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A B S T R A C T

Reliable analysis of uranium isotopes (235U and 238U) is essential throughout the nuclear fuel cycle. Laser- 
induced breakdown spectroscopy (LIBS) has emerged as a promising technique for rapid detection of ura
nium. However, its application to isotope analysis is hindered by a fundamental sensitivity-selectivity trade-off: 
High-energy laser pulses, while essential for enhancing sensitivity, exacerbate the overlap between closely 
spaced spectral features, thereby reducing isotope selectivity. To circumvent this dilemma, the present study 
proposes a joint spectral decomposition framework that integrates two complementary spectra obtained using 
single-pulse (SP) and double-pulse (DP) LIBS. SP spectra preserve the narrow spectral features required for 
isotope discrimination, whereas DP spectra provide enhanced emission intensity and detection sensitivity. By 
simultaneously fitting the SP and DP spectra under a shared isotope-ratio constraint, the proposed framework 
combines DP-enhanced sensitivity with SP-derived isotope selectivity, achieving a uranium limit of detection 
(LOD) of 0.008% in a soil matrix while keeping the isotope-quantification bias within approximately 1 per
centage point. These results demonstrate the feasibility of the proposed framework for improving the analytical 
performance of LIBS-based uranium isotope analysis and provide a basis for further validation toward rapid 
uranium isotope screening.

1. Introduction

Accurate characterization of uranium-bearing materials plays a 
critical role in the nuclear fuel cycle, including uranium processing, fuel 
fabrication, safeguards verification, environmental monitoring, and 
nuclear forensic analysis [1–3]. In particular, the isotopic abundance of 
235U and 238U is fundamental to distinguishing materials intended for 
peaceful energy production from those that may indicate potential 
weaponization pathways [4]. Therefore, uranium isotope analysis is 
required for various conditions, including rapid screening of environ
mental samples, process residues, contaminated materials, and other 
complex matrices encountered in nuclear safeguards and security.

Traditionally, uranium isotopes have been analyzed using mass 
spectrometry and radiation detection techniques [5–9]. Mass spec
trometry provides exceptional sensitivity, precision, and isotopic reso
lution, and radiation-based measurements offer nondestructive means of 

estimating uranium enrichment. Despite the high performance of these 
techniques, their application for rapid, direct, and in situ analysis is 
often limited by intensive sample preparation, lengthy acquisition times, 
and a reliance on specialized laboratory instrumentation. These prac
tical bottlenecks underscore the need for complementary analytical 
methods capable of prompt screening with minimal sample handling to 
provide actionable data prior to confirmatory analysis.

In this context, laser-induced breakdown spectroscopy (LIBS) offers 
an attractive alternative, as it enables direct elemental analysis with 
minimal to no sample preparation [10]. The process involves a focused 
pulsed laser that ablates minute quantities of material, generating a 
laser-induced plasma at the sample surface [11]. In this plasma plume, 
excited atoms and ions release their characteristic emission, which en
ables direct elemental analysis without the need for time-consuming 
preparation [12]. Moreover, because both the excitation laser and the 
emitted light can be transmitted over distance, LIBS can be configured 
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for remote detection, substantially reducing the risks associated with the 
direct handling of radioactive or contaminated materials [12]. Accord
ingly, LIBS has been extensively explored for uranium detection in 
diverse matrices, including soils, glasses, and fuel-related materials 
[13–16].

While LIBS has proven effective for these elemental analyses, further 
enhancing its detection sensitivity, particularly for trace-level uranium, 
generally necessitates greater energy deposition [17]. To this end, 
double-pulse (DP) LIBS has been extensively studied as a strategy to 
boost emission intensity and lower detection limits [17–19]. In a typical 
DP configuration, two laser pulses are delivered with a precisely 
controlled temporal delay [18]. The first pulse initiates the ablation to 
form an initial plasma plume, while the second pulse deposits additional 
energy into this evolving plume [19]. This subsequent energy injection 
reheats the plasma and further excites the ablated species, resulting in a 
more intense and longer-lasting emission. Consequently, the DP 
configuration can significantly improve the signal-to-background ratio 
and lower the elemental detection limit by orders of magnitude relative 
to conventional single-pulse (SP) LIBS [20].

