Bright attosecond γ-ray pulses from nonlinear Compton scattering with
laser-illuminated compound targets
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Attosecond light sources have the potential to open up new avenues in ultrafast science. However, the
photon energies achieveable using existing generation schemes are limited to the keV range. Here we
propose and numerically demonstrate an all-optical mechanism for the generation of bright MeV attosecond γ-photon beams with desirable angular momentum. Using a circularly-polarized Laguerre-Gaussian
laser pulse focused onto a cone-foil target, dense attosecond bunches (. 170as) of electrons are produced.
The electrons interact with the laser pulse which is reflected by a plasma mirror, producing ultra-brilliant
(∼ 1023 photons/s/mm2 /mrad2 /0.1%BW) multi-MeV (Eγ,max > 30MeV) isolated attosecond (. 260as) γ-ray
pulse trains. Moreover, the angular momentum is transferred to γ-photon beams via nonlinear Compton scattering of ultra-intense tightly-focused laser pulse by energetic electrons. Such brilliant attosecond γ-photon
source would provide new possibilities in the attosecond nuclear science.
Ultra-short pulse radiation sources are powerful tools enabling microcosmic structures and ultrafast dynamical processes to be investigated with ultrahigh timespace resolution1,2 . Furthermore, recently the generation of attosecond pulses has given rise to attosecondscience research3,4 , such as ultrafast probing and controlling sub-atomic-scale electronic and even nuclear dynamics. The interaction of ultrashort laser pulses with high
energy electron beams provides a promising approach
to produce ultrashort X-ray and even γ-ray radiation
sources. Although high-order harmonic generation5–7 in
laser-plasma interactions has been widely studied as a
way to produce intense attosecond photon sources, the
energy of the radiation is usually limited to the sub-keV
level. Tunable, multi-MeV attosecond γ-ray sources are
particularly desirable for a number of studies8,9 , such as
exploring nuclear structure, intranuclear dynamics and
nuclear resonance fluorescence. In recent years, high energy radiation sources based-on Thomson (or Compton)
scattering have been demonstrated experimentally, using laser-wakefield accelerated beams of electrons10–13 .
The photon energy achieved can be as high as several
MeV, delivered in a pulse with a duration of the order of
tens-of-femtoseconds. It is difficult to produce attosecond photon pulses by this way because the radiated photon pulse duration is determined by the shortest duration
of either the laser pulse or energetic electron bunch and
both of them are generally beyond femtoseconds in duration.
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In addition to the photon energy and pulse duration,
the angular momentum of the photon beam is also an
important property. Laser-driven energetic particle and
photon beams with angular momentum possess an additional degree of freedom. This is of importance for many
applications14–16 , including investigation of the transfer
of angular momentum between the photon and particle
beams, exploration of the structure of particles, studies involving energetic rotating systems and fundamental
physics research17,18 . Although several mechanisms19–29
have been proposed to produce short, energetic γ-ray
sources, the emitted γ-photon beams are unfavorable.
They are either not of attosecond duration19–21 , do no
have angular momentum22,23 , or both24–29 . In addition,
these approaches require either a multi-petawatt laser to
achieve the extremely high intensity and/or an additional
beam of high energy electrons. Bright attosecond γ-ray
beams with tunable angular momentum, based-on alloptical compact laser-plasma interactions, have not yet
been realized at presently available laser systems.
In this Letter, we present an all-optical laser-plasma
scheme to efficiently produce multi-MeV γ-photon pulses with attosecond duration, ultrahigh brilliance and
high tunable angular momentum. This is achieved
in the quantum radiation-dominated regime by use of
circularly-polarized (CP) laser pulse with a LaguerreGaussian (LG) mode and a target geometry which significantly enhances laser-electron scattering, as schematically illustrated in Fig. 1(a). Shaping the laser focus in
this way opens up new degrees of control on particle acceleration and photon generation. When the drive laser
pulse passes through the cone, it is focused with its inten-
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sity greatly enhanced, as shown in Figs. 1(b) and 1(c).
In this sheme, a large number of electrons are periodically dragged out from the cone walls to form a train
of dense attosecond electron bunches. In each of the
bunch trains, electrons form a donut-shaped sheet with
an ultra-short duration of hundreds of attoseconds [see
Fig. 1(d)]. This is produced by the CP LG laser fields
having unique components of electric fields in the radial and azimuthal directions, which are spatially periodic
donut-shaped. This unique arrangemnet induces electron
dynamics that is quite different from the case of a normal
CP Gaussian laser-target interaction. In our scheme, the
electrons can be efficiently accelerated in the longitudinal direction and gradually form isolated annular bunch
trains with a separation of about one laser wavelength.
The electron bunches then collide head-on with the ultraintense laser pulse reflected from the foil and nonlinear
Compton Scattering (NCS)30,31 is triggered, resulting in
dense isolated attosecond γ-photon pulse trains in the
forward direction, as shown in Fig. 1(e). Furthermore,
the angular momentum is transferred to the γ-photon
beams via the NCS of such focused intense laser pulse by
ultra-relativistic electron bunches.
In order to investigate the underlying physical processes, we have first performed full three-dimensional
particle-in-cell (3D-PIC) simulations with the QED-PIC
code EPOCH32 , where the quantum-corrected photon
emission has been incorporated33 . In the simulations, the incident laser pulse has a spatial
distribution of
√
a(LGlp ) = a0 Cpl (−1)p exp(−r2 /σ02 )( 2r/σ0 )l Llp (2r2 /σ02 )
exp(ilφ)(cos ψ~ey + sin ψ~ez ) and a trapezoidal temporal
profile of 9T0 (1T0 -7T0 -1T0 ), where σ0 = 3.5λ0 is the
laser focus spot size, λ0 = cT0 = 0.8µm is the laser wavelength, φ ∈ [0, 2π] is the azimuthal angle, ψ is the laser
phase term, Cpl is the normalized parameters, l = 1 and
p = 0 implying the LG10 laser beam with a low-order (1,
0) mode. Such a laser pulse can be obtained using optical
devices34,35 or plasma-based optical media36,37 . The normalized laser amplitude is a0 = eE0 /me cω0 = 15 with a
readily achievable pulse energy of 5J, where e, me , c are
the unit charge, the electron mass and the speed of light
in vacuum, respectively. ω0 and E0 are the laser frequency and the electric field amplitude, respectively. The size
of the simulation box is 24λ0 (x)×14λ0 (y)×14λ0 (z), sampled by 1440×280×280 cells with 16 macro-particles per
cell for the cone target and 48 macro-particles per cell for
the foil. Absorption boundary conditions are employed
for both particles and fields, and a moving window is used
to save computing resources. The cone target has a density of n0 = 25nc (where nc = me ω02 /4πe2 is the critical
density) with a longitudinal axial length of 20λ0 located
between 3 and 23λ0 . The left and right aperture radius
of the cone are R0 = 5λ0 and r0 = 1.8λ0 , respectively.
In addition, a thin solid aluminum foil with a density of
390nc is adopted as a plasma mirror with a thickness of
1λ0 .
Here the cone target acts as a plasma optical lens to
focus the laser pulse38–40 . The focused laser electric field

