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The lifetime of the galliumlike Mo11+ ion 4s24p 2P3/2 metastable level was measured at an electron-beam
ion trap. The lifetime was inferred from the temporal behavior of its associated 4s24p 2P3/2 − 2P1/2 transition.
Particular effort was devoted to reducing the systematic errors and the obtained lifetime value was 4.813(9)(+2

−5 )
(stat)(syst) ms. Most of the predictions without the electron anomalous magnetic moment correction are
consistent with our measurement results. However, all the available, theoretical, effect-corrected results show
an unexpected discrepancy with the measured results.
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I. INTRODUCTION

Accurate measurements of lifetimes of atomic metastable
levels, particularly in highly charged ions (HCIs), can be used
to validate atomic structure calculations, including relativistic
electron correlation and quantum electrodynamics (QED) ef-
fect calculations [1–5]. To date, precise experimental lifetime
measurements with relative uncertainties of 0.5% or below
have been reported (for a review, see Ref. [4]), which are
immensely beneficial for exploring the QED effects in transi-
tion probabilities. For instance, the lifetime of the 2s22p 2P3/2

metastable level in Ar13+ [2] and that of the 3s23p 2P3/2 level
in Fe13+ [3] have been determined with precisions in the order
of 0.1%. Surprisingly, all the calculated line strengths [6–9],
including the contribution from the anomalous magnetic mo-
ment (EAMM) (dominant QED effect), which accounts for
approximately 0.46% of the transition rate, tend to predict
shorter lifetimes than the measured results. Thus far, the rea-
son for this discrepancy has not been explained. Therefore,
more experimental studies on similar electron configurations
(e.g., 4s24p) are required to address this ambiguity.

Forbidden transitions between the fine-structure levels of
HCIs have also been proposed to develop ultraprecise optical
clocks [10–12]. The proof of principle of an HCI optical clock
has been demonstrated using the fine-structure 2s22p 2P3/2-
2P1/2 transition in Ar13+ [13]. A total fractional uncertainty
of 2.2 × 10−17 is obtained, which is comparable to those for
the clocks in operation. However, for many other candidates,
the clock-related atomic properties need to be determined
experimentally and accurately in advance on the way toward
the HCI clocks. Yu et al. [12] proposed the 4s24p 2P3/2 - 2P1/2

magnetic dipole (M1) transition in galliumlike Mo11+ as the
most suitable candidate for the ultraprecise optical clock.
Nevertheless, to the best of our knowledge, there are no avail-
able measurements of the transition probability. The lifetime
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measurement can facilitate significant validation of the theory
[12] and the natural linewidth also yields the parameters for
evaluating atomic clock systematic uncertainties.

In this paper, we report a lifetime study of the galliumlike
Mo11+ 4s24p 2P3/2 level at an electron-beam ion trap (EBIT).
The measurement was performed by monitoring the tempo-
ral fluorescence decay from the 4s24p 2P3/2 - 2P1/2 transition
[λ = 351.2088(24) nm in air [14]]. Possible systematic ef-
fects were investigated by examining the dependence of the
decay curves on various experimental conditions. The lifetime
of the 4s24p 2P3/2 level was determined at an uncertainty level
below 0.3%.

II. EXPERIMENTAL METHOD

The measurement was carried out at the Shanghai EBIT
laboratory using a newly developed 0.65 T room-temperature
permanent magnet EBIT [15]. The EBIT has a discrete four-
fold rotational symmetry magnetic structure, allowing for a
wide field of view (see Fig. 1).

