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Possible US Studies for FCC Collimation

• Collimation	System	Development	
• Admittedly,	commitment	of	effort	up	to	this	
point	has	been	harder,	with	other	present	
priorities	in	the	U.S.	program	

• But,	there	is	interest,	there	is	experience	
and	expertise,	and	a	strong	willingness	to	
participate	

• Energy	Deposition	computational	tools	
continue	to	be	developed,	relevant	to	FCC
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• Machine-Detector	Interface	
• Lattice	and	Layout	Optimization	for	betatron,	
momentum	collimation	systems		

• Energy	Deposition	code	development	(MARS),	
and	general	simulations	
• Steady-State	vs.	Single-Event	

• synchrotron	rad.,	beam-gas,	IP	debris,	etc.	
• abort	kicker	module	failures,	etc.
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A History of Past Studies in US

• Tevatron	
• LHC/LARP	

• collimator	project	
• SSC	
• VLHC	

• Long	history	of	general	energy	deposition	
computational	development
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ing, integrity and cooling) and positioned at x 0 = mσ0
from the beam axis (m ≈ 5) in a high-β (betatron
cleaning) and non-zero dispersion (momentum clean-
ing) regions, three in total: horizontal, vertical and off-
momentum. Movable secondary collimators (e.g., L-
shape jaws) – long enough to absorb showers induced
by particles scattered from the primary collimators – are
located at the appropriate phase advances ∆φ at x = nσ
from the beam axis. Here, σ0 and σ are the beam RMS at
the entrance to the primary and secondary collimators,
respectively, for each plane. The secondary collimator
jaws are aligned parallel to the envelope of the circulat-
ing beam.
The optimum conditions for the positioning the sec-

ondary collimators with respect to the scatterer is deter-
mined from [1]

∆φ= πk± arccos(m/n),

n−m> |∆p/p(η0/σ0−η/σ)|+ δ,

where k = 0, 1, 2, ..., η0 and η are dispersions at the pri-
mary and secondary collimator positions, respectively,
and δ ∼ 1. The favorable condition is to have the sec-
ondary collimator jaw on the same side of the beam as the
primary collimator, which results in the optimal phase
advances ∆φ = 20-40◦ and 300-320◦ for the horizontal
scraping, and ∆φ ∼ 40◦ and 140-160◦ for the vertical
scraping. For the primary and secondary jaws positioned
at the opposite sides of the beam (n> 0,m < 0) and for
n−m< 1, the optimal phase advance is about 160◦. For-
tunately, there is no strong dependence of the collimation
efficiency on the phase advance in the above ranges of
∆φ, which leaves freedom to vary collimator positions to
match the other requirements [1].
The following design constraints are taken into ac-

count while developing and engineering a collimation
system at a hadron collider:

• Minimum outscattering from a primary-secondary
collimator couple.

• Impedance constraints.
• The apertures do not occlude any beam when in the
garage position.

• No quench of downstream superconducting mag-
nets.

• Muon vectors downstream do not create any prob-
lem to the experiments and environment.

• Local shielding (if needed) provides protection of
ground water and equipment around the unit, and
residual dose rate on its outside below 1 mSv/hr.

• Target/jaw material integrity and cooling issues.
• Alignement issues.

TEVATRON RUN II

The Tevatron Run II collimation system [9] is based on
a two-stage approach to localize most of beam losses
in the straight sections D49, EØ and F17. Collimator
positions in the ring are shown in Fig. 2. Parameters
of the scatterers and secondary collimators have been
carefully optimized for the 1-TeV proton and antiproton
beams. The 5-mm thick tungsten primary collimators are
positioned at 5σ from the beam axis both in vertical
and horizontal planes. The 1.5-m long stainless steel
secondary collimators consist of L-shape jaws positioned
at 6σ from the beam axis in both planes. Numerical
simulations were done for the lattice in the presence of
the proton and antiproton orbit separation designed for
Run II.
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FIGURE 2. Tevatron Run II beam collimation system.

