
 

Photon emission by volume reflected electrons in bent crystals
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We present a quantitative experimental analysis of the radiation emission of 12.6 GeVelectrons moving
along and across the (111) planes of a strongly bent silicon crystal with a bending radius of 0.15 m.
We have measured the radiation emitted during volume reflection, which has shown to strongly enhance
the emission of low-energy photons, and a convincing agreement between simulations and experimental
data is found.
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I. INTRODUCTION

Radiation from electrons and positrons channeled in
straight oriented single crystals has been studied in great
detail over the past decades [1,2]. These studies have shown
that radiation emission is enhanced considerably due to
the coherent motion and the strong electric fields, which
are of the order 1011 − 1013 V=m depending on the crystal
material, orientation and lattice type. In this paper we study
the radiation emitted from electrons during penetration of
a strongly bent planar oriented Si crystal. The motion of
charged particles penetrating strongly bent crystals has
been studied in great detail [3–7], but with little exper-
imental emphasis on their radiation emission. These studies
show that particles undergo several different processes
during penetration of a bent crystal: mainly channeling,
curvature or multiple scattering dechanneling, volume
capture (VC) and volume reflection (VR). Here, in par-
ticular, we are interested in the radiation emitted during the
process of VR. During VR the electrons are exposed, for a
prolonged time, compared to the oscillatory motion when
channeling or skipping the crystal planes, to a strong part of
the electric field in the crystal, which leads to an enhance-
ment of radiation emission which we show is almost
synchrotron like. As we show below, the radiation from
the VR process can indeed be identified, and our experi-
ment agrees well with numerical VR simulations. In our

experiment we measure the single photon spectrum from
12.6 GeV electrons passing nearly parallel to the (111)
planes of a 60 μm bent silicon crystal with a bending radius
of 0.15 m. By rotating the crystal we vary the incident angle
of the electrons hitting the crystal, which enables a study of
the radiation emitted from the different processes during
passage through the crystal.
This experiment serves as a more detailed study of the

nature of VR radiation than previous studies, see: [8–11],
which where all made at significantly higher and lower
energies than this experiment.

II. EXPERIMENT

The experiment was conducted at the SLAC National
Accelerator Laboratory End Station A Test Beam (ESTB)
facility. The experimental setup is shown in Fig. 1. The
incoming secondary electron beam rate is 5 Hz with an
average of 10 electrons as measured by exposing the
counter to the beam and analyzing the resulting spectrum
in terms of a Poisson distribution. The secondary beam has
an estimated energy spread of a few percent and divergence
of 75 μrad. The crystal is mounted on a horizontally
translating stage and horizontally rotating stage, capable
of rotating in ≃5 μrad steps. The vertical bending magnet
removes the electrons from the beam line after the crystal,
dumping them in the collimators which consists of 25 cm
Cu followed by 60 cm of Pb, ensuring that only photons
produced in the crystal hit a scintillating fiber (SciFi)
calorimeter positioned approx. 48 m downstream of the
crystal. The SciFi has an energy resolution of around 10%
for the photon energies of relevance here. The SciFi has a
detection surface area of 9 × 9 cm2 and is 30 cm deep,
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which is large enough to minimize shower leakage. Each
electron hitting the 60 μm crystal produces on average
0.025 photons; the calculated average pile-up rate for
0.25 photons=pulse is about 6%.
To find the plane of the crystal, the primary electron

beam with a divergence of σ ≈ 5 μrad and 108 electrons per
pulse was used. By imaging a Cerium doped Yttrium
Aluminium Garnet (YAG) screen of 500 μm thickness,
placed in the primary beam after the crystal, we are able
to determine when the beam hits the crystal parallel to
the plane, as a portion of the beam is deflected due to
channeling through the bent crystal. On Fig. 2 an image of
the YAG screen is shown for the aligned orientation where
the beam hits the crystal parallel to the plane at the crystal
entrance face. The almost circular light peak to the right in
the image originates from the channeled particles, near
which the so-called quasi-channeling oscillations can be
seen [12], and to the left is seen the volume reflected
particles and/or the fraction of particles that is not chan-
neled due to the finite beam divergence and its surface

transmission. After identifying the direction of the plane,
we switched to the secondary beam which has a signifi-
cantly higher divergence of around σ ≈ 75 μrad. To set the
average number of electrons per pulse to the desired value
of 10, the collimators were gradually opened until the SciFi
spectrum matched the precalculated shape and energy
range, followed by repowering the bending magnet to
allow for radiation measurements.
A background spectrum with the crystal moved out of

the beam is measured and subtracted from every exper-
imental spectrum measured with a crystal in the beam. The
background photons mainly originate from bremsstrahlung
emitted from electrons hitting objects along the beam-line.
Per linac pulse, there is about the same number of back-
ground photons present as coming from the crystal in
amorphous orientation, for a signal-to-noise ratio of 1∶1 in
this case.
To compare simulated radiation spectra with the exper-

imental spectra, the efficiency of the setup must be known.
Our data in amorphous orientation of the crystal agrees
with the expected Bethe-Heitler distribution indicating that
the counter efficiency does not depend on the photon
energy in our spectral range. Therefore we can find an
efficiency factor by measuring the amorphous spectrum
from electrons traversing the crystal at an angle far from
any low-index crystallographic orientation. Then by nor-
malizing the analytical Bethe-Heitler bremsstrahlung spec-
trum [13] to the experimentally obtained spectrum, we find
the efficiency factor of the setup. Every simulated spectrum
compared to experimental spectra should then be multiplied
by this factor.

