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Acceleration of electromagnetic shower development and enhancement of light yield
in oriented scintillating crystals
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We observed a substantial increase of the scintillation light output of lead tungstate (PbWO4)
at a small incidence angle with respect to two main lattice axes. This reflects the acceleration of
electromagnetic shower development that occurs in the crystalline Strong Field. We measured the
scintillation light generated by 120-GeV electrons and 10-100-GeV ~ rays on thick samples. This
result deepens the knowledge of the shower development mechanisms in crystal scintillators and
could pave the way to the development of innovative accelerator- and space-borne calorimeters.

Inorganic crystal scintillators are essential in high-
energy, nuclear, medical and astroparticle physics, al-
lowing precise measurements of the energy of elec-
trons, positrons and 7y rays. In particular, high-
energy physics (HEP) and astroparticle physics experi-
ments commonly rely on high-resolution electromagnetic
calorimeters based on inorganic scintillating crystals, in
which the energy of the incident particle is measured
detecting the light resulting from the electromagnetic
shower it initiates [1]. At the energy frontier (i.e., from
the multi-GeV range up), showers can extend over ten or
more radiation lengths (Xy), which requires high-atomic-
number (Z), dense crystals with a small X for compact
detectors to fully contain them.

The formation of electromagnetic showers in inor-
ganic scintillators is conventionally modeled as occur-
ring in amorphous media. This approach accounts for
bremsstrahlung radiation emission and electron-positron
pair production, respectively by electrons/positrons and
~ rays interacting with the Coulomb potential of sin-
gle atoms. However, these models neglect the signifi-
cant impact of the crystalline lattice and of its orienta-

tion: specifically, when a particle moves close to one of
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the strings (axes) of atoms in the lattice, it experiences
an electromagnetic field that is approximately constant
along the string direction, resulting from the coherent
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
(Eg =m?2c3/eh ~ 1.32-10'6 V/cm), i.e. the threshold for
nonlinear QED effects [6]. This is the so-called Strong
Field (SF) regime [3]. Such an intense field induces an
enhancement of the radiation emission probability with
respect to the Bethe-Heitler description typical of amor-
phous media [7]. By crossing symmetry, the probability
for the creation of an e* pair by a high-energy photon is
significantly increased as well [2, 3, 8, 9].

The SF regime is attained if x = v&a1/E 2 1, where
Elap 1is the axial electric field in the laboratory frame and
v is the Lorentz factor, which translates into an energy
threshold for the primary particle [2-4]. This energy scale
is of 2 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 v with ypp =
hw/mec?, hw being the incident photon energy. The SF
effect intensity grows with x up to saturation, which is
typically reached above several TeV, far beyond current
experimental conditions [3].
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Overall, the SF-related increase of these processes
leads to an acceleration of the electromagnetic shower
development with respect to the case of an amorphous
or randomly oriented medium. In case of a scintillating
crystal, the larger number of secondary particles leads to
an increase of the number of scintillation photons emitted
inside the medium within the same distance.

For instance, let us consider lead tungstate (PbWOQy,
Xo ~ 0.89 cm [10]), one of the most commonly used
inorganic scintillators, and two of its main axes, (100)
and (001) — shown in figure 1 top. In case of the con-
sidered axes, the full SF regime (x = 1) is attained at
an energy of about 25 GeV. The corresponding values
of Uy, i.e. the depth of the potential well associated to
the axial field [3], are approximately 460 eV and 420 eV
respectively [11]. An estimate of the misalignment angle
(Omis), i.e., the relative angle between the incidence di-
rection and the crystallographic axis, needed for the SF
shower development acceleration to be achieved is pro-
vided by ©g = Uy/m.c?[3], thus the angular acceptance
of the SF regime is about 0.9 mrad in both cases.
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FIG. 1. Top: single-atomic-string potentials of two of the
main PbWQOy4 axes as a function of the distance from the
atomic string. The corresponding crystalline structure is
shown in the insertion. Bottom: experimental setup for the
measurements with electron beams on the CERN H2 beam-
line.

For 0,is > ©g, other coherent effects occur, i.e., coher-
ent bremsstrahlung and coherent pair production [12, 13].
It has been observed that such phenomena determine an
increase of both bremsstrahlung and pair production for
Omis up to 1° and also for energies significantly smaller
than the SF scale [14].

