
48Chapter 3Overview of the ExperimentThe experiment described in this thesis is the �rst experiment performed at the internal-target facility of NIKHEF. The experimental setup allows the measurement of the (e; e0p)and (e; e0d) reactions for tensor-polarized deuterium. In this chapter an overview of theexperiment is given, together with its major design considerations. We give a generaldiscussion of the kinematics, the electron storage ring and the principle of the internaltarget. In order to optimize the detection system, a Monte Carlo code was written whichis briey described in section 3.2. Furthermore, the results of a study of the spatialdistribution of the stored electron beam are presented in section 3.3. In section 3.4 thedesign considerations for the polarized deuterium target will be discussed. A detaileddescription of the polarized source, internal target, polarimeters and detection systemwill be given in the next chapters.3.1 Description of the Experiment3.1.1 Planned measurementsThe goal of our experiment was to measure the spin-dependent observables for both2H$(e; e0d) elastic and 2H$(e; e0p) quasi-elastic scattering over a large kinematic range. Thegeneral expression of the cross section for polarized deuteron electro-disintegration hasthe following form [6]:� = �0� 1 + p3Pz sin �d sin�d iT11 + 1p2 Pzz  3 cos2 �d � 12 T20� s32 sin 2�d cos �d T21 +s32 sin2 �d cos 2�d T22!� : (3.1)Here, �0 is the unpolarized cross section, Pz and Pzz are the degree of vector and tensorpolarization de�ned as Pz = n+ � n� and Pzz = 1 � 3n0, where n+, n0, and n� are



49the relative populations of the various nuclear spin projections on the direction of themagnetic holding �eld. The polarization direction of the deuteron is de�ned by theangles �d and �d in the frame where the z-axis is along the direction of the virtual photonand the y-axis is de�ned by the vector product of the incoming and outgoing electronmomenta. For elastic scattering [3] the general expression of the cross section is as inEq. 3.1 apart from the iT11 term which vanishes under the assumption of time reversalinvariance and one-photon exchange. The tensor analyzing powers T2j of the reaction area direct measure of the spin structure of the deuteron ground state and are particularlysensitive to the D-wave admixture (see chapter 2). Our experiment focused on the tensoranalyzing powers T2j for both elastic scattering and quasi-elastic proton knock-out usinga 565 MeV electron beam.
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0 100 200 300Figure 3.2: Electron-deuteron elastic scattering angles for a 565 MeV beam (top).Angles of the knock-out proton in quasi-elastic scattering for perpendicular kinematics(bottom).in Fig. 3.2 (top) for a beam energy of 565 MeV. The angular span of the knocked-outproton is shown in Fig. 3.2 (bottom) as a function of pm. In order to obtain signi�cantresults within a reasonable amount of beam time, especially at large Q2 for the elasticchannel or at high pm for the inelastic channel, it is necessary to integrate over largemomentum and angular acceptances. In addition, the complete angular range of theexperiment should be measured simultaneously, which has the advantage of reducingsystematic errors associated with changes in detector angles. Therefore, it is imperativeto use large solid angle detectors with acceptances in the order of hundreds of msr.The present experiment was carried out with a beam current of 80 mA and a targetthickness of 2 � 1013 2H�cm�2. The electron detector had a solid angle of 180 msr(�� � �� = 424 � 424 mrad2) and was positioned at a central scattering angle of



51�e = 30�. The hadron detector had a 300 msr solid angle and positioned at a centralangle of �p;d = 80�. The average value of the transferred momenta was 0.2 (GeV/c)2,while the missing momenta for the (e; e0p) reactions ranged from 0 - 250 MeV/c. Thetarget spin was oriented in directions parallel (�d �0�) and perpendicular to (�d �90�)to the transferred momentum.3.1.2 Overview of the Amsterdam Pulse Stretcher (AmPS)

Figure 3.3: A schematic layout of the AmPS electron storage ring at NIKHEF. Theelectrons from the accelerator MEA are injected in section I and can be extracted insection E. The apparatus for our experiment is located at the Internal Target Facility(ITF). Beam scrapers are installed in section S. Section C contains the 476 MHz cavity.The experiment was performed by using an unpolarized electron beam stored in AmPS(see Fig. 3.3) [87, 88]. This ring is an electron pulse stretcher with a circumference of212 m. It is fed by a medium-energy electron accelerator (MEA) which can accelerateelectrons up to energies of 770 MeV. Long beam lifetimes (� 20 min) are obtained bycompensating synchrotron radiation losses with RF power from a 476 MHz cavity inAmPS. In this way, a nearly 100% duty-factor electron beam with maximum energy of



52900 MeV and current up to 200 mA (obtained by stacking and ramping) can be storedin the ring. Design parameters of AmPS are listed in Table 3.1.Table 3.1: Overview of design/operational parameters of MEA and AmPS.Parameter ValueEmax Linac 770 MeVring magnets 900 MeVBeam loading 2.6 MeV/mACircumference 212 mRevolution time 0.71 �sMagnet radius 3.3 mSR loss at 700 MeV 6.2 keVRF frequencystretcher mode 2856 MHzstorage mode 476 MHzSR damping at 700 MeVemittance 10�7 m�raddamping time 0.153 s�x at IP 2.2 m�y at IP 6.8 mILinac 10 mALinac pulse length 2.1 �sInjection rate 200 HzBeam duty factor �100 %IExtracted at 600 MeV 25 �AIStored 200 mALifetime 1200 sThe storage cell was located in the Internal Target Facility (ITF) where the ring latticehad minimum beta-function values of �x = 2:2 m and �y = 6:6 m. At the interactionregion, the beam orbit can be shifted by using so-called local bumps which consist oftwo sets of steering magnets. In this manner the stored beam can be steered preciselythrough the center of a �xed storage cell.A set of slits was installed at the opposite side of the ITF to reduce the beam halo.This resulted in an improvement of the background rates from beam scattering from thecell walls (See Section 3.3).Currently, a polarized electron source is installed and polarized electron beam com-missioning is in progress. In order to maintain the electron polarization in the storagering, a `Siberian snake' is installed in the ring. The polarimetry of the polarized electron



53beam is realized by Compton laser back-scattering. Future experiments with polarizedinternal ~1H; ~2H and ~3He targets and polarized electron beam are anticipated. Further-more, in stretcher mode, continuous-wave (CW) electron beam can be extracted and usedfor experiments with external targets.3.1.3 Principle of a storage cell targetThe principal function of a storage cell is to increase the luminosity of an experimentwithout a�ecting the quality of the circulating beam. This is illustrated in Fig. 3.4.An intense polarized beam is injected into the feed tube of a T-shaped cell. The gas iscon�ned by the cell to the region close to the stored beam axis, resulting in an increaseof the areal target density by several orders of magnitude compared to the density of afree atomic beam.

