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Abstract

Determining the concentration of the dissolved lanthanide species in LiCI-KCl eutectic salt is important
to the development of pyrochemical reprocessing of used nuclear fuel. In this process, lanthanide fission
products are found dissolved in the electrorefiner electrolyte in their trivalent oxidation state. The
presence of dissolved trivalent lanthanides increases the liquidus temperature of the electrolyte mixture
and can lead to the formation of insoluble oxide or oxychloride phases and must therefore be
continuously monitored and controlled during the operation.

Absorbance spectroscopy is a promising method for continuous measurement of the concentration of
lanthanides and other elements dissolved in the electrolyte. The absorption of light by elements is
linearly proportional to the concentration of the element for relatively dilute solutions according to the
Beer-Lambert law. Although measurement of the absorption of ultraviolet and visible range light by
lanthanides in LiCI-KCl eutectic molten salt have been explored previously, near infrared (NIR)
absorption spectroscopy has received far less attention. It may, however, provide a better analytical
signal when insoluble phases are present due to less Raleigh scattering compared to shorter wavelength
radiation. Additionally, it may allow for concentration determination for certain elements using NIR
absorption features where UV and visible range features are overlapping with features from other
species.

In this study, we report the UV-Vis-NIR spectra of the trivalent lanthanide chlorides of neodymium,
samarium, and dysprosium in LiCl-KCl eutectic. Molar absorption coefficients are reported for
analytically useful absorption maxima, with a focus on the molar absorption coefficients for NIR
absorption maxima which have not been reported previously. Additionally, we observe a NIR-range
absorption band of Nd* which was previously predicted but never experimentally observed. We
compare the calculated crystal field levels to the newly observed absorbance band and find them to be
in good agreement with previous predictions.
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1. Introduction

Nuclear fission power generation provides a significant amount of the non-greenhouse gas emitting
energy generated around the world. Further expansion of nuclear energy generating capacity is a viable
pathway to meeting stringent greenhouse gas emissions target that will minimize increases in global
average temperatures. Used nuclear fuel from low enriched light water reactor fuel contains
approximately 95% reusable material; 2°U (~1%), 28U (~93%), and Pu and various minor actinides (~1%)
[1]. Pyrochemical reprocessing (pyroprocessing) of used nuclear fuel (UNF) can recover nearly all of
remaining actinides, including transuranic elements, in used nuclear fuel and recycle these actinides into
new nuclear fuel [2-4]. Pyroprocessing can incorporate commercial ceramic UNF though a head-end
electrolytic reduction step in LiCl-Li,O or can directly treat metallic UNF [2]. Following the head-end
electrolytic reduction step for ceramic UNF, metallic UNF from either source is anodically dissolved in
LiCI-KCl eutectic molten salt at 500 °C in the electrorefiner and actinides are deposited as metallic solids
at cathodes. The electrorefined metallic actinides can then be reprocessed into metallic nuclear fuel

rods or go through other processing steps for storage or reuse.

Efforts to optimize the pyroprocessing of UNF and integrate it into the nuclear fuel cycle have been
ongoing; developing the understanding of the chemistry of the molten salt mixture is one such research
area, as is developing additional means to monitor the composition of the molten salt mixture [5]. The
molten salt in the electrorefiner is a mixture of the LiCI-KCl eutectic with dissolved actinides,
lanthanides, and other fission products [2,3,6,7]. The addition of the dissolved UNF elements alters the
thermochemical and thermophysical properties of the molten salt, with consequences to the efficiency
of the electrodeposition of actinides and the operation of the system, as liquidus temperature rises [6].
The chemical state of the elements in the salt also dictates downstream processes to recondition and

recycle the electrorefiner salt to minimize waste [2].

