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Introduction (1)  

•  It is based on the use on non-linear magnets, such as 
sextupoles and octupoles; 

•  The purpose of the first non-linear element is to blow 
up beam size and particle amplitude, in order to place 
the collimator jaw further away from the beam and, as 
consequence:  
•  to reduce the resistive collimator-induced impedance.  
•  to reduce the transverse beam density to decrease risks of 

collimator damages.  
•  to reduce the number of collimators.   
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Introduction (2)  

•  As following previous studies, the proposed layout for 
LHC includes the installation of 2 strong sextupoles, 
symmetrically located from the center of the IP7, in the 
Straight Section. 

•  Synergy with linear colliders studies: in the case of  
multi-TeV linear colliders (e.g. CLIC) nonlinear E 
collimation schemes are being investigated for 
protection of  the Beam Delivery System (BDS)  
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Optic studies 
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Taking into account that the collimation depth for the LHC
is established at [8], we have looked for
optics solutions that allow the setting of the vertical and
horizontal spoiler jaws with half gaps and

, respectively.

Spoiler protection
An important function of the collimator system is the

protection of the spoiler against beam impacts which may
possibly damage it. Considering gaussian beams, a min-
imum transverse beam size is required for spoiler
survival in case of full beam impact, and then the beam
area at the spoiler must satisfy

(11)

In the case of the LHC, primary collimators (made of
graphite) a minimum rms beam size of about 200
m has been estimated [10].
The above condition can be rewrite using the Eqs. (6)

and (7), with and , as

(12)
From Eq. (10) we can obtain

(13)

Combining Eq. (12) and Eq. (13), one obtains the spoiler
survival condition in terms of the collimation depth and
of the collimator aperture , i.e.

(14)
This condition constrains approximately the minimum

values of , and permitted. However to estab-
lish a more accurate limit to avoid the collimator damage
detailed numerical simulations would be necessary. Re-
lated to this topic see for example [11, 12].

Optics solution
The optics for the betatronic cleaning insertion IR7 in

LHC optics version 6.5 has been matched to fulfil the pre-
vious nonlinear collimation requirements, minimizing both
the sextupole strength and the product of sextupole strength
and beta function at the sextupole in order to reduce as
much as possible the nonlinear aberrations. The match-
ing was done without affecting the optics of the other LHC
insertions, and involved only existing quadrupole magnets.
Table 1 summarizes the main parameters of the choosen
optics solution. Figure 3 shows the betatron functions and
dispersion of this optics solution as function of the longitu-
dinal coordinate .

Table 1: Optics parameters for a nonlinear collimation sec-
tion in IR7 of LHC.

variable value
beta functions ( ) at skew sext. 200.0, 200.0 m
product of skew sextupole pole-tip
field and length ( ) 8.1823 T m
skew sextupole aperture 10 mm
skew sextupole strength 7.0063 m

, from sext. to spoiler 124.403, 124.404 m
beta functions ( ) at spoiler 77.381, 77.381 m
rms spot size ( ) at spoiler 215.89, 263.96 m

0.0 200. 400. 600. 800. 1000. 1200.s (m)0.0
100.
200.
300.
400.
500.
600.

 x(m ),
 y(m)

-0.50-0.250.00.25
0.500.751.001.251.501.752.002.252.50 D x(m) x  yDx!! ! !

skew sextupolespoilerskew sextupole
IP 7

Figure 3: Betatron functions and dispersion versus for
LHC IR7 with a nonlinear section based on two skew sex-
tupoles.

In the particular case of our optics solution, where
and , one can rewrite Eq. (14)

as

(15)

Collimation boundaries
From the collimator apertures and

and using the optics parameters of Table 1, we can compute
the collimation contours, given by the equations:

(16)

(17)

expressed in normalized coordinates (in units of
and ).

