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ation fluorescence spectroscopy
of Ca for high-resolution remote isotopic analysis

Masabumi Miyabe, *a Masaaki Katoa and Shuichi Hasegawab

To develop remote isotopic analysis for the nuclides with small isotope shifts, Doppler-free fluorescence

spectroscopy of Ca was performed using laser ablation plumes. Counter-propagating laser beams from

two external cavity diode lasers were used to irradiate the plume in order to excite the ground-state Ca

atoms to the 1D2 state through a double resonance scheme of 1S0 / 1P1 / 1D2. Subsequently, we

measured fluorescence spectra associated with the relaxation from the 1D2 to 1P1 states. The linewidth

measured at 1 ms delay after ablation under helium gas pressure of 70 Pa was found to be less than 70

MHz, which was about 1/30 of the linewidth of the Doppler-limited fluorescence spectrum. A broad

Gaussian pedestal was observed at less than 600 ms delay in the temporal variation in fluorescence

spectra, and it was most likely due to the velocity-changing collision. Additionally, the pressure

broadening rate coefficient for the second-step 1P1 / 1D2 transition was determined to be 46.0 MHz

per torr from the spectra measured under various gas pressures. We evaluated analytical performances

such as linearity of the calibration curve, limit of detection, and measurement accuracy using

fluorescence signals of three naturally occurring Ca isotopes (i.e., 40Ca, 42Ca, and 44Ca). The limit of

detection of isotopic abundance was estimated to be 0.09% from the 3s criteria of the background.

These results suggest that this spectroscopic technique is promising for remote isotopic analysis of

nuclides with small isotope shifts.
1. Introduction

Generally, an atomic source that can stably produce a gaseous
sample of interest is required for atomic spectroscopy. There
are various types of atomic sources, such as resistively heated
crucibles, furnaces, ames, ion sputtering, and glow discharge.
Among them, laser ablation sources have the advantage of
being applicable to samples of various chemical forms, such as
refractory metals and liquids. Owing to this versatility, the
ablation process has been used for spectroscopic analysis in
many studies for a long time.1,2 However, the transient and
spatially inhomogeneous nature of laser plasmas requires
a comprehensive understanding of plasma mechanisms, such
as plume expansion dynamics and gas-phase chemistry, all of
which still require numerous fundamental studies.3–11

High spectral resolution and sensitivity are crucial for using
the ablation process in spectroscopic analysis, particularly
isotopic analysis. There are two types of spectroscopic analyses
that use laser ablation: one is emission spectroscopy from a hot
laser plasma (laser-induced breakdown spectroscopy; LIBS),
and the other is resonance absorption and uorescence
Decommissioning Science, Japan Atomic

raki 319-1195, Japan. E-mail: miyabe.

of Tokyo, 2-22 Shirane, Shirakata, Tokai,

f Chemistry 2023
spectroscopy for light transmitted through a cooled laser
plasma. LIBS is widely known to have a major disadvantage of
broadened spectral linewidth due to Stark and Doppler broad-
ening caused by highly dense charged particles and their
energetic motion in hot plasma. Furthermore, LIBS spectrom-
eters have a trade-off between sensitivity and resolution. Thus,
there are very few isotopes that can be analyzed by emission
spectroscopy, and their analytical performances are extremely
limited.12–17

In contrast, absorption and uorescence spectroscopy for
cooled laser plasma can readily achieve high-resolution
measurements when a narrow bandwidth tunable laser is
used as a probe light source. Many previous studies on
absorption and uorescence spectroscopy have focused on
determining the optimum experimental conditions under
which laser plasmas are adequately conned by ambient gas to
maintain a moderate particle density and effectively cool the
plasma.18 Consequently, it is possible to reduce the kinetic
temperature of ablated species to around room temperature
under optimum conditions, permitting the isotopic analysis of
nuclides with large isotope shis, such as uranium and
plutonium.7,19,20

However, it is still challenging to identify individual isotope
peaks for many other nuclides with small isotope shis, even
when the Doppler width is narrowed to the linewidth of the
room temperature.21 In addition, the demand for high-
J. Anal. At. Spectrom., 2023, 38, 347–358 | 347
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Fig. 1 Experimental setup for doppler-free ablation fluorescence
spectroscopy. PMT: photomultiplier, PBC: polarization beam splitter
cube, ECDL: external cavity diode laser, FOL: fringe offset locking, PG:
Pirani gauge, and VP: vacuum pump.
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resolution spectroscopic analysis of various nuclides is
increasing in many elds.22–24 Thus, in this study, we used
a Doppler-free technique to perform laser ablation spectroscopy
on nuclides with small isotope shis.

