Pre prints.org

Article Not peer-reviewed version

Calculation of Forces on the High
Granularity Calorimeter Stainless
Steel Absorber Plates in the
Compact Muon Solenoid
Magnetic Field

Vyacheslav Klyukhin

Posted Date: 9 October 2023
doi: 10.20944/preprints202310.0350.v1

Keywords: electromagnetic modelling; magnetic flux density; superconducting coil; electromagnetic forces

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/353534

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 October 2023 do0i:10.20944/preprints202310.0350.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Calculation of Forces on the High Granularity
Calorimeter Stainless Steel Absorber Plates in the
Compact Muon Solenoid Magnetic Field

Vyacheslav Klyukhin >* on behalf of the CMS Collaboration

1 Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, RU-119991, Moscow, Russia
2 CERN, CH-1211, Geneva 23, Switzerland; Vyacheslav.Klyukhin@cern.ch
* Correspondence: Vyacheslav.Klyukhin@cern.ch; ORCID: 0000-0002-8577-6531

Abstract: The general-purpose Compact Muon Solenoid (CMS) detector at the Large Hadron Collider (LHC)
at CERN includes the hadronic calorimeter to register the energies of the charged and neutral hadrons
produced in the proton-proton collisions at the LHC at a center of mass energy 13.6 TeV. The calorimeter is
located inside the superconducting solenoid of 6 m in diameter and 12.5 m in length creating the central
magnetic flux density of 3.8 T. For operating optimally in the high pileup and high radiation environment of
the High Luminosity LHC, the existing CMS endcap calorimeters will be replaced with a new high granularity
calorimeter (HGCal) comprising of an electromagnetic and a hadronic section in each of the two endcaps. The
hadronic section of the HGCAL will include 44 stainless steel absorber plates with a relative permeability value
well below 1.05. The volume occupied by 22 plates in each endcap is about 21 m?3. The calculation of the axial
electromagnetic forces on the absorber plates is a crucial element in designing the mechanical construction of
the device. With a three-dimensional computer model of the CMS magnet, the axial forces on each absorber
plate are calculated and the dependence of forces on the central magnetic flux density value is presented. The
method of calculation and the obtained results are discussed.

Keywords: electromagnetic modelling; magnetic flux density; superconducting coil; electromagnetic forces

1. Introduction

The Compact Muon Solenoid (CMS) multi-purpose detector [1] at the Large Hardon Collider
(LHC) [2] registers the charged and neutral particles created in the proton-proton collisions at a center
of mass energy 13.6 TeV. The detector includes a wide-aperture superconducting thin solenoid coil
[3] with a diameter of 6 m, a length of 12.5 m, and a central magnetic flux density Bo of 3.81 T created
by the operational direct current of 18.164 kA. Inside the superconducting coil around the interaction
point of proton beams the major particle subdetectors are located: a silicon pixel and strip tracking
detectors to register the charged particles; a solid crystal electromagnetic calorimeter to register
electrons, positrons and gamma rays; a barrel and endcap hadronic calorimeters of total absorption
to register the energy of all the hadron particles. Outside the solenoid coil the muon spectrometer
chambers register muon particles escaping the calorimeters.

In the next to a present run of the LHC, the High Luminosity (HL) operational phase is scheduled
after a long shutdown of the machine. It is planned to level the instantaneous luminosity at 5 x 103
cm? s with the goal of integrating some 3000 fb-! by the mid-2030s. The HL-LHC will integrate ten
times more luminosity than the LHC, posing significant challenges for radiation tolerance and event
pileup on detectors, especially for calorimetry in the forward region.

For optimal operation in the high pileup and high radiation environment of the HL-LHC the
existing CMS plastic scintillator-based hadron endcap calorimeter will be replaced by a new High
Granularity Calorimeter (HGCal) containing the silicon sensors and plastic scintillators as active
material and stainless-steel absorber plates in the hadronic compartment [4]. The slightly magnetic
stainless steel plates occupy at each endcap a volume about 21 m?3. Assuming to be produced with a
relative permeability ur well below 1.05 they nevertheless attract in the magnetic field of 3.81 T to
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the center of the CMS superconducting solenoid with substantial electromagnetic axial forces. With
a three-dimensional (3D) CMS magnet computer model [5] based on a 3D finite-element code TOSCA
(two scalar potential method) [6], developed in 1979 [7] at the Rutherford Appleton Laboratory, the
axial force on each absorber plate is calculated for pr equal to 1.05 and scaled to the conditions
expected at the Bo of 3.81 T using the measured dependence of . on the external magnetic flux
density. Earlier, the influence of the HGCal stainless steel absorber plates with an extreme pr: value
of 1.05 onto the CMS solenoid inner magnetic field in the location of the pixel and strip tracking
detectors was investigated with similar modelling [8].

