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Abstract action points.

Beam losses do also occur due to equipment failure. For
ample, a failure of a magnetic element can perturb the
am orbit and the beam focusing such that a large num-

The LHC cleaning insertions are required to have an eEx
ficiency of better than 10® in order to avoid spurious b

guenches of super-conducting magnets. The cleaning Ber of particles is lost in a local aperture restriction. Fast

ficiency is in gem_eral a f_unction Of. the TWiS_S functions, th ump systems will be used to protect the machine against
strength of ”OT‘"'”ear fields, co|||mator- alignment EMOTSyitferent failure scenarios. As the beam in almost all cases
and beam orbit errors. All of those will be perturbed WGrst impacts a primary collimator, collimation studies are

some extent during the operational cycle of the LHC Wltr?equired to predict the beam loss and its signature in the

the potential consequence of a reduced cleaning efficien%/ am loss monitors downstream of the cleaning section
Linear and non-linear tracking tools have been developede '
in the framework of existing LHC tools to estimate the de-
teriorating effects of the relevant errors and to establish tol- 2 COLLIMATION SYSTEM

erances. The status of this ongoing work is described. ¢ design of the LHC collimation system has been de-
scribed in detail elsewhere [5, 6]. In this paper we show
1 INTRODUCTION tracking examples for the betatron cleaning insertion in
IR7. It consists of four primary collimators at normalized
The Large Hadron Collider (LHC) requires a total numbeangles 0, 90°, +£45° and 16 secondary collimators. The
of 3x10' protons in 2835 bunches for its target luminos-rotation” angle is defined as the angle between the verti-
ity of 10** cm~2s~! [1]. It is an important LHC design cal axis and the surface of the planar collimator jaws. Each
issue to ensure safe and reliable handling of the high bearllimator has two parallel jaws, symmetrically positioned
power. A small fraction of the stored beam is sufficienfairound the beam. The jaws of the primary collimators are
to quench a super-conducting magnet and to interrupt timeade out of Aluminium and have a length of 0.2 m. They
beam operation [2]. For example, a fast transient beam loage located att6 o (r.m.s. transverse beam size) in the
in a super-conducting magnet ok@&0° protons per meter normalized phase space. The secondary Copper jaws are
within =210 turns is estimated to cause a quench at 7 Te¥U.5 mlong and are located &7 0. The cleaning insertions
Steady proton losses should be belowl®® p/m/s in order are now included in the LHC sequence and optics version
to avoid quenches. Comparing to the total beam intensit§, 2 [8].
we see that fractional beam losses in the LHC must be con-

trolled on the level of 2109 over about 10 turns or on 3 SIMULATION TOOLS
the level of 2<10~® per second. This is far beyond the
requirements in previous colliders. The study of the collimation efficiency in presence of errors

Beam losses in storage rings can be induced from maf§duires the inclusion of proton scattering in the collimator
different sources [3]. The steady rate of beam loss ifaterial into tracking programs.
the LHC was estimated to be abouk B0’ protons per _ )
beam and per second for collisions with nominal param3.1 Scattering and absorption

eters [2]. This corresponds to a beam lifetime of abouI!’roton scattering is implemented as a callable routine,

35 hours, mainly limited due to beam-beam effects. ThiBased on code adapted and modified from the K2 pro-
"nominal” loss rate is a factor of about 500-1000 abovgram [9]:

the quench threshold. Two-stage collimator "cleaning” sec=
tions have been designed in IR3 and IR7 for capturing tI'@JLLIMATE(C_MATERIAL’ C_LENGTH, C_ROTATION,

lost beam [4]. The locations of primary and secondary C_APERTURE, C_OFFSET, C_TILT,

jaws and their orientations were optimized for best clean- X, XP, Y, YP, P, S, NP, ENOM, ...)

