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Abstract

This article presents a structured spectral-stability assessment of an nJ-class ultrafast fiber
laser generating femtosecond pulses with an approximate pulse duration of 115 fs, based
on an ensemble of 61 consecutively acquired optical spectra. The study is motivated by
the practical need to extract reliable short-sequence stability information from routine
compact-spectrometer exports without requiring a separate pulse-diagnostic instrument at
the initial assessment stage. For each spectrum, peak wavelength, centroid wavelength,
FWHM bandwidth, integrated spectral area, correlation with the ensemble mean spectrum,
and RMS deviation were calculated. Principal component analysis (PCA) was then applied
to reduce the full spectral ensemble into a compact diagnostic space and to identify the
dominant modes of residual spectral variation. The analyzed spectra yielded a peak wave-
length of 775.31 ± 0.19 nm, a FWHM bandwidth of 7.95 ± 0.20 nm, an integrated spectral
area of 10.43 ± 0.42 a.u.·nm, and a correlation with the mean spectrum of 0.99957 ± 0.00019,
confirming a highly repeatable spectral envelope. PCA showed that PC1 and PC2 ex-
plained 66.50% and 12.60% of the variance, respectively, while PC3 contributed only 1.90%,
indicating that the measured variability was weak and largely low-dimensional. These
results demonstrate that consecutively exported optical spectra can provide a defensible
and physically interpretable short-sequence stability assessment of ultrafast femtosecond
fiber lasers, offering a practical route for routine monitoring, early-stage diagnostics, and
future integration with simultaneous temporal and spectral characterization.

Keywords: ultrafast femtosecond fiber laser; spectral stability; compact optical spectrome-
ter; wavelength jitter; bandwidth stability; ensemble statistics; residual heat map; principal
component analysis

1. Introduction
Ultrafast femtosecond fiber lasers are increasingly used as compact and reliable sources

for nonlinear optics [1,2], ultrafast spectroscopy [3], optical frequency conversion [4],
micromachining [5], LiDAR and remote sensing applications [6], biomedical imaging [7],
and as seed sources for amplifier systems [8]. In these applications, the optical spectrum
is not only a basic output characteristic, but also an indirect indicator of pulse quality,
compressibility, dispersion sensitivity, nonlinear phase accumulation, and operational
stability. For an nJ-class femtosecond fiber laser producing pulses with a duration of
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approximately 115 fs, even small spectral changes may be important because they can
indicate wavelength jitter, bandwidth variation, amplitude instability, coupling fluctuation,
or weak spectral reshaping [9].

In many laboratories, spectral stability is commonly assessed by visually overlapping
multiple optical spectra [10]. Although this visual inspection provides a useful first indi-
cation of repeatability, it is not sufficient for a quantitative stability assessment. Strong
overlap between spectra can hide weak but systematic deviations, especially near the
spectral peak or in the spectral wings. Similarly, a laser may appear stable in an overlay
plot while still showing small changes in centroid wavelength, full width at half maximum,
integrated spectral area, or normalized spectral shape [11,12]. Therefore, a more structured
approach is required in which the spectral ensemble is converted into quantitative stability
descriptors and diagnostic plots.

The present work addresses this need by analyzing 61 consecutively acquired spectra
from an nJ-class 115-fs ultrafast fiber laser using ensemble statistics, normalized shape
comparison, residual difference mapping, and principal component analysis (PCA). The
uniqueness of this work lies in developing a spectrum-only stability assessment workflow
from routine compact-spectrometer exports. Instead of relying only on visual spectral
overlap or isolated spectral parameters, the study combines descriptor-based statistics, cor-
relation/RMS shape analysis, residual heat mapping, and PCA score-loading interpretation
in a single diagnostic framework. Conventional spectral descriptors [13], including peak
wavelength, centroid wavelength, FWHM bandwidth, and integrated spectral area, are
first extracted from each spectrum. Shape-sensitive quantities, including correlation to the
ensemble mean and RMS deviation from the mean, are then calculated after normaliza-
tion [14]. Finally, PCA is applied to represent the spectral ensemble in a compact monitoring
space, allowing weak variations, clustering, and possible outliers to be identified more
clearly than from spectral overlays alone.

