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Analysis of the corrector settings and beam studies revealed strong coupling in the Tevatron proton antiproton collider, currently in its collider run II stage.  Beam tracking indicates that the coupling is distributed more or less evenly over the ring and could be explained by a skew quadrupole field component of approximately one unit in all Tevatron dipole magnets.  Such a skew quadrupole field component was not present in the Tevatron dipole magnets at the time of installation.  Hints were found, however, that a systematic, vertical downward shift of the coils within the (warm) iron yoke occurred in the dipole magnets over time.  The dropping of the coils within the yoke generated a skew quadrupole moment in the magnet bore.

Recently, Fermilab’s Technical Division launched a series of magnetic measurements on spare Tevatron dipole magnets to address other, possibly magnet related issues in the Tevatron.  This program was expanded to address the skew quadrupole issue.  In particular it was verified that the coils in the recently re-measured magnets (which were taken from the spare pool) had also dropped within the yoke since their assembly and that additional skew quadrupole moment had appeared.  Furthermore the study addressed the issue of re-shimming the coils to remove the skew quad component.  Successful re-shimming was demonstrated in a series of magnets and related issues such as the effect of re-shimming on the field angle were explored.  The following note discusses the results of this work, which also includes a thorough analysis of the magnetic measurement data archive, magnetic simulations and measurements of the longitudinal variation of the skew quadrupole component in the Tevatron dipole magnets. 
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1) Strong Coupling in the Tevatron 

Recent observation that the Tevatron skew quadrupole circuit is now operating at 60% excitation, considerably more than the 4% during initial machine operation 20 years ago, triggered a search for possible sources of horizontal-vertical betatron coupling in the Tevatron.  Recent beam studies, reported in [1], indeed showed that in the absence of any coupling correction, a horizontal oscillation triggered by a transverse kick would couple into a vertical oscillation entirely within approximately two turns (Figure 1).  Comparison of the beam position monitor (BPM) data shown in Figure 1 with calculations using beam tracking codes, [1], indicated that the measured coupling strength is consistent with an evenly distributed skew quadrupole moment of approximately one unit of 10-4 of the main dipole field in the Tevatron dipole magnets.  A possible magnet related cause of the coupling was identified to be the vertical drop of the superconducting coils of the Tevatron dipoles within their (warm) magnetic yoke.  This effect had been subject of several investigations during the Tevatron magnet R&D because limited mechanical coil support is a known drawback of the warm-yoke design.  As will be briefly summarized in the following, indirect measurements of the relative position of the coils with respect to the yoke (so called lift measurements), together with magnetic measurements corroborated the hypothesis of the magnet related cause of the strong coupling in the Tevatron.
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Figure 1: Flash beam position monitor readings data taken on Feb. 22 2003 by J. Annala. Here, data from five consecutive turns are shown.

2) Cold Lift Measurements in the Tevatron

The Tevatron dipole magnets are characterized by a so-called warm-yoke design, in which the magnetic yoke is not included in the low temperature cryostat surrounding the superconducting coils.  The cryostated coils are held within the warm yoke in nine so-called support stations, spaced at ~0.73 m intervals along the ~6 m long magnetic yoke. 
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Figure 2: Upper: Tevatron dipole magnet cross-section (in supports area). Lower: Schematic of Tevatron magnet support showing the diagonal smart and dumb bolts as well as the G11 supports.

These stations house the bolts, which are affixed to the yoke and press against the coils along the diagonals.  On the topside of the yoke these bolts are called smart, on the bottom side dumb.  The dumb bolts are regular bolts.  Through the use of spring cartridges, the positions of the smart bolts are not fixed, but instead are allowed to move as the collared coil diameter changes (i.e. as the collared coil shrinks during cooling, the smart bolts expand to hold the collared coil in place).  Eight of the nine stations contain smart bolts which use springs pre-loaded to approximately 1200 pounds.  The spring constant of these cartridges is 3 pounds/mil. Figure 2, above, is a cross sectional drawing representing these eight stations.  Station 5 in the center has the so-called “anchors”.  Instead of springs, the smart bolts at the anchor stations use Belleville washers, which are pre-loaded to approximately 2500 pounds.  The spring constant of these cartridges is 40 pounds/mil.  Through the pre-load force and proper shimming, the anchor cartridges apply approximately 3900 pounds of force to the collared coil, locking it in place to prevent sliding or rotation.  Inside the cryostat, at each station, there are G11 suspensions.  The “normal” stations (i.e. the 8 in which springs are used in the smart bolts) use two G11 blocks of approximate dimensions ⅓ inch height x ¼ inch width x ⅔ inch depth.  One block is placed in the liquid nitrogen space, the other is placed in the insulating vacuum space, and a heat intercept is placed in between them.  The anchor stations use a single hollow tube suspension with an outer diameter of 0.875 inch, an inner diameter of 0.693 inch, and a height of 0.966 inch.  In addition to bearing the load applied by the spring cartridges, all the suspensions are also required to minimize the thermal short between the collared coil and the room temperature yoke.  G11 was chosen as the material for the suspensions, as it was a reasonable balance between strength and thermal resistance.

As mentioned above, the lower fixed bolts were used to position the collared coil relative to the iron yoke.  This positioning is critical to minimize the a1 and b1 harmonics of the magnetic field.  The position of the collared coil is adjusted by either adding or removing brass shims, placed between the end of the dumb bolt and the cryostat.  Likewise, brass shims were also adjusted on the smart bolts in an equal but opposite direction as the dumb bolts (i.e. a shim that was removed from the dumb bolt was added to the smart bolt, and vise versa).  The smart bolt shim adjustments were done to maintain the overall dimension, and therefore the load from the smart bolts, constant.  As will be discussed in further detail later in connection with the analysis of the a1 archive data, this shimming procedure was successful, resulting in a total skew quadrupole moment in the entire Tevatron dipole magnet population of approximately zero
.

The so-called lift measurement is the distance between the upper surface of the smart bolt and the top surface of the push rod inside the smart bolt. Since the smart bolts are hollow, the lift can be measured using a depth probe. The lifts were routinely measured with the magnets at room temperature and liquid helium temperature during magnet assembly and testing, giving rise to the terms warm lift and cold lift.

The following simple model, illustrated in Figure 3, relates the change of lift to a change of vertical coil position.  According to this model, creep occurred in all G11 suspensions.  The stiff spring in the top suspensions, however, continued to push the smart bolts against the top supports.  As a result the coils are dropping vertically within the yoke at a rate determined by the creep of the bottom suspensions.  The lift, however, is a measure of the change of both, the bottom and the top suspensions aligned on each diagonal.  To relate the lift to a change in vertical position of the coil an assumption has to be made about the creep of individual suspensions.  Assuming that all suspensions crept the same amount, the lift change has to be divided by two to obtain the dimensional change in the bottom suspension.  The fact that the suspensions are aligned at 45( then allows calculation of the change of vertical coil position y as a function of lift change d:
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Figure 4 shows a summary of recent cold lift measurements on Tevatron magnets performed in the course of 2003.  In the plot the pre-installation cold lift measurements were subtracted from the recently measured cold lifts, thus indicating the difference in cold lift that occurred between then and today.  The cold lift quoted for each magnet represents the average over eight stations (the anchor station is excluded), wherein each station measurement is an average over the two diagonals QI and QII.  The data in Figure 4 clearly show a trend in the Tevatron dipole magnets toward an increase in cold lift since the pre-installation measurements.  The average cold lift change is 5 mils (127 m), which can be converted with equation (1) into a y of  ~90 m. 
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Figure 3: Schematic illustrating the effect of shrinkage of coil supports on lift and coil position.
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Figure 4: Cold lifts (in inches) measured on 117 Tevatron dipoles as function of location in ring  (status: June 3rd 2003). All cold lifts were average over eight stations (all except mid-station 5) and 2 diagonals. The mean cold lift is 5 mils. Outliers are identified by serial number. Outliers are most likely the results of cold-lift measurement errors.

  3) Calculation of the Effect of a Coil Shift in Tevatron Dipoles

It is well known in the magnet builder community that a disadvantage of the warm yoke design is that the mechanical support of the coils is weaker than in a comparable cold yoke design, because a strong mechanical support would introduce more static heat load into the coils and therefore mitigate the advantage of cryo-cost savings due to a reduced cold mass.  The way the coils are supported within the warm yoke in the Tevatron dipole magnets was described in section 2).  The support is provided in nine stations with four diagonal bolts.  The support bolts at the bottom side rigidly hold the coils in place, while the support bolts on the top are spring loaded.  This flexible arrangement allows the Tevatron magnet coils to remain supported at all temperatures.

