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laser wakebeld acceleratitif¥ and microstructural target of determining whether the use of circular polarization is
electron accelerati&f¥. essential.

Conventional high-power laser systéthgenerate linearly ~ In this paper, we present results of a 3D PIC simulation
polarized (LP) laser beams without a twist to the laserfor a 600 TW LP-LG laser beam reRected off a plasma
wave-fronts, which prevents one from readily realizing thewith a sharp density gradient. We Pnd that, despite the
interactions utilizing ultra-high-intensity helical laser beams.loss of axial symmetry introduced by switching from cir-
The spatial structure of laser beams with helical wave-frontgular to linear polarization, the key features of electron
can be viewed as a superposition of LaguerreDGaussian (L@§celeration are retained. Namely, the laser is still able to
modes, which is why these beams are often referred to a@enerate dense ultra-relativistic electron bunches, with the
LG beams. An LG beam can potentially be produced fromacceleration performed by the longitudinal laser electric Peld
a standard LP Gaussian laser pulse in reRection from # the region close to the laser axis. In the most energetic
fan-like structurB%"29, This approach avoids transmissive bunch, the electron energy reaches 0.29 GeV (10% energy
optics and it is well-suited for generating high-power high-spread). The bunch has a charge of 6 pC, a duration of
intensity LG beams at high efbciency. Achieving circularly approximately 270 as and remarkably low divergence of
polarized (CP) LG beams in conventional high-intensity0.57 (10 mrad). The normalized emittance ynand z is
laser systems is likely to be more challenging than achievingrmsy 5% 10°7, s, 4% 10°7.

LP-LG beams, since a native Gaussian beam is LP and extraSuch dense attosecond bunches can bnd applications in
steps need to be taken to induce circular polarization. It igesearch and technold@¥/?, with one specipc application
then imperative to study laserDplasma interactions involvingeing free-electron lasétd. The rest of this paper is orga-
LP-LG beams, as these beams are more likely to be achievetized as follows.Section 2presents the Peld structure of

in the near-term at high-intensity laser systems such as ELthe LP-LG beam and the setup of our 3D PIC simulation.
NP2 or the SG-Il UP facilit¥*d. The focus of this paper Section 3discusses the formation of electron bunches that
is on electron acceleration in vacuum by an LP-LG laseitakes place during laser reRection off the plasBection 4
beam following its reRection off a plasma with a sharpexamines the energy gain by the electron bunches during
density gradient. This setup is sometimes referred to as thi&@eir motion with the laser puls&ection Ssummarizes our
OreRection off a plasma mirf6#Obut we minimize the use key results and discusses their implication.

of the term Oplasma mirrorO to avoid any confusion with

the optical shutters employed for producing high-contras®. Field structure of the linearly polarized

pulses. Direct laser acceleration in vacuum by a conventaguerre—Gaussian beam and simulation setup

tional laser beam is generally considered to be ineffective.

The key issue is the transverse electron expulsion caused this section, we present the structure of the LP-LG beam
by the transverse electric Peld of the laser. The expulsiothat we use in our 3D PIC simulation to generate and
terminates electron energy gain from the laser and leadaccelerate electron bunches. The section also presents the
to strong electron divergence. It must be stressed that theimulation setup.

expulsion is closely tied to the topology of the laser beld, The wave-front structure of a helical beam can be param-
which is dominated by the transverse electric and magnetieterized using two indices: the twist indexwhich specibes
Pelds. In two recent publicatidd%*? we showed that a the azimuthal dependence of the transverse electric and
CP-LG beam with a properly chosen twist can be used tanagnetic Pelds, and the radial indexwhich specibes the
solve the expulsion problem. The wave-front twist creategadial dependence of the same Pelds in the focal plane. The
a unique accelerating structure dominated by longitudinapolarization of the transverse laser pelds is independent of
laser electric and magnetic belds in the region close to theheir wave-front topology, so a helical beam can be LP or CP.
axis of the beam. The longitudinal electric Peld providesDetailed expressions for all Peld components of an LP-LG
forward acceleration without causing electron divergencebeam are provided by Skt al!*?. We choose to omit these
while the longitudinal magnetic beld provides transverseexpressions here for compactness and instead we summarize
electron conbnement. It was shown using 3D particle-in-celthe key features. The twist inddx qualitatively changes
(PIC) simulations that a CP-LG beam refRected off a plasmahe topology of the transverse and longitudinal pelds. We
can generate dense bunches of ultra-relativistic electrons viare interested in the Peld structure close to the central axis.
the described mechaniiifd. The distinctive features of There are three distinct casés: 0, 1| = 1 and| || > 1.

