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1 Introdu
tionThe Continuous Ele
tron Beam A

elerator Fa
ility (CEBAF) at the Je�ersonLaboratory(JLab) is a new parti
le a

elerator whi
h makes extensive use ofits highly polarized ele
tron beam for the study of nu
leons and nu
lei. Thepolarization is measured at the inje
tor 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 respe
tively atlow energy and at low intensity (� 1�A). Be
ause of its thin photon target,only Compton ba
ks
attering polarimetry provides an essential tool for a

u-rate measurement and monitoring of the beam polarization under the same
onditions as the running experiment. However, the mean Compton analyzingpower (A
) depends strongly on the beam energy - A
 � 0:4%/GeV - whilethe total 
ross se
tion is approximately 
onstant at 0.6 barn. Therefore, thetypi
al 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 intera
tion luminosity. The design of the Compton polarimeter was
hallenging [1,2℄. The photon density is ampli�ed with a Fabry-Perot 
avity ofvery high �nesse whi
h provides a power of 1700 W of IR light at the Comp-ton intera
tion point. This performan
e, unequalled in a parti
le a

eleratorenvironment, results in a statisti
al a

ura
y for a polarization measurementbelow 1% within an hour at 4.6 GeV [3℄. This number s
ales with the inverseof the beam energy.In se
tion 2 of this paper, we brie
y summarize the experimental set-up of theCompton polarimeter. Se
tion refse
:datatake des
ribes its operational prop-erties a
hieved during two polarized experiments, N �� [4,5℄ and GEp [6,7℄.Next, we des
ribe a new analysis method developed to restrain systemati
 un-
ertainties in the polarization measurement with a high 
on�den
e level. Weexplain in detail the sour
es of these systemati
 errors and present longitu-dinal ele
tron polarization measurement results. Finally, we give for the �rsttime at JLab a measurement of the polarization di�eren
e between the twoheli
ity states of the ele
tron beam.2 Compton polarimeter at JLabCompton s
attering of polarized ele
trons o� a 
ir
ularly polarized photonbeam shows an asymmetry of the 
ounting rates n+=� for di�erent orientationsof the ele
tron polarization [8℄Aexp= n+ � n�n+ + n� = PeP
A
 (1)2



where the asymmetry A
 is 
al
ulated from QED. Measurements of the ex-perimental asymmetry Aexp and of the 
ir
ular photon polarization P
 givea

ess to the mean longitudinal ele
tron polarization Pe. The ele
tron beampolarization is 
ipped at a 30 Hz rate to minimize systemati
 e�e
ts.The Compton polarimeter is 
omposed of a magneti
 
hi
ane of four identi
aldipoles 
onne
ted in series and installed in the Hall A beam line. The Comp-ton intera
tion takes pla
e at the 
enter of a symmetri
 Fabry-Perot 
avityin whi
h photons, originating from a 230 mW IR laser (� = 1064 nm) inter-fere. The laser frequen
y is lo
ked to one of the resonant frequen
ies of the
avity using the Pound-Drever feedba
k te
hnique [9℄. The maximum powerinside the 
avity rea
hes 1700 W, with a 
oupling to the fundamental modeof 92%. The dete
tors are installed between the third and the fourth dipolesof the 
hi
ane. The ba
ks
attered photons go through the gap of the thirdmagnet in a 
alorimeter 
onsisting of 25 PbWO4 
rystals (2x2x23
m3) andthe s
attered ele
trons are dete
ted in 4 planes of 48 sili
on strips (650 �mwide), segmented along the dispersive axis. The data a
quisition 
an be trig-gered by either ele
trons, photons, or both (in 
oin
iden
e). Typi
al running
onditions at CEBAF during data taking in 2000 were an ele
tron energy ofE=4.6 GeV and a beam 
urrent of Ie = 40�A. The Compton ba
ks
atteredphotons energy range is from 0 to 340 MeV under these 
onditions.3 Data TakingWe des
ribe here how the Compton polarimeter data-a
quisition system works,and the strategy used to minimize false asymmetries.3.1 A
quisitionThe data a
quisition is driven by the 30 Hz ele
tron beam polarization 
ip.Two millise
onds after ea
h reversal, the trigger system is a
tivated and eventsare taken from the photon and/or ele
tron dete
tors, a

