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1. Introduction 
The target for the NOvA experiment produces pions when protons interact with graphite, and the 
pions are then focused towards the neutrino experimental areas and decay to neutrinos. The target is 
housed in a canister with beryllium windows (Be Windows) at the entrance (upstream) and exit 
(downstream), shown in Fig. 1. This report gives the summary of the thermal and structural analysis 
of the target downstream beryllium window (DS Window).  

 
Figure 1: NOvA target assembly 
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The DS Window consists of a 135 mm diameter beryllium (PF-60, 98% pure beryllium) disk (Be Disk) 
that is 1.25 mm thick (F10085165). This Be Disk is e-beam welded to an aluminum ring (F10085164). 
This weldment is then e-beam welded to an aluminum flange (F10085163), forming a sandwich 
structure, shown in Fig. 2. This structure provides not only support for the Be Disk to withstand 
internal or external pressure loads but also efficient thermal conduction to the cold flange surface. The 
aluminum plates have a 0.062” fillet to relieve stresses when the Be Disk flexes under the pressure 
and thermal loads. This is a modification to a previous design (8875.112-MC-433909), for which an 
engineering report was written (MSDN-ME-000095) [2] which serves as a main reference for this 
report. 

 
   Assembly      Cross-section 

Figure 2: Target DS window assembly (F10085269) 

In the beam operation condition, the target canister is filled with helium gas to prevent the target 
graphite material from oxidation as well as reduce differential pressure on the Be Windows. It is 
expected that the maximum internal pressure will be 3 psig, given the fluctuations in external 
barometric pressure conditions, internal pressure control and gas heating from beam. The target 
canister is equipped with a safety relief vale set at 10 psig, therefore for the worst condition the 
window is designed to withstand 10 psig internal pressure with beam operation. Beam energy 
deposition in the material will produce heat loads onto the Be windows. 
 
During low intensity beam scans, the target canister is evacuated in order to improve the signal-to-
noise ratio of the Budal monitor.  
 
The stresses due to the thermal and pressure loads on the DS Window were evaluated with ANSYS 
finite element (FE) analysis package, with the different scenarios listed in Table 1. 

Table 1: FE analysis scenarios 

Scenario 1 Vacuum, no beam 

Scenario 2 3 psig internal pressure, steady state (before beam) 

Scenario 3 3 psig internal pressure, immediately after beam spill 

Scenario 4 10 psig internal pressure, immediately after beam spill 
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2. Finite element model, and material properties 
The FE model consists of the Be Disk with the aluminum ring/flange, with minor features such as 
small grooves and bolt holes removed. The parts are sliced radially, corresponding to the bins in the 
beam energy deposition simulations. This also allows for fine meshing to the central portion of the Be 
Foil, shown in Fig. 3. The material properties are listed in Table 2. 

    
      Sliced bins         Fine meshes 

Figure 3: FE model and mesh 

The material properties of the Beryllium (PF-60), which is 98.0% pure have not been published. 
According to Materion Corporation (Formerly Brush Wellman Inc. Electrofusion Products), PF-60 has 
only been characterized chemically, but not mechanical properties. Therefore, the thermal and 
mechanical properties of structural beryllium grade S-200F are used in place of PF-60[2], shown in 
Table 2. 

Table 2. Material properties at room temperature 

 Beryllium (S-200F) [3] Aluminum 5052-H36 [3] 

Density (kg/m3) 1,850 2,680 

Modulus of Elasticity (GPa) 303.4 70.3 

Poisson’s Ratio 0.18 0.33 

Thermal Conductivity (W/m-K) 216.3 138 

Coef. of Thermal Expansion (μm/m-K) 11.4 22.1 

Specific Heat (J/g-K) 1.925 0.88 

Ultimate Strength (MPa) 324 276 

Yield Strength (MPa) 241 @strain 0.2% 241 

Fatigue Strength (MPa).  261 @107 cycles 131 @5x108 cycles 
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3. Thermal loads and cooling boundary conditions 

The beam design parameters for the 700 kW NOvA experiment are listed in Table 3.  

