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ABSTRACT OF THE DISSERTATION
Polarization Transferin the Reaction 4He (~e; e0~p )3Hin the Quasielastic Scattering Regionby Sonja DieterichDissertation Director: Professor Ronald D. RansomeThere has been a longstanding issue concerning possible nucleon modi�cations in a(dense) nuclear medium. Polarization transfer data for exclusive quasielastic electronscattering are a sensitive to the ratio of the electric and magnetic nucleon form factorsin the medium. Although proper interpretation of the results requires accounting forsuch e�ects as �nal state interactions and meson exchange currents, their e�ect onpolarization transfer is predicted to be small. Studies of model dependencies, e.g., theo�-shell current operator and spinor distortions, have been done. Final results of ameasurement of polarization transfer in the 4He (~e; e0~p )3H reaction will be discussed.The experiments were carried out at MAMI, Mainz at a Q2 of 0.4 GeV2 and at theThomas Je�erson Lab, Newport News, Virginia at the Q2 values 0.5, 1.0, 1.6 and 2.6GeV2. Measured values of the transferred and induced polarizations are compared withvarious theoretical calculations. The experiment showed a di�erence between the fullyrelativistic model which may indicate medium modi�cations of the form factor.
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1
Chapter 1IntroductionElectron scattering is a powerful tool to study nucleons and nuclei because the leptonicpart of the interaction is well understood in terms of quantum electrodynamics. Theelectromagnetic coupling is weak and so allows the treatment of the reaction verticesto �rst order in the one{photon exchange approximation. A disadvantage of the rel-ative weakness of the electromagnetic force is the small cross section, which requirescomparatively long beam times and high luminosity on the experimental side. Recentdevelopments in electron accelerator technology have made high luminosity, continuouswave, polarized electron beams available. In combination with the development of focalplane polarimeters, polarization observables became accessible experimentally.The nucleon is an extended object, so the cross section for scattering of electronsfrom nucleons di�ers from the scattering from a point particle. This di�erence is de-scribed by form factors, which are determined by the spatial distribution of the nucleon.Two form factors are required to describe the nucleon. There are a number of di�erentways of expressing the form factors, but one set, the Sachs form factors, have a simplephysical interpretation: one form factor describes the distribution of charge and theother the distribution of the magnetic moment. These form factors have been studiedextensively by measuring cross sections in electron scattering experiments. Separationof the form factors requires measuring the cross section for the same momentum trans-fer but with di�erent beam energies. At higher energies, i.e. small cross sections, thecross section is dominated by the magnetic form factor and separation of the two formfactors becomes increasingly diÆcult.The possibility of using polarization transfer measurements to extract form factorswas �rst discussed by Akhiezer and Rekalo [1] and later by Arnold, Carlson and Gross



2[2]. For the reaction 1H(~e; e0~p ), using a longitudinally polarized electron beam, thelongitudinal (Pz) and transverse (Px) transferred polarization of the proton can bemeasured. The ratio of these polarizations is proportional to the ratio of the electric tothe magnetic Sachs form factor for the 1H(~e; e0~p ) reaction. To measure the polarizationratio, highly polarized electron beams are required. Proton polarimeters have a smallanalyzing power, therefore high luminosities are needed to keep the experimental timein a reasonable limit. On the other hand, high luminosity pulsed beams would lead toa high fraction of accidental coincidences and thus introduce large uncertainties. Thedevelopment of high luminosity, continuous wave accelerators with polarized electronsources have led to the option of doing polarization transfer ratio experiments. Recentexperiments which used this technique [3] have achieved dramatic improvements in theprecise measurement of the Sachs form factor ratio.As has long been known, the nucleus can be described well with the assumption thatnucleons retain their essential properties in the nucleus. The proximity of the nucleonsin the nucleus, with an average spacing of little more than one diameter, and the strongforce between them, leads naturally to the question of whether the nucleons modi�edin the nuclear medium. And more speci�cally, could there be changes in the chargeand magnetic moment distributions? Answering this question has proven diÆcult andin principle there is no completely unambiguous answer. There are numerous e�ectsdue to the presence of other nucleons, such as meson exchange currents, and isobarcon�gurations, and uncertainties in the description of the interaction between boundnucleons, such as the choice of the relativistic current operator and bound state wavefunction. Thus, any search for modi�cations of the form factors can only be done withinthe context of a particular model.Polarization observables in the A (~e; e0~p )B reaction are sensitive to the electromag-netic properties of the bound nucleon. A change in the polarization transfer ratio forthe bound nucleon compared to the free nucleon could give an indication of mediummodi�cations. Compared to cross section measurements, polarization transfer providesa more sensitive test on the reaction dynamics. Therefore, measuring the polarizationtransfer ratio provides a powerful tool to probe the (~e; e0~p ) reaction mechanism. The



3sensitivity of the method, providing constraints to the theoretical interpretation, makesit complementary to cross section measurements.The goal of this work is to compare the ratio of the electric and magnetic Sachsform factors of the free proton to the same ratio for a bound proton. Clearly, even in alight but dense nucleus like helium several e�ects, e.g. isobar currents, meson exchangecurrents and two{body interactions, change the apparent nucleon form factors. Thefocus of this work is to look for medium modi�cations which occur in addition to thesee�ects.Possible changes of form factors have been investigated by previous experimentsand upper limits have been found. Electron scattering experiments [4] measuring theCoulomb sum rule and the separation of the longitudinal and transverse response func-tions for a range of the four{momentum transfer squared, Q2, between 0.1 GeV2 and0.5 GeV2, determined the upper limit in the change of the electric form factor to be10%, and for the magnetic form factor 3%. Measurements of y-scaling [5, 6] in the(e; e0p) reaction in the Q2 range between 1 GeV2 and 5 GeV2 found the upper limit fora change in the electric form factor to be 10% and for the magnetic form factor to be3%.This thesis describes the measurement of polarization transfer variables in the1H(~e; e0~p ) and 4He (~e; e0~p )3H reactions at �ve di�erent kinematic settings. The mea-surement of the �rst kinematic setting was taken in Hall A1 at the MAMI acceleratorfacility in Mainz, Germany. The other four settings at higher four momentum transferswere taken in Hall A at JLab. These are the �rst measurements of polarization transferin helium and the �rst measurements on a nucleus heavier than deuterium with a sta-tistical uncertainty suÆcient to draw signi�cant conclusions on medium modi�cations.The thesis is separated into seven chapters. In the second chapter, a summary ofthe theory of electron scattering including models and predictions relevant to this workwill be given. Chapter Three will describe the experimental setup used in Mainz andat JLab. Chapter Four discusses the raw data analyses, followed by the extraction ofpolarization observables as described in Chapter Five. Chapter Six discusses the resultsand Chapter Seven gives a short conclusion and outlook for future experiments.



4
Chapter 2TheoryThis chapter gives a short review of the theory of electron scattering on nucleons andnuclei relevant to the topic of this thesis; for a more complete discussion see e.g. Ref. [7].Theoretical approaches used to interpret the experimental data of this work will beexplained. This chapter will �nish with an overview of nucleon models which predicta medium dependence of the nucleon structure and results from previous experimentsinvestigating these aspects will be summarized.2.1 Electron Scattering2.1.1 Electron{Nucleon ScatteringElectron scattering from a nucleon or nucleus is described by QED. Figure 2.1 showsthe Feynman diagram for the elastic ep reaction in the one photon approximation wherea virtual photon couples to the electron and proton. The amplitude of the scatteringprocess is given by the T{matrix and is the product of the electron and nucleon current

k

k’

q
p’

pFigure 2.1: Lowest order Feynman diagram for the p(e; e0p) reaction. The electron with initialfour momentum k and �nal four momentum k0 exchanges a virtual photon withfour momentum q. The proton has initial and �nal four momenta of p and p0,respectively.



5matrix elements times the photon propagator (1=q2):Tfi = e2hl(k0)jj�(0)jl(k)i 1q2 hN(p0)jJ�(0)jN(p)i: (2.1)The electron and hadron transition currents are denoted by j� and J�, respectively.The cross section � is proportional to the squared T{matrix� � j �Tfij2 = e4q4L��N�� (2.2)where L�� is the leptonic and N�� the nucleon or hadronic tensor. The electron tran-sition current for the reaction isj�(~x) = �e�u(~k0)�u(~k)ei(~k0�~k)~x: (2.3)Here u(~k) and u(~k0) are the Dirac spinors for the incident and �nal electron withmomentum ~k and ~k0, and � are the Dirac matrices. Since the proton is a compositesystem with internal structure, the proton transition current is more complex than theelectron transition current. To obtain the proton transition current, the �{matrixin Eq. 2.3 is replaced by the most general Lorentz four{vector. Upon spin averaging,the requirement of Lorentz-invariance, conservation of the electromagnetic current andparity conservation (neglecting the weak force) leads to a linear combination of � andi���q� as one choice for the propagator. Therefore, the proton transition current canbe written asJ� = e�u(~p 0) �F1(Q2)� + 12mpF2(Q2)i���q��u(~p )ei(~p 0�~p )�~x; (2.4)where F1 and F2 are the independent Pauli and Dirac form factors of the proton andmpits mass. The four momentum transfer squared, Q2, is related to q through Q2 = �q2.The form factor contains the information about the spatial distribution of the electriccharge and magnetic moment. In the simplest case, using the Born approximation andneglecting the recoil momentum, the form factor is the Fourier transform of the charge(magnetic moment) distribution. The normalization of these form factors at the photonpoint, Q2 = 0, is F1(0) = 1; (2.5)F2(0) = �p: (2.6)



6
q

p

p’Figure 2.2: De�nition of the Breit or brick{wall frame. In this reference frame ~p = �~p0, thereforeno energy is transferred by the virtual photon (! = 0).with the anomalous magnetic moment of the proton �p. The resulting di�erential crosssection can be shown [8] to have the form:d�d
 = frec� d�d
�Mott �F 21 + Q24m2p �2(F1 + F2)2 tan2��e2 �+ F 22�� : (2.7)with �e the laboratory frame electron scattering angle. The recoil factor frec is the ratioof the �nal to initial electron energy E0e=Ee and is given byfrec = �1 + 2Eemp sin2��e2 ���1 (2.8)The Mott cross section, � d�d
�Mott = (Z�)2 cos2( �e2 )4E2e sin4( �e2 ) ; (2.9)describes elastic scattering of an electron on a heavy, pointlike and spinless particlewith a charge of Ze; � = e2�hc is the �ne structure constant.It is convenient to use a di�erent parametrization of the form factors. The Sachselectric and magnetic form factors GpE and GpM [9] are a linear combination of F1 andF2, GpE = F1 � �F2 (2.10)GpM = F1 + F2; (2.11)where � = Q2=4m2p. The electric and magnetic form factors of the neutron are de�nedsimilarly. In the Breit frame, illustrated in Fig. 2.2, these form factors are closelyrelated to the proton charge and magnetic moment distributions. More speci�cally, GEis linked to the scalar part of the electromagnetic current, while GM comes from thevector part: hNs0(~q=2)jJ0(0)jNs(�~q=2)i = 2MpGE(~q 2)Æs0s (2.12)hNs0(~q=2)j ~J(0)jNs(�~q=2)i = 2GM (~q 2)�ys0i~� � ~q�s (2.13)



7For Q2 = 0 the Sachs proton form factors are:GpE(0) = 1 (2.14)GpM (0) = �p; (2.15)where �p is the magnetic moment of the proton. In the following, the discussion will belimited to proton form factors. Therefore, the superscripts p will be omitted, so thatGE � GpE and GM � GpM . Rewriting Eq. (2.7) in terms of the Sachs form factors, thecross section becomes: d�d
 = frec� d�d
�Mott 11 + � �G2E + ��G2M� (2.16)with � = [1 + 2(1 + �) tan2(�=2)]�1. This permits a simple determination of G2E andG2M using a Rosenbluth diagram [10] in which cross section data at a given momentumtransfer Q2 are plotted against tan2 �e2 :d�=d
(d�=d
)Mott = A(Q2) +B(Q2) tan2 �e2 : (2.17)For high Q2 the extraction of GE is diÆcult since the cross section is dominatedby GM . The GM dominance at large Q2 is related to the fact that the magnetic force(� 1=r3) dominates at short distances relative to the electric force (� 1=r2). TheRosenbluth separation in this energy range requires very precise knowledge of the ex-perimental cross section and thus the extraction of GE is very sensitive to experimentaluncertainties. In [1] and [2] it was pointed out that measuring polarization transfer inep gives access to the ratio GE=GM . Therefore, the combination of Rosenbluth data,providing GM , with polarization transfer measurements, providing GE=GM , can beused to extract GE at higher Q2 [11].Figure (2.3) shows the kinematics and coordinate systems for 1H(~e; e0~p ) in the lab-oratory system. The longitudinally polarized electron exchanges a virtual photon withthe proton. In elastic scattering, the proton momentum is parallel to the momentum ofthe virtual photon. The unit vectors of the (x; y; z){coordinate system are de�ned as:ẑ = ~qj~qj ; ŷ = ~k � ~k 0j~k � ~k 0j and x̂ = ŷ � ẑ: (2.18)
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µFigure 2.3: Kinematics and coordinate systems for p(~e; e0~p) scattering.For ep scattering, as for any other two{body{to{two{body processes, parity invarianceforbids induced polarization in the scattering plane, Px = Pz = 0, and transferredpolarization from the scattering plane to polarization perpendicular to the scatteringplane, P 0y = 0 [12]. For pure one{photon exchange, Py is also zero. The nonzeropolarizations are I0P 0x = Ee +E0emp p�(1 + �)G2M tan��e2 � (2.19)I0P 0z = �2p�(1 + �)GEGM tan2��e2 � ; (2.20)where I0 is de�ned as I0 = G2E + ��G2M : (2.21)From Eqs. (2.19) and (2.21) the ratio of the electric to the magnetic form factor canbe easily determined: GEGM = �P 0xP 0z Ee +E0e2mp tan��e2 � : (2.22)The ratio of form factors is equal to the ratio of transferred polarization componentstimes a known kinematic factor.2.1.2 Electron{Nucleus ScatteringThe vertex for electron{nucleus scattering is more complicated than the electron{nucleon scattering vertex. Figure 2.4 shows the kinematics for the A (~e; e0~p )B reactionin the laboratory system. While the electron scattering plane is similar to Fig. 2.3, thehadron reaction plane can now be tilted by an angle �x. The momentum of the knock-out proton with four{vector p� = (Ep; ~pp ) need no longer be parallel to the momentum
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Figure 2.4: Kinematics and coordinate systems for the A (~e; e0~p )B reaction.transfer axis. The recoiling nucleus with mass M carries away the four{momentumP 0� = (Er; ~pr). The nlt{coordinate system associated with the hadron scattering planeis de�ned in the hadron scattering plane:l̂ = ~ppj~ppj ; n̂ = ~pp � ~prj~pp � ~prj and t̂ = n̂� l̂: (2.23)The helicity of the electron beam is denoted by h, the projections of the proton spin ~sof the unit vectors n̂, l̂, and t̂ are de�ned asSn = n̂ � ~s; Sl = l̂ � ~s and St = t̂ � ~s: (2.24)It can be shown that for a discrete �nal state of the recoiling nucleus [7] the semi{inclusive cross section can be written asd� = (2�)�3E0eEe �Q2 ���W��dE0ed
ed3pp; (2.25)where ��� is the electron response tensor,W�� the nuclear response tensor and d
e thesolid angle for the electron momentum in the laboratory frame. For unpolarized electronscattering, further analysis reveals that in the tensor product ���W�� the kinematicand dynamic dependencies can be separated:���W�� = 4EeE0e cos2��e2 � [VLRL + VTRT + VLTRLT cos�x + VTTRTT cos 2�x] :(2.26)



