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1 IntrodutionThe Continuous Eletron Beam Aelerator Faility (CEBAF) at the Je�ersonLaboratory(JLab) is a new partile aelerator whih makes extensive use ofits highly polarized eletron beam for the study of nuleons and nulei. Thepolarization is measured at the injetor with a 5 MeV Mott polarimeter and inthe Hall A beam line with a M�ller polarimeter and a Compton polarimeter.Mott and M�ller polarimeters require solid targets and operate respetively atlow energy and at low intensity (� 1�A). Beause of its thin photon target,only Compton baksattering polarimetry provides an essential tool for au-rate measurement and monitoring of the beam polarization under the sameonditions as the running experiment. However, the mean Compton analyzingpower (A) depends strongly on the beam energy - A � 0:4%/GeV - whilethe total ross setion is approximately onstant at 0.6 barn. Therefore, thetypial beam onditions provided by CEBAF, an energy of several GeV anda beam intensity up to 100 �A, require a high laser power to provide therequired interation luminosity. The design of the Compton polarimeter washallenging [1,2℄. The photon density is ampli�ed with a Fabry-Perot avity ofvery high �nesse whih provides a power of 1700 W of IR light at the Comp-ton interation point. This performane, unequalled in a partile aeleratorenvironment, results in a statistial auray for a polarization measurementbelow 1% within an hour at 4.6 GeV [3℄. This number sales with the inverseof the beam energy.In setion 2 of this paper, we briey summarize the experimental set-up of theCompton polarimeter. Setion refse:datatake desribes its operational prop-erties ahieved during two polarized experiments, N �� [4,5℄ and GEp [6,7℄.Next, we desribe a new analysis method developed to restrain systemati un-ertainties in the polarization measurement with a high on�dene level. Weexplain in detail the soures of these systemati errors and present longitu-dinal eletron polarization measurement results. Finally, we give for the �rsttime at JLab a measurement of the polarization di�erene between the twoheliity states of the eletron beam.2 Compton polarimeter at JLabCompton sattering of polarized eletrons o� a irularly polarized photonbeam shows an asymmetry of the ounting rates n+=� for di�erent orientationsof the eletron polarization [8℄Aexp= n+ � n�n+ + n� = PePA (1)2



where the asymmetry A is alulated from QED. Measurements of the ex-perimental asymmetry Aexp and of the irular photon polarization P giveaess to the mean longitudinal eletron polarization Pe. The eletron beampolarization is ipped at a 30 Hz rate to minimize systemati e�ets.The Compton polarimeter is omposed of a magneti hiane of four identialdipoles onneted in series and installed in the Hall A beam line. The Comp-ton interation takes plae at the enter of a symmetri Fabry-Perot avityin whih photons, originating from a 230 mW IR laser (� = 1064 nm) inter-fere. The laser frequeny is loked to one of the resonant frequenies of theavity using the Pound-Drever feedbak tehnique [9℄. The maximum powerinside the avity reahes 1700 W, with a oupling to the fundamental modeof 92%. The detetors are installed between the third and the fourth dipolesof the hiane. The baksattered photons go through the gap of the thirdmagnet in a alorimeter onsisting of 25 PbWO4 rystals (2x2x23m3) andthe sattered eletrons are deteted in 4 planes of 48 silion strips (650 �mwide), segmented along the dispersive axis. The data aquisition an be trig-gered by either eletrons, photons, or both (in oinidene). Typial runningonditions at CEBAF during data taking in 2000 were an eletron energy ofE=4.6 GeV and a beam urrent of Ie = 40�A. The Compton baksatteredphotons energy range is from 0 to 340 MeV under these onditions.3 Data TakingWe desribe here how the Compton polarimeter data-aquisition system works,and the strategy used to minimize false asymmetries.3.1 AquisitionThe data aquisition is driven by the 30 Hz eletron beam polarization ip.Two milliseonds after eah reversal, the trigger system is ativated and eventsare taken from the photon and/or eletron detetors, aording to the triggeron�guration determined by the user. The trigger system is inhibited a fewms before the next reversal.Eah detetor has its own trigger logi. The photon alorimeter trigger systemgenerates an event when the signal of one the photo-multiplier tubes exeedsa given threshold. This signal is then integrated over a period of 150 ns. Theeletron detetor triggers when signals are deteted in oinidene on a givennumber of the silion strip planes, at the same dispersive position. A spei�logi is used to take are of ases where both detetors �re in oinidene.The data-aquisition system an read out photon and eletron events at a rategreater than 100 kHz with a dead time of only a few perent. These data are3



