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Abstract
Isolated multi-MeV γ-rays with attosecond duration, high collimation and beam angular momentum (BAM) may find
many interesting applications in nuclear physics, astrophysics, etc. Here, we propose a scheme to generate such γ-
rays via nonlinear Thomson scattering of a rotating relativistic electron sheet driven by a few-cycle twisted laser pulse
interacting with a micro-droplet target. Our model clarifies the laser intensity threshold and carrier-envelope phase
effect on the generation of the isolated electron sheet. Three-dimensional numerical simulations demonstrate the γ-ray
emission with 320 attoseconds duration and peak brilliance of 9.3×1024 photons s−1 mrad−2 mm−2 per 0.1% bandwidth
at 4.3 MeV. The γ-ray beam carries a large BAM of 2.8×1016

�, which arises from the efficient BAM transfer from the
rotating electron sheet, subsequently leading to a unique angular distribution. This work should promote the experimental
investigation of nonlinear Thomson scattering of rotating electron sheets in large laser facilities.
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1. Introduction

The rapid development of laser technologies promises sub-
stantial growth of peak laser intensities and thus has pushed
laser–plasma interaction to the relativistic regime over the
past several decades[1]. This has provided opportunities for
building tabletop particle accelerators and compact X/γ-ray
radiation sources[1–7]. Brilliant γ-rays in the multi-MeV
regime play an important role in fundamental science and
practical applications, such as nuclear physics, astrophysics,
radiography of dense objects and diagnosis for laser–plasma
interactions[8–15]. In particular, ultrashort multi-MeV γ-rays
with beam angular momentum (BAM) are likely to be
indispensable for time-resolved nuclear spectroscopy[16] and
nuclear resonance fluorescence, since the reaction cross-
sections depend on the angular momentum of incoming
multi-MeV γ-rays due to the conservation laws of angular
momentum[17].
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In order to obtain brilliant ultrashort X/γ-rays with
BAM, numerous schemes have been recently proposed
based on various radiation mechanisms, such as relativistic
high-order harmonics, X-ray free-electron lasers and
Thomson/Compton backscattering[18–26]. For example,
relativistic high-order harmonics with orbital angular
momentum (OAM) can be obtained via collective electron
oscillations by imprinting a relativistic laser pulse on a
solid interface[21,24]. It is also shown that fully coherent
hard X-ray OAM beams can be generated straightforwardly
via mode selection in an X-ray free-electron laser oscillator
configuration[26]. Meanwhile, high-energy X/γ-rays with
BAM can also be generated by Thomson/Compton scattering
of an intense laser pulse off a counter-propagating relativistic
electron beam[27–31]. However, the radiation sources achieved
above have limitations, including the photon energy,
brilliance, divergence and duration. In particular, it is very
challenging to produce ultra-brilliant attosecond (as) γ-rays
in the multi-MeV regime.

Recently, the vortex laser has been extensively inves-
tigated, which opens a new degree of freedom for
laser–plasma interaction. A Laguerre–Gaussian laser pulse
at relativistic intensities possesses high OAM density
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and hollow laser fields[32–36], making it interesting for
many potential applications, such as charged particle
acceleration[37–44], extreme magnetic field generation[45,46]

and X/γ-ray radiation sources[18–24]. In this paper, we propose
an all-optical scheme to generate high-brilliance isolated
attosecond γ-rays with laser parameters attainable in the
near future. In the scheme, a rotating relativistic electron
sheet with large BAM is firstly generated and accelerated
by irradiating a few-cycle twisted laser pulse onto a micro-
droplet target. Then the relativistic electron sheet collides
head-on with a counter-propagating Gaussian laser pulse,
resulting in a copious number of γ-photons being emitted.
Three-dimensional particle-in-cell (3D-PIC) simulations
demonstrate that the electron sheet can transfer about 9.8%
energy and 9.4% angular momentum simultaneously to
the photons. The γ-rays are characterized by a duration
as short as 320 as, BAM of 2.8 × 1016

� and peak brilliance
of 9.3×1024 photons s−1 mrad−2 mm−2 per 0.1% bandwidth
at 4.3 MeV.

