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Abstract

®

CrossMark

Ultrahigh-intensity laser-plasma physics provides unique light and particle beams as well as
novel physical phenomena. A recently available regime is based on the interaction between a
relativistic intensity few-cycle laser pulse and a sub-wavelength-sized mass-limited plasma
target. Here, we investigate the generation of electron bunches under these extreme conditions
by means of particle-in-cell simulations. In a first step, up to all electrons are expelled from the
nanodroplet and gain relativistic energy from time-dependent local field enhancement at the
surface. After this ejection, the electrons are further accelerated as they copropagate with the
laser pulse. As a result, a few, or under specific conditions isolated, pC-class relativistic
attosecond electron bunches are generated with laser pulse parameters feasible at state-of-the-art
laser facilities. This is particularly interesting for some applications, such as generation of

attosecond x-ray pulses via Thomson backscattering.

Keywords: optical injection, laser wakefield acceleration, electron bunch, perpendicular

injection, crossing pulses

(Some figures may appear in colour only in the online journal)

1. Introduction

The interaction of intense laser pulses with matter is capable of
accelerating electrons to ultrarelativistic energies via various
techniques. Their oncoming applications comprise medical
[1], industrial [2] or other disciplines of fundamental research
[3]. It often relies on the conversion to secondary x-ray radi-
ation using phenomena such as bremsstrahlung emitted dur-
ing propagation through a secondary solid target, betatron
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radiation produced during acceleration in a laser-plasma accel-
erator, undulator radiation by wiggling in an external magnetic
field, or Thomson/Compton scattering on a second laser pulse
[4,5].

The acceleration techniques based on laser interaction with
an underdense? target are laser-wakefield acceleration [6] and
direct laser acceleration [7]. The former is based on the gen-
eration of plasma waves in about a thousand to hundred times
underdense plasma which sustains accelerating fields in the
order of hundreds of GV m~! and enables electron energy
gain up to GeVs [8] at a distance of centimeters, depend-
ing on the driving laser pulse and plasma parameters. The

4 The plasma is underdense when electron density 7, is lower than the critical
density ner = egmew? /g2 where gy denotes vacuum permittivity, me and ¢e
electron mass and charge, respectively, and w is the laser frequency.

© 2021 The Author(s). Published by IOP Publishing Ltd
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appropriate laser pulse is shorter than the plasma period® and
the typical measured electron bunch charge is up to hundreds
of pC with a duration of a few femtosecond [9, 10]. It is pre-
dicted that bunches with duration slightly shorter than a femto-
second can be generated when advanced injection techniques
are employed [11-19].

Direct laser acceleration is suitable for longer laser pulses
interacting with slightly underdense plasma which results in
nC-class electron bunches [20-22] with a duration compar-
able with the accelerating laser pulse duration [23]. Electron
bunches carrying a charge up to uC level, but of the duration
in the order of picoseconds or longer can be generated via the
self-modulated laser wakefield acceleration regime employ-
ing high energy laser systems, as it was recently shown at
OMEGA [24].

High charge electron bunches can also be extracted from
an overdense target and further accelerated in the form of
bunch trains. Various methods based on laser interaction with
a foil target under a large angle [25], nanofibre target [26], or
generally with a target with sharp boundaries [27] have been
predicted.

Some other proposed approaches do not rely on laser inter-
action with plasma. The longitudinal acceleration field of the
laser pulse itself is in the order of TV m~! and can be used,
under certain circumstances, for the acceleration of electron
bunches. For example, a relativistic electron bunch already
pre-accelerated in a conventional accelerator is further accel-
erated to significantly higher energies when co-propagating
with the an intense laser pulse [28-30].

