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Efficient ion sources are needed for detecting ultratrace U and Th impurities in a copper matrix by mass
spectrometry techniques such as accelerator mass spectrometry (AMS). Two positive ion sources, a
hot-cavity surface ionization source and a resonant ionization laser ion source, are evaluated in terms
of ionization efficiencies for generating ion beams of U and Th. The performances of the ion sources
are characterized using uranyl nitrate and thorium nitrate sample materials with sample sizes between
20 and 40 lg of U or Th. For the surface ion source, the dominant ion beams observed are UO+ or ThO+ and
ionization efficiencies of 2–4% have been obtained with W and Re cavities. With the laser ion source,
three-step resonant photoionization of U atoms has been studied and only atomic U ions are observed.
An ionization efficiency of about 9% has been demonstrated. The performances of both ion sources are
expected to be further improved.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Ultrasensitive analytical techniques are required for qualitative
and quantitative analysis of the unwanted impurities in the
materials constructing the detectors for ultra low-background
experiments. A specific example is the Majorana Demonstrator
(MJD) experiment [1] designed to search for neutrinoless
double-beta-decay of the isotope 76Ge. The MJD is a 40-kg detector
array made from enriched 76Ge and natural germanium and is
being built to demonstrate the feasibility of a future
one-ton-scale experiment. A specific goal of MJD is to achieve the
ultra-low backgrounds, about one count per ton-year in the region
of interest, required for the larger experiment. In order to achieve
these backgrounds, the MJD detector is constructed and operated
deep underground to avoid background from cosmic rays and the
detector mounts and cryostats are made from ultra-pure copper
electroformed and machined underground. Monte Carlo simula-
tions indicate that uranium (U) and thorium (Th) impurities in this
copper are expected to be the dominant sources of background and
must be below the levels of a few 10�14 by weight for 238U
and 232Th.

We have proposed to use accelerator mass spectrometry (AMS)
to evaluate the U and Th impurities in the ultra-pure copper mate-
rials for MJD. AMS is presently the most sensitive and well estab-
lished technique for trace elemental and isotope analysis, in
comparison with other mass spectrometry techniques such as
inductively coupled plasma mass spectrometry (ICP-MS), resonant
ionization mass spectrometry (RIMS), and thermal ionization mass
spectrometry (TIMS). It has been previously used to detect rare
actinide isotopes with detection limits of 10�11–10�12 isotope
abundance ratios [2]. A major factor that limits the AMS sensitivity
is the low ion-source efficiency, which is important for trace
analysis. Cs-sputter negative ion sources are typically used
for AMS and their ionization efficiencies are reported to be
0.01–0.1% for U [3–6].

This work is motivated by the need for more efficient ion sources
for AMS analysis of U and Th impurities in a copper matrix at the
trace levels required for the MJD experiment. Our approach is to
, http://

http://dx.doi.org/10.1016/j.nimb.2015.04.081
http://energy.gov/downloads/doe-public-access-plan
http://energy.gov/downloads/doe-public-access-plan
http://dx.doi.org/10.1016/j.nimb.2015.04.081
http://www.sciencedirect.com/science/journal/0168583X
http://www.elsevier.com/locate/nimb
http://dx.doi.org/10.1016/j.nimb.2015.04.081
http://dx.doi.org/10.1016/j.nimb.2015.04.081


2 Y. Liu et al. / Nuclear Instruments and Methods in Physics Research B xxx (2015) xxx–xxx
use highly efficient positive ion sources which promise much higher
ionization efficiencies for U and Th than Cs-sputter negative
sources. This approach takes advantage of the available expertise
and infrastructure of the former Holifield Radioactive Ion Beam
Facility (HRIBF) [7] at the Oak Ridge National Laboratory (ORNL)
where various positive ion sources were developed for the genera-
tion of ion beams of exotic nuclei. The positive ions were converted
to negative ions by charge exchange and then sent to the 25-MV
Tandem accelerator for acceleration to the desired energies for sub-
sequent nuclear studies. The infrastructure at HRIBF is unique for
AMS applications. The 25-MV tandem accelerator has the highest
terminal voltage in the world. Charge stripping can be accom-
plished with thin carbon foils or a dilute gas in the terminal fol-
lowed by a 180� magnet for charge-state selection. A number of
ion sources are available to provide negative ion beams, including
Cs-sputter negative ion sources and positive ionization sources in
combination with a charge exchange cell. The capability of the
HRIBF infrastructure for AMS application has been proven in a
recent work [8] where fully stripped 36Cl ions were obtained with
the 25-MV tandem, thus effectively removing the 36S isobars and
pushing the detection limit of 36Cl/Cl to a few times 10�16. More
information about the AMS system at HRIBF can be found in Ref. [9].

