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During the RHIC run-4 polarized proton operation, the intensity and polarization profiles were
measured by scanning the Coulomb-nuclear interference (CNI) polarimeter targets across the beam.
The scans reported here were all performed on flattop at beam momenta ~ 100 GeV/c, and all but one
was a vertical scan, since several of the vertical polarimeter targets had broken by the time of the
measurements. This note summarizes some analyses of these profiles. Wall current monitor data are
compared to these results for one beam and fill.

Transverse Intensity Profile Measurements

The raw data from the p + C CNI polarimeters (Ref. 1) included the summed counts passing cuts
from each of the six silicon-strip detectors in the relevant polarimeter (left, right, and +45° and +135°
to the vertical) for each bunch as a function of target position. The polarimeters were operated in the
scaler mode for these results, and the time of the measurements was also recorded. There were five
scans performed at flattop in run-4 — one each in the vertical direction for the yellow and blue beams
for fills 5236 and 5341. The fifth scan was in the horizontal direction for the blue beam in fill 5236.

For intensity profiles, the sum of counts from the six detectors was divided by the elapsed time.
The centroid and rms width of the profiles were computed for each bunch. Histograms of these
quantities for the yellow beam vertical scan in fill 5236 are shown in Fig. 1. The two scans in the blue
beam for fill 5236 are shown in Fig. 2, and the two vertical scans in fill 5341 are given in Fig. 3. From
these plots, it is clear that there is at least one bunch with considerably different properties in each scan.
There are several such bunches in the blue beam for both fills 5236 and 5341, while there seems to be
two classes of bunch widths in the yellow beam in fill 5341.

In each of the five scans, bunch # 21 (among 1 — 120, with the last ones being the abort gap, and
only the odd bunches “populated”) has an anomalously large width. This bunch corresponds to the
one that is perturbed in order to measure the tune of the beam during acceleration in RHIC. Its profile
is usually much different from the other bunches; see Fig. 4.
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Fig. 1. Histograms of bunch centroids and rms widths from the vertical scan in the yellow beam in fill
5236. This centroid distribution is believed to be artificially wide due to an incomplete scan over the
full height of the beam (see Fig. 4).

The horizontal scales for the centroids for all five scans in Figs. 1-3 are the same, corresponding to
a 0.2 mm range. These distributions are all quite narrow except for the yellow beam vertical scan in
fill 5236 (Fig. 1). However, in this case the scan did not completely cover the beam profile, as seen in
Fig. 4. It is expected that the centroid distribution in this case would have been considerably narrower
if there had been full coverage. Thus, all bunches in a particular fill and beam appear to have identical
centroids to better than 0.1 mm for the scans performed and studied in this note.

On the other hand, the bunch width distributions generally show differences from fill to fill and
beam to beam. Excluding bunch # 21, the yellow beam vertical scan in fill 5236 appears to show a
relatively narrow distribution of rms widths. This distribution may have been narrower had a scan
with complete coverage of the beam profile been performed. Ideally, all the scans should have looked
like this one (or narrower). Figure 4 shows that the bunch shapes (except # 21) appear to be similar,
with some differences in beam intensity, though some bunches are a bit wider than others.

In contrast, the blue beam scans for both fills have a few bunches that are considerably wider than
average. The widest and narrowest bunches for the blue beam for fill 5236 are shown in Fig. 5, and
for fill 5341 are given in Fig. 6. The widest bunches can be seen to have a different shape from the
rest, including some that seem to have a dip in intensity in the center! Furthermore, most have
somewhat less total beam than the narrower bunches. It should be noted that some “structure” in these
profiles is probably caused by the coarse time bins of 1 sec and measurement times as short as 12 sec.
Thus, “round-off” errors are not negligible, especially in the higher intensity portions of the scans,
which had the shortest measurement times.
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Fig. 2. Histograms of bunch centroids and rms widths from the horizontal (upper) and vertical
(lower) scans in the blue beam in fill 5236.

The yellow beam vertical scan for fill 5341 in Fig. 3 seems to show a bi-modal width distribution

(plus bunch # 21, which is much wider). Excluding bunch # 21, the four widest bunches all appear to

have essentially the same profile and width, while the five narrowest bunches seem to have the same
shape with some differences in total intensity. It should be recalled that data for all bunches at a
particular target setting were collected simultaneously. Also, in this case the total intensity in the
various bunches is nearly the same, with the wider bunches containing perhaps 15-20% less beam.
None of the other scans showed such behavior.




