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An experimental measurement of the lifetime of 3d° 2D3 /2 metastable level in Mo!5+ is reported in this work. The

Mo!37 ions are produced and trapped in an electron beam ion trap with a magnetic field of 0.65 T. The decay photons
emitted from 3d° 2D3 /2 level are subsequently recorded via a cooled photomultiplier tube. Through meticulous scrutiny

of potential systematic uncertainties affecting the measurement outcomes, we have determined the lifetime of Mo'>* 3d°
2Dy /2 metastable level to be 2.83(22) ms. The experimental result provides a clear distinguishment from existing calcula-

tions based on various theoretical approaches.

Keywords: lifetime measurement, molybdenum ions, metastable levels, electron beam ion trap (EBIT)
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1. Introduction

Forbidden transitions have been captive substantial inter-
est across various fields.!'™# Precision measurements of for-

bidden transitions have multiple applications, including prob-

5-10

ing fundamental physics,'5-1%! developing frequency-standard

(11-14] and searching for new physics beyond the

(15

metrology,
standard models.!'>) Moreover, these forbidden lines con-
tribute significantly to diagnosing laboratory and astrophysi-

s, 1:16=20 gince their intensities tend to be sensitive

cal plasma:
to the density or temperature of the plasma.

Transition energies and lifetimes are the fundamental ob-
servables of the forbidden transitions. Accurate measurements
of energies and lifetimes particularly for highly charged ions
(HClIs), play an important role in testing ab initio atomic-
structure calculations of quantum many-body systems. Re-
garding an atomic system with a vacancy in a closed shell (e.g.,
2522p° and 3d”), many accurate theoretical predictions?!=2]
and measurements2°->’! have been performed during the past
few years. Due to the inherent simplicity of these sys-
tems which implies a small correlation contribution, their
level structures can be calculated to high precision allow-
ing for the testing of higher-order quantum electrodynamics

For instance, vari-
[21-23

effects in many-body atomic systems.
ous atomic-structure calculation methods I'have been em-
ployed to investigate the transition properties of ground-state

fine-structure line (3d” ?D3,,—*Ds ) in highly charged Co-
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like ions. However, to the best of our knowledge, there are no
available measurements of the transition probability (inverse
of lifetime) of the 3d® D5 ,—?Ds ), transition.

In this work, we presented experimental details of a life-
time measurement of the Mo!3* 3d° 2D; /2 metastable level
using an electron beam ion trap (EBIT). The measurement
was carried out by monitoring the temporal decay of optical
fluorescence from the magnetic dipole (M1) 3d° D5 /2—2D5 2
transition with a wavelength of A = 370.81 nm.*%! Dedicated
efforts were especially devoted to assessing the systematic ef-
fects, and the radiative lifetime of the 3d° 2D; /2 level in Mo!5+
was determined to be 2.83(22) ms.

2. Experimental method

The measurement is performed at the Shanghai EBIT lab-
oratory using a room-temperature permanent-magnet EBIT
with a magnetic field strength of 0.65 T. The experimen-
tal setup has been introduced in the previous publication in
detail,?! and thus only the essentials of the lifetime measure-
ment procedures (depicted in Fig. 1) are outlined in the subse-
quent section.

In an EBIT, highly charged ions were produced through
electron impact ionization. To produce Mo ions, a molecular
beam of molybdenum hexacarbonyl, Mo(CO)g, was injected
into the trap region with a gas injection system and then it was
fragmented and ionized through the collisions with the elec-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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tron beam emitted from the thermionic cathode. The electron
beam energy was set to 400 eV for charge breeding. Typically,
Mo ions could be created in the center drift tube after an
elapsed time of several hundreds of ms. In this configuration,
the axial confinement was provided by the electrostatic poten-
tial, while the radial confinement arises from a combing effect
of the magnetic field and the electron beam space charge. Fur-
thermore, to suppress charge exchange processes due to the
collisions with the residual gas atoms in the trap, the pressure
of the gas injection system was kept constant at a low level of
5.6 x 1078 torr in the whole lifetime measurement campaign.

Permanent magnet
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Electron beam / ol \
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Fig. 1. Schematic drawing of the experimental setup.

