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1 Introduction1

The Electron Endcap Electromagnetic Calorimeter (EEEMCal), designed for integration into2

the Electron-Proton/Ion Collider (ePIC) experiment at Brookhaven National Laboratory (BNL),3

represents an important component for the detection and analysis of particles. This document4

provides an overview of the mechanical design, integration, and installation of the system, fo-5

cusing on the specific requirements that ensure optimal performance within the challenging6

environment of the experiment.7

Firstly, we will discuss the essential components of the calorimeter, detailing the technical8

requirements and clearances necessary to ensure a reliable operation. The configuration of9

the crystals and their arrangement are critical for maximizing the sensitivity and efficiency of10

the detector. We will also explore aspects related to cooling, including system specifications,11

ANSYS simulations, and thermal analyses conducted on a 5×5 prototype.12

Next, we will describe the mechanical structure, emphasizing the internal and external designs13

of the cooling system, as well as the associated mechanical calculations. The assembly of the14

calorimeter will be discussed, including the procedures to be followed, the list of materials,15

and the resources required to ensure successful integration. We will highlight the essential16

integration tests necessary to validate the overall functionality of the system.17

Finally, the section on transportation and installation will outline the procedures in place to18

ensure the safe and efficient handling of the calorimeter upon its arrival at BNL, while adhering19

to mechanical requirements and anticipating challenges related to integration with other systems20

(services, cooling, electronics).21

The development of this project is based on a collaborative and multidisciplinary approach22

aimed at ensuring compliance with safety standards and best engineering practices. By artic-23

ulating design, integration, and installation, this document seeks to provide a comprehensive24

understanding of the technical challenges and the solutions adopted for the EEEMCal calorime-25

ter.26

2 Overview and components27

2.1 Requirements28

The main requirements for the mechanical design can be divided into two sections: the posi-29

tioning of the crystals and maintaining their temperature stability.30

For the crystals, the primary challenge is to place as many crystals as possible close to the31

beam pipe (respecting the clearance requirements) and to maximize the number of crystals at32

the external diameter (again considering the clearances). The space between the crystals must33

be minimized, aiming to strike a balance between achieving precise mechanical assembly and34

ensuring optimal performance for physics.35

Regarding temperature, we must ensure stability within ±0.1 ◦C for the crystals (1σ standard36

deviation). Although temperature gradients along the three axes are not critical to the design,37

we will still aim to reduce them, targeting a maximum gradient of 2 ° C (this value may change38

depending on the results of the thermal tests).39
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Table 1: PWO mechanical properties [3]

Parameters Values Units

Density 8.28 g.cm−3

Radiation length 0.89 cm
Hygroscopic No
Structure Tetragonal
Specific heat 263-440 J.kg−1.K−1

Thermal conductivity 3300 W.K−1

K[001] 2 W.m−1.K−1

K[010] 2.4 W.m−1.K−1

K[100] 2.4 W.m−1.K−1

Mechanical properties Anisotrope
Hardness 4 Mohs
Young’s modulus (a-plane) 70 GPa
Young’s modulus (c-plane) 89 GPa
Fracture strength 27-32 MPa
Normal to [011] 18.5 MPa

Figure 1: PWO Fracture strength [4]

2.2 PWO Crystals40

Based on extensive simulation studies [1], the preferred material for the EEEMCal radiator41

is lead tungstate (PWO), an extremely fast, compact, and radiation-hard scintillator provid-42

ing sufficient luminescence yield (15–25 photoelectrons/MeV) to achieve good energy resolu-43

tion. PWO has been the material of choice for precision electromagnetic calorimeters at JLab,44

PANDA/GSI, as well as the CMS experiment at the LHC. Achieving good energy resolution,45

including the so-called constant term, typically requires 20 or more radiation lengths (X0). The46

transverse block dimensions are matched to its Molière radius to capture the major part of the47

transverse shower. The technology for mass production of PWO crystals that guarantees the48

needed homogeneity of the whole calorimeter has been well established experimentally, most49

recently with the Neutral Particle Spectrometer [2] at JLab (Fig. 7 in section 2.4).50

All the parameters required for the mechanical design are summarized in Table 1 and Figure 1.51

4



x

y

z

Figure 2: Axis orientation in ePIC

2.3 Clearances52

2.3.1 Main components close to the EEEMCal53

The detector must be inserted into a carbon tube, requiring careful consideration of clearance54

for services such as cables and cooling. Additionally, the front face of the EEEMCal must55

be positioned at a precise distance from the interaction point, ensuring optimal physics per-56

formance. At the same time, it is crucial to maintain clearance with the pfRICH detector to57

prevent mechanical interferences and allow proper integration within the overall experimental58

setup.59

2.3.2 Axis orientation60

To facilitate exchanges with other subdetectors, the orientation of the axes has been defined as61

shown in Figure 2. All clearances and mechanical calculations must be carried out following62

this axis configuration to ensure consistency across the different subsystems. This standardized63

orientation will help streamline integration efforts and simplify communication between teams64

working on different parts of the detector system.65

2.3.3 In the plane (x,y)66

To ensure proper installation, we must maintain a clearance between the EEEMCal and the67

surrounding subdetectors, specifically the carbon tube encasing the calorimeter and the beam68

pipe. Regarding the positioning of the EEEMCal along the beam axis, we must also ensure69

adequate clearance with the pfRICH detector.70
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-
Crystals max= R_653 mm
Crystals min= R_633 mm

_____________________________
→ 2732 Crystals

_____________________________
- 84 crystals (3%)

Carbon

Surface clearance = 0,161 + 24x0,003 = 0,233 m2Surface clearance = 0,161 m2

Clearance +31%

STRUCTURE CIRCLE (MAX) STRUCTURE DODECAGON
EE

EM
C

al
| 

Sh
ap

e 
of

 th
e 

st
ru

ct
ur

e

Figure 3: Comparison and main external parameters for the design

• With the radius of the beam pipe = 5 mm (mechanical structure and deflection included)71

• With the radius of carbon tube = 37 mm (mechanical structure and deflection included)72

• Internal diameter of the carbon tube = 1420 mm73

• Diameter max of the EEEMCal = 1346 mm (mechanical structure and deflection included)74

• Diameter max of the crystals D= 1306 mm75

• Space for the services = 0.233 m2
76

• Shape: DODECAGON77

Two options were considered: one circular and another with a dodecagonal shape. Results from78

physics simulations show that the reduction in the number of crystals on the outer diameter79

does not significantly affect the acceptance and efficiency of the detector [5]. On the other hand,80

the space required for the services is better accommodated with the dodecagonal shape.81

The comparison of the two shapes and the main parameters for the mechanical design of the82

external part of the detector are shown in the Figure 3.83

The drawing of the beampipe used for the design comes from a CAD step file sent by BNL [step84

file ”Beampipe 2023.06.26” and ”EPIC Envelope - 01-30-2025.pdf”, Roland Wimmer (BNL)].85

The file is available on Vault inventor. The dimensions are considered as validated. Any changes86

will be communicated by BNL. The chosen dimensions in Figure 4 have been validated with87

BNL, with the chief engineer.88

A recent upgrade in the flange design has led to a reduction in the external diameter, improving89

the available space around the beam pipe. As a result, the clearance between the internal90

structure and the flange of the beam pipe is now 8 mm [6]. Despite this modification, the overall91

design of the EEEMCal remains unchanged, ensuring compatibility with previous integration92

constraints and performance requirements.93
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Figure 4: Chosen dimensions around to the beam-pipe flange.

