. 12.2. Electron affinities and ionization potentials of the elements

in eV

of the group IIB elements (Zn, Cd and Hg) [4] and VIITA elements (He, Ne,
Ar, Kr, Xe and Rn) [4], while Hf is estimated to have an electron affinity

EA =0 [4].

The group IIA elements span the complete spectrum of possible elec-
tron affinities. Be has a negative ground-state electron affinity, but is bound
metastably in the 1s22s2p?(*P) state; the ion is metastable against spin-spin
interactions, has a lifetime of a few pus and thus lives long enough for practical
use [4,9]. Mg, on the other hand, forms neither a bound ground state nor a
metastably bound state and thus cannot be produced as an atomic negative

ion [4].
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In addition to negative atomic species, many molecular negative ions have
been observed. In many cases, molecular negative ions containing the atom
of interest have much higher electron affinities than has the atom itself and,
therefore, can be formed with higher probability than the atomic species
can be. In some cases, molecular ions offer the only alternative for pro-
ducing beams containing elements that do not form stably bound negative-
ion states. For tandem electrostatic-accelerator applications, the unwanted
species can be easily rejected by collision dissociation in the positive-ion for-
mation process (stripping) followed by magnetic (M /q) analysis for selection
of the atomic species of interest. Electron affinities of a selected number
of diatomic, triatomic and polyatomic molecular species are tabulated in
Table 12.1 [21-33].

Table 12.1. Electron affinities (E4) in eV of selected diatomic, triatomic and
polyatomic molecules

Molecule FE4 Molecule FE4 Molecule FE4

Aly 1.10 Als 1.40 SF4 2.35
BO 3.12 BO2 3.57 SF¢ 1.05
BeH 0.7 CoHz 1.45 TeFg 3.34
Co 3.269 Css 0.864 UFs5 4.4
CH 1.238 Ks 0.956 UFs 5.1
CN 3.821 N3 2.70 WF5 1.25

CaH 0.93 NO2 2.273 WFs 3.36
Coo 1.110 Nag 1.019
CrO 1.222 PH» 1.271

Fey 0.902
FeH  0.934
MgH  1.05
MnH  0.869

NS 1.194
OH 1.827

PH 1.028

PO 1.092
Res 1.571
ZnH  0.95

12.3.3 Metastable-Negative-Ion Formation

There is an important class of negative ions that can be formed in excited
states of the parent atom and live long enough to be useful. In order to induce
electron attachment and thus form such metastable states, it is necessary to
form the particular excited electronic state of the neutral atom to which
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an electron can be attached. The charge transfer process (discussed later in
this chapter) is particularly well suited for metastable-ion formation. The
subsequently formed negative ion may live for extended periods of time if the
excited compound state is forbidden to decay. Classic examples of metastable
negative ions that can be formed only through attachment to excited states
of the parent atoms are He™ [4-8] and Be™ [4,9], both forming with high
probability in the P state through sequential charge exchange with a low-
ionization-potential charge exchange vapor.

12.4 Negative-lon Formation
in a Plasma Environment

12.4.1 Radiative Electron Capture and Dielectronic Attachment

The simplest way to form negative ions is by direct capture of a free elec-
tron by a neutral atom. However for attachment to take place, the difference
between the kinetic energy of the electron and electron affinity of the atom
must be conserved through photon emission or momentum transfer to the
motion of the atom.

Another attachment mechanism is possible, involving radiative stabiliza-
tion. Attachment is possible if the incident electron has an energy such that
the energy of the atom plus electron is within the level width of a doubly
excited state of the atom. Thus, it is possible to capture the electron by re-
verting to the ground state by radiative emission; the atom may revert back
to the neutral by ejecting the electron back into the continuum. Radiative
electron capture and dielectronic attachment are low-probability processes
and, therefore, not important in high-intensity negative-ion sources.

12.4.2 Polar Dissociation Attachment

Polar dissociation attachment may occur as a result of interactions with mole-
cular neutrals in which sufficient energy is imparted to the molecule to excite
it to an unstable state that dissociates spontaneously into positive and nega-
tive ions. Polar photodissociative attachment is a process whereby a molecule
XY absorbs a photon of sufficient energy to cause spontaneous fragmentation
according to the reaction

XY +hw—X +Y7 (12.9)

Negative-ion formation may also occur by this mechanism whenever an elec-
tron of sufficient energy for molecular excitation to an unstable state interacts
with a molecule XY as follows:

e+ XY - XT+Y +e (12.10)

We note that the electron is not itself captured, but only serves as the means
by which the molecular excitation occurs.
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12.4.3 Dissociation Attachment

Electrons may be stably attached to atoms during interactions with molecular
neutrals according to the following process:

e+ XY 5 X +Y (12.11)

The process may be viewed as a three-body process where the excess energy
released during the reaction can be absorbed by transfer to the relative motion
of the atomic nuclei or fragments, and thus the state can be readily stabilized.

On the other, hand attachment to a molecule can occur for molecules with
positive electron affinities without dissociation, thereby forming a molecule
XY ™. Vibrational states of the molecule will be stable for frequencies v < v//;
those with vibrational frequencies v > v/ will be unstable toward autodetach-
ment. Again, this process is possible because electronic excitations take place
on a timescale short with respect to the motion of nuclei (Franck—Condon
principle).

12.4.4 Ternary Collisions Between Electrons and Molecules

Three-body or ternary collisions are the most efficient in producing negative
ions in a dense gas or plasma at low electron energies. These occur as follows:

e+X+Y 5 X +Y
X+2 — X +e (12.12)

The first process is of much greater practical importance, because the second
occurs only in systems with high electron densities.

12.4.5 Volume-Production Heavy-Negative-Ion Sources

While all of the previously discussed radiative and collisional electron capture
processes may take place in certain types of negative-ion sources at some rate,
radiative and dielectronic capture are known to be low-probability processes
and, therefore, are not practical mechanisms for negative-ion formation. In
most sources that utilize charged particles for production (electrons or ions)
photopolar dissociation processes are infrequent because of the low-photon-
flux environment. In plasma-type negative-ion sources, electron impact po-
lar dissociation, dissociative attachment and three-body collisional transfer
processes dominate. Sources that employ electron impact attachment meth-
ods to form negative ions directly in a plasma medium are often called direct-
extraction sources. Almost any positive plasma discharge source can be used
to generate negative-ion beams by simply operating the source in reverse po-
larity. It is now well understood that the addition of Cs or other group TA
elements into plasma discharges enhances negative-ion formation. In general,
plasma sources have very good beam qualities, particularly those that rely
on dissociative electron attachment.
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Duoplasmatron-Type Heavy Negative-Ion Sources

Moak et al. [43] first discovered that useful intensities of negative ions could
be directly extracted from a duoplasmatron when operated in reverse polar-
ity. Later it was discovered that negative ions were more abundant in the
periphery of the plasma and that the yields could be enhanced by offset-
ting the extraction electrode with respect to the center of the plasma [44].
Other negative direct-extraction versions of the duoplasmatron source have
been described in the literature, including the duodecatron [45] and triplas-
matron [46]. The duodecatron has produced >100uA of H™ and >10uA of
O~, F~ and Cl7, while the triplasmatron has produced >50 A of O~.

Diode Heavy-Negative-Ion Sources

A diode source [47] has been used to generate several negative-ion species,
including 600 A H™, 20 pA BO~, 0.5puA C—, 10uA CN—, 4 uA O~, 50 pA
F~, 4uA P~ and 4pA S™.

Penning Discharge Heavy-Negative-Ion Sources

A radial-geometry cold-cathode Penning discharge source [48] has been uti-
lized to generate a variety of DC negative-ion beams, including 60 uA H™,
1.2uA Li™, 0.2pnA BeH™, 1.0pA MgH—, 100 pA F~, 10pA B, 50uA S—
and 50 pA Cl~. The materials to be ionized are fed into the plasma discharge
as gases, vaporized from an oven or sublimed from a solid rod of the material.
This source type has also been used to generate 2.7uA C~, 6.5pA Cu™ and
4 wA Ni™ by sputtering solid rods made of the material of interest submerged
in the plasma discharge [49].

12.5 Negative-Ion Formation Through Charge Exchange

During collisions between an ion neutral atom or molecule and another ion,
neutral atom or molecule, an electron can be transferred from one of the col-
liding partners to the other with high probability, depending on the collision
energy, ionization potentials and electron affinities of the colliding partners.
A single charge transfer process is often referred to as “charge exchange” or
“electron capture”. The charge transfer process can be categorized according
to the energy defect AFE involved in the transfer, as defined by the following
interaction of the projectile X and target Y:

Xt4+Y - X+Y T +AE, (12.13)

where AFE; is just equal to the difference in ionization energies F; of the
colliding partners. For negative-ion formation, the energetic neutral atom X
must undergo a second collision, as represented by the following reaction:
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X+Y X +Y " +AFE, (12.14)

where AF, is the difference between the electron affinity F4(X) of X and
the ionization energy E;(Y) of Y.