10The kinematic factors are VL = Q4q4 (2.27)VT = Q22q2 + tan2��e2 � (2.28)VLT = Q2q2 �Q2q2 + tan2��e2 �� 12 (2.29)VTT = Q22q2 ; (2.30)and the four independent response functions which describe the electromagnetic proper-ties of the hadronic system are RL, RT , RLT , and RTT . The resulting inclusive electronscattering cross section d�d
 = frec� d�d
�Mott [VLRL + VTRT ] (2.31)links the unpolarized response functions with the Sachs electric and magnetic formfactors as given in Eq. 2.16.For studying nucleon knockout reactions of the type A(~e; e0~p)B, where a polar-ized beam is used and the polarization of the ejectile nucleon is measured, additionalresponse functions are required. Omitting the derivation (given e.g. in [7, 13]), thedi�erential cross section is� d3�dE0ed
e0d
p� = mpj~ppj2(2�)3 � d�d
�Mottf VL(RL +RnLSn) + VT (RT +RnTSn)+ VTT [(RTT +RnTTSn) cos 2�x + (RlTTSl +RtTTSt) sin 2�x]+ VLT [(RLT +RnLTSn) cos �x + (RLTSl +RtLTSt) sin�x]+ hVLT 0 [(RLT 0 +RnLT 0Sn) sin�x + (RlLT 0Sl +RtLT 0St) cos �x]+ hVTT 0 [RlTT 0Sl +RtTT 0St] g : (2.32)The additional kinematic factors, which are correlated to the antisymmetric part of theelectron and nucleon tensors, are de�ned asVLT 0 = Q2q2 tan��e2 � (2.33)VTT 0 = tan��e2 ��Q2q2 + tan��e2 �� 12 : (2.34)



11It is useful to study the properties of the 18 response functions for parallel kine-matics and for the plane wave impulse approximation (PWIA). In parallel kinematics,where ~q k ~pp, the angle �p becomes unde�ned. Therefore, all response functions whosecontributions to the observables retain explicit dependencies of �p must vanish. In ad-dition, the transverse polarization has to be independent of �p because the orientationof the reaction plane becomes unde�ned. A short calculation leads to the constraintsRnLT = +RsLT (2.35)R0nLT = �R0sLT : (2.36)For the PWIA limit the operators and states have to be symmetric with respect tothe operation of parity and time reversal, � = PT . Omitting the derivations givenin [13{15], we note that the nuclear response tensorW must be symmetric and hermitic,hence real in the plane wave limit. In addition, W�� has to be symmetric with respectto exchange of its indices combined with inversion of spins. Therefore, the symmetricpart of the nuclear response tensor W��S does not contribute to the recoil polarization,while the antisymmetric part W��A only contributes to the spin dependent part of thecross section. An overview of response function properties is given in Table 2.1.2.2 Theoretical Models and PredictionsStarting from the most general cross section for electron scattering, several assumptionssimplify the task of theoretically describing the (e; e0N) reaction. The most simpli�edapproach is the PWIA, where an undisturbed electron wave interacts with a nucleus,and the knockout nucleon does not interact with the residual nucleus. The distortedwave impulse approximation (DWIA) is a re�nement of the basic PWIA taking into ac-count �nal state interactions of the outgoing nucleon and the Coulomb distortion of theincident and scattered electron. In the following the plane wave impulse approximation(PWIA) and the relativistic distorted wave impulse approximation (RDWIA) will bediscussed with special focus on their application in the three theory codes used in thiswork: LEA [16] written by J. J. Kelly, a code from the Madrid group of J. M. Udias [17](both RDWIA codes) and the calculation by J.{M. Laget [18].
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response helicity survives azimuthalfunction dependence in plane parallel PWIA dependenceRL � p p p 1RT � p p p 1RLT � p � p cos �xRTT � p � p cos 2�xR0LT p � � � sin�xRnL � p � � 1RnT � p � � 1RnLT � p p � cos �xRnTT � p � � cos 2�xR0nLT p � �R0SLT p sin�xRlLT � � � � sin�xR0lTT p p � p cos �xRlTT � � � � sin 2�xR0lTT p p p p 1RtLT � � �RNLT � sin�xR0tLT p p p p cos �xRtTT � � � � sin 2�xR0tTT p p � p 1Table 2.1: Properties of response functions for the A(~e; e0 ~N)B reaction. The constraintsamong response functions for parallel/antiparallel kinematics are indicated by theupper/lower choices of signs. Table taken from [7].2.2.1 PWIAIn PWIA some simplifying assumptions are made. The �rst assumption is generallythe plane wave Born approximation (PWBA), which means that the electron scatteringprocess is treated to �rst order perturbation only. It implies that for the extremerelativistic limit, where Ee � me, there is only one photon exchanged between thescattered electron and the target nucleus. Studies of Coulomb distortions [19] con�rmthat for intermediate energy electron scattering PWBA is a very good approximation.The second assumption is that the initial and �nal states can be represented as productsof plane waves for the nucleon and the residual nucleus. This means the residual nucleus



13B in the A (~e; e0~p )B reaction is treated as spectator which implies that there are no�nal state interactions (FSI) between the knockout nucleon and the residual nucleus.A third assumption is that the nucleon which absorbs the photon is detected, i.e.,exchange terms are ignored. Then the total nuclear response is equal to the sum ofindividual nucleon responses, so the scattering is treated as if free nucleons are involved;there are no two or three body forces included. When all these assumptions are appliedin nonrelativistic PWIA, the knockout cross section factorizes in the formd�dE0ed
edEpd
p = K�epS(Em; ~pm); (2.37)where K is a kinematic factor correcting for the phase space, �ep a term depending onthe o�{shell nucleon current, and S(Em; ~pm), called the spectral function, contains thenuclear structure information. Throughout this work, we have used the conventionsgiven in [20] for the nucleon current. Summarizing the results it can be seen thatthe polarization process in PWIA is essentially the result of a transfer of the intrinsicangular momentum (helicity) of the virtual photon to the target nucleon.2.2.2 DWIA and RDWIAIn DWIA, the rescattering of the ejectile nucleon from the residual nucleus after theelectron{nucleon interaction is taken into account. A conceptual diagram is shown inFig. 2.5. The one{photon exchange amplitude can be expressed in the form:Mfi = Z d3~q(2�)3 Je�(~q ) 1Q2J�N (!; ~q ); (2.38)where J�e is the electron current, J�N the nucleon current and ! the energy of the virtualphoton. In RDWIA, the nucleon currentJ�N (!; ~q ) = Z d~p �	F (~p+ ~q )Ĵ�N (!; ~q )	B(~p ) (2.39)is calculated with relativistic wave functions , 	B and 	F , for initial bound and �naloutgoing nucleons.
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Figure 2.5: Conceptual diagram for A (~e; e0~p )B as described by DWIA.Bound State Wave FunctionCustomarily bound state wave functions are either solutions of the Dirac equationwith phenomenological Woods{Saxon potential wells or Dirac{Hartree solutions froma relativistic Lagrangian with scalar and vector (SV) meson terms [21].In linear expansion analysis (LEA), the following approach was taken to get rela-tivized wave functions. Starting from a nonrelativistic formalism based on bi{spinorsolutions of a Schr�odinger{like equation, one can construct normalized four{spinors tobe used in Eq. 2.39 of the form	NR = 1pN ��(~p ); ~� � ~pE +mp�(~p)� : (2.40)Then the calculation relativized by rewriting the Dirac equation for the upper com-ponent as a Schr�odinger{like equation and introducing its nonrelativistic bispinor � inEq. 2.40. Comparing this solution to the upper component of the fully relativistic solu-tion, an additional factor i has to be introduced. One can then build a nonrelativisticformalism with central and spin{orbit potentials equivalent to the relativistic poten-tials and incorporating the Darwin term in order to recover the same upper componentas in RDWIA. Udias uses the fully relativistic approach in his model. An additionalrelativistic e�ect is the enhancement of the lower components of the fully relativistic



15solution in the nuclear interior:�(~p )lower = ~� � ~pE +mp + S � V �(~p )higher; (2.41)where S (V ) is a scalar (vector) potential. This enhancement of the lower componentswith regard to free spinors is called spinor distortion.Electron Distortion, EMAIn the absence of Coulomb distortion, the nuclear current could be evaluated for aunique value of the momentum transfer obtained from asymptotic electron kinematics.For light nuclei, even in the presence of Coulomb distortion the electron current issharply peaked about the e�ective momentum transfer q0 � qe� . The vertex functioncan then be evaluated in the e�ective momentum approximation (EMA). The lowercomponents in Eq. 2.40 are given by�(~p )lower = ~� � ~pE +mp�(~p )upper � ~� � ~pas; (2.42)with pas the momentum corresponding to the asymptotic kinematics at the nucleonvertex. A good discussion of the e�ects of EMA and spinor distortions can be foundin [22].Current OperatorsFor the relativistic nucleon current operator Ĵ�N (!; ~q) the de�nitions given in [20] wereused: Ĵ�CC1 = (F1 + F2)� � F22mp (P 0 + pm)� (2.43)Ĵ�CC2 = F1� + i���q�2mp F2 (2.44)The four momentum transfer is q� = (!; ~q ) at the electron vertex, the missing fourmomentum pm = ( �E; ~pm), ~pm = ~pp � ~q, �E = q~p 2p +m2p (the �nal nucleon is asymp-totically on{shell), and �E = q~p 2m +m2p. Note that the ! used for Ĵ�CC1 is di�erentfrom �! = E0 � �E as implied in Ĵ�CC2. This means for extrapolating these operatorso�{shell free spinors for the momentum ~p and mass mp are employed, but the energy



16E used within the vertex function is replaced by the value �E it would have had if thenucleon were on{shell in the initial state. Both current operators give identical resultsfor elastic scattering from a moving but free nucleon. They are also equivalent on{shellby virtue of the Gordon identity.Optical PotentialsThe outgoing nucleon scattering wave function is a solution of the Dirac equation con-taining SV optical potentials. The optical potentials are usually obtained by �ttingproton elastic scattering data using Woods{Saxon shapes. There are two approachesto handling the energy dependence of the parameters. One is to use single energy �ts,but parameters may vary erratically due to correlations. The second uses a broad rangeof proton energies, which can have adverse e�ects on the local �t quality. In general,optical potentials do usually not extrapolate well in mass and energy. In this work, westudied the sensitivity of our theoretical results to various optical potentials. Details ofthe potentials used will be discussed in Chap. 6.MEC and IC (Ryckebusch)While independent particle models like PWIA and RDWIA can be used to calculate themomentum distributions relatively well, they fail at momenta below the Fermi momen-tum. The reason is probably that at these momenta two-body currents and subnucleardegrees of freedom have to be taken into account. \Unfortunately, for �nite nucleia relativistic, empirically well{founded and practicable relativistic nuclear{structuremodel that also accounts for the multinucleon degrees of freedom is not yet available."(J. Ryckebusch, in [23]). An answer to the question of how much the meson exchangecurrents (MEC) and isobar currents (IC) can only be given by studying the relativeimportance of these e�ects in a nonrelativistic model, as e.g. provided by Ryckebuschand his group. There, the two{body currents are treated in their full nonrelativisticcomplexity. The bound and scattering states are calculated using the Hartree{Fockmethod using a Skyrme nucleon{nucleon force. The current operators and distortedoutgoing nucleon wave are treated by a multipole expansion. The one{body current is
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Figure 2.6: Feynman diagrams representing the MEC and IC terms included in the A (~e; e0~p )Bprocesses. Wavy, thin, thick, and dashed lines denote photons, nucleons, �'s, andpions. Nucleon lines with an arrow down (up) refer to occupied (scattering) states.Diagram (a) refers to conventional impulse approximation. Diagrams (b) { (d) arerelated to MEC, whereas (e) { (l) represent the di�erent and indirect IC contribu-tions. Figure taken from [23].derived from the on{shell covariant nucleon current. One has to note, though, that forthe nonrelativistic reduction, the standard Foldy{Wouthuysen and the \direct Pauli"approach lead to di�erent results. In the work of Ryckebusch, the Foldy{Wouthuysenmethod is used. In the charge density operator, spin{orbit terms are included.For the MEC, the pion is the predominant meson. The MEC terms related to pionexchange are derived from the one{pion exchange potential. Diagrams (b){(d) in Fig.2.6 show a representation of the reaction processes connected to MEC. The IC, whichare dominated by the �33, cannot be constrained through charge{current conservation.They are therefore called \model dependent" and also show strong medium depen-dences. As shown in Fig. 2.6, all isobars are attached to the photon line. Theoretically,MEC for quasi-elastic 4He (~e; e0~p )3H scattering are small. In general, MEC and ICtend to work in opposite direction and cancel each other partially.



