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UA9 experiment (SPS, CERN) for crystal collimation and 
miscut angle problem

Crystal collimation at the LHC with application of MVROC

Future experiment of 8 GeV proton beam extraction from 
the Recycler Ring by application of bent crystal and 

modification by the crystal cut

OutlineOutline



Halo particlesHalo particles can damage the LHC equipment can damage the LHC equipment 
because of their large amplitude of betatron oscillabecause of their large amplitude of betatron oscilla--
tions. So we should remove them using tions. So we should remove them using collimation collimation 
systemsystem::

Absorber

Absorber

new new collimation collimation 
systemsystem

Collimation system for removing halo particlesCollimation system for removing halo particles

oldold collimationcollimation
systemsystem

(after the LHC luminosity (after the LHC luminosity 
upgrade becomes upgrade becomes insufficientinsufficient))



Effects of beam deflection by bent crystalEffects of beam deflection by bent crystal

Advantages and disadvantages Advantages and disadvantages 
of different effectsof different effects

Channeling in Bent crystals ─ large deflection, 
but small acceptance → good for small angular divergence 

VR ─ large acceptance, 
but small deflection → good for large angular divergence 



experiment

simulation

UA9UA9 experiment for crystal collimation at the experiment for crystal collimation at the 
SPS (CERN)SPS (CERN)**

Dependence of Dependence of inelasticinelastic nuclear interactionnuclear interaction number number 
of protonsof protons on the angular position of the crystal C1:on the angular position of the crystal C1:

*W.Scandale et al. *W.Scandale et al. 
Phys. Let., Phys. Let., 

B692 78B692 78--82, 201082, 2010..



Miscut angle problemMiscut angle problem



The beam impact parameter influence The beam impact parameter influence 
because of the miscut angle*because of the miscut angle*

miscut
influence

zone

average
impact

parameter

*V. Tikhomirov, A. Sytov, *V. Tikhomirov, A. Sytov, 
““VANTVANT”” (57), 2012, N1, p. 88(57), 2012, N1, p. 88--92;92;

V. V. TikhomirovTikhomirov, A. Sytov. , A. Sytov. 
arXiv:1109.5051 [physics.accarXiv:1109.5051 [physics.acc--ph]ph]



Probability of nuclear reactions in the crystal collimator Probability of nuclear reactions in the crystal collimator 
vs miscut angle at perfect crystal alignment*vs miscut angle at perfect crystal alignment*

UA9

*V. Tikhomirov, A. Sytov, *V. Tikhomirov, A. Sytov, ““VANTVANT”” (57), 2012, N1, p. 88(57), 2012, N1, p. 88--92;92;
V. V. TikhomirovTikhomirov, A. Sytov. arXiv:1109.5051 [physics.acc, A. Sytov. arXiv:1109.5051 [physics.acc--ph]ph]







Small Small angular divergenceangular divergence (for capture in the channeling regime) (for capture in the channeling regime) 
Large Large impact parameterimpact parameter (to decrease the miscut angle influence)(to decrease the miscut angle influence)

ChannelingChanneling provides high deflection efficiency for:provides high deflection efficiency for:

Otherwise we should choose the Otherwise we should choose the volume reflectionvolume reflection..

Why volume reflection for the Why volume reflection for the 
LHC?LHC?

Two opposite cases for Two opposite cases for 
channeling and volume reflectionchanneling and volume reflection

2 opposite examples:2 opposite examples:
Volume reflectionVolume reflection for                                            for                                            
the crystalthe crystal--based collimation at the LHC (CERN)based collimation at the LHC (CERN)
ChannelingChanneling for the 8 GeV proton beam extraction for the 8 GeV proton beam extraction 
from the Recycler Ring (FNAL)from the Recycler Ring (FNAL)



Crystal collimation at the LHCCrystal collimation at the LHC



Main effects of beam losses at the LHC*Main effects of beam losses at the LHC*

Effect Beam life time, h

Inelastic scattering in IP 108 108

Elastic scattering in IP 310

Diffractive scattering in IP 539
197

70

Inelastic scattering on residual gas 129

Elastic scattering on residual gas 459
101

41

**M. Lamont, LHC Project Note 375



Main effects of halo formation at the LHC*Main effects of halo formation at the LHC*

Effect Beam life time, h

Inelastic scattering in IP 108 108

Elastic scattering in IP 310

Diffractive scattering in IP 539
197

70

Inelastic scattering on residual gas 129

Elastic scattering on residual gas 459
101

41

**M. Lamont, LHC Project Note 375



Main effects of halo formation at the LHC*Main effects of halo formation at the LHC*

Effect Beam life time, h

Inelastic scattering in IP 108 108

Elastic scattering in IP 310

Diffractive scattering in IP 539
197

70

Inelastic scattering on residual gas 129

Elastic scattering on residual gas 459
101

41

**M. Lamont, LHC Project Note 375



(1)

(2)

(3)Quench limit*:**J.B. Jeanneret et al., 
LHC Project Report 44

1818

**M. M. Block et al., 
hep-ph/9809403

6σ

Why not the elastic scattering in IP?Why not the elastic scattering in IP?



Beam profile and angular divergence for channelingBeam profile and angular divergence for channeling
Beam profile at large σ due to elastic 
nuclear scattering on the residual gas 

Average angular divergence vs impact 
parameter for different beam edges

Channeling zone

Conclusion:
The angular divergence is much larger 
than the critical angle of capture in the 
channeling regime.
So, the channeling effect is not 
applicable for the LHC case.