Absorbance spectroscopy is an analytical technique that measures the absorption of photons in a
material from the ultraviolet (UV) through the visible (vis) and near infrared (NIR) energy ranges.
Photons are absorbed by materials by promoting excitations of vibrational modes (with energies
corresponding to IR or NIR photons), or electrons from the ground state to an unoccupied electronic
state of higher energy (with energies corresponding to NIR, visible, or UV photons). These transitions
can only be promoted by photons with energies equal to the energy difference between the ground and
excited state, so by measuring the wavelength of photons absorbed, the energy of the transition is

observed [8].
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The probability of a photon being absorbed varies, for most practical purposes, linearly with the
concentration of the species from which the transition originates and with the pathlength through the
absorbing material for relatively low concentrations. This relationship is known as the Beer-Lambert law.
The Beer-Lambert law allows for quantification of the concentration of an analyte, provided the molar
absorption coefficient (€) is known and the concentration of the unknown analyte lies in the linear
region [9]. In a high-temperature, atmosphere-sensitive molten salt systems, absorption spectroscopy is
a candidate to rapidly and non-destructively detect the concentration of analytes of interest within the
system while minimizing the need to open the system for sampling or handling highly radioactive
samples. The ability to monitor the composition of the salt using electrochemical and spectroscopic

methods in the process vessel has been cited as a proliferation-resistance benefit of pyroprocessing [2].

In the present work, the absorption spectra of several trivalent lanthanides in LiCI-KCl eutectic molten
salt are examined. Sm* and Nd*" are directly relevant to pyroprocessing operations, while Dy** was
selected to understand the behavior of a heavier lanthanide, even though it is not typically present in
pyroprocessing molten salts. The lighter lanthanides are formed as fission products in nuclear fuel and
dissolve into the electrorefiner salt alongside the actinide elements as trivalent species [2, 6]. In the Mk-
IV electrorefiner at the fuel conditioning facility (FCF) at Idaho National Lab (INL), representative batches
of fuel contained, for example, between 1.0-3.4 wt.% Nd, 0.3-0.7 wt.% Sm, 0.3-1.0 wt.% La, 0.6-1.9 wt.%
Ce, and 0.3-1.0 wt.% Pr [6].

Previous investigations have examined the use of UV-vis spectroscopy to quantify trivalent lanthanides
in LiCl-CsCl (60-30 mol. %) and LiCI-KCl eutectic at 500 °C. These studies reported the spectra of the
trivalent lanthanides up to 900 nm in LiCI-KCl eutectic and reported molar absorbance coefficients [10,
11]. Additionally, early work by Banks and coworkers in the 1960s reported the UV and visible spectra
for trivalent lanthanides in LiCI-KCl eutectic at 450 °C as well as several alkali fluoride and nitrate salts
[12]. Molar absorption coefficients for Nd** in LiCl-KCl eutectic were also reported up to 900 nm by Fujii
and coworkers in LiCI-KCl eutectic at 600 °C [13]. However, the NIR spectra for many of these elements
have not appeared in the literature and no attempt has been made to determine molar absorption
coefficients for the NIR absorption features of lanthanides dissolved in alkali halide molten salts. It
should also be noted that none of the previous studies report accounting for the uncertainty in the
abscissa (concentration) when determining molar absorption coefficients by least squares linear
regression. To our knowledge none of the studies, other than the one by Fuijii that report the Nd** molar

absorption coefficients, provide the confidence level of their uncertainty estimates [10-13].
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NIR transitions accessible for trivalent lanthanides up to 2400 nm are electronic in origin rather than hot
band or combination band vibrational transitions seen in the NIR spectra of functional group or
transition metal complexes [14-18]. These NIR transitions in lanthanides are therefore useful for
concentration quantification in the same manner as UV and visible range transitions. To this end, the
present investigation reports the UV-vis-NIR spectra of Sm**, Nd**, and Dy** and molar absorption

coefficients for selected UV-vis and NIR absorption maxima (features) with well-quantified uncertainties.

