p-Carbon Polarimetry at RHIC

|. Nakagawa', |. Alekseev*, A. Bazilevsky, A. BravaP, G. Buncé,
S. Dhawah, K.O. Eyset, R. Gill*, W. Haeberli', H. Huang, Y. Makdisf,
A. Nass*, H. Okada, E. Stephensdf, D.N. Svirida*, T. WiseT, J. Wood
and A. ZelenskKi

*RIKEN, 2-1 Hirosawa Wako, Saitama 351-0198, Japan
TRIKEN-BNL Research Center, Upton, NY 11973, USA
**Institute for Theoretical and Experimental Physics (ITEP), 117259 Moscow, Russia
*Brookhaven National Laboratory, Upton, NY 11973, USA
SUniversity of Geneva, 1205 Geneva, Switzerland
TYale University, New Haven, CT 06520, USA
luniversity of California, Riverside, CA 92521, USA
TUniversity of Wisconsin, W1 53706, USA
HUniversity of Erlangen, 91058 Erlangen, Germany
88 ndiana University Cyclotron Facility, Bloomington, IN 47408, USA

Abstract. The polarization measurement through elaspaCj reaction plays a crucial role in
the polarized proton beam operation of Relativistic Heaoy tollider at Brookhaven National
Laboratory. As well as measuring the polarization, the wnkm analyzing poweAy of elastic
(B,C) is determined as well in combination with the absolutappation meausement by a H-
jet polarimeter. The systematic uncertainty of the RunO&sneements are discussed as well as
introduing the experimental apparatus of the polarimetstesn.
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INTRODUCTION

The polarization of the proton beams at the Relativistic\welan Collider (RHIC)
is measured using both a hydrogen jet (H-Jet) [1, 2] and cagmarimeters[3, 5].
These polarimeters are set up in the 12 o’clock area in theCRiitlg. The H-Jet
polarimeter is located at the collision point allowing maa&snents of both beams. Two
identical pC-polarimeters are equipped in the yellow angkbings, where the rings are
separated. The pC-polarimeter measures relative pdli@anz@ a few percent statistical
accuracy within 20 to 30 seconds using an ultra-thin (tylyiced ~ 20 pg/cn?) carbon
ribbon target, providing fast feedback to beam operationssxperiments. The absolute
normalization is provided by the H-Jet polarimeter, whichasures over & 2 days
to obtain~ 5% statistical uncertainty (in Run05). Thus, the operatbnhe carbon
polarimeters was focused on better control of relativeibtyabetween one measurement
to another measurement rather than measuring the absolatézgtion.

The published data of the analyzing power for the elastianm#d proton-carbon
scattering is available up to the 21.7 Ge[@]. There are no published data available
at the storage (flat-top) proton beam energy of 100 GeV whHerecolliding experi-
ment was performed in RHIC. Shown in the Fig. 1 is the analypower measured



by the blue carbon polarimeter during Run04 operation ferdktended range of the
momentum transferst. The absolute scale was determined by normalizing the aver-
age polarization observed by the carbon polarimeter agtiesabsolute polarization
measurements by the hydrogen polarimeter. Nevertheleggrétision of the normal-
ization was limited by the statistical accuracy of the jetasirementpdARUN04~ + 9

%. The strategy is to improve the accuracy year by year witreratatistical abundance

in the average polarization measurements by the cd?ﬁ@'??Sand the hydroge Rp””05
polarimeters. The improved analyzing power of RuA@8"%is given by
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The curves in the Fig. 1 are the model predictions[7] of witlu¢) and without (red)

the spin-flip amplitude fitted to the data. The analyzing polwethe elastic polarized
proton-carbon scattering is predicted to be maximized atntomentum transfer of
(—t ~ 0.003 (GeV/c¥) due to the interference between the electromagnetic amd th
strong amplitudes (this is known as the Coulomb-Nuclearfatence (CNI) region).
In order to take advantage of relatively large sensitivitytite polarization, the recoil
carbon atoms were detected near 90 degrees with respeethbedm direction. Kinetic
energy range was from 400 to 900 keV, corresponding to a mumetransfer of
0.09< —t < 0.23 (GeV/c¥. The lower the kinetic energy, the larger the analyzing powe
and the more sensitivity we gain. However, in reality, thesgnt range is constrained
by the reliability of the low energy carbon detection as dgsed in references[4, 5].
Since there is &dependence in the analyzing power even within the lintitealverage,
absolute energy of recoil carbon ion needs to be measuresfiteedhe kinematics.
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FIGURE 1. The analyzing power measured by the blue carbon polarinteteng Run04 for the
extended range of the momentum transfetsThe absolute scale was normalized against the hydrogen
polarimeter results in Run04.



EXPERIMENTAL APPARATUS

The carbon polarimeters consisted of a carbon target arsilisian strip detectors. They
are all mounted in the vacuum inside a scattering chambezeasin (left panel) Fig. 2.

