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Abstract
The application of nano-structured target surfaces in laser-solid interaction has attracted significant
attention in the last few years. Their ability to absorb significantlymore laser energy promises a
possible route for advancing the currently established laser ion acceleration concepts. However, it is
crucial to have a better understanding offield evolution and electron dynamics during laser-matter
interactions before the employment of such exotic targets. This paper focuses on themagneticfield
generation in nano-forest targets consisting of parallel nanorods grown on plane surfaces. A general
scaling law for the self-generated quasi-staticmagneticfield amplitude is given and it is shown that
amplitudes up to 1MTfield are achievable with current technology. Analytical results are supported
by three-dimensional particle-in-cell simulations. Non-parallel arrangements of nanorods has also
been consideredwhich result in the generation of donut-shaped azimuthalmagneticfields in a larger
volume.

1. Introduction

The reproduction of extreme conditions observed in stars or in interstellarmedia has always been a strong
motivation for plasma physics community to develop techniques and concepts which can access astrophysical
phenomena in laboratory environment. One of themost important and demanded quantity is amagnetic field
in excess of a kiloTesla. The only source capable of generating such an ultra highmagnetic field from laser-
matter interactions is the return current of electrons flowing in the skin layer of plasma surfaces. This has been
exploited to generatemega gaussmagnetic fields onmacroscopic scale [1, 2] or in laser-plasma interactions near
the laser focal spot [3–5]. A single nanorod has been predicted to be able to induce an even gigagaussmagnetic
field. This leads to pinching of a cylindrical target [6]. This paper uses the same concept but is applied tomultiple
nanorods arranged in a uniform 2Darray on aflat target surface.

There are several advantages in using nanorods arrayswith intense laser pulses which arise from the high
energy absorption efficiency [7, 8]. Such targets have been used in high energy densitymatter physics [6, 9, 10]
and in generation of intense x-ray sources via laser-induced synchrotron radiation [11, 12]. Their usage,
however, has not been considered, in detail, for the generation of extrememagnetic fields for applications or
experiments. Here, a theoretical description ofmagnetic field generation by current densities existing in the
nanorods interacting with intense laser pulses is presented. This work proposes target parameters and
geometries to produceMTmagnetic fields using laser pulses currently available in laboratory. The targets
considered in this work and the direction of coordinate axes are shown infigure 1. In the case of standard parallel
rods, the generated azimuthalmagnetic fields are separated and limited near the individual nano-rods, inwhich
a return current isflowing (red arrows). A reduction in the distance between themagnetic vortexes decreases the
fields, but at the same time electron currents start to attract each other creating one return current near the axis
of laser propagation. An extended azimuthal field distribution develops in a larger volume around the
converging nanorods. Thesefindings are supported by a 3D self-consistent particle-in-cell simulationwhich
show good agreementwith analyticalmodeling.
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2. Theory andmodeling

In overcritical density plasmas, the flowof fast electrons generate a strong longitudinal current, which can reach
the Alfén limit [13] and thus the self-generatedmagnetic field prevents these electrons frompenetrating deep
into the bulkmaterial. Even if the current density is not that high, the parasiticWeibel instability causes strong
filaments [14], in which the current density increases, leading to transversal spreading of hot electrons. In the
case of thin nanorods (∼100 nm in diameter), the return current (Ir) is spatially limited to the cross section of the
rods, and exceeds the Alfén current [6, 15]without disturbing the fast electron propagation between the
nanorods. The azimuthalmagnetic field has a guiding role [12] andWeibel instability can not develop because its
amplitude ismuch higher than themagnetic field induced by hot electrons. Two interaction regimeswith
differentmagnetic field distribution and its generationmechanisms can be distinguished and they depend on the
target density and laser intensity.