2. Experimental

2.1 Materials

A custom furnace was fabricated to facilitate spectroscopic measurements at relevant temperatures up
to 600 °C. The details of the furnace design and fabrication are provided in a previous publication by a
collaborator [19]. A cutaway view of the spectroscopy furnace with labeled parts is shown in Figure 1.
There were two notable changes in the design of the furnace used in the present work from the
originally published design: (1) the use of cartridge heaters in the furnace body walls in place of the
spiral resistive element below the samples, decreasing any thermal gradient in the vertical plane of the
sample cuvettes, and (2) the removal of the blanking plate to simplify fabrication. The furnace contains
five positions for quartz cuvettes (Lichen Cottage) on a sample holder with five-fold symmetry, allowing
for the samples to be rotated into each of the five beamlines in the spectroscopy furnace. This design
allows for rapid, sequential analysis of samples using different techniques or multiple sets of fiber optics

for different energy ranges.

Experiments were carried out in an inert atmosphere, argon-filled gloveboxes with <1 ppm O, and <0.5

ppm H>0 to prevent water and oxygen contamination of the analyte salts.

The spectra were obtained from a fused LiCI-KCl eutectic salt mixture containing between 30mM and
480mM of a given rare earth trichloride analyte salt. The LiCl (Alfa Aesar, 99%) and KCl (Acros Organics,
Extra Pure) were dried overnight under vacuum in a furnace at approximately 250 °C and then mixed at
a 54-46 wt.% ratio (LiCl:KCl) to form the eutectic salt mixture. Ampouled anhydrous NdCl; (Alfa Aesar,
99.99% pure Ultra Dry), SmCls (thermo scientific, 299.9% REO basis), DyCls (Sigma Aldrich, 99.99% pure)
were used as the analytes. The component salts were portioned using an analytical balance, mixed, and
then heated at 300 °C in the cuvette for 2h in the spectroscopy furnace prior to fusion. The salt mixture

was then fused at 400 °C, allowed to rest at this temperature overnight to ensure complete dissolution
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of the lanthanide trichlorides, and then stirred with a quartz rod. The temperature was then raised to

500 °C and the melt was allowed to thermally equilibrate for 1h prior to spectroscopic analysis.

Absorption spectra were recorded with a Cary 5000 UV-vis-NIR spectrophotometer (Agilent
Technologies, USA) with a dual beam photometric system. Incident radiation is generated by a tungsten
halogen lamp for the visible and NIR ranges and a deuterium arc lamp for the UV range. To remove the
absorption effects of the fiber optic cables and LiCl-KClI matrix, blank spectra were recorded at each

temperature for each experiment and subtracted from the recorded spectra from the samples.

The incident radiation was transmitted into the glovebox and spectroscopy furnace using custom high-
temperature fiber optic cables with hermetically sealed passthroughs and a usable range from 200 nm
to 2400 nm. The incident radiation was collimated with a planar-convex lens at the terminus of the fiber,
passed through the sample, and the transmitted radiation was focused with a second planar-convex lens
onto the return fiber. The incident radiation and transmitted radiation were transmitted to and from the
spectrophotometer using a fiber optic coupler which incorporates a rear beam balancer to account for

the effects of the fiber optic coupler on the signal.

2.2 Spectrum Processing

Spectra were processed using Spectragryph (version 1.2.15), a software suite for optical spectroscopy
signal processing and analysis [20]. An adaptive baseline was applied to each spectrum using the
maximal coarseness possible to remove baseline fluctuations while avoiding artificial removal of any
absorption feature intensity. In the case of the NIR spectrum of Nd*, a Savisky-Golay smoothing
algorithm was applied to reduce noise (15 nm interval, 5™-order polynomial) while preserving the profile

and peak intensity of the NIR absorption feature.

2.3 Molar Absorption Coefficient Calculation

Molar absorption coefficients were determined using a weighed least-squares linear regression of the
absorption maxima absorbance for the relevant transition to account for the correlated error induced in
the concentration (the abscissa) and the absorption (the ordinate) [21]. A Matlab script was adapted for
this calculation from a previously published method [22]. Uncertainty is reported at a 1o confidence

level.
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3. Results and Discussion

