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Dispersion-scan characterization of partially coherent ultrashort pulses:

a differential evolution algorithm analysis
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Abstract: To retrieve the pulse information from the dispersion-scan (d-scan) trace, a differential evolution
(DE) algorithm is used. A partially coherent pulse train is generated and then test by traditional DE algorithm
and its improved version. The errors retrieved using the traditional and improved DE algorithms are 7% and
1%, respectively. The improved algorithm can more accurately retrieve the d-scan trace of partially coherent

pulse train.
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1 Introduction

Ultrafast optical science has long relied on the
assumption of pulse-to-pulse stability and coher-
ence. Techniques ranging from chirped-pulse ampli-
fication!" to frequency-resolved optical gating®® are
fundamentally designed around the existence of a
reproducible, coherent electric field. This paradigm
of perfect coherence has enabled breakthroughs in
high-field physics®*, time-resolved spectrosco-
py®™®, and precision metrology”®. However, emer-
ging experimental evidence increasingly challenges
this idealization, showing that many ultrafast
sources exhibit significant stochastic variations®'!,
Such fluctuations, often described as partial coher-
ence or pulse instability, are not merely noise but
arise intrinsically from the dynamical behavior of
diverse laser systems.

The origins of pulse train instability are varied
and often inherent to the laser mechanism. Free-
electron lasers operating in self-amplified spontan-
eous emission mode, for instance, naturally produce
pulses with large fluctuations in amplitude and
phase!'*"*), Similarly, conventional gain media in-
cluding Ti:sapphire solid-state lasers!*, fiber ampli-
fiers"”), semiconductor lasers!'®, and dye systems!'”
can exhibit imperfect mode-locking or nonlinear dy-
namics that lead to stochastic pulse variations. The
resulting pulse trains suffer from degraded inter-
pulse coherence, with randomized phase relation-
ships between successive pulses. This instability has
profound practical consequences. In coherent con-
trol experiments, it disrupts interference-based sch-
emes''®l. In pump-probe spectroscopy, timing jitter
and pulse-shape variations blur transient signals and
obscure kinetic information”). Perhaps most critic-
ally, conventional diagnostic tools designed for
stable pulses can yield dangerously misleading res-
ults. For example, an autocorrelator may interpret a
fluctuating pulse structure as a smooth, transform-

limited pulse of shorter duration, thereby com-

pletely concealing the underlying instability™".

As ultrafast technology advances toward short-
er pulses, broader spectra, and novel laser architec-
tures, the likelihood of encountering partially coher-
ent operation increases. There is thus a pressing
need for characterization methods that are not only
functional under ideal conditions but are explicitly
designed to detect, quantify, and disentangle the ef-
fects of partial coherence. An effective technique
must fulfill two essential criteria. First, it must be
sensitive enough to identify the presence of instabil-
ity; second, its retrieval algorithm must be robust
and general enough to model the stochastic nature of
the source without imposing unrealistic constraints
of perfect coherence.

The dispersion-scan (d-scan) technique has
emerged as a powerful and versatile tool for charac-
terizing ultrashort pulses, particularly in the single
and few-cycle regimes™ ). By recording a spec-
trally resolved nonlinear signal, typically second-
harmonic generation, as a function of applied dis-
persion, d-scan offers a simple experimental setup,
immunity to spatial averaging effects, and direct
sensitivity to spectral phase. Its reliability has been
well established for stable, coherent pulses across a
wide range of energies and wavelengths®. How-
ever, its performance in the presence of pulse-train
instability remains an open question. It is unclear
whether the d-scan trace of a partially coherent
source differs systematically from that of a stable
source. A central challenge lies in the fact that
standard phase-retrieval algorithms, which assume a
single deterministic pulse shape, are not readily ad-
aptable for extracting meaningful statistical informa-
tion from an ensemble of fluctuating pulses.

This work addresses these issues by systemat-
ically investigating the interplay between partial co-
herence and the d-scan measurement process. Mov-
ing beyond the simple question of whether d-scan
remains applicable, we examine how specific forms
of pulse instability, particularly variations in spec-

tral width and shape, manifest as distinctive signa-
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tures in the d-scan signal space. We demonstrate
that the d-scan trace encodes information about the
underlying pulse statistics, which can be decoded
using an appropriately generalized retrieval al-
gorithm.

