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Experimental and theoretical studies of excited states in Ir−
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The properties of atomic negative ions are to a large extent determined by electron-electron correlation

which makes them an ideal testing ground for atomic many-body physics. In this paper, we present a detailed

experimental and theoretical study of excited states in the negative ion of iridium. The ions were stored at

cryogenic temperatures using the double electrostatic ion ring experiment facility at Stockholm University.

Laser photodetachment was used to monitor the relaxation of three bound excited states belonging to the [Xe]

4 f 145d86s2 ionic ground configuration. Our measurements show that the first excited state has a lifetime much

longer than the ion-beam storage time of 1230 ± 100 s. The binding energy of this state was measured to be

1.045 ± 0.002 eV. The lifetimes of the second and third excited states were experimentally determined to be

133 ± 10 and 172 ± 35 ms, respectively. Multiconfiguration Dirac-Hartree-Fock calculations were performed

in order to extract binding energies and lifetimes. These calculations predict the existence of the third excited

bound state that was detected experimentally. The computed lifetimes for the three excited bound states agree

well with the experimental results and allow for a clear identification of the detected levels.

DOI: 10.1103/PhysRevA.103.062806

I. INTRODUCTION

The pronounced impact of electron-electron correlation

on negative ions makes them fundamentally interesting and

an important testing ground for the continued development

of theoretical models of atomic systems with an accurate

description of electron interactions [1,2]. A negative ion is

formed when a neutral atom is polarized by the approach of

an external electron. This results in an induced dipole moment

of the atom that could be sufficiently strong to bind the extra

electron. The stability of the negative ion depends on the

amount of electron correlation within the ionic system and

to what extent the electronic structure shields the attractive

force from the nucleus. The weak and short-range nature of

the polarization potential that occurs in the formation of a

negative ion usually leads to only a single or a few bound

states. Bound excited states, if they exist, in negative ions
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usually belong to the same electronic configuration as the

ground state and often to the same LS term. To this day there

are only four elements for which excited states with opposite

parity to that of the ground state have been shown to exist,

namely, in La−, Os−, Ce−, and Th− [3–7]. All other known

bound excited states in negative ions have the same parity as

the ground state and cannot relax radiatively through electric

dipole (E1) transitions. Instead, they can decay radiatively

through much slower higher-order modes, such as magnetic

dipole (M1) or electric quadrupole (E2) transitions. This typ-

ically results in lifetimes that are significantly longer than

lifetimes characteristic of E1-dominated states in negative

ions [3,4]. Longer lifetimes are generally more difficult to

measure, especially since negative ions are fragile and tend

to decay when colliding with residual gas present in a particle

trap or along a beam line [8–10].

One of the first studies of the lifetimes of excited states

of a negative ion involved the autodetaching states of He−

[11]. These measurements were performed by monitor-

ing the ion-beam current along a time-of-flight beam line.

Other early work on lifetimes of excited states in negative

ions was performed using beam-foil spectroscopy (see, e.g.,

Refs. [12,13]). In such a setup, accelerated ions pass through a

metal foil where ions and neutral atoms are formed in excited

states. The decays of these states are then monitored along

a beam line by observing the fluorescence from the excited
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states as a function of the distance from the foil. A more

efficient method for lifetime studies is by using ion-storage

rings; a technique first implemented at the ASTRID storage

ring [14]. In this magnetic storage ring operating at room

temperature, lifetimes of excited states of negative atomic

ions in the microsecond range were measured [15]. In or-

der to store heavier ions and avoid magnetic fields affecting

the measurements, the electrostatic ion-storage ring ELISA

was constructed [16]. Lifetimes are also studied in tabletop

electrostatic ion-beam traps where ions are reflected back

and forth between electrostatic mirrors for extended periods

of time as in a storage ring [17]. A cryogenic electrostatic

ion-beam trap was used to perform the so far most accurate

lifetime measurements of the autodetaching states of He−

[18]. Many other electrostatic storage rings and traps have

since then been designed and used to study negative ions.

