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ZusammenfassungIm Rahmen dieser Arbeit wurde die Einfahionisation von Helium durh Positro-nenstoÿ bei einer Projektilenergie von 80 eV experimentell untersuht. Hierzu wurdeein eigens modi�ziertes Reaktionsmikroskop mit dem alle drei Endzustandsteilhenimpulsaufgelöst nahgewiesen werden können an das Strahlrohr der Positronen-quelle NEPOMUC am Forshungsreaktor FRMII in Garhing angeshlossen. Umdie Positronen mit möglihst geringem Verlust an Intensität vom starken Magnet-feld des Strahlrohrs in das shwähere Feld des Reaktionsmikroskops zu leiten, wur-den Solenoidspulen, die einen adiabatishen Feldverlauf bewirken, im Übergangs-bereih angebraht. Ein ausgefeiltes Verfahren zur Datenauswertung wurde en-twikelt damit der zeitlihe Ursprung des Ionisationsprozesses auh bei Verwendungeines kontinuierlihen Projektilstrahls gefunden werden kann. Shliesslih konntendreifah koinzidente Ereignisse, welhe aus der Fragmentation stammen, bestimmtwerden. Für diese Ereignisse konnten wir die dreidimensionalen Impulsvektoren derdrei Teilhen im Endzustand erhalten. Die erhaltenen Wirkungsquershnitte zeigen,dass die im Vergleih zur Elektronenstoÿionisation umgekehrte Projektilladung einestarke Emission des ionisierten Elektrons mit dem Projektil in Vorwärtsrihtungbewirkt.AbstratWithin this work presented here, single ionisation of helium by impat of 80 eVpositrons was studied in a kinematially omplete experiment. Therefore, a dedi-ated reation mirosope was onneted to the beamline of the NEPOMUC positronsoure loated at the researh reator FRMII in Garhing. Using a reation miro-sope the momenta of all partiles in the �nal state an be deteted. In order toguide the positrons from the high magneti �eld of the beamline into the lower�eld of the reation mirosope with a minimal loss on intensity, solenoidal oilsproduing an adiabati �eld hange have been installed at the transition region. Asophistiated method for the data analysis was developed to reonstrut the timeorigin of the ionisation proess also for the ase of a ontinuous beam. Finally, wewere able to identify triple oinident events originating from the fragmentation.The three-dimensional momentum vetors of the three partiles in the �nal stateould be obtained for these events. The gained ross setions show that the proje-tile harge whih is inverse ompared to eletron ollisions auses a high emission ofthe ionised eletron with the projetile in forward diretion.
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1 IntrodutionThe relationship between the energy E and momentum ~p of a free partile is givenby Einstein's famous energy-momentum equation E2 = (cp)2 + (mc2)2 where m isthe partile's mass and c denotes the vauum speed of light. The solution of thisequation for the ase of an eletron leads to an energy spetrum made up of twoontinuous bands separated by an interval 2mc2. The �rst of these orrespond tonegative energy states with E = −
√

(cp)2 + (mc2)2 and the seond to positive en-ergy states with E =
√

(cp)2 + (mc2)2. These results whih seem quite unphysialat a �rst glane were interpreted by Dira 1928 in his relativisti theory of eletrons,whih subsequently led to the predition of the positively harged eletron. Soonafter Dira's postulation, these positively harged eletrons were observed by An-derson 1933 who also oined the term positron for these partiles. The disoveryof the positrons was also the �rst evidene of antimatter sine the positron is theantipartile of the eletron having the same mass and spin as the eletron and ar-rying the same amount of harge but with opposite sign. Although the positron isa stable partile under vauum onditions, it will annihilate with an eletron underthe emission of radiation when it interats with normal matter.Low energy positron-atom ollision studies ontribute to the area of positronphysis, whih ranges from sienti� basi researh to tehnologial appliations.Fundamental use of positrons inlude the formation of neutral antihydrogen atomsused for testing of quantum eletrodynamis (QED) or fundamental symmetriesin nature (CPT theorem) (Amoretti et al. 2002 and Gabrielse et al. 2002). Onthe other hand, tehnologial appliations of positrons are numerous and inreas-ing. They inlude, for example, positron emission tomography (R.L. Wahl 2002) tostudy metaboli proesses or material researh, suh as insulators with low dieletrionstants in hip prodution or material haraterisation (Shultz and Lynn 1988).Furthermore, positrons o�er new ways to study a wide range of other phenomena,inluding atomi lusters, nanopartiles and plasmas (Surko et al. 1986).All these appliations depend on the fundamental understanding of the intera-tions between positrons and matter and, therefore, the study of positron ollisionswith atoms, moleules and solids is of great interest. Also the omparisons withphenomena observed with other projetiles, suh as the eletron an lead to bet-ter insight of the interations sine ollisions involving positrons are di�erent fromanalogous eletron experiments. Reasons are the absene of the exhange inter-ation harateristi for eletrons, or the repulsive stati interation between thepositron and the atom, in ontrast to the attrative eletron-atom interation or9



1 Introdutionthe added rihness of the positronium formation hannel. Extending the range ofprojetiles to inlude protons and antiprotons an provide information about e�etson the ollision proesses of di�erent masses and harge and, hene, o�er a test ofvarious theoretial approximations. These theoretial models are motivated by thefat that even a three-body system annot be solved in an analyti way and, hene,they rely on approximations about the desribed proess or the need of enormousomputation e�orts. Therefore, experiments have always been ruial in order toverify and guide the modelling for these alulations.The study of sattering reations involving atoms and moleules is a long-standing�eld in atomi physis. The �rst experiments have been made in the early 1910swhen Rutherford investigated the struture of atoms by the ollisions of ollimatedpartiles from radioative deay onto a thin layer of gold and the detetion of thesattered partiles (Rutherford 1911). Starting from these pioneering studies, nu-merous sattering experiments followed for various ombinations of projetiles andtargets suh as ion-atom, photon-atom, eletron-atom et. Eletron sattering bygas atoms and moleules has been investigated sine the pioneering work of Ram-sauer 1922 and Townsend and Bailey 1922 in the early 20th in the last entury.Further improvements in eletron impat studies arose with the helium ionisationexperiments performed by Ehrhardt et al. 1969 where the momentum vetors ofall ontinuum partiles were determined. However, these traditional measurementswere restrited to a ertain geometry where the eletrons are deteted in oini-dene using energy and angle sensitive detetors in one spei� plane. Sine onefree eletron is present in the initial state and two free eletrons are measured inthe �nal state, these kind of experiment beame known as (e,2e) experiments. An-other milestone for atomi and moleular sattering physis was the invention ofthe old target reoil ion momentum spetrosopy (COLTRIMS) (Mergel 1996) andthe reation mirosope (Moshammer et al. 1996) where the use of projetion teh-niques overomes the previous limitations on the experimentally aessible phasespae. Suh an apparatus allows the oinidene detetion of all partiles in the�nal state over essentially the full solid angle. For example, using a reation mi-rosope aess to three-dimensional fully di�erential data was opened while thesekinematially omplete studies deliver the most stringent test for theoretial treat-ment and provide an important ontribution to reah the detailed understanding ofdynami proesses.For the eletron's antipartile, the positron, the �rst ross setions for ollisionswith an atom were then measured in the early 1970s by Costello et al. 1972. Thus,the development in the �eld of positron sattering has in many respet followedthat of the eletron ase. However, positron-atom ollision experiments have beendi�erent in the aspet that soures for positrons are not aessible in the same way asfor eletrons. Due to the nature of positrons, monoenergeti positron beams of highintensity are sare. Therefore, existing experiments for positron impat ionisationsu�er from the low positron beam urrents obtained from radioisotope soures as10



well as from low detetion e�ienies of traditional eletrostati spetrometers. Thepoints of ontat between theory and experiment regarding positron sattering weregreatly impeded by the lak of suitable low energy positron beam soures. Within thelast deades, developments in high quality positron soures ourred and have madepossible a host of experiments. For example, at the NEutron indued POsitronsoure MUniCh, NEPOMUC (Hugenshmidt et al. 2002), here, positron-eletronpairs are produed by absorption of high energy γ-radiation released by the aptureof thermal neutrons in admium. The neutrons are obtained from the researhreator FRMII loated in Munih. The generated positrons are extrated and furthermoderated until they are guided in the beamline where the positrons an be usedfor various experiments. NEPOMUC laims to deliver the world's highest positronintensity of up to 109 low energeti positrons per seond.The intention of this work was the ombination of both unique tehniques, onone hand the reation mirosope with its apability to enable the kinematiallyomplete investigation of an ionisation proess and on the other hand the positronbeam of the NEPOMUC faility with its high �ux on low energeti positrons. Thispilot experiment was designed to deliver the �rst omprehensive benhmark rosssetion for antipartile impat ionisation of atomi systems. Therefore, a reationmirosope dediated for eletron ollision ionisation studies (Dorn et al. 1999, Dürret al. 2006) was adapted to the requirements for positron sattering. The impatenergy during this work was hosen to be 80 eV whereas helium was used as target.Sine the ontinuous positron beam used did not allow the standard time-of-�ightmeasurement of the �nal state partiles an important part of this work was thedevelopment of an analysis algorithm in order to reonstrut the reation's timeorigin whih is neessary to obtain the momenta of all ionisation fragments.The present work is organised in the following manner: at the beginning, a briefintrodution into positron impat ionisation and a disussion of the most importanttheoretial models is given. After that, the experimental set-up is presented wherethe working priniple of the positron soure and the used reation mirosope isonsidered. The following hapter deals with the method implemented in order toanalyse the data obtained in the experiment. Finally, the outome of the experimentwill be disussed and in the end an outlook inluding improvements of the presentexperiment will be given.
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2 Positron impat ionisation onatomsIn this hapter physial bakground information relevant for this work is presented.First, a general introdution into positron impat on atoms is given. The basireations and interations are desribed through the omparison between positron-and eletron-atom ollisions and a review on the reent status in positron satteringis made. Furthermore, the theoretial treatment of ollision proesses are disussedbrie�y.2.1 Introdution into positron-atom ollisionsWhen a harged partile satters with an atom or a moleule several proessesan our whih are distinguished by the �nal state. When the projetile and thetarget are sattered without hange in their internal struture, e.g. kineti energyis onserved and the number of free partiles remains onstant, this is known aselasti sattering. Whereas proesses are alled inelasti, when the projetile and(or) target partile undergo a hange of their internal quantum state during theollision resulting in an energy transfer and in a possible hange in the partilenumber.As already remarked within the introdution, the study of ollisions of positronswith neutral or harged partiles is of relevane in di�erent �elds of siene andtehnology. The omparison between sattering of positrons and eletrons by thesame atoms and moleules an reveal interesting similarities and di�erenes sinethe leptoni ounterparts di�er only by the sign of their harge and the attendantproperties. Thus, these omparisons may help to stimulate a better understandingof eletron (and positron) ollision proess.2.1.1 Comparison: positron vs. eletron satteringWhen we look at the di�erene between eletron impat studies and ollisions usingits antipartile as projetile, the dominant interations have to be taken into aount(see table 2.1.1) where fundamental di�erenes may be diserned. The mean statiinteration between the undistorted atom and the projetile has opposite signs inthe ase of e− and e+ due to their opposite harge. Beause of the repulsion between13



2 Positron impat ionisation on atoms

Figure 2.1: Comparison of e±-H and
e±-H2 sattering, from Zhou et al.1997.

Interation e− e+Mean stati attrative repulsivePolarisation attrative attrativeExhange yes none
Table 2.1: Dominant interations on-tributing to e± sattering.the positively harged lepton and the atomi nuleus, the stati, short-range atomipotential is repulsive for positrons. Therefore, the positron does not penetrate farinside the atom. This kind of interation ontributes to e± sattering at all projetileenergies. The polarisation interation is, however, attrative for both e− and e+and is relevant at su�iently low inident projetile energies suh that the targetatom has an opportunity to polarise during the time of interation. This leads tothe long-range, attrative polarisation potential Vpol(r) = −αde

2/(2r4), where αddenotes the dipole polarisability of the atom. This asymptoti form is identialfor eletrons and positrons. At low positron energies, for whih large separationsplay a important role, this polarisation potential an overome the e�ets of theshort-range repulsion, resulting in a net positron-atom attration. Consequently, inthe low energy regime, the opposite signs of the stati and polarisation interationsin ase of the positron give arise to a redued sattering probability ompared toeletrons, as displayed in �gure 2.1 for e±-H sattering. The exhange interation,whih a�ets only eletron sattering, originates from the antisymmetry of the totalwavefuntion of indistinguishable fermions sine in the ase of eletron satteringtwo idential partiles are deteted in the �nal state. Therefore, this e�et modi�eseletron sattering primarily in the energy region orresponding to the kineti energyof the atomi eletrons. At su�iently high energies, the exhange and polarisationinterations will beome more and more negligible, leaving only stati interation,14



2.1 Introdution into positron-atom ollisionsSattering hannel Threshold energy
e± + A→ e± + A elasti none

→ e± + A∗ eletroni exitation several eV

→ e± + A
n+

+ ne− ionisation several eV (Vionisation)
e+ + A→A+ + γ ′s annihilation none(e+ only)

→A+ + Ps positronium formation Vionisation − 6.8eV(e+ only)
e± + M→ e± + M∗ vibrational exitation few ×0.1eV
e± + M→ e± + M∗ rotational exitation < ×0.1eVTable 2.2: Basi sattering hannels open for positron and eletron sattering byatoms and moleules. Vionisation refers to the threshold energy of ionisation. Adaptedfrom Kauppila and Stein 1989.whih will result in a merging of orresponding e±-atom sattering ross setionsfor the various sattering hannels (refer to table 2.2) that are aessible for bothprojetiles.The set of sattering hannels that are possible only for positrons is riher, andtherefore, muh more interesting than those available under eletron impat. Theadditional hannels are annihilation and reations based on positronium formation(both real and virtual). Positronium1 (Ps) is the simplest bound state onsisting ofa single eletron and a single positron and, thus, omparable to a hydrogen atom butwith half the redued mass and Bohr energy levels, En

