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Abstract A new near-infrared direct acceleration mechanism driven by Laguerre-Gaussian laser is
proposed to stably accelerate and concentrate electron slice both in longitudinal and transversal
directions in vacuum. Three-dimensional simulations show that a 2-pum circularly polarized LGé,(p
=0,/=1, g,=—1) laser can directly manipulate attosecond electron slices in additional dimensions
(angular directions) and give them annular structures and angular momentums. These annular vortex
attosecond electron slice is expected to have some novel applications such as in the collimation of
antiprotons in conventional linear accelerators, edge-enhancement electron imaging, structured x-

ray generation, and analysis and manipulation of nanomaterials.
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1. Introduction

With the rapid development of ultra-short ultra-intense laser technology, the laser intensity can
be increased up to 10> W/cm? in petawatt laser facilities [1-4]. Such laser pulses can be used to
apply extremely high electromagnetic fields to accelerate electron beams to GeV levels [5, 6]. Thus
far, two main accelerating mechanisms have been proposed: direct laser acceleration (DLA) [7] and
indirect laser acceleration (ILA) [8-11]. In the ILA mechanism, electron accelerations are typically
driven in a plasma environment, such as in the laser wakefield acceleration (LWFA) regime, where
the accelerating gradients are larger than 100 GV/m [12]. Electrons can be captured and accelerated
to several GeVs with less energy spread and a charge of ~0.1 nC in the LWFA regime [13-15]. In
the DLA mechanism, electrons are directly accelerated by the laser field itself, with the accelerating
gradients reaching an order of 10 TV/m. Compared with the ILA mechanism (such as LWFA), the
DLA mechanism yields a more compact gradient because it has a limited dependence on the plasma
environment. As such, this method has attracted considerable attention [16-21].

However, the DLA mechanism has a limitation in that it cannot stably accelerate a large
number of electrons for a long time. This is because the electrons are typically accelerated by the
ponderomotive force Fp=— e’VE 2/ 4m,w? in the linear limit (E K mec?/ e)and by Fpy=—m,
c*Vy in the nonlinear regime[22], where e is the charge of the electron, E is the electric field
amplitude, m, is the mass of the electron, w; is the laser frequency, c is the speed of light in vacuum,
and y=[1+ (eE/mea)Lc)Z]l/2

electrons. An approximate Gaussian distribution of F, or F,y driven by a conventional Gaussian

is the relativistic factor associated with the quiver motion of

laser pulse will push the electrons to both sides of the laser beam axis, resulting in a scenario where
fewer electrons are locked in the accelerating phase until they finally disappear. This is much
different from that observed in the LWFA mechanism, where electrons are accelerated in ionized
“bubble-like” plasma channels driven by an ultra-intense Gaussian laser pulse. GeV-level electron
beams can be realized by accelerating the electrons in the longitudinal charge-separation field and
constraining them via the transverse electric field in the bubble. For a more efficient electron
acceleration in the DLA regime, the transverse confining effects should also be considered.

Fortunately, Laguerre—Gaussian (LG) lasers can provide a confining force to manipulate
matters, such as proton [23-26], electron [27-32] and positron [33], in the transverse direction.
Previously, optical tweezers or optical wrenches driven by LG lasers have been applied to
concentrate and rotate micrometer matter in the nonrelativistic regime [34, 35]. With the
development of advanced laser facilities [2, 36], an LG laser has the potential to be extended to the
relativistic regime [37-41]. Now the highest intensity of the LG laser can reach up to 6.3 X
10'°W/cm? by using the reflected phase plate on the petawatt laser facility in experiments [26]. The
relativistic LG laser is expected to open new doors for particle manipulation in the DLA regime,
because the hollow intensity distribution of the LG laser may result in the formation of a transverse
potential well about the beam axis, similar to the charge-separated field structure in the bubble
regime of LWFA [42-45]. It is believed that electrons can be accelerated in a concentrated manner
in a new type of “bubble” regime, to overcome some of the drawbacks of Gaussian-laser driven
DLA to a certain extent [46-50].

