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First Optical Hyperfine Structure Measurement in an Atomic Anion
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We have investigated the hyperfine structure of the transition between the 5476s> *F 5 /2 ground state and
the 5d%65%6p °DY excited state in the negative osmium ion by high-resolution collinear laser spectros-
copy. This transition is unique because it is the only known electric-dipole transition in atomic anions and
might be amenable to laser cooling. From the observed hyperfine structure in '870s~ and '3°0Os~ the yet
unknown total angular momentum of the bound excited state was found to be J = 9/2. The hyperfine
structure constants of the F 5 /2 ground state and the 6Dg /2 excited state were determined experimentally
and compared to multiconfiguration Dirac-Fock calculations. Using the knowledge of the ground and
excited state angular momenta, the full energy level diagram of '°>Os™ in an external magnetic field was
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calculated, revealing possible laser cooling transitions.
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Laser cooling is a technique proposed more than three
decades ago for the cooling of particle ensembles in beams
or particle traps [1,2]. It is based on the directional absorp-
tion of photons and their isotropic reemission, resulting, on
average, in a deceleration of the resonantly excited parti-
cles. While the laser cooling of positive atomic ions [3,4]
and neutral atoms [5] is today commonplace and has
opened the avenue for exciting new fields such as particle
condensation [6] and ion crystals [7], it has not yet been
demonstrated for negative atomic ions. This shortcoming is
due to the unique binding mechanism of the valence elec-
tron in atomic anions, which is fundamentally different
from that in other atomic systems. In marked contrast to
cations and neutral atoms, the binding of the excess elec-
tron relies heavily on electron-electron correlation effects.
The additional electron in the outermost shell causes all
other electrons to adjust their motions in order to minimize
the overlap of their wave functions according to electro-
static repulsion (Coulomb correlation) and Pauli’s exclu-
sion principle (exchange correlation) so that the whole
system gains enough potential energy to be stable.

The correlation effects, though essential for all negative
ions, are reduced if one of the electrons is excited and
basically moves around a neutral atomic core. Therefore,
excited bound states are rare in negative ions, and where
they occur they were found to have almost always the same
parity as the ground state [8]. This means, however, that
transitions between these levels are electric-dipole (E1)
forbidden and that the upper state is difficult to excite.
An exception to this empirical rule was experimentally
found only very recently in the transition metal osmium
[9]. Using infrared laser photo detachment spectroscopy,
Bilodeau and Haugen discovered an excited bound state
with opposite parity with respect to the *F 5 /2 ground state,
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making a strong E1 transition between them possible. The
presence of such a transition, previously thought not to
exist in atomic anions, is a prerequisite to studying the
atomic system by optical spectroscopy. It also paves the
way for the cooling of atomic anions by laser interaction
for the first time [10].

In a previous article, first results of collinear laser
spectroscopy on this transition in '°?Os™ (natural abun-
dance 41%) were presented [11]. They confirmed that
there is indeed a dipole transition between the two states.
The transition frequency was found to be vy, =
257.831190(35) THz and the Einstein coefficient Ap =
330(110) s~ !, corresponding to an observed cross section
of o = 2.5(7) X 10715 cm? at a Doppler-broadened line-
width of I' = 45 MHz. In this Letter, we report the re-
solved hyperfine structure (HFS) of Os™ and its
consequences for the laser cooling of negative ions in a
Penning trap. For this purpose, we have performed high-
resolution laser spectroscopy on '370s™ (natural abun-
dance 1.6%) and '8°0s™ (natural abundance 16%), the
only stable osmium isotopes with a nonvanishing nuclear
spin, and we determined the HFS constants of the ground
state and the ®DY exited state. These experimental data
represent the first-ever optical HFS measurements in any
atomic anion. From the observed hyperfine splitting the yet
unknown total angular momentum of the excited state was
deduced. This also enabled us to predict the Zeeman split-
ting of the E1 transition in an external magnetic field and
identify a suitable transition for Os™ laser cooling.

The experimental setup has been described in detail
elsewhere [11]. The ions are produced in a Middleton-
type negative-ion sputter source [12] and are shaped to a
beam with electrostatic lenses and quadrupoles. The pro-
duced ion beam contains all naturally occurring osmium

© 2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.104.073004

PRL 104, 073004 (2010)

PHYSICAL REVIEW LETTERS

week ending
19 FEBRUARY 2010

isotopes. It is mass separated in a dipole magnet and guided
downstream into the spectroscopy region. There the beam
is superimposed collinearly with a laser beam, which is
provided by a tunable cw optical parametric oscillator
system [13]. At the end of the spectroscopy region, an
electrostatic deflector leads the ions into a Faraday cup.
In forward direction neutralized particles are detected with
a microchannel-plate detector. The neutralization of ex-
cited ions is achieved by a longitudinal electric field of up
to 2 X 10° Vm™!, which can be applied just before the
deflector. The use of electric-field detachment enhances the
detection efficiency by up to 2 orders of magnitude when
compared to a photodetachment measurement and thus
also allows the detection of weak resonances. Owing to
the collinear configuration, all measured frequencies are
Doppler shifted toward higher frequencies. The rest frame
frequency of each resonance is obtained by measuring the
shifted frequencies at different energies and fitting the data
points to the Doppler shift function [11].

