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Das Unendlihe ist dort, wo der Unsinn vernünftig wird.1Carl Friedrih v. Weizsäker

1In�nity is, where nonsense beomes reasonable.



ZusammenfassungMit Hilfe eines Reaktionsmikroskops (RM) wurde die Ionisation durh Elektronen-stoÿ von Argon Atomen und kleinen Argon Clustern, bei einer Projektilenergievon 100 eV untersuht. Es handelt sih hierbei um das erste (e, 2e) Experimentan Clustern und somit konnten zum ersten mal di�erenzielle Wirkungsquershnittegemessen und verglihen werden. Im Fall von atomarem Argon und Dimeren wur-den vollständig di�erentielle Wirkungsquershnitte (FDCS) bestimmt werden, fürgröÿere Cluster, einfah di�erentielle. Durh die Verwendung eines RM war esmöglih, alle geladenen Fragmente in koinzidenz zu detektieren und somit ein kine-matish vollständiges Bild des Ionisationsprozesses zu erhalten. Der Vergleih derFDCS zeigte besonder in der zur Streuebene senkrehten Ebene signi�kante unter-shiede. Ar2 wurde weiterhin auf möglihe Interferenze�ekte untersuht, die fürStreuprozesse an diatomaren homonuklearen Molekülen vorrausgesagt werden. Eswar möglih, Hinweise auf eine solhe Interferenz zu �nden, und diese mit einemeinfahen Modell zu vergleihen. Hierdurh konnten weitere Einsihten in die unter-shiedlihen Ionisationsprozesse zwishen Ar und Ar2 gewonnen werden.
AbstratEletron impat ionization of argon atoms and small argon lusters has been inves-tigated at a projetile energy of 100 eV, using a so-alled reation mirosope (RM).It is the �rst (e, 2e) experiment on lusters and therefore the �rst time di�erentialross-setions ould be obtained and ompared. For atomi argon and dimers fullydi�erential ross-setions (FDCS) have been measured, for larger lusters, signly dif-ferential. With the use of a RM, it was possible to measure all harged fragments inoinidene and aquire a kinematially omplete piture of the ionization proess.The omparison of the FDCS showed the largest di�erenes in the plane, perpen-diular to the sattering plane. Furthermore, the ionization of Ar2 has been studiedfor possible interferene e�ets, whih have been predited for sattering proesseson diatomi homonulear moleules. It was possible to obtain �rst hints on suh aninterferene struture and to ompare it to a simple theoretial model. This also ledto further insight on the di�erent ionization proesses for Ar and Ar2.
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1. IntrodutionThe interest in atomi and moleular ollision experiments involving harged par-tiles is on one hand deeply founded in the fundamental omprehension of modernphysis. At the same time it is founded in the understanding of proesses observablein nature like osmi rays impinging on the atmosphere, but also in the interationof biologial organisms with radiation. A wide �eld of appliations in medial si-ene was reated by the possibility of radiative treatment � both diagnosti andtherapeuti � suh as aner therapy or X-ray examination. Even more interestingis the interation of slow eletrons with moleules sine they are believed to play animportant role for double string breaks of DNA in heavy ion therapy.In reent years the interest in the properties of lusters inreased rapidly. Sine theirbond is of the weak van-der-Waals type, they form an intermediate stage betweenisolated moleules and marosopi systems. Therefore one is able to investigate thetransition between the physial properties of free the partiipants up to ondensedmatter. In ordinary luster experiments sizes of up to and above 40, 000 atoms ormoleules are regarded. For (e, 2e) experiments, however, lusters that large arefar to omplex and have too many reation hannels in order to derive quantitativeresults. Noble gas moleules � or van-der-Waals moleules � seem to be an obvioushoie sine they are omparably small with a manageable number of reation han-nels, but at the same time show general properties of lusters.Despite the deep knowledge about the struture of atoms and moleules � time in-dependent atomi physis that is � many problems of dynami proesses remainunsolved. Problems of a stati kind have been treated sine the early beginnings ofwhat we all modern physis, whereas time dependent problems are quite di�erent.The fat that even a system of three partiles annot be solved analytially gives riseto theoretial methods whih either rely heavily on assumptions about the desribedproess or produe enormous omputational e�orts.Collision experiments involving atoms or moleules are arried out sine the early1910s. When Rutherford, Geiger and Marsden performed the famous experimentemitting ollimated partiles from radioative deay onto a thin layer of a solid (goldin this ase). The detetion of the sattered partiles was done by a photoativestrip, bent irular with the foil in the enter. The whole experiment was arried outin a oplanar geometry, where partiles were deteted only within a ertain planeformed by the projetile beam and the irular strip. Sine the strip had a ertainwidth it de�ned the aeptane of the sattering geometry for partiles being sat-tered to this plane. At the time, the intensity as a funtion of the sattering angle9



10was measured. The well-known outome of the experiment was that the mass of anatom orresponded to its positive harge whih was loated in the enter surroundedby a hollow shell of negative harges.Sine then there have been numerous ollision experiments for all imaginable om-binations of projetiles and targets suh as eletron-atom, ion-atom, photon-atomet. With improved tehnology for detetion devies, experimental setups grew moresophistiated. The development of quantum mehanis and the resulting knowledgeabout the struture of atoms and moleules lead to a broadened horizon for ollisionexperiments. While in the original experiment of Geiger, Marsden and Rutherfordthe sattering was elasti, experimentalist where onerned with all kinds of inelas-ti sattering proesses from exitation, multiple ionization to apture proesses. Ofourse, in this sope the experimental tehniques had to be improved to be apableof delivering detailed information. With the suess of solid state physis in the�eld of semiondutors it was possible to reate detetors apable of high resolutionand high e�ieny leading the way to the traditional (e, 2e) apparatus where twoenergy sensitive detetors are used to detet the sattered partile and the ejetedeletron. This evolution, however, was still restrited to a ertain plane where par-tiles ould be deteted and � beause of the spaial extension of the detetors � toertain dead regions, where the two detetors would overlap or one detetor wouldblok the inident beam. An important experiment for the evolution of the �eld of(e, 2e) experiments was arried out by Ehrhardt in 1969, where an apparatus of thedesribed type was used to measure single ionization of helium [17℄.Spetrometers of this type are still being used with additional improvements to beable to detet so-alled out-of-plane eletrons, at least for ertain solid angles. Toover larger out-of-plane parts, however, proves to be extremely di�ult while anaeptane of 4π is almost impossible. It is not surprising that the experimentalistsas well as theoretiians were foused on this oplanar geometry for deades. Whenthe �rst experiments ame to be where other planes were studied, the theoretialmodels whih �tted well oplanar, suddenly ompletely failed in the desription [34℄.Therefore the invention of the reation mirosope was another milestone for atomiand moleular ollision experiments [31℄. Originating in reoil ion momentum spe-trosopy the applied tehniques have been developed to detet all harged partilesreated in a ollision and gain full information about the proess. Its advantage isthe overage of the whole solid angle whih, at the same time, is aessible withinone runtime of the experiment without adjusting detetors. For the �rst time three-dimensional fully di�erential data were available to ompare to state-of-the-art the-ory. The impat of harged partiles therefore provides a wide �eld of investigation.The possibility of obtaining the omplete information of a partiular proess, suhas all momenta, presents an additional possibility not only for better understandingbut also as a test for ontemporary theory.In the present experiment the motivation of studying argon dimers was to investi-gate possible di�erenes in the ionization proess ompared to atomi argon. Due to



CHAPTER 1. INTRODUCTION 11the weak intermoleular bond strength (∼ 15 meV) the �rst approximation in orderto desribe an (e, 2e) proess would be to take Ar2 as two independent atoms. Themeasurement of triply di�erential data on both Ar and Ar2 provided informationthat indeed the dimer has to be looked at as a moleule.The organization of the present work is as follows: an introdution into the �eld of(e, 2e) experiments as well as a desription of the properties of the studied targetswill be given. Furthermore, a disussion of the most important theoretial modelsfollows. The experimental setup will be presented in hapter 3, inluding a disus-sion of the aeptane and the resolution of the apparatus. Finally the outome ofthe experiment will be presented. The separate analysis of the fully ross-setions at
E0 = 100 eV impat energy for atomi argon as well as omparative disussion withtriply di�erential ross-setions of Ar2 of the obtained results are inluded. In thease of atomi argon a further omparison to ontemporary theory will be shown.Lastly a summary of the results and an outlook for future experiments as well asimprovements of the present will be given in in hapter 5.





2. Eletron Impat on Atoms andMoleulesProesses whih an our when harged partiles suh as eletrons satter on atomsor moleules are quite numerous. This rih variety is usually divided into di�erentlasses depending on the �nal state partiles. First of all one an deide whetheror not the number of ontinuum partiles hanges. If the number of free partilesremains onstant and the energy is onserved, the sattering has been elasti. Ifthe energy of the sattered projetile is not equal to its inident energy, the targetould beome exited whih makes the proess inelasti. Inelasti proesses arethen divided into pure exitation, pure ionization and a ombination of both. Forionization and ionization-exitation the number of partiles hanges. Additionally, inthe ase of moleules, exitation of vibrational and rotational states, and dissoiationis possible. Furthermore attahment proesses � the apture of a free eletron � anour, whih in the ase of moleules, an also be dissoiative (i.e. dissoiativeeletron attahment or DA).Eletron impat ionization proesses are usually denoted by the number of �nal stateeletron. For single ionization this would be (e, 2e), for double ionization (e, 3e) andso forth.2.1. Eletron Impat on AtomsIf eletrons satter on atoms, exitation to di�erent energy levels is possible. Besidesthat, exhange e�ets an our by whih for instane ground state parahelium ouldbe exited to orthohelium, while ionization to positive ions in di�erent harge states(e.g. singly, doubly et.) is also possible. Of ourse, eletron apture is anotherpossibility, thus forming a negative ion.A harateristi property of suh proesses is the total ross-setion, being the prob-ability for a reation to our, usually plotted as a funtion of the projetile energy.For the above mentioned proesses, the order of magnitude of the ross-setion anbe quite di�erent even for the same reation in di�erent atoms. To get a deeperknowledge about the kinematis in a given reation it is often not useful to look justat the total probability, but at the probability dependene as a funtion of di�erentkinemati variables, suh as energy and sattering angle. In that sense the total13



14 2.1. ELECTRON IMPACT ON ATOMSross-setion (TCS) ontains the least information.1 This is due to the fat thatthe TCS is the integral of a di�erential ross-setion over all kinemati dependen-ies. The order of the di�erential is dependent on the spei� proess, meaning,how many variables are needed to determine the reation ompletely. For instanethe pure single ionization of an atom has a three-fold di�erential ross-setion of-ten referred to as the triply di�erential - (TDCS), whereas double ionization hasa �ve fold di�erential ross-setion. More generally one an simply speak of thefully di�erential ross-setion (FDCS). The TDCS for single ionization is de�ned bythe solid angles of the two outgoing eletrons and the energy of one eletron). Foran experimentalist the FDCS is the fundamental variable sine there would be nopossibility to aquire di�erential data when only the TCS was measured.Usually in an (e, 2e) experiment, the determination of the FDCS is ahieved by�xing the sattering angle of the projetile with one spetrometer. This harater-izes the sattering plane: A plane whih is spanned by the momentum vetors ofthe projetile before and after the sattering. Seondly, the energy of the ejetedeletron has to be �xed with a seond spetrometer. In onventional experiments,obtaining the number of ounts as a funtion of the ejetion angle of the seond ele-tron in oinidene with the sattered projetile within this plane gives the FDCS.2Sine the ejetion of an eletron is not only limited to this plane, one ould thinkof omplementary planes, suh as the perpendiular plane. It is de�ned as a plane,orthogonal to the sattering plane, ontaining the projetiles momentum vetor. Ofourse, every other plane between those two is imaginable, but with traditional se-tups, hardly obtainable.Nevertheless, it's worthwhile to gain as muh information as possible about a spe-

Figure 2.1.: Conventional (e, 2e) experiment. Shown in red (solid) is the satteringplane, with the momenta for the projetile (pi), the sattered projetile(ps), the ejeted eletron (pe) and their respetive sattering angles.Indiated in dashed red is the perpendiular plane.1i.e.: For whih inident energy the reation is most probable.2Deteting ejeted eletrons in the sattering plane de�nes the oplanar geometry.