While these advantages significantly benefit elemental detection, 
DP-LIBS has seen limited application in quantitative analysis of uranium 
isotopes due to concerns over isotopic selectivity. Unlike elemental 
identification, isotopic analysis demands the precise discrimination of 
235U and 238U contributions within a single spectral feature. This task is 
inherently difficult because isotopic differences induce only a minute 
displacement in emission wavelength (i.e., isotope shift), which for 
uranium is typically only several picometers [13]. Since this shift is often 
comparable to or smaller than the spectrometer resolution, the emis
sions from 235U and 238U typically merge into a single, overlapped 
spectral profile.

To extract isotope-specific information from such unresolved pro
files, spectral decomposition has been employed [15]. In this approach, 
the observed feature is modeled as the summation of two line-shape 
functions, most commonly Lorentzian profiles, with the isotopic 
composition estimated from their relative areas [16]. However, the 
reliability of this decomposition hinges on a delicate balance between 
two competing factors: emission intensity (sensitivity) and spectral 
linewidth (selectivity). Although DP-LIBS substantially boosts intensity, 
the associated increase in plasma temperature and electron density can 
trigger enhanced spectral line broadening [17]. Given that the uranium 
isotope shift is so minimal, even moderate broadening significantly in
creases the spectral overlap between the isotopes. This creates a 
fundamental tension where DP-LIBS offers superior sensitivity but 
inferior selectivity, whereas SP-LIBS preserves narrower profiles at the 
expense of signal strength.

To resolve this sensitivity–selectivity trade-off, we introduce a joint 
spectral decomposition framework that couples SP- and DP-LIBS ob
servations as complementary datasets for uranium isotope analysis. 
Rather than analyzing the spectra independently, the proposed method 
performs a simultaneous fit to the paired SP and DP spectra, which are 
bridged by enforcing a shared isotope ratio during optimization. In this 
integrated approach, the narrow SP spectrum provides the essential 
isotopic discrimination to constrain the spectral structure, while the 
enhanced signal intensity of the DP spectrum stabilizes the quantifica
tion at trace concentrations. By coupling these complementary datasets 
into a single physically constrained solution, the proposed methodology 
effectively mitigates the sensitivity–selectivity conflict. This strategy 
provides a robust and practical basis for rapid uranium isotope 
screening, offering a powerful analytical capability for nuclear safe
guards, environmental monitoring, and nuclear security.

2. Experimental

2.1. Optical configuration

The experimental setup for both single- and double-pulse LIBS is 

illustrated in Fig. 1. To enhance uranium emission through sequential 
laser-plasma interaction, a double-pulse configuration utilizing 2 ns Nd: 
YAG lasers (Continuum, Surelite, 20 Hz) was employed. The initial 
plasma was generated by a 266 nm laser pulse focused onto the sample 
surface, followed by the introduction of a 1064 nm laser pulse to reheat 
the evolving plasma plume after a controlled inter-pulse delay. Syn
chronization of the laser pulses was managed via digital delay genera
tors (Stanford Research Systems, DG535). To acquire complementary 
single-pulse spectra, the 1064 nm laser path was blocked, ensuring 
that detection conditions remained identical between the SP and DP 
measurements.

The selection of pulse energies and timing parameters was guided by 
a systematic optimization of the DP configuration [21]. The ablation and 
reheating pulse energies were set to 40 mJ and 120 mJ, respectively, 
with an inter-pulse delay of 3 μs, which provided optimized uranium 
emission and stable spectral acquisition. The resulting plasma emission 
was collected via fiber optics and routed to a Czerny–Turner spec
trometer (Andor Technology) coupled with an intensified 
charge-coupled device (ICCD) operating with a gate delay of 1 μs and a 
gate width of 30 μs. A 2400 grooves/mm grating and a 60 μm entrance 
slit were used, providing a spectral dispersion of approximately 3 p. 
m./pixel. Wavelength calibration was performed before each measure
ment using a uranium hollow-cathode lamp, from which the instru
mental FWHM was determined to be approximately 12 p.m. The 
approximately 25 p.m. isotope shift is therefore greater than twice the 
instrumental FWHM, providing sufficient resolution for the constrained 
spectral decomposition employed in this study.

All experiments were conducted within a shielded chamber con
taining atmospheric air, utilizing optical ports for laser delivery and 
photon collection. Each recorded spectrum represents an accumulation 
of 100 laser shots for the SP configuration, or 100 sequential shot pairs 
for the DP configuration.

