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Abstract

The HL-LHC upgrade baseline foresees to replace all secondary collimators
of IR7 until LS3 in order to ensure a sufficient margin for beam stability with the
high-brightness upgraded beams. The present TCSG design is based on a carbon—
fibre composite (CFC) material and will be replaced with a new low—impedance de-
sign (TCSPM). The TCSPM design is based on a Molybdenum—Graphite (MoGr)
composite material coated with pure Molybdenum. These collimators also embed
in—jaw beam position monitors (BPMs) for a fast alignment and local orbit moni-
toring as well as an additional BPM for measurements of the orbit transverse to the
collimation plane. A staged deployment strategy of the low—impedance upgrade
is proposed that foresees to install 4 TCSPM collimators per beam in LS2 and the
remaining 7 in LS3. In this note, the slots to be equipped with the TCSPM in LS2
are defined.
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1 Introduction

The low—impedance upgrade of the LHC collimation system [1] is necessary
to ensure with sufficient margins the stability of the HL-LHC high-brightness
beams [2], of intensity nearly doubled compared to that of the present LHC. From
the impedance and beam instability point of view, the goal of the upgrade is to re-
place those collimators in IR7 which dominate the impedance contribution from
collimators, to achieve on paper a stabilising octupole current which is a fac-
tor ~2 lower than the maximum available octupole current [2]. Such a margin
is deemed necessary in order to compensate for other sources of beam instability
which emerged in past years of LHC operation like external noise injected into the
beam (e.g. via ADT, power converters, etc...). These sources have been spot in
measurements in recent years, showing that they can lead to beam instability [3];
nevertheless, scaling laws are presently not clear and will be investigated in the
coming years. From the robustness point of view, the new collimators should with-
stand the increased loads induced by the brighter HL-LHC beams; in particular,
maximum loss rates will double, as a result of the doubled bunch intensity for the
same minima of beam lifetime with respect to nominal LHC design figures [1].

The collimation upgrade foresees to replace all the 22 secondary collima-
tors of the betatron cleaning insertion (IR7), called TCSG, with new ones with
a new design, called TCSPM. The new design is based on an active part made of
molybdenum-—graphite (MoGr) coated with Mo that replaces the present design
based on carbon—fibre composite (CFC). In addition, the new design includes two
in—jaw beam position monitors (BPMs) for the collimator alignment, and a new
third BPM that enables measuring the orbit in the plane orthogonal to the colli-
mation plane. A new design of the transitions at the jaw extremities that house the
BPMs is also implemented. A drawing of the TCSPM design is shown in Fig. 1.
Details of other design improvements can be found in [4].

Our project strategy is to pursue a staged deployment of the low—impedance
collimators, consisting of two phases: a first installation in the Long Shutdown
2 (LS2, in the period 2019-2020) followed by a second installation in LS3, in
2023-2024 [2]. This approach has various advantages. It already provides an
important reduction of the collimator impedance for the LHC Run III, when the
upgraded beam parameters from the LHC Injector Upgrade (LIU) program will
progressively become available. This will provide important benefits to the LHC
operation and will allow studying better the possible impedance limitations. In
addition, a staged deployment allows possible further iterations on the new col-
limator design for the second production line for LS3. The staged approach also
allows distributing resources that would otherwise have to be made available in
LS3, when various other parallel activities for different HL-LHC upgrades will
be on—going, in particular the collimation upgrade of the high—luminosity inser-



tions IR1 and IR5 [2].

For an optimum deployment of low—impedance collimators in Run III, vari-
ous studies were carried out to identify the IR7 secondary collimator slots to be
upgraded with highest priority. This analysis starts with an assessment of the slots
that contribute most to the collimator impedance, but also includes other con-
siderations related to the overall performance of the collimation system. After a
brief recap of the present layouts in IR7, which also addresses the constraints that
have to be taken into account, the design of the TCSPM collimator is reviewed.
Different possible layouts are then comparatively assessed for the post—L.S2 LHC
running configuration. Based on the outcome of these studies, a baseline solution
is proposed and conclusions are drawn.
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Figure 1: 3D drawing of the TCSPM collimator, showing an extremity of the
jaw, with the embedded BPM, the “third” BPM for orbit measurements in the
plane orthogonal to the collimation plane, and the new tapered transitions made
of MoGr.

2 Present layouts and installation constraints

The layouts of the betatron and off-momentum collimation cleaning insertions
were prepared for a low—impedance upgrade from the initial design phase [1].
Each TCSG secondary collimator of IR7 (22 devices) and IR3 (8), has an adjacent
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slot called “TCSM”, where “M” stands for metallic' [1]. An example taken from
the 3D integration drawings of the machine is shown in Fig. 2. These slots are all
equipped with the required cabling and ancillaries (support, cooling water, beam
loss monitor, etc. ..) for the installation of a new collimator?2.

The installation of the new collimators can therefore be made either by replac-
ing the existing TCSG collimators or by using the empty slots immediately down-
stream. The final decision for LS2 is to install the new collimators in the TCSM
slots unless these are taken by prototypes or test devices installed in the LHC [5, 6]
for MDD activities; in this way, a hybrid scenario where both old and new collima-
tors are temporarily kept operational could also be envisaged for Run III. This
solution is not favoured for the long term because it would entail the maintenance
of twice the number of devices, but could be considered as a temporary strategy
for the initial commissioning of new collimators; the impact on the requirements
for the collimator control units should also be assessed. Moreover, setting the
TCSGs in the slots upstream of those of the new TCSPMs to parking position for
LHC operations would be fine from the impedance point of view only in case of
absence of non-conformities (e.g. from RF fingers, etc...) [7], which otherwise
could make the impedance contribution of those collimators non-negligible, de-
spite their open settings. Hence, after acquiring suitable experience with the new
hardware in Run III, it could be envisaged to remove the IR7 TCSGs to avoid any
possible impact on impedance from unused hardware.