CHAPTER 2. ELECTRON IMPACT ON ATOMS AND MOLECULES 15i� proess and partiularly the RM o�ers the possibilities to obtain a ompletepiture, whih is not restrited to a ertain plane, but overs the whole solid angle(see setion 3.1).Generally speaking, the harateristi features of a FDCS in an (e, 2e) experimentan be separated into two aspets. The projetile an satter with small impatparameter and mainly interat with a bound eletron where the remaining ion ismerely a spetator. This kind of ollision is alled binary and the respetive peakin the FDCS is therefore alled binary peak. Most likely the eletron will then beejeted in the diretion of the momentum transfer (~q). On the other hand � if theprojetile has large impat parameter and the energy and momentum transfer issmall � there is a probability that the emitted eletron interats with the remainingion, ausing it to satter in the opposite diretion. This peak in the FDCS is alledreoil peak. In �gure 2.2(b) a FDCS for helium is shown and one an see the hara-
ε(a) Photoionization of an s-eletron (simulated).

p1

p0

q

(b) FDCS for eletron impat on helium at eVinident energy.Figure 2.2.: Di�erene between eletron impat ionization and photoionization pro-esses.teristi double lobe struture, where the large lobe in the diretion of ~q orrespondsto the binary peak and the smaller one in the opposite diretion to the reoil peak.In the limit of an in�nitesimal momentum transfer one would expet the lobes tobe symmetri around the diretion of the projetile. This would then orrespond tophotoionization where the momentum transfer is negligibly small (2.2(a)).2.1.1. Atomi ArgonFor this work, atomi argon has been hosen as an additional target. Compared todimers where moleular binding energies are weak, it was one aim of this work tosee whether or not the presenes of a seond bound atom would play a signi�ant



16 2.1. ELECTRON IMPACT ON ATOMSrole in the ionization proess.The valene eletrons in argon are p - eletrons with an ionization potential (IP) of
15.94 eV for a remaining 2P1/2 ion and 15.76 eV for a 2P3/2 ion.3 Due to the energyresolution of the setup, the di�erent P states annot be resolved. For the ionizationof a s - eletron - leading to 2S1/2 - the IP is 29.35 eV (all [33℄). The overall on-tribution of the 3s shell an be onsidered small ompared to the 3p shell. In theenergy range of around 100 eV for the projetiles, their ontribution is in the orderof 6% [22℄.For the exitation of argon by eletron impat, there exists an onsiderable amountof possible states. Due to the magnitude of the ross-setion at this projetile en-ergy, only the exitation of a 3p - eletron will be taken into aount. Sine theross-setions of exitation into s - states are small, the �rst set of states are ten
3p54p - states [24℄. In the Pashen notation they are usually denoted by 3p5(n+ 2)pwith the addition of the total angular momentum J = 0, 1, 2, making the individualstates 2pi (i = 1...10). They are spread between the lowest, 3p5(2P3/2)4p (or 2p10),at 13.01 eV and the highest, 3p5(2P1/2)4p (or 2p1), at 13.59 eV above the groundstate. The next set of states, 3d, start at 13.96 eV (see setion A.2). Exitation byeletron impat of argon has been studied intensively and measured ross-setionsan be found e.g. [9℄, [10℄. Is has been shown that by an inident energy of 100 eV,
2p1 has the highest partial ross-setion of (25 ± 5) · 10−19 cm−1, while the totalexitation ross-setion into 2pi is (107.2±12.1) ·10−19 cm−1 [9℄. For omparison, theombined ross-setion for exitation into 3di and 2si is (9.68 ± 2.37) · 10−19 cm−1[10℄.The total ross-setion for eletron impat ionization has been measured to be in theorder of 2.5 · 10−16 cm2 for 100 eV inident eletron energy [28℄. Singly harged Ar,with an IP of 27.63 eV, for the on�guration 3s23p5 2P1/2, 3/2, has a signi�ant set of
4p - states, starting 19.38 eV above the ground state, for the term 4P5/2. Another setwould be the 3d′ - states at ∼ 21.7 eV and the 4d - states, starting at ∼ 22.8 eV. Oneshould note that all exitation ross-setion for those states, peak a 100 eV, withmagnitudes in the order of ∼ 10−19 cm2 [38℄. Compared to helium, for atomi argonone should be able to see distint di�erenes in the fully di�erential data. Sine thevalene eletrons in Ar have an initial momentum, there should be a suppression ofejeted eletrons with a momentum ~q, in ontrast to He, where the s - eletrons haveno initial momentum. Sine this initial momentum adds to the transferred momen-tum gained in the ollision, one should see a minimum for Ar in the diretion of themomentum transfer. Also, beause of the higher ore harge, seond order e�etsan our, where the projetile before or after interation with a bound eletron, getselastially sattered on the ore. This would then move ejeted eletrons slightlyout of the sattering plane or to di�erent sattering angles within, leading to a moreblurred distribution. This is a reason, why the perpendiular plane is of partiular3The on�guration is (1s)2(2s)2(2p)6(3s)2(3p)6



CHAPTER 2. ELECTRON IMPACT ON ATOMS AND MOLECULES 17interest, omparing experimental results with theory. Sine the probability for aneletron to be ejeted to the perpendiular plane is muh smaller ompared to theejetion to the sattering plane. With this di�erene in magnitude, the perpendi-ular plane is muh more sensitive to small, seond (or higher) order e�ets. Hene,there an be some disrepany between theory and experiment in the perpendiularplane, even when they math well in the oplanar plane. This e�et has been ob-served before in eletron and ion impat experiments [34℄, [16℄.
2.2. Eletron Impat on MoleulesSine moleules have more internal degrees of freedom, not only an they be exitedto di�erent eletroni states, but also to a rih variety of vibrational and rotationalstates. It is now possible to exite to di�erent vibrational states within the same ele-tronial state, exitation to the same vibrational state in di�erent eletroni statesand of ourse exitations between di�erent vibrational states in di�erent eletroni-al states. The overall probability of an exitation to a di�erent state is desribedby the Frank-Condon priniple. It says that the exitation proess takes plae sofast that the internulear distane doesn't hange (e.g. [13℄). Therefore, the mostprobable transition is to a vibrational state for whih the probability distributionfor the intermoleular distane is large. For the lowest vibrational state this is usu-ally the enter of the potential urve whereas for exited vibrational states it is atthe turning points of the vibration. Another distintive di�erene between atomsand moleules are dissoiative proesses. They our, when the moleule is exited aanti-bound state or to a vibrational ontinuum state, where the internulear distanegets so large that the partiipants �nally part. Another possibility for dissoiatesvia the oupling between eletroni states. If the potential surfaes of eletronistates interset it is possible that the moleule whih has been exited to a boundstate, dissoiates via oupling with another eletroni state, for whih the energy isalready in the vibrational ontinuum. This is usually alled predissoiation. In orderto ionize a moleule, the energy has to be su�ient not only to overome the dissoi-ation limit but to reah the desired eletroni state. Also, due of the Frank-Condonpriniple, it is not likely for a moleule, to be ionized to a vibrational ground state.Sine the internulear equilibrium distanes an be quite di�erent for the neutraland ionized moleule, due to the di�erent harge, the largest Frank-Condon fatorsare obtained for higher vibrational states of the ion.



18 2.2. ELECTRON IMPACT ON MOLECULES

Figure 2.3.: Potential urves for di�erent states of Ar+2 with Frank-Condon (greyshaded) region for ground state ionization [26℄. The dashed horizontalline indiates the Ar+3 ground state.2.2.1. Argon ClustersThe primary target in this work was Ar2, whih is a noble gas dimer. Generallyspeaking, this type of lusters are moleules whih are bonded through the longrange van-der-Waals fore. The overlap of the eletroni orbitals gives rise to arepulsive exhange interation, leading to a relatively low bond strength. The bonditself is reated by indued dipole interation between neutral partiipants. Dueto the small binding energy, the potential surfaes of van-der-Waals lusters arevery shallow, ontaining only a limited number of vibrational states. Dissoiationof suh a luster requires only a small amount of energy, exiting it to a vibrationalontinuum. For argon dimers, the dissoiation energy is only ∼ 13 meV, where theintermoleular distane is ∼ 3.8Å.Figure 2.3 shows partiular eletroni states of the argon dimer ion, with the Frank-Condon region for ionization from the neutral ground state. Sine the gas jet hasa low temperature we an assume that Ar2, Ar3 and larger luster are initiallynot vibrationally exited. This is of partiular importane sine it ensures a wellprepared target and an enhaned momentum resolution.Experimentally the observation was foused on the detetion of Ar+2 ions. Thereason for this was besides studying argon dimers that among the atomi targets,the number of dimers was already low resulting in a low ount rate and thus the



CHAPTER 2. ELECTRON IMPACT ON ATOMS AND MOLECULES 19perentage of larger lusters (Arn, n > 4) was assumed to be negligibly small.Seondly, it has been shown that by eletron impat ionization of size seleted Ar3and Ar4, there is no signi�ant prodution of the respetive ions and furthermorethat there is even no signi�ant reation of Ar+3 ions by eletron impat ionizationof Ar4 [4℄. Following ionization, all of those speies dissoiate into dimer ions plusneutrals, sine these produts are energetially favored ompared to the trimer ionstates.4 Therefore, fousing on dimer ions makes it possible to obtain informationabout the ionization of larger argon lusters. Figure 2.4 shows alulated potentialenergy urves of the trimer ion in di�erent geometries. The zero point has beenhosen to be the dissoiation into Ar+ + 2Ar. The geometrial strutures of neutral

(a) Potential urves for di�erent states of Ar+3with linear geometry and equal bond lengths(D∞v). (b) Potential urves for di�erent states of Ar+3with equilateral triangle on�guration (D3h).The vertial line indiates the Ar3 equilibriumdistane.Figure 2.4.: Calulated potential energy urves for Ar+3 in di�erent geometry [27℄trimer and ioni trimer are quite di�erent. For Ar3 it has been shown that theon�guration with the lowest energy is an equilateral triangle with an internuleardistane of 3.8Å(e.g. [18℄), whereas for Ar+3 the most stable on�guration is linear,with the enter arrying 50% of the harge, and for larger lusters Diatomis inmoleules (DIM) alulations have shown that the ions are formed by a trimerion ore surrounded by neutral atoms [21℄. The predited on�guration for thetrimer ion is therefore linear with an internulear distane of 2.6Å as shown in�gure 2.4(a). As a result, the ionization of a neutral trimer leads to ions in a non-4It has been stated that stable Ar+3 is only produed by Ar5 and larger lusters [4℄.



20 2.2. ELECTRON IMPACT ON MOLECULESequilibrium on�guration, whih are therefore rather hot (see �gure 2.4(b)). Theenergy di�erene of the linear trimer ion ompared to the triangular on�gurationis in the order of 1.0 eV. Sine the dissoiation limit into Ar+2 +Ar is only 0.2 eVabove the ground state in the D∞v on�guration, it an already dissoiate.Compared to the diret ionization of Ar2, the momentum balane is now di�erent

Figure 2.5.: Ionization sheme for Ar3 prior to dissoiation. The momentum trans-ferred to the trimer ion has been denoted as q -pe2 .
for Ar3. Shown in �gure 2.5 is a sheme of the initial ionization proess. In a�rst step, the trimer is ionized, and the momentum transferred to the trimer ionand the ejeted eletron is ~q. Finally, the trimer ion dissoiates into a dimer ionand a neutral. The momentum transferred to Ar+3 is not the measured ~pr, but themomentum transfer ~q minus the momentum of the seond, ejeted eletron ~pe2. Inthe rest frame of the initial ion (i.e. Ar+3 ), the momentum of the dimer ion is nowgiven as

~pr
′ = ~pr −

2

3
· (~q − ~pe2) , (2.1)while the neutral fragments momentum is

~pn
′ = ~pn − 1

3
· (~q − ~pe2) . (2.2)The fration of the transferred momentum is due to the asymmetri mass separa-tion in the dissoiation proess. Of ourse, sine the neutral fragment hasn't beenmeasured, its alulation wont provide any information whih isn't ontained in theother harged fragments kinemati variables. However, due to the dissoiation pro-ess and hene the additionally gained momentum, one should be able to observe abroad struture in the time-of-�ight spetrum for the ions.



CHAPTER 2. ELECTRON IMPACT ON ATOMS AND MOLECULES 21
RB−AC [Å℄ RAC [Å℄ Ediss [eV℄ EIP [eV℄ diss. hannelAr+3 1 0.000 5.229 -1.3762 - } Ar+ + 2Ar2 2.237 3.317 -0.7010 -Ar3 - 2.171 3.760 -0.0373 14.370Ar+2 - - 2.450 -1.1790 - Ar++ArAr2 - - 3.762 -0.0122 14.500Table 2.1.: Summarized data of small argon luster [6℄,[27℄,[39℄2.2.2. Interferene E�ets on Diatomi Moleules5The wave nature of partiles is one of the most prominent derivations in quantummehanis, leading to a number of results, unimaginable in lassial physis. Inter-ferene pattern are always expeted, when partiles behave like waves. This means,whenever - for the same result - di�erent paths are available and on priniple oneannot determine whih path a partile had been taken, the wave-nature of partilesshows up and interferenes is possible. For photons, this e�et has been known sineYoung's double-slit experiment in 1802.6 However, to reate the same experimentfor eletrons took some 160 years and was performed by Claus Jönsson in 1961[23℄. For the underlying priniple it doesn't matter, whether the physial proessis di�ration on a double-slit or sattering, if one annot know whih path of thepartiles, interferene pattern are observed. In partiular if one thinks of satteringproesses, a homonulear diatomi moleule would be ideal sine the projetile ansatter at any of the two partiipants. This has been a long standing predition forphotoionization by Cohen and Fano, done in the late sixtes [11℄. More reently, the-oretial preditions have been made, onerning the single ionization of moleularhydrogen by eletron impat [36℄.Figure 2.6 shows a shemati view of suh a sattering proess. For a given orien-tation of the moleular axis one annot distinguish whih path the projetile took.If the distane between the two sattering enters is large, the Hamiltonian an beexpressed as the sum of the two atomi Hamiltonians plus the interation potentialsbetween an atom and the inoming partile. The transition amplitude an than beexpressed as

T̂ = V + V Ĝ0V + . . . , (2.3)5The equations of this setion are in atomi units.6Originally, the purpose of this experiment was to prove the wave nature of light.



