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Crystal Channeling



Inter-planar potential well:
~20 eV deep (in Silicon), ~harmonic



More complicated channels in Silicon (111)



1-st application of bent crystal: beam splitter



Another application: beam extraction



Beam focusing

by a channeling
crystal



Beam focusing by
crystal:

IHEP experiment

beam images

taken at different
distances

 downstream of

focusing crystal



Beam focusing

by a channeling
crystal:

focus size 21 m
(r.m.s.)



Beam focusing

by channeling
crystals:

a) F=1.4 m

b) F=0.5 m.



Focus size measured for crystals with focal length 0.5-3.5 m
and compared to calculation (Lindhard angle x focal length)



Beam line (70 m long) made of 3 crystals,
IHEP



Major application so far: beam extraction



Channeling, scattering, and accelerator dynamics

are essential in multi-turn, multi-pass process of

crystal extraction and collimation







1993-1998: measured data at FNAL and CERN are found in good

agreement with Monte Carlo predictions





70 GeV

IHEP: collimation / extraction efficiency for 70-GeV protons.
Measurements (*, , ) and MC predictions (o) for perfect crystal

IHEP started new experiment in 1997IHEP started new experiment in 1997

1997

2000

1998

Crystals

shortened

by factor

of 20 from

SPS and

Tevatron

cases.

Efficiency

increased

by factor

of 5.



DIFFERENT BENT CRYSTAL DEVICES

APPLIED AT IHEP FOR BEAM STEERING

(EXTRACTION FROM MAIN RING 

AND BEAM SPLITTING IN BEAM LINES)



O-shaped crystal design as used at

IHEP Protvino, RHIC and Tevatron

Crystal is 3 to 5 mm along the beam





Crystal

5mm

Beam Direction



Although the way to ~90% efficiency was predicted by theory,
the dramatic boost in crystal efficiency is realised by a

breakthrough in bent crystal technology in IHEP

IHEP:

Basic idea is the use of

anticlastic bending.

The real know-how behind

the idea was thoroughly

developed and tested.



 This is IHEP device N1
for efficient (85%) 

extraction

Small angle - few mrad
      minimal material

One of realizations of Strip-type bent crystals



Device N2 - big angle, long crystal.
Bent crystal  parameters are: 150 mrad bend, 

100 mm length and 12 mm width



Device N3 – strong curvature.
Big angle over short length. 



The scheme of 150-mrad crystal beam line 

operated at IHEP at 106 protons in 1994-2004



Typical beam phase space at crystal location in IHEP ring



Beam is gradually shifted to crystal location



1- circulating beam, 2- extracted beam, IHEP



Crystal extraction efficiency as measured since Dec 1997.
85% is measured even when all stored beam is dumped onto crystal !!



Deflected (left) and incident (right) beams as seen

downstream of the crystal

• Prior to the test, the

crystal was exposed in the

ring  to 50-ms pulses of

very intense beam
(about  1014 proton hits

per pulse).

• No damage of crystal

was seen in the test, after

this extreme exposure.



Crystal lifetime is order of 5*1020 proton/cm2



It took several years in IHEP to approach the target set by theory.

First IHEP crystal was a kind of strip, 7 mm along the 70 GeV beam.

Then we turned to analog of U-shaped crystals of SPS; the required

deflectors designed in IHEP were cut and polished in the optical workshop of

PNPI chosen among other workshops because of their long experience in

channeling.

The decisive step was invention in IHEP of strip-type deflectors, very short –

down to ~2 mm along the beam, without straight parts and uniformly bent.

We produced in IHEP many strip deflectors from commercially available

wafers. Crystal systems extract 70 GeV protons from IHEP main ring with

efficiency of 85% at intensity of 1012. Today, six locations on the IHEP 70-

GeV main ring are equipped by crystal extraction systems, serving mostly

for routine applications rather than for research



The station of crystal deflectors mounted at U-70
(left), and bent crystals mounted on the station (right)

. Ñòàí öèÿ ê èñòàëëè÷åñêèõ äåô ëåêòî î â,
               ñì î í òè î âàí í àÿ í à óñêî èòåëå Ó-70.

. Èçî ãí óòû å ê èñòàëëû , óñòàí î âëåí í û å í à ñòàí öèè.



