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Since its installation prior to the 2003 polarized proton run, the AGS proton-
carbon Coulomb-Nuclear Interference (CNI) polarimeter has been and continues
to be the primary source of beam polarization measurements at AGS extraction
energy. The AGS CNI polarimeter also provides the capability to measure beam
polarizations at several energies in the AGS energy range from 2.4 GeV to 24.3
GeV, including continuous measurement of spin-dependent asymmetries during
the AGS energy ramp. This report gives a brief description of the setup and
general data analysis technique used for the AGS CNI polarimeter. In addition,
specific details of the analysis of polarimeter data from the 2005 run are discussed.
These include analysis of the energy corrections applied to the data, beam inten-
sity and event rate effects, and study of asymmetries measured during the AGS

energy ramp.



1.1 Setup and Detector Acceptance

The AGS CNI polarimeter makes use of proton-carbon, pC', elastic scattering at
very low momentum transfer squared, —t¢, in the Coulomb-Nuclear Interference
region. During measurements, a very thin (3—5ug/cm?) carbon target is inserted
into the circulating polarized proton beam. Recoil carbon nuclei near 90° from
elastic scattering are detected with silicon detectors, and a left-right asymmetry,
g, is calculated. In order to obtain polarization information from this process,
the pC' elastic scattering analyzing power, Ay, must be known from previous
measurement. The beam polarization is given by P &~ ¢/Ay. The analyzing
power for pC elastic scattering has been measured in experiment E950 at a beam
energy of 21.7 GeV [1]. The bulk of the CNI polarimeter measurements are made
at the AGS extraction energy of 24.3 GeV. The effective analyzing power used at
this energy is based on a fit to the E950 data [2]. The uncertainty in the E950
analyzing power measurement results in a large relative uncertainty in the beam

polarization of approximately +30%.

The targets used for the AGS CNI polarimeter are very thin carbon ribbon
targets developed at the Indiana University Cyclotron Facility [3]. These targets
have thicknesses of 3-5 ,ug/ch. The targets are 5 cm long and have widths
ranging from 70 pm to 600 ym. Up to four different carbon targets can be
mounted on a moveable frame inside the AGS CNI polarimeter chamber. All the
targets that were used during the 2005 run measure approximately 3.6 ug/cm2

thick by 590 pm wide.

The silicon detectors used to detect recoil carbon ions are segmented into 12
individual strips. Each strip measures 2 mm wide by 10 mm long. The length of

the strips are oriented perpendicular to the beam direction. These silicon strip



detectors (SSDs) are mounted in the polarimeter vacuum chamber located in
section C-15 of the AGS. The proton beam interacts with the carbon target near
the center of the chamber. The detectors are positioned directly to the left and
to the right of the target at a distance of 32 cm. The setup for the 2005 run used

four SSDs, two in the left arm and two in the right arm.

The two detectors in each arm are positioned to have the same acceptance
of carbon recoil angle, but are slightly offset in azimuthal angle. An example
of the event distribution measured by the SSDs is shown in Figure 1.1. In the
kinematic range of interest (—t <~ 0.05, Eyecoi <~ 2 MeV), the distribution of
recoil angles from pC' elastic scattering at Fyeqm = 24.3 GeV is very narrow. The
full width of the distribution is approximately 0.3°, which corresponds to a single
SSD strip. The measured event distribution is actually much broader. This is due
to the multiple scattering of recoil carbons as they exit the target. Despite these
multiple scattering effects, the bulk of the event distribution falls within the SSD
acceptance. At lower beam energies in the AGS, the recoil angle distribution is
shifted more forward. Figure 1.2 shows a typical event distribution for 4 GeV

< Bpoam < b GeV.