22 2.2. ELECTRON IMPACT ON MOLECULES

Figure 2.6.: Interferene on a homonulear diatomi moleule.
where Ĝ0 is Greens operator and V = V1 + V2 is the sum interation potentialsbetween the partile and the respetive atom (see setion 2.3.1). The phase di�erenebetween the inoming and the sattered wave an be expressed as

∆ = (~p0 − ~p1) · ~R , (2.4)where ~R is the intermoleular distane vetor and ~pi are the respetive eletronmomenta, prior to and after the sattering. If the sattering proess is elasti, thedi�erential ross-setion is
dσA2

dΩ
=

dσ2A

dΩ
[1 + cos(~q · ~R)] . (2.5)The term in brakets is alled, as an interferene term. If there would be no inter-ferene, the di�erential ross-setion for the two targets would just be the sum ofthe individual di�erential ross-setions.For inelasti sattering on a moleule, the relation follows equation 2.5 [37℄:

dσA2
= dσ2A [1 + cos( (~pe2 − ~q) · ~R)] , (2.6)and if the moleular axis is not oriented, additionally, one has to average over allpossible orientations, leading to

dσA2
= dσ2A

(

1 +
sin(|~pe2 − ~q |R)

|~pe2 − ~q |R

)

, (2.7)



CHAPTER 2. ELECTRON IMPACT ON ATOMS AND MOLECULES 23where R = |~R| is the absolute distane between the two nulei. However, one shouldnote that in ontrast to the derived result for elasti sattering, two independentatoms are not su�ient to observe interferene. For a given moleular axis one wouldthen be able to have whih way information, sine the inelasti sattering proess onone atom or the other an be seen as �agging the partiular target, hene destroyingthe interferene pattern. The target eletron must not be assigned to one of thetarget nulei.2.3. Theoretial BakgroundThe problem of the theoretial desription of an (e, 2e) proess is that even thesimplest single ionization by eletron impat - the ionization of hydrogen - is a three-body proess and therefore not analytially solvable. Theoretiians have developed anumber of di�erent methods to get a hold to this problem. Dating bak to the early30's, Bethe and Born developed the �rst quantum mehanial approah for inelastiatomi sattering. In priniple one ould divide them into perturbative and non-perturbative approahes. For perturbative approahes (e.g. Born approximation),one must arefully deide whether or not the interation of the projetile with thetarget system is small and whether or not higher order e�ets have to be taken intoaount. In those models, the sattering proess is divided into an initial and �nalstate, the interation between projetile and target is treated separately. This appliesonly for fast projetiles, whereas slow ollision an hardly be treated pertubatively.On the other hand, those methods work well also for heavy atoms.Non-perturbative approahes, however, are based on a numerial solution of theShrödinger equation (e.g. onvergent lose-oupling). They are best suited for lowprojetile energies, but, at the same time, are somewhat restrited to light targets.Nevertheless, in this sope, they have shown to deliver exellent results, justifyingthe enormous omputational e�ort.Among the large variety of di�erent theoretial desriptions, only the most importantones will be taken into onsideration.2.3.1. Born ApproximationTo solve a problem like eletron impat ionization pertubatively, usually the system'sHamiltonian is divided in the projetile, the target and the interation term (e.g.[32℄). This means that projetile and target remain independent, prior and afterthe interation. Sine the Coulomb interation has an in�nite range this is alreadya strong approximation. The Hamiltonian an be expressed like
Ĥ = Ĥ0 + Ŵ , (2.8)



24 2.3. THEORETICAL BACKGROUNDwith the unperturbed Hamiltonian Ĥ0 = Ĥtarget + Ĥprojectile . The interation be-tween the target and the projetile is now only due to the interation potential Ŵwhih - if onsidered small - remains a perturbation to the otherwise free system.Therefore the initial state of the system is just the produt of the free proje-tile, whih an be written as a plane wave (e.g. 〈~x |φi〉 = exp[i~ki · ~x/~]/(2π~)3/2)and the target system (e.g. |ψi〉). The initial and �nal states are expressed by
|i〉 = |φi〉⊗ |ψi〉 ≡ |Ψi〉 and |f〉 = |φf〉⊗ |ψf 〉 ≡ |Ψf〉 and they are eigenstates of Ĥ0:

(Ĥ0 − E) |Ψif〉 = 0 .7 (2.9)The eigenstates of Ĥ shall be given by
(Ĥ −E) |Φif〉 = 0 . (2.10)A possible, formal solution to equation 2.10 an be given by

|Φif 〉 = |Ψif 〉 + Ĝ0Ŵ |Φif 〉 , (2.11)where Ĝ0 an be identi�ed with the Green operator
Ĝ0 = lim

ǫ→0

1

E − Ĥ0 + iǫ
.8 (2.12)Still the funtion |Φ〉 on the right hand side of equation 2.11 - whih is known asthe Lippman-Shwinger equation - remains unknown.By iteratively inserting 2.11 into itself, one an push bak this funtion to higherorder elements. The probability for a transition is de�ned by means of the transitionmatrix ot t-matrix. One an derive the so alled Born series, by inserting theLippman-Shwinger equation into

Tif = 〈Φf | Ŵ |Φi〉 = 〈Ψf | Ŵ |Ψi〉 + 〈Ψf | Ĝ0Ŵ Ĝ0 |Ψi〉 + ... . (2.13)The �rst order Born approximation or �rst Born transition amplitude is now givenby
f

(1)
if = 〈f | Ŵ |i〉 ≡ 〈Ψf | Ŵ |Ψi〉 . (2.14)One an show that the ross-setion an be aquired from the transition amplitude:

σ ∝ |f (1)
if |2. For eletron impat the interation an be expressed like

Ŵ = −ZprZta

R
+

N∑

i=1

Zpr

|~ri − ~R|
(2.15)7The indexing is kept to a minimum, in order not to be umbersome.8Here, Ĝ0 is de�ned positive to ensure the sattered wave is outgoing.



CHAPTER 2. ELECTRON IMPACT ON ATOMS AND MOLECULES 25with ~R the distane between projetile and target and ~ri the distane between thenuleus and the target eletrons. Combination of equations 2.14 and 2.15 leads to
f

(1)
if =

Zpr

2π2q2
〈φf |

N∑

j=1

exp[ i~q · ~rj ] |φi〉 , (2.16)where the momentum transfer ~q = ~kf − ~ki is introdued.As for higher order Born approximation the omplexity of solving inreases rapidly,the seond Born amplitude an be expressed as
f

(2)
if = lim

ǫ→0
〈Ψf | Ŵ

1

E − Ĥ0 + iǫ
Ŵ |Ψi〉 , (2.17)whih aounts for the fat that the system an undergo a seond transition duringthe reation. For the seond Born approximation, the ross-setion is obtained by

σ ∝ |f (1)
if + f

(2)
if |2 . (2.18)As mentioned before, the omputational di�ulty inreases rapidly with the orderof approximation. Therefore, there are hardly any ases, where higher order Bornapproximations are reahable.

2.3.2. Distorted Wave Born Approximation (DWBA)As an extension to the previously desribed Born approximation, the distorted wavesmethod takes into aount that often partiularly the Coulomb interation betweenthe projetile and the target system, annot be negleted due to its in�nite rangeand therefore the projetile annot be treated as a plane wave. To take this intera-tion into onsideration, while still ensure the problem to be solvable, an additionaloperator is introdued. The omplete interation potential is therefore expressed as
Ŵif = Ûif + V̂if , (2.19)where the subsript denotes whether the potential desribes the initial or the �nalstate (e.g. [2℄). The �rst term in equation 2.19, V̂if are (small) perturbations,desribing the interation, whereas Ûif are the so-alled distortion terms, desribingthe oulomb interation. These potentials are to be understood in a way that
Ĥ = Ĥ0 + Ûif (2.20)
Ĥ ′ = Ĥ + V̂if . (2.21)



26 2.3. THEORETICAL BACKGROUNDA solution is now obtained by solving equation 2.11 for Ûif ,
|χif 〉 = |φif〉 + ĜÛif |χif 〉 , (2.22)obtaining the eigenfuntions for the distortion interation in the initial and �nalstate. The transition amplitude an now be written as,
Tif = 〈χf | Ûf |Ψi〉 (2.23)

= 〈Ψf | Ûi |χi〉 , (2.24)whih is referred to as post and prior form.If the perturbation V̂if is small, one ould argue, so is the di�erene between Ĥ ′and Ĥ , or their respetive eigenstates. Up to now, no Born approximation hasbeen applied. This is done - in �rst order - following the previous argument, bysubstituting
|Ψi〉 → |χi〉 . (2.25)The advantage of this method is that for a omplex situation like ionization byharged partile impat, the problem with ombined interation of the oulomb�eld and the diret interation between the projetile and the ative eletron, ishardly solvable. Unfortunately, espeially for low energy sattering, negleting theoulomb interation is a poor hoie.9 Therefore, one an at least partly treat bothproblems, by shifting them to di�erent potentials. Of ourse, how this is �nallyappliable has to be determined, in whih way the problem is easier to solve (i.e.for Ĥ or for Ĥ ′).In reent years, a number of improvements to the DWBA have been developed, suhas DWBA-G, whih is orreted by the Gamow fator for improved PCI ([25℄) andhybrids like DWBA-RMPS, whih is a ombination of DWBA (�rst or seond order),the R-matrix approah and a pseudo-state lose-oupling-type expansion ([3℄).2.3.3. Convergent Close-CouplingIn the onvergent lose-oupling approah the time-independent Shrödinger equa-tion is solved numerially in an non-perturbative way. Initially it was developed todesribe the 2p exitation of atomi hydrogen but was later extended to desribealso - among other - the ionization of hydrogen and helium by eletron impat [7℄.Solutions are found by diagonalizing the target Hamiltonian with a set of Laguerrepolynomials, whih results in a set of N target states. These are often referred toas pseudo states. Here N indiates the size of the basis set. With an inreasingbasis size the target states (e.g. |ψi〉N) onverge to the disrete eigenstates for neg-ative energies whereas for positive energies they form a dense pseudo ontinuum.9E.g. due to post ollision interation (PCI).
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Figure 2.7.: FDCS for (e, 2e) on helium at 102 eV projetile energy. Theoretialalulations shown are CCC ( � ), DWB2 ( - - ) and 3C ( · · · ) [15℄.
The fat that the bound eletron is exited to a pseudo ontinuum state has ausedsome ontroversy sine the two eletrons should be indistinguishable, but it ould beshown that even for the ase that both eletrons share the same energy agreementwith experiments is very good ([5℄, [35℄).A major drawbak of CCC is that it works well only for light atoms and even forhelium the approximation of a frozen ore � an assumption whih freezes all ele-trons exept the ative one � has to be made.



28 2.3. THEORETICAL BACKGROUND2.3.4. R-Matrix ApproahIn the R-matrix approah, the problem of indistinguishability between the projetileand the target eletrons is overome by separating the spae into an area, where theprojetile is far away from the target and an area where the indistinguishability anno longer be negleted. In a �rst step the problem of the approahing and satteredprojetile an then be solved exatly, while only the interation within an enlosedvolume has to be treated with more sophistiation. This makes perfet sense sinethe same problem an be solved muh easier on small sales, than within a largesale frame.The surfae, separating the inner from the outer region is usually a sphere of radius
a. The inner part of the problem is treated with as muh as possible omplexity inthe interation, desribing the basis-state wavefuntions as an expansion of ontin-uum orbitals and target wavefuntions. For moleular ionization proesses at low tointermediate energies, the desription is restrited to a �xed nulei approximation,where the nulear motion is negleted and the eletroni states are obtained for theequilibrium distanes. The target wavefuntions an be aquired by on�gurationinteration methods (e.g. CASS(D/T), CASCI) . The moleular orbitals, as wellas the ontinuum orbitals, are expanded in Gaussian-type orbitals (GTO), whereasthe basis sets are obtained by a �nite-range �t of Bessel or Coulomb funtions. Itshould also be mentioned that usually � in many-eletron moleules � tightly boundeletron pairs are �xed for the duration of the reation, performing these types ofalulations [19℄.As for the RMPS, parts of the target wavefuntions are expressed as pseudo states,using a lose-oupling expansion (see setion 2.3.3). In order to ensure that thepseudo-ontinuum truly represents the post-ionization on�guration, the ejetedeletron is desribed by a set of so-alled pseudo-ontinuum orbitals whih are in-trodued to the on�guration-interation.



