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KurzfassungIonishe Fragmentationskanäle in Elektronenstöÿen von kleinen molekularenIonenDissoziative Rekombination (DR) ist einer der wihtigsten Verlustprozesse vonmolekularen Ionen im interstellaren Medium (IM). Ionenspeiherringe erlaubendiesen Prozess unter IM-ähnlihen Bedingungen zu untersuhen. Am HeidelbergerTest-Speihering TSR wurde im Rahmen dieser Arbeit ein neues Detektorsystemaufgebaut, um den der DR verwandten Prozess der Ionenpaarbildung studieren zukönnen. Dieses neuartige System erweitert den vorhandenen Elektrontargetauf-bau um die Möglihkeit, in einem Magnetfeld stark abgelenkte negative ionisheFragmente nahzuweisen. Rekombinationsprozesse lassen sih am TSR mit einzi-gartiger Energieau�ösung studieren, indem dem Ionenstrahl zwei voneinander un-abhängige Elektronenstrahlen überlagert werden.In der vorliegenden Arbeit wurde die Ionenpaarbildung der molekularen IonenHD+, H+
3 und HF+ untersuht. Im Fall von HD+ wurden hoh aufgelöste Quanten-interferenzstrukturen gefunden. Durh Analyse der Quantenoszillationen konntenneue Erkenntnisse über die Reaktionsdynamik der Ionenpaarbildung gewonnenwerden. Bei H+

3 war es erstmals möglih, vershiedene Reaktionskanäle getrenntzu beobahten und Interferenzstrukturen nahzuweisen. Die Ionenpaarbildung vonHF+ wurde bis hin zu relativen Energien untersuht, für die in früheren Experi-menten keine Aussage möglih war.AbstratIoni Fragmentation Channels in Eletron Collisions of Small Moleular IonsDissoiative Reombination (DR) is one of the most important loss proesses ofmoleular ions in the interstellar medium (IM). Ion storage rings allow to inves-tigate these proesses under realisti onditions. At the Heidelberg test storagering TSR a new detetor system was installed within the present work in order tostudy the DR sub-proess of ion pair formation (IPF). The new detetor expandsthe existing eletron target setup by the possibility to measure strongly de�etednegative ioni fragements. At the TSR suh measurements an be performed witha uniquely high energy resolution by independently merging two eletron beamswith the ion beam.In this work IPF of HD+, H+
3 and HF+ has been studied. In the ase of HD+ theresult of the high resolution experiment shows quantum interferenes. Analysis ofthe quantum osillations leads to a new understanding of the reation dynamis.For H+

3 it was for the �rst time possible to distinguish di�erent IPF hannels andto detet quantum interferenes in the data. Finally the IPF of HF+ was inves-tigated in an energy range, where in previous experiments no onlusive resultsould be obtained.
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Chapter 1IntrodutionMoleules and moleular ions are the key elements in the prodution of denselouds in the interstellar medium (IM) and play an important role in the hem-istry of planetary atmospheres. Therefore loss mehanisms of moleules are ofgreat interest, espeially for light moleular ions like H+
2 or H+

3 . Collisions be-tween moleules or moleular ions and eletrons, photons, atoms or even othermoleules and moleular ions an ause energy transfer between the reatants,rearrangement of the moleular geometry, as well as fragmentation of the ionimoleules. The most important loss proess aused by photons or eletrons in theIM is Dissoiative Reombination (DR), whereas Dissoiative Exitation (DE) ismostly aused by ion ollisions with heavy targets.This work fousses on IPF (Ion Pair Formation), a subproess of DR, leading tonegatively and positively harged fragments as reation produts. The storagering tehnique provides an experimental framework whih allows to study suhproesses under onditions omparable to those in the IM. Sine the 1990's faili-ties like the Test Storage Ring (TSR) have been used to examine various moleularions in interation with eletrons or photons. Espeially DR was studied for a va-riety of di�erent moleules starting from the benhmark moleule HD+ and thesimplest polyatomi ion H+
3 to heavy diatomi moleules like HF+ or CF+.On the other hand IPF has reeived limited attention in the past deades. Fromthe experimental side of view IPF is a hallenging �eld in detetor developments atstorage rings, beause the IPF fragments are strongly bent away from the originalpathway in suh devies (see hapter 3). However, IPF an also give deep insightinto the reation mehanism of moleular ions in ollisions with eletrons.The present work fouses on the detetion of ion pair fragments using a new de-tetion system whih has been reently installed as a part of the new eletron-ionollision setup loated at the heavy ion storage ring TSR. The setup onsists of aneletron beam devie [26℄ and a detetion hamber [31℄ featuring di�erent dete-tors: one for mainly atomi ion reombination produts (MIDAS; [57℄) and one for1



2 CHAPTER 1. INTRODUCTIONneutral fragments of ion moleule interations (BAMBI; f. [33; 72℄). This workompletes the detetor faility with a detetor for strongly de�eted IPF fragments(DEMON).With this newly installed detetor for ion pair fragments, experimental data weretaken for the most important ioni moleules H+
2 and its deuterated isotope HD+,respetively, for H+

3 and as well as for HF+. The latter is important mainly inindustrial appliations, while still being detetable in the IM. In the ase of HD+the new results obtained by using the high resolution setup at the TSR, lead toa new theoretial understanding of the fragmentation proesses and the involvedpotential energy urves. Therefore semilassial alulations were applied, usingamongst others the Fast-Fourier-Transformation (FFT) tehnique, whose empiri-al appliation on this problem was developed within the present work. In the aseof H+
3 the energeti high resolution of the TSR setup showed energy dependendstrutures in the IPF ross setion whih had never been observed before. Thanksto the new eletron target setup is was also possible for the �rst time to distinguishdi�erent fragmentation hannels in the IPF of H+

3 .The present work �rstly provides an overview of IPF and the reombination pro-esses between moleular ions and eletrons in general in hapter 2. Chapter 3then fouses on the experimental details of the new detetion setup for stronglyde�eted moleular fragments whih was onstruted, taken into operation and re-�ned all along the here presented work. Chapter 4 presents appliations of the newsetup to IPF measurements on HD+ and H+
3 and disusses the arising impliationsfor theoretial models seeking to desribe IPF, namely of HD+. Chapter 5 thenpresents an IPF measurement performed on HF+. This work onludes with thesummarizing hapter 6, whih also gives an outlook on possible future experimentsto be performed using the new IPF detetor setup, as well as possible re�nementsof the latter.



Chapter 2Eletroni ollisions of moleularionsFor disussing the various proesses of the eletroni ollisions of moleular ions,it is helpful to use the onept of potential energy surfaes. The most ommonansatz to desribe the behavior of moleules is the Born-Oppenheimer approxima-tion [48℄. Here the many-body-problem is simpli�ed by the assumption that theeletrons reat instantaneously to the movement of the nulei, due to the largemass di�erene between the eletron and nulei. The approximation allows to de-ouple the treatment of the eletroni motion and the nulear motion and to solvethe eletroni Shrödinger equation for a potential orresponding to �xed nulearpositions. The resulting eigenvalues produe the potential energy surfaes (PES)and, in the diatomi ase, potential energy urves (PEC) respetively.2.1 Interation of eletrons with positively hargedmoleular ionsThe interation of an eletron with a positive moleular ion an lead to various �-nal produt speies and states. Elasti ollisions leave the ion unhanged, whereasinelasti ollisions an hange the rotational and vibrational (rovibrational) stateof the initial moleular ion [33; 69℄. Alternatively, proesses suh as dissoiativeexitation (DE) and dissoiative reombination (DR) ause eletron-indued frag-mentation of the moleule. In DE sattering of eletrons results in harged andneutral fragments of the moleule and the eletron remains free, while in DR themoleular ompound formed by the eletron apture dissoiates into neutral prod-uts. A proess related to DR is ion pair formation (IPF), where positively andnegatively harged fragments are produed. The fous of this work lies on the3



4 CHAPTER 2. ELECTRONIC COLLISIONS OF MOLECULAR IONSlatter eletron apture proesses, whih have been experimentally studied for themoleules HD+, H+
3 and HF+.2.1.1 Dissoiative exitationDissoiative exitation is a sattering proess where the moleular ion AB+ isexited by the eletron into a repulsive state AB∗+ and subsequently dissoiatesin harged (A+) and neutral fragments (B) (see �g. 2.1):AB+ + e−(E) → AB∗+ + e− → A+ + B + e− (2.1)Depending on the omposition of the initial moleular ion the fragments A+ and

B an be either atomi or moleular.The eletroni transition into the repulsive state follows the Frank-Condonpriniple [22; 23; 42℄, based on the fat that the eletrons hange their statefast, while the internulear distanes remain the same. The transition probabilitywithin the Frank-Condon region (see �g. 2.1) is determined by the overlap of thewavefuntion of the bound state ΨAB+ and the dissoiative state ΨAB∗+(R, E) andis desribed by the Frank-Condon fator f(v, E)

f(v, E) =

∫

Ψ∗AB+(R, v)ΨAB∗+(R, E) dR (2.2)with the internulear distane R, the ollision energy E and v the vibrationalenergy level.For DE this proess, even at a �xed value of E, is not restrited to a single valueof R, as the sattering eletron may retain some of its kineti energy and so thetransition an our at any internulear distane where the initial eletron energy
E exeeds the exitation energy Emin(R). The energy of the inident eletron ispossibly transformed into internal exitations of one or even both fragments andthe kineti energy of the produts (KER).A seond possible DE pathway an our already below the energeti thresholdfor the proess desribed by equation (2.1). Here the eletron is aptured by theion forming a neutral exited moleule AB∗∗, whih autoionizes and dissoiatessubsequently: AB+ + e− → AB∗∗ → AB∗+ + e− → A+ + B + e− (2.3)These mehanisms have been studied previously in storage ring experiments, e.g.on the He-dimer ion at the Test Storage Ring (TSR) in Heidelberg [35℄. For thissystem the energeti threshold mentioned is expeted at 6 eV ollision energy. Theexperimental results on DE, however, show a threshold of around 3 eV indiatingthe importane of the seond mehanism (eq. 2.3) mentioned above.
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Figure 2.1: Shemati drawing of the potential energy urves of the eletron impatdissoiative exitation of a diatomi moleule AB+, apturing an eletron e−(E)into the repulsive state AB∗+, whih subsequently dissoiates into the �nal produtsA++B with a Kineti Energy Release (KER). The transition probability to therepulsive state is given by f(v,E) (see equation 2.2) in the Frank-Condon region(grey shaded area).A third DE mehanism is the ollision with a residual gas speies X in the storagering, i.e. moleule-moleule as well as moleule-atom ollisions. This is the mostimportant loss proess for moleular ions in ollision experiments [52℄ and followsthe reation: AB+ + X → A+ + B + X (2.4)Although this proess an limit the beam lifetime, it an be very useful byproviding information on the ion beam urrent, for instane through the observedA+ ount rate. Assuming no pressure hange in the storage ring, and thus noinrease or derease of the amount of residual gas, mehanism 2.4 leads to diretaess to the ion beam urrent and thus to its �utuations aused by the ionsoure. This allows to normalize the measured ount rates of various proessesan be normalized to the residual gas DE rate and, onsequently, to the ion beamintensity for relative omparison (see hapter 4 and 5).2.1.2 Dissoiative reombinationDissoiative reombination is an e�ient destrution proess of moleules in ion-ized media suh as interstellar louds, tehnial plasmas or the upper layers of



