
Crystal-assisted collimation tests at the CERN SPS
UA9 experiment report

R. Rossi on behalf of UA9



Outline

◎ Basic introduction to Crystal Channeling

◎ Bent Crystal applications and selected results
o Hadron beam collimation

• Upstream Collimator

• Absorber Performances

o Beam Extraction

• Resonant and non-resonant

o Double Channeling

◎Conclusions 

10 March 2020 R. Rossi @ ACN2020 2

Y. Gavrikov



Outline

◎ Basic introduction to Crystal Channeling

◎ Bent Crystal applications and selected results
o Hadron beam collimation

• Upstream Collimator

• Absorber Performances

o Beam Extraction

• Resonant and non-resonant

o Double Channeling

◎Conclusions 

10 March 2020 R. Rossi @ ACN2020 3

Y. Gavrikov



Coherent effects in bent crystals
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(1) & (6) amorphous
(2) channeling
(3) dechanneling
(4) volume reflection
(5) Volume capture

Single pass 
measurements with 
400 GeV protons.
Strip crystal (110) 
with a bending of 
144 μrad.

Volume Reflection (VR)

Dechanneling (DC)

Planar channeling (CH)

The particles are trapped in the
channel, hence if a curvature is
given to the lattice the particles
direction will be modified by θb = l/R
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Channeling Assessment in Circular Machines
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1. Angular Scan

AM/CH 
loss reduction

First Observation of Channeling in LHC @ 6.5 TeV!

local losses 
vs 

crystal rotational 
orientation

Beam

RF 24.0 

Beam

[1] W. Scandale et al., PhysicsLetters B758 (2016), 

pp. 129–133. 
doi:10.1016/j.physletb.2016.05.004.
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Collimation System in LHC
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To protect the superconductive magnets from high energy deposition induced by lost particles

Collimation system is needed!
η = 10-4  is the actual performance in LHC

Halo cleaning: reduce the 
risk of magnet quenches

Concentration of 
losses/activation in 
controlled areas
Avoid many hot locations 
around the 27km-long 
tunnel

Multi-stage system of 50 collimators per beam.
LHC: only machine where collimation must be used continuously in operation

The cleaning inefficiency with ions drops to 10-2!



Crystal Collimation
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Advantages of crystal collimation at the LHC:

• Improve collimation cleaning (by a factor 10);
Reducing off-momentum losses in DS 

• Reduce impedance;

Less collimators at larger gaps

<θ>MCS ~ 3.4 μrad (7 TeV)

Amorphous (0.6 m of C)

Crystal

(Channeling)

(4 mm Si)

<θ> ~ 50 μrad (7 TeV)

310 T equivalent 
magnetic field!

With ion beams the interaction with an amorphous materials 
generates more ion fragments (>δp/p) than a crystal in channeling
orientation



SPS Collimation Test-bench 
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Goniometers with crystals, two different 
type of absorbers and several detectors
(BLMs, Medipixes and a CpFM) were used to 
prove the basic principle of crystal 
collimation.

In SPS LSS5 UA9 installed a test-bench for 
collimation measurements in 2010.

Measured loss reduction factor 

 BLM    @ the crystal  RF = 18

 BLM 5 @ Dx = 3.8 m RF = 8

 BLM 7 @ Dx = 4.6 m  RF = 18
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In recent years, after feasibility studies in LHC begun, 
SPS has been used to study in detail the effects 
observed in LHC:

• Absorber performances
• Upstream collimators effect on Channeling

One example is the measurement of Channeling to 
amorphous  losses reduction, at different location 
in the dispersion suppressor of LSS5 in SPS
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SPS absorbers test
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A test in SPS was proposed to study the 
LHC observation
The idea was to take advantage of the 
available devices in SPS: the CRY1
channeled halo absorbed by TACW0 (W) or 
TCSM (C)

Two measurements:
1. Reduction of channeling to amorphous losses

at crystal and at the first two dispersive areas 
2. Linear scan of secondary halo (produced by 

the absorber) with TACW1, and with TAL in 
the dispersive area



SPS absorbers test – Losses
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protons Lead ions

W absorber gives constantly better results with respect to C collimator, with both p and Pb beams 

A dedicated absorber would be needed for operational use in LHC. EN-STI-TCD has already started the R&D for this absorber



local losses 
vs 

crystal rotational orientation

Upstream Collimator effect
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Upstream obstacles affects the crystal channeling efficiency