3. Experimental SetupThis hapter desribes the basi apparatus used and the experimental tehniquesapplied to measure the fully di�erential ross-setion (FDCS) for single ionizationof Ar2 by eletron impat. The reation mirosope (RM) whih was used in thisexperiment provides the opportunity of obtaining the kinematially omplete infor-mation about the proess [31℄. It is hereby possible to over almost the ompletesolid angle and a large range of energies during one measurement, whereas with on-ventional spetrometers it was only possible measure one angle and eletron energyat a time. This tehnique is based on high resolution position sensitive detetorsand the ability to detet all harged fragments produed.In ontrast to a onventional spetrometer for this kind of experiment where theFDCS is obtained diretly by aligning two detetors and hanging their angles re-spetively, a RM ollets all the partiles �rst and the reonstrution (or the 'imi-tation' of a onventional spetrometer) is done during the data analysis.3.1. The Reation MirosopeAs mentioned before, a reation mirosope was used for the detetion. A shematiview an be seen in �gure 3.1. The gas jet and the inident eletron beam arerossed under 90◦ in the enter between the spetrometer plates. The diretion ofthe magneti �eld produed by the Helmholtz oils is parallel to the spetrometeraxis.The spetrometer plates produe a homogeneous eletri �eld anti-parallel to themagneti �eld. This �eld aelerates the harged fragments to opposite diretionsregarding their harge. The aeleration region � within the extent of the plates �is followed by a drift region without an eletri �eld. The purpose of the eletri�eld is simply to image the partiles onto the detetors. The magneti �eld on�nesthe eletron's radial movement and fores them on ylotron trajetories. This isneessary for eletrons with large transversal momentum to still hit the detetor.Beause the mass of the ions is four orders of magnitudes larger the in�uene of theB-�eld on their trajetories is negligible.The priniple of this apparatus is to reonstrut all harged partiles' momenta bymeasuring the respetive times of �ight and positions on the detetors. Hereby thelongitudinal momentum is onneted to the time a partile needs to reah the dete-tor, whereas for the transversal momentum the position on the detetor is needed29
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Figure 3.1.: Reation mirosopein addition. As one an see from �gure 3.1, the eletron detetor has a hole in theenter. This is needed to prevent unsattered eletrons from hitting the detetor andhereby saturating it. They our, sine overall the ross-setions are quite low, butit is desireable to have only a single reation with every shot of the eletron gun, toprevent false oinidenes. On the other hand this hole ombined with a partiularmagneti �eld strength limits the minimum transversal momentum to a value largerthan zero. This is due to the fat that the magneti �eld and the veloity in thetransversal diretion determine the ylotron radius.For the ion detetor it is su�ient to have a smaller MCP below the spetrometeraxis, beause the position mainly depends on the jet pressure and the spetrometervoltage. Sine there is a multitude of reations to be observed, this holds only foratomi targets or moleules, for whih only one reation hannel (e.g. single ioniza-tion) is of interest. For reations, where dissoiation proesses are to be observed, a



CHAPTER 3. EXPERIMENTAL SETUP 31larger detetor, similar to the eletron detetor is needed (e.g. [20℄). In the followingsetions a short overview of the details of apparatus and tehnique will be given.3.1.1. DetetorsTo detet all harged fragments produed in an atomi ollision and afterwardsreover the omplete information about the proess, one has to know when andwhere a partile has hit the detetor. Both has to be done with good resolutionand furthermore, sine a number of fragments an be reated, the detetor has to beapable to register several partiles without a onsiderable dead time. A basi designof the detetor onsists of two parts: a MCP and a position sensitive devie, whihan either be a delayline anode (for eletrons) or a wedge-and-strip anode (for ions).For the di�erent fragments (i.e. eletrons and ions) the demands of the detetionsystem are di�erent in a way that for the ion, usually only one partile per reationhas to be deteted, whereas for the eletrons, two or more partiles impinge on thesame detetor within a short period of time. Furthermore, the ions have a muhhigher mass a thus muh longer TOF, ompared to the eletrons. This means thatpartiularly the detetion of eletrons is ruial, for they have to be resolved in timeand position, within very short time intervals (e.g. ns). Additionally the eletrondetetor has a entral hole. As mentioned above, this is to prevent from saturationwhih would be aused by unsattered eletrons hitting the MCP. Of ourse, thishole reates a lower limit for the transversal momentum of eletrons to still hit thedetetor (see setion 3.1.2).Mirohannel PlateA MCP is in priniple just a seondary eletron multiplier of whih a shematiview an be seen in �gure 3.2. In order to obtain position information a multitudeof small hannels (10-100µm diameter) are oriented in parallel. The time resolutionis typially in the order of < 1 ns and the spaial resolution is limited only by thediameter of the hannels and their spaing. In addition there is a potential di�er-ene between the front and the bak (typ.1 kV) of the MCP so that every seondaryeletron will be aelerated through the hannel resulting in a asade of eletrons.In this way the small urrent of a single eletron or ion is ampli�ed and �nally mea-sureable.The individual hannels are made of leaded glass with surfae optimized for a smallwork funtion for eletrons. Front and bak side are overed with a metal substrateof low resistane. The ampli�ation is of the order of 104 and an be inreased bymultiple layers of single MCPs. To reah a higher e�ieny the hannels of theindividual MCPs form a slight angle with the hannels of the next MCP. In thisway the eletrons are bound to hit the surfaes more often, sine now, they annot
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Figure 3.2.: sheme of a MCPpass the stak by a straight line and therefore produe more emission eletrons.Another advantage of tilted hannels is the suppression of ion feedbak whih anbe reated by eletrons ionizing residual gas or from desorption from the hannelwalls. The detetion e�ieny of an MCP an be assumed to be in the order of 50%.Delayline AnodeWhile a MCP an be used to get a fast signal of a partile to measure the timeof �ight (TOF) while maintaining the information about the position the latterhas to be reonstruted with good resolution. A ommon method for this kind ofmeasurement is the use of a delayline anode. In its most simple form it onsistsof two perpendiular layers of wires. The wire of eah layer is wound around aninsulator as shown in �gure 3.3. The priniple by whih position information isobtained is simply by measuring the time the indued harge needs to reah bothends of the wire. This is possible sine frations of the harge are traveling in bothdiretions of the wire. The time between the MCP signal and the detetion ofharges at the respetive wire ends results in the times tleft and tright. While thetotal time � whih is the sum of the individual times needed to reah the wire ends �is onstant, the time di�erene at the ends is proportional to the position the hargeloud has hit the wire. The atual position x in one diretion an then be alulated
x = vprop · ((tleft − t0) − (tright − t0)) = vprop · (tleft − tright) (3.1)



CHAPTER 3. EXPERIMENTAL SETUP 33where vprop is the e�etive propagation veloity1 for eah diretion and t0 is the timethe partiles hit the MCP.In order to improve the performane and redue noise usually two wires for eahdiretion are used. One serves as a referene-wire the other as the signal -wire. Bybiasing the two wires di�erently one an set the amount of harge traveling in eahwire and in the following use a di�erential ampli�er to analyze the di�erene of thetwo signals (i.e. signal and referene). First and foremost beause of the smallspaing all the noise will be indued in the same way in both wires and thereforeanel out by taking the signal di�erene.As mentioned earlier the time sum of eah layer is onstant. This allows to sort

Figure 3.3.: delayline anode
out real events from noise by hoosing only those whih ful�ll the ondition

tsum = (tleft − t0) + (tright − t0)
!
= const. (3.2)A problem arises when several partiles hit the delayline within a short time andwithin a short distane. Then, beause of overlapping delayline signals or the ele-tronis dead time severe loss of position information is to be expeted. Therefore theidea has ome up to add a third layer to provide the redundane of reonstrutinga partiles position when the position information of on layer is lost.While with only two layers the angle between them is 90◦, with a three layers theangles between the layers are 60◦. It is usually referred to as hexanode beause ofits resulting hexagonal struture. The new oordinates are named u,v and w so the1The e�etive veloity the harge pulse travels perpendiular to the wire.



34 3.1. THE REACTION MICROSCOPEtransformation bak to x and y is as follows:
xuv = u

yuv =
1√
3
· (u− 2v)

xuw = u

yuw = − 1√
3
· (u+ 2w)

xuv = (v − w)

yuv = − 1√
3
· (u− w) .The reonstrution of the positions on the anode is by no means trivial and requiresa sophistiated routine that an ensure to separate lose hits from eah other, aswell as from bakground noise.Wedge-and-strip AnodeFor the position detetion of the ions, a so alled wedge-and-strip anode was used.Other than the delayline, desribed before, a wedge-and-strip anode has only verylimited multi-hit apabilities sine the ampli�ed position signals normally have aduration of ∼ 1µs. For deteting ions, however, this is not needed if no fragmenta-tion proesses are to be studied. The advantage of this type, on the other hand, isthat no sophistiated read out system � usually onsisting of di�erential ampli�ersand disriminators � like for the delayline anode, is required (see 2.1). Figure 3.4shows a sheme of the anode, where the three areas wedge, strip and meander anbe seen.2 They form individual eletrodes. An ordinary detetor would onsist of anMCP for ampli�ation purposes, where the enhaned harge loud will deposit dif-ferent amount of harges on the eletrodes, depending on the hitting position. Withthe knowledge of the geometrial shape of these eletrodes, one an reonstrut theenter of gravity of the loud.This is possible sine the area of the wedge hanges in the y-diretion, whereasthe area of the strip hanges in the x-diretion. The purpose of the meander is toollet all harge neither hitting wedge nor strip, and thus being able to measurethe total harge, impinging on the anode. The dependene of position and hangean be expressed like

x ∝ Qs

Qtot

y ∝ Qw

Qtot

, (3.3)2Hene the name.
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Figure 3.4.: Wedge-and-Strip anode.where Qw is the the harge fration deposited on the wedge and Qs on the strip. Qtotis the harge sum of all three eletrodes. In order to operate orretly, the hargeloud has to be su�iently large in size ompared to the anode struture, otherwise� as for the delayline anode � one resolves the individual struture of the anode andloses position information.3.1.2. SpetrometerIn ontrast to onventional methods in atomi or moleular ollisions, where ordi-narily only the eletrons were deteted, in a RM all harged fragments are detetedat one. This is maintained over the whole solid angle of 4π. It is therefore pos-sible to reonstrut all momenta diretly. Sine the eletron detetor has a hole inthe middle with a radius of ∼ 5 mm, this reates a minimum requirement for thetransversal momentum.While all the fragments are separated by harge sign with a homogeneous eletri�eld, the eletrons are then projeted onto the detetor by an additional magneti�eld.3 Sine at least two eletrons have to be deteted for eah ollision, it is of greatimportane that the eletron detetor has very good multi-hit apabilities otherwisethe distintion between the eletrons would be impossible. Sine the momenta ofthe eletrons and the ions are of the same order, ions have a muh lower veloitybeause of their higher mass. Therefore the magneti �eld has a muh lower impatompared to the eletron. In that sense the ions are mainly in�uened by the eletri�eld and projeted to a detetor on the opposite diretion of the eletron's detetor.The harged fragments �rst pass an aeleration length of a = 11 cm and after that3Normally in the order of a few Gauss



36 3.1. THE REACTION MICROSCOPEthey pass a drift length of d = 22 cm until they impinge on their respetive detetors.This geometry is symmetri for eletrons and ions (see �gure 3.1). The values of thedrift length and the aeleration length are not independent of eah other. Theirspei� onnetion is alled time fousing [40℄, [30℄. It aounts for the fat that thetarget jet has a �nite extension in the xz-plane and therefore the point of birth ofthe harged fragments varies over the jet extension. One an then �nd - for a smallinitial momentum (i.e. | pq |≪ 1 a.u.) - a minimum for the TOF as a funtion of theaeleration length:
a =

d

2
. (3.4)The longitudinal momentum is then independent of the point where the reationtook plae (see setion A.1).As mentioned before the eletrons and the ions have omparable momenta but theirveloities di�er quite a lot. Therefore - if the spetrometer has been set up to imagethe ions - the fast eletrons (e.g. sattered projetiles) an have a large transversalmomentum, preventing them from hitting the detetor. The magneti �eld on�nesthose eletrons on a helioid trajetory whose symmetriity is parallel to the spe-trometer axis.4 The reonstrution of the momenta is shown in setion 3.2.23.1.3. Supersoni Gas JetAs mentioned earlier the target onsists of an atomi or moleular gas whih expandsinto the hamber through a nozzle with a su�iently high pressure. The result ofsuh an expansion is the severe ooling of the target gas whih is further improvedby peeling o� target onstituents with high momentum omponents in the xz-plane� whih is perpendiular to the jet � by so-alled skimmers (see �gure 3.5). Afterpassing the nozzle the gas expands into an area with onsiderably lower pressure.The veloity of the jet is then higher than the loal sound veloity, leading toan adiabati expansion and sine the entropy remains onstant the temperaturedereases. By applying this tehnique the jet an reah temperatures in the order of afew Kelvin leading to a very narrow energy distribution and therefore to an improvedmomentum resolution neessary for high-preision reoil momentum spetrosopy.The �rst and seond jet stage are separately pumped with pressures of p0 = 12 barbefore the nozzle, p1 = 4.1 · 10−3 mbar in the �rst stage and a pressure in the seondstage of p2 = 10−6 mbar. The temperature of the target gas an be expressed by

T = T0

(
p

p0

)(γ−1)/γ

, (3.5)4As is the diretion of the ~B-�eld.
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Figure 3.5.: target preparation with supersoni expansion and di�erential pumpingstages. Shown in red are di�erent frations of the target gas with highermomenta perpendiular to the jet, whih are peeled o� by the skimmers.
where γ is the adiabati oe�ient and p is the pressure in the main hamber whihwas ∼ 10−8 mbar [29℄. Starting from T0 = 300 K, these values lead to a �nal jettemperature of T ≃ 1.0 K. Of ourse, the skimmer an't ontrol the momentumspread in the diretion of the jet. This is why the momentum resolution in thisdiretion is usually worse than in the xz-plane.5The nozzle has a diameter of 30µm, while the �rst skimmer whih is 2.2 mm awayfrom the nozzle has a diameter of 200µm. The seond skimmer with a diameterof 400µm is 19.7 mm away from the nozzle. After passing the seond skimmerthe remaining part of the target expands into the main hamber where the gas jetis rossed with a projetile beam. The xz-extension has then been ollimated toa diameter of ∼ 1 mm FWHM whih is aeptable sine time-fousing has beenapplied, too (see setion A.1).By applying a high di�erential pressure between the nozzle and the main hamberthe target gas an be partially ondensed, thus forming lusters [8℄. In this way,however, it is not possible to ontrol the reation of a partiular luster size. Thegas jet therefore ontains lusters of various sizes. For typial temperatures of thejet one an assume that the target is in the vibrational ground state. Espeiallyfor lusters (or moleules in general) this is of great importane beause within oneeletroni state the vibrational states are usually very lose and therefore below theresolving power of the spetrometer. Having a old target an ensure that the initialstate is well de�ned.5This ould be improved by using a pulsed jet [1℄.