Additionally, during a linearly polarised laser pulse inter-
action with an overdense nano-droplet, one or two trains of
attosecond electron bunches are emitted from its surface in
the polarization plane every half [31] or full laser cycle [32],
depending on whether the nano-droplet is initially placed at
or out of the laser propagation axis, respectively. For circular
polarization, an electron spiral structure is continuously swept
from the droplet [33]. In a first step of the interaction with
linear polarization, electron bunches are emitted with relativ-
istic energy by the enhanced laser field from the surface of the
nano-target. In a second step, they co-propagate with the laser
pulse within the same optical cycle and gain further energy via
vacuum laser acceleration.

In our configuration, the transverse component of the
laser electric field accelerates the electrons and its magnetic
field turns them forward. In this paper, we discuss the con-
sequences on the resulting electron bunch properties such
as its continuous energy spectrum and the maximum elec-
tron energy. Furthermore, we suggest a scheme providing
a single attosecond electron bunch with currently available
technology, employing few-cycle pulses and mass-limited
nano-droplet targets. We also describe the Thomson backs-
cattering resulting in attosecond x-ray radiation as a possible
application.

5 The plasma period is T = 27/ wp, Where wy, is the plasma frequency defined

2
n
as wp = 4/ =
€M,

2. Simulation results and their analysis

We illustrate the concept using 3D particle-in-cell (PIC) simu-
lations. These simulations capture the irradiation of the droplet
by the laser pulse, consequent proton and electron dynamics,
and the resulting electron acceleration processes. We use the
sMILEI PIC code [34] which enables accurate representation of
the tightly focused laser pulse by Maxwell-consistent descrip-
tion of fields [35] at the left boundary. The laser pulse is Gaus-
sian in both temporal and spatial domain. In the focal plane
xf =1 pm, its electric field is given as

£ \2
E :Eoexp (2123#> exp |:21n2(;2 tO) :| (1)

x cos[w(t — o) + ©cep) €y

where Ey = apmecw/qe is the electric field amplitude, m,
is the electron rest mass, ¢ is the speed of light in
vacuum, w =27c/\ is the laser frequency, A =0.75 um
is the laser wavelength, g. is the elementary charge, ap =

0.8551/1[10'® W cm—2]\[um] = 6.4 is the laser strength para-

meter connected to the peak laser intensity 7 = 10 W cm~2,

To = 3.8 fs is the pulse duration in the sense of full width at half
maximum (FWHM) of intensity, r = \/y* + 272, D =1.2 um
is the spot size (FWHM of intensity), ¢cgp = 0 is the carrier-
envelope phase in the focus and e, is the unit vector in the y
direction.

The pre-ionized plasma target is located at x =xg, y=
z = 0. The peak laser intensity hits the focal plane at the
time 7y = 10.8 fs. The target is represented as a hydrogen
plasma sphere with radius R =50 nm and electron density
ne = 100 ng;, where ne = 1.98 x 10*' cm™3 is the classical
critical density for our wavelength. The target is a sharp sphere
as the influence of possible plasma expansion before the inter-
action was already discussed in [36].

The simulation box dimensions are 12 pym x10 pm
x 10 pm and the grid resolution is 100 cells per wavelength.
Approximately 2.0 x 10° computational particles of every
species are simulated.

The first stage of the process is the ejection of the elec-
tron bunches from the target. The laser pulse extracts the elec-
tron bunches from the sub-micron droplet twice every optical
cycle as in [31]. The bunches remain mainly in the polariza-
tion plane of the pulse, the bunches of each cycle are ejected
in mutually opposite directions. The reason for the ejection
is the enhanced electrostatic field near the target surface. The
enhanced field together with the electron density is depicted
in figure 1. A movie of the process can be found in the sup-
plementary materials (available online at stacks.iop.org/PPCF/
63/125025/mmedia).

