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Detection of the Lowest-Lying Odd-Parity Atomic Levels in Actinium
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Two lowest-energy odd-parity atomic levels of actinium, 7s*7p°PY{ ,, 7s*7p*P3,,, were observed

via two-step resonant laser-ionization spectroscopy and their respective energies were measured to be
7477.36(4) and 12276.59(2) cm™~!'. The lifetimes of these states were determined as 668(11) and
255(7) ns, respectively. In addition, we observed the effect of the hyperfine structure on the line for the
transition to 2P /- These properties were calculated using a hybrid approach that combines configuration

interaction and coupled-cluster methods, in good agreement with the experiment. The data are of relevance
for understanding the complex atomic spectra of actinides and for developing efficient laser cooling and
ionization schemes for actinium, with possible applications for high-purity medical-isotope production and

future fundamental physics experiments.
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Actinium (Z = 89) lends its name to the actinide series,
of which it is the first member. The longest-lived isotope
of actinium **’Ac ( , ~ 22 y) is found in trace amounts as
a member in the decay chain of natural >U. Actinium
isotopes can be produced in nuclear reactors enabling their
use in various applications based on their specific radio-
activity. The isotope **’Ac, an a emitter with a half-life of
10 days, is used in cancer radiotherapy [1-3], while ?*’Ac is
considered for use as the active element of radioisotope
thermoelectric generators. In combination with beryllium,
227Ac is an effective neutron source [4], applied in neutron
radiography, tomography, and other radiochemical inves-
tigations. Moreover, *?’Ac is used as a tracer for deep
seawater circulation and mixing [5]. On the fundamental-
physics side, actinium can be considered as a possible
system to study parity-nonconservation and time-reversal-
invariance violation effects [6—8]. Rare isotopes of actinium
are produced and were studied at different on-line facilities
worldwide. These research activities started at TRIUME,
Canada [9] and, together with contributions from the
LISOL facility in Belgium [10], are still ongoing. At
ISOLDE CERN, production of the isotope *?°Ac was
investigated, acting as mother for the >*Th isomer pro-
posed as a nuclear clock [11]. Further rare isotopes will
become available with high yield at the Facility for Rare
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Isotope Beams (FRIB) [12] for exploring nuclear physics
properties and trends in this region of the nuclear chart. In
addition, they will help to decode astrophysical processes,
to understand fundamental interactions, and to develop
practical applications, for example, in nuclear medicine and
material sciences.

The atomic structure of actinium was elucidated by Judd
who calculated the ordering and properties of low-lying
levels of actinide atoms [13]. This work was extended by
calculations of energy differences between the lowest states
[14] and a prediction of the parameters of electric-dipole
(E'1) transitions in actinium [15] using the Hartree-Fock
method, as well as other theoretical studies [16-20].

On the experimental side, Meggers observed 32 lines of
neutral actinium in emission spectra [21] and gave the first
level scheme up to excitation energy of 36000 cm™! [22],
pointing out four levels not yet observed. Studies of Rydberg
and autoionization (AI) states [9] and high-resolution
spectroscopy for hyperfine-structure determination [23,24]
were performed recently, elucidating fundamental nuclear
structure properties. This makes actinium the heaviest
element for which the N = 126 shell closure was studied
by laser spectroscopy [24]. A continuation then also enabled
the study of heavier actinium isotopes that are expected to
have an exceptional octupole deformation [10], which is of
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interest for the studies of fundamental symmetries. Laser
cooling and trapping of actinium is challenging due to the
high complexity of its level structure and the scarcity of
experimental information.

Recently, Dzuba, Flambaum, and Roberts calculated
atomic parameters of 86 low-lying states of neutral actinium
with energies below 36218 cm™! [25]. Of these, only the
28 levels mentioned in Ref. [22] had been observed
experimentally prior to the present work. In particular,
puzzling was the absence of the lowest-lying odd-parity
levels 757 p*P{ ,, and 75*7p°P3 ,, which should be directly
accessible by El transitions from the 7s*6d°Ds,, even-
parity ground state. Since these predicted strong transitions
are of primary importance for spectroscopic applications
(e.g., fluorescence and photoionization spectroscopy, optical
pumping, cooling, and trapping), experimental discovery
and determination of these states’ parameters, including
accurate energies, lifetimes, and hyperfine structure, are well
motivated. Here, a new theoretical calculation of actinium
levels is presented that allows precise determination of
several atomic level properties. Therefore, the present work
also sets a benchmark of theoretical accuracy in Ac, tests
methods to estimate theoretical uncertainties, and identifies
future directions of theory development.