38 3.1. THE REACTION MICROSCOPE3.1.4. Data AquisitionNormally for the eletron detetor the time and position signals are fed to a multi-hit Time-to-Digital Converter (TDC) whereas the ion detetor signals are fed to anAmplitude-to-Digital Converter (ADC). Sine the TOF for the argon dimer is by√
2 longer than for the atom and sine the TDC has a limited time range of 50µs,a Time-to-Amplitude Converter (TAC) in ombination with the ADC was be usedto reord the ion TOF.In �gure 3.6 one an see a sheme for the eletron detetor data aquisition.6 The

Figure 3.6.: sheme of the data aquisition for eletronseletrons impinging on the MCP produe a signal whih is ampli�ed by a fast ampli-�er (FA) and onverted to a digital NIM pulse by a onstant fration disriminator(CFD). The CFD's output is then sent through a gate whih an be set to a propertime range to minimize the e�et of noise and false oinidenes. Only those eventswhih ful�ll the gate's ondition are sent to a hannel of the multihit TDC. Thesame signal is also sent to a delay to trigger the TDC and to the TAC whih is usedto measure the ion TOF.After the eletron has set o� an avalanhe of seondary eletrons, this hargeloud reahes the hexanode where the pulses on eah individual layer are sent toDi�erential-Ampli�ers (DA) and afterwards to CFD's. Those position signals are6For larity only the most important parts are shown.



CHAPTER 3. EXPERIMENTAL SETUP 39fed diretly to the TDC along with an additional signal of the eletron pulser usedto drive the eletron gun, whih is required for the time of �ight measurement.The TDC itself is used in Common-Stop-Mode, meaning that after it is triggered

Figure 3.7.: sheme of the data aquisition for ionsit reords the time bak to the individual pulses. All the signals are now referenedby an arbitrary trigger whereas the real times are reovered by referening them tothe pulser signal. Ordinarily this setting is used to deide whether an event is goodtriggering by the ion.7For the ion detetor the position information is obtained not by a hexanode butby a so alled wedge-and-strip detetor as shown in setion 3.1.1. It onsists ofthree regions where the fration of harge on eah region an be used to reonstrutthe position of the loud. The tree signals are fed to harge ampli�ers (CA) whih- while maintaining low output impedane - deliver a voltage proportional to theharge at the input. These pulses are sent to an ADC.The ion detetor's MCP signal is also ampli�ed and proessed by a CFD and thensent - as a stop - to the TAC. The start is delivered by the eletron detetors MCP7an event is onsidered good only when an ion is deteted



40 3.2. MOMENTUM RECONSTRUCTIONsignal. The ion time of �ight is now referened to the fast eletron and has thereforeto be alibrated to a proper time. This is done by a omparison with a helium mea-surement where the time was measure with the TAC and the TDC simultaneously.Therefore for all spetrometer voltages helium was measured additionally under thesame onditions and the TOF with the TAC was later alibrated to a real TOF.The ion's MCP signal is also sent to a gate whih � if the preset TOF ondition isful�lled � triggers the ADC and the event proessing omputer (VME), whih thenaquires the data from both the TDC and the ADC. If the ondition is not ful�lleda signal is sent to the TDC to lear its memory and the event will not be reorded.3.2. Momentum ReonstrutionAs mentioned earlier, with a reation mirosope the omplete kinemati informationof a given proess an be derived. This is possible by measuring the TOF and theposition of eah harged partile on the respetive detetor. A relation betweenthe time of �ight and a partiles longitudinal momentum an be derived simply bynewton's equations of motion. Due to the geometry of the spetrometer the TOFof a partile with mass M and harge q is given by
t(pq) = M ·

(

2a
√

p2
q + 2MqU + pq

+
d

√

p2
q + 2MqU

)

, (3.6)where a is the aeleration length, d is the drift length and pq is the partiles longitu-dinal momentum omponent.8 It is, however, onvenient to express the momentumomponents in ylindrial oordinates. The longitudinal momentum is then equalto pz, while pφ = arctan(py/px) ≡ φ and pr =
√
p2

x + p2
y whih will be denoted as

p⊥.9As mentioned in setion 3.1.2, the aeleration length and the drift length ful�llthe ondition d = 2a in order to minimize the e�et of the jets spaial extension inthe z-diretion (see setion A.1). Of ourse, this solution has also a big advantage.Ordinarily, espeially when low ross-setions are to be expeted, one is in partiularinterested that the interation volume an be enlarged, leading to a higher signalrate.3.2.1. The Ion MomentumSine even the lightest atom, hydrogen, has almost 2000 times the mass of an ele-tron, the ions are muh less in�uened by the magneti �eld. Furthermore, theinitial longitudinal momentum is muh lower than the momentum gained due to the8in SI-units9the z-axis is the diretion of the projetile



CHAPTER 3. EXPERIMENTAL SETUP 41spetrometer �eld. Lastly, sine the eletrons and ions have omparable momenta(i.e. ∼ O(1 a.u.)), the veloity (and therefore the energy) of the ions are negligiblysmall, ompared to the eletrons. Eq. 3.6 an then be approximated by a Taylorexpansion around t(pq = 0). While negleting higher-order terms, the expansion�nally delivers
t(pq)|pq=0 ≃ 2a

√

2M

qU
+

a

qU
· pq + O(p2

q
) . (3.7)The inverse of equation 3.7 an now easily be found to be

pq =
qU

a
·

=: ∆t
︷ ︸︸ ︷

(t− 2a

√

2M

qU
︸ ︷︷ ︸

=: t(pq=0)

) , (3.8)whih �nally leads to
pq =

qU

a
· ∆t . (3.9)During the o�ine analysis t(pq = 0) has to be determined (e.g. using the momentumsum and momentum onservation [15℄).In order to determine the transversal momentum p⊥ of the reoil ion, its TOF andhitting position on the detetor (i.e. x, y) are needed. Sine the reation is axiallysymmetri around the projetile beam, the enter of the distribution (i.e. x0, y0)orresponds to ions with zero transversal momentum and the radial displaement isthen onneted to the momentum like

r :=
√

(x− x0)2 + (y − y0)2 =
p⊥
M

· t , (3.10)where t is the absolute TOF and the ejetion angle is φ = arctan[(y − y0)/(x −
x0)]. Sine the hange in the time of �ight aused by the ion's initial longitudinalmomentum is small ompared to the absolute TOF (i.e. ∆t ≪ t), it is adequate touse t(pq = 0) instead. This leads to

p⊥ =

√

MqU

8
· r
a
. (3.11)3.2.2. The Eletron MomentumFor better larity �gure 3.8(a) shows the oordinate system used in the following.The sattering plane (in red) is spanned by the projetiles initial and �nal momen-tum. All momenta are extrated by knowledge of the position on the detetor and



42 3.2. MOMENTUM RECONSTRUCTIONthe TOF.

(a) momentum omponents (b) transverse momentum reonstrutionFigure 3.8.: Sattering geometry for the eletronsLongitudinal MomentumFrom eq. 3.6 it an be seen that a partile's TOF is only dependent on its longitudi-nal momentum. Aquiring this omponent is then possible by solving this equationfor pq . Although it is possible to reeive an analytial solution it proves to be ratherinonvenient to use it in the analysis. Instead it an be approximated by a simpler10funtion. First two substitutions are to be done
T :=

tTOF

√
eU

a
√

2Me

, X2 :=
p2

eq

2MeeU
. (3.12)With this eq. 3.6 an be written in a more onise form

T =
1√

X2 + 1 +X
+

1√
X2 + 1

, (3.13)and the inverse an be approximated using
X = A +

B

T
+ C · T +D · sin (T ) . (3.14)The four parameters are determined � by �tting this funtion � to be

A = −0.051 , B = 1, 508 , C = −0.466 , D = 0.2558 . (3.15)10And therefore faster to alulate.



CHAPTER 3. EXPERIMENTAL SETUP 43For the longitudinal momentum of the eletron one an write with eq. 3.12 and 3.14
peq = X ·

√

2MeeU . (3.16)Transversal MomentumBeause of the magneti �eld applied in parallel to the spetrometer axis, the ele-trons are on�ned to a ylotron motion as they travel to the detetor. The frequenyof revolutions is given by
ωc =

eB

Me

, (3.17)and is only dependent on the magneti �eld B. The radius of the ylotron motionis � for a ertain magneti �eld � only dependent on the transversal momentum
r =

pe⊥

eB
. (3.18)The omplete situation is shown in �gure 3.8(b), where the origin is the enter ofthe eletron detetor and the dashed irle a projetion of the trajetory. Insteadof r, the observable is R and furthermore the eletron an � in transversal diretion� be ejeted under an arbitrary angle φ. During the time the eletron travels tothe detetor, the angle α between the startpoint and the endpoint along the xy-projetion of the trajetory is α = ωc · tTOF . For the onnetion between r and Rone an then derive

r =
R

2| sin(α
2
)| ≡

R

2| sin(ωc tTOF

2
)| , (3.19)and therefore with eq. 3.18

pe⊥ =
eRB

2| sin(ωc tTOF

2
)| . (3.20)Finally the relation between the angle φ under whih the eletron has been emittedand the angle θ an be expressed as

φ = θ − ωc tTOF

2
. (3.21)3.2.3. Aeptane and ResolutionThe aeptane of the spetrometer for the eletrons is mainly limited by the sizeof the MCP and its hole in the middle. Furthermore, the radial extension of theeletron trajetories is on�ned by a magneti �eld. This restrains the detetionof eletrons to transversal momenta within a ertain range. The radius of suh a



44 3.2. MOMENTUM RECONSTRUCTIONhelioid trajetory is given by equation 3.18, whih only depends on the magneti�eld strength. The minimum (maximum) transversal momentum an eletron has tohave in order not to go through the hole in the detetor (miss the detetor) is givenby half the radius of the the hole (of the MCP):
p⊥|min,max =

rhole,dia

2
eB , (3.22)where the subsript dia stands for the diameter of the MCP (see �gure 3.8(b)). Forthe given magneti �eld of B = 8.2 G, this leads to values of p⊥|min ≃ 0.17 a.u.(≡ 0.4 eV) and p⊥|max ≃ 1.31 a.u. (≡ 23.5 eV). Seondly, beause of the ylotronmotion, the time of �ight and the ylotron time (tc) are onneted in a way that if

tTOF = n · tc , n ∈ N, all partiles will return to the spetrometer axis, independentof their transversal momentum. This reates the so-alled wiggle struture, shownin �gure 3.9. Whenever this ondition is met, the momentum information is lost.To reover theses gaps, the experiment for a single target speies is done with threedi�erent spetrometer voltages, thus shifting those eletrons to other parts of thewiggles. These three, in priniple independent measurements, have to be ombinedduring the o�ine analysis, meaning, to �ll the empty regions in �gure 3.10(a) bythose of �gure 3.10(b). The ombination has to be done with great are, sine notonly have the edges of eah wiggle to be ut, but also one has to take into aountpossible di�erenes in the ount rate. This requires the individual measurementsto be saled, to ensure a smooth transition. In this experiment the spetrometervoltages used where 15 V, 18 V and 23 V, the magneti �eld was B = 8.2 G. Theions, on the other hand are muh less in�uened by the magneti �eld. On the plusside, the wiggle struture has the advantage that one an diretly determine tc, theylotron time, whih is important to reonstrut the time the reation took plae(see setion 3.1.4). The reation itself has to have taken plae in suh a gap sinethe the partiles initially started on the spetrometer axis. So from this partiulartime to another gap in the spetrum 3.9 must lie an integer number of wiggles.In general, the momentum resolution of the experiment is limited by the preparationof the target and the projetiles. In terms of the projetile it is important, how well-de�ned the energy is (i.e. monoenergeti) and how narrow the pulses an be. Forthe target � whih is reated by supersoni expansion � it is of importane, howgood the thermal momentum of the gas before the expansion an be onverted to adireted movement (see setion 3.1.3). Of ourse, the detetion of the fragments isnot possible with perfet auray, so this subsequently limits the resolution further.In the supersoni expansion , the onversion of the thermal momentum of a targetonstituent to a direted movement leads to a momentum
ptherm =

√

fkBT0M , (3.23)
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15 V 18 V 23 V

∆px 0.75 a.u. 0.78 a.u. 0.87 a.u.

∆py 1.42 a.u. 1.45 a.u. 1.50 a.u.

