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The dephasing time 75 is a fundamental parameter that characterizes the coherence of electronic states and electron—
phonon interactions in condensed matter physics. Accurate measurement of 75 is essential for elucidating ultrafast elec-
tronic and phononic processes, which are crucial for the development of advanced electronic, optoelectronic, and quantum
devices. However, due to the complexity of solid-state systems with their intricate band structures and strong many-body
interactions, reconstructing 7> remains a long-term challenge for both condensed matter physics and optical science. In
this work, we introduce a machine learning (ML) approach to retrieve 7> from the high-order harmonic generation (HHG)
spectrum resulting from the interaction between a strong infrared (IR) laser pulse and solid-state material. The consistency
between the experimental and reconstructed HHG spectra validates the efficiency of our scheme. Our ML method offers
two key advantages: first, it does not require stringent experimental conditions, and second, the optimization process is
fully automated and more reliable than empirical selection of dephasing time values. The ability of our method to recon-
struct dephasing time from solid HHG spectra provides a powerful tool for probing the intrinsic properties of materials
under extreme conditions. Besides, our method provides another significant advantage, which offers a direct approach to

calculating the quantum tunneling time of carriers between different energy bands under light-induced excitation.

Keywords: high-order harmonic generation, dephasing time, machine learning

PACS: 78.47.jb, 42.65.Ky, 43.60.Np
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1. Introduction

Dephasing time 75, also defined as coherence time, is a

[1-3] representing

pivotal concept in condensed matter physics,
the timescale over which a quantum system can maintain its
phase coherence before interactions with its environment in-
duce phase randomization.[*-®) Understanding and controlling
dephasing time is essential for the development of quantum
technologies, as it directly impacts the performance and sta-
bility of quantum bits (qubits) in quantum computers, where
phase coherence is crucial for accurate computation and in-
formation processing.!”-8! Additionally, the study of 7> pro-
vides insights into the fundamental interactions between par-

ticles and their environments, 10

| helping to unravel complex
behaviors in systems such as superconductors,!!!! topological
insulators,!'?) and quantum dots.!'3! Specifically, the dephas-
ing time in plasma resonance can affect the resonance energy
linewidth, which is achieved by decoherence of the plasma in
the resonance state,[?) and additionally, the dephasing time af-
fects the spectral shape by affecting the phase matching of the
longer and shorter trajectories in the solid-state high harmonic

generation. !4l Applications of these insights extend to devel-
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oping novel materials with tailored quantum properties, im-

§l15

proving sensors!!®! and transistors,'®! and advancing our un-

derstanding of quantum phase transitions and other collective
phenomena in condensed matter systems. [!”]

However, experimental measurement or theoretical cal-
culation of 75 involves a variety of challenges. The primary
difficulty of experimental measurement is isolating the sys-
tem from environmental noise and disturbances, which can
significantly shorten the observed dephasing time. Achieving
this isolation requires advanced experimental setups with pre-
cise control over temperature, electromagnetic interference,
and material impurities. Theoretically, the challenge lies in
the intrinsic complexity of the interactions within the system

(18,19

itself, such as electron—phonon interactions, 1 spin—orbit

g,[2021] defects in materials,!*?! or even propagation

couplin
effects,23-241 all of which contribute to decoherence in ways
that are difficult to predict and model accurately. Overcoming
these challenges is crucial for advancing quantum technolo-
gies, as precise knowledge and control of dephasing time are
vital for the development of stable and efficient quantum de-
vices, including quantum computers and sensors.>>-20]

In this work, we combine the technology of solid
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HHG!?7-33 and MLP*331 to provide an approach to di-
rectly reconstruct 75 from experimental solid HHG spectra.
HHG, which is famous for its potential applications in the