The SSDs have a thickness of about 400 pm; this is sufficient to completely
stop recoil carbon ions of energies up to ~100 MeV. Alpha particle sources
(americium-241) mounted inside the polarimeter vacuum chamber were used for
calibrating the SSDs. The 5.5 MeV alpha particles from the sources are also
completely stopped in the detectors. Incident carbons and alphas create current
pulses, which are proportional to the energy deposited in the silicon. However,
the silicon has an inactive, or dead, region, in which the deposited energy cannot
be measured. A technique to correct for the energy loss in this dead layer has

been developed and is described in Appendix A.
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Figure 1.1: Measured event distribution vs. SSD strip number at Epeq,n, = 24.3
GeV. Four detectors were used for each measurement during the 2005 run. SSD
1 and 2 were positioned to the right of the beam, on the outer radius of the AGS.
SSD 3 and 4 were positioned to the left, on the inner radius. The strip number
gives some indication of the recoil angle distribution; however, the recoil angle is

smeared by multiple scattering of the carbon as it exits the target.
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Figure 1.2: Measured event distribution vs. SSD strip number for 4 GeV
< Epeamn < 5 GeV. At lower beam energies, the distribution shifts more forward.

However, much of the distribution is still within the detector acceptance.

1.2 Basic Analysis Method

The current pulses from the SSDs are processed by the polarimeter data acquisi-
tion (DAQ) system. After passing through a series of amplifiers, event pulses are
analyzed by a waveform digitizer (WFD) system [4]. The WEFD modules extract
timing, amplitude, and integrated charge from each event pulse. The AGS beam
energy, RF bucket position, and polarization direction of the beam are also avail-
able for each event. A system of criteria use this information to separate carbon

events from background and to ensure overall data quality.

The main criterion used to separate scattered carbon events from background
is based on the carbon time of flight (tof) to kinetic energy (FEj;,) correlation.

The kinematics of the recoil carbons that are of interest (<~2 MeV) can be



described non-relativistically.

tof—lw/QEkm, (1.1)

where [=32 cm is the distance from the target to the detector and m¢ is the car-
bon mass, 11.18GeV /c?. The event cut is set to select events between + 20 ns of
the expected tof-energy correlation. Figure 1.3 shows a graphical representation

of the event selection.
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Figure 1.3: Time of flight vs. kinetic energy of detected events from a polarimeter
measurement. The lines represent the expected tof-energy correlation (Equation
1.1) £ 20 ns. Only events between the two lines are selected for calculating

asymmetries.

In addition to the tof-energy correlation cut, events were also selected for a
kinematic range in momentum transfer. For pC' elastic scattering, the momentum

transfer squared, —t, is proportional to the kinetic energy of the scattered carbon,

—t = chEkm, (12)



where m¢ is the carbon mass and FEy;, is the kinematic energy of the scattered
carbon. During the 2003 running period, the kinematic range used for calculating
asymmetries was defined to be 0.009(GeV/c)? < —t < 0.022(GeV/c)?, which
corresponds to approximately 400keV < FEj;, < 1000keV. This same range
was used for polarization measurements during the 2004 and 2005 runs. The
events that pass the selection cuts are used to calculate the asymmetry, £. An
effective analyzing power, (Ay), is also calculated for the specific —¢ range. Beam

polarization is then given by P = ¢/(Ay). € and (Ay) are defined in Appendix
B.

1.3 Data Corrections

A system of “on-line” analysis software is used to quickly provide asymmetry
and polarization values for each polarimeter measurement. This on-line analysis
method applies corrections to measured amplitude and time to reconstruct the
incident kinetic energy and tof for each event. The energy correction adjusts the
measured energy to account for energy loss in the silicon dead layer. The scale
of this correction is parametrized in terms of the dead layer thickness, t4cqq. The
energy correction method has recently been studied and refined. Analysis with
this new correction method is referred to as the “off-line” analysis. The results
of the off-line analysis and a discussion of the changes between the on-line and

off-line methods are described in this section.