Ps = −0.25/n2 a.u. For targetswith ionisation potentials Vionisation < 6.8 eV - the ground-state binding energy of
Ps - the positronium formation hannel is open at all energies. Even for targetswith Vionisation > 6.8 eV the Ps formation threshold is never far away. Hene, thepositronium hannel appears to have remarkable onsequenes and leads to strongerorrelation e�ets in low-energy sattering ompared to eletron sattering.2.1.2 Ionisation by positron impatUsing a reation mirosope, we are able to investigate the reation hannel forionisation whih is one of the most fundamental and basi ollision proesses. Espe-ially, single ionisation of atomi hydrogen is one of the simplest dynamial few-bodyproblems beyond the analytially solvable two-body problem where exatly threepartiles (one positron, one eletron and the proton) are involved. In this work theionisation of helium - the simplest orrelated bound two-eletron system - is studied1So named by A.E. Ruark, see Ruark 1945. 15



2 Positron impat ionisation on atoms
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Figure 2.2: Geometry of the ionising ollision.by a positron impat energy of 80 eV. At this energy range, the main proesses bywhih a helium atom an be ionised are annihilation, Ps formation and diret singleionisation as expressed, respetively, by following reations:
e+ + He → He+ + 2γ (2.1)
e+ + He → He+ + Ps (2.2)
e+ + He → He+ + e+ + e− (2.3)While positronium formation and annihilation also result in ionisation (equation2.1-2.3) in the following the term ionisation will be reserved for the proess given inequation 2.3 whih is studied in this work and where three separate partiles (e+,

e− and He+) result from fragmentation. The threshold of this reation hannel is
Vionisation = 24.6 eV for helium atoms, whilst annihilation2 is always exothermi and
Ps formation has a threshold energy given by VPs = Vionisation − 6.8 eV/n2.The results of sattering experiments are usually given in terms of quantitiesalled ross setions σ and is de�ned, aording to Bransden and Joahain 2003, as�transition probabilities per unit time, per unit target satterer and per unit �uxof the inident partiles in respet to the target�. With the target density n, thepartile urrent in the projetile beam I and the length of the interation volume l,the total ross setion σtot of a sattering proess whih takes all possible reationhannels into aount is linked to the ount rate R of a measurement by

Rtot = σtot · n · I · l. (2.4)In order to gain more information of a spei� reation's kinemati, the total ross2Annihilation is not a signi�ant e�et expet at energies whih are well below those (> 0.2 eV)used in e+-sattering experiments and its ross setion is up to 10−5 smaller than for elastisattering, see Massey 1976.16



2.1 Introdution into positron-atom ollisions
Figure 2.3: Conventional (e,2e) set up. The sattering plan is indiated in red(solid), with the projetile's momentum (pi), the sattered projetile (ps), the ejetedeletron (pe) and their respetive sattering angles. The perpendiular plane isshown in dashed red. Adapted from P�üger 2008.setion is not su�ient. Therefore, the di�erential ross setion is used whih givesthe probability distribution of di�erent kinemati quantities. A kinematially om-plete determination of a three-body ontinuum �nal-state in an atomi satteringproess, suh as single ionisation like in our ase, would require, in priniple, theknowledge of nine variables. Here, the omponents of the momenta assoiated toeah of the three partiles in the �nal state have to be known. However, using mo-mentum and energy onservation redues the number to �ve. Regarding the solidangle intervals ∆Ω3 for whih a ount rate is measured, we get a three fold di�eren-tial ross setion. In literature, this is often referred to as the triply di�erential rosssetion (TDCS) - whih is de�ned by the solid angle for the sattered positron Ωe+and for the outgoing eletron Ωe− and by the energy energy of the eletron Ee− (see�gure 2.2). Thus, the omplete kinemati for a reation is determined by these threequantities and the di�erential ross setion for positron impat single ionisation isgiven by ∂(3)σ/∂Ee−∂Ωe+∂Ωe−. The spei� event rate obtained in the measurement isthen related with the triply di�erential ross setion by

R(Ee− ,Ωe+ ,Ωe−) =
∂(3)σ

∂Ee−∂Ωe+∂Ωe−
· n · I · l · ∆Ee− · ∆Ωe+ · ∆Ωe− , (2.5)where ∆Ee− and ∆Ωe± denotes the energy and the solid angle intervals for whih therate was obtained. In order to trae the determinants of a partiular proess, for ex-ample the importane of di�erent mehanisms, fully di�erential data allow a deeperinsight. Furthermore, these kinematially omplete measurements enable a sensitivehek of various approahes whih deliver a theoretial model for the problem. Inommon sattering experiments, for example onventional (e,2e) experiments usingtwo individual eletron detetors for the detetion of the sattered projetile and3The solid angle Ω represents one independent variable onsisting of the azimuth angle φ and thepolar angle θ (see �gure 2.2). 17



2 Positron impat ionisation on atomsthe ejeted eletron, the fully di�erential ross setions are determined diretly bythe spei� oinidene ount rate whih is measured for a �xed set of energies andangles. The parameter spae is then sanned sequentially by aligning the detetorsto a new geometry (ompare �gure 2.3). Using a reation mirosope - more detailsare given in setion 3.2 - we are able to detet the fragments of the ionisation overessentially the full solid angle and we are not restrited to a ertain geometry.The link between the experimentally obtained ross setion and the theoretialquantum mehanial desription is given by the relation:
σ ∝ |Tif |2, (2.6)where Tif is the quantum mehanial transition amplitude. The matrix element Tifrepresents the transition from the initial quantum state |i〉 to the �nal state |f〉 andis denoted by

Tif = 〈f | ǫ̂ |i〉 =

∫

ψ∗
f ǫ̂ ψi dr (2.7)where ψi and ψf are the wave funtions in the initial and in the �nal state, respe-tively, and ǫ̂ stands for the operator ontaining the information about the transitionproess.2.1.3 Cross setionsIn this work, single ionisation of helium by positron impat with an energy of 80 eVis studied. In order to gain a better understanding of positron sattering proesses,reent investigation in the area of positron ollision researh are reviewed in thefollowing setion. Therefore, ross setions, both for the whole sattering proessand for individual reation hannels, are presented in a brief way, where, again,omparisons between eletron and its antipartile are made.Total ross setionsThe inert gases have been the �rst atoms whih have been experimentally studied- for ollisions with eletrons as well as with positrons - as they available in atomiform as target gas at room temperature. Figure 2.4 gives an general omparison ofmeasured total ross setions σtot for positrons and eletrons sattering from He, Ne,Ar, Kr and Xe. The total sattering ross setion an be partitioned into the sumof the integrated partial ross setions for eah hannel or proess of interation:

σtot = σel + σps + σex + σion (2.8)where σel, σps, σex and σion are the integrated partial ross setions for the elasti,positronium formation, exitation and ionisation hannels, respetively. As alreadymentioned, in this work the term ionisation refers to a reation aording to equation18



2.1 Introdution into positron-atom ollisions
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(b)Figure 2.4: Total ross setions for noble gases. (a) Eletron sattering. (b) Positronsattering. Adapted from Kauppila and Stein 1989.2.3 where the ejeted eletron, the ion and the sattered positron are deteted inthe �nal state sine reation 2.2 also leads to ionisation of the target atom.Regarding �gure 2.4, below the lowest thresholds for inelasti sattering hannels- eletroni exitation for eletrons and positronium formation for positrons - σtotrepresents only elasti sattering. One an observe in the ase of e−-satteringthat very deep minima our at low energies (< 1 eV) for Ar, Kr and Xe. Theseminima are referred to as Ramsauer-Townsend e�et4 and arise from a net attrativeinteration between the inoming projetile and the target atom. The Ramsauer-Townsend e�et an be seen for He and Ne regarding e+-sattering. Therefore, at lowenergies the polarisation interation must be dominating the stati interation sinea net attrative interation is required. Furthermore, the σtot urves for e+ suddenlyinrease as the projetile energy is inreased through the Ps formation threshold.Hene, this feature suggests that the Ps formation hannel plays an important role inpositron sattering with the inert-gas atoms. For the total ross setions representingeletron sattering, the maximum values our at energies either near or below thelowest energy inelasti threshold, implying that e−-sattering at the energies of themaxima is dominated by elasti sattering.4Named after Ramsauer and Townsend sine they �rst observed the e�et, see Ramsauer 1922and Townsend and Bailey 1922 19
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2.1 Introdution into positron-atom ollisions
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2 Positron impat ionisation on atomsSome quite interesting results have been founded by the analysis of the ratio ofdouble to single ionisation ross setions (σ++
ion/σ+

ion) for helium when the ratios ele-trons and protons are ompared with the ones of their ounterparts, positrons andantiprotons. Comparative studies of atomi impat ionisation of partile/antiparti-le pairs have been arried out in order to �nd di�erenes resulting from the hargeand the mass of the projetile5. The experimentally obtained ratios for these parti-les are presented in �gure 2.6(a). For su�iently high energies (v2 > 1 MeV/amu),the ratios σ++
ion/σ+

ion merge for eah of the two projetiles having the same sign ofharge even though their masses are notably di�erent. The ratios for the leptonipartiles (e±) diverge and onverge to zero at lower energies whereas they beomevery large for the baryoni partile/antipartile pair. Aording to Charlton et al.1988 this behaviour refers to the large di�erenes in kineti energy for the sameveloity. At intermediate veloities, the single ionisation ross setions for the pos-itively harged partiles are higher than for their negatively harged ounterpartsdue to polarisation attrating the ejeted target eletrons loser to the inomingpositrons or protons. Sine the ross setion for single ionisation σ+
ion slopes withinreasing projetile energy as, for example, illustrated in �gure 2.6(b), this impliesthat the energy dependeny of the double ionisation ross setion σ++

ion behaves thesame. Therefore, double ionisation mehanisms where the projetile interats onlyone with the target ontribute in the area for high veloities.2.2 Theory: a brief overviewThe simple ionization ollision of a hydrogen atom by the impat of a struturelesspartile, the three-body problem, is one of the oldest unsolved problems in physis.The two-body problem was analysed by Johannes Kepler in the beginning of the17th entury and solved by Isaa Newton in end of the same entury. However,the three-body problem is muh more ompliated and has no general analyti solu-tion. Therefore, approximations or numerial methods have to be developed with theintention to get ross setions by alulating the quantum mehanial transition am-plitude Tif . In order to handle the theoretial desription of the ionisation proess,simpli�ations have been assumed for the three-body kinematis in the �nal state,based on the fat that, for example, regarding a high energeti ion�atom ollision,the fast projetile is marginal de�eted, or in an eletron�atom or positron�atomollision, one partile (the target nuleus) is muh heavier than the two remaining.In our ase of inelasti atomi proesses by sattering of a light, struturelesspartile, the available theoretial models an be divided into two groups, either aperturbative or a non-perturbative approah. In a perturbative method the satter-ing proess is separated into an the initial and a �nal state whereas the interationbetween the projetile and the target is is treated separately as a small perturbation,5Compare, for example, with Shultz et al. 1991 or Knudsen et al. 199022



2.2 Theory: a brief overviewlike in the Born approximation. This approah is mostly applied for experimentswith high projetile energies but a perturbative model an hardly be applied forlower impat energies. Non-perturbative approahes, on the other hand, are deal-ing with a numerial solution of the Shrödinger equation whih gives the quantummehanial desription of the system, for example the onvergent lose-oupling ap-proah. Thus, they are onvenient for sattering in the low energy range wherethe interation between the projetile annot be regarded as a marginal perturba-tion. These non-perturbative approahes have shown to deliver exellent agreementbetween theory and experimentally obtained data. Nevertheless, they require enor-mous omputational e�ort. In the following, we will present some of the mostimportant theoretial desriptions. Atomi units (see appendix A.3) are used forthese onsideration.
2.2.1 Born approximationIn order to solve a sattering problem like positron impat ionisation in a perturba-tive way6, the system's Hamiltonian is separated into a unperturbed term Ĥ0 andthe interation potential V̂ . The unperturbed Hamiltonian Ĥ0 = Ĥprojectile + Ĥtargetsplits further into the projetile and target system independent from eah other priorand after the interation. The Hamiltonian an be expressed like

Ĥ = Ĥ0 + V̂ = Ĥprojectile + Ĥtarget + V̂ . (2.9)Thus, the interation potential V̂ is regarded as a small perturbation to the otherwisefree system. The eigenstates of the undisturbed system in the initial state an bewritten as
(Ĥ0 −E) |Ψif 〉0 = 0, (2.10)where |Ψi〉0 and |Ψf 〉0 represent the produt of respetive free projetile - whih anbe written as a plane wave - and the target wave funtion |φif〉 in the initial stateand �nal state. The full or perturbed states |Ψi〉 and |Ψf 〉 of the Hamiltonian Ĥshall be given by
(Ĥ − E) |Ψif 〉 = 0. (2.11)A possible, formal solution for this equation an be derived by the following express-ing:

|Ψif〉 = |Ψif〉0 + Ĝ+
0 V̂ |Ψif〉 , (2.12)6A more omprehensive introdution in sattering theory an be found in Bransden and Joahain2003 or Sakurai 1993. 23



2 Positron impat ionisation on atomswhih is known as the Lippmann-Shwinger equation of potential sattering withthe Green operator
Ĝ+

0 = lim
ǫ→0

1

E − Ĥ0 + iǫ
. (2.13)The Green operator desribes the propagation of the system between individualinterations and is de�ned positive in order to guarantee that the sattered wave isoutgoing. However, the funtion |Ψif〉 on the right hand side of equation 2.12 is stillunknown. By iteratively inserting the Lippmann-Shwinger equation into itself, oneobtains a series for the transition matrix element Tif :

Tif := 〈Ψf | V̂ |Ψi〉 = 〈Ψf |0 V̂ |Ψi〉0 + 〈Ψf |0 V̂ Ĝ+
0 V̂ |Ψi〉0 + . . . (2.14)This is alled the Born series and it represents an expansion in powers of the inter-ation V̂ .In the ase of sattering a harged, strutureless partile with a atom, the intera-tion term V̂ is used to be the Coulomb potential between the projetile and targetpartiles and, thus, an be expressed like

V̂ = −ZPZT

rp
+

N
∑

i=1

ZP

|~rp − ~ri|
(2.15)where ZP is projetile harge, ~rp the projetile oordinate and ~ri the distane be-tween the nuleus and the target eletrons.The �rst Born approximationWhen we just onsider the �rst term of the Born series (equation 2.14), the transitionmatrix element in �rst Born approximation is the given by

T 1
if := 〈Ψf |0 V̂ |Ψi〉0 . (2.16)Furthermore, the initial state is expressed by a produt of a plane wave for theinoming projetile having momentum ~ki and the eigenstates of the target (for ex-ample |Ψi〉 =