Some strange angular scans shape were observed in LHC when primary 
collimators were close to the same crystal aperture 

Given the layout and the time available it was 
decided to investigate the effect in SPS. 
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Beam Extraction from SPS
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The use of a bent crystal as extraction device has been one of the first application in circular 
machines

• Extraction flux ~4 x as today (up to 4 x 1019 PoT/year) required for future Fixed Target 
programs at CERN SPS (i.e. Beam Dump Facility (BDF) and SHiP) 

• At SPS it is expected that about 1-2% of extracted particles hit the Electrostatic Septum 
(ES) wires inducing secondary particle showers (measured value is 3.4±0.7%, Fraser, Slow 
Extraction Workshop 2017)

▪ The secondary particle showers strongly activate the area downstream and can also affect the high voltage 
performance of the ES

• Ongoing studies to reduce the losses at the ES using bent crystals:

o Non-resonant extraction using bent crystals and a stochastic transverse beam excitation

o Crystal-assisted shadowing of the ES 



R. Rossi @ ACN2020

Beam Extraction – non resonant

• Use the original UA9 infrastructure (goniometers with crystals, absorbers, 
detectors) 

 + an on purpose Cherenkov detector (CpFM) down the extraction line TT20

• Non-local UA9 Goniometers (LSS5) and Fixed Target Extraction Line are 
opposite in the SPS ring

• Stochastic  particle diffusion from the beam core was enhanced by means of the 
Transverse Adiabatic Damper (ADT, random transverse kicks) 

 different ADT excitation = different extraction rate

This test has been performed with success in 2016!

The crystal location, and the crystal characteristics are not optimized for such 
operations.
Studies to select the best crystal characteristics and a good location are on going 

Using crystal as an extraction device in a circular machine was already proven 
in Russia (currently used at U-70 IHEP!), and was proposed to be tested in SPS 

F. Addesa

10 March 2020 15
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Double Channeling
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In the framework of future fixed target experiment in LHC a double 
crystal layout has been proposed to measure magnetic moment 
precession of short living particles, giving the high equivalent magnetic 
field generated by a bent crystal.

Magnetic	moment	of	channeled	particles	
should	precess in	a	bent	crystal

See	V.G.	Baryshevskii,	Pis’ma Zh.	Tekh.	Fiz.5,	182	(1979)	and												PLB	

757	(2016)	426-9.

J spin =
g- 2

2
gJ crystal

beam

crystal

Absorber
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crystal

In this scheme:
• One bent crystal is used to separate the halo from the 

circulating beam, and deflected onto a target
• The second one is used to channel the particles emerging by 

the target and to let their magnetic moment to precess

The layout update has been
proposed and realized in 2017
to adjust the UA9 equipment
to realize the measurement



Double Channeling
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of Crystal2. A first angular scan was performed without

finding any indication of the channeling orientation ("Colli-

mator OUT", red and green curve in Fig 3). A second scan

was performed while placing the downstream collimator at

a position where it could intercept the double-channeled

particles, but not thesingle-channeled ones: in this case a

clear peak (⇠1500µrad) is visible in the loss rate on BLM3

("Collimator IN", yellow and bluecurve in Fig 3), due to the

interaction of the double-channeled particles on thecollima-

tor.

Figure 3: Beam loss rate as a function of the orientation of

Crystal2 during two scans performed for its alignment.

First Studies and Outlook

After positioning both crystals according to the results of

thealignment procedure, thedouble-channeling setup was

achieved for thefirst time. During the rest of thedata taking,

the procedure was repeated several times.

Thefirst characterization of the system wasobtained by

observing the evolution of the beam loss rate when moving

the collimator. A comparison of the results obtained for dif-

ferent configurations is shown in Fig. 4. The beam loss rate

on BLM3, normalized to the beam intensity, is plotted asa

function of thecollimator position; thecenter of thecircu-

lating beam is expected to be at ⇠0mm. While approaching

thecollimator to thecirculating beam, an increaseof theloss

rate is expected, proportional to the number of intercepted

protons.