In general, the charge-transfer collision takes place at relatively large
impact parameters, in which the projectile scattering angle is small and
the product ion is scattered nearly perpendicular to the impact momentum
vector. From the standpoint of beam quality degradation, low-momentum-
transfer processes are clearly desirable. Such transfer processes can be cast
into two distinct categories: (1) symmetrical (resonance) processes, and (2)
asymmetrical (nonresonance) processes. In the first category, the projectile
and target are the same species, while in the latter, practically more impor-
tant category, the projectile and target are different.

12.5.1 Symmetrical (Resonance) Charge Exchange

In the symmetrical charge transfer process, in which the projectile and target
are identical, the energy defect is equal to the difference between the ioniza-
tion energies and is thus zero. Hence the cross sections can be very large.
Negative-ion formation requires the following sequential projectile-target re-
actions:

XtT4+X 5 X+ Xt +AE (AE=0)
X+X 5 X +XT+AE (AE=EA(X)-E(X)) (12.15)

As noted, the energy defect for the second reaction is equal to the difference
between the electron affinity of the first projectile atom E4 and the ioniza-
tion energy E; of the stationary target atom. Thus, a symmetrical process
may not necessarily be commensurate with efficient negative-ion formation
because of the possibility of a high ionization energy FE; for the donor species.
However, consideration may be given to a two-step process in which the first
process is symmetrical, and for which the cross section is large for neutral-
energetic-atom formation, followed by an asymmetrical nonresonance process
in which the energy defect is much smaller. Obviously, the energy defect can
be minimized by selection of a charge transfer medium which has a low first
ionization energy. Cesium has the lowest ionization energy of the naturally
occurring group TA elements and is easy to volatilize. However, because of
its high atomic number and mass, scattering is exacerbated relative to lower-
mass members of this group such as Li. Li, however, is more difficult to use
because of the relatively high temperatures required to volatilize the material.

12.5.2 Asymmetrical (Nonresonant) Charge Exchange

The formation of negative-ion beams by a two-step symmetrical /asymmetrical
process would be impractical for general use, since it would involve the use of
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two different charge exchange media, the first identical to that of the projec-
tile and the second chosen because of the ease of transferring electrons to the
energetic projectile X. The most general application of the charge exchange
formation technique is for interactions between unlike ions. These processes
occur with high probability between projectiles interacting with exchange
vapors that possess a low energy defect. The probability for charge transfer
from the electron donor (exchange vapor) to the projectile ion is sensitively
dependent on the speed of the projectile.

The atomic charge transfer process occurs between unlike ions and differs
from the symmetric resonance process in that it involves an electronic transi-
tion that requires a change in the internal energy of the system, or an energy
defect AE. The energy defects AFE; and AFEs involved in the asymmetrical
charge exchange formation of negative ions can be symbolically expressed
through the following reactions:

Xt+Y > X+Yt+AE,
X+Y > X +Y " +AE, (12.16)

AF; can be equated to the difference between the ionization energies F; of
the interacting atoms or molecules as

AE, =FE'(XT) -~ E(X)+EY)-E(Y™") =E{(X) - Ei(Y) (12.17)
while the energy defect Fs is given by
AE? =E(X)-E(X )+ EY)—-E(Y™")=EA(X) - E(Y) (12.18)

Two-electron capture during a single collision is much less likely owing to the
very high energy defect.

12.5.3 The Massey Adiabaticity Criterion

The adiabatic criterion proposed by Massey is of practical importance in
asymmetrical charge transfer collisions [50]. At low projectile impact ener-
gies where the relative motion of the atoms is slow enough that the electronic
motion can adiabatically adjust to small changes in the internuclear distance,
the electron transfer process becomes unlikely. However, if the impact energy
falls outside this “adiabatic region” and the electronic transition time is com-
parable to the collision time, the probability for electron transfer can be very
high. The time of collision is taken as a/v, where v is the impact speed and
a, the “adiabatic parameter”, is of the same order as the atomic dimensions
within which the charge transfer transition becomes likely. The characteristic
time for the electronic transition is given by h/AE, where AF is the en-
ergy defect. Thus, the condition v < (a|AE|)/h characterizes the adiabatic
speed region, and v 2 (a|AFE])/h characterizes the speed region for which
the maximum in the charge transfer process occurs.
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The projectile energy Fqpra4x for which the cross section reaches its max-
imum for a given reaction is given by

Eiyax = F{M/2}(a AE/h)? (12.19)

where F' is a constant, adjusted to bring the equation into better agreement
with experimental measurement. Since two energy defects AFE are involved
in the negative-ion formation process involving a single exchange medium,
the Massey adiabatic-maximum rule represented by (12.19) cannot simulta-
neously meet both optimum values. Consequently, the optimization process is
ultimately a compromise between the two optimum values. However, in test-
ing (12.19), it was found that best agreement with experiment came whenever
the last reaction was taken as the dominant process. In practical units, (12.19)
becomes

Fiarax[keV] = 8.31 x 1073 M, [amu][a(A)AE,(eV)]? (12.20)

The criterion has been applied by Hasted to many charge transfer cross sec-
tions for reactions to estimate projectile energies that maximize negative-ion
generation rates (maximum cross sections) [51]. Equation (12.20) has been
applied by the present author to equilibrium fraction versus projectile speed
data for 22Nat, 27A1T, 31PT 69Gat, ™Get, PAst, 116Snt and 2°°Pb™ pass-
ing through *3Cs vapor under the assumption that the criterion holds as an
equality at the respective energy. The results of the latter calculations are
given in Table 12.2. As noted, reasonable agreement is found for most of
the species. The “adiabatic-maximum rule” is taken as a practical method
for approximating optimum projectile energies for producing negative ions
through charge exchange.

Table 12.2. Measured energy maxima and values calculated using (12.20) for
charge exchange generation of selected negative-ion beams in Cs vapor

Projectile a AFE>(eV)  Eumax(keV) Eumax(keV)
(measured) (calculated)

Nat 2.29 3.342 ~14.5 11.2
AlT 2.05 3.449 ~20.2 11.2
Pt 1.97 3.144 ~5 9.9
Ga™t 2.04 3.59 ~41.5 30.8
Get 2.02 2.657 ~15.5 17.7
Ast 2.03 3.08 ~15.5 24.4
Snt 2.15 2.778 ~24 344

Pbt 2.21 3.526 ~35.5 105




12 Negative-Ion Formation Processes and Sources 235
12.5.4 Charge Exchange Cell Design

Since operational lifetime is of primary concern, special attention is given
to cell design. Cell designs have increased in efficiency and lifetime in recent
years, primarily because of the advent of sophisticated thermal simulation
codes for accurately modeling thermal gradients in these devices. By accu-
rately modeling thermal gradients in relation to the physical design of the
cell and the materials of construction, the operational lifetimes of charge ex-
change cells can be very long. A cross-sectional view of a long-lifetime Li, Na,
Mg or Ca cell, designed for use in producing radioactive ion beams (RIBs), is
displayed in Fig. 12.3 [52]. By maintaining temperature gradients along the
beam entrance and exit nozzles, the cell design ensures that the donor vapor
condenses, liquefies and drains back into the reservoir along the slope of each
nozzle. As noted, the cell is equipped with pneumatically actuatable Faraday
cups, located at the entrance and exit of the cell to aid in characterization of
the cell (measuring transmission and charge exchange efficiencies of species of
interest). The cell uses heaters clamped against the body of the stainless steel
cell for heating the elemental charge exchange material to the temperature
that optimizes the vapor density in the path of the beam. A temperature of
~450°C produces a near-optimum target thickness (~ 1 x 101° cm™3).
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Fig. 12.3. A cross-sectional view of a long-lifetime Li, Na, Mg or Ca cell, designed
for use in producing radioactive ion beams (RIBs) [52]
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12.5.5 Charge Exchange Sources

The positive-ion source may be a simple gas source such as a duoplasmatron
or RF source or a more universal source capable of producing positive-ion
beams of volatile compounds. A schematic illustration of a duoplasmatron
close-coupled to a Ca charge exchange cell is illustrated in Fig. 12.4.

ORNL 2004-01812fcn

Expansion Cone r Extraction Electrode
Intermediate Suppression Electrode
Electrode Water Cooled Gas Baffle
Heating Element
=y

[ Exchange Canal
Water Cooling
Sputtering Cone
Ca-Container

Extraction
Electrode 2

Filament

ZMagnet Coils J
Gas Inlet for He
Anode

0+ - 6kV|

0+ — 40kV

Fig. 12.4. Schematic representation of a close-coupled duoplasmatron positive-ion
source and Ca vapor cell charge exchange system

12.5.6 Beam Quality Degradation Effects

In practice, consideration must be given to ease of loading, handling and ease
of volatility of the donor material when designing k£ charge-exchange cell. In
this regard, Rb or Cs is well suited for use. However, the charge exchange
process can induce energy spreads of several hundred eV into beams. By its
collisional nature, the charge exchange process degrades the quality of beams.
For example, the mass of the primary beam in relation to the mass of the
donor material is important. Ideally, a light donor material is best suited for
use, since the maximum energy transfer Fo,,,, is given by



M represents the mass of the primary beam of energy Ej, and M, the
mass of the donor material. Maximum energy transfer occurs whenever the
masses of the primary beam and donor material are the same. The energy
and angular spread resulting from passage of CT, Na®, Alt, P, Gat, Ge™,
Ast, SnT and Pb™ projectiles at the optimum energies for charge conversion
in 1.1 x 10" em~3 Li, Na, K, Rb and Cs charge exchange vapors are displayed
in Tables 12.3 and 12.4, respectively.

