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First-principles simulation of intense single-cycle ultrashort light pulses interacting with diamond:
Comparison study in attosecond and femtosecond regimes
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The interaction of intense single-cycle ultrashort (0.1 to 9 fs) light pulses with diamond crystal and thin film
is simulated, combining the dependent Kohn-Sham equation with the Maxwell equations. Distinct features are
observed depending on the duration of the pulse. In the diamond crystal, maximum energy transfer from light
pulse is observed with a pulse duration 0.3 fs. In this case, the phase of current density J(¢) coincides with that of
the electric field E (¢). For the incident pulse of duration 0.1 fs, most of the light will transmit on passing the thin
film. But for the pulse of duration 0.5 fs, there is more reflection than transmission. For light pulses of durations
7 and 9 fs in diamond crystal, traditional nonlinear behavior of energy transfer are observed. Interestingly, for
the attosecond pulse, there is a linear scaling behavior with the pulse intensity below 10'® W/cm? on the one
hand and an unusual linear dynamic interference response behavior with the pulse width, determined by the
interference of the different quantum pathways, on the other hand.
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I. INTRODUCTION

Several advances in the generation of attosecond light
pulses [1-13] have been made in the past two decades. For
example, the duration of the attosecond laser pulse has been
shortened to 43 as [11], the intensity of available isolated
attosecond laser pulse could reach the order of 100 TW [13],
and the intensity of a train of attosecond pulses is about
105 W /cm? [14].

The unusual capability of the attosecond technology lies in
probing, initiating, driving, and controlling ultrafast electronic
dynamics in atoms, molecules, and solids with unprecedented
high temporal and spatial resolutions simultaneously. The
examples are observing the valence electron movement of
krypton ions [15], the alternating Stark effect of excited
electrons in helium atoms [16], and the autoionization of
argon atoms [17] by using attosecond transient absorption
spectroscopy, the measurement of temporal delays in the
photoemission of electrons from different atomic orbitals of
argon on the attosecond timescale [18], tunneling delay time
measurements using attosecond angular streaking in helium
[19], tracking rearrangement of the electronic system of a
core-excited krypton atom with attosecond resolution [20],
observation of the relative photoemission timing of helium
photoelectrons with subattosecond precision [21], attosecond
control of ionization by wave-packet interference of helium
and argon [16], attosecond real-time observation of electron
tunneling in neon and xenon atoms [22] in atomic systems;
reconstruction of excited state time-dependent wave function
in H, molecules [23], measurement of the lifetime of the
autoionization Rydberg state [24], and the dynamics of Ryd-
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berg and valence states in N, molecules [25] with attosecond
transient absorption spectroscopy, prompting ionization and
detecting ultrafast dynamics of the amino acid phenylalanine
by attosecond pulses [26], the control of the dissociation
pathway in a hydrogen molecular ion by using a pair of
attosecond pulse trains [27], the electron localization of hy-
drogen molecules (H,, D;) on attosecond timescales [28],
attosecond imaging of electronic wave packet of H, molecules
with angstrom resolutions [29] in molecular systems; attosec-
ond near-field retrieval with a gold nanotip using streaking
spectroscopy [30], attosecond control of electrons photoe-
mission from a nanoscale tungsten tip [31], observation of
dielectric shielding and electron propagation from Mg/W
on the atomic length scale in attosecond spectroscopy [32],
attosecond control of the ultrafast field-induced insulator-to-
conductor state transition in SiO, dielectric from attosecond
streaking [33], and investigation of the GaAs subfemtosec-
ond response induced by resonant intense near-infrared laser
pulses using attosecond transient absorption spectroscopy
[34] in solid systems.

It should be noted that shaping laser beams, e.g., tailor-
ing the spatial transversal intensity distribution by static or
dynamic beam shapers, shaping the intensity distribution in
propagation direction by axicons or modifying the temporal
shape and phase fronts, have already been demonstrated in
laser micromaterial processing [35], such as semiconductor
chip fabrication. Optimal control of electronic states in mate-
rial with the help of suitably shaped temporal pulse envelopes
offers the extended flexibility to guide the material response
towards user-designed directions, giving a possibility for qual-
ity material processing [36]. Obviously the ability to shape
attosecond light pulses in both temporal and spatial domains
has been the foundation of attosecond science and technology.
However, attosecond light pulses cannot be easily shaped
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temporally or spatially into the specifically designed wave
forms by conventional approaches of pulse shaping due to its
broadband spectra covering the energetic extreme ultraviolet
to the x-ray range, compared with longer light pulses. Indeed,
the wave form of attosecond light pulses can be shaped by
several approaches, such as using a thin aluminum filter [37],
semiconductor (Si) and metallic (Al, Zr) transmission filters
[38], a broadband Cr/Sc multilayer mirror [39], an aperiodic
B4C/Mo/Si multilayer mirror [40,41], a periodic Si/Sc multi-
layer mirror [42], seeded free-electron laser [43] partial phase
matching [44], and manipulating the driving field [45].

