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Abstract A particle traversing a crystal aligned with one
of its crystallographic axes experiences a strong electromag-
netic field that is constant along the direction of motion
over macroscopic distances. For e* and y-rays with ener-
gies above a few GeV, this field is amplified by the Lorentz
boost, to the point of exceeding the Schwinger critical field
Eo ~ 1.32 x 10'% V/cm. In this regime, nonlinear quantum-
electrodynamical effects occur, such as the enhancement
of intense electromagnetic radiation emission and pair pro-
duction, so that the electromagnetic shower development is
accelerated and the effective shower length is reduced com-
pared to amorphous materials. We have investigated this
phenomenon in lead tungstate (PbWOy), a high-Z scintil-
lator widely used in particle detection. We have observed a
substantial increase in scintillation light at small incidence
angles with respect to the main lattice axes. Measurements
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with 120 GeV electrons and y-rays between 5 and 100 GeV
demonstrate up to a threefold increase in energy deposition in
oriented samples. These findings challenge the current mod-
els of shower development in crystal scintillators and could
guide the development of next-generation accelerator- and
space-borne detectors.

Introduction

Inorganic crystal scintillators are essential in high-energy,
nuclear, medical and astroparticle physics, since they pro-
vide precise measurements of the energy of electrons,
positrons and y-rays. In particular, numerous high-energy
and astroparticle physics experiments rely on high-resolution
electromagnetic calorimeters based on scintillating crystals,
in which the energy of the incident particle is measured by
detecting the scintillation light resulting from the electro-
magnetic shower it initiates [1]. At the energy frontier (i.e.,
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from the multi-GeV range upward), showers extend over sev-
eral tens of radiation lengths (X(), namely the characteristic
scale for energy loss of high-energy electrons and positrons
via bremsstrahlung and the mean free path for photon pair
production (PP). Therefore, detectors in high-energy physics
(HEP) require high-Z, dense crystals with a small X to fully
contain the electromagnetic shower within a compact vol-
ume.

The formation of electromagnetic showers in inorganic
scintillators is conventionally modeled as occurring in amor-
phous media, i.e., assuming a random spatial distribu-
tion of the material atoms. This approach accounts for
bremsstrahlung radiation emission and electron-positron pair
production by e* and y-rays, respectively, interacting with
the Coulomb potential of single atoms. However, these mod-
els neglect the significant impact of the crystal lattice and its
orientation: specifically, when a particle traverses a crystal
along one of the strings of atoms in the lattice (i.e., an axis),
it experiences an electromagnetic field that is approximately
constant along the string direction, resulting from the coher-
ent sum of the single-atom contributions. This phenomenon
fundamentally alters the electromagnetic processes [2,3].

At sufficiently high energy, the lattice field in the par-
ticle rest frame is Lorentz-boosted [2-5] and can reach an
amplitude larger than the Schwinger critical field (& =
m§c3/eh ~ 1.32 x 1016 V/cm), i.e., the threshold for non-
linear quantum-electrodynamical (QED) effects to occur [6].
This is the so-called strong field (SF) regime [3]. Such
an intense field induces an enhancement of the quantum
radiation emission probability with respect to the Bethe—
Heitler description typical of amorphous media [7]. By cross-
ing symmetry, the probability for the creation of an e
pair by a high-energy photon is significantly increased as
well [2,3,8,9]. Radiation emission by e+ isenhanced approx-
imately twice as strongly as pair production by photons at the
same energy scale [10].

The SFregime is attained if x = y&ap/Eo 2 1, where Epap
is the continuous axial electric field in the laboratory frame
and y is the Lorentz factor, which translates into an energy
threshold for the primary particle [2—4]. This threshold is
O(10 GeV) for high-Z materials and is roughly the same for
both bremsstrahlung and pair production: for the latter, it can
be estimated by replacing y with ypp = fiw/m.c?, hw being
the incident photon energy. The intensity of the SF effect
grows with x up to saturation, which is typically reached far
above several TeV, beyond the achievable experimental con-
ditions in current and planned high-energy accelerators [3].