When Crystal2 is retracted and Crystal1 is not in channel-

ing orientation (orange line), a roughly exponential profile

of the loss rate isseen, due to protons diffusing into thehalo

from the circulating beam. When Crystal1 is in channel-

ing orientation (green line), the protons diffusing out of the

circulating beam arechanneled: theprofileof the loss rate

has a steep increase from ⇠≠8mm to ⇠≠6mm due to the

crossing of the single-channeled beam, then it is relatively

flat since very few protons are circulating between the chan-

neled and the circulating beam. Finally, when both Crystal2

and Crystal1 are in channeling orientation (blue line), two

increases of the beam losses can be seen: from ⇠≠13mm

to ⇠≠11mm due to the double-channeled protons and from

⇠≠8mm to ⇠≠6mm due to thesingle-channeled ones. An

accurate analysis of these data is ongoing to estimate the

channeling efficiency of the crystals as well as the back-

ground due to particles escaping the channeling conditions

using the methods described in [15].

Figure 4: Beam loss rate as a function of the position of the

collimator for different configurations of the crystals.

The useof the Timepix detector during thesecond data

taking run allowed simplifying the alignment operations by

providing a clear visual feedback of the setup. In Fig. 5 a

screenshot of the data acquired by the detector is shown.

In the upper part of the image the single-channeled beam

can be seen, its spot appears separated in two parts by the

shadow of Crystal2. In themiddleof theimage, another spot

is visible, due to the double-channeled beam. Analysis of

these data is ongoing, to assess the possibility to measure

the efficiency of the various deflections and the possible

background.

Figure 5: Image of the single-channeled (top) and double-

channeled (middle) beams on the Timepix detector. The

imageshould berotated by 90°counter-clockwise in order to

reproduce the real spatial position of the beams. The color

scale represents the average number of counts per second

per pixel.

CONCLUSIONS

Following theproposal to measure themagnetic moments

of baryonswith heavy flavored quarksusing adouble-crystal

Proceedingsof IPAC2018, Vancouver, BC, Canada - Pre-Release Snapshot 27-May-2018 12:00 UTC
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T20 Targetry

Double channeling

Single channeling

All crystal 
retracted

MediPix improved a lot the online measurement 
conditions, also new crystals with optimized 
characteristics were installed. Double channeling was 
easily achievable during all the 2018 data tacking

Only BLM measurements 
were available → very 
difficult to establish with 
BLM

Double channeling was achieved for the first time in 2017!
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Double Channeling with Target
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In addition, a W target was 
installed in front of the second 
crystal was installed in time 
for a test at the end of Run 2 

Double channeling with a target mounted in 
front of second crystal was as well observed at 
end of the last year!
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Conclusions
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o In recent years, crystals have been increasingly used for different activities in hadron beam manipulation
• Bent Crystal Channeling is now considered a reliable technology for various applications

o In the UA9 framework, crystals are used and tested in H8, SPS and LHC:
• SPS has been used for crystal collimation feasibility study in Run 1, and as test-bench in Run 2

 It was proved that an upstream obstacle close to the crystal transverse aperture affects the 
channeling efficiency of the crystal itself

 It was also proved that a graphite collimator is not suitable to absorb the channeling halo, even in the 
SPS with reduced energy and beam intensity

• A dedicated channeled halo absorber is needed for operational use
• Crystals were also used as support for beam extraction to NA 

 A crystal was used as deflector of dangerous particles during slow extraction
 A crystal was also used to deflect particles into the NA extraction line in a non-resonant mode

• A feasibility study for a double crystal channeling scheme was carried out successfully 
 These tests are very important for future fixed target program



Final Remarks
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■Has you have seen UA9 works is extremely multidisciplinary
o Physics

• Particle Physics
• Physics of Matter
• Particle-Matter Interactions
• Accelerator Physics

o Instrumentation
• Detectors
• Mechanics

o Experimental Physics
• Measurements preparation
• Data Acquisition/Analysis

o Simulations

■Transversal to several CERN groups: (EN-STI-BMI, EN-STI-TCD, EN-SMM-MRO, BE-ABP-HSS)
o With support from BI, BE-OP and to TE-ABT etc…

■UA9 is currently planning how to upgrade the equipment installations and proposing new 
applications

Several studies have already started…. Update will be ready in the near future
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Crystal Channeling
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Lindhard: “In the hypothesis of low impact angle, the potential generated by 
the crystalline plane can be approximated by a continuous potential.”

Channeling : Transverse momenta < potential well

Critical angle

The channeling condition can be defined as
Potential (110)

Potential (111)
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Coherent effects in bent crystals
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(1) & (6) amorphous
(2) channeling
(3) dechanneling
(4) volume reflection
(5) Volume capture

Single pass 
measurements with 
400 GeV protons.
Strip crystal (110) with 
a bending of 144 μrad.