Two positive-ion sources are considered: a hot-cavity surface
ionization source (HCSIS) and a hot-cavity resonant ionization laser
ion source (RILIS). High temperature cavity ion sources have been
used for more than 30 years at isotope separator on-line (ISOL) facil-
ities for producing radioactive ion beams of elements of relatively
low ionization potentials [10–12]. More recently, cavity-type sur-
face ionization sources [13–18] are employed for TIMS systems
for the purpose of improving the ionization efficiency and thus
detection limits of low-level isotope analyses of elements such as
U, Th, and Pu for which the conventional filament-type thermal ion-
ization sources have very poor efficiencies. Measured ionization
efficiencies of 3–8.5% for U [13,14,16,18] and 1–3% for Th [13,15]
have been reported for those sources. The RILIS is developed for
the production of isobarically pure radioactive ion beams (RIBs) at
the ISOL facilities. It has been used, or demonstrated the ability, to
provide ion beams of more than 40 elements in the periodic table
with ionization efficiencies up to 40% [19,20]. An important advan-
tage of the RILIS is its high selectivity for suppressing unwanted
interfering ions. The two positive sources have been evaluated for
their efficiencies in generating ion beams of U and Th. The design
features and operating principles of the sources, the experimental
setup, and the experimental results will be presented.

2. Hot-cavity surface ionization source

Atoms or molecules impinging on a hot metal surface may be
emitted as atoms or ions, depending on the work function, U, of
the metal surface and the first ionization potential, IP, of the atom
or molecule. The degree of ionization, a, is given by the
Saha-Langmuir equation:

a ¼ ni

n0
¼ gi

g0
exp

U� IP
kT

� �
: ð1Þ

where ni and n0 are the concentrations of the ions and neutrals leav-
ing the surface and gi and g0 are the statistical weights of the ionic
and atomic states, respectively, k is the Boltzmann’s constant, and T
is the temperature of the surface. The surface ionization efficiency,
b, is defined as,

b ¼ ni

ni þ n0
¼ a

1þ a
: ð2Þ

From Eqs. (1) and (2) it is evident that high ionization efficien-
cies can be obtained for high work-function materials and low
ionization-potential species such as the alkali metals. For the
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elements such as U (IP = 6.194 eV) and Th (IP = 6.307 eV) for which
IP > U, the surface ionization process is much less efficient. For
example, the efficiency of ionizing U and Th on a tungsten surface
(U = 4.54 eV) at T = 3000 K is only about 0.13% and 0.09%,
respectively.

The degree of ionization predicted by Eq. (1) assumes that the
ions are extracted as soon as they are formed. It has been observed
that the efficiency of a surface ionization source can be substan-
tially increased by the use of a high-temperature cavity with a
small extraction hole [21,22]. For instance, ionization efficiencies
of 4–39% were measured [23] for U with tantalum, tungsten, and
rhenium cavities at about 2900 K. The mechanisms for the
enhancement have been extensively studied [10,12,15,21–26]
and will not be presented here in detail. Briefly, the neutral species
undergo significantly higher number of wall collisions with the
hot-cavity configuration and thus have a much larger probability
to be ionized. In addition, a thermal plasma, consisting of surface
ionized positive ions and thermionic electrons emitted from the
hot walls, could form inside the hot-cavity. The plasma may reach
near thermodynamic equilibrium with the cavity wall. Due to the
high thermionic electron density at the wall, a negative plasma
sheath potential with respect to the wall is created so that the pos-
itive ions can be confined to the plasma, preventing ion-wall colli-
sions and thus ion losses. Therefore, the ‘thermal’ ionization
efficiency can be much higher than that of surface ionization.

2.1. Description of the source

A cross sectional side view of the HCSIS assembly is displayed in
Fig. 1, which shows the principal components: the hot-cavity
ionizer, the sample tube, the graphite housing, and the
extraction-electrode of the ion source. The hot-cavity ionizer is a
cylindrical cavity of 3-mm inner diameter (ID), 30-mm long and
1-mm wall thickness. High work function and refractory materials
such as Ta, W, and Re are tested as the ionizer material. The ionizer
is connected to a closed-end Ta tube of 8.5-mm inner diameter and
about 100 mm long, in which samples are placed at selected loca-
tions depending on the sample materials. The ionizer and the sam-
ple tube are heated resistively by passing a current through the
tubular structure and can be heated to temperatures exceeding
3000 K in the ionizer. The sample materials in the sample tube
are heated along with the sample tube and the ionizer. The volatile
species effuse from the sample tube into the ionizer where they are
ionized by surface ionization. The ions are extracted by the conical
electrode.

