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High-resolution photoelectron energy spectra of osmium anions are obtained using the slow-electron velocity-

map imaging method. The energy levels of excited states 4𝐹7/2,
4𝐹5/2 and 4𝐹3/2 of Os− are determined to

be 148.730(13), 155.69(15), and 176.76(13)THz [or 4961.09(41), 5193.4(49), and 5896.1(42) cm−1], respectively.

The lifetime of the opposite-parity excited state 6𝐷o
9/2 is determined to be 201(10)µs using a cold ion trap,

about 15 times shorter than the previous result 3(1)ms. Our high-level multi-configuration Dirac–Hartree–Fock

calculations yield a theoretical lifetime 527µs. Our work shows that the laser cooling rate of Os− is as fast as that

of Th−. The advantages of Os− are its near-IR range cooling transition and simple electronic structure, which

make Os− a promising candidate for laser cooling of negative ions. We propose a general approach to produce

cold atoms and molecules based on the sympathetic cooling of negative ions in combination with a threshold

photodetachment.
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Osmium (Os, 𝑍 = 76) is known as the densest element

in nature, and also the rarest precious metal. The anion of

Os has drawn continuous interest of both experimental [1–6]

and theoretical studies [7,8] due to its potential in laser

cooling. As is well known, laser cooling is the key to ul-

tracold physics, and it has been successfully applied to

neutral and positive atoms and molecules. [9–13] However,

laser cooling of negative ions has never been achieved.

Due to the relatively weak and short-range interaction be-

tween the extra electron and the neutral core, most an-

ions have few bound states. Consequently, a fast bound-

bound electric dipole (𝐸1) transition, which is required

for laser cooling, is rare for anions. [1–8,14–23] Up to date,

only Os−, [1,3,15] Ce−, [16,17] La−, [18–21] and Th− [22,23] were

experimentally confirmed to have opposite-parity bound

states. Os− is the first anion discovered to have a bound

𝐸1 transition, [1] and the feasibility for laser cooling Os−

has been investigated. [3,5,8,15] The ground state of Os− is

5𝑑76𝑠2 4𝐹 e
9/2 with an even parity. Theoretical calculations

suggested that the shallowly bounded state of Os− ob-

served by Bilodeau and Haugen was 5𝑑76𝑠26𝑝6𝐷o
9/2 and

its parity was odd. [7] The transition frequency of Os−

4𝐹 e
9/2 → 6𝐷o

9/2 was measured to be 257.831190(35)THz

or 8600.3227(12) cm−1. [3] The hyperfine structure [15] and

the Zeeman splitting [5] of the two related states were also

experimentally measured. However, the candidate laser

cooling transition 4𝐹 e
9/2 → 6𝐷o

9/2 was very slow according

to the experiment of Warring et al. They deduced that

the radiation lifetime of the Os− 6𝐷o
9/2 state was 3(1)ms

via the saturated resonant absorption. [3] This rather slow

cooling transition nearly made Os− a hopeless candidate

for laser cooling.

In this Letter, we report the high-resolution photo-

electron energy spectra of osmium anion and lifetime of

the Os− 6𝐷o
9/2 state. The radiation lifetime of the 6𝐷o

9/2

state was found to be more than 10-fold shorter than the

previous results. The main obstacle to laser cooling Os−

has been cleared. The wavelength of the cooling transi-

tion of Os− (𝜆 = 1162.75 nm) is in the near-IR range.

A laser and optical devices are more readily available in

this range than those in the mid-IR range for La− and

Th−. [19,23] In addition, the electronic structure of Os− is

simpler than that of La− and Th−. Thus, Os− is also a

promising candidate for the laser cooling of negative ions.