The schematic in Figure 5 shows how an up/down asymmetry in the main field distribution is related to a skew quadrupole field component.  In the particular case discussed here, the up/down asymmetry stems from the fact that a vertically de-centered coil is closer to the iron yoke at the bottom, while further from the yoke at the top.  Strictly speaking, the case of a vertical coil shift induces mainly a skew quadrupole, a1, but also, to a lesser degree all the harmonics above, such as the skew octupole, a3, the skew dodecapole, a5.  As a rule of thumb (see the following discussion for details) in the Tevatron dipoles a vertical coil displacement of -0.1 mm with respect to the iron yoke produces +1 unit of a1 (at a reference radius of 25.4 mm).  The cartesian field components can most easily be extracted from the complex multipole expansion, (2), which for the case of all multipoles, except a1, being zero, gives an expression for the skew quadrupole field.
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Figure 5: Schematic of skew quad effect on Tevatron dipole field distribution.

In addition to the skew quadrupole resulting from the offset of coil and magnetic yoke centers, there are feed-down effects.  There is no preferred center in a perfect dipole and therefore it doesn’t matter, whether the beam moves with the coil or stays fixed to the yoke and thus travels through the coil off-center.  In a real dipole magnet, however, there are field imperfections, and in particular in the Tevatron dipole magnets there is a considerable sextupole component, b2, built into the coils to compensate for an even larger, negative b2 generated by the ends.  In this case an off-center beam experiences so called feed-down components appearing in the magnetic field.  The feed-down to the a1 from the b2, for example, is given with:
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Given the ~10 units (at 25.4 mm) of b2 in the Tevatron dipole body, it can be derived from (3), that, as a rule of thumb, ~0.1 mm of vertical displacement produces ~0.1 units of a1, a negligible contribution.  Also, one needs to take into account the fact that the sextupole moments in the Tevatron dipole body and ends compensate (more details can be found in reference [2]).  This implies that also the integrated feed-down from the sextupole is zero (assuming the beam-to-coil offset is constant throughout the entire magnet).  Therefore, the average a1 component from b2 feed-down over the entire magnet is expected to be close to zero.  The feed-down from higher multipoles of order n, such as the decapole (n=4) is mostly suppressed (the relative displacement term y/Rref in the feed-down formula goes with the power n-1).  Note that in addition to being second order, the magnetic measurements discussed in the following do not show the feed-down component, because the rotating coils are centered within the coils.  The beams, however, which are aligned rather with the yoke than the coil, will experience the feed-down component. 

Table 1 presents the above said with results from a Roxie 7.0 model calculation of the 2D fields in the Tevatron dipole body section.  More details on the coil geometry implementation in the model can be found in [2] and Table 8 in appendix 1.  Note that in this model the iron yoke is replaced by a magnetic mirror located at the yoke hole diameter.  As intended, the 2D geometric multipoles in the body of the Tevatron dipole magnets calculated with this model are in reasonable agreement with the average measured body multipoles in the Tevatron dipole (see discussion in [2]).  The different cases listed in Table 1 are: -1- and –2- cases with the coil centered with and without iron yoke, -3- and -4- cases with the coils vertically shifted within the yoke (y=-0.085 mm) with and without iron.  Without iron, only weak skew multipoles arise as a result of feed-down from the allowed higher multipoles in the coil (colors indicate the main avenues of feed-down in the table).  As shown in the cases 3&4, the effect of the shift of the coil within the yoke is ten times more important.  Figure 6 shows the calculated a1 as a function of vertical coil displacement (computed with Roxie).  The effect is clearly linear within the range shown (see equation (4).  For an analytical derivation see reference [5].  The slope in equation 4 agrees to within a few % with formerly published values [6].

Table 1: Injection multipoles in Tevatron dipole straight section, computed with Roxie7.0. The dipole field (n=0) is given in Tesla, n>0 multipoles are given in units of 10-4 of the dipole field at 25.4 mm. Cases with and without iron yoke and with and without vertical coil shift within yoke are compared to show the effects of a shifted yoke and feed-down.

	n
	normal y=0  with iron
	skew y=0  with iron
	normal y=0  no iron
	skew y=0 

no iron
	normal y=-85µm no iron
	skew

y=-85µm no iron
	normal y=-85µm with iron
	skew

y=-85µm with iron

	0
	0.6584
	0
	0.5364
	0
	0.5364
	0
	0.6584
	0

	1
	0
	0
	0
	0
	0
	0.07
	0
	0.93

	2
	14.75
	0
	10.62
	0
	10.62
	0
	14.75
	0

	3
	0
	0
	0
	0
	0
	-0.02
	0
	-0.01

	4
	-1.4
	0
	-1.7
	0
	-1.7
	0
	-1.4
	0

	5
	0
	0
	0
	0
	0
	0.16
	0
	0.13

	6
	6.39
	0
	7.85
	0
	7.85
	0
	6.39
	0

	7
	0
	0
	0
	0
	0
	-0.40
	0
	-0.32

	8
	-12.1
	0
	-14.8
	0
	-14.8
	0
	-12.1
	0
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Figure 6: Vertical coil shift effect on skew quadrupole as computed with Roxie (the other multipoles are in Table 1). The circled point corresponds to the case discussed in detail in Table 1.
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There is, however, the possibility of Lorentz-force and saturation effects, which are not included in this calculation.  Lorentz-forces during magnet excitation act toward further increasing the de-centering.  Experience during Tevatron magnet production revealed that at ~0.7 mm vertical displacement, the de-centering forces would break the supports at full current.  Figure 7 shows the result of the de-centering force calculation performed with Roxie.  The secondary ordinate represents the force per length of magnet as converted to weight per support (assuming 18 supports and taking into account the 45( support angle).  This Lorentz-force has to be added to the pre-load on the supports.  The calculation presented here was successfully checked against former calculations published in [3]. Note that the ~70 lbs per support at full current in this particular case (-100 m coil shift) represents only a few percent increase to the 1200 lbs of pre-load in the smart bolts.  The force of 350 N applied to the shim surface of ~ 1 cm2 produces ~35kg/cm2=3.5 MPa pressure, compressing a G10 like material (Y~10 GPa) by ~3(10-4. 

[image: image13.emf]0

100

200

300

400

500

600

700

0 1 2 3 4 5

Magnet current (kA)

Force for -100µm coil shift (N/m)

0

5

10

15

20

25

30

35

Lorentz load per support (kg)

(Netwon/m of coil)

(kg / support)


Figure 7: De-centering forces calculated with Roxie for a –100 µm, vertical coil displacement. On the secondary ordinate the force per unit length is converted into load per support (9x2 supports).

A 0.33” G10 shim would therefore be compressed by ~3 µm, thus leading us to expect that Lorentz-forces increase the a1 by an additional 3% at full current.

Saturation effects were studied on the basis of a finite element OPERA 2D model of a typical Tevatron dipole magnet cross-section.  Figure 23 in appendix 1 shows the field profile in the magnet bore computed with this model.  Figure 20 in appendix 1 shows the details of the implemented coil geometry.  The coil was vertically shifted downwards by 85 µm within the yoke to produce ~ 1 unit of a1.  Table 2 lists the result of the multipole simulation at the magnet currents/fields corresponding to injection and collision.  The difference in multipoles between these two cases is believed to be the result of saturation effects in the iron yoke.  As can easily be derived from Table 2 the relative saturation effects on the skew multipoles produced by a coil shifted in the iron yoke are of the order of 1% and thus negligible.

Table 2: Cross-sectional multipoles (in units of 10-4 of the main dipole field) computed with Opera 2D for the body section of a Tevatron dipole with vertically shifted coil by –85 µm at low and high current. The difference between low (injection, 0.663 kA, 0.66 T) and high current (collision, 4.333 kA, 4.3 T) multipole characteristics is related to iron saturation effects. 

	n
	Normal (injection)
	Skew (injection)
	Normal (collision)
	Skew (collision)

	0
	10000
	0
	10000
	0

	1
	0
	0.93
	0
	0.89

	2
	10.5
	0
	10.9
	0

	3
	0
	0.06
	0
	0.06

	4
	-3.3
	0
	-3.3
	0

	5
	0
	0.12
	0
	0.12

	6
	5.2
	0
	5.2
	0

	7
	0
	0.35
	0
	0.35

	8
	-12.4
	0
	-12.4
	0


It has to be noted that the calculations of the effect of vertical coil shift on the field components presented above are nothing new [6].  As will be discussed later, extensive measurements of the effect of vertical and horizontal coil translations were performed in the context of the Tevatron dipole magnet development and production.  Therefore the relationship between vertical displacement and amount of skew quadrupole, which is the subject of this discussion, is very well known.

So far the effect of coil-to-yoke de-centering effects on the a1 field component in the straight section of Tevatron dipole magnets was discussed.  In the magnet ends a different situation emerges.  As will be shown next the yoke effect vanishes in the ends since the coils extend beyond the yoke.  On the other hand feed-down becomes a more important source of a1 in the ends due to the presence of a strong sextupole (note again that the feed-down component averages out over the entire length of the magnet of the beam to coil offset remains constant throughout the magnet).