It is also important to note that some of the TCSM slots and/or cabling were
used in Run II for other test devices installed in IR7:

* the B2 slot TCSM.D4R7.B2 was used in 2017 for the installation of a low—
impedance TCSPM prototype [5]; its layout name is TCSPM.D4R7.B2;

* the symmetric slot for B1 was used in 2015 for the installation of a crystal
collimator device [6];

¢ three other sets of cables for TCSM slots were used in 2015 and 2017 for
crystal collimator devices [6, 8].

These constraints will have to be taken into account for the assessment of L.S2
activities. The test devices will remain at their place; hence, the TCSGs presently
in the IR7 slots D4 will be replaced by the new TCSPMs.

'The new collimator name adds a “P” indicating the presence of orbit pick—ups.

’It is noted that cabling for the readout of the beam position monitors integrated in the jaw were
not part of the initial installation because the previous design did not include this design feature.
The short, radiation—hard cables from the tunnel’s cable trays to the collimator support are also
not installed for every TCSM slot.
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Figure 2: 3D integration drawing of a secondary collimator slot in IR7, showing
the present TCSG collimator and the adjacent “TCSM” empty slot for future up-
grade of the system. Both slots were fully cabled in the initial installation phase
of the collimation system. 22 empty slots are available in IR7 and 8 in IR3.

3 Highlights of TCSPM design

The design of the new collimators (see Fig. 1) relies on a modular concept that
allows embarking different absorber materials in the jaws, with no other impact or
modifications to the other collimator components. The design can thus be adopted
indifferently for primary, secondary and tertiary collimators, with obvious advan-
tages for the series production. A detail of the jaw design is shown in Fig. 3. The
“third BPM” for orbit measurements in the plane orthogonal to the collimator jaw
movement is also visible. It measures the orbit position in the plane transverse to
that of the jaw movement.

According to the present baseline, the TCSPM collimator jaws are made of
MoGr [9], while tertiary collimators for HL-LHC will be built with Copper—
Diamond (CuCD) jaws [10], which increases the robustness of the absorber against
particle beam impacts with respect to the tungsten alloy adopted so far. A 5 to
6 um-thick Molybdenum coating will be applied to the MoGr blocks to reduce
further the TCSPM electrical resistivity, optimizing the behaviour of the com-
ponent in terms of RF impedance. The coating cannot be applied to a primary
collimator, as the thermal loads in operation are mostly concentrated on a thin
material layer at the jaw beam face [11]. Four primary collimators will be built in
MoGr and be installed in LS2 together with the new TCSPMs.

In the case of a secondary collimator (TCSPM) the active jaw length is 100 cm
and the absorber is made of eight blocks, each 125 mm long. It is interesting to
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Figure 3: 3D drawing of the TCSPM collimator, showing an extremity of the
jaw, with the embedded BPM, the “third” BPM for orbit measurements in the
plane orthogonal to the collimation plane, and the new tapered transitions made
of MoGr.
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Figure 4: Transverse cross section of the TCSPM jaw at the mid location, where
the active material is 25 mm thick.

note that the active jaw length of the primary collimator (TCPPM) is 60 cm. This
shorter length is achieved by decreasing the MoGr blocks’ thickness from 125 mm
to 120 mm, through two transition regions on the second and on the last but one
blocks of the jaw. A transverse cross section of the new jaw, at a central location
with the full block thickness of 25mm, is given in Fig. 4.

A summary of the thermo—physical properties of MoGr is reported in Table 1.
For reference, we also report the same properties for CuCD that is considered
for future tertiary collimators. While CuCD is an isotropic material, MoGr is
transversely isotropic, and this is due to its production process>.

3In fact, the graphitic matrix is compressed at temperatures above the melting point of the
molybdenum carbides created during the cycle; the liquid phase acts as a catalyst for the graphiti-
zation of the structure, with the creation of graphite planes with very good properties in the direc-



Table 1: Main thermo—physical properties of the MoGr used for the TCSPM col-
limator, and of the CuCD composite that is being considered for future upgrade
of the LHC tertiary collimators.

Property Direction MoGr CuCD
Density (g cm™>) - 250 525
Thermal diffusivity (mm? s~ 1) x 314 1892
y 4689 189.2

z 4689 189.2

Specific heat J kg1 K~1) - 601 340
Thermal conductivity (W m~T K=1) X 472 3379
y 706.2 3379

z 7062 3379

Thermal expansion coefficient x 11.70 6.56
(umm~! K1) y 133 656
zZ 1.33 6.56

Young’s modulus (GPa) X 47 160.0
y 767 160.0

z 7677 160.0

Shear’s modulus (GPa) Xy 3.8 75
yz 330 75

ZX 3.8 75

Poisson’s ratio xy  0.10 0.07
yz  0.16 0.07

zx  0.10 0.07

Flexural strength (MPa) X 11.5 104
y 80 104

z 80 104

Flexural strain to failure (um m- 1) X 5140 5750
y 1960 5750

z 1960 5750




With the new design, the taperings are also upgraded from the TCSG design,
and are made of MoGr instead of Glidcop. Numerical analyses and recent tests at
the HiRadMat facility, in fact, showed that Glidcop cannot sustain the accidental
design scenario of beam injection errors, whilst no problems were found in the
case of a MoGr tapering [12]. The signal of the three BPMs is extracted through
coaxial cables, made of stainless steel, with a glass—ceramic junction at the level
of the feed—throughs to ensure the UHV tightness. The configuration of the ca-
bles was optimized by means of numerical calculations to minimize the stresses
induced on it during opening and closing of the two jaws.

The jaw design was performed with the goal of minimizing the temperature
and the bending deformation induced by the beam losses in the nominal design
scenario for steady beam losses. For this reason, the contact between the active
jaw and the Glidcop housing was improved with respect to CFC collimators, with
a contact pressure increased from 3 bar to 18 bar. Technically, the upgrade was
possible thanks to a clamping system (see Fig. 4) with the contact force given by
screws instead of the old springs. This significantly improves the thermal conduc-
tance at the contact interface, with a beneficial effect on the maximum temperature
reached by the absorber blocks. Moreover, the housing and stiffener have a higher
rigidity, increasing the moment of inertia of the section and reducing the defor-
mations. Nevertheless, beam losses as high as at the HL-LHC, reaching the level
of 1 MW, remain a challenge for collimators.

