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Crystal assisted extraction and colimation of protons over 

energy range from 0.450 to  50 (100) TeV is presented . 
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• The work is motivated by the FCC design proposal at CERN

• The JINR has expressed the interest of participation in the FCC

The two topics:

• high energy accelerators

&

• crystals applications

are combined naturally in FCC
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• In the 30’s of the last century  search for 

new phenomena in cosmic space, which 

are resulting in the observables at the 

men-made detectors, was the main point  

of V.Veksler’s interests.

how to overcome “relativistic barrier “ at 

resonant acceleration of charged particles

was  really outstanding.

• Veksler’s proposal (1944):

The auto-phasing (phase stability) effect 

make it possible operation of all high energy  

particle accelerator. 

10-GeV proton accelerator at JINR–

Synchrophasotron  (1957) – was really 

the first base for  the world  high energy 

physics research



The first observation of particle deflection by 

• 1979: The experiment initiated and leading by Edward Tsyganov at 

LHE JINR synchrophasotron proved possibility of high energy 

proton beam deflection by bent crystal 
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The studies of crystal applications 

at JINR in the 90’s
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• A.M.Baldin & A.D. Kovalenko, “ How a 100 TeV 

synchrotron/ collider based on Nuclotron-type 

cryomagnetic system would look” (1995), JINR Rapid 

communications, also at APS meeting (Indianapolic, May, 

1995 ).

The studies of 100 TeV range 

accelerators at JINR in the 90’s

• A.D. Kovalenko, 

“VLHC based on 

cooled iron 

intermediate 

temperature field 

superconducting 

magnets ” 

(2001),Intern.  

Conference on 

High Energy 

Accelerators, 

March, 2001, 

Tsukuba, Japan.
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Channeling parameters: protons, 50 TeV,  Si crystal

• Dechanneling length due to scattering by crystal electrons, 

S1/e ~ E, 10 cm, p 200 GeV (FNAL) → S1/e = 50 m

• Critical channeling angle θc=(2Uo/pc)1/2   → θc=1 μrad

• Critical radius of crystal bending Rc=pc/eEm → Rc=85 m

• Effective potential Ueff(x,R)=U(x)+xpc/R

Potential well 
decreases and 
shifts

straight R=7Rc
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Capture efficiency:

Capture efficiency decreases
because of well depth reduction

Crystal bend radius should be
R > Rc
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Deflection efficiency by fixed angle  - dependence on R

For single passage through a crystal

Deflection efficiency is maximal Pdm at some radius Rm , crystal length Ldm

α=50μrad
α=100μrad

Pdm=85%, Ldm=12 cm Pdm=83%, Ldm=16 cm

There are many passages through a crystal in collimation and extraction process 
they increase deflection efficiency

Collimation, extraction efficiency has maximum Pexm at smaller length Lexm

Pexm=93%, Lexm=3 cm Pexm=91%, Lexm=6 cm
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Simulation of beam halo extraction

Two points along the ring were considered: 

• BC - crystal  

• SCOL – collimator-absorber 

• •
BC SCOL

Two linear 6-D transfer matrices M(6,6) were used to transport particles 

between
BC → SCOL

SCOL → BC

Distances from the orbit XBC=6σx and XSCOL=7σx

βx=500 m and Δμx=0.25  

,)/exp()( mm xxP 

Halo is generated by the amplitude increase of betaron oscillations
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Dependence of extraction efficiency on crystal orientation

Efficiency more than 90%  is possible 
in angular range, Δθo≈1 μrad 

For a bend angle   1)  α=50 μrad with crystal length L=3 cm

and    2)  α=100 μrad with L=6 cm

Goniometer should has a step smaller than 1 μrad
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Observation of volume reflection during crystal orientation

Beam losses observed by BLMs are smaller for VR crystal orientations

VR exists in wide angular range
determined by bend angle

Observation of small losses in VR region considerably simplifies
finding of crystal channeling orientation
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Distribution of deflected halo particles at collimator-absorber

Channeling peak is very narrow, its position is determined by beta-function βx

Here, for βx=500 m and α=100 μrad → Xm=50 mm
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Dependence of extraction efficiency on particle energy

For deflection angle α=50 μrad – angular scans for optimal crystal length Lm

0.45 TeV 7 TeV 50 TeV 

Pexm=97.5%, 
Lexm=0.03 cm

Pexm=95%, 
Lexm=0.4 cm

Pexm=94%, 
Lexm=3 cm

Dependencies are similar when angles and crystal radii 
are measured by relative units, θo/θc and R/Rc

Maximal efficiency and scan width decreases  because of nuclear losses increase
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To have both halo collimation and extraction:

to absorb

to extract• Collimator-absorber straight before 
Lambertson magnet to absorb tail of 
deflected particles;

• SCOL horizontal size is a few cm, its 
vertical size should be sufficient to cool it;

• Channeled particles are extracted 
passing through passive Lambertson 
magnet aperture.



• The use of Si crystal for 50 TeV proton beam deflection is considered;

conceptual scheme of the particle extraction from the ring is presented; it is

suggested to produce a horisontal dogleg with the Lambertson magnet (LM) in a

straight section of the collider ring. In this case the deflection angle of about 100

μrad or even smaller may be sufficient for the collider beam halo extraction.

• The critical bend radius Rc of the (110) silicon channels for channeling of 50

TeV/c protons is about 85 m; the crystal bend radius should be 5...10 Rc (the

maximal extraction efficiency); the crystal length should be 4...8 cm to obtain the

required deflection of 100 μrad for channeled particles.

• The extraction efficiency of the collider beam halo can reach to about 90%. The

extraction of a natural halo provides both the collider beam collimation and the

external beam of 50 TeV protons for experiments at fixed targets.
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SUMMARY
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