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Multi-step resonance ionization spectroscopy of thorium has been performed with Ti:Sapphire lasers and a hot-
cavity laser ion source. Resonance ionization schemes involving three-color, three-photon ionization processes
are evaluated and a new three-photon scheme is demonstrated with measured overall ionization efficiency of
38.6(5)%. This high efficiency makes it possible to determine the thorium impurities in materials used for ultra-
low background neutrino detectors and could also benefit ultra-trace thorium analysis using resonance ioniza-
tion mass spectrometry for various radiochemical tracer applications.

1. Introduction

Thorium (Th) isotopes are of great interest to fundamental research
and applied applications. The >°Th isotope is unique in nuclear physics
due to its possession of an isomer state *™Th that has the lowest
nuclear excitation energy known in nature — approximately 7.8eV
above the nuclear ground state *2°Th [1]. This isomeric state could
allow for direct laser excitation [2,3] with novel applications such as
constructing a nuclear clock with unprecedented precision [4,5] and
demonstrating a nuclear laser [6]. Yet, the precise knowledge of this
isomer state, including its exact energy [7,8] and lifetime [9], is still
waiting to be experimentally determined [10-13]. Long-lived Th-series
isotopes are key radiochemical tracers for various applications, such as
nuclear forensics and nonproliferation safeguards [14-16], ocean bio-
geochemical modeling [17-19], geochronology and archeology
[20-22], stellar age-dating [23,24], and cancer therapy [25]. 232THh is
the dominant and only naturally-occurring isotope of thorium, with
other isotopes being intermediate decay products and thus present at
very low trace levels. Accordingly, highly sensitive analytical techni-
ques are needed for detecting thorium isotopes in environmental and
commercial materials [26].

Resonance ionization mass spectrometry (RIMS) is increasingly used
for the analysis of trace actinide radioisotopes (U, Pu, Th) [26-31]. In
RIMS, ions are formed by stepwise resonant absorption of two or three
photons through allowed atomic levels to photoionization [32,33]. The

multistep resonance process is extremely selective for the specific atoms
of interest and can be performed very efficiently [34-36]. Hence, RIMS
is superior in suppressing atomic and molecular isobaric interferences
and capable of ultrahigh sensitivity comparable with or better than
other mass spectrometry techniques. A crucial component for RIMS to
be technically viable for ultra-trace actinide analysis is to realize the
highest possible ionization efficiency and thus the lowest detection
limit.

In this paper we report the development of highly efficient laser
ionization schemes for thorium. The work is specifically aimed at im-
proving the sensitivity and detection limit of RIMS for qualitative and
quantitative analysis of unwanted ultra-trace actinide impurities in the
materials used to fabricate ultralow-background detectors for nuclear
research, such as the enriched 7%Ge detector for the Majorana
Demonstrator neutrinoless double-beta-decay experiment [37] for
which thorium and uranium impurities are expected to be the dominant
sources of background and must be below the levels of a few 10~ '* by
mass. This study is also important to enhancing the production of the
exotic 22°™Th beam using a laser ion source [38-40] and increasing the
sensitivity of high-resolution spectroscopy of Th isotopes in a gas cell
[39] and in a gas jet [41,42].

Thorium (Z = 90) has the atomic ground-state electronic config-
uration of [Rn]6d>7s> with a partially occupied 6d-shell and an empty
5f-shell located inside the outer 7s-shell. Interaction between the open
subshells is expected to give rise to a large number of energetically
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adjacent electronic states. Complicated spectra with high density bound
and autoionizing (AI) electronic states are indeed observed in laser
ionization spectroscopy [38,43-46]. As a result, experimental de-
termination of the optimal ionization scheme for Th requires systematic
and time-consuming evaluation of the spectra. Two- [43-46] and three-
step [38] resonance ionization of Th has been studied. An extensive
spectroscopy investigation was recently performed by Raeder et al.
[38,47] using Ti:Sapphire lasers at Mainz University, who observed
many new bound and Al levels in Th and suggested a number of ioni-
zation schemes involving three resonant steps. However, for this earlier
work, the best overall laser ionization efficiency was 0.6% [38].

