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Particle-crystals interactions

Coherent interactions
t Channeling
t volume reflection

Incoherent interactions
t multiple scattering
t volume capture
t dechanneling

d

U Planar channeling
• J. Lindhard, Dan. K., Vidensk. Selsk. Mat. Fys. Medd. 34 (14) (1965) 
• E.N. Tsyganov, FNAL, TM-682 (1976).
First Experiments:
• A.F. Elishev et al., Phys. Lett. 88B (1979) 387.
• J, Bak et al., Phys. Lett. 93B (1980) 505.

Volume reflection
• M. Taratin and S. A. Vorobiev, Phys. Lett. A 119, 425 (1987); 
First Experiments
• Y. M. Ivanov et al., Phys. Rev. Lett. 97, 144801 (2006). 
• Y. M. Ivanov et al., JETP Lett. 84, 372 (2006).
• W. Scandale et al., PRL 98, 154801 (2007)
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Planar channeling
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for (110) si-crystal at T=300° with R= 38 m

u1 =	0.038×d	=	0.076	A is	RMS	amplitude	of	the	thermal	vibration

xmc =	d/2	- rc =	0.77	A	is	the	boundary	amplitude	of	the	stable	channeling	states

rc =	2.5×u1	=	0.187	A	is	the	screening	distance	from	the	point-like	nuclear	charge

If	xmax≤	xmc channeling	+	MCS	on	electrons	(channeling	corridor)

𝑥 𝑠 = M
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NO
PQ
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2𝜋𝑠
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Nuclear density distribution

If	xmax>	xmc channeling	+INI	+	MCS	on	nuclei	and	e- (nuclear	corridor)

𝑁9V 𝑠 ~𝑒𝑥𝑝 −
𝑠
𝐿.

𝑁9V 𝑠 ~𝑒𝑥𝑝 −
𝑠
𝐿F

𝐿F ≪ 𝐿.

d =	1.92	A is	channel	width

Uob =	21.7	eV	is	the	depth	of	the	planar	potential	well

Uxc =	13.5	eV	is	the	critical	transverse	energy	for	stable	channeling	states

W.	Scandale	and	A.	Taratin,	Physics	Reports	815	(2019)	1–107
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Channeling and nuclear corridors
Scandale et al., PLB 680, 129 (2009)

Ln ~ sqrt(p) : at 7 TeV Ln ~ 0.6 cm    

Le ~ p : at 7 TeV Le ~ 400cm    

𝑁Zf 𝑠 ≈ 𝑁]FeB=g^.𝑒
he ijk + 𝑁eB=g^.𝑒

he ilk



Deflection efficiency
Deflection efficiency Pd = capture efficiency Pc x probability of channeling Pch

𝑃M 𝑅 = 𝑒𝑥𝑝 −
ℓ

𝐿. 𝑅
m 𝑓 𝐸>0 𝑑𝐸>0
N+p q

0
+ 𝑒𝑥𝑝 −

ℓ
𝐿F 𝑅

m 𝑓 𝐸>0 𝑑𝐸>0
Prs q

N+p q

channeling corridor nuclear corridor

𝑓 𝐸>0 is the distribution of initial transverse energy
𝐸>9 𝑅 =Eeff(rc,R) is the critical transverse energy for stable channeling

In long crystals (ℓ≫𝐿𝑛) 
• only the particles in the channeling corridor can be deflected (𝐸>0 < 𝐸>9)
• the channeling efficiency is limited by the MCS on the electrons

𝑃M 𝑅 =𝑃9V×𝑃9 𝐸>0 < 𝐸>9 = 𝑒𝑥𝑝 − ℓ
il q

∫ 𝑓 𝐸>0 𝑑𝐸>0
N+p q
0

W. Scandale, et al., Phys. Rev. Lett. 102 (2009) 084801. 

𝑃M 𝑅 <𝑃9 𝐸>0 < 𝐸>9
Asymptotic value of Pc for a parallel beam𝑃9 = 1 − 2𝑟9 𝑑yz
for (110) si-crystal straight (or large R) with ℓ≫𝐿𝑛 at T=300°𝑃9 = 0.805

Deflection efficiency smaller than capture efficiency

Upper limit for the capture (and the channeling) efficiency in a long straight crystal



Detectors for UA9 in the North Area
Two measurement arms – 10m length in each

Operational runs
• Use a low-divergence incoming beam

• Alignment	run: only	the	tracking	stations	are	in	the	beam	line

• Linear	scan: crystals	are	placed	on	the	beam	line	

• Fast	angular	scan:	scan	of	a	large	angular	range	to	find	the	
channeling	orientation

• Detailed	angular	scan:	~105 events/step	are	acquired	around	
the	channeling	orientation

• High	statistics	run: the	crystal	is	left	in	the	optimal	channeling		
for	a	stat.	of	~106 p

Observables
• Detect the incoming direction of each particle

• Detect the outgoing direction after the interaction 
with the crystal

• Detect inelastic events

W. Scandale et al., REVIEW OF SCIENTIFIC INSTRUMENTS 79, 023303 



Crystals
q Dislocation-free silicon crystals plates or strips

q for optimal channeling efficiency 
ü short length (few mm) 