Figure 3.4: Principle of a storage cell: gas is injected in the center of the T-shapedcell. The electron beam passes through the center of the windowless conductance limiter.The density distribution will be approximately triangular.Due to the gas dynamics, the target density �(z) will have an approximately triangulardistribution. The central density, �0, can then be written as [89]�0 ' fD0 13C0 l=2d3 s MTcell = fD0 13C ; (3.2)



54where fD0 (atoms/s) is the intensity of the injected deuterium beam with velocity vD0,l (cm) the length of the target cell, d (cm) the diameter, M = 2 (a.u.) the deuteriummass, Tcell (K) the cell temperature, C0 = 3:81 � 103 cm3/s the conductance constantand the factor of 3 is due to the T-shape of the cell. Note that the density is independentof the velocity vD0 of the injected beam. Consequently, the parameters that govern theluminosity can be written as L ' IefD0 13C0 (l=2)2d3 s MTcell ; (3.3)where Ie is the electron beam current. From this expression it is clear that one willtry to minimize the diameter, increase the length, lower the temperature of the celland maximize the circulating electron beam current in the storage ring. The minimumdiameter of the storage cell is determined by the charge distribution of the stored electronbeam, as will be discussed in Section 3.3, while the length of the cell is constrained bythe detector acceptance as well as the variation of the beta-functions in the region nearthe interaction point. A detailed description of the construction of the storage cells usedin our experiment is given in Sec. 4.2.1.Compared to a free jet, the storage cell represents an improvement of more than twoorders of magnitude in the luminosity. The luminosity of an experiment with a free jetcan be characterized by L ' IefD0 12rD0vD0 ; (3.4)where rD0 is the radius of the free jet. For a storage-cell target the factor of improvement,, over a free jet can be written as ' 13C0 (l=2)2d3 s MTcell2rD0vD0: (3.5)For our experiment, l = 40 cm, d = 1:5 cm, Tcell = 100 K, M = 2 a.u., rD0 ' 0:6 cm andvD0 ' 105 cm/s. Consequently, in our experiment we obtained  ' 350.For a cylindrical storage cell, the mean number of collisions of an atom with the wallsis independent of atomic weight and cell temperature, and can be estimated from [90]hNci = 38( ld)2: (3.6)For a cell with a diameter of 1.5 cm and a length of 40 cm, the number of collisionsamounts to about 270.The dwell time of the polarized gas atoms in the storage cell is given bytdwell = Nc� stick + tight; (3.7)



55where � stick is the mean sticking time per collision and tight the mean ight time of theatom (ying from the center to the exit of the cell). The latter can be expressed bytight ' Vcell3C = �16C0 l2d sTcellM ; (3.8)where Vcell is the volume of the T-shape cell. In our case, we have tight ' 4 ms. Themean sticking time depends on the characteristic binding energy Eb of an atom on thesurface with temperature Tcell and is given by the Arrhenius' law [89, 91]:� stick = �0 expEb=kBTcell; (3.9)where kB is the Boltzmann constant and �0 ' 10�13 s. For a cell coated with Teon(Eb ' 30 meV) at a temperature of 100 K, we have Nc�stick ' 10�9 s. This is negligiblecompared to tight. However, polarized atoms may depolarize during this period of timedue to their interactions with local magnetic �elds present at the surface of the cellmaterial [92].Since the dwell time is about 4 ms, only few events are lost when reversing the targetpolarization every 10 s. The polarization direction of the gas atoms was de�ned by anexternal magnetic �eld present over the entire cell length.3.2 Monte Carlo CodesHere, we present the Monte Carlo codes which were used to optimize the detector system,to study the detector resolutions and to interpret the experimental results.The Monte Carlo codes contain �ve main parts: an event generator, calculation ofcross section and counting rates, calculation and/or extrapolation of the asymmetries,resolution folding, and an interface with the PAW|CERN library [93]. There are slightdi�erences among the codes used for elastic scattering, quasi-elastic scattering and M�llerscattering from a deuterium target. Here, we only show some details of the codes usedfor the 2H$(e; e0p) channel.First we introduce the coordinate systems used in the codes. Fig. 3.5 schematicallyshows the setup with a storage cell, a proton detector (`p-det') and an electron detector(which is not shown in the �gure for simplicity). A global (x0; y0; z0) coordinate systemis de�ned with the z0-axis along the electron beam direction and the x0-axis towards theelectron detector and located in the plane de�ned by the cell and the center point ofthe electron detector. A `mother' electron detector coordinate system (x0e; y0e; z0e) can beobtained by a translation of the (x0; y0; z0) system along the z0-axis over a distance defollowed by a rotation along the y0-axis with an angle �0e . Similarly, a `mother' protondetector coordinate system (x0p; y0p; z0p) can be de�ned by a translation of the (x0; y0; z0)system along the z0-axis over a distance dp, followed by a rotation along the y0-axis with



56
Figure 3.5: Schematic representation of the coordinate systems used in the MonteCarlo codes. The electron detector is not shown for simplicity. See text for details.an angle �0p, and a subsequent rotation along the z0-axis with an angle of 180� (assumingcoplanarity with the electron detector for simplicity).The mother electron (proton) detector is de�ned virtually and has a height of he(p),width of we(p) and thickness of te(p). The angular acceptance should be larger than anyindividual part (for example WC's and trigger scintillators) of the electron calorimeter(range telescope) as shown in Fig. 4.17. Those individual detector parts are treatedin the codes using additional translations and Euler-rotations of the mother coordinatesystems. These parts can be used as phase-space cuts on the event-rate simulation. Incase of WC's, one can also use them to project event rates on each wire.Events are simulated with electrons and protons in coincidence, and neutrons asrecoil particles. An electron (proton) originates from a vertex located at a distance tzfrom the cell center and hits the front face of the mother electron (proton) detector at(x0e(p); y0e(p); 0). Each event is kinematically treated in its own coordinate system (x; y; z),which is de�ned with the z-axis along the e-beam direction and the x-axis located inthe scattering plane and pointing towards the electron side. Such a coordinate system isobtained by a translation of the (x0; y0; z0) system along the z0-axis over a distance tz,followed by a rotation along the z0-axis with an angle �e. All the kinematic quantitiesare computed in this system which is labeled the `laboratory' frame. When needed, thevariables are boosted with the corresponding Lorentz parameters into the center of mass



