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We report the observation of shadowing between two Optical Transition Radiation (OTR) sources
from a 205 MeV electron beam. The total optical intensity is measured as a function of the distance
d between the sources, covering the range 0 < d < 4Lv, where Lv is the formation length of the
particles. Data show that the total optical intensity starts decreasing due to shadowing when d
approaches Lv until it becomes undetectable for very short distances d/Lv → 0. A model based
solely on interference between the two OTR sources is in good agreement with experimental data.
To the knowledge of the authors this is the first systematic experimental observation of shadowing
in OTR.

PACS numbers: 41.60.Dk,41.75.Ht,42.25.Hz

Transition radiation (TR) refers to the emission of
broadband electromagnetic radiation that takes place
when a charged particle crosses the boundary between
two media with different dielectric properties. Originally
predicted by Ginsburg [1] in 1946, TR has been stud-
ied experimentally during the last 60 years. The optical
frequency band of TR (we will refer to it as OTR) is
routinely used as a beam diagnostic technique in particle
accelerators [2, 3] where the spatial, temporal or angular
characteristics of OTR are measured. Extensive theoreti-
cal and experimental studies were launched since to fully
understand OTR. Assuming that the transition radia-
tion field is not a point source but expands transversely
similarly to the particle field (i.e.γλ/2π, where γ is the
Lorentz factor and λ the radiation wavelength) Verzilov
[4] introduced the concept of a pre-wave zone. It cor-
responds to distances for which the angular distribution
of the electromagnetic field is affected by the transverse
dimension of the source. Transition radiation in the pre-
wave zone was then studied experimentally [5] showing
good agreement with theoretical expectations. Far field
conditions can only be considered valid for distances from
the source much larger than γ2λ/2π which implies that
beam diagnostics based on TR radiation using long wave-
length or for very high beam energies, will be perturbed
by pre-wave zone effects [6, 7]. A mitigation technique
consisting in putting the detector in the back focal plane
of a focusing lens [8] was then proposed to suppress pre-
wave zone uncertainties and an experimental validation
was performed successfully soon after at ATF-KEK [9].

While TR emission from a single source is relatively
well known and understood, there exists a class of
beam instruments and detectors that requires the use of
multiple TR sources. Key to a correct interpretation of
multiple TR emission is the concept of formation length
described by Garibyan in [10, 11] as the distance over
which the phase difference between the radiation field
and the particle field changes by 1 radian and is defined
by

Lv =
λ

2π
β(1− β cos θ)−1 (1)

where θ is the angle with respect to the particle tra-
jectory and β the ratio of the particle velocity to the
speed of light. For relativistic particles, the formation
length of forward transition radiation (FTR, i. e. along
the particle trajectory) is proportional to γ2λ and
can extend to large distances, whereas for backward
transition radiation (BTR, i.e. along the direction of
specular reflection from the target surface), it is typically
limited to distance of the order of the wavelength [12].

Even though the formation length is defined by a pa-
rameter similar to the pre-wave zone, one should not mix
up these two concepts. The former is defines a length
over which the particle field is restored, while the latter
defines a distance at which TR is purely angular. When
two or more TR sources are present, it is predicted that
the total emitted power can be enhanced if the distance
between TR sources is longer than Lv respectively, or
when δ > 1 when we define δ = d/Lv as the distance be-
tween radiators normalised by formation length. Some
aspects of multi TR emission were studied in the past
years. The enhancement of x-ray TR in a stack of thin
foils was investigated theoretically [13] and experimen-
tally [14] in the 70’s. The angular distributions in the
far-field region from electrons of 70 MeV and distances
between foils down to 2 mm (δ = 1.2 − 15) was studied
in the pioneering work of Wartski [15] on Optical Transi-
tion Radiation Interference (OTRI). Several experiments
on interferometry [16, 17] were conducted more recently
in similar conditions, i.e. with δ values of 3-23 and 10
respectively. They all reported beam measurements well
in agreement with Wartski’s predictions and proposes the
use of such interferometer for beam size, emittance and
energy measurements. More recently, advanced beam di-
agnostic techniques using both Optical Transition and
Diffraction radiation [18–20] require the use of two thin
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FIG. 1: Sketch of the OTRI setup on the CALIFES beamline
(not to scale). Screens (a) and (b) are mounted on a linear
translator that determines the inter-screen distance d. The
optical instrument can translate along the beam direction to
centre the OTR emission cone on the optical axis