Channeled beam transfer through IHEP accelerator
lattice

Ñõåì û  âû âî äà ï î òî í í î ãî  ï ó÷êà ñ ï î ì î ù ü?  èçî ãí óòû õ ê èñòàëëî â:  1  –  ò àåêòî èÿ  öè -
êóëè ó? ù åãî  ï ó÷êà ï è î äí î â åì åí í î ì  í àâåäåí èè í à ê èñòàëë â ï ÿì î ëèí åéí î ì
ï î ì åæóòêå ?  19 (Si)  è  âí óò åí í èå ì èø åí è Ì 24 è Ì 27;  2 – ò àññà âû âî äà ï ó÷êà
ñ ê èñòàëëà   Ê19 (Si);  3  –  ò àññà âû âî äà ï ó÷êà  ñ ê èñòàëëà Ê22 (Si).



Proton extraction with crystals from 70 GeV accelerator

crystals installed on 6 locations in the IHEP ring

Ñõåì à âû âî äà ï ó÷êî â èç Ó-70:  Si 19, Si 22, Si 30, Si 84, Si 106  –  èçî ãí óòû å ê èñòàëëû ;
               Ì  24,  Ì  27  –   âí óò åí í èå ì èø åí è;    I  –  çî í à ?êñï å èì åí òàëüí û õ óñòàí î âî ê;

               II  –  çî í à èññëåäî âàí èé ê èñò àëëî â.



Five particle physics experiments can be run
simultaneously

at IHEP thanks to parasitic crystal extraction

ÊÌ Í
ÑÂÄ
Ì 24
Ì 27
Ì 35

Dè ñ. 34. Èñï î ëüçî âàí èå ï ëàòî  ì àãí èòí î ãî  öèêëà Ó-70 ï è àáî òå èçî ãí óòû õ ê èñòàëëî â
                  î äí î â åì åí í î  ñ  âí óò åí í èì è ì èø åí ÿì è.



Intensity (left) and efficiency (right) of 50 GeV proton

extraction by the scheme 22-24-26

Ã àô èêè èí òåí ñèâí î ñòè (à) è ?ô ô åêòèâí î ñòè (á) âû âî äà ï ó÷êà ï î òî í î â
                ñ ?í å ãèåé  50 Ã?Â ï î  ñõåì å 22-24-26.



Example of the angular scan
(dependence on crystal orientation)



Efficiency measured vs beam store fraction used.
Extraction scheme 106-24-26

Experiment (1, solid) and Monte Carlo (2, dash)

Çàâèñèì î ñòü ?ô ô åêòèâí î ñòè âû âî äà î ò äî ëè ï ó÷êà, í àâî äèì î ãî  í à ê èñòàëë:

                           à  –  ñõåì à âû âî äà 106-24-26;  á  –  ñõåì à âû âî äà 22-24-26.

Dàñ÷åòí àÿ ê èâàÿ (ï óí êòè )



Efficiency measured vs beam store fraction used.
Extraction scheme 22-24-26

Experiment (1, solid) and Monte Carlo (2, dash).

Curve 3 is MC prediction for crystal reinstalled closer to the orbit.

Çàâèñèì î ñòü ?ô ô åêòèâí î ñòè âû âî äà î ò äî ëè ï ó÷êà, í àâî äèì î ãî  í à ê èñòàëë:

                           à  –  ñõåì à âû âî äà 106-24-26;  á  –  ñõåì à âû âî äà 22-24-26.

Åñëè èçì åí èòü ï î ëî æåí èå ê èñòàëëà, ï èáëèçèâ åãî  ê àâí î âåñí î é î áèòå í à âåëè÷èí ó
0,3 ì ì , òî  í àáë? äàåì û é  ?ô ôåêò ï î ï àäàåò, à ?ô ôåêòèâí î ñòü âû âî äà óâåëè÷èâàåòñÿ äî

90% (ï óí êòè í àÿ ê èâàÿ 3). Òàêèì  î á àçî ì , õî òÿ ì û  è  äî ñòèãëè  äî ñòàòî ÷í î  âû ñî êî é ?ô -
ô åêòèâí î ñòè âû âî äà ~85%, êàê ï î êàçû âà? ò àñ÷åòû , åå ì î æí î  ï î ï û òàòüñÿ äî âåñòè äî  90%.



Apart from extraction, we developed
crystal use in collimation systems

Various processes cause particles to enter into unstable orbits

and large betatron amplitudes,  causing beam halo formation.

These halo particles cause:

The job of the collimation system is to remove the halo and

alleviate these problems.  In addition, it should provide a well

defined location for beam losses in case of equipment failure.

•Background in experiments

•Excessive radiation in uncontrolled areas of the tunnel

•Magnet quenches in superconducting machines

•Equipment malfunction, damage



Conventional Collimation

Naively, all particles that enter the collimator

are stopped in the collimator.

