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Abstract

The HL-LHC upgrade, aiming at increasing the LHC
levelled luminosity by a factor five, relies on novel super-
conducting magnets requiring a new beam vacuum system.
Along with the challenges related to magnet design, the
beam optic configuration exposes this new equipment to
stringent conditions for vacuum and cryogenic performance.
Both cold warm transitions and magnet interconnections
appear to be delicate components that are crucial for the
thermal heat transfer between diverse subsystems. The pro-
posed study aims at assessing the heat loads to the cryogenic
system and the temperature fields in the vacuum system.
A nonlinear static thermal analysis is first performed. A
thermo-mechanical approach is developed to capture ad-
ditional thermal resistance arising from contact between
components and their behaviour during cool-down. The sys-
tem is then studied under dynamic operations when beams
are circulating and colliding. A thorough analysis of beam-
induced heat loads under ultimate conditions highlights the
different relevant contributions. Finally, the transient re-
sponse of the systems is computed to assess thermal time
constants.

CONTEXT

High Luminosity

The High Luminosity Large Hadron Collider (HL-LHC)
is the ongoing CERN project aiming at multiplying the
integrated luminosity of the LHC by a factor 10 [1]. Su-
perconducting insertion magnets in the vicinity of ATLAS
(IR1) and CMS (IR5) need to be replaced [2, 3]. Conser-
vative beam-induced heat loads are derived according to
the HL-LHC optics v1.5 [4] where the beam operates at
Ly = 7.510%* cm~2.s7! ultimate levelled instantaneous lu-
minosity target and at 7 TeV nominal energy [5].

The study focuses on the thermo-mechanical design of
magnet interconnections (IC) and magnet transitions to the
ambient referred as cold warm transitions (CWT). Four dif-
ferent CWTs of interest are identified in the experimental
insertion area: (i-ii) the two extremities (Q1/D1) of the in-
ner triplet (IT) and (iii-iv) both ends of the stand-alone D2
recombination dipole (IP/NIP). One IC (Q2B/Q3) is investi-
gated and defined as a representative baseline.

Cryogenics and Vacuum

The exposition to highly energetic debris from collision
requires the design of shielded beam screens [6, 7]. The
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operating temperature of the aperture needs to be in accor-
dance with its required thermodynamic behavior for vacuum
integrity [8]. Associated required cooling is of prior interest
to draw a rigorous and complete heat budget for the insertion
area [9].

Sequence

The analysis studies the system at equilibrium at its cryo-
genic temperature referred as the stand-by configuration. At
this stage, heat transfer mechanisms are either static losses
to the ambient or internal exchanges between cryogenic sys-
tems. When beam operates, cryogenic regimes are adapted
to further extract beam-induced heat loads and reach its ulti-
mate equilibrium. The dynamic transition from stand-by to
ultimate configurations is finally assessed.

MODELING

Methods

A multiphysics numerical model is defined in COMSOL
Multiphysics©. Thermal conduction equations are derived
under a non linear formulation using temperature-dependent
properties [10]. Solid mechanics is coupled to heat trans-
fer in one-way. Isotropic and elastic material behavior is
considered. Models are meshed in 3D with approximately
250k linear tetrahedron elements. Surface coatings and thin
components are modeled under a thin layer approximation
with shell elements for computational efficiency.

Mechanical results are computed with a fully coupled
direct PARDISO stationary solver. Static thermal results
are computed with a direct segregated PARDISO stationary
solver. The dynamic behavior is solved with an iterative
GMRES transient solver and a time step Af = 1 min.

Thermal Contact

The joint conductance 4,. of contact interfaces is modeled
with nonlinear thermo-mechanical contact and the empirical
Cooper-Mikic-Yovanovich (CMY) correlation given as [11]:

m 0.94
h. = 1.25k,—P (#)
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with p the contact pressure, k. the harmonic mean of the
contacting surface conductivities, o, and m,g, respectively
the RMS value of the average height and slope of surface
asperities and H,. the Vickers microhardness of the softer
material.
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The distribution of contact pressure is derived in a one-
way coupling from a structural mechanics model. The bolt
pretension is applied to the assembly at room temperature.
The system is then cooled-down to its cryogenic equilibrium
temperature. Temperatures of the interfaces are assumed
uniform and postulated a priori in line with the coupling
approach. During the cool-down, a loosening of the interface
occurs due to the interplay of thermal contractions of the
different components. The detrimental decrease of joint
conductance is assessed as depicted for D2 in Fig. 1 and
thermalization design guidelines are inferred.
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Figure 1: Distribution of contact pressure p at the interface
from the thermal shield and von Mises stress o'y, in preten-
sion bolts of D2 NIP.

From the multiphysics approach, a minimum contact pres-
sure from a given tightening torque can be derived for each
thermalization design to achieve required heat extraction g
as described in Fig. 2 for D2 NIP.
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Figure 2: Heat budget of evolution of the cold mass (CM),
thermal shield (TS) and beam position monitoring (BPM)

according to the average contact pressure Prg of the thermal
shield thermalization for D2 NIP.