2.3.4 In z axis94

The distance between the EEEMCal and the interaction point is 174 cm [7] as explained with95

the Figure 6. This length includes the mechanical structure, meaning the distance between the96

front face of the crystals and the interaction point is actually larger. The file ”EPIC Envelope97

- 01-30-2025” contains a summary of all the clearances for the different subdetectors. This98

document serves as a reference to ensure proper integration and alignment of each component99

within the overall detector assembly. Figure 5 illustrates the clearances in all directions for the100

EEEMCal, ensuring that its positioning respects the necessary spatial constraints within the101

detector setup.102

The actual distance between the crystals and the interaction point depends on the mechanical103

design at the front of the detector, which consists of a grid and a cooling plate. The current104

design assumes a 20 mm offset. The mechanical technology used for the cooling system directly105

impacts the required distance for the physics (174 cm), with the worst-case scenario—using106

copper tubes—potentially increasing the space needed up to 50 mm. This variation highlights107

the need for further validation through prototypes, which will help assess the feasibility of108

different cooling solutions and refine the final design. By testing these prototypes, the team109

can determine the most efficient and space-saving cooling approach. Therefore, the estimated110

distance between the crystals and the interaction point is between 176 cm and 179 cm.111

The clearance between the EEEMCal and the pfRICH detector is 15 mm, accounting for both112

the mechanical structure and the necessary cabling. This limited space requires careful planning113

to ensure proper integration without interference between the two detectors. Special attention114

must be given to the routing of cables and mechanical supports to optimize the available space115
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Figure 5: Clearances for the EEEMCal in all directions
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Figure 6: Positioning of the EEEMCal into the ePIC detector. The distance d between the
interaction point and the front face of the crystals is 176 cm < d < 179 cm (the ideal position

in terms of physics performance is 174 cm).
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Table 2: Values of the main clearances for the EEEMCal

Clearance With Values Units Comments

Carbon tube 37 mm Mechanical structure and deflection included
Beam pipe 5 mm Mechanical structure and deflection included
Services 0.233 m2 Total= 0.161 + 12×0.006 = 0.233 m2

pfRICH 15 mm Mechanical structure and deflection included
Interaction point 174 cm Mechanical structure and deflection included

Carbone tube Diameter 1420 mm Internal limit
EEEMCal Diameter 1346 mm External limit
Dodecagon side 348.35 mm Inscribed in the Diameter

Figure 7: NPS calorimeter installed in the Hall C of Jefferson Lab

while maintaining accessibility for installation and maintenance. Ensuring that this clearance116

is respected is essential to avoid mechanical conflicts and to guarantee the smooth operation of117

both detectors within the system.118

2.4 Wrapping and space between crystals119

The wrapping consists of a reflective material combined with a light-isolating material. The cur-120

rent space between each crystal is 0.76 mm. This choice is based on the same mechanical design121

used for the NPS calorimeter, which was operated at Jefferson Lab in 2023–2024 (Figure 7).122

We plan to test several thicknesses for the carbon plates placed between the crystals.123

• Reflector : ESR ”VM2000”, Enhanced Specular Reflector® (3M) = 0.65 µm thickness124

• Light insulation : Tedlar® (DuPont) = 0.65 µm thickness125

• Thickness of the carbon plate = 0.3 mm < t < 0.5 mm126

10



Figure 8: Space between crystals in mm (not to scale)

The drawing in Figure 8 gives an example of the positioning of the crystals, the wrapping, and127

the carbon plate.128

2.5 Configuration of the crystals129

2.5.1 Selected solution for the detailed design130

The solution consists in positioning the center of the detector so that it passes through the center131

of a crystal as described in Figure 9. The arrangement of the crystals is clearly optimized when132

both the horizontal and vertical axes pass through the center of a crystal. In addition, the133

mechanical structure can be symmetric with this configuration of crystals. All the crystals are134

stacked with a 0.5 mm (at most) carbon plate separating each of them. This ensures precise135

alignment while providing mechanical stability and structural integrity to the assembly.136

• All the configurations were tested with t = 0.5 mm and D = 1306 mm137

• Total number of crystals = 2722 (without optimization near the beam pipe)138

• The centered solution has the advantage of making the mechanical structure symmetrical.139

2.5.2 Beam-pipe area140

The main objective is to be as close as possible to the beam pipe. We can add crystals in the141

corners as shown in Figure 10. We can explore different designs for the internal structure, either142

rectangular or following the shape of the beam-pipe flange. Regarding the thermal aspects, both143

mechanical designs could have the same capabilities.144
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Figure 9: Configuration of the crystals
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Figure 10: Conceptual design. Drawing to estimate the additional crystals near to the beam
pipe. Configuration of the crystals around the beam pipe for the centered configuration.
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Figure 11: Overview of the DAQ and the main components of the readout

Table 3: Main components of the DAQ

n° Designation Description

1 SENSORS SiPM
2 ADAPTER PCB SiPM
3 Front End Board (FEB) ASIC or Discrete
4 Readout Board (RDO) FPGA
5 BACKEND GTU, DAM, Computing

3 Readout setup145

3.1 DAQ overview146

It is necessary to briefly describe the Data Acquisition System (Figure 11) to identify where the147

main sources of power dissipation are located. This overview will also highlight the necessary148

cables and provide a designation of the components (Table 3) involved in the readout system.149

The stability of the crystals temperature is one of the most critical requirements for physics150

performance. The main objective is to position the Front End Board (FEB) as far away as pos-151

sible from the crystals. This is crucial because the power consumption, primarily concentrated152

in the FEB, could significantly impact the temperature stability of the crystals. The very front153

end, consisting of a SiPM PCB and an adapter PCB (described in the following sections), can154

be placed closer to the crystals. The effects of radiation on SiPMs are slow and progressive,155

and we estimate a power consumption increase of 0 to 10 W over one year for the full detector156

due to SiPM irradiation, based on experience from the STAR detector. This aspect is further157

detailed in section 4. The Readout Board (RDO) should not be placed close to the detector.158