2.1. Light nanorods
The laser intensity (IL) is assumed to be high enough (or target density (n0) is sufficiently low) so that all electrons
within one laser wavelength are removed from the nanorods and are accelerated longitudinally by the laser field
in vacuumbetween the nanorods. This can happen if the nanorod diameter is less or equal to the critical
thickness,  l p= ( )r d a n n2 w Lcr 0 cr 0 [16, 17], where a0=eEL/(meωLc) is the normalized laserfield
amplitude and w=n m eL ecr

2
0

2 is the critical density. The transversally extracted electrons can leave the
nanorod at amaximumdistance re=a0c/ωL and thus the hot electron current can be expressed as
Ih=enhvhπre

2, where vh≈κc, with 0<κ<1, is the average longitudinal velocity of hot electrons normalized
to the speed of light and their density is estimated by using the fact that Ih= Ir, thus » +( )n n r r rh w w e0

2 2.
Assuming that r re w leads to the expression p» ( )I en r c2 ;h w0

2 themagnetic field is calculated using
m p=B I r2s h w0 leading to the following formula for the selfmagnetic field generated around the nanorods:

k
m

= ( )B en r c
2

. 1s w
light 0

0

Themaximum longitudinal extension of the azimuthal B-field is limited to one laser period. Beyond this
region, no return current can exist and the remaining ions undergoCoulomb explosion. In order tomaximize
themagneticfield in this regime, the optimal case, rw=dcr/2, is considered. This yields a peak amplitude:

k= =B E c kB2 2s L L and shows that themaximumB-field achievable in the light rod regime is proportional
to the lasermagnetic field. Themaximumfield is actuallyBL/2 in the case of high laser intensities whenκ≈1
can be assumed.

2.2.Heavy nanorods
When rods have a diameter greater than the critical thickness, the removal of electrons continues overmany
laser periods and themaximum return current is limited by the target density and laser intensity. The number of
electrons extracted from the target during one laser cycle can be approximated by p=N n l rs wex 0

2, where
w=l a cs p0 is the laser skin depthwith w = ( )e n mp e

2
0 0

1 2 the plasma frequency. Assuming that the
positive charge created on the tip of the rod can be neutralizedwithin a half laser cycle, the cold electron current
can be expressed as w= =I eN T en l r2r L s w Lex 0

2 , whereTL is the laser period. This current value is acquired
during one laser cycle and continuously increases until the radial self electric field becomes equal to the laser

Figure 1. Schematic diagrams presenting the simulation setups for the two nanorod configurations: (a) parallel and (b) converging.
The plus andminus signs show the direction of y component of themagneticfield, which is perpendicular to the plane of the drawing.
The laser pulse propagates from the left boundary to the right.
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electric field. Themaximumnumber of laser cycles (Nc) contributing to the build-up of the current density is 2π,
obtained from the solution of = ¢ =E en l Es s L0 , where l p¢ = ( )n N N rc L wex

2 is the positive charge density in
the nanorod.Obviously the number of periods in the laser pulse has to be higher thanNc in order to achieve the
maximumfield. Substituting this into themagnetic field formula results in

m l m= =( )B ecn r l N ecr n n as w L s c w0 0 0 0 cr 0 , which can bewritten as

p
l

= ( )B B
r n

a n
2 . 2s L

w

L

heavy 0

0 cr

This shows that themagnetic field scales with the target density as ~B ns 0
1 2 and onlyweakly depends on the

laser intensity, ~B Is L
1 4. Comparing equations (1) and (2) shows that there is a better scaling of themagnetic

fieldwith the laser and target parameters for light rods, but the plasma density is lower and thus the generated
B-field is weaker in that regime. A larger radius of nanorods also increases themagnetic field, but it stillmust be
much smaller than the laser wavelength otherwise a significant component of the laser wavewould be reflected,
greatly decreasing the efficiency of the process.

