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The interactions of 400 GeV protons with different sequences of bent silicon crystals have been

investigated at the H8 beam line of the CERN Super Proton Synchrotron. The multiple volume reflection

of the proton beam has been studied in detail on a five-crystal reflector measuring an angular beam

deflection ! ¼ 52:96" 0:14 #rad. The efficiency was found larger than 80% for an angular acceptance at

the reflector entrance of 70 #rad, with a maximal efficiency value of " ¼ 0:90" 0:01" 0:03.
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Directional effects arising in the interaction of charged

particles with crystals have been investigated in the last

decades and have been exploited for beam steering at

different particle accelerators. Beam extraction or splitting
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by means of bent crystals is a well-established technique,

conversely, crystal-assisted beam collimation is still under

development even if the use of bent crystals in collimation

systems was already proposed in the early nineties [1,2] for

the new generations of high energy hadron colliders.

The basic idea is to use a bent crystal as an active pri-

mary collimator which deflects the beam halo particles at

an optimal distance from the central beam orbit. For prop-

erly oriented crystals, coherent scattering from atomic

planes replaces the scattering process of single atoms and

beam halo particles can be deflected at larger angles and

with a much reduced angular spread than in amorphous tar-

gets. This allows a more effective positioning of the sub-

sequent absorbers and an overall increase of the collima-

tion efficiency. Theoretical calculations and experimental

campaigns have been carried out in the last decade [3–6] to

develop the crystal assisted collimation with the main fo-

cus on channeling as the underlaying physical mechanism

for deflection. These experiences pointed out the limits of

this approach, arising both from the limited intrinsic chan-

neling efficiency and its restricted angular acceptance.

Multipass schemes [7] or the exploitation of a different de-

flection mechanism, the volume reflection, [8,9] have been

proposed as viable solutions to optimize the collimation

efficiency.

The charged particle volume reflection phenomenon in

bent crystals predicted in [10,11] and observed in [12,13]

has been studied at the CERN Super Proton Synchrotron

(SPS) resulting in the deflection of a 400 GeV proton beam

of an angle of about 14 #rad [9,14]. The larger deflection

efficiency and the wider angular acceptance of volume

reflection (VR) with respect to channeling was firmly

established. However, larger deflection angles would be

desirable in the design of collimation systems. This can be

achieved by means of multiple reflections through a se-

quence of crystals [15]: doubling of the deflection angle in

a two crystals deflector system was recently demonstrated

in [16].

In this Letter we report the observation of the multiple

volume reflection (MVR) of 400 GeV=c protons in a se-

quence of several bent crystals at the H8 beam line of the

CERN SPS during the May and November 2007 run peri-

ods. The experimental layout shown in Fig. 1 corresponds

to the May 2007 run and derives from the one described in

[17] with improved tracking capabilities.

Crystals are mounted on mechanical holders fixed on a

high-precision goniometric system which allows for an

accurate positioning and orientation of the multicrystal

deflector with respect to the beam. Two types of multi-

crystal deflectors were developed for this experiment to

accommodate either five quasimosaic [18] or six to eight

striplike silicon crystals [19]. A relative alignment between

adjacent crystals with an accuracy much better than their

bending angles (typically $100 #rad) is achieved in both

deflectors types by means of an accurate mechanical as-

sembly and the use of active controls. Both types of multi-

crystal deflectors were exposed to the proton beam and

MVR was clearly observed with similar performance.

We present here the detailed results obtained with quasi-

mosaic crystals and a brief summary of striplike crystals

performance.

The quasimosaic deflector made use of five crystal plates

of 14% 10% 0:65 mm
3 with (111) atomic planes disposed

parallel to the 14% 0:65 mm
2 face. Each crystal plate was

bent on a cylinder with a radius of curvature $2:7 m by

clamping between the concave and convex parts of the

bending device to provide a $110 #rad quasimosaic

bend of the (111) planes. On the edge of the bending de-

vice, in the area where the proton beam should pass

through the crystal, a special opening with a sizes of 5%
3 mm, or 6% 1 mm for different samples was foreseen.