The photograph shows the scattering chambers of the blueyeimv polarimeters

mounted on the blue and yellow ring beam pipes, respectively

FIGURE 2. (Left) The horizontal and vertical target folders viewedrr the top of the scattering
chamber. The beam goes from the bottom to the top of the picftight) The photograph shows the
scattering chambers of the blue and yellow polarimetersntealion the blue and yellow ring beam pipes,
respectively.

Very thin carbon ribbon targets have been developed atmadifniversity Cyclotron
Facility[8]. The targets were made by vacuum evaporatimmdensation onto smooth
glass substrates. Typically size of 2.5 cm length with 10 1@@cn? thick and 4~
10 um width target was glued both edge on an open side of the "@pesh target
folder frame as shown in (right panel) Fig. 2. The targetsnamenally kept away from
the beam line and it rotated into the beam only when the malaon measurement is
executed, with a choice of 4 vertical and horizontal tar§@t®un05. The folder with 6
frames in the Fig. 2 is the upgraded version of the vertiagltafolder for Run08. It is
crucial to mount multiple targets simultaneously becabsearget is so thin, and has a
certain lifetime against the radiation damage. The taggtet within a week on average
during Run05 and the pre-mounted spare target was useduvith@aking the vacuum
to replace the broken one.

Six silicon sensors were mounted in a vacuum chamber at 4513® degrees
azimuthally in both left and right sides with respect to tleaim with schematic shown
in Fig. 3. The sensor has 2024 mnt total active area, divided into 12 strips of 02
mmn? each as shown in the left panel of Fig. 4. The segmented axisaletectors are
oriented to the azimuthal direction, so there is not segatimt of the detectors in the
beam direction. Thus the present setup do not have anyiséypsad the scattering angle
of the recolil carbon ions within the acceptance. The thiskr& the detector are 400
um, fully depleted with the operation bias voltage of 100 t0 15 The strips are made
by the Boron implantation p+-doping to a depth of 150 nm onrtkiigpe Si bulk on



the side facing the targéfThe middle panel in Fig. 4 illustrates the cross section ef th
silicon sensor. The detectors were mounted on the one eihe ditector holder whose
flange on the other end was mounted on the scattering chandietamning distance
from target to the silicon sensors to be 18.5 cm.
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FIGURE 3. The RHIC pC-polarimeter setup. Silicon sensors are alighf?d90, and 135 degrees
azimuthally in both left and right side with respect to thetmedirection. The beam is pointing into

the figure perpendicularly.
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FIGURE 4. (Left) the mechanical drawing of the silicon sensor. Eactsseis segmented into 12 strips
with 2mm pitch. (Middle) The cross section of the silicon sen (Right) The silicon detector mounted on
a support structure attached on a flange.

EVENT RECONSTRUCTION AND EVENT SELECTION

As itis described in the introduction, extending the eneamge lower region is certainly
the advantage in terms of 1) the larger magnitudépfn lower —t and 2) larger cross
section (more statistics). However, the practical randienged by the tolerable size of
the uncertainty to reconstruct the energy in the low eneegyon. The currendlE /dx
model to describe the energy loss in a "effective" deadrfdits very well in the region
E > 500 keV (residuat 0), while it tends to undershoot the d&a< 500 keV (residual

1 The layer to the depth of the Boron implantation is so calledddlayer and corresponding thickness is
150 nmx 2.33 g/ent =~ 35 ug/cn?, which is reasonably consistent with what were initiallysetved in
the both blue and yellow polarimeters at the beginning ofG8un

2 The effective dead-layer is the dead-layer plus inefficiratrge collection region around the surface of
the silicon detector. The energy correction for the enengy In this region is discussed in references[4, 5]



< 0). Typically the residual gets about -0.5 n€at 400 keV and rare, but worst case,
-1 ns atE = 900 keV. Such a systematic tendency suggests an incorgidtetween
currentdE /dx model with data. Thus we set the lower energy limit to be 400\kbose
corresponding error is studied below.

The error of+ 1 ns inty determination can be calculated by taking the derivative of
kinetic energy formula by:

1. L2 9E L2 2V/2
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The effects are about 11 keVERt= 400 keV and 37 keV & =900 keV (approximately

corresponding effective dead-layer isygy/cn?). Thus overall uncertainty due to the

precision ofty determination byt 1 ns results in the energy determination ot 3 %

within the energy range 400 E < 900 keV.

