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AbstratThe n-p spin orrelation parameter Azz was measured at an energy of68 MeV and 7 angles in the range of 22.5o − 57.3o CM with a statistialauray better than 0.01.In the measured range, Azz is most sensitive to ǫ1, the mixing parameterof the deuteron states 2S1 and 2D1. Therefore the measurement is expetedto redue signi�antly the unertainties of the phases in the energy rangebelow 100 MeV, when a new global Phase Shift Analysis (PSA) is per-formed. This should help to �nd a more aurate answer to the strengthof the tensor fore in the NN-interation.The experiment was performed in the low energy area C (NEC) of thePaul Sherrer Institute (PSI) in Villigen, Switzerland.
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1 THEORY 11 Theory1.1 IntrodutionThe nuleon � nuleon interation at low energies an be desribed via the ex-hange of mesons. Nuleon � nuleon potentials derived from meson theory on-tain the tensor fore term whih represents one of the most important parts.The aurate knowledge of the tensor fore is essential for the understanding ofthe struture of nulear systems. For example the D-state of light nulei (A=2,3)or the non-vanishing quadrupole moment of the deuteron are a diret onsequeneof the tensor fore.One e�et of the tensor fore is the mixing of states with di�erent angular mo-mentum (L = J ±1, J=total angular momentum). This mixing an be desribedwith mixing parameters ǫi in a phase-shift-analysis (PSA) of nuleon � nuleonsattering data.The lowest order mixing parameter ǫ1, whih is most relevant in the energy regimeof nulear struture alulations (k2

F /2M ≈35MeV, kF = Fermi Momentum), de-sribes the mixing between 3S1 and 3D1 states with lowest angular momentumL=0,2 . Until today the knowledge of ǫ1 is unsatisfatory.As one an see in �gure 1 the world database on values of ǫ1 from single � energyphase shifts does not agree with preditions of meson exhange potentials, butthe errors of the existing PSA data are too large to provide a su�ient onstraint.The values of ǫ1 a given by the various modern potentials (Paris[15℄, Bonn[16℄,Nijmegen II[17℄, Argonne v18[27℄) are lower than the world data presently avail-able. This would indiate a stronger tensor fore than given by the �ts, inpartiular in the region between 50 and 130MeV.An inrease of the auray of ǫ1 is only possible with preise measurements ofhigher order spin observables [12℄, suh as spin orrelation parameters and spin



1 THEORY 2

Figure 1: World data on ǫ1 and some preditions from di�erent potential modelsdependent total ross setions. Suh observables are di�ult to measure, beauseboth beam and target have to be polarized. In addition, the observables sensitiveto ǫ1 are in general also sensitive to the poorly known 1P1 phase. As shown inthe analysis by Binstok and Bryan [26℄ the observable most sensitive to ǫ1 is thespin orrelation parameter Azz.In �gure 2 the data of former experiments [1, 19℄ at 68MeV are plotted in om-parison to the result of a PSA by Hennek[20℄. Also inluded are the PSA resultsfor variations of ǫ1 by ±1◦ and variations of 1P1±1◦.The experimental data by Hammans[19℄ in the bakward angular range showsmall errors beause at bakward angles the energy of the reoil proton is largeenough to esape the target so the proton an be deteted. But the in�uene of
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Figure 2: Azz from a PSA by Hennek and data of previuos experiments. Alsoshown is the angular range (CM) of the present experiment
1P1 on the value of Azz is strongest in this area and is of the same order as thepotential variations of ǫ1. This orrelation limits the auray by whih ǫ1 anbe determined from suh a measurement.The forward angular range overed by the data of Zihlmann[1℄ should allow fora more aurate determination of Azz beause in this range the in�uene of 1P1nearly disappears. Espeially at sattering angles from 40◦ to 80◦deg in the enterof mass (CM) a variation of ǫ1 shows a larger e�et upon the value of Azz.However, from the experimental point of view, data in the forward angular rangeare not as easy to measure. In the forward angle range, the energy of the protonis too small to let the photon esape from the target. Therefore every experimentin the forward angular range has to detet the neutron. Deteting the neutron



1 THEORY 4is only possible by an indiret proess, beause most detetion methods requirea harged partile, that is able to ionize or exite the detetor material. In theexperiment of Zihlmann the detetion of the neutron was done in a detetoronsisting of an array of plasti sintillators.In addition, the di�erential ross setion for sattering from 12C and 16O in the(typial Butanol�) target inreases in the angular range to a value of up to 100times the one for hydrogen sattering. These two experimental problems in-rease the bakground and ompliate the identi�ation of the interesting events.While the data from Zihlmann in the forward angular range (40◦-60◦CM) seemto on�rm the Azz values derived from the PSA, they an not plae restritiveonstraints on ǫ1.Due to progress in developing a polarizable target that onsists of a piee ofsintillating plasti, it is now possible to extend the range of preise experimentaldata to the very forward angular range.A sintillating target allows one to detet the reoil proton within the target andperform a oinidene measurement between the signal from the target and aneutron detetor plaed in the desired angular range. With suh a oinideneit should be possible to eliminate � or at least identify and subtrat in a lateranalysis � the bakground. This experiment was only possible with the introdu-tion of this target type (desribed in se.10 p.13) and the work performed for thisthesis also ontributed to the target development (desribed in se.2.1 p.6).1.2 FormalismFor spin 1/2 on spin 1/2 sattering the formalism desribed in appendix A isextended so that the initial state, whih is desribed by the density matrix, nowonsists of a produt of the density matries for beam and target. Its onstituentsare permutations of produts of the polarization and the spin (Pauli matries) of