In principle, once one kind of negative ions is laser-cooled,

other negative ions can be sympathetically cooled by con-

fining them together in one trap. Compared with the laser

cooling of positive ions, a distinctive feature of negative

ions is that the extra electron can be effectively photode-

tached by laser radiation. Since the electron mass 𝑚e is

much less than the mass of the neutral atom or molecule

(𝑀), the kinetic energy of the neutral atom or molecule is

much less than that of the photoelectron 𝐸k after photode-

tachment. For example, if 𝐸k = 1meV and 𝑀 = 100 u,

the kinetic energy of the neutral atom or molecule after

photodetachment is (𝑚e/𝑀)𝐸k = 5.5 neV, which corre-
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sponds to a temperature ∼ 60µK. Therefore, the laser

cooling of anions not only creates a new quantum sys-

tem but also provides a general approach to producing

cold atoms and molecules through sympathetic cooling in

combination with threshold photodetachment. During the

last decade, there has been a major effort to extend laser

cooling techniques from atoms to molecules, which mainly

relies on the following two methods: (1) preparing cold

molecules via magnetic-photo association of laser-cooled

atoms, such as KRb, [24] which is limited to the forma-

tion of alkali metal dimers and one trimer; [25,26] (2) di-

rectly laser cooling molecules. The challenge of laser cool-

ing a molecule is that there are many branches requir-

ing repumping lasers to close the optical cycling due to

its vibrational and rotational freedoms. A molecule hav-

ing a transition with quasi-diagonal Franck–Condon fac-

tors can reduce the number of repumping laser. Several

molecules have been directly laser cooled, such as SrF, [27]

CaF, [28,29] YO, [30] SrOH, [31] CaOH, [32] and CaOCH3.
[33]

A few species have been cooled via deceleration and trap-

ping of molecules in a molecular beam. [25,34,35] The afore-

mentioned cooling methods rely on particular properties

of a molecule, and therefore are limited to specific species.

However, most atoms and molecules can form negative

ions. [36] The negatively charged species can be sympathet-

ically cooled by the laser-cooled anions. The correspond-

ing cold neutral species can be produced via a threshold

photodetachment, and loaded into a magneto-optical trap

or other type of traps. Therefore, the realization of laser

cooling negative ions can greatly extend the scope of cold

atoms and molecules, such as the cold Cl atoms of chem-

ical interest and the cold ThO molecules for the electron

electric dipole moment measurement. [37]
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Fig. 1. Schematic view of our cryo-SEVI apparatus and

the time sequence for the excited state’s lifetime measure-

ment by adjusting the delay between the excitation laser

pulse and the trap-off pulse.

Methods and Results. The successful application of

laser cooling Os− requires a precise understanding of the

energy levels and the transitions between the upper state
6𝐷o

9/2 and the ground state 4𝐹9/2. We use the slow-electron

velocity-map imaging (SEVI) method to measure the en-

ergy levels of Os−. Our SEVI spectrometer has been in-

troduced before. [38,39] Briefly, the spectrometer consists

of the laser ablation ion source, a cryogenically controlled

ion trap (5–300K), a Wiley–McLaren type time-of-flight

(TOF) mass spectrometer, and a photoelectron velocity-

map imaging (VMI) system, as shown in Fig. 1. The Os−

anions were generated by ablation of an osmium metal

disk using a pulsed Nd:YAG laser. The produced anions

were captured by the ion trap, and cooled through col-

lisions with the buffer gas. The buffer gas (He or H2)

was delivered into the trap via a pulsed valve 1ms in ad-

vance. Anions were stored in the trap for ∼ 45ms before

being ejected to the TOF mass spectrometer. Os− an-

ions were selected out by a mass gate, and photodetached

by a tunable laser. To measure the energy levels of Os−,

a tunable dye laser (400–920 nm and linewidth 0.06 cm−1

(0.0018THz) at 625 nm) pumped by a Quanta-Ray Pro

290 Nd:YAG laser (20Hz and 1000mJ/pulse at 1064 nm)

was used. The photon energy was further monitored by

a wavelength meter (HighFinesse WS6-600) with an accu-

racy of 0.02 cm−1 (0.0006THz). A charge-coupled-device

camera recorded the position of outgoing photoelectrons

which were projected on a phosphor screen behind a set of

microchannel plates. The spherical shell of photoelectrons

exhibited a cylindrical symmetry. The 3D distribution of

photoelectrons was reconstructed from the projected 2D

images via the maximum entropy velocity Legendre re-

construction method. [40,41] To measure the lifetime of the

Os− 6𝐷o
9/2 state, the 1162.75-nm output of an optical para-

metric oscillator (OPO) was directed through the ion trap

to excite Os− anions from the ground 4𝐹9/2 state to the
6𝐷o

9/2 state. The laser system operates at a repetition rate

of 20Hz.