2.2. Sample preparation

Because material composition and impurities can influence plasma 
behavior and measurement reliability in plasma-based experiments [22,
23], well-characterized certified reference materials were employed in 
this study. Uranium-doped soil samples were prepared using uranium 
oxide (U3O8) from certified reference material (CRM U200). This ma
terial was selected because its nominal 235U abundance of 20% lies near 
the conventional enrichment threshold that distinguishes low-enriched 
uranium (LEU) from highly enriched uranium (HEU) [24]. The ura
nium oxide was precisely weighed and mechanically blended with soil 
powders (NIST SRM 2710a) to ensure homogeneity. A sample series was 
generated with total uranium concentrations of 0.3, 1, 3, 5, and 10 wt%. 
The blended powders were then pressed into solid pellets with a diam
eter of approximately 10 mm. To mitigate the effects of localized sample 
heterogeneity and prevent severe cratering from repeated laser ablation, 
the sample pellets were mounted on a rotating stage during spectral 
acquisition. For each concentration level, five replicate pellets were 
prepared and analyzed to assess reproducibility and quantify measure
ment uncertainty.

3. Results and discussion

3.1. Spectral features of uranium isotopes from single- and double-pulse 
configurations

As a foundational step toward uranium isotope analysis, we first 
compared representative spectra obtained using the single-pulse (SP) 
and double-pulse (DP) LIBS configurations. Because uranium has a 
complex electronic structure, laser-induced plasma produces numerous 
emission lines, making careful line selection essential for isotope anal
ysis [13]. The U II line at 424.4 nm was selected as the primary 
analytical feature because of its relatively pronounced isotope shift of 
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approximately 25 p.m. between 235U and 238U [15]. Fig. 2a presents the 
corresponding spectra for the SP (black) and DP (red) configurations. 
The DP configuration produced a substantially stronger emission signal, 
consistent with plasma reheating and further excitation induced by the 
second laser pulse [19].

The practical improvement in uranium detection was further quan
tified by determining the limit of detection (LOD) in soil samples. Fig. 2b 
plots the emission intensity as a function of total uranium concentration 
for both configurations. Although both approaches exhibited strong 
linearity, confirming their applicability to elemental quantification in 
complex soil matrices, the DP calibration curve displayed a markedly 
steeper slope, reflecting its greater sensitivity. Based on the standard 3σ 
criterion [20] using the calibration curves shown in Fig. 2b, the 
elemental uranium LOD was calculated according to LOD = 3σ/m, 
where σ represents the standard deviation of the analytical signal ob
tained from five independently measured blank soil samples, and m is 
the slope of the corresponding calibration curve. Based on this proced
ure, the DP configuration yielded an estimated elemental uranium LOD 
of approximately 0.008 wt%. This value represents a 15-fold improve
ment over the corresponding SP-LIBS elemental LOD of 0.12 wt% and is 
much lower than previously reported LIBS detection limits for the U II 
424.4 nm feature in soil [15]. These results demonstrate the effective
ness of DP-LIBS for extending elemental detection to trace 
concentrations.

However, the sensitivity enhancement does not necessarily translate 
into improved isotope analysis, for which sufficient spectral discrimi
nation is equally critical. The SP spectrum exhibits relatively low 
emission intensity but retains discernible spectral features associated 
with the 235U and 238U components, thereby providing the selectivity 
required for spectral decomposition. In contrast, the DP spectrum pro
vides substantially enhanced intensity but undergoes pronounced line 
broadening because of Doppler and Stark effects from elevated electron 
density and temperature [25]. This spectral broadening increases the 

overlap between isotope-specific features, reducing isotope selectivity. 
These contrasting characteristics establish a fundamental analytical 
trade-off: SP-LIBS favors isotopic selectivity at the expense of sensitivity, 
whereas DP-LIBS favors sensitivity at the expense of isotopic selectivity. 
Because neither configuration alone simultaneously provides both ca
pabilities, it is necessary to evaluate how these contrasting spectral 
characteristics impact the performance of isotope quantification, as 
detailed in the following section.

