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Abstract We have observed a significant enhancement in
the energy deposition by 25–100 GeV photons in a 1 cm
thick tungsten crystal oriented along its 〈111〉 lattice axes.
At 100 GeV, this enhancement, with respect to the value
observed without axial alignment, is more than twofold. This
effect, together with the measured huge increase in secondary
particle generation is ascribed to the acceleration of the elec-
tromagnetic shower development by the strong axial electric
field. The experimental results have been critically compared
with a newly developed Monte Carlo adapted for use with
crystals of multi-X0 thickness. The results presented in this
paper may prove to be of significant interest for the devel-
opment of high-performance photon absorbers and highly
compact electromagnetic calorimeters and beam dumps for
use at the energy and intensity frontiers.

a e-mail: bandiera@fe.infn.it (corresponding author)
b e-mail: matthew.moulson@lnf.infn.it (corresponding author)

1 Introduction

High-Z metals are widely used in high-energy physics for
applications requiring their strength, radiation hardness and
short radiation and nuclear interaction lengths. In particu-
lar, tungsten (W) is extensively exploited in a wide variety
of applications: compact beam collimators [1–3], radiation
shielding [1], beam absorbers [2,4] and targets for beam-
dump experiments [5]. Moreover, tungsten foils with a thick-
ness of one radiation length (X0 = 3.504 mm) or smaller are
easy to manufacture and prove ideal as the passive absorber
layers in sampling electromagnetic calorimeters, which are
ubiquitous in high-energy physics experiments for the mea-
surement of electron and photon energies. Similarly, thin
tungsten foils have been used in space-borne γ -ray tele-
scopes, such as in the AGILE [6] and FERMI LAT [7] track-
ers, to convert incoming photons into e+e− pairs.

Currently, tungsten is employed as an amorphous mate-
rial in all the aforementioned applications, while its crys-
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talline nature is completely ignored. However, it has been
well known since the 1950s that the electromagnetic inter-
actions between high-energy particles and crystalline matter
can be strongly affected by the atomic lattice structure of
the latter [8]. The first coherent effect that was predicted
theoretically [8] and then proved experimentally [9] is the
so-called coherent bremsstrahlung (CB). CB consists of the
enhancement of the probability for bremsstrahlung emission
that occurs when the e± is incident to the crystallographic
planes or axes with a small angle θ and crosses different
planes or axes with periodicity d/θ , where d is the interplanal
or interaxial distance. Under these conditions, the momen-
tum transferred by the e± to the crystal matches a reciprocal
lattice vector, in analogy with Bragg-Laue diffraction. Sim-
ilarly, for an incident photon under the same conditions, the
pair production (PP) probability is enhanced, which is known
as coherent pair production (CPP) [10].

The CB (CPP) theories work as long as the nearly straight
trajectory approximation is applicable to the motion of the
incident (emitted) particle. However, this approximation fails
[11] when the charged particle trajectory is aligned with the
crystal plane/axis within the so-called Lindhard critical angle
[12], θL = √

2U0/E , with U0 the depth of the potential well
associated with the plane/axis and E the projectile initial
energy. Indeed, in this condition, the particle interacts coher-
ently with the atoms in the same row/plane and is subject
to transverse oscillations in the effective (averaged) electric
planar/axial field of ε ∼ 1010–1012 V/cm, i.e., channeling
occurs [13–16].

In the rest frame of the incident particle, this effec-
tive field is enhanced by a Lorentz factor, γeff = E/mc2

(γeff = h̄ω/mc2) for e± (γ ), with m the electron mass and ω

the incident γ frequency. Indeed, in QED, the pair produc-
tion process in an external field is described as the conversion
of the photon into a virtual electron-positron pair that subse-
quently becomes real through the interaction with the exter-
nal field. Since the center of mass energy of the virtual pair
amounts to mc2, a Lorentz factor of about E/mc2 is ascribed
to the pair and can be used to describe the Schwinger limit
for pair production as well.