To achieve this, we depart from traditional
gradient-based phase retrieval and adopt a global
optimization approach based on differential evolu-
tion (DE)*7, DE is a population-based stochastic
optimizer known for its ability to handle non-dif-
ferentiable, multimodal, and noisy objective func-
tions, making it well-suited to the challenges of fit-
ting models to data from unstable sources. We de-
velop a retrieval framework in which the algorithm
searches not for a single pulse shape, but for para-
meters that describe the statistical distribution of
pulses. Furthermore, we compare the performance
of traditional DE and an improved variant under
conditions of varying spectral width and shape, of-
fering insight into their respective strengths and lim-
itations in the context of partially coherent pulse

characterization.

2 Preparation of pulse trains, disper-
sion scan and algorithm

2.1 Generation of partially coherent pulse trains
Before applying the DE algorithm to retrieve
unstable pulse trains, it is necessary to generate
physically reasonable partially coherent pulse en-
sembles. Since the phase between consecutive
pulses should vary significantly, we adopt the ran-
dom-phase method proposed by T. Pfeifer et al.l**],
This numerical approach iteratively adjusts the spec-
tral phase in each loop, enabling the generation of
pulse trains with controlled stochastic behavior. The
method starts from the average spectral intensity
I(w). The electric field in the frequency domain is
expressed as Ey(w) = Ag(w)exp[ip(w)] with a spec-
tral phase gy(w) and the spectral amplitude Ay(w)=
[[(w)]". Initially, a discrete random spectral phase

po(w) is generated by assigning independent ran-

dom numbers uniformly distributed between —r and
m at each sampled frequency w. Performing an in-
verse Fourier transform on the resulting complex
spectrum yields an initial temporal electric field
Ey(?). To incorporate prior knowledge about the av-
erage pulse duration, Ey(¢) is multiplied by a tempor-
al amplitude filter G(¥), whose width corresponds to
the target average pulse duration. The shape of G(7)
should match the expected average temporal wave-
form. Due to the random initialization of the spec-
tral phase, the filtered temporal field E(¢r) = Ey(t)G(¢)
varies from pulse to pulse, yet the ensemble of gen-
erated pulses collectively satisfies the prescribed av-
erage duration and spectral shape. The degree of in-
stability within the pulse train is quantified by the

interpulse coherence, defined as®*”!

(E; (A, 1) E;(4,1)),

i#]

VUE QP (E 0P
Q)

gl (Lt —1)| =

where E; and E; represent complex spectral amp-
litudes of two independent pulses in the ensemble,
and angular brackets denote ensemble averaging.
Here, ¢, and t, correspond to the generation times of
the spectral pairs, though in practice the delay ¢, — ¢,
is often set to zero when only spectral characterist-
ics are considered. For a fully coherent ensemble
where all pulses are identical, |g(112)| = 1, implying
that all pulses are compressible to the same band-
width-limited duration. We examine two distinct
scenarios in the generation process. First, we con-
sider initial spectral amplitudes 4y(w) with hyper-
bolic secant (HS) profiles of different bandwidths:
30, 60, and 100 THz (full width at half maximum
(FWHM) of spectral amplitude). The corresponding
Fourier-transform-limited durations are 23.4 fs,
11.7 fs, and 7 fs, respectively. In this case, an HS-
shaped temporal filter with a 20 fs FWHM is ap-
plied. Second, we study three different spectral pro-
files, HS, Gaussian, and super-Gaussian (SG), each
with a fixed bandwidth of 60 THz. The temporal fil-

ter shape is adjusted to match the expected temporal
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waveform of each profile, while its FWHM is kept
at 20 fs. These variations in spectral shape are mo-
tivated by the realistic instability observed in mode-
locked lasers due to fluctuations in lasing dynamics.
For each case, an ensemble of 6000 pulses is gener-
ated. The average spectral intensity of the ensemble
for different initial bandwidths is shown in Fig. 1(a)—

1(c) (color online), where the gray curves represent
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individual pulses and the colored dashed lines de-
note the ensemble average. As expected, the aver-
age spectral width increases with the initial band-
width. The corresponding interpulse coherence,
computed via Eq. (1), is plotted in Fig. 1(d) (color
online). For all three bandwidths, the interpulse co-
herence remains below 0.04, confirming the genera-

tion of a highly incoherent pulse train.
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Partially coherent pulse trains generated with initial spectral FWHM of (a) 30 THz, (b) 60 THz, and (c) 100 THz. Gray

curves: 6000 randomly generated pulses. Dashed lines: averaged spectral intensity (blue: 30 THz, violet: 60 THz,
magenta: 100 THz). (d) Interpulse coherence for 30 THz (blue solid), 60 THz (violet dashed), and 100 THz (magenta

dotted)