metallic foils or slits separated by a distance much shorter
than the formation length (δ << 1). In this case, pro-
nounced suppression of the TR field, also referred to as
shadowing effect [21, 22], is predicted to occur. A first
observation of shadowing was recently performed by Nau-
menko [23] in 2010 in the mm wave regime using coherent
diffraction radiation. A reduction of the light emitted by
a two-slits assembly by more than a factor 5 for relative
distance δ as short as 0.1 was reported. However, at such
long wavelengths the measurements were performed in
extreme pre-wave zone and diffraction conditions, which
undoubtedly introduced additional uncertainty. To un-
derstand the effect of shadowing and its practical conse-
quences, detailed investigations to the phenomena as a
function of δ are required. To date, a systematic mea-
surement of shadowing as a function of δ for OTR is
still lacking. We report in this letter the first observa-
tion of a strong shadowing effect in the visible domain
using incoherent optical transition radiation interferom-
etry (OTRI). The results are in good agreement with
Wartski’s prediction, and elucidate the link between the
suppression of optical power and the appearance of inter-
ference lobes at progressively higher angles when δ → 0.

Experiments were conducted in the CALIFES beam-
line of the CLIC Test Facility 3 (CTF3) at CERN, where
electrons are accelerated up to an energy of 205 MeV,
with a corresponding formation length in the optical re-
gion of Lv(λ = 500 nm, θ = 0) = 25 mm (see eq. 1).
A schematic drawing of the setup is shown in Figure 1.
A 100 µm thick aluminium foil (a) and a 200 µm thick
aluminum-coated silicon screen (b) are mounted on a lin-
ear actuator that moves the screen assembly across the
beam path. The assembly is designed to have an angle of
90 deg between the screens so that the distance travelled

by the particle beam between the two screens d can be
changed depending on the position of the screen assembly
within a range 0 < d < 36mm. Screen (b) is longer than
(a) by 9 mm, allowing the particle beam to solely cross
screen (b), therefore producing backward single-screen
OTR as a reference. Due to the 45◦ orientation of both
screens with respect to the electron beam, the TR signal
is emitted orthogonally from the beam path through a
borosilicate glass viewport (not shown in Figure 1). The
whole optical setup is mounted on a motorized trans-
lation stage allowing the control of its transverse posi-
tion with respect to the target assembly. Indeed, when
the screen assembly is moved across the beam, the area
where screen (b) intercepts the beam (that is the OTR
source) moves along the beam path. Given the narrow
(of the order of 1/γ = 2.5 mrad) angular distribution
of OTR light, to avoid any vignetting effect the typical
conical light emission of OTR must coincide with the op-
tical axis of the instrument. Therefore, a transverse scan
of the optical imaging system until the light intensity
reaching the sensor is maximized is needed whenever the
distance between screens is changed. The measurements
presented in this document took place during two shifts
campaign dedicated to OTR imaging and angular distri-
butions. Figure 1 shows the setup for angular measure-
ments. A 12 bit, 1/3 inch CCD sensor (f) is placed in the
backfocal plane of a f = 40 mm, 1” diameter air-spaced
doublet (e) to reproduce far-field, angular distribution,
after passing through a set of band pass filters (400 or 650
nm - bandwidth 40 nm) (d). The focus is adjusted prior
to the experiment, by sending a laser centred inside the
beam pipe following the electron beam path. The system
is designed so to record an angular range −42 < θ < 42
mrad, with a resolution of ∼= 94 µrad/pixel. A pellicle
beamsplitter (c) sends approximately 3% of the light to a
camera for monitoring purposes (h). Not shown in Figure
1 is the imaging configuration, where the cemented dou-
blet is replaced with a 35 mm - F1.6 camera lens to form
an image of screen (b) onto the CCD sensor plane. As the
angular pattern is spread over a much larger CCD sensor
area than for imaging, the number of electron bunches in
the train for angular measurements was increased by an
order of magnitude with respect to imaging ones to par-
tially recover light intensity and, in turn, to improve the
signal to noise ratio. An overview of spatial and angular
distribution images is shown in Figure 2. The top row
shows the intensity spatial distribution at the surface of
screen (b) of Figure 1, bottom row the intensity angular
distribution at corresponding δ values. Images (a),(b)
are acquired at a distance of d = 17.8, (c),(d) at d = 7.7,
(e),(f) at d = 2.5 (g),(h) at d = 0.75 mm, correspond-
ing to δ values of 1.11, 0.47, 0.16 and 0.05 respectively.
The horizontal profile of the images is shown on subplot
(i). Subplot (j) shows the four transverse intensity pro-
files. One may see that in the imaging case the image
brightness is decreasing while the width of the distribu-
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FIG. 2: Example of spatial (top row) and angular (bottom row) intensity distribution at 650 nm at δ values of 1.11, 0.47, 0.16
and 0.05 starting from the leftmost figures. Subplots (i) and (j) show the correspondent transverse profiles

