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energies up to 10MeV. These MeV photons are inident on a thin target, in whih there is good polarizationtransfer to the positrons (and eletrons) that are pair-produed. The low-energy positrons are olletedfor injetion into one arm of the linear ollider, while the high-energy eletron beam (whih is largelyundisturbed by its passage through the undulator) is direted into the other arm.
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Helical undulator Photon driftFigure 1: A onept for undulator-based prodution of polarized positrons at a linear ollider.In an alternative sheme the irularly polarized photons are produed by laser baksattering o� aneletron beam[9, 10℄, as has been proposed for the Japanese Linear Collider Projet (JLC)[11, 12℄.Experiment E166[13, 14℄ was performed to demonstrate that undulator-based prodution of polarizedpositrons an produe beams of suÆient quality for use in future linear olliders. Data were olleted duringtwo run periods in June and September 2005. A oneptual layout of the experiment is shown in Fig. 2 anddetails of the photon and positron diagnostis are given in Fig. 3.The low-emittane, 46.6GeV eletron beam of the Final Fous Test Beam (FFTB)[15℄ at the StanfordLinear Aelerator Center (SLAC)[16℄ was passed through the undulator at 10Hz to produe irularlypolarized photons whose energy spetrum had its �rst-harmoni uto� near 7.9MeV. After the undulator,the beam eletrons were deeted downwards to a dump by magnet D1. Positrons (and eletrons) withenergies in the range of a few MeV were produed by onversion of the undulator photons in a 0.8-mm-thiktungsten-alloy target T1.The helial undulator [17℄ was one meter long with a period of 2.54mm and a strength parameterK � 0:17, as de�ned in Eq. (1). The helial oil was made by winding opper wires on a stainless-steelvauum hamber with an aperture of 0.9mm. The undulator was tested at urrents up to 2300A at 30Hzrepetition rate. During the data runs, it was operated at 10Hz and 2300A and delivered more than 4 � 107pulses without a single failure. The transformer oil in the undulator housing was replaed with a ferrouidduring part of the experiment, whih yielded a 11% enhanement of the photon ux[18℄.The undulator performane was haraterized by measuring the total photon ux as a funtion of exita-tion urrent and the transmission of the photon beam through a 15-m-long iron-ore solenoid (transmission-polarimeter magnet TP2). A set of Si-W detetors S1{2 and GCAL and aerogel Cherenkov detetors A1-2was used to measure the inident and transmitted photon ux and energy. The transmission asymmetrywith respet to reversal of the polarity of magnet TP2 was a�eted by the spetral-transmission propertiesof magnetized iron and the polarization-dependent term of Compton sattering in the iron. These proesseswere modeled using a version of Geant3 that was modi�ed to inlude the spin-dependent sattering e�ets.The measured uxes and asymmetries agreed well with expetations based on MERMAID[19℄ alulationsfor the undulator strength and on the theoretial formulae for helial-undulator radiation.The positrons reated in target T1 were transported by a fousing solenoid SL to the entrane of aspetrometer D2 that separated the positrons from the inident photon beam and seleted a narrow band ofpositron energies. The spetrometer, whose bend was in the horizontal plane, onsisted of a pair of dipolemagnets and adjustable tungsten-alloy jaws. The polarization of the positrons was measured by photontransmission polarimetry[20℄ after the positrons had produed photons in a thin tungsten \reonversiontarget" T2. These photons were passed through a 7.5-m-long magnetized iron ylinder TP1. The photonsleaving the analyzer magnet were muh less ollimated than in the ase of the undulator photons. Therefore,a wider angular aeptane was obtained by use of a 3�3 array of CsI rystals with a total ross setion3
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Figure 3: Shemati of the photon and positron diagnostis. A1, A2 = aerogel Cherenkov detetors, C2{C4 = ollimators,D2 = dipole spetrometer magnet, CsI = 3 � 3 array of CsI rystals, GCAL = Si-W alorimeter, J = movable W jaws, P1,S1, S2= Si-diode detetors, SL = solenoid lens, T1 = positron-prodution target, T2 = reonversion target, TP1 = positron-transmission-polarimeter solenoid, TP2 = photon-transmission-polarimeter solenoid. The detetors were enased in lead andtungsten shielding (not shown).of about 180mm�180mm. To simulate the positron polarimeter, Geant4[21, 22℄ was extended to inludethe relevant spin-dependent e�ets. These polarization extensions[23, 24℄ are part of Geant4 from v8.2onwards.Positron polarizations were measured at �ve energy settings of spetrometer D2. In addition, an eletron-polarization measurement was made at a single energy setting by reversing the polarity of the spetrometer.Over the measured energy range of 4{8MeV, the positron (and eletron) polarization was about 80% witha relative measurement error of about 10% to 15%, dominated by the systemati unertainties[14℄. Themeasured results agree well with expetations from detailed simulation of all aspets of the experiment.The remainder of this paper desribes in detail the experimental tehnique, data analysis and simulation,and the results of measurements of ux and transmission asymmetry of the undulator photons and ofpolarization of the positrons reated from these photons.2. Experimental MethodThis setion summarizes the priniples of the methods used in this experiment for prodution of polarizedphotons and positrons, and for measurement of the longitudinal polarization of these partiles.4



2.1. Prodution of Polarized Photons in a Helial UndulatorPolarized positrons were produed in the present experiment by onversion in a thin target of irularlypolarized photons with energy of a few MeV. The photons were produed by sattering of virtual photonsof a helial undulator [7℄ with period �u o� an eletron beam of energy Ee = m2, where m is the massof an eletron,  is the speed of light, and the eletron beam is oaxial with the undulator. The highestenergy photons take on the polarization of the undulator �eld, so that a helial undulator leads to irularlypolarized photons.The intensity of undulator photons depends on the intensity of the virtual photons of the undulator, andhene on the square of its magneti �eld strength. It is onventional to measure the �eld strength of anundulator in terms of a dimensionless parameter K de�ned as,K = eB0�u2�m2 �= 0:0934 (B0=1T)(�u=1mm); (1)in whih e is the magnitude of the harge of an eletron, and B0 is the magneti �eld on the axis of theundulator, whih �eld is onstant in magnitude while rotating through 360Æ during eah period �u. Thevalue of K in the present experiment was small, about 0.17, beause of pratial limitations to the urrentin the (pulsed) undulator.For small K-values, the number of photons dN=dL emitted per meter of an undulator and per beameletron is dNdL � 43 ���u K2 �= 30:6�u=1mmK2 photons=m=e�; (2)where � is the �ne-struture onstant. The photon-number spetrum is relatively at up to the maximumenergy E1 for sattering of a single virtual photon (dipole radiation of a beam eletron),E1 = 2E2e�C=�um21 +K2 + 2�C=�u � 2E2e�C=�um21 +K2�= 23:7MeV (Ee=50GeV)2(�u=1mm)(1 +K2) ; (3)where �C = h=m = 2:4�10�12m is the Compton wavelength of the eletron. The kinemati relation betweenenergy and angle of emission of a real photon due to the sattering of n virtual photons (nth-order-multipoleradiation) is, for small angles � with respet to the eletron beam,E(n; �) = nE11 + (�)2=(1 +K2) : (4)As seen from Eq. (4), the upper half of the energy spetrum at any order n is emitted into a one of angle� = p1 +K2=. The emission of photons due to higher-multipole radiation (with orrespondingly higherenergies) is suppressed for low values of K.The photon-number spetrum N(E) is illustrated in Fig. 4(a) for the experimental parameters: Ee =46:6GeV, �u = 2:54mm, K = 0:17, and E1 = 7:89MeV. The number of photons generated is 0.35 per beameletron.For the undulator photons produed at � = 0 the longitudinal polarization is maximal, P = +1 (foran undulator with a right-handed helial winding), but falls o� for larger angles (whih orrespond to lowerenergies). This behavior is illustrated in Fig. 4(b) for the experimental parameters. The polarization ofhigher-harmoni radiation approahes unity at the orresponding higher uto� energies, but the rates thereare very low.The average polarization of all undulator photons is nearly zero, but sine higher-energy photons havehigher polarization, the energy-weighted average polarization is 50%.Detailed desriptions of helial-undulator radiation an be found in[8, 25, 26, 27, 28℄.5
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(b)Figure 4: (a) The number spetrum N(E) of undulator radiation as a funtion of photon energy E, integrated over angle, foreletron energy Ee = 46:6GeV, undulator period �u = 2:54mm, and undulator-strength parameterK = 0:17. The peak energyE1 of the �rst-harmoni (dipole) radiation is 7.89MeV. (b) The longitudinal polarization P(E) of the undulator radiation asa funtion of photon energy for an undulator with a right-handed helial winding.2.2. Generation of Polarized PositronsWhen a irularly polarized photon reates an eletron-positron pair in a thin target, the polarizationstate of the photon is transferred to the outgoing leptons, as disussed by Olsen and Maximon in 1959[4℄.Positrons with an energy lose to the energy of the inoming photons are 100% longitudinally polarized,while positrons with a lower energy have a lower longitudinal polarization (see Fig. 5). The sign of thepositron polarization is opposite to that of the photon for positron energies less than 25% of the photonenergy.The probability for the prodution of positrons is roughly independent of the frational energy Ee+=E inthe pair-prodution proess, so that positrons with all energies up to the photon energy are produed (withinitial polarization as shown in Fig. 5). However, even in a thin target, low-energy positrons are stoppeddue to the ionization loss (whih rises sharply for energies below 1MeV), while high-energy positrons losea fration of their energy due to Bremsstrahlung. The energy loss by Bremsstrahlung is aompanied bya slight loss of polarization; however, the energy loss is more signi�ant than the polarization loss. As aresult, the low-energy portion of the positron spetrum is repopulated with positrons from the higher-energyportion, and the polarization of positrons of a given energy is higher in targets of up to � 0:5 radiationlength than in an in�nitely thin target[29℄, as shown in Fig. 6.For targets thiker than about 0.5 radiation length the polarization dereases again. Hene, positrons arenearly unpolarized in a onventional thik-target positron soure even if the inoming photons are polarized.The basi proesses of polarization transfer in eletromagneti asades (showers) are well known, butdetailed understanding of the interplay of all proesses in a shower is best obtained via numerial simulationwith a Monte Carlo ode. At the beginning of the experiment there was no ode available that inludedall relevant proesses. Therefore, a major e�ort was expended to implement polarization e�ets into theGeant4 ode[23℄. Details of the resulting simulations are reported in Se. 4.2.3. Photon PolarimetryMeasurements of the irular polarization of energeti photons are most ommonly based on the spindependene of their interation with polarized atomi eletrons[30, 31℄. For photons of energy 1{10MeV thisinteration is dominantly Compton sattering. In this experiment, transmission polarimetry was used, i.e.,measuring the transmission of unsattered photons through a thik, magnetized iron absorber[20, 32, 33℄,as skethed in Fig. 7. 6



Figure 5: Longitudinal polarization of positrons (or eletrons) produed by onversion of monohromati irularly polarizedphotons in an in�nitely thin target, as a funtion of the ratio Ee+=E of positron to photon energies; from [4℄.
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Table 1: Parameters and expressions relevant to eletron polarization of magnetized iron.Parameter ExpressionEletron polarization PFee� hMsi=(nFee �B)= 0:03727hB (T) �B0 (T)iMagnetization M (A/m) (B � B0)=�0Spin fration Ms=M 2(g0 � 1)=g0 = 0:958 � 0:002Magnetomehanial ratio g0 1:919� 0:002Eletron number density nFee NA �Z=A = 2:206 � 1030m�3Bohr magneton �B 9:272 � 10�24 J/TVauum permeability �0 4� � 10�7 T-m/A

Photon Energy (MeV)
0 5 10 15 20 25 30

δ

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

L = 3 cm Fe
L = 7 cm Fe
L = 10 cm Fe
L = 15 cm Fe(a) Length (cm)

0 2 4 6 8 10 12 14 16 18 20

F
ig

ur
e 

of
 M

er
it

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2
-310×

 = 2 MeVγE

 = 6 MeVγE

(b)Figure 9: (a) The asymmetry Æ(E;L) de�ned in Eq. (9) for transmission polarimetry of fully polarized photons on MeV energyE in various lengths L of saturated iron. (b) The �gure of merit Æ2T for 2MeV photons (solid) and for 6MeV photons (dashed)as a funtion of the length of a transmission iron polarimeter.whih takes also the ross setions for photoeletri e�et, �phot, and pair prodution, �pair, into aount.The +(�) in T� applies if the eletron spin in the iron is parallel (antiparallel) to the spin diretion of theinident photons, and nFee� denotes the number density of atoms in iron. The asymmetryÆ(E;L) = T� � T+T� + T+ (8)in transmission of photons through the iron absorber when the sign of PFee� is reversed, orresponding to areversal of the magnetization of the iron, isÆ(E;L) = tanh ��nFee�LPFee�P �1� � �nFee�L�1 PFee�P : (9)The sign onvention in Eq. 8 results in a positive asymmetry Æ, given that the polarization-dependentCompton sattering ross setion �1 is negative at the energies of this experiment. This asymmetry isshown in Fig. 9(a) for fully polarized photons inident on various lengths of saturated iron, using photon-iron ross setions from [38℄. The peak asymmetry is in the range of 1{6% for photon energies in the rangeof several MeV and for lengths of iron of 3{15 m. For the photon polarimeter, where the rates were high,the length L of magnet TP2 was hosen to be 15 m to inrease the size of the asymmetry.An \analyzing power" A for transmission polarimetry an be de�ned asA(E;L) � Æ(E;L)PFee�P(E) ; (10)9
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Figure 10: Solid urves: the polarization, as a funtion of energy, of photons generated by a 10MeV positron inident on0.5mm of tungsten, aording to an EGS4 simulation [50℄ and also to a alulation [4℄. Histogram: the energy spetrum ofthe photons aording to an EGS4 simulation. The photons are mainly due to Bremsstrahlung and their energies follow a 1=E\hand �t"; photons with energy above 10MeV are due to annihilation.where A � nFee�L�1 for small asymmetries suh that the �nal form of Eq. (9) holds. Then, a measurementof the asymmetry Æ, plus knowledge of the eletron polarization PFee� in the magnetized iron and of theanalyzing power A , would determine the photon polarization to beP = ÆPFee�A : (11)However, in the ase of a broad distribution of photon energies, Eq. (10) beomes a onvolution overenergy-dependent detetor eÆieny, analyzing power, and photon polarization [39℄. Correspondingly, thedetetors in the photon line measure an e�etive polarization dominated by the high energy part of theundulator spetrum. To gauge the understanding of the polarization of the photon beam, the observedasymmetries, Eq. (8), will be ompared with simulations.2.4. Positron PolarimetryThe polarization of positrons ould be determined in priniple by observation of any polarization-dependent interation of the positrons. For example, good preision an be obtained measuring Bhabha sat-tering in a thin, magnetized iron foil when the �nal-state eletron and positron are deteted in oinidene[40℄.However, suh a method is not appliable to the present experiment in whih the positrons our in pulsesonly a few-pioseond wide, suh that oinidenes are diÆult to identify. Under these onditions, the sim-plest tehnique is the method of transmission polarimetry, in whih the positrons are \reonverted" into pho-tons whih inherit the positron polarization (either by annihilation[41, 42℄ or by Bremsstrahlung[4, 43, 44℄),and the photons subsequently pass through a thik iron absorber[45, 46, 47, 48, 49℄. A measurement of thephoton transmission asymmetry for magneti �elds (in the iron) parallel and antiparallel to the positronmomentum vetor then allows the polarization of the positrons to be inferred.The transfer of polarization from positrons to photons (\reonversion") in a thin foil is illustrated inFig. 10. The average polarization of the photons from a 10MeV positron is only 21% of that of the positron.An asymmetry Æ in the number of transmitted photons is measured by reversing the polarization PFee�of the eletrons in the iron absorber. The polarization Pe+ of the parent positrons an then be inferred10