To estimate the effect of coil displacement within the yoke in the ends of the Tevatron dipoles, a 3D model of the Tevatron dipole ends was generated with Roxie 9.0. Appendix 1 discusses the details of the 3D model.  Figure 8 gives the results of a calculation of the a1 for a coil displaced in the iron yoke by –100 m.  As expected the effect of the asymmetric positioning of the coil within the yoke vanishes as the coil emerges from the yoke at the magnet end.  

Figure 9 shows the effect of feed-down from the b2 to the a1 multipole in the case of a measurement coil (or beam), which is not centered within the coil.  As clearly shown in the figure the a1 as a result of the offset between measurement coil (or beam) and magnet coil is characterized by a strong spike in the region between the end of the warm yoke and the physical end of the coil.  This spike is the result of feed-down from the strong spike in b2.  Therefore, unlike in the body region where the iron effect dominates the 
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Figure 8: Results of the calculation of the skew quadrupole, a1, (relative to the body field at 25.4 mm) along a Tevatron dipole magnet for a de-centered coil. The coil center is offset with respect to the yoke center by –100 m.  The measurement coil is centered within the magnet coil so there is no feed-down effect. The plot shows the expected vanishing of the iron effect beyond the end of the iron yoke. 
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Figure 9: Skew quadrupole along Tevatron dipole magnet for different vertical coil-offsets. The a1 is normalized to the body field. The measurement coil is aligned with the magnet yoke, hence the feed-down effects.

feed-down effect, the feed-down effect dominates the iron effect in the ends.  Also note that the feed-down effect in the end produces an a1 change with a sign that is opposite to  that due to the yoke effect in the body.  Also note, once more, that for a constant beam (measurement coil) offset throughout the entire magnet the feed-down a1 is zero due to the b2 body-end compensation.

4) Archive Magnetic Measurement Data

As shown in Table 3, the archived (i.e. containing the measurements following the magnet production) a1 data for all Tevatron dipole magnets currently installed in the ring show an average a1 of zero, as expected.  The average a1 of all magnets currently installed in the ring, as measured before installation in the Tevatron, was calculated from the average of the measured up and down ramp a1 values at 2 kA.  The up-down ramp average generates a good approximation of the geometric multipole especially in the cases showing hysteretic behavior, because the hysteretic loop is usually symmetrical around the geometric.  The measurements were obtained with ~2.4 m long (radial) probes, placed with little overlap in three positions (upstream end, body and downstream end) within the magnet.  It is not surprising that the overall average is very close to zero units (of 10-4 of the main dipole field at 25.4 mm), given that several iterative production and quality control steps were introduced to reduce a1 to less than the specified limit of 1 unit.  It has to be noted that the of the distribution is  ~1 unit, just at the limit of the a1 specification.  Differences in sign between end and body position data are not explained.  It has to be noted, however, that there are many possible sources of a1 in the ends, such as for example differences in the lengths of the upper and lower coils. A measured example of such a length variation will be discussed in section 7).

Table 3: (Up-down ramp) average a1 of all Tevatron dipoles installed in units of 10-4 of the main dipole field, as derived from the magnetic measurement data archive.  The data represent measurements performed in the downstream end (ED), upstream end (UD), the center position (CD) and the average over body and end. 

	MP
	ED - mean
	ED - sigma
	EU - mean
	EU - sigma
	CD - mean
	CD - sigma
	Average mean
	Average sigma

	a1
	-0.28
	1.78
	-0.22
	1.56
	0.48
	1.03
	0.01
	0.94


The archive data also show a change of a1 with current, which could be either the result of de-centering-forces and/or hysteretic a1 behavior.  Figure 10 shows the average a1 for all dipoles installed (for the two ends, the body, and the end-body average) as a function of current.  The data clearly show a trend towards an increase of a1 on the ramp.  Two possible explanations for the current dependence of a1 have been brought forward: -1- that it is the result of hysteretic a1 and –2- that it is the result of de-centering forces.  Hysteretic a1 behavior was indeed observed in some Tevatron dipoles.  Figure 11 shows the distribution of the slopes of a1 as a function of current at 3.5 kA.  The average slope is 0.05 units/kA. Note, however, that there is a significant fraction of magnets with negative slopes!  Figure 12 shows the histograms for the up-down ramp difference in a1 at two different currents for all dipole magnets installed.  The up-down ramp difference is indicative of the width of the hysteretic loop.  The distributions in Figure 12 indicate that there is, on average, very little a1 hysteresis in the data.  It is interesting, however, that the 
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Figure 10: Average a1 in installed Tevatron dipoles as measured with ~2.4 m long rotating coil probes in the downstream end, upstream end and central position. Also shown is the average over the end and body positions. The error bars represent the sigma of the distributions divided by N1/2, with N the number of magnets in the distribution (typically ~770). 
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Figure 11:  Histogram of hysteretic slope (
da1/dI) at 3.5 kA from fits of a1 (average end-body combined) up the ramp for all dipoles installed in Tevatron. The average slope is 0.05 units/kA ( = 0.08 units/kA).  Note: a significant fraction with negative slopes.  

distributions in Figure 12 are more or less symmetric, indicating that there are not only  cases of negative up-down difference, but also, less usual, cases of positive up-down  difference.  In the case of positive up-down difference, the loop up-branch lies above the loop down-branch.  This finding suggests that the current dependence of a1 shown in Figure 10 is not a result of the a1 hysteresis observed in some magnets.  

As briefly mentioned before in the footnote on page 4, it is indeed possible that the Tevatron dipole coils were systematically off-centered with respect to the yoke during the a1/b1 minimization procedure. In this case the current dependence of a1 could be the result of de-centering forces on the coils during ramping.  A possible scenario leading to the de-centering of the coils is related to a1 sources intrinsic to the coils being compensated for by placing the coils off-center in the yoke.  It is most likely true that sources of a1 such as a geometrical mismatch between lower and upper coil as well as variations in the properties of the superconductor between upper and lower coil were present in many Tevatron dipole magnets.  The a1 minimization procedure using shims to move the coil within the yoke certainly allowed elimination of the “intrinsic” a1, at the price however, of shifting the coils with respect to the yoke center.  The calculation of the de-centering force presented in section 3 shows a change of a1 over the full Tevatron magnet current range from injection to collision of 0.1 units, exactly as in Figure 10.  As a rough first estimate, therefore (assuming that all the a1 vs current slope is due to de-centering), the amount of average, systematic a1 masked by the de-centering correction can be estimated to be of the order of 1 unit of a1 (-100 m vertical displacement).  This can be inferred from the de-centering force calculation presented in section 3.  Note that the further de-centering of the coils due to creep of the suspensions, which is the subject of this note, occurred after the data presented above were taken and is therefore not included.  Also note that an increase of coupling by ~10 % is observed in the Tevatron today during the ramp from injection to collision.  This further corroborates the change of a1 with current seen in the archive data (and, since it stems from a recent observation includes the effect of the creep in the suspensions).  Unfortunately experimental data, discussed further in chapter 6), do not unambiguously support the Lorentz-force hypothesis.
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Figure 12: Histogram of up-down branch difference in a1 at 0.66 kA (left) and 2.0 kA (right). The up-down difference is the width of the hysteretic loop. A negative up-down difference indicates that the up-branch is on the side of more negative multipoles than the down branch. The distributions, although wider at lower current, indicate an average hysteretic width of zero.

5) Cold Lift Measurements versus Magnetic Measurements

As discussed in section 2) a model was developed to explain the cause of strong coupling in the Tevatron.  This model assumes that the coils dropped over the last 20 years within the warm magnetic yoke as a result of creep in the suspensions (with all suspensions creeping more or less the same amount).  To verify and confirm this model, measurements of the a1 field component was performed recently on several Tevatron dipole magnets from the spare-pool.  Some of these measurements were performed in the context of a more general Tevatron magnet study that is currently ongoing in support of the Tevatron run II.  The a1 loops were measured with a rotating coil probe (~83 cm long) using a tangential coil for the measurement of multipoles and dipole coils for bucking the dipole signal.  The magnets were mounted on the Fermilab Magnet Test Facility (MTF) Tevatron magnet test stand and operated like a Tevatron magnet.  The results of these magnetic measurements were compared to pre-installation measurements to determine the change in a1 over time.  Cold lift measurements were also performed and compared to similar measurements from prior to installation of the magnets in the Tevatron.  This study therefore allowed verification of the baseline model for the a1 change in Tevatron dipoles presented in chapter 2.  

The following discusses the cold lift and a1 measurements performed during magnet production and recently on eight dipole magnets from the Tevatron spare magnet pool.  Detailed tables with the historic and recent lift measurement data are given in appendix 2.  Comparative plots with magnetic measurements performed then and now are shown in appendix 3.  Table 4 and Table 5 summarize the changes of cold lift and a1 found.  It has to be noted, however, that the reconstruction and interpretation of historic lift and a1 data is not always straightforward.  Typical complications are best illustrated with an example, such as the case of magnet TB0269.