On account of the ultrashort duration of attosecond light
pulses, its interaction with matter is distinguished from con-
ventional long light pulses by a combination of the following
features. (i) One and the same electron state in matter en-
counters all photons contained in an attosecond light pulse
at the same time, enabling therefore interferences between
pathways involving different intermediate states that are sen-
sitive to the phase between these photons. (ii) A wide spectral
band of photons contained in an attosecond light pulse offers
new possibilities to have interferences between more quan-
tum channels, promising a much higher degree of attainable
control of electron states in matter. (iii) For high energetic
photons contained in an attosecond light pulse, deeper elec-
tron states in matter become accessible, electron correlation
and multielectron dynamics become increasingly important,
leading to the excitation of multiple electrons with a single
photon. (iv) Attosecond light pulse provides a direct method
to explore and control the microscopic motion of electrons
in speed matched to the electronic timescale. Here, of par-
ticular interest, is for us to explore the characteristic features
of shaping intense attosecond light pulses with matter films,
in contrast to the intense femtosecond light pulses. Hence, a
fundamental question is how does an attosecond light pulse
interact with and propagate through matter films. While on
the one hand this type of research is important from a funda-
mental point of view as it can provide important insights into
the complex interaction between attosecond light pulse and
matter in previously unexplored regimes of parameters where
electron correlation, collective effects, matter characteristics,
phase between photons contained in an attosecond light pulse,
and film geometries becomes increasingly important; on the
other hand, this research also comprises considerable potential
for applications in designing devices for shaping attosecond
light pulses.

In this paper the interplay between a series of specifi-
cally designed intense single-cycle attosecond light pulses
and diamond thin films of various thicknesses from a few
atomic layers to a few tens of nanometers is investigated
to explore the unique capability of shaping attosecond light
pulses. Our calculation is based on a coupled first-principles
approach [46,47] in which both dynamics of electron motion
and light propagation are treated consistently in a multiscale
procedure, since the full description of an interplay between
attosecond light pulses and matter films requires inclusion
of propagation through the film medium, phase matching
effects, reflection, transmission, and absorption. In order to
obtain a complete understanding of propagation effects, we
conduct a comparison study in attosecond and femtosecond
regimes.

The organization of the paper is as follows. Section II
describes in brief the theoretical framework and the simulation
details. The calculated results and discussion are presented
in Sec. III. Finally, the conclusion of the paper is given in
Sec. IV.

II. THEORETICAL FRAMEWORK

From the theoretical point of view, the light-matter inter-
action is intrinsically a complex process involving dynamics
of electrons, ions, and electromagnetic fields, which couple
each other in different scales of space and time. In physics
there are different theoretical approaches in explaining various
light-matter interaction phenomena with various spatial and
temporal resolutions under various approximations. Among
the various approaches, the first-principles computational ap-
proaches based on density-functional theory (DFT) have been
widely used to describe the interaction of light with bulk
materials. There are two basic approaches, one is solved in
frequency domain to gain insight into the linear optical re-
sponse of matter to an external weak light field, and the other
is in time domain. The advantage of the latter is that it can
also be applied to nonlinear light-matter interaction under
an intense light field. Generally speaking, the interaction of
ultrashort light pulses with bulk materials can take place in
various forms depending on various parameters characterizing
the bulk materials and the wave form of light pulses. Cor-
respondingly, there are different levels of approaches, under
different approximate conditions applicable to the study of
the interaction of intense laser light with bulk materials at
different spatial and temporal scales. For instance, in the case
of pulses shorter than the characteristic timescale of energy
transfer from the electrons to the ions, it is safe to say that
such pulses excite only electrons during the light-matter inter-
action, leaving the atomic structure intact. There is a ladder
of approximations for the first-principles computational ap-
proaches in time domain. At the lowest rung of this ladder,
in order to describe the electron dynamics in bulk materials
under light fields, the time-dependent Kohn-Sham (TDKS)
equation, which is the basic equation of time-dependent
density-functional theory (TDDFT), has been solved in the
time domain [48]. Higher rungs incorporate increasingly com-
plex ingredients arising from coupled nonlinear dynamics
of light electromagnetic fields and ions. Each rung incorpo-
rates the design elements of the lower rungs, and more. For
instance, at the second rung, a propagation of strong light
electromagnetic fields in bulk media has been incorporated,
combining the Maxwell equations using multiscale compu-
tational strategy [46]. Furthermore, at the third rung, the
ion or lattice dynamics have been incorporated, combining a
first-principles Ehrenfest molecular dynamics (MD) approach
[47]. In a practical application, the rung of this ladder can
be chosen to match accuracy requirements and computational
resources.

The calculation of this paper is extended to the second rung
in which the propagation of the laser pulse in bulk solids is
included in the simulation via coupling the electron dynamics
in many microscopic unit cells with the time evolution of the
electromagnetic fields in a multiscale framework. At micro-
scopic scale, the electron motion in a unit cell of crystalline
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solid is described by the TDKS equation. At macroscopic
scale, the propagation of macroscopic light electromagnetic
fields is described by the Maxwell equations. Besides, we
consider an irradiation of diamond thin films by a linearly
polarized few cycle attosecond laser pulse at normal incidence
for the propagation.

It is important to note that our aim here is to investigate
the effects of propagation on more delicate structures such as
thin films of various thicknesses from a few atomic layers to a
few tens of nanometers. Our simulations are basically carried
out with SALMON code (version 1.2.1) [49,50], which is a
scientific program package specially designed to study light-
matter interaction problems using multiscale computational
strategy. Detail of the strategy is described in Refs. [46,50,51].
We briefly summarize it below.