36371 for industrial and

development of novel light sources
medical purposes, also holds promise for advanced imag-
ing techniques,***! such as high-resolution spectroscopy
and microscopy. Solid HHG spectra have already been used
to probe the electronic structure and properties of materi-
als with exceptional spatial and temporal resolution, leading
to new discoveries in condensed matter physics and mate-
rial science.*2#4 On the other hand, ML is revolutioniz-
ing condensed matter physics and ultrafast science by offer-
ing powerful tools to analyze complex data, identify patterns,

(431 Tn condensed matter physics, ML

and accelerate discovery.
algorithms are employed to predict material properties, op-
timize experimental conditions, and uncover hidden phases
of matter.[*®! Techniques such as neural networks and re-
inforcement learning help in modeling intricate interactions
within materials, enabling the discovery of new supercon-
ductors, topological insulators, and other exotic states of

r.[4748] In ultrafast science, ML enhances the interpre-

matte
tation of vast amounts of data generated by advanced spectro-
scopic techniques.*”! For instance, ML can be used to recon-
struct Wigner time delay or the temporal profile of attosecond
pulses from experimental photon-ionization electron spectra
(i.e., the so-called “streaking trace”) and improve the resolu-
tion of time-resolved measurements.%4 Additionally, ML
assists in the design and control of ultrafast experiments by
predicting optimal laser parameters and experimental setups,
thereby reducing the trial-and-error process.

Solid HHG has been employed as a probing technique to
reconstruct band dispersion and momentum-space transition

[35-571 Most of these approaches are based on

dipole moments.
calculating HHG spectra using the solid-state SFA formalism.
However, approximations are commonly introduced to avoid
direct numerical integration of the SFA expression. For ex-
ample, in Ref. [55], it is assumed that electronic transitions
occur only at a single initial momentum, thereby neglecting
the contributions from other quantum trajectories. While such
approximations allow for a straightforward relation between
the physical quantity of interest and the solid-state HHG spec-
trum, they inevitably compromise the accuracy of the recon-
struction. The ideal approach for retrieving physical parame-
ters from HHG spectra involves a complete numerical eval-
uation of the solid-state SFA integral, followed by an opti-
mization to infer the quantity from the HHG spectrum. This
process naturally aligns with the framework of optimization
problems solvable by machine learning techniques, which is
why we adopt a machine learning scheme to reconstruct the
dephasing time.

As far as we know, previous theoretical calculations of

solid HHG have required the empirical selection of a spe-
cific T, value to compare with experiments, typically ranging
from 1 femtosecond (fs) to several hundred fs.[1423-58-601 A1
though some experimental works have managed to correlate
the dephasing time with a specific characteristic of solid-state
HHG under certain laser conditions, thereby measuring the de-
phasing time,!'#] there have been no reports of reconstruct-
ing the dephasing time directly from solid-state HHG spec-
tra using ML approaches. The basic idea of our method is
straightforward: in the realm of solid HHG, dephasing time
strongly influences the quantum tunneling dynamics of the
carrier wavepacket between the valence band (VB) and con-
duction band (CB) and thus the efficiency of HHG spectra
yield. Then the 75 information is encoded in such HHG spec-
tra and we have the opportunity to retrieve 7> from solid HHG
spectra with the ML method.

The advantages of using ML to reconstruct dephasing
time are twofold. First, it requires less stringent conditions for
the laser field in experiments and does not necessitate complex
experimental setups for measurement. Second, the optimiza-
tion process is fully automated, making it more reliable than
the empirical selection of dephasing time values. Our results
also demonstrate this reliability.

2. Theoretical methods

The flowchart of our ML algorithm can be found in Fig. 1.
The input for the machine learning network is Hexp(Tz,N )s
which can be either an experimental spectrum or a theoreti-
cal spectrum calculated using a known 7, via the SFA or SBE
methods. The output data includes the reconstructed 7> and the
HHG spectra Hgyess(72,N, B) recalculated using this recon-
structed 7;. In the first step of the machine learning network, a
random matrix of 7, is generated by our ML algorithm. Then
the Hguess (72, N, B) are calculated using the guessed 75 and the
merit function erf(75, B) are calculated. In the third step, if the
merit function converges sufficiently, then we output the opti-
mized 7,. Otherwise, we update the matrix of 75 and calculate
the Hgyess (72, N, B) and the merit function until the merit func-
tion converges sufficiently.

