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The Upgrade II of the Large Hadron Collider beauty (LHCb) experiment is proposed to be installed during
the CERN Long Shutdown 4, aiming to operate LHCb at 1.5 x 10°* cm™2s~! that is 75 times its design
luminosity [1] and reaching an integrated luminosity of about 400 fb~! by the end of the High Luminosity
LHC era. This increase of the data sample at LHCb is an unprecedented opportunity for heavy flavor physics
measurements. A first upgrade of LHCb (Upgrade I), completed in 2022, has already implemented important
changes of the LHCb detector and, for the Upgrade II, further detector improvements of the tracking system,
the particle identification system and the online and trigger infrastructure are being considered. Such a
luminosity increase will have an impact not only on the LHCb detector but also on the LHC magnets,
cryogenics, and electronic equipment placed in the insertion region 8. In fact, the LHCb experiment was
conceived to work at a much lower luminosity than ATLAS and CMS, implying minor requirements for
protection of the LHC elements from the collision debris, and therefore, a different layout around the
interaction point. The Upgrade I has already implied the installation of an absorber for the neutral particle
debris (TANB). However, the luminosity target proposed for this second upgrade requires to review the layout
of the entire insertion region in order to ensure safe operation of the LHC magnets and to mitigate the risk of
failure of the electronic devices. The objective of this paper is to provide an overview of the implications of the
Upgrade IT of LHCb in the experimental cavern and in the tunnel with a focus on the LHCb detector, electronic
devices, and accelerator magnets. This proves that the Upgrade II luminosity goal can be sustained with the
implementation of protection systems for magnets and electronics. The electronics placed in the experimental
areas and in the cavern needs to be protected to mitigate a single event effect risk, which may imply recurring
downtime of the LHC. On the other hand, protection for the first quadrupole of the final focus triplet and for the
separation dipole are needed to prevent their quench and to reach the desired lifetime. Moreover, the normal-
conducting compensators require the installation of shielding to limit their head coil degradation.
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I. INTRODUCTION

The High Luminosity era of the Large Hadron Collider
(LHC) is expected to start operation in 2029 and reach
4000 fb~! according to its ultimate luminosity goal [2].
The High Luminosity LHC (HL-LHC) project has been
dealing with this technological and scientific challenge
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to extend physics discovery potential at CERN. The HL-
LHC is designed to allow proton-proton collisions at a
center-of-mass energy /s = 14 TeV and to deliver an
instantaneous luminosity of 5-7.5 x 10* cm™2s™! to the
A Toroidal LHC ApparatuS (ATLAS) and Compact Muon
Solenoid (CMS) experiments. This unprecedented lumi-
nosity will allow more accurate measurements of new
particles and the observation of rare processes that happen
below the current LHC sensitivity level. In parallel to the
HL-LHC project, the upgrade of the detectors shall make
the experimental apparatus capable of sustaining higher
radiation levels and of analyzing a larger amount of data
from particles collisions.

The other LHC large experiments, Large Hadron
Collider beauty (LHCb) and A Large Ion Collider
Experiment (ALICE), have more specialized detectors
that are designed to work with lower luminosities. This
study is dedicated to the LHCb experiment, placed in the
insertion region 8 (IR8) and operated at 4 x 10°? cm=2s~!
during Run 2. To push the physics program to broader
horizons, a first upgrade of the LHCb experiment
(Upgrade I) was realized during the CERN machine long
shutdown from mid-2018 to mid-2022 (LS2) allowing it to
operate with a significantly increased instantaneous lumi-
nosity, up to 2 x 10** cm=2s~!. Despite the considerable
technological effort and promising physics results expected
from the Upgrade I of LHCb, the upgraded detector does
not reach ultimate precision in many key physics observ-
ables [3] and more data would be needed to fully exploit the
flavor-physics potential at the HL-LHC. Therefore, a
second upgrade of the LHCb experiment (Upgrade II)
has been proposed to be implemented during the CERN
machine long shutdown in 2033-2035 (LS4), aiming to
increase the instantaneous luminosity by 7.5 times to a
value of 1.5x 10** cm™2s~! and collect an integrated
luminosity close to 400 fb~! by the end of HL-LHC era.
Concerning the impact of the proposed increase of the
LHCb luminosity, the risk of magnet quench, the higher
cryogenic load, the magnet lifetime, and the radiation to
electronics constitute demanding challenges for the full
implementation of the Upgrade II. A preliminary analysis
of the implications of working at high luminosity in IRS8
was already released in 2018 [4] to indicate the critical
issues arisen from first studies. Moreover, a study on the
implications of the Upgrade I of LHCb on the accelerator
was published [5] in 2023 laying the groundwork for the
present paper. The objective of this study is to provide an
overview of the implications of the Upgrade II of LHCb on
the experimental cavern and the tunnel equipment.

This paper explores all the identified issues and the
state-of-the-art mitigation measures. Section II describes
the provisional schedule of the LHCDb operation, justifying
the assumptions and normalization factors used in the
study. Section III expounds the relevant aspects of the
Monte Carlo calculation, in terms of radiation source
and evaluated quantities, and illustrates the geometry

model of the LHC accelerator and of the LHCb detector.
An overview of the implications of Upgrade II on the
LHCb detector is presented in Sec. I'V. Then, Sec. V shows
the radiation levels in the experimental cavern and service
tunnels as well as a solution to mitigate the risk of
electronics failures. Moreover, the discussion of the main
issues related to the cryoload and the lifetime and quench
risk of the LHC magnets is presented in Sec. VI. Finally,
we draw our conclusions.

We find that the proposed luminosity is achievable from a
machine protection and radiation level perspective, for both
the LHC machine and the upgraded detector, provided that
the indicated measures (or equivalent ones) are implemented.

II. PROVISIONAL SCHEDULE
FOR POST-UPGRADE II OF LHCb

In mid-2022, the LHC restarted beam operation with
the Run 3 phase after LS2. During the latter, the LHC and
its injector chain were consolidated and the LHCb
detector underwent its first major Upgrade 1. The first
year of Run 3 (2022) delivered to LHCb an integrated
luminosity of approximately 1 fb~!, with horizontal
beam crossing. In 2023, operation started with the
adoption of the external crossing on the vertical
plane, as explained in detail in [5]. This is desirable for
the LHCb physics program because it guarantees sym-
metry between the two LHCb dipole magnet polarities,
reducing some sources of systematic uncertainties [6].
As shown in Fig. 1, the Upgrade II of LHCb is designed
to enable an increase in instantaneous luminosity from
2x10% to 1.5%x10** cm™2?s~! during Run 5 and
Run 6. Furthermore, with regard to the integrated lumi-
nosity, LHCb would collect until the end of Run 6
370 fb=' in the Upgrade II scenario compared to
130 fb~! in the baseline HL-LHC scenario. Instan-
taneous and cumulative radiation levels during operation
scale proportionally to the instantaneous and integrated
luminosity, respectively.
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FIG. 1. Luminosity performances in IR8 with and without the
Upgrade II of LHCb [2,3,7].
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III. SIMULATION MODELING OF IR8
AND LHCb DETECTOR

The energy deposition in high energy collider compo-
nents is determined by particle shower propagation through
the materials. Monte Carlo simulations are a valuable tool
to predict the implications of controlled and uncontrolled
beam loss impacts on the accelerator elements, surrounding
electronics, and environment. In this study, radiation levels
are calculated by means of the FLUKA code [8—10], which
provides an accurate modeling of particle interactions over
a wide energy range.