To the best of our knowledge, high-quality isolated
attosecond electron bunches are crucial for the production
of ultra-brilliant isolated attosecond γ-rays via nonlinear
Thomson scattering. In previous works, various schemes
have been proposed for generating dense attosecond electron
bunches with low divergence and high beam charge, but it is
still a great challenge to produce an isolated attosecond
electron bunch. For example, we propose an all-optical
scheme for generating dense attosecond electron bunches
via the interaction of an intense Laguerre–Gaussian laser
pulse with a nanofiber or droplet target[47,48]. However,
the produced beam consists of a series of attosecond
electron bunches. Wu et al.[49] proposed to generate uniform
relativistic electron layers from an ultrathin solid foil.
However, the electron density and charge are very low.
Lin et al.[50] also proposed to produce isolated attosecond
electron bunches with single-cycle Gaussian pulses or tilted
laser pulses. However, the quality of the generated electron
bunches is poor.

2. Simulation setup and results

Here we schematically show the isolated attosecond γ-ray
emission from a twisted drive laser interaction with a
micro-droplet in Figure 1(a). In this scheme, the drive
laser behaves like a vortex saw, which cuts the droplet
and generates the relativistic electron sheet. The 3D-PIC
code EPOCH has been employed, which incorporates a
quantum electrodynamics module and quantum-corrected
photon emission modules[51,52]. The size of the simulation
box is x × y × z = 48λ0 × 12λ0 × 12λ0 with each cell being
of 0.02λ0 × 0.02λ0 × 0.02λ0. The time step is automatically
chosen in the simulations to guarantee numerical stability.
Absorbing boundary conditions for the fields and particles

are applied both in y and z directions. Each cell contains
64 macro-electrons and 64 macro-ions in the initial
plasma zone. A pre-ionized helium micro-droplet target
with a radius of λ0 and density of 10nc is located at
(4λ0,0,0), where nc = 1.12 × 1021 cm−3 is the critical
density for a λ0 = 1 μm drive laser pulse. It is shown
that the main simulation results remain unchanged when
λ0 = 0.8 μm or the initial electron density is set to 50nc

(see Figure S4 in the Supplementary Material). These types
of targets with different density could be generated by the
standard droplet system. A left-handed circularly polarized
Laguerre–Gaussian laser pulse with mode (1, 0) propagates
along the x-axis and is focused at the droplet target with−→a = √

2ea0rσ0σ
−2 exp

(−r2/σ 2
)

sin2 [
π (x− ct)/2τ

] ×(
sin�−→e y − cos�−→e z

)
, where a0 = 45 is the dimensionless

peak amplitude, σ = σ0

√
1+ x2/R2

L, σ0 =3.5λ0 is the
beam waist radius, RL is the Rayleigh length, � =
ω0t − k0

(
x+ r2/2RC

) − 2arctan (x/RL) + ϕ + ψ0, RC is
the curvature radius of the wave-front and ϕ denotes the
azimuthal angle. To generate a single attosecond electron
sheet, we set initially the pulse duration 2τ = 3T0 and
the carrier-envelope phase (CEP) ψ0 = 3π/2, where T0

is the laser cycle. Currently, it is challenging to generate
such a CEP stabilized, few-cycle twisted laser pulse. In
experiments, a relativistic vortex laser with the intensity of
6.3 × 1019 W/cm2 has been generated[39]. Ultra-broadband
gold gratings for near-single-cycle 100-PW laser pulse
stretching and compression were also realized[53]. One
possible method to obtain the demanded few-cycle laser
pulse is utilizing the gold gratings to post-compress a twisted
laser pulse in the near future.

2.1. The generation of rotating attosecond electron sheets

When an intense circularly polarized Laguerre–Gaussian
laser pulse illuminates the droplet, abundant electrons are
dragged out of the droplet, forming an isolated dense
electron layer, as shown in Figure 1(b). The electron
layer has a maximal density of 15nc and a duration of
330 as at t = 10T0. As the electron layer co-moves with
the laser pulse, it is continuously compressed along the
longitudinal direction with the duration decreasing to
200 as at t = 30T0. Meanwhile, more and more electrons
counterclockwise rotate around the optics axis over time. We
can also observe the signature of rotation of the relativistic
electron sheet from the projection of three-dimensional (3D)
electron trajectories in the yoz plane (see Figure S1(a) in
the Supplementary Material). These electrons are simul-
taneously confined by the transverse ponderomotive force,
Ftr = √