ing efficiency [5, 6]. The cleaning efficiency is in general a

function of the Twiss functions, the strength of non-linear As collimator input we require the material, the length of
fields, the collimator alignment errors, and the beam orbd jaw, the angle between the jaw and the vertical direction,
errors [7]. All of those will be perturbed during the oper-the distance between the two jaws, an offset with respect to
ational cycle of the LHC. For example, beta beating mighthe beam axis, an angle of the jaw surface with the longi-
appear during the squeeze of the beta functions in the inteudinal direction, and the nominal beam energy. A number



NP of particle coordinates (X, XP, Y, YP, P, S) is passethis allows accurate a priori determination of the collima-
to the program. The particles are transported throughtar settings. Focusing and deflection errors can be added to
drift if the jaws are not impacted. In case a particle hitddAD or superimposed in the tracking. The fast execution
the collimator it is randomly scattered through the materiabpeed also enables detailed simulations of beam loss due to
We include Coulomb and multiple Coulomb scattering, numagnet failures over thousands of turns.

clear elastic scattering, proton-nucleon elastic scattering, The COLLTRACK program is limited due to the lack
and proton-nucleus scattering. Depending on the collimaf synchrotron motion, chromatic effects, and distributed
tor and beam parameters a particle can be randomly atBupling and non-linearities. It is therefore complemented
sorbed during scattering or it can escape with modified cdoy a non-linear tracking tool. The standard LHC tool for
ordinates (in general with large scattering angles). As collestimating the effects from non-linear fields is t8&X-
mator materials Beryllium, Aluminium, Copper, Tungsten,TRACK program [11] and it was desirable to also use this

and Lead are foreseen. program for non-linear tracking studies of the LHC colli-
mation efficiency. The program includes non-linear fields,
3.2 Beam distribution coupling, orbit and focusing errors, synchrotron motion,

and chromatic effects to all orders. However, the code had
The Courant-Snyder invariant describes the beam ellipse{§ pe adjusted to the needs of our study. Note, that SIX-
the x,x’ phase space (x being the offset and x’ the angleyRACK is mainly targeted at studies of the dynamic aper-
With a beam emittance,, and Twiss parameters;, oz, ture, involving 10 turns and only a few dozen particles.

andy, = (1 + a2)/8, the beam ellipse is given as: In contrast, the collimation studies require many particles
) ) P (=10°) and a few hundred turns. The required changes in
VoZ” + 20,72 + Bpr = €y (1)  the code were implemented and the collimator scattering

s . _ i routine was included. For the time being the collimators
For individual particles we introduce normalized excury, st pe manually inserted into each new optics descrip-

sions Noy = |2|/0, @nd Noy = [y[/oy, With 02y = tion. For the near future we foresee to include collimators

V/€x,yBe,y being the transverse beam sizes. The LHGiq the MAD to SIXTRACK conversion.
cleaning insertions cut the phase space above the so called

collimation depthC,, 4 FIRST STUDIES

N2, + N2, >C? (2)  The first performance studies were done for the collision
) ] optics at 7 TeV, a round geometrical emittance of 0.5 nm,
with C,; = 6 for the primary and’, = 7 for the secondary 4nq tunesy, = 64.31, Q, = 59.32. Figure 1 shows the
cqllimators. Avertiqal primary collimator cuts all p"".rtidesvertical phase space as tracked for 101 turns and without
with No, > 6. A primary collimator at 43 cuts particles ¢qjlimation. The phase space ellipse is preserved during

i 2 _ 2 2 i . . . .
with Ny, > 6 whereN;, = N;,+N;, . Fortracking stud- |inear tracking, except a rotation from the vertical phase
ies we do generate random particle distributions that covggyyance.

the phase space frof@, — AN)?e, to (C, + AN)?e,.

