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We show a novel self-matching resonance acceleration regime for generating dense relativistic electron
beams by using ultraintense circularly polarized laser pulses in near-critical density plasmas. When the
self-generated quasistatic axial magnetic field is strong enough to pinch and trap thermal relativistic
electrons, an overdense electron bunch is formed in the center of the laser channel. In the trapping process,
the electron betatron frequencies and phases can be adjusted automatically to match the resonance
condition. The matched electrons are accelerated continuously and a collimated electron beam with
overcritical density, helical structure, and plateau profile energy spectrum is hence generated.
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The rapid development of ultraintense laser technology
has opened new and active research fields in laser plasma
interactions [1] ranging from fast ignition of inertial con-
finement fusion [2], laboratory astrophysics [3], to devel-
opment of compact sources of high-energy particles, such
as electrons, ions, and gamma photons [4,5].

In laser plasma interactions, the resonance between
betatron motion of electrons and ultraintense laser pulses
is an interesting phenomenon and attracts much attention
in both electron acceleration [6,7] and gamma photon
production [5]. A betatron oscillating relativistic electron,
confined by the self-generated quasistatic transverse fields,
can be resonant with the laser pulse and gain energy
efficiently from the laser fields. This is an inverse process
of the ion-channel laser [8]. In order to accelerate electron
beam in such a way, the resonance condition must be
realized: the frequency and phase of the electron betatron
motion should be matched with the laser pulse in the
electron comoving frame. However, by using linearly po-
larized (LP) laser pulses, the preacceleration process nec-
essary to reach the resonant behavior is stochastic in
nature, and only few electrons experience the betatron
resonance acceleration [9], which severely limits the den-
sity and number of energetic electrons, and lacks practical
applications.

In this Letter, by using ultraintense circularly polarized
(CP) laser pulses in near-critical density plasmas, we report
on a novel self-matching resonance acceleration (SMRA)
regime, where the electron betatron frequencies and phases
are adjusted automatically to match the resonance condi-
tion. In such ultraintense and near-critical conditions, the
self-generated quasistatic magnetic fields play an impor-
tant role in many phenomena, including the relativistic
magnetic self-channeling of light [10], magnetic-dipole
vortex generation [11], ion acceleration by magnetic field
annihilation [12], and laser shaping by plasma lens [13]. In
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particular, quasistatic axial magnetic fields can be gener-
ated by CP laser pulses, which have been widely inves-
tigated both theoretically and experimentally [14]. In the
presence of axial magnetic field, electron acceleration by
CP laser pulses shows interesting and complex properties
[15,16]. With the aid of analytical modeling and 3D simu-
lations, we found that when the self-generated quasistatic
axial magnetic field is strong enough to pinch and trap the
thermal relativistic electrons, an overdense electron bunch
can appear in the center of the plasma channel produced by
the laser pulse. In this process, the frequencies and phases
of the trapped electrons can be self-matched with that of
the laser pulse in the electron comoving frame, and the
resonance conditions are satisfied. The matched electrons
exhibit similar behavior: executing betatron rotation
around the axial magnetic field and being accelerated
continuously along the laser propagation direction. Hence
a collimated relativistic electron beam with overcritical
density and helical structure is generated.

In the CP laser evacuated channel, strong quasistatic
magnetic fields, both in the axial and azimuthal direction
are generated. The self-generated axial magnetic field By,
provides a “trapping effect” on relativistic electrons. An
upper bound of perpendicular momentum for the trapped
electrons is defined, when the radius of the Larmor motion
is equal to the spot size of the axial magnetic field, as

Pu = ZeRBSz’ (1)

where p,, is called trapping momentum, R is the radius of
the spot size of the axial magnetic field, and e is the
elementary charge. On the other hand, the quasistatic
azimuthal magnetic field produces a “‘resonance effect.”
In order to understand the mechanism of the resonance, we
employ the single-particle dynamics model, which has
been widely investigated in many similar problems [17].
It is noticed that, in near critical density plasmas, the

© 2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.110.045002

PRL 110, 045002 (2013)

