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1. Introduction

The RHIC accelerator complex [1, 2] provides high energy high intensity polarized proton
colliding beams for the experiments. The complex consists of several accelerators including the
AGS, which accelerates protons from 2.3 to 23.6 GeV/c for injection to the RHIC rings. Since the
polarization losses at depolarizing resonances is a well known problem for acceleration of polarized
beams, monitoring the AGS beam polarization is an important requirement for optimization of the
RHIC performance.

2. AGS p-Carbon CNI Polarimeter

The AGS p-Carbon Coulomb Nuclear Interference (CNI) polarimeter is based on proton car-
bon elastic scattering with low momentum transfer (the CNI region) and measurement of asymme-
try in recoil carbon nuclei production [3]. Schematically, the polarimeter consists of 8 detectors, 12
silicon strips each, and a very thin carbon target as shown on Fig. 1. We use Hamamatsu single strip
PIN photodiodes in 45-degree detectors (1,4,5,8). 90-degree detectors consist of Si strips manufac-
tured at BNL. Upper (2,7) and lower (3,6) 90-degree detectors use silicon strips of different width,
1 mm and 2 mm, respectively.

Very thin (27 nm) carbon foils are used as a target. In the RHIC Run13 we used 50 and 125
µm wide foils in vertical targets and 75 and 125µm wide horizontal targets. The distance from the
target to the detectors is equal to 30 and 51 cm for 90- and 45-degree detectors, respectively.

Three main types of measurements provided by the AGS polarimeter are illustrated in Fig. 2:

• Fixed target measurements. In every AGS cycle the target is put to the center of the beam.
The beam polarization is measured atflattop, i.e. after acceleration to the 24 GeV/c. Some
rate decreasing (Fig. 2 (left)) during the measurements is attributed to the growing of the
beam emittance. A typical measurement (40M events) takes few minutes and provides the
statistical accuracy of the measured polarization of aboutδP∼ 2%.

• Sweep target measurements. During these measurements the target crosses the beam with
a constant velocity. The target coordinatex (in units of the intensity profile sigma) may be
reconstructed from the rate in the detectors. The polarization profile is assumed as Gaussian

P(x) = Pmaxe
−Rx2/2 (2.1)

Figure 1: A schematic view on the AGS p-Carbon polarimeter.
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Figure 2: Polarization measurements in the AGS p-Carbon polarimeter: fixed target (left), sweep target
(center), and ramp measurements (right). Filled histograms (left and center) display the rate (a.u.) in the
detectors which is proportional to the beam intensity at thetarget location. The time is counted relative to
the beginning of the AGS cycle.

ThePmax∼ 70% is actually a polarization determined in the fixed target measurements and
the squared ratio of intensity and polarization profilesR= (σint/σpol)

2 ∼ 0.1 is commonly
used to parametrize the polarization profile. Since the data taking in the sweep target mea-
surements is less efficient than in the fixed target measurements, it takes a longer time to
measure the polarization profileR. The average beam polarization may be calculated as

〈P〉 = Pmax/
√

1+R (2.2)

• Ramp measurements. Ramp measurements are fixed target measurements taken during
the proton beam acceleration. The AGS “Siberian snakes” flip the proton spin polarity at
integer values of theGγ [1] as shown on Fig. 2 (right). The asymmetry reduction during
the measurements is partially due to the dependence of analyzing powerAN(t) on the proton
beam energy.

3. Polarization measurement

The WFD based Data Acquisition system (DAQ) triggers signals above the kinetic energy
threshold of about 300 keV and within a configured time window relative to thebeam scattering
on the target (Fig. 3). Signal amplitudeA and timet are calculated in the WFD firmware. Three
parameters, time offsett0, thickness of the Si detector dead-layerxDL and the ADC gainα , which
are determined in a calibration, allow us to reconstruct the kinetic energyT(αA,xDL) and time of
flight t−t0. The recoil Carbons are identified by comparison of theT andt−t0. For the polarization
measurements, the Carbon kinetic energy is selected within a 400–900 keV range.

The AGS polarizationP is mostly vertical. Such a polarization can be determined by measure-
ment of the asymmetrya of the left/right production of recoil Carbons

a = 〈AN〉P. (3.1)

The average analyzing power〈AN〉 is calculated using the measured energyT of the Carbon and
theoretical dependence of theAN(t) (see Fig. 3 (left)) on momentum transfert = −2MCT. The
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Figure 3: The p-Carbon analyzing power used in data analysis (left). The filled area highlights the kinetic
energy range for the polarization measurements. A typical events distribution in one Si strip accepted by
the DAQ (center). The width of thet(A) dependence is defined by the beam bunch length. The white line
contour shows the event selection for the polarization measurement. A time versus amplitude dependence in
measurement with shifted event time window (right). In a regular measurement the high rate induced pulse
(A. 50) andprompt(i.e. fast protons and/or pions penetrating through the Si strips) are cut off by the DAQ.
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Figure 4: Intensity asymmetry measured independently by 48 pairs of the Si strips (left). Comparison of
polarization measured by 90-degree (center) and 45-degree(right) detectors.