There is an advantage to positioning the RDO 5 or 10 meters away, as its power consumption is159

14



Figure 12: Dimensions of the SiPM Hamamatsu S14160-3015PS

Figure 13: Surface area covered by the SiPMs

several dozen watts. If placed within the cooled boxes behind the crystals, the cooling system160

would need to be sized accordingly to dissipate this additional heat. The positioning of the161

power supplies depends on the design of the FEB.162

3.2 SiPM configuration163

The description of the SiPM configuration is based on Hamamatsu S14160-3015PS, and its164

dimensions are provided in the Figure 12. The mechanical solution for fastening the very front-165

end is dependent on the SiPM size: 3×3 mm² or 6×6 mm².166

The SiPM configuration is based on a 4×4 layout, consisting of 16 SiPMs. It was not possible167

to add additional SiPMs to cover more of the crystal surface because mechanical clearance is168

required to fasten the very front-end to a grid. The fastening of the very front-end is described169

section 6. The effective surface area covered by the SiPMs is about 34%, as explained in170

Figure 13.171

The current configuration uses an LED on the SiPM board for gain monitoring. The LED is172

15



Figure 14: Positioning of the SiPMs on the crystals, not perfectly centered

Figure 15: Small drop of optical grease on each SiPM

positioned at the edge of the PCB, which explains why the 16 SiPMs are not perfectly centered173

on the crystals (Figure 14). An alternative solution could be to place the LED in the middle of174

the PCB. The details of the SiPM PCB are given in section 3.3.175

3.3 Very front end176

The Very Front End (VFE) of the detector system is a critical interface that ensures efficient177

signal acquisition and transmission. It consists of two main components: the SiPM PCB and the178

adapter PCB. SiPMs are optically coupled (Figure 15) to the PWO crystals, ensuring optimal179

light collection from the scintillation process. The SiPM PCB handles the direct signal capture180

from the SiPMs, while the adapter PCB facilitates the connection to subsequent electronics,181

enabling transmission of the signals for further processing (Figure 16).182
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Figure 16: Very Front End with SiPM & adapter PCBs

3.4 Readout options183

The readout configuration has not been defined yet, but three possible options are currently184

under consideration, as summarized in Figure 17. The first option consists of reading all signals185

of a crystal in parallel, providing a simplified approach but potentially reducing individual186

signal performance. The second option involves merging signals in groups of four, offering a187

balance between complexity and data granularity. Finally, the third option would read each188

SiPM individually. The final choice will depend on the trade-off between signal resolution,189

complexity, and overall system performance. The beam test results will be crucial in determining190

the most suitable readout configuration. Evaluating the performance of each option under real191

experimental conditions will provide key insights into signal quality, noise levels, and overall192

system performance.193

3.5 5×5 prototype194

In order to test and validate some technical aspects, a prototype with 25 crystals has been built195

(5×5 prototype). In this section, a schematic drawing of the setup used for the DAQ is provided196

for information (Figure 18). The mechanical design of the prototype is described in section 4.6.197

4 Cooling198

4.1 Specifications199

To ensure the physics requirements in terms of temperature stability, it is necessary to cool the200

crystals to maintain a stability of ±0.1 °C (standard deviation). Temperature stability is critical201

for long-term operation and must be carefully verified. The closeout report from the 2022 EIC202

Project detector technical review of the electromagnetic and hadronic calorimetry [8] highlights203

that a temperature variance of 0.5 °C already results in a 1.2 % change in light yield, which204

directly affects the constant term of the energy resolution. The reviewers emphasized that the205

stability could be compromised by the proximity of the front-end electronics. As discussed in206

section 3, the solution to mitigate this effect is to position the power sources as far as possible207

from the crystals. Another comment from the review focused on the long stabilization time due208
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1 channel

4 channels

16 channels

16 SiPM per crystal

Total channels

2740

10960

43840

Figure 17: Different options considered

Figure 18: DAQ setup used with the prototype 5×5 for the beam tests @CERN & @DESY
performed in 2024 and 2025
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Figure 19: Stability of the temperature to be considered for the design of the cooling (±1.5 °C)

Figure 20: Temperature stability in BNL experimental hall

to the low thermal conductivity of PWO. It was noted that whether the crystals are operated209

at room temperature (CERN) or at −25°C (PANDA), the main issue remains the temperature210

stability. In our case, the primary design consideration is the stability of the experimental room211

temperature, which is expected to vary by about 3°C. This estimation is based on observed212

temperature fluctuations in the RHIC experimental area, as shown in the orange region in213

Figure 19, and Figure 20.214

Regarding the potential impact on the stability of the nearby pfRICH subdetector (Figure 21),215

the heat generated will be managed by a cooling system, and the surrounding temperature is216

expected to remain close to the ambient level.217

The sizing of the system depends on three main parameters. First, the amplitude of the temper-218

ature variations in the experimental hall, which determines the extent of thermal expansion and219

contraction that the system must accommodate. Second, the frequency or period of these tem-220

perature variations, as rapid fluctuations may require a more responsive thermal management221

strategy. Finally, the location of the power dissipation plays a crucial role, as it influences heat222

distribution and the efficiency of cooling solutions. These factors must be carefully considered223

to ensure the stability and performance of the system.224

• The amplitude of the temperature variations in the experimental hall → ∆T = 3◦C225
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Figure 21: Positioning of the EEEMCal with respect to the pfRICH
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• The frequency/period of the temperature variations in the experimental hall → 6 hours226

< T < 12 hours227

• The location of the power to dissipate → Power on electronic boxes228

4.2 Description of the cooling system229

The cooling system is divided into two main sections: the first one focuses on cooling the crystals,230

and the second one on cooling the electronic boxes housing the Front-End Boards (FEB). To231

stabilize the crystals, the cooling can only be applied around the outer diameter, around the232

inner beam tube hole, and at the front of the detector. The rear side, where the very front-end233

is located, presents significant challenges for cooling. However, fastening the components onto234

an aluminum grid may provide some cooling through thermal conductivity with the internal and235

external cooling systems. For the electronic boxes, with each box dissipating approximately 100236

W (assuming 12 boxes), two cooling options are being considered: one using cold plates, and237

another one using heat exchangers and fans. Figure 22 describes the solutions for the cooling238

system.239

The cooling of the electronics is a critical aspect currently under study, with several options240

being considered based on the design of the Front-End Boards (FEB) and the readout system.241

