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Abstract

We consider proton-proton collisions in LHC in which one pro-
ton at least leaves the collision point with a small longitudinal
momentum transfer. The rate of these events at the nominal |u-
minosity of LHC can induce quenches in some superconducting
magnets of the downstream part of the straight-section and of
the dispersion suppressor. We propose a safe local collimation
scheme and present the residual impact on the cryogenic load.

1 INTRODUCTION

The products of proton-proton collisions in LHC are ba-
sically of three kinds. Most of the particles which are is-
sued from inelastic collisions have alow momentum and a
large emission angle compared to the beam. They can be
absorbed by specific absorbers placed outside the vacuum
chambers. Elastically scattered protons have small angular
and momentum deviations and stay inside the acceptance
of thering. In between these two cases, inelastic diffractive
protons can induce significant losses in the straight section
and the dispersion suppressor which are located immedi-
ately downstream of the interaction point. We show that
these particles cannot be intercepted by static absorbers
but need mobile collimators inside the vacuum chambers.
In Section 2, we discuss forward proton differential cross-
sections. In Section 3, we present the basic layout of col-
lision straight sections . The method of simulation used to
get loss maps are discussed in Section 4. We compare local
diffractive loss rates to quench limits and power deposition
in cryogenic magnetsin Section 6. An intermediate report
of the present study wasissued in 1999 [1].

2 FORWARD INTERACTIONS

A phenomenological differential cross-section of the re-
action pp — pX, in which X represents all possible fi-
nal states of fragmentation of one of the colliding protons,
was taken in [2, 3]. The protonsin the final state suffer a
dight transverse kick and a large relative momentum off-
set §,, which pesks near the beam momentum. Below, s
is the center of mass energy squared, xr ~ 1 — ¢, the
Feynman variable, ¢> = —t the 4-momentum transfer, P
stands for a Pomeron particle and R for a Regge trajectory.
The cross section of single-diffraction (SD) cover therange
xp > 0.95 and isusualy described by the PPP and PPR
terms of the triple-Regge expansion. In [2] these terms are
respectively
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The Regge expansion is also used to describe non-
diffractive (ND) inclusivecross sectionsdowntoz p = 0.7.
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Figure 1: TheDifferential cross-sections of theinclusive reaction
pp — pX asthe sum of the four terms discussed in the text with
the ordinate in mbarns. The integral of do/dxr between zp =
[0.7,0.99] is equal to 12.3 mbarns.

We add respectively the 77 P and RR P termsfrom [3]
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Integrated over ¢2, the summed cross section do/dz
is shown in Fig. (1). These formulae were compared by
their authors with the results of fixed target experiments
and partly with results at the CERN ISR. The data at the
highest energy today are the results of the CDF collabora-
tion. In arecent work [4] adifferential cross-section of the
reaction p — pX is extracted from these data, which we
compare to the sum of the four cross-sections given above
in Fig. 2. The agreement at the center of mass energy of
/s = 1800 GeV shows that the very weak scaling with
s in the above formulae might reasonably be used up to
14 TeV.

3 LAYOUT OF COLLISION SECTIONS

Thelayout of the LHC collision areasis presented schemat-
ically in Fig. 3. Downstream the collision point (1P), three
final focus quadrupoles(Q1-3) are followed by two dipoles
magnets (D1 and D2) which bring the beams to their re-
spective channels in the two-in-one magnets, separated by
194 mm. The cold D2 magnet is protected from neutral and
low-momentum charged secondary particles by the fixed
TAN absorber which has an aperture similar to D2. With
the condition of dispersion (D*, D"*) = (0, 0) at the cross-
ing point, the nominal dispersion grows linearly between
D1 and D2 and is equal to D = 97 mm a D2. Beyond
D2, the straight section contains four quadrupoles (Q4-7).
Beyond Q7, the dispersion suppressor and the arc form a
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Figure 2: Cross-section of theinclusive reaction pp — pX (line)
compared to the pp data at 0.55 and 1.8 TeV (dots).

Q1-3

Figure 3: A schematic view of a collision insertion,see text. The
second beam channel, not drawn, is obtained by a mirror image
around the central axis I P — A.

continuous structure of main dipoles and quadrupoles, and
the dispersion grows up to D = 2.2 m. To avoid para
sitic collisions and long-range beam-beam effects, the two
beams cross with an angle, and therefore the trajectories
do not coincide with the nominal centra orbit. This is
sketched in Fig. 3 with a crossing angle in the horizontal
plane (IP5). To cancel beam-beam linear tune-shift, the
crossing plane is vertical in IP1 [5]. These offset trajec-
tories in the quadrupoles introduce a parasitic dispersion,
thus making the relative aperture of TAN and D2 to vary
with d,,. This reduces the protection of D2 with vertical
crossing, see below and Fig. 4. The transverse offset of
the beam in the strong final focus quadrupoles generates a
non-negligeable parasitic dispersion (~ 50 mm at D2) for
the large momentum offset of the diffracted protons. In ad-
dition, the dispersion is non-linear with §,, (~ 50 % of the
linear one a 6, = 0.2). In the present study, the TAN is
located 30 m upstream of D2.
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4 TRACKING METHOD

With the complicated geometry described above, a Monte-
Carlo method is needed to produce impact maps of
diffracted protons onto the coil of the cold magnets. To
treat correctly the non-linear optical functions at large ¢,
we use the STRUCT code [6] which tracks with using mo-
mentum dependent transfer matrices, which are computed
for every particle. The lattice and the crossing scheme [5]
correspond to the version 6.1 of the LHC optics.

