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Short-period crystalline undulators have the potential to enable intense and monochromatic sources of
hard X and y radiation. Three crystalline undulators were manufactured and their structural properties were
characterized at the ESRF x-ray light source. In particular, a crystalline undulator consists in a periodically
bent crystal in which channeled electrons or positrons follow the bending of the crystalline planes,
thus generating electromagnetic radiation in analogy with standard magnetic undulators. State-of-the-art
magnetic undulators can be built with a period of no less than a few cm. On the other hand, a crystalline
undulator could be built with a period down to the sub-mm range. Thus, a crystalline undulator would allow
generating harder photons. Since the radiator consists of a small crystal, a crystalline undulator is a valid
and low-cost alternative for intense hard radiation production at electron accelerator facilities. The three
samples were realized at the INFN laboratory of Ferrara, Italy, through the grooving method, namely a
method developed to induce a self-standing and adjustable deformation to a crystal. The samples showed a
uniform and sinusoidal curvature, thus proving that the grooving method is suitable for building crystalline

undulators.
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I. INTRODUCTION

As a charged particle impinges on the atomic planes of a
crystal at a sufficiently small angle with respect to the
planes, it can be channeled inside the crystalline interplanar
potential [1]. In 1976, Tsyganov proposed to use channel-
ing in bent crystals for particle beams steering [2]. This
effect has been investigated for years and recently exploited
to steer the highest-energy beam worldwide, i.e., the
6.5 TeV proton beam at the LHC [3].

Channeling in a periodically bent crystal with a sinus-
oidal-like deformation, i.e., a crystalline undulator (CU),
has been theoretically investigated as a tool for production
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of intense and monochromatic electromagnetic radiation
[4,5]. The idea of a CU was conceived in the late 1970s
by Baryshevsky et al. [6] and developed by [7,8]. In fact, a
CU mimes the magnetic undulators owing to the strong
crystalline interplanar electrostatic field (10° V/ cm),
which replaces the role of magnets to force particle
oscillation (see Fig. 1). In such a system, in addition to
a broadband channeling radiation background [4], there
appears an intense and monochromatic undulator-like
radiation due to the periodic motion of particles that follow
the planes bending.

In a magnetic undulator, the period of oscillations 4, is
limited to no less than 1 cm, while in a CU 4,, can go down
to the sub-mm range. The wavelength (1) of the y rays
emitted on axis is given by

Ay
/1:2—}/2(1+k2/2), (1)

where y the Lorentz factor of the beam impinging the CU,
and k the so-called undulator strength parameter
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FIG. 1. Schematic representation of a crystalline undulator

(CU). The red dashed line represents the trajectory of the
channeled beam. The amplitude A of the deformation of the
oscillatory planes is highlighted.
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where B is the magnetic field, m, the electron mass, and ¢
the speed of light.

Thus, a CU would allow generating harder photons with
respect to a magnetic undulator. In particular, a CU with
period of the order of 10'-10> um can generate MeV
photons using a GeV electron beam.

A source of MeV radiation can be realized by other
methods. The most promising method is the inverse
Compton scattering (ICS). In an ICS source, an intense
laser beam of visible or near-infrared photons is scattered
off an electron beam with typically a few hundred MeV
energy. However, ICS requires the usage of high-intensity
lasers, while a CU-based source would eliminate the need
for a laser, thereby strongly diminishing its cost. An ICS
source can use a very short laser wavelength, below 1 pym.
In principle, also a CU can reach submicrometric period,
since there exist enabling technologies, as described in
the work of Kostyuk [5]. The most mature of them is the
growing of Si;_,Ge, crystals [9] with a periodically
varying Ge content x [10].

Over the years, different studies aimed at demonstrating
the feasibility of a CU were worked out [7,11]. A first
manufacturing technique was based on patterned ion
implantation by swift ions. In particular, it was demon-
strated that implantation of 150 keV He™ ions can be
exploited for CU fabrication [12]. Another technique
consisted of patterning a thin film of strained silicon nitride
on a silicon monocrystal to generate an undulated structure
[13]. Another technique consisted on sandblasting the
two major surfaces of a crystal to produce a patterned
amorphized layer capable of undulating the sample [14].
Sandblasting is a mechanical process consisting in driving a
stream of abrasive material against a sample through a
pressurized fluid, usually compressed air. This technique
permits to bend from thin to thick crystals, up to a few mm.
As said previously, the most mature method is based on
epitaxial growth of Si-Ge crystalline alloy layers on silicon
substrates [15-17]. Due to the different lattice constants
of Si and Ge, growing a Si;_,Ge, on a Si substrate by
periodically varying the “x” value during the growth results

in an undulated shape of the crystalline planes. This latter
method was exploited at the MAinzer Mlkrotron (MAMI)
for the currently most convincing evidence of CU radiation,
where hard radiation generated by sub-GeV electrons
interacting with a micrometric CU was observed.

