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Magnetic dipole moment generated in nano-droplets irradiated by circularly polarized laser pulse
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A new mechanism to generate nanometer-scale magnetic dipoles is presented with the help of particle-in-cell
simulations and analytical modeling. The kilo-tesla axial magnetic field is sustained by electrons orbiting around
spherical clusters after the interaction with a circularly polarized laser pulse. The magnetization of material in
such way is different from the inverse Faraday rotation and the localized magnetic fields have a much higher

amplitude.
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I. INTRODUCTION

Since the discovery of electron’s spin magnetic moment
scientists have been interested in manipulating the quantized
magnetic-dipole moment of elementary particles or atoms
[1-3]. The material properties are strongly influenced by
the alignment of well-separated magnetic fields of atoms
or molecules. On the nanometer scale structured material
surfaces provide a playground for studying tunable magnetic
systems [4] which may help to understand basic phenomena
related to dipole-dipole coupling [5,6] or other nontrivial
interactions [7-9]. On the other hand, temporal variation of
such exotic magnetic fields leads to magnetic-dipole radiation
[10,11], which is an uncommon source of electromagnetic
waves in nature.

In the astrophysical community and in fundamental
particle physics the magnetic-field amplitude is the most
important quantity which has been pushed to the limit of
hundreds of tesla in conventional nondestructive devices [12].
Higher magnetic field requires higher current density, which is
achieved in Z-pinch experiments [13]. Recently, owing to the
development of high power lasers, new Z-pinching methods
have been investigated in nanowire array targets which
could provide megatesla field amplitudes with micrometer
scale lengths [14,15]. Huge toroidal or azimuthal magnetic
fields are relatively easy to produce because they require
longitudinal electric current, which is naturally produced by
the light pressure of intense pulses [16—-19]. Axial magnetic
fields, which possess some features of a magnetic dipole,
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are commonly produced by circularly polarized laser pulses
via the effect of inverse Faraday rotation [20-22]. Special
laser pulses with screw-shaped intensity distribution have
been proposed for the generation of gigagauss axial magnetic
field [23]. However, these methods provide nonstationary
and short-living magnetic fields in underdense plasma. On
the macroscopic level in a submillimeter spatial domain
nanosecond-long pulses with kJ energy have been applied
to generate kilotesla magnetic field with a capacitor-coil
configuration [24,25].

In the present work we propose a method of generat-
ing large amplitude magnetic-dipole moment based on the
electron inertia in clusterized (nano-droplet) rare-gas targets
[26,27] irradiated by circularly polarized ultrashort pulses. It
is stable and stays almost constant on the timescale of modern
ultrashort (~10 fs) laser pulses. In contrast with the uni-
form density underdense plasma in our method, the magnetic
dipoles are well localized at the positions of the overdense
droplets and their number is equal to the number of droplets
inside the laser focal volume. The most unique feature of
this nanoscale magnet is the toroidal current surrounding
the droplet, which could open new possibilities in modern
electrodynamics [28]. In the presented scheme laser pulses
with ~mJ energy are sufficient, therefore magnetization of
material at kHz repetition rate is possible. The magnetic field
decreases slowly after the laser-droplet interaction and we
show that the decay rate is proportional to the laser electric
field and inversely proportional to the droplet mass.

II. PHYSICAL SETUP

The simulation tool we use is the 3D EPOCH particle-in-cell
code. We assume an already-ionized spherical target (nano-
droplet) with radius R = 50 nm. The ion charge state is Z =
20 and the ions are Xe with number density ng = 10*® m=3
[27,29]. The corresponding electron density in the target is
2 x 10 m—3 which is equivalent to n, = 182n,, in the case
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FIG. 1. (a) Spatial distribution of electrons (green) outside of the
droplet during the interaction. The ions are shown by red dots. The
red arrow indicates the direction of the laser pulse. (b) Distribution
of particles after the interaction (r, = 3 fs and the laser pulse leaves
the target at + = 9 fs). (c) A zoom of the picture shown in panel (b).
The arrows with red tones represent the magnetic field vectors with
1007 < B, < 1kT and the arrows in blue correspond to —1007 <
B, < —30T.

of A, = 1 um radiation wavelength, where n.. = a)%mgeo /é*
is the critical density. The incoming laser pulse is a circularly
polarized plane wave (the simulation domain is smaller than
the laser focal spot size) with Gaussian temporal field profile,
I(t) = I exp[—(t —11)? /th]. The peak intensity of the laser
pulse is I, =4 x 10'"® W/cm? and its duration is varied in
simulations.