Table 12.3. Energy spread (in keV) induced in various projectiles during charge
exchange conversion from positive to negative ions in Li, Na, K, Rb and Cs vapor.
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Eomaz =AM My Ey /(My + My)?

Target density 1.1 x 10'® cm™® and length 10 cm

(12.21)

Projectile Energy (keV)  Li Na Mg K Ca Rb GCs
ct 20 0.015 0.093 0.095 0.18 0.18 0.45 0.68
Na® 14.5 0.011 0.069 0.070 0.13 0.13 0.30 0.37
AlT 20.2 0.012 0.070 0.075 0.14 0.14 0.33 043
Pt 5 0.014 0.068 0.068 0.10 0.11 0.23 0.28
Ga™ 41.5 0.018 0.094 0.090 0.16 0.16 0.34 0.55
Ge™ 15.5 0.029 0.10 0.12 0.19 0.18 0.34 0.45
Ast 15.5 0.027 0.11 012 0.19 0.18 0.33 0.43
Sn* 24 0.044 0.17 0.18 0.29 0.27 0.42 0.49
Pb™ 35.5 0.090 0.34 0.38 0.47 0.51 0.76 0.72

Table 12.4. Angular spread (in mrad) induced in various projectiles during charge
exchange conversion from positive to negative ions in Li, Na, K, Rb and Cs vapor.

Target density 1.1 x 10'% cm™ and length 10 cm

Projectile Energy (keV) Li Na Mg K Ca Rb Cs
ct 20 50 19 19 27 27 59 78
Na* 14.5 98 45 43 64 63 100 120
AT 20.2 85 40 35 55 54 94 110
Pt 5 39 130 130 190 200 320 410
Ga™ 41.5 8.6 28 28 45 41 73 86
Get 15.5 22 71 72 110 110 160 220
Ast 15.5 22 77 73 110 110 170 210
Sn™ 24 19 58 57 8 8 150 180
Pb™ 35.5 16 50 5H3 76 82 130 170
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12.5.7 Negative-Ion Equilibrium Fractions

The differential fraction of negative ions dF; produced during passage through
a vaporous target of thickness dm can be expressed in terms of a set of first-
order linear differential equations given by

dF/dw = Fjo;— > _ Fioi (12.22)

Solution of the set of coupled equations requires the knowledge of n(n — 1)
cross sections for a system involving n states.

Negative-ion conversion from an initially positive-ion beam interacting
with a low-ionization-potential vapor can take place with high probability.
The mechanism is therefore a very practical method for the production of
negative-ion beams and has been utilized for this purpose for several years.
As first shown experimentally by Donnally and Thoeming [53], the electron
transfer process involves the transfer of a single electron in sequential colli-
sions between the projectile and charge exchange atoms/molecules. As noted
in (12.19) and (12.20), the production efficiencies depend primarily on the
ion energy, the electron affinity of the element under consideration and the
first ionization potential of the donor material. Several donor materials, in-
cluding Li, Na, Mg, Ca, Rb and Cs, have been utilized as charge exchange
media. The choice of medium affects the probability of ion formation as well
as beam quality. Experimental schemes for measuring equilibrium fractions
of negative ions have been described by several groups [54-56].

Equilibrium fractions for H in several group IA and group IIA vapors and
for D in various group IA vapors have been measured [57]. The corresponding
equilibrium fraction data for H are shown in Fig. 12.5. Many other investi-
gations have been made of probabilities and energy dependences of charge
transfer negative-ion formation, including H in Na [58] and Cs [59] vapors,
and He in Li, Na and Mg [60], K [61], Rb [62], and Cs [63] vapors.

Extensive and systematic investigations of the charge exchange process
for the production of many ion species have been carried out using Mg [55],
Na [56] and Cs [64] vapors by researchers at the University of Aarhus. These
investigations show efficiencies ranging from ~ 0.5% to >90%. Mg is a more
effective electron donor for high-electron-affinity elements, while Na is more
effective for low-electron-affinity elements. Further evidence of the efficiency
and universal character of the charge transfer process is found for group IA,
ITTA, TVA and VA projectiles in cesium vapor in [64]. The corresponding
equilibrium fraction dependences for these groups of elements on the projec-
tile velocity in Cs vapor are displayed in Fig. 12.6. As noted, the maximum
efficiency appears to occur at a rather well-defined velocity for each group of
elements and does not vary much from group to group. Such information is
very useful in selecting the most appropriate particle energy for optimizing
the charge exchange efficiency when Cs is used as the donor material.
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Fig. 12.5. Negative-ion equilibrium yields F>° versus projectile energy E for H*
in several group IA (Na, Rb and Cs) and group ITA (Mg, Ca and Ba) vapors [57]
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Fig. 12.6. Negative-ion equilibrium fractions F'°° versus projectile speed v for a
few group IA, IITA, IVA and VA elements [64]
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12.6 Thermodynamic-Equilibrium Surface Ionization

Atoms or molecules impinging on a hot metal surface may be emitted as
positive or negative ions in subsequent evaporation processes. The process of
direct surface ionization is statistical in nature, and therefore thermodynamic
arguments can be applied in deriving equations for the degree of positive- or
negative-ion formation under equilibrium conditions. The subject has been
reviewed in [65]. Experimental methods for negative-ion production by sur-
face ionization have been reviewed by Kawano et al. [66-68].

12.6.1 Theory of Negative Surface Ionization

As discussed previously, the energy required for removing an ion from the
surface is AH; — (¢ — E4) > AH,. An ion supplied with energy AH; may be
transferred to the continuum in either ionic or atomic form where the respec-
tive potential-energy curves cross. The probability for arrival at a position
far from the metal in a given state depends on the magnitude of (¢ — Ey4).

The probability P; for negative-ion formation of a neutral particle of elec-
tron affinity F 4, evaporated from a hot surface with a low work function ¢
at temperature T, is given by the Langmuir-Saha relation

p=2= Lo ex Ea—¢
l_WQ ].—7’0 P kT

w_ (1—1r_ Eps—¢ -t
e (oo (B e

where r_ and 7 are the reflection coefficients of the particle at the surface
and w_ and wq are statistical weights for the negative ion and neutral atom,
respectively. w_ and wq are related to the total spin of the respective species
and are given by w = 2, 5;+1, where s; is the spin of the electron. Equation
(12.23) describes an idealized situation in which there is perfect isotropy and
no contamination of the ionizer surface. Moreover, the work function varies
with crystalline orientation in cases where the metal is polycrystalline or the
surface has uniformly or nonuniformly distributed surface contaminants. All
of these effects can be taken into account by approximately summing over
admixtures of existing work functions and statistical weighting factors in the
respective expressions. From the relationship, it is evident that negative-ion
yields could be enhanced by lowering the work function ¢, or by increasing the
surface temperature T for elements where E4 < ¢. In practice, ¢ varies with
the crystalline orientation, and adsorption of highly electronegative atoms or
molecules such as oxygen or the halogens raises the work function. Such con-
taminants can raise the work function and destabilize the formation process,
and thus are the bases of the poisoning effects that will be discussed later.
The computed efficiency (12.23) for negatively ionizing selected atoms and
molecules striking a clean, hot LaBg surface is shown in Fig. 12.7.
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Fig. 12.7. Calculated ionization efficiency (12.23) versus electron affinity Ea of
selected elemental and molecular species

