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Abstract—This technical note presents the results of coil prestress measurements using the newly designed beam gauges and compares the beam gauge readings with the readings from the capacitance gauges.

1. Introduction
Beam and capacitance gauges have been used to measure internal prestress in the HGQ model magnets built at Fermilab, as a first step towards building the quadrupole magnets for the Large Hadron Collider (LHC) Interaction Region (IR). As reported previously [
] some of the model magnets showed excessively large value for the coil prestress, which was inconsistent with the coil size and modulus data and with the capacitance gauge readings. A combined experimental and numerical investigation was conducted [1, 
] to find the cause of this discrepancy and it was noted that the large value of coil prestress as read by the beam gauges was due to the plastic deformation of the beam and back plates [1, 2]. This was first indicated from the results of numerical simulations and then confirmed by some model experiments. The model predictions were confirmed later on the actual beam gauges used in some of the magnets (after the magnets were disassembled and the gauges taken out). The plastic deformation of the gauge material and the beam plate was most apparent from the measurements of the resistance R0 of the gauges. An increase in the resistance, R0 was observed for some of the gauges obtained from the model magnet series (HGQ). It should be noted that the plastic deformation of the beam plate was too small to be observed visually by a non-discerning eye. Although, plastic deformation of the back plate was more apparent, its effect on gauge readings was not well understood. The beam gauges were modified as reported in [1] to prevent plastically deforming the beam and back plates.

This note presents data from the modified beam gauges obtained by building small mechanical models and from HGQ09. The beam gauge data from HGQ09 is compared with data from the capacitance gauges.

2. Mechanical Model 

A mechanical model, MM8 was fabricated to investigate the new beam gauge design. The relevant coil properties are summarized in Table 1.

Table 1: Summary of the coils used for MM8.

Coil
Coil No.
Modulus

(GPa)
Size

(m)
Shim Size)

(m)
Target Prestress (MPa)

Inner
HGQI42
9.6
118
50
65

Outer
HGQO37
9.2
120
50
65

Figure 1 shows the time history of the beam gauge data during the complete collaring process. The Y-axis represents coil prestress in psi, whereas the X-axis represents serial number. The peaks in the curves correspond to the time when the pump pressure is on and the valleys correspond to the time when the pump pressure is removed. The inner and outer gauges were flipped after the complete collaring process (serial number ~ 11) and then subjected to another complete collaring process.  This was performed to see if the variation in readings between the gauges could be attributed to the local variation in coil size and modulus among the different quadrants.

During the course of this study, the inner coils used in MM8 were required for another study. So MM8 was disassembled and later reassembled as MM11 by using the same outer coils but different inner coils. Figure 2 shows the time history of the beam gauge data for MM11 (along with MM8) during the collaring process. The final coil prestress values indicated by the inner beam gauges (IBG51 & IBG52) and the outer beam gauges (OBG55 & OBG56), after the completion of the collaring process, are presented in Table2.

Table 2: Final values for coil prestress (in psi) after the complete collaring process.

IBG51
IBG52
OBG55
OBG56

MM8-1
12,689
8,671
13,554
3,064

MM8-2
12,632
6,652
10,596
3,397

MM11-1
10, 857
7,331
10,476
18,141

MM11-2
11,888
6,188
12,730
16,408

Some of the salient features observed are:

1. When the gauges were removed from the mechanical model, there was no significant shift in the R0 value indicating that no plastic deformation of the gauge or the beam plate occurred. 
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Figure 1: Time history of the beam gauge data during the collaring process for MM8. The Y-axis represents coil prestress in psi, whereas the X-axis represents serial number. The peaks in the curves correspond to the time when the pump pressure is on and the valleys correspond to the time when the pump pressure is removed. The inner and outer gauges were flipped after the complete collaring process (serial number ~ 11) and then subjected to another complete collaring process.

2. The outer beam gauge, OBG56 indicated very low value for coil prestress in MM8. It was later found out that this was due to human error. The back plate for OBG56 was assembled incorrectly in the wrong direction. This problem was later fixed for MM11 and the OBG56 started reading higher values in MM11.

3. The inner beam gauge, IBG51 consistently indicated higher value of coil prestress than the inner beam gauge, IBG52 for both MM8 and MM11. This can not be attributed to any local difference in the coil size or modulus because this happened even after flipping the two gauges into the opposite quadrants. This suggests that the observed difference is due to process engineering and needs to be looked into carefully.