The first option involves placing electronic boxes around the calorimeter along the external242

diameter, ensuring uniform cooling but requiring efficient heat dissipation management. The243

second option positions the boxes in front of the SiPMs, with two possible configurations: using244

cables, which necessitates cooling via fans and heat exchangers, or a direct-contact solution245

where a cold plate cools the FEBs plugged onto the SiPM. The third approach consists in246

mounting the FEBs on racks distributed around the external diameter of the EEEMCal, which247

could offer modularity but requires an optimized thermal strategy. The three solutions are248

summarized in Figure 23. The beam tests and further simulations will help determine the most249

effective solution for maintaining temperature stability while ensuring optimal performance of250

the readout electronics.251

One of the key parameters for sizing the chillers required for cooling is the pressure drop. This252

aspect is further detailed in next sections, where the relationship between the cooling system253

design and the pressure variations is discussed. Properly managing the pressure drop is essential254

to ensure efficient cooling and stable operation of the system.255

4.3 Cooling of the crystals256

4.3.1 Design for the simulation257

To evaluate the impact of temperature variations in the room, several cases were tested to258

assess the efficiency of each component. One key objective was to verify the effectiveness of259

the insulation in maintaining stable thermal conditions. Additionally, particular attention was260

given to ensuring that no power sources were placed near the crystals, minimizing potential261

thermal disturbances.262

The simplified design and the main parameters for the simulations are described in Figure 24.263
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Figure 22: Description of the cooling system
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Figure 23: Options considered for the cooling of the electronics

23



Designation Material Thickness

(mm)

Thermal 

conductivity

(W.m-1.K-1)

Comments

External cooling Aluminum 20 - 30 237

Crystal PWO 20,5 x 20,5 2-2,4 L= 200 mm

Air front Air 5 0,026

Copper plate Copper 5 390

Internal cooling Aluminum 10 237

Insulating 25 0,029 ROOFMATE

PCB adapter Epoxy 1 0,25

Air back Air 2 0,026 Between PCBs

PCB SiPM Epoxy 1 0,25

SiPM Epoxy 1,45 0,25 0,3 mm Silicon resin + 15 µm + Epoxy

PCB adapter

PCB SiPM

Air back

SiPM

Crystal

Crystal

External cooling

Copper plate

Air front

Insulating

PCB adapter

PCB SiPM

Air back

SiPM

Internal Cooling

BACK SIDE FRONT SIDE

Figure 24: Overview and main parameters for the ANSYS simulations

4.3.2 ANSYS simulation: steady state264

Both external and internal cooling are assumed to be at the same temperature of 19°C. Addi-265

tionally, a low-temperature gradient along the crystal is maintained, ensuring that ∆T = 2°C.266

Figure 25 gives an example of the results for a particular case.267

A thermal model was developed to evaluate the impact of room temperature variations on268

system stability. Two steady-state simulations were conducted: the first one with a room269

temperature of 23°C and the second one with a room temperature of 26°C, representing a worst-270

case scenario for comparison. The results indicate that without insulation, the temperature271

variation reached 1.6°C, whereas with insulation – consisting of foam, air, and copper – the272

stability improved significantly, reducing ∆T to just 0.4°C. This demonstrates the effectiveness273

of the insulation in mitigating thermal fluctuations. Figure 26 shows the comparison between274

two steady states.275

Results for the stability:276

• Without insulation : ∆T= 1,6°C277

• With insulation (foam, air and copper) : ∆T= 0.4°C278

4.3.3 ANSYS simulation: transient state279

A transient thermal model was developed to analyze the system response to a room temperature280

decrease from 26°C to 23°C over a period of 6 hours, with a total cycle duration of 12 hours. The281

simulation started from a steady-state condition at 26°C. The results indicate excellent thermal282

stability, as we can see in Figure 27, with temperature variations (∆T) remaining below 0.1°C.283
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Figure 25: Steady state ANSYS simulation: distribution of the temperature on the crystals
with a room temperature at 26°C and a cooling temperature at 19°C

Additionally, due to the thermal inertia of the crystals, there is a delay between the moment284

when the room temperature starts to rise again and the moment when the temperature of the285

crystals begins to increase. This shift, caused by the time required for heat to transfer and286

stabilize within the material, is estimated to be between 1 and 2 hours. These findings are287

consistent with data from the NPS experiment [9].288

4.3.4 ANSYS simulation: effect of SiPM radiation damage289

The effect of radiation on the SiPMs results in an increase in dark current and power dissipation.290

Based on experience in STAR, we estimate a power dissipation of approximately 10 W for the291

entire detector (corresponding to 3.54 mW per crystal on average) after 1 year of irradiation.292

This additional power input leads to a significant temperature rise, ranging between 0.4°C and293

0.8°C. However, the radiation damage of SiPM will be slow compared to the temperature varia-294

tions of crystals, and therefore the temperature stability remains unaffected. The temperatures295

for the crystals at the bottom of the detector are compared in Figure 28 with and without this296

extra source of heat (gradual increase up to 3.54 mW over 1 year).297

4.4 Cooling for the electronic boxes, Front End Board (FEB)298

As described in section 3.1, the solution to ensure the stability of the crystal temperature is to299

relocate the power source to electronic boxes all around the external diameter of the EEEMCal.300

In the configuration with 12 boxes, the power to dissipate is approximately 120 W per box. It301

is easier to cool each box independently than to develop a cooling system close to the crystals.302

The estimated power consumption is 0.15 mW per channel, plus an additional 0.15 mW for303

other components.304
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Figure 26: Two steady states comparison: with and without insulation. Curves show the
temperature difference at the front and back of the crystals when a steady-state simulation is
performed at 23°C room temperature, and another steady-state simulation is performed at
26°C room temperature. The temperature difference is small for crystals close to either the
internal or external cooling structures but increases for crystals away from them. Without
insulation or a copper plate in front of the crystals (green curves), this difference reaches

1.6°C. With insulation and a copper plate in front of the crystals, this difference is reduced to
a maximum value of 0.4°C (black curves).
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Figure 27: Evolution of the crystal temperatures for a variation of the room temperature from
26°C to 23°C in 6 hours and from 23°C to 26°C in 6 hours. The red arrows indicate the time
lag between the moment when the room temperature begins to rise again and the moment

when the temperature of the crystals starts increasing.

1

2

3

4

BACK FRONT

Figure 28: Steady state simulation: room temperature is 26°C and cooling is at 19°C. The
right plots show the temperature variation at the front and back of a crystal, with and

without a 10 W additional power source in the detector (3.54 mW in a crystal).
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Figure 29: Location of the detector chillers, indicated by the white rectangle in the left and
right figures.