3.2. Spectral decomposition and sensitivity-selectivity trade-off

The contrasting spectral characteristics of the SP and DP configura
tions are expected to influence not only the observed spectral profiles 
but also the analytical performance of isotope quantification. To assess 
this effect, the 235U/238U ratio was quantitatively estimated from each 
spectrum. Because the isotope-specific components of the U II 424.4 nm 
line are not fully resolved, the measured emission profile must be 
decomposed into the 235U and 238U components. Accordingly, spectral 
decomposition based on Lorentzian fitting was employed [15]. Although 
Doppler broadening can introduce Gaussian contributions to the 
measured line profile, the observed LIBS profiles were considered to be 
dominated by the Lorentzian contribution associated primarily with 
Stark broadening. Introducing a Voigt profile would require additional 
fitting parameters to separately account for the Gaussian and Lorentzian 
contributions, which may increase parameter covariance and fitting 
uncertainty given the strong overlap between the 235U and 238U com
ponents. Consistent with this practical consideration, Lorentzian func
tions have commonly been employed for spectral decomposition of the U 
II 424.4 nm isotope feature in previous studies [15,16]. Therefore, the 
Lorentzian model was adopted for the present analysis. The measured 
spectral intensity, Iexp, was modeled as follows: 

Fig. 1. Schematic diagram for double-pulse laser-induced breakdown spectroscopy.

Fig. 2. (a) Representative single-pulse and double-pulse LIBS spectra around the U II emission feature at 424.4 nm. (b) Calibration with emission intensity as a 
function of uranium concentration for single-pulse and double-pulse measurements. The double-pulse configuration provides a stronger uranium emission signal and 
lowers the limit of detection (LOD) from 0.12% to 0.008% total U.
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Iexp(λ)= [L(λ235,w235)×R+ L(λ238,w238)× (1 − R)] ×A+C + ε(λ)
Eq. (1) 

The Lorentzian function, L(λ, w) [16], is defined with center wave
lengths (λ235 and λ238) and the linewidths (w235 and w238). A represents a 
peak area, and C denotes the constant background. The term ε(λ) sig
nifies the fitting residual. The isotopic ratio (R) is determined as the 
relative fraction of 235U within the total uranium: 

R=
U235

U235 + U238
Eq. (2) 

To reliably extract the isotope ratio R while minimizing the residual 
ε(λ), physically informed constraints were incorporated into the fitting 
model. These constraints reduce parameter covariance and limit the 
number of free variables while preserving the known physical charac
teristics of the transition. First, even though the center positions (λ235 
and λ238) may fluctuate due to plasma-induced wavelength shifts, the 
fundamental isotope shift between the 235U and 238U components re
mains rigidly constant for a given transition [15]. Therefore, the center 
wavelength of the 238U component (λ238) was strictly tied to that of the 
235U component (λ235) using this fixed isotope shift, leaving only a single 
wavelength parameter to be optimized. Second, the 235U and 238U 
components were constrained to share a common linewidth (w). Because 
both components originate from the same electronic transition and 
experience the same plasma environment, isotope-dependent differ
ences in line broadening are expected to be negligible. In addition, the 
hyperfine structure of the 235U component was assumed to be negligible 
in this transition [16]. With these constraints, each experimental spec
trum was described by five independent fitting parameters, expressed as 
θ = {A, λ, w, C, and R}.

All spectral fitting was performed in Python 3.11 using the trust- 
region reflective algorithm implemented in SciPy for bound- 
constrained nonlinear least-squares optimization. The initial ampli
tudes of the 238U and 235U components were estimated from the 
measured peak intensity, and the background term was initialized from 
the mean signal intensity in a line-free spectral region. The relative 
center wavelengths of the two isotope components were constrained 
using the fixed isotope shift of 0.025 nm. The fitted linewidth was 
constrained to be no smaller than 0.012 nm, corresponding to the 
instrumental spectral resolution. Optimization was terminated when the 
change in the objective function or fitted parameters, or the gradient 
norm, satisfied a tolerance of 10− 8, with a maximum of 1000 function 
evaluations. To assess the robustness of the joint fitting with respect to 
initialization, the optimization was repeated using combinations of 
initial isotope abundance, center wavelength, and linewidth values. 

Across all tested initial conditions, the fitted 235U abundance varied by 
less than 0.02 percentage points, indicating stable convergence to a 
consistent solution over the tested initialization range.