In the experiment, we used two-step, one-step resonant
photoionization spectroscopy to discover the two lowest
odd-parity states, thus verifying the predictions of
Ref. [25], precisely locating the states’ energies, and
determining some of their relevant properties. The experi-
ments were carried out at the off-line mass separator
RISIKO (resonance ionization spectroscopy in collinear
geometry) at the University of Mainz [26]. Here, a **’Ac
sample of about 10! atoms was enclosed in zirconium foil
acting as a reducing agent and loaded into the atomizer tube
of the laser ion source (see Fig. 1). This tantalum tube
(35 mm long; inner diameter 2.5 mm; wall thickness 1 mm)
is heated up to a temperature of about 1400 °C to gradually
atomize the sample. Two laser beams from Ti:sapphire
lasers are directed into the source, where the actinium
atoms are resonantly ionized. The ions are extracted from
the atomizer tube with a total acceleration voltage of 30 kV.
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FIG. 1. Overview of the off-line radioactive ion-beam facility
RISIKO. Atoms are vaporized in a hot atomizer tube, where they
are ionized with incident laser beams. The ions are extracted from
the source region through an extraction electrode, shaped into an
ion beam, and guided through the magnetic mass separator.

The accelerated ions are mass separated with a 60° sector
magnet and collimating slits with a resulting resolution of
M/(AM) =~ 600. The transmitted ions are detected with a
secondary electron multiplier (SEM).

The laser system used for this study is a set of pulsed Ti:
sapphire lasers with standard Z-shaped cavities [27] devel-
oped at the University of Mainz. Each Ti:sapphire laser is
pumped with a Q-switched frequency doubled Nd:YAG
laser (532 nm) with a 10 kHz repetition rate. The Ti:
sapphire lasers produce up to 5 W average output power;
the pulse length is 40-60 ns and the spectral linewidth is
typically 5-8 GHz. The laser wavelength can be set in the
range from 690 to 960 nm. The accessible wavelength
range was extended with second- or third- and difference-
frequency generation using a set of beta-barium-borate
(BBO) crystals [28]. The fundamental frequency and
temporal structure of the laser outputs are monitored with
wavelength meters (High Finesse WS6-600 and WSU-30)
and fast photodiodes.

In our experiments, we used two-step photoionization
processes. The actinium atoms were resonantly excited to
an intermediate state via a first-step transition, followed by
nonresonant ionization into continuum beyond the ioniza-
tion potential (IP) of 43394.45 cm™' [29]. To search for
the low-lying odd-parity states predicted in Ref. [25] (see
Fig. 2), the frequency of the first-step laser was scanned
while monitoring the ion rate. For the lower odd-parity
2P§’ /o state, the required infrared light was produced by

difference-frequency generation (DFG) employing the
457 nm intracavity frequency doubled light of a Ti:sapphire
laser with a power of 1.1 W (pump) and the fundamental
output around 700 nm, 1 W power, from another, Ti:
sapphire laser (idler). BBO crystals were used for both
frequency doubling and DFG (type I phase matching with
an angle of 24.6°). The DFG setup produced about 4 mW of
light power around 1321 nm. To excite the 2P |, state, the
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FIG. 2. Low-energy levels and transitions of actinium. The
predicted energies are from Ref. [25], while the other energies
and assignments are from Ref. [30]. The first-step transitions
of two-step photoionization are indicated with red arrows. The
colors are used to facilitate identification of the transitions
in Fig. 3.
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FIG. 3. Observed spectra with a broad scan of the two individual

first-step lasers around 7400 and 10000-14000 cm™!, respec-
tively. Note the cut in the horizontal axis. The inset depicts a
detailed scan near the transition from the ground state to the
previously missing odd-parity ZP‘I’ /o State and a corresponding fit.

light at ~810 nm was generated with a Ti:sapphire laser.
For the ionization step, we used an external third-harmonic
generation of the fundamental emission of a Ti:sapphire
laser to produce the light (4 &~ 274 nm; ~85 mW of power).
Several resonances of the first excitation step were
observed, originating from either the ground state or the
thermally excited low-lying state at 2231.43 cm™!
(75%6d*Ds 2> With a population of about 20% of the
ground-state population).

The results of the scans over the accessible energy ranges
for the two different first-step lasers are compiled in Fig. 3.
The spectrum reveals six lines, which can be identified as
the transitions shown with red arrows in Fig. 2. Three of
them, marked with asterisks in Fig. 3, are identified as
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transitions from the thermally populated 2Ds /o state. We
determine the energies of the previously undetected
7s*Tp°P{, and 7s*Tp*Pg,, states as 7477.36(1)y,(4)
and 12276.59(1) 0 (2) syst cm™!, respectively. These exper-
imental energies are 87.6 and 68.4 cm~! lower than the
predicted values [25], respectively. The statistical error is
inferred from standard deviation, accounts for the statistical
readout error of the wave number and the uncertainty of
the fitted position. A minor contribution is ascribed to an
imperfect synchronization in the data acquisition process,
depending on the scan direction and speed. The systematic
error is that of the wavelength measurement using the wave
meters. It was verified by analyzing the energy positions of
the 757 p6d*Fy 129 *F? 1, levels, which were found to be in
agreement with the values in the NIST database [30].