Overall, the SF-related increase of these processes is
expected to lead to an enhancement of the electromagnetic
shower development, i.e., to a larger production of secondary
particles per unit of length, with respect to the case of an
amorphous or randomly oriented medium. In the case of a
scintillating crystal, this results in a larger light yield (i.e., the
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number of scintillating photons emitted inside the medium)
per unit of shower depth.

For instance, let us consider lead tungstate (PbWO4
or PWO, Xy ~ 0.89 cm [11]), the highest-density inor-
ganic scintillator crystal commonly used in electromag-
netic calorimeters, such as those in the CMS experiment
at CERN [12] and the PANDA experiment at GSI [13], as
well as in the design for the IDEA detector at the Future
Circular Collider [14]. The average electric potentials asso-
ciated to two of the strongest (i.e., higher-charge-density)
axes of PbWQy4, (100) and (001), are shown in Fig. 1. The
behaviour of these potentials as a function of the distance
from the atomic string in the transverse plane was calculated
with the approach introduced in [2]. In case of both these
axes, the full SF regime (x = 1) is attained at an energy
of about 25 GeV. The corresponding values of Uy, i.e., the
average potential well depth [3], are approximately 460 eV
and 420 eV, respectively [15].

To assess the influence of the lattice orientation on the
development of electromagnetic showers, it is crucial to eval-
uate how precisely the particle trajectory must be aligned
with the crystal axis, for the SF regime to be achieved.
In terms of the misalignment angle 65, defined as the
angle between the direction of incidence and the crystal-
lographic axis, the characteristic scale over which electro-
magnetic processes are enhanced by strong-field effects is
Oy = Uo/mecz, as described in [3]. For PbWOQy, the cor-
responding angular acceptance is approximately 0.9 mrad
for both axes. For 65 > g, the SF effects are less pro-
nounced, while other coherent effects occur, i.e., coherent
bremsstrahlung and coherent pair production [16,17]. It has
been observed that such phenomena give rise to an increase
of both bremsstrahlung and pair production for ;s up to 1°
(17 mrad) and also for energies significantly smaller than the
SF scale [18].

Experimental investigations of the SF effects in both radi-
ation emission [19] and pair production [20] started in the
1980s. They were initially focused on very thin (< 1 mm)
silicon, germanium and diamond crystals. Studies on high-
Z, high-density metallic materials, such as iridium and tung-
sten, were performed starting from the 1990s, with the aim
of developing compact photon converters and high-intensity
positron sources [21-27]; in facts, only optically opaque and
relatively thin crystals were examined. More recently, the
enhancement of radiation from 120 GeV electrons incident
on the (001) axis of a0.45 X thick PbWOj crystal was stud-
ied [28]: this was the first investigation of the SF-induced
(x > 1) enhancement of radiation emission occurring in an
oriented inorganic scintillator. No direct measurement of the
energy deposited inside the crystal sample was made in that
case. The only other study to date on PboWOQOy crystals was
performed with 26-GeV electrons, i.e., approximately at the
SF threshold [29]: as emphasized by the authors themselves,
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Fig. 1 Average continuous axial potential felt by e™ (opposite sign for
e™) for two of the main PbWQ, axes as a function of the distance in
transverse direction from the atomic string. The corresponding crystal
structure is shown in the insert

the results, although promising, were of limited use due to the
absence of a physical model with which to compare the data,
as well as the need for further investigation with different par-
ticles and at higher energies, specifically, in the = 100 GeV
range, where the SF regime is fully attained.

In this manuscript, we present a direct measurement of
the enhancement of the electromagnetic shower development
that occurs in oriented crystals in the full SF regime, for
the first time exploring the range of particle energies and
crystal thicknesses which is of interest for particle detector
development. This achievement was made possible by the use
of PbWQO4 samples of known lattice orientation. Specifically,
we performed experimental tests at the extracted beamlines
of the CERN Super Proton Synchrotron (SPS) [30] using
beams of high-energy electrons and y-rays, measuring the
crystal light yield with a photodetection system based on
Silicon PhotoMultipliers (SiPMs) [31,32]. We compared our
results to a Monte Carlo model developed specifically for this
work, demonstrating an excellent agreement between data
and simulations. The results of this study demonstrate that
the shower formation, and hence the light yield of oriented
scintillating crystals, is significantly enhanced with respect
to the non oriented case. This will pave the way towards
the development of innovative electromagnetic calorimeters
and preshower detectors, and also towards a more accurate
understanding of the performance of any existing or planned
crystalline detector.