The stand-alone FLUKA model of IR8 contains a full
three-dimensional description of the beam line and tunnel,
as well as the LHCb cavern and detector. The energy
deposition calculations are based on realistic geometry
models of magnets, collimators, absorbers, and vacuum
chambers. This detailed model of IR8 was implemented by
means of auxiliary tools: a dedicated Python-based code for
FLUKA geometry assembling, called LINEBUILDER [11], and
FLAIR, which is the user graphical interface of FLUKA [12].

The radiation shower in IR8 is dominated by inelastic
proton-proton collisions at the interaction point 8 (IPS),
whose cross section, including diffractive events, is
assumed to be 6,, =80 mb at 14 TeV center-of-mass
energy [13]. Simulation parameters used for this study are
reported in Table I.

With 7 TeV beams and a 1.2 x 10° s~! inelastic collision
rate, the collision debris power toward either side of IPS is
1.3 kW, compared to 174 W that is the one during Run 3
operation with 6.8 TeV beams and a 1.6 x 10% s~! inelastic
collision rate.

In our study, we quantify the total power on each
accelerator element, that is crucial to define the heat load
to be extracted by the cryogenic system. Moreover, we
assess the energy deposition density distribution in the
superconducting coils of the LHC magnets. In fact, for
the beam collider to function, it is essential that they do not
switch to the normal-conducting regime. This process is
called quench and occurs when the deposited power density
exceeds a certain limit, called quench limit, which differs
from magnet to magnet and is provided by calculations and/
or experimental evidence. In this study, the local relevant
quantity is evaluated as the peak power density averaged

TABLE I. Simulation parameters used for the FLUKA simula-
tion studies of the Upgrade II of LHCb.

Simulation parameters
HL-LHC LHCb Upgrade II

p-p collisions
External crossing angle

Beam energy of 7 TeV
Vertical plane
Final target 370 fb~!
Annual 50 fb™!

1.5 x 10* cm™2 57!

Integrated luminosity

Instantaneous luminosity

over the cable radial thickness of the inner coil layer with an
azimuthal resolution of 2° and a longitudinal resolution of
typically 10 cm, as already done in similar studies [5,14].
Finally, dedicated total ionizing dose (TID) scoring is used
to determine if a magnet, superconducting, or normal-
conducting (as the compensator dipoles [5]), can sustain the
desired lifetime, i.e., the integrated luminosity up to the
Run 6 end. The problem is related to the coil insulator,
which is particularly exposed to progressive deterioration
due to radiation. In this case, the peak dose is evaluated
with a finer radial resolution by means of bins not exceed-
ing 3 mm, which has been found to be a good compro-
mise between accuracy maximization and computational
time minimization. The adopted transport thresholds
are 1.0 MeV for electrons and positrons and 100 keV
for all other particles (except neutrons, transported down to
thermal energy), which are compatible with the desired
energy deposition resolution and allowed the simulation to
attain a satisfactory statistics with 75,000 p—p collisions,
requiring a CPU time of 3000 hours split on 150 process-
ors. Concerning the radiation levels in the tunnel and the
experimental cavern areas, the quantities considered in the
paper are TID, high-energy hadron equivalent (HEH)
fluence @y and thermal neutron equivalent (nth) fluence
®,n- TID correlates with cumulative radiation effects
limiting the electronics lifetime. In this regard, also cal-
culations of Si-1-MeV neutron equivalent (IMeVn-eq)
fluence were carried out to quantify displacement damage
in silicon, but the results are not included hereafter because
they do not actually change the conclusions. To assess the
single event effects (SEE) probability, both HEH fluence
and nth fluence are considered. The HEH fluence is defined
as the fluence of all hadrons with energy greater than
20 MeV (mainly neutrons, pions, kaons, and protons) plus
the contribution of neutrons from 0.2 to 20 MeV with an
energy-dependent weight that reflects their relative prob-
ability of inducing SEEs in a reference electronic device.
For the sake of comparison with reference environments,
the annual HEH fluence is roughly 1-2 x 10> cm™2yr~! at
ground level and 3 x 10° cm™2 yr~! for a 98°, 800 km low-
earth orbit [15]. The nth fluence adds to the actual fluence
of neutrons at thermal energy a further contribution from
the higher energy range weighted as a function of the
neutron capture cross section (following the 1/v law, where
v is the neutron velocity). Radiation safe areas imply annual
values of HEH and nth fluence below 3 x 10° and
3 x 107 cm~2 yr~!, respectively [16].

In the radiation environment of the LHC, the relation
between HEH fluence and dose is approximately
10° cm™> ~ 1 Gy. A non-negligible risk of observing
SEEs in commercial systems can be present already above
10° cm~2 yr~!, and distributed systems are exposed to such
failures in the LHC arcs, where the HEH fluence is around
107 ecm™2 yr~!. In the LHC shielded areas, as in our study,
HEH fluences of the order of 10° cm™2 yr~! require SEE
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mitigation strategies to allow for the LHC operation.
Cumulative effects are typically negligible when the dose
is below 1 Gy, but above this threshold they can start to
play a role. For higher values of HEH fluence and dose, as
observed in the dispersion suppressor (DS) regions of LHC
(10" cm™2 yr~! and 1 kGy accumulated in 10 years), COTS
electronics are affected by both SEE and lifetime degrada-
tion issues. In the long straight section (LSS) and the
experimental areas, radiation levels are often too high for
COTS components and imply the need to design and use rad-
hard devices suitable for harsh radiation environments.

The FLUKA scoring of these quantities was performed on
a Cartesian mesh with three-dimensional bins of 20 cm x
20 cm x 20 cm volume, well fitting to the size and position
accuracy of electronics racks.

A. LHCDb detector

The LHCD detector is a single arm detector designed for
studying particles produced by the collision in the forward
direction. Therefore, it has little to no coverage at large
polar angles, but instead it is a spectrometer consisting of a
dipole magnet and a series of planar subdetectors posi-
tioned along the beam line mainly on the right side with
respect to the IP (i.e., in the clockwise direction) near the
beam line. Starting with the Vertex Locator (VELO) that is
designed to approach and surround the IP during operation,
particles created in the p-p collisions are traced through a
first ring-imaging Cherenkov detector (RICH1), followed
by the Upstream Tracker (UT). The UT is positioned just at
the starting edge of the LHCb magnet. After particles
traverse the dipole field, they are subsequently traced through
the Scintillating Fiber (SciFi) detector. The VELO, UT, and
SciFi were all installed during Upgrade Iin L.S2 to replace the
tracking detectors that were in these locations in Run 1 and
Run 2. Particles are subsequently identified by the second
RICH detector (RICH2), the Electromagnetic (ECAL) and
Hadronic (HCAL) Calorimeters that are following, and
finally by four Muon stations. These last stations are
interspersed within iron shielding walls. Large shielding
blocks are also present behind the last of the Muon stations in
between the edge of the experimental cavern and the LHC
tunnel. In its current configuration, a neutron shield made of
polyethylene was placed in LS2 immediately upstream of the
ECAL in order to protect the SciFi photomultipliers from
neutron backsplash [17,18].

Pileup reduction from what is offered by the LHC
originates from the need to distinguish the locations of
particle decays and p-p collisions with precision in many of
the LHCb physics measurements coupled with the prox-
imity of the detector to the beam line. This proximity also
poses the requirement of radiation level compatibility with
reliable electronics operation. For these reasons, LHCb was
designed to collect lower luminosity than ATLAS and
CMS, and major upgrades in key detector elements are,
therefore, necessary for a substantial luminosity increase.

z (beam direction) [m]

FIG. 2. Top view at beam height of the FLUKA geometry of the
LHCD cavern and surrounding areas.

Figure 2 shows the FLUKA geometry layout of the LHCb
detector, the experimental cavern, LHC tunnel, and sur-
rounding areas. Cryogenic boxes are located in UX85 and
electronics racks are present in US85, UL84, and ULS86.