Internal Isothermal Flow

Natural convection with the ambient is considered on the
external surface of the cryostat. Forced convection is mod-
eled for cryogenic circuits. Under isothermal flow assump-
tion with negligible temperature difference between fluid
and duct and for ongoing turbulent regimes, heat exchange
is computed using Dittus—Boelter correlation [12]:

hy = go.on Rey> Pr'/?

for Rep > 2500, (2)

with hf the internal forced convection coefficient, k the fluid
thermal conductivity, ¢ the diameter of the cooling chan-
nel, Rep the dimensionless Reynolds number and Pr the
dimensionless Prandtl number.
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Surface-to-Surface Radiation

Radiation with the ambient is considered to account for
external heat dissipation from CWTs. Regarding surface to
surface radiation, the numerical sequence is computationally
expensive for large and complex geometries. Its modeling
is only implemented when it is relevant to beam line design
and the contribution is significant on the overall heat budget.
As a first estimate, the radiation from thermal shield to CWT
is analytically assessed under the assumption of concentric
cylinders [13] and assumed as negligible.

The short length of CWTs, the large aperture D of the
beam line and the large temperature difference over CWTs
are favorable factors to allow thermal radiation propagating
from the ambient to the cold mass through the aperture. This
mechanism is referred as beam line radiation in the following
and is numerically assessed.

View factors are computed using the hemicube
method [14]. Drift tubes and beam screens are truncated
over a length L and an enclosure is obtained through
virtual capping of the extremities. Black-body properties
are assigned to virtual end caps to account for an infinite
media. The emissivity of the beam screen is assumed as
highly reflective [15]. A minimum length of truncation
L > 5D is required to reach representative values of beam
line radiation as presented in Fig. 3(a) under a parametric
analysis for D2 NIP.
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Figure 3: Beam-line radiation budget over the cold mass
end cap (CAP), the beam screen surface (BS), their addition
(TOT) and the CWT for D2 NIP as a function of (a) the
truncation length L and (b) the beam line emissivity &.

The amorphous carbon (a-C) coating from beam screens
is known to alter the substrate emissivity but no accurate
measurement is made available. Sensitivity analysis is per-
formed to stress involved order of magnitudes and derive
conservative radiating heat loads as reported in Fig. 3(b) for
D2 NIP.

EXTERNAL CONTRIBUTIONS

During beam operation, interactions with the equipment
are leading to power deposition. The contributions of such in-
teractions are referred as beam-induced heat loads. Relevant
contributions are reviewed and importation from available
dedicated assessments is detailed.
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Nuclear Debris

The equipment in the vicinity of collisions is subjected to
significant nuclear power deposition. An energy deposition
analysis was carried out using FLUKA®© [16]. Deposition
over D2 is ignored due to distance from collisions. The
most significant power deposition from particle showers
occurs between Q2A and Q3 and is retained as a conservative
case study for IC. Specific power sources are translated into
components.

e-Clouds

Simulations of beam-induced electrons multipacting were
performed with PyECLOUD onto consecutive 2D sections
along the beam line [17, 18]. The secondary electron yield
(SEY) of aperture surface is identified as a key parameter.
According to ongoing development of a-C coatings [19-21],
heat loads are derived considering coated components with
SEY= 1.05. Deposition is assumed uniform over aperture
sections. A continuous distribution is derived from linear
interpolation between studied sections and imposed as a
boundary heat load onto beam screen coating.

Impedance

A last beam-induced effect considered is the impedance
heating from image current losses. Available studies, com-
puted with CST Studio®©, provide linear distributions along
beam screens as a function of the copper coating tempera-
ture [22]. Results are imported as boundary heat loads and
account for two counter-rotating beams in single aperture
magnets and the longitudinal weld of the beam screen.

STATIC RESULTS

Temperature

Temperature distributions, as presented in Fig. 4 for
Q2B/Q3 IC, are inspected to verify vacuum performance.
Temperatures from external surfaces are compared with dew
point from ambient conditions to avoid moisture condensa-
tion or ice deposition [23].
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Figure 4: Temperature distribution over Q2B/Q3 IC in stand-
by conditions.

Heat Budget

Integrated loads over each cryogenic entities are computed
for both stand-by and ultimate conditions and reported to
the overall budget for accurate cryogenic design [9]. Beam-
induced contributions are identified as the difference be-
tween both computed configurations.
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DYNAMIC RESPONSE

Transient responses can be of interest to estimate transit
time from stand-by to ultimate equilibrium. The model is
initialized from static stand-by configuration computed in
previous sections and transient responses are computed with
beam-induced heat loads enabled to ultimate values. The
minimum, maximum and mean aperture temperatures of
the IC are reported in Fig. 5(a) with characteristic times of
respectively 0.5h, 5h and4 h. The evolution of the heat
extraction from different cryogenic systems is monitored in
time as depicted in Fig. 5(b), as an example of the thermal-
ization of the beam position monitoring (BPM) system of
the IC with a rising time on the order of 6 h.
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Figure 5: Transient response from stand-by to ultimate con-
ditions for Q2B/Q3 IC of (a) minimum, maximum and mean
aperture temperatures and (b) BPM heat flux.

CONCLUSION

Results are comforting for the required vacuum perfor-
mance. Physics fills generally hold for 10 h to 20 h. Beam
line will operate for a significant time below computed con-
servative ultimate state. Temperature distributions will re-
main close to the design range leading to desired outgassing
rate. Guidelines for thermalization design have been rigor-
ously identified and implemented.
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