Table 2: Nominal and atual eletron-beam parameters of the FFTB.Ee�  frep Ne� �x; �y �x, �y �x, �y �x0 , �y0 �E=E(GeV) (Hz) (109) (10�5 rad) (m) (�m) (�rad) (%)Nominal 50 9:8 � 104 30 20 3, 3 5.2, 5.2 40 13 0.3Atual 46.6 9:1 � 104 10 1{4 2.2, 0.5 5.7, 19.8 35{40, 30{36 10, 1 � 0.2aording to Pe+ = ÆPFee�Ae+ ; (12)in terms of an analyzing power Ae+ that an be alulated in a simulation whih ombines the proesses ofpolarization transfer from positron to photon and transmission of the photons through the iron absorber.Beause the reonverted photons have a nearly isotropi angular distribution (due to the large multiplesattering of the parent positrons in the reonversion target), the omputation of the analyzing power Ae+is more ompliated than for A in the ase of transmission polarimetry of a ollimated photon beam.The relative error on the measurement (12) of the polarization varies inversely as the produt of theasymmetry Æ and the square root of the transmission fator T = (T+ + T�)=2. A �gure of merit fortransmission polarimetry an therefore be de�ned as Æ2T , where larger values are better. This �gure ofmerit is shown for 2MeV photons in Fig. 9(b) as a funtion of length L of the magnetized iron, whihindiates that L � 6 m maximizes the statistial signi�ane of the asymmetry at this energy. The meanenergy of the reonversion photons in the present experiment was 1{2MeV, and the length of the positronpolarimeter magnet TP1 was hosen to be 7.5 m.3. Experimental SetupA shemati layout of the experiment is shown in Fig. 2. A 46.6GeV eletron beam generated polarizedphotons in the undulator. A set of bending magnets D1 deeted the high-energy eletrons to a beam dump.The undulator photons were onverted to eletron-positron pairs in a thin target T1. Positrons and photonswere analyzed in the apparatus skethed in Fig. 3 (and also in Fig. 11), while the low-energy eletrons weredumped. Reversal of the spetrometer magnet D2 allowed for analysis of eletron, while the positrons werein turn sent to the dump.The remainder of this setion presents details of the beamline, undulator, prodution target, photon andpositron (or eletron) diagnostis, data-aquisition system, runs types and data-�le struture.3.1. Beamline Layout and AlignmentThe experiment required a high-energy, low-emittane eletron beam to pass through a small-aperture,helial undulator to generate the polarized photon beam. Therefore, the experiment was performed in theFinal Fous Test Beam (FFTB)[15℄ at SLAC [16℄, whih ould operate at energies up to 54GeV and deliveran eletron spot size of less than 50� 50 �m2 to an area appropriate for small experiments.Figure 2 shows a shemati of the layout of the FFTB beamline elements spei� to the experiment.Table 2 lists the nominal parameters of the FFTB beamline at the point where the undulator was installed,and the atual parameters ahieved during running. The beam energy atually used, 46.6GeV, was lowerthan nominal to insure more stable eletron beam energy. The intensity was redued to 1{4 � 109 e/bunhto suppress the eletron beam halo relative to the ore beam, and thereby to derease the relative size ofbakgrounds due to interation of the tails of the beam with the 0.71-mm-diameter, 6.35-m-long protetionollimator C1. The redued bunh intensity also permitted spot sizes slightly smaller than nominal.The undulator was preeded and followed by weak vertial-deetion magnets HSB1 and HSB2 thatdeeted the primary eletron beam downward by 0:02Æ eah. This generated only a soft spetrum ofsynhrotron radiation along the undulator-photon line while deoupling this line from photons traveling11
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Figure 11: Shemati of the experimental apparatus along the -line, inluding photon prodution in the undulator, onversionto e� in target T1, and subsequent diagnostis of photons and positrons. During the initial setup of the eletron beam thebypass pipe was plaed in the beamline rather than the undulator.with the primary eletron beam upstream of the undulator. After HSB2, a string of seven permanentmagnets D1 deeted the primary eletron beam downwards by an additional 1Æ and into the FFTB beamdump 45m downstream of the undulator, as shown shematially in Fig. 2.The eletron-beam parameters were tuned using the beam-position monitors BPM1 and BPM2, the wiresanner WS and optial-transition-radiation monitor OTR to measure beam size, and toroid BT to measurethe bunh harge.The major hallenge in operating the beam was to pass it through the extremely small aperture ofollimator C1 (0.71 mm in diameter, 6.35 m long), and then to maintain the beam tune so that the beampassed leanly through the undulator during data-taking runs of 30{60 minutes eah. The beam was initiallyset up using a 2.5-m-diameter bypass beam pipe, shown in Fig. 11, instead of the undulator, and the beamorbit was reorded using the BPMs. Then the undulator was moved onto the beam orbit and aligned to apreision of a few �m using an array of �ve motion stages to minimize beam losses.The undulator photons drifted in the -line, de�ned by the diretion of the eletron beam betweenmagnets HSB1 and HSB2, for about 35m to the diagnosti apparatus (Figs. 3 and 11), where they wereeither onverted to eletron-positron pairs in a thin target T1 (see Se. 3.3) or analyzed (see Se. 3.4). Theundulator photons passed through tungsten ollimator C2 (3mm in aperture, 10.16 m long) loated 32.49mdownstream of the undulator enter, whih de�ned the transverse extent of the photon beam thereafter.The full width at half maximum of the undulator-photon beam was approximately 0.8mm at ollimatorC2, based on Eq. (4) for the photon angular distribution and on the eletron-beam parameters given inTable 2. Initial alignment of the eletron beam (via horizontal- and vertial-orretion magnets upstream),suh that the -line passed through ollimator C2 with maximal ux in detetor S1, was aomplished usingthe bypass beam pipe and a beam of Bremsstrahlung photons generated by the 25-�m-thik (1-�m-thik inSeptember 2005 run) Ti foil of the optial-transition-radiation monitor OTR.Due to operational diÆulties with the undulator motion stages, the eletron beam was resteered slightly12



Table 3: Parameters of the two fabriated undulator systems [17℄. Only the system given in the �rst olumn (U1) was atuallyused in the experiment. Parameter (Units) U1 U2Energy (GeV) 46.6 46.6Length (mm) 1000 1000Period (mm) 2.54 2.43Number of periods 394 406Aperture (mm) 0.87 1.07Winding diretion left-handed left-handedAxial �eld (T) � 0:71 � 0:54K � 0:17 � 0:12E1 (MeV) � 7:9 � 8:4Photons/e� 0.35 0.18�E=e� (MeV) 1.65 0.88Voltage (V) � 656 � 592Current (kA) 2.3 2.3Pulse width (�s) 12 13�T/pulse (ÆC) � 1:7 � 1:3Indutane (�H) � 1:4 � 1:5Resistane (
) � 0:22 � 0:26Oil ow (l/min) 13.25 13.25Press. drop (bar) � 0:76 � 0:76
Figure 12: Sketh of the left-handed, bi�lar windings of the undulator.during muh of the data olletion to minimize bakgrounds from ollisions with ollimator C1 and with theundulator itself. This steering resulted in partial loss of intensity in the -line due to redued transmissionthrough ollimator C2.3.2. UndulatorA single undulator, U1, was used throughout the experiment, although two omplete undulator systems(Table 3) were fabriated and sent to SLAC.3.2.1. Undulator FabriationSix undulator oils were wound, three for eah tube diameter, and eah of these windings was tested atfull urrent.The undulator ondutors were bi�lar-helial windings with urrents running in opposite diretions(Fig. 12). This method of helial-�eld generation, proposed in[7, 51℄, was used suessfully some yearsago[52℄ for an undulator with a period of 6mm and K � 0:35.The undulator ondutor was oxygen-free CDA 10200 opper wire with square ross setion 0:6�0:6mm2and orner radius � 0:06mm. The wires were wound on hypodermi 304-L stainless-steel tubes with nominalOD's of 1.07mm (19-XTW) and 1.27mm (18-XTW). All tubes had nominal wall thiknesses of 0.10mm.13



Figure 13: Photograph of the windings of undulator U1. The retangular ross-setion wire has dimensions of 0:6 � 0:6mm2,and a period of 2.54mm. The smallest sale division is 1/64 of an inh (0.397mm).

Figure 14: Cross-setion of an undulator system (dimensions in mm). Two G-10 rods (5) were plaed in the orners of a longhannel in an aluminum bar (3). A third rod (5) ompressed the windings (2) to the other two rods via a spring-loaded bar(4). The Al undulator over (1) was sealed with an indium gasket. The interior volume (6) was �lled with oil or ferrouid.Eah tube was wrapped in Kapton insulation with a thikness of 12.7�m. Four opper wires were woundonto a tube at a time: two of whih were square ross setion (bare) ondutors, and the other two were ofround ross setion with 0.483mm diameter and used as spaers. After ompletion of winding, the spaerwires were removed; it was found that the remaining ondutors adhered to the tube without slippage. Thisproedure resulted in a period of 2.54mm for the windings on 0.87-mm-diameter tubes, and 2.43mm forthose on 1.07-mm-diameter tubes.All undulators were wound left-handed, i.e., ounterlokwise as seen by a beam eletron. This resultedin negative polarization P for the high-energy part of the undulator spetrum (see Se. 2.1 and Fig. 4).Visual inspetion of the undulators under a mirosope allowed removal of tiny piees of opper hips reatedin the winding proess.Even though the bending radius was of the order of the wire size, the keystone e�et was not signi�ant.A magni�ed view of windings is shown in Fig. 13.These windings were rather exible and so were onstrained by three ylindrial G-10 rods. Two of the14



Figure 15: The downstream end of the undulator winding, showing the \jumper" that losed the iruit though a opperylinder.rods sat in the lower orners of a U-shaped groove milled into an aluminum blok and provided insulatedsupport for the entire helix, as shown in Fig. 14. The third rod ompressed the helial windings from aboveagainst the other two. The aluminum blok had overall dimensions of 7:62�7:62�114:3m3. The U-shapedgroove was made to a tolerane of 12.7�m throughout its length. This auray was ahieved in a few millingsteps after all anges (with Al/stainless steel transitions) had been welded to the housing. The dimensionswere heked ommerially with a semi-automati oordinate-measuring mahine.Two undulator bodies were milled simultaneously while attahed to a baseplate by speial holders whihallowed expansion in the longitudinal diretion. After fabriation, all Al parts were blak anodized tominimize ontat of the Al surfae with oil. This proedure did not hange the dimensions appreiably.The routing of the leads to the helial winding, and of the \jumper" that losed the iruit at the endof the winding (Fig. 15), resulted in regions of net transverse magneti �eld on the eletron beam at thetwo ends of the undulator. In future fabriations, the extent of these regions should be minimized, and thediretions of the transverse magneti �elds should be opposing.The aperture and straightness of the windings of undulators U1 and U2 was tested by strething a 0.4-mm-diameter stainless-steel wire through the undulator and noting absene of eletrial ontat betweenwire and tube. For an eletron-beam size of 40�m, 0.4mm is about 10�, suÆient for suessful beampassage through the undulator. Further tests at SLAC measured the aperture of the undulator used in theexperiment to be at least 0.71mm.3.2.2. Undulator OperationPure transformer oil was used as a oolant. The oil owed in a iruit that inluded a stainless-steel oilpump, heat exhanger, reservoir, pressure gauges and valves. The oil owed into the undulator ase fromthe top enter and exited at the lowest point in the groove below the G-10 rods (Fig. 14), also in the enter.The oil pressure inside the ase was about 2.4 bar, whih expanded the hamber by a small amount.The pumping/ooling system was onstruted as a single mobile unit with oil pump, ow meters, heatexhanger, and 3-phase ontrol eletronis. This system ould be operated loally or remotely and ontaineda set of thermal interloks whih ensured operational readiness of the system. A pressure transduer, PS 302-200GV, was attahed to the line through a pressure snub, PS-4E, together with a DP25-SR strain gaugemeter, also attahed to the readiness interlok. The pressure transduer ould be attahed either to theoutgoing or inoming line. The oil line was also equipped with dial-type pressure gauges installed near theundulator.The undulator was onneted to the ooling loop by oil-resistant, exible tubes. The power supply wasloated in a rak together with the pulser in the FFTB tunnel.The pulser is similar to the one used for the positron-prodution upgrade of CESR[53℄. The undulatorwas tested at 2.3 kA and 30Hz for one hour. This urrent represents the upper limit of the power supply(EMS800-2.5-5-D). Thus, in ase of failure of all the eletronis, the power supply would not deliver suÆienturrent to damage the undulator. The undulator was operated at 2.3 kA and 10Hz with an average pulsed-urrent density of about 6.39 kA/mm2, and a pulse duration of about 12�s. The pulse waveform is shownin Fig. 16.The urrent density in the undulator winding was alulated with the 3D ode MERMAID [19℄. Thisode alulated the urrent by solving for the eletrostati potential inside the ondutor taking into aount15



