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This paper proposes an intense x-ray source based on the interactions of intense laser pulses with

nanowire targets. The presented electron dynamics and energy scalings have been studied by three

dimensional particle-in-cell simulations. The resonance of the electronic betatron oscillations with

the incident laser field results in extremely high energy electrons. The scaling of radiation intensity

is predicted to be I
5=2
L , where IL is the laser intensity, using optimal parameters. In this case, the

number of photons emitted, via synchrotron radiation, with energies above the keV level with 0.1

rad angular spread is greater than 108=fs for intensities IL > 1020 W/cm2. This scaling law suggests

that the photon flux production using nanowires of suitable lengths is much greater than in a under-

dense plasma. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4978573]

I. INTRODUCTION

Intense ultra-short laser pulses interacting with nano-

structured solid surfaces have been considered for enhanced

hot electron generation1 and consequently ion acceleration.2

More recently, such targets have been proposed to generate

ultra-high energy density matter via volumetric heating3 or

Z-pinching of nanorods.4 The efficient transfer and accelera-

tion of electrons deep into the overdense plasma are possible

if the prohibiting magnetic instabilities are eliminated and if

the interaction region is much longer than the plasma skin

depth. Weibel-type instabilities, due to the high fast electron

current induced by the ponderomotive pressure, stop the

majority of the electrons before they reach the rear side of

the target. This effect can be suppressed if the target surface

is expanded before the arrival of the main pulse and if the

self-generated fields guide the electrons in the underdense

region of the preplasma.5 The strength of guiding fields is

higher if the plasma density is higher, and thus it can be real-

ized with solid density targets if the target surface is micro-

engineered. The first proof-of-principle experiment6 has

shown recently that the fast electron energy distribution can

be controlled by using nano-forest targets made of nanorods

(or nanowires), with a diameter of 100 nm, grown on a

metal surface and separated by several microns.

The efficient heating and transfer of fast electrons with

small divergence are crucial in many laser-plasma based ion

acceleration mechanisms and even in the fast ignition

schemes for controlled fusion reactions.7,8 The nanoforest

target provides multiple guiding channels next to each other

with a transversal extent defined by the laser spot size, while

in gas targets, the enhancement of electron acceleration

occurs in a single ion channel.9 Due to the cylindrical sym-

metric target components, the resulting electron motion is

rotational rather than planar, and thus three dimensional

(3D) modeling is necessary to correctly describe the electron

dynamics. Here, we present the results of 3D Particle-in-Cell

(PIC) simulations, giving insights into the details of such

complex laser-plasma interactions.

This paper also investigates the secondary radiation

emitted by the ultra-fast electrons efficiently accelerated in

the self-generated fields. Under the right conditions, the fast-

est electrons undergo betatron resonance during motion

around the nanowires and gain high energy. The highly rela-

tivistic longitudinal velocity and relatively slow transverse

oscillation are ideal for high frequency synchrotron emission

in the forward direction. Such high harmonic generation has

been investigated using microhole targets with circularly

polarized (CP) laser pulses,10 where coherent radiation was

observed in the form of attospirals. In the present paper,

nano-bunching of electrons does not occur because the reso-

nant electrons are randomly captured by the guiding fields.

However, the efficiency of energy conversion from the inci-

dent pulse to the high frequency waves can be higher than in

other forward emissions of coherent synchrotron radiation

(SR).11–13

II. NUMERICAL METHODS

A. Particle in cell simulation

The dependency of the maximum electron energy as a

function of target parameters (distance between nano-wires,

Dsp, and diameter of nanowire, dw) was studied using 2D

particle-in-cell (PIC) simulations and is presented in the sup-

plementary material. It was found necessary to study the

interaction in 3D with an identical simulation setup with the

interaction length or the length of nanowires of Lw ¼ 30 lm
and a plasma density of n0 ¼ 40ncr, where ncr ¼ x2