182.2.3 Two-Body CurrentsLaget's method [24] to calculate electrodisintegration of 4He is an extension of thediagrammatic approach used for three{nucleon systems. The reaction amplitude isexpanded in terms of a few relevant diagrams computed in momentum space. Energyand momentum are conserved at each vertex. The kinematics and phase space arecalculated relativistically, while the nonrelativistic reduction to order 1=m3 is donefor the elementary operators. 4He and 3H wave functions used in the calculation aresolutions of the Urbana group using the Argonne V14 potential. The diagrammaticmethod relies on a truncated multiple scattering series; it does not treat the �nalstate with the same accuracy as the ground state. The calculation shows that theelectrodisintegration of 4He at Prec � 200 MeV is dominated by one{body mechanisms.Nucleon rescattering is not negligible, but two{body and three{body meson exchangeis less important.2.3 Medium Dependence of Nucleon Structure2.3.1 IntroductionSeveral experimental results throughout the last decades have indicated that theremight be medium modi�cations of the nucleon. Experiments by the European MuonCollaboration (EMC) [25] studying deep inelastic scattering of muons showed that quarkmomentum distributions in bound nucleons di�er from those in a free nucleon. Varioustheoretical models give di�erent explanations for the e�ect, but none has so far beenable to provide a complete explanation.While MEC e�ects change the momentum distribution in the scattering process,they are not very sensitive to form factor changes. Scaling of the variable y [26] should bevery sensitive to changes in the form factors. Analyzing previous data, upper limits forform factor changes from y{scaling data [5] can be evaluated. For Q2 < 0:3 GeV2, thechange in GM is less than 3%, and less than 10% for GE . An analyis of measurements ofthe Coulomb sum rule by Jourdan [27] gave an upper limit for a change in GE of 4% atthe one standard deviation level. These �ndings have sparked new ideas on theoretical



19models of the nucleon. In the following paragraphs, an overview of the most prominentmodels will be given.2.3.2 Theoretical ModelsThe nucleon as a composite system is an object of QCD. However, calculating such acomplex system is still not possible because of the complicated diagrams which arisefrom the strong interaction, so the properties of the nucleon, especially when modi�edby surrounding nuclear matter, can only be described within a model. In the followingparagraphs four out of many available models will be described: the swollen nucleon,the soliton, color neutrality and the quark{meson coupling (QMC) model.Swollen NucleonThe swollen nucleon model [28] postulates a change of scale for nucleons in nuclei asresult of the medium e�ects on the quark wave functions. It calculates the form factorson the basis of a Fermi{gas model, assuming that the form factors di�er, but the relationbetween neutrons and protons remain the same. The free nucleon form factors are takenfrom the dipole �t: GE = GM=� = �1 + Q20:71GeV2��2 (2.45)The modi�ed form factors are determined by comparing results from 12C(e; e0) data [29],for which a separation of the longitudinal and transverse structure functions RL andRT has been done at �xed Q2, with the results of the Fermi{gas calculation. Incoherentcontributions from additional degrees of freedom such as nucleon clusters (�, d) andsix{quark clusters are included. The result suggests a 15% enhancement of the nucleoncharge radius, while the mean square radius of the magnetic form factor is almostunchanged. From this increase in the nucleon radius comes a 15% increase of themagnetic moment, since for massless quarks the magnetic moment is proportional tothe size of the quark wave function. In the swollen nucleon model, the �ts lead to:GE(Q2)GE(0) = �1 + Q20:54GeV2��2 (2.46)GM (Q2)GE(0) = �1 + Q20:69GeV2��2 (2.47)



20SolitonThe soliton model is based on the idea that quark con�nement should be phenome-nologically understandable through a quasi{classical microscopic theory. Con�nementcould then be described as a phase transition between the interior and exterior of thehadron, thus being a many{body e�ect. In principle, the QCD vacuum is being treatedas a color dia{electric medium very similar to a classical dia{electric medium. While asuperconducting state excludes magnetic �elds, the QCD vacuum con�nes color chargesby excluding the color electric �eld. A simple Lagrangian density for such a theory, e.g.in the Friedberg{Lee soliton model [30], isLFL = �	(i�D� �mN � f�)	� 14�G��a Ga�� + 12(@��)2 � U(�); (2.48)where � is a scalar �eld, and 14�G��a Ga�� is a dielectric function which is treated per-turbatively for colorless states.There are a variety of nucleon models based on the soliton model. Because the maininterest of this work is on the nucleon in nuclear matter, where it clearly must be ableto move around, static models will be omitted. An example of a dynamic model isgiven in [31]. This relativistic model is based on a Lagrangian L(	N ; �; �; !; �) wherenucleons and mesons are degrees of freedom:L(x) = �	N(x)[i�@� �mN �G�NN�(x)�GV!NN�!�(x)]	N (x)+12 [@��(x)@��(x)�M2��2(x)]� 14F!��(x)F ��! (x)+12m2!!�(x)!�(x): (2.49)The solitons interact by exchanging mesonic �elds �(x) and !�(x). The tensors G�NNand GV!NN describe the nucleon{nucleon force of scalar � and vector ! character, re-spectively. The tensor F ��! (x) describes the coupling of the ! �elds to the quarks. Anadditional scalar �eld � serves to bind the system into a �nite region, the nucleon.As in the bag models, the nucleon appears as a bubble in the vacuum, but in a fullycovariant description. The result is an increase of the soliton radius in nuclear matteras well as changes in the form factors. The modi�cations are linearly dependent on thedensity of the nuclear medium.



21Color NeutralityThis model tries to investigate the role of color neutrality by describing the nucleons'interaction with the nuclear medium in terms of interquark separation within the nu-cleon. A classical analog to color neutrality is the suppression of interactions whenan e+e� pair is moving through a charged medium. Similarly, the interaction withthe medium is assumed to depend on the relative distances between the quarks. Theinteraction is also dependent on the density �R. The calculation of [32] is based onperturbative QCD (pQCD) and treats the nucleon as a superposition of ground stateand radial excitations in the framework of relativistic light{front nucleonic model wavefunctions [33]. The nucleons move in a central potential V (~ri; ~R), where ~R is the dis-tance of the nucleon to the center of the nucleus and ~ri is the position of the partoninside the nucleon. Color neutrality requires V = 0 for Pi ~ri = ~R. Interactions alsovanish with r2 =Pi<j(~ri�~rj)2. Therefore, the Hamiltonian in �rst order perturbationtheory can be written as H = V0�(R) + V0�(R)r2 � hr2ihr2i : (2.50)Equation 2.50 includes the e�ects of color neutrality on the total nuclear mean �eld andmakes no distinction between scalar and vector mean �elds. This e�ect can be studiedwithin the framework of a QMC model, e.g. as developed by [34]. The numerical resultsfor the calculation of GE and GM for the free nucleon and a medium modi�ed nucleonare shown in Fig. 2.7. At higher momentum transfers both medium modi�ed formfactors are about 10% smaller than the free form factors. This is a signi�cant e�ect,but not in disagreement with Jourdan's analysis [27].QMCIn conventional nuclear physics, the electromagnetic interaction of a nucleus is oftentreated as a combination of di�erent nucleon contributions and various MEC correc-tions. The Quark Meson Coupling (QMC) model [34] instead examines in a particu-lar quark model for nuclear structure a correction associated with the self consistent
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Figure 2.7: The free (solid line) and medium modi�ed (dashed line) form factors GE and GMversus Q2 in the color neutrality model. Figure taken from [32].change in the internal structure of a bound nucleon. It describes the properties of nu-clear systems using e�ective scalar (�) and vector (!) �elds. Because of the nucleon'ssubstructure the � and ! �elds couple directly to the quarks. No other MEC e�ectsare considered. The nucleon is modeled by the Cloudy Bag Model (CBM), which is anextension of the MIT bag model preserving chiral symmetry [35]. As long as the bag ra-dius rbag < 0:7 fm, the pion �eld is weak and can be treated perturbatively. Within theQMC model, the saturation energy, density, and compressibility of the nuclear matterare well reproduced. Obvious in{medium changes include the e�ective masses of the �,! and � mesons. In the mean �eld approximation, the e�ective Langrangian densityfor QMC isLQMC = �	(~r ) [ i � @ �mN + g�(�(~r ))�(~r )� g!!(~r )0�g� �N32 b(~r )0 � e2(1 + �N3 )A(~r )0 ] 	(~r )�12 �(r�(~r )2) +m2��(~r )2�� 12 �(r!(~r )2) +m2!!(~r )2�+12 �(rb(~r ))2 +m2�b(~r )2�+ 12(rA(~r ))2; (2.51)
where 	(~r ), �(~r ), !(~r ), b(~r ) and A(~r ) are the nucleon, �, !, � and Coulomb �elds,respectively. The electric and magnetic form factors for a bound proton calculated inthe local{density approximation are given by:G�E;M (Q2) = Z GE;M (Q2; �(~r ))�p�(~r )d~r; (2.52)
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Figure 2.8: Medium e�ects on the form factor ratio GE=GM vs. Q2 as calculated in the QMCDmodel. The form factor change is plotted for di�erent nuclear densities with �0being the density of bulk nuclear matter.where � denotes an orbit with appropriate quantum numbers, and �p�(~r ) is the localbaryon density for the immersed proton with the form factor GE;M(Q2; �(~r )). QMCcalculations reveal that the charge form factors are much more sensitive to the mediumthan the magnetic form factors. This results in a change of the form factor ratioGE=GM as shown in Fig. 2.8. An open question is whether the bag constant decreaseswith increasing density.
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Chapter 3Experimental Setups at MAMI and TJNAFThe experiment was performed at two laboratories, at the Mainz Microtron (MAMI)of Johannes Gutenberg University in Mainz, Germany, and at the Thomas Je�ersonNational Accelerator Facility (JLab) in Newport News, Virginia. After an overview ofthe kinematics, the experimental setup for MAMI and JLab concerning the respectiveaccelerator, the setup in the spectrometer halls and the data acquisition system will bedescribed.3.1 KinematicsThe previous section showed how measuring polarization transfer in quasielastic scat-tering can be used to learn about the properties of the nucleon in the medium. Acoincidence measurement 4He (~e; e0~p )3H was made in the quasielastic scattering regionin near parallel kinematics. For the incident electron beam the beam energy, polariza-tion, and position of the rastered beam on the target cell was determined. To establishthe four{momentum transfer q� and the electron scattering plane, the momentum andangle of the scattered electron was measured with a magnetic spectrometer. A secondmagnetic spectrometer was used for momentum and angle determination of the knock-out proton. For measuring the induced and transferred polarization of the knockoutproton, the hadron arm was equipped with a focal plane polarimeter (FPP). The in-formation of both spectrometers together allows the calculation of the reaction vertexand the determination of the missing mass, which allows the isolation of the 3H �nalstate. To measure the polarization ratio for the free proton and to study systematice�ects, 1H(~e; e0~p) elastic scattering data were taken at the same nominal settings as forthe 4He measurements.



25The experiments at �ve di�erent momentum transfersQ2 from 0.4 GeV2 to 2.6 GeV2,were done at MAMI for the lowest Q2, and at JLab for the higher Q2. Table 3.1 lists thereaction kinematics, spectrometer setup and experimental facility used for data taking.Section 3.2 describes the experimental setup used in Mainz, section 3.3 describes thesetup at JLab.Q2 Target E0 �p pp �e pe d Lab(GeV2) (GeV) (deg) (GeV) (deg) (GeV) (cm)0.4 1H 0.855 48.16 0.660 50.24 0.625 7.0 Mainz0.4 4He 0.855 46.56 0.660 50.24 0.625 7.0 Mainz0.5 1H 3.402 63.12 0.765 12.45 3.103 11.4 JLab0.5 4He 3.402 61.42 0.765 12.45 3.103 11.4 JLab1.0 1H 4.238 54.82 1.148 14.58 3.667 34.3 JLab1.0 4He 4.238 53.50 1.148 14.58 3.667 34.3 JLab1.5 1H 4.238 46.76 1.547 19.33 3.341 45.7 JLab1.5 4He 4.238 46.76 1.547 19.33 3.341 45.7 JLab2.6 4He 4.238 36.20 2.159 27.08 2.797 49.5 JLabTable 3.1: Table of kinematics. E0 is the beam energy, �p (�e) the proton (electron) spectrom-eter angle, pp (pe) the proton (electron) spectrometer central momentum and d isthe carbon analyzer thickness.3.2 Mainz Experiment A1/2{93The �rst part of the experiment took place in Hall A1 of MAMI. The experiment ran inJune/July 1999 for 17 days of data taking. The following sections describe the MAMIaccelerator and the instrumental equipment of Hall A1.3.2.1 MAMIMAMI is an electron accelerator consisting of three cascaded racetrack microtrons [36].Each racetrack microtron consists of a linac which accelerates the electrons and two largedipoles (see Fig. 3.1). After being accelerated though the linac, the beam makes a 180Æturn in one dipole, travels through a vacuum beamline (not shown in the drawing) and
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Figure 3.1: Scheme of a racetrack microtron. A linac accelerates the electrons. Two large dipolemagnets (shaded areas) provide the recirculation. Smaller steering dipole magnets(SD) are used for steering the incoming and exiting beam.gets recirculated into the linac by the second dipole, which closes the racetrack-shapedelectron path through the microtron. The linacs consist of 1{5 Klystrons driven by anRF frequency of 2.45 GHz. Smaller steering magnets (D) control the entrance and exitof the beam. The maximum achievable energy gain in a microtron is about a factor often. With an injector energy of 2-3 MeV it requires three cascaded microtrons to reachthe �nal energy of 855 MeV. MAMI provides a duty factor of 100% and extremely highbeam quality concerning the beam halo, emittance and stability [37]. The facility hastwo electron sources for unpolarized and polarized electrons. For this experiment, onlythe polarized electron source was used; a detailed description of the source can be foundin [38]. Polarized electrons are produced by photo-emission from III/V semiconductors,in this case a strained GaAsP photo-cathode with a submonolayer surface of cesium.The photoemission is excited by a circularly polarized laser beam; this provides highbrilliance and fast helicity change via switching of the laser light polarization. The laserpulse frequency of 2.45 GHz with a bunch length of 50 ps matches the linac frequencyand results in a transmission from the source to the target of > 90% [39]. To compensatefor the loss of quantum eÆciency, the laser beam spot on the crystal was moved everyfew hours and the crystal surface was recesiated approximately every 48 hours. Withthis polarized source the maximum beam current achieved is about 15 �A; maximumbeam polarizations are about 80%. The beam polarization was measured with a Mott
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Figure 3.2: Floorplan of MAMI. 1 is the unpolarized electron gun, 2 the polarized gun.3 is the preaccelerating linac. 4 are the three microtron stages. Several beam-lines 5 transport the beam into the experimental halls (X1, A1, A2, A3, A4).polarimeter [38, 40]. For Mott polarimetry, the 100 keV electrons extracted from thesource are scattered o� a gold foil. The polarization dependent part of the cross sectionproduces a left{right asymmetry, which is measured by two detectors placed at thesame angle left and right of the beam. To reduce systematic uncertainties, the beampolarization is switched. The beam position is measured at various positions in andin between the three microtrons by wire scanners, synchrotron radiation monitors anduorescent screens [41]. Additionally, the beam position and current is measured in thelast RTM by RF position monitors in the TM110 mode [42, 43].After extraction from the source, preacceleration in a linac, and acceleration in thethree microtron stages electrons are delivered via the beamline into one of the di�erentexperimental halls. Figure 3.2 shows the oor plan of MAMI and the connected experi-mental halls. Hall A1 provides a unique facility for electron scattering experiments. Asshown in Fig. 3.3 it is equipped with three magnetic spectrometers A, B, and C, whichcan be used simultaneously. An extensive description of A1 including properties of the
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Figure 3.3: Hall A1 at MAMI. The beam comes from the lower right and hits the target in thescattering chamber. Scattered charged particles are detected in the three magnetspectrometers A, B and C. They are mounted on a turntable which allows to rotatethe spectrometers around a common axis. Unscattered beam electrons are collectedin a Faraday cup behind the outgoing beam pipe. Figure provided by A. Liesenfeld.spectrometers and detectors can be found in [44] and [45].3.2.2 Experimental SetupAs target setup we used the high pressure 4He cryogenic target [46]; the gas had atemperature of 19 K and a pressure of 19 bar. For the hydrogen measurements the samecell, �lled with liquid hydrogen, was used. Thin carbon and BeO targets were used forcalibrations and beam diagnostics. Reference [47] contains a detailed description ofthe cryogenic system. To avoid damage to the thin target cell walls by the high energydensity beam, the beam was rastered. Spectrometer A, equipped with an FPP [48], wasused to measure the knockout protons. The electrons were detected with spectrometerB. Essential properties of the spectrometers are listed in Table 3.2.
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A BCon�guration QSDD DDispersive plane point-point point-pointNondispersive plane parallel-point point-pointMaximum momentum (MeV/c) 735 870Reference momentum (MeV/c) 630 810Central momentum (MeV/c) 665 810Solid angle (msr) 28 5.6Momentum acceptance 20% 15%Dispersive angular acceptance (mrad) 70 70Nondispersive angular acceptance (mrad) 100 20Long target acceptance (mm) 50 50Angle of focal plane 45Æ 45ÆLength of focal plane (m) 1.80 1.80Length of central trajectory (m) 10.75 12.03Central dispersion (cm/%) 5.77 8.22Central magni�cation 0.53 0.85Momentum resolution 10�4 10�4Angular resolution at target (mrad) � 3 � 3Position resolution at target (mm) 3-5 1Table 3.2: Table of optical properties for spectrometer A and B, numbers taken from [53]TargetThe cryotarget system in Hall A1 was constructed in Saclay [49]. In recent years, it wasextended [46, 50] and now consists of the cryo{system with nitrogen reservoir, whichis connected via a 12 m transfer line to the main target mounted in the scatteringchamber. The cooling power of the cryo{system is about 100 W, with a loss of about44 W in the transfer line. Figure 3.4 shows the cryo{system in its current status. Aschematic view of the target loop is shown in Fig. 3.5. The system is a closed loop. Thecryogenic gas or liquid enters from the top and is pumped by a fan. Energy depositedin the target by the beam or other sources is removed in the heat exchanger. The targetcell [51] is made of a very rigid aluminum alloy. It was milled out of a solid aluminum
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Figure 3.4: Cryo{system of Hall A1. The liqui�er is placed on a gallery and connected to thetarget chamber by a nitrogen shielded transfer line. The cryotarget is mounted inthe scattering chamber. Figure taken from [46].
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Figure 3.5: Schematic view of the target loop. Figure taken from [46].block, which gives it a high mechanical stability. The beam entry window is a 2 cmhigh strip with an average thickness of 250 �m. The cell is commissioned for pressuresup to 200 kPa with a working temperature of 20 K. In this experiment, the cell was�lled with cryogenic 4He gas at a temperature of 29 K and pressure of 190 kPa. Forthe hydrogen measurement, the cell was for the �rst time �lled with liquid hydrogen.Spectrometer ASpectrometer A was used as proton spectrometer in the experiment. Its magnetic ele-ments consist of one quadrupole (Q), a sextupole (S), and two dipoles (D). The magnetcon�guration QSDD was chosen to achieve several optical properties: a large accep-tance, good \hardware" momentum resolution and a at focal plane. The quadrupolefocuses in the nondispersive y-direction to enlarge the scattering angle acceptance. Thesextupole magnet serves to compensate for spherical aberrations of the quadrupole and
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0 50 100 cm protons
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carbon
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scintillators