this acceleration mechanism are the formation of multipleThe case of = 0 corresponds to a conventional beam, with
subym electron bunches, their relatively short acceleratiorthe near-axis beld structure dominated by transverse electric
distance (around 10@um) and their high density (in the and magnetic Pelds. In the case|dfl > 1, all laser Pelds
range of the critical density). The purpose of the currentvanish on the central axis. The case that is of interest to us is
study is to identify the changes introduced by the change ithe case witH | | = 1, because in this case the longitudinal
polarization from circular to linear with the ultimate goal rather than transverse belds peak on the axis.
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Table 1. 3D PIC simulation parameters. Herg,= 1.8x 10?7 mS3 is the critical
density corresponding to the laser wavelength The initial temperatures for
electrons and ions are set to zero.

Parameters for linearly polarized Laguerre—Gaussian laser

Peak power (period averaged) 0.6 PW
Radial and twist index p=0,1=81
Wavelength 0= 0.8um
Pulse duration (sfhelectric peld) g=20fs
Focal spot size (le electric beld) Wo= 3um
Location of the focal plane X=0pum
Laser propagation direction Sx
Polarization direction y
Other simulation parameters
Position of the foil and the pre-plasma S1.0t0S 0.3um andS0.3t0 0.0um
Density distribution of pre-plasma ne = 180.0ncexp[S20(x+ 0.3um)/ o]
Electron and ion (@) density in foil ne = 180.0hc andn; = 30.0n¢
Gradient length L= o/20
Simulation box xx yx z) 10pumx 20pmx 20um
Cell number xx yx 2) 800 cellsx 1600 cellsx 1600 cells
Macroparticles per cell for electrons 100rat2.5um, 18 atr  2.5um
Macroparticles per cell for & 12
Order of electromagnetic beld solver 4
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Figure 1. Electric and magnetic Peld components of an LP-LG laser beam before it encounters the plasma. Panels (a) anH,(d)astete (b) and (e)
showEy; panels (c) and (f) shoBy. The left-hand column ((a)P(c)) shows the Peld structure ifxfz@-plane aty = 0. The right-hand column ((d)D(f))
shows the beld structure in thg z)-plane at the-position indicated with the dashed line in panels (a)D(c). All the snapshots are tak8&n fifs from the
simulation with parameters listed in Tallle

In our 3D PIC simulations, we use an LP 600 TW laserin paraxial approximation by assuming that the diffraction
with | =S 1 andp = 0. We consider a beam that propagatesangle ¢ is small. The longitudinal belds are relatively strong
in the negative direction along theaxis upon entering the eventhoughy 1. We haveE™®/ E™&*= BM&/ B™& (.14
simulation box. Detailed parameters of the laser beam arfor the considered LP-LG beam with ~ 8.5x 10°2, where
listed in Table 1 In order to facilitate a comparison with ;= o/ wg. Note thatE™*  1.1x 10" V/m andB™2*
the results for a CP-LG beam published by ®hiall“) 36 kT. The peak normalized amplitude of the longitudinal
(right-CP withl = S 1 andp = 0), we use the same peak pelda =| e| E"™/m for a given period-averaged power
power, pulse duration and spot size for our LP-LG beamp in PW is given byEquation (C21)wherec is the speed of
The electric and magnetic Peld structures of the LP-LGight, = 2 ¢/ qis the laser frequency amhandm are the
beam in the(x,2)-plane and they,2)-plane are shown in electron charge and mass, respectively. We bndathat2.7
Figure 1. The plots illustrate the difference in topology for the considered power of 600 TW.
between the transverse and longitudinal Peld components. |t is instructive to compare the beld structure of the
The longitudinal electric and magnetic Pelds reach theilLP-LG beam to the Peld structure of the CP-LG beam
highest amplitude along the axis of the laser beam (sefom Shiet all*d. In both cases, the longitudinal electric
Figures 1(b)and 1(c)). On the other hand, the transverse and magnetic Pelds peak on the axis of the beam where
electric Peld shown irfrigure 1(a)vanishes on the axis of the transverse beld vanishes. However, in contrast to the CP-
the beam. The electric Peld structurérigure lagrees with LG beam, the longitudinal electric and magnetic belds of the
the analytical expression given in Appendix C and derivedLP-LG beam lack axial symmetry (s€gures 1(eand1(f)).
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the axis ¥ = 0, z= 0) after the laser has been reRected by We obtain the terminal momentum gain by taking the limit