In a previous study [48], we evaluated one of the three-step schemes
developed at Mainz and obtained an overall ionization efficiency of
about 32% using a hot-cavity resonance ionization laser ion source
(RILIS). For the present study, we have conducted spectroscopy surveys
of the high-lying and Al levels in Th, in order to identify more suitable
three-step ionization pathways, and systematically evaluated the re-
lative efficiencies of different three-step schemes under similar experi-
mental conditions. A more efficient scheme is demonstrated with an
overall ionization efficiency of near 40%. The experimental procedure
and results are described.

2. Experimental

The ionization scheme studied in this work, involving three re-
sonant steps, is presented in Fig. 1. Spectroscopic surveys are conducted
with a set of three tunable Ti:Sapphire lasers. The thorium atom is
excited from the ground state 6d°7s> °F, to the first excited state
6d>7s7p °G3 at 26878.16 cm ~ ! [49] by a frequency-doubled photon of
A1 = 372.049 nm from one of the Ti:Sapphire lasers. This first transi-
tion is known, selected by Raeder et al. [38] and used in our previous
work [48]. A second photon (A,) then excites the atom to an inter-
mediate resonant state (E,) from which it is ionized by a third photon
(A\3). The second and third step photons are provided by the other two
Ti:Sapphire lasers. The wavelength of the second laser (\,) is scanned
to search for E, resonance transitions and then, with A, fixed to a se-
lected E, level, the third laser wavelength (\.3) is scanned to look for
strong resonant photoionization signals via high-lying Rydberg or Al
states.

The laser system [48,51] consisted of three grating-tuned

IP = 50867 cm-! 6d7s2 2D5),
As
=
A,
26878.16 cm-" 6d27s7p 3G4°

Aq=372.049 nm

0cm'! ————— 6d27s23F,

Fig. 1. Three-step resonance ionization scheme for Th, with values of the en-
ergies and ionization potential (IP) from Refs. [38,50]. The second (A,) and
third (\3) laser wavelengths are scanned separately to search for overall strong
ionization resonances.
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Ti:Sapphire lasers continuously tunable between 720 nm and 960 nm
with maximum output power of about 2.5 W near 810 nm. One of the
laser outputs was frequency-doubled to provide the first resonant ex-
citation at 372.049nm. The frequency-doubled laser output was
available in wavelengths of 360-470 nm with maximum power of about
800 mW at 405 nm. The spectral linewidths of the lasers were on the
order of 3-4 GHz for the fundamental light and 4-5 GHz for frequency-
doubled light. The three Ti:Sapphire lasers were individually pumped
by three Q-switched Nd:YAG lasers at 532 nm at a pulse repetition rate
of 10 kHz, so the Ti:Sapphire lasers were pulsed at 10 kHz with pulse
widths of about 30 ns. The three lasers were synchronized by adjusting
the external trigger timing to the individual pump lasers. The time jitter
between the synchronized lasers was typically not > 5ns, which was
small in comparison with the laser pulse width. Intentionally desyn-
chronizing the laser pulses up to 10 ns with respect to each other had
little effect on the ion signal intensity.

The study was conducted with RILIS and the mass separator at the
Injector for Radioactive Ion Species 2 (IRIS2) platform at Oak Ridge
National Laboratory (ORNL). Details of the experimental setup have
been described elsewhere [51]. In brief, a hot-cavity ion source was
mounted on the IRIS2 platform, As illustrated in Fig. 2, the ion source
consisted of Ta tubular cavity ($p3 x 30 mm) and a Ta sample-tube
(8.5 x 100 mm). The ion source was resistively heated by an electrical
current. Thorium sample materials were heated and evaporated inside
the sample tube and the volatile species effused into the cavity where
they were selectively ionized by laser beams from the Ti:Sapphire la-
sers. The ions were extracted from the cavity, accelerated to 40 keV,
and transported to a magnetic mass separator with mass resolving
power of 1000 for mass number A = 100. The mass separator was op-
timized for transmission of an A = 232 ion beam and the ?*2Th ion
beam intensity passing through the mass separator was measured with
a Faraday cup (FC). The total ion beam intensity before the mass se-
parator was periodically monitored with a retractable FC. The laser
beams were collimated and sent into the IRIS2 beamline through a
vacuum window, traveling in the opposite direction of the ion beam
and entering the 3-mm cavity of the ion source through the ion ex-
traction electrode. The laser beams were focused to a waist on the order
of 3-mm in diameter at the ion source. The laser power injected into the
cavity was about 100 mW of frequency-doubled light and 1 W of the
fundamental light. The corresponding laser power density in the laser-
atom interaction region was about 1.5 W/cm? for the first-step transi-
tion and 15 W/cm? for the second and third transitions.

