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Emmitance blow-up and beam loss are among the main limitations to ultimate luminosity in the Tevatron, currently in its run-II stage. It is well known that tunes and chromaticities are changing as the magnetic multipoles of the superconducting magnets decay during injection and snap-back during the ensuing start of the ramp. Fast changing tunes and chromaticities could contribute to the luminosity limitations. In the context of a renewed effort to improve the quantitative understanding of the decay and snapback characteristics of the superconducting magnets in the Tevatron, a series of magnetic measurements on spare Tevatron dipoles was started in the fall of 2002. In order to support the magnetic measurements, magnetic field models of the Tevatron dipole magnets were generated. The models were calibrated on the archival magnetic measurement data of all Tevatron dipoles built as well as on recent magnetic measurements. The magnetic model of the Tevatron dipole magnet presented here is therefore believed to be representative of the “average” Tevatron dipole magnet. This note was updated in November 2003 to include the results of z-scan measurements in a Tevatron dipole using a short rotating coil probe. These measurements were used to fine-tune the end-field model. The improved end-field model is presented.
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1) Introduction

The Tevatron proton antiproton collider operates since 1983 and is currently in its collider run-II stage. Its lattice consists mainly of 774, 6 m long superconducting arc dipole magnets (or more exactly 772 full length dipoles and 2 half length dipoles in the C0 section) and 180 superconducting arc quadrupole magnets to accelerate and store proton and antiproton beams at 980 GeV energy. Figure 1 shows a cross sectional view of a Tevatron dipole magnet. The main features of this magnet are: a 2-layer, wedge-less cosine-theta coil, a warm iron yoke, a compact multi-layer cryostat assembly around the stainless steel collars and 4 diagonal bolts in the so-called 9 suspension stations along the magnet. Another noteworthy particularity of the Tevatron magnet is that it is a 4-terminal magnet because its coils include the return bus as one of the outer layer mid-plane turns (first quadrant). The bus turn has a thick insulation to prevent breakdown at high voltage.

The following presents the results of a recent magnetic modeling, undertaken in the context of a resurgence of interest in the dynamic properties of the Tevatron main magnets related to the efforts to increase the luminosity of the Tevatron collider. Unlike traditional magnetic design studies, this particular modeling effort was conducted on an already mass-produced magnet. The results of the magnetic measurements performed during production have therefore been considered first.
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Figure 1: Tevatron dipole cross-section.

2) Tevatron Dipole Harmonics Archive

The collected results of the magnetic measurements that were performed in the course of the Tevatron magnet production at Fermilab’s Magnet Test Facility (MTF) have been reported at various conferences (e.g. [1]) and published in technical notes (e.g. [2]). Magnetic measurements were performed more or less thoroughly at different stages in the production of a Tevatron magnet. Most important, however, were the magnetic measurements of the completed magnets in cold conditions, before and after “smart-bolting” (smart bolting refers to the use of smart bolts to minimize skew and normal quadrupoles by centering the coils within the yoke). The measurements were performed at Fermilab’s magnet test facility using long, 95” (2.413 m) long radial probes, placed in the ends and body of the magnet (sampling the magnet over its entire length). The integrated analog voltage (after hardware bucking of the main field signal) from the radial probe versus the probe angle data were Fourier analyzed to extract multipole data up to the 30-pole according to the standard multipole expansion (equation 1). The results were scaled with standard laws to the Tevatron reference radius of 1” (25.4 mm). The measurements included not only the geometric multipoles (measured at high current) but also points along the hysteretic loop (at 600 A, 700 A, 2000 A and 4000 A). The number of points represents the minimum needed to reconstruct with sufficient precision the entire hysteretic loop. The magnet temperature during the measurements was typically 4.65 K.
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Table 1 were extracted from the Tevatron multipole database [3]. The multipoles are quoted according to the US-convention (equ. 1). The normal sextupole is denoted b2, the normal decapole b4, etc.. To obtain the geometric multipoles from the measured hysteretic multipoles, the average of the multipole value at 2000 A over the up-and-down ramps was computed (only at 2000 A there is an up- and a down-ramp point). This particular procedure was chosen because the magnetic measurements were not taken on the fly (as it is done today), but the ramp was stopped during each measurement (to allow for a pre-wind of the measurement probe and the subsequent measurement during the un-wind). As we know today the measurements therefore include an unknown (and varying) amount of drift. By taking the multipole value lying between the up and down ramp, the geometric multipole can be derived exactly if the drift amplitudes during the up-and-down branches are identical. Note however that the drift at 2000 A is small (the total sextupole hysteresis width at that current is ~ 1.5 units). Unfortunately an additional problem related to current overshoots on the down-ramp can occasionally perturb this condition. 

The end and body multipoles listed in Table 1 represent the field quality of the average Tevatron dipole magnet in terms of a step-function profile. The constant body multipoles change to the constant (up-and downstream) end multipoles in a step. A typical b2 step profile is shown in Figure 18 in section 4.3.). The combined data represent a weighted average of body- and end-fields (equ. 2). The weighting factor is the length integrated dipole signal, the so-called standard amplitude, for the body and the two end measurements. The standard amplitude, in arbitrary units and at a given current of 1000 A, is typically 7000 in the body and 5700 in the end. Therefore the multiplier for the body field in the combination procedure is 7000/(7000+2(5700)=0.38. The multiplier for the end-field is 5700/(7000+2(5700) =0.31.

Ideally, the probe’s positions in the body and end measurements were back-to-back, with neither gaps, nor overlaps. The ratios of the standard amplitude numbers tell to what extent that was actually the case. Often B0,end is assumed to be B0,body and Lend modified, such as to produce the required standard amplitude. This is the concept behind the so-called magnetic length, which will be discussed further in the following.
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The histogram in Figure 4 shows the distribution of sextupole in the machine after combining the end and body data obtained from the MTF measurement database [3]. Figure 2 and Figure 3 show the geometric sextupole data for the body and ends of all 774 Tevatron dipoles. The plot shows an initial production trend toward larger b2, which was subsequently corrected. The Tevatron dipoles are characterized by a large negative sextupole in the ends because of their simple, compact end design. This will be discussed in further detail in section 4. The cross-section coil designed was therefore chosen such as to produce a positive sextupole, which compensates for the end sextupoles. Ideally the body-end compensation should give zero total geometric sextupole. In practice, however, this cancellation is not perfect. Also the compensation is not working for all multipoles higher than the sextupole. 

Another characteristic of Tevatron dipoles (as can be noted in Table 1) is the large 18-pole (b8). As will be shown later in section 5.0.), this multipole is mostly related to the fact that the high-field-quality region in the cross-section of Tevatron dipoles is extended further in horizontal than in vertical direction. This is very suitable for fixed target operation (which was the initial operational mode of the Tevatron ring).  

The production was continuously monitored and great care was taken to achieve balance between the body and end to achieve low average sextupoles. Note that this also applies to magnet assembly and magnet installation in the ring. The magnet positions in the ring were chosen such as to minimize the effect of the end sextupole. 

The average sextupole of all the Tevatron magnets produced as listed in Table 1 is 1.47 units, with a sigma of 3.09 units. The average sextupole of all dipoles built into the Tevatron ring, at flattop energy (or ~ 4000 A) is lower, namely ~0.8 units. This implies that the average width of the hysteretic loop at ~4000 A is 2(0.65 units. This could not be verified since the archive loops do not have enough data points to reconstruct the “turn-around” region of the loop. Although not discussed in further detail here, in Table 1 also lists the average body, end and combined multipoles of all dipole magnets installed in the Tevatron ring up to n=12. Note that the multipoles contained in the following table are the average over all dipoles currently installed in the ring.