To the best of our knowledge, Lynds et al. are the only
researchers who have published a study demonstrating sub-
Doppler spectroscopy using laser ablation sources.25 In their
study, an ablation plume was produced in a vacuum, and the
Doppler broadening of the uorescence peak was narrowed by
observing the uorescence only from a limited geometrical area
of the plume. However, it had a drawback of low sensitivity
because the number of atoms contributing to the uorescence
signal was extremely small owing to the spatial limitation.

In addition to laser ablation sources, various types of
Doppler-free techniques involving the saturation effect, multi-
photon excitation effect, etc., have been developed for a long
time to cancel Doppler broadening in the eld of laser spec-
troscopy.26 The most popular Doppler-free technique is satu-
rated absorption spectroscopy. In this method, a single laser
beam is divided into two beams to irradiate atomic species, and
a Lamb dip in the population distribution of the lower level,
which is produced with an intense pump beam, is observed with
a weak counter-propagating probe beam. However, even with
this method, the sensitivity is not very high since only atoms
with zero velocity along the beam direction can interact with the
laser beams, and most of the remaining atoms do not
contribute to the signal. Thus, this technique has never been
used with a laser ablation source.

In this study, we focused on two-photon spectroscopy,
a Doppler-free technique that allows atoms of almost all velocity
classes to interact with a laser beam. Similar to saturated
absorption spectroscopy, nonresonant two-photon spectroscopy
uses two counter-propagating laser beams with the same wave-
length. Although nonresonant two-photon spectroscopy requires
a high-power laser source because of the nonlinear dependence
of two-photon transition probability on laser power, the perfect
compensation of the Doppler shis for both beams allows all
atoms to interact with the beams regardless of their velocities.27–29

Conversely, resonance-enhanced two-photon spectroscopy,
which uses two different-wavelength tunable lasers, can provide
an intense signal even at low laser powers, even though the
Doppler broadening is not completely eliminated.30–38 In this
study, we used two resonance lasers to observe uorescence from
the second excited state of atomic Ca populated through the 1S0
/ 1P1 / 1D2 scheme39–41 to evaluate various analytical perfor-
mances. Our main aim was to use laser ablation-based remote
analysis to the decommissioning of Fukushima's failed reactors.
Herein, we demonstrate that ablation-based remote isotopic
analysis is applicable to both actinide elements (such as U and
Pu) and elements with small isotope shis.

2. Experimental

Fig. 1 shows a schematic of the experimental apparatus. This
apparatus consists of three parts: (i) a Q-switched neodymium :
yttrium aluminum garnet (Nd : YAG) laser (LOTIS TII, LS-2134N;
a pulse length of 15 ns and a repetition rate of 10 Hz), (ii) two
348 | J. Anal. At. Spectrom., 2023, 38, 347–358
external cavity diode lasers (ECDLs; center wavelengths of
422 nm and 732 nm and a typical output power of 10 mW) for
two-step resonance excitation, and (iii) a uorescence detection
system. The second harmonic radiation (532 nm) of the Nd :
YAG laser was used to irradiate the target sample set on
a rotating table in a vacuum chamber via a biconvex lens with
a focal length of 200 mm in order to generate an ablation
plume. The beam diameter of the Nd : YAG laser on the surface
was estimated to be about 200 mm by the laser microscope
analysis of the irradiation marks. A capacitance manometer
(MKS, Baratron 626) and a gas handling system were used to ll
the vacuum chamber with helium gas (purity 99.9%, 8 Pa–800
Pa) aer it had been evacuated with a rotary pump. The pulse
energy of the YAG laser was set to 0.30 mJ using a l/2 plate and
a polarizing beam splitter cube, and it was monitored using
a joule meter (OPHIR, PE25SH). The target pellet (10 mm
diameter and 6mm thick) wasmade using a tabletop press (NPa
system TB-200H) to compress Portland cement powder (about 1
g) containing a calcium content of about 60 wt% at a hydrostatic
pressure of about 5 MPa.