Some of the most recent cryogenic storage ring experiments

include RICE in Japan [19], CSR in Germany [20] and double

electrostatic ion ring experiment (DESIREE) in Sweden [21].

DESIREE was used to determine a lifetime of 503 ± 54 s for

the 2P1/2 excited state of S−: the longest lifetime measured of

an excited state in a negative ion so far [8]. This was made

possible by means of the extreme vacuum conditions, which

can only be achieved in cryogenic environments.

Iridium (Ir) with atomic number 77 belongs to the plat-

inum group, and it is one of the least abundant elements in

the crust of the earth. A famous application for Ir is in the

alloy used for the historical international meter and kilogram

standards. It has two naturally occurring isotopes 191Ir and
193Ir, which both are stable and with natural abundances of

37% and 63%, respectively. The atomic ground state of Ir

is, in a configuration- and LS-coupling pure picture, [Xe]

4 f 145d76s24F9/2, which includes an open d-valence subshell.

The ground state of the negative ion, [Xe] 4 f 145d86s2 3F4,

has an extra d electron compared to the neutral system. For

both the neutral and the ionic ground states, their 2S+1LJ level

identifications are solely determined by the partially filled 5d

subshell since 6s2 represents a closed subshell. In the case of

photodetachment from the ground state of Ir− to the ground

state of the neutral Ir atom, an electron from the 5d subshell

is detached with l = |2 ± 1| = 1 or 3, i.e., as a p wave or f

wave. As is always the case close to the detachment threshold,

the f wave is suppressed by the centrifugal barrier, and the p

wave will dominate the photodetachment cross section. The

behavior of the cross-section σ close above the threshold is

described by the Wigner law [22]: σ ∝ E l+1/2, where l and

E are the orbital angular momentum quantum number and

the energy of the outgoing electron, respectively. As for all

non-s-wave outgoing electrons, this gives a slow onset at

threshold. The negative Ir ion has previously been studied

using laser photodetachment and photoelectron spectroscopy

[23–27]. In Fig. 1, we show an energy-level diagram of Ir−

and its bound excited states. As will be discussed in Sec. IV,

the Ir− excited states are predicted to show large LS-term mix-

ing, which prevents identification of single LS terms. These

states do, however, still have a good quantum number in J ,

the total angular momentum quantum number. We, therefore,

choose to identify the states using the labels XJ for the ground

state and AJ , BJ , and CJ for the excited states. The electron

affinity is known to a high level of precision [24–27], and

FIG. 1. Energy-level diagram for the bound states of Ir−. The

vertical scale indicates energies relative to the ground state of the

atom. X4 is the ground state of the negative ion whereas A2, B3,

and C2 are the three bound excited states. Since no experimental

determination of the binding energy of state C2 exists, we represent

it with a block gradient to indicate the experimentally possible range

of its binding energy. The experimental results, shown in the left

column, are from the current experiment as well as from several

earlier experiments [23,26,27]. The experimental values for the bind-

ing energies are given and compared to the calculated energies in

Table I. The theoretical calculations shown in the center column are

from the current paper where the dashed lines correspond to energy

levels from the valence-valence (VV) correlation model and the solid

lines are those obtained using the expanded VV + core-valence (CV)

model. Previous calculations labeled Theory from Thøgersen et al.

[23] are shown in the right column [23].

the binding energy of the second excited state B3 has been

measured with high accuracy through two-photon detachment

spectroscopy [23]. In the same study theoretical calculations

predicted another bound state, labeled Theory from Thøgersen

et al. [23] in Fig. 1. This first excited state A2 was very recently

observed, and its binding energy was measured via photoelec-

tron spectroscopy [27]. The same study also performed an

even more accurate determination of the electron affinity and a

measurement of the binding energy of the second excited state

B3. There is a discrepancy in the measured binding energy of

the B3 state between the two-photon detachment spectroscopy

[23] experiment and the photoelectron spectroscopy [27].

