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Coherent radiation produced by relativistic charged bunches is nowadays of great interest for user-
oriented applications and high-resolution diagnostics. Here we present experimental results obtained by
using a temporal monitor based on the electro-optical sampling that allows us to reveal the features of the
radiation emitted in terahertz range by ultrashort electron bunches moving in proximity to a nonlinear
crystal. We investigate the radiation properties both in near- and far-field conditions by employing electron
beams accelerated by a conventional photoinjector and through laser-plasma interactions. Our results
indicate that the emitted radiation moves collinearly with the beam in one case, while its properties
resemble those of the classical Cherenkov radiation in a second case.
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I. INTRODUCTION

In recent years, there has been growing interest in
coherent radiation from electron bunches with femtosecond
duration as intense sources of ultrashort light pulses.
Electromagnetic radiation emitted in the millimeter and
submillimeter (i.e., terahertz) range, in particular, is
commonly used in many experiments to explore the
microscopic structure of matter [1,2] and straightforward
exploited as a high-resolution monitor to infer the inner
properties (both longitudinal and transverse shape) of
the bunches that generated it [3–6]. The main formation
mechanisms, namely, synchrotron [7,8], transition [9,10],
diffraction [11–13], Smith-Purcell [14–16], and Vavilov-
Cherenkov [17,18], have been widely investigated so far.
It is well known that all such kinds of processes arise from
the field that is radiated when a charged particle undergoes
acceleration [19], i.e., a variation of its velocity (in direction
and/or modulo) due to an external field or to the crossing of
the boundary between two different media [20]. Using such
a formalism, it has been demonstrated that the emitted
radiation patterns can be explained by describing particle
motion via a series of discrete instantaneous acceleration
events [21,22]. A common procedure adopted in many
theoretical descriptions of the electromagnetic radiation
consists of putting the observer (that is, the detector of the
radiation) in the far-field region. Indeed, the near-field term

included in the Lienard-Wiechert potential (described in the
following) becomes important, in general, when a large part
of the charge distribution passes very close to the detectors,
even if for most experiments, it represents only a minor
correction at most. Here, we present an experimental
investigation of the radiation that is induced in a dielectric
medium by relativistic electron bunches with subpico-
second duration. The experiment is carried out at the
SPARC_LAB test facility [23] by employing ultrashort
electron bunches produced either by the high-brightness
SPARC photoinjector [24,25] or through laser-plasma
acceleration produced by the interaction of the 100-TW
FLAME laser system [26] with solid targets [27,28]. We
analyze, in particular, the radiation features both in the far-
and near-field limit. We observe that in the first case, the
typical propagation angle of the Vavilov-Cherenkov radia-
tion (VCR) is obtained, while in the second one, the pattern
of theVCR can be dominated by near-field effects, leading to
a radiation front propagating in the same direction of the
electron bunch that produces it. For this purpose, we develop
a temporal diagnostics based on electro-optical sampling
(EOS) [29,30], a nondestructive single-shot device fre-
quently adopted in the accelerator community [31,32] due
to its capability to provide a temporal resolution of the order
of a few tens of femtoseconds [33]. The paper is organized
as follows. The theoretical background together with a
comprehensive description of the main goals is reported in
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Sec. II. Section III describes the SPARC_LAB test facility
and the main parameters of the electron bunches used for
the experiment. Section IV describes the experimental setup
of the EOS diagnostics developed for the SPARC photo-
injector and the FLAME laser system. Finally, in Sec. V,
we show the experimental results compared and validated
by numerical simulations.

II. THEORETICAL BACKGROUND

The problem of radiation of electromagnetic waves by
a single charged particle moving at an arbitrary velocity
had correctly been formulated independently by Lienard
and Wiechert before the advent of special relativity theory.
According to their formulation, the radiation field is
composed of two terms [19]. The first one called the
near-field term falls as the square of the distance and
reduces to the well-known Coulomb law for a particle at
rest. The second one called the radiation term (far field)
has the familiar scaling as the inverse of the distance and
comes only from accelerated charges. In most practical
applications, the first term presents only a minor correction
to the observed fields since the observer is usually far from
the field source where the radiation term dominates. On the
contrary, if the detector is placed close to the source, the
radiation term is overtaken by near-field effects.