0me0=e
2

is the critical density. This electron density corresponds to

the CH material (carbohydrate) or frozen hydrogen target,

but carbon or silicon targets, expanded due to laser prepulse,

could also be considered. The FWHM pulse duration is

tL¼ 30 fs at an intensity of IL ¼ 6:3 1019 W/cm2, which is

increased to higher values in further simulations, and the

wavelength is kl ¼ 800 nm. Transversally periodic bound-

aries and uniform laser intensity are used. The grid size isa)Electronic mail: zsolt.lecz@eli-alps.hu
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10 nm in each directions, which is smaller than the laser skin

depth, ls ¼ c=xp  20 nm, where xp ¼ ðn0e2=ðme0ÞÞ1=2 is

the plasma frequency. 20 macroparticles (ions and electrons)

are loaded into each grid cell occupied by the overdense

plasma. A distance of Dsp ¼ 1 lm was chosen for the wire

spacing distance, and the effect of the wire thickness was

investigated.

Fig. 1 shows an example with a laser pulse polarized in

the y direction. Two separate electron populations are clearly

visible with the slow electrons flowing in the wire contribut-

ing to the return current and fast electrons propagating

between the wires where they are subsequently accelerated

by the laser pulse. The quasi-static magnetic field generated

around the wires dominates the first few laser cycles and pro-

hibits the evolution of magnetic filaments or instability in the

cloud of fast electrons, thus allowing the transfer of energy

over longer distances. The bottom picture in Fig. 1 (at later

time) shows that the return current is very low due to the

complete removal of electrons from the wire. In this region,

i.e., in the second half of the laser pulse, the electrostatic

field is stronger and the electron motion is different.

The ions are immobile in the simulations because the

time scale of Coulomb-explosion of the wires is on the order

of 10 fs; therefore, the effect of wire expansion is significant

only behind the peak of the laser envelope, where ultrafast

electrons are not generated.1 The initial contraction of pinch-

ing cold electron delays the expansion of the wires.4 In 2D

simulations, no significant expansion was observed during

the traverse time of the laser pulse,1,14 but longer laser pulses

would need to include ion motion.

B. Synchrotron spectrum calculations

The energy transfer from the electrons to the x-ray is not

modeled in the PIC code, and thus the results presented here

are based on the synchrotron theory of a single electron.15

Ten thousands macro-electrons are tracked in the simulation

in order for good statistics on the emitted radiation. The

electron coordinates and momentum are recorded at every

time step. The acceleration components can be calculated

from the electron trajectory coordinates and momentum,

and thus the emitted radiation can be estimated numerically.

The expected energy spectrum can be calculated using

the expression given for SR integrated over all angles

numerically15

dW

dx
¼

ffiffiffi
3

p
e2

4p0c
c
x
xc

ð1
x
xc

K5=3 xð Þdx; (1)

where KnðxÞ is the modified Bessel function of the second

kind and xc ¼ ð3=2Þc2ðjdp?j=dt=ðmecÞÞ is the critical fre-

quency.13,16 In this method, the radiation is assumed to be

emitted in the direction of the electron velocity vector and

thus only the transversal acceleration is taken into account,

jdp?j=dt, where dt is the time step of the simulation. The

emission angle used throughout this paper is defined as

h ¼ arctanðp?=pxÞ. As the emission of high energy photons

is the primary focus of this paper, the synchrotron spectrum

is calculated only if the electron energy is above a chosen

value (or c > cb). In this way, the radiation emitted by Ntr

tracked macro-electrons is calculated. In order to obtain the

total radiated energy, the spectral intensity is multiplied by

the ratio Nall=Ntr, where Nall is the number of counted elec-

trons (tracked and non-tracked) with c > cb. A comparison

between this sampling method and a Monte Carlo algorithm

implemented in other PIC codes is presented in the supple-

mentary material.