ü moderate bending radius 45 ÷ 70 m

q Mechanical holders with large C-shape frame imparting the main crystal curvature
ü Strip crystal: (110) planes are bent by anticlastic forces

ü Quasimosaic crystal: (111) planes are bent by 3-D anticlastic forces through the elasticity tensor

q Expected crystal defects:
ü Miscut: can be ≈100 μrad, but negligible effect if good orientation is applied

ü Torsion: can be reduced down to 1 µrad/mm è UA9 data in the SPS North Area

ü Imperfection of the crystal surface: amorphous layer size ≤ 1 μm

Bent crystals for UA9
Quasimosaic crystal

q Bent along (111) planes

q Minimal length a few 
tenths of mm

q Non-equidistant 
planes d1/d2 = 3

Strip crystal

q Bent along (110) planes

q Minimal length ~ 1 mm

q Equidistant planes

q SPS at 120÷270 GeV 1÷2 mm length, 150÷170 μrad angle 
q LHC 3÷5 mm length, 40÷60 μrad angle



2. Channeling
P= ≤ 85 %

1. amorphous

4. Volume 
Reflection 

P = 98 %

6. amorphous

3. dechanneling

5. Volume 
Capture

q Two coherent effects could be used for crystal-assisted beam deflection in 
particle accelerators: 

ü Channeling è larger deflection with reduced efficiency

ü Volume Reflection (VR) è smaller deflection with larger efficiency  

q SHORT CRYSTALS in channeling mode are preferred                                         
è ×5 less inelastic interaction than in VR or in amorphous orientation (single hit of 400 GeV protons)

Coherent interactions in bent crystals

W. Scandale et al., Nucl. Inst. and 
Methods  B 268  (2010) 2655-2659.

W. Scandale et al, PRL 
98, 154801 (2007)



channeling amorphous

reflected

Channeling and VR angle and efficiency 
t Identify channeling, reflection and 

amorphous peaks of the angular profile 
distribution 

t Compute the angular shift -> deflections
t Integral of the events within ±3s around 

amorphous, channeling and reflected peaks
t Normalize the integrals to the incoming flux
t Ratios of channeling or deflection over 

amorphous normalized peak integrals -> 
efficiencies

Example of efficiency estimate

49.9%

Channeling

95.5%

93.8%Volume reflection

“amorphous”

P
Particle deflection angle

counts



 

 

 

 

Short crystal features
𝐼𝑛𝑐𝑜𝑚𝑖𝑛𝑔	𝑏𝑒𝑎𝑚: 𝑝𝑟𝑜𝑡𝑜𝑛𝑠	𝑎𝑡	400

𝐺𝑒𝑉
𝑐
	𝑤𝑖𝑡ℎ	𝑎𝑛𝑔𝑢𝑙𝑎𝑟	𝑑𝑖𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒𝑠		𝜎> = 9.3	𝜇𝑟𝑎𝑑;	𝜎� = 5.2	𝜇𝑟𝑎𝑑							

𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑	𝑎𝑡	𝜎> = 𝜎� ≤ 5	𝜇𝑟𝑎𝑑

(110) si-crystal at T=300° 70×1.94×0.5 mm3 R= 38 m and with ℓ = 1.94	𝑚𝑚	 ≪ 𝐿.

Deflection efficiency as a function of the incident angle
for fraction of particles with horizontal incident directions inside 
contiguous angular windows each of 2 𝜇rad

 

 

 

 

 

 

 

 

Optimal	orientation	for	channeling:
i𝑛𝑐𝑜𝑚𝑖𝑛𝑔	𝑡𝑟𝑎𝑗𝑒𝑐𝑡𝑜𝑟𝑦	𝑎𝑛𝑔𝑙𝑒𝑠

�
𝜃>0 ≤ 5𝜇𝑟𝑎𝑑
𝜃�0 ≤ 5𝜇𝑟𝑎𝑑

Linear-scale Log-scale

𝜃M = 50.5	𝜇𝑟𝑎𝑑

𝜎M = 5.7	𝜇𝑟𝑎𝑑

𝑃M 𝛿𝜃> ≥ 𝜃M − 3𝜎M = 75.2	%

CH peak

VR peak

deCH sea

CH peak
VR peak

deCH sea

𝐿F = 1.53	𝑚𝑚

Exponential interpolation for Ln

𝑎𝑠𝑠𝑢𝑚𝑖𝑛𝑔	 𝜃FD ~𝑃F 𝑥 →	𝐿F = 1.5	𝑚𝑚	

W.	Scandale,	et	al.,	Phys.	Lett.	B	680	(2009)	129.	

data
simulation

𝑃M� = 83.4	% The maximum value of the deflection efficiency 
exceeds the asymptotic limit for long crystals 

Interpretation: angular window of 2 𝜇rad << critical angle of 10.4 𝜇rad
àthe particles in the central bin travel very close to 

the channel axis without crossing the nuclear 
corridor

𝑃M� = 83.4	%



 

 

 

 

 

 

 

 