In the current paper we perform both measurements

and theoretical calculations of the lifetimes of all possi-

bly bound excited states of Ir−. The lifetimes are measured

using the DESIREE facility by applying a beam of laser

light to a beam of Ir−. Using this technique we perform

time-resolved photodetachment spectroscopy on the stored

ions. The calculations of binding energies and lifetimes

are conducted using the variational fully relativistic mul-

ticonfiguration Dirac-Hartree-Fock (MCDHF) method [28]

as implemented in the GRASP2018 package [29]. Heavy

negative ions, such as Ir− are especially interesting sys-

tems from a theoretical point of view since both electron

correlation and relativistic effects play an important role
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FIG. 2. Mass spectrum of the Ir− isotopes. The two naturally

occurring isotopes of mass 191 and 193 u. There is also a small

amount of beam current at mass 192 amu and 194 amu which we

attribute to 191IrH− and 193IrH−, respectively.

[30,31]. Joint experimental and theoretical studies are es-

sential to the understanding of how these effects influence

binding energies and lifetimes (see, e.g., Refs. [32,33]).

II. EXPERIMENTAL SETUP AND PROCEDURE

In this paper, one of the two storage rings of DESIREE is

used to study photodetachment of Ir−. We limit the presenta-

tion of the experimental setup to the specifics of the current

measurement. General specifications and further information

on the operation of DESIREE have been described in earlier

publications [8,21,34]. To summarize, the circumference of

each of the storage rings is 8.7 m, including a common straight

section. The entire system is kept at a temperature of 13.5 K,

which reduces the black-body radiation that could otherwise

detach loosely bound states. Furthermore, it contributes to re-

duce the particle density of the rest gas in the vacuum chamber

to a particle density of about 104 cm−3. This allows for long

storage times since an important loss mechanism of an anionic

beam is residual gas collisions [21]. It is apparent from the

current paper that improvements to the vacuum system of

DESIREE now allows for storage times that are approaching

a regime where the limiting factor for the storage lifetime is

instrumental effects rather than residual-gas collisions. In this

paper, a beam of Ir− is produced in a SNICS II cesium sputter

source [35] and accelerated to 10 keV. The beam is mass se-

lected using a 90◦ bending magnet before being injected into

one of the storage rings of DESIREE. A typical mass spectrum

is shown in Fig. 2. The 193Ir isotope is the most abundant one

and is, therefore, selected for the experiment. Contributions

from contaminants, such as 191IrH−
2 at mass 193 are found

to be insignificant since the signal at mass 192 consisting of
191IrH− is very small, and there is no visible signal at mass

195 corresponding to 193IrH−
2 . After operating the ion source

for longer times, the signal at mass 192 disappears completely.

Most of the measurements were repeated also for the 191Ir iso-

tope, which confirms with certainty that the signal comes from

atomic Ir anions and not some contamination of the ion beam.

However, these measurements are of lower statistical quality

and not used in the final analysis of the data. One exception

is for the measurement of the photodetachment spectrum in

Fig. 7 where the measurement is repeated for both isotopes,

and the data shown are from 191Ir. The ion-beam current is

recorded using a Faraday cup before injection into the storage

ring. The beam current used in the experiment was in the range

of 1 and 40 nA depending on the type of measurement.

The photodetachment measurement is performed with two

different laser configurations as illustrated in Fig. 3. Along the

straight section where the ions are injected, a continuous-wave

titanium sapphire laser beam is merged with the ion beam. The

laser is applied in a counterpropagating direction with respect

to the ions, and the neutral atoms formed in the photodetach-

ment process are no longer confined within the storage ring

and propagate straightforward until they hit the glass plate

detector. This detector consists of an optically transparent

conversion plate that produces secondary electrons when im-

pacted by a neutral particle with kinetic energy in the keV

range and a microchannel plate (MCP) used to detect sec-

ondary electrons. The conversion plate is a glass plate covered

with thin layers of titanium and gold to optimize the electron

yield and to prevent electric charge up. At the back of the

MCP, the timing and position information is processed by a

resistive-anode encoder. The second photodetachment scheme

involves a diode pumped nanosecond Q-switched Nd:yttrium

aluminum garnet laser that operates at a 1-kHz repetition rate.