30 mW by channel & (3000 crystals x 16 SiPMs)/(12 boxes) → 120 W/box305

4.5 Chillers and pressure drop306

When analyzing pressure losses in the cooling system, several key factors must be considered.307

The location of the chillers plays a crucial role in determining the overall efficiency of heat308

dissipation and fluid circulation. Additionally, the entire network of cooling tubes must be309

carefully designed to minimize resistance and ensure an optimal flow rate. Finally, the power of310

the chiller pump is a critical parameter, as it must be sufficient to compensate for pressure drops311

across the system while maintaining stable and efficient cooling performance. As discussed with312

the 3I Team and the chief engineer, the chillers can be placed close to the detector on the same313

plane (see Figure 29). This positioning significantly reduces gravitational losses, ensuring a314

more efficient and stable cooling system.315

The pressure drop in the cooling system also depends on the roughness of the internal surfaces316

of the tubing. Variations in surface finish can impact fluid resistance, potentially altering the317

overall efficiency of the system. Additionally, the results may vary depending on the construction318

method used for the external structure, which can influence the layout and connections of319

the cooling network. The first-order analytical calculations indicate very encouraging results320

(Figure 30). Once the design is further consolidated, a more detailed analysis will be conducted321

using ANSYS and Fluent to validate the initial findings. These simulations will help refine322

the thermal and mechanical performance, ensuring the proposed solution meets the required323

specifications.324

4.6 5×5 prototype325

To conduct instrumental tests, a prototype consisting of 25 crystals (5×5 matrix) was con-326

structed. The testing phase included placing the prototype in beamlines, with one test con-327

ducted at CERN from August 28 to September 12 (2024), and another one at DESY from328

February 17 to March 2 (2025). The prototype features four cold plates surrounding the crys-329

tals and a 5-mm-thick copper plate in the front face. Additionally, an aluminum grid is used330

to fasten the very front-end electronics. Several thermal tests were performed, first in an un-331
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Figure 30: Most of the pressure drop come from minor losses. The length and shape of the
cooling system could be optimized to reduce these losses. The right plot demonstrates that
the cooling system functions effectively and compensates for the pressure drop with the

operating point around 2 bar.

Figure 31: Overview of the prototype 5×5

controlled temperature environment and later during the beam tests. However, the prototype332

is not entirely representative of the final EEEMCal detector. In the prototype, the four cold333

plates are separated by only five crystals, creating favorable cooling conditions. In contrast, in334

the final EEEMCal detector, the distance between the internal and external cooling systems is335

approximately 500 mm, compared to around 100 mm in the prototype, making the performance336

results less applicable to the larger scale setup.337

4.6.1 Mechanical design338

The CAD design of the 5×5 prototype is shown in Figure 31.339

To reduce costs, the mechanical design is based on four standard cold plates (Figure 32), with340

their performance detailed in the accompanying Figure 33. One of the primary objectives of341

this thermal prototype is to confirm the necessity of distancing the power sources from the342
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Figure 32: Drawing of the cold plates used for the 5×5 prototype

crystals. To test this hypothesis, a PCB with resistors was created to simulate the power343

consumption of the front-end electronics. This PCB was positioned in front of the aluminum344

grid, approximately 30 mm from the crystals.345

The initial phase of thermal tests, conducted without the actual crystals and without the very346

Front End (SiPM and Adapter PCBs), used ”fake” crystals made of natural stone (Figure 34).347

The thermal conductivity of this stone is comparable to that of PWO, approximately 3 W/mK,348

ensuring the measurements closely mimic the real thermal conditions expected in the final setup.349

In addition, it is a very cheap solution.350

4.6.2 Thermal test without cooling351

The first test was conducted without cooling, the main objective being to adjust the setup352

and quantify the effect of room temperature on the system. This initial phase allowed for353

the identification of potential thermal variations and provided a baseline for comparison when354

the cooling system was implemented. The second objective was to simulate a power source355

positioned in front of the crystals (Figure 35).356

This test aimed to evaluate the impact of localized heating on the system and assess how thermal357

variations could affect the detector performance. The results (Figure 36 and Figure 37) will358

help to optimize the cooling strategy and to ensure temperature stability during operation.359

Temperature stability with power in front of the crystals and without cooling → ±0.5 °C360
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Figure 33: Datasheet describing the performances of the cold plates

Figure 34: Assembly of the thermal prototype with ”fake” crystals made of granite stone
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Figure 35: Positioning of the heating PCB in front of the crystals

Figure 36: Evolution of the temperature with the heating PCB and without cooling. The gray
curve shows the temperature in the heating PCB. The room temperature is shown by the dark

blue curve. The light brown curve corresponds to a temperature sensor placed onto the
cooling plates. All other curves are the data from different sensors placed along the crystals

(see Fig. 38).
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Figure 37: Zoom of Fig. 36 around 19–23 °C in the vertical axis. See legend of Fig. 36 for an
explanation of the different curves.

This test demonstrated a temperature stability of 0.5°C at best without active cooling. There-361

fore, it is clear that cooling must be added to meet the stringent temperature stability require-362

ments. Notably, there was significant variability in temperature readings for sensors located363

near the PCB, further confirming the necessity of distancing the power source from the crystals364

to avoid temperature fluctuations. Ensuring this separation will be preferable for achieving the365

required thermal stability.366

4.6.3 Thermal tests with cooling367

The second phase of the prototype tests, conducted using ”fake” crystals, was performed with368

the cooling system activated. This stage aimed at evaluating the efficiency of the cooling369

solution and its impact on thermal stability. The positioning of the thermal sensors used for370

monitoring is detailed in the Figure 38, ensuring a comprehensive assessment of temperature371

distribution across the system. The data acquisition system used for the setup is an AGILENT372

34972A device. The thermal sensors are thermocouples type T class 1 (Type TX - 1/0.2mm373

PFA twisted pair extension wires).374

The experimental setup used for the thermal tests is shown in Figure 39. Several cases were375

tested to evaluate the impact of different configurations on thermal stability, including setups376

with or without heat dissipation from the PCB and with or without the use of a chiller. These377

tests were conducted in a standard environment rather than a controlled climatic chamber.378

The ambient temperature varied between 19°C and 27°C. The stability results, evaluated at one379

sigma, are summarized in Table 4.380

Temperature stability with power in front of the crystal and with cooling → ±0.1 °C381
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Figure 38: Positioning of the thermal sensors in the prototype

Figure 39: Setup for the thermal measurements in the 5×5 prototype, showing the chiller on
the right and the wires from temperature sensors going to the acquisition system (not shown)

on the left.