Figure 2 shows the photoelectron energy spectra ac-

quired at different wavelengths and the assignment of

peaks. The assignment is based on the selection rules

of photodetachment, the well-known energy levels of the

neutral Os atom, and theoretical calculations. Peaks ℎ,

𝑖, 𝑘, and 𝑙 correspond to photodetachment channels from

the ground state 4𝐹9/2 of Os−. To observe the excited

states with short survival times in the trap due to either

collisions or spontaneous radiations, the ion trap can be

turned off. When the ion trap was turned off, anions flew

directly through the trap and the time of flight of Os−

anions from the ion source to the photodetachment zone

is around 150µs. Extra peaks 𝑎–𝑔 were observed in this

mode, which were assigned to three excited states of Os−.

Peaks 𝑐, 𝑓 , and 𝑗 belong to the Os− 4𝐹7/2 state; peaks 𝑏

and 𝑒 belong to the Os− 4𝐹5/2 state; peaks 𝑎, 𝑑, and 𝑔

belong to the Os− 4𝐹3/2 state. The laser cooling transi-

tion Os− 4𝐹9/2 ↔ 6𝐷o
9/2 has been accurately measured as

8600.3227(12) cm−1 (257.831190(35)THz) by Warring et

al. [3] Since transition Os− 4𝐹7/2 ↔ 6𝐷o
9/2 is an 𝐸1 tran-

sition, 6𝐷o
9/2 should have a significant branch decaying

into 4𝐹7/2, which is a long-lifetime state requiring a re-

pump laser. To determine its energy level as accurately

as possible, we scanned the photon energy of the detach-

ment laser around the thresholds of transitions 𝑙 and 𝑗

(see the Supplementary Information). The binding energy

of photodetachment transition 𝑙 [Os− 4𝐹9/2 →Os 5𝐹5] was
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determined to be 13835.84(19) cm−1 (414.7880(57)THz),

and 12473.66(36) cm−1 (373.951(11)THz) for transition 𝑗

[Os− 4𝐹7/2 →Os 5𝐹4]. Since multiple transitions were ob-

served, a fully correlated analysis of the variances and co-

variances has been conducted to optimize the energy levels.

The obtained results are listed in Table 1 in comparison

with our theoretical predictions. We updated the electron

affinity of Os as 8691.92(19) cm−1 (260.5772(57)THz) or

1.077661(24) eV, instead of 1.07780(12) eV previously re-

ported by Bilodeau and Haugen via the laser photode-

tachment threshold method. [1] The energy level of 4𝐹7/2

was updated as 4961.09(41) cm−1 (148.730(13)THz) above

the ground state 4𝐹9/2. The systematic error was esti-

mated to be 0.04 cm−1 (0.0012THz). The uncertainty in-

cludes both statistical and systematic uncertainties. The

energy level for 4𝐹7/2 reported by Bilodeau and Haugen

was 4231(25) cm−1 [1] (126.84 (75)THz), significantly de-

viating from the present result. Since several transitions

from 4𝐹7/2 (peaks 𝑐, 𝑓 , and 𝑗) were observed in the present

work, the accurate energy levels of Os can provide the

fingerprint-like check for the assignment. We believe that

the 4231(25) cm−1 (126.84(75)THz) value is likely due to

an unknown contamination.
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Fig. 2. Photoelectron energy spectra of Os− collected us-

ing the 14481.42 cm−1 (434.1420THz) output of the dye

laser (black line, anions were trapped for 5ms, and buffer

gas was He) and the 7683 cm−1 (230.33THz) idler output

of OPO (red line, the ion trap was turned off) (a) and

the transition assignment for the observed peaks (b). EA:

electron affinity.