beam spin flipping during the measurements allows one to strongly suppress the systematic errors
caused by uncertainties in the acceptanceε and/or intensityλ asymmetries:

a =

√

N↑
RN↓

L −
√

N↑
LN↓

R
√

N↑
RN↓

L +

√

N↑
LN↓

R

(3.2)

Here,N↑↓
LR are numbers of detected events depending on the spin polarity and left/rightposition of

the detectors. Theε andλ are calculated using the similar formulas. The Eq. (3.2) usually referred
assquare root formulagives the exact, i.e. the systmatic error free, solution for thea if variations
of asymmetriesa, ε, andλ during the measurements are not correlated.

A detailed analysis of the square root formula shows that the calculated value ofλ is modified
by the systematic errors in evaluation of the〈AN〉. The distribution of the intensity asymmetryλ
(averaged over the RHIC Run12 data) measured independently by 48 pairs of Si strips (Fig. 4 (left))
should be interpreted as indication of the 1–2% fluctuations of the calculated analyzing power〈AN〉
due to the systematic errors. Even though the square root formula provides unbiased (with high
accuracy) estimate of the polarization asymmetrya, the systematic errors in calculation of〈AN〉 are
propagated to the measured values of the polarizationP. Comparison of the polarization measured
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by 90-degree and 45-degree detectors (Fig. 4) indicates a 1% discrepancy which may be attributed
to the discussed systematic errors.

4. Systematic errors

There are several possible sources of systematic errors in the calculation of the analyzing
power:
Energy losses in the target. Due to the energy losses in the target, the measured kinetic energy
of the Carbon is smaller than energy acquired at the proton scattering. According to the numerical
estimates, the measured polarization is underestimated by aboutδP/P∼ 1% due to the dependence
of the analyzing power on recoil Carbon energy.
Background. Generally, the theoretical analyzing power is not applicable to the background
events. A study based on variation of the cuts for event selection shows that background dependent
systematic error does not exceed 1%.
Energy calibration. Due to the dependence of analyzing powerAN(t) on recoil Carbon energy,
a 5% error in the energy scale will result in approximately 5% error in measured value of the
polarization.

The calibration of the AGS polarimeter includes(i) determination of the gainα in special
runs in which Si detectors are exposed by 5.486 MeVα-particles emitted by241Am source and
(ii) determination of the dead-layerxDL and time offsett0 from the analysis of the measured time
dependence on the signal amplitude (see Fig. 3 (center)). The difficultiesof such a calibration are
obvious: theα energy is much larger then Carbon energy and the determination ofxDL andt0 is
very sensitive to a small variation of the dead-layer model. As a result this calibration can not be
considered as reliable.

Recently, another calibration method was tested. Due to the Si stopping power dependence
on the proton energy, the measured time for the prompt events depends on signal amplitude as
t = t0 + cA0.6. Such a dependence can be easily recognized in the fit to the data. The measured
value of the factorc can be compared with a calculated one (depending on the Si thickness) to verify
the results the measurements. The tests gave an optimistic results for some Si strips. However, the
problem caused by interference of the prompt and induced pulse signalsis not resolved yet.
Theoretical analyzing power AN(t). In the data analysis we use the analyzing power which is a
theoretical extrapolation of the E950 experimental data at 21 GeV/c [4]. Potentially, the analyzing
power can be measured by the AGS polarimeter data.1 Comparison of the measured and theoretical
analyzing powers in Fig. 5 shows a significant discrepancy. An issue withenergy calibration
discussed above does not allow us to resolve this discrepancy. For this reason the AGS polarimeter
should be used for relative polarization measurements only.

5. Rate corrections

Since the DAQ may accept only one signal per Si strip per bunch, the signal detection effi-
ciency is rate dependent

ε(r) = 1−kr (5.1)

1Up to some scaling factor unless the exact beam polarization is known.
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Figure 5: Comparison of theoretical (solid line) and measured (blue dots) analyzing power. The measured
AN(t) is scaled to give the same average beam polarization as the theoretical one.

wherer is rate per bunch in a strip andk is arate correction factor. Generally,k depends on the ratio
ρ ≈ 0.5 of good, i.e. selected for polarization measurement, to total number of triggered events (see
Fig. 6), time/amplitude distributions of the good and background events, and the algorithm of the
signal reconstruction in the WFD firmware. Roughly, it may be estimated ask = 1−ρ/2≈ 0.75.
Inefficiency of the signal detection results in the systematic error in the measured polarization.