In addition to the broad scan, detailed scans near the
resonances were performed, such as that shown in the inset
of Fig. 3. The crimson circles are the experimental data,
which are found to be well described by a saturated
Gaussian function given by

syst

sG(Ey, o)

1+ sG(Ey,0) (1)

Yy =yo+ A

Here v, is the background ion signal, A is the amplitude of
the peak, and E, and ¢ are its centroid and linewidth of the
Gaussian G; s is the saturation parameter. The linewidth
was determined from the fit to be ¢~ 0.18 cm™! (or,
equivalently, 5.4 GHz) dominated by the laser linewidth.
It was possible to reduce this linewidth and perform more
detailed scans of the resonances as shown in Fig. 4(a). To
this end, the second-step ionization pulse was delayed by
80 ns from the optimal delay to reduce line broadening due
to the presence of the ionizing-laser field [31], while the
BJ=596 MHz

Au=500 MHz J\J\_/J\J\JL—L,L

By=1330 MHz F=3
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FIG. 4. Hyperfine structure of the transition from the ground state to the newly observed 7527 p?PJ , level. (a) The measured data are
the points with error bars. The corresponding fit and theoretical profiles are shown with the green line with light-green shading under it
and the dashed-orange line; the individual hyperfine components of the transition (best fit) are shown as the dark-green shaded structure
at the bottom. The zero on the horizontal axis is the line centroid corresponding to 12276.59 cm™'. (b) Hyperfine sublevels of the
ground and the odd-parity 2P‘3’ , states. The hyperfine components of the transition are depicted with arrows; the predicted strengths of
these components are shown at the top. The lower-state hyperfine constants are taken from Ref. [33] and the upper-state values were

calculated in this work. The wavelength is given in vacuum.
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first-step laser was operated with an additional intracavity
etalon (uncoated YAG, R = 0.08, 6 mm thickness) [32].
The average power of this laser was reduced to 10 mW to
reduce saturation broadening.

The hyperfine sublevels of the ground and the 2P /o state

are depicted in Fig. 4(b), involving nine hyperfine compo-
nents of the transition shown with arrows. The hyperfine
structure is, to a good approximation, described by the
magnetic dipole and electric quadrupole coupling constants
A and B. We use subscripts “/” and “u” to indicate the
hyperfine constants of the ground and excited states,
respectively. The line strengths Sy~ of the transitions
between individual hyperfine levels F and F’ with elec-
tronic angular momenta J, J' are related to the line strength
of the underlying fine-structure transition S;, according to
(see, for example, Ref. [34])
F' 1)2
booo

Spp
FF:(2F+1)(2F’+1){J, 5

SJJ’

where the curly brackets indicate the Wigner 6 symbol.
The open circles in Fig.4(a) denote the experimental
data. The green line is the best-fit curve obtained with
the SATLAS PYTHON package [35]. The lower-state hyper-
fine constants were fixed at the values of A; = 50.5(10),
B; =596(6) MHz determined by high-resolution laser
spectroscopy in Ref. [33], while the upper-state values
as shown in Fig. 4(b) were calculated through a hybrid
approach that combines configuration interaction (CI) with
a linearized coupled-cluster method that includes single and
double excitations (CI + all-order) [36,37]. Using the
nuclear magnetic-dipole moment y = 1.07(18)uy, where
uy is the nuclear magneton, and the spectroscopic electric-
quadrupole moment Q = 1.74(10) eb for the ?*’Ac [24],
we obtain A, = 499(21)(84), B, = 1332(130)(77) MHz,
where the first number in parenthesis is the estimated
uncertainty of theoretical calculations [38], and the second
number comes from the uncertainty in the values of the
nuclear moments. These values were used to calculate the
expected structure shown in Fig. 4(b). Using these as
starting parameters and fixing the well-known ground-state
constants, a best fit to the data [the green curve in Fig. 4(a)]
results in A, = 513(8), B, = 1260(52) MHz. These val-
ues show an excellent agreement with the prediction [the
dashed orange curve in Fig. 4(a)], also confirming the
present nuclear magnetic-dipole moment value from
Ref. [24]. Since the theoretical uncertainty for A(*P;),)
is found to be 4%, it is particularly suitable for significantly
improved extraction of the nuclear magnetic moment. Note
that the present hyperfine-structure results also agree with
earlier, lower-precision (15%), theoretical predictions for
the upper state by Beerwerth [39] obtained with the
multiconfiguration DiracHartreeFock method.