The definition of effective critical thickness [12] can be used in both regimes to express the selfmagnetic field
in terms of =R r d2 w cr, which leads to the following function

k kw

w w
=

=

= >
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A series of simulationsmeasuring the azimuthalmagnetic field from a single nanorod interacting with an
intense field have been performed in order to check the reliability of results and to explore the transition between
these regimes. The experimental conditions for  ¥R can be achieved by decreasing a0 or by increasing n0,
whichmeans that infinitemagnetic field could be generated by using the right parameters. The simulations show
that B Bs L if  ¥R , the consequence of the limited penetration of the laserfield into the plasma. So far, it
has been assumed that the electrons are extracted from thewhole cross-section of the nanorod, but in the case of
high electron density, the laserfield can extract electrons only from edge of the plasma (skin layer) and the
number of extracted electronswill beNex=n0π [rw

2 −(rw− ls)
2]ls≈n0πrwls

2, where the ls
2 term is neglected

because l rs w. The resultant current is then w w=I N r a cr c L w p0
2 2 , which results in amagnetic field:

=  ¥ ( )B B R, if . 4s L

3. 3DPIC simulations

The presented results were producedwith the plasma simulation codeVSim [18]. The grid cell size was always
set to be equal to the half of the plasma skin depth (ls) in order to correctly resolve the cold electron current inside
the nanorods. The simulation box volume is 20×3×3×μm3 and contains 9 nanorods at equal distances
with radius of =r 45 nmw . The laser pulse has aGaussian longitudinal envelopewith FWHMpulse duration tL
= 30 fs. A single nanorod has been used, with a subsequence reduction in transversal simulation domain size to 1
μm in order to verify the presented scalings and several simulationswere performed in both regimes. After
presenting the scaling of self-generatedmagnetic field, two standard cases with parallel and converging
arrangement of nanorodswill be discussed.

3.1. Single nanorod
Figure 2 shows two extreme cases,R= 0.9 andR= 18, and the difference between the two regimes are very clear.
The laser pulse contains the z component of themagnetic field, thus the y component only originates from the
self-field of the plasma. The longitudinal extension of the current density is very short, approximatelyλL/2, in
the case of the light rod and themagnetic field is generated in this small volume. Behind this region, only ions are
present which are practically immobile during a half laser period. In the case of a heavy rod, the laser field can not
extract all electrons in one laser cycle but complete removal happens over several cycles. This can be seen in the
current density distribution at t=40 fs (figure 2(g)), which exhibits a bunched structure with 5 small bunches
and then drops to zero. After a few laser cycles the currentflows inside of the nanorod and not in the thin skin
layer. The temporal evolution of themagnetic field is constant within the light rod regime but increases in time,
up to themaximumvalue, in the case of the heavy rod. The return current partially neutralizes the highly
positively charged part, which results in the reduction of the radial electric field and electron extraction can
continue for the duration of the pulse. Itmeans that the spatial extension of themagnetic field is limited by the
pulse duration in this regime but its peak value is defined by the electron density.
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Abrief parameter-scan has been performed in the case of the nanorod shown above and themeasured
maximumvalues ofBy are shown infigure 3(a). The continuous and dashed lines correspond to equation (3) but
the data is taken from simulationswhere either the plasma density or laser intensity is kept constant. There is no
observable jump in the B-field over the transition zone between the two regimes but the trends in the results for
R=1 andR?1 are very similar to the analyticalfindings. The data points in the transient regime fit verywell
with the scaling function∼R η, where 1<η<1.5. Figure 3(b) shows the absolute values of the B-field as
functions of n0 and a0, confirming that the B-field scales with the square of laser amplitude in one regime
(R>1, yellow line) and is independent of the laser intensity in the other regime (R<1, purple line). The~ n0

scaling is also shown in the case of heavy nanorods (the blue line infigure 3(b)).
A simulationwith a super heavy nanorod is presented infigure 4. In this case, the return current is located

near the edge of the plasma and is extended up to the plasma skin depth. Themagnetic field resembles the shape
of the laser pulse envelope. The longitudinal extension of the selfmagnetic field is longer in this regime but the
peak amplitude is lower than in the case ofmoderate densitymaterials, where themaximummagnetic field can
exceedmore than 2 times the laser field.

