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1. Introduction

The Forward Proton Detector (FPD), a part of the D0 experiment, will be located in the Tevatron beamline near D0 during Collider Run II. The FPD detector is comprised of a set of scintillating fibers housed inside Roman pots, which are stainless steel containers that separate the fibers from the beampipe vacuum. The Roman pots, which are movable, are retracted during injection operations and are moved close to the Tevatron beam (about 8 mm away) during colliding beam operations.  There will be a total of 18 pots located in the Tevatron as shown in Figure 1.
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Figure 1 Locations of the FPD Roman pots in the Tevatron during Collider Run II. There is four Roman pots in each of the chambers located next to the electrostatic separators.

The use of Roman pots for the FPD is dictated by the ultra-high vacuum requirement of the nearby electrostatic separators. Achieving this level of vacuum, 5x10-10 Torr, in the FPD chambers requires that they be baked at 150 degrees C after installation into the Tevatron. This temperature would melt the FPD fibers so it is necessary to remove them during the bakeout and re-install them afterwords.

However, the performance of the FPD detector depends on the fibers being located close to the Tevatron beam. This implies that the windows on the Roman pots be made as thin as possible, yet withstand the pressure difference between the beampipe vacuum and the atmosphere without mechanically failing. This has led to a design of a Roman pot with a section of thin window about 150 to 200 m thick. A sketch of the window design in shown in Figure 2.

[image: image9.png]
Figure 2. Design of the FPD window and frame. The view is from inside the beampipe and the arrow represents the direction of the beam. The fibers (not shown) are inside the Roman pot. The rectangular window frame is mounted on a ConFlat flange as shown.

The Roman pot is being designed, tested, and built by NIKHEF as part of FPD experiment. The design is not yet final, especially the choice of window thickness, and depends in part on the approval of the Beams Division Mechanical support group which has a review of the thin window design pending. The rest of this report describes the present design of the window and contains analysis and testing performed by NIKHEF.

2. Window Design

The NIKHEF team was asked to design and test the FPD window on the Roman pots. To come to a design that meets all requirements, the following research steps were taken. Two conceptual designs were drawn and prototypes constructed. In the next step they were tested under working conditions and the deformation was measured. Simultaneously, we studied the behavior of the window by Finite Element Analysis. The chosen design was also destructively tested under high pressure up to 15 atmospheres. 

Of the two types of window frames considered, one (referred to as window type 2) has no additional support for the bottom portion of the window, and the other (referred to a window type 1) has elliptical wings to help mechanically support the window. Photographs of the prototype for these two designs are shown in Figure 3 and Figure 4 respectively.
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Figure 3 Photo of prototype using production method of widow type 2
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Figure 4 Photo of prototype using production method of widow type 1

In both designs, the roman pot consists of a DN CF 100 ConFlat flange, a window frame, a thin window, and two alignment balls. The flange, window frame, thin window, and alignment balls will be constructed of 316 l stainless steel to ensure a UHV quality. The flange contains a rectangular hole of 82x43 mm to which the rectangular window frame is welded. For this purpose, a weld preparation was machined around the rectangular hole. The bottom and sides of the final window frame will be 2 mm thick and welded together. In the two long sides of the frame there are slots of 18 x 20 mm opposite each other. After the box is welded to the CF flange, the holes for the alignment balls will be machined to their final dimensions. This is to assure that the position of these holes is in accordance with the CF flange. 

Also in both designs, the thin window is constructed from a thin piece of stainless steel that is bent into a U shape thus forming the sides and bottom of the thin window. The edges of the window between the top portion and the side portions are bent with a radius that is four times the thickness of the window. The thin window is attached to the window frame by soldering at 1050 degrees C using an alloy of Gold/Nickel BAu4 (BAu82 Ni950). The window and welds be vacuum tested with a sensitivity of 10E–10 millibar liter sec.  Naturally, the handling and testing will be done in a clean environment. After this, the window will be packed in aluminum foil and sealed in plastic.

The difference between the two designs is in the bottom of the window frame. Window type 2 has an 18 mm slot cut out of the bottom of the frame and the thin window spans the entire 18 mm.  Window type 1 has an ellipse measuring 50x13.6 mm machined out of the bottom of the window frame in order to match the shape of the beam more closely.  The middle part of the elliptical section will be removed, leaving a 6 mm wide gap over which the thin window spans. The elliptical wings provide extra support for the thin window type 1 and increase the mechanical strength of the Roman pot.

Since one side of the thin window is at atmospheric pressure and the other at the beampipe pressure, the mechanical integrity of the thin window is of concern. After considering both the detector performance and the mechanical forces on the window, the window type 1 design with the elliptical wings, shown in Figure 4, was chosen as the best design.

The thickness of the thin window is yet to be determined. For both prototypes a window thickness of 100 m was used. Although these prototypes withstood the pressure testing, finite element analysis suggests that a thicker window is needed. The final design will have a thickness of about 200 m.

