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Summary of cooling section BPM measurements made on June 12th, 14th & 29th, 2006
Cooling section BPM data were taken on June 12th, 14th & 29th, 2006 and then were analyzed under the assumption that antiproton beam trajectories through the cooling section are straight lines. The June 12 and 19 data sets show the dependence of the trajectories on pbar intensity. They were taken during transfers from the Accumulator to the Recycler. The June 14 data set is for calibration purposes (i.e. determination of the calibration coefficients that enter the BPMs system). Related Excel spreadsheets and MathCAD programs can be found in eleccool.bd\MI-31\Descriptions\BPM system\BPM Calibration\06Jun14_Data & Analysis, eleccool.bd\MI-31\Shifts\2006\06Jun12, eleccool.bd\MI-31\Shifts\2006\06Jun29 and eleccool.bd\MI-31\Descriptions\BPM system\BPM Calibration\PbarTrajVsIntensity_06_12&29_06.xls.
The table of coefficients loaded into the BPM system is the one that was obtained in January 2005 (with the data set from December 14, 2004) with the corrections made to the offsets on August 4, 2005 by Vitali Tupikov and Paul Joireman. This table can be found in eleccool.bd\MI-31\Descriptions\BPM system\BPM Calibration\Table_080405.xls and the way offsets were measured and calculated can be found in the Ecool E-Log for the August 8th, 2005, shift and eleccool.bd\MI-31\Shifts\2005\05Aug04\CS_BPMs_vs_Event.xls.
The June 12 and 29 data sets were taken with the Excel MACRO in ‘free running’ mode (3s and 2s rep rate, respectively). Data at 8 GeV was extracted based on the Main Injector bus current (I:IB) value. The June 14 data set was taken with the Excel MACRO in ‘event triggered’ mode (on $EB, where $EB is 0.1 s after $23, $29, $2A, $2B…).
Measurements after the implementation of the new calibration coefficients were carried out on July 10th & 12th, 2006, but data was acquired with the Excel MACRO only on July 12th. They can be found at eleccool.bd\MI-31\Shifts\2006\06Jul12\PbarTraj_2Cals.xls. For these data, the Excel MACRO mode was ‘event triggered’.
1. Positions as a function of pbar intensity and electronics noise
a. June 12th data set
We started with an empty Recycler and transferred 54e10 from the Accumulator in 5 steps. The BPM gain was high (i.e. R:VPAMP and R:APAMP set to 1).
Figure 1 shows an example of the beam position (at B01) and spread as a function of the intensity. Both the beam intensity and BPM intensities (represented by BXQ01I) are plotted. Note that in Figure 1, the fact that there seem to be two distinct positions comes from inconsistencies in the way the data is acquired in Excel (free running mode). Some of the positions ‘labeled’ 8 GeV are actually not measured at the 8 GeV level. To get rid of this inconsistency, one needs to look more closely at the synchronization between the beam position and the Main Injector bus current read backs. In the analysis which follows, I did take care of this problem, but that limits the number of data points. In addition, be aware that the number of data points for each intensity differs quite significantly (from 16 to 62 points for a given intensity).
It is clear that below a BPM intensity of at least 700, the position reported is much noisier (and may be simply wrong). For R:BEAM > 20e10, the standard deviation is 2-3 m for the X-BPMs (except for C60 where it is 4-7 m) and 2-4 m for the Y-BPMs.
Figure 2 shows the difference between the reference trajectory, taken to be for R:BEAM = 35e10, and the trajectories for R:BEAM = 22, 42 and 48e10. For each trajectory, the standard deviation is 3 m (including both X and Y positions), with a maximum amplitude of 10 m (R:BXC60).

[image: image1]
Figure 1: Beam position at B01 (Horizontal direction) as a function of the pbar intensity. The two ‘lines’ correspond to errors in acquiring the data and sorting it out.

[image: image2]
Figure 2: Trajectory differences. The reference trajectory is for 35e10 pbars.

b. June 29th data set

The data was acquired during a transfer that brought the total number of pbars in the Recycler from 63e10 to 102e10. The BPM gain was high (i.e. R:VPAMP and R:APAMP set to 1). The data was processed the same way as the June 12th data set. The reference trajectory was taken for R:BEAM = 78.5e10 and difference trajectories for the other intensities (90, 98 and 102e10) are plotted on Figure 3. For each trajectory, the standard deviation is <5 m (including both X and Y positions), with a maximum amplitude of 11 m (R:BXC60).