Figure 16: Current observed in the undulator shunt during a 2.3 kA pulse of 12 �s duration.the atual geometry of the thik ondutor. As the dimensions of the ondutor were omparable to thebending radius, the urrent had a tendeny to ow in layers loser to the enter yielding a �eld enhanementon the axis. The urrent density varied by as muh as a fator of four over the ondutor ross-setion. Wireswith retangular ross-setion yielded a 15% higher axial �eld ompared to wires with irular ross-setion.The alulated �eld at the axis was B? � 0:71T at I = 2:3 kA. As the measured period was �u �2:54mm, the undulator fator K de�ned in Eq. (1) was approximately 0.17. However, sine the undulatorpulse width was only about 12�s at half height (Fig. 16), the skin depth was formally about 0.3mm. Thus,the urrent had a tendeny to be expelled from the interior of the ondutor, whih a�eted the magneti�eld; but it is diÆult to alulate the magnitude of this e�et. An estimate of the undulator K from diretmeasurements of the photon ux is presented in Se. 6.1.Towards the end of the data-taking run, the oolant oil was replaed with a ferrouid (EMG 900)whose magneti properties allowed it to serve as a return yoke for the magneti �eld, thus inreasing thee�etive undulator magneti �eld. Calulations predited a photon enhanement of about 20%[18℄. Datataken using the ferrouid (Se. 6.1.3) showed an enhanement of about one half this amount. The thermo-hydrauli properties of the ferrouid are similar to those of oil, so no irulation or ooling problems wereobserved. The presene of the ferrouid also inreased the pulse rise time, whih improved operation ofthe power-supply thyristors. At the end of the experiment the ferrouid was found to be somewhat moreradioative than the normal oil.The suessful running of the present experiment veri�ed the predited undulator parameters and on-�rmed the engineering design priniples.3.2.3. Beam Deetion by the UndulatorA small deetion of the eletron beam was observed when the undulator was energized in time with thebeam. This had minimal impat on the present experiment, but suh a deetion would be undesirable ata linear ollider in whih the eletron beam passes through the undulator before olliding with the positronbeam.The deetion was �rst observed on an Al2O3(Cr) sreen � 42:9m downstream of the undulator, justupstream of the beam dump, where the beam spot was o�set by � 1mm for beam pulses in and out oftime with the undulator. This angular deetion of about 25�rad was orroborated by observation of smallo�sets of the eletron beam in BPM2, just downstream of the undulator, that varied with the urrent inthe undulator, as shown in Fig. 17. The orresponding angular deetion at full urrent was about 25�rad,assuming that the deetion ourred at the upstream end of the undulator, about 1.55m from BPM2.Also, the PRT ounters preeding ollimator C2 showed a di�erent displaement of bakground photons(from interations of the eletron beam with ollimator C1 and/or the undulator) when the undulator wasin and out of time with the eletron beam.It was onluded that the deetion was due to the routing of the leads at the upstream and downstreamends of the undulator, the latter of whih is shown in Fig. 15, whose urrent may have introdued the16
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Figure 17: O�sets in �m of the eletron beam at BPM2 as a funtion of undulator urrent.0:0039T�m kik orresponding to the 25�rad angular deetion. More areful design of the undulator leadsshould mitigate this issue. Imperfet alignment of the eletron beam with respet to the undulator axis mayalso have ontributed to the beam deetion.3.3. Prodution Target T1The left-handed undulator generated negative-heliity photons that passed through a tungsten ollima-tor C2 with a 3-mm-diameter aperture before they struk the prodution target T1 where positrons weregenerated by pair prodution (see Figs. 3 and 11). The full width at half maximum of the photon beam was0.9mm at target T1. A �ve-position target holder provided for four targets, 0.2- and 0.5-radiation-length(r.l.) tungsten and titanium, and a no-target position. The tungsten was a sintered omposite, W-4Ni-3Cu-3Fe, while the omposition of the titanium alloy used was not spei�ed (probably Ti-6Al-4V). Data weretaken primarily with the 0.2 r.l. (0.81mm) tungsten target, whih provided both a good yield of positronsand good polarization transfer from the undulator photons, as shown in Fig. 6.3.4. -Line3.4.1. OverviewThe -line and its assoiated photon diagnostis are shown in Figs. 3 and 11. Prior to impinging onthe prodution target T1, undulator photons passed through a 3-mm-diameter, 10.16-m-long, tungstenollimator C2, whose aperture de�ned the downstream -line. A set of four Si-W detetors (PRT) arrayedoutside the aperture of ollimator C2 was used to monitor the alignment of the -line. The photon uxfrom the undulator, after passing through ollimator C2 and target T1, was measured independently by twoounters, an aerogel Cherenkov ounter A1 with an energy threshold of � 4MeV, and a Si-W ounter S1whose simulated response was utilized to provide normalization of the undulator-photon ux. A transmissionpolarimeter onsisting of a 15-m-long iron magnet TP2 (see Se. 3.5.5), aerogel ounters A2, and Si-Wounter S2 deteted e�ets of the polarization of the undulator photons. In addition, a Si-W alorimeterGCAL measured the total energy of the photon beam after the transmission polarimeter.Photons from the undulator were measured by the Si-W detetors S1 and PRT whose absolute alibrationwas determined by Geant4 simulation as desribed in Setion 3.4.2. The four PRT detetors were loatedimmediately upstream of ollimator C2 with edges tangent to the 3-mm-diameter ollimator aperture, asshown in Fig. 18.The shape and orientation of the individual detetors PRTtop, PRTright, PRTbottom, and PRTleft areshown in the photograph with the labels ColT, ColR, ColB, and ColL, respetively. The photon beam emergedfrom the -line vauum window and entered the ollimator from the right to the left. These detetors sampledthat portion of the ux that does not enter the ollimator aperture. They were installed between the Juneand September running periods to provide a measure of the entering of the undulator beam. The photonsthat exited ollimator C2 struk the positron-prodution target T1 produing eletron-positron pairs, andthe unonverted photons were subsequently measured by detetors A1 and S1 prior to inidene on thepolarimeter magnet TP2, after whih the photon-transmission asymmetry was determined. With suitable17



Figure 18: Plaement of the quadrant detetors PRT1{4 upstream of ollimator C2.orretion, the sum of the uxes through detetors A1 and S1 yielded the number of photons produed bythe undulator per beam eletron.3.4.2. Partile DetetorsThe partile detetors were required to deal with a rather wide range of energies and intensities. Inthe -line they measured undulator photons with intensities of 107{109 photons/pulse. In ontrast, in thepositron line typially a few thousand positrons per pulse were measured, leading to deposited energies of afew hundred MeV in the CsI alorimeter. Sine asymmetry measurements of the form A = (L�R)=(L+R)were utilized in the analysis of both photon and positron polarization, absolute alibration of detetors wasnot essential for the polarization analysis. However, to evaluate many quantities of interest, e.g., the numberof undulator photons generated per beam eletron, or to ompare measured transmission with simulations,it was neessary to have a good understanding of the detetor response funtions.Aerogel Counters:. The aerogel ounters designated A1 and A2 in Figs. 3 and 11 were idential ounters de-signed to detet undulator photons inident on, and transmitted through, 15 m of magnetized iron (TP2).The sensitive elements were 2-m-thik bloks of aerogel. The index of refration of the aerogel was mea-sured by interferometri tehniques to be 1.0095� 0.0001, resulting in a Cherenkov threshold of 3.78MeV.Cherenkov photons were reeted vertially by an aluminum mirror and passed through an air-�lled lightpipe to a photomultiplier tube. To prevent possible false asymmetries the photomultipliers were arefullyshielded from bakground radiation and external magneti �elds.Si-W Detetors:. The other detetors in the -line were based on silion detetor tehnology. The harge-sensitive elements were 300-�m-thik, reverse-biased, high-resistivity silion layers (manufatured by Hama-matsu) mounted on 900-�m-thik G-10 supports. To enhane the sensitivity of these detetors to photons,eah Si layer was preeded by a layer of tungsten (Densalloy SD170 [54℄.It takes 3.66 eV for an eletron or positron to reate an eletron-hole pair in silion [55℄, and therefore1 keV of energy deposited in a silion detetor liberated 4.38�10�5 pC of eletrons. These eletrons wereolleted in LeCroy 2249W ADCs after appropriate attenuation, required sine the ux of � 109 photonsper pulse in the -line led to large signals in the Si-W detetors.The Silion detetors in the -line were:� S1, S2: These detetors were idential devies whih ounted inident and transmitted undulatorphotons (as did the Cherenkov ounters A1 and A2). They onsisted of a 555-�m-thik (0.13 r.l.)tungsten onverter, and a single Si/G-10 detetor. Under normal operating onditions the S1 signalwas attenuated by 46{60db and that of S2 by 20db.18
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Figure 19: Comparison of signals in photon ounters A1 and S1 (a), and in ounters A2, S2 and GCAL (b).� GCAL: This devie was a 9-element alorimeter, eah element onsisting of a 3.7-mm-thik (� 0.9 r.l.)tungsten plate and a Si/G-10 detetor, and provided a measure of the total energy of the transmittedphotons. The GCAL signal was normally attenuated by 40db.� PRT: This was a set of four ounters plaed at the upstream edge of ollimator C2, as shown in Figs. 2,11 and 18. Eah onsisted of a 3.7-mm-thik tungsten onverter and a Si/G-10 detetor. Together theyomprised a quadrant detetor to aid in steering of the undulator-photon beam. They also providedan estimate of the fration of undulator photons that did not enter the ollimator aperture. The PRTsignal was normally attenuated by 40db.Counter Comparisons:. The undulator ux that passed through ollimator C2 was independently measuredby ounters A1 and S1 upstream of the iron-ore solenoid TP2, and the transmitted ux was monitored byounters A2, S2 and alorimeter GCAL. While these detetors measure somewhat di�erent features of thephoton spetrum and had di�erent sensitivities, good orrelation was observed between signals in A1 andS1, as shown in Fig. 19 (a) for a sample of 290 runs during September 2005, and between A2, S2 and GCAL,as shown in Fig. 19 (b).3.4.3. PCAL Bakground Positron MonitorsA set of three 23-r.l.-long Si-W alorimeter units, PCAL, PCALd and PCALe, was plaed above thedump magnet D1, about 10m downstream of the undulator, as shown shematially in Fig. 2, to intereptenergeti positrons from interations of the tails of the primary eletron beam with ollimator C1 or withthe undulator U1. The sensitivity of these alorimeter was a few hundred MeV per ADC ount; thus, theywere sensitive to interations of individual beam partiles. The PCALs were used to monitor the steering ofthe eletron beam through the undulator aperture to minimize bakgrounds in the downstream photon andpositron detetors.3.4.4. Other Bakground DetetorsAssorted other silion detetors, CsI rystals and sintillator paddles were plaed in the experimentalarea for bakground monitoring purposes; they were not essential to the operation of the experiment andthey will not be disussed further.3.5. Positron Transport and DiagnostisPositrons were generated from undulator photons by pair prodution in a 0.81-mm-long tungsten pro-dution target (T1), and subsequently deeted with a double-dipole spetrometer (D2) into the positronanalyzer, as shown in Figs. 3 and 11. A solenoid lens (SL) behind the prodution target inreased the usefulpositron ux. A seond tungsten target (T2) in front of the positron-polarimeter magnet (TP1) reon-verted positrons to photons, so that the positron polarization ould be inferred from that of the photons viatransmission polarimetry. The transmitted, reonverted photons were deteted in an array of CsI rystals.19



Figure 20: Top view of the positron/eletron transport system showing the prodution target T1, the solenoid lens SL, theollimator C3 in the -line, the energy-seletion jaws J and the vauum hamber of spetrometer D2, the positron detetor P1,and the positron reonversion target T2, together with nominal positron trajetories for the design energy seletion of �5%.Additional details of the positron transport are shown in Fig. 20.During the experiment data were taken as a funtion of both the solenoid lens urrent IL and the dipolespetrometer urrent IS. The �ve sets of urrents used for the positron analysis are summarized in Table 4.The lens urrents IL were hosen to obtain maximal positron yield in detetor P1 for eah spetrometerurrent IS. Eletron analysis was performed only for IS = 160A by reversing the spetrometer urrent (butnot reversing the orresponding solenoid urrent). Data were olleted with ferrouid in the undulator onlyfor positrons with IS = 180A.The entral positron energies orresponding to the spetrometer urrents IS were on�rmed by plainga 90Sr soure at the position of the prodution target T1, whih showed that the highest urrent for whih asignal was deteted at ounter P1 (see Figs. 3 and 11) was 52A. The nominal endpoint of the � spetrum was2.752MeV, but after orreting for energy loss in soure windows and spetrometer air it was determined thatEe� = 2:515MeV (pe� = 2:462MeV/) orresponded to a spetrometer urrent of IS = 50:5 � 1:5A. Therange of energies reported in olumn 5 of Table 4 were saled from this result using Eq. (17) to haraterizethe slightly nonlinear dependene of the spetrometer magneti �eld on urrent.3.5.1. Solenoid Lens SLThe solenoid lens SL provided a point-to-parallel transport of positrons from the prodution target T1 tothe entrane of the dipole spetrometer D2. The solenoid oils were four double panakes with 14 radial turnseah, wound using a square opper ondutor with a ross setion of 4:76 � 4:76mm2, an inner, irular20