The absorption spectra of Nd**, Sm*, and Dy** in LiCI-KCl eutectic were recorded in the range from 230
nm — 2400 nm (43478 cm™— 4167 cm?). The lower limit of this range is set by the limits of the
spectrophotometer as absorption increases with decreasing wavelength below about 300 nm due to a
combination of (I) increased Raleigh scattering, (Il) decreasing transmission in the fiber optic cables, and
(1) strong UV absorption attributed to charge transfer transitions in the LiCI-KCl molten salt [23].
Spectra were recorded with Nd** (UV-vis), Sm3* (UV-vis-NIR), and Dy** (NIR) concentrations of 30 mM, 60
mM, 90 mM, and 120 mM and with Nd** (NIR) and Dy3* (UV-vis) concentrations of 120 mM, 240 mM,
360 mM, and 480 mM. These concentration ranges were selected to be in analytically relevant regions
for electrorefining operations for NdCls and SmCls, which are present as fission products. The higher
concentration range (120mM — 480 mM) for Nd** (NIR range) and Dy3* (UV-vis range) were selected to
increase the signal intensity for regions with transitions with low molar absorbance. The conversions of
molarity to mole percentage and weight percentage for Nd**, Sm¥*, and Dy3* are presented in Table 1 for
the convenience of the reader, as these measures are all commonly used in the literature and
engineering applications involving these analytes. For all figures presented in this report, spectral ranges
with no observable absorption features were omitted from the plots for the sake of clarity. The

assignment of hypersensitive transitions in the figures is based on the work of Henrie et. al. [24].

The molar absorption coefficients of selected absorption maxima in the UV, visible, and NIR ranges are
tabulated in Table 2. Many of the UV and visible range molar absorption coefficients were previously
determined by Kim and Yun, and their values are included for comparison to those determined in the
present work [11]. The molar absorption coefficients for the NIR absorption maxima shown in Table 2

have not previously been reported.

3.1 NdCls

For Nd*, the spectra recorded in the UV, visible, and first portion of the NIR ranges are shown in Figure
2 with annotations of the excited state above each absorption feature [25]. The NIR spectra in the
middle of the NIR range is shown in Figure 3. The NIR transition at ~1630 nm in Figure 3 is extremely
weak in the LiCI-KCl eutectic environment but is observable, and there is a stronger transition beginning

at the far NIR edge, near 2300 nm.

The absorbance spectra of Nd**in LiCl-KCl eutectic molten salt has been reported several times in

literature up to about 1000 nm, and the spectra from the present work agree with the previous reports
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with respect to peak position and profile [11, 12, 25]. The assignment of electronic transitions to the UV
and visible range absorption features of Nd*, as well as the hypersensitive transitions, were made on
the basis of those given in previous literature [11, 16, 24, 25]. The NIR spectrum above 1000 nm has not
previously been reported for Nd** in LiCI-KCl eutectic molten salt or other alkali halide molten salts at

any temperature.

3.1.1 Assignment of NIR absorption bands
In the present investigation, we observe a weak, broad absorption feature with the most intense
maxima at ~1630 nm, shown in Figure 3. To our knowledge, this absorption feature has not been

observed in any previous studies of Nd** in any solid or liquid phase [16, 26-28].

To assign the previously unobserved NIR absorption band to the electronic transition it originates from,
we utilized the methods used by Chrissanthopoulos and Papatheodorou to assign the absorbance bands
associated with the %ls2>%Gs2, 2G7/2 electronic transitions of Nd3* in LiCI-KCl eutectic based on analysis
of the crystal field levels calculated by Foster and coworkers for Nd** in the Y-based elpasolite [25]. Their
assignments are shown in Figure 4 overlaid on the absorbance spectra from the present work. The
energies of the same crystal field levels calculated by Tanner et. al. for Nd** in Gd-based elpasolite are
added to the figure for additional context showing the extension of the possible range of energies from
the two sets of data [16, 25, 26]. This analysis of the well-characterized *ls/->*Gs/,, 2G7/, absorbance
feature shows the utility of assigning electronic transitions and crystal field levels from lanthanide
elpasolite spectra to high-temperature trivalent lanthanides in LiCI-KCl eutectic molten salt and supports
our assignments of the electronic multiplet level and crystal field levels to this newly observed NIR

absorption feature.

