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I. INTRODUCTION 

We have measured the magnetic properties of the Fermilab Main Injector (FMI) R&D and 
Production Dipoles at the Fermilab Magnet Test Facility (MTF). At MTF we measure each 
dipole by using four different kinds of probes Flatcoil, Harmonic Coil, Hall probe and NMR. 
In this paper we will present a short description of the FLATCOIL measurements. More 
detailed description of the Flatcoil Measurement system can be found elsewhere[l]. We have 
used the measurement data from the R&D and production dipoles to develop an analysis 
and QC criteria for the production dipole measurements. In this paper We will discuss the 
analysis of the data, and the QC for the Flatcoil excitation and scan measurements. The 
final MTF implementations of these analysis procedures and QC checks will be described 
elsewhere[2]. QC of the Flatcoil measurements are different and tighter than the dipole 
magnet acceptance criteria[3]. Tighter limits on the measurements are set to monitor any 
small variation in magnet production and measurements. 

. 

II. FLATCOIL MEASUREMENTS 

Two different types of measurements are performed on the FM1 dipoles using the 24 foot 
long Flatcoil Probe[l]. In one measurement, called excitation measurement, the Flatcoil is 
placed through the magnet at x=y=O.O and the magnet excitation history is established. The 
current is ramped up from zero to the measurement value in 500 amps steps and than ramped 
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down to zero in same steps. We are considering different step sizes for these measurements to 
characterize our magnet better. At each step during the ramp the total field integral (J B.dZ) 
of the magnet is measured at that current. In other measurement, called scan measurement, 
the X dependence of the field shape is measured with respect to the field at x=y=O. At 
each x location we measure the relative change in JB.dZ (i.e. (B - &)I&,), where B, is 
the J B.dZ at x=y=O and B is the j B.dZ a current x location). In this measurement the t 
magnet current is raised from zero to certain current similar to excitation measurement than 
the Flatcoil probe is moved from one edge of the magnet (-1.8 inches) to the other edge (1.8 
inches) and back in 0.100 inch steps . These limits in X are defined by how far the present 
probe can be moved in the magnet aperture. Magnet current is increased (in 500 Amps 
steps) further and this process is repeated till the maximum current of 9500 Amps. All these 
excitation and scan data are stored in SYBASE[4]. 

These data are collected using a checklist which was determined after series of reviews to 
determine what data are needed to fully characterized a dipole magnet using a Flatcoil probe. 
We require that all of the measurements specified in checklist[S] is completed successfully, 
within 2% of the specified current below 1500 Amps and less than 0.5% above. 

III. DATA RETRIVIAL AND ANALYSIS FOR R&D DIPOLES 

We extract the data from SYBASE using reports[4] and analyses the extracted data by 
using Fortran programs, PAW and Xmgr. In this section we will describe this analysis 
procedure. All of these commands are run from a script file. Here we list the whole command 
for completeness. 

a) SUMMARY OF MAGNET MEASUREMENTS:- First step in this procedure is to 
determine what data were take for a particular magnet (i.e IDAOOl, IDBOOl ..). We run a 
report 

70 runrw mtfmsa.glass.fcred_runlrummary -V magnet IDA001 -V probe 12222 -0 idaOOl.fcrun 

where IDA001 is the name of the magnet under study. 12222 is the identification number 
for 24’ long Flatcoil probe. For 80” long Flatcoil probe the identification number is 12207. 
The output of this report is written to a file magnetname.fcrun (idaOOl.fcrun). A sample 
of the output file is in APPENDIX I. 

We examine this file to find a list of SATISFACTORY excitation and scan runs. One can 
choose several excitations and scan runs. 

b) EXTRACTION OF THE EXCITATION DATA:- After the selection of one or several 
excitation data, identified by redrun-sn we run the following report to extract the excitation 
data from the database. 

%runrw mtfmsa.glass.fcred-pnt-excite1 -V redrun red_runsn -0 fcred-pnts.redrunsn -P 
password 

red_runlrn is the number from the summary file. This report generates an output file 
fcred-pnts.red-runJn. This file the integrated strength of the magnet in T-m. A Sample 



of the output file is in APPENDIX II. These excitation results will be saved in the results 
database. 

c)EXTRACTIONOFTHESCANDATA:-Th e scan data is the representation of the x 
dependence of the magnetic field. It is normalized to the field at x=y=O.O. This normaliza- 
tion is done by scaling the field strength measured by an excitation run and setting the offset 
flux to zero at x=y=O.O. The scan measurement represents the change in the magnetic field 
strength as a function of x, (B(X)-B(O))/B(O), and is a direct measure of field uniformity. 

