Crystal channeling as a tool
to steer particle beams

V. Biryukov, Y. Chesnokov

Institute for High Energy Physics, Protvino, Russia

KEK, 2005 October 18




Crystal Channeling
If ions enter a crystal at an appropriate angle,
the scattering events are correlated, and the
ion is channeled through the crystal planes.
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Advantage: The angle of escape from the
crystal is known, intercepting the ions now is
easy!
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Crystal Channeling




Inter-planar potential well:
~20 eV deep (in Silicon), ~harmonic
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More complicated channels in Silicon (111)
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1-st application of bent crystal: beam splitter




Another application: beam extraction
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Beam focusing e
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Fig. 11. Principle of focusing of a beam by a crystal. Here, OO’ is a line
of the centers of curvature of the crystallographic planes; 070/ ; 1s the axis
of a cylinder of radius r representing the shape which is imposed on the

face of a crystal; I is the focal line where the tangents to the bent planes
converge, deduced on the basis of the well-known geometry theorem.




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 pm
(r.m.s.)

Fig, 12. Image at the crossover of the beam focused by the crystal N3,
The profile of the deflected and focused beam can be seen on the left, The

dashed rectangle on the right is the crystal cross-section, 63



Beam focusing

by channeling
crystals:

a) F=14 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)

Characteristics of focusing crystals and beam sizes in focus

Focus size
Crystal R r a F 2007 [pm]
N [m] [m] {deg] [m] calculation  measured
| 2.7 2.21 58.2 3.5 175 200
2 2.7 1,52 304 1.4 70 80

3 2.7 1.374 119 0.5 25 43




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




Major application so far: beam extraction
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Channeling, scattering, and accelerator dynamics
are essential in multi-turn, multi-pass process of
crystal extraction and collimation

circulating beam

scattered

Impinging  impact parameter : b
particle impact angle : b’
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Thefeuibilityofexmctin;protonsfromthehaloofahi;hener:ybumbymunsofabemsiliooncrysulhasbem
investigated. Protons diffusing from a 120 GeV beam circulating in the SPS at CERN have been extracted at an angle of
8.5 mrad. Efficiencies of about 10 percent, orders of magnitude higher than the values achieved previously, have been
measured. The present results are promising in view of beam extraction from future multi-TeV proton accelerators.
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Luminosity-driven channeling extraction has been observed for the first time using a 900 GeV
circulating proton beam at the superconducting Fermilab Tevatron. The extraction efficiency was
found to be about 30%. A 150 kHz beam was obtained during luminosity-driven extraction with

a tolerable background rate at the collider experiments. A 900 kHz beam was obtained when the
background limits were doubled. This is the highest energy at which channeling has been observed.
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1993-1998: measured data at FNAL and CERN are found in good
agreement with Monte Carlo predictions

R.A. CARRIGAN et al.

shown in Fig. 3 (bottom). No time dependence in the data
was discernible.

In two stores in which the extraction was luminosity
driven, the channeling efficiencies were 24 + 8% (Fig. 3)

same simulation program gives a value consistent with the
efficiency measured at 120 GeV at CERN [10].

V. CONCLUSIONS

In summary, this experiment has observed luminosity-
driven crystal extraction and demonstrated crystal extrac-
tion in a superconducting accelerator for the first time. No
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A silicon crystal was used to channel and extract 70 GeV protons from the U-70 accelerator with
an efficiency of 85.3 * 2.8%, as measured for a beam of ~10'? protons directed towards crystals of
~2 mm length in spills of ~2 s duration. The experimental data follow very well the prediction of
Monte Carlo simulations. This demonstration is important in devising a more efficient use of the U-70
accelerator in Protvino and provides crucial support for implementing crystal-assisted slow extraction
and collimation in other machines, such as the Tevatron, RHIC, the AGS, the SNS, COSY, and the LHC.
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IHEP started new experiment in 1997

Extraction efficiency (%) CI‘ySta|S
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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

Crystal is 3 to 5 mm along the beam






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 THEP

IHEP:
Basic idea is the use of

anticlastic bending.

The real know-how behind
the idea was thoroughly
developed and tested.




One of realizations of Strip-type bent crystals
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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 10° protons in 1994-2004
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Typical beam phase space at crystal location in IHEP ring

R (Z ),mrad

12 R(Z)mm




Beam is gradually shifted to crystal location

A X mexe




1- circulating beam, 2- extracted beam, IHEP

exiréction period

E—




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

Extraction efficiency (%)
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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 101 proton hits
per pulse).