Photoionization spectra were obtained by recording the ion current
measured at the FC after the mass separator as a function of the laser
wavelength. The laser wavelength could be scanned in the direction of
increasing photon energy (scan-up) or decreasing photon energy (scan-
down). We observed that the spectral line centroids obtained from the
scan-up and scan-down measurements were slightly different with an
average difference of about 0.04cm™'. Thus, each spectrum was
measured at least twice by scan-up and scan-down, respectively, to
account for the hysteresis in laser scans. The line centroids were then
determined as the average values of the scan-up and scan-down mea-
surements. The fundamental wavelengths of the three lasers were
monitored simultaneously using a calibrated wavelength meter
(HighFinesse WS6-600) equipped with a 4-channel opto-mechanical
switcher. The systematic uncertainty in measuring the laser wave-
lengths was dominated by the absolute accuracy of the wavelength
meter, which was 600 MHz or 0.02cm ™' according to a 3-sigma cri-
terion.

The Th samples were made from 1000 ppm Th atomic absorption
(AA) standard solutions with Th in a nitric acid matrix in the form of
thorium nitrate. Typical sample sizes were 20 ug or 40 pg of Th, cor-
responding to about 5 X 10'® and 10'” Th atoms per sample, respec-
tively. A sample was prepared with 20 or 40 uL AA solution dried on a
thin Ti metal foil (0.0005-inch thick and about 5 X 6 mm in size) and
wrapped in the foil. The Ti foil was used as the reducing agent to release
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Fig. 2. Schematic of the hot-cavity ion source assembly and laser ionization configuration.

the bound Th atoms from the sample matrix. The sample was heated in
the sample-tube of the ion source assembly to provide atomic Th for
measurement. We have previously observed [52] that oxides, e.g., ThO,
were released from the nitrate sample at relatively low temperatures
and dissociated into the atomic components at high temperatures. The
sample tube was colder than the cavity and the temperature along the
sample tube decreased with the distance away from the cavity. There-
fore, the Th sample was placed very close to the cavity, as shown in
Fig. 2, in order to reach the high temperatures required for significant
decomposition of ThO into atomic Th. For the spectroscopy measure-
ments reported here, the ion source was heated with a current of up to
380 A where the Th sample temperature was estimated to be around
1950 K and the cavity was on the order of 2100 K. Thorium ion currents
measured at the FC after the mass-separator were on the order of 10 nA
for strong peaks. Under this heating condition, a 40 pug sample lasted for
more than three days.

3. Results
3.1. Second excited states

Fig. 3 shows the ionization spectra for the second laser A, scanned
over the range of 777-872nm or 11468-12870 cm ™ '. The peaks cor-
respond to resonant excitations of Th to intermediate excited states
from the 6d*7s7p 3G state at 26878.16 cm™'. The plot shows the
spectrum obtained with the third laser (\3) arbitrarily set to a photon
energy of 13062.7 cm ™, high enough to ionize the Th atoms from the
intermediate levels populated in the A, scan. We also measured a
portion of the spectrum with the third laser blocked. In this case, the
excited atoms were ionized by absorbing another photon from the first
or second lasers. In this case, the spectral lines were typically much
smaller than those with the third laser on, due to lower ionization
probabilities without the third laser, but the line positions obtained in
both cases were in excellent agreement, as shown in Fig. 4. A total of 23
resonance lines were observed, corresponding to intermediate excited
states of even parity with level energies given by E, = E; + hvy, where
E; = 26878.16 cm ™, h is Planck's constant, and v, is the second laser
frequency at the line centers determined by Gaussian fits. Table 1 lists
the measured energies E, for the levels observed in Fig. 3, along with
the literature values. The scans were performed with coarse resolutions
of about 3 GHz per scan step. As a result, the statistical error of the line
positions was on the order of 0.15cm ™. Nevertheless, we could con-
firm all the 23 states with reasonable agreement with literature.
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Fig. 3. Photoionization spectra obtained by scanning the second laser wave-
length (\.,) with the third laser (A3) set at wavenumber of 13062.7 cm™ ! Lines
labeled 1-5 are selected as the second excited state (SES) in this work; and the
lines marked with the symbol, *, are the SES used by Raeder et al. [38].

