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Abstract—We report a numerical and analytical investigation of the effect of ion motion on the tem-
poral dynamics of a strong quasi-stationary magnetic field arising when submicron clusters are irradi-
ated with circularly polarized radiation. A region of high-density magnetized ions is shown to appear
in the central region of the cluster. This region has an increased lifetime compared to that of a cluster
without a magnetic field. The presence of a magnetized region leads to a characteristic two-peak
dependence of the magnetic field on time.
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1. INTRODUCTION

As is known [1–4], interaction of an intense short laser pulse with clusters has become an important
area of research. The studies are important for the practical use of laser cluster plasma [5]. The authors of
a series of works [6–9] showed that a circularly polarized laser pulse of relativistic intensity generates an
intense circular current in clusters with a radius of tens and hundreds of nanometers, which leads to the
emergence of a quasi-stationary (compared to the laser period duration) magnetic field and transforms the
cluster into a magnetic dipole. Preliminary estimates and numerical simulation of the magnetic field of
a cluster plasma, published in [7], demonstrate that the quasi-stationary magnetic field strength of a clus-
ter can exceed the field strength of a laser wave and increases with increasing laser pulse intensity and
duration. At the same time, an increase in intensity is limited due to the Coulomb explosion (detachment
of electrons) of the cluster, and an increase in duration is limited by the time of cluster expansion. Thus,
there are optimal laser parameters that make it possible to obtain a maximum possible magnetic field for
a given size and material of clusters. Estimates and 3D particle-in-cell (PIC) simulation show [8] that the
volumetric energy density of the magnetic field at the cluster center in the optimal case exceeds the volu-
metric thermal energy density of hot electrons. As a result, the cluster expansion transverse to the mag-
netic field slows down, and ion dynamics turns out to be related to the time evolution of the magnetic field.
As follows from [6], at lower laser intensities the magnetic field has little effect on the motion of ions (the
ion gyroradius exceeds the cluster radius), and the cluster expansion (its lifetime) corresponds to the stan-
dard model of adiabatic expansion of a hot plasma ball [10] or (for small radii) of the Coulomb expansion
of a charged ball [11].

In this work, we study numerically and analytically the case of maximum possible experimentally
achievable laser intensities, when not only the electronic but also the ion subsystem of the cluster turns out
to be magnetized, the cluster lifetime increases compared to the standard model of thermal expansion,
and the dynamics of the magnetic field and the dynamics of the ions turn out to be related.
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2. DYNAMICS OF ELECTRONS IN A LASER CLUSTER PLASMA

Intense circularly polarized laser radiation interacting with a cluster plasma generates a longitudinal
(along the laser beam axis) quasi-stationary magnetic field (see, for example, [6]). Full-scale 3D PIC cal-
culations of the spatial distribution of the electric field [7, 8], simplified according to the Mie theory [12],
show that when a circularly polarized wave is diffracted on a cluster with a diameter of hundreds of nano-
meters, two regions of concentrated electric field lines are formed on the cluster surface (two “spots” with
an enhanced field). In one of the spots, the radial component of the field is directed in such a way that it
results in an intense emission of electrons. This electron generation spot rotates around the cluster
together with the electric field of a circularly polarized wave, as a result of which, after several revolutions
(laser periods), a closed azimuthal current of hot electrons appears around the cluster, generating a lon-
gitudinal (along the x axis of the laser beam) magnetic field whose strength is comparable or even exceeds
the laser field strength. The density of hot electrons during the laser pulse action is azimuthally inhomo-
geneous; i.e., opposite the lasing spot, the density is increased, and, in addition to the quasi-uniform elec-
tron cloud, a local electron bunch rotating around the cluster is formed. With the end of the laser action,
this bunch is isotropicized and expanded, azimuthal inhomogeneities are smoothed out, and an equilib-
rium axisymmetric distribution of electron density is established. In [8], the dynamics of the electron shell
of a cluster (electron orbital parameters) are studied in more detail and, in particular, the amplitude of the
magnetic field H is determined:

(1)

Here, η is the absorption coefficient, τlas is the laser pulse duration, R is the cluster radius, a =
eElas/(meωc) is the dimensionless amplitude of the laser field Elas, me is the electron mass, ω is the laser
frequency, and c is the speed of light. When the cluster expands (expands after the laser pulse is termi-
nated), its total mechanical (and magnetic) moment is an adiabatic invariant, and the magnetization
decreases with increasing cluster volume. Accordingly, for the law of magnetic field decay with time H(t)
we can write a simple estimate, in which H(0) ≡ H(t = 0) is determined by formula (1):

(2)

The law of field decay (2) is confirmed by numerical simulation data [8].

