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Z dependence of 4 f-5s electric-octupole emission in Ag-like ions
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We present spectral measurements performed to identify the highly- forbidden electric-octupole (E3) 4 f7/5 5/2-
551/, transitions in Ag-like highly charged ions and to study the Z dependence of their intensities. Theoretical
predictions indicate that these transitions can be observed in a narrow range of elements around tungsten (Z =
74), as the strong configuration interaction leads to level crossings and to an increased population of the 5s level.
Here we probe the atomic structure and population dynamics in Ag-like ions using extreme-ultraviolet spectral
measurements in several elements (Yb, Lu, W, Re, Os, Ir, Au) in the range Z = 70 to 79. The spectra were
recorded independently in the compact electron-beam ion trap at the National Institute for Fusion Science and in
the electron-beam ion trap at the National Institute of Standards and Technology. The measured wavelengths and
the advanced theoretical calculations confirm observations of the E3 transitions in Ag-like ions in the predicted
narrow element range.

DOI: 10.1103/PhysRevA.111.052801

I. INTRODUCTION under various physical conditions [1]. Their low radiative
transition probabilities are compensated by large populations
of metastable states, thereby resulting in observable spectral
lines. The balance between collisional and radiative processes
makes line intensity ratios sensitive to plasma parameters, par-
ticularly in low-density plasmas. Since the recognition of their

Forbidden transitions in neutral and ionized atoms have
long been used in the diagnostics of solar and stellar plasmas

*Contact author: sakaue.hiroyuki@nifs.ac.jp diagnostic value, the importance of forbidden transitions has
fContact author: etakacs @clemson.edu been extended well beyond just astrophysical observations.
*Contact author: yuri.ralchenko @nist.gov For instance, magnetic dipole (M 1) lines are often used for
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the diagnostics of magnetic fusion plasmas in tokamaks and
stellarators [2—4]. Recent technological advances to develop
optical atomic clocks have raised great interest in spectro-
scopic data of higher-order multipole transitions in highly
charged ions (HCIs) [5], which offer narrow linewidths and
reduced sensitivity to external electromagnetic perturbations,
thus resulting in highly precise and stable clocks. Further-
more, these narrow transitions could be used to search for the
variation of fundamental constants and for stringent tests of
fundamental physics [6-9].

Experimental studies of higher-order multipole transitions,
such as the magnetic-octupole (M3) [10-12] and electric-
octupole (E3) ones, are limited due to their even smaller
transition probabilities. The first observation of an E3 transi-
tion in HCIs was reported in Ag-like tungsten (Z = 74) [13],
connecting the 4 f ground state to its lowest excited state Ss.
For neutral Ag (Z = 47) and other single-valence-electron
Ag-like systems in the lower-Z part of the periodic table,
the ground-state configuration is the 5s level, attributed to
the strong correlation between the valence electron and the
closed-shell core. However, with increasing Z, the relative en-
ergy of the 4 f level rapidly decreases, approaching the natural
hydrogenlike ordering of energy levels at asymptotically high
nuclear charges [14,15]. This results in the crossing of the
S5s and 4f levels, with the latter becoming the ground state
at around Z = 60. The Ag-like ions near this level crossing
have E3 transitions that lie in the optical range and have
been proposed as potential candidates for the development of
optical clocks and testing of fundamental constants [9,16].

Even in the early investigations motivated by magnetic
fusion research, a second level crossing was observed be-
tween the 4d'°5d levels and the core-excited 4d°4f? levels
in the higher-Z elements [14,17—-19]. The effect of this level
crossing on the atomic data and subsequently on population
dynamics suggests that the E3 transitions 4d'%4 f-4d'%5s can
be observed only in a narrow atomic number region of heavy
elements in the vicinity of tungsten. The initial observation
of the E£3 decay and a discussion of the responsible physical
processes were presented in [13]. In this follow-up explo-
ration, our goal is to confirm the emission of the E3 lines in
elements near tungsten and report their wavelengths and to
investigate the Z dependence of their intensities and line in-
tensity ratios both experimentally and theoretically. The latter
poses a challenge for accurate calculations of atomic structure
and kinetics, making the experiments crucial for providing
benchmark results to assess the accuracy of theoretical trends.