PHYSICAL REVIEW LETTERS

week ending
25 JANUARY 2013

collective behavior of the electrons may begin to modify
the dynamics away from what one obtains from single-
particle orbits alone [18]. In the LP laser field, the
collective behavior may cause density asymmetry in the
perpendicular direction, while in our CP laser case, since
the laser field is symmetrical, such collective effects
are negligible. Considering a right-hand CP plane wave
with frequency w,, the transverse electromagnetic fields
are E;, = Ejcos¢, Ep, = E;sing, By, = —Ep /vy,
By, = Ep /vy, Where ¢ = kz — wot, vy, = wo/k is the
phase velocity, and k is the wave number. The self-
generated quasistatic azimuthal magnetic field can be
expressed as Bgy = —Bg,i + Bg,j. For an electron mov-
ing in combination with the self-generated quasistatic
magnetic field (both in axial and azimuthal direction) and
the laser pulse, the equations of the transverse motion
are dp,/dt=—ekE cos¢+ev,Bs,—ev,Bg,, dp,/dt=
—ekE sing —ev Bg,+ev,Bg,, where k =1 — v /vy,
It is difficult to solve the equations analytically without
any approximation. We focus on the resonance electrons,
for which the longitudinal velocity v, and the Lorentz
factor y are slow variables compared to the fast variables
py and p,. It is resonable to assume that v, — 0 and
v — 0. According to the circular symmetry of the azimu-
thal magnetic field, we have dBgy/dr = —0Bg,/dx =
dBg,/dy. Then the derivative of the equations becomes

d2 d

dl{;x + Q%;Px + QZ% = mecaLa)% Sina)Lt, (2)
dzpy 2 dpx 2

- + Q(;Py _ QZW = m,ca;wj coswrt, (3)

where a; = eE; /m,cwq is the normalized laser ampli-
tude, w; = kw, is the frequency of the laser pulse in

. — ev, g —
the electron comoving frame, ), = ‘/W +-Bsg, Q, =
eBg./ym,, and m,, ¢ are the electron mass and the speed

of light in vacuum, respectively. By ignoring small oscil-
lating terms, the transverse momenta can be solved as

pt) = —pL(Dcosw.t, py(t) = pi(f)sine, 1, where
the perpendicular momentum is
2 2
MeCaLOL sinw_t  (4)

P = G oy T wp + Q)

and the frequency of the betatron motion wp=

VOI+(Q,/22=Q,/2, here . = (wp + w)/2, w_ =

(wp — w;)/2.1tis clearly seen that resonance occurs when
Wp =~ wy.

The resonance acceleration of electrons in CP laser
pulses is usually investigated under the condition of
v > 1 (e.g., in Ref. [16]). However, the axial magnetic
field Bg, contributes only a small quantitative modification
to the resonance effect, and is negligible when y > 1.

In this sense, we can say that the resonance effect is
dominated by the azimuthal magnetic field Bgy. On the
other hand, in the trapping effect, the axial magnetic field
By, plays a crucial role. In order to understand the electron
dynamics comprehensively, we must investigate the tran-
sition process from the trapping regime to the resonance
regime. If an electron is initially trapped in the self-
generated quasistatic axial magnetic field Bg,, the only
way to escape is to make the amplitude of the perpendicu-
lar momentum described in Eq. (4) exceed the trapping
momentum py,, i.e.,

ZmecaLw%
(wp — 0 )(wp + 0 + Q)

or
Qe _ (1 + QZ)(Jl +mecaL/<1 +&)2 — 1),
Wy 2w; eRByg, 2w;

(6)

where Aw = |wp — w,|. When the axial magnetic field is
strong enough to make

2
mecay, /(1 + Qz) <1 7
eRBg, 2wp

S _ o
w;  2m(R/M(Bs./By)* + 2(Bs,/By)]’

where By = m,wq/e, A = 27rc/w, and yk ~ 1 is taken
for the trapped electrons. The stronger the axial magnetic
field Bg,, the closer the right-hand side of Eq. (8) is to zero,
ie., Aw/w; — 0, which means that only exactly matched
electrons can escape. Since the trapped electrons are driven
by the rapidly varying laser fields, they have enough
opportunity to adjust their frequencies and phases to match
the resonance conditions. The trapping effect of the axial
magnetic field and the resonance effect of the azimuthal
magnetic field together develop a self-matching mecha-
nism. In this situation, the trapped electrons form a “res-
ervoir”’, which provides resonance electrons continually.
To investigate the features of SMRA, we carried out
simulations using a fully relativistic three-dimensional
(3D) particle-in-cell (PIC) code (KLAP) [19]. A right-
hand CP laser beam with central wavelength A = 1 um,
wave period T = A/c, rise time 5T, peak intensity I, =
5% 10 W/cm?, and spot diameter 4 um (FWHM), is
normally incident from the left boundary (z = 0) of a 80 X
16 X 16 um? simulation box with a grid of 960 X 192 X
192 cells. A near-critical density plasma target consisting
of electrons and protons is located in 6 um <z <77 pum.
In the laser propagation direction, the plasma density rises
linearly from O to ny = n. in a distance of 5 wm, and then
remains constant, where n, = m,w3€y/e? is the critical
plasma density, and €, is the vacuum permittivity. In the

