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The generation of higher harmonics of intense lasers and associated attosecond pulses is a field of
contemporary interest which promises a variety of applications ranging from the fundamental to applied
sciences. In this work, we have probed the interaction of the intense (≳1019 W=cm2) 248 nm laser with
Deuterium clusters using classical molecular dynamics simulation. The Thomson scattered radiation
emitted by the electrons is considered by using standard Liénard-Wiechert potentials. We have studied the
angular distribution of the radiation emitted by electrons and observed that the ponderomotive force exerted
by these highly intense laser pulses leaves a very distinct signature of the radiated energy along a particular
direction, which in principle has its own diagnostic potential to directly measure the intensities of incident
laser pulses. Furthermore, the interaction of lasers with intensities ∼1019–1021 W=cm2 with atomic clusters
results in the attosecond burst of energy in form of electromagnetic radiations, which fall under the XUV to
soft x-rays regime of electromagnetic spectrum. The parameters of the atomic clusters, e.g., size (number of
atoms), atomic species, etc. can be easily controlled experimentally and these in turn, change the number of
electrons participating in the interaction process and hence, the properties of Thomson scattered radiation
can be tuned accordingly.
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I. INTRODUCTION

Intense laser pulses when interact with noble gas
clusters, a plasma medium of highly energetic ions and
electrons is created, which finds application in numerous
fields such as lithography [1], production of energetic ions
[2], high harmonic generation [3] and neutron production
by Deuterium fusion [4,5], to name a few. The characteri-
zation of Deuterium clusters in the context of fusion
experiments is reported in Ref. [6], where they have varied
the experimental parameters to obtain Deuterium clusters
with diameter ranging from 20–100 Å for optimum neutron
production. The application and utility of laser-cluster
interaction may vary depending on the laser parameters
and atomic species constituting the cluster. However, the
basic physics behind the interaction is the initial optical
field ionization of neutral atoms by the laser fields which
brings electrons and ions into the picture, followed by
collisional ionization of the ions which further gives rise to
higher charge states. The electron cloud formed as a result

of the ionization departs the cluster on account of outer
ionization and the ionic cloud left behind ultimately
explodes under Coulomb repulsion or hydrodynamic pres-
sure. With the advancement in the production of highly
intense laser sources such as FELs and the recent develop-
ments at ELI facility, laser fields of intensity as high as
1024 W=cm2 can now be obtained [7]. Furthermore, high
intensity KrF lasers of wavelength 248 nm are being
developed at the High Intensity Laser Laboratory (HILL)
[8], a unit of LaserLab, Europe [9]. Such high intensity
lasers have served to expand the horizon of laser-cluster
interaction. These high power lasers have assisted lot of
development in the field of radiation reaction [10] and high
harmonics generation by laser-plasma interaction [11,12].
Furthermore, the direct measurement of the laser param-
eters at such extreme laser intensities is always a challenge,
which can be addressed by the knowledge of Thomson
scattered radiation post electron interaction with such
ultrahigh laser intensities [13].
In the classical scenario, generation of higher harmonics

of the fundamental frequency of incident laser field occurs
mainly due to Thomson scattering. The electrons produced
during the ionization of cluster oscillate under the influence
of strong laser field and emit radiation. In the relativistic
scenario, when the laser strength parameter a0 ≳ 1, elec-
trons experience the v ×B heating, which significantly
alters the trajectory of the electron (as compared to the
cases when a0 ≪ 1) and consequently the generated
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harmonics [14]. These radiation yields can be very well
calculated by the standard Liénard-Wiechert potentials [15].
The nonlinear dynamics in ultrarelativistic scenario can
cause the electrons to emit harmonics of order as high as
several 10s and 100s of the fundamental frequency [16–18].
However, a beam of electrons entering a highly intense laser
field can be scattered away due to the ponderomotive force of
laser field before it reaches the peak of the laser field, as a
consequence of which it is feasible to generate the electrons
via field ionization within the laser field itself [19]. This can
be achieved by the interaction of laser with an atomic cluster.
The higher order harmonics generated during laser-

cluster interaction can find application in the generation
of terahertz radiation [20] and x-ray pulses [21,22]. The
generation of higher order harmonics can be employed in a
number of applications by isolating the desired harmonic
from the radiation spectrum [23]. Also, this technique can
be used to produce pulses of attosecond duration. Several
theoretical models have been developed in the past where
interaction of lasers with neutral gases has been simulated
to produce higher order harmonics and desired harmonics
have been selected to produce attosecond pulses through
fourier synthesis [24,25]. This is possible because the
neighboring harmonics in the radiation spectrum are locked
in phase and can add constructively at a time instant to give
a burst of energy of attosecond duration [26].
In this work, we have used the classical molecular