The presence of the LHCb spectrometer produces a
deflection of the circulating beam on the horizontal plane.
The magnet is designed to operate with two opposite polari-
ties to collect equal amounts of integrated luminosity with
either spectrometer configuration. The LHCb spectrometer
deflection is compensated by three normal-conducting
dipoles: the MBXWH, placed on the left side of IP8 with
a magnetic field of equal magnitude, but opposite direction,
with respect to the one of the LHCb dipole, and two short
dipoles (MBXWS), with opposite fields, placed on either
side of IP8 close to the final focus triplet.

IP8 is displaced by about 11 m toward IP7 to leave space
for a single arm detector in the cavern, whose center is also
the LHC octant center. The shift of IP§ implies a con-
sequent displacement of the entire string of the magnets up
to the recombination dipole (D2). This shift is recuperated
before the DS causing the asymmetry of the matching
section layout with respect to IP8. This, together with the
presence of the injection line for the counterclockwise
beam 2 on the right side of IP8, makes IR8 specific from
different points of view.

IV. IMPLICATIONS ON THE LHCb DETECTOR

Due to its unique geometry and high-precision capabil-
ities, LHCb is positioned to potentially discover new physics
that are out of reach of other experiments. LHCb already
provides benchmark measurements of CP-violation param-
eters related to the origin of matter-antimatter asymmetry
with unprecedented precision. Prospectively, several of its
physics objectives are about to cross the important threshold
of Standard Model predictions at the luminosity level
expected after Upgrade II, promising exciting insights into
beauty and charm physics, rare decays, electroweak physics,
lepton flavor universality, pentaquark states and more.
Furthermore, Upgrade II will also expand the scope of its
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FIG. 3. Schematic side-view of the Upgrade II detector ex-
tracted from the Technical Design Report (TDR) published by the
LHCb Collaboration [3].

physics program during heavy ion collisions as well as fixed
target runs.

Optimal technological choices for Upgrade II of the
LHCb detector are under active investigation within the
LHCb collaboration. While the basic layout will remain
the same of Run 3, various technological choices are under
consideration in order to maintain the same detector
performance, and in some aspects improve it, at a 7.5 times
higher pileup than that of Run 3. An average of around 40
interactions per bunch crossing will lead to much higher
particle multiplicities within the acceptance of the detector.
Precise reconstructions of these events to identify signatures
of interesting physics observables will be critical. Most of
the existing components will have to be replaced to increase
their granularity and timing resolution to be able to cope
with a higher particle density. A baseline configuration is
described in the Upgrade II TDR [3], and the corresponding
schematic is shown in Fig. 3. New developments of
electronics for all detectors, with added timing information
and a higher radiation tolerance, are needed to continue to
perform particle identification and high-precision measure-
ments at the current level in the HL-LHC environment.
Innovative technological solutions for detectors will be
required to meet these expectations. For example, the
Vertex Locator (VELO) will transform into a true 4D
tracking detector as it must be capable of independent
reconstruction of primary vertices, i.e., points of collision
between beam protons, with a timing precision better than
50 ps. In addition, new types of detectors are in the
development to further exploit yet unexplored phase
space and increase the physics reach of the experiment.
New scintillating fiber stations covering the sidewalls
of the LHCb dipole will extend the low-momentum tracking
capabilities of LHCb. An additional silicon pixel (Mighty)
Tracker close to the beam pipe will enhance the sensitivity
in the area currently covered by the Scintillating Fiber

Tracker (SciFi). A new high precision time of flight detector
(TORCH) is envisioned to complement the design and
expand hadron identification by measuring internally
reflected Cherenkov radiation produced in a thin quartz
plane within a time resolution of a few tens of ps. The
central area of the Electromagnetic Calorimeter (ECAL)
will be modified to increase granularity and enhance the
timing resolution to a few tens of ps per particle, which is
crucial to suppress combinatorial background at the
expected pileup. The increase in luminosity will also
necessitate new shielding solutions for the MUON system
in order to keep the most inner region fully operational after
Upgrade II. In this context, the complete replacement of the
current Hadron Calorimeter (HCAL) by a shielding solution
is under consideration. The technological solutions adopted
by the various subdetectors will be detailed upon in
dedicated TDRs.

A. Radiation levels on the LHCb detector
for Upgrade I1

LHCb is and will remain a very lightweight detector
from the IP up to the Electromagnetic Calorimeter. Any
new choice in technology for Upgrade II in this area will
have a similar distribution of mass as the current Upgrade |
design. Therefore, preliminary values for radiation level
estimators, e.g., TID, can be obtained by scaling results
from Monte Carlo simulations of the current setup with
the increase in luminosity, as only massive changes in
material will significantly affect the radiation environment.
Simulations of the LHCb radiation environment have been
benchmarked using a variety of measurements, pointing to
an accuracy within a factor of 2 or better within most of the
detector volume for Run 1 conditions [19]. Run 2 mea-
surements currently under preliminary analysis indicate the
same behavior.

However, the overall increase in luminosity and, as a
consequence, higher radiation levels in the experimental
cavern will be a serious concern in terms of radiation
damage for certain subdetectors. Operational and lifetime
reliability will require careful analysis in the evaluation of
final technological choices. The radiation environment of
ECAL in particular is going to be severely impacted due
to its relatively heavy mass. The modules close to the
beam line already exhibit a strong degradation in the
performance due to increased optical attenuation. A higher
pileup during Run 5 will cause a combination of over-
lapping particle showers leading to the accumulation of
damage effects at MGy level and in parallel a reduction in
resolution. In order to counter these effects, Upgrade II
foresees a fundamental restructuring of the central ECAL
volume. Enhancing the detector’s sensitivity will require a
smaller cell size in central regions as well as a different
converter, such as tungsten instead of the lead currently
used. The higher density, and therefore, attenuation of
tungsten in combination with a smaller cell size are
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essential to achieving better discrimination between energy
deposition/showers from different particles. Fast timing
information will also be crucial to match measurements
to individual p-p collisions. In turn, the envisaged remod-
eling of the central area of ECAL as well as the potential
exchange of the whole volume of the Hadronic Calorimeter
(HCAL) will have a significant influence on the radiation
field in the LHCb detector. The introduction of tungsten in
the innermost ECAL modules will change the character-
istics of the particle backsplash. The induced effect on the
readout electronics of the upstream close by SciFi and
Mighty tracker as well as RICH2 will need to be evaluated.
In this regard, one also has to consider the impact of
the resulting 1MeVn-eq fluence in particular with relation
to photodetectors, including those for the new nearby
TORCH. Shielding solutions, such as the large neutron
shielding installed in Upgrade I to protect the SciFi silicon
photomultipliers (SiPMs) from ECAL backsplash, will
have to be re-evaluated for Upgrade II and localized
solutions fitting in the available space investigated.
Protecting the cryogenics area in UX85 by installing a
large shielding wall, as described in Sec. V, is also expected
to have a slight increase in both HEH fluence and 1MeVn-
eq fluence on some of the subdetectors in its vicinity. This
may influence, for example, the dark current in the SciFi
SiPMs, which is directly related to 1MeVn-eq fluence,
potentially affecting detector performance. In addition to
the direct impact of increased dose and fluence levels on the
performance and life expectancy of the detector, increased
residual dose levels will also impact maintenance oper-
ations during access. As an example, the added shielding
material next to a frequented staircase close to the LHCb
dipole on the cryogenics side of the experimental hall is
expected to increase residual dose levels in the area
compared to the currently installed fence. Dedicated studies
to evaluate the implications of Upgrade II on radiation
protection will be needed.