5 BASIC NUMBERS
The differential rates are obtained with the relation
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Our calculations are made with the nomina LHC lumi-
nosity of £ = 103* cm~2s~!. We consider protons with
Op,min < Op < Opmae 8 Candidates to be lost down-
stream of TAN and up to the first adjacent arc cell beyond
which the optics is periodic. The first noticeable aperture
limitation downstream of the IP occurs at the TAN ab-
sorber. With the horizontal half-aperture » = 26 mm and
horizontal dispersion D, ~ 100 mm at the TAN we get
Op,maz = 0.25. Inthearcs, D,,q, =2.2mand r =22 mm,
then 6, pin = 0.01. The protons with §,, ., < 0.01 are
candidates for an interception by the momentum cleaning
systemin IR3.

6 RATESAND QUENCH LIMITS

The quench limit in LHC magnets cooled with su-
perfluid helium a 77 = 1.9 K is estimated to
8- 10° protons m~'s~! or equivaently to a local peak
power depositionin the coil P, = 5 mW/cm® [7, 8]. Part
of the insertion magnets are cooled in a static bath of he-
liumat T' = 4 K, with anot well known quench limit, but
similar to P,. The longitudinal map of losses in the cryo-
stat of D2, which also contains a bloc of magnetic correc-
tors and Q4 is presented in Fig. 4. The loss density at the
entrance of D2 exceeds strongly the quench limit in IR1
but it is below the limit in IR5. The quench limit is met
in the correctors in both areas. It is met also in Q5 and
the dispersion suppressors in both IR1 and IR5. A depen-
dence of the loss rate with orbit or magnet displacement
is adso shown in Fig. 5. In al cryostats, the integrated
power deposition shown in Table 1 is high. To decrease
both the peak loss rates and the integrated power deposi-
tion, we introduced collimators. Tracking was made again,
followed by a refined scattering algorithm taking into ac-
count edge scattering [9] and by shower development with
the MARS 98 code [10]. A first collimator is needed in
front of D2, to protect D2,Q4 and Q5. It does not pro-
tect the dispersion suppressor for which a second one is
needed in front of Q5. With one meter long copper colli-
mators located at 15 r.m.s beam units, the peak power loss
at D2 in IR1 drops from P™** — 65 mW /cm® down to
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Figure 4: The beam loss density in the region D2-Q4 of IR1
(vertical crossing plane) and IR5 (horizontal crossing plane) at the
nominal luminosity 1034 em=2s~!. D2 starts at 153.5 m, DH.Q4
and DV.Q4 are located around 165 m and Q4 starts at 167.85 m.
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Figure 5: The beam loss density in the dipole B8B of the dis-
persion suppressor of IR5 at the nominal luminosity. Solid his-
togram: no collimators in the straight section and perfect align-
ment of B8B. Dashed histogram: same but with transverse dis-
placement (Az=4mm, Ay=4mm) of B8B. Dotted histogram: dis-
placed B8B and collimator at Q5. IR1 data are very similar.

P™maz ~ 9 mW /em®, as shown in Fig.6. Thisvalueis be-
low the quench limit but not much. Further improvement
might consist in adding a fixed absorber inside the cryostat
in front of the coil. In IR5, the peak density drops down
to a safe level of P2 = 0.2 mW /cm®. At Q5 and in
the dispersion suppressor the levels are safe everywhere,
see Fig. 5. Theintegrated power deposition in the cryostats
shown in Table 1 are also substantially reduced. The TAN
has recently been moved at 13 m upstream of D2. Our
numbres must be reevaluated. The peak of losses at the en-
trance of D2 will be somewhat reduced but no change will
occur near the correctors.

7 CONCLUSIONS

Near high luminosity interaction points, movable collima-
tors are needed to prevent quenches of the superconducting
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Figure 6: Longitudinal distribution of the density of energy de-
position in the hottest sector along the D2 coil, with aradial res-
olution of 2 mm. Empty symbols: without collimator, solid ones:
with collimator at D2.

Table 1. Integrated power deposition in Watt in the different
cryostat without collimator and with collimators at D2 and Q5
respectively.

No collimator Collimator at D2 and Q5

H-cross V-cross | H-cross V-cross

D2 19 44 ~ 2 ~4
Q5 30 12 ~3 ~1
DS 70 50 30 24
Sum 120 110 35 30

magnets in the beam sections located downstream of high
luminosity points. They also reduce substantially the cryo-
genic load, from 120 W down to 35 W per side at each
crossing point.
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