∣

∣

∣

~ki

〉

|φi〉). The outgoing projetile is also desribed by a plane wavewhih denotes that the interation of the sattered projetile with the fragments isnegleted. The transition amplitude for the �rst Born approximation is then givenby
T 1

if =
ZP

2π2q2
〈φf | exp[i~q · ~r] |φi〉 , (2.17)with the momentum transfer ~q = ~kf − ~ki. In order to alulate this �rst-Born-amplitude, only the the bound states |φi〉 and the states in the ontinuum |φf〉24



2.2 Theory: a brief overviewof the undistorted target have to be determined whih is exatly possible in thease of atomi hydrogen. However, for targets with more than one eletron thedeployment of the exat wave funtions is quite ompliated. Sine the ross setionsare proportional to the square of the transition amplitude (see equation 2.6), theross setions are independent of the projetile's harge and, therefore, no di�ereneshould our in the regime of high energeti ollisions between eletron and positronsattering.The seond Born approximationIn the matrix element for the seond order Born approximation, in addition, theseond order term has to be taken into aount
T 2

if = 〈Ψf |0 V̂ lim
ǫ→0

1

E − Ĥ0 + iǫ
V̂ |Ψi〉0 , (2.18)whih onsiders sattering proesses where the projetile interats twie with thetarget. Thereby, a lot of possibilities exists, for example the projetile an satterwith nuleus and a bound eletron. Additionally, the interation of the projetilewith the ejeted eletron after the ollision (so alled post ollision interation, PCI)are regarded, sine an ionised eletron is able to interat a seond time with theprojetile. Using the seond-Born-amplitude, the agreement between theory andexperiment an be improved. The ross setion of the seond Born approximationis then given by:

σ2ndB ∝ |T 1
if + T 2

if |2 = |α1ZP + α2Z
2
P |2 = α2

1Z
2
P + 2α1α2Z

3
P + α2

2Z
4
P , (2.19)

α1,2 are oe�ients whih are determined by the expliit alulation of the transitionamplitudes. In equation 2.19 the �rst term orresponds to pure one-step-proesswhere the projetile interats only one with the target, whereas the last term standsfor a pure two-step-proess onsidering exatly two interation steps. The termin the middle represents an interferene between these two pure proesses whihindiates a dependene of the ross setion on the sign of the projetile's harge.Therefore, in the seond order Born approximation appearane of harge e�ets for
e±-sattering should our.2.2.2 Distorted wave methodsAn extension of the above desribed Born approximation is the approah usingdistorted waves where the interation term V̂i,f is separated in both the initial and�nal state:

V̂i,f = Ûi,f + Ŵi,f . (2.20)25



2 Positron impat ionisation on atomsThis method is quite similarly strutured as the Born approximation whereas theplane waves are merely replaed by the distorted waves. The �rst term of equation2.20 Ûi,f takes are of an exat treatment of the interation, whereas the seondterm desribes small perturbations, similar to the Born expansion. The Lippman-Shwinger equation (2.12) is solved inluding only the so-alled distortion term Ûi,fwhih leads to following solution:
|χi,f〉 = |φi,f〉 + ĜÛi,f |χi,f〉 , (2.21)where the eigenstates for the distortion interation are obtained in the initial and�nal state. The amplitude for the transition, again in post and prior form, an thenbe written as

Tif = 〈χf | Û |Ψi〉 (2.22)
= 〈Ψf | Û |χi〉 . (2.23)Up to now, no approximations have been applied while the sattering amplitudeprovides the freedom to shift part of the interation appearing in the operator V̂into the wave funtion. In �rst order, an approximation of the sattering wave leadsto the distorted wave Born approximation where the initial state ould be expandedby
|Ψi〉 ≈ |χi〉 . (2.24)Analogue to the Born series, the next higher order is given by

|Ψi〉 ≈ |χi〉 + ĜÛi |χi〉 . (2.25)Using the distorted wave method, it is possible to treat some part of the interationexatly, and other in an perturbative way. For example, with the distorted waveapproah, the interation of the projetile with the nuleus an be treated in theinitial and �nal hannel.2.2.3 Convergent lose-ouplingAn approah, where the time-independent Shrödinger equation of the ollision sys-tem is solved numerial in a non-perturbative way, is the onvergent lose-ouplingframework. The initial work was developed by Bray and Stelbovis 1992 in orderto study the exitation of atomi hydrogen by eletron impat. Then this methodhas been extended to various other sattering situations, for example ionisation ofhydrogen and helium by eletron impat (see Fursa and Bray 1995). These al-ulations using the onvergent lose-oupling approah show very good agreementwith experimental data, notably in the ase of eletron impat ionisation of helium(ompare Stelbovis et al. 2005 and Dürr et al. 2006).26



2.2 Theory: a brief overviewFurthermore, ollision proesses with positrons as projetiles an be studied usingthe onvergent lose-oupling approah, as for example positron hydrogen sattering(see Bray and Stelbovis 1993). Calulations with the onvergent lose-ouplingmethod for positron sattering with helium - whih is of speial interest for this work- haven been done in Wu et al. 2004. The onvergent lose oupling alulations foreletron ollision proess an be readily applied to the ase of positron sattering bysimply omitting the exhange term and hanging the sign of the projetile's harge.In the lose-oupling treatment, an expansion of the target system in a basis-set ofeigenstates of the unperturbed target Hamiltonian is performed. This is onstrutedby the expansion in orthogonal so-alled Laguerre funtions whereas, due to pratialreasons, only a �nite number N of states are inluded in the alulation, henethe name lose-oupling. Beside the �true� bound states in the target, also theontinuum has to be taken into aount whih is approximated by so-alled �pseudo�-states. The lose-oupling method onverges de�nitely for large N but an enormousomputational e�ort is required to solve the numerial problem. This approah isalso restrited to pure three-body problems whih an be irumvented, for examplein the ase of helium, with the approximation of a frozen ore where only the ativeeletron is treated individually.While the onvergent lose-oupling method uses a momentum spae representa-tion of the wavefuntions, a similar approah, the exterior omplex saling (ECS)developed by Resigno et al. 1999, uses position spae wavefuntions. The exte-rior omplex saling method was �rst applied to eletron-atom ionization problemsand was demonstrated to provide highly aurate ab initio solutions for eletron-hydrogen ollisions through diret solution of the time-independent Shrödingerequation in oordinate spae. Reently, the framework of the ECS was extendedto sattering proesses with positrons as projetile (see Bartlett et al. 2007).
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3 Experimental set-upThis hapter deals with details of the experimental set-up and tehniques applied togain information about single ionisation of helium by positron impat. First, a briefoverview about the urrent status in positron beam development is given, followedby bakground information about the NEutron indued POsitron soure MUniCh(NEPOMUC) where the experiment, disussed in this work, was performed (setion3.1). During the 20 day beam time in spring 2009 a reation mirosope1 wasonneted to the beam line of NEPOMUC (see Hugenshmidt et al. 2002) whihdelivers a ontinuous beam of positrons. This reation mirosope2 was originallydediated for the study of eletron impat ionising proesses, and within the presentwork, was an be adapted also for positron projetiles.Brie�y, the beam from the positron soure is rossed with a old supersoni atomitarget jet (setion 3.2.1). The sattered projetiles as well as the target fragmentsare extrated by the spetrometer (setion 3.2.2) and imaged onto two positionand time resolving detetors (setion 3.2.3). The partiles' momentum vetors anbe derived through its positions and times of �ight. While the time measurementnormally requires a pulsed projetile beam, the omplete kinematis also an beobtained for ontinuous beams. This is realised by using redundant informationfrom the deteted triple oinidene of all ontinuum partiles in ombination withmomentum and energy onservation. In order to diret positrons out of the strongmagneti guiding �eld of 60 Gauss of the beam line into the reation mirosope(6 Gauss) in a ontrolled way, a magneti �eld transition setion of a Zeeman slower-like oil tube is implemented (setion 3.2.4).3.1 The positron soureIn the last deades great e�orts have been made to develop positron beams of highintensity. Hene, various tehniques have been applied based mainly on two prini-ples for positron prodution: On the one hand positrons gained through β+-deay ofradioative isotopes and on the other hand positron generation by pair produtionfrom absorption of γ-radiation.Beams of the �rst ategory are realized in labs based on ommonly available β-1Initially desribed in Moshammer et al. 1996.2The used reation mirosope is widely disussed in Dürr 2006 29



3 Experimental set-up
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Figure 3.1: Working priniple of the NEPO-MUC soure:High energy γ-radiation is released through ap-ture of thermal neutrons in Cd. The absorptionof the prompt high energy gammas in Pt gen-erates positrons by pair prodution. The fasteletrons and positrons are further moderatedin Pt. The deeleration proess is indiatedby dashed lines. Due to larity, eletrons alsoemerged through pair prodution are omitted.soures like 22Na or 58Co. These onventional laboratory beam failities3 based onone of theses β+ ative isotopes and a positron moderator, mostly made of tungsten,are limited in intensity due to self-absorption of positrons in the soure material.For this kind of soures, the yield of moderated positrons usually ranges between
104 and 106 positrons per seond. Another way onsists of dediated materialswhih transform into short lived positron emitting isotopes upon exposure to thermalneutrons. For instane, soures based on the reation 63Cu(n, γ)64Cu an yieldontinuous positron beams of about 107e+ per seond after moderation.The failities summarised in the seond group provide positrons generated throughpair prodution from high energy γ-rays. Positrons an be obtained in a target or abeam dump of linear aelerators, where bremsstrahlung produes e+e−-pairs in the�eld of target nulei. At a LINAC the �ux of a slow positron beam an reah typiallyup to 5×108 e+ per seond (e.g. Suzuki et al. 1997). High energy γ-radiation is alsoavailable at reators as primary γ-rays from nulear �ssion or seondary γ-rays dueto (n, γ)-reations.At the NEPOMUC faility - loated in the Forshungsreaktor Münhen II (FRMII, researh reator Munih II) - positrons are generated through pair produtionproess as a result of thermal neutron apture in admium. The apture mehanismis totally dominated by the nulear reation 113Cd(n, γ)114Cd due to the enormouslikelihood of this proess. Its ross setion amounts to 26,000 barn while 113Cd hasan abundane of 12.2% in natural admium. The resulting neutron binding energyof 9.05 MeV radiates, where on an average 2.3 photons with more than 1.5 MeV peraptured neutron are released. The high energy of the γ-radiation is absorbed ina onverter material to generate positrons by pair prodution. Platinum with its3Köver et al. 1993 and Gilbert et al. 1997 researh into beam failities of this type. A more generaloverview onerning positron beams and their appliation an be found in Coleman 200030



3.2 The reation mirosopehigh nulear harge (Z = 78) is used as absorber substane sine the ross setionfor pair prodution is roughly proportional to Z2 and, therefore, materials withhigh nulear harge Z are preferable. The emitted positrons show a broad energydistribution with the maximum loated at a positron energy of 800 keV. To gain therequired mono energeti positron beam the positrons pass a platinum moderator.Beside its high atomi number, the moderation property of platinum exhibits long-term stability under reator onditions and its operation is muh easier than theommonly used tungsten moderators. Positrons thermalised lose to the surfae andi�use to the surfae and are re-emitted with a ertain probability.The moderated positrons released into the vauum reeive the kineti energy de-�ned by the negative positron work funtion of −1.8 eV in polyrystalline Pt. Thepositrons are extrated and aelerated by eletri lenses and then guided magneti-ally out of the reator ore through a longitudinal �eld (6 � 7.5 Gauss) produed bya solenoid oil mounted on the beam tube. Transversal omponents of the earth mag-neti �eld and the stray �elds in the reator shielding are ompensated by orretionoils arranged in pairs perpendiular to the beam axis. The latter are furthermoreused to adjust the positron beam and so to minimise transport losses. In order toimprove the beam's brightness a positron re-moderation stage is installed outside thereator shielding. The main part of the re-moderator onsists of a tungsten singlerystal (1 1 0) in bak re�etion geometry. Finally, the e+- beam passes a magnetibeam swith to distribute the positrons to the permanent installed experiments orthe open beam port where temporary experiments an be onneted to the beamline.During our beam time in May 2009, FRM-II was operated at the nominal reatorpower of 20 MW. NEPOMUC, the positron beam faility at FRM-II, laims to bethe positron soure to deliver the world's highest intensity of low-energy positrons,whih is lose to 109 moderated positrons per seond Hugenshmidt et al. 2008. Afterre-moderation the positrons arrive with a urrent of 3�5× 107 e+/s and an energy of
20 eV with a resolution of ∼ 1 eV (aording to Piohaz et al. 2008) at the entraneof the reation mirosope. In there, the positrons are further aelerated whiletraversing the spetrometer up to an impat energy of 80 eV in the ollision volume.3.2 The reation mirosopeBeside the positron soure, the other essential part of the experiment is a reationmirosope whih is onneted to the positron beam line. Following, the basi om-ponents forming the apparatus to measure fully di�erential ross setions (FDCS)are desribed. In our laboratory frame the z-axis is de�ned by the diretion of theprojetile beam whih also orresponds to the spetrometer axis. The detetors spanthe (x, y)-plane and the −y diretion is given by the propagation diretion of thegas jet. 31



3 Experimental set-up

Figure 3.2: View of reation mirosope.3.2.1 TargetAnalysing atomi reations requires all involved partiles to be in a well-de�nedinitial state. In partiular the residual ion emerged from the ionising ollision gainsless than a few atomi units through the ollision, whih is muh lower than itsthermal momentum spread at 300 K. Therefore, the target atoms have to be ooledfar below room temperature in order to ahieve aeptable resolution. Applyingadiabati expansion to the atomi gas, temperatures in the magnitude of a fewKelvin an be reahed. This orresponds to a very narrow energy distribution whihis indispensable for high resolution momentum spetrosopy. Beside the internalooling, also a high partile density an be realised in an atomi beam formed bythe supersoni jet expansion.The proess of adiabati expansion is tehnially implemented by letting gas withan initial temperature of Ti and pressure pi spread through a tiny nozzle with diam-eter d into a hamber with muh lower pressure pb. Passing the nozzle, the atomsare aelerated resulting in a veloity of the jet higher than the loal speed of soundfor the reservoir with lower pressure.This area is alled zone of silene. Throughthe adiabati behaviour the systems entropy remains onstant and therefore tem-perature dereases. In order to prevent the supersoni �ow to break down, a smallslit, the so alled skimmer, is installed to form an atomi beam. Furthermore theinternal momentum extension in transversal diretion an be redued by ollimatingthe beam using a seond skimmer, peeling o� atoms with large veloity omponentsin the plane perpendiular to the jet. In total, the gas jet has to pass three di�eren-tially pumped stages before reahing the main hamber volume, where the vauum32