The ensemble and average spectra for the three
spectral profiles (HS, Gaussian, SG) are displayed
in Fig. 2(a)—2(c) (color online). The spectral width
is fixed at 60 THz, and the temporal filter paramet-
ers match those used in Fig. 1. Compared with
Fig. 1, the resulting spectral widths in Fig. 2 are nar-
rower, which we attribute to the different filter func-
tions employed in the two cases. As shown in

Fig. 2(d) (color online), the random-phase method
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yields a slightly higher interpulse coherence for the
HS profile near 355 THz, likely due to its higher
peak power under the same pulse duration. Yet the
maximum value of interpulse coherence remains be-
low 0.078, still far from unity. These consistently
low coherence values reaffirm the effectiveness of
the random-phase method in producing partially co-

herent pulse ensembles.

Frequency/THz Frequency/THz

Fig. 2 Partially coherent pulse trains generated with initial spectral shapes: (a) HS, (b) Gaussian, (c) SG. Gray curves: 6000

randomly generated pulses. Dashed lines: averaged spectral intensity (blue: HS, violet: Gaussian, magenta: SG). (d) In-

terpulse coherence for HS (blue solid), Gaussian (violet dashed), and SG (magenta dotted)

2.2 Dispersion scan and differential evolution al-
gorithm

D-scan is a pulse characterization technique

that exploits the high dispersion sensitivity of broad-
band ultrashort pulses. By systematically varying

the dispersion introduced, for example, through a
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pair of glass wedges, a two-dimensional trace is re-
corded by measuring the spectrum of the second-
harmonic generation signal as a function of added
dispersion. The second-harmonic signal can be ex-
pressed as the autoconvolution of the complex spec-
tral field, similar in form to traces obtained in fre-
quency-resolved optical gating. Retrieval of the
pulse properties from the trace relies on an iterative
phase-retrieval algorithm. In this work, we employ a
DE algorithm for all reconstructions. The measured

d-scan trace intensity /, is given by

L= U E()exp[iB(a)z+iw't] do exp (—iwndi] ,
(2)
where z denotes the thickness of the dispersive ma-
terial inserted (here BK7 glass), and f(w) is the cor-
responding propagation constant. The dispersion im-
posed on the pulse can be expanded as a Taylor

series around the central frequency wy:

1
B(w) =By +p (a)—a)o)+§,32(w—w0)2+--- , (3

where S, and f, affect only the absolute phase and
group delay, respectively. For d-scan retrieval, the
dominant term is the group-delay dispersion, repres-
ented by f,. A key advantage of d-scan is its single-
beam geometry, which avoids spatial-averaging arti-
facts and allows tight focusing for detection of weak
pulses. While phase-matching bandwidth in the non-
linear crystal generally limits the measurable spec-
tral range, this constraint can be circumvented by
using Kerr-based nonlinearities that do not involve
frequency conversion. In most implementations,
however, dispersion is varied mechanically (e.g.,
translating wedges or grating pairs) on a timescale
much slower than the laser repetition rate. Con-
sequently, the recorded trace represents an average
over many pulses, making the technique inherently
susceptible to effects of partial coherence or pulse-
train instability.

DE algorithm, introduced by Storn and Price in
1997, is a heuristic optimization algorithm inspired

by evolutionary principles®™. As a member of the

evolutionary-algorithm family, it searches for an op-
timum through successive generations of mutation,
crossover, and selection within a population of can-
didate solutions. Unlike genetic algorithms that op-
erate on binary strings, DE is designed for continu-
ous parameter spaces, representing each individual
as a vector of real-valued genes. The algorithm
starts by initializing a population of random candid-
ate solutions. In each generation, a mutant vector is
created for every population member by adding a
scaled difference between two other randomly selec-
ted individuals to a third distinct member. This dif-
ferential mutation gives the method its name. The
mutant then undergoes crossover with the original
individual to produce an offspring. The fitness of
each offspring is evaluated using a cost function,
i.e., the discrepancy between the measured and sim-
ulated d-scan trace. Finally, a selection step retains
the fitter individual between parent and offspring,
maintaining a constant population size. This cycle
repeats until convergence to an optimal solution.