This approach is useful because it does not require a separate pulse-diagnostic instru-
ment during the initial spectral assessment stage. Instead, it shows how a spectrum-only
dataset can provide a defensible first-level evaluation of source stability. The method
also provides a practical route toward future real-time monitoring, where each newly
acquired spectrum can be compared with a reference ensemble, projected into PCA space,
and checked against predefined stability limits. In this way, the study contributes both a
practical analysis of the present femtosecond fiber laser dataset and a general workflow for
spectral monitoring of ultrafast laser sources.

2. Experimental Setup and Spectral Acquisition
A set of 61 optical spectra was acquired from an Erbium-doped ultrafast femtosecond

fiber laser under identical experimental conditions to ensure a consistent spectral stabil-
ity assessment. The spectra were recorded consecutively at one-minute intervals. The
acquisition was limited to this short sequence because extended operation of the laser
system produced pump-diode heating and gradual performance degradation. Therefore,
the measurement was intended to evaluate short-sequence spectral repeatability rather than
long-term environmental drift. The laser operated near a central wavelength of 775 nm,
with a repetition rate of 71 MHz and a pulse duration of approximately 115 fs, delivering
pulse energy in the nJ range [14].

The measured output corresponds to the second-harmonic spectral region of a com-
mercial Er:fiber femtosecond laser system. In this type of source, the fundamental Er:fiber
emission near the 1.55 µm wavelength region is frequency-doubled through an internal
second-harmonic-generation stage, producing an output near 775 nm. Since the laser is
a commercial integrated system (EFOA[M4.1]-SH, Avesta Inc., Troitsk, Moscow, Russia),
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detailed internal design parameters of the SHG module, such as the exact nonlinear crystal
configuration and proprietary mechanical mounting, are not specified by the manufac-
turer and were not independently modified in the present study. However, the observed
second-harmonic spectral stability is expected to depend on the stability of the fundamen-
tal spectrum, the phase-matching condition of the nonlinear conversion stage, and the
mechanical and thermal stability of the SHG assembly. Therefore, the measured 775 nm
spectral sequence represents the combined short-term stability of the fundamental Er: fiber
laser and its internal frequency-doubling stage.

The spectral output was recorded using a compact optical spectrometer (CCS200/M,
Thorlabs, Inc., Newton, NJ, USA), which provided wavelength-intensity data for each
measurement. The spectrometer operates over the 200–1000 nm wavelength range with a
spectral resolution of less than 2 nm, and this instrumental resolution was considered when
interpreting the extracted peak wavelength, centroid wavelength, and FWHM bandwidth
values. All spectra were exported using the same acquisition configuration and wavelength
grid, allowing the spectral traces to be directly stacked without interpolation.

During acquisition, the laser was kept in the same operating state, and no intentional
adjustment was made to the laser cavity, coupling optics, or spectrometer settings. This
fixed acquisition condition was used to minimize measurement-induced changes, although
small systematic contributions from spectrometer resolution, coupling stability, background
level, and environmental conditions cannot be completely excluded. The recorded spectral
sequence, therefore, represents the natural short-term variation in the source under routine
operating conditions. The 61 spectra were later analyzed as an ensemble to extract peak
wavelength, centroid wavelength, FWHM bandwidth, integrated spectral area, correlation
to the mean spectrum, RMS deviation from the mean, residual difference map, and PCA-
based diagnostic coordinates [15–17].

The complete experimental and analytical workflow is summarized in Figure 1. The
figure outlines the path from laser-output measurement to spectral-data processing and
statistical interpretation. In the present study, the ultrafast femtosecond fiber laser output
was first measured using the compact optical spectrometer and exported as wavelength-
intensity data. The exported spectra were then pre-processed using baseline shifting
and normalization, followed by extraction of the main stability metrics and PCA score
coordinates [18]. This workflow converted the measured spectra from individual spec-
tral traces into an ensemble dataset suitable for statistical analysis, residual mapping,
and low-dimensional PCA-based interpretation. The individual processing steps shown
schematically in Figure 1 are demonstrated on the measured spectra used in the ensemble
analysis, with a representative single spectrum shown in the inset of Figure 2.

Figure 1. Present offline workflow for spectral acquisition, pre-processing, stability-metric extraction,
residual mapping, and PCA-based observation.
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Figure 2. Overlay of all 61 measured spectra, with an inset showing a representative single-shot spectrum.