3.2 The reation mirosope

Figure 3.3: Formation of a supersoni gas jet by supersoni expansion through atiny nozzle and elimination of high transversal momentum by two skimmers. Threedi�erential pumping stages segregate the reation volume from the high pressure gasreservoir, based on Senftleben 2009.now is hardly in�uened by partiles of the gas jet. Additionally, a beam dump isinstalled at the bottom of the main hamber whih further evauates the unbrokenatoms of the beam. In the experimental hamber the atomi beam formed by thegas jet is then rossed with the projetile beam. More details about the tehnialdesign and features of the jet system used are desribed in Höhr 2004, p 37.The speial harateristis of our supersoni jet espeially the temperature inlongitudinal diretion an be obtained from gas dynamis, but here we will onlypresent the main results already introdued in Miller 1988. Further aspets andtheory of supersoni gas jets in partiular onerning reation-mirosope an befound in Langbrandtner 2007. Using the formulae given by Miller 1988 the �naltemperature Tf‖ in expansion diretion of the jet an be expressed by:
Tf ‖ = Ti

γ

γ − 1

1

S∞
2 , (3.1)where S∞ denotes the terminal speed-ratio between the propagation speed of thejet and the partiles' thermal veloity within the jet. Furthermore, γ stands for theheat apaity ratio, whih is onstant for ideal gases and is de�ned by γ = (df +2)/df ,where df is the number of ative degrees of freedom. Helium used as target gasduring the measurement at NEPOMUC has a heat apaity ratio of γ = 5/3 asthere are three ative degrees of freedom (df=3) for mono atomi gases. Anotheradvantage of helium is its small binding energy (1.1 × 10−7 eV) whih prevents thegas to ondensate in a reservoir of high pressure. Thus, operating the gas with ahigh initial pressure pi results in a larger speed-ratio whih is worthwhile to reahlow temperatures in the jet. With the parameters for the present experiment were

pi = 15 bar for the initial pressure and d = 30µm for the nozzle's size, a speed-ratioof S∞ ≈ 30 an be determined from �gure 2.11 in Miller 1988. Tf ‖ = 0.8 K is alu-33
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Figure 3.4: Shemati view of the reation mirosope dediated for positron impatexperiments at low impat energies.lated for the given on�guration using equation (3.1). This ahievable temperatureorresponds to a momentum distribution width of 0.32 a.u. Passing two skimmersthe beam has also been ollimated in the plane perpendiular to the jet diretionresulting in a beam diameter of about 2 mm (FWHM) at the interation point. In
z-diretion the in�uene of the target's position spread onto the time-of-�ight of theharged fragments is negligible beause of the time-foussing4 on�guration for thedeployed spetrometer. Aording to Ferger 2006 where a similar set-up (same di-ameter of the nozzle, also helium as target gas, but a reservoir pressure pi of 10 bar)was applied, the density of the jet at the interation point an be estimated to thevalue of 1 × 1012 cm−3.Supersoni jet expansion an also be applied to moleular gases where, addition-ally, the internal degrees of freedom - rotation and vibration - an be ooled.3.2.2 SpetrometerA bene�t of a reation mirosope whih is depited in �gure 3.2 is that not only allharged partiles involved in the ionisation proess are deteted at one but that itovers the whole solid angle of 4π. This is ahieved by applying homogeneous eletriand magneti �elds whih guide the fragments onto position sensitive detetors. Thetwo-dimensional information (x, y) gained by the position detetion is omplementedthrough measurement of the partiles' time-of-�ight starting at the origin of the4Closer onsideration of time foussing onerning our reation mirosope has been done inP�üger 200834



3.2 The reation mirosopeollision until the hit on the detetor. In this way, one obtains all neessary data toreonstrut the omplete three-dimensional momentum omponents for all fragments(ompare setion 4.3 for a detailed desription of momentum alulation). In orderto observe partiles with di�erent sign of harge two detetors are required. For thisreason an eletri �eld is applied whih extrats negatively and positively hargedpiees onto opposite diretions.In our work positrons and ions are aelerated on the detetor for positivelyharged partiles - heneforth it is alled positron/ion detetor - and the only frag-ments with negative harge namely the eletrons are guided to the so-alled eletrondetetor. For the ombined imaging of positron, ion and eletron an additionalhomogeneous magneti �eld is used. This restrits partiles normally missing thedetetor due to their high transversal momentum bak to the area overed by thedetetor. However, the in�uene of the B-�eld on the ions' trajetory is negligiblebeause the mass of the ions is four orders of magnitude larger than for the lighterleptons taking part in the sattering proess. The eletri �eld whih separates op-posite harge was in the order of 180 V/m during beam time at FRM-II while themagneti �eld was adjusted to B ≈ 6 Gauss.Diretly after ollision, the produts of the fragmentation are aelerated withinthe spetrometer where the positrons and the ions are led in +z diretion over alength of la+ = 110 mm and then pass a �eld-free spae alled drift region with alength of ld+ = 220 mm. In −z diretion, thus on the extration path for eletrons,the length of the applied eletri �eld area is la− = 82 mm and the drift length is
ld− = 164 mm. The ratio between drift and aeleration length is determined to be
ldx/lax = 2 in order to ful�l the ondition for the time foussing. The onsequeneof this e�et is that the time of �ight depends only on the initial momentum inlongitudinal diretion and is in �rst order independent on the z-position where thefragmentation ours. In onlusion, the �nite extension of the interation volumebeomes marginal and hene, there is no need of reduing the diameter of the targetbeam along the spetrometer axis. In this way one bene�ts of a larger interationvolume and �nally a larger number of target atoms without loss of resolution. Largeroverlap between positron beam and target jet is namely always favourable due totypially low ross setions for ionisation reations. A more detailed disussionof time foussing regarding our reation mirosope was given in the appendix ofP�üger 2008.The main hallenge in ombining a reation mirosope with eletron or positronbeams is the in�uene of the spetrometer's eletri �eld and the applied magneti�eld onto the primary projetile beam. Sine the beam of positrons is oming alongthe spetrometer axis, the �elds and the geometry of the spetrometer - the driftlength and aeleration length in both diretions - have to be adjusted in a way thatthe initial projetile beam passes the hole in the eletron detetor. Furthermore,the projetiles perform a helial trajetory in the magneti �eld (ompare �gure 4.3)and so, one has to assure that the initial projetile beam is fored bak onto the35



3 Experimental set-upspetrometer axis exatly in the reation volume where the target jet rosses the
z-axis. In addition, unsattered projetiles should not hit the detetor in order toprevent the detetor from saturation. Therefore, these unsattered positrons haveto pass the hole in the MCPs of the hexanode detetor whih is ahieved when theydo again exat one ylotron revolution on their way from the point of reation tothe detetor. This situation is illustrated in �gure 3.2. Some alulated values forthe �eld and the geometry whih ful�l these onditions are given in appendix A.1.3.2.3 Position sensitive detetorsBeside its time-of-�ight, it is neessary to know where a partile has hit the detetorin order to gain all informations for the reonstrution5 of its momentum vetor.Therefore, the experiment was equipped with two position sensitive mirohannelplate detetors. On the spetrometer side where the positrons and the reoil ions aredeteted, a multi-hit apable hexagonal delay-line anode (hexanode) Lampton et al.1987 is used to resolve the fragments' position. For the eletrons, a new wedge-and-strip anode (WSA) is applied whih has a entral hole for the passage of the projetilebeam and allows good position resolution without need of sophistiated eletronisMartin et al. 1981. A hole at the position of the spetrometer axis is implemented inboth detetors. Furthermore, mirohannel plates6 (MCPs) are mounted before theposition sensitive detetors. Thus, an ampli�ation of the inident partiles signalis ahieved.Mirohannel plateA MCP onsists of an array of parallel orientated, miro fabriated hannels (eahwith a diameter size ≈ 25µm ). These hannels work as seondary eletron ampli�ersin the way that the initial inoming partile hits the wall of a hannel and knoksout eletrons. These seondary eletrons are further aelerated in the hannel byan applied potential di�erene between the front and the bak (typ. 1 kV) of theMCP. As a result of the following asade, a harge loud at the exit of the hannelis produed (see �gure 3.5). This harge loud hits the position enoding devie(anode) whih now allows to determinate where the reation's fragment arrived onthe MCP. The spatial resolution is only limited by the diameter of the hannels andtheir spaing.The front and bak side of a MCP are oted with a metal substrate of low resistaneand the individual hannels are made of leaded glass. The ampli�ation fator ofa MCP ranges between 104 and 106, but an be enhaned by staking togethertwo MCPs. Further improvement for the yield of seondary eletrons is reahedby tilting the hannels of an individual MCP and staking both MCPs in a way5See setion 4.3 for a detailed disussion of the data reonstrut proess.6Review on MCPs are given in Wiza 1979.36
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signalFigure 3.5: Working priniple of mirohannel plate, from P�üger 2008that a MCP hannel form a slight angle with respet to the hannel of the otherMCP, a so-alled hevron stak. Through this on�guration the seondary eletronsare fored to hit the hannel's wall more often resulting in an improvement of theamount of harge. Additionally, this arrangement suppresses the esape of feedbakions whih are reated by ionising proesses in residual gas or through esape fromthe hannel walls. The impat of a partile on the MCP leads to a drop in theMCP voltage whih is oupled out via a apaitor. This signal is used to derive thepartile's time-of-�ight with a typial time resolution of less than 1 ns.Delay-line anodeIn order to derive su�iently resolved position information for positrons and ions,a delay-line anode is deployed at the end of the spetrometer. In a simple piture,a delay-line anode an be desribed as a wire wrapped around a thin insulatingmaterial as visualized in �gure 3.6(a). The position is determined by measuring thetime whih the harge - indued by the eletron avalanhe from the MCP - needs topropagate to both ends of the wire. This is feasible sine parts of the harge dispersein both diretions of the wire. The time di�erene between the arrival signal at eahend is proportional to the position oordinate at whih the harge loud is deposited.The urrent position in x-diretion whih is perpendiular to the diretion of thewire is then given by:
x =

v⊥
2

· (t1 − t2) (3.2)where v⊥ denotes the e�etive propagation speed of the pulse in diretion of x.However, for our analysis proedure it is not required to know the exat value for v⊥as it is obtained indiretly by normalising the extend of oordinates to the real sizeof our detetor. Performane improvements and redution of noise an be ahieved37



3 Experimental set-up

(a)

u

v

w(b)Figure 3.6: (a) Funtionality of a delay-line anode layer, (b) design of the hexagonalanode used for positron/ion detetion. Areas overed by the MCPs - forming theative detetion region - are indiated in grey, from Senftleben 2009.by the use of a seond wire for eah diretion. Thereby, one presents a referene-wire while the signal -wire delivers the mark. By taking the signal di�erene usinga di�erential ampli�er, noise whih is indued in both wires vanishes. The positionresolution δx is mostly limited by timing eletronis, but it is possible to reah anunertainty of less than δx = 0.5 mm.For two-dimensional information, at least two layers with an angle of 90◦ in re-spet of eah other are neessary. The delay-line anode detetor used in the presentexperiment at NEPOMUC is equipped with a third layer where the angles betweenthe layer are now 60◦ (refer to �gure 3.6(b)). Beause of the hexagonal shape thedesign is also known as hexanode. The main purpose for the implementation of athird layer was to inrease its multi-hit apability. The detetor was originally ded-iated for (e,2e)-experiments where it was quite substantial to detet two partilesimpinging onto the detetor within a time frame in the nanoseond regime. Designand detailed study onerning time resolution for the used hexanode an be found inHaag 2006 and Dürr 2006. However, in the positron sattering experiment multi-hitapability is not that ruial. Beside the sattered positrons only ions with a longertime of �ight (> 14µms) hit the detetor. In addition, the mirohannel platesin front of the hexanode have a entral hole. The purpose of this hole is that theunsattered projetiles an pass through without saturating it. They do, however,not indue a position signal, sine the number of positrons in the beam is less thanthe number of eletrons in a harge loud produed by the MCP. The method ofreonstruting the partiles' positions from the signal gained through the hexanodeis desribed in more detail in setion 4.2.38



3.2 The reation mirosope

(a) (b)Figure 3.7: (a) Working priniple of a wedge-and-strip anode. (b) Connetivity ofthe eletrodes around the hole in the anode.Wedge-and-strip anodeOn the opposite side of the spetrometer a so alled wedge-and-strip anode (WSA)is mounted for position detetion of eletrons emerged from the ionising fragmen-tation. In ontrast to the hexanode where two partile per reation have to bedeteted, multi-hit apability is not required for negatively harged partiles. Onthe other hand, one bene�ts from a easier handling of the read out eletronis as nosophistiated system - omposed of di�erential ampli�ers and disriminators - likefor the hexanode, is needed. Furthermore, this anode type allows for a entral holefor the passage of the primary beam whih is a neessary feature in this experiment.The implementation of the hole is easier to handle for a wedge-and-strip anode andadditionally, the resolution, espeially in the entral region around the hole, is im-proved ompared to a hexanode. The three areas wedge, strip and meander - henethe name for the detetor - with its spei� struture (see �gure 3.7) form individ-ual eletrodes. In order to reah a su�iently large harge loud, MCPs in hevronon�guration are plaed in front of the WAS. The eletron avalanhe generated inthe MCP plaes di�erent amount of harge on the eletrodes. The fration of hargedepends on the position where it is deposited on eletrodes. Hene, the entre ofgravity of the loud an be reonstruted through the knowledge of geometrialshape of these eletrodes. As it is shown in �gure 3.7, the zone overed by the wedgeeletrode varies in y-diretion, while the area of the strip hanges in x-diretion.Finally, the meander ollets all harge neither dumped on the wedge eletrode noron the strip eletrode. Thus, the total amount of harge impinging on the anode is39
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zFigure 3.8: Shemati diagram showing the helial motion of a positron in a magneti�eld that hanges gradually from a strong �eld Bi to a weaker uniform �eld Bf , basedon Kruit and Read 1983.known and the position oordinates an be derived through the information of eahsingle eletrode:
x ∝ Qs

Qtot
y ∝ Qw

Qtot
, (3.3)where Qs is the harge fration gained through the strip and Qw through the wedge.