The history of lift measurements on TB0269 is summarized in Table 9 in appendix 2.   The data in the table show some scatter.  There is certainly the possibility of confusion due to issues of instrument calibration and operator technique.  Some measurements taken within short intervals indicate a 1 mil measurement uncertainty, which could be due to this effect.  Also, recent warm lift measurements with and without vacuum in the coil cryostat reveal a similar change of 1 mil.  It is not specified in the data archive whether the warm lift measurements were performed with or without cryostat vacuum.  The particular case of magnet TB0269 is characterized by the fact that its smart bolts were removed after the first year of testing, therefore re-setting the lifts.  It is interesting that in nearly all data sets the QII lifts are smaller than the QI lifts by ~3 mils.  The only exception to that rule is the cold-lift measurement after re-shimming on 01/26/82.  This particular measurement was performed after the so-called re-shimming operation, which should not have changed the lift.  This post-shimming measurement, however, shows a 3  mil change of the QII lift from before re-shimming, such that the QI and QII lifts are the same.   Unfortunately this unusual measurement was the last before magnet installation and therefore is the baseline for determining the change of cold lift between then and today.  If one assumes that this particular measurement on QII is 3 mils too large for some unknown reason, a drift in cold lift measurement from Jan. 1982 to March 2003 of ~+3/2.6 mils can be derived for QI/QII. This is also consistent with the change in warm lift derived from the difference of 01/05/82 and 03/14/03 (no flow, no vacuum) warm lift data.  This cold lift change has to be added to the (warm) lift change recorded during the year before the change of smart-bolts (5.5 and 5.4 mils) to obtain the total shrinkage of the suspensions from magnet assembly to now.

Also the history of magnetic measurements (see Table 10 in appendix 2) reveals conflicting data, especially in the end position measurements.  The body position measurements indicate no significant a1 change throughout several measurements in the course of 1981.  The down-stream end measurement data indicate a strong change in a1 (~+4 units) between end of March and middle of April of 1981.  The end position measurements are therefore not consistent with the very small (<1 mil) change of warm lift between 03/30/81 and 01/05/82.  Sections 7) and 8) will discuss some of the a1 related issues, namely the longitudinal variation of a1 within the Tevatron dipoles and possible problems related to the measurement of a1 in the Tevatron dipole ends.

As listed in further detail in appendix 2, the cold lift and magnetic measurement history in the other magnets are similarly confusing at times and conclusions can in some cases be drawn only on the basis of bold assumptions.  These assumptions are mentioned in the tables in the appendix.  Table 4 summarizes the cold lift measurements in the Tevatron dipoles then and today. The results indicate a clear trend toward an increase in lift and thus a dropping of the coils within the yoke.  

Table 5 summarizes the magnetic a1 measurements obtained then and now on these same magnets.  The a1 loops, measured then and now are shown also in Figure 26 to Figure 29 in appendix 3.  As with the cold lift measurements, some precautions also need to be taken when comparing these data.  The archive measurements were recorded with a rotating coil system very different from that used in the recent measurements. In particular, the old system had ~2.4 m long probes, today’s probe is 0.83 m long.  It was shown previously and again recently (see discussion in section 7) that the a1 (and b1) component varies along the length of the magnet, most likely as a result of coil size variations or coil twist.  Therefore the comparison of archive and recent data suffers from the different length over which the averaging over a1 is performed with the different length probes.  In fact a recent a1 versus z measurement indicates that the a1 variation is long range such that the averaging in the case of the shorter probe is less effective (see e.g. Figure 18 in section 7).  The magnetic measurements shown in the figures in appendix 3 represent the center position data in the case of the archive data and the “first” body position from the feed-end (~2 m from center) in the case of the recent measurements (see details of probe position in Figure 13).  It was nevertheless attempted to derive a change of geometric (= high current value – 4 kA) a1 from the 1980s to today for the 8 magnets recently measured (see Table 5). The change in a1 over the last 20 years appears to be larger than the ~1 unit derived from the recent (see section 2) cold lift measurements in the tunnel.  As explained above this has to be interpreted with caution, given the issue of longitudinal a1 variations in the magnets. There is, however, a clear trend toward an increase of a1 from then to now.

Table 4 and Table 5 show that all magnets measured have a clear tendency for an increase in both cold lift and a1 between the 1980s and today.  This is suggestive of a correlation between these two effects!  It is also noteworthy that the statistical analysis of the comparative magnetic measurement data set presented in Table 5 shows that the widths of the distribution of the difference of the archive and recent a1 measurements is

Table 4: Summary of archival (~1981-82) and recent (02/03) lift measurements. Warm lift data were used when cold lift data were missing. The lift data given are for quadrants QI and QII and averaged over eight stations (all except anchor station). See appendix 2 for more detailed tables.

	magnet
	archival QI/QII lift (inches)
	recent QI/QII lift 

(inches)
	difference 

(mils)
	comment

	TB0269
	WL: 1.6196/1.6169

CL: 1.638/1.635*
	WL: 1.6222/1.6194

CL: 1.6412/1.6390
	+8.5/+7.0

-
	difference includes 5.5/5.4 mils WL change between 01/8-01/82 (smart-bolt replacement), 

*the one before last measurement prior to install.

	TC1220
	WL: 1.6151/1.6172


	WL: 1.6193/1.6230

CL: 1.6369/1.6399
	+4.1/+6.0

-
	no 1980s cold lift avail. In archive

	TB0834
	CL: 1.6345/1.6322
	CL: 1.6458/1.6432
	+11.3/+11.0
	

	TC0483
	CL: 1.6386/1.6399
	CL: 1.6428/1.6461
	+4.2/+6.2
	

	TC0525
	CL: NA 
	CL: NA
	NA
	NA

	TC0710
	CL: NA
	CL: NA
	NA
	NA

	TB1198
	CL: NA
	CL: NA
	NA
	NA

	TB1077
	CL: NA
	CL: NA
	NA
	NA

	average
	
	
	
	

	sigma
	
	
	
	


Table 5: Summary of comparison of archival (~1981-82) and recent (02/03) a1 (units at 25.4 mm) measured (at 4 kA) using rotating coil systems. The measurements shown were made in the body section of the magnets (CD position for archive data, 1st body position from feed-end for recent data). See appendix 3 for the plots of the measured a1 loops.

	magnet
	1980s

(units)
	02/03

(units)
	Difference

(units)
	comments

	TB0269
	-0.5
	0.4
	+0.8
	

	TC1220
	+0.1
	1.1
	+0.9
	

	TB0834
	+1.8
	5.0
	+3.2
	magnet out of Tevatron specification

	TC0483
	+2.6
	3.8
	+1.2
	possibly feed-down, magnet out of Tevatron specification

	TC0525
	+1.8
	1.4
	-0.4
	magnet out of Tevatron specification

	TC0710
	-0.3
	-0.1
	-0.1
	

	TB1198
	-1.5
	+1.7
	+3.2
	

	TB1077
	0.0
	4.9
	+4.9
	

	average
	0.5
	2.2
	1.7
	

	sigma
	1.4
	2.0
	1.9
	arch and new added in quadrature =2.5


much less than the widths of the archive and recent measurement data distributions added in quadrature. This indicates that the increase of a1 is not the result of a random variation of a1. In this sense this comparative study was successful. There are, however, several issues, which were raised in the context of these measurements, which go beyond the historical uncertainties exemplified above for the case of magnet TB0269: -1- the uncertainty in the cold lift measurements now and then could easily be of the order of 1 mil, -2- there are issues related to the uncertainty of the a1 measurement, which will be discussed in detail in sections 7) and 8), namely variations of a1 along the length of the magnet and a1 variations at the level of several units in the magnet ends.  Important in this regard is the difference in magnetic measurement systems used then and now.  The rotating coil length for the recent measurements was only 83 cm (versus 2.4 m for the original probes).  These issues certainly complicate the interpretation of the a1 and cold lift comparisons.  Also discussed further in section 9) is the issue of changes in b1 between then and now. 

6) Re-shimming Demonstration Experiment

Re-shimming of the support stations was performed extensively on Tevatron dipole magnets before installation to minimize the a1 and b1 magnetic field components.  Well-defined procedures exist (see e.g. [4]).  The shims are changed station by station, from one to the other end of the magnet.  Within a station one diagonal is shimmed at a time, such that the coil remains always supported in at least one of the two diagonals in the station where the shim change is performed.  In preparation of a possible re-shimming of the Tevatron dipoles during the September 03 and future maintenance shutdowns, the procedures were applied again recently in five Tevatron spare dipoles.  The aim of the so-called re-shimming demonstration experiment was to show that re-shimming is an uneventful operation using a well-known correlation between shim thickness and magnetic a1 component change.  Unlike the re-shimming performed in the past when shims were shuffled from top to bottom or vice versa, shims were added to the bottom supports to compensate for the creep that had occurred in the bottom suspensions and to decrease the magnetic a1 component by 1 unit.  The shims were administered in packages of three to four brass shims of 1 mil thickness each.