Table 4: The urrents IS in the dipole spetrometer and IL in the solenoid lens used for positron analysis in the experiment andin the Geant4 simulations (Se. 4). The lens urrents IL were hosen to obtain maximal positron yield for eah spetrometerurrent IS. Eletron analysis was performed only for IS = 160A by reversing this urrent. The entral positron energy Ee+seleted by the spetrometer as simulated with Geant4 is ompared with the values alulated from a alibration with a 90Sr�-soure. The range of energies in olumn �ve reets the unertainty in the determination of the endpoint of the � spetrum.IS (A) IL (A) IL (A) Ee+ (MeV) Ee+ (MeV)expt. expt. Geant4 Geant4 90Sr �100 220 225 4.59 4.42 - 4.84120 260 250 5.36 5.14 - 5.62140 340 300 6.07 5.81 - 6.36160 360 325 6.72 6.45 - 7.06180 374 350 7.35 7.05 - 7.72water hannel of 3.175mm diameter, and a ondutor area of 13.9 mm2. The oil thikness, inludinginsulation, was 44.6mm. The oils were housed in a 1010-iron ux return, about 20mm thik, with overalllength of 88.6mm and outer radius of 106.5mm. The lens arried urrent IL up to 374A, orresponding toa maximum urrent density of 27A/mm2. Cooling water was irulated through the oils with a pressuredi�erential of 5 bar, suh that the operating temperature of the solenoid was only slightly above ambient.Magneti Field:. The magneti �eld of the solenoid lens (and of the spetrometer dipoles) was initiallymodeled with the 3D-ode MERMAID[19℄, whih is based on a �nite-element algorithm that takes intoaount the geometry and the magneti properties of di�erent omponents of a given setup. At the onlusionof the experiment the �eld of the lens was mapped by the SLAC Magneti Measurements group, whomeasured along the z-axis for di�erent x-positions (using a one-dimensional Hall probe, providing only theomponent B0(z) = Bz(r = 0; z). The (x; y; z) oordinate systems used here have the z-axis parallel to the-line (whih tilted downwards at an angle of about 0:3Æ), the x-axis horizontal, and the y-axis (nearly)vertial. A omplete �eld map of the omponents Br(r; z), and Bz(r; z) in the urrent-free spae inside thesolenoid was extrapolated to seond order (assuming azimuthal symmetry) via Maxwell's equations fromthe �eld measured on-axis: Br(r; z) = �r2 �dB0(z)dz � r28 d3B0(z)dz3 � ; (13)B� = 0; (14)Bz(r; z) = B0(z)� r24 d2B0(z)dz2 : (15)The measured and extrapolated �eld maps agree well with a omputation using MERMAID. The parametriza-tion of Eqs. (13){(15) was used in the simulations desribed in Se. 4.3.5.2. Dipole Spetrometer D2The dipole spetrometer D2 was designed to selet and transport a 5% energy bite of positrons (oreletrons) to a seond beamline o�set by 46 m from the -line, suh that positron polarimetry ould bearried out in a low-bakground environment.The spetrometer was a system of two opposite-polarity dipole magnets separated by a 25.4 m driftspae (see also Fig. 20) suh that the total angular deetion was approximately zero while the transversedisplaement was 46.4 m. The resulting \dog leg" beam transport inluded an intermediate fous lose tothe exit of the �rst dipole, at whih point 25.4-mm-thik tungsten jaws were plaed to selet the energy ofthe positrons via remote ontrol of the separation (normally 30mm) of the jaws.The spetrometer ontained a vauum hamber that inluded the prodution target T1, a ylindrialentrane pipe of 36mm inner diameter that passed through the solenoid lens, and a ylindrial pipe of 48mm21
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Figure 21: Pro�le of the vertial magneti-�eld omponent By of the dipole spetrometer vs. x and z in horizontal midplaney = 0.inner diameter at the exit of the spetrometer. The entrane window, upstream of target T1, was 25mm indiameter, and the exit window was 50mm in diameter; both windows were 25-�m-thik stainless-steel foils.The vauum hamber was fabriated suh that the o�set between the entrane and exit pipes was 464mm,rather than 457mm as designed, whih resulted in some oulting of the positron beam by the exit pipe, asdisussed further in Se. 4.3.The magnet poles were mahined as quadrants of a one of radius 20 m and height 3.8 m to providevertial fousing in the entrane and exit fringe �elds. The smallest gap between the poles was 5.33 m,into whih gap a vauum hamber was inserted. Within eah dipole the entral orbit was a irle of radiusR0 � 13:1 m. The tapered magnet gaps resulted in a �eld gradient with a slope fator near the entralorbit n = �R0B0 �B�r � 0:5: (16)The oil of eah magnet pole was wound with 6� 6 turns of the same square opper ondutor used in thesolenoid lens. The two dipoles were energized in series, and the ux of eah magnet passed through theother via iron return-yoke plates above and below the magnet poles.The magnet poles were faed with DEN23 tungsten (Tungsten Produts, Madison, AL, USA) mahinedto the inverse of the shape of the poles. The nominal magneti permeability of the tungsten was less than1.05, but onsisteny between measurements and alulations of the magneti �eld in the spetrometer(see below) indiated that the permeability was lose to 4. This deviation from its design value led tomodi�ations of the beam trajetories in the spetrometer, as disussed further in Ses. 3.5.3 and 4.3.4.Magneti �eld:. The spetrometer magneti �eld was alulated using the MERMAID program[19℄, and wasalso mapped by the SLAC Magneti Measurement group at the onlusion of the experiment. The measured�eld map onsisted of ten parallel (x; y) planes that were grouped into a 3D lattie overing the region fromthe prodution target through the spetrometer to the polarimeter setion. The alulated magneti �eldis in good agreement with the results of �eld measurements. Figure 21 shows the pro�le of By in the (x; z)plane at y = 0.A �eld map was alulated using MERMAID for a spetrometer urrent of IS = 150A. In the absene ofsaturation e�ets the magneti �eld By would hange linearly with the urrent. Hall-probe measurementsof �eld vs. urrent at several loations revealed a nonlinear dependene of the formBy(IS) = a � I2S + b � IS + ; (17)22



Table 5: Fration in perent of partiles observed in the quadrants of detetor P1 for the various spetrometer urrents. � =ferrouid. IS (A) top/left top/right bottom/left bottom/right100 46.8 3.0 46.8 3.3120 45.8 2.6 48.9 2.6140(1) 41.9 3.1 48.2 6.8140(2) 42.3 2.7 52.2 2.9160(e+) 38.2 2.4 56.5 2.9160(e�) 69.7 3.9 23.2 3.2180 34.9 2.8 58.8 3.5180(�) 38.0 2.8 55.8 3.5

Figure 22: Representation of the distributions of positrons at the P1 quadrant detetor listed in Table 5, assuming that thepositrons uniformly populated a half-irular region.with a = �1:684 � 10�6T/A2, b = 1:536 � 10�3T/A and  = 1:841 � 10�3T. At the highest urrent, 180A, the�eld was about 20% less than that expeted for linear behavior. The �eld maps used for urrent IS in thesimulations (Se. 4) were obtained by saling the MERMAID map at 150A by the fator By(IS)=By(150A)aording to Eq. (17).3.5.3. Positron Monitor P1Silion detetor P1 was plaed between the exit window of the spetrometer and the positron reonversiontarget T2 (see Fig. 20) to measure the positron ux and spatial distribution. It onsisted of a single 300-�m-thik layer of silion that was read out in four quadrants. The ounter's sensitivity was about 49 positronsper ADC ount, and typial signals were a few hundred ounts/pulse.Experimental data from the Si-W detetor P1, whih was read out in quadrants, showed that 90{95%of the positrons passed through its left half, as summarized in Table 5 and illustrated graphially in Fig. 22.This was aused by deviations of the spetrometer properties from their design spei�ations, as desribedabove and disussed further in Se. 4.3.4. The distribution of eletrons was shifted upwards with respet tothat of positrons.3.5.4. Positron Reonversion Target T2To determine the polarization of the positrons, they were onverted bak into photons and the po-larization of the latter was measured in a transmission polarimeter based on the iron-ore magnet TP1.A 2-mm-thik tungsten omposite (Densimet D17k, with a nominal omposition of 90.5% W, 7% Ni,2.5% Cu) target, T2, was plaed 12.5mm upstream of the magnet to onvert most of the positrons intophotons, although some positrons were only onverted after they entered the iron magnet.23
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CoilsFigure 23: Sketh of the positron polarimeter. Positrons entered from the left, passing in suession through the exit windowof the spetrometer, the Si-W ounter P1, the reonversion target T2, after whih the reonverted photons passed through theiron-ore magnet TP1 and were absorbed in the CsI alorimeter on the right.3.5.5. Polarimeter MagnetsIron-ore solenoid magnets were employed for the measurement of the photon and (reonverted) positronbeam polarizations aording to Eqs. (11) and (12), where the average longitudinal polarization PFee� of atomieletrons in the iron is related to longitudinal magneti �eld B aording to Eq. (6).The iron ore of the positron analyzer TP1 was 50mm in diameter and 75mm in length, as shownin Fig. 23, while that of the photon analyzer TP2 was 50mm in diameter and 150mm in length. Thesemagnets were fabriated at the Efremov Institute [56℄ based on modeling whih showed that the iron wouldbe saturated over most of the ylindrial ore, as shown in upper part of Fig. 24.Photons traversing the struture outside the ore region were strongly suppressed, as they enounteredmore iron and an additional lead shield (see Figs. 23 and 24).The main parameters of the polarimeter magnets TP1 and TP2 are listed in Table 6. Both magnetswere energized through fast linear ampli�ers[57℄ whih permitted rapid polarity reversal. For transmissionpolarimetry, the �eld diretion was automatially reversed every 5 minutes with a linear urrent ramp over1 seond, as shown in Fig. 25. The nonlinear response was due to eddy e�ets.Magneti Field:. The magneti �eld of the iron was measured and monitored with several pikup oilssurrounding the ore of eah magnet, shown for magnet TP1 in the bottom part of Fig. 24. The indued-voltage signal V (t) = d�=dt, where � is the magneti ux through the pikup oil, upon �eld reversal wasdigitized at a readout frequeny of 50Hz[59℄. An additional pulse with triangular shape from a waveformgenerator with known repetition frequeny was used to alibrate the time sale of these measurements. Anexample of these magneti ux measurements is shown in Fig. 26. An exitation urve of ux vs. urrentis shown in Fig. 27 for the entral ore region of the positron analyzer. The magneti �eld B was obtainedfrom the time integral of the indued voltage, R V dt = � = BA, and the known ross setion area A of thepikup oil. The entral magneti �eld at the operating urrent of �60A was determined in this way to be2.324T for the positron analyzer, and 2.165T for the photon analyzer, with a typial relative measurementerror of 1%.To obtain hBzi averaged over the entire ylindrial ore volume, detailed �eld modeling was performedwith the OPERA-2d ode[58℄. The nominal B-H urve for the soft magnet iron (1010 steel) was adjusteduntil satisfatory agreement with the measured �elds in the pikup oils was obtained. Results of the �eldmodeling of the positron analyzer are shown in Fig. 28, whih plots the longitudinal �eld omponent Bzas a funtion of z for di�erent radii. The enter of the ore is at z = 0, and the end faes are loated at�37:5mm. At the operating urrent of 60A, the ore remained near its entral saturation value Bz(0; 0) =24
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Iron Core Pickup coilsFigure 24: Top: 2d-�eld model in the r-z plane of magnet TP1. Bottom: Horizontal setion of magnet TP1 showing theloation of the pikup oils. The top �gure orresponds to the �rst quadrant of the bottom �gure.
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Figure 25: OPERA-2d [58℄ alulation of the �eld in magnet TP1 for a linear urrent ramp from �60A to +60A over 1 s.25
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Figure 28: Longitudinal �eld omponent Bz in the positron analyzer (modeled with OPERA-2d [58℄) as a funtion of z fordi�erent radial distanes from 0 to 22.5mm. 26



Table 6: Parameters of the polarization analysis magnets TP1 and TP2.Parameter (Unit) TP1 TP2Overall length (mm) 200 275Overall diameter (mm) 392 320Iron-ore length (mm) 75 150Iron-ore diameter (mm) 50 50Length of internal Pb absorber 50 125Overall mass (kg) 175 195Number of oils 2 2Coil length (mm) 49 86Coil inner diameter (mm) 152 152Coil outer diameter (mm) 322 248Number of turns per oil 160 175Condutor dimensions (mm) 4� 4 4� 4Coolant bore diameter (mm) 2.5 2.5Water ooling iruits 4 4Water ow rate (l/min) � 2 � 2Operating urrent (A) �60 �60Power (kW) 1.62 1.37Current reversal time (s) 1.0 1.0Time between reversals (min) 5 5Field Bmaxz at enter (T) 2.324 2.165On-axis mean �eld hBzi (T) 2.071 2.040Air �eld B0 at enter (T) 0.097 0.100Number of pikup oils 3 3Pikup-oil diameter (mm) 48.5 48.5Number of turns per pikup oil 160 160z-Position of pikup oils (mm) 0, �20 0, �57:5DPFee�E (on axis) 0.0736 0.0723�0:0015 �0:0015Bmaxz = 2:324T for muh of its length. Near the exit fae at z = �37:5mm, however, the longitudinal �eldomponent diminished more or less rapidly, depending on the radial distane. This general behavior is alsoapparent in the 2d-�eld distribution shown in Fig. 24. For photons propagating on axis or with a onstantradial o�set, the average hBzi is listed in Table 7.To aount for possible systemati e�ets from fringe �elds on positron or eletron trajetories, a detailed�eld map was also generated for the exterior air spae surrounding the positron analyzer, whih served asinput to simulation studies. Figure 29 shows the magnitude jBj of the fringe �eld in the r-z plane, basedon a omputation of the axial and radial �eld omponents. At the reonversion target (z = 52mm), afringe �eld of 44mT was determined from the model. Further out, it dropped to 1mT at the start of thetrombone-shaped entry throat (z = 100mm), whih was the loation of the positron ounter P1 (Fig. 23).These �eld values have been on�rmed with Hall-probe measurements.The eletron spin polarization PFee� of the iron is proportional to hB � B0i aording to Eq. (6), whereB0 is the \air �eld", due to the urrent in the magnet oils, that would exist in the absene of the iron. Theair �eld B0 was alulated from the known solenoid parameters shown in Table 6, and was about 5% of B.27