tion almost remains unchanged. On the other hand the
angular distribution (bottom row) gets broader for de-
creasing values of δ. Such a broadening with respect to a
single screen distribution was observed by [15]. It illus-
trates that pure interference between two sources respon-
sible for the intensity redistribution appears only when
the radiation amplitudes at the detector plane from two
sources are comparable. This is not the case for imag-
ing scenario until the distance between them becomes
very short. We have recorded the total OTRI intensity
from the integral of the spatial distribution for two wave-
lengths, 400 and 650 nm, see Figure 3. On the bottom
plot, the OTRI curves are normalized to the intensity
of the single screen and plotted as function of the nor-
malized distance δ. Starting from the right-hand side
(δ > 2.6 for 400 nm, δ > 4.2 for 650 nm), where the
signal is generated solely by the second screen (b), the
total intensity reaches twice the reference value as soon
as the beam crosses both screens (a) and (b), as predicted
in [15]. The intensity curves remain approximately con-
stant until δ ≈ 1, where shadowing starts to appear and
the total emitted optical intensity drops abruptly. At dis-
tance δ < 1 the FTR severely interferes with the electron
field partially cancelling it out. It results in a reduced
effect of polarization at the second target and decrease
of the produced light intensity. However, if we compare
OTRI intensity at different wavelengths, the curves over-
lap only when plotted as a function of normalized dis-
tance (see the difference between top and bottom plots).
This illustrates that the photon yield is not only reduced

but shifted towards higher frequencies.
We have compared experimental data with analytical

formulas for the far-field distribution per unit frequency
ω over a solid angle dΩ = sin θdθdφ [15, 24]:

dI

dω
= F (ω)

e2v2 sin3 θdθdφ

π2c3 [1− (v2/c2) cos2 θ]
2

∣∣1− e−iδ∣∣2 (2)