ThemaximumB-field, according to equation (3), with the currently available lasers and targetmaterials is
∼2.5BL ifR≈20. This corresponds to a0=15 and n0=200ncr (forλL=400 nm), whichmeansBs≈1MT.
In [6], fields greater than 1MTwas reported from a simulationwithR=22 andBL= 450 kT.Using
equation (3), and the parameters from that work,Bs≈2.5BL can be obtained, which is close to the simulation
result.

3.2. Parallel nanorods
Themaximum reachablemagnetic field obtainable using current technology and availablematerials is just over
1MT. This is over 4 orders ofmagnitudes greater than the fields produced by conventional devices (pulsed
solenoids). However, the spatial extent of these extreme fields is very limited if only one nanorod is considered.
Multiple nanorods grown on a planemetal surface result in the transversalmagnetic field being themultiple of

Figure 2. Longitudinal current density cross sections and distribution of themagnetic field perpendicular to the plane at different time
instances from the light rod (a0=48,n0=60ncr: (a), (b), (e), (f)) and heavy rod (a0= 4.8, n0=120ncr: (c), (d), (g), (h)) regimes.

Figure 3. (a)Comparison of the analytical scaling given by equation (3)with the simulation results. The solid line is with k = 0.5 and
the dashedwithκ=0.1. The order of the values in the brackets is the same as order of the discrete points. (b)The dependence of the
samemagnetic field amplitudes as a function of laserfield and plasma density.
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the single nanorod case if there is enough seperation between rods (figure 5). In the case of a nanorod array, the
focal spot size of the laser pulse determines the number of nanorods taking part in themagnetic field generation.
The use ofmultiplemagnetic vortices requires the diameter of laser spot size to bemuch greater than the
distance between nanorods, which is about onemicron. The following parameters are needed for the generation
of 1MTfield using l = 800 nmL wavelength laser: n0=400ncr and a0=36, which corresponds to
IL=2.7×1021W cm–2. This assumes a 30μm2 focal spot area and 30 fs pulse duration of full width at half
maximumwith a required pulse energy of≈25 J, which can be provided by a currently available sub-petawatt
class lasers.

The periodic structure of the transversalmagnetic field observed infigure 5 enables the design of amicro-
scale undulator, suitable to generate free electron laser (FEL) radiationwith sub-nanometer wavelength. The
relativistic electrons should be laterally inserted into the nanorod array, parallel with themagnetic field of the
laser pulse. It has been shown that intensemulti-keV photon burst can be produced in the direction of the laser
propagation via interactionwith nano-wires [12] but nano-wires are required as efficient synchrotron emissions
are relatively long (>10 μm).

The current study shows that it is possible to generate long-lastingmagnetic fieldwith shorter nanorods if
the electron density is high enough and the laser pulse is sufficiently long.One of themain draw-backs of the
currently available FEL undulators is that the undulatorwavelength (λu) can not be arbitrarily decreased due to
the condition: l p= >( )K e B m c2 1u e0 , whereB0 is defined by the setup of themagnetic device and by the
strength of permanentmagnets. In the case of nano-rod targets l m» 2 mu andB0≈50 kT, yieldingK≈9,
which is sufficient for coupling between electron beam and radiationfield. The shortmagnetic field period

Figure 4. Longitudinal current density and azimuthalmagnetic field cross sections at different time instances for a super heavy rod (a0
= 3.4, n0=480ncr).

Figure 5. Inducedmagnetic field averaged along the x directionwithin the laser pulse at three different time instances. The values
written in the top-right corners indicate themaximummagneticfield.Here n0=40ncr, a0= 13.67, the lateral distance between
nanorods is 1μmand their diameter is the same as in section 3.1, 90 nm.
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allows the use of an electron beamwith only 50 MeV (γ= 100) energy that can generate radiationwithin the
water-window according to l l g= + »( )( )K2 1 2 4 nmr u

2 2 . The challenge in realizing this setup lays in
the short life-time of the generatedmagnetic field in a selected volume. Even if long laser pulses (pico-second
duration) are used, the target has to bemade fromhigh Zmaterial in order to slow down the radial expansion of
nanorods and tomaintain the internal return current.

