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and near-infrared spectra emitted by ejecta from the merger, 
carry crucial information about the composition, tempera-
ture, and velocity of the ejected material. Such kilonova was 
actually observed following the detection of gravitational 
waves in 2017 (GW170817) [3, 4].

The emission from the kilonova is delayed and dimmer 
if heavy r-process elements such as lanthanide and actinide 

Introduction

Understanding the origin and evolution of heavy elements in 
the universe is a central question in astrophysics, and kilo-
novae [1, 2] –explosive events resulting from the merger of 
neutron stars– are now recognized as major sites for rapid 
neutron-capture (r-process) nucleosynthesis. The optical 
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Abstract
The atomic data of heavy elements, especially rare-earth metals, plays a crucial role in enhancing our understanding and 
interpreting kilonova spectra and underlying astrophysical processes. Among these elements, Erbium (Er) is particularly 
intriguing because it is important for opacities of the kilonova observed in 2017 (GW170817). In order to assess the 
atomic data, optical spectra of Er ions were precisely measured in 385 − 400 nm at Large Helical Device (LHD). In the 
present experiment, Er was injected into the core plasma of LHD through carbon pellets containing Er powders. The elec-
tron density and temperature of the Er-contained C pellet ablation cloud were obtained to be 1.6 × 1022 m−3 and 1.4 eV 
using the Stark broadening of a C  II line and the Boltzmann plot of Er  II lines, respectively. Transition probabilities of 
observed Er II lines were assessed using the Boltzmann plot analysis. Recent measurements with laser-induced breakdown 
spectroscopy (LIBS) of an Er II line at 393.86 nm were confirmed by the present work.
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(open f-shell) are abundant in the ejecta due to their high 
opacities [e.g., 5, 6]. In fact, the observed light curves of 
optical and infra-red counterpart to GW170817 confirm the 
existence of some lanthanide contents in the ejecta [e.g., 7, 
8, 9, 10, 11]. There are numerous works [e.g., 7, 12, 13, 14, 
15, 16, 17, 18, 19, 20, 21, 22] of atomic structure calcula-
tions for lanthanide elements to follow up the opacity evalu-
ation with complete and more accurate atomic data.

However, interpreting the spectral features of the kilo-
nova still remains a challenge due to uncertainty in the 
theoretical atomic data for the lanthanide series. Laboratory 
measurements of atomic data such as wavelengths, energy 
levels, and transition probabilities are, therefore, indispens-
able for validating theoretical atomic structure and opacity 
calculations.

Erbium (Er) in low-temperature plasmas stands out as 
important due to its significant contribution to the opacity 
of the kilonova [14, 20, 21]. In the NIST Atomic Spectral 
Database (ASD) [23], 502 lines of Er I and II for optical 
wavelengths are registered on the basis of the data compila-
tion by Meggers et al. [24] in 1975. However, most of them 
are listed without energy level identifications and transition 
probabilities. Meanwhile, as for Er II, many works have 
been done for energy level identification and laboratory 
measurements of transition probabilities [25–34].

To contribute to this, we have carried out laboratory 
measurements of optical spectra from erbium ions utiliz-
ing spectroscopy and pellet injection systems installed for 
fusion plasma diagnostics at Large Helical Device (LHD). 
In present experiments, Er was introduced into the core 
plasma using carbon pellets embedded with Er powders. 
The resulting emission spectra from the ablation cloud were 
measured in the 385 − 400 nm range with a high-resolution 
UV-visible spectrometer, where distinct spectral lines from 
Er  II and C  II ions were clearly identified. In particular, 

the transition probability of the prominent Er  II line at 
393.86  nm was assessed using Boltzmann plot analysis, 
adding a benchmark for evaluating theoretical atomic data 
relevant to astrophysical opacity models.