Table 4: Temperature stability for different heating and cooling conditions. The room
temperature varied between 19°C and 27°C for different measurements. The values indicate

the standard deviation of the temperature variations measured.
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The data sheet of the chiller (P302) is given on the the Figure 40.382

4.6.4 Thermal analysis on the prototype during the beam test @CERN383

For the beam test at CERN the prototype was equipped with 25 PWO crystals. The thermal384

sensor mapping closely follows the configuration from the previous test, ensuring consistent385

temperature monitoring throughout the experiment. The test setup is detailed in Figure 41.386

The beam test took place during the summer, and the ambient temperature in the experimental387

hall was significantly high, averaging around 27.5°C ± 1°C. These conditions and their impact388

on the system thermal behavior are illustrated in the Figure 42 and Figure 43.389

The results with the cooling at 19°C show the stability of all sensors remained below 0.1°C390

5 Mechanical structure391

5.1 Internal structure392

A Finite Element Analysis (FEA) model was developed to simulate the mechanical behavior393

of the internal structure. The model includes 239 crystals stacked on the top of the internal394

structure, providing a detailed representation of the mass distribution within the assembly395

(Figure 44). For this initial analysis, copper tubes were not included in the simulation.396

The results (Figure 45) show very low deflection and stress levels, well below the elastic limit.397

This indicates that the structure maintains its mechanical integrity under the expected loads.398

However, the design remains challenging, as it must integrate the cooling system without com-399

promising structural efficiency. The focus is, therefore, on optimizing the cooling implementa-400

tion rather than addressing resistance concerns.401

5.2 External structure402

5.2.1 Mechanical design403

The mechanical design of the EEEMCal calorimeter has evolved alongside the development of404

the Front-End Boards (FEB). The two solutions are on the Figure 46. Several key constraints405

influence this design:406

• Physics performance: The geometry and materials are primarily determined by the407

physics requirements.408

• Clearances with other detectors and the beam pipe: Sufficient space must be409

maintained to ensure proper integration without interfering with other detector compo-410

nents.411

• Positioning of the FEB and the Readout System (RDO): The placement of these412

elements directly impacts the power dissipation and, consequently, the cooling require-413

ments.414
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Figure 40: Datasheet of the chiller P300, the model used for the tests is P302 with PD1 SST
pump: flow rate 4l/min at 3.5 bar.
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Figure 41: Setup of the beam test @CERN. The 5×5 prototype is represented by the red
rectangle in the setup. The chiller is placed on the table, with the AGILENT 34972A device

positioned on top of it.

26,5°C

28,5°C

Figure 42: Temperature variation in the room experiment at CERN indicated by the green
and blue curves between 26.5 and 28.5 °C. All other curves show the data of temperature

sensors placed on the crystals. A zoom of this figure around 19 °C, the operating temperature
of the chiller, is presented in Fig. 43.
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0,1°C

19°C

Figure 43: Temperature stability during the beam test @CERN for different sensors placed on
the crystals. Notice that sensor 107 was not working properly (its data, shown in magenta in

Fig. 42, are above the vertical scale of this plot).

≈ 170 Kg

Figure 44: Distribution of the mass on the internal structure
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Displacement < 0,01 mm Stress < 3 Mpa

Figure 45: Finite element analysis of the internal structure: deflection (left) and stress (right)

2022
Assembly of rings and plates

- +
Assembly Cheap

Cooling

Stress & Deflection

- +
Expensive Cooling

Production Stress & Deflection

Corrosion No assembly

2024

Monobloc

Figure 46: Evolution of the design of the external structure
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When designing the external structure of the EEEMCal calorimeter, two main manufacturing415

processes are being considered: foundry and machining. Each method has their advantages and416

challenges:417

• Foundry: This approach allows for complex geometries and potentially reduces the need418

for assembly. However, material properties may vary, and additional post-processing might419

be required to achieve the necessary precision.420

• Machining: Provides higher dimensional accuracy and better material homogeneity but421

can be more expensive and time-consuming, especially for large or intricate parts.422

A key concern in the cooling system, particularly in the case without copper tubes, is galvanic423

corrosion. Without proper material selection and surface treatment, corrosion could affect424

long-term reliability. To address these challenges, an innovative solution using Friction Stir425

Welding (FSW) is being explored. This technology enables high-quality joints without melting426

the material, making it a promising alternative for assembling the structure efficiently. The427

initial quotes suggest that foundry manufacturing is likely not competitive compared to special428

machining. In both cases, the shape inside the big ring will be realized in machining.429

5.2.2 FEA model and hypothesis430

The external structure is a key component of the design, as it must ensure both cooling efficiency431

and mechanical support for all the crystals. Given the weight constraints, the structure must be432

capable of supporting approximately 2 tons while maintaining mechanical stability. To validate433

its performance, a Finite Element Analysis (FEA) is conducted to assess its structural integrity434

under load. This simulation helps to ensure that the design can withstand the expected forces435

while minimizing deformations and optimizing the material distribution. The results of the436

FEA will guide potential reinforcements or modifications to improve both thermal management437

and mechanical strength.438

In the worst-case scenario, the structure is fastened at the 3 and 9 o’clock positions, the green439

parts in Figure 47. This configuration significantly influences the mechanical behavior of the440

system. The fastening method plays a crucial role in the distribution of stress within the441

structure. Depending on the attachment points and constraints, it can lead to higher localized442

stress concentrations, potentially affecting the long-term mechanical integrity.443

The calculation process of the external structure involves a step-by-step simulation of the crys-444

tals assembly, layer by layer. This approach allows for a detailed evaluation of deflections at445

each stage, ensuring the precise positioning of all components. Proper alignment is critical,446

especially for the mounting of the internal structure, where any deviation could impact the447

insertion of the beam pipe. The central part of the structure supports 665 kg, while the 16448

additional surfaces on both sides add 626.5 kg each, from 11.9 kg to 79.8 kg. Each row of449

crystals exerts a force on the structure. For the central face, there are 59 rows of 17 crystals,450

following a linear progression. For the other faces, the number of rows varies between 17 and451

57, with each row containing either one or two crystals (Figure 48). To guarantee structural452

integrity during assembly, a total of 59 steps (line of crystals) are planned to systematically453

monitor and control deflection at each stage. This approach ensures that the final structure454

meets mechanical and alignment requirements.455

The drawing in Figure 49 illustrates the difference between two modeling approaches: the real456

case, which considers the exact number of crystals on each face, and a simplified model, where457
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Figure 47: Worst case scenario for the fastening of the EEEMCal, being supported at the 3
and 9 o’clock positions.

Progression of the force on face 1 Forces on all faces

Figure 48: The increase of the forces on the bottom of the external structure of the EEEMCal
is illustrated in the figures. The left figure highlights the central face, which supports 665 kg,
while the right figure shows the 626.5 kg applied on the left side (indicated by the arrows).