The simulation domain has a volume of 1.5 x 1 x 1 pum?
represented by 600 x 400 x 400 grid cells and the target
plasma is represented by 10 ion and 100 electron macropar-
ticles per cell. At such high resolution one pseudo-electron
contains only ~10 real electrons and the total number of
macroparticles used to represent the target plasma is 107.
Since the radius of the electron trajectory becomes quickly
much greater than the width of the simulation box we use
absorbing boundaries for electrons and outgoing for elec-
tromagnetic waves. In a more realistic scenario one should
use periodic boundary conditions in the transverse direction,
because in experiments in the target there are many clusters,
but for now we concentrate on a single nano-droplet. Later,
larger simulation domains are also considered which contain
more than 10 clusters and the distance between them is varied.

One representative case is shown in Fig. 1 with the param-
eters described above. Three major steps of the interaction are
presented: Figure 1(a) shows the electron removal from the
droplet, Fig. 1(b) shows the re-arrangement of the energetic
electrons around the droplet, and in Fig. 1(c) the final stage
is illustrated by showing the magnetic-field vectors inside
(positive) and outside (negative) of the droplet. These three
steps and the physics involved are described in great detail in
the next section.
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FIG. 2. Distribution of charge states at different time instances.

To check the average ionization state in the droplet and the
effect of collisions we perform a simulation with an initially
neutral Xe droplet interacting with the main pulse. Here we
assume that the effect of prepulse is negligible, or it does not
exist. In principle the prepulse can be absorbed by droplets
close to the edge of the clusterized gas jet and the main pulse
can interact with a fresh droplet somewhere in the middle of
the target.

The distribution of different ion charges at early times is
shown in Fig. 2. This simulation was done with the 3-fs-long
(FWHM) pulse. One can see that, already at 8 fs, most of
the ions have 264 charge, but later on the charge distribution
changes slowly. The 27+ level requires 1.5 keV energy and
it did not appear for these parameters. The magnetic field
obtained in this simulation was very close to the one presented
in Fig. 1, which indicates that a collisionless calculation
is sufficient to investigate the process of magnetic-dipole
generation.

In additional simulations we have considered already ex-
panded droplets, as the effect of prepulse, and we observed
only positive changes, since the field amplitude was much
larger. This could be attributed to more efficient electron
acceleration in the plasma corona, where resonance can take
place. The preplasma greatly complicates the interaction. and
its investigation is beyond of the scope of this paper, but it will
be considered in future studies.

III. RESULTS

A. Single droplet

Before the stable state of the magnetic dipole there are two
preceding steps already presented in Fig. 1 and examined in
detail in Fig. 3 for a longer pulse. First, the laser field extracts
a significant amount of electrons from the skin layer of the
droplet and they are pushed away by the ponderomotive force.
At the beginning of the interaction the electrons have a spiral
path following the rotation of the electric field of the laser
pulse and leave the target [Fig. 3(a)]. The azimuthal velocity
vy of electrons appears due to the By, component of the laser
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FIG. 3. Distribution of the B, (color bar in tesla) field in the xy
plane at different time instances in the simulation with ¢, = 10 fs.
The laser-droplet interaction ends at r = 22 fs. The white dots
represent the position of electrons, which are outside of the droplet,
projected to the xy plane. The red lines show the axial lineout of
the magnetic field. The laser peak intensity is I, = 4 x 10'® W/cm?
(ap = 1.7), it propagates from left to the right.

field: pg = ym.vy = ev, B, where v, is the radial veloc-
ity component. Thus, beside the longitudinal ponderomotive
force there is an azimuthal driver of the motion.

Later on, the positive charge of the droplet weakens the
extraction of electrons and keeps them near the target. In the
second step, after the laser action, the electrons keep rotating
due to the conservation of orbital angular momentum (OAM)
and get attracted back by the highly charged droplet. This is a
relaxation process, since the radial momentum is transformed
into potential energy until all electrons are in equilibrium on
a stable orbit in the electrostatic field of the droplet. The
electrons can oscillate in the x direction with an amplitude
not greater than the Debye length, which is on the order of
100 nm. The average longitudinal velocity is zero, therefore
no azimuthal magnetic field is generated. In Fig. 3(b) the total
charge is 2.3 pC which is sufficient to force a large amount
of electrons to a circular trajectory. Now the remaining radial
velocity is transformed into vy by the self-generated magnetic
field: dpy/dt = ev,B;.