6 CHAPTER 2. ELECTRONIC COLLISIONS OF MOLECULAR IONSatmospheres. The priniple is the following: A moleular ion aptures an eletronand dissoiates into neutral fragments,AB+ + e−(E) → A + B + Kineti Energy Release (KER). (2.5)Depending on the eletron impat energy E and the initial internal exitation ofthe ion, fragments are emitted in �nal states with possible kineti energy release(KER). In ounting experiments, the DR rate oe�ient as a funtion of the ele-tron impat energy is measured. The dynamis of the proess beome aessible infragment imaging measurements where the KER as well as the fragment angulardistribution are measured [72℄. In addition, for polyatomi moleules it is alsopossible to determine the branhing ratios for di�erent �nal ompounds in DRrate experiments using a grid in front of the detetor (for more details see [67℄) orby a position and mass sensitive detetor [34℄.Two di�erent DR mehanisms are of importane for the moleular breakup inves-tigations and will thus be desribed in more detail in the following.Diret dissoiative reombinationDiret DR is a purely eletroni two-step proess:AB+(ν, J) + e−(E) → AB∗∗ → A(n, l) + B(n′, l′) (2.6)The priniple is illustrated for a diatomi moleule in �g. 2.2, where two PECrepresenting the bound ioni state AB+ and the repulsive state AB∗∗ are shown.The apture of the eletron leads to the formation of a highly exited neutralmoleular ompound state whih stabilizes by rapid dissoiation along the repulsivePEC. For low eletron energies a urve rossing lose to equilibrium distane, asobserved for example in H+
2 and its isotopomers, is neessary to yield a goodoverlap of the wave funtion between the bound state ΨAB+(R, ν) and the neutraldissoiative state ΨAB∗∗(R, E) (see �gure 2.2); this overlap is desribed by therespetive Frank-Condon fator f(v, E). Assuming only one dissoiative urveper symmetry, and the eletroni oupling Vel between the states as well as thequantum defet to vary only slowly with the internulear distane R, the diretross setion an be written as

σDR,direct =
const

k2
· r

2
· f(ν, E)2 · V 2

el · S (2.7)with a multipliity ratio r between neutral and moleular eletroni states, theeletron wavenumber k before the ollision and the survival fator S, whih de-sribes the loss due to autoionization [1℄.
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Figure 2.2: Shemati drawing of thepotential energy urves for the diretdissoiative reombination mehanismfor a diatomi moleular ion; blakurve: ground state of the moleularion; blue urve: repulsive dissoiativestate.Indiret dissoiative reombinationIn systems like HeH+ suitable PEC for diret DR do not exist at low energiesbut reombination an still e�iently our through the indiret proess due tonon-adiabati ouplings [53℄. In this mehanism the eletron is �rst aptured toform a neutral Rydberg state with the inident moleular ion as the ore, whihbeomes rovibrationally exited in the ollision. Subsequently this state an thenouple to a repulsive state AB∗∗ along whih the system an dissoiate into neutralfragments,AB+(v, J) + e−(E) → AB∗
Ryd(v

′, J ′, nRyd, lRyd) → AB∗∗ → A(n, l) + B(n′, l′),(2.8)as shown in �gure 2.3. The Rydberg states are desribed by the vibrational androtational quantum numbers v′ and J ′ and the prinipal and orbital angular mo-mentum quantum numbers nRyd, and lRyd of the eletron. To eah of the ioniPEC a series of neutral Rydberg states onverges. This proess an interfere withdiret DR as the same repulsive state an be taken. The indiret DR proess isvery sensitive on the energy of the aptured eletron and, as originally suggestedfor H+
2 , an be responsible for low-energy resonanes in various systems [53℄.2.1.3 Ion pair formationWhile extensive experimental and theoretial investigations have been arried outon DR, ion pair formation has reeived only limited attention for a long time.The reason lies in the di�ulties in deteting harged fragments in a storage ring,espeially light ones and those with a harge opposite to the initial ion, i.e. neg-ative ions. The proess is initiated similarly as DR by eletron apture, but theintermediate moleular system dissoiates into harged fragments (see �gure 2.4):AB+(v, J) + e−(E) → AB∗∗ → A− + B+(n′, l′) (2.9)In general, the ion pair hannel is one of several �nal Rydberg states. Thus, theross setion for ion pair formation depends on the branhing among possible �nal
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Figure 2.3: Shemati drawing of thepotential energy urves for the diretdissoiative reombination mehanismfor a diatomi moleular ion; blakurve: ground state of the moleularion; blak dashed urve: neutral exitedRydberg states; blue urve: repulsivedissoiative state.reation hannels.As shown in �gure 2.4, the exited potential urve AB∗∗ rosses (in a piture ne-gleting the oupling between the various urves) the �nal state urves, whih leadsto the dissoiation of the moleule in an ion pair. In ase oupling between thisPEC and the Rydberg states beomes important and the situation an hange, forexample as observed for HD+ (see hapter 4). Following the reation dynamisthe system, represented by wave pakets, emerges after the eletron apture alongthe dissoiative pathway. The oupling of the states now opens di�erent path-ways towards the ion pair limit. At small internulear distanes a split up of thewave-paket beomes possible, similar to the two slit experiment in the quantummehanis. If a seond rossing at large internulear distanes is available, thesewave-pakets an transit bak to the original pathway and interfere. This willresult in harateristi interferene struture. The transition probability betweentwo states is desribed by the Landau-Zener formula [16℄
Pij(E) = 1 − exp

(

−
2πc2

ij

αv

) (2.10)with cij the eletroni oupling matrix element between the states i and j, α theslope di�erene between the potentials, and v the relative veloity of the fragments[10; 79℄.2.2 Fragmentation experiments in storage ringsExperiments on the fragmentation of moleular ions require good ontrol on theions as well as on the ollision partners of the ion beam. By using the storagering tehnique the moleular ion beam an be prepared while it is irulating ona losed orbit. In the next setion this tehnique will be desribed in more detail,followed by an introdution to the basi onept of performing rate measurements.
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Figure 2.4: Shemati drawing of potential energy urves involved in the ion pairformation; blak solid line: ioni ground state; blue urve: dissoiative state; blakdashed urves: Rydberg potential urves.2.2.1 Multipass merged beam tehniqueA storage ring ombines soures of ion prodution with a ring system, where theions are irulating on a losed orbit. The losed orbit is ahieved either usingmagneti or eletrostati �elds, so that the storage times muh longer than therevolution time an be reahed. This means that the ion beam passes a de�ned in-teration region at eah revolution and the ions an be manipulated arefully. Theions an either be exited, deexited, harge-hanged or, in the ase of moleules,be destroyed with subsequent detetion of the fragments. In order to get a well-de�ned beam, a ooling proedure of the initially intrinsially hot ions is needed.Through ative ooling of an ion beam with eletrons [39℄ or photons [74℄, well-de�ned onditions for experiments are ahieved, e.g., the veloity spread of the ionbeam beomes negligible and the ion beam size shrinks in oordinate spae.Two types of storage ring are possible. On the one hand eletrostati storage ringsare available, for instane ELISA at the University of Aarhus [73℄, whih rely onthe eletri harge of the injeted ions and the strength of the eletri �eld. Theadvantage is that the fore whih keeps the ions on the losed orbit depends onlyon the strength of the eletri �eld and the harge state of the ion, and is thus inde-pendent of the ion mass at a given kineti energy of the beam. The disadvantage,on the other hand, is that suh rings are typially operated at beam energies oftens of keV, making it di�ult to handle in partiular light ions. On the ontrary,higher beam veloities are aessible in magneti storage rings for light ions. Thisallows to realize small relative energies between the ion and the merged eletron



10 CHAPTER 2. ELECTRONIC COLLISIONS OF MOLECULAR IONSbeam, enhaning the energy resolution in the experiments.On the other hand in magneti ion storage rings, in operation sine the 1980s,as for example the Test Storage Ring (TSR) in Heidelberg [62℄, the ExperimentalStorage Ring (ESR) at the GSI in Darmstadt [11℄ or CRYRING at the ManneSiegbahn Laboratory in Stokholm [46℄, the ion beam is kept on a losed orbit dueto the Lorentz fore, whih depends on the mass-to-harge ratio. This limits thestorage of high mass ions, suh as large biomoleules, depending on the rigidityof the bending magnets. The advantages, on the other side, are the possibilityto ahieve higher beam energies for low mass ions, whih inreases the maximumstorage times. The next setion will fous on di�erent aspets of magneti storagerings whih have been used for the experiments presented in this thesis.Magneti storage ringsIn magneti storage rings the ions are stored on a losed orbit by bending dipolemagnets (see �g. 2.5 and for example [62℄). The energy of the stored ion beam islimited by the magneti rigidity −→
B−→ρ of the storage ring, with the magneti �eld−→

B and the radius of the ion beam trajetory in the dipole magnets −→ρ . This limitsthe energy of the ion beam:
Eion = (Bρ)2 · q2

2 · mion
, with mion =

m(12C)

12
· A (2.11)

⇒ Eion ≈ 47.93 · (Bρ)2 · q2

A
[MeV℄. (2.12)The maximum kineti energy of the ion beam is inversely proportional to the mass

A of the moleular ion and thus dereases for heavier speies, whih is the mostimportant limiting fator for suh devies. Thus the beam lifetime itself is limitedby ollisions of the ion beam with atoms or moleules of the residual gas in thestorage ring. These ollisions lead to breakup of moleules or to a hange in theharge of an atomi ion. Additionally, they inrease the bakground ount rate ofthe experiments performed at the storage ring.To minimize the mentioned residualgas in�uene on the ion beam, it is neessary to provide good vauum onditionsin the range of 10−11 mbar.Using a radio frequeny (RF) aelerating eletri �eld synhronized to the ionbeam revolution, a storage ring an also be utilized as a synhrotron and theion beam an be further aelerated in the ring (see hapter 5). This requiressynhronous ontrol of the bending �eld intensity as it is provided at the TSR [43℄or at Cryring [46℄.The ions for the experiments are provided by an ion soure, where in the mostommon way the ions are produed in a plasma hamber. The disharge employing
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Figure 2.5: Sketh of a magneti storage ring. Ions from an aelerator are injeted(right hand side) and stored (blue arrows). Dipole magnets (orange) bend the beamonto a losed orbit. The bending radius is marked with the blak arrow (−→ρ ). Inone straight setion a target beam an be merged with the ion beam. This an beeither photons or, like in the sketh eletrons (red arrow). Not shown here aredetetion and diagnosti instruments (see �g. 2.10)eletron ollisions, this leads to intrinsi exitation of the ion, as well as to a largespread of the ion beam in phase spae. Two types of ooling are thus neessary.Internal oolingInternal ooling is provided by spontaneous emission if the lifetimes of the radia-tively deaying states are short ompared to the storage times. This proess ispossible for infrared-ative moleular ions only, whih an ool down vibrationallyand rotationally to thermal equilibrium with the hamber walls during the stor-age. Moleules end up mostly in the vibrational ground state while the lowestrotational states an remain exited. A prominent example for this ooling pro-ess is the HD+-moleule, where the ground state is reahed within several ms forthe vibrational exitation [83℄.Rotational and vibrational exited states of moleules laking an eletri dipolemoment, like H+
2 , annot ool radiatively. Here an eletron beam an indue vibra-
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Figure 2.6: Phase spae ooling of the diatomi moleule CF+ in a storage ring.Shown are horizontal beam pro�les with the ount rate of the ions in arbitrary unitsversus a horizontal oordinate in mm inside the beam tube. The FWHM representsthe width of the ion beam during the ooling proedure. A �nal width of 1mm wasreahed as an be seen in the last panel. [50℄tional and rotational ooling by superelasti ollisions (SEC), where rovibrationalenergy is transferred from the ion to the eletronH+
2 (v, J) + e−(E) → H∗∗

2 → H+
2 (v′, J ′) + e−(E + ∆E), (2.13)where v′ < v, J ′ < J and ∆E > 0 [55℄.The e�ets of this type of ooling were observed in several experiments for exampleon D+

2 [56℄ or H+
2 [80℄. Using the Coulomb Explosion Imaging (CEI)- tehnique atthe TSR, SEC for H+

2 was studied in more detail, �nding this proess to be mainlyresponsible for the vibrational deexitation [70℄.Phase spae oolingAn eletron beam merged with the ion beam in a straight setion of a storage ringan provide phase spae ooling, as the eletrons an absorb thermal energy ofthe ions. Sine the eletrons are produed older than the ions and permanentlyrenewed, ative ooling of the ions is indued through ollisions. In �g. 2.6 a



2.2. FRAGMENTATION EXPERIMENTS IN STORAGE RINGS 13reent example for phase spae ooling of an ion beam of the diatomi moleuleCF+ is shown [18℄. In this ase the ion beam was merged with an eletron beamover a length of about 1.5 m. The data were taken at the Heavy Ion Test StorageRing (TSR) in Heidelberg using a Beam Pro�le Monitor (BPM) (see setion 2.3).It an be learly seen that the width of the beam shrinks to a small diameter of1 mm. A ooling time of 4.4 s was extrated from the data set [50℄. Anotherreent example is the ooling of HF+ whih was demonstrated using an imagingsystem loated at the TSR. Here a projetion of the ion beam during ooling isgiven by using fragmentation produts from the DR proess and alulating theprojeted distane of the two fragments H and F. In this ase the shrinking of thedistribution of the enter-of-mass of the horizontal and vertial oordinate showindiretly the ooling of the ion beam (see �gure 2.7). To reah suh optimal beamproperties the eletron beam has to be merged with the ion beam at a veloity vemathing that of the ions vion. The eletron beam onditions are determined bythe spei� onditions of the eletron soure. Some basis on eletron beams andsoures will be given in the following.Eletron beam propertiesTo emit eletrons from a surfae they have to overome the material spei� workfuntion. This an be ahieved in various ways. Most ommonly used are eitherthermal emission or laser-stimulated photoemission. For the thermal emission,a part of the Boltzmann eletron energy distribution in the ondutor is sim-ply �pushed� above the work funtion by heating of the emitter material. Forthe photoemission, the eletrons are photoexited to the ondution band of asemiondutor material. Deposition of a Cs/O monolayer onto the semiondu-tor surfae lowers the vauum level below the ondution band energy (for more

Figure 2.7: Transverse enter-of-mass distribution during the ooling proedure ofHF+. (a) Distribution in x diretion on the imaging detetor and (b) y diretion;blak urves t = 0-2 s; red urves t = 3-4 s; blue urves t = 10-12 s [44℄.