3. Data Processing and Analysis Methods
3.1. Dataset

The dataset consists of 61 consecutive optical spectra, exported as two-column
wavelength-intensity files. Since all spectra were recorded on the same wavelength grid,
they could be stacked directly for point-by-point comparison without interpolation. This
direct stacking avoids interpolation-related numerical artifacts and preserves the measured
spectral relationship between consecutive acquisitions.

3.2. Pre-Processing

For each measured spectrum Si(λ), a zero-level-corrected signal was first constructed
as S∗

i (λ) = Si(λ) − min λ[Si(λ)]. This operation shifts the minimum intensity of each
spectrum to zero and should not be interpreted as a full background-averaged baseline
subtraction. It removes small offset differences while preserving the measured spec-
tral envelope. Since the minimum value of each spectrum is shifted to zero, the pro-
cessed spectrum remains non-negative over the measured wavelength range. For shape-
only analysis, the zero-level-corrected spectrum was then max-normalized according to
xi(λ) = S∗

i (λ)/max λ

[
S∗

i (λ)
]
. The zero-level-corrected spectra S∗

i (λ) were used for de-
scriptors related to spectral position, width, and integrated area, whereas the normalized
spectra xi(λ) were used for correlation, RMS deviation, residual mapping, and PCA. This
separation allowed shape variation to be examined independently of absolute intensity
scaling [19]. The representative single spectrum shown in the inset of Figure 2 illustrates
the type of measured spectrum to which the zero-level correction and max-normalization
steps described above were applied.

3.3. Spectral Descriptors

For each zero-level-corrected spectrum S(λ), the peak wavelength λp was de-
fined as λp = arg max λS(λ), meaning the wavelength at which the measured spec-
tral intensity reaches its maximum value. The half-maximum level was calculated as
Shalf = 0.5max λS(λ). The full width at half maximum was obtained from the two half-
maximum crossing wavelengths, λleft and λright, as ∆λFWHM = λright − λleft. The cross-
ing positions were determined by linear interpolation between neighboring sampled
points. The integrated spectral area A and centroid wavelength λc were calculated as
A =

∫
S(λ) dλ and λc =

∫
λS(λ) dλ/

∫
S(λ) dλ, respectively. To avoid artificial displace-

ment of the centroid by low-signal background regions, the centroid wavelength was
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calculated only over the meaningful spectral region of interest containing the measured
laser spectrum, rather than over the full exported spectrometer wavelength range. For the
discrete spectrometer data, these integrals were evaluated numerically over the measured
wavelength grid. The shape similarity of the i-th normalized spectrum xi(λ) relative to the
normalized ensemble mean spectrum x(λ) was quantified using the correlation coefficient

ri = corr[xi(λ), x(λ)] and the RMS deviation RMSi =

√(
∑m

j=1(xij − xj

)2
, where m is the

number of sampled wavelength points [20].

3.4. PCA and Residual Mapping

The normalized spectra were arranged in a data matrix X of size n × m, where n = 61
is the number of spectra and m is the number of sampled wavelength points. Each row of X
represents one normalized spectrum, while each column represents the normalized inten-
sity at a specific wavelength. After mean-centering, the matrix was written as Xc = X − 1xT ,
where Xc is the centered data matrix, 1 is a column vector of ones, and xT is the row vec-
tor of the mean-normalized spectrum. The covariance matrix was then calculated as
C = (1/(n − 1))XT

c Xc. The eigenvectors of C provided the PCA loading vectors p1, p2, and
p3, which are associated with the leading principal components. For the i-th spectrum, the
PCA score coordinates were obtained by projecting the centered spectrum onto these load-
ing vectors. Thus, the first three scores were calculated as PC1i = ti1 = ∑m

j=1(xij − xj)pj1,
PC2i = ti2 = ∑m

j=1(xij − xj)pj2, and PC3i = ti3 = ∑m
j=1(xij − xj)pj3. The score vector

ti = [PC1i, PC2i, PC3i] therefore represents the reduced PCA-space coordinates of the i-th
spectrum. The PC1-PC2 scatter plot was generated from the coordinate pairs (PC1i, PC2i),
whereas the score-trend plots were obtained by plotting PC1i, PC2i, and PC3i individually
against the acquisition index. The corresponding loading curves indicate the wavelength
regions that contribute most strongly to each principal component.