We have assigned the NIR absorbance feature to the electronic transition from the *ls/> ground state to
the *lis» multiplet. The energy of the crystal field splitting of this multiplet level in Cs;NaYCls:Nd**(5
mol%) was calculated by Foster and coworkers and in Cs,NaGdCle:Nd** (1 mol%) by Tanner and
coworkers but neither investigation yielded any experimental observation of the transition [16, 26]. The
crystal field levels from these calculations are shown overlaid on the experimentally observed
absorption feature in Figure 5 with good agreement between the previously calculated energies for the
crystal field levels for Nd** doped into Gd- and Y-based elpasolites and the peak energies of Gaussian
peaks fit to the experimentally observed absorption feature based on the inflection points of the
feature. While the underlying distribution of energies of the transitions to each crystal field level are not

expected to be strictly Gaussian in profile, these peaks are sufficient to serve as a rough guide to the
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location of the underlying crystal field levels, if not a rigorous quantitative indication of their exact
position and energy distribution. Based on the crystal field energy calculations, four bands are expected
and these four bands are evident within the absorbance feature in Figure 5 in the vicinity of the

expected energy ranges.

The large increase in absorption that begins at ~2300 nm and increases approaching the limits of the
analysis at 2400 nm most likely originates with the transition to the *l13, multiplet level. This multiplet
has its highest energy crystal field energy level in the range of 2388 nm — 2425 nm in the previous
elpasolite studies mentioned above [16, 26]. The fact that most of the calculated crystal field energy
levels for the multiplet lie at or just beyond the edge of the analytical range of the present investigation

explains the observation of only the initial shoulder of the absorption feature.

3.1.2 Molar Absorption Coefficient Determination

The molar absorption coefficients were determined for three analytically relevant absorption bands of
Nd* in the visible region of the spectra. The estimates of the molar absorption coefficients for these
bands in the present work compared favorably with the previous estimates of Kim and Yun [11], with
less than 10% difference, but were systematically lower than the previous estimates. In the previous
investigation, the reported uncertainty bands are not specified with a confidence level, and are
therefore incomplete. If we assume the same confidence interval used in the present work, 1o or 68%,
the scale of the uncertainty of the present estimates are of similar magnitude to the previously reported
estimates, with the exception for the estimate of the 588 nm band, where the uncertainty for the

present work is one order of magnitude smaller than in the previous investigation.

The ~1630 nm NIR transition is extremely weak in the LiCI-KCl solvent, making it unsuitable for analytical
use in concentration quantification in the range examined presently, up to 480 mM Nd*, as noise
induced variation in the signal and baseline make accurate intensity determination difficult. Therefore,

no attempt was made to determine and report the molar absorbance coefficient.

4.2 SmCls

The UV, visible, and NIR absorption spectra of Sm3* in LiCI-KCl eutectic with labeled transitions are

shown in Figure 6, Figure 7, Figure 8, respectively.

4.2.1 Molar Absorption Coefficient Determination
The absorption spectrum of Sm3 in LiCI-KCl eutectic at 500 °C up to 1000 nm and an estimation of the

molar absorption coefficient of several UV and visible range absorption bands has been reported
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previously [11]. Additionally, the NIR spectrum of Sm3* in LiCI-KCl eutectic at 500 °C has been reported in
the NIR range but molar absorption coefficients in the NIR have not been reported to our knowledge
[29]. The assignment of electronic transitions to the UV, visible, and NIR range absorption features of

3+

Sm>*, as well as the hypersensitive transitions, were made on the basis of those given in previous

literature [11, 24, 29].

The molar absorption coefficients estimated in the UV and visible ranges in present work compare
favorably with those published previously [11]. The uncertainties for the Sm3* molar absorption
coefficients are approximately one order of magnitude smaller than the uncertainties for the previous
estimates. The molar absorption coefficients calculated in the present work for five NIR peaks between
1245 nm and 1861 nm have not previously been reported in the literature. These molar absorption
coefficients have uncertainties of a similar magnitude as the UV and visible range molar absorption
coefficients and similar coefficients of determination, all r2> 0.998, suggesting that the absorption vs.

concentration relationship in this range of concentration is linear with a high degree of certainty.

