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Abstract

A nonlinear collimation system can allow larger aper-
ture for mechanical jaws, and it thereby can help to reduce
the collimator impedance, which presently limits the LHC
beam intensity. Assuming the nominal LHC beam at 7 TeV,
we show how a nonlinear betatronic collimation insertion
would reduce considerably the LHC coherent tune shift for
the most critical coupled-bunch mode as compared with the
conventional baseline linear collimation system of Phase-I.
In either case, the tune shifts of the most unstable modes are
compared with the stability diagrams for Landau damping.

INTRODUCTION

Most of the LHC collimators in Phase-I [1] will be made
of graphite. This material is a poor conductor (its electri-
cal conductivity is ���� ���� that of copper). In addition,
the collimator jaws of Phase-I will be located close to the
beam (� � ��). These conditions will contribute to a dra-
matic increase of the machine impedance. Calculations [2]
have shown that the achievable LHC beam intensity, and
therefore the luminosity, will be limited by the impedances
introduced by the collimators.

A nonlinear collimation system, allowing larger aperture
for most of the collimators, could be a cure overcoming
the performance limitations associated with the collimator
impedances.

A study of a two-stage nonlinear collimation system for
betatron cleaning in the LHC has extensively been pre-
sented in [3]. This system is based on a pair of skew sex-
tupoles located in the betatron cleaning section of the LHC
(IR7 insertion), which we call nonlinear IR7. Fig. 1 com-
pares the normalized collimator apertures for the nonlinear
and the linear insertion IR7. Optics details are given in [3].

DECREASING THE LHC IMPEDANCE

The resistive-wall tranverse impedance can generate co-
herent coupled-bunch tune shifts, which can be written in
terms of an effective impedance as [5]
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where � is the bunch population, �� the number of equi-
distant bunches and � the beam energy. It is important to
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Figure 1: Comparison of the normalized collimator aper-
tures for the nonlinear and the linear collimation systems.
In the nonlinear case, the collimators �������� are not
used, and collimators ��
 and ��� play the role of pri-
mary spoilers at IP7.

stress the dependence on the frequency �� � �� 	 ��� 	
���, containing the following oscillation modes: the head-
tail mode, characterized by the number�, and the coupled-
bunch mode, characterized by the number � � � � ���

�

with �� � �� � 	� and � � � � �� � �. The fre-
quency �� � ���� denotes the betatron frequency as a
function of the unperturbed betatron tune �� and the rev-
olution frequency of the particles ��; �� denotes the syn-
chrotron angular frequency and �� � ����� is the chro-
matic frequency depending on the chromaticity � and the
slippage factor �.

We have computed, using Mathematica, the total coher-
ent tune shift for both cases, namely the baseline linear
system of Phase-I and the nonlinear system. The trans-
verse impedance of each collimator has been calculated
by using the Burov-Lebedev theory [4]. In a first step,
we added exclusively the contribution of the collimators
belonging to the IR7 insertion (for both cases linear and
nonlinear system). In a second step, we also included the
contribution from the total list of collimators, including the
insertions IR7, IR3 (momentum collimation) and the ter-
tiary collimators for local protection and cleaning at the
triplets in IR1, IR2, IR5 and IR8 (experimental insertions),
and IR6 (dump insertion). Other contributions such as the
broad-band (BB) impedance and the resistive wall (RW)
impedance for the rest of the ring without collimators have
also been considered.

In order to select the most unstable case, we have com-
puted the tune shift versus the coupled-bunch modes. The
most critical mode is generally that which gives the maxi-
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mum modulus of the tune shifts. Figure 2 shows the mod-
ulus of the horizontal and vertical tunes shifts as a function
of the mode number � for the case of the nonlinear IR7. The
maximum values of ����� are found at � � � or � � ����.

For all calculations we have taken the head-tail mode
� � �, related to rigid dipole oscillations, zero chro-
maticity and the LHC parameters of Table 1. In order to
consider a pessimistic case, and since the theory assumes
equi-distant bunches, we have used �� � ���� instead of
the nominal number of bunches �� � 
���. Results of

��

����� and ������� are summarized in Table 2 and Ta-
ble 3, respectively, for each of the different contributions.

The tables demonstrate that when the nonlinear IR7 in-
sertion is used, �
��

� � is reduced by about a factor 2 and
�
��

� � by about a factor 3 with respect to the linear IR7 in-
sertion of Phase-I.

500 1000 1500 2000 2500 3000 3500
Mode l

0.00013

0.00014

0.00015

0.00016

0.00017

0.00018

0.00019

| Δ Q |   

   

3425 3450 3475 3500 3525 3550
Mode l

0.00016

0.00018

0.00022

0.00024

0.00026

| Δ Qx | 

| Δ Qy | 

| Δ Qy | 

| Δ Qx | 

l=3564

Figure 2: Module of the horizontal (�����) and the vertical
(�����) coherent coupled-bunch tune shifts as a function
of the coupled-bunch mode � for the case of the nonlinear
IR7. The figure on the top shows a zoom of the region
� � ������ �����. The results have been obtained assuming
� � � and � � �.