1 THEORY 5beam and target in the 3 spatial diretions (x,y,z)
ρi = ρbeam ⊗ ρtarget =

1

4

∑

j,k=x,y,z

pb
jp

t
kσ

b
jσ

t
k (1)with the upper indies b = beam and t = target. The di�erential ross setionis proportional to the trae of the �nal density matrix.

dσ

dΩ
∝ Tr(ρf) (2)It onsists of a sum of produts of beam and target polarizations and the spinorrelation parameters. One of them is the term Azz we are interested in.

dσ

dΩ
=

dσ0

dΩ
(1 + pb

yA
b
y + pt

yA
t
y + · · · + pb

zp
t
zAzz) (3)When beam and target are polarized in z- or in-�ight-diretion the other termsdisappear and there is only one remainingSpin parallel: dσ

dΩ
(↑↑) =

dσ

dΩ
(↓↓) =

dσ0

dΩ
(1 + pb

zp
t
zAzz) (4)Spin antiparallel: dσ

dΩ
(↓↑) =

dσ

dΩ
(↑↓) =

dσ0

dΩ
(1 − pb

zp
t
zAzz) (5)When solving the equations for Azz one obtains the relation to the asymmetrymeasurement of ross setions for the di�erent spin statesmeasured asymmetry =

dσ
dΩ

(↑↑) − dσ
dΩ

(↓↑)
dσ
dΩ

(↑↑) + dσ
dΩ

(↓↑)
= pb

zp
t
zAzz (6)For the experimental analysis, the equation an be expressed by an asymmetryof ounted eventsmeasured asymmetry =

N(↑↑) − N(↑↓)

N(↑↑) + N(↑↓)
= pb

zp
t
zAzz (7)



2 TARGET DEVELOPMENT 62 Target development2.1 TargetAs mentioned in the introdution, a former experiment [1℄ in the angular rangeof 40◦ � 93.5◦ CM indiated that the forward angular range beomes extremelysensitive to neutron�arbon sattering. In the region of 46◦lab � 19◦lab the di�er-ential ross setion for n�12C sattering rises from 5 to 500mb/sr, ompared toa rise from 20 to 40mb/sr for n�Hydrogen sattering. Thus one expets that itwill be hard or nearly impossible to measure with a similar setup as used in [1℄at the very forward sattering angles. Only an experiment with the possibility toidentify and separate n�12C and n�Hydrogen sattering an provide signi�antdata for Azz.Together with the polarized target group of PSI1, the development of a so alledative polarizable proton target, made from polarizable plasti sintilators, beamethe �rst and most important part of this experiment. During the preparation ofthe setup � inluding several beam times at PSI � we started target tests withthe Cokroft-Walton aelerator in the Institute of Physis in Basel.2.2 Ative proton targetThe goal for the present experiment was to develop a 18mm × 18mm × 5mm3polarizable plasti sintillator to be used as an ative target.This target onsists of a Biorn BC400 sintillator material, treated with TEMPO(based on di�erent types of 2,2,6,6 � methyl � piperidine � 1 � oxyl: C9H18NO /C11H20NO3 / C12H21N2O2, see [24℄) whih ontain a free radial. This hemialsolution is a dark brown liquid. After testing several methods in produing thetarget without destroying the sintillation properties or the polarization apaity,1Paul Sherrer Institute, Villigen, Switzerland



2 TARGET DEVELOPMENT 7

Figure 3: Sample of the polarizable ative target and the NMR oil, mounted onthe lower end of the PSI dilution refrigerator [18℄the preparation by dissolving the sintillator, adding the free radial and press-ing the resulting 0.1mm �lms at temperatures of 100◦C to 130◦C (the variousprodution trials and results an be found at [21℄) turned out to be best. Theresulting slightly brown solid blok of 18mm × 18mm × 5mm3 was polished toget surfaes with better light re�etion.This solid blok an be polarized by dynami polarization. This is done in a strongmagneti �eld (∼ 2.5T) whih de�nes the polarization diretion, by induing withmirowave radiation spin-�ips of the protons; this is done at ∼2�3K as desribedin [5℄ and [18℄.The target was glued to a rystal �shtail attahed to a 100m plasti light guidewith a diameter of 12mm. On top of the light guide a photomultiplier reordsthe transmitted light. The photomultiplier is shielded against the magneti �eld



2 TARGET DEVELOPMENT 8with a over of µ-metal.2.3 Test setupAn inoming 3He beam with an energy of 1.34MeV hits a deuterium gas ham-ber with a length of 18m. After passing the 2µm Al foil entrane window theremaining energy of the 3He is around 1MeV. Depending on the plae of the
D(3He, p)4He- reation, the proton energy is 18.5 � 19.5MeV. After passing theexit window, a 300µm Al foil, we have a proton energy of ∼ 18MeV. To reduethe energy to ∼ 3MeV, whih is the minimum energy used in the experiment atPSI, we plae an undoped BC400 sintillator with a thikness of 3mm in front,6m from the exit of the gas hamber. This sintillator also provides the startsignal for the eletronis.
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Figure 4: Setup for the target testsAbove the sintillator, a short (10m) light guide with a photomultiplier on thetopside is mounted. In the bak, at a distane of 15m, is plaed the test samplewith a 1m light guide and a photomultiplier at the end. The setup for the testsample with the 1m light guide is similar to the one used in the experimentlater. The light guide is a plasti tube with a diameter of 12mm. The ouplingbetween light guide and sample is done by a �shtail like plasti to hange between