12.6.2 Negative-Surface-Ionization Sources

Surface ionization can be used to great advantage for radioactive-ion-beam
(RIB) applications to eliminate isobaric contaminants that may compromise
experimental results with these beams, because of its highly chemically se-
lective character. Ion sources based on the surface ionization principle are
generally characterized by a high degree of ion beam purity (chemical selec-
tivity), a limited range of species capability and excellent beam quality (low
emittance). The energy spreads are typically of the order of thermal energies
(~ 2kT <« 1eV). The efficiency for negative-ion formation can be high or
low, depending on the electron affinity of the species in relation to the work
function of the ionizing surface. However, negative surface ionization has not
been utilized frequently for generation of negative-ion beams — principally
owing to the lack of chemically stable low-work-function materials for use
as ionizers, in contradistinction to its positive-surface-ionization counterpart,
where several high-work-function metals may be chosen for this purpose.
LaBg is usually used for negative surface ionization because of its rel-
atively low work function (¢ = 2.3 to 3.2e¢V) [69-73] and its availability,
despite its widely publicized propensity for poisoning [74,75]. The poisoning
effect is attributable to the interaction of the hot LaBg with residual gases in
the vacuum system, usually under high-flow-rate conditions or higher-than-
optimum-pressure conditions. The effect raises the work function of the LaBg
surface, thereby reducing the probability of ionizing electronegative atoms as
they evaporate from the surface. Under high-flow-rate conditions, the poi-
soning process also affects the reliability of operation of sources equipped
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with this material through-time-varying fluctuations of the ion beam inten-
sity caused by variations in work function [75]. An increase in the work
function causes an exponential diminution of the probability for negative-
ion formation and, consequently, a reduction in the intensity of extracted
negative-ion beams. Despite the poisoning problem, sources based on the use
of LaBg ionizers have been described in the literature [75-78], including their
use at ISOL facilities for negative-ion generation of high-electron-affinity ra-
dioactive species [77,78]. A cross-sectional side view of the source described
in [75], equipped with a spherical-sector LaBg ionizer, is displayed in Fig. 12.8.
Tonization occurs whenever highly electronegative atoms/molecules fed into
the source strike the spherical-sector ionizer. Negative ions so formed are ac-
celerated by the converging optics of the negatively biased spherical sector
extraction system and focused through the ion emission aperture.
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Fig. 12.8. The self-extracting negative-surface-ionization source described in [75],
equipped with a spherical-sector LaBg ionizer

12.7 Secondary Negative-lon Formation Processes:
Nonthermodynamic-Equilibrium Surface Ionization

Since its discovery [79], the technique of sputtering a surface covered with a
fractional layer of a highly electropositive adsorbate such as Cs has proved to
be close to a universal method for generating atomic or molecular negative-
ion beams from chemically active elements. Sputtering is generally caused by
a cascade of momentum transfer processes between recoil atoms initially set
in motion by an energetic projectile that leads to ejection of surface atoms.
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The process is measured in terms of the sputter ratio, or yield per incident
particle, S. In contradistinction to the process of conventional surface ion-
ization, it is a nonthermodynamic equilibrium process and thus differs from
thermal evaporation. For more details on the mechanisms involved in sput-
tering, and tabulated yield data for a variety of projectile-target interactions,
early reports can be found in [80-83].

Although several independent and distinct negative-ion formation pro-
cesses may coexist during sputtering, particularly from compound and alloyed
samples, there is a preponderance of evidence that the mechanism of negative-
ion formation during sputtering of “clean” metal surfaces with a low coverage
of a highly electropositive adsorbate, such as one of the group TA elements, is
a form of surface ionization. The practical implementation of the technique
as a source of negative ions is quite simple, as illustrated schematically in
Fig. 12.9. Positive-ion beams, formed either by direct surface ionization of
a group IA element or in a Cs-rich noble-gas plasma discharge (Ar, Kr or
Xe), are accelerated to between a few hundred eV and several keV, where
they sputter a sample containing the element of interest. A fraction of the
sputtered particles leave a negatively biased sample containing the species
of interest as negative ions and are accelerated through an aperture in the
source.
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Fig. 12.9. Illustration of negative ion formation by energetic particle bombardment
of a metal covered with a fractional layer of a highly electropositive adsorbate

12.7.1 Negative-Ion Sources Based on the Sputter Principle

Negative-ion source technology has steadily advanced over the years, in keep-
ing with the continual demand for higher-intensity negative-ion beams with
improved beam quality for a variety of tandem-electrostatic-accelerator-based
fundamental and applied research. Heavy-negative-ion sources have been de-
veloped that utilize Cs surface ionization sources separated in space from the



244 G.D. Alton

sputter sample. In such sources, the energetic Cs™ beams both sputter and
lower the work function of the surface. The effect of the Cs on the work func-
tion varies from to sample to sample because of differences in the saturation
value for implanted Cs in the particular material surface. Thus it is diffi-
cult to achieve optimally low-work-function surfaces and consequently maxi-
mum negative-ion yields in this source type. This problem was subsequently
overcome in the next-generation plasma-sputter and Cs-sputter negative-ion
sources by directly feeding Cs vapor from an external oven at a controlled rate
into a chamber containing a negatively biased sample probe and a means for
producing positive-ion beams for bombarding samples containing the species
of interest.

Plasma-sputter sources utilize either filaments or RF antennae for gen-
erating plasmas from which positive ions are extracted for sputtering the
material of interest, while Cs-sputter negative-ion sources utilize hot surface
ionizers for producing Cs™ beams for this purpose. Sources based on this
principle offer near-optimum conditions for generating negative-ion beams.
These sources are said to be self-extracting in that negative-ion beams are
accelerated from a negatively biased sputter probe within the plasma volume
through an extraction aperture in the source. In addition to being versatile in
terms of species, sources based on this concept are simple in design and easy
to operate, and generally have long lifetimes. Because of these factors, heavy-
negative-ion sources based on the sputter principle are utilized extensively in
tandem electrostatic-accelerator laboratories.

Cs-Sputter Heavy-Negative-Ion Sources Equipped
with Porous-W Surface Ionizers

The Miiller and Hortig Negative-Ion Source

Through evolutionary processes, several types of heavy-negative-ion sources
have been developed over the years since the discovery by Krohn that
negative-ion yields are greatly enhanced by the presence of a thin layer of
a highly electropositive alkali metal on the material being sputtered [79].
The first source to utilize the sputter principle was developed by Miiller and
Hortig [84]. The source utilized a continuously rotating wheel made of the
material of interest, onto which was evaporated Cs metal vapor at a posi-
tion diametrically opposed to the ion bombardment position. The sample
wheel was bombarded with a 20keV Ar™ beam impinging at 20° with re-
spect to the sample surface. Negative-ion beams were then extracted from
the area of bombardment with an electrode system positioned perpendicular
to the sample wheel. A simplified version of the source with improved per-
formance characteristics was later developed [85]. A top view of the latter
source is displayed in Fig. 12.10. Improvements to the source included the
replacement of the Art source with a Cs surface ionization source of the
porous-W type. This feature simplified source operation and eliminated the
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Fig. 12.10. A modified Miiller and Hortig negative-ion source equipped with a Cs
surface ion source and an asymmetric einzel lens for focusing Cs beams onto sputter
samples [85]

necessity of using an external Cs oven. The Cs™ beam served both to sputter
the material and to lower the work function of the surface. In addition, the
source incorporated an asymmetrical lens to focus 20keV Cs* beams onto
the rotating-wheel sample surface, thereby reducing the asymmetry of the
beam spot while increasing the negative-ion beam intensity and reducing the
emittance of extracted beams. Although these sources were cumbersome in
design, they clearly demonstrated the viability of the technique as means of
generating useful beam intensities of a wide variety of species for research,
including 25 pA C—, 30pA O~, 40pA F—, 20pA C5, 0.2uA Al™, 44pA S,
100pA Cl7, 3uA AIO—, 1puA Cr—, 6puA Cu™, 0.8pA FeO™, 14pA Ag,
26 WA I7, 5uA InO~, 4.6 pA TaO;, 3puA Pt—, and 0.5uA PbO; .

The Middleton—Adams Source

The next generation of sources based on this technique was that of the Mid-
dleton and Adams Cs-sputter negative-ion source, illustrated schematically in
Fig. 12.11 [86]. In this source, Cs™ beams are produced by diffusing Cs vapor
through a hot, porous-W ionizer (with a porosity such that p = 0.8 pg, where
po is the density of solid W.). Surface ionization sources generate space-
charge-limited beams (several hundred HA up to a few mA) and therefore
proper attention must be given to the electrode system design. The effects
of space-charge on the sizes and angular distributions of 20keV Cs™ beams
extracted from a surface ionization source with properly designed electrodes
are illustrated in the simulations displayed in Fig. 12.12. The Cs* beams are
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Fig. 12.11. The Middleton—Adams Cs-sputter negative-ion source [86]. The source
is equipped with a Cs surface ionization source for producing a Cs™ beam used to
sputter conical-geometry samples
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Fig. 12.12. Simulation of Cs™ beam extraction from a Cs surface ionization source
equipped with a porous-W ionizer, illustrating the influence of space-charge on
beam trajectories during extraction. Surface ionization sources of this type are
utilized in Middleton—Adams and refocus geometry Cs-sputter negative-ion sources.
Extraction voltage Ve = 20kV. Ion current (a) 1.2mA; (b) 5mA

accelerated to 20 keV and used to bombard the inner surface of a conical bore
(half-angle 20°) in the material of interest. The Cs™ beam serves to sputter
the material of interest as well as to lower the work function of the sample
surface. Negative ions are extracted at 20keV through a 3 mm diameter hole
bored into the apex of the sample. The ion optics of the negative-ion extrac-
tion region of this source are illustrated in Fig. 12.13. Because of the electrode
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Fig. 12.13. Simulation of extraction from the Middleton—Adams or refocus-
geometry Cs-sputter negative-ion source

configuration, the method of extraction and the intrinsically high energy dis-
tributions of the sputter process, negative-ion beams have high aberration
coefficients and, consequently, have relatively large emittances. Because of
the simplicity, reliability, versatility and long lifetime of this source type, it
was quickly adopted for use in many tandem accelerator laboratories. The
Middleton—Adams source was subsequently improved by introducing a lens—
steerer combination between the Cs surface ionization source and the conical
targets [87]. The modified source is often referred to as the refocus-geometry
Cs-sputter negative-ion source.