2.2. Experimental results

The ion source was evaluated at the on-line test facility (OLTF)
[7]. Positive ions extracted from the ion source were accelerated to
about 40 keV energies and focused into a 90� dipole magnet with a
resolving power of �2000 for mass separation. The mass-selected
ion beam current was measured with a Faraday cup after the mag-
net. The total ion current extracted from the ion source was also
monitored with a Faraday cup before the dipole magnet.

The sample materials were made from 1000 ppm U or Th
atomic absorption (AA) standard solutions, which contain U and
Th in a nitric acid matrix in the form of uranyl nitrate and thorium
nitrate, respectively. Small samples containing about 40 lg of U or
Th atoms were used to evaluate the source. To make a sample, the
selected 40 lL AA solution was dried on a thin Ti foil (0.0005 inch
in thickness and about 5 � 6 mm in size) and then wrapped in the
foil. The sample was placed in the sample tube of the source and
heated when the ionizer and sample tube are heated. The sample
tube was on average several hundred degrees colder than the ion-
izer. Ideally, the temperatures of the sample and the ionizer should
trace detection of uranium and thorium, Nucl. Instr. Meth. B (2015), http://
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Fig. 1. Cross sectional side view of the hot-cavity surface ionization source (HCSIS) assembly.
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be independently controlled. However, this could not be achieved
with the present source assembly which was designed for
on-line production of radioactive ion beams.

Fig. 2 shows the mass spectra of the ion beams obtained with a
W ionizer at two source heating currents: (a) 420 A and (b) 500 A,
which correspond to ionizer temperatures of approximately
2200 K and 3000 K, respectively. The measurement was conducted
with one 40 lg U sample and one 40 lg Th sample in the sample
tube. As noted, the operating temperatures for the Th samples
were much higher than those for the U samples. At a source heat-
ing current of 420 A, ThO+ and Th+ ions were well below 1 nA,
while at 500 A they were the dominant ions. This is consistent with
the fact that thorium and thorium oxides have higher melting
points and lower vapor pressures than uranium and uranium
oxides [27].
Fig. 2. Mass spectra of U and Th ions measured at source heating currents of (a)
420 A and (b) 500 A, at which the ionizer temperatures were approximately 2200 K
and 3000 K, respectively.
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As the ionizer was heated to operational temperatures, the ion
beams extracted from the source were monitored. As shown in
Fig. 2, molecular ions of UO+ and ThO+ were always observed first
and were the dominant ions. The relative intensities of the atomic
U+ and Th+ ions increased at higher temperatures. This behavior,
together with the ionization potentials of the atomic and molecular
species [U (IP: 6.19 eV), UO (IP: 6.03 eV), UO2 (IP: 6.13 eV), Th (IP:
6.31 eV), and ThO (IP: 6.6 eV)], indicates that the volatile oxides,
instead of metal U and Th, were released from the nitrate samples.
At higher temperatures, the oxides may begin to dissociate into the
atomic components. ThO2

+ ions were not observed due to its high IP
(8.7 eV).

2.3. Ionization efficiencies

The ionization efficiency of the HCSIS was measured with quan-
tified nitrate samples containing �1017 U or Th atoms per sample.
The sample was placed in the sample tube and heated as the ion-
izer and sample tube were gradually heated to operating tempera-
tures. The mass-selected ion (UO+ or ThO+) current extracted from
the source was continuously recorded until it dropped below
2–3 nA while the ionizer and sample tube were at high tempera-
tures and further heating did not increase the ion current. This
was considered as the indication that the sample materials were
mostly evaporated and effused out of the source. The ionization
efficiency was then obtained as the ratio of the integrated total
number of detected ions to the total number of neutral atoms in
the sample. Table 1 gives the measured efficiencies for three
ionizer materials: Ta (U = 4.25 eV), W (U = 4.54 eV), and Re
(U = 5.1 eV). Work is in progress to complete the efficiency mea-
surements for U and Th with the three materials. As expected, cav-
ities of higher work-function materials give higher ionization
efficiencies. The best cavity material should be Re. However, rhe-
nium is expensive and difficult to machine. The Re cavity tested
was formed with a thin Re foil and was good for one-time use.
Sources with a solid Re cavity made from a Re rod will be available
soon.