     Primary collimators 

IR7 layout: 
 
•  Based on a skew sextupole pair 
 
•  -I between skew sextupoles  
       to cancel geometric aberrations 
 
•  Matching section IR7, without  
      affecting the other sections  
      (optics V6.503 ‘as-built’) 
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Collimation boundaries
From the collimator apertures and

and using the optics parameters of Table 1, we can compute
the collimation contours, given by the equations:
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expressed in normalized coordinates (in units of
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Sextupole parameters 

In this paper we will present first the present status of
the nonlinear betatron cleaning insertion for the LHC. We
will present the optics solution and a nonlinear two-stage
collimation system, i.e. including primary and secondary
collimators. Results of its performance and cleaning effi-
ciency from simulation studies will be shown.
Finally, the impedance of the proposed design will be

study and comparedwith those of the conventional baseline
linear collimation system of Phase-I [8, 9].

OPTICS LAYOUT
In this section we discuss the optical constraints for a

system based on a skew sextupoles pair as shown in the
schematic of Figure 6, which represents the interaction re-
gion IR7 of the LHC adapted for nonlinear betatronic col-
limation. In this lattice, the spoiler or primary collimator is
placed at (or near) the interaction point IP7.
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Figure 2: Schematic of a nonlinear collimation layout for
the LHC.

The beam motion in a skew sextupole at a location with
horizontal dispersion is given by the Hamiltonian

(1)

where and are the transverse betatron amplitudes
at the sextupole, and the relative momentum offset. We
assume no dispersion in the vertical plane. The integrated
sextupole strength can be expressed in terms of the sex-
tupole length , the pole-tip field , the magnetic rigidity

and the sextupole aperture as .
At the sextupole a charged particle suffers the following

deflections:

(2)

(3)

Here in the second step the dispersive term have been
neglected. We have assumed much smaller than the
betatron amplitudes and both at the sextupole and at
the spoiler.
The transverse position at the downstream spoiler is ob-

tained from

(4)
(5)

where and
are the horizontal and vertical position of the particle at the
spoiler without the sextupole, written in terms of the beta-
tronic parts, and , and the horizontal dispersion
at the spoiler, . and denote the lineal optical
transport matrix elements between the skew sextupole and
the spoiler.
The root mean squared (rms) transverse beam sizes at

the spoiler are given by the following expressions:

(6)

(7)

Collimation depth and collimator apertures
Let and be the collimation

amplitudes for the horizontal and vertical betatron motion
respectively, and and the
physical transverse apertures of the primary spoiler. Then
for the collimation to function in either transverse plane,
we must have the following vertical spoiler half gap:

(8)

(9)

This means that particles at transverse amplitudes
and will be deflected by

the first skew sextupole and caught by a vertical spoiler of
normalized half gap . On the other hand, particles dis-
tributed in a radial plane will not be collimated
by the vertical spoiler. Instead these particles will receive
a horizontal kick by the skew sextupole and can be caught
setting the mechanical jaws with the following horizontal
half gap:

(10)
The normalized aperture at the spoiler can be adjusted
to improve the cleaning efficiency for particles with offsets
in both transverse planes.
In order to approximate a circular collimation aperture

in the normalized x–y plane we can choose at
the skew sextupoles and . In this case, from
the system of Eqs. (8), (9) and (10), we have .



Collimator layout and setting 
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Collimator 
type 

LHC present 
collimation system 
(sigma units)  

LHC non-linear 
collimation system 
(sigma units) 

TCP All @ 6.0 All @ 10.0 
TCSG All @ 7.0 A6L7 - tot opened      

B5L7 - tot opened     
A5L7 - tot opened        
D4L7 - tot opened            
B4L7 - tot opened              
A4L7 - 16.0 [0 rad]             
A4R7 - 8.0[1.571rad]     
B4R7 - 9.0 [2.37rad]              
A5R7 - 9.0 [.651rad]        
B5R7 - 9.0            
C5R7 - 9.0[1.571rad]                   
D5R7 - 9.0                   
E5R7 - 9.0                 
6R7    - 9.0           

TCLA All @ 10.0 A6R7 - 9.0                   
B6R7 - 9.0                   
C6R7 - 7.0                 
D6R7 - 7.0                
A7R7 - 7.0 

 

Primary collimators 

3 Additional Secondary collimators 



Preliminary beam tracking 
studies 
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In this paper we will present first the present status of
the nonlinear betatron cleaning insertion for the LHC. We
will present the optics solution and a nonlinear two-stage
collimation system, i.e. including primary and secondary
collimators. Results of its performance and cleaning effi-
ciency from simulation studies will be shown.
Finally, the impedance of the proposed design will be

study and comparedwith those of the conventional baseline
linear collimation system of Phase-I [8, 9].