In addition to PCA, the residual difference map was generated as Di(λ) = xi(λ)− x(λ).
In this map, the horizontal axis represents wavelength, the vertical axis represents spectrum
index, and the color scale represents the positive or negative deviation from the normalized
mean spectrum. This residual map provides a direct wavelength-resolved view of the small
deviations that remain after normalization.

4. Results and Discussion
4.1. Ensemble Overlay and Qualitative Stability

Figure 2 overlays the 61 spectra acquired consecutively at one-minute intervals. The
number of spectra was limited by the practical operating condition of the fiber laser
system, where extended acquisition led to pump-diode heating and gradual performance
degradation. Therefore, this dataset represents a short-sequence stability measurement
rather than a long-term drift study.

The strong overlap of the spectral traces indicates that the laser remained in a stable op-
erating state during the acquisition period, with no large spectral excursions, mode changes,
or abrupt wavelength shifts. Figure 2, therefore, serves as an initial qualitative stability
check and provides a visual reference for the measured spectral envelope before applying
the quantitative analysis. The representative single spectrum shown in the inset also helps
identify the main spectral shape used for the subsequent descriptor extraction. However,
because small variations in peak position, bandwidth, intensity distribution, or spectral
shape may not be easily visible in an overlay plot, additional quantitative descriptors were
calculated in the following analysis. These descriptors provide a clearer assessment of the
weak spectral variations that are hidden within the strongly overlapping traces.

The spectral overlay is further supported by the descriptor trends shown in Figure 3.
The peak wavelength remains stable, with λp = 775.31 ± 0.19 nm and a total range of

https://doi.org/10.3390/photonics13070614

https://doi.org/10.3390/photonics13070614


Photonics 2026, 13, 614 6 of 14

774.83 to 775.78 nm. Monitoring the peak wavelength is a common way to evaluate wave-
length jitter and short-term spectral stability in laser sources [21]. It should be noted that the
peak wavelength in this study was obtained from the measured maximum intensity point
of each spectrum rather than from a fitted peak curve. Therefore, small peak-position varia-
tions may include contributions from the spectrometer wavelength sampling, finite spectral
resolution, detector noise, and local intensity fluctuations near the spectral maximum.
For this reason, the peak-wavelength trend is interpreted here as a practical indicator of
short-term spectral repeatability rather than as an absolute high-precision measurement of
wavelength jitter. The centroid wavelength and FWHM bandwidth trends were also consid-
ered to support the interpretation of spectral stability beyond the single maximum point.

Figure 3. Descriptor trends across the 61 spectra: (a) centroid wavelength, (b) FWHM bandwidth, and
(c) integrated spectral area. Red points show measured values, and black lines connect consecutive
points only for visual guidance.

The centroid wavelength is calculated within the spectral signal region of interest,
excluding low-signal background regions outside the useful laser spectrum. The cen-
troid wavelength is (λc = 775.14 ± 0.12) nm, which is physically consistent with the peak
wavelength and confirms that the spectral mass remains centered around the main laser
emission band. The FWHM bandwidth is (7.95 ± 0.20) nm, showing only modest band-
width variation across the 61 spectra. Since the optical bandwidth is directly related to the
transform-limited pulse duration and pulse compressibility, the FWHM trend provides
useful information about the stability of the ultrafast pulse source [22]. The integrated
spectral area is (10.43 ± 0.42) a.u.·nm, corresponding to a coefficient of variation of about
4.06%, which indicates weak amplitude- or coupling-related fluctuation. Since no simulta-
neous external power-meter measurement was recorded during the spectral acquisition,
the integrated-area variation is interpreted as a relative indicator of amplitude stability
in the spectrometer signal and may include contributions from both laser output power
variation and coupling fluctuation into the spectrometer. The centroid wavelength trend in
Figure 3a provides a relative measure of spectral-mass displacement, while Figure 3b tracks
bandwidth stability and Figure 3c follows the integrated spectral strength. Together, these
descriptors show that the laser remained within a narrow short-term operating window
during the acquisition sequence.

4.2. Shape Stability, Correlation, RMS, and Residual Heat Mapping

Shape consistency was evaluated by comparing each max-normalized spectrum with
the max-normalized ensemble mean spectrum. As shown in Figure 4a, the correlation to the
mean remains very high across the full sequence, with an average value of 0.99957 ± 0.00019
and a minimum value of 0.99933. This confirms that the normalized spectral envelope is
highly reproducible during the short acquisition period. The RMS deviation from the mean
is 0.00262 ± 0.00063, indicating that the remaining point-by-point differences are very small
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in magnitude. Although the coefficient of variation in the RMS deviation appears relatively
high, this mainly results from the very small mean RMS value. In absolute terms, the RMS
deviations remain low, showing that the normalized spectra stay close to the ensemble
mean. These two quantities provide complementary information: the correlation coefficient
describes the similarity of the overall spectral shape, while the RMS deviation quantifies
the residual difference from the mean spectrum.