FIG. 1. (a) Schematic of attosecond γ-photon pulse trains generation from the laser-driven cone-foil compound target. A CP LG laser pulse (green isosurface) incident from the
left side of the simulation box irradiates a cone target (black
frame), which further focuses the laser pulse. Electrons (red
rings) are extracted from the cone walls and accelerated by
the laser fields, travelling along the x direction. Later, the
focusing laser pulse is reflected by a plasma mirror pulsed on
the surface of a dense foil (blue plate) adjacent to the cone
and collides head-on with the dense energetic attosecond electron bunches, resulting in the generation of ultra-bright multiMeV attosecond (.260as) γ-photon pulse trains. The spatial
distributions of the laser intensity in the y-z plane for the incident pulse (b) and in-cone pulse (c) are shown, where the
black-dashed circles indicate the left and right (apex) aperture profiles of the cone, respectively. Density distributions
of electrons (d) at t = 14T0 and γ-photons (e) at t = 30T0 .

shows spatially periodic, alternating positive and negative structures, which is shown in supplementary material. This plays a key role in the formation of isolated
electron atto-bunches (See details in supplementary material). The maximum energy gained by the electrons
can be calculated as
εm ∼ eĒm ld ,

(1)

where Ēm ∼ Ēx is the average accelerating gradient and ld is the accelerating distance. √
One can derive
the longitudinal electric field of Ex = 2 2E0 exp(1/2 −
r2 /σ02 )(1 − r2 /σ02 )/kσ0 from the Possion equation (∇ ·
E = 0), and obtain its average amplitude of Ēx ∼
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FIG. 2. (a) The spatial distribution of the electron energy
along the x -direction at t = 14T0 , where the red line shows
the energy gain (εe ) of electrons predicted using Eq. (1). (b)
Temporal evolution of the electron energy spectrum.