In the first step, a random matrix of 7, is generated by
our ML algorithm. Then the HHG spectrum, which is set to
be our fitness function, and the merit function are calculated
in the second step. In the third step, if the merit function con-
verges sufficiently, then we output the optimized 75. Other-
wise, we update the matrix of 75 and calculate the HHG spec-
trum and the merit function until the merit function converges
sufficiently.

The performance of ML algorithms in physics applica-
tions primarily depends on two factors: the efficiency and ac-
curacy of the fitness function calculation and the effectiveness
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of the optimization algorithm itself. Let’s first look at the fit-

ness function, the interband solid HHG between CB and VB

is[14]

+oo
S (@) = @ [ de™ % [ dpd*(p— A(w)
—00 ﬁ
It
« / dLE(1)d(p— A(t)
xeiS(I’+A(tr)a’i-fr)*(’r*’i)/TZ +ec.c, (1)

where Q is the HHG photon energy, p = k — A(r) is the

canonical momentum, and k is the crystal momentum. E ()

is the electric field. d,,¢[p+ A(t)] is the transition dipole

S (p,t) =
t

[ & [P+ A(t")]dt’ is the classical action. &,y = E,; — E,y

momentum (TDM) between the two bands.

is the bandgap and E,, is the band dispersion. 7 is the de-
phasing time,’® which is the unknown function we aim to re-
trieve. Equation (1) is born from semiconductor Bloch equa-
tions (SBE). Keldysh approximation is made in Eq. (1): we
assume that the population of CB is approximated to be 1, this

approximation will be addressed later.

Update guessed 15

Old erf=New erf

A

Input Hexp(Th, N)
generate guessed Ty
old erf =0

New erf (Ty, 8)=>"[Hexp (T2, N)

—ngess (TZ: J\‘Ya ﬁ).‘ ?

|Old erf—

Yes
Output Hguess(T, N, 8)
New erf]<10¢ and T

Fig. 1. The flowchart of the 7, reconstruction.

We perform the 3-loop integration numerically. All the
functions and iterative computations in our code are vector-
ized then only about 3 s is needed to perform a single Eq. (1)
calculation with only one Intel CPU core, details of our vec-
torized calculation can be found in our source code.

For optimization, we assume that the electric field E (¢),
the transition dipole d(p) and the band gap €(p) are known.
The dephasing time 7> is unknown and can be treated as a con-
stant or a crystal momentum dependent function. Besides, an
extra unknown parameter f3 is introduced during the optimiza-
tion calculation to adjust the relative intensity of HHG spec-
trum. Moreover, additional parameters can also be introduced
to shift the spectra, thus helping the two spectra to overlap bet-
ter. The merit function, as mentioned in Fig. 1, is defined as

m

erf(T5,B) = Y [Hexp(T2,N) — Hyuess (T2, N, B)*,  (2)
N=l
where Heyp is the experimental HHG data, and Hgyess is the
optimized HHG spectrum. The HHG order N sums from / to
m. If the merit function before and after the iteration is less
than 1 x 107, then the iteration stops and we output the re-
constructed 75.

The optimization algorithm in our method can be
switched between genetic algorithm (GA),[%?! particle swarm
algorithm (PA), %3] and pattern search algorithm (PSA),[% the
comparison of these methods will be discussed in the next sec-
tion.

Atomic units are used throughout this work, unless other-
wise mentioned.