>2¢RBs,,  (5)

we have

)
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radial direction, the density is uniform. The number of
particles used in the simulation is 5 X 108 for each species
(16 particles per cell for each species corresponds to ng).
An initial electron temperature 7, of 150 keV is used to
resolve the initial Debye length (7; = 10 eV initially).
Simulation results at t = 807 are plotted in Fig. 1. The
incident laser beam first propagates through an unstable
filamentary stage and then collapses into a single channel,
which is known as relativistic magnetic self-channeling
[10], as is shown in Fig. 1(a) in the longitudinal cut.
Both electrons and ions are expelled by the self-focused
laser pulse. The unique feature here is that a high density
electron beam is generated in the center of the laser chan-
nel, as is shown in Fig. 1(b), where the beam is labeled by a
black dashed box. The radius of the beam is less than
1 wm, while the radius of the channel is about 3 um.
The maximum density of the beam is up to 3n,, which is
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FIG. 1 (color online). Simulation results at ¢= 80T.
(a)—(e) Longitudinal (Z, X) cuts along the pulse axis of,
(a) instantaneous laser intensity /, normalized by the initial
intensity I, = 5 X 10?° W /cm?; (b) electron density n,, normal-
ized by the critical density n.; (c) electron energy density
normalized by n.m,c?; (d), (e) self-generated azimuthal and
axial magnetic fields Bgy and Bg,, averaged over laser period,
normalized by m,wy/e. (f) 3D isosurface distribution of electron

energy density with isosurface value 100n,.m,c>.

far greater than the initial density of the plasma. Most of
the energy of the electrons is localized in the beam, as is
shown by the energy density distribution in Fig. 1(c). The
points with the maximum energy density are distributed at
the edge of the beam. The self-generated quasistatic azi-
muthal and axial magnetic fields are shown in Figs. 1(d)
and 1(e). In the simulation, the self-focused laser intensity
is close to its initial value; then we can use a; ~ 13.4.
The axial magnetic field By, ~ 1.4B,, with the radius of
the spot size R ~ (0.8 pm, is strong enough to make the
frequency of the betatron motion satisfy Aw/w; < 0.6.
Figure 1(f) plots the isosurface of the energy density with
isosurface value 100n.m,c? in 3D, which shows a helical
structure with the same period as the laser pulse.

In order to illustrate SMRA in detail the evolutions for a
resonance electron of the perpendicular momentum p |, the
radius of motion r, the Lorentz factor vy, the perpendicular
velocity v | , and the frequencies wp and w;, are plotted in
Figs. 2(a)-2(e). The electron is first dragged into the center
of the channel from the channel boundary by the self-
generated fields. In the center of the channel, the evolution
can be divided into two processes, the trapping process (1),
and the resonance process (II). In the trapping process, the
electron, with a lower perpendicular momentum p | < p,,
is trapped by the quasistatic axial magnetic field. There is no
obvious energy gain when the electron is trapped. The
frequency of the betatron motion wy and the frequency of
the laser pulse in the electron comoving frame w; both vary
rapidly. When the resonance condition is achieved, i.e., the
frequencies and phases are matched, the evolution goes into
the resonance process. In the resonance process, with the
perpendicular momentum exceeding the trapping momen-
tum, the electron is out of the axial magnetic field area, and
into the azimuthal magnetic field dominant regime. The
Lorentz factor increases dramatically until the electron
catches up to the electrostatic sheath field in the front of
the laser pulse at 907. The perpendicular velocity v is
suppressed to about 0.2¢. The matching of frequencies wpg
and w;, and the matching of the corresponding phases (the
time integral of the frequency curve), are both maintained.
After 1007, the electron exceeds the front of the laser pulse
in the propagation direction and moves freely. The corre-
sponding transverse trajectory of the electron projected in
the quasistatic axial magnetic field By, is shown in Fig. 2(f).
In the trapping process [marked by green line (bright)], the
electron is trapped in the axial magnetic field. In the reso-
nance process [marked by blue line (dark)], the electron is
thrown out of the axial magnetic field, and then rotates
around the axial magnetic field. All resonance electrons
show similar dynamic properties, which can be explained
by the SMRA model. In the resonance process, wp = w;,
we have p; = m,ca;w;t/2, p, = —p| cosw.t, and
py = pysinw t. Note that w,t = —¢; i.e., the betatron
motion is synchronous with the laser pulse, which ensures
that the electron is always in the acceleration phase.
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FIG. 2 (color online). Simulation results of sample electrons.
(a)—(e) The evolutions, for a resonance electron, are shown of,
(a) the perpendicular momentum p | , normalized by m,c; (b) the
radius of motion r; (c) the Lorentz factor vy; (d) the perpendicular
velocity v, , normalized by c; (e) the frequencies wp and w;,
normalized by w . The three vertical dashed lines indicate the
two processes: I, the trapping process, and II, the resonance
process. (f) The corresponding transverse trajectory of the
resonance electron projected in the quasistatic axial magnetic
field Bg,. The quasistatic axial magnetic field is cut at the
position of the selected electron at r = 507, normalized by
m,w,/e. The two processes are marked by the green line (bright)
and the blue line (dark), respectively. (g) The transverse trajec-
tory of a nonresonance electron.

