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ABSTRACT: Direct elemental and isotope analyses of solid samples have attracted considerable interest due to their potential role
in preventing serious accidents at nuclear facilities. We previously developed an analytical method for detecting radioactive isotopes,
combining diode laser absorption spectroscopy with a supersonic plasma jet. Its basic performance, that is, the detection limit as well
as the translational temperature upstream and downstream of the supersonic nozzle, was investigated using stable Xe isotopes. The
developed apparatus could atomize a solid sample and reduce the translational temperature for isotope identification. For direct
isotope analysis, translational temperature and atomization efficiency during powder feeding are remarkably important. In the
present study, a novel approach for the atomization of Sr powder samples containing isotopes with highly radiotoxic radionuclides is
described. We found that the temperature of Sr atoms in the supersonic plasma jet decreased to approximately 85 K, which is
comparable with the slight isotope shift of 88Sr−90Sr due to the difference in mass number. Moreover, based on the measured atomic
number density and flow velocity, the atomization efficiency was found to be 10.4 ± 1.8%. The results of this study and further
improvements in the efficiency can lead to the development of powerful tools for the rapid analysis of solid samples, particularly
those contaminated with highly radioactive species, without the necessity for complex chemical separation.

■ INTRODUCTION

Direct elemental and isotope analyses of radioactive waste are
essential to confirm its safety, conduct environmental
monitoring, and prevent severe accidents during the operation
and decommissioning of nuclear facilities.1−3 In a nuclear
reactor, various radionuclides generated by nuclear fission,
radioactivation, and atomic disintegration must be quantified
to ensure long storage safety.1 90Sr (half-life of 30 years) emits
beta radiation with an energy maximum of 0.54 MeV. It is the
most prevalent radiotoxic nuclide in fission products, and its
yield is relatively high (approximately 6%).4 Sr isotope analysis
has been conventionally performed via inductively coupled
plasma mass spectrometry (ICP−MS).5,6 Nevertheless, a
commercial ICP−MS apparatus is not suitable for the
identification of 90Sr from its daughter and grandchild nuclides
(i.e., 90Y and 90Zr, respectively). Thus, in the case of ICP−MS,
chemical separation, which typically takes 2−4 weeks, is
necessary to prevent isobaric interference.1,7

Furthermore, laser spectroscopy techniques using laser
ablation exhibit high wavelength selectivity and can be
employed for the rapid identification of radioactive elements
without the need for chemical separation. A tunable diode laser
with a narrow line width can be used to distinguish isotope
shifts based on the mass number.8−15 Notably, laser ablation
absorption spectroscopy (LAAS) has been developed for the
rapid analysis of solid samples. Several recent studies describe
the plasma plume dynamics and optimization of the LAAS
conditions for direct isotope analysis.10,16 However, upon
irradiation of the surface with an intense laser beam to atomize
a solid sample, the translational temperatures of molecules and
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atoms emitted into a plasma plume reach 5000−10,000
K.9,17−19 Thus, the isotope shift of 88Sr−90Sr, 206.2 MHz,
cannot be distinguished via LAAS due to an increase in the
Doppler broadening under such high-temperature condi-
tions.20 Considering natural broadening, the residual of the
Doppler broadening must be suppressed to less than 180 MHz
in the half width at half-maximum. This is equivalent to
approximately 60 K in the translational temperature.
We recently developed a novel analytical instrument that

combined the high-temperature region for sample atomization
with the low-temperature region for isotopic identification in a
single unit.21,22 In our previous study, only stable Xe isotopes
in the gaseous phase were investigated. Notably, a dramatic
reduction in the temperature of the Xe atoms to approximately
180 K was achieved. The Xe isotope analysis was verified
through comparison with the naturally abundant variant.
Nevertheless, to apply this methodology to solid samples, the
atomization process must be considered. Several studies have
proposed numerical modeling and qualitative spectroscopic
measurements using emission spectroscopy in the field of
materials processing; however, quantification of the atom-
ization efficiency, which is defined as the number of evaporated
atoms divided by the number of atoms in powdered molecules,
requires further investigation.23,24

In the current study, a novel instrument for the direct
analysis of solid samples containing strontium (Sr) isotopes is
described. We obtained absorption spectra at 460.7 nm using
diode laser absorption spectroscopy (DLAS) in a supersonic
plasma jet while feeding SrCl2 powder upstream of the
supersonic nozzle. The drastic change in the temperature of
the evaporated Sr atoms and the improvement in the
wavelength resolution were examined. The atomization
efficiency was determined based on the measured atomic
number density and flow velocity.