3.3. Converging nanorods
It is possible to generate highmagnetic field in amuch larger volume if the nanorods are non-parallel, the
distance between themdecreases in the reference framemovingwith the laser pulse. This arrangement can be
realized by using a slightly bent flat foil (figure 1(b)). The B-field around rodsmerges into a single large azimuthal
field as the rods converge, as shown infigure 6. The angle of these rodswith respect to the x axis is 0.025 radian
(1.4°), thus at the end the distance between the rods is only 0.25μm,which is smaller than the excursion length
of fast electrons in the laser field. The larger volume reduces the amplitude of themagneticfield but the spatial
extension of the B-field can be controlled and compressed to increase its amplitude by usingmore surrounding
nanorods or a cylindrical boundary.

In order to show that the produced azimuthal field has a donut shape, a a= -q ( ) ( )B B Bcos sinz y , where
a = - -[( ) ( )]z z y yarctan 0 0 with m m=( ) ( )y z, 1.5 m, 1.5 m0 0 , is calculated and shown in the lower picture
infigure 6. Themagnetic field is initially generated around the individual nanorods in a small spot and later
merges into a single azimuthal field. This field is generated by 9 nanorodswhich are now too close to each other
to induce individual B-fields. The smaller distancemeans a stronger attracting j×B force, which leads to the
merging of return currents flowing in the nanorods. If the value ofR is not too high, the acting radial Lorentz
force in this system can be stronger than the electrostatic force caused by the space-charge field of ions. Figure 7
shows that an average radial velocity of returning electrons can be observed. These point towards the center. This
attraction between the return currents leads to the development of a single channel, which is wider than a single
nanorod and induces awider azimuthalmagnetic field.

Figure 8 confirms the predictions of equation (2) as there is no significant change in the induced B-field
amplitudewith laser intensity and the field scales with~n0

3 2, like the single nanorod cas.On the other hand the
longitudinal profile of the B-field is self-similar if the ratio n0/a0 is constant, which follows from the similarity
theorem [19]. Themagnetic field along the rods ismore uniform in the case of high density (blue line) because
R≈6, while in the other two casesR≈2, andR also defines the spatial extension of themagnetic field, as
described in section 3.1.

Figure 6.The same as infigure 5, butwith converging nanorods. The azimuthalmagnetic field is shown, calculatedwith respect to the
central axis m m=( ) ( )y z, 1.5 m, 1.5 m0 0 .
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4. Conclusions

Ageneral scaling law formagnetic field strength achievable in the case of laser-nanorod interaction has been
found using numerical simulations. A dimensionless parameter (R)has been used to uniquely describes the
magnetic field generation and subsequently, three different regimes could be identified. Themaximum field
amplitude is about two times higher than the lasermagnetic field and can be obtained forR≈20. AMTquasi
static azimuthalmagnetic field generation should be possible with the currently available, or the next-generation
ofmulti-PW, laser sources, which could allow for realization of laboratory astrophysics or high energy physics
experiments.

The spatial distribution of themagnetic field in such 2D array targets has been characterized and the
rectangular periodic structure could be used in severalmicro-guiding devices, e.g., inmicro-scale FEL. The very
short undulator wavelength in principle could lead to the radiation of keV photons by using relatively low energy
electron beams. It is also possible to generate one single azimuthal field in the focal volume of the laser pulse by
using converging nanorods, where themagnetic fields around individual nanorodsmerge together into a single
ring-like structure. The scalability of amplitude and tunability of spatial distribution should allow the
application of nanorod targets in awide area of laser-plasma physics.
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