In the EBIT, the trapped ions undergo continuous colli-
sions with the energetic electrons, thereby exciting them to
their excited states, resulting in photon emissions after the ex-
citation. The radiations are focused by a set of lenses onto a
cooled photomultiplier tube (PMT). The PMT detection could
be significantly influenced by stray light, which is mainly gen-
erated by the glowing of the thermionic cathode (7T ~ 1600 K).
During the measurement, the heating current of the cathode
filament is intentionally reduced to minimize the stray light
effect.
*D35—*Ds 5 is 370.81 nm, %1 a narrow band interference fil-

Apart from this, since the transition wavelength of

ter, with a central wavelength of 370 nm (bandpass 10 nm,
peak transmission of approximately 80%), is installed in front
of the PMT, such that the light with other wavelength could be
strongly suppressed. This way, the background count rate of
PMT is reduced to around 1400 s~!, which is the main limita-
tion of the measurement precision.

In order to measure the decay of optical fluorescence from
the M1 3d° ?Ds /2—2D5 /2 transition, it is necessary to inter-
rupt the electron beam, via a mode referred to as magnetic
trapping.*!! The measurement scheme involves a beam-on
time of 1900 ms followed by a beam-off time of 100 ms. In

total, this cycle is repeated for more than tens of thousands
of times to ensure statistical significance. Every 10th cycle,
the trap is dumped to eliminate heavy ion contaminants, such
as lanthanum, which originates from the electron cathode and
could occupy a significant portion of the trap region.

3. Results and discussion
3.1. Decay curve

A typical lifetime decay curve is shown in Fig. 2. The
total acquisition time for this curve is 68 h. In the measure-
ment, the electron beam energy (400 eV), electron beam cur-
rent (3.8 mA), and gas injection pressure (5.6 x 1078 torr), are
both fixed. The decay curve was fitted with a single exponen-
tial function N(¢) = Nyexp(—Aobst) + yo, where N is the ini-
tial intensity, Aqps is the total decay rate of this curve, and yg
represents a constant integrated background arising from the
PMT dark counts and the stray light. Upon discontinuation of
the electron beam, the ion cloud rapidly expand, resulting in
the loss of ions. Since we estimated that this expansion, which
will be discussed later, is on the order of us, the fitting process
always started at least 1 ms after the time after turning off the
electron beam (the corresponding time is 55.4 ms in Fig. 2).
In order to check the reliability of the fitting results, the row
data at various recording time intervals were selected for fit-
ting analysis. As shown in Fig. 3, in which blue cycles and
red cycles respectively represent the results of fitting intervals
with different starting points and ending points, there is no ex-
plicit relation between the fitting results and time intervals se-
lected in the fitting procedures. In addition, other effects such
as spectral blends or cascade transitions which lead to second
exponential decay components were not observed in this anal-
ysis. The decay rate inferred from this single measurement
shown in Fig. 2 is Agps = 372(26) s~ L.

Electron beam on (plateau)

/Elec‘cron beam off

Electron beam on

Photon counts
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N
5
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Fig. 2. Experimental decay curve of the 3d° >Ds /2 level and residual
from single exponential fit (bottom). The electron beam was turned off
for 100 ms for fluorescence detection. The total data acquisition time was
68 h.
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Fig. 3. A series of fitting intervals are adopted to obtain the decay rates
and check the reliability of the fitting results. Blue circles represent the
decay rates obtained from various starting points with an ending point of
88.76 ms, while red circles denote the fitting results at different ending
points with an initial point of 56.18 ms.

3.2. Systematic effects

In the determination of lifetimes through the fluorescence
decay curve, systematic uncertainties can arise from various
sources, 267" including ion losses by charge-exchange, pos-
sible cascade repopulation from high excited states, and the
escape of ions out of the trap. In this section, we present a
deep analysis of the systematics in our lifetime measurement
of 3d° D3 5 in Mo'%*.