The article is organized as follows: Section 2 describes the model of the HGCal stainless steel
absorber plates inside the CMS superconducting solenoid; Section 3 contains results of the axial
magnetic force calculations as onto each stainless steel absorber plate as onto the entire endcap
compartment; Section 4 presents a discussion of the obtained results and, finally, conclusions are
drawn in Section 5.

2. Description of the HGCal hadronic compartment model

In Figure 1 a perspective view of the CMS detector is displayed with existing electromagnetic
and hadronic endcap calorimeters colored with green and yellow colors, respectively. The
calorimeters are shown at one side of the solenoid coil. At another side their positions are symmetrical
with respect to the detector middle plane. For the HL-LHC operations both endcap calorimeters will
be replaced with the HGCal endcaps.

Figure 1. Perspective view of the CMS detector with 1/8 part opened. Inside this part an existing
electromagnetic endcap calorimeter is shown with green color, and an existing hadronic endcap
calorimeter is shown with yellow color. Positions of both endcap calorimeters are symmetrical with
respect of the detector middle plane, and both calorimeters will be replaced with the HGCal.

To absorb the hadronic particles along the entire length of each HGCal endcap, 22 stainless steel
disks with sicknesses from 45 to 95.4 mm interleaved with the air gaps of 21.55 mm form in each
endcap the shapes shown in Figures 2 and 3. In the CMS magnet model, these disks are located at the
distances from 3.6098 to 5.2239 m from the coil middle plane on both sides of the coil. These distances
consider the shifts by 12 mm directed to the coil center on both sides according to the magnet yoke
deformation under the magnetic forces when the magnet is switched on.
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Figure 2. Perspective view of the stainless steel absorber disks in both HGCal endcaps. The color scale
describes a distribution of the total magnetic flux density B in Tesla on the disk surfaces. The
maximum value of B is 3.75 T, the minimum value is 3.16 T, the color scale unit is 0.1 T. The values
on the coordinate axes are given in meters.
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Figure 3. HGCal stainless steel absorber plates in the longitudinal section of the CMS coil inner
volume. The color scale of the axial magnetic flux density B: on the disk surfaces is in Tesla with a

unit of 0.1 T. The maximum value of B: is 3.75 T, the minimum value is 3.16 T. The values on the
coordinate axes are given in meters. At positive Z coordinates the plates are numbering from 1 to 22
from origin of the coordinate system to positive Z values. At negative Z coordinates the plates are
numbering from -1 to —22 from origin of the coordinate system to negative Z values. Each endcap
compartment contains 22 stainless steel disk plates with thicknesses of 45 (disk numbers +1), 41.5 (disk
numbers from #2 to +11), 60.7 (disk numbers from 12 to +21) and 95.4 (disk numbers +22) mm. The
air gaps between the disks are of 21.55 mm.

Figures 2 and 3 are prepared with the updated latest CMS magnet 3D model [5]. The model is
calculated with the operational direct current of 18.164 kA and with the stainless steel pr value of
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1.05 that corresponds to the limitation of the axial magnetic forces onto the absorbers. As shown in
Figures 2 and 3, the absorber disks form two cones (small and large) and two cylinders at each side
of the coil inner volume. The smallest outer diameter of the small cone is 3.2934 m, the outer diameter
of the large cylinder is 5.2492 m, and the volume of the absorber plates modelled in each HGCal
endcap is 18.9 m?. The small cone has an angle of 19.09° with respect to the coil axis, and a similar
angle of the large cone is 52.67°. An angle in transition disks +5 between the small and large cones is
44.93°. In each endcap the first eight disks in the conical part (with numbers from +1 to +8) have an
inner bore with a radius of 0.3136 m; the next four disks (with numbers from +9 to +12) have an inner
bore with a radius of 0.3836 m; the last two disks in the conical part (with numbers +13 and +14) and
all the eight cylinder disks (with numbers from +15 to +22) have an inner bore of 0.4448 m. A positive
numeration of the disks runs from the smallest disk to a back disk in positive Z direction, a negative
numeration of the disks runs in the same way to negative Z direction shown in Figures 2 and 3.