Using this model, spectral decomposition was first performed inde
pendently for the SP and DP spectra. Fig. 3 presents representative 
fitting results for a sample containing 10% total uranium with a nominal 
235U abundance of 20%. As shown in Fig. 3a, the SP spectrum exhibits a 
relatively narrow spectral profile, preserving the shoulder associated 
with the minor 235U component and the dominant contribution from 
238U. This isotope-sensitive structure enables the two overlapping 
components to be separated with greater selectivity. The independent 
fitting of the SP spectrum yielded a235U abundance of 19.1% with a 
standard deviation of 1.1%, corresponding to an absolute bias of only 
0.9 percentage points relative to the nominal value.

In contrast, although the DP configuration produces a substantially 
stronger U II emission signal, the resulting spectral profile is consider
ably broader (Fig. 3b). The increased linewidth enhances the overlap 
between the 235U and 238U components and obscures the subtle spectral 
structure. Under these conditions, the fitting algorithm exhibits greater 
variability in partitioning the integrated area between the two over
lapping components, increasing the uncertainty in the estimated isotope 
ratio. Consequently, isotope quantification based on the DP spectrum 
yielded a235U abundance of 23.3% with a standard deviation of 3.4%, 
corresponding to an absolute bias of 3.3 percentage points. These results 
demonstrate that the enhanced sensitivity provided by DP-LIBS does not 
necessarily translate into improved isotope-ratio quantification. Despite 
its lower emission intensity, the narrower SP spectrum retains greater 
isotope-specific information and therefore produces a more accurate and 
precise estimate.

The isotope-ratio quantification was further evaluated depending on 
total uranium concentration, using the average absolute bias and stan
dard deviation of the estimated 235U abundance (Fig. 4). The absolute 
bias was calculated relative to the nominal 235U abundance, while the 
standard deviation was determined from the variation among five 
replicate measurements. Accordingly, a lower absolute bias indicates 
greater accuracy, whereas a lower standard deviation indicates greater 
precision. Fig. 4a summarizes the results obtained from the spectral 
decomposition of the SP spectra. At relatively high uranium concen
trations, SP-LIBS provided low bias and standard deviation because its 
narrower spectral profile preserved sufficient separability between the 
235U and 238U components. However, as the uranium concentration 
decreased, both bias and deviation increased substantially. The average 
bias was 0.9 percentage points at 10% U, but increased to 7.2 percentage 
points at 0.3% U, accompanied by a pronounced increase in standard 

Fig. 3. Representative spectral decomposition of (a) single-pulse and (b) double-pulse spectra for uranium-doped soil samples containing 10% total uranium with a 
nominal 235U abundance of 20%. Black dots show the experimental spectrum. In spectral decomposition using Lorentzian profiles, red, blue, and green curves 
indicate the 235U component, 238U component, and cumulative fit, respectively. (a) The SP spectrum provides a sharper spectral profile and yields an estimated 235U 
abundance (R) of 19.1% with a standard deviation of 1.1%. (b) The DP spectrum exhibits a broader spectral profile and stronger overlap between the 235U and 238U 
components, resulting in an estimated 235U abundance (R) of 23.3% with a standard deviation of 3.4%.
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deviation. As the total concentration approached the detection limit, the 
reduced signal-to-noise ratio destabilized the spectral decomposition 
and increased the uncertainty associated with partitioning the two 
overlapping isotope components. Thus, the selectivity advantage of SP- 
LIBS became insufficient to maintain accurate and precise quantification 
under signal-limited conditions.

The DP results exhibited a distinctly different tendency, as shown in 
Fig. 4b. At high uranium concentrations, DP-LIBS produced a relatively 
larger bias than SP-LIBS because its broader spectral profile reduced the 
separability of the isotope components. Nevertheless, both bias and 
deviation were considerably less sensitive to decreasing total uranium 
concentration. As the uranium concentration decreased from 10% to 
0.3%, the bias increased only slightly, from 3.3 to 4.0 percentage points, 
with no substantial change in the standard deviation. This result 
demonstrated that the enhanced emission intensity provided by DP 
excitation maintained fitting stability as the uranium concentration 
decreased, although the achievable accuracy remained limited by 
spectral broadening.