It is combined with an optical parametric oscillator (OPO)

that allows for tuning the photon energy over a wide range

from the UV to the near-IR region. The laser beam crosses

the ion beam at a right angle at the center of the straight

section of the ring (see Fig. 3), and the pulse energies of the

photon energy intervals used are on the order of 50–100 µJ.

Since the time of flight from the laser interaction region to the

detector is known, the signal can be gated with respect to the

collisional background allowing for even very weak signals

to be identified [10]. The lifetimes and measured binding en-

ergy are obtained by using a standard nonlinear least-squares

methodology and fitting the data to an exponential decay for

the lifetimes or to the Wigner law in the case of the binding

energy. The error bars given for the measured lifetimes and

binding energy are one standard deviation.

III. EXPERIMENTAL RESULTS

In order to measure the storage lifetime of the ion beam, we

use the technique of laser photodetachment of all bound states

of the ion. The two excited states A2 and B3 have excitation

energies larger than 0.5 eV and in such cases only a minute

fraction of the ions produced in a cesium sputtering source are

excited, whereas most of the ions will be in the ground state.

This is also clear in the signal obtained in our measurements

in Fig. 4. If the number of ions in excited states with a life-

time much shorter than the storage time was high, one would

see a clear deviation from a single exponential decay as the

photodetachment cross sections are likely to be quite different

for the different levels. This is, however, not the case since

we see a clear single exponential decay and can, therefore, be

confident that this is due to the signal being dominated by ions

in the ground state that are being photodetached. An important
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FIG. 3. Left: Schematic of one of the storage rings of DESIREE. Ir− ions of 10 keV are injected into the ring and stored for up to 3000 s.

Photodetachment is performed either collinearly along the straight section of the ring or perpendicularly in the center of the same straight

section. Ir atoms formed in the photodetachment process are detected as they continue to travel forward after the straight section. Right: The

energy-level diagram of the excited states of Ir−. The vertical scale indicates energies relative to the ground state of the neutral atom. X4 is the

ground state of the negative ion, and A2, B3, and C2 are the three excited states. The four arrows represent the four different photon energies

used to probe different states in the experiment. Arrow number 1 corresponds to 1.591 eV, arrow number 2 corresponds to 1.459 eV, arrow

number 3 corresponds to 0.8856 eV, and arrow number 4 corresponds to 0.6702 eV.

parameter in this type of experiment is the density of ions

stored in the ring since a large ion beam density will shorten

the storage lifetime due to ion-ion interactions [21]. In all

measurements the ion-beam current was, therefore, reduced

to a level where it no longer affected the measured lifetimes.

The measurement of the storage time is conducted using

a photon energy of 1.591 eV, which corresponds to arrow

no. 1 in the level diagram in the right part of Fig. 3. The

titanium sapphire laser is used at a laser power set to result

in a photodetachment signal strong enough for an efficient

measurement yet weak enough to not significantly reduce the

average storage lifetime of the ions. The laser light is chopped

with a shutter that is open for 1 s to measure the photodetach-

ment signal and closed for 9 s to measure the background.

This method reduces the time that the ion beam is exposed to

the laser light in order to minimize the effect of the laser on the

FIG. 4. Photodetachment signal from all states of Ir− using a

photon energy of 1.591 eV (arrow 1 in Fig. 3). The signal is recorded

for one ion injection, and the data are binned using 50-s bins.

The background is measured between each laser pulse and is fixed

when making an exponential fit to the data giving a storage time of

1230 ± 100 s.

overall storage time of the beam. The total number of detected

photodetached neutrals is ∼5×103 in one measurement cycle.

