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Sezione di Perugia and Universit à degli Studi di Perugia, Dipartimento di Fisica
Via Pascoli, 06123 Perugia, Italy
e INFN

Sezione di Roma, Piazzale Aldo Moro 2, 00185 Rome, Italy

f INFN
g Institute
h Joint

Sezione di Trieste, Via Valerio 2, 34127 Trieste, Italy

of High Energy Physics, Moscow Region, RU-142284 Protvino. Russia

Institute for Nuclear Research, Joliot-Curie 6, 141980, Dubna, Moscow Region,
Russia

i Petersburg
j Università
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Beam collimation is becoming an increasing concern in hadron accelerators, mainly
because of the large energy stored in the beam and the superconducting magnets
sensitivity to particle losses. The H8RD22 collaboration is developing an innovative idea of collimation in which the jaws are replaced by bent crystals, devices able
to steer the beam halo particles directly onto a secondary bulk absorber. The high
cleaning efficiency that will be reached with these innovative collimators should allow LHC to reach the design luminosity in Phase II. In this context a detailed study
of the bent crystal properties has been carried out at the H8 (CERN, SPS) beam
line in 2006 and 2007 with a 400 GeV/c proton beam and an electron and positron
beam of 180 GeV/c (in view of ILC); the setup development for ions has already
started.
The results of the data taking and the future activity are presented in the following
together with an overview of the bent crystal phenomena.

1 Introduction
In particle accelerators, collimators are needed to absorb the beam halo with a
twofold purpose: the limitation of possible damages to the accelerator components
and the reduction of the experimental background.
A collimation system consists usually in an ensemble of cleaning insertions in the
accelerator line where amorphous targets can be positioned near the beam core to
absorb the particles that are leaving the nominal accelerator orbit because of beam
dynamics.
In modern hadron accelerators, the energy stored in the beam requires the presence
of a multi-stage collimation system: the first collimator intercepts the primary beam
halo spreading it on the whole solid angle; most of this secondary halo is absorbed
by the secondary bulk collimator (fig. 1(a)), while scattering causes a tertiary halo
and the presence of a third series of collimators.
In the LHC and Tevatron accelerators in particular, given the use of superconducting magnets, the collimation is fundamental to prevent the beam induced quenches
of the magnets themselves. The primary collimator (usually a solid target) has to
give a substantial kick to the particle in order to maximize the impact parameter on
the secondary collimator. If instead of scattering particles on a wide angular range
(thus increasing the halo divergence), the primary collimator were able to deviate
the particles outside the beam in a given direction as shown in fig. 1(b), the cleaning efficiency would increase and the alignment of the secondary collimator would
require a lower precision.
This is exactly what a bent crystal would do and this is what the H8RD22 collaboration 1 is studying.
1

The H8RD22 collaboration is formed by the following institutes: CERN, IHEP (Institute of High Energy Physics, Russia), INFN (Istituto Nazionale di Fisica Nucleare (Italy),
Sezione di Ferrara, Legnaro, Milano Bicocca, Perugia, Roma1 and Trieste), JINR (Joint In-
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Fig. 1. a) Traditional multistage collimation system: an amorphous target spreads the primary halo (secondary halo) so that most of it can be intercepted by a (more distant with
respect to the beam) secondary collimator. b) Crystal based collimation: a bent crystal steers
(through channeling) the primary halo into an absorber.

The story of crystals in high energy physics dates almost one century ago. In 1912,
J. Stark [1] suggested that certain directions in a crystal could be more transparent to charged particles with respect to amorphous materials. This idea was put
in stand by till the ’60s when several experiments demonstrated the unusual penetration of ion beams in crystals. It was just like opening a door on the future:
from there on, crystals have been intensively studied at low energies. Then in 1976,
E. N. Tsyganov [2] proposed to bend a crystal to deflect a high energy beam; the
idea was experimentally proven in 1979 at Fermilab (fig. 2).
In the following sections, a brief review of the phenomena connected with the

Fig. 2. Proposal for the first crystal experiment at FNAL.

