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Injection Field of MQXB Magnets

 This note summarizes measurements of b6 at LHC injection currents. I also look at the effect of eddy currents on previously published injection field data.

During testing of the 8 model magnets, field measurements were made during so-called standard accelerator cycles during which the magnet was pre-cycled to some high current and back to a current below that at injection. The magnets were then brought to injection current, held there for some period of time (usually 30 min.) and then ramped back up. This allowed determination of the field at injection, the decay in the field on the injection plateau and snapback when ramping began again. For all magnets the injection current was 800 A. Values for field at injection and decay during injection have been published.
 Real injection currents are somewhat lower, different in the different interaction regions and different for different (*.
 Values are given in Table 1.
 For magnets 6-8, where the eddy currents generated large, ramp rate dependent field harmonics, the reported measurements at injection have a large component due to the eddy current field which should not be present in production magnets.  The field harmonics at injection are determined by persistent current effects and the geometric value at injection.
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Measurements at Lower Current

The measured b6 for each of the model magnets at each of the injection currents is given in Table 2. This is the field at the specified current measured during the up ramp after removing the geometric value of the field in Table 3.

Table 2
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Table 3
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To reduce the effect of eddy currents, values are extracted from measurements during a 10 A/s current loop for magnets where I had data (HGQ05-9). Current loop measurements for HGQ01-3 had a minimum cycle current of 800 A. For these magnets I used the accelerator cycle measurements which used a ramp rate of 20 A/s.  For magnets 1-3, 5 and 9, this distinction is irrelevant. However, for 6-8, the field generated by eddy currents is relatively large, oppositely signed to the persistent current field, and varies with ramp rate. This is obvious from a comparison of the b6 in the table to previously published data.
 Even at the relatively slow ramp of 10 A/s the effect of eddy current on the measured b6 is non-negligible.

The average and standard deviation of the measured b6 for all magnets and for only those with small eddy current effects are shown in Table 4. 

Table 4
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Correction for Eddy Currents

To separate the b6 generated by eddy currents from the b6 due to persistent currents, I use data taken at different ramp rates and assume that the field generated by the eddy currents is proportional only to the ramp rate.  The field measured at a given current (say injection current) and ramp rate can be expressed as
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As the geometric and persistent current components are independent of ramp rate, measurement at different ramp rates allows one to compute the component due to persistent currents. One gets the following expression for the persistent current b6.


[image: image7.wmf].

,

6

6

6

.

,

6

)

(

)

(

geom

j

i

inj

R

j

inj

R

i

pers

b

R

R

I

b

R

I

b

R

b

i

j

-

-

*

-

*

=

.

Ri, Rj are the ramp rates, b6(I) are measured values for the different ramp rates. Figure 1 shows b6 at 800 A,

during up ramp, and corrected for the geometric field before and after the eddy current correction. This is done for magnets 6-9 for which I have data that can be used for this exercise. The uncertainty is reasonable large as the current ramp accelerates from 400 A. In some cases one sees effects in the field due to the acceleration even at 800 A, so one has to extrapolate the curve at higher currents down to 800 A to estimate a value. An uncertainty is estimated as half the spread (maximum-minimum) of the values computed by comparing 10 A/s data to 20, 40, and 80. The correction works surprisingly well, substantially reducing the spread in measured b6. The correction is large (0.5-1.0 units) for HGQ06-8 and small (0.1) unit for HGQ09 as we expected. The effect on the average and standard deviation of b6 measured in the 8 magnets is small. Both mean and standard deviation are 0.1 unit smaller after correction.

Reference Table Harmonics

Reference Table V3.1 has two entries derived from measured injection fields. The average measured b6 of the 8 model magnets (-1.2) is entered as the mean and the standard deviation (0.4) as the random error for the injection field b6. I propose a reference table V3.2 in which these numbers are replaced with a range to cover the 3 field levels of Table 1. Measurements from HGQ06-8 would be excluded due to the large eddy currents. Correcting for the eddy currents would be difficult and time consuming. Reference Table 3.2 would then be identical to V3.1 with the injection b6 mean error a range [-1.2,-1.6] and random error [0.5,0.6].
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Figure 1
� To convert I used the average transfer function of HGQ05 and 09 at 750 A:  18.386 T/m/kA.


� There was also a typo for the HGQ09 b6 in the model magnet report. That was just a mistake. The differences for magnets 6-8 are due to the 20 A/s ramp rate used in the default accelerator cycle and the large eddy currents in these magnets.





� Short Model R&D Program Results, A. Zlobin, ed., Chapter 7 (draft), � HYPERLINK http://www-td.fnal.gov/LHC/Uslhc_accel_docs/MQXB/Report/Chpt7.pdf ��http://www-td.fnal.gov/LHC/Uslhc_accel_docs/MQXB/Report/Chpt7.pdf�


� M. Lamm, private communication
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