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ZusammenfassungIm Rahmen dieser Arbeit wurde die Einfahionisation von räumlih ausgerihteten Was-sersto�molekülen im Stoÿ mit 200 eV Elektronen experimentell untersuht. Zum erstenMal konnte bei dieser Reaktion ein umfassender Satz vollständig di�erentieller Wir-kungsquershnitte (FDCS) gemessen werden. Dabei bestimmten wir die Ausrihtung derMolekülahse anhand der Emissionsrihtung der Fragmente des zerbrehenden Ions nahdem eigentlihen Stoÿ. Das hierbei entstehende Proton wurde koinzident mit den beidenfreien Elektronen des Endzustandes detektiert. Dazu verwendeten wir ein eigens modi-�ziertes Reaktionsmikroskop und ausgefeilte Auswertungsmethoden. Bei der direktenIonisation in den Grundzustand von H2
+ konnten bestehende Modellrehnungen über-prüft werden. Zusätzlih wurde die Winkelverteilung von Auger-Elektronen, die durhdissoziative Autoionisation von H2 entstehen, gemessen. Frühere Ergebnisse kinematishunvollständiger Experimente wurden bestätigt, aber die FDCS zeigen Strukturen, diebisher unbekannt waren. Darüber hinaus wurden di�erentielle Wirkungsquershnitte fürzufällige Ausrihtung bei zwei vershiedenen Werten des mittleren Kernabstandes ermit-telt. Diese Ergebnisse liefern wihtige Argumente für die aktuelle Diskussion über denGrund beobahteter Untershiede in der Dynamik von Elektronenstöÿen mit Atomenauf der einen und Molekülen auf der anderen Seite.AbstratWithin the work present here, single ionisation of spatially aligned hydrogen moleulesby 200 eV eletrons was studied in a kinematially omplete experiment. For the �rsttime, a omprehensive set of fully di�erential ross setions (FDCS) was obtained forthis proess on a moleular target. The diretion of the internulear axis was derivedfrom the fragment emission of post-ollision dissoiation of the residual H2

+ ion. There-fore, a protoni fragment was deteted in oinidene with the two �nal-state eletronsusing a dediated reation mirosope and sophistiated data analysis. For diret ionisa-tion into the ioni ground state existing theoretial ross setions for aligned moleuleswere tested. Additionally, we observed moleular frame angular distributions of Augereletrons emitted through dissoiative autoionisation of H2. Earlier �ndings of kine-matially inomplete experiments were reprodued, but the FDCS reveal strutures sofar unknown. Furthermore, for random alignment di�erential ross setions at two dis-tint values of the mean internulear distane were obtained, providing new argumentsin the urrent disussion on the nature of disrepanies observed between atomi andmoleular ollisions.
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3
1 IntrodutionCollisions of harged partiles with moleules are fundamental reations important inmany natural phenomena and tehnial appliations. Here, inelasti interations whereenergy is exhanged between partiles are of signi�ant relevane. Many ourenesmanifest in plasmas, among these are glow disharges, northern lights or interstellarnebulae. In reent years addiditional interest has arisen from the �elds of biophysis andmediine where harged partile impat on living matter has been studied motivated thedevelopment of new treatments suh as heavy-ion aner therapy (Kraft (2000)). Here,eletron-indued moleular proesses play an important role in the e�ient destrutionof tumor DNA (Boudaiffa et al. (2000)).Most of the appliations and natural ourenes have in ommom that a large num-ber of reations take plae at the same time. In order to omprehend the underlyingphysis ompletely, knowledge of the single ollision dynamis is indispensable. Theomplete information of any spei� reation is ontained in fully di�erential ross se-tions (FDCS) that an be obtained in kinematially omplete experiments where all�nal state momenta are known. In eletron impat single ionisation there are usuallythree partiles, two eletrons and one ion. If the initial state momenta are well-de�ned,the detetion of two fragments is su�ient to fully determine the kinematis, due tomomentum onservation. Suh measurements were pioneered on an atomi target byEhrhardt et al. (1969). Thereby, the two �nal state eletrons are measured in oin-idene, styling this kind of experiment as (e, 2e). The traditional set-up uses angleand energy sensitive analysers to detet eletrons exlusively with a de�ned momentumvetor (see overview in Coplan et al. (1994)). Up to now, various atomi speies havebeen studied with this method over a wide range of impat energies (Kheifets et al.(2009); Naja et al. (2008); Röder et al. (1997)).Theoretial modelling of fundamental few-body dynamis, suh as eletron impationisation, turns out to be very hallenging, beause for suh problems the Shrödingerequation is not analytially solvable. Only for the simplest reation, (e, 2e) on atomihydrogen, methods exploiting massive parallel omputing have been developed that arebelieved to deliver exat solutions of the three-body problem at low impat energies



4 1 Introdution(see Bray (2002); MCurdy et al. (2004)). In any more general ase, approximationshave to be made. This led to the development of a vast number of theoretial modelsthat fous on speial targets, impat energies and ollision geometries. As no generalpreditions an be made, experiments have always been important to verify and guidethese alulations.Moleules, from simple diatomis (e.g. Hussey and Murray (2002); Murray(2005)) to larger systems (e.g. Kaiser et al. (2007); Li et al. (2009); Vos et al. (1997))have also been widely investigated using traditional (e, 2e) set-ups. However, unlikeatoms, moleules ontain internal degrees of freedom. Most important, they an rotatein spae and, hene, hange the relative position of the onstituent nulei with respetto the inoming beam. Obviously, this an have an e�et on the ourse of the ollision.In traditional (e, 2e) experiments this information is lost, beause only eletrons are de-teted and they operate with a gas target, where the moleules are randomly aligned. Onthe theoretial side, obtaining FDCS for aligned moleules is the intuitive way in manymodels (Colgan et al. (2008)). Hene, to ompare with available experimental rosssetions, the alulated results have to be averaged over all possible alignments. Addi-tionally, a model has been designed that diretly implies a randomly aligned moleulartarget by treating the nulei not point-like but as spherial shells (Gao et al. (2005a)).The most fundamental and preise test of theory an only be delivered by experimentalFDCS, where all kinematial variables inluding the alignment are known. This an begenerally ahieved in two ways: First, moleules an be aligned by a strong eletri �eld,suh as delivered by a laser (Larsen et al. (1999)). This method usually su�ers fromvery low repetition rate unsuitable to (e, 2e) oinidene measurements. Furthermore,besides possible perturbation of the initial state by the laser, it is only appliable to ahandful of speies that have a highly anisotropi polarisability. Another approah is toderive the inital alignment from the momenta of fragments if the moleules dissoiatesin the wake of the ollision. Here, the ahievable ount rates depend on the relativeprobability of a dissoiative reation. Additionally, in order to measure fully di�erential
(e, 2e) ross setions with moleular alignment, one has to detet three or more partilesin oinidene, namely at least one ioni fragment and two eletrons. One of the bene�tsof this approah is the possibility to study hydrogen, whih is an ideal test ase fortheories involving moleular ollisions.Being one of the simplest neutral moleules, hydrogen has played an important rolein the foundation of moleular physis and has therefore been investigated intenselyduring the last entury. Early studies foussed on the optial spetrum and the on-lusions drawn from it about its struture (see Rihardson (1934) and referenes



5therein). In the 1930s also the �rst eletron-impat ionisation experiment obtaining to-tal (Bleakney (1930)) and di�erential (Mohr and Nioll (1934)) ross setions wereperformed. In the following years, large interest was payed to dissoiative ionisation,establishing methods to learn about the dependene of the total ross setion on themoleular alignment (Sasaki and Nakao (1935a,b, 1941)). Later not only the angulardistribution but also the energy of the resulting protoni fragments was studied in de-tail (Crowe andMConkey (1973); Dunn and Kieffer (1963); Kieffer and Dunn(1967); Köllmann (1978); Van Brunt and Kieffer (1970)) allowing to identify threedistint dissoiation hannels for single ionisation. At the same time, the �rst kinemat-ially omplete (e, 2e) measurements on randomly aligned H2 were done by Jung et al.(1975); Weigold et al. (1973). These experiments as well as later ones (Cherid et al.(1989); Milne-Brownlie et al. (2006); Staiu Cassagrande et al. (2008)) did onlydetet eletrons and ould therefore provide no information on dissoiating ions.On the other hand, studies on aligned hydrogen moleules have reently been per-formed in several other settings. Moleular frame angular distributions of eletronsemitted by one-photon single ionisation have been the �rst fully di�erential ross se-tions obtained in any reation of H2 (Hikosaka and Eland (2002, 2003); Ito et al.(2000); Lafosse et al. (2003)). Surprisingly, a break of moleular symmetry ould beobserved when di�erent dissoiation hannels of the residual H2
+ ion interfere (Fer-nández andMartín (2009);Martín et al. (2007)). In a similar manner, photo-doubleionisation of hydrogen was studied kinematially omplete for known moleular align-ment (Gisselbreht et al. (2006);Weber et al. (2004)). Moreover, the angle betweenthe moleular axis and the polarisation was found to be an important parameter of pro-esses in strong laser �elds, observed in photo eletron distributions (Staudte et al.(2009)) as well as in spetra of high harmoni radiation (Chen et al. (2009)). Ion ol-lisions with aligned H2 were also investigated, but FDCS were not obtained, beauseup to now it was not possible to �x the ollision geometry simultaneously with theinternulear axis (Dimopoulou et al. (2005); Laurent et al. (2006)).A �rst attempt to ombine a traditional (e, 2e) set-up with an ion detetor to aessthe moleular alignment and, hene, provide fully di�erential ross setions was madeby Takahashi et al. (2004), but due to the small angular aeptane of the apparatusonly statistially insigni�ant results were obtained (Takahashi et al. (2005)). Theseproblems an be overome using a reation mirosopes. Suh an apparatus allows thesimultaneous detetion of eletrons and ions over essentially the full solid angle andlayed the foundations for this work. The tehnique was introdued by Moshammeret al. (1996) into ion-atom ollisions. A review on the general set-up an be found in



6 1 IntrodutionMoshammer et al. (2003); Ullrih et al. (2003), more tehnial details in Fisher(2000, 2003). Sine traditional ollision experiments measured FDCS only at speialgeometries, formerly unknown strutures ould be unveiled with the new tehnique thatprovided three-dimensional images of eletrons emitted in ion-atom ollisions (Shulzet al. (2003)).The experiments presented in this work were performed by using a dediated reationmirosope for eletron impat ionisation studies, whih was �rst designed for inidentenergies of more than 500 eV (Dorn et al. (1999, 2001)). The set-up was hanged signif-iantly by Dürr (2006) to open the window to low-energeti ollisions. Simultaneously,the resolution was improved. With this advaned reation mirosope benhmark stud-ies of unpreedented quality on single and double ionisation of helium were performed(Dürr et al. (2006a,b); Ren et al. (2008)). Still, the energy aeptane for ions wastoo small to detet fragments of moleular dissoiation that are neessary to determinealignment. Therefore, a larger ion detetor was installed by Haag (2006), but FDCSfor the single ionisation of H2 ould not be obtained due to the lak of statistial signif-iane, mainly aused by the small fration of reations with a dissoiating moleularion. On the other hand, many events were lost beause inomplete detetor informationwas available. Therefore, in this work muh e�ort was put in the improvement of anal-ysis routines to reonstrut signals e�iently and inrease the number of valid tripleoinidenes signi�antly. Consisteny heks were applied to exlude false information.The impat energy during this work was hosen to be 200 eV, whih is about eleventimes larger than the orresponding ionisation potential. At this intermediate energy,binary ollisions between the projetile and a target eletron are the dominant reation,but higher-order e�ets or interations with the ioni ore also play a signi�ant role.Only protons with an energy of less than 0.5 eV were deteted, whih are predominantlyreated from H2
+ ions in their ground state. For this ionisation hannel existing the-oretial models an routinely provide fully di�erential ross setions, allowing a diretomparison with our results.In the next hapter of this work a wider introdution into eletron-impat ionisation ofmoleules and espeially H2 will be given. After that we will brie�y desribe the reationmirosope while hapter 4 deals with methods used to analyse the experimental dataand to obtain fully di�erential ross setions. Apart from that, the performane of theexperiment in terms of aeptane and resolution will be disussed. Chapter 5 willpresent the results and �ndings obtained for the single ionisation of aligned hydrogenmoleules.



7
2 Eletron impat ionisation ofmoleulesThis hapter intends to provide some bakground information on the experiments per-formed during this work. We will start with a general introdution into eletron-moleuleollisions and de�ne fully di�erential ross setions. Then we will disuss the oneptof symmetry in the analysis of moleular proesses before taking a loser look on thehydrogen moleule. Methods to align moleules in spae and the expeted resultinge�ets are desribed brie�y after giving a short overview on theoretial models for thealulation of fully di�erential ross setions for eletron impat ionisation of moleules.2.1 Introdution into eletron-moleule ollisionsSeveral reations an our when an eletron hits a moleule. The simplest one is elastisattering, where the internal energy of the moleule is not hanged. The type of inelastiproesses that are possible, depends strongly on the impat energy of the eletron.At lowest energies rotational, vibrational and eletroni exitations of the moleuledominate, but there an also be eletron attahment where a usually metastable orshort-lived negative moleular ion is formed. These inelasti proesses have in ommonthat they go along with well-de�ned energy transfers and are hene alled resonant.Finally, when the impat energy exeeds the ionisation potential of the moleule theremoval of an eletron beomes possible. As this eletron an arry away any �niteamount of energy, there is no �xed energy transfer for the ionisation proess. This isthe reation we have studied in the present experiment. The impat energy was 200 eVwhih is muh higher than the �rst ionisation threshold for hydrogen moleules (15.4 eV)that were examined. In this impat energy range, ionisation is the dominant ollisionhannel. Its general form an be expressed by the following reation sheme:

e− +H2 → 2e− + H2
+. (2.1)



8 2 Eletron impat ionisation of moleules

Figure 2.1: Geometry of the ollision.In some ases the ionisation an indue dissoiation of the moleular ion:
e− + H2 → 2e− + H+ H+. (2.2)Within these general shemes several ionisation mehanisms are possible. These aredisussed for hydrogen moleules in setion 2.3.Before looking at the proesses in detail we want to introdue the general ollisiongeometry as presented in �gure 2.1. The z axis is arbitrarily hosen as the diretion ofthe inoming projetile's momentum ~p0. As its energy is muh larger than the ionisationthreshold, asymmetri energy sharing between the two �nal state eletrons is very likely,beause the projetile is usually losing only a small part of its energy. Hene, in goodapproximation, we an label the fast eletron sattered projetile with momentum ~pe1,whereas ~pe2 refers to an eletron initially bound to the moleule and ejeted during theollision. Without loss of generality, we an de�ne the sattering plane spanned by ~p0 and

~pe1 as the (x, z)-plane of our ollision-based oordinate system. The x omponent of thesattered projetile's momentum is by onvention always negative. As a onsequene,the momentum transfer ~q = ~p0 − ~pe1 is also loated in the sattering plane but has apositive x omponent. The emitted eletron's momentum as well as the moleular axisare not restrited to the sattering plane. Hene their orientation has to be haraterisedby the two angles φ and θ. The azimuth φ is de�ned as the angle a vetor's projetioninto the (x, y) plane has with the x axis, while the polar angle θ spans between the



2.1 Introdution into eletron-moleule ollisions 9vetor itself and the z axis.The probability for a reation to our is usually desribed in terms of its total rosssetion σ whih is diretly linked to a measured integral event rate Rtotal by
Rtotal = σ · n · I · l (2.3)where n is the target density, I the partile urrent in the projetile beam and l thelength of the interation zone. The total ross setion therefore inludes all possiblekinematis for given ollision parameters. For moleular hydrogen the most preise to-tal ross setions over a large range of impat energies have been measured by Straubet al. (1996) published in updated form by Lindsay and Mangan (2003). In moleularionisation several mehanisms are possible at the same impat energy, for example disso-iative and non-dissoiative reations. If these an be distinguished by measuring partialrates Rpartial, partial ross setions an be determined. The above mentioned authorsalso published partial ross setions for dissoiative and non-dissoiative ionisation butwithout further distintion of the di�erent mehanisms. This was done theoretially byLiu and Shemansky (2004) who found good agreement with the available experimentaldata.An even loser look an be obtained by measuring the ross setions for well-de�nedkinemati onditions. These are alled di�erential beause the total ross setion is theintegral of the di�erential ones over all onditions. For single ionisation the kinematisis de�ned by the energy E and the solid angle Ω for eah outgoing eletron, respetively.In a moleule we additionally have to onsider its orientation given by the three Eulerangles φM , θM and ψM . Hene, the fully di�erential ross setion would be given by

∂(7)σ/∂Ee1∂Ee2∂Ωe1∂Ωe2∂φM∂θM∂ψM . By onvention,1 the solid angles of the eletrons aretreated as a single variable by most investigators in the �eld. For a seleted reationhannel, the hange Q in the target's internal energy � the inelastiity of the ollision �is �xed. Therefore, due to energy onservation, Ee1 and Ee2 are not independent fromeah other and only one an be used to di�erentiate the ross setion. In literature thisis usually the emitted eletron's energy Ee2. Hene the fully di�erential ross setionfor eletron impat single ionisation is given by ∂(6)σ/∂Ee2∂Ωe1∂Ωe2∂φM∂θM∂ψM .The degree of ross setion di�erentiation to desribe the omplete kinematis an befurther redued by the symmetry of the target and/or the ollision. For example, onlytwo angles are neessary to haraterise the orientation of a linear moleule ompletely.Therefore, one speaks of �ve-fold di�erential ross setions ∂(5)σ/∂Ee2∂Ωe1∂Ωe2∂φM∂θM for1See for example Coplan et al. (1994).



10 2 Eletron impat ionisation of moleulesthese systems. In spherially symmetri systems, viz. atoms or spherially averagedmoleules, the full kinematis are even desribed by triply di�erential ross setions
∂(3)σ/∂Ee2∂Ωe1∂Ωe2.A fully di�erential ross setion, e.g. �ve-fold di�erential in the ase of linear moleulesis related to the spei� event rate R(Ee2,Ωe1,Ωe2, φM , θM ) by

R(Ee2,Ωe1,Ωe2, φM , θM ) =
∂(5)σ

∂Ee2∂Ωe1∂Ωe2∂φM∂θM
· n · I · l · ∆Ee2 · ∆Ωe1 · ∆Ωe2 · ∆φM · ∆θM

(2.4)where ∆E and ∆Ω refer to the energy and solid angle intervals for whih the rate wasmeasured. In traditional (e, 2e) experiments like in Ehrhardt et al. (1969) eletro-stati analysers are employed to detet events for one set of energies and angles at atime. Hene the spei� ount rate and the fully di�erential ross setion is measureddiretly. By hanging the position of the analysers and their voltages the parameterspae an be sanned sequentially. This tehnique was also used to obtain �ve timesdi�erential ross setions for aligned hydrogen moleules by Takahashi et al. (2004).But, with the higher degree of di�erentiation, the event rate was signi�antly lowerthan in the same experiment with randomly aligned moleules (see Takahashi et al.(2003)) and, aordingly, the statistial signi�ane of the data was rather poor (alsoompare Takahashi et al. (2005)). With our set-up, the reation mirosope whih willbe explained later, we an measure events over a large portion of the parameter spaeat one, needing orders of magnitude less time to ollet the same amount of data.The ross setions and, hene, the experimental rates are proportional to the squareof the quantum mehanial matrix element |Tif |2 for the transition from the initialquantum state |i〉 to the �nal state |f〉. The matrix element is given by
Tif = 〈f | ǫ̂ |i〉 =

∫

ψ∗
f ǫ̂ψidr (2.5)where ψi and ψf are the initial and �nal state wave funtions, respetively, and ǫ̂ is theoperator governing the transition. In a omplete treatment of eletron impat ionisationthis has to be the sum of the target system's Hamilton operator and the interation term.We will disuss this in setion 2.4.