Five E, levels, labeled 1-5 in Fig. 3, were selected as the second
excited states (SES) for three-step resonance ionization based on their
relative line intensities in the A, scan with the third laser on. Table 2
gives more information for these selected transitions. From the
E; = 26878.16cm ! level, Raeder et al. [38] selected three SES at
38700.25, 39321.81, and 39997.59 cm ~?, respectively. The first is the
strongest peak (#1) used in this work, the second turned out to be a
very weak line in our spectrum as marked by * in Fig. 3, and the third is
out of our A, scan range.

3.2. Three-step resonant ionization

Fig. 5 shows the three-photon and three-color photoionization
spectra from the selected SES, measured by scanning the third laser
wavelength (\.3) while the first and second laser were fixed to the re-
spective resonant transitions. The A; scans covered the range
50500-52100 cm ™! in total excitation energy, revealing high density of
states and complex spectra below and above the ionization potential
(IP) of Th. We have identified Rydberg series converging to the IP in
some of the spectra, but no Al Rydberg series were observed. Analysis of
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Fig. 4. Comparison of the A\, scan spectra obtained with the third laser on and
off. Lines labeled 1-5 are selected second excited states for three-step ionization
in this work. For clarity, the spectrum with the 3rd laser off is moved down by
an artificial offset of —0.01 nA.

Table 1

Measured energies of the intermediate excited states observed in A, scans. The
uncertainty is the standard deviation of the scan-up and scan-down measure-
ments, not including the systematic error of 0.02cm ™. Columns 2 and 3 are
the energy and J value, respectively, in literature [50], and Column 4 is the
energy measured by Raeder et al. [38].

E, (cm™1) this work  E, (cm™?!) from Ref.  J from Ref.  E, (cm™') from Ref.
[50] [50] [38]

38366.47(3) 38366.5775 4

38382.07(15) 38382.148 3

38436.32(15) 38436.4152 2

38443.74(15) 38443.8055 3 38443.82(6)
38529.81(18) 38529.929 3

38602.95(2) 38602.9891 2

38659.24(3) 38659.2178 2

38700.28(3) 38700.2507 4

38734.40(15) 38734.4088 3

38760.63(17) 38760.6326 4

38807.60(6) 38807.6687 2

38956.93(20) 38956.8948 4

38960.70(23) 38960.6542 2 38960.68(7)
39010.18(14) 39010.1797 3

39096.36(15) 39096.2986 4

39175.09(15) 39174.9152 3

39283.99(15) 39283.8257 4

39321.94(15) 39321.8086 3

39324.41(15) 39324.25(7)
39506.57(15) 39506.39 3

39520.46(15) 39520.19 4

39680.60(15) 39680.4585 2

39710.17(15) 39710.05(6)

Table 2
Selected SES and corresponding laser excitation wavelength for the second-step
transition. The level energies and J values are the literature values [50].

Peak E, (cm™ 1) J A2 (nm)
1 38700.2507 4 845.87
2 38807.6687 2 838.26
3 38956.8948 4 827.90
4 39010.1797 3 824.27
5 39096.2986 4 818.46
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Fig. 5. Photoionization spectra excited from selected SES in Table 2, obtained
by scanning the third laser wavelength A3. Spectral peaks marked by (v) are
selected for further evaluation. Note the differences in the ion intensity (ver-
tical) scale and the slight differences in the scanned energy scale.

the Rydberg series is in progress and will be reported in a forthcoming
publication.

It can be seen in Fig. 5 that the spectral peak intensities from dif-
ferent SESs differ significantly. The differences could be related to the
overall ionization efficiency and could also be affected by experimental
parameters since the measurements were conducted at different times
and under different source operation conditions. It was therefore ne-
cessary to compare the ionization schemes under similar experimental
conditions while the lasers were optimized for the respective schemes.
Hence, we selected the strongest resonances from each SES for further
evaluation. Sixteen resonances were chosen as indicated in Fig. 5 and
the corresponding second and third excitations, centroid energy of the
resonances, and possible J values are detailed in Table 3. The first ex-
citation was the same for all the schemes (Fig. 1). Three of the re-
sonance energies were below the IP. The J values were determined by
comparing the spectra from SESs of different J.