In a collaborative effort, measurements were conducted
independently at the compact electron-beam ion trap of the
National Institute for Fusion Science (NIFS CoBIT) and the
electron-beam ion trap at the National Institute of Standards
and Technology (NIST EBIT), both equipped with state-of-
the-art extreme-ultraviolet (EUV) spectrometers. The unique
features of each facility and their respective detection systems
contribute to the exploration of the structure and population
dynamics of Ag-like systems within the region characterized
by the intricate level crossings explained above. Theoretical
calculations were also conducted in parallel using the Gen-
eral Relativistic Atomic Structure Package (GRASP) [20] and
the Hebrew University Lawrence Livermore Atomic Code
(HULLAC) [21]. In this paper, we describe the experimental

procedures used to measure the EUV spectra in Ag-like ions
of Yb, Lu, W, Re, Os, Ir, and Au; the data analysis; and the
theoretical calculations performed and present our results.

II. EXPERIMENTAL PROCEDURE

Independent measurements were performed using ad-
vanced EUV spectrometers at both the compact electron-beam
ion trap located at NIFS and the electron-beam ion trap at
NIST. The two EBIT systems are different in the magnetic
fields used to compress their electron beams in the trap re-
gion and therefore operate at considerably different electron
densities. They also use different injection methods to intro-
duce the ions of interest to the trap region. In addition, the
EUYV spectrometers utilize different collection geometries and
transmission and detection efficiencies. The different experi-
mental features of the two facilities allowed cross checking
of the results obtained and the uncertainties assessed. The two
systems were described elsewhere; however, for completeness
we briefly describe them below, especially highlighting the
features important for the current observations.

A. NIFS CoBIT

At NIFS, experiments were performed using a compact
electron-beam ion trap, called CoBIT [22,23]. CoBIT mainly
consists of an electron gun, an ion trap (drift tube), an electron
collector, a superconducting coil, and a liquid-nitrogen tank.
A high critical temperature superconducting Helmholtz-like
coil, which can be used at the liquid-nitrogen temperature, is
mounted around the drift tube. An electron beam less than
30 mA emitted from the electron gun is accelerated by an
up to 2500 V potential towards the drift tube while being
compressed by a 0.2-T magnetic field produced by the su-
perconducting coil. The typical electron densities in the drift
tube region of the CoBIT in the present experiments were
estimated to be 1x10'"cm™3. After passing through the drift
tubes, the electron beam expands and is collected by the
electron collector [22,23].

Sublimated vapor of tungsten hexacarbonyl W(CO)g,
cyclopentadienyl rhenium tricarbonyl (CsHs)Re(CO)s,
bis(cyclopentadienyl)osmium (CsHs),0s, and tris(2-phenyl
pyridine)iridium (Cs3Hp4IrN3) was introduced into CoBIT
through a gas-injection system for the tungsten (Z = 74),
rhenium (Z = 75), osmium (Z = 76), and iridium (Z = 77)
experiments, respectively. For the ytterbium (Z = 70),
lutetium (Z =71), and gold (Z =79) experiments, their
metal vapor was produced in a Knudsen cell and introduced
to CoBIT. The electron-beam energy was adjusted to optimize
the production of the Ag-like charge states of the different
elements. Values of 650 eV for Yb, 715 eV for Lu, 870 eV
for W, 940 eV for Re, 1000 eV for Os, 1100 eV for Ir, and
1180 eV for Au were used, in accordance with the increasing
Z-dependent ionization potentials involved [24].

Radiation in the EUV region was observed with an
originally designed grazing-incidence flat-field spectrometer
[25] with an aberration-corrected concave grating (Shimadzu
Corporation 30-002) and a back-illuminated CCD detector
(Princeton Instruments PIXIS-X0:400B). A zirconium foil
was placed in front of the grating to suppress the stray visible
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light from the cathode of the electron gun. Since the ions
in CoBIT are confined in a narrow cylindrical space (several
hundred microns by 30 mm), the EUV spectrometer was de-
signed with a slitless configuration.