1.3.1 Other parameterizations for energy correction

All corrections made to the measured carbon energy are assumed to be due to

energy lost in the silicon dead layer. However, there is evidence that energy



corrections may be compensating for other effects that are not related to the
dead layer. The scale of the energy correction appears to depend on the pre-
amplifier electronics that are connected to the SSDs. This effect was first noticed
during the 2003 run. At that time, the polarimeter used only two SSDs. Each 12-
channel detector was connected to two 6-channel pre-amp circuit boards. Figure
1.4 shows an example of the energy corrections extracted from fitting the carbon
tof-FEy;, correlation for each strip. For a single detector the energy correction is
~ 20 keV different for different pre-amp boards. If the corrections are solely due
to the dead layer, then the corrections are expected to be much more uniform
across the detector. This is because the dead layer thickness is expected to be

the same for all strips in a single detector.
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Figure 1.4: Energy correction versus SSD strip number for the two SSDs used

during the 2003 run.

During the 2004 run, further evidence for the energy correction dependence
on the pre-amp boards was discovered. Four SSDs were used in the polarimeter

for this run, and each SSD was connected to a 12-channel pre-amp board. One



Table 1.1: Average energy correction parameter for each detector used during
the 2004 run. The energy correction is parameterized in terms of the dead layer

thickness, tgeqq (ug/cm?).

SSD1 | SSD2|SSD 3| SSD 4
Set A | 43.2 49.3 27.2 46.4
Set B | 47.5 53.0 23.2 45.7

of the detectors, SSD 3, had significantly smaller energy corrections than the
other three. Midway through the run, the four SSDs were removed, and a new
set of four detectors were installed. Again, energy corrections for SSD 3 were
anomalously low. (See Table 1.1.) This suggests that some effect, not associated

with the detector, is influencing the energy corrections.

The energy corrections for the 2005 data have recently been studied. The
energy correction is described in terms of the extracted value of t4,.. Details
of the method used to extract t4..q from the data can be found in Appendix
A. Approximately 5% of the ~ 1400 individual measurements were used to
extract tgeqq. This gave a good indication of the behavior of the energy correction
throughout the history of the run. For all the detectors used during the 2005 run,
the values of t4.44 increased as the run progressed. Figure 1.5 shows the average
value of t4.44 for one SSD versus the total number of events accumulated by the
polarimeter. All detectors showed similar increases of 10—15ug/cm2 during the
run. This large increase is further evidence that the dead layer correction is
compensating for some other effect(s). Such a large increase in the actual dead

layer thickness does not seem plausible.

Evidence for non-dead layer type effects in the energy correction of polarimeter
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Figure 1.5: Average value of ¢4, for one SSD versus total events accumulated

by the polarimeter DAQ system.

data led to studies of alternate parametrizations for the corrections. As described
in Appendix A, the current data corrections are parametrized in terms of one
energy correction parameter, t4.,4, and one time correction parameter, t,. Several
new parameterizations of the energy correction were tried; however, fits to the
data frequently did not converge to reasonable values when using more than one
energy correction parameter. This limited the energy correction to very simple
forms. One form that was used to relate measured energy deposited, Eg,, to

incident kinetic energy, Fg;,, is the following,
Ekz'n = Ecor + Edep; (13)

where F,,, is the energy correction parameter. The scale of the extracted E,,,. val-
ues are around 70 keV, but they, like ¢4..4, also increase throughout the history of
the run. Next, a fixed dead layer correction, corresponding to tgeqq = 3518/ cm?,

was added. With a fixed dead layer correction, the values of F,,, are only about 1

10



keV. This suggests that additional corrections beyond a dead layer correction are
small. Although evidence for non-dead layer type effects exists, the dead layer

correction method appears to provide sufficient correcttions to the data.

1.3.2 Offline analysis results

The off-line analysis method used for the 2005 data employs the dead layer correc-
tion described in Appendix A. For several individual polarimeter measurements
the tof-FEy;, correlation was fit for each strip of each detector. For each strip
taeaq and o values were extracted. These extracted t4.44 and ty values were then
used to determine the corrections for all of the approximately 1400 polarimeter
measurements. The ¢4.,4 values from each strip were used to find an average t4eqq
for each of the four SSDs used in a particular measurement. The average was
weighted by the number of events that each strip detected. Average tge.q Was
plotted versus the total accumulated events during the lifetime of the detector
and fit with a linear function. (See Figure 1.5). A similar fit was performed for
all of the detectors used during the 2005 run. The result of these fits were used to
determine the values of ¢4,4 to use for correcting each individual measurement.
The ty values show less significant trends over the course of the run than the ¢4..4
values. The ty values were fit with a constant for each strip, and the constant

value is used for all off-line corrections.