At sufficiently high incident particle energy, the effective
field can become comparable to the QED critical field, ε0 =
m2c3/eh̄ ∼ 1.32 × 1016 V/cm, introduced by Schwinger
[17]. When γeffε ≥ ε0, the strong crystal field gives rise to
oscillatory motion of e+/e− exceeding the opening angle
1/γeff of the radiation cone, thereby leading to emission
of synchrotron radiation, for which the quantum recoil of
a radiating electron is not negligible [11,18,19]. In practice,
this occurs when the trajectory of the incident particle forms
an angle θ with the lattice direction not much larger than
�0 = U0/mc2 [20–23], where the axial field can indeed
be considered constant over a distance larger than the typ-
ical length over which radiated photons are formed. In this

strong field regime, there is a considerable enhancement in
radiation emission, which exceeds both the standard Bethe-
Heitler bremsstrahlung in amorphous media [24] and the CB
process in crystals. Due to the crossing symmetry of radi-
ation emission and pair production, pair production is sim-
ilarly enhanced for photons incident on the lattice at small
angles to a main axis [16,19].

The main features of the crystalline strong field can be
described in terms of the parameter χ = γeffε/ε0 [19,25].
For χ � 1 the effective field is sub-critical, the synchrotron-
like PP is strongly suppressed and the synchrotron-like radi-
ation is soft (i.e., the emitted photon energy is a small frac-
tion of the projectile energy). On the other hand, for χ ∼ 1
the critical field is reached and the situation changes dramati-
cally: the synchrotron-like PP rapidly attains observable rates
[23,26] and the synchrotron-like radiation recoil becomes
highly important, which results in an enhancement in the
hard part of the photon energy spectrum. As a consequence,
a strong acceleration of the electromagnetic shower devel-
opment, or equivalently, a strong reduction of the radiation
length, X0, is attained. The resulting enhancement of the
cross section grows with photon energies ranging from a few
tens of GeV up to a saturation value in the multi-TeV region
[16,18,26–29].

The enhancement of radiation and PP by high-energy e±
and photons in strong and sub-strong crystalline fields was
first experimentally investigated in the 1980s. The studies on
PP were firstly focused on lighter elements such as silicon
and germanium [30], and only at a later stage on high-Z crys-
talline metals such as tungsten and iridium [31–33]. Most of
these studies exploited the axial field of the crystals, which is
stronger than the planar field and therefore allows the strong
field regime to be reached at relatively low energies. These
studies were driven by the need to test the feasibility of an
intense positron source [34,35] and to develop a compact
photon converter, i.e., a device to separate the photon and
neutral hadron beam components with minimal absorption
or scattering of the latter [31,32], for the NA48 experiment
at CERN; eventually, an iridium crystal with a thickness of
0.98 X0 was employed [36]. Indeed, with the aim of demon-
strating the radiation or PP enhancement, all these measure-
ments featured samples with a thickness of � 1X0 or, in
the case of a few studies limited to sub-strong field energies,
slightly thicker ones, thus precluding a full investigation of
the electromagnetic shower acceleration caused by the strong
crystalline field and only allowing for either the radiative or
the PP enhancement to be studied individually.

In this letter, we present an experimental investigation into
the acceleration of the development of the electromagnetic
shower occurring in interactions between 25 and 100 GeV
photons with a thick (2.85 X0) tungsten crystal oriented along
the 〈111〉 axes, i.e. in the full strong field regime – χ � 1.
The results were obtained at the CERN SPS, and demon-
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Fig. 1 Experimental setup at the CERN H2 beamline. The input
electrons are incident on a thin copper radiator (TGT), producing
bremsstrahlung photons; the latter are then separated from the charged
beam by a bending magnet (BM). The S1–4 scintillating counters are
used to generate the trigger signal (S1∧S2∧S3) and to measure the
downstream charged particle multiplicity (S4). The silicon microstrip