Qtot spei�es the harge sum alloated by all three eletrons.Similar to the detetor using the hexanode, the hannel plates of the eletrondetetor have a entral hole, but, additionally, the anode - here the wedge-and-stripdesign - is provided with a ut in the entre. This hole is needed that the projetilesoming from the positron beam line an pass and enter the spetrometer. To realisethe hole in WAS, the single eletrodes have to be onneted in a speial way (see�gure 3.7). Certainly, the hole in the MCPs and the anode leads to a dead areawhere no position information an be obtained.3.2.4 Magneti beam line transitionAs desribed in setion 3.1, positrons from the soure are guided magnetiallythrough a beam line from the reator ore to the experimental platform. There-fore, a magneti �eld of 6 Gauss is applied by solenoid oils surrounding the beamline tube. However, operating in an optimal range adjusted for the spetrometera magneti �eld strength of one order of magnitude lower ompared to the beamline's �eld is required in the reation mirosope. The weaker, homogeneous B-�eldof our apparatus is produed by a pair of Helmholtz oils.In order to overome the problem of a diret transition from the higher to thelower magneti �eld ausing unpreditable movement of the projetile partiles,40



3.2 The reation mirosope

Figure 3.9: Shemati drawing of the used magneti transition oils. The projetilesare oming from the left side passing the transition �eld produed by the solenoid,the eletrostati lens system and entering the spetrometer through the aperture,the lead blok and the eletron detetor.a step-less desent has to be desirable. But, we have to put up with a minimalinrease of the beam diameter. The transition is realised by using the properties ofan inhomogeneous magneti �eld7 whih is implemented over the onnetion regionwhere the beam line and the main hamber of the reation mirosope are oupled.The variation of this �eld along the z-axis has to be adiabati, whih means that the�eld experiened by the positron hanges negligibly in ourse of one revolution ofthe helial motion. The Lorentz fore q~v × ~B auses the positrons to spiral arounda magneti �eld line. They follow it from the beam tube into the spetrometerwhere the �eld lines are again parallel due to the uniform �eld. If the onditionof an adiabati �eld hange is ful�lled the total energy and the lassial angularmomentum are onserved quantities (see e.g. Jakson 1975). A positron with energy
E and veloity v undergoes a helial motion in the beam line's magneti �eld Bibeause of its non-vanishing veloity omponent with respet to the z-axis. Thisindues an angle θi between the longitudinal and the transversal veloity omponent.7Initial studies have been done by Hsu and Hirsh�eld 1976 and later by Beamson et al. 1980. Fora omprehensive overview see Kruit and Read 1983 41



3 Experimental set-upThe angular frequeny of a partile's motion is given by:
ωi = qBi/m, (3.4)where q and m denote the harge and mass of the positron. The ylotron radius is
ri = v sin θi/ωi (3.5)and the angular momentum of irular motion is
li =

m2v2 sin2 θi

qBi
. (3.6)The adiabati �eld transition implies that the angle θf of the helial motion in thespetrometer region where the �eld Bf is lower and an be expressed by followingrelation:

sin θf

sin θi
=

(

Bf

Bi

)1/2

, (3.7)resulting in a redution of the transverse veloity omponent. Indeed, one derivesooling of this omponent but nevertheless the total radial size of the projetile beamextends as the positrons follow one magneti �eld line. Combination of equations3.5 to 3.7 gives the ratio of the beam's radius before and after the the transition�eld
rf/ri = (Bi/Bf )

1/2, (3.8)from whih one sees that the magneti �ux enlosed by the orbit is a onstant ofthe motion. Moreover the longitudinal omponent inreases from v cos θi to
vf ‖ = v ·

[

1 − (Bf/Bi) sin2 θi

]1/2 (3.9)sine the total veloity is unhanged due to energy onservation. Therefore, thepositron trajetories are parallelised as illustrated in �gure 3.88.Tehnially the desired magneti transition �eld is ahieved by the installationof solenoidal oils around the tube onneting beam line and the experiment. Thedesign of this devie is adapted from the priniple of a Zeeman slower, introduedby Phillips and Metalf 1982. Our design (see �gure 3.9) features a set of seven oilsetions of 40 mm length eah along the beam diretion, whih are wound arounda CF63 tube. This tube is mounted over the part where beam line is �anged to themain hamber of the reation mirosope. The oils themselves are made of 1.8 mmdiameter wire and onsist of 38 windings in the axial diretion and 12 (where the �eld8The e�et of parallelisation and unspiralling is also used in an inverse sense, ausing in `magnetibottle' or `magneti mirror' devies. The same e�et gives rise to the trapping of eletrons inthe earth's ionosphere.42
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Figure 3.11: Sheme of the used data aquisition system. Positrons and ions aredeteted one the same detetor, but for better omprehension separated in thedrawing.for the absolute time information, here, only triple oinident events an be takeninto aount. Consequently, nothing but data sets whih orrespond to one ionisingreation should be reorded in order to get rid of all useless bakground data. Thedata aquisition system whih applies onditions on the partiles' time-of-�ights toget data sets of exatly one ionisation event is shematially shown in �gure 3.11.The ontinuous projetile beam produes onseutively events but a starting pointis required for data reording. Therefore, every time a partile hits the positron/iondetetor or the eletron detetor, a time gate of 1µs is opened by the hit for thepartiular detetor. This is done beause one does not know whether the satteredpositron or the ejeted eletron arrives �rst on its detetor as the partiles' time-of-�ight depend on the momentum gained in the reation. If the time gates overlap,whih indiates that a oinident event between both detetors is registered, 14µs9later, another time window with a width of 1µs is opened for MCP signals omingfrom the positron/ion detetor. If within this time period a hit - whih is treatedas a ion impinged on the delay-line anode - is deteted, this triple oinident eventis hosen to be a "`true"' result of the ionisation. Otherwise theses events anbe disarded and the measurement starts again with the inidene of a positron-eletron-oinidene. Aidentally, non-oinident events might be reorded leadingto high bakground signals whih have to be eliminated during the analysis proedure(see hapter 4).When a partile hits a detetor a signal in the MCP is produed by the emergedeletron loud. This signal is �rst ampli�ed by a fast ampli�er (FA) and afterwards9These 14 µs orrespond to the lower limit for the expeted ion's time-of-�ight.44



3.2 The reation mirosopehandled by onstant fration disriminator (CFD) onverting it to a standardisedNIM-pulse. This time information is then sent to a hannel of a multi-hit time-to-digital onverter (TDC). The position information for positrons and ions areobtained by the same hexanode. Here, the avalanhe of seondary eletrons fromthe MCP deposits its harge on wires of the delay-line anode. These pulses aredispathed to di�erential ampli�ers (DA) and subsequently to CFDs. Those signalsontaining the position informations from the hexanode are fed diretly to the TDC.The eletrons' position information is obtained not by a hexanode but by a wedge-and-strip detetor. The three signals gained by the three eletrodes are �rst sent to aharge ampli�er (CA) whih provides a voltage proportional to harge at the input.These signals are further treated in an amplitude-to-digital onverter (ADC). TheTDC and ADC are ontrolled by a VME bus system whih delivers the aquired datafrom both detetors via a MBS stream sever to a omputer. This VME ontrolleris triggered by the valid oinidene in order to reord all times sine the beginningof the partiular event. Otherwise the memory is lear after a ertain time frame.
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4 Data analysisThis hapter desribes the signal and data proessing until the omplete momentumvetors for all three partiles are obtained. The main analysis routine is performedautomatially by the program presented in setion 4.1. Therefore, the signals fromthe detetors have to be read out and onverted into position and time information(setion 4.2). Using this information, the momentum of eah fragment is alulated(setion 4.3). Sine our experiment is delivered by a ontinuous projetile beam, thereations' time origin has to be found. The applied method for its reonstrution isthen introdued in setion 4.4 whih leads �nally to fully di�erential ross setions.Furthermore, the presented approah for a ontinuous projetile beam has beenvalidated by the employment of a benhmark test using data of a former eletronimpat experiment (setion 4.4.4). Additionally, the aeptane and resolution ofthe experimental set-up are onsidered and disussed (setion 4.5).4.1 Data proessing and diagnostisIn a onventional (e,2e) spetrometer for this kind of experiments the fully di�er-ential ross setion (FDCS) is diretly proportional to the oinidene ount rate oftwo eletrostati eletron eletron spetrometers positioned under partiular angleswhih in the ourse of the measurement are sanned (ompare �gure 2.3). In on-trast, with a reation mirosope FDCS's are not aessible instantaneously. Usinga reation mirosope, �rst all measured data representing eah partile's positionand time are olleted and later reonstruted during o�-line analysis. Therefore,beside the experimental exeution, in the same way onsiderable e�ort has to beput into omputer based data evaluation. In order to handle the huge amount dataevents aumulated during the beam time, a ustom-built program is used.Brie�y, the omputer-aided system depends on two main platforms: The ROOTenvironment whih is an objet-oriented program (OOP) and library written in C++and developed by CERN (see Brun and Rademakers 1997). Self-built software toanalyse a great number of data sets in a very e�ient way an be developed withROOT. The seond tool is an other objet-oriented C++-framework alled Go4 (seeAdamzewski et al. 2004) whih uses ROOT as base layer, but additionally extendedby a graphial user interfae. Programs implemented with ROOT and Go4 an beapplied for both real-time monitoring during the experiment and the data analysisafterwards. 47



4 Data analysis
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4.2 Conversion of the detetors' signalsto sort out useless data or to �lter bakground noise from orret signals, a range ofonditions an be applied in the GENERiC ode. This feature was very bene�ialin a way that a lot of bakground signals ould be suppressed and triple oinidentevents seleted whih was neessary for further data handling. In hapter 5 we gointo detail regarding this aspet.4.2 Conversion of the detetors' signalsAs a �rst step, the raw data from both detetors, the hexanode and the wedge-and-strip detetor, have to be transformed into position information for further dataanalysis. The di�erent ways for the hexanode and the WSA are explained brie�y inthe following subsetions.4.2.1 Position deoding for the delay-line detetorWhen a partile impinges on the hexanode detetor this event has to ontain at leastone MCP signal and two pairs of signals from the delay-line wires in order to be ableto gain position and time information for this hit. The hexanode tends to deliverfalse or inomplete data sets whih leads to loss of data. Due to fators like thelow beam intensity and the restrited beam time ompared to an eletron impatexperiments, it is important for positron impat measurements to obtain as muhevents as possible to ahieve the statistial signi�ane, espeially for FDCS. There-fore, valid events have to be �ltered out and inorret ones should be reonstrutedwhere possible.For a hexanode, in a �rst step, a hek on the ondition for the time-sum tsum isapplied. It is based on the fat that tsum is onstant for eah layer:
tsum := t1 + t2 − 2 · t0 !

= const. (4.1)where t1 and t2 are the arrival times of the delay-line signal at eah end of the wireand t0 is the time when the partile is registered by the MCP. This ondition ountsglobally for all hits independent of the partile's time-of-�ight whih is neessary forour experiment sine no absolute times are available at this stage of the analysis.Hene, only those events whih ful�l this ondition are onsidered to be valid andproessed further. In addition, the fat of the onstant time-sum is used to reon-strut signals that have not been reorded properly aused by bakground signals orsignals reorded in a wrong order. Furthermore, missing signals either on the MCPor on one end of a delay-line wire an be reonstruted during the Unpak step ofthe program. The onsequene of the applied, sophistiated reonstrution routineshave been studied extensively in Dürr 2006.In order to retrieve the (x,y)-value for an inident, one has to take in to aount the49



4 Data analysisthree oordinates u, v and w whih are provided by the hexanode. The arrangementof the oordinates is illustrated in �gure 4.1(b). Thus, the Cartesian oordinates xand y an be determined by following ombinations of the hexanodes' oordinates:
xuv = u

yuv =
1√
3
· u− 2√

3
· v

xuw = u

yuw = − 1√
3
· u− 2√

3
· w

xvw = v − w

yvw = − 1√
3
· (v + w).

(4.2)
The �nal (x,y)-values are alulated by the ombination of the position informationfrom equation 4.2 leading to the loalisation of the positrons' and ions' impatposition on the detetor.4.2.2 Position deoding for the wedge-and-strip detetorIn ontrast to a delay-line anode based detetor, the position information of a de-tetor using a wedge-and-strip anode an be reeived with a less demanding readout system and analysing routines. In this ase, the position of the Cartesian o-ordinates x and y an be alulated from the harge ratios between the di�erenteletrode segments of the WSA. The dependenies of oordinates and harges arealready given in equation 3.3. The position resolution is diretly proportional to theahieved signal to noise ratios. Indeed, sale fators are also applied to alibratethe generated image to the physial size of the detetor. Further improvements anbe ahieved by the appliation of the so-alled ross talk ompensation algorithm2whih results in a omfortable position deoding and round and linear image.4.3 Momentum reonstrutionUsing a reation mirosope, the omplete kinemati information of the ionisationproess an be obtained. But so far, we have only the partiles' position on thedetetors (x,y) and time-of-�ight t. The way how the individual three-dimensional2The ross talk routine has been implemented aording to RoentDek 2002.50



4.3 Momentum reonstrution

Figure 4.2: Geometry of the momentum omponents in respet to the Cartesianoordinate system introdued in �gure 3.4.momentum vetors ~p of eah fragment is reonstruted with the informations pro-vided by the reation mirosope is desribed in this setion. However, the ab-solute time-of-�ights have to be known for the �nding of the orret momentum.As mentioned earlier, the absolute time-of-�ight is not aessible apparently for anexperiment using a low energeti ontinuous beam instead of a pulsed one. For aontinuous beam also the time origin of the reation has to be reonstruted whihthen provides an absolute time sale. As this is one of the main purposes of thiswork, the method of �nding the absolute times is disussed separately in more detailin setion 4.4. Hene, in the following it is assumed that a orret time-of-�ight foreah partile is already retrieved.The reonstruted omplete momentum vetors are expressed in ylindrial oor-dinates sine the spetrometer and the detetion set-up implies ylindrial symmetry(ompare �gure 3.4). The situation is visualised in �gure 4.2. Therefore, the lon-gitudinal momentum omponent is represented by pz, while the azimuthal angle isdenoted as φ := arctan(px/py) and the radial omponent is given by pr :=
√

px2 + py2. The partiles' longitudinal movement along the z-axis is in�uened only by theapplied eletri �eld in the spetrometer in ontrast to the transverse motion whihis only a�eted by the magneti �eld. The following onsiderations are appropriatefor all kind of partiles evolved in the fragmentation proess.4.3.1 Longitudinal momentumA partile's time-of-�ight from the interation volume to the detetor along the z-axis of the spetrometer an be derived simply from Newton's equation of motion(see Fisher 2000). Taking into aount the geometry of the spetrometer with theaeleration length la where the eletri potential U is applied and the drift length
ld, the time-of-�ight for a partile with mass m, harge q and an initial longitudinal51