Finite Element Calculations

To study the behavior of the Roman pot window under vacuum conditions Finite Element Analysis (FEA) models of the thin windows are used. The purpose of the FEA is to investigate the stress and strain of this window, which is subject to a pressure difference of 1 bar. One area of special interest is the behavior of the sharp corner between the sides of the window and the bottom. The FEA is also used to study and predict deformations and displacements. To be sure we can trust this analysis the results of the FEA are compared to pressure tests performed on the prototypes. The test results are presented in the later sections.

2.1. Caclulational Considerations

Since the structure of the window is very thin we should make use of the theory for thin shells with plane stress/strain described by Zienkiewicz and Taylor. For reasonable results we should choose the non-linear shell calculations with elements of the thin shell family. To understand the window with elliptically shaped bottom we do a study with solid elements, but first we must be sure that we can trust the solid element family in such thin structures.

Therefore the behavior of the type 2 window was predicted both with a model that uses elements from the thin shell family which is appropriate for foils and with a model filled with solid elements. This element type is normally not used to predict thin wall or foil behavior. The results of both calculations can be found on the NIKHEF web page.. The conclusion from this study is that it is fair to use the model with solid elements since :

· The displacements can be trusted very well.

· The stresses are predicted reasonably well. 

· The strain is small and SEE below 10 %.

The FEA model of the elliptical window with changing wall thickness is meshed with solid elements. For the calculations we made use of non-linear geometry calculation. The loads are corrected every iteration. The calculations are performed using the FEA package SDRC/Ideas. This is a product of Structural Dynamics Research Corporation (SDRC) Milford, Ohio, USA. 

Relevant to the FEA is the material data for AISI 316 l stainless steel shown below.

Material data:

Material:



Stainless steel AISI 316 l

Young's modules:


200.000 MPa

Poisons ratio:


0.29

Yield strength:


290 MPa

Ultimate strength:


590 MPa

Elongation to rupture:

40%

Admissible stress for global zone:
125 MPa

Admissible stress for local zone:
188 MPa

Geometrical data:

Loads:

Inside pressure


0.1 MPa

Outside pressure


0 MPa

Gravitation of 9.81 m/s2

NOT included.

2.2. Window type 2 (100 m thin window)

The results of the FEA calculations for the window type 2 design with a 100 m thin window are shown in Figure 5 and Figure 6. The maximum stress calculated is 495 MPa at the edges of the window, which is larger than the allowable stress of 188 MPa in stainless steel. The calculated displacement of the bottom portion of the window is 0.25 mm.
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Figure 5 Results of stress calculations for window type 2 with 100 m thin window. Plotted are the Cauchy stresses in units of MPa. 
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Figure 6 Calculated displacement for window type 2 with 100 m window. The displacements are in units of mm.

2.3. Window type 1 (100 m window)

The results of the FEA calculations for the window type 1 design with a 100 m thin window are shown in Figure 7 and  Figure 8. The maximum stress calculated is 379 MPa at the edges of the windows which is larger than the allowable stress of 188 MPa in stainless steel. With the extra support of the elliptical wings the calculated displacement of the bottom portion of the window is reduced to about 0.05 mm compared to 0.025 mm for the design without wings.
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Figure 7 Results of stress calculations for window type 1 with 100 m thin window. Plotted are the Cauchy stresses in units of MPa.
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Figure 8 Calculated displacement for window type 2 with 100 m window. The displacements are in units of mm.

2.4. Window type 1 (200 um window)

Since the stresses in the window type 1 with a 100 m thin window were above the allowable stresses, FEA calculations were done for the window type 1 design with a 200 m thin window, These results are shown in Figure 9 and Figure 10. The maximum stress calculated is 167 MPa at the edges of the windows which is less than the allowable stress of 188 MPa in stainless steel. 

.
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Figure 9 Results of stress calculations for window type 1 with 200 m thin window. Plotted are the Cauchy stresses in units of MPa. 
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Figure 10 Calculated displacement for window type 2 with 200 m window. The displacements are in units of mm.

3. Pressure Tests 

Pressure testing of the window prototypes has been an important part in understanding the behavior of the windows. By constructing prototypes of window types 1 and 2 with 100 m thin windows, the displacements of the windows under 1 bar of pressure can be compared to the calculated displacements of the FEA. In addition to these measurements destructive testing was performed on the window type 2 prototype up to 15 bars in order to determine its ultimate strength. 

For all of the pressure tests the displacement of the thin windows was measured at the locations shown in Figure 11. The clocks (dial indicators) on the side windows are labeled 1 and 2 in the Tables. The clock in the center of the bottom window is labeled 4, and the clock on the edge of the bottom window is labeled 3. 

[image: image11.wmf]Figure 11 Locations of displacement windows during pressure testing.