vertical
drift chambers

acceptanceFigure 3.6: Detector house of spectrometer A. The detectors are protected from backgroundradiation by a shielding hut. After traveling through the QSDD magnet system(not shown in the picture), protons cross the VDCs and both scintillator planesbefore crossing the carbon analyzer and the HDCs. The shaded area indicates theacceptance. Figure taken from [48].the dipole magnets. The dipoles create the dispersion needed for momentum separa-tion. Special shaping of the dipole entrance and exit provides additional quadrupoleand sextupole strength. In addition the magnetic �eld also rotates the spin of theproton while it moves through the spectrometer.In Fig. 3.6 a schematic view of the spectrometer A detectors including the FPPis shown. The detector package of spectrometer A consists of two double{planes ofvertical drift chambers (VDC) which provide particle tracking in position and angle,and two planes of scintillation detectors for timing, particle identi�cation and trigger.A VDC consists of a plane of signal and potential wires at ground potential enclosedby two cathode foils at -6400 V. The signal wires with diameters of 15 �m are 5 mmapart and interspersed with the thicker potential wires. A drift cell is de�ned so thatits center is a signal wire and its width and height 5 mm and 24 mm, respectively.The electrical �eld resulting from this setup consists of parallel �eld lines which are
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Figure 3.7: Working principle of a VDC. The �eld and potential wires are placed at a distanceL parallel to the cathodes; the resulting �eld lines are shown on the right side of the�gure. The distance between two signal (potential) wires is s. A particle crossingthe chamber at an angle � ionizes the chamber gas. The electrons produced at adistance zi from the ith wire drift for the time ti.perpendicular to the cathode foils, with deviations only close to the wires as shownin Fig. 3.7. The VDC is �lled with equal parts of argon and isobutane and a 1.5%admixture of pure ethanol.A proton transversing the VDC ionizes the gas molecules. The resulting electronsdrift with an average velocity of 25 �m/ns to the signal wire. Close to the signal wirethe high �eld gradient accelerates electrons to energies high enough to ionize othermolecules, hence a charge avalanche is created. The charge signal on the wire getselectronically preampli�ed before it is digitized for readout. The drift distances of theparticle track to the signal wires along the z{direction, z1 to z5, can be calculated bymeasuring the drift time ti and the known drift velocity (see Fig. 3.7). The VDCsare mounted inside a shielding house at a 45Æ angle to the reference particle trajectory.This results in a signal in 5{6 wires, which increases the total eÆciency of the chambers.The median of drift cells measuring a signal is �ve for the x-chambers and four for thes-chambers. With a least-squares �t through the drift distances the position and angleof the detected particle is calculated. Because one VDC alone can only provide a two-dimensional projection of the true particle track, at least two chambers are needed forcomplete tracking. To improve angular resolution, a second pair of VDCs is used. Withthis set of four drift chambers a position resolution of 94 �m in the dispersive directionresults in a momentum resolution of 1 �10�4 (FWHM).



34The plastic scintillators, made of NE 102A, consist of two planes parallel to theVDCs with 15 paddles each. The planes have a lateral o�set of half a paddle width.The plane closest to the VDC has a thickness of 3 mm and serves as a �E energy lossdetector, while the second plane with a thickness of 1 cm is used for the fast timingsignal and time of ight (ToF) measurements. Each scintillator paddle is read out viaplastic light guides by photomultiplier tubes from both sides. Due to the di�erent lightpath length of the signal before it reaches the tube, the timing signal would be about5 ns wide. This can be improved by more than an order of magnitude by using theinformation of the particle impact point provided by the VDCs.Mainz FPPThe FPP [48] of spectrometer A consists of two parts, the carbon analyzer block and atracking detector for measuring the proton track after the carbon analyzer. To enablemeasurements over a large range of proton energies, the carbon analyzer is made ofthree layers with a thickness of 4 cm, 2 cm and 1 cm, each layer split in two segments.To avoid protons leaking through the slit between the segments of a layer, the edgeswere cut at an angle of 35Æ. With an area of 200 cm � 60 cm the carbon block is largeenough to cover the whole spectrometer acceptance.The rear tracking detector consists of two pairs of horizontal drift chambers (HDC).In each pair, the direction of the signal wires is rotated 45Æ to the middle plane ofthe spectrometers in such a way that the wires of the chambers within a pair areperpendicular to each other. Horizontal drift chambers consist of a plane of parallelwires sandwiched between two grounded cathode foils. The gap between the cathodesis �lled with a gas mixture of 80% ethane and 20% of an argon{ethanol mixture. The�eld forming signal and potential wires have a distance of 1 cm to each other andthe cathode foils. The potential wires are on the same potential as the cathodes; thepotential di�erence to the �eld wires is +3 kV. Therefore the electron drift lines areas indicated in Fig. 3.8. When a proton goes through an HDC chamber, it ionizesthe chamber gas. The electrons drift along the �eld lines to the signal wires, whilethe cations drift to the potential wire. The �eld gradient close to the wires causes a
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Figure 3.8: Schematics of the HDC. The �eld forming signal and potential wires have a distanceof 1 cm to each other and to the cathode foils. Electrons from the ionization alongthe particle track drift to the signal wire. The drift time measurement is started bythe individual signal wires and stopped by a fast external trigger scintillator. Fig.taken from [52].charge avalanche to develop. The readout electronics registers the charge signal andthe wire position. A speci�cally developed electronics registers which side of the signalwire the proton passed through. From the combined information of all four chambersthe position can be determined with a resolution of 300 �m, and the angle with aresolution of 2 mrad. This is mainly due to the uncertainty in the drift time to driftdistance relation.Spectrometer BSpectrometer B was used as electron spectrometer. It consists of an inhomogeneousdipole magnet and a tracking detector system. Its magnet is constructed as a doublefocusing \clamshell", which means the dipole is open like a clam with an angle of3:495Æ. The non{uniform �eld leads to point{to{point focusing in the dispersive and inthe non{dispersive plane. Spectrometer B can be used for out of plane measurements upto a maximum angle of 10Æ; our measurement was done in plane. The detectors consistof a set of four VDCs and two planes of scintillators, the setup being very similar tospectrometer A. The optical properties are listed in Table 3.2.
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Figure 3.9: Local circuit for the trigger detector system; dE and ToF denote the signals from the�rst and second scintillator plane, respectively. Legend: dE, TOF, top, cher: pho-tomultiplier signals from the detectors, ADC/TDC: Analog/Time to Digital Con-verter, FI/FO: Fan In/Fan Out, SCA: Scaler, DIS, DI: Discriminator, PS: Prescaler,uB: microBusy, PLU: Programmable Logic Unit. Fig. taken from [44]..3.2.3 Trigger and Data AcquisitionGenerating the trigger signal of spectrometer A and B requires a signal in both scintilla-tor planes. To minimize noise, both photomultipliers on a scintillator paddle must readout a signal in coincidence. The processing of the trigger signal from the scintillatorsis done by a Programmable Logic Unit (PLU LeCroy 4508). A schematic view of thespectrometer A trigger is shown in Fig. 3.9; the trigger of spectrometer B is similar.The local trigger signal is processed by a second, central coincidence PLU, which gen-erates the interrupt to the local data acquisition if the required coincidence pattern,in this case \A and B", is recognized. It is also possible for calibration purposes toadd prescaled single events to the data stream, e.g. only 1 out of 1000 single electronevents enters the data stream. In addition, this trigger pattern is also used to mark theevent for the local event readout, which is later needed by the event builder. The eventreadout was done locally on each spectrometer with a VMEbus-System. The systemcontained a master/slave multiprocessor system using a E6{CPU (Motorola 68030) asmaster and a E5{CPU (Motorola 68020) as slave. The realtime E5-CPU was used for



37fast data acquisition, while the master processor was packaging the data and sendingit to the host via an Ethernet connection. A data acquisition workstation is used tomerge the data streams from the di�erent spectrometers. A specially designed programpackage, the \Eventbuilder" [54,55], uses the above mentioned trigger marks to matchthe corresponding events to a single scattering event. The events are stored on a harddrive. From there the data is archived on CD{ROM or tape. The software packageMECDAS [55{57] ( Mainz Experiment Control and Data Acquisition System) is usedfor this procedure. The online and o�ine analysis was done with the software packageCola++. At the time of this experiment the maximum data acquisition rate was 200 Hzwith 20% deadtime, limited by the front{end CPUs.3.3 Je�erson Lab E93-049The second part of the experiment took place in Hall A at JLab. Experiment 93-049(Polarization Transfer in the Reaction 4He (~e; e0~p )3H in the Quasielastic ScatteringRegion, spokespersons R. Ent and P. Ulmer) ran in April/May 2000 for 28 days of datataking and 6 days of detector calibrations. The following sections describe the CEBAFaccelerator and the instrumental equipment of Hall A.3.3.1 CEBAFThe Continuous Electron Beam Accelerator Facility (CEBAF) is a superconducting,high current, high{duty{factor accelerator with a maximum beam energy of 5.5 GeV.An accelerator site plan is shown in Fig. 3.10.The polarized source [58] provides up to 78% polarized electrons with a maximumcurrent of 100 �A which are preaccelerated to 45 MeV by the injector. The beam is thenfurther accelerated by the two main linacs, which are connected by 180Æ recirculationarcs. Up to �ve recirculations (5-pass) are possible. Each linac consists of cryo{modules,each containing eight cryo{units consisting of �ve cell elliptical cavities. The cryo-unitsare made of niobium and are cooled to 2 K. They are driven by an RF frequency of1.497 GHz. Three beams can be accelerated simultaneously and are divided in the
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Figure 3.10: Site plan of the CEBAF accelerator. After preacceleration in the injector1 , thebeam is accelerated through the north and south linac up to �ve times before it isdistributed to the end stations 3 in the beam switchyard. The helium used forcooling superconducting systems is produced in the central helium liqui�er2 .beam switchyard into the three Halls, A, B, and C, with Halls A and C taking highcurrent beams up to 130 �A and Hall B low currents of a few nA.3.3.2 Beam and Beam DiagnosticsBeam Energy MeasurementAt the time of the experiment two independent methods to measure the beam energyin Hall A were available, \ep" and \ARC". In the ep method, the 1H(e; e0p) reaction isused to determine the beam energy. The setup [59] is a stand-alone device located 17 mupstream of the target. The target consists of a moving CH2 tape with a thickness of10{30 �m. The two proton detectors and both electron silicon microstrip detectors arearranged symmetrically to the beam axis in the reaction plane. Making simultaneousmeasurements with both arms cancels uncertainties due to beam position and directionto �rst order. The beam energy is given to �rst order byE = mp cos �e + sin �e= tan �p � 11� cos �p (3.1)The ARC energy measurement method uses the connection between the beam en-ergy E, the bend angle � through the arc section of the beamline, the �eld integral



39R ~Bd~l and the constant c: E = c � R ~Bd~l� : (3.2)The method consists of two simultaneous measurements. The bend angle is measuredby two monitors determining the direction of the beam upstream and downstream of thearc, respectively. Each monitor consists of two beam position monitors (\superharps").The �eld integral is measured in a dipole magnet identical to the eight dipole magnetslocated in the arc. This ninth dipole is kept at the same conditions and is connected inseries to the arc dipoles. The �eld integral of the central and fringe �eld is measuredwith NMR probes in the ninth dipole.Repeated measurements of beam energies over a period of several years show goodagreement with each other, resulting in an uncertainty of the beam energy (� 4 � 10�4).One exception is a region around 3 GeV, where the ep results are lower than theARC results. It is conjectured that a microstrip used in this energy region could bemisaligned. An investigation of the problem is ongoing.Beam Position MonitorsTo monitor the position of the beam along the beamline, two beam position monitors(BPM), BPM A and BPM B, are installed in Hall A. BPM A is located about 7 mupstream of the target, BPM B about 1 m. The position of the BPMs is de�nedwith survey. The BPMs are simple cavities with four antennas rotated �45Æ from thehorizontal and vertical directions. The signal picked up by each antenna tuned to thefundamental frequency of the beam is inversely proportional to the distance betweenthe beam and the antenna. The beam position can be determined to about 200 �m forcurrents in excess of 10 �A.A second method to measure the beam position is using the current of the rastermagnets. Because of the energy dependence of the beam bend angle and other non-linearities the method requires good knowledge of the system. The advantage of theraster method over the BPM method is that no correction for a phase shift is necessary.