2.2 Symmetry of moleules 112.2 Symmetry of moleulesSymmetry is an important onept in the desription of moleules. Mathematially, itan be expressed in terms of point groups introduing the ideas of group theory into this�eld. Eah moleule an be assigned to a symmetry point group aording to its nuleargeometry. One an now state that the Hamiltonian and all observable properties of thesystem have to be invariant under all operations belonging to the respetive symmetrygroup (Pernpointner (2008)). This does, for example, apply to the spatial probabilitydensity of the eletrons. It is, however, not neessarily true for wave funtions. They analso be anti-symmetri, i.e. hange their sign under the appliation of ertain operationswithin the symmetry group. In this ase the observable |ψ|2 will still be fully symmetriin terms of the point group.In a group theoretial notation the wave funtions of a symmetri system must trans-form like irreduible representations (irreps). The number of irreps in a group is on-neted to its amount of symmetry operations. Hydrogen, for example belongs to the
D∞h group, whih has an in�nite amount of mirror planes and two-fold rotation axes.Therefore, there is an in�nite amount of irreps. Within an irreduible representationeah symmetry operation is identi�ed by a harater whih is given by the trae of itsmatrix in this representation. The haraters of all irreps of a given point group are usu-ally summarised in a harater table whih are shown for some groups in appendix B.2.The orbitals of the hydrogen moleule and its ion an hene be labelled by the irrepsthey belong to (see potential energy urves in �gure 2.2). Eah point group has a fullysymmetri irrep whih has the harater 1 for eah operation. This is Σ+

g in the ase of
D∞h.Having desribed the states of a moleular system in terms of symmetry we an deriveseletion rules for transitions between di�erent states. One an show (Pernpointner(2008)) that the matrix element Tif (see equation 2.5) is not vanishing if the tensorprodut of the irreps D assoiated with ψi, ψf and ǫ̂ is at least ontaining the fullysymmetri representation A:

D(ψi) ⊗D(ǫ̂) ⊗D(ψf ) ⊃ A (2.6)The tensor produt ⊗ between two representations D1,D2 an be evaluated by mul-tiplying eah harater of D1 with the respetive harater of D2. With the help ofa harater table one an in this way quikly see that for example in C2v symmetry
A2 ⊗ B1 = B2. However, when degenerate irreps are inluded the result of the tensor



12 2 Eletron impat ionisation of moleulesprodut is not neessarily an irreduible representation but a diret sum ⊕ of suh. In
C∞v for example, Π ⊗ Π equals Σ+ ⊕ Σ− ⊕ ∆. In suh a ase, equation 2.6 is ful�lledif one of the onstituents of the diret sum is the fully symmetri representation.2.3 Struture and ionisation mehanisms of the hydrogenmoleuleThe hydrogen moleule H2 and its positive ion H2

+ are representatives of the simplestmoleular systems in nature. Therefore they often at as a benhmark system for phys-ial models on moleules. They are usually the most extensively disussed moleulesin physis textbooks suh as Bransden and Joahain (2003). Espeially the spe-trum of the neutral moleule has been widely studied over a long time sine the 1920s(see Rihardson (1934)), while the struture of the positive ion ould only beomeresolved later via photoeletron spetrosopy by Conford et al. (1970).A hydrogen moleule onsists of two protons and two eletrons. The equilibriumdistane between the two nulei is r0 = 1.40 a.u.2 Beause of the di�erent mass of thenulei and the eletrons it is a good approximation to treat their motion separately. Here,it is assumed that the eletrons adopt instantaneously to hanges in the nulear geometryand that no energy is exhanged between the eletroni and moleular subsystems. Thisis alled the adiabati or Born-Oppenheimer approximation. It leads to the onlusion,that the motion of the nulei is governed by a potential energy surfae that is di�erent foreah eletroni state. For a diatomi like hydrogen, the potential energy surfaes V (r)are only funtions of one variable, the internulear distane r. They an be visualisedin a potential energy diagram suh as �gure 2.2.The eletroni part of the moleular wave funtion employs orbitals similar thanfor atoms whih, however, have to transform like irreduible representations of themoleule's symmetry point group (ompare setion 2.2). A simple way to onstrutthe moleular orbitals is the linear ombination of atomi orbitals (LCAO) approah,whih ombines eletroni wave funtions of atomi hydrogen entred at either nuleus.We will not desribe this method here but refer to Demtröder (2003), p. 55. Theresulting orbitals are labelled by the irreduible representation aording to whih theytransform. The lowest lying orbital of H2 is 1σg and is onstruted by the symmetriombination of two atomi 1s orbitals. It is the only oupied orbital in the eletroni2Value taken from Bransden and Joahain (2003), p. 520.



2.3 Struture and ionisation mehanisms of the hydrogen moleule 13ground state, X 1Σ+
g .3Eletron-impat ionisation of H2 has been studied for many deades.4 By the time, arange of ionisation pathways ould be identi�ed. We will introdue them brie�y here asthey will be important to understand the results of the urrent experiment. Most of theobserved reation hannels are very typial for moleules. We illustrate them using thepotential energy diagram in �gure 2.2. Aording to the Frank-Condon priniple5 allreations involving eletrons happen along a vertial line in this diagram meaning thatthe internulear distane is essentially unhanged during the transition. As we alwaysstart from the ground state of H2 the spatial population probability of the nulei |ΨN |2de�nes a Frank-Condon region of internulear distanes were eletroni transitions arepossible (grey shade in �gure 2.2).The simplest and most likely ionisation proess (arrow (a) in �gure 2.2) is the non-dissoiative removal of one eletron were the remaining moleular ion is in a boundstate. It is alled non-dissoiative single ionisation and abbreviated in literature asSI. There is only one bound eletroni state in H2

+, the X 2Σ+
g ground state. Dueto the di�erent equilibrium internulear separations r0 in the neutral and the ion, thelatter is usually in exited vibrational states. Their distribution is given by the Frank-Condon fators whih are the overlap integrals of the vibrational wave funtions forthe two eletroni states. For hydrogen the highest probabilities are obtained for �nalvibrational quantum numbers around 2 (see Niholls (1968)). However, there are alsonon-vanishing Frank-Condon fators for the ionisation into the vibrational ontinuumof the ioni ground state, whih might happen at small internulear separations at theedge of the Frank-Condon region, as indiated by arrow (b) in �gure 2.2. This hannelis alled ground-state dissoiation (GSD) and �nally results in a proton and a hydrogenatom in its ground states. In the dissoiation proess they gain a net momentum ofa few atomi units, as, for example, alulated in a quantum mehanial model byFeuerstein and Thumm (2003). Of ourse, also the repulsive states of the moleularation may be aessed diretly in an ionisation-exitation (IE) proess. An example isshown as () in �gure 2.2. However, a muh larger energy transfer is needed, beausethe exited states ross the Frank-Condon region at more than 27 eV above the neutralground state. As this is muh more than the energies of the orresponding dissoiationlimits, the di�erene is transferred into the kineti energy of the fragments whih an3When labelling orbitals, usually lower ase letters are used, while apital letters denote the symmetryof omplete states.4For early works see e.g. Bleakney (1930) and referenes therein.5see Condon (1947).
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Figure 2.2: Seleted potential urves of the hydrogen moleule and its ation. Indiatedare the following three ionisation pathways: (a) non-dissoiative single ionisation(SI), (b) ionisation-indued ground-state dissoiation (GSD) and () ionisation-exitation (IE). See text for details. The urves are drawn after Guberman(1983); Sharp (1970).



2.3 Struture and ionisation mehanisms of the hydrogen moleule 15be between 6 and 12 eV for hydrogen (see Dunn and Kieffer (1963)). In total, at theimpat energy studied in this work, 8 % of all single ionisation events are dissoiative(Straub et al. (1996)).A di�erent, indiret ionisation pathway is skethed in �gure 2.3, the autoionisation(AI) proess whih was �rst observed in eletron ollisions by Kieffer and Dunn(1967). Here, the neutral moleule is �rst transferred in the ollision into a doubly-exited state. Only the lowest lying of those is drawn, but there are several bands ofsuh levels eah onverging to an exited state of H2
+, whih is the B 1Σ+

u in the aseof the hosen example. All doubly-exited states of H2 have repulsive potential urves,hene the nulei will start separating one the level is populated. They an eventuallyfragment into two neutral hydrogen atoms, or, as long as the potential energy is higherthan that of an ioni state at the urrent internulear distane r, a spontaneous auto-ionisation of the moleule is possible. Hereby an eletron of the energy Ee2 whihequals the potential energy di�erene of the two states is emitted. However, the nuleiat this point have already gained a kineti energy A from their separating motion. Ifthe ion is formed in its ground state, it an be stable, as long as A is smaller thanthe dissoiation energy D. If A − D is positive it will beome the kineti energy ofthe emerging fragments, a neutral atom and an ion. Autoionisation hene yields abroad range of eletroni and nulear fragment energies. Most notably in the presentontext, protons with a momentum of only a few atomi units are possible that an,therefore, not be distinguished from those resulting from ground-state dissoiation. Formore information on the dissoiative autoionisation of H2 see Bakx et al. (1976); Hazi(1974); Köllmann (1978); Landau et al. (1981). We should also note the possibility ofautoionisation through singly exited states of H2. Vibrationally exited levels of thesehave higher energies than some levels in the eletroni ground state of H2
+. Therefore,autoionisation is possible, resulting in the emission of eletrons with less than 1 eV energy(see Dimopoulou et al. (2004)) while the ion will not dissoiate. These proesses havebeen identi�ed in high-resolution spetrosopy (Dehmer and Chupka (1976)) andtheoretial work (Herzberg and Jungen (1972)) but they are not expeted to playa signi�ant role in the non-dissoiative ionisation observed in the urrent experiment,beause emitted eletrons with suh low energies are not deteted due to aeptanelimitations (see setion 4.7.1).For the detailed study of dissoiative ionisation one also needs to know the vibrationaland rotational struture of the initial moleule beause their energy might beome on-verted into kineti energy of fragments. As a linear diatomi moleule H2 has only onevibrational and two, albeit degenerate rotational degrees of freedom. The energy of the
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Figure 2.3: Same as �gure 2.2 but with illustration of the autoionisation (AI) proess: 1. ex-itation to a high-lying repelling state of the neutral H2, 2. dissoiative motion ofthe nulei, 3. spontaneous autoionisation into the ground state of H2
+. See textfor details.
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2.4 Brief overview on (e, 2e) theory 17rotational states ER(J) is given by
ER(J) = J(J + 1) · ~

2

2I0
= J(J + 1) · 7.54 meV (2.7)where J is the rotational quantum number and I0 is the moment of inertia at the vibra-tional equilibrium. For the latter we use the value given by Bransden and Joahain(2003). The distribution of rotational states in an ensemble at temperature T is givenby a Boltzmann distribution PT (J):

PT (J) =
1

Z
· e

ER(J)

kBT . (2.8)Here kB is Boltzmann's onstant and the normalisation fator Z is the integral of PT (J)over all quantum numbers. We have plotted the distribution of states at room temper-ature and the rotational temperature in our experimental target (ompare setion 3.2)in �gure 2.4(a). One an see that the ground state J = 0 is by far the most dominant.At the lower temperature, states with J > 2 ontribute only less than 3% to the totalensemble.The vibrational states of the hydrogen moleule are of muh higher energy than therotational ones. From Herzberg (1950) and Herzberg and Huber (1979) we an getthe approximate energies EV (v) as a funtion of the vibrational quantum number v:
EV (v) = 0.546 eV · (v + 1/2) − 0.0150 eV · (v + 1/2)2 (2.9)whih agrees well with the values obtained from more exat potential urves as alu-lated for example by Koªos and Wolniewiz (1975). The vibrational states are alsoBoltzmann distributed analogous to equation 2.8. Figure 2.4(b) shows the result forroom temperature. As one ould expet from the high energy of the states, only theground state is ontributing signi�antly, with the probability for the �rst exited statealready being 10−10.2.4 Brief overview on (e, 2e) theoryEven the simplest (e, 2e) proess, ionisation of atomi hydrogen onstitutes a three bodyproblem and, hene, has no general analyti solution. However, for this spei� reationmethods have been developed that laim to be numerially exat at low ollision energies.For all other situations, approximations have to be made in order to alulate ross



18 2 Eletron impat ionisation of moleulessetions. This is espeially true for many-eletron atoms and even more for moleuleswhere the time-independent desription of the target already approximate. Generally,the available theoretial models for eletron impat ionisation an be divided in twogroups, applying either perturbative or non-perturbative methods. The �rst approahmodels the ionisation as a small perturbation of the target system while the seondtreats the system in its full omplexity. Among these are ab-initio methods that try tosolve the omplete Shrödinger equation of the system numerially.A vast number of models have been developed so far, therefore no omprehensiveoverview an be presented here. We will instead fous on methods that an be usedto alulate fully di�erential single ionisation ross setions for aligned moleules andthose mentioned in the disussion of our results in hapter 5. A general review on (e, 2e)theories an be found in Coplan et al. (1994), while Gao et al. (2006a) have disusseddi�erent alulations for hydrogen moleules. Reent developments are desribed byColgan et al. (2009). Throughout this setion atomi units (see appendix B.1) areused and onstants being one are omitted.2.4.1 Perturbative approahesMany perturbative theories are based on the Born approximation. Hereby the Hamilto-nian is separated into the unperturbed term Ĥ0 and the interation potential V̂
Ĥ = Ĥ0 + V̂ (2.10)where Ĥ0 itself ontains two separate parts for projetile and target. First we onsiderthe eigenstates of the unperturbed system
(Ĥ0 − E) |i, f 〉0 = 0 (2.11)where |i〉0 and |f〉0 are produts of the respetive (free) projetile and target wavefuntions in the initial and �nal state. As mentioned before, these equations are ingeneral not analytially solvable, hene numerial approahes, suh as the Hartree-Fokmethod (see e.g. Demtröder (2003), p. 75) have to be applied here as well.The full or perturbed states |i〉 and |f〉 on the other hand should be eigenstates of Ĥ:
(Ĥ − E) |i, f 〉 = 0. (2.12)



2.4 Brief overview on (e, 2e) theory 19Formal solutions of these equations are given by
|i, f〉 = |i, f〉0 + Ĝ+

0 V̂ |i, f〉 (2.13)whih is known as the Lippman-Shwinger equation with the Green operator
Ĝ+

0 = lim
ǫ→0

1

E − Ĥ0 + iǫ
. (2.14)Equation 2.13 only impliitly solves the Shrödinger equation beause the resultantstates |i, f〉 are also found on the right-hand side. However, the Lippman-Shwingerequation an be inserted iteratively into itself, yielding the following series for the matrixelement Tif :

Tif := 〈f | V̂ |i〉 = 〈f |0 V̂ |i〉0 + 〈f |0 V̂ Ĝ+
0 V̂ |i〉0 + . . . (2.15)This is alled the Born series whih orresponds to an expansion in powers of theinteration V̂ . The series onverges faster if the interation is weak. Espeially for highprojetile veloities it is often su�ient to use the �rst term of the series only. Suhtheories are lassi�ed as �rst Born methods.The interation V̂ is usually taken to be the Coulomb potential between the projetileeletron and the target partiles. In a moleule there are generally K nulei and Neletrons that have to be inluded:

V̂ = −
K
∑

k=1

Zk
∣

∣

∣

~Rk + ~r
∣

∣

∣

+
N
∑

n=1

1

|~rn − ~r| . (2.16)Here ~Rk, ~rn and ~r are the oordinates of the nulei, bound eletrons and free projetile,respetively. Zk is the harge of nuleus k. This omplete treatment of the moleulartarget is neessary if alignment-dependent results are to be obtained. For alignment-averaged ross setions the redution of all nulei to a single one loated at the entreof mass with e�etive harge Ze� an be used for further simpli�ation and introduesan atom-like desription. Additionally, the interation of the projetile and outgoingeletrons with the other target eletrons is not always treated separately, but the passiveeletrons indue the olletive e�et of reduing the nulear potential. This is alled ahydrogen-like desription or the frozen ore approximation.A di�erent approah to treat diatomi moleules within the framework of the Bornseries was taken by Wek et al. (2001). In their two-e�etive entre approximation the



20 2 Eletron impat ionisation of moleulesCoulomb �eld of both nulei is inluded, but it is assumed that the ionisation takesplae in the viinity of one of the nulei. As this model does not intrinsially averageover moleular alignments it an in priniple alulate fully di�erential ross setionsfor aligned moleules.Traditional �rst Born approximationIn literature �rst Born approximation (FBA) usually denotes the speial ase wherethe inoming as well as outgoing projetile is desribed by a plane wave and heneinteration-free. The ejeted eletron is expressed by a so-alled Coulomb-wave whihis a solution of the Shrödinger equation where the potential term is proportional tothe inverse distane to the entre of mass. In suh a way, the ionisation of atomihydrogen is redued to an e�etive two-body proess. The transition matrix elementis then proportional to 〈f |0 exp i~q · ~r |i〉0 whih for small values of |~q| beomes similarto the expression for an eletri-dipole indued photo ionisation. As the FBA yieldsgood agreement with (e, 2e) experiments at high projetile energies (Duguet et al.(1987)) this is also alled the dipole regime. Charateristi for these experiments is themaximal emission of the seond eletron in the diretion and opposite to the momentumtransfer ~q, produing the typial dipole pattern. The two parts of this distribution arealled binary and reoil peak, beause in a lassial piture the forward maximum wouldorrespond to a binary ollision while the eletron an only be emitted in the bakwarddiretion when it was re-sattered by the nulear potentials.2.4.2 Non-perturbative approahesEspeially at lower impat energies the desription of the projetile as a plain wave isa bad assumption. Therefore, non-perturbative wave funtions have been developed fora better desription of the initial and �nal states |i, f〉0. In this ase, the transitionmatrix element an be alulated by the �rst element of equation 2.15.BBK or 3C-wave methodBrauner et al. (1989) have suggested a so-alled 3C wave funtion for the �nal statein eletron impat ionisation of atomi hydrogen. Here, the interation of either twopartiles is governed by the orret two-body Coulomb potential, thus satisfying theboundary onditions for the three-body Shrödinger equation in the limit of in�niteseparation. Calulations of FDCS using the 3C wave funtion (also alled BBK after its



2.4 Brief overview on (e, 2e) theory 21inventors) are quite popular beause they lead to good agreement with single ionisationexperiments even at impat energies as low as 200 eV but need little omputationale�ort. In the urrent work we are also going to ompare our ross setions for alignment-averaged hydrogen moleules with alulations using the BBK method. Reently, Stiaet al. (2002) ombined the 3C wave funtion with the two-e�etive entre approximationto model single ionisation of H2 without negleting its moleular nature. For high impatenergies this has so far provided good agreement with available experiments (StaiuCassagrande et al. (2008)). The method that is alled moleular three-ontinuumapproximation or moleular BBK is apable of alulating alignment-dependent rosssetions (e.g. Stia et al. (2003)), whih up to now have not been tested experimentally.This theory also provides a simple way to desribe two-entre interferene, whih wewill disuss in setion 2.5.3.Distorted wave methodsAnother frequently used desription for the inoming and outgoing eletrons are dis-torted waves whih are solutions of the one-partile Shrödinger equation in a spheri-ally symmetri distortion potential U . For the projetile, U is derived from the neutraltarget while in the �nal state ioni potentials are used. Distorted waves do not inludethe interation between the two outgoing eletrons, also alled post-ollision interation(PCI), leading to a shift of the angular position of the binary and reoil peaks away fromthe diretion of the sattered projetile. Its importane inreases for smaller impat en-ergies. In the so-alled distorted-wave Born approximation, PCI is treated pertubativelyusing the Lippman-Shwinger equation. At high and intermediate projetile energies,inlusion of the �rst order was found to be su�ient (MCarthy and Zhang (1989);Zhang et al. (1992)). Alternatively, Haynes et al. (2003) suggested to multiply thetwo �nal state distorted wave with the eletron-eletron Coulomb interation term usedin the BBK method. This so-alled 3DW method ontains PCI to all orders of pertur-bation theory and Jones and Madison (2002) showed that it satis�es the asymptotiboundary onditions of the Coulomb three-body problem. It delivers reasonable agree-ment with experimental triply di�erential ross setions at impat energies below 100 eV,also for randomly aligned moleular targets (Gao et al. (2005b, 2006b)).2.4.3 Ab-initio methodsWith the inrease in omputational power and availability of large lusters for massiveparallel proessing ab-initio numerial solutions of the eletron impat ionisation prob-



22 2 Eletron impat ionisation of moleuleslem have beome feasible. Today there are two frameworks that are believed to deliverexat solutions of a dynami three-body problem. This an be double photoionisationof helium or eletron impat ionisation of atomi hydrogen.First ame the exterior omplex saling (ECS) approah by Resigno et al. (1999),whih solves the time-independent Shrödinger equation under orret asymptoti bound-ary onditions using a transformation of the real oordinates into omplex ones. Withthis approah, triply di�erential ross setions for low-energeti (e, 2e) on atomi hydro-gen were obtained in exellent agreement with experiments (for a review seeMCurdyet al. (2004)). Unfortunately, the extension of the ECS framework to ollisions involvingmore omplex targets and espeially moleules was seen unlikely up to now. Reentlyhowever, Tao et al. (2009) used an adapted form of ECS to alulate the stati wavefuntion of the eletron in the H2
+ ion and prospeted alulation of moleular satteringproblems in the future.Another numerial approah that provides an exat solution of the Coulomb three-body problem (Bray (2002)) is the onvergent lose-oupling (CCC) framework orig-inally developed by Bray and Stelbovis (1992) to study ollisional exitation. Itexpands the wave funtion using a �nite number of pseudo-states or partial waves. Thesize of the expansion is gradually inreased until onvergene with the exat eigenstatesof the time-independent Hamiltonian is found. This method is also restrited to purethree-body problems, but eletron impat ionisation of light atomi speies suh as he-lium was suessfully alulated (see e.g. Dürr et al. (2006a)) using the frozen-oreapproximation, i.e. an e�etive one-eletron target. Up to now, no moleular extensionswere introdued into this framework. Beause of the usually very good agreement with

(e, 2e) experiments on helium we will use CCC results for this proess to hek theBBK-alulation also used for alignment-averaged hydrogen moleules.Time-dependent lose-ouplingThe time-dependent lose-oupling (TDCC) approah also expands the wave funtionsas a series of partial waves. But di�erent from the CCC method these funtions are usedto solve the time-dependent Shrödinger equation, whih is then replaed by a set oflose-oupled partial di�erential equations. The numeri solution of these orrespondsto a time-evolution of a spatial wave paket. It was found by Botther (1985) thatthis overomes the need of �nding the asymptoti form of the wave funtions in spae.TDCC was �rst applied to alulate fully di�erential ross setions for (e, 2e) on atomihydrogen by Colgan et al. (2002) and has sine then been applied to a ouple of
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Figure 2.5: FDCS alulated with the TDCC method for the ionisation of aligned H2 at
35.4 eV impat energy. The �nal state eletrons are deteted with equal energies
E1 = E2 = 10eV and emission angles θ1 = θ2 = ξ in the plane perpendiular tothe inoming beam. Taken from Colgan et al. (2008).eletron and photon impat ionisation proesses (see Pindzola et al. (2007)).Moleular ionisation by eletron impat was �rst studied with the TDCC method byPindzola et al. (2006), where total ross setions for H2 were alulated. Hereby thetwo-entre nature of the moleule was genuinely taken into aount, but the passiveeletron is not treated rigorously. Instead, a frozen ore approximation is used where itsinteration with the outgoing eletrons is represented by exhange potentials. Buildingon this method, Colgan et al. (2008) alulated fully di�erential ross setion for

(e, 2e) on aligned hydrogen moleules at low impat energies. That publiation wasfoussing on the geometry, where both eletrons are emitted at equal energies and equaldetetion angles in the plane perpendiular to the projetile beam. In this ase, largedi�erenes in the shape and magnitude of the ross setions for di�erent alignments werefound (see �gure 2.5). Additionally, the result for averaged alignment agreed well withexisting measurements and performed signi�antly better than a distorted wave Bornapproximation (Colgan et al. (2009a,)).Unfortunately, due to limitations in available omputer power TDCC is presentlynot able to alulate (e, 2e) ross setions at impat energies higher than ≈ 100 eV. The
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Figure 2.6: FDCS alulated with the TDCC method for the ionisation of aligned H2 at
35.4 eV impat energy. One eletron is �xed at a sattering angle of 5◦ and energyof 18 eV while the angular distribution of the seond eletron in the satteringplane is shown.reason is that muh more partial waves would have to be inluded to beome a onvergentsolution of the time-dependent Shrödinger equation than at lower energies6. Therefore,a omparison with our results is not possible. Additionally, the very speial geometrypresented in �gure 2.5 is not aessable in the urrent work, beause equal energy sharingof the outgoing eletrons is very unlikely and only eletrons with lower energies an bedeteted in the plane perpendiular to the inoming beam. Therefore, we asked JamesColgan to ompute FDCS albeit at low impat energy but for an asymmetri geometrywhere one (fast) eletron has a �xed sattering angle, while the angular distribution ofthe seond eletron in the sattering plane is plotted, whih is the usual way in whihwe will present our experimental results. As one an see in �gure 2.6 the ross setionsfor di�erent moleular alignments show muh less di�erenes than for the perpendiulargeometry. This might be due to the fat that the in�uene of the nulei is smaller foremission in the sattering plane than in a perpendiular plane.6Below 50 eV impat energy, usually partial waves up to an angular momentum quantum number Lof 6 (Colgan et al. (2008)) are inluded. In the very reent alulations for helium at 102 eV themaximum L was extended to 20 (Colgan et al. (2009b)).



