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Abstract. Although inorganic scintillators are widely used in the design of electromagnetic calorimeters for
high-energy physics and astrophysics, their crystalline nature and, hence, their lattice orientation are generally
neglected in the detector design. However, in general, the features of the electromagnetic field experienced
by the particles impinging on a crystal at a small angle with respect to a lattice axis affect their interaction
mechanisms. In particular, in case of electrons/photons of O(10 GeV) or higher impinging on a high-Z crystal
at an angle of ↭ 1 mrad, the so-called strong field regime is attained: the bremsstrahlung and pair production
cross sections are enhanced with respect to the case of amorphous or randomly oriented materials. Overall, the
increase of these processes leads to an acceleration of the electromagnetic shower development. These effects
are thoroughly investigated by the OREO (ORiEnted calOrimeter) team, and pave the way to the development of
innovative calorimeters with a higher energy resolution, a higher efficiency in photon detection and an improved
particle identification capabilities due to the relative boost of the electromagnetic interactions with respect to
the hadronic ones. Moreover, a detector with the same resolution as the current state of the art and reduced
thickness could be developed. An overview of the lattice effects at the foundation of the shower boost and of
the current status of the development of an operational calorimeter prototype are presented. This concept could
prove pivotal for both accelerator fixed-target experiments and satellite-borne ω-ray observatories.

1 Introduction

Crystalline scintillators are extensively used in the de-
sign of electromagnetic calorimeters (ECALs) for exist-
ing and future experiments in high-energy physics and
astroparticle physics. Indeed, homogeneous calorimeters
based on inorganic crystals feature full shower contain-
ment in a compact detector volume, owing to the high Z
and density, unparalleled energy resolution, generally fast
response, rather high resistance to radiation-induced dam-
age. Moreover, scintillating crystals are in general easy to
machine, allowing for blocks with size O(cm) to be ob-
tained. This allows for fine transverse segmentation and,
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as recently discussed, e.g., in [1], longitudinal sampling to
be achieved.

The development of an electromagnetic shower in a
crystal calorimeter is conventionally modelled as occur-
ring in an amorphous medium, in which only mutually in-
dependent interactions with the Coulomb field of single
atoms are considered. This picture neglects the signifi-
cant role that the properly oriented crystalline lattice has
on the electromagnetic interactions. Indeed, when a par-
ticle moves close to a periodic array of atoms (namely,
an axis) in the lattice, it experiences an electromagnetic
field that is equivalent to the coherent sum of many con-
tributions from all the single atoms and is approximately
constant along the string direction. As a result, the electro-
magnetic processes the high-energy particle impinging on
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the crystal undergo can be significantly altered [2, 3]. In
the following, the features of the coherent effects occurring
upon interaction of high-energy (i.e., at the GeV scale and
higher) electrons/positrons and photons in lead tungstate
(PWO) are outlined. The implications of the existence of
these effects in calorimetry are also discussed.

Some of the experimental results most recently ob-
tained probing various PWO samples (aligned to two of
the strongest axes, i.e., ↑001↓ and ↑100↓ – along which
PWO crystals are generally grown) with different-energy
electron beams at the CERN H2 (100-120 GeV) and
DESY T21 (5.6 GeV) beamlines are shown. The mea-
surement setup is described in detail, e.g., in [4–6]. Es-
sentially, single electrons impinging on the axially aligned
crystalline sample (installed on a high-precision goniome-
ter) were tracked; a bending magnet separated the elec-
tromagnetic radiation from the charged particles emerging
from the sample, and the total energy of the former was
measured with an electromagnetic calorimeter (“ω-CAL”).

2 High-energy coherent effects in oriented
PWO

At sufficiently high initial energy E0, Lorentz contraction
occurs and the lattice field in the particle rest frame is
boosted up to a strength larger than the Schwinger critical
field (E0 ↔ 1.32 · 1016 V/cm). The so-called Strong Field
(SF) regime is attained [2, 3]: the effect of such an intense
field on the incident electron/positron is the enhancement
of the radiation emission probability with respect to the
Bethe-Heitler description typical of amorphous media [7].
By crossing symmetry, in case of an incident high-energy
photon, the pair production probability is greatly increased
as well [8, 9]. Overall, the increase of these processes
leads to an acceleration of the first stages of the electro-
magnetic shower development with respect to the case of
an amorphous or randomly oriented medium [10, 11].