57system.In order to predict the count rates and asymmetries, one has to evaluate the �ve-folddi�erential cross section (denoted as �5) shown in Eq. 2.60. The di�culty here is howto perform a �ve-fold integral over the extended target and detector phase space. Itturns out that this can be treated uniquely in the Monte Carlo codes using the followingprocedures.Firstly, a vertex z-position, tz, is randomly generated using a triangular density dis-tribution over the storage cell region. If the electron beam has a size of �x and �y,then the vertex x- and y-positions are generated accordingly from the correspondingGaussian distributions. Secondly, the hit positions of the mother electron (proton) de-tector are generated uniformly within the geometric acceptance (�we(p)=2;+we(p)=2) and(�he(p)=2;+he(p)=2). Then an electron (proton) track can be de�ned by the vertex po-sition and the hit-point. Consequently, one can calculate �e(p) and �e(p). Thirdly, thescattered electron energy is uniformly generated within an energy acceptance �Ee. Theenergy acceptance is estimated from data for the 2H(e; e0p) reaction obtained with ourdetector system.In three-body kinematics, the highest allowed momentum of one of the outgoingparticles is limited by(pcm1 )max = 12Ecmq(E2cm � (m2 +m3 �m1)2)(E2cm � (m2 +m3 +m1)2); (3.10)where Ecm is the total energy in the three-body center of mass system and mi are themasses of the three particles. For electrons of the 2H(e; e0p) reaction, Eq. 3.10 obviouslyreduces to (plabe )max � E0; (3.11)where E0 is the electron beam energy.Given �ve kinematic quantities for three outgoing particles (electron, proton andneutron), the remaining four can be calculated rigorously by using conservation of four-momentum. Namely, one hasPi pi sin �i cos �i = 0Pi pi sin �i sin�i = 0Piqp2i +m2i = E0 +MdPi pi cos �i = qE20 �m2e; (3.12)where i = e; p; n. With pe, �e, �e, �p and �p known, one can then calculate pp, andconsequently pn, �n and �n. In principle, Eq. 3.12 is a quadratic relation and therewill be possibilities of having two solutions, which correspond to proton and neutron



58knock-out as treated in the PWBA. Both solutions are accounted for in our simulationcodes.The event rates are calculated as follows. One starts from the relationsZ +wp=2�wp=2 Z +hp=2�hp=2 d�dx0pdy0p = 1d2p Z (�0p)max(�0p)min d�d�0pd�0p= 1d2p Z �maxp�minp d�sin �pd�pd�p d0p 3 � d0p 2 cos �0ptz(d0p 2 + tz2 � 2d0ptz cos �0p)3=2 tan �ptan �0p= 1d2p Z �maxp�minp d�sin �pd�pd�p Jp; (3.13)where �0p and �0p are de�ned in Fig. 3.5, and d0p = qd2p + x0p 2. If tz; wp and hp areall small (� dp), then the Jacobian Jp � sin �p as expected. Note that Z d�sin �pd�pd�p(and similarly Z d�sin �ed�ed�e ) can now be directly related to the cross section �5. Theright-hand side corresponds to the Monte Carlo integral. Therefore, the event rates nare given byn = wphpwehe�EeN NXi=1 � d�dx0edy0edx0pdy0pdEe�i = wphpwehe�EeNd2pd2e NXi=1 (�5 JpJe)i; (3.14)where N is the total number of generated Monte Carlo events. Finally, the event ratescan be binned as a function of any kinematic quantity, for example pm, �cmnp , etc.For the momentum density distribution of the nucleon inside the deuteron we usea parameterization of the data of Bernheim et al. (see Fig. 2.5 and 2.6). For missingmomenta between 0 and 170 MeV/c, a cubic spline �t of the data was used. For missingmomenta between 170 MeV/c and 340 MeV/c, a logarithmic straight-line �t was used,while for higher missing momenta a linear extrapolation of the �t was employed.Using the Monte Carlo codes we studied the experiment for various detector andtarget con�gurations. From this we concluded that there was an advantage in using therange telescope as our proton detector system over the two hadron detectors existing atNIKHEF. Furthermore, the studies showed that there was no advantage in moving theproton detector around and we decided to place the range telescope at a �xed position.In addition, we concluded that the energy resolution of the electron calorimeter was notcritical for reconstructing the missing momenta (see also chapter 6). In a later phaseof the experiment, the Monte Carlo codes played an important role in interpreting theexperimental analyzing powers.



593.3 Spatial Distribution of Stored Electron Beam3.3.1 The slits system for measurementsFew data exist on the spatial distribution of stored electron beams. The intensity of thecore of a damped electron beam is expected to follow a Gaussian distribution with �-values in the order of 1 mm or less. Disturbing processes, such as rest-gas scattering andwake-�eld e�ects, will cause the intensity to drop o� slower in the tails of the distribution.The contribution of such a halo determines the minimumdiameter of a storage cell. Sincethe e�ective target thickness of the gas stored in a storage cell is inversely proportionalto the cube of the cell diameter, it is essential to study the beam halo prior to installingsuch a cell.

Figure 3.6: Schematical drawing of the slits system. Top: view along the beamdirection. Bottom: side view. mS: micro switch, HC: heliconex seal, SW: stitch weld,Al: aluminum, S.St: stainless steel, LVDT: linear velocity and displacement transducer.Several test measurements have been performed with an electron beam stored in