During this recent re-shimming demonstration study the magnetic a1 and cold lift were measured before and after the re-shimming operation.  The magnetic measurements were performed with a short (~83 cm) probe placed in multiple different positions along the entire magnet in order to determine the effectiveness of the re-shim operation station by station.  These so-called z-scan measurements were obtained with two different shaft arrays introduced into the magnet from both ends.  Figure 13 shows the position of the probe centers with respect to the magnet for three different shaft-array configurations: the so-called LHC shaft system (developed for the magnetic measurements on the Fermilab low  quadrupoles for LHC) from the feed and lead ends and the so-called modified Tevatron measurement system from both ends.  The Tevatron measurement system (that is the system used throughout most of the measurements presented in this note) was modified such as to obtain a rough coincidence between the LHC and Tevatron probe positions.  Note that the LHC system allows for six different probe positions (one end and five body positions), whereas the Tevatron system allows only for one end and one body position.  Furthermore it has to be mentioned that the LHC system used a different warm bore, with a smaller ID, that was introduced into the existing warm-bore of the Tevatron test-stand.  The measurement results were always scaled to the 25.4 mm reference radius at which all Tevatron related magnetic properties are quoted using the standard scaling laws for 2D multipoles.  The results of the re-shimming demonstration experiment are given in terms of the a1 before minus the a1 after re-shimming versus z-position (zero is in magnet center) of the center of the magnetic probe.  The a1 (also in the end-section) was normalized to the body dipole field.  In the ends this demanded a multiplication of the measured a1 by the ratio of the average B0 in the end and in the body.  Three magnets 
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Figure 13: Tevatron dipole magnetic measurements: probe positions in z-scan measurements.
were shimmed by 3 mils in the lower support stations. Two magnets were shimmed by 5 mils.  In these two magnets stations 2-8 and 1&9 were shimmed in two separate steps, each followed by magnetic measurements.  This was done to measure the effect of not shimming stations 1&9, which was thought to be a possible condition in the Tevatron, where in some cases, main ring magnets do not allow access to the end stations of the Tevatron dipole magnets.  In addition the magnet roll was measured using a tilt-meter placed at both ends of the magnet (also measuring possible twist), the built in Kaiser-coils (giving information about the relative roll change between yoke and coil averaged over the magnet length) and a stretched wire system (giving the average field angle change with respect to “gravity”).  A summary of these measurements is given later.

Figure 14 shows the change of a1 from before to after re-shimming for five Tevatron dipole magnets.  The change of the a1 component is consistent with the expected change (see equations 1 and 4) of 1.2 units (3 mils) and 1.6 units (4 mils).  The measurement error is relatively large due to mechanical problems with rotating coil measurements using very long shafts.

The data shown in Figure 14 are not only noisy but also indicate some z-variation of a1.  Especially the end position measurements scatter.  Section 9) will discuss a possible mechanism that can explain the variation of a1 from measurement to measurement in the Tevatron dipole ends as a result of feed-down from the b2 component.  Also not entirely understood is the change of the body position a1 in TB1055 following the shimming in the end stations 1 and 9.
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Figure 14: Change of a1 from before to after adding 3 mil (4 mil) shims in stations 1-9 as a function of z position in the five Tevatron dipole magnets. The z position represents the center of the measurement coil  (see Figure 13 for details).  In magnets 1077 and 1055 the stations 2-8 were shimmed first, followed by a measurement (open symbols), followed by shimming stations 1 and 9 and another measurement (full symbols).
As can be inferred from Figure 13 the probes were in some instances centered on a station, in some cases in between stations.  In the case of the end-positions, for example the probes were more or less centered under stations 1 or 9.  

In the case of one particular magnet (TB1055) the coil was shimmed up and down by up to 0.015”.  This measurement was performed to address several issues: -a- if the re- shimming of extreme outliers would lead to breakage, -b- if the re-shimming process would affect coil sections at the stations differently than coil-sections in between sections (to analyze this problem larger shims have the advantage to produce more signal) and –3- if de-centering forces could be seen in cases of larger coil versus yoke de-centering.  Figure 15 shows the a1 measured with the 0.83 m probe placed between supports 2&3 (see Figure 13) for triangular current loops at 20 A/sec.  No breakage occurred as a result of shimming the coils up and down by 0.015” (lift).  The expected change of a1 for a 0.015” shim change (the equivalent coil displacement is 0.54 mm) – see equation (4) – is 6 units (of 10-4 B0 at 25.4 mm).  The measurements presented in the figure show the a1 –a)- after the initial 0.004” re-shimming (to correct for the creep in the suspensions) which obviously did not bring a1 to zero, followed by adding +0.013” (QI) and 0.022” (QII) shims to the bottom support to correct for the residual a1 in the “nominal” position and bring lift to the -0.015” condition and c) after removing 0.03” of shims on QI and d) after removing 0.03” of shims also from QII.  The a1 and b1 measurements were as expected.  Note that between steps c) and d) the coil was strongly shifted horizontally due to non- 
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Figure 15: Extreme shimming study onTB1055.  The a1 loops shown above were obtained for triangular current profiles (20 A/s) after several stages of re-shimming: a) after initial re-shimming (0.004”), b) after shimming coils up by +0.013” (QI) and 0.022” (QII), c) after removing 0.03” of shims on QI and d) after removing 0.03” of shims also from QII. The a1 component followed the shimming steps as expected.
symmetric removal of shims during which the b1 measurement shows the expected 6 unit excursion. The fact that the magnet responded as expected indicates that the region between supports follows well the coil position in the supports.  The de-centering force effect, however, could not be found.  Although on a rough scale, the data in Figure 15, show a kink (of the right order of magnitude) at high current, but unfortunately this kink–1- is there also for the cases c) and a), where the de-centering forces should be negligible, and –2- it does not point in opposite directions (toward enhanced a1) in cases d) and b) as would be expected.

 There also was a concern that the process of re-shimming might change the roll angle of the magnet, or worse yet (since it can’t be externally monitored like magnet roll), the angle of the collared coil with respect to the yoke.  To investigate these issues, the mechanical (i.e. external iron yoke) roll angle and the magnetic field angle were monitored during the process of re-shimming several magnets at 4.5 K.  These angles were measured using a micro-level probe placed across the yoke lugs and a stretched-wire system across the magnet warm bore respectively.  The change in magnetic field angle minus the change in mechanical roll angle gives the change in collared coil angle internal to the magnet.  Additionally, the roll of the collared coil with respect to the yoke 

Table 6: Angle changes during 4.5K re-shimming tests at MTF (milliradians). * average level change (TB1198 ends changed 0.03mrad, 0.14mrad; TC1077 ends changed 0.04mrad, 0.05mrad)
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was monitored with the Kaiser coil
, which is built into most dipole magnets.  The Kaiser coil data for the MTF measurements were taken using 3 A AC current applied through the voltage taps during 4.5 K operations.  The calibration of the Kaiser-coil reading is discussed in appendix 4.  A summary of the results of these tests is given in Table 6. 

Note that in the above table, TC0525, being the first of the series, was measured differently.  It was mounted on a 3 pt. suspension (while subsequent magnets were mounted with 4 pt. suspension as in the tunnel) and its mechanical roll was not checked before and after shimming.  Also the field angle measurements had not been optimized and thus have a larger uncertainty.  The coil angle change (i.e. internal change) for TC0525 is therefore not really known, though is likely less than ~0.3 mrad. 

TC0710 and TB1198 did not have Kaiser coil measurements and re-shimming consisted of adding 0.003” shims to all 9 stations.  For the last two magnets, TC1077 and TB1055, the re-shimming first added 0.004” to the internal seven stations (stations 2-8), followed later by re-shimming of the two end stations (stations 1 and 9). Kaiser coil measurements were made after each shim station, and stretched-wire measurements after the 7 and 9 station re-shim operations were complete.  The angle change observed by the Kaiser coil seems a more or less gradual one, accumulating over the re-shim stations as shown in Figure 16.  Four magnets TC0710, TB1198, TC1077, and TB1055 showed changes in internal (collared coil) angle less than 0.2 mrad following the re-shimming operation.  The internal angle changes measured by the Kaiser coil were in good agreement with those measured by stretched wire.  Therefore the roll was entirely “internal”, most likely a result of a relief of a twist of the coil within the iron yoke, that is released station by station as the support is weakened during the re-shimming process.

Summarizing the roll measurements during the re-shimming demonstration experiment it can be said, that for all tests performed, data are consistent with the possibility for small changes of the internal angular position of the collared coil.  These seem to be limited in magnitude to about 0.2 mrad and could be of either positive or negative sign.      