3. Significant of retrieval 7',

When studying solid HHG driven by strong laser—solid
interactions, introducing the dephasing time term within the
framework of the semiconductor Bloch equations is intended
to well align theoretical results with experimental observa-
tions. However, a major debate surrounding the dephasing
time lies in whether it has genuine physical significance or is
merely a mathematical correction.[6%-6]

In one of our previous independent articles,®”! we thor-
oughly discussed the physical effect of this term with our
quantum complex analysis model, in which the energy gap
&.m'» the ionization time #, recombination time 7. as well as
the momentum p are all treated as complex numbers, such an
idea has already been implied by investigating the strong laser-

e.[08:681 T this framework, the complex

induced tunneling tim
energy gap & can be divided into a real part and an imaginary
part

€ =Re (&) +ilm (&) .

From the expression of the exponential term in Eq. (1), we
can see that 7> actually corresponds to the imaginary part of
the bandgap. The influence of the term 7> on the light-induced
carrier dynamics can be seen by solving the six-variable com-
plex saddle point equations for ionization time #;, recombina-
tion time #;, and momentum p:

as It 8£g

o b T )
P i

o &+ T’ “
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as
ot,

In other words, accurately determining 75 is essential for

i

precisely solving the saddle point equations to obtain the tun-
neling time of carriers between different bands. To the best of
our knowledge, this is currently the only approach for measur-
ing the laser-induced quantum tunneling time between differ-
ent energy bands in solids.

Here, we briefly summarize the key points from retrieval
work: accurately describing the dephasing time term has at
least two important physical implications. First, in our quan-
tum complex analysis model, energy, like time and momen-
tum, is treated as a complex variable. Consequently, the en-
ergy gap between the conduction and valence bands can also
be extended into the complex plane, with the imaginary part of
the energy gap corresponding to the so-called dephasing time.
Second, once the dephasing time is accurately determined,
it allows us to calculate the laser-induced quantum tunneling
time between the conduction and valence bands by solving the
complex saddle-point equations, regardless of whether 7, has
a true physical meaning or is merely a purely mathematical
correction.

4. Results and discussion

In this section, we provide detailed results of the retrieval
calculation. In Subsection 4.1, we use Eq. (1) to generate “ex-
perimental data” and perform the retrieval, serving as a test
case to demonstrate the validity of our method. In Subsec-
tion 4.2, we conduct a similar calculation to that in Subsec-
tion 4.1, but with input HHG generated from SBE. In Subsec-
tion 4.3, we discuss the error effects from bandgap and dipole.
Then, in Subsection 4.4, we present the retrieved 7, directly
from experimental HHG data. Finally, we compare the effi-
ciencies from different algorithms.

The k-dependent T is used to perform the retrieval for the
following three reasons. First, in Ref. [69], the authors pointed
out that the Coulomb interactions of electrons at different k&
points scatter differently, so the corresponding values of 7, are

k-dependent T; in the comparison between theoretical calcula-
tions and experimental results yields a closer match to the ex-
perimental data.!”%! Third, in an independent study published
in another paper, we discovered that 7, plays a role in cor-
recting the photo-induced quantum tunneling process between
different energy bands of carriers during strong laser—solid in-
teractions. Electrons at different k-points have different initial
momenta, so the corresponding 75> values at different k-points
are also different.

4.1. The T, reconstruction from SFA input data

In this subsection, the target crystal is ZnO and a Gaus-
sian laser pulse with a full width at half-maximum (FWHM)
of 6 cycles, a peak laser intensity I = 7.442 x 10'! W/cm?,
and a wavelength A = 3255 nm is used. Equation (1) is used
to generate the input HHG data.

The
input 7, varies from 0.5 fs to about 1100 fs, and the in-

In Fig. 2(a), we present the constant 7, retrieval.

put and output 7, are almost exactly equal, with errors
Toin — szt’/Tan all being less than 1 x 107°. Specifically,
we apply the particle swarm algorithm to optimize the recon-
struction of the constant 7. Moreover, the reconstruction of
each constant 7> only takes roughly 10 min with four CPU
cores in parallel computing.