Table 1: Mean and sigma of geometric multipoles (in units of 10-4 of the main dipole) in all Tevatron dipoles installed in the ring (see equ. 1 for notation). Up-stream end, down-stream end, body (center) and combined data from [3]. End and body data are combined according to equ. 2.


[image: image5.wmf]Up - Down Ramp Average  2000A data

Combined

Position 'ED'

Position 'EU'

Position 'CD'

Ave

s

No.

Ave

s

No.

Ave

s

No.

Ave

s

No.

 b

1

-0.06

0.76

770

-0.62

1.53

769

0.09

1.42

767

0.64

0.92

764

 b

2

1.47

3.09

768

-6.79

3.22

769

-6.92

3.2

769

14.39

3.08

764

 b

3

-0.26

0.76

770

-0.39

0.89

769

-0.18

0.86

767

-0.15

0.83

764

 b

4

-0.13

1.2

770

-0.93

1.23

769

-1.09

1.41

767

1.83

1.23

764

 b

5

-0.05

0.32

770

-0.05

0.33

769

-0.09

0.35

767

-0.03

0.37

764

 b

6

4.98

0.51

770

4.86

0.55

769

4.76

0.59

767

5.28

0.54

764

 b

7

0.02

0.15

770

-0.09

0.24

769

0.05

0.13

767

0.16

0.29

764

 b

8

-12.3

0.34

770

-12.22

0.41

769

-12.31

0.4

767

-12.46

0.4

764

 b

9

0.04

0.26

770

0.06

0.36

769

-0.12

0.32

767

0.1

0.43

764

 b

10 

3.66

0.26

770

3.62

0.36

769

3.58

0.31

767

3.76

0.4

764

 b

11 

-0.04

0.22

770

-0.08

0.31

769

0.16

0.28

767

-0.11

0.33

764

 b

12 

-0.82

0.21

770

-0.81

0.31

769

-0.78

0.25

767

-0.84

0.3

764

 a

1

0.01

0.94

770

-0.28

1.78

769

-0.22

1.56

767

0.48

1.03

764

 a

2

-0.06

1.23

770

0.47

1.57

769

-0.21

1.55

767

-0.09

1.23

764

 a

3

-0.07

1.44

770

-0.09

1.51

769

-0.08

1.53

767

-0.08

1.46

764

 a

4

-0.14

0.45

770

-0.18

0.54

769

0.01

0.47

767

-0.06

0.51

764

 a

5

-0.11

0.3

770

-0.09

0.39

769

-0.18

0.4

767

-0.04

0.4

764

 a

6

-0.11

0.3

770

-0.09

0.39

769

-0.18

0.4

767

-0.04

0.4

764

 a

7

0.21

0.25

770

0.22

0.29

769

0.18

0.2

767

0.22

0.31

764

 a

8

-0.02

0.42

770

-0.03

0.66

769

0.07

0.64

767

-0.04

0.6

764

 a

9

0.26

0.37

770

0.25

0.4

769

0.24

0.41

767

0.31

0.49

764

 a

10 

0.05

0.26

770

0.13

0.41

769

-0.04

0.37

767

0.04

0.4

764

 a

11 

-0.23

0.26

770

-0.21

0.34

769

-0.23

0.33

767

-0.25

0.36

764

 a

12 

-0.05

0.24

770

-0.12

0.37

769

0.08

0.28

767

-0.05

0.35

764


[image: image6.jpg]Normalized Harmonics (units *104)

25.0

T T
v
T Tb(2) CD (@ 660) Ave = 1328 Sig = 318 +
S b(2) CD (2000, Ave = 14.39 Sig.— 3.08

T
|

1 v
20.0 - ﬁL‘ .
7 oY
v e
i

15.0

10.0

200 400 600 800
Magnet Ser. No.




Figure 2: Up-Down ramp average of sextupole in the body of most of the installed Tevatron dipole magnets calculated from the 660 A and at 2000 A magnetic measurement points. The up-down average of the hysteretic b2 is approximately the geometric b2. 
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Figure 3: Up-Down ramp average of sextupole in most of the Tevatron dipole magnet ends (downstream and upstream) calculated from the 660 A and 2000 A magnetic measurement data. The up-down average of the hysteretic b2 is approximately the geometric b2. 
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Figure 4: Geometric b2 histogram for most of the 774 installed Tevatron dipoles (average of body and end and up-down data at 2000 A). End and body data were combined to yield the average sextupole. The average sextupole is 1.47 units. The distribution sigma is 3.09 units.

3) 2D Fields

Several different 2D models of the Tevatron dipole cross-section were generated: analytical models, finite element (FE) models using OPERA2D and models using the numerical code Roxie (with and without the FE option to calculate the effect of the iron yoke). A comparison of the analytical and FE shell models was made first in order to gain confidence in the FE codes (chapter 3.1.). The analytical models were also used in the sensitivity analysis presented in chapter 3.3.). FE and numerical models, in which the magnet coils are implemented on a turn-to-turn basis, were generated in OPERA2D and Roxie (chapter 3.2.). The numerical and FE models were used to compute the multipoles with better accuracy as well as to calculate iron yoke saturation effects. In addition the analytical model as well as the FE shell model were tuned such as to produce the same multipole content as the turn-by-turn implementations. As customary in the Tevatron the magnetic multipoles are quoted at a reference radius of 1” (25.4 mm).

3.1) Analytical vs FE 2D Models

Files: tev_v1_2 (2 shell with simple yoke), tev_v1_3 (2-shell with simple yoke including bus and excluding radial insulation in coil mid- and pole-plane boundaries); Directory: pb/tevatron/dipole1; 

The possibly simplest model of the Tevatron dipole cross-section consists of 2 current shells representing the coils, surrounded by a rectangular cross-section yoke with a circular inner boundary. Figure 5 shows a schematic of such a 2-shell model. The average 
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Figure 5: Simple model sketch. Left: infinite yoke model; Right: Nomenclature of analytical model (according to [5]).

current density in the shells was computed from the cable current, the number of turns in the each coil and the total area of the shell. A comparison of the analytical and FE shell models was made first in order to gain confidence in the FE codes. 

The magnetic field produced by two current shells can be computed analytically. The iron effect can also be included in an analytical approximation using a magnetic mirror model. The magnetic mirror model assumes a constant permeability (µ=1000) iron yoke that stretches from a circular inner boundary (at Ryoke) out towards infinity. The analytic formula (according to [5]) for the dipole field, B0, and the higher allowed 2n multipoles, B2n, produced by two current shells, including the field enhancement due to the iron mirror is given in equations (3a) and (3b) (refer to Figure 5 for nomenclature, angle is in radians).
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The magnet geometry parameters are from [1] and [4]. The most important geometric model parameters are the shell pole angles (in in the inner layer, out in the outer layer): They are quoted as 72.94º and 36.48º in [4], and as 72º and 36º in [1]. The discrepancy in the quoted angles is believed to be representative of typical variations in the produced magnets. This variation, however, is not only the result of loose production tolerances, but even more so the result of deliberate design changes throughout coil production. These design changes reflected the need to improve the body-end sextupole cancellation and counter-acted excessive sextupole levels during initial stages of production (see Figure 2). The angles used in the simulations presented here were chosen such as to give a sextupole such as in the average Tevatron magnet (see discussion in chapter 2). Table 2 lists the parameters used in the calculations. Note that the limiting pole angles are boundaries of the naked coils, as well as the radial coil boundaries in the shell models listed in Table 2.