The use and calibration of the Kaiser coil was established, and it was used to make sensitive measurements of collared coil angle changes with respect to the magnet yoke.  These agreed well with stretched wire measurement results.
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Figure 16: Changes in field angle during re-shimming. (Note that the Kaiser coil has an arbitrary offset, which has been removed for purposes of comparison).

Appendix 4 contains a discussion of the results of additional warm re-shim tests in which the coil was deliberately rotated against the yoke by a known amount and the internal role angle measured.

7) Longitudinal a1 Variation in Tevatron Dipoles

Figure 17 shows the result of a large series of measurements of the a1 multipole using the same rotating coil system (using ~2.4 m long probes) that was used in the 1980s to qualify the assembled Tevatron magnets.  In addition these data also include special measurements with the probes placed in intermediate regions overlapping the standard end and center positions.  This data set caused surprise since it indicated several units of variation in the a1 within the magnet straight section.  Figure 17 shows these data, normalized on the a1 measured in the center position to better illustrate this variation.  A1 variations within the Tevatron magnets are not surprising, however.  They can be the result of geometrical mismatches between the upper and lower coils and of differences in the superconductor properties between upper and lower coil as well the result of coil twist.  The following geometrical transformation, for example, produce a change of 1 unit in a1 in a Tevatron dipole: -1- a 30 m difference in width of the two poles; -2- a difference in pole angle (the angle covering the gap between the two sides of the coil) between the poles of 30 mrad, -3- a roll (twist) of the entire coil within the yoke of 6 mrad.  Differences in the superconductor properties between upper and lower coil are a likely condition, given that many magnets were assembled from coils built during different stages of coil and superconductor production (and taking into account the known fact that the superconductor properties were further developed during the magnet manufacturing process).  The currently used probe is relatively short and could therefore 
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Figure 17: a1 measurement in 28 different Tevatron dipoles performed from late 1985 to early 1986  with regular (1,3,5) and “intermediate” (2,4) probe positions. All data were normalized to the center position measurement. This plot indicates a1 variations along the magnet of the order of ( 3 units.
be used to measure with better accuracy the longitudinal variation of the a1 component in the Tevatron dipoles.  The result of such a measurement is shown in Figure 9.  In particular it was thought to be important to understand the longitudinal a1 variations at this time because of the difficulties encountered in attempting to compare a1 measurements from the 1980s to those made today (see the discussion in chapter 5).  Given that the comparison of archival and recent a1 measurements aimed at resolving a one unit change of a1 as a result of suspension creep it is necessary to understand and control a1 measurements to that level of accuracy.  Although the general mechanism that generates these a1 variations is well known, it is almost impossible to derive with certainty what causes an a1 variation in a particular magnet, such as for example TC0525.  The conclusion from the measurements shown in Figure 17 and Figure 18 is that a variation of one or even more units along the length of a Tevatron dipole magnet is not surprising.

An additional source of a1 variations between magnets is related to end effects:  Calculations with the Roxie 9.0 3D model (described in appendix 1) show that a 1 mm coil length difference produces couples into the 2.4 m measurement coil with ~1 unit in a1.  In fact this a1 is the result of a strong a1 excursion appearing close to the end of the shorter pole. Figure 19 shows the results of the a1 measured in TB1055 using a very short probe compared to calculations performed with the Roxie 3D model. The comparison 

[image: image25.wmf]
Figure 18: Longitudinal variation of a1 in the body of Tevatron dipole 0525.  Two independent measurements (including re-mounting of LHC shaft array) were performed to verify the measurement reproducibility. See Figure 13 for the magnet geometry and exact probe positions.

[image: image26.wmf]
Figure 19: a1 and b1 z-scan measurement in magnet TB1055 using a short probe. Also shown is the calculated a1 in end of Tevatron dipole as a result of the upper pole exceeding the lower pole by 1 mm (the calculated curve was shifted arbitrarily in z such as to match the measured data).  

suggests that the end-length variation is ~1 mm in TB1055.  The b1 excursion seen in the plot in Figure 19 is probably the result of a measurement error (see size of error bars).

8) Measurement to Measurement Variations of a1 in Ends 

It is not surprising that the a1 varies along the magnet and from magnet to magnet.  What needs to be explained, however, is why the a1 can sometimes vary from measurement to measurement, in particular in the ends.  A possible mechanism that would explain such variations is related to canted measurement coils and the feed-down from the b2, which is very strong on the ends.  A canted measurement coil would pick up a1 as a result of being vertically offset from the coil center axis and feed-down from the b2 component.  In the case of a longitudinally uniformly distributed b2 the canted coil would pick up no a1 in total because the a1 on one side of the cantilever point would cancel the a1 with opposite sign picked-up on the other side.  In the case of a strongly non-uniform b2 contribution, such as in the ends of Tevatron dipole coils, the compensation does not work.  Figure 20 shows the a1 (normalized on the body dipole field) received through feed-down in a canted measurement coil.  The assumption is made that the coil pivots around the measurement coil center point with vertical amplitudes at the ends of (0.5 mm and (0.1 mm.  Also indicated in the figure is that these cases would produce –3.44 and –0.67 units of a1 if the measurement is performed in the modified Tevatron end-position measurement using the 0.83 m probe (see Figure 13).  Canting of the measurement coil can be the result of a vertical mismatch between warm-bore anchor in the feed-can and the magnet cold bore, with the measurement coil complying with a canted warm bore. 
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Figure 20: Simulation of the “canted measurement coil” effect. Probe length assumed in the averaging is 0.83 m.

9) Change of b1

The current standard model used to explain the “a1-issue” in the Tevatron dipole magnets assumes a constant creep of all G11 suspensions in each magnet.  It is likely, however, that different suspensions crept different amounts.  This would also induce a change of the b1 component as a result of a left-right asymmetry in the coil position with respect to the magnetic yoke.  Figure 21 shows magnetic measurement data obtained on 13 of the 15 dipoles, which were operated during one year in the so-called B12 string test and re-measured.  These data strongly suggest the change in a1, which is the subject of this note. In addition they show that in some magnets also b1 changed.  The effect, however, appears to be limited to a small number of magnets.  This is also consistent with the finding that the QI-QII cold-lift difference, that is the difference between the change of cold-lift from before installation in the ring to today between the two diagonals is zero. Table 7 summarizes the change between the1980s and today of b1 in the body of the eight dipole magnets recently measured. This comparison confirms the B12 test finding, namely that there is no systematic b1 change from the 1980s to today. The width of the distribution of the difference of the archive and recent a1 measurements is very similar to the widths of the archive and recent measurement data distributions added in quadrature, indicating that there is no systematic trend in the b1 change from then to now.
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Figure 21: Change of a1 and b1 during one year of operation in “B12 string”.  The data clearly show a shift in a1, but no shift (on average) in b1.

Table 7: b1 (in units of 10-4 of the main field) in the body of eight dipoles at 4 kA before installation and as recently measured. The average body position b1 of all Tevatron magnets currently installed was 0.64 u (=0.92 u) according to the Tevatron magnetic measurement archive (data taken in 1980s). 

	magnet
	1980s
	02/03
	Difference
	comments

	TB0269
	+1.0
	+1.7
	+0.7
	magnet out of Tev spec

	TC1220
	+1.8
	-1.1
	-2.9
	

	TB0834
	+0.6
	+0.4
	-0.2
	magnet out of Tev spec

	TC0483
	-0.2
	+0.4
	+0.6
	possibly feed-down, magnet out of Tev spec

	TC0525
	-0.4
	-0.3
	+0.1
	

	TC0710
	0.5
	1.7
	1.2
	

	TB1198
	0.3
	-2.5
	-2.8
	

	TB1077
	0.3
	1.1
	0.8
	

	average
	0.5
	0.2
	-0.3
	

	sigma
	0.7
	1.4
	1.6
	new+arch added in quadrature = 1.6


Appendix 5 shows the measurements from which the data for Table 7 were extracted.

10) Conclusions

Following the discovery of strong coupling in the Tevatron, it was quickly understood that the cause is a vertical shift of the coils within the warm magnetic yoke of the Tevatron dipoles magnets.  In response to the Tevatron a1 issue a dedicated effort was launched at Fermilab’s Technical Division involving magnetic measurements at MTF, magnetic modeling and the consultation of the Tevatron magnet production data archive. The major results of this effort are:

· This study found no evidence contradicting the base-line model that explains the change in a1 in the Tevatron dipoles between production and today with creep of the G11 suspensions that form part of the support of the coils in the warm iron yoke.  

· It was confirmed that a change of a1 also occurred in a set of eight magnets from the Tevatron dipole spare-pool.  It was also shown that the change of b1 component on the same magnets is minimal, indicating that the creep in the G11 suspensions was uniform.  