read by either a ustom-built bu�er ard for the eletron detetor signals, or10 bits bu�ered ADCs for the photon alorimeter. Calibration signals from aLED an be used to monitor the gain variation of the photon detetor.All these raw data are read through VME blok transfer by two Power PCCPU ards working alternatively at eah eletron polarization reversal. At theend of eah polarization period, the CPU ard that has read out the data, readsvalues from saler ards whih provide summary information of that period(ounting rates, number of triggers, dead time, average value of eletron andphoton beams parameters, et. . . ). This CPU then transfers ontrol of theVME rate to the other CPU, produes on-line alulations and sends a datablok to a workstation where these data are stored. The goal of these on-line alulations is to redue the huge amount of data oming from bothdetetors by produing omputed values and histograms (in partiular theenergy spetra of the sattered photons). Only a small fration of the rawdata, ontrolled by presaler fators, is kept for monitoring purposes. Thus,the data blok stored at the end of eah eletron polarization state onsists ofthe salers summary values, the result of the on-line alulations (omputedvalues and histogram), and pre-saled photon, eletron and oinidene rawdata.
3.2 Photon polarization reversalHeliity-orrelated di�erenes in the eletron beam parameters (harge, posi-tion and angle) lead to false asymmetries bi whih add to the experimentalasymmetryAexp = PePA +Xi bi (2)where i runs over the di�erent soures of false asymmetries. The harge asym-metry is orreted to �rst order by normalizing the ounting rates to the beamurrent. The remaining systemati e�ets from position and angle are inde-pendent of the photon beam polarization state. Hene, in hanging the signof the photon polarization the major part of this type of false asymmetriesis aneled. This de�nes the proedure for data taking as a sequene of al-ternating right and left laser irular polarization, as illustrated in �gure 1.Moreover, between two photon polarization states, the avity is unloked inorder to measure the bakground. Thanks to a high quality vauum in thebeam pipe and the ontrol of the beam envelope using quadrupoles upstreamthe magneti hiane a signal over bakground ratio of 20 is routinely ahieved.4



4 Experimental asymmetryFor a given irular photon polarization, right (R) or left (L), we an alulatethe asymmetry of integrated event numbers for two onseutive windows ofopposite eletron heliity states, asAR=Lp = n+R=L � n�R=Ln+R=L + n�R=L (3)where n� refers to the normalized numbers of photons with a deposited energygreater than a given threshold. These are de�ned asn� = Pi>is N�iI��� (4)where I� is the eletron beam intensity, �� is the aquisition live time, N�iis the number of deteted events in the ith ADC bin and is is the thresholdorresponding to the lower edge of the bin. The normalized ounting ratesN � =I��� are shown in �gure 2 versus the energy in ADC bin units. Thethreshold is is a software threshold applied to the total harge deposited andnot to the maximum amplitude reahed by the signal. It an be varied o� linein order to obtain the optimal value that maximizes the statistial aurayand minimizes the e�et of false asymmetries. This operating point is found tobe between the 6th and the 9th bin (see setion 6). For a typial 40 minutesrun, a raw asymmetry AR=Lraw is de�ned as the average of all pulse-to-pulseasymmetries AR=Lp . The distribution of these asymmetries is shown in �gure 3,for both right and left photon polarizations. We an see that the pulse-to-pulseasymmetry distributions follow a Gaussian law. The raw asymmetry has tobe orreted for bakground aording toAR=Lexp = "1 + BS R=L#AR=Lraw � BS R=LAB (5)where (B=S)R=L is the bakground to signal ratio for eah photon polarizationand AB is the bakground asymmetry. B=S is of the order of 0.06 with athreshold set to the 8th energy bin (� 230 MeV), and AB is found to beompatible with zero at the 10�4 level.Finally, the mean experimental asymmetry is omputed ashAexpi = !LALExp � !RARExp!L + !R (6)5