14 CHAPTER 2. ELECTRONIC COLLISIONS OF MOLECULAR IONSdetails see [76℄). For the latter tehnique the athode an be ooled down to thetemperature of liquid nitrogen to reah ultimately low initial energy spread of theemitted eletron loud. The energy dilation of the eletron beam limit the ionbeam temperature that an be reahed by phase spae ooling.In order to merge the eletron bath and the ion beam, the eletron beam is manipu-lated with magneti �elds so that the two beams interat under an angle of 0◦. Dueto these �elds the initial temperature of the eletrons, T⊥ and T‖ are deoupled.The athode properties and operating onditions determine the initial transversetemperature. In order to redue the temperatures the eletron beam is expandedand aelerated adiabatially. While the expansion is realized by the passage ofthe eletrons from a high magneti �eld intensity in the range of Bi = 10000 Gto a low magneti �eld of B = 400 G, the adiabati aeleration is provided byslowly inreasing the kineti energy of the eletrons by a set of eletrodes in the�rst stage of the eletron target (see [26; 57℄). The �nal transverse temperature isthen expressed by
kBT⊥ =

B

Bi

kBT⊥,i, (2.14)with a magneti �eld strength B after expansion and the magneti �eld in theathode region Bi. The ratio of both is alled the expansion fator ξ = Bi/B. Thelongitudinal temperature is mainly the result of the kineti transformation. Uponaeleration of the eletrons to ion veloity, the initial longitudinal energy spreadis maintained. The orresponding veloity spread however, dereases beause of
E ∼ v2. As the temperature is related to the veloity spread through kBT‖ ∼ ∆v2and ∆vf = dv(E)

dE
∆E = 1√

2mE
(kT‖), the �nal longitudinal temperature is given by

kBT‖,f =
1

2
m∆v2

f =
1

2E
(kBT‖,i)

2. (2.15)Additional ontributions arise from two heating e�ets, the transverse-longitudinal-relaxation (TLR) and the longitudinal-longitudinal-relaxation (LLR) [57℄. The�nal longitudinal temperature is thus given by
kBT‖ = kBT kin

‖ +
∂∆ETLR

∂x
dx + ∆ELLR (2.16)Due to the non zero temperatures the resolution of the ollision experiment islimited by the veloity distribution of the eletrons

f(v) =
me

2πkBT⊥

(

me

2πkBT‖

)
1

2

× exp(

− mev
2
⊥

2kBT⊥
− me(v‖ − vd)

2

2kBT‖

) , (2.17)with vd = vdetuning, a veloity whih is not equal the ooling veloity.Sine kT‖ ≪ kT⊥ this so alled �attened double Maxwellian eletron distribution
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Figure 2.8: The anisotropi eletron distribution in the veloity frame is shown asa lens (orange), while the ion beam resonane forms a hollow sphere (blue irle).Tuning the relative energy of the eletrons and therefore the veloity, the eletronloud moves along the x-axis forming the observed peak strutures (violet) with anextended low energy tail [57℄.has the form of an ellipsoid in the veloity spae. In the same frame the narrowioni resonane is represented by a hollow sphere. While hanging the relativeenergy of the ion and eletron beam the eletron distribution moves along the v‖axis. The overlap of the sphere and the distribution results in the observed peakstruture with a long low energy tail and a sharp drop on the high energy side (see�g. 2.8).The relative energies are alulated by subtrating a spae harge potential fromthe diretly measured energy. This potential is reated through the repulsiveCoulomb fore between the eletrons. If an eletron approahes the beam it issreened by ΦSC(r, ne−) and so the kineti energy is lowered. If one assumesa ylindrial eletron beam with a homogeneous density pro�le in a ylindrialbeam tube the spae harge potential is [57℄
ΦSC(r, ne) =

neer
2
beam

4ǫ0







1 −
(

r
rbeam

)2

+ 2ln rtube

rbeam
,for r ≤ rbeam

2ln rtube

r
,for rbeam > r > rtube

(2.18)The eletron energy is then de�ned by
Elab = eU0 − eΦSC(r, ne). (2.19)with the measured potential U0.In the experiments the energy resolution depends on the eletron temperatures,



16 CHAPTER 2. ELECTRONIC COLLISIONS OF MOLECULAR IONSwhereas the spae harge orretion is important for obtaining the orret energyin the enter of mass frame. The eletron beam setup at the TSR enabled torealize a high energy resolution (see hapter 2.3) in the measurements on the rosssetions (hapter 4) and rate oe�ient (hapter 5).2.2.2 Rate measurementsDuring moleular reations, rate measurements with interating eletron and ionbeams, the eletrons serve as a target. With the measured density of the eletrons
ne, the ion urrent Iion in the storage ring and the eletron energy dependentdetetor ounts D(E) one is able to determine the rate oe�ient as a funtion ofthe ollision energy E of the eletron and ion reombination

α(E) =
D(E)

Iionne

L

l
, (2.20)with the saling fator L

l
, where L is the length of the storage ring and l theinteration length between ions and eletrons.The total kineti energy in the enter-of-mass frame of eletron and ion is, ina nonrelativisti approximation, given by

ECM = (
√

Ed,lab −
√

Ecool,lab)
2 (2.21)where Ecool,lab is the eletron energy orresponding to the eletron veloity math-ing the one of the ions, measured in the laboratory frame, and Ed,lab is the energydi�erene of the detuned eletron beam with respet to Ecool,lab, also measured inthe laboratory frame. Both energies have to be spae harge orreted aordingto equation 2.18 and 2.19.The measured rate has to be orreted in order to take into aount that in themerging and demerging regions an angle between the two beams ours and there-fore the relative energies are di�erent than in the straight interation region. Thisso-alled toroidal orretion (see hapter 4) typially leads to a higher rate oe�-ient than initially measured. In order to ompare the theoretial reombinationross setion σ with the experimental rate oe�ient the former has to be onvo-luted with the eletron veloity distribution (see equation 2.17) in the enter-of-mass-frame

α(vd) =

∫ ∞

0

σ(v)vf(vd,
−→v )d3v =< σv >vd

. (2.22)Considering equation 2.17 one is able to distinguish the eletron temperatures fromthe measured line width using �tting routines where the eletron temperatures arekept as free parameters [29℄.



2.3. ACCELERATION & STORAGE RING FACILITIES AT THE MPI-K 172.3 Aeleration and storage ring failities at theMPI-K2.3.1 Aelerator faility at the MPI-KAt the Max-Plank-Institute for Nulear Physis three aelerators with exhange-able ion soures (see �g. 2.9) are used to produe ion beams for the heavy-ion TestStorage Ring (TSR). Two aelerators are based on the Van-de-Graa� priniple,where a high voltage platform is harged to several million volts by a rotatingpelletron hain. The so alled MP-Tandem aelerator requires negative ions aspreursors, so that the �nal beam is then produed by harge transfer in a gastarget loated in the middle of the aeleration distane on the high voltage plat-form. In ontrast the ISSI aelerator is a single ended Van-de-Graa� aeleratorwhih an reah up to 3 MV. Here, the ions are produed diretly in the desiredharge state by a soure mounted on the high voltage terminal inside the steeltank. The High Current Injetor (HCI) onsists of a 6 m long radiofrequeny-quadrupole (RFQ) setion followed by eight drift tubes with seven aeleratinggaps [51℄. Employing the fousing e�et of this quadrupole struture yields to highurrents and prevents in partiular the slow beam to blow up through intra-beamrepulsion. Subsequent to these aelerators a post-aelerator allows to inrease

Figure 2.9: The MPI-K aelerator faility. On the right hand side the ISSI usedfor the HF+ ion pair measurement, in the middle the MP-Tandem whih wasused for the HF+ DR measurements (HF+(B)), above the High Current Injetor(HCI) whih was used with the post aelerator (top left) for the HD+ and H+
3 ionpair measurements. Right top inside the squares the loation of the high voltageplatform of the used ion soures (HF+(A), HF+(B), HD+ and H+

3 ). Down leftthe TSR faility were the measurements took plae. Attahed to the TSR is theCoulomb Explosion Imaging (CEI) beamline (f [33℄)



18 CHAPTER 2. ELECTRONIC COLLISIONS OF MOLECULAR IONSfurther the beam energy before reahing the TSR.For the experiments presented in this work the following soures have been usedwith the aelerator faility: In the HD+ as well as the H+
3 measurement the soalled CHORDIS (Cold or HOt Re�ex Disharge Ions Soure) ion soure was used.Thereby the ions were diretly produed from an H2 and D2 gas mixture in thease of HD+ and H2 gas only for H+

3 . Subsequently the ions were aelerated to a�nal energy of 5.19 MeV using the HCI and the downstream following post ael-erator. Later experiments on the ion pair formation of HF+ were performed withthe ISSI aelerator equipped with a penning soure. Here the energy is limited to2.6 MeV. so that the ions had to be further aelerated inside the storage ring byusing the synhrotron mode of the TSR [43℄ and to reah the desired �nal energy.2.3.2 The ion storage ring TSRThe TSR is a magneti storage ring with ultrahigh vauum (UHV) onditions (p
≃ 5 × 10−11 mbar) and a irumferene of approximately 55.4 m. The losedorbit is provided by the magneti �eld of eight dipole magnets with a de�etionof 45◦ eah. They are grouped pairwise with a small straight setion in between.Between eah group are long straight setions, where the beam injetion and ex-tration, eletron ooling, the beam diagnostis, the radiofrequeny (RF) avityand the experimental setup are plaed (see �g. 2.10). The stored beam is foussedusing quadrupole magnets in doublet and triplet on�guration. With this ringsetup ion beams with a maximum rigidity Bρ of 1.5 Tm an be stored.For a stored ion beam the Shottky pikup is one diagnosti instrument, whih al-lows to measure the ion beam revolution frequeny. This is done using ylindrialpikups surrounding the ion beam. With this assembly the AC omponent of theion beam an be measured diretly in order to reonstrut the revolution frequenyand its spread. The frequeny spread is a measure for the momentum spread ofthe ion beam. A ooled ion beam has a typial frequeny spread of ∆f/f ∼ 10−4.Using rest gas ionization by the ion beam it is possible to determine the hor-izontal and vertial beam position in the beam tube. This is done using a homo-geneous transverse and vertial eletrial �eld to map the ion beam position onposition sensitive detetors (resistive anode). This so alled Beam Pro�le Monitor(BPM) an in priniple also be used to reord the ion beam urrent as for instaneapplied in atomi lifetime measurement [21℄ or dieletroni reombination exper-iments on atomi ions (f. [24℄). Another instrument to measure the urrent isa DC transformer where the indued signal on the ion urrent monitor (see �g.2.10) is measured diretly as a urrent equivalent value. However, both methodsare often not appliable for moleular beams beause of the low intensity of theion beams whih are mostly limited either by the ion prodution. Also, in parti-ular the neutral partile detetors at the BAMBI-beamline an only be exposed
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Figure 2.10: The Test Storage Ring at the Max-Plank-Institute for NulearPhysis. The beam is injeted at the right hand side (blue arrow). In the nextstraight setion the ooling eletron beam (red) from the Eletron ooler is mergedwith the beam. The following dipole magnet enloses a detetor hamber. In thenext straight setion follows the eletron target (in red the eletron beam) inlud-ing the experimental area, with the dipole hamber for the DEMON and MIDASdetetors as well as the BAMBI- setup for neutral produts. Finally the diagnos-ti straight setion with the Shottky Pik-up and the BPM. Also drawn but notdisussed in this work is the extration beamline at the injetion. In this beamlineCoulomb-Exposion-Imaging (CEI) measurement an be performed (e.g. [33℄).