√
0.4|Ex |m ≈ 0.8 2exp(1/2)E0 /kσ0 . In our configuration, Ex is greatly increased due to the strong focusing of the laser pulse in plasmas, so that the peak energy
√ of accelerated electrons can be rewritten as εm ∼
0.8 2exp(1/2)āf oc me c2 ld /σ0 , where āf oc is the average
normalized amplitude of the focused laser. This indicates
that the electron energy gain increases with ld , which is
validated by our PIC simulations as shown in Fig. 2(a).
By taking āf oc ∼ (am + a0 )/2 ≈ 48 and ld ≈ 20λ0 for example, the maximum electron energy is about 260MeV,
which agrees well with our simulation results, as shown
in Fig. 2(b). Finally, dense isolated electron atto-bunches
with energy of hundreds of MeV are generated with a spacing of ∼ 1λ0 between the bunch trains. This effective
energetic electron atto-bunch source is very beneficial for
ultrashort γ-ray pulse generation.
In the stage of laser-driven electron acceleration, although the electrons can be accelerated to several hundreds of MeV and the LG laser intensity can be enhanced
to 1022 W/cm2 , high-energy photon emission is still very
limited in this process. This is because the contribution from the transverse electric field E⊥ to the quantum radiation-dominated parameter η can be almost fully canceled out by the v × B term in the co-propagating
stage, resulting in η → 0, where41,42
η = (γe /Es )|E⊥ + v × B|.

(2)

Here, γe is the Lorentz factor of the electrons, E⊥ is
the electric field perpendicular to the electron velocity
v, Es = m2e c3 /e~ is the critical field of QED43 and ~ is
the reduced Planck constant. For efficient high-energy
radiation emission, η & 0.1 is essential27,44,45 .
When the tightly-focused laser pulse reflects from
the dense foil, it subsequently collides with the highenergy electrons to excite the NCS process. At this
head-on collision stage, the quantum parameter is η ≈
2γe |E⊥ |/Es , which becomes much larger than 0.1 in
our configuration, so that high-energy γ-photons emission is significantly enhanced. The power of the radiation emitted by the electron can be written as Prad ≈
2eEs cαf η 2 g(η)/3,
where
√
R ∞αf is the fine-structure constant, g(η) = (3 3/2πη 2 ) 0 F (η, χ)dχ is considered as the

FIG. 3. (a) Temporal evolution of the photon yield (Nγ ), energy conversion efficiency (ργ ), and angular momentum (Lγ )
of γ-photon beams, where the gray area shows the photon
emission in the collision stage. (b) The angular-energy distribution of γ-photons and the γ-photon energy spectra at
different times. Note that here we only consider the photons
with energy >0.1MeV.

radiation correction induced by QED effects41,42 . The radiation power estimated is ∼ 2TW, which agrees reasonably with our PIC simulation result of 3TW. Figure 3(a)
presents the laser energy conversion. The energy conversion efficiency from the laser to γ-photons is as high
as 2.6‰, which is tens-fold higher than that obtained
by other plasma-based mechanisms11,12,46 . This suggests that our scheme offers an efficient approach to obtain
attosecond γ-photon pulses with intensity of 1020 W/cm2
in the multi-TW level. This in turn may enable promising avenues for studying attosecond-pump/probe experiments in a high intensity and multi-MeV range.
The definition of the beam angular momentum with
respect to the x -axis can be expressed as
X
L|x =
|ri × pi |x ∝ N r̄p̄,
(3)
i