where !R=L orresponds to the statistial weight of eah experimental asym-metry.The mean experimental asymmetries measured above the software thresholdfor E = 4:6 GeV are around 6% and an be measured with a relative statistialauray of 0.65% in one hour at I = 40�A.5 Analysing powerThe seond part of this analysis onerns the determination of the analyzingpower. In order to aount for detetion e�ets, we de�ne the response funtionof the alorimeterR(ADC; k) as the ADC spetrum for a set of photons with agiven energy k. From this response funtion the probability to detet photonsof energy k above a given ADC threshold ADCs isP (k) = R1ADCsR(ADC; k) dADCR10 R(ADC; k) dADC (7)Using this probability one an then alulates the analyzing power of thepolarimeter de�ned as the average of the Compton asymmetry weighted bythe Compton ross setionhAsi = R kmax0 P (k) d�0dk AC(k) dkR kmax0 P (k) d�0dk dk (8)5.1 Determination of the response funtion R(ADC; k)The alorimeter response funtion depends mostly on the intrinsi propertiesof the alorimeter. It is measured during dediated runs where data are takenin photon-eletron oinidene mode on an event-by-event basis.Thanks to its very �ne pith the eletron detetor funtions as an energy taggerof the inident photons. The distribution of the photon energy deposited inthe entral rystal for one seleted strip of the eletron detetor is shown in�gure 4. The tail at low energy is due to shower leakage to the sides of theentral rystal (the Moli�ere radius is 2.19 m). For pratial reasons it wasfound more aurate to model the response funtion of the entral rystalrather than dealing with the inter-alibration of all the rystals of the 5x5matrix [10℄. The response funtion is desribed by an ad ho asymmetrialfuntion omposed of two Gaussians and a 4th degree polynomial P4(x). Best�ts were obtained with the following �t funtion6



R(ADC; k)=Ae (ADC�ADC0)22�2R ; ADC � ADC0 (9)R(ADC; k)=A 24(1� Æ) e (ADC�ADC0)22�2L + � + (Æ � �)ADC4ADC40 35 ; ADC � ADC0where A, ADC0 and �R=L are Gaussian parameters, and �, Æ denote propor-tional amplitudes P4(0)=A and P4(x0)=A, as desribed in �gure 4. A is �xedby normalizing the integral of the response funtion to 1 in the denomina-tor of Eq.(7). The remaining �ve parameters are funtions of the satteredphoton energy k, �tted to data from all eletron detetor strips whih �red.The Gaussian widths �R=L are orreted for smearing due to the width of theeletron strips (�E � 5 MeV).The eletron detetor annot be put loser than a few mm to the beam axisand thus restrits the range over whih the response funtion an be deter-mined. For instane, only photon energies between 150 MeV and 340 MeV(Compton edge) ould be explored with a 4.6 GeV beam. The determinationof the alorimeter response funtion is well ontrolled inside this energy rangebut the extrapolation to lower energy indues larger systemati errors (seesetion 6).5.2 Calibration and analyzing powerThe response funtion measured during a spei� referene run has to beorreted for mean gain variations when used to analyze a later run. To thisend a alibration oeÆient � is introdued whih aounts for gain orretionsR(ADC; k) = R(ADC� ; k) (10)� is �tted to the experimental spetrum of eah run (Fig. 5) using the onvo-lution of the unpolarized Compton ross setion d�0(k)=dk with the responsefuntiondN(ADC)dADC = kmaxZ0 d�0(k)dk R(ADC; k) dk (11)The probability of photon detetion is dedued from Eq.(7), where the lowerintegration boundary ADCs is replaed by ADCs=�. The analyzing power isthen alulated from Eq.(8) for eah data run (with is = 8). An overviewis given in �gure 6 and shows relative variations of up to 10%. Most of theobserved steps in the analyzing power originate from a retuning of the photon7