The coordinate axes shown in Figures 2 and 3 represent the CMS coordinate system where the
origin is in the center of the superconducting solenoid, the X axis lies in the LHC plane and is directed
to the center of the LHC machine, the Y axis is directed upward and is perpendicular to the LHC
plane, the Z axis makes up the right triplet with the X and Y axes and is directed along the vector of
magnetic flux density created on the axis of the superconducting coil.

In Figure 2, a distribution of the magnetic flux density total component B on the absorber plate
surfaces is shown. A distribution of the axial magnetic flux density component B: is displayed in
Figure 3. Both B and B: components have a maximum value of 3.75 T, and a minimum value of 3.16
T. The radial component of the magnetic flux density B- has an extremum value of +0.27 T on the
surfaces of the 95.4 mm thick back disks +22.

The central magnetic flux density Bo is equal to 3.817 T and is 0.21 % greater than that value in
the present CMS configuration. Thus, at pr value of 1.05, a contribution of the stainless steel plate
magnetization into the CMS inner field is extremely small.

In Figure 4 the calculated axial magnetic flux density B: is shown along the Z coordinates at an
X coordinate equal to 1.259675 m. This X coordinate value corresponds to averaging the halves of
distances between the outer and inner disk radii of the first and the last disks in the endcap at positive
Z coordinates. The B: values are calculated in three models of the CMS magnet: in Model 1 where the
relative permeability inside the stainless steel absorber plates is equal to 1.05; in Model 2 where the
relative permeability inside the absorber plates is equal to permeability of air, i. d. pr =1.0; in Model
3 that corresponds to the present configuration of the CMS magnet without the absorber plates.
Insertion of the absorber plates required the modification of the spatial finite-element mesh in Models
1 and 2 comparing with Model 3.

As is visible in Figure 4, the B: values in Model 2 with pr: = 1.0 in the absorber pates coincide
with the B: values in Model 3 without the absorbers. This confirms the absence of the modified spatial
mesh influence on the calculated results.

The curve of B: vs. Z in Model 1 with e = 1.05 is rather smooth. It confirms a continuity of the
axial magnetic flux density on the stainless steel — air interface since at X = 1.259675 m the axial
magnetic flux density vector is normal to the surfaces of disks.

In Figure 5 the calculated axial magnetic field strength H-: is shown along the Z coordinates at
the X coordinate equal to 1.259675 m. Here the H: values in Model 2 with pr = 1.0 in the absorber
pates coincide with the H: values in Model 3 without the absorbers, and in Model 1 the axial magnetic
field strength at the stainless steel — air interface is 1.05 times larger than inside the absorber plates
that follows from the axial magnetic flux density continuity.
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Figure 4. The axial magnetic flux density vs. positive Z at the X coordinate equal to 1.259675 m in
three different models of the CMS magnet. A smooth line corresponds to Model 1 with pr value of
1.05 in the absorber plates, a dashed line corresponds to Model 2 with pr value of 1.0 in the absorber
plates, and a dotted line corresponds to Model 3 of the CMS magnet without the absorber plates.
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Figure 5. The axial magnetic field strength vs. positive Z at the X coordinate equal to 1.259675 m in
three different models of the CMS magnet. A smooth line corresponds to Model 1 with - value of
1.05 in the absorber plates, a dashed line corresponds to Model 2 with pra value of 1.0 in the absorber
plates, and a dotted line corresponds to Model 3 of the CMS magnet without the absorber plates.
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3. Calculation of the axial electromagnetic forces

The force F acting to the stainless steel absorber plate with surface S located in the magnetic field
with the magnetic flux density B is calculated by integrating the Maxwell stress tensor [9] over the

absorber surface. The following formula is valid for the integration in the air near the absorber
surface:

F:ifs [B(B-n)—%zn]ds,

where po is a permeability of free space and n is a unit vector of the outer normal to the
integration surface S. It was observed that in the range of ur: <1.1 the calculated axial force F: is linear
on prt but has non-zero contribution at pir = 1.0 depending on the calculation conditions. If the region
in the CMS magnet model, where the stainless steel absorbers are located, is described by a reduced
scalar magnetic potential [5], then this contribution is negative. If the region with absorbers is
described by a total scalar magnetic potential [5], then this contribution is positive. In both cases a
slope of F: on s is approximately the same. It was also noticed that dividing the volume of the
endcap compartment into a larger number of absorber plates somewhat increases the slope of linear
dependence of F: on pri. Thus, in contrast to previous calculations [8] performed with five absorber
sections in each endcap compartment located in the reduced scalar magnetic potential, in the present
force calculations all 22 absorbers in each endcap compartment located in the total scalar magnetic
potential are used.

The force calculation procedure includes calculating the axial forces in Model 1 using Eq. (1) and
subtracting from the obtained values the systematic error calculated according to Model 2 with
setting the relative permeability of air for the absorber plates. Figure 6, where the axial forces are
calculated for each absorber plate in positive Z coordinates, illustrates this procedure. The form of
the resulting curve in Figure 6 is explained in Section 4 containing the discussion of results.
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Figure 6. Axial forces (smooth line) for each HGCal absorber disk resulting from force values
calculated with the relative permeability of 1.05 (dashed line; overestimated) and of 1.0 (dotted line;

systematic error) at the central magnetic flux density of 3.81 T. Here <Z> means the Z coordinates of
the median planes of the disks, marked with filled circles.

With prr =1.05 the resulting axial forces at the CMS coil operating current of 18.164 kA are -1.584
MN and +1.578 MN on the endcap compartment at positive and negative Z coordinates, respectively.
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These values calculated with the total scalar magnetic potential in the compartment regions are larger
than those calculated earlier [8] with the reduced scalar magnetic potential in the same regions.

The value pr = 1.05 is the limit value corresponding to the mechanical strength limit when an
axial force acts on the endcap compartment integrated in the CMS magnet yoke. Under this
limitation, the goal is to select a stainless steel material having the lowest possible relative
permeability in a balance with a cost of producing the material. In addition, to simplify the choice of
material, it is necessary to investigate the dependence of the relative permeability of the stainless steel
material on the magnetic field strength or magnetic flux density in the air around the material. This
dependence was measured for three selected samples of stainless steel material.

Figure 7 shows this measurement for one of samples: S1. The relative permeability of stainless
steel in sample S1 rapidly drops from 1.04279 at an external magnetic flux density of 0.101 T to 1.01006
at an external magnetic flux density of 0.999 T.
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Figure 7. Left scale: Measured relative permeability (MU_rel S1 and MU_rel) in a stainless-steel
sample S1 versus the applied magnetic flux density, approximated by a power function (MU Power).
Right scale: Axial forces F: calculated for each endcap compartment at the different central magnetic
flux density values inside the CMS coil. The relative permeability value approximated by a power
function is 1.000588 at 3.81 T.

The approximation from the last measured value at 0.999 T to the expected value at the operating
coil current of 18.164 kA, is made over the last three measured points using a power function as
displayed in Figure 7. The resulting dependence of ur on the external magnetic flux density in the
region Bo from 0.808 to 3.81 T has the following form:

Hrer = 1.01 - BO_007- 2)

From this approximation the relative permeability of stainless steel in sample S1 is 1.000588 at
3.809442 T.

Using this value, together with two values measured at 0.101 and 0.999 T, the dependence of the
axial forces for each endcap compartment on the CMS central magnetic flux density Bo is calculated
using Models 1 and 2. Figure 7 shows the results of calculations for the endcap compartment at
positive, Fzas1, and negative, F:ws2, Z coordinates. As a result, at the CMS coil operating current of
18.164 kA the axial force F:as1 is —18.63 kN, and Fzas2 is +18.56 kN.
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Thus, the expected axial forces at the CMS central magnetic flux density of 3.81 T are 85 times
less than the axial forces calculated with the extreme value of the relative permeability of stainless
steel ura =1.05.