Materials and methods

Crystal samples

Four oriented PbWO, samples were probed, with thicknesses
of 0.45, 1, 2 and 4.6 X, thus covering the initial part of

the electromagnetic shower development, in which the most
pronounced enhancement is expected. These four thickness
values were chosen to cover three ranges of interest, specifi-
cally, the < 1 X range, to isolate the first interactions in the
shower, and the 1-2 X and 4-5 X ranges, which match the
crystals currently considered for applications in many space-
borne [33] and accelerator-based detectors [34,35], respec-
tively. The 4.6 X(-thick PbWO,4 sample was obtained by
cutting a longer crystal from a prototype developed for the
endcap part of the CMS ECAL (Electromagnetic CALorime-
ter) [12], while the others were produced by CRYTUR and
MolTech.

Two of the main axes of PboWOQO4 were studied: the 0.45
and 4.6 X crystals were oriented along the (100) axis, while
the 1 and 2 X crystals were oriented along the (001) axis. As
anticipated, these two axes feature approximately the same
SF characteristics.

Each crystal sample was probed at different values of Opy;s,
from the condition of incidence on axis (6pis = 0 mrad) up to
that corresponding to random orientation (65 ~ 50 mrad ~
3°).

Experimental setup

Our studies were performed on the H2 extracted beamline at
the CERN Super Proton Synchrotron [30] with a 120-GeV /¢
electron beam with < 100 prad divergence, which allowed
us to reach x ~ 5, where strong SF effects become signif-
icantly pronounced. The 1 X crystal was also probed with
a tagged photon beam with an energy of 5-100 GeV [36].
The crystals were installed on a high-precision goniometer,
comprising a linear stage, to move the samples along the
transverse horizontal axis, and two angular stages, to rotate
the samples around the vertical and horizontal transverse axes
in order to align them to the beam direction with a precision
of 1 prad [37].

The incident particle trajectories were reconstructed with
a tracking system based on silicon microstrip detectors,
which provide excellent angular resolution with a minimal
amount of material along the beam path. Each tracking mod-
ule consists of a pair of single-sided silicon tiles of about
9.5 x 9.5 cm? active area and 410 pm thickness, arranged in
an xy scheme. The strips have a readout pitch of 242 pm and
feature analog readout, which results in a single-hit spatial
resolution of 30 wm [38]. Using two tracking modules at a
distance of about 15 m resulted in an angular resolution on
Omis of O(1 prad), i.e., about 1073 .

The energy of the particles emerging from the crystals
was measured by a homogeneous electromagnetic calorime-
ter consisting of lead glass blocks in different geometric con-
figurations. Each block has a thickness of about 27X (37 cm)
and a trapezoidal shape, with a front (rear) section of approx-
imately 10 x 10 cm? (11 x 11 cm?) [39].

@ Springer
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Fig. 2 Scheme of the experimental setup in various configurations — optimized for thin crystal alignment (top), for enhanced hermeticity (center)

and for measurements with tagged photons (bottom)

The layout of the experimental setup used in the various
configurations is shown in Fig. 2. For the 0.45 X sample,
the layout sketched in Fig. 2 (top) was chosen, in which
charged particles from showers initiated in the crystal are
swept by a bending magnet out of the acceptance of the
downstream calorimeter, which consists of a single lead-
glass block [15,40]. As shown in [28], the difference between
the shapes of the energy spectra for forward photons mea-
sured in random alignment and on axis provides good con-
trast between the two angular configurations. For crystals
with thickness < 1 Xy, this constitutes a much better crite-
rion than the total energy of the particles emerging from the
crystal for the determination of the angular position corre-
sponding to axial alignment.