Using the parameters as listed in Table 2 the 2D multipoles were computed with the analytical model outlined in equ. (3) and OPERA2D. Figure 6 shows the field-map as obtained with OPERA2D for the case of injection. The OPERA2D model included a realistic implementation of the iron yoke.

The B0 (0.66 T at injection (150 GeV) and ~4.3 T at collision (980 GeV)) calculated with the analytic model agrees well (<0.1%) with the computation obtained with OPERA2D. The computed fields are given in Table 3. The high order multipoles also agree to a reasonable level of accuracy. The multipoles, calculated with the analytic model and with OPERA2D (the standard OPERA2D B-H curve was used for the magnetic properties of the iron yoke), are listed in Table 4.

Table 2: Shell model parameters, Subscript i / o stand for inner/outer;

	Inner shell

	final (“bare”) angle in: 73º

	bare conductor inner edge Riin: 38.235 mm

	bare conductor outer edge Roin: 46.033 mm

	Outer shell

	final (“bare”) angleout: 36.5º

	bare conductor inner edge Riout: 46.735 mm

	bare conductor outer edge Roout: 54.533 mm

	Yoke

	inner radius Ryoke: 95.63 mm

	Vertical outer boundary Ryokex=190.5 mm

	Horizontal outer boundary Ryokey =127 mm

	Current density (injection)

	jin=jout

	jout =21·663A·1/(((36.5º/(2·180º))(54.5332-46.7352))=55.43 A/mm2


Table 3: Computed peak and bore fields in Tevatron dipoles at injection and collision. 

	Field  (T)
	Injection  150 GeV

663 A
	Collision  980 GeV

4333 A

	peak
	0.741
	4.838

	bore
	0.658
	4.301
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Figure 6: OPERA2D calculation of Tevatron dipole field profile in quadrant I at injection.

Table 4: Multipoles (in units of 10-4 of the main dipole) in Tevatron dipoles, calculated with OPERA2D and analytically (equ. (3)). The main field at injection is 0.66 T (663 A). The multipole index n is according to the US notation (corresponding to the 2n+2 pole).

	multipole 
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	OP2Dshell
	104
	0
	20.13
	0
	9.47
	0
	6.47
	0
	-11.31
	0
	3.84

	analytical
	104
	0
	20.09
	0
	9.5
	0
	6.48
	0
	-11.38
	0
	3.87


3.2) Turn-by-Turn 2D Models

More refined implementations of the cross-sectional geometry than discussed above are required to obtain more accurate estimates of the field quality. OPERA2D and Roxie (7.0 & 9.0) models were prepared to reflect the coil geometry on a turn-by-turn basis. The analytical and FE shell models introduced in 3.1.) were modified to replicate the results of the turn-by-turn models.

The OPERA2D models are: tev_v2_1 (72.94º, 36.348º), tev_v2_2 (72º, 36º), tev_v2_3 (72.5º, 36.186º) in pb/tevatron/dipole2

The Roxie7.0 model is called s2d_tevdip_3 in pb/tevatron/dipole3;

The Roxie 9.0 model is called s2d_tevdip_R90_Feyoke in pb/Tevatron/dipoleR90/Tevdip_R90_2D;

The simple FE shell model is called tev_v1_3. in pb/tevatron/dipole1;

The analytical model is Tevatron_dipole_B2D_analytic_complexshell.mcd in pb/tevatron/dipole1;

The following presents a comparison of the turn-by-turn FE models with the simplified FE models based on a shell geometry as well as the “adapted” analytical model (see 3.1.) for details. The comparison to analytical shell-models was performed in order to determine what design parameters mostly determine the multipole content of this particular magnet design. These parameters will be discussed below. The two turn-by-turn models differ slightly in the coil geometry implementation: The OPERA2D turn-by-turn model assumes a perfectly radial stacking of the turns in each layer, which is what the magnet design ideally strives for. The OPERA2D turn-by-turn model achieves perfect radial stacking (with a cable that is not perfectly keystoned) by varying the thickness of the azimuthal turn-to-turn insulation with the radius. Perfectly radial stacking is, however, not achievable simultaneously in both layers with only one cable design such as is the case of the Tevatron dipole magnet. Roxie on the other hand stacks the cables according to a cable cross-section template and a specified azimuthal insulation thickness. The Roxie case is therefore more realistic. The cable dimensions in the Roxie-model were therefore chosen such as to generate the average multipole distribution derived from the in the Tevatron dipole magnets. The same cable dimensions were used in the OPERA2D-model and the Roxie models. Recently a new version of Roxie (9.0) was used to compute the field with the Roxie geometry (Table 6) and a FE implementation of the iron yoke (the coil geometry was the same as used in the Roxie 7.0 model)
. The OPERA2D and the Roxie 9.0 models use the same, rectangular implementation of the iron yoke. They were therefore used for the computation of iron saturation effects. The Roxie 7.0 model uses a circular, infinite, constant permeability iron mirror model. Table 6 contains all the model parameters. The shell models represent the “bare” coils. It was found that the thin layers of insulation bounding the coils azimuthally in the mid-and pole-planes had to be “current-free” in the shell models to achieve good agreement with the turn-by-turn models. Note also, that the inner layer is slightly shimmed in the mid-plane with layers of insulation. Since the azimuthal turn-to-turn insulation cannot be extracted from the shell in the simple shell model the current density was reduced, thus distributing the current over the cable including the azimuthal insulation (excluding the first layer of insulation in the mid-and pole-planes). All models (FE and analytical) also included the outer layer mid-plane bus turn. In the analytical and FE-shell models the bus turn was accounted for, using a reduced current density in this region. The turn-by-turn models account for the thicker insulation of the bus-turn. Table 6 also contains the parameters of the shell model in parenthesis (if different from the cable-to-cable model). The particularities of the coil geometry implementation of each model lead to slight differences in the pole angles and cable cross-sections. These differences, however, are not important, and smaller than the coil size variations obtained in magnet mass-production, as evidenced by the large width ( of several units) of the multipole distributions listed in Table 1.

The turn-by-turn OPERA2D model results are not included in Table 6 because they could not easily be made to agree with the data in Table 1. There are several reasons for that: -1- since the implementation of the turn-by-turn model is very time-consuming only a limited number of trials could be made. None of the 4 trials generated the “right” sextupole. –2- the perfect keystoning of the turns is not representative of the real case. Especially the higher multipoles (n>2) are very sensitive to the particular shape of the edges of the coils. Radial stacking produces a significantly different coil envelope, especially in the pole plane, than the realistic stacking such as in Roxie. The OPERA2D models, however, were used in the estimate of the iron saturation effect (see discussion in chapter 3.4.).

Table 5 shows that the field computations with the different models agree reasonably well. Also, a comparison with the results obtained with simpler models, as reported in Table 4 reveals that the more realistic implementation of the coils produces ~5 units of b2 less. This is mostly the result of the insulation in the mid-plane. Especially in the outer layer the bus has a 0.4 mm insulation. Also the inner layer, however, if counting the thin (250 µm) shim and the 135 µm (compressed) cable insulation, has a considerable layer of insulation in the mid-plane.

Figure 7 shows the field distribution computed with the Roxie 9.0 turn-by-turn implementations.

As intended the 2D geometric multipoles in the body of the Tevatron dipole magnets calculated with the above discussed models are in good agreement with the average measured body b2 in the Tevatron dipoles (see discussion in chapter 2). The only exception is the decapole, b4, where the signs appear to be reversed. The decapole was found to be very sensitive to the particular shape of the pole-plane edges of the coils, with perfectly radial stacking (such as in the turn-by-turn OPERA2D models) producing more negative and the more realistic stacking such as in Roxie producing more positive decapole. It may be that the production technique, using coil-formers and pole-plane shims imposed an inclination of the pole-plane turns that is not easily reproduced by the radial or “realistic” stacking scenarios used in the models discussed here. Therefore, aside from the decapole, the models presented here are believed to be good representations of the Tevatron dipole magnets. Furthermore it was found that the analytical models could be made to agree well with the more realistic turn-by-turn models if the lower current density in the outer-layer mid-plane due to the thick bus-turn insulation is taken into account.

