
 

Extremely Dense Gamma-Ray Pulses in Electron Beam-Multifoil Collisions
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Sources of high-energy photons have important applications in almost all areas of research. However, the
photon flux and intensity of existing sources is strongly limited for photon energies above a few hundred
keV. Here we show that a high-current ultrarelativistic electron beam interacting with multiple
submicrometer-thick conducting foils can undergo strong self-focusing accompanied by efficient emission
of gamma-ray synchrotron photons. Physically, self-focusing and high-energy photon emission originate
from the beam interaction with the near-field transition radiation accompanying the beam-foil collision.
This near field radiation is of amplitude comparable with the beam self-field, and can be strong enough that
a single emitted photon can carry away a significant fraction of the emitting electron energy. After beam
collision with multiple foils, femtosecond collimated electron and photon beams with number density
exceeding that of a solid are obtained. The relative simplicity, unique properties, and high efficiency of this
gamma-ray source open up new opportunities for both applied and fundamental research including
laserless investigations of strong-field QED processes with a single electron beam.
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The generation of high-energy, dense, and collimated
photon beams is of great interest both to fundamental and
applied research. Indeed, such beams enable new avenues
for research in strong-field QED, relativistic plasma astro-
physics, and high-energy physics [1–4]. In particular, solid-
density photon beams allow matterless photon-photon
physics studies, where traditional schemes are limited in
luminosity due to the low density of high-energy photons
[5]. A source of high-energy, solid-density photon beams
also enables the generation of neutral collimated ultradense
electron-positron jets, opening a unique portal to novel
relativistic laboratory astrophysics studies [6–9]. Moreover,
energetic solid-density electron and photon beams make it

possible to access important unexplored regimes in high-
density beam physics [10,11]. Furthermore, intense sources
of high-energy photons have broad applications in industry,
medicine, and materials science [12–15].
The growing interest in intense high-energy photon

sources has recently stimulated several proposals to further
increase the attainable photon energy and flux. These pro-
posals include high-power laser-plasma interactions [16–29],
plasma instabilities [30], QED cascades [31,32], multiple
colliding laser pulses [33,34], and beamstrahlung [35–37]. A
number of experiments, where the generated photon beam
properties could be accurately measured and tuned, were also
successfully performed [38–45]. In those schemes, however,
the achievable density remains less than ∼1024 m−3.
Here we introduce a novel concept for an ultraintense

gamma-ray source based on the interaction of a single
high-current ultrarelativistic electron beam with multiple
submicrometer-thick conducting foils (see Fig. 1).
By using fully 3D particle-in-cell (PIC) simulations,
we show that (i) an ultrarelativistic (10 GeV), dense
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(4.7 × 1027 m−3) electron beam can be radially focused up
to 4.5 × 1029 m−3, i.e., beyond the 1.8 × 1029 m−3 elec-
tron density of solid aluminum; (ii) electron beam focus-
ing is accompanied by intense synchrotron photon
emission with more than 30% of the electron beam energy
eventually converted into a 2.8 × 1029 m−3 peak density
collimated gamma-ray beam (with a maximum density of
8.5 × 1029 m−3 achieved in the course of the interaction);
(iii) when the electron beam density exceeds the foil
electron density, the beam self-fields expel the target
electrons and create an electron-depleted channel through
the foil. The fields experienced by the beam electrons
inside the plasma channel are so high that the quantum
parameter χ ≈ γjf⊥j=eFcr exceeds unity [46,47]. Here
f⊥ ¼ qðE⊥ þ β × BÞ is the Lorentz force transverse to
the beam velocity, γ the beam relativistic factor, q ¼ −e
the electron charge, Fcr ¼ m2

ec3=eℏ ≈ 1.3 × 1018 V=m the
QED critical field [4,46,47]. This opens up the possibility
of laserless strong-field QED investigations with only one
ultrarelativistic electron beam [48].
We start by considering the free propagation of an

electron beam in vacuum. The electric E and magnetic
B self-fields of a cold electron beam in vacuum are related
by B ¼ β × E [49], where β ¼ v=c is the normalized beam
velocity (Gaussian units are employed for equations). Thus,
f⊥ ¼ qE⊥=γ2 is strongly suppressed for large γ, and the
beam propagates almost ballistically over relatively long
distances in vacuum.
When a beam collides with a conductor, it can be subject

to strong near-field coherent transition radiation (CTR),
which alters the nearly perfect cancellation of the electric
and magnetic terms in the Lorentz force. Electromagnetic
boundary conditions require that the electric field compo-
nent tangential to the surface of a perfect conductor must be
continuous and zero at the conductor surface, whereas the
tangential magnetic field can be discontinuous and remains
large [49]. Thus, when an electron beam encounters a
conductor, the magnetic term of the Lorentz force, which
drives beam focusing, can overcome the electric term,
which drives beam expansion. Effectively, when the beam
length is smaller than its transverse size, this process can be
visualized as a beam colliding with its image charge (see
below and Supplemental Material [50] for details on the
near-field CTR fields, which include Refs. [51–56]). Notice