The further evaluation was performed as follows. The ion source
was maintained at a heating current of 380 A. The second and third
lasers were tuned to an ionization scheme, optimized in wavelength and
power, and the intensity of *?Th ions was recorded. Then, the lasers
were quickly tuned to another scheme, optimized, and the corre-
sponding ion current was measured. Changing between ionization
schemes typically took 10-20 min, including optimization of the laser
tuning and the beamline optics for ion extraction and transportation.
The relatively short switching time allowed consecutive schemes to be
evaluated under similar experimental conditions. In addition, the ion
current of a reference scheme was measured periodically for calibration
of the slow drifts in ion current due to consumption of the Th sample or
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Table 3
Comparison of the strongest resonances of odd parity from selected SES with
relative ion intensity normalized to the reference scheme shown in bold. Ej; is
the total excitation energy. The first excitation was the same for all the schemes
(Fig. 1).

E, (cm_l) Ao (nm) E; (cm_l) J Az (cm’l) Rel. Int.
38700.2507 845.87 50933.51(21) 3,4,5 817.44 0.8
38700.2507 845.87 50980.93(25) 3,4,5 814.29 1.0
38700.2507 845.87 51134.33(23) 3,45 804.24 1.0
38700.2507 845.87 51762.95(21) 3,4,5 765.54 1
38700.2507 845.87 51790.73(15) 3,4 763.91 1.1
38807.6687 838.26 50787.08(15) 2,3 834.77 0.05
38807.6687 838.26 50843.53(9) 3 830.85 0.04
38956.8948 827.90 50980.98(5) 3,4,5 831.66 1.23
39010.1797 824.27 50950.21(15) 2,3 837.52 0.16
39010.1797 824.27 50967.93(15) 2,3,4 836.28 0.14
39010.1797 824.27 51018.93(15) 3,4 832.73 0.17
39096.2986 818.46 50769.09(9) 3 856.69 0.3
39096.2986 818.46 50953.00(8) 3,4,5 843.40 0.4
39096.2986 818.46 50969.95(12) 3,4,5 842.20 0.4
39096.2986 818.46 50998.91(15) 3,4,5 840.15 0.3
39096.2986 818.46 51134.27(10) 3,4,5 830.70 0.3

variations in the ion source condition and the beamline tuning. The
reference scheme was the scheme used in our previous work [48] with
Ao = 845.87 nm (SES at 38700.2507 cm ™ ') and A3 = 765.54 nm to the
Al state of total energy E; = 51762.95(21) cm ™', It was one of the
strongest Al resonances in this search. Finally, the measured ion in-
tensities from the evaluated schemes were normalized to that of the
reference scheme and the resulting relative intensities are given in
Table 3.

The best scheme identified, which gave the largest relative ion in-
tensity, was the third transition to the AI state of odd parity at
50980.98(5)cm ™' (Ag = 831.66nm) from E, = 38956.8948cm ™'
(A = 827.90nm). Besides the best scheme, the five AI resonances
starting from E, = 38700.2507 cm ™' showed much higher ion in-
tensities than those from other SESs. This is consistent with the results
of Raeder et al. [38], who observed the strongest Al peaks from
E, = 38700.2507cm~' and selected the AI transition to
E; = 51762.95(21) cm ! as the best scheme — the reference scheme in
Table 3.

It is noteworthy to mention that for the best scheme, the second-step
excitation was not the strongest but a rather weak resonance (peak #3)
in the A, scan (Figs. 3 and 4). We have observed similar results in the
studies of laser ionization schemes for uranium and plutonium. This
indicates that the peak intensity in the A, scan may not be the best
criteria for SES selection for these elements, because the A, spectrum
could be affected by coincidences where the third photon was acci-
dentally on or near a resonance transition to an Al state. It also suggests
that a more suitable SES could possibly be found among the other E,
levels not selected here.

The selectivity of the three-step scheme was checked by blocking
the individual lasers and the results showed that approximately 98.8%
of the laser ionized ions were produced by three-step, three-photon
ionization, about 1% were ionized by A; photons alone and 0.2% by
A2 + A3 photons.