3. DYNAMICS OF IONS IN A LASER CLUSTER PLASMA

Let us consider the motion of ions and take into account the resulting distributions of fields and elec-
trons under the action of a laser pulse. Due to their large mass, ions are shifted over significant distances
(comparable to the initial radius) at times longer than the characteristic times of electron motion (the time
of revolution of an electron around a cluster). The time-averaged quasi-equilibrium state of hot electrons
with temperature Teh is described by the Boltzmann distribution

in the scalar potential ϕ(r) of the ambipolar field of electrons and ions and in the time-average (over the
laser period) vector potential of the transverse field in the cluster zone

The vector potential Asc(r, t) describes the cluster-scattered field considered in [12]. Accordingly, the
force acting on the ion from the ambipolar field of hot electrons,
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is determined by the pressure gradient neTeh of hot electrons and the gradient of the time-averaged pon-
deromotive potential of the transverse field (ponderomotive pressure force [13]). In addition to the ambi-
polar field of hot electrons, the ions are affected by the force of Coulomb repulsion, which arises due to
the uncompensated positive charge of the cluster

(some electrons are removed by the laser field). Finally, the Lorentz force of the magnetic field (1) also
acts on the ions. As a result, when dissipation (terms with viscosity) is neglected, the system of hydrody-
namic equations for the motion of cluster ions has the form [9]

(3)

(4)

where Ω = ZeH(t)/(mic) is the Larmor frequency of the ion and H(t) is determined from (2). Note that
the hydrodynamic method of describing the motion of ions using Eqs. (3) and (4) assumes a small spread
of particle velocities relative to the average (hydrodynamic) value and the absence of multi-flow (different
velocities for the same coordinate) currents. From the phase diagrams of ion motion (see Figs. 5b
and 5c) it is clear that in the outer regions of the cluster, where a spiral-shaped density structure is formed,
there is no multi-flow, and the spread of velocities is small; therefore, the hydrodynamic method used to
describe the motion of ions is correct. The electron concentration in (3) consists of two terms, ne(r) =
n0e(r) + δnbunch(r)exp[–(α – ωt)2/δα2], corresponding to the spherically symmetric part n0e(r) and the
bunch with angular size δα (α is the azimuthal angle in the yz plane perpendicular to the x axis of the laser
pulse). The term ∼δnbunch is small (δnbunch  n0e) and can be taken into account using perturbation theory
[14]. Note that estimates of the scale of the skin layer in a cluster with ultrarelativistic electrons yield the
skin layer length comparable to the cluster radius. For example, for the Au+30 cluster with a radius of 100
nm considered below, the length of the skin layer at a laser intensity of 5 × 1022 W/cm2 is ∼40 nm. As a
result, there is no significant screening of the laser field, and the expression for the ponderomotive pres-
sure force in (3) includes the vacuum strength of the laser wave field.

Let us analyze the solutions of Eqs. (3) and (4). At low laser intensities (α  102), the term with the
magnetic field is small [the ion gyroradius is much larger than the cluster radius R(t)]. The expansion
(scatter) of cluster ions after the laser pulse action is related in this limiting case to its heating and Coulomb
explosion, which arose due to the partial removal of electrons with charge Q [15]. Thermal expansion has
a rate , where the temperature of hot electrons in the field of a circularly polarized wave is

estimated as Teh ≈ mec2(  – 1). The predominance of the thermal or Coulomb expansion mecha-
nism depends on the ratio between the thermal (ZTeh) and Coulomb [ZeQ/R(0)] energies of the cluster
ion. The dependence of the cluster parameters on time for these two expansion mechanisms can be
assessed using a simple estimate:

(5)

for thermal expansion and

(6)

for the Coulomb expansion of a uniformly charged ball. Thus, an increase in Elas and τlas together with an
increase in H leads to an increase in the rate of cluster expansion and the rate of magnetic field degradation.