4. Similarly, the outer beam gauge OBG56 indicated higher value of coil prestress than the outer beam gauge OBG55 (in MM11) even after the gauges were flipped into the opposite quadrants. This again suggests that the observed differences are probably due to process engineering. 
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Figure 2: Time history of the beam gauge data during the collaring process for MM8 and MM11. The Y-axis represents coil prestress in psi, whereas the X-axis represents serial number. The peaks in the curves correspond to the time when the pump pressure is on and the valleys correspond to the time when the pump pressure is removed. The inner and outer gauges were flipped after the complete collaring process (serial number ~ 11 for MM8 and serial number ~37 for MM11) and then subjected to another complete collaring process.
Figures 3 and 4 present the calibration curves for the inner and outer beam gauges. It is observed that although everything remains the same, there is a large difference between the calibration curves for the two inner and the two outer gauges. Such a large difference between the calibration curves is not expected and it is possible that it is the cause of the differences between the two inner beam gauge readings and the two outer beam gauge readings. It is suggested that the gauge calibration curves should be plotted on a single plot and if any curve is observed to differ significantly from the average behavior, then that gauge should not be used in the magnet. For example, Figures 5 and 6 show the calibration curves for a large number of inner beam gauges that have been used for the HGQ model magnet program. It is observed that most of the calibration curves bunch together pretty well and it is suggested that the gauges whose calibration curves differ significantly from the average should not be used in the magnets.
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Figure 3: Calibration curves for the inner beam gauges 51 and 52.
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Figure 4: Calibration curves for the outer beam gauges 55 and 56.
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Figure 5: Calibration curves for 14 different inner beam gauges used for the model magnet program.
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Figure 6: Calibration curves for 20 different inner beam gauges used for the model magnet program.

3. Magnet HGQ09

Table 3 presents the coil prestress in HGQ09 measured using both the beam and capacitance gauges. These measurements were taken just before the magnet was rolled into the welding press.

Table 3: Summary of the inner and outer gauge readings for HGQ09.
OUTER
Beam Gauge (psi)
Cap Gauge (psi)

Gauge 1
12,077
11,534

Gauge 2
11,321
10,998

Mean
11,699 (81 MPa)
11,266 

(78 MPa)

INNER
Beam Gauge (psi)
Cap Gauge (psi)

Gauge 1
7,106
10,540

Gauge 2
7,378
10,906

Mean
7,242 

(50 MPa)
10,278 

(71 MPa)

One of the outer beam gauges (LHCO057) gave prestress values, throughout the collaring process, that were very high and inconsistent with the coil size and modulus data. It was later found out that this particular gauge had some loose connections to the connector and one of its wires was severely mangled. The gauge wire and connections were fixed before rolling the magnet into the weld press. This lead to this gauge reading much more consistent prestress values. This again emphasizes the role of process engineering.

With the above caveat, it is observed that whereas for the outer layer the beam gauges and the cap gauges give very consistent prestress values, there is almost 30% difference between the inner layer prestress values by the two different kind of gauges. Figure 7 shows the outer gauge readings during the different stages of collaring and while the main pump pressure is not on. Similarly, Figure 8 shows the gauge readings during the different stages of collaring while the main pump pressure is on. It is observed that for the outer layer, the beam gauge and the cap gauge read very consistent prestress values when the pump pressure is off. In the presence of the pump pressure, the outer layer beam gauge reads prestress values higher than that given by the capacitance gauge.

However, for the inner layer, it is observed that the beam gauges give coil prestress consistently lower than that given by the capacitance gauges, throughout the collaring process and while the pump pressure is off (Figure 9). However, in the presence of the pump pressure, both the beam gauges and the capacitance gauges give very consistent prestress values (Figure 10), with beam gauge LHCI54 readings very similar to the cap gauge readings. At this point, one can only surmise that this could possibly occur due to insufficient shimming of the inner beam gauges. 
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Figure 7: Comparison of outer beam gauge (LHC058) and outer cap gauge (HGCG0120) readings without pump pressure.
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Figure 8: Comparison of outer beam gauge (LHC058) and outer cap gauge (HGCG0120) readings with pump pressure on.
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Figure 9: Comparison of inner beam gauge (red) and outer cap gauge (blue) readings without pump pressure.
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Figure 10: Comparison of inner beam gauge (red) and outer cap gauge (blue) readings with pump pressure on.

4. Summary

It has been shown experimentally that no plastic deformation of the beam and back plate occurs for the new beam gauge design. Thus, the new gauges have achieved their original design objective. The excessively high values of coil prestress as read by the previous gauges (particularly for the inner layer gauges) is not observed with the new gauge design, unless there are loose wire connections or other wiring problems (process engineering). On the contrary, very low values of coil prestress are observed for some of the gauges. It has been shown that this could happen for the outer beam gauge if the back plate of the outer beam gauge is assembled incorrectly. However, some of the inner beam gauges are also observed to give very low value of coil prestress, which is inconsistent with the coil size and modulus data. The reason for this discrepancy is not well understood right now and needs to be further investigated.
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