Figures 2(b) and 2(c) investigate the ability of our code
to reconstruct a k-dependent 7. Such dephasing times
have already been employed in some studies that consid-
ered Coulomb interactions scattering polarization influencing
the excited electron—hole distributions.”’”! Two types of in-
put T>(k) and corresponding HHG (blue and red solid lines
in Figs. 2(b) and 2(c)) are tested.

red line case has a periodic form T5(k) = 1.8 + cos(ak) +

The input 7, in the

0.2 cos(2ak), while the blue line case has non-periodic 75 (k) =
1+ m We extend T, with sets of unknown pa-
rameters x;, y;, | = 1,2,...
T (k) = Y,—gxicos(i-a-k+y;) for the periodic case, and
Ty (k) = Zizl(xli+e)’li‘k‘_zli)/zizl(xZi+eY2i|k|_12i) for the
non-periodic case with unknown parameters x1;, y1;, Z1i» X2i»

with different basis functions:

also different at different k points. Second, we found thatusing  yy;, 201, i = 1,2,.. ..
1200
(a) o 4 (b) — Input 1, Ty(k) —_ 8 ,(C) —_ I(;Lput 1, H%%G
—o— Output 1, Ty(k w — — Output 1,
’ i’ 3.0F I Inl:mptHZ Ty(k () ) @ H‘ —— Input 2, HHG, shift_ed by a constant
_ . ’ Output 2, Th(k) g i Orutlput 2, HHG, shifted by a constant
@ 800t _° . T
NaX , 2 2] |I|Il|,,{||l|lﬂ,lq
& i’ ) & 1”“ L4‘||nl'u”:‘
- 250 = 2.0f > { [t AL ——ae
S - Re & g A7
4; 400 r ,o/ // g
o ‘ 25 ° £ 4
,0/ , ’ :Q/
4 4 o
@ LOper ol R o S
2 ° a0
L Q
0 . %05 50 ‘ ‘ ‘ = ‘ ‘ ‘ ‘
0 400 800 1200 -10 0.5 0 0.5 Lo 1% 10 20 30 40 50

Input T5 (fs)

Order (2/w)

Fig. 2. The comparison of the dephasing time and the spectrum between the input and the output with the input spectrum caculated by SFA.
(a) The comparison of constant T between the input and the output. (b) The comparison of constant 7> (k) between the input and the output.

(c) The comparison of the spectrum between the input and the output.
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These figures show that good agreement between the in-
put and output HHG spectra can be achieved, indicating the
validity of our method. GA with an initial population of 200
is used to optimize the process, and convergence is achieved
after about one hour of running on a 72-CPU-core server.

4.2. The T, reconstruction from SBE input data

As we mentioned in Section 2, we assume the population
of the CB is kept at 1 in Eq. (1). This approximation intro-
duces an error in the HHG spectra that needs to be addressed.
Here, we use the SBE, a widely used method in studying solid
HHG, to generate input HHG as the “experimental data”, and
use Eq. (1) as our fitness function to perform the retrieval.

The target, laser parameters, input dephasing time, and
retrieval processes in this subsection are the same as those in
Subsection 4.2. The parameter f3 is treated as an unknown
variable in this section.

We present the constant 7, retrieval in Fig. 3(a). The in-
put 7> ranges from 0.5 fs to 100 fs. For 7, values smaller

than 60 fs, the retrieved and input 7> match well, but for 7
values larger than 60 fs, the error becomes evident. The rea-
son for the failure of our reconstruction method at larger 7>
values is that HHG becomes less sensitive to changes in 7
when 75 is relatively large, making the reconstruction calcu-
lation difficult to converge. Although some works claim that
the dephasing time can reach the order of 100 fs under certain
conditions, most current theoretical calculations use smaller
dephasing time values. Our method achieves high accuracy
for dephasing times less than 60 fs.

For the k-dependent T, retrieval, we use GA to per-
form the optimization calculations. The calculation converges
within one hour using 30 CPU cores. As seen in Fig. 3(b), the
input T» (k) and the output 7> (k) match well. Additionally, the
output spectrum is consistent with the input spectrum in the
plateau area shown in Fig. 3(c). The success in reconstruct-
ing dephasing time from SBE-generated input HHG spectra
verifies the feasibility of our method.