In SALMON, the macroscopic coordinate X and the mi-
croscopic coordinate r are introduced, respectively. First, in
the microscopic scale of the unit cell, an approximation of a
coarse graining is applied by treating the macroscopic field
as uniform, otherwise only a longitudinal part of the vector
potential is retained [52]. Under the above approximation,
the propagation of macroscopic electromagnetic fields is de-
scribed in the macroscopic coordinate X by the following
Maxwell equation:

PAx(t) 1 2Ax(t) 4
e @ e T e )

where Ay (z) is the macroscopic vector potential and Jx (¢)
is the macroscopic electric current density, which are re-
spectively used as input and output of the microscopic scale
calculation. Note that, in principle, the electromagnetic fields
could be identically described by using scalar and vector
potentials in various gauges. Here, for simplicity of compu-
tations, it is convenient to adopt the so-called Weyl gauge in
which the scalar potential is set to zero [52]. By the way, in
the lowest level of the model, we describe electron dynamics
in a unit cell of a crystalline solid with the periodic boundary
conditions under a time-dependent, spatially uniform vector
potential which is related to the external electric field E(r)
by E(t) = —(1/c)dA(t)/dt. Next, the microscopic electron
dynamics are described at each macroscopic grid point of X
using the following TDKS equation:

0 N
iha Yix(r,t) = Hgs(r, 1)y x (r, 1), (2)

where ¥; x (r, ¢) is a Kohn-Sham one-electron orbital at point
X, which distinguishes spin, and Hkg is the time-dependent
Kohn-Sham Hamiltonian defined by

2
Hgs(r,1)= ﬁ <—iﬁV+§AX (l)) + Vax + Vionx + Vac x>

(3
where Vionx is the norm-conserving pseudopotentials to
deal with the interaction between valence electrons and the
ionic core, Vi x and V. x are the Hartree potential and
exchange-correlation potential, respectively. The macroscopic
electric current density Jx (t) of Eq. (1) is an essential quan-
tity that connects two spatial scales, defined as Jx(¢) =
/2, fQ dl‘lﬁ;x(r,t)jwi,x(l',t), where Q is the volume
of the unit cell and j is the electron current density

o exp.
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FIG. 1. The calculated real (a) and imaginary parts (b) of
dielectric function &(w) of diamond as a function of frequency in the
ground state. The illustration of the bottom panel is the logarithmic
function diagram of the imaginary part of e(w). The dark gray circle
denotes the corresponding experimental data [55,56].

operator [53,54],
s 1
J = = I[F, Hgsl “4)
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III. RESULTS AND DISCUSSION

In our numerical simulation, diamond is taken as the ma-
terial to study light-matter interaction. The periodicity of
diamond crystal is simulated by using a cubic cell with a
lattice parameter of @ = 6.74 a.u. The cubic unit cell contains
eight carbon atoms. The first Brillouin zone in the inverted
space is discretized with 8 x 8 x 8 k points. And the TDKS
equation is solved in a discretized three-dimensional space
mesh, which is discretized into 16 x 16 x 16 grid points
with a grid spacing of 0.42 a.u. (atomic units used unless
stated otherwise). We use the generalized gradient approxima-
tion (GGA) based on the Perdew-Burke-Ernzerhof functional
(PBE). To ensure the calculation accuracy and save the cal-
culation amount, for T,; = 0.1 fs, the real-time propagation is
performed with a time step of 0.005 a.u., the other attosecond
propagation time step is 0.01 a.u. and the femtosecond prop-
agation time step is 0.02 a.u.. Moreover, in the calculation
of spatial propagation on the macroscale, in order to ensure
the calculation accuracy, we set the macrogrid spacing as
6.74 a.u. which is the lattice parameter. Taking the attosecond
light pulse as an example, it is worth noting that for the
computational cost of the spatial propagation of a thin film
with a thickness of d = 29.988 nm, it takes about 3 days on a
computer system with 28 cores.

A. Energy transfer to diamond crystal

The dielectric function provides valuable information
about the electronic structure and produces a complete image
of the linear optical response. Therefore, first, the dielectric
function of diamond is given in the ground state, as shown
in Fig. 1. The illustration of the bottom panel is the logarith-
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FIG. 2. The photon number density distribution with the single-
cycle pulse intensity of I,, = 10'* W/cm?. The panel corresponds
to attosecond pulses with durations T3 = 0.1 fs, T,, = 0.3 fs, and
T,s = 0.5 fs. The illustration corresponds to femtosecond pulses with
Ty, = 7 fsand T, = 9 fs.

mic function diagram of the imaginary part of ¢(w) a wide
frequency range. Obviously the real part and imaginary part
of ¢(w) are in reasonable agreement with the measured data
[55,56], and the imaginary part has a main absorption peak at
about 12.1 eV.

Next, in the lowest level of the model, we simulate the
interaction of diamond crystal with intense single-cycle ultra-
short light pulses. The pulse shape is expressed by

=B [F-Daful- D)) o

where o is the average frequency, Eq is the maximum am-
plitude of the electric field, and T is the pulse duration. It is
worth noting that in this paper we pay attention to the specially
designed single-cycle laser pulses, whose center frequency
and pulse duration are in a one-to-one correspondence by
w= % which allows us to concentrate the energy into a
very short time interval, reducing the risk of detrimental scat-
tering processes. Moreover, a single-cycle attosecond pulse,
which minimizes its dephasing with the generated electron
current density over an extended propagation, provides new
opportunities for controlling electron motion in solids with
unprecedented speed and accuracy. To characterize the ul-
trashort single-cycle pulse, we analyze the quantity |E(w)|?
from the Fourier transformation of the electric field E(¢), i.e.,
|E(®)|? = | [ dtE(t)e™ |*, which is proportional to the pho-
ton number density Nphoton (@) = ﬁ |E(w)|? /hiw, as shown in
Fig. 2 for three attosecond cases with duration T3 = 0.1 fs,
T,s = 0.3 fs, and T, = 0.5 fs, respectively, and two femtosec-
ond cases T, = 7 fs and T, = 9 fs. Note that the shorter the
pulse duration, the smaller the photon number density, the
wider the photon spectral band. The broadening of the photon
spectral band promises a much higher degree of attainable
quantum interference because more pathways involving dif-
ferent frequency photons become accessible simultaneously,
which is the foundation of lightwave electronics [57] based
on attosecond pulses.