The plume was irradiated with two counter-propagating diode
laser beams at a height of about 6 mm from the sample surface,
and the uorescence generated from the plume was detected by
a photomultiplier (Hamamatsu, R1894) through an interference
lter with a transmission band of 730 ± 5 nm (Edmund Optics).
The wavelengths of the diode lasers were actively controlled by
a fringe offset locking system that consisted of a wavelength-
stabilized HeNe laser (Thorlabs, HRS015), a scanning Fabry–
Perot interferometer with a free spectral range of 300 MHz, and
a computer for running the control program. Their actual wave-
lengths and longitudinal modes were continuously monitored
using a wavemeter (HighFinesse, WS-7). The current pulse signal
from the photomultiplier was converted into a voltage signal via
a preamplier (Femto, DHPCA-100, bandwidth: 3.5–12 MHz),
and its integrated signal was measured using a digital oscillo-
scope (Iwatsu, DS-5414A, bandwidth: 100 MHz).
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Two-color two-step resonance excitation and fluorescence
observation scheme of atomic Ca. Lifetimes (s) of 1P1 and

1D2 levels
were cited from ref. 43,44, oscillator strengths (gf) of the first and
second transitions from ref. 45,46, level-energies, and transition
wavelengths (in air) and configurations from ref. 47,48.

Fig. 3 (a) Temporal variation in the measured fluorescence signal of
Ca and (b) its pressure dependence. Immediately after ablation, plasma
emission was transmitted through the interference filter and over-
lapped with the fluorescence signal. The fluorescence signal had the
highest intensity under about 100 Pa of helium.
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Usually, this pulsed uorescence signal overlaps with the
residual plasma emission pulse transmitted through the inter-
ference lter. In general, the plasma emission is mainly
generated from the central portion of the laser plasma, while
the uorescence is generated from the contact layer between the
laser plasma and surrounding gas, where many neutral atoms
in the ground-state are produced through recombination and
relaxation processes.42 Thus, we carefully optimized the posi-
tion and viewing angle of the photomultiplier to increase the
ratio of uorescence to emission intensity. Moreover, the gate of
a boxcar integrator (Stanford Research, SRS200) was set at an
appropriate delay time to obtain the uorescence spectra, and
the integrated signals were recorded by a computer.

Fig. 2 shows the double resonance excitation scheme of
calcium used in this study. The ground-state (1S0) atoms were
excited to the rst excited state (1P1) with a 422 nm laser beam
and subsequently excited to the second excited state (1D2) with
a 732 nm laser beam. This second excited state can decay to
triplet states (3P1,2,

3F2) as well as to the singlet states (1P1,
1D2).

In this study, we observed uorescence arising from the relax-
ation from the 1D2 state to the 1P1 state, of which branching
ratio is reported to be 99.73%50 (wavy arrow). Table 1 lists the
reported isotope shis for these transitions.
3. Results and discussion
3.1 Time dependence of two-color two-step LIF signals

Time-resolved measurements are required for analyzing the
uorescence signal from the plasma because of the transient
Table 1 Isotope shifts of the first-step and second-step transitions of ca
cited from ref. 49

Symbols Wavelength (nm) Transition

l1 422.6728 4s2(1S0)–4s4
l2 732.6145 4s4p(1P1)–4

This journal is © The Royal Society of Chemistry 2023
nature of the laser plasma. Fig. 3(a) shows a typical temporal
variation in the measured uorescence signal. Curve A repre-
sents the signal measured when the second-step laser wave-
length was far from resonance, whereas curve B represents the
signal measured when both the rst-step and second-step lasers
were in resonance. Immediately aer ablation, a nonnegligible
amount of plasma emission passed through the interference
lter being used and overlapped with the uorescence signal as
a sharp peak of about 15 ms width (curve B). Thus, in this study,
the gate delay of the boxcar integrator was set to 200 ms or more
aer ablation onset to discriminate the uorescence compo-
nent from the emission one. Additionally, the gate width was set
to 20 ms throughout to measure the time-resolved uorescence
spectra.

In our previous ablation absorption/uorescence spectros-
copy analysis of Pu and Gd,19,42 the persistence of atomic species
lcium frequency differences (in MHz) from the resonance of 40Ca were

42–40IS (MHz) 44–40IS (MHz)

p(1P1) 393.13 773.83
s4d(1D2) 875.54 1672.37

J. Anal. At. Spectrom., 2023, 38, 347–358 | 349
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in the ablation plume was measured to be several tens of
microseconds, whereas the persistence of Ca was found to be
signicantly longer. Such a large difference in the persistence of
ground-state atoms in the plume may arise from the difference
in the ease of oxidation of these elements. Skrodki et al.
systematically studied the short persistence of ground-state
uranium atoms in a plume using laser ablation absorption
spectroscopy (LAAS) and LIBS and discovered that it does not
arise from plume connement and variations in fundamental
plasma properties but from the formation of uranium oxides.51

Considering that lanthanide/actinide elements and Ca have
different chemical properties, the long persistence of Ca may be
due to the difficulty in oxidizing Ca.