· Strong hints toward a correlation between the change in cold-lift and magnetic a1 between the 1980s and now was found, raising the confidence in the significance of the cold lift data obtained recently on a number of dipole magnets in the ring.

· The re-shimming procedure to eliminate the a1 was successfully demonstrated, also showing that the coil roll induced in the re-shimming process is less than 0.2 mrad.  The re-shimming demonstration experiment also represented a rehearsal of the re-shimming activity since then undertaken in the Tevatron. 

· Some ancillary issues, which are important for the understanding of the a1 in Tevatron dipoles, such as longitudinal a1 variations, a1 measurement uncertainty in the ends were addressed.  The longitudinal variation of the a1 component in a Tevatron dipole was found to be of the order of several units (of 10-4 B0 at 25.4 mm). They could be the result of coil twist within the yoke, longitudinal variations of the coil geometry between upper and lower poles or the variation of the superconductor properties between upper and lower poles.

· A possible hypothesis for the cause of the current dependence of the a1 component found in the archival magnetic measurement data for the Tevatron dipoles as well as observed in the Tevatron is believed to be result of hysteretic behavior and Lorentz-forces.  This, however, could not be proven unambiguously in the frame of this study.
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APPENDIX 1

Numerical model of Tevatron dipole using Roxie 7.0.

Table 8: Tevatron dipole, magnetic cross-section model parameters; –1- “bare” pole angles computed automatically by Roxie; -2- Roxie inner edge alignment option chosen; -3- Roxie inner and outer edge cable thickness chosen such as to give similar multipoles as in average Tevatron body; -4- includes Roxie option of grading of current density along radial cable extension (parameters: N1=1, N2=9);

	Parameter 
	Inner Layer
	Outer Layer
	Bus

	starting angle iin 
	0.1729º
	2.4157º
	0º

	final angle oin 
	72.68º 1
	36.25º 1
	2.4157º

	inner bare edge Riin
	38.235 mm 2
	46.735 mm 2
	46.735 mm 2

	outer bare edge Roin
	46.033 mm
	54.533 mm
	54.533 mm

	number of turns 
	35
	20
	1

	turn arrangement
	“true”
	“true”
	“true”

	cable bare inner thickness             
	1.121 mm 3                                     
	1.121 mm 3                                     
	1.121 mm 3                                     

	cable bare outer thickness                                      
	1.390 mm 3                                  
	1.390 mm 3                                  
	1.390 mm 3                                  

	cable bare width                                      
	7.798 mm                                      
	7.798 mm                                      
	7.798 mm                                      

	azimuthal insul. thickness                                      
	135 µm
	135 µm
	0.426 mm

	radial insul. thickness                                      
	135µm
	135µm
	135µm

	Cable curr. dens. @ inject.
	67.2 A/mm2    4
	67.2 A/mm2    4
	67.2 A/mm2    4

	Yoke
	

	inner radius Ryoke
	95.63 mm

	Vertical outer bound Ryokex
	(

	Horizont. outer bound Ryokey
	(

	Special features
	none

	BH-curve
	 µ=1000


[image: image29.wmf]
Figure 22: Roxie calculation of field quality in Tevatron dipole with circular, infinite permeability yoke. 
Finite element model of Tevatron dipole using Opera 8.5. Plot of cross-sectional magnetic field (Figure 23). Schematic with cable parameters (Figure 24). The model assumes perfect radial stacking in both layers. The current density in the cable cross-section was chosen such as to produce the exact cable current (e.g. current density at injection: 68.84 A/mm2 in inner layer and 70.006 A/mm2 in the outer layer).
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Figure 23: 2D finite element model of Tevatron dipole magnet. Cross-sectional field at injection.

[image: image47.wmf]54.533

 mm

 

46.735

 mm

 

0.52

°

 

0.

5

2

°

 

1.

374

°

 

BUS TURN

 


A Roxie 9.0 BEMFEM model of the Tevatron dipole was generated.  Roxie 9.0 allows to combine FE calculations of the effect of the iron yoke with analytical calculations of the fields produced by the coils.  Figure 25 shows a model plot of the magnet.  The straight section coil cross section used was the same as described in appendix 1.  The yoke implementation is a simplified (rectangular 190.5 mm ( 127 mm, with 95.63 mm radius hole in center) version of the yoke described in appendix 2.   The bus-turn in the outer layer mid-plane was brought out straight from the end to the lead.  The arrangement of the end-turns was according to the Tevatron dipole end model described in [2].  The Tevatron dipole end is compact (i.e. there are no end-spacers).  The 10 inner layer pole-turns however are spaced by ~ 1mm using prepreg strips to reduce strain. 
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Figure 25: Tevatron dipole magnet model with Roxie 9.0.
APPENDIX 2

Table 9: History of warm and cold lift measurements on TB0269. Data shown are in inches and refer to QI-QIII / QII-QIV lifts.  All lift data are averages over the eight regular stations.

	date
	lift measurement (inches)
	comment

	
	warm
	cold
	

	01/07/81
	1.6185/1.6158
	-
	first reported measurement after factory set-up

	01/07/81
	1.6186/1.6159
	-
	2nd set of initial warm lift measurements

	03/22/81
	magn. meas. indicates need for –1/+5 mils change in QIII / QIV shims, not acted upon

	03/30/81
	1.6232/1.6212
	-
	Pre-shipping inspection, ~5 mils increase with respect to last measurement three months before (?)

	04/11/81
	magn. meas. - A1/J1 probe comparison (indicates need for re-shim- see below)

	04/14/81
	magn. meas. indicates need for +2/+11mils change in QIII / QIV shims, not acted upon

	01/05/82
	1.6240/1.6212
	-
	bef. replace of smart bolts (old believed to be weak)

	01/05/82
	1.6196/1.6169
	
	meas. after smart bolt replacement, new baseline

	01/26/82
	magn. meas. indicates need for +5/+12mils change in QIII / QIV shims

	01/27/82
	magn. meas. after re-shimming indicates successful removal of a1

	01/26/82
	-
	1.6380/1.6350
	first recorded cold lift (rule: CL=WL-0.024’)

	01/26/82
	-
	1.6385/1.6380
	after re-shim (re-shim should not alter lift!)

	02/21/03
	1.6255/1.6229
	-
	series of warm lift measurements in MTF

	03/10/03
	1.6222/1.6194
	-
	3 mils difference with respect to Feb. 21st ??

	03/13/03
	-
	1.6412/1.6390
	~3/1 mils more than in 82, in “MTF-mode”

	03/14/03
	1.6232/1.6201
	-
	1 mil larger than on March 10th ??

	03/14/03
	1.6235/1.6201
	-
	no helium flow, with coil vacuum

	03/14/03
	1.6221/1.6192
	-
	no helium flow, no coil vacuum


Table 10: Magnetic measurements on TB0269 before Tevatron commissioning. Data shown are in units at one inch.

	date
	a1 measured (units @ 1 inch)

	
	down-stream
	up-stream
	body
	comment

	03/22/81
	1.194
	-0.684
	1.817
	after initial shimming

	04/11/81
	2.111
	3.250
	1.998
	probe A1 before comparison with J1

	04/14/81
	2.029
	2.990
	2.096
	probe J1

	01/26/82
	3.144
	2.863
	2.172
	after smart bolt replacement

	01/27/82
	0.616
	0.333
	-0.443
	after re-shim


Table 11: History of warm and cold lift measurements on TC1220. Data shown are in inches and refer to QI-QIII / QII-QIV lifts. All lift data are averages over the eight regular stations.

	date
	lift measurement (inches)
	comment

	
	warm
	cold
	

	12/??/88
	1.6151/1.6172
	-
	first reported measurement after factory set-up

	10/19/89
	magn. meas. indicates need for +9/-2mils change in QIII / QIV shims

	no post re-shim lift measurements found, assumption is made that re-shimming did not change lift, magnet was probably never installed

	03/??/03
	1.6192/1.6233
	-
	average of 4 measurements

	03/17/03
	-
	1.6369/1.6399
	average of 2 measurements

	04/16/03
	1.6193/1.6230
	-
	average of 2 measurements


Table 12: History of warm and cold lift measurements on TB0834. Data shown are in inches and refer to QI-QIII / QII-QIV lifts. All lift data are averages over the eight regular stations.

	date
	lift measurement (inches)
	comment

	
	warm
	cold
	

	12/??/81
	1.6160/1.6156
	-
	first reported measurement after factory set-up

	01/08/82
	magn. meas. indicates no need for re-shimming

	01/08/82
	-
	1.6345/1.6322
	before installation

	2002
	harmonics study – no lift data

	03/27/03
	1.6252/1.6225
	
	

	04/27/03
	1.6487/1.6223
	
	average of 3 measurements

	04/30/03
	
	1.6458/1.6432
	


Table 13: History of warm and cold lift measurements on TC0483. Data shown are in inches and refer to QI-QIII / QII-QIV lifts. All lift data are averages over the eight regular stations.