III. RESULTS

A. Electron dynamics

The electron guiding and betatron oscillation are possible

due to the self-generated radial electric and azimuthal mag-

netic fields near the nanowires. The magnetic field is more per-

sistent when thicker or denser wires are used as there is no

complete extraction of the electrons from the plasma.4 In the

case of long pulses, electrons will also be removed from the

thick wires at a later time but before the significant expansion

of the wires. Therefore, the interaction will always consist of

two parts:14 initially, the magnetic field, driven by the return

current, contributes to the electron guiding, but later, only the

charge separation field and laser fields define the motion.

The electrostatic field dominates in thinner wires, and

the electron dynamics depend on the ratio of the static elec-

tric field and laser field amplitude. If the wire is thinner than

the critical thickness, dcr ¼ a0ðncr=n0Þkl=p  34 nm (for our

parameters), then all electrons are extracted within one laser

wavelength, where a0 ¼ eEL=ðmex0cÞ is the normalized

laser field amplitude with the laser frequency x0. This criti-

cal thickness is valid for one laser period, but the interaction

and the pulse duration are much longer. Therefore, the com-

plete removal of electrons is also possible for thicker wires

for a pulse of suitable length (see Fig. 1). The parameter

n ¼ EL=Es, where Es is the static electric field, is introduced

to characterize the interaction, and this parameter is approxi-

mated with the function nðdwÞ ¼ NLdcr=ðdwÞ, for dw < NLdcr ,
where NL is the number of laser cycles and NLdcr can be

FIG. 1. Electrons contributing to the return current (red, jx ¼ 7 1017 A/m2)

and forward propagating fast electrons (light blue, jx ¼ 5 1016 A/m2) at

two time instances from a 3D simulation with dw¼ 90 nm. The transversal

size of the simulation domain is 3 3 lm2.
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defined as the effective critical thickness. This expression

ensures that Es ! 0 if dw ! 0 and Es  EL if dw ! NLdcr .
This work, presented here, only considers the thin wire regime,

i.e., n  1.

The 2D simulations show that there is an optimal wire

thickness for the S-polarized interaction that results in maxi-

mizing the electron energy. This maximum can be attributed

to a resonance between the electron betatron oscillation and

laser field.14 However, the crossing of nano-wires makes the

2D simulations unrealistic, but these 2D results (presented in

the supplementary material) are, however, applicable for

nano-plates, which according to the simulations could allow

the control of synchrotron emission by changing the plate

thickness or laser polarization.

Fig. 2(a) shows the electron spectra obtained from 3D

simulations. These show that the resonant conditions are

different from the planar geometry simulation because the

maximum cut-off energy is obtained for dw¼ 60 nm, while

the 2D maximum c-factor was measured for a much thinner

wire. The energy conversion efficiency is calculated as

g ¼ We=WL, where We is the total energy of electrons at the

end of the interaction and WL is the pulse energy. The total

energy conversion is defined as gtot ¼ ðWe þWradÞ=WL,

where Wrad is the energy of short wavelength radiation,

which cannot be represented on the grid of this PIC simula-

tion. The SR energy is calculated with the presented

post-processor algorithm which relies on the trajectory of

electrons. The energy emitted by an electron during one time

step is much smaller than its kinetic energy, but at ultra-

relativistic intensities, Wrad can be comparable with We, and

thus radiation dumping has to be included.

Fig. 2(b) shows the trajectories of a few electrons plotted

for thin (blue) and intermediate thickness (red) wires. In Fig.

2(c), it can be seen that the momentum of slower electrons

oscillates for a relatively long time and does not increase at

the same rate as in the thicker wire scenario. This oscillation

happens in the direction of laser polarization (y, Fig. 2(b)). It
seems that in the case of dw¼ 60 nm, the electrons reach the

resonant condition earlier and are accelerated between the

nanowires in the laser field. Initially, the electrons have small

c and oscillate freely in the laser field without gaining energy.
The laser field, as well as the static field, increases during

the interaction, due to the Gaussian pulse envelope, and after

a few laser cycles, it reaches the value needed for resonance.