2.5 Aligned moleules 252.5 Aligned moleulesCollision experiments with moleules in the gas phase always su�er from the problem ofrandom alignment and orientation. Hereby alignment is usually quanti�ed as ensembleaverage of the squared osine of the angle θ between the moleular axis and a �xedline. Orientation however, is diretional and de�ned as the ensemble average of cos θ.In order to show orientation the moleule itself must not employ inversion symmetry.Consequently, the homoatomi hydrogen moleule H2 an be aligned, but not oriented.The same holds true for the H2
+ ion. However, when this dissoiates it will �nallylead into one neutral atom and one proton. Hene, dissoiation destroys the inversionsymmetry and introdues the possibility of orientation.Studying aligned hydrogen moleules is the fous of this work. Generally, there aretwo approahes to �x the moleular alignment for ollision studies: First, in a-priorialignment the moleules are fored to align along a �xed-in-spae axis by an external�eld before the ollision takes plae. The other way is to determine the alignment afterthe ollision and is hene alled a-posteriori alignment.2.5.1 A-priori alignmentSpatial alignment of gas-phase moleules is possible using strong linearly polarised lightfrom a laser. Thereby an eletri dipole is indued in the moleule whih will onse-quently align along the polarisation axis. This method was suggested by Friedrihand Hershbah (1995) and up to now suessfully applied by several groups to vari-ous moleules (Holmegaard et al. (2009); Kumarappan et al. (2008); Larsen et al.(1999)). However, only moleules with a high anisotropi polarisability an e�etivelybe aligned with this method. For hydrogen the intensity of the laser would have tobe �ve orders of magnitude higher than for example for iodine (see Friedrih andHershbah (1996)). But even for iodine the realisation of an ollision experimentwould be di�ult. Here, a moderate laser intensity of 1 × 1015 W/m2 might be su�ientto align old I2 moleules, but the fous must be broad to over the full interationregion whih is de�ned by the overlap of the eletron beam with the target gas. Assum-ing a very optimisti eletron beam fous of 0.1 mm2 and a realisti pulse duration of

10 ns one would need an energy of 1 J per pulse. Lasers delivering suh pulses usuallyhave repetition rates of only a few 10 Hz whih is four orders of magnitude smaller thanwhat we typially use during our experiments. Nevertheless, the tehnique was alreadyapplied by Hoshina et al. (2003) for eletron di�ratometry of aligned moleules, were
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(a) (b)Figure 2.7: Illustrations of the symmetry onsiderations made by Dunn (1962). ~k is the ol-lisional symmetry diretion whih is (a) parallel and (b) perpendiular to themoleular axis.muh higher eletron beam intensities an be used. A di�erent approah for a-priorialignment applied to eletron di�ration was reently introdued by Rekenthaeleret al. (2009): They have reated moleules with a well-de�ned alignment by seletivephotodissoiation of a larger moleule.2.5.2 A-posteriori alignmentThe alignment of a linear moleule an also be determined in the wake of a reation, if itauses the moleule to dissoiate. Then the momentum vetors of the fragments mightpoint along the moleular axis if the axial reoil approximation as introdued by Zare(1967) applies. It holds when the initial rotational energy ER of the system is negligiblesmall ompared to the kineti energy EK transferred to the fragmenting parts of themoleule. Otherwise the moleule will rotate faster than it dissoiates and, thus, theinformation of the initial alignment is lost. We will address this problem in setion 4.8.3and �nd out that in the present experiment the error aused by the rotation ontributessigni�antly to the ombined total unertainty, but it is not larger than other errorsoures.2.5.3 Alignment-dependent e�etsSymmetry argumentsAnisotropies in the angular distribution of protons emerging from ionisation-exitationof H2 were already measured by Sasaki and Nakao (1941), but at that time ouldonly be explained for pure exitation of the moleule (Sasaki and Nakao (1935a)). Auniversal model for alignment-dependene of dissoiation proesses indued by eletronimpat was introdued by Dunn (1962). Here, a ollisional symmetry diretion ~k isintrodued. The transition operator transforms like the fully symmetri irrep of thegroup belonging to the ompound system of the moleule and ~k. This means that
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(a) (b)Figure 2.8: Expeted angular distribution patterns of emitted eletrons for a Σ+

g → Σ+
g pho-toionisation with (a) parallel and (b) perpendiular alignment of the moleularaxis. ǫ is the vetor of the osillating eletri �eld.the symmetry of the hydrogen moleule is redued to C∞v when ~k is parallel to themoleular axis and to C2v in the perpendiular ase (see illustrations in �gure 2.7).The orbitals of the initial and �nal states now have to be expressed in terms of theredued point group, whih an be done easily using the harater tables provided inappendix B.2. One an then apply equation 2.6 to verify if the ross setion betweentwo states for the distint geometry is vanishing or not. Applying this for hydrogen we�nd that Σ+

g ↔ Σ+
g transitions are allowed for both symmetries, but Σ+

g ↔ Σ+
u havevanishing amplitudes for perpendiular alignment. This means that ionisation of groundstate hydrogen moleules into an Σ+

g ioni state should be rather isotropi and stronglyanisotropi for transitions into Σ+
u symmetry.However, it was already stated by Dunn (1962) that for eletron impat ionisationthe de�nition of the symmetry axis ~k is di�ult. Exatly at the ionisation threshold theprojetile beam represents a good symmetry axis, beause the outgoing eletrons haveboth zero energy and an, therefore, be desribed by spherially symmetri waves (Dunnand Kieffer (1963)). But above threshold no general prediation on the symmetry ofthe outgoing eletrons an be made. Dunn and Kieffer (1963) therefore try to explainthe results for eletron impat ionisation in analogy to exitation, where the momentumtransfer ~q onstitutes the ollisional symmetry axis. Using the formulation of Zare andHershbah (1963) they an explain the angular distributions of protons resultingfrom the A 2Σ+

u dissoiative state of H2
+ ionised by eletrons with energies rangingfrom the threshold to 1500 eV. Hereby they deliberately neglet the properties of theemitted eletron whih is a major interest of this work.We thus want to use symmetry arguments to learn about the moleular-alignmentdependene of the eletron emission patterns. These an be reasonably well applied forionisation by very fast eletrons, where the dipole approximation is often used to explainthe results (see 2.4). Here, the momentum transfer ~q formally replaes the polarisation
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(a) (b)Figure 2.9: Expeted angular distribution patterns of emitted eletrons for a Σ+
g → Σ+

u pho-toionisation with (a) parallel and (b) perpendiular alignment of the moleularaxis. ǫ is the vetor of the osillating eletri �eld.diretion leading otherwise to exatly the same dipole operator as for ionisation by asingle photon. Thus, we maintain the symmetry group of the target and express theoperator by an irrep of this. For hydrogen and its D∞h symmetry the dipole operatortransforms like Σ+
u when it is aligned parallel to the moleular axis and like Πu in theperpendiular ase. In equation 2.6 the symmetry representation of the �nal stateD(ψf )an separated in a term for the remaining ion, D(ψion) and one for the angular emissionpattern of the seond eletron, D(Ωe2):

D(ψi) ⊗D(ǫ̂) ⊗D(ψion) ⊗D(Ωe2) ⊃ A (2.17)Considering a Σ+
g → Σ+

g ionisation the produt D(Ωe2)⊗Σ+
u has to ontain the fullysymmetri representation for parallel alignment and D(Ωe2)⊗Πu for the perpendiularase. This leads to a Σu and Πu symmetry of the emitted eletrons angular distributions,whih has been approved experimentally for photoionisation by Hikosaka and Eland(2003); Lafosse et al. (2003). The resulting emission patterns are skethed in �gure 2.8where one an see that there is atually no hange in the distribution with respet tothe vetor of the eletri �eld for the two moleular alignments.On the other hand for a Σ+

g → Σ+
u ionisation the angular distribution of the emittedeletron has to transform like the Σ+
g irrep in the parallel ase and like Πg for perpendi-ular alignment of the moleule. Espeially the latter was well reprodued experimentallyby Hikosaka and Eland (2002). As shown in �gure 2.9 there are harateristi di�er-enes between the emission patterns for the two alignments diretions.Summarising the simple symmetry arguments for the two extrem ases of very slow



2.5 Aligned moleules 29and very fast eletron impat we an state that ionisation from the hydrogen groundstate into a Σ+
g state of the ion should show little dependene on the moleular alignment.This would be the ase for the ground-state dissoiation hannel whih was the mainfous of this work. Consequently, ionisation into ungerade states (or autoionisation viaungerade states) have to ontribute when alignment e�ets are observed.Two-entre interfereneA ompletely di�erent e�et expeted in sattering with homonulear diatomi moleulesis the interferene of outgoing partile waves emitted from the two indistinguishablesattering entres. This was predited for photoionisation by Cohen and Fano (1966)and observed in various experiments (Akoury et al. (2007); Rolles et al. (2005)). Inreent years, Stia et al. (2003) have derived a similar e�et for the fully di�erentialross setions of eletron impat ionisation using their moleular BBK method (seesetion 2.4). The resultant �ve-fold di�erential ross setion for a homoatomi moleuleA2 an be expressed in terms of the triply di�erential ross setion for the atom A:

∂(5)σA2 = 2 · [1 + cos ((~pe2 − ~q) · ~a)] · ∂(3)σA (2.18)where ~pe2 is the momentum of the emitted eletron, ~q the momentum transfer and ~athe vetor onneting the two nulei. Note that equation 2.18 and the following onesin this setion are written in atomi units (see appendix B.1) and onstants equal toone are omitted. The term [1 + cos ((~pe2 − ~q) · ~a)] is alled the interferene fator I. Itbeomes zero (destrutive interferene) for
(~pe2 − ~q) · ~a = π(2n + 1) (2.19)and 2 (onstrutive interferene) for
(~pe2 − ~q) · ~a = π · 2n (2.20)where the integer n represents the order of the interferene minimum or maximum,respetively. As the salar produt (~pe2 − ~q) · ~a beomes zero if the two vetors areorthogonal, a general enhanement of the ross setion for this geometry an be expeted.Due to the lak of �ve fold di�erential ross setions for eletron impat ionisation ofmoleules, equation 2.18 has not been on�rmed experimentally up to now, but hints ofthe two-entre interferenes have so far been seen in doubly and triply di�erential data in



30 2 Eletron impat ionisation of moleuleseletron (Chatterjee et al. (2008); Kamalou et al. (2005); Staiu Cassagrandeet al. (2008)) and ion-impat studies (Misra et al. (2009); Støhkel et al. (2005);Stolterfoht et al. (2001)).The best prove of this model would be the observation of at least �rst order destrutiveinterferene in the 5DCS. However, at the impat energy used in the present experiment,equation 2.19 an hardly be satis�ed, even for n = 1. This is related to the fat that theDe Broglie wave length espeially of the emitted eletron is typially too large in om-parison with the internulear distane to observe interferene under present onditions.To overome this one ould either use either faster eletrons (done e.g. by Chatter-jee et al. (2008)) or a di�erent moleule with larger internulear separation. Noble gasdimers are good andidates for this purpose. First hints for two-entre interferene ineletron impat ionisation of Ar2 were found by Pflüger (2008).Within the framework of their moleular BBK alulation Stia et al. (2003) alsoaveraged equation 2.18 over all alignments to get an expression for the 3DCS of moleularionisation:
∂(3)σA2 = 2 ·

[

1 +
sin (|~pe2 − ~q| · r)

|~pe2 − ~q| · r

]

· ∂(3)σA. (2.21)This formula was in reent years popular to explain experimental ross setions athigh impat energies, espeially for the omparison of H2 with helium (see StaiuCassagrande et al. (2008)). Therefore, we will also ompare 3DCS alulated usingequation 2.21 to our results for randomly aligned moleules.



31
3 The reation mirosopeThis hapter introdues the experimental set-up used for this work, whih is a reationmirosope espeially designed for eletron-atom ollisions at inident energies between
50 and 200 eV. The mahine is extensively desribed in Dürr (2006). Later, the iondetetor was enlarged to allow studying eletron-moleule ollisions where dissoiationis involved (see Haag (2006)). Here we will only desribe the parts of the set-up brie�yand point out hanges made during this work.Brie�y, we ollide eletrons (setion 3.1) with a moleular gas jet (setion 3.2). Re-leased harged partiles are projeted by the spetrometer (setion 3.3) onto two positionsensitive detetors (setion 3.4). We de�ne the z-axis of our laboratory frame in thediretion of the projetile beam. This orresponds the spetrometer axis. The detetorsare aligned parallel to the (x, y) plane, while the gas jet is propagating in −y diretion.The whole experiment is set up in a vauum hamber whih is pumped by several tur-bomoleular pumps. Additionally, a ryogeni pump is used in the entral spetrometerregion. In this way we an maintain a pressure of 1 × 10−8 mbar even when operatinga hydrogen gas jet.3.1 Eletron beamThe projetile eletron beam is reated from a tipped thermal athode whih an beset on an arbitrary potential relative to the ollision point, thus de�ning the eletrons'kineti energy at ollision. During this work 200 V were used. The athode is enlosedby a modulator eletrode, alled Wehnelt ylinder whih is ususally 20 V more negativethan the athode, preventing eletrons from passing through it. By adding positiveneedle pulses of 20 V to the Wehnelt ylinder we an reate bunhes of ≈ 104 eletronsat a repetition rate of up to 200 kHz. The length of these bunhes is approximately 1 ns(FWHM), judging from the eletroni pulses.Beause of its spae harge the eletron bunh will always grow in diameter as ittravels along the beam path. To ompensate this, a three element eletrostati lenssystem as shown in �gure 3.1 is used to fous the beam after leaving the athode.
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Figure 3.1: Shemati drawing of our eletron gun. All lenses, the athode and the Wehneltylinder an be set on arbitrary potentials. One of eah pair of de�etor plates isgrounded, while the other one is on adjustable potential.During this work the lens system was usually operated in deelerating mode, meaningthat the entral lens is on negative potential with respet to the athode (ompare�gure 3.1). De�etor plates in x and y diretions an be used for minor orretions ofthe horizontal and vertial beam position. Alignment of the beam is ruial for soundperformane of the whole experiment, sine the eletron bunhes have to travel througha 60 mm long and 4.6 mm wide tube in the ion detetor without hitting the wall, whihwould reate bakground eletrons. Then, a good overlap with the target gas mustbe ahieved. Finally, the unollided eletrons should go into a 5mm wide hole in theeletron detetor, beause they would reate bakground hits otherwise.To monitor the properties of the projetile beam at the interation point, a 40 mmdiameter mirohannel plate detetor (see setion 3.4.1) with an attahed phosphorsreen an be moved into the spetrometer by a linear manipulator. The plates amplifythe beam urrent, thus reating an image on the sreen even for sub-nA projetile beamsas typially used for the experiment. Through an optial viewport the image of the beaman be monitored using a amera. Within the resolution of the beam detetor the beamwas foussed to learly less than 0.5 mm diameter.3.2 Moleular targetHigh resolution momentum spetrometry of a moleular reation requires well-de�nedmomenta of the initial partiles. This is espeially ruial for the neutral target moleules,whose thermal momentum at room temperature may well be in the order of a few atomiunits, whih is omparable to the momentum they gain during an ionising ollision.An ideal gas an be ooled by adiabati expansion. Tehnially this is realised byletting gas initially at temperature Ti and pressure Pi expand through a small nozzle withdiameter d into a hamber with muh lower pressure Pb. For the present experiment,
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Figure 3.2: Creation of a supersoni gas jet by supersoni expansion through a small nozzleand two onsequent skimmer stages. An additional di�erential pumping stageseparates the main reation hamber from the jet system.the values were Pi = 5bar, Pb ≈ 2.6 × 10−3 mbar and d = 30 µm for a hydrogen gasjet. In the nozzle the partiles are aelerated and eventually exeed the loal speed ofsound, hene the name supersoni expansion. The volume where the supersoni �ow isrealised is alled the zone of silene, beause the gas annot sense downstream boundaryonditions. As a onsequene, the �nal pressure in the jet Pf beomes independentfrom the bakground pressure Pb. By introduing a small skimmer inside this area abeam an be formed in whih the supersoni �ow is prevented from ollapsing. In ourexperiment, a seond skimmer is further ollimating the beam and removing partileswith high transverse momentum (see �gure 3.2). An additional di�erential pumpingstage separates the jet system from the main experimental hamber. The ollimatedmoleular beam is guided through this main hamber into another di�erential pumpingstage. By this means the pressure in the experimental hamber is hardly disturbed bythe partiles from the gas jet. Tehnial details on the jet system used in this experimentan be found in Höhr (2004), p. 37.The properties of a supersoni jet an be derived from gas dynamis, but are subjet toseveral orretions in order to math with experimentally determined values. Therefore,we will only summarise the main results here.1 A harateristi property of the ooledjet is the terminal speed-ratio
S∞ =

vjet
vtherm (3.1)between the propagation speed of the jet vjet and the thermal veloity of the moleules

vtherm in the moving frame. It is mainly dependent upon the initial pressure, the nozzle1For a omprehensive overview see Miller (1988), a good reation-mirosope related summary isgiven by Langbrandtner (2007), pp. 46�55.