detectors SD1–3 track charged particles. An array of lead-glass blocks
measures the energy of the interaction products of the photon (γ -CAL)
and of the deflected electron (e-CAL). Bottom left insertion: tungsten
〈111〉 axial potential as a function of the transverse distance from the
axis and BCC lattice, with the 〈111〉 axis highlighted in red

strate the strong enhancement of the electromagnetic shower
development and, in particular, of the absorption power when
the photon beam is aligned with the crystal axes. This effect
might be advantageously exploited in future experiments at
the energy and intensity frontiers, with applications in photon
absorbers for fixed-target and beam dump experiments and
in new generation detectors such as ultra-compact sampling
calorimeters, as explained later in the text.

2 Experimental setup

Crystalline tungsten has a body-centered cubic (BCC) lat-
tice (Fig. 1, bottom left) with constant a = 3.1652 Å.
For our experiment we selected the 〈111〉 axis, which gives
the strongest field in the case of W. The continuous poten-
tial associated with the 〈111〉 axis at room temperature is
U0 = 887 eV, which can be obtained from the curve plotted
in Fig. 1, bottom left; this corresponds to �0 ∼ 1.75 mrad.
For this axis, χ = 1 at about 13.6 GeV [18] at the maximum
axial field ε = εmax ∼ 5×1011 V/cm, and at Eγ � 22 GeV
the coherent PP probability becomes larger than the Bethe–
Heitler value.

The commercial sample under study was produced by
Princeton Scientific; it was approximately cubic, 10 mm (i.e.,
2.85 X0) thick. The 〈111〉 axes were normal to one of the
faces. It was tested at the CERN H2 beamline with a tagged-
photon beam obtained from a tertiary 120 GeV/c electron

beam. The experimental setup is shown in Fig. 1. To gener-
ate the tagged-photon beam, the electron beam was directed
onto a 1-mm copper radiator. The electrons were then mag-
netically deflected towards an array of lead-glass blocks [37],
which measured the electron energy after bremsstrahlung
emission and therefore served as a photon tagging system
(e-CAL in Fig. 1). Furthermore, the trajectories of the input
electrons were reconstructed via two ∼ 20 × 20 mm2 sili-
con microstrip sensors (SD1-2) with an overall angular res-
olution of a few µrad [38]; this allowed the reconstruc-
tion of the impact point and trajectory of the photons inci-
dent on the crystal sample, given the small aperture of the
bremsstrahlung cone from the copper target at this energy
(∼4 µrad).

The sample was mounted on a high-precision goniome-
ter, which allowed positioning and orientation in both the
horizontal and vertical planes to be controlled remotely with
a resolution of � 5 µm and � 5 µrad respectively [39–
41]. Plastic scintillators were installed upstream and down-
stream with respect to the crystal position: the former (S3)
served as a veto for the pairs produced by photon conversion
in air (whose contribution was strongly suppressed by the
use of vacuum pipes and a helium bag for transport of the
deflected beam) whereas the latter (S4) allowed a measure-
ment of the number of charged particles produced inside the
crystal. Another lead-glass block (γ -CAL), placed along the
photon beam trajectory, measured the energy transmitted in
the forward direction.
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The input beam divergence of ∼85 µrad (∼60 µrad) in
the horizontal (vertical) plane was considerably smaller than
�0, allowing the dependence of the strong field on the input
angle to be studied with high precision. The crystal was tested
at several different values of the angle of incidence θ of the
photon beam with respect to the 〈111〉 axis, ranging from 0
to 12.5 mrad (∼7�0). Furthermore, data were collected at
∼45 mrad (∼2.6◦) from the axis along a direction chosen to
avoid proximity to other main axes and planes, where the lat-
tice structure has no effect on the photon-matter interaction;
this is equivalent to the case of random orientation.