2ea0me0ω0c
(
2r2/σ 2 −1

)
σ0

(
kσ 2

)−1 exp
(−r2/σ 2

) ·
sin2 [

π (x− ct)/2τ
]
, which points to the optical axis and

thus pushes the electrons to the center. Here, me0 denotes
the electron rest mass and c is the speed of light in vacuum.
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Rotating attosecond electron sheets and ultra-brilliant multi-MeV γ-rays 3

Figure 1. (a) Schematic diagram of an intense Laguerre–Gaussian laser pulse interaction with a micro-droplet target. Here, the map in the xoy plane presents
the projection of electron density and the red curve in the xoz plane shows the photon density distribution along the laser axis. The U-shaped red arrow
shows the scattering process of a counterstreaming linearly polarized Gaussian laser pulse off a rotating relativistic electron sheet. (b) Transverse electron
density distribution at t = 10T0, 20T0 and 30T0, respectively. (c), (d) Electron divergence angle at t = 30T0 and evolution of the electron energy spectrum.
(e), (f) Electron distribution in the phase space

(
βx,βy

)
and (px,γ) at t = 10T0. Here, the magenta arrows in (b) denote the average transverse momentum of

electrons at each cell. The red curves in (e) and (f) represent electron numbers with respect to the longitudinal velocity βx and dephasing rate R, respectively.

This finally leads to a small electron divergence angle of
approximately 2◦ at t = 30T0, as seen in Figure 1(c). During
this process, not only is an isolated attosecond electron sheet
generated, but also its density is greatly increased[27,54,55]

and the beam divergence is decreased[56]. It is important for
the droplet target to align with the laser pulse. To generate
a dense isolated attosecond electron sheet, the droplet target
should be located in the focal spot, namely in the region
of r < σ0/

√
2. Since the droplet target is spherical, the

transverse misalignments of the sphere center may affect
the results. Therefore, the transverse misalignments should
be precisely controlled in experiments with sensing and a
control scheme of positions[57].

It is interesting to see that this isolated electron bunch
shows an initial quasi-monoenergetic distribution, as shown
in Figure 1(d), whose cut-off energy is up to 340 MeV at

t = 30T0. Figure 1(e) illuminates the electron distribution
in the phase space

(
βx,βy

)
, which shows that most elec-

trons are located within the zone βx ≈ 1. The red curve
indicates that the longitudinal velocity βx of more than
50% of electrons is larger than 0.998. Figure 1(f) presents
the electron distribution in the phase space (px,γ). Here,
one sees that γ = √

1+p2 ≈ px. Meanwhile, the dephas-
ing rate[58] R = γ − px = 1 + (qe/me0c)

∫
Exdτ < 0.125 for

more than 50% of the electrons. These electrons co-move
forward at a velocity close to c and are phase-locked swiftly
by the laser in the longitudinal direction. Since the laser
magnetic force counteracts the laser radial electric force, the
electrons are subject to null force in the transverse direction,
so that the electron layer keeps the intact structure during
the propagation. This plays a critical role for bright γ-ray
emission in the subsequent processes.
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Figure 2. (a) Normalized longitudinal electric field ax and (b) Q factor with respect to �ψ = ψ −ψ0. The red, black, blue and green curves correspond to
the cases of CEP = 0, π/2, π and 3π/2, respectively. Evolution of βx with respect to ψ −ψ0 when the CEP equals (c) 0, (d) π/2, (e) π and (f) 3π/2 in the
case of ax0 = 0.2 (dashed) and 0.998 (solid), respectively.