The 6𝐷o
9/2 state was not observed in the photoelec-

tron spectra in Fig. 2 due to its short lifetime. Its binding

energy is only 91.50(19) cm−1 (2.7431(57)THz) and can

be detached by the blackbody radiation from the environ-

ment at room temperature. To measure the lifetime of

the 6𝐷o
9/2 state, we conducted the experiment at a low

temperature of 15K in the ion trap to avoid the detach-

ment from the blackbody radiation and collisions from the

residual gas. The loss rate due to the blackbody radia-

tion detachment is estimated to be ∼ 10−4 per second at

15K. A laser beam with a wavelength of 1162.75 nm from

our OPO laser system was used to resonantly excite Os−

to its 6𝐷o
9/2 state in the ion trap. The Os− anions were

cooled in the trap for 45ms through collisions with the

buffer gas (H2) delivered by a pulsed valve. Then, the

1162.75-nm laser pulse was turned on slightly before the

anions were ejected out from the trap. The excited an-

ions flew for approximately 100µs from the ion trap into

the interaction zone of the VMI and were photodetached

there by a pulsed 1064-nm laser (see the Supplementary

Information). Peak 𝑟 in Fig. 3(a) is corresponding to the

photodetachment channel Os− 6𝐷o
9/2 →Os 5𝐷4. The rel-

ative intensity of peak 𝑟 to peak ℎ reveals the relative

population of Os− in its excited state 6𝐷o
9/2. As shown

in Fig. 4, the intensity ratio of peak 𝑟 to peak ℎ is plot-

ted versus the delay from the excitation laser pulse to the

ejection of trapped anions. The lifetime of the Os− 6𝐷o
9/2

state was determined to be 201(10)µs via an exponential

decay fitting. The uncertainty ±10µs was given via the fit-

ting procedure. The background pressure of the chamber

was 5.0× 10−5 Pa. The buffer gas density in the ion trap

was expected to be in dynamic equilibrium with the back-

ground after a trapping period of 45ms. The mean free

time between collisions was estimated to be 5ms, much

longer than the lifetime. To experimentally evaluate the

collision effect on the lifetime, the pressure was increased

to 1.0 × 10−4 Pa and 2.0 × 10−4 Pa, and the lifetime of
6𝐷o

9/2 was measured to be 205(14)µs and 180(9)µs, re-

spectively. Thus, the de-excitation due to collisions with

the background gas was negligible at 5.0 × 10−5 Pa. The

dc and ac fields for trapping anions in our measurement is

∼ 1V/m, while the static electric filed required for the de-

tachment of excited state is ∼ 106 V/m. [3] Consequently,

the field detachment during the trapping period is negli-

gible. The systematic error for the lifetime measurement

should be small when compared with the statistical error

since the time intervals were controlled with a pulse con-

troller with an accuracy of 1 ns, and the effects, such as

collisions, black-body radiation, field detachment on the

lifetime are negligible. Since no notable signal related

to transitions 𝑐 and 𝑓 from 4𝐹7/2 was observed, we con-

cluded that the excited state 6𝐷o
9/2 dominantly decays to

the ground state 4𝐹9/2 via spontaneous radiation, and the

branch ratio to 4𝐹7/2 was estimated to be less than 5%.

The measured lifetime (𝜏 = 201(10)µs) of 6𝐷o
9/2

is much shorter than the previous experimental result

3(1)ms via measuring the resonant absorption cross sec-

tion 𝜎𝑎 by Warring et al. [3] and the theoretical prediction

3.8ms by O’Malley and Beck, [7] but consistent with the

estimated Einstein coefficient ∼ 104 s−1 or 105 s−1 for the

resonant transition by Bilodeau and Haugen. [1] It should

be pointed out that 𝜎𝑎 tends to be underestimated if the
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frequency of the excitation laser deviates from the res-

onance center. Consequently, the lifetime was overesti-

mated due to the underestimated 𝜎𝑎.
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Fig. 3. Photoelectron energy spectra of anions with (a)

and without (b) the excitation laser with a wavelength

1162.75 nm. The wavelength of the photodetachment laser

is 1064 nm.

To better understand the obtained results and to pre-

dict the branch ratio of the optical cycling for laser cool-

ing Os−, we calculated the bound states of Os− using

the multi-configuration Dirac–Hartree–Fock (MCDHF)

method, as implemented in the GRASP package. [42,43]

The transverse photon (Breit) interaction and the leading

quantum electrodynamic corrections (vacuum polarization

and self-energy) were accounted for in the relativistic con-

figuration interaction (RCI) calculations. In the first step,

a Dirac–Hartree–Fock calculation was performed for the

5𝑑76𝑠2 4𝐹9/2,7/2,5/2,3/2 and 5𝑑66𝑠26𝑝6𝐷o
9/2 levels. These or-

bitals are kept to be fixed in the following calculations.