34 3 The reation mirosopediameter and properties of the gas. The notation S∞ is hosen to indiate that the ratiorepresents the situation long after the expansion. With the formulae given by Miller(1988), S∞ an be used to relate the initial temperature Ti with the �nal temperature
Tf,‖ in the expansion diretion of the jet:

Tf,‖ = Ti
γ

γ − 1

1

S∞
2 (3.2)Aording to Miller, the temperature and therefore the momentum distribution per-pendiular to the propagation diretion is always smaller than the longitudinal value.Hene the upper boundary for the momentum resolution will be governed by Tf,‖. Inequation 3.2 γ is the heat apaity ratio, whih in ideal gases is onstant and given by

γ = df +2/df , where df is the number of ative degrees of freedom. At room temperatureand below, vibrational ativation does not play a role in most of the small moleules,hene df = 5 and γ = 1.4 for small linear moleules suh as H2. Hydrogen has indeed aheat apaity ratio of 1.41 at 20 ◦C, but the value inreases with falling temperature.2We an determine an e�etive value for γ in our jet by measuring the jet's veloity vjetwhih is given by
vjet =

√

2kB
m

· γ

γ − 1
· Ti (3.3)where m is the mass of the individual moleule and kB is Boltzmann's onstant. Themeasurement will be disussed within the alibration setion 4.4.To estimate the �nal longitudinal temperature we use the room temperature value of

γ. With the experimentally determined speed ratio for H2 from table 1 inWinkelmann(1979) S∞ = 24, Tf,‖ = 1.76K is alulated for our jet parameters using equation 3.2.This leads to a three-dimensional momentum distribution width of 0.56 a.u.. However,the unertainty in these values might be very large, suh that we will ompare themto experimental values in setion 4.8.3. The density of the jet an also be alulatedfollowing these onsiderations as done e.g. by Ferger (2006). For a similar jet geom-etry (espeially the same diameter of the nozzle) as used here but helium gas and areservoir pressure P0 of 10 bar a partile density at the ollision point of 1 × 1018 1/m3was obtained.It has to be noted that in our jet the rotational degrees of freedom are hardly ooled.2At low pressure and low temperature hydrogen's heat apaity ratio atually approahes the theo-retial value for ideal monoatomi gases, 5/3. See Hilsenrath et al. (1960), table 6-6.
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Figure 3.3: Shemati drawing of the advaned reation mirosope for eletron-moleule ol-lision studies.Aording to �gure 3 in Winkelmann (1979) the �nal rotational temperature reahes
0.69 · Ti = 202 K. But this reates no ompliations for our experiment, beause we donot have the resolution to test rotational exitation during the ionisation proess, hene,the initial rotational state distribution has not to be known exatly. On the other hand,rotation an potentially destroy the information on the moleular alignment duringthe ollision. We will disuss this problem in detail in setion 4.8.3. Additionally, asvibrationally exited states are not playing any role even at room temperature (ompare�gure 2.4(b)) we do not have to are about vibrational ooling in the expansion.3.3 SpetrometerThe entrepiee of the reation mirosope is the spetrometer whih enompasses theollision point, where the eletron beam meets the gas target. A shemati drawingis given in �gure 3.3. The spetrometer images harged partiles onto the detetorsthrough homogeneous eletri and magneti �elds. During this work the eletri �eldwas usually in the order of 300 to 400 V/m and oriented in−z diretion while the magneti�eld was �xed to 10.7 × 10−4 T and oriented in +z diretion.Through the ombined �elds it is possible to map partiles leaving the ollision inany diretion onto two-dimensional detetors. Nevertheless, the three-dimensional mo-mentum information is retained, beause the partiles' time-of-�ight is measured alongwith their �nal (x, y) position. Two detetors are neessary, one for positively and one



36 3 The reation mirosopefor negatively harged partiles, sine the eletri �eld aelerates the harges into dif-ferent diretions. In our ase the only negative partiles are eletrons, hene we alltheir detetor eletron detetor while the detetor for positive fragments is alled iondetetor.After being aelerated in the spetrometer over the length la = 110 mm, the ele-trons �y through �eld-free spae alled the drift region. Its length is ld = 220 mm. Byful�lling the ondition ld = 2la the �nal time of �ight t is in �rst order independentfrom its initial position. In this way we an ompensate for the �nite extension of theoverlap between eletron beam and target gas. This e�et is alled time foussing.3 Forions with high kineti energies as in fragmentation reations, the e�et of the di�erentstarting point is marginal, therefore we have omitted their drift region. This also de-reases the time-of-�ight of the ions, making the data aquisition easier and allowing toperform the experiment at higher repetition rates. Additionally, the angular aeptaneis signi�antly improved by this measure (ompare setion 4.7). However, due to on-strution reasons the ion detetor is not diretly touhing the spetrometer, resulting ina e�etive drift length of 35 mm.3.4 Position sensitive detetorsFor this work, the experiment was equipped with two similar position sensitive detetors.The diameter of the ative region was 80 mm for of them, with a hole at the positionof the spetrometer axis. The detetors employ miro hannelplates (MCPs) to amplifythe signal reated by a single partile by means of an eletron asade. The position isthen determined using hexagonal delay-line anodes (hex anodes).3.4.1 Mirohannel platesAn MCP is an array of many mirosopi seondary eletron ampli�ers that are orientedparallel to eah other. These ampli�ers are hannels of ≈ 25 µm diameter in a 1.5 mmthik glass disk with eletrodes on its front and bak side. An inident partile hittingthe wall of a hannel will reate seondary eletrons. A voltage of 1 kV applied betweenthe eletrodes will lead to aeleration of the seondary eletrons towards the baksideand hene multipliation of the eletron loud (see �gure 3.4). The number of wallollisions is further enhaned by tilting the hannels by 8◦ with respet to the surfae's3Time foussing for both eletrons and ions in our reation mirosope was in detail studiedin Pflüger (2008), pp. 71�73.
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Figure 3.4: Working priniple of a miro hannel plate, from Pflüger (2008).normal vetor.4Usually, two MCPs are staked, giving rise to an ampli�ation of up to 1 × 108 whenoperated at a voltage of 2 kV over the total stak.5 The ampli�ation invokes a drop inthe MCP voltage that an be oupled out via a apaitor. The resulting signal has awidth of a few ns and is used to measure the time-of-�ight of partiles.A problem arises at our eletron detetor, beause feedbak ions that are reatedinside the hannels and will onsequently be aelerated towards the ion detetor andreate an inidene there. The time-of-�ight of these feedbak ions was in the sameorder of magnitude as the time-of-�ights of the ions we wanted to measure. To reduethe amount of ions aelerated out of the eletron detetor we staked a third MCP infront of the two existing one, with the third MCP having a smaller resistane betweenfront and bak side, so its applied voltage was lower than the other MCPs' resulting insmall ampli�ation in the �rst plate and hene a lower probability of ion generation.In order to ahieve a good detetion e�ieny the inident partiles are aeleratedto an appropriate energy before hitting the front side of the MCP. This is ahievedby plaing a grid ≈ 5 mm away from the plate's surfae. In this way, we an apply ahomogeneous and strong eletri �eld between grid and MCP without disturbing theother �elds in the experiment. Eletrons are aelerated to 200 eV and ions to at least
2.5 keV. The detetion e�ieny for both kind of partiles is under this onditions better4Reviews on MCP detetors and their performane are found in Fraser (2001); Wiza (1979).5See for example Suzuki and Konno (1993) on the gain harateristis of MCPs.
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Figure 3.5: Working priniple of a delay-line anode. t1 and t2 are the signal propagation timesof the eletron loud to either end of the wire. The di�erene is proportional tothe position along the x oordinate. For two-dimensional information at least twolayers are neessary.than 50 %.63.4.2 Hexagonal delay-line anodeA delay-line anode is basially a long wire wound around a �at insulator7 as shown in�gure 3.5 and generally introdued by Lampton et al. (1987). It is usually on 200 Vpositive potential with respet to the bak side of the hannel plates. An eletron loudoming from the MCP stak will then be aelerated towards the delay-line and depositharge on the wire. This harge will travel as a signal in both diretions. The di�erenebetween the arrival times at the ends t1 and t2 is proportional to the position along the
x oordinate perpendiular to the diretion of the wires:

x =
v⊥
2

· (t1 − t2) (3.4)where v⊥ is the e�etive propagation speed of the signal in the diretion of x. It is givenby v⊥ = c ·∆x/lw where ∆x is the oordinate distane between two windings of the wire,
lw the irumferene of one winding and c the speed of light. In our analysis proess,
v⊥ is not used but alulated indiretly by normalising the range of oordinates to thephysial size of the detetors.The arrival times of the signals are measured using onstant fration disriminators(CFDs). With these we an determine the entral time of the signal independent from6For eletron detetion e�ieny see Fraser (1983), for ions Krems et al. (2005); Straub et al.(1999).7Sometimes, for example in Keller et al. (1987) delay line read out anode also desribes a detetoronsisting of stripe anodes that are onneted with eah other via delay ables.



3.4 Position sensitive detetors 39

(a) (b)Figure 3.6: Design of the hexagonal anodes used as (a) eletron detetor, (b) ion detetor.The grey disks represent the areas overed by the MCPs and, hene, the ativedetetion regions.its amplitude, whih is varying largely from event to event. Therefore, we inherentlydetermine the entroid of the eletron loud, whih is so large that it hits several windingsof the delay-line wire at one. Consequently, the position resolution δx is not limitedby the spaing of the individual windings but more by the timing eletronis. We anahieve up to δx = 0.5 mm.Several layers of delay-lines an be staked, as a part of the eletron loud will alwayspass the wire. By areful adjustment of the voltages on the layers equal signal strengthan be ahieved (see Sobottka andWilliams (1988)). However, we keep eah layer onthe same potential. This will redue the amplitude of the signals by up to one half, butthey are still su�iently high. At least two layers are neessary to get two-dimensionalinformation. In this work there were two reasons, why we had to implement three-layerof delay-lines. First, to inreases the multi-hit apability for the eletron detetor andseond, the need of a entral hole in the ion detetor. Their general designs are shownin �gure 3.6. Beause of the overall shape the term hexagonal delay-line anode or hexanode is used.The multi-hit apability of a standard, two-layer delay-line detetor has been analysedby Ali et al. (1999). However, with the eletroni equipment that we use a dead area ofabout 25 % of the detetor surfae for a seond inidene 10 ns after a �rst hit remains(see Jagutzki et al. (2002), �gure 4 (a)). As we always have to detet two eletrons



40 3 The reation mirosopeand di�erenes down to 10 ns in the arrival times are possible, we use a hex anode,where the redundant information from three layers restrits the multi-hit dead area to aspot in the entre of the detetor where we do not detet partiles any how, beause ofthe hole in the MCPs (ompare �gure 3.6(a)). A two-layer delay-line anode ould alsobe used e�iently for multiple hits if the onstant fration disriminators with a deadtime of 30 ns were replaed by Flash-ADCs that aquire the omplete shape of signals.These an later be �tted with line shapes to �nd the proper times. Da Costa et al.(2005) have shown that dead times as small as 1.5 ns an be ahieved. Appliation ofthis method in reation mirosope measurements was disussed by Kurka (2007).The hannel plates of the eletron detetor have a entral hole, suh that the unsat-tered projetiles an pass through without hitting and, thus, saturating it. The beameletrons an be dumped on the delay-line, beause their number is a few orders of mag-nitudes smaller than a there are eletrons in a harge loud from the MCPs. Therefore,they do not indue position signals. However, the ion detetor needs a hole in boththe MCPs and the delay-line struture through whih the projetiles oming from theeletron gun an pass. To realise a hole in a delay-line anode, eah layer has to ontaina gap. This diretly results in two layers not being su�ient to over the whole ativeregion of the hannel plates. As shown in �gure 3.6(b) a hex anode an overome thisproblem, beause gaps in the layers are always overed by the other two layers exeptfrom the entral hole, whih is intended.3.5 Data aquisitionThe onstant fration disriminators used to determine the delay-line and MCP signals'entre produe standardised NIM-signals whih an be used to reord the time infor-mation with a time-to-digital onverter (TDC). The TDC is ontrolled by a VME bussystem whih sends the data to a PC via the MBS stream server. In total we need toproess 15 time informations: six for eah hex anode, one for eah MCP and anotherone for the eletron gun pulser. Therefore, we use a 16 hannel Caen V1290 N multihit-TDC, whih has a time resolution of 100 ps8 and a maximum measurement period of
52 µs. It is able to reord multiple hits with a dead time of 5 ns. The TDC is operatedin trigger mathing mode, meaning that the times of all ourrenes are reorded bak-wards in time with respet to a trigger. The true (positive) times are determined bysubtrating the pulser signal from any detetor signal.8Indeed, the bin size is 25 ps, but this resolution an only be ahieved by sinere alibration, see Caen(2006).
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Figure 3.7: Sheme of our data aquisition system.In order to use the data aquisition system more e�iently we do not reord everyevent registered by the detetors, but apply some oinidene onditions on the ele-tronis side beforehands. First of all, only eletron MCP signals are standardised by theCFD that arrive no more than a few 500 ns after a pulse of the gun. When an eletronMCP signal is registered the projetiles are bloked for the time when ions are expetedto avoid false oinidenes between onseutive pulses. Is there indeed an ion in the de-sired time window, a valid oinidene is reeived and the VME ontroller is triggeredto read out the TDC. A sketh of the eletronis system is shown in �gure 3.7. TheMBS stream server is a software whih runs on the VME ontroller and writes the datainto a listmode �le on a remote omputer over a network onnetion. In our experiment,we have a dediated omputer whih forms a private network with the VME ontroller,leaving the data aquisition system independent from any external networking devies.The MBS system an also diretly stream the aquired data to the go4 analysis system(see setion 4.1) for on-line monitoring of the data.
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4 Data analysisIn this hapter we desribe the proedures applied to analyse the experimental datawhih were signi�antly extended with respet to previous works. Large parts of thepresented methods are performed automatially by the analysis program whih will beintrodued in setion 4.1: First of all, the raw data oming from the detetors has tobe onverted into real position information (setion 4.2). Then, momentum informationan be retrieved (setion 4.3), whih has to be alibrated arefully (setion 4.4). Thealulate momenta allow to obtain fully di�erential ross setions (setion 4.5) and themoleular orientation (setion 4.6). Additionally, the performane of the experimentalset-up is disussed, namely its aeptane (setion 4.7) and resolution (setion 4.8).Here, the unertainty one is introdued, a measure to quantify the preision in obtainingmoleular alignment.4.1 Automated data proessingWith a reation mirosope, fully di�erential ross setions annot be measured diretly,beause the experiment itself does not disriminate the �nal partiles' angles and en-ergies. Thus, o�ine data proessing plays an important role. Beause of the sheeramount of data (several 100 million TDC events for this work) manual analysis is notfeasible. Hene, a ustom-built omputer program is used. The requirements for suh aprogram are manifold: It should basially alulate the deteted partiles' momenta andselet good oinidenes automatially while still allowing easy adjustment of parame-ters. Additionally, it is favourable to have one program apable of analysing di�erentexperiments without a large programming e�ort for any single set-up. These irum-stanes led to the development of the general analysis ode for reation mirosopesGENERiC during this work.The system, whih we will desribe brie�y here, is based on two main foundations:The Root framework (see Brun and Rademakers (1997)) developed at CERN whihprovides a large set of C++ lasses useful for developing data analysis software and theGSI on-line/o�ine objet-oriented framework go4 (see Adamzewski et al. (2004)).
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Figure 4.1: Flow hart of the analysis steps inorporated in the GENERiC program.The latter extends the Root lasses and, additionally, provides a graphial user interfaewhere programs designed with Root and go4 an be used for on-line data monitoringduring the experiment as well as for the analysis afterwards.The GENERiC analysis program is separated into three steps that an be operatedindividually or together. Therefore, distint interfae objets are de�ned between theindividual parts. These an be streamed into the next step or saved into a �le, whihan later at as input for the onseutive ation. The shemati overview of the steps inGENERiC is shown in �gure 4.1. We start with the lass MbsEvent whih provides TDCraw data either diretly from the MBS stream server or from a list mode �le. In the

Unpack step these raw data is interpreted and transformed into orret position and time-of-�ight information whih are saved into the UnpackEvent objet. The methods usedare desribed in setion 4.2. The following Analysis step works with triple oinidenesbetween an ion and two eletrons only. Here, position and time-of-�ight information areonverted into momenta with the routines being disussed in setion 4.3. The resultsare saved as three dimensional vetors for eah partile in AnalysisEvent. The Analysisstep additionally features histograms useful for the alibration of the momenta (see se-tion 4.4). In the �nal Fdcs step fully di�erential ross setions are produed. Hereby theombination of measurements with di�erent spetrometer settings is implemented. Thisoveromes the aeptane limitations for eletrons that will be disussed in setion 4.7.GENERiC also failitates the following features:
• In the Analysis and Fdcs steps, speial modules that an be ativated on demanddeal with dissoiating moleular ions and the generation of ross setions in themoleular frame.
• Classes for easy handling of vetor operations in two and three dimensions.
• Use of two additional detetor types not disussed in this work, namely the two-wire delay-line and the wedge and strip anode.
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• A range of parameters and �lter onditions that an be hanged inside the graph-ial interfae or through maro �les linked with data sets.
• Con�guration �les to adjust internal settings of the program easily without hang-ing the program ode and the need to re-ompile it.
• An interfae to export a seletion of histograms from any step automatially.Speial exports sripts e.g. to reate images omparing ross setions for di�erentmoleular alignments diretly an be used in addition.During the development of GENERiC two software tools were introdued to simplifythe implementation of task-spei� extensions and to enourage the ollaboration be-tween di�erent groups in improving the general ode. First, the program is stored ina entral repository using the Subversion1 program to keep trak of hanges and todistribute them to the other users. Additionally, Doxygen2 is used to reate lear do-umentation of GENERiC's soure ode, hene making it easier to improve and extendit.4.2 Reading events from the detetorsA delay-line detetor (ompare setion 3.4.2) produes time signals whih have to beonverted into position information. This is espeially hallenging for a hexagonal delay-line detetor with entral hole. Beforehand, the validity of the signals has to be hekedand eletronially lost hits an be reonstruted.4.2.1 Identifying true events and reonstrutionA omplete set of time and position information for a single hit ontains at least oneMCP signal and two pairs of signals from the hex anode. But espeially the delay-linesare prone to false signals. Additionally � most notably for seondary hits � signals mightget lost due to the dead time of the onstant fration disriminators. Therefore, validinformation has to be �ltered out and lost hits should be reonstruted where possible.The simplest hek for information validity on a delay-line is done using the time-sum

tsum whih is de�ned as
tsum := t1 + t2 − 2 · tM (4.1)1Subversion is a state-of-the-art version ontrol system, see Collins-Sussman et al. (2004, 2009)2Doxygen automatially reates doumentation �les in several output formats needing only the originalsoure ode and ode-related omments as an input, see van Heesh (2009)
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4.2 Reading events from the detetors 472. On the eletron detetor, delay-line signals of several hits may reah the TDC in adi�erent order than the MCP signal and hene the partiles. This is beause thepropagation time over a omplete delay-line wire is 120 ns and hene larger thanthe time-of-�ight di�erene for many events.Both problems an be addressed by permuting over all reorded hits at the two TDChannels reording the times t1 and t2 of a single delay-line and heking the time-sumondition for eah permutation. If the ondition is ful�lled, the orret signals will beswapped with false ones.Due to the dead time of the onstant fration disriminators it is also possible thata seond hit position signal is only obtained on one end of the delay-line wire. Using apreset value for the time-sum tsum and equation 4.1 we an reonstrut a missing time
t1 by

t1 = tsum − t2 + 2 · tM . (4.2)On the other hand, it an also happen that times are reorded at both ends of thedelay-line, but the MCP signal is missing. This an be reonstruted by:
tM = 1/2 (t1 + t2 − tsum) . (4.3)In total, the number of valid triple oinidenes between a proton and one fast as wellas one slow eletron is inreased by a fator of three by the ombination of the di�erentreonstrution methods. But �nally there are ases, where one delay-line layer annotresolve a seond hit. This happens when both the time di�erene and the oordinatedi�erene are smaller than the onstant fration disriminator dead-times allow. Inthis ase only the other two layers are used. We therefore alulate the �nal positionoordinates x and y from all three layers of the hex anodes, whih is disussed in thefollowing setion. The �nal result is shown in �gure 4.2(b), where the di�erene inthe �nal oordinate y is plotted against the time-of-�ight di�erene of two hits and theut-o� features from �gure 4.2(a) dissapear.4.2.2 Position alulationIn the ideal ase, a hex anode detetor delivers three oordinates for the planar position

(x, y) of an inidene. We label these with u, v and w. The arrangement of the oordi-nates is shown in �gure 4.3. We an determine the x and y position for any ombination
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Figure 4.3: Arrangement of the planar oordinates on a hex anode
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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)

(4.4)
where (xuv, yuv) stands for the Cartesian two-dimensional information obtained from uand v and, respetively, for the other ombinations. One has to take are that the timedi�erene for eah layer is taken orretly, so that the orientations of the u, v and woordinates math those in �gure 4.3.In order to ombine the position information from equation 4.4 to get the �nal (x, y)oordinates the images alulated from any ombination of layers must overlap spatially.