Since only electrons phase-locked simultaneously in
the transverse and longitudinal directions are able to be
accelerated continuously in the laser field, we may achieve
an isolated short electron bunch by manipulating electron
phase-locking. Since the laser magnetic force counteracts
the laser radial electric force in the transverse direction,
electrons can be tightly confined around the laser axis.
The transverse velocity of electrons is much less than the
longitudinal velocity, as shown in Figure 1(e). Therefore,
we ignore the transverse electron motion in the following
analysis, which agrees with our particle-in-cell (PIC)
simulation results. The electrons’ motion in one-dimensional
approximation can be described by dpx/dt = −qeEx and
d
(
γme0c2

)
/dt = −qevxEx. We have ax = qeEx/me0ω0c =

−ax0sin2 [
π (x− ct)/2τ

]
cosψ , where ax0 = 2

√
2ea0/k0σ0

and ψ = ω0t − k0x +ψ0. For a short laser pulse, ax depends
sensitively on the CEP, as shown in Figure 2(a). Here, the
longitudinal velocity of electrons can be derived from the
equations above:

βx = 1− (1−ax0Q)2

1+ (1−ax0Q)2 , (1)

where the factor Q = (1/2)sinψ −[
τ/(4τ −2)

]
sin[(2τ −1) ·

ψ/2τ + ψ0/2τ ] − [
τ/(4τ +2)

]
sin[(2τ +1)ψ/2τ − ψ0/

2τ ] + [
1/

(
8τ 2 −2

)]
sinψ0. The Q factor always ranges

from −1 to 1 for different ψ0, as shown in Figure 2(b).
We can derive the local maximum nodes ψmax = 2kπ +π/2
from the equation dβx/dψ = 0, where k = 0, ± 1, ± 2, · · · .
Here, k = 0, 1, 2 when the pulse duration 2τ = 3T0.
Obviously, only when k = 2 and the CEP ψ0 = 3π/2, namely
ψ = ψmax = 9π/2 and �ψ = ψ −ψ0 = 3π , Q = 1 and βx

reaches the peak βx,peak = [
1− (1−ax0)

2]/
[
1+ (1−ax0)

2].
When we set a longer pulse duration, the number of local
maximum nodes will increase. The CEP ψ0 for the peak of

βx also alters. To phase-lock electrons, βx,max = 1 should be
satisfied and we obtain ax0 = 1. Actually, considering the
influence of Guoy phase and focal spot variation, βx,peak is
always less than 1. Therefore, ax0 ≥ 1 is required to guarantee
the electron phase-locking. As ax0 = 2

√
2ea0/k0σ0, exact

solution for the equations reads

a0 ≥ k0σ0

2
√

2e
. (2)

Figure 2(c)–2(f) present the evolution of the longitudinal
electron velocity βx with respect to �ψ = ψ − ψ0 for
ax0 = 0.2 (dashed) and 0.998 (solid), respectively. The
maximum nodes �ψ = 2kπ +π/2 −ψ0 remain unchanged
for different ax0. However, the corresponding βx quickly rises
when ax0 increases from 0.2 to 0.998. Considering the Guoy
phase and multi-dimensional effects, when Equation (2) is
satisfied, βx approaches the speed of light at these nodes so
that the electrons remain phased-locked. Therefore, electron
bunches may form at �ψ = 2kπ +π/2−ψ0 when the CEP
is equal to ψ0. However, when ψ0 = 3π/2, βx at the local
maximum node π and 5π may be much less than that of the
node 3π , as shown in Figure 2(f). In this case, electrons may
be phase-locked only at the node 3π . In this way, we may
generate an isolated electron bunch by setting the CEP to
3π/2. When the CEP is set to 0, π/2 or π , βx at two local
maximum nodes is much larger than that of another node.
When the condition in Equation (2) is satisfied, electrons
may pile up at the two nodes. Meanwhile, the number of
generated γ-ray bunches in the nonlinear Thomson scattering
process is determined by the number of electron bunches.
The degree of isolation of attosecond electron beams or
γ-rays is also of importance in the experiments, since non-
isolated pulses are not applicable in ultrafast dynamics
researches. Thus, the CEP should be set to 3π/2 to
generate an isolated γ-ray bunch, which is consistent with the
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Figure 3. (a)–(d) Electron density distribution at t = 10T0 and (e)–(h) corresponding electron energy distribution at t = 30T0 in the xoy plane when ψ0 = 0,
π/2, π and 3π/2, respectively.

one-dimensionless model. Furthermore, for a longer pulse
duration, the formation of an isolated electron sheet and an
isolated γ-ray bunch becomes difficult, since electrons will
simultaneously bunch at multiple nodes.