dynamics simulations to study the generation of higher
order harmonics by the interaction of 248 nm, intense
(≳1019 W=cm2), 3 cycles laser pulses with small
Deuterium clusters. We intend to explore the diagnostic
potential of the radiation that is emitted during laser-cluster
interaction, along with the generation of high energy
photons. As a consequence of the intense laser fields,
the electrons experience a drift along laser propagation
direction caused by the ponderomotive force. This drift is
dominated by the intensity of the laser pulse, as a result the
direction in which maximum power is radiated is directly
related to the peak laser intensity. Our aim is to use this
property to find the typical angle of maximum radiation for
a specific intensity. Furthermore, the position of the
detector can be tuned to obtain the desired harmonic signal,
as the intensity of a specific harmonic varies with the
azimuthal and polar angles. Besides this, for different laser
intensities we have also studied the generation of atto-
second pulses along the direction of maximum radiated
energy. The paper has been organized as follows: Sec. II
entails the simulation details and the pulse model used for
this study, Sec. III consists of the results of the simulations
carried out for various laser-cluster parameters and Sec. IV
concludes and summarizes the study.

II. SIMULATION MODEL

A classical molecular dynamics simulation model
has been employed to study the interaction dynamics

and energetics of the laser-cluster interaction [27,28].
Throughout this work we have used dimensionless units.
The spatial dimension is normalized with respect to the
wave vector (k ¼ 2π=λ) such that kr → r0 and time is
normalized by the laser frequency (ω ¼ kc) respectively
(ωt → t0). The laser field amplitude is normalized as
a0 ¼ jejE=meωc, where E is field amplitude in SI units
and jej and me are electron charge and mass respectively.
The laser intensity and corresponding dimensionless
laser amplitude a0 are related as: I0λ2 ¼ 1.36 × 1018a20
Wcm−2 μm2, where I0 is the laser intensity in Wcm−2. The
laser pulse is modeled by the standard plane wave model
representing the vector potential [29,30]:

A ¼ a0 exp

�
−αη2

τ20

�h
δ cosðηÞex þ

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − δ2

p
sinðηÞey

i
ð1Þ

where, a0 is dimensionless laser amplitude, α≡ 4 lnð2Þ,
η≡ t − z, τ0 is full width half maximum (FWHM) pulse
duration, δ is a parameter which can be 1 (1=

ffiffiffi
2

p
) for

linearly (circularly) polarized light, and ex and ey are unit
vectors along x and y directions, respectively. The electric
and magnetic field can be obtained from the vector
potential as: E ¼ −∂A=∂t and B ¼ ∇ ×A, respectively.
An ultraviolet laser with λ ¼ 248 nm, τ0 ¼ 3 cycles
(FWHM), having the Gaussian temporal envelope of
intensity varying from 5 × 1019–1021 W=cm2 is used
throughout the study and primarily, the effect of laser
intensity on the interaction dynamics and consequently on
the radiation spectrum is explored. The schematics of the
simulation setup are depicted in Fig. 1. The clusters are
considered to be centered around origin, laser pulse is
propagating along the z direction and the detector location
can be set by specifying the angles θ (with propagation
axis) and ϕ (with polarization axis) as represented in Fig. 1.
The number of atoms in a cluster is calculated as

NAtoms ¼ ðR0=RwÞ3 [31], where R0 is the cluster radius

FIG. 1. Schematic diagram representing the numerical setup.
The angles θ and ϕ are respectively measured with respect to þz
andþx axis. The laser is incident from left on the cluster centered
around origin and n̂ points along the unit vector toward detection
direction from the instantaneous position of the charged particle.
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and RW is Wigner-Sietz radius, which depends on the
species of the gas cluster under study. For the deuterium
atom, RW ∼ 1.73 Å is considered [32]. Initially, all the
atoms are randomly placed inside the cluster of radius R0.
In actual clusters, the number of atoms can be substantial
due to which it would be computationally expensive to
follow each ion and electron after the atoms are ionized and
hence, a predefined number of macroparticles, NMacro is
used. Each macroparticle consists of NAtoms=NMacro of
actual particles (ions or electrons), such that the charge-
to-mass ratio of each particle is same as the individual
actual particle. This procedure of lumping of actual
particles to form pseudoparticles is similar to the one
presented in Refs. [33,34]. In this paper, we have used D500