2 TARGET DEVELOPMENT 9the retangular sample and the irular light guide. The target hamber wasevauated and at room temperature.
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Figure 5: Eletronis setup for the target testsThe front sintillator was not only used to deelerate protons to the desiredenergy range, but also to suppress bakground. The eletroni setup uses thesignal the two sintillators in oinidene. Sintillator 1 gives the start signal,opening a gate of 300ns for the eletronis and a gate of 25ns for the ADC andTDC aeptane. Sintillator 2 provides the stop signal for the TDC.2.4 Target testsTest measurements inlude a alibration measurement with an untreated BC400sintillator of the same dimensions as the target samples. All sample measure-ments were ompared with this referene. With the desribed setup it was possi-ble to test various targets under the same onditions as used in the experiment.The target with the best time and energy resolution was seleted for the experi-ment.While developing the target setup, tests with oated light guides were also arriedout, in order to improve the internal re�etion of the sintillation light at the



2 TARGET DEVELOPMENT 10surfae of the light guide in diretion towards the photomultiplier and inreasethe light output. It turned out that this oating - blak paint and aluminum -absorbs more light than an unoated light guide within a polished tube. This ismainly beause one an not avoid the surfae being srathed while inserting thelight guide in the tube. The light that is di�rated to the outside of the oatingis not able to be re�eted bak inside, so this part of the sintillator light is lost.In the �nal experimental setup the inner surfae of the steel tube was polishedand the light guide left untreated.
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3 EXPERIMENT 113 Experiment3.1 Experimental setupThis experiment is a so alled double-polarization experiment whih means thatboth beam and target are polarized. The experiment makes use of the low energyexperimental hall C (NEC) at PSI. The atomi ion soure [6℄ produes transver-sally polarized protons whih are injeted into the Phillips Cylotron and ael-erated to a beam energy of 71MeV. The radio frequeny is 50.6 MHz. Thus every20 ns a beam bunh is extrated.
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p
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zFigure 7: Experimental setup at PSI (NEC)When the beam enters the hall, the polarization of the beam is measured with a
12C polarimeter (see setion on proton polarization p.17) and the time strutureis measured with a timing sintillator plaed 30◦ below the beam line.In a right handed oordinate system with the z-axis parallel to the beam diretionthe spin of the proton beam is parallel to the y-axis. This is the spin orientationwhen entering the hall and when passing the 12C polarimeter.After the last bending magnet, the magneti �eld of a spin rotating solenoid turnsthe proton spin of the beam from the y to the x diretion orthogonal to the beamdiretion. Then the beam hits a liquid deuterium target of 1m thikness and 2m
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EnergyFigure 8: Average spin and beam properties at the NEC (PSI)diameter [25℄. Here the neutron beam is produed via the 2H(~p, ~n)pp reation atzero degrees. Right in front of the target a seondary eletron emission monitor(SEM) is plaed. It onsists of a set of 4 havar foils whih over the left, right,upper and lower halves of the beam ross setion, leaving a gap of 2×2mm. If thebeam moves out of the enter, one or two of the foils detet an inreased urrent.With this information a feedbak loop program uses the steering magnet beforethe SEM to ompensate until the urrents are equal. The dipole magnet behindthe deuterium target has two funtions: on the one hand it bends the remainingprotons to the Faraday up to measure the beam urrent; on the other it turnsthe neutron spin from the x to the z (in��ight) diretion (see [4℄ for a detaileddisussion). After the liquid deuterium target a brass ollimator of 1.5m lengthredues (see [25℄ for a detailed disussion) the neutron beam to a 2m spot whenhitting the polarized ative target.3.2 Ative Target SetupAt a distane of 3m downstream of the neutron target, the proton target topload-ing ryostat ontaining the ative target is plaed. It onsists of the targetholder, inluding all required supplies for ooling, mirowave, NMR and a setof Helmholtz oils to generate a magneti �eld for the target. The onstrutionis desribed in [18℄.
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Figure 10: Target shemati drawing and photograph of setupAfter reahing the highest polarization the target polarization is frozen by low-ering the temperature to ∼ 100mK by using a 3He � 4He dilution refrigeratoras desribed in [18℄. At this temperature the magneti �eld an also be loweredto a less strong holding �eld and the mirowave generator an be swithed o�,as desribed in [22℄ and [23℄. At the temperature of 90mK and a holding �eldof 0.4T the relaxation time of the target is 70h; when using 0.8T the relaxationtime is inreased to 240h [21℄.The target polarization is measured every 10min with a NMR oil wound around



3 EXPERIMENT 14the target sintillator (as an be seen in �gure 3) and reahes the average valuesmentioned in table 7. From the integral over the NMR signal, the target groupan alulate the target polarization when using the thermal polarization (nomirowaves) for alibration. The errors of the polarization determination aremainly due to the systemati unertainty of the temperature measurement atsuh low temperatures.
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Figure 11: Shemati drawing of the neutron detetor, top and side view.3.3 Neutron DetetorThe neutron detetor onsists of 20 plasti sintillator bars (50cm×10cm×10cm)arranged in 5 olumns and 4 rows, eah of them with PMs on both sides. Inother experiments with harged partiles at the MAMI aelerator in Mainz,the time di�erene between the signals of the upper and lower PM is used toextrat the vertial position of the event. But in the present experiment theposition information was not used. In front of the bars, there are 9 thin (1m)sintillators, whih are used as veto for harged partiles.The detetor is surrounded by a lead house of 2 layers with 5m thikness eah