■ MATERIALS AND METHODS

Figure 1 illustrates the experimental setup used in this study.
The system comprised three key components: atomizer,
sample feeder, and laser spectroscopy regions.

Arc-heated plasma was generated between electrodes
upstream of the supersonic nozzle, that is, in the atomization
section, in which the powder sample was fed from the sample
feeding section via a carrier gas. Laser spectroscopy measure-
ments were performed in the supersonic plasma jet in the third
region, in which the temperature dramatically decreased due to
the conversion of energy from thermal to kinetic.
The main components of the atomization section included a

thoriated W cathode, a water-cooled Cu anode, and a brass
expansion nozzle. The vacuum chamber was connected to a
vacuum-pumping system, which comprised a rotary pump (SR-
3700B, Osaka Vacuum, Ltd., Japan) and a mechanical booster
pump (RA1200, Shinko Seiki, Japan). The description of the
supersonic nozzle has been reported in our previous study.21

In this study, an ultrasonic sieving machine was used as the
powder feeder, in which the ultrasonic vibration was generated
using a bolt-clamped Langevin-type ultrasonic actuator (HEC-
1540P2BF, Honda Electronics Co., Ltd., Japan) based on a
piezoelectric element. The powder feed rate was tuned by
adding an ultrasonic signal to the piezoelectric element. The
feed rate was calibrated under atmospheric conditions (Figure
S1).
SrCl2·6H2O (FUJIFILM Wako Pure Chemical, Japan) was

used as the powder sample. The W electrode can get damaged
by the atomic oxygen generated upstream of the nozzle.
Additionally, hygroscopicity can disturb the stable powder feed
by increasing the particle size. Thus, the powder sample was
first dehydrated by heating. The variation in the powder mass
following heating is shown in Figure S2.
The line width of the external cavity diode laser (DL100,

Toptica Photonics, Germany) was approximately 100 kHz.
The laser wavelength was scanned by modulating the grating
and laser operating current using a ramp function and was
monitored using a wavemeter (WS6-600, HighFinesse GmbH,
Germany). The relative laser wavelength was calibrated using
an optical cavity comprising two highly reflective mirrors
(PSCM95-25.4C6.35-1000-460, Sigma Koki, Japan) installed
in the free space. The repetition frequency was approximately 1
Hz, while the width of the scanning frequency was

Figure 1. Schematic of the developed instrument. Strontium powder was fed upstream of the supersonic nozzle using an ultrasonic sieving machine
with Ar gas.
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approximately 10 GHz. The intensity of the incident laser
beam was set to a low power (<10 μW) to prevent broadening
of the spectral width due to absorption saturation. To measure
the flow velocity, the laser beam was transmitted at the plane 3
mm downstream of the nozzle exit with an incident angle of
80° with respect to the flow axis.
The transmitted laser beams were detected using photo-

detectors (DET10/M, Thorlabs, USA), and their voltage
signals were recorded using an oscilloscope (DL850E,
Yokogawa, Japan) with a 12-bit resolution at a maximum
sampling rate of 10 MS·s−1. In addition to Sr detection, DLAS
measurements of Ar atoms were simultaneously conducted to
measure the flow velocity to determine the mass flow rate of
the Sr atoms downstream of the nozzle. The spatial number
density distribution of Sr atoms in the ground state exhibited a
peak at a position away from the central axis of the plasma jet.
Therefore, the flow velocity evaluated based on the Sr atoms
might be underestimated compared with that found based on
the Ar atoms.25

■ RESULTS AND DISCUSSION
The resonance line of Sr I 460.73 nm (Sr I, 5s2 1S0−5s5p 1P1)
was selected based on the detection sensitivity because in the
low-temperature plasma, almost all atoms existed in the ground
state.26 The operating conditions of the arc-heated plasma
wind tunnel are summarized in Table 1.