4 Data analysis

Figure 4.3: Reonstrution of the momentum's transverse omponent pr.momentum omponent pz an be expressed as:
t(pz) = m ·

(

2la
√

pz2 + 2mqU ± pz
+

ld
√

pz2 + 2mqU

)

, (4.3)where the �+� sign is used when the partile is aelerated in +z-diretion and �−�otherwise. The produt qU is positive for both positively and negatively hargedfragments.There exists no analyti inverse funtion for equation 4.3 , therefore, a numerialapproah has to be employed to �nd the initial longitudinal momentum pz for ameasured time-of-�ight t. For eah partile this is done using Newton's method3 to�nd a root of the funtion f(pz) = R(pz)−t where R(pz) denotes the right-hand sideof equation 4.3. For the partiular ase of a partile's momentum reonstrutiona summary of the numerial details and its implementation in GENERiC an befound in appendix B of Senftleben 2009. In there, it is also demonstrated that dueto the strit monotoniity of f(pz) the right value of pz is always gathered from thealgorithm4.4.3.2 Transverse momentumWith its time-of-�ight and position information also eah partile's transverse mo-mentum an be alulated. Here, one takes advantage on the fat that the hargedfragments are fored onto a ylotron motion while travelling to the detetors. Thisyli trajetory results from the magneti �eld Bz applied in parallel to the spe-trometer axis while its revolution's frequeny is given by
ωc =

|q|Bz

m
. (4.4)3See appendix A for a brief introdution of Newton's method.4This onlusion is valid for the momentum range of interest.52



4.4 Reonstrution of the reation's time originIts radius Rc depends only on the initial momentum pr =
√

px2 + py2 perpendiularto the z-axis (ompare �gure 4.3)
Rc =

pr

ωc
. (4.5)As illustrated in �gure 4.3, Rc is not aessible diretly through measurement, in-stead, the observables whih an be proessed are the radius r on the detetor andthe angle α. It is given by α = ωc · t speifying the angle between the start pointand the �nal position on the detetor of the partile's way through the spetrom-eter projeted on the xy-plane of the trajetory. Using these two observables, theylotron radius an be derived from the following equation:

Rc =
r

2|sin(α
2
)| , (4.6)whih allows to alulate the magnitude of the transverse momentum with equation4.5

pr =
r ·m · ωc

2|sin(ωct
2

)| .
5 (4.7)Finally, the azimuthal angle φ = arctan(px/py) missing to omplete the initial mo-mentum vetor of a partile an be expressed as

φ = ϑ± ωct (mod 2π)

2
(4.8)where ϑ is the polar angle in the detetor plane. In our set-up, positively hargedfragments take a lokwise turn, therefore the �+�-sign is used. Aordingly, partileswith a negative harge move anti-lokwise and the �−�-sign has to be applied inorder to retrieve ϑ.4.4 Reonstrution of the reation's time originWhile the time-of-�ight measurement normally requires a pulsed projetile beamand a synhronous train of time-marker signals, suh a pulsed beam is not appliedin the present experiment with the positrons from the NEPOMUC faility. It isnot feasible as using a pulser would derease the already quite low reation rateeven more. Therefore, we have to ome to terms with a ontinuous �ux of positronsduring the limited beam time at FRM-II in order to ollet enough event ountsfor statistially meaningful ross setions. Therefore, we have to deal with thedisadvantage that the absene of a pulser signal su�ers the loss of an absolute time.5Equation 4.7 is valid for all kind of partiles as demonstrated in Senftleben 2009, p 58 53



4 Data analysisIn the present experiment the full kinematis have to be obtained using the re-dundant information from the detetion of all ontinuum partiles in ombinationwith their relative time di�erenes and momentum onservation. For the reon-strution of the partile's initial momentum as desribed in the previous setion 4.3it is su�ient to know the point in time when the proess of ionisation took plae.In ommon (e,2e)-experiments with a pulsed eletron beam, the time origin an bedetermined taking advantage of the wiggle-struture whih appears when the radius
r of the eletrons is plotted against their total time-of-�ight ttotal starting from thelast projetile pulse until the inidene on the detetor6 (ompare �gure 4.8). Butsine this feature is not available in our experiment, a di�erent approah has to betaken into aount to �nd the partiles' time-of-�ight.4.4.1 Method used for a ontinuous beamDue to the missing pulser signal there is a lak of a de�ned start point for themeasurement, but with the applied data aquisition system we are able to obtain thetime di�erene ∆t between the various hits on the detetors. These will be identi�edby subsript indies, e.g. ∆te−ion = te− − tion represents the time di�erene betweenthe impingement of the eletron on the detetor and the detetion of the ion's impat.With the use of ∆te+ion and ∆te+e− only the positron's time te+ from the ollisionto the detetor is undetermined. Sine the eletron's and ion's time-of-�ight an bealulated with their time referenes to the positrons' detetion: te− = ∆te+e− + te+ ,
tion = ∆te+ion + tion. Comparable to the alulation of the partiles' individuallongitudinal momenta, the positron's time-of-�ight is reonstruted using Newton'smethod but in a di�erent approah.Considering an ionisation event as given in expression 2.3, there are three partilesin the ontinuum: the sattered positron, the eletron ejeted from the atom and theresidual ion. Due to momentum onservation, the sum of all �nal state momentumvetors ~psum has to be equal to the initial projetile momentum ~p0 = (0, 0, pz

0):
~psum = ~pe+ + ~pe− + ~pion

!
= ~p0. (4.9)Furthermore, the relative time di�erenes when these fragments are deteted isknown. Thus, all longitudinal momenta an be written as a funtion7 of the positron'stime-of-�ight te+ : pz

e+ = f(te+), pz
e− = f(te+ + ∆te+e−) and pz

ion = f(te+ + ∆te+ion)sine te− = te+ + ∆te+e− and tion = te+ + ∆te+ion. The subsript denotes whihpartile is regarded and the time intervals ∆te+e− and ∆te+ion are given for a er-tain reation. Finally, the sum of all longitudinal momenta in the �nal state psum6Refer to Senftleben 2009, p 56 for a detailed desription of this proedure.7This funtion is indeed the inverse funtion of t(pz) (see equation 4.3), sine pz an be expressedas funtion t aordingly.54



4.4 Reonstrution of the reation's time origin
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Figure 4.4: f(te+) plotted over the desired momentum range while ∆te+e− and
∆te+ion represent some typial values for these time di�erenes.depends on the time whih takes the positron to travel from the reation point tothe detetor.Through the alignment of the projetile beam along the spetrometer axis, thetransverse momenta of the three partiles involved in the reation are balanedresulting in a vanishing net transverse momentum. Thus, only the longitudinalmomenta have to be regarded:

psum(te+) = pz
e+(te+) + pz

e−(te+ +∆te+e−) + pz
ion(te+ +∆te+ion)

!
= pz

0 (4.10)Sine the momentum in z-diretion for eah fragment an be obtained as desribedin setion 4.3.1 and sine the sum of all partiles' momenta in the �nal state mustbe equal to the projetile's initial momentum, the �nding of te+ is redued to thedetermination of the root of the following expression:
f(te+) = pz

0 − psum(te+). (4.11)This root an be alulated using the iteration formula of Newton's method whihin our ase to leads to:
t
(k+1)
e+ = t

(k)
e+ −

f
(

t
(k)
e+

)

f ′
(

t
(k)

e+

) . (4.12)This algorithm should onverge to the wanted time-of-�ight for the sattered55



4 Data analysispositron, but the onvergene is not guaranteed in general. Furthermore, the be-haviour of this iteration has to be veri�ed for the spei� terms of our ase. Asillustrated in �gure 4.4 for a partiular ase of ∆te+e− and ∆te+ion , f(te+) is stritlymonotoni over the onsidered time interval for the momentum range relevant forthe experiment. Hene, there is only one root whih represents the solution to ourproblem . The iteration is aborted when either the value of the urrent funtion
|f(t

(k)
e+ )| or the di�erene between two onseutive points |t(k+1)

e+ − t
(k)
e+ | is arrivingbelow a preset threshold. Within the implemented ode also a limit to the numberof iteration steps is set as further break ondition in order to prevent the algorithmfrom the possibility of not stopping. The atual implementation is disussed in theappendix A.2 where also the developed C++ ode in GENERiC is shown (see listingA.1).4.4.2 Obtaining the momentum sum and its derivativeAs one an see in equation 4.12, the knowledge of the �nal momentum sum andits derivative is imperative. The sum of the three partiles' longitudinal momentain the �nal state is gained by the numerial approah desribed in setion 4.3.1.However, in order to get the derivative of this funtion for eah fragment, we needto know the inverse funtion to equation 4.3. But as already mentioned, there is noanalyti way to retrieve the inverse, so di�erent approximative approahes have tobe used.Due to the ion's higher mass8 and the resulting small kineti energy ompared toits energy gained by the eletri potential of the spetrometer, equation 4.3 an beapproximated by a Taylor expansion around t(pz = 0). While negleting terms ofhigher order, the expansions �nally delivers:

t(pz)|pz=0 ≃
la+ + ld+

2

√

2mi

qiUi
− la+

qiUi
· pz + O(pz2), (4.13)whih leads to an expression for the ion's longitudinal momentum

pz
ion(te+) =

qiUi

la+

·
(

la+ + ld+

2

√

2mi

qiUi

− (te+ +∆te+ion)

)

, (4.14)where it only depends on the positron's time-of-�ight. Then, the derivative of pz
ionwith respet to te+ is given by following onstant:

d pz
ion

dte+
= −qiUi

la+
. (4.15)8The singly harged helium ion has more than 7300 times the mass of the leptons involved inthe reation, the positron and the eletron. But the obtained momenta are omparable inmagnitude.56



4.4 Reonstrution of the reation's time originThe situation for the lighter fragments, namely the sattered positron and therejeted eletron, is more ompliated as equation 4.3 an no longer be approximatedsu�iently by a linear funtion. Instead the longitudinal momentum for both leptonsan be extrated using a approximative formula. Therefore, two substitutions haveto be done
Te :=

te
√
qeUe

la
√

2me

, X2
e :=

pz
e
2

2meqeUe

, (4.16)here the subsript �e� stands for either the eletron or its antipartile, the positron.In order to set these substitutions, we have to assume that ld = 2 · la whih is ful�lledin our ase. As result of the transformation, equation 4.3 now reads:
Te =

1
√

1 +Xe
2 +Xe

+
1

√

1 +Xe
2
. (4.17)Thus, the inverse an be approximated using

Xe = Ae +
Be

Te

+ Ce · Te +De · sin(Te) (4.18)whereas the onstant parameters Ae, Be, Ce and De are determined for the positronand the eletron respetively by �tting this funtion9. In our ase, the �t leads tofollowing values: Ae+ = −0.051, Be+ = 1.601, Ce+ = −0.430 and De+ = 0.378 forthe positrons and Ae− = 0.095, Be− = −1.533, Ce− = 0.462 and De− = −0.307for the eletrons. With equations 4.16 and 4.18 the longitudinal momentum for thepositron and the eletron an be written
pz

e = Xe ·
√

2meqeUe. (4.19)Through this approximative method one obtains the derivative of pz
e

d pz
e

dte
(te) = 2me κe ·

(

(−Be la/κe · te)2 + Ce la κe +De la κe cos ( la κe · te)
)

, (4.20)where the abbreviation κe =
√

(qeUe)/(2me) is applied.Finally, with the derivatives of the longitudinal momenta of all fragments thederivative needed in equation 4.12 is aessible and an expressed as
f ′
(

t
(k)
e+

)

= −
(

d pz
e−

dte+

(

t
(k)
e+

)

+
d pz

e+

dte+

(

t
(k)
e+

)

+
d pz

eion

dte+

(

t
(k)
e+

)

)

, (4.21)where the �−� sign omes from the onvention that the momentum sum is subtrated9The �tting is done using the least-square �t algorithm of gnuplot, e.g. see Kelley 2007 or Janert2007. A onise referene of non-linear least-square �ts is given in Press 2007, hapter 15. 57



4 Data analysis
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ion [ns](b)Figure 4.5: Time di�erene spetra: (a) ∆te+ion (b) ∆te−ion. The red lines show thespetra of the raw data; the blue lines are used for the spetra with the onditionon the ion's position.from the projetile momentum in equation 4.11. Now, using this method, it ispossible to retrieve an absolute time for eah reation with the knowledge of theinitial projetile momentum and the time di�erene between the fragments.4.4.3 Triple oinident eventsAn event, oming from the data aquisition system, should be a result of an ionisa-tion reation aording to equation 2.3, where the three fragments are deteted inoinidene. However, due to the very high signal rates on both detetors ausedby annihilation radiation, we get high bakground signals on our detetors. Thisleads to a huge amount on events whih do not originate from ionisation but ausedby false hits when the time gates for data aquisition are opened (see also setion3.2.5). For further data analysis, one has to get rid of all those false events andidentify triple oinident events whih originate from an ionisation proess.In the time di�erene spetra where the time di�erene between the positron andthe ion hit on the detetor ∆te+ion and time di�erene between the eletron andthe ion impat on the detetor ∆te−ion, peaks our whih indiate a orrelationbetween the hits (ompare �gure 4.5). In these histograms, the high bakgroundsignals are visible. If we now selet events whih are registered within a small timewindow around the peaks in the time di�erene spetra (shaded grey in the �gures4.5) and plot the position of the ions for this spei� event, we reeive the positionpiture shown in �gure 4.6(b). Compared to the detetor piture without theseonditions applied (�gure 4.6(a)), one an learly identify the impat area of theions on the detetor after the elimination of the bakground. The ion's spot is58