Charge exchange of the ions with neutral atoms of the
residual gas could affect the charge-state distribution in the
EBIT and therefore change the radiation decay curve. In or-

der to control the growth of the Mo!5*+

population caused
by the charge exchange between higher ionized Mo ions and
neutral atoms or lower charged ions, the electron energy
was deliberately set below the ionization potential of Mo!>*+
(591 eV32331) This ensured that no higher charge state be-
yond Mo">* was created, and the resulting charge state distri-
bution was examined by ion extraction and charge state dis-
tribution analysis.[?>*# Electron capture of Mo'>* ions from
background atoms resulted in an ion loss of Mo!>* ions lead-
ing to a faster decay. The influence of the charge exchange
effect could be suppressed by reducing the neutral number
density which is related to the gas injection pressure. By tun-
ing the injection pressure, we found charge exchange effect
is negligible in the determination of lifetimes as long as the
pressure is below 4 x 1077 torr. According to the empirical

135361 the single-electron charge-

2

formula by Miiller—Salzborn,
exchange cross-section was estimated to be 6 x 107! cm

resulting in an ion loss rate of about 0.2 s~

The charge-
exchange effect was two orders of magnitude smaller than the
statistical uncertainty of 26 s~ 1.

Cascade repopulation of the 3d° 2D; /2 metastable level
by transition from higher lying levels having ms lifetimes
could in principle influence the measured decay curve. From
this point of view, the 3d®4s configuration might contribute to
the slow electric-dipole forbidden transitions. The relativis-

tic configuration interaction method encoded in the flexible

atomic code?”! is employed to calculate the energy levels and
transition probabilities among all the 16 levels belonging to
3d84s. All the metastable levels within 3d34s exhibit decay
times less than 5 ps. Repopulation of the 3d° 2Dj 5 level could
occur over the first few ps after turning off the electron beam.
By starting the fitting procedure at 1 ms, the effect of cascade
repopulation is essentially insignificant.

After turning off the electron beam, the ion cloud expand
radially due to the sudden absence of the electrostatic potential
generated by the space charge of the electron beam. Conse-
quently, a large number of ions might escape out of the view-
ing region of the detection system. The decay curve (Fig. 2)
shows an initial steep falloff of the signal that extends over
about 0.1 ms, indicating this fluorescence loss mechanism. In
order to evaluate the effect of the ion cloud expansion, an ad-
justable slit was mounted between the lens and the ion cloud to
narrow the viewing region. Our experimental setup permitted
access to a viewing region of up to 18 mm in width. A series of
studies using different slit widths (5 mm, 10 mm, 15 mm and
20 mm) were carried out. The steep falls occurred in all experi-
mental settings, however, the fitted decay rates were consistent
within the statistical error bars as soon as the start fitting point
is selected to over 1 ms. In conclusion, the radial expansion of
ion could take place in a very short time and it did not influ-
ence the determination of lifetime of 3d? *Ds, in Mo'>* as
we simply excluded those ions in the analysis procedures.

In Fig. 2, an asymmetry in the photon counts at the time
when switching on and off the electron beam can be noticed.
The reduced photon emissions after switching on the elec-
tron beam to re-excite the ions are mainly because of the re-
duction in the overlapping of the beam and the expanded ion
cloud.”-271 On the other hand, Mo'>* ions are leaking out of
the potential well in the magnetic trapping mode, which can
also result in decrease of the photon counts. In order to in-
vestigate the potential ion loss mechanism, the beam-off time
referring to the magnetic trapping time is changed from 2 ms
to 600 ms to study the dependence of the decay photons from
the re-excited ions. The measured decay curves with different
magnetic trapping times are plotted in Fig. 4. It can be seen
that for shorter magnetic trapping time the photon count from
the re-excited ions is more, indicating less loss of ions. The
photon counts are recorded and plotted as different magnetic
trapping time in Fig. 5. A single exponential function is em-
ployed to fit the data and the resulting loss rate is 18.5(5.9) s~
This loss rate due to the leaking of trapped ions can eventually
modify the measured lifetime of 3d° D5 /2 in Mo>*. As are-
sult, the corrected decay rate is determined to be 354 s~! with
a systematic uncertainty of 5.9 s~!.

In addition to the systemic effects mentioned above, the
dead time of the data acquisition system will lead to a loss in
photon counting. The dead time is measured to be approxi-
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mately tens of ns in the previous work.!?! The highest photon
count rate (electron beam on) in this work is 1.5 kHz, and
therefore, the dead time of the data acquisition system does
little effect on the results.

Photon counts

100 200 300 400 500 600
t (ms)

Fig. 4. Decay curves obtained with different magnetic trapping times.
The black arrows indicate the time when the electron beam is switched
on. The longer the magnetic trapping time, the fewer photons are ob-
served after turning on the electron beam to re-excite Mo!>* ions.