This paper is structured as follows: Section Brief descrip-
tion of Er/C Pellet injection experiment in LHD describes 
the experimental setup for the Er/C pellet injection in the 
LHD. Section Results and discussion presents the results of 
the optical emission measurements from the ablation cloud. 
In Sections  Observed Pellet ablation cloud optical spec-
tra to Boltzmann plot analysis of Er II lines, we detail the 
spectral line identification, analyze the emission features, 
and estimate the transition probability of Er  II using the 
Boltzmann plot method. In Section Summary, we summa-
rize the findings.

Brief Description of Er/C Pellet Injection 
Experiment in LHD

Pellet Injection

In LHD, a torus-shape plasma with the major radius of 
about 3.9 m and the minor radius of about 0.6 m (the typical 
plasma volume is about 30 m3) is magnetically confined. 
The major radius position of the magnetic axis is 3.6 m 
and the field strength at the magnetic axis is 2.54 T. The 
plasma of hydrogen gas was obtained by electron cyclotron 
resonance heating followed by neutral beam injection. The 
line averaged electron density and the electron temperature 
at the plasma center were about 1 × 1019 m−3 and 3 keV, 
respectively.

We used a cylindrical graphite pellets (1.5 mm diameter 
and 1.0 mm length) containing erbium powders. The erbium 
powder was packed into a hollow (1.0  mm diameter and 
0.7 mm depth) made at the center of the graphite cylinder 
and secured with cyanoacrylate glue (ThreeBond TB1757) 
as illustrated in Figure 1. The pellets were injected from the 
outer port (10-O) of LHD using a pneumatic pipe-gun sys-
tem with 10–20 atm pressure helium gas [35]. The pellet 
surface will be ablated as soon as injected into the plasma 
by a high heat flux from the background plasma. A high-
density ablation cloud is formed and kept at low tempera-
tures (a few eV) as the heat flux is balanced with energy 
consumption rates due to ablation and subsequent atomic 
processes such as radiation and ionization. A physics model 
of the pellet ablation is detailed in [36].

Figure  2 shows the portion of the equatorial plane of 
the pellet injection port and the observation port. The line 
of sight intersects the track of the pellet ablation cloud in 
the plasma. Since the typical speed of the injected pellet is 
about 200 m/s, we can observe photon emissions from the 

Fig. 1  Schematic of the graphite pellet containing erbium powders
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pellet ablation cloud passing through the field of view (a 
few cm long) in about 100 µs. In such a short time, emission 
from the background plasma can be neglected. This enabled 
us to take a snap shot of the strong emission from the abla-
tion cloud.

Observation System

Photons from the ablation cloud were detected during the 
exposure time of 5 ms through optical fibers placed at the 
observation port (Figure  2). The optical fibers with core 
and clad diameters of 100 and 125 µm, respectively, were 
used [37]. An optical lens with the focal length of 3 cm is 
attached to the fiber giving a narrow field of view (3 cm at 
the plasma center). The other end of the fiber is located in 
front of the entrance of a Czerny–Turner visible-UV spec-
trometer (the focal length of 50 cm) [38] equipped with a 
CCD detector. For the present measurements, the entrance 
slit width was 20 µm, and the grating of 1800 gr/mm was 
used. The instrumental function measured with the line at 
435.833  nm from a mercury lamp using the slit width of 
25 µm is approximated by the Gaussian full width at half 
maximum (FWHM) of 0.036  nm. Thus, the instrumental 
FWHM of the present measurements with the narrower slit 
width (20 µm) should be smaller than 0.036 nm. The wave-
length-dependent sensitivity calibration of the spectrometer 

was performed with an integrating sphere using the same 
optical system as the actual measurement.