 Figure 7 shows a field distribution plot in the body section of the Tevatron dipole computed with Roxie 9.0. Plots of the “good-field” region based on body-end compensated multipole characteristics from Table 1, which are relevant for beam-optics, are given in chapter 5 (e.g. Figure 19). 

Table 5: Multipoles (in units of 10-4 of the main dipole) in Tevatron dipoles, calculated with Roxie, OPERA2D and the “improved to fit” analytical model. The models used the geometry parameters specified in Table 6. The main field at injection is 0.66 T. The multipole index n is according to the US notation (corresponding to 2n+2 pole). *The iron yoke implementation in Roxie model versions 7.0/9.0 are of the mirror / FE yoke type. 

	n
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	Roxie 7.0/9.0* 
	10000
	0
	14.8
	0
	-1.4
	0
	6.4
	0
	-12.1
	0
	3.6

	OP2Dshell
	10000
	0
	14.9
	0
	-4.13
	0
	5.7
	0
	-12.9
	0
	3.5

	analytical
	10000
	0
	14.8
	0
	-5.5
	0
	6.1
	0
	-13.1
	0
	3.5
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Figure 7: Roxie 9.0 field distribution in the body of the Tevatron dipole (coils left, yoke right).

Table 6: Tevatron dipole, magnetic cross-section model parameters; -1- mid-plane angle chosen such as to represent boundary of bare mid-plane turn; -2- “bare” pole angles computed automatically by Roxie; -3- Roxie inner edge alignment option chosen; -4- Roxie inner and outer edge cable thickness chosen such as to give similar multipoles as quoted in Table 1; -5- numbers refer to the inner and outer edge thickness of the insulation; -6- includes Roxie option of grading of current density along radial cable extension (filamentation parameters: N1=1, N2=9); -7- rounded corners (R=18.5 mm), Ø 5 mm alignment rod in pole-plane; Roxie calculation was performed without thermal contraction option;
	Parameter
	Roxie7.0 (9.0)
	FE-shell
	Analytical

	Inner Layer 
	
	
	

	starting angle iin 
	0.1729º
	0.3749º 1
	0.3749º 1

	final angle oin 
	72.68º 2
	72.47º
	72.385º

	inner bare edge Riin
	38.235 mm 3
	38.235 mm
	38.235 mm

	outer bare edge Roin
	46.033 mm
	46.033 mm
	46.033 mm

	number of turns 
	35
	35
	35

	turn arrangement
	“true”
	no turns, mid&pole wedges
	no turns, mid&pole wedges

	cable bare inner thickness             
	1.121 mm 4                                     
	-                                     
	-                                   

	cable bare outer thickness                                      
	1.390 mm 4                                  
	-                                 
	-                                 

	cable bare width                                      
	7.798 mm                                      
	7.798 mm                                     
	7.798 mm                                     

	azimuthal insul. thickness                                      
	135 µm
	-
	-

	radial insul. thickness                                      
	135µm
	-
	-

	cable curr. dens. @ inject.
	67.2 A/mm2    6
	56.13 A/mm2
	56.195 A/mm2

	Outer layer
	
	
	

	starting angleiout 
	2.4157º
	2.4157º
	2.4157º

	final angleoout 
	36.25º 2
	36.174º 1
	36.193º 1

	inner edge Riout: 
	46.735 mm 3
	46.735 mm
	46.735 mm

	outer edge Roout 
	54.533 mm
	54.533 mm
	54.533 mm

	number of turns
	20
	20
	20

	turn arrangement
	“true”
	no turns, mid&pole wedges
	no turns, mid&pole wedges

	cable bare inner thickness        
	1.121 mm 4                                     
	-                                 
	-                                      

	cable bare outer thickness                                      
	1.390 mm 4                                  
	-                                 
	-                                 

	cable bare width                                      
	7.798 mm                                      
	7.798 mm                                     
	7.798 mm                                     

	azimuthal insul. thickness                                      
	135 µm
	-
	-

	radial insul. thickness                                      
	135µm
	-
	-

	cable curr. dens. @ inject.
	67.2 A/mm2    6
	57.0 A/mm2
	56.967 A/mm2

	Bus
	
	
	

	starting anglebusout
	0º
	0.5224º 1
	0.5224º 1

	final anglebusout
	2.4157º
	2.4157º
	2.4157º

	inner edge Riout: 
	46.735 mm 3
	46.735 mm
	46.735 mm

	outer edge Roout 
	54.533 mm
	54.533 mm
	54.533 mm

	number of turns
	1
	1
	1

	turn arrangement
	“true”
	no turns, mid&pole wedges
	no turns, mid&pole wedges

	cable bare inner thickness         
	1.121 mm 4                                     
	-                                   
	-                                      

	cable bare outer thickness                                      
	1.390 mm 4                                  
	-                                 
	-                                 

	cable bare width                                      
	7.798 mm                                      
	7.798 mm                                     
	7.798 mm                                     

	azimuthal insul. thickness                                      
	0.426 mm
	-
	-

	radial insul. thickness                                      
	135µm
	-
	-

	cable curr. dens. @ inject.
	67.2 A/mm2    6
	50.82 A/mm2
	50.82 A/mm2

	Yoke
	
	
	

	inner radius Ryoke
	95.63 mm
	95.63 mm
	95.63 mm

	horizontal outer bound Ryokex
	(  (190.5 mm)
	190.5 mm
	(

	vertical outer bound Ryokey
	( (127 mm)
	127 mm
	(

	BH-curve
	 µ=1000 (ROXIE)
	Standard OPERA
	µ=1000


3.3) Geometric 2D Multipole Variation and Sensitivity Analysis

The “improved” analytical shell-model (including a separate implementation of the bus region and including the mid-plane insulation in the inner layer – see discussion in 3.2.) and results in Table 5) was used to estimate the effect of pole and mid-plane angle variations on the cross-section multipoles. An “asymmetric” implementation of the coil in Roxie (with linear iron) was used to estimate the effect of up-down and left-right asymmetries as well as the effect of coil de-centering in the yoke (a2d_tevdip_2 in pb/tevatron/dipole4). The following reports the results of the sensitivity studies.

Pole-angle variation along the production history is the most likely cause of multipole variation in Tevatron coils. The most important cause is a (sometimes deliberate) variation in azimuthal coil pre-stress (pole-plane shimming), cable size and insulation thickness. The estimated effect of a 1º (or more precisely ± 0.5º from “standard”) variation of pole angle on the sextupole is almost 30 units, a large amount. Given that the outer coil spans approximately half the angle of the inner coil, the analysis assumed a 0.5º (or more precisely ± 0.25º from “standard”) variation in the pole angle of the outer coil. Table 7 summarizes the result of the angle variations within the above indicated b2 range. The equilibrium or “standard” angle was assumed to be the angle that was implemented in the models discussed in 3.1) and 3.2). The outer coil pole angle was varied exactly half as much as the inner coil pole angle. A 0.5º variation in the inner layer pole-angle corresponds to a azimuthal coil size variation of 0.35 mm.