60AmPS. The goal of these tests was to obtain information on the spatial distribution ofthe stored beam, so that the diameter of the storage cell could be �xed. Therefore, aslits system was built, schematically shown in Fig. 3.6, and installed at the interactionpoint. It consists of 4 tungsten plates of 9.5 mm thickness. All four slits can be movedindependently in or out using step motors. The slits are labeled `up', `down', `in' and`out' (with respect to the ring). The absolute positions of the slits are monitored byLVDTs. Micro-switches are installed to warrant the safety of the system. In a later stageof our experiment, the slits system was installed at another location of the ring as shownin Fig. 3.3.3.3.2 Lifetime studiesTo study the beam lifetime, we used the stored electron beam with an energy of 410MeV, a lifetime of approximately 100 s and a peak current of about 10 mA. The electronbeam current was measured using a Parametric Current Transformer (PCT)1 [94].Fig. 3.7 shows the beam lifetime as a function of the position of the slits. It canbe seen clearly that in the domain where the slits were far away from the beam center,there was a negligible e�ect on the beam lifetime. When a slit intercepts a considerablefraction of the beam, the lifetime of the beam drops. When the slit is moved in further,the beam can no longer be stored.The beam lifetime will decrease when an aperture size at the IT location is reduced[95]. The quantum lifetime of the beam, �q, can be related to the aperture size (�x) by�q = eq2q �d; (3.15)with q = (x=�x)2=2 and �d the damping time (for E = 700 MeV one has �d = 0:15 s aslisted in Table 3.1, while for E = 410 MeV one has �d � 0:40 s). In general, the observedbeam lifetime, �exp, can be written as 1�exp = 1�q + 1�0 : (3.16)Here, �0 is the so-called `natural' beam lifetime e.g. due to scattering of the low-energyelectrons from the residual gas. The dependence of the lifetime on x can be derived fromEq. 3.15 by solving the resulting expression for �x. Assuming a Gaussian distribution,one obtains after some arithmetic:�2x = x�0�0 � �exp @`n�exp@x + 2x : (3.17)
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62Table 3.2: �x derived from the measured �exp-values for the `in' slit.x (mm) �exp (s) 4`n�exp4x x (mm) � exp (s) �0�0 � � exp �x (mm)1:30 45 > 1.82 1.35 49.5 2.088 0.511:40 54 > 0.54 1.45 55.5 2.405 0.741:50 57 > 0.92 1.55 59.8 2.695 0.641:60 62.5 > 1.21 1.68 68.8 3.619 0.551:75 75Table 3.3: �y derived from the measured �exp-values for the `down' slit.y (mm) �exp (s) 4`n�exp4x y (mm) � exp (s) �0�0 � � exp �y (mm)1:75 34 > 0.752 1.875 37.5 1.652 0.902:00 41 > 0.460 2.125 43.5 1.845 1.092:25 46 > 0.712 2.375 50.5 2.135 1.002:50 55 > 0.348 2.625 57.5 2.533 1.262:75 60 > 0.360 2.925 64.0 3.065 1.283:05 68 > 0.343 3.300 73.0 4.318 1.263:50 78Similar results can be obtained from the measurements with the `out' and `up' slits asshown in Fig. 3.7. The error of about 20% in the results is partly due to the accuracy ofthe lifetime measurements. The obtained �x(y)-values in Table 3.2 (3.3) do not deviatemuch from each other over the measured x(y)-range, and one can conclude that the



63charge distribution of the beam in the region close to the beam center (x; y < �3�x;y) isa Gaussian function. This region contains more than 99% of the stored electrons.The equilibrium electron beam size can be used to determine the beam emittance,since �x(y) = q�x(y)�x(y); (3.18)where �x(y) is the beta function and �x(y) the emittance of the electron beam in thehorizontal (vertical) direction. The values of the beta functions from Table 3.1 yield�x = 1:69 � 0:66 � 10�7 m�rad and �y = 1:87� 0:66 � 10�7 m�rad.The emittance of the electron beam at injection is given by�MEA = 2� 10�5 1E m � rad: (3.19)For a 410 MeV beam, one calculates 0:48 � 10�7 m�rad, which is about a factor of 3.5smaller than the `measured' values.The emittance of a damped beam is determined by the speci�c magnetic lattice [88].One has �x = Cq2 I5I2 � I4 ; (3.20)where the Lorentz quantity  denotes the beam energy, Cq = 5532p3 ~mec2 = 3:86�10�13 mand Ii are synchrotron integrals, which are lattice-dependent parameters. For AmPS,I5I2 � I4 = 0:13. In an uncoupled situation (corresponding to a `at beam spot') wewill have �y � �x, whereas for complete coupling (`round beam spot') the emittancewill be shared so that �sy = �sx = �x=2. Numerically, for a 700 MeV beam, �x amountsto 1.0�10�7 m�rad, while for a 410 MeV beam, one has 0.32�10�7 m�rad. This issigni�cantly smaller than the `measured' values.Consequently, the large emittance cannot be due to strong coupling only. A possibleexplanation may be given by the presence of the residual gas in the ring. Especially,during the beam lifetime measurements, the ring vacuum was not optimal. The ringbecame operational shortly after a shut-down period and most of the ion-collectors werenot operational. A vapor pressure of 5 � 10�8 mbar partial H2O in the ring representsan e�ective target thickness of about 3 � 1013 H2O molecules�cm�2. According to L�ac[96], the emittance growth can amount to 7�10�14 m�rad per revolution for 1014 H2Omolecules�cm�2. Therefore, the emittance will already reach the `measured' values withinabout 5 seconds.A poor ring vacuum might also explain the observed beam lifetime of approximately100 s. In the preceding running period, most of ion-collectors became operationaland more vacuum pump stations were installed along the entire ring, especially in the



64curved sections. The vacuum pressure improved drastically. With the installation of the476 MHz cavity, the synchrotron radiation loss was compensated so that a beam lifetimeof more than 1000 s was reached. More emittance measurements have been made by theAmPS accelerator group. Note that the ring was initially designed to run experimentsin extraction mode. However, with the present emphasis on internal target physics, aplan was developed to change the excitation of magnets in order to improve the dampedemittance.3.3.3 Study of cell-wall backgroundNext, the beam halo distribution was studied. Two scintillator telescopes, each consistingof two 2 mm thick plastic scintillators, located in the horizontal (vertical) plane at anangle of 20� (38�) and covering a solid angle of 45 (20) msr, were placed at the IP.The coincident count rate was measured in each telescope as a function of slit position.In Fig. 3.8 the count rates are shown for the four slits. All measurements show a similarbehavior when a slit is moved in: a constant background rate until a position is reachedat which the count rate starts to increase drastically. Finally, the photomultipliers hadto be switched o� due to the high rate.The count rates in the horizontal telescope were about a factor of 10 higher than therates in the vertical one. This holds for both the `up/down' and `in/out' slits, and canbe explained by scattering angle and phase-space di�erences of the telescopes.The count-rate data show that the beam distribution has long tails (the so-called`beam halo'), extending over 20 (10) times the �x (�y) values obtained from Table 3.2(3.3). This indicates that the tails cannot be described by Gaussian distributions, es-pecially for the x- (horizontal) plane. The fact that the horizontal plane (20 � �x) isworse than the vertical plane (10 � �y) probably con�rms that synchrotron radiationlosses form a major contribution to the beam halo. Note that �y is about a factor of twolarger than �x (since �y > �x). The count rates for both x- and y-planes start to increasealmost at the same distance away from the beam center. Therefore, we concluded thatan elliptically shaped storage cell was not necessary and a cylindrical cell was used.From the count-rate measurements and Monte Carlo simulations using the CERNGEANT-package [97], we estimated that with a storage cell of 15 mm diameter and25 �m wall thickness the (e; e0p) background rate from the cell walls would be about 10-30% of the rate from the polarized deuterium target. Conservatively, we started the �rstmeasurements with a storage cell of 25 mm diameter and 100 �m thickness. Shortly after,we used storage cells of 20 mm diameter and 25 �m thickness. Finally, with emphasis onthe physics of elastic e-d$scattering, we used storage cells of 15 mm diameter.In order to further reduce the background rates (from beam scattering from the cellwalls), it proved important to use the slits to scrape the beam halo. This will be discussednext.
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Figure 3.8: Count rates (kHz/mA) in the horizontal and vertical scintillator telescopesas function of the distance of the horizontal and vertical slits to the center of the beam.3.3.4 E�ects of beam scrapingThe slits system was moved from the IT location to the opposite side in AmPS as shownin Fig. 3.3. A storage cell target and the detector system (as shown in Fig. 4.17) wereinstalled at the IP. The measurement employed a storage cell of cylindrical shape with awall thickness of 100 �m, a diameter of 20 mm and a length of 400 mm.The investigation was performed by studying the (e; e0p) rates while changing the
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Figure 3.9: Event distribution as a function of the vertex z-position for (e; e0p) scat-tering from a storage cell with a diameter of 20 mm. a) empty cell measurements with(hatched histogram) and without (blank histogram) the slits; b) comparison of a D2 gastarget and the empty cell with the slits in place for scraping the beam halo.settings of the slits. The �rst measurement was for an empty storage cell, with the slitscompletely out. The full beam halo was allowed to hit the storage cell. The secondmeasurement was also for an empty cell, but with the slits moved in to scrape away partof the beam halo. All four slits were moved in to about 6 mm from the beam center