III. THEORETICAL SIMULATION

In our theoretical simulation we consider electrons with
an energy of 12.6 GeV, moving on a trajectory determined
by classical electrodynamics, in the electric field of the
thermally averaged Doyle-Turner potential [14]. We will be
considering the (111) plane of a silicon crystal, bent
with a bending radius of 0.15 m as in the experiment.

FIG. 1. Sketch of the experimental setup at the SLAC ESTB. Distances are not to scale.

FIG. 2. Image of the YAG screen with the crystal in channeling
orientation.
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Our simulation code has been scrutinized against some
of our previous results for particle deflection with bent
crystals [5,15], and reproduces earlier observations. With a
classical trajectory we can determine the radiation emitted
throughout the crystal as described in [16], variations of
which has been employed in recent studies [17,18] inves-
tigating the effect of radiation reaction on the emission
spectrum of positrons and electrons. We use the Belkacem,
Cue and Kimball (BCK) radiation integral [17,19,20] to
evaluate the theoretical radiation spectra from the numeri-
cally simulated trajectories. The BCK model is a semi-
classical model which takes into account the photon recoil
and the spin of the particle when evaluating the radiation
spectrum. This gives us the radiated photon intensity
spectrum of a single electron following a particular tra-
jectory, but since multiple Coulomb scattering has a large
effect on dechanneling, and therefore the radiation spec-
trum, the radiation spectra are averaged over many particles
with identical initial conditions. To also account for the
beam divergence in the experiment, the initial angle of the
electrons is randomly sampled from a Gaussian distribution
with mean zero and σ ¼ 75 μrad. When an angular dis-
tribution of the particles are used, the initial conditions of
each particle is different, so the number of particles used
in a simulation is chosen to ensure convergence of the
resulting averaged spectra, this number is around 1000
particles for this experiment.
Since the electrons only undergo VR once, and in a short

section of the crystal, the overall spectrum from the entire
crystal is dominated by coherent bremsstrahlung. To see the
radiation spectrum pertaining to VR we divide the crystal
into sections and evaluate the radiation spectrum for each
section. In Figs. 3 and 4 the velocity perpendicular to the
crystal plane as a function of distance traversed in the
crystal and the radiation spectrum from each 10 μm crystal
section, respectively, is shown for a single electron hitting
the crystal at an entry angle of 175 μrad. In section 3 the
electron undergoes VR where its simulated spectrum
clearly shows that the radiation pertaining to the VR
process has a large enhancement in low-energy photon
emission. The spectrum in Fig. 4 is from only one electron
and does not include multiple Coulomb scattering. Since
almost the entirety of section 3 is acceleration in the same
direction, the radiation spectrum should be synchrotron
like. On Fig. 4 the synchrotron spectrum [21] for a
12.6 GeV electron moving on a curved trajectory with
a bending radius of ρ ¼ 0.03 m is shown, which is a
compromise between the average bending radius for this
section ρ ≈ 0.06 m and the smallest bending radius expe-
rienced in the VR process, ρ ¼ 0.02 m. The synchrotron
spectrum is properly scaled according to a trajectory of
the same length as the VR part of section 3 shown on
Fig. 3. At an average bending radius of 0.03 m during
the reflection process, the bending takes place on the order
of 1000 atomic distances, which justifies the use of the

continuum model in analyzing the VR process. This being
so, it can be argued that the description of the relevant part
of the VR spectrum as a form of synchrotron radiation is
meaningful in this context. A synchrotron like spectrum is

FIG. 3. Reduced velocity βx ¼ vx=c perpendicular to the plane
as a function of distance traveled in the crystal, for a 12.6 GeV
electron hitting the (111) plane of a bent silicon crystal with a
bending radius of 0.15 m and an entry angle of 175 μrad. Here
multiple Coulomb scattering is not included. Each color repre-
sents a section in which the radiation spectrum has been
evaluated. The corresponding spectra are shown in Fig. 4.