V. IMPLICATIONS ON THE LHC
ELECTRONIC EQUIPMENT

The various IR8 alcoves shown in Fig. 2 host several
electronic systems, all potentially sensitive to radiation-
induced damage. In particular, cryogenic racks include
elements, such as Mecos Active Magnetic Bearings
(AMB), which may lead to unwanted LHC downtime in
the event of a radiation-induced failure. After the Upgrade
II of LHCbD, the foreseen annual luminosity of 50 fb~!
would increase radiation levels by a factor of 7.5 compared
to the entire Run 2, by more than a factor of 20 compared to
2018 (which accumulated 2.5 fb~!, i.e., the maximum
annual luminosity reached so far) and by more than a
factor of 5 compared to the maximum annual values
expected after Upgrade I (Runs 3—-4).

The results shown in the following plots (Figs. 4, 5, 8,
and 9) refer to external crossing on the horizontal plane and

30 1012
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=30 =]
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-20 -10 0 10 20 30 40
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FIG. 4. Top view of annual HEH fluence (averaged in the third
dimension between —1.1 and 1.1 m with respect to the beam
height) during Run 5, assuming the same IR8 layout as in Runs
34 and an annual luminosity of 50 fb~!. The simulation
assumed upward polarity of the LHCb spectrometer and an
external horizontal crossing of 250 prad, pointing inside the ring,
at /s = 14 TeV.

upward polarity of the LHCb spectrometer. However,
given the proximity to the interaction point and the fact
that we are interested here in high transverse momentum
(pr) debris, the crossing configuration—featuring a
crossing angle of few hundred microradians—has a
negligible effect in view of the degree of accuracy
required in these calculations. On the contrary, it has a
major role in the assessment of radiation levels in the
accelerator magnets, as discussed later in Sec. VI and
in [5]. Figure 4 shows the resulting annual HEH fluence
distribution in the cavern and adjacent service areas. The
conical propagation of the collision debris within UX85
(from left to right in Fig. 4) extends to the nearby
alcoves. This pattern originates from the asymmetric
position of IP8 with respect to the center of UX85 and

30 —— 100

R factor

-20 -10 0 10 20 30 40
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Top view of the R-factor map at beam height.
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TABLE II. Annual HEH fluence values foreseen after the
Upgrade II of LHCD in reference electronics positions within
the indicated areas. Due to radiation level gradients, the levels
cannot be generalized to the entire galleries.

Area Level HEH fluence (cm~2/50 fb~')

UX85 1 1010

7 % 10°

-1 2 x 1010

US85 0 2 x 10°

1 2% 10°

2 7 x 10°

UL84 0 4x108
UL86 0 10°

the shape of the LHCb detector, as described in Sec. III.
Radiation levels in the service tunnels (UL84 and UL86)
are not symmetric, despite the symmetric layout of the
galleries, being the electronics hosted in the ULS6
tunnel significantly more exposed than the one in
UL84. On the same premise, one observes relatively
lower fluences on the left side of US85, near the UL84
entrance, and relatively higher fluences on the right side
of US85, near the UL86 entrance.

Table II summarizes the simulated HEH fluence values
in the critical areas where electronic devices are placed.
They are well above the earlier mentioned threshold for
radiation safe areas. The HEH fluence in the safe room (see
Fig. 2), that is already equipped with shielding, ranges up to
3 x 108 ecm™2 yr~!, as shown in Fig. 4 (and in the left frame
of Fig. 9). The accelerator equipment placed in UX85
is expected to be exposed to HEH fluences ranging
from 7 x 10° to few 10'° cm2yr~!. A HEH fluence of
4 x 108 cm™2yr~!' is calculated at the corner between
US85 and ULS84, where a rack hosting AMB Mecos units
presently sits. Further along the UL84, the HEH fluence
displays a high gradient and after few meters it has been
evaluated to be around 10’ cm=2yr~! in correspondence
with another electronics rack. The HEH fluence of
10° ecm™2yr~! in UL86 has been estimated at about 5 m
from the beginning of the tunnel, close to an installed rack.
Moreover, the contribution of thermal neutrons, which can
provoke soft errors in sensitive electronic systems, is
dominant in the ULs as shown by the R-factor map
illustrated in Fig. 5. The R factor is defined as

R = (I)nth
q)HEH

(1)

(see Sec. III) and indicates the relative importance of
thermal neutrons with respect to HEH. It is much higher
in the ULs and in the shielding areas like UW85 and the
safe room in the US85, compared to the experimental

cavern (around the detector and in UWS5). In this case, the
R factor was not evaluated in the LHC tunnel, where its
typical value is around 1.5.

In terms of SEE risk after Upgrade II, projections can be
made based on the past operation of the presently installed
electronic systems, as well as radiation tests carried out on
selected elements (e.g., the AMB Mecos). The results do
not rule out the risk of observing several SEEs per year,
largely due to the expected increase of radiation levels
caused by the higher luminosity.

While local shields can be designed for thermal neutrons
to mitigate soft SEE, extensive shielding solutions appear
nonetheless to be necessary in order to mitigate the SEE
risk due to high energy hadrons, if a relocation of the
electronics racks is not possible.

A. Benchmarking studies

In addition to the beam loss monitor (BLM) benchmark
previously published [5], further comparisons between
measurements and radiation levels predicted by the
described FLUKA model around the LHCb detector were
carried out for two experimental setups. One was obtained
by comparing the Radiation Monitor (RadMon) [20]
measurements collected during Run 2 (for an integrated
luminosity of 6.6 fb~!) with the HEH fluence calculated
at their positions in the experimental areas. In most
cases, the agreement is within a factor of 2, while in few
others, the simulation overestimates the fluence by up
to a factor of 2.6. This can be explained by the com-
plexity of the cavern geometry and the typical under-
estimation of the actual material budget due to neglected
elements.

Another benchmarking study was done for the exper-
imental area UX85A, as indicated in Fig. 2, on the
opposite side with respect to the alcoves discussed in
the previous section. A concrete wall more than 3 m thick
protects this area, which allowed a computing farm to be
installed close to the detector. Due to its refurbishment to
comply with the Upgrade I online computing needs, the
farm was relocated on the surface of point 8 during LS2.
Currently, the structure immediately behind this shielding
wall still contains detector control equipment. This area
was considered for hosting the CODEX experiment in the
future [21,22]. During 2022, HEH, nth, and muon flux
measurements in UX85A were performed in the candidate
position of the CODEX experiment. In particular, ®yry
and @, measurements were performed at beam height
with the Battery powered version (BatMon) [23] of the
RadMon and turned out to be below the detection thresh-
old, in agreement with the simulated neutron fluence
barely exceeding 10° cm™2 over the considered period. At
the same time, the muon flux measurement obtained with
an R2E BLM based on the Timepix3 [24] technology,
namely 2.35 x 1073 countscm™s~!, matched very well
the FLUKA prediction.
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FIG. 6. 3D FLUKA geometry of UX85 and US8S5, including the
LHCDb detector and the shielding wall.

B. Shielding design and engineering constraints

The study of radiation levels in the experimental areas
revealed the need to protect all electronic devices to prevent
the occurrence of SEEs. Given the scale of the areas to be
protected, namely three levels in height over the full length
of the cavern, the design of such a shielding is shaping up to
be the largest ever made at CERN.