This process takes longer for thinner wires, which can be

seen from the delay in the electron acceleration for

dw¼ 30 nm in Fig. 2(c).

The physical process behind the synchrotron emission

has been observed and explained in earlier works.13,14

Resonance occurs during the spiral motion of electrons

around wires when the relativistically corrected ion plasma

frequency approaches the laser frequency experienced by

the electrons: x0
0 ¼ x0ð1 vx=cÞ. In order to understand the

role of wire thickness in the motion of electrons, the reso-

nance condition starting from the equation of motion along

the laser polarization was derived (the full set of equations is

in the supplementary material)

dpy
dt

¼ EL þ vx Bs sin að Þ þ BLð Þ Es sin að Þ; (2)

and using the energy equation

dc
dt

¼ vyEL  vyEs sin að Þ vzEs cos að Þ; (3)

where EL ¼ EL0 sinðt x=vphÞ is the laser electric field, Es is

the static electric field, and Bs¼mEs is the corresponding

magnetic field induced by the return current. Here, a

¼ arctanðy=zÞ is the azimuthal angle, r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ z2

p
is the

radius measured from the center of the nanowire. The fol-

lowing normalizations are used: p ! p=mec; v ! v=c; t !
x0t; x ! xx0=c; E ! eE=ðmex0cÞ and B ! eB=ðmex0Þ.

In order to obtain analytical expressions, the analysis is

restricted to very weak static fields (n > 1;m  0), when the

electron oscillation in the z direction is negligible and a lin-

ear function for the spatial distribution of the static fields is

used: Es ¼ ðEL0=nÞð1 jyj=RspÞ, where Rsp is the half dis-

tance between nanowires. The equation of a driven oscillator

is obtained by rewriting Eq. (4)

FIG. 2. (a) Energy spectrum of electrons from the 3D simulations at the end of the interaction (t¼ 160 fs). (b) Electron trajectories from simulations indicated

with blue (dw¼ 30 nm) and red (dw¼ 60 nm) colors in (a). The vertical black lines illustrate several nanowires. The corresponding time history of momentum

components is shown in (c).
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d2y

dt2
þ y

KE

Rsp
¼ KEnX sin Xtð Þ KE; (4)

where X ¼ 1 vx=vph; KE ¼ EL0=ðncÞ, and we used the

approximation sinðaÞ  1. Another assumption made is that

the small size of the oscillation amplitude dy=dt  1, and

thus ðdy=dtÞ2  0. Now, we can seek for the solution of Eq.

(4) in the form y ¼ A cosðXt /Þ. After some algebra, one

finds the expression for amplitude

A ¼ KE

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ n2X2

p

X2  KE=Rsp

(5)

and for the phase tanð/Þ ¼ nX. The resonant frequency is

obtained when the denominator of the amplitude is zero,

which yields Xr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EL0=ðncRspÞ

p
, the eigenfrequency of

Eq. (4). Substituting the expression of n into the equation

Xr ¼ x0
0, one finds the resonant wire thickness

dresw ¼ ncr
n0

G
NLDsp

2
; (6)

where G¼ðc
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2ðp?=mecÞ21

q
Þ2=c with p?¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2yþp2z

q

being the transversal component of the electron momentum.

The value of G varies from 0 to c as p? increases. During

the initial electron oscillation, it is more probable that

p?>px, which means a larger G, and thus, in the case of

thicker wires, more electrons can satisfy the resonance con-

dition given in Eq. (6). For thin wires, this condition is

rarely satisfied, which explains the observed behavior in

Fig. 2. The resonant acceleration loses its efficiency (and

the model is invalid) when the wire thickness is increased to

the point that the laser energy absorption becomes signifi-

cant (g>30%).