To verify the one-dimensionless model, we carry out a
series of 3D-PIC simulations by changing the laser CEP ψ0,
and keeping other parameters unchanged. The simulation
results are shown in Figure 3. When the CEP ψ0 = 0, two
electron bunches with different density form at x = 7.75λ0

and x = 8.75λ0. When ψ0 rises to π/2, the electron bunches
are pushed rightwards to 8λ0 and 9λ0, respectively. Mean-
while, the density and energy distributions of the electron
bunches also change. When ψ0 further increases to π , the
electron bunches are pushed to the right-hand side further.
The electron bunch at x = 8.25λ0 is subjected to the peak
electric field and its energy achieves maximum. When the
CEP ψ0 = 3π/2, there is only one isolated electron bunch
at x = 8.5λ0, which is consistent with the one-dimensionless
model. In summary, when the CEP ψ0 increases to π/2, the
electron bunch will be shifted rightwards by about 0.25λ0,
and the density and energy are also regulated. In particular,
when ψ0 = 3π/2, an isolated dense attosecond electron
bunch with higher energy may be generated as electrons
are close to the central zone of the laser envelope. We can
also increase the number of electron bunches by using a
laser pulse with longer pulse duration. It is demonstrated
by 3D-PIC simulations that an isolated electron bunch can
be produced when the pulse duration 2τ = 3T0 and the
CEP ψ0 = 3π/2, which agrees well with our predictions
above.

2.2. The production of isolated attosecond γ-rays

In our configuration, such an isolated energetic electron
bunch collides head-on with a scattering laser pulse. The
scattering pulse is a counterstreaming linearly polarized
Gaussian laser pulse with a dimensionless peak amplitude of
a1 = 45. The duration and focal spot radius are τ1 = 6T0 and
σ1 = 3.5λ0, respectively. The laser electric field is along the
y direction. As the duration τ1 increases, the number, energy
and BAM of γ-photons also linearly rise (see Figure S8 in
the Supplementary Material). Figure 4(a) shows the density
distribution of high-energy γ-photons with energy of more
than 1 MeV situated at x = 33.74λ0, 33.78λ0 and 33.88λ0.
The peak density and corresponding total number of
γ-photons are as high as 45nc and 2.1 × 1010, respectively.
The produced γ-photons via nonlinear scattering off
electrons show rotations in the same direction as electrons.
Figure 4(b) shows the angular distribution of γ-photons
(Eγ > 1 MeV), where θ denotes the angle between the
x-axis and the photon momentum and φ is the crossing angle
between the y-axis and the transverse momentum of photons.
In the polarization plane xoy, the maximum emission angle

of γ-photons is
√

θ2
e +a2

1/γ
2
e ≈ 4.2◦, which is consistent with

the simulation result of 4◦. In the orthogonal plane xoz, the
emission angle approaches

√
θ2

e +1/γ2
e ≈ 2◦, in excellent

agreement with the simulation results. In classical nonlinear
Thomson scattering, it is demonstrated theoretically and
experimentally that the γ-photons are produced mainly along
the polarization direction, and the angular distribution of
γ-photons usually peaks at φ = 0◦ or 180◦[31,59]. However,
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Figure 4. (a) Density distribution, (b) angular distribution, (c) energy distribution and (d) energy spectrum and brilliance of high-energy γ-photons with
energy of more than 1 MeV at t = 35T0. Here, the magenta arrows in (a) denote the average transverse momentum of γ-photons at each cell. The black
double-headed arrow in (b) denotes the polarization direction.

the angular distribution in Figure 4(b) is not consistent with
this prediction. The distribution of γ-photon divergence is
split into two fragments at φ = 0◦ or 180◦. The average
crossing angle between the y-axis and each fragment is α.
This characteristic is also obvious at t = 45T0 (see Figures
S1(b) and S1(c) in the Supplementary Material). However, if
the colliding laser is replaced by a circularly polarized pulse,
the angular distribution will become circularly symmetric,
as shown in Figure S2(a) (Supplementary Material). Since
the rotating attosecond electron sheets carry BAM, we thus
deduce that the splitting of divergence distribution may result
from the BAM transfer during the photon emission. In the
scattering processes γ-ray photons absorb abundant BAM
and gain transverse momentum from the relativistic electron
layer, which may result in the splitting of divergence distri-
bution. The unique angular distributions of γ-ray photons
may provide a new signature in the Thomson backscattering
experiments to distinguish whether the γ-ray beams carry
BAM. The BAM transfer during the laser–plasma interaction
will be investigated in the following paragraph.