where F (ω) is the surface reflectivity, e the elementary
charge, c the speed of light in vacuum, v the particle
speed, θ and φ are the polar and azimuthal angles re-
spectively. Equation 2 attributes the decrease of total
emitted power to the progressive destructive interference
between the two OTR sources. What is shown on Figure
3 (black solid line) is the integral of eq. 2 over the same
experimentally accessible angular range, normalized to
the single screen total emission calculated with the same
formula. Analytical predictions are in very good agree-
ment with experimental data. This seems to suggest that
a model solely based on optical interference between two
identical OTR sources separated by a distance d and with
a phase relation δ between them can correctly describe
shadowing. This is remarkable as the physical process
per se is not the optical interference between the two
OTR sources but between the forward OTR emitted by
the first screen and the electromagnetic field associated
with the electrons. The latter is not a purely transverse
electromagnetic field and therefore, only to a degree of
approximation can be considered a radiation field (i. e.
light). By adopting this approach, shadowing is the in-
terference between the forward OTR photons and the
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FIG. 3: OTRI intensity, normalized to the single screen OTR
intensity as a function of the inter-screen distance, for the
wavelengths 400 (blue line) and 650 (red line) nm (top). Bot-
tom plot is the same quantity plotted as a function of the
mornalised distance δ. Experimental results are in very good
agreement with analytical results from [15] (black line) and
with numerical results.

quasi photons associated with the moving electron (see
[22, 25]). Any radiator downstream the first one at a
normalized distance of δ < 1 will be in its shadow. At
a distance δ << 1, FTR field almost completely cancels
out the field of electron, that is a region where no radi-
ation is produced. At a distance δ >> 1, the electron
field will be completely restored to its original value and
is completely separated with FTR field.

The validity of a purely optical model for shadowing is
further confirmed by optical simulations, performed with
ZEMAX OpticStudio [26, 27], of the propagation of for-
ward OTR field from the first screen to the second one
using near-field diffraction formulas. The resulting field
is overlapped with the backward OTR field generated by
the beam at the input face of the second screen. The
phase difference eiδ is added to account for the time of
flight difference between the particles and the forward
OTR field when propagating between the two screens.
The integral of the resulting angular curves over the an-
gular range accessible to the instrument are plotted on
Figure 3 (solid purple line) for 400 nm, showing very
good agreement with both the experimental and analyt-
ical data.

The far-field, angular intensity distribution of OTRI
has also been recorded at wavelengths of 650 and 400
nm over the entire range of normalized distances 0 <
δ < 2.4 and 0 < δ < 4 respectively. While angular
OTRI data do not contain information about the beam
transverse spatial distribution, they are affected by its
angular dispersion. Under the assumption that the latter
takes the shape of a Gaussian distribution, the angular
distribution of OTRI light can be written as

I(Ω, ω) ∝ d2I

dΩ dω
⊗ e

ϑ2h+ϑ2v

2(σ′2
h

+σ′2v ) (3)

where σ′h and σ′v are the horizontal and vertical di-
vergence respectively, ⊗ represents the convolution and
d2I
dΩ dω is the zero-beam size distribution as written in
equation 2. In our case, even though the horizontal and
vertical divergence of the electron beam are not mea-
sured, it can be deduced from the bottom row of Figure
2 that the horizontal one is more pronounced than the
vertical one. In general, interference fringes for moderate
and high values of δ are so fine that the optical instru-
ment is not able to resolve them due to its finite resolu-
tion. In addition, electron beam divergence and colour
filter bandwidth contribute to their smearing. In the re-
gion δ >> 1, the pattern appears as the sum of two OTR
angular distributions, with main lobes at 1/γ ≈ 2.5 mrad
and pronounced side tails. At decreasing values of δ, the
two sources become progressively out of phase, reaching
complete opposition for δ = 0. This translates into a pro-
gressively strong destructive interference that suppresses
the OTR lobes and shifts the signal over larger angles,
with an ever decreasing intensity, as can be clearly seen
in sublot (j) of Figure 2. This mechanism elucidates the
resulting loss of detectable signal that is what is referred
to as shadowing.

In conclusion, we have performed for the first time
clear measurement of shadowing in OTR with a 205 MeV
electron beam. The resulting optical intensity has been
measured as a function of the distance between the two
OTR sources by forming an image of the second screen
onto a CCD camera. The integrated intensity is twice
the one emitted by a single OTR source for distances
larger than the particles formation length, and decreases
progressively for shorter distances until becoming unde-
tectable. The authors thank X. Artru for interesting dis-
cussions and suggestions
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