cluster for all the simulations, and the number of macro-
particles is taken to be 100. The neutral atoms are initially
ionized by the strong electric field originated from laser
pulse and also by the Coulomb forces of other charged
particles. Initial ionization under the effect of laser field
brings electrons into the picture, which then collide with the
existing ions or neutral atoms to escalate further ionization
of the cluster atoms/ions. The initial ionization of cluster
under the influence of laser field is carried out using
Ammosov-Delone-Krainov tunnel ionization mechanism
[35], and subsequently the ions undergo further ionization
by colliding with the energetic electrons [36]. The details of
the molecular dynamic simulations are discussed in
Refs. [27,37] and hence, are not repeated here.
Following the ionization, all particles (ionsþ electrons)

are advanced under the influence of Lorentz and Coulomb
forces by solving the relativistic equations ofmotion [27,37].
The standard Boris leapfrog algorithm is used wherein the
motion of particles in electric and magnetic fields is
decomposed and v ×B rotation is achieved correctly [38].
Boris algorithm is numerically stable and routinely used in
standard particle-in-cell simulations. A separate module has
been included in the existingMD code to study the radiation
emitted by an accelerated charged particle. After calculating
the trajectory of the particle [rðtÞ; vðtÞ; _vðtÞ] The energy
radiated per unit solid angle per unit frequency can be
calculated by Liénard-Wiechert potentials and in normalized
units is given by [15,39]:

d2I
dωdΩ

¼
X
k

����
Z

∞

−∞

n̂k ×
h
ðn̂k − β⃗kÞ × ⃗_βk

i
ð1 − β⃗k · n̂kÞ2

× expfi½tþ RkðtÞ�sgdt
����2 ð2Þ

where, β⃗k ≡ v=c and ⃗_βk ≡ _vk=c are the velocity and
acceleration of kth charged particle (either electron or
ion) as evaluated at the retarded time, Rk is the distance
from charged particle to the observation point, and n̂k is
the unit vector from the kth charged particle to the direction

of detector located far away. The radiation signal is then
summed over all the electrons and ions (Though ionic
motion is negligible on the timescales of the laser pulse, it is
included here.). The laser pulse is polarized along the x
direction, the angles θ and ϕ can be spanned to cover the
space where the radiation will be eventually detected [refer
Fig. 1]. The radiation spectrum is evaluated for a given θ
and ϕ. The spectrum evaluates the emitted radiation’s
intensity and frequency as amultiple of s≡ ω=ωo, which is
basically is the harmonic of the fundamental frequency.
Furthermore, the total power radiated per unit solid angle is
given by [15]:

A⃗kðtÞ ¼
n̂k ×

h
ðn̂k − β⃗kÞ × ⃗_βk

i
ð1 − β⃗k · n̂kÞ3

⇒
dPðtÞ
dΩ

¼
X
k

jA⃗kðtÞj2

ð3Þ

and hence the energy radiated per unit solid angle can be
calculated as:

Erad ¼
Z

∞

−∞

dPðtÞ
dΩ

dt: ð4Þ

In a typical rf cavity based linear accelerator, or for that
matter laser wakefield based electron acceleration
schemes, the quality of the electron beam is of paramount
importance and is measured in terms of the beam
divergence and emittance. However, in this work we
are dealing with the electrons originated from a cluster
of say 500 atoms or so, and as a result this bunch of
electrons collectively wiggles in the laser field. The space-
charge effect of the cluster electrons is negligible as
compared to the strong laser field, which results in lower
emittance and lower divergence of the electron bunch
[37]. In the following section we discuss our main results
on cluster dynamics, angular distribution of the emitted
radiation and their respective spectral distribution.