ording to the trigger
on�guration determined by the user. The trigger system is inhibited a fewms before the next reversal.Ea
h dete
tor has its own trigger logi
. The photon 
alorimeter trigger systemgenerates an event when the signal of one the photo-multiplier tubes ex
eedsa given threshold. This signal is then integrated over a period of 150 ns. Theele
tron dete
tor triggers when signals are dete
ted in 
oin
iden
e on a givennumber of the sili
on strip planes, at the same dispersive position. A spe
i�
logi
 is used to take 
are of 
ases where both dete
tors �re in 
oin
iden
e.The data-a
quisition system 
an read out photon and ele
tron events at a rategreater than 100 kHz with a dead time of only a few per
ent. These data are3



read by either a 
ustom-built bu�er 
ard for the ele
tron dete
tor 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 dete
tor.All these raw data are read through VME blo
k transfer by two Power PCCPU 
ards working alternatively at ea
h ele
tron polarization reversal. At theend of ea
h polarization period, the CPU 
ard that has read out the data, readsvalues from s
aler 
ards whi
h provide summary information of that period(
ounting rates, number of triggers, dead time, average value of ele
tron andphoton beams parameters, et
. . . ). This CPU then transfers 
ontrol of theVME 
rate to the other CPU, produ
es on-line 
al
ulations and sends a datablo
k to a workstation where these data are stored. The goal of these on-line 
al
ulations is to redu
e the huge amount of data 
oming from bothdete
tors by produ
ing 
omputed values and histograms (in parti
ular theenergy spe
tra of the s
attered photons). Only a small fra
tion of the rawdata, 
ontrolled by pres
aler fa
tors, is kept for monitoring purposes. Thus,the data blo
k stored at the end of ea
h ele
tron polarization state 
onsists ofthe s
alers summary values, the result of the on-line 
al
ulations (
omputedvalues and histogram), and pre-s
aled photon, ele
tron and 
oin
iden
e rawdata.
3.2 Photon polarization reversalHeli
ity-
orrelated di�eren
es in the ele
tron beam parameters (
harge, posi-tion and angle) lead to false asymmetries bi whi
h add to the experimentalasymmetryAexp = PeP
A
 +Xi bi (2)where i runs over the di�erent sour
es of false asymmetries. The 
harge asym-metry is 
orre
ted to �rst order by normalizing the 
ounting rates to the beam
urrent. The remaining systemati
 e�e
ts from position and angle are inde-pendent of the photon beam polarization state. Hen
e, in 
hanging the signof the photon polarization the major part of this type of false asymmetriesis 
an
eled. This de�nes the pro
edure for data taking as a sequen
e of al-ternating right and left laser 
ir
ular polarization, as illustrated in �gure 1.Moreover, between two photon polarization states, the 
avity is unlo
ked inorder to measure the ba
kground. Thanks to a high quality va
uum in thebeam pipe and the 
ontrol of the beam envelope using quadrupoles upstreamthe magneti
 
hi
ane a signal over ba
kground ratio of 20 is routinely a
hieved.4



4 Experimental asymmetryFor a given 
ir
ular photon polarization, right (R) or left (L), we 
an 
al
ulatethe asymmetry of integrated event numbers for two 
onse
utive windows ofopposite ele
tron heli
ity 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 ele
tron beam intensity, �� is the a
quisition live time, N�iis the number of dete
ted events in the ith ADC bin and is is the threshold
orresponding 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 rea
hed by the signal. It 
an be varied o� linein order to obtain the optimal value that maximizes the statisti
al a

ura
yand minimizes the e�e
t of false asymmetries. This operating point is found tobe between the 6th and the 9th bin (see se
tion 6). For a typi
al 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 
orre
ted for ba
kground a

ording toAR=Lexp = "1 + BS R=L#AR=Lraw � BS R=LAB (5)where (B=S)R=L is the ba
kground to signal ratio for ea
h photon polarizationand AB is the ba
kground 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 be
ompatible 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 statisti
al weight of ea
h 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 statisti
ala