Large amplitude protons are intercepted by the sec-
ondary collimators during the first turn after interaction
with the primary collimator. Protons (antiprotons) with
amplitudes smaller than 6σ survive during several tens
of turns until they increase amplitude in the next interac-
tions with primary collimators. These particles produce a
secondary halo and occupy the 6σ envelope. Beam halo
particles interact with primary collimators 2.2 times on
average. About 0.1% of protons and antiprotons hitting
the secondary collimator jaws are scattered back into the
beam pipe and later lost on limiting apertures, in most
cases upstream of the CDF and DØ collider detectors.
Products of beam-gas interactions not intercepted by the

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions IP:  131.225.23.169 On: Wed, 23 Mar 2016 16:55:28

collimation system also have a good chance to be lost at
the same locations in front of the IPs. The main process
of beam-gas interaction, a multiple Coulomb scattering,
results in slow diffusion of protons (antiprotons) from the
beam core causing emittance growth. These particles in-
crease their betatron amplitudes gradually during many
turns and are intercepted by collimators before they reach
other limiting apertures. In inelastic nuclear interactions
of a beam with residual gas, leading nucleons are gener-
ated at angles large enough for them – along with other
secondaries – to be lost within tens of meters after such
interactions.
Overall, this system provides effective beam cleaning

of slowly growing transverse and longitudinal halo, reli-
ably protecting the machine and detectors. It was shown
in Ref. [4] that with the Tevatron parameters, nuclear
elastic beam-gas scattering can result in a substantial
increase of the betatron amplitude. Beam loss distribu-
tion due to this process follows the vacuum distribution
(Fig. 3). It turns out that a fraction of these particles is
not intercepted by the main collimators, and about 25%
of them are lost in the vicinity of the IPs adding to the
detector background. Moreover, unacceptable beam loss
happens in the BØ low-β region at the abort kicker pre-
fire, resulting in the SC magnet quench and severe dam-
age to the CDF silicon detectors. To cure this, a 0.5-m
long steel mask is installed this summer immediately up-
stream of the last three dipoles before BØ , with its pa-
rameters carefully optimized in detailed MARS-STRUCT
simulations [15, 16].
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FIGURE 3. Measured residual gas pressure (top) and
STRUCT-calculated beam loss distribution from nuclear elastic
beam-gas scattering (bottom).

CRYSTAL COLLIMATION

It was shown for the first time in Ref. [1] that replac-
ing an amorphous primary collimator with a bent crys-
tal can drastically improve the collimation efficiency for
TeV beams. A channeling crystal coherently deflects a
fraction of the beam halo, directing it, as a whole, deeper
into a second collimator body, substantially reducing the
outscattering probability. Detailed CATCH-STRUCT cal-
culations [17] have shown that at the Tevatron, beam loss
rates in the critical IP locations can be reduced by a fac-
tor of ten (see Table 1). Moreover, a number of inelastic
nuclear interactions in the optimal crystal is about four
times lower compared to that in the optimal amorphous
target, that reduces radiation load to the downstream SC
magnets by the same factor.

TABLE 1. Halo hit rates at the Fermilab DØ and
CDF Roman pots and nuclear interaction rates N in
target and crystal (in 104p/s)

With target With crystal
Amorphous layer thickness
10 µm 5 µm 2 µm

DØ 11.5 1.35 1.60 1.15
CDF 43.6 5.40 3.20 3.43
N 270 82.4 70.6 50.3

HERA

It was shown in a detailed study [13] that a single col-
limator was insufficient in removing the beam halo re-
sponsible for the background rates in the H1 and ZEUS
detectors at HERA. It has been demonstrated – both by
Monte Carlo simulations and experimentally – that these
backgrounds can be significantly reduced by installing a
two-stage collimation system. Depending on beam life-
time, reduction factors of up to 10 have been observed in
dedicated experiments.
Like at Tevatron, the beam-gas induced part of the