4 Comparative assessment of alternative layouts

4.1 General considerations

Various considerations have to be taken into account in the choice of optimum
slots for new collimators. The first one is the assessment of single—collimator
contributions to the total machine impedance. This is of primary importance for
the specific scope of the LS2 upgrade that is aimed at minimizing the collimator
impedance in Run III, given the constraint that only 4 new collimators per beam
will be available.

On the other hand, other aspects of the operation at high intensity should not
be underestimated for the choice of optimum layouts: (1) total beam loads, and
corresponding thermo—mechanical response of the collimators, during standard
and abnormal loss rate scenarios; (2) exposure of individual secondary collima-
tors, and of their coated surface, to fast design failures at injection and at top
energy; (3) impact on the collimation cleaning performance. Note in particular

tions parallel to the plane, and lower values of the property parameters in the direction orthogonal
to the planes.
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Figure 5: Computed single—collimator contribution to the dipolar impedance and
the corresponding octupole current required to stabilize the beams. The imaginary
part of the effective impedance is plotted for the ultimate operational scenario at
the top energy of 7 TeV [13]. The octupole current contributions are estimated
from a scaling of the dipolar impedance.

that the LIU upgrade is scheduled to be completed by LS2 and therefore higher
intensity beams will progressively become available in Run III. Also note that the
LS2 installation for the operation in Run IIT will likely remain untouched in LS3
for the final HL-LHC layouts and therefore the new slots equipped in LS2 should
be considered as final for the HL-LHC era.

The dipolar impedance of individual IR7 TCSGs, as well as the corresponding
current needed for stabilization through the Landau octupoles, are shown in Fig. 5.
Since these collimators dominate the total impedance of the machine, the stabi-
lizing octupole current is roughly proportional to their impedance contributions.
It can be seen that, among the secondary collimators, the largest single contrib-
utors to the machine impedance are TCSG.D4R7.B2 in the horizontal plane and
TCSG.A6R7.B2 in the vertical plane. The specular slots for B1 yield the same
result.

The fast design failures that we consider are injection failure, at injection
energy and injection optics (in the vertical plane), and extraction failure (asyn-
chronous beam dump) at top energy (in the horizontal plane). To quantify the risk
of impacting a certain collimator during beam failures, we show in Tables 2-3 the
phase advances from the injection and extraction kickers in the respective planes.
For injection failure, we consider the injection optics, while for asynchronous
beam dump we consider the optics at the end of ramp and squeeze, as well as the
end point of the squeeze, for each configuration. As the optics in Run III is not
yet known, we study optics for both HL-LHC v1.3 and the 2017 ATS optics.
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The closer the fractional phase advance is to 90° or 270°, the larger is the
excursion of the oscillating trajectory caused by a mis—fired kicker. Hence, the
collimators with such phase advances are the most critical in terms of robustness.
As it can be seen, the TCSG.D4L7.B1, which is the only purely vertical TCSG and
also has the highest impedance contribution, has a vertical phase advance from the
injection kicker close to 90° for HL-LHC v1.3. Furthermore, the TCSG.B4L7.B1
has a horizontal phase advance from the dump kicker which is close to 270° in
both HL-LHC v1.3 and the 2017 ATS optics, and TCSG.6R7.B2 is close to 90°.
We consider these collimators as being the most likely to be hit by beam during
the design failures.

In spite of these phase advances, the risk of damage is still very small. The
robustness in case of injection failure has been tested in HiRadMat [14], where
288 bunches of 1.4 x 10!! protons per bunch impacted a MoGr TCSPM collimator
with Mo coating. This did not result in any plastic damage of the jaw, but only in
a small scratch in the coating. A fresh surface could be recovered by moving the
collimator along the 5™ axis. Even though the used bunch population is around
60% of the one foreseen for HL-LHC, it is extremely pessimistic that such a large
fraction of the full beam would hit a TCSPM. Tracking simulations show that,
even in the presence of pessimistic imperfections at the injection protection [15],
the escaping protons reaching any single TCSG in IR7 during an injection failure
is smaller.

The case of asynchronous dump is less critical than injection failure for the
collimator robustness. Simulations using the setup described in Ref. [16] of a
single-module type 2 pre—fire, which is the most critical known failure mode of
the extraction kickers, indicate that up to around 7 x 10'! protons could be ex-
pected to impact the most exposed secondary collimators, if 2.2 x 10'! protons
per bunch are assumed as normalization factor. This impact is still significantly
less critical than the injection failure, and a linear scaling of the stress from this
case gives about a factor 10 safety margin to the threshold where plastic deforma-
tion occurs. Still, a local peal—off of the Mo coating cannot be excluded, in which
case a fresh surface could again be recovered by use of the 5™ axis.

In conclusion, for all considered failure modes, there is no risk of damage of
the collimator except that the coating could be scratched; anyway, in such cases,
the collimator can be moved remotely to expose an undamaged surface to the
beam without any impact on operation. Such a recovery action cannot be done
too many times, but since this type of severe accident is very rare, the risk is
considered acceptable.
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Table 2: The horizontal fractional phase advance (ALL,) in optics version HL-LHC
v1.3, as of January 2018, from the dump kickers in each beam, MKD.O5L6.B1
or MKD.O5R6.B2, and the vertical fractional phase advance (Aply) from the in-
jection kickers, MKI.C5L2.B1 or MKI.C5R8.B2, to each of the TCSGs in IR7,
for different values of B*. We show also the transverse angle of the collimation
plane (0 degrees corresponds to a horizontal collimator, 90 degrees to a vertical
collimator).