Results and Discussion

Observed Pellet Ablation Cloud Optical Spectra

This section presents the results of the spectroscopic mea-
surements. The identification of charge states and corre-
sponding transitions was carried out using data from the 
NIST Atomic Spectra Database [23]. The spectra obtained 
from the carbon pellet and the Er-contained carbon pellet are 
shown in Figures 3(a) and (b), respectively. In Figure 3(a), 
most of the prominent spectral lines are attributed to C II/III 
and O II ions, whereas Figure 3(b) shows the line-integrated 
intensities of the Er  II lines in addition to the lines of C 
and O. The O lines originate from the cyanoacrylate glue 
of the pellet. Wavelength calibration was performed using 
reference lines of C II/III and O II indicated in Figure 3(a). 
The central wavelength of each peak was obtained by fit-
ting to the Gaussian profile. The uncertainty in wavelength 
calibration, estimated from the residuals of the quadratic 
calibration curve, is approximately 0.02 nm. Wavelengths 
of the Er II lines determined in the present experiment (see 
Table 1) agree with those reported in the previous works by 
Lawler et al. [29] and Wyart et al. [30].

Electron Density of Ablation Cloud from Line Shape 
Fitting of Observed C II Lines

As shown in Figure 3, the strong emission lines from C II 
ions are observed along with Er  II transitions in the abla-
tion cloud. Several of these line profiles are likely to exhibit 
Stark broadening, which can be used to determine the elec-
tron density (ne). To estimate ne in the present ablation 
cloud plasma, we focus on the Stark broadening analysis 
of the C II line at 392.06 nm of the 4s → 3p3/2 transition.

The overall line shape is represented by the Voigt profile, 
obtained by convolving the Lorentzian (Stark broadening) 
and Gaussian (Doppler broadening and Instrumental func-
tion) distribution functions, which is expressed as

y(λ) = y0 + A · 2 ln(2) · wL

π3/2w2
Gˆ ∞

−∞

exp(−t2)(√
ln(2)·wL

wG

)2

+
(√

4 ln(2)(λ−λc)
wG

− t

)2 dt,
� (1)

where y(λ) is Voigt profile intensity at position λ, y0 
background offset, A area under the curve, wL Lorentzian 

Fig. 2  A top view of the equatorial plane of the pellet injection port and 
the observation port
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line is obtained for wL = 0.012 nm and wG = 0.033 nm, as 
shown in Figure 4.

Another peak at 391.89 nm is assigned to the C II line of 
the 4s → 3p1/2 transition. However, there is blending with 
weak lines at the shorter wavelength side of the peak. There-
fore, we omitted this peak from the present analysis.

Figure  5 shows the Stark broadening of the C  II lines 
as a function of electron densities. The experimental data 
taken from Goly and Weniger [40] and Roberts and Ecker 
[41] for the C  II lines show a linear dependence on the 
electron densities. The theoretical Stark broadening cal-
culated using the flexible atomic code (FAC) [42] which 

FWHM, wG Gaussian FWHM, λc central wavelength, and t 
dummy variable for convolution integration.

Additionally, due to the presence of a strong magnetic 
field in the LHD plasma, Zeeman splitting must be taken 
into account. The Zeeman splitting for each fine structure 
level was calculated using the HFSZEEMAN95 package 
[39]. The splitting is consistent with the Landé g factors 
available in NIST ASD [23]. The spectral line is modeled 
as the sum of multiple Zeeman components, each character-
ized by a specific wavelength shift for the magnetic field 
strength of 2.0 T and the relative intensity for observing per-
pendicular to the magnetic field lines. The best fit to the C II 

Table 1  Wavelengths and relative line intensities for the Boltzmann plot. Aij  values are taken from Lawler (2008) [29], except for three lines at 
388.81 nm, 393.22 nm, and 395.73 nm from Wyart (2009) [30]