Experimental investigations of the SF effects in both
radiation emission [15] and pair production [16] 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 tungsten, have been performed starting
from the 1990s, with the aim of developing compact pho-
ton converters and high-intensity positron sources [17—
20]. Non-scintillating materials were almost exclusively
considered, although their light-emitting features allow
to directly probe the shower evolution.

Recently, a study on the radiation enhancement by
120-GeV electrons incident on the (001) axis of a 0.45 X
thick PbWO, crystal has been performed [21]. It was the
first characterization of a SF-induced (x ~ 3.5 > 1) ra-
diation emission enhancement occurring in an oriented
inorganic scintillator. No direct measurement of the en-
ergy deposited inside the crystalline sample was made.
The only other study to date on PbWOQ, crystals was
performed with 26 GeV electrons, i.e., at the SF thresh-
old [22]: as stressed by the authors themselves, albeit
promising, the results were of limited usage due the ab-
sence of a physical model to compare the data with and
the need to deepen the investigation by using different
particles and probing higher energies — the = 100 GeV
range, where the SF is fully attained.

In this letter we present an unprecedented direct mea-
surement of the shower development acceleration that
occurs in oriented crystals in full SF regime. In partic-
ular, we have measured the light yield enhancement in
PbWO, crystals with a photodetection system based on
silicon photomultipliers (SiPMs) [23, 24]. To fully probe
the shower development modification, we have explored a
wide range of sample thicknesses, using both high-energy
electrons and photons. Moreover, we have critically com-
pared our results to a Monte Carlo model, demonstrating
an excellent agreement. This study demonstrates that
the shower formation, and hence the light yield of ori-
ented scintillating crystals, is significantly enhanced with
respect to the unoriented case, which contributes to en-
rich the general understanding of the working principles
of crystal-based detectors and may pave the way to the
development of innovative electromagnetic calorimeters
and preshowers, as discussed in the following.

Four oriented PbWOQO, samples were probed, with
thicknesses of 0.45, 1, 2 and 4.6 Xy, thus covering the
initial part of the shower, in which the most pronounced
enhancement is expected. In fact, it is at the shower be-
ginning that the particles have the highest energy and the
lowest angle with respect to the primary trajectory, thus
the SF effects are maximally attained. Two of the main
axes of PbWOQO, were studied: the 0.45 and 4.6 X, (1 and
2 Xy) crystals were oriented along the (100) ((001)) axis.

Our studies were performed on the H2 beamline of the
CERN SPS [25], using a 120-GeV /c electron beam with a
< 100 prad divergence. The 1 X crystal was also probed
with a 5-100 GeV tagged photon beam [26]. The crystals
were installed on a high-precision goniometer, which al-
lowed for a fine tuning of the sample-to-beam alignment
with 1 prad precision [27]. The incident particle trajecto-
ries were reconstructed with a tracking system based on
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FIG. 2. Measurements by 120 GeV electrons in the 4.6 Xo
sample. (a) Distribution of Eqep in the crystal in randomly
oriented and axial configurations, and corresponding simu-
lated (dashed) curves. (b) Egep and (¢) Ecar as a function
of Omis. The vivid (shaded) parts of the contour plot corre-
spond to the experimental data (a graphical interpolation).
The green squares indicate the mean values at different an-
gles. The abscissa corresponding to the randomly oriented
configuration is not to scale.

silicon microstrip detectors, with an overall angular res-
olution of a few prad [28]. The energy deposited inside
the samples, Fqep, was evaluated from the scintillation
light measured with the SiPMs. In addition, the energy
of all the particles emerging from the crystals, Ecat,, was
measured by a homogeneous electromagnetic calorimeter
consisting of an array of lead glass blocks. The layout
of the experimental setup used with electrons is shown
in figure 1 bottom. A detailed description can be found,
e.g., in [11, 29, 30].

Each crystal sample was probed at different 6y,;s, from
the axial (65 = 0 mrad) up to the condition of ran-
dom orientation (0 ~ 50 mrad ~ 3°). The on-axis
and random data were compared to the results of Monte
Carlo simulations performed using the Geant4 toolkit
[31], properly modified to include the SF effects: the cus-
tom physics model that we developed is based on the
Baier-Katkov quasi-classical operator method [2]. This

method [32-34] is used to rescale the radiation emission
and pair production cross sections in oriented crystals
inside the Geant4 toolkit [35, 36].