40

Figure 3.11: Layout of Hall A. Electrons travel through the beamline and impinge on the targetmounted in the scattering chamber. The left spectrometer was used to detectelectrons, the right spectrometer for the hadrons (protons). The spectrometers arebuilt identically and consist each of three quadrupoles (Q1, Q2, Q3) and a dipole.3.3.3 Experimental SetupThe experiment was done in Hall A. The beam polarization in the Hall can be measuredwith a M�ller polarimeter [60] or a Compton polarimeter [61]. After impinging on thetarget, the unscattered beam is stopped in the beam dump. Scattered electrons, knock-out protons or charged particles produced by the reaction are detected and momentumanalyzed by two identical High Resolution Spectrometers (HRS). In this experiment,the left arm (left de�ned by an observer standing at the target and looking in the di-rection of the beam dump) HRS was used to detect the scattered electrons; the rightarm, equipped with an FPP detected the knockout protons. The following sections willdescribe the equipment in more detail. Figure 3.11 shows the general layout of Hall A.



41TargetThe high pressure cryogenic target system has three loops: for liquid 1H, liquid 2H andgaseous 4He. During the experiments two cryogenic targets were used, hydrogen andhelium. In addition, a solid carbon target and a beryllium oxide target were used forcalibration measurements and beam spot checks. The targets were arranged in a verticalstack and could be easily moved in and out of the beam with the target motion systemwhich was driven by three step-motors and is remotely operated. The liquid hydrogentarget was operated at 19 K and the helium target at 6.3 K. The coolant needed tocool down the gases from room temperature to operating temperature was supplied bythe End Station Refrigerator (ESR), which supplied helium coolant at temperatures ofeither 4.5 K or 15 K. This means that the coolant supply had to be switched when achange of cryotargets was needed; one cryotarget had to be warmed up and the secondtarget had to be cooled down. This took about eight hours; three changes were neededduring the experiment. For the liquid target two horizontal cylindrical cells with lengthsof 15 cm and 4 cm were available. In this experiment, the 15 cm cell was used to achievehigher count rates. The helium loop had a single vertical cylindrical cell with a diameterof 10.4 cm. Table 3.3 lists the target parameters during the experiment.1H 4HeTarget length (cm ) 15 10Temperature (K) 19 4.2Pressure (kPa) 17.6 150Density (g/cm3) 0.07 0.13Table 3.3: Target parameters during the experiment.High Resolution SpectrometersThe Hall A HRS are identical magnetic spectrometers consisting of three supercon-ducting quadrupoles (Q) and one superconducting dipole (D) in QQDQ arrangement(as shown in Fig. 3.11). The use of quadrupoles allows to focus in both dispersive andnondispersive directions, therefore increasing the acceptance.
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Momentum Range GeV 0.3 - 4.0Con�guration QQDQBend Angle deg 45Optical Length m 23.4Momentum Acceptance % � 4.5Dispersion cm/% 12.4Radial Linear Magni�cation 2.5Momentum Resolution FWHM 1 � 10�4Angular Acceptance Horizontal mr � 28Angular Acceptance Vertical mr � 60Solid Angle Rectangular msr 6.7Angular Resolution Horizontal mr 0.6Angular Resolution Vertical mr 2.0Transverse Length Acceptance cm �5cmTransverse Position Resolution mm 1.5Spectrometer Angle Precision mr 0.1Table 3.4: Table of optical properties for the HRS; numbers taken from [62].HRS Tracking DetectorsEach HRS detector stack is equipped with two VDCs, each containing two wire planes.The �rst VDC is placed close to the optical focus of the HRS, while the second oneis o�set 50 cm downstream. This ensures good resolution for the determination of thetracking angle. A special feature of the HRS VDCs is the lack of �eld wires, whichresults in a lower operating voltage. The VDC tracking system works very similarly tothe system described above; details can be found in [63].Hadron Arm Detector StackThe detector package for the hadron arm including the FPP is shown in Fig. 3.13. Itincludes the VDCs, scintillators used for timing and trigger, �Cerenkov detectors and theFPP. The Hall A FPP consists of a carbon block sandwiched between a set of trackingchambers. The carbon block consists of four \doors" with thicknesses of 22.9 cm,15.2 cm, 7.6 cm and 3.8 cm, which are operated in remote control. In contrast tothe VDCs the tracking chambers are straw chambers, consisting of a set of cylindricaltubes with a thin wire running along the central axis of each tube. The operational
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Figure 3.12: Schematic layout of the VDC. Both chambers are tilted 45Æ to the central ray.Each VDC consists of two chambers U and V. V wires are rotated to 90Æ relativeto U wires. Fig. taken from [63].
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44principle of a straw is similar to the HDC, but with single wires. In the FPP, threespatial orientations were used for the straw chambers. X wires measure position alongthe dispersive direction; the U and V wires are perpendicular to each other and rotatedby 45Æ with respect to the X wires. The two front tracking chambers consist each ofthree V planes and three U planes. The �rst rear chamber after the carbon analyzerhas two planes of each X, V, and U. The second chamber behind the carbon has threeU and three V planes. For each chamber set, the U planes are placed closest to thecarbon blocks.3.3.4 Trigger and Data AcquisitionThe left and right spectrometers have an identical trigger setup which is similar to thesetup used in Mainz. The signals from the photomultipliers of the two scintillators areprocessed by a local Memory Lookup Unit (MLU). A signal pattern which shows acharged particle nearly parallel to the central ray is accepted and generates the singletrigger T1 for the left arm (T3 for the right arm). Using an overlap AND circuit fromT1 and T3 produces the coincidence trigger T5. All triggers are then sent to a TriggerSupervising (TS) unit. This unit prescales the single triggers to the preset value. Inaddition, it checks whether the DAQ is ready and generates the readout. A schematicdrawing of the Hall A coincidence trigger taken from [64] is shown in Fig. 3.14.
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Figure 3.15: Hall A DAQ setup. Figure taken from [64].The CEBAF Online Data Acquisition (CODA) [66] was used to manage the dataacquisition system (Fig. 3.15) during the experiment. The DAQ hardware consists of asetup of VME and Fastbus crates containing various electronic modules and the localTS for each spectrometer. A read{out controller (ROC) handles the communicationbetween CODA and the detectors. The Eventbuilder merges the information from thespectrometers, adds the necessary header information and creates an approximately1 kB large event. Experimental parameters, e.g. scaler information and di�erent equip-ment parameters such as target positions were also added to the data stream. In addi-tion, there are monitoring programs (dhist, hana) to provide online display of detectorvariables during data taking. During each run, the ESPACE ( Event Scanning Programfor Hall A Collaboration Experiments) code [67] was used to analyze part of the runto check essential detector performance and quality of the physics data. ESPACE wasalso used for the o�ine analysis.
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Chapter 4Raw Data Analysis4.1 IntroductionThe following sections explain the data analysis leading from the raw data to physicsresults. In the �rst stage of the analysis, the event reconstruction including beamposition monitoring, energy loss correction and tracking were done. The next stepincluded calibrations of the spectrometers, detectors, and beam parameters. Finally,good events were selected through software cuts. The analysis approach to the Mainzand JLab data was similar, although di�erences in the experimental setup sometimesrequired applying di�erent procedures. These di�erences will be pointed out explicitlywhere necessary.4.2 Event Reconstruction4.2.1 Data Analysis CodesThe raw data event, which is mainly information on timing and position, has to beconverted to reconstruct the particle's track and calculate its momentum. This was doneusing the analyzing codes ESPACE (Event Scanning Program for Hall A CollaborationExperiments) at JLab and Cola++ at MAMI.ESPACE [67] is a FORTRAN based code which can be used to histogram, �lter,evaluate conditions and/or accumulate data. Constants of spectrometers and theirdetectors are stored in a database. A header �le contains information which is neededto construct some of the variables, e.g. the target density and thickness, spectrometerpositions and o�sets, and information about the beam. COLA++, based on C++,performs similar functions.
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Figure 4.1: Top view of Hall A with the laboratory coordinate system. Figure taken from [67].4.2.2 Coordinate SystemsLaboratory Coordinate SystemThe origin of the laboratory coordinate system is de�ned by the point of closest ap-proach of the non{rastered electron beam and the axis of rotation of the solid targetcoordinate system. The non{rastered beam direction is de�ned by the last two beamposition monitors. The zlab coordinate points in the direction of the beam, ylab isdirected upward as de�ned by gravity, and xlab completes the right{handed system.Figure 4.1 shows the xlab and zlab coordinates of the laboratory coordinate system inHall A.Target Coordinate SystemThe ztg direction of this system is perpendicular to the sieve slit surface and goingthrough the midpoint of the central sieve slit hole, pointing away from the target, asshown in Fig. 4.2. The xtg axis is parallel to the sieve slit surface and points verticallydown. The right handed system is completed by ytg. The angle between the beam axisgoing to the beam dump and the spectrometer mid plane is �0. The angles �tg and �tgare measured in the yz and xz plane, respectively.Focal Plane Coordinate SystemThe tracking devices reconstruct the particle track in the focal plane. The coordinatesare calculated with respect to the focal plane coordinate system. For JLab, the origin
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Figure 4.2: Target coordinate system. In this plot, �tg and �tg are both positive. Figure takenfrom [67].of this system is de�ned by the intersection of wire 184 of the VDC U1 plane and theperpendicular projection of wire 184 in the VDC V1 plane onto the VDC U1 plane.The unit vector ẑfp is pointing along the central ray away from the target, whereas x̂fplies in the spectrometer mid{plane pointing away from the center of curvature of thedipole. The angles �fp and �fp are de�ned astan �fp = d xfpd zfp (4.1)tan�fp = d yfpd zfp (4.2)4.2.3 TrackingThe physical information from the tracking detectors is the drift time of the chargeavalanche, caused by the particle's track, to the signal wire. From these measured drifttimes, drift distances have to be determined. This depends on the hardware of thetracking detectors and is discussed in detail in e.g. [65,68]. Knowing the drift distancesand the wire numbers allows for the calculation of the hit position. Once the position isdetermined, the point and angle of intersection of the particle with the tracking detectorchamber is calculated. In principle, the vector (x; y; �; �)fp together with the hit positionat the chamber is suÆcient to determine the track uniquely. However, where several



50tracking detector chambers are involved, e.g. in the JLab VDC detectors, the angles aredetermined through the hit positions and the distance between the di�erent chambers.The added lever arm results in an improved tracking resolution.Once the track in the focal plane is established, the transformation to the track atthe target is done using the known optical properties of the respective spectrometer.The spectrometers were designed to have a uniquely de�ned function Æ = Æ(xfp). Thisproperty is used to express the tracking vector in the target coordinate system as(Æ; y; �; �)tg . The momentum at the vertex then has to be corrected for the energy loss.4.2.4 Energy Loss CorrectionThe incident electron up to the reaction vertex and the scattered electron and recoilproton su�er energy losses during their passage through matter. The energy loss inthe scattering chamber entry and exit windows, target walls, the target, the air, thespectrometer entry windows and in the scintillators has to be calculated. At JLab, thisis done in ESPACE. The target cell model, length of the target and target thicknessare entry parameters given in the header �le. The energy loss calculation is done inESPACE, following the equations given in e.g. [69].In Mainz, the energy loss was treated similarly. In addition to the above men-tioned causes for energy loss, humidity from the outside leaked into the target chamberand condensed as so{called \snow" on the outside walls of the cryogenic target. Theadditional energy loss was corrected in Cola++ by adding two parameters for snowthickness and density. The data taking in Mainz was done during three periods. In thedays between these periods, the target was warmed up. For the change from the heliumto hydrogen target and back a target warm-up was also necessary. Each warm-up andsubsequent cooldown caused the melting and new condensation of snow. Depending onthe outside conditions, the di�erent snow layers had di�erent thickness. These valueswere set manually in the database and were determined by adjusting the missing energypeak of the respective data taking period to zero. As almost all the energy loss in thetarget occurs through Coulomb scattering, the e�ect of energy loss on polarization isexpected to be very small.
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Figure 4.3: Plot of xlabBPMB versus xlabrast for 30,000 events. The several distinguishable ellipsesare a deviation from the norm and hint at a problem in one of the detectors.4.2.5 Vertex ReconstructionWith the information of one spectrometer alone, the ztg coordinate of the vertex cannotbe determined. The knowledge of the beam position and direction on the target togetherwith the track as determined by the spectrometer allows one to calculate the point ofintersection between the beam and track vectors and hence ztgvertex. As discussed inSec. 4.3.3, two independent systems, the BPMs and the raster monitors, were usedto measure the beam position. Their readings were included in the data stream. Byanalyzing these data, the beam position on the target and its angle with respect to thezlab direction can be calculated.Analyzing and plotting the xlab or ylab position of the BPMs versus the respectivecoordinate as given by the raster monitors revealed some irregular behavior. Figure 4.3shows a two dimensional plot of xlabBPMB versus xlabrast (by the raster monitor closest tothe target) for 5000 events. Normally, one would expect an elliptical event distributiondue to the phase di�erence between the monitoring systems. The multiple ellipseswhich show up in this plot are a clear sign for problems in one of the detectors. The



52problem was later tracked to a fault in the raster's electronics [70]. Therefore, only theinformation on the beam position provided by the BPMs was used in the analysis.4.3 Calibrations4.3.1 Survey and Spectrometer AlignmentJLabBefore and after the experiment in Hall A at JLab, the angle, horizontal (HPT) andvertical (VPT) mispointings of the spectrometers were surveyed with respect to thelaboratory coordinate system. In addition, the angle and horizontal mispointing asmeasured by the linear variable di�erential transformers (LVDTs) were included in thedatabase. Survey 1 was performed on March 30, a week before the data taking forE93{049 started. The experiment ended on May 8; Survey 2 was performed on May2nd. The periods between the surveys and data taking were used for maintenanceand calibrations. The survey and LVDT results are shown in Table 4.1. It had to beDate HRS Survey LVDTArm Angle HPT VPT Angle HPT(degree) (mm) (mm) (degree) (mm)30 Mar 2001 L 20.586 +1:61 +0:38 20.572 +3:7830 Mar 2001 R 25.525 �3:36 �0:27 25.521 �2:9202 May 2001 L 18.083 +2:44 +0:38 18.065 +4:8202 May 2001 R 47.100 +1:09 +0:69 47.087 �1:77Table 4.1: Survey and LVDT results for the Hall A left and right HRS spectrometers.decided which survey results should be used for data analysis. The elastic hydrogendata for Q2 = 0:5 GeV2 and Q2 = 1:6 GeV2 were used for the investigation, becausethe reaction is overdetermined. Data taking for Q2 = 1:0 GeV2 and Q2 = 1:6 GeV2 wasdone back{to{back. Because no major alignment shifts were expected to occur duringthis short time period, and the spectrometers were only moved once during that time,only one data set, at the higher Q2, was analyzed. The data were replayed twice usingthe o�sets of the respective surveys. The di�erence Æzlab = zlabH � zlabE between the