A. Vavilov-Cherenkov radiation

It is well known that when a charged particle travels in a
material medium (or close to it [34]) faster than the speed of
light, Cherenkov radiation is emitted. Here, we are con-
sidering the radiation that moves in the medium, where the
speed of light is renormalized to the medium refractive
index. The basic mechanism is very similar to that of sound
shock waves in gases [20]. For our purposes, we start from
the Lienard-Wiechert potentials in the Fourier domain
ðk⃗;ωÞ, where k⃗ is the total wave number and ω the angular
frequency. For a particle moving at uniform speed v⃗ ¼ v0ẑ
along the ẑ direction, the retarded potentials are

Φðk⃗;ωÞ ¼ 2πe

εðωÞðk2 − ω2

c2ðωÞÞ
δðω − k⃗ · v⃗Þ; ð1Þ

A⃗ðk⃗;ωÞ ¼ 2πeμ0v⃗

ðk2 − ω2

c2ðωÞÞ
δðω − k⃗ · v⃗Þ; ð2Þ

where εðωÞ and μ0 are, respectively, the dielectric and
magnetic permittivities, and cðωÞ ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εðωÞμ0

p
is the

speed of light in the medium. From the previous equations,
the corresponding electric field is

E⃗ðk⃗;ωÞ ¼ −ik⃗Φþ iωA⃗ ¼ −
2πie
εðωÞ

k⃗ − ωv⃗
c2ðωÞ

k2 − ω2

c2ðωÞ
δðω − k⃗ · v⃗Þ:

ð3Þ

Its Fourier-Laplace inverse transforms give the distribution
of the electromagnetic field in real space, namely,

E⃗ðr⃗;ωÞ ¼ 1

ð2πÞ3
Z

E⃗ðk⃗;ωÞeik⃗·r⃗d3k; ð4Þ

where r⃗ is the position vector. Because of the cylindrical
symmetry involved in the problem, we can make use of the
cylindrical coordinates ðr;ϕ; zÞ and focus only on the z
component of the electric field of Eq. (4) (the same applies
to any other component). In formulas, we have

Ezðr;ωÞ ¼ iω
eμ0
2π

�
1 −

1

β2

�
K0ðαrÞeifωz=½βcðωÞ�g; ð5Þ

where we introduce the modified Bessel function K0 and
the quantity

α ¼ −
ω

cðωÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1

β2
− 1

s
; ð6Þ

with β ¼ β0c=cðωÞ ¼ v0=cðωÞ the particle velocity nor-
malized to the speed of light in the medium cðωÞ (c is the
speed of light in vacuum). In the far-field limit jαjr ≫ 1,
from Eq. (5) it is Ez ∝ K0ðαrÞ ∝

ffiffiffiffiffiffiffiffiffiffiffiffiffi
π=2αr

p
e−αr, and for it to

be propagating radially outward as a wave, α must be
complex and, thus,

β > 1 → v0 >
cffiffiffiffiffiffiffiffiffiffi
ϵðωÞp : ð7Þ

The Laplace transform of the axial electric field in
Eq. (5), therefore, becomes proportional to eiðkrrþkzzÞ, with
kr ¼ iα ¼ ω

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − β−2

p
=cðωÞ and kz ¼ ω=v0. By neglect-

ing any absorption into the medium, we can writeffiffiffiffiffiffiffiffiffiffi
ϵðωÞp

≈ n, with n the medium refractive index. In these
conditions, the radiation propagates with an angle

θc ¼ arcsin

�
kzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2r þ k2z
p

�
¼ arcsin

�
1

β0n

�
; ð8Þ

which is the well-known expression of the Cherenkov angle
whose formation mechanism is shown in Fig. 1. It is worth
stressing that in order to observe Cherenkov radiation, we
need for the condition of Eq. (7) to be satisfied and for the
observer to be located far from the point source. If Eq. (7) is
not fulfilled and/or there is no medium between the particle
and the observer (i.e., we are in vacuum), no radiation is
emitted since α will always be real, resulting in an evan-
escent wave.