During the experiment, a volatile Mo molecular compound
[molybdenum hexacarbonyl, Mo(CO)6] is introduced into the
trap center continuously from a direction perpendicular to
the trap axis through a differentially pumped gas-injection
system. The injection pressure is tuned using a micrometering
valve. The EBIT provides a high-density monoenergetic elec-
tron beam, which efficiently ionizes the Mo beam and excites
the ions. The ions are trapped radially by the electron-beam
charge potential and the magnetic field, as well as axially
by the appropriate electrostatic potentials applied to the outer
drift tubes. To produce Mo11+ by electron-impact ionization,
the electron-beam energy was set to 220 eV, which was suffi-
cient to ionize Mo10+ (ionization potential: 209.3 eV [16,17])
but not Mo11+ (ionization potential: 230.3 eV [16,17]). The
beam current was typically set to 1.5 mA to keep the elastic
electron collision heating temperature as low as possible.

As illustrated in Fig. 1, the radiation emitted from the decay
of the trapped excited ions was imaged using a lens onto
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FIG. 1. Schematic illustration of the experimental setup. Fluorescent decay curves from the excited state are observed using a photo-
multiplier tube (PMT) coupled to the SR430 multichannel scaler. A high-resolution Czerny-Turner grating spectrometer equipped with a
charge-coupled device was utilized to monitor the emission spectra simultaneously. The inset shows the block scheme of the data acquisition,
as well as the detection systems used for the measurement.

a cooled photomultiplier tube (PMT, Hamamatsu R331-05).
The output of the PMT was directly coupled to the input of
a Stanford Research SR430 multichannel scaler, which had
a built-in pulse discriminator. The scaler accumulates pho-
ton pulses in 40.96 µs bins. Prior to entering the PMT, the
Mo11+ spectral line was selected by a narrow-band interfer-
ence filter with a 10 nm bandwidth and a 60% transmission
at 350 nm. Using the interference filter, stray photons of
other wavelengths, which mainly come from the hot cathode,
were excluded. Furthermore, to keep the background light
counts due to the glow of the thermionic cathode as low as
possible, the filament of the EBIT electron gun was driven
at the lowest possible power required to attain the emission
current. Additionally, a high-resolution Czerny-Turner grating
spectrometer was employed to monitor the photons from the
same trap volume.

The lifetime of the 4s24p 2P3/2 level in Mo11+ was mea-
sured by monitoring its spontaneous decay to 4s24p 2P1/2,
for which the EBIT was operated in a cyclic mode with a
period of 550 ms. The electron beam was turned on and off by
applying 400 V and −100 V potentials to the anode electrode,
respectively. In the measurements, the electron beam was
turned on for 355 ms to ionize and excite the ions confined in
the trap. Thereafter, the beam was turned off and the trap was
maintained as a Penning trap in the magnetic trapping mode
[18]. The emission decay was monitored during the beam-off
period. The switching time of the electron beam (< 50 µs;
much lower than the lifetime of the level of interest) was
measured using a digital oscilloscope. However, even in the
magnetic trapping mode, some of the ions gained sufficient
energy through ion-ion collisions to overcome the potential
barriers and subsequently evaporate from the trap. This ion
loss reduced the experimental lifetime value. The Heidelberg
EBIT group [1–3] reported that such ion losses could be well
suppressed in a deep trap. Therefore, an eclectic trapping

scheme, wherein not only the electron beam but also the trap
depth is varied cyclically, was applied in this work. As shown
in Fig. 2, during the ionization and excitation period (electron
beam on), a shallow trap was chosen to increase the evapora-
tive cooling rate, resulting in a low-temperature ion cloud. The
trap was raised to a high potential 150 µs before turning off the
electron beam. The deep potential was maintained for 200 ms
until the electron beam was turned on again. Additionally, in
each cycle, the accumulated ion cloud was purged from the
trap to prevent the buildup of high-Z contaminants.

FIG. 2. Trapping scheme for the present lifetime measurement.
(a) Timing diagram of the cyclic mode and (b) enlarged diagram of a
single measurement with a period of 550 ms.
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FIG. 3. Typical fluorescence decay curve (logarithmic scale) and
its residual (normalized by

√
N , where N is the number of counts

in each channel). The total acquisition time was approximately 48 h.
The duration of each channel was 40.96 µs. The electron beam was
turned off for 195 ms with a measurement cycle duration of 550 ms.