passage of charged particles in crystals is presented (section 2) together with the
main measurements performed around the world to understand both the physics of
crystals and their role in collimation (section 3). Section 4 is devoted to the description of the H8RD22 data taking and results and section 5 to the presentation of the
roadmap for 2008 and 2009.
stitute for Nuclear Research, Russia), PNPI (Petersburg Nuclear Physics Institute, Russia).
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2 The physics of crystals
When a charged particle crosses a solid amorphous target, it collides with the atoms
of the target itself losing energy and undergoing scattering. When the target material is monocrystalline, depending on the alignment with respect to the crystal
lattice, the particle could experience a coherent scattering with the atoms of the
crystal itself. If the particle is aligned, within a small angle, to a crystal plane (axis)
its interaction with the atoms of the plane (axis) is described by an average continuous potential generated by them [3] which increases approaching the plane where
the nuclei are placed, as shown in fig. 3(a). The electric field of two neighbouring
planes forms a quasi harmonic potential well (fig. 3(b)) which is able to trap positive charged particles in between the atomic planes.
This phenomenon is called planar channeling and takes place when the particle ki-

Fig. 3. a) A particle trajectory in a crystal misaligned with respect to the axis but at a
small angle with respect to the crystalline plane, placed in the z y plane. b) The particle
experiences an average potential due to the planes (U x , represented by the black line).




netic energy in the transversal direction with respect to the plane is smaller than the
maximum value of the interplanar potential. In other words the angle between the
particle trajectory and the crystal plane should not overcome a critical value, called
2Ec
, where Ec is the maximum value of the
Lindhard angle expressed as θL
pv
interplanar potential and p and v are the particle momentum and velocity. For the
(110) orientation in a silicon crystal, Ec is about 16 eV, which gives θL 10 µrad
at 400 GeV/c. θL decreases as the square root of the particle energy while the multiple scattering, which is the channeling effect competitor, goes as the inverse of
the energy; thus the channeling effect will be more evident as the particle energy
increases.
The most relevant manifestation of channeling in straight crystals is an anomalous
energy loss with respect to the amorphous material or misaligned crystal. A channeled particle will oscillate in the quasi-harmonic interplanar potential being confined in a crystal region with a low electron density; the energy loss for ionization
is therefore suppressed. On the other hand the energy irradiated by light channeled
particles is more intense than the standard bremsstrahlung one and has a peculiar
peaked structure which is the result of the oscillations in the interplanar potential.
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The confinement power of the crystalline planes can be exploited to deviate the trajectory of the channeled particles, using a bent crystal. Fig. 4(a) shows the scheme
of a bent crystal; a channeled particle oscillates in the channel following the crystal
curvature reaching a final deviation of θC l R where l is the crystal length and R
the curvature radius. The effect of the bending can be described by the replacement
of the atomic interplanar potential with an effective one, which takes into account
the centrifugal force. This force lowers the interplanar potential barrier and the critical angle of a factor 1 Rc R where Rc is the critical radius, which indicates the
minimum curvature radius that allows channeling; Rc is proportional to the particle
energy and its value is about 80 cm in silicon at 400 GeV/c.
Fig. 4(b) schematically shows the effective potential resulting from the combina











Fig. 4. a) A schematic view of a bent crystal. b) The effective crystal potential is the sum
of the centrifugal force and the interplanar potential. The arrows indicate the particles trajectories corresponding to: channeling (C), volume capture (VC), volume reflection (VR).