There arises an issue about the applicability of concepts (5), (6) about the nature of the motion of clus-
ter ions at high (a ∼ 100) laser intensities, about the role of ponderomotive pressure of the laser pulse and
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a strong magnetic field in this motion, and about the transfer of rotation from electrons to ions. To this
end, we performed 3D PIC simulation (EPOCH code [16]) of the expansion of Au+30 clusters with
a radius from 50 to 300 nm, irradiated by a 10-fs circularly polarized laser pulse with an intensity in the
range of 1 × 1019–5 × 1022 W /cm2 and propagating along the x axis. The initial concentration of cluster
ions, ni = 6 × 1022 cm–3, corresponded to the certified solid-state density of gold, and the initial concen-
tration of electrons was Z = 30 times higher. The initial concentration profile was super-Gaussian of
the 4th order; i.e., the cluster boundaries were quite sharp. The laser pulse intensity on the cluster surface
reached its maximum at t = 17.5 fs. The cluster was located in the center of the simulation box (x = y =
z = 0). A box measuring 3 × 3 × 3 μm was divided into 800 × 400 × 400 cells along the x, y, and z axes,
respectively; the maximum number of particles in a cell was 200 for electrons and 40 for ions. The bound-
ary conditions corresponded to the free exit of particles and radiation from the box, while the transverse
size of the laser beam exceeded the size of the box. The software implementation of the code relied on the
Villasenor–Buneman current weighting scheme and boundary conditions of a convolutional perfectly
matched layer (CPML) [17, 18], which implies compensation of the electric charge, and the quasi-neu-
trality of the simulation box was not violated.

Calculations have shown that at relatively low intensities, the cluster retains a spherical shape during
expansion, its density monotonically decreases from the center to the periphery, and the rate of expansion
corresponds to formula (5) or (6) depending on the ratio between Teh and ZeQ/R(0); in this case, the terms
corresponding to the ponderomotive pressure force and the Lorentz force on the right-hand side of (3) are
small. At an intensity above 1021 W/cm2, the monotonic distribution of the concentration of cluster ions
is violated (Fig. 1). Figure 1a shows the spiral structure ni in the transverse yz plane of the cluster, the for-
mation of which is caused by the rotation of the electric field of the laser wave and the corresponding rota-
tion of the normal component of the ambipolar field on the cluster surface (consistent with the linear Mie
theory [12]), shown in Fig. 2. Note that in a homogeneous low-density (transparent) plasma irradiated by
a circularly polarized wave of ultrarelativistic intensity, a spiral structure of the ion concentration was also
observed [19, 20]. As in the case we are considering, the physical reason for the formation of a spiral struc-
ture in a low-density plasma is the rotation of electrons (in our case, a bunch of electrons) in the field of
a circularly polarized wave and the ambipolar interaction between electrons and ions.

As was shown in [6], the rotating field extracts part of the electrons of the cluster from its surface
and twists them into a spiral. Thus, in addition to the spherically symmetric electron cloud surround-
ing the ion core, an electron bunch appears at the periphery of the cluster, the impact of which is
taken into account on the right-hand side of Eq. (3). It can be shown [14] that the term
δnbunch(r)exp[–(α – ωt)2/δα2] on the right-hand side of (3) leads to a perturbation of the ion concentra-
tion in the form of a spiral structure (see Fig. 1). A comparison of Figs. 1a and 1c shows that the spiral
structure expands over time, the outer boundary of the ions expands spherically symmetrically, and
its law of motion R(t) is described by formulas (5) and (6). Note that at the end of the laser pulse, the
electron bunch rotating around the ion scattering zone occupies a certain angular position:
δnbunch(r)exp[–(α – ωτlas)2/δα2]. The presence of an electron bunch leads to the appearance of an azi-
muthal force component

which has a different sign for α > ωτlas and α < ωτlas; as a result, the ions in the expansion zone begin to
move in opposite directions from the stopping point α = ωτlas, and the phase diagram of such ions con-
tains regions of azimuthal velocities of different signs [14].