	date
	lift measurement (inches)
	comment

	
	warm
	cold
	

	01/26/81
	1.6174/1.6171
	-
	first reported measurement after factory set-up

	01/??/81
	1.6172/1.6167
	-
	2nd set of initial warm lift measurements

	02/22/81
	magn. meas. indicates need for –10/-8 mils change in QIII / QIV shims, reshimming

	02/??/81
	-
	1.6386/1.6399
	~5 mils increase with respect to last measurement

	03/23/81
	more harmonics

	04/01/81
	1.6222/1.6225
	-
	pre-shimming inspection

	
	installed

	2002
	harmonics study – no lift data

	
	re-installed

	04/10/03
	
	1.6428/1.6461
	one QI station shows no change


Table 14: History of warm and cold lift measurements on TC0525. Data shown are in inches and refer to QI-QIII / QII-QIV lifts. All lift data are averages over the eight regular stations.

	date
	lift measurement (inches)
	comment

	
	warm
	cold
	

	?/?/81
	N/A
	N/A
	N/A

	?/?/03
	
	N/A
	N/A


Table 15: History of warm and cold lift measurements on TC0710. Data shown are in inches and refer to QI-QIII / QII-QIV lifts. All lift data are averages over the eight regular stations.

	date
	lift measurement (inches)
	comment

	
	warm
	cold
	

	?/?/81
	N/A
	N/A
	N/A

	?/?/03
	
	N/A
	N/A


Table 16: History of warm and cold lift measurements on TB1198. Data shown are in inches and refer to QI-QIII / QII-QIV lifts. All lift data are averages over the eight regular stations.

	date
	lift measurement (inches)
	comment

	
	warm
	cold
	

	?/?/81
	N/A
	N/A
	N/A

	?/?/03
	
	N/A
	N/A


Table 17: History of warm and cold lift measurements on TB1077. Data shown are in inches and refer to QI-QIII / QII-QIV lifts. All lift data are averages over the eight regular stations.

	date
	lift measurement (inches)
	comment

	
	warm
	cold
	

	?/?/81
	N/A
	N/A
	N/A

	?/?/03
	
	N/A
	N/A


APPENDIX 3

[image: image32.wmf][image: image33.wmf]
Figure 26: Archival and recent a1 data for the body of Tevatron dipoles 269 (left) and 483 (right)
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Figure 27: Archival and recent a1 data for the body of Tevatron dipoles 834 (left) and 1220 (right).
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Figure 28: Archival and recent a1 data for the body of Tevatron dipoles 525 (left) and 710 (right).
[image: image38.wmf][image: image39.wmf]
Figure 29: Archival and recent a1 data for the body of Tevatron dipoles 1198 (left) and 1077 (right).
APPENDIX 4

The calibration of Kaiser coil flux change versus collared coil angle change for the MTF data was determined under room temperature conditions in the IB2 yoking press on magnets TB0332 and TC0893.  For these calibrations, the magnet tie plates were removed so that the half cores could be separated and thus the collared coil could be easily rotated.  With the magnet in the press, measurement procedure consisted of lifting one half core, rotating the collared coil, replacing the half core and applying 5 kpsi pressure with the press, and taking both Kaiser coil and field angle data (field angle again being measured using stretched wire).  As shown in Figure 2, the calibration of the two magnets agreed very well, giving a value of approximately –2575 radians/Vs/A. 

[image: image40.wmf]
Figure 30: Calibration of Kaiser Coil

Additional Warm Re-shim Tests

Additional tests were performed at room temperature to further explore the changes observed during re-shimming operations.  For two magnets, TB0332 and TC0893, Kaiser coil and field angle measurements were performed after simply loosening and tightening the bolts at each shim station.  After these measurements, the ‘re-shimming’ process was repeated but this time while adding the standard 3mil shim.  Note however, that the two magnets differ as to the sequence in which the re-shim stations were visited: TC0893 stations were done sequentially (i.e. starting at the end and going from station 1 through 9), while TB0332 were done ‘symmetrically’ around the center position (i.e. starting at station 5 and alternately moving to the two ends (5, 4, 6, 3, 7,…).  The results are summarized in Table 2 below.

Table 18: Changes in field angle as measured by SSW and Kaiser coil during warm Re-shim Tests in IB2 (angles in milliradians).
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TC0893

befLooseTight

1.736

0.022

1.474

0.006

(sequence 1-9)

aftLooseTight

1.889

0.010

1.583

0.003

0.153

0.109

aft3milShim

2.143

0.019

1.793

0.002

0.254

0.210

TB0332

befLooseTight

-2.355

0.021

-3.091

0.005

(seq.  5,4,6,3…)

aftLooseTight

-2.376

0.036

-3.074

0.005

-0.021

0.017

aft3milShim

-2.427

0.052

-3.148

0.005

-0.051

-0.074


Field angle changes of the order typically seen during the re-shim tests at MTF were also seen for TC0893 even with no shim added.  On the other hand, TB0332 did not show much change without shim, and the change was small even with the 3 mil shim.  This may suggest that starting the sequence at the center is slightly better, but cannot be concluded from the single test (at least one magnet at MTF also showed little change with re-shim despite a standard shimming sequence).

Another test that was done attached a metal plate with a nut welded onto it to the end of the collared coil assembly at one end of magnet TC0893.   Using a torque wrench, the collared coil was held under a known torque while Kaiser coil measurements were performed.  Torques of up to 100 ft-lbs (i.e. above the 70- ft-lb torque limits of the interconnect bellows) were applied, and these gave changes in the magnet field angle which leveled-off at about 0.13mrad (Figure 31).   Assuming that the center anchor held fast, the angle changes presumably were occurring over only half the magnet, but even so, are roughly the same magnitude observed during re-shim measurements.

[image: image42.wmf]
Figure 31: Collared Coil Torque Test (0 torque values taken before/after)

APPENDIX 5

[image: image43.wmf]
Figure 32: Archival and recent b1 data for the body of Tevatron dipoles.

[image: image44.wmf]
Figure 33: Archival and recent b1 data for the body of Tevatron dipoles.
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Figure � SEQ Figure \* ARABIC �24�: Opera 2D turn-by-turn model of the Tevatron coils. Basic building blocks of radially stacked coils.
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� e-mail: pbauer@fnal.gov


� Ideally the coils are void of any a1/b1 field components and the cold shimming process should therefore have resulted in aligning the coil center with the yoke center.  The Tevatron coils, however, most likely have some residual quadrupole component due to for example a difference in superconductor properties (critical current density in the superconducting filaments, filament diameter) between the lower and upper coils and / or as a result of a geometrical mismatch between the two coils.  Therefore the shimming process can very well have resulted in moving the coil out of the center to compensate for example a built in a1 in the coils by a vertical offset of the coils with respect to the yoke.


� The Kaiser-coil is wound into channels in the mid-plane on the top and bottom of the iron yoke. It is therefore sensitive to the flux that is orthogonal to the main field in the coil and can be used to detect coil roll with respect to the yoke.
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_1121268434.unknown

_1121688702.unknown

_1123672237.xls
Sheet1

		Magnet		(Field Angle) SW_before		(Field Angle) SW_after		D Field Angle		Error 
S. D. (s)		Roll  Change		Coil Angle Change 
(Kaiser coil )		Coil Angle Change 
D(Field Angle - Mech. Roll )

		TC0525		0.21		-0.08		-0.29		0.07		NA		NA		NA

		TC0710		-0.16		-0.10		0.06		0.01		0.00		NA		0.06

		TB1198		0.04		0.28		0.25		0.02		+0.09*		NA		0.16

		TC1077(st. 2-8)		0.32		0.50		0.18		0.01		+0.05*		0.11		0.13

		TC1077(+st. 1,9)		0.32		0.50		0.18		0.01		0.05		0.12		0.13

		TB1055(st. 2-8)		0.16		0.06		-0.10		0.01		0.00		-0.11		-0.10

		TB1055(+st. 1,9)		0.16		-0.01		-0.17		0.02		0.00		-0.20		-0.17






_1124009830.xls
ib2tests.dat

		Magnet		Run		ssw		sm		kcoil		sm		Dssw		Dkcoil

		TC0893		befLooseTight		1.736		0.022		1.474		0.006

		(sequence 1-9)		aftLooseTight		1.889		0.010		1.583		0.003		0.153		0.109

				aft3milShim		2.143		0.019		1.793		0.002		0.254		0.210

		TB0332		befLooseTight		-2.355		0.021		-3.091		0.005

		(seq.  5,4,6,3…)		aftLooseTight		-2.376		0.036		-3.074		0.005		-0.021		0.017

				aft3milShim		-2.427		0.052		-3.148		0.005		-0.051		-0.074






_1121427533.unknown

_1108980339.unknown

_1108982530.unknown

_845386728