The Inverted Cs-Sputter Negative-Ion Source

A Cs-sputter negative-ion source similar in principle to the Middleton—Adams
source was developed by Chapman [88], with the exception that the sample
and ionizer are reversed in position. A side view of the source is schematically
displayed in Fig. 12.14. This source also utilizes samples with a conical taper
in the region of ion generation that are attached to an indexable (rotatable)
multisample wheel that can be loaded through an access port prior to source
operation. The objective of this development was to improve the emittance
and brightness of the original Middleton—-Adams source while simultaneously
solving the chronic ionizer erosion problems attributable to backstreaming of
heavy negative ions, generated at the conical sample and accelerated back
along the axis of the source to the ionizer. The Cs* beams are generated by
diffusion through a annular, porous-W surface ionizer surrounding a central
hole, through which sputter-generated negative ions pass during extraction.
The species capabilities of the inverted source are similar to those of the origi-
nal and refocus-geometry versions of the Middleton—Adams source. However,
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Fig. 12.14. Side view of the inverted Cs-sputter negative-ion source

because of the rather long extraction canal through the annular ionizer, ex-
tracted beam intensities from the inverted source are lower than those for the
respective Middleton—Adams versions.

The ORNL KENIS Source for ISOL Radioactive-Ion-Beam Generation

Chemically active radioactive species are often released from target materi-
als in a variety of molecular forms. For example, ’F is principally released
from an Al;O3 target material as AI'"F. Because of the low probability of
simultaneously dissociating such molecular carriers and efficiently ionizing
their atomic constituents with conventional hot-cathode, electron-impact ion
sources, the species of interest are often distributed in several mass channels
in the form of molecular sideband beams. Consequently, the beam intensi-
ties of the desired radioactive species are diluted. The sputter negative-ion
beam generation technique is particularly effective for simultaneously dis-
sociating molecular carriers and efficiently ionizing highly electronegative
atomic constituents. Therefore, a new-concept kinetic-ejection negative-ion
source (KENIS), based on this principle, was conceived to address this prob-
lem [89]. Because of geometric considerations associated with the scheme used
at the Holifield Radioactive Ion Beam Facility (HRIBF) [90], the Middleton—
Adams source geometry is best suited for this particular application. A three-
dimensional representation of the source is displayed in Fig. 12.15, and a

side view of the details of the ionization region of the source is shown in
Fig. 12.16. Radioactive species, formed through fusion—evaporation nuclear
reactions in a hot target irradiated with high-energy beams of either HT,
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Fig. 12.15. Isometric cutaway drawing of the kinetic-ejection negative-ion source
(KENIS) utilized for radioactive-ion-beam generation at the Holifield Radioactive
Ion Beam Facility (HRIBF')
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Dt or **He™™, are released through diffusion from thin-fiber target mate-
rials and transported to the ionization region of the source, where they are
adsorbed onto a conical surface bored into a Ta cathode. Radioactive parti-
cles that collide with the cathode are bombarded with ~200eV Cs™ beams
produced with a porous-W ionizer. Negative ions are sputter-ejected and ex-
tracted through a 2mm hole bored into the apex of the cone. The source is
equipped with a negatively biased grid for repelling negative ions that are
ejected rearward (i.e., toward the Cs surface ionization region of the source)
and would be otherwise lost. The source has proven to be highly efficient
for simultaneously dissociating AlF carrier molecules and forming atomic F.
The source has been successfully employed on-line to generate high-intensity
17.18F beams for astrophysics research at the HRIBF (using the 1°0(d, n)!"F
reaction).

Cs-Sputter Heavy-Negative-Ion Sources with External Cs Ovens

Early negative-ion source developments in the respective forms of the Miiller—
Hortig [84, 85], Middleton—-Adams [86], refocus-geometry [87] and inverted-
geometry [88] negative-ion sources clearly demonstrated their reliability, long
lifetime and versatility for generating useful beam intensities of a wide vari-
ety of negative-ion species. However, the use of a surface ionization source to
both generate Cs™ beams for sputtering and simultaneously lower the work
functions of sample surfaces is typically nonoptimum for the realization of
maximum negative-ion beam intensities, particularly for high-sputter-ratio
samples, and the extraction geometries were generally incompatible with the
lowest practically achievable emittances. Following the successful develop-
ment of the radial-geometry plasma-sputter source ANIS at the University
of Aarhus, described below, a generation of axial-geometry sources evolved
which borrowed certain features of the ANIS, including an external oven for
feeding Cs vapor at a controlled rate into a chamber that houses a nega-
tively biased probe containing the material of interest. These sources are
self-extracting, and therefore the emission boundaries can be designed to
ensure minimum losses during beam transport to the extraction aperture.
Several sources of this type have been developed at a variety of laborato-
ries, including those described in [91-93]. In these sources, the negatively
biased sputter samples are placed in a cesium-rich environment, where they
are sputtered with Cs* beams produced by Cs vapor in direct contact with
a hot surface ionizer. The sources differ only in the geometry of the positive-
ion surface ionizer, its spacing in relation to the negatively biased sample,
the spacing of the sample in relation to the ion exit aperture, and the aper-
ture size. The electrode geometry in this source type determines the optical
properties of the cesium-ion beam. The perveance P of the system and the
shape of the ionizer form an electrode system which determine the perveance
for Cs* beams and therefore the magnitude of the space-charge-limited cur-
rents at a given extraction voltage. The shapes of the electrodes determine
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the positive transport optics as well as the distribution of the current at im-
pact with the sample. The positive-ion distribution, in turn, determines the
shape and distribution of the negative-ion beams produced in a particular
source. Since the particle speeds are lowest as they leave the sample sur-
face, it is very important to contour the surface so that a high percentage of
the sputter-ejected beams are transported back through the extraction aper-
ture of the source. The codes described in [35—40] are extremely accurate
and are valuable, cost-effective resources for quickly arriving at optimized
electrode systems, as well as for simulating the beam transport optics of
both positive- and negative-ion beams. Through their use, the geometry of
the ionizer /negative-ion-generation electrode system can then be designed to
produce the highest practically achievable negative-ion beam intensities (e.g.
to optimize the perveance for Cs™ beam generation and thereby maximize
the negative-ion yields while reducing the emittance to the lowest achievable
value for the source). Several single-sample axial-geometry sources, equipped
with an external oven for feeding Cs vapor into a vacuum chamber housing a
surface ionizer and a sputter cathode made of the material of interest, have
been developed for use at a variety of laboratories, including sources equipped
with cylindrical-geometry [93-98], spherical-geometry [98-104], ellipsoidal-
geometry [103,104] and conical-geometry ionizers [92,105], among which are
sources equipped with remotely indexable sputter samples [99-102,105].

Source of Negative ITons by Cesium Sputtering (SNICs)

Following the successful radial-geometry plasma-sputter negative-ion source
developments embodied in the ANIS, discussed below, a negative-ion source
referred to as SNICS was developed at the University of Wisconsin [93]. This
source was the first of a series of very successful axial-geometry Cs-sputter
negative-ion sources that were equipped with an external oven for introducing
Cs into the chamber and with means for producing Cs™ beams for bombard-
ing a negatively biased sputter probe containing the material of interest.
A schematic representation of the source and the potential arrangement is
shown in Fig. 12.17. The SNICS source utilizes a cylindrical-geometry, spiral-
wound W filament for producing Cs* beams; these beams are accelerated to
a negatively biased, concave, spherical-geometry cathode placed an optimum
distance away from the ionizer. The concave spherical surface provides some
focusing action on negative-ion beams during transport that helps to limit
the angular excursion of extracted beams. Because of the spiral-wound fil-
ament and the cylindrical geometry of the ionization surfaces from which
Cs™ is accelerated, the wear patterns on cathodes are very complex. The
observed wear pattern from this source is composed of two parts: a region of
concentrated wear with a full diameter of ~1 mm, surrounded by a strongly
graded halo region that extends out to the diameter of the cathode, depend-
ing on the position of the cathode relative to the ionizer. Thus, negative-ion
beams extracted from the source have a complex distribution that affects
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Fig. 12.17. Schematic representation of the Source of Negative Ions by Cesium
Sputtering (SNICS), and potential arrangement

their emittance. During initial testing, the source was operated with Cu~
beams at intensities up to 38 HA.