III. RESULTS AND DISCUSSION

We study the interaction of the 248 nm, 3 cycles, Gaussian
laser pulse having peak intensity of 1020 W=cm2 (a0 ∼ 2.12)
with deuterium (D500) cluster having the radius of ∼13.5 Å
(average distance of the ions from the cluster center is treated
as cluster radius or cluster boundary). The laser is considered
to be polarized along x (and y for circular polarization)
direction. In Fig. 2, we present the temporal evolution of
average kinetic energy of the electrons, inner electrons
(ionized electrons inside the cluster boundary), outer elec-
trons (electrons outside the cluster boundary), temporal pulse
profile at the origin and components of total acceleration of
all the electrons for linearly and circularly polarized pulses.
It can be seen in Figs. 2(a) and 2(d) that the cluster gets fully
ionized at the leading edge of the laser pulse. The outer
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ionization of the cluster is represented by the number of
outer electrons (the red curve) and it is seen that the ions are
stripped of their electrons way before the pulse amplitude
peaks. These electrons now respond to the oscillating
electromagnetic fields as prescribed by the laser pulse
envelope. Temporal profile of the total electron acceleration
(summed over all the electrons) is also illustrated in
Figs. 2(b) and 2(e). For linearly polarized pulse we can
clearly see quite a prominent acceleration along the z
direction (laser propagation direction) [refer Fig. 2(b)].
However, for circularly polarized pulse it is comparatively
small [refer Fig. 2(e)]. This oscillatory nature of the
acceleration along the z direction in case of linearly polarized
pulses is the manifestation of v ×B heating of electrons,
which is completely suppressed for circularly polarized
pulses. The suppression of the v × B heating for circularly
polarized pulse is because the net electric field component
continuously rotates in x–y plane and so does the magnetic
field component and as a result, we have the x and y
components of acceleration [refer Fig. 2(e)]. Due to this, the
radiation emitted by the electrons will be same in all
azimuthal directions (ϕ). Thus, in order to select a particular
harmonic for further application, linearly polarized pulse is

preferred for laser-cluster interaction. In the following study,
wewill stick with the linearly polarized laser pulses only. We
have also presented the acceleration component for the case
when we have just a single macroparticle present, having the
same charge to mass ratio. It can be seen that acceleration in
all the directions [refer Fig. 2(c)] clearly resembles the total
acceleration when cluster is modeled using 100 macro-
particles [refer Fig. 2(b)]. Similarly, for circularly polarized
pulses also, one can see the resemblance of x component of
acceleration among the single [refer Fig. 2(f)] and multi
macroparticle cases [refer Fig. 2(e)]. We have also presented
the y component of acceleration of a single macroparticle in
Fig. 2(f) using the same intensity for circularly polarized
pulse as used for linearly polarized pulse, and a distortion in
the particle trajectory is witnessed because of the enhanced
field strengths in both the polarization directions. Thus, we
can infer from the comparison of acceleration components of
single and multi macroparticles cases that all the constituent
electron macroparticles oscillate in the same manner in the
laser field and hence the space-charge effect can be ignored
for such strong laser fields. Moreover, for single macro-
particle case in Figs. 2(c) and 2(f), we do see some small
oscillations in the electron acceleration at the beginning of

(a) (b)

(d) (e)

(c)

(f)

FIG. 2. The temporal evolution of the number of inner (Nin) and outer (Nout) electrons, average kinetic energy of the electrons (Eavg),
total electron acceleration (ax, ay, az) are presented for linearly (circularly) polarized light in top (bottom) row. All the plots are
presented on a normalized scale (0 to 1) with following scaled dimensionless constants: c1 ¼ 500, c2 ¼ 1.2 MeV, c3 ¼ 120,
c4 ¼ 0.166 MeV, c5 ¼ 62, c6 ¼ 2, and c7 ¼ 0.6. We have also presented the acceleration for single macroparticle in (c) and (f). In order
to have the same energy content in the laser pulse, for CP pulse the laser intensity is considered to be 0.5I0 (e). We have also compared
the effect of the same laser intensity (I0) and reduced laser intensity (I1 ≡ 0.5I0) on the acceleration for single macro-particle case (f).
The temporal profile of the laser pulse, as evaluated at origin x ¼ y ¼ z ¼ 0 is also illustrated (in grey color) for reference. Please
note that the normalized acceleration (ranging from -1 to 1) in (b), (c), (e), and (f) is mapped to the range 0 to 1. Acceleration at any
instance can be calculated using ð2a − 1Þc3, say at ω0t ¼ 4.6, x component of the dimensionless electron acceleration is
½2ð0.94Þ − 1�120 ¼ 105.6.
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the pulse. These small oscillations in the acceleration are
mainly because of the effect of single ion and single electron
macroparticle. The atom is ionized by the leading edge of the
pulse, and is basically responding to the Coulombic force of
the parent ion. However, for large number of macroparticles
this Coulombic force is averaged out to be zero, and we do
not see any such oscillations in Figs. 2(b) and 2(e).
Next, we consider the angular distribution (θ − ϕ plane)