B. Synchrotron radiation

There are features in the radiation, which appear in both

the 2D and 3D simulations. The distribution of emitted radia-

tion is shown in Fig. 3. In the case of the bottom pictures of

Fig. 3, the synchrotron spectrum is calculated in each time

step and integrated to obtain the radiated energy at a given

ðhy; hzÞ angle. The divergence angle is much smaller for the

thinner wire, as in 2D, but the radiated energy is also smaller.

The laser pulse is polarized in the y direction, and thus,

according to the 2D results, the divergence should be larger

in this direction. This can be observed in the bottom pictures

of Fig. 3, where the shape of intense radiation is elongated

along the hy angle and narrower in hz in both cases. The

emitted total energy is on the order of 7.6 lJ for dw¼ 60 nm.

The pulse energy is WL¼ 90 mJ, resulting in an energy con-

version efficiency of glx  8:5 105 from the laser to the

x-ray.

Figure 4(a) shows the spectrum of emitted photons for

linear and circular polarization. It can be seen that the num-

ber of photons above keV energy is more than 109—larger

than other laser-solid x-ray sources.13 The nanowire gener-

ated photon flux (Nph=tL) is comparable to the flux generated

FIG. 3. Spectral-angular intensity distribution of radiation for Dsp ¼ 1lm:

dw¼ 30 nm (a) and dw¼ 60 nm (b). Only electrons with c > 10 are

included. The corresponding angular distribution of the radiated energy is

shown below, where the angles are defined as hy ¼ arctanðvy=vxÞ and

hz ¼ arctanðvz=vxÞ.

FIG. 4. (a) Spectrum of photons emitted in the case of circular and linear

polarization. For comparison, one intensity spectrum for lower laser inten-

sity is also shown in the inset. (b) Comparison of the power spectra and total

energy of synchrotron radiation (underlined) for different intensities. The

dashed lines show the energy spectra measured between angles 0.16 and 0.2

rad. Here, electrons with c > 20 are included.
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in the underdense plasma,16,17 but the laser propagation

length is 100 times shorter. A much higher photon flux can

be anticipated by considering a much longer interaction

length and the efficient guiding of electrons. The distribution

of the radiation, shown in the inset of Fig. 4(a), has a larger

angular spread in the case of lower intensity because the

wire thickness is closer to the effective critical thickness.

The target has cylindrical symmetry, and thus, it can be

assumed that with circularly polarized (CP) laser pulses, the

electron acceleration should be more efficient, resulting in

the production of higher energy photons. Fig. 4(b) shows

that a higher maximum photon energy is reached, and the

conversion efficiency is increased from glx ¼ 0:067% to

glx ¼ 0:3% calculated for the cone angle 0:16 < h < 0:2.
Although the resonance condition is the same for CP pulses

(proven by analytical calculations in the supplementary

material), more electrons can be accelerated, and some of

them gain higher energy due to the constant ponderomotive

force. The shift of the peak of spectral intensity, towards

higher photon energies, is proportional to the laser inten-

sity—Fig. 4(b). The observed scaling of the spectral peak

can be written as xpeak  5a20x0, which is larger than the

theoretical peak:15 0.3 xc  0:5a30x0 for a0 < 10, where the

average gamma-factor of electrons is considered, hci  a0.
The electrons to x-ray energy conversion efficiency can

be higher in the case of higher laser intensities because the

radiative energy loss is proportional to xcc  c4.16 The

energy gain of electrons is proportional to the laser field and

interaction length, c  ffiffiffiffi
IL

p
Lw, and thus gex  I2LL

4
w. The scal-

ing of the radiation intensity can be expressed as Irad ¼ glxIL,
where glx ¼ ggex and g  Necmec

2=IL  n0LwNLd
2
w=

ffiffiffiffi
IL

p
,

where Ne ¼ NLkln0pd2w=4. Using the expression for critical

thickness, the absorption efficiency becomes g  LwNL

ðdw=dcrÞ2a0n2cr=n0, which is g  NLd
2
w=a0 for constant den-

sity and wire length. Finally, the scaling law is obtained

Irad  n0I
5=2
L NLL

5
w; if dw ¼ constant: (7)

This expression is valid for infinitely large laser spot size

and if all radiation is emitted with small radiation divergence.