At time ), the peak of the laser field E reaches the sphere,
which results in the ejection of a new electron bunch and the
maximum of field enhancement. In this case, the field strength
is as high as 2.3Ey =63 TV m~!. This enhancement factor,
which has a theoretical maximum of 3 in a highly overdense
plasma [31], is much smaller than in traditional nanophoton-
ics with enhancements in the range of 100—1000, because in
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Figure 1. Process of electron ejection and field enhancement. Grey shades—logarithm of electron density, color arrows—electric field, red
circle—initial location of the target. The electric field colorbar is normalized to the peak field in vacuum. Full movie is in supplementary
materials. Parameters: R = 50 nm, n. = 100 n¢, [ = 102 w cmfz, A=0.75 pm, D = 1.2 pm, 790 = 3.8 fs, cep = 0, and ¢ is the time the

laser peak hits the center of the target.

plasmas, the excitation of the localized surface plasmon is far
from resonance. In general, the laser electric field is enhanced
on both sides of the target. However, as a considerable number
of electrons are removed from our mass-limited target, a sig-
nificant screening effect is observed at the electron emission
side [36]. In our case, the field enhancement on the electron
emission side of the target reaches the value of 1.12Ej.

The Mie theory [37] predicts that for sufficiently high dens-
ities (> n¢r), the maximum field enhancement factor is equal
to 3; however, it also assumes very small targets (27R <
A) and non-relativistic intensities (ag < 1). This limit for
the enhancement factor was confirmed in simulations even
for ay > 1 and densities > n.ay [31, 38]. Nevertheless, the
enhanced field accelerates the electrons to the energies of sev-
eral MeVs at distances lower than one micron [36]. These ejec-
ted electrons become relativistic and can co-propagate with the
laser pulse, where the second stage of the acceleration takes
place.

2.1 Second stage acceleration mechanism

We will show that the dominant acceleration mechanism
within this stage is transverse acceleration by the trans-
verse laser electric field and a consequent bending in a for-
ward direction by its magnetic field rather than the longi-
tudinal component of the tightly focused laser pulse. This
effect was neither discussed, nor explained in previous works
[31, 36, 38], however, it has relevant consequences. Figure 2
shows the trajectories of two macroparticles of the electron
bunch ejected at r = fy. The left column represents a typical
electron which reaches a lower final energy of 3.5 MeV, the
right column depicts a typical electron from the high energy
tail of the spectrum. The upper panels show the evolution of the
E - v scalar products for both selected electron macroparticles;
these are the fields and velocities that are used for the integ-
ration of their equation of motion within the particle-in-cell
loop.

As shown in [7, 39], the relativistic electrons gain energy
from the laser electric field. Integrating the energy equation

d(ymc?*)/dt = q.E - v along the electron trajectory provides
the change of the electron energy

W:qe/E-vdt, @

clearly indicating that magnetic force cannot influence this
energy. Comparing the first two rows in figure 2, a clear cor-
relation between the temporal integral of —E - v and the tem-
poral profile of the kinetic energy of electrons Ej . is appar-
ent. In particular, as we can see, the electron is dominantly
accelerated in the time interval when |E,v,| > |E,v,|, suggest-
ing the dominant role of the transverse electric field compo-
nent for the acceleration. The rate of the electron energy gains
and losses is proportional to the sum —(E,v, + Eyv,), neglect-
ing the insignificant contribution of the third coordinate. For
example, particle energy in the right column growths from 0
to 12.5 MeV during 15 fs, which corresponds to the average
accelerating rate of 0.83 MeV fs~!. This is exactly the average
of q.(Eyvx + E,v,) for that time interval. The average acceler-
ating field during this time corresponds to about 3 TV m~!.
The third and fourth rows show the electron positions and velo-
cities, respectively.

Figure 3 visualises the acceleration mechanism approxi-
mately at the distance of one Rayleigh length from the target,
which is 4.4 pm in our case. Panels a and ¢ depict the spatial
distribution of the electron density together with the longitud-
inal electric field E, and azimuthal magnetic field B,, respec-
tively. The electron bunches are mainly located in the regions
with the positive value of E,, where they are decelerated by
the longitudinal field. This apparent discrepancy is explained
by the mechanism of the electron ejection from the target.