Dependence of 𝐿Fon incident angles 𝜃>0
𝐼𝑛𝑐𝑜𝑚𝑖𝑛𝑔	𝑏𝑒𝑎𝑚: 𝑝𝑟𝑜𝑡𝑜𝑛𝑠	𝑎𝑡	400

𝐺𝑒𝑉
𝑐
	𝑤𝑖𝑡ℎ	𝑎𝑛𝑔𝑢𝑙𝑎𝑟	𝑑𝑖𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒𝑠		𝜎> = 9.3	𝜇𝑟𝑎𝑑;	𝜎� = 5.2	𝜇𝑟𝑎𝑑	 − 	𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑	𝑎𝑡	𝜎> = 𝜎� ≤ 5	𝜇𝑟𝑎𝑑

(110) si-crystal at T=300° 70×1.94×0.5 mm3 R= 10.26 m, ℓ = 1.94	𝑚𝑚	 ≪ 𝐿. and 𝛼 = 189	𝜇𝑟𝑎𝑑

Optimal orientation for channeling:
𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔	𝑡𝑟𝑎𝑗𝑒𝑐𝑡𝑜𝑟𝑦	𝑎𝑛𝑔𝑙𝑒𝑠

�
𝜃�F ∈ 𝜃�F0 ± ∆𝜃�F

𝜃�F0 = 0
∆𝜃�F = 1.75	𝜇𝑟𝑎𝑑	

W. Scandale, et al., Nucl. Instrum. Methods Phys. Res. B 268 (2010) 2655. 
W. Scandale, et al., Phys. Lett. B 743 (2015) 440. 

MCS VR

CH

deCH

𝜃Zf = 189	𝜇𝑟𝑎𝑑

𝜃Zf − 3𝜎Zf

𝑃Zf = 77	%

Orientation close to 𝜃9:
𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔	𝑡𝑟𝑎𝑗𝑒𝑐𝑡𝑜𝑟𝑦	𝑎𝑛𝑔𝑙𝑒𝑠

�
𝜃�F ∈ 𝜃�F0 ± ∆𝜃�F
𝜃�F0 = 8.75	𝜇𝑟𝑎𝑑	
∆𝜃�F = 1.75	𝜇𝑟𝑎𝑑	

dechanneling area

  𝑃M.Zf = 7.2	%
𝑆M.Zf = 𝐿F = 1.4	𝑚𝑚

𝜃9 = 9.8	𝜇𝑟𝑎𝑑

𝑃M.Zf =
𝑁M.Zf

𝑁Zfk

  𝑃M.Zf = 23.5	%
𝑆M.Zf = 𝐿F = 0.8	𝑚𝑚

dechanneling area

𝜃Zf = 189	𝜇𝑟𝑎𝑑

𝜃Zf − 3𝜎Zf



 

 

 

 

 

 

Dechanneling probability

𝐼𝑛𝑐𝑜𝑚𝑖𝑛𝑔	𝑏𝑒𝑎𝑚: 𝑝𝑟𝑜𝑡𝑜𝑛𝑠	𝑎𝑡	400
𝐺𝑒𝑉
𝑐
	𝑤𝑖𝑡ℎ	𝑎𝑛𝑔𝑢𝑙𝑎𝑟	𝑑𝑖𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒𝑠		𝜎> = 9.3	𝜇𝑟𝑎𝑑;	𝜎� = 5.2	𝜇𝑟𝑎𝑑	 − 	𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑	𝑎𝑡	𝜎> = 𝜎� ≤ 5	𝜇𝑟𝑎𝑑

(110) si-crystal at T=300° 70×1.94×0.5 mm3 R= 10.26 m, ℓ = 1.94	𝑚𝑚	 ≪ 𝐿. and 𝛼 = 189	𝜇𝑟𝑎𝑑

W. Scandale, et al., Nucl. Instrum. Methods Phys. Res. B 268 (2010) 2655. 
W. Scandale, et al., Phys. Lett. B 743 (2015) 440. 

𝜃9 = 9.8	𝜇𝑟𝑎𝑑

𝑃M.Zf =
𝑁M.Zf

𝑁Zfk 𝑆M.Zf = 𝐿F



Channeling efficiency versus Rc
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Fig. 3 Channeling e�ciency plotted Vs bending radius (R) over critical radius (Rc) for
experiments with 400 GeV/c protons impinging on a Si crystal and for the analytical, the semi
analytical and the Monte Carlo calculation methods.
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Fig. 4 E�ciency vs. radius (R) over critical radius (Rc) and length (L) over nuclear dechan-
neling length (Ln) for Si (110) strip exposed to a collimated proton beam computed with the
semi analytical method.