Wavelength calibration was performed using a cubic poly-
nomial derived from emission lines of highly charged Ne and
Ar ions, with wavelength uncertainty primarily due to fitting
errors. Sensitivity calibration included the transmittance of
150-nm aluminum and zirconium filters, grating reflectivity,
CCD quantum efficiency, and photon-to-electron conversion
efficiency.

B. NIST EBIT

At NIST, the EBIT facility [26] was used to create, trap,
and excite highly ionized charge states of W and Re. In
this facility electrons emanate from a curved-surface cathode
painted with BaO, for enhanced electron emissivity. The elec-
tron beam can reach higher energies (up to 30 keV) and beam
currents (up to 150 mA), and as a result the guiding electrodes,
the drift tubes, and the collector are uniquely shaped and
geometrically different from the NIFS CoBIT.

Singly charged ions of W and Re were injected into the
EBIT along its vertical axis from a metal-vapor vacuum-arc
ion source (MeVVA) [27]. The injection is aligned along
the direction of a 2.7-T magnetic field in the trap region set
by a pair of liquid-helium-cooled superconducting Helmholtz
magnets in the trap region. Electron-beam-current-dependent
electron densities can reach up to 10'> cm™3 in the center
of the machine, leading to different trapping, ionization, and
excitation conditions of the same ions compared to the NIFS
CoBIT.

The optimal creation of the Ag-like charge state of these
heavy elements requires around 1-keV electron-beam energy
or less, like for the NIFS CoBIT. The ideal value depends
on the ionization potential of the Cd-like charge state and
conditions, such as the electron-beam current and the den-
sity of neutral atoms in the trap region. To maximize the
number of Ag-like ions in the trap, we monitored the fairly
strong 5p3,2-5ds), electric-dipole EUV transition in both of
these elements. Spectra were taken at different electron-beam
energies and magnetic fields. The data presented here were
obtained using nominal electron-beam energies of 935 and
950 eV. These values do not include corrections for the space
charge of the electron beam itself [28].

For the acquisition of EUV spectra in the 2- to 18-nm re-
gion we used a slitless flat-field grazing-incidence instrument
equipped with a gold-coated spherical mirror for increased
solid angle of collection [29], like in several previous in-
vestigations of the NIST group (e.g., [30-32]). The main
difference from the NIFS EUV spectrometer is the application
of the large-area spherical mirror to increase the solid angle
of collection. As a result of this extra element, there is a
considerable difference between the relative efficiency curves
of the two instruments, as depicted in Fig. 1.

A 100-nm-thick Zr window can be inserted in front of the
spectrometer to separate its vacuum chamber from that of
the EBIT and to limit the transmission of certain wavelength
regions into the instrument. Spectra were taken with the Zr

window both in and out in order to identify features from
higher-order diffraction.

Wavelength calibration was based on known emission lines
of highly charged Ne, Ar, Xe, and Ba ions. Transmission and
detection efficiency were considered using an experimentally
verified efficiency curve.

Due to the difference in the optical design and the ge-
ometrical arrangement of the two spectrometers, the NIST
grazing-incidence instrument has a favorable energy res-
olution for high-precision wavelength measurements, as
demonstrated by previous investigations (e.g., [32-34]).
The difference in overall wavelength uncertainties reported
in this paper are the result of the interplay between
the different energy resolutions and the collected photon
statistics.

III. DATA ANALYSIS

For the NIFS CoBIT data, the wavelength calibration was
carried out by converting the CCD pixel number to the wave-
length using the cubic polynomial function obtained with
well-known emission lines of highly charged ions of injected
Ne and Ar. The uncertainties of the wavelengths were es-
timated mainly from the errors in the Gaussian fitting for
each emission line and the standard deviation of the residuals
(deviation of the reference wavelength from the conversion
curve).

A sensitivity calibration was also carried out using the
transmittance of 150-nm-thick aluminum and zirconium fil-
ters, the reflectivity of the grating, the quantum efficiency
of the CCD, and the conversion efficiency from the detected
photon energy to the number of electrons. Figure 1 shows the
wavelength dependence of the total relative correction factor
as a dashed gray curve.