For both prototypes two displacement measurements were made. The first measurement was done after the soldering of the thin window and before any other pressure testing. This measurement shows how much deflection there is in the window as it bows out the first time it is pressurized. In the second measurement, the displacements are measured after the window has been formed by the first pressure test. The results of these tests are listed in the next sections.

3.1. Pressure tests of window 2 (100 um window)

The results in Table 1 show the displacements during the first pressure test of the window type 1 with the 100 m thin window. During this first pressure tests the window foil will find its place and so give higher values for the displacements. In Table 2 you find the values of the displacements for the various loads during the second pressure test.

Pressure
1
2
3
4

0 
0.1 
0.5 
1 
1.15 
0 

0 
0.01 
0.46 
0.58 
0.62 
0.43 

0 
0 
0.48 
0.59 
0.64 
0.46 

0 
0.04 
0.26 
0.39 
0.45 
0.23 

0 
0.01 
0.48 
0.67 
0.74 
0.39 


Table 1 Measured displacement of window type 2 with 100 m thick window during first pressure test. 

Pressure
1
2
3
4

0 
0.1 
0.5 
1 
1.15 
0 

0 
0.01 
0.10 
0.17 
0.20 
0.00 

0 
0.01 
0.10 
0.16 
0.20 
0.00 

0 
0.01 
0.11 
0.19 
0.23 
0.00 

0 
0.01 
0.19 
0.31 
0.36 
0.02 


Table 2 Measured displacement of window type 2 with 100 m thick window during second pressure test.
3.2. Pressure tests of window 1 (100 m window)

The results in Table 3 show the displacements during the first pressure test of the window type 1 with the elliptically shaped wings and a 100 m thin window. During this first pressure tests the window foil will find its place and so give higher values for the displacements. In Table 4 you find the values of the displacements for the various loads during the second pressure test.

Pressure
1
2
3
4

0 
0.1 
0.5 
1 
1.15 
0 

0 
0.01 
0.38 
0.46 
0.50 
0.32 

0 
0.02 
0.40 
0.49 
0.53 
0.34 

0 
0 
0.02 
0.05 
0.08 
0.01 

0 
0 
0.03 
0.04 
0.05 
0.005 


Table 3 Measured displacements of window during the first pressure test for window type 1 with 100 m thick window. The pressure is in bars, the displacements in mm.

Pressure
1
2
3
4

0 
0.1 
0.5 
1 
1.15 
0 

0 
0.02 
0.10 
0.16 
0.19 
0 

0 
0.02 
0.10 
0.16 
0.19 
0 

0 
0.00 
0.01 
0.04 
0.065 
0 

0 
0.00 
0.025 
0.07 
0.07 
0 


Table 4 Measured displacement of window type 1 with 100 m thick window during second pressure test. 
3.3. Destructive test of window 1 (100 m window)

To measure the ultimate pressure before rupturing the window type 1 prototype was pressurized well beyond the operational pressure of 1 bar. The pressure test of the window is done with pressured water and with this setup we could pressurize the window up to 15 bar. In Table 5 you can find the displacements measured for different pressure loads. Although the window inelastically deformed at the higher pressures, the window never ruptured even at pressures up to 15 bar.

Pressure

Bar
Clock 1

mm
Clock 2

mm
Clock 3

mm
Clock 4

Mm

 1.5
0.19
0.2
0.07
0.1

 0.1
0.01
0.01
0.0
0.0

 1.75
0.21
0.22
0.09
0.13

 0.1
0.02
0.03
0.0
0.0

 2
0.23
0.25
0.1
0.17

 0.1
0.04
0.05
0.0
0.0

 2.5
0.28
0.3
0.15
0.3

 0.1
0.08
0.09
0.01
0.05

 3
0.33
0.37
0.2
0.37

 0.1
0.11
0.13
0.02
0.09

 3.5
0.38
0.42
0.25
0.43

 0.1
0.17
0.18
0.04
0.11

 3.5
0.4
0.45
0.2
0.44

 0.1
0.18
0.21
0.15
0.11

 5
0.47
0.52
0.33
0.57

 7.5
0.71
0.79
0.52
0.83

 10
0.95
1.05
0.72
1.10

 12.5
1.16
1.3
0.97
1.43

 15
1.3
1.6
1.08
1.61

 0.1
1.16
1.39
0.65
1.05

Table 5 Destructive testing of window type 1 with 100 m window. The window reached 15 bar without rupturing.
4. Conclusions

Analysis and testing of the FPD Roman pot thin window has led to a design of the window. The window type 1 design with the elliptical wings has been chosen because of the added support of the elliptical wings. The thickness of the thin window in the final design has not been determined but will likely be between 150 to 200 m thick. Finite Element Analysis and pressure testing of prototypes with windows only 100 m supports the conclusion that this type of design can safely handle the one atmosphere pressure difference.
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