Collimator Angle (deg)  Au, (deg) A, (deg) Apy (deg)

B*=15cm B*=64cm B*=6m
TCSG.A6L7.B1 141.0 185.0 180.0 68.8
TCSG.B5L7.B1 144.0 261.0 256.0 81.6
TCSG.AS5L7.B1 40.7 262.0 257.0 83.1
TCSG.D4L7.B1 90.0 267.0 262.0 96.0
TCSG.B4L7.B1 0.0 283.0 278.0 152.0
TCSG.A4L7.B1 135.0 285.0 280.0 153.0
TCSG.A4R7.B1 46.3 287.0 282.0 155.0
TCSG.B5R7.B1 141.0 8.0 33 174.0
TCSG.D5R7.B1 514 13.7 8.9 179.0
TCSG.E5R7.B1 130.0 14.7 9.9 180.0
TCSG.6R7.B1 0.5 20.7 16.0 210.0
TCSG.A6R7.B2 141.0 224.0 233.0 345.0
TCSG.B5R7.B2 144.0 299.0 309.0 357.0
TCSG.A5R7.B2 40.6 300.0 310.0 359.0
TCSG.D4R7.B2 90.0 305.0 315.0 11.4
TCSG.B4R7.B2 0.0 320.0 330.0 65.7
TCSG.A4R7.B2 132.0 322.0 331.0 67.5
TCSG.A4L7.B2 42.1 330.0 339.0 73.6
TCSG.B5L7.B2 141.0 46.8 56.4 90.2
TCSG.D5L7.B2 514 52.5 62.1 94.6
TCSG.E5L7.B2 130.0 53.5 63.1 96.1
TCSG.6L7.B2 0.5 59.5 69.2 125.0
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Table 3: The horizontal fractional phase advance (Au,) in the 2017 ATS optics
from the dump kickers in each beam, MKD.O5L6.B1 or MKD.O5R6.B2, and the
vertical fractional phase advance (Au,) from the injection kickers, MKI.C5L2.B1
or MKI.C5R8.B2, to each of the TCSGs in IR7, for different values of B*. We
show also the transverse angle of the collimation plane (0 degrees corresponds to
a horizontal collimator, 90 degrees to a vertical collimator).

Collimator Angle (deg)  Au, (deg) Apu, (deg) Apy (deg)

B*=30cm B*=1m p*=I1m
TCSG.A6L7.B1 141.0 190.0 186.0 354.0
TCSG.B5L7.B1 144.0 265.0 261.0 7.0
TCSG.A5L7.B1 40.7 266.0 263.0 8.5
TCSG.D4L7.B1 90.0 271.0 267.0 21.4
TCSG.B4L7.B1 0.0 288.0 284.0 77.1
TCSG.A4L7.B1 135.0 289.0 286.0 78.8
TCSG.A4R7.B1 46.3 291.0 288.0 80.4
TCSG.B5R7.B1 141.0 12.5 8.9 99.6
TCSG.D5R7.B1 514 18.0 14.5 104.0
TCSG.E5R7.B1 130.0 19.0 15.5 106.0
TCSG.6R7.B1 0.5 25.0 21.5 136.0
TCSG.A6R7.B2 141.0 240.0 239.0 36.3
TCSG.B5R7.B2 144.0 316.0 316.0 49.0
TCSG.A5R7.B2 40.6 318.0 317.0 50.4
TCSG.D4R7.B2 90.0 322.0 322.0 62.9
TCSG.B4R7.B2 0.0 337.0 337.0 117.0
TCSG.A4R7.B2 132.0 339.0 338.0 119.0
TCSG.A4L7.B2 42.1 347.0 346.0 125.0
TCSG.B5L7.B2 141.0 63.7 63.0 142.0
TCSG.D5L7.B2 514 69.5 68.8 146.0
TCSG.E5L7.B2 130.0 70.5 69.9 148.0
TCSG.6L7.B2 0.5 76.6 75.9 177.0
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4.2 Considered layout configurations

Taking into account the constraints above, four different configurations were con-
sidered for detailed impedance, cleaning and robustness calculations. The ratio-
nale for these choices is summarized below. The list of collimators considered
for the upgrade, with the detailed layout information for all the IR7 collimators,
is given in Table 4 for Beam 1 (Beam 2 layouts are equivalent and symmetric
around IP7 [1]). In all cases, we start from the list of the single collimator con-
tributions to the impedance, see Fig. 5, and we assume that the units with largest
contributions are replaced first (called configuration C—1). This would be the ob-
vious choice if impedance reduction was the only constraint. According to the
impedance simulations (Fig. 5), the secondary collimator with the highest contri-
bution to the horizontal dipolar impedance and the corresponding octupole current
is the D4R7, and to the vertical — the A6R7. Alternative configurations are elabo-
rated by assuming that some of the highest contributors to impedance shall not be
addressed for other motivations:

C-1 replacement of the collimators with the largest single contributions to ma-
chine impedance without taking into account any other constraints from loss
scenarios;

C-2 exclude the replacement of the first two skew collimators downstream of the
primary collimators that are the most exposed to regular collimation losses
in terms of energy deposition;

C-3 exclude collimators in the horizontal and vertical planes that are effected by
failure cases at injection and at top energy (asynchronous dump);

C—4 exclude only horizontal secondary collimators that are affected by the top
energy failure, and not the vertical one affected by injection failures only.

4.3 Impedance contributions

The LHC impedance at the top energy is driven by the resistive wall contribution
of its collimation system [17]. For the current Hi-Lumi OP scenario [13] the total
octupole threshold with CFC collimators is about 400 A, close to the limit of the
octupole current (Fig. 6). Nearly all of the octupole threshold is created by the
collimation system, and almost a half comes from the secondary collimators in
IR7. The second largest contributors are the four primary collimators, responsible
for about a quarter of the octupole threshold.