Collectively, the performance of isotope quantification heavily de
pends on the combined effects of signal strength and spectral separa
bility rather than on either characteristic alone. SP-LIBS provides greater 

isotopic selectivity and superior performance when sufficient signal is 
available, but its accuracy and precision deteriorate rapidly at low 
concentrations. In contrast, DP-LIBS provides greater robustness against 
signal attenuation, although its broader spectral profile limits isotope 
discrimination. Consequently, independent analysis of either spectrum 
alone cannot fully exploit the complementary advantages of the two 
excitation conditions, motivating a joint analytical strategy in which the 
SP and DP spectra are analyzed concurrently.

3.3. Joint spectral decomposition with an isotope-ratio consistency 
constraint

Motivated by the complementary characteristics of the SP and DP 
spectra, we extended the spectrum decomposition model to a joint 
fitting framework. In the conventional approach, the SP and DP spectra 
are decomposed independently, with each spectrum represented by 
separate components and yielding its own isotope-ratio estimate. In the 
proposed approach, all four spectral features (235USP, 238USP, 235UDP, 
and 238UDP) are decomposed concurrently within a single optimization 
framework, as illustrated in Fig. 5a. Although the fitting component is 
still described using the Lorentzian model defined in Eq. (1), the key 

Fig. 4. Concentration dependence of uranium isotope-ratio quantification obtained by independent spectral decomposition of (a) single-pulse and (b) double-pulse 
LIBS spectra. Gray and blue bars represent the average absolute bias and standard deviation of the estimated 235U abundance, respectively. The standard deviation 
was calculated from five replicate measurements at each uranium concentration. Both metrics are expressed in percentage points of 235U abundance.

Fig. 5. Joint spectral decomposition of SP- and DP-LIBS spectra. (a) Workflow of the proposed joint fitting approach using an isotope-ratio (R) consistency constraint. 
(b) Representative fitting result for the U II 424.4 nm feature obtained from the 1% total U sample. Solid curves represent the proposed joint fitting, while dashed 
curves represent conventional independent fitting.
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difference is that the joint fitting minimizes the sum of the squared re
siduals from the normalized SP and DP spectra: 

J(θSP, θDP)=
∑

i
ε2

SP(λi) +
∑

i
ε2

DP(λi) Eq. (3) 

This formulation allows both spectral models to be optimized 
together. The key feature of the framework is that the isotope ratio, R, is 
constrained to a common value across the SP and DP models: 

RSP =RDP = R Eq. (4) 

From an optimization perspective, the constraint converts two in
dependent fitting problems into a coupled least-squares problem, in 
which R is shared between the two spectral models while the remaining 
line-shape parameters are optimized independently for each spectrum. 
Consequently, every trial value of R is evaluated against the residuals of 
both the SP and DP spectra simultaneously. Because each spectrum is 
independently normalized before fitting, differences in absolute signal 
intensity do not directly determine their relative contributions to the 
objective function. Instead, the residuals are weighted according to the 
inverse noise variance estimated from line-free regions of the corre
sponding normalized spectra. The narrow SP profile constrains the 
separation of the overlapping 235U and 238U components, while the 
higher signal-to-noise ratio of the DP spectrum provides a more reliable 
residual contribution under signal-limited conditions. The combined 
objective function therefore stabilizes the isotope-ratio estimation by 
reducing the influence of both broadening-induced ambiguity and 
signal-limited fluctuations on the spectral decomposition. The final 
value of R is the shared solution that minimizes the noise-weighted 
fitting error across the paired SP and DP datasets, rather than a simple 
average of the two independently estimated isotope ratios.

As a representative example, Fig. 5b visualizes how the decomposi
tion of the DP spectrum changes when the analysis is extended from 
conventional independent fitting to joint fitting. The dashed curves 
represent the isotope components obtained by fitting the DP spectrum 
alone, whereas the solid curves show the corresponding components 
obtained when the same DP spectrum is optimized together with the 
paired SP spectrum under the shared-R constraint. This transition from 
the dashed to the solid curves reflects a redistribution of the fitted 235U 
and 238U contributions. The estimated abundance consequently shifted 
from 23.8% to 20.9%, reducing the absolute bias from 3.8 to 0.9 per
centage points. Thus, the shared-R constraint modifies the isotope- 
component allocation within the broadened DP profile and yields an 
estimate closer to the nominal isotopic composition.