The normalized scan data is extracted from the database by 

%runrw mtfinsa.glass.fcshape -V exrun exec# -V scanrun red-runsn -V curwin 25. -0 
fcshape.red-run_sn -P password 

Where exec# is the excitation run redrunsn number and red-runsn is the serial number 
for this scan run. To select a magnetic field from the excitation run at a current close to this 
scan run, we use a current window of 25 Amps. This output file contains a normalized field 
shape of the magnet as a function of x. The shape is expressed in terms of relative units. A 
sample output file is on Appendix III. 

IV. DATA ANALYSIS AND QC OF THE FLATCOIL MEASUREMENTS 

Using the R&D and production dipole magnet data we have developed an analysis and QC 
of Flatcoil measurement procedure for the production dipole measurements. The production 
dipole measurements will be compared to the nominal value and sigma of strength variation 
or predetermined limits, calculated from the R&D and production dipole measurements. 
Each of the parameters describes above will be compared with two levels of limits called 
Level 1 and Level 2. These levels are intended to indicate different levels of severity of 
discrepancy between measured values and nominal values. Level 1 limits are set such that 
they indicate an off-normal condition in the magnet or measurement. Level 2 limits are set 
to indicate a serious out of tolerance condition. For a gaussian distributed data level 1 limits 
would be exceeded for about 10% of the magnet measurements. The Level 1 limits will be 
set at 2 sigma of the first 25 Production Dipole measurements distributions. Level 2 limits 
will be set at 1.5 times the sigma of the magnet acceptance criteria[3]. In most cases the FM1 
dipole magnet sigma are much smaller than what is used for the FM1 tracking simulations[3]. 
If for some higher multipoles FM1 dipole magnets sigma are larger than what have been used 
for simulations, we will set the level 2 limits for that multipole at 3 sigma of the production 
dipole measurements . 

Each measurement will be tested against a low and a high bound according to the following 
scheme 

-LeveZ2 < -Level1 < deviation from nominal value < Level1 < LeveZ2 

If a magnetic measurement, either excitation or scan, falls outside lower limit(Level1) that 
measurement of the magnet should be repeated with the same probe under similar condi- 
tions. On the other hand if it also falls outside the higher limit(level2) and remeasurement 



confirms earlier measurements the magnet should be labeled for further investigations. Fur- 
ther investigations will consists of measurements with other probes. This comparison and 
further investigations will be described elsewhere[6]. 

A. EXCITATION MEASUREMENT 

The extracted data from database contains j’B,dZ as a function of current. The mea- 
surement current is always different from the nominal current. We calculate the J B.dZ at 
nominal current by a method of spline interpolation. The corrected J B.dZ and error in 
J B.dZ as a function of current will be stored in the results database. We donot have plans 
to measure the effective length as a function of current for every dipole magnet. We have 
measured the effective length of a few dipole magnet and plan to use these as the nominal 
value of the dipole effective length as a function of current. We will calculate the magnet 
body strength and its error using j’B.dZ and effective length. These numbers will be stored 
in the results database. 

The QC of the excitation measurements we will calculate the relative difference in the 
strength of the present magnet with respect to the nominal strength calculated from. the 
production dipole magnets (i.e (MAGNET - NOMINAL)/NOMINAL). This difference will 
be compared to 2 and 3 sigma variations of the production magnets strength. If the present 
magnet strength is within f2 sigma bounds the Flatcoil excitations measurement will be 
considered satisfactory. If the current magnet strength will fall between f2 and f3 sigma 
bounds (more than 3 points) than the measurer will remeasure the Flatcoil excitations of 
this magnet. If a magnets excitation measurement (more than three points) falls outside the 
f3 sigma limits the magnet should be remeasured. If the remeasurement doesnot change the 
result, magnet excitation should be labeled for further investigation with Hall and Harmonics 
probes. Fig. 1 shows the comparison of a magnet excitation with QC limits. 