Similarly, an additional 626.5 kg is applied on the right side
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a uniform distributed force of 2 tons is applied to all faces. The FEA is performed using the458

real case, ensuring a more accurate representation of the mechanical stresses and deformations459

within the structure. This approach provides better insight into the actual mechanical behavior,460

optimizing the design for structural integrity and stability.461

5.2.3 Results462

The results of the analysis in Figure 50 indicate that the displacement in the X direction is less463

than 0.5 mm, which does not generate significant stress on the crystals (45 crystals + 0.025).464

And the displacement in the Y direction reaches a maximum of 0.8 mm in the worst-case465

scenario, while for step 26, just before the assembly of the internal structure, it is 0.36 mm.466

The results of the stress depend on the mechanical solution used to fasten the calorimeter. In467

cases where the fastening surface of the rails area is small, the stress levels become unacceptable.468

This indicates that a larger contact surface or an alternative fastening method may be required469

to ensure the structural integrity and mechanical stability of the system (Figure 51), highlighting470

the need for an optimized fastening approach that can distribute the forces more evenly and471

reduce the stress on the structure. This could involve adjustments to the mounting method472

or surface area to ensure the mechanical solution remains effective without compromising the473

integrity of the system.474

5.2.4 Enhancement475

To improve the mechanical design and reduce stress and deflection, the following steps are476

proposed:477

• Improve the fastening method: Focus on enhancing the way the mechanical structure478

is fastened to ensure better load distribution and minimize localized stress.479

• Increase surface area: Use a larger surface area to help distribute the forces more480

evenly, which can reduce both stress and deflection by nearly a factor of 2.481

• Positioning on rails: Place the calorimeter on rails positioned at the 5 o’clock and 7482

o’clock positions, the green circles in the Figure 52. This will help reduce displacement483

and stress by stabilizing the structure.484

5.2.5 Construction & procurement485

There is currently active work focused on developing a method to build the external structure486

as a single block. This effort is divided into two main parts:487

• Fabrication of the block: Two options are being considered for the fabrication of the488

structure: machining or foundry. Regardless of the method chosen, machining will still be489

necessary to create all the precise faces required for the accurate placement of the crystals.490

• Cooling inside the structure:: In parallel to the fabrication, two prototypes will be491

constructed to compare the efficiency of two different cooling methods: cooling with copper492

42



2
3

4
5

6
7

8
9

10
11

1213
14

15
16

17

2
3

4
5

6
7

8
910

11
12

13
14

15
16

17

1

59
 st

ep
s

159

≈ 
20

00
Kg
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Displacement Y < 0,8 mmDisplacement X < 0,5 mm

45 crystals

Figure 50: FEA: deflection and stress on the external structure of the EEEMCal

Small surface
→ Stress= 342 MPa

Large surface
→ Stress= 47 MPa

Figure 51: The FEA model initially used a small fixed surface, as shown in the left figure,
which resulted in excessively high stress levels. In contrast, the right figure presents the results

when the entire surface is fixed in the ANSYS model, leading to a significant reduction in
stress. This demonstrates the importance of optimizing the boundary conditions to achieve a

more realistic and structurally sound design.

Figure 52: Location for the positioning of the rails. Red: worst case. Green: Less stress and
deflection.
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Figure 53: Design of the prototype using FSW technology

Figure 54: Design of the prototype with copper tubes

tubes and cooling with FSW (Friction Stir Welding), technology using a machined coil.493

Each prototype will be designed with only 1/12 of the entire structure to evaluate their494

effectiveness on a smaller scale (Figure 53 and Figure 54).495

6 Mechanical assembly496

6.1 Crystals assembly procedure497

The assembly procedure (Figure 55) follows a well-structured sequence to ensure precision and498

quality at each step. The process begins with the assembly of the crystals, where each crystal is499

carefully positioned and prepared. Prior to assembling the internal structure, a control check is500

performed to ensure all components meet the required specifications. Once the crystals are in501

place, the internal structure is positioned accurately, followed by a thorough control after the502

assembly to confirm the alignment of the structure.503

Next, the assembly of the crystals is completed, and the grid is fastened and will securely hold504

the PCBs in place. An optical coupling is then performed between the SiPM PCB and the505

crystal. A quality control check (with the naked eye) is conducted from the front side of the506
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system to verify the accuracy of the optical coupling.507

The assembly progresses with the installation of the electronic boxes along with insulation on508

the back side and the copper plate on the front to provide proper cooling and structural support.509

Following this, the cabling and tubing are installed to ensure the system is fully connected and510

operational. Finally, the integration of all components is completed, ensuring that the entire511

system is ready for testing and operation. Each phase of the assembly is carefully monitored512

for quality to guarantee the final system performs to specifications.513

6.2 List of materials and equipment, geographical location514

The materials to be installed for the project include the crystals, the mechanical structures515

(both internal and external), a grid for fastening the PCB, copper plates with insulation, the516

cooling system, and electronic boxes with cables. The crystals are located in the USA, while517

the mechanical structures and cooling components are situated in France. The transportation518

of these materials will be handled by plane, in flight cases, to ensure safe and efficient delivery.519

Regarding the assembly process, two options are being considered:520

• Assembly at Jefferson Lab (JLab) and transport to BNL521

• Assembly at BNL522

These two options aim to balance the complexity of the installation process with the logistical523

considerations and the specific requirements of each site. The available resources will play a524

key role in determining the most suitable assembly approach.525

In both cases, a pre-assembly of the mechanical structure will be carried out in the mechanical526

workshop at IJCLab. The main objectives are to ensure the proper assembly of all mechanical527

components and, if possible, to validate and characterize the cooling systems. This step will528

help identify potential integration issues early and optimize the final assembly process.529

Some tasks can be carried out in parallel with the mechanical assembly, such as the wrap-530

ping of crystals. To ensure the required quality, a procedure and training by experts will be531

necessary. Additionally, the assembly of the Front-End Boards (FEB) and their mechanical532

components should be prepared as much as possible in advance to minimize assembly time in533

the experimental hall and optimize the overall installation process.534

6.3 Resources required535

The resources needed for this project will be discussed with the collaboration team to ensure536

that all necessary materials, tools, and expertise are available. This includes determining the537

specific requirements for each phase of the project, such as fabrication, assembly, and testing, as538

well as identifying any additional support or equipment needed from the partners. This involves539

packaging and securing the components to ensure safe transport and handling during shipment.540

The goal is to efficiently manage resources and time while ensuring the components arrive in541

optimal condition for assembly.542
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EXPERIMENTAL 
ROOM