where the subscript i denotes serial number of individual
particles, and N, r̄, p̄ are the total number, average offaxis radius, and average transverse momentum, respectively. The γ-photon emission from the NCS of energetic
electrons, where they are emitted in the direction of electron motion, whose momentum originates from the parent electrons and can be scaled as pγ ∝ η 2 g(η). One can
thus estimate
of γ-photons
P the beam angular momentum
2
as Lγ =
i |rγi × pγi |x ∝ Nγ r̄γ η g(η), where Nγ and
r̄γ are the yield and average off-axis radius of γ-photons.
As expected, the γ-photon emission can be ignored with
η → 0 at the first stage. However, the efficiency of γphotons emission becomes very high with the significant
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increase of η. Both the angular momentum and energy
conversion efficiency from the laser to γ-photons increase
accordingly, as presented in Fig. 3(a).
In our configuration, the quantum parameter η is as
high as 0.3 and the energy of the generated photons47
can be evaluated to be up to ~ω ≈ 0.44ηγe me c2 ∼
34MeV, which agrees well with the energy spectra in
Fig. 3(b). Considering a single pulse from the train,
gives a photon yield of 109 at 1MeV, a full width
at half maximum (FWHM) duration of ∼ 260as, a
source cross-section equal to ∼ 1µm2 , and a FWHM divergence of 0.2 × 0.2rad2 . This results in an γphoton source with an ultrahigh peak brilliance of ∼
1023 photons/s/mm2 /mrad2 /0.1%BW and an ultrashort
duration of < 550as per pulse at MeV energies. Here
the brilliance of the γ-ray is much higher than that obtained in current experiments11,12 . Such ultra-brilliant
MeV attosecond γ-photon beams with desirable angular momentum would offer exciting new capabilities and
opportunities for diverse studies1–4 , such as studying nuclear phenomena and structure, discovering new particles
and examining their underlying properties.
In our proposed scheme, one can manipulate the emission of γ-photons and their angular momentum by
changing the laser and target parameters. We first discuss the effect of the laser intensity, where we keep all
of other parameters unchanged but vary the normalized
laser amplitude from a0 = 10 to 40. It is shown that
γ-photon emission from energetic electrons via the NCS
process increases significantly with the laser intensity due
to η ∝ γe |E⊥ |, which is verified by the PIC simulation
results in Fig. 4(a). By using a laser with hundreds of
TW power, with a0 = 40 for example, ultra-brilliant high
angular momentum γ-photon beams can be generated efficiently with a total yield of 2.3 × 1012 and a high energy
conversion efficiency of 5.8%. In addition, we find that
the yield of γ-photons scales as Nγ ∝ a30 from numerical
simulations. Thus we can obtain the angular momentum
∼13/3
scaling of photon beams Lγ ∝ Nγ η 2 g(η) ∝ a0
in this
case, which is in good agreement with our simulation results presented in Fig. 4(a).
We also investigate the effect of the aperture size of the
cone apex on the photon emission. Figure 4(b) presents
simulation results for which r0 is varied in the range from
1λ0 to 3.5λ0 while all other parameters are unchanged.
The results show that a smaller apex aperture is beneficial for γ-photon emission. For example, by using a cone
target of r0 = 1λ0 , high-yield (1.35 × 1011 ) γ-photons
with high angular momentum (2.4×10−18 kg·m2 ·s−1 ) and
energy conversion efficiency (5.1‰) are emitted. Conversely, when increasing the apex radius to r0 = 3λ0 ,
both yield and laser energy conversion efficiency decrease
significantly, and a smaller degree of total photon angular momentum transfer occurs. This is attributed to the
focusing effect of the laser pulse in the conical plasma,
where the laser intensity can be approximately scaled as
I ∝∼ 1/r02 . However, when further increasing the radius
to, e.g. r0 = 3.5λ0 , the photon emission will change little

FIG. 4. Scaling of the photon yield (Nγ , black circles), the
laser energy conversion efficiency (ργ , red squares), and the
total photon angular momentum (Lγ , blue stars) with (a) the
laser electric field amplitude a0 and (b) the apex aperture
radius r0 of the cone. Here, the black curves indicate the
fitting of the photon yield and the blue curves present the
fitting results of angular momentum.

because the influence of cone structure becomes limited
and similar to a channel for r0 & σ0 . The corresponding
angular momentum of the photon beam is comparable to
that in the case of r0 = 2.5λ0 . This is attributed to the
relation Lγ ∝ Nγ r̄γ , which depends upon not only the
photon yield but also the off-axis radius. The angular
momentum of photon beams can therefore be approximated as Lγ ∝ r0−0.8 with Nγ ∝ r0−1.8 based upon the
PIC simulations for r0 < σ0 . This is reasonably close to
the simulation results in Fig. 4(b). Overall, our scheme
provides a practical and efficient way to optically control
ultra-bright attosecond γ-rays emission by changing the
laser intensity and target structure. This approach could
be used to control angular momentum of ultrashort γ-ray
radiation pulses in future experiments.
In conclusion, we have shown that a train of ultrabright, attosecond, energetic γ-ray pulses can be efficiently generated by NCS via the intensity enhanced
laser pulse colliding with energetic electron atto-bunches.
Moreover, one can manipulate the yield, energy conversion efficiency and angular momentum of γ-photon beams by tuning the parameters of laser intensity and cone
structure. Such unique MeV attosecond γ-ray sources
have many advantages over existing sources, which may
open up new research avenues in ultrafast science and
potentially also be applied in industry and medicine.
See supplementary material for more details on the
spatial distribution of the focused circularly-polarized
Laguerre-Gaussian laser pulse and its role in the formation of attosecond electron bunches.
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