67(hereafter referred to as the `closed' position). These positions were chosen such thatthe singles rates in both the CAL- and RT- arms were minimal, while not hamperingthe injection of the electron beam. The third measurement was for a D2 gas target withthe slits in `closed' position. D2 was provided through a capillary from a bu�er volumedirectly into the center of the storage cell (see chapter 4). The gas ux was about eighttimes higher than that of the ABS.In order to understand the following, we give a brief outline of the data analysis(for a full discussion see chapter 6). Only coincident events with tracks in both protonand electron arms are selected. We require that there is substantial energy depositedin the electron calorimeter. Protons are selected using correlations of the ADC valuesfrom the RT scintillator array. Then cuts are applied on the coincident timing (TOF ofprotons/deuterons/electrons) and the transverse vertex distance.Fig. 3.9 shows the (e; e0p) event distribution as a function of the vertex z-position. Thedistributions are normalized using the integrated beam currents from the PCT. In Fig.3.9.a) we compare the two measurements with the empty cell. The hatched histogramcorresponds to the data obtained with `closed' slits, while the open histogram is for themeasurement with `open' slits. Due to the presence of the feed-tube, we observe moreevents around z = 0 mm. Clearly, closing the slits results in a factor of 4.5 reductionin the total number of events. In Fig. 3.9.b) the measurement of the empty cell with`closed' slits (hatched histogram) is compared with the measurement for a D2 target(open histogram). The (e; e0p) event distribution for D2 shows the expected triangularshape (see also Fig. 3.4), while the empty cell distribution is as one expects for cell-wallevents. Comparing the total number of events for the two measurements, we concludethat the background contribution in the D2 measurement is 3-4%. Therefore, we expectthat the background contribution for an ABS measurement will be about 25-30% usinga storage cell with a wall thickness of 100 �m. The background will reduce to less than10% when a 25 �m cell is used.3.3.5 M�ller electronsThe cross section for M�ller scattering, namely electron-electron scattering, can be pre-cisely calculated from QED. In an electron scattering experiment where non-magneticspectrometers are used M�ller scattering is the prime source of background. Therefore,it is important to demonstrate that it is possible to operate our detector setup in suchan environment.The kinematics for M�ller scattering is determined once the scattering angle is known.The energy of the scattering electrons in the laboratory system can be written asElab = 2me + 2�2me cos �cm: (3.21)Here � and  are the Lorentz quantities for the center-of-mass systemmoving with respect
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69The cross section in the laboratory system can be obtained fromd�d
lab = d
cmd
lab d�d
cm = d
cmd
lab �24E2cm 2664 1sin4 �cm2 + 1cos4 �cm2 + 13775 : (3.23)The factor d
cmd
lab de�nes the transformation of solid angles between the laboratory andcenter-of-mass systems, and � is the �ne-structure constant. Since Ecm can be calculatedfrom the incident electron energy by using a Lorentz transformation and �cm is given byEq. 3.22, both Elab and d�d
lab can be evaluated directly in the laboratory system as afunction of the scattering angle �lab.In Fig. 3.20, the cross section and momentum distribution of M�ller electrons areplotted as a function of scattering angle for 700 MeV incident energy. At a laboratoryangle of about 5� one can distinguish between backward and forward scattering. Sincethe angular region covered in our experiment is from 20� to 70� (see Fig. 4.17), back-ward M�ller scattering dominates. The backward scattered M�ller electrons have fairlylow momenta. Therefore, we placed a thin metal foil in front of the vertex MWPCwhich blocked most of the M�ller electrons without a�ecting the high-energy electronscorresponding to the (e; e0p) and (e; e0d) channels. For the proton/deuteron side, sincethe protons and deuterons give relatively large signals on the wires, the e�ect of low-energy M�ller electrons will be small for appropriately chosen threshold settings of thewire-chamber discriminators.Electron rates were simulated using a Monte Carlo code in which the vertex generatorincluded M�ller scattering. The calculation predicts that a cut-o� momentumof 1 MeV/cyields a counting rate of �10 kHz/wire in the most forward area of the vertex MWPCof the electron arm. Such rates can be handled by our detector system.3.4 Target Design ConsiderationsWe have shown in Sec. 3.1.3 the principle of a storage cell target and in Sec. 3.3 weshowed studies of the electron beam spatial distribution. One of major tasks in ourexperiment was to build a tensor polarized deuterium target. We made a choice of usingan existing atomic beam source (ABS) containing two sextupole magnets to feed ourstorage cell target with an intensive ux of polarized deuterium atoms. We consideredoptimizations of the sextupole focusing optics to increase the atomic ux (intensity),constructed a polarization scheme with the highest �gure of merit (�P 2I, I = atomicbeam intensity, �P = polarization di�erence between the two polarization states of theexperiment), and measured the absolute target polarization with several techniques. In