2

= Input 1, Th(k) (c)— Input 1, HHG
=@- Output 1, Ty(k) = = Output 1, HHG
= Input 2, Ty(k) —— Input 2, HHG, shifted by a constant
Output 2, To(k) i Output 2, HHG, shifted by a constant
_af|
|

|
—
=

|
—_
o

Logio(Intensity (arb. units))

120
(a) , 4 (b)
, 3.0f
— 7
£ 8o /
& 7 L] —
- s 9 z
] P < 2.0F
8
E L 4 F
g 40 , y
e 3 e
o s~ 1.0
0p
of @p/r &
. L% s 6 .
0 40 80 120 -1.0 -05
Input T (fs)

k (m/ax)

1.0 0 10 20 30 40 50
Order (2/w)

Fig. 3. The comparison of the dephasing time and the spectrum between the input and the output with the input spectrum caculated by SBEs.
(a) The comparison of constant 7> between the input and the output. (b) The comparison of constant 7> (k) between the input and the output.

(c) The comparison of the spectrum between the input and the output.

120

(a) = Input 1, Ty(k) 2 — Input 1, HHG
7 (b) —@- Output 1.ZT2(k) - (C) = = Output 1, HHG
. 4 30k —Tput 2, (k) | —— Input 2, HHG, shifted by a constant
//o 7 . Output 2, Ty(k) *é _9 a Output 2, HHG, shifted by a constant

—_ ’ / )
) L3 4 s Lihoa
eI P R £ U LA
: — 5 -6 ULLULAA 4
i ‘f /7 ) — .‘ l#i | ﬂ"QT W,
-] 0 < 20}f > ‘ ) i ! ia
2 0 3 6/ ~ A £ ; ‘j‘, TV
= a0k /7 & 2 —10 ""
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-
ofF
. . ) . . L A ) )
0 10 30 120 -1.0 -05 0 0.5 10 18010 20 30 a0 50
Input T3 (fs) k (m/ax) Order (£2/w)

Fig. 4. The comparison of the dephasing time and the spectrum between the input and the output with the input spectrum caculated by SBEs
for the peak of the laser intensity I = 2.251 x 10'2 W/cm?. (a) The comparison of constant 7> between the input and the output. (b) The
comparison of constant 7 (k) between the input and the output. (c) The comparison of the spectrum between the input and the output.

However, since our fitness function is based on the
Keldysh approximation, which may not work well for cases
with high-intensity lasers, we address this issue by applying
a higher intensity laser of / = 2.251 x 10'2 W/ecm? to gener-
ate input HHG from SBE, keeping the other laser parameters

unchanged. GA is used for the optimization. Figure 4 shows
the results. The errors for constant 7, values from 0.5430 fs to
5 fs are less than 13%, but they become significant for larger 7>
values. The reconstructed k-dependent 75 (k) and correspond-
ing HHG spectrum are generally in agreement with the inputs
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shown in Figs. 4(b) and 4(c) as long as T, (k) values are less
than 5 fs. Thus, for 7> values of a few femtoseconds, we can
still reconstruct 75 in high-intensity laser cases in general.

4.3. Error effect

An important criterion for evaluating the success of a nu-
merical method is its ability to reproduce experimental results.
Currently, simulations of high-harmonic dynamics in strong
laser-solid interactions, based on the SBE framework with de-
phasing time corrections, can successfully match experimen-
tal results. In other words, accurately describing the dipole,
energy gap, and 7, between different energy bands is crucial
for determining the performance of the SBE theory. In our
method, we assume that the dipole and energy gap are known,
while 75 is unknown. Therefore, errors in the dipole and en-
ergy gap will affect our final reconstruction results. Addition-
ally, noise in HHG introduced experimentally due to various
factors may also impact the reconstruction. In this section, we
discuss the effects of these errors on the reconstruction results.