The full upgrade of all TCSGs in IR7 will reduce their resistive wall impedance
dramatically. The total impedance of the secondary collimators in IR7 will de-
crease by a factor of four for the latest HL-LHC operational scenario (Fig. 7).
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Table 4: List of IR7 collimators: primary, TCP; secondary, TCSG; shower ab-
sorbers, TCLA. Their longitudinal position from IP1, s, and from IP7, sjr7, hor-
izontal and vertical betatron functions, S, ﬁy are listed; distances are taken from
the end of the active length. The skew angles are reported as well (0: horizontal;
90: vertical; else: skew). The TCSG marked as M’ are the ones that are replaced
by the new TCSPM design in the different configurations C-1, C-2, C-3 and C+4
considered in the comparative assessment of alternative LS2 layouts. B1 layouts
are considered. The symmetric configurations are considered for B2.

Name s SIR7 Bx B,  Angle Configuration
[m] [m] [m] [m] [deg] 1 2 3 4

TCP.D6L7.B1 19789.5 -204.7 157.6 789 90
TCP.C6L7.B1 19791.5 -202.7 149.3 83.5 0
TCP.B6L7.B1 19793.5 -200.7 141.3 882 127.5

TCSG.A6L7.B1 19833.2 -161.0 393 2293 141.1
TCSG.B5L7.B1 198924 -101.8 163.1 1639 1435
TCSG.ASL7.B1 19896.4 -97.8 1894 1435 40.7
TCSG.D4L7.B1 19917.7 -764 3350 68.0 90
TCSG.B4L7.B1 19987.7 -6.5 1383 1322 0
TCSG.A4L7.B1 19991.7 -2.5 1273 1426 134.6
TCSG.A4R7.B1 19995.7 1.5 117.0 153.6 463
TCSG.B5R7.B1 20086.9 92.8 1243 263.7 141.5
TCSG.D5R7.B1 201029 108.8 217.2 155.6 51.4
TCSG.E5SR7.B1 201069 112.8 245.0 1334 130.5
TCSG.6R7.B1 201415 1474 3329 473 0.5

OUOODUOO0ORNEDOANH
RO OO0OOR8OO0O0O
OOOD0DORNUODORNAH
OUOO0DUOO00ODEANANH

TCLA.A6R7.B1 20148.6 1544 2944 483 90
TCLA.B6R7.B1 20179.5 1853 1577 77.2 0
TCLA.C6R7.B1 20212.7 218.6 67.7 1534 90
TCLA.D6R7.B1 20214.7 220.6 64.2 159.5 0
TCLA.A7R7.B1 202324 238.2 654 1445 0
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Figure 6: Different contribution to octupole current required by the present colli-
mation system. The impedance of LHC collimators has to be reduced in order to
ensure the coherent beam stability for HL-LLHC. The octupole current in the most
critical plane (i.e. the horizontal one) and the most relevant contributions at the top
energy of 7 TeV for Ultimate OP scenario [13] are shown [18]. The maximum
available stabilizing octupole current is 570 A. Reference simulation parameters:
damper gain: d = 100 turn~'; chromaticity: Q' = 10; normalised emittance: &, =
2.0 um.
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Figure 7: Impedance from IR7 TCSG collimators (left frame) and corresponding
required octupole currents (right frame) for different layout configurations for the
Ultimate OP scenario [13]. Options C-1, C-2, and C—4 offer similar reduction
of the impedance of the secondaries in IR7. The second option seems slightly
more preferable, since it provides a larger impedance reduction in the more critical
horizontal plane. Colored bars show the resistive wall contributions of the IR7
secondaries for various coating scenarios in both transverse planes, and the gray
ones show the geometric part of impedance.

A partial upgrade of the secondary collimators provides up to 50% of the to-
tal impedance reduction in IR7, depending on the chosen installation scenario.
Apart from the third upgrade scenario, all options offer a similar reduction of
the total machine impedance, with the second one being slightly preferable from
the impedance point of view. The reason is that the second option offers the
largest reduction in the horizontal plane, which is the most critical for the coher-
ent beam stability: due to the impact of other sources of impedance the horizontal
impedance is larger than the vertical one, requiring a greater octupole current
to stabilize the beam. Since the octupole threshold is the maximum of the two,
horizontal and vertical, it is beneficial to maximize the impedance reduction in
the horizontal plane. That is achieved with the option C-2. The C-1 option, al-
though it includes the highest contributing collimators in both planes, leads to a
slightly lower impedance reduction in the horizontal plane and, as a consequence,
a slightly higher octupole threshold.

Figure 8 depicts individual collimator contributions to the resistive wall (RW)
(left) and geometric (right) parts of effective imaginary dipolar impedance for the
current baseline. The RW contribution comes mainly from three sources: the pri-
mary collimators (TCPs), the secondary collimators (TCSGs) in IR7, and TCSGs
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in IR3. These last ones, not upgraded in the baseline, show an extra potential for
impedance reduction. Their upgrade would further reduce the machine impedance
in the vertical plane. Contrary to the RW part, there are no dominant contributors
to the geometric part (Fig. 8, right). This may be explained, in part, by the approx-
imation of the model used in the present study that does not distinguish the tapers
of different types of collimators and assumes a flat—taper geometry. As the RW
part of impedance is reduced thanks to the low—impedance coatings, it becomes
important to accurately model the geometric component. More refined studies
dedicated to the estimation of the geometric impedance of all types of secondary
collimators [19] showed that the overall impact of the detail of the taper geometry
on the machine impedance is 1 % in the case of LHC and below 3 % in the case of
HL-LHC; in the near future, the LHC impedance model will be refined to account
for the difference in taper geometries.

4.4 Beam loss simulations

For each considered configuration (see Sec. 4.2), cleaning simulations were per-
formed in order to quantify the local cleaning inefficiency in the regions of the
dispersion suppressor (DS) downstream of the betatron collimation system in IR7.
The local cleaning inefficiency maps the leakage by the collimation system all
along the LHC ring; its maximum at cold elements is generally found in the DS
immediately downstream of IR7 [20]. The simulations were carried out with the
SixTrack—FLUKA coupling [21]. These simulations also allow one to generate a
suitable input to energy deposition studies, which in turn can be used for further
thermo—mechanical analyses.