The above results are comparable to the efficiencies for U and
Th with hot-cavity sources in recent literature [13–18], but well
Table 1
Measured ionization efficiencies of the HCSIS with different cavity materials.

Element Cavity material

Ta W Re

U 0.9(1) 3.0(8)
Th 2.5(2) 4.0(2)
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below the reported [23] U efficiencies of 4.5(7)%, 15(5)%, and
39(6)% with Ta, W, and Re cavities, respectively. This suggests that
there could be a large room for improvement. We will explore a
number of means to enhance the HCSIS efficiency. For example,
the ions were distributed between 2 and 3 species of oxides and
atom. Duan et al. [13,14] have observed that adding graphite into
the cavity could convert most of the uranium oxide ions to ura-
nium atomic ions and increase the ionization efficiency of the sam-
ple by a factor of 2 [13,14]. Kirchner reported that increasing the
neutral density in the cavity, by feeding in a non-ionizing gas such
as Xe, could increase the ionization efficiency by a factor of�5 [23].
This effect is ascribed to the reduction of the mean free path and
thus the probability of wall recombination of the ions. These
enhancement mechanisms will be investigated in the near future.
3. Resonant ionization laser ion source

A resonant ionization laser ion source (RILIS) uses multiple
lasers to stepwise, resonantly excite atomic species to higher
energy levels followed by ionization in the last transition. Since
each element has its own unique set of atomic energy levels, the
resonant excitation and ionization process can provide nearly
100% elemental selectivity and can be highly efficient. Such high
Z-selectivity is necessary for the production of isobarically pure
RIBs. It is also a key advantage of the RILIS for ultra-trace analysis
applications. The RILIS used for the present study was developed at
ORNL for the former HRIBF research program [20,28]. It has two
main components: a hot-cavity ion source and a laser system.
The hot-cavity ion source is the same hot-cavity surface ionization
source described above (Fig. 1), except here surface ionization is
undesired as it may lower the selectivity of the RILIS. Hence, a tan-
talum ionizer (3 mm ID and 30 mm long) is typically used. The
laser system consists of three pulsed, tunable Ti:Sapphire lasers,
each pumped by a Q-switched Nd:YAG laser at 532 nm with aver-
age output power of 19 W at 10 kHz pulse repetition rate. The
Ti:Sapphire lasers use a diffraction grating for wavelength selec-
tion and are continuously tunable between 720 nm and 960 nm.
The fundamental laser outputs can be frequency doubled, tripled,
and quadrupled to obtain laser wavelengths in the blue to UV
region. The laser system can provide up to three-step and
three-photon ionization of elements with IP 6 �9 eV. More
detailed information on the RILIS can be found in [20,28].

The RILIS was installed at the Injector for Radioactive Ion
Species 2 (IRIS2) [28]. The experimental setup was similar to that
for HCSIS. Laser beams were collimated and focused into the
hot-cavity ionizer of the source from the extraction electrode side,
ionizing the atoms of interest before they escape out of the ionizer.
The ions were extracted out by the extraction electrode and accel-
erated to 15–18 keV energies and mass separated by a dipole mag-
net system with a nominal resolving power of 1000:1. The
mass-selected ion beam current was measured with a Faraday cup.
Fig. 3. Three-step, three-photon resonant ionization schemes for U evaluated in the
present work.
3.1. Resonant ionization of U

Laser ionization of U has been studied for applications such as
isotope separation and isotope ratio measurement by RIMS. The
earlier works mostly employed tunable dye lasers. With the
emerging of all-solid-state tunable lasers such as Ti:Sapphire and
diode lasers, spectroscopy studies to develop efficient resonant
ionization schemes for actinide elements, including U and Th,
using these solid-state lasers have recently been carried out by
the LARISSA group at the University of Mainz [29–33]. Their stud-
ies revealed numerous atomic energy levels in U that were previ-
ously not known and identified excitation and ionization
schemes optimized for Ti:Sapphire or diode lasers. Ionization
Please cite this article in press as: Y. Liu et al., Ion source development for ultra
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efficiencies on the order of 0.04% for U isotopes were also obtained
[33]. It is therefore of interest to explore possible improvements in
the efficiency.