Figure 4. Shape stability and residual mapping: (a) correlation of each max-normalized spectrum
with the normalized ensemble mean and (b) residual difference heat map shown over the spectral
region of interest around the measured laser emission.

Figure 4b presents the residual difference heat map, calculated as Di(λ) = xi(λ)− x(λ),
where xi(λ) is the i-th normalized spectrum and x(λ) is the normalized ensemble mean
spectrum. The map is shown over the spectral region of interest around the measured
laser emission rather than over the full spectrometer wavelength range, so that the weak
residual variations near the main spectral band can be seen more clearly. In this map, the
horizontal axis represents wavelength, the vertical axis represents spectrum index, and the
color scale represents positive or negative deviation from the mean spectrum. The mostly
uniform background and weak color contrast indicate that the spectra remain close to the
ensemble mean. The small localized red and blue features near the central spectral region
show that the residual variation is mainly associated with weak reshaping around the main
peak rather than broad spectral distortion. This result supports the interpretation that the
laser remained spectrally stable, with only low-amplitude residual deviations during the
measured sequence.

4.3. PCA Diagnostics and Low-Dimensional Spectral Variability

PCA was applied as a compact stability diagnostic rather than as a classification
method. Each measured spectrum contains intensity values over many wavelength points,
and therefore direct comparison of all spectra becomes difficult when only the raw traces are
considered. PCA reduces this high-dimensional spectral information into a small number
of score coordinates that represent the dominant modes of variation within the spectral
ensemble. If the laser remains stable, the PCA scores are expected to remain clustered
within a compact region. In contrast, spectral drift, a change in operating state, or an
abnormal spectrum would appear as a directional movement or an outlier in the PCA
score space.

For the present dataset, PC1 explains 66.50% of the total variance, PC2 explains
12.60%, and PC3 explains 1.90%, as shown in Figure 5. Thus, the first two principal
components account for 79.10% of the variance, while the first three components account
for 81.00%. This result shows that most of the weak residual spectral variability can be
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represented by only a few principal components, confirming the low-dimensional nature
of the measured variations.

Figure 5. PCA explained variance for the first 10 principal components.

The PCA score plots are shown in Figure 6. Figure 6a presents the PC1-PC2 score
scatter plot, where each point represents one measured spectrum. The dashed boundary
lines indicate the observed score limits of the measured dataset and provide practical refer-
ence bounds for the present short-sequence stability assessment. The compact grouping
of the points indicates that the spectra occupy a limited region in reduced dimensional
space, supporting the conclusion that the laser remained within a stable operating regime
during the acquisition sequence. Figure 6b–d shows the PC1, PC2, and PC3 score trends
as a function of spectrum index. In these trend plots, the connecting lines are used only
to link consecutive measured score values for visual guidance and do not represent fitted
or predictive curves. The upper and lower dashed lines show the observed score bounds
for each principal component. These plots extend the score-space interpretation into the
acquisition sequence and help identify whether the dominant modes of spectral variation
evolve gradually, fluctuate randomly, or contain isolated deviations. In the present case, the
score trends remain within the observed bounds, indicating that the variations are small
and do not correspond to a clear transition to another spectral state.

The loading curves in Figure 7a–c provide the spectral interpretation of the principal
components. These loading curves identify the wavelength regions that contribute most
strongly to PC1, PC2, and PC3. A strong loading feature near the main spectral peak
indicates that the corresponding component is associated with local peak reshaping, slight
spectral displacement, or bandwidth-related modulation. In this interpretation, PC1 repre-
sents the dominant residual spectral variation around the strongest part of the normalized
spectrum. PC2 represents a weaker secondary mode, which can be associated with slight
intensity redistribution, peak asymmetry, or weak reshaping around the central spectral
region. PC3 explains only a small fraction of the total variance and mainly represents minor
localized residual deviations or measurement-level features remaining after the dominant
PC1 and PC2 variations are removed. In the present dataset, the dominant loading features
are concentrated around the strongest part of the spectrum. This agrees with the residual
heat-map result and confirms that the main spectral variations are small perturbations near
the central peak rather than broad distortions across the entire spectral envelope.
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Figure 6. PCA score diagnostics with observed score bounds: (a) PC1 versus PC2 score plot; (b) PC1
score; (c) PC2 score; and (d) PC3 score versus spectrum index. Dashed lines show observed score
bounds, and connecting lines are only for visual guidance.

