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Finite Element Modeling of Permeability Differences in CEBAF Dipoles
J. Karn and R. Wines

Abstract

Several families of CEBAF dipoles have been studied using the PC-OPERA 2D finite element modeling software.  At field levels below saturation all models showed excellent agreement with measurement data.  However, as the steel underwent saturation a model of a common arc dipole continued to show good agreement while models of spreader/recombiner dipoles deviated from measured data.  Manufacturing records showed the steel used for the S/R dipoles was annealed at a temperature significantly lower than the annealing temperature of the arc dipole steel.  A sample from a S/R steel heat was obtained, annealed at the lower temperature, and magnetically characterized.  The resulting B vs H curve was then used in the PC-OPERA models for spreader/recombiner magnets.  Results show a several percent improvement in the matching of measured data to finite element predictions at all field levels.

1  Introduction

The CEBAF bending dipoles were designed and measured to support a 6 GeV operation of the accelerator.  With an interest in upgrading the energy beyond 6 GeV [1], [2] several of the main dipoles have been modeled in PC-OPERA [3].  The main objective was to identify saturation limits for the various magnet styles.  To check the validity of models, comparisons were made to magnet measurement data.  Although many magnet styles have been modeled for this study, the AN, AV, and BB are described in this note.  These three families are of particular interest since measurement data is available at significant saturation levels.  The BB is a two meter version of the Common Arc Dipole while the AN and AV are Spreader/Recombiner (S/R) Dipoles.  All dipoles consist of a solid C-shaped core of 1006 steel and pancake coils wound from hollow copper conductor and potted in epoxy.

2  Preliminary PC-OPERA Models

The PC-OPERA models were setup using a 2D transverse cross-section of the dipole.  The cross-section and finite element mesh for the BB dipole is shown in Figure 1.  Solutions were found at multiple currents and the vertical component of the field (By) at the center of the pole was obtained.  Shown in Figure 2 is a contour plot of the B field amplitude for the BB dipole at 600 Amps.  In this figure the return legs are saturated with fields at 19 kG.  This results in an 18% reduction in the field in the gap from saturation.
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Figure 1 – PC-OPERA Mesh of BB Dipole
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Figure 2 – PC-OPERA Contour Plot of BB at 600 Amps

To quantify the non-linear changes in the field strength as the steel saturates the term “Amp Factor” (AmpFac) is defined.  The AmpFac (Equation 1) is the ratio of the field calculated using infinite permeability to the observed field.
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Eq. 1



For the case of a dipole with N coil turns, at a current of I amps, and a gap of g cms., the field for infinite permeability in Gauss is given in Equation 2.
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Eq. 2



The vertical field component (By) and AmpFac for the AN, AV, and BB dipoles are plotted in Figure 3.  In these plots, the AmpFac curves show the agreement between measured and PC-OPERA data.  All three models show nice agreement at low AmpFacs, but as the AmpFac increases (ie steel becomes more saturated,) the 
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Figure 3a – BB Dipole Core Field Performance
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Figure 3b – AV Dipole Core Field Performance

[image: image7.wmf]AN Dipole - AmpFac and Core Field vs Current

0.95

1.00

1.05

1.10

1.15

1.20

1.25

0.0

50.0

100.0

150.0

200.0

250.0

300.0

Current (amps)

AmpFac (units)

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

Core Field (kG)

Measured

PC-OPERA

Core Field

AmpFac


Figure 3c – AN Dipole Core Field Performance

deviation increases significantly for the AN and AV.  In contrast, the deviation for the BB dipole remains virtually constant.  These differences between measured data and PC-OPERA models will be better quantified in a later section.

3  Manufacturing History of CEBAF Dipoles

The manufacturing history of every CEBAF dipole is thoroughly recorded in a magnet’s “birth certificate.”  This documentation package contains the records tracing the steel to a particular heat, the chemistry of that heat, and the annealing process used on the roughly machined magnet cores.  Although the chemistry varied slightly among the various heats of steel, it was the difference in annealing that became the obvious difference.  Per CEBAF specification [4], [5], the Arc Dipoles were to be hydrogen annealed between 930(C and 1000(C and the S/R Dipoles nitrogen annealed between 850(C and 900(C.  Manufacturing records show the AN, AV, and BB were annealed at varying temperatures within the tolerance of their appropriate specification.  It was not believed that the annealing atmosphere, hydrogen versus nitrogen, would produce the observed differences.  Rather, it was the difference in annealing temperature that could change the magnetization properties of the steel.

The models described above were generated using the PC-OPERA default B versus H (BH) curve.  In conversation with Vector Fields, the developer of PC-OPERA, the exact history of the default BH curve was unclear.  However, the reasonable agreement obtained with the BB model implied the curve matched that of 1006 steel if annealed at the higher temperature.  A potential improvement to PC-OPERA models of S/R dipoles would require finding a new BH curve for 1006 at the lower annealing temperature.

4  PC-OPERA Models Using the New S/R BH Curve

An extensive effort was made to find a suitable BH curve by researching reference material and in discussions with the Vector Fields Users Group.  Data was found for other types of steel but not for 1006 at the temperatures of interest.  The hope of finding an existing BH curve was abandoned and efforts concentrated on measurements.

The manufacturer of the dipoles [6] was still in possession of steel from several of the original S/R heats.  A sample of this steel was sent out for annealing and magnetic characterization.  The annealing process was specified to match that of the S/R dipoles.  Specifically, the sample was atmospheric annealed for two hours at 874(C.  The sample was tested up to 1000 Oersteds using a Soft Magnetic Hysteresisgraph System [7]. A new BH curve was obtained and is shown along with the PC-OPERA default BH curve in Figure 4.  The models of the AN and AU were reprocessed using the new BH curve.  The deviation of the new model from measured data is plotted in Figure 5.  This figure plots the deviation as a function of AmpFac for models using the default BH curve and the New S/R BH curve.  As evident in the plot, the absolute errors are reduced from 3.5% to 1.4% at large AmpFacs.
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Figure 4 – B vs H Curves for PC-OPERA Default and New S/R Steel
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Figure 5 – Deviation between PC-OPERA and Measured Data

5  conclusions

Results from comparing measured data to PC-OPERA modeling demonstrates the importance of an appropriate BH curve for magnets pushed into high saturation.  With the proper BH curve, PC-OPERA models agreed with measurements to within 1.5% at an AmpFac as high as 1.25.  At an AmpFac less than 1.03, where saturation is minimal, the agreement was within 0.5%.  However, the measured hysteresis effects in the magnet, which cannot be added into the model, are as high as 1% at lower fields.

It should be pointed out that the different annealing process used on the S/R dipoles was adopted to significantly reduce the cost of these magnets.  This in no way compromised the dipoles from meeting their 6 GeV design field requirements.  Rather, it added an uncertainty into the ability to model these magnets at high saturation levels when pursuing CEBAF energies beyond 6 GeV.  Based on the success of the new BH curve for S/R dipoles, this confidence in PC-OPERA modeling has been restored.  In addition, the new BH curve, and the knowledge gained, can be applied in OPERA-3D [3] models of S/R Dipoles.
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