The simulations were carried out using the thin—lens version of the HL-LHC
optics v1.3 [22]. Two working points were simulated:

* B* =6 m: in this configuration, a TCLD collimator in cell 8 downstream of
IR7 is taken into account; moreover, a special version of the IR7 optics [23]
was deployed, re—matched for the removal of the MQWA.ES5[L,R]7;

e B* =15 cm: in this configuration, no TCLD collimator is considered in the
LHC sequence.

The first scenario corresponds to the HL-LHC configuration at the end of the
ramp as planned at the time of writing. The second scenario corresponds to the
smallest 3* optics foreseen for HL-LHC and the choice of not using TCLD col-
limators represents a conservative case for the loads on the tertiary collimators
around the high—luminosity points. Table 5 summarises the collimator settings
used in simulation. Note that the local cleaning inefficiency, which is the focus of
the following, does not depend significantly on the optics choices in the experi-
mental insertions. This is because those losses are dominated by protons scattered
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RW Impedance Geom Impedance

TCTPH.4RB.B2 TCTPH.4RB.B2

TCTPV.4R1.B2 - TCTPV.4R1.B2 ,

TCTXH.4R1.B2 = xdip TCTXH.4R1.B2 = xdip

TCTV.6R1.B2 — ydip TCTV.6R1.B2 — vdip
TCTH.6R1.B2 TCTH.BR1.B2
TCTPV.4R2.B2 TCTPV.4R2.B2
TCTPH.4R2 B2 TCTPH.4R2.82
TCLA.7L3.B2 TCLA.7L3.B2
TCLA.6L3.B2 TCLA.6L3.B2
TCLABSL3.B2 TCLAB5L3.B2
TCLAA5L3.B2 TCLAA5L3.B2
TCSG.B5L3.82 TCSG.B5L3.82
TCSG.ASL3.B2 TCSG.A5L3.B2
TCSG.413.82 TCSG.4L3.B2
TCSG.5R3.B2 TCS5G.5R3.B2
TCP.6R3.B2 TCP.6R3.B2
TCL.6L5.B2 TCL.6L5.82
TCL.5L5.B2 TCL.5L5.B2
TCLX.4L5.82 TCLX.4L5.82
TCTPV.4AR5.B2 TCTPV.AR5.B2
TCTXH.4R5.B2 TCTXH.4R5.B2
e T
TC5P.AALE.B2 | (T—] TCSP.AALG.B2
TCDQA.B4LG.B TCDQA.B4LG.B
TCDQA.C4L6.B TCDQA.C4L6.B
TCDQAA4L6 B TCDQA.A4L6.B
TCLD.BL7.B2 TCLD.BL7.B2
TCLAATLT B2 | TCLAATLT B2
TCLA.D6L7.B2 TCLA.DGL7.B2
TCLA.C6L7.82 I TCLA.C6L7.B2
TCLAB6L7 82 | g TCLA'B6L7 B2
TCLA.AGLT.B2 TCLA.AGLT7.B2
TCSG.6L7.82 [| TCSG.6L7.82
TCSG.E5L7.B2 TCSG.ESL7.B2
TCSG.D5L7.82 TCSG.D5L7.82
TCS5G.B5L7.B2 TCS5G.B5L7.B2
TCSG.A4L7 B2 TCSG.A4LT B2
TCSG.A4R7.B2 TC5G.A4R7.B2
TCSG.B4RT.B2 TCSG.B4R7.B2
TC5G.D4R7.B2 TC5G.D4R7.B2
TCSG.ASRT.B2 TCSG.ASR7.B2
TCSG.B5R7.B2 TCSG.B5R7.82
TCSG.ABR7 B2 TCSG.ABR7 B2
TCP.BGR7.B2 TCP.B6GR7.B2 {
TCP.C6R7.B2 I TCP.C6R7.B2 {
TCP.D6R7.B2 TCP.D6R7.82 |
TCLIB.6L8.B2 TCLIB.6L8.B2
TCLIA.4L8 TCLIA.4L8
TDIL.4L2.B1.3b TDL4L2.B1.3b
TDI.4L2.B1.3a TDI.4L2.B1.3a
TDIL.4L2.B1.2 TDIL.4L2.B1.2
TDI.4L2.B1.1 TDI.4L2.B1.1
TCTPV.4R8.62 TCTPV.4R8.62
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Figure 8: Distribution of collimator impedance after all the secondaries in IR7
are upgraded. The resistive wall impedance (left frame) can be further reduced
by coating the secondaries in IR3, but is mainly determined by the TCPs in IR7.
There are no dominant contributors for the geometric part (right frame). The
imaginary part of Z is plotted for a chromaticity Q' = 0.
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Table 5: Collimator settings used in the simulations at B* =6 m, where a TCLD
installed in cell 8 and the removal of MQWA.E5[L,R]7 were taken into account,
and at B* =15 cm, where no TCLD in the LHC lattice structure was considered.

IR Coll Families B*[m] €=25um[oc] €=3.5um/[o]

3 TCP/TCS/TCLA 17.7/21.3/23.7 15/18/20

7 TCP/TCS/TCLA/TCLD 6 6.7/9.1/12.7/16.6  5.7/7.7/10.7/14
0.15 6.7/9.1/12.7/out  5.7/7.7/10.7/out

6 TCDQ/TCSP 6 12.3/12.3 10.4/10.4
0.15 10.1/10.1 8.5/8.5

1/5 TCT/TCL 6 43.8/out 37/out
0.15 10.4/14.2 8.8/12

2 TCT 6 43.8 37
0.15 43.8 37

8 TCT 6 43.8 37
0.15 17.7 15

out of the primary collimators with a sufficiently high value of 6 = Ap/p that are
lost at the first dispersion peaks [20]. For the same reason, it is expected that the
change of absorbing material of the jaw of secondary collimators does not worsen
the local cleaning inefficiency in the IR7 DSs substantially, especially if the new
material has average atomic number and density slightly higher than those of the
material presently deployed, since the cross sections increase.