Fig. 3(b) shows the pressure dependence of the uorescence
signal. The signal reached its maximum intensity around 100 Pa
(curves E and F). Since the plume required much time to reach
the probe laser irradiation region (6 mm height) at high pres-
sures, the peak of the uorescence signal was delayed, and the
intensity decreased. However, the intensity immediately aer
ablation was high at a pressure lower than 100 Pa (curves G and
H), whereas the intensity decreased more rapidly because of the
Fig. 4 Dependence of the fluorescence intensity with the pulse
energy of YAG laser (a) and powers of diode lasers (b). In (a), the
fluorescence signal starts to appear at about 0.1 mJ and is saturated at
0.3 mJ or more. In contrast, in (b), the fluorescence intensity increases
consistently as the first-step and second-step laser powers increase. In
(b), the power of the remaining diode laser was fixed at its maximum
value (3 mW and 10.5 mW) during this measurement.

350 | J. Anal. At. Spectrom., 2023, 38, 347–358
decrease in atomic density due to a weak plume connement
under low gas pressure.
3.2 Laser power dependence on the uorescence signal

To detect the uorescence signal sensitively, the dependences
of the probe laser power and ablation pulse energy on the
uorescence signal were investigated at 1 ms-delay under
helium gas pressure of 100 Pa (Fig. 4). Fig. 4(a) shows that the
ablation threshold is about 0.1 mJ and that the signal is satu-
rated at 0.3 mJ or more. The saturation of the uorescence
signal may be caused by the generation mechanisms of various
ablated species, photoacoustic effects, etc. Among them one of
the major causes is the start of generation of singly charged
ions. In fact, considering the beam diameter, the pulse energy
of 0.3 mJ corresponds to the uence of about 1 J cm−2, which is
close to the reported threshold value for the production of
singly charged species of aluminium (0.8 J cm−2 (ref. 52)). To
clarify the mechanism of the saturation, the temporal variation
in the uorescence signals measured with various ablation
energies is shown in Fig. 5. The uorescence intensity around
500 ms starts to decrease with increasing ablation energy when
the energy exceeds 0.3 mJ, while the intensity around 1800 ms
increases consistently. This temporal behavior suggests that an
ion formation decreases the number of neutral atoms in the
early stage of plume evolution, and that the recombination of
ions and subsequent cascading relaxation lead to an increase in
the ground state atoms in the later stage of plume evolution.
Based on this result, the ablation energy in this study was set to
about 0.3 mJ to maximize the neutral atomic signal while
minimizing interference from ionic species.

Conversely, as shown in Fig. 4(b), the uorescence intensity
increased consistently as the rst-step and second-step laser
powers increased. This result suggests that a relatively high
detection sensitivity can be obtained when a very intense probe
laser is used for uorescence spectroscopy. According to
previous studies on multistep resonance ionization spectros-
copy using atomic Ca beams and continuous-wave lasers,40,41
Fig. 5 Temporal variation in the fluorescence signal measured with
various ablation pulse energies. The fluorescence intensity around 500
ms starts to decrease with increasing ablation energy when the energy
exceeds 0.3 mJ, while the intensity around 1800 ms increases
consistently.

This journal is © The Royal Society of Chemistry 2023
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the saturation powers of the rst-step and second-step transi-
tions of this excitation scheme are reported to be about 0.07
mW and 0.48 mW, respectively. Their beam diameters are
almost the same as that used in this study. Nevertheless, the
uorescence signal shown in Fig. 4(b) is not saturated. One of
the reasons is that the atomic beam is a system with a negligibly
low collision frequency, whereas the laser plasma undergoes
collisional relaxation of the excited state as frequently as radi-
ative relaxation. Another reason is that the spatial intensity
distribution of the probe beam used in this study is closer to the
Gaussian distribution than the at top. In this case, an increase
in the intensity causes the transition to saturate rapidly near the
center of the beam, but the uorescence intensity increases
further in the periphery, which can result in nonuniform satu-
ration of the signal. Therefore, considering such collisional
relaxation and spatially nonuniform saturation, the laser
powers of the rst and second steps were set to about 3 mW and
10 mW, respectively, in this study.
3.3 Linewidth of the Doppler-free uorescence spectrum

To compare the linewidths of the Doppler-free and Doppler-
limited spectra, we rst measured the uorescence spectra
arising from 1P1–

1S0 relaxation by blocking the second-step
laser and scanning the rst-step laser wavelength under 70 Pa
of helium at 1 ms delay. We conducted this measurement using
an interference lter with a transmission range of 420 ± 5 nm.
Fig. 6 shows a typical Doppler-limited spectrum (curve A). The
tting of the Voigt prole function shown in eqn (1) to this curve
revealed that the Lorentzian width was negligible, and the full
width at half maximum (FWHM) of the Gaussian prole was
about 2 GHz.