On the other hand, owing to the significant variation of the
energy deposited inside the samples, Eqep, between differ-
ent angular configurations, a measurement of the total final-
state energy proves useful to validate the angular alignment.

@ Springer

Indeed, as shown in Fig. 3, the latter quantities are strongly
correlated to each other. This was achieved with the layout
sketched in Fig. 2 (center): an array of lead glass blocks
was positioned at ~ 30 cm from the rear face of the crystal,
which guarantees good hermeticity for detection of all parti-
cles emerging from the crystal at angles of up to ~ 30° [15].
In this configuration, the total energy measured by the lead
glass blocks is Ecar ~ 120 GeV — Egep — O(10 GeV),
where the rightmost term accounts for residual transverse
losses and was evaluated with simulations.

The setup used for measurements with tagged photons is
shown in Fig. 2 (bottom). A copper target with a thickness of
1 mm (0.07 X¢) was used to generate bremsstrahlung pho-
tons from the incident 120 GeV electrons, which were then
diverted by a bending magnet towards an array of lead glass
blocks: this spectrometer was used to measure the electron
momentum, pe, and, in turn, to estimate the energy of the
bremsstrahlung photon as 120 GeV — pec [26,40]. The lat-
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ter showed excellent agreement with the energy inferred as
the sum of the energy deposited in the crystal and in the lead
glass block placed at the crystal rear face (y calorimeter), i.e.,
E ;/nf = Edep + EcaL,y . Overall, the apparatus was sensitive
to E;,“f between 5 and 100 GeV.

Photodetection system

The energy deposited inside the samples, Egep, Was evalu-
ated from the scintillation light measured with SiPMs. The
0.45 Xo crystal was read out by a single ASD-NUV4S-P
model by AdvanSiD [31]. It has a 4 x 4 mm? square surface,
which well matches the smaller faces of the sample, and a
photodetection efficiency that matches the PbWQO,4 emission
spectrum. The SiPM was coupled to an ASD-EP-EB-N eval-
uation board [31]. All the other samples were coupled to
arrays of Onsemi ARRAYC-60035-4P-BGA SiPMs [32].

The 0.45, 1 and 2 X crystals were read out from one of
the faces parallel to the beam direction, whereas the 4.6 X
was read out from the rear face. The calibration of the SiPM
response into GeV was performed by equalizing the mea-
sured random-orientation scintillation peak with the corre-
sponding energy deposit peak from simulations.

Simulation methods

The on-axis and random data were compared to the results
of MC simulations performed using the Geant4 toolkit [41],
properly modified to include SF effects. In particular, the cus-
tom physics model that we developed is based on the Baier—
Katkov quasi-classical operator method [2]. This method is
applied by correcting the differential bremsstrahlung and
pair production cross-sections with energy-dependent fac-
tors [10,28] that are computed through full MC simulations
of the particle motion inside the crystalline lattice at dif-
ferent energies and angles: here, the radiation emission and
pair production probabilities in the axial field are computed
by directly integrating the quasi-classical Baier—Katkov for-
mula over realistic particle trajectories [42—46].

Results

Enhancement of the scintillation light yield and energy
deposit

In order to estimate the strength of the electromagnetic
shower modification, the energy deposited inside the crys-
tal samples, Eqep, was evaluated from the scintillation light
measured with the SiPMs. Specifically, the calibration of the
experimental data into energy units (GeV) was performed by
equalizing the scintillation peaks measured in random orien-
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Fig. 3 Experimental measurement with 120 GeV electrons in the
4.6 X9 PbWO, sample: (a) distribution of the deposited energy, Eqep,
in the crystal in randomly oriented and axial configurations, and cor-
responding simulated (dashed) curves; (b) Egepas a function of the
angle between the beam and the axial direction, Op;s; (¢) correspond-
ing energy deposited in the calorimeter positioned downstream of the
crystal, EcaL, as a function of Op;s. The vivid part of the contour plot
corresponds to the experimental data; the shaded part to a linear interpo-
lation between Delaunay triangles calculated from the available data.
The green squares indicate the mean values at different angles. The
point on the x-axis corresponding to the randomly oriented configura-
tion (~ 50 mrad) is not to scale