tion of the interplanar electric field and the centrifugal force. The arrows indicate
the possible particle trajectory in the bent crystal: channeling (C) takes place if the
particle incoming angle, with respect to the crystal planes, is smaller than the Lindhard one; when this angle overcomes the critical value the tangency point between
the particle trajectory and the crystalline planes moves inside the crystal (in its volume) where the particle can be either captured in the channel (VC) or reflected by
the interplanar potential (VR). The volume capture takes place when the particle,
which is almost aligned with the channel direction inside the crystal, loses part
of its transversal energy, due to the scattering with nuclei and electrons, so that it
is trapped in the channel. The capture probability is proportional to θ L and to the
scattering yield and it goes as E 3 2 , where E is the particle energy. The particles
which are not captured are reflected by the potential barrier of an angle which depends on the curvature radius and on the particular particle trajectory and in average
corresponds to 1.5θL . The volume reflection effect has been discovered in computer
simulations [4] and observed for the first time in [5]; although the reflection angle
determined by the beam energy and the crystal material is small, the high efficiency
and angular acceptance make this effect interesting for beam collimation.
Another phenomenon, the dechanneling, completes the list of the possible effects
in a bent crystal: it concerns particles which are initially channeled but escape from
the interplanar potential because of the fluctuations of the transversal kinetic energy
(due to scattering); in practice it is the opposite of volume capture.
5
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3 Crystal studies around the world
Following Tsyganov’s idea, bent crystals have become an efficient tool for steering
high energy particles at accelerators: they are easy to use and compact, their behaviour is predictable and reliable and they have been demonstrated to be radhard
[6]. They can be used for particle extraction [7], for focusing [8] and splitting [9]
the beam; moreover crystal undulators are being studied to produce high intensity
photon beams [10].
Up to the dawn of the 21st century, the most exploited crystal feature has been channeling: the Fermilab experiment [2] measured a channeling efficiency of 1% which
jumped to 10-20% (fig. 5) in 1996 in a SPS extraction experiment [11], thanks to
the multipass effect [12]. The multipass effect takes place in a circular accelerator where the particles stay on the same orbit for many turns. When the crystal
is put in the beam halo with the correct orientation for channeling and a particle
crosses it without being channeled, the particle has anyway a new possibility of being channeled the next turn and so on. The reduction of the crystal size in the beam
direction increases the average number of particles crossings and thus the channeling efficiency. The multipass effect theory generated another burst of activity on

Fig. 5. Extraction efficiency measured in the SPS experiment as a function of the beam
momentum [11].

one hand for the understanding of crystal behaviour (mainly at IHEP) and on the
other one for a real application of collimation of very high energy beams (RHIC
and Tevatron).
The Institute of High Energy Physics has several locations on the U-70 synchrotron
ring where crystals are installed and used routinely for extraction and collimation
studies. Fig. 6(a) presents the extraction efficiencies measured in a series of experiments in the period 1997-2000 as a function of the crystal length along the beam
compared with the Montecarlo simulation, while fig. 6(b) shows the collimation
efficiency as a function of the acceleration energy of the U-70 ring compared with
the Montecarlo prediction.
6
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(b)

Fig. 6. (a) Crystal extraction efficiency for 70 GeV protons as a function of the crystal
length: IHEP measurements ( , for strip crystals; box for an O-shaped crystal) and Montecarlo predictions ( ). (b) Crystal collimation efficiency measured during the acceleration
phase of the U-70 ring compared with the Montecarlo prediction.

From 2001, two significant crystal collimation experiments took place at RHIC
(with gold ions) and at the Tevatron (with protons of 980 GeV/c) accelerator. They
used the same crystal (fig. 7, an O-shaped crystal from PNPI 5 mm long in the
beam direction, 1 mm wide and with a bending angle of 440 µrad) and an equivalent method to check the results. Moreover, being the tests devoted to the increase
of the accelerator performance reducing the experimental background, they needed
to receive immediate feedback from the running experiments.
Fig. 8(a) presents the measurement setup [13]: a bent crystal was installed in one of

Fig. 7. Scheme of the O-shaped crystal bending mechanism (left); photo of the crystal
mounted on its holder (right).

the RHIC rings as the first stage of a two collimator system; the crystal angle in the
horizontal plane was changed by a piezoelectric inchworm pushing the lever arm at
whose end the crystal was mounted. The data taking procedure was the following:
the crystal was inserted and the scattering of the halo particles was detected by a set
of upstream PIN diodes; the crystal was rotated in steps with respect to the beam
direction; during the crystal rotation, the beam loss rate was kept under control.
Fig. 8(b) shows an example of a scan as monitored by a PIN diode: the drop in
the curve indicates channeling in the crystal; the channeling efficiency is computed
dividing the depth of the channeling dip by the background rate and gives 25%, a
very high value with respect to the 11% obtained at the SPS with Pb ions [14]. The
blue curve in fig. 8(b) is obtained using the design parameters for the phase space
7
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while the red one takes into account a rotation of the phase space ellipse explaining
why the reached collimation efficiency is a factor 2 lower than what expected. The

(a)

(b)

Fig. 8. (a) The RHIC crystal collimation setup. (b) Comparison between the RHIC data and
the Montecarlo predictions.