In the case of the NIST EBIT, at the low electron-beam
energies used in the current experiment, emissions from the
M-shell ions of Ba and Xe, which are natural contaminants
of the EBIT with rich EUV spectral features of their own,
appeared as part of the background spectrum. For the effi-
cient removal of stronger blended features in Re we used the
technique of subtracting the spectra of Os otherwise taken
under identical conditions [35]. In the case of W, no such
subtraction was available due to the lack of a suitable recorded
spectrum; therefore, features from Ba and Xe contaminant
lines appeared, especially at longer wavelengths. Background
subtraction in the NIST data was done via a high-order poly-
nomial fit of low-noise regions throughout each spectrum.
Once the background was subtracted, the spectra were divided
by the efficiency curve to obtain relative intensity values.
Figure 1 shows spectra obtained for W and Re as thin red
and blue lines for comparison with the similar NIFS CoBIT
spectra. For the NIFS EBIT, there are natural contaminants
that may contribute to the background signal. However, these
contaminants differ from those observed in the NIST EBIT,
where Ba and Xe lines were identified. While specific con-
taminants such as Ba and Xe were not observed in the NIFS
EBIT, other species may still be present under the experimen-
tal conditions, although they were not significant enough to
interfere with the measurements.
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FIG. 1. Spectra of Ag-like ions measured at the NIFS CoBIT (thick lines) and at the NIST EBIT (thin lines). Relative efficiency corrections
for the two systems are indicated by dashed (NIFS CoBIT) and dash-dotted (NIST EBIT) lines. The “x 0.1” labels refer to the scaling factor
applied to the spectra for clarity in the plot. Arrows indicate the positions of the 4f5/,-5s;/, (blue) and the 4 f7/,-5s, (red) E3 transitions. The
y axis represents the relative intensity of the spectra, with the efficiency curves normalized accordingly to provide a comparison of the system
efficiencies. For better readability, spectra were offset by approximately 60, 100, 140, and 170 thousand units for W, Re, Os, and Ir, respectively.
Although Yb and Au spectra were measured, their spectral lines fall outside the regions of level crossings in the current experiment, resulting

in no observable intensities. Therefore, their spectra are not shown.

Second- and third-order features were used as additional
constraints to the third-order polynomial calibration using
well-known lines [24] of injected O and Ne as well as the
impurities Ar, Xe, and Ba [36,37]. Outlier detection was com-
pleted by a leave-one-out procedure, where for each spectral
line, a calibration was done without that line. If any lines
were inconsistent with the calibration without those lines, they
were marked as outliers and removed. This process continued
until all spectral lines were consistent. After identification, the
regions of interest were fitted with multipeak Gaussian func-
tions to obtain the wavelengths and their uncertainties. The
reported wavelength uncertainties incorporate statistical and
calibration uncertainties that include a systematic component
determined from the calibration fits.

IV. THEORETICAL APPROACH

The theoretical calculations of the wavelengths and radia-
tive rates of the E3 lines were carried out using the GRASP2K
[20] and HULLAC [21] atomic structure packages.

The GRASP2K calculations were based on the multiconfig-
uration Dirac-Hartree—Fock (MCDHF) method, which starts

by solving the Dirac-Coulomb Hamiltonian:

N N
1
HDC — Z[Cai “Di —+ (,Bl — 1)C2 + Vnuc(ri)] + Z r_

i=1 i<j Y

Here V(7)) = —% is the electron-nucleus interaction, r;; is
the distance between electrons i and J, p is electron momen-
tum operator, and & and § are the Dirac matrices.