of the total energy radiated per unit solid angle (Erad) for
different laser intensities, and the results are presented in
Fig. 3. The angle at which the maximum energy will be
emitted is also plotted for different laser intensities. It can
be seen from the Fig. 3, that the energy radiated per unit
solid angle is centered around ϕ ¼ 180° (and also around
ϕ ¼ 0° or 360°). This is because the laser is polarized along
the x direction, and hence ϕ ¼ 0°; 180°; 360° are actually
the directions in which the oscillating electron (along
the laser field) is predominantly emitting the radiation.
The signals detected at ϕ ¼ 180° and ϕ ¼ 0° are exactly
identical but we have chosen to present the signal around
ϕ ¼ 180°. Furthermore, as can be observed the signal shifts
toward lower values of θ as we increase the laser intensity,
and also the angular width reduces with the increasing laser
intensity. This feature can be explained by the increased
ponderomotive push along the direction of laser propaga-
tion, in addition to the angle at which maximum energy is
radiated. The ponderomotive push is directly related to the
peak laser intensity, as a result the angular distribution
presented in the Fig. 3 can serve as a diagnostic tool to

measure the peak laser intensity. In view of this, we also
present our quantitative estimates for the angle at which
maximum energy will be emitted/detected (θm).
The trajectory of an electron under the influence of a

very intense laser field can be obtained by solving the
relativistic equations of motion [40,41]:

dP
dt

¼ q½Eþ v ×B� ð5Þ

where, P ¼ γmev is the relativistic momentum, E and B
are the electromagnetic fields associated with the laser
pulse, q and me are the charge and mass of the electron. If
the laser is polarized along x direction (E ¼ Exx̂;B ¼ Byŷ
and By ¼ Ex=c), then the dynamics along x and z direc-
tions is governed by:

dðγυxÞ
dt

¼ q
me

ðEx − υzByÞ ¼
qEx

me

�
1 −

υz
c

�
ð6Þ

dðγυzÞ
dt

¼ q
me

υxBy ¼
qEx

me

υx
c
: ð7Þ

The rate change of the energy is given by:

dγ
dt

¼ q
mec2

ðE · vÞ ¼ q
mec2

Exυx: ð8Þ

From, Eqs. (7) and (8):

FIG. 3. Normalized angular distribution (scale factor ξ) of the total energy radiated per unit solid angle (Erad) is presented for
(a) I ¼ 5 × 1019 W=cm2, (b) 1020 W=cm2, (c), 5 × 1020 W=cm2 and (d) 1021 W=cm2. The angle at which maximum energy is detected
(θm) vs laser intensity is presented as open circles in (e), and solid line represents the theoretical estimate as given by Eq. (19).
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dðγυzÞ
dt

¼ c
dγ
dt

⇒
υz
c
¼ 1 −

1

γ
ð9Þ

and from Eqs. (6), (8), and (9) we have:

dðγυxÞ
dt

¼ qEx

me

1

γ
¼ c2

γυx

dγ
dt

ð10Þ

ðγυxÞ
dðγυxÞ
dt

¼ c2
dγ
dt

⇒
d
dt

ðγ2υ2x − 2γc2Þ ¼ 0 ð11Þ

by using the initial conditions, i.e., γ ¼ 1 for υx ¼ 0 we can
easily obtain the expression for the υx as:

υx
c
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðγ − 1Þp
γ

: ð12Þ

Furthermore, the relativistic factor γ can also be represented
as a function of the laser field amplitude as:

dPx

dt
¼ qEx − qυzBy ¼ −q

dAx

dt
⇒ Px ¼ γmeυx ¼ −qAx

ð13Þ

where, A is the vector potential associated with the
electromagnetic fields of the laser (E ¼ −∂A=∂t;B ¼
∇ ×A). Using Eqs. (12) and (13) we can obtain the
expression for relativistic factor as:

γ ¼ 1þ q2A2
x

2m2
ec2

≡ 1þ a20
2

ð14Þ

here, a0 is the dimensionless laser amplitude defined
previously. From Eqs. (12), (9), and (14), the velocity
components then can be written as:

υx
c
¼ 2a0

2þ a20
;

υz
c
¼ a20

2þ a20
: ð15Þ

The strong ponderomotive push of laser along the propa-
gation direction can easily be estimated by Eq. (15) in terms
of the angle (θponder) it makes with the z axis [40]:

θponder ¼ tan−1
�
υx
υz

�
¼ tan−1

�
2

a0

�
: ð16Þ

The angle at which maximum radiation (θlw) is emitted
when velocity and acceleration are along the same direction
can be estimated by the Liénard-Wiechert potentials [15]:

θlw ¼ cos−1
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 15β2
p

− 1

3β

�
ð17Þ

here,

β≡
ffiffiffiffiffiffiffiffiffiffiffiffi
1 −

1

γ2

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

1

ð1þ 0.5a20Þ2
s

is the velocity of charged particle and θlw is the angle it
makes with the velocity vector. Now, from Eq. (16) we can
estimate the direction of electron motion with respect to the
propagation axis, and Eq. (17) would predict the angle
(with respect to the velocity vector) at which maximum
radiation is emitted and as a result, the estimated angle at
which maximum radiation is emitted is given by:

θm ¼ θponder þ θlw ð18Þ

θm ¼ tan−1
�
2

a0

�
þ cos−1

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 15β2

p
− 1

3β

�
: ð19Þ

We observe from the Fig. 3 that for all intensities the
maximum energy is radiated along the direction ϕ ¼ 180°
and θ ¼ θm. For circularly polarized pulses the harmonics
would be independent of ϕ, because of the constant rotation
of laser field components. However, the linearly polarized
laser pulse would cause the angular dependence (ϕ) of
radiation spectra [refer Fig. 1]. In view of this, we calculate
the radiation spectra for different laser intensities by
varying the angle ϕ, and the results are presented in
Fig. 4. The spectrum is calculated for ϕ ¼ 0–180°, with
fixed θ ¼ 90° and θ ¼ θm associated with respective laser
intensity [refer Fig. 3(e)]. It can be clearly seen from
this figure that the intensity of harmonics and number of
harmonics obtained are higher for the cases where θ ¼ θm.
Furthermore, while discrete harmonics are observed for the
lower intensities along different ϕ angles [Fig. 4(a)], for
higher intensities the discrete harmonics are washed out
and we obtain a continuous spectrum [Fig. 4(c)]. Also, the
spectrum obtained is slightly asymmetric in ϕ, which is
mainly due to the small duration (3 cycles) of the laser
pulse. In our studies we have always used the carrier-
envelope-phase (CEP) to be 0 radians, which might lead to
the asymmetric laser field configuration at the leading and
trailing edge of the laser pulse. Changing the CEP might
slightly change the harmonic spectrum as well. However,
changing CEP for longer pulses would not affect the laser
pulse drastically and the electrons will tend to emit
equivalently in both the directions, and hence the spectrum
is expected to symmetric in ϕ.
In Fig. 5, we present the frequency spectrum as evaluated

for ϕ ¼ 180° and θ ¼ θm for different laser intensities. We
have also calculated the frequency integrated energy per
unit solid angle as detected at θ ¼ θm and θ ¼ 90°. It can be
seen that the energy radiated along θm is higher as
compared to that detected along the 90°. This is mainly
because of the ponderomotive push of the laser which
bends the electron trajectory toward the laser propagation
direction, as a result of which more energetic radiation is
detected along θm. The generation of the radiations having

PRACHI VENKAT and AMOL R. HOLKUNDKAR PHYS. REV. ACCEL. BEAMS 22, 084401 (2019)

084401-6



photon energies ∼25 eV–465 eV (XUV to soft x-ray) are
observed (ℏω0 ∼ 5 eV for 248 nm laser) respectively for
the intensities ranging from 5 × 1019–1021 W=cm2 [refer
Fig. 5]. We have summarized all the physical observable
quantities for different laser intensities in Table I.

The harmonics generation by the laser-cluster interac-
tion can be a source of highly energetic bursts of atto-
second pulses as well [42]. There are various methods to
produce attosecond pulses such as Fourier synthesis [43]
and stimulated Raman scattering [44]. However, it has

FIG. 4. The angular distribution of different harmonics is presented for 1020 W=cm2 and 1021 W=cm2, with ϕ varying from 0 to 180°
for a fixed θ ¼ θm and θ ¼ 90°. The respective scaling factors are also shown in the plots.