In this letter, we report an annular electron slice obtained for the first time using a near-infrared

circularly polarized (CP) LGZZ,J (»=0,l=1, 0, =—1) laser in 3D particle-in-cell (PIC) simulations.



We found that a 2-um infrared LG laser can provide a stable accelerating phase in the longitudinal
direction and a concentrating force in the transverse direction, forming a “bubble”, similar to the
case observed in the LWFA mechanism. Finally, a single attosecond electron slice was successfully
accelerated up to hundreds of megaelectron volts in the DLA regime, which is explained using a
single-particle theoretical model. More importantly, the electron slice structure can be changed from
a disk to an annular shape by accurately tuning the carrier-envelope phases (CEPs) of the LG laser.
The novel annular attosecond electron slice captured in a “bubble” is compact and is expected to
have potential applications such as in the collimation of energetic particles such as antiprotons in
conventional linear accelerators [51], edge-enhancement electron imaging [52], structured x-ray
generation [53], and analysis and manipulation of nanomaterials [54].

2. Simulation results

Three-dimensional PIC simulations were carried out to investigate the formation and evolution
of an annular electron slice driven by an intense near-infrared LG laser pulse. The 3D PIC
simulations in this work were actualized with the code EPOCH[55]. Each simulation used about 6.5
X103 core hours on a parallel machine based on CentOS7 system. We employed the CP LG%7 17
=0,/=1, 0, = —1) laser mode, which can be expressed as follows:
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where Eg = agm.wyc/e is the peak amplitude of the electric field, ay = 25 is the normalization
amplitude of the laser pulse (corresponding to a laser intensity 7 ~ 2x102° W/cm?), m, is the mass of
the electron, wy, is the laser frequency, c is the speed of light in vacuum, and e is the charge of the

electron; / is the number of azimuthal phase cycles, and p + 1 denotes the number of radial nodes; w

1/2
() =we(1 + x*/ x%) / is the beam waist with wo~ 20 um (full-width at half-maximum, FWHM)

being the diameter of the focus spot, xg =7mwj/A is the Rayleigh length, Lé, is the generalized
Laguerre polynomial, ¢ is the azimuthal angle, and (I + 2p + 1)tan ~}(*/xz) is the Gouy phase
of the mode. The laser wavelength is A = 2 pum, and the laser duration is 10 femtoseconds (fs)
(FWHM). The foil thickness is 100 nm, corresponding to regions of 20 um < x <20.1 pm, —27 pm
<y<27 um, and —27 pm <z <27 um. The foil density is n,= 0.5n., where n.= an)fme/e2 (where
&o is the dielectric constant). Such ultrathin target foil may be available by using the few-nanometre
carbon foil[56, 57]. The foil is assumed to be ionized to protons and electrons before the laser
reaches the target. The size of the simulation box is 30 pm (x) X 60 um (y) x 60 pm (z) with
1200x1000x1000 cells, and total 1.2 x 10° electrons and 1.2 x 10° protons are uniformly distributed
in foil in the initial time. The initial temperature of plasma was zero for cold target in our case. The
simulation uses a moving window which starts at ¢ = 87 with light speed, where T'= A/c is laser
cycle.

In the simulation, the near-infrared CP LG laser pulse is incident on the target from the left
[see Fig. 1(a)]. The laser beam arrives at the front surface of the target at = 117. The electrons are
quickly pushed away from the target area because the ponderomotive force is much greater than the