3 EXPERIMENT 15and a total weight of 10tons. The house has an entrane window faing the target,whih an be losed by thin lead plates when used in other experiments at higherenergies. In the present experiment with low energy neutrons and protons it wasnot neessary to use this shielding. In addition, the bak is left open for betterhandling of the ables, but shielded with a onrete blok.3.4 PositioningThe target is plaed on top of a stand that is srewed to the hall �oor. This isa permanent installation at the NEC and has been surveyed with an auray ofabout 1mm. With a set of three srews the stand an be adjusted in the vertialdiretion to an auray of 1mm. Then the ryostat housing is plaed on top ofthe stand and the target sintillator turned to fae the neutron detetor.
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Figure 12: Position of the neutron detetor for the di�erent run timesThe beam line is at a height of 156m above the hall �oor. The enter of thetarget and the neutron detetor is mounted at this height. In 3 experimental runsthe neutron detetor is plaed at a distane of 200m from the target at 2 enterangles: 16.8◦lab (August 1998 and November 1998) and 22.5◦lab (Marh 1999) asshown in �gure 12, with overlapping angular range. With this arrangement weover a total range of 7 angles from 28◦lab to 11◦lab (56◦CM to 22◦CM).



3 EXPERIMENT 16At the 16.8◦lab angle, the innermost edge of the detetor lead shielding is ∼10maway from the beam line. At this distane the beams spot has a diameter of 4m.3.5 Eletronis setupIn this experiment we need to handle 49 signals from the neutron detetor, 1 fromthe target and 5 signals from the usual setup in NEC ( 2×polarimeter, timingsintillator, Faraday up, aelerator RF).For eah event, the inoming signals are treated in two ways: on one hand theyare used for the determination of the energy and on the other hand for themeasurement of the time. In addition a trigger signal is generated.
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Figure 13: Eletronis setupFirst the inoming signal is distributed with a linear fan to an analog-to-digitalonverter (ADC) and a disriminator module. The ADC integrates the signalamplitude whih is proportional to the energy deposited in the plasti. The otheroutput of the fan is fed into a onstant fration disriminator (CFD), whihreates a logi signal with a time independent of the signal amplitude. Thedisriminator output provides signal for a saler, the time-to-digital onverter



3 EXPERIMENT 17(TDC) stop signal, a seond disriminator and a oinidene with the neutrondetetor.At this point the detetor and the target signals are treated a little di�erently.For eah bar of the neutron detetors a oinidene of the upper and lower PM isperformed. A logial OR ombines all bars to one neutron detetor trigger signal.Now this signal and the logi signal of the target are fed to a logial AND to detetthe target�detetor oinidene, whih allows to suppress most of the bakground.The output signal is fed into a oinidene unit together with the ylotron RFwhih de�nes the timing of the output signal. The output is used for the TDCstart, a saler and for the master trigger. A omputer-busy is taken into aountto rejet events while the eletronis is busy.An additional disriminator in all signal lines gives a re-timing of the event, toprovide the ADC gates at proper time. These gates are 42ns wide for the neutrondetetor and 50ns for the target. While every 20ns a beam bunh reahes the hall,it is possible that events from a previous or following beam bunh are aeptedaidentally as shown in �gure 16.The signals from the 9 ∆E sintillators in front of the neutron detetor are a-epted and given to an ADC and saler but not taken into aount in the logihain.3.6 Proton polarizationThe proton beam polarization was measured using a 12C polarimeter with a200µm arbon foil and 2 NaI detetors loated at 44◦. At this angle the analyzingpower for the 12C(~p,p)12C elasti sattering is maximal[7℄[8℄ and known with apreision of ±0.1%.The signals of the NaI rystal detetors are ampli�ed and ombined with a pulsersignal. This is reorded by an ADC the output of whih is stored within a



3 EXPERIMENT 18Borer-Bu�er module. The pulser is also fed into a saler, and used to orretfor dead time of the eletronis. In addition, the saler signal an be used as anormalization of the spetrum.
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Figure 14: Polarimeter eletroni setupThe Borer�Bu�ers generate an ADC spetrum whih allows to disriminate be-tween the 12C ground state and the exited states. For the following only theelasti sattering rate is used. Due to the spin � orbit oupling there is an asym-metry in the sattering to the left and the right detetorThe analysis uses the so alled super ratio method to avoid e�ets aused by beamasymmetries
P~p · Ay =

α − 1

α + 1
with α =

N↑
l · N↓

r

N↓
l · N↑

r

(8)and Ay = 0.9864 ± 0.0010The resulting proton polarization alulated by this method is the average of thetwo polarization states (P~p ↑ and P~p ↓). As one an see in the histograms �gure19 the overall variation of the beam polarization is in the range of 2-3%. Butwithin a run set the variation is less than 1%, so I an assume an average beampolarization for every run-set.