The work presented here is our first study on ionization of U in a
RILIS. We selected several three-step, three-photon ionization
schemes using at first the results of the LARISSA group. As illus-
trated in Fig. 3, they all utilized the first step of exciting U atoms
from the first excited level 5f36d7s2 5K�5 at 620.323 cm�1 to the
excited state at 25348.972 cm�1 by the first photon
(k1 = 404.389 nm). From this level, two resonant transitions were
selected: (1) to a level at 37412.181 cm�1 (k2 = 828.967 nm) or
(2) to a level at 38019.153 cm�1 (k2 = 789.255 nm). In the third
step, the excited U atoms were ionized by transitions to an
autoionizing level above the ionization potential. The wavenumber
of the third photon was scanned over a limited range of 300–
500 cm�1 to search for relatively stronger autoionization transi-
tions. The scheme on the right in Fig. 3 was found to be the best,
with which about 50% more U ion current was obtained than the
next best scheme tested. In this scheme, U atoms are excited from
the excited state at 620.323 cm�1 above the ground state, to
the resonant level at 25348.972 cm�1 by the first photon
(k1 = 404.389 nm), then promoted to the level at 37412.181 cm�1

by the second photon (k2 = 828.967 nm), and subsequently ionized
by the third photon (k3 = 782.33 nm) via excitation to an autoion-
izing level at 50194.49 cm�1. The first photons were
frequency-doubled from the fundamental laser output. The laser
power for each step before injection into the ion source was mea-
sured to be about 300 mW for the first step after frequency dou-
bling, and about 1.2 W for both 2nd and 3rd steps. All three
transitions were found to be well saturated with the available laser
power. This scheme was used for the efficiency measurement pre-
sented below.
3.2. Ionization efficiency

The ionization efficiency of the RILIS for U was measured with a
smaller sample containing �5 � 1016 U atoms wrapped in a thin Zr
foil (0.001’’ thick, �5 � 6 mm). The measurement procedure was
trace detection of uranium and thorium, Nucl. Instr. Meth. B (2015), http://
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almost the same as that described above for the HCSIS, except that
here U atoms released from the sample were ionized by the laser
beams and the mass-selected U+ ion current was recorded. An
overall ionization efficiency of about 9% was obtained. This value
is more than double the efficiencies obtained so far with the
HCSIS. Throughout the measurement, surface ionized U+ ions were
checked frequently by blocking all the laser beams and less than
0.4 nA of the surface ions were observed even at very high ionizer
temperatures (>2500 K).

This is our first result with the RILIS. Higher efficiencies can be
expected by several means. As shown in Fig. 3, the first excitation
step involved the U atoms in the 5K�5 first excited state. This
excited state is less thermally populated than the ground state at
the operating temperatures. For example, up to 3500 K, less than
40% of the U atoms will be in the 5K�5 state, while the remaining
U atoms will occupy the ground state. Hence, ionization schemes
involving excitations of U atoms from the ground state in the first
step could be more efficient. Such schemes have been reported [29]
and will be evaluated with our RILIS. In addition, many atomic
spectral lines have been observed in U [31–33]. Only a small frac-
tion of the possible combinations of the excitation and ionization
transitions were examined in this work. Effort is under way to
improve the experimental setup so that the wavenumbers of the
second and third lasers can be scanned over a much wider range
(P3000 cm�1) to search for more efficient excitation and ioniza-
tion ladders. Finally, non-resonant ionization in the last step by
the high-power pump laser at 532 nm is shown in more and more
cases to yield higher efficiencies than resonant ionization [19]. This
feasibility will also be explored for U.

4. Discussion

For AMS analysis, positively charged U and Th atomic or
molecular ions must be converted to negative ions for injection into
the tandem accelerator. The conversion efficiency may play a
critical role in the use of positive ion sources for
tandem-accelerator-based AMS. To obtain negative ions, the posi-
tive ion beam can be injected into a charge-exchange cell (CEC) con-
taining an alkali or alkaline vapor of appropriate density where the
initially positive ions are converted into negative ions through
charge-exchange collisions with the vapor atoms. To our knowl-
edge, there have been no published data on the charge-exchange
efficiencies of U and Th positive ions. It is well known that the
charge exchange is a two-step process and the yield of negative ions
depends primarily on the collision energy, the electron affinity (EA)
of the projectile element, and the IP and density of the exchange
vapor [34]. It is generally true that higher charge-exchange efficien-
cies can be expected for higher projectile EA values. U and Th have
relatively low electron affinities, as predicted to be 0.3–0.37 eV for
U� and 0.37 eV or 0.5 eV for Th� [35,36]. Such low EA value is clearly
a disadvantage for charge conversion. However, positive ion sources
in combination of a CEC have been extensively used at ORNL to gen-
erate many negative radioactive ion beams for post-acceleration
with the 25-MV tandem accelerator. We have observed that the
overall efficiency of the charge-exchange process is not only deter-
mined by the EA value but also strongly depends on the nature of
the projectile-vapor combination and the projectile energy. For
example, using a Cs CEC, the highest efficiencies for producing
As� (EA = 0.81 eV), Sn� (EA = 1.22 eV), Se� (EA = 2.02 eV), Br�

(EA = 3.37 eV) and Sr� (EA = 0.05 eV) beams are respectively 42%,
41%, 22%, 1.2%, and 0.9%, with optimum projectile energies ranging
from 20 keV to 50 keV. A charge exchange efficiency of �40% for
Ga� (EA = 0.30 eV) has been reported [37]. Heinemeier and
Tykesson [38] obtained charge-exchange efficiencies of 2–6% for
low-EA elements such as Be� (EA = 0.24 eV, metastable), B�

(EA = 0.28 eV) and Fe� (EA = 0.25 eV), using Na or Mg vapors and
Please cite this article in press as: Y. Liu et al., Ion source development for ultra
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at a fixed projectile energy of 20 keV. Based on these experimental
results, it is reasonable to believe that efficiencies on the order of 5–
10% could be expected for converting positively-charged U and Th
atomic ions to negative ions using a proper charge-exchanging
vapor. We will investigate the optimal charge-exchanging condi-
tions and measure the conversion efficiencies of U and Th positive
ions in the near future.

Molecular UO+ and ThO+ ions can also be converted to negative
ions by charge exchange, but from our experience they will likely
dissociate into atomic species during the charge-exchange colli-
sions and the overall conversion efficiency for negative ion forma-
tion will be lower than that of the atomic positive ions. Moreover,
the resulting atomic negative-ion beam could have a large energy
spread of up to several hundreds of eV due to the three-body kine-
matics of molecular breakup. Therefore, molecular UO+ and ThO+

beams are not preferred. We will focus on converting the mole-
cules to atoms by means such as introducing graphite [13,14] into
the HCSIS ion source in the future.

To compare with Cs-sputter negative ion sources, it is noted
that even with the preliminary RILIS ionization efficiency of 9%
for U and a 1% charge-exchange efficiency, the overall efficiency
of producing U� ion with the RILIS + CEC combination is compara-
ble with that of Cs-sputter sources (0.01–0.1% [3–6]), while the
purity of the U� beam from the RILIS and CEC could be orders of
magnitude better. Therefore, the AMS detection limit could still
be substantially improved with the RILIS.
5. Summary

In summary, two positive ion sources, hot-cavity surface ioniza-
tion source (HCSIS) and resonant ionization laser ion source (RILIS),
have been evaluated in terms of ionization efficiency for generating
ion beams of U and Th. For the HCSIS, the dominant ion beams
observed were UO+ or ThO+ and ionization efficiencies of 2–4%
have been obtained with W and Re cavities. Resonant ionization
of U in a RILIS has been obtained using three-step, three-photon
ionization schemes. The laser-ionized ions were atomic U+ ions
and an ionization efficiency of 9% for U has been achieved. For U,
the RILIS is shown to be more efficient than the HCSIS. Moreover,
the RILIS is highly selective for suppressing interfering and back-
ground ions. Laser ionization of Th has not been conducted but will
be done in the near future.

Work is still in progress to improve the efficiencies of both pos-
itive ion sources. Higher efficiencies with the HCSIS can be
expected by optimizing the cavity material and geometry as well
as the operating conditions. In addition, means to convert the
molecular ions into atomic U and Th ions such has graphitization
will be investigated. For the RILIS, we will continue the search
for more efficient resonant schemes for U and study alternative
schemes such as the feasibility of non-resonant ionization in the
last step with the high-power pump laser at 532 nm.

The objective of this study is to detect ultra-trace amount of U
and Th impurities in a copper matrix. Our next step will focus on
the performance of the HCSIS and RILIS with smaller U and Th
nitrate materials down to nanogram and picogram sizes as well
as copper samples mixed with small amount of U and Th. The
experimental setup is being modified with the addition of a chan-
neltron detector for measuring low intensity ion currents.
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