Then, the configuration-state-function (CSF) expansions

were obtained using the restricted-active-set method, by

allowing single and double substitutions from the refer-

ence configurations, 5𝑑76𝑠2 and 5𝑑66𝑠26𝑝, to the active

set space. We defined the 5𝑑 and 6𝑝 electrons as va-

lence electrons, the remaining as core electrons. When

the substitutions were all from valence electrons, valence-

valence (VV) correlation was included; core-valence (CV)

correlation was included when we allow at the most sin-

gle substitution from the core subshells; core-core (CC)

correlation could be included when we allow both single

and double substitutions from the core subshells, either as

intra-CC if only substitutions from one core subshell at

one time or inter-CC if substitutions from different core

subshells are allowed at one time. The correlation orbitals

were further optimized based on VV substitutions in the

MCDHF procedure, the active set space was increased up

to 9𝑠9𝑝9𝑑9𝑓8𝑔7ℎ (AS9) systematically by adding layers

of orbitals, i.e., a set of virtual orbitals specified by its

principal quantum number. The MCDHF calculation was

followed by RCI calculations for an extended expansion,

where CV, intra-CC, and inter-CC correlations due to the

6𝑠, 5𝑝, and 5𝑠 subshells were included. The numbers of

CSFs in the final even and odd state expansions, account-

ing for VV, CV and CC electron correlations, were 3026363

and 7778018, respectively, distributed over the different 𝐽

symmetries.
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Fig. 4. The intensity ratio of peak 𝑟 to peak ℎ versus the

delay between the excitation laser pulse and the ejection

of anions. The solid line is the fitting curve according to

the equation 𝐼(𝑡) = 𝐼0𝑒−𝑡/𝜏 .

Table 1. Measured and calculated excitation energies of Os− states (in cm−1). The values in THz are

listed in the brackets. The energies are relative to the ground state 4𝐹9/2.

State Measured (this work) Measured (other work) Calculated (this work)
4𝐹9/2 0 0 0
4𝐹7/2 4961.09(41) [148.730(13)] 4231(25)a [126.84(75)] 4816 [144.4]
4𝐹5/2 5193.4(49) [155.69(15)] 6373 [191.1]
4𝐹3/2 5896.1(42) [176.76(13)] 6856 [205.5]
6𝐷o

9/2
8600.3227(12)b [257.831190(35)] 8645 [259.2]

aFrom Ref. [1]. bFrom Ref. [3].

Table 1 presents the calculated energy levels of the

bound states of Os− in comparison with the experimental

results. It can be seen that the predicted values of 4𝐹7/2

and 6𝐷o
9/2 agree well with the measured values, while the

agreement is not so satisfactory for 4𝐹5/2 and 4𝐹3/2. Ta-

ble 2 lists the lifetimes and branching ratios of excited

states of Os−. The calculated lifetime for 6𝐷o
9/2 is 527µs,

almost one order of magnitude shorter than the previous

prediction 3.8ms by O’Malley and Beck. [7] The present

calculation improves the agreement with the present mea-

surement, but it is still 2.6 times longer than the exper-

imental value 201(10)µs. The lifetime of 6𝐷o
9/2 is domi-

nated by two inter-combination 𝐸1 transitions to 4𝐹9/2,7/2.

These inter-combination lines are spin-induced transitions
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by relativistic spin-dependent effects, thus are very sen-

sitive to electron correlation and remain as a difficult

task for theoretical studies. To investigate the discrep-

ancies between our calculated lifetime and that reported

by O’Malley and Beck, [7] we performed a test calculation

on the 𝐸1 transitions, in which only the VV and CC6𝑠 cor-

relations were included, similar to the calculation strategy

in Refs. [7,8]. We obtained a lifetime 4.07ms, in good

agreement with the result from Ref. [7], which illustrates

that the differences between our final MCDHF+RCI cal-

culations and those of O’Malley and Beck are mainly due

to the CV and CC effects from inner core subshells, and

highlights the importance of opening up more inner cores.

Table 2. Theoretical lifetimes (𝜏) and transition wavelengths (𝜆) in nm, transition rates (𝐴) in s−1 of

excited states of Os−. Numbers in brackets represent powers of 10. Branching ratios are 100%, except

for 6𝐷o
9/2

→ 4𝐹9/2 (99.6%) and 6𝐷o
9/2

→ 4𝐹7/2 (0.4%).