The total number of ions in the ring is ∼5.3×105, which

corresponds to a 1-nA ion beam current almost completely

filling up the storage ring. This means that the number of

photodetached ions is only a small fraction (about 2%) of the

total ion beam. The photodetachment signal is monitored as a

function of time, and an exponential function is fitted to the

signal. A single exponential decay is characteristic for a beam

that decays at a constant rate [21]. As shown in Fig. 4, a beam

lifetime of 1230 ± 100 s is determined, and it is evident from

the data that there is a significant photodetachment signal left

after 3000 s of ion-beam storage.

In order to photodetach ions in excited states only, leaving

the ions in their ground states untouched, three different pho-

ton energies are used as illustrated in Fig. 3. A photon energy

of 1.459 eV, corresponding to arrow no. 2, will photodetach all

excited states. In order to measure the lifetime of state A2, we

store the ions for 2000 s and compare the time-dependent pho-

todetachment signals with photon energies that correspond to

arrow no. 1 vs arrow no. 2 in Fig. 3. We consider the signal af-

ter a few seconds of storage, and the only observed difference

between the two measurements is that the count rate drops by

a factor of ∼100, and no difference in the lifetime of the signal

is observed. This leads to the conclusion that the lifetime

of excited-state A2 is much longer than the measured beam

storage lifetime of 1230 ± 100 s. When a photon energy lower

than the binding energy of state A2 is used, the long-lived

decay disappears completely, thus, the assignment of this long

lifetime to state A2 is correct.

The next photon energy selected is 0.8856 eV, correspond-

ing to arrow no. 3 in Fig. 3. This photon energy is well

above the threshold energy needed to photodetach state B3

as previously reported by Thøgersen et al. [23]. A clear pho-

todetachment signal is observed using this photon energy. The

collected signal is obtained over 12.5 h of data acquisition

and shows a time dependence as illustrated in Fig. 5. An

exponential function is fitted to the data, and a lifetime of
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FIG. 5. Photodetachment signal using a photon energy of

0.8856 eV (arrow 3 in Fig. 3). The signal is recorded during multiple

injections in the storage ring. The background is measured between

each laser pulse and fixed when making an exponential fit to the data.

The signal is normalized to the gate size (2 µs), the laser power,

the number of measurement cycles, and the ion-beam current. An

exponential fit gives a lifetime of 0.133 ± 0.010 s.

133 ± 10 ms is obtained. Complementary measurements are

also performed with a photon energy of 0.6888 eV. This pho-

ton energy (not indicated in Fig. 3) is just above the threshold

energy for photodetaching state B3. The measurement yields

a corresponding lifetime, but the signal-to-background ratio is

low due to a slightly lower output from the OPO laser system.

This measurement is, therefore, only used as a control, and

the data are not used to determine the lifetime presented in

this paper.

Careful investigations of the existence of a third excited

bound state as predicted by our theoretical results are carried

out using a photon energy of 0.6702 eV, corresponding to

arrow no. 4 in Fig. 3. A small photodetachment signal is

observed above the background level after 20 h of data collec-

tion which we attribute to a formerly unknown third excited

state C2 since this photon energy cannot photodetach ions in

states A2 or B3. The time dependence of the signal is shown in

Fig. 6. A single exponential function is fitted to the data yield-

ing a lifetime of 172 ± 35 ms for this third excited state with

a binding energy <0.6702 eV. The larger error compared to

the measurement in Fig. 5 is due to the much weaker photode-

tachment signal. The signal-to-background ratio in Fig. 6 is

about 1, whereas it is around 10 in the data shown in Fig. 5.

In order to compare the signal in Figs. 5 and 6, the data are

normalized to obtain the count rate. The normalization factors

include the signal gate size (2 µs), the laser power, the number

of measurement cycles, and the ion-beam current.