After the colliding laser is scattered, the photon energy
increases by 4nγ2

e/
(
1+a2

1/2
)

based on simultaneous rela-
tivistic Doppler upshift and multi-photon absorption, where
n ∝ a3

1 is the order of harmonics[29,31]. Figure 3(c) shows that
the energy distribution of γ-photons is circularly symmetric.
Due to Eγ = pγc, the momentum distribution of γ-photons is
also circularly symmetric. Since the maximum γe is approxi-
mately 680 at t = 30T0, this multi-photon process dominates
the nonlinear scattering process so that the γ-photon energy
approaches eventually 100 MeV with an average energy of

18.4 MeV, as shown in Figure 4(d). We also calculate the
photon brilliance with respect to different photon energy by
assuming the root mean square (rms) values of the transverse
size of 1.7 μm×1.7 μm. It is shown that the peak brilliance
of the generated isolated attosecond γ-photons is up to
9.3 × 1024 photons s−1 mrad−2 mm−2 per 0.1% bandwidth
at 4.3 MeV.

3. Discussion

In order to investigate the OAM transfer during the laser–
plasma interaction, we present the evolution of total energy
and BAM of electrons and γ-photons in Figure 5(a). Since
the electron layer is generated and phase-locked, electrons
are continuously accelerated by the twisted laser pulse. The
total electron energy (Et,e) and BAM (Lt,e) synchronously
increase, where Lt,e = ∑n

i=1

(
yipz,i − zipy,i

)
with yi, zi, pz,i

and py,i being the electron transverse coordinates and
momentum, respectively. It is shown that the Et,e and
Lt,e achieved are 0.38 J and 3.1 × 1017

� at t = 31T0,
respectively. When the flying electron layer encounters the
counter-propagating laser pulse at t = 31T0, the electron
energy and total BAM are simultaneously transferred to the
γ-photons via nonlinear Thomson scattering so that both the
electron total energy and BAM decrease. Our simulations
indicate that about 9.8% electron energy and 9.4% BAM are
transferred to γ-photons in this nonlinear process. This is
the reason why the γ-photon energy and BAM sharply rise
from t = 31T0. Finally, the total photon energy and BAM
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Figure 5. (a) Evolution of energy and BAM for electrons and
γ-photons. (b) Distribution of the average OAM L along energy E.
(c) Spectrum of L for electrons and γ-photons. Influence of the laser
intensity a0 on the (d) energy and BAM conversion efficiency ηE and ηL,
(e) energy spectrum and (f) brilliance of γ-photons.

reach 0.037 J and 2.8×1016
�, respectively, after which both

saturate due to the termination of laser interaction. Due to
the high transfer efficiency of BAM, the BAM of γ-photons
here is four orders of magnitude higher than that using
nonlinear Compton scattering of an intense twisted laser
pulse at ultra-relativistic electrons with γe = 104[23].

We provide in the following a simple model to explain
the BAM transfer process. Here the average photon energy
Eγ = pγc while the average electron energy Ee =(
γe −1

)
me0c2 ≈ pec when γe � 1. Therefore, the average

energy of γ-photons and electrons satisfies Eγ/Ee ≈ pγ/pe.
As γ-photons inherit the position of the parent electrons
during the scattering process, the average OAM of γ-photons
and electrons satisfies Lγ/Le = pγ/pe

[20]. Therefore, the ratio
of average energy and OAM for γ-photons and electrons
Eγ/Ee ≈ Lγ/Le. The ratio of total energy and BAM for
γ-photons and electrons approaches the following:

Et,γ

Et,e
≈ Lt,γ

Lt,e
∝ a0, (3)

which indicates that the electron energy and BAM are
transferred to the γ-photons for the same proportion as
given in Figure 5(a). Therefore, we can obtain the BAM of
γ-rays from the energy conversion efficiency from electrons

to γ-photons ηE. It is interesting to see that for electrons
or photons with different energy, as shown in Figure 5(b),
the ratio of the average OAM L and the average energy E
is approximately equal, namely Le/Ee ≈ Lγ/Eγ, which is
consistent with the above deduction. Figure 5(c) presents
the spectrum of L for electrons and γ-photons. The electron
OAM ranges from 0 to 1.0×108

� and is along the positive
x-axis. However, the L spectrum of γ-photons is much
narrower. Due to the linear relation of the OAM L and energy
E, γ-photons with low energy carry low L. Since low-energy
photons are in the majority, the L spectrum of γ-photons has
a peak near L = 0.