* No damage of crystal
was seen In the test, after

this extreme exposure.




Crystal lifetime is order of 5*102° proton/cm?
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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 102, 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)
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Channeled beam transfer through THEP accelerator
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Proton extraction with crystals from 70 GeV accelerator
crystals installed on 6 locations in the IHEP ring
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Five particle physics experiments can be run
simultaneously
at IHEP thanks to parasitic crystal extraction
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Intensity (left) and efficiency (right) of 50 GeV proton
extraction by the scheme 22-24-26
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Example of the angular scan
(dependence on crystal orientation)
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SPd., %

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

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

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.
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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:

*Background in experiments

*Excessive radiation in uncontrolled areas of the tunnel
*Magnet quenches in superconducting machines
*Equipment malfunction, damage

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.



Conventional Collimation

- Collimator:

Beam
Naively, all particles that enter the collimator
are stopped in the collimator.

However, that is not always the case.... Particles canScatter out
of the collimator forming

secondary halo!



Two Stage Collimation

To deal with secondary halo, secondary collimators are needed.

Secondary Halo

Primary Collimator

Secondary Collimator

Secondary
Collimator

The number of secondary collimators grows quickly when background
or machine protection requirements are strict and a high collimation
efficiency is required.

Beam Core Beam Halo



A simpler way

Collimator ChaI}HdCd Hean Bent Crystal

] /

-
L

Secondary Halo Beam Core Beam Halo

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 without crystal

Scraper alone
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Now crystal installed, but misaligned

Misaligned crystal
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Crystal aligned > Crystal collimation

Crystal collimation
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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

Background rate
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45 GeV crystal collimation
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IHEP: crystal collimation studied over full energy range 1 to 70 GeV
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Crystal collimation at 70 GeV
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RHIC Crystal Collimator Setup
used for Au ions and protons (250 GeV)
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Layout of RHIC experiment on crystal collimation

~ 5 meters Allow:  solution 0.1 mrad = ( w»my
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Collaborators
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RHIC measurements, EPAC 2002
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CRYSTAL COLLIMATION AT RHIC *

R. P. Fliller III', A.Drees, D.Gassner, L. Hammons, G. McIntyre, S. Peggs, D. Trbojevic,
BNL, Upton, NY, 11793, V. Biryukov, Y. Chesnokov, V. Terekhov, IHEP, Protvino, Moscow Region

Average over 2003 RHIC run
measured crystal effy 26%,
theory predicted 32%

for Au ions.

[PAC 2003 Proceedings]
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The same crystal gave 42%
effy for protons at IHEP.
[Phys.Lett.B 435 (1998) 240]
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CERN SPS measured effy -Z500 -Z2000 1500 1000 —5 00
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:

Background reduction, 1/(

reduction factor
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Efficiency simulation with crystal bending of 0.1 mrad:

5 mm Si crystal is enough at 7 TeV
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2006:
we start new SPS experiment

with bent channeling crystals -
test bench for the LHC

Collaboration CERN-INFN-IHEP-JINR-PNPT



Proceedings of the 1999 Particle Accelerator Conference, New York, 1999

ON POSSIBLE USE OF BENT CRYSTAL TO IMPROVE TEVATRON
BEAM SCRAPING *

V. M. Biryukov', Institute for High Energy Physics, Protvino, Russia
A. I. Drozhdin, N. V. Mokhov, FNAL, Batavia, IL

Table 1: Halo hit rates at the D and CDF Roman pots and
nuclear interaction rates /v in target and crystal (in 10%p/s)

with target with crystal
amorphous layer thickness
10pum | Sum | 2 um
D& 11.5 1.35 1.60 1.15
CDF 436 5.40 3.20 3.43
N 270 82.4 70.6 50.3

Crystal reduces background in DO and CDF by a factor of 10
(simulation).  Experiment started in 2005 at Tevatron.



Experiment: 1 TeV Channeling, October 5, 2005
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vertical angle (radian)

2D angle distribution downstream of 30 mrad
bent crystal, KEK PS
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2D angle distribution downstream of 30 mrad
bent crystal, KEK PS
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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 atup to 1 TeV.
Crystal works efficiently at very high intensities (~10%?) with a lifetime of many years.
Crystal survives an instant dump of ~10** 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 10?2 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 10%3

Crystal extraction and collimation are established
beam instruments