y ¼ y0

þA
2ln 2

p3=2

wL

wG
2

ðN
�N

e�t
2� ffiffiffiffiffiffiffiffi

ln 2
p wL

wG

�2

þ
� ffiffiffiffiffiffiffiffiffiffiffi

4ln 2
p x� xc

wG

� t

�2
dt

(1)
Fig. 6 Comparison of the (A) Doppler-limited and (B) Doppler-free
fluorescence spectra. In Doppler-free spectroscopy, the linewidth was
found to be narrowed to less than 70 MHz, which is about 1/30 of that
observed with Doppler-limited spectroscopy.

This journal is © The Royal Society of Chemistry 2023
where wL and wG denote Lorentzian and Gaussian widths,
respectively.

Since the Doppler width of 2 GHz corresponds to a Ca kinetic
temperature of about 300 K, the ablated Ca atoms are likely to
be cooled to around room temperature, which is consistent with
our previous ndings for other elements (such as Pu,19 Ti,21 and
Gd53). Second, the uorescence spectra associated with the
1D2–

1P1 relaxation were measured using counter-propagating
rst-step and second-step laser beams and by tuning the rst-
step laser on resonance and scanning the second-step laser
across the resonance. The typically measured spectrum is
depicted in Fig. 6 (curve B). It is apparent that in high-resolution
spectroscopy, the linewidth is narrowed to less than 70 MHz,
which is about 1/30 of that observed with Doppler-limited
spectroscopy. Furthermore, a apper-mounted knife-edge
mirror located in the second-step laser path was used to
reverse the beam propagation direction in order to compare the
spectra for counter-propagation and co-propagation congura-
tions, as shown in Fig. 7. This gure shows that the co-
propagation conguration has a wider and weaker line shape
than the counter-propagation conguration. It is worth noting
that the spectra shown in Fig. 7 have higher wings (pedestals)
than the Doppler-free spectrum shown in Fig. 6. This difference
is due to the difference in the observation timing, which will be
discussed later. In addition, it is also noteworthy that the
counter-propagation and co-propagation spectra have almost
the same wing line shape. This suggests that this wing is due to
a process independent of the beam propagation direction (e.g.,
the collisional process in laser plasmas).

Resonance-enhanced two-color two-photon excitation using
two narrow bandwidth ECDLs is a spectroscopic technique that
combines the high-resolution of (single-color) two-photon
spectroscopy and the high sensitivity of two-step resonance
excitation. Salomaa and Stenholm theoretically studied the
detailed behavior of the spectra using the density matrix
formalism.32 If the rst-step laser is tuned to the resonance
wavelength during the second-step laser scanning, the spectral
linewidth G was derived from previous studies:30,34–37
Fig. 7 Comparison of the Doppler-free fluorescence spectra
measured using (A) counter-propagation and (B) co-propagation
configurations. The co-propagation configuration has a wider and
weaker line shape than the counter-propagation configuration.

J. Anal. At. Spectrom., 2023, 38, 347–358 | 351
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G ¼ G2 þ k1 þ 3k2

k1
G1; (2)

where G1 and G2 are natural linewidths of the rst and second
excited states, respectively, k1 and k2 are wavenumbers of the
rst-step and second-step lasers, respectively, 3 = −1 for the
counter-propagating beams, and 3 = 1 for the co-propagating
beams. When the Ca excitation scheme parameters shown in
Fig. 2 were substituted into this equation, the linewidths were
calculated to be 28.2 MHz for counter-propagation and 98.1
MHz for co-propagation. These values were lower than the
measured linewidth because of various broadening mecha-
nisms, as discussed below.

Temporal variations in the spectral line shape were investi-
gated to gain an improved understanding of the underlying
line-broadening mechanism. Fig. 8(a) shows the spectrum of
200 ms delay measured by scanning the second-step laser
wavelength in the vicinity of the resonance wavelength. Notably,
the spectrum shows a narrow peak on a broad pedestal. Eqn (3)
was used to least-square-t the spectrum based on the
assumption that this line shape arises from Lorentzian and
superimposed Gaussian peaks with an identical resonance
wavelength:
Fig. 8 (a) Fluorescence spectrum measured at 200 ms delay. (A) Lor-
entzian and (B) Gaussian components obtained from least-square-
fitting with eqn (3). (b). Fluorescence spectra measured at three
different delay times along with the fitted curves. As the delay time
increases, the Gaussian component disappears, whereas the Lor-
entzian component remains visible.