20 CHAPTER 2. ELECTRONIC COLLISIONS OF MOLECULAR IONSto a limited ount rate. The ion pair detetor on the other side an handle highount rates and therefore, if high intensity ion beams as in the ase of HD+ andH+
3 are available, a ombination of DC measurement and the restgas indued DErate deteted at a detetor loated inside the TSR (MIDAS, see next hapter and[57℄) an be used to obtain an absolute alibration of the ion beam urrent (seehapter 4). Nevertheless although a high intensity beam was available in the HF+ion pair measurement only the MIDAS-detetor was used to reord the ion urrentas disussed separately in hapter 5.A unique tool at the TSR is the twin eletron beam setup. Here two eletronbeams an be merged independently with the ion beam to provide very stable ionbeam onditions and to simultaneously ondut high preision measurements ofthe rate oe�ients. Beam dragging an thus be redued to a minimum, in par-tiular approahing low relative energies [26℄. Sine 2003 the eletron target hasbeen in operation at the TSR. The older longitudinal and transversal tempera-tures reahed by the eletron target, results in a better energy resolution omparedto the eletron ooler, so that latter was sine then mainly used to ool the ionbeam and de�ne its energy (see below).2.3.3 The eletron beam setup at the TSRThe energy resolution depends on the energy spread of the eletron beam, whihis highly sensitive to the prodution method of the eletron beam (see hapter2.1). For the twin eletron setup of the TSR one has the following situation:The eletron ooler is mounted perpendiular to the TSR plane and is equippedwith a thermal athode produing the eletron beam, whih is guided in and outof the TSR with a magneti guiding �eld. The eletron beam is expanded by afator ξ of 9.6. The eletron ooler provides typial eletron urrents of a few mAand densities ne,cooler of approximately 2× 107 m−3. Transverse and longitudinaltemperatures kT⊥ ≈ 10.0 meV and kT‖ ≈ 0.1 meV are ahieved. For the eletrontarget two di�erent types of athodes are available: On one hand a thermioniathode and on the other hand a photoathode. In both setups the eletrons aredetahed from the emitter material using an extrating voltage. Then the beamis magnetially expanded by a fator ξ between 10 and 50 and further aeleratedusing a set of eletrodes mounted in the target aeleration setion (see [26℄). Thebeam is guided in and out of the TSR using toroidal magnets (see [26℄) and theexpansion is adapted to the needs of the respetive experiment.Depending on this setting, typial densities in the range of ne,target ≈ 1-5×106cm−3are reahed. The di�erene of the two types of athodes lies in the produtionmehanism. For the termioni athode a relatively high urrent is applied on theathode material (Ica = 1.25 mA) whih leads to athode temperatures of Tcath ≈



2.3. ACCELERATION & STORAGE RING FACILITIES AT THE MPI-K 211000 K. In ontrast, the photoathode material (GaAs-samples) is ooled downto liquid nitrogen temperatures and the eletrons are emitted from the samplesusing laser light. The resulting temperatures are typially one order of magnitudelower. (Tcath ≈ 100K). This di�erene is re�eted omparing the longitudinal andtransversal temperatures. While the thermioni athode leads to temperatures of
kT⊥ ≈ 2.0 meV and kT‖ ≈ 0.045 meV respetively, the photoathode temperaturesare kT⊥ ≈ 0.5 meV and kT‖ ≈ 0.03 meV. Nevertheless both types of athodes havesmaller temperatures than the ooler and therefore the resolution of the target,desribed by equation 2.17, is more independent of the eletron soure. This alsoshows up if the ooling performane of both devies is ompared like it is shown in�g. 2.11. Taken everything into aount it explains the preferene for the targetsetion for all moleular experiments.Downstream of the eletron target various detetors are installed awaiting neutraland harged fragments oming from the interation setion. Neutral fragments aredeteted in the Beamline for Advaned Moleular Breakup Investigations (BAMBI)where several detetors are loated. A amera system mounted about 12 m fromthe interation region allows moleular breakup imaging (for details see [72℄) andfor measurement of the DR and DE rate oe�ient two surfae barrier detetors areavailable [33; 61℄. Positive fragments are deteted with the MIDAS detetor [57℄already in the TSR dipole hamber [31℄ loated downstream the eletron target,while the negative fragments are measured using the DEMON-detetor desribedin the following.

Figure 2.11: Comparison of the horizontal ooling time of CF+ of the eletronooler and eletron target. Fitting of the exponential deay leads to the oolingtimes τecool = 13.5 s and τetarget = 4.4 s respetively.
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Chapter 3Detetion of strongly de�eted ionsMany of the moleular ollisions disussed in hapter 2 lead to ioni produt han-nels with fragments of strongly di�erent harge-to-mass ratio as ompared to theinitial moleular ion. The detetion of these fragments ions imposes a number ofnew hallenges to the storage ring tehnique, as in many ases they require a spe-ial set of detetion devies. This is aused by the strong in�uene of the storagering beam optis on these fragment ions and their orresponding large exursionsfrom the stored beam orbit. The next setions give an outline of the detetionsystem reated for enlarging the range of ioni fragments aessible in experimentsat the TSR.

Figure 3.1: Shemati top view of the dipole hamber loated downstream the ele-tron target. The horizontally movable DEMON-detetor (bottom) is operating inthe range κ smaller than one. 23



24 CHAPTER 3. DETECTION OF STRONGLY DEFLECTED IONS3.1 Magneti fragment seletionIn eletron-ion ollision experiments the energy release is in the eV range andtherefore small ompared to the ion beam energy whih is in the MeV region.Then the produt ions remain lose to their original trajetory in the straightsetions of the TSR. In the following dipole magnet (of indutane B) they areseparated aording to their orbital radius (see �gure 3.1)
r =

mv

qB
(3.1)as given by their mass m, harge q and veloity v. A useful parameter to relatethe harge to mass ratio of produt and ion is κ [57℄, de�ned as

κ =
qp/mp

qi/mi
, (3.2)where p indiates the produts and i the original irulating ion.So one an de�ne the radius of the produts rp in the dipole �eld as a funtionof κ by

rp(κ) =
ri

κ
(3.3)where ri = 1.15 m for the TSR. Due to the dependene of the radius on the harge,movable detetors are needed for fragment detetion. For neutral fragments thedetetors an be installed in a �xed position (see �g. 3.1).For produts from atomi ion speies (mp = mi ± me− ≈ mi, beause me ≪ mi)the (κ < 1) -range orresponds to a apture of an eletron (qp < qi), whereasproduts of an ionization proess have κ > 1 (qp > qi). These ases are overed bythe MIDAS detetor [57℄ outside the magneti �eld of the dipole. The moleularase is muh more di�ult, beause a wide spetrum of masses and harge statesin the produts is possible. For harged fragments the required detetion radius ismass dependent and lies in the range of κ > 1 for DE and κ < −1 for IPF, whilefor neutrals κ is zero. For the latter the BAMBI beamline an be used (see [72℄),whereas for κ with 1 < κ ≤ 3/2 the MIDAS detetor an be used [57℄. Fragmentswith κ > 3/2 and κ < −1 were not detetable with the existing detetor setup.In summary, there are four di�erent ategories of κ for a positive ion beam. Thestar marks κ ranges whih were not aessible before the installation of the newdetetor setup:

κ < 0 : Negative fragments and reloaded atomi ion produts *O
κ = 0 : Neutral fragments1/2 ≤ κ ≤ 3/2 : Positive moleular fragments, atomi ion produts3/2 < κ : Light positive moleular fragments *O
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Figure 3.2: Shemati view from top and outside of the TSR onto the dipole ham-ber. In the right upper orner the detetor forseen for light positive fragments (b),on the bottom the DEMON detetor for negative fragments (a).3.2 The DEMON detetorAs part of the equipment of the TSR eletron target, two positions have been in-luded in the design of the downstream dipole hamber for deteting the moleularbreakup in light harged fragments: one inside the TSR overing the light positivefragment (3/2 < κ) and one outside for the negative fragment detetion (κ ≤ −1)(see �gure 3.2). To over a wide κ range, eah detetor has to be movable. A singledetetor setup has been designed by Wissler [31℄. Within this work, this setup wasonstruted, installed and taken into operation. It was hosen to assemble thisdetetor on the outer position ((a) in �gure 3.2) in order to give aess to a newmoleular proess not studied at the TSR before, namely ion pair formation (IPF).Only a negative fragment provides a lear signature of IPF (see hapter 2). Thisdetetor, alled DEMON � DEtetor for MOleular Negative fragments � (see �g.3.3) was installed in 2005 and will be disussed in detail in the following.3.2.1 The hardware of the detetor setupThe basi layout of the setup onsists of a vauum hamber, a translation stage andmanipulator arm (see �g. 3.3) separated from the TSR by a UHV-valve (i). An iongetter pump is mounted on top of the vauum hamber (ii) (see also �gure 3.4(a)),whereas a Ti-sublimation pump is installed on the bottom (see �gure 3.4(a),(ii))in order to provide the vauum in the order of 10−10 mbar, required in order not todisturb the vauum onditions in the TSR. On the front side a small manipulator
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Figure 3.3: The DEMON detetor as a drawing (a) and as a photograph (b). (i)The valve dividing the dipole hamber from the detetor, followed by the detetorvauum hamber (see also �g. 3.4) (ii). Following this hamber is the bellow (iii),with the manipulator arm inside (not visible), whih is mounted on the bak (iv).Both are �xed on the slide on the left (v), whih is installed on the translationstage (vi).for a titanium over for the detetion system (see setion below) is plaed, whihan be ontrolled by looking through a vauum window of the hamber (see �gure3.4(a,v)). An 241Am α emitter is loated inside the hamber (see �gure 3.4(b))to hek the funtionality of the detetion system. The latter onsists of themanipulator arm, a hollow pipe mounted on the inner side of a bellow (�gure3.3(iii,iv)). The inner side of the tube is on atmosphere, while the spae betweenbellow and tube is kept under ultra high vauum. On the front end of the tubethe ore of the system, the sintillation rystal is loated. It is separated from theairside by a welded window. The whole movable setup is installed on a slide (v)thus allowing hanges of the horizontal position of the detetor. Furthermore thedetetion system onsists of a light guide and a photomultiplier (see �gure 3.7).Spei� details on the detetion of the partiles with this setup will be given inthe following setion.3.2.2 Operating priniple of the DEMON detetorDue to the fat that only one negative fragment an be formed in the ollision ofa moleular ion with the eletron beam, the detetor for these partiles does notrequire a mass resolution. This allows the usage of a fast sintillating rystal asthe �rst detetion stage, as it is also used in the MIDAS-setup [57℄. While nor-mally a photomultiplier tube (PMT) is following suh a rystal, in the DEMON