experimental background was measured by the STAR detector but the result was
negative [15] due probably to the lower channeling efficiency reached in the position where the crystal was located; this unsuccessful measurement demonstrated
how the beam optics should be adjusted at the crystal location in order to have a
small beam divergence at the crystal entry face to match the crystal channeling angular acceptance (which is fixed by the crystal features).
In 2005 the same crystal on the same goniometer was installed at the Tevatron accelerator in a straight section where it replaced a tungsten primary collimator [16].
Fig. 9 shows the experimental layout. Fig. 10(a) presents the results in terms of the

Fig. 9. Layout of the experimental setup at the Tevatron accelerator.

crystal angular scan (as in the RHIC case) compared with the Montecarlo simulation while fig. 10(b) shows the background level at the CDF and D0 experiments
before and after the insertion of the crystal as a primary collimator: the background
has been reduced of a factor 2.
In 2006, another big breakthrough took place: the H8RD22 collaboration observed
8
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(b)

Fig. 10. (a) Crystal angular scan: scattering rate as a function of the crystal angle with
respect to the beam direction; the red points are the Montecarlo prediction. (b) Proton halo
rate recorded by CDF and D0. The horizontal line represents the proton halo loss limit while
the vertical ones indicate the machine developments performed to reduce the experimental
background: 1) the installation of a double scraper; 2) the improvement of the vacuum
system and of the alignment and the installation of the crystal collimator.

for the first time the volume reflection phenomenon with a high energy (400 GeV/c)
proton beam [17] (the observation at low energy had already been performed [5,18]).
Fig. 11 shows the layout of the setup [19]. The crystal was positioned in the beam

Fig. 11. Layout of the H8RD22 experiment; S i are scintillators, b the bending magnets, p i
the tracking silicon detectors from the AMS experiment, a i the tracking silicon detectors
from the AGILE satellite, GC a microstrip gas chamber. The photos show: the three axis
goniometer (left) to position the crystal (a strip one like in the leftmost photo or a quasimosaic one as shown in the other photo) in the beam and scan it; the AGILE silicon strip
detectors characterized by a spatial resolution of 21 µm (right).

9

EU contract number RII3-CT-2003-506395

CARE-Note-2008-006-HHH

and aligned thanks to a goniometric system characterized by a precision one order
of magnitude higher than the Lindhard critical angle (around 1 µrad). The particle tracks were reconstructed with high resolution silicon strip detectors. Fig. 12
presents the angular scan of a strip crystal (INFN Fe): the angular profile of the
crystal is plotted as a function of the goniometer angle. The following crystal effects can be identified:
(1) the crystal is misaligned and behaves as an amorphous material (start and end
of the plot along the x axis)
(2) the crystal is aligned and the channeling peak appears (bottom of the plot, with
a deflection angle of 157 6 0 2 µrad, which, taking into account the crystal
length of 3 mm, is equivalent to a magnetic field of about 72 T); the region
between the main peak and the channeling one is filled with the dechanneled
particles
(3) the angle between the crystal and the beam is larger than the Lindhard one and
the beam is reflected on the opposite side with respect to channeling (with an
angle of 13 8 0 1 µrad); the diagonal region connecting the channeling peak
and the end of the reflection region is filled by volume captured particles.
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Fig. 12. Angular scan of the ST4 crystal. The beam angular profile is plotted as a function
of the goniometer angle. The grey code represens the intensity in a logarithmic scale.

The measured reflection efficiency is 98 25 0 13%, while the channeling one is
51 18 0 72%.
The first data taking of the H8RD22 collaboration confirmed that the channeling angular acceptance is limited by the Lindhard critical angle ( 10 µrad at 400 GeV/c);
the volume reflection angular acceptance, on the other hand, roughly corresponds
to the channeling deflection angle and therefore is larger than the channeling one
(in this case it is about 130 µrad). A large angular acceptance makes the crystal
alignment easier and the deflection efficiency almost independent from the beam
divergence.
Thanks to its larger angular acceptance and efficiency, the volume reflection could
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represent an interesting alternative to channeling for beam steering applications in
high energy physics such as beam collimation. To overcome the difficulty of a fixed
and small deflection angle, a multireflection system composed of many crystals has
also been studied [20]. This system should multiply the reflection angle with a small
decrease in efficiency. Fig. 13(a) shows the first successful multireflection attempt:
two quasimosaic crystals (PNPI) have been aligned and placed on the goniometer.
The plot shows the result of the angular scan where two almost overlapped channeling peaks are visible on the left side while in the central region the double reflection
is present. Fig. 13(b) compares a frame of the scan in double reflection (grey plot)
with an amorphous one (white plot); the deflection angle is 23 4 0 4 µrad and the
deflection efficiency is 95 7 0 4%.
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Fig. 13. (a) Angular scan of two aligned quasimosaic crystals. The beam angular profile is
plotted as a function of the goniometer angle; the grey code represents the intensity in a
logarithmic scale. (b) The comparison between a profile of both crystals in the amorphous
orientation (white) and a profile in which they are both in reflection; the total deflection
angle doubles the single reflection one.