ura
y of 0.65% in one hour at I = 40�A.5 Analysing powerThe se
ond part of this analysis 
on
erns the determination of the analyzingpower. In order to a

ount for dete
tion e�e
ts, we de�ne the response fun
tionof the 
alorimeterR(ADC; k) as the ADC spe
trum for a set of photons with agiven energy k. From this response fun
tion the probability to dete
t 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 
al
ulates the analyzing power of thepolarimeter de�ned as the average of the Compton asymmetry weighted bythe Compton 
ross se
tionhAsi = R kmax0 P (k) d�0dk AC(k) dkR kmax0 P (k) d�0dk dk (8)5.1 Determination of the response fun
tion R(ADC; k)The 
alorimeter response fun
tion depends mostly on the intrinsi
 propertiesof the 
alorimeter. It is measured during dedi
ated runs where data are takenin photon-ele
tron 
oin
iden
e mode on an event-by-event basis.Thanks to its very �ne pit
h the ele
tron dete
tor fun
tions as an energy taggerof the in
ident photons. The distribution of the photon energy deposited inthe 
entral 
rystal for one sele
ted strip of the ele
tron dete
tor is shown in�gure 4. The tail at low energy is due to shower leakage to the sides of the
entral 
rystal (the Moli�ere radius is 2.19 
m). For pra
ti
al reasons it wasfound more a

urate to model the response fun
tion of the 
entral 
rystalrather than dealing with the inter-
alibration of all the 
rystals of the 5x5matrix [10℄. The response fun
tion is des
ribed by an ad ho
 asymmetri
alfun
tion 
omposed of two Gaussians and a 4th degree polynomial P4(x). Best�ts were obtained with the following �t fun
tion6



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 des
ribed in �gure 4. A is �xedby normalizing the integral of the response fun
tion to 1 in the denomina-tor of Eq.(7). The remaining �ve parameters are fun
tions of the s
atteredphoton energy k, �tted to data from all ele
tron dete
tor strips whi
h �red.The Gaussian widths �R=L are 
orre
ted for smearing due to the width of theele
tron strips (�E � 5 MeV).The ele
tron dete
tor 
annot be put 
loser than a few mm to the beam axisand thus restri
ts the range over whi
h the response fun
tion 
an be deter-mined. For instan
e, 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 fun
tion is well 
ontrolled inside this energy rangebut the extrapolation to lower energy indu
es larger systemati
 errors (seese
tion 6).5.2 Calibration and analyzing powerThe response fun
tion measured during a spe
i�
 referen
e run has to be
orre
ted for mean gain variations when used to analyze a later run. To thisend a 
alibration 
oeÆ
ient � is introdu
ed whi
h a

ounts for gain 
orre
tionsR(ADC; k) = R(ADC� ; k) (10)� is �tted to the experimental spe
trum of ea
h run (Fig. 5) using the 
onvo-lution of the unpolarized Compton 
ross se
tion d�0(k)=dk with the responsefun
tiondN(ADC)dADC = kmaxZ0 d�0(k)dk R(ADC; k) dk (11)The probability of photon dete
tion is dedu
ed from Eq.(7), where the lowerintegration boundary ADCs is repla
ed by ADCs=�. The analyzing power isthen 
al
ulated from Eq.(8) for ea
h 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



dete
tion gain (PMT high voltage or gain of the ampli�er). Referen
e runs arerepeated every few hours to 
he
k the 
onsisten
y of the extra
ted responsefun
tion.6 Systemati
 un
ertainties6.1 Experimental asymmetryThe largest sour
e of systemati
 error in the experimental asymmetry is thefalse asymmetry related to the ele
tron beam position, sin
e the Comptonluminosity is determined by the overlap of the ele
tron and laser beams. Ifone assumes a Gaussian intensity pro�le for these two beams, the luminosity isalso a Gaussian fun
tion of the distan
e between the two beam 
entroids. Sin
ethe opti
al axis of the 
avity is �xed by the monolithi
 me
hani
 of the mirrorholder, the position variation of the ele
tron beam dire
tly a�e
ts the Comptonluminosity with a sensitivity equal to the derivative of this Gaussian fun
tion.In order to minimize this e�e
t, two position-feedba
k systems were used, oneat high frequen
y to redu
e the jitter (down to 20 �m) and one at low frequen
yto lo
k 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 
an
els out mostof these false asymmetries provided that the statisti
al weights of right and left
ir
ularly photon polarization states are similar. In pra
ti
e, these statisti
alweights !R=L are not exa
tly equal, and some residual e�e
ts must be takeninto a