3.2. THE DEMON DETECTOR 27Figure 3.4: (a) the vauumhamber, with the ion get-ter pump (i), the Ti subli-mation pump (ii), vauumgauge (iii), pumping valve(iv), the manipulator forthe titanium over and thevauum window (v). (b)the 241Am α soure and thesoure holder seen throughthe window (a,v).setup a lightguide follows. This is neessary as the detetor is operating in thedipole hamber and therefore inside the magneti �eld of the dipole. In this �eldof around 1 T no photomultiplier tube is usable.The YAP:Ce sintillating rystalDetetor material studies for the usage in ultra high vauum [31℄ led to the dei-sion for the non-hygrosopi Cer-doped Yttrium-Aluminum-Perowskit (YAP:Ce)-rystal, whih has a high photon yield, fast deay time (25-30ns) and emits pho-tons at 330 to 380 nm wavelength with a maximum at 350 nm [77℄. The rystalis housed in a titanium box (see �g. 3.5) whih is open in beam diretion and indiretion of the photon detetion system. The beam-side opening is overed witha 0.75 µm thik aluminum foil. This foil was forseen to shield stray light. Thedetetor worked well with this setup for the ion pair measurement for HD+ andH+
3 . During tests with a CF+ beam, deteting the negative ion pair fragment F−,no lear signature of the harged fragment was visible. Although this fragmentwith its initial energy of 1.83 MeV deposits an energy of 0.71 MeV on the rystal,only an overall rise of the ountrate ould be observed. In the pulse height spe-trum the F− peak was not distinguishable from the bakground. Subsequently,the aluminum foil was removed (for more details on these measurements with andwithout foil see hapter 3.5).The rystal holder box itself is mounted on the vauum side of the detetor setup.The sintillation rystal is pressed onto the surfae of a UHV-window, whihsreens the vauum side from the atmosphere side (see �gure 3.6), using a springto optimize the ontat of both in that way, that the light loss due to a slit is mini-



28 CHAPTER 3. DETECTION OF STRONGLY DEFLECTED IONS

Figure 3.5: Vertial ut through therystal holder. It shows (i) the titaniumbox, (ii) the aluminum oating, (iii)aluminum foil, (iv) titanium frame and(v) the rystal itself. On the right:the �ight diretion of the ions onto thedetetion system.
Figure 3.6: Detetor head as used inthe setup. (a) Front view; from leftto right, the YAP:Ce rystal whih ispressed with a spring (not drawn here)onto the sreening glass whih is weldedinside a stainless steel tube. (b) Topview; the arrow indiates the path of theions.mized. The dimensions of the rystal itself are 30 × 30 × 10 mm3. The top and theside-surfaes are polished and oated with aluminum (thikness = 0.1µm) suh asto re�et all light to the bottom surfae, where it is oupled out. After passing thevauum window the light enters the light detetion system. Two possible readoutsetups are available for DEMON, whih will be disussed in the following.Ethylene glyol based liquid lightguideOne possibility to detet the photons emitted by the rystal is a lightguide-photomultiplier setup. Therein the lightguide is a unique design speially adaptedto the needs in the DEMON setup. It is based on the priniple of total re�etion



3.2. THE DEMON DETECTOR 29at the boundary surfae of ethylene glyol and te�on. The basi onstrution wasperformed in 2002 ([31℄). At that time the lightguide onsisted of a te�on tubeloked on both sides with UV-grade quartz glass ylinders with diameters of 26mm and lengths of around 50 mm. The glass ylinders were �xed to the te�ontube with speially developed plasti hose lips. Unfortunately the di�erene inthermal expansion oe�ients of the te�on tube and the ethylene glyol were notompensated in this assembly, suh that temperature hange aused leakage ofethylene glyol. The loss of light guiding liquid resulted in reation of air bubbleswhih dereased the transmission of the lightguide. In order to ompensate thedi�erene in expansion oe�ients of liquid and te�on a new design of the light-guide was developed. It is based on the original setup, but enloses the te�on tubein a stainless steel housing, whih is equipped with a bellow to ompensate thedi�erene in thermal expansion oe�ient between liquid and te�on tube. Thisnew housing required an exhange of one of the two glass ylinders with a 20 mmlonger one in order to get ontat to the vauum window (see �g. 3.7). On bothsides the glass ylinders are �xed by a gasket ring and a srew ap. With thisonstrution it was possible to seal the lightguide. The lightguide is then �lled

Figure 3.7: The lightguide setup as used in the DEMON detetor assembly.

Figure 3.8: The APD setup as used in the DEMON detetor assembly.



30 CHAPTER 3. DETECTION OF STRONGLY DEFLECTED IONSwith 10◦ C old ethylene glyol, whih before �lling is kept for 20 min under apressure of 1 mbar in order to evaporate air still dissolved in the liquid.On the side with the 70 mm ylinder the sintillation light is oupled in and guidedto the opposite side, where it is deteted by the photomultiplier tube (PMT; Hama-matsu R7056).Avalanhe Photodiode (APD)Using the lightguide setup low energy heavy fragment hits on the detetor aredi�ult to distinguish from the bakground rate due to the transmission lossesof the light intensity. Therefore an Avalanhe Photodiode (APD) was tested inorder to get rid of the lightguide and ahieve a better energy resolution. The diodeused was a 5 · 5 mm2 Silion APD from Hamamatsu (APD 4829, idential to theS8664 series) with a maximum quantum e�ieny at a wavelength of 600 nm anda spetral response range from 320 nm to 1000 nm. The measurement priniple isbased on the Avalanhe e�et (impat ionization) whih an lead to the Avalanhebreakdown of the diodes, a form of eletroni urrent multipliation that allowsvery large urrents to �ow within normally insulation materials. This is used asthe detetion priniple, whereas the APD is reovered after an event whih ausesan avalanhe breakdown by a high series resistor in the ns range. In prinipleone an ahieve ount rates up to 100 MHz with suh a setup. Nevertheless bigtehnial e�ort has to be applied. This mainly due to the temperature dependenthigh dark ount rate and the hanging breakdown voltage. Therefore a very stabletemperature and voltage is needed, whih would in priniple require ative oolingof the APD and very stable power supplies. Up to now, the APD was operated bymanually ontrolling the voltages and adjusting them to the temperature hanges.In �gure 3.9 the APD as it was used at the TSR is shown. The APD is stikingFigure 3.9: Photograph of the APDsetup as used during the test measure-ments.
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Figure 3.10: The rystal holder and the movable triangular titanium over as adrawing and in real as mounted on the front of the detetor arm.out of the iruit board to get ontat to the welded window. This is neessarydue to a safety ring (see �gure 3.8) in the detetor arm, whih prevents breakingof the sreening window by mismanipulation of the detetor.Vertial position of ion pair fragmentsWhile the atomi detetor MIDAS an also be moved along the vertial diretionto �nd the optimum detetor position (see [57℄), this is not possible for DEMON.In order to gain information about the vertial positions of ion impats on thesintillator and, if neessary, to adjust the ion beam axis, a triangular-shapedtitanium over is movably mounted on the rystal holder box (�gure 3.10). Withthis over it is possible to obtain information about the vertial position of thenegative fragments by sanning the horizontal diretion (for details see hapter3.5). If the beam lies too high or too low in the vertial diretion it is possible toorret the vertial beam position with the TSR magnets.3.3 Ioni fragment foussing and steeringAs mentioned in the last setion, orretions on the losed orbit of the ion beam anbe neessary, in order to make the detetion of light negative fragments possible.In the next subsetion the experimental situation for this ase will be explained.The following subsetion will give an explanation of possible orretions of thelosed orbit.



32 CHAPTER 3. DETECTION OF STRONGLY DEFLECTED IONS3.3.1 Initial experimental situationThe eletron target beam is merged and demerged with the ion beam using twotoroidal guiding �elds. These �elds disturb the ion beam trajetory in the TSR.Beause the eletron target is mounted in the horizontal plane of the TSR theLorentz fore of the toroid �eld goes along the vertial diretion. This disturbaneof the �ight path of the initial ion beam an be ompletely ompensated by a pairof vertial orretion dipole magnets at the entrane and the exit of the interationregion. These pairs are installed symmetrially on both sides of the interationregion. Thus the ion beam passes the �rst orretion magnet (KDY1), then theseond one (KDY2) and then enters the toroid �eld. This sheme is reversed atthe exit. Whereas KDY1 produes a magneti �eld in the same diretion than

Figure 3.11: Initial situation for the moleule-eletron reation with a light hargedfragments as produts. While the orretion magnets KDY 1 and KDY2 ompen-sate the deviation of the ion beam (blue), they do not for the light fragments (or-ange). The fragments are bent to a lower path in the ase for negative fragments.Additionally the magneti �eld of the foussing quadrupoles are set in a way thatthe ion beam is well foussed, while the light fragments get overfoussed.



3.3. IONIC FRAGMENT FOCUSSING AND STEERING 33the toroid, the KDY2 �eld has opposite diretion and overompensates the toroid�eld. Careful adjustment of the urrents of KDY1 and KDY2 makes it possibleto ontrol the ion beam position in the vertial diretion and to adjust the iontrajetory to the intended position (see �gure 3.11). For moleular ions the beamposition is monitored with the 3D imaging system loated at the BAMBI beam-line. There the neutral DR fragments are deteted, giving a projetion of the ionbeam position in the target setion. The monitoring is done during the adjust-ment using ommerial CCD ameras imaging the phosphor sreen of this system(see [71; 72℄). Calulation of the enter-of-mass-distribution of the DR fragmentsallows �ne tuning of the beam axis. An optimal position of the neutrals on theimaging detetor automatially leads to an optimal position of the harged frag-ments on the DEMON detetor in the ase that the mass ratio of the initial ionand the fragment independent on the harge is larger than one third. As foundout empirially, the situation hanges dramatially if the mass ratio is equal orsmaller than one third. In this ase the light fragments are strongly de�eted inthe toroid at the exit side of the target (see �gure 3.11). Therefore they leave thehomogeneous �eld of the following orretion magnet KDY2. The next orretionmagnet whih normally bends the ions bak to their original path is not able todo this anymore. In ontrary, due to its upwards direted fore on the ions, thefragments are bent down again. Finally this leads to a very low path. Thus theions are not able to enter the entrane gap of the dipole hamber (�gure 3.11). Inorder to orret this path, orretions of the ion beam orbit have to be applied,

Figure 3.12: Vertial spread of an H+
3 ion beam (a) and negative ion pair fragmentH− (b) due to the quadrupoles in the dipole hamber (at 5.5m) taking no toroidand KDY �elds into aount;( (i) and (ii) quadrupoles, (iii) entrane of the dipolehamber and (iv) detetion plae of the fragments). The situation in (b) equals theone after the losed orbit orretions have been applied, while (a) shows the initialsituation. The diameter of the H− one is larger than 50 mm at the detetionpoint, therefore only a fration of the produts an hit the sintillator rystal [50℄.