Panel b shows the map of electron energy at the background
of the transverse electric field representing the laser pulse.
Comparing panels b and c, the crucial role of the magnetic
component of the Lorentz force on the turning the electrons in
the forward direction is confirmed. For an illustration, the most
energetic electrons within the half-space y<0 where v, <0
are located at the regions with the positive B,, in particular,
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Figure 2. Second acceleration stage trajectories of two
characteristic macroparticles from the most energetic bunch and the
correlation of the particle energy evolution with the E - v product.
First row: time profiles of E,v, (blue, (x), E,vy (orange, triangle) and
their sum (green, circle). Second row: evolution of the kinetic energy
of electron. Third row: electron position. Fourth row: electron
velocity. Vertical red dashed lines mark the time when electron is
0.5 pm from the initial target location, signalizing the approximate
time, when the electrons enter the second stage. It shows that the
initial electron energy in the second stage is relativistic.

at its rear edges. Due to the negative charge of the electron,
the magnetic force component g.v,B; pushes them forward.
A movie of this acceleration and bending process extended by
the visualisation of electron energy together with the fields can
be found in the supplementary materials (available online at
stacks.iop.org/PPCF/63/125025/mmedia).

2.2. Continuous energy spectrum

The fact that longitudinal velocity of electrons is lower than
the phase velocity of the laser pulse together with the bunch
orientation in space causes the different parts of a single bunch
to experience significantly different acceleration fields; some
parts of the bunch are even decelerated. As a result, the ini-
tial spectrum (shown as orange curve in figure 4(a)) evolves
into a spectrum with a rather long high energy tail with a

characteristic cut-off energy. As can be seen in figure 3(a)
or (b), the longitudinal extent of each single electron bunch
during and after acceleration is still lower than 100 nm,
i.e., <300 as.

To determine the scaling with laser strength parameter and
the maximum electron energy gain, the second stage of accel-
eration is treated as an interaction of a free electron in a laser
field with a certain initial energy defined by the first step. The
initial momentum is assumed to be perpendicular to the laser
propagation direction as typical for Mie scattering from nano-
particles with a size much smaller than the laser wavelength
and the initial energy is relativitic (7 > 1). Under these con-
ditions, the maximum electron energy is calculated to be

max -y =3 + do + /2. 3)

There is an important conclusion about the scaling with the
laser field. As y is a function of ay, the exact scaling might be
complex. However, taking into account our typical initial (field
dependent) electron energies from the first step (79 ~ 5 —11)
and the laser field strengths (ap ~ 3 —20), the last term is
small compared to the others and the dominant term is the
second, field dependent one. If vy o ap, then max vy o ap.
These also explain the former simulation results for scaling in
the supplementary information of [36]. It should be noted that
the electrons can indeed gain energy from the laser as they are
injected temporally in the middle of the laser pulse around the
peak intensity and thus the assumptions of Lawson-Woodward
theorem are not fulfilled at all. The angular distribution is sim-
ilar to the the scattering angle of an originally resting electron
in the laser field in vacuum [38], but is modified a bit by the
initial electron transverse momentum.

The evolution of the electron energy spectra is shown in
figure 4 for our basic parameters and for the case with larger
target and more intense and longer laser pulse. The low energy
peaks below 1 MeV correspond to electrons which remained
in target. The high energy tail reaches up to 15.5 MeV and
49.5 MeV, respectively. The energy from the first step is sev-
eral times lower (<5 MeV) than from the second step and
scales approximately with ag in contrary to \/ag in [36]. The
actual maximum energy gain at the end is limited by the deph-
asing. The final energies are in reasonable agreement with
the maximum electron energy scaling with @ according to
equation (3). The dynamics of the energy spectra evolution
in both cases shows initial intensive acceleration with >5 TV
m~! field which steadily slows down and vanishes.