We also investigate the evolution of the γ-photon energy
and BAM in the case of a circularly polarized Gaussian
scattering pulse with the same pulse energy. It is shown
that the evolutions of γ-photon energy and BAM are
similar in both cases. Because the energy and BAM of the
γ-photons originate mainly from the electron layer according
to Equation (3), the polarization of the scattering laser
pulse does not influence the final photon energy and BAM
(see Figure S2 in the Supplementary Material). As the
laser intensity a0 increases, the total energy and BAM of
electrons or γ-photons quickly rise (see Figure S3 in the
Supplementary Material). Meanwhile, the energy and BAM
conversion efficiency ηE and ηL also rise linearly.
Furthermore, the electron energy and BAM are transferred
to the γ-photons for the same proportion, that is, ηE ≈ ηL.
Figures 5(e) and 5(f) show the energy spectrum and
brilliance of γ-photons. As the laser intensity increases,
the average energy and duration of the γ-photons also rise.
When the laser intensity a0 = 30, the peak brilliance of
the generated isolated attosecond γ-photons is maximal,
which is up to 1.0×1025 photons s−1 mrad−2 mm−2 per 0.1%
bandwidth at 2.1 MeV. Therefore, we can manipulate the
energy, BAM and brilliance of γ-rays by changing the drive
laser intensity a0. We also investigate the influence of the
initial plasma density and the droplet radius. It is shown
that the main simulation results remain unchanged when the
initial electron density increases to 50nc or the droplet radius
increases from 0.5λ0 to 1.5λ0 (see Figures S4–S6 in the
Supplementary Material). The robustness of the scheme has
been also confirmed by the simulations with consideration of
the pre-expansion of the micro-droplet target (see Figure S7
in the Supplementary Material).

4. Conclusions

In conclusion, we have proposed a new all-optical scheme
to generate ultra-brilliant attosecond γ-ray beams with
BAM via the nonlinear Thomson scattering of a counter-
propagating intense laser pulse off a laser-driven ultra-
relativistic electron sheet from a micro-droplet target. This
work should promote the experimental investigation of
nonlinear Thomson scattering of rotating electron sheets in
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large laser facilities. The achieved singe isolated γ-ray beam
with ultra-high brilliance, small divergence and large BAM
has potential applications in nuclear physics, astrophysics,
radiography of dense objects and diagnosis for laser–plasma
interaction.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (Nos. 12105362, 12375244, 12275356,
12135009, U2241281 and 12175310), the Natural Science
Foundation of Hunan Province (No. 2022JJ20042) and
the Innovation Foundation for Graduate Students (No.
CX20220048).

Supplementary material

The supplementary material for this article can be found at
https://doi.org/10.1017/hpl.2024.66.

References

1. G. A. Mourou, T. Tajima, and S. V. Bulanov, Rev. Mod. Phys.
78, 309 (2006).

2. A. Pukhov and J. Meyer-ter-Vehn, Appl. Phys. B 74, 355
(2002).

3. J. Faure, Y. Glinec, A. Pukhov, S. Kiselev, S. Gordienko, E.
Lefebvre, J.-P. Rousseau, F. Burgy, and V. Malka, Nature 431,
541 (2004).

4. C. G. R. Geddes, C. Toth, J. van Tilborg, E. Esarey, C.
B. Schroeder, D. Bruhwiler, C. Nieter, J. Cary, and W. P.
Leemans, Nature 431, 538 (2004).

5. S. P. D. Mangles, C. D. Murphy, Z. Najmudin, A. G. R.
Thomas, J. L. Collier, A. E. Dangor, E. J. Divall, P. S. Foster,
J. G. Gallacher, C. J. Hooker, D. A. Jaroszynski, A. J. Langley,
W. B. Mori, P. A. Norreys, F. S. Tsung, R. Viskup, B. R.
Walton, and K. Krushelnick, Nature 431, 535 (2004).
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