~1 mrad deflection requires ~12cm long Si crystal 

High efficiency zone
R > 10 Rc

E. Bagli et al., Eur. Phys. J. C (2014) 74:2740

Si (110):
Rc = 12m at  pb = 7 TeV

} Experiment (H8 and SPS):
} Si bent crystal (L =0.2cm)
} (1 1 0) plane
} 400 GeV/c protons
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channeling. 
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W. Scandale et al, Eur. Phys. J. C (2020) 80:27 

Probability of nuclear interactions 
as a function of the crystal 
orientation.
• The crystal orientation is varying
• The angular range of incoming 

particles is fixed at ± 2.5 𝜇rad.
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Crystal	orientation	(𝜇rad)

W. Scandale et al., EurPhysJC (2018) 78-505 
W. Scandale, et al., Nucl. Instrum. Methods Phys. Res. B 268 (2010) 2655. 

VR angular range



W.	Scandale	et	al.,	PRL	101,	234801	(2008)	

VR parameters as a function of R

achieves its maximum value at a bend radius of about 1.1 m
(approximately 1:6Rc), and decreases with decreasing R
because the effective potential becomes closer to a straight
line. The reflection inefficiency " increases with R since
the VC probability increases. The simulation results show
an almost linear dependence as expected by the theoretical
estimation for the VC probability.

The agreement between the experimental data, the ana-
lytical approach and the MC simulation is fairly good. The
discrepancy could be the result of a nonuniformity of the
anticlastic bending so that the real curvature in the middle
of the crystal is greater than the average one.

Taking into account the observed dependences of the VR
parameters on R, an optimal bend radius for a short silicon
crystal for beam deflection due to VR is found to be about
10Rc. This value maximizes the product of the deflection
angle times the reflection efficiency times the angular
acceptance. The increase of R gives larger !vr but de-
creases the efficiency and the angular acceptance. To ob-
tain the same acceptance, the crystal length should be
increased but this generates more particle losses in inelas-
tic interactions with the crystal nuclei.

A strong potential scattering of particles for R close to
Rc shows that such a crystal can be used as an effective
scatterer. The thickness of the crystal scatterer can be
reduced down to the wavelength of the particle oscillations
in the planar channel (60 "m for 400 GeV protons and
250 "m for 7 TeV protons). In this way the inelastic losses
of particles in the scatterer can be minimized.

The experimental studies performed by the H8RD22
collaboration show that a short bent crystal (or a sequence
of them) in the VR operational mode can be used as a

primary collimator for modern hadron colliders where the
collimation system is fundamental to protect the accelera-
tor components from radiation damage and to reduce the
experiments background. Such a crystal collimator can
deflect the beam halo particles directing them into a sec-
ondary collimator whereas a standard amorphous primary
collimator scatters particles in both sides around the initial
direction. A crystal primary collimator would increase the
efficiency of the collimation system, reducing impedance
and the requirements on the alignment of the secondary
collimator.
We are grateful to Professor L. Lanceri (INFN &

University of Trieste) who provided the tracking de-
tectors. We acknowledge partial support by the European
Community-Research Infrastructure Activity under the
FP6 ‘‘Structuring the European Research Area’’ program
(CARE, contract number RII3-CT-2003-506395), the
INFN NTA-HCCC, the INTAS program and MIUR
2006028442 project, Russian Foundation for Basic
Research Grants 05-02-17622 and 06-02-16912, RF
President Foundation Grant SS-3057-2006-2, Program
‘‘Fundamental Physics Program of Russian Academy of
Sciences.’’
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FIG. 4. The dependencies of the VR parameters on the crystal
curvature and the bending radius R: (a) the deflection angle !vr
(dots) and its rms deviation due to the potential scattering !#vr

(squares), (b) the VR inefficiency ".

PRL 101, 234801 (2008) P HY S I CA L R EV I EW LE T T E R S
week ending

5 DECEMBER 2008

234801-4

𝑃¢Z 𝑅 ≈𝑅𝜃9 𝐿M⁄ 𝑃¢q 𝑅 = 1 − 𝑃¢Z 𝑅

Volume reflection (VR) and volume capture (VC) are competing process
The VC probability dependence on the crystal radius R is approximately 
linear due to a linear increase of the tangency region length with increasing R 

radius R of a (110) silicon strip crystal. Results are com-
pared with Monte Carlo (MC) simulation and analytical
calculations.

As experimentally observed, if !0 > !c, most of the
incident particles are deflected because of VR to a direc-
tion opposite to the crystal bending by an angle of about
1:5!c. A small part of them, on the contrary, is captured
into the channeling regime along the tangency area (vol-
ume capture, VC), once their transverse momentum has
been reduced by multiple scattering with the crystal nuclei
and electrons [8,9]. The VC probability dependence on the
crystal radius R is approximately linear (PvcðRÞ # R!c=Ld

[10,11]) due to a linear increase of the tangency region
length with increasing R. Since VC limits the VR effi-
ciency, that is PvrðRÞ ¼ 1 % PvcðRÞ, the VC dependence
on R translates in a linear decrease of the VR efficiency
with increasing R.