[image: image3]
Figure 3: Trajectory differences. The reference trajectory is for 78.5e10 pbars.

c. Combined data sets

By comparing the two data sets, it is seen that the position of the pbar beam varies by several 100s of microns (Figure 4). Based on the above plots (Figure 2 and Figure 3), this is unlikely related to an intensity dependence of the BPMs. On the other hand, the differences between the two trajectories (for X and Y) are not straight lines, which they should, to within (5 m.
Nevertheless, if one plots the offset difference (with respect to a reference trajectory for each data set) as a function of pbar beam intensity for each BPM (Figure 5), the data sets are consistent. The standard deviation for 22 e10 < R:BEAM < 103e10 is <3 m for the X-BPMs (except BXC60) and <6 m for the Y-BPMs.

[image: image4]
Figure 4: Trajectories for the 12th and 29th data sets. The green dotted line is the difference.

[image: image5]
Figure 5: Offset differences as a function of the pbar intensity (top: X-BPMs; bottom: Y-BPMs). Typical error bars are shown on only one of the data sets.

2. Determination of offsets and linear coefficients
The pbar beam was moved in X and in Y directions either with a parallel shift or with an angular shift. Typical maximum shifts were 1 mm. The pbar beam intensity was 38e10. Only 6 trajectories were recorded (two ‘references’, two shifts and two angular shifts). For each, 20 data points were acquired.
By default, the offsets are the positions of the pbar beam at nominal settings for the Recycler, the ‘reference’ trajectory. Then, shifts (or deltas) are calculated with respect to this ‘reference’ trajectory.

The analysis for determining the linear coefficients follows the one described in eleccool.bd\MI-31\Descriptions\BPM system\BPMs Dec04.doc and makes use of the Linear X fit + roll SVD and Linear Y fit + roll SVD MathCAD programs, that use a Singular Value Decomposition method to fit the data. Note that in this case, the rolls for X and Y are independent. Also, the output of the MathCAD routines gives results that are changes to the initial linear coefficients. Determination of the final coefficients is done in the Excel file eleccool.bd\MI-31\Descriptions\BPM system\BPM Calibration\06Jun14_Data & Analysis\BPM_ScaleFactors_061406. The corresponding table is pasted below (Table 1).
Table 1: New calibration coefficients.
	Initial order
	BPM
	Location
	d0 (x)
	d1 (x) 
	d2 (x)
	d3 (x)
	d(y)

	1
	15
	B01
	0.549
	37.295
	-0.657
	-1.543
	0.016

	2
	31
	C20
	-1.235
	37.229
	0.375
	-1.005
	-0.010

	3
	32
	C70
	0.394
	38.587
	-0.455
	-1.167
	0.018

	4
	34
	C00
	1.719
	36.549
	0.747
	-0.883
	0.006

	5
	35
	C80
	1.203
	37.588
	-0.348
	-1.142
	0.007

	6
	36
	C90
	0.338
	37.600
	-0.086
	-1.196
	0.013

	7
	37
	Q01
	0.099
	37.384
	0.169
	-1.344
	0.005

	8
	38
	C60
	-0.313
	37.286
	-0.228
	-1.226
	0.017

	9
	38
	C10
	0.180
	36.901
	0.170
	-1.315
	-0.002

	10
	40
	C30
	0.902
	37.266
	-0.161
	-0.767
	-0.001

	11
	41
	C40
	-0.127
	37.324
	-0.535
	-1.745
	0.015

	12
	42
	C50
	-1.513
	37.050
	-0.554
	-1.237
	-0.007


	Initial order
	BPM
	Location
	c0 (y)
	c1 (y) 
	c2 (y)
	c3 (y)
	c(x)