To handle partially coherent pulse trains, we
extend the standard DE approach by introducing an
improved DE algorithm that retrieves multiple rep-
resentative pulses simultaneously from a single av-
eraged trace. Instead of seeking one deterministic
field, the algorithm operates on an arbitrary subset
of the ensemble, effectively reconstructing a statist-
ical description of the fluctuating source. As the
subset size increases, the retrieved ensemble better
approximates the true stochastic behavior, at the
cost of higher computational demand. In our simula-
tions, we use 15 representative subsets to recon-
struct the averaged d-scan trace. Although the im-
proved algorithm requires more computational re-
sources, its operations are parallelizable, offering a
pathway for accelerated execution on parallel com-

puting architectures.

3 Simulation results and discussions

In this section, we present simulation results
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obtained using both the traditional and improved DE
algorithms. For each algorithm, two cases are ex-
amined: variation in spectral width and variation in
spectral shape. Our additional simulation show that
the DE algorithm works well for the fully coherent
pulse train.
3.1 Different initial spectral widths

Figure 3 (color online) illustrates three ran-
domly selected sample pulses from the generated
ensembles, validating the random-phase method
used to produce partially coherent pulse trains.
Compared with the interpulse coherence values
shown in Figs. 1(d) and 2(d), these individual samp-

les reveal richer details in amplitude and phase. For

Sample pulses Sample pulses

Sample pulses

narrower spectra [30 THz, Figs. 3(al—a3)], fluctu-
ations are less pronounced than for broader spectra
[60 THz, Figs. 3(b1-b3); 100 THz, Figs. 3(c1—c3)].
The broader spectra exhibit stronger modulations,
especially near the leading and trailing edges. Des-
pite these fluctuations, the ensemble-averaged spec-
tral and temporal profiles retain the initial Gaussian
shape. Retrieved spectral amplitudes and phases are
well defined for all three bandwidths [Figs. 3(ad4—
a5), 3(b4-b5), 3(c4—c5)]. Notably, while the spec-
tral width increases with initial bandwidth, the tem-
poral duration remains nearly constant, confirming

that the pulse train is not Fourier-transform limited.

Ave. spectrum Ave. temporal shape
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Fig. 3 Sample pulses for initial spectral width of (al—a3) 30 THz, (b1-b3) 60 THz, and (c1—c3) 100 THz. (a4, b4, c4) En-

semble-averaged spectra; (a5, b5, ¢5) ensemble-averaged temporal shapes over 6 000 pulses

The average d-scan traces for fully coherent
pulse trains are shown in Figs. 4(al), 4(bl), and
4(cl) (color online) for 30 THz, 60 THz, and
100 THz, respectively. The corresponding traces re-
trieved with the traditional DE algorithm are displ-
ayed in Figs. 4(a2), 4(b2), and 4(c2) (color online).
The traditional DE algorithm clearly distinguishes
between fully coherent and partially coherent pulse
trains. To quantify the discrepancy between the av-

erage and retrieved traces, we define the error met-

rick:
G= [Love (Wi, 2)) = @l (wi,2))]
M;N; i=1,j=1

4

where M and N are grid numbers for the frequency
and spatial windows, I, and I, are the average and
retrieved d-scan intensities, and o is the normaliz-
ing constant. Significant G values are observed for
all spectral widths, confirming that traditional DE
fails to accurately reconstruct the pulse ensemble. It
primarily serves as a detector of coherence loss. For
30 THz, 60 THz, and 100 THz, the respective G val-
ues are 1.5% [Figs. 4(al—a2)], 3.8% [Figs. 4(bl—
b2)], and 6.7% [Figs. 4(c1—c2)]. Given the Fourier-
transform-limited durations of 23.4 fs (30 THz),
11.7 fs (60 THz), and 7 fs (100 THz), these results
indicate that retrieval becomes more challenging for
shorter pulses.

To enhance retrieval accuracy, we employ the
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improved DE algorithm described in Section 2.2.
The results as shown in Fig. 5 (color online)
Figures 5(a)-5(c) show the retrieved d-scan traces
for 30 THz, 60 THz, and 100 THz, with G values re-
duced to 0.5%, 0.6%, and 0.8%, respectively. The
lower error confirms that the improved algorithm
yields significantly better reconstructions. The same
trend of increasing G with bandwidth persists, con-
sistent with the results in Fig. 4. The six traces plot-
ted to the right of each panel in Fig. 5 represent se-

lected subset traces. Individually, these traces devi-

ate from the ideal reconstruction. However, their
collective average closely matches the ensemble-av-
eraged d-scan trace. Each d-scan trace among the six
d-scan traces are not unique. The non-uniqueness of
the subset reflects the inherent variability in amp-
litude and phase across the partially coherent en-
semble, running the algorithm again produces a dif-
ferent set of representative traces. The scenarios for
60 and 100 THz are the same as 30 THz, as shown
in Figs. 5(b) and 5(c¢).