Detailed analysis showed that electrons of the high energy
tail of the distribution leave the accelerating phase, i.e. deph-
ase and get decelerated. Afterwards, the maximum energy
remains similar as the contribution of the most energetic elec-
trons to the total spectrum is steadily being replaced by their in
a moment slightly lower energy predecessors located in front
of them. Those electrons are, actually, still in the accelera-
tion phase. Such acceleration and deceleration process lasts
until the whole bunch is transversely scattered out of the
high intensity region which occurs at the distance similar to
Rayleigh length, as it can be seen in figure 3(b) or alternatively
the whole bunch is dephased.


https://stacks.iop.org/PPCF/63/125025/mmedia

Plasma Phys. Control. Fusion 63 (2021) 125025

V Horny and L Veisz

a) t=t+6.0A/c Ex [TV/Im]  ne [Nl b) t=to+6.0A/c E, [TV/m] Epe[MeV] C) t=to+6.0 A/ B, [KT]  ne[ngl
4 - 0.10 4 4 6 0.10
15 15 14 ;
> 1.0 |ro.08 24 % 10 |r12 5] 40 || .08
G ' \ 05 Moo T \ 5 10 - 20 1 o6
Eolun o oo [°® 5ol s I o If® Sof¢ o I°
> ! —05Wt 0.04 > -5 [[6 > _ 0.04
20
-24 { -1.0 -2 2T —10lF 4  -21
g ~15 002 Sh _15f2 -40 % 0.02
-4 r r T -4 : . - 0o -4 T . T -60
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
X [um] X [um] X [um]

Figure 3. Positions of the laser pulse and electron bunches six optical cycles after the pulse peak hit the target. (a) Electron density ne and
longitudinal electric field E,. (b) Average electron energy Ej . and transverse electric field Ey. (c) Electron density n. and azimuthal
magnetic field B;. In all panels, only cells with ne > 0.005n, are shown for e and E . plots. Simulation parameters: R = 50 nm,
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70 =5.0fs (b).

2.3. Spectra of respective attosecond bunches and
generation of a single bunch

The spectral shape connected with the respective single
bunches are similar to each other and to the total spectrum,
as shown in figure 5. The high energy cutoff is given by the
local intensity of the laser pulse at the specific position of the
bunch, corresponding to the scaling set by equation (3). The
electron bunches are separated by one laser period (2.5 fs) and
have duration of about 200 as (in figure 3, the duration of the
main bunch considered as the FWHM of the density is 210 as).
Our simulations show that typically, the conversion efficiency
of laser pulse energy into the kinetic energy of all electrons is
around 1%.

Let us derive the relative cut-off energy E. ,, of m-th bunch
for pcpp = 0. The pulse temporal envelope is

2 In2(t— to)z} . @

a(t) = agexp [— =
0

Electron bunches are emitted from the target every laser
half period at the time moments #y,, = fo — mA/2¢ where m €
[0,+1,£2,43,...]. Because E, ,, is proportional to the corres-
ponding value of a, it can be written

2
Eem _ exp [ In2 (m\) ] ’ 5)

EC’() 2627'5

where E.  is the energy of the bunch ejected at the peak of the
laser pulse. This cut-off energy ratio strongly depends on the
pulse duration, shortening of the laser pulse duration leads to
a higher difference in energies of subsequent bunches.

In our case, equation (5) predicts the cut-off energies of
bunches £2 from figure 5 to be by a factor of 0.55 lower than
the cut-off energy of bunch No. 0. This and other predictions
about ratios of energy cut-off values for respective bunches are
represented by vertical lines in figure 5(d), setting the energy
of bunch No. 0 to 15.6 MeV. This agreement and also the data
for higher intensity shown in figure 4 suggest the scaling for
the cut-off energy with laser strength parameter as

E.n(MeV) = 2.4a. 6)