Another procedure for the realization of a CU is the
grooving method [18]. This method consists of making a
series of grooves on the major surfaces of a crystal. Indeed,
it was shown that a series of grooves may cause a
permanent and reproducible deformation of the whole
sample [19,20]. The plasticization that occurs in the thin
superficial layer transfers an elastic strain field to the crystal
bulk, producing a deformation field within the crystal itself.
The realization of a millimetric or even a submillimetric
undulator could be achieved by making an alternate pattern
of parallel grooves on both the surfaces of a crystal. This
method has the main advantage that no contaminating
materials are added to the sample, thus the obtained CU is
made only of the starting pure material. Moreover, since the
surfaces result to be plasticized, the deformation turns out
to be self-standing. Such a method was used to realize
optical elements for hard x-ray focusing [21,22] and for the
manufacturing of the first prototype of grooved CU, which
was tested with a 400-GeV/ ¢ proton beam at CERN [23].
In this case, a homogeneous deformation was obtained,
with 1, = 1.0 mm.

In this paper, the realization and the structural charac-
terization of three CU samples, obtained via the grooving
method, featuring a period 4, ranging from 334 down to
80 um, are shown, which is an interesting range for
applications. The CU samples were realized at the INFN
laboratory of Ferrara, Italy, while their structural charac-
terization was performed via x-ray diffraction at the ID11
line at the European Synchrotron Radiation Facility (ESRF)
in Grenoble (France), using a hard x-ray beam tuned to
100 keV. The samples showed a uniform and sinusoidal
curvature.

II. EXPERIMENTAL METHOD

Three Si samples were shaped as rectangular frames with
size 10.0 x 15.0 x 0.2 mm?, featuring a little protrusion in
one corner, as can be seen in Fig. 2. The frame was diced
starting from high pure Si (111) wafer 0.2-mm thick by
means of a diamond blade through the usage of a DISCO
DAD 3220 dicing machine. Then, an alternate pattern of
parallel grooves was produced on both surfaces of the
protrusion. The depth of the grooves was 50 ym for each
side. Indeed, the actual CU is only the protrusion visible on
the top-right corner of Fig. 2.

The width of the grooves, the distance between con-
secutive grooves, and the width of the undulator were
varied for the three samples. In particular, the values of the
distance between consecutive grooves correspond to the 4,
of the CUs and were set to be twice the width of the blade
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FIG.2. Pictures of a CU obtained through the grooving method.
The direction of the charged particle beam that would be
channeled into the CU is highlighted with a red arrow.

used for the grooves. All the values of the manufacturing
process are listed in Table L.

The three CUs were successively tested through x-ray
diffraction at the ID11 beam line of ESRF. A highly
monochromatic and quasiparallel beam was tuned to
100 keV energy. The monochromaticity was of the order
of AE/E = 1073. The beam was 100 x 5 um?. The beam
was directed along the z axis, entered the crystal protrusion
from one of its surfaces, and diffracted on the (220)
planes, namely the planes perpendicular to the y axis, thus
traversing the crystal (i.e. in Laue geometry). (220) planes

TABLE I. Features of the crystalline undulators.

Sample 1  Sample 2 Sample 3

Material Silicon Silicon Silicon
Channeling plane (111) (111) (111)
Channeling axis (110) (110) (110)
Frame width—x [mm] 10 10 10
Frame length—y [mm] 15 15 15
Frame thickness—z [mm] 0.2 0.2 0.2
CU width—x [mm] 2 2 2
CU length—y [mm] 3.34 0.88 0.80
CU thickness—z [mm] 0.2 0.2 0.2
Number of periods 10 7 11
Periods (4,) (um) 334 120 80.0
Blade width (um) 160 60 40
Groove depth (um) 50 50 50

TABLE II. Experimental parameters.