This energy scaling is supported by the energy values indi-

cated in Fig. 4(b), where in the case of dw¼ 90 nm, the total

radiated energy is 102:5  300 times larger after increasing IL
10 times. It follows from Eq. (7) that the radiation intensity

scales as I3L  a60 with the same relative thickness, n0  a0,
which is in agreement with the results presented in Fig. 4(b).

This scaling is not valid at ultra-high laser intensities because

the radiation reaction effects become important, and the pho-

ton emission has to be modeled self-consistently within the

PIC code.18 In the thick wire regime, the volumetric heating

dominates, which results in strong thermal x-ray emission,3

which has much longer wavelength. In our case (thin wires),

it was found that the collimated forward SR is stronger than

the bremsstrahlung radiation.14

The total energy of electrons and radiation is shown in

Fig. 5 as a function of wire thickness corresponding to the

simulations with IL ¼ 6:3 1019 W/cm2. As expected, the

energy transferred to electrons increases by increasing the

wire thickness, but the energy of photons emitted within a

small cone angle is the strongest for dw¼ 60 nm. For

dw¼ 90 nm, the total radiated energy is the same as for

dw¼ 60 nm, but the angular spread is larger. The optimal

wire thickness for this laser intensity is 2dcr, but it does not
manifest a pronounced enhancement of electron acceleration

as in 2D.14 At higher intensities, the optimal thickness scales

with
ffiffiffiffiffi
a0

p
because g  d2w=a0 and the laser-to-electron con-

version efficiency has to be g  15%–20%. From these con-

siderations and simulation results, an empirical formula for

optimal thickness can be defined: doptw  4dcr=
ffiffiffiffiffi
a0

p
¼ ð4=pÞ ffiffiffiffiffi

a0
p ðncr=n0Þkl.

IV. CONCLUSIONS

The interaction of short, intense laser pulses with parallel

nanowires of 10s lm length has been studied. The thin wire

regime (dw < NLdcr) has been considered where, after a short

time, all electrons can be extracted from the target. A part of

these electrons undergo betatron oscillation, which may be in

resonance with the laser field. Due to the resonant accelera-

tion, high energy electrons are generated, which in turn emit

strong synchrotron radiation with characteristics depending

on the wire thickness. There is an optimal thickness, defined

by the target electron density and laser intensity, which

ensures efficient acceleration and relatively small emission

cone angle ( 0.1 rad). The simulation results and the analyt-

ical scaling suggest that the produced photon flux with such a

target can be much higher than in the case of the underdense

plasma if the wire and laser pulse are long enough.

At moderate intensities, this type of x-ray source could

be further optimized and tested with non-parallel wires, giv-

ing rise to a more collimated and brighter synchrotron emis-

sion. In the case of convergent wires, the electrons could be

initially accelerated by resonance until the distance between

wires would be so short that the electrons are forced to oscil-

late around the wires losing more energy to x-ray radiation.

SUPPLEMENTARY MATERIAL

The supplementary material contains complementary

information which supports the results presented in this

FIG. 5. Different energies measured at the end of the interaction in the simu-

lation. The value of hp is the angle at which the radiation intensity is the

strongest, and the red lines show the radiation energy measured within 0.05

rad opening angle centered at hp. In all cases, the laser pulse energy is 90 mJ.
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paper. The first section of this document presents a

parameter-scan performed in two dimensional simulations

and expresses the difference compared with more realistic

3D simulations. The second section contains a benchmarking

of our post-processing method. The third section includes a

more extended analysis of the electron dynamics where the

equations of motion are solved numerically, giving a qualita-

tive agreement with the self-consistent PIC simulations.
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