The main difference between the on-line and off-line correction techniques is
the frequency with which the t4.,4 values were updated. As described above, the
off-line method determines a set of t4..4 values for every polarimeter measurement.
For the on-line method, t4.q (and ty) values were only updated periodically, and
the most current values were used to correct all subsequent data. Also, at times

there were sizeable gaps between updates. Other differences between the on-
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line and off-line methods have only small effects on the final polarization results.
These include differences in the averaging of ¢ .4 for a detector (numerical average
vs. weighted average) and differences in the fitting techniques to extract t4e.q and
to from the data. The off-line method uses exactly the technique in Appendix A.
The on-line method was slightly different. Some of the functional forms used to
describe the energy loss behavior included higher order polynomial terms. During

off-line analysis these higher order terms were deemed unnecessary.
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Figure 1.6: AGS polarization results versus day from April 1, 2005. The blue
circles are the on-line results. The red triangles are the off-line results. The error

bars represent the statistical errors of the measurements.

Much effort was put forth during off-line analysis to determine the best way
to correct the measured recoil carbon energy. Nevertheless, the final results of
the off-line analysis are very similar to the on-line results. The on-line and off-
line polarization values from the 2005 run are shown in Figure 1.6. The relative
difference between the off-line and on-line polarizations (AP/P) is plotted in

Figure 1.7. On average, the off-line polarization is slightly larger than on-line.

12



Despite efforts to improve the correction technique, the final polarization does
not show a very significant change. This suggests that the polarimeter does not

have a strong sensitivity to the energy correction technique.
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Figure 1.7: Distribution of AP/P between on-line and off-line values. The mean
of the distribution is slightly positive, indicating an overall increase for the off-line

results.

1.4 Intensity and Event Rate Effects

Several studies have been performed off-line in order to determine the level of
systematic uncertainty in the AGS CNI polarimeter measurements. In order for
the AGS CNI polarimeter to be effective, the measured asymmetries must be
robust when subjected to a variety of different criteria. One issue of concern with
the 2005 data is the polarimeter’s dependence on beam intensity and event rate.
The beam intensity and the polarimeter event rate are directly related. High

beam intensity will produce a large event rate. If the event rate becomes too
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large, then event pileup can occur.

Event pileup happens when a proton bunch passes the carbon target and
more than one scattered particle is incident on a single detector strip. If this
occurs, the WFD algorithm only finds the event with the highest amplitude. The
lower amplitude event(s) is(are) lost. If event pileup occurs frequently, then the
missed events can significantly alter the measured asymmetry. The measured
event rates in the AGS CNI polarimeter suggest that the probability of event
pileup is small. The event occupancy (i.e. number of events per bunch passing)
is estimated to be approximately 5% for the most populated detector strips. This
estimate of event occupancy is based on measured event rates with beam intensity
~ 1 x 10! protons per bunch. The probability of pileup increases at higher beam
intensities. Measurements with a variety of different intensities have been studied

to understand effects of event pileup.