Table 7: Field integrals and average eletron polarization of the magnetized iron ore. For the positron analyzer the integrationovered a ylindrial volume of radius r and the full ore length of 75mm along z. For the photon analyzer only the axial asewas evaluated for the full ore length of 150mm.Radius hBzi hBz �B0i hPFee� i(mm) (T) (T)Positron Analyzer TP1r = 0 2.071 1.974 0.0736 � 0.00150 < r � 5 2.046 1.949 0.0726 � 0.00150 < r � 10 2.025 1.928 0.0719 � 0.00150 < r � 15 2.001 1.904 0.0710 � 0.00150 < r � 20 1.977 1.880 0.0701 � 0.00150 < r � 22:5 1.963 1.866 0.0695 � 0.0015Photon Analyzer TP2r = 0 2.040 1.940 0.0723 � 0.0015

Figure 29: The magnitude jBj of the fringe-�eld distribution in the �rst quadrant of the r-z plane of the positron analyzer TP1(bottom part of Fig. 24), as modeled with OPERA-2d [58℄.As the air �eld varied in the ore region by less than 11% from its entral value, it was suÆient to use aonstant air-�eld orretion with a systemati error of less than 0.5% in PFee� .The polarization of atomi eletrons in iron was alulated from the measured magneti �elds aordingto Eq. (6) as PFee� = 0:03727hB [T℄ � B0 [T℄i, with results summarized in Table 7. On axis, the averageeletron polarization was 0:0736� 0:0015 for the positron analyzer TP1, and 0:0723� 0:0015 for the photonanalyzer TP2. The errors reet unertainties in the �eld measurements and �eld modeling. Away fromthe axis there was a slight drop in the average polarization, as detailed in Table 7 for the positron analyzer.For the photon analyzer only the on-axis �eld was relevant, sine the beam was narrowly ollimated in thatase.Although the average PFee� over the iron ore of magnet TP1 was known to � 0:0015 (Table 7), the28



Table 8: Parameters of the CsI(Tl) rystals.Thallium (dopant) 0.08mol%Light yield 4000{5500 photons/MeVPeak emission wavelength 550 nmLength 280mm (15.11 r.l.)Height 60mmWidth 60mm
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Figure 30: The photoeletron yield per MeV vs. longitudinal position for the nine CsI(Tl) rystals.systemati unertainty was taken to be �PFee� = 0:0021 (i.e., 3%) to aount for unertainties in theknowledge of the spatial distribution of the photons within the ylindrial ore.3.5.6. The CsI(Tl) CalorimeterThe total energy of eah pulse of photons that emerged from the analyzer magnet TP1 after the positronreonversion target T2 was measured by a CsI(Tl) alorimeter (shown in Figs. 3, 11, and 23) made of ninerystals arranged in a 3�3 array.Crystals:. The most important properties of the rystals (supplier: Monokristal Institute, Kharkov, Ukraine)are summarized in Table 8. The homogeneity of the light yield was tested[60℄ by moving a 60Co soure alongthe sides of the rystals and analyzing its spetrum. From 14 measured points per rystal the homogeneityof eah rystal was found to be within 10% of the average in most ases, with some exeptions (Fig. 30).The average light yield of the nine rystals was found to vary between 4000 and 5500 photons per MeV ofdeposited energy. This variation was aounted for in the alibrations of the individual rystals.Mehanial Assembly:. Eah rystal was wrapped with two layers of white Tyvek paper, whih provideddi�use reetions at the rystal walls and inreased the sintillation light olletion. To avoid ross-talkbetween the rystals, eah one was additionally wrapped with a thin opper foil (30�m) whih also atedas an eletromagneti shield. The wrapping aused about 1.2mm of dead spae between the rystals. Therystals were staked with the use of plasti spaers inside a brass hamber with 6mm wall thikness. Thefront wall, faing the analyzer magnet, was thinned down to 2mm in the sensitive area. The box waslight-tight but not air-tight (a hygrosopi material inside the box kept the humidity low).29
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Figure 31: Sheme of the readout eletroni hain: photodiode, preampli�er, UMass board, summing ampli�er and ADC.Ninety perent of the energy of the reonverted photons was deposited in the entral CsI rystal, so therystal with the highest light yield was plaed in the enter of the array. The next-best-quality rystals wereused as the four neighbors of the entral rystal, and the four orner rystals had the lowest quality.Eletroni Readout:. The front end of the eletroni readout of the sintillation light (Fig. 31) was adaptedfrom the BaBar experiment[61℄. A module of two photodiodes (alled A and B in Fig. 31) with a totalative area of 20�20mm2 was oupled to the rystal via a thin polystyrene plate using an optial grease.The PIN diodes (Hamamatsu model S2744-08) were operated with a reverse bias voltage of �50V with theathode grounded. Typial values for the dark urrent of 3 nA and a apaitane of 85 pF for the doubletwere reported by the manufaturer. The signals from eah diode were fed into harge-sensitive preampli�ers,eah with two bipolar outputs, one with low gain (LG, gain 1) and the other with high gain (HG, gain 8).These bipolar signals were fed via at ables (about 1m long) onto the so-alled UMass board (adaptedfrom a BaBar rystal test setup) whih drove a total of 72 oaxial ables (one for eah polarity of the bipolarsignals) over a length of 80m from the FFTB tunnel to the ounting room. There, a summing ampli�er(ustom made for this experiment) ombined the two polarities of eah signal by adding the inverse of thepositive signals to the negative ones, and by adding the signals with the same gains from diodes A andB of a rystal. The resulting 18 pulses were attenuated by 40dB and then digitized by three, 8-hannel,harge-integrating ADCs (CAEN model V265). The digital output of eah ADC hannel was two 12-bitwords, where the seond word was obtained from digitization of the input signal with 8 times higher gain,orresponding to 15-bit resolution over the range of the 12-bit word. Thus, digitized signals from eah CsIrystal were reorded for four resolutions, designated as LG-LS (Low Gain - 12 bits), LG-HS (Low Gain -15bits), HG-LS (High Gain - 12 bits), and HG-HS(High Gain - 15 bits). However, in the �nal analysis onlythe 12-bit-resolution data taken with low gain (i.e., LG-LS) were used.30
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(b)Figure 32: Examples of alibration spetra from CsI rystal 8. (a): Cosmi-muon spetrum (40 dB attenuation); (b): 228Thspetrum (20 dB attenuation). The pedestal hannel was 1160.Energy Calibration:. The typial energy deposition in a CsI rystal by photons from reonverted positronswas a few hundred MeV per eletron-beam pulse.Prior to data taking with beam, alibration onstants for the alorimeter were obtained from high-statistis spetra of osmi-ray muons using HG-HS resolution, as illustrated in Fig. 32(a). They wereon�rmed for the outer eight rystals via 228Th deays (2.861MeV photo peak) at the same resolution butwith only 20dB attenuation of the signals (Fig. 32(b)). A more aurate alibration proedure based onhigh-statistis osmi runs and pedestals aumulated over nine weeks, as well as measurements using a testbeam with energy up to 6GeV at DESY, is desribed in[62℄.The osmi muons were triggered by a telesope of two sintillation ounters. The osmi signal in eahrystal was well separated from the pedestal in both low gain and high gain. Figure 32(a) shows the osmipeak in rystal 8 �tted by the sum of an exponential and a Gaussian funtion. The alibration onstantswere derived from the individual rystal alibration in the high-sensitivity hannels, and then saled down bya fator of 8 for the low-sensitivity hannels. Using the thorium alibration, the osmi peak was determinedto orrespond to about 40MeV. This is in good agreement with Geant4 simulations whih predited anenergy deposition of 39.7MeV for osmi muons, taking into aount the angular spetrum of osmi raysand the aeptane of the trigger telesope.The alibration onstant for the entral CsI rystal was 1.74MeV per ADC ount at LG-LS resolution.3.6. Data-Aquisition SystemThe data-aquisition-system (DAQ) hardware and software are desribed in Ses. 3.6.1 and 3.6.2. Thedata-taking runs are disussed in Se. 3.7 and the data-�le struture is reviewed briey in Se. 3.8.The DAQ was entered around a desktop omputer (WinXP) with IO onnetions via PCI busses to aVME system and an IO register for the trigger logi and a GPIB bus onneting a CAMAC rate (Fig. 33).A ustom LabVIEW software pakage monitored and ontrolled the subsystems of the experiment as wellas the data aquisition and storage, and provided an interfae to the SLAC aelerator ontrol system.3.6.1. DAQ HardwareThe DAQ hardware other than the omputer omponent onsisted of three major omponents: the digitalIO register, the trigger logi, and the digitizing eletronis.Digital IO (DIO) Register:. This subsystem onsisted of a National Instruments model PCI-DIO-96 in-terfae, onneted via ribbon ables to onnetor bloks (model PXI-6508). The onnetor bloks were31
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Figure 33: Layout of the DAQ hardware.integrated into a ustom path panel that had two groups of 16 LEMO onnetors eah, one for 16 inputsignals/bits, and the other for 16 output bits. Input bit 15 was used to notify the DAQ software when atrigger had been generated in the NIM trigger logi, while six output bits were used to selet options forthat logi, as shown in Fig. 34.Trigger Logi:. This hardware subsystem was implemented using NIM eletroni modules, and generated theDAQ software trigger, the ADC gates, and the undulator trigger assoiated either with the SLAC eletronbeam, or with three types of non-beam events,Cosmi Ray Trigger, for studying CsI detetor performane and alibration.Radioative Soure Trigger, for diagnostis and alibrations of the CsI detetor.Pulse Generator Trigger.Triggers assoiated with the eletron beam were based on �ve signals (Mahine Triggers) with di�erent timingrelative to the arrival of the beam pulse at the experiment,Mahine Trigger 1 generated a DAQ software trigger and ADC gates in time with the eletron beam pulse.Mahine Trigger 2 generated a DAQ software trigger with ADC gates out of time with the eletron beampulse (and was not ordinarily used).Mahine Trigger 3 ame 11�s before the eletron beam pulse to trigger the undulator power supply suhthat its peak urrent was in time with the eletron beam pulse.Mahine Trigger 4 ame 50�s after the eletron beam pulse to trigger the undulator power supply suh thatits peak urrent was out of time with the eletron beam pulse.Mahine Trigger 5 ame 900�s before the eletron beam pulse to reset the undulator trigger logi prior toan eletron beam pulse.DIO output bits 1{4 seleted the DAQ software trigger and ADC gates to be from one of the three non-beamtriggers or Mahine Trigger 1 or 2. The NIM logi for this was reset by DIO output bit 0 at the end of thedata aquisition for eah triggered event. DIO output bit 5 seleted the undulator pulse to be in or out oftime with respet to the eletron beam.During prodution data taking the DAQ software trigger and the ADC gates were derived from MahineTrigger 1, while the undulator was pulsed in and out of time with respet to the eletron beam on alternatebeam pulses by Mahine Triggers 3 and 4. 32



Figure 34: Trigger logiDigitizing Eletronis:. Two external bus systems were used:VME. National Instruments models PCI-MXI-2 and VME-MXI-2 interfaed the VME system to the DAQomputer. The VME rate ontained three 8-hannel V265 ADC modules from CAEN, one VSAMmodule from BiRa Systems, one VME-CAN2 module from ESD, and one DVME-626 module fromDATEL. The VME-CAN2 module reorded voltage transients indued in the pikup oils upon polarityreversal of the polarimeter magnets TP1 and TP2. The DVME-626 DAC module set the undulatorexitation voltage.GPIB. A National Instruments PCI-GPIB interfae was used to drive the GPIB bus. A Kineti Systemsmodel 3988 CAMAC rate ontroller interfaed the CAMAC rate to the GPIB bus. The CAMACrate ontained a LeCroy model 2341A Lath Register, three LeCroy model 2249W 11-bit, hargeintegrating ADCs, and two LeCroy model 2259B 11-bit, peak-sensing ADCs.3.6.2. DAQ SoftwareThe DAQ software onsisted of several programs written with the use of National Instruments LabVIEWversion 7.2. These were exeuted on an Intel Pentium 4 CPU desktop omputer operating under MirosoftWindows XP. The ativities of these programs were oordinated and they ommuniated with eah other viaa set of global variables. Their aess to ommon resoures was oordinated using semaphores. One programwas oded with the C++ programming language and provided a onnetion to the SLAC aelerator ontrolsystem. The software set onsisted of the following: 33