—E—Tas=0.1fs Tfs=7fs
Tas= 0.3fs —Q—Tfs= 9 fs
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FIG. 3. After the end of the pulse, the energy transfer of each
atom from single-cycle pulse to the diamond crystal represented by
Eq. (6), under different pulse durations and peak intensities.

Figure 3 shows a series of energy transfer graphs from
a single-cycle pulse to diamond crystal after the end of the
pulse. The transferred energy W (¢) in the unit cell with vol-
ume of 2 can be expressed by the work done by the applied
external field E(¢) as follows:

t

W) = Q/ dt'E{) - J(t). 6)

—00

The transferred energy of each atom is expressed as

W(eV/atom ) = lim W (t)/Naom, Where Nyom is the total
=00

number of atoms in the unit cell. For the femtosecond pulses,
while single photon absorption process dominates at low
intensity, multiphoton absorption process appears in the in-
tensity region 103 < Iy < 3 x 10'> W/cm?. As the intensity
increases further, the single photon absorption process is re-
tained, which may be due to the saturation effect of the
occupation. For shorter attosecond pulses, the absorption is
always linearly dependent on the field intensity, and its slope
is parallel to the femtosecond absorption curve at low in-
tensity, which is a “one-photon” absorption process. Since
the attosecond pulse consists of a wide energy range and
low-density photons, the absorbed energy is the average of
the one-photon absorption processes for different energies.
These results indicate that the excitation mechanism in the
attosecond timescale is different from that in the femtosecond
timescale. In addition, since that the photon number density
and the imaginary part of the dielectric function of diamond
are both single-peak structures, from the linear response point
of view, the closer their peaks are, the more overlapped the
parts will be, leading to more energy transfer. However, it is
interesting to see that the energy transfer is the maximum
for T,s = 0.3 fs among all cases, rather than T,; = 0.5 fs,
implying the appearance of the new effect in the interaction
between attosecond light and matter, which is different from
the traditional linear response mechanism.

Figure 4 further displays energy transfer and energy trans-
fer rate with pulse duration, corresponding to a red line and a
blue line, respectively. The upper axis is the average frequency
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FIG. 4. After the end of the pulse, (a) the energy transfer of each
atom from single-cycle pulse to the diamond crystal under different
pulse durations. The red line represents the result of our simulation
calculation. The violet line is the result of linear absorption calcu-
lated by Eq. (7). (b) The energy transfer rate of each atom in diamond
crystal with various pulse durations. The upper axis is the average
frequency w corresponding to each pulse duration.

w corresponding to each pulse duration. The energy transfer
rate Ry, can be given by W(eV/atom)/%, where X is the
total energy of the laser pulse, estimated by ¥ o [ o E 2(t)dt.
No matter energy transfer or energy transfer rate, there is a
maximum energy absorption value at T, = 0.3 fs, which is
consistent with Fig. 3. Besides, from a linear response point
of view, the energy transfer can be defined as

Wir & / |E(0)|*wIm g(0)dw, (7)

where Im &(w) is the imaginary part of the dielectric function.
For comparison, we show the linear response results in Fig. 4
as violet lines. There is a deviation between our calculation
simulation and linear absorption in energy transfer, which
indicates that there is indeed a new effect between attosecond
light and matter, compared to the traditional linear response
absorption behavior.

In order to understand the difference in energy absorption
observed in Fig. 3, we study absorbed energy W (¢) and cur-
rent density J(¢) of diamond crystal at different times of a
single-cycle light pulse duration with the laser intensity I,; =
10" W/cm? and I, = 10" W/cm?. As shown in Figs. 5(a;)—
5(as), it can be seen that as the attosecond pulse Ex5(¢) evolves,
the transferred energy W(z) increases gradually, the maxi-
mum energy transfer occurs at Ty(t) = 0.3 fs after the pulse

ends. For the femtosecond pulse Ex(t), the transferred energy
follows closely the oscillation of its corresponding pulse. In
Figs. 5(a;) and 5(a3), periodic excitation and deexcitation are
mainly influenced by the interaction of virtual excitation [58]
and Rabi flopping [59], through Stark effect or multipho-
ton interference under resonant and nonresonant conditions.
Virtual excitation largely means the distortion of the initial
electronic state, while the Rabbi jump represents the oscilla-
tion of the number distribution between the valence band and
the conduction band during the laser pulse irradiation. At the
same time, as shown in Fig. 5(a;) and Figs. 5(az)-5(as), there
is an obvious reverse energy flow at the trailing edge of the
laser pulse, which means part of the energy is transferred back
to the radiation field.