Table 7: Analysis of pole-angle effects on the geometric b2 (in units) in the body straight section of the Tevatron dipoles. The 0º angles refer to 72.385º / 36.193º in the inner / outer layer pole angles (bare coil boundary in pole region). All other model parameters such as stated in Table 6.

	outer↓/inner→
	-0.5º
	0º
	+0.5º

	-0.25º
	30.5
	19.5
	8.9

	0º
	25.8
	14.8
	4.2

	+0.25º
	21
	17.9
	-0.6


Another important coil geometry parameter is the mid-plane shimming. The outer coil mid-plane turn in quadrant I is the Tevatron bus, which has a thick (~0.4 mm) insulation. Therefore all other quadrants are shimmed in the mid-plane outer layer to prevent asymmetry. Furthermore, layers of Kapton were introduced between the poles during assembly, thus introducing ~130 µm of shimming in the inner layer. As shown in the following a variation in shimming of the order of 0.2º (or ~150 µm) can result in b2-variations of more than 10 units if the pole-angles remain unchanged (Table 8) and up to 20 units if the pole-angles change at the same rate as the mid-plane angles (Table 9). The rule of thumb is that 10 mrad of mid-plane shimming in both layers (assuming that the pole angle follows) produces ~1 unit in b2.

Table 8: Analysis of mid-plane angle effects on the geometric b2 (in units) in the body straight section of the Tevatron dipoles. The 0º angles refer to 0.375º / 0.5224º in the inner / outer layer pole angles (bare coil boundary in mid-plane). The (“bare”) pole-angles were fixed at 72.385º and 36.193º in this simulation. All other model parameters are such as stated in Table 6.

	outer↓/inner→
	-0.2º
	0º
	+0.2º

	-0.2º
	25.3
	17.4
	9.4

	0º
	22.7
	14.8
	6.8

	+0.2º
	20.1
	12.2
	4.1


Table 9: Analysis of mid-plane angle effects on the geometric b2 (in units) in the body straight section of the Tevatron dipoles. The 0º angles refer to 0.375º / 0.5224º in the inner / outer layer pole angles (bare coil boundary in mid-plane). The pole-angles were changed according to the mid-plane angles from their “standard” (“bare”) value of 72.385º and 36.193º in this simulation. All other model parameters are such as stated in Table 6.

	outer↓/inner→
	-0.2º
	0º
	+0.2º

	-0.2º
	33.5
	21.2
	2.5

	0º
	27.1
	14.8
	7.5

	+0.2º
	20.7
	8.3
	-4


The asymmetric Roxie model was used to model the effect of horizontal and vertical de-centering of the coils within the yoke. The asymmetric model before the transformations is similar to the symmetric model reported in part 3.2). Table 10 reports the effect of the main vertical and horizontal asymmetry modes on the major multipoles. Up-down asymmetries introduce skew quadrupole moments, left-right asymmetries introduce normal quadrupole moments. The higher order modes appearing together with them (e.g. a3, a5 or b3, b5) are usually negligible. Also the effect on the allowed harmonics is usually negligible, except for the sextupole b2. The effect of some modes of asymmetric azimuthal coil-positioning errors and coil-size variations (not to be confused with the symmetric azimuthal size variations discussed in Table 7-Table 9) are shown in Table 11. These are azimuthal gaps in the mid-plane with up-down and left right asymmetry as well as asymmetric pole angle variations and rolls. Typically the transformations were chosen such as to produce 1 unit of normal (left-right asymmetry) or skew (up-down asymmetry) quadrupole. 

Summarizing it can be said that: –1- a vertical (horizontal) coil displacement in the yoke of ~100 µm produces ~1 unit of skew (normal) quadrupole; -2- a radial “blow-up” of the coil by ~250 µm produces ~1 unit of skew quad; -3- 6 mrad coil roll produce 1 unit of skew quadrupole; and -4- 10 mrad – 50 mrad of variation in the azimuthal coil sizes are required to produce ~1 unit of quadrupole. 

Table 10: Effect of vertical and horizontal coil de-centering on the magnetic multipole distribution (at Rref=25.4 mm, in units of 10-4 of the main field at injection). Simulations were performed with Roxie70 using a “linear iron” model. Only strongly (> 1 unit) changing multipoles are reported. 

	Transformation


	Parameter
	Multipole change
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	y=0.18 mm
	a1=-1

b2=-5.5

	

	y=0.085 mm
	a1=-1

	
	x=0.11 mm
	b1=-1



	

	x=0.22 mm


	b1=-1



	
	x=0.03 mm


	a1=1



	
	r=0.23 mm


	b2=-1




Table 11: Effect of asymmetric azimuthal coil size and positioning variations on multipole content of Tevatron dipoles. Simulations were performed with Roxie70 using a “linear iron” model (reference radius Rref=25.4 mm, multipoles are quoted in units of 10-4 of the main field at injection). Only strongly (> 1 unit) changing multipoles are reported. 

	Transformation


	Parameter
	Multipole change

	
	inner layer only: =0.08(
outer layer only: =0.05(
both layers: =0.03(
	a1=-1, b2=-2

a1=-1, b2=-1

a1=-1, b2=-1.3

	
	symmetric: =0.015(
upper pole only: =0.03(
	b1=-1, b2=-0.7

b1=-1, a1=-0.5, b2=-0.6 

	
	=0.012(
	a1=1

	
	=-0.006(
	a1=1


3.4) Saturation Effects

The turn-by-turn OPERA2D and Roxie 9.0 models were used to calculate iron yoke saturation effects. Figure 8 shows a plot of the field distribution in the coils and the yoke as generated by one of the several OPERA2D turn-by-turn models (see the discussion in chapter 3.2). See Figure 7 for a similar plot obtained with Roxie. The yoke geometry implementation in the model corresponds to the yoke design in the Tevatron magnets. The results are presented in Table 12. The current densities in the turns were increased by a factor 4333/663 from injection to collision. Saturation effects appear to be weak, of the order of 0.4 units in b2. They are entirely negligible in the case of the higher order multipoles.  
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Figure 8: Field distribution in Tevatron dipole magnet at injection, as computed with OPERA2D. See Figure 7 for a similar plot computed with Roxie.

Table 12: Saturation effects in allowed multipoles in Tevatron dipoles, calculated with OPERA2D and Roxie 9.0. The numbers quoted represent the relative change of multipoles from injection to collision (in % of the injection value). The main field at injection / collision is 0.66T / 4.3T (see Table 3). The multipole index n is according to the US notation (corresponding to the 2n+2 pole).

	n
	2
	4
	6
	8
	10

	OPERA2D
	+1.9
	0
	0
	0
	0

	Roxie 9.0
	+1.4
	-0.7
	0
	0
	0


3.5) Transfer function

The Roxie 9.0 and the analytical model were used to calculate the Tevatron dipole transfer function. The results are 0.9923 T/kA and 0.9926 T/kA. As can also be seen in Figure 9 the transfer functions calculated with these very different models agree well (better than 0.1%). The average transfer function of the 8 magnets measured is 0.992 T/kA. The transfer function is linear within the operational range of the Tevatron (0-4350 A).
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Figure 9: Histogram of Tevatron dipole transfer functions measured on 8 magnets compared to the transfer functions calculated with Roxie (including FE iron model) and the analytical model (iron mirror, equ. 3).