III. DATA ANALYSIS AND THEORY

A. Experimental result analysis

A typical fluorescence decay curve is shown in Fig. 3.
The decay curve could be fitted with a single exponential
function, N (t ) = N0 exp(−t/τobs) + y0, where N0 is the initial
intensity and τobs is the radiative decay constant of interest.
y0 represents a constant integrated background from the PMT
dark counts and possibly from the stray light (from the hot
electron gun cathode) falling into the narrow filter range.
Notably, there is a fast nonexponential drop after the electron
beam is switched off. To exclude the effect of the initial signal
drop due to ion-cloud relaxation, the fitting was initiated at
different times. After 2 ms, the fitted results became stable and
exhibited only fluctuations within the statistical uncertainties.
Further evaluations were conducted by varying the starting
point from 2 to 5 ms after turning off the electron beam and no
significant differences were found. Other higher-order expo-
nential functions were also tested, but they failed to describe
the data, indicating that there was no second decay compo-
nent. Similarly, the tail of the decay curve was truncated to
determine possible slow decay components. Again, no second
decay component was retrieved.

The raw lifetime inferred from this single measurement, as
shown in Fig. 3, is 4.808(19) ms. Thus far, only the fitting
error from the fitting process in the single experiment was
included, affording a relative accuracy of 0.4%. Here, the
other possible systematic effects were not considered. No-
tably, contaminant lines, losses of ions (by charge-exchange
recombination and ion escape), and state repopulation may
affect the experimental results.

FIG. 4. Typical spectrum measured using the Czerny-Turner
grating spectrometer when the electron beam was turned on. The
shadow area presents the transmission rate of the filter (shown on the
right axis). Only one spectral line from the Mo11+ 4s24p 2P3/2 - 2P1/2

transition was detected.

Figure 4 shows a typical spectrum recorded by a
high-resolution grating spectrometer. Within the band-
width of the filter (the purple area in Fig. 4), only
Mo11+ 4s24p 2P3/2 - 2P1/2 transition line is observed. No other
blending lines are detected. Moreover, the transmittance is
much less than 10−4 out of the filter bandpass. The decay
curve cannot be affected by the contributions from any blend-
ing lines.

Measurements were also carried out at different gas in-
jection pressures. No significant dependence of the measured
lifetime on the gas pressures was found when the gas-injection
pressure was below 2.3 × 10−7 torr. For the present lifetime
experiment on Mo11+, an injection pressure of 5.6 × 10−8 torr
was employed.

The metastable level population loss due to the ion escape
in the magnetic trapping mode will affect the measurements.
The ion loss effect was studied using a sophisticated trap-
ping potential scheme. As shown in Fig. 5(a), the measured
lifetime for low axial trapping potentials (<100 V) was re-
duced (nearly 3% at 50 V), indicating that a fraction of
the active ions overcome the axial potential barrier and es-
cape from the trap. As the trapping potential increases, the
lifetime reaches a plateau; thus the axial ion losses can be
efficiently suppressed at deep trapping potentials higher than
100 V. However, the magnetic-field strength in the present
EBIT is much weaker than that in a superconducting mag-
net EBIT. Ions produced at 8 V shallow trap are still hot
enough to escape radially in the magnetic trapping mode
due to its weak radial magnetic confinement, which makes
the measured lifetime much shorter than the real one. The
trapping potential of the shallow trap (electron beam on) was
decreased stepwise to ensure sufficient evaporative cooling
during ionization, affording low-temperature ions. Figure 5(b)
shows the variation in the measured lifetime as a function
of the drift tube potential during the beam-on period. The
decay time increased as the trapping potential decreased from
8 V to 3 V, reaching an apparent constant value at trapping
potentials less than 3 V. This shows that the ion losses in the
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FIG. 5. Measured lifetimes vary with the deep trap depths (electron beam off) and the shallow trap depths (electron beam on). (a) Different
deep trap depths at 8 V shallow trap, (b) different shallow trap depths at 100 V deep trap, and (c) different deep trap depths at 0 V shallow trap.