Returning to the decay presented in Fig. 5, the data shown

in this figure are the sum of the decay from states B3 and C2.

However, the signal from state C2 is ∼ten times smaller, and

it was not possible to perform a fit to the sum of two expo-

nential functions. Hence, we can state that the time-dependent

signal shown in Fig. 5 using a photon energy of 0.8856 eV is

dominated by the decay of state B3. Even a small contribution

from the C2 state of about 10% of the measured signal would

not affect the measured lifetime within the given error bars.

FIG. 6. Photodetachment signal using a photon energy of

0.6702 eV (arrow 4 in Fig. 3). The signal is recorded during multiple

injections in the storage ring. The signal is normalized to the gate

size (2 µs), the laser power, the number of measurement cycles, and

the ion-beam current. An exponential fit is performed to the data

resulting in a lifetime of 0.172 ± 0.035 s.

Finally, an investigation of the photon energy dependence

of the photodetachment cross section in the range of 0.95–

1.1 eV is performed as shown in Fig. 7. The signal is recorded

for 8 s, starting 22 s after the ions are injected into the

storage ring, and the background is measured in between the

laser pulses. The observed signal clearly reveals a p-wave

photodetachment threshold and a fit to the Wigner law with

l = 1 (corresponding to the orbital angular momentum of the

detached electron) results in a threshold value of 1.045 ±

0.002 eV. We assign this threshold to the state labeled A2

in Fig. 1. This result only differs by 1.5 standard deviations

from that found by Lu et al. where the binding energy of this

state is measured to be 1.047 88 ± 0.000 02 eV [27]. The two

results can, therefore, be considered to be in fair agreement

with each other. The background below the threshold is caused

by collisional detachment and dark counts from the detector

and is independent of the photon energy.

FIG. 7. Photodetachment yield as a function of photon energy.

The signal is recorded during multiple injections in the storage ring.

A fit to the Wigner law using l = 1 is performed yielding a threshold

value of 1.045 ± 0.002 eV. The photodetachment signal is normal-

ized to the laser power.
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TABLE I. Energy (in eV) spectrum of Ir− including the four bound states and the first two unbound states. Excitation energies are

converted into binding energies by using the experimental electron affinity −1.564 057(11) eV [27]. LS composition of each level is also

shown, highlighting the strong mixing among the J = 2 levels.

Label J π LS composition Eb (eV) E
expt

b (eV)

VV correlation model

X4 4 + 3F (87%) −1.56436(15)a

−1.564057(11)c

A2 2 + 1D (43%) + 3F (24%) + 3P (19%) −0.9742 −1.045(2)b

−1.04788(2)c

B3 3 + 3F (90%) −0.7386 −0.68635(5)d

−0.68535(4)c

C2 2 + 3P (46%) + 3F (43%) −0.1434

/ 0 + 3P (77%) + 1S (12%) 0.0884

/ 1 + 3P (89%) 0.2762

VV + CV correlation model

X4 4 + 3F (87%) −1.56436(15)a

−1.564057(11)c

A2 2 + 1D (42%) + 3F (24%) + 3P (20%) −0.9270 −1.045(2)b

−1.04788(2)c

B3 3 + 3F (90%) −0.6939 −0.68635(5)d

−0.68535(4)c

C2 2 + 3P (47%) + 3F (42%) −0.0783

/ 0 + 3P (79%) + 1S (10%) 0.1855

/ 1 + 3P (89%) 0.3478

aReference [26].
bThis paper.
cReference [27].
dReference [23].

IV. THEORETICAL METHODS AND RESULTS

The theoretical investigation carried out in this paper is

performed with the variational and fully relativistic multicon-

figuration MCDHF method [28], as implemented in Ref. [36]

and1 Ref. [29]. Following the self-consistent optimization of

the wave functions, these codes also include methods for

subsequent relativistic configuration-interaction (RCI) calcu-

lations. Such a final step is typically employed to further

improve the accuracy of the wave functions by increasing

the size of the atomic basis space, and the addition of the

Breit interaction and leading-order quantum-electrodynamical

(vacuum-polarization and electron-self-energy) corrections to

the Hamiltonian.