the plasma. As we have already seen, the electrons tend & X/ Xg in Equation (3) which yields the following:
bunch on the axis. The beld of these electrons is difpcult to rerm ,

separate from the longitudinal laser electric peld. This is the P = %2a wg cos( oS ). ()
reason whyB is plotted instead dE . The transverse beld is Mec 2

plotted off-axis because it vanishes on the axis of the beam
for the considered helical beam. The most striking featuréone can understand the dependence gy recalling that
compared to the CP-LG beam examined by &hill3%‘d js  the electron is continuously slipping with respect to the
the appearance of higher-order harmonic&jnin contrast forward-moving structure oE as it moves with the laser
to Ey, B has a more regular shape. The spectra shown ipulse. Delayed injection into the accelerating phase means
Figure 4(b)conbrm thatE, contains odd harmonics due that the electron slips into the decelerating phase before the
to high-harmonic generation effelé, whereasB in the = amplitude ofE becomes small due to the beam diffraction.
near-axis region seems to be unaffected by the harmoni®s a result, the net momentum gain is reduced. The energy
generation. According to Zhangt all®d and Denoeud dain occurs only for/ 2< o< 3/ 2. The assumption
etall®¥, the twist index,, of the harmonics generated during that the electron is moving forward with ultra-relativistic
reRection of an LP-LG laser beam scaledas nl, where  Velocity is no longer valid for 3 2< o< 5/ 2, which,
n is the harmonic order. The Peld probles suggest that thi@ turn, invalidates the derived expression. It is useful to
analysis of electron acceleration in the near-axis region cafewrite our result in terms of electron energy. We assume
be performed without taking into account the higher-orderthat the electron experiences a considerable energy gain
harmonics, which have a different Gouy phase shift. due to the increase of its longitudinal momentum, so that the
The momentum gain of the electrons moving along theterminal energy is'®™ cp®™ ¢ p'™ We then have the
axis of the laser beam can then be obtained by integratin§pllowing:

the momentum balance equation:

term 2W2 .
- 5=2a —2cos( oS ). (5)
dp/dt=S| e|E, Q) MeC 0

whereE is the on-axis component of the laser electric peld. e now take into account the expression dorin terms
We neglect high-harmonic generation and beam scatterin@f the period-averaged powergiven by Equation (C21Yo
so E is the real part of the on-axis Peld in the original OPtain the following practical expression:

beam given byEquation (C18) The longitudinal electric

peld has the same dependencexas the beld of the CP- ©MGeV] 0.5co oS )PYZ[PW]. (6)
LG beam considered by Skt all*d. For example, we have
the following: In comparison to the acceleration by a CP-LG beam with
the same powe?*d, the terminal energy in the LP-LG beam
L Esin( + o) is lower by a factor of 2.
E =S Tz,xg{’ @ Figure 5provides information of the long-term electron

acceleration in the 3D PIC simulatiorigure 5(a)shows the

envelope, wher& is the peak amplitude oE . Here o,  Note thatthe plot of integrated over the laser beam cross-