E—

Invariant M ass Cut

Shown in the Fig. 5 is the typical time-of-flight and the kicetnergy plot recon-
structed using the best fit parameters of the dead-layer HifJDotted and solid curves
show the 2 and & cut of the invariant mass as shown in the left panel in Figmealb
peak seen below 4 GeV consistedabackgrounds whose peak does not necessarily
appear at the right mass because their the energy loss in the effective deadwasre
calculated assuming the carbon ion mass. A contaminatidheofr background un-
derneath the carbon invariant mass peak is typicaly less 1B& within 3o from the
nominal carbon mass position. Withiro3uts, the number of the elastic carbons are
observed about 208 300 thousands events. About 50% of accumulated events from
raw data were dropped after the energy and inedts were applied.
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FIGURE 5. Time of flight and reconstructed kinetic energy correlaptot after the energy correction.
Dotted and solid curves show 2 and 8om carbon mass in the invariant mass distribution.
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FIGURE 6. (Left) Atypical invariant mass distribution. The red higtam shows the invariant mass for
the events 40& E < 900 keV. Dotted and solid curves represents 2 amdr8m carbon mass. (Right)
The ratio of the polarizations calculated by 2and 3 invariant mass cuts for blue polarimeters. The
horizontal bar shows the average.

The effect of the backgrounds contamination underneattcdiigon invariant mass
was studied by comparing the polarizations betweegnaBd 35 invariant mass cuts.
Shown in right panel of Fig. 6 are ratio of the polarizatioa$calated by & and 3
invariant mass cuts for blue (left) and yellow (right) pahaeters. As can be seen in
the figure, the polarizations derived by the 2ut are about 1% higher than the 8ut.
This result suggests the more background contaminatioa icuB case drives the lower
polarization.

The exterpolation of the polarization at the But is necessary in order to evaluate the
polarization under the circumstances of zero backgrountboaination. However, this
IS not necessary in our case because this effect is absartodtie "effective” analyzing
power of proton-Carbon as a consequence of the normalmeagjainst the H-Jet average
polarization. This is valid as long as we keep theut of the invariant mass consistent
with data go to H-Jet normalization and polarizations paledi to experiments. In other
word, the analyzing power determined by the normalizatsdioptimized" to make the
average polarization measured by the proton-Carbon puodder to be consistent with
the absolute polarization measurement by the H-Jet poddeimThus we do not assign
error from the background contamination to the polarizegimmeasured by the proton-
Carbon polarimeters.

RUN BY RUN POLARIZATION

AVERAGE Ay : The carbon events which passed kinematic géisl( < 3o and 400<
E <900 keV) were then integrated over the energy range. As itssudsed later, the
polarization is extracted through the strip by strip asyrniee cacluclated using so
selected events per strip. The observed asymmetries weigedeby the averagéy
to convert the asymmetry into the polarization. Peis the average analyzing power
within the energy range of the event selection. It is caledaby averaging\y (E;)
weighted by the yield¥'[i] of theith bin in the energy spectrunk; is theith bin of




the energ\E.
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whereN is the total number of bins in the energy spectrum. In RUNQ&yasis the
the energy spectrum histogram range from zero to 1500 keVowaeed by 180. The
number of bins are 59 between the energy range<4®@< 900 keV.i runs for the
maximum bins up to 1500 though, bins out side 408 < 900 keV obviously do not
contribute orAy because [i] = 0.
Shown in Fig.7 is the typical energy spectrum of the carb@nts/combined for all
active strips after the kinematic cuts. The curve is a morkiption[7] of Ay (E) scaled
by the RUNO4 data.
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FIGURE 7. The typical energy spectrum of the carbon events combinledctie strips after the
kinematic cuts. The curve is a model predictiongf(E) scaled by the RUNO4 data. Dashed line shows
the weighted averaghy.

SIN(¢p) FIT: The run-by-run polarization is calculated based on thp asymmetries,
combining all bunch-by-bunch asymmetries. The asymmésiripi is calculated using
the number of elastic carbon events after the kinematicfoutall positive bunchesl*
and negative bunché¢ ™ in stripi:

N — RN~
N+ RN 3% a7-i36ri,72-i N
wherei runs for active strips up to 72 arigl is the luminosity ratio for the strip In
order to remove the bias effect from the strijpr the luminosity calculation, the strip
is excluded from the luminosity calculation. Also to avandroducing false asymmetry
comes from the geometrical acceptance effect by doing sopmlyg the strip locates
diagonally opposite location, but also ones locate at cgessnetries are excluded as
well (total 4 strips).

Plotted in Fig. 8 with solid circles are typical example ofculated strip asym-
metries divided by théy as a function of the azimuthal angle in the unit of radian.

72 +
Y i%i37-i36+,72-i N

A = R

(4)



The observed polarization for detectors in D1, D3, D4, D6samepressed due to the
sensitivity to the vertical polarization by2 compared to the detectors D2 and D3.
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FIGURE 8. The strip by strip polarization plotted as a function of tlzéauthal angle (rad). The red
curve represents the best fit to the data of function 5.