Event pileup is most likely to occur in the detector strips with the highest
event rates. As seen in Figure 1.1, the central strips of each detector are much
more populated than strips on the edges. To determine the effect of event pileup
on the measured asymmetry, asymmetries with different strip selection were stud-
ied. Asymmetries were calculated using events from only the three most popu-
lated strips from each detector. Asymmetries were also calculated with events
from the outer three strips on either side of the central strips. The ratio of asym-
metries for the outer and central strips are plotted versus beam intensity in Figure
1.8. As beam intensity increases event pileup will affect the asymmetry from the
central strips (Ecentral) more than the asymmetry from the outer strips (€outer)-
The data in Figure 1.8 shows that the ratio of asymmetries is not strongly de-
pendent on beam intensity. A representative sample of measurements from the

2005 data set were selected for this study. The measurements studied show that

14



there is no significant effect on the asymmetry from event pileup.
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Figure 1.8: Ratio of asymmetries for the outer and central strips vs. the average
beam intensity for each measurement. There is no obvious dependence on beam
intensity. The line represents a constant fit to the data points. These data
represent a fraction of the 2005 data set. Approximately every 20th measurement

was selected for this analysis. The error bars are statistical only.

Many of the concerns about rate effects in the polarimeter have been moti-
vated by studies of the beam polarization profile. By moving the carbon target
to different horizontal positions, the polarimeter can measure polarization for
different parts of the beam. One set of profile measurements that were of partic-
ular interest were made while operating the AGS with the new super-conducting
partial Siberian snake magnet referred to as the “cold snake”. These polarization
measurements are plotted versus target position in Figure 1.9a. With the cold
snake in operation, the horizontal polarization profile of the beam is expected
to be a smooth curve that peaks at the center of the beam. The polarimeter

measurements suggest that the profile is essentially flat for a large part of the

15



beam. Another unexpected result is the event rate of the polarimeter (Figure
1.9b.) seems to plateau near the center of the beam, while the distribution of
beam particles is thought to be gaussian. These results prompted further study

of this data.
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Figure 1.9: a. Measured polarization versus target position during AGS operation

using only the cold snake on June 26, 2005. The error bars are statistical only.

The target position are in units of 0.2 mm. b. The normalized event rate versus

target position with cold snake only. The normalized event rate is the number of

polarimeter events per AGS cycle divided by the beam intensity. The numbers

plotted here are averaged over the number of cycles in each measurement.

As described above, one way to determine if the polarimeter is sensitive to
rate effects is to compare asymmetries from different detector strips. The ratio of
polarizations for outer and central strips was calculated for the cold snake profile
measurements (Figure 1.10). The ratio shows no significant dependence on the
target position. Others studies were developed to look for effects from event rates

in these profile measurements. These included comparing the shape of the event

16



distribution vs. detector strip and comparing measured asymmetries for different
carbon energy bins. None of these studies showed any significant effects from

event rate.
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Figure 1.10: Ratio of polarizations for the outer and central strips versus target

position.

The asymmetries measured by the polarimeter depend on the dead layer en-
ergy corrections that are applied to the data (described in Section 1.3 and Ap-
pendix A). If the energy corrections are influenced by the beam intensity and
event rate, then this can affect the polarimeter measurements. Figure 1.11 shows
the average t4eqq values for one SSD versus event rate. Some of the 4,4 data
in Figure 1.11 were taken from the beam profile measurements described in the
paragraphs above. The other 4,4 values in the plot were taken from measure-
ments near the end of the 2005 running period when the beam intensity was
being varied. These two data sets were chosen for this study because they cover
relatively large ranges of event rates during a short time period. The data from

the profile measurements do not show an obvious dependence on event rate, but

17



the trend from the intensity scan data is clearer. The 4.4 values show a small
increase with event rate. This suggests that beam intensity and event rate may
have some influence on polarimeter measurements. However, the effect on the
measured polarization from a small increase in t4.,4 i minor. Previous studies
have shown that a t4e.q increase of 5 ug/ cm” results in ~ 2.5% increase (relative,

not absolute) in the measured polarization.
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Figure 1.11: Average value of 4., for one SSD versus average event rate per
detector strip. The event rate is averaged over all the AGS cycles for a given
measurement then divided by the total number of detector strips (48). Data
from the beam profile measurement (triangles) and from a beam intensity scan
(circles) are shown. The fitting method used to extract t4eqq returns a very small
statistical error (less than the size of the points). The actual uncertainty in geqq

is expected to be larger, but further study is needed to quantify the error.