ount. 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 redu
e the total false asymmetry. As a safe and simpler estimateof the error we assume them to be un
orrelated. The �nal error quoted inTable 1 should be read as a typi
al run-to-run error. It 
orresponds to thewidth of the distribution of all res(bi) whi
h turns out to be 
entered atzero. For ea
h individual run one 
an also 
hoose to 
orre
t for res(bi) andits error. When averaging the polarization over a suÆ
ient number of runsNr the two approa
hes are equivalent and the systemati
 error redu
es as1=pNr. The measured ba
kground has a small rate and asymmetry, 
omparedto the Compton pro
ess, resulting in a negligible systemati
 error. Similarlythe beam 
urrent asymmetry is at the few 100 ppm level and does not a�e
tsigni�
antly the Compton asymmetry. The 
orre
tion for the a
quisition dead8



time is 
he
ked by 
omparing the s
aler asymmetry and the 
orre
ted ADCasymmetry without applying a software threshold.6.2 Analyzing powerThere are four main sour
es of un
ertainties in the analyzing power. The �rst
omes from the dependen
e of the response fun
tion on the parameterizationused to des
ribe 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�e
t is less than 0.45%. Note that below the ele
tron 
ut,lo
ated around 
hannel 260 on �g. 7, the systemati
 errors in
rease steeply.The se
ond sour
e of un
ertainty arises from the momentum 
alibration of theele
tron dete
tor whi
h is used as an energy tagger in the determination of theresponse fun
tion (se
tion 5.1). This 
alibration error is due to the positionresolution of the ele
tron dete
tor (200 �m). The impa
t of this e�e
t on theanalyzing power is shown in �gure 8 as a fun
tion of the ADC threshold. Fora threshold taken at ADC = 400 the e�e
t is 0.6 %. The third un
ertaintyis due to pile-up when two events are dete
ted within the same a
quisitiongate ( � 150 ns) and are re
orded as a single event of higher energy. TheCompton spe
trum is then shifted to higher energies. This modi�es not onlythe experimental asymmetry but also the analyzing power via the 
alibration
oeÆ
ient �. Monte-Carlo simulations [11℄ were performed for a measured pile-up rate of 0.9%. They show a relative e�e
t of 0.45% for an ADC thresholdis = 8. The fourth systemati
 un
ertainty is due to the radiative 
orre
tionsin real Compton s
attering. The interfering pro
ess e�
 ! e�

 
auses adeviation of the analyzing power by about 0.26% [12℄ at an ele
tron beamenergy of 4.6 GeV. We de
ided not to 
orre
t for this e�e
t and in
lude it in theerror budget. Systemati
 un
ertainties on the analyzing power are summarizedin Table 2.6.3 Photon polarizationThe 
ir
ular photon polarization is measured at the exit of the Fabry-Perot
avity using an analysis devi
e 
omposed of a quarter-wave plate, a Wollastonprism and two integrating spheres. This devi
e allows a 
omplete polarizationmeasurement through the four Stokes parameters by rotating the quarter-wave plate. In produ
tion mode the quarter-wave plate angle is �xed and thespheres only monitor the time variations of the degree of 
ir
ular polarization(DOCP). The polarization at the 
enter of the 
avity where the Comptonintera
tion takes pla
es is dedu
ed from the Stokes parameters, knowing the9