MAINTENANCE 
ROOM

Figure 56: Overview of the experimental room and the maintenance room

7 Installation543

7.1 Place for the installation544

The installation in the maintenance room (Figure 56) requires careful planning and execution to545

ensure a smooth and efficient process. A work platform will be necessary to provide a stable and546

elevated working surface for assembly and positioning of components, ensuring ease of access to547

all areas. The CAD of the work platform is visible in Figure 57. In addition, special tooling will548

be required for precise inserting and handling of the EEEMCal, as standard tools may not be549

sufficient for the task. A bridge crane will also be needed for lifting and positioning the heavy550

components safely, allowing for alignment and installation within the maintenance room.551

7.2 Installation procedure552

The installation procedure follows a precise set of steps to ensure the proper placement and553

alignment of the detector:554

• Position the detector onto a tooling using the bridge crane to ensure safe handling and555

accurate placement.556

• Fasten the temporary rails to stabilize the detector and facilitate its movement into the557

desired position.558

• Slide the detector carefully into the carbon tube, ensuring it is aligned correctly and559

securely within the tube.560

• Once the detector is in place, remove the temporary rails to complete the installation and561

prepare the system for the next steps in the setup process.562

A conceptual design of the setup for the installation is detailed in Figure 58.563
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Figure 57: Overview of the platform to perform the installation (design in progress)

pfRICH

Fixed rails

Fixed Carbon 
tubeEEEMCal

Tooling

Temporary
rails

≈ 1 m

Figure 58: Installation procedure to install the EEEMCal
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7.3 Special tooling564

Special tooling is required for the insertion of the EEEMCal (and pfRICH) into the system.565

BNL is responsible for the design and fabrication of this tooling, ensuring it meets the necessary566

specifications for the precise handling and positioning of the components. The concept of the567

tooling needs to be validated by both the EEEMCal team and the BNL staff to ensure it aligns568

with the requirements and expectations from both sides. This critical point will be discussed569

during the ”3I” meetings with the chief coordinator, Rahul Sharma, to ensure all stakeholders570

are aligned and the tooling design is approved for fabrication and use in the installation process.571

7.4 Integration of the detector (services, cooling, FEB, RDO, DAQ)572

The installation of cables and services is a critical part of the setup, ensuring proper function-573

ality and communication between the components. LED cables will be installed, with one LED574

per crystal, controlled by the FEB. Additionally, thermal sensor cables will be installed for575

approximately 10% of the crystals, with two sensors per crystal, totaling around 600 cables.576

Signal cables will also be integrated, the quantity of which depends on the grouping configura-577

tion—whether the system uses 16 SiPMs or 4 SiPMs per readout. Finally, power supply cables578

will be routed to ensure all components receive the necessary electrical power.579

Currently, there is only a preliminary estimate of the services, as shown in Figure 59. It is580

important to have a representative estimate of the cables needed for the EEEMCal, as this581

will inform the design and organization of the installation. The area currently being used must582

be carefully consolidated to accommodate the required cable routing, power supplies, signal583

connections, and other services while maintaining proper organization and accessibility.584

8 Safety585

8.1 Risk analysis586

Table 5 presents a list of identified risks, together with their associated level of criticality and587

probability.588

8.2 Magnetic field and dew point589

The presence of a strong magnetic field in the experiment area requires careful selection of590

cooling system components, particularly fans and heat exchangers. Standard fans with ferro-591

magnetic parts may experience performance degradation or even failure due to magnetic forces592

affecting their motor operation. Therefore, it is crucial to use magnetically shielded or non-593

magnetic fans to ensure reliable cooling. Similarly, heat exchangers must be designed to avoid594

magnetic interference, ensuring that their structural integrity and efficiency are not compro-595

mised. Additionally, in the event of a quench—when the superconducting magnet transitions to596

a normal resistive state—there can be a rapid and intense change in the magnetic field, poten-597

tially inducing high currents and forces on conductive parts. This scenario must be considered598

when designing the cooling system to prevent mechanical damage or malfunctions.599

Maintaining the temperature of cooling elements above the dew point is essential to prevent600

condensation, which could lead to electrical failures and corrosion. In a high-humidity environ-601

ment, a poorly controlled cooling system can cause moisture to accumulate on cold surfaces,602

such as pipes, heat exchangers, or electronic components. To avoid this, temperature and hu-603

midity sensors should be used to monitor conditions, and insulation should be applied to cold604
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Electronic cables

Cooling

Figure 59: Sketch of the services for the EEEMCal
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Table 5: Table of the risks analysis
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surfaces. If necessary, dehumidification systems can be implemented to lower ambient humidity605

and minimize the risk of condensation-related issues.606

8.3 Preventive measures607

To mitigate the mechanical and transportation-related risks identified in the project, several608

preventive measures can be implemented. For structural integrity, detailed structural analysis609

and simulation tests should be conducted, ensuring the use of appropriate materials for load-610

bearing components. To address mechanical incompatibility between sub-assemblies, strict611

quality control on mechanical tolerances and collaborative design reviews between teams are612

essential. Vibration and thermal stress can be mitigated by designing shock-absorbing and613

vibration-damping systems, as well as selecting materials with appropriate thermal expansion614

properties. Regular maintenance and inspections, along with the use of durable materials, will615

help prevent premature wear of mechanical components. Shielding and proper spacing between616

mechanical and electronic components are critical to avoid interference with electronic systems,617

while efficient cooling can be ensured by optimizing the design and regularly monitoring the618

cooling systems. Furthermore, assembly errors can be minimized by developing clear proce-619

dures and providing proper training to assembly teams, with the use of precision tools. To620

prevent contamination or damage during manufacturing, clean-room procedures, and protec-621

tive handling methods should be enforced. Regarding transportation, protective packaging that622

is shock-proof and vibration-resistant is necessary to prevent damage during transit. Addition-623

ally, temperature and humidity-controlled containers should be used to safeguard components624

from environmental exposure, and transport routes and methods should be carefully chosen625

to minimize risks. These measures together form a comprehensive approach to ensuring the626

mechanical reliability and safe transportation of critical components in the project.627

8.4 Compliance with standards628

Ensuring compliance with safety and engineering standards is very important for both the trans-629

portation and installation of the 2.5-ton detector in the experimental hall. During transporta-630

tion, it is essential to follow international shipping regulations, including shock and vibration631

resistance standards (such as ISO 13355 or ASTM D4169) to protect sensitive components.632

Proper packaging and securing in flight cases should ensure safe handling and avoid mechanical633

stress. For the installation phase, industrial lifting and handling standards should be followed.634

The installation should also comply with workplace safety regulations. Adhering to these stan-635

dards will minimize risks, protect equipment integrity, and ensure a smooth and safe installation636

process.637

Generally, compliance with BNL requirements and standards will be necessary.638
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9 Development plan639

Figure 60: Overall view of the schedule and main phases
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