Bending devices with clamped crystals were mounted on a

support made from a metal plate with narrow deep cuts to

provide the fine angular alignment of crystals using piezo-

elements put in these cuts.

High-precision tracking of individual proton trajectories

before and after the interaction with crystals is performed

by means of double-sided silicon microstrip detectors

placed in pairs upstream (SD1,SD2) and downstream

(SD3,SD4) the goniometer. The deflection angle is eval-

uated from the difference between the angular direction at

incidence (!in), reconstructed with the SD1-SD2 detectors,
and the angular direction after the crystal (!out), measured

with SD2 and either of the SD3 or SD4 detectors. A

systematic error of 3% in the evaluation of !out is intro-

duced by the 0.3 m distance between the SD2 detector and

the crystals and corrected on a track by track basis. The

estimated resolution in the deflection angle measurement

due to the SD spatial resolution is 3 #rad.

Data collection was organized in runs corresponding to

different relative alignments of the crystals. In each run, an

angular scan in the horizontal (xz) plane was performed

acquiring the events for different orientations of the goni-

ometer with respect to the nominal beam direction.

SD1 SD2
Goniometer multi crystals

Holder with

SD3  SD4

10.460.0−10.87

p beam

0.3 z (m)

x

11.21
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FIG. 1 (color online). Schematic lay-

out of the experimental setup used to

study multiple volume reflection at the

H8 beam line of the CERN SPS. The tra-

jectory of a particle undergoing a se-

quence of volume reflections in a series

of aligned crystals is schematically rep-

resented on the right for quasimosaic (a)

and strip crystals (b).
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The beam intensity distribution as a function of the track

deflection angle (vertical axis) in different goniometer

angular positions (horizontal axis) is shown in Fig. 2 as

measured in the angular scans performed before (top) and

after (bottom) the relative alignment of the five crystals.

Before the crystal alignment, the deflection effects aris-

ing from the proton interactions separately in each crystal

are visible as peculiar structures in the track deflection

angle distribution corresponding to five distinct goniome-

ter orientation intervals. The channeling peak, at positive

deflection angles of $100 #rad, and the VR region, for

negative deflection angles of $10 #rad, are found in each

interval for increasing values of the goniometer angle.

A Gaussian function has been used to describe the de-

flection angle distributions for volume reflected tracks in

each crystal as in [14]. In Table I the mean deflection

angles measured for the volume reflection in the five

crystals are reported, as well as the corresponding goni-

ometer positions.

The deflection angle and the efficiency for the fivefold

volume reflection have been measured with the finely

aligned crystal in the angular scan. In Fig. 2 (bottom) a

net superposition of the volume reflection effect from the

five crystals is clearly visible corresponding to a track

deflection angle of $50 #rad towards negative values.

Conversely, deflection towards positive angles due to chan-

neling is still of the same magnitude as in the unaligned

crystals run, but the channeling peaks due to single crystals

are merged for contiguous goniometer positions.

A Gaussian fit to the track deflection angle distributions

was used to estimate the mean deflection angle (!) and its

dispersion ()) for channeled and volume reflected beam

fractions as well as for the undeflected beam. The ratio

between the number of events within"3) around the fitted

peak value and the total number of collected events at

each goniometer orientation defines the corresponding

raw efficiency "R for the beam component under study.

The volume reflection efficiency is then obtained as "VR ¼
"VRR ="UR , where "UR ¼ 96:6" 0:6% represents the raw ef-

ficiency in absence of deflection effects. The systematic

uncertainties on the deflection angle are mainly related to

the single Gaussian model used to fit the track deflection

angle distributions. The sum of several Gaussian functions

has been used to describe more in detail the deflection

peaks but no systematic effect in the measured deflection

angle has been found within the statistical accuracy. The

systematic uncertainty on the efficiency measurement is

mainly related to the criterion used to define the number of

tracks associated to the fitted peak: multiple Gaussian fits

and different widths of the association window were used

to check the measurement stability and to estimate the

systematic error in the efficiency value.