4) 3D Fields

All end field calculations were performed for a generic end, without leads and splices. The outer layer mid-plane turn, however, was extended beyond the end as a very crude attempt to simulate the leads and bus turn (see Figure 11). The effect of this model-parameter is, however, negligible. Although the Tevatron dipole end design is more or less straight forward and compact, there is a lack of precise geometry data, which made it difficult to reproduce the exact multipole content of the average Tevatron magnet end, such as quoted in Table 1. The procedure chosen was to fine-tune the end design such as to produce the same multipole as recently measured on magnet TB1055. The calculations were performed with the newly released Roxie 9.0 version, which includes FE modeling of the yoke using the BEM-FEM coupling method. The Roxie-files containing the model data are named s3d_tevdip_R90_Feyoke_new and stored in pb/tevatron/dipoleR90/TevdipR90_3D. As will be shown the multipole content of the ends found as a result of this procedure are also consistent with the average of all dipoles as measured after production. As is well known the complex multipole expansion (equation 1) is not valid in 3D fields such as in the ends (the length integrated multipole content is, however, invariant). Therefore the scaling law used to convert multipoles at one radial position in the bore to another doesn’t apply. The comparison of the model and measurement data on TB1055 was performed at the radius of the measurement coils of 12.405 mm (see 4.2.). Once agreement was found, the fields were recalculated for the Tevatron reference radius of 25.4 mm (see 4.2.).

4.1) End-Field Model

A 3D magnetic model of the Tevatron dipole ends was generated with Roxie 9.0. As shown in Figure 10 the end-region is (arbitrarily) defined as the 50 cm long region, which begins 34.5 cm before the end of the yoke and ends 3.2 cm after the physical end of the coils. The end-multipoles given in Table 13 are the average multipoles over this 50 cm end region. To obtain the average, the numerical code integrates the fields over this end region and divides by its length. As discussed before the cross-sectional magnetic design included a small sextupole component to compensate for the strong negative sextupole generated in the magnet ends. The end-multipoles can be combined with the body multipoles to generate the total multipoles using the procedure outlined in 2.) and 4.3.). The comparison between the multipole data found here and the data measured and quoted in Table 1 will also be discussed in more detail in chapter 4.3. Figure 11 shows the Roxie 9.0 implementation of the coil-ends. Figure 12 shows the axial main field profile for two different currents. The equivalent magnetic length is also indicated. The equivalent magnetic length is defined as the “end” of the step-function that produces the same integrated dipole field. The model was tuned such as produce the average equivalent 
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Figure 10: Schematic of average Tevatron ends (the model does not include leads), indicating the particular end length definition chosen here. The distances are quoted with respect to the magnet center.

magnetic length measured on all magnets produced - 6.116m [6]. Table 13 summarizes the end multipoles calculated with Roxie and normalized to the dipole field in the body. The evolution of the sextupole and decapole along the ends is shown in Figure 13. Similarly as in Table 13, the multipoles shown in Figure 13 are normalized on the dipole field in the straight section. Multipoles higher than n=4 are not discussed in any further detail here. They are shown in Figure 14.

Table 13: End multipoles in Tevatron dipoles, calculated with Roxie 9.0. The multipolar field components were averaged over the 50 cm end section defined in Figure 10. The multipoles quoted are given in units of 10-4 of the body dipole field of 0.66 T at injection (663 A). The average end dipole is 0.579 T (at 663 A).

	n
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	units
	10000
	0
	-78
	0
	-12.7
	0
	1.4
	0
	-10.5
	0
	2.9
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Figure 11: Roxie 9.0 BEM-FEM model of the end(s of the Tevatron dipole. The bus-turn (outer-layer – mid-plane turn) was pulled out further than the rest of the coils to simulate the leads. Left with yoke, right: detail of coil end (conductor naked – no insulation shown).
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Figure 12: Axial field profile (normalized on cross-sectional field) for Tevatron dipole. The (arbitrary) definition of the ends used here is shown together with the yoke and (inner) coil delimitations. The axial dimension is the distance from the magnet center. Also shown is the equivalent step-function dipole field profile, indicating an equivalent magnet half length of 3.05 m.
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Figure 13: Profiles of sextupole and decapole in Tevatron dipole magnet vs distance from the magnet center. The definition of the ends used here is shown as well as the yoke and coil limits. The sextupole has a strong negative spike in the coil end region. The multipoles are given in units of 10-4 of the main dipole in the straight section (reference radius = 25.4 mm).
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Figure 14: Profiles of high order multipoles in Tevatron dipole magnet vs distance from the magnet center. The definition of the ends used here is shown as well as the yoke and coil limits. The 14- and 22-pole are almost unchanged throughout the body and the ends.  The multipoles are given in units of 10-4 of the main dipole in the straight section (reference radius = 25.4 mm).

4.2) Comparison with Measurement on TB1055

The Roxie 9.0 3D model of the Tevatron dipole end presented above was fine-tuned via a comparison to experimental data. As explained above, the breakdown of the complex field expansion (equ. 1) in 3D fields requires the comparison to be done at the radius of measurement. A z-scan of the end fields was performed with a short (~ 4 cm) rotating coil probe at two different occasions in the lead end of the Tevatron dipole model TB1055. The probe sampled the bore field at a radius of 12.405 mm. Therefore the model data were calculated at the same radius. The results of the measurements are shown together with the model calculations in Figure 15, Figure 16 and Figure 17. Figure 15 shows a comparison of the dipole field at 4 kA. The agreement is reasonable in terms of the dipole strength. The model and experimental data, however, are shifted with respect to the position along the magnet. As discussed above, the coil length of the Roxie model as well as the exact position of the “end-bend” was chosen such as to fit the well known magnetic length of the Tevatron dipoles (see “magnetic length” mark in Figure 15). The discrepancy is most likely related to an uncertainty in the probe position during the z-scan measurement. Figure 16 and Figure 17, which show the comparison of the calculated and experimental b2 and b4 data, obviously suffer from the same discrepancy. The graphs, however, show that the model was successfully fine-tuned on the measured results. As will be discussed next the end model data also agree well with the “average” end as derived from the archival magnetic measurement data.
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Figure 15: Comparison of Roxie 9.0 model with z-scan rotating coil measurement in magnet TB1055. Also shown is the edge of the magnetic yoke and the “magnetic length” of the Tevatron dipoles derived from the field integral measurements of all dipoles. The coil ends in the Roxie model were shifted in z such as to produce a field profile, which is consistent with the 6.116 m total magnetic length of the Tevatron magnets. The fact that the measured magnetic length of TB1055 is longer is most likely the result of an offset in the position of the measurement system. 
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Figure 16: Comparison of Roxie 9.0 model with z-scan rotating coil measurement in magnet TB1055. Shown is the b2 multipole along the end at the measurement radius of 12.405 mm. The Roxie-model was fine tuned to agree with the experimental data. The discrepancy of the position of the b2 spike is most likely the result of an offset in the position of the measurement system. The coil ends in the Roxie model were shifted in z such as to produce a field profile, which is consistent with the 6.116 m total magnetic length of the Tevatron magnets.
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Figure 17: Comparison of Roxie 9.0 model with z-scan rotating coil measurement in magnet TB1055. Shown is the b4 multipole along the end at the measurement radius of 12.405 mm. The Roxie-model was fine tuned to agree with the experimental data. The discrepancy of the position of the b2 spike is most likely the result of an offset in the position of the measurement system. The coil ends in the Roxie model were shifted in z such as to produce a field profile, which is consistent with the 6.116 m total magnetic length of the Tevatron magnets.