The overall improvement achieved by the joint spectral decomposi
tion strategy was further evaluated by comparing the 235U abundances 
obtained from SP, DP, and joint fitting in Fig. 6. The horizontal line 
indicates the nominal 235U abundance of 20%, and the error bars 
represent the standard deviation of five replicate measurements. 
Consistent with the results in Fig. 4, the isotope abundances obtained 
from independent SP and DP fitting showed substantial deviations from 
the nominal value. The SP estimates became increasingly unstable as the 
uranium concentration decreased, reflecting the deterioration in signal- 
to-noise ratio. The DP estimates were less affected by decreasing con
centration but remained systematically inaccurate because of the 
broadened spectral profile.

In contrast, the joint fitting results remained close to the nominal 
235U abundance over the entire concentration range. The absolute bias 
remained within approximately 1 percentage point, and the standard 
deviation among replicate measurements was substantially smaller than 
that observed for either independent fitting approach. At 0.3 wt% total 
U, the lowest concentration experimentally investigated in this study, 
the joint fitting approach yielded a mean 235U abundance of 20.88%, 
corresponding to an absolute bias of 0.88 percentage points and a 
standard deviation of 1.12 percentage points. The corresponding 95% 
confidence interval of the mean was 19.49–22.27%. These values 
characterize the accuracy, precision, and uncertainty of isotope- 

abundance determination under the present experimental conditions. 
These results demonstrate that the shared-R constraint effectively 
combines the complementary information contained in the two spectra: 
the narrower SP profile provides the spectral structure required for 
isotope discrimination, while the stronger DP signal stabilizes the 
decomposition as the uranium concentration decreases. Consequently, 
the joint estimate is not simply an average of the independently deter
mined SP and DP values but a physically constrained solution that best 
represents both spectra simultaneously. The proposed strategy therefore 
mitigates the sensitivity–selectivity trade-off and enables accurate and 
reproducible uranium isotope quantification. This analytical perfor
mance also compares favorably with that reported in previous studies of 
LIBS-based uranium isotope analysis [13–16].

The present validation was limited to a single nominal 235U abun
dance of 20%, and the results should therefore be interpreted within this 
isotopic composition. Further investigation across a broader range of 
uranium isotopic compositions will be needed to assess the robustness 
and to determine how the performance of the joint fitting framework 
varies with isotopic composition. With such further validation, 
continued advances in laser-based spectroscopy and data analysis may 
help extend the capabilities of optical sensing to a broader range of 
analytical applications [26–29].

4. Conclusion

This study demonstrated a joint spectral decomposition strategy for 
mitigating the sensitivity–selectivity trade-off in LIBS-based uranium 
isotope analysis. SP-LIBS preserved the relatively narrow spectral 
structure required for isotope discrimination but became increasingly 
susceptible to signal limitations at low uranium concentrations. In 
contrast, DP-LIBS substantially enhanced uranium emission and main
tained fitting stability as the concentration decreased, although the 
associated line broadening reduced isotopic selectivity. By fitting the 
paired SP and DP spectra simultaneously under a shared isotope-ratio 
constraint, the proposed approach combined the complementary infor
mation provided by the two excitation regimes. The framework lever
aged the enhanced sensitivity of DP-LIBS to achieve a uranium detection 
limit of 0.008% in a soil matrix, while maintaining the estimated 235U 

Fig. 6. Comparison of estimated 235U abundances using independent single- 
pulse, double-pulse, and the proposed joint fitting approach over a total ura
nium concentration range of 0.3–10%. The horizontal line indicates the nom
inal 235U abundance of 20%. Each bar extends from the nominal abundance to 
the mean estimated abundance, and the error bars represent the standard de
viation obtained from five replicate measurements at each concentration.
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abundance within approximately 1 percentage point of the nominal 
value. Overall, the present results demonstrate the feasibility of 
combining SP- and DP-LIBS spectra through joint spectral decomposi
tion for uranium isotope analysis under controlled laboratory condi
tions. At this stage, the present study primarily serves as a proof-of- 
concept, and further validation will be needed before its performance 
can be established under field-relevant conditions. With further exper
imental validation across a wider range of sample matrices and isotopic 
compositions, together with the implementation of more compact and 
field-compatible instrumentation, the proposed framework may provide 
a basis for future rapid uranium isotope screening in nuclear safeguards, 
security, and related applications.
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