detetion gain (PMT high voltage or gain of the ampli�er). Referene runs arerepeated every few hours to hek the onsisteny of the extrated responsefuntion.6 Systemati unertainties6.1 Experimental asymmetryThe largest soure of systemati error in the experimental asymmetry is thefalse asymmetry related to the eletron beam position, sine the Comptonluminosity is determined by the overlap of the eletron and laser beams. Ifone assumes a Gaussian intensity pro�le for these two beams, the luminosity isalso a Gaussian funtion of the distane between the two beam entroids. Sinethe optial axis of the avity is �xed by the monolithi mehani of the mirrorholder, the position variation of the eletron beam diretly a�ets the Comptonluminosity with a sensitivity equal to the derivative of this Gaussian funtion.In order to minimize this e�et, two position-feedbak systems were used, oneat high frequeny to redue the jitter (down to 20 �m) and one at low frequenyto lok the mean position at the point orresponding to the maximum of theGaussian overlap urve, where the sensitivity to beam position goes to zero.Finally, averaging over several photon polarization reversals anels out mostof these false asymmetries provided that the statistial weights of right and leftirularly photon polarization states are similar. In pratie, these statistialweights !R=L are not exatly equal, and some residual e�ets must be takeninto aount. So, in agreement with equations (2) and (6), we have:�Asystexpi = res(bi) = !LbLi � !RbRi!L + !R (12)Studies of the four beam parameters (x, y, �x, �y) show that their orrelationstend to redue the total false asymmetry. As a safe and simpler estimateof the error we assume them to be unorrelated. The �nal error quoted inTable 1 should be read as a typial run-to-run error. It orresponds to thewidth of the distribution of all res(bi) whih turns out to be entered atzero. For eah individual run one an also hoose to orret for res(bi) andits error. When averaging the polarization over a suÆient number of runsNr the two approahes are equivalent and the systemati error redues as1=pNr. The measured bakground has a small rate and asymmetry, omparedto the Compton proess, resulting in a negligible systemati error. Similarlythe beam urrent asymmetry is at the few 100 ppm level and does not a�etsigni�antly the Compton asymmetry. The orretion for the aquisition dead8



time is heked by omparing the saler asymmetry and the orreted ADCasymmetry without applying a software threshold.6.2 Analyzing powerThere are four main soures of unertainties in the analyzing power. The �rstomes from the dependene of the response funtion on the parameterizationused to desribe it. To ompute the systemati error we look at the variation ofthe analyzing power for a set of parameterizations with equivalent �2 and tryto de�ne an envelope (�g. 7). For a threshold taken around ADC = 400 (is = 8,E = 230 MeV) the e�et is less than 0.45%. Note that below the eletron ut,loated around hannel 260 on �g. 7, the systemati errors inrease steeply.The seond soure of unertainty arises from the momentum alibration of theeletron detetor whih is used as an energy tagger in the determination of theresponse funtion (setion 5.1). This alibration error is due to the positionresolution of the eletron detetor (200 �m). The impat of this e�et on theanalyzing power is shown in �gure 8 as a funtion of the ADC threshold. Fora threshold taken at ADC = 400 the e�et is 0.6 %. The third unertaintyis due to pile-up when two events are deteted within the same aquisitiongate ( � 150 ns) and are reorded as a single event of higher energy. TheCompton spetrum is then shifted to higher energies. This modi�es not onlythe experimental asymmetry but also the analyzing power via the alibrationoeÆient �. Monte-Carlo simulations [11℄ were performed for a measured pile-up rate of 0.9%. They show a relative e�et of 0.45% for an ADC thresholdis = 8. The fourth systemati unertainty is due to the radiative orretionsin real Compton sattering. The interfering proess e� ! e� auses adeviation of the analyzing power by about 0.26% [12℄ at an eletron beamenergy of 4.6 GeV. We deided not to orret for this e�et and inlude it in theerror budget. Systemati unertainties on the analyzing power are summarizedin Table 2.6.3 Photon polarizationThe irular photon polarization is measured at the exit of the Fabry-Perotavity using an analysis devie omposed of a quarter-wave plate, a Wollastonprism and two integrating spheres. This devie allows a omplete polarizationmeasurement through the four Stokes parameters by rotating the quarter-wave plate. In prodution mode the quarter-wave plate angle is �xed and thespheres only monitor the time variations of the degree of irular polarization(DOCP). The polarization at the enter of the avity where the Comptoninteration takes plaes is dedued from the Stokes parameters, knowing the9