Volume Reflection (VR)

Dechanneling (DC)

Planar channeling (CH)The particles are trapped in the channel, hence
if a curvature is given to the lattice the
particles direction will be modified by θb = l/R



The SPS goniometers
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Applications
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Superconducting magnets: 
• T = 1.9 K
• quench limit  ~ 15-50mJ/cm3

• Aperture: r = 17/22 mm

Stored energy in the machine:
• LHC 2016: 280 MJ
• LHC design: 360 MJ

Collimation system is needed!
η = 10-4  is the actual performance

For the HL-LHC is foreseen:
• Increased beam stored energy: 362MJ → 700MJ 

at 7 TeV 
Collimation cleaning versus quench limits of 
superconducting magnets

• Larger bunch intensity (Ib=2.3x1011p) in smaller 
emittance (2.0 μm)

Collimation impedance versus beam stability
• Operational efficiency is a must for HL-LHC! 

Collimators: high precision devices that must 
work in high radiation environment

• Upgraded ion performance (6 x 1027cm-2s-1, i.e. 6 
x nominal)



Crystal Collimation for HL-LHC

10 March 2020 R. Rossi @ ACN2020 28

For the future HL-LHC an upgrade of the actual collimation system is required

 Good baseline solution for proton beams  

✗No solution for lead ion beams

Crystal collimation could improve the ion cleaning and is one of the R&D subject

Different challenges to be addressed

 Understanding limitations of present Collimation System

 Channeling assessment at LHC energy range for both proton and ion beams

 Experimental assessment of crystal collimation performance in the LHC for both proton and ion beams

 Understanding of experimental results in simulation

 Study and design of an absorber stage

 Design of new layouts for a complete crystal system on both beams

✓

✓

✓

✓



Channeling Assessment in Circular Machines
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2. Absorber Scan

Local Transverse Position [mm]
-5 -4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1

N
o

rm
a

lis
e

d
 L

o
s
s
e

s
 [

a
.u

.]

0

0.5

1

1.5

2

Simulation

Exp Data

• The deflection angle can be evaluated with the 
Transport Matrix 

• The multi-turn channeling efficiency can be evaluated 
by the losses at channeling plateau, normalised to the 
primary beam spike

local losses 
vs 

collimator transverse position

Beam

θb ~ 55 μrad~ 84 %



LHC Observation With Xe ions
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The LHC ion beam collimation was improved closing W 
collimators to same settings of C collimators.

Off-momentum particles produced by secondary collimators 
(C) can be stopped using higher Z absorber, e.g. absorber 
collimators (W)

In SPS both kind of absorbers are available and were used to 
evaluate the leakage for the different collimator materials



Ions Collimation Cleaning in LHC
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An improvement larger than an order of 
magnitude is observed in the IR7-DS

Crystal collimation improved the ion cleaning and is one of 
the R&D subject for HL-LHC upgrade



SPS absorbers test – linear scans
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protons Lead ions

Even more clear is the study of losses at TACW1 during a linear scan. This measurement shows that the population 
of particles leaking from the C collimator (secondary halo) is almost one order of magnitude higher than the W 
collimator.



SPS absorbers test – linear scans
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Lead ions

At the first dispersive peak, another movable 
scraper (W, 10 cm), the TAL2, is available.

A linear scan allowed to measure the 
off-momentum particles generated by the 
interaction of channeled halo with the 
absorber.

In this case an even larger difference can be 
observed



Dedicated LHC absorber
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Beam Extraction – resonant

Xn

• The crystal was installed in September 2018 in place of the already-
tested passive diffuser 5 m upstream of the ZS

• Tested during several MD parasitically to SHiP T6 tests on October 
3rd and 24th with a 1-second 400 GeV spill

Channeled particles
not impacting the septum

Septum

Protons are deflected 5m upstream of the ES, to avoid loss 
with the anode wires

F. Velotti

One of the scheme proposed by TE-ABT group was to shadow the septum wires with an obstacle 
used as passive diffuser. 
A crystal was proposed instead as an active device, that is able to coherently deflect particles away 
from septum wires.

10 March 2020 35



Slow Extraction with crystal shadowing 
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Test aimed to reduce number of particles on ZS wires.
Changing the crystal transversal aperture and 
optimizing channeling orientation, allowed to reduce 
the extraction line losses, when the deflected beam 
was coherently deflected away form ZS wires.

L.S. Esposito

A reduction of 40% of losses with protons and 30%  
with lead ions was observed when crystal is in 
channeling at the best aperture. 