The shielding has to be integrated in UX85 between
the detector and the cryostats, aiming to decrease the
radiation levels to values as after the Upgrade 1. As the
annual luminosity increase between Upgrade 1 and
Upgrade II amounts to a factor of 5, the shielding should
guarantee that at least 80% of the hadronic population
undergoes an inelastic nuclear interaction through it. The
probability that a particle has an inelastic nuclear inter-
action along a travelled distance / inside a material is given
by the cumulative distribution function:

P(l) = Kp(lf)dz’ =1-e", (2)

where 4, is the so-called inelastic scattering length (whose
dependence on the particle energy can be neglected above
few hundred MeV, see [25], page 597). Equation (2)
implies that 63% of the hadron population undergoes an
inelastic nuclear collision through a path length 4; and 86%
within 24,. For high energy neutrons in concrete, 4, is about
40 cm (see [25], Fig. 37.4). Therefore, a 80 cm thick

00U =EO00 S5O0 —400 =200 G 10070 kg0 740 900 1

FIG.7. 3D FLUKA geometry of the shielding wall seen from the
LHCb experiment side.

concrete wall is expected to assure the required attenuation.
Such a thickness cannot be guaranteed for the entire
structure, due to the presence of cryostats and structural
elements. As a solution, iron blocks replace the concrete
ones. In fact, A; for iron is about 17 cm (see [25],
Fig. 35.30), allowing for the replacement of 80 cm concrete
blocks with standard 40 cm iron blocks. The considered
wall does not completely seal off the LHCb detector from
the adjacent areas because, despite its 11 m height, it does
not reach up to the ceiling and, moreover, small apertures
for cable passage and accessibility to the cryogenic
instrumentation cannot be avoided.

The effect of the wall, displayed in Figs. 6 and 7, can be
appreciated in Fig. 8. The latter should be compared with
the corresponding plot in Fig. 4 showing the HEH fluence
without the wall.

The shielding wall in UX85 provides a reduction of the
HEH fluence by almost a factor of 5 at the UL84-US85
corner (z = 0) and about a factor of 3 when entering the
UL84 (z <2 m).

On the other side, the situation is different at the
boundary between US85 and ULS6, since the shielding
has been designed according to the shape of the detector
and no protection effect is achieved there.

Figure 9 shows the picture at the various levels of
UXS85 and USS8S5 in the current layout and in the presence
of the shielding, highlighting the contribution coming
from the upper floors. As for thermal neutrons, no
adequate reduction can be obtained in US85, ULS4,
and UL86 and local shielding shall be designed to protect
the racks in this regard. Conversely, the reduction in
terms of TID is even better than for HEH fluence, namely
of about one order of magnitude in UX85 just behind the
wall, from 25 Gy without shielding down to a few Gy
(per 50 fb1).

y 1

,_.
o
©
Fluence [cm

108

W85

-20 -10 0 10 20 30 40
z (beam direction) [m]

FIG. 8. Top view of annual HEH fluence (averaged in the third
dimension between —1.1 and 1.1 m with respect to the beam
height) during Run 5 in the presence of the shielding wall. The
same simulation conditions as in Fig. 4 apply.
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FIG. 9. Cross-sectional view of annual HEH fluence (averaged along the beam direction between 13 and 17 m from IP8) after the
Upgrade II of LHCb with the current layout (left plot) and with the implementation of the shielding wall (right plot). The same

simulation conditions as in Fig. 4 apply.

VI. IMPLICATIONS ON THE LHC MAGNETS

Concerning the implications of the Upgrade II of LHCb
on the LHC magnets, the critical points are related to the
absence of protection elements that are installed in IR1 and
IRS but considered unnecessary in IR8 up to the Run 3
luminosity. They are the absorber (TAS) protecting the first
final focus quadrupole (Q1) and the physics debris colli-
mators (TCL) in the matching section. On the other hand,
an absorber (TANB) protecting the recombination dipole
(D2) was already installed during L.S2 in view of the current
luminosity increase, and here we demonstrate its effective-
ness even for the further upgrade of LHCb. Moreover, the

MBXWS.1L8

100
10

y[em]
r
o
Dose [MGy]
y[em]
(=

=]

-10

MBXWH.1L8

superconducting separation dipole (D1), which was
replaced by a normal-conducting version for IR1 and
IRS, calls for a dedicated study in view of the Upgrade II
luminosity specifications. We will describe the various
points starting from the elements closest to IP8 (i.e., the
conventional compensator magnets) and moving toward
the arc.

A. Normal-conducting compensator magnets

The compensator magnets are the closest elements to the
IP, and thus, they are significantly exposed to radiation
damage, especially their coils on the IP side. Since they are

MBXWS.1R8
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FIG. 10. Transverse dose distribution at the maximum of the IP-face front coils of the indicated conventional compensator magnets.
External upward vertical crossing is assumed and values are normalized to 360 tb~!. The bottom plot shows the geometry apertures
around IP8, highlighting the location of the compensator magnets and the LHCb spectrometer in red and the shielding walls in gray.
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Dose [MGyJ

FIG. 11. Three-dimensional dose maps plotted on a longi-
tudinal cutaway of the right short compensator magnet for the
current geometry (left) and with the addition of a tungsten
shielding with a thickness of 4 cm (right). Values are normalized
to 360 fb~!. Upward external vertical crossing is assumed. The
scoring mesh is Cartesian with transverse and longitudinal
resolution of 3 mm.

normal-conducting magnets, we are interested only in
evaluating the TID level in the long term that could
jeopardize the reach of the desired lifetime in terms of
integrated luminosity. Figure 10 shows the transverse dose
distribution on the IP-side front coil for the three magnets
placed at the positions indicated in the geometry sketch in
the bottom plot. The left and right top plots exhibit different
distributions at the same distance from IP8 due to the
nonsymmetrical layout. The compensator magnets on the
left (MBXWS.1L8 and MBXWH.1LS) are partially pro-
tected by concrete walls intercepting a fraction of the
collision debris but the particles at lower p; travelling
through the aperture restrictions. The two normal-
conducting dipoles have the same aperture and the long
one (MBXWH), being closer to IP8, is impacted by particles
travelling at a larger angle, and therefore, carrying a lower
energy, which results in a lower dose. On the right side, the
magnet is just downstream of the LHCb detector. The most
impacted part is the edge between the upper coil and the beam
pipe, because of the upward external vertical crossing
assumed in the simulation. The longitudinal peak is deep,
close to the magnet yoke as in Fig. 11 (left frame). By the end
of Run 6, assuming no Upgrade II, the expected peak dose is
around 45 MGy for each of the short compensator magnets
(MBXWS.1L8 and MBXWS.1R8) and around 15 MGy
for the long one, for fixed external angle polarity.
Otherwise, the simulated peak exceeds 120 MGy for each
of the short compensator magnets (see Fig. 12), well above
the estimated damage limit [26]. The regular inversion of
the polarity of the external vertical crossing could decrease
the dose to around 100 MGy, which is still too high. In
contrast, even in the case of Upgrade II, no problems are
expected for the MBXWH coils exposed to a dose of
40 MGy. A mitigation strategy has then to be applied to
protect the MBXWS coils on both sides of IPS.

1. Front face shielding

The proposed solution to reduce the peak dose is the
placement of a tungsten shielding close to the vacuum
chamber and almost in contact with the coil.

The coils are mainly impacted by charged pions with
energy of several hundred GeV and photons (from neutral
pion decay) with a spectrum peaked around 250 GeV [5].
The dominant contribution to local dose deposition is due
to the electromagnetic cascade, developed by high energy
photons through electron-positron pair production and
in turn electron/positron Bremsstrahlung generating new
photons. The frequency of these processes is linked to the
radiation length X, of the material, which is equal to 7/9 of
the photon mean free path for pair production and is also
the average distance to reduce the electron/positron energy
by a factor of 1/e (see [25], pp. 556-558). The geometrical
increase of the number of shower particles comes to an end
when the particle energy is reduced to the critical energy E,.
of the material, below which atom ionization and excitation
become dominant with respect to radiative processes.
Therefore, the shower maximum is approximately reached
after a distance

E
I = log (—°> +0.5 (3)

E.

in units of radiation length, where E| is the initial photon
energy. For copper, Xyo=14cm and E.= 19 MeV
(see [25], Table 6.1 and Fig. 34.14), which in our case
yields the dose peak in the coils after more than 10 cm, as in
the left frame of Fig. 11.