hadronic background constitutes a constant radiation
level that is not affected by the collimators. Recently, an-
other source of the backgroundwas discovered at HERA,
the C5 mask [18]. The mask’s main purpose is to shield
from backscattered synchrotron radiation from the lep-
ton beam. However, it is also a scattering source for pro-
tons. Reconstruction of the IP location revealed many
events coming from this mask located about 0.8 m down-
stream (as seen by the lepton beam) of the IP. So, it will
be made thinner. Another issue was not well pumped
Zinc found in the H1’s copper-coated tungsten mask.
The masks have been replaced and tested to be Zinc-free.
Other activities by the machine-detector interface group
take place HERA to reduce backgrounds [18].
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ing, integrity and cooling) and positioned at x 0 = mσ0
from the beam axis (m ≈ 5) in a high-β (betatron
cleaning) and non-zero dispersion (momentum clean-
ing) regions, three in total: horizontal, vertical and off-
momentum. Movable secondary collimators (e.g., L-
shape jaws) – long enough to absorb showers induced
by particles scattered from the primary collimators – are
located at the appropriate phase advances ∆φ at x = nσ
from the beam axis. Here, σ0 and σ are the beam RMS at
the entrance to the primary and secondary collimators,
respectively, for each plane. The secondary collimator
jaws are aligned parallel to the envelope of the circulat-
ing beam.
The optimum conditions for the positioning the sec-

ondary collimators with respect to the scatterer is deter-
mined from [1]

∆φ= πk± arccos(m/n),

n−m> |∆p/p(η0/σ0−η/σ)|+ δ,

where k = 0, 1, 2, ..., η0 and η are dispersions at the pri-
mary and secondary collimator positions, respectively,
and δ ∼ 1. The favorable condition is to have the sec-
ondary collimator jaw on the same side of the beam as the
primary collimator, which results in the optimal phase
advances ∆φ = 20-40◦ and 300-320◦ for the horizontal
scraping, and ∆φ ∼ 40◦ and 140-160◦ for the vertical
scraping. For the primary and secondary jaws positioned
at the opposite sides of the beam (n> 0,m < 0) and for
n−m< 1, the optimal phase advance is about 160◦. For-
tunately, there is no strong dependence of the collimation
efficiency on the phase advance in the above ranges of
∆φ, which leaves freedom to vary collimator positions to
match the other requirements [1].
The following design constraints are taken into ac-

count while developing and engineering a collimation
system at a hadron collider:

• Minimum outscattering from a primary-secondary
collimator couple.

• Impedance constraints.
• The apertures do not occlude any beam when in the
garage position.

• No quench of downstream superconducting mag-
nets.

• Muon vectors downstream do not create any prob-
lem to the experiments and environment.

• Local shielding (if needed) provides protection of
ground water and equipment around the unit, and
residual dose rate on its outside below 1 mSv/hr.

• Target/jaw material integrity and cooling issues.
• Alignement issues.

TEVATRON RUN II

The Tevatron Run II collimation system [9] is based on
a two-stage approach to localize most of beam losses
in the straight sections D49, EØ and F17. Collimator
positions in the ring are shown in Fig. 2. Parameters
of the scatterers and secondary collimators have been
carefully optimized for the 1-TeV proton and antiproton
beams. The 5-mm thick tungsten primary collimators are
positioned at 5σ from the beam axis both in vertical
and horizontal planes. The 1.5-m long stainless steel
secondary collimators consist of L-shape jaws positioned
at 6σ from the beam axis in both planes. Numerical
simulations were done for the lattice in the presence of
the proton and antiproton orbit separation designed for
Run II.
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FIGURE 2. Tevatron Run II beam collimation system.

Large amplitude protons are intercepted by the sec-
ondary collimators during the first turn after interaction
with the primary collimator. Protons (antiprotons) with
amplitudes smaller than 6σ survive during several tens
of turns until they increase amplitude in the next interac-
tions with primary collimators. These particles produce a
secondary halo and occupy the 6σ envelope. Beam halo
particles interact with primary collimators 2.2 times on
average. About 0.1% of protons and antiprotons hitting
the secondary collimator jaws are scattered back into the
beam pipe and later lost on limiting apertures, in most
cases upstream of the CDF and DØ collider detectors.
Products of beam-gas interactions not intercepted by the
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Tevatron Collider Collimation System
Eventual	2-stage	approach	
taken,	adopted	from	SSC	
system	development

alignment	of	
models	with	
operational	data	is	
a	continuous	
process	

measured	gas	pressure

predicted	beam	loss

from	Mokhov,	AIP	693,	14	(2003)
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LHC

At nominal operation parameters, each of the 7 TeV
circulating beams of the LHC contains approximately
334 MJ of energy, which is enough to cause severe dam-
age to the expensive machine and detector equipment.
An extremely reliable abort system will use fast extrac-
tion to divert the beam to an external graphite absorber at
the end of a normal fill or in case of a detected anomaly in
beam behavior. There are three collimation systems im-
plemented into the complex: high-luminosity interaction
region protection, beam cleaning system and protection
at beam accidents.
The high-luminosity IR protection system on each

side of the IP1 and IP5 has been designed over the years
on the basis of comprehensive MARS calculations [19]. It
includes:

• The TAS front copper absorber at L=19.45 m from
the IP (1.8 m long, 34-mm ID, 500-mm OD).