charge-separated field force between the electrons and protons in this case [58-61]. The electrons
are then continuously accelerated through the DLA mechanism, as shown in Fig. 1(b). On the one
hand, the electrons are completely locked and accelerated up to 210 MeV at ¢ = 887 in the
accelerating phase of the longitudinal electric field [see Fig. 1(c)]. On the other hand, an electron
slice can be concentrated within ~2° [see Fig. 1(d)] in the transverse direction because of the
formation of a transverse potential well about the beam axis (x axis), thus concentrating the electron
toward the center to a certain extent [see Figs. 1(e)]. The field structure formed in the transverse and
longitudinal directions in our case is similar to the formation of plasma bubbles in LWFA [42, 62].
The only difference is that the accelerating phase is ahead of the decelerating phase in the “bubble,”
and the size is determined by the wavelength of the LG laser in our case.
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FIG. 1 Electron slice and LG laser field in PIC simulation. (a) Sketch of an electron slice driven by
an LG laser. The red donut indicates the isosurface of the electron slice with n.= 0.3n, for the carrier-
envelope ¥ = 0. The blue and yellow translucence isosurfaces indicate the distributions of the LG
laser field £,. (b) Distributions of the laser electric field £, and electron slice in the x-y plane. (c),
(d) Energetic spectra and angular distribution for the electrons in the regions of 173 pum < x < 183



um, 0 <7< 8 um at ¢t = 887. Density distributions of the electron slice for different carrier-envelope
phases (e) ¥ =0, (f) 0.5 7, (g) = and (h) 1.5 7 at 88T. Corresponding phase-space distributions of
the electrons and amplitude of E, (blue line) on the x-axis at t = 887 are plotted for (i) ¥ =0, (j) 0.5
7, (k) rand (1) 1.5 7.

Figs. 1(e)-1(h) show that the density distribution shapes of the electron slices at = 887 can be
changed from disk to annular by varying the CEP of the LG laser. For ¥ = 0, the density distribution
of the electrons is modulated to an annular shape with an inner diameter of ~10 um, as shown in
Figs. 1(a), 1(b), and 1(e). This annular electron slice can be accelerated up to 220 MeV with a slice
thickness of 0.2 pm (corresponding to ~670 attoseconds) at ¢ = 887, as shown in Fig. 1(e). The total
charge of such an annular electron slice can reach up to ~0.19 nC. By contrast, an electron disk is
generated at the beam center when ¥ = 0.5z, as shown in Fig. 1(f). In the other two cases shown in
Figs. 1(g) and 1(h), the electron slice is dispersed. The electron motion seems to have a close
relationship with the phase structure in the laser field.

To explain the effects of CEP on the formation of the annular electron slice [see Fig. 1(a) and
1(e)], both the transverse [Fig. 2(a)-2(d)] and longitudinal electric fields [Fig. 2(e)] in one laser
cycle are discussed. It should be noted that most electrons travel along the direction of the laser and
the transverse electron field |E || is larger than |vx X B || in simulations for our cases. So, we
approximately consider that the electric field plays the main roles for the formation of electron
bunch. The decelerating phase and accelerating phase for longitudinal electric field E, are marked
in Fig. 2(e). When the LG laser pulse incidents on the target, the electrons are first concentrated by
the dispersing electric field similar to point 1 [see Fig. 2(a)] and subsequently rotated by the
clockwise field similar to point ii [see Fig. 2(b)], indicating that the electrons can be continuously
concentrated in the transverse direction at the beginning of the interaction (from 1 to ii). Such
process can be clearly shown in the evolution of electron slice from ¢ = 117 to ¢ =25T [see Fig. 2(f)
and 2(g)]. The electrons are then dispersed by the concentrating electric field similar to point iil
[see Fig. 2(c)] corresponding to ¢ ~ 357 [see Fig. 2(h)]. It can be found that the electron slice is
shortly manipulated by a dispersing force (around t ~ 5T), forming an annular structured slice. The
longitudinal field increases up to E, ~ 1.67x10'> V/m at point iv, where most of the electrons can
be locked in such a wide accelerating phase. The electron slice is further manipulated by the rotated
electric field force and the weak inward electric field force in the accelerating region for a longer
time [see Fig. 1(e)(i)], resulting in a stable annular slice, as shown in Fig. 1a. Compared with the
case ¥'=0 in Fig. 2(e), the laser field £, is much lower in the decelerating region (from 1 to 1iii)
in the case of ¥ = 0.5 x [see Fig. 1(j)]. Thus, the process of dispersing by the concentrating electric
field [see Fig. 2(c)] and decelerating by E, is shorter than case of ¥ = 0, resulting in a higher density
distribution in the case of the disk structure on the beam axis (x axis).
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FIG. 2 Structure of electric fields of CP LG laser and phase-space distribution of electrons.
Normalized vector plots of the transverse electric fields in one laser cycle for (a) i, (b) ii, (c) iii, and
(d) iv marked in (e). (¢) Normalized amplitude of E, (blue line) on the x-axis for ¥ = 0. Density
distributions of electron slice and amplitude of E, (blue solid) for ¥ =0 at (f) t = 11T, (g) t = 257,
(h) t=35Tand (i) t = 40T are plotted.