that a large f⊥ naturally results in intense emission of
radiation. For instance, in the classical regime the radiated
power (mean photon energy) is proportional to γ2f 2⊥
(γ2f⊥) [47,49].
For modeling, we consider an ultrarelativistic cold

electron beam with cylindrical symmetry around its
propagation axis x. The description is simplified by
employing cylindrical coordinates with r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ z2

p
,

θ ¼ arctanðz=yÞ, and x being the radial, azimuthal and
vertical components, respectively. We assume that cylin-
drical symmetry is preserved throughout the interaction.
Hence, fields are independent of θ, the azimuthal electric
field Eθ and the radial Br and vertical Bx components
of the magnetic field are zero. Here beam and conductor
fields are denoted by the superscript b and c, respectively.

For an ultrarelativistic charge distribution ρðx; r; tÞ ¼
ρ0e−r

2=2σ2⊥e−ðx−x0−vtÞ
2=2σ2k with Ne electrons, initial position

x0, velocity v along x, and peak charge density
ρ0 ¼ qNe=ð2πÞ3=2σ2⊥σk, Eb

r ≫ Eb
x ≈ 0,

Eb
r ðx; r; tÞ ¼

2qNeffiffiffiffiffiffi
2π

p
σkr

�
1 − e−r

2=2σ2⊥

�
e−ðx−x0−vtÞ

2=2σ2k ; ð1Þ

and Bb
θðx; r; tÞ ¼ βEb

r ðx; r; tÞ, provide an approximate sol-
ution to Maxwell equations up to terms of order 1=γ2

around the beam [48]. To evaluate Ec
rðx; r; tÞ and

Bc
θðx; r; tÞ, we consider a flat perfectly conducting foil

with front surface at x ¼ 0. When the electron beam is
outside the conductor, the method of images can be
employed for determining Ec

rðx; r; tÞ and Bc
θðx; r; tÞ in x <

0 [57]. This method cannot be applied when the beam
enters the foil, because the image would be located in
x < 0, where conductor fields must satisfy source-free
Maxwell equations. However, when σ⊥ ≫ σk one can
approximate Ec

rðx; r; tÞ and Bc
θðx; r; tÞ with the image

charge fields. This “reflected-field” approximation holds
because CTR, which is emitted with transverse size σ⊥ and
typical wavelength σk, undergoes weak diffraction over a
Rayleigh length of approximately σ2⊥=σk ≫ σk from the
boundary. The opposite limit σ⊥ ≪ σk, corresponds to the
magnetostatic approximation, yielding a vanishingBc

θ and a
surface-localized Ec

r (see Supplemental Material [50]).
Note that beam focusing in the σ⊥ ≪ σk limit has been
demonstrated in accelerators [58–62].
The electron beam to radiated energy conversion effi-

ciency η can be calculated from Er ¼ Eb
r þ Ec

r and
Bθ ¼ Bb

θ þ Bc
θ, where Eq. (1) is employed for the beam

and image charge fields. The average energy radiated per
particle per unit time is conveniently approximated as [47]
_εγ¼2αmec2χ2=3τc½1þ4.8ð1þχÞlnð1þ1.7χÞþ2.44χ2�2=3,
where α ¼ e2=ℏc is the fine-structure constant, τc ¼
ℏ=mec2 is the Compton time, and χ ≈ γjEr − Bθj=Fcr.
Thus,

FIG. 1. Schematic setup. An ultrarelativistic electron beam
sequentially collides with aluminum foils. At each beam-foil
collision, a strong transverse force which focuses the electron
beam and leads to copious gamma-ray emission is induced.
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η ¼ 2π
Rþ∞
−∞ dt

R
0
−∞ dx

Rþ∞
0 drrρðx; r; tÞ_εγ½χðx; r; tÞ�
γmec2qNe

: ð2Þ

In Eq. (2) we have assumed that all electrons have the same
initial momentum and energy γmec2. Furthermore, we have
neglected the change in γ during the beam-foil interaction.
The triple integral in Eq. (2) can be carried out numerically.
Figure 2 shows the results of 3D PIC simulations of a

cold electron beam colliding with one 0.5 μm-thick
aluminum foil. The electron beam has 2 nC charge,
10 GeV energy, and Gaussian spatial distribution with
σk ¼ 0.55 μm, σ⊥ ¼ 1.25 μm, and 9.2 × 1026 m−3 density.
Figure 2(a) displays a snapshot of the electron beam density
when the beam center has reached the front surface of the
foil. Figures 2(b) and 2(c) show the transverse magnetic
B⊥ and electric field E⊥, respectively. While B⊥ is
amplified and its peak value nearly doubles with respect
to the beam self-field (3.1 × 104 T), E⊥ is suppressed and
much smaller than the beam self-field (9.4 × 1012 V=m).
Figure 2(d) [Fig. 2(e)] plots η during single electron