opti
al transport matrix of the exit line. This matrix is determined before theinstallation of the 
avity using a dedi
ated setup where polarization measure-ments are performed for various orientations of the ellipti
 polarization of thelight. With this method a pre
ision of 0.4 % is rea
hed in
luding both themodelisation of the transport and the measurement errors. After the 
avityis installed, additional e�e
ts 
oming from mirror transmission, birefringen
eand opti
al alignment of photon beam must be taken into a

ount. Sin
e inprodu
tion 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. Allun
ertainties 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 ele
tron 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 dis
ussions7.1 General resultsA review of the un
ertainties is given in Table 4. The last 
olumn shows thea

ura
y of the monitoring of the ele
tron beam polarization for whi
h all nor-malization errors 
an
el. 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 dire
tly 
orrelated withoperations at the polarized ele
tron sour
e when the laser spot is displa
ed toilluminate a di�erent spot on the photo
athode in order to in
rease the beam
urrent. 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 physi
s experiments in Hall A are only sensitive to themean longitudinal ele
tron polarization de�ned asPe = jP+e j+ jP�e j2 (15)where P+e and P�e denote the ele
tron polarization in ea
h ele
tron spin 
on-�guration (parallel or anti-parallel). However, some experiments, su
h 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,sa
ri�
ing the 
an
ellation of heli
ity-
orrelated e�e
ts. Experimental asym-metries are thus 
omputed from 
ounting rates between two opposite signs ofthe photon polarization, for ea
h ele
tron heli
ity [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 ba
ks
atteredphoton's energy, variation of the Compton asymmetry with respe
t 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 fun
tion su
has 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 statisti
ally 
ompatible with zero at a levelof 0.3 %.8 Con
lusionWe have 
ontinuously measured the CEBAF ele
tron beam polarization overtwo periods of 30 days at an ele
tron energy of 4.6 GeV and an average 
urrentof 40 �A. The use of a highly segmented ele
tron dete
tor in 
oin
iden
e withthe photon dete
tor was a key element to redu
e the systemati
 errors. Byusing 40 minute runs a total relative systemati
 error of 1.2 % was a
hieved.Thanks to our high-gain opti
al 
avity and a double beam position feed-ba
k, a11



statisti
al a

ura
y of 1 % 
ould be rea
hed within 25 minutes. In the relativevariations of the beam polarization from one run to another the 
orrelatederrors 
an
el out and the systemati
 error is redu
ed to 0.7 %. Be
ause mostof the re
ent experiments in Hall A take advantage of the highly polarized andintense ele
tron beam available at JLab, the Compton polarimeter has beenroutinely operated over the last three years to monitor the beam polarization.Its performan
e are 
ru
ial for the up
oming parity experiments [13{15℄ whi
haim for a very a

urate measurements (� 2%) in an energy range of 0.85 to3.00 GeV. Su
h a pre
ision remains 
hallenging and require dete
tors andlaser upgrades whi
h are under study. At higher energy (6 GeV), sub-per
entmeasurements are feasible with only minor upgrades of the present apparatus.Referen
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type errorBa
kground 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
 un
ertainties applied to Compton experimental asymmetry.
Syst. errorResponse fun
tion 0.45 %Energy 
alibration 0.6 %Pile up 0.45 %Radiative 
orre
tions 0.26 %TOTAL on < As > 0.95 %Table 2Relative systemati
 un
ertainties applied to Compton analyzing power during andGEp experiments [6,7℄.

Time 
u
tuations 0.4 %Polarization transport 0.4 %Mirrors transmission 0.14 %Birefringen
e 0.05 %Alignment 0.1 %TOTAL on PL=R
 0.60 %Table 3Relative systemati
 un
ertainties applied to ea
h 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 %Statisti
al error 0.80 % 0.80 %TOTAL 1.47 % 1.04 %Table 4Review of un
ertainties for an absolute (2nd 
olumn) and relative (3rd 
olumn)ele
tron beam polarization measurement.
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Fig. 1. Normalized 
ounting rates versus time with alternate Left (L) and Right (R)
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ular polarization of the photon separated by laser OFF periods to monitor theba
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Fig. 5. Fit of the experimental photon spe
trum using the smeared 
ross se
tion.The �t range is restri
ted to the validity energy range of the modelling.
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