tation with the corresponding simulated energy deposit peak.
This procedure was repeated separately for each crystal. The
distribution of the energy deposited by the 120 GeV elec-
tron beam in the 4.6 X sample (the thickest tested), both
in random and on-axis alignment, is shown in Fig. 3a. Here,
the data collected in axial configuration include particle tra-
jectories impinging on the axis with an angle of less than
100 prad, i.e., the size of the beam divergence, and about
0.1 ®p. An excellent agreement between the measured and
simulated Eqepspectra has been found in both alignment con-
ditions.

Figure 3b shows measurements obtained at different val-
ues of Onpis. The energy deposited inside the crystal grows
as Om;s decreases: the measured mean Egepis about 5 GeV
in random orientation and 15 GeV on axis (6nis ~ 0). The

@ Springer
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enhancement in the energy depositis particularly pronounced
for Omis < B9 ~ 0.9 mrad. Furthermore, a smaller enhance-
ment is still observed for Onis as large as 17 mrad (1°).
Moreover, the energy deposited in the lead-glass calorimeter
placed downstream of the crystal samples (denoted as Ecar)
increases with 65, as shown in Fig. 3c.

It is important to note that the combined detection system
(crystal and lead-glass calorimetr) is not fully hermetic in
the transverse direction. Consequently, a systematic missing
energy on the order of O(10 GeV) is observed, correspond-
ing to the difference between the nominal beam energy and
the sum of the energy deposits in the PboWO4 crystal and lead-
glass calorimeter, i.e., 120 GeV — Egep — EcaL- Indeed, this
missing energy is attributed to transverse losses from parti-
cles exiting the crystal at large angles, outside the geometric
acceptance of the calorimeter. This was confirmed by the
Geant4 simulations of the exeprimental setup.

Electrons vs photons

A second series of tests was carried out on the 1 X sam-
ple, which is of interest as it corresponds to the typical lon-
gitudinal segmentation adopted in satellite-borne detectors
for very-high-energy (VHE) y-ray and cosmic-ray observa-
tion [33,47]. Therefore, these tests were conducted using
both electrons at 120 GeV and photons in the energy range
5-100 GeV. The photon beam was bremsstrahlung-tagged,
i.e., the energy of each photon, produced via bremsstrahlung
from electrons interacting with a radiator, could be deter-
mined event-by-event by measuring the energy of the corre-
sponding deflected electron.

Figure 4 (left) shows the distribution of the energy
deposited in the crystal by 120 GeV electrons for dif-
ferent values of Ois. As expected, the deposited energy
Egepdecreases with increasing angle. Given the relatively
small thickness of the crystal, the shower does not have suf-
ficient time to fully develop, and the deposited energy is on
the order of only tens to hundreds of MeV. As in the case of
the thicker crystal, the deposited energy Eqepreaches a maxi-
mum near 6y = 0 and decreases with increasing angle, with
a measurable enhancement still observable beyond 0.5°.

Figure 4 (right) shows the average energy deposit inside
the same crystal sample by the photon beam as a function
of the inferred photon energy E)i,rlf (computed as explained
in the Materials and methods section) for different values
of Omis: on-axis, 0.9 mrad (1 ®q), 1.8 mrad (2 ®¢) and
random (~ 50 mrad). The energy deposited on axis grows
significantly with E;,“f up to the maximum photon energy
achievable with our setup, i.e., 100 GeV. There, the on-axis
measurement shows a twofold enhancement in the deposited
energy. Atangles of 1 ®g and 2 ©, the enhancement in Egep
is approximately 50% and 25%, respectively. The extrapo-
lated values at 120 GeV are in good agreement with those

@ Springer

obtained with 120 GeV electrons, shown in Fig. 4 (left). It
is also worth noting that a smaller axis-to-random enhance-
ment was observed even at Ei,“f < 25 GeV, i.e., below the
SF threshold (x < 1). Overall, all the results are in excellent
agreement with the predictions of the simulation model for
both the on-axis and random cases, as shown by the dashed
lines in Fig. 4 (right).