Bunch Centroid

Bunch Width

60 25
50 i 20 L
® 40 + o
E 8
5 307 >
@ @ 10
o 20 ¢ )
=z =z
10 £ 5T H
) I | | | 0 Lo Mgl 0
S 4 X o > O 9 X > QA () Vv . D2, ©© _ © v > % N © @
N RN RS AR RN N oY o R D i B ? > k b XN P &
N \(o\ (0\ \%\ \(0\ NS \(o\ (0\ \%\ \(o\ NS O 7 o7 A T 97 7\ N @0
Bin (0.1 mm) Bin (0.1 mm)
Bunch Centroid Bunch Width
40 30
35 + _ 25 1
w 30T
[ =+
2 54 @ 20
e )
5 20 + < 15 4
s 15T @
S 10 +
Z 10 ¢ =z
51 5+
R A AR 0 - e
A N e A9 N s 6 A
DR AR R G} S G G R, M S SRS I TG N I NI AN
NSNS NN N SN SN S DTRTRTLT VTG NN
Bin (0.1 mm) Bin (0.1 mm)

Fig. 3. Histograms of bunch centroids and rms widths from the yellow (upper) and blue (lower)
vertical scans in fill 5341. Note the bi-modal distribution for the yellow beam widths.

For the blue beam in fill 5236, both horizontal and vertical beam scan data are available. Figure 7
shows that a strong correlation exists between the rms widths calculated for the individual bunches.
However, the widths are not proportional, or equivalently, the correlation does not pass through the
origin. Uncertainties on the widths have not been calculated for a number of reasons. For example,
the round-off problem in the measurement time would make the calculation very complicated. Also,
there was beam loss during each polarimeter measurement for each target position. Finally, the
accuracy of the target location compared to the digital readout was unknown. The variation of the
individual points from a line through them, especially at small widths, probably provides the best

estimate of the uncertainties.
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Fig. 4. Intensity profiles for the five widest and five narrowest bunches (widest to narrowest in the
plot legend) for the vertical scan in the yellow beam in fill 5236. The shape of all bunches (except 21)
appears to be roughly the same.

For reference, the rms widths (oy,) of the bunch profiles have been tabulated below. These show
considerable variation, and the results suggest there is a fill to fill and beam to beam difference in
bunch shape distributions:

Fill 5236, yellow beam, vscan, oy = 0.27 mm, oy/av = 0.032
Fill 5236, blue beam, hscan, oy = 0.36 mm, cy/av=0.040
Fill 5236, blue beam, vscan, oy = 0.36 mm, oy/av=0.024
Fill 5341, yellow beam, vscan, oy = 0.38 mm, oy/av = 0.049
Fill 5341, blue beam, vscan, oy = 0.14 mm, ow/av=0.010

The number of wide bunches omitted from the estimation of 6, was 1, 7, 7, 1, and 3, respectively,
including bunch # 21 in all cases.

Longitudinal Intensity Profile Studies

Wall current monitor (WCM) measurements (Ref. 2) of the longitudinal bunch profiles for the blue
beam in fill 5236 were analyzed and the results correlated with those from the transverse profiles.
Five sets of WCM data were used, all from the time of the horizontal CNI scan in the blue beam. The
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Fig. 5. Intensity profiles for the five widest and five narrowest bunches (widest to narrowest in the
plot legend) for the horizontal (upper) and vertical (lower) scans in the blue beam in fill 5236. The
same bunches are plotted for both scans for comparison.
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Fig. 6. Intensity profiles for the five widest and five narrowest bunches (widest to narrowest in the
plot legend) for the yellow (upper) and blue (lower) vertical scans in fill 5341. Note that different
bunches are plotted for the two scans.
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Fig. 7. Correlation of vertical and horizontal bunch widths measured with the blue beam in fill 5236.
A strong correlation is observed.

five sets appeared consistent, so averages were computed and these were used in various studies
described below.

Four longitudinal profiles from a single data set are shown in Fig. 8. Two bunches (# 9, 111) seem
to have an asymmetric distribution, while bunch # 21 has a “narrow,” symmetric shape. The fourth
example (# 11) is considerably wider. The low intensity bunch # 7 is shown in Fig. 9; discrete ADC
values are apparent with a magnitude ~ 0.022. Also shown in Fig. 9 is the widest bunch (# 105). Of
the 56 bunches in the blue beam for fill 5236, 24 had approximately symmetric and narrow shapes, 20
had offset maxima similar to bunches # 9 and 111, and 12 bunches were wide. There was no
discernable pattern to the distribution of these different types of bunches within the fill.
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Fig. 8. Longitudinal intensity profiles after pedestal subtraction for bunches # 21 (upper left), # 11
(upper right), # 9 (lower left), and # 111 (lower right). The same WCM data set was used for all of
these plots. In the lower figures, the peak seems offset from the center about 2 time bins or 15 cm.
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Fig. 9. Longitudinal intensity profiles for the low intensity bunch (# 7) and the widest bunch (# 105).