However, that is not always the case….

Collimator

Beam

Particles can scatter out

of the collimator forming

secondary halo!



Two Stage Collimation

To deal with secondary halo, secondary collimators are needed.

The number of secondary collimators grows quickly when background

or machine protection requirements are strict and a high collimation

efficiency is required.



A simpler way

Use a bent crystal to channel halo away from the beam core, intercept

with a scraper downstream.  Number of secondary collimators can be

greatly reduced.



Beam profiles measured at collimator face
(70 GeV, IHEP) illustrate the physics:
first case withwithoutout  crystalcrystal

Radial coordinate



Now crystal installed, but misaligned

Radial coordinate



Crystal aligned   Crystal collimation

Radial coordinate



World first demonstration of crystal
collimation: IHEP (1998)

Background

measured

downstream

of the scraper

(detectors 1,2)

vs crystal angle:

Factor of 2
gained

due to channeling

with 50% effy



45 GeV



12 GeV



IHEP: crystal collimation studied over full energy range 1 to 70 GeV



Effy vs Energy



RHIC Crystal Collimator Setup
used for Au ions and protons (250 GeV)

8 Upstream PIN diodes

4 Downstream PIN diodes

Data fill focus on upstream PIN diodes



Layout of RHIC experiment on crystal collimation
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100 GeV/u27 nb-1 (PHENIX)d-Au2003

100 GeV2500 nb-1  (STAR)
Polarized

protons
2003

1229 μb-1+

(PHENIX)

100 nb-1  (STAR)

92.6 μb-1 (PHENIX)

7.3 μb-1 (PHENIX)

Integrated

Luminosity

100 GeV/uAu-Au2004

100 GeV
Polarized

protons
2002

100 GeV/uAu-Au2001

70 GeV/uAu-Au2000

EnergySpeciesRun

Crystal Collimator



RHIC measurements, EPAC 2002



Average over 2003 RHIC run

measured crystal effy 26%,

theory predicted 32%

for Au ions.

[PAC 2003 Proceedings]

The same crystal gave 42%

effy for protons at IHEP.

[Phys.Lett.B 435 (1998) 240]

CERN SPS measured effy

4 to 11% for Pb ions.

[PRL 79 (1997) 4182]

world first crystal collimation for heavy ions, top efficiency



We are running CERN-INTAS project

“Crystal technique for Halo Cleaning in the LHC”

Here’s LHC background reduction factor expected from crystal use:



Efficiency simulation with crystal bending of 0.1 mrad:
5 mm Si crystal is enough at 7 TeV



2006:
we start new SPS experiment
with bent channeling crystals -
test bench for the LHC

Collaboration CERN-INFN-IHEP-JINR-PNPI



Crystal reduces background in D0 and CDF by a factor of 10

(simulation).     Experiment started in 2005 at Tevatron.



Experiment: 1 TeV Channeling, October 5, 2005







Conclusion

Crystals can be very efficient in accelerators. The efficiency figure of ~80-90% is already

experimentally demonstrated at IHEP, seen at Tevatron and confirmed by simulations.

If used for collimation, this will make accelerator 10 times cleaner.

Monte Carlo model successfully predicts the crystal work in the circulating beam, as

  shown in crystal experiments at CERN SPS, IHEP, Tevatron and RHIC at up to 1 TeV.

Crystal works efficiently at very high intensities (~1012) with a lifetime of many years.

Crystal survives an instant dump of ~1014 protons as seen experimentally at 70 GeV.

The same crystal works efficiently over full energy range, from injection through

ramping up to top energy, as demonstrated experimentally at IHEP from 1 thru 70 GeV

and as seen in simulations for the LHC.

Bent crystals of low-Z and high-Z material are available, e.g. diamond and germanium,

   and they demonstrate efficiency similar to that of silicon.

Even when a crystal is misaligned, nonchanneling, it still works as an amorphous

  scatterer so the collimation system returns to its traditional scheme. This makes it safe.



Conclusion from IHEP applications:

• IHEP Protvino 70 GeV accelerator is largely crystallised

and became a fabric of channeling!

• Five physics experiments can be run simultaneously

• Efficiency 85% is routinely obtained for 1012 beam

• The same crystal works efficiently at 1 thru 70 GeV

• No problems with high intensity or lifetime.

• Many types of deflectors tested

• Work on bringing regular intensity to 1013

• Crystal extraction and collimation are established
beam instruments