λ (nm) I Lower Level Upper Level Aij (107 s−1)
Ej(eV) 2Jj

Parity Ei (eV) 2Ji
Parity

385.83 0.55 0.89211 9 even 4.10456 11 odd 1.85(9)
386.47 0.36 1.35067 7 even 4.55780 9 odd 2.33(14)
388.06 0.49 0.63636 9 even 3.83042 7 odd 3.13(16)
388.28 0.52 0.88644 11 even 4.07862 9 odd 3.16(16)
388.71 0.18 1.36911 9 even 4.55780 9 odd 1.01(7)
388.81 0.16 0 13 even 3.18791 15 odd 0.14
389.06 0.34 na na na na na na na
389.62 0.79 0.05460 11 even 3.23586 13 odd 2.39(12)
390.27 0.28 0.89211 9 even 4.06804 11 odd 0.88(4)
390.63 1.00 0 13 even 3.17304 11 odd 4.82(24)
393.22 0.35 0.63636 9 even 3.78847 7 odd 1.83
393.86 0.63 0 13 even 3.14701 11 odd na
394.31 0.09 0.88644 11 even 4.02981 9 odd 0.338(19)
395.73 0.09 2.28916 15 odd 5.42120 17 even 0.59
396.93 0.14 0.63636 9 even 3.75894 9 odd 0.296(22)
398.01 0.18 0.88644 11 even 4.00062 9 odd 0.313(18)

Fig. 3  Line-integrated intensities of pel-
let ablation cloud spectra. (a) is for the 
spectrum of the C pellet (LHD shot num-
ber 176174), and (b) for the spectrum 
of the Er-contained C pellet (LHD shot 
number 176176). The reference lines of 
C II/III and O II used for wavelength 
calibration are indicated. In (b), the Er II 
lines are identified by red arrows. "b" 
stands for blended lines
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Goto et al. [38] obtained a factor of 4 larger density using 
the broadening of C II 3d → 3p at 723 nm from a C pellet 
ablation cloud. This discrepancy may arise from differences 
in the composition of the pellets and the plasma conditions. 
In any case, the electron density of the LHD ablation cloud 
(∼ 1022 m−3) is higher than the McWhirter criterion [43, 
44],

ne ≥ 1.6 × 1018(Te)1/2(∆E)3,� (2)

which gives a minimum density required to approximate 
excited-level populations by the Boltzmann distribution. ne, 
Te, and ∆E are expressed in m−3, K, and eV, respectively. 
Thus, we apply the Boltzmann plot analysis for transition 
probabilities as explained in the next section.

It is noted that for optically thin plasmas such that self-
absorption effects are negligible, line intensities of transi-
tions originated from the same upper level are proportional 
to their respective spontaneous emission probabilities. The 
observed intensity ratio of the two C II lines, corresponding 
to the 4s → 3p3/2 and 4s → 3p1/2 transitions, respectively, 
is 1.82 ± 0.06. This value is in good agreement with the 
corresponding ratio of transition probabilities, 1.85 ± 0.26, 
as reported in the NIST database [23]. Therefore, the self-
absorption effects are not taken into account in the present 
analysis.

Since the Debye length in the ablation cloud is much 
larger comparing with atomic size, plasma density effects 
(screening effects) to atomic energy levels and transition 
probabilities can also be neglected.

Boltzmann Plot Analysis of Er II Lines

The intensity Iij  of an emission line (i. e., the photon emis-
sion rate) for a transition from the upper level i to the lower 
level j is proportional to the population of the upper energy 
level multiplied by the transition probability Aij . Assum-
ing the Boltzmann distribution of the upper-level popula-
tions at an electron temperature Te, the line intensity can be 
expressed as

Iij = giAij · C · exp
(

− Ei

kTe

)
� (3)

where gi is the statistical weight of the upper level, Ei is 
the excitation energy of the upper level, k is the Boltzmann 
constant, and C is a constant that depends on the ion species 
and overall plasma parameters. Taking the natural logarithm 
of both sides gives

ln
(

Iij

giAij

)
= − Ei

kTe
+ C� (4)

almost coincides for both of the C  II lines, overestimates 
the experimental values. For the Lorentzian FWHM of the 
C II line (wL = 0.012 nm), the electron density is estimated 
to be (1.6 ± 0.3) × 1022 m−3. The temperature dependence 
of Stark broadening is known to be weak in the range of 
1 − 5 eV and is, therefore, neglected in this analysis.