Source Equipped with a Conical-Geometry lonizer

A cesium-sputter negative-ion source equipped with a conical-geometry ion-
izer [92,105] will serve to illustrate the principles of this source type. A cross-
sectional side view of the single-sample version of the source is displayed in
Fig. 12.18. The negative-ion yields are maximum at a specific Cs oven tem-
perature, which typically is found to be independent of the species of interest.
Once the oven temperature is determined, the value is usually fixed during
operation of the source and never exceeded. The simplest and best method
for control of beam intensity is by adjustment of the cathode sputter voltage
to the desired value. Negative-ion-beam intensities versus sputter probe volt-
age also exhibit maxima that typically depend on the Cs oven temperature.
It is also important to know the relation between Cs™ current and sputter
probe voltage, as the positive-ion current dictates the rate of sputtering. The
perveance P of the electrode system for Cs* is 4.3 x 1072 A /V3/2, Trajecto-
ries of Cs™ ions flowing through the electrode structure under space-charge-
limited conditions, computed with the code described in [38], are shown in
Fig. 12.19. The computed ion current density resulting from positive-ion im-
pact at the sample surface is distributed over a full diameter of 6 mm. This
feature is desirable for potential use for generating radioactive ion beams,
where good overlap between the condensed vapors and the cesium ion beam
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geometry surface ionizer developed at the Holifield Radioactive lon Beam Facility
for stable negative-ion-beam generation
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Fig. 12.19. Cs™ beam optics of the Cs-sputter negative-ion source equipped with
a conical-geometry surface ionizer
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is required. An example of negative-ion trajectories flowing countercurrent to
the positive-ion beam through the electrode system is shown in Fig. 12.20.
These calculations were also performed with the code described in [38]. The
negative-ion beam current density at the sample surface is assumed to mimic
that of the positive-ion current density distribution. The influence of the
positive-ion beam space charge on the negative-ion beam is included in the
simulations.
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Fig. 12.20. Negative-ion beam optics of Cs-sputter negative-ion source equipped
with a conical-geometry surface ionizer

Source Equipped with a Cylindrical-Geometry Ionizer

A source equipped with a solid-W cylindrical ionizer was developed at the
Oak Ridge National Laboratory [95,96]. The ionization chamber and details
of the ionizer and sputter probe electrode configuration for the source are
shown in Fig. 12.21. The computed cesium current density distribution and
observed sample wear pattern agree remarkably well for this source. The ob-
served wear pattern is composed of two parts: a region of concentrated wear
pattern with a full diameter of ~ 0.75 mm, surrounded by a low-density halo
region that is uniformly worn over a diameter of ~ 4.5 mm. Thus, beams ex-
tracted from the source have two different characters: (1) a high-density beam
located on axis, and (2) a uniformly distributed halo beam surrounding the
high-density central region. Thus, both beams contribute to the emittance of
the source with this ionizer geometry. Although the CsT ion current versus
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Fig. 12.21. Schematic drawing of the ion formation and extraction region of the Cs-
sputter negative-ion source equipped with a smooth-surface, cylindrical-geometry
W surface ionizer

sputter probe voltage for this electrode system has not been measured, ac-
cording to calculations made with the code described in [35], the perveance
for Cst beams is very high (P = 57 x 1072 A/V3/2).

The Model 860 Cs-Sputter Negative-Ion Source Equipped
with a Spiral-Wound Ta Ionizer

The type and geometry of the Cs surface ionizer and its position relative to
the sputter cathode affect the positive-ion distribution at impact and, con-
sequently, the negative-ion distribution, since the negative-ion distribution
leaving the surface mimics that of the positive-ion beam. Hence, the qual-
ity of the negative-ion beam depends on the geometry of the ionizer/sputter
probe electrode system. The wear pattern on the cathode determines to first
order the distribution of the positive-ion beam in these sources. Codes such
as those described in [35-40] predict with remarkable accuracy the observed
wear patterns in these sources. A side view of the ionization region of the
Model 860 source [97] is displayed in Fig. 12.22. The observed wear patterns
on sputter cathodes mounted in a source equipped with a spiral-wound ion-
izer are found to be more complex than in those equipped with ionizers of
other geometries. Typically, the central region of the cathode is found to be
strongly worn, within a diameter of ~1 mm surrounded by a larger-diameter
(¢ 28mm), asymmetrically distributed halo region. The asymmetrical wear
pattern within the halo region is attributable to the spiral character of the
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Fig. 12.22. The ion formation and extraction region of the Model 860 negative-ion
source equipped with a spiral-wound Ta surface ionizer

Ta ionizer. The presence of the large halo beam, as is the case for the source
equipped with a smooth-surface cylindrical-geometry ionizer [95, 96], con-
tributes to the emittance of the source. The perveance of this electrode system
has not been measured but is estimated to be P ~ 60 x 1072 A/V3/2,

Source Equipped with a Spherical-Geometry Ionizer

Sources have also been developed at the Oak Ridge National Laboratory
that utilize spherical-geometry ionizers [98,99]. The ionization chamber and
ionizer sputter probe arrangement for a single-sample source equipped with
a spherical-geometry ionizer [98] are illustrated schematically in Fig. 12.23.
According to computational studies and experimental measurements, when
the sputter probe is optimally positioned at the focal point of the ionizer,
the positive-ion current density distribution at impact with the sample sur-
face is ~0.75 mm in diameter. This particular ionizer does not exhibit a halo
surrounding the central high-density distribution. Therefore the central re-
gion of the distribution serves as the sole source from which negative-ion
beams are generated. According to computational analyses, with the code
described in [35], the perveance for Cs™ beams for this electrode geometry is
P=2x1079A/V3/2,

Source Equipped with an Ellipsoidal-Geometry Ionizer

The ionization region of a single-sample source equipped with an ellipsoidal-
geometry ionizer is shown in Fig. 12.24. The source has been briefly described
n [103,104]. When the sputter sample is placed at the focal point of the
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Fig. 12.23. The ion formation and extraction region of a Cs-sputter negative-ion
source equipped with a spherical-sector-geometry surface ionizer
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Fig. 12.24. The ion formation and extraction region of a Cs-sputter negative-ion
source equipped with an ellipsoidal-geometry surface ionizer

system, the wear pattern at impact has ¢ =21.25 mm. This geometry has a high
perveance in relation to other ionizer geometries with focusing attributes.
According to calculations with the code described in [35], the source has a
high perveance for Cs* beam formation of P ~ 17 x 1079 A/V3/2,
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Multiple-Sample Sources

For applications where both high efficiency and/or high-frequency sample
changes are desirable, as for accelerator mass spectrometry (AMS) applica-
tions, the ability to process multiple samples is essential. A few sources have
been designed that meet this requirement, including the sources described
in [99-102,105]. A close-up of the multiple-sample source described in [105]
is shown in Fig. 12.25. The source is equipped with a conical-geometry ionizer
and a remotely controlled, eight-sample, wheel-type sample-indexing mech-
anism. The source described in [99] has a 60-sample, wheel-type computer-
controlled indexing mechanism.
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Fig. 12.25. Top-view cross section of the multisample Cs-sputter negative-ion
source, equipped with a conical-geometry surface ionizer [105], that was developed
for batch mode generation of radioactive ion beams at the Holifield Radioactive Ion
Beam Facility

Negative-lon-Beam Intensity Data

The negative-ion beam intensities that can be extracted from the sources
previously described depend on a number of factors. The sputtering rate de-
pends on the sample material, the magnitude of the cesium ion current and
the cesium ion energy used to sputter the sample material, and these, in turn,
depend on the source operational parameters, for example the cesium oven
temperature and the sputter probe voltage. The space-charge-limited cesium
current I* that can be accelerated at a given sputter probe voltage V and
subsequently used for sputtering the sample depends on the perveance P of



12 Negative-Ion Formation Processes and Sources 259

the particular electrode configuration. The negative-ion current which can be
extracted from the total current generated in the sputter process depends on
the electron affinity of the species of interest, the work function of the surface,
the size of the negative-ion generation region on the sample surface, the an-
gular distribution of the negative-ion current at the ion-extraction aperture,
the spacing of the sample in relation to the aperture, the aperture size and
the sputter probe voltage V. Because of operational variables and the differ-
ences in the ionizer/sample electrode configuration, the negative-ion currents
for a particular species will, in general, differ from source to source, and for a
particular source, will vary from one operational period to another. Negative-
ion yields for a particular species will depend on the chemical composition of
the sample as well. The versatility of the sources described above is reflected
by the wide spectrum of momentum-analyzed negative-ion beams that have
been observed during their operation.