B. Near- and far-field radiation

The expressions reported from Eqs. (1)–(6) are generally
valid since no assumption has been done on the position of
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the observer. On the contrary, if the far-field condition
holds, the well-known treatment of Cherenkov radiation
comes out. The position of the observer with respect to the
traveling particle is an important parameter that strongly
affects the features of the emitted radiation. Nevertheless, it
is usually neglected in many works because the detector of
the radiation is assumed to be far from the particle path
[17,22,35,36]. Proceeding by analogy with the previous
section, we study the spatial Fourier transform of the Ez
field in order to determine the radiation features (for
instance, its propagation angle) when approaching the
near-field conditions. The propagation of the electric field
reported in Eq. (5) can be described by studying the radial
Fourier transform of the function K0. Being kz fixed by the
particle velocity v0, the effective propagation angle of the
radiation is determined by the specific value of kr.
By assuming now a generic spatial frequency kr, we can
define a new function

fðkrÞ ¼
Z

K0ðαrÞe−ikrrdr ¼
π

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2r þ α2

p ð9Þ

that is singular at kr ¼ kc ¼ iα, i.e., in correspondence to
the Cherenkov angle obtained in Eq. (8). Such a singularity
can be removed by providing a more complete description
of the medium that includes its absorption coefficient κðωÞ.
In such a way, the dielectric permittivity, therefore,
becomes ϵðωÞ ¼ ðnþ iκÞ2, and we can expand the α
coefficient given in Eq. (6) as

α ≈
ω

c
(κðωÞ − inðωÞ)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

1

n2β20

s
; ð10Þ

where small absorption of the field in the material is
assumed. The propagation angle of the emitted radiation
can, thus, be determined in terms of the probability

PðkrÞ ¼
jfðkrÞj2R∞

0 dkrjfðkrÞj2
ð11Þ

to find a photon with radial momentum ℏκr. Such a
quantity as a function of the kr=kc ratio is shown in Fig. 2.
We should consider now that in our specific experimen-

tal conditions, the radiation is detected by means of a
nonlinear crystal placed at a distance R from the moving
bunch (cf., Sec. IV). As a consequence, its field is damped
in vacuum by a factor K0ðαRÞ ∝ e−ξ, where the quantity
ξ ¼ 2πR=γβ0λ (with γ ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − β20

p
the relativistic

Lorentz factor and λ ¼ 2πc0=ω) actually determines the
regime we are operating in. When ξ ≫ 1, the far-field
condition holds, while for ξ ≪ 1, the near-field effects
dominate. The effective spectrum of the spatial frequencies
getting the crystal at point R can, therefore, be written as a
product between the probability of Eq. (11) and the vacuum
damping factor K0ðαRÞ (with the substitution λ ¼ 2π=kr).
At zeroth order, we can simply set kmin ¼ γβ0=R corre-
sponding to the assumption that all the wavelengths shorter
than kmin are exponentially damped out in vacuum and
cannot reach the crystal. By considering the probability
shown in Fig. 2 and that the average kr at a distance R is
given by

k̄rðRÞ ¼
Z

∞

kminðRÞ
krPðkrÞdkr; ð12Þ

one recognizes that k̄rðRÞ → kc for R → ∞, i.e., in the far-
field condition kmin → 0. Such a picture corresponds to a
radiation propagating at 90° − θc, where θc is the
Cherenkov angle of Eq. (8). For all the other cases, an
effective propagation angle [reducing, in the far-field limit,
to the angle complementary to that expressed by Eq. 8] can
be defined. Starting from the average radial (p̄r)
and longitudinal (p̄z) momenta of the electromagnetic
field, the effective Cherenkov angle can be calculated as
follows. The longitudinal momentum is given by
p̄z ¼ Nzℏk̄z ¼ Ntotℏkz, where Nz is the number of photons
and ℏk̄z their average momentum. The Fourier transform of
Eq. (5) in the domain of the longitudinal frequencies kζ is

1 2 3 4 5 6 7 8 9 10
k /kc

0.01

0.02

0.05

0.1

0.2

0.5

1
P

FIG. 2. Probability (reported in semilogarithmic scale) of
finding a photon with radial momentum kr. The maximum
corresponds to kr=kc ¼ 1, with kc ¼ iα, i.e., the Cherenkov
angle calculated in Eq. (8).