is a constant that can be interpreted as the injection phag¥ction is shown irFigure 7(c)of Appendix A. By this

for an electron that starts its accelerationxat 0. The Point, the electrons have roughly traveled a distance of 00
only difference between the belds of the CP-LG and L pwith the laser beam. Note that 261 fs is chosen as the
LG beams is their amplitude. Therefore, we can skip thdime of the snapshot in order to facilitate a comparison with
derivation here and directly apply the result of ®hall*d,  the results for the CP-LG beam presented by &fall*d.
We have the following longitudinal momentum gain for an The pronounced bunching is maintained by the periodic
electron injected into the laser beam close to the peak of th@ccelerating structure & . The third bunch travels close to

envelope: the peak of the laser envelope, which results in the highest
electron energy gain. In what follows, we focus on this
P« 2w g - specibc bunch.
Moo =Sa 2 {cos oScos| oS 2arctar(¥ xq)]}, Figures 5(b)and 5(c) show the time evolution of the

@) divergence angle and electron energy within the third bunch
(see the dashed rectangle and the ins€fdgmnire 5(a). After
wherea is the normalized amplitude of the longitudinal an initial stage that lasts about 80 fs, the distribution over
peld. the divergence angle reaches its asymptotic shape. It can be
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Figure 5. Result of the long-term electron acceleration in the reected LP-LG laser beam close to the beam axis. (a) Electron energy distribution as a
function ofx att = 261 fs for electrons with < 1.5um. The inset shows the third bunch that is marked with the dashed rectangle in the main plot. (b) Time
evolution of the electron distribution over the divergence angiethe third bunchi(< 2wyp). (c) Time evolution of the electron energy spectrum in the third

bunch. The black dashed curve is the prediction obtained ffgmation (3)with ¢ = 0.8 . The start time of the acceleration is used as an adjustable
parameter. (d) Electron energy versus the divergence angle in the third bunch shown in the inset of panel (a).
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Figure 6. (a) Areal density ¢ and (b) cell-averaged divergence anglm the cross-section of the third bunchtat 261 fs andk = 2.3. (c)D(e) Snapshots
of the longitudinal electric PelBy/ Exp in the cross-section of the laser beanx &t 0.1,t = 9 fs (c),x= 0.45,t = 46 fs (d) andk= 2.3,t = 261 fs (e). Here,
Ey is calculated using the analytical expressitijuation (C28piven in Appendix C andyg is the amplitude oEy atx= 0,r = 0.

seen from the snapshot igure 5(b)(taken att = 261 fs)  model captures relatively well the key aspects of the on-axis
that the bunch is monoenergetic, with most electrons havinglectron acceleration.

a divergence angle that is less than 10 mrad. The time We bnd that the electron bunches retain noticeable
evolution of the energy spectrum, shown Figure 5(c)  asymmetry following their prolonged interaction with the
conbrms that the bunch accelerates roughly as a whole. THaser beam. To illustrate the asymmetry, Figuig&)
dashed curve is the solution given Byguation (3) We used and 6(b) show the areal density. and the cell-averaged
the start time of the acceleration as an adjustable parametdivergence angle in the cross-section of the third bunch
because our model only captures the acceleration after thet t = 261 fs. The bunch asymmetry is likely imprinted
longitudinal motion becomes ultra-relativistic. The phage by the asymmetry irEx shown inFigure 1(e) Since the

is another adjustable parameter that we use to match theectron bunches are moving slower than the laser wave-
time evolution of the electron energy in the bunch. We bndronts, each bunch experiences a rotatig This can
that o 0.8 provides the best bt, the result of which is be shown by examining the beld structure at the location
shown inFigure 5(c) The large energy spread at the early of a forward-moving ultra-relativistic electron bunch. We
stage is likely due to the presence of the two lobes shown igalculateEy in the beam cross-section using the analytical
Figure 2 The good agreement at later times indicates that ouexpression given in Appendix C. The longitudinal position