Atomic negative beams cannot be formed for elements with negative elec-
tron affinities, and elements with very low positive electron affinities often
cannot be produced with intensities adequate for research. However, the
chemically active elements can often be synthesized in situ by introducing
appropriate chemically active gases into the ionization chamber of the source
at a controlled rate. The gases react with the sputter cathode material to
form molecular hydrides, carbides, oxides or halides with sufficiently high
electron affinities to produce useful molecular beams containing the element
of interest. The element of interest is released by accelerating the molecular
beam to high energy in a tandem electrostatic accelerator, where the mole-
cular carrier is dissociated and the atomic species are stripped to form high
positive charge states in the terminal of the machine. Improved methods for
producing beams of difficult elements such as the group IA elements have
been reported in the literature. For example, Alton and Benjamin have de-
veloped an improved method for generating negative hydride beams of the
group ITA elements [106] based on the use of composite cathodes, and Alton
and Mills have developed a new method for generating beams of the group
TA elements from metal carbonates [107]. Middleton and Alton have inde-
pendently evaluated many solid and powder elemental, metal carbide, metal
oxide, metal halide, metal carbonate, and composite-mixture cathodes, as
well as techniques for in-situ syntheses of chemical compounds containing
the species of interest during the sputter process. From these efforts, the
best methods for forming useful beam intensities of most species have been
developed. Middleton has tabulated the results of studies designed to deter-
mine the best cathode material for generating useful beams of almost every
chemically active element [108].

Emattance Data

Emittance and brightness measurements for sources equipped with spherical-
geometry, ellipsoidal-geometry and cylindrical-geometry ionizers, as well as
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for the Model 860 source, have been reported previously [103,109,110]. The
average normalized emittance versus the percentage of negative-ion-beam in-
tensity contained within a given contour for these sources, as well as that
for a source equipped with a conical-geometry ionizer [92,105], are displayed
in Fig. 12.26. In these sources, the geometry of the ionizer/sputter sample
system electrode determines the size and shape of the cesium ion beam at
impact with the surface. For small sample sizes, a focusing-geometry elec-
trode system may be desirable. As indicated in Fig. 12.26, the emittances of
negative-ion beams extracted from sources equipped with electrode systems
that focus the cesium beam on the sample surface are somewhat lower. The
conical-geometry source has the lowest emittance, while that of the Model
860 is considerably larger than for those equipped with the other ionizer
geometries, principally owing to the increased size of the exit aperture used
in this source.
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Fig. 12.26. Normalized emittance versus percentage of negative-ion-beam inten-
sity for Cs-sputter negative-ion sources, equipped with cylindrical, spherical-sector,
ellipsoidal and conical-geometry ionizers, developed at the Holifield Radioactive Ion
Beam Facility, and for the Model 860 negative-ion source

Plasma-Sputter Heavy-Negative-Ion Sources

The advent of Cs-seeded plasma-sputter heavy-negative-ion sources has sig-
nificantly advanced the state-of-the-art of heavy-negative-ion source tech-
nology. Several sources have been developed since the successful develop-
ment of the radial-geometry University of Aarhus negative-ion source (ANIS)
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[111,112], including those described in [113-115,120-126]. In this source type,
negative ions, created in the sputter process, are accelerated across a double-
layer plasma sheath that surrounds and exactly conforms to the shape of
negatively biased spherical- or cylindrical-geometry sputter probes. In later
developments, the multi-cusp-field plasma-confinement technique makes it
possible to effectively confine the plasma while preserving uniform sputtering
over variable-size spherical- or cylindrical-sector sputter probes, when oper-
ated in a high-density plasma mode, because of the low magnetic-field flux
density in the central region of the plasma chamber. Thus, the emission area
can be scaled to meet the intensity requirement of a particular experiment.
The plasma sheath serves as a lens to focus the beam through the plasma to
the ion exit aperture of the source. Since space-charge effects are precisely
compensated during passage through the plasma, very high beam intensities
can be extracted from this type of source. Thus, high beam intensities can
often be realized while preserving a reasonable emittance value. The intensity
levels for certain species from plasma-sputter negative-ion sources, such as
those described in [120-126], are often higher by factors of 3-100 than those
generated in conventional cesium-sputter negative-ion sources, and yet the
emittances ey of the beams are reasonably small. In sources that use hot
cathodes (filaments) to generate the plasma for DC operation, the source
lifetime can be limited by sputter erosion of the filament. This problem can,
in part, be offset by making provision for filament redundancy or by use of
RF plasma generation techniques.

The tandem accelerator has also been either used or considered for use
as an injector for synchrotron heavy-ion accelerators. The plasma-sputter
negative-ion source is well suited for this application in that pulsed negative-
ion beam intensities exceeding the practical value of ~200 LA (peak intensity)
can be delivered to the synchrotron from the tandem electrostatic accelerator
for a wide variety of heavy-ion species. It also offers the prospect of use for
batch-mode generation of radioactive ion beams for injection into tandem
electrostatic accelerators for postacceleration, because of the perfect overlap
of the plasma particles that sputter the sample and the area of the sam-
ple irradiated by the production beam. In general, plasma-sputter negative-
ion sources generate higher beam intensities with improved emittances than
do their Cs-sputter counterparts. These sources all utilize hot cathodes for
plasma ignition, with the exception of the sources described in [115,123,124],
which use RF antennae for plasma ignition.

The University of Aarhus Negative-Ion Source (ANIS)

While Cs-sputter source designs that use porous-W surface ionization sources
separated in space from the region of negative-ion generation are very ver-
satile in terms of species, this method of Cs™ beam formation rarely pro-
vides optimum cesium-layer surface coverage, critically important for gener-
ating maximum negative-ion yields. With this approach, the cesium surface
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content is relegated to the saturation value for Cs in the particular mater-
ial, and the residual neutral surface Cs is thought to be less than optimally
distributed. (The saturation value is the amount of cesium left in the surface
after the steady state has been achieved.) Since the saturation value varies
inversely with sputter ratio, high-sputtering materials (Cu, Ag, Au, etc.) have
a low residual cesium content and thus do not produce negative-ion yields
in accordance with the magnitudes of their electron affinities. In addition,
negative-ion beams have high aberration coefficients because of the shape of
the negative-ion generation surface (the inner surface of a conical bore in the
material of interest) and require a means for ion extraction from the surface of
generation (through a hole bored into the apex of the cone). In 1975, Ander-
sen and Tykesson of the University of Aarhus introduced a radial-geometry
Cs-rich plasma-sputter negative-ion source with very high yields from elemen-
tal materials, exceeding considerably the yields of those sources that utilize
Cs beams to both sputter and simultaneously lower the work functions of
sample surfaces [111,112]. A version of this source was designed and devel-
oped at the Oak Ridge National Laboratory (ORNL) [113], as displayed in
Fig. 12.27. Neutral Cs is fed into the discharge chamber at a controlled rate
from an external oven. Discharge support gases are metered through a leak
valve into the source. A weak dipole magnetic field (~0.0150T) is used to
collimate a primary electron beam produced by thermionic emission from a
Ta filament situated at the end of the plasma chamber. Plasmas are ignited
by raising the filament to emission temperature and accelerating electrons
to energies typically <100eV. The source is equipped with an external oven
that permits precise control of the feed rate of Cs into the plasma discharge
and thereby provides a means for optimizing the cesium layer thickness on
samples undergoing bombardment, as required for maximizing negative-ion
yields. Chemically reactive gases may also be introduced into the discharge,
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to react with the cathode material to form intense molecular carrier beams
containing the species of interest in cases where the species has a negative
electron affinity or the electron affinity is appreciably lower than that of the
molecular carrier. Negatively biased samples have concave spherical emission
areas that are placed away from the extraction aperture by a distance equiv-
alent to the spherical radius of the sample so that the negative-ion beam is a
minimum at the aperture. One of the great advantages of the plasma-sputter
source is that the sample surfaces are uniformly bombarded by ions extracted
from the plasma sheath, which precisely conforms to the shape of the emis-
sion surface. Negative ions are produced by sputtering with energetic positive
ions across the plasma sheath that surrounds the spherical-geometry surface.
Thus, the plasma sheath acts as a spherical lens that focuses ion beams
through the extraction aperture and thus reduces the size of the extraction
aperture relative to other emission geometries, thereby restricting losses of
neutral Cs from the source. Since the sputter process ejects particles normal
to the emission surface, beams created from a concave spherical-geometry sur-
face have lower aberration coefficients than those for other emission geome-
tries. This method of negative-ion generation enables variation of the sputter
sample size (diameter and spherical radius) according to the intensity re-
quirements of a particular experiment. The emittances of beams are found
to depend on the sputter cathode diameter and the intensity of the species.
For a cathode of diameter ¢ = 10 mm, the normalized emittance of a 30 LA
C~ beam at the 90% contour level is ey 2= 1.87 mm mrad MeV?'/2 [112]. The
beams reported by this group during early characterization studies of the
ANIS include 1 pA Li~, 0.8 uA BeH™, 3uA BeO~, 0.04pA B~, 2.5uA BO~,
20nA C7, 15pA C5, 5uA CN7, 30pA O™, 15uA F~, 1pA Al™, 2pA AL,
50uA Cl—, 0.9pA TiH—, 0.7pA FeH™, 6 A Ni—, 30pA Cu—, 3pA Ta—, and
80 A Au~. A modified form of the source has been extensively evaluated at
the Oak Ridge National Laboratory [113,114].