Table 3: Proton beam design parameters for the NOvA experiment 

Proton beam energy 120 GeV 

Beam power 700 kW 

Protons per pulse 4.9x1013  

Beam spill width 10 μsec 

Beam repetition time 1.33 sec 

 
When high energy proton beams hit the target, beam and secondary particles interact with the 
window and result in beam energy deposition in the window materials. The heat loads were obtained 
from MARS15 simulations, and are listed in Table 4, with respect to radial bins [2]. In the table, column 
3 gives the power density during the 10 μsec beam spill, whereas column 4 gives the average power 
density over the 1.33 sec beam repetition pulse. The total heat loads at steady state is 27.42 W on the 
Be Disk and 320.9 W on the aluminum plates. 

Table 4.  Energy deposition in the DS Window. 

Inner 
radius 
(mm) 

Outer 
radius 
(mm) 

Power density over 10 

μsec beam spill(W/m3) 

Average power density over 1.33 

sec beam repetition pulse (W/m3) 

Total power (W) 

0 1 4.84 e12 3.64 e7 0.14 
1 2 4.51 e12 3.39 e7 0.40 
2 3 3.18 e12 2.39 e7 0.47 
3 4 2.52 e12 1.90 e7 0.52 
4 5 1.93 e12 1.45 e7 0.51 
5 6 1.74 e12 1.31 e7 0.57 
6 7 1.54 e12 1.16 e7 0.59 
7 8 1.35 e12 1.01 e7 0.59 
8 9 1.17 e12 8.81 e6 0.59 
9 10 9.34 e11 7.02 e6 0.52 
10 15 8.43 e11 6.34 e6 3.11 
15 20 5.63 e11 4.23 e6 2.91 
20 25 3.77 e11 2.83 e6 2.50 
25 30 2.78 e11 2.09 e6 2.26 
30 35 2.25 e11 1.69 e6 2.16 
35 40 1.65 e11 1.24 e6 1.83 
40 45 1.59 e11 1.20 e6 2.00 
45 50 1.16 e11 8.72 e5 1.63 
50 55 1.06 e11 7.98 e5 1.64 
55 67.65 6.51 e10 4.08 e5 2.49 
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Total heat loads in Be Disk     27.42 

Aluminum flange  

0* 239* 6.51 e10 4.08 e5 156.96 

239* 300* 3.48 e10 2.10 e5 163.94 

Total heat loads in Al flange 320.90 

*With respect to aluminum flange center 
 
The cooling of the window is through air convection on the exterior surface with a heat transfer 
coefficient of 5 W/m2-C at 20 °C, helium gas convection inside the target canister with a heat transfer 
coefficient of 5 W/m2-C at 75 °C, and conduction through the flange contact surface to the target 
canister with a temperature of 24 °C, shown in Fig. 4. 

       
Air cooling   Helium convection        Cold surface 

Figure 4: FE model and thermal boundary conditions 

From the target CFD analysis [4], it is estimated that during the beam operation, helium temperature 
inside the target canister rises to 75 °C due to the heat transfer from the target fins through radiation 
and helium gas convection, shown in Fig. 5.  

   
Figure 5: Helium temperature inside the target canister 
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4. Structural analysis for window under vacuum 
For the condition under vacuum, an atm (1.01325x105 Pa) pressure was applied to the window 
external surface. The maximum stress 190 MPa will occur at the interface edge of the Be Disk with the 
aluminum plates, while the stress at the center will be 110 MPa, shown in Fig. 6. 

    
Internal surface     External surface 

Figure 6: Stress distributions of Be Disk under vacuum  

The stress distribution crossing the beryllium thickness is shown in Fig. 7. The maximum stress will 
be located at the interface with the aluminum plates. The fillets on the aluminum plates provide stress 
relief. This location is away from the e-beam welding heat affected zone. 

    
At interfacing edge            at center 

Figure 7: Stress distribution crossing the beryllium thickness under vacuum 

 
 
 
 



NOvA Target Downstream Be Window, ED0007046, Rev. - 

 

8 
 

 
 
The maximum displacement will be 0.53 mm, shown in Fig. 8. 

  
Figure 8: Deflection of Be Disk under vacuum load  

5. Temperature trends under normal beam operation conditions 
After the beams start up, it will take about 286 sec for the window to reach thermal equilibrium 
temperature of 53 °C. Fig. 9 shows the maximum nodal temperature as a function of time. Shown in 
Fig. 10 are the temperature distributions at the steady state.   