34 CHAPTER 3. DETECTION OF STRONGLY DEFLECTED IONSwhih also hange the fragment trajetory.In addition to this strong de�etion, the fragment beam spreads due to the TSR'sfoussing quadrupole magnets. These �elds are adjusted in suh a way that thespread of the stored ion beam is minimized (see �g. 3.12). For harged fragmentsthese settings of the quadrupoles lead to a spatial dispersion inside the dipolehamber whih an exeed the rystal height. In �gure 3.12 the situation is shownfor the initial beam as well as for light fragments assuming a trajetory initiallyentered in the beam pipe. In �gure 3.11 this e�et is shematially inluded forthese low mass moleular harged fragments.In experiments suh as those presented in hapter 4.3 various orretions have beenapplied in order to gain reasonable results. In the following the losed orbit orre-tion will be presented, while the foussing e�et has to be orreted analytially,whih will be shortly mentioned in a dediated hapter.3.3.2 Closed orbit orretions for light-fragment measure-mentsFor imaging as well as for DR rate experiments it is neessary for the ion beamtrajetory to be entered in the horizontal and vertial plane. While the horizon-tal position an be orreted by hanging the rigidity of the ring by inreasing ordereasing the main dipole �eld, the vertial position is orreted by the vertialorretion magnets. As mentioned earlier, MIDAS is the detetor of hoie in thease of the harged fragments leaving the dipole �eld. In this ase no hanges haveto be applied at all, beause MIDAS is movable in horizontal and vertial dire-tions. For DEMON it depends on the mass of the fragment whether orretionshave to be applied or not. Assuming a beam well adjusted in that way that theneutral fragments are entered in the BAMBI beamline, no orretions have to bedone if the mass of the fragments is greater than one third of the initial ion mass,whereas for the lighter masses orretions have to be applied as has been foundout empirially. This an be done in two ways: by a vertial shift of the ion beamtrajetory or by introdution of an angle in vertial diretion.The vertial shift will be applied in the setions following the orretion magnetsKDY. Thereby four vertial orretion dipoles are needed. Eah of them is lo-ated in between the quadrupole pairs in front of and after a main bending dipolemagnet pair. Thus the orretion magnets a�et the orbit from after the eletrontarget until the injetion setion, where the beam is bent bak onto its originalorbit. This alulation of this orbit orretion is shown in �gure 3.13 [50℄. Asan be seen the ion beam is bent upwards by the �rst orretion magnet in frontof the detetion hamber inside the dipole �eld. In the straight setion followingthe dipole pair the �rst vertial orretion magnets are used in order to bend the



3.3. IONIC FRAGMENT FOCUSSING AND STEERING 35beam to a path parallel to the original orbit, while the seond is used to bendthe beam downwards to this orbit. To bring the ions bak to their original orbit,the orretion magnet following the seond dipole pair is needed. The ion beam isthen kept untouhed until the ions again reah the exit of the seond KDY pair.The orretion has to be done arefully, heking the storing and ooling proper-ties after eah hange. One an optimal setting for beam storing and ooling aswell as fragment deteting is found, the settings are kept onstant over the wholeexperimental period.Another way to allow the detetion of light harged fragments is the introdutionof an ion beam inlination in vertial diretion. In this ase a sinusoidal hange isapplied (see �gure 3.13). Therefore the same orretion magnets an be used asdisussed before, with the di�erene that the seond and third orretion magnetsdo not bend the ion beam onto a path parallel to its original orbit. In this ase theseond orretion dipole bends the beam bak in the opposite diretion, suh thatthe ions ross the vertial oordinate of their original orbit. The last orretionmagnet then bends the beam bak onto its initial orbit. The same are aboutpreservation of storing and ooling properties of the TSR has to be applied thanfor the vertial shift. Likewise the settings are kept onstant during the experi-ments.As it turned out during the ion pair measurement of H+
3 , an additional angle inthe eletron target region provided by the KDY inreases the detetion e�ieny(see hapter 4). In this ase the eletron beam trajetory of the eletron targetwas hanged by modifying the target's guiding �eld.

Figure 3.13: Calulations of the vertially orreted orbit of the ion beam. In thisase the manipulation of the losed orbit by the orretion dipoles (light blue) areapplied after the eletron target (0 m). In light orange the position of the storagering de�eting magnets; (a) shows as a orretion by appliation of an angle, while(b) shows the vertial shifting method. The arrow indiates the detetor position.



36 CHAPTER 3. DETECTION OF STRONGLY DEFLECTED IONS3.4 Data aquisition setupSettings like the ooler setup or the magneti �elds of the target are kept statiduring moleular experiments. These settings are ontrolled via the MPI-EUNetsystem, whih onsists of several remote slave units with digital and remote I/Oonneted to a networking master by serial wires or optial �bers. Eah slavehouses multiple digital analog in- and outputs. For ontrolling all the parameters ofthe EUNet a uni�ed lient-interfae (HSI-Pult) is used. the data aquisition system(mileDAQ, [57℄) is used deoupled from this interfae. It ontrols all the neededexperimental parameters whih are not neessarily �xed, like injetion times forthe TSR or the variation of the eletron beam energy, and reads out all the involvedinstruments, e.g. the detetor ounts.3.4.1 Detetion system eletronisBefore starting a rate measurement the DEMON and MIDAS detetors are testedand set up using 241Am α-soures, whih are loated in the vauum hambers ofeah setup (e.g. see �g. 3.4). While the detetion system of MIDAS is desribedelsewhere [57℄, the system of DEMON will be desribed here in more detail. Itonsists of the hardware for the signal onvolution, as well as of the ontrollingand signal ounting VME omputer unit.The light pulses from the rystal of the DEMON setup are deteted by a photo-multiplier tube whose signals are direted to a preampli�er. The output of thisampli�er is then direted to a spetrosopi ampli�er (SA), where the ingoing sig-nal is �ltered and whose outgoing signal is split. On one hand the latter is insertedinto a delay ampli�er. The ampli�ed signal is fed into a 16 bit peak sensing ADC.The latter is gated by a single hannel analyzer (SCA) whih ensures that the sig-nal amplitude lies within a ertain intended window and thus allows bakgroundsuppression. A seond logi output of the SCA is onneted to a 250 MHz 32-hannel multisaler, where also the eletron urrents and voltages of ooler andtarget, the BPM rate, the DC signal, the normalization ountrate from the MIDASdetetor, and timing information from an external lok are reorded. The saler,the ADC, but also the digital I/O are ontrolled by a VME omputer system whihis installed as a DAQ frontend [57℄.3.4.2 Measurement shemeFor all moleular reombination measurements at the TSR the following shemehas been established. Depending on the needs of the spei� measurement theeletron gun potential of the target is set to a start value, followed by the requestfor an ion beam injetion by sending a TTL signal from the VME front-end to



3.4. DATA ACQUISITION SETUP 37the ring ontrol. After the injetion is done a on�rmation signal from the ringontrol is read bak, whih starts the measurement yle. This yle onsists of apreooling step and a �wobble� sheme whih ontains a ooling, a referene anda measurement step, where eah step an have di�erent duration and repetitionrates:� the �preooling step� gives the eletron ooler and/or the eletron targetsome time for intrinsi and phase spae ooling of the ion beam. Normallythe eletron ooler is kept for the entire measurement at ooling energy, thussetting the eletron target to the ooling ondition might not be neessary.This means, the target an in some situations assist the ooler and help toredue the total ooling time.� during the �ooling step� the eletron target is set to ooling energy forinterstage ooling if the ooling energies are mathing.� the rate measured in the �referene step� is either taken for normalizationor bakground substration (rest gas DE) of the rate of the measurementstep. The energy is mostly hosen in suh a way that the expeted eletronindued rate at this energy is low or zero (for more details see hapter 4and 5). The energy is like at the ooling step kept onstant throughout allmeasurement yles inluded in one run. In speial experimental situationsseveral suh referene measurements an be inluded in the �wobble�-sheme.� The energy in the �measurement step� is varied from measurement yle tomeasurement yle and the measured rate in this step is bakground sub-trated, normalized and orretions are applied to the energy and the rateitself (see hapter 3.4.3). As a result one gains the rate aording to equation2.20, where the information of the ion urrent is taken from the ooling orreferene step (fore more details see hapter 4 and 5).While the preooling step has a typial duration of a few seonds, eah step of thewobble yle is of only a few ms. After eah voltage jump the data aquisitionwaits for 5 ms to allow the HV-power supply to reah its setpoint. The voltages,the repetition rate and the durations of the steps are given by the experimenterin a on�guration �le, whih is imported into the measurement ontrol programmileDAQ (for more details see [57℄). The data-aquisition (DAQ) software sweepsthrough all saler and ADC hannels and writes the data to a raw �le.The sheme used in the desribed way has the advantage of not being limited bythe ion beam lifetime but has the disadvantage that long-term variations of therestgas pressure due to the di�erent measurement energies lead to variations of thebeam lifetime and the bakground rate, depending on the position of the energy



38 CHAPTER 3. DETECTION OF STRONGLY DEFLECTED IONSsan. This is aused by the fat that for eah position of an energy san an newinjetion has to be done. This kind of measurement proedure an take severalhours for a given energy interval.3.4.3 General data proessing proedureThe raw data are transformed into histogram �les by mainly using two programs.The �rst one was used for the experiments on HD+ and H+
3 measurements (seehapter 4), while the seond was used for the HF+ raw data (hapter 5). For-mer is alled md2h., whih transforms to so alled hbook �les usable with thePAW analysis framework [65℄. This �les were used in the online ontrol of theexperiment, while for the o�ine analysis these �les were further onverted to thedata format of ROOT [66℄ whih is the dediated new data analysis framework forall measurements done at the TSR. In the HF+ experiments a new maro alledmd2root. [60℄ was used, diretly reating ROOT �les. In the following the majorsteps for the o�ine analysis of all measurements will be presented. Spei� detailsof eah measurement will be laid out in a dediated hapter.Count rate reordingFor all measurements in the present work pulse hight spetra of moleular fragmentindued detetor events are taken. In order to gain the detetor ountrate out ofthis data, a window in a ertain range of the ADC spetrum was hosen and thespetrum was integrated in these bounderies. This gives the ountrate for eahstep and energy. These raw ounts are not normalized to the total measuring timeat this point.Normalization with respet of timeFor eah step the duration of the measurement is sent to the saler by using a 10MHz lok, whose pulses are ounted during the data aquisition. The raw detetorounts of DEMON are then divided by the time whih was spent at eah step. Inorder to gain a rough estimation of the measured rate during the measurement inthe �online� analysis software this raw spetrum is divided to the MIDAS rate atooling energy as it is shown eg. in �g. 4.1.Normalization with respet of the ion urrentIn the �rst step after time normalization in the o�ine analysis the DEMON ountrate has to be normalized to the ion urrent. This is normally done by transforming



3.4. DATA ACQUISITION SETUP 39the measured time normalized rate of MIDAS to an ion urrent equivalent (for moredetails see setion 4). This leads to an ion urrent normalized rate
Rion(E) =

RDEMON(E)

Iion(RMIDAS) L

l
(3.4)with the rate RDEMON from DEMON, RMIDAS from MIDAS and the length ratio

L/l of the whole irumferene and the overlap of ion and eletron beam. Nor-malization of this rate by the eletron density ne results in the rate oe�ient
α(E).Normalization to the eletron densityThe eletron density is alulated aording to

ne =
Ie

eξπr2
cathβγ

(3.5)with the radius rcath of the thermioni athode being rtc = 0.8 mm (used for theexperiments presented in hapter 4) or, for the photoathode rpc = 1.5 mm. ξ is theexpansion, γ = (Erel +E0,e)/E0,e, where Erel is de�ned as the relative energy withrespet to the ooling energy E0,e, β =
√

1 − 1/γ2, γ the Lorenz fator and Ie theeletron urrent. The eletron urrent was measured using a urrent to frequenyonverter and reorded using the saler. The rate oe�ient α is omputed independene of the eletron impat energy in the laboratory frame by
α(E) =

Rion(E)

ne

(3.6)Transformation into the enter-of-mass-frameThe onversion of the lab-energy frame to the enter-of-mass frame needs preiseknowledge of the ion beam energy and therefore for the spae harge orretedooling energy of the eletron target. This is obtained by doing an energy sanaround the expeted ooling energy in the lab frame. The ooling energy wasthen found by mapping the rate strutures found at negative and positive relativeveloities respetively. After this step as a further orretion the in�uene of theeletron target toroids has to be taken into aount.Toroid e�et orretionIn the merging and demerging setions of the eletron and the ion beam, theiris a non-vanishing angle between −→ve and −→vi . This results in a relative veloity



40 CHAPTER 3. DETECTION OF STRONGLY DEFLECTED IONSvetor −→vd di�erent from that in the ollinear interation region. This results inan e�etively inreased ollision energy. This e�et an be orreted if a map ofthe magneti �eld is used [26℄ together with a deonvolution method, whih isdesribed by Lampert et al [2℄.Cross setionThe ross setion is �nally derived by a simple division of the rate oe�ient withthe orresponding relative veloity vd(E) for eah measured point. This is validas long as the energy at whih the ross setion is alulated is greater than theeletron temperature kBT⊥. One obtains
σexp(E) =