In the longitudinal xz plane (Fig. 1b) one can see a distortion of the spherical shape of the cluster due
to the effect of ponderomotive pressure of the laser pulse on the front (irradiated) part of the cluster. Elec-
trons under the action of a circularly polarized wave of a laser pulse are pushed relative to ions at a distance
δRe = a(λ/π)(ncr/ne) [13], where λ = 2πc/ω is the laser wavelength, and ncr = meω2/(4πe2) is the critical
concentration. Due to the ambipolar field between the shifted electrons and ions, the ions begin to move
along the x axis. Estimating the scale of the gradient  as  ≈ 1/δRe, from Eq. (3) we can obtain an

estimate of the velocity  and displacement δRi ≈  of ions over time t:

(7)
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Fig. 1. Ion concentration distributions (a) in the transverse (yz) section (x = 0) of an Au+30 cluster with R = 100 nm at
Ilas = 1022 W/cm2 and τlas = 10 fs; (b) in the longitudinal (xz) section (y = 0) at t = 17.5 fs, which corresponds to the max-
imum pulse intensity; and (c, d) at the moment of maximum magnetic field, t = 27 fs, with the same parameters. The
circle (shown in green) corresponds to the initial radius of the cluster.
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At the moment of maximum pulse intensity, we obtain δRi ∼ 30 nm, which corresponds in Fig. 1b to
the distance from the initial cluster boundary (green circle in Fig. 1b) to the ni boundary in the lower part
of the cluster. Chaotic density inhomogeneities in the lower part of the cluster (Fig. 1d) stem from the
development of instability due to the applied high pressure of the laser pulse.

In the cylindrical coordinate system ρ =  and α = arctan(–y/z), the spiral equation in Fig. 1a

is written as ρ(α, x, t) = . A decrease in the effective pitch of the spiral with

increasing x (the factor ) is associated with the spherical shape of the cluster, and an increase
in the pitch of the spiral with time is associated with the expansion of the cluster. The parameters of the
functional dependence ρ(α, x, t) are determined from Figs. 1a and 1c at x = 0 and t = 17.5 and 27 fs as

≈ 3 nm/fs ∼  and ρ0 ≈ 20 nm, and the value of the ion concentration at the spiral point y = 0 and z =
80 nm in Fig. 1a as ni(x = 0, y = 0, z = 80 nm) ≈ 8 × 1022 cm–3 on the color scale. In Fig. 1b, the same
point with the same value of ni falls in the region shown as a yellow arc. The equation of this arc |z| =

(  + ρ0) , α = 2π (t* = 17 fs) corresponds to an elliptical arc. Thus, modulation of the cluster
density in the form of two elliptical arcs (α = 0, 2π; y = 0 in the spiral equation) in Fig. 1b is associated
with the spiral structure inside a spherical cluster and represents its cross section by the zx plane.
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Fig. 2. Rotation of the modulus of the normal component of the electric field on the surface of the cluster in the diamet-
rical plane yz at time instants t = (a) 15 and (b) 17.5 fs (laser pulse maximum). Here the coordinate x = 60 nm (cluster
center at x = 0) corresponds to the position where, according to Mie theory, the field maximum should be. The dark blue
circle (low field) with a radius of 200 nm corresponds to field screening in the inner region of the cluster.
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It was shown in [8] that the characteristic radius of electron orbits is from three to four R. Accord-
ingly, the optimal duration of a laser pulse for isotropic expansion (5) should not exceed τlas max ≈ .
Substituting τlas max into (1), we obtain the maximum possible magnetic field of the cluster for a given
laser intensity:

(8)

According to (8), magnetic fields are possible that exceed the initial laser field: aH > a. Formula (8) also
shows an increase in Hmax with increasing a (∼a1/2), and so it is advisable to limit ourselves to the currently
available experimental range of laser intensities (no higher than 1022 W/cm2). Note that the dependence
η = η(a, R) is possible, and then the scaling Hmax ∼ a1/2 may change. The estimate τlas max ≈  implies
the absence of a Coulomb explosion, for which the field of the ion core of the cluster must be greater than
the laser field:

Accordingly, to implement Hmax we need a cluster of size

(9)