53reaction vertex coordinate of the electron and hadron arm was plotted. Because thereconstruction of the vertex depends on the survey parameters, Æzlab and its full widthat half maximum (FWHM) are measures of the reconstruction quality. The result isgiven in Table 4.2. For all variables, o�sets from Survey 1 lead to equal or better valuesQ2 Survey �zlab Æ(�zlab)(GeV)2 (mm) (mm)0.5 1 �1:31 5.090.5 2 1:65 5.081.6 1 �0:14 3.501.6 2 2:84 3.43Table 4.2: Comparison of surveys using hydrogen data. The di�erence between the reactionvertex coordinate of the electron and hadron arm is �zlab, Æ(�zlab) is the FWHMof the �zlab distribution.and resolutions of the reaction coordinates and thus were chosen for data analysis. Asummary of the �nal spectrometer settings based on Survey 1 is given in Table 4.3.MainzThe Mainz spectrometers are mounted on a support rail with angle markers for digitalreadout. The angles and positions of the spectrometers are assumed to be knownprecisely. There is no standard survey procedure in place for checking the positioningbefore or after an experiment.4.3.2 Alignment of DetectorsJLab VDC alignmentThe VDC alignment is included in the o�set optimization of the spectrometer optics.A new set of parameters is only required when the VDC is moved out of position, orthe detector stack as a whole is moved. The alignment is done using an elastic orquasi{elastic 12C(e; e0p) data set with the sieve slit in place. The comparison of theactual position of the central sieve slit hole with the nominal position leads to the o�setparameters for the positions. The angles �tg and �tg are optimized using the calibrated
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Q2 Target p � xo� yo� zo�(GeV2) (MeV) (deg) (mm) (mm) (mm)Electron Arm0.5 H 3102.2 12.503 0:148 0.038 �0:0330.5 He 3102.2 12.469 0:149 0.038 �0:0331.0 H 3666.9 14.559 0:346 0.038 �0:0901.0 He 3666.9 14.560 0:343 0.038 �0:0901.6 H 3340.3 19.352 0:289 0.038 �0:1021.6 He 3340.3 19.352 0:289 0.038 �0:1012.6 He 2795.8 27.097 0:237 0.038 �0:122Hadron Arm0.5 H 766.0 63.120 �0:029 0.027 �0:0580.5 He 766.0 61.428 0:017 0.027 0:0311.0 H 1149.6 54.819 0:095 0.027 0:1341.0 He 1149.6 54.548 0:171 0.027 0:2321.6 H 1548.9 46.767 0:171 0.027 0:1821.6 He 1548.9 46.767 0:162 0.027 0:1662.6 He 2160.6 36.201 0:236 0.027 0:173Table 4.3: Spectrometer angles and o�sets for the di�erent settings of JLab E93{049 as deducedfrom spectrometer Survey 1. Spectrometer momenta are taken from NMR readouts.angles of the non{central sieve slit holes. The coordinate ytg is optimized by optimizingthe reaction position along the beam direction zlab. For doing this, data using a set offoil targets is required. A detailed description of the o�set optimization procedure canbe found in [71].JLab FPP AlignmentAfter the position of the VDC relative to the central ray of the spectrometer is known,the front and rear FPP chambers have to be aligned relative to the VDC. Such calibra-tion data, where no carbon blocks are placed between the chambers to be aligned, arecalled straight through data. For the alignment of the front chambers any run whichcovers the acceptance of the chambers completely can be used for this purpose. Toget a good illumination for the alignment of the rear FPP chambers with their largeacceptance, a carbon block is placed behind the VDC for the calibration run. There



55are two methods to align the chambers.In the �rst method [65], each chamber is aligned separately to the VDC using aset of six parameters, three each for the translational and rotational o�sets. For eachtrack, the position and direction as measured by the VDC are projected onto therespective FPP chamber. For the di�erences between the FPP and VDC values, a �2minimization is performed. The corrected values for each chamber are then used asinput in the tracking routine. The advantage of this method is the direct link betweenthe alignment parameters and the physical translation and rotation of the chambers.Second and higher order corrections, which are necessary when the chambers are notperfectly planar, are not yet implemented in this method. Such chamber distortionscould be caused by the weight of the chambers, distorting them in places far away fromthe three support points.In the second method [72], it is assumed that the front and rear chambers are inter-nally aligned. The alignment to the VDC is done by aligning the already reconstructedfront chamber track to the VDC track; the same applies to the alignment of the rearchambers to the front chambers. The alignment parameters obtained with this methodare not easily related to physical o�sets or rotations. On the other hand, extension tohigher order corrections is straightforward and was developed for analyzing E93{049.Comparative studies have shown that both alignment methods lead to equally goodresults for the precision required by previous experiments. However, the extremely highprecision data available in E93{049 showed that using the second method and extendingit to higher orders is necessary, especially if one aims to extract induced polarizations.Alignment ProcedureA track can be described in the FPP coordinate system by four parameters x0, y0,�0, and �0, where the subscript 0 indicates that the parameters were taken at zclosevalues indicated below, where zclose is de�ned as the distance between the z coordinateof closest approach between the front and rear track to the origin z = 0. This zclosevalue was chosen such that the width of the di�erence between the VDC and FPPtrack coordinate distributions were minimized. The front and VDC track parameters



56are related by 0BBBBBBB@x0y0�0�0
1CCCCCCCA
front
align =

0BBBBBBB@x0y0�0�0
1CCCCCCCA
front
raw +Afront + Bfront �0BBBBBBBBBB@

x0y0x20y20x0y0
1CCCCCCCCCCA
front
raw : (4.3)

The elements of the matrices Afront and Bfront are determined by a least squares �t tostraight{through data at zclose = 100 cm. If for any reason only the VDC is moved dur-ing a detector access, but none of the FPP chambers, only the front to VDC alignmentis necessary. The alignment of the rear to the front FPP is therefore done in two steps.In the �rst step, the new rear track is de�ned as0BBBBBBB@x0y0�0�0
1CCCCCCCA
rear
new = 0BBBBBBB@x0y0�0�0

1CCCCCCCA
rear
raw +Afront; (4.4)which means that now, in addition to the front chamber alignment, a misalignment ofthe whole FPP tracking detector package to the VDC is already corrected. The secondstep is the alignment of the rear chamber to the front chamber, which is done similarlyto the front{to{VDC alignment:0BBBBBBB@x0y0�0�0

1CCCCCCCA
rear
align =

0BBBBBBB@x0y0�0�0
1CCCCCCCA
rear
new +Arear + Brear �0BBBBBBBBBB@

x0y0x20y20x0y0
1CCCCCCCCCCA
rear
new : (4.5)

The coeÆcients are extracted by a least-square �t to calibration data at zclose = 360 cm.Plotting zclose, which is de�ned as the z{coordinate for the closest approach of frontand rear tracks in the focal plane coordinate system, shows clearly the success of thealignment. Figure 4.4 (a) shows the unaligned zclose spectrum for a measurement withthe 7.6 cm and 3.8 cm carbon doors in. Figure 4.4 (b) shows the same data set after
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Figure 4.4: Comparison of zclose before (a) and after (b) the FPP chamber alignment. Datataken from 1H(~e; e0~p ) at Q2 = 0:5 GeV2 with the 7.6 cm and 3.8 cm carbon doorsin. The peak at zclose = 395 cm is caused by protons scattered from the �rst rearFPP chamber.the chambers were aligned. The gaps of about 1 cm between the carbon doors can nowbe clearly seen. Also the slopes at the beginning and the end of the carbon blocks aresteeper.Mainz VDC AlignmentThe particle tracking performance of the spectrometer A and B detectors depends onthe knowledge of the position and orientation of the respective VDC detector package,which is given in terms of xfp, yfp, �fp and �fp o�set parameters. To determine theseparameters, the elastic ep scattering data were used in the following method.With the assumption that the beam energy is known, only one other experimen-tal observable is needed to calculate all other kinematic parameters of the elastic epkinematics. So using either one of pe, pp, �e, or �p the other three variables were cal-culated and subtracted from the experimental value on an event{by{event basis. E.g.,in the bottom row, leftmost graph of Fig. 4.5, the experimental proton angle �p wasused together with the known beam energy to calculate pe. Plotted is the di�erence
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Figure 4.5: Event distributions from elastic ep scattering used for pointing checks; see text fordetails.�pe = pexpe � pcalce . For the unaligned VDCs, the maximum of these distributions wereshifted away from zero, as would be expected for an aligned system. To align the VDCs,the o�set parameters were adjusted in such a way that the maxima of the � distribu-tions were close to zero. Fig. 4.5 shows the distributions after the VDC alignment. Thenon{Gaussian part of the distributions stems from the radiative tail of the scatteredelectron. The solution was cross{checked by using the adjusted o�sets from Table 4.4in the analysis of data taken with a thin carbon target. The resulting target positionwas 1 mm upstream from the center of the scattering chamber, which agrees with asurvey of the carbon target immediately before the experiment.Spec. A Spec. Bxfp (mm) 46.7 21.0yfp (mm) �3.934 1.183�fp (mrad) 0.154 �3.01�fp (mrad) 786.03 839.03Table 4.4: Adjusted o�set parameters for the VDC detector packages of the Mainz spectrome-ters.



59Mainz FPP AlignmentThe �rst step in the HDC calibration is the adjustment of the odd{even o�sets. To dothis, the odd{even spectra for each wire are plotted. These spectra show how manytimes and at which distance an event was registered to the left or right of the respectivewire. The o�sets are then corrected to center these spectra symmetrically around zero.To obtain the correct drift time, the single wire TDC o�sets had to be determined. Thisis done by checking the single wire timing spectra and adjusting their o�sets. The laststep is the overall chamber alignment using straight through data. The reconstructedfocal plane coordinates of the HDC are compared to the VDC tracks. Of the sixcoordinates necessary to describe the position, only the two positions x and y and thetwo angles � and � are corrected. This is done by plotting the di�erence between therespective VDC and HDC variable and adjusting the o�set in a way that the mean ofthe distribution is at zero. Table 4.5 lists the o�sets for this experiment.xo� yo� �o� �o�(mm) (mm) (mrad) (mrad)783.675 �0:05 10.279 617.052Table 4.5: HDC o�sets for Mainz.4.3.3 Beam Energy and PolarizationJLabFor Q2 = 0:5 GeV2, a lower beam energy was used than for the other settings. For eachenergy an ep and an ARC measurement was made. The results of these measurementsare given in Table 4.6. The lower beam energy falls within the region where ep resultsare systematically lower than ARC results. To get a better precision on the beam energyand to study the beam energy change during the experiment, the hydrogen data wereanalyzed with the energies as measured by the ARC method. With the assumptionthat pe and pp are accurately determined by the spectrometers, and the energy loss inthe target known through energy loss calculations, Ecalc = E(pe; pp) was calculated.
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Date Method Energy (MeV) Uncertainty (MeV)8 Apr 2000 ARC 3401.160 0.6009 Apr 2000 ep 3397.649 0.2004 May 2000 ep 4239.406 0.2505 May 2000 ARC 4237.500 2.000Table 4.6: Results of the beam energy measurements in MeV during data taking of E93{049.The �E = Ecalc�EARC spectrum was then plotted for each Q2 point. The peak of the�E distribution was then shifted to �E = 0. The beam energies corrected by theseenergy o�sets are given in Table 4.7. The energy di�erence between the data takenat Q2 = 1:0 GeV2 and the higher Q2 data, although they were nominally taken atthe same beam energy, may have two causes. The spectrometer constants used in thedatabase change by 1 � 10�4 over the momentum range of the spectrometer. This canaccount for up to 0.3 MeV of the di�erence caused by the beam energy measurement.Also the energy lock of the accelerator was o� several times during the experiment,which can lead to beam energy variations of < 2 MeV.Q2 (GeV2) 0.5 1.0 1.6 2.6E0 (MeV) 3399.9 4239.0 4237.3 4237.3Table 4.7: Corrected beam energy used for analyzing E93{049.The beam polarization in Hall A was measured with the M�ller polarimeter. Ta-ble 4.8 shows the results of these measurements. The lower polarization at Q2 =0:5 GeV2 originates in tuning of the accelerator, which was optimized for another hall,resulting in a slightly lower than maximally achievable beam polarization for Hall A.The sign change originates in di�erent positions of the �=2 plate in the path of the laserbeam. It cancels for polarization transfer ratios; for single polarizations however it wastaken into account.
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Date Polarization (%)04/10 64:7 � 0:204/16 66:6 � 0:204/19 �67:5 � 0:204/21 68:1 � 0:204/23 �66:2 � 0:204/26 65:3 � 0:204/30 �67:6 � 0:204/30 �68:4 � 0:205/03 70:5 � 0:205/05 �70:7 � 0:205/10 70:8 � 0:2Table 4.8: Electron beam polarization as measured by the Hall A M�ller polarimeter duringE93{049.MainzThe microtron technique with its high number of beam recirculations facilitates a pre-cise energy measurement in the accelerator. Given that the �elds of the recirculationmagnets are known precisely, and using the absolute energy calibration of the acceler-ator from [73], the MAMI beam energy can be calculated by [41]:E(n) = �180:02 + 7:504 � n� 3:5 � 10�5 � n2 � 0:16�MeV: (4.6)The number of recirculations is n; the empirical term in n2 accounts for the fringe �eldsof the recirculation dipoles. The good determination of the beam energy through theaccelerator makes additional energy measurements in the hall unnecessary.At the time of the data taking, the M�ller polarimeter in Hall A1 was still underconstruction. Therefore, no direct method to measure the beam polarization in thehall was available. The polarization was determined at the polarized electron source.However, there is an indirect method to obtain the polarization using the ratio GpE=GpMof 1H(~e; e0~p ), which does not require the knowledge of the beam polarization. Assumingthat �GpE=GpM and the carbon analyzing power are well known from world data in theQ2 range accessible with MAMI, the average beam polarization can be calculated.Within the error bars this method agrees well with the polarization values from thesource.