352 | J. Anal. At. Spectrom., 2023, 38, 347–358
y ¼ y0 þ 2AH

p

DnH

4ðn� n0Þ2 þ DnH2
þ ADffiffiffiffi

p

2

r
DnD

e

 
�2ðn�n0Þ2

DnD2

!
(3)

In Fig. 8(a), the broken curves represent the tted Lorentzian
(curve A;DnH= 90MHz) and Gaussian (curve B;DnD= 780MHz)
components, whereas the solid curve represents their summa-
tion (y in eqn (3)). In addition, Fig. 8(b) shows the spectra
measured at three different delay times along with their tted
curves. Clearly, the Gaussian component disappears as the
delay time increases, whereas the Lorentzian component
remains visible. Thus, the latter is the peak with the linewidth
described in eqn (2), and the former is most likely due to the
velocity-changing collision that causes the velocity redistribu-
tion of atoms during their persistence in the ablation plume.54,55

The decrease in the collisional frequency of the ablated species
is what causes this Gaussian component to decrease as the
delay time increases.

3.4 Pressure broadening observed in the uorescence
spectrum

In Section 3.3, we analyzed the line-broadening mechanism
with a particular focus on the Gaussian component and
discovered that the component became negligible at delay times
later than 800 ms. In this section, we focus on the pressure
broadening of the remaining Lorentzian component. Fig. 9
shows the typical spectra measured at 1 ms delay under various
helium gas pressures. Notably, their intensities and linewidths
varied with pressure, and the highest peak intensity occurred at
about 100 Pa. Such pressure dependence is most likely due to
van der Waals broadening, which occurs when the radiative
lifetime of the excited state of Ca atoms is shortened by colli-
sions with gas molecules. Although the van der Waals interac-
tion is generally accompanied by a shi in the resonance
wavelength, it is negligibly small for this transition. These
Fig. 9 Fluorescence spectra measured using various pressures and
the curves fitted with the Voigt function. The intensities and linewidths
vary with gas pressure, with the highest peak intensity occurring at
about 100 Pa.

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Pressure dependence on the fluorescence spectrum line-
width. The Gaussian component is negligible, and the Lorentzian width
is proportional to the gas pressure.

Fig. 11 Comparison of the isotope-selective fluorescence spectra
measured at (a) 0.5 ms delay and (b) 1 ms delay. The second-step laser
frequency was scanned from about −600 MHz of the resonance of
40Ca to a high frequency, and the first-step laser frequency was rapidly
switched from the resonance of 40Ca to those of 42Ca and 44Ca at
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results reveal that a low pressure is generally preferable for
high-resolution, whereas a pressure of about 100 Pa is prefer-
able for high sensitivity.

The measured spectra were least-square-tted using the
Voigt function. The resulting tted curves are shown as a solid
line in Fig. 9. Fig. 10 shows the relationship between the line-
widths (FWHMs) and gas pressures determined based on the
tting parameters obtained for many spectra. This line shape
analysis reveals that the Lorentzian component is predominant
and that the Lorentzian width is proportional to the gas pres-
sure. Based on the extrapolation of the tted line in Fig. 10, the
linewidth at zero pressure was found to be 58 MHz, which is
larger than 28.2 MHz (the value calculated from eqn (2)). The
main causes of this difference are probably the power broad-
ening for the rst-step transition and the Stark broadening
caused by the charged species in the laser plasma.

The pressure broadening rate coefficient (g) for the second-
step transition (1P1 / 1D2) was determined to be 46.0 MHz
per torr from the slope of the tted straight line in Fig. 10. This
value has temperature dependence, and the plume temperature
at a 1 ms delay is estimated to be about 300 K from the line
widths of the Doppler-limited uorescence spectra of Fig. 6
(curve A). This g value is apparently larger than the reported g

value of the rst-step transition (1S0 /
1P1) (9.8 MHz per torr)56

even when the temperature differences in atomic sources are
considered. To the best of our knowledge, there are no reports
about the g of the second-step transitions of alkaline earth
elements thus far. However, the g of several second-step tran-
sitions for alkali metal elements have been measured by two-
color two-photon resonance absorption spectroscopy using
a gas cell and two tunable lasers. The reported broadening
coefficients of the second-step transitions show the same
tendency as that observed in this study, which is that the
coefficient of the second-step transition (P / D)57,58 is larger
than that of the rst-step transition (S / P).59 For example, the
broadening coefficients of the rst-step (52S1/2 / 52P1/2) and
second-step (52P1/2 / 52D3/2) transitions for Rb atoms under
This journal is © The Royal Society of Chemistry 2023
helium buffer gas are reported to be 20.8 MHz per torr59 and
54.64 MHz per torr,57 respectively. Qualitatively, this difference
in g value is explained by the fact that the mean radius of the
valence d-electron orbital is larger than that of the p-electron
orbital, making the frequency of the phase-changing colli-
sions with helium atoms higher for the D state than for the P
state.