The nonthermal electrons, orbiting in the yz plane, will
possess only vy on average, which results in the azimuthal
current responsible for the axial magnetic field. In Fig. 3(c)
the magnetic-field distribution is axially symmetric and the
rotation plane of these electrons is perpendicular to the laser
axis, obeying the conservation law of OAM. One can see that
the peak value of the magnetic field decreases in time which
can be attributed to the expansion of the ion core, as shown
later.

The laser field can act on the target electrons as long as the
radial electric field is smaller than the laser field. When they
become equal the maximum charge is reached, which can be
expressed as

On = 4megR?E;. (D

For our target parameters one obtains Q,, = 2.4 pC, which
is the absolute maximum charge reachable with the given
droplet and laser pulse. The actual charge, which we denote as
0., is smaller in the case of ultrashort pulses and approaches
asymptotically the value of Q,, in the case of longer pulses.
There is an upper limit of laser intensity at which all electrons
are removed from the droplet. In the case of single-cycle
pulses it is obtained from the equation Q,, = 4w R%nyZe/3,
yielding Ej max = RnoZe/(3€p), which for our parameters
corresponds to the intensity of I nex ~ 102! W/cm?. For
longer pulses the upper limit of intensity is lower, which is
investigated later in this paper.

The temporal evolution of the charge buildup is crucial to
understand the dynamics after the laser pulse leaves. In any
kind of laser-solid interaction the laser field is canceled at
the plasma-vacuum interface because of the generated surface
current carried by the electrons. The corresponding electric
field in the plasma skin layer can be calculated from the
Ampere law: E = en.c/(egwy) = Er, where we assume that
the electron velocity is close to the speed of light. From
this equality one can easily find that the density of electrons
displaced from the skin layer is n, = agn.,, where ay =
eEr /(m.wrc) > 1 is the normalized laser electric field. In the
case of finite-size target the transverse electric field generated
by the target space charge has to be included as well, which
leads to a lower effective electric field and to a different
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FIG. 4. (a), (b) Distribution of electrons which contribute to the azimuthal current in a limited spatial domain: 0.25 um < x < 0.45 pm.
The legend also shows the total number (integrated spectrum) of electrons, N. (c), (d) Distribution of average azimuthal velocity of electrons
from the same spatial interval. Here electrons with vy < —0.2¢ are included. The full lines show the ion density cross section of the expanded

droplet.

electron density: n, = an., with a = e(Ep — Eg)/(m.wrc),
where Ex = Q/(4m €oR?). For the analytical treatment we
assume that the surface area of interaction is S = mR?. Since
the laser pulse has a relativistic intensity the electrons acquire
a velocity close to the speed of light, which initially points
mostly in the radial direction. The electron extraction during
the laser pulse is continuous due to the circular polarization
and the droplet charge can be described by the integral Q =
f en,Scdt, or in form of a differential equation as

0 _ oL _
2 = (On — O, (2)
which can be solved exactly:
Q1) = Oull — exp(—wit /4)]. (3)

In the simulation with 7, = 3 fs the calculated droplet
charge is Q, = Q(t;) = 1.8 pC, which is close to the
value measured from the simulation (1.7 pC). With a

three-times-longer laser pulse, when wpt; > 4, the droplet
charge reaches only Q, = 2.3 pC, which is close to Q,,. This
means that laser pulses much longer than a few cycles will not
increase significantly the droplet charge but, as we show in the
following, the rotational motion of the remaining electrons in
the target can be significantly enhanced.

The distributions of the azimuthal electron velocity
(dN/dvy) at different time instances are shown in Figs. 4(a)
and 4(b) for two laser pulse durations. This velocity com-
ponent is calculated from the orbital angular momentum as
vg = L,/(ym,r.), where L, = (re X p), and r, is the radius
of electron trajectory, measured from the center of the droplet.
In these pictures only nonthermal electrons are included,
which is achieved by calculating the difference between the
electron spectrum with negative and positive vg. The number
of electrons (N) contributing to the magnetic field is then
obtained by integrating the spectrum. This number is only
a few percent of the initial electron number present in the
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FIG. 5. (a) Temporal dependence of droplet radius from three
different simulations compared with the results of Eq. (6). (b) Time
evolution of the peak magnetic field for the same simulations com-
pared with Eq. (4). Here N is a fitting parameter, which is in good
agreement with the measured values shown in Fig. 4.

droplet, but it increases dramatically when laser intensity is
close to I max (see Fig. 6).