magnetic trapping mode can be well controlled. Furthermore,
we conducted a set of experiments, wherein the deep trapping
potentials were increased from 90 V to 120 V and the shal-
low trapping potential was maintained at 0 V [see Fig. 5(c)].
Similarly, at deep trapping potentials higher than 100 V, the
escape rate was insignificant in comparison with the decay
time. Generally, in our experiment, the ion escape can be
considered to be negligible at relatively high deep trapping
potentials and low shallow trapping potentials. The effective
lifetime was determined by taking the weighted average of
all the data points measured at the trap configurations, where
the deep trapping potentials were higher than 100 V and the
shallow trapping potentials less than 3 V. The lifetime of
the 4s24p 2P3/2 level in Mo11+ obtained from the weighted
average is 4.813 ± 0.009 ms, where 0.009 ms is the statistical
uncertainty of all the measurements.

The charge-state distribution during the beam-off period
might be affected by the charge exchange with neutral atoms
or molecular compounds. In this work, a low-energy electron
beam was employed and no Mo ions with charge states higher
than Mo11+ were present in the trap. Therefore, the charge
exchange only results in a loss of the metastable Mo11+ ions
and would, therefore, make the measured value lower than
the natural lifetime. The density of the neutral gas at the trap
center was estimated to be approximately 2 × 106 cm−3 at the
gas-injection pressure of 5.6 × 10−8 torr (below 7.6 × 10−11

torr in the EBIT chamber). According to the Müller-Salzborn
formula [19,20], the single-electron charge-exchange cross
section was estimated to be 4 × 10−14 cm2 and the corre-
sponding ion loss rate was approximately 0.1 s−1. This value
is an upper bound estimate, yielding a relative contribution of
0.05% to the transition probability.

The radiative cascade repopulation of the 4s24p 2P3/2

metastable level from higher levels might also introduce sys-
tematic errors into the measurement. Electric dipole (E1)
transitions are too short lived to affect the measured lifetime
in the millisecond range since they occur on the nanosecond
timescale. Similar to the Al-like Fe13+ case studied in [3],
only one known low-lying level (4s4p4d 4F9/2) decays via

forbidden transitions and may contribute to the repopulation
of the 4s24p 2P3/2 metastable level. The effect was evalu-
ated by a collisional-radiative model calculation implemented
in the FAC code [21]. The relativistic configuration interac-
tion method was employed to calculate all the atomic data.
The configurations included in our CR modeling are 4s24p,
4s24d , 4s24 f , 4s4p2, 4s4p4d , 4s4p4 f , 4p3, 4s2nl (n = 5, 6),
and 4s4pnl (n = 5, 6). In EBIT, radiative decay, as well as
electron-impact excitation and deexcitation within the same
ionization state, dominates the level population distribution
[22–24]. All the electric and magnetic dipole, quadrupole, and
octupole (E1, E2, E3, M1, M2, and M3) transitions among
the above levels are considered in the present calculation.
The result shows that nearly 99.7% of the Mo11+ ions are

FIG. 6. Part of the level scheme of Mo11+. The metastable
4s4p4d 4F9/2 level has a calculated lifetime of approximately 8 ms.
It has branching ratios to the 4s4p4d 4F7/2, 4s4p2 2D5/2, 4s4p2 4P5/2,
and 4s4p2 4P3/2 levels. These intermediate levels can decay into the
4s24p 2P3/2 level immediately via E1 transition. The numbers in
parentheses are the calculated transition rates (in s−1).
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TABLE I. Estimation of experimental uncertainties.