3 Results and simulations

Figure 2 shows the correlations between the transmitted
energy directly measured by the γ -CAL and the initial pho-
ton energy. The latter quantity is obtained via photon tag-
ging, i.e., by subtracting the electron energy measured in the
e-CAL from the nominal value of the initial electron beam
energy (120 GeV). The energy absorbed or dispersed by the
crystal, which we refer to as the lost energy, is given by
Elost = Eγ −Ebkg −Eγ−CAL, where Eγ is the initial photon
energy from the photon tagging, Eγ−CAL is the transmitted
energy as measured by the γ -CAL, and Ebkg is the missing
energy Eγ − Eγ−CAL observed with no crystal sample in
the apparatus. The lost energy is strongly enhanced when the
beam is incident along the crystal axis (blue points), com-
pared to the random orientation (brown points). To quan-
tify, Table 1 shows values of the lost energy (before back-
ground subtraction, with the background contribution sep-
arately tabulated) for three different values of the incident
photon energy (∼39 GeV, ∼69 GeV, and ∼94 GeV) and
for different angles of incidence. With the background sub-
tracted, for a ∼94 GeV photon incident at θ = 0 mrad, the
lost energy is about 18 GeV, while for random incidence,
it is about 5 GeV. The amount of energy absorbed or dis-
persed by the crystal is seen to increase by about a factor of
three. As clearly visible in Fig. 2, the maximum absorption
power is maintained up to about 2.5 mrad from the crystal
axis, while the size of the effect decreases as the angle grows.
Nevertheless, at ∼94 GeV, even at an angle of incidence of
12.5 mrad (purple curve), the fraction of missing energy is
still 1.5 times that for the random orientation. As expected,
with initial photon energy, since X0 decreases, the amount of
energy absorbed inside the crystal increases, so that the frac-
tion of the initial photon energy absorbed is nearly constant
over the whole range in Eγ explored. The broad angular range
over which the macroscopic character of the enhancement in
energy absorption is preserved can be ascribed to both the
strength of the 〈111〉 axis potential in tungsten and the high
mosaicity of the sample, for which a value of ∼3 mrad was
estimated from the combination of high-resolution measure-

Fig. 2 Energy measured by γ -CAL as a function of the tagged photon
energy, at different angles between the beam and the 〈111〉 axis and
in the random orientation (45 mrad). Background data, i.e., with no
crystal along the photon path, are also shown. The points (dashed lines)
represent the experimental data (simulated results)

ments of X-ray diffraction on the crystal surface and Monte
Carlo simulation. The slight saturation of the enhancement
for Eγ > 90 GeV is due to the limited acceptance of the
e-CAL, as we have verified via simulation.

The experimental results presented in Fig. 2 demonstrate
the faster electromagnetic shower development due to the
strong crystalline field, with a resulting enhancement of sec-
ondary particle generation in the first layer of material. Each
of these charged secondaries deposits energy inside the mate-
rial during its passage, resulting in a significant increase of
absorbed energy when the sample is oriented along its 〈111〉
axes.

We also directly measured the increase in the secondary
production due to the acceleration of shower development
with the S4 scintillating multiplicity counter, whose pulse
height is proportional to the energy deposited inside the plas-
tic layer and therefore to the number of incident charged par-
ticles (Fig. 3). As expected, the enhancement grows with the
tagged photon energy, i.e., at higher initial χ , and for decreas-
ing angle of incidence with respect to the axis. The corre-
sponding ratios between measured values at different angles
of incidence and in the random orientation (i.e., 45 mrad off
axis) range from 130 to 160% at ∼30 GeV, depending on
the incoming photon angle, to � 230% at 100 GeV when on
axis; indeed, even at an angle of 12.5 mrad with respect to
the axis, the enhancement ratio is ∼170% for 100 GeV pho-
tons. Again, the apparent saturation of the enhancement for
Eγ > 90 GeV is due to the limited acceptance of the e-CAL.
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Table 1 Missing energy (i.e.,
part of the initial photon energy
not detected by the γ -CAL) at
different angles between the
beam and the 〈111〉 axis, for
different values of the tagged
photon energy. Errors are
reported in parentheses