The distribution of Fqyep in the 4.6 X crystal —i.e., the
thickest sample that was tested, hence the one in which
the shower develops the furthest — by 120 GeV electrons,
both in random and on-axis alignment, is shown in fig-
ure 2a. The calibration of the experimental data into
GeV was performed by equalizing the measured random-
orientation scintillation peak with the corresponding sim-
ulated energy deposit peak. An excellent agreement be-
tween the measured Ege, spectrum and the simulated
energy deposit spectrum has been found in both the
alignment conditions. Figure 2b shows the measure-
ments obtained at different 6,,;5. The energy deposited
inside the crystal grows as its alignment approaches the
axial configuration: the measured mean FEqe, is about
5 GeV in random orientation and 15 GeV on axis. The
energy deposit enhancement is particularly pronounced
up to Onis = Op ~ 0.9 mrad. Furthermore, a lesser
enhancement is still attained at 17 mrad (1°). On the
contrary, since the downstream calorimeter collects most
of the particles emerging from the crystal, Fcai, grows
with O, as shown in figure 2c. A missing energy
(120 GeV — Eqep — Ecar) of a few GeV is observed: it is
due to transverse losses from particles emerging from the
crystal at a large angle, out of the geometric acceptance
of the calorimeter, as confirmed by the Monte Carlo.

The 1 X, sample was probed with both electrons and
photons. Figure 3 left shows the distribution of the en-
ergy deposited in the crystal by the electron beam at
different f,is: as in the previous case, Egyc, decreases
at increasing angle. On the other hand, figure 3 right
shows the average energy deposited inside the same crys-
tal sample by the photon beam as a function of the in-
ferred photon energy, Elnf Eg4ep + Ecar, for different
Omis: on-axis, 0.9 mrad (1 Op), 1.8 mrad (2 Op) and ran-
dom. The energy deposited on axis grows significantly
with Eivnf up to the maximum available photon energy,

e., 100 GeV. The extrapolated values at 120 GeV are
in good agreement with the ones obtained with 120 GeV
electrons, shown in figure 3 left. It is also worth noting
that a lesser axis-to-random enhancement was observed
even at Eivnf < 25 GeV, i.e., with x < 1. Overall, all the
results are in excellent agreement with the predictions of
the simulation model — dashed lines in figure 3 right.

Finally, we exploited the rich set of experimental data
we collected with the electron beam to probe the shower
development features as a function of the crystal thick-
ness. The mean energy deposited measured in random

(Eégg) and axial (E3})) configuration as a function of the

sample thickness is shown in figure 4a. Both ES‘;g and

Egs, increase with the crystal thickness, ranging from a
few MeV, in case of sub-X| crystals, to the multi-GeV
scale in the 4.6 Xy sample.

It is particularly interesting to study the difference be-
tween EG7 and Ernd which depends heavily on the crys-

tal thickness as 1t 1s shown in figure 4b. At 1 X, it
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FIG. 3. Measurements on the 1 Xy sample. Left: Egep by 120 GeV electrons as a function of @mis. The vivid (shaded) parts
of the contour plot correspond to the experimental data (a graphical interpolation). The green squares indicate the mean
values at different angles. The angle corresponding to randomly oriented configuration is not to scale. Right: mean Eqcp by
bremsstrahlung photons as a function of their energy, at different 0mis. The corresponding simulation curves (dashed lines) and
extrapolations at 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.

corresponds to a very small fraction of the beam energy
(< 0.05%). On the other hand, the value grows up to
about 8% at 4.6 Xy. Figure 4c shows the ratio between
Egs, and Efigg. This provides an estimate of the energy
deposit enhancement measured on axis with respect to
the random case, which reaches the maximum value of

about 3.8 at 2 Xj.