Levels Type 𝜆 𝐴 𝜏 (this work) 𝜏 (Ref. [7])
4𝐹7/2 → 4𝐹9/2 𝑀1 2076 3.50[+0] 285ms 420ms
4𝐹5/2 → 4𝐹7/2 𝑀1 6423 1.69[−1] 5.91 s 4.2 s
4𝐹3/2 → 4𝐹5/2 𝑀1 20686 3.29[−3] 304 s 230 s
6𝐷o

9/2
→ 4𝐹9/2 𝐸1 1 157 1.89[+3] 527µs 3.8ms

→4𝐹7/2 𝐸1 2 612 8.15[+0]

11
62
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m
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.6

%

6D9/2

4F7/2
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o
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Fig. 5. Optical cycling for the laser cooling of Os−. The

percentage is the theoretical branch ratio.

The nuclear spin of 192Os (the most abundant isotope,

41%) is 0. Therefore, there is no hyperfine splitting of the

transitions, which greatly simplifies the laser system re-

quired for laser cooling. Figure 5 shows the optical cycling

for laser cooling Os−. The laser at wavelength 2747.8 nm

is employed to repump Os− from the intermediate state
4𝐹7/2 to 6𝐷o

9/2. Based on the new lifetime, the natural

width for the transition 6𝐷o
9/2 ↔ 4𝐹9/2 is 0.80 kHz, and

the minimum temperature achievable with Doppler cool-

ing is 𝑇D = 19nK. Since the cooling transition rate is

relatively low (5 × 103 s−1), it is impractical to initiate

cooling directly from room temperature using laser cool-

ing. It is better to precool Os− anions to a temperature

of a few K via buffer gas cooling, and then cool them fur-

ther down to 𝑇D via laser cooling. It requires scattering

2×104 photons from 10K to 𝑇D and hence takes 8.1 s if in

saturation, which is almost as fast as the laser cooling of

Th− (𝑡 = 7.8 s). [22,23] The photodetachment loss of neg-

ative ions at their excited state during the laser-cooling

period is another factor to consider. Fortunately, this loss

is usually insignificant if a narrow-linewidth cooling laser

is used. For the laser cooling of Os−, the photodetachment

cross section of 6𝐷o
9/2 at 𝜆 = 1162.7 nm is approximately

5×10−21 m2 as experimentally estimated by Bilodeau and

Haugen. [1] If a cooling laser with a linewidth of 0.80 kHz is

utilized and the saturation parameter 𝑠 = 2, the photode-

tachment loss during the laser-cooling period (𝑡 = 12.2 s

when 𝑠 = 2) is 0.03%, which is negligible. The cost of a

laser with sub-kHz linewidth is relatively high. However,

if a cooling laser with a linewidth of 100 kHz, a typical

linewidth of an external-cavity diode laser, is utilized, the

loss rate will be 4%, which is still acceptable. With a side-

band cooling in an ion trap, once the ion is cooled into

the vibrational ground state, it will no longer absorb light

since it is well off resonance, so there will be no further

photodetachment loss although the cooling laser may be

still on.

In summary, we have measured the energy levels of

Os− and the lifetime of its excited state 6𝐷o
9/2. Our ex-

perimental results demonstrate that the transition rate for

laser cooling is an order of magnitude faster than the pre-

viously measured value. This finding suggests that Os−

represents a promising candidate for laser cooling negative

ions. Compared with the candidate Th−, the advantage

of Os− is that the laser cooling transition is in the near-IR

range. Lasers and optical devices in this range are avail-

able at a much lower cost than that in the mid-IR band

(𝜆 = 2428.4 nm for Th−). Moreover, the electronic struc-

ture of Os− is less complex, with all energy levels having

been measured, whereas only partial states of Th− have

been observed. We are planning the experiments for laser

cooling Os− and Th− in the future. The success of laser

cooling negative ions will not only create a new quantum

system but also provide a general method for producing

cold atoms and molecules.
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Fig. S1. (a) The photon energy h versus the squared radius r2 for the photodetachment channel l. r is 

the radius of the photoelectron shell. The solid line is the linear least squares fitting. The intercept 

13835.84 cm−1 (414.7880 THz) is the binding energy (BE) of transition l via the equation BE = h − 

r2. Here  is the energy calibration coefficient. (b) The uncertainty of the binding energy of Os 5F5  

 Os− 4F9/2 versus the kinetic energy of the photoelectrons 
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