 
Figure 9: Temperature trend after beams start up 
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Window assembly     Be Foil 

Figure 10: Temperature distributions at steady state 

Fig. 11 shows the temperature plot along the path crossing the Be Disk center from – 67 mm (point 
“1”) to 67 mm (point “2”). Being offset from the aluminum flange, the temperature of the Be Disk 
edge near the flange center is 10 °C higher than the other side, due to being farther from the flange 
cold interface. This indicates that a good thermal conduction or short path to the cold surface can 
effectively reduce the temperature on the Be Disk. 

   
Figure 11: Temperature profile along the centerline of the Be Disk 

After the window has reached thermal equilibrium state, during each beam spill, the temperature 
rises to 66.7 °C, shown in Fig. 12. Shown in Fig. 13 are the temperature distributions at the peak 
temperature immediately after the beam spill.   
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Figure 12: Temperature trend during each beam pulse after the window has reached thermal 

equilibium 

    
Window assembly    Be Foil 

Figure 13: Temperature distribution immediately after the beam spill 

6. Stresses under normal beam operation conditions 
The temperature profile was loaded for the structural analysis for two conditions: immediately after 
the beam spill (A) and at the steady state before the next beam spill (B), shown in Fig. 12.  And a 3 
psig pressure (2.0684 x 104 Pa) was applied to the internal surfaces. 
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At the steady state before the next beam spill (B), the stress distributions are shown in Fig. 14. The 
stress distributions crossing the beryllium thickness are shown in Fig. 15. 

    
Internal surface     External surface 

Figure 14: Stress distribution on Be Disk at steady state 

    
At interfacing edge            at center 

Figure 15: Stress distribution crossing the beryllium thickness at steady state 

The stress distributions on the Be Disk shown in Fig. 16 indicates that the stresses at the center will 
rise from 88 MPa to 112 MPa during each beam pulse, though the stresses on the interfacing edge 
remain unchanged. 

  
Internal surface     External surface 

Figure 16: Stress distribution on Be Foil immediately after beam spill 
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With only 15 °C temperature rise, there will be no change in the Be Disk displacement before and 
after the beam spill, shown in Fig. 17. 

                      
A (after beam)     B (before beam) 

Figure 17: Displacement of Be Disk during each beam pulse 

7. Stresses under the worst condition with 10 psig pressure plus beam heating 
Fig. 18 gives the stresses for the condition with a 10 psig (6.8948x 104 Pa) helium pressure and beam 
thermal load. The maximum stress 187 MPa occurs at the edge of the Be Disk interfacing with the 
aluminum plates. The maximum stress at the center is 134 MPa. 

    
Internal surface     External surface 

Figure 18: Stress distributions on Be Disk immediately after beam spill, with 10 psig internal 
pressure 

8. Discussions 
The window maximum deflection “d”, maximum stress at the interfacing edge “σe“ and at the center 
“σc“ under different scenarios are summarized in Table 5. 

Table 5. Summary of deflection and maximum stresses 

Scenario Condition Peak temperature (°C) d (mm) σe (MPa) σc (MPa) 

1 Vacuum, no beam 20 -0.53 190 111 

2 3 psig, steady state 53 0.19 97 86 
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3 3 psig, after beam spill 66.7 0.19 97 112 

4 10 psig, after beam spill 66.7 0.44 187 134 

 
In all scenarios that we have considered in this report, the maximum stress meets the requirements 
per FESHM 5033.1[5], in which it states that allowable stress for vacuum windows is half of the 
material ultimate strength for Manned Areas and the material ultimate strength for Unmanned Areas, 
respectively.  
 
The maximum stress occurs at the location interfacing with the edge of the aluminum plates. This 
location is away from the e-beam welding heat-affected zone. On the Be Disk periphery surface where 
the e-beam weld is located, the stresses are shown in Fig. 19. The values are well below the material 
ultimate strength, should be safe.  

 
Scenario 1     Scenario 4 

Figure 19 Stress distribution on Be Disk periphery surface 

In order to understand the effects of the helium temperature to the DS window, a sensitively check 
was performed by setting the helium temperature differently. Table 6 gives the summary of the DS 
Window temperature and heat flow reaction rate under different helium temperatures. When the 
helium temperature is over 50 C, some heat flux will start to go into the DS window, shown by a 
positive value of the reaction probe. However, it will contribute only 4 °C temperature rise to the DS 
Window even when the helium temperature reaches 150 °C. 