1400

1380
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Counts

1320
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Fig. 5. Ton losses on the different magnetic trapping times. The red solid

line shows the single exponential function used to fit the data, and the loss

rate was obtained to be 18.5(5.9) s~!.

Table 1. Lifetime of the Mo'>* 3d° 2D/, metastable level. The-
oretical results from the relativistic Hartree—Fock self-consistent field
(HFR) method, multiconfiguration Dirac—Hartree—Fock (MCDHF) ap-
proach, and relativistic coupled-cluster theory (RCC) method are pre-
sented. Notation a(4b) corresponds to a x 10+,

Method AMU(s™h)  ABL (571 Tyeo (mS)  Texpr. (ms)
HFR 38 3.155(+2)  5.0(-3) 3.170
MCDHF2!! 3.163(+2) - 3.162
RCC3I 3317(+2)  4.6(—3) 3.014

Expt. (this work) 2.83(22)

Based on the analysis of the statistic and systemic uncer-
tainties in the measurement, the decay rate of the 3d° 2D; /2=
Ds /2 transition in Mo’ is determined to be 354(27) s~ 1,
and the corresponding lifetime is 2.83(22) ms. In Table 1,
the experimental value is compared with the existing theoret-
ical calculations. According to the atomic structure theory,
the 3d° 2D; /2 level decays mainly through the spin-flipping
M1 transition while the possibility of electric quadrupole
(E2) transition is rather low.!?>3! The measured lifetime
of 2.83(22) ms is consistent with the calculation using the
relativistic coupled-cluster theory (RCC) method.>3) How-
ever, other calculations with the relativistic Hartree—Fock

self-consistent field (HFR) method!*®! and multiconfigura-
tion Dirac—Hartree—Fock (MCDHF) approach!?!l do not agree
with our result. To address this ambiguity, more in-depth the-
oretical investigations are required.

4. Summary and outlook

We present a lifetime measurement of 3d° 2Ds 2
metastable level in Mo'>* using an electron beam ion trap.
The systematic uncertainties are comprehensively analyzed in
this measurement, which allows for a precise determination of
lifetime to be 2.83(22) ms. Our experimental result with an
uncertainty of around 8% distinguishes between the existing
theoretical calculations.

The dominant uncertainty stems from statistics consider-
ations due to high background photons in the current measure-
ment. To improve the signal-to-noise ratio and thus reduce the
statistic uncertainty, techniques in suppressing the stray light
from the hot electron gun cathode should be implemented. Re-
cently, a new ion trap has under constructed to capture the ex-
cited ions from the EBIT. In this trap, the stray light from the
hot cathode and the other systematic effect due to the ion cloud
expansion during the electron beam cut-off can be eliminated.

Acknowledgments

Project supported by the National Key R&D Program of
China (Grant No. 2022YFA1602500) and the National Natural
Science Foundation of China (Grant No. 12274352).

References

[1] Trébert E 2022 Atoms 10 114
[2] BaoJ, Wang Y, Liu J, Chen J, Huang L, Tu B, Fu Y, Chen C, Zou Y
and Yao K 2023 Phys. Rev. A 107 062817
[3] Guise N D, Tan J N, Brewer S M, Fischer C F and Jonsson P 2014
Phys. Rev. A 89 040502
[4] Brewer S M, Dreiling J M, Guise N D, Hoogerheide S F, Naing A S
and Tan J N 2018 Phys. Rev. A 98 032501
[5]1 Lapierre A, Jentschura U D, Lépez-Urrutia J R C, Braun J, Brenner
G, Bruhns H, Fischer D, Martinez A J G, Harman Z, Johnson W R,
Keitel C H, Mironov V, Osborne C J, Sikler G, Soria O R, Shabaev V,
Tawara H, Tupitsyn I I, Ullrich J and Volotka A 2005 Phys. Rev. Lett.
95 183001
[6] Lapierre A, Lépez-Urrutia J R C, Braun J, Brenner G, Bruhns H, Fis-
cher D, Martinez A J G, Mironov V, Osborne C, Sikler G, Soria O R,
Tawara H, Ullrich J, Shabaev V M, Tupitsyn I I and Volotka A 2006
Phys. Rev. A 73 052507
[7]1 Brenner G, Lopez-Urrutia J R C, Harman Z, Mokler P H and Ullrich J
2007 Phys. Rev. A 75 032504
[8] Trabert E 2010 J. Phys. B: At. Mol. Opt. Phys. 43 074034
[9]1 Mohr P J, Taylor B N and Newell D B 2012 Rev. Mod. Phys. 84 1527
[10] Matveev A, Parthey C G, Predehl K, Alnis J, Beyer A, Holzwarth R,
Udem T, Wilken T, Kolachevsky N, Abgrall M, Rovera D, Salomon
C, Laurent P, Grosche G, Terra O, Legero T, Schnatz H, Weyers S,
Altschul B and Hénsch T W 2013 Phys. Rev. Lett. 110 230801
[11] Derevianko A, Dzuba V A and Flambaum V V 2012 Phys. Rev. Lett.
109 180801
[12] Yudin V I, Taichenachev A V and Derevianko A 2014 Phys. Rev. Lett.
113 233003
[13] Bloom B, Nicholson T, Williams J, Campbell S, Bishof M, Zhang X,
Zhang W, Bromley S and Ye J 2014 Nature 506 71
[14] King S A, SpieB L J, Micke P, et al. 2022 Nature 611 43