OPTICS LAYOUT
In this section we discuss the optical constraints for a

system based on a skew sextupoles pair as shown in the
schematic of Figure 6, which represents the interaction re-
gion IR7 of the LHC adapted for nonlinear betatronic col-
limation. In this lattice, the spoiler or primary collimator is
placed at (or near) the interaction point IP7.
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Figure 2: Schematic of a nonlinear collimation layout for
the LHC.

The beam motion in a skew sextupole at a location with
horizontal dispersion is given by the Hamiltonian

(1)

where and are the transverse betatron amplitudes
at the sextupole, and the relative momentum offset. We
assume no dispersion in the vertical plane. The integrated
sextupole strength can be expressed in terms of the sex-
tupole length , the pole-tip field , the magnetic rigidity

and the sextupole aperture as .
At the sextupole a charged particle suffers the following

deflections:

(2)

(3)

Here in the second step the dispersive term have been
neglected. We have assumed much smaller than the
betatron amplitudes and both at the sextupole and at
the spoiler.
The transverse position at the downstream spoiler is ob-

tained from

(4)
(5)

where and
are the horizontal and vertical position of the particle at the
spoiler without the sextupole, written in terms of the beta-
tronic parts, and , and the horizontal dispersion
at the spoiler, . and denote the lineal optical
transport matrix elements between the skew sextupole and
the spoiler.
The root mean squared (rms) transverse beam sizes at

the spoiler are given by the following expressions:

(6)

(7)

Collimation depth and collimator apertures
Let and be the collimation

amplitudes for the horizontal and vertical betatron motion
respectively, and and the
physical transverse apertures of the primary spoiler. Then
for the collimation to function in either transverse plane,
we must have the following vertical spoiler half gap:

(8)

(9)

This means that particles at transverse amplitudes
and will be deflected by

the first skew sextupole and caught by a vertical spoiler of
normalized half gap . On the other hand, particles dis-
tributed in a radial plane will not be collimated
by the vertical spoiler. Instead these particles will receive
a horizontal kick by the skew sextupole and can be caught
setting the mechanical jaws with the following horizontal
half gap:

(10)
The normalized aperture at the spoiler can be adjusted
to improve the cleaning efficiency for particles with offsets
in both transverse planes.
In order to approximate a circular collimation aperture

in the normalized x–y plane we can choose at
the skew sextupoles and . In this case, from
the system of Eqs. (8), (9) and (10), we have .
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In the past we performed some rough DA estimates using madx: 
•  Particle tracking studies for 105 turns 
•  Δβ/β≈17%; ΔDx/Dx≈12%; Δp/p≈0.02% 
•  No additional multipole errors 
•  DA ≈ 22σ 
•  Further studies with SixTrack and more realistic conditions are in progress 
 



Cleaning Efficiency studies 
•  In order to compare the non linear system with the nominal one, the same halo 

profile in the hor. and vert. plane has been tracked with SixTrack.  
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•  Starting from the maps of primary proton losses non-elastic collisions in the 
collimators, calculated via SixTrack, a full particle shower study in IP7  was 
performed with FLUKA.  
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Energy Deposition studies 
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•  Comparison between peak power densities on the jaw surface of the primary 
collimator  

Energy Deposition studies 
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•  Comparison between peak power densities on the jaw surface of the secondary 
collimators  

Energy Deposition studies 
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Conclusion & Proposal for 
future work  

•  DA aperture studies for the LHC with nonlinear collimation, 
using SixTrack, including realistic multipole errors, and 
other imperfections (e.g. Δβ/β=20%, overall beta beat 
budget).  

•  Investigate a new nonlinear optics for IR3. 

•  Investigate the possibility of combining both nonlinear and 
crystal collimation: since the nonlinear elements guide the 
particles in a preferred direction, the insertion of crystals 
could improve the efficiency of the system. 

•  Design possible experimental tests at the SPS or the LHC.  
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