• A 7-mm thick stainless steel (SS) liner in the Q1
quadrupole.

• The SS absorber TASB at L=45.05 m (1.2-m long,
r=33.3-60 mm).

• A ∼3-mm thick SS liner in the Q2A through Q3
quadrupoles.

• 40-cm long SS masks at L=23.45m, r=250-325mm
to protect the Q1 slide bearings.

• The neutral particle 3.5-m copper absorber TAN at
140 m from the IP.

• The 1-m long TCL SS collimator at 191 m from IP.

This system, developed under realistic engineer-
ing constraints, will protect the LHC IP1/IP5 region
components against luminosity-driven short- and long-
term deleterious energy deposition effects with a good
safety margin, at least at the design luminosity of
1034 cm−2s−1, not compromising the physics both in
the main (CMS and ATLAS) and forward (TOTEM)
detectors.
The beam cleaning system occupies two dedicated

insertions for momentum cleaning in IR3 (1 primary and
6 secondary), and betatron cleaning in IR7 (4 primary
and 16 secondary), with 54 movable collimators total
for two rings. The system layout has been worked out
to provide the required cleaning efficiency of 99.998%
and integrated into the machine. Open questions still re-
main [20]: foreseen collimator materials do not with-
stand the expected beam impact (require a factor of 100-
200 better resistance); impedance from collimators is
critical; mechanical and operational tolerances are tight;
high activation imposes severe restrictions on hands-on
maintenance.

Protection at beam accidents. A beam loss, caused
by an unsynchronized abort launched at abort system
malfunction, can cause severe damage to collider inner
triplet components and the CMS detector near-beam el-
ements. A set of stationary collimators for the IP5 inter-
action region has been proposed in [21] to protect its el-
ements and mitigate consequences to the detector. Fig. 4
gives details of the MARS model of the system. The first
collimator is positioned at 21σcollis=10.3σin ject=10mm
from the beam orbit (11.8mm from the beam pipe cen-
ter). Second and third collimators are used to protect
magnets from secondary particles emitted from the first
one. The collimator configuration, materials and dimen-
sions have been carefully optimized to provide reliable
protection of the inner triplet and to ensure collimator
survivability. Combined with an unsynchronized abort,
such a system reduces peak energy deposition in the IP5
inner triplet quadrupoles by almost six orders of magni-
tude compared to the disastrous case of a 1-module pre-
fire.
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FIGURE 4. Stationary collimators in the LHC IP5 outer
triplet.

Alternatively, a movable collimator system in the IP6
beam abort straight section, as close to the cause as
possible, has been proposed in [22] to protect the entire
LHC machine. The configuration of the system is similar
to the one shown in Fig. 4. A composite 9.5-m long
graphite (8 m) and aluminum (1.5 m) collimator TCDQ
is placed at a radial position of 9.1 mm, corresponding
to 8σx of the circulating beam at collision energy of
7 TeV, plus orbit deviations. It is movable, i.e. the jaws
are retracted at injection to accommodate a larger beam
size. The studies revealed that with this system, the entire
machine and detector components are reliably protected
against any damage at an unsynchronized beam abort.
The peak temperature rise in the IP6 components is quite
acceptable. If the abort kicker delay time exceeds 1 µs,
several first SC quadrupoles and dipoles in the IP6 can
quench. Two additional movable 2-m steel masks are
added between the Q5 quadrupole and SC dipoles to
reduce the length of the quench region to less than 50%
of the first string.
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LHC Collimation System Studies

LHC

At nominal operation parameters, each of the 7 TeV
circulating beams of the LHC contains approximately
334 MJ of energy, which is enough to cause severe dam-
age to the expensive machine and detector equipment.
An extremely reliable abort system will use fast extrac-
tion to divert the beam to an external graphite absorber at
the end of a normal fill or in case of a detected anomaly in
beam behavior. There are three collimation systems im-
plemented into the complex: high-luminosity interaction
region protection, beam cleaning system and protection
at beam accidents.
The high-luminosity IR protection system on each

side of the IP1 and IP5 has been designed over the years
on the basis of comprehensive MARS calculations [19]. It
includes:

• The TAS front copper absorber at L=19.45 m from
the IP (1.8 m long, 34-mm ID, 500-mm OD).