Pmeas= Pbeam
1−2kr
1−kr

≈ (1−kr)Pbeam (5.2)

Depending on the beam intensity and target width, the rate per strip may be as large asr ∼ 0.15
which results in a significant bias of the measured polarization unless the ratecorrections are ap-
plied.

Three different methods of the experimental evaluation of the value ofk were studied.
(1) All Si detectors measure the same beam polarization. In particular, the dependence of measured
polarization on the beam intensity,dP/dI, should be the same for any group of detectors. The
value ofdP/dI is sensitive to the rate correction parametrization. Due to the orientation of the 90-
degree detectors, the rates in these Si strips are systematically different. This may be employed for
determination of the actual average value of thedP/dI. After that, the parameterk may be evaluated
for the 45 degree detectors. The main drawback of this method is big statisticalerrors. Even for
the complete RHIC Run data which contains several thousand of polarizationmeasurements, the
statistical error of determinationk is aboutδk∼ 0.1÷0.2.
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Figure 7: Comparison of the zero emittance polarization, measured inthe RHIC Run13 with the source
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(2) The acceptance asymmetryε is affected by rate corrections in the same way as the polarization
asymmetrya. Since the statistical errors of determination of theε anda are the same, but the
value ofε ∼ 0.05 appeared to be much larger thana∼ 0.01, the variations ofε in the polarization
profile (sweep target) measurements are sensitive to the parameterk. This method employs the
linear dependence of theε on the target coordinate. Only a few such measurements allow us to
reach statistical accuracy better thanδk . 0.1. However, the method is sensitive to the boundary
conditions in the event selection and the results are not stable.
(3) The efficiency of the detection of any event in the Si strip is defined by Poisson statistics
(1−e−r)/r. The probability that this event is a good one may be evaluated by studying thegood
to total event ratioρ(r) = ρ0(1−κr) in the profile measurement. The efficiency (5.1) of a good
event detection in a Si strip may be calculated as

ε(r) = 1−kr = (1−κr)× (1−e−r)/r ≈ 1− (κ +0.5)r ⇒ k = κ +0.5 (5.3)

Even a single profile measurement provides a good statistical accuracy ofdetermination of thek
in every Si strip. However, systematic errors due to threshold effects in the event selection are not
well understood at the moment.

Neither of these methods may be currently considered as a reliable one for the determination
of the rate correction factork. Nonetheless, a comparison of these methods gives us a confidence
that rate correction factor is controlled with an accuracy of aboutδk ∼ 0.1. As a result, the error
in determination of the polarization due to the inaccuracy of the rate corrections does not exceed
1–2%.

6. Zero emittance polarization

If the development of a polarization profile is the primary reason for the reduction of the
average polarization〈P〉 then [5]

〈P〉 =
P0

(1+Rx)(1+Ry)
(6.1)

whereP0 is zero emittance polarizationandRx,y are vertical and horizontal polarization profiles
(2.1). This model is expected to be valid at the AGS. TheP0 may be related to the source polariza-
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tion Psource, measured by the 200 MeV absolute polarimeter [6] with a 1% systematic error

P0/Psource≈ 0.985 (6.2)

Here we accounted the effective polarization loss caused by a non-vertical spin direction at the
injection to the AGS and at the flattop.

The profile measurements allows us to make an experimental estimate

P(meas)
0 = P(x)

max

√

1+Rx(1+Ry) = P(y)
max

√

1+Ry(1+Rx) (6.3)

In the RHIC Run13, the polarization profiles, both vertical and horizontal,were measured for
several beam intensities. Results of these measurements shown on Fig. 7 maybe summarized as

P(meas)
0 /Psource= 0.99±0.01 (6.4)

A perfect agreement with (6.2) should be considered as unexpected one if we take into account
the issues with energy calibration and discrepancy between the measured and theoretical analyzing
powerAN(t). Nonetheless, we may conclude that polarization measured by the AGS p-Carbon
polarimeter is in good agreement with a few percent accuracy with the actualbeam polarization.

A verification of the zero emittance polarization model may allow us to properly normalize
the analyzing power measured by the AGS p-Carbon polarimeter.

7. Summary

The AGS p-Carbon polarimeter provides fast and reliable relative polarization measurements.
It is employed for monitoring the polarization delivered to the RHIC rings as well as for numerous
developments of the polarized beam at the AGS. The statistical accuracy ofthe polarization mea-
surement in a single run is aboutδP∼ 2% The systematic accuracy of the relative measurement of
polarization is aboutδP . 2% We may expect that the polarimeter measures absolute polarization
with a few percent accuracy. The AGS p-Carbon polarimeter may be usedas absolute polarimeter if
(i) the conservation of thezero emittance polarizationwill be proved and(ii) the energy calibration
problem will be be resolved.
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