FIG. 1. Sketch of the Cherenkov radiation formation. The
charged particle (blue circle) moves from left to right with
velocity v > cðωÞ ¼ c=nðωÞ. The overall wave front (black
dashed lines) results from the coherent overlap of the radiation

emitted along the particle path (red circles). It moves along the k⃗
direction and is confined within a cone of aperture θc.
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δðkζ − kzÞ because all the photons have the same longi-
tudinal momentum k̄z ¼ kz. As a result, it is Nz ¼ Ntot,
with Ntot the total number of photons associated to the
Ez field.
For the radial momentum, we get p̄r ¼ Nrℏk̄r, where Nr

is the number of photons with average momentum ℏk̄r. The
quantity Nr can be identically recast as Nr ¼ NtotCðRÞ,
where CðRÞ is the cumulative function of PðkrÞ defined as

CðRÞ ¼
Z

∞

kminðRÞ
dkrPðkrÞ: ð13Þ

The role of the CðRÞ is to take into account how many
photons with radial momentum ℏkr reach the crystal.
Figure 3 shows CðRÞ as a function of the observer distance.
The function is evaluated for two different bunch energies
(corresponding to the experimental ones reported in
Table I). One can see that in the far-field limit, R → ∞
[or, equivalently, kminðRÞ → 0, which is a low-energy
bunch], C → 1, and the average direction of the emitted
radiation is the one determined by the Cherenkov angle
(kr → kc). In Fig. 3 (red line), it corresponds to the
maximum probability to find the photons propagating at
the Cherenkov angle because the photons tend to have
transverse momentum ℏkc. On the contrary, in near-field
conditions (higher-energy bunch), it is C ≪ 1, and the
average radial momentum is higher than ℏkc. The effective
propagation angle, thus, becomes smaller than the angle
complementary to that expressed by Eq. (8).
We can finally define the effective propagation angle of

the emitted radiation as the complementary of

θeffc ðRÞ ¼ arcsin

�
p̄zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p̄2
z þ p̄2

r

p
�

¼ arcsin

�
kzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2z þ ½CðRÞk̄r�2
p

�
ð14Þ

converging to the classical Cherenkov angle of Eq. (8) in
the far-field limit. Figure 4 shows the effective Cherenkov
angle as a function of the observation distance for the same
two bunch energies. In the case γ ¼ 220 and R ¼ 1 mm,
we get θeffc ∼ 88.8°, indicating a radiation front propagating
almost parallel to the bunch propagation direction. On the
contrary, for γ ¼ 28 and R ¼ 1 mm, we get θeffc ∼ 23.5°,
close to the classical Cherenkov angle value θc ¼ arcsin
ð1=nβ0Þ ∼ 18.2°.
All the quantities previously reported are calculated at

the wavelength corresponding to the maximum of the
radiation spectrum. Such a value is evaluated as follows.
Starting from the Vavilov-Cherenkov energy spectrum (per
unit length) of a single particle [19],

�
d2I
dωdz

�
SP

¼ e2

4πε0c2
ω

�
1 −

1

ϵðωÞμ0v20

�
; ð15Þ

and considering a bunch containing Ne electrons, the
resulting radiation spectrum is

�
d2I
dωdz

�
tot

¼ ½Ne þ NeðNe − 1ÞFðωÞ�
�

d2I
dωdz

�
SP
; ð16Þ

where FðωÞ ¼ R
Sðr⃗0Þeiðω=cÞr̂·r⃗0d3r0 is the bunch form

factor, with Sðr⃗0Þ the spatial distribution of the electron
bunch and r̂ the unit vector pointing to the observer
position. Since the EOS diagnostics we are employing is
not sensitive to frequencies higher than approximately
ω=2π ∼ 5 THz (cf., Sec. IV), we can neglect the incoherent
term (∝ Ne) on the rhs of Eq. (16) and consider only its
coherent part (∝ N2

e). As shown in Fig. 5, for a Gaussian
bunch with (rms) duration τ ¼ 500 fs (as the one we report
in Table I), the peak on the radiation spectrum is obtained at

FIG. 3. Plot of the cumulative function of Eq. (13). Its
interpretation is the probability of finding any photon with
transverse momentum ℏkr at the observation distance R. We
consider a radiation wavelength λ ¼ 666 μm (0.45 THz).