3 EXPERIMENT 19As shown in the setion about orretions page 26 there is a di�erene betweenintensity of the proton beams for the two polarization states. When looking atthe spetra of one polarimeter detetor �gure 15 one observes a slight shift in thepeak position. This shift appears at the November and Marh beam times, butnot in August. The e�et of this shift is the reason for a orretion introduedon page 27

Figure 15: Polarimeter spetra for August, November and Marh beam time.P~p ↑ (blak) and P~p ↓ (red) of the same detetor3.7 Neutron polarizationThe neutron prodution faility is a permanent installation in the NEC whihwas used for several years by our group. It inludes a liquid deuterium targetwhere the neutrons are produed by the breakup reation d(~p, ~n)pp at 0◦. Theneutron spetrum at 0◦ is almost mono energeti [10℄ and the spin transfer is ofthe order of 50% but dependent on the energy of the neutron [11℄.The spin transfer ratio of the breakup reation at the energy range of this ex-periment (around 70MeV) was alibrated to a high preision in [3℄, [2℄. For thisexperiment at a proton enery of 71MeV the value is Ky′
y = 0.4575 ± 0.0051.The polarization of the neutron beam is alulated via:

P~n = Ky′
y · P~p (9)



4 ANALYSIS 204 Analysis4.1 Data analysisThe main information on the sattering events is ontained in the target TDCand ADC spetra. These data are used to obtain the ount rates for the analysis.Beause of the oinidene setup of this experiment (see eletronis setup p.16),the analysis is mainly based on the TOF signals of the neutron detetor in relationto the signal from the target. With this information it is possible to identify muhof the bakground and aidental events as shown in �gure 17. In addition, mostof the bakground is suppressed by the hardware oinidene leading to a muhbetter signal to bakground ratio than in the usual single arm experiment.
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Figure 16: Raw target spetraIn order to identify n-p elasti sattering events the �rst ut is done on the vetodetetors to eliminate harged partiles. Next is the ut on the target TDC(�gure 16 left), whih selets the time of �ight from the aelerator to the targetand the ut of lower hannels of the target ADC (�gure 16 right), whih redueseletroni noise and low energeti bakground.The most important information is the time-of-�ight between target and neutron



4 ANALYSIS 21

Figure 17: Target TDC versus time-of-�ight for one bar of the neutron detetordetetor. Here we an ut in a two-dimensional time histogram of target versuseah neutron detetor bar.Figure 17 shows a two dimensional plot of target time versus time of �ight be-tween target and one neutron detetor bar. In this histogram one an identifythe desired sattering information, marked as 3, and separate it from aidentalevents, marked as 1 (same beam bunh) and 2 (previous beam bunh). Also n-pelasti sattering from slower neutrons, marked as 4 and the problemati n�12Csattering, marked as 5, an be identi�ed. The remaining bakground under thesignal peak (3), whih omes mainly from the aidentials marked as (1), is lessthan 30% of the real signal and an be extrated as will be disussed on page 28.When summing up the events in the target ADC with respet to an angular rowof the neutron detetor we obtain the ount rates for eah angle, while the rawtarget ADC spetrum �gure 16 is separated in the �ve spetra as shown in �gure18.



4 ANALYSIS 22
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Figure 18: Target ADC with ut on di�erent angles of the neutron detetor4.2 Beam polarizationAs mentioned in the shemati overview of the experimental setup, the inomingbeam is a y-diretion polarized proton beam. The proton spin is turned into thex-diretion using a solenoid with a magneti �eld in z-diretion. The orientationof the �eld an be swithed to in �ight or against �ight diretion. This is doneseveral times during the experiment to anel systemati asymmetries. So wehave a set of ombinations desribing the magneti �eld diretion of solenoid andtarget. These ombinations give a total of 13 sets whih are listed in table 6. If,in the following, a run set or data set is mentioned, refer to this table.The inident spin diretion of the soure is swithed every 3 seonds. This swith-ing is part of the polarization measurement and the extration of the Azz asym-metry, but does not ount in this table.



4 ANALYSIS 23The average proton beam polarization is measured for every run as desribed onpage 17. There are some �utuations during the experiment as an be seen in�gure 19, but they are small and within a set of runs usually less than 1%.

Figure 19: Proton beam polarization for all beam timesThese average polarizations are multiplied with the spin transfer ratio for the
d(~p, ~n)pp reation at 0◦ as mentioned at page 19 to alulate the neutron polar-ization.So the average polarizations for the several beam times are as followsExp.Run ~p Pol. ±∆ (%) ~n Pol. ±∆ (%)August 98 65.5±0.1 30.1±0.15November 98 70.5±0.1 32.5±0.15Marh 99 71.7±0.1 33.2±0.15Table 1: Average beam polarizations for the di�erent experimental runsThe individual polarizations that are used for eah run set in the analysis arelisted in table 7 in the appendix.



4 ANALYSIS 244.3 Target polarizationThe relative polarization of the target is measured every 10min via the responseof a NMR probe. The unertainty of the temperature measurement is the mainerror of the determination of the absolute target polarization.

Figure 20: Target polarization for all beam timesThe target is driven in the so alled spin-frozen-mode. Thus the polarization isvery stable over a long period of time. But as one an see from the histograms�gure 20 there are some variations over the whole experiment due to �ne tuningof the target rew and due to the polarization diretion hanges. On a long timesale there is a ontinuously inreasing polarization, but the polarization doesnot hange signi�antly during most runs or only in a very small range.Therefore an average polarization for every run set an be taken. This is shownin table 7 in the appendix. Beam polarization is also inluded.



4 ANALYSIS 254.4 Neutron energy DistributionAs show in [25℄ the value for the spin transfer fator Ky
y of the neutron produtionreation d(~p, ~n)pp at 0◦ depends on the energy of the outgoing neutron beam.

Figure 21: Experimental (blak) and simulated (red) spetra for the 3 beamtimesThese values are measured to a very high auray in [3℄ and an be used to orretall experiments with a similar setup. This has been done and the theoretialalulations for the same setup as used in this experiment are disussed in [4℄.The energy range of the 3 beamtimes for this experiment are in the same rangeand use the same targets. So one has to perform a Monte Carlo simulation withthe values for eah setup and ompare the experimental target time spetra withthe simulated ones as shown in �gure 21. When applying the same uts to thesimulated spetra, one obtains the Ky
y values relevant for this experiment.Also the spin rotation in the magneti �eld right after the neutron produtiontarget is energy dependent. The maximum for the polarization distribution is inthe experimental energy range, but one has to alulate the in�uene to the �nalpolarization.WFor the ondition of the present experiment the results of these alulationsare given in table 2 page 26.