The experimental data are compared to the simulated
fraction of primary energy deposited per radiation length
as a function of the penetration depth inside an ideal,
very thick (> 20 Xy) crystal. These simulations sug-
gest that the peak in figure 4c should be located around
1.7 Xy. Above this value, the curve decreases monoton-
ically. The total absorption is reached more gradually
than if the development of the entire shower were accel-
erated by the same amount independently on the pene-
tration depth: as the latter grows, the intensity of the
SF effects to the secondary particles decreases (as their
average energy does) and their opening angle with re-
spect to the crystal axis can become larger than ©g. As
a consequence, at an advanced stage of development the
full SF regime is conserved only by a fraction of the par-
ticles, and the axis-borne shower proceeds similarly to
that occurring in random orientation.

The observed shower acceleration and the correspond-
ing light yield enhancement may truly influence the un-
derstanding of homogeneous calorimeters in general, in-
cluding scenarios in which the particles might be aligned
with the lattice axes by chance. In fact, this understand-
ing could help improve the interpretation of data from ex-
isting detectors, since commonly used crystals are grown
at a small angle with respect to one of the main lattice
axes, which is the case of, e.g., the CMS ECAL [37].
The effect of accidentally aligned channels would be par-
ticularly significant in case of calorimeters with longitu-
dinal segmentation, such as space-borne - and cosmic-
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ray detectors like the Fermi Large Area Telescope (LAT)
[38] and the CALET Total Absorption Calorimeter [39],
which feature a segmentation pitch of 1-2 Xy. It will
also be critical to keep the lattice orientation under con-
trol in the design of future experiments at the energy
frontier, e.g., at the Future Circular Collider [40] and at
the Muon Collider [41] — whose crystal calorimeters may
have a segmentation pitch of 4-5 Xj.

Furthermore, our results may prove to be advantageous
in the development of next-generation ECALs, operating
from the GeV to the multi-TeV scale, that would exploit
the SF effects. In practice, in case of forward-geometry
experiments, these effects lead to an improvement of the
shower containment in the active volume of the detector,
which would result in a major improvement of its energy
resolution. This is especially true for the first layer of
a longitudinally segmented calorimeter with a pitch of a
few Xy, as shown in figure 4c, and is expected to be even
more important at higher primary energies, at which the
SF effects are stronger and the shower containment en-
hancement is more pronounced [42]. In addition, this
work demonstrates that an ECAL with the same reso-
lution as the current state of the art but with reduced
thickness is feasible. This would prove particularly ap-
pealing in case of a satellite-borne 7-ray detector with
pointing capabilities. Indeed, since one of the main lim-
itations of high-energy photon observation from space is
the low photon flux, a thickness reduction would allow for
an increase of the calorimeter transverse size and, hence,
of its acceptance, while keeping the satellite within the
weight and volume constraints of a payload launch. This
concept could also be applied to the case of ECALSs in
fixed-target experiments — such as NA64 at CERN [43],
which is currently considering a PWO-based detector —
as well as in the forward region of collider experiments.

The improved shower containment also results in an
enhancement of high-energy ~-ray detection efficiency.
Furthermore, since the hadronic interactions are not af-
fected by the crystalline structure of the bulk, a highly
compact oriented crystal calorimeter would be more
transparent to the passage of hadrons (see, e.g., [44, 45])
and, if segmented, would have more y/hadron discrimina-
tion power [46]. These features are particularly appealing
for accelerator-based forward-geometry experiments that
exploit neutral hadron beams as well as for space-borne

~-ray telescopes.

In summary, our study has provided detailed measure-
ments concerning the electromagnetic shower longitudi-
nal development and the resulting scintillation light yield
in axially oriented PbWOy, crystals with thicknesses be-
tween 0.45 and 4.6 Xy. These experiments, whose results
show an excellent agreement with our simulation model,
offer a direct insight into the acceleration of shower de-
velopment in oriented crystals with respect to the ran-
domly oriented case. Notably, this enhancement extends
over an angular range of more than 1 mrad, with a de-
tectable effect up to 1°. Since the measurements were
performed on samples that are similar in size and growth
technique to the ones employed in existing particle detec-
tors, such as electromagnetic calorimeters in HEP and -
ray astrophysics, these findings highlight the significance
of considering the lattice structure of crystalline scintil-
lators, which is currently neglected. Keeping this aspect
under control is crucial in order to fully understand the
detector performance and can be exploited to substan-
tially enhance the performance of future calorimeters and
preshowers at the energy frontier.
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