Another issue related to event rate and beam intensity is the large number of
relativistic background events that are observed with the AGS CNI polarimeter.

These events are created when the proton bunch interacts with the carbon tar-

18



get, and they arrive at the detectors well before the slower moving recoil carbons.

Figure 1.12 shows an example of these events. The boundary of the data acqui-

sition time window is normally set to mask these events out of the data stream,

so these background particles cannot be directly studied off-line. Further study
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1.5 Measurements

For a typical polarization measurement, the AGS CNI polarimeter detects scat-

tered carbon events only after the proton beam has been accelerated and held at a

particular flattop energy. However, the polarimeter was also used to characterize
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the polarization of the beam as it was being accelerated. For these measurements
the polarimeter target was inserted into the beam during the early part of accel-
eration cycle, and the target remained in the beam throughout the acceleration
up to AGS extraction energy. Each detected event is associated with a “gauss
clock count”, which is proportional to the beam momentum. Detected events
are collected into narrow momentum bins (10-50 MeV/c wide). Asymmetries are
then calculated for each bin. The asymmetries provide information about the

behavior of the beam polarization relative to the momentum of the beam.
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Figure 1.13: Measured asymmetry versus Gvy. The sign of the asymmetry changes
when resonance conditions are crossed. The error bars are statistical only. These
data were accumulated during a four-hour period on June 25, 2005. The AGS

was operating with the cold snake only.

Figure 1.13 shows the measured asymmetry versus the parameter Gy (Gvy =
1.9x beam energy in GeV). The sign of the asymmetry changes each time G is

equal to an integer. The proton spin direction is expected to flip when resonance
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conditions are encountered at each Gy = integer. These measurements clearly
confirm this behavior. The data in Figure 1.13 shows that the magnitude of the
asymmetry decreases as the beam energy increases. To better illustrate this de-
pendence, the asymmetries measured during acceleration were averaged for each
spin flip. Data taken during or very near a resonance crossing were not included
in the average value. Data for n—0.1 < Gy < n—+0.1, where n is an integer, were
not used in the average value. The magnitude of the average € versus Gy is shown
in Figure 1.14 for three different data sets. The decrease in € is only partially
due to loss of polarization as the beam is accelerated. Measurements at various
beam energies in the AGS have shown that the analyzing power also decreases
with beam energy. However, the exact energy dependence of the analyzing power

is not known.

The data plotted in Figure 1.14 were measured under three separate running
conditions. The blue points represent asymmetries measured during the 2004
running period. The AGS operated using a warm partial Siberian snake with
an RF dipole magnet to correct for certain intrinsic resonance conditions. The
cold snake was installed for the 2005 run and was expected to reduce effects
of depolarizing resonances. The red points in Figure 1.14 show the data using
both the cold snake and the warm snake, and the black points are with the
cold snake only. Some of the motivations for doing these measurements are to
identify specifically when in the acceleration cycle that polarization is lost and to
determine if different Siberian snake configurations can improve the polarization
output. The data suggests that there are no obvious differences in the polarization
losses for the three different snake configurations. The three operating methods
did produce slightly different polarizations after accelerating to extraction energy.

The data in Figure 1.14 correspond to final polarization values of 44.9% for
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® 2005 cold snake only
® 2005:cold snake with warm snake
® 2004 warm snake only
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Figure 1.14: The magnitude of ¢ versus Gv. The black points were measured
during the 2005 run using only the cold snake. The red points are also from
2005. Both the cold and warm snakes were used during these measurements.
The blue points are from the 2004 run using the warm snake with the RF dipole.
Limited statistics were available in 2004 for Gy < 20 because there was difficulty
maintaining a steady beam position in the early part of the acceleration cycle.

The error bars on the points are statistical.
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the 2005 cold snake only, 49.9% for the 2005 cold snake with warm snake, and
43.3% for the 2004 warm snake mode. The statistical error on the polarization

is + ~ 0.5%.

A new analysis method has led to an improved interpretation of the asym-
metries measured during acceleration using 