θ (mrad) Missing energy in γ -CAL (GeV)

At 38.75 GeV At 68.75 GeV At 93.75 GeV

Sim., on axis 11.78 17.78 23.76

Exp., on axis 13.05 (0.75) 17.66 (0.81) 23.93 (0.96)

2.5 12.60 (0.75) 16.78 (0.80) 22.54 (0.93)

5.0 12.38 (0.75) 14.86 (0.80) 20.28 (0.94)

7.5 11.72 (0.76) 13.44 (0.80) 18.72 (0.98)

12.5 11.32 (0.76) 12.53 (0.80) 16.76 (0.91)

Exp., random 9.07 (0.80) 8.75 (0.84) 11.00 (1.00)

Sim., random 6.32 7.79 10.56

Exp., no crystal 4.62 (0.75) 6.12 (0.76) 5.76 (0.79)

Fig. 3 Energy deposited in the S4 plastic scintillator as a function of
the tagged photon energy, at different angles between the beam and the
〈111〉 axis and in the random orientation (45 mrad). The points (dashed
lines) represent the experimental data (simulated results)

All of the experimental results presented here are vali-
dated by the agreement with the results of Monte Carlo sim-
ulations (see dashed lines in Figs. 2, 3). The simulation of
the full experimental setup was based on the Geant4 toolkit
[42], in which the features of the radiation-matter interac-
tion for amorphous media is implemented by default. The
results for the axial configuration were obtained by rescal-
ing the bremsstrahlung and PP cross sections according to
the outcome of full Monte Carlo computations based on
the Baier-Katkov quasi-classical operator method [23,26]
to simulate the enhancement in oriented crystals; see, e.g.,
[43,44]. Indeed, since the crystal mosaicity exceeded the
angle �0, our experimental conditions were far from those
for which the uniform field approximation is applicable [16].
For this reason, the full scale evaluation of the Baier–Katkov
formulae was used in the simulations. Given the considerable

mosaicity of the thick crystal under study in this work, both
the radiation and pair production probabilities were averaged
over the distribution representing the spread of the angle of
incidence arising from the crystal mosaic and implemented
in Geant4 instead of the Bethe–Heitler values. Geant4 proved
essential in combining the coherent radiation and pair pro-
duction enhancements at the high particle energies present
at the start of the shower with the highly efficient and well-
verified treatment of the energy loss for the numerous sub-
GeV particles that mostly move at large angles with respect
to the trajectory of incidence in the advanced stages of the
shower.

4 Outlook for applications

The observation of the enhancement in photon energy
absorption and secondary pair production described in this
work paves the way to manifold applications in high-energy
physics and astrophysics. While the strong field effects result
in a reduction of the effective X0 that depends on the particle
energy, the nuclear interaction length λint, i.e., the longitudi-
nal scale of the inelastic hadronic processes, is unaffected by
the lattice orientation. Therefore, axially oriented tungsten
layers prove appealing to filter out the photon component in
hadron beams with minimum effect on the hadronic com-
ponent [45]. As an example, this technique could be used
to clean the prompt photons from a neutral hadron beam
as proposed by the KLEVER (KL Experiment for VEry
Rare events) experiment, which is planned to follow upon
the NA62 experiment in the CERN North Area, extending
the program of searches for rare kaon decays to include KL

mesons [45].
Similarly, beam-dump experiments for light dark matter

searches could benefit from an oriented crystal dump target,
which would allow for an increase in the experiment sensitiv-
ity; indeed, a crystalline target would allow the dump length
to be reduced without any reduction in its electromagnetic
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shower containment capability and therefore the probabil-
ity to be increased for dark photons to exit the dump before
decaying, so that their decay products can be reconstructed in
the apparatus downstream [46]. Moreover, it is well known
that, at high-energies, bremsstrahlung and PP are suppressed
in amorphous media due to the Landau–Pomeranchuk–
Migdal (LPM) effect [47]. Since bremsstrahlung and PP are
dramatically enhanced in crystals at high energy and at the
same time are not reduced by the LPM effect, the use of
aligned crystals is appealing for the design of beam dumps
for use at the energy frontier.