4.4 Reonstrution of the reation's time origin
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(b)Figure 4.6: The ion's position. (a) raw data for the seond hit on the positron/iondetetor (b) with ondition on time di�erene. The red framed area shows the eventsseleted for further proessing.expanded in y-diretion resulting from the initial momentum downwards gained bythe supersoni expansion whih adds also to the worse resolution in this diretionompared to x-diretion. Only those events whose ions are loated within the spotunder the detetor's hole are used for further analysis and these are treated as tripleoinident events (ompare �gure 4.6(b)) generated in the ionisation proess. In�gure 4.5, the time di�erene spetra are plotted for these "`true"' events in bluewhere again the derease in bakground signals is illustrated. Finally, the positrons'time-of-�ight whih was reonstruted using the above desribed method is shownin �gure 4.7.4.4.4 Benhmark test using (e,2e)-dataDue to the fat that we ould not proof that the above desribed approah is orretand delivers appropriate results for our positron data reorded at NEPOMUC, wetransferred the method of �nding the reation's time origin to data already obtainedthrough eletron impat experiments. Hene, we are able to ompare results of adata set10 analysed by two di�erent way: on one hand the former, ommon usedmethod of analysis and on the other hand the approah desribed in this work for aexperiment where only time di�erenes are known. Sine the amount of data usedfor this benhmark test is larger then the relevant data olleted during the beamtime in Munih, analysing these (e,2e)-data is statistially muh more signi�ant.10Data from a former experiment of eletron sattering on helium with an impat energy of 100eVare used. 59
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(b)Figure 4.8: The deteted radial position r of the eletron inidene against themoved portion of the eletrons ylotron trajetory for the (e,2e)-benhmark test.(a) Analysed by the method introdued in this work, (b) analysed in the ommonway.
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(b)Figure 4.9: Energy sum against the individual longitudinal momenta of the �nal sateeletrons (1) and (2) for the (e,2e)-benhmark test. (a) Analysed by the methodintrodued in this work, (b) analysed in the ommon way.
61



4 Data analysis
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√

2m|qU | and all eletrons with pz >
√

2m|qU | aredeteted, resulting in pz
e+ > −1.03 a.u. for positrons, pz

e− < 2.26 a.u. for eletronsand pz
ion > −88.04 a.u. for the ions.In transverse diretion the aeptane for the two leptoni fragments is mainly62



4.5 Performane: aeptane and resolution
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(b)Figure 4.11: (a) Position of the ions on the detetor with onditions on the timedi�erene spetra. The entre of mass for the ions' inidene spot is shifted down-wards beause of the initial momentum in +y-diretion introdued by the jet. (b)Deteted momentum spae for the eletrons. Areas with no aeptane are shaded.governed by the by the size of the MCPs and their holes in the entre. Sinethe radial extension of their trajetories is on�ned by the magneti �eld (ompare�gure 4.3), the detetion is restrited within a ertain range. Therefore, the minimal(maximal) transverse momentum for positrons and eletrons an be alulated byhalf the radius of eah detetors' hole (of eah MCP) using equation 4.6:
pr

e,min(max) = Re,min(max) · qe · B. (4.22)The eletron detetors' MCP has a diameter of 40 mm that leads to a maximumradius Re−,max = 10 mm and its hole amounts Re−,min = 2.5 mm. For the positronsthese values are given by Re+,max = 20 mm and Re+,min = 2.5 mm. With the appliedmagneti �eld of 6×10−4 T we get pr
e−,min = 0.12 a.u. and pr

e−,max = 0.48 a.u. for theeletrons' transverse momentum and pr
e+,min = 0.12 a.u. and pr

e+,max = 0.96 a.u. forthe positrons, respetively. Furthermore, the aeptane is a�eted by the ylotronmotion whih fores all partiles to return onto the spetrometer axis when theirtime-of-�ight is an integer multiple of the ylotron period Tc. As onsequene, if
te = n ·Tc, n ∈ N is ful�lled for the time-of-�ight, these partiles annot be detetedbeause of the hole in the detetor. This behaviour is also responsible for the typialwiggle struture, as e.g. shown in �gure 4.8 for the eletrons in the benhmark test.In order to overame this drawbak, the gaps in the aeptane ould be �lled byperforming the experiment for a spei� kind of target with di�erent voltages11.Subsequently, during the o�-line analysis, these independent measurements have to11The ombination of several measurement runs has been introdued in Dürr 2006 63



4 Data analysisbe ombined to over the omplete momentum spae. Due to the limited beam timeand the prototype harater of the positron experiment at NEPOMUC faility, itwas impossible to run the experiment with three di�erent voltages. This tehniquewill be applied possibly in future measurements to improve the resulting data.In order to determine the transverse momentum for the ions, the magneti �eld anbe negleted, beause the heavy ion does perform less than one ylotron revolution.The minimal and maximal transverse momentum omponent an be estimated to
pr

ion,min(max) = rmin(max) ·
mi

tion
, (4.23)whereas we used the equation 4.7 in the limit of large masses. Sine a longitudinalion's momentum of pz

ion ≈ 0 an be assumed for the approximation, with the time-of-�ight from equation 4.3 one gets �nally:
pr

ion,min(max) = rmin(max)

√
2miqiUi

(2la+ + ld+)
. (4.24)With the same minimal and maximal radius as for the positrons, as both are detetedon the same detetor, this leads to an upper limit in the transverse momentum of

pion,max = 9.8 a.u. and minimal transverse momentum pion,max = 2.0 a.u.. But theaeptane region for the ions is shifted by mi · vjet = 3.6 a.u. in +y-diretion asthe ions obtain an initial momentum in from the gas jet (see �gure 4.11(a)). Thisinitial shift auses that ions with zero momentum in transverse diretion - normallyhitting the hole - are guided onto the detetor and all ions with pr
ion < 7.6 a.u. an bedeteted. This applies essentially for all ions produed in the fragmentation proess.4.5.2 ResolutionThe spetrometers' momentum resolution is in�uened by a ouple of parameters.How well do we know the values for the aeleration distanes la+ and la−, the driftlengths ld+ and ld−, the aeleration voltages Ue+ = Ui and Ue− and the magneti�eld B ? There are many unertainties whih ould not be eliminated, suh as thegradient, the real strength or lensing e�ets of the applied �elds or the exat geome-try of the spetrometer. As already mentioned, in ommon (e,2e)-experiments with apulsed beam, these fators an be determined by a spei� alibration proess usingadditional saling and shifting quantities. However, in ontinuous beam experimentwith a lak of an absolute time, one su�ers the loss of one free parameter whih hasto be reonstruted in our ase. For example, the magnitude of the magneti �eld

B is aessible easily for the ommon proedure by evaluating the wiggle struturein the time-of-�ight spetrum (ompare �gure 4.8). Here, having a ontinuous �owof projetiles, the value for B annot be found diretly, thus we have to enter thisquantity as input and obtain the reations' time origin by the method desribed64



4.5 Performane: aeptane and resolution
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Figure 4.12: Energy sum of the partiles in the �nal state for positron impationisation of helium. The arrow indiates the energy Eprojectile − Vionisation where
Eprojectile is the energy of the inoming projetile and Vionisation denotes the thresholdenergy of ionisation.above. As demonstrated in setion 4.4.4 the introdued approah works reliable ifall quantities are given. For the benhmark test, we �rst analysed the data in theommon approah and then took advantage of the gained knowledge using it asinput for the new way of analysis. Doubtless, this way was used for demonstrationpurpose but ould not be applied for the data of the positron experiment. In orderto overome unertainties of the input parameter, we have to investigate other waysof alibration whih are disussed later. Furthermore, we have to take into aountthat the momentum of the ion with its large unertainty ontributes diretly in thealulation of the positrons' time-of-�ight (see equations 4.10 - 4.12).As we do not have any omparison measurement whereof the unknown parameterould be obtained, we have to make some assumptions in order to perform theanalysis of the positron data olleted at NEPOMUC. Hene, we have to adapt theaeleration and drift lengths - our modi�able parameters - in a way that energyonservation is ful�lled (ompare �gure 4.10(a)). Sine for single ionisation of anatom the initial energy E0 is shared among the sattered positron and the rejetedeletron

E0 = Ee+ + Ee− +Q, (4.25)where Ee+ and Ee− are the positrons' energy and eletrons' energy after the olli-sion and Q is the hange of internal energy. In our ase - single ionisation in the65



4 Data analysisground state of He+ - this is the ionisation potential Q = Vionisation = 24.6 eV. Aproper alibration for our free parameters ould be found when the energy sum isindependent of transverse and longitudinal momentum of both individual partiles.This an be seen in �gure 4.9 for the (e,2e)-data used in the benhmark test, but nolear evidene an be made for the positron experiment beause of the poor amountof data. Therefore, the unertainties and errors are also given by the full widthat half maximum of an assumed Gaussian distribution entred around the obtainedvalue. A detailed onsideration of the resolution for our reation mirosope is madein Senftleben 2009. In there, the error alulation for the momenta is derived thatould be adapted to our ase but is omitted here.Hene, the FWHM resolution delivers following errors:� energy sum (see �gure 4.12): δEsum = 12.7eV� positron: δpx
e+ = 0.39 a.u., δpy

e+ = 0.41 a.u.� eletron: δpx
e− = 0.54 a.u., δpy

e− = 0.52a.u.� ion: δpx
ion = 0.36 a.u., δpy

ion = 1.16a.u.The obtained results in this work are reonstruted with an e�etive aelerationlength of la+,eff = 81.65 mm and la−,eff = 116.41 mm and the drift lengths of
ld+,eff = 178.40 mm and ld−,eff = 247.31 mm for the assumptions explained above.
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5 ResultsIn the ourse of this work a kinematially omplete measurement on positron impationization of helium by an projetile energy of 80 eV was performed during 14 daysof beamtime at the NEPOMUC faility. It was possible to demonstrate that triple-oinident measurements of the sattered positron and the atomi fragments, oneeletron and the ion, are feasible. Despite an unexpeted low positron beam urrentin the target and bad beam quality due to its large diameter in total about 700 eventswere obtained where we ould reonstrut the momentum vetors of all partilesin the �nal state. As result a number of partially integrated ross setions an bepresented and we are able to disuss some aspets of the observed ionization proess.
5.1 Projetile beam propertiesAs already mentioned in the setion of the positron soure (setion 3.1), the NEPO-MUC faility delivers a positron beam with a �ux of about 107 e+/s to the openbeam port where our reation mirosope was onneted to the positron beamline.After the inrease of the beam size by a fator √10 aused by the adiabati �eldhange in the transition region (see setion 3.2.4), we expeted a positron urrentof about 106 e+/s within a beam size of 2 mm at the reation point sine we ut outa part of the beam using an aperture. Assuming a detetion e�ieny of 50% foreah �nal state partile, a ount rate of about 1 Hz was alulated. However, wegained about one ount in four minutes observing the peak whih indiates tripleoinident events in the time di�erene spetra. Therefore, with an estimated targetdensity of 1012 cm−3, a diameter of 2 mm for the target jet and a ross setion of
σion ≈ 4 × 10−17 cm2 for diret ionisation for helium, a �ux of less than ∼ 3 × 104positrons per seond rossing the target jet is obtained. For the full beam diameterwhih is larger than 5 mm, 105 positrons per seond �nally reah the spetrometer(see �gure 5.1). This is more than a fator of 20 less than expeted and, therefore,the amount of data olleted is not su�ient to obtain statistial meaningful fullydi�erential ross setions sine these require about 5 × 105 triple oinident events.Furthermore, the large extension of the positron beam rossing the target leads toworse momentum resolution, mainly in y-diretion along the jet axis.. 67
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Figure 5.1: Positron beam imaged on the hexion detetor.5.2 Reonstruted momentaAs already mentioned, using a ontinuous beam, we are missing some momentumalibration means. For example, in the wiggle spetra of a measurement with apulsed projetile beam, where the partile's radial position on the detetor is plot-ted against its time-of-�ight (ompare �gure 4.8), the time origin of the reationand the strength of the magneti �eld are aessible diretly and an be deter-minated with a high preision1, e.g. one gets a time resolution of about 0.1 ns.However, in our ase we had to adjust the momenta of the fragments using theaeleration and drift length for both sides of the spetrometer as alibration pa-rameter representing e�etive quantities. We alibrated the measurement in a waythat the energy sum of the partiles in the �nal state is entred around the energy
Esum = Eprojectile − Vionisation where Eprojectile is the initial energy of the projetileand Vionisation is the ionisation potential for single ionisation of helium (ompare�gure 4.12). Furthermore, we used the fat that the fastest, sattered projetiles in-volved in an ionising reation lose essentially only the energy neessary to ionise thehelium atom. Hene, for a initial projetile energy of Eprojectile = 80 eV, we expetthe distribution of the positrons' longitudinal momentum to drop down signi�antlyat about 2.0 a.u. whih orresponds to an energy of E = 55.4 eV. This assumptionseems to be justi�able omparing similar eletron ollision reations (e.g. �gure 5.3)where the fastest projetiles have an energy loss equal to the ionisation potential. Inorder to redue bakground and false events, for further analysis only data within1This alibration proedure is desribed in Dürr 200668