αexp(E)

vd(E)
. (3.7)3.5 Systems studied in the present workDi�erent systems were studied in the present work, whose preparatory test mea-surements will be presented in this hapter. These tests were used in order togain information about detetion e�ieny and energy resolution of the two pos-sible light detetion systems for the photons emitted by the YAP:Ce sintillationrystal as well as about fragment beam positions on the detetors in the variousexperiments.Eletron-ion ollisions of HD+In the ase of HD+ two ion pair fragmentation hannels are possible:HD+ + e− → HD∗∗ →

{ D− + H+H− + D+

}

(E > 1.913 eV) (3.8)Both hannels are energetially aessible at a threshold ollision energy of 1.913 eV.In �gure 3.14 the ross setion for both hannels measured at CRYRING is shown.Eletron-ion ollisions of H+
3In the ollision experiments of H+

3 two ion pair hannels are energetially possible.One is aessible at 5.4 eV, while the seond opens at 8.1 eV:H+
3 + e− → H∗∗

3 →
{ H− + H+

2 (E > 5.4 eV )H− + H+ + H (E > 8.1 eV )
(3.9)
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Figure 3.14: The ion pair formationross setion of both hannels of HD+;measured at CRYRING [3℄. Figure 3.15: The ion pair forma-tion ross setion of H+
3 ; measured atCRYRING [54℄.The ross setion of the total H− fragments for both hannels measured at CRYRINGis shown in �gure 3.15.Eletron-ion ollisions of HF+In the ase of HF+ diret and indiret ion pair formation are possible leading tothe following reation pathsHF+(v = 0) + e− → HF∗∗ → H+ + F− (3.10)HF+(v = 0) + e− → HFRyd

nv → HF∗∗ → H+ + F− (3.11)An energeti threshold is predited at 17 meV, but due to rotational exitation ofabout 25 meV at room temperature and the limited energy resolution, it is notobservable in the storage ring tehnique up to now.3.5.1 Ion beam onditionsTable 3.2 gives an overview of the basi onditions for the above mentioned ion-eletron ollision studies. They will be presented in detail in hapters 4 and 5,but the preparatory test measurements will be presented here, inluding the testswith the α soure. The experiments with the di- and triatomi hydrogen ions aswell as the α partile measurement were performed with the stray light protetivealuminum foil in front of the rystal, while the APD test as well as the ion pairformation of the hydrogen �uoride ion and another test with the α soure wereperformed without this foil. As mentioned earlier, the foil was removed due to theunsatisfatory results in a test using CF+.
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CHAPTER

3.DETECT
IONOFST

RONGLYD
EFLECTED

IONS Ion Eion Ee ne Cooler used Cooling time Ion soure Deteted fragment and energy(MeV) (keV) (106 cm−3) (s) and gas deposited energy on rystalHD+ 5.19 0.944 22.9 yes 1 CHORDIS D− (ED− = 3.46 MeV)H2 & D2 3.43 MeVH+
3 5.19 0.944 22.9 yes 1 CHORDIS H− (EH− = 1.73 MeV)H2 1.7 MeVHF+(A) 4.66 0.127 3.3 no 5 Penning F− (EF− = 4.43 MeV)CHF3 4.43 MeV (no foil!)

α α partile (Eα = 5.46 MeV)soure 5.33 MeVTable 3.2: Settings as used for the experiments presented in hapters 4 and 5. Listed are the ion beam energy (Eion),the eletron energy at ooling (Ee), the eletron density (ne), whether the ooler was used or not, the ooling timeand the used gases in the desired ion soure for the experiments presented in this thesis.



3.5. SYSTEMS STUDIED IN THE PRESENT WORK 43The test measurements start in priniple with the determination of the fragmentbeam position using the san proedure with and without the triangular over asmentioned in hapter 3.2.2. One the detetor is plaed in the right position andany neessary beam orretions have been applied as desribed in hapter 3.3, pulseheight spetra are taken in order to get a feeling of the detetor performane for therespetive ioni fragment or α partile. In the following the determination of thedetetor position will be presented followed by the test measurements of the pulseheight spetra. Latter is split into two parts: the �rst overs the measurementwith the foil and only the lightguide setup, while the seond part inludes also theAPD, but with the aluminum foil removed, sine only for this measurements thediode setup was available.3.5.2 Determination of the negative ioni fragments posi-tion on the YAP:Ce rystalAs mentioned above the DEMON detetor is not movable in vertial diretion.To obtain the vertial fragment beam position on the rystal and apply ion beamorbit orretions if needed, the detetor head is equipped with a triangular metalplate (see also hapter 3.2). Using this triangle in front of the rystal it is possi-ble to roughly obtain the vertial position of the fragments on the rystal. Theworking priniple is as follows: while the detetor is moved horizontally throughthe dipole hamber the ountrate is reorded. Without the triangular over, thisountrate depends on the horizontal detetor position only. Over the whole rangeorresponding to the rystal width fragment hits are measureable (see �gure 3.16).This piture hanges with the over. The spread w in horizontal detetor positionof the ountrate now depends on the vertial position y of the fragment beam:
y = h − w (3.12)with h being the height of the sensitive detetor area. Aording to this approxi-mate formula the width of the ount rate peak is linearly depending on the vertialposition of the fragment beam. A narrower ountrate peak with respet to a hori-zontal detetor san indiates a higher position of the fragments hitting the rystal(see �gure 3.16). This information of the vertial position as well as the expetedfragment beam spread are ombined in order to deide whether the orbit of theion beam has to be hanged in the experiments.During the experiments and tests �rst the fragment position was roughly deter-mined, followed by a �ne san around the deteted point with and without thetriangle. The omparison of both results and the theoretial beam height assign-ment following equation 3.12, showed in the ase of the HD+ ion beam (see �gure3.17) that the fragments of the ion pair formation D− are hitting the rystal at its
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Figure 3.16: Shematial drawing of the horizontal positions san using the trian-gular over. (a) shows the rystal overed with the triangle; (b) shows the resultingountrate distribution vs. the horizontal detetor position.lower edge, while the H− fragments from the IPF of H+
3 are hitting the rystal inits middle (see �gure 3.5.2). The F− fragments were hitting the rystal relativelylow (see �gure 3.5.2). For all three experiments no hange was applied to thebeam orbit. In the ase of D− and F− fragments the position of the fragmentswere aeptable, as their beam spreads were very narrow [50℄. In the ase of theH− no more hanges besides the orretion mentioned in hapter 3.3 were needed.For ompleteness the results of the position san using the α soure inside thedetetor vauum hamber is shown in �gure 3.20. The FWHM is broader thanthe rystal width (see hapter 3.2) whih is due to the unollimated α partiles.The maximum of this peak is the ountrate taken diretly in front of the rystal.Conventionally this position is taken as the origin of spaes of the detetor setup.3.5.3 Test measurement with the lightguide setupTest measurements using a HD+ ion beam. The ion pair formation of HD+leading to the negative D− fragment have an energeti threshold. Only above thisenergy eletron indued negative fragments are possible (for more details see hap-ter 4). Therefore pulse height spetra were measured at an energy below and abovethis threshold subsequently (�threshold method�). The D− fragment must have anenergy of 3.46 MeV (two thirds of the total energy of 5.19 MeV), whih will bedeposited nearly without any losses on the rystal (see table 3.2). In �gure 3.21these two measurements are plotted in one graph. The red urve for energiesabove the threshold shows a lear signature of the eletron indued D− fragment.Additionally a peak at lower energies ours whih is also reprodued in the bak-ground measurement for energies below the threshold (blak urve). This peak isexatly at half of the energy of the D− peak, whih leads to the presumption that
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Figure 3.17: Horizontal position san with(red) and without (blak) over using the HD+ion pair formation leading to D−.
Figure 3.18: Horizontal position san with(red) and without (blak) over using the H+

3ion pair formation leading to H−.
Figure 3.19: Horizontal position san with(red) and without (blak) over using the HF+ion pair formation leading to F−.
Figure 3.20: Horizontal position san withoutover using the α soure.



46 CHAPTER 3. DETECTION OF STRONGLY DEFLECTED IONSthis peak is aused by hydrogen atoms. These fragments are aused by residualgas dissoiative exitation. Thereby the emerging neutral hydrogen atoms overthe whole solid angle and an hit the rystal. For the same reason the tail of thebakground peak an be explained by neutral D atoms from the rest gas DE. Forthe data analysis of the ion pair formation the ADC spetrum was ut at the ADCvalues of 1800 and 3200. The area in between (see �gure 3.21) was integrated togive the total signal ountrate. The bakground ountrate was heked severaltimes during the experiment and was onstant over all runs (see also hapter 4).
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=3.43 MeV-DE Figure 3.21: ADC spetrum ofthe D− fragment (3.43 MeV en-ergy deposition on rystal) of theHD+ ion pair formation. Blakurve: bakground measurement(Ee = 0 eV); red urve: eletronindued signal (Ee = 3eV).

Test measurements using an H+
3 ion beam. The ion pair formation pro-dues H− fragments, whih are used in order to perform the measurement of thepulse height distribution. The same priniple of probing below and above the ionpair threshold was used (for more details about the ion pair formation of H+

3 seehapter 4.3). The deteted H− fragments initially have one-third of the total ionenergy of 5.19 MeV. This orresponds to an energy of 1.73 MeV, whih will almostompletely be deposited on the rystal (see table 3.2). In �gure 3.22 the resultsof these measurements are presented. In this ase the bakground measurementwere taken with an eletron-ion energy of 0.7 eV, whereas the eletron induedfragments were deteted at an energy of 11 eV. For the same reason as disussedin the previous paragraph the bakground ontains a peak produed by neutralhydrogen atoms. Due to the fat that neutrals as well as harged fragments havethe same energy, the eletron indued peak lies on top of the bakground peak(red urve). Therefore the integral of the whole peak were taken in order to getthe ount- and bakground-rate. Also here the bakground was heked severaltimes during the experiment and was found to be onstant as well. Taking thevertial fragment beam spread for these light fragments into aount (�gure 3.12),it is lear that the pulse height spetra shown here annot inlude all negative



3.5. SYSTEMS STUDIED IN THE PRESENT WORK 47fragments. The derived rate had to be saled to a known rate (inluded in theresults presented in hapter 4.3) and absolute rate measurements were thereforenot possible.
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=1.7 MeV-HE Figure 3.22: ADC spetrum ofthe H− fragment (1.7 MeV en-ergy deposition on rystal) of theH+
3 ion pair formation measure-ments. Blak urve: bakgroundmeasurement (Ee = 0.7 eV); redurve: eletron indued signal(Ee = 11 eV).

Test measurement using the 241Am α soure. In this ase the α soureinside the detetor vauum hamber was used to gain information of the perfor-mane of the detetor setup. The alpha soure emits partiles at two di�erentenergies (5.442 and 5.485 MeV [15℄), whih are so lose to eah other that theyare not resolvable by DEMON and were therefore treated as one line. A learlyresolved peak was observed whih was aused by the α partile (red urve in �gure3.23). The blak urve shows the bakground where the detetor was put to aposition far away from the soure. This red urve will later be ompared to themeasurements done without the aluminum foil. However, the energy resolution of44% FWHM is a fator of three worse ompared to MIDAS, whih uses the samesoure and rystal [57℄. This is aused by the transmission of the lightguide ofaround 75% [31℄ whih smears out the light intensity distribution of the rystaland leads to a orresponding smear-out of the distribution of the deposited energyof the partiles on the rystal.3.5.4 Comparison of the lightguide and the APD setupDue to unsatisfatory results during the CF+ measurement the stray light prote-tive aluminum foil was removed and the performane of the detetor was testedusing the α soure as well as during the ion pair measurement of HF+ (see hapter5). Additionally the then available APD was tested, whih was onsidered as apossible replaement of the lightguide setup, in order to avoid transmission losseswhih worsen the energy resolution of DEMON.
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Figure 3.23: Test measurementsfor the lightguide setup and foilwith the 241Am soure. blak:bakground; red: with α irradia-tion.
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Figure 3.24: Test measurementsfor the lightguide setup and with-out foil with the 241Am soure.blak: bakground; red: with αirradiation.
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Figure 3.25: Test measurementsfor the APD setup and withoutfoil with the 241Am soure.blak: bakground; red: with αirradiation.