When T,; = 0.3 fs, the electric current density J(¢) is in
phase with the laser field E (¢) corresponding to the maximum
energy transfer in Fig. 3 through Eq. (6), which is interpreted
as the resonance energy transfer from an attosecond laser
pulse to the material electronic system. When T3 = 0.1 fs,
the phase of J(¢) lags behind E(¢), while the phase of J(¢)
precedes E(¢) when T, = 0.5 fs, so the phase shift results
in less energy transfer according to Eq. (6), which is consis-
tent with the phenomenon in Fig. 3. These differences may
be caused by the fact that one and the same electron state
in matter encounters all photons contained in an attosecond
light pulse at the same time, enabling therefore interferences
between pathways involving different intermediate states that
are sensitive to the phase between these photons. However,
for femtosecond pulses, as shown in Figs. 5(bs) and 5(bs), the
phase of J(¢) is always obviously ahead of E (), and its phase
difference is close to m /2, resulting in the smallest energy
transferred from laser pulses to electrons.

According to Eq. (6) and the analysis of J(¢) and W (¢) in
Fig. 5, it is clear that the attosecond laser pulse can make
the current density resonate with the laser pulse by adjust-
ing its duration, thereby maximizing the transfer energy. For
convenience in the following discussion, the resonance sit-
uation of T3 = 0.3 fs is referred to as WZ type response,
the pulse is referred to as Tyyz. The case where the current
phase leads the pulse phase is called negative detuning (W
type response), with the corresponding duration 7w, while
the case where the current phase lags the pulse phase is
called positive detuning (Z type response), and the corre-
sponding duration is 7 [60,61]. For femtosecond pulses at
high intensity I,, = 10> W/cm?, Fig. 5 clearly shows a low
amplitude coherent oscillation of J(¢) at the trailing edge of
the field due to the partial coherence left by the laser field be-
tween the involved nonstationary states, which is reminiscent
of the plasma oscillation in metals [62] and consistent with
the traditional nonlinear characteristics. For the attosecond
pulse, with the increase of laser intensity, the current increases
by corresponding multiples, exhibiting a linear response that
dominates the response behavior, which is in accordance with
the characteristics of the attosecond pulse with small photon
number density.

Moreover, the above response can be vividly reflected in
real-space presentation of the electron density difference in
Figs. 6(b)-6(f). The ground state electron density is shown
in Fig. 6(g). The red area indicates increasing of electron
density, while blue indicates decreasing. There is a spatial
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FIG. 5. The upper panels corresponds to the time-dependent energy transfer W (z) induced by the single-cycle intense light pulses E (¢)
in diamond crystal with intensity of I,, = 10'* W/cm? and durations of T (¢) = 0.1-9 fs, respectively. The gray solid lines show the scaled
pulse E(¢). The middle and lower panels show the time-dependent electric current density J(¢) pumped by E,,_¢(f) with intensity of I, =

10" W/cm? and I, = 10'> W /cm?, respectively.

region where the electron density difference changes the most
compared to the ground state, which is the excitation out of
the bonding orbitals, causing a decrease of the electron density
around the bonds [63]. The picture for Ty = 0.3 fs shows the
largest contrast with remarkable collective movement of elec-
trons, while the T;; = 7 fs is the smallest, which is consistent
with the energy transfer in Fig. 3.

In order to understand the microscopic origin of these
features, the change of occupation number is further analyzed
with different laser intensity and pulse duration. Figure 7
shows the electronic density of state (DOS), occupied number

(OCC) in the ground state, and the difference of occupied
number (DOO) between ground state and excited state in a
unit cell of diamond crystal after the laser pulse. Figures 7(c)—
7(e) show the results for attosecond pulses. The curves for
intensities 10! and 10'* W /cm? are multiplied by 10% and 10,
respectively. Here we define that each DOO curve represents a
transition mode. Surprisingly, both rescaled curves with weak
light pulses of 10'? and 10'* W /cm? almost overlap with the
DOO for 10" W/cm?. That means the transition mode is sen-
sitive to the duration of the attosecond pulse, but insensitive
to the intensity up to a scaling factor. However, in the case

t

()T = 71s

(g)Ground state

(HTs =9 fs

FIG. 6. (a) The schematic diagram of the calculated diamond crystal structure. The colored surface is the section [1, —1, 0] selected later.
(b)—(f) The electron density difference distribution in diamond crystal pumped by the single-cycle intense light pulses with I, = 10'> W /cm?
and T = 0.1-9 fs, respectively. (g) The ground state electron density. Red area indicates increasing of electron density, while blue indicates
decreasing.
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FIG. 7. The electronic density of states (DOS), occupation num-
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and peak intensity. The vertical solid line in the panel indicates the
Fermi level Er and the gray dashed line represents the zero line. The
DOOs under lower intensity pulse are rescaled.

of femtosecond pulses, the rescaled curves do not overlap
with each other due to typical nonlinear effect, as shown in
Figs. 7(f) and 7(g), which is consistent with the intensity-
related energy transfer curve in Fig. 3. The maximum DOO
of Twz = 0.3 fs corresponds to the maximum excitation, as
observed in Fig. 3 for the maximum energy transfer. Compar-
ing the curves for the attosecond cases, the DOO spectrum of
Tw = 0.1 fs extends to higher excitations in the conduction
band, as seen from Fig. 7(c). That is because the photon
number density distribution for Tyy = 0.1 fs is the widest as
shown in Fig. 2, and higher electronic states in matter become
accessible. In general, on the one hand, because the photon
number density of each frequency contained in the attosecond
pulse is very small, the interaction between attosecond pulse

light and matter shows the single-photon linear response be-
havior with the pulse intensity below 10'® W/cm?. On the
other hand, because the attosecond light pulse has a wide
spectral band of photons, different combinations of a quantum
pathway can have dynamical interferences [64,65]. The final
occupation number of electron states is determined by the
dynamic interference of the different quantum pathways. The
dynamic interference can be constructive or destructive. By
introducing dynamical interferences, it is possible to alter the
classical linear response behavior, for example, the dark light
pulse which have the same spectral content as a conventional
pulse but are not absorbed by conventional absorbing media
as an extreme case. More importantly, because these quan-
tum transition paths, generated by an attosecond light pulse,
are completely coherent, the interference structure in DOO
records the phase information of the quantum transition path.
Hence, we refer to this new effect in the interaction between
attosecond light and matter as the linear dynamic interference
response mechanism, in order to be different from the tradi-
tional linear response mechanism.