Thus, the dependence of Hmax on the cluster radius at other fixed parameters has a local maximum:
clusters of small radius are not able to hold electrons, and at large radii the field decreases with increasing
radius in accordance with (1). For the same reasons, the dependence of Hmax on laser intensity at other
fixed parameters also has a local maximum. The results of 3D PIC calculations (Fig. 3) confirm the exis-
tence of an optimal intensity for the selected radius and an optimal radius for the selected intensity.
One can see from Fig. 3 that the strongest magnetic field that was obtained by optimizing the parameters
reaches 15 GG for a cluster with a radius of 200 nm and a laser intensity of 1022 W/cm2. This value corre-
sponds to the estimate from formula (8) for the absorption coefficient η ≈ 0.2. The spatial distribution of
the magnetic field corresponds to the dipole field and is given in our previous works [6, 7].

Let us analyze the results of the numerical calculation in more detail in order to find the deviation of
the ion dynamics from the isotropic expansion model. In a 15 GG magnetic field, the ions in the central
region of the cluster (where, according to (5), their velocity  is less than the velocity  at the periphery)
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Fig. 3. Maximum amplitude of the magnetic field of the Au+30 cluster (t = 27 fs) as a function of the laser intensity and
cluster radius. The laser pulse duration τlas = 10 fs.
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are magnetized, and their Larmor radius is less than the distance to the cluster boundary. In this case, in
the equation of ion motion (3), the magnetic component of the Lorentz force becomes significant, and
the transverse expansion should slow down. To confirm this, let us consider the spatial distribution of the
ion concentration for a cluster of optimal radius at an optimal laser intensity and a maximum magnetic
field (Fig. 4). One can see that the cluster ions in the process of interaction are divided into two zones—
the expansion zone (shown in black and gray) and the compression zone (red and yellow). One can also
see the stage of the compression zone formation in Figs. 1b and 1d at a smaller cluster radius and a smaller
magnetic field. The ion concentration in the compression zone in Fig. 4 significantly exceeds the initial
concentration of 6 × 1022 cm–3, in contrast to Fig. 1, where the degree of compression is lower. The behav-
ior of ions in the expansion zone during the entire interaction with the pulse corresponds to the above-
described analytical model, and the motion of ions in the compression zone does not correspond to for-
mulas (5) and (6). The division of ions into two zones is associated with their velocity distribution
[see (5)], when the ions of the central region of the cluster have a gyroradius less than the radius of the
cluster itself. The transverse expansion of such ions is slower relative to ions in the peripheral region, which
have a higher radial velocity. The electrons of the cluster are also divided into two regions, and the ambi-
polar field acting between the ions and electrons leads to the radial expansion of the inner and outer ionic
regions with different velocities. The division of ions into two zones and the movement of the boundaries
of these zones at different velocities are clearly visible in the phase diagrams of the ions shown in Fig. 5.

Figures 5b and 5c show the transverse expansion of the outer zone, the velocity of which reaches ∼0.1c,
and the expansion from the compression zone with a significantly lower maximum velocity, about 0.02c.
The main part of the ions in the compression zone has a velocity of ∼0.01c and is magnetized according
to the estimate of the ion gyroradius. The characteristic radius of the compression zone in Figs. 4 and 5 is
approximately 50 nm, which corresponds to the gyroradius RH =  of an ion with a velocity  ∼ 0.01c
in the compression region (Figs. 5b and 5c). The outer radius of the cluster in Figs. 5b and 5c, equal to
∼500 nm, corresponds to formula (5). The concentration of ions (longitudinally elongated) in the com-
pression zone (Fig. 4) is estimated as ni0(R(0)/RH)2 ≈ 6 × 1022 (200/50)2 cm–3 ≈ 1024 cm–3. Note that the
azimuthal component of the ambipolar force is less than the radial one, since n0e(r)  δnbunch, and

 ∼ 0.01 for ions in the expansion region. In the compression zone, ions rotate only in one direction,
and  ∼ 1.