beam-foil collision with the same parameters as above but
for σk ¼ 0.55 μm (σ⊥ ¼ 0.55 μm) and σ⊥ (σk) ranging
from 0.275 to 1.25 μm. Black circles and blue circles
correspond to 3D PIC simulation and reflected-field model
results, respectively. These simulations confirm that the
mechanism of beam focusing and photon emission is robust
and effective. Indeed, as shown in the Supplemental
Material [50], dense collimated photon beams can already
be generated with the electron beam parameters attainable
at existing accelerator facilities such as FACET-II [63].
Figures 2(d)–2(e) show that simulation results approach

the prediction of the reflected-field model with increasing
(decreasing) σ⊥ (σk). For beam density smaller than the foil
electron density, simulations indicate that foil thickness is
irrelevant provided that collisions and plasma instabilities
remain negligible. By contrast, foil thickness is important
when the electron beam density exceeds the conductor
density [48]. Note that synchrotron photon emission also
occurs when the beam exits the foil, as Er is suppressed at

the rear foil surface and Bθ grows gradually during the
beam exit [64]. However, for σ⊥ ≳ σk, the contribution of
the rear surface to the radiated energy is subdominant, and
is neglected in our model.
The above considerations suggest that the focusing and

radiative effects can be substantially enhanced by colliding
the self-focused beam with further foils. In fact, the
increased beam density results in stronger self-fields,
thereby amplifying both self-focusing and photon emission
at successive collisions (see Figs. 3–4). Note that, for
efficient self-focusing, the distance between two consecu-
tive foils needs to be sufficiently large to allow beam self-
field restoration around its propagation axis (r≲ σ⊥). This
requires that the travelled distance is much larger than σ⊥.
Furthermore, the interfoil distance needs to be short enough
to prevent beam expansion. This can be estimated by
considering the effect of jf⊥j ≈ j2qBθj calculated at x ≈
x0 þ vt and r ≈ σ⊥, i.e., where focusing is stronger. For
σ⊥ ≳ σk, CTR extends approximately over a distance
σ2⊥=σk, which is larger than the beam length σk. Thus,
jf⊥j lasts for approximately σk=c, and the deflection angle
is ϑ ≈ jf⊥jσk=γmec2. Hence, to prevent defocusing the
interfoil distance must be much smaller than σ⊥=ϑ. Also,
for effective focusing, ϑmust be much larger than the beam
angular spread Δϑp⊥=pk ≈ ϵn=γσ⊥, where ϵn is the normal-
ized beam emittance.
In our multifoil 3D PIC simulations, the electron beam

has 2 nC charge, Gaussian spatial and momentum distri-
butions with σk ¼ σ⊥ ¼ 0.55 μm, 10 GeV mean energy,
212 MeV FWHM energy spread, and 3 mm-mrad normal-
ized emittance (ϑ ≈ 2 mrad with these parameters).
Comparable parameters are expected at the advanced
stage of FACET-II by employing a plasma lens [63,65].
The beam collides with 20 consecutive aluminum foils with
0.5 μm thickness, 10 μm interfoil distance, and
1.8 × 1029 m−3 initial electron density. The computational
box size is 6.6 μmðxÞ × 8.8 μmðyÞ × 8.8 μmðzÞ with
528ðxÞ × 352ðyÞ × 352ðzÞ grid points, 4 particles-per-cell
(ppc) for beam electrons and 8 ppc for foil electrons and

FIG. 2. (a) Electron beam density, (b) transverse magnetic field, and (c) transverse electric field in the collision with a 0.5 μm-thick
aluminum foil. For comparison, the peak magnetic and electric beam self-fields are 3.1 × 104 T, and 9.4 × 1012 V=m, respectively.
(d) Electron beam to radiation energy conversion efficiency η as a function of σ⊥ in the collision with one foil. The electron beam has
2 nC charge, 10 GeV energy, and σk ¼ 0.55 μm. Black circles: 3D PIC simulations results; blue circles: reflected-field model
predictions. (e) Same as in panel (d) but for σ⊥ ¼ 0.55 μm and as a function of σk.
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ions were used. The moving window technique was
employed to follow the beam evolution. Simulations
were independently performed with Smilei [66,67] and
CALDER [68] PIC codes with good agreement. The initial
self-consistent beam fields, the effect of field and colli-
sional ionization and binary Coulomb collisions were
included. Synchrotron and bremsstrahlung emission, and
multiphoton Breit-Wheeler and Bethe-Heitler pair produc-
tion were implemented with state-of-the-art Monte Carlo
methods [48,67,69,70]. Consistent with the submicro-
meter foil thickness, simulations showed that collisional
processes are negligible.
Figure 3 displays snapshots of the electron and gamma-