Sr Detection and Temperature Reduction. The
absorption spectra were broadened via certain physical
mechanisms in the plasmas (Figure 2a). Such a profile can
be expressed using the following Voigt function: V(ν) =
∫ −∞
∞ G(δ)L(ν − δ)dδ. Notably, it is a convolution of the

Gaussian function G(ν) and Lorentz function L(ν). In the
glow discharge plasma, Doppler broadening was dominant
compared to other broadenings described by the Lorentz
function. The operating conditions of the glow discharge
plasma are listed in Table S2. Thus, the translational
temperature was evaluated using the Gaussian function.
Moreover, as the influence of the natural broadening is not
negligible in a low-temperature plasma, the Voigt function
must be considered. The absorption coefficient can be
described using the following equation
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where k0 is the absorption coefficient at the center frequency, σ
is the standard deviation of the Gaussian function, ΔνL is the
sum of the half width at half-maximum of the Lorentz function,
and δ is the integration variable.27 In addition, considering the
isotope effects of four natural isotopes (i.e., 84Sr, 86Sr, 87Sr, and
88Sr), the absorption coefficient can be expressed by
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where Δνi is the isotope shift, while Ri denotes the abundance
ratio. These parameters are summarized in Table S1.
In this study, the curve fittings to the Voigt functions were

performed using the SciPy library, which is an open-source
software in Python. Here, the temperatures were calculated
solely from the Doppler width, assuming that the Lorentz
width was constant. The full width at half-maximum (A/2π) of
32 MHz was calculated using the Einstein coefficient, that is, A
= 2.01 × 108.28

The absorption spectrum of Sr atoms observed in the
supersonic plasma jet was narrower than the spectrum detected
in the glow discharge plasma (Figure 2a); the former was in
good agreement with the Voigt function (Figure 2a,b). The
residuals at the tail area were attributed to fluctuations of the
probe laser beam caused by mechanical vibration. The
translational temperature was determined using the standard
deviation of the Gaussian function according to the following
equation

λ σ=T
M
k

A

B
0

2 2

(3)

where MA refers to the atomic mass, kB denotes the Boltzmann
constant, λ indicates the center wavelength of an absorption
line, and σ is the standard deviation of the Gaussian function.
The half width at half-maximum of the Doppler broadening
was obtained as 230 MHz using ν σΔ = 2 ln 2D , where σ is
the standard deviation of the Gaussian function. In addition,
the corresponding temperature was 85.2 K. The sum of the
Doppler and Lorentz widths was 246 GHz. By reducing the

Table 1. Operating Conditions of the Supersonic Plasma Jet

parameters values

current 60 A
voltage 18−25 V
argon mass flow rate 0.13 g·s−1

ambient pressure 30 Pa
plenum pressure 89 kPa

Figure 2. (a) Typical absorption spectra of Sr atoms in the supersonic
plasma jet and glow discharge plasma. (b) Fitting residuals of the
spectrum in the supersonic plasma jet. (c) Fitting residuals of the
spectrum in the glow discharge plasma.
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temperature, we successfully narrowed the spectral linewidth to
a width comparable to the isotope shift of 88Sr−90Sr.20 The
temperature reduction of Sr atoms was due to two factors. The
first is due to adiabatic expansion by a supersonic nozzle.
Second, a further temperature reduction occurs due to the
temperature difference between two species of mixed gas. The
temperature of Ar atoms measured simultaneously was 1410 K,
and a temperature difference between the Sr and Ar atoms was
observed. As described in our previous study, this difference is
caused by the energy level of the lower state being used for the
absorption transition, which results in a line integral of the
absorption coefficient.29 Thus, accessing a ground state has the
effect of reducing the temperature compared with using an
absorption transition from an excited state.
Sr Number Density and Atomization Efficiency. The

total number density of Sr atoms can be directly evaluated
based on an absorption line from the ground state. In general,
the number density can be determined using the integral of the
absorption coefficient over the frequency according to the
following equation

∫π
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8
( )di
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where i and j are the lower and upper energy levels,
respectively. The relationship between the number density of
Sr atoms in the ground state and the ultrasonic sieving voltage
is shown in Figure 3. Here, the absorption length was assumed
to be 30 mm, which is the diameter of the nozzle exit.