4.2 Reading events from the detetors 49This is ahieved by saling the u, v and w values with sale fators fu, fv and fw.Additionally, an o�set ow has to be introdued for one layer. This extends equation 3.4to the following set of expressions for the alulation of the oordinates:
u = v⊥/2 · fu · (tu1 − tu2)

v = v⊥/2 · fv · (tv1 − tv2)

w = v⊥/2 · fw · (tw2 − tw2) + ow

(4.5)where tu1 and tu2 are the propagation times of the signal from either side of the the ulayer and for the other layers respetively. The sale fators and o�set an be determinedby plotting an x or y value alulated by one ombination of layers against its di�ereneto the value of another ombination, for example yuv against yuv − yuw as shown in�gure 4.4. The di�erene should be 0 and independent from the individual oordinatevalue, i.e. the plot should show a vertial distribution.In this work we have introdued a new method to determine the best sale fators fu,
fv and fw. It was suggested by Czash (2005): For eah event the set of sale fatorsis determined where the mathing between the oordinate sets is best. These per-eventoptimal sale fators are plotted in a histogram where the general fators are determinedby taking the mean values of all ounts. This method proved to deliver exellent overlapof the di�erent layers while saving a lot of manual work.Hex anode without holeOn the eletron detetor the omplete ative area of the MCP is overed by all threedelay-line layers (see �gure 3.6(a)). Therefore we an use three two-dimensional positioninformation for most hits. In this ase we determine the �nal (x, y) point by averagingthe individual points, but only if their mutual distanes are smaller than a maximum,usually 0.5 mm. So we introdue another measure to remove unreasonable information.Hex anode with holeThe entral hole in the ion detetor and the resulting gap in eah delay-line layer in-reases the omplexity in �nding the position information. First of all, the positionon eah layer is no longer linearly related to the di�erene of the signal propagationtime. Therefore, equation 3.4 has to be extended to shift the oordinates up or down,depending on the side of the gap the hit was ourring as visualised in �gure 4.5: Theraw position signals as obtained from equation 3.4 are distributed symmetrially around
0 between −umax = −d+h/2 and umax = d−h/2 where d is the total width of the delay-line
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(a)
(b)
()Figure 4.5: Reonstrution of the hole in the distribution of position signals: (a) design of ahole-ontaining delay-line layer, (b) sample distribution of raw signals before and() after insertion of the hole.layer and h the width of the hole. The hole itself is not neessarily entred exatly, i.e.it is loated at position uhole whih is given by either −d+h/2 + l or d−h/2− r where l and

r are the distanes from the hole to the left and right edge of the detetor, respetively.The new oordinate u′ an then be alulated as
u′ =

{

u− h/2 ; u < uhole

u+ h/2 ; u > uhole
. (4.6)After the insertion of the gaps in all layers from the geometrially known widths,we an alulate the respetive positions from eah ombination of two layers usingequation 4.4. The resulting position images are shown in �gure 4.6(a) to (). One ansee the broad stripes where one of the two ontributing layers has its gap. Apart fromthat eah piture features two small and two large �wedges� where position is obtained.We use only the large wedges for further analysis, beause the majority of points is atleast overed by one of the large wedges. Furthermore, there is only a very small usablearea in the small wedges, beause we have to remove additional 3 mm of the ative areaat the edges of the holes, where an inreased ount rate is registered whih an only
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Figure 4.7: Spherial and ylindrial oordinate systems used for the deteted partiles' mo-menta. See �gure 3.3 for the orientation of the oordinate system with respet titge spetrometer and beam diretions.be ontributed to false position information. Possibly, eletron louds falling with theirentroid into the gap of the layer also indue a signal on the edge of the delay-line andare hene interpreted to be loated outside the gap.The position information from the large wedges of the three ombinations of positionoordinates are then merged into a single piture. Again, we average between di�erentpoints were appliable. However, not more then two oordinate sets are available at anypoint in this ase. As one an see in �gure 4.6(d), the positions obtained from di�erentombinations of layers annot be merged perfetly, resulting in some dead regions anda dereased spatial resolution of approximately 1 mm.4.3 Momentum alulationThe key step in analysing the experimental results is the reonstrution of the initialvetor momentum ~p from a partile's time-of-�ight t and its inident position on thedetetor (x, y), whih is often expressed in the polar oordinates (r, ϑ). In this work wedesribe the general way of momentum reonstrution for all kinds of partiles. Earlierworks suh as Dürr (2006) usually distinguish between eletrons and ions while espe-ially using approximations for the latter, whih are justi�ed by their high mass andsmall momentum gain from the ollision. However, as we measure protons that gain asigni�ant momentum from the dissoiation of H2
+ these approximations are no longeronsidered to be good enough. Additionally, the omputational e�ort related to the gen-eral methods is not dramatially di�erent from that of the approximate reonstrutionformulae formerly used for ions and we pro�t from the simpli�ation of having only one



4.3 Momentum alulation 53algorithm for both speies.The reonstruted three-dimensional momenta will be represented in the spherialoordinates visualised in �gure 4.7. Here |~p| ≡ p is the length of the momentum vetor
~p. Individual partiles will be identi�ed by subsript indies, e.g. ~p0 for the projetile'smomentum. The polar angle θ is measured with respet to the z axis (whih is thediretion of the projetile beam), while the azimuthal angle φ is the angle towards the
x axis of the vetor's projetion on the (x, y) plane normal to ~p0. The spetrometerand detetion set-up (see �gure 3.3) implies ylindrial symmetry. Therefore, we willalso use the longitudinal momentum omponent pz and the radial omponent pr of theprojetion to the (x, y) plane.Due to the alignment of both the eletri and the magneti �eld along the z-axis, themotion of the partile and, hene, the momentum reonstrution an be separated intotwo independent problems: The longitudinal movement (in z-diretion) is governed by aonstant aeleration inside the spetrometer and a onstant motion in the drift region,whereas the transverse motion (parallel to the (x, y)-plane) is a�eted by the magneti�eld, but not by the aelerating eletri �eld.4.3.1 Longitudinal momentumThe motion of the harged partiles along the z-axis of the spetrometer is only deter-mined by the eletri �eld. The time-of-�ight of a partile with mass m, harge q andan initial longitudinal momentum omponent pz aelerated by an eletri potential Uapplied over the distane la and onsequently moving at onstant veloity over ld isgiven by:

t(pz) = m ·
(

2la
√

pz2 + 2mqU ± pz
+

ld
√

pz2 + 2mqU

) (4.7)Hereby the �+� sign in front of the momentum in the �rst denominator is used whenthe partile is aelerated in +z diretion and �−� otherwise. Equation 4.7 an be de-rived from Newton's equation of motion for a harged partile in a homogeneous eletri�eld (see Fisher (2000), p. 46). Note that U is the potential di�erene experienedby the partile along its path
U =

∫ za

0
−Edz = −E · za (4.8)
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is the strength of the eletri �eld, za is the z-oordinate of the partile atits exit from the spetrometer region and the interation point is loated at the origin ofthe oordinate system. Therefore, za = la for eletrons and −la for ions. Consequently,the produt qU is positive for either eletrons or ions. |U | is sometimes also referred toas spetrometer voltage.As there is no analyti inverse funtion to equation 4.7 one has to use a numerialway to �nd the initial longitudinal momentum pz for a measured time-of-�ight t. Wedo this by �nding a root of the funtion f(pz) = R(pz) − t using Newton's methodwhere R(pz) is the right hand side of equation 4.7. Numerial details of this tehniqueand its implementation an be found in appendix A. We an summarise here that thealgorithm always onverges quikly to the right value of pz, mainly beause f(pz) isstritly monotoni over the momentum range of interest.A major prerequisite of �nding the orret momentum with this method is to havethe absolute time-of-�ight t, i.e. the time from the ollision to the detetor. Instead, wemeasure the time ttotal between the last eletron pulse and the inidene on the detetor.Hene we need to know the moment t0 of the ollision relative to the pulse. Then thenet time-of-�ight is obtained by t = ttotal − t0. We determine t0 by exploiting a speialfeature of the eletron trajetories: As they start their motion on the spetrometer axisthey will always return to it after a full ylotron period Tc = 2π/ωc. I.e. all eletrons
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Figure 4.9: Projetion of a ylotron trajetory on the detetor plane and illustration of thereonstrution of transverse momentum pr and its in-planar angle φ. In thisexample the irular motion is anti-lokwise, whih holds for eletrons in ourexperiment.whose time-of-�ight equals an integral multiple of Tc hit the detetor on the z-axis. Thisan be visualised by plotting the radius r against the time-of-�ight, where nodes appearat these distint times t (�gure 4.8). The di�erene between two nodes is Tc and anbe measured from this image with a preision of 0.1 ns. With a rough estimate of thetime-of-�ight of the fastest eletrons hitting the detetor and extrapolation of the nodeposition bakwards in time we are able to determine t0 with a preision of about 0.1 ns.4.3.2 Transverse momentumThe movement transverse to the z-axis is governed by the magneti �eld Bz, whihinvokes a yli trajetory with the angular frequeny
ωc =

|q|Bz
m

. (4.9)Again, q is the harge and m the mass of the partile. As mentioned above, ωc anbe determined easily from the distribution of the eletron's inidene radius r vs. theirtime-of-�ight. The radius of the ylotron motion Rc is linearly linked with the initialmomentum pr :=
√

px2 + py2

Rc =
pr

ωc ·m
. (4.10)

Rc annot be measured diretly as we do not know the position of the axis of theylotron trajetory (see �gure 4.9). Instead we an determine the angle α that thepartile has passed on the irle, sine it is given by α = ωc · t. With this we alulate



56 4 Data analysisthe ylotron radius using simple geometrial onsiderations as
Rc =

r

2 |sin(α/2)| (4.11)and �nally the transverse momentum as
pr =

ωc ·m · r
2 |sin(ωct/2)|

. (4.12)Sine we want to use this formula for all kind of partiles we have to hek its behaviourfor small values of the ylotron frequeny ωc, i.e. for large masses or small magneti�elds. Using l'H�pital's rule3 we �nd:
lim
ωc→0

pr =
r ·m
t

(4.13)This is the linear dependene of pr on the position radius r divided by the time-of-�ightused in earlier works to alulate the transverse momentum of ions.The angle of the initial momentum in the transverse plane φ := arctan(px/py) analso be alulated using the geometri information from �gure 4.9
φ = ϑ± ωct (mod 2π)

2
(4.14)where ϑ is the polar angle on the detetor plane. The �+�-sign is used when the partiletakes the ylotron trajetory lokwise, whih in our set-up is ful�lled for positivefragments. Aordingly, negative partiles move anti-lokwise and the �−�-sign is usedto alulate of φ. Obviously, φ = ϑ for vanishing ωc.

4.4 Momentum alibrationThe preision in momentum spetrosopy depends ritially on the knowledge of theapplied �elds. Additionally, we an use speial features of the experimental set-up andthe physis observed to re�ne the momentum reonstrution and, hene, to improve thepreision. Besides, the amount of bakground events an be redued.
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 160  170  180  190  200Figure 4.10: Total momentum p of protons plotted against the energy sum of the two eletronsreorded after dissoiative ionisation of H2 with 200 eV eletrons.4.4.1 Calibration for eletronsTo alibrate the eletrons we use energy onservation. The kineti energy of the proje-tile E0 must equal the sum of all �nal state kineti energies and the hange in internalenergy Q, whih inludes the ionisation potential and exitation energies. Denotingthe ion's kineti energy with EI , the sattered projetile's with E1 and the seondaryeletron's with E2 we an write
E0 = EI + Ee1 + Ee2 +Q. (4.15)Beause of the muh higher mass of the ion we an usually neglet the term EI . Forthe ions reorded here, it is typially less than 0.5 eV and, hene, smaller than theunertainties in the eletron energies. We prove this by plotting Ee1 + Ee2 against pI ,where only a slight dependene is visible (see �gure 4.10). Considering the eletrons'energy sum Esum := Ee1 + Ee2 we get the expression
Esum = E0 −Q. (4.16)While E0 is �xed for all events, Q depends on the possible reation hannels whih shouldtherefore beome evident in the energy sum. As one an see in �gure 4.10, only onedisrete peak in the energy sum orresponding to Q = 18 eV is observed in dissoiativeionisation of H2. For alibration purposes we additionally use the energy sum for single3L'H�pital's rule helps to evaluate limits involving indeterminate forms using derivatives. See forexample Rudin (1976), p. 109.



58 4 Data analysisionisation of helium atoms. measured with the same experimental settings as hydrogen.4Helium single ionisation features two well-distinguishable dominant reation hannels:Ionisation into the ground state of He+ with Q1 = 24.6 eV and ionisation into the �rstexited state He+(n = 2) with Q2 = 65.5 eV. With the help of these two values wealibrate our momentum alulation. Sine the energy sum orresponding to one Q-value has to be independent of the individual omponents of both eletrons' momenta,this provides another onstraint on the alibration parameters. For details see Dürr(2006).4.4.2 Calibration for ionsTo alibrate the ioni momenta we use non-dissoiative ionisation of H2 where we anmeasure all �nal state partiles. For this situation, momentum onservation yields
~pI = ~p0 − ~pe1 − ~pe2 (4.17)where ~pI is the momentum of the ion, ~p0 of the projetile, and ~pe1 and ~pe2 the momentaof the �rst and seond �nal state eletrons, respetively. With the eletrons being wellalibrated we an adjust the alulation for the ions to ful�l momentum onservation5.To ahieve this we apply a sale fator to ompensate for �eld inhomogeneities and lengthinauraies. For the transverse omponents we also have to use the shift parameters

x0, y0 and vjet. Here, x0 and y0 ompensate any o�set of the ollision point with respetto the origin of the oordinate system. They are subtrated from the measured valuesof the ion's (x, y) oordinates before equation 4.12 is used to alulate the momentum.However, the momentum distribution for the ions will still be strongly shifted intothe −y diretion. This orresponds to the direted veloity of the supersoni gas jet,whih is onstant during the measurement, beause the initial onditions Pi and Ti (seesetion 3.2) were not hanged. Therefore, we shift the alulated ion momenta in the ydiretion by −vjet ·m where m is the ion's mass.The jet veloity vjet an be obtained during the measurement when more than oneion speies is deteted, whih in our ase were H2
+ ions and protons. Negleting the4The reation mirosope itself has been used extensively to study single ionisation of helium, wheregood agreement with state-of-the-art alulations was found. See for example Dorn et al. (2007);Dürr (2006); Dürr et al. (2006a,b).5The momentum onservation is heked graphially by plotting the sum of the eletron against theion momentum, see Dürr (2006) for examples.
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Figure 4.11: Vertial position for di�erent types of ions against their time-of-�ight. This datawas taken at a spetrometer �eld E3 = 423 V/m. The line whose slope is used todetermine the jet veloity is indiated.
magneti �eld, we re-write equation 4.13 for the y oordinate:

py =
y ·m
t

(4.18)where py = −m · vjet + pyollision. If the ollisional momentum pyollision is 0 we get
vjet = −y

t
. (4.19)The vertial oordinate y thus depends linearly on t, with −vjet being the slope. Sinethe time-of-�ight is a funtion of the ions' mass-to-harge ratio we should be able todetermine this slope by plotting y against t for di�erent ion speies whih is done in�gure 4.11. The events for both types of ions are indiated. From the entres of the twodistributions we an obtain the jet veloity as

vjet = −
rH2

+ − rH+

yH2
+ − yH+

= 2940 m/s = 1.34 × 10−3 a.u. (4.20)Using equation 3.3 we an also estimate an e�etive value for the heat apaity ratio



60 4 Data analysisduring the expansion of the hydrogen gas
γe� =

1

1 − 2kBT0

m·vjet2 = 1.39. (4.21)The (FWHM) error of determining vjet has to be aounted to at least 500 m/s, owing tothe unertainty of �nding the entre of the distributions in �gure 4.11. This leads to anerror for γ of 0.19, allowing at least the onlusion that the e�etive heat apaity ratiois loser to the room temperature value at atmospheri pressure than to the vauumvalue at very low temperatures. Hene, the estimations made in setion 3.2 for thetranslational temperature of the jet are justi�ed.4.5 Obtaining fully di�erential ross setionsThe obtained momentum omponents pz, pr and φ are stored in a three-dimensionalvetor objet for eah partile. In this way they an easily be aessed and representedin any desired oordinate system (ompare �gure 4.7). At this stage of the analysis allmomenta are referened to the laboratory frame, where the momentum vetors of thesattered projetile will be symmetri with respet to the φ angle beause there is nopreferred diretion in the (x, y) plane. Therefore, we an rotate the momenta of eahevent around the z axis suh that the azimuth of the �rst eletron, onsidered to be theprojetile, φe1 always beomes 180◦. In this way the sattered projetile as well as themomentum transfer ~q are loated in the (x, z) plane whih we all the sattering plane.The resulting geometry is depited in �gure 2.1.Leaving the moleule aside for the moment the eletron kinematis is still dependenton a number of parameters: The energy of one eletron, whih through energy onser-vation also de�nes the other's, the polar angle of the �rst eletron θe1, whih is alsoalled sattering angle as well as the two angular oordinates of the seond eletron θe2and φe2. In fully di�erential ross setions, the distribution of the latter two angles isusually shown for preset values of energy and sattering angle.Apart from the angular distributions over the full solid angle one-dimensional plotsin ertain planes as shown in �gure 4.12 will also be produed. For this purpose wede�ne a out-of-plane angle α, whih desribes the derivation of the momentum vetorfrom the plane of interest (see �gure 4.13). For the ross setion plots we only use thoseseond eletron events where |α| does not exeed a ertain limit, usually 15◦.
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Figure 4.12: Spei� planes in ollision studies.

Figure 4.13: Out-of-plane angle α with respet to the (x, z) plane.
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Figure 4.14: De�nition of the apex angle ̟ of the onial solid angle around a designatedalignment ~a.
4.6 Obtaining moleular alignmentThe measured momenta ~pI of protons emerging from H2

+ onsists of two ontributions:the ollisional reoil ~pre and the momentum gained from dissoiation ~pdiss. Only thelatter ontains the information on the alignment of the moleular axis. But throughmomentum onservation we an alulate ~pre using the eletrons and, hene, the disso-iative momentum an be obtained by
~pdiss = ~pI − ~pre = ~pI −

mH
mH2

(~q − ~pe2) . (4.22)Here mH and mH2 are the masses of the hydrogen atom and moleule, respetively,and ~q = ~p0 − ~pe1 is the momentum transfer. Consequently, ~q − ~pe2 is the momentumtransferred to the ioni system. In the dissoiative ase it is shared between the protonand the neutral fragment, so we have to introdue the mass ratio mH/mH2
= 1/2 intoequation 4.22 to get the orret dissoiative momentum of the proton.As desribed in setion 2.5.2, the dissoiative momentum vetor enables diret aessto the alignment of the moleular axis whih is de�ned by the two angles φM and

θM (ompare �gure 2.1). We will usually show the fully di�erential eletron impationisation ross setions for a �xed moleular alignment. Hereby we will use all eventswhere the proton was emitted inside a one around the diretion de�ned by φM and
θM . The apex angle ̟ of this one as de�ned in �gure 4.14 sets the preision of thedetermination of moleular alignment.



4.7 Aeptane 634.7 AeptaneGenerally, the aeptane of the reation mirosope is given by the ranges of solidangle and energy that an be deteted. It an be derived from the strength of both theeletri and magneti �eld as well as from the size of the detetors. Beause of the largedi�erenes in mass and energy we have to disuss the details separately for eletronsand ions.4.7.1 Aeptane for eletronsIn longitudinal diretion, i.e. along the z axis only eletrons that have a large bakwardmomentum annot be measured. If the momentum omponent pze is negative enoughto overome the voltage on the ion side of the spetrometer they are not aeleratedtowards the eletron detetor. Eletrons with a high momentum in forward diretion,however, will always reah the detetor. Hene, all eletrons with pze > −
√

2eU/me aredeteted. At the lowest used spetrometer voltage, U = 32 V all eletrons with pze largerthan −1.53 a.u. are reorded.The aeptane for the transverse eletron momentum omponents is governed bytheir trajetories and the diameter of the detetor (80 mm) and the learane of thespetrometer (70 mm). As the detetor is irular, but the spetrometer only limitsthe trajetories in y diretion, the aeptane depends on the azimuthal angle φ ofthe momentum in the transverse plane if the ylotron radius R is between 17.5 and
20 mm. For simpliity, we exlude trajetories in this range and, hene, have an e�etivemaximum radius Rmax = 17.5 mm. Below this value, the aeptane is independent on
φ. The minimal radius is given by the hole in the detetor and amounts Rmin = 2.5 mm.The maximal (minimal) value for the transverse momentum an be alulated usingequation 4.10:

prmax(min) = Rmax(min) · e ·B (4.23)With our magneti �eld of 10.7 × 10−4 T we get prmax = 1.5 a.u. and prmin = 0.21 a.u. Us-ing the approximate momentum of the sattered projetile of 3.6 a.u. we an also alu-late the minimal and maximal aepted sattering angle θe1,min = 3.3◦ and θe1,max = 25◦.However, the aeptane is further a�eted by the ylotron motion. As shown in�gure 4.8, all eletrons whose time-of-�ight is an integer multiple of the the ylotronperiod Tc are imaged onto the spetrometer axis. They are, onsequently, not seenbeause of the hole in the detetor, leading to blank spaes in the overed momentum
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spae during one measurement extending from the bottom of �gure 4.15.In order to �ll these aeptane holes we have to perform the experiment at di�erentvalues of the eletri or magneti �eld, whih will ause the holes in the momentumspae to shift. We hose to vary the eletri �eld, so the minimum and maximumdeteted transverse eletron momentum aording to equation 4.23 do not hange. Threemeasurements at di�erent eletri �elds are neessary to over the omplete (pz, pr)momentum spae between prmin and prmax (see �gure 4.16). The eletri �elds usedduring this work were E1 = 291 V/m, E2 = 364 V/m and E3 = 423 V/m.The proess of �lling up the undeteted areas in momentum spae has been desribedin detail by Dürr (2006). Here, however, we take a slightly di�erent approah. Asshown in �gure 4.16 there is a large overlap of the aeptane area for the di�erentmeasurement runs. In order to improve statistis in these areas we use all availabledata sets for a given region in momentum spae. The mismath in total ount ratebetween the di�erent regions is ompensated by saling the bin rates with the totalavailable ounts for the ontributing measurement runs. This will of ourse lead tolarge di�erenes in the statistial error, but as we are performing an experiment withlow ount rates and a high neessary number of total events, it is desirable to inludeas many events in the �nal data as possible.
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66 4 Data analysis4.7.2 Aeptane for ionsLimitations on the ion aeptane apply almost exlusively for protons. Moleular H2
+ions hardly get a ollisional momentum larger than 1 a.u. and hene are always deteted.For the protons, the longitudinal is given by the same formula as for the eletrons exeptthat it is limited in forward diretion. This means that we are able to detet all ionswith pzI < √

2qU ·m. However, this is larger than any reasonable momentum value inthe proesses studied in this work. Even with the lowest eletri �eld we an detetprotons with an momentum of up to 65.7 a.u., but for the reations relevant here themomentum hardly exeeds 8 a.u..In transverse diretion however, the detetable ion momentum is limited both bythe spetrometer voltage and the extension of the detetor. As with eletrons, there isno dependene of the aeptane on the momentum angle φI , beause the detetor issymmetri around the spetrometer axis. For the limitations on the radial omponent
prI we an safely neglet the magneti �eld, beause the ions always move muh less than
π on the ylotron trajetory and, hene, will never reah the maximum distane fromthe spetrometer axis de�ned by the magneti �eld. We an then use equation 4.13 toestimate the maximum and minimum values of the radial momentum

prI,max(min) = rmax(min)mt . (4.24)The time-of-�ight is estimated from equation 4.7 using a longitudinal momentum of 0:
prI,max(min) = rmax(min) √