In the other two cases shown in Figs. 1(k) and 1(1), the electrons are first dispersed by the
transverse fields. Although they lie in the accelerating phase at the beginning of the interaction, the
amplitude of E, is much lower than in the cases shown in Figs. 1(i) and 1(j). Therefore, these
electrons will easily slide into the decelerating phase and undergo considerable dispersion in the
longitudinal direction. Finally, fewer electrons are formed about the beam axis, much different from
the cases shown in Figs. 1(i) and 1(j). This indicates that the formation of a concentrated electron
slice with high energy requires two conditions in our case. One the one hand, the transverse electric
fields should be concentrated on the electrons at the beginning of the interaction. One the other
hand, the electrons should move into the large and stable accelerating phase as soon as possible, so
that they can remain in a concentrated state in the ensuing acceleration process. If the transverse
rotating fields just lie in the accelerating phase, the annular electron slice can be successfully
maintained, as shown in Figs. 1(a) and 1(i).

3. Theoretical analysis

To explain the simulation results, a single-particle model is employed to show the dynamic
motion of a single electron in the LG laser field. The fundamental motion of the electrons can be
described by the equation ap/dt = e(E + v X B), where p = mgyv is the particle momentum, E
is the electric field intensity, and B is the magnetic intensity. Since the azimuthal electromagnetic



fields exist for a CP LG laser pulse, it becomes challenging to find an analytical solution for the
single-particle motion. A feasible method is solving the equations numerically. E , = Eyey, +E,e,
is described in Eq. 1, where E, and E. displace with m/2 at the propagation phase. Here, the
longitudinal electric field is obtained from the Poisson’s equation, E, = — (i/ k)VE I

) 2 kx 2 kx
B[22 g, B gy Ay gz dx ol
ki\r wx) reoxt+xg ro ow(x) roxT+x;
For the mode of CP LG%J (»=0,1=1, 0, = —1), there is a longitudinal electric field E, at the beam

center. The maximum value of E, is ~6 TV for ay = 25 in our case. The magnetic fields derive from

the electric fields based on Maxwell’s equation B = (i/ck)V x E.
To understand the phase-locked movement of the electron slice in the PIC simulations, the