∆pz 0.33 a.u. 0.33 a.u. 0.33 a.u.Table 3.1.: Calulated preision of the momentum omponents for Ar+ at di�erentspetrometer voltages.
where M is the mass, T0 the initial temperature of the gas, prior to the expansionand f , the degrees of freedom. At room temperature, this leads to p = 14.43 a.u.for Ar. However, the gas onstituents do not move in parallel after the expansion,but radial starting from the nozzle (see �gure 3.5). For that reason and the fat,that internal ollisions our due to the �nite temperature, the initial momentum isnot known exatly. The momentum unertainty in the jet diretion � derived fromeq. 3.23 for a remaining temperature of 1 K � is ∆py ≈ 1.27 a.u.. The skimmers,whih have been installed, limit the momentum omponents in the xz - plane � dueto their position and size � to an unertainty of ∆pxz ≈ 0.33 a.u. in the perpendi-ular diretion. For argon dimers and larger argon lusters, the unertainty saleswith √

M , leading to a larger momentum spread and a redued resolution.11For the total resolution, one has to take the preision of the time and position mea-surement into aount. The preision of the time measurement is assumed to be
1.5 ns resulting from the pulse width of the eletron beam, whereas for the positionmeasurement 1 mm is assumed, whih is approximately the beam diameter. The�nal preision is dependent on the spetrometer voltage and an be seen for atomiargon, in table 3.1. Again, for Arn the preision in of the transversal momentumomponents sale with √

n, while � for the ions � the longitudinal momentum isindependent of the mass (see setion 3.2.1).The momenta of the eletrons, gained in the experiment, are muh larger thanthose, resulting from their thermal energy. Therefore, the resolution for the ele-trons depends mainly on the time and position measurement and the unertaintyfor the respetive momenta an be obtained through equations 3.20 and 3.16:
11Also one must onsider the number of degrees of freedom.
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δtTOF (3.26)where B is the magneti �eld strength, ωc the ylotron frequeny and R the dis-tane of the eletron, measured from the enter of the detetor (see setion 3.2).As one an see, the longitudinal momentum resolution depends only on the TOFwhereas the resolution of the transversal omponent and the ejetion angle φ addi-tionally depend on the position on the detetor. Also, in the transversal diretion,the resolution behaves periodial.3.3. Measurement ProedureIt has been mentioned in setion 3.2.3 that in order to reover the momentum in-formation whih was lost due to the wiggle struture, the experiment had to beperformed for three di�erent spetrometer voltages for eah target. To ensure om-parability of the results between Ar and Ar2, the experiment was arried out, onespetrometer voltage at a time for all targets before swithing to the next voltage.This was done to assure that for a partiular setting, all targets are measured withina omparatively short period of time. Sine espeially for argon dimers the ountrate was low, the overall measuring for a spei� voltage was between two to threeweeks. Measuring all targets for on voltage prohibited the e�et of possible longterm drifts (e.g. the quality of the athode or the magneti �eld) to be apparentonly for one target.





4. ResultsThe present experiment was arried out, fousing on two main goals: The singleionization of Ar2 and the omparison to single ionization of Ar by eletron impatin a kinematially omplete experiment at 100 eV projetile energy. Sine the bind-ing energies in van-der-Waals moleules are weak, the question arises, whether in asimple omplex like Ar2 mehanisms for single ionization are di�erent ompared toindividual atoms and therefore if Ar2 is a real moleule or merely two argon atomsnearby. Furthermore, for the ionization of larger argon lusters � suh as Ar3 or Ar4� di�erential data ould be obtained.For the non-dissoiative ionization of Ar2 it was possible to aquire triply di�erentialross-setions (TDCS). It was also possible to ompare the FDCS for argon dimersand atoms, giving �rst hints of a real di�erene in the ionization proess. For largerlusters, only lower orders of di�erential ross-setions ould be obtained, due to thelow ount rate. Nevertheless, the energy loss spetra of argon and larger lustersindiate additional features. In both ases a seond line was found, resulting froma simultaneous ionization/exitation proess.4.1. Single Ionization of ArgonFor argon a kinematially omplete experiment at 100 eV projetile energy was per-formed, where fully di�erential ross-setions ould be obtained. In �gure 4.1(a) theenergy sum or energy loss spetrum is presented. Plotted is the number of ountsas a funtion of the sum energy of the sattered projetile and the ejeted ele-tron. Sine the energy of the ion an be negleted, the energy onservation reads
E0 − IP = E1 +E2 . E0 is the initial energy of the projetile, while E1,2 are the en-ergies of the sattered projetile and the ejeted eletron, respetively. The variable
IP on the left hand side stands for the internal energy onverted in the reation. Ingeneral it is just the ionization potential, but an ontain additional energy neededto exite the ion. In that sense, the energies in �gure 4.1 are equal to the energy lossof the projetile. The peak at (84.37± 0.02) eV orresponds to the diret ionizationof a 3p - eletron. As mentioned before, whether the ion is in a 2P1/2 or 2P3/2 stateould not be resolved. On the other hand, a seond ontribution to the spetrum at
(63.14 ± 0.45) eV ould be distinguished, although having a quite low intensity. Inprevious experiments with higher projetile energies (i.e. 200 eV), this seond peak49
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CHAPTER 4. RESULTS 51was also apparent, but with an inreased intensity (see �gure 4.1(b)). Nevertheless,the performed �t ould be arried out with the same quality. The di�erene in inten-sity is not believed to be of physial nature, but due to the aeptane of the setupat di�erent experimental onditions (e.g. di�erent magneti �eld). This seondfeature is appliable for a ionization/exitation proess, where the atom is ionizedby ejeting one 3p - eletron to the ontinuum and simultaneously exiting another
3p - eletron to a state 21 eV above the Ar+ ground state. The width of the mainline was determined to be (9.62± 0.06) eV (FWHM), whereas the seond line's was
(10.98± 0.7) eV (FWHM). The seond line's intensity is 5% of the main line inten-sity. Sine the limitation in the energy resolution in the order of ∼ 10 eV, it annotbe onsidered to be only a partiular state to be populated, but a number of states,although the �t ould be performed by using only two funtions. This argument isenhaned by the fat that the width of the seond line is larger than the width ofthe �rst line whereas the resolution improves for lower energy. The larger width antherefore be diretly aounted to the exitation to di�erent levels. As mentioned insetion 2.1, there is a onsiderable number of possible exited states around 21 eVabove the ground state of Ar+, and almost all exitation ross-setions for thosestates peak at 100 eV. However, it is surprising, that there is no indiation of apossible 3s3p6 ontribution at this energy and a seond order ionization/exitationproess, seems muh more likely, than the ejetion of a 3s - eletron. For eletron im-pat, it has been shown experimentaly that partiularly the exitation ross-setionswith an eletron in the 3d′ or the 4d orbital are by far higher then those of lowerstates [38℄. In the same publiation, the authors where puzzled by espeially highross-setion of the 4d - states and aounted it to possible on�guration-interatione�ets with the 3d - states. Still, the highest ross-setions for the 3d′ - states found,are in the order of 15 · 10−19 cm2, while for 4d 2D3/2 it is 157.5 · 10−19 cm2. It antherefore be expeted that the ontribution at 63.14 eV, in �gure 4.1(a), is mainlydue to a ombination of 3d′ and 4d - states.The obtained fully di�erential data are ompared with theoretial alulations donein �rst and seond order born R-matrix approximation (see �gure 4.3 and 4.2).1 Inthe lower energy regime this approximation is known to underestimate the reoilpeak and the post ollision interation. This is due to the fat that this approxi-mation doesn't ontain interation between the sattered projetile and the ejetedeletron in the �nal state. It leads to a stronger enhanement of the alulated datain the forward diretion (i.e. projetile diretion), where the Coulomb repulsionbetween the two eletrons is suppressing the ross-setion.Sine the experimental data are not on an absolute sale they had to be normalizedin order to be omparable to the alulations. This was done by saling the data-points to the intensity of the 2nd Born binary peak in the oplanar geometry. Bylooking at �gure 4.2, one an see that generally the position of the maxima and min-1The alulations where done by K. Bartshat.



52 4.1. SINGLE IONIZATION OF ARGONima an be reprodued by this theory at least in the oplanar plane. The intensityratio between the binary and the reoil peak is better reprodued by the more so-phistiated seond order theory. In the perpendiular plane the agreement is not sogood. One an see in �gure 4.2(a) that the ross-setion inreases towards the bak-ward diretion (i.e. against the diretion of the inoming projetile) and that thedata shows two peaks at 120 and 240 degrees, respetively. However, there appearsto be another struture at 85 and 275 degrees. For the 2nd approximation, thereare two peaks visible at 140 and 220 degrees, respetively and a strong enhanementtowards the bakward diretion. The same struture is also apparent in �gure 4.3(a)for smaller sattering angle of the projetile and smaller momentum transfer, withthe di�erene that the peaks are more pronouned. The alulation shows the samerelative intensity. The experimental data, however, shows a signi�ant di�erene inintensity. In all ases the seond order alulation is in slightly better agreementwith the experiment than the �rst order alulation. This indiates � as it wasdisussed before in setion 2.1 � that higher order sattering proesses, where theprojetile satters on the ioni potential or other eletrons, are responsible for thehigh ross-setions in the perpendiular plane.A harateristi feature in the ionization of argon � whih has been disussed in se-tion 2.1.1 � an be seen in the binary peak. Below ∼ 60 ◦ there appears a minimum,whih is also apparent in the alulation. It originates from the fat that the ionizedeletron is a p-eletron and its momentum wave funtion is zero for zero momentum.In �gure 4.4 one an see another advantage of the applied reation mirosopetehnique. Sine during the measurement all events over the whole solid angle aredeteted it is possible to reonstrut a 3D image of the ross-setion. Figure 4.4(a)shows a partiular example for a sattering angle of the projetile of θe1 = −15±4 ◦and an energy for the ejeted eletron of Ee2 = 10±4 eV, while in �gure 4.4(b) a 2ndBorn R-Matrix alulation for the same kinemati variables is shown. The diretionof the projetile is upwards. Again, the harateristi lobe struture is visible wherebigger one orresponds to the binary peak and the smaller one to the reoil peak.The ross-setion in �gure 4.2(a) is simply the slie of �gure 4.4(a) ontaining themomentum transfer ~q, the sattered projetile momentum ~pe1 and the initial pro-jetile momentum ~pe0. In omparison with the theory one an see what the 2D datain �gure 4.2(a) already indiated: The position of the lobes is reprodued quite wellwhereas the struture isn't.
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Figure 4.2.: FDCS for θe1 = −15 ± 4◦ and Ee2 = 10 ± 4 eV. Shown in solid urvesare the 2nd Born ( � ) and the 1st Born ( � ) approximation.

 0

 1

 2

 3

 4

 5

 6

 7

 8

 0  30  60  90  120  150  180  210  240  270  300  330  360

ar
b.

 u
ni

ts

θe2 [°]

q -q

Ar
B2
B1

(a) Sattering plane.  0.5

 1

 1.5

 2

 2.5

 3

 3.5

 4

 0  30  60  90  120  150  180  210  240  270  300  330  360

ar
b.

 u
ni

ts

θe2 [°]

Ar
B2
B1

(b) Perpendiular plane.Figure 4.3.: FDCS for θe1 = −10 ± 4◦ and Ee2 = 10 ± 4 eV. Shown in solid urvesare the 2nd Born ( � ) and the 1st Born ( � ) approximation.



54 4.1. SINGLE IONIZATION OF ARGON
q

pe0

pe1
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pe0(b) 2nd Born R-Matrix alulationFigure 4.4.: 3D images of the FDCS for Ar at a sattering angle of the projetile
θe1 = −15 ± 4◦ and an energy of the ejeted eletron Ee2 = 10 ± 4 eV.



CHAPTER 4. RESULTS 554.2. Single Ionization of Argon DimersFor the noble gas dimer Ar2, fully di�erential ross-setions ould also be obtained.Sine the experiment was arried out under idential onditions as for Ar, a diretomparison is possible. Sadly, no theoretial alulations are available so far to fur-ther ompare the data.As already shown in setion 4.1, �gure 4.5 shows an energy sum plot for the singleionization of Ar2. Apparently, there is no indiation of any simultaneous ioniza-tion/exitation proess like in Ar, leading to a stable Ar+2 ∗. This ould be due tothe fat that there doesn't exist a bound state for higher exited Ar+2 ∗. After all,the states aessible from the ground state, as shown in �gure 2.3, are very lose tothe dissoiation limit. Sine there are presently no alulations of potential surfaesfor energies ∼ 13 eV above the Ar+2 groundstate, this point remains speulative.However, if argon dimers are thought of as two single argon atoms, there should beno reason, why a simultaneous ionization/exitation should not be possible. The �twas performed in the same manner as the previous ones and leads to a position ofthe peak at (84.75 ± 0.02) eV and a width of (9.90 ± 0.07) eV (FWHM).
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Figure 4.5.: Energy sum spetrum for single ionization of Ar2 at 100 eV projetileenergy.
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(b) FDCS for θe1 = −15 ± 4◦ and Ee2 = 10 ± 4 eV.Figure 4.8.: 3D images of the FDCS for single ionization of Ar2 at di�erent kine-mati settings. Denoted with ~q is the momentum transfer, while ~pe0,e1illustrates the projetile and the sattered projetile, respetively.