Electromagnetic shower development

Finally, we exploited the rich set of experimental data col-
lected with the 120 GeV electron beam to investigate the fea-
tures of shower development as a function of crystal thick-
ness, ranging from 0.45 X to 4.6 Xo. This allowed us to
study the modification of electromagnetic shower evolution
within the first few radiation lengths, where the SF effect is
expected to be most pronounced.

The mean energy deposit measured in the random (E
squares) and axial (E gé‘p,
of the sample thickness is shown in Fig. 5a . Both E(rl‘égand
E3 increase with crystal thickness, ranging from a few MeV
for crystals less than 1 X thick, to the multi-GeV scale for
the 4.6 X sample. Eggpincreases more rapidly than E{i‘;g,
reaching higher values within the first few radiation lengths,
providing clear evidence of the faster shower development.
As demonstrated in the previous section, the MC simula-
tions reproduce the experimental results well, allowing us
to investigate how the deposited energy varies continuously
with crystal depth, and to extrapolate it to depths larger than
4.6 Xo.

This investigation becomes quite instructive if we focus
on the difference between Eg’e‘pand E(T;g, which strongly
depends on the crystal thickness, and gives an indication
on how a calorimetric measurement could be modified if
the crystal is oriented. Figure 5b displays the difference
between Eé‘;‘;and Eg’e‘pnormalized to the beam energy vs.
crystal depth. At a thickness of 1 Xy, this difference accounts
for a very small fraction of the beam energy (less than 0.05%).
However, it increases significantly with thickness, reaching
approximately 8% at 4.6 Xo.

Figure 5c shows the ratio between Eg;lif and E{{e‘g, pro-
viding an estimate of the enhancement in energy deposition
observed on-axis compared to in random orientation. The
maximum enhancement was observed at a depth of 2 Xy,
and it corresponds to a factor of approximately 3.2. The
experimental data are compared with simulated values of
the fraction of primary energy deposited per radiation length
as a function of the penetration depth in an ideal, very thick
crystal (> 20 Xp). These simulations indicate an enhance-
ment peak of approximately 3.6 reached at a depth of about
1.7 Xy, beyond which the curve decreases monotonically.
This reduction in the enhancement, which still exceeds a fac-

rnd
dep>
circles) configurations as a function
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Fig. 4 Measurements on the 1 X sample. Left: Egepby 120 GeV elec-
trons as a function of Op;s. The vivid part of the contour plot corre-
sponds to the experimental data; the shaded part to a linear interpola-
tion between Delaunay triangles calculated from the available data. The
green squares indicate the mean values at different angles. The angle
corresponding to the randomly oriented configuration (~ 50 mrad) is

2 4 6 8
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tor of 2 at 6 X, can be attributed to the decreasing intensity
of SF effects on secondary particles as their average energy
diminishes. Additionally, their angular spread relative to the
crystal axis may exceed ®g. As a result, at more advanced
stages of the shower development, the full SF regime is main-
tained only for a subset of particles, while the majority of the
cascade evolves similarly to that in a randomly oriented crys-
tal. This effect is clearly seen also in Fig. 6, which illustrates
the simulated energy deposition by 120 GeV /¢ electrons in
randomly (top) and axially (bottom) oriented PbWO4 as a
function of depth.

Discussion

The observed enhancement in electromagnetic shower devel-
opment, along with the associated increase in scintillation
light yield during the early shower stages, may influence the
interpretation of data from homogeneous crystal calorime-
ters, as well as their design, particularly in scenarios where
incident particles are inadvertently aligned with the lattice
axes. This phenomenon is relevant to existing detectors, as
commonly used scintillating crystals are typically grown at
a small angle relative to a principal axis, as is the case for the
CMS ECAL [48]. Such alignment effects may be especially
significant in calorimeters with longitudinal segmentation,
including space-based y- and cosmic-ray detectors like the
Fermi LAT [33] and the CALET calorimeter [47], which
feature segmentation pitches of 1-2 Xj. Lattice orientation
will likewise be a critical factor in future high-energy exper-
iments such as FCC-ee [34] and the Muon Collider [35],

random

rays
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not to scale. Right: mean Egepby photons as a function of their energy,
at different values of Op,;s. Curves from the corresponding simulations
(dashed lines) and extrapolations to 120 GeV (squares) are also shown
for the randomly oriented and axial cases. The extrapolations have been
computed by fitting the experimental data to a logarithmic function
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Fig. 5 Measurements performed with the 120 GeV electron beam as
a function of the crystal thickness. (a) Mean Egepin axial and random
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0.45X, 1Xp