TABLE I. Typical bunch parameters obtained with the SPARC
photoinjector and the FLAME laser facility.

Parameter SPARC FLAME

Charge 200� 10 pC 2.1� 0.2 nC
Energy 110.2� 0.3 MeV 14� 2 MeV
Duration 480� 35 fs 510� 25 fs

FIG. 4. The Cherenkov angle calculated through Eq. (14)
versus the observation distance.
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ω=2π ¼ 0.45 THz. For such a frequency, the refractive and
absorption indices of the zinc telluride (ZnTe) crystal are
n ¼ 3.2 and κ ¼ 2.9 × 10−3, respectively.

III. SPARC_LAB TEST FACILITY

SPARC_LAB [23] (LNF-INFN) is a test facility based
on the combination of high-brightness beams from the
SPARC photoinjector [25] with high-power laser pulses
produced by the FLAME laser [37]. The joint presence
of these two systems allows the investigation of several
plasma acceleration schemes, e.g., self- [38] and external
injection [39], laser and beam driven [40], and a wide
spectrum of interdisciplinary leading-edge research activ-
ities based on novel radiation sources such as free-electron
laser both in self-amplified spontaneous emission (SASE),
seeded, and exotic schemes [41,42], x-ray sources by
means of Thomson scattering [43], high-power terahertz
radiation, both broadband and narrow band [10,44], and
able to fulfill user experiments [2]. To show the peculiar-
ities of the radiation patterns in the near- and far-field
limits, we employ both high- and low-energy electron
bunches. These are obtained in the first case with the
SPARC photoinjector producing 480-fs-long bunches with
200-pC charge and 110-MeV energy. On the other hand,
low-energy (14 MeV) bunches with 500-fs duration and up
to 2.1-nC charge are realized through laser-matter inter-
actions by focusing the FLAME laser on metallic sharp
targets, resulting in peak currents of the order of 2 kA [28].
These values are summarized in Table I.

A. High-brightness photoinjector

The SPARC photoinjector consists of an S-band 1.6-cell
BNL-UCLA-SLAC-type rf gun providing 120-MV/m peak
electric field on the built-in metallic (Cu) photocathode.
The electrons extracted by means of UV laser pulses whose
shape and duration can be tailored according to the

experimental task are accelerated up to 5.3 MeV in the
gun [45] and then injected into themain linac acting as both a
booster and longitudinal rf compressor by means of the
velocity bunching technique [46,47]. Solenoid coils embed-
ding the first two sections can provide additional magnetic
focusing during VB process and control of emittance and
envelope oscillations [48]. A diagnostics transfer line con-
sisting of a spectrometer and a rf deflector allows for a
complete 6D beam characterization (longitudinal phase
space, projected, and slice emittance [49,50]). The machine
tunability is very wide, so the final beam parameters are
easily adjusted according to the task. Electron bunches 100 fs
long with up to 600-pC charge have been produced so far
[2,10]. At the opposite, ultrashort (approximately 30 fs) low-
charge (approximately 20 pC) bunches as the ones required
for laser- and beam-driven plasma acceleration schemes have
also been realized [40,51].

B. FLAME laser system

The FLAME laser is based upon a Ti:Sa chirped-pulse
amplification system delivering up to 5-J pulses with 30-fs
(FWHM) duration at 800 nm (fundamental wavelength)
and 10-Hz repetition rate. The resulting peak power is
about 130 TW. The laser features a high-subnanosecond
contrast ratio (>1010) and can be focused on targets using
an f=10 off-axis parabola resulting in a maximum intensity
of the order of 1019 W=cm2. Here, electron bunches with
charge up to several nanocoulombs are produced through
the interaction of the laser with metallic targets of different
shapes [27]. The process is as follows. During the inter-
action, the target is ionized and free electrons are produced.
A majority of them spread and dissipate energy inside of it,
while the hot component of these electrons is able to reach
the target’s rear side and is released in vacuum [52]. Only
the most energetic of these electrons can escape, leaving
behind an electrostatic potential that locks the majority
of them near the target. Such a potential set up by the
unbalanced positive charge left on target [53] generates an
electric field that can accelerate surface protons and ions in
a process called target normal sheath acceleration [54].