B. Light propagation through a diamond thin film

Then, in this section, we investigate the behavior of spatial
propagation of the single-cycle light pulses passing a free-
standing diamond thin film in the second level of the model.
For the incident pulse, it propagates along the x axis, and its
polarization direction is along the z axis. The wave form is as
follows:

Ap(t) = — 0 cos? (”(X - C’)) sin (‘”(X - Ct)). )
w T

c c

Various snapshots of simulated attosecond laser pulses inci-
dent on the diamond thin films are shown in Figs. 8 and 9.
The pulse intensity is I, = 10" W/cm? (maximum ampli-
tude is 0.169 a.u.). The thickness of diamond film is set to
d = 29.988 nm. Since the lattice constant of diamond is about
0.357 nm the thickness is the size of 84 lattices. Figure 8(a;)
shows the distribution of the incident pulse in the film.
Figures 8(a;)—8(a4) correspond to the snapshots for attosec-
ond pulses with durations of Tw = 0.1 fs, Tywz = 0.3 fs, and
T; = 0.5 fs, respectively. The femtosecond cases are shown
in Figs. 8(as) and 8(ag). The distribution of absorption energy
(Wyps) of 0.1-9 fs in the diamond film is shown in Fig. 9. The
gray area (0 < X < 29.988 nm) represents the diamond thin
film, and the area where X < 0 and X > 29.988 nm represents
the vacuum. When the attosecond pulse evolves at t = 6 T,
the incident laser pulse has been completely separated into
the reflection component (vacuum region on the left side of
the diamond film) and the transmission component (vacuum
region on the right side of the diamond film), while for the
femtosecond pulse it is # = 2 T. The reflection occurs on the
front and back surfaces of the film, mainly the front surface,
because many conduction band (CB) electrons exist there. On
the whole, the results show that the diamond films have ob-
vious different shaping effects on the above three attosecond
pulses, which is clearly different from the femtosecond pulse,
and the energy deposited in the diamond film increases greatly
with the increase of pulse duration.
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FIG. 8. (a;) At the initial moment (¢t = 0), the distribution of
electric field (E7 ) in space. (ay)—(as) At t = 6 T, the distribution
of electric field (£z ,) in space with three different types of at-
tosecond single-cycle laser pulses (7w = 0.1 fs, Twz = 0.3 fs, and
T, = 0.5 fs, respectively). (as) and (ag) The distribution of electric
field (Ez ) att = 2 T in space with femtosecond pulse of Ty, = 7 fs
and T, = 9 fs, respectively. The laser pulse with a peak intensity of
I, = 10> W/cm? transmits perpendicular to the diamond film with
thickness of d = 29.988 nm. The gray area (0 < X < 29.988 nm)
represents the diamond film, and the area where X < 0 and X >
29.988 nm represents the vacuum.
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FIG. 9. Corresponding to the laser parameters in Fig. 8, the dis-
tribution of absorption energy (W,ps) in the diamond film.

As shown in Fig. 8(ay), when Ty = 0.1 fs, the incident
laser pulse at + =0 starts to propagate at X = —32 nm
relative to the diamond film surface at X = 0. In addition,
because of the Ty = 0.1 fs wide frequency spectrum, it can
tunnel through the thin plasma and radiate into vacuum, so
it is obvious that there is a strong transmission pulse field
in the region of 145 < X < 185 nm at t = 6Ty, and the
reflected field is almost zero. The maximum amplitude of the
transmitted field is close to the amplitude of the incident field,
and the shape of the transmitted field has changed compared
to the wave form of the incident field, showing a distinct
shaping effect. Due to the short duration of the W-shaped
pulse, its interaction time with the material is short, and the
energy deposited in the film is small, as shown in Fig. 9. After
the laser pulse ends, the electronic state of the system returns
to the ground state, which provides the idea of nondestructive
irradiation of the laser.
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FIG. 10. (a) Time-frequency representation obtained by using a
Morlet transform, (b) frequency distribution spectrum, (c) space-
wave-vector representation obtained by using a Morlet transform,
and (d) wave-vector distribution spectrum, of the incident electric
field with the peak intensity of 10'> W /cm? and Tz = 0.3 fs.
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FIG. 11. Morlet transformations of the spatial distribution of the incident fields with the peak intensity of 10'> W /cm? and three different
types of attosecond laser pulses (7w = 0.1 fs, Twz = 0.3 fs, and 7; = 0.5 fs) correspond to the upper panels (a;)—(c,), respectively. Morlet
transformations of the reflected fields and the transmitted fields correspond to the middle panels (a;)—(c;) and the lower panels (az)—(c3),

respectively.