3.3. Ionization efficiency

We measured the overall ionization efficiency of the newly identi-
fied scheme that gave the largest relative ion intensity in this study: 75>
3F, — 757p 3G3 — 38956.8948 cm ~ ! — 50980.98 cm ~ ! with excitation
wavelengths of A1 = 372.049 nm, Ao = 827.90 nm, and
A3 = 831.66 nm. The efficiency was determined using a calibrated
sample made from 20 pL of the Th AA solution dried on a thin Ti foil, as
described above in Section 2. The sample contained a total of
5.19(7) x 10'® Th atoms, with uncertainty given by the uncertainty of

99

Nuclear Inst. and Methods in Physics Research B 462 (2020) 95-101

the certified Th AA solution concentration and the accuracy of the
pipette used to prepare the sample. Fig. 6 shows the efficiency mea-
surement process as well as the result. With the three Ti:Sapphire lasers
tuned and optimized to the respective excitations, we heated the ion
source to high temperatures by gradually increasing the electrical
heating current and simultaneously recording the mass-selected 2*2Th
ion beam intensity. The laser power used in the measurement was about
150 mW, 1.5W, and 1.5W for the first, second, and third excitations,
respectively. 2*2Th ions of about 2 pA were measured at source heating
current of 275 A. Data recording started when the observed ?*Th ion
current reached 0.1nA at a heating current of 300 A. The heating cur-
rent was increased in 10 A steps up to 410 A in about 3.5h. At the
maximum heating current, the cavity temperature was on the order of
2200K. The 2*2Th ion intensity increased to about 50nA and then
decreased very slowly. The measurement was stopped after about
28.5h when the ion intensity dropped to less than 20 nA, due to time
constraints and the consideration that further accumulation of eight
more hours would only contribute about 2% to the overall efficiency
based on the downward slope of the ion intensity. The ionization effi-
ciency was then determined as the ratio of the total number of ions
detected to the total number of neutral atoms in the sample. From the
data in Fig. 6, an overall efficiency of 38.6(5)% was obtained. A smooth
extrapolation of the ion intensity for the next 6.5h indicates that the
overall efficiency could be as high as 40%.

Thorium could also be surface ionized in the Ta hot-cavity. During
the measurement the >3*Th ion intensity due to surface ionization was
frequently checked by blocking all the laser beams - the ion intensity
measured at the FC without the lasers was from surface ionization. As
shown in Fig. 6, the vertical lines correspond to lasers being blocked.
The maximum surface ion intensity observed was only about 70 pA.
Consequently, the surface ionization contribution can be ignored. It is
also seen in Fig. 6 that the measured ion intensity for two periods be-
tween t = 13-16 h was zero, due to high-voltage interlock faults that
occurred at t = 13-15h and again at t = 15.3-15.7 h, during which
data transfer from the FC was interrupted. We used linear interpolation
to include the missing data.

The ionization efficiency of the reference scheme was previously
measured as 31.5% [48]. The ratio of the efficiency measured here for
the new scheme to that of the reference scheme is 38.6/31.5 = 1.22 or
40/31.5 = 1.27, in agreement with the relative ion intensity of the two
schemes as shown in Table 3.

4. Discussion

An objective of this study is to detect ultra-trace amounts of Th
impurity in the copper materials used in the construction of detectors
for neutrinoless double-beta-decay experiments. In order to reduce the
background from Th to acceptable levels in these experiments, the mass
ratio of Th to Cu needs to be below 75 fg 232Th/g Cu [37]. This cor-
responds to about 2 x 10° >3*Th atoms per mg Cu. The Th sample sizes
used in this study were 20-40pug of 232Th. Using sample sizes of
4 x 10*-10° Pu atoms, and an overall resonance ionization efficiency of
0.5—5%, Raeder et al. [28] reported a detection limit of 10°-10° Pu
atoms by in-source RIMS using a hot-cavity RILIS similar to the one
used in the present study. Based on their results and the high ionization
efficiency for Th demonstrated here, the Th sample amount could po-
tentially be scaled down to sub-femtogram levels and the overall de-
tection limit could be down to less than 10* Th atoms. Thus, our RIMS
setup with the FC replaced by a detector sensitive for single ion de-
tection, such as a microchannel plate or a channeltron detector, is very
promising to enable qualitative and quantitative analysis of trace Th
amounts in copper materials at or below the level of 2 x 10° Th atoms
per milligram Cu.