• A 7-mm thick stainless steel (SS) liner in the Q1
quadrupole.

• The SS absorber TASB at L=45.05 m (1.2-m long,
r=33.3-60 mm).

• A ∼3-mm thick SS liner in the Q2A through Q3
quadrupoles.

• 40-cm long SS masks at L=23.45m, r=250-325mm
to protect the Q1 slide bearings.

• The neutral particle 3.5-m copper absorber TAN at
140 m from the IP.

• The 1-m long TCL SS collimator at 191 m from IP.

This system, developed under realistic engineer-
ing constraints, will protect the LHC IP1/IP5 region
components against luminosity-driven short- and long-
term deleterious energy deposition effects with a good
safety margin, at least at the design luminosity of
1034 cm−2s−1, not compromising the physics both in
the main (CMS and ATLAS) and forward (TOTEM)
detectors.
The beam cleaning system occupies two dedicated

insertions for momentum cleaning in IR3 (1 primary and
6 secondary), and betatron cleaning in IR7 (4 primary
and 16 secondary), with 54 movable collimators total
for two rings. The system layout has been worked out
to provide the required cleaning efficiency of 99.998%
and integrated into the machine. Open questions still re-
main [20]: foreseen collimator materials do not with-
stand the expected beam impact (require a factor of 100-
200 better resistance); impedance from collimators is
critical; mechanical and operational tolerances are tight;
high activation imposes severe restrictions on hands-on
maintenance.

Protection at beam accidents. A beam loss, caused
by an unsynchronized abort launched at abort system
malfunction, can cause severe damage to collider inner
triplet components and the CMS detector near-beam el-
ements. A set of stationary collimators for the IP5 inter-
action region has been proposed in [21] to protect its el-
ements and mitigate consequences to the detector. Fig. 4
gives details of the MARS model of the system. The first
collimator is positioned at 21σcollis=10.3σin ject=10mm
from the beam orbit (11.8mm from the beam pipe cen-
ter). Second and third collimators are used to protect
magnets from secondary particles emitted from the first
one. The collimator configuration, materials and dimen-
sions have been carefully optimized to provide reliable
protection of the inner triplet and to ensure collimator
survivability. Combined with an unsynchronized abort,
such a system reduces peak energy deposition in the IP5
inner triplet quadrupoles by almost six orders of magni-
tude compared to the disastrous case of a 1-module pre-
fire.
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FIGURE 4. Stationary collimators in the LHC IP5 outer
triplet.

Alternatively, a movable collimator system in the IP6
beam abort straight section, as close to the cause as
possible, has been proposed in [22] to protect the entire
LHC machine. The configuration of the system is similar
to the one shown in Fig. 4. A composite 9.5-m long
graphite (8 m) and aluminum (1.5 m) collimator TCDQ
is placed at a radial position of 9.1 mm, corresponding
to 8σx of the circulating beam at collision energy of
7 TeV, plus orbit deviations. It is movable, i.e. the jaws
are retracted at injection to accommodate a larger beam
size. The studies revealed that with this system, the entire
machine and detector components are reliably protected
against any damage at an unsynchronized beam abort.
The peak temperature rise in the IP6 components is quite
acceptable. If the abort kicker delay time exceeds 1 µs,
several first SC quadrupoles and dipoles in the IP6 can
quench. Two additional movable 2-m steel masks are
added between the Q5 quadrupole and SC dipoles to
reduce the length of the quench region to less than 50%
of the first string.
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In	addition	to	general	beam	(halo)	
cleaning,	LHC	implemented	modern	IR	
protection	schemes	and	stronger	
protection	against	beam	accidents	