Fig. 5  Stark broadening widths of the C II 4s → 3p1/2 and 4s → 3p3/2 
lines plotted as a function of electron density (ne). Experimental data 
from Goly and Weniger [40] and Roberts and Ecker [41] are plotted 
by solid squares. The dashed line shows the linear fit, with the 95% 
confidence interval indicated by the dotted lines, which is used for 
an estimate of the electron density in the present study. Theoretical 
results are obtained by using flexible atomic code (FAC) [42]. Black 
circle represents the present results and vertical error bar of black cir-
cle represent the uncertainty in the Voigt fitting and horizontal error 
bar indicate the uncertainty of the electron density deduced with the 
confidence interval of 95%

 

Fig. 4  Emission line profile of the C II 4s → 3p1/2 and 4s → 3p3/2 
lines measured for the ablation cloud of the Er-contained C pellet 
(solid squares). The profiles are fitted with Voigt functions for indi-
vidual Zeeman components, corresponding to a magnetic field strength 
of 2.0 T
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correlation between ln (Iij/giAij) and Ei is apparent, indi-
cating that higher energy levels are less populated. A linear 
fit to the data weighted by the uncertainty is shown as the 
solid line in the figure. The dashed curves represent the 95% 
confidence interval of the fit. The Te deduced from the slope 
of the fitted line is 1.4 ± 0.3  eV. This value is similar to 
that obtained from Al II lines of an Al pellet ablation cloud 
at LHD (1.51 ± 0.04  eV [46]), whereas it is significantly 
lower than that obtained from the C II line of the C pellet 
ablation cloud (2.5 eV [38]).

In the present measurements, the peak intensity at 
387.62  nm for the Er-contained C pellet (Figure  3(b)) is 
apparently decreased relative to the two peaks of C II lines 
around 392 nm as compared with the case of the C pellet 
(Figure 3(a)). The peak at 387.62 nm is due to emission lines 
from the 2s 2p 4f levels which have higher energies than the 
upper level of the two lines around 392 nm, 2s2 4s. Popula-
tions of the 2s 2p 4f levels and the emission line intensity 
will, therefore, decrease at lower temperatures, provided 
that the Boltzmann distribution is applied. Thus, a lower 
temperature is inferred for the Er-containing C pellet than 
the C pellet, which may be explained by a larger radiation 
cooling rate expected with the existence of Er.

It is noted that doubly ionized Er ions would also have a 
large fractional abundance at this temperature, as predicted 
using the Saha ionization formula. Nevertheless, the Er III 
lines in 385 − 400 nm can not be observed because their gA 
values reported by Wyart et al. [47] are two orders of mag-
nitude smaller than those of the strong Er II lines.

The emission line at 393.86 nm is of particular interest in 
this study because the transition probability has not yet been 
determined. Although the NIST Atomic Spectra Database 
[23] provides the upper and lower level for this transition 
as an excited level at 3.147 eV (J = 11/2) and the ground 
state level of 4f12 6s (J = 13/2), respectively, no value 
for the transition probability is reported. Likewise, this line 
is not included in the extensive compilation of Er II transi-
tion probabilities by Lawler et al. [29]. Wyart et al. [30] and 
Ankush et al. [32] have assigned the upper level primarily 
to the 4f11 5d 6s configuration, noting significant mixing 
from 4f11 6s2, 4f12 6p, and 4f11 5d2 configurations. To 
date, there are two measurements for the transition prob-
ability using LIBS reported by Naoi et al. [33] and Irvine 
et al. [34]. However, ab-initio calculation of the transition 
probability remains highly uncertain.

In this work, the transition probability for the target line 
at 393.86 nm was estimated by using the Boltzmann plot 
at its known upper-level energy (blue square in Figure 6). 
This gives the value of (1.24 ± 0.43) × 107 s−1 which is 
consistent with the values obtained by Naoi et al. [33] and 
Irvine et al. [34] using LIBS (see Table 2). The uncertainty 
in Naoi’s estimated value is mainly due to the confidence 

Therefore, ln (Iij/giAij) and Ei are expected to show a 
linear relationship if the upper-level populations follow the 
Boltzmann distribution. The slope of this line is equal to 
−1/(kTe), allowing the estimation of the Te and from the 
ln (Iij/giAij) values the unknown transition probability 
can be evaluated. Recently, the same scheme was applied 
with laser-induced breakdown spectroscopy (LIBS) to 
obtain unknown transition probabilities of lanthanide ions 
[33, 34, 45].