VR ─ large acceptance, 
but small deflection 

(7 times smaller than we can expect from 
channeling for the LHC)

MVROC ─ very large acceptance, 
increased deflection

MVROC indeed increases reflection angle 
5 times in comparison with VR

MVROC instead of VR for the LHCMVROC instead of VR for the LHC
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**V. Tikhomirov, 
PLB 655 (2007) 217;

V. Guidi, A. Mazzolari
and V. Tikhomirov,

JAP 107 (2010) 114908

Multiple Volume Reflection in one bent crystal Multiple Volume Reflection in one bent crystal 
(MVROC)*(MVROC)*
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Angular acceptance increase by MVROC*Angular acceptance increase by MVROC*

*MVROC orientation with  ΘX0 = -273μrad,  ΘY0 = 100μrad and R=2m

MVROC





First MVROC observation
W. Scandale et al, PLB 682(2009)274

MVROC indeed increases reflection angle 5 times



Beam extraction from the Beam extraction from the 
Recycler Ring (Fermilab)Recycler Ring (Fermilab)



Fermilab, Accelerator Physics Center (APC)Fermilab, Accelerator Physics Center (APC)
Vladimir Shiltsev

Director of Accelerator Physics Center 
at Fermi National Accelerator Lab

Nikolai Mokhov
Head of the Energy Deposition Department 

in the Accelerator Physics Center



Beam extraction from the Recycler Ring*Beam extraction from the Recycler Ring*

Crystal and beam Crystal and beam 
parameters**:parameters**:

E = 8 GeVE = 8 GeV
Crystal length = 1mmCrystal length = 1mm
Crystal thickness = 1mmCrystal thickness = 1mm
Bending angle = 0.5mradBending angle = 0.5mrad

**V. ShiltsevV. Shiltsev, FNAL, , FNAL, 
No. DENo. DE--AC02AC02--07CH11359;07CH11359;
**A.I. Drozhdin, FNAL,

No. DE-AC02-07CH11359.

Possible application: Possible application: 
Extraction of Extraction of very intensive beamvery intensive beam for:for:

Neutrino experiments Neutrino experiments (ArgoNeuT, MINERvA, (ArgoNeuT, MINERvA, 
MiniBooNE, MINOS, NOvA, LBNE)MiniBooNE, MINOS, NOvA, LBNE)

Experiments with muons Experiments with muons (Mu2e, MICE)(Mu2e, MICE)



Crystal

0 z1 z2 z3

Beam zcut

A technique to improve crystal channelingA technique to improve crystal channeling
efficiency of charged particles up to 99%efficiency of charged particles up to 99%**
A narrow plane cut near the crystal surfaceA narrow plane cut near the crystal surface

considerably increases the probability of capture intoconsiderably increases the probability of capture into
the stable channeling motion of positively chargedthe stable channeling motion of positively charged
particles.particles.

zc*V. *V. TikhomirovTikhomirov . JINST, 2 P08006, 2007.. JINST, 2 P08006, 2007.
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Cut modification for Recycler RingCut modification for Recycler Ring
Phase space at the crystal entrance 

(the first crystal hit)

With cut

Without 
cut

Channeling efficiency vs
R.M.S. incident angle

Phase space of the extracted beam 
(without cut)

Phase space of the extracted beam 
(with cut)

The beam losses decrease in 4 times! 
The extraction efficiency increases 
from 94-95% up to 98-99%.

Without 
cut

With cut



SIMOX Buried Oxide Layer 
can be used instead of crystal cut*

V. Guidi, A. Mazzolari and V.V. Tikhomirov, J. Phys. D: 
Appl. Phys. 42(2009) 165301

The optimal thickness of the cut at beam energy of The optimal thickness of the cut at beam energy of 
8 GeV will be ~ 18 GeV will be ~ 1μμm.m.
So, much technologically simpler to fabricate the So, much technologically simpler to fabricate the 
amorphous layer instead of the cut.amorphous layer instead of the cut.



The The UA9 experimentUA9 experiment for crystal collimation provides the good for crystal collimation provides the good 
conditions for the conditions for the miscut anglemiscut angle influence.influence.

The channeling effect is not applicable for the crystalThe channeling effect is not applicable for the crystal--based based 
collimation at the collimation at the LHCLHC because of large angular divergence of the because of large angular divergence of the 
incident beam. incident beam. 
However, However, MVROCMVROC can provide sufficient collimation efficiency at the can provide sufficient collimation efficiency at the 
LHCLHC due to both large deflection angle and angular acceptance.due to both large deflection angle and angular acceptance.

The beam parameters at the The beam parameters at the Recycler RingRecycler Ring are very good for the are very good for the 
channeling application with cut modification.  channeling application with cut modification.  
TThe beam losses decrease in he beam losses decrease in 44 times while the extraction efficiency times while the extraction efficiency 
increases from 94increases from 94--95% up to 95% up to 9898--99%99% by application of the by application of the crystal cutcrystal cut..
For simplification of fabrication one can use the For simplification of fabrication one can use the amorphous layer amorphous layer 

instead of the instead of the cutcut..

SummarySummary



Thank you for attention!Thank you for attention!

FermilabFermilab INPINP



The The miscutmiscut angle influence on the future LHC angle influence on the future LHC 
crystal based collimation system crystal based collimation system 