4.3 DyCl3
The UV, visible, and NIR absorption spectra of Dy** in LiCI-KCl eutectic with labeled transitions are shown

in Figure 9, Figure 10, and Figure 11.

4.3.1 Molar Absorption Coefficient Determination

The absorption spectra of DyCls in LiCI-KCl eutectic at 500 °C up to 1000 nm and an estimation of the
molar absorption coefficient of several UV and visible range absorption bands has been reported
previously [11]. A limited portion of the spectrum in the NIR range has been reported from 1190 nm —
1420 nm, containing the ®His;—>%F115transition, but the region from 900 nm — 2400 nm, excluding the
aforementioned range, has not been reported to our knowledge [29]. The NIR region contains four
transitions, including the highest intensity transition in the Dy3* absorption spectrum at 1290 nm, as well
as three less intense transitions, with intensities on par with the intensities of the UV and visible range
transitions. The assignment of electronic transitions to the UV and visible range absorption features of
Dy*, as well as the hypersensitive transitions, were made on the basis of those given in previous
literature [11, 24]. The NIR features were assigned electronic transitions on the basis of an analysis of
the energy levels of Dy** in Cs;NaDyCls elpasolite, a solid phase crystal in which the Dy**ions are in
undistorted octahedral coordination with chlorine atoms, and which has been shown to correlate well

with the energy levels of lanthanide ions in alkali halide molten salts [17, 25].
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Like the other analytes in the present work, the molar absorption coefficients found here for the UV and
visible range absorption maxima were similar to those from the previous publication [11]. The molar
absorption coefficients for the four NIR Dy** transitions in LiCl-KCl eutectic have not been reported
previously. The 1290 nm peak is particularly intense and is a good candidate for analytical use, especially
considering the low intensity of the other absorption features, making their use for concentration

determination less desirable for lower concentrations of Dy3*.

5. Conclusion

We have recorded the absorption spectra of Nd**, Sm*, and Dy** from the UV range through the NIR
range up to 2400 nm. Molar absorption coefficients were determined and tabulated for selected
absorption maxima for these analytes in the UV, visible, and NIR ranges. The NIR absorption features
observed in the present work are found to have electronic origins and to have absorption vs.
concentration relationships that agree with the Beer-Lambert law, suggesting that they are suitable for
analytical concentration determination and may even prove to be superior to UV and visible range
absorption maxima in some cases due to greater intensity, less Rayleigh scattering, or, potentially,
having fewer overlapping of features than the UV or visible ranges in cases with multiple lanthanide
trichloride species present. Both Sm3* and Dy* have strong hypersensitive transitions in the NIR range
that are as intense or even more intense than previously characterized transitions in the UV and vis
ranges, making those transitions candidates for concentration determination in molten salt in systems

where they are present.

For Nd3+, we have observed a NIR absorption feature that has not previously been reported in any
experimental work in any solvent or phase containing Nd3+. The feature was compared to theoretically
calculated crystal field energy levels from previous work with Nd-doped elpasolite solids and the energy
envelope of the absorption feature observed in the present work compared favorably with the
calculated crystal field energies for octahedrally coordinated Nd3+. On this basis, the absorption feature

was assigned as originating from the 419/2 -4115/2 transition.
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Figures

Table 1: Equivelent molarity, mole percentage, and weight percentage of the analytes in the LiCl-KCl-
LnCls mixtures used in this study.

Molarity, Mole Percentage, and Weight Percentage of Analytes

mM ( mmolL™) mol % wt. %
NdCl;
30 0.10 0.46
60 0.21 0.93
90 0.31 1.39
120 0.42 1.86
240 0.85 3.71
360 1.30 5.56
480 1.76 7.42
SmCl;
30 0.10 0.48
60 0.21 0.95
90 0.31 1.43
120 0.42 1.90
DyCl;
30 0.11 0.50
60 0.22 1.00
90 0.33 1.49
120 0.44 1.99
240 0.89 3.98
360 1.36 5.97
480 1.85 7.96
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Table 2: Tabulation of molar absorption coefficients for the selected trivalent lanthanides. Literature
values shown for comparison from Kim and Yun (2016) [11].

