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Volume Reflection prediction
A.M.Taratin and .A.Vorobiev

Phys. Lett. A119 (1987) 425, NIM B26 (1987) 512

Large acceptance, however 
small deflection angles



CERN H8-RD22 experiment Sept 2006

UN9 Collaboration also observed and investigated 
Multiple Volume Reflection in 2009-2011



Can we increase 
the deflection angle

conserving  
the large acceptance?



Multiple Volume Reflection in One Crystal (MVROC)
V.V. Tikhomirov, PLB 655(2007)217

Axes form many inclined reflecting planes



In this talk only and just for short

MVR = multiple volume reflection   
in one crystal/”axial VR”

VR = “one plane VR”/”planar VR”



Comoving reference frame rYz rotates with the normal bent 
axis direction when a particle moves through the crystal.

Horizon projections of the angles of reflection from different skew planes 
sum up giving rise to the MVROC effect while the vertical angles of reflection 
from symmetric skew planes, like (-101) and (0-11), mutually compensate.



Protons are reflected from many
different crystal plane sets in one crystal

Proton motion 
in comoving reference plane



Reflection from different crystal planes
increases  VR  angle about  5 times

Reflection angles from planes of 
one crystal  vs bending radius
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First MVROC observation
W. Scandale et al, PLB 682(2009)274

MVROC indeed increases reflection angle 5 times











MVR of negative pions



MVR angular distribution



Plan
MVR idea

MVR experiments
MVR and  channeling/

doughnut scattering

MVR and collimation

MVR and radiation





Doughnut + MVR angular distribution



Simultaneous doughnut scattering and MVR
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comoving ref. frame

 vx - z/R, μrad



MVR manifests itself 
at  smallest  incidence  angles!
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Large MVR angular acceptance



Channeling manifests itself specifically 
under the MVR conditions
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 drastic MVR angular divergion increase by channeling
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 7 TeV p MVR and Axial Channeling in SI
lcr=5mm, δθX0=4μrad

 MRV R=70m, 
θx,y=30,17.3 μrad  

 AxCh R=700m, 
θx/y=0μrad 
δθX=13.5/3.71

X

Comparison with Axial Channeling
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MVROC application 
to crystal collimation



Inelastic loss fraction
as a function of the crystal orientation

in the usual crystal, crystal with cut and a crystal in MVROC orientation*)
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MVROC increases angular acceptance
*) MVROC orientation with  ΘX0 = -273urad,  ΘY0 = 100urad and R=2m



*) ΘX0 = -70urad! +)  ΘX0 = -250urad, ΘY0 = 100urad and R=2m 
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 Channeling θx0=-70μrad 1mm 6.67m 0.787%
 MVROC θx0=-250μrad, θy0=100μrad 1mm 2m

Distributions of the impact parameter
in usual Si crystal *) and crystal in MVROC orientation+)

MVROC  both increases the impact parameter and decreases 
the crystal transversals number at rough alignment



*) ΘX0 = -70urad! +)  ΘX0 = -250urad, ΘY0 = 100urad and R=2m 
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Distributions of the number of the crystal transversals
in usual Si crystal *) and crystal in MVROC orientation+)

MVROC  decreases the crystal transversals number 
at rough alignment
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The role of The role of positivepositive miscutmiscut
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Beam extraction from the Recycler Ring*Beam extraction from the Recycler Ring*

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

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

**V. V. ShiltsevShiltsev, FNAL, , FNAL, 
No. DENo. DE--AC02AC02--
07CH11359;07CH11359;
**A.I. Drozhdin, FNAL,
N DE AC02

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

Neutrino experiments Neutrino experiments ((ArgoNeuTArgoNeuT, , MINERvAMINERvA, , 
MiniBooNEMiniBooNE, MINOS, , MINOS, NOvANOvA, LBNE), LBNE)

Experiments with Experiments with muonsmuons (Mu2e, MICE)(Mu2e, MICE)



The capture probability increase by crystal cut
V.V.Tikhomirov, JINST, 2(2007)P08006
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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

Withou
t cut

Channeling efficiency vs
R.M.S. incident angle

Phase space at the beam Dump 
(without cut)

Phase space at the beam Dump 
(with cut)



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

70

41

Elastic scattering in IP 310
197

Diffractive scattering in IP 539

Inelastic scattering on residual gas 129
101

Elastic scattering on residual gas 459

**M. Lamont, LHC Project Note 
375



Beam 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.



LHC collimation (7 GeV p) by Si
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 7 TeV p MVR in SI

lcr=1cm, R=100m
θx=45μrad, θy=18μrad  
δθ=5μrad
<θx>=12.1μrad(91%)/9.7
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LHC collimation (7 GeV p) by W
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W lcr=5mm R=20m 3kp

x199μrad, y=40μrad
δθ=5μrad
<θx>=41μrad(85%)/21.5μrad
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lcr=1cm, R=100m
θx=45μrad, θy=18μrad  
δθ=5μrad
<θx>=12.1μrad(91%)/9.7
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 drastic MVR angular divergion increase by channeling
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 MVR + Planar Channeling vs Axial Channeling
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Comparison with Axial Channeling
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The radiation accompanyimg MVR is 
the most general and complex case ever

Dipole, synchrotron-like and 
intermediate radiation cases

Interference of planar and axial radiation

Strong scattering by both planes and axes

Channeling by both planes and axes



Radiation process simulations
from the “First Principles”





Key simulation points:
Trajectory simulations in most 

realistic potentials

Incoherent scattering simulations on both 
nuclei and electrons

Separate simulation of single
and multiple scattering

Direct integration of 
Baier-Katkov formula

Infinite trajectories, density effect…
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(1) ─ is for planar MVR, (2) ─ VR by only (110)V plane and (3) ) ─ <111> axes. 
Positrons initially move with 50 μ rad divergence and average incidence angles of 
350 and 150 μ rad with respect to the axis in horizontal and vertical planes.

Energy loss spectrum of 120 GeV positrons in
2 mm Si (110) crystal, bent by 700 μrad. 
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Same distributions for both 120 GeV positron (crosses) and 
electron (circles) radiation  in the field of <111> axes.

Radiation intensity independence is observed.
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lcr/Rb=519μrad
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New suggestion: radiation 
accompanying MVR & Channeling
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Radiation accompanying 
MVR & Channeling



The general 
method of radiation process 

simulation from the
“First  Principles”

is under final testing

Tests  and  suggestions 
are  timely  and  welcome!



About  radiation in more detail

VR and MVR
radiation

CU 
radiation 

and 
γ-laser



Conclusions
MVR is characterized by both large angular 
acceptance and scattering angles

MVR experiment results are readily reproduced
by “first principle” simulationsis

MVR provides the best testbed for development of 
radiation simulations

MVR is very effective for collimation

MVR combinations with either channeling or 
doughnut scattering are interesting for both 
radiation and collimation and are waiting for 
experimental study
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