4.3) Comparison with Archive Data

The axial multipole profiles shown in Figure 12-Figure 14 were calculated with the coil-end Roxie model discussed above. Figure 10 shows the limits of the above defined, 0.5 m, end region. The following discusses how the model data presented in 4.1.) can be compared to the magnetic multipole data of the “average” Tevatron dipole summarized in Table 1. For this purpose one approximates the longitudinal field profile with a step function, as shown in Figure 18. Knowing the standard amplitude of the rotating coil end field measurements in the “average” Tevatron dipole magnet, the exact position of the magnetic measurement probe in the case of the end measurement can be reconstructed. Unfortunately the standard amplitudes of the measurement of the “average” magnet is not known exactly (since the “average” magnet does not “exist” and was never measured). What we know are “typical” standard amplitudes obtained during the rotating coil measurements on the Tevatron dipoles: ~5700 au in end vs. ~7000 au in body measurement. As shown in equation (4) these numbers can be used to derive the “active” length, Lactiveprobe, of the 95” measurement coil in the end measurements (which led to the data in Table 1). Note that the “active” length is defined with respect to the step magnetic field profile.
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Placing the measurement-coil into the end of a Tevatron dipole magnet such that 1.965 m of it is within the equivalent magnetic “half-length” of 3.058 m, it can be inferred that the rotating coil reached into the magnet to the 1.093 m mark from the center of the magnet. Furthermore it can be inferred that the end measurement probe was sticking out from the “equivalent magnet end” by 0.448 m, or 0.39 m from the physical end, given the 5.8 cm distance between the physical end of the coils and the end of the “equivalent length”. (Figure 10). The multipolar data shown, e.g. in Figure 13 can now be integrated from 1.093 m from the center of the magnet to the end of the probe. In addition the data have to be normalized to the active probe length. Equation (5) gives the integration (z=0 is in the magnet center) and averaging procedure required to compute the magnet multipoles in the same convention that is used in Table 1 from the model field calculation in Roxie. The multipoles have to be defined with respect to the straight section field, e.g. 0.66 T at injection.
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bnend are the end multipoles according to the same convention that is used in Table 1, Bn is the nth multipolar field strength (T) and B0.straight is the dipole strength in the straight section. Table 14 lists the multipoles converted from the Roxie model using this procedure and compared to the data from Table 1. 

Table 14: Comparison of measured and calculated end multipoles. The simulated end multipoles were converted to the convention used to tabulate the measured multipoles in Table 1.

	n normal
	measured u-end  from Table 1       
	calculated end  converted with (4&5)

	2
	-6.9
	-6.4

	4
	-1.34
	-4.8


As mentioned before, the longitudinal multipole profile for the “old” magnetic measurement data (as quoted in Table 1) is a step profile. Such a profile is shown in 
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Figure 18: ”Equivalent” step profile for the understanding of the magnetic measurement data quoted in Table 1.

Figure 18. The respective lengths of the end and body regions vary from magnet to magnet (depending on the exact positioning of the magnetic measurement probe within the magnet). The active probe lengths (for the two ends and the body) were calculated on the basis of some (remembered) set of standard amplitudes, which (as discussed before) are not necessarily representative of the “average” magnet under discussion here. Therefore the indications given in the plot are only approximate. For example: solving the b2 length integral for the profile shown in Figure 18 yields an average combined b2 of 1.16 instead of 1.47 predicted in  the summary Table 1. Note that the comparison in Table 14, especially with regard to b2 nevertheless confirms that the Roxie end simulation presented here is representative of the “average” magnet. 

5)  Cross-sectional Field Profiles

Based on the body-end combined multi-polar content of the “average” Tevatron dipole given in Table 1, field profile plots have been generated. The field profiles are most conveniently generated on the basis of the known (skew and normal) multipoles, an and bn, using the complex multipole expansion formalism given in equation (6).
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Figure 19: “Good-Field Region” plot for Tevatron dipoles. The contours of <10-4, <2(10-4, <4(10-4, field variation (with respect to the 2D cross-sectional dipole field) have been calculated for the body-end combined, measured geometric (up-down average at 2000 A) multipole distribution averaged over all Tevatron dipoles installed (such as reported in Table 1). Distances from the bore center are in mm.
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Figure 20: Cross-sectional Tevatron dipole profiles of the vertical magnetic field variation By(x)/By(x) in units of 10-4. The parameter of the different plots is the vertical distance y from the center. The fields were calculated for the body-end combined, measured geometric (up-down average at 2000 A) multipole distribution averaged over all Tevatron dipoles installed (such as reported in Table 1). Distances from the bore center are in mm.

A particular field profile plot, such as shown in Figure 19, plots the boundary of the region in which the field variation is less than 1-4 units of 10-4 of the main cross-sectional dipole field. Such plots give a good visual impression of the boundaries of the high field quality region. Most obvious in Figure 19 is the elliptical shape of the “good-field” region, which was deliberately chosen for the Tevatron because of initial assignment as a fixed target machine.

Another field plot with high educational value contains cross-sectional field profiles such as shown in Figure 20.
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MP_table_new

		Up - Down Ramp Average  660A data

						Combined										Position 'ED'										Position 'EU'										Position 'CD'

						Ave		s		No.						Ave		s		No.						Ave		s		No.						Ave		s		No.

				660		0.02		0.54		765		"b1 - ED "		660		-0.64		1.55		769		"b1 - EU "		660		0.16		1.48		768		"b1 - CD "		660		0.38		1.15		766

				660		0.39		3.21		765		"b2 - ED "		660		-7.85		3.35		769		"b2 - EU "		660		-7.98		3.31		769		"b2 - CD "		660		13.28		3.18		765

				660		-0.22		0.78		765		"b3 - ED "		660		-0.36		0.93		769		"b3 - EU "		660		-0.15		0.89		768		"b3 - CD "		660		-0.19		0.86		766

				660		0.27		1.21		765		"b4 - ED "		660		-0.7		1.26		769		"b4 - EU "		660		-0.53		1.86		768		"b4 - CD "		660		1.53		1.58		766

				660		-0.05		0.35		765		"b5 - ED "		660		-0.05		0.38		769		"b5 - EU "		660		-0.08		0.42		768		"b5 - CD "		660		-0.04		0.43		766

				660		4.86		0.56		765		"b6 - ED "		660		4.72		0.6		769		"b6 - EU "		660		4.67		0.69		768		"b6 - CD "		660		5.09		0.59		766

				660		0.04		0.14		765		"b7 - ED "		660		-0.1		0.25		769		"b7 - EU "		660		0.07		0.18		768		"b7 - CD "		660		0.12		0.29		766

				660		-12.35		0.41		765		"b8 - ED "		660		-12.21		0.52		769		"b8 - EU "		660		-12.36		0.52		768		"b8 - CD "		660		-12.43		0.54		766

				660		0.01		0.29		765		"b9 - ED "		660		0.06		0.5		769		"b9 - EU "		660		-0.13		0.48		768		"b9 - CD "		660		0.09		0.56		766

				660		3.68		0.3		765		"b10 - ED		660		3.64		0.5		769		"b10 - EU		660		3.62		0.45		768		"b10 - CD		660		3.74		0.54		766

				660		-0.03		0.26		765		"b11 - ED		660		-0.07		0.47		769		"b11 - EU		660		0.16		0.43		768		"b11 - CD		660		-0.14		0.56		766

				660		-0.84		0.27		765		"b12 - ED		660		-0.84		0.55		769		"b12 - EU		660		-0.78		0.44		768		"b12 - CD		660		-0.9		0.53		766

				660		-0.04		0.7		765		"a1 - ED "		660		-0.36		1.83		769		"a1 - EU "		660		-0.16		1.68		768		"a1 - CD "		660		0.26		1.32		766

				660		-0.03		1.16		765		"a2 - ED "		660		0.4		1.57		769		"a2 - EU "		660		-0.25		1.54		768		"a2 - CD "		660		-0.21		1.3		766

				660		-0.09		1.45		765		"a3 - ED "		660		-0.11		1.53		769		"a3 - EU "		660		-0.1		1.55		768		"a3 - CD "		660		-0.05		1.47		766