(a)

(b)

(c)

(d)

(e)

FIG. 5. Radiation spectra emitted by the electrons have been plotted for I ¼ 5 × 1019 W=cm2 (a), 1 × 1020 W=cm2 (b), 5 ×
1020 W=cm2 (c) and 1 × 1021 W=cm2 (d). The frequency integrated energy per unit solid angle (dI=dΩ) for different intensities of laser
pulse is also plotted (e). The radiation spectra in (a),(b),(c), and (d) are calculated for θ ¼ θm and ϕ ¼ 180°. However, dI=dΩ in (e) is
presented for both θ ¼ 90° and θm.
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been observed that higher order harmonics generation has
the maximum potential to produce a single attosecond
pulse instead of a pulse train [40]. Relativistic nonlinear
Thomson scattering is also used to produce higher order
harmonics, which in turn lead to the generation of single
attosecond pulses [45,46]. High energy bursts of atto-
second duration are mainly produced by the locking of
adjacent harmonics in phase when they interfere con-
structively [26,40]. For this process, it is necessary that the
electrons emit the radiations in a coherent manner. This
can be ensured if the radiation from different electrons
reaches the detector in such a way that the travel time is
comparable to or less than the attosecond pulse width
produced by a single electron radiation [47]. For typical
clusters of few thousands of atoms, this dimension would
be of the order of few nanometers, which a signal emitted

by each electron in the cluster can travel in tens of
attoseconds.
We have calculated the intensity and duration of atto-

second bursts of energy from the electrons by using Eq. (3).
The emitted signal profile is presented in Fig. 6 for different
laser intensities. The signals are detected along the direc-
tion of respective θm [refer Table I]. The attosecond pulse
duration for different intensities have also been summarized
in Table I. It has been observed that as we increase the laser
intensity the pulse duration increases, and also the peak
frequency of the emitted radiation. This looks a bit
counterintuitive, however in several of the past studies,
intense laser interaction with counterpropagating relativis-
tic electron bunches (γ0 ≳ 100) has been used as a source to
generate the attosecond pulses. In this kind of back-
scattered Thomson radiation, the pulses of few tens of
the attosecond and even zeptoseconds are reported [48],
mainly caused by the relativistic Doppler effect [49].
However, in the present work, the laser first ionizes a
neutral cluster to produce the seed electrons for radiation.
Since a large number of ions are also involved in this
interaction, Coulombic forces are also experienced by the
electrons. Also, in this case the laser is effectively interact-
ing with electrons at rest as opposed to a counterpropagat-
ing laser-electron beam interaction, and most importantly
the ponderomotive force of the laser drags the electrons
along with the pulse, and as a result the electrons comove
with the laser pulse, experiencing the acceleration for a
longer duration. As a consequence of these factors, we

TABLE I. Summary of physical observables determined by
using different laser intensities. Table highlights the angles at
which maximum energy is radiated (θm), the most prominent
harmonics emitted along θm and the duration of the associated
attosecond pulse.

I0 [W=cm2] θm ½ω=ω0�peak τas [as]

5 × 1019 70° 5ð∼25 eVÞ [XUV] 80
1 × 1020 55° 11ð∼55 eVÞ [XUV] 91
5 × 1020 28° 49ð∼245 eVÞ [soft X-ray] 182
1 × 1021 20° 93ð∼465 eVÞ [soft X-ray] 276

(a)

(b)

(c)

(d)

(e)

(f)

FIG. 6. The attosecond burst of the radiated energy has been presented for the intensities (a) 1020 W=cm2, (b) 5 × 1020 W=cm2, and
(c) 1021 W=cm2 along the direction of respective θm. The zoomed signal has been also shown in panels (d)-(f).
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obtain attosecond pulses of duration ∼276 as for laser
intensity of 1021 W=cm2. The direction of pulse detection
also plays a crucial role here, and in order to obtain a single
attosecond pulse of high intensity, we have conducted our
study in the direction of maximum power radiation for a
given intensity as estimated by Eq. (19).
Earlier in Fig. 2, we already mentioned that the time

evolution of the acceleration for a single macroparticle is
equivalent to the total acceleration of 100 macroparticles.
Does the temporal evolution of acceleration also translate to
the temporal and spatial coherence in the emitted atto-
second pulses? In order to understand the coherence
properties of the emitted signal, we present the angular
distribution of the emitted signals, the spectrum and its
phase in Fig. 7. In this particular case we have used the laser
intensity of 1021 W=cm2, and keeping the computing rigor
in mind, the cluster is modeled with just 10 macroparticles
while keeping the same charge to mass ratio. It can be
observed from Fig. 7(a) that the most energetic pulse is
emitted around θ ¼ 20°� 0.5° as estimated by Eq. (19) for
the given laser intensity. The spectrum of the radiation as
evaluated for θ ¼ 20° in Fig. 7(b) is just a scaled down
version of the spectrum presented in Fig. 5(d), where we
have relied on 100 macroparticles. In Fig. 7(d), we present
the phase of the emitted signal around the spectrum peak as
presented in Fig. 7(b). It can be seen that those phases are
not completely random, which might hint towards the
temporal coherence of the collective emitted signal. The
effect of spatial translation on the emitted signal is also
illustrated in Fig. 7(c), where we have compared the