2mqU

(2la + ld)
. (4.25)The maximum radius is given by the detetor radius of 40 mm leading to an upperlimit in the transverse momentum of 10.3 a.u. for protons at the lowest used eletri�eld value. As seen on �gure 4.6(d) the hole in the e�etive area of the ion detetor isnot irular due to the position read-out of the hexagonal delay-line. Negleting thisartiulated struture, we take a minimum radius of 8mm larger than the star-shapedpattern, whih leads to a minimum transverse momentum of 2.1 a.u.. This aeptaneapplies on the omplete measured ion momenta, but we are interested in the momentafrom the ollision only. Hene, the aeptane region is shifted by mH+ · vjet = 2.5 a.u.in the +y diretion, as shown for the di�erent spetrometer voltages in �gure 4.17.Importantly, due to the shift introdued by the jet we are able to detet protons withzero transverse momentum, guaranteeing full aeptane for protons with prI < 8 a u



4.8 Resolution 67thus overing essentially all those oming from the ground-state dissoiation hannel atleast for negative py omponents.4.8 ResolutionIn this setion the resolution of the experiment is disussed. First, we will derive generalformulae for the spetrometer's performane, before we take a detailed look on eletronsand ions. All errors or unertainties quanti�ed in this hapter are onsidered to be thefull width at half maximum of an assumed Gaussian distribution entred around theobtained value.4.8.1 Resolution of the spetrometerThe momentum resolution of the spetrometer is limited by a ouple of fators. Firstof all, there are unertainties in the strength and homogeneity of the �elds. These wean eliminate to a large extend by the alibration proess mentioned above. It relieson the fat that for non-dissoiative ionisation more partiles than neessary to �x thekinematis are deteted. The alibration redues the remaining unertainties in the �eldstrenths to a magnitude muh smaller than other error soures. Consequently, we ansafely exlude them in the following. For the eletrons we an additionally neglet thee�et of the �nite extension of the ollision zone in z diretion whih results an errorin the aeleration length la, beause time foussing is applied. The main soure ofunertainty is the temporal length of the eletron bunhes, leading to an error in themeasured time-of-�ight of 1 ns. Together with the unertainty in �nding the time zerowhen the ollision ours (see setion 4.3) this adds up to a time unertainty δt = 1.05 ns.Morover, there is an isotropi unertainty δr = δx = δy in the (x, y) plane stemmingfrom the diameter of the eletron beam fous (0.5 mm) and the position resolutionof the detetors (0.5 mm for eletrons and 1 mm for ions) resulting in an total error
δr = 0.75 mm for eletrons and 1.13 mm for ions. In this setion, we will not onsiderthe unertainty introdued by the thermal motion in the gas target (see setion 4.8.3),beause it auses a diret broadening in the momentum spae and is, hene, not relatedto the imaging properties of the spetrometer.The resulting errors in the reonstruted momenta stemming from the initial uner-tainties in position δr = δx = δy and time-of-�ight δt an be alulated using Gaussianerror propagation, requiring the respetive derivatives. We an then write the general
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Figure 4.18: Longitudinal momentum resolution δpz of the spetrometer for protons at dif-ferent spetrometer �eld values.form of the longitudinal momentum resolution of the spetrometer:
δpz =

√

(

1
∂t/∂pz

δt

)2

+

(

1
∂t/∂pz

∂t

∂la
δla

)2 (4.26)With equations 4.7 and 4.8 we an get the full analyti expression whih we will omit herebeause of its length. An example of the resolution in dependene of the longitudinalmomentum for protons is shown in �gure 4.18.In a similar manner we an derive the spetrometer's error for the transverse momen-tum omponent and the azimuthal angle φ using equations 4.12 and 4.14:
δpr =

m · ωc
2 |sin(ωct/2)|

√

δr2 +

(

r · ωc
2 tan(ωct/2)

δt

)2 (4.27)
δφ =

√

(

δr

r

)2

+
(ωc

2
δt
)2 (4.28)Here we have to substitute the position r and the time-of-�ight t with the momentumomponents pr and pz in order to present the errors as a funtion of momentum-relatedinformation. The result is shown for eletrons in �gure 4.19(a) for δpr and in �g-ure 4.19(b) for δφ. It should be noted that the errors are independent of φ, heneisotropi in the (x, y) plane.Using equations 4.26 and 4.27 we an also derive an expression for the error of the
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Figure 4.20: Polar angle resolution for eletrons at the spetrometer �eld E1 = 291V/m. Areaswith no aeptane are shaded.polar angle θ = arctan (pr/pz), whih is often used to present the �nal results:
δθ =

1

(pz)2 + (pr)2

√

(pr · δpz)2 + (pz · δpr)2. (4.29)Its distribution over the studied momentum region is shown for eletrons in �gure 4.20.A detailed disussion of the relevant resolutions for the determination of alignment-dependent fully di�erential ross setions is given separately for eletrons and ions inthe following setions.4.8.2 Eletron energy and angular resolutionFor the fully di�erential ionisation ross setions the eletrons' momenta will be pre-sented in spherial oordinates as shown in �gure 4.7. Instead of the length of themomentum vetor p the energy E = p2/2m is ommonly used. The energy resolution δEan be alulated as:
δE =

p

m
δp =

1

m

√

(pz · δpz)2 + (pr · δpr)2 (4.30)The resulting error is shown in �gure 4.21 as a funtion of the longitudinal and trans-verse momentum omponents at the exemplary spetrometer �eld of 291 V/m over the
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Figure 4.21: Energy resolution for eletrons at at the spetrometer �eld E1 = 291V/m. Areaswith no aeptane are shaded.omplete longitudinal momentum range overing both fast and slow eletrons over thefully aepted transverse momentum range. One an see the harateristi periodistruture in the energy unertainty whih is another onsequene of the ylotron mo-tion in the magneti �eld: When the time-of-�ight equals an integral multiple of theylotron period Tc, all eletrons are mapped onto the z axis independently from theirinitial transverse momentum omponent. Consequently, the unertainty in determining
pr and, hene, the total energy beomes very large. However, these regions oinidewith the non-aeptane areas in momentum spae (ompare setion 4.7). They aretherefore automatially removed from the �nal data set through ombination of severalmeasurements at di�erent eletri �elds.One of the two eletrons, namely the sattered projetile, has in most of the eventsa longitudinal momentum between 3.5 and 3.6 a.u. and a transverse momentum of lessthan 0.6 a u . Thus, we read from the data in �gure 4.21 that their energy resolution isbetween 11 and 12 eV at the eletri �eld E1 = 291 V/m and similar at the other settings.For the seond, slow eletron, we an assure that the energy resolution is always betterthan 1.5 eV, beause the regions of higher unertainty are �lled by other spetrometersettings that have a smaller error.The mean error of the energy sum Esum (ompare setion 4.7) an then be amounted
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δEsum =

√

(δEe1)
2 + (δEe2)

2 = 11.6 eV. (4.31)Beause Esum equals the projetile energy E0 minus the hange in internal energy Q wean verify the spetrometer's energy resolution for the eletrons. For this purpose weuse helium, where Q adopts well-separated disrete values. The energy sum of singleionisation of helium at the eletri �eld of 293 V/m is plotted in �gure 4.22. Througha �t of the main peak at around 175 eV with a Gaussian distribution we obtain theexperimental energy error whih is even 3 eV better than the onservatively alulatedvalue.The angular resolutions for the sattered projetile are of importane to allow for asensible de�nition of sattering geometries. Therefore, one has to take are that the�rst eletron is deteted in a region of good transverse momentum resolution at allspetrometer �elds. Espeially its polar sattering angle θe1 is largely determining themomentum transfer and, hene, the kinematis of the ollision. One an already seefrom �gure 4.20 that the resolution is exeptionally good for an absolute momentum of
3.6 a.u. and small transverse omponents. Figure 4.23 gives a more detailed look on thesattering angle's error for the three di�erent spetrometer �eld values. The resolutionis always better than 3◦ and improves to below 1.5◦ for the smallest angles deteted.The �rst eletron's azimuthal angle φe1 is used to rotate all partiles' momenta intothe sattering-plane system (see setion 4.5). Consequently, its error enters into the
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Figure 4.23: Resolution for the sattering angle θe1 for the three spetrometer �eld valuesused.
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7◦ at large θe1 to 20◦ at the minimal angle. For the most frequently deteted satteringangle of 5◦ δφe1 amounts 13◦, hene we will fold this into the error of the azimuthalangles of the other partiles.For the seond eletron itself the spetrometer resolution of the azimuthal angle isshown in �gure 4.25 depending on the polar angle θe2 for the two most likely eletronenergies 3 and 10 eV. Within the aeptane region it is in both ases never worse than
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δφe2,total ≤√δφe12 + δφe2,max2 = 16.4◦ (4.32)
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i δpisum δpie1 δpie2 δspepiH2

+ δthermpiH2
+

E1 = 291 V/m
x 0.75 0.10 0.05 0.28 0.68
y 1.06 0.10 0.05 0.28 1.02
z 0.71 0.12 0.03 0.27 0.64

E2 = 364 V/m
x 0.82 0.10 0.05 0.31 0.75
y 1.10 0.10 0.05 0.31 1.05
z 0.75 0.12 0.04 0.30 0.67

E3 = 423 V/m
x 0.68 0.11 0.05 0.33 0.58
y 1.08 0.11 0.05 0.33 1.02
z 0.80 0.13 0.04 0.32 0.72Table 4.1: Measured width of the momentum sum in eah Cartesian oordinate and alulatedresolution of the spetrometer for both eletrons, the moleular ion and the resultingestimate for the thermal momentum distribution in the gas jetOver a large part of the angular range, the error in φ is the main ontribution to theunertainty in the out-of-plane angle α whih is used to determine whether an eletronwas emitted into a spei� plane. Consequently, the minimal onstrain on |α| should be

8.2◦.The resolution for the seond eletron's polar angle θe2 is not a�eted by the rotationinto the sattering-plane system. It an therefore be diretly alulated from equa-tion 4.29. The results are shown for the two most frequently deteted kineti energiesin �gure 4.26, while no values were plotted when there was no aeptane for the givenenergy and angle. With a few exeptions for the 10 eV eletrons the FWHM resolution isalways better than ten degrees, therfore, it is reasonable to present the fully di�erentialross setions with this bin size for the polar angle. A better angular resolution ouldbe obtained by only taking the data from the spetrometer �eld with the lowest errorat eah point. However, this was not done due to the limitted amount of data available.4.8.3 Resolution for ions and the moleular alignmentFor ions the temperature of the moleules in the gas jet is another fator limiting theresolution. The thermal broadening an be estimated from the translational temperature



4.8 Resolution 77of the gas jet (see setion 3.2):
δthermp = 2.35 ·

√

3 · kB · T ·m (4.33)However, the momentum omponents perpendiular to the propagation diretion of thejet (x and z) will have a narrower distribution beause of the skimmers employed tofurther ollimate the jet after the expansion. They e�etively remove the moleuleswith high transverse momentum as skethed in �gure 3.2. Therefore, the total thermalbroadening is given as the ombination of the three one-dimensional distributions δithermwhere i is a Cartesian oordinate:
δthermp =

√

(δthermpx)2 + (δthermpy)2 + (δthermpz)2 (4.34)where eah δthermpi is given by
δthermpi = 2.35 ·

√

kB · T i ·m. (4.35)Here T i is the e�etive translational temperature of the gas in the diretion of i.Experimentally we an hek the ions' momentum resolution only indiretly usingevents with an undissoiated moleular ion and momentum onservation. Here, the sumof all deteted partiles' momenta (see equation 4.17) equals the projetile momentum. Ifwe plotthe momentum sum for eah Cartesian oordinate we an �t its distribution witha Gaussian. Their widths δpsum orrespond to the onvoluted errors of the respetivemomentum omponents of all three partiles:
δpisum =

√

δpie1
2
+ δpie2

2
+ δpiI

2 (4.36)where i is either x, y or z. The measured momentum sum widths, alulated spe-trometer resolutions and resulting thermal spreads are olleted in table 4.1. In the ydiretion, i.e. along the jet around 1 a.u. were obtained for the thermal distribution,being signi�antly higher than the value derived from the estimated jet temperatureof 1.76 K in setion 3.2. The measured width orresponds to a temperature of 9.5 K.Consequently, the moleular jet performs signi�antly worse than expeted.Another unertainty to determine the momentum of the protoni fragments and,hene, the moleular alignment omes from the rotation of the moleular ion during dis-soiation, as was pointed out byWood et al. (1997). They have also proposed a methodto alulate the magnitude of this error. We will use their approah to study the ground-
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J = 1 initial rotational state as a funtion of the internulear separation.state dissoiation proess in H2
+. Dissoiative autoionisation and ionisation-exitationhannels usually fragment faster, beause repulsive potential urves are involved. Thelassial motion of the nulei along the potential urve V (r)6 of the H2

+ ground state(see �gure 2.2) is simulated stepwise in time. After eah step the atual angular mo-mentum is alulated and the angle relative to the moleular axis during the ollisionobtained. For the initial moleules we hoose the rotational quantum number J = 1,beause the population of higher exited states is less than 3 % at our target tempera-ture (ompare �gure 2.4(a)). Rotational exitation during ionisation has been negletedas well, sine it does not lead to a signi�ant number of states with J > 1.7 The totalangular hange δ as a funtion of the internulear separation is shown in �gure 4.28.For large internulear separations δ is asymptotially approahing a value around 19.2◦.We simulated the rotation during dissoiation for fragments with a �nal momentum of
3 a.u., whih is our lower boundary for using an ion to determine the moleular align-ment. For higher �nal momenta the dissoiation will happen faster and, therefore, lessrotation will take plae.Due to the random alignment of the initial moleules, the rotation during dissoiationwill our isotropially. Therefore, the unertainty in determining the alignment an berepresented as a one with apex angle ̟ = 2 · δ = 38.4◦. As we selet the moleules6We used the potential urve from Hunter et al. (1974).7Vanishing rotational exitation has been stated by Weigold et al. (1973) in one of the �rst (e,2e)measurements on hydrogen moleules following the observation of strongly dereasing ross setionsfor rotational exitation with inreasing impat energy (see e.g. Gibson (1970)). For the ionisationof HD the e�et was also on�rmed in a detailed spetrosopi study byCarrington andKennedy(1985).



80 4 Data analysisbelonging to a given alignment ~a through a one we would also like to express thetotal error δ~a as a onial solid angle. To do so we assume the unertainty solid angle
δΩ = sin θ · δθ · δφ to be onial. Then we an determine its apex angle:

̟ = 4 · arcsin
√

δΩ

4π
= 4 · arcsin

√

sin θ · δθ · δφ
4π

(4.37)Hereby we e�etively average the azimuthal and polar unertainties. The resulting apexangle from the ioni spetrometer resolution as well as the thermal veloity spread inthe target is plotted in �gure 4.27 as a funtion of the deteted polar angle θ for variousabsolute momentum values p. The spetrometer resolution is independent from theazimuth φ beause the detetor resolution is idential in x and y diretions. In thepolar angle dependene, it shows a distint minimum around at 90 degrees whih showsthat the best resolutions for ions is ahieved in the z diretion. Furthermore, there is astrong inrease in the angular unertainty with smaller momentum values.As we an see from table 4.1 there is a signi�ant di�erene in the x and y thermaldistribution widths, whih is a result of the skimmers used to ollimate the gas jet.Therefore, a φ dependene of the unertainty one is expeted. However, the �nalmoleular φM angle is not measured in the laboratory frame but relative to the satteringplane, whih itself has a random azimuthal angle. To aount for this we average over all
φ angles to determine the unertainty one's apex angle for a given polar angle θ as shownin �gure 4.27(b). Here the 90◦ minimum is not so pronouned as in in �gure 4.27(a), butthe strong inverse dependene on the total momentum value is also present. However,the unertainty one apex angle resulting from the thermal distribution of the moleulesis around three times larger than the spetrometer error.The total error in determining the moleular alignment ~a is �nally given by the thesquare root of the sum of squared individual unertainties:

δ~a =
√

δspe2 + δthermal2 + δrotation2. (4.38)As the spetrometer term is the only one with a strong anisotropy the apex angle of theombined unertainty one only exhibits a small anisotropy of mostly less than 10 %.However, the strong inverse dependene of the resolution on the total momentum valueprevails, as an be seen in �gure 4.29, where the spherial average of the apex angle ̟is plotted as a funtion of p. One an see the steep inrease towards small momentumvalues. Therefore, we will only use protons with more than 3 a.u. momentum to extratinformation on the moleular alignment. For this value the ombined apex angle of the
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83
5 Results and disussionIn the ourse of the present work kinematially omplete measurements on dissoiativeand non-dissoiative eletron impat ionisation of hydrogen moleules were performed.In the �rst setion of this hapter a short overview of the available data is given andthe separation into di�erent hannels is explained. Then we will onsider the ionisationof randomly oriented moleules and ompare the data to results from the atomi two-eletron system helium. Di�erenes between non-dissoiative and dissoiative ionisationare also investigated and traed bak to the di�erent internulear separation for therespetive transition. The dependene on alignment of the ionisation of H2 into theioni ground state is disussed in setion 5.3 while setion 5.4 deals with autoionisationwhere asymmetri dissoiation was observed.These are the �rst results where fully di�erential ross setions of eletron-impationisation were obtained as a funtion of moleular alignment that was determined bypost-ollision dissoiation. The main experimental di�ulty is to detet the fragmention over a large solid angle while maintaining an aeptable resolution for the eletrons.This was ahieved by using mainly a dissoiation proess leading to low-energeti frag-ments. Additionally, by dereasing the distane of the ion detetor to the ollision regionthe transverse aeptane was inreased while maintaining a low eletri �eld whih isruial for the eletron resolution. Another problem espeially enountered in similarstudies using ion impat (see e.g. Dimopoulou et al. (2005)) is the ollisional om-ponent in the measured protoni momentum whih hampers the determination of themoleular alignment. By performing a kinematially omplete experiment we were ableto alulate this ontribution for eah event (see setion 4.6). Consequently, we wereable to determine the momentum that the ions gain from dissoiation. Unless statedotherwise this quantity is meant by �momentum of the proton� during this hapter.5.1 OverviewThe ionisation of hydrogen moleules by eletrons features various mehanisms (omparesetion 2.3). Apart from the emitted eletron three di�erent fragments an emerge: The
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+ moleularion at about 4.6 µs. Its sharpness orresponds to the small momentum spread of thesepartiles. They are stemming from the non-dissoiative single ionisation (SI) hanneland, hene, gain little momentum during the ollision. They should aount for 92 %of all single ionisation events (Straub et al. (1996)) whih roughly agrees with ourobservations.For fast protons, the experimental aeptane is not 4π (see setion 4.7). They areessentially only deteted when inluding a small angle with the z axis. Therefore, noontinuum of fast protons is seen in the time-of-�ight spetrum but two separate broaddistribution for the two ases of emission in +z and −z diretion. These are denotedin �gure 5.1 as �forward� and �bakward� H+ ions. Fast protons are predominantlythe results of an ionisation-exitation (IE) proess into a repulsive state of H2

+. Theyould also ome from double ionisation. Then, three eletrons and two protons shouldbe available for detetion, but this was not tested in the urrent work, as there was



5.1 Overview 85no interest in the fast fragments. Additionally, the ross setion for double ionisationshould be almost 2 orders of magnitudes smaller than the one for dissoiative singleionisation (ompare Edwards et al. (1988) and Straub et al. (1996)). Due to the smallangular aeptane (less than 5%) and expeted anisotropies of the ionisation-exitationproesses (ompare setion 2.5.3) we an give no values for the relative ontribution ofthis proess.Slow protons up to an energy of 0.5 eV are deteted over almost the omplete solidangle, hene a single albeit broad peak around 3.3 µs is observed. For the results pre-sented in this work, the fous is on events ontaining suh an ion. They are mostlyrelated to the ground-state dissoiation (GSD) hannel, where the ground state of themoleular ion is reated in its vibrational ontinuum. During our measurements wehave obtained a ratio of slow protons to H2
+ ions of 1.5 % whih agrees well with earlierresults, e.g. by Bleakney (1930). A similar value was alulated by Wells et al.(2000). Protons oming from auto-ionisation (AI) after exitation of a doubly-exitedstate yield energies assoiated with both the fast and the slow protons' peak as wellas the areas between them. Edwards et al. (1990) found that the amount of AI ionshas a maximum lose to zero fragment energy and dereases steadily with higher valuesuntil it vanishes around 8 eV in the middle of the IE peaks. However, at the low-energyend, GSD is outweighting autoionisation by an order of magnitude, but its rate dropssteeply and at 1 eV both proesses ontribute equally. For fragment energies between 1and 3.5 eV AI is onsidered to be the dominant proess. Similar results were found forproton impat on D2 by Laurent et al. (2006).One should also mention the set of small and sharp peaks in the time-of-�ight spe-trum whih our around 2.9 and 3.9 µs. They are attributed to the feedbak ionsreated in the eletron detetor mentioned in setion 3.4. Their magnitude was largelyredued by using a third MCP at the eletron detetor and after seleting only tripleoinidenes they are negligible.During the experiment, double oinidenes between an ion and an eletron werereorded at a rate of about 500 Hz. For non-dissoiative ionisation this allowed to takeenough data to obtain triply di�erential ross setions in a few days. Therefore, theseevents were only reorded for a small fration of the measurement period, namely ev-erytime when experimental parameters were hanged. During the rest, an eletroniondition was put on the ions' time-of-�ight to exlude the H2

+ events. In this way thetotal amount of saved data during the omplete measurement period of three months waskept around 100 GB, whih orresponds to a few hundred million events. For the gener-ation of alignment-dependent ross-setions 2.4 million triple oinidenes inluding two