The tracking effort can thus be concentrated on the ampli- 0.25 o _
tudes of interest. The distribution is uniform in transverse 02 f 3
offsets x and y. An example is shown in Figure 1. 015 F 3

01F =

3.3 Particle tracking tools g oo 3 _

S E E
Two different approaches were pursued for tracking. Ins -0.05E E
both cases MAD [10] is used to generate the LHC lattice, 0.1 — —
the optics, and eventual orbit and focusing errors. MAD -0.15 E
output is then used as input for the tracking programs. 02 E

025 B 1w
As a fast but less complete approach we wrote a pro- 515 01 005 O 005 01 045

gram COLLTRACK that starts from a file, generated in
MAD with the OPTICS command. The Twiss parameters

are used to calculate the linear transfer matrices betwegfyyre 1: Vertical phase space distribution as generated

selected elements (e.g. quadrupoles, markers, collimatorgjettom layer) and after tracking through 101 turns (top
In case the COLLTRACK program finds a collimator, theayer).

collimation routine is called. Particles hitting the collima-
tor randomly experience a local scattering or are absorbed.
This approach is sufficient for most studies (orbit and fo,, 1 Phase space reduction due to collimation
cusing errors, failure studies, lumped non-linearities) ané' P

is quite fast. As the tracking directly uses the MAD TwissGenerating a particle distribution froid,, = 4 to N,, =
functions, there is full consistency with MAD. In particular, 8 in phase space, the effect of the collimation can be illus-

Y [mm]



trated. The vertical phase space is shown in Figure 2 for 0.6

LR S B B B UL B
the initial distribution and after 1, 5, and 50 turns, includ- o
ing the effects of the betatron cleaning in IR7. After 1 turn o4 - E
the cuts in phase space from the secondary collimators at g, [ 3
N, = 7 are clearly visible. The secondary collimators ab- g h M ]
sorb about 97% of the particles, while the primary collima- £ 0 [ pe ]
tors absorb only 30%. Note, that some particles escape thé 02 F w 3
secondary collimators with large scattering amplitudes. Af- . « el ]
ter 5 turns particles abow¥,,. = 7 are mostly suppressed. 04 Tunl X ]
The phase space is reduced¥g, ~ 6 during the next 45 06 L Tum2 K]
turns with scattering at primary collimators and subsequent 02 -015 -01 005 0 005 01 015 02
absorption at the secondary collimators. This is seen after Y [mm]
50 turns.

Figure 3: Phase space distribution of the impacting par-
ticles, before collimation (initial) and after 1 and 2 turns.
] Note the large amplitude particles that belong to the ter-
tiary halo.
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Figure 2: Vertical phase space distribution as generated and Particle number
after tracking through 1, 5, and 50 LHC turns. Betatron
collimation is included. Figure 4: Impact parameter for Figure 3.

42 Realistic i vive for 200 turns. Those are mostly particles with am-
) ealistic Impact parameters plitudes6 < N,, < 7. The secondary halo is mainly at
The beam halo in the LHC will slowly drift towards the 6 < N,, < 7, the tertiary halo atV,, > 7. Figure 6
collimators. About 120,000 protons impact the primaryshows the fraction of surviving particles for the secondary
betatron collimators every turn with impact parameters aind tertiary halos.

about 1zm. A phase space distribution with a proper im-

pact parameter was generated. The phase space distribu- 1g
tion is shown in Figure 3 before collimation and after 1 i
and 2 turns. In this simulation 27806 particles impacted on 2
the primary collimator TCP.D6L7.B1 with 18845 particles 2 g1 |
escaping the jaws. The impact parameter (distance to thel i
collimator edge) is shown in Figure 4 for scattered and ab- S
sorbed particles. Particles that intercept the jaw onits innerg o |
face (due to the particle angle) have been assigned a zer i
impact parameter. We find impact parameters between zero
and 1.2um.
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4.3 Particle survival and collimation efficiency Turn number

The particles that impacted and escaped TCP.D6L7.Biigure 5: Fraction of escaping particles versus the number
were tracked on for 200 turns. The fraction of survivof turns.

ing particles is shown in Figure 5 versus turn number.
More than half the number of particles are absorbed af- We define the cleaning inefficiency as the integrated
ter 12 turns. On the other side 0.5% of the particles sunumber of particles withV,, > 8 divided by the total
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4.4 Effect from beta beating

As an example case for a robustness check we studied the
effect of beta beating on the cleaning inefficiency. A beta
beating with twice the betatron frequency was induced in
the IR7 cleaning insertion. An example of a 10% vertical
beta beating is shown in Figure 8. We consider an artifi-
cially created beta beating that is implemented as a varia-
tion of the collimation depth instead of a variation in beam
beta function. This is justified, as the major effect of the
beta beating on the collimation system is indeed the mod-
ulation of the collimation depth around its nominal value.
We could also use realistic beta beating scenarios, as gen-
erated with MAD. For this early stage, however, it proves
beneficial to introduce a phase-controllable beta beating in
the described way.