We first tested a numerical simulation where a random er-
ror function R(£) was applied to the HHG spectrum at each
photon energy . We multiply an 2-dependent random func-
tion R(L2) to the HHG spectrum J(2) at each Q, such that
Jnew () = J(Q) - R(Q), where R(Q2) takes a random value
between 0.9 and 1.1 in Fig. 5. Then Jyeyw is used as the input
HHG data, keeping the laser and target conditions the same as
in Subsection 4.1. From Fig. 5(b), we can see that even with a
10% error added to the HHG spectrum, our code can still ac-
curately reconstruct 75. This test further validates the accuracy
of our code.

In our code, we assume the TDM d(k) and the energy
bandgap €(k) are already known. Before we perform the re-
trieval calculation, d(k) and (k) are calculated from ab initio
code packages in advance. Thus, errors from the simulation
of d(k) and g(k) would be introduced if we apply our code to
retrieve 7, from experimental data. Next, we will discuss the
effects of errors from d(k) and g(k).

To test the tolerance of our code to errors in the dipole
function, we stretched the dipole d(k) by 10% along the
k-axis (as shown in Fig. 6(a)). The unstretched d(k) was
used to generate the “experimental HHG”, while the stretched
dipole function was used for the reconstruction calculations.
All other laser parameters were kept consistent with those in
Fig. 3. From Figs. 6(b) and 6(c), it can be seen that even with a
10% error introduced in the dipole function, our code can still
perform the reconstruction calculations reasonably well.

6 (a) = Input, HHG, with error
=+ Output, HHG
N —— Input, HHG, without error,
g shifted by a constant
g
3 0
-
&
- I
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k7
=)
9]
Ea H ;
= I
o '
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712 1 1 1 1 1 1 1 1
0 10 20 30 40 50
Order (2/w)
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(b) — Tnput, Tx(k)
Output, T(k)
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Fig. 5. The comparison of the dephasing time between the input and the
output considering the £10% error in input HHG. (a) The comparison
of the spectrum between the input and the output. (b) The comparison
of the dephasing time between the input and the output.
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Fig. 6. The comparison of the dephasing time and the spectrum between the input and the output considering the £10% error in the dipole of
the input HHG. (a) The comparison between the dipole with error and the dipole without error. (b) The comparison of constant 73 (k) between
the input and the output. (c) The comparison of the spectrum between the input and the output.
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Fig. 7. The comparison of the dephasing time and the spectrum between the input and the output considering the +5% error in the bandgap
of the input HHG. (a) The comparison between the bandgap with error and the bandgap without error. (b) The comparison of constant 75 (k)
between the input and the output. (c) The comparison of the spectrum between the input and the output.

Similarly, we also tested the tolerance of our code to er-
rors in the energy gap. We stretched the energy gap function
vertically by 5% (as shown in Fig. 7(a)). The unstretched en-
ergy gap was used to generate the “experimental HHG”, while
the stretched energy gap was used for the reconstruction cal-
culations. From Figs. 7(b) and 7(c), it can be seen that under
a 5% error in the energy gap, the error in the reconstructed 7>
function is approximately 6% to 7%. Therefore, our code’s
tolerance for errors in the energy gap is slightly weaker than
its tolerance for errors in the dipole function. This is because
T, and the energy gap jointly determine the light-induced tun-
neling process of the carrier, making the reconstruction of 7>
more sensitive to the energy gap. Nevertheless, even with a
5% error in the energy gap, our code still performs well.

4.4. The T, reconstruction from experimental data

Retrieving 7, directly from experimental HHG spectra,
rather than relying on empirical predictions, is crucial for the-
oretical investigations of the interaction between strong laser

2.0 T T T
(a) —— Output 2, Th(k)

T2 (fS)

0 1 1 1

—-0.5 0 0.5 1.0

k (r/ax)

—1.0

fields and solid materials.