The nominal value of magnet strength and f2 sigma and f3 sigma variation limits should 
be stored in Quality Control database. These values will be updated on a periodic basis as 
enough data is accumulated. There are different sets of nominal values and sigmas for the 
strength measurements of 6m and 4m dipoles. 

As a QC! check of the measurement system and probe every tenth magnet should be 
remeasured regardless of the QC criteria. 

B. SCAN MEASUREMENTS 

The scan data contains the relative difference in magnetic strength as a function of x. This 
scan data is fitted with a seven order polynomial using least square minimization routine 
MINUIT from CERNLIB. The coefficient of the polynomial are the higher order multipoles 
of the dipole magnet. In the analysis of the R&D and production dipole magnet data we 
have found that the x placement of the Flatcoil in the dipole magnet is better than 0.100”. 
Any offset in x introduces an unphysical quadrupole component at high currents. This 



quadrupole is essentially due to feed down from large sextupole, which is present by design. 
This off set is calculated by doing a linear fit of the measured quadrupole(y) and sextupole(x) 
components as function of current. The intercept of this linear fit is the quadrupole strength 
of the magnet and the slope is the AX offset of the probe. This calculated Flatcoil offset AX 
will be stored in the results database. The Flatcoil probe will be required to be recentered 
and all the scan measurements repeated if the calculated AX is larger than 0.050”. Using 
the calculated value of offset AX, measured and fitted quadrupole strength we correct the 
measured scan for the Flatcoil placement error. This correct value of scan as a function of x 
will be stored in the “results” database. We refit the corrected scan data with a seven order 
polynomial to calculate the normal higher order multipoles. These multipoles will be saved 
in the results database. 

Using the scan data from the first 14 (R&D and production) dipoles we have calculated 
the nominal value of x scan and normal multipoles as a function of currents Fig 2-6. We are 
interested in the flatness of the field over a region of 33.25”. Main Injector dipole magnet 
has large sextupole component at high currents. The nominal value of x scan at 7000 and 
9500 Amps have been calculated by removing quadrupole and sextupole components. 

The scan measurements QC will be done by calculating a difference between the present 
magnet x scan after the offset correction at a particular current to the nominal x scan. We 
will calculate the difference between measured scan and nominal scan at 500, 1500, 5000, 
7000 and 9500 amps. The dipole magnets nominal x scan should be stored in the quality 
control database. The lower and upper limits of the scan difference is fle - 4 and f2e - 4 
respectively over f1.25” in x. The procedure for remeasurement or labeling the Flatcoil scan 
measurements for further investigation is similar to the excitation measurement. A magnet 
with questionable scan measurements should be compared with derived x dependence using 
Harmonics probe measurements[6]. Fig. 7 h s ows a QC example for a scan measurements. 

The normal components of the magnetic multipoles calculated by the fit to the x offset 
corrected scan measurements should be compared with the nominal value of the dipoles 
multipoles by calculating the difference (bn present magnet - nominal I+, dipoles). The 
nominal values has been calculated by using the data of first 14 R&D and production dipoles. 
The nominal b,, should be stored in the quality control database. The lower and upper limits 
of the multipole comparison is fO.Se - 4 and fle - 4 respectively. If a magnet’s multipole 
falls outside the lower limit than the magnet should be remeasured, if it also falls outside 
higher limit than it should also be labeled for normal multipoles check with the harmonics 
probe. 

These intermediate data along with QC limits is plotted by using CERNLIB’s PAW. 
Special care has been taken in writing these output files so that they can be read by these 
programs. We have developed standard format for these plots as detailed in PAW command 
files (excite.kumac and scankumac) so that plots from different magnets can be compared 
on the same scale. 