G=6.7%

100 THz

Average

G=1.5% G=3.8%
g @D 30 THz (b1) 60 THz (cl)
g 2
2 0
L
© 4 Average Average
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g 2
i {-
= )
© 4 Retrieved Retrleved

400 500 600 700 800 500
Frequency/THz Frequency/THz

700 400 500 600 700 800
Frequency/THz

Fig.4 (al, bl, cl) Average d-scan traces for 30 THz, 60 THz, and 100 THz. (a2, b2, c2) Corresponding traces retrieved with

traditional DE
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Fig. 5 Retrieved d-scan traces for (a) 30 THz, (b) 60 THz, and (c) 100 THz. Six representative subset traces are shown in the

right of each panel

Using the information extracted via the im-

proved DE algorithm, we can reconstruct the statist-
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ical properties of the entire ensemble. Figs. 6
(al—a3) display retrieved spectral waveforms for
30 THz, exhibiting complex and distinct amplitude-
phase structures. Compared with the original sample
pulses, the retrieved average spectra and temporal
shapes are smoother, and their spectral phases ap-
proach zero. This smoothing effect becomes more
pronounced for broader spectra [60 THz, Figs. 6
(b1-b5); 100 THz, Figs. 6(c1—c5)]. The near-zero

phase indicates retrieval of nearly Fourier-trans-

Sample pulses Sample pulses

Sample pulses

form-limited spectra. Comparing the retrieved aver-
age spectra in Figs. 6(a4), 6(b4), and 6(c4) with
those in Figs. 3(a4), 3(b4), and 3(c4) shows that the
retrieved spectral width increases with the initial
bandwidth, while the temporal duration remains
largely unchanged. This behavior mirrors the trend
observed in Fig. 3, confirming that the improved DE
algorithm successfully retrieves the statistical fea-

tures of partially coherent pulse trains.
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Fig. 6 Retrieved results for initial spectral width of (al—a5) 30 THz, (b1-b5) 60 THz, and (c1—c5) 100 THz. (al—a3, bl1-b3,

cl—c3) Random sample pulses; (a4, b4, c4) retrieved average spectrum and phase; (a5, b5, c5) retrieved average tem-

poral shape and phase

3.2 Different initial spectral shapes

We now apply the same analysis procedure de-
scribed in Section 3.1 to different initial spectral
shapes, namely HS, Gaussian, and SG. These func-

tions are expressed as:

sech [2In(1+ V2)(f = fo) /A frwin
Ao () = {exp|—41n2(f = £0)*/ A faau] :
exp|—16In2(f = f0)* /A fZyuuu]

(5
where fy = c/Ao is the central frequency (with pump
wavelength 4, = 1030 nm and ¢ the speed of light),
and Afprwum denotes the FWHM of the amplitude
spectrum. Among the three profiles, HS exhibits the
steepest rising and falling edges, Gaussian follows.
SG, despite its steeper edges, has a flatter top and
leading to a slower overall power variation, as
shown in Fig. 7 (color online). This difference likely

explains why sample pulses for HS [Figs. 7(al—a3)]

show more pronounced fluctuations compared with
Gaussian [Figs. 7(b1-b3)] and SG [Figs. 7(c1—c3)].
The ensemble-averaged spectra and temporal
shapes, displayed in Figs. 7(a4—a5) (HS), 7(b4-b5)
(Gaussian), and 7(c4—c5) (SG), are smooth for all
shapes, confirming that our generation method ef-
fectively produces partially coherent pulse trains
across diverse spectral profiles.