IV. ELECTRO-OPTICAL SAMPLING
DIAGNOSTICS

The EOS [29] is a single-shot nondestructive diagnostics
that is able to provide temporal resolutions of the order of
a few tens of femtoseconds [33] and widely used in
accelerator facilities [30–32]. The EOS makes use of
electro-optic crystals like ZnTe placed close to the elec-
tron-beam path. The large bunch Coulomb fields induce a
local birefringence into the crystal that, as a consequence,
becomes anisotropic. Such an anisotropy can be exploited
to modulate the polarization of a probe laser pulse that
simultaneously propagates into the crystal at velocity vL ¼
c=nðωLÞ (with ωL the laser carrier frequency). By doing

FIG. 5. Cherenkov radiation spectrum generated by a Gaussian
electron bunch with (rms) duration τ ¼ 500 fs. The peak is
positioned at ω ¼ ffiffiffi

2
p

=τ, corresponding to a frequency ν ¼ ω=
2π ∼ 0.45 THz.
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so, the bunch electric field is optically encoded into the
laser pulse and can be experimentally retrieved. The final
resolution of the EOS diagnostics is mainly dictated by
the probe pulse duration and the electro-optic crystal
employed. Considering the ZnTe, due to a phonon reso-
nance located at 5.3 THz, the final resolution [assuming a
probe laser with (rms) duration σt ≪ 100 fs] is limited to
approximately 100 fs [30]. It is well known that in order to
work, the probe laser and the induced local birefringence
must have approximately the same speed while moving into
the crystal. For the local birefringence, it translates as a
propagation speed vTHz ¼ c=nðωTHzÞ, where it is usually
assumed that the transient electric field of the relativistic
bunch moves along the crystal as a subpicosecond terahertz
pulse [55]. In terms of temporal resolution, the best results
are obtained when such a speed matches the laser velocity,
i.e., vL ≈ vTHz. Since the local birefringence moves at vTHz,
it means that it is actually induced by a radiation field and
not directly by the moving bunch (that moves with speed
c). We can, thus, conclude that the local birefringence is
produced in the crystal by the radiation induced in turn by
the relativistic bunch moving close to it. Therefore, the
probe laser acts as a local observer (moving with proper
velocity vL), and, thus, the EOS diagnostics can be used in
order to retrieve the properties of the radiation field.
At SPARC_LAB, two EOS-based devices have been

developed so far. Both systems make use of a 500-μm-thick
ZnTe crystal and employ the spatial encoding technique [31]
in which the probe laser crosses the crystal with an angle of
θi ≈ 30°. In such a way, being x the spatial coordinate along
the laser transverse profile and z the longitudinal coordinate
along the electron bunch, z is encoded along x as z ¼ x sin θi.
The first system is currently installed on the SPARC photo-
injector. It uses an IR probe laser (λ ¼ 800 nm, 80-fs rms
duration) directly split from the photocathode laser system,
resulting in a natural synchronization with the electron

beam [56]. The second EOS device has been realized in
theFLAMEexperimental areawith thepurposeofmeasuring
the electron jets emitted after the interaction of the FLAME
laserwith ametallic solid target [27]. Similar to SPARC, here
also the probe laser is directly split from the main laser
(λ ¼ 800 nm, 30-fs rms duration). In this specific case, we
exploit the EOS as a time-of-arrival monitor in order to
estimate the average energy of the emitted bunches [28].
The experimental setup is shown in Fig. 6.