				660		-0.09		0.47		765		"a4 - ED "		660		-0.2		0.6		769		"a4 - EU "		660		0.01		0.51		768		"a4 - CD "		660		-0.11		0.55		766

				660		-0.08		0.35		765		"a5 - ED "		660		-0.07		0.45		769		"a5 - EU "		660		-0.15		0.48		768		"a5 - CD "		660		-0.03		0.48		766

				660		-0.08		0.35		765		"a6 - ED "		660		-0.07		0.45		769		"a6 - EU "		660		-0.15		0.48		768		"a6 - CD "		660		-0.03		0.48		766

				660		0.21		0.24		765		"a7 - ED "		660		0.22		0.29		769		"a7 - EU "		660		0.19		0.22		768		"a7 - CD "		660		0.23		0.32		766

				660		-0.01		0.43		765		"a8 - ED "		660		-0.02		0.71		769		"a8 - EU "		660		0.03		0.74		768		"a8 - CD "		660		-0.02		0.67		766

				660		0.27		0.42		765		"a9 - ED "		660		0.26		0.53		769		"a9 - EU "		660		0.25		0.54		768		"a9 - CD "		660		0.29		0.61		766

				660		0.03		0.29		765		"a10 - ED		660		0.12		0.54		769		"a10 - EU		660		-0.03		0.49		768		"a10 - CD		660		0.01		0.55		766

				660		-0.25		0.32		765		"a11 - ED		660		-0.21		0.52		769		"a11 - EU		660		-0.25		0.48		768		"a11 - CD		660		-0.27		0.53		766

				660		-0.03		0.29		765		"a12 - ED		660		-0.13		0.55		769		"a12 - EU		660		0.06		0.47		768		"a12 - CD		660		-0.03		0.6		766

		Up - Down Ramp Average  2000A data

						Combined										Position 'ED'										Position 'EU'										Position 'CD'

						Ave		s		No.						Ave		s		No.						Ave		s		No.						Ave		s		No.

				2000		-0.06		0.76		770		"b1 - ED "		2000		-0.62		1.53		769		"b1 - EU "		2000		0.09		1.42		767		"b1 - CD "		2000		0.64		0.92		764

				2000		1.47		3.09		768		"b2 - ED "		2000		-6.79		3.22		769		"b2 - EU "		2000		-6.92		3.2		769		"b2 - CD "		2000		14.39		3.08		764

				2000		-0.26		0.76		770		"b3 - ED "		2000		-0.39		0.89		769		"b3 - EU "		2000		-0.18		0.86		767		"b3 - CD "		2000		-0.15		0.83		764

				2000		-0.13		1.2		770		"b4 - ED "		2000		-0.93		1.23		769		"b4 - EU "		2000		-1.09		1.41		767		"b4 - CD "		2000		1.83		1.23		764

				2000		-0.05		0.32		770		"b5 - ED "		2000		-0.05		0.33		769		"b5 - EU "		2000		-0.09		0.35		767		"b5 - CD "		2000		-0.03		0.37		764

				2000		4.98		0.51		770		"b6 - ED "		2000		4.86		0.55		769		"b6 - EU "		2000		4.76		0.59		767		"b6 - CD "		2000		5.28		0.54		764

				2000		0.02		0.15		770		"b7 - ED "		2000		-0.09		0.24		769		"b7 - EU "		2000		0.05		0.13		767		"b7 - CD "		2000		0.16		0.29		764

				2000		-12.3		0.34		770		"b8 - ED "		2000		-12.22		0.41		769		"b8 - EU "		2000		-12.31		0.4		767		"b8 - CD "		2000		-12.46		0.4		764

				2000		0.04		0.26		770		"b9 - ED "		2000		0.06		0.36		769		"b9 - EU "		2000		-0.12		0.32		767		"b9 - CD "		2000		0.1		0.43		764

				2000		3.66		0.26		770		"b10 - ED		2000		3.62		0.36		769		"b10 - EU		2000		3.58		0.31		767		"b10 - CD		2000		3.76		0.4		764

				2000		-0.04		0.22		770		"b11 - ED		2000		-0.08		0.31		769		"b11 - EU		2000		0.16		0.28		767		"b11 - CD		2000		-0.11		0.33		764

				2000		-0.82		0.21		770		"b12 - ED		2000		-0.81		0.31		769		"b12 - EU		2000		-0.78		0.25		767		"b12 - CD		2000		-0.84		0.3		764

				2000		0.01		0.94		770		"a1 - ED "		2000		-0.28		1.78		769		"a1 - EU "		2000		-0.22		1.56		767		"a1 - CD "		2000		0.48		1.03		764

				2000		-0.06		1.23		770		"a2 - ED "		2000		0.47		1.57		769		"a2 - EU "		2000		-0.21		1.55		767		"a2 - CD "		2000		-0.09		1.23		764

				2000		-0.07		1.44		770		"a3 - ED "		2000		-0.09		1.51		769		"a3 - EU "		2000		-0.08		1.53		767		"a3 - CD "		2000		-0.08		1.46		764

				2000		-0.14		0.45		770		"a4 - ED "		2000		-0.18		0.54		769		"a4 - EU "		2000		0.01		0.47		767		"a4 - CD "		2000		-0.06		0.51		764

				2000		-0.11		0.3		770		"a5 - ED "		2000		-0.09		0.39		769		"a5 - EU "		2000		-0.18		0.4		767		"a5 - CD "		2000		-0.04		0.4		764

				2000		-0.11		0.3		770		"a6 - ED "		2000		-0.09		0.39		769		"a6 - EU "		2000		-0.18		0.4		767		"a6 - CD "		2000		-0.04		0.4		764

				2000		0.21		0.25		770		"a7 - ED "		2000		0.22		0.29		769		"a7 - EU "		2000		0.18		0.2		767		"a7 - CD "		2000		0.22		0.31		764

				2000		-0.02		0.42		770		"a8 - ED "		2000		-0.03		0.66		769		"a8 - EU "		2000		0.07		0.64		767		"a8 - CD "		2000		-0.04		0.6		764

				2000		0.26		0.37		770		"a9 - ED "		2000		0.25		0.4		769		"a9 - EU "		2000		0.24		0.41		767		"a9 - CD "		2000		0.31		0.49		764

				2000		0.05		0.26		770		"a10 - ED		2000		0.13		0.41		769		"a10 - EU		2000		-0.04		0.37		767		"a10 - CD		2000		0.04		0.4		764

				2000		-0.23		0.26		770		"a11 - ED		2000		-0.21		0.34		769		"a11 - EU		2000		-0.23		0.33		767		"a11 - CD		2000		-0.25		0.36		764

				2000		-0.05		0.24		770		"a12 - ED		2000		-0.12		0.37		769		"a12 - EU		2000		0.08		0.28		767		"a12 - CD		2000		-0.05		0.35		764





Combined Data Only

		660A

		0.02		0.39		-0.22		0.27		-0.05		4.86		0.04		-12.35		0.01		3.68		-0.03		-0.84

		-0.04		-0.03		-0.09		-0.09		-0.08		-0.08		0.21		-0.01		0.27		0.03		-0.25		-0.03

		2000A

		-0.06		1.47		-0.26		-0.13		-0.05		4.98		0.02		-12.3		0.04		3.66		-0.04		-0.82

		0.01		-0.06		-0.07		-0.14		-0.11		-0.11		0.21		-0.02		0.26		0.05		-0.23		-0.05






_1121427533.unknown

_1131451965.unknown

_1131457831.unknown

_1101315375.unknown

_1105367146.unknown

_1097047140.unknown

_1097047248.unknown

_845386728