Systematic effect Relative contribution (%)

Statistics ±0.2
Charge exchange loss +0.05
Ion escape No
Cascade repopulation −0.1
Dead time No

populated in the 4s24p 2P1/2,3/2 levels. However, there are still
0.3% ions lying in the 4s4p4d 4F9/2 metastable level with
a lifetime of approximately 8 ms. As shown in Fig. 6, this
metastable level can decay into the 4s24p 2P3/2 level by cas-
cade repopulations via different transition channels, leading to
a measured lifetime that is 0.1% longer than the real lifetime
of the 4s24p 2P3/2 level.

The dead time of our data acquisition system mainly
depended on the time resolution of the PMT and the multi-
channel scalar. It was measured to be approximately a few tens
of nanoseconds. In this work, however, the maximum photon
count rate (beam on) was less than 250 Hz. Therefore, the
dead-time correction exerts a negligible effect on the experi-
mental uncertainty.

The errors contributing significantly to the error budget
are shown in Table I. The final experimental lifetime of the
Mo11+ 4s24p 2P3/2 metastable level was determined to be
4.813(9)(+2

−5 ) (stat)(syst) ms.

B. Calculation and discussion

The 4s24p 2P3/2 metastable level can decay to the
4s24p 2P1/2 ground level through a magnetic dipole or electric
quadrupole transition. Calculations show that the transition
rate ratio AM1/AE2 is more than 300. Therefore, the M1 decay
dominates the process and the E2 decay is a small correction
of the main decay channel. In general, the transition rate AM1

depends on the transition energy and the transition amplitude
and it can be expressed as

AM1 = 64π4

3h

1

λ3

Sif

2Ji + 1
, (1)

FIG. 7. Theoretical and experimental lifetimes of the
Mo11+ 4s24p 2P3/2 metastable level. Corresponding values can
be found in Table II. The theoretical values are from published
works (HFR [25], MCDF97 [26], MBPT [27], and RCC [12]) and
this work (MCDHF). The green translucent area shows the range of
the experimental uncertainty.

where λ is the transition wavelength (in vacuum) and Si f is
the line strength of the transition from upper level i to lower
level f .

In this work, the MCDHF method based on the GRASP2K

package [30] was employed to compute the rates of the
4s24p 2P3/2-2P3/2 transition of the Mo11+ ions. Electron
correlations were included by allowing single and dou-
ble excitations from the {4s, 4p} valence subshells of the
{4s24p, 4s4p4d, 4p3, 4p4d2} multireference (MR) sets and
single excitations from the {2s, 2p, 3s, 3p, 3d} core subshells
of the same MR configurations to virtual active sets up to
n <= 8, l <= 6. Breit interaction, vacuum polarization, and
self-energy corrections were also considered in the subse-
quent configuration-interaction calculations. The calculated
M1 line strength of the 4s24p 2P3/2-2P1/2 transition was
1.3303 (EAMM not included) and the corresponding wave
number was 28486.9 cm−1. In the calculation, it was also

TABLE II. Lifetime of the Mo11+ 4s24p 2P3/2 metastable level. Theoretical results from the relativistic Hartree-Fock self-consistent field
method (HFR), multiconfiguration Dirac-Fock method (MCDF97), many-body perturbation theory (MBPT), relativistic coupled-cluster theory
(RCC), and the present multiconfiguration Dirac-Hartree-Fock (MCDHF) calculation are presented. τ is the published value, τadj is the adjusted
lifetime using the precise experimental wavelength of 351.3092(24) nm, and τcorr is the corrected lifetime including the EAMM contribution.
Notation a(±b) corresponds to a × 10±b.

Method AM1 (s−1) AE2 (s−1) λ (nm) τ (ms) τadj (ms) τcorr (ms) τexpt (ms)

HFR [25] 2.08(+2) 6.19(−1) 351.32a 4.79 4.79 4.77
MCDF97 [26] 2.07(+2) 5.98(−1) 351.32a 4.82 4.82 4.79
MBPT [27] 2.07(+2) 5.87(−1) 351.32a 4.82 4.82 4.79
RCC [12] 2.073(+2) 6.14(−1) 351.28a 4.809 4.810 4.788
MCDHF (This work) 2.074(+2) 5.91(−1) 351.04 4.808 4.820 4.797
Expt. (This work) 4.813(9)(+2

−5 ) (stat)(syst)

aThe available experimental wavelengths were obtained from published works. A value of 351.32 nm was measured by Curtis et al. [28], and
351.28 nm was determined by Reader et al. [29].
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found that the line strength is not sensitive to the electron
correlations.