The tracked beam was sampled with transverse distributions standard to clean-
ing simulations, i.e. flat on the cleaning plane and Gaussian on the non—cleaned
plane, in the range £3 o [24]. A full thickness of 0.04 ¢ was chosen on the
cleaning plane, resulting in an average impact parameter of e.g. ~4 Um on the
horizontal plane®, in order to have a fairly superficial impact but not too thin,
relevant for the losses in the DS. The beam was monochromatic in energy, since
protons lost in the DS have values of 0 way larger than the initial one of the beam,
due to scattering events in the collimator jaws; hence, no longitudinal distribu-
tion was considered. The beam was sampled at the collimator, considering only
those protons in direct view of the jaws (“pencil beam”). In this way, losses are
balanced between the two jaws of the primary collimator directly impacted; this
implies also a slightly better use of the CPU time.

Figure 9 shows a comparison of the BIH loss maps (i.e. when losses take

“4For the vertical plane, a similar figure cannot be given, as the beam is defocussed, and protons
impact the jaw on the faces in view of the beam; hence proton impacts are diluted over the jaw,
averaging at 2/3 of the active length.
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Figure 9: B1H loss maps simulated with the SixTrack—Fluka coupling; the zoom
on IR7 and the downstream DS is shown. The case of B* =15cm is shown, without

TCLDs.
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Table 6: Average cleaning inefficiencies in the DS downstream of IR7 as predicted
by SixTrack—Fluka coupled simulations for the various combinations of TCSPM
slots. The case of no TCSPM installed (“None”) and of the post-LS3 era (i.e. with
all TCSPM installed) are shown as well, for reference. Simulations at f* =15 cm
take into account no TCLD installation; hence, values refer to the first cluster of
DS losses. Simulations at f* =6 m take into account both TCLD installed in cell
8 and removal of MQWA.E5[L,R]7; hence, values refer to the second cluster of
DS losses, since the first cluster is substantially reduced by the upstream TCLD.

Simulated Scenario | None  C-1 C-2 C-3 C4  post-LS3
[107°] [107°] [107°] [107°] [107°] [10~°]
B*=15cm, BIH 6.19 5.77 6.38 6.11 5.73 6.23
B* =15cm, B1V 5.33 5.12 5.17 5.32 5.07 5.34
B* =6 m, BIH 247 241 245 2.34 2.35 2.25
B* =6 m, BIV 3.73 3.52 3.55 3.70 3.58 3.84

place on B1 on the horizontal plane) expected for the four considered configu-
rations, zoomed on the region of IR7 and the downstream DS. The case of no
change at all (“None”) and with all IR7 TCSG exchanged (“All”, corresponding
to the post—LLS3 configuration) are shown as well, for comparison. Both the two
classical IR7 DS clusters are visible, since the simulated configuration does not
consider TCLDs; the average cleaning inefficiency along the clusters are reported
in the figure as well. As it can be seen, the loss maps are perturbed but with no
substantial difference. The same conclusion can be drawn from B1V loss maps,
and for B* =6 m. The complete set of average cleaning inefficiencies is summa-
rized in Tab. 6. For each simulated scenario, all the configurations agree within
+5 %; hence, they can all be considered equivalent.

4.5 Thermo-mechanical response to steady beam losses

An example of typical beam load in W at each TCSG is given in Fig. 10, detail-
ing loads on both jaws separately and the total for the two jaws together. They
are calculated with a complex simulation setup that starts from the multi—turn
cleaning simulations of halo particles [25] and then uses energy deposition tools
to assess losses in the whole IR7 [26]. This is a time— and resource—consuming
setup that cannot be realistically done for all the configurations considered here.
We consider instead the configuration of the proton collimation quench test done
in 2015 [27] for beam 2 that was studied in detail. This is considered sufficient to
evaluate reliably the relative loss balance between the different TCSG collimators,
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Figure 10: Beam loads on the secondary collimators for horizontal primary losses
of 500 kW, for the beam 2 case studied in 2015 during the proton collimation
quench test.

while we plan a final assessment to be finalized for the baseline proposed solu-
tion. It is seen that, for this horizontal loss scenario, the first skew collimator takes
about 50 % of the total losses absorbed by the secondary collimators (13.8 kW for
a total of 26.3 kW). The relative losses, normalized by the total power absorbed
in all TCSGes, is shown for completeness in Fig. 11.

The thermo—mechanical response of the jaw has to be verified against the de-
sign scenarios of slow losses from the circulating particle beam. In particular,
a numerical steady—state analysis is performed with the load on the collimation
system equivalent to 1 h beam lifetime (BLT). This corresponds to total losses of
1.68x 10! protons/s (i.e. 200 kW of primary beam losses). A second analysis
relevant for the collimator design foresees losses equivalent to 0.2 h BLT lasting
for 10 s, for a total peak load of about 1 MW on the system. In this case, the
numerical simulation performed is a transient one.

As seen above, the most loaded collimator is the first skew one, i.e. the
TCSG.A6L1.B1, and the losses on this component are assumed as the reference
case for the design of the TCSPM. The load on the collimator is 20 kW in the 1 h
BLT case, and 100 kW for 0.2 h. The temperatures achieved in this second, more
demanding scenario, are shown in Fig. 12. A breakdown of the loads on the jaw
for different absorber materials, as well as a comparison with the LHC load on a
standard TCSPM, is shown in Tables 7 and 8 for the two considered beam loss
cases.
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Figure 11: Relative distribution of loads to the present LHC secondary collimators
for the 2015 proton collimation quench test loss scenario described in the text
(peak loss of 500 kW). Single collimator losses of Fig. 10 are normalized by the
total loss on all secondaries.

Figure 12: Temperature profile on the TCSPM jaw in the 0.2h BLT scenario
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Table 7: Energy deposition and beam—induced sagitta on a standard TCSG and on
the new TCSPMs made of CFC or MoGr, for the LHC and HL-LHC beams in the
1 h beam lifetime case.