The estimate of the maximum possible magnetic field (8) is based on an estimate of the cluster lifetime
τlas max ≈ . Obtaining long-lived magnetic fields requires reducing the expansion velocity, which will
happen if the ions become magnetized (the ion gyroradius becomes less than the cluster radius). The pres-
ence of an ion compression zone changes the temporal dynamics of the magnetic field (2). Figure 6 shows
the dependence of the magnetic field modulus on time (the spatial region of effective localization of the
magnetic field has a radius of ∼200 nm). This dependence exhibits characteristic behavior that differs from
the time dependence at a lower magnetic field [8]. The maximum magnetic field value of 15 GG (the first
peak in Fig. 6), achieved after the laser pulse leaves the simulation box, is approximately twice the electric
field of the pulse, which is consistent with estimate (8) for η ≈ 0.2. However, Fig. 6 shows a second time
peak, which is not described by formula (2) that is absent in [7, 9] due to lower values of the magnetic field.
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Fig. 4. (a) 3D distribution of ion concentration in the volume of the simulation box at the moment of a maximum mag-
netic field (t = 27 fs) and (b) its cross section by the y = 0 plane. The cluster radius R(0) = 200 nm, Ilas = 1022 W/cm2,
and τlas = 10 fs. Regions of low concentration ni are not shown on the scale.
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Fig. 5. Phase diagrams of ions along Cartesian axes at the moment of a maximum magnetic field modulus (t = 27 fs) at
R = 200 nm, τlas = 10 fs and Ilas = 1022 W/cm2.
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Fig. 6. Time dependence of the magnetic field modulus of a cluster with radius R = 200 nm upon interaction with a pulse
of intensity Ilas = 1022 W/cm2 and duration τlas = 10 fs [the black curve shows the numerical calculation; blue, thermal
expansion model Hout(t); orange, thermal expansion model Hin(t); red, total model field H(t) in the case of thermal
expansion; green, total model field H(t) in the case of Coulomb expansion with cluster charges Qin = 90 pC and Qout =
70 pC].
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The presence of the second peak is associated with the appearance of a significant part of the magnetized
ions (compression zone). The compression zone expands at a lower speed, and its lifetime exceeds the

 estimate, since the magnetic field in the compression zone retains ions, which in turn slow down
the rate of decrease in the magnetic field. Thus, the increased lifetime of the magnetic field in Fig. 6 is
explained by the presence of a dense magnetized region in the center of the cluster with a lower expansion
velocity.

For analytical estimates of the amplitude and lifetime of the magnetized region field, we use system (3), (4)
in the time interval after the laser pulse termination (t ∈ [tmax; ∞], where tmax is the moment of the laser
pulse termination and the magnetic field maximum). In this case, the system (at δnbunch < n0e) describes
the adiabatic expansion of a bunch of hot plasma in a strong magnetic field. The rate of transverse expan-
sion here is greatly slowed down, since the radial component of the thermal pressure force of hot electrons
in (3) is compensated by the radial component of the Lorentz force. Anisimov and Lysikov [10] showed
that in this case, there is a self-similar solution to system (3), (4), in which the ion concentration ni(r, t) is
described by a triaxial ellipsoid with semi-axes X(t), Y(t) and Z(t) varying over time. The time dependence
of the functions X(t), Y(t), and Z(t) is determined by the system of equations of motion of an effective “par-
ticle” with coordinates X(t), Y(t), and Z(t) in the potential U(X, Y, Z) and magnetic field:

(10)

where

and  is the initial (at tmax) thermal energy of the ion.
The type of solution to system (10) is determined by the ratio of the parameters us/Ω(tmax) (ion gyrora-

dius) and [Y2(tmax) + Z2(tmax)]1/2 = R⊥(tmax). For us/[ΩR⊥(tmax)]  1 we have a spherically symmetric solu-
tion [X2(t) + Y2(t) + Z2(t)]1/2 = R(t), the ion density ni(r, t) and R(t) for which are given in formula (5).
In the opposite limiting case, us/[ΩR⊥(tmax)] ≪ 1, the ions are magnetized, their transverse (yz) expansion
is slowed down, and the density ellipsoid is strongly elongated along the x axis. Equations (10) describe
the adiabatic thermal expansion of a cluster in a magnetic field.