For Tywz = 0.3 fs, it can be seen from Fig. 8(a3), when
t = 61wy, both reflection field and transmission field can be
observed, the reflection wave has a 7 phase difference relative
to the incident wave, and the wave form of the transmitted
wave is modulated and its wavelength is about 220 nm. More-
over, the transmitted wave has a relatively flat electric field
envelope, showing chirp effect: stretching at its front and con-
verging at its end. The energy absorbed by the diamond film
increases, which is more than 8§ times the absorbed energy of
Tw = 0.1 fs, and the reflected and transmitted electromagnetic
field energy W.ns decreases relative to the incident field. It
can also be noted that most of the energy is deposited in
the diamond film, and the deposition rate decreases with the
increase of the film depth from Fig. 9. The remaining small
part of the energy is mainly left in the reflected field.

When the Z-type laser pulse (77 = 0.5 fs) is vertically
incident on the diamond film, as shown in Fig. 8(ay), the
absorbed energy near the diamond film surface is about 11
times as much as that of Tyy = 0.1 fs, the wave form of
the transmission field almost disappears and the energy Weps
of the transmission field tends to zero. However, it has the
characteristics of strong reflection (maximum amplitude is
0.105 a.u.) and absorption. It can be seen from Fig. 9 that
a large amount of energy is deposited inside the diamond
film, which may cause material damage. Besides, the energy
is mainly deposited near the surface (olive solid line) and the
transferred energy density rapidly decays inside the film. This
transfer of energy drives the subsequent atomic motion and
further induces laser induced damage, such as melting and
laser ablation.
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Figures 8(as)-8(ag) are the snapshots of the femtosecond
pulses with pulse durations of 7 and 9 fs, respectively. The
two figures are very similar, both have a reflected field and a
transmitted field, the transmitted wave form is similar to that
of the incident field, and the reflected field exhibits a phase
shift of . Obviously the thin film cannot achieve shaping
effect with the femtosecond laser pulse wave form. From
Fig. 9, for femtosecond pulses, as the duration increases, the
nonlinear electronic dynamics effect is more obvious due to
the increase in the interaction time between the material and
the intense laser, resulting in a large amount of energy being
deposited inside the diamond film, which may cause damage
to the material.

In order to understand the spatial distribution of the re-
flected and transmitted electric field, wavelet transform is
applied to the signal. Wavelet analysis is a powerful tool for
signal processing, in which the mother wavelet is defined as

m(x) — ei~xefx2/20'2’ (9)

and a child wavelet is defined by expanding and transforming
with k and x, respectively as follows:

Wk,xl (.X) — eik(x—x])e—kz(x—xl)z/Zoz‘ (10)

The Morlet transform of signal E(x) is expressed by

2

1
My, = ‘/ EE()C)W,M] (x)dx| . an

Parameter o determines the size of the temporal window.
The space and wave vector resolution can be balanced by
adjusting the value of o of the Morlet wavelet. Decreasing o
will decrease the wave vector resolution but it will increase the
space resolution. When o approaches 0, the Morlet wavelet
becomes a Dirac function with optimal space resolution, while
when o tends to infinity, the Morlet wavelet becomes a plane
wave function with optimal wave vector resolution. Therefore,
for a certain signal, there is always an optimal o with the finest
resolution for both space and wave vector.

In Fig. 10, for the pulse electric field with the peak intensity
of 10" W/cm? and pulse duration of Tz = 0.3 fs used in
this paper, by comparing the Morlet transform in the time-
frequency plane and the space-wave vector plane, the value of
o is selected as 0.5 for a suitable value to balance the time
(space) and frequency (wave vector) resolution. Therefore,
o = 0.5 is chosen for the subsequent study. In addition, it can
also be obtained that the center frequency of the pulse electric
field is 1.14, and the center wave vector is 0.0083 through the
formula transformation k = w/c, where ¢ is 137. The values
1.14 and 0.0083 are shown in Figs. 10(b) and 10(d).

As shown in Fig. 11, when the reflected field Eg and the
transmitted field E; are completely separated, Morlet trans-
formation of the spatial distribution of the incident fields with
the peak intensity of 10> W/cm? and three different types of
attosecond laser pulses (Tw = 0.1 fs, Tz = 0.3 fs, and 7 =
0.5 fs) corresponds to the upper panels of Figs. 11(a;)-11(c;),
respectively. Morlet transformation of the corresponding re-
flected field and the transmitted field corresponds to the
middle panels of Figs. 11(ay)-11(c;) and the lower panels of
Figs. 11(a3)-11(c3), respectively.
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FIG. 12. Similar to Fig. 14, Morlet transformations of the spatial
distribution of the incident fields, the reflected fields, and the trans-
mitted fields with femtosecond pulse of 7;; = 7 fs and Ti, = 9 fs and
the peak intensity of 10> W /cm?.

From the results of Fig. 11, we can intuitively find that
there is a strong transmission and weak reflection in the case
of Ty = 0.1 fs, strong transmission and strong reflection for
Twz = 0.3 fs, and strong reflection and weak transmission
for T; = 0.5 fs. Besides, the possible chirps of transmission
and reflection pulses are shown in Figs. 11(a;) and 11(b3),
respectively, and the broadband XUV light has been built up
during the propagation of the driving attosecond pulse through
the diamond film as seen in Fig. 11(c3). Hence, the diamond
film has shaping effects on attosecond pulses. For compari-
son, Morlet transformations of the spatial distribution of the
incident fields, the reflected fields, and the transmitted fields
with femtosecond pulse of Ty = 7 fs and Tz, = 9 fs are shown
in Fig. 12. It can be seen that the Morlet transformations of the
incident fields, the reflected fields, and the transmitted fields
for femtosecond pulse are relatively stable in shape.