The Er  II lines used for the present analysis are sum-
marized in Table 1, along with their corresponding transi-
tion probabilities and details of the upper and lower energy 
levels. The relative intensity Iij  of measured peak was 
obtained by fitting to a Gaussian function. We removed the 
blended lines (see Figure  3) from the plot due to a large 
uncertainty in the deduced intensities. Although the strong 
line observed at 389.06 nm can be assigned to Er II [23], this 
line is not useful for the analysis because no information on 
the energy level is available. The two lines at 386.47 nm and 
388.71 nm of the same upper level at 4.5578 eV have the 
intensity ratio of 2.07 ± 0.08 which is consistent with the 
branching ratio of their transition probabilities (2.3 ± 0.2), 
indicating negligible self-absorption effects as in the case of 
the C II lines analyzed in the previous section.

Figure  6 shows the Boltzmann plot of ln (Iij/giAij) 
for the lines listed in Table 1 along the upper-level energy 
(Ei) of each transition. The error bars reflect uncertainties 
arising from (i) statistical uncertainty in the Gaussian fit-
ting for the relative intensity, and (ii) uncertainty of the Aij  
values. Although the data points are scattered, a negative 

Fig. 6  Boltzmann plot obtained using the present experimental line 
intensity Iij  and the Aij  values from Lawler et al. [29] and Wyart et al. 
[30] (red circles). The solid line is obtained by linear fitting of the 
experimental data accounting for uncertainties of each data. The blue 
square indicates the value at 3.147 eV used to determine the Aij  value 
for the Er II line at 393.86 nm. The dashed curves indicate the confi-
dence interval of 95%
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interval with 68.3% of the linear fit in the Boltzmann plot. 
In the present result, however, we used the larger confidence 
interval of 95% because smaller number of data points are 
available for the Boltzmann plot. The deviation from the 
value of Irvine et al. [34] is larger, nevertheless it falls into 
the confidence interval.

Summary

Experimentally deriving the transition probabilities for lines 
of lanthanide ions are crucial not only for enhancing the 
accuracy and completeness of atomic databases but also for 
validating complex atomic structure calculations. Given the 
intricacy of the lanthanide spectra, particularly the strong 
interactions among f, d, and p orbitals, theoretical predic-
tions are inherently challenging and prone to uncertainty. 
Therefore, reliable experimental values are essential, espe-
cially for applications in astrophysical contexts such as kilo-
novae, where the lanthanide ions contribute significantly to 
its opacity.

In the present work, we performed the optical spectral 
measurement of singly charged Er ions and assessment of 
the transition probabilities relevant to the kilonova of the 
neutron star merger utilizing the spectroscopy and pel-
let injection systems developed for magnetically confined 
fusion plasma at the LHD.

Transition probabilities of the Er II lines in 385 − 400 nm 
were assessed using the Boltzmann plot analysis. For valid-
ity of our analysis assuming the Boltzmann distribution of 
excited-level population, the Stark broadening of the C  II 
line at 392.06  nm was measured accounting for the Zee-
man splitting at 2 T. The electron density and temperature 
of the Er-contained C pellet ablation cloud are deduced to 
be about 1.6 × 1022 m−3 and 1.4 eV, respectively, justifying 
the Boltzmann distribution of the excited-level population. 
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particularly investigated in this study because this transition 
probability has not been determined and accurate ab-initio 
calculations are difficult. The present work confirmed the 
transition probabilities obtained recently with LIBS [33, 
34]. The results of this study serve to verify the validity of 
benchmarking experimental data.
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