To analyze the HFS of the dipole transition in '¥7Os™
and '%0s™~, their optical spectra around 1163 nm were
recorded. Figure 1 shows the spectrum of '370s™. It con-
tains four resonances: two weak ones that correspond to the
F = F' = 1 transitions and two strong ones for F = F’.
For the ®D? excited state, this uniquely constrains the
angular momentum J, since the four resonances arise
from the coupling of the total electronic angular momen-
tum J with the nuclear spin / to the total angular momen-
tum F, with |[J—I|=F=J+ 1 Electric-dipole
transitions between two multiplets are then subject to the
standard selection rule AF = 0, =1. Therefore, the num-
ber of resonances depends on the quantum numbers J, and
J, of the two states and the nuclear spin /. With the values
Jo =9/2 and I(**¥0s) = 1/2 already known, exactly four
transitions are only possible if J, = 9/2, as for the ground
state.
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FIG. 1 (color online). Hyperfine structure of '87Os™. The two
strong resonances correspond to transitions with F = F' and the
two weak ones to transitions with F = F' = 1. The red (upper)
line shows a calculated spectrum consisting of a superposition of
four Gaussian curves with the theoretical relative intensities.

Similarly, Fig. 2 displays the measured spectrum of
189057, In this case the spectrum consists of ten resonances
in total: four strong and six weak ones. Following the same
arguments as above, we find these ten resonances again
consistent with J, = 9/2. The spectra in Figs. 1 and 2 were
fitted with a superposition of four and ten Gaussian curves,
respectively, leaving the peak center frequencies and in-
tensities as free parameters. To determine the HFS con-
stants, the Casimir formulas [14] were used:
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where A and B are the magnetic-dipole (M1) and the
electric-quadrupole (E2) HFS constants, respectively, and
E; is the center-of-gravity energy of the multiplet.

From Eq. (1) one obtains a system of equations, one for
each of the possible transitions. There are four equations
for three unknowns in the case of '¥’Os™ and ten equations
for five unknowns in the case of "¥0s™. To solve the
system it is necessary to assign the measured transition
frequencies to the corresponding equations, which is done
by means of the characteristic intensities. The relative
intensities of the hyperfine components only depend on
the quantum numbers of their ground and excited states
and can therefore be calculated once the HFS is known.
The theoretical intensities were taken from the tables of
White and Eliason [15] and are based on formulas first
derived by Kronig [16] and Russell [17].

Using this procedure, however, the transition F; — F),
has the same intensity as F, — F|. Hence, only transitions
with F = F' can be clearly assigned to the measured
frequencies. For all other transitions, there are two differ-
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FIG. 2 (color online). The same as Fig. 1, but for '%°0s™.
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ent possibilities. This gives rise to two systems of equa-
tions and consequently also to two sets of HFS constants.
The possible results are displayed in Table I. In this pro-
cedure, the precision of the center-of-gravity frequencies is
mainly limited due to uncertainties of the frequency mea-
surement. The used wave meter has an uncertainty of
30 MHz if applied for an absolute frequency measurement.
In addition, the recorded resonances are slightly asymmet-
ric, which causes an additional systematic error of 5 MHz
[11]. In contrast, the determination of the HFS constants is
only based on the relative positions of the resonances.
Therefore, the resulting uncertainty is much smaller, espe-
cially in the case of the HFS, where the single resonance
frequencies are close to each other. The systematic uncer-
tainty due to the wave meter drift during the measurements
is estimated to be 3 MHz.

Because the measurements alone cannot determine the
correct set of HES constants, extensive multiconfiguration
Dirac-Fock (MCDF) calculations have been carried out for
the *F§,, — °Dg, transition and its hyperfine structure.
These computations were built on a systematic increase
of the wave functions to include expansions up to a size of
~50000 configuration state functions in order to ensure
that (at least) the major correlations in the electronic
structure of the Os anion has been captured successfully.
Not much needs to be said here about the MCDF method
which has been found a versatile technique [18] to deter-
mine the energies and properties of atoms and ions with
complex shell structures, including open d and f shells
[19]. With the “best” approximation for the wave func-
tions of the two lowest J = 9/2 levels, we obtained for the
6Dg /» level an excitation energy of 0.95 eV (with regard to
the *F 5 /2 ground state), in reasonable agreement with the
1.06627 eV from experiment.

Using these wave functions, moreover, we obtained for
the 4F§ /2 ground state the HFS constant A = 299 MHz

which can be compared with the value A = 386 MHz from
a previous computation by Norquist and Beck [20] and the
experimental results from Table I. For the 6Dg /2 level, we
obtained A = 233 MHz, which also agrees well with Set 1
of the hyperfine parameters from this table. We therefore
conclude that Set 1 is the appropriate one for the isotope
18905~. From the constants for A(!%°0s™), we can also

TABLE I. Experimental M1 and E2 hyperfine structure con-
stants for 1870s~ and '3°0s~ (two sets each).