Table 6: DS window maximum temperature under different helium temperatures 

Helium temperature DS window 
temperature 

Reaction probe  

air conv. cold flange helium conv. 



NOvA Target Downstream Be Window, ED0007046, Rev. - 

 

14 
 

150 C 55.4 -5.4 W  -379 W 36 W 
100 C 53.8 -5.2 W  -364 W 20.7 W 
75 C 53 -5.1 W -356 W 13.1 W 
50 C 52.5 -5 W -349 W 5.4 W 
24 C 51.4 -5 W -341 W -2.5 W 

 
Given normal beam operation conditions for the NOvA experiment, the total heat loads on the target 
DS Window at the steady state is 27.42 W on the Be Disk and 320.9 W on the aluminum plates. The DS 
window reaches thermal equilibrium after 286 sec (or 215 pulses) of beam start-up. After window has 
reached thermal equilibrium state, the temperature rises from 53 °C to 66.7 °C during each beam 
pulse, with a maximum equivalent stress of 112 MPa located at the Be Disk center. For the condition 
under vacuum or when the internal helium pressure reaches 10 psig, the maximum stress 190 MPa or 
187 MPa will occur at the interfacing edge with the aluminum plates, respectively. This location is 
away from the e-beam welding heat affected zone. The aluminum plates have a 0.062” fillet to relieve 
stresses when the Be Disk flexes under pressure and thermal loads.  The target canister is protected by 
a 10 psig safety relief valve. 
 
The dynamic (inertial) stress was not included because the rate of loading is too small to have a 
significant effect. 
 
When the helium temperature is over 50 °C, some heat flux starts to go into the DS window. 
However, it contributes only a few degrees temperature rise to the DS Window even if the helium 
temperature reaches 150 °C. 

 
9. E-beam welding sample testing 

Tests were performed for two e-beam welding samples, shown in Fig. 20: 
• Thermal testing 
• Leak checking 
• Pressure testing 
• CT scan 

 
Figure 20: E-beam welding sample 
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Thermal testing was performed by setting the Aluminum ring on a temperature controlled heating 
stove, and measuring the temperature with an infrared temperature sensor. The temperature on the 
Be Disk center responded well with the temperature rise on the aluminum ring, shown in Fig. 21. 
That means the interface between there joining parts has a good thermal contact. A good thermal 
conduction is important to effectively reduce the temperature on the Be Disk.  
 

     
Figure 20: Temperature at Be disk center (left) and near the edge on aluminum ring (right) 

The leak checking was carried out with the volume of the weldment unit being evacuated by a 
Helium Mass Spectrometer Leak Detector and with a helium spray outside, shown in Fig. 21. No leak 
was detectable on the most sensitive scale of a helium leak rate of 5.9x10-11 mbar⋅liter/sec (sample #1) 
or  8.8x10-10 mbar⋅liter/sec (sample #2). 

    
Figure 21: Leak checking setup 
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The sample #2 were subjected to a pressure test up to 10 psi, and past a vacuum/pressure cycling test 
of 20 cycles of pump-down - letting up - 3 psi, shown in Fig. 22. 

       
Figure 22: Pressure test setup 

Sample #1 was subjected to a single test of pressure to 3 psi. CT scan images indicated two large voids 
were found, shown in Fig. 23. No voids was found in Sample #2. 

    
Figure 23: Images of CT scans 

 
10. Future plans 

Based on the CT scan results of the e-beam welding samples, we plan to send Sample #2 back to 
Materion for final assembly into an aluminum flange with a second step Al-to-Al e-beam welding. 
Since this sample has gone through a single test up to 10 psi and 20 cycles of vacuum-3 psi pressure, 
we will look into the stresses that the aluminum part at the joint in the FEA. If the stresses are well 
below the aluminum yield strength, there will be no concerns to use this sample for the final 
assembly. 
 
For Sample #1, we plan to send it back to Materion for re-welding and CT scan again, to save it as a 
spare. We will establish Acceptance Criteria for the fabrication specification of future Be Windows. 
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