After the laser pulse has traversed the simulation domain
the number of rotating electrons and their energy changes
slowly for a relatively long time. In Figs. 4(c) and 4(d)
the spatial velocity distribution clearly shows that the most
energetic electrons rotate inside the expanded droplet at a
radius close to the original target radius. This is due to the
internal structure of the radial electric field, which has a peak
value close to r = R and it is a linear function of radius
for r < R. This is a consequence of the uniform ion density
inside the droplet, while it is quickly decreasing in the plasma
corona.

The circular path of the electrons is defined by the bal-
ance between the attracting radial electrostatic force and
the inertial centrifugal force. In the vacuum region the fol-
lowing equation holds: ym,v3/r, = E®" = eQ./(4mweor?),
where vg = c(1 — 1/y?)"/? is their azimuthal velocity. Here
we consider the equilibrium state, where the radial and
axial velocity components are negligible. Inside of the
droplet the balance equation changes, because the electro-
static force has a different form: Erin = eQ.r./(4meoR?).
By solving the dimensionless equation p" = py or po
po we obtain the electron energy which is present near
the initial surface of the droplet: yz = {agpo(l — e ™/*) +
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FIG. 6. (left) Peak values of the magnetic field for different laser
pulse parameters at 5 fs after the end of the laser pulse. (right) The
number of rotating electrons (N, full lines) and the charge of the
droplet after interaction (Q,, dashed lines) for the same simulation
parameters.

[4 + aépé(l — e~ w/M21/2) /2 where T = wit, p =27 /AL.
We found that the average velocity of electrons taking part
in the toroidal current is well approximated by vy = vor/2,
where vgg is calculated from yg. Starting from the definition
B = poly/(2r) and using an approximate expression for the
current Iy = Nevy /(2w R) the magnetic field can be expressed
in a simplified form:

B, =NB2 Y. 4)

p c

where By = poec/(4mR?*). The energy dissipation of elec-
trons via collisional effects can be neglected [30] because
the energy transfer from electrons to ions happens on a
picosecond timescale, thus the total current is conserved.
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For our simulation parameters one obtains vy ~ 0.3¢, which
agrees well with Fig. 4. The maximum magnetic field can be
achieved when the laser intensity is close to the critical one
[derived from Eq. (1)], when N ~ 10® electrons contribute to
Iy, resulting in tens of kT peak value.

The temporal evolution of the generated magnetic field
depends only on the radial expansion of the droplet, which
is governed by the static electric self-field, described by the
following equation:

Pr ZeO)
dr? ~ Amweqrim;’

&)

where the time-dependent charge [Eq. (3)] is used up to
the time instance f;, and Q, = Q(z;) for later times. After
using the normalization of physical quantities we arrive at a
dimensionless equation:

d*p me pg

ﬁ = Z[l() Ltk
The solution of Eq. (6) is shown in Fig. 5(a) together
with the simulation results. One can see that, at higher in-
tensity, the expansion is faster because Q, is larger, and the
magnetic field decays more quickly. This time dependence of
the radius will be used in the definition of the magnetic field
[Eq. (4)].

The comparison of measured magnetic field with Eq. (4)
is presented in Fig. 5(b) for the same simulation parameters
as in Fig. 5(a). The only fitting parameter is N, which is an
increasing function of time during the laser-target interaction.
It can be seen that while the laser pulse is interacting with
the droplet the model does not fit the simulation because the
parameter N is unknown and due to the influence of the laser
field. However, one can find a value for N providing the same
time dependence as in the simulation and it is very close to the
measured quantities presented in Fig. 4. It is worth mentioning
that the number of rotating electrons after the interaction is
proportional to the laser pulse length as long as Q, < Q.

— (1= e, ©®)
m; p

B. Maximizing the magnetic-field amplitude

From the analytical theory it is apparent that the magnetic-
field strength can be enhanced most efficiently by increasing
the number of rotating electrons around the droplet (V). This
can be done by increasing the pulse length, but the laser
field can be effective only if the droplet charge is below Q,,.
Therefore, Q,, has to be increased as much as possible by
increasing the laser intensity. A maximum laser intensity can
be defined at the condition Q,, = en.4mR*/3, which means
that all electrons are removed from the target. The optimum
laser intensity is, of course, below this threshold because if all
electrons are removed, then the azimuthal current is zero. A
large amount of electrons should remain near the droplet and
perform a circular motion.