This is in reasonable agreement with equation (3), espe-
cially for ~y o< ag. The aforementioned electron bunch No. 0
from figures 5(a) and (d) is relatively well isolated with signi-
ficantly higher energy than its neighbouring bunches 42, con-
sidering a limited solid angle, here for example the lower half
plane. Furthermore, the isolation of this most energetic elec-
tron bunch with the fixed laser pulse duration can be increased
by proper tuning of the total electron number in the target
which is set by its size and density. In the optimal configur-
ation all the electrons are evacuated from such a mass-limited
target during the first half of the laser pulse. As a result, a
well isolated electron bunch is ejected in the lower half-space
(figure 5(b)) or even better isolated single electron bunch with
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cut-off energy ratios according to equation (5).

reduced energy is emitted in the upper half-space, as is shown
in figure 5(c). This latter single bunch corresponds to the blue
line in the related spectrum in figure 5(f). As this bunch travels
with the leading edge of the laser pulse where its intensity does
not reach its maximum yet, it does not comprise the most ener-
getic electrons. Nevertheless, a single isolated relativistic atto-
second electron bunch with a continuous spectrum reaching up
to 12.5 MeV is generated with the laser pulse parameters sim-
ilar to [36].

Table 1 shows the charges of respective bunches for several
set of parameters. It also suggest the conditions for the single
bunch generation which are:

o The trivial case is when the laser pulse is short enough that it
captures only one considerably populated bunch in the given
half-space. Practically, it is fulfilled when 70 < 1.3)\/c,
see the results for 7p =3 fs. In the same manner, single

electron attobunch can be generated employing different
configurations of the laser pulse interaction with the over-
dense target [40, 41].

o In the case of longer pulses, another option is controlling the
laser intensity. In the lower half-space, the main bunch (No.
0) has just slightly less electrons, while the preceding and
following bunches (No. £2) have much less at a reduced
I1=2.5x 10" W cm~? intensity and 70n density com-
pared to the higher intensity. This naturally provides a way
to get better isolated electron bunches by reducing the laser
intensity, though other parameters, e.g. electron energy, are
also influenced.

o A further option is to use a limited total electron number in
the target with parameters of the target and laser pulses com-
plementing each other. Using the original short laser pulse,
the total charge of the target electrons must be smaller than
the sum of charges carried by the first upper bunch and first
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Table 1. Charge in respective bunches in dependence on target density and laser intensity. /15 is the intensity in units of 10'® W cm ™2,

D =1.2 pm, R = 50 nm, Q is charge left in the target.

2

1o (fer) Iig 7o (fs) 0-1 (pC) 01 (pO) 03 (pO) 02 (pC) Qo (pO) 0> (p©) Q: (pO)
50 25 3.8 1.356 1.264 0.123 0.261 1.815 0.487 1.122
70 25 3.8 1.462 1.351 0.159 0.278 1.957 0.509 3.778
50 100 3.8 3.342 0.181 0.011 1.866 1.498 0.037 0.001
70 100 3.8 3.960 0.560 0.018 1.959 3314 0.051 0.002
100 100 3.8 4.304 1.801 0.249 2.071 4.046 0.909 0.973
100 100 3.0 3.850 2.039 0.067 0.649 4.519 0.524 1.676
4 the generation of monoenergetic bunches. In the first phase

. 3(?—_9——6—9\6\9\0
% —©O— main bunch
—O— satelittes

M)
O(

-90 -60 -30 0 30 60 90
WYCEP [O]

Figure 6. Charge in the main bunch and total charge in all satellite
bunches in the upper half-space in dependence on the
carrier-envelope phase. ¢cgp = 0 means the cosine pulse.
R=50nm, ne = 50ner, I =102 Wem™2, D= 1.2 pm, 79 = 3.8 fs.

two bottom bunches. Under such circumstances, the second
upper bunch is not ejected as there are no electrons left in
the target.