4 ANALYSIS 26Experiment Ky
y δpx δpzAugust 98 -0.413296 -0.018076 -0.999715November 98 -0.415216 -0.017189 -0.999728August 99 -0.414639 -0.017325 -0.999726Table 2: Average Spin transfer and polarization distribution4.5 False asymmetry orretionsBeause the values of the asymmetry are small as ompared to the overall sumof the rates, false asymmetry orretions are very important in this experiment.These onern mainly orretions for systemati shifts and di�erenes betweenthe two polarization states of the beam.To redue suh false asymmetries the beam polarizations swithes every 3 seonds.The solenoid �eld is also hanged during the experiment to swith the orientationwhen turning the spin from y- to x-diretion. In addition, the target spin diretionis hanged at least one per experiment runtime. Not more often, beause it takesabout 12�16h to swith from one maximum to the other.First, the dead time of the eletronis, whih depends on the intensity of thebeam, has to be orreted for. It is de�ned by

corrd =
d(↑) − d(↓)

d(↑) + d(↓)
with d = 1 −

trigger

pretrigger
(10)with the trigger signals desribed in the eletronis setup (page 16) and an ele-tronially generated trigger as referene.Also the Faraday up, whih is insensitive to beam position shifts, is omparedwith the target trigger, whih gives an estimate about asymmetries from thebeam whih are alled false-asymmetries.

corrfalse =
pf(↑) − pf(↓)

pf(↑) + pf(↓)
with pf =

protontrigger

FaradayCup
(11)



4 ANALYSIS 27In addition there is an other point in the experimental setup, where we anompare beam asymmetries. This is the timing sintillator (tisi) loated behindthe arbon polarimeter. Usually this signal is used to optimize the width of thebeam bunh. The signal is generated by elasti sattering on the arbon foilas mentioned on page 22 and olleted in 2 Borer bu�er spetra, interhangedby the polarization swith of the soure. Beause the beam is polarized in y-diretion and the detetor is loated in y-plane, there is no asymmetry due tothe polarization state. So we an alulate
corrtisci =

tf(↑) − tf(↓)

tf(↑) + tf(↓)
with tf =

∑
tisci

FaradayCup
(12)The average orretion values are shown in table 3.The largest orretions result from dead time and the tisi beam orretion. Thedead time orretion is independent of polarization states, so it represents anoverall orretion for all data. The orretion from tisi and false are dependenton the polarization of the beam and therefore they a�et the asymmetry. Onealso realizes, that the false asymmetry is small, but the tisi orretion is in thesame order as the dead time. So it is not negligible.

Figure 22: Corretions for the various beam times: orrfalse and orrtisciOne possible origin of the false asymmetry is a problem with the beam steeringbefore the liquid deuterium target, beause the orretion based on the false



4 ANALYSIS 28asymmetry is small, whih means the FC sees more or less the same amountof beam for both polarization states, while the tisi observes a bigger rate inone polarization state. So one may suspet a hange in the form of the beamspot when swithing from one state to the other and a partial loss of beamon a ollimator. This problem ould be resolved by using the information ofthe seondary eletron emission monitor (SEM), whih has been done with thefeedbak loop program mentioned at page 12.Experiment Value (%)Run corrd corrfalse corrtisciAugust 98 1.10±0.05 0.10±0.008 0.5±0.01November 98 1.80±0.06 0.10±0.008 1.5±0.04Marh 99 3.70±0.12 0.06±0.003 1.8±0.05Table 3: Corretion valuesThe other possibility would onern a problem with the ion soure itself, i.e. ahange of beam urrent depending on the polarization state. As pointed out inthe proton polarization setion page 17 this seems to be the orret hypothesis.But in this ase it is not possible to orret in the beam line during the experiment� like the beam adjustment based on the SEM information mentioned above �but by the orretion alulated in table 3 when analyzing the data. Beause thefalse orretion is inluded in tisi, the orretions applied on the experimentaldata are the deadtime and tisi orretion.4.6 BakgroundAs one an see in �gure 17 the remaining bakground omes from aidental(labeled as 1) events right under the peak (labeled as 3). Analysis shows thatthis bakground is uniform over the whole range (1) and unpolarized.
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Figure 23: Target ADC, Angle 4 with bakgroundTo desribe the shape of the bakground, uts on the bakground 50 hannelsleft and right of the signal peak (labeled as 3) summed and saled to the �rst 50hannels of the histograms were used for the analysis. Then a �t is performedand the resulting bakground subtrated.The spetra (�gure 23) inlude the sum of both polarization states, the bak-ground and a �t of the bakground. With the overall and the bakground-subtrated (redued) spetra one an alulate the ratio
corrbg =

Ntot

Nred

(13)With this result the asymmetry is orreted by using
asym =

N(↑↑) − N(↑↓)

N(↑↑) + N(↑↓)
· corrbg (14)



4 ANALYSIS 30This method minimizes statistial errors whih is important beause of the smallvalue of the asymmetry. The orrbg is alulated for every run set and everyangle. The resulting orretion values for every angle and run set are listed intable 8.