86 5 Results and disussioneletrons and a slow proton were �nally available. This omprises events gained fromreonstrution of lost detetor signals as disussed in setion 4.2.1. Consequently, thee�etive measuring rate for triple oinidenes was around 0.3 Hz whih would have beenmuh more di�ult to ahieve using a-priori alignment of moleules (see setion 2.5.1)with the tehnology available today.5.2 Ionisation of randomly aligned moleulesIn a �rst step we will disuss the results obtained with randomly aligned hydrogenmoleules. Triply di�erential ross setions (3DCS) for these an be obtained studyingthe dominant non-dissoiative ionisation of hydrogen moleules. Examples for di�erentkinematis an be found in Cherid et al. (1989); Colgan et al. (2009); Gao et al.(2006a); Jung et al. (1975). Exept for the unpublished results of Haag (2006) no om-prehensive set of 3DCS on randomly aligned hydrogen moleules at moderate eletronimpat energies is available in literature. Via the ground-state dissoiation hannel itwas also possible to gain ross-setions for the ionisation of H2 at non-equilibrium posi-tion of the nulei. For omparison, 3DCS for single ionisation of helium were taken atthe same experimental settings, allowing a diret omparison of the sattering dynamisin three di�erent two-eletron systems.5.2.1 Identi�ation of ionisation mehanismsAs disussed above there are two mehanisms of dissoiative ionisation that an lead toprotons of less than 8 a.u. momentum: Ground-state dissoiation (GSD) and autoioni-sation (AI). However, the relative ontribution of the two proesses is a strong funtionof both the proton energy and the energy of the emitted eletron whih has been foundin omparable studies on eletron-impat (Edwards et al. (1990)) and ion-impat ion-isation (Ben-Itzhak et al. (1996); Laurent et al. (2006)). The two hannels an beindenti�ed in the seond eletron's energy spetrum, whih is shown for both dissoia-tive and non-dissoiative single ionisation in �gure 5.2. While the distribution for puresingle ionisation shows a typial exponential derease as reported for example by Ruddet al. (1993) di�erent features appear in the dissoiative ase. Generally, there is arelative enhanement of eletrons with high energies, but there also appear two slightpeaks entred around 6.5 and 11 eV. Distint eletron energies are usually harateristifor autoionisation proesses, beause they inlude exitation into a disrete state. In
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Figure 5.2: Energy distributions of the emitted eletron for dissoiative and non-dissoiativeionisation of hydrogen moleules. Both distributions have been normalised toidential total ount rate. The statistial errors are smaller than the point size atany point.suh a ase the energy loss of the projetile ∆E an be written as
∆E = Ee2 + 2EI +D0 (5.1)where D0 is the energy of the ioni dissoiation limit measured above the ground stateof the neutral moleule. This amounts to 18 eV in the ase of H2. Ee2 and EI are theenergies of the emitted eletron and the proton, respetively. In our ase, only ions withless than 0.5 eV are inluded, hene we an neglet this quantity in equation 5.1, leadingto:
Ee2 ≈ ∆E −D0. (5.2)For eah autoionising state a range of energy transfers is possible given by the extensionof the state in the Frank-Condon region (ompare �gure 2.3). Therefore, the spetrumof Ee2 yields broad peaks for autoionisation. Their presene an be seen more learlywhen plotting the seond eletron energy distribution for di�erent values of the protonimomentum. This was done in �gure 5.3 where eletrons related to ions with either 0 to

2 a.u. or 6 to 8 a.u. are drawn. The spetrum for slow protons almost resembles the ex-ponential deay known from non-dissoiative ionisation, however apart from remains ofthe autoionisation peaks there still seems to be a relative enhanement of high energeti
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5.2 Ionisation of randomly aligned moleules 89best studied right in said strutures, but preferably at large protoni momenta.5.2.2 Triply di�erential ross setionsDuring our experiments triply di�erential ross setions (3DCS) for the single ionisationof hydrogen moleules were obtained. Exploiting the apabilities of a reation miro-sope we an present the angular distribution of the emitted eletron over the full solidangle. In �gure 5.4 this is shown for an energy of this eletron of (5 ± 1) eV and asattering angle of (5 ± 1)◦. We distinguish between events where the residual ion isin a bound vibrational state (sub�gure (a)) or where it dissoiates (sub�gure (b)). Inboth plots one an see the harateristi double-lobe struture. We an identify these asthe binary peak, pointing roughly in the diretion of the momentum transfer ~q, and thereoil peak on the opposite side. Both lobes are atually shifted slightly in −z diretionwhih is attributed to post ollision interation, i.e. the mutual repulsion of the twooutgoing eletrons.Proportions between the binary and reoil peaks signi�antly di�erent from those in�gure 5.4 an be found in �gure 5.5 where now eletrons emitted with an energy of
(15 ± 2) eV are plotted for a sattering angle of (10.0 ± 1.5)◦. Again, the (a) and (b)sub�gures orrespond to bound and dissoiating H2

+ ions. Compared to the respetivebinary strutures, the relative intensities of the reoil lobes are now muh smaller thanin the previous images, beause muh more energy and momentum are transferred intothe emitted eletron. Consequently, the potential of the ioni ore has less in�uene onits motion, reduing the probability for a omplete bak-sattering.Independent of the kinemati onditions we an also see hanges in the angular dis-tributions of the seond eletron for a bound or dissoiating ion. In �gures 5.4 and 5.5the relative intensity of the reoil peak is larger when H+ fragments are deteted inoinidene with the two eletrons than in the ase of stable H2
+. If we onsider the dis-soiative events to ome from the ground-state dissoiation hannel exlusively � whihat the seondary eletron energies onsidered here is a justi�ed assumpltion � this is sur-prising beause in both ases the moleular ion is reated in its ground state. However,realling the potential energy diagram of �gure 2.2 we �nd that GSD an only happenat internulear separations signi�antly smaller than the equilibrium value. This leadsto an e�etive deepening of the ioni potential, whih also manifests in the inreasedionisation energy.To take a loser look on the di�erent eletron emission patterns for the SI and GSDhannels we show their angular distribution in the sattering plane in �gure 5.6. This
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92 5 Results and disussionorresponds to a ut through the three dimensional images along the plane ontainingthe three indiated arrows ~p0, ~pe1 and ~q. Additionally to the two reation hannelsstudied in H2, we also show the ross setions for single ionisation of helium that wasperformed under the same experimental onditions. The He atom an be seen as ahydrogen moleule with zero internulear separation, beause it has the same number ofeletrons. For the data representing dissoiative H2
+ ions we have only seleted eventswhere protons with less than 2 a.u. momentum are produed to suppress the ontributionof autoionisation. Additionally, an energy range for the seond eletron was seleted,where this hannel is less likely. The out-of-plane angle α for the seond eletron wasallowed to be within ±15◦ of the (x, z) plane.The urves in �gure 5.6 are normalised to the integral intensity of the binary lobeswhih peak a few degrees above the angle of the momentum transfer. Consequently,the height of the reoil lobe in eah data set is representing the proportion betweenthe two features. As disussed before, the relative probability of emission opposite to

~q is higher for ground-state dissoiation of H2 than for pure single ionisation. But forhelium we observe the strongest ontribution of the reoil peak to the total ross setion,whih agrees with the assumption that a deeper nulear potential inreases it. To verifythis we have performed a BBK alulation (see setion 2.4), using an implementation byBennaeur Najjari that an treat hydrogen- and helium-like systems. For the omparisonwith our experimental ross setions we hose the H-like desription where we varied thee�etive harge Ze� of the ioni ore so that Ze�2 was mathing the target's ionisationenergy in atomi units. The resulting values are 1.06 for single ionisation of H2, 1.15for GSD and 1.35 for helium. Figure 5.7 shows the alulated ross setions. Again, wehave normalised eah urve to the integral intensity of the binary lobe.The general trend of inreasing reoil-to-binary proportion from lower to higher e�e-tive harge is well reprodued by the alulations. Additionally, the theoretial resultsalso indiate a larger di�erene between helium and dissoiating H2
+ than between thelatter and bound H2

+, similar to our data. But in the experiments the whole e�etseems stronger than in the alulations. From that we onlude that the relative heightof the binary lobe is not only a�eted by the e�etive ioni potential but for example alsoby the passive target eletron. We have therefore heked our results obtained for Hewith the hydrogen-like BBK alulation with the helium-like desription as well as witha onvergent lose-oupling (CCC) alulation provided by Igor Bray in �gure 5.8. As inthe previous plots, all urves have the same integral intensity in the binary lobe. Indeed,the reoil lobe ontributes signi�antly higher in both the CCC and helium-like BBKalulations than for the hydrogen-like system. Still, the experimentally determined
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98 5 Results and disussionasymmetries between the emission in positive and negative diretion of ~q we will negletorientation here whih results in an angular range of 0◦ to 90◦, beause the di�erenesmay well be a onsequene of the detetion e�ieny that varies with the polar angleof the proton (see setion 4.8.3). Additionally, we will not integrate over all satteringangles of the fast eletron but show the distribution of γ for �xed eletron ollisionparameters exept the solid angle of the emitted eletron. Hene, the urves presentedin �gures 5.11 and 5.12 onstitute triply di�erential ross setions. Figure 5.11 showsthe situation at seond eletron energies below the AI region and the urves representdi�erent values of the sattering angle. The systemati error stemming from the inho-mogeneous detetion e�ieny is irrelevant in this plot beause it is onstant for thethree ompared data sets and hene should not e�et any relative onlusions. Clearly,the preferene along ~q an be seen. Additionally, it inreases with larger satteringangles. A slightly di�erent piture presents itself at higher energies of the seond ele-tron, where the anisotropy is less pronouned and not signi�antly hanging with thesattering angle.The general preferene for ionisation of moleules aligned along ~q is ontraditing toestimations following the model of two-entre interferene as obtained from the moleu-lar BBK theory. If we assume that the seond eletron was emitted in the exat diretionof the momentum transfer1 the ross setion ratio I in equation 2.18 beomes
I = 1 + cos [(|~pe2| − |~q|) · r · cos(γ)] . (5.3)Obviously, I has a maximum if the argument of the outer osine is 0. This oursfor |~pe2| = |~q| or γ = 90◦. The latter is absolutely ontraditory to our observation.Consequently, the trend reported in setion 5.2.1 is supported, i.e. that two-entreinterferene does not play a role in the ionisation of hydrogen moleules by 200 eVimpat at the given energy of the seond eletron or that the assumptions made in themoleular BBK theory are not justi�ed at this energy.For the �ve-fold di�erential ross setions in the sattering plane presented in the nextsetion, alulations using a moleular 3DW (distorted wave) method were supplied. Byintegrating these we an estimate the dependene of the ionisation rates on alignment.The resulting values are inluded in �gures 5.11 and 5.12 as large open symbols. Onlythree di�erent γ angles were available for eah set of kinemati onditions. However,the preferene of small gammas is reprodued as well as the approximate degree of1In the present experiment most eletrons are indeed roughly emitted in the diretion of + or −~q, seee.g. �gure 5.5.
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Figure 5.13: Illustration of the moleular alignments inside the sattering plane as onsideredin �gures 5.14, 5.15, 5.16, and 5.25. φ = 0◦ for all situations depited.anisotropy. Distint disrepanies exist for the dependene on the kinemati parameters,espeially the sattering angle. These ould stem from the fat that the alulationonly inludes eletrons emitted into the sattering plane and their relative ontributionhanges with the kinemati onditions.5.3.2 Moleular frame FDCSFive-fold di�erential (5DCS) ross setions for the ground-state ionisation of hydrogenmoleules were measured. Thus, emission spetra of the seond eletron for a �xedmoleular alignment an be presented. The range of kinemati onditions, however, islimited to those where autoionisation does not ontribute strongly. A seletion of spetrais shown in �gures 5.14 to 5.16. Three distint alignments of the internulear distanewere hosen: 0◦ (red), 45◦ (green) and 90◦ (blue) with respet to ~q (see �gure 5.13). In allases the moleule was loated in the sattering plane. Protons going in either diretionwere inluded, while the apex angle of the allowane ones was 50◦, orresponding intotal to 9.4 % of a spherial surfae. The absolute value of the seond eletron's out-of-plane angle α was limited to 15◦. For all spetra presented in �gures 5.14 to 5.16alulations using a moleular 3DW (see setion 2.4) were provided by Ola Al-Haganand Don Madison. The theoretial results are available in atomi units, while theexperimental data was saled arbitrarily to math in height. For onsisteny, the samefator was applied to all moleular alignments in a given plot.Figure 5.14 shows (3.5 ± 2.5) eV eletrons emitted into the sattering plane for threesattering angles. The harateristi two-lobe struture is learly shown by all urves,with a high relative ontribution of the reoil peak, whih is typial for low-energeti
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Figure 5.18: 5DCS in the normal plane at a sattering angle of (15 ± 5)◦ and seond eletronenergy of (3.5 ± 2.0) eV. The moleule is aligned in the sattering plane at anangle of 0◦ (red), 45◦ (green) and 90◦ (blue) relative to the momentum transfer.outside the sattering plane (see e.g. �gure 2.5), beause these geometries should bevery sensitive to the position of the nulei. This is explained by the fat that out-of-plane ontributions in most ases inlude sattering of at least one of the eletronswith the ioni ore. The importane of suh proesses in moleular ionisation wasreently disussed by Al-Hagan et al. (2008). In the urrent experiment, however, onlysmall ount rates were observed outside the sattering plane. Consequently, alignment-dependene was hardly detetable due to large relative statistial errors. Nevertheless,in �gure 5.18 an example for eletrons emitted into the normal plane as de�ned in�gure 4.12 is shown. This plane is oriented perpendiular to the projetile beam and isequivalent to imaging the azimuth φe2 for a �xed polar angle θe2 of 90◦. The moleularalignments inluded in �gure 5.18 are the same as disussed before. For all three asesthe normal plane spetrum looks rather symmetri with mirror planes loated at 10◦and 190◦. These would be expeted to be at 0◦ and 180◦, but we observe this shiftonsistently. It ould therefore be attributed to a systemati e�et in the analysisproedure whih has not been identi�ed until now. Anyhow, it has no in�uene onrelative di�erenes between the urves for aligned moleules. The highest ount ratesare observed around the 10◦ symmetry point where the normal plane uts through thebinary lobe of the eletron distribution. Here, no strutural distintions are apparent,while the intensity varies as disussed before, i.e. there is a preferene for small angles
γ between the moleular axis and ~q. Between 90◦ and 290◦ a broad plateau is visibleat γ = 45◦ and 90◦ while a small hump rises for γ = 0◦ around φe2 = 190◦. The reasonfor this strutural di�erene is unlear.
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Figure 5.19: Illustration of the moleular alignments onsidered in �gure 5.20. θ = 90◦ forall situations depited, i.e. the internulear axis is always loated in the planenormal to ~q.
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(b)Figure 5.20: Coplanar 5DCS for moleules aligned perpendiular to ~q but at di�erent az-imuthal angles, see �gure 5.19 for geometries.



106 5 Results and disussionUp to now we have only disussed results for internulear distanes loated in thesattering plane. As the protons were essentially deteted over the omplete solid anglewe an also study other ases. However, as we have already observed in setion 5.3.1 theionisation ross setion is predominantly varying with the angle between moleular axisand momentum transfer but little with the azimuthal angle around ~q. This e�et an beveri�ed with fully di�erential ross setions. In �gure 5.20 exemplary 5DCS are shownfor di�erent alignments where the moleule is always perpendiular to the momentumtransfer. The geometries are illustrated in �gure 5.19. Opposite to the previous resultsno general trend is visible: Espeially in �gure 5.20(a) there seems to be no di�erenebetween the three alignments. Only at higher eletron energies the fully perpendiularase features a slightly enhaned binary peak.5.4 Moleular autoionisationAutoionisation (AI) is a fundamentally di�erent proess than diret ollisional ionisationof a moleule. In the ase of H2 dissoiative AI sueeds double exitation of the neutralmoleule. Therefore, it is subjet to striter seletion rules than diret ionisation. In theurrent experiment autoionisation ould not be ompletely separated from ground-statedissoiation, but the di�erent behaviour in angular dependene and the distint eletronemission patterns ould be learly identi�ed.5.4.1 Alignment dependeneThe angular distributions of protons emerging from dissoiating H2
+ for seond eletronenergies attributed to autoionisation is shown in �gure 5.21. The anisotropy is remark-ably more pronouned than that reported for ground-state ionisation (�gure 5.21), butagain ollinear alignment of the moleule with respet to the momentum transfer is thepreferred situation. For a more detailed analysis the angle γ between the internulearaxis and ~q is plotted for di�erent eletron sattering angles in �gure 5.22. All urves arenormalised to unity at their maximum. The values of the minima at 90◦ are signi�antlysmaller than reported for ground-state ionisation (ompare �gures 5.11 and 5.12). Theanisotropy is learly inreasing with growing sattering angle and, hene, momentumtransfer ~q.As disussed before, we annot easily distinguish between the various doubly exitedstates that lead to the observed autoionisation produts, beause eah state has a widerange of energy transfers and the spaing between neighbouring states is relatively nar-
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g state is the major ontributor. Their protoni angular distributionlooks similar to ours, exept that they observe a larger drop relative to the maximumvalue as the angle approahes 90◦. But they have deteted ions with an energy of 2 eV,where the less anisotropi ground-state dissoiation proess does not play a role. Inour experiment, deteting suh fast protons would only be possible at the ost of theeletrons' momentum resolution (ompare setions 4.7.2 and 4.8.2).A strong dependene on the moleular alignment for the exitation of ground stateH2 into Σ+

g symmetry appears to be ounterintuitive following Dunn's seletion rules.But in this ase both eletrons will �nally populate the 2p σu orbital, whih an onlybe ahieved by an indiret mehanism. There are basially two pathways: One is thesubsequent exitation of the two target eletrons by two interations with the projetile,whih is alled a two step-2 (TS2) proess. The other inludes only one interationbetween the projetile and a bound eletron, whih is exited into a very high state.After that, interation between the target eletrons leads to the �nal state. This is alledthe two step-1 (TS1) mehanism. In both ases the intermediate state will most likelybe of Σ+
u symmetry. Hene, the primary exitation is a Σ+

g → Σ+
u transition whih isforbidden aording to the seletion rules disussed in setion 2.5.3 if the moleule isaligned perpendiular to the momentum transfer.



5.4 Moleular autoionisation 109Other low lying doubly exited states that ould ontribute to the deteted protonsare of Σ+
u and Πg symmetries. For the �rst one Edwards and Zheng (2001) expet aproton angular distribution similar to the Σ+

g ase. The laim is supported by ionisation-exitation measurements performed byMangan et al. (1999) and Edwards and Zheng(2001). Its relative ontribution ompared to the 1Σ+
g was estimated by analysing thespetrum of projetile energy loss ∆E for 2 eV protons emitted in the diretion of themomentum transfer. As disussed in setion 5.2.1, in our experiment ∆E is equivalentto Ee2 +D0 where D0 is the dissoiative ionisation potential and Ee2 the energy of theemitted eletron. The latter is plotted in �gure 5.2 for three distint alignments. In thediretion of ~q the distribution looks di�erent from the averaged ase shown in �gure 5.23.Instead of two only one broad peak is visible on top of the exponential deay assoiatedwith ground-state ionisation. This single struture was also observed by Edwards andZheng (2001) at 400 eV impat and ould be well explained by major 1Σ+

g and minor
1Σ+

u ontributions. We therefore onlude that in similarity to their observations, in thepresent experiment 1Σ+
g is the dominant autoionising on�guration.Collisional exitation into the 1Πg state should have vanishing rates at 0◦ and 90◦angle between the moleular axis and ~q. This an also be derived from Dunn's seletionrules if a Σ+

g → Πg transition is onsidered. Edwards and Zheng (2001) laim thatthere should be non-vanishing rates at an relative angle of 45◦ whih they did not proveexperimentally. The energy spetrum in �gure 5.23 for this alignment shows two smallfeatures entred at 7 eV and 11.5 eV. So far we annot link this to any other hannelthan autoionisation from the 1Πg state or other states not identi�ed by Edwards andZheng in their study of the ollinear ase.For perpendiular alignment the seond eletron's energy spetrum shows a �at plateauin the low-energy range before it joins the ommon tail at the other end. Obviously,low energeti eletron emission is suppressed in dissoiative ground-state ionisation ofH2 relative to the non-dissoiative ase. This ould ome from a derease of the mo-mentum spae wave funtion of the bound eletrons at the low-magnitude side whenthe internulear separation beomes smaller.5.4.2 Eletron emission patternsIn the ase of autoionisation the seond eletron is not diretly emitted during theollision but in a subsequent step. It is then also alled Auger eletron, beause theproess is similar to atomi Auger deay. The eletron's angular distribution thereforeannot be desribed by means of an (e, 2e) reation, but as a resonant proess happening
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pH+ = 2...8Figure 5.24: Three dimensional emission pattern of (9 ± 3) eV eletrons at a sattering angleof (6 ± 3)◦ where the moleule was aligned along momentum transfer in a onewith 50◦ apex angle.in the moleular system. In our ase autoionisation ould not be ompletely separatedfrom dissoiative ionisation, suh that determining the angular distribution funtionsof the Auger eletrons is di�ult. For some autoionising states suh emission patternsould be obtained by photo-exitation (see Lafosse et al. (2003)). However, the allegedmain ontributing state in the present experiment, 1Σ+
g is dipole forbidden and is henenot aessible by photon impat. Angular emission patterns of autoionising eletronsfrom H2 indued by eletron impat have not been reported up to now. From symmetryarguments the Auger eletrons' distribution should transform like Σ+