The ORNL RF Plasma-Sputter Negative-Ion Source

Filament-ignited sources are limited by the lifetimes of filaments used for
plasma ignition because of the erosive nature of the hot-cathode plasma dis-
charge. The use of RF power for plasma ignition, in principle, overcomes
this handicap, reduces the complexity of operation and lowers overall source
maintenance. However, in practice, sources in which antennae are submerged
in the plasma undergo bombardment and, consequently, their lifetimes are
also limited by sputter erosion processes. This problem can be ameliorated
by antennae coupling RF power through thin-walled glass or ceramic tubes
that surround the plasma volume and thus protect the antenna. A compact
source based on RF plasma ignition techniques, displayed schematically in
Fig. 12.28, has been developed at the Oak Ridge National Laboratory [115].
The main vacuum chamber is equipped with permanent magnets positioned
around the periphery of the chamber to form a longitudinal magnetic field
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Fig. 12.28. Cross-sectional side view of an axial-geometry RF plasma-sputter
negative-ion source [115]

(maximum field strength 0.0380 T) for confinement of the plasma in the radial
direction. The source utilizes a porcelain-coated, high-Q, self-igniting, induc-
tively coupled antenna system, operating at 80 MHz, that has been optimized
to generate Cs-seeded plasmas at low pressures (typically <100 Pa for Xe).
The source can be operated in either pulsed or DC modes for the generation of
negative-ion beams. Table 12.5 provides a partial list of momentum-analyzed
beams produced by its use. The normalized emittance within the 80% con-
tour for a 200 A Cu~ beam is &, ~ 7.57 mm mrad (MeV)!/2. In general, the
emittances of this source are lower than those for Cs-sputter sources at the
same beam intensity. However, the intensities from the present source and
other plasma-sputter negative-ion sources are often considerably higher for a
given species.

The KEK Pulsed-Mode, High-Intensity, Plasma-Sputter Negative-Ion Source

The original multi-cusp magnetic-field plasma surface ion source, routinely
employed for the production of high-intensity pulsed-mode H™ beams at the
LAMPF [116,117] and at the National Laboratory for High Energy Research
(KEK) [118,119], has been modified for use as a high-intensity pulsed-mode
heavy-negative-ion source [120,121]. A side-view representation of the source
is displayed in Fig. 12.29. The developments for heavy-ion production in
the case of the KEK negative-ion source are described in [120, 121]. These
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Table 12.5. Negative-ion beam intensity data for the ORNL RF plasma-sputter

negative-ion source

TIon Probe Material Beam Intensity (ULA)

o
.
Si~
g
P
Cl™
Ni~

Cu™
Ge™
As™
Se™
Ag~

Au~
Pt~

C
LiF
Si
ZnS
GaP
NaCl
Ni
Cu
Ge
GaAs
CdSe
Ag
Au
Pt

610
100
500
500
125
200
150
230
125
100
200
70
250
125

To Vacuum ||

ORNL 2004-000184n

Negative
lon Beam

Cooling
Water

‘.‘\.1- -
A [

Iom

Sputter Probe P.S.
-650V, 1A (DC)
=1000V, 1A (Pulsed)

Extraction = I

Arc P.S.
-100V, 5A (DC) P.S. +
—60V, 20A (Pulsed) -50kV, 10mA
7

Filament P.S.

10V, 200A

Fig. 12.29. A cross-sectional view of the KEK pulsed-mode, high-intensity plasma-
sputter negative-ion source [120,121]
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developments clearly demonstrated the capabilities of this source concept
for generating high-intensity (several mA) pulsed negative-ion beams of a
wide spectrum of atomic and molecular species. In the original source, the
plasma was formed by pulsing the discharge voltage of two series-connected
LaBg cathodes, thus creating a high-density plasma discharge from Xe feed
gas, seeded with cesium vapor, during the discharge cycle. Under pulsed-
mode operation at the low duty factors used (typically 2 x 1073), the LaBg
cathodes exhibit very little erosion after many hours of operation. Although
principally tested in a low-duty-cycle (repetition rate 1-50 Hz) macropulsed
mode (pulse width 50-300us) suitable for heavy-ion synchrotron applica-
tions, the source can be operated in DC mode and generate heavy-negative-
ion beams at mA intensity levels for many atomic and molecular species,
including semiconducting-material dopants (B~, P~, As™, Sb™, etc.), as well
as O~ for isolation barrier formation. Since O~ beams are generated from
solid materials, chemical reactions between the feed gas and the hot cathodes
commonly used in volume-discharge positive-ion sources, which lead to an ex-
tremely short cathode lifetime, are avoided. Table 12.6 provides a partial list
of total beam intensities (peak), species and probe materials used in the KEK
radial-geometry source. The normalized emittances, within the 80% contour,

Table 12.6. Negative-ion beam currents (peak) produced by the high-intensity
plasma-sputter negative-ion source developed at KEK [120,121]

Ion(%) Probe Material Probe Voltage (V) Cathode Geometry Current (mA)
C™(36) C 937 Spherical 6.0
C; (58) C 937 Spherical 6.0
O~ (67) Mo and O 438 Spherical 30
Si™(75) Si 937 Spherical 6.0
P~ (44) GaP 937 Flat 1.8
Co™(85) Co 937 Spherical 6.0
Ni™(87) Ni 438 Spherical 6.0
Cu™ (77) Cu 438 Spherical 8.2
Cu~(40) CuO 438 Flat 45
0~ (60) CuO 438 Flat 45
As™(20) GaAs 937 Flat 3.7
As; (52) GaAs 937 Flat 3.7
Pd (69) Pd 937 Spherical 7.6
Ag™(91) Ag 937 Spherical 6.2
Sn™(67) Sn 937 Spherical 3.6
Pt (71) Pt 937 Spherical 8.1
Au=(73) Au 437 Spherical 10.3
Bi™ (6) Bi 937 Spherical 2.7

0~ (42) Bi 937 Spherical 2.7
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Fig. 12.30. Normalized emittances, within the 80% contour, for 2.5 mA and 6 mA
Ni beams for the pulsed-mode high-intensity plasma-sputter negative-ion source
[120,121]

for 2.5mA and 6mA Ni beams are, respectively, ~ 127 mm mrad (MeV)!/2
and 177 mmmrad (MeV)'/2, as shown in Fig. 12.30. The increase in emit-
tance is attributable to space-charge effects in the beam. An axial-geometry
version of this source has also been designed for pulsed-mode operation for
potential use in tandem accelerator/heavy-ion synchrotron applications at
the Oak Ridge National Laboratory [122].

The Kyoto University RF Plasma-Sputter Negative-Ion Source

A DC-mode plasma-sputter negative-ion source using a 13.56 MHz RF plasma
igniter has been developed at Kyoto University in Japan [123,124]. The
source, shown schematically in Fig. 12.31, differs from previously described
sources of this type in that it is not equipped with provision for plasma
confinement. The source generates a high-density plasma from Ar or Xe gas
seeded with Cs vapor by application of RF power to a three-turn antenna.
The spherical-sector cathode (¢ = 43 mm) is positioned 70 mm from the ion
exit aperture (¢ = 13mm). Beam intensities of 6.5mA of Cu~, 1.6 mA of
C™, 2.3mA of C;, 3.8mA of Si~, 0.03mA of B~ and 1.0mA of B, have
been generated in the source. The efficiencies for forming several negative
ions in the source are given in Table 12.7. The emittances of beams extracted
from the source have not been measured, but for the same species, inten-
sity and extraction parameters, they are expected to be comparable to the
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Fig. 12.31. A side view of the high-intensity RF plasma-sputter source developed
at the University of Kyoto

Table 12.7. Maximum efficiencies for negative-ion production in the Kyoto Uni-
versity RF plasma-sputter negative-ion source

Ton C™ Sim Cu” Ge™ Mo~ Ta~ W™

Efficiency (%) 18.3 15.6 12.1 13.6 0.28 0.87 8.1

sources described in [120,121] because of the similarities in physical size of
their respective sputter cathodes and emission apertures.

The KEK/University
of Tsukuba Compact Axial-Geometry Plasma-Sputter Negative-Ton Source

Negative-ion beams have an advantage over their positive-ion counterparts
for SIMS analysis of insulating materials because they avoid the chronic
charge-up problems present whenever positive-ion beams are used for this
application. Mori et al. developed a compact, axial-geometry plasma-sputter
negative-ion source with a 16 mm diameter cathode, operating in the DC
mode with a LaBg cathode for plasma ignition, for such applications [125].
The source has been successfully employed by Yurimoto et al. for SIMS
analyses of isotopic ratios in meteorites which intrinsically have insulat-
ing properties [126]. Beam intensities of 1.5mA of Cu~ and 0.85mA of
Au~ have been extracted from the source and transmitted through a mass-
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analysis system. The emittance of a Cu beam at the 90% contour has a value
£, = 6 mm mrad (MeV)'/2.
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