1 h beam lifetime
TCSGcpe TCSPMcge TCSPMMoGr
(LHC) (HL-LHC) (HL-LHC)

Total energy on collimator (kW) 4.5 12.6 20.7
Energy on most loaded jaw (kW) 2 5.5 9.4
Energy on the absorber blocks (kW) 0.4 1.5 4

Total jaw deformation (tm) 83 110 76

Table 8: Energy deposition and beam—induced sagitta on a standard TCSG and on
the new TCSPMs made of CFC or MoGr, for the LHC and HL-LHC beams in the
0.2 h beam lifetime case.

0.2 h beam lifetime
TCSGcre TCSPMcpe TCSPMuoGr
(LHO) (HL-LHC) (HL-LHC)

Total energy on collimator (kW) 22.5 63 103.5
Energy on most loaded jaw (kW) 10 27.5 46.9
Energy on the absorber blocks (kW) 2 7.5 20
Total jaw deformation (tm) 96 300 505
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Figure 13: Bending deformation on the TCSPM jaw in the 0.2h BLT scenario, in
mm. Note that the deformation is elastic, and the structure returns to the unde-
formed configuration when the load is removed

In terms of thermally induced stresses on the jaw elements, no problems are
highlighted: the jaw is free to expand longitudinally, and the equivalent stress
in operation is negligible. On the other hand, a stringent requirement is to limit
the flatness error of the active surface to a maximum of 100 um. This includes
the machining tolerances, the deformation due to the self-weight and the beam—
induced sagitta. While in the 1 h BLT case the total of these contributions is within
the specification, in the 0.2 h BLT scenario the beam—induced sagitta is dominant,
and above the requirements in the case of the skew collimator TCSG.A6L1.B1
(Fig. 13). As shown in Table 8, a large sagitta occurs also when CFC is adopted
as absorber material, even though in that case the absolute value is 40 % lower>.

S Proposed baseline solution

Based on the considerations above, we propose to take the configuration C-2, i.e.
the collimator slots:

* TCSG.D4L7.B1/TCSG.D4R7.B2;
* TCSM.B4L7.B1/TCSM.B4R7.B2;
* TCSM.E5R7.B1/TCSM.E5L7.B2;
* TCSM.6R7.B1/TCSM.6L7.B2.

5Tt can be seen that, for this specific case, the ratio of induced deformation in the 0.2h BLT
scales almost linearly with the load on the jaw. As a very rough approximation, this observation
could be extended also to the other collimators, even though significant deviations could take
place in case of different load distributions on the jaw. For a more precise assessment, further
simulations should be performed.
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The TCSM slots are preferred over the TCSG ones immediately upstream, to give
the possibility in Run III to run with a hybrid IR7 configuration where both new
TCSPM and existing TCSG collimators are deployed to get acquainted to the new
hardware; the new hardware is installed in the TCSG slots only in case the respec-
tive TCSM slot is already taken by test devices (see Sec. 2). Taking note that from
the impedance point of view this solution is very close to the optimum solution
C-1, the choice is primarily motivated by the observations on jaw deformation
at peak loss rates presented in the previous section. While this is not expected
to pose immediate limitations in Run III when it will not be possible to profit
from the full LIU beams foreseen for HL-LHC, not equipping the most exposed
secondary collimators allows further iterations on the TCSPM design to improve
further the elastic deformation for the second stage of installation in LS3.

6 Conclusions

The choice of 8 secondary collimators that will be replaced in LS2 with the low—
impedance design TCSPM was presented. The driving criterion for the proposed
layout is the optimization of the impedance reduction of the IR7 collimation sys-
tem, which in Run III will dominate the LHC machine impedance. Four different
configurations were studied in detail in a comparative assessment that, in addition
to the impedance improvements, also looked at the various aspects relevant for the
Run III operation.

It was found that the impedance reduction that one would obtain with these
configurations is comparable and amounts to a reduction of about 40 % of the
present secondary collimator impedance. The cleaning performance in terms of
dispersion suppressor losses is also equivalent, and essentially identical if one
considers the Run III layout with new DS collimators TCLD around IR7. In these
conditions, a driving term for the final layout choice is the observation that the
new collimators absorb more efficiently products that emerge from the primary
collimators because of the higher effective Z. This leads to dynamic deformations
that, for the pessimistic design losses of 0.2 h beam lifetime, would induce a de-
formation close to 500 um if the first skew secondary collimators were replaced.
Note that in this case, also the present collimator would experience a transient
deformation of 300 pum that is well above the system specification of 100 um.
Moreover, it should be noted that such deformation is an elastic one (hence with
no permanent damage induced in jaw) and a temporary one, as it takes place at
the peak in time of energy deposition, i.e. at the end of the load time of 10 s.

Such a large jaw elastic deformation would only be achieved if the total in-
tensities planned for HL-LHC were achieved in Run III, which is extremely un-
likely. Nevertheless, we consider as a prudent approach the choice to keep the first

27



two skew secondary collimators as they are now and replace collimators further
downstream where loads are much reduced. This scenario ensures the possibility
to operate safely in Run III while testing the new collimator design, and leaves
time to improve further the TCSPM design for the final upgrade of LS3.

With the proposed selection of slots, some of the installed TCSPMs risk to
intercept significant beam loads during injection failures or asynchronous beam
dumps. Nevertheless, HiRadMat experiments suggest that this is not an issue for
the collimator robustness. Still, a minor scratch of the Mo coating could occur,
but in this case the collimator can be moved using the 5™ axis, orthogonally to
the collimation plane, to expose an undamaged surface to the beam. Since such a
serious accident is considered to be very rare, this is an acceptable risk that will
not have an impact on operation.

Where possible, we propose to maintain operational the TCSG collimators
presently installed at least for the first year of operation in Run III; therefore, in-
stallation of the new TCSPM collimators will be in the adjacent TCSM slots. The
feasibility of such a possibility depends also on the compatibility of the present
controls infrastructure that would have to cope with 8 additional collimators.
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