It is shown in [5,6] that in a bent crystal the distribution
of the particle deflection angles due to VR is broadened if
the centrifugal force Fc acting on the particles increases,
which means that for particles of a given energy E a larger
crystal curvature leads to a smaller !vr and a larger "vr.
Such a change of the VR parameters becomes clear when
the effective potential variation as a function of the crystal
curvature is considered (Fig. 1). VR occurs near the turning
points of quasichanneled particles in the effective potential
of a bent crystal, where the particles radial velocity
changes its sign.
For a small crystal curvature, that is R & Rc, the turning

points of all particles gather in a narrow region near the
inner wall of a planar channel [Fig. 1(a)]. The strong
electric field of the crystal plane is directed along R and
at the turning points it imparts to the particle an angular
deflection towards the opposite direction with respect to
the crystal bending, producing volume reflection. For
larger crystal curvatures, the turning region of the effective
potential increases. This decreases the electric field value
at the lower boundary of the turning region and therefore,
the average deflection angle due to VR becomes smaller.
At the same time, the range of field values near the turning
points gets larger and this increases the spread of the
particles deflection angles.
For crystal bend radii R 'Rc, the channel potential well

disappears and the radial momentum turning of particles in
the effective potential can occur anywhere across the chan-
nel. For particles whose turning points are located near the
channel outer wall, the electric field of the plane, which is
directed opposite to R, gives an angular deflection towards
the bending side. Therefore, the particle deflection angle
averaged over the turning point positions in the effective
potential across a whole channel becomes close to zero.
The experimental setup to collect the data presented in

this Letter consisted of four double-sided microstrip silicon
detectors [SiX in Fig. 2(a)] for single track reconstruction
with an intrinsic angular resolution of 0:4 #rad, which is

FIG. 1. The effective potentials for the (110) planes of a silicon
crystal bent with a radius R ¼ 35:71 m (a) and 3.76 m (b) for
400 GeV=c protons. The coordinate x is measured in the direc-
tion opposite to the radial one; dp ¼ 1:92 !A is the planar
channel width (distance between the two walls of each potential
well) and "Uef ¼ ðpv=RÞdp is the potential inclination along
the channel. The trajectory of a particle being reflected with a
turning point in the fourth channel is shown. The position of the
corresponding reflecting plane is shown by a vertical dashed line
at x ¼ 4dp. The thicker lines show the turning point regions.

FIG. 2 (color online). (a) Experimental layout on the H8 beam line at the CERN SPS. Si1-Si4 are the silicon microstrip detectors, g
is the goniometer. (b) View of the (110) silicon crystal strip bent along its height (principal bending). The anticlastic bending with a
radius R generated along the strip width has been used for the beam deflection. The beam axis line is shown and the dimensions of the
crystal given in mm.
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radius R of a (110) silicon strip crystal. Results are com-
pared with Monte Carlo (MC) simulation and analytical
calculations.

As experimentally observed, if !0 > !c, most of the
incident particles are deflected because of VR to a direc-
tion opposite to the crystal bending by an angle of about
1:5!c. A small part of them, on the contrary, is captured
into the channeling regime along the tangency area (vol-
ume capture, VC), once their transverse momentum has
been reduced by multiple scattering with the crystal nuclei
and electrons [8,9]. The VC probability dependence on the
crystal radius R is approximately linear (PvcðRÞ # R!c=Ld

[10,11]) due to a linear increase of the tangency region
length with increasing R. Since VC limits the VR effi-
ciency, that is PvrðRÞ ¼ 1 % PvcðRÞ, the VC dependence
on R translates in a linear decrease of the VR efficiency
with increasing R.

It is shown in [5,6] that in a bent crystal the distribution
of the particle deflection angles due to VR is broadened if
the centrifugal force Fc acting on the particles increases,
which means that for particles of a given energy E a larger
crystal curvature leads to a smaller !vr and a larger "vr.
Such a change of the VR parameters becomes clear when
the effective potential variation as a function of the crystal
curvature is considered (Fig. 1). VR occurs near the turning
points of quasichanneled particles in the effective potential
of a bent crystal, where the particles radial velocity
changes its sign.
For a small crystal curvature, that is R & Rc, the turning

points of all particles gather in a narrow region near the
inner wall of a planar channel [Fig. 1(a)]. The strong
electric field of the crystal plane is directed along R and
at the turning points it imparts to the particle an angular
deflection towards the opposite direction with respect to
the crystal bending, producing volume reflection. For
larger crystal curvatures, the turning region of the effective
potential increases. This decreases the electric field value
at the lower boundary of the turning region and therefore,
the average deflection angle due to VR becomes smaller.
At the same time, the range of field values near the turning
points gets larger and this increases the spread of the
particles deflection angles.
For crystal bend radii R 'Rc, the channel potential well

disappears and the radial momentum turning of particles in
the effective potential can occur anywhere across the chan-
nel. For particles whose turning points are located near the
channel outer wall, the electric field of the plane, which is
directed opposite to R, gives an angular deflection towards
the bending side. Therefore, the particle deflection angle
averaged over the turning point positions in the effective
potential across a whole channel becomes close to zero.
The experimental setup to collect the data presented in

this Letter consisted of four double-sided microstrip silicon
detectors [SiX in Fig. 2(a)] for single track reconstruction
with an intrinsic angular resolution of 0:4 #rad, which is

FIG. 1. The effective potentials for the (110) planes of a silicon
crystal bent with a radius R ¼ 35:71 m (a) and 3.76 m (b) for
400 GeV=c protons. The coordinate x is measured in the direc-
tion opposite to the radial one; dp ¼ 1:92 !A is the planar
channel width (distance between the two walls of each potential
well) and "Uef ¼ ðpv=RÞdp is the potential inclination along
the channel. The trajectory of a particle being reflected with a
turning point in the fourth channel is shown. The position of the
corresponding reflecting plane is shown by a vertical dashed line
at x ¼ 4dp. The thicker lines show the turning point regions.