MBXWS (360 fbl) ——
MBXWS (60 fb-1) + 7 cm shielding (300 fb™1) ——
MBXWS (60 fb~!) + 10 cm shielding (300 fb™1) ——

160~
I 7 A 7 00000

140

120}
5 100, 7 850 0 7
2, g0/ 4§ Moderate damage|
§ Beginning
[a) LY s | "ofdamage
40 -
20
0 1 1 1
-10 -5 0 5 10

X [cm]

FIG. 12. Transverse peak dose profiles on the front upper coil
of the MBXWS on the left side of IP8, evaluated with a
longitudinal resolution of 5 cm for different shielding options,
implemented (if any) after accumulating 60 fb~! during Run 3
and Run 4. Upward external crossing and downward polarity of
the LHCD spectrometer have been assumed.
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FIG. 13.

By adding a few cm of an absorbent high-Z material
upstream of the coils, such as tungsten (X, = 3.5 mm and
E. =8 MeV, see [25], Table 6.1 and Figure 34.14), one
can achieve the shift of the peak inside the shielding, as
shown in the right frame of Fig. 11.

Assuming that this mitigation strategy will be put in
place at the same time as the Upgrade II of LHCb (during
LS4 preceding Run 5), Fig. 12 shows the effect of a
tungsten shielding of 7 and 10 cm length, respectively, on
the simulated dose for the short compensator magnet. Even
adding the contribution from the luminosity collected so far
(around 10 fb~! up to the end of 2022), mainly with
external horizontal crossing that is less severe in regard to
the compensator magnets, it appears that a shielding length
of 7 cm can assure the preservation of the magnet
functionality.

B. Final focus quadrupoles and separation dipole

The foreseen luminosity increase gives the need to
evaluate the risk of quench of the superconducting quadru-
poles of the final focus triplet (Q1-Q3), whose layout is
shown in Fig. 13, and the subsequent separation dipole. To
this purpose, the longitudinal profile of peak power density
in the inner superconducting coils along the triplet and the
D1 is shown in Fig. 14, considering, for each z-bin, the
highest value on the transverse slice. The maximum on
the IP side of Q1 is higher than the quench limit, due to the
absence of the TAS. In this regard, Fig. 14 highlights the
effect of the TAS in protecting the first quadrupole of
the ATLAS insertion. The quench limit for the triplet
quadrupoles was estimated to be 13 mW /cm? [27], while
the design limit was defined assuming a safety factor of 3.
In 2022, a luminosity record was set in ATLAS and CMS at
more than twice their design luminosity of 103 cm=2s7!,
No quenches were recorded in the triplet quadrupoles,
which indicates that corresponding power density values
around 7-8 mW /cm? can be safely approached. Therefore,
from our study one can conclude that, apart from the
aforementioned concern for Q1, all other triplet quadru-
poles could sustain the post-LS4 target instantaneous
luminosity. However, Fig. 14 raises a second concern
related to D1, which results significantly exposed on its
non-IP side for one of the two spectrometer polarities
(downward polarity). Moreover, another maximum on its
IP side is present for both polarities of the LHCb spec-
trometer. In the absence of a precise assessment of the D1

Layout of the triplet on the right side of IP8.

quench limit, a possible mitigation measure was devised, as
discussed in the following.

On the other hand, the dose distribution in the super-
conducting coils highlights an analogous problem for Q1
with regard to the damage threshold of the insulator,
limiting the magnet lifetime. The peak dose profile in
Fig. 15 shows a maximum of 45 MGy on the Q1 IP-face
that is well above the level assumed for the triplet quadru-
poles [28] (a small contribution from the integrated
luminosity collected up to the end of 2022 should be
added, amounting to less than 1.5 MGy to the Q1 IP-face
peak). As a consequence, a protection solution is required
not only to avoid quench but also to reach the desired
integrated luminosity. Furthermore, Fig. 15 shows also a
maximum of about 40 MGy on the DI non IP-face,
confirming the need for an additional D1 protection. In
contrast to the peak power density profile, the local
maximum on the DI IP-side decreases to values below

VERTICAL external crossing
LHCb, s=v14 TeV, L=1.5-1034 cm~2 51 UPward polarity
Downward polarity

ATLAS, s=v13.6 TeV, L=2-1034 cm=2 s~!

16
'S B S
g 14+ i Quench timit
= 12f
E. 10+ "
S :
‘@ 8 Q1 Q2A-Q2B Q3 bt--#
Design limit
s 4 F=~ R T
E oS- \ohe
0 i r x_ i
20 30 40 50 60 70
z [m]

FIG. 14. Longitudinal profile of peak power density in the
superconducting coils along the triplet and the D1 on the right
side of IP8 (IP1 for the red curve), which is at z = 0. Values
are averaged over the cable radial thickness and the azi-
muthal resolution is of 2° Two curves, normalized to
1.5 x 103 cm=2 57!, refer to the LHCb Upgrade II operational
scenario with /s = 14 TeV, external vertical crossing, and
either upward (blue crosses) and downward (green squares)
polarity of the LHCb spectrometer. The red curve refers to the
ATLAS insertion (where no superconducting D1 is present)
and an operational Run 3 scenario with /s = 13.6 TeV at
2 x 10** cm™2s~!'. The red dashed line represents the quench
limit for the triplet quadrupoles and the black dashed line
represents the design limit [27].
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Longitudinal profile of peak dose in the superconducting coils along the triplet and the D1 on the right side with respect to IP8

(at z =0). The azimuthal and radial resolution is of 2° and 3 mm, respectively. External vertical crossing has been considered

for /s =

14 TeV. An integrated luminosity of 360 fb~! is assumed to be collected half with either polarity of the LHCb spectrometer.

The gray curve is for the current layout, while the black one combines 300 fb~! with the shielding options discussed in Secs. VIB 1 and
VIB 2 and 60 fb~! without any mitigation measure up to the end of Run 4. The red dashed line represents the design lifetime of Q1-Q3
[28] and D1, while the green one represents the design lifetime of the correctors [29].

the limit because it is located on opposite azimuthal
positions as a function of their polarity of the LHCb
spectrometer.

1. TAS-like absorber design

Building on the experiences of ATLAS and CMS, the
most logical choice would be to install a TAS absorber, but
the IR8 layout does not allow this due to the presence of the
compensator dipole and the detector itself on the right side.
Considering the very limited space availability, the only
effective solution is the integration of an absorbing material
inside the yoke of the normal-conducting short compensa-
tor (MBXWS) around the beam pipe, converting it into a
so-called MBXWS-TAS, as shown in Fig. 16. The simu-
lation of a MBXWS-TAS embedding a tungsten shielding
surrounding the vacuum chamber all along the magnet

FIG. 16. Front (left) and inside (right) view of MBXWS-TAS.
The pink blocks are made of tungsten. The shielding to protect its
own front coils on the vertical plane is included.

length provides a reduction of more than a factor of 2,
well below the quench limit as shown in Fig. 17. Even if
resulting values are still above the design limit set prior to
LHC operation, a maximum power density of around
7 mW /cm? is to be considered as acceptable, as previously
pointed out with reference to the actual Run 2 experience in
the ATLAS and CMS insertions, which proved that power
density values twice the design limit (but still lower than
the estimated quench limit) are seamlessly sustainable.
Assuming a realistic scenario in which the vacuum pipe is
wrapped in a backout tape, and therefore, the tungsten
blocks cannot be in contact with it, no significant loss of
shielding effectiveness is observed (see the blue curve in
Fig. 17). Another geometry model has been simulated,
reducing the MBXWS-TAS vacuum chamber diameter by
10 mm and increasing the tungsten volume accordingly
(see the green curve). This further improves the picture,
especially with regard to the total heat load on the
cryogenic system, as discussed later. In Fig. 15, the black
curve indicates that the MBXWS replacement by the
MBXWS-TAS during LS4 solves also the lifetime prob-
lem, bringing the Q1 dose well below the respective limit.