4 The H8RD22 2007 data taking
During 2007, the H8RD22 collaboration has performed three test runs respectively
in May, September and October. In the May and October runs, the setup (fig. 14)
consisted in 4 double sided silicon microstrip detectors with a position resolution
of the order of 5 µm (thanks to the fact the analog information is collected for each
strip) that allowed the reconstruction of the incoming and outcoming angle of each
single particle, differently from the 2006 setup.
The crystal was positioned on a 3 stage goniometer as in 2006; in this way, after a
preliminary optical alignment of the crystal itself with respect to the beam direction,
the crystal can be positioned automatically on the beam (linear stages), an angular
scan can be performed to observe the volume reflection (VR) and channeling effects
and it can be moved with a so called cradle stage to observe the axial channeling.
11
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Fig. 14. Experimental setup for the May and October 2007 runs; the photo shows one
silicon module. Each module consists of a double side silicon strip detector with 384 strips
per side (50 µm readout pitch) readout by 3 VA2 ASICs (Gamma Medica-IDEAS). In this
version of the telescope, the AC coupling is achieved through external quartz capacitors.

The September run has been dedicated to the observation of the channeling and
VR phenomena with electrons and positrons. The setup (fig. 15) has been modified
adding a scintillator-lead calorimeter and a NaI(Tl) calorimeter to tag the electrons
(the electron fraction of the beam was around 50%) and to reconstruct the spectrum
of the radiation emitted during channeling and VR. The calorimeters and a set of
silicon beam chambers were positioned after the last bending magnet of the line to
perform tests also steering away the primary electron/positron beam.
In the following the main results obtained in each run are listed.


May run: the run has been performed with primary protons of 400 GeV/c with
a beam intensity of the order of a few 105 particles/spill (the spill duration is
4.8 sec); the maximum data acquisition rate is of the order of 3 kHz. The results
are the following:
measurement of the volume reflection and channeling effects in several crystals
(quasi-mosaic, single strip)
measurement of the VR with a multi-crystal setup (five quasimosaic crystals
have been aligned by hand on the beam to obtain a summed effect as far as the
VR angle is concerned)
measurement of the dependence of the VR angle from the curvature radius of
the crystal itself
first steps in the study of a possible multi-strip setup (up to 7 strips) in order to
understand the limits of the passive alignment
measurement of the axial channeling with a single strip crystal
September run: the run has been performed with electrons and positrons of
180 GeV/c; while waiting for the electron beam setup, a scan has been performed
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Fig. 15. Experimental setup for the September 2007 run; the photos show the silicon telescopes (S3 and S4, top left) that are used to measure the steered electron, the scintillator
lead calorimeter (top right) and the goniometer with the near crystal silicon telescope (bottom).

also with hadrons (mainly pions). The DAQ rates were the same of the previous
run but the intensity of the beam was lower. The results are the following:
measurement of the VR and channeling effects with quasimosaic and strip
crystals and electron, positron, hadron beams
observation of the radiation emission in channeling and VR. The photon spectrum has been measured in two different ways: using alternatively the NaI
calorimeter and the scintillator-lead one and using large (9.5x9.5 cm 2 ) silicon
beam chambers positioned after the last bending magnet as a spectrometer. In
this case, the energy of the emitted photon has been reconstructed from the
energy of the electron computed using the deviation angle of the electron itself
as measured by the silicon.
October run: the run has been performed with the same setup of May with
primary protons of 400 GeV/c. The results are the following:
measurements of the multi-crystal effect with the 5 crystals controlled remotely
in two different ways; once the alignment and its effect on the VR had been
measured, the repeatability of the alignment has also been checked several
times to understand what to modify in the next run
measurement of the VR effect in a diamond crystal; only a very preliminary
result has been obtained due to missing information on the bending angle of
the crystal
measurement of other points for the R dependence of the VR to check the
simulation and analytical computation results
measurement of the VR and channeling effects as a function of the hit position
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of the particle on the crystal in the horizontal plane (border effect). This measurement will be fundamental to understand the behaviour of the multi-crystal
system
first test of a very short crystal (less than a single oscillation period) to understand the behaviour of the particle inside the channel.