FIG. 4. Radiation spectra from a 12.6 GeV electron hitting the
(111) plane of a bent silicon crystal with a bending radius of
0.15 m and an entry angle of 175 μrad. Here multiple Coulomb
scattering is not included. The color of each spectrum pertains to
the respective section in Fig. 3 with the same color. The black
dashed curve is the synchrotron spectrum for a 12.6 GeVelectron
with a characteristic frequency of ℏωc ¼ 0.3 GeV, which cor-
responds to a bending radius of 0.03 m.
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also measured in [22], which could be due to VR, but no
estimate was made on how much of the spectrum pertain
to VR.
In Fig. 5 the spectra for each section is shown determined

by averaging for 1000 independent electrons with an entry
angle of 175 μrad and multiple scattering included. It is
evident that when multiple scattering is included, radiation
from VR is still clearly visible in section 3 but also visible
in section 4 because particles now also undergo VR in
section 4 due to multiple scattering. The sharp features of
the spectra seen in Fig. 4 are in Fig. 5 smeared due to
multiple scattering when averaging over many particles
with slightly different trajectories.
Since the radiation before and after VR is so similar (see

Figs. 4 and 5), even with differences imposed by multiple
scattering, we expect to see fairly similar spectra for
particles with varying entry angles between 100–300 μrad.

IV. RESULTS AND DISCUSSION

The measurement program featured 9 runs, each with
a different entry angle with respect to the crystal plane.

FIG. 5. Radiation spectra from 1000 12.6 GeVelectrons hitting
the (111) plane of a bent silicon crystal with a bending radius of
0.15 m and an entry angle of 175 μrad including multiple
scattering. The color of each spectrum pertains to its respective
10 μm section throughout the crystal as given in Fig. 3.

FIG. 6. Radiation and deflection spectra from 12.6 GeVelectrons with different entry angles with respect to the (111) plane of a 60 μm
thick bent silicon crystal. The top left figure is the experimental radiation spectra and the top right figure is the simulated radiation
spectra for electron beams with a beam divergence of σ ¼ 75 μrad. The bottom figures are the simulated angular deflection of electrons
for beams with different entry angles and beam divergences. The red line is the centroid of the lower ridge.
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The different average beam entry angles, listed in μrad, are
θ0 ¼ ½−200;−100; 0; 100; 200; 300; 450; 550; 700�, where
0 corresponds to the electron beam being aligned parallel
to the crystal plane on entry. In Fig. 6, the upper figures are
the measured and simulated radiation spectra as a function
of entry angle where the simulated electron beam has a

beam divergence of σ ¼ 75 μrad. The lower figures are
simulated deflection plots at the beam divergences of
σ ¼ 5 μrad and σ ¼ 75 μrad. Several conclusions can be
made from the experimental and simulated results:
(i) Electrons with zero deflection have passed the crystal
without undergoing VR or VC at any point within the

FIG. 7. Radiation spectra from 12.6 GeV electrons with different entry angles with respect to the (111) plane of a 60 μm thick bent
silicon crystal. The blue data points are the experimental data points and the black curves show the results of the theoretical simulation
which has no free parameters. The red curve highlights the area of the spectrum which is dominated by VR as seen from Figs. 4 and 5.
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crystal, while electrons with a considerable negative
deflection have undergone VR at some point inside the
crystal. (ii) Electrons with positive deflection have at some
point been channeled within the crystal, and have either
channeled through the rest of the crystal after undergoing
VC (the hypotenuse of the triangle) or have been dechan-
neled after at some point channeling along the planes (body
of triangle). (iii) The red line follows the centroid of the
lower ridge, which shows that the majority of particles
within 100–300 μrad undergo VR. The reason we show the
σ ¼ 5 μrad deflection plot is to illustrate the features of the
triangle more clearly. With σ ¼ 75 μrad, as is relevant for
the experiment, these features are still visible but not very
clear. (iv) By looking at the deflections in this plot we
observe that the majority of the electrons with incidence
angles between ≃100 μrad and ≃350 μrad undergo VR
which means that the radiation spectra should have signs of
the corresponding radiation.
Comparing the measured and the simulated radiation

spectra in Fig. 6, there is good qualitative agreement. Even
the features of the spectrum at larger crystal angles—the
“wings” due to coherent bremstrahlung—are visible in both
spectra. A more quantitative comparison is seen in Fig. 7
where each experimental spectrum corresponding to a
certain mean entry angle is shown together with their
respective theoretical spectrum. Also here the features of
the spectra are in good agreement. The reader is reminded
that only one overall efficiency factor is used in this
comparison; i.e., there are no fitting parameters introduced
in the simulation.
Looking at the spectra between 100–300 μrad entry

angle, we see a convincing agreement between the exper-
imental values and the theoretical simulation. The enhance-
ment in radiation intensity for low-energy photons, which
is an enhancement of about 8 at 0.2 GeV with a standard
deviation of 0.25 GeV, is clear in this area, and from the
discussion earlier, this enhancement should be, and we
conclude is, the effect of VR. The red lines in Fig. 7
highlight the part of the spectrum where VR dominates, as
seen in Figs. 4 and 5.
The offset on the simulated spectra in the range

450–700 μrad we believe is due to statistical errors regard-
ing the normalization of the simulated spectrum. With the
large distance between the crystal and the SciFi, which has
a 9 × 9 cm detection surface, the acceptance depends
strongly on the opening angle of the photons, which
changes significantly due to the bending of the electron
trajectory in the crystal.
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