58 4.2. SINGLE IONIZATION OF ARGON DIMERS4.2.1. Triply Di�erential DataIn �gures 4.6 and 4.7 one an see a ombined plot of the TDCS for Ar and Ar2.To make them omparable, eah dataset for the oplanar geometry was normalizedto its integral value.2 The respetive perpendiular data was saled with the samefators, hene the di�erenes in the ross-setions are absolute. The plots shownorrespond to an energy of the ejeted eletron of Ee2 = 10 eV, where 4.6 orrespondsto a sattering angle of θe1 = 10 ◦, while 4.7 orresponds to a sattering angle of
θe1 = 15 ◦. It is onspiuous that for the two ejetion angles the oplanar data doesnot di�er dramatially, whereas in the perpendiular plane one an see a di�erenein shape and intensity. Interestingly, there seems to be a higher probability in thease of the dimer for the seond eletron, to be ejeted into this plane.Overall it an be seen that the enhanement in the perpendiular plane is largepreferably in the bakwards diretion. One an also see that this enhanementinreases with the projetile sattering angle θe1. A possible reason for this enhanedout-of-plane ross-setion is that for either the ejeted eletron or the satteredprojetile, an additional elasti sattering proess is involved. In [12℄ it has beenshown that the total elasti ross-setion inreases with lower energy, and that forAr, the DCS has two distint minima at ∼ 50 ◦ and ∼ 130 ◦ for energies in therange of ∼ 30 − 100 eV. At ∼ 100 ◦ the distribution has a broad maximum with anintensity in the order of ∼ 10 a2

0 (see �gure 4.9). Indeed, if the ejeted eletron wouldbe involved in an elasti sattering proess, it would be isotropially sattered toany plane between the sattering plane and the perpendiular plane. On the otherhand, the intensity in the oplanar plane is muh higher (i.e. the ross-setion islarger) than for the perpendiular plane. Therefore, one ould argue that a smallhange in intensity would be more likely to be observed in the perpendiular plane.In �gure 4.8 a 3D plot for the FDCS an be seen. The plots orrespond to asattering angle of the projetile θe1 = −10±4 ◦ for �gure 4.8(a) and θe1 = −15±4 ◦for �gure 4.8(b) while both plots are done for an energy of the ejeted eletron of
Ee2 = 10 ± 4 eV.4.2.2. Angular Distribution of the Sattered ProjetileAs a seond omparison between atomi argon and argon dimers, the angular dis-tribution of the sattered projetile has been studied. In a �rst step the distributionhas been integrated over all angles θe2 and energies Ee2 of the ejeted eletron. Asshown in �gure 4.10(a), the dimer's ross-setion starts for small angles below theatom's, intersets at θe2 = 14◦ for a �rst time, and at θe2 = 28◦ for a seond time.Sine both distributions derease towards higher energies, the ross-setion ratio(i.e. dσAr/dσAr2

), plotted in �gure 4.10(b), shows only their deviation. One an see2Whih an be seen as normalization with respet to the di�erent measuring time and targetdensity.



CHAPTER 4. RESULTS 59

 0.01

 0.1

 1

 10

 100

 40  50  60  70  80  90  100  110  120

D
C

S
 [a

02 ]

θ [deg]

30eV
50eV
80eV

100eV

Figure 4.9.: Di�erential ross-setion for elasti eletron sattering on argon for dif-ferent energies [12℄.
a distint minimum at θe2 = 23◦.It has been mentioned in setion 2.2.2 that interferene in diatomi moleules hasbeen predited, and that, for unaligned moleules, interferene should still be appar-ent. Therefore, also plotted in �gure 4.10(b) is equation 2.7, using the appropriatevalue for the intermoleular distane of R = 7.1 a.u.. As on an see, the minimumof the interferene pattern at 24 degrees an be reprodued quite niely. The maxi-mum at lower angles, however, shows some disrepany. One should note that theejetion angle has not been �xed, due to the limited ount rate. For omparison,�gure 4.11(b) shows the energy distributions of the ejeted eletrons. As one ansee, the two urves interset at ∼ 10 eV. For the ionization of Ar2 this means aredued amount of eletrons with energies below 10 eV ompared to atomi argonand an inreased amount for energies larger than 10 eV. Qualitatively, this ould beunderstood by looking at equation 2.7. If the sine-funtion is zero, there should beno di�erene between the two ross-setion. However, if the sine-funtion is nega-tive, the moleular ross-setion is redued. Sine the internulear distane for thedimer is given in table 2.1 with 3.762Å (≡ 7.1 a.u.), a full sinusoidal osillationwould over eletron momenta of pe2 = 0 . . . 0.88 a.u., whih is equivalent to energiesof Ee2 = 0 . . . 10.62 eV. This means, sine at an energy Ee2 = 10.62 eV, the argu-ment of the sine funtion is 2π, for eletrons ejeted with a smaller momentum, theross-setion should be redued or enhaned for a higher momentum. Seondly, itshould be mentioned that the energy for eletrons with the de Broglie wavelengthof λB = 3.762Å or 7.2 a.u. is 10.62 eV. This, of ourse, omes from the fat that inatomi units ~p ≡ ~k. Sine |~k| = 2π/λB, one would expet the sine funtion in eq.
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TOF [ns]Figure 4.12.: TOF signal for Ar+2 .2.7 to be zero for λB = R.Another interesting feature was disovered by restriting the energy of the ejetedeletron to ertain ranges (i.e. Ee2 = 0 . . . 5 eV and Ee2 = 12 . . . 20 eV). By lookingat �gure 4.11(a), where the angular distribution of the sattered projetile θe1 hasbeen plotted, one an observe distint di�erenes between Ar and Ar2. For Ar, aseverely redued number of ounts for faster ejeted eletrons at low sattering an-gles, ompared to Ar2, where the intensity is omparable, has been observed (see�gure 4.11(a)).
4.3. Ionization of Larger ClustersIn setion 2.2.1, it was mentioned that at least Ar3 and Ar4 dissoiate into Ar+2 , ifionized. This behavior should be observable in the TOF spetrum of the dimer ions.If a neutral dimer gets ionized, it will hit the detetor in a given time, depending onthe magnitude of momentum gained in the ollision and the diretion of its ejetion(i.e. in or against the diretion of the detetor). A TOF peak with a ertain widthis observed. For the dissoiation of larger lusters into dimer ions, the additionalmomentum gained leads to a strong broadening of the TOF signal. In �gure 4.12,the TOF signal for Ar+2 is shown and learly, a sharp peak with broad shoulders isvisible. By seleting only events, for whih the ion TOF lies in those shoulders, oneis able to study dimer ions, originating from dissoiation of larger lusters, exlu-
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Figure 4.13.: Energy sum spetrum for the single ionization of Arn, (n > 2).sively.The statistis (i.e. ount rate), however, was insu�ient for obtaining fully dif-ferential data. Nevertheless, by looking at the energy sum spetrum in �gure 4.13,again, an interesting struture appears. The main line, loated at (84.45± 0.07) eVand a width of (10.76± 0.25) eV (FWHM) refers to the single ionization of a largerluster, like Ar3 or Ar4 sine those have similar ionization potentials as argon itself.3The seond line at (71.03 ± 0.22) eV with a width of (13.68 ± 0.62) eV refers � likefor atomi argon, disussed in setion 4.1 � to a simultaneous ionization/exitationproess. For example, if Ar3 is ionized it dissoiates into Ar+2 + Ar (see setion 2.2.1),this neutral Ar ould, of ourse, be exited for example to 3p5(2P3/2)4p, whih is
13.01 eV above the ground state, or any other of the remaining 4p - states (see se-tion A.2). From the fat, that the width of the seond line is larger it an be arguedthat multiple states must ontribute.A omparison of the di�erent intensity of the lines shows, that the seond line'sheight is 40.5% of the �rst line at (84.37 ± 0.07) eV. Compared to the ioniza-tion/exitation proess in atomi argon, where the seond line's intensity was only
5% ompared to the main line, for larger lusters the probability of seond ordere�ets is strongly enhaned. This is due to the fat that for larger lusters theprobability for additional interations of either the projetile or the ejeted eletronis enhaned due to the presene of a larger number of bound atoms and therefore alarger number of additional eletrons. However, no alulations on suh a reation3Similar with respet to the energy resolution.



CHAPTER 4. RESULTS 63hannel ould be found. Still, it an be argued that in partiular the exitation of a
3p - eletron in neutral Ar to a 2pi - state4 exhibits strong ross-setions. Futhermore,the fat that the neutral fragment is reated by dissoiation suh a hannel shouldbe possible and in partiular the absene of possible exitation in Ar2 indiate thatexited luster states at those energies (> 10 eV) might not be stable at all.Figure 4.14 shows the energy distribution of the ejeted eletron for an ejetion an-gle of θe2 = 90 ◦ for Arn. As a omparison, the same distribution has been plottedfor the ejeted eletron of Ar. The data is normalized to the respetive integralvalue. It an be seen for energies below Ee2 = 3 eV the intensity for the eletronsorresponding to the larger lusters inreases ompared to Ar. A similar behaviorwas observed in the single ionization of H2 by 6 MeV proton impat [14℄. In thisexperiment an inreased intensity for the ejeted eletron distribution for energiesbelow 1 eV was observed. The enhaned prodution of those sub-eV eletrons wasaounted to the existene of autoionization hannels. This mehanism is explainedby the exitation to a Rydberg state of one eletron where the exited vibrationalstates are energetially above the ionization threshold. This proess is thereforealled vibrational autoionization and is referred to as an example where the Born-Oppenheimer approximation is no longer valid. In the ase of larger argon lusters,however, it annot �nally be lari�ed whether this piture is appropriate or not.This is mainly due to the insu�ient statistis and the limited aeptane of thespetrometer for eletrons with energies below 1 eV.For additional omparison the same distribution are plotted for argon dimers in�gure 4.15. For energies above 10 eV dimers and larger lusters have the same har-ateristi and both are above the argon atom distribution. At ∼ 10 eV they partand the dimer distribution intersets with the atomi distribution and maintains aredued intensity until an energy of 1 eV.In �gure 4.16 di�erential data an be seen, where the angle of the ejeted eletron
θe2 was plotted against the number of ounts. The sattering angle of the projetilewas integrated over θe1 = 4 . . . 25 ◦ while the energy of the ejeted eletron was in-tegrated over Ee2 = 1 . . . 51 eV. By omparing the intensity for the sattering planeand the perpendiular plane it is onspiuous that the number of ounts exhibitedin the perpendiular plane is muh larger than in the ase of Ar or Ar2. This is astrong indiation for higher order e�ets to our in the ionization proess. For in-stane � whih was disussed for argon in setion 2.1.1 and indiated in the ontextof inelasti sattering � due to the high ore harge the probability for additionalelasti sattering of either the projetile or the ejeted eletron inreases. This leadsto an overall inreased ross-setion in the perpendiular plane whih was alreadyobserved for dimers. In a simple piture one an imagine that additional elastisattering beomes more likely the more sattering enters are present.4In Pashen notation.
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5. Summary and OutlookThe main goal of the presented work is to present the �rst triply di�erential datafor the single ionization of Ar2 at a projetile energy of E0 = 100 eV. The obtainedross-setions are ompared to those for the single ionization of atomi argon atthe same initial energy. Furthermore ionizing ollisions on larger argon lusters arestudied and di�erential data is obtained. The experimental setup used to aquirethe data is desribed in detail in hapter 3. To ensure omparability all measure-ments were arried out under the same onditions with great e�ort to eliminatepossible long term e�ets to be apparent for one target only. Amongst other thingsthe di�erent targets have been measured alternating before hanging the experimen-tal onditions. This method allows for the individual target to be lose in time tothe next whereas drifts that take plae on a large time sale distribute equally overthe targets targets and settings. A general overview of the underlying priniples of(e, 2e) experiments and a desription of the onsidered targets as well as the ex-peted harateristis within this measurement is given.In a �rst step fully di�erential ross-setions of Ar are presented. It ould be shownthat the expeted harateristi features for the ionization of argon are apparent.This inludes the ourrene of higher order e�ets and the aordingly enhanedintensity in out-of-plane geometries suh as the perpendiular plane. Furthermore,the suppression of ejeted eletrons with a momentum equal to the momentumtransfer ~q is reprodued by the experiment. This feature is explained by the initialmomentum of the 3p wave funtion. A omparison of the FDCS to ontemporaryDWB2-RM theory gives reasonable agreement with the measured data and an, inturn, reprodue the harateristis of the ionization proess. Sine the applied the-ory has well-known limitations � espeially for low energeti ollisions � suh as anunderestimation of the reoil peak it is shown that the more sophistiated 2nd Bornapproximation is a distint improvement over the �rst order theory. Both models,however, show a large disrepany with respet to the experimental data in the per-pendiular plane. Sine this deviation is not only in intensity but also of struturalnature it must be onsidered that the desribed sattering proess ontains featureswhih are � so far � not overed by the applied model.Seondly, the TDCS for Ar2 are shown and subsequently ompared to those forAr. The di�erenes observable in the oplanar geometry are subtle and due tothe obtained statistis for Ar2 not �nally presentable as signi�ant. Sine for avan-der-Waals moleule suh as Ar2 di�erenes to atomi argon are expeted to be67



68small � due to the weak intermoleular bond strength � is has been mentioned thatnon-oplanar geometries exhibit greater sensitivity for small deviations. In the per-pendiular plane distint di�erenes in shape and intensity are visible. As assumed,the presene of a seond bound atom leads to di�erent emission patterns originatingfrom an enhaned importane of higher order e�ets. The resulting di�erene leadsto the onlusion that of the ejeted eletrons more are getting sattered out of theoplanar geometry due to additional elasti sattering proesses. Furthermore, thedistribution in the perpendiular plane is partiularly enhaned in the bakwardsdiretion. Finally, the di�erene in the FDCS spetra indiate that argon dimershave to be looked at as real moleules and not as two independent atoms. This waseven more apparent by looking at the energy distributions of the ejeted eletrons� or singly di�erential ross-setions � in Ar and Ar2, respetively. It is shown thatthe two distributions interset at Ee2 = 10 eV, whih orresponds to eletrons witha de Broglie wavelength λB of the intermoleular equilibrium distane of the dimernulei. The orresponding theory is disussed in setion 2.2.2 where it an be seenthat the ross-setions are equal for a vanishing interferene term. The same behav-ior is observed for Ar2 being a strong indiator for interferene. Sine interferenefor inelasti sattering is only observable if the eletrons are not loalized, in this lineof thought it must be lear that in the ase of Ar2 the eletrons form real moleularorbitals.For the ionization of larger lusters less di�erential data is shown. The ross-setionsin the perpendiular plane show a large ount rate, whih exeeds the intensity forargon and argon dimers signi�antly. As for dimers it indiates the growing impor-tane of higher order e�ets with inreasing number of atoms partiipating in theformation of a luster. The energy distribution of the ejeted eletron for a �xedejetion angle θe2 = 90 ◦ is �rst ompared to the atomi argon ase to provide a basisfor further disussions. Overall the data orresponding to the ionization of largerlusters has a similar distribution ompared to the atomi ase. For low energetieletrons, however, the distribution for larger lusters exhibits a slightly inreasingnumber of ounts towards Ee2 = 1 eV. A similar behavior has been observed forfast proton impat on H2 and an be explained by the exitation to Ryberg statesand followed by vibrational autoionization. Due to the restrited aeptane forslow eletrons to energies of Ee2 > 1 eV and the limited statistis, this behaviorannot �nally be lari�ed. Compared to the distribution for single ionization ofAr2 both speies show also a di�erent harateristi towards small energies. Whilelarger lusters show the just disussed enhanement dimers show a redued ountrate. Nevertheless, this is no prove that for dimers a similar inrease for even smallerenergies while the overall behavior for dimers � and therefore the di�erene to largerlusters � is explained by interferene e�ets.For all targets, additionally, energy loss spetra are plotted whih show on one handthe ionization potential for diret ionization but on the other hand reveal higherorder e�ets like simultaneous ionization/exitation. Suh proesses are visible for