The adopted atomic model targets the energy levels and

radiative properties of all predicted to be bound states of Ir−.

For the initial MCDHF, self-consistent optimization of the

radial orbitals and the employed set of atomic basis func-

tions were generated by considering the [Xe] 4 f 14{5d86s2}

reference configuration. Here, the curly brackets define the

valence (V ) electrons and the remaining [Xe] 4 f 14 electrons

are treated as a core (C). Note that we use a nonrelativistic

notation for simplicity with, e.g., 5d implying both 5d3/2

and 5d5/2. The basis set is constructed by allowing for up to

two simultaneous electron substitutions from the 5s, 5p, 5d ,

and 6s orbitals with, at the most, one substitution from the

5s or 5p core orbitals. This basis space is constructed to

1Also available in Ref. [36].

account for VV and a dominant portion of CV correlation

effects on the excitation energies and radiative transition prop-

erties. In a subsequent RCI calculation, the basis space was

expanded by enlarging the single reference configuration to

the [Xe] 4 f 14{5d86s2, 5d96s, 5d10} multireference. Such an

approach will effectively capture the most dominating higher-

order correlation effects, and mainly important triple electron

substitutions from the targeted states of the single reference.

This correlation model, designed to treat electron interactions

within and between the valence and the core shells, is referred

to as VV + CV. Similar calculations are performed without

including the electron substitutions from the 5s, 5p orbitals,

thus, allowing only for substitutions from the 5d, 6s valence

orbitals. This smaller correlation model, treating only interac-

tions within the valence shells, is labeled VV.

The resulting energy levels are shown in Table I for the

six lowest states of Ir− together with the LS composition of

each level. Excitation energies obtained with GRASP are con-

verted into binding energies (Eb) using the −1.564057(11)-eV

experimental value of the Ir electron affinity [27]. The most

important outcome of our calculations is the prediction of four

bound states in Ir− as shown in Fig. 1. The figure shows that

we can match the four bound states from the calculations with

our experimentally observed states labeled X4, A2, B3, and

C2. These states all belong to the [Xe] 4 f 145d86s2 electronic

ground configuration of Ir−.

We first discuss the B3 state, which has previously been

assigned with a 3F3 term. Its labeling is confirmed by our

calculations which show that the 3F3 term accounts for 90%

of the LS-term composition of the B3 state wave function.
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TABLE II. Computed, MCDHF, and measured lifetimes of the

three excited bound states of Ir−.

State τMCDHF τexpt

A2 >2500 s >1200 s

B3 112(11) ms 133(10) ms

C2 161(8) ms 172(35) ms

The excitation energy of this almost pure 3F3 state then corre-

sponds to the fine-structure energy splitting between the J = 3

and the J = 4 levels of the 3F term. This energy is close to the

results from the two previous experimental studies [23,27],

in particular, when taking into account CV correlation where

the resulting binding energy is only 8 and 9 meV away from

the two experimental values. Here, the more accurate value

using the CV correlation is expected for fine-structure split-

tings [37]. The discrepancy of 1 meV of the two experimental

results is too small for our calculations to resolve.

For states A2 and C2 both having J = 2, the situation is

more complex. These two states show a strong mixture of

LS terms, including 3P, 3F in addition to 1D in the case of

state A2, which differ from the term designation of the ground

state. This makes it more difficult to balance the effect of

correlation and to provide accurate excitation energy since the

fine structure of the singe 3F term is strongly perturbed by the
1D and is in a LS-coupling framework actually an interterm

effect. The A2 state was previously assigned to a 3P term.