In the case of Coulomb expansion in a magnetic field in system (10), the form of potential energy
changes:

(11)

At R⊥ → X, the electrostatic potential of the ellipsoid (11) turns into the potential of a charged ball:

UQ ∼ ZeQ/ .
Note that system of equations (10) follows from the Lagrange function,

(12)

of an effective “particle” with coordinates X(t), Y(t), and Z(t). In the transverse (Y, Z) plane, the Lagrange
function (12) with potential (11), due to the axial symmetry of the potential, has an integral of motion—
angular momentum—and an integral of energy. However, the equations of motion for the semi-axis X(t)
and the transverse radius R⊥(t) = [Y 2(t) + Z 2(t)]1/2 turn out to be related, and their joint analytical solution
is impossible.

To explain the calculation results presented in Fig. 6, we solve system (10) as follows. In accordance
with Figs. 4 and 5, we divide the region occupied by ions into two spatial regions (two ellipsoids).
We denote the parameters of the ellipsoids by the corresponding subscripts: Xin, out(t), Yin, out(t), Zin, out(t),
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R⊥in, out(t), Rin, out(t), usin, out, and niin, out. The outer ellipsoid has the following initial parameters: radius
Rout(tmax) = R = 200 nm, and Xout(tmax) = Yout(tmax) = Zout(tmax). The inner ellipsoid has the following initial
parameters: radius R⊥in(tmax) = 50 nm, Yin(tmax) = Zin(tmax), and Xin(tmax) = R. As the initial ion velocities
(in accordance with Fig. 6), we use usout = 0.1c and usin = 0.01c. Note that usout ≈ , and usin corresponds
to the condition of magnetization of the inner ellipsoid, i.e., the condition of equality of magnetic and
thermal pressures [21]:  ≈ H2(tmax)/8π, whence us in ≈ . The initial value
R⊥in(tmax) corresponds to the gyroradius of the ion: R⊥in(tmax) = us in/Ω(tmax).The maximum value of the
magnetic field H(tmax) = 15 GG will be distributed between the zones in proportion to the number of elec-
trons and ions in each zone (since the zones are approximately quasi-neutral): H(tmax) = Hout(tmax) +
Hin(tmax), where Hout(tmax) = 4 GG and Hin(tmax) = 11 GG. Time evolution of ellipsoid fields has the form:

Considering the total magnetic field of the cluster to be the sum of the fields of two ellipsoids, we obtain

(13)

In order to construct the time evolution of the field over the entire time interval t ∈ [0; ∞], we will
assume that according to (1) the magnetic field of each of the ellipsoids increases linearly in time over the
interval t ∈ [0; tmax]. Thus, using (13), it is possible to construct a model dependence of H(t) and compare
it with numerical simulation data (Fig. 6). Note that independent consideration of the expansion of each
of the ellipsoids is an approximation that does not correspond to the condition of continuity of the solu-
tion of system (3), (4) at the interface between the ellipsoids. The presented model also neglects the
mutual influence of the ellipsoids through the general magnetic field of the external ellipsoid, which is
acceptable for Hout(t) < Hin(t). The justification for the approximations made is the correspondence
(within a factor on the order of unity) of the hydrodynamic expansion velocities of the inner and outer
ellipsoids to the phase diagrams (Fig. 5) obtained by numerical PIC simulation.

Let us present a numerical (MCAD) solution to Eqs. (10) for each of the ellipsoids with the initial con-
ditions described above in the case of thermal expansion regime. In Fig. 6, the blue curve shows the field
Hout(t); the orange curve, Hin(t); and the red curve, H(t). One can see that the model of two ellipsoids f ly-
ing apart according to (10) explains an increase in the lifetime of the magnetized region and the behavior
of the H(t) curve during the thermal mechanism of cluster expansion.

To estimate the characteristic decay times of the blue and orange curves in Fig. 6 in the form of ana-
lytical formulas relating these times to the parameters of the laser pulse and cluster, we present following
considerations. The outer ellipsoid expands almost isotropically according to law (5) with us out ≈  and
Rout(tmax) ≈ R, and the characteristic decay time of the blue curve is τout ∼ . In the transverse (Yin, Zin)
plane of the inner ellipsoid, the equations of motion (10) of the effective “particle” can be solved analyt-
ically under the assumption that Xin(t) ≡ 0 (this estimate is accurate to a factor on the order of unity).