70the following, we will discuss some considerations, which are essential in the design of apolarized deuterium internal target.The structure of deuterium atomic hyper�ne states is well known. The interactionhamiltonian of the coupled nuclear and electron spins (~I and ~J) arising in a static mag-netic �eld ~B is Hstat = 2h �03 ~I � ~J + �B(gI ~I + gJ ~J) � ~B: (3.24)Here, gI = �0:00047 and gJ = 2:0023 are the gyromagnetic factors, �B is the Bohrmagneton and h �0 = �B(gJ � gI)Bc; (3.25)where the critical �eld Bc characterizes the strength with which the two spins interact(Bc = 11:7 mT).The energy eigenstates for deuterium can be expressed as linear combinations of theeigenvectors of the spin operators ~I and ~J:j 1i = j 1; 12i ;j 2i = ��+ j 1;�12i+ �++ j 0; 12 i ;j 3i = ��� j 0;�12i+ �+� j �1; 12i ;j 4i = j �1;�12i ;j 5i = �+� j 0;�12i � ��� j �1; 12i ;j 6i = �++ j 1;�12i � ��+ j 0; 12i ; (3.26)where �+� = s12(1 + a�) ��� = s12(1 � a�) ;a� = (x� 13)=s1� 23x+ x2 x = BBc : (3.27)The energy of these states for a deuterium atom in a magnetic �eld are shown in Fig.3.11. At zero magnetic �eld, the two possible total spin states F = 1� 12 (~F = ~I+ ~J) are(2F +1)-fold degenerate. The energy splitting between the two levels is �0 = 327:4 MHz.In a non-zero magnetic �eld this degeneracy is lifted. In the weak �eld limit (B � Bc),the interaction with the external �eld can be treated as a perturbation with respectto the coupling between the two spins. Each of the two multiplets splits into 2F + 1
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73where n�;0 are the probabilities of �nding the nuclear spin in the various nuclear spinsubstates mI = �1; 0. We chose B = 27 mT (� 2:3Bc) for our `strong' target holding�eld. Obviously, with all six hyper�ne states equally populated, one obtains zero tensorand vector polarization. Therefore, one needs to manipulate the hyper�ne states of thetarget atomic ensemble before feeding atoms into the storage cell. This can be achievedby using sextupole magnets and RF transition units.3.4.1 Focusing and rejection of atoms by using sextupole mag-netsTo get more insight into the properties of the Stern-Gerlach magnets, a raytracing codewas written which computes the trajectories of the atoms (H or D) throughout the variouselements of the ABS and the target cell.The relative beam ux at the exit of the nozzle for atoms with velocities between vand v + dv is assumed to be of the form [98]f(v) = 2 v3�4 e�(v � v0)2�2 ; (3.30)where � = q2kBT�=m, T is the temperature of the nozzle (� 70 K), and v0 and � areparameters for super-sonic jet ow. The program uses the velocity distribution measuredat ETH [99] and MPI [100] to generate the starting conditions of the atoms at the nozzle.For a sextupole magnet the radial dependence of the magnetic �eld is assumed to beof the form B(r) = B0(z)� rr0�2; (3.31)where r is the distance to the beam axis denoted by z, B0(z) the pole-tip �eld and r0the pole-tip radius. The algorithm is based on a fourth-order Runge-Kutta iteration ofthe equation of motion m d2rdt2 = 2�e� B0 rr20 : (3.32)Here �e� = � 2mF2I + 1 + xs1 + 4mF2I + 1x+ x2 g2 �B (3.33)is the e�ective magnetic moment of the atom [101]. For hyper�ne states 1, 2, and 3 (4,5 and 6), one has that �e� > 0 (< 0), and consequently atoms in those states will befocused (defocused) when they pass through a sextupole magnet.
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Figure 3.13: Trajectories of deuterium atoms (in hyper�ne state 1 only) throughoutthe ABS elements calculated with the raytracing codes described in the text. Note thatthe transverse dimensions (x-axis) are magni�ed. S1, S2: sextupole magnets; MFT, SFT:RF-transition units. MFT 1-4 transition is switched o� (top) and on (bottom).



75The output of such a calculation for our setup is illustrated in Fig. 3.13. At the top itshows trajectories of atoms populated in hyper�ne state 1 with the MFT 1-4 transitionis switched o�. One sees that the atoms are focused by the two sextupole magnetsinto the feed-tube of the storage cell. At the bottom the same trajectory calculation isrepeated with the MFT 1-4 transition switched on. After the transition, most of atomsare defocused by the second sextupole magnet and remain outside the acceptance of thefeed-tube.This program permits to optimize the design of focusing magnets for a given nozzletemperature and feed-tube geometry.3.4.2 Polarization schemeAmong the di�erent RF transition schemes which can deliver polarized deuterium beamswith tensor or vector polarization switchable between maximal values, the schemes shownin Table 3.4 o�er the highest �gure of merit with the least number of RF transition units.In particular, for tensor polarized deuterium only one MFT and one SFT are needed,in which case the MFT is used for a 1-4 transition (positive gradient) inbetween thesextupoles in order to eliminate hyper�ne state 1, while the SFT is then used to ip Pzzfrom �2 to +1 with the �-transitions 3-5 and 2-6. The magnetic holding �eld at thetarget has to be strong compared to the critical �eld of deuterium.While the �gure of merit dramatically decreases for tensor polarized targets when thetarget holding �eld is decreased, for vector polarized deuterium only a factor close to1.5 is lost by choosing a weak target holding �eld. Therefore, both a strong or a weakholding �eld can be used at the target when working with vector polarized deuterium.The polarization can be produced as follows: �rstly, state 3 is eliminated with a 3-4MFT2 before the second sextupole. Next, for a weak target holding �eld, the 2-6 SFTis continuously on, while the WFT (positive gradient) is switched on and o� to reversePz from +5=6 to �5=6. For a strong holding �eld we alternatively use the 2-6 SFT andthe WFT, obtaining Pz = +1 or �1. This last scheme requires operating a WFT in anenvironment with strong magnetic fringe �elds. Note that the ABS equipped with theMFT and the WFT also allows to produce a maximally vector polarized hydrogen beam.2This transition can be achieved either with a positive gradient and an RF cuto�upstream of the RF coil to inhibit the transitions 1-2 and 2-3, or, more simply, witha negative gradient (the �rst two encountered transitions 1-2 and 2-3 do not a�ect thepopulations of states 1, 2 and 3).