Molar Absorption Coefficients of Sm’>' Transitions at 500 °C

Peak Wavelength (nm)

Molar Absorption Coefficient, € (L mol™ cm'l)

Literature € (L mol™® cm'l)

363nm 0.505 + 0.005 0.9993 0.59+0.03
380nm 0.599 +0.005 0.9995 0.73+0.05
407 nm 2.03+0.01 0.9981 2.48+0.10
426 nm 0.565 +0.005 0.9997 0.66+£0.02
1245 nm 0.795 +0.006 0.9996 -
1397 nm 0.882 +0.007 0.9995 -
1550 nm 1.094 £ 0.008 0.9990 -
1628 nm 0.764 +0.006 0.9990 -
1861 nm 0.213+0.003 0.9981 -

Molar Absorption Coefficients of Nd>* Transitions at 500 °C

Peak Wavelength (nm) Molar Absorption Coefficient, € (L mol™ cm'l) r Literature € (L mol™ cm’l)
588 nm 11.47 £0.08 0.9995 11.9+0.7
751nm 1.74+0.01 0.9992 1.89+0.01
809 nm 2.33+0.02 0.9990 2.51+0.01

Molar Absorption Coefficients of Dy3+ Transitions at 500 °C

Peak Wavelength (nm) Molar Absorption Coefficient, € (L mol™ cm'l) r Literature € (L mol™ cm'l)
301 nm 0.315+0.002 0.9989 0.25+0.01
352nm 0.554 +0.004 0.9995 0.53+0.02
389 nm 0.251 +0.002 0.9993 0.25+0.01
455nm 0.146 +0.001 0.9999 0.17+0.01
912 nm 0.170 +0.001 0.9980 -
1111 nm 0.233+0.002 0.9980 -
1290 nm 2.66 +0.02 0.9992 -
1760 nm 0.240 +0.004 0.9997 -

*all uncertainties in the present work reported as 1o confidence intervals
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Figure 1: Spectroscopy furnace cutaway showing internal structure. a: calcium silicate rigid insulation
(also on bottom, not labeled) b: fiber insulation (no pictured, fills gap between exterior and interior wall)
c: resistive cartridge heater d: quartz cuvette e: furnace body f: optical port (1 of 10 total ports arranged
circumferentially around the furnace body) g: sample rack. This arrangement allows for 5 individual
cuvettes and 5 transmission beampaths across the furnace. Each cuvette can be rotated into each
individual beampath, allowing for rapid, sequential analysis of the samples.
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Figure 2: The absoprtion spectra of Nd** in LiCl-KCl eutectic at 500 °C from 340 nm — 950 nm. The ground
state of Nd** is *ls/; and the excited states of the transitions are labeled above their respective absorption
features. The hypersensitive K13z, *G7s, and *Gsy; transitions are annotated in bold. Absorption spectra
for 30 mM — 120 mM are shown.
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Figure 3: The absoprtion spectra of Nd** in LiCI-KCI eutectic at 500 °C from 1180 nm — 2400 nm. The

ground state of Nd** is *ls/, and the excited states of the transitions are labeled above their respective
absorption features. Absorption spectra for 120 mM — 480 mM are shown.
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Figure 4: The Nd** absorption feature originating with the electronic transition from the *ls/2 ground state
to the “Gs/; and 2G> multiplets. Five underlying bands of the Nd** absorption feature in LiCl-KCl eutectic
molten salt were identified by Crissanthopoulos and Papatheodorou (based on energy calculations by
Foster et. al.). Bands a, b, and c originate from the ground state crystal field levels °T's and I'c and a* and
b* are hot bands originating from the *Is crystal field level of the ground electronic state [13, 22]. The
colored bard overlaying the absorption spectra represent the range of energies of the crystal field levels
from previously published calculations; the energy of the crystal field levels calculated by Foster et. al. for
Nd** in a Y-based elpasolite form the lower wavelength bound and those calculated by Tanner et. al. for
Nd** in a Gd-based elpasolite form the upper wavelength boundary [13, 23]. The specific energies
identified by foster and used by Crissanthopoulos and Papatheodorou in their analysis are annotated by
vertical bars and the associated irrep of the crystal field energy level. Gaussian peaks based on the
location of inflection points on the feature were fit as a guide to the eye for the probably center of
gravity of each underlying band. This analysis establishes the utility of the elpasolite-based crystal field
energy level calculations for the assignment of electronic origins to trivalent lanthanide absorption
features in LiCl-KCl eutectic molten salt.