5.2 Reonstruted momentaa ertain range of sum energies were seleted. For the following momentum spetraevents with an energy sum larger than 40 eV and lower than 70 eV are taken intoaount.5.2.1 Longitudinal momentaIn �gure 5.2 the longitudinal momentum of eah partile in the �nal state is plottedfor the positron sattering experiment performed at NEPOMUC. The positron'smomentum distribution shows a steep inrease whereas its energy loss is given bythe ionisation potential - this assumption was made for alibration reasons - and itreahes the maximum at 1.6 a.u.. The ejeted eletron has a momentum in forwarddiretion beginning slightly below zero momentum, reahing the maximum at 0.8 a.u.and afterwards dereasing until 1.7 a.u. The two minima at 0.45 a.u and 1.15 a.u areaused by the hole in the eletron detetor sine eletrons with this ertain longi-tudinal veloity are fored bak onto the spetrometer axis by the magneti �eldat the moment reahing the detetor and, thus, entering the detetor's hole. Theseminima math with the alulated values for the aeptane of the spetrometer(ompare �gure 4.11(b)). The gaps ould be �lled using further measurements withdi�erent spetrometer voltage and then a smoother momentum distribution wouldbe obtained. It seems that the eletron emerging from the atom is attrated bythe positron, leaving the bound system preferentially in diretion of the positivelyharged projetile. As an be seen in �gure 5.3, for eletron impat the ionised ele-tron's longitudinal momenta are mostly entred around zero momentum. Here, theejeted eletron is repelled by the equally harged projetile and attrated by theresidual ion leading to post ollision interation (PCI). The longitudinal momentumdistribution for the ions behaves in a reversed way. For positron impat it is en-tred around zero momentum while for eletron impat it is shifted forward. Thissituation an also be seen when we look at theoretially alulated ross setions,e.g as shown in �gure 5.4(a) where triple di�erential ross setions for eletron andpositron impat are presented. The 3 Coulomb (3C) wave alulation implementedby Bennaeur Najjari takes into aount all mutual interations of the three �nalstate ontinuum partiles and, therefore, demonstrates the expeted di�erenes inthe angular distribution of the emitted eletron for eletron and positron impat.One an see for this spei� geometry that in the ase of positron sattering theeletron is predominantly ejeted in forward diretion. The reoil peak around 180°is strongly suppressed and also shifted in forward diretion whereas in the ase ofeletron sattering this reoil peak points almost in bakward diretion.The mutual dependene of the partiles' longitudinal momenta for positron impatare given in �gure 5.5 whereas the plot of pz
e+ vs. pz

ion is not inluded sine nosigni�ant orrelation for this ombination is found. The eletron's longitudinalmomentum shows a dependene on the ion's momentum in z-diretion and alsoon the one for the positron. If the eletron is ejeted in forward diretion, the ion69
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Figure 5.2: Longitudinal momentum of the sattered positron (green), the ejetedeletron (red) and the ion (blue). The arrow indiated in grey gives the initialmomentum of the projetile.
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Figure 5.3: Experimentally obtained longitudinal momentum distribution for ele-tron impat ionisation of helium with an impat energy of Eprojectile = 100 eV.
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5.2 Reonstruted momenta
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Figure 5.5: Longitudinal momentum of the eletron (a) against the positron's lon-gitudinal momentum, (b) against the longitudinal momentum of the ion.
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Figure 5.6: Energy sum as funtion of the individual longitudinal momenta of thesattered positron and the ejeted eletron.
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5.2 Reonstruted momentato the width of the target gas jet, this is not the ase in y-diretion along the jetaxis. The sum of the momenta of the transverse omponents (ompare �gure 5.8)are entred around zero sine the momenta in x-diretion and y-diretion should bebalaned due to momentum onservation. The distribution of the positron's trans-verse momentum (�gure 5.8(a)) indiates that the positrons mostly are marginallyde�eted after the reation and loated generally around the empty origin represent-ing the detetor's hole. The eletrons are also entred around the hole. Regarding�gure 5.9, where the momentum in x-diretion of the positron is plotted againstthe x-momentum of the other partile, one an identify that the positron and theion repel eah other resulting in a bak-to-bak motion (see �gure 5.9(b)), whereasthe eletron's momentum in x-diretion does not show a lear orrelation with therespetive positron momentum.
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Figure 5.7: Momentum sum (a) in x-diretion, (b) in y-diretion.
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Figure 5.8: Transverse momentum (a) of the positron, (b) of the eletron.
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Figure 5.9: Momentum of the positron in x-diretion (a) against the eletron'smomentum, (b) against the ion's momentum in x-diretion.
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6 Conlusion and outlookThe main goal of this work was to investigate the omplete kinematis of positronimpat ionisation of helium in order to gain information about the dynamis ofthis reation. Therefore, a pilot experiment was performed whih ombines thetehnique of a reation mirosope and a low energy positron beam with a relativelyhigh intensity provided by the NEPOMUC faility. Using this unique set-up, fullydi�erential ross setions for the ionisation proess an be obtained.A reation mirosope originally dediated for eletron ollision measurementswas used to gain the three-dimensional momentum vetors of the three �nal statepartiles, whih are the sattered positron, the ejeted eletron and the ion. Theimaging tehnique of the reation mirosope allows to detet all harged fragmentsof the ionisation proess in oinidene within a large range for the energy and thesolid angle. With this purpose-built apparatus, low energy sattering studies in therange below 100 eV an be realised and thus, the regime, where the inoming andoutgoing projetile annot be longer regarded as small perturbation, an be aessedexperimentally. Thus, this experiment was proposed to deliver data within a domainwhere improved theoretial alulations beome available in the reent years. Theexperimental proedure was quite hallenging sine the positron beam oming froman external soure had to be guided into the reation zone within the spetrometer.This was ahieved using an adiabati dereasing magneti �eld for the transitionarea where the reation mirosope was onneted to the beamline. Furthermore, amethod was developed to reonstrut the time origin of the reation as an absolutetime is not aessible for the ontinuous projetile beam. In a benhmark test withdata obtained by a measurement with pulser signal whih have been analysed onone hand using a ommon analysing approah and on the other hand with thealgorithm resulting from this work, we showed that this method delivers orretresults. Due to di�ulties in the alignment of the positron beam, high bakgroundsignals and a suboptimal working eletron detetor, less data events than expetedwere aumulated within the beam time. Therefore, it was not yet possible topresent fully di�erential but only partially integrated ross setions.However, during this work, we ould demonstrate that experiments studyingpositron impat ionisation using a reation mirosope are feasible and deliver rea-sonable results. Hene, we were able to identify triple oinident events originatingfrom the ionisation proess. For these data sets, the reonstrution of momenta ofthe partiles in the �nal state was possible and the momentum spetra in transverseand longitudinal diretion were presented (hapter 5). For the alibration of the75



6 Conlusion and outlookmeasured data, some assumption had to be made due to undetermined alibrationparameters. Nevertheless, qualitative onlusions, espeially in omparison to ele-tron ollision studies, an be delivered. The main di�erene seems to a�et theejeted eletron whih, in the ase of positron sattering, emerges predominantly inforward diretion ontrary to eletron sattering. This e�et an be understood bythe the opposite harge of the projetiles.Within this work the feasibility of positron ollision experiments in priniple usingthe unique tehnique of a reation mirosope and a ontinuous beam of low energypositrons has been depited. With the obtained experiene of this pilot trial as ba-sis for future experiments, it should be possible to aquire enough triple oinidentevents during a further beam time in order to extend the existing experimentallygained data in positron ionisation physis. Sine in this �eld, so far, mainly inte-grated ross setion or only fully di�erential ross setion for distinguished ollisiongeometries are available, the demand for di�erential ross setion is undiminished.Therefore, the yield of events suitable for further analysis has to be enhaned infuture experiments. This should be ahievable through various approahes. Theimprovement of the transition between the beamline and the entrane of the rea-tion mirosope, resulting in a less broadened beam, leads on one hand to higherount rate as the positron �ux within the spetrometer is inreased and on theother hand to a better momentum resolution, espeially in diretion of the targetjet. At the moment, an adiabati hange of the magneti �eld is used to guide thepositron from the high magneti �eld of the beam line in the lower �eld neessaryfor measurements with a reation mirosope. This solution has to be investigatedin order to hek why the obtained harateristis of positron beam at the reationpoint was not as expeted. For example, tests with an eletron beam whih is eas-ier aessible than a positron beam ould be performed in order to trae the beamproperties with the solenoid oils produing the magneti �eld. Another �eld openfor neessary improvements is the alibration of the measurement sine it turns outduring this work that a proper alibration is indispensable for the following dataanalysis. Using a ontinuous projetile beam, we lose fundamental alibration fa-tors ompared to a, e.g. pulsed beam. Therefore, adjustment measurements have tobe performed for the future set-up with the goal to determine the parameter givenby the spetrometer's geometry whih, then, ould be reapplied for the analysis ofthe positron experiment. The yield of relevant events ould further be extended bythe use of other target speies, for example, other noble gases like neon or argonwhih has an almost ten times higher ross setion for diret single ionisation thanhelium allowing an aordingly higher oinidene ount rate. The eletron detetorfeatures also an area for further enhanements sine the one implemented during thebeam time was not well-engineered for the detetion eletrons. In order to obtain aomplete data set about the ionisation proess indued by positron impat severalmeasurement runs with di�erent spetrometer voltages have to be ombined. Thisproedure allows to �ll the visible blanks in momentum spae aused by the spei�76



trajetory of the lighter partiles in the magneti �eld and the hole of the detetors.Taking into aount a signi�ant improvement of future experiments through theseinvestigations and modi�ations and also the knowledge gained about the topiduring this work, it should be feasible to obtain fully di�erential ross setions forpositron impat ionisation in a following measurement.
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A AppendixA.1 Applied �elds and settingsIn order to adjust our reation mirosope in a way that the projetile beam passesthe holes in both detetors and, additionally, rosses the spetrometer axis and thetarget jet in the reation point, the �elds and the geometry of the spetrometerhave to be adapted. Some alulated values whih �t these onditions are given intable A.1. The grey shaded row represents the values that have been set duringthe beam time at the NEPOMUC faility. U− represents the potential di�erenein −z-diretion and U+ in z-diretion. The aeleration length la− is adjusted in
−z-diretion whereas the drift length da− is determined by double the length of la−.The aeleration and drift length in forward diretion are kept at la+ = 110 mm and
da+ = 220 mm (ompare �gure 3.4). Ei denotes the energy of the projetile beamwhen it enters the spetrometer through the hole in the eletron detetor.

B [Gauss] Ei [eV] U− [V] la− [mm] t− [ns] U+ [V]7.60 55 35 61.42 47.00 62.687.54 70 30 70.46 47.38 46.837.31 60 30 67.10 48.87 49.187.10 80 20 80.53 50.30 27.356.91 40 30 57.30 51.70 46.836.77 80 15 84.58 52.80 19.516.74 90 10 90.26 53.04 12.196.62 74 15 83.72 54.00 19.716.54 60 20 75.47 54.63 29.156.43 80 10 89.17 55.59 12.336.31 65 15 81.67 56.63 206.15 60 15 80.43 58.07 20.516.10 70 10 87.81 58.54 12.536.00 55 15 79.02 59.63 20.88Figure A.1: Calulated values for di�erent spetrometer geometries and applied�elds. 79



A AppendixA.2 Implementation of the methodThe method of reonstruting the time origin for a ontinuous beam is implementedin C++ and the atual ode is shown in listing A.1. At the beginning, the thresholdvalue n_delta, the start value for the positron's time-of-�ight n_to and the initialprojetile momentum n_po are set. Then, the �rst iteration step is performed by theassignment of the partiles time-of-�ight where d_tpe and d_pr are the di�erenesobtained in the experiment. Using these initial times, the momenta of the partilesare alulated for a �rst time. After initial alloation, the further iteration steps arepreformed until either the ontrol variable nt_i reahes the limit to the number ofiteration or thevalue of the funtion is within a prede�ned interval.1 /* threshold value */2 n_delta = fParaNewtIter ->NewtonDelta;3 /* set positron 's time -of-flight to start value */4 n_to = fParaNewtIter ->NewtonTo ;5 /* value for the initial momentum of the projetile */6 n_po = fParaNewtIter ->NewtonPoSum;78 /* initial settings */9 mTofPos [0℄ = n_to;10 mTofEle [0℄ = n_to + d_tpe;11 mTofIon [0℄ = n_to + d_tpr;12 /* positron momentum */13 fMomPos ->SetInput (mTofPos , mPosPos );14 fMomPos ->CalulateMomentum();15 mMomPos = fMomPos ->GetMomentum();16 /* eletron momentum */17 fMomEle ->SetInput (mTofEle , mPosEle );18 fMomEle ->CalulateMomentum();19 mMomEle = fMomEle ->GetMomentum();20 /* ion momentum */21 fMomIon ->SetInput (mTofIon , mPosIon );22 fMomIon ->CalulateMomentum();23 mMomIon = fMomIon ->GetMomentum();24 /* initial projetile momentum minus momentum sum */25 n_pzsum = n_po - (mMomEle [0℄->Z() + mMomPos [0℄->Z() + mMomIon[0℄->Z());26 nt_i = 0; // ontrol variable2728 while(( nt_i < fParaNewtIter ->NewtonItNum) && (n_delta < fabs(n_pzsum )))29 {30 /* derivative of the momentum sum) */80



A.2 Implementation of the method31 n_dpzdsum = - (( sqrt(n_twomqu_e) * (-pelong_thelp*B_e/(mTofEle [0℄*mTofEle [0℄) + C_e/pelong_thelp +32 D_e/pelong_thelp*os(mTofEle [0℄/pelong_thelp)) ) + ( sqrt(n_twomqu_p) * (-pplong_thelp*B_p/( mTofPos [0℄*mTofPos [0℄) +33 C_p/pplong_thelp + D_p/pplong_thelp*os(mTofPos [0℄/pplong_thelp)) ) + ( prlong_onst ) );34 n_to = n_to - n_pzsum/n_dpzdsum ; // iteration step of Newton's Method35 nt_i ++;36 mTofPos [0℄ = n_to;37 mTofEle [0℄ = n_to + d_tpe;38 mTofIon [0℄ = n_to + d_tpr;39 /* positron momentum */40 fMomPos ->SetInput (mTofPos , mPosPos);41 fMomPos ->CalulateMomentum();42 mMomPos = fMomPos ->GetMomentum();43 /* eletron momentum */44 fMomEle ->SetInput (mTofEle , mPosEle );45 fMomEle ->CalulateMomentum();46 mMomEle = fMomEle ->GetMomentum();47 /* ion momentum */48 fMomIon ->SetInput (mTofIon , mPosIon);49 fMomIon ->CalulateMomentum();50 mMomIon = fMomIon ->GetMomentum();51 /* initial projetile momentum minus momentum sum */52 n_pzsum = n_po - (mMomEle [0℄->Z() + mMomPos [0℄->Z() +mMomIon [0℄->Z());53 } Listing A.1: Reonstrution of the reation's time origin.
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A AppendixA.3 Atomi unitsIn atomi and moleular physis, it is onvenient to use the atomi unit systemwhih is oriented on the sale given by the hydrogen atom and the bound eletron.The typial atomi dimensions are set to unity, namely the elementary harge e, theeletron's rest mass me, the lassial Bohr radius a0, the redued Plank onstant
~ and the Coulomb onstant 1/(4πǫ0). Table A.3 lists some of the fators for theonversion from SI-units to atomi units (a.u.). Therein, α is the �nestrutureonstant and c denotes the vauum speed of light.Quantity Expression Value in SI unitsmass me 9.1094 × 10−31 kgharge e 1.6022 × 10−19 Clength a0 5.2918 × 10−11 mangular momentum ~ = h/2π 1.055 × 10−34 kg m2/senergy ~2/mea2

0 4.3597 × 10−18 Jtime mea2
0/~ 2.4189 × 10−17 sveloity ~/mea0 = c · α 2.1877 × 106 m/smomentum ~/a0 1.9929 × 10−24 kg m/sFigure A.2: Atomi units for seleted quantities.
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