We next apply the traditional DE algorithm to
retrieve the d-scan traces and compare them with the
directly averaged ensemble traces (Fig. 8, color on-
line). The resulting error values G defined in Eq. (4)
are 7% for HS [Figs. 8(al—a2)], 2.5% for Gaussian
[Figs. 8(b1-b2)], and 1.9% for SG [Figs. 8(c1—c2)].
These errors are nearly equal to those observed for
different spectral widths, indicating that traditional
DE fails to accurately reconstruct the d-scan trace

for partially coherent pulse trains. While broader
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spectra increase retrieval difficulty in the width-
variation case, the shape-variation case shows that
profiles with faster amplitude changes pose greater

challenges. HS, with its steep edges, is the most dif-

Sample pulses Sample pulses

Sample pulses

ficult to retrieve. This is particularly relevant be-
cause HS profiles are commonly encountered in

commercial mode-locked laser outputs.

Ave. spectrum Ave. temporal shape
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Fig. 7 Sample pulses for initial spectral shape and phase of (al—a3) HS, (b1-b3) Gaussian, and (c1—c3) SG. (a4, b4, c4) En-

semble-averaged spectra and phase; (a5, b5, c5) ensemble-averaged temporal shapes and phase
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Fig. 8 (al, bl, cl) Average d-scan traces for HS, Gaussian, and SG. (a2, b2, c2) Corresponding traces retrieved with tradition-

al DE

We now employ the improved DE algorithm to
retrieve the traces for different spectral shapes
(Fig. 9). The error values are reduced to 1% for HS
[Fig. 9(a)], 0.6% for Gaussian [Fig. 9(b)], and 0.5%
for SG [Fig. 9(¢)], confirming that the improved al-
gorithm yields significantly better reconstructions.
The same trend that HS being the most challenging
persists, but the improved algorithm offers an addi-
tional advantage. It can retrieve subsets of the en-
semble, as illustrated by the six representative traces
plotted to the right of each panel. While individual
subset traces are not unique (reflecting the stochast-

ic nature of the source), their statistical aggregation

enables robust retrieval based on ensemble aver-
aged patterns.

Finally, we present the retrieved spectral and
temporal waveforms based on the improved DE res-
ults (Fig. 10). Sample pulses for HS [Figs. 10(al—
a3)] exhibit slightly more pronounced pedestals
compared with Gaussian [Figs. 10(b1-b3)] and SG
10(c1-c3)].

spectra and temporal shapes are obtained for all

[Figs. Nevertheless, smooth average
three profiles. The close agreement between the re-
trieved averages in Fig. 10 and the original en-
semble averages in Fig. 7 validates the effective-

ness of the improved algorithm. A careful comparis-
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on reveals that the retrieved average spectra and
temporal shapes for HS [Figs. 10(a4—a5)] retain
slightly more residual fluctuations than those for
Gaussian [Figs. 10(b4—b5)] and SG [Figs. 10(c4—

c5)], reinforcing the observation that HS remains the
most difficult profile to retrieve among the three

shapes considered.
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Fig. 9 Retrieved d-scan traces for (a) HS, (b) Gaussian, and (c) SG. Six representative subset traces are shown in the right of

each panel
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Fig. 10 Retrieved results for initial spectral shape of (al—a5) HS, (b1-b5) Gaussian, and (c1—c5) SG. (al—a3, b1-b3, c1—c3)

Random sample pulses; (a4, b4, c4) retrieved average spectrum and phase; (a5, b5, c¢5) retrieved average temporal

shape and phase

4 Conclusion

In this study, we first generated partially coher-
ent pulse trains using the random-phase method.

The calculated interpulse coherence, which remains

well below unity, confirms the stochastic nature of
the generated ensemble. These partially coherent
pulse trains were subsequently characterized via d-
scan under two distinct scenarios: variations in spec-
tral width and variations in spectral shape. The tra-

ditional DE algorithm proved inadequate for retriev-
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ing the average d-scan trace of a partially coherent
pulse train. For the spectral-width case, the retrieval
error increases with bandwidth, reaching a maxim-
um G value of 6.7% at 100 THz. Similarly, in the
spectral-shape case, the largest error (7%) occurs for
the HS profile. In contrast, the improved DE al-
gorithm substantially reduces these errors, yielding
maximum G-values of 0.8% (spectral-width vari-
ation) and 1% (spectral-shape variation).

In summary, by combining the respective

strengths of the two DE variants, we demonstrate
that DE can not only discriminate between coherent
and partially coherent pulse trains, but also accur-
ately retrieve the average d-scan trace of a partially
coherent ensemble. Crucially, the improved DE al-
gorithm enables reconstruction from subsets of the
ensemble, extending its applicability to the most
general experimental conditions in which full en-
semble information may be unavailable or imprac-

tical to acquire.
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