A study on the determination of g using an ablation source
has only recently demonstrated in the use of Doppler-limited
absorption spectroscopy for the rst time.60 In that study,
a signicant variation in the gas pressure was required to vary
the linewidth of the Doppler-broadened absorption peaks. It
was reported that the large variation in the gas pressure varies
the plasma temperature and that the correction of the temper-
ature variation is required to precisely determine the broad-
ening rate coefficient. In contrast, when Doppler-free
spectroscopy is used, it is not necessary to vary the ambient
pressure signicantly, and this makes the temperature variation
of the laser plasma negligible.

Laser ablation Doppler-free spectroscopy is expected to
provide a sensitive characterization of laser plasmas since
pressure broadening and shi coefficients provide sensitive
indicators of the plasma temperature and particle density. In
addition, due to the high versatility of the laser ablation source,
laser ablation Doppler-free spectroscopy is believed to be useful
for studying pressure broadening and shis in the transitions
associated with highly excited states of elements other than
alkali metals, which have rarely been explored.
3.5 Isotope-selective uorescence spectra and isotopic
interferences

In the former sections, we analyzed the line-broadening
mechanism mainly from the viewpoint of atomic and plasma
physics. Here, we analyze their inuence on the isotopic anal-
ysis. Fig. 11 shows the spectra simultaneously measured at
delay times of 0.5 ms and 1 ms using two boxcar integrators
with a single frequency scan. As shown in this gure, the
about 1.2 GHz and 2.0 GHz (marked with arrows), respectively.
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Fig. 13 Calibration curve between the fluorescence intensity and
natural isotopic abundance of Ca. The inset is a magnified view of the
42Ca and 44Ca signals. The straight line is due to the least-square-
fitting of these points, and a good correlation coefficient was obtained.
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second-step laser frequency was scanned from about−600 MHz
of the resonance of 40Ca to a high frequency, and the rst-step
laser frequency was rapidly switched from the resonance of 40Ca
to those of 42Ca and 44Ca at about 1.2 GHz and 2.0 GHz,
respectively. In this gure, the switching positions are marked
with arrows, and there is a discreet step at the wing of the 40Ca
peak measured at 0.5 ms delay. The reported isotope shis (l1)
in Table 1 were used for this switching. Since the natural
abundances of 42Ca and 44Ca are as small as 0.647% and
2.086%, respectively,61 the vertical axis of these spectra was
plotted on a logarithmic scale. The 42Ca peak measured at 0.5
ms delay appears more clearly than 1 ms delay, but the pedestal
of the 40Ca peak appears to be slightly overlapped.

Fig. 12 shows similar spectra measured at a delay time of 1
ms under helium gas pressures of 100 and 50 Pa. At 100 Pa, the
wing of the 40Ca peak slightly overlaps the 42Ca peak because of
pressure broadening, whereas at 50 Pa, the overlap is negligible.
Note that these minor isotope peaks are difficult to observe in
the Doppler-limited spectra, as shown in Fig. 6. Thus, these
gures indicate that these minor Ca isotopes in the cement
samples can be analysed with negligible isotopic interference
when Doppler-free spectroscopy is used under suitable experi-
mental conditions (50–70 Pa; 1 ms delay). Also, from Fig. 12, the
isotope shis of the second-step transition were determined to
be 42–40IS= 877(2) MHz and 44–40IS= 1670(3) MHz. These values
are in agreement with the reported values listed in Table 1
within the estimated error.
3.6 Evaluation of the analytical performance

The analytical performance of ablation uorescence spectros-
copy was evaluated using cement pellet samples. First, we
constructed a calibration curve between the uorescence
intensities of three naturally occurring isotopes, namely 40Ca,
42Ca, and 44Ca, and their natural isotopic abundances in order
to conrm the linearity of the uorescence signal.

In Fig. 13, the uorescence intensities at a delay time of 1 ms
for the transition at 732.6 nm under a 50 Pa helium ambient
atmosphere are averaged over 200 laser shots. Unless stated
otherwise, the uorescence intensity was determined in this
manner throughout the evaluation of the analytical
Fig. 12 Isotope-selective fluorescence spectra measured at a delay
time of 1 ms under helium gas pressures of 100 and 50 Pa.