In this example, we apply our code to reconstruct 7> from
experimental HHG spectra of MoS,, a material with a wide
range of applications. The experimental data, dipole moment,
We follow

the suggestions from the references,®®7% where 75 is a k-

and energy bandgap are sourced from Ref. [59].

dependent function. 7> (k) is expanded as

k)= Zx,-cos [(i—1)a-k],

where {x;, i=1,2,3,...
trieve. The chosen form of T, (k) satisfies the periodicity of
MoS; and the axial symmetry with k = 0 as the axis of sym-
metry along the K—K direction in the reciprocal space. Particle
swarm algorithm (PA) is applied for the optimization calcula-
tions. The retrieved 7> (k) and corresponding HHG spectra are
shown in Figs. 8(a) and 8(b). The excellent agreement be-

} are the parameters we need to re-

tween the experimental and reconstructed HHG spectra indi-

cates the accuracy of our method.

5 (b) —o— Input,explerimental slpectra

— —Q— Output the spectra with Ts(k)
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Fig. 8. (a) The output 75 (k) from experimental data. (b) The comparison of experimental and output HHG spectra.

4.5. Comparison of different optimisation algorithms in
reconstruction

To execute the reconstruction of 7> more quickly and ef-

ficiently, it is imperative to compare several optimization al-

gorithms including GA, PA, and PSA. GA and PA do not re-
quire initial points, while PSA does. We also note that the
constraints can accelerate the convergence of the reconstruc-

tion.
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For constant 7, reconstruction, even if the initial point is
not ideal, the reconstruction using PSA takes less time than
that using other algorithms, and the output 75 can be accu-
rately obtained, as shown in Table 1. If there is no initial
point, the reconstruction using PA performs better than us-
ing GA. Table 2 documents the comparison of different op-
timization algorithms for 75 (k) reconstruction. Similarly, the
reconstruction using PSA takes the shortest time with a poor
initial point, and the output spectra match well. As the number
of unknowns rises, constraints are added in the reconstruction
using PA and GA. Constraints can be either the range of the

Table 2. The comparison of different optimization algorithms for 75 (k) = 1+

unknowns or the linear inequality about the unknowns, which
have a significant influence on the reconstruction.

Table 1. The comparison of different optimization algorithms for
T, = 5 fs reconstruction.

Particle swarm  Genetic algorithm  Pattern search

algorithm algorithm algorithm
Initial point  no no T, =0.5"1s
Constraints no no no
CPUs 2 2 2
Output 7> 5.049 fs 0.3910 fs 5.049 fs
Error 0.98% 92.18% 0.98%
Finish time = 2344.29 s 5128.47 s 443.66 s

W reconstruction.
. 3

Particle swarm algorithm

Genetic algorithm

Pattern search algorithm

Initial point no

Constraints Xmin = [—3, —5,—200,—200],
Xmax = [—5,—5,—200,—200]

CPUs 30

Final erf 32.55

Finish time (s)

91.38
4379.59

x=[10, 10, 10, 10]

Xmin = [—5, —5,—200, —200], 1o

Xmax = [—3,—5,—200, —200]
30
73.12
1137.90

With the constraints being the range of the unknowns, the
reconstruction using PA performs better than that using GA.
However, if the range of unknowns is indeterminate or wide,
GA would be a better choice.

5. Summary

In summary, we provide a detailed discussion of our ML
method for reconstructing the crucial parameter, dephasing
time 7T, from HHG spectra. The advantages, validity, effi-
ciency, as well as the limitations of our method are all inves-
tigated in this work. We hope that our ML code offers a fea-
sible solution to a longstanding challenge in condensed mat-
ter physics and ultrafast physics: reconstructing the dephasing
time from experimental data.

Program availability

All the data in this work are available from the authors
upon request.

Our ML code module for reconstructing dephasing time is
integrated into our developing software package PROBP 2.0,
which, along with the user guide, will be released soon. Alter-
natively, the dephasing time reconstruction module can be ob-
tained by contacting zhaoxi719@snnu.edu.cn. Our software
module is available under the Apache License V2.0.
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