emitted attosecond pulses when cluster is displaced by
z ¼ �10 (equivalent of∼1000R0) along the direction of the
laser propagation. As expected, it is observed that the
duration of the emitted pulse is unchanged which indicates
toward good spatial coherence as well.
Furthermore, it should be noted that in experimental

scenario, gas pressure, nozzle parameters etc, control the
size (diameter) of individual clusters along with the cluster
density (number of clusters per unit volume).The laser
pulse interacts with an ensemble of clusters, which are
typically separated by several hundreds of nanometers [50].
In this context the emission of attosecond bursts of energy
from individual clusters can be treated as an indepen-
dent event.

IV. CONCLUDING REMARKS

In this work we have studied the laser-cluster inter-
action using a classical 3D molecular dynamics simulation
tool [27]. The objective is to utilize the atomic clusters to
produce the harmonics of highly intense laser pulses
through Thomson scattering. The effect of laser intensity
on the total energy radiated is studied and compared with
the expected scaling laws. It has been observed that the
numerical simulations accurately produce the scaling law
which takes care of the ponderomotive force and the
angles at which maximum radiations are emitted [refer to
Eq. (19)]. Hence, this setup can be used as a diagnostic
tool to directly measure the peak laser intensities. As we
have seen in the results presented, relativistic Thomson

FIG. 7. The emitted attosecond pulses along different θ direction is corroborated in (a) with ϕ ¼ 180°. However, for θ ¼ 20° (i.e.,
θ ¼ θm for 1021 W=cm2) the spectrum of the emitted radiation (b), and corresponding phase (d) is presented. We have also presented the
emitted attosecond pulses along θ ¼ 20° (c), for the cases when the cluster is centered around ð0; 0;−10Þ, (0,0,0), and ð0; 0;þ10Þ.
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scattering of electrons during laser-cluster interaction can
produce harmonics of order as high as 250ω0 for laser
intensity 1021 W=cm2. Hence, in case of the 248 nm laser
that we used, the radiation emitted can have wavelength as
low as ∼10 Å, which falls under soft X-rays. Apart from
this, we have also calculated the angular distribution of
emitted harmonics [refer to Fig. 4] and it is observed that
particular harmonics are emitted along specific directions,
which in principle is useful to tune the detectors to utilize
the radiation of a particular energy [51]. The generation
and application of the attosecond pulses is interesting in
its own right and in this work, we were able to obtain the
attosecond pulses ranging from ∼80–276 as with good
spatial and temporal coherence properties, depending on
the incident laser intensity. Furthermore, the cluster source
gives additional tweaking capabilities to increase the
intensity of emitted attosecond pulses by changing the
cluster configurations. The cluster species and size
actually dictate the number of electrons participating in
the harmonic emission and consequently, manipulate the
attosecond pulse generation.
In conclusion, we can say that the interaction of high

intensity few cycles pulses with atomic clusters can lead to
nonlinear relativistic Thomson scattering, leading to emis-
sion of radiation which has important diagnostic potential.
The use of clusters in this process ensures the production
of electrons within the premises of incident intense laser
pulse. Also, while this study has been done using an
ultrashort and intense KrF laser pulse, the physics involved
in the nonlinear Thomson scattered radiation and the
diagnostics associated with it will be functional for intense
pulses of longer wavelength as well. The v ×B drift is
responsible for the intensity dependent changes in the
radiated power, which is an important factor in our study
having significant diagnostic potential. This drift is present
due to the strong magnetic field associated with the intense
laser fields and has been reported in studies using NIR
(800 nm) pulses too [40].
In this paper, since we have used very high intensity,

few cycles pulse, the cluster dynamics happens almost
instantaneously, which is why we have focused on the
latter part of the process, i.e., the electron dynamics and
radiation spectra. However, the interaction dynamics
within the cluster can be studied in terms of the radiation
spectra using lower intensity, longer duration pulses. In
this case, slow ionization and energetics of the cluster will
be reflected in the radiation spectrum of electrons [14].
However, this would be a detailed analysis which we
reserve for future work.
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