CHAPTER 5. SUMMARY AND OUTLOOK 69argon where a simultaneous exitation to a 3d′ or 4d - state is observed whih wasalso observed in an earlier experiment performed at an initial energy of E0 = 200 eV.These states all have onsiderable ross-setions while, at the same time, the widthof the measured line is larger than the main line. This is an indiator for exitationto multiple states beause of the inreasing resolution for lower energies. In neitherof the two spetra an indiator is found for the ejetion of a 3s - eletron. This isan interesting outome sine tehnially the latter would be a �rst order proess.A seond, but di�erent, line is also apparent for the ionization of larger lusterswhih orresponds to a dissoiative proess where, for instane, Ar3 gets ionizedand dissoiates into Ar+2 and an exited neutral argon. For the atom it orrespondsto exitation to a 4p - state whih, again must be onsidered to be a multitude ofdi�erent populated states due to the width of this line. However, the energy sum forargon dimers shows no indiation of suh a proess. Sine during the measurementof Ar2 it wasn't possible to look for dissoiation into Ar+ and Ar a statement abouta possible exitation of this neutral annot be made. The width of all main linesare omparable so it is unlikely that the dimer was exited to states very lose to itsground state and therefore it an be argued that states further away from the Ar+2ground state dissoiate.The remaining open questions that ould not be answered in the sope of this ex-periment turn out to be fruitful soures of ideas for further experiments. First andsimplest the problem of the statistis for dimers and larger lusters ould be ad-dressed by a longer measurement time. Additionally, the reation of lusters ouldbe enhaned by pre-ooling the target gas. This, of ourse, has to be done in aontrolled manner to be able to speify the desired luster size and not just produelarger and larger lusters. Sine this method is rather inomplex in the sense ofminor tehnial hanges to the existing apparatus a more troubling issue onern-ing the ionization of larger lusters � being the atual size of whih � an only beaddressed by a real luster soure. Suh a soure would improve the experimentin many ways. Not only an one exlusively study a single desired luster speies,but also respetive dissoiation hannels whih annot be assigned to a spei� typewith a mixed-sized target. A size-seletive luster soure, however, has to ensure areasonable target density otherwise the ount rate will derease rapidly.In order to gain better resolution of the ion momenta, reently a larger ion detetorwas installed. It was positioned next to the spetrometer plates, thus reduing thedistane to the reation point of two-thirds. It is now possible to measure the ionTOF still with the TDC at high resolution, even for large lusters. This and the fatthat due to the size of the detetor dissoiative proesses several harged partilesan be studied opens up possibilities for even more intersting experiments suh asdouble ionization of argon dimers or larger lusters whih is followed by oulombexplosion. Furthermore, as an improvement of the projetile beam a photoemissioneletron soure is under onstrution and will enable projetile energies as low as a



70few eV while maintaining a short pulse width and a narrow energy distribution. Itwill not only ensure an improved resolution but also reate the possibility to performmeasurements lose to the ionization threshold whih, in turn will be an interesting�eld of investigation for small noble gas lusters.Lastly, sine through the realization of this experiment a lot of knowledge has beengained about the topi it would be a logial step to study other noble gas lusterssuh as neon or xenon in the future.



A. AppendixA.1. Time FousingThe �nite extension of the supersoni gas jet in the xz-plane makes it impossible todetermine where within the extension the fragmentation took plae. This leads toan unertainty in the aeleration length and therefore to an unertainty in the TOFof the partile whih in turn projets to a momentum unertainty. To overome thisproblem a tehnique alled time fousing is applied [40℄. In the following it shall bedisussed what time fousing is and in whih way it an improve the resolution ofthe spetrometer.Sine the e�et of variations in the drift length a is to be derived, it has to bepointed out that the extration voltage is a funtion of the aeleration length, too.Therefore the following substitution U = a | ~E | is performed. In equation 3.6 thelimit for small momenta (i.e. | pq |≪ 1 a.u.) is
t(pq = 0) =

√

M

2qa | ~E |
· (2a+ d) , (A.1)with q the harge, M the mass and E = | ~E| the eletri �eld strength. The driftlength is denoted by d.This funtion has been plotted in �gure A.1(a) for eletrons and typial spetrometervalues inluding d = 0.22 m.1 The variation of the aeleration length ∆a = d/2−aversus the relative TOF deviation is shown for zero momentum in �gure A.1(a) whilein �gure A.1(b) the same funtion is plotted for the momenta pq ∈ {0, 0.5, 1} a.u.(red, green, brown).From �gure A.1(a) it is obvious that equation A.1 has a minimum for

d

da
t

!
= 0 ⇒ a =

d

2
. (A.2)Sine the onnetion between drift length and aeleration length has been derivedfor zero longitudinal momentum, it is quite impressive the relative di�erene in theTOF is about two orders of magnitude and the behavior hanges dramatially. Withinitial momentum the hange in the TOF now hanges the sign whether the reation1E = 181.8 V/m, m = 9.1 · 10−31 kg 71
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(a) Relative deviation of the eletron TOF as afuntion of the aeleration length variation for
pq = 0 a.u. momentum. Da mm
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(b) Relative deviation of the eletron TOF asa funtion of the aeleration length variationfor pq ∈ {0, 0.5, 1} a.u. momentum (red, green,brown).Figure A.1.: Aeleration length dependene of the TOF for eletrons of variousmomenta.took plae before or after the enter of the jet. Sine the usual TOF for eletrons inthe ns regime the introdued unertainty is still below the resolution of the TAC.Figure A.2 shows the relative aeleration length dependene for helium and severalmomenta. As one an see learly is that beause of the large mass (in respet toeletrons), the deviation in the TOF is pratially independent of the ion momen-tum. Seondly � in �gure A.2(a) � on an see that for ions the time fousing givesreasonably good results. Compared to the eletrons with initial momentum, therelative deviation of the ion TOF is two orders of magnitude smaller. Sine the ab-solute ion TOF is in the µs regime the resulting unertainty is redued signi�antlyand the behavior of the deviation doesn't hange its sign like in the eletron ase.Therefore one an see that time fousing give good results for ions, even when initialmomenta are introdued. The seond plot � �gure A.2(b) � shows helium for thesame momenta but this time with drift length d = 0 mm. This an be of importanewhen studying moleular dissoiation where the transversal momenta an beomeonsiderably large. Therefore it is of advantage to plae the ion detetor loser tothe spetrometer plates without drift length to still be able to image the fragments.Furthermore, for heavy moleules the TOF an beome quite large, thus exeedingthe time range of the TAC. Shortening or exluding the drift length is therefore anadvantage to redue the TOF. The plot shows that deviation is now almost threeorders of magnitude larger ompared to the situation with drift length and � likefor eletrons � the TOF hanges its sign with respet to the reation point. Still �due to the mass � the deviation is independent of the relative hange in time. The
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(a) relative deviation in aeleration length forhelium with drift length Da mm
K1,5 K1,0 K0,5 0 0,5 1,0 1,5

K0,006

K0,004

K0,002

0

0,002

0,004

0,006

(b) relative deviation in aretion length for he-lium without drift lengthFigure A.2.: Aeleration length dependene of the TOF for helium. The plot wasdone for momenta 0 a.u., 0.5 a.u. and 1 a.u.introdued unertainty, however, is measurable sine it lies now in the ns regime. Tostill keep the time fousing ondition while at the same time shortening the distaneof the ion detetor to the reation point, a redued aeleration length ould be anappropriate solution. This would result in an asymmetri spetrometer for eletronsand ions whih, in turn, a�ets the appliable spetrometer voltage. There it isdesired to have an overall low voltage for an inreased resolution while the enterof the spetrometer is usually on earth potential. To maintain this ondition whilereduing the aeleration length for the ions one has to make sure that the voltageon the ion side is still high enough to prevent eletrons that hare sattered in thediretion of the ion detetor from entering the drift region of the ions.



74 A.2. ENERGY LEVELS OF AR I AND AR IIA.2. Energy Levels of Ar I and Ar IIAr I [33℄Con�guration Term J Level [m−1℄ Level [eV℄3p6 1S 0 0.0000 0.003p5(2P3/2) 4s 2[3/2℄ 2 93143.7653 11.641 93750.6031 11.723p5(2P1/2) 4s 2[1/2℄ 0 94553.6705 11.821 95399.8329 11.923p5(2P3/2) 4p 2[1/2℄ 1 104102.1043 13.010 107054.2773 13.383p5(2P3/2) 4p 2[5/2℄ 3 105462.7649 13.182 105617.2753 13.203p5(2P3/2) 4p 2[3/2℄ 1 106087.2651 13.262 106237.5571 13.283p5(2P1/2) 4p 2[3/2℄ 1 107131.7139 13.392 107289.7054 13.413p5(2P1/2) 4p 2[1/2℄ 1 107496.4219 13.440 108722.6247 13.593p5(2P3/2) 3d 2[1/2℄ 0 111667.7710 13.961 111818.0330 13.983p5(2P3/2) 3d 2[3/2℄ 2 112138.9290 14.021 114147.7370 14.273p5(2P3/2) 3d 2[7/2℄ 4 112750.1580 14.093 113020.3600 14.133p5(2P3/2) 3d 2[5/2℄ 2 113425.9690 14.183 113716.5600 14.213p5(2P3/2) 5s 2[3/2℄ 2 113468.4780 14.181 113643.2650 14.213p5(2P1/2) 3d 2[5/2℄ 2 114640.9970 14.333 114821.9440 14.353p5(2P1/2) 3d 2[3/2℄ 2 114805.1400 14.351 115366.8710 14.423p5(2P1/2) 5s 2[1/2℄ 0 114861.6400 14.361 114975.0240 14.37



APPENDIX A. APPENDIX 75Ar II [33℄Con�guration Term J Level [m−1℄ Level [eV℄3s23p5 2P 3/2 0.0000 0.001/2 1431.58 0.183s3p6 2S 1/2 108721.53 13.593s23p4(3P ) 3d 4D 7/2 132327.36 16.545/2 132481.21 16.563/2 132630.73 16.581/2 132737.70 16.593s23p4(3P ) 4s 4P 5/2 134241.74 16.783/2 135086.00 16.891/2 135601.73 16.953s23p4(3P ) 4s 2P 3/2 138243.64 17.281/2 139258.34 17.413s23p4(3P ) 3d 4F 9/2 142186.32 17.777/2 142717.10 17.845/2 143107.68 17.893/2 143371.44 17.923s23p4(1D) 4s 2D 3/2 148620.14 18.585/2 148842.47 18.613s23p4(3P ) 3d 2D 3/2 150474.99 18.815/2 151087.31 18.893s23p4(3P ) 4p 4P 5/2 155043.16 19.383/2 155351.12 19.421/2 155708.11 19.463s23p4(3P ) 4p 4D 7/2 157234.02 19.655/2 157673.41 19.713/2 158167.80 19.771/2 158428.11 19.803s23p4(3P ) 4p 2D 5/2 158730.30 19.843/2 159393.39 19.923s23p4(3P ) 4p 2P 1/2 159706.53 19.963/2 160239.43 20.033s23p4(1D) 4p 2F 5/2 170401.02 21.307/2 170530.40 21.323s23p4(1D) 4p 2P 3/2 172213.88 21.531/2 172816.29 21.60



76 A.3. ATOMIC UNITSA.3. Atomi UnitsPhysial Quantity a.u. SI-units speialmass me 9.1094 · 10−31 kgangular momentum ~ 1.0546 · 10−34 Jsharge e 1.6022 · 10−19 Clength a0 := 4πǫ0~

mee2 5.2918 · 10−11 menergy Eh := ~
2

a2

0
me

4.3597 · 10−18 J 27.2141 eVtime ~

Eh

2.4189 · 10−17 sveloity v0 := a0Eh

~
2.1877 · 106 ms−1momentum mev0 1.9929 · 10−24 kgms−1el. potential Eh

e
27.211 V

Usefull Conversions
p[a.u.] = 0.27 ·

√

E[eV] (eletron momentum)
E[eV] = 125 · 10−6 ν̄ [cm−1] (wavenumber onversion)
re[mm] = 33.7 ·

√
E[eV]

B[Gs]
(ylotron diameter for eletrons)
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