The reduction in electromagnetic shower length is clearly
visible in Fig. 4, which shows the simulated energy deposited
in crystalline tungsten oriented along the 〈111〉 axis by pri-
mary electrons/photons. The curves are obtained from simu-
lation of highly collimated electron and photon beams inci-
dent on a 20×20×20 cm3 tungsten crystal, i.e., wide enough
to contain all the shower particles, oriented along the 〈111〉
axis: the fraction of the absorbed primary particle energy is
plotted, at different input energies and for the random (top)
and axial (bottom) cases, as a function of the depth inside the
material. When on axis, the maxima of all of the curves are
located approximately at the same depth, thus demonstrating
that in case of an axially oriented crystal the position of the
shower maximum is nearly independent of the initial energy
between a few GeV and ∼ 1 TeV. For a 100 GeV photon,
the energy deposition at a depth of 1 cm is about three times
higher in the axial orientation than in the random orienta-
tion and corresponds to that of an amorphous target of length
∼ 1.47 cm. This enhancement is basically in good agreement
with our observed value. The same simulation code allows an
estimate to be obtained of the effective radiation length from
the fraction of incident 100 GeV photons that cross 1 cm of
tungsten without converting into e+e− pairs: for the axial
case, a value of 1.050 mm was obtained, i.e., 3.3 times the
amorphous value.

The acceleration of the shower development can be
exploited to create sampling electromagnetic calorimeters
with thinner passive layers. Sampling calorimeters are widely
used in particle physics for the measurement of particle
energies and consist of several high-Z , high-density pas-
sive layers, which force incoming electromagnetic particles
to shower, interleaved with active layers (typically plastic
scintillator) in which a signal proportional to the number of
particles per stage is generated. The use of oriented tungsten
absorber layers instead of amorphous ones would allow for a
significant reduction of the calorimeter thickness, leading to
the development of ultra-compact calorimeters with applica-
tions in fixed-target experiments, at the energy and intensity
frontiers. Furthermore, as seen from Fig. 4, in a sampling
calorimeter using oriented crystal absorbers, the depth pro-
file of the electromagnetic shower is nearly independent of
the incident particle energy, thus reducing or eliminating non-

Fig. 4 Simulated energy absorbed in crystalline tungsten oriented
along the 〈111〉 axis, normalized to the primary particle energy and to
the unit depth, as a function of the depth inside the crystal, for incident
electrons (solid curves) and photons (dashed curves). The simulated
crystal parameters are the same as in the experimental case presented
in Figs. 2 and 3

linearities due to shower leakage for high-energy particles.
The results presented in this letter demonstrate that metallic
crystals that are already commercially available are suitable
for this purpose. The possibility to assemble many crystals
in a matrix and to control their reciprocal orientation with an
accuracy better than ∼ 1 mrad can be achieved with exist-
ing technologies such as bonding techniques [48], thereby
allowing realistic applications in large converter and detec-
tor systems.

5 Conclusions

In summary, we have presented measurements of the accel-
eration of electromagnetic shower development for 25–
100 GeV photons incident on a thick (multi-X0), commer-
cially available tungsten crystal at small angle relative to the
〈111〉 axis, demonstrating an enhancement in the secondary
particle production and energy absorption for axially ori-
ented crystals, compared to the case for random orientation.
This behaviour is maintained over an angular acceptance of
at least a few mrad. The magnitude of the observed effect is
promising for the use of thick, commercial crystalline tung-
sten layers as compact photon or electron absorbers in current
and future fixed-target experiments, which are intrinsically
forward. These results also confirm that high-Z crystals such
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as tungsten prove interesting for the construction of next-
generation, ultra-compact sampling calorimeters and targets
for beam-dump experiments.
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