To improve the precision of the calculations, we adjusted
the calculated lifetime by employing the most precise exper-
imental transition wavelength [351.3092(24) nm in vacuum
[14]] and the theoretical line strength. Additionally, it is
known that the main QED contribution to the M1 line strength
could be derived in the lowest order by modifying the M1
operator of the atomic magnetic moment for the EAMM.
The QED contribution can be included by redefining the line
strength as Snew

i f = Si f (1 + 4κe), where κe = α/(2π ) and 4κe

accounts for 0.464% of the line strength [2,6,8]. The calcu-
lated results are listed in Table II.

The available theoretical lifetimes in the literature for the
Mo11+ 4s24p 2P3/2 level using different methods are also
listed in Table II and plotted in Fig. 7. The lifetimes modi-
fied using the most precise experimental wavelength and by
incorporating the EAMM correction are also shown. Nearly
all the theoretical lifetimes (black-filled squares and red-filled
circles in Fig. 7) are within our experimental error margin.
However, when the EAMM effect was considered, all the
revised lifetimes (blue-filled triangles in Fig. 7) were slighter
lower than the experimental results. Coincidentally, compared
with the theoretical results [8,9,12], a similar discrepancy
was also observed in a few other systems, e.g., the lifetimes
of the 2s22p 2P3/2 metastable level in B-like Ar13+ [2] and
the 3s23p 2P3/2 metastable level in Al-like Fe13+ [3]. These
discrepancies have not been explained either by experiments
or theories.

IV. SUMMARY AND OUTLOOK

The lifetime of the metastable 4s24p 2P3/2 level in gal-
liumlike Mo11+ was first determined experimentally to be
4.813(9)(+2

−5) (stat)(syst) ms using an EBIT in the magnetic
trapping mode. The lifetime precision of <0.3% achieved
in this study is highly beneficial for improving the error
budgets in various diagnostic applications and for bench-
marking calculations. The theoretical results including the
EAMM show a clear discrepancy with the present experi-
mental results. More rigorous theoretical and experimental
studies on similar ionic systems are required to address this
ambiguity.

To achieve enhanced precision, we have started developing
an ion trap to capture and store ions in the same charged
state. The systematic effects caused by the mixture of charge
states, the ion-cloud relaxation during the electron beam
cutoff, and the stray light of the hot electron gun filament
will be excluded. Additionally, as the electron collision ex-
citation may induce cascade repopulation effects, we intend
to apply laser excitation to perform level-selective lifetime
measurements.
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New version: Grasp2K relativistic atomic structure package,
Comput. Phys. Commun. 184, 2197 (2013).

062817-7

https://doi.org/10.1088/1361-6455/ac43f4
https://physics.nist.gov/asd
https://doi.org/10.1063/1.555818
https://doi.org/10.1063/1.1147276
https://doi.org/10.1103/PhysRevA.43.4861
https://doi.org/10.1088/0963-0252/7/4/002
https://doi.org/10.1139/p07-197
https://doi.org/10.1238/Physica.Regular.064a00319
https://doi.org/10.1016/j.jqsrt.2013.04.023
https://doi.org/10.1016/j.jqsrt.2022.108276
https://doi.org/10.1016/0168-583X(87)90460-5
https://doi.org/10.1088/0031-8949/55/2/007
https://doi.org/10.1016/j.physleta.2005.08.056
https://doi.org/10.1103/PhysRevA.29.2248
https://doi.org/10.1364/JOSAB.3.000874
https://doi.org/10.1016/j.cpc.2013.02.016