Main DAQ. This program initialized parameters prior to data olletion, started, paused, resumed (aftera pause) and ended data olletion. During data olletion it read out the detetor data from thedigitizing eletronis after a trigger, all of whih data was written to a disk �le and some of whih wasmonitored via various online displays.High Voltage. This program ontrolled and periodially monitored the high voltage (HV) subsystem, whihpowered the silion detetors GCAL, P1, S1 and S2, the CsI photodiodes, and photomultiplier tubes ofthe aerogel Cherenkov A1, A2, and other detetors.Smart Analog Monitor (SAM). This program periodially read a 32-hannel VME module to whih slowlyvarying signals were attahed, and also displayed and reorded these signals.Aelerator Control Data Base Monitor. This program transferred various slowly varying parameters from theaelerator ontrol database for online display and reording in a data �le. An EPICS-hannel-aessmehanism implemented retrieval of data from the data base.Magnet Reversing Control. This program, written in C++, issued requests to the SLAC Aelerator ControlSystem to reverse the polarity of the analyzer magnets.Several other programs were employed for infrequent ontrol funtions and for diagnosti purposes.3.7. Data RunsPositron data were olleted during two run periods in June and September 2005 at �ve sets of spe-trometer/lens urrents (Table 4). Eletron data were olleted only at one set of spetrometer/lens urrents.For eah of the spetrometer settings a number of Super runs was taken. One Super run onsisted of 10yles with 3000 eletron beam pulses (events) eah at a 10Hz repetition rate, with the undulator pulsein time with only every other beam pulse. Thus, half of all reorded events were \signal" (undulator intime) and half were \bakground" (undulator out of time). In an automated proedure the polarity ofthe positron- and photon-polarimeter magnets TP1 and TP2 was reversed before eah yle by the MagnetReversing Control program.The main DAQ program allowed seletion of run types from a drop-down menu.Patterned: In this run type the timing between eletron beam pulses and undulator pulses was ontrolledby a software-oded pattern, usually with the undulator pulsed in time with every other eletron-beampulse.Pedestal: In this type of run Mahine Trigger 1 was used to aumulate a spei�ed number of ounts foreah ADC hannel. However, the eletron beam was bloked in the SLAC beam swithyard, upstreamof the FFTB, to establish the beam-o� state (pedestals) of the data-aquisition system. At the end ofa run, the average value was alulated for eah hannel. These values were used in subsequent runsfor subtrating ADC pedestal values in the online displays.Simple: In this type of run the undulator was pulsed in time with every eletron beam pulse.Speial: This run type exeuted the Magnet Reversing Control program, and also reorded the urrents inthe polarimeter magnets at 50Hz via pulse-generator triggers.Test: This run type allowed manual seletion of the trigger soure for test purposes.Super: This run type onsisted of a seletable number of yles, usually 10, where eah yle onsisted of aSpeial run followed by a Patterned run. 34



3.8. Data-File StrutureData from eah run were written to ASCII disk �les. Following a Begin Run reord, a string of digitizeddata from the readout eletronis modules was written for eah event. The bulk of the data in the �leame from the eletroni modules digitizing the detetor data. In eah event string, the detetor data werepreeded by �ve words:1. Data Type Marker - to identify the soure of a data string (detetors, high voltage, aelerator data,pedestals, et.).2. Run Type - to distinguish among the �ve run types (other than a Super run) listed above.3. Event Number - a sequential number labeling onseutive events. This number also identi�ed whihyle within a Super run the data belonged to.4. Relative Time - the integer time in ms of the event with respet to the run start time. For this it ouldlater be determined if any triggers were missing (not proessed) due to the DAQ omputer being busy.5. DIO Register - a 16-bit pattern used to tell whih trigger soures were used for the event.In addition to the detetor data, other data strings suh as HV data, SAM data, et., were written todisk asynhronously. Eah type of non-detetor data string was identi�ed by a distint Data Type Marker.4. SimulationAnalysis of the energy dependene of the positron or eletron polarization Pe� from measurementsby polarimeter TP1, and preditions for asymmetries in the photon polarimeter TP2, required detailedsimulations of the experiment.The alulation of the analyzing power for positron polarimetry was rather omplex, as it had to inludesimulations of the undulator, the olletion- and the spetrometer-system, as well as the polarimeter magnet.These simulations were performed using the Geant4 ode [21, 22℄, starting with version 6.2, whih wasextended to inlude all eletromagneti proesses needed for spin-dependent transport of partiles throughmatter, as disussed in Se. 4.1. The spin-dependent extensions are available in Geant4 from version 8.2[23℄ onwards.The simulation proedure for positrons (eletrons) was performed in four independent steps, where eahsubsequent step used the output of the previous one as its input:� Generation of undulator photons with the appropriate spetrum and polarization, Se. 4.2.1,� Conversion of undulator photons to eletrons and positrons in the prodution target T1, Se. 4.2.2,� Transport of positrons (eletrons) through the magneti �eld of the spetrometerD2 to the reonversiontarget T2, Se. 4.3,� Reonversion of positrons (eletrons) to photons in the reonversion target T2 and transport of photons(and other partiles) through the polarimeter magnet TP1 to the CsI alorimeter, and determinationof asymmetry Æ of energy deposition with respet to the magnet polarity, see Se. 4.4.The analyzing powers Ae� were determined from the simulated asymmetries Æ aording to the inverse ofEq. (12) for the di�erent spetrometer settings in the experiment.Simulations relevant to the photon polarimeter TP2 were arried out with a ombination of softwaretools that inluded semi-analyti alulations, modi�ed versions of Geant3, and parametri modeling. Asthe undulator radiation provided a broad distribution of photon energies, the alulation of asymmetriesrequired a onvolution over energy-dependent detetor eÆieny, analyzing power, and photon polarization.However, in ontrast to the positron ase, the transmitted photon beam was narrowly ollimated. Thus,it was suÆient to onsider only �rst-generation-sattering events in the iron, whih simpli�ed the taskonsiderably, as desribed in Se. 4.5. 35



Table 9: Parameters for the simulation of the undulator radiation.Parameter ValueEletron beam energy Ee 46.6GeVUndulator period �u 2.54mmK-value 0.19Energy E1 of �rst harmoni 7.9MeVNumber of harmonis alulated 3Total number of photons per e� 0.43m�1Total radiated power 1.76MeV/mTable 10: The Fration Nn=N of undulator photons in the �rst three harmonis and their uto� energy En for K = 0:19.Harmoni number n Nn=N En (MeV)1 0.9584 7.92 0.0396 15.73 0.0020 23.54.1. Simulation of Polarization in Geant4The polarization dependene of the following proesses has been aounted for in the simulations of theexperiment:� Compton sattering,� Bhabha and M�ller sattering,� Photoeletri e�et,� Pair reation and annihilation,� Bremsstrahlung.Polarization e�ets were negleted for low-energy harged partiles with less than 200 �m remainingrange.The polarization states of partiles are desribed in Geant4 by Stokes vetors, and polarization trans-fer from an initial to a �nal state is represented by a linear transformation of the orresponding Stokesvetors[42℄. A detailed desription of the implementation of the transfer-matrix formalism for all relevantproesses an be found in[24, 60℄.4.2. Prodution of Positrons and Eletrons in the Target4.2.1. Radiation of the Helial UndulatorThe photon spetrum of undulator radiation has been disussed in Se. 2. Table 9 summarizes theparameters used for the simulation of the undulator radiation. Only the �rst three harmonis of the photonspetrum have been inluded in the simulation. The relative ontributions of these harmonis to the totalundulator radiation are shown in Table 10; harmonis higher than the third ontributed approximately 10�4of the total number of photons in this experiment.In the simulation of the positron polarimeter the K-value of the undulator was assumed to be 10%higher than its design value listed in Table 3 of Se. 3.2. While this slightly modi�ed the predited positronand eletron rates at high-energy settings of the spetrometer, the impat on the analyzing power, andonsequently on the polarization results, was negligible.36



Table 11: Parameters used in the simulation of positron prodution and transport.ProdutionUndulator-photon beam shape 3-mm-diameter ylinderProdution-target material Tungsten omposite W-4Ni-3Cu-3FeProdution-target thikness 0.81mm (0.2 r.l.)Geant4 equiv. energy uto� 200�m remaining path lengthTransport through solenoid SL and spetrometer D2Vauum-pipe diameter (solenoid) 36mmVauum (in vauum hamber) 10�3 TorrEnergy-seletion slit width 30mmSolenoid �eld map SLAC measurementSpetrometer �eld map MERMAID alulationMagneti �eld (implementation method) 3-D linear interpolationTraking step length (in magneti �eld) 100�mTransport from exit window of spetrometer to target T2Exit-window diameter 48mmReonversion-target material TungstenReonversion-target thikness 1.75mm (0.5 r.l.)Reonversion-target diameter 50mmGeant4 equiv. energy uto� 200�m remaining path length4.2.2. Prodution of Polarized Positrons and EletronsThe photons generated by the undulator were simulated as striking the prodution target T1 uniformlyover a irle 3mm in diameter, orresponding to the aperture of ollimator C2. Although the ore of thephoton beam was onsiderably smaller than this (see Se. 3.1, the position of the beam varied from run torun suh that a uniform spatial distribution at ollimator C2 was a good approximation. Table 11 lists theparameters used in the Geant4 simulation of the generation of eletrons and positrons in the target.Positrons were produed in target T1 by  onversion to e+e�, after whih they interated in the tar-get through Bhabha sttering, annihilation, Bremsstrahlung, ionization, and subsequent asade proesses.Eletrons were produed by Compton sattering and the photoeletri e�et in addition to pair prodution.For the onditions of this experiment, the total eletron yield at the exit of the target was a fator 2.2higher than that of positrons: Y 2�e+ = 0:0085 and Y 2�e� = 0:0187 per inident photon. Beause of subsequentinterations in the target, these yields were muh smaller than the 10.5% of the primary photons that wereonverted into eletrons and positrons.Figure 35 shows the simulated energy distributions of eletrons and positrons. The expeted longitudinalpolarization of positrons and eletrons at the exit of the prodution target T1 was essentially the same asthat for the same set of partiles at the reonversion target T2 (see Se. 4.4), and the latter is shown inFig. 41. For prodution by �rst-harmoni photons (maximum energy E1 = 7:9MeV), the maximal totalenergies of the positrons and eletrons wereEmaxe+ = E1 �m2 = 7:4MeV; (18)Emaxe� = E1 +m2 = 8:4MeV; (19)noting that the maximal-energy eletrons were generated by the photoeletri e�et. Figure 36 shows theenergy distribution of the eletrons for the di�erent proesses; the frational ontributions of the eletron-prodution proesses in the prodution target are given in Table 12.The energy, angular distribution and polarization of the positrons (eletrons) at the exit fae of theprodution target were used as input for the next step desribed in the following setion.37
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Figure 38: Simulated positron-energy spetra at the exit of the spetrometer (position A of Fig. 20), at the detetor P1 (positionB), and at the reonversion target T2 (position C) for the �ve spetrometer urrents, (a): IS = 100 A, (b): IS = 120 A, ():IS = 140 A, (d): IS = 160 A, (e): IS = 180 A.Spetrometer Magneti Field:. In the simulation, the MERMAID �eld map desribed in Setion 3.5.2 wasimplemented using a three-dimensional linear interpolation on a ubi grid. The magnitude of the �eld wasrelated to the spetrometer urrent IS aording to Eq. (17).4.3.3. Energy Seletion by the SpetrometerThe spetra of positron energies at the reonversion target T2 as seleted by the movable tungstenjaws J in spetrometer D2 was simulated for the �ve spetrometer urrents IS, as shown in Fig. 38. Whilethe eÆieny of the positron transport was sensitive to the urrent IL in the solenoid lens, the shape of thetransported energy spetra depended only slightly on this urrent. The resulting dependene on spetrometerurrent of the entral energies of positrons transported to the reonversion target T2 is listed in Table 4.4.3.4. Positron Transport Near Detetor P1As disussed in Se. 3.5.2 the vauum hamber was inadvertently onstruted with the exit port 6.3mmfurther away from the -line than alled for in the magnet design. Moreover, the presene of unsuspetedmagnetism of the tungsten that faed the iron pole piees led to a deviation of the positron paths from theirdesign trajetories. In onsequene the emergent beam from the vauum hamber was not entered on theaxis of the polarimeter magnet. The energy seletion resulted from a ombination of the jaws setting andthe aperture of the spetrometer exit tube.The horizontal asymmetry of the positron distribution at detetor P1 (Se. 3.5.3) was on�rmed qual-itatively by simulations shown in Fig. 39, where ideally the positrons would be entered on x = 0 at thespetrometer exit (urve A), at the detetor P1 (urve B) and at the reonversion target T2 (urve C); seealso [60℄. 40
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Figure 39: Simulated distributions of positrons along the x- and y-axis at the exit of the spetrometer D2 (A), at the detetorP1 (B) and at the reonversion target T2 (C) for spetrometer urrent 140A.Table 13: The analyzing powers Ae� for eletrons and positrons in the entral CsI rystal at di�erent spetrometer urrentsIS. IS (A) Ee� (MeV) Ae+ ��Ae+ Ae� ��Ae�100 4.59 0:1498� 0:0016 0:1371 � 0:0018120 5.36 0:1563� 0:0015 0:1417 � 0:0016140 6.07 0:1616� 0:0014 0:1469 � 0:0015160 6.72 0:1651� 0:0013 0:1528 � 0:0014180 7.35 0:1686� 0:0013 0:1557 � 0:00144.4. The Positron PolarimeterPositrons that struk target T2 were reonverted into photons, some of whih passed through the iron-ore polarimeter magnet TP1 and were absorbed in the CsI(Tl) alorimeter, as desribed in Se. 3.5. The uxof photons in the alorimeter depended on the polarization of the positrons (as well as that of the eletronsin the magnet iron). The spatial, momentum and polarization distributions of positrons at the reonversiontarget from the preeding simulations were the input for the simulation of the positron polarimeter.4.4.1. The Analyzing PowerBy reversing the polarity of magnet TP1 an asymmetry Æ, de�ned in Eq. (8), in the energies observed inthe nine CsI rystals was obtained. The analyzing power Ae� for positron (eletron) polarization is givenby Ae� = ÆPe�PFee� ; (20)where Pe� and PFee� (= 0:069�0:002) are the positron (eletron) longitudinal polarization and the polarizationof the eletrons in iron, respetively. To improve the statistial signi�ane of the simulation, the positronpolarization as well as the absolute polarization of the iron absorber were set to 100% and the results saledto the atual polarization values. The results are shown in Fig. 40 as a funtion of eletron and positronenergy. The analyzing power di�ered slightly for the individual rystals in the CsI(Tl) alorimeter, due totheir di�erent geometrial aeptane. The analyzing power for the entral rystal is listed in Table 13 forthe various spetrometer urrent settings; the unertainties were due to limited statistis in the simulation.The systemati unertainty on the simulation of the analyzing power was estimated to 7% by varyingthe Geant4 physis parameters within their allowed range.41
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Energy (MeV)Figure 40: The simulated analyzing power Ae� of eah of the nine CsI rystals for positron and eletron polarization.4.4.2. The Asymmetries Æ and the Polarizations PThe asymmetries Æ in the energies observed in the rystals of the CsI alorimeter on reversal of thepolarity of magnet TP1 was predited from the simulated polarization Pe� of positrons (eletrons) after theprodution target (see Se. 4.2) and the analyzing power Ae� ,Æ = Ae�Pe�PFee� : (21)Figure 41 shows the simulated polarization of positrons (eletrons) after the prodution target, together withthe analyzing power in the energy range 2.0{9.5MeV. The asymmetries Æ expeted in the entral CsI rystalare shown in Fig. 42, where the results of a simulation of an ideal penil-like beam are also presented.4.5. The -Line4.5.1. Photon SpetraThe simulation of the -line was arried out with two speial simulation tools based on Geant3, as mod-i�ed to inlude polarization-dependent absorption ross setions. The �rst of these generated the undulator-photon spetrum through third order in the undulator-strength-parameter K, and orreted the spetrumfor absorption in the prodution target T1, the inident-ux detetors A1 and S1, the magnetized-iron po-larimeter TP2, and the transmitted-ux detetors A2, S2, and GCAL. The ode allowed separate examination42
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Figure 41: The simulated polarization Pe� of positrons/eletrons at target T2 and the respetive analyzing powers Ae� in theentral CsI rystal as a funtion of partile energy.
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Figure 42: Simulations of the asymmetries Æ, Eq. (8), of the energies observed in the entral CsI rystal on reversal of thepolarity of magnet TP1 as a funtion of positron/eletron energy for the experimental beam and for a penil beam.of ontributions from Compton sattering, pair prodution, and the photoeletri e�et. It also inorpo-rated the response funtions disussed in Se. 4.5.2 to alulate the signal generated in eah detetor by thepassage of the photon beam. The program did not treat e�ets of beam divergene or ollimator aeptane.Figure 43 shows photon spetra N(E) as simulated by this program at the exit of the undulator, atdetetor S1, and inident on the polarimeter magnet TP2, assuming a �rst-order uto� energy of E1 �7.9MeV (K � 0:17) and that the prodution target T1 was 0.81mm of tungsten alloy. The loss of photonsat very low energies (and large angles) in the �rst simulation was due to absorption in the produtiontarget T1, whih also removed 10% of photons of all higher energies. Another 16% of the photons wereabsorbed in the 0.5-mm-thik tungsten onvertor of detetor S1 and in 1 m of aluminum in detetor A1before the beam reahed magnet TP2. Figure 44 shows the predited photon spetrum at ounter S2behind polarimeter magnet TP2 for both states of polarization of the iron, assuming eletron polarizationPFee� = 7:23% (Table 6). The magnet iron redued the photon ux by a fator of � 50. The relative numberof photons and the relative total energy in the photon beam at various omponents along the -line aresummarized in Table 14; not inluded are possible losses in ollimators C2-C4.The seond simulation tool folded the beam emittane with the undulator spetrum to examine the43