optial transport matrix of the exit line. This matrix is determined before theinstallation of the avity using a dediated setup where polarization measure-ments are performed for various orientations of the ellipti polarization of thelight. With this method a preision of 0.4 % is reahed inluding both themodelisation of the transport and the measurement errors. After the avityis installed, additional e�ets oming from mirror transmission, birefringeneand optial alignment of photon beam must be taken into aount. Sine inprodution mode only the DOCP is measured, we use the observed variationsand the transport matrix to determine the envelope of possible variations ofthe polarization inside the avity. This results in a 0.4 % systemati error. Allunertainties are summarized in Table 3 The mean value of the DOCP forboth laser polarization states is :PL = +99:9%� 0:6% (13)PR = +99:3%� 0:6%The photon polarization used for the eletron polarization measurement is theaverage value between the two polarization states :P = !LPL � !RPR!L + !R (14)where we took to �rst order !L = !R.
7 Results and disussions7.1 General resultsA review of the unertainties is given in Table 4. The last olumn shows theauray of the monitoring of the eletron beam polarization for whih all nor-malization errors anel. A summary graph of all polarization measurementsperformed during the N-� experiment is shown in �gure 9 (300 measurementsin 60 days). The jumps in the beam polarization are diretly orrelated withoperations at the polarized eletron soure when the laser spot is displaed toilluminate a di�erent spot on the photoathode in order to inrease the beamurrent. These signi�ant variations in the beam polarization demonstratethat the Compton polarimeter is an ideal and a mandatory tool to provide ameaningful polarization measurement over long data-taking periods.10



7.2 Determination of �PeMost of the polarized physis experiments in Hall A are only sensitive to themean longitudinal eletron polarization de�ned asPe = jP+e j+ jP�e j2 (15)where P+e and P�e denote the eletron polarization in eah eletron spin on-�guration (parallel or anti-parallel). However, some experiments, suh as theN-� experiment, are sensitive to�Pe = jP+e j � jP�e j2 (16)One way to measure this quantity is to use the photon polarization reversal,sari�ing the anellation of heliity-orrelated e�ets. Experimental asym-metries are thus omputed from ounting rates between two opposite signs ofthe photon polarization, for eah eletron heliity [11℄. However, the photonpolarization is reversed every three minutes only, resulting in a false asym-metry of the same size as the Compton asymmetry itself. If one makes theassumption that these false asymmetries are independent of the baksatteredphoton's energy, variation of the Compton asymmetry with respet to energyallows one to isolate �Pe. An example is shown in �gure 10 where the sum ofboth experimental asymmetries A+exp and A�exp is �tted with a funtion suhas f(E) = �Pe � P � AC(E) + st: (17)For a set of Left/Right photon reversals over several days, we assess �Pe forthe �rst time at JLab and �nd it statistially ompatible with zero at a levelof 0.3 %.8 ConlusionWe have ontinuously measured the CEBAF eletron beam polarization overtwo periods of 30 days at an eletron energy of 4.6 GeV and an average urrentof 40 �A. The use of a highly segmented eletron detetor in oinidene withthe photon detetor was a key element to redue the systemati errors. Byusing 40 minute runs a total relative systemati error of 1.2 % was ahieved.Thanks to our high-gain optial avity and a double beam position feed-bak, a11