In the latter case, it is reasonable to tune the ratio between
the charges of the respective bunches by adjusting the CEP,
while in the former cases ¢cgp = 0 is the optimum. Figure 6
shows this dependence of the charge in the dominant bunch
in the upper half-space and the sum of its satellite bunches on
CEP for mass-limited target from figure 5(c). The best ratio
between those is achieved for ¢cgp = —30°, more than 96%
of the charge accelerated in the upper half-space is comprised
by the main bunch. In such a case, the isolation of the single
bunch is not significantly sensitive to the accurate CEP fine-
tuning of the laser pulse.

The CEP-tuning also sets the highest energy of the dom-
inant bunch. Figure 7 compares the simulations with ¢cgp =
—30° and 90°. The second simulation sets the highest energy
of 14.9 MeV for the main bunch which, however, comprises
only 81% of the charge accelerated in the upper half-space
now. The shape of the total spectrum and maximal electron
energy are similar in both cases.

3. Discussion

3.1. Attosecond bunch with continuous spectrum

The presented acceleration scheme represents a promising
path for generation of isolated attosecond electron bunches.
Its duration at generation is principally restricted to 7 < A/2c,
which is 1.25 fs in our case, however, practically, it is only a
fraction of it (~200 as). The price of this asset is giving up

of interaction, electron bunches are ejected from the target
with the periodicity of \/2¢ and moderately relativistic energy
(~MeV). It means that the initial length of bunches is already
comparable to the length of the steep acceleration structure.
Inevitably, the respective parts of the bunch are accelerated
by significantly different acceleration fields which results in a
continuous spectrum.

In fact, the broad energy spread is a high price as it
significantly elongates the attosecond bunches after a short
(~100 pm) propagation as simulations indicate. Furthermore,
space-charge effects (Coulomb explosion) from below 1 pC
bunch charge (~ 107 electrons) can further increase this elong-
ation. However, a big advantage of the mass-limited target is
the control over the number of electrons and thus the Cou-
lomb explosion of the bunch after the interaction. Addition-
ally, depending on the f-number of laser focusing, the laser
can mitigate this elongation on a few Rayleigh range spatial
scale, but afterwards it dominates. Therefore, the attosecond
bunches, without extra measures, should be utilized within
~100 pm from the generation point.

3.2. Feasibility

The suggested scheme of single electron bunch generation is
feasible with several contemporary laser systems. The first
experiment in this direction has even been realized provid-
ing bunch charges up to 100 pC [36], which was based on
a special system reported by Rivas et al [42]. It is a syn-
thesizer which uniquely combines ultra-relativistic focused
intensities of about 10°° W cm~2 with a pulse duration
of sub-two carrier-wave cycles and ultrahigh temporal con-
trast. However, several other lasers are good candidates for
the demonstration of the scheme or at least for the pre-
liminary experiments. They are providing among others a
10 Hz repetition rate, 75 mJ energy and 4.7 fs duration laser
pulses [43], 42 mJ with less than 7 fs and a peak intens-
ity of 6.9 x 10" W cm™2 [44], or at 1 kHz repetition rate
5 mJ, 3.4 fs laser pulses with an estimated vacuum laser
intensity of ~ 5 x 10'® W cm~2 [45], 32 mJ with less than
7 fs [46].

As the target, commercially available nanoparticles or
nanospheres with various selectable diameters are very suit-
able [47]. Although, their precise 3D positioning is still a chal-
lenging task, a promising solution is offered by Paul traps, as
experimentally demonstrated for this purpose in [48, 49].
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Figure 7. Densities ((a), (b)) and energy spectra ((c), (d)) of single electron bunches for initial values of phase pcgp = —30° ((a), (c)) and

wcep = 90° ((b), (d)). Parameters as in figure 6.

3.3. Potential applications

An isolated and dense attosecond electron bunch is a unique
seed for a Thomson backscattering x-ray source of the similar
duration. As the characteristic energy of the generated radi-
ation is proportional to Eﬁye [4], the presented scheme is appro-
priate for that purpose even if the dominant bunch is not com-
pletely isolated, but has much higher energy. For example, in
our original case (figures 5(a) and (d)), the energy of the neigh-
bour bunches from the lower half-space is about a half of the
dominant bunch cut-off energy. As a result, the related neigh-
bour x-ray pulses would have a cut-off energy about four times
lower than the main x-ray pulse. Thus, an isolated attosecond
x-ray pulse could be easily energy filtered between the two
photon energies in practical applications.