2. Inner shielding for separation dipole (D1)

As shown in Figs. 14 and 15, considerable values of
deposited energy density would be reached in D1, calling
for a mitigation measure such as the design of an internal
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FIG. 17. Peak power density along the superconducting coils of
the Q1 on the right side with respect to IP8 (at z = 0). External
vertical crossing and downward polarity of the LHCb spectrom-
eter have been assumed. The black points correspond to the ones
reported in green in Fig. 14. The red squares represent the
scenario featuring an ideal MBXWS-TAS equipped of tungsten
in contact with the beam pipe, over a transverse width of 10 cm.
The blue triangles correspond to a more realistic MBXWS-TAS
design in which a 3 mm gap is left between the pipe and the
absorber, to accommodate the bakeout tape, and the absorber
transverse width is increased to 24 cm. The green crosses refer to
a 10 mm reduction of the vacuum aperture diameter, enabling the
shielding extension at smaller radii. Resolution and normalization
are as in Fig. 14.

shielding along the dipole. In fact, the superconducting D1
has a 80 mm coil diameter, larger than the 70 mm one of the
triplet quadrupoles, and hosts a wider beam screen. The
latter could be replaced by the Q2-Q3 beam screen, if the
corresponding mechanical aperture reduction is confirmed
not to compromise future injection optics scenarios, offer-
ing the margin for increasing the thickness of the enclosing
stainless steel cold bore wall. This would serve as a
shielding, as it is already the case in Q1, which hosts an
even narrower beam screen. The result is that the peak
power density at the non-IP-side of D1 is reduced by a
factor of 4, as shown in Fig. 18. This constitutes an effective
mitigation measure for the non-IP-side peak, also in terms
of luminosity lifetime reach (see Fig. 15). However, the
cure for the IP-side power density peak, which is present for
both spectrometer configurations, would imply the exten-
sion of the thick cold bore along a large fraction of the
Q3-D1 interconnect length (see the blue curve of Fig. 18),
whose implementation has to be further studied.

3. Corrector magnet lifetime

Figure 15 includes the various corrector magnets of the
triplet. They are operated at relatively low current and
therefore benefit from a considerable quench margin.
Nevertheless, the damage limit of their coil insulator
(around 7 MGy [29]) is much lower than for the main

10+ D1 with shielding —s— |
D1 with extended shielding +—4— !

Power density [mW/cm3]
o

4 -
2+
0 1 1 ; l
5800 6000 6200 6400 6600 6800
Z [cm]
FIG. 18. Peak power density along the superconducting coils of

the D1 on the right side with respect to IP§ (at z = 0). External
vertical crossing and downward polarity of the LHCb spectrom-
eter have been assumed. The black points correspond to the ones
reported in green in Fig. 14. The red squares represent the
scenario featuring the proposed replacement of the D1 beam
screen allowing for the increase of the stainless steel cold bore
wall thickness by 5.5 mm. The blue triangles are obtained
extending upstream the thick cold bore up to the Q3 non-IP
end. Resolution and normalization are as in Fig. 14.

quadrupoles and is predicted to be significantly surpassed
by the high order correctors. This is also the case for the
ATLAS and CMS insertions, where their possible loss
during Run 3 is judged tolerable. On the other hand, the
orbit corrector dipoles and the skew quadrupole, whose
functionality is more critical, are expected to barely reach
the limit at the end of the desired luminosity production.

4. Total heat load

The budget of the heat load to be evacuated constitutes
one of the bottlenecks in the achievement of the Upgrade 11
of LHCb. Table III summarizes the power absorbed by
some key elements due to the collision debris. With the
current layout, the total power of the right (left) Q1-D1
string is expected to reach 390 W (331 W). During Run 3, at
the target instantaneous luminosity of the LHCb Upgrade I
(7.5 times lower than in the scenario here considered), the
load amounts to about 50 W and can be safely removed by
the cooling system that has presently a capacity of 140 W.
Our study assessed also the effects of the mitigation
measures previously discussed to decrease the local energy
deposition in the superconducting coils. The load of the Q1
on the right side, which is higher than for the Q1 on the left
side, can be decreased from 220 W down to 100 W thanks
to a MBXWS-TAS embedding tungsten blocks over a
transverse width of 24 cm (see Fig. 16), provided that the
vacuum chamber diameter is reduced to 42 mm (as for the
green curve in Fig. 17). In this case, the total power for
the whole Q1-D1 string would decrease to 272 W (264 W
for the left side) and the new MBXWS-TAS would absorb
itself more than twice the heat load of the current MBXWS,
namely up to 100 W. Thermomechanical calculations
indicated that a close-by ventilation system would not be
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TABLE III.
measures discussed in the text.

Total heat loads for an instantaneous luminosity of 1.5 x 103 cm™2 s

~25~!, as a function of the mitigation

Total power (W)

Magnet No measures ~ With MBXWS-TAS  With DI shielding in addition
Right Q1 220 138/100" 138/100°

D1 (down polarity) 56 56 96

Right triplet and D1 (down polarity) 390 310/272° 350/312°

Left triplet and D1 (down polarity) 331 301/264" 341/304"

D2 (down polarity) 50 50 50

*Assuming a reduced vacuum chamber aperture of 42 mm diameter in the MBXWS-TAS.

enough to properly lower the temperature of the short
compensator vacuum chamber, therefore, the outgassing
excess would have be handled with additional vacuum
pumps. [30].

On the other hand, the aforementioned inner shielding of
the separation dipole would collect an additional sizeable
amount of power at cryogenic temperature, raising the
D1 heat load from 56 to 96 W and bringing the total heat
load of the Q1-D1 string to slightly exceed 300 W, in the
presence of the most protective MBXWS-TAS. A possible
solution to cope with such an increased load is to replace
the current service module with another equivalent to those
installed around CMS, assuring a power extraction capacity
of 320 W.

C. Recombination dipole—D2

The neutral debris with a highly forward angular dis-
tribution, mostly neutrons and photons, travels beyond
the separation dipole, after which the common vacuum
chamber splits into two distinct beam pipes. To protect
the subsequent recombination dipole (D2) from these
particles, in view of the Upgrade I luminosity increase
to 2 x 10 cm™2s~!, during LS2 the TANB absorber,

D2

/

TCTPH

FIG. 19. 3D view (from the inside of the ring) of the FLUKA
geometry on the left side of IP8 including the recombination
dipole D2, the TANB absorber (installed during L.S2), and the
horizontal and vertical tertiary collimators, which are installed on
the incoming (external) beam vacuum chamber.

covering the empty space between the two pipes, was
installed, as illustrated in Fig. 19. It turns out to effectively
protect the D2 even in the Upgrade II scenario. In fact,
Fig. 20 shows that the peak power density barely exceeds
2 mW/cm?, far below the expected quench limit.