The simulated case addresses the change of cleaning in-
efficiency due to a change in beta beating. We assume that
the beta beating appears on a time scale that prevents re-
optimization of the collimation system (for example dur-
ing the squeeze). The predicted change in cleaning inef-
ficiency is shown in Figure 9 for different values of beta

Figure 6: Fractional population versus surviving turn numbeating. The cleaning inefficiency is only slightly worse
ber for6 < N,, < 7 (top) andN,, > 7 (bottom).

for a beta beating of 10%. For 15% beta beating, however,
we observe that the cleaning inefficiency almost triples for
N, > 10. This suggests a tolerance for beta beating close
to 10%, in good agreement with earlier estimates [7].

number of scattered particles (27806 in the above case).

The so defined cleaning inefficiency is 8.60~3 for our
example. This refers only to amplitudes in vertical phase s ]
space, as they were used in Figure 6. In the general case 17 [ 7
the amplitude in the radial direction must be considered. . ]
Note that the scattered particles receive large deflections is
the collimator jaws, both in horizontal and vertical direc- <
tions. Calculating the cleaning inefficiency with the full ra- o
dial amplitudes, we find a value of 44073 for N, > 8.

The cleaning inefficiency is shown in Figure 7 for different

amplitudes in the phase space.
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Figure 7: Cleaning inefficiency as a function of amplitude
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Figure 8: Example of a 10% vertical beta beating in the IR7
betatron cleaning insertion.

4.5 Non-linear tracking with collimation

The LHC collimation system was implemented into Six-

track and particle distributions were tracked with collima-

tion for the injection optics and for one seed of non-linear
fields. At the present time it is too early to present results
from this study.

5 CONCLUSION

for 200 turns. The cleaning inefficiency was calculated
with for both vertical and radial amplitudes.

The scattering of protons in the LHC collimation system
has been implemented in a new tracking program COLL-
TRACK and the non-linear SIXTRACK code. The new
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Jaw Orientations and Locations in the LHC”. LHC Project
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D.l. Kaltchev et al., "Initial Error Analysis for the Collima-
tion Insertion of LHC”. LHC Project Report 304.

LHC optics version 6.2.

N. Catalan Lasheras, G. Ferioli, J. B. Jeanneret, R. Jung,
D. I. Kaltchev and T. Trenkler, Proc. of the Symp. 'Near
Beam Physics’, Fermilab, 1997, edited by D. Carrigan and N.
Mokhov, p. 117 and CERN LHC Project Report 156, 1998.

Figure 9: Cleaning inefficiency as a function of radial am{10] H. Grote and F.C. Iselin, "The MAD program”,

plitude, based on a simulations of 20 turns. The curves

CERN/SL/90-13(AP),1995.

correspond to different levels of vertical betatron beatingl1] F. Schmidt, "SIXTRACK version 1.2: Users Reference

with 0% as the nominal collision optics.

tools allow the study of collimation efficiency for the per-
fect and imperfect LHC. The implemented routines were
verified with some simple example cases, reproducing the
general results and the predicted cleaning efficiencies from
earlier semi-analytical studies. In particular, a clear esti-
mate for cleaning efficiency is provided as output of the
computer programs. As a first example for the impact of
errors, the deterioration of cleaning efficiency was studied
for different levels of beta beating.

A multitude of errors can now be studied in the context
of LHC cleaning and beam loss problems: Optical and or-
bit errors, collimator misalignments, non-linear fields, and
magnet failures. Future studies will aim at establishing de-
tailed tolerances for the different sources of imperfections.
The new tools will also be used for studying the beam loss
signature of transient effects, like fast equipment failures.
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