ray beam evolution (see Supplemental Material [50] for a
movie). Until the 6th foil, the beam interacts with the field
“reflected” by each foil. This leads the beam to self-focus
and gradually become denser (see the first to third column
of Fig. 3). The electron beam density rises from its initial
value of 4.7 × 1027 to 8.2 × 1028 m−3 after the 6th
foil, while the maximum photon density and χ are
2.9 × 1028 m−3 and 0.8, respectively [see Fig. 3(a3)–
3(d3)]. During (immediately after) the interaction with
the 7th foil, the electron beam density reaches 3.8 ×
1029 m−3 (4.5 × 1029 m−3), which exceeds the electron
foil density of 1.8 × 1029 m−3. Hence, the foil is unable to
reflect the fields of the beam, and a channel where foil
electrons are expelled is created [see Fig. 3(b4)–3(c4)].

FIG. 3. Beam evolution. First column, initial electron beam density (a1), its magnetic (b1) and electric (c1) fields, and the initial
photon density (d1). Second to sixth column, same quantities as in the first column but at the 3rd (a2)–(d2), the 6th (a3)–(d3), the 7th
(a4)–(d4), the 12th (a5)–(d5), and the 16th (a6)–(d6) beam-foil interaction, respectively.

FIG. 4. (a) Initial (black dashed line) and final (blue line)
electron beam energy distribution. (b) Final photon spectrum.
The inset displays η as a function of the number of foils crossed
by the electron beam.
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Here χ and the photon beam density rise up to 3 and
4.1 × 1029 m−3, respectively. The overall maximum
gamma-ray density of 8.5 × 1029 m−3 is reached immedi-
ately after electron beam interaction with the 8th foil.
Moreover, a fraction of approximately 10−4 photons with
energies > 2mec2 convert into e−eþ pairs via the multi-
photon Breit-Wheeler process. Electron beam density stops
increasing when it becomes larger than the foil electron
density. In the following beam-foil collisions, the electron
beam density profile undergoes longitudinal modulations,
the reflected field strength being dependent on the longi-
tudinal position and stronger around the rear part of the
beam [Fig. 3(a5)–3(a6)].
Figure 4(a) plots the initial (black dashed line) and final

(blue line) electron beam energy distribution after the
interaction with 20 consecutive foils. The broad distribution
around approximately 5 GeV results from intense synchro-
tron emission occurring in the central and rear parts of the
electron beam. The residual peak around the initial electron
beam energy is indicative of the small synchrotron and
collisional energy losses in the front part of the beam,
which experiences only weak amplitude CTR. Figure 4(b)
reports the final photon spectrum and the conversion
efficiency η (inset) as a function of the number of crossed
foils. The increase in η at the 7th foil is due to the extremely
high beam density and, consequently, to the ultrastrong
fields induced inside the foil. After colliding with 20 foils,
more than 30% of the electron beam energy is converted
into a collimated (5 mrad rms photon energy angular
distribution), 4 fs FWHM duration, 2.8 × 1029 m−3 peak
density gamma-ray pulse.
In summary, we have introduced a new scheme to

efficiently produce extremely dense gamma-ray beams
from the interaction of a high-current ultrarelativistic
electron beam with a sequence of thin foils. This scheme
also provides a promising route for producing solid-density
ultrarelativistic electron beams and for exploring strong-
field QED processes with a single electron beam, that is,
without the need of an external powerful laser drive. In fact,
following a methodology analogous to that employed with
intense laser pulses [43–45], the field experienced in situ by
the electron beam and the ensuing strong-field QED effects
can be inferred by measuring particle angular distributions,
spectra, and photon and pair yields along with CTR
[71–74].

This work was performed in the framework of the E-305
Collaboration. E-305 is a SLAC experiment whose aims
include the generation of bright gamma rays, in particular,
in electron beam-solid interaction. Based on the findings of
this work, the E-332 experiment on solid-density gamma-
ray pulse generation in electron beam-multifoil interaction
has been developed and approved, and will be carried out at
SLAC. This article comprises parts of the Ph.D. thesis
work of Archana Sampath, submitted to the Heidelberg
University, Germany. The work at LOA was supported by

the European Research Council (ERC) under the European
Unions Horizon 2020 research and innovation programme
(Grant Agreement No. 715807). We acknowledge GENCI
for granting us access to the supercomputer Irene under the
Grant No. A0080510786 to run CALDER simulations. The
work at SLAC was supported by U.S. DOE FES
Grant No. FWP100331. UCLA was supported by U.S.
Department of Energy Grant No. DE-SC001006 and NSF
Grant No. 1734315.
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