The maximum value of the Sr number density in the plasma
jet was 2.54 × 1016 m−3 at a sieving voltage of 1.0 V. By
calculating the number density of the Ar atoms from the
equation of state (1.54 × 1021 m−3), the concentration of Sr
atoms in the plasma jet was 1.7 ppm. Moreover, the detection
limit of the atomic Sr concentration in the developed analytical
instrument was approximately 130 ppb, which corresponded to
the 3σ criteria of 2.05 × 1014 m−3 in the atomic number
density measured at a sieving voltage of 0.5 V.
For the direct analysis of solid samples, consideration of the

atomization efficiency parameter is important to enhance
quantification and sensitivity. In this study, the atomization
efficiency was evaluated using the ratio of the mass flow rate of

the Sr atoms in the plasma jet to the mass flow rate of the
SrCl2 powder multiplied by the weight fraction of the Sr atoms.
Thus, the atomization efficiency can be defined by the
following equation

η =
̇

̇
m

m
atom

powder (5)

Additionally, the mass flow rate of the Sr atoms in the
plasma jet can be calculated using the measured number
density and flow velocity according to the following relation-
ship

ρ̇ = · · = · · ·m A V n M S Vatom Sr A (6)

where S is the cross section of the plasma jet calculated from
the diameter of the nozzle exit, that is, 30 mm, while V refers to
the flow velocity determined by the Ar atoms. The absorption
spectra of the Ar atoms in the supersonic plasma jet and in the
glow discharge plasma as the reference cell are illustrated in
Figure S4.
The maximum value of the atomization efficiency was 10.4

± 1.8% at a powder mass rate of 0.06 mg·s−1 (Figure 4).

Temporal fluctuations in the mass flow rate of the Sr atoms in
the supersonic plasma jet caused instability in the atomization
efficiency. Meanwhile, the temperature and flow velocity in the
supersonic plasma jet obtained from Ar atoms varied in the
range of 1410 ± 200 K and 1520 ± 90 m/s, respectively. When
the total enthalpies were converted to upstream temperatures
by using the equation described in the Supporting Information,
these changes were in the range of approximately 700 K.30 The
calculated absolute temperatures were lower than the true
values on the central axis unless the radial temperature
distribution was obtained via Abel inversion. Although the
temperature upstream of the nozzle reported in our previous
study (6490 K) was significantly higher than the boiling point
of SrCl2 (1520 °C), the results obtained herein indicated that
the powder was not sufficiently heated due to the short
residence time and narrow temperature distribution upstream
of the nozzle.31 Thus, a swirl flow can increase the residence
time of powder particles and carrier gas.

■ CONCLUSIONS
Employing an ultrasonic sieve as a powder feeder, the direct
detection of Sr atoms from the SrCl2 powder in a supersonic
plasma jet was conducted using DLAS for a resonance line Sr I
460.7 nm. The detection limit of the Sr atoms was
approximately 130 ppb in Ar gas, and the translational
temperature of the Sr atoms was successfully reduced to 85.2
K by adiabatic expansion and the effect of the temperature

Figure 3. Number density of Sr atoms in the ground state and the
calibration line of the mass flow rate of the SrCl2 powder. Error bars
represent standard deviations.

Figure 4. Atomization efficiency of the SrCl2 powder. Error bars
represent standard deviations.
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difference. Furthermore, using the number density of the Sr
atoms measured via DLAS, we demonstrated that 10.4% of the
Sr atoms in the powder sample was vaporized during the
atomization process employing a supersonic plasma wind
tunnel.
The results obtained herein indicate the suitability of the

developed methodology for direct atomization without the
necessity for complex sample preparation. Moreover, our
approach exhibits an improved wavelength resolution. The
obtained low-temperature plasma enables slight isotope shifts
of medium heavy elements. However, the current study was
conducted under a limited and narrow range of experimental
conditions. Hence, the plasma conditions, including the swirl
flow generation, should be optimized to further enhance the
wavelength resolution and atomization efficiency. Further
experiments must be conducted using a higher feed range
and different particle sizes.
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