5 RESULTS 315 ResultsAfter applying all orretions, summing up the events and using equation (7),Azz is extrated with
Azz =

1

pb
z

1

pt
z

N ↑↑ −N ↑↓

N ↑↑ +N ↑↓
(15)where N ↑↑ and N ↑↓ are the number of events for spin parallel and antiparallel.Using the alulated polarizations for pbeam

z and ptarget
z the resulting values forAzz are listed in table 4Angle (Θcm) Azz ±∆22.80◦ 0.1753 0.006928.60◦ 0.1557 0.006334.20◦ 0.1341 0.005039.90◦ 0.1262 0.004745.80◦ 0.0832 0.004251.60◦ 0.0547 0.005857.30◦ 0.0287 0.0063Table 4: Experimental results for AzzThe errors inlude the statistial errors and the following systemati errors:Variable soure ∆ (%)proton beam polarization pb

~p measurement 0.1target polarization pt
z measurement 3.5p - n spin transfer oe�ient K other experiment 1.2Table 5: Average errors for the di�erent fatorsThese are the alulated error from the polarization measurement with the 12Cpolarimeter, target polarization given by the temperature unertainty at∼100mK



6 DISCUSSION 32as mentioned in the ative target setion on p.12 and the error for the proton �neutron spin transfer oe�ient Ky
y as desribed in [2℄. The errors for the innerangles (34.2◦, 39.9◦, 45.8◦ CM) are smaller than for the outer ones, as these anglesorrespond to the overlap area of the di�erent runs and therefore had muh higherstatistis. Figure 21 shows the results of the present experiment together with theresults by Zihlmann[1℄ and the PSA by Hennek[20℄. The errors are remarkablysmall ompared to the previous experiment. They also tend to lie below the linederived via the PSA.

Figure 24: Resulting values of Azz

6 DisussionAs shown in �gure 24, the resulting data are in good agreement with the PSA for
ǫ1. In this piture are also inluded some urves for Azz with values for ǫ1 ± 0.2◦



7 CONCLUSION 33and ǫ1 ± 0.4◦. The data points lie within the variation of ±0.4◦ with a slighttendeny towards a greater value (lower lines).Compared to all former experiments (see �gure 2), the experimental values ofthe present experiment are able to de�ne the value of Azz and the ǫ1 dependentvariation to a higher preision.7 ConlusionThe goal of this experiment is to measure Azz with very high auray in anangular range where the in�uene of the 1P1 phase is negligible. This also givesthe possibility to improve other experimental values depending on Azz, like theones of Azx measured in [4℄. With these preise values it should be possible toimprove the errors on Azx. It should also be possible to perform a new PSA toextrat ǫ1 with a higher auray. All together it should be possible to extendsigni�antly the knowledge on the tensor fore of the NN-interation in the lowenergy regime.This experiment also involved partiipation in the development of a polarizableplasti sintillator and proved the usability of suh an ative target to suppressbakground, thus extending preise data to angles that were unreahable before.



A SPIN 1/2 ON SPIN 1/2 SCATTERING aA Spin 1/2 on spin 1/2 satteringThis appendix gives a brief overview on the underlying quantum mehanialformalism. A more detailed disussion an be found in [13℄ and [14℄.A spin 1/2 partile an be desribed by a Pauli spinor like
Φ =

(
a

b

) (16)The expetation value of an hermitian operator desribing an observable an bewritten as
〈Ω〉 = Φ∗ΩΦ = (a∗, b∗)






Ω11 Ω12

Ω21 Ω22






(
a

b

) (17)
= |a|2Ω11 + |b|2Ω22 + 2Re(Ω12ab∗) (18)The equation (18) an also be interpreted as the trae of a matrix operation andwe an express it as follows

〈Ω〉 = Tr(ρΩ) (19)
with ρ =






|a|2 ab∗

a∗b |b|2




 (20)where ρ is alled density matrix and represents the ensemble of all partiles inthe beam. The e�et of a sattering proess of a single spin 1/2 partile an bewritten as a linear funtion of �nal and initial state

χf = Mχi (21)where M is a 2×2 matrix whith oe�ients that are funtions of energy and angle.When swithing to more than a single partile, the sattering of a beam an bedesribed by the density matrix of the ensemble. The relation between the initialand �nal state density matrix an be written as
ρf = MρiM

⋆ =
1

2
MM⋆ +

1

2

∑

j=x,y,z

pjMσjM
⋆ (22)



A SPIN 1/2 ON SPIN 1/2 SCATTERING bwhile using the density matrix of the initial state
ρi =

1

2



1 +
∑

j=x,y,z

pjσj



 (23)with σj , the Pauli spin matries and pj the polarization of the inoming partile.The di�erential ross setion is
dσ

dΩ
= Tr (ρf ) = Tr (MρiM

⋆) (24)with the polarization of the partiles desribed by the expetation values of thePauli spin matrix
px,y,z = 〈σx,y,z〉 =

Tr (ρfσx,y,z)

Tr (ρf )
(25)Using the density matrix of the initial state (23) and equation (22)

dσ

dΩ
= Tr (ρf) =

1

2
Tr(MM⋆)

︸ ︷︷ ︸

dσ0

dΩ

+
1

2

∑

j=x,y,z

pjTr(MσjM
⋆) (26)and inserting

Ax,y,z(θ) =
Tr(MσjM

⋆)

Tr(MM⋆)
(27)where Ax,y,z(θ) is the analyzing power of the sattering proess and dσ0

dΩ
the un-polarized di�erential ross setion. one gets

dσ

dΩ
=

dσ0

dΩ



1 +
∑

j=x,y,z

pjAx,y,z(θ)



 . (28)When replaing Tr(ρf) with relation (25) and Tr(MM⋆) with dσ0

dΩ
one ends upwith

px,y,z ·
dσ

dΩ
=

dσ0

dΩ



Px,y,z(θ) +
∑

j=x,y,z

pjK
x,y,z
j (θ)



 (29)where Px,y,z is the overall polarization of the inoming beam and Kin
out is the spintransfer oe�ient as funtion of the sattering angle θ.