0

50000

100000

0 2 4 6 8 10

N
um

be
r 

of
 P

ho
to

ns

Energy (MeV)

Undulator exit
Detector S1
Magnet TP2

Figure 43: Simulated photon spetra N(E) at the exit of the undulator, at detetor S1, and inident on polarimeter magnetTP2.

0

1000

2000

0 2 4 6 8 10

N
um

be
r 

of
 p

ho
to

ns

Energy (MeV)

+ polarity
- polarity

Figure 44: Simulated spetra N(E) of photons at detetor S2 for both polarities of magnet TP2.Table 14: Results of a Geant3 simulation of the relative number of photons, their relative total energy, and the average energyper photon at the upstream fae (exept as noted) of various -line omponents. In this simulation the photon beam inidenton target T1 was the same as that at the exit of the undulator. Beyond TP2 results are reported for both polarities of thatmagnet. Component Photon Total hEnergyi pernumber energy photon (MeV)Target T1 1.000 1.000 4.116Exit of T1 0.895 0.939 4.316Detetor S1 0.881 0.927 4.332Detetor A1 0.835 0.888 4.380Magnet TP2 0.739 0.807 4.494Detetor A2 (+) 0.01406 0.02010 5.885A2 (�) 0.01334 0.01880 5.802Detetor S2 (+) 0.01280 0.01840 5.912S2 (�) 0.01214 0.01720 5.831Detetor GCAL (+) 0.01229 0.01765 5.909GCAL (�) 0.01165 0.01650 5.82844
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Table 15: Simulations of the transmission of photons from the undulator though detetors S2 and GCAL, normalized to thephoton ux at detetor S1, and of the signal asymmetries with respet to the polarity of magnet TP2 in detetors A2, S2, andGCAL. Detetor TransmissionS2(+)/S1 0.0202S2(�)/S1 0.0189Average 0.0195GCAL(+)/S1 0.1366GCAL(�)/S1 0.1274Average 0.1320AsymmetryA2 0.0363S2 0.0339GCAL 0.0347199.5 (46 dB), suh that one ADC ount for S1 orresponded to 283,000 photons.Although detetors S1 and S2 were idential in onstrution, the energy spetra of inident partileswere quite di�erent and the unattenuated sensitivity of S2 was about 950 photons/ADC ount; and thatof GCAL about 135 photons/ADC ount. In the experiment the S2 signal was attenuated by a fator of 10(20 dB) and that of GCAL by 100 (40dB). For the PRT detetors, assuming that the inident spetrum wasan undisturbed undulator spetrum, the sensitivity was 860 photons/ADC ount and the attenuation usedwas 316.2 (50 dB). For the PCAL detetors, whih monitored positrons of GeV energy, the unattenuatedsensitivity was about 600 MeV/ADC ount. The attenuation was 40, 50, and 70dB for PCAL, PCALd, andPCALe, respetively. The A1 and A2 Cherenkov ounter sensitivities were obtained by omparison with theS1 and S2 signals shown in Fig. 19.4.5.3. Transmission Ratios and AsymmetriesThe �rst Geant3 simulation (Se. 4.5.1), whih inluded the response funtions R(E) for detetors S1,S2, and GCAL and the orresponding spetra N(E) of inident photons, was used to alulate the signaltransmission ratios S2/S1 and GCAL/S1 for both polarities of polarimeter magnet TP2, and the transmissionasymmetries Æ of Eq. (8), as shown in Table 15. A reliable alibration was obtained for the absolute responseof the silion detetors, but not for the Cherenkov detetors, so simulation of transmission ratios was possibleonly for S2 and GCAL relative to S1. For detetor A2 only the transmission asymmetry Æ was simulated,assuming a Cherenkov uto� of 3.8MeV and a response proportional to 1� 1=n2�2 above threshold.5. Bakground StudiesTwo lasses of bakgrounds were studied: those assoiated with the primary eletron beam; and thoseassoiated with energizing the undulator.5.1. Bakgrounds Related to the Primary Eletron BeamBakgrounds assoiated with the primary eletron beam were due to seondary partiles that reahedvarious detetors from eletromagneti showers of partiles in the tails of the primary beam, as well as dueto baksplash from the interation of the primary beam with the dump at the end of the FFTB. Thesebakgrounds were mitigated by protetion ollimators prior to the last \dogleg" bend in the FFTB, and byextensive lead shielding between the experimental detetors and undulator, and also between the detetorsand the beam dump.The major soure of eletron-beam-related bakgrounds was interation of the tails of the beam withthe protetion ollimator C1 (0.71mm in aperture and 6.35 m long; see Se. 3.1) and with undulator bore46



Table 16: Comparison of rates in ADC ounts for the signals (after orretion for attenuation) in various detetors for tworuns, No. 1702 with undulator out, and No. 2803-5 with the undulator inserted but energized out of time with the eletronbeam. Detetor Undulator Undulator inremoved but out of timeA1 0.7 81.6A2 0.2 61.2CsI 11.6 71.3GCAL 17.9 16725.2P1 0.1 -0.2PCAL -0.1 7287.3PCALd -0.4 17590.2PCALe 0.0 24740.4PRTleft 1.2 23171.0PRTright -10.4 3308.4PRTtop 47.5 7807.4PRTbottom -5.5 3962.2S1 35.5 1178.6S2 0.1 425.1tube (0.9mm in aperture and 1m long). This was on�rmed by omparison of rates in normal data runswith those in oasional runs with ollimator C1 and the undulator moved out of the eletron beam and a2.5-m-diameter bypass vauum pipe inserted in the beam using an artiulated mover, skethed in Fig. 11.Table 16 ompares the responses of various detetors, normalized to a beam intensity of 3 � 109 e�/pulse, fortwo suh runs.In the absene of the undulator, the rates were small and we were unable to asertain the relativeontribution from interations of the eletron beam with material upstream and downstream of the loationof the undulator. In partiular, the level of bakground due to baksplash from the eletron beam dumpwas very small and no orretion was made for it in the data analysis.When the undulator was in plae, but not energized in time with the eletron beam, the rates inreasedslightly in the two detetors of the positron polarimeter, CsI and P1, whih were displaed by 464mm fromthe -line. In ontrast, the rates in detetors along the -line (inluding the PCAL) inreased by fators ofseveral hundred when the undulator was introdued.Seondary photons from interations of the tails of the eletron beam with the undulator followed apath similar to undulator-generated photons and were the main soure of bakground rates in the various-line detetors. Seondary eletrons from interations in the undulator (or material upstream thereof)were deeted downward by the dump magnet string D1 (Fig. 2) and were largely absorbed in the magnetyokes or in the lead shielding (shown in Fig. 11) upstream of the detetors. Seondary positrons weredeeted upwards and ould have reated minor bakgrounds in the -line detetors via tertiary partilesfrom interations with the eiling of the FFTB tunnel; this may have been the major soure of bakgroundin the CsI detetor.The large rates in detetors S2 and GCAL downstream of polarimeter magnet TP2 were due to low-energypartiles from showers of high-energy bakground photons in the magnet iron. These low-energy partileswere not observed in Cherenkov ounter A2 whih threshold was about 4MeV.The energy observed in the PCAL detetors was largely due to high-energy positrons from interationsof primary eletrons with ollimator C1 and the undulator bore tube. From this energy it was estimatedthat only about one beam partile in 105 so interated.During normal data olletion, bakgrounds assoiated with the tails of the primary eletron beam wereseparated from signals due to undulator photons by energizing the undulator in- and out-of-time with respetto the eletron beam on alternate pulses. Table 17 shows the average bakground and undulator-photon47



Table 17: Bakground and signal ADC ounts in various detetors for a sample of September 2005 runs. The bakground isfrom undulator-o� data and the signal is undulator-on minus undulator-o�.Detetor Bakground Signal Signal/BakgroundA1 242.3 543.7 2.4A2 210.7 13.7 0.1CsI 136.0 29.0 0.2GCAL 580.5 91.0 0.2P1 9.3 509.2 54.9PCALe 30.9 -1.4 -0.1PRTtop 59.8 259.8 4.3PRTright 27.5 229.1 8.3PRTbottom 29.9 292.3 9.8PRTleft 159.9 598.2 3.7S1 5.8 164.4 28.5S2 169.5 95.5 0.6signal (undulator-on minus undulator-o�) in various detetors for a sample of 211 runs during September2005.The signal-to-bakground ratios were di�erent for the entral rystal (CC), the four rystals touhing theentral one along a side (NC = nearest rystal), and the four rystals in the orners (DC = distant rystal).The undulator-o� signal levels were typially about 66%, 84%, and 91% of those for CC, NC, and DC inundulator-on events, respetively. The average energy deposition per beam pulse for undulator-o� eventsin the entral rystal, for example, varied between 130 and 280MeV, suh that the signal (undulator-on �undulator o�) to bakground (undulator-o�) ratio varied between 0.2 and 1.2.Details of the bakground subtration in the positron analysis will be presented in Se. 7.3.5.2. Undulator-On BakgroundsBakground in the CsI detetor assoiated with energizing the undulator prinipally were due to seondarypartiles from interations of undulator photons with ollimators, beam windows, and target T1 whihreahed the detetor by other than the nominal path through the positron spetrometer D2. In addition,the small deetion of the primary eletron beam by the undulator, disussed in Se. 3.2.3, might havehanged the level of bakgrounds assoiated with interation of tails of the primary eletron beam with theundulator body.A measure of the undulator-indued bakgrounds in the entral CsI rystal was obtained in a set of runsduring September 2005 in whih target T1 was removed, and data olleted, as usual, with the undulatorboth on (in time with the eletron beam) and o� (out of time), as shown in Fig. 47. The average target-out,undulator on-o� di�erene was 4.2ADC ounts out of the typial bakground level of 100ADC ounts dueto e�ets of the primary eletron beam.Additional evidene for a small hange of the interation of the tails of the primary eletron beam withthe undulator due to energizing the undulator was obtained from the PCAL detetors. For example, PCALand PCALe onsistently reorded an undulator-on/o� ratio of (95:5 � 0:5)%, as shown in Fig. 48, whilePCALd gave a ratio of (100:0� 0:5)%.No orretion was made for this small di�erene between undulator-on and undulator-o� bakground,but it was inluded as a term in the estimate of the systemati unertainty of the positron polarization(Se. 7.5).
48
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where the (positive) analyzing power Ae+ was obtained from the simulations desribed in Se. 4.4.1, andthe average longitudinal polarization PFee� of atomi eletrons in the magnet iron was determined to be0:0695 � 0:0015 for r � 22:5mm (Table 7). The CsI energy signals E� were orreted for bakgroundand normalized to the number of positrons observed in detetor P1 at the exit of the spetrometer D2, asdisussed below.The best results, in terms of highest signal-to-bakground ratio and least systemati unertainty, wereobtained using only the entral CsI rystal, and only the analysis of the data from that rystal is desribedhere. See [64℄ for details of the analysis of the other nine rystals.7.1. General Analysis ProedureThe steps in the positron polarization analysis were:� Energy alibration of the signals in the CsI rystals (Se. 3.5.6).� Seletion of events for eah positron-energy setting that were reorded under stable beam and bak-ground onditions (Se. 7.2). The data struture has been desribed in Se. 3.7.� Subtration of the bakground for every undulator-on event in eah CsI rystal, and normalizationof the signals in the alorimeter for eah event to the number of positrons observed in detetor P1(Se. 7.3).� Determination of the asymmetry at eah positron energy from a �t to the asymmetries between pairsof adjaent yles (Se. 7.4).� Evaluation of systemati unertainties in the asymmetry/polarization measurements (Se. 7.5).� Comparison of the asymmetries with simulation (Se. 7.6).� Calulation of the positron (eletron) polarizations from the asymmetries observed in the entral CsIrystal (Se. 7.7).7.2. Data SeletionThere were six spetrometer/lens settings for positron data (see Table 20), and a test was made withthe undulator �lled with ferrouid at the highest-urrent setting. Eletron data were taken at only onespetrometer setting, IS = 160A. The two data sets at IS = 140A were taken at the beginning and at theend of the seond run period in September 2005, respetively. The data set with IS = 150A was reordedduring June 2005 and, unlike the other data sets, its yles were not ombined into runs. Instead, everyyle was reorded individually and the polarity of magnet TP1 was reversed manually in between. Sinedetetor P1 did not exist in the �rst running period, these data ould not be normalized to the positron uxand do not enter in the �nal results.In all steps of the analysis adjaent yle pairs were treated in parallel. For example, both yles of apair should have similar and stable beam and bakground onditions. To assure stable beam onditions,only those events from both yles were seleted that had a beam-urrent value, measured by toroid BT (seeFig. 2), within �3� of the mean of that value during both yles, as illustrated in Fig. 58. That example isnot typial; in most ases the beam-urrent distribution was Gaussian with a � of 2-3% about the mean.7.3. Bakground Subtration, Normalization, and Energy Deposition in the CrystalAs disussed in Se. 5.1, bakgrounds in the CsI rystals due to interations of primary beam eletronswere monitored by operation of the undulator out of time with the eletron beam (\undulator o�") dur-ing alternate beam pulses. Figure 59 gives examples of energies observed in the entral CsI rystal duringundulator-on and -o� events. The variation in the relative amount of bakground in di�erent CsI rys-tals required determination of the asymmetries and polarizations, and their orresponding unertainties,separately for eah rystal. 55