V. EXPERIMENTAL RESULTS

In this section, we show the experimental results obtained
with the EOS diagnostics from both SPARC and FLAME.
In order to compare the results with the theoretical treatment
discussed so far, we develop a numerical simulation code that
reproduces the detection of electro-optic signals as the ones
generated by the electron bunches reported in Table I. The
code calculates the bunch electric field at distanceR from the
ZnTe crystal and takes into account its propagation along the
crystal itself. Here, the propagating field induces a localized
birefringence that is sampled by a simulated laser probe
(a simulated replica of the experimental one). Finally, the
code simulates the EOS response as detected by the CCD
camera (see Fig. 6). More details about the simulation code
are reported in Ref. [28]. The propagation direction of the
field into the crystal (and, in turn, of the induced birefrin-
gence) is included as a free parameter. This choice allows us
to simulate the EOS response at any angle and verify the
conjectures described in Sec. II B.

A. Detection of electron bunches accelerated
with the SPARC LINAC

We refer to a detection scheme similar to that of Fig. 6,
changing only the source of electrons, which in this case
is the SPARC LINAC, whose parameters are reported in
Table I. During the experiment, the distance between the
electron bunch and the ZnTe crystal is R ¼ 1 mm. The
mean electron energy is 110 MeV with an energy spread
lower than a percent. The bunch duration is approximately
480 fs. With these parameters, the expectation concerning
the propagation angle of the produced Cherenkov is well
described by the theoretical curves in the previous section,
in particular, Fig. 4. The effective propagation angle is
90° − θeff ∼ 1.2°, indicating, when referring to Fig. 1, a
radiation front propagating almost parallel to the direction
of the electrons. In order to reproduce the signal registered
on the CCD camera (Fig. 7), a radiation front propagating
almost parallel to the electron bunch is considered, and
the simulation perfectly agrees with the measurement
(Fig. 7). Figure 7 reports the raw data resulting from the
CCD camera. The axes are in pixel units. The entire image
actually represents a snapshot of the EOS crystal surface,
with the electro-optic signal coming out from it. The pixel
can be calibrated in time (according to the EOS encoding),

FIG. 6. Setup of the EOS diagnostics at FLAME. The electron
beam is produced by the interaction of the FLAME laser with a
metallic target. The ZnTe crystal located downstream from the
target becomes birefringent during the passage of the electron
beam and modulates the polarization of a probe laser crossing the
crystal at the same time. By measuring the polarization modu-
lation of the probe laser, the longitudinal beam profile is retrieved.
The same EOS setup is also used for the SPARC photoinjector.
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and the width of the signal represents the duration of the
electron bunch that induces the electro-optic effect, as
shown in Figs. 8 and 10 where the temporal axis is reported.
The transverse size of the probe laser on the crystal is
approximately 6 mm, corresponding to about a 10-ps time
window. The lower and upper edges of the images are
actually given by the CCD: the crystal is a ð10 × 10Þ-mm
surface, the CCD has an effective area of about 8 mm. We
perform 1∶1 imaging of the crystal onto the CCD; thus,
only a portion of it is actually imaged on the CCD. The
snapshots reported in Figs. 7(a)–7(c) (and then the same
applies to Fig. 9) are all the same except for a different
delay between them producing a horizontal shift of the
signal, but its shape and features do not change at all.
Therefore, the only information which could be extracted
from the snapshots acquired at different delays is a time

calibration of the x axis. Numerical simulations can correctly
reproduce such a behavior. These simulations are reported
in Figs. 7(d)–7(f) showing how the radiation field in the
far-field regime sweeps by in time. Any other choice for
the propagation angle of the nonlinear polarization inside the
crystal, in particular, the choice of the Cherenkov angle
[Eq. (8)] produces curved signals, while themeasurements in
Figs. 7 and 8 show a straight vertical line on the CCD screen.
Therefore, we conclude that the theoretical considerations
developed in the previous section are in good agreement
with the data, and we can say that the crystal is in the near
field of the electron bunch. In fact, Fig. 4 shows θeffc ∼ 90°
corresponding to the feature experimentally observed. This
feature can be qualitatively understood just by observing that
ξ ≪ 1; in fact, R ≪ γβ0λ=2π ∼ 23 cm (for λ ¼ 666 μm).
Furthermore, we investigate the opposite case, the far-field
case, by accelerating electrons at lower energies via the
interaction of the high-power laser FLAME with solid
targets. This is presented in detail within the next subsection.