76Table 3.4: RF transition schemes for producing tensor and vector polarized deuteriumbeams. For each scheme, the columns `+' and `�' designate the two polarization statesfor an asymmetry experiment. Bt is the magnetic holding �eld at the target.Tensor Vector Vector(Bt � 11:7 mT) (Bt � 11:7 mT) (Bt � 11:7 mT)+ � + � + �States after 1st sext. 1 , 2 , 3 1 , 2 , 3 1 , 2 , 3MFT 1$ 4 3$ 4 3$ 4States after MFT 2 , 3 , 4 1 , 2 , 4 1 , 2 , 4States after 2nd sext. 2 , 3 1 , 2 1 , 2SFT 2$ 6 3$ 5 2$ 6 o� 2$ 6States after SFT 3 , 6 2 , 5 1 , 6 1 , 2 1 , 6WFT o� o� 1; 2$ 3; 4 o� 1; 6 $ 5; 4States after WFT 3 , 6 2 , 5 1 , 6 3 , 4 1 , 6 4 , 5Tensor Polariz. Pzz +1 �2 +1 +1 +1=2 +1=2Vector Polariz. Pz 0 0 +1 �1 +5=6 �5=6Figure of merit 18 8 5.63.4.3 Principle of RF transitionsThe mechanism of RF induced transitions between hyper�ne states is well known andhas been discussed in several publications (see for example Ref. [102, 103, 104, 105]).Here, the discussion is restricted to some aspects relevant for the design of deuterium RFtransition units for our experiment.With the introduction of an oscillating magnetic �eld, transitions between two selectedenergy substates can be induced, provided that the frequency of the RF �eld matcheswith the energy splitting of the two substates in the static �eld. In the case of anatomic beam, a gradient is superimposed on the static �eld in order to ensure that theresonance condition is met exactly once for each atom passing through the RF �eld. Thehamiltonian takes the form H = Hstat +HRF ; (3.34)where the additional termHRF (t) = �B(gI ~I + gJ ~J) � ~BRF (z(t)) cos(2�� t) (3.35)



77describes the interaction of the spins with the oscillating �eld (� = radio frequency,BRF (z(t)) = RF �eld amplitude along the trajectory z(t)). The `strength' of the transi-tion between the substates can be characterized by the corresponding transition matrixelement hk j HRF j `i whose values are shown as a function of magnetic �eld strength inFig. 3.14.An RF transition is called either a sigma (�) or pi (�) transition depending whetherthe oscillating �eld has to be parallel or perpendicular to the static �eld in order toobtain a nonzero interaction matrix element. �-transitions correspond to �mF = 0,�-transitions to �mF = �1. For deuterium the only �-transitions are the 3-5 and 2-6transitions.Conventionally, RF units are classi�ed according to the regime in which they operateand to the states that are involved in the transition. A transition unit that operates inthe weak �eld limit, and which only induces transitions within a multiplet (�F = 0), iscalled a weak �eld transition (WFT). Typical frequencies of the RF �eld are 5-15 MHz(corresponding to B ' 0:5 � 1:8 mT). In a simpli�ed picture, a WFT reverses thepopulations of states with opposite mF within the same multiplet. For example in aso-called 1-4 WFT, the transitions 1-2, 2-3 and 3-4 happen at the same static �eld fora given radio frequency. However, a full description shows that the di�erent transitionsinvolved in the process will be encountered in a sequence which depends on the amplitudeand sign of the static �eld gradient (see ref. [102]). As Fig. 3.15a shows, this e�ect canbe enhanced by going to an intermediate �eld (generally 2-3 mT) with appropriate �eldslope, so to spatially separate the di�erent resonances typically by a few cm. By thenrestricting the RF �eld around some of the resonances, one can induce selected transitions(e.g. 2-4, or 3-4). This type of transition is called a medium �eld transition (MFT).Finally, the transitions between states belonging to di�erent multiplets (�F = �1) arecalled strong �eld transitions (SFT), though the static �eld is typically smaller or of thesame order as the critical �eld. As Fig. 3.15b shows the strong �eld transitions are wellseparated at frequencies above 350 MHz and various transitions can be made within thesame transition unit by varying the magnetic �eld strength.Next, we wrote a computer code to simulate RF transitions by numerically solvingthe time-dependent Schr�odinger equation. With this code extensive calculations wereperformed for both the MFT and SFT to study various transitions at di�erent con�gu-rations.For example, calculations were performed for the SFT using the following procedure.All the initial occupation numbers nk's of hyper�ne states jki are set to the con�gurationunder study, namely, n1 = n2 = n3 = 1=3 and n4 = n5 = n6 = 0. We then compute thetransition by iterating the Schr�odinger equationi~ ddt j i = H(t)j i = �Hstat(t) +HRF (t)�j i : (3.36)
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81j i is expressed in the basis jki of Hstat asj i =Xk ck(t)jki; (3.37)where the expansion coe�cients ck(t) are the time-dependent probability amplitudes tobe solved. This basis is updated after each iteration according to expression 3.26 takinginto account the small change of the static �eld experienced by the moving atom. Byde�nition, the population of a hyper�ne state is nk(t) = jck(t)j2 . The computationstarts at zin = 0 cm and ends at zout = 5 cm. The RF �eld amplitude BRF (z) is taken tobe Gaussian distributed along the path z inside the unit and rapidly decreases outsidethis region. The direction of the RF �eld is chosen to be parallel to that of the static�eld B(z) so that the requirement of a �-transition is satis�ed. The static �eld followsa straight line of given slope dB=dz = 0:1 mT/cm (the sign of the slope turns out tobe irrelevant), while the central value B0 = B(z� 2:5 cm) of the static �eld is set suchas to satisfy the resonance condition for the examined transitions (B0 = 3:9 mT for 2-6and B0 = 11:69 mT for 3-5) at the chosen radio frequency � = 378 MHz. The calculatede�ciency of the transition, ", is then de�ned as the �nal occupation n5(zout).Fig. 3.16 (top) shows the results of such a calculation for the SFT 3-5 transition witha 0.05 mT maximum RF �eld amplitude. It is seen that both hyper�ne states 1 and2 are una�ected, while "3�5 is almost 100% within the given 5 cm distance of the SFTunit. Similar calculations for the MFT 1-4 transition are shown in Fig. 3.16 (bottom).Here, the calculation assumes that the atoms are initially only in hyper�ne state 1, andthe RF �eld direction is chosen along the z-axis with a maximum amplitude of 0.05 mTand a frequency of 10 MHz. The B(z) is chosen to have a central value of 0.8 mT and aslope 0.14 mT/cm. It can be seen that the 1-4 transition is actually performed by threeconsecutive transitions, 1-2, 2-3 and 3-4, such that overall the transition behaves like a1-4 transition and the states 2 and 3 are not a�ected.3.4.4 Principle of polarimetryIn an internal target experiment a source delivers polarized particles into a window-less conductance limiter through which the circulating beam passes. Target depolariza-tion mechanisms originate from the limitations of the source of polarized particles, thestorage-cell environment, and beam-induced depolarization e�ects. Thus, it is impera-tive to develop reliable, fast and accurate polarimetry methods to monitor the targetpolarization.The polarization of the injected atoms will be less than 100% due to ine�ciencies of thepolarizing devices. In addition, due to non-unity of the degree of dissociation, there will bemolecules injected into the storage cell. These molecules are unpolarized and will dilutethe target polarization. Furthermore, the storage cell will receive a contribution from