103201-4


http://dx.doi.org/10.3390/atoms10040114
http://dx.doi.org/10.1103/PhysRevA.107.062817
http://dx.doi.org/10.1103/PhysRevA.89.040502
http://dx.doi.org/10.1103/PhysRevA.89.040502
http://dx.doi.org/10.1103/PhysRevA.98.032501
http://dx.doi.org/10.1103/PhysRevLett.95.183001
http://dx.doi.org/10.1103/PhysRevLett.95.183001
http://dx.doi.org/10.1103/PhysRevA.73.052507
http://dx.doi.org/10.1103/PhysRevA.73.052507
http://dx.doi.org/10.1103/PhysRevA.75.032504
http://dx.doi.org/10.1088/0953-4075/43/7/074034
http://dx.doi.org/10.1103/RevModPhys.84.1527
http://dx.doi.org/10.1103/PhysRevLett.110.230801
http://dx.doi.org/10.1103/PhysRevLett.109.180801
http://dx.doi.org/10.1103/PhysRevLett.109.180801
http://dx.doi.org/10.1103/PhysRevLett.113.233003
http://dx.doi.org/10.1103/PhysRevLett.113.233003
http://dx.doi.org/10.1038/nature12941
http://dx.doi.org/10.1038/s41586-022-05245-4

Chin. Phys. B 32, 103201 (2023)

[15]

[16]
[17]
[18]
[19]
[20]
[21]
[22]

[23]
[24]

[25]
[26]

[27]

Rehbehn N H, Rosner M K, Bekker H, Berengut J C, Schmidt P O,
King S A, Micke P, Gu M F, Miiller R, Surzhykov A and Lépez-Urrutia
JR C 2021 Phys. Rev. A 103 L040801

Edlén B 1943 Z. Astrophys. 22 30

Mason H E 1988 J. Phys. Colloques 49 C1

Zanna G D and DeLuca E E 2018 Astrophys. J. 852 52

Trébert E 2020 Aroms 8 21

He Z, Meng J, Li Y, Jia F, Khan N, Niu B, Huang L, Hu Z, Li J, Wang
J, Zou Y, Wei B and Yao K 2022 J. Quant. Spectrosc. Radiat. Transf.
288 108276

Guo XL, SiR, LiS, Huang M, Hutton R, Wang Y S, Chen C Y, Zou Y
M, Wang K, Yan J, Li C'Y and Brage T 2016 Phys. Rev. A 93 012513
Si R, Guo X L, Brage T, Chen C Y, Hutton R and Fischer C F 2018
Phys. Rev. A 98 012504

Nandy D K and Sahoo B K 2021 Phys. Rev. A 104 052812

Li M C, Si R, Brage T, Hutton R and Zou Y M 2018 Phys. Rev. A 98
020502

Volotka A 'V, Bilal M, Beerwerth R, Ma X, Stohlker T and Fritzsche S
2019 Phys. Rev. A 100 010502