The results from the fit procedure are summarized in

Fig. 3. The uppermost panel reports the raw efficiencies

measured on channeled, volume reflected and unperturbed

beam components as a function of the goniometer orienta-

tion. The corresponding fitted values of the mean deflec-

tion angle are shown in the bottom panel.

The transition towards the channeling effect is observed

at the beginning of the angular scan: tracks are nearly un-

deflected up to a goniometer orientation ,$ 140 #rad,

where a steep increase of the channeled beam component is

observed. Two beam components can be distinguished in

the subsequent steps of the angular scan: the channeled

tracks, which dominate up to , ¼ 230 #rad, and the un-

channeled beam fraction steadily deflected towards nega-

FIG. 2 (color online). Beam intensity distributions observed in

the angular scans performed before (top) and after (bottom) the

relative alignment of the five crystals. The beam intensity is

reported as a function of the track deflection angle (vertical axis)

in different goniometer angular positions (horizontal axis).

TABLE I. Mean deflection angles for volume reflected (!VR)
protons as measured with the five not aligned crystals. The

corresponding goniometer position intervals (,VR) are also

reported.

,VR (#rad) !VR (#rad)

, 2 ½1080; 1100( 9:6" 0:3
, 2 ½1480; 1500( 9:6" 0:3

, 2 ½1780; 1800( 12:5" 0:4
, 2 ½2020; 2040( 10:2" 0:4
, 2 ½2380; 2400( 11:8" 0:4
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tive angles. The onset of volume reflection is observed at

goniometer orientations where the channeling effect comes

to its end: a mean deflection angle !¼#52:96"0:14#rad

is observed in a wide interval of the goniometer orientation

(245<,< 315 #rad) with a VR efficiency greater than

80%. The measured deflection is consistent with the se-

quence of reflections in the five crystals as it can be esti-

mated from the sum of the deflection angle values obtained

for the single crystals !1#5 ¼ 53:7" 0:8 #rad (Table I).

The maximal volume reflection efficiency, "VR ¼ 0:90"
0:01" 0:03, is recorded for 250<,< 290 #rad. The VR

effect extinction appears for 315<,< 340 #rad: a

unique Gaussian peak is used to describe the deflection

angle distributions in the subsequent scan steps. In the very

last part of the angular scan, ,> 475 #rad, no deflection

effects are observed: only events collected at these crystal

orientations are used to study the unperturbed beam prop-

erties and to determine the "UR value.

The MVR effect was also measured with two different

sequences of striplike crystals. In the eight strip deflector,

the crystals had been bent along (111) crystallographic

plane, with length and bending angle being equal to

2.25 mm and 300 #rad, respectively. The measured de-

flection angle of the volume reflected beam was 70"
5 #rad with an efficiency of " ¼ 0:85" 0:05. In the six

strip deflector, the crystals had been bent along the (110)

crystallographic plane, with length and bending angle val-

ues of 2 mm and 150 #rad respectively. The measured

deflection angle of the volume reflected beam was 40"
1:5 #rad with a reflection efficiency of " ¼ 0:93" 0:04.
In conclusion, this experiment has confirmed that mul-

tiple volume reflections of ultrarelativistic protons in se-

quences of bent crystals can be obtained with high

efficiency over a wide entrance angular range. For the first

time, the volume reflection effect has been successfully

exploited in order to achieve a sizable angular deflection of

ultrarelativistic protons. This result strengthens the possi-

bility to use crystal reflectors for the beam collimation of

LHC and encourages the further developments in this field

which have been recently proposed [20].
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FIG. 3 (color online). Raw efficiency (top) and mean deflec-

tion angle (bottom) measured for channeled (red or gray) and

volume reflected or undeflected tracks (blue or darkgray) as a

function of the goniometer position. Data refer to the angular

scan with finely aligned crystals.
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