624.4 Event SelectionFor both data analyses, several software cuts were made to ensure good quality of thedata. The �rst set of cuts was applied to ensure good tracking. For the VDCs it wasrequired that the multiplicities, i.e., the number of wires which �red during an event, isbetween 2 and 10 for all four chambers. The angle between the measured track and thecentral ray had to be smaller than 22:5Æ to remove the extreme tracks from the data.An accepted track in the FPP chambers had to have a number of total hits between 2and 50, with at least one cluster in one of the U and V planes of each chamber.To exclude all events out of the nominal spectrometer acceptances, cuts were madeon the momentum acceptance Æp and the horizontal and vertical angles �tg and �tg.Events coming from the target walls were eliminated by cutting on the ytg coordinate.For the helium measurements at JLab, the condition jpmissj � 240 MeV was applied.All cuts mentioned are independent of the kinematics, and are the same for both HRSspectrometers. Table 4.9 lists the acceptance cuts for the spectrometers at Mainzand JLab. Apart from the acceptance cuts, other cuts dependent on the respectiveVariable Mainz JLabmin max min max�tgp (mrad) �70 70 �65 65�tgp (mrad) �100 100 �32 32ytgp (mm) �25 25 �65 65�tge (mrad) �70 70 �65 65�tge (mrad) �20 20 �32 32ytge (mm) �25 25 �65 65Æpe (%) �7:5 7:5 �4:5 4.5Æpp (%) �5:0 15:0 �4:5 4.5Table 4.9: Software cuts related to the acceptance of spectrometers at Mainz and JLab. Thesecuts are independent of the respective kinematics.kinematics and targets were used. Cutting on pe ensured that few events from theradiative tail of the electron were analyzed. As shown in Table 4.10, the limits areslightly di�erent for helium and hydrogen measurements at the same Q2 due to therecoil momentum in 4He (~e; e0~p )3H. These cuts were not applied for the Mainz data.
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Q2 Target pmine pmaxe(GeV2) (MeV) (MeV)0.5 H 3080 31550.5 He 3050 31251.0 H 3520 38751.0 He 3595 37151.6 H 3300 34301.6 He 3015 34102.6 He 2650 2900Table 4.10: Software cuts on the electron momentum (in MeV) for JLab kinematics.The event selections mentioned above concerned only single spectrometer events.The next level of cuts concerned the coincidence. Only events were analyzed for whichboth spectrometer tracking detectors had �red. The timing of the signals had to bewithin a given coincidence time window. Figure 4.6 shows the measured coincidencetime; the zero value is chosen arbitrarily. The prominent peak between the dashedvertical bars are true coincidence events. All other events are accidental coincidencesand were not analyzed. The peaks within these accidental coincidences originate inthe microstructure of the beam. It should be noted that the background due to theremaining accidental coincidences below the true coincidence peak is very low. Thelast cut, which was only applied for the helium data, selected the reaction of interest4He (~e; e0~p )3H. In addition, to make sure only the one{body breakup reaction data wasanalyzed, 18 MeV � Emiss � 26 MeV was required.Figure 4.7 demonstrates the e�ectiveness of the software cuts to reduce background.The missing mass distributions for 4He (~e; e0~p )3H taken in Mainz are plotted in semi{log scale, where mmiss = 0 represents the tritium ground state. Panel (a) shows themissing mass distribution before any cuts were applied. The hydrogen from the snowon the target walls appears as background at mmiss = �19 MeV. The structure atmmiss = 6 MeV corresponds to the threshold of the 4He two{body breakup. Panel (b)shows the same data set after making software cuts, excluding the cuts on missing massand cuts concerning the FPP. The background is greatly reduced.
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Figure 4.6: Coincidence time for 1H(~e; e0~p ) at Q2 = 0:5 GeV2. The lower and upper limit ofthe cut is indicated by the dashed vertical bars. The peaks to the left and right ofthe true coincidences originate in the microstructure of the beam.
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Figure 4.7: Missing mass distributions before and after the application of cuts. Plot (a) showsthe missing mass distribution before any cuts were applied. At mmiss = �20 MeVthe hydrogen from the snow on the target walls appears as background. The peakat mmiss = 6 MeV corresponds to the two{body breakup. Plot (b) shows the samedata set after making software cuts, excluding the cuts on missing mass and cutsconcerning the FPP.
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Chapter 5Extraction of PolarizationsAfter completion of the calibrations and getting the information about the kinematicsettings, models for the spin transport in the spectrometers were used to obtain thespin transport matrices. A spin transport code to calculate the spin variables at thetarget using a maximum{likelihood analysis was developed. Finally, a Monte Carlosimulation was used for acceptance averaging of the theoretical calculations.5.1 Introduction to PolarimetryProton polarimeters take advantage of the asymmetry in the scattering of polarizedprotons o� spin-zero nuclei due to the spin-orbit (~L � ~S) dependent part of the nuclearforce. For a vertically oriented spin direction, this gives rise to an asymmetry in thenumber of particles scattered to the left, NL, and to the right, NR. This left-rightasymmetry � is proportional to the polarization of the proton P and to the carbonanalyzing power AC . � = NL �NRNL +NR = ACP (5.1)As shown in Fig. 5.1 the polarization components of the proton transverse to theproton's momentum (Px and Py) result in a speci�c angular distribution [74]�(#; ') = �0(#) � [1 +AC(#; TCC)(Py cos'� Px sin')] (5.2)of the proton scattering cross section � from the carbon nucleus with polar angle # andazimuthal angle '. In the orientation of Fig. 5.1 the Px polarization component leadsto an up-down asymmetry and Py to a left-right asymmetry. False or instrumentalasymmetries are neglected in Eq. 5.2 and in the following. The carbon analyzing powerdepends on the polar angle # and the kinetic energy of the proton TCC. An example
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Figure 5.1: Schematic polarimeter with a polarized proton scattering from a carbon nucleusleading to an angular distribution which reveals the transverse polarization compo-nents of the proton.of such an angular distribution from E93{049 data is shown in Fig. 5.2. The data wereintegrated over a # range from 10Æ to 26Æ. The statistical precision �P of the extractedpolarization components depends on the number of incident protons N0 and the �gureof merit F , [75] �P =r 2N0F 2 : (5.3)The �gure of merit characterizes the polarimeter performance in the scattering angledomain (#min; #max) and is de�ned asF 2 = Z #max#min �(#)A2C (#)d#; (5.4)where the polarimeter eÆciency is the fraction of scatterers �(#) = N(#)=N0 withpolar angles #. Small angle scattering with # of the order of 5Æ or less is dominatedby multiple Coulomb scattering and this reaction has no analyzing power. The �gureof merit was maximized by choosing di�erent analyzer thicknesses for di�erent Q2. Anincrease in carbon thickness increases the probability of useful pC interactions. Atthe same time, however, there is also an increase in absorptive interactions which can



68reduce the eÆciency and an increase in multiple Coulomb scattering which reducesthe average analyzing power at small angles and the tracking resolution. An increasedanalyzer thickness also reduces the average kinetic energy of the protons. Since thecarbon analyzing power peaks at about TCC = 200 MeV this energy reduction increasesthe average analyzing power for energies larger than 200 MeV.Examples of parameterizations of carbon analyzing powers and �gure of merits indi�erent regimes of kinetic energy and carbon thicknesses are those given in Ref. [74{76].Fig. 5.3 shows the analyzing power for the Hall A FPP as measured in 1H(~e; e0~p ) forthree di�erentQ2. The experimental data are compared to the appropriate parametriza-tions for the respective analyzer thicknesses and proton momenta.5.2 Spin Transport MatricesFor calculating the polarization components in the electron scattering plane from thepolarizations as measured in the focal plane, the rotation of the spins around the mag-netic �eld lines along the particles' ight path through the spectrometer magnets mustbe known. To �rst order, a magnetic spectrometer can be thought of as a pure dipole.In this case, the spin transport matrix can be simply written asS = 0BBBB@cos� 0 � sin�0 1 0sin� 0 cos� 1CCCCA ; (5.5)where � describes the change in relative angle of the spin with respect to the directionof the particle's momentum. A schematic view of the spin precession in the magnetic�eld of a dipole is shown in Fig. 5.4. To improve optical properties and increase theiracceptance, magnetic spectrometers usually have one or several quadrupole or sextupolecomponents. In addition, fringe �elds are not negligible. Therefore, higher order cor-rections to the spin transport matrix as given in Eq. 5.5 have to be determined. Thereis no method available to easily measure the spin matrix experimentally. Hence themethod of choice is to obtain an extensive magnetic �eld mapping for the spectrometer



69using NMR probes and studying the particle transport optics with sieve slit measure-ments. Combining those methods leads to an optical model which is the basis for atheoretical modelling of the spin transport. There are currently two codes available toachieve this, SNAKE [77] and COSY [78].COSY is a spin transport code which used the di�erential algebra technique. Itallows the study and design of magneto{optic systems with arbitrary numbers of beamphysics systems to arbitrary order, only limited by computing power. COSY has its ownprogramming language, which is based on a precompiler using FORTRAN subroutines.The user interface has inherently simple but powerful syntax. The exit and entranceshapes of the dipole are known up to 5th order, therefore the matrix was calculated tothe same order, using the central proton spectrometer momenta as listed in Table 4.3.In Mainz, a di�erent approach to calculate the spin transport matrix was chosen.The �eld mapping of the rather complicated magnetic �eld of spectrometer A was notprecise enough to calculate the properties of the magneto{optic system to suÆcientaccuracy. Therefore, the raytracing was done experimentally, using sieve slit calibra-tion measurements over a wide range of energies. Because the �eld maps were nowalready available in RAYTRACE{format, it was decided [48] to write a spin transportcode (QSPIN) based on this format instead of converting to input formats required byCOSY or SNAKE. The calculation of the magnetic �elds from the input parameters isdone similarly to the RAYTRACE calculations. The programming language of QSPINis C++, and the magnetic elements available in the code are limited to dipoles and mul-tipoles necessary to describe spectrometer A. Other di�erences to RAYTRACE are thevariable stepsize in the raytracing calculation and the use of other coordinate systems.Documentation for QSPIN can be found in Appendix C of [48].5.3 Maximum Likelihood MethodThe induced and transferred polarization components are the quantities to be deter-mined. This can be done by means of the maximum likelihood technique (see e.g.Ref. [79]). The likelihood function L is de�ned as a product of the probability densities



70for each of the N events L = NYi=1 f('i; ~P ; ~P 0): (5.6)Only those events are included in the product where the full cone of 'i 2 [0Æ; 360Æ) wouldhave been observed with the same probability (cone test). As mentioned earlier we alsoneglect possible instrumental asymmetries. The probability density, as expressed bythe asymmetries �x and �y, is then given byf(') = 12� (1 + �x sin'+ �y cos') (5.7)The asymmetries are linear functions of, in the most general case, the induced andtransferred polarization components.�x = �AC � �Sxx(Px + hP 0x) + Sxy(Py + hP 0y) + Sxz(Pz + hP 0z)� (5.8)�y = AC � �Syx(Px + hP 0x) + Syy(Py + hP 0y) + Syz(Pz + hP 0z)� (5.9)The analyzing power AC and the spin transport coeÆcients Sij which take into accountthe proton spin precession in the spectrometer's magnetic �elds are known or calculatedon a event{by{event basis. The electron beam polarization h is either positive ornegative depending on the helicity state of the beam at the time the particular eventwas recorded. The likelihood function can be rewritten asL = NYi=1 12�  1 +Xk �k;iPk +Xk �0k;iP 0k! (5.10)where k = x; y; z and the coeÆcients � are given for each event individually by�x = AC(Syx cos'� Sxx sin') ; (5.11)�y = AC(Syy cos'� Sxy sin') ; (5.12)�z = AC(Syz cos'� Sxz sin') ; (5.13)�0x;y;z = h�x;y;z : (5.14)The maximum likelihood estimations P̂k and P̂ 0k are those which maximize the like-lihood function L and are given by the solutions of the coupled nonlinear equations@ lnL=@Pk = 0 and @ lnL=@P 0k = 0. These solutions are not easily obtained. A lin-earization of these equations simpli�es the problem to the linear equation system
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The sums are carried out over all events. The polarization estimates are thus givenby (P̂x; P̂y ; : : : ; P̂ 0z)T = F�1B (5.16)with covariance matrix F�1.5.4 FPP Event SelectionThe last set of event selections concerned the secondary scattered events in the FPP. Ascan be seen in Fig. 4.4, some protons are scattered o� e.g. the rear FPP chamber whichare at zclose = 395 cm. Therefore, events for which the incident and scattered tracks donot intersect within the physical limits of the carbon were removed. Table 5.1 lists thezclose cuts applied; note that the origin of the coordinate system was de�ned di�erentlyfor Mainz. Scattering events for # < 3Æ are dominated by Coulomb scattering withQ2 zminclose zmaxclose(GeV2) (m) (m)0.4 �200 �400.5 367 3891.0 323 3891.6 323 3832.6 323 383Table 5.1: Software cuts on zclose.no analyzing power and were not analyzed. Events at angles larger than 70Æ, wherethe analyzing power has already dropped rapidly, were also excluded. For Mainz, thesecuts were set even tighter to 7Æ < # < 35Æ. To avoid introducing false asymmetries, a



72cone test was applied. The test is passed by an event if all tracks with the same angle# around the incident track are within the acceptance of the rear FPP chamber.5.5 Systematic UncertaintiesThere are three sources of systematic uncertainties in the experiment. Uncertaintyon the target coordinate reconstruction due to the knowledge of spectrometer optics,uncertainty in the spin transport and false asymmetries in the spectrometers. Estimatesof the systematic uncertainties were obtained by examining the sensitivity of the resultson input parameters.Spectrometer OpticsThe optics of the JLab Hall A Spectrometers were extensively studied in [71]. Theangular and vertex resolutions at the target were estimated to be��tg = 6:2 mrad (5.17)��tg = 2:0 mrad (5.18)�ytg = 3:6 mm: (5.19)These values were used as a very conservative base for a possible systematic shift inthe input parameters. Table 5.2 shows the results for the studies of the systematicuncertainties due to the spectrometer optics. Listed are the changes inRH = �P 0xP 0x�H ; RHe = �P 0xP 0x�He and R = �RHeRH � (5.20)relative to the nominal values for a change of the constant in the respective column.The shifts in these constants were 6 mrad for ��tg, 2 mrad for ��tg, 2 mm for �ytgand 2 � 10�4 for �pp. It can be seen that the changes in RH and RHe are in the samedirection in most cases, so their systematic uncertainties cancel largely for the superratio R. This is not the case for the measurement at Q2 = 2:6 GeV2, because there wehave no hydrogen measurement. For all other cases, the changes given in the table are acomfortable upper limit. The most recent numbers for uncertainties in the spectrometerinput parameters are estimated to be ��tg = ��tg = 0:8 mrad and �ytg = 0:4 mm.



73Therefore, systematic errors of all optical variables combined is estimated to be lowerthan 1% on R for the three lower Q2 points.Q2 ��tg ��tg �ytg �pp(GeV2) % % % %0.5 RH �0:2 �0:9 �0:4 +0:3RHe +0:4 �1:1 +0:1 +0:6R +0:6 �0:2 +0:5 +0:31.0 RH +1:5 �0:3 �0:0 +1:1RHe �2:4 �1:6 �0:9 +0:4R �0:8 �1:3 �0:9 �0:81.6 RH �4:9 �1:0 �2:1 +0:2RHe �6:2 �1:0 �1:9 +0:3R �1:3 �0:2 +0:3 +0:22.6 R +7:8 �1:5 �4:2 +0:1Table 5.2: Systematic uncertainties caused by spectrometer optics.Spin TransportA similar study on systematic errors was done for the Q2 points at 1.0 GeV2 and1.6 GeV2. Spin transport matrices were calculated with one of the quadrupoles eithershifted by 2 mm in the longitudinal (long) or transverse (tran) direction, or rotated(rot) by 2 mrad in the counterclockwise direction. Also, the shim angles of the dipole(shim) were changed by 2 degrees. Table 5.3 gives the deviations from R in percent forthese studies. The conclusion is that systematic errors from the spin transport are wellbelow 1% using the current knowledge of the Hall A spectrometer optics.Analyzing Power and False AsymmetriesSystematic uncertainties due to the knowledge of the analyzing power were studied byanalyzing the data with parametrizations which do not �t the kinematic range andcarbon thicknesses. Even setting the analyzing power Ac = 1 led to a change in Rof at most 1%, using other parametrizations, 0:2%. Instrumental asymmetries canoriginate from detector misalignments or inhomogenities of detector responses. Thedetector response �d(#; ') including these false asymmetries can be written as a Fourier
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Magnet Shift 1.0 GeV2 1.6 GeV2Q1 long �0:4 �0:2Q1 tran �0:2 �0:1Q1 rot �0:4 �0:0Q2 long �0:3 �0:1Q2 tran �0:2 �0:1Q2 rot �0:4 �0:0Q3 long �0:3 �0:0Q3 tran �0:3 �0:0Q3 rot �0:3 �0:1D shim �0:3 �0:0Table 5.3: Systematic uncertainties in R caused by uncertainties in the spin transport.expansion: �d(#; ') = �0(#) h1 +X ai sin(i') +X bi cos(i')i : (5.21)The experimentally observed asymmetries (��)t and ��n are given by��t = �t + ai + 12(�na2 � �tb2) (5.22)��t = �n + bi + 12(�nb2 + �ta2); (5.23)with �t and �n as the physics asymmetries. Reduction of the false asymmetries isachieved by several means. First, a cone test is applied, in which only events lying inthe full cone of ' 2 [0Æ; 360Æ) are accepted. As can be easily seen from Eqs. 5.22 and5.23, ipping the sign of physics asymmetries does not a�ect the contibution to the�rst order instrumental asymmetries. Thus, �rst order false asymmetries largely cancelfor the polarization transfer ratio. Second order false asymmetries, which appear inthe bilinear terms of Eqs. 5.22, are very small and do not contribute signi�cantly tosystematic errors for the polarization transfer ratio.
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Figure 5.2: Example of an angular distribution of polarized protons scattered from a carbonanalyzer. Data are taken from 1H(~e; e0~p ). The solid line is a �t of Eq. 5.2 to thedata.