Electron correlations are included by expanding the N-
electron atomic state function v (yPJM;) (where P is the
parity, J and M, are angular quantum numbers, and y rep-
resents the additional quantum numbers required to specify
the state) in the linear combination of configuration state
functions (CSFs) ¢(yPJM;) which are built from the an-
tisymmetric sums of products of N single-electron Dirac
spinors:

Nese
Y(yPIM)) =) bip(y PIM)).
i=1
The mixing coefficients b; are obtained by diagonalizing

the Hamiltonian using the self-consistent field method. Calcu-
lations were performed separately for odd-parity (4d'%4 f) and
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even-parity (4d'°5s) states of Ag-like ions. To consider the
correlation effects for the 4f55 7/2-3s1, transitions, the CSF
space was expanded by means of single and double excitations
from the 4/ orbitals (4s, 4p, 4d, or 4 f) to active sets up to the
principal quantum number n < 8 and orbital angular quantum
number / up to 7 layer by layer. In addition to the electron cor-
relation, the Breit interactions and leading QED contributions
(self-energy and screened vacuum polarization) were included
perturbatively using the relativistic configuration interaction
(RCI) approach.

The transition data of the E3 transitions between 1 (y PJ)
and ¥ (y'P'J’) states can be expressed in terms of the reduced
matrix elements of the transition operator Tf, :

(W (y PO T, Iy (v'P'T))
= > bl ¢iPI) | T, llp(yP'T)).

LJ
To calculate the transition probabilities, two forms of the tran-
sition operator are used, namely, the Babushkin gauge (length)
and the Coulomb gauge (velocity). Since the transition prob-
abilities are gauge invariant [38], the differences between the
two can be used to estimate the uncertainty of the computed
probabilities as

_ |A1_Au|
~ min(A;,A,)’

where A; and A, are transition probabilities in length and
velocity forms [39,40].

In HULLAC, the CSFs of the RCI calculations are con-
structed from solutions of the single-electron Dirac equa-
tion with a parametric potential. The parametric potential
was optimized to minimize the first-order average energy of
the ground-state configuration. The calculations for wave-
lengths and probabilities for the E3 transitions are performed
with limited correlations which include the ground state
4d'°4f; single-electron excited 4d''nl (n=5—6,1 <n—
1), 4d94f2, 4d94f51; and doubly excited 44°512, 4d84f3, and
4d34£?51 configurations. The results of the calculations and
how they compare with measurements are discussed in the
following section.

V. RESULTS AND DISCUSSION

Figure 1 shows the sensitivity-corrected emission spectra
of Lu, W, Re, Os, and Ir observed at NIFS (thick lines)
and at NIST (thin lines). Experimental spectra recorded at
CoBIT were analyzed using collisional-radiative (CR) simu-
lations described in detail in a previous publication [13]. For
brevity, in the CR model calculations, the required atomic
data, such as energies, transition probabilities, electron-impact
excitation, and ionization cross sections, were obtained using
the HULLAC code. The rates of collisional processes were
determined using a § distribution function representing the
electron beam of CoBIT. For the NIST data, the lines were
identified from comparisons with simulations with the CR
code NOMAD [41] that used atomic data from the relativis-
tic Flexible Atomic Code (FAC) [42]. The calculated relative
intensities of the 4f7/,-5s1/> and 4f5/5-5s1/2 E3 lines with
respect to the other E'1 transitions in Ag-like ions provided

E3 Intensity j=5/2

}
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w
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>
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N
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FIG. 2. The atomic number dependence of the 4f5,,-5s,,, and
4f7/2-5s1/, E3 transition intensities. (The error bars represent lo
uncertainty.) “NG” indicates elements for which the intensities of
the spectral lines fall to zero.

additional support for their classification. In the case of W,
calculations that matched the wavelengths of previously mea-
sured E3 transitions [13] also confirmed the identifications.
Additionally, zirconium and aluminum filters helped in some
cases to clearly identify the contribution of the second-order
diffraction of the strong features at shorter wavelengths. The
4f7/2-551/2 and 4f5,5-5s1/2 E3 transition lines were observed
in the spectra of Lu, W, Re, Os, and Ir ions but not in those of
Yb and Au ions.