Figure 21 displays two hot spots on the front face of the
D2: a central one between the beam pipes, which is due to
the neutral particles from IP8, and one on the inner side,
mostly due to positively charged particles. The resulting
peak in the superconducting coil is localized in the
horizontal plane around the outgoing beam pipe, which
is the internal one (toward the center of the LHC ring at
negative x values). This is apparent in Fig. 22, indicating
that the dose accumulated after 360 fb~! with external
vertical crossing is about 10 MGy. Considering that the
additional contribution from the luminosity already col-
lected (mainly with external horizontal crossing) is less
than 1 MGy, no radiation induced issue is expected with
regard to magnet lifetime.

Nevertheless, the D2 total load amounts to 50 W, which
is higher than the respective HL-LHC value in the ATLAS
and CMS insertions. This may require an upgrade of the

= 3 200 prad VERT external crossing angle
g 5el - Downward polarity ———
E ’ Upward polarity +—
E 2f
2z
a 1.5
5}
CHE
—
:
£ o05f
-
-130 -125 -120
z [m]

FIG. 20. Longitudinal profile of peak power density in the D2
superconducting coils on the left side of IP8 (at z = 0). Values are
averaged over the cable radial thickness and normalized to
1.5 x 103 cm™2 57!, The azimuthal resolution is of 2°. External
vertical crossing has been considered for /s = 14 TeV with
either upward (red points) and downward (black points) polarity
of the LHCb spectrometer.
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FIG. 21. Power density distribution on the IP-face of D2 for
upward (top) and downward (bottom) polarity of the LHCb
spectrometer in the case of external vertical crossing.

cryogenic module, which has to evacuate in addition the
downstream quadrupole (Q4) load of 5 W.

Contrary to the present situation, the TANB absorber
will require a cooling system to dissipate the absorbed
power, which has been evaluated to be 150 W in the more
severe case of downward polarity of the LHCb spectrom-
eter. The currently preferred option envisages cooling
plates underneath its bakeout jacket in order to decrease
the temperature of the vacuum chambers and to fulfill at the
same time the outgassing requirements [31].

D. Matching section and dispersion suppressor

Beyond the D2, calculations carried out for the IRS8
matching section indicate that the power density and the
dose in the superconducting coils of the Q5-Q7 quadru-
poles remain below 2 mW/cm? and 3 MGy, respectively.
These findings suggest that physics debris collimators
(TCL) are not necessary to protect the matching section
magnets from quench risk and radiation damage, being
these values significantly lower than respective limits.

Further on, after the long straight section (LSS), particle
losses in the dispersion suppressor (DS) are due to

10

y [cm]
Dose [MGy]

-14 -12 -10 -8 -6
X [cm]

FIG. 22. Transverse dose distribution at the longitudinal maxi-
mum in the D2 superconducting coils of the outgoing beam on
the left side of IP§ for external vertical crossing. An integrated
luminosity of 360 fb~! is assumed to be collected half with either
LHCb polarity.

Peak dose profile in the inner coils (Lj,t=360 fb'l)

10l..MB13  MB12 MB11 MB10 MB9 MB8

o Dipdles
Quadrupoles and correctors ——

Dose [MGy / 360 fb~1]

1 1 1 1
-500 -450 -400 -350 -300 -250

z [m]

FIG. 23. Longitudinal profile of peak dose in the superconduct-
ing coils of the magnets of the left DS, assuming an integrated
luminosity of 360 fb~! collected half with either polarity of the
LHCb spectrometer, for external vertical crossing.

diffractive protons coming from the IP with an energy
slightly lower than the beam one. They impact the first half-
cells (8-10) and then the even half-cells of the arc,'
corresponding to the peaks of a single turn optical
dispersion function. The largest power deposition is in
the half-cell 8, as shown in Fig. 23. The resulting levels are
compatible with the operational (quench) and lifetime
(dose) limits of the main dipoles and quadrupoles, but
raise some concern for the MCBC corrector dipole in the
half-cell 8, whose insulator is less resistant (see also
Sec. VIB 3). The predicted dose of 8 MGy suggests to
consider the installation of one TCL collimator toward the
LSS end, such as to protect the first DS cell.

'A half-cell consists of a quadrupole and two (in the DS) or
three (in the arc) dipoles.

061003-15



ALESSIA CICCOTELLI et al.

PHYS. REV. ACCEL. BEAMS 27, 061003 (2024)

VII. CONCLUSIONS AND OUTLOOK

The Upgrade I of the LHCb experiment, proposed
to be implemented by the LHC Run 5 start in 2035,
implies the design and installation of protective elements in
IRS to enable the operation at an instantaneous luminosity
of 1.5 x 10* ¢cm™2s~! and the accumulation of an inte-
grated luminosity of about 400 fb~' by the end of the
HL-LHC era.

In this paper, we have presented extensive modeling of
the LHCb upgraded detector and the surrounding LHC
machine to explore the impact of this higher luminosity on
key elements. The increased luminosity has implications on
the risk of magnet quench, the higher cryogenic load,
the magnet lifetime, and the radiation to electronics, and
we make the following conclusions. (i) Technological
choices for Upgrade II of the LHCb detector described
in the Upgrade II TDR [3] are under active investigation
within the LHCb collaboration. The basic detector layout
will remain similar to that of Run 3, but most of the existing
components will have to be replaced to ensure equal or
better performance of the detector at 7.5 times higher pileup
by increasing granularity and timing resolution. Innovative
technological solutions for subdetectors will be required to
meet expectations of performance and operational reliabil-
ity. Judging from the preliminary values for radiation level
estimators, the overall increase in luminosity will be a
serious concern in terms of radiation damage for certain
subdetectors and is addressed in the R&D program of new
equipment. Performance-driven changes of subdetector
designs will also influence the radiation environment.
For example, the introduction of tungsten shielding in
the innermost ECAL modules will modify the character-
istics of the particle backsplash, inducing effects on
adjacent subdetectors, such as SciFi, Mighty tracker, and
RICH2. (ii) Radiation levels in the vicinity of the LHCb
experiment are expected to increase by a factor of 5 with
respect to the Runs 3—4 values, implying the need to protect
the electronics to keep SEE rates below an acceptable
threshold. One solution we propose that can meet this
requirement is a large wall in the experimental cavern. With
our proposed wall design, the HEH fluence in the UX85
can be reduced by a factor of 5, down to the acceptable
values foreseen for Runs 3—4. On the other hand, in the
US8S5, the reduction is closer to a factor of 4, yielding
radiation levels 20% higher than Runs 3—4 ones. These
radiation levels are manageable. Other less invasive sol-
utions, such as electronics relocation outside UXS85 and
localized shielding in US8S5, are currently under inves-
tigation. (iii) The preservation of the magnet functionality
of the MBXWS front coils can be assured by a tungsten
shielding length of 7 cm. (iv) The installation of a TAS-like
absorber, as the proposed TAS-MBXWS, is required to
decrease the power density and dose in the Q1 coils to
acceptable levels, as well as to significantly reduce its heat
load, such as to be compatible with the upgraded cryogenic

system capacity. (v) In the LSS regions, an inner shield is
required to reduce the energy deposition peaks in the
separation dipole. In particular, its extension along the
Q3-D1 interconnection appears to be necessary to cure
the peak on the D1 IP face. (vi) The installed TANB
effectively protects the recombination dipole also in the
Upgrade II scenario. The D2 heat load will rise to 50 W.
(vii) The TCL collimators do not appear to be necessary for
the matching section magnet protection in IR8, except for
one collimator at the end of the LSS that would consid-
erably reduce the leakage to the DS and in particular would
protect MCBC corrector in the half-cell 8 from the insulator
degradation risk.

In conclusion, we have shown the proposed luminosity
that could be achievable from a machine protection and
radiation level perspective, opening the door to expand the
exciting heavy flavor physics program at the HL-LHC.
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