g . This onlusion,however, does not mean that the eletron will be emitted isotropially. The distributionshould only not ontain any nodes in either the azimuthal or polar angle.What we observe, however, is slightly di�erent. The three-dimensional emission pat-tern of a (9 ± 3) eV eletron for a sattering angle of (6 ± 3)◦ where the moleule isaligned parallel with the momentum transfer is displayed in �gure 5.24. On the �rstglane it looks rather similar to the previous ones for diret single ionisation: A strongbinary lobe in the diretion of ~q and a smaller reoil struture on the opposite side.Espeially a Σ+
g nature of the emission pattern is not apparent, beause there seems tobe a nodal plane perpendiular to the momentum transfer.For a loser look we have produed oplanar 5DCS in �gure 5.25 that are similarto those shown for ground-state ionisation in setion 5.3.2. Three alignments of themoleular axis in the sattering plane are shown. The sattering angle is also varied
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()Figure 5.25: Sattering plane 5DCS for oplanar alignment of the moleule at an angle relativeto ~q of 0◦ (red), 45◦ (green) and 90◦ (blue). The seond eletron's energy is
(9 ± 3) eV, where autoionisation should ontribute strongly. Sattering anglesare (a) (5 ± 2)◦, (b) (9.5 ± 2.5)◦ and (b) (16 ± 4)◦.
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Figure 5.26: Illustration of the moleular alignments onsidered in �gure 5.27. The anglebetween the internulear axis and the momentum transfer is 45◦ in all ases.while the emitted eletron's energy remained �xed (9 ± 3) eV, therefore overing theautoionisation region. It is immediately apparent that the di�erenes in the eletronspetra between the distint alignments are signi�antly larger than for diret ionisation.As expeted, a big enhanement is visible for alignment along the momentum transfer. Inthis ase the eletron emission strongly peaks in the diretions of + and −~q. In ontrastto the ommon binary and reoil lobes, no shifts towards 180◦ due to post-ollisioninteration an be observed. This demonstrates that the Auger eletron is emittedlater and, thus, remains unorrelated to the diretly sattered projetile. Instead themoleular axis seems to be harateristi. In the ase of ollinear alignment it has thesame diretion as the momentum transfer. This explains the strong preferene of eletronemission along + and −~q. Still unlear in this piture is the di�erene of enhanementin forward and bakward diretion.Remarkable in �gure 5.25 is also the slightly inreased rate enhanement on the right�ank of the binary lobe around 90◦ most pronouned for moleules aligned at +45◦relative to ~q. This e�et is onsistent for all sattering angles. In the sattering planeoordinate system (see �gure 2.1) the polar angle of the internulear axis ~a oinides wellwith the region of higher eletron rate. This allows the onlusion that autoionisation isstill present at an angle of 45◦ between ~a and ~q, whih was hinted by the small struturesin the emitted eletron energy spetrum in �gure 5.23. But similar to parallel alignmentthe enhanement is not seen in the bakward diretion.To further investigate the ase of γ = 45◦ we ompare three distint ases with thisrelative angle between the moleular axis and ~q in �gure 5.27. The di�erene betweenthe three data sets lies in the azimuthal angle of ~a around the diretion of momentum
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(b)Figure 5.27: Sattering plane 5DCS where the polar angle of the moleular axis with respetto the momentum transfer is always 45◦, but the the azimuth around ~q variesfrom 0◦ (bright green) via 90◦ (salmon) to 180◦ (dark green), see �gure 5.26 forillustration. The small arrows indiate the moleular alignment for the givenolour. Shown are (a) (6.5 ± 2.0) eV and (b) (10.5 ± 2.5) eV eletrons at thesattering angle of (15 ± 5)◦.
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Figure 5.28: Illustration of the oherent superposition of eletroni wave funtions for ahomonulear diatomi moleule of σg and σu symmetry.transfer. In the ase where the internulear axis is aligned 45◦ out of the sattering plane(salmon oloured urve) the spetrum resembles a lassial (e, 2e) pattern where post-ollision interation shifts the binary and reoil peaks towards 180◦. If Auger eletronsare to be emitted preferably along the moleular axis their maxima should hene alsolie outside of the sattering plane. The di�erene between the two green urves is thatthe bright one is aligned at +45◦ relative to ~q and the dark one at −45◦. Both plotsin �gure 5.27 are for the sattering angle of (15 ± 5)◦ while the energy of the seondeletron range overs the �rst (�gure 5.27(a)) and seond (�gure 5.27(b)) hump observedin the seond eletron energy spetrum in �gure 5.23 for θM = 45◦. Most notably, theshape of the eletron distributions hanges with the energy. At (6.5 ± 2.0) eV the binarylobe of the −45◦ alignment features only slight enhanement on the left �ank while inthe reoil region a sharp peak appears approximately in the diretion of the moleularaxis. This struture vanishes for (10.5 ± 2.5) eV eletrons. Instead, higher rates arereorded around the binary lobe. For the alignment at +45◦ in the sattering plane lessdi�erenes between the two energy regimes are visible. In both ases the right �ankof the binary lobe is enhaned, roughly at the intermediate angle of ~q and ~a, but alsodiretly in the diretion of the internulear axis. The strutures observed annot beexplained easily. If one expets the 1Πg doubly exited state to ontribute dominantlyat this γ angle, ompliated angular emission patterns are possible (see Lafosse et al.(2003)). But again the bakward/forward asymmetries remain unlear. On the otherhand, the dependene on the emitted eletron energy and hene the projetile's energyloss suggests that more than one state ontributes here.5.4.3 Orientation e�etsThe emission pattern of Auger eletrons presented in the last setion already indiateda ounterintuitive asymmetry with respet to bakward or forward emission along theinternulear axis. This seems ontrary to the assumption that autoionisation is happen-
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()Figure 5.29: Sattering plane 5DCS for moleules where the resulting proton is emitted in +~q(dashed) or −~q (dotted). The sattering angle is (6 ± 3)◦ throughout these plotswhile Ee2 hanges from (a) (6.5 ± 2.0) eV to (b) (9 ± 4) eV and () (10.5 ± 2.5) eV.



116 5 Results and disussioning independent from the initial ollision. Reently, however, Fernández and Martín(2009); Martín et al. (2007) reported asymmetries in the eletron emission patternsas well as in the distribution of protons obtained from photon-indued proesses inH2. This e�et was explained by a oherent superposition of two possible ionisationpathways that lead to the same �nal state produts. One route was passing a Σ+
g in-termediate state, the other one a Σ+

u . As illustrated in �gure 5.28 a oherent sum ofmoleular eletroni wave funtions of these symmetries an lead to a onentration ofthe probability density at one of the two nulei. Consequently, the eletron experienesa net loalisation. If the nulei are in a repelling dissoiative motion at the same timethis will lead into a preferred emission diretion with respet to either the proton or thehydrogen atom. The intermediate states of di�erent symmetry in our ase would be thedoubly exited states of H2.To study this we have produed a few 5DCS spetra where not only the alignment,but also the orientation of the dissoiating H+ H+ system was �xed. As the strongestontribution from autoionisation is observed for moleules parallel to the momentumtransfer we will fous on this geometry. In �gure 5.29 we start with emitted eletronsmeasured at a sattering angle of (6 ± 3)◦, while the energy enompasses almost theomplete AI range in sub�gure (b), the lower half in sub�gure (a) and the upper onein sub�gure (). The �rst graph shows essentially the same binary peak for both ori-entations, with a slight but insigni�ant preferene for proton emission in +~q diretion.But in the reoil lobe there are learly higher rates when the neutral atom dissoiates to
+~q. With inreasing energy of the displayed eletron the di�erene in the binary regioninreases while the one in the reoil area almost vanishes. These opposite trends in thereoil and binary lobes indiate that no systemati experimental e�et is observed butrather there is indeed an asymmetry in the dissoiation of the doubly exited states.The dependene of this asymmetry on the Auger eletrons' energy ould be linked tothe fat that the relative ontribution of the 1Σg and 1Σu states hanges with energytransfer ∆E (see Edwards and Zheng (2001)).The di�erenes in the eletron emission spetra for protons emitted in + or −~q di-retion might also slightly vary with the sattering angle and, hene, the momentumtransferred to the moleule. In �gure 5.30 two examples at θe1 = (10 ± 4)◦ and (15 ± 5)◦are shown. While it seems that the asymmetry dereases in the binary lobe with largersattering angles it stays essentially onstant within the errorbars in the reoil region.Interesting strutures in the Auger eletron spetra with forward/bakward asymme-try were found in setion 5.4.2 for moleules aligned at 45◦ relative to ~q. Therefore,one might expet orientation dependene of the 5DCS in this ase. Figure 5.31 presents
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(b)Figure 5.30: Same as �gure 5.29, but the sattering angle is (a) (10 ± 4)◦ and (b) (15 ± 5) eVat an energy of the emitted eletron of (9 ± 4) eV.
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Figure 5.31: Orientation dependene of 5DCS for a moleule aligned in the sattering planeat +45◦ relative to momentum transfer. The green arrows depit the detetiondiretions of the protons for the two ases.an example for moleules aligned in the sattering plane at an angle of +45◦ to themomentum transfer. In the binary lobe no signi�ant asymmetry e�ets are found,but in the reoil region there is large angular range entred around the diretion ofthe internulear axis where the two urves di�er almost by a fator of two. Similar tothe previous orientation dependenies eletron emission is enhaned when the protondissoiates in the same diretion. However, the nature of the autoionising states inter-fering in this ase is unlear. Previously, we have stated that at an alignment of 45◦relative to the momentum transfer 1Πg is a likely ontributor. A net loalisation of theeletroni wavefuntion at one of the nulei an only be ahieved by superimposing a
Πu on�guration. The �rst autoionising state of suh symmetry lies about 2 eV higherthan 1Πg and ould well ontribute. That ould also explain, why the disrepany seenin �gure 5.31 is not appearing at low values of the energy transfer.
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6 Conlusion and OutlookThis work was dediated to studying eletron-impat ionisation or (e, 2e) of alignedhydrogen moleules. The main goal was to pioneer �ve-fold di�erential ross setions(5DCS). Up to now these were only known theoretially, beause earlier experimentswere restrited to randomly oriented moleules or ould not retrieve statistially sig-ni�ant data for aligned H2 (Takahashi et al. (2005)). We exploited post-ollisiondissoiation of the residual H2

+ to determine the Euler angles of the internulear axis.A purpose-built reation mirosope (see Dürr (2006); Haag (2006)) was used tosimultaneously measure three-dimensional momentum vetors of the two �nal state ele-trons and one ion, whih was either H2
+ or a proton. For non-dissoiative ionisation,it is not possible to obtain information on the alignment. Instead, this proess wasused to alibrate the partiles' momenta preisely. Of the dissoiative events, we onlyfoussed on those where the total momentum of the proton was less than 8 a.u., allowingto maintain a full angular aeptane and simultaneously a reasonable resolution. Suhions are only produed in about 1.5 % of all single ionisation reations. Consequently,the ount rate was relatively low, whereas the measurement of 5DCS requires an enor-mous amount of data. Therefore, optimisation of the analysis routines and espeiallythe reonstrution of lost detetor signals was ruial for the suess of this work. Still,almost 100 days of ontinuous data aquisition was needed to obtain su�ient statistialsigni�ane.The reation hannel most frequently observed was ground-state dissoiation (GSD),where H2

+ is reated in the vibrational ontinuum of its eletroni ground state. Itdi�ers from non-dissoiative single ionisation by a smaller separation between the twonulei. This was found to have an e�et on the measured triple di�erential ross setions(3DCS) obtained for random alignment: The relative amount of emitted eletrons thatare baksattered at the ioni potential is inreasing. We ould qualitatively explainthis observation by a higher e�etive nulear harge seen by the eletron aused bythe shorter internulear separation. The inrease in baksattering will ontinue, if thenulei are even loser and, onsequentially, the potential deeper. We followed this trendin a omparative study of the atomi two-eletron system helium whih orresponds to



120 6 Conlusion and Outlooka internulear distane of zero.We found that ionisation of hydrogen moleules into ground-state H2
+ slightly favoursalignment of the internulear axis in the diretion of momentum transfer. This ontra-dits the results of the moleular BBK model and the related piture of double-slit likeinterferene at the two nulear entres. Five-fold di�erential ross setions with sta-tistially signi�ant data were obtained in the sattering plane and the normal planeperpendiular to the inoming beam. At most kinematial situations, no strutural dif-ferenes in the 5DCS spetra for distinguished moleular alignments were found, whihis in good agreement with simple symmetry arguments. Theoretial ross setions alu-lated within a distorted wave model that were available for oplanar geometry reproduethe hanges in intensity between distint Euler angles reasonably.At harateristi energies of the emitted eletron, autoionisation (AI) of H2 was ob-served. This reation hannel an our, when both eletrons of the initial moleuleare exited into higher orbitals. The orresponding energy levels lie above the groundstate of H2

+. As the potential urves of the doubly exited states of hydrogen arerepulsive, the moleule starts to dissoiate. During this, spontaneous ionisation is pos-sible, yielding a neutral hydrogen atom and a proton. Similar to the GSD hannel,moleular alignment parallel to the momentum transfer is preferred, but to a largerextent. We have explained this with seletion rules derived from the symmetry of thedoubly-exited states. In autoionisation, the emission of the seondary eletron is notdiretly orrelated with the kinematis of the ollision. Instead, we observe a high rosssetions in the diretion of the internulear axis. However, unambiguous identi�ationof the strutures belonging to AI was di�ult, beause diret ionisation ould not beompletely separated from it. Additionally, no theoretial 5DCS for autoionisation wereavailable.In the eletron energy region assoiated with autoionisation another e�et so far un-known in eletron ollisions was observed during this work: At some geometries, thestruture of the eletron emission patterns hanges signi�antly upon inversion of thedissoiating H+H+ system. Suh asymmetries were observed in single-photon indueddissoiation proesses in H2
+ by Martín et al. (2007), albeit yielding muh higherproton energies. The e�et was explained by a net loalisation of the remaining boundeletron resulting from a superposition of intermediate states of gerade and ungeradesymmetry. If this model an also be applied to the present results, still has to be shown.Wihtin this work the viability of measuring fully di�erential ross setions of eletronimpat single ionisation of aligned moleules with a reation mirosope was proven.This is the �rst step towards testing existing theories experimentally on the most dif-



121ferential level. For hydrogen, a large interest lies at low impat energies where strongmoleular e�ets have been observed by Al-Hagan et al. (2008). Calulations usingthe time-dependent lose oupling methods have also predited signi�ant struturaldi�erenes in 5DCS at distint moleular alignments (Colgan et al. (2008)).For the further understanding of eletron-moleule interations ouring in natureand tehnial appliations, examining the ionisation of aligned H2 ould only be the�rst step, beause at least on earth moleular hydrogen is extremely rare and largersystem are of higher signi�ane. As an example of a more omplex moleule, (e, 2e) onaetone was studied following this work under similar experiment onditions. For thistarget, the majority of single ionisation events auses dissoiation along one of the C−Cbonds, allowing a high oinidene ount rate between two eletrons and the fragmention. The results still have to be analysed.In the future, signi�ant modi�ations to the reation mirosope or even a newlybuilt apparatus are advisable for extended (e, 2e) studies on aligned moleules. Anideal spetrometer should be highly assymmetri, with a short aeleration distanetowards the ion detetor and a long one on the eletron side. With suh a set-up onean ahieve 4π aeptane for muh faster ions than presently while maintaining theresolution for eletrons.
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A Newton's method for reonstrutionof longitudinal momentumNewton's method1 is an iteration formula to �nd a root of a non-linear, at least oneontinuously di�erentiable funtion f(x), where the (k + 1)-th approximation is givenby:

x(k+1) = x(k) −
f
(

x(k)

)

f ′
(

x(k)

) (A.1)In onrete, the tangent to f(x) at position x(k) is alulated. The next approximation
x(k+1) is given by the intersetion of the tangent with the x-axis. This iteration isusually stopped when either the di�erene between to onseutive points ∣∣x(k+1) − x(k)

∣

∣or the urrent funtion value ∣∣f(x(k))
∣

∣ is reahing below a desired threshold.In our ase of reonstrution of longitudinal momentum for a given time-of-�ight t(ompare with setion 4.3) the funtion to �nd the root of is
f(pz) = m ·

(

2la
√

pz2 + 2mqU ± pz
+

ld
√

pz2 + 2mqU

)

− t (A.2)where �+� is used for eletrons and �−� for ions. The �rst derivative is
f ′(pz) = m ·

(

∓ 2la

pz2 + 2mqU ± pz
√

pz2 + 2mqU
− ld · pz

(pz2 + 2mqU)3/2

)

. (A.3)We have to verify the onvergene of Newton's method in our ase beause it annotbe guaranteed generally. The behaviour is also strongly dependent on the hoie ofthe initial value pz(0). As shown in �gure A.1, f(pz) is stritly monotoni over thedesired momentum range for both eletrons and ions. Therefore, there is only one rootin this interval, whih is atually the root we are looking for, namely the solution toour problem of �nding pz for a given time t. For the eletrons the funtion is stritly1For introdution, see for example Shwarz (1989), pp. 209�212.
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n_dm for example ontains the produt of the drift length ld and the partile's mass m.Additionally, eah iteration step is optimised to ontain as little operations as possible.Although the onvergene was shown in the desired range, we inluded the possibilityto set a limit to the number of iterations, whih in listing A.1 appears as fParamome->
NewtonMaxI.With the above mentioned onsiderations and optimisations the method alulatedthe momenta of eletrons and ions reliably and fast. The mean number of iterationswas usually between 3 and 4. Compared to formerly used methods for the momentumreonstrution no signi�ant derease in performane was found.
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1 n_epsilon = n_tof_input * fParaMom->NewtonEpsilon; // threshold

value at which the equation should be fulfilled2 n_pz = fParaMom->NewtonPo; // set momentum to start value;3 n_arg = n_pz*n_pz + mNewton_twomq;4 n_sqrtarg = sqrt(n_arg);5 n_tof = - n_tof_input + mNewton_dm / n_sqrtarg + mNewton_twoam / (

mACCEL_DIRECTION * n_pz + n_sqrtarg ); // value of the tof

function at initial pz6 n_i = 0;7 while ( (n_i < fParaMom->NewtonMaxI) && (n_epsilon < fabs(n_tof) ) )8 {9 n_dtof = - mNewton_dm * n_pz / pow(n_arg, 1.5) - mACCEL_DIRECTION

* mNewton_twoam / (n_arg + mACCEL_DIRECTION * n_pz *

n_sqrtarg); // value of the derivative dt/dp_z at current p_z10 n_pz = n_pz - n_tof / n_dtof; // Newton step to get new p_z11 n_i++;12 n_arg = n_pz*n_pz + mNewton_twomq;13 n_sqrtarg = sqrt(n_arg);14 n_tof = - n_tof_input + mNewton_dm / n_sqrtarg + mNewton_twoam /

( mACCEL_DIRECTION * n_pz + n_sqrtarg ); // value of the tof

function at current p_z15 } Listing A.1: Newton's method for the alulation of longitudinal momentum
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B TablesB.1 Atomi unitsThe atomi unit system frequently used in atomi and moleular physis sets typialatomi dimensions to unity, namely the elementary harge e, the eletron's rest mass
me, the lassial Bohr radius a0, the redued Plank onstant ~ and the Coulomb foreonstant 1/(4πǫ0). The symbol used for atomi units is always �a.u.�, independent fromthe quantity. Symboli expressions and onversion fators to SI units for atomi unitsused in this work are listed in table B.1. Therein, α is the �nestruture onstant and cthe vauum speed of light.Quantity Expression Value in SI unitsmass me 9.109 382 × 10−31 kgharge e 1.602 176 × 10−19 Clength a0 5.291 770 × 10−11 mangular momentum ~ = h/2π 1.054 571 × 10−34 kg m2

/senergy1 ~2/mea02 4.359 744 × 10−18 Jtime mea02/~ 2.418 884 × 10−17 sveloity ~/mea0 = c · α 2.187 691 × 106 m/smomentum ~/a0 1.992 851 × 10−24 kg m/sTable B.1: Atomi units for seleted quantities.B.2 Charater tables of seleted point groupsCharater tables of the point groups mentioned in this work are listed: D∞h � table B.2,
C∞v � table B.3 and C2v � table B.4. The irreduible representations are labelled byMulliken symbols. For the in�nite point groups also the Σ,Φ,∆ notation similar toorbitals in atomi physis is given. The tables are taken from Demtröder (2003).1The atomi unit for energy equals the eletri potential energy of the Hydrogen ground state and issometimes also alled Hartree energy. Its value in eV is 27.211.
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E 2Cϕ∞ ∞σv i 2Sϕ∞ ∞C ′

2

A1g = Σ+
g 1 1 1 1 1 1

A2g = Σ−
g 1 1 −1 1 1 −1

A1u = Σ+
u 1 1 1 −1 −1 −1

A2u = Σ−
u 1 1 −1 −1 −1 1

E1g = Πg 2 2 cos(ϕ) 0 2 −2 cos(ϕ) 0
E1u = Πu 2 2 cos(ϕ) 0 −2 2 cos(ϕ) 0
E2g = ∆g 2 2 cos(2ϕ) 0 2 2 cos(2ϕ) 0
E2u = ∆u 2 2 cos(2ϕ) 0 −2 −2 cos(2ϕ) 0

. . . . . . . . . . . . . . . . . . . . .Table B.2: Charater table of the D∞h point group.
E 2Cϕ∞ ∞σv

A1 = Σ+ 1 1 1
A2 = Σ− 1 1 −1
E1 = Π 2 2 cos(ϕ) 0
E2 = ∆ 2 2 cos(2ϕ) 0
E3 = Φ 2 2 cos(3ϕ) 0
. . . . . . . . . . . .Table B.3: Charater table of the C∞v point group.

E C2 σv σ′v

A1 1 1 1 1
A2 1 1 −1 −1
B1 1 −1 1 −1
B2 1 −1 −1 1Table B.4: Charater table of the C2v point group.
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