Figure 2 presents the atomic number dependence of the
experimental and theoretical E3 transition intensity. The ex-
perimental emissivities were obtained by normalizing the
intensity ratio of the 5py/2-5d3/, E1 transition observed in
the current experiment to the theoretical emissivity of the
same 5p,2-3d3,; transition, calculated using the CR HULLAC
model. As seen in Fig. 2, the measured intensity of the E3
transition reaches a maximum at Z = 74, decreases with a fur-
ther increase in Z, and is not detected at Z = 79. The intensity
of an optically thin spectral line can be formally expressed
as the product of the transition probability and population of
the upper level. The strong Z dependence of the transition
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with the atomic number Z%; being dimensionless.)

probabilities for the forbidden transitions is well established
and is about Z*° around tungsten for the 4f7,,-5s1 > transition
[13]. Thus, the irregularity observed in the E'3 intensity can
be explained only on the basis of an anomalous behavior of
population of the 5s level. The population kinetics of the upper
level involved were discussed in the previous work, but key
details are provided here for completeness.

The population kinetics of the 5s level are driven by radia-
tive cascades from the higher energy levels since the direct
excitation from the ground state is negligible. As shown, e.g.,
in Fig. 5 of Ref. [13], the two primary population channels
are due to radiative outflows from 4d°nin’l’ (mostly 4d°4 f5s)
and 4d'%5p levels, with the former being largely balanced by
collisional excitation from 5s. The 5s-5p radiative channel,
while non-negligible, generally does not provide a significant
contribution to push the 5s population high enough to make
the 4f-5s E3 line intensity observable. However, as explained
below, level crossings due to strong configuration mixing be-
tween 4d'°5d and 4d°4f? drastically redirect the downward
population flow into the 5s level and thus bring about strong
intensities of the E3 spectral lines.

Away from the level crossings, the 5d levels directly decay
to the ground state via allowed E1 transitions (gray arrows
in Fig. 3). In the region of the crossings between interacting
states, the wave function of the 44954 state is strongly mixed,
with levels of the core excited 4d°4f? configuration having
the same angular momenta, and can be expressed as [Eq. (1)]

|W) = b, |4d'°5d) + by |4d°4f%) + - . (1)

The transition matrix elements of the 4d'°4 f ground-state
levels involve two competing terms:

(4d"°Af || T, W) = by (4 f Tk, 15d) + by (4d || T, 14£). (2)

The second term, featuring a single 4d hole in the core-excited
configuration, can lead to cancellations or enhancements
when its magnitude is comparable to that of the first term,
determined by the respective signs of the terms. The minimum
takes place at Z, where the primary (4d'°5d) and complemen-
tary (4d°4 f?) components of the transition amplitudes cancel
each other. The cancellation occurs around Z = 74 because
the amplitude of the complementary component changes sign
when passing Z = 72-73, and its amplitude coincides with
that of the primary component around Z = 74. [15]. This
is clearly illustrated in Fig. 4 of [13]. Thus, at this nuclear
charge, the population outflux from the 5d level, instead of
proceeding to the ground state, is routed towards the 5p level
through the allowed E1 channel. The subsequent 5p — S5s
radiative decay greatly enhances the 5s population, thus giving
rise to irregularity in the E'3 intensity curve at Z = 74. The Z
dependence of the intensity (Fig. 2) is qualitatively in good
agreement with the present modeling, supporting the results
of the theoretical analysis in the previous paper [13].

The wavelengths of the observed E3 lines are listed in
Table I with theoretical values calculated using the GRASP2K
and HULLAC packages. The E3 wavelengths measured with
CoBIT and NIST EBIT are found to be in agreement within
their mutual uncertainties. Overall, the GRASP2K results agree
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TABLE I. Wavelengths, A values, and line intensity ratios of 4 f-5s transitions in Ag-like ions. The GRASP2K A values and intensity ratios
were calculated in the Coulomb (first column) and Babushkin (second column) gauges.