V. SUMMARY 



This analysis and QC of Flatcoil measurement procedure has been verified for the R&D 
and production dipole measurements. Sample output from the excitation and scan analysis 
and QC programs ‘are shown in APPENDIX IV and V. 
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Appendix II 

Output of the 
. 

emtat ion data from the Measurement Database 

!Aug 26 1994 Excitation data 
!redipnt-num current 
!------ ---------- 

1 -0.00 
2 501.52 
3 1000.09 
4 1499.10 
5 1998.12 
6 2496.97 
7 2996.47 
8 3494.78 
9 3993.87 

10 4492.85 
11 4991.59 
12 5490.59 
13 5989.93 
14 6488.66 
15 6987.34 
16 7486.90 
17 7985.89 
18 8484.22 
19 8983.31 
20 9482.48 
21 9482.41 
22 8983.26 
23 8484.14 
24 7985.86 
25 7486.81 

. 26 6987.27 
27 6488.67 
28 5989.93 
29 5490.55 
30 4991.54 
31 4492.88 
32 3993.77 

3494.68 
;: 2996.33 
35 2496.80 

cur-dev 
---------- 

0.01 
0.02 
0.05 
0.05 
0.09 
0.08 
0.06 
0.07 
0.07 
0.09 
0.08 
0.09 
0.05 
0.07 
0.09 
0.06 
0.07 
0.04 
0.08 
0.07 
0.01 
0.02 
0.06 
0.04 
0.07 
0.06 
0.08 
0.07 
0.08 
0.08 
0.06 
0.09 
0.07 
0.09 
0.09 

red-run-sn = 46860 
deltajnt(Bd1) deltaJnt(Bdl)-sd 

4.446753e-07 5.077769&05 
-0.592177 7.849121e-05 
-1.188013 3.061277e-05 
-1.786407 6.779132e-05 
-2.385203 1 .179508e-04 
-2.982984 4.097 164e-05 
-3.579945 3.892639e-05 
-4.173655 7.901103e-05 
-4.766473 9.252530e-05 
-5.357272 1.637502e-04 
-5.945568 6.523756e-05 
-6.53 1407 l.l44975e-04 
-7.113560 3.724426e-05 
-7.687818 1.40692 1 e-04 
-8.245740 1.09763 1 e-04 
-8.773992 6.715159e-05 
-9.267907 4.708393e-05 
-9.73 1268 1.399936e-04 
-10.167603 4.169918e-05 
- 10.575443 2.062258e-05 
- 10.575352 8.015993e-05 
-10.182942 7.621537e-05 
-9.752544 3.485371e-05 
-9.292315 7.419762e-05 
-8.800697 l.O55035e-04 
-8.274064 5.667388e-05 
-7.715553 l.l16852e-04 
-7.139766 5.013313e-05 
-6.556034 6.602393e-05 
-5.968727 1.217108e-04 
-5.378997 8.3 15633e-05 
-4.786614 4.791985e-05 
-4.192241 1.290308e-04 
-3.597011 l.O60391e-04 
-2.998568 3.733242e-05 



36 1997.90 0.12 -2.399728 7.980542e-05 
37 1498.89 0.11 - 1.800349 5.637615e-05 
38 999.83 0.13 - 1.200537 5.502356e-05 
39 501.35 0.20 -0.601397 1.988161e-04 
40 0.05 0.01 -4.446753e-07 1.270022e-04 
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Appendix IV 

. . . 011 Excltatlon 
easurement 

Magnet strength is within QC limit at cur(amp) 500.00000 
Magnet strength is within QC limit at cur(amp) 1000.00000 
Magnet strength is within QC limit at &amp) 1500.00000 
Strength Exceeds LEVEL 1 limit at current(amp) 2000.00000 
Magnet strength is within QC limit at cur(amp) 2500.00000 
Magnet strength is within QC limit at cur(amp) 3000.00000 
Magnet strength is within QC limit at cur(amp) 3500.00000 
Strength Exceeds LEVEL 1 limit at current(amp) 4000.00000 
Magnet strength is within QC limit at cur(amp) 4500.00000 
Magnet strength is within QC limit at cur(amp) 5000.00000 
Magnet strength is within QC limit at cur(amp) 55OO.oOoOO 
Magnet strength is within QC limit at cur(amp) 6000.00000 
Magnet strength is within QC limit at cur(amp) 6500.00000 
Magnet strength is within QC limit at cur(amp) 7000.00000 
Magnet strength is within QC limit at cur(amp) 7500.00000 
Magnet strength is within QC limit at cur(amp) 8000.00000 
Magnet strength is within QC limit at cur(amp) 8500.00000 
Magnet strength is within QC limit at cur(amp) 9000.00000 
Magnet strength is within QC limit at cur(amp) 95oo.ooooo 