	1
	15
	B01
	-3.76129
	37.73664
	-0.13553
	-1.78778
	-0.00851

	2
	31
	C20
	-0.37103
	38.87233
	0.485393
	-1.42728
	-0.00624

	3
	32
	C70
	-0.28286
	37.66177
	-0.76746
	-1.03397
	0.003371

	4
	34
	C00
	-0.97202
	37.08918
	0.042757
	-1.12461
	-0.01336

	5
	35
	C80
	-0.51048
	38.14392
	-0.00401
	-1.46977
	-0.01064

	6
	36
	C90
	-0.34324
	37.13093
	-0.16035
	-1.01925
	-0.00185

	7
	37
	Q01
	-0.41982
	37.52633
	0.035099
	-1.37686
	0.006749

	8
	38
	C60
	-0.46394
	37.60013
	0.236921
	-1.54802
	-0.00546

	9
	38
	C10
	-0.07654
	37.3554
	0.452696
	-1.04998
	-0.00827

	10
	40
	C30
	-0.74894
	37.52174
	0.144495
	-1.0563
	-0.00427

	11
	41
	C40
	-0.39991
	37.40605
	0.056967
	-1.12234
	-0.00787

	12
	42
	C50
	-0.46363
	37.65511
	-0.67868
	-1.40447
	-0.00519


The standard deviation of the difference between the new and old offsets is ~60 m for d0 (x) (Max 96 m) and ~40 m for c0 (y) (Max 88 m). At 1 mm, the difference between the old and new linear coefficients [d1 (x)/d1 (x) * 1mm, c1 (y)/c1 (y) * 1mm] results in an order of magnitude lower standard deviation of the change in position. This is illustrated in Figure 6 below.

[image: image6]
Figure 6: Offset difference between the new coefficients and the one already in use (blue and pink) and similar offset difference at 1 mm due to changes to the linear coefficients (green and brown).
Important note regarding the calculation of the offsets

The only difference between the table obtained in January 2005 (Sasha’s) and the one obtained in February 2005 (Sasha’s, on the 3rd) is the way offsets are calculated from the measurements.
In January, the new offsets are calculated using the following formula:

d0new = (d0old – X0) * (1 + X1) – (XY (y) * c0old) + (d(y)old * Y0)
where X0 and Y0 are the measured offsets, and X1, XY (y) are the changes to the linear coefficients as found by MathCAD based on the measurements. This is believed to be wrong (as per Sasha).
In February (and for the data presented in this document), the new offsets are calculated using the following formula:

d0new = d0old – X0 + (d(y)old * Y0)

And similarly for c0.
The difference between the two calculations gives a standard deviation of 6 m for both d0 (x) and c0 (y), and a maximum change of 14 m, also for both.
The offsets calculated by Vitali (and which have been in use since August 4th, 2005), follow the second formula, except that he did not take into account the rotation coefficients (d(y) and c(x)). The effect of these coefficients on the offsets is ~1 m.
3. (Re-)Calibration results
After loading of the new coefficient table to the BPM system, the pbar trajectories, though looking better, remain not quite straight, and clearly not straight to within the uncertainties reported in the preceding sections (let say < 10 m for 20e10 < R:BEAM < 102e10). On Figure 7 is shown the reference pbar trajectories after re-calibration for 57e10 antiprotons. Deviation from a straight line is 22 m for the horizontal trajectory and 28 m for the vertical trajectory (rms).

[image: image7]
Figure 7: Reference trajectories after re-calibration of the electron cooling BPMs. The pink lines are the best fit for a straight line.
4. Electronics drift with time (days time-scale)

In order to try to explain why the calibration procedure was not more successful, the electronics drift was investigated over a couple of weeks (07/12/06 – 07/27/06) using the calibration signal available with the BPM system. It consisted in recording the positions given by the BPM with the calibration signal at a fixed intensity (0.1 V setting, ~0.06 V read back ( BPM intensity ~6000 at 32 kHz and ~4000 at 88 kHz) and following the deviation of the trajectories. This was carried out at two frequencies: 32 kHz (normal frequency for electrons) and 88 kHz. The choice of 88 kHz (instead of the normal 89 kHz for pbars) comes from the fact that the Recycler is almost never empty, and the intensity of the pbars could overcome the intensity of the calibration source.

[image: image8]
Figure 8: Difference trajectories at 32 kHz, X-BPMs (top) and 88 kHz, Y-BPMs (bottom) at fixed calibration signal amplitude.