statistial auray of 1 % ould be reahed within 25 minutes. In the relativevariations of the beam polarization from one run to another the orrelatederrors anel out and the systemati error is redued to 0.7 %. Beause mostof the reent experiments in Hall A take advantage of the highly polarized andintense eletron beam available at JLab, the Compton polarimeter has beenroutinely operated over the last three years to monitor the beam polarization.Its performane are ruial for the upoming parity experiments [13{15℄ whihaim for a very aurate measurements (� 2%) in an energy range of 0.85 to3.00 GeV. Suh a preision remains hallenging and require detetors andlaser upgrades whih are under study. At higher energy (6 GeV), sub-perentmeasurements are feasible with only minor upgrades of the present apparatus.Referenes[1℄ G. Bardin et al., Coneptual design report of a Compton polarimeter forCEBAF Hall A, CEA/DAPNIA/SPhN note 96-14 (1996)[2℄ J.P. Jorda et al., Nul. Instr. Meth. A412, 1-18, (1998)[3℄ N. Falletto et al., Nul. Instr. Meth. A459, 412-425, (2001)[4℄ A. Sarty, J.J. Kelly, R.W. Lourie and S. Frulliani, Investigation of the N�transition via polarization observables in Hall A, JLab Hall A experiment E91-011, (1991)[5℄ R. Rohe, Measurement of polarization observables in the eletro-exitation ofthe proton to its �rst exited state, PhD thesis, Florida State University (2003)[6℄ C.F. Perdrisat, M. Jones, V. Punjabi and E.J. Brash, Measurement of to Q2=5.6GeV2 by the reoil polarization method, JLab Hall A experiment E99-007(1999)[7℄ O. Gayou et al., Phys. Rev. Lett. 88, 092301, (2002)[8℄ C.Y. Presott, Spin-dependent Compton sattering for use in analysing eletronbeam polarizations, SLAC notes TN-73-1, (1973)[9℄ R.W.P. Drever et al., Appl. Phys. B31, 97, (1983)[10℄ M. Bayla et al., Phys. Lett. B539, 8-12, (2002).[11℄ S. EsoÆer Dotorate Thesis, University of Paris 7, Denis Diderot (2001), seehttp://hallaweb.jlab.org/ompton/Doumentation/Papers/index.php.[12℄ A. Denner and S. Dittmaier, "Complet O(�) QED orretions to polrizedCompton sattering", Nul. Phys. B540 (1999) 58.[13℄ D. Armstrong and R. Mihaels, "Parity violation from 4He at low Q2: a leanmeasurement of �s", JLab Hall A experiment E00-114.12



[14℄ K. Kumar and D. Lhuillier, "Constraining the nuleon strangeness radius inparity-violating eletron sattering", JLab Hall A experiment E99-115.[15℄ R. Mihaels, P. Souder and G. Uriuoli, "Neutron skin of 208Pb through parity-violating eletron sattering", JLab Hall A experiment E-00-003.
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type errorBakground 0.05 %Dead time 0.1 %Beam intensity -Events ut 0.1 %position 0.3 %TOTAL on < Aexp > 0.35 %Table 1Run to run systemati unertainties applied to Compton experimental asymmetry.
Syst. errorResponse funtion 0.45 %Energy alibration 0.6 %Pile up 0.45 %Radiative orretions 0.26 %TOTAL on < As > 0.95 %Table 2Relative systemati unertainties applied to Compton analyzing power during andGEp experiments [6,7℄.

Time utuations 0.4 %Polarization transport 0.4 %Mirrors transmission 0.14 %Birefringene 0.05 %Alignment 0.1 %TOTAL on PL=R 0.60 %Table 3Relative systemati unertainties applied to eah photon beam polarization states.
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Absolute Measurement MonitoringExperimental asymmetry 0.50 % 0.50 %Analyzing power 0.95 % 0.45 %Photon polarization 0.60 % -Total systemati 1.23 % 0.67 %Statistial error 0.80 % 0.80 %TOTAL 1.47 % 1.04 %Table 4Review of unertainties for an absolute (2nd olumn) and relative (3rd olumn)eletron beam polarization measurement.
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Fig. 1. Normalized ounting rates versus time with alternate Left (L) and Right (R)irular polarization of the photon separated by laser OFF periods to monitor thebakground level.
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Fig. 2. Normalized ounting rates versus ADC bins of the energy deposited in thephoton alorimeter, for laser ON (solid squares) and laser OFF (empty squares)periods.
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Fig. 5. Fit of the experimental photon spetrum using the smeared ross setion.The �t range is restrited to the validity energy range of the modelling.
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Fig. 6. Analysing power for eah Compton run during the GPE experiment.
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Fig. 10. Experimental asymmetries in regard with photon energy, for a positive(+)and negative(-) eletron heliity state, and for the average of both (�lled irles).
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