More simulations have been performed at higher laser
intensity, where we assume +40 charge state of the ions. At
this charge state the threshold laser intensity for complete
electron removal in one laser cycle is 4 x 102 W/ cm?, thus
the optimum should be below this value. Figure 6(a) shows
that the optimum laser intensity gets lower by increasing the
pulse duration. This happens because the longer pulse with
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FIG. 7. Magnetic-field distribution in the xy plane (z = 0) in
the case of uniformly placed droplets with two different separation
distances. The peak intensity is I, = 4 x 10'"® W/cm? and t, = 3 fs.

the same intensity as the short pulse removes more electrons
and fewer remain in the target to contribute to the azimuthal
current. This can be seen in Fig. 6(b), where Q, increases
faster by increasing the intensity in the case of longer pulse.
As the droplet charge approaches Q,, = 31 pC the number
of rotating electrons drops suddenly and it happens at lower
intensity with a longer pulse. On the other hand, with a few-
cycle pulse the optimal intensity is higher than in the case
of the longer pulse because the extracted electrons are not
pushed far from the target and after the short interaction many
electrons are attracted back by the positive droplet.

C. Interaction with several nano-droplets

In experiments the longitudinal and transversal dimensions
of the focused laser pulse are a few microns, which means
that, in the focal volume, the laser interacts with 10 to 20
clusters if between them ~1 pum distance is assumed. Since
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the electrons are orbiting very close to the droplet surface the
individual magnetic dipoles can be considered independent
and do not interact. This is confirmed in Fig. 7 in the case of
D = 0.5 um, where the parameters are the same as in Fig. 1.
In this case the spatially averaged (positive) magnetic field is
on the order of 10 T. When the distance between droplets is re-
duced to D = 0.2 um the positive magnetic fields are merged
and a uniform region is obtained where the field strength
is about half of the peak value. The average magnetic field
is higher in this case, (B,) ~ 150 T. This regime is similar
to the inverse Faraday rotation, where the magnetic field is
generated in the whole volume of the laser pulse, but here this
magnetic field decays much slower due to the slow motion
of positively charged droplets. The quasi-uniform magnetic
field also suggests that some high -energy electrons can move
around several droplets on a longer trajectory generating a
wider coil-like structure.

The average magnetic field surrounding the steady nano-
droplets can be compared with the field generated by the same
laser pulse in uniform underdense plasma. Such a simulation
has been performed, which showed an average field value
around 60 T. We can also use Eq. (2.3) from Ref. [31] to esti-
mate the magnetic field at the center of the laser pulse (r = 0):

)\.LelL
dmeeg’RE

By irr = )

We assume a tightly focused laser pulse, where A, =~ R, &
1 pum. The estimated magnetic field from Eq. (7) is By jrr &
50 T, which is very close to our simulation results. This
indicates that our method is capable of generating the same
average magnetic field (or higher) in the laser focal volume
as in the case of inverse Faraday rotation, but locally the
peak values are 10 or even 100 times higher. The generated
magnetic-field amplitude depends mostly on the laser pulse
length if the laser intensity is much lower than I max. In this
low-intensity regime Q, is relatively small and the droplet
expansion is slow.

Even if the strong magnetic field exists for more than 100 fs
its measurement is really challenging due to the small size it
occupies. However, there is an indirect way to detect such high
magnetic fields by the detection of fine spectral line structure
generated by Zeeman effect. A field of 1 kT is capable of
splitting spectral emission lines with 1 eV separation and
this gap can be larger than the thermal (Doppler) broadening
caused by the heating of ions. Usually the energy transfer
from electrons to ions via collisions happens on a picosecond
timescale, thus in our case the ions can be considered very
cold. If the ion temperature remains below 10 eV, then the
Doppler broadening is smaller than 0.01%. In the case of
100 eV emitted photon energy it means <10 meV (milli-
electronvolt) broadening.

IV. CONCLUSIONS

We have presented an efficient method for generating large
amplitude (~kT) magnetic field in clusterized targets. The
required laser intensity is slightly above the relativistic thresh-
old and a pulse duration not longer than few laser periods
is sufficient. In contrast with the inverse Faraday effect the
peak magnetic field is higher and is localized in space, at
the position of the clusters. The lifetime of magnetic-dipole
moment is defined by the expansion time of the droplet, which
can be on the order of hundreds of femtoseconds if heavy
droplets are considered, i.e., if the clusterized gas consists of
high-Z material, or low-intensity laser pulses are used.
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