Page 18 of 23



4'9/2 v4|15/2 —— Absorbance
Mo —Fit
I |
clg blg s alg
T T T T T LA N T T T L
1550 1600 1650 1700 1750 1800 1850

Wavelength (nm)

Figure 5: The NIR Nd** absorption feature between 1550 nm and 1850 nm, which has not previously been
experimentally observed. A similar analysis to the that shown in Fig. 4 was carried out to enable
comparison of the feature to previous energy level calculations of Nd®* in Gd- and Y-based elpasolites.
Gaussian peaks were fit to the major inflection points of the absorption feature to guide the eye and
suggest the location of center of gravity of each underlying crystal field energy level. The calculated
energies of the crystal field levels are annotated as bars over the feature with the lower bound being the
energies calculated by Foster et. al. for Nd** (~5 mol%) doped into a Y-based elpasolite and the upper
bound being the energies calculated by Tanner et. al. for Nd** (1 mol%) doped into a Gd-based elpasolite.
The peak energies of the fitted peaks from the experimentally observed feature are annotated on the
calculated energy bars, showing the relationship between the observed and calculated energies. The
agreement between the previously calculated energies and the observed position of both the entire
absorption feature as well as the individual crystal field levels gives us a high level of confidence in
assigning this transition as the *la;» >*115/2 electronic transition.
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Figure 6: The absoprtion spectra of Sm>* in LiCl-KCl eutectic at 500 °C from 350 nm — 580 nm. The ground
state of Sm** is °Hs/» and the excited states of the transitions are labeled above their respective
absorption features. The hypersensitive °P;, transition is annotated in bold. Absorption spectra for 30

mM — 120 mM are shown.
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Figure 7 The absoprtion spectra of Sm®* in LiCl-KCl eutectic at 500 °C from 10200 nm — 1200 nm. The
ground state of Sm>* is ®Hs/, and the excited states of the transitions are labeled above their respective

absorption features. Absorption spectra for 30 mM — 120 mM are shown.
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Figure 8: The absoprtion spectra of Sm>* in LiCl-KCI eutectic at 500 °C from 1180 nm — 2000 nm. The

ground state of Sm>*

is °Hs/; and the excited states of the transitions are labeled above their respective

absorption features. The hypersensitive °F1; transition is annotated in bold. Absorption spectra for 30
mM — 120 mM are shown.
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Figure 9 The absoprtion spectra of Dy** in LiClI-KCl eutectic at 500 °C from 280 nm — 850 nm. The ground
state of Dy>* is °H1s/2 and the excited states of the transitions are labeled above their respective
absorption features. The hypersensitive *G11/, and *l1s/, transitions are annotated in bold. Absorption
spectra for 120 mM — 480 mM are shown.
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Figure 10: The absoprtion spectra of Dy>* in LiCl-KCl eutectic at 500 °C from 850 nm — 1200 nm. The
ground state of Dy** is ®Hys/, and the excited states of the transitions are labeled above their respective
absorption features. Absorption spectra for 120 mM — 480 mM are shown.
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Figure 11: The absoprtion spectra of Dy>* in LiCl-KCl eutectic at 500 °C from 1200 nm — 2400 nm. The
ground state of Dy** is ®H1s/, and the excited states of the transitions are labeled above their respective

absorption features. The hypersensitive °F11/; transition is annotated in bold. Absorption spectra for 120
mM — 480 mM are shown.
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