LARP	program	also	involved	in	collimator	
hardware	studies	as	well	as	energy	
deposition	calculations
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0.84 mm/s for f3 = 400 m, and 0.24 and 1.44 mm/s for f3 = 1200 m (see Table 2). For such 
velocities the impact parameter L1 of the halo particles on the scraper is extremely small (-1-2 Jlm), 

resulting in many difficulties in designing a scraper system. 
A scraper cannot intercept all the incident protons because there is a high exit probability for 

particles traveling close to the material surface that undergo multiple Coulomb scattering and 
elastic and diffractive scattering.2 Having a very small impact parameter presents another problem: 
an extremely high energy deposition density at the shower maximum in the scraper. So, the 
following issues must be considered in the design of a scraper system: 

• Material integrity: cracking/melting, cooling system, and radiation damage 

• Outscattered protons: quenches in downstream magnets 

• Outscattered protons: beam size and background in IPs 

• Alignment requirements 

• Muon vector downstream from the scraper 

• Residual radioactivity 

• Radiation shielding. 
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1.0 INTRODUCTION 

In the Superconducting Super Collider (SSC), l as in any other accelerator, the fonnation of a 
beam halo due to a variety of reasons is unavoidable. Proton scattering in pp-collisions and in 
beam-gas interactions and the diffusion of particles due to various non-linear phenomena out of 
the beam-core-all result in emittance growth and eventually in beam loss in the lattice. The 
radiation effects in the lattice elements, with emphasis on the superconducting magnets, and some 
possible protective measures have been analyzed in detail in an earlier report.2 Another 
consequence of the beam halo is the increase of the beam size at interaction points (JP) and of 
higher background rate at the experimental setups. Therefore, a very efficient beam scraper system 
must be designed and installed in order to provide reliable operation of the superconducting 
machine, to sustain favorable experimental conditions, and to have minimal impact of radiation on 
equipment, personnel, and the environment. A preliminary investigation on such a system for the 
SSC is described elsewhere.l-4 We note that there is experience on this subject at both Fermilab5 

and CERN.6 

In this paper we present the results of a full-scale study of a beam scraping system that is 
designed to guarantee reliable operation of the SSC throughout the whole cycle and for minimum 
background for experiments at the interaction regions. The machine aperture limits and beam loss 
fonnation are analyzed. Simulation programs and a calculational model are described. The physics 
of beam scraping is explored, and measures to increase significantly the system efficiency are 
detennined. A tolerable scraping rate, taking into account scraper material integrity, quench limits 
in downstream superconducting magnets, radiation shielding requirements, and minimal beam 
halo levels at the IPs are also determined. Finally, a complete mUlti-component scraper system in 
the SSC East Cluster is proposed. 

Throughout the paper we define a scraper as a primary absorber consisting of precise movable 
jaws that have a flat inner edge along the circulating beam and which may be forced to touch the 
beam halo in horizontal or vertical planes. Secondary absorbers--collimators--are destined to 
intercept outscattered protons and other particles produced in scraper material. All these are 
surrounded with a radiation shielding. 

2.0 BEAM RELATED PARAMETERS 

Basic SSC parameters l related to the considered problem are listed in Tables 1 and 2. The 
number of protons circulating in each of the Collider rings is 1.3 x 1014. The dipole aperture is 50 
mm, and the beam pipe diameter is 40 mm. Dispersion and J3-functions for the East Utility 
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Introduction of a “2-Stage” Collimator System

• First	investigated	in	detail	during	the	SSC	site-specific	
design	development,	later	implemented	in	the	Tevatron

8
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Fig. 2. Principal scheme of a two-stage collimation system. 
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Y 

along the machine. Local sources such as pp-collisions and scrapers add some peaks to the 

above "pedestal." Results on beam loss distribution in this paper are presented for those 

peaks only. Calculations of the source term and energy deposition in the components have 

been done with MARS 12 code [5]; particle tracking in the lattice with STRUCT code [6]; 

and thermal analysis with ANSYS code [7]. 

2. Two-stage collimation system 

The most direct way of collimating a beam of particles is to define the physical aperture 

with a solid block of absorbing material. Depending upon the material and thickness, a 

certain fraction of the intercepted beam will survive, either by traversing the whole length 

of the block or by being scattered out of the block. Fig. 1 shows particle angular 

distribution at the downstream end of the scraper block for the LHC 8-TeV protons [8]. 