The strip by strip polarizations are then fitted with the sindtion

P(9) = Psin(¢+Agp) (5)

whereP is strip averaged polarization adgp is the radial polarization vector, respec-
tively and they were set as free parameters. The best fitissirawn by the red curve
in the figure. After disabling strips for the suspiciousiybaeing periods through the QA
analysis as discussed previously, §feof the fit distributes around 1.

AVERAGE POLARIZATION FILL BY FILL

To normalize with the jet, we decided to obtain averages®fieasurements in afill to
obtain a polarization from the pC polarimeter for each fii§was done by &1/AR)?,
beam-intensity, and time-weighted average of the measmtnn a given fillj

P
Yippz li-Af
A=

Sizrz i O

wherei runs for "good" measurements in fijllandAt; represents time interval be-
tween the I"th measurement and 4 1"th measurement to assign more (less) weight
to the 'I"th polarization measurement if the time interval is lonigqg) before the next
measurement is executed in order to represent the polanzaitthe particular interval
of the fill. The beam intensity; is calculated by taking sum of the wall current moni-
tor readouts for the active fills (disabled fills were excldid& he wall current monitor
readouts are acquired in the pC-polarimeter data streahedidginning of every data

(6)



taking. The uncertaintpR, used for each measurement was the statistical uncertainty
AP added quadratically to the polarization profile[9] uncietaAPP™",

R =/ (aPE -+ (PP @)

For blue, no profile uncertainty; for yellow, an uncertaidgpending on the normal-
ized polarimeter rate. The time weighting was used to aweoagr a fill by assigning
a weight for each measurement of the time duration polaoizatp to the midpoint in
time until the next measurement. Thus the measurementsswitiificantly lower rate
than the expected rate contribute less to the average patian of that fill.

The uncertainty for the fill polarization is a quadratic suinthe statistical uncertainty
from the above approach to obtain the average fill polanmatihe contribution from
observed fluctuations in the energy correction which adfeébe polarization (1.5%
in blue and 1.7% in yellow, il\P/P), an uncertainty due to polarization profile[9]
(4.3% for blue and 5.7% for yellow idP/P), and an uncertainty that depends on
the number of measurements in the fill that were taken awaw tite beam center.
For the latter, blue had no uncertainty for this (no obsempeldrization profile) and
the yellow uncertainty was taken as the difference in fillgpiziation correcting for
these off-center measurements vs. not correcting for tmere{ we do not correct the
polarizations; this is a method to obtain the uncertaintly)orin this way, fills with
off-center measurements have larger uncertainties.

NORMALIZATION

As a preparation to compare with the polarization measuyethé H-Jet polarimeter,
the data sets are classified into two groups which are sepbbgtthe operation mode
of the RHIC beam. The first one is the group of measurementshwirere done during
56 bunches operation and the second one is these of 112 lsuoplgmtion. Both the
proton-Carbon and the H-Jet polarimeters were operatddyitly different conditions
for these two different RHIC beam operations. Thus this giogiis aimed to check any
systematic discrepancies in the agreement between twarpetars depending on the
operation modes.

The average polarizations for two distinct jet measurerperiods are then calculated
using fill by fill polarization averaged?). The averagé are weighted by the duration

of the jet operation of each filltjjet. If the jet operated for only a small fraction of the

fill duration, then theR, of the fill will contribute less to the average polarizatidrtioe
given jet measurement period.

) _Aplet

2 : Ay @
) pplet

where| runs for fills classified for jet running peridd

With the estimate of the polarization measured by the \arterget at the center of
the beam for a jet measurement period, we then needed tom@tantensity-weighted

B =

ql\)| = 'QN|'_-U‘



average for the polarization, averaged over the horizatigatibution of the beam, in
order to compare with the jet measurement. This requiredhdhizontal polarization
profile. Because the vertical target automatically takesngmsity-weighted average
over any vertical polarization profile, the required averag only for the horizontal
dimension. They are estimated 0.5% for blue and 2.2% fooyéd], in AAy/An. The
agreement between the 2004[3] and 2005 jet calibrationsasl @s shown in Fig. 9.
The results are presented as the new analyzing power andtaintges for the pC
measurements, separately for blue and yellow.

ARIUe2005 - AZ004 19 01+ 0.031% +0.029" +0.005"}

AYRION2005 - 2004, 11 024-0.028 +0.029) +0.02°)}

where a) statistical uncertainty from the jet measuremetependent for blue and
yellow) b) systematic uncertainty for jet measurementr@ated for blue and yellow)
c) systematic uncertainty from horizontal profile uncertgiindependent for blue and
yellow.
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FIGURE 9. Comparison of the average polarizations of the H-jet ane Ifleft) and yellow (right)
proton-Carbon polarimeters. The holizontal lines repnetiee average of fill-by-fill averaged polariza-
tions of pC polarimeters (solid circle), whereas open esakpresent the average polarization measured
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