Table 20: Event samples (data segments) at various spetrometer settings, together with the orresponding numbers of eventsbefore and after the beam-urrent uts desribed in the text, and the fration � of events whih were used to determine theaverage asymmetries of the rystal signals. IS is the urrent in spetrometer magnet D2 whih de�ned the positron (eletron)energy. The label \�" indiates the data set for whih the undulator was run with ferrouid.IS Ee� Partile Number of Number of Events (�103) �(A) (MeV) type yle pairs Before uts After uts Used in �ts100 4.59 e+ 207 1240 1202 958 0.800120 5.36 e+ 187 1119 1082 867 0.804140 6.07 e+(1) 283 1422 1368 1057 0.787140 6.07 e+(2) 220 1320 1280 1015 0.795150 6.41 e+ 51 224 215 169 0.791160 6.72 e+ 169 1014 983 767 0.781160 6.72 e� 145 870 846 676 0.801180 7.35 e+ 65 390 380 294 0.776180 7.35 e+(�) 104 624 601 481 0.803P 1431 8223 7957 6284
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Figure 58: Example of a distribution of the beam urrent in toroid BT (see Fig. 2) that shows a utuation to low urrent.Only events with urrent within the �3� uts about the mean were used in the subsequent analysis.No orrelations of utuations in neighboring undulator-on and -o� events were observed. Hene, therewas no advantage to a bakground subtration based only on neighboring events. Rather, the energydeposition Eo�j in every undulator-o� event of a yle was subtrated from energy Eoni of every undulator-on event of that yle. The signal I in the beam toroid BT was used to orret for variation in the intensityof the primary eletron beam from event to event. This resulted in nonno� bakground-subtrated energiesof the form Eoni �Eo�j IoniIo�j ; (23)from a yle of non undulator-on events and no� � non undulator-o� events.Signals in the silion detetor P1 (Se. 3.5.4), just upstream of reonversion target T2, showed a smallasymmetry, ÆP1, with respet to the polarity of magnet TP1 (see Table 21). This was probably ausedby the fringe �eld of magnet TP2 in onjuntion with the misalignment of the positron beam (Se. 4.3.4).The asymmetries ÆP1 varied from �3 to �16% of the asymmetries Æ measured in the entral CsI rystalfor positrons, and was +40% of the asymmetry for eletrons. Corretion for this e�et was made by56
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rystal ould be de�ned as hSi = hSon � So�i = 1nonno� nonXi=1 noffXj=1 Sij ; (25)where the sum is over only those Sij that pass the ut on the tails of their distribution.If instead the entries in a distribution of bakground-subtrated events were the result of subtration ofundulator-o� events only from the preeding undulator-on event, a ut on the tails of the distribution wouldexlude both the undulator-on and the undulator-o� event if either one of them had a large utuation.The advantage of a proedure based on Eqs. (24){(25) ompared to use of a neighboring event subtrationwas the ability to ut on large utuations in energies while retaining good statistial power from eventswith behavior near the mean. Note that without uts on utuations, the mean hSon � So� i in (25) wouldbe equal to hSoni � hSo�i, and then would not be dependent on any signal-bakground ordering.The e�etiveness of this method and, in partiular, the assignment of unertainties to the asymmetriesderived therefrom, has been veri�ed by Monte Carlo simulations. The mean of a trunated distribution asgiven by Eq. (25) was found to be a more stable measure of the average signal of a yle.The statistial unertainties on the means hSi of Eq. (25) were alulated from the full width at halfmaximum of the distribution of the Sij and the numbers of signal events, n0on, and of bakground events,n0o� , that ontributed to the trunated mean:� hSi = �hSip2 �s 1n0on + 1n0o� � �hSipn0 ; (26)where n0 = n0on � n0o� and �hSi = FWHM=2:35 is the width parameter of the approximately Gaussianentral distribution of the Sij . Taking � to be the fration of entries in the distribution (24) that survivedthe uts (see Fig. 60), the quantities n0on and n0o� were de�ned as:n0on = � � non ; n0o� = � � no� ; (27)where non and no� are the numbers of signal and bakground events of a yle. For the entral CsI rystal,� was between 77 and 80% (see Table 20).The systemati unertainties were small, as on�rmed by repeating the bakground subtration withdi�erent methods and independent analyses. For example, an analysis was performed by �rst averaging (foreah rystal) all signal and all bakground data independently, before the bakground was subtrated. Theresults obtained with this alternative proedure were fully onsistent with the results presented here.7.4. Asymmetry DeterminationThe asymmetries Æk = S�k � S+kS�k + S+k ; (28)were obtained from the renormalized, bakground-subtrated energy depositions S�k and S+k of Eq. (25)in the CsI alorimeter for � and + polarity of magnet TP1 during yle pair k, and the orrespondingunertainties �Æk evaluated as �Æk = 2q�S+k �S�k �2 + �S�k �S+k �2�S�k + S+k �2 ; (29)where �S�k and �S+k were determined aording to (26). As an example, the asymmetries obtained for allyle pairs of one spetrometer setting are shown in Fig. 61.The best-�t value Æ for the asymmetry for eah positron energy (setting of spetrometer D2) was deter-mined by �tting a onstant to the Æk, taking their unertainties into aount. To exlude possible outliers,58
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Figure 61: The asymmetries Æk observed for the 218 yles pairs in the positron polarimeter for IS = 140A during the seondrunning period. Also shown is the best-�t Æ = hÆki (horizontal blue line) and the �3� band used for the ut on outliers.Table 21: Best-�t asymmetries Æ of Eq. (28) (with respet to the polarity of magnet TP1) measured in the entral CsI rystalfor all settings of spetrometer D2, together with the �2 per degree of freedom of the �ts. Also listed are the asymmetries ÆP1observed in detetor P1.IS Etot(e�) Æ ��Æ �2=ndf ÆP1 ��ÆP1(A) (MeV) (%) (%)100 4.59 0.689 � 0.165 166.4 / 203 �0.115 � 0.017120 5.36 0.961 � 0.083 167.9 / 184 �0.066 � 0.020140(1) 6.07 1.197 � 0.145 404.1 / 276 �0.107 � 0.110140(2) 6.07 1.079 � 0.063 274.9 / 217 �0.055 � 0.019140(1+2) 6.07 1.132 � 0.061 628.2 / 490 �0.095 � 0.034160(e+) 6.72 0.923 � 0.080 257.9 / 166 �0.035 � 0.023160(e�) 6.72 0.938 � 0.051 167.2 / 144 +0.382 � 0.022180 7.35 0.886 � 0.196 59.8 / 63 �0.108 � 0.063180(�) 7.35 0.995 � 0.140 174.2 / 101 �0.081 � 0.055only asymmetries within a �3� range were used in the �t. The e�et of outliers was small, and was inludedin the estimate of the systemati unertainties (Se. 7.5).The best-�t asymmetries Æ with unertainties �Æ, and the �2 per degree of freedom of the �ts are listedin Table 21. The unertainty �Æ is smaller than the standard deviation � of the asymmetries Æk prior tothe exlusion of outliers. Also listed are the asymmetries ÆP1 observed in the detetor P1, just upstream ofmagnet TP1. A separate study showed that if the normalization to detetor P1 were not done as in Eq. (24),then the asymmetries Æ would have been roughly the sum of the asymmetries Æ and ÆP1 given in Table 21.7.5. Systemati UnertaintiesThe alulation of the asymmetries Æ assumed that the measurements of energies E+ and E� in the en-tral CsI rystal for polarities + and � of magnet TP1 were performed under idential onditions. Di�erenesin those onditions ould lead to systemati unertainties in the asymmetries, whether or not orretionsTable 22: Estimates of maximum systemati unertainties of the asymmetries Æ (Table 21) from various soures.Soure Relativeunertaintya) Non-stat. utuations per yle pair 7%b) Outlier rejetion (�3�) 8%) Beam-urrent ut 5%d) Cyle pairing 9%e) Bakground orretion 7%f) Stray-�eld-indued asymmetry in P1 5 % (e+)12% (e�)59



were made for the di�erenes. The various soures of systemati unertainty on the measurements of theeletron/positron asymmetries Æ that were onsidered are listed in Table 22. Estimates of the systematiunertainties were made separately for eah data set reported in Table 21, and the maximum unertaintyfor any data set is listed in Table 22. These unertainties were later ombined with those on the analyzingpower Ae� and on the polarization PFee� of the iron in magnet TP1 to evaluate the systemati unertaintiesin the polarization Pe� (Se. 7.7).a) A measure of non-Gaussian utuations in the data is that the �2 per degree of freedom for the �tsto the asymmetries Æ was larger than 1 in some ases. Sine for eah energy point the individualasymmetries Æi were statistially independent, a �2 test an be performed on the statistial nature ofthe utuations. To obtain �2=ndf � 1 in all ases the unertainties on the Æi must be saled up by asmuh as 7%, whih was taken as the maximum systemati unertainty due to non-Gaussian statistis.b) The best-�t asymmetries Æ were also alulated without making the ut on \outliers", as desribed inSe. 7.4. The resulting hanges in the Æs were up to 8%, whih was taken as the systemati unertaintiesassoiated with the \outlier" ut.) The inuene of the quality uts on the beam urrent (�3�, Se. 7.2) and on the bakground-subtratedenergy distributions (�2�, Se. 7.3) was investigated. Variation of these uts between zero and theirnominal values led to hanges in the determined asymmetry of up to 5%, whih was taken as thesystemati unertainties assoiated with these uts.d) The ombination of yles into pairs is arbitrary, in priniple, although our pratie of ombiningadjaent yles with \+" and \�" magnet polarity may have redued e�ets of long-term hanges.Studies in whih yles were paired at random showed relative hanges in the asymmetries of up to9%, whih was taken as the systemati unertainties assoiated with yle pairing.e) To study whether the bakgrounds in signal (undulator-on) and bakground (undulator-o�) eventswere the same, target-out data (Se. 5.2) were used to ompare the undulator-on and -o� energies inthe entral CsI rystal. The ontribution to the systemati unertainty in the asymmetry from thiswas thereby estimated to be at most 7%.f) The relative systemati unertainty due to the renormalization (24) of the CsI-rystal energies to thesignal in detetor P1 was taken to be 0.3 of the ratio of the P1 asymmetry to the asymmetry Æ.Two other systemati e�ets entered in the determination of the �nal positron polarization: the uner-tainty of the eletron polarization in the ore of the analyzer magnet of about 3% (Se. 3.5.5), and thesystemati unertainty of 7% in the simulation of the analyzing power (Se. 4.4.1).7.6. Asymmetry ResultsThe results of the asymmetry analysis are summarized in Table 23. Only the asymmetries for the entralCsI rystal (Fig. 62) are reported here, as these are the most signi�ant with respet to the ombinationof statistial and systemati errors. However, within these unertainties the measured asymmetries areonsistent with expetations from simulation for all rystals (Se. 4.4.2).7.7. Positron PolarizationThe longitudinal polarization of the positrons (eletrons) was determined from the relationPe� = ÆAe�PFee� ; (30)where the analyzing power Ae�(E) was determined for di�erent positron energies E by simulation (Se. 4)and the e�etive polarization of the eletrons in the iron of magnet TP1 was PFee� = 0:0695 � 0:0021 (Table 7and Se. 7.5). The results are listed in Table 23. Both the statistial and systematial unertainties in60
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