Figure 8 shows the dependence of the axial forces on the absorber number for positive and
negative Z coordinates. The forces are calculated at two values of the relative permeability of the
stainless steel disks: the maximum of 1.05 and the approximate value of 1.000588 at 3.81 T.
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Figure 8. Axial forces on each HGCal stainless steel absorber disk calculated with two values of the
relative permeability: the maximum of 1.05, and the approximate value of 1.000588 at 3.81 T. The
forces calculated with pr: of 1.000588 are well below the safety margins.

4. Discussion

To explain the form of the dependence of the axial force on the Z coordinate shown in Figure 6,
or on the disk number as shown in Figure 8, consider the forces acting to the conical disk. In Figure
9, the conical disk at the positive Z coordinates is shown in a longitudinal view. At the edge of the
disk the surface of integration with Eq. (1) is divided by a dashed line into three parts: a cylinder part
with the front plane at Z: and the back plain at Z>, a conical part on the front side between Z: and Z;
and an annular part at the back side at Z.

For these three surfaces, integration by Eq. (1) can be represented in three forms. The following
equation expresses the axial force F: i acting to the central surfaces of the disk:

Foop==2{f, (B2 -2)as - f, (82~ %)as} 3)

where index 1 corresponds to the front surface of the disk, index 2 corresponds to the back side
of the disk and S is the front or rear surface of the central cylinder. The axial force F: wne acting to the
conical surface of the disk is described by the following equation:

1 2B%-B2%)sin6
E; cone = _H_ofs [% — B,B, cos 9] as 4)

where B is the radial component of the external magnetic flux density and 0 is an angle of the
cone with respect to the Z axis.
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Figure 9. Scheme of the action of axial forces on a conical disk at the positive Z coordinates. Here B is
a direction of the magnetic flux density; n is a unit vector of the outer normal to the integration surface;
0 is an angle of the cone relative to the CMS coil axis; Fz e is an axial force acting on the conical
surface of the disk; F:ring is an axial force acting on the outer annular surface of the disk bounded by
the dotted line; Fz1 and F:2 are axial forces acting on the two central surfaces of the disk.

The axial force F:ring acting on the outer annular surface of the disk is described by the following
equation:

2
Fzring = +#_10f5 [BZZ _37] ds, )

Eq. (3) describes the main contribution to the axial force. In the region of the positive Z
coordinates F: i is negative, since B: ~ B and B:1 > B2 which follows from Figure 4. In the region of
negative Z coordinates F:y is positive since the directions of the unit vectors of the outer normal to
the front and back surfaces have opposite directions relative to those in the region of the positive Z
coordinates. In both cases the axial forces act towards the CMS coil center.

Combining Egs. (4) and (5) we conclude that the axial force on the peripheral part of the conical
disk — | Fzcone| + | Fzring| is positive in the region of positive Z coordinates and negative in the region of
the negative Z coordinates, and in both cases the forces act in the direction from the center of the CMS
coil. From these two circumstances, we can conclude that the shape of the axial force dependence on
the Z coordinate or disk number shown in Figures 6 and 8, respectively, could be explained by a
quadratic rise of the surfaces of the cylinder part of the conical disks and by a linear increase in the
differences between the axial and total components of the magnetic flux densities on the front and
back sides of the disk.

5. Conclusions

In this study, the calculation of the electromagnetic forces acting on the stainless steel hadronic
compartments of a new high granularity calorimeter is performed using the Compact Muon Solenoid
(CMS) magnet modified three-dimensional model. It is planned to place 22 stainless steel disks 45,
41.5, 60.7 and 95.4 mm thick of each compartment with 21.55 mm air gaps between the disks in the
CMS magnetic field with a magnetic flux density of 3.81 T. With a relative permeability value of 1.05
the maximum axial force acting on the disk plate is 0.486 MN, and the maximum total axial force
acting on 22 plates in the compartment is 1.584 MN. With a relative permeability of 1.000588,
approximated for a central magnetic flux density of 3.81 T, the maximum axial force acting on the
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disk plate is 5.72 kN, and the maximum total axial force acting on the 22 plates in the compartment
is 18.6 kN, which is 85 times less and well below the safety margins. The form of the dependence of
the axial force on the position of the disk in the endcap compartment is determined by the increase
in the surfaces of the disk with distance from the center of the CMS coil and by the distribution of the
magnetic flux density along the radii of the disks in a non-uniform magnetic flux at the edges of the
CMS coil.
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