82unpolarized background gas, mainly molecules from the ABS and the target chamber.Additional polarization losses can originate from the �nite magnetic holding �eld appliedover the storage cell, the magnetic �elds induced by the circulating beam bunches [106],and from spin-exchange collisions [107]. Finally, the interaction with the cell walls canbe an important source of depolarization inside the storage cell [108, 109]. Such lossesare suppressed by using suitable wall coatings and it has been demonstrated that Teon-coated cells are comparably better than cells of bare aluminum [109]. If such cell coatingsare used, then the stability of the coating, e.g. against radiation damage in an electronstorage ring, has to be understood.We consider two polarimetry schemes here. One of the methods, the correspondingapparatus is called the Rabi polarimeter, is based on sampling the target gas and relieson the hyper�ne coupling in order to infer the nuclear polarization. As was shown inFig. 3.13, polarized atoms will be either focused or rejected when they pass through asextupole magnet. Therefore, by placing a sextupole magnet and consequently analyzingthe intensity of the sampled atoms, one can obtain information on the nuclear polarizationof the sampled gas3.The other method is based on the analysis of ions which were extracted from a storagecell placed in an electron storage ring. This ion-extraction method takes advantage ofthe ionization of atoms and molecules by the electron beam passing through the targetcell. The number of ions produced along the storage cell is directly proportional tothe local target density and the beam current. The polarization measurement samplesthe target in exactly the same manner as the nuclear or particle physics experimentunder consideration. Furthermore, by uniformly extracting these ions from the cell,measuring their atomic and molecular fractions, and by directly determining their nuclearpolarization, one can obtain the e�ective target polarization independent of its spatialand temporal variations.This can be seen as follows. The average target polarization can be expressed in ourpolarimetry experiment by hhP iipol = Z Ie(z)�D(z)Pzz(z) dz; (3.38)while in our scattering experiment we havehhP iiasym = Z Ie�D(z)Pzz(z)�(z)S(z) dz: (3.39)Here �(z) is the cross section of the reaction and S(z) the phase space of the detectionsystem. The double brackets denote the experimental measured values. In our scattering3In the HERMES experiment [25] a more elaborate scheme is used consisting of per-manent sextupole magnets and RF transition units.



83experiment, �(z) and S(z) all have little dependence on the target z-position which allowsthat they can be factorized from the integral. Therefore, the measured asymmetry in ourscattering experiment can be expressed byhhAiiasym = Z Ie�D(z)Pzz(z)�(z)S(z)A(z) dzhhP iiasym= Z Ie�D(z)Pzz(z)�(z)S(z)A(z) dzhhP iipol � Z �(z)S(z) dz : (3.40)One sees that in this case a measurement of the total target polarization hhP iipol issu�cient. Only in case of a strong z-dependence in �(z) and/or S(z), Eq. 3.40 startsto break down. Then, one would need to measure the `di�erential' target polarizationPzz(z). For our experiment the function �(z)S(z) is only slightly z-dependent (see Fig.3.4, 6.10 and 6.13).When performing an electron scattering experiment with a polarized internal target,a small fraction of the target gas in the storage cell is ionized. At the electron energyof 565 MeV used in our experiment, the ionization cross section for deuterium atomsamounts to 1.3 � 10�19 cm2 [110, 111]. Therefore, a su�cient number of ions can beextracted from the cell (up to 75 nA in the present experiment) which allows for anaccurate mass and polarization analysis within a reasonable amount of time (minutes).The interaction time of a high-energy electron with an atom is in the order of 3 � 10�19 s,su�ciently fast that the nuclear polarization is preserved [112] in the ionization process.The momentum transfer during ionization is small, so that the transverse momenta ofthe ions are dominated by thermal motion. By applying a strong longitudinal magnetic�eld, these ions can be con�ned and extracted from the storage cell. This magnetic �eldnot only provides the trapping force for the ions, but also de�nes the target spin andpolarization. Note that for a continuous-wave electron beam, the space charge of theelectrons provides an additional con�ning force for the ions.Fig. 3.17 schematically shows the axial ion-extraction system and the electrostatic�eld distribution for this cylindrical lens con�guration. On one side of the storage cell,ions are repelled by a lens at a positive voltage (+100 V with respect to the cell). Onthe other side, ions are extracted and accelerated using three consecutive lenses. Alongitudinal 30 mT magnetic �eld is applied over the cell region in order to preventthe ions from hitting the cell walls. The simulation code SIMION [113] was used forthe geometrical and electrostatic design of the lenses. Calculated trajectories are shownfor low-energy ions (�0.3 eV) with an arbitrary angle and position on the central axisof the cell. For optimal ion extraction, the voltages on the three extraction lenses areVEL1=�200 V, VEL2=�800 V, and VEL3=�2500 V. It is clearly seen that the extractedion beam can be transported downstream for subsequent polarization analysis.
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Figure 3.17: Ion extraction from a storage cell using cylindrical lenses. The equipoten-tial curves and the ion trajectories were calculated with SIMION. RL corresponds to arepeller lens, while EL1�3 constitute a triplet of extraction lenses. Note that the storagecell has a 15 mm diameter and a 400 mm length.Once the ions are extracted, they can be accelerated to an energy suitable for anappropriate polarimetry reaction. To measure deuteron tensor polarization, the reaction3H(d$,n)� can be employed. Here, the neutron angular distribution is related to Pzz andis given by n(�) / 1 � f4Pzz(3 cos2 � � 1); (3.41)where � is the angle of the outgoing neutron with respect to the deuteron spin direction,and f = 0:959 � 0:006 for 51 keV deuteron energy [114].For hydrogen and deuterium targets, it is essential to determine the atomic fraction �,since the molecules provide a background which in general dilutes the target polarization.Hence, a mass analyzer is needed. For example, an E�B velocity �lter, a so-called Wien�lter, can be employed. In case of unpolarized molecules, the total polarization of thetarget species can be expressed asP totzz = nDnD + 2nD2 Pzz(D+) = �Pzz(D+); (3.42)where n represents the target density and Pzz(D+) the tensor polarization of the D+ ions.In summary, all the considerations discussed here were essential for the design of ourtarget. In the next chapter we will show the setup that was realized for our experiment.