The condition for the SF regime to be attained can
be written in terms of the dimensionless parameter ε =
ωElab/E0, where ω = E0/mec2 is the Lorentz factor and
Elab is the axial field in the lab frame [2, 3]. The energy
threshold for the onset of the full SF regime can then be de-
termined by setting ε ↗ 1. For the ↑001↓ and ↑100↓ axes of
PWO, this corresponds to an initial energy E0 ↫ 25 GeV
[11]. Limited SF effects in crystals are observed down
to a primary energy of about an order of magnitude less
[12, 13], i.e., a few GeV in case of PWO.

Figure 1 shows the ratios between the radiation en-
ergy spectra measured with the ω-CAL under axial and
amorphous-like (i.e., at very large angle – several degrees
– with respect to the axis) alignment, for two PWO sam-
ples, 1 X0 and 2 X0 thick respectively, and for different
energies in both full and limited SF regime.

Some conclusions can be drawn: firstly, for higher E0,
the axis-to-random radiation enhancement peak is higher
and located at a higher fraction of E0, i.e., a harder com-
ponent of the radiation energy spectrum is boosted; this
reflects the facts that the SF effect strength grows with
E0 and that a higher ε results in the emission of harder
synchrotron-like radiation [10, 14].

Figure 1: Axis-to-random ratio of the spectra of the energy
(normalised to the primary energy) of the electromagnetic
radiation emerging from a 1 X0 (top) and a 2 X0 (bottom)
PWO sample (and measured with the ω-CAL) probed with
electrons at different primary energies.

Moreover, the maximum enhancement and the frac-
tion of E0 at which it occurs decrease in thicker samples.
Indeed, in case of multi-X0 crystals, the effect of the SF
is reduced as the electromagnetic shower initiated by the
primary particle develops and more lower-energy, off-axis
secondaries are produced. Asymptotically, this makes the
total output radiation state (which results from the inter-
actions occurring throughout the whole sample thickness)
from a crystal of several X0 become more similar to that
obtained from an amorphous target.

Another important parameter at play in determining
the strength of the SF effects on the interactions of an
incident particle is the so-called misalignment angle ϑmis,
i.e., the angle between the particle trajectory and the lat-
tice axis. An estimate of angle required for the shower
development acceleration to be attained is provided by
Θ0 = U0/mec2 [3], U0 being the axis potential. In case
of both the ↑001↓ and ↑100↓ axes of PWO, Θ0 ↔ 0.9 mrad
[11]. At a primary energy of few GeV or higher, this value
is significantly larger than the (energy-dependent) angular
acceptance of the well known channelling of charged par-
ticles between neighbouring planes/axes [15], i.e. ϖL =↘

2U0/E0, which is of the order of 0.4 mrad (0.08 mrad)
for E0 = 5.6 GeV (120 GeV) [6].

For ϑmis > Θ0, the enhancement of the electromag-
netic processes gradually decreases and other lattice-borne
effects occur, such as coherent bremsstrahlung and co-
herent pair production [16, 17]. It has been observed
that such phenomena determine a lesser increase of both
bremsstrahlung and pair production for ϑmis up to about 1≃
[11].
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Figure 2: Distributions of the energy of the electromag-
netic radiation emerging from a 1 X0 (top) and a 2 X0 (bot-
tom) PWO sample (and measured with the ω-CAL) probed
with 120-GeV/c electrons at different misalignment an-
gles.