single-particle model was applied for four typical electrons at x = 3.8 um, y = £1 pum, and z = £1
pum, where the location of the simulation phase-locked region, shown in Fig. 1(a), is considered.
According to the angular distribution of electrons, the transverse velocity v, is much lower than v,
(v/vy < 3% for most electrons). The v, = 0 is used for simplicity. And the initial longitudinal velocity
of the electrons is set to 0.999c, because the energy of most of the electrons that just enter the
accelerating phase is approximately 11 MeV when v, = 0.999c at ¢ = 427 in the simulations. The
parameters of the electromagnetic field are the same as when ¥ = 0, as shown in Fig. 1(e), in the
PIC simulation. The 3D trajectories of the electrons show that they could remain in the acceleration
phase of the CP LG laser for a distance more than 60 pm, as shown in Fig. 3(a). It should be noted
that the electron slice gains hundreds of megaelectron volts of energy from such a phase-locked
acceleration in the PIC simulation. In addition, the electrons undergo a right-handed rotation about
the x-axis [see Fig. 3(c)], consistent with the vector distributions of the transverse electric fields in
the accelerating phase [see Figs. 2(d)]. In PIC simulation, the direction of rotated transverse electric
field does not change in the accelerating phase, so that the angular momentum (AM) of electrons
can continually increase from negative to positive after # =407, just as shown in Fig. 3(b). However,
the initial AM of the electron is zero in the single-particle model. So, the total AM of the four
electrons can only increase from zero to positive in accelerating phase, and the rotation directions
of electrons do not change in Fig. 3(c). We assume that the electrons can be rotated by these
transverse electric fields [see Fig. 2(b)], as evidenced by the evolution of their AM shown in Fig.
3(b). Therein, the resonance of the AM corresponds to the different rotations (right-handed or left-
handed) of the transverse electric fields [see Figs. 2(b), 2(d)].
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FIG. 3. Trajectories of electrons in single-particle model and AM in PIC simulation. (a) 3D
trajectories of electrons at different initial positions of x = 3.8 um [accelerated phase corresponding
to point iv in Fig. 2(e)], y ==*1 pum, and z = +1 um. Here, the electrons have an initial velocity of v,
=0.999c. (b) AM for the electrons in the regions of 0 um <x <400 um, —10 pym <y < 10 um, and
—10 pm < z < 10 pym in PIC simulation with ¥ = 0. (¢) View of 3D trajectories in the forward

direction.

4. Discussion

From the above analyses, we find that a near-infrared LG laser can successfully provide a stable
and efficient accelerating phase to generate a single annular attosecond electron slice in the DLA
regime. The main reason is that the near-infrared LG laser (1 = 2 pm) can provide a longer
accelerating field to stably maintain the annular structure of the electrons up to 853 fs [see Fig. 4(a)].
It should be noted that a small part of the electron beam is dragged into the next accelerating field,
where can be concentrated by the transverse electric field, forming a small dot around the beam axis
(x axis), just as shown in Fig. 4(a). A clearer annular electron slice may be obtained if we set a solid
target to stop the further acceleration of the LG laser in the earlier interacting progress. From Fig.
4(a), the corresponding energy of the electron slice can be further accelerated from ~210 MeV at
88T [see Fig. 1(c)) to ~280 MeV at ¢ = 1287 (853 fs) [see Fig. 4(d)]. By contrast, the electron slices
are considerably dispersed at 853 fs when the laser wavelength is shorter (4 = 800 nm), as shown in
Fig. 4b, and the electrons can only be accelerated up to ~80 MeV due to the easier dephasing effect
for the LG laser with a shorter wavelength [see Fig. 4(e)]. More importantly, the angular divergence
remains at ~2° [see Fig. 4(g)] over 887, meaning that an electron slice can be well concentrated in
the “bubble,” thus overcoming the dispersion problem in the DLA regime when driven by a
conventional Gaussian laser pulse [see Figs. 4(c), 4(i)]. Although, the maximum energy can also be
accelerated up to ~150 MeV at 853 fs when using a Gaussian laser with 4 = 2 um, the energetic
spread is as high as ~30% [see Fig. 4(f)]. In addition, the divergence of the electron slice is 0-7° in
the case of the LG laser with 4 = 800 nm [see Fig. 4(h)] and 3-6° in the case of the Gaussian laser
with 4 = 2 pum [see Fig. 4(i)], which is greater than that (~2°) in the case of the near-infrared LG
laser with 4 = 2 pum [see Fig. 4(g)]. All these comparisons indicate that the near-infrared LG laser