However, the present calculations indicate that only 20% of

the wave function belongs to this term and that the dominating

term is instead 1D. The calculated and experimental excitation

energies of this state differ by about 6% and 11% for the VV

and VV + CV correlation models, which suggest either that

the treatment of the CV correlation between states X4 and A2

is unbalanced that the CV correlation is unconverged or both.

The C2 state, which is the second J = 2 level, was previously

predicted to be unbound, whereas the current paper indicates

that it is, in fact, at least, loosely bound. This was predicted by

our theoretical calculation and inspired our extended experi-

mental search for the level.

Turning to radiative properties, the decay of the B3 and C2

states is dominated by M1 transitions whereas state A2 is very

long lived and with a lowest-order allowed decay mode of E2.

The corresponding lifetimes are computed according to

τ ( j) =
1

∑
i A( j → i)

, (1)

where A( j → i) is the rate for the transition between the upper

and the lower levels j and i, respectively. The theoretical

lifetimes are compared in Table II to the experimental values.

For the A2 → X4 transition, the high sensitivity of the small

E2 decay rate to the correlation model and the gauge choice

prevents us from providing a definite τA
MCDHF value. Instead,

the calculations yield a lower bound. To evaluate the lifetime

of the B3 state, the transition rates are rescaled using the

experimental available binding energy (see, e.g., Ref. [32]).

The lifetime of the C2 state for which no experimental binding

energy is available is computed by taking the average of the

values resulting from the two correlation models. Uncertain-

ties on τB
MCDHF and τC

MCDHF are estimated from the discrepancy

between the two correlation models.

The overall agreement of the computed results with the

experiment depends on the state and physical property of

interest. The measurement confirms the theoretically pre-

dicted the τB3 < τC2 � τA2 lifetime relation. Furthermore, the

theoretical investigations predict the existence of the third

excited bound state (state C2). This state is detected experi-

mentally, and the measured lifetime agrees with the computed

value.

Reaching high accuracy for the computed atomic prop-

erties of Ir− is particularly difficult, mainly because of the

open 5d shell of the ground configuration that induces a rapid

growth of the number of basis states when further opening the

5d and core orbitals to electron substitutions. This is likely

the reason as to why, e.g., ab initio attempts on the group-VIII

elements of the periodic table are so scarce [38,39]. Similar

arguments apply to many of the neutron capture elements,

in particular, lanthanides and actinides with open f -shell

structures, which are of critical importance to the analysis

of astrophysical events involving heavy elements, such as

neutron-star mergers [40–43]. Difficulties, such as these mo-

tivate further developments of atomic structure computational

strategies and codes to treat atomic systems with open d and

f shells.

V. CONCLUSIONS AND OUTLOOK

We have performed photodetachment studies on Ir− using

different photon energies and storage times at the DESIREE

storage ring. MCDHF atomic structure calculations of the

binding energies and lifetimes of the excited states were car-

ried out in parallel to aid in the analysis and interpretation of

the experimental results.

The binding energy of the first excited state (A2) is mea-

sured to be 1.045 ± 0.002 eV, in good agreement with the

recent measurement by Lu et al. [27]. Our calculations show

that this state is a mix of three different LS-terms 1D (42%) +
3F (24%) + 3P (20%), which contradicts its previous 3P term

assignment [23]. The lifetime of this state is experimentally

determined to be much longer than the experimental stor-

age lifetime of 1230 ± 100 s, which is consistent with our

theoretical estimates. A second excited state (B3), dominated

by the 3F3 term in the theoretical results, is measured to

have a lifetime of 133 ± 10 ms, in good agreement with the

theoretically predicted value of 112 ± 11 ms. A previously

unknown third excited state (C2) is theoretically predicted to

be bound and later experimentally observed, which confirms

its existence. This shows the importance of the close interplay

between theory and experiment in the present paper. It also

illustrates how careful and independent theoretical predictions

can guide novel complex experiments, in general. The lifetime

is experimentally determined to 172 ± 35 ms, in accordance

with the computed 161 ± 8-ms value.
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