FIG. 2 (color online). (a) Experimental layout on the H8 beam line at the CERN SPS. Si1-Si4 are the silicon microstrip detectors, g
is the goniometer. (b) View of the (110) silicon crystal strip bent along its height (principal bending). The anticlastic bending with a
radius R generated along the strip width has been used for the beam deflection. The beam axis line is shown and the dimensions of the
crystal given in mm.
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R=3.76 m

R=35.71 m

Small deflection region close to 
Umax à maximal reflection angle

Large deflection region à large 
spread on the reflection angle



MULTI - VR
𝛼Y¢q ≈ 𝑛×𝛼¢q

Sequence of two bent crystals with the 
particle trajectories.
1. Particle 1 has volume reflections in both crystals 

near the tangency points with bent planes. 

2. Particle 2 is volume captured in the first crystal 
and then volume reflected in the second one

𝑃Y¢q ≈ 𝑃¢qF = 1 − 𝜖 F ≈ 1 − 𝑛𝜖

Deflection angle

Deflection efficiency

MVR allows increasing the reflection angle at 
the cost of a reduced deflection efficiency



Double-reflection experiment

W. Scandale et al, Physics	Letters	B	658	(2008)	109–111	

Experimental setup:
t QM1 on the rotational stage for 

off-axis alignment of the first 
crystal (preliminary scan)

t QM2 on the upper linear stage 
for alignment of second crystal 
(thanks to the anticlastic bend)

t many iterations for finding 
perfect alignment conditions

double reflection angle: ~ 23 µrad
double deflection efficiency: ~ 96.7 %

Experimental observations

𝛼¥YK = 78	𝜇𝑟𝑎𝑑
𝜃¢q = 11.9	𝜇𝑟𝑎𝑑
𝜂¢q = 97.8	%

QM1
𝛼¥YD = 69	𝜇𝑟𝑎𝑑
𝜃¢q = 11.7	𝜇𝑟𝑎𝑑
𝜂¢q = 98.3	%

QM2



Multi-crystals

Multi-heads QM crystal (PNPI) multistrip crystal (IHEP and INFN-Fe)

Several consecutive reflections u enhance the deflection angle
u keep large cross section

p

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 mm3 with (111) atomic planes disposed
parallel to the 14" 0:65 mm2 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

(a)

(b)

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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High statistics

5-heads multi-QM-crystals
W. Scandale et al., PRL 102,084801 (2009)

Quasimosaic deflector 
• Five (111) crystal plates 
• Size 14x10x0.65 mm3 	
• 𝛼 = 110	𝜇𝑟𝑎𝑑	
• Cylindrical frame with R=2.7 m
• Individual alignment by piezo 

elements
• Opening area 5x3 mm2

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

PRL 102, 084801 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

27 FEBRUARY 2009

084801-3

Initial alignment
𝜃Zf ≥ 100𝜇𝑟𝑎𝑑		𝜃¢q ≥ 9.5𝜇𝑟𝑎𝑑

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 "radwith 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 "radwith 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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University of Trieste) who provided the tracking detectors.
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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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𝜃Y¢q = 53	𝜇𝑟𝑎𝑑

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 "radwith 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 "radwith 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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Similar	tests	with	a	similar	frame	
and	a	sequence	of	multi-strip	
crystals

CASE	1
8	strips	crystals	(111)
ℓ = 2.25	𝑚𝑚, 𝛼 = 300	𝜇𝑟𝑎𝑑

Measured	values:
𝜃Y¢q = 70	𝜇𝑟𝑎𝑑 𝜀Y¢q=0.85

CASE	2
6	strips	crystals	(110)

ℓ = 2	𝑚𝑚, 𝛼 = 150	𝜇𝑟𝑎𝑑
Measured	values:
𝜃Y¢q = 40	𝜇𝑟𝑎𝑑 𝜀Y¢q=0.93
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𝜗g = 𝜃Y¢q + 3𝜎Y¢q

MVR effect of the strips 3 to 13
• 𝜃Y¢q = 110.6	𝜇𝑟𝑎𝑑
• 𝜎Y¢q = 19.7	𝜇𝑟𝑎𝑑
• 𝑃Y¢q 𝜃> ≤ 𝜗g = 88	%
• 𝑃Y¢q 𝜃> ≤ 0 = 94	%

Single VR inefficiency (simulation) 𝜀 ≈	1.91
àApproximate value of the  MVR efficiency 79 %

t MST 14 R=4.61 m
t Volume reflection angle ~100 µrad
t Efficiency ~ 90 %

data

MVR simulation of the strips 3 to 13

• 𝜃Y¢q = 110.7	𝜇𝑟𝑎𝑑

• 𝜎Y¢q = 20.2	𝜇𝑟𝑎𝑑

• 𝑃Y¢q 𝜃> ≤ 𝜗g = 91.2	%

simulation

In the hatched area there are 
the particles with at least one 
volume capture event.
They are 11.7 % of the total.

data
𝑃Y¢q = 88%



 

 

 

 

 

 

 

 

Optimizing the MVR

unparallel sequence
• chose 𝜃¢q = 𝜃K = 𝜃D = ⋯
• tangency points not 

changing from a crystal 
to another

• 𝜃Y¢q = 𝑛𝜃¢q

parallel sequence 
• the location of the 

tangency points are 
different for each crystal 
of the sequence

• it will become closer and 
closer to the entry face

• 𝜃Y¢q ≤ 𝛼

A.M. Taratin, W. Scandale, Nucl. Instrum. Methods Phys. Res. B 262 (2007) 340. 