Figure 7. PCA loading coefficients as a function of wavelength: (a) PC1, (b) PC2, and (c) PC3.

Additional summary plots are provided in Figure 8 to support the overall interpre-
tation. Figure 8a compares the coefficients of variation in the extracted stability metrics
and identifies which parameters show the largest relative dispersion. Figure 8b sum-
marizes the PCA variance partition together with the cumulative variance. These plots
provide a compact statistical overview of the stability descriptors and confirm that the
measured spectral variability is weak, bounded, and mainly represented by the leading
principal components.
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Figure 8. Summary of stability indicators: (a) coefficient of variation in the extracted metrics and
(b) PCA variance partition with cumulative explained variance.

4.4. Integrated Interpretation and Future Monitoring Workflow

The ensemble overlay, descriptor trends, shape metrics, residual difference map, PCA
scores, and loading curves together provide a consistent indication of stable short-sequence
operation. The numerical values supporting this interpretation are summarized in Table 1,
which lists the mean, standard deviation, minimum, maximum, and coefficient of variation
for the main extracted stability parameters. The peak wavelength varies only weakly, the
FWHM bandwidth remains within a narrow range, the integrated spectral area fluctuates at
only a few-percent level, and the correlation to the mean spectrum remains very high. The
PCA variance values summarized in Table 2 further show that most of the weak spectral
variability is captured by the first few principal components, confirming that the residual
changes are low-dimensional. These observations indicate that the laser remained in one
dominant spectral regime throughout the acquisition sequence. Although the present
analysis confirms stable short-sequence spectral behavior, possible measurement-related
systematic effects should also be considered. These may include spectrometer wavelength
calibration uncertainty, detector noise, baseline/background offsets, finite spectral resolu-
tion, and small coupling variations between the laser output and the spectrometer input. In
addition, external changes to the laser system, such as pump-diode heating, thermal drift
of the fiber laser or SHG module, mechanical vibration, and environmental temperature
fluctuations, can produce slow spectral displacement, bandwidth variation, or amplitude
fluctuation. In the present experiment, all spectra were acquired consecutively under the
same measurement configuration, and no intentional adjustment was made to the laser
cavity, coupling optics, or spectrometer settings. Therefore, the reported variations should
be interpreted as the combined short-term behavior of the laser source, frequency-doubling
stage, optical coupling, and spectrometer measurement chain, rather than as a fully separate
measurement of only the intrinsic laser drift. At the same time, the residual difference map
and PCA loading curves show that the small remaining variability is not purely random
but is mainly localized near the central spectral region.
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Table 1. Summary stability metrics for the analyzed spectral ensemble (n = 61).

Metric Mean Std Min Max CV (%)

Peak wavelength, λp (nm) 775.31 0.19108 774.83 775.78 0.025

FWHM bandwidth, ∆λFWHM (nm) 7.95481 0.20054 7.62393 8.28275 2.521

Centroid wavelength, λc (nm) 775.14 0.122 774.97 775.30 0.016

Integrated area, A (a.u.·nm) 10.4277 0.42354 9.4813 11.1924 4.062

Correlation to mean, r (-) 0.99957 0.00019 0.99933 0.99988 0.019

RMS to mean (-) 0.00262 0.00063 0.00127 0.00362 23.946

Table 2. PCA variance explained for the leading principal components.

Principal Component Variance Explained (%) Cumulative (%)

PC1 66.50 66.50

PC2 12.60 79.10

PC3 1.90 81.00

The measured spectral variations may also include small contributions from the
measurement system itself. These can arise from spectrometer wavelength drift, detector
noise, coupling fluctuations between the laser output and the spectrometer input, and
short-term environmental changes. In the present measurement, the same spectrometer,
acquisition interval, coupling condition, and wavelength grid were used for all 61 spectra,
which helped maintain a consistent measurement chain. For future real-time monitoring,
a faster acquisition cycle, comparison with a second identical spectrometer, or periodic
referencing to a calibrated spectral lamp could further separate instrument-related drift
from laser-related spectral changes.