For an illustration, table 2 summarises the expected prop-
erties of the emitted x-rays calculated using the standard rela-
tions for linear (ao,ts < 1) and nonlinear (ap s > 1) Thom-
son backscattering [4]. As a seed electron bunch, a part of the
bunch No. 0 from figure 5(d) with E; , > 8 MeV is considered.
The intensity of the scattering pulse is varied, its length is set
to 50 periods in order to obtain large number of photons and
maintain the attosecond pulse duration in the same time [50].

Furthermore, a single electron bunch generation could
enable the introduction of the relativistic mirror [51, 52] or
other methods [4, 53] to produce bright and short photon
bursts.

The potential secondary sources promise imaging applic-
ations with increased resolution especially in the temporal
domain as the length of the electron sheet and thus of the sec-
ondary x-ray pulse is limited by the factor of \/2.

Another potential application is to inject this single atto-
second electron bunch into a laser wakefield accelerator [6]

Table 2. Properties of x-ray pulses by Thomson backscattering (TS)
on electrons with E; , > 8 MeV from spectrum in figure 5(d). There
is 3.5 x 107 of such electrons. Fifty periods long TS pulse is
considered. ag, rs—TS pulse strength, Ej .—electron energy range,
Epn—range of emitted photon energies, for ap ts > 1 it corresponds
to critical energy range, N—total number of these photons.

ao,Ts Ej . range Ep, range N

0.1 8.0-15.5 MeV 1.6-6.8 keV 2.68 x10°
0.5 8.0-15.5 MeV 1.6-6.8 keV 6.69 x10°
2 8.0-15.5 MeV 2.4-10.1 keV 1.07 x108
4 8.0-15.5 MeV 4.8-20.2 keV 428 x10°

near to the nanotarget. Such an electron injection scheme
might result in a very short, relatively monoenergetic, highly
relativistic electron bunch. The initial absolute energy spread
of approximately 10 MeV would not increase significantly as
the short bunch duration secures the homogeneous accelera-
tion of all electrons at the same phase of the wakefield. Also,
the energy spread growth induced by the beam-loading effect
[54] would be controlled under such circumstances with the
bunch charge set by the size of the nanosphere. As a con-
sequence, the final relative energy spread could be very low
despite the initially broad energy spectrum.

4. Conclusion

The interaction of a few-cycle relativistic-intensity laser pulse
with a mass-limited nanotarget enables the generation of a
single attosecond relativistic electron bunch with continuous
spectrum. The acceleration mechanism has two steps. First,
electron bunches are ejected from the sub-micron overcritical
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nanodroplet with already relativistic energy due to the nano-
photonic effect. Second, these bunches co-propagate with the
laser pulse and are accelerated, as our results indicate, via the
action of the transverse electric field and turned forward by the
transverse magnetic field. The maximum acceleration energy
scales with the square root of peak laser intensity in the invest-
igated parameter regime.

A single bunch is generated even with pulses slightly longer
than one optical cycle if the target parameters are adjusted to
the laser intensity in a way that all the electrons are removed
from the target at the latest by the laser period correspond-
ing to peak intensity of the pulse. Under these conditions, our
particle-in-cell simulations show electron bunches with con-
tinuous energy spectra reaching up to 2.4ay (MeV), carrying
the charge of a few pC and their length being in the attosecond
regime, down to 200 as. The required laser and target paramet-
ers are feasible with contemporary laser systems and commer-
cially available mass-limited nanoparticles. Thus, it represents
an excellent approach for generation of isolated attosecond x-
ray pulse via Thomson backscattering.
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