Planar channeling onset at n=13
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In the second sequence, the crystals are inclined to each
other by the angle hvr. Therefore, each crystal is aligned to
the beam direction, since the change of direction due to the
volume reflection in a previous crystal is compensated for.
In such an unparallel sequence, the number N of crystals
determines the maximum deflection angle due to reflec-
tions, hd = Nhvr. In this case, the crystal bend angle can
be smaller than for a parallel sequence and shorter crystals
can be used.

3.2. Requirements to volume reflector

The bend angle of the crystal a determines the angular
acceptance for volume reflection. The minimum value of
a is am ! 2hc. The corresponding crystal length Lvr = amR
determines the volume reflection area with equal lengths
for ingoing and outgoing branches of a particle trajectory
in the planar potential.

On the other side, the VR length Lcr has to be small to
decrease the beam losses due to inelastic nuclear interac-
tions of particles in a crystal. Thus, the VR length has to
satisfy the condition – Lvr < Lcr" Lin, where the inelastic
length Lin = 45.5 cm refers to a silicon crystal with a ran-
dom orientation.

The volume reflection length Lvr determines a minimum
length for a single VR in the case of parallel beam. For a
real case, when the incident beam has some angular width
wb, the crystal length is determined also by the requirement
–Lcr > wbR. It is also necessary to take into account that a
beam is broadening in passing through the sequence of
VRs due to multiple scattering and potential scattering.

The approximate estimation for the efficiency of the
beam deflection, due to volume reflections in a sequence
of N crystals, is Pd(N) = 1#NP+, where P+ is the proba-
bility of the beam deflection to the side of the crystal bend-
ing due to volume capture.

3.3. Parallel SVR for 450-GeV protons

For 450-GeV protons in the (110) silicon crystal the
critical angle hc = 10 lrad and the critical bend radius
Rc = 0.77 m. Let us consider the VR sequence in which
the bend radius of each crystal is R = 7.5 m, close to the
optimum value Ropt = 10Rc, the crystal length Lcr =
1.5 mm and its bend angle a = 200 lrad. The total number
of the sequence crystals is N = 20. The incident beam is
assumed parallel.

The crystal orientation angle relative to the incident
beam direction is equal ho =#195 lrad. Consequently,
the tangency point of the beam direction with the (110)
bent planes of the first crystal is near its exit face. Fig. 10
shows the angular distributions of protons having passed
through n (over N) crystals of the sequence. Each distribu-
tion has a pick of reflected particles and some tail due to
volume-captured particles. The maximum of the reflected
pick is shifted by hvr to the side opposite to the crystal bend
at each crystal passage along the sequence. However, the
angular width of the reflected pick increases simultaneously
due to multiple scattering and potential scattering of parti-
cles. Therefore, particles with the angles near (or exceeding)
ho appear already after n = 13 reflections. They are cap-
tured into channeling regime at the entrance face of the
crystal 14 and return to the initial beam direction due to
deflection in channeling states. Thus, for the considered
crystal sequence the maximum number of successful reflec-
tions equals 13.

Fig. 11 shows the dependence of the deflection efficiency
and angle on the number of reflections. The efficiency
decreases by about 1.15% at every reflection. The solid line
in Fig. 11(b) shows the angular position of the maximum of
the deflected beam. The dashed curve, instead, shows the
angular position of the edge of the deflected beam. This last
parameter corresponds to the angular shift of a whole
beam. The difference between these curves equals the

Fig. 10. The angular distributions of 450-GeV protons passed through n
crystals of the parallel SVR (n = 1, 5, 10, 13). The SVR is the sequence of
silicon crystals bent along (110) planes with the radius 7.5 m, the crystal
length 1.5 mm and the bend angle 200 lrad.

Fig. 9. Schematic picture of the Sequence of two bent crystals where
Volume Reflection of particles occurs (SVR). (a) A parallel sequence, the
locations of the tangency points are different for the crystals of the
sequence. (b) An unparallel sequence with the inclination angle hvr

between the crystals. Here the tangency points are near the middle for
both crystals. The value of hvr is selected to be equal to the deflection
angles h1, h2. That is h1 = h2 = hvr.
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half-width of the beam taking into account its width
increase at each reflection.

3.4. Unparallel SVR for 7-TeV protons

For 7-TeV protons in a (110) silicon crystal
hc = 2.55 lrad and Rc = 11.89 m. The bend radius of a
crystal, for an optimal volume reflection, is larger than
100 m. For such bend radii, it is impossible to use effec-
tively a parallel SVR, which requires large bend angles.