Line intensity ratio (3/32)

Wavelength (nm) GRASP2K A (s™1) CoBIT fEBIT HULLAC GRASP2K GRASP2K
Z J CoBIT EBIT HULLAC GRASP2K Coulomb Babushkin Coulomb Babushkin
71 Lot 572 12.44009) 12.5480 12.4375 15.19 15.24 0.89(8) 0.873 0.876 0.871
7/2 12.775(6) 12.8940 12.7770 17.35 17.50
74 WP+ 5/2 8.906(6) 8.905(2) 8.9824  8.9062 87.49 87.74 0.85(4) 0.85(9) 0.865 0.868 0.863
7/2  9.150(6) 9.142(2) 9.2253  9.1444 100.8 101.6
75Re®t 5/2  8.089(6) 8.089(2) 8.1459  8.0919 143.1 143.5 0.90(5) 0.80(8) 0.865 0.866 0.862
7/2 8.314(6) 8.312(2) 8.3665  8.3089 165.2 166.5
76 0s¥T  5/2  7.412(5) 7.4419  7.3961 225.5 226.1 0.78(6) 0.864 0.866 0.862
7/2  7.608(5) 7.6445  7.5954 260.5 262.4
7713 572 6.803(7) 6.8364  6.7958 344.6 345.5 0.85(10) 0.866 0.866 0.862
7/2  6.988(6) 7.0238  6.9804 398.0 400.9

very well with the measured wavelengths. Figure 4 depicts
the difference between the GRASP2K and measured values
for both the 4f5/,-5s1,2 and 4f7/,-5s1,» transitions. Differ-
ences between the two theories are also shown, including the
Relativistic Many Body Perturbation Theory (RMBPT) calcu-
lations in [43] for W. The difference plot reveals a close (better
than 0.01 nm) agreement with the GRASP2K and RMBPT
results. The agreement between the HULLAC calculations and
the experiments is about 0.1 nm and improves for heavier
elements.

The measured wavelengths of the E3 transitions also pro-
vide the fine-structure splitting of the ground state 4 f, with the

two levels connected by a magnetic-dipole (M 1) transition.
This transition was previously studied along the Ag-like iso-
electronic sequence [19,44,45] to establish the ground state of
Ag-like ions and compare atomic calculations. Our values of
334.0(120) nm and 343.5(41) nm for the M1 transition in Ag-
like W27 agree reasonably within the combined experimental
uncertainties, with the previously reported precise value of
337.843(26) nm obtained through visible spectrum measure-
ments at the Shanghai permanent magnet electron-beam ion
trap [44].

Table I also includes the transition probabilities in the
Coulomb and Babushkin gauges calculated from the GRASP2K
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FIG. 4. Theoretical (open symbols) and experimental (solid symbols) wavelength differences with respect to the GRASP2K theoretical
values for the 4 f5/,-55, > (left) and 4 f7/,-5s1,, (right) transitions. HULLAC calculations are depicted by squares, and RMBPT calculations for
W [43] are depicted by diamonds. (The error bars represent 1o uncertainty.)
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code. The close agreement between the results of the two
gauges is also evident from the uncertainty indicator [Eq. (1)]
given in Table I. The intensity ratios of the two E3 lines are
also listed in Table I. The ratio of the two E3 intensities is
independent of the population mechanism of the 55/, upper
level; therefore, the agreement between the theoretical results
and the experimentally measured values provides further con-
fidence in the results.

VI. CONCLUSIONS

We presented detailed spectroscopic measurements and
theoretical analyses to identify the 4f-5s E3 transitions in
Ag-like ions in a narrow range of elements around tungsten.
Spectra were measured using two facilities, NIFS CoBIT and
NIST EBIT, with differences in their characteristics such as
different electron densities, injection methods, and detection
capabilities of the EUV spectrometers. The forbidden E3 lines
were unambiguously identified in both the CoBIT and EBIT
spectra through CR modeling using other E1 features in the
Ag-like ions. The measured spectra clearly showed the pres-
ence of both the 4 f5/,-5s1,> and 4 f7/,-5s1,> transitions in the
Ag-like ions of Lu, W, Re, Os, and Ir but not in Yb (Z = 70)
and Au (Z = 79). These observations allowed us to investigate

the Z dependence of the E3 line intensities to understand the
atomic kinetics, which qualitatively agrees with the CR model
predictions. In addition, the measured wavelengths and E3
intensity ratios were found to be in excellent agreement with
the present MCDHF calculations.
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