4.6 Xo

Fig. 6 Simulated energy density deposited in an electromagnetic shower initiated by 120-GeV electrons as a function of position inside a randomly

(top) and axially (bottom) oriented PbWOy crystal

where crystal-based calorimeters with longitudinal segments
of 4-5 X are being considered.

Our findings could play a significant role in shaping the
development of next-generation electromagnetic calorime-
ters, particularly those that may be designed to leverage the
SF effects at high energies. In forward-geometry configura-
tions, the enhancement in the containment of showers within
the active volume would lead to an improved energy resolu-
tion. This is especially important in the first layer of a longi-
tudinally segmented calorimeter with a small pitch (few-Xy),
as shown in Fig. Sc. At higher energies, where the SF effects
become more pronounced, this improvement is even more
substantial.

These insights would also make it possible to design thin-
ner calorimeters without sacrificing performance, a highly
desirable feature for satellite-borne y -ray telescopes, where
constraints on the detector mass and volume are critical.
A thinner design would allow for larger transverse dimen-
sions, thus increasing the geometric acceptance — an impor-
tant advantage for detecting rare, high-energy y -rays.

Moreover, these features could also be beneficial to
fixed-target experiments and forward calorimeters in col-
lider experiments. Clearly, the enhanced shower containment
would boost the detection efficiency of high-energy y-rays,

@ Springer

or guarantee the same efficiency of the current state of the
art with a thinner design. At the same time, owing to the
fact that hadronic interactions are largely unaffected by the
lattice orientation, a compact, oriented crystal calorimeter
would be more transparent to the passage of hadrons, which
would meet the need of a highly efficient photon detector
operating in a environment characterized by large neutral-
hadron background [49,50]. Furthermore, if segmented, this
design would feature improved y/hadron discrimination, a
critical feature for several forward physics and space-based
experiments.

Finally, SF effects can be exploited in the search for feebly-
interacting particles (FIPs), including potential light dark
matter candidates, in beam dump/missing energy experi-
ments such as NA64 at the CERN SPS [51]. In NA64 an
electron beam of energy 100-150 GeV is directed onto an
electromagnetic calorimeter. Long-lived FIPs may be pro-
duced when the primary beam interacts in this detector. These
FIPs do not interact with the calorimeter but can be detected
indirectly by the missing-energy signature corresponding to
the energy they carry away. The sensitivity of this approach
is directly limited by the total length of the detector, since
a FIP produced in its volume can only carry away all of
its energy if it survives long enough to exit the calorime-
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ter before decaying. A shorter calorimeter would therefore
provide better sensitivity for FIPs with shorter lifetimes.

Conclusions

In summary, we have reported detailed measurements of elec-
tromagnetic shower development and scintillation yield in
axially oriented PbWOy crystals with thicknesses ranging
from 0.45 to 4.6 Xo. How the development of showers is
enhanced under axial alignment, relative to random orien-
tation, was fully investigated and critically compared with
MC simulations. Notably, the enhancement persists over a
broad angular range, remaining measurable up to 1°. As
the test samples closely resemble crystals used in existing
and planned high-energy and y-ray detectors, these results
underscore the importance of accounting for lattice structure
in calorimeter design—an aspect completely overlooked by
the HEP community. Homogeneous crystal calorimeters pro-
vide the best energy resolution at the energy scales for HEP
experiments, and are therefore essential elements of many
existing and planned detectors. By incorporating the insights
into the importance of scintillator crystal structure and ori-
entation discussed here, the performance of future detectors
can be significantly improved across various experimental
domains.
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