The law of expansion in the transverse direction, Rin⊥(t) = , at Xin(t) ≡ 0 is determined by
the integral

(14)

Along the direction of the magnetic field, the law of expansion of the inner ellipsoid is also deter-
mined by formula (14), but in this case Ωin(tmax) = 0. Accordingly, for the expansion of the inner ellip-
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Fig. 7. Dependences of the magnetic field lifetime τH on the dimensionless amplitude a of the laser pulse for an Au+30

cluster with a radius of 200 nm at a laser pulse duration τlas = (black curve) 10 and (red curve) 15 fs.

� H
, f

s

a

soid in the transverse direction compared to the expansion in the longitudinal direction, the delay
time Δt will be

(15)

Obviously, Δt → 0 at Ω → 0. The characteristic decay time of the orange and red curves according
to (15) is estimated as

(16)
Calculation using formula (16) yields τin ≈ 43 fs, which corresponds to the PIC simulation. Since the

parameters Ω(tmax), R⊥in(tmax) and us in, which determine the values of the integrals in (15), have the above
estimates in terms of the cluster and laser pulse parameters, we can construct the τH(a, τlas, R) depen-
dences. Figure 7 shows the τH(a) dependences for an Au+30 cluster with a radius of 200 nm at a laser pulse
duration τlas = 10 fs (black curve) and τlas = 15 fs (red curve).

It can be shown that under the Coulomb mechanism of cluster expansion, with an appropriate choice
of parameters, the time evolution of the magnetic field will be determined by two relaxation times and the
time dependence of the field will be similar to that shown in Fig. 6. To do this, as in the case of thermal
expansion, we divide the region occupied by ions into two spatial regions (two ellipsoids) with charges Qin
and Qout and the initial lengths of the semi-axes given above. The outer ellipsoid expands isotropically
according to law (6) with parameters Qout, Rout(tmax) ≈ R. The semi-axis Xin(t) of the inner ellipsoid (along
the magnetic field), up to a factor on the order of unity, also increases according to law (6) at Qin,
Xin(tmax) ≈ R. The law of transverse expansion (14) with the replacement U → UQ allows one to find R⊥in(t)
and construct, using formula (13), the time evolution of the magnetic field of a cluster under the Coulomb
mechanism of its expansion. In Fig. 6, the green curve for Qin = 90 pC and Qout = 70 pC (the charge ratio
coincides with the ratio of the numbers of ions in each of the ellipsoids, Qin/Qout = Nin/Nout, and the total
charge corresponds to the removal of 4% of the cluster electrons) shows the time dependence of H(t) (13)
in the case of the Coulomb expansion mechanism. It can be seen that it also exhibits an increased mag-
netic field lifetime.

Thus, the dynamics of ions and the magnetic field as a result of the interaction of a cluster with a cir-
cularly polarized pulse can be described as follows. During the action of a laser pulse, the ions are sepa-
rated into approximately two regions as a result of the combined action of the ponderomotive force from
the incident pulse and the Lorentz force from the generated magnetic field. The magnetic field and den-
sity of the ion compression region reach their maximum by the end of the laser pulse. After this, the second
stage of ion dynamics begins, which corresponds to the decay of the outer zone in accordance with the
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model of isotropic thermal and Coulomb expansion of the plasma ball and the decay of the inner zone at a
rate several times lower than the decay rate of the outer zone. The time dependence of the magnetic field
according to ion dynamics has two peaks corresponding to the emergence and decay of each of the ion
regions.

4. CONCLUSIONS
We have considered some new aspects of the motion of ions and the temporal dynamics of the mag-

netic field in a laser cluster plasma. It has been shown that intense circularly polarized laser radiation leads
to the appearance of a spiral structure of the ion density in the cluster volume. The strong quasi-stationary
magnetic field arising from the rotation of electrons causes a spatial separation of the ions into approxi-
mately two zones: the internal compression zone and the external expansion zone. The inner zone has an
increased density compared to the initial zone and an increased lifetime compared to the outer zone.
Ion dynamics turns out to be interconnected with the dynamics of the magnetic field. In addition to the
increased lifetime, the time dependence of the magnetic field has a characteristic two-peak appearance
associated with the emergence and decay of each of the spatial ion bands.
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