Nuclide *F ), HFS Constants °Dg /, HES Constants
(MHz) (MHz)
A B A B
1870s~  Set 1 64(2) - 54(2) -
Set 2 —54(2) - —64(2) -
190s~  Set1  216(2)  396(4)  184(2)  479(4)
Set2 —184(2) —479(4) —216(2) —396(4)

identify the correct set for A('¥7Os™) since we have A «
/1 and

A(l89osf) _ ,LL](]890S)I(]87OS)
A(187OS—) M1(187OS)I(189OS)’

&)

where w; is the nuclear magnetic moment. The ratio of the
magnetic moments is wu,(!3°0s)/u;(370s) = 10.2075(1)
[21]. With the ground state splitting constant of '%0s™,
A,("¥0s) = 216(2) MHz, Eq. (5) gives A,("*70s) =
63.5(6) MHz, supporting our conclusion that Set 1 is the
correct one.

The details of the hyperfine splitting of the 6D‘9’ /2
can then be used to calculate and analyze the energy levels
of °20s™ in an external magnetic field. The splitting of an
atomic level in a magnetic field (Zeeman effect) results
from the coupling of the magnetic moment of the atom or
ion with the field B. The interaction Hamiltonian is
I-Almalgn = uB, where p is the total magnetic moment,
composed of orbital and spin angular momentum contri-
butions. The corresponding energy shift is

level

AEmagn = g.]#BMJB’ (6)

where wp is the Bohr magneton, M; the total angular
momentum quantum number, and B the magnitude of the
external magnetic field. The Landé factor g; is given by
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Here we have assumed that the Russell-Saunders regime
applies (LS coupling) and have furthermore set the elec-
tron g factor to its Dirac value g, = 2. Inserting the quan-
tum numbers of the ground and excited state determined
above into Eq. (7), the Landé factors g(*F,,,) = 1.33 and

g(°D, 1) = 1.56 are obtained.

With these values, the energy level diagram shown in
Fig. 3 results. Using the appropriate selection rule AM; =
0, =1, the transition is found to split into 28 allowed
components, indicated by arrows in the figure. They are
comprised of 10 7 transitions, 9 o*, and 9 ¢~ transitions
and have strengths that are proportional to the squares of
the corresponding Clebsch-Gordan coefficients. For laser
cooling we may tune the laser to the *F, , — °Dy ,, M; =
—9/2 — —9/2 transition, since it is one of the two stron-
gest Zeeman lines available. We shall denote the corre-
sponding frequency and transition rate with v. and I,
respectively. Cooling from liquid-helium temperature
(4.2 K) to the Doppler temperature requires the scattering
of about 10* photons and takes about 200 s [10]. Prior to
cooling, the transition line is Doppler broadened to
~12 MHz.
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FIG. 3 (color online). Expected energy level diagram of
19205~ in an external magnetic field, based on calculated
Landé factors. Wiggly arrows indicate the cooling transition
(green vertical line) and the decay to a dark state (red slanted
line). Straight arrows illustrate 77, o~, and o transitions.

We can now estimate the efficiency of laser cooling at
the —9/2 — —9/2 subtransition. When the laser is tuned
to this transition, the photons initially interact with 1,/10 of
the ions, because the ground state is split into ten Zeeman
levels. If we consider only allowed transitions, the excited
6D9 /20 M; = —9/2 state can now decay back to the initial

state with the spontaneous decay rate I', = Ap/(27) =
53(18) Hz. In addition, it can also decay to the M, =
—7/2 Zeeman level of the ground state. Given the calcu-
lated intensities, the rate for that process is 2I'./9. The
M, = —7/2 Zeeman level of the intermediate *F 7/, State

(see Ref. [9]) may also be populated. While the transition
rate to that level is unknown, it can be calculated by
considering that the rates scale roughly as (v/v.)?, for
similar relative transition strengths. From the calculated
binding energy for the intermediate state [20], it can be
estimated to I'./33. Both the *F ,, M, = —7/2 level and
the 4F7 /20 M; = —7/2 level are “dark” states which the
cooling laser can no longer address. It is evident that these
states will be populated well before significant cooling can
occur. Hence, they will need to be repumped to the °D, /2>
M; = —9/2 state with two additional lasers. To prevent
reheating during the repumping process, their bandwidths
should be comparable to that of the cooling laser.

In conclusion, the hyperfine structure of the 4F§ o=
6Dg /, electric-dipole transition in the negative osmium
ion was investigated by high-resolution optical spectros-
copy. The measured constants are in reasonable agreement
with the results of a theoretical analysis performed in the
framework of the MCDF model. The total angular momen-

tum of the excited °Dg
lations of the expected Zeeman splitting in the external
magnetic field of a Penning trap, was determined from the
observed hyperfine transitions. Based on the resulting en-
ergy level diagram, suitable subtransitions for laser cooling
were identified. In addition to the cooling laser, two other
narrow-bandwidth lasers are required to repump those ions
which decay to one of two “dark™ states. Despite these
technical issues, the present work strongly suggests that the
first laser cooling of atomic anions is now within reach,
paving the way for the production of ultracold samples of
any negative ions.
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