B POLARIZATIONS B PolarizationsIn this setion we give the tables with the orientations and the values of the beamand target polarizations for the di�erent data sets.For the orientation: � means against �ight diretion of the beam, + means in�ight diretion. The solenoid does not turn the spin into the �ight diretion (zdiretion) (see �gure 7) but orthogonal (y diretion). But beause the value ofthe solenoid (or the diretion for the rotation) deides to whih diretion the spinwill be turned by the dipole magnet behind the neutron prodution target, thevalue of the solenoid an be seen as the seletion for the beam polarization.For the determination of the diretion of the beam polarization, also inludingthe dipole magnet, see [4℄. The target orientation is given by the magneti �eldwhile polarizing and noted in the run book from the target operator of the PSIgroup.Experiment dataset Target �eld Solenoid Run numbersRun Number orientation orientation (see run book)August 98 Set 01 � � 356�401Set 02 � + 402�472Set 03 � � 473�631November 98 Set 04 + + 700�711Set 05 + � 716�800Set 06 + + 801�810Set 07 � + 824�869Marh 99 Set 08 � � 163�238Set 09 � � 239�325ontinued on next page



B POLARIZATIONS dontinued from previous pageExperiment dataset Target �eld Solenoid Run numbersRun Number orientation orientation (see run book)Set 10 � + 326�405Set 11 + � 411�499Set 12 + + 500�565Set 13 + � 567�583Table 6: Beam and target polarization diretions for the di�erent experimentalrunsGiven in the table are the average polarization values used for the analysis. Thevalues do not hange during a run and not signi�antly during a data set. Never-theless these values are weighted with the number of events of a single run versusthe sum of a run set. The numbers are absolute values and do not re�et thehange of the polarization orientation as shown above, beause this does not in-�uene the �nal alulation of Azz and therefore I did not list the signs as shownin table 6.Exp.Run dataset tgt Pol. ±∆ (%) ~n Pol. ±∆ (%)August 98 Set 01 55.5±0.072 29.7±0.033Set 02 55.5±0.072 30.1±0.033Set 03 61.5±0.072 30.1±0.033November 98 Set 04 60.5±0.072 32.6±0.033Set 05 65.5±0.072 32.5±0.032Set 06 65.5±0.072 32.8±0.033Set 07 62.5±0.072 32.5±0.033Marh 99 Set 08 53.7±0.073 32.2±0.033ontinued on next page



B POLARIZATIONS eontinued from previous pageExp.Run dataset tgt Pol. ±∆ (%) ~n Pol. ±∆ (%)Set 09 58.5±0.072 33.0±0.033Set 10 58.5±0.072 32.7±0.034Set 11 55.5±0.072 33.2±0.034Set 12 61.5±0.072 33.2±0.034Set 13 62.5±0.072 34.3±0.035Table 7: Average target and beam polarizations for the di�erent experimentalrun setsThe values for the neutron polarization are average values alulated from theproton polarization. They are also without signs, beause the polarization ofthe proton beam is swithed every 3 seonds at the ion soure and therefore itrepresents an average value of both polarization values. In this way the sign ofthe solenoid value shows the orientation of the spin (or the register in the hbookarray of the data �le).



C BACKGROUND CORRECTIONS fC Bakground orretionsAs desribed in setion 4.6 the asymmetry of the ounts (equation (14)) is mul-tiplied with the ratio of bakground-orreted to bakground-nonorreted ratesThese orretions are treated in the same way as the real signal. This meansthe same area from the peak as for the asymmetry alulation is seleted for thealulations. One would expet that, beause of the idential setup, they shouldbe the same for the whole experiment. But beause of the di�erent eletronis andalibrations in eah experimental run they vary in fat. Within an experimentalrun the di�erent data sets agree.It is onspiuous that in the November run the bakground orretions are largerand in Marh signi�ant lower. As the raw spetra look the same this seems tobe a statistial e�et, beause eah single data set in November (and August) issmaller in events and Megabytes ompared to Marh.Experiment dataset Sattering AnglesRun Number 1 2 3 4 5August 98 Set 01 1.16 1.26 1.18 1.18 1.35Set 02 1.19 1.26 1.20 1.27 1.33Set 03 1.20 1.26 1.21 1.31 1.35November 98 Set 04 1.24 1.27 1.18 1.34 1.33Set 05 1.25 1.35 1.24 1.47 1.47Set 06 1.26 1.36 1.27 1.47 1.46Set 07 1.24 1.29 1.20 1.41 1.36Marh 99 Set 08 1.18 1.10 1.07 1.14 1.10Set 09 1.17 1.10 1.07 1.13 1.09ontinued on next page



C BACKGROUND CORRECTIONS gontinued from previous pageExperiment dataset Sattering AnglesRun Number 1 2 3 4 5Set 10 1.17 1.10 1.07 1.14 1.10Set 11 1.18 1.10 1.06 1.14 1.09Set 12 1.17 1.09 1.06 1.13 1.08Set 13 1.17 1.09 1.06 1.12 1.08Table 8: Bakground orretions for the individual run sets and angles
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