The number of protons penetrating the whole length of the scraper can be reduced by using 

a longer block or a "denser" material. Suppression of the outscattered particles is much 

more difficult. For a given material, the position and width of the peak of the outscattered 

particle yield depends upon the impact parameter and particle energy. The smaller the 

impact parameter and the higher the energy, the narrower the peak becomes and the closer it 

moves to the zero-angle position. 

The principal scheme of a two-stage collimation system is shown in fig. 2. The 

transverse position of outscattered protons and of protons traversing the entire block is 

almost the same, but they have different angular distributions. Consequently all these 

particles fall along a vertical straight line in the phase space, as shown in fig. 2. After 

rotating about 10° in the phase advance, the segment of line corresponding to positive angle 

can be efficiently intercepted by a secondary collimator. For a segment corresponding to 

outscattered particles (negative angles), it is necessary to place a secondary collimator at 

about 150
0 

in phase advance downstream of the first collimator. The Tevatron uses only 
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SSC Beam Cleaning
9
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Fig. 8. Scraper and collimator positions in the Collider West Utility. 
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6. East utility scraping 

The described scraper/collimator system is sufficient to protect Collider equipment from 

irradiation. But zero dispersion in the West Utility doesn't provide an opportunity to clean 

the beam from off-momentum particles. Therefore, a matching lattice with non-zero 

dispersion was considered in the East Utility for off-momentum scraping, as shown in 

fig. 18. The is almost the same as that in the West Utility, but the dispersion (see 

fig. 18) is equal to 2 m. The main purpose of the scraper system in the East Utility is to 

clean the beam of off-momentum particles, as shown in fig. 19. This scheme is the same as 

that shown for the West Utility, but the dogleg is much simpler and cheaper. It consists of 

eight resistive 1-T, 6-m-Iong dipoles. The same scheme can be used for slow extraction of 

the beam with bent crystals. 

600 600 

400 400 

o 

200 t ................ 7'Jx 
....... -...... " ' , ... ,,' \,' , 

\ , , . " " , , , , , , , , , , , , 
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o 
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Fig. 18. Lattice functions in the East Utility. 
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til 
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Fig. 19. Principal scheme of beam cleaning for off-momentum protons in the East Utility. 

7. Cost 

To eliminate redundant engineering cost, the designs for High Energy Booster (HEB) 

and Collider scrapers and collimators should be done in parallel, because the effect and 

consequences of beam-scraper interaction are practically the same at 2 and 20 TeV. 

Therefore, this would be a shared cost for all collimators and scrapers in the HEB and 

Collider. Thus, it was agreed to use a 2.8-m-long L-shaped jaw for all collimators in both 

accelerators. Reliability and subsystem impact issues were also considered. A cost estimate 

for the HEB and Collider scraper/collimation systems was put through the value 

engineering process. For the Collider, the final cost estimate for the system engineering 

design is $1. 103M; for procurement, assembly, fabrication, transit, installation, and test 

the estimate is $7.174M. The shielding cost is $3.998M, leading to a grand total of 

$12.275M for the Collider system. For the HEB the corresponding cost is estimated at 

$1.993M. 

27 
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5.0 SCRAPING AND MATERIAL CHOICE 

A beam scraping system must minimize beam loss in the machine throughout the cycle, fonn 
the required transverse emittance before the collisions, and save this emittance during the whole 
collider run. Such a system should be capable of intercepting a high halo rate and absorbing most 
of its energy with minimal effect to the downstream equipment and IP. Most of the above beam 
halo particles have to be trapped with a scraper at a distance from the beam axis xo, which defines 
the minimum machine aperture (Figure 4). To intercept protons with the large amplitude one needs 
to put the scraper in the region with the largest J3-function. To trap off-momentum protons a non-
zero dispersion at that position is required to provide L1 = 11 L1p/p 0 (Figure 4). The primary Xo 

is chosen to be 100 (see Tables 2-5 and Reference 6). To provide favorable experimental 
conditions, according to Fermilab5 and experience, this distance should be as small as 60" 
or even less (30). This can be achieved by moving the beam slowly with some velocity in the 3-
100" range with the simple bump-magnet (see Section 9.0). 