B. Detection of electron bunches accelerated
with the FLAME laser

The experimental setup for the detection in this case is
properly shown in Fig. 6. We are able to have high temporal
resolution on the dynamics of the electrons ejected from the
solid target. The fast electron part of the broad spectrum
(extending from 0 to 14) is detected as a bunch with energy
14� 2 MeV, aswe report in Table I. The distanceR between
the electrons and the ZnTe crystal is 1 mm also in this case.
We see that for 14-MeV electrons at 1 mm, the effective
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FIG. 7. (a)–(c) Experimentally measured EOS signals obtained by changing the probe laser delay (Δt) with respect to the time of
arrival of the electron bunch. (d)–(f) Simulated EOS signals.

FIG. 8. By projecting the raw EOS signals along the horizontal
axis, the bunch temporal profile is retrieved. The bunch param-
eters are the ones reported in Table I. The analysis refers to the
signal of Figs. 7(a) and 7(d).
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propagation angle is already very close to 90° − θc ¼ 71.8°.
In order to reproduce the experimental data on the CCD
(Fig. 9), we need to consider in the simulation code a
propagation angle for the nonlinear polarization, which is
approximately 67°, in agreement with Fig. 4. In Fig. 9, the
measured EOS signals obtained by changing the probe laser
delay (Δt) with respect to the main laser are reported. The
curvature of the signals is due to a radiation front propagating
inside the EOS crystal with an angle close to 90° − θc,
different than in Fig. 7 where straight signals are visible. The
lack of uniformity in the experimental signals is mainly due

to inhomogeneities both on the ZnTe crystal surface and on
the transverse profile of the probe laser. Furthermore, as
shown in Fig. 9, the simulation results are in good agreement
with the measurements, and we can reinforce the validity of
the theory developed in the previous section, studying
both the limits of the near and far field. In the case of
laser-plasma accelerated electrons, we are in the far-field
conditions (ξ≳ 1); in fact, the condition R≳ γβ0λ=2π (for
λ ¼ 666 μm) holds.

VI. CONCLUSIONS

The birefringence induced in nonlinear crystals by
relativistic electron bunches traveling nearby is recognized
to propagate as Vavilov-Cherenkov radiation through the
medium. Part of the evanescent Coulomb field associated
to the bunch traveling in vacuum can interact with the
crystal medium. This is possible because the Coulomb field
extension at the wavelength λ is approximately γλ=2π.
The interacting field induces a nonlinear polarization of the
medium, which in the far field propagates as a wave at the
angle complementary to the Cherenkov one. In the near
field, the medium polarization resembles the Coulomb field
of the bunch more than a radiation field, and it propagates
straight. According to the electron energy and the distance
between the electron bunch and the EOS diagnostics, the last
can be considered in the near field or in the far field of the
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FIG. 9. (a)–(c) Experimentally measured EOS signals obtained by changing the probe laser delay (Δt) with respect to the main laser.
The lack of uniformity in the experimental signals is mainly due to inhomogeneities both on the ZnTe crystal surface and on the
transverse profile of the probe laser. (d)–(f)Simulated EOS signals. The time direction is indicated by the white arrows in (d). The lack of
uniformity in the experimental signals is mainly due to inhomogeneities both on the ZnTe crystal surface and on the transverse profile of
the probe laser.

FIG. 10. The bunch temporal profile is proportional to the
width of the detected signal. The bunch parameters are the ones
reported in Table I. The analysis refers to the signal of Figs. 9(a)
and 9(d).
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Vavilov-Cherenkov radiation. Experiments are performed
exploiting the SPARC LINAC and the FLAME laser of
the INFN National Laboratories of Frascati. High-energy
(110 MeV) electrons are provided by the SPARC LINAC,
while low-energy (up to 14 MeV) electrons are accelerated
during the interaction between the FLAME laser with a solid
target. The only way to interpret the experimental data is to
consider that in the case of LINAC-accelerated electrons, the
EOS diagnostics is in the near field of the radiation induced
inside the EOS crystal by the electron bunch, and it
propagates straight on, in the same direction as the electrons.
On the other hand, the laser-plasma accelerated electrons
induce a nonlinear polarization wave propagating approx-
imately complementary to the Cherenkov angle inside the
EOS crystal; therefore, the detector should be considered in
the far field.
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