The experimentally observed total linewidth (the FWHM
of best-fitting Gaussian profile) of 1580(30) MHz is

dominated by the laser width of about 1.4 GHz. It also
includes Doppler broadening of about 720 MHz for a
transition wavelength of 815 nm and a temperature in the
atomizer tube of T ~ 1400 °C. The high-resolution spectra
at the bottom of Fig. 4(a) (best fit) and top of Fig. 4(b)
(predicted from theory) indicate the positions and strengths
of the individual hyperfine components assuming an
artificial linewidth fixed at 30 MHz for visualization. A
high-resolution study of the hyperfine structure of the
excited atomic states will be a topic of future research.

For further characterization, the lifetimes of the excited
2pe 129 pg 120 *Fg ), states were measured using a delayed
ionization technique. Following the first-step laser pulse,
the second-step ionization laser pulse was applied after a
variable delay. Figure 5 shows the excited-state population
decay as a function of the ionization-pulse delay. The
evolution of the population during the “dark™ time between
the pulses corresponds to an exponential decay. To be able
to also include the initial part of the profile overlapping
with the first-step laser profile, the influence of the laser
field was modeled by assuming a convolution of a Gaussian
profile and an exponential decay [40]. We note that the
present lifetime-determination method is not applicable to
lifetimes much shorter than the laser-pulse duration
(=50 ns) and much longer than the collisional lifetime
of the excited atoms within the laser beam in the atomizer
tube (=3 us) [41]. The experimentally observed lifetimes
listed in Table I are safely within this range.

A comparison of the calculated and experimentally
determined energies and lifetimes is shown in Table I.
While we list results for the three states of experimental
interest, we calculated energies of 18 states using the CI
+all-order approach, including 114 840 relativistic configu-
rations and demonstrated convergence of the results with
the increasing number of configurations. QED and full
Breit corrections are included as described in Refs. [43,44].

T (2p2,)=668(11) ns
T (3P3,)=255(7) ns

T (*F32)=352(11) ns

lon counts (arb. units)
- n

o
&)
T

0 1000 2000 3000
lonization pulse delay (ns)

FIG. 5. Lifetime measurements of the excited states. The ion
signal is fitted with a convolution of a Gaussian function and
exponential decay (see text). The ion counts of the individual
curves feature an arbitrary scaling factor for better visualization.
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TABLE I. The determined excitation energies and lifetimes, and comparison with theory and literature.

Energy (cm™!) 7(ns)
State Experiment  Calculation Literature Experiment Calculation I ~ CalculationIl  Literature [25,42]
75*1p ZP‘I’/2 7477.36(4) 7701(250) 7565 [25] 668(11) 647 707(53) 733(70)
75*1p ZP‘3’/2 12276.59(2)  12475(250) 12345 [25] 255(7) 209 219(16) 238(20)
1s7p6d  “F§, 13712.74(3) 13994(370)  13712.90 [30]  352(11) 327 351(29) 317(30)

Our results for even and odd levels agree with previous
experiments [30] to 40-120 and 200-350 cm™', respec-
tively, with theory values being larger than the experimental
ones in all cases. Such regular differences with experiment
let us predict that we overestimate the energies of the 2P,
levels by about 200 cm~!, with about 50 cm~! uncertainties
which is in excellent agreement with measured values. We
list the lifetimes obtained using theoretical values of energies
and electric-dipole (E1) matrix elements in the column
labeled ““Calculation I.” Alternatively, we use experimental
energies and the same theoretical values of E1 matrix
elements to calculate the final theoretical lifetimes listed
in the column labeled “Calculation II.” The uncertainties in
the lifetimes are estimated from the size of the higher-order
corrections to E1 matrix elements determined from the
difference of the Cl+all-order values and another calculation
that combines CI with many-body perturbation theory [45].

Note that the lifetime values listed in Ref. [25] were
recently corrected [42]; the corrected values are given in
Table 1. Within the respective uncertainties, there is agree-
ment between the two independent calculations and the
experiment.

In summary, using the two-step, one-step resonant photo-
ionization, we have located the two lowest-lying odd-parity
states in Ac as predicted by theory [25]. We have measured
the energies and lifetimes, as well as hyperfine parameters of
the 2P§’ |, state, once again, in agreement with theoretical

predictions and implying good understanding of the atomic
structure of the actinium atom. These findings will aid in
developing techniques for cooling and trapping of actinium,
of potential interest for measuring the nuclear Schiff moment
enhanced in Ac [8], as well as in optimization of specific
resonance-ionization processes. The results will be useful for
production of >>Ac for nuclear medicine, and may support
the design of fundamental-physics experiments such as
investigations of fundamental symmetries with this atom.
In addition, they provide a test and validation of the
advanced many-body atomic theory making a foray into
high-precision calculations of the highly complex actinide
spectra. Precise atomic calculations of Ac hyperfine con-
stants and isotope shifts will be used for accurate extraction
of nuclear properties from forthcoming laser-spectroscopy
experiments.
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