Beam energy (keV) 100
Beam size (A, x A, um?) 100 x 5
Beam monochromaticity (AE/E) 1073

were used because (110) planes correspond to a forbidden
diffraction.

The characterization of the samples was carried out by
performing rocking curves (RCs), i.e., the transmitted and
the diffracted beam intensities were recorded while the
crystal was being rotated around the position at which
Bragg condition was met, i.e. the sample was rotated
around the x axis. The sample holder was set far enough
from the detectors to allow sufficient separation of the
diffracted and transmitted beams.

Bragg diffraction occurs if the angle (6) between the
x-ray beam and the diffracting planes follows the Bragg’s
law, 2d},, sin(6) = A, where d; is the d-spacing of planes
(hkl) and A the wavelength of the x-ray beam. Thus, a RC
gives as output the angular orientation of the diffracting
planes. Since the width of the x-ray beam along the y axis
was A, = 5 um, the measurement permitted to record the
angle of the planes perpendicular to the y axis with a good
spatial resolution (A, < 4,). Indeed, the x-ray beam was
collimated to the minimum size along the y axis to increase
the precision of the measurement. On the contrary, the size
of the beam along the x axis was set to be 100 yum to
increase the flux of the x-ray beam. The experimental
parameters are listed in Table II.

A large series of RCs were recorded as a function of the
position along the CU length (y axis), to characterize the
periodical deformation of the whole CU length.

In order to subtract the systematical errors due to the
instrumental tolerances of the movements of the goniom-
eter on which the CUs were placed for the measurements,
a flat reference crystal with identical crystallographic
orientation was fixed behind the CUs. Thus, the (220)
diffraction peak of the reference crystal was recorded
together with the peak of the CU. Both the angular position
of the CU diffraction peaks and the reference peaks were
recorded as a function of the impact position of the x-ray
beam on the undulator. Since the peak positions of the flat
reference sample should not move as a function of y, the
stage errors can be compensated by taking into account the
reference peak positions.

III. EXPERIMENTAL RESULTS

The experimental results of the recorded RCs are shown
in Fig. 3 for sample 1 (a), sample 2 (b), and sample 3 (c).
Beam divergence, acquisition time, and beam size were
taken into account in the data analysis, as well as the
systematical errors due to the goniometer motors. For every
sample of Fig. 3, the upper part of the plot corresponds to
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FIG. 3. Angular shift and deformation of the crystallographic
planes due to the grooving process along the undulator length,
measured through hard monochromatic x-ray diffraction. The
RCs were fitted using a sinusoidal function (plotted in red). The
deformation of the crystallographic planes was obtained through
numerical integration of the fitted RCs. (a), (b), and (c) correspond
to sample 1, sample 2, and sample 3, respectively.

the direct measurements of the diffracting angles (RCs) as a
function of the position along the undulator length. In
particular, in these plots, every point represents the peak of
the RCs, taking into account the position of the reference
peak to eliminate the systematic errors of the movement
stage. Then, the RCs were fitted using a sinusoidal
function, which is plotted in red in the figure. Such
functions were integrated to obtain the deformation of
the crystallographic planes as a function of the position
along the undulator length. The function used for the fit was

A sm( it ¢’) where A is the undulation amplitude and ¢,

the phase The integrated functions are shown below the
respective RC plots in Fig. 3.

TABLE III. Features of the crystalline undulators.

Sample 1 Sample 2 Sample 3
Periods (4,) (um) 334 120 80.0
Amplitude (A) [nm] 1.28 0.20 0.15
Strength parameter (k) 0.46 0.20 0.23

It was then possible to obtain the amplitude (A) and the
strength parameter (k) of the realized undulator. The values
are listed in Table IIT and range from 1.28 to 0.15 nm for the
amplitude and from 0.46 to 0.20 for the strength parameter.
It is important to notice that the amplitude of the deforma-
tion decreases proportionally with the width of the grooves,
because the stress due to the grooves per unit of surface is
constant. Therefore, if the width of the groove decreases,
also the amplitude of the deformation decreases. Thus, the
more /1, is reduced, the more the undulation amplitude is
decreased.

