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�Abstract:



The 300 arc magnets were designed and magnetically mapped to support a 6 GeV operation of the CEBAF accelerator.  With recent interests in upgrading the CEBAF energy beyond 6 GeV the actual limits of the arc dipoles have been questioned.  To quantify the thermal and magnetic limits of the existing dipoles a two meter BB style arc dipole was purchased and tested.  The magnet was powered to double its original design current and measurements were made of the core field, integrated field, and the transverse profile of the integrated field.  Results show that despite severe saturation effects the dipole can achieve field integrals to support 10 GeV operation.  At these fields the magnet is stable thermally and suffers only a small reduction in the transverse good field width.



Introduction:



The CEBAF arc magnets were designed to support a 6 GeV operation of the accelerator.  For 6 GeV the magnets in arcs 3A, 6A, and 9A would be powered at 300 amps.  Between 1991 and 1992 all 300 arc dipoles were magnetically mapped and qualified on a 300 amp hysteresis curve.  Over this current range all dipoles met the required field specifications.



To test the behavior of a common arc dipole beyond 300 amps, a two meter BB style arc magnet was purchased.  The BB style dipole has the same cross-section as the BE (1 meter) and BA (3 meter) arc dipoles.



Measurement:



The magnet (core ID BB110) was setup on the Dipole Measurement Stand at the Jefferson Lab Magnet Measurement Facility.  This stand makes use of wire coils that run the length of the magnet and are translated across the pole.  Signals induced in the coils are recorded by a data acquisition system and analyzed to yield the geometry of the integrated magnetic field.  This setup provides an absolute measurement of the field integral accurate to 0.1% and a transverse profile of the field integral with a precision at the 0.001% level.



To characterize thermal properties the magnet was outfitted with thermometers to monitor LCW inlet and outlet temperatures and the external coil temperature.  LCW flow and pressure drop were recorded along with the input power to the magnet (ie voltage and current.)  The standard klixon over-temperature switches (82(C trip point) were mounted to the coils and interlocked to a 42 kW Danfysik Power Supply.



A baseline set of measurements were made to characterize the new magnet on the standard 300 amp hysteresis curve.  Measurements were then made by increasing the peak current (Imax) in 50 amp steps from 300 to 600 amps.  At each new Imax the following steps were taken:

power dipole to Imax  and let temperatures stabilize

record thermal parameters

cycle dipole through a hysteresis standardizing loop from 0 ( Imax ( 0 amps

perform translating wire measurements with magnet powered at Imax, at 50 amp intervals coming down from Imax, at 300, 150, and 30 amps.  (egs for Imax = 500 amps, measurements were made at 500, 450, 400, 350, 300, 150, and 30 amps.)

analyze thermal and magnetic data to look for trouble



At the completion of the 600 amp tests on the Dipole Measurement Stand, core field measurements were made using Hall Effect and NMR probes.  The magnet was cycled through a hysteresis standardizing loop from 0 ( 600 ( 0 amps.  Core field was recorded at 50 amp steps over the entire    0 ( 600 ( 0 amp cycle.



Thermal Measurement Results:



The BB style magnet consist of four individual pancake coils powered in series.  To maximize cooling each pancake was plumbed as a separate LCW circuit (ie in parallel.)  The LCW system in the Test Lab provided a 102 psi pressure drop between supply and return sides.  At this pressure drop the flow in each of the four circuits was 0.84 GPM (7.4 ft/sec for the 0.216” diameter cooling line.)



A summary of the thermal properties of the magnet between 300 and 600 amps is given in Table 1.  At 600 amps the magnet was stable thermally with the following changes:

outside coil temperature increased 8.3(C over the nominal temperature of 33(C (well below the klixon interlock temperature of 82(C)

magnet resistance increased 3.2%

LCW temperature increased 17.6(C over the nominal temperature of 33(C

Calculation of the power removed by the LCW was systematically lower than the input power by 20%.  This difference is attributed to the convection cooling of the coils and the heating of the iron core.
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Res.

(()�(T
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(kW)�LCW

Output

Power (kW)��300.0�15.84�0.0528�2.2�4.7�4.8�3.8��350.0�18.53�0.0529�2.4�6.3�6.5�5.6��400.0�21.27�0.0532�3.2�7.7�8.5�6.8��450.0�24.05�0.0534�3.6�9.7�10.8�8.7��500.0�26.89�0.0538�4.5�12.5�13.4�11.1��550.0�29.78�0.0541�6.5�14.6�16.4�13.2��600.0�32.70�0.0545�8.3�17.6�19.6�15.8��Notes:

At 300 amps the LCW pressure drop was 85 psi and a flow of 0.75 GPM.  All other currents were at 100 psi and 0.84 GPM.

Baseline temperature of LCW, and thus coils, is 33(C.��Table 1��

Magnetic Measurement Results:



The measured field integral versus current is plotted in Figure 1.  The field integral is the straight line integral at the transverse center of the pole.  As seen in this plot, saturation effects start to show at 350 amps and attribute to a 18% reduction in field at 600 amps.  Also shown on the plot are the field integrals required for the various CEBAF energies.  These values are based on scaling the present 4 GeV settings for the highest current arcs (arcs 3A, 6A, and 9A.)



Results from the Hall and NMR measurements show that the core field behaves the same as the field integral (ie same as Figure 1.)  This is shown in Figure 2 along with the POISSON simulated field.



Also of interest is the effect of pole-edge saturation on the transverse profile of the field integral.  This profile is plotted in Figure 3.  This plot shows the width of the “good field” region is reduced with higher currents.  The original specification for the arc magnets required the field to be uniform to 0.1% for 7 cms..  The width of the 0.1% good field at each current is plotted in Figure 4.  Between 300 and 600 amps the good field is reduced by 3.2 mm..



It is worth pointing out that this BB does not meet the 7 cm. good field spec even at the lower currents.  This is due to missing end-field shims that were added to all production dipoles but not installed on this prototype magnet.  Measurements made in 1991 showed the profile inside the body of the magnet was adequate but fringe fields at the magnet ends rounded off the integrated profile.  The shape of the fringe fields was optimized by the attached shims.  Future higher-field tests should include adding these shims to quantify their effects.



The effective magnetic length can be calculated using the field integral obtained from the Dipole Stand measurement and the core field values.  Due to saturation at the ends of the dipole the effective length is reduced by 0.2% (which agrees with modeling.)  The effective length versus current is plotted in Figure 5.



Values for the field integral, core field, effective length, and good field are given in Table 2.



Current

(amps)�(Bdl

(kG-m)�Core Field

(kG)�Effective Length

(m.)�Good Field Width

(cm.)��600�19.71�9.672�2.0375�6.057��550�18.89�9.268�2.0382�6.145��500�17.99�8.825�2.0389�6.180��450�16.98�8.327�2.0397�6.213��400�15.75�7.717�2.0406�6.245��350�13.99�6.853�2.0415�6.306��300�12.03�5.894�2.0417�6.376��150�6.05�2.966�2.0406�6.464��30�1.24�no data�5.897��Table 2���
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�Conclusion:



Based on the measurements performed, the BB style of arc dipole is capable of achieving the fields required for a 10 GeV CEBAF.  However, the additional power required to overcome saturation effects is considerable.  The good field region of the dipole is reduced by 3.2 mm. and this impact on the optics would have to be investigated.  The conclusions reached with the BB will carry over to the BA and BE styles of arc dipoles (which have identical cross-sections.)



Modeling with POISSON shows that saturation can be eliminated by adding an iron flux return on the open side of the C profile.  This modification is being actively pursued.
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