The features of the full-SF (E0 = 120 GeV) radiation
energy spectrum throughout a transition between on-axis
and amorphous-like configurations are clearly shown in
figure 2 for the same 1 X0 and 2 X0 samples mentioned
above (in figure 1). Considering the 1 X0 sample, the fea-
tures of the spectrum measured at ϑmis = 2 mrad ↔ 2Θ0
are in between those of the spectra measured in axial and
in random orientation. On the other hand, the spectra
measured with the 2 X0 crystal show approximately the
same features from the axis up to 2 mrad, hinting at a
larger angular acceptance with respect to the thinner sam-
ple. This might partially reflect the fact that the 2 X0 sam-
ple, for which a higher surface mosaicity than the 1 X0
one was measured [6], has a higher internal mosaicity as
well. Moreover, as discussed above, a higher number of
lower-energy secondary particles is generated in thicker
samples, which, recalling that the range of channelling, ϖL
(also proportional to that of coherent bremsstrahlung [6]),
grows as the particle energy decreases, might contribute to
the observed direct relation between the acceptance of the
coherent interactions and the sample thickness as well.

3 Impact in calorimetry

As shown in section 2, the SF-related effects to the elec-
tromagnetic interactions are macroscopic, therefore it is
important that they are considered in the design of a crys-
tal calorimeter. On one hand, the shower development
acceleration may prove beneficial in developing next-
generation ECALs that operate in forward-geometry con-
figuration at the multi-GeV scale and above. Indeed, these
effects lead to better shower containment in the calorime-
ter volume, which would result in an improvement of
the energy resolution. Alternatively, it would be possible
to build an ECAL with the same resolution as currently
achievable but with reduced thickness. Moreover, the
hadronic interactions are not affected by the crystalline lat-
tice, which could be exploited to develop a highly compact
oriented crystal calorimeter with enhanced transparency to

the passage of hadrons (see, e.g., [18, 19]) and, if seg-
mented, with more ω/hadron discrimination power. These
concepts could prove particularly appealing in case of a
ω-ray detector installed on a satellite with pointing capa-
bilities and of an ECAL and/or a preshower detector in a
fixed-target experiment or in the forward region of a col-
lider experiment. Further details can be found in [11, 20]
and references therein.

On the other hand, particular care should be taken to
the lattice orientation of calorimeter towers in general, as
(some of) the particles impinging on the detector might be
aligned with a crystalline axis by chance. In fact, it was
observed that PWO crystals, such as those of the CMS
ECAL [21], are grown at a small angle with respect to one
of the main axes. Preliminary measurements performed on
a spare block of the CMS endcap indicate a miscut (i.e.,
the misalignment between the direction orthogonal to one
of the block faces and the nearest lattice axis) ↭ 0.3≃ and
a mosaicity of ↔ 200 µrad.

The influence of the coherent effects is expected to be
limited in case of a calorimeter with a thickness of ↫ 20 X0
and without longitudinal segmentation, since the primary
energy is fully deposited in the active volume regardless
of the lattice orientation. Conversely, the performance of
the upstream layer(s) of a calorimeter with longitudinally
segmented towers could be significantly affected by the
shower boost discussed in this work if the incident parti-
cles impinge on different points of the detector front and
with different misalignment angles. Moreover, as recent
measurements performed with 120-GeV/c electrons on a
crystal with a thickness of 4.6 X0 show, macroscopic mod-
ifications to the amorphous-like behaviour occur not only
with the axes with the strongest fields, but also in pres-
ence of higher-order axes and planes – i.e., distributions
of atoms arranged in a periodic, 2-dimensional array. An
example is provided in figure 3, which demonstrates that
even rather low-potential planes induce a non-negligible
modification to the features of the crystal output state ob-
served by the ω-CAL – which in this measurement in-
cludes both photons and charged particles, as the bending
magnet was not active.

4 Conclusions
The modifications to the electromagnetic interactions oc-
curring in axially oriented crystals at high energy are
macroscopic, and could be exploited to significantly im-
prove the performance of homogeneous calorimeters.
This is the primary objective of the OREO (ORientEd
calOrimeter) project, which aims at the development of
PWO calorimeter prototype with longitudinal segmenta-
tion and an axially aligned upstream layer by 2025 [20].
Extensive studies should be performed on both existing
and future crystal calorimeters to improve the level of con-
trol over the lattice orientation.
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Figure 3: Response of the ω-CAL (here detecting both the electromagnetic radiation and the output charged particles) to
120-GeV/c electrons measured in a goniometer scan over an angular region with several high-order planes of a 4.6 X0
PWO sample.
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