IV. DISCUSSION AND CONCLUSIONS

Three crystalline undulators were produced and charac-
terized via hard x-ray diffraction. The deformation turned
out to be homogeneous throughout the samples, high-
lighting that the grooving method is capable of inducing a
controlled and adjustable deformation to the crystals. Since
the deformation is in the elastic regime [24], the whole
thickness of the undulators is deformed as shown in Fig. 3.
Indeed, the x-ray measurements investigated the whole
thickness of the samples, since the beam was in Laue
geometry. However, since the groove depth was 50 ym and
the sample thickness was 200 uym, the active part of the
samples for channeling is 100 gm thick. A real positron
beam could impinge the whole undulator thickness.
However, if the beam hit the grooved part of the sample,
some additional background is expected.

Hard x-ray diffraction indicates that the crystalline quality
of the samples was preserved. However, channeling with
charged particles is mandatory to attest that the crystallo-
graphic quality was preserved enough to permit high-
efficiency channeling and thus intense y ray production.

This study is aimed to examine the possibility to obtain
a self-standing CU made of pure material through the
grooving method. Such a procedure has the advantages of
producing a CU with no need of an external holder for the
deformation, and the crystal has no contaminant materials
inside. On the other hand, the achievable deformation is
limited by the maximum stress that can be imparted
through the grooves, namely about 40 MPa [25].
Therefore, the maximum amplitude decreases if the undu-
lator period is decreased.

The manufactured prototypes are ready to be tested with
positron beams. In particular, sample 1 can be tested with
positron beam with energy E ~ 10 GeV. Indeed, for such
beam, the dechanneling length L is about 5 mm [7,26].
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Thus, the whole CU can be crossed by the positrons in
channeling condition, since the number of periods that can
be traveled is Lp /A, ~ 15. Furthermore, the amplitude of
the CU is larger than the interplanar spacing (A > d), as
required to achieve a feasible CU in the large amplitude
large period regime [11,27-30]. The authors of [11,27-30]
introduced the C parameter, defined as

4n’Ea
=Ty 27 (3)

Umaxﬂu
where Ul is the maximal planar field and holds
5.37 GeV/cm for Si (111) in the Doyle-Turner approxi-
mation. It should be 0.01 < C < 0.2 to have an intense
photon production via the undulator. For sample 1,
C ~0.01, while samples 2 and 3 C turns out to be too
small, ~0.001.

The photons generated by sample 1 should have an
energy that can be roughly estimated through Egs. (1) and
(2), and turns out to be ~2-3 MeV. A better estimation of
the emitted radiation by this CU sample was worked out
through a Monte Carlo code [8,31,32] based on the Baier
Katkov quasiclassical method [33]. In the simulation, the
Ter-Mikaelian density effect and the transition radiation
were also taken into account. The distribution of the
radiation emission probability generated by a 10-GeV
positron beam interacting with the sample is shown in
Fig. 4. The beam divergence was set to 30 prad. The
radiation emission probability was averaged over a large
number of particle trajectories and photon emission angles.
The emission spectrum has a sharp peak at ~1.5 MeV.
Since the channeling radiation (CR) is expected in the
50 MeV region [33], the CR and the CU peaks have no
overlap. In the energy range from 0.5 to 2 MeV, the peak of
the CU radiation results to be more than 20 times higher
than for a Si amorphous sample of the same thickness.

1x10°
8x10° CU
6x10°-

4x10°4

dW/E (MeV™)

2x10°

0 2 4 6 8 10

FIG. 4. Simulated radiation emission probability for a 10-GeV
positron beam interacting with sample 1 (solid line) and the
Bethe-Heitler amorphous emission probability for a Si sample
of the same thickness (dashed line). The radiation collimation
half-angle is 0.5/y, y being the Lorentz factor.

Samples 2 and 3 have a shorter period, but their
amplitude is limited to be less than 0.2 nm, thus A < d.
Given the very small amplitude and the small value of C,
samples 2 and 3 cannot show a significant undulation
radiation. However, these samples are shown in this paper
to describe the possibility and the limitation of the grooving
technique as a tool for the manufacturing of optimized CU.
In order to increase the amplitude keeping the period fixed,
an experimental procedure to increase the stress produced
by the grooves has to be studied.

Once verified, the hard, intense, and monochromatic
radiation of a CU could enable important experiments in
a wealth of research fields, such as Physics, Medicine,
Biology, and Material Science.
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