Trabert E, Reinhardt S, Hoffmann J and Wolf A 2006 J. Phys. B: At.
Mol. Opt. Phys. 39 945

Brenner G, Lépez-Urrutia J R C, Bernitt S, Fischer D, Ginzel R,
Kubicek K, Mickel V, Mokler P H, Simon M C and Ullrich J 2009
Astrophys. J. 703 68

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]
[38]

103201-5

O’Neil G, Sanders S, Szypryt P, Dipti, Gall A, Yang Y, Brewer S M,
Doriese R, Fowler J, Naing A, Swetz D, Tan J, Ullom J, Volotka A V,
Takacs E and Ralchenko Y 2020 Phys. Rev. A 102 032803

LuQ, Yan CL, Xu G Q, Fu N, Yang Y, Zou Y, Volotka A V, Xiao J,
Nakamura N and Hutton R 2020 Phys. Rev. A 102 042817

Suckewer S, Hinnov E, Cohen S, Finkenthal M and Sato K 1982 Phys.
Rev. A 26 1161

Beiersdorfer P, Schweikhard L, Lépez-Urrutia J C and Widmann K
1996 Rev. Sci. Instrum. 67 3818

Kramida A, Ralchenko Y, Reader J and NIST ASD Team 2023 NIST
Atomic Spectra Database (ver. 5.10) https://physics.nist.gov/asd

Rodrigues G, Indelicato P, Santos J, Patté P and Parente F 2004 Ar.
Data Nucl. Data Tables 86 117

Wang Y, Li Y, Liu J, Jia F, Si R, Zhang M, Huang L, Tu B, Zou Y, Wei
B and Yao K 2022 J. Quant. Spectrosc. Radiat. Transf. 293 108370

Penetrante B M, Bardsley J N, DeWitt D, Clark M and Schneider D
1991 Phys. Rev. A 43 4861

Kalagin I V, Kiichler D, Ovsyannikov V P and Zschornack G 1998
Plasma Sources Sci. Technol. 7 441

Gu M F 2008 Can. J. Phys. 86 675
Biémont E and Hansen J E 1989 Phys. Scr: 39 308


http://dx.doi.org/10.1103/PhysRevA.103.L040801
http://dx.doi.org/10.1051/jphyscol:1988102
http://dx.doi.org/10.3847/1538-4357/aa9edf
http://dx.doi.org/10.3390/atoms8020021
http://dx.doi.org/10.1016/j.jqsrt.2022.108276
http://dx.doi.org/10.1016/j.jqsrt.2022.108276
http://dx.doi.org/10.1103/PhysRevA.93.012513
http://dx.doi.org/10.1103/PhysRevA.98.012504
http://dx.doi.org/10.1103/PhysRevA.98.012504
http://dx.doi.org/10.1103/PhysRevA.104.052812
http://dx.doi.org/10.1103/PhysRevA.98.020502
http://dx.doi.org/10.1103/PhysRevA.98.020502
http://dx.doi.org/10.1103/PhysRevA.100.010502
http://dx.doi.org/10.1088/0953-4075/39/4/018
http://dx.doi.org/10.1088/0953-4075/39/4/018
http://dx.doi.org/10.1088/0004-637X/703/1/68
http://dx.doi.org/10.1088/0004-637X/703/1/68
http://dx.doi.org/10.1103/PhysRevA.102.032803
http://dx.doi.org/10.1103/PhysRevA.102.042817
http://dx.doi.org/10.1103/PhysRevA.26.1161
http://dx.doi.org/10.1103/PhysRevA.26.1161
http://dx.doi.org/10.1063/1.1147276
https://physics.nist.gov/asd
http://dx.doi.org/10.1016/j.adt.2003.11.005
http://dx.doi.org/10.1016/j.adt.2003.11.005
http://dx.doi.org/10.1016/j.jqsrt.2022.108370
http://dx.doi.org/10.1103/PhysRevA.43.4861
http://dx.doi.org/10.1088/0963-0252/7/4/002
http://dx.doi.org/10.1088/0963-0252/7/4/002
http://dx.doi.org/10.1139/p07-197
http://dx.doi.org/10.1088/0031-8949/39/3/005

	1. Introduction
	2. Experimental method
	3. Results and discussion
	3.1. Decay curve
	3.2. Systematic effects

	4. Summary and outlook
	References