To our knowledge, the measured ionization efficiency of 38.6(5)% is
the highest efficiency for thorium to date. We believe that more effi-
cient ionization schemes are still possible since the possible
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Fig. 6. Measured 2*Th ion beam intensity during

4 the efficiency measurement. The vertical lines down
to the baseline correspond to lasers being blocked.
The communication with the FC was interrupted by
two interlock faults between t = 13 and 16 h. The
missing data for these two periods are assumed
using a smooth interpolation.
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combinations of the excitation and ionization transitions for Th are by
no means exhausted. The following approaches can be considered for
future investigation. First, many of the AI resonances previously re-
ported [38,44] are above the energy range of this study and have not
been evaluated. Second, only five SES were evaluated based on their
relatively strong line intensities in the A, scan. Since we have observed
that a weak line in the A, scan can lead to a highly efficient final io-
nization, other E, levels should be investigated for more efficient three-
step schemes. Third, this study was limited to one first-step transition. A
future improvement could be to implement an autotracking frequency-
doubling system for our Ti:Sapphire lasers, which provides automatic
phase matching optimization as the input fundamental wavelength is
changed and allows continuous A scan to search for more suitable first-
step excitations. In addition, we can also investigate simpler two-step
resonance ionization schemes that use frequency-doubled photons for
both steps. Very recently, highly efficient two-step resonance ionization
schemes have been demonstrated for lanthanides [36]. Thorium release
and atomization during sample vaporization could still be a limiting
factor for the overall efficiency. This process strongly depends on the
source temperature, the chemical properties of the sample, the reducing
agent, and the ion source materials. In previous work on surface ioni-
zation, we have evaluated different metal foils, Ti, Zr, and Ta, as the
reducing agent for the release of U from the nitric acid matrix. Using a
Ta-cavity source, we observed that the overall ionization efficiency for
U was improved from 0.9% (Ti foil) to 1.4% (Zr foil) and 2.5% (Ta foil)
and the U /UO™ intensity ratio also improved significantly from Ti to
Ta foils. Since uranium oxides have very high melting points, one of the
reasons for the improvements could be the higher melting points of Zr
and Ta to better match with the thermochemical property of the
sample. Based on this, we expect Zr or Ta foils to be a better reducing
agent for Th as well. In fact, Raeder et al. used Zr foil for both U [53]
and Th [38]. Therefore, it may be possible to further improve the
overall ionization efficiency by using a different reducing metal, such as
Zr and Ta.

We previously studied surface ionization of U and Th [52] with a
hot-cavity surface ionization source, which is the same hot-cavity ion
source used in this study without lasers. In the case of surface ioniza-
tion, molecular ions of UO* and ThO™ were always observed first and
were the dominant ions as the ion source was heated up. The atomic U™
and Th™ ions were typically observed at very high heating currents of
450 A and above (T > 2300K in the cavity). Since Th has a lower IP
(6.31 eV) as compared to that of ThO (6.6 eV) and thus a higher surface
ionization probability than ThO, these observations indicated that the
oxides were released from the nitrate samples and they dissociated into
the atomic components at high temperatures (> 2300 K). In contrast,
the operating temperature for laser ionization was significantly lower.
In this work, laser ionized atomic Th* ions were observed at heating
currents as low as 270 A (T ~ 1700K) and all the laser spectroscopy

100
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measurements were conducted at a heating current of 380 A
(T ~ 2100K). A hypothesis is laser-induced breakup of the thorium
oxides inside the ion source.

5. Conclusion

Spectroscopic surveys of Th have been performed using Ti:Sapphire
lasers and a hot-cavity RILIS to search for more efficient three-step
resonance ionization schemes. For the second step, 23 intermediate
excited states were observed and confirmed with the literature.
Photoionization spectra from five of the intermediate states were
measured and sixteen of the strongest resonance ionization transitions
were further evaluated under similar ion source operating conditions.
An improved three-step scheme has been identified with an overall
ionization efficiency measured to be 38.6(5)%. This high efficiency
makes it possible to detect Th impurities in materials used for ultra-low
background neutrino detectors and, in general, could improve RIMS
analysis of ultra-trace Th isotopes for various applications. It could also
enable the production of thorium isotope beams, including the pre-
dicted lowest-energy exotic nuclear isomer 2?°™Th, for forefront nu-
clear physics studies.
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