By taking p, and p, into the energy equation m,c>dy/dt =
—eE;(p,cos¢ + pysing)/ym,, the Lorentz factor is

determined as y = q;, wotm + 1. At the beginning of
the acceleration, 7y = 1, the transverse motion is an
Archimedes’ spiral. The electron is thrown out of the axial
magnetic field along a spiral trajectory. When y >> 1, the
perpendicular velocity v, = p, /ym, — C\/K_/Z, is ap-
proximately a constant, which means that the transverse
motion is a circle. The acceleration mechanism of the

resonance electron in the self-generated azimuthal mag-
netic field is very similar to that of the original inverse
free-electron-laser accelerator by means of circularly
polarized electromagnetic waves in static helical magnet
field [20]. Since the axial magnetic field is generated by the
transverse rotating electrons, the radius of the circle is equal
to the radius of the spot size of the axial magnetic field, thus
R=v,/wy— A/272k, and the self-generated axial
magnetic field is estimated as B, = Rugen,v; =
n,By/2n., where n, is the density of the electron beam.
The transverse trajectory of a nonresonance electron is
shown in Fig. 2(g). For the nonresonance electron, when it
passes through the center of the channel, the perpendicular
momentum is too large to allow the electron to be trapped by
the axial magnetic field. The amplitude of the transverse
motion of the nonresonance electron is about 3 wm, which
is almost the radius of the channel.

Figure 3(a) shows the time evolution of the maximum
electron energy, which increases dramatically soon after
the laser irradiates on the plasma and reaches a saturation
value 240 MeV after 1007. The energy spectrum of the
electrons at t = 1007 shows a rather plateau profile energy
spectrum, as is shown in Fig. 3(b). The angular distribution
of electron energy is plotted in Fig. 3(c), which shows that
the divergence angle (full angle) of the high energy elec-
trons is about 0.15 rad and the peak of the angle distribution
is at 0.2 rad, suggesting that the output electron beam is
highly collimated and the accelerated electrons are execut-
ing collective betatron motion with perpendicular velocity
(v1)~0.2c. The SMRA model predicts a divergence
angle (full angle) of the accelerated electrons, Af =
v/ co)(Aw/w;) ~0.12 rad, which agrees with the
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FIG. 3 (color online). (a) Time evolution of the maximum
electron energy. (b) Energy spectrum of electrons at t = 1007
for the CP laser pulse (black solid line) and the LP laser pulse
(red dashed line) with the same laser intensity. (c), (d) Angular
distribution of electron energy at + = 1007 for the CP laser pulse
and the LP laser pulse with the same laser intensity, respectively.
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simulation results. In order to highlight the advantages of
the SMRA regime, we compared the case by using a LP
laser pulse with the same laser intensity where the quasi-
static axial magnetic field is absent. The energy spectrum of
electrons for the LP laser case is shown in Fig. 3(b) by a red
dashed line, which shows a thermal-like distribution, as is
mentioned in Ref. [6]. The angular distribution of electron
energy for the LP laser case is shown in Fig. 3(d), which
shows a larger divergence angle and a lower energy peak.

In summary, the SMRA regime has been proposed with
the aid of analytical modeling and 3D-PIC simulations. In
combination of the self-generated magnetic fields (both in
axial and azimuthal direction) and the laser pulse, relativ-
istic electrons can experience two processes: in the trap-
ping process, the electron betatron frequencies and phases
are adjusted automatically to match the resonance condi-
tions; in the resonance process, the matched electrons are
accelerated continuously along the laser propagation di-
rection. All resonance electrons show similar dynamic
behavior, which can be explained by the SMRA model.
This SMRA regime, in which a collimated relativistic
electron beam with overcritical density, helical structure,
and plateau profile energy spectrum, can be generated,
might be very promising for x-ray production or ion
acceleration.
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