The results have still to be published so they can’t be reported in detail here. As
an example, fig. 16 shows the angular scan of 5 aligned quasimosaic crystals. The
deviation angle is 5 times the single crystal one with an efficiency of the order of
90%.

Fig. 16. Angular scan of 5 aligned quasimosaic crystals. The crystals have been aligned
with piezoelectric motors.

5 H8RD22 roadmap for 2008 and 2009
The future plans of the collaboration will move on two different guidelines:
(1) the development of a complete system for the collimation of LHC beams with
indications also for the possibility of employing crystals in ILC
(2) the study of the radiation emission in curved crystals and in undulators to
study the possibility of employing such radiation in several ways and to understand what will happen in an electron/positron machine
Both the guidelines will require hardware and software developments and several
test periods, as it is listed in the following.
14
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LHC collimation
From the hardware point of view, the following items need to be investigated:
development of a remotely controlled system to align crystals on the beam; the
system has to be compliant with the materials that can be used in the LHC accelerator and has to stand the vacuum requirements. The first version of the alignment system will be tested in August/September 2008
development of a dedicated setup to pre-align crystals before putting them on the
beam. The alignment using the primary protons of H8 at the moment requires
too much time even with the remote control and even keeping in mind that this
was the first test. The Russian part of the collaboration is designing a X-ray
facility to pre-align the crystals measuring the diffraction of X-rays on the crystal
surface. This will reduce the time for the following test of the crystal ensemble
on H8 (also considering a mass test for the application in LHC). A possible
prototype of this facility will be tested with the August/September 2008 multicrystal ensemble
development of a dedicated tracking setup with high resolution silicon microstrip
telescopes with a system on chip readout to fully exploit the beam intensity (going from a DAQ rate of 3kHz to 25kHz thus acquiring more than 10 5 particles
per spill). The tracking system will be ready for the August/September 2008 run
during 2008 and 2009, other possible materials for crystals (diamond, germanium, ...) will be tested on H8.








In the last months, the possibility of performing tests on the SPS has been pursued
in order to test the efficiency of the system and the effect of the multipass. The
LTC has approved the experiment which is called CRYSTAL. A dedicated radiation
hard tracking and beam profile measurement setup inserted in roman pots to be put
inside the vacuum pipe will be developed to measure the crystal effects on the halo
(obtained perturbing the primary beam) of the SPS beam. The development of this
second tracking system will start during 2008 to be ready for a run in 2009.
Provided that the SPS test is completed successfully, a request to perform a test on
the LHC beam halo will be submitted.
Radiation emission
The study of radiation emission from bent crystals is a novel topic as far as volume reflection is concerned (the H8RD22 collaboration has observed for the first
time this phenomenon at very high energies). The study of the radiation emitted
by (straight or bent) crystals when used with electron or positron beams is very
important for two reasons:





to understand all the details for the use of crystals in the future electron/positron
machines
to understand the possibility of using such radiation in different fields. From this
point of view, a good example is represented by the undulator and the dream of
using it as a crystalline wiggler to produce a high intensity photon beam.
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This second guideline will proceed in parallel with the first one, which is the main
topic of the next 18 months at least. During 2008, a long (14 days) run has been
foreseen on the SPS H4 electron/positron beam to develop the photon tag detector
setup to measure the integral photon spectra, the energy of the single photons and
the intensity of the produced photon beam. This setup will be based on a magnetic
spectrometer with silicon detectors and dedicated imaging calorimeters.
A first test phase (July 2008) will be performed at the CERN PS T9 beam line
in order to test the detectors and to reproduce the low energy measurements and
simulations. During August 2008, the setup will be moved to the SPS to study the
photon emission with high energy (greater than 100GeV/c) beams. The results of
these tests will allow to write a detailed program for the following years.
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