The average impact parameter L1 of the halo particles at the scraper face grows linearly with 
this velocity and with the proton transverse drift speed V. Figure 5 shows this dependence for the 
average and maximum L1 for f3 = 400 m and scraper in final position = 30'. According to CERN 
experience6 V-I o/s and 60'/s at Xo = 30' and 60', respectively. It corresponds to V = 0.14 and 
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Figure 26. Lattice Functions and Schematic Magnet Layout for an East Utility Straight Section Scraper System. 

Table 11. Scraper System Parameters: Dogleg Magnets. 

No. Element S(m) L(m) B(kG) 

Asymmetric Dogleg 

1 BM1 426.5 15 -20 
2 BM2 521.0 20 +20 
3 BM3 916.5 5 -20 

Dogleg with Lambertson 

1 BM1 428.5 27.5 -17.1 
2 BM2 628.0 94.0 10.0 
3 BM3 894.0 27.5 -17.1 

27 

This	was	the	era	in	which	beam	optics	designs	
tailored	to	collimation	system	started	to	be	
investigated,	and	in	which	suitable	materials	
were	more	thoroughly	explored.	

Much	of	this	work	came	near	the	end	of	the	
project,	hence	were	not	flushed	out	entirely.
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VLHC Collimation
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Lattice Design Investigations
• Looking at optical design options to enhance 

collimation and protection systems
• Betatron cleaning scales well from LHC; can always 

look for improvements

12

Maria Fiascaris FCC design meeting, 26/02/201510

FCC betatron cleaning
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Lattice Design Investigations

• Momentum spread 
decreases for higher 
energies, and dispersion 
harder to generate in a 
short space

• Look to improve momentum 
cleaning through optical 
designs

13
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Lattice Design Investigations

• Create insertion with
• “low-beta” optics, 

and
•  larger dispersion

14
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Then,	for	FCC	parameters,	

About	the	middle	of	a	straight	section	with	a	focus,	

for	s	<	!*/2,	this	factor	>	0.8
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Lattice Design Investigations

• Produce an insertion 
with “low-beta” optics 
(!* ~ 100 m) and a 
larger dispersion       
(D* ~ 5-10 m)

• Concept is still under 
investigation, including 
geometric implications, 
etc.

15
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Energy Deposition Modeling  (from FCC Week 2015)

17

FCC Week, Washington, DC, March 23-27, 2015 FCC-hh: Beam Loss, IP Debris & MDI -  N.V.  Mokhov 23 

Summary 
• IP collision debris: dominant at multi-TeV pp colliders; 

hard to deal with but manageable up to HL-LHC. 
Challenging at FCC-hh – especially in its Phase II - for 
inner triplet, neutral beam dump and beyond. The FCC-hh 
inner triplet based on large-aperture cos-theta Nb3Sn 
quads with a room for thick tungsten inserts is a solution 
with R&D on rad-hard insulation! 20-T HTS schemes also 
deserve consideration for IT quads 

• Machine-induced backgrounds: manageable for multi-TeV 
proton beams with appropriate multi-component 
collimation systems far from IP and in the IP vicinity 

• Full simulations for FCC-hh are needed in iterations with 
detector, IR lattice and magnet designers 

FCC Week, Washington, DC, March 23-27, 2015 FCC-hh: Beam Loss, IP Debris & MDI -  N.V.  Mokhov 7 

SyncRad Modeling in FCC-hh Arcs   

MARS15-modelled synchrotron photon emission: 
~30 W/m/aperture deposited by keV electrons in 
dipole beam-pipe  (slits in dipoles and photon 
absorbers in interconnect regions, see my talk at 
the magnet session) 

16-T dual-aperture Nb3Sn 
dipole with Ti-collar, in 1-m 
diameter cryostat envelope 
(A. Zlobin) 

M.	Besana

N.	Mokhov
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LHC-type solution, but other solutions should be investigated 
• hollow beam as collimator 
• crystals to guide particles 
• renewable collimators

FCC Beam Collimation
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Summary & Outlook
• Future Work in the US

‣ optical layout, especially regarding momentum 
collimation

‣ further MARS development
‣ Investigations into fault scenarios and multiple 

stages of collimation
‣ explorations into alternative methods (e-lenses, etc.)

• U.S. has been at frontline of energy deposition 
calculations and simulations for many decades; desire 
is to contribute further to future collider efforts at the 
energy frontier

19
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