Figure 8 shows the difference in trajectories obtained on 5 different days. The standard deviation of the difference trajectories on each day is < 3 m at 32 kHz and < 5.5 m at 88 kHz. This is basically within the noise figure obtained from measuring pbars trajectories. It is possible that the larger rms spread observed at 88 kHz comes from the fact that the BPM system does see this frequency coming from the pbars themselves. Although at this frequency the BPM intensity is low for almost any number of pbars stored in the Recycler (checked with calibration signal off and at a different frequency but the BPMs ‘looking’ at 88 kHz), it seems that the BMP intensity read backs are noisier the higher the number of stored antiprotons is (but only a few tens (rms) out of 4000 or so). Also note that the difference of the positions reported at 32 kHz and 88 kHz is of the order of 3 m (rms) and it is about 1 m (rms) between positions reported at 88 kHz and 89 kHz.

These data can be found in eleccool.bd\MI-31\Descriptions\BPM system\BPM Calibration\Calibration signal Data\ July06 Calibration Table.xls. They may be extended in the near future.

5. Conclusions
The latest measurements of the pbar positions show that the BPM calibration has drifted (or that solenoids have moved).
Measurements of the pbar positions as a function of the pbar intensity show that trajectories remain constant to within the BPM noise of 2-6 m (StDev) [except BXC60 for some reason], for 20e10 < R:BEAM < 102e10 or 1400 < R:BXQ01I < 7900 (high gain). Note that this noise is larger than the one measured on December 04 (Sasha quoted 1.5 m) but, on the other hand, the data from December 04 was dependent on the pbar intensity. However, day-to-day (or transfer-to-transfer?) variations of the pbar orbit exceed 100 m (typically an angular shift).
A new table for the BPM calibration has been computed. Changes to the offsets are ~10 times larger than changes to the linear coefficients (at 1 mm). One might conclude that these changes indicate actual motion of the solenoids and not electronics drift.

APPENDIX

An additional data set was taken on June 13th, 2006, with the Excel MACRO in ‘event triggered’ mode (on $EB, where $EB is 0.1 s after $23, $29, $2A, $2B…) during extraction to the TeV (data can be found at eleccool.bd\MI-31\Shifts\2006\06Jun12, eleccool.bd\MI-31\Shifts\2006\06Jun13\Copy of PbarTrajDuringShot_onEB_061306). Even though the data acquisition was event triggered, a lot of data points had oddly large and systematic offsets with respect to the ‘bulk’ (again a problem of synchronization?). Once these data points removed, and because it is clear that low intensity readings are much noisier than medium to high intensity readings, I selected only the data points with R:BXQ01I > 1000, which seems to be a reasonable threshold, in respect with earlier measurements.
For this data set, the BPMs noise is quite larger than for the data of Figure 1 as shown on Figure 9. Note that on Figure 9, the positions for the two worst BPMs are plotted (BYB01 and BYC10) along with a ‘typical’ BPM, for which the noise is closer to what was measured for the June 12th data set. In addition, for BYB01, there is a hint that the beam position depends on the beam intensity, although it is suspicious that only one BPM shows this characteristic. Table 2 below summarizes the standard deviation of the position measurements for each BPM.
Table 2: BPM noise.

	
	St. Dev.
	
	St. Dev.
	
	St. Dev.
	
	St. Dev.

	
	[m]
	
	[m]
	
	[m]
	
	[m]

	R:BXB01S
	2.8
	R:BXC50S
	5.2
	R:BYB01S
	13.8
	R:BYC50S
	3.5

	R:BXC00S
	4.6
	R:BXC60S
	6.3
	R:BYC00S
	3.0
	R:BYC60S
	4.3

	R:BXC10S
	2.8
	R:BXC70S
	3.0
	R:BYC10S
	6.2
	R:BYC70S
	2.6

	R:BXC20S
	5.8
	R:BXC80S
	5.5
	R:BYC20S
	3.3
	R:BYC80S
	3.5

	R:BXC30S
	2.7
	R:BXC90S
	5.0
	R:BYC30S
	5.6
	R:BYC90S
	4.2

	R:BXC40S
	3.4
	R:BXQ01S
	5.6
	R:BYC40S
	2.8
	R:BYQ01S
	3.2


One possible explanation for the larger noise (and somewhat odd behavior of BYB01) is the RF manipulations that go on during extraction. The beam longitudinal profile (thus its 89 kHz content) varies a lot as can be seen by the large BPM intensity variations for a fixed number of pbars (the ‘hole’ in the bottom plot of Figure 9 is a manifestation of that).

[image: image9]
Figure 9: Pbar position as a function of intensity (top: R:BEAM; bottom: R:BQ01I) for 3 BPMs.
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