Another interesting phenomenon is shown in Fig. 13. For
attosecond pulses, the line shape of the electric field seems
insensitive to the pulse intensity. Taking the pulse duration
of Twz = 0.3 fs for example, the line shapes of the electric
field in diamond film with thickness of d = 29.988 nm under
different laser intensities of 10'%, 10'4, and 10° W /cm?, over-
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FIG. 13. The spatial distribution of electric field (Ez,s) of dia-
mond film with d = 29.988 nm under the attosecond light pulse of
Twz = 0.3 fs and different laser intensity. The electric fields of lower
intensities are rescaled.

lap with each other after being multiplied by proper scaling
factors. For femtosecond pulses, as shown in Fig. 14, when
the laser intensity is weak, the lines for the laser intensities
of 10° and 10'® W /cm? overlap each other after multiplying
10° and 10°/2, respectively. But when the intensities increase
to 10'* and 10"> W /cm?, the lines cannot bring to each other
by simple scaling, which indicates the emergence of nonlinear
effect. Therefore, consistent with the discussion in Sec. IIT A,
the propagation behavior of an attosecond pulse in the thin
film is independent of laser intensity, which is a characteristic
different from a femtosecond pulse.

Finally, we show reflection, transmission, and absorption
rates as a function of diamond film thickness with three dif-
ferent types of attosecond laser pulses (Tw = 0.1 fs, Tyyz =
0.3 fs, and T, = 0.5 fs in Fig. 15 when the reflected and the
transmitted pulses are well separated. The peak intensity is
10" W/cm?. The reflection rate R and transmission rate 7~
of the material is defined by the ratio of the total electro-
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FIG. 14. The spatial distribution of electric field (Ez) of dia-
mond film with d = 29.988 nm under the femtosecond light pulse
of T;; = 9 fs and different laser intensity. The electric fields of lower
intensities are rescaled.
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FIG. 15. Reflection, transmission, and absorption rates as a func-
tion of diamond film thickness with the peak intensity of 10'> W /cm?
and three different types of laser pulses (T = 0.1 fs, Tz = 0.3 fs,
and 7, = 0.5 fs). The gray dotted line represents the total reflectivity
of the linear response.

magnetic energy of reflected and transmitted waves to the
electromagnetic energy of incident waves, respectively, and
the absorption rate A is given by A=1—-R— 7. From
Fig. 15, as the thin film thickness increases, more and more
energy is deposited in the thin film. At the beginning, the
absorption rate A increases and the corresponding transmit-
tance 7 decreases, but when it reaches a critical thickness,
they start to saturate. For the pulse durations of Tywz = 0.3 fs
and Tz = 0.5 fs, the reflection rate fR first rapidly increases
and then decreases and saturates. For Tyy = 0.1 fs, the reflec-
tivity is relatively small. Taken together, as the pulse duration
increases, absorption increases and transmission decreases. It
should also be pointed out here that the conduction band (CB)
electrons generated in the thin film absorb and reflect laser
pulses, which leads to the change of interference conditions
and plays a leading role in determining the reflectivity of
the thin film. As the thickness of the thin film increases, the
CB electrons generated around the front and back surfaces
change the interference condition in a way that adversely af-
fects reflectivity. In addition, because of finite pulse duration,
the broad spectrum of laser pulse will affect the interference
conditions, thus affecting the reflection coefficient and reduc-
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ing the reflectivity [66]. The final convergence of reflectivity
implies that the CB electrons, mainly generated at the front
surface, play a dominant role in the bringing about changes of
reflectivity.

With the increase of film thickness, it approaches the tradi-
tional classical model of linear response. For comparison, the
total reflectivity SR g of linear response is given in each panel
by gray dotted lines, which is defined as

_ JR@)E(@)Pdo

R = T o)Pde

, (12)

where R(w) is the reflectivity, evaluated by the following
equation using dielectric function &(w):

Je(@) — 1 ‘2
Ve@)+1|°

Interestingly, for Tywz = 0.3 fs, with the increase of film thick-
ness, the reflectance saturation value approaches the total
reflectance value R0 ™ of linear response, and the reflectance
saturation value of Ty = 0.1 fs is above RY1™, while that
of Tz = 0.5 fs is below RY2 ", indicating the linear dynamic
interference response mechanism.

R(w) = ‘ (13)

IV. CONCLUSIONS

In conclusion, interestingly enough, on account of the ul-
trashort duration of attosecond light pulses, its interaction
with matter is distinguished from conventional long light

pulses. We propose and demonstrate a mechanism and phe-
nomenon of linear dynamic interference response between
attosecond light pulse and matter. Our simulations show that
the interaction of single-cycle light pulses of duration 0.1 to
0.5 fs (or 100-500 as) with diamond crystal and thin film
has distinct features, which indicates a linear scaling behavior
with the pulse intensity below 10'® W/cm? on the one hand
and an unusual linear dynamic interference response behavior
with the pulse width, determined by the interference of the
different quantum pathways on the other hand.

As a final note, while on the one hand this type of re-
search is important from a fundamental point of view as
it can provide important insights into the complex interac-
tion between attosecond light pulse and matter in previously
unexplored regimes of parameters where electron correla-
tion, collective effects, matter characteristics, phase between
photons contained in an attosecond light pulse, and film ge-
ometries becomes increasingly important, on the other hand,
this research also comprises considerable potential for ap-
plications in designing devices of shaping attosecond light
pulses, which deserves to be investigated in future research
both theoretically and experimentally.
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