354 | J. Anal. At. Spectrom., 2023, 38, 347–358
performance. The inset is a magnied view of the 42Ca and 44Ca
signals. The straight line is due to the least-squares tting of
these points, and a good correlation coefficient was obtained.
Fig. 13 shows that the uorescence signal contains a minor
offset component. This is due to the stray light of the second-
step laser, which could not be blocked by the interference
lter, and we conrmed that this offset could be reduced to zero
by blocking the second-step laser beam. This offset depends on
the intensity of the second-step laser and the geometric
arrangement of the laser beam; thus, its magnitude varied from
day-to-day measurements.

Compared to LIBS, ablation-induced uorescence spectros-
copy has the advantage of low background noise because it
involves the use of cooled plasma. Fig. 14 shows the typical
temporal proles of the 42Ca and 44Ca uorescence signals and
a background signal, each of which was measured by accumu-
lating the signals over 3000 laser shots. The wavelengths of the
rst-step and second-step lasers were detuned from the
Fig. 14 Typical temporal profiles of the 42Ca and 44Ca fluorescence
signals and a background signal. We evaluated the signal-to-noise
ratio of the 44Ca signal and the limit of detection from these curves.

This journal is © The Royal Society of Chemistry 2023
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resonance wavelength of 40Ca to −600 MHz and +2.1 GHz,
respectively, in order to measure the background. The signal-to-
noise ratio of the 44Ca signal was estimated to be 70 at a 1 ms
delay from these curves. Furthermore, the limit of detection
(LOD) was determined from the standard deviation (s) of the
background and conversion factor (K) between the uorescence
intensity and isotopic abundance using the 3s criterion:

LOD = 3s/K (4)

Consequently, the LOD of the isotopic abundance was eval-
uated to be 0.09% at a 1 ms delay. This value was limited
because of the background uctuation caused by the stray light
of the second-step laser. Thus, it is necessary to nd another
scheme with different excitation/observation transitions to
improve this performance.

Fig. 15 shows the uorescence intensity ratio that was
measured by simultaneously switching the two laser wave-
lengths many times in the order of the 40Ca/ 42Ca / 44Ca /

background and by integrating the signal with a boxcar inte-
grator. In this gure the error bars represent uncertainties of 2s
in the individual measurements, whereas the broken lines
represent the natural isotope ratios of 44Ca/40Ca and
42Ca/40Ca.61 Based on these results, the weighted means of the
44Ca/40Ca and 42Ca/40Ca intensity ratios were calculated to be
0.0221 ± 0.0017 and 0.0067 ± 0.0014, respectively, and the
relative standard deviation (RSD) of the isotopic analysis of 44Ca
using cement sample was estimated to be 8%. Considering the
difference in the concentration of the target element in the
sample, these analytical performances are not signicantly
different from those of LAAS, which we previously evaluated
using plutonium samples.19 Therefore, the proposed method
can improve the spectral resolution by a factor of 30 or more
without signicantly degrading the analytical performance and
allows for the isotopic analysis of nuclides with small isotope
shis.
Fig. 15 Evaluation of reproducibility for three independent days. The
44Ca/40Ca and 42Ca/40Ca intensity ratios are in good agreement with
the natural isotope ratios, and the measurement accuracy is about
10%.

This journal is © The Royal Society of Chemistry 2023
4. Conclusion

High-resolution isotopic analysis of calcium was demonstrated
by applying Doppler-free two-color two-photon resonance uo-
rescence spectroscopy to a laser ablation plume. Counter-
propagating laser beams from two ECDLs were irradiated on
the plume to excite the ground-state Ca atoms through a double
resonance scheme of 1S0 /

1P1 /
1D2, and uorescence from

the 1D2 excited state was observed. The ndings of this study are
as follows.

(1) The line shape of the measured uorescence spectrum
consisted of a narrow Lorentzian component superimposed on
a broad Gaussian pedestal. The latter decreased as the delay
time increased and was most likely due to velocity-changing
collision.

(2) The linewidth of the Lorentzian component observed at 1
ms delay varied with the helium gas pressure. The pressure
broadening rate coefficient was determined to be 46.0 MHz per
torr, and the linewidth at zero pressure was 58 MHz.

(3) The isotope-selective uorescence spectra exhibited three
peaks corresponding to naturally occurring isotopes of 40Ca,
42Ca, and 44Ca, which were unidentied in the conventional
Doppler-limited spectra.

(4) The calibration curve with the three isotopes showed
good linearity. The LOD of isotopic abundance was estimated to
be 0.09% from the 3s criteria of the background. The relative
standard deviation was estimated to be 8% based on the
reproducibility of the 44Ca/40Ca intensity ratio with a natural
isotope ratio of 0.0215.
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