The “area” of each bunch was computed by adding WCM data for 100 time bins of 0.25 nsec width,
roughly centered on the bunch. The pedestal was estimated as the mean of the sums for the preceding
100 time bins and for the100 following time bins, and this was subtracted from the area. The mean
time and rms width were also computed from the pedestal-subtracted data.

The area from the WCM data is expected to be proportional to the number of particles in the bunch.
The area from the CNI scan results should also be roughly proportional to the number of particles.
Beam losses during the scans and imprecise times for data collection may have caused deviations from
true proportionality, however. A correlation of the two areas is shown in Fig. 10. A reasonably good
correlation 1s observed, with a few “outliers.” The five narrowest bunches from the CNI
measurements (see Fig. 5) are given with yellow triangles, and all lie systematically above the average.
Likewise, the widest bunches shown as red diamonds all lie below the average and several deviate
significantly, including bunches # 7 and 21.
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Fig. 10. Correlation of the WCM and CNI bunch areas. The yellow triangles correspond to the
narrowest transverse widths as measured in the CNI scans, and the red diamonds correspond to the
widest widths, see Fig. 5. The green line is placed to guide the eye.

Two tests were performed to see if the correlation could be improved. One subtracted 5 sec from
each CNI measurement time — see Fig. 11. The other assumed a loss of CNI counts proportional to the
rate, so there would be a 25 % loss at the highest rates; see Fig. 12. Neither of these major changes
solved the deviation from proportionality, and the high intensity CNI bunches appear overly corrected

10
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Fig. 11. . Correlation of the WCM and CNI bunch areas with CNI measurement times reduced by 5
sec. The yellow triangles correspond to the narrowest transverse widths as measured in the CNI scans,
and the red diamonds correspond to the widest widths, see Fig. 5. The green line is placed to guide
the eye.

in Fig. 12. Thus, the conclusion is that some unknown instrumental effect causes a width-dependence
to the measured area in either the WCM or the CNI polarimeter (or both).

A least squares fit to the mean bunch positions was made assuming a constant bunch spacing. The
uncertainties on the position were found from the variation among the five data sets, and a good fit
was obtained (y* /d.f. = 0.875 for 56 positions). The distribution of deviations from the fit is shown in
Fig. 13, excluding bunch # 7 which exhibited a large variation because of its low amplitude. Thus, it
is concluded that the mean longitudinal bunch centroids are very close to a constant spacing.

Finally, the rms widths of the longitudinal and transverse bunch profiles are plotted in Fig. 14.

There is some very weak evidence for a correlation, with larger longitudinal widths corresponding to
narrower transverse widths. Note bunch # 105 deviates considerably from the others; see also Fig. 9.

11
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Fig. 12. Correlation of the WCM and CNI bunch areas, assuming a loss of CNI counts proportional
to the rate (25 % loss at 20 kHz). The yellow triangles correspond to the narrowest transverse widths
as measured in the CNI scans, and the red diamonds correspond to the widest widths, see Fig. 5. The
green line is placed to guide the eye. Note the distortion at large areas.

No. Bunches

-03 -025 -02 -0.15 -0.1 -005 O 0.05 01 015 02 025 03

Deviation (0.25 nsec)

Fig. 13. Histogram of the deviations of the longitudinal bunch centroids from the least squares fit line.
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Fig. 14. Correlation of rms widths for WCM and CNI bunch measurements.

Polarization Profile Measurements

The blue beam horizontal scan for fill 5236 was analyzed to search for differences in polarization
correlated with bunch width. This scan was taken near the beginning of the fill, on flattop, in two
passes from small to large position values. The 56 bunches were separated into four sets of 14, each
with 7 + and 7 — bunches, approximately according to width. The asymmetry results calculated with
the standard square root formula are shown in Fig. 15. Statistical uncertainties on each point are about
+ 0.0008 — 0.0016, and half that for the average. The errors are largest at the edges of the bunches.
The average asymmetries seem somewhat larger for narrow bunches than for wider ones, and each of
the four sets is consistent with being constant as a function of position:

< Enamow > =(5.39 +0.24) x 107 v =114
< Emid narr > = (5.73 £0.25) x 107 = 99
< Emid wide > = (5.03 £0.24) x 10 =18.2
<ewiee> =(4.92+0.24)x 107 =10.7

for 11 degrees of freedom. The weighted average is (5.26 + 0.12) x 10™ with y*/d.f. =2.24. The
bunch numbers used for the four sets are: narrow (pos = 33, 49, 61, 73, 77, 85, 101; neg = 35, 55, 71,
75, 83, 103, 107), mid-narrow (pos = 1, 41, 53, 69, 81, 97, 109; neg = 47, 59, 63, 67, 79, 87, 91), mid-
wide (pos =9, 29, 37, 57, 65, 89, 93; neg =11, 23, 43, 51, 95, 99, 111), and wide (pos =5, 13, 17, 21,
25,45,105;neg=3,7, 15,19, 27, 31, 39). In addition, the summed counts from all positions except

13
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Fig. 15. Left-right asymmetries, calculated with the square root formula, are shown for four sets of

bunches, selected approximately according to width. The individual statistical uncertainties are
typically £ 0.0008 — 0.0016.

the ends (1150, 1200) were used to calculate asymmetries; pairs of bunches were used. The widest
bunches for + and — polarization were one pair, the next widest were another pair, etc. The results are
shown in Fig. 16, and there is also some indication of asymmetry dependence with bunch width.

A vertical scan in the same beam was taken somewhat later in fill 5236. With the same set of
bunches:

< gnamow > = (3.76 +£0.23) x 107 v o= 17
< Emid nar > = (429 £0.23) x 107 =145
< Emid wide > = (4.04 £0.23) x 10 =33.0
<ewiee> =(3.19+£0.23)x 107 =30.0

for 13 degrees of freedom. In this case, only the narrower bunches had a polarization profile that was
consistent with being constant. Again, the average polarization differed for the different sets; the
mean is (3.82 £ 0.11) x 10” with x*/d.f. = 4.19. Thus there is evidence from both scans in the blue
beam for fill 5236 that the polarization was bunch width dependent.

14
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Fig. 16. Plot of the asymmetry of bunch pairs as a function of their mean width for the blue beam in
fill 5236, horizontal (upper) and vertical (lower) scan results are shown.
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Fig. 17. Plot of CNI polarimeter left-right asymmetry for selected narrow and wide bunches for the
yellow beam vertical scan in fill 5341. The narrow bunches have systematically higher asymmetry
than the wider bunches.

A similar analysis was performed for the yellow vertical scan in 5341, selecting the two separate
groups. A total of 17 bunches were found to have rms widths less than 0.76 mm; this group was
supplemented with three (relatively narrow) bunches to make a total of 10 + and 10 — bunches for one
set (pos =17, 25, 27,43, 51, 65,73, 75,91, 105; neg =7, 15, 29, 37, 55, 63, 71, 77, 85, 103). The
remaining bunches were placed in the other set (pos =1, 3,9, 11, 33, 35, 41, 49, 57, 59, 67, 81, 8§83, 89,
97,99, 107; neg = 5, 13, 23, 31, 39, 45, 47, 53, 61, 69, 79, 87, 93, 95, 101, 109, 111), and bunches 21
and 19 were omitted. Asymmetries were computed with the square root formula, and the results are
shown in Fig. 17. In this case, the wider bunches have a polarization profile which is consistent with
the narrower bunches, though the narrower ones may have a slightly larger average asymmetry.
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Summary

On the basis of the five CNI polarimeter target scans from run-4, the following conclusions are

drawn:

One bunch (# 21) had a significantly different intensity profile from the others in all five scans,
presumably caused by its being perturbed in order to measure the beam tune during
acceleration.

The bunch centroids seem to be very nearly constant for each beam and fill studied.
The distribution of bunch widths differed from fill to fill and beam to beam. In some cases,
there were a few wider than normal bunches (Figs. 2 and 3). There were wide (Fig. 2) and

narrow (Fig. 3) distributions. In one case, there was a two-peaked width distribution (Figs. 3
and 6).

There were unusual bunch shapes in a few cases (Fig. 5).

For one beam and fill, there was a strong correlation of the horizontal and vertical bunch
widths (Fig. 7), but the widths were not proportional.

There is reasonable evidence that the polarization has a bunch-width dependence for some fills,
with the widest bunches having the lowest measured asymmetries.

and from the WCM measurements:

The bunch longitudinal centroids seem to be spaced at constant time difference within
measurement uncertainties.

The longitudinal bunch shapes differed, some with maxima offset from the bunch center, while
others were wide, and one (# 105) very wide.

There appears to be some instrumental effect that causes a width-dependence to the measured
areas in either the CNI polarimeter or the WCM (or both). Reducing all CNI measurement
times or assuming a loss of CNI counts proportional to rates did not lead to proportionality of
the areas for all bunches.
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