From an applied perspective, the present work also provides a clear path toward future
implementation. The diagnostic role of each figure is summarized in Table 3, which connects
the graphical results with their physical meaning and usefulness for laser monitoring. In
this study, the spectra were first acquired and then analyzed offline as a batch. As illustrated
in Figure 9, the same computational workflow could later be linked to a live acquisition
routine, where every newly recorded spectrum would be compared immediately with
the baseline ensemble, projected into PCA space, and checked against predefined limits
for λp, ∆λFWHM, A, r, and RMS. Figure 9 summarizes the proposed future monitoring
concept by showing the sequential path from live spectral acquisition to automatic pre-
processing, metric extraction, residual comparison, PCA projection, stability-limit checking,
and operator feedback. Because the workflow is based on standard spectral exports,
descriptor extraction, residual comparison, and PCA projection, it can also be adapted
for routine stability monitoring of other ultrafast laser sources and compact spectrometer-
based diagnostic systems. In future feedback-control implementation, deliberate changes
in operating conditions, such as ambient temperature, pump-diode current, or optical
coupling, could be introduced to evaluate how the extracted spectral descriptors respond
to controlled perturbations. Such controlled tests would help define practical response
thresholds and improve the use of the workflow for automated laser monitoring and
feedback stabilization. In this future mode, spectral acquisition and observation would
occur simultaneously, allowing the method to move from retrospective assessment toward
real-time ultrafast femtosecond laser monitoring and operator feedback.
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Table 3. Diagnostic significance of the main plots used in the study.

Plot(s) Primary Quantity Diagnostic Significance

Figure 1 Acquisition and observation
workflow

Connects the present offline batch analysis with the future
pathway toward simultaneous acquisition, observation,
and automated monitoring.

Figure 2 Spectral overlay Provides the first qualitative impression of repeatability
and reveals whether large drifts or mode hops are present.

Figure 3a–c Centroid, FWHM, integrated area Quantify slow drift, bandwidth stability, and
amplitude-related variation versus acquisition index.

Figures 4 and 5 Correlation and residual heat map
Assess shape reproducibility and localize weak
wavelength-dependent deviations that may be hidden in
the overlay.

Figures 6 and 7 Explained variance and PCA scores Compress the spectral ensemble into compact monitoring
coordinates and highlight clustering, drift, or outliers.

Figures 8 and 9 PCA loadings, metric dispersion, and
variance partition

Identify the wavelength regions responsible for the
dominant variability and summarize relative metric
dispersion and PCA variance.

Figure 9. Future workflow for simultaneous spectral acquisition, automated stability analysis, PCA-
based monitoring, and operator feedback.

5. Conclusions
A structured analysis of 61 consecutively acquired spectra from an nJ-class ultrafast

femtosecond fiber laser with a pulse duration of approximately 115-fs confirms stable
short-sequence spectral operation. The residual variations observed in the spectral en-
semble are small, localized, and mainly low-dimensional. The results show that routine
spectral exports, when analyzed as an ensemble dataset, can provide a reliable stability
assessment by combining descriptor-based statistics, shape-sensitive comparison, residual
difference mapping, and PCA. The spectral overlay provided the initial qualitative evi-
dence of repeatability, while the centroid wavelength, FWHM bandwidth, and integrated
spectral area trends quantified wavelength-, bandwidth-, and amplitude-related variations.
The statistical results summarized in Table 1 support this interpretation by showing low
variation in the main spectral descriptors and a very high correlation to the ensemble mean
spectrum. The PCA variance summary in Table 2 further confirms that the remaining
spectral variability is mainly captured by the leading principal components. In addition,
the residual difference map and PCA loading curves show that the weak deviations are
concentrated primarily near the central spectral region rather than distributed broadly
across the full spectrum.

Overall, the proposed workflow converts a sequence of spectra measured with a
Thorlabs compact optical spectrometer into a compact diagnostic framework for assessing
ultrafast femtosecond laser spectral stability. Although the present work was performed as
an offline short-sequence analysis, the same approach can be extended toward real-time
monitoring, where newly acquired spectra are automatically compared with a reference
ensemble, projected into PCA space, and evaluated using predefined stability indicators.
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