Table 1: LHC nominal parameters used in the tune shift
calculation.

parameter value
proton energy (at collision): � [TeV] 7.
bunch length: �	 [mm] 75.5
bunch population: � ����� ����

number of bunches: �� 2808
bunch spacing: ��� [ns] 25
revolution frequency: �� � 

�� [kHz] 70.6544
betatron tune: �� 65.32
machine slippage factor: � ��

� ���	

Transverse stability diagrams

In the LHC arcs there are two families of magnetic oc-
tupoles which control betatron detuning and provide Lan-
dau damping of coherent beam oscillation modes [1]. Po-
tentially unstable oscillation modes with negative imagi-
nary tune shifts can be stabilized by this method.

In order to compare the complex transverse coherent
tune shift generated by the collimator impedances from the
nonlinear and the linear collimation system, we use the so-
called stability diagrams, introduced first by J. S. Berg and
F. Ruggiero [6]. This kind of diagrams represents the limits
of the stable beam area in the ��Im����
�–�Re����
�
plane (or equivalently in the �Re�
�
�–�Im�
�
� plane),
granted by the octupole system.

Figure 3 compares the complex tune shift due to the
impedances of the nonlinear IR7 and the linear IR7 sys-
tems with the Landau damping stability curves, assuming
maximum available octupolar strength. The stable area is
below the two curves in the figure. The dashed (blue) curve
is the stability for maximum Landau octupole current with
negative anharmonicity; the slid (red) curve with positive
anharmonicity. The nonlinear system reduces the coherent
tune shift by a factor 2–3, compared with the linear system.

Similarly, Figure 4 compares the tune shifts introduced
by the nonlinear and linear IR7 plus the contribution of the
IR3 insertion (momentum collimation) and other tertiary
collimators in IR1, IR2, IR5, IR6 and IR8 for local pro-
tection. The contributions from BB impedance and RW
impedance without collimators have also been added. In-
cluding all these contributions the nominal LHC beam may
be unstable for both the linear and the nonlinear collima-
tion systems in IR7, though in the latter case it is closer to
the stability border.

The largest contribution to the real part of the remaining
tune shift comes from the tertiary collimators and from re-
sistive wall (see Table 2). Extending the nonlinear scheme
and adding further nonlinear elements close to those ter-
tiary collimators might move the maximum coherent tune
shift into the stable area for the nominal beam.

CONCLUSIONS

A nonlinear collimation system allows larger aperture
for the mechanical jaws and thereby reduces the collima-
tor impedance. We have shown how a nonlinear betatronic
collimation insertion for the LHC would reduce consider-
ably the coherent tune shift for the most critical coupled-
bunch mode as compared with the conventional baseline
linear collimation system of Phase-I.
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Table 2: Transverse effective collimator impedance for the IR7 Phase-I (linear), for our proposed nonlinear IR7, and for
other additional contributions from: IR3, other tertiary collimators for local protection (in IR1, IR2, IR5, IR6 and IR8),
broad-band (BB) impedance and resistive wall (RW) impedance without collimators. These results have been obtained
considering the most unstable case � � �, � � � and � � �.


��
� �� � �� � � �� � � �
 [M�/m] 
��

� �� � �� � � �� � � �
 [M�/m]
IR7 Phase-I (linear) ������ 
�
��
�� ������ ��������

IR7 (nonlinear) ������ �
���
� ������ �������

IR3 ������ ������� ������ �������
Others (tertiary) ������� ������� ����� �����

RW (w/o collimators) ���
�
� ������ ������� �������
BB (w/o collimators) ��
��� ���
 � 
�������

Table 3: Transverse coherent coupled-bunch tune shift due to collimator impedance of IR7 Phase-I (linear), our proposed
nonlinear IR7, IR3, other tertiary collimators for local protection (in IR1, IR2, IR5, IR6 and IR8), broad-band impedance
(BB) and resistive wall (RW) impedance without collimators. These results have been obtained considering the most
unstable case � � �, � � � and � � �.

����� � �� � � �� � � �
 ����� � �� � � �� � � �

IR7 Phase-I (linear) �������	 ������
� ���	 �����
�	 ������
� ���	

IR7 (nonlinear) ��
���
	 ������
� ���	 ��
���
	 ��

��
� ���	

IR3 ����
�
�	 ���
���
� ���	 �������	 �������
� ���	

Others (tertiary) ����
��	 ��


�
� ���	 ����
��	 ������
� ���	

RW (w/o collimators) ��������	 �����
� ���	 �����
 	 ������
� ���	

BB (w/o collimators) �������	 ���
� ���	
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Figure 3: The transverse stability diagram in LHC at 7 TeV,
with the nominal bunch population � � ����� ���� pro-
tons. The points compare the tune shift introduced by the
nonlinear and the linear collimation sections IR7.
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Figure 4: The transverse stability diagram in LHC at 7
TeV, with the nominal bunch population � � ����� ����

protons. The points compare the tune shift introduced by
the nonlinear and the linear collimation systems, adding all
contributions from Table 3.
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