Figure 5.3: Analyzing power of the Hall A FPP as measured in 1H(~e; e0~p ) during E93{049.
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Figure 5.4: Schematic view of the spin precession in the magnetic �eld of a dipole. The protonspin is indicated by an open arrow. The precession angle � is the di�erence betweenthe spin and momentum rotation. The spectrometer bending angle is denoted as
B .
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Chapter 6Results and Discussion6.1 IntroductionThe discussion of the results involves three main steps. The results for GpE=GpM will bediscussed with respect to previous experiments and compared to theoretical predictionsfrom various models. Before the 4He (~e; e0~p )3H data can be interpreted, phase spaceaveraging of the theoretical models using a Monte Carlo code was necessary. In all�gures the statistical uncertainties are shown. Systematic uncertainties are small; theirsource was discussed in Chap. 5.6.2 Hydrogen ResultsThe results of the analysis presented in the last chapter have to be interpreted withinthe context of previous experiments and available theoretical predictions. Table 6.1shows the results for the ratio GpE=GpM measured at Mainz and JLab. Figure 6.1 showsQ2 (GeV)2 0.4 0.5 1.0 1.6�GE=GM 1.022�0.012 0.955�0.027 0.893�0.018 0.790�0.017Table 6.1: Form factor ratio �GE=GM for hydrogen.the results of this experiment compared to results of previous experiments [3] in thesame Q2 range using the polarization ratio technique. There is excellent agreementwith previous data and strong support for the GpE=GpM ratio decreasing with Q2.Based on the data of [11], several theoretical studies have been made, focussingon di�erent e�ects within the framework of the constituent quark model. Figure 6.2shows the data from this work and [11] in comparison to four theoretical calculations.
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Figure 6.1: Experimental results for �GE=GM in hydrogen elastic scattering. Solid circles aredata from this thesis, other symbols from previous polarization transfer ratio mea-surements at JLab and MIT-Bates.The Cloudy Bag Model [80], Vector Meson Dominance Model [81] and the diquarkmodel [82] all fail to describe the data. Most notable is that each of the three modelspredict a leveling o� of GpE=GpM . The Constituent Quark Model [83] agrees remarkablywell with the data.6.3 Acceptance averagingDue to the large spectrometer acceptances the 4He (~e; e0~p )3H reaction covers a range ofQ2 around the central value, while theoretical models calculate only a point acceptance.To account for the spectrometer acceptances necessitates an accurate folding of thetheoretical models calculating point acceptances to compare with data.For each of the theories a two{dimensional grid in the variables ! and jqj wasconstructed. Table 6.2 shows the extent of the grids and the step sizes for each Q2point. For each of the grid points the theoretical values of P 0x and P 0z were calculated.For the phase space averaging between the grid points a linear interpolation was used.The Monte Carlo code MCEEP (Monte Carlo for (e; e0p)) [84] was used to perform
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Figure 6.2: Ratio �GE=GM from experimental data compared with theoretical calculations.The open circles represent the hydrogen data taken during E93-049, closed circlesare data from [11].Q2 !min !max !step jqjmin jqjmax jqjstep0.5 270 330 10 620 880 201.0 510 620 10 980 1305 251.6 815 980 15 1360 1685 252.6 1134 1540 15 1970 2290 40Table 6.2: Limits on the grid variables ! and jqj for phase space averaging. The unit of Q2 is(GeV/c)2, all other variables are given in MeV.the acceptance averaging. The agreement between the simulation and data is verygood; small di�erences which would result in a big systematic error in cross sectionmeasurements largely cancel in the polarization transfer ratio. Errors in the phasespace averaging of the theories due to di�erences between simulation and experimentare very small.



806.4 Helium ResultsAs discussed in Sec. 2.1.2, Eq. 2.22 does not hold exactly for nucleon knockout reactionsof the type A (~e; e0~p )B. Therefore the 4He (~e; e0~p )3H results will be given as a ratio ofthe transferred polarizations: R = P 0xP 0z : (6.1)The experimental super{ratio RExp and the PWIA supperratio RPWIA are de�ned asRExp = RExpHeRExpH and RPWIA = RPWIAHeRPWIAH : (6.2)Figure 6.3 shows the range of super{ratio Rexp for di�erent current operator. Threedi�erent Q2 are shown as a function of the missing momentum. The black circlesindicate the data in four bins, their numerical values are listed in Table 6.3. TheQ2 (GeV)2 pm (MeV) R �R0.5 �151 0:817 0:087� 69 0:926 0:05569 0:884 0:056151 0:722 0:1071.0 �151 0:766 0:070� 69 0:867 0:04569 0:908 0:044151 0:877 0:0841.6 �151 0:810 0:063� 69 0:921 0:04569 1:014 0:048151 1:050 0:089Table 6.3: Super-ratio as function of missing momentum.upper band indicates PWIA calculations, the middle band RDWIA calculations, andthe lower band RDWIA+QMC calculations. All calculations are from the Madridcode and averaged over the acceptance. The respective calculations are using di�erentcurrent operators. Namely, the calculation with the higher Rexp was done with the cc2current operator, the other with the cc1 current operator [20].In Fig. 6.4 the range of the ratio Rexp as a function of the missing momentum forfour di�erent wave functions [85] and three di�erent Q2 using the cc1 current operator is
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Figure 6.3: Dependency of Rexp on current operator. The shaded areas indicate the range ofRexp for di�erent current operators (cc1, cc2) used in the theoretical calculation.



82shown as shaded bands. The experimental data is identical to the data shown in Fig. 6.3and listed in Table 6.3. Two come from relativistic mean �eld calculations, one intendedfor nuclear matter and the other �tted to properties to medium and heavy magic nuclei.The latter compares very badly with experimentally measured momentum distributionsin 4He (~e; e0~p )3H. The third wave function used is a is a solution of a Dirac equationwith standard Woods{Saxon wells for the S and V potentials. The parameters of theWoods-Saxon well are �tted to the measured rms and binding energy of 4He. This wavefunction reproduces the 4He (~e; e0~p )3H momentum distribution well. The fourth wavefunction is based on a sum of Gaussians �t to electron elastic scattering on 4He usingthe charge form factor. The theoretical super{ratio is insensitive to the choice of wavefunction, even though they vary widely.While all three models �t the shape of the data distribution, PWIA is clearly notadequate to describe the data. Even the RDWIA, though it is only 1� away from theexperimental value, is systematically too high. Using RDWIA+QMC gives the bestdescription of the data. We can conclude that the theoretical interpretation of the datais not sensitive to the chosen wave function. For the current operator, cc1 gives thelower ratio than cc2 and is therefore more appropriate to describe our data.In Fig. 6.5, the super{ratio R at Q2 = 0:4 GeV2 is shown compared to a varietyof calculations. The result of the non{relativistic calculations of Laget, which includeMEC and IC, is nearly identical to PWIA. This indicates that MEC and IC do notcontribute signi�cantly to R in this kinematics. The PWIA calculation from Madridincludes positive and negative energy components for the bound state, but only positiveenergy components for the ejected nucleon. It gives nearly the same result as the PWIAby Laget, indicating that R is insensitive to the negative energy components of thebound state. The PWIA calculations are independent of the current operator. Themagnitude of the relativistic e�ects, as can be seen by comparing RDWIA and PWIAfrom the Madrid model, is signi�cant. For the o� shell current operators, the ratio issubstantially less for CC1 than for CC2.To compare R for di�erent Q2, the di�erence which comes from the kinematics alone
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Figure 6.4: Dependency of Rexp on wave functions. The shaded areas indicate the range of Rexpfor di�erent wave functions used in the theoretical calculations.
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Figure 6.5: Comparison of Rexp measured at Q2 = 0:4 GeV2 in Mainz with theoretical calcu-lations . Laget { PWIA (1); full calculation (2). Madrid { PWIA, cc1 (3), cc2 (4);positive energy projection, cc1 (5), cc2 (6); no spinor distortions, cc1 (7), cc2 (8);RDWIA, cc1 (9), cc2 (10); RDWIA+QMC, cc1 (11), cc2 (12).has to be accounted for. This can be done by normalizing R to the PWIA value. Fig-ure 6.6 shows R for all Q2 with the Madrid PWIA as a baseline. All experimental valuesare below PWIA. The data points taken at Mainz and at Q2 = 0:5 GeV2 from JLabagree very well. Phase-space averaged theoretical results are also shown, connected toguide the eye. The RDWIA value is, as seen in previous plots, too high for almostall Q2. Including QMC improves the description of the data considerably. The dia-monds connected by the dashed{dotted line are from a calculation by Laget includingtwo{body currents. It fails to describe the Q2 dependence of the experimental data.6.5 Quark-Hadron Duality and the Nuclear EMC E�ectDensity dependent e�ects modifying the quark structure of the nucleon should leavetraces in a variety of processes and observables. In [86] the relation between mediummodi�cations and changes of the deep inelastic structure functions at high Bjorken xwas studied using the relations of quark{hadron duality. Under the assumption thatlocal duality is a good approximation, these relations are model independent. Globalscaling was observed originally by Bloom and Gilman [87], who noted that the F2



85

Figure 6.6: Super{Ratio Rexp=RPWIA for all Q2 compared to phase space averaged theoreti-cal predictions (diamond symbols). Diamonds connected by the dash{dotted linerepresent Laget's calculation with two body currents. Diamonds connected by thedashed line represent the result from the full calculation by Udias; diamonds con-nected by the solid line represent the same calculation including medium modi�edform factors as calculated in the QMC model.
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Figure 6.7: In{medium to free proton F2 structure function as function of x at threshold, x =xth, extracted from the Mainz data within the QMC model and local duality, atnuclear matter density � = �0, and at � = 12�0 (solid lines). For comparisons theresults of the PLC suppression model [88] are shown for 4He and 16O (dashed lines).Figure taken from [86].structure function measured in inclusive lepton scattering at low mass of the hadronic�nal state W follows a global scaling curve which describes highW data. Furthermore,duality appears to hold locally in that the averaged resonance and scaling structurefunctions are equal for each resonance region over restricted intervals of W . Usingthis local scaling one can also test the self-consistency of the theoretical models. Theform factor datum from Mainz places strong constraints on the medium modi�cation ofinclusive structure functions at high x. In particular, models in which the bulk of thenuclear EMC e�ect is attributed to the deformation of the intrinsic o�{shell nucleonstructure are strongly disfavored. Figure 6.7 shows the in{medium to free proton F2structure function as function of x at threshold, x = xth, extracted from the Mainzdata within the QMC model and local duality, for two nuclear matter densities. Forcomparison the results of the PLC suppression model [88] are shown for 4He and 16O.
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Chapter 7Conclusion and OutlookThe polarization transfer ratio P 0x=P 0z was measured in 1H(~e; e0~p ) at Q2 of 0.4, 0.5,1.0 and 1.6 GeV2 and in 4He (~e; e0~p )3H at Q2 of 0.4, 0.5, 1.0, 1.6 and 2.6 GeV2. Themeasured ratio of the electric to magnetic form factor in 1H(~e; e0~p ) calibration data isin good agreement with previous polarization transfer data. At lower Q2, the hydro-gen data also agrees well with unpolarized measurements. The results of the heliumdata were compared to several theoretical models. The most basic model was a PWIAcalculation. The model by Laget was used to study the inuence of IC and MEC inter-actions. The last set of models consisted of the PWIA, RDWIA and RDWIA+QMCcalculations by Udias.Polarization transfer data in 4He (~e; e0~p )3H disagree with PWIA calculations andalso show a signi�cant deviation from DWIA. The deviations can possibly be explainedby proton medium modi�cations. Inuences from MEC and IC as calculated by Lagetwere shown to be small for Q2 = 0:4 GeV2. They are expected to become even smallerat higher Q2, where calculations are not yet available. The theoretical models of Udiasshow only a very small sensitivity to the chosen bound state wave function. Of the twomost commonly used relativistic current operators, cc1 and cc2, cc1 gives a signi�cantlylower value of R. Using cc1 improves the �t to the data, but the predicted values forR are still systematically higher than the data. Within the models of Udias and theassumption that the e�ects of IC and MEC are also small at higher Q2, the inclusionof a medium modi�ed form factor gives the best agreement with the data.The theoretical interpretation is ongoing with more calculations underway. Futureprojects are to include MEC into the Madrid code and obtaining calculations for modi-�ed form factors other than the QMC model. The inuence of optical models on R will



88be studied. In the previous chapter, constraints of the measured form factor ratio onmodels trying to explain the EMC e�ect by using local duality have been discussed. Thecalculations by Laget will be extended to cover higher Q2. Ryckebusch and Debruyneare currently using the Eikonal approximation to get a better theoretical understandingof the data.For the future, several approaches could be used to put experimental constraintson various parameters of the theoretical models. The high precision and statistics ofthe 1H(~e; e0~p ) calibration data of this experiment allows to determine the false asym-metries in the polarimeter to a level of 1{2%. Extraction of single polarizations couldbe used to measure P 0n, which constrains optical models. The study of polarizationtransfer in heavier nuclei, e.g. 16O, could provide more insight into possible mediume�ects, because separating the proton knockout from di�erent shells allows to study theexplicit density dependence of the e�ect, and the dependence on di�erent spin{orbitcon�gurations. The experiment should be done at momentum transfers where crosssection data are already available, so cross section and polarization constraints can beapplied simultaneously.In summary, this experiment has shown evidence for departure of R from plain waveand nonrelativistic calculations. Even the fully relativistic calculation by Udias is notin full agreement with the data. It is possible to explain the deviation using mediummodi�cations as predicted by the QMC model. Further theoretical and experimentalinvestigation, extending to other nuclei and coordinating cross section and polarizationtransfer measurements, will enhance our understanding of this long discussed problemin nuclear physics.
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