We consider an unparallel SVR with the bend radius of
the crystals R = 100 m. Let the bend angle a = 12 lrad,
which is close to 5hc, the crystal length Lcr = 1.2 mm.
Fig. 12 shows the angular distribution (1) for 7-TeV pro-
tons reflected by the crystal. The deflection angle hvr equals
about 2.8 lrad. Therefore, we consider an unparallel
sequence, in which the inclination angle between two neigh-
bouring crystals equals to 2.8 lrad. This is a very small
angle. Therefore, it is difficult to produce such a sequence
of crystals. It may be required to adjust the inclination
angle between the crystals in the sequence, by an ad-hoc
experimental session with beam.

Fig. 12 shows the angular distributions of protons hav-
ing traversed n (over N) crystals of the sequence (n = 10
and 20). The beam is shifted by hvr due to volume reflection

after each crystals traversal. The distributions are also
broadening, but they have no long tails to the reflection
side as for the parallel SVR considered in the previous

Fig. 11. The dependence of the deflection efficiency (a) and angle (b) on
the number of reflections. The conditions are the same as in Fig. 10. The
solid line is for the position of the deflected beam maximum. The dashed
curve shows the angular position of the edge of the deflected beam.

Fig. 12. The angular distributions of 7-TeV protons passed through n
crystals of the unparallel SVR (n = 1, 10, 20). The SVR is the sequence of
silicon crystals bent along (110) planes with the radius 100 m, the crystal
length 1.2 mm and the bend angle 12 lrad. The inclination angle between
two neighbouring crystals equals 2.8 lrad, which is the deflection angle
value for volume reflection.

Fig. 13. The dependence of the deflection efficiency (a) and angle (b) on
the number of reflections for 7-TeV protons. The same crystal sequence as
in Fig. 12 but the bend angle of the crystals increases from 12 lrad up to
19 lrad to overcome the effect of the beam broadening.

346 A.M. Taratin, W. Scandale / Nucl. Instr. and Meth. in Phys. Res. B 262 (2007) 340–347

simulation

7000	GeV	protons
(110)	si-crystals,	n	≤	20
𝜃9 = 2.55	𝜇𝑟𝑎𝑑;	𝑅9 = 11.89	𝑚;	
ℓ = 1.2	𝑚𝑚; 	𝛼 = 12	𝜇𝑟𝑎𝑑;

𝑅 = 100	𝑚
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half-width of the beam taking into account its width
increase at each reflection.

3.4. Unparallel SVR for 7-TeV protons

For 7-TeV protons in a (110) silicon crystal
hc = 2.55 lrad and Rc = 11.89 m. The bend radius of a
crystal, for an optimal volume reflection, is larger than
100 m. For such bend radii, it is impossible to use effec-
tively a parallel SVR, which requires large bend angles.

We consider an unparallel SVR with the bend radius of
the crystals R = 100 m. Let the bend angle a = 12 lrad,
which is close to 5hc, the crystal length Lcr = 1.2 mm.
Fig. 12 shows the angular distribution (1) for 7-TeV pro-
tons reflected by the crystal. The deflection angle hvr equals
about 2.8 lrad. Therefore, we consider an unparallel
sequence, in which the inclination angle between two neigh-
bouring crystals equals to 2.8 lrad. This is a very small
angle. Therefore, it is difficult to produce such a sequence
of crystals. It may be required to adjust the inclination
angle between the crystals in the sequence, by an ad-hoc
experimental session with beam.

Fig. 12 shows the angular distributions of protons hav-
ing traversed n (over N) crystals of the sequence (n = 10
and 20). The beam is shifted by hvr due to volume reflection

after each crystals traversal. The distributions are also
broadening, but they have no long tails to the reflection
side as for the parallel SVR considered in the previous

Fig. 11. The dependence of the deflection efficiency (a) and angle (b) on
the number of reflections. The conditions are the same as in Fig. 10. The
solid line is for the position of the deflected beam maximum. The dashed
curve shows the angular position of the edge of the deflected beam.

Fig. 12. The angular distributions of 7-TeV protons passed through n
crystals of the unparallel SVR (n = 1, 10, 20). The SVR is the sequence of
silicon crystals bent along (110) planes with the radius 100 m, the crystal
length 1.2 mm and the bend angle 12 lrad. The inclination angle between
two neighbouring crystals equals 2.8 lrad, which is the deflection angle
value for volume reflection.

Fig. 13. The dependence of the deflection efficiency (a) and angle (b) on
the number of reflections for 7-TeV protons. The same crystal sequence as
in Fig. 12 but the bend angle of the crystals increases from 12 lrad up to
19 lrad to overcome the effect of the beam broadening.
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Conclusive remarks

UA9 experiments in the North Area of the SPS have brought 
fundamental information on the interaction of high-energy particles with 
bent crystals.
In parallel UA9 has proposed, implemented and conducted experimental 
work on applications in high-energy accelerators:

• For crystal-assisted collimation in the SPS (see R. Rossi talk)
• For crystal assisted-collimation in the LHC (see S. Redaelli talk)
• For beam extraction assisted by bent-crystals (see F. Velotti talk)

Tank-you	for	your	attention