discussed in this letter helps accelerate the electron slice to a higher energy (hundreds of
megaelectron volts) with attosecond duration and concentrate it in a smaller divergence angle (~2°).
Such high quality of the annular electron slice may have various applications, such as antiprotons
in conventional linear accelerators [51], edge-enhancement electron imaging [52], structured x-ray
generation [53], and analysis and manipulation of nanomaterials [54], and so on.
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FIG. 4. Comparisons between the cases driven by LG laser and Gaussian laser. Density distributions
of electrons at t =853 fs for LG laser with (a) A =2 um, LG laser with (b) A = 0.8 um, and Gaussian
laser with (c) A = 2 um. (d-f) Energetic spectra and (g-i) angular distribution of the electrons in (a-
¢), respectively. The electrons in in the regions of 252.8 uym < x < 260 pm, 0 < 7 < 10 um are
considered for the case in (d) and (g) and the electrons in the regions of 250 um < x <260 pum, 0 <
r <20 pm are considered for the cases in (e), (f), (h) and (i).

It should be noted that the longitudinal electric field (E,) of the LG laser plays an important
role to accelerate the electron slice to a high energy in the “bubble” mechanism in this paper, where
the charge-separation field between the electron and ion slice is not considered. It is reasonable
because the normalized amplitude of the charge-separation field acs = mnely ~ 0.08 for the initial
foil thickness /y = 0.05 4 and density n, = 0.5n. [60, 61, 63, 64] is much lower the longitudinal
amplitude a, = 1.03 (corresponding to 1.67 X 102 V/m) for the LG laser used in our case. In this
way, the dynamics of the electrons only driven by the LG laser field can be considered in Eq. (2).
So, the applicable condition of Eq. (2) is a, >> mnely. Such lower area density of the foil (nelg) can
be obtained by extending the nano Carbon foil in the realistic experiments. An extending target with
initial density distribution of n,(x) = ny(x - 20 um)/L, (20 pum < x < 20.1 um) and n,(x) = ny (20 um
-x)/L, (20.1 pm < x <20.2 pm) is researched for LG laser with ¥ = 0 in the PIC simulations, where
ng= 0.5 n. is maximum electron density of target and L = 0.1 um. The similar annular electron slice
can be obtained at = 887. We assume that the electron slices can be better formed if the laser
ponderomotive force is much larger than charge-separation field a.s = mn.ly, which is determined
by the area density of the foil nely. The preplasma may have some effects on the mina structures of
the electron slice. But it is not the crucial effects. It is assumed that a thinner foil can work better
for the mechanism proposed in this paper, because the smaller charged separation field can be



generated for the thinner foil. However, we should further increase the cell number per laser
wavelength to increase the accuracy of the simulation for the thinner foil, which is limited to our
present computer source and will be consider in the future. The charge-separation field should be
considered in a more complex manner with the increasing of the foil thickness /, or density ..

5. Summary

In conclusion, a novel annular electron slice driven by a few-cycle near-infrared LG laser is
investigated for the first time through 3D PIC simulations. We found that a near-infrared LG laser
can provide a “bubble” region, characterized by a longer longitudinal electric field that can stably
accelerate the electron slice up to hundreds of megaelectron volts with attosecond duration. The
longitudinal field mainly accelerate or decelerate the electrons in the forward direction in our case.
And the disk or annular formation of the electron slice can be tuned by the transverse fields in LG
laser. A stable formation of the annular election slice needs a proper combination of the longitudinal
and transverse fields with different amplitudes, which are just determined by the CEP of LG laser.
The annular attosecond electron slice is compact and may have potential applications in the
collimation of energetic particles such as antiprotons in conventional linear accelerators, edge-
enhancement electron imaging, structured x-ray generation, and analysis and manipulation of
nanomaterials. It should be noted that Nie et al. recently presented a new method to obtain
relativistic few-cycle-tunable infrared pulses from a tailored plasma density structure [65]. We
believe that the relativistic near-infrared LG laser discussed in this letter can also be implemented
as a similar technology to ultimately generate annular attosecond electron slices in experiments in

the future.
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