3.5. SYSTEMS STUDIED IN THE PRESENT WORK 49Test measurement using the 241Am α soure The results of these test mea-surements are shown in �gure 3.24 for the lightguide setup, and in �gure 3.25 forthe APD setup. Therein the blak urves show the bakground measurements,while the red ones show the pulse height distribution in front of the α soure.Comparison of the two lightguide measurements (�gure 3.23 and 3.24) shows thatthe resolution worsens due to the missing foil, whih indiates high stray lightinput on the rystal. Therefore the α partiels ould not be ompletely separatedfrom the bakground, although a lear di�erene of bakground and partiles anbe seen. Thus the energy resolution worsens to 100% FWHM. The APD insteadshows a better resolution (50% FWHM) ompared to the lightguide setup in themeasurement without the foil. Nevertheless also with the diode the events ausedby the α-partiles are not ompletely separable from the bakground. The resolu-tion is omparable to that of the lightguide setup. Development of the hardwareneeded for APD operation of DEMON has thus been stopped as the diode seemsnot to provide the advantages that were hoped for. This is mainly due to the smalldetetion area in omparison to the lightguide setup. To prove this, both setupswere tested using an HF+ ion beam, were the F− was deteted (see hapter 5).Test measurements using an HF+ ion beam Both light detetion setupswere tested using an HF+ ion beam. Therefore the F− ion of energy 4.4 MeVwas deteted and pulse height spetra were reorded. In ontrast to the HD+ andH+
3 measurements, no threshold energy is expeted for this ion pair formation.Therefore the bakground was measured by bloking the ion beam in the TSR'sinjetion line so that no HF+ ions were travelling along the losed orbit of theTSR. The results of these measurements an be seen in �gure 3.26. While withthe lightguide setup a di�erene between data without ions (blak urve) and withions (red urve) an be seen, no di�erene is observable with the APD setup. Apossible explanation ould be that the magneti �elds of the dipole in�uene theeletronis of the APD whih is loated diretly behind the diode in the detetorhead, while the lightguide is not in�uened by magneti �elds. Up to now theAPD setup does not gain any advantage that would justify further development ofthis tehnique. That said, the diode has not been tested with the aluminum foilso far.
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Figure 3.26: Comparison of thelightguide and APD setup in a�real-life� experimental run. For thelightguide setup (a) a lear di�erenebetween the data with (red) andwithout (blak) ion beam an beobserved while in the APD setup (b)no di�erene an be seen at all. Thedata were taken using a HF+ ionbeam during the ion pair experimentdesribed in hapter 5.



Chapter 4Ion pair formation of di- andtriatomi hydrogen ionsMoleules and moleular ions play an important role in various environments,suh as the interstellar medium, the atmosphere and in industrial plasmas usedfor instane for the ething proesses (f [78℄). Their formation and destrutionproesses in�uene the reation hains and thus the omposition in these media.Therefore, theoretial models desribing the behavior of a plasma require goodknowledge of the various mehanisms involved.Espeially in the interstellar medium, H2 and its orresponding ion H+
2 play a majorrole. For instane, a ollision between both moleules an ause the formation ofthe H+

3 moleule through the reationH+
2 + H2 → H+

3 + H (4.1)H+
3 itself is a key moleule in subsequent reations towards the formation of moreomplex polyatomis in the interstellar medium and has therefore motivated nu-merous experimental studies (e.g. [13; 38℄).Meanwhile H+

2 and HD+ have reahed the status of benhmark moleules both intheory and experiment. Latter moleule is often preferred in experiments, wherethanks to its permanent dipole moment it an ool through radiative emission.Consequently moleules with initial states in equilibrium with the bakgroundradiation are provided, simplifying the omparison to theory and among experi-mental results. From the theoretial point of view the diatomi hydrogen moleulesare the only ones, where present models ahieve high auray.H+
3 is the simplest polyatomi moleule and therefore it is apart from its key rolein the interstellar medium a preferred andidate for testing theoretial preditionson the interating polyatomi moleules with atomi and moleular speies, ele-trons or even photons (f [12; 19; 37℄). Consequently the triatomi hydrogen has51



52 CHAPTER 4. ION PAIR FORMATION OF HD+ AND H+
3attrated the attention of physiists for many deades, but still its reation pro-esses are known only to an unsatisfatory degree.For both moleules the most important loss proess in interstellar louds is disso-iative reombination. Here the speial ase of ion pair formation will be foussedand disussed in the following in more detail. Therefore the hapter is organizedas follows: in the �rst part the experiment on HD+ will be desribed, followedby a omparison to previous CRYRING experiments and theoretial alulations.Based on the experimental results is the subsequently following hapter on the FastFourier Transformation (FFT) tehnique and its appliation on the HD+ data. Thehapter is �nalized by the basis and results on the H+

3 ion pair formation, alsoompared to previous CRYRING results and theory.4.1 Ion pair formation of HD+The ion pair formation of HD+ is initiated similarly as the DR proess by the ap-ture of a free eletron. However, propagation of the neutral intermediate ompoundstate along the repulsive urve leads to the dissoiation into harged fragments:HD+ + e− → HD∗∗ →
{ D− + H+H− + D+

}

(E > 1.913 eV) (4.2)This reation hannel requires a threshold energy of 1.913 eV onsidering boththe dissoiation limit of the ion leading to a positive and a neutral fragment at2.668 eV [59℄ and the eletron a�nity of the hydrogen atom (0.755 eV [59℄). In thefollowing details of the measurement proedure on the ion pair formation of HD+at the TSR will be given �rst, before the data will be presented and disussed inview of previous measurements and theoretial preditions.4.1.1 Ion pair measurement at the heavy ion storage ringTSRThe ions for the ion pair measurement of HD+ were produed by the CHORDISion soure. The ion beam was aelerated by the High Current Injetor (HCI)and the post aelerator to an energy of 5.19 MeV, then injeted into the TestStorage Ring (TSR) and stored on a losed orbit. Two eletron beams are mergedindependently with the ion beam, allowing ooling and ollision experiments atthe same time. For onstant ooling the eletron ooler was used. Its eletron gunwas operated at a voltage of 1023V. With an expansion ξ of 9.6 and an eletronurrent of 35.4 mA, this leads to an eletron density ne = 1.8×107 cm−3. A spaeharge orretion of 84.65 V, thus a ooling energy in the laboratory frame of



4.1. ION PAIR FORMATION OF HD+ 53938.35 eV was derived. The eletron target was used for the ollision experiments.The eletron beam was expanded by ξ = 30 with an eletron urrent of 4 mA.This leads to an eletron density ne ≈ 2.3 × 107 m−3To eliminate relative drifting of the platform voltages of both devies, eletronooler and target, are onneted to the same base potential. For the energy varia-tion of the eletron target a fast bipolar high voltage supply (Kepo BOP1000M)was installed on top of the eletron target platform, whih allows to inrement orderement the eletron targets platform voltage by ± 1000 V.All important information suh as for instane the eletron urrents, the platformvoltages as well as the detetor ountrates and pulse heights is reorded with the32 hannel saler and 8 hannel ADC (see hapter 3.4.1). The data were aquiredaording to the proedure in hapter 3.4. For the urrent measurement the pre-ooling step was set to 3 s allowing, apart from the phase spae ooling the eletronooler, also radiative ooling of the ion beam. The eletron target was set to arelative energy in order to avoid additionally faster beam deay due to the highDR rate at zero relative energy. This energy is hosen in suh a way that theenergy an be used to get an absolute alibration of the D+ rate to the ion beamurrent as it is desribed in the setion of �ion urrent normalization�. Duringthe measurement all steps of the wobble yle had a length of 50 ms and eahyle was repeated 100 times for eah injetion and relative energy respetively.The energy of the ooling and referene step was set to the same energy allowingto use both signals for the ion beam normalization as well as for the bakgroundsubstration of the D− rate. In the next setion the data proessing and the �nalrate evaluation is presented.4.1.2 Data proessingThe window in the ADC spetra of the ion pair measurement of HD+ was setto 1800 to 3200 ADC bits aording to �gure 3.21. The data analysis followsthen the general data proessing proedure as desribed in hapter 3.4.3 whoseintermediate result that was used for the online analysis is shown in �gure 4.1.The data proessing of the ion pair formation of HD+ will be disussed in thefollowing.Bakground substration of the D− rateAs mentioned in hapter 3.5 the not eletron indued rate was onstant during thewhole experiment. Therefore it was possible to substrat a onstant value fromthe raw rate, normalized to time.
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Figure 4.1: Raw rate versus Kepo bit of the ion pair measurement of HD+.Normalization in respet to the ion urrentFor the HD+ ion pair formation the ount rate was normalized indiretly to the ionurrent. This was done taking the time normalized ount rate of the D+ signal fromthe preooling step at the energy of 10 eV, omparing this value with a previouslymeasured DE rate oe�ient [52℄ at the same energy and realulating this rateoe�ient to the ion urrent using formula 2.20, taking the eletron density fromthe present measurement into aount. This leads to a onversion fator of themeasured ount rate of D+ to the number of ions in the storage ring. This fatorhas been used to transform the D+ ount rate at ooling energy and restgas DE,respetively, to number of ions. The D− rate was normalized by these histogramsgiving the rate Rion as
Rion(E) =

RD−(E)

Iion(RD+

cool,ref
)

L

l
. (4.3)Determination of the ooling energyAs a spae harge orreted laboratory energy at ooling the value of 944.34 eVwas obtained for the eletron target, by subtrating the spae harge potential ofthe eletron beam from the diretly measured unorreted energy. This oolingenergy is 6 eV higher than the value derived for the eletron ooler. A reason forthis deviation of the ooling energies ould be the spae harge potential of theeletron ooler. This has a paraboli shape with the maximum in the enter ofthe eletron beam [57℄. A slight misalignment of the ion beam with respet to the



4.1. ION PAIR FORMATION OF HD+ 55

Detuning energy (eV)
2 4 6 8 10 12

)2
 c

m
-1

9
C

ro
ss

 s
ec

tio
n 

(1
0

0

1

2

3

Figure 4.2: Total ross setion of the D−+H+ hannel of the ion pair formation ofHD+. The threshold energy of 1.92 eV �ts niely to the predited one of 1.913 eV.14 well resolved peaks an be observed, whih are aused by quantum interferene.eletron beam an indue a wrong spae harge orretion. Due to the observationof the ooling of the ion beam with the imaging system in the BAMBI beamline,suh a e�et ould be exluded for the eletron targets probing beam.4.1.3 Experimental resultsConsidering the data proessing steps desribed before the �nal ross setion is ob-tained. The ross setion spetrum (�gure 4.2) shows a sharp threshold energy of(1.92 ± 0.04) eV whih �ts well to the alulated value of 1.913 eV. The maximumross setion is reahed at 2 eV with a magnitude of 3.4× 10−19 m2. Comparisonwith the previous CRYRING experiment (f. [81℄) shows overall similar shape andmagnitude. However, towards the energeti threshold additional features beamevisible, thanks to the higher energy resolution ahieved at the TSR (see �g. 4.3).Below the dissoiation limit, marked by the blue dotted line in �gure 4.3, �velearly resolved peaks an be distinguished in the present experimental data downto the energy threshold, in ontrast to the previous CRYRING data. In the latterthe osillatory struture beomes unlear below 2.2 eV and at most four peaks anbe identi�ed. Additionally the osillatory struture appears sharper in the presention pair experiment.These peaks are aused by an interferene e�et between the doubly exited ap-ture state and several Rydberg states during the dissoiation proess [81℄. Inanalogy to the two-slit experiment in quantum mehanis it was suggested that
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Figure 4.3: Comparison of the previous ion pair measurement at CRYRING (red)and the present experiment (blak). The blue line indiates the dissoiation limit,below whih the TSR data show �ve learly resolved peaks of the interferene stru-ture, while the CRYRING data only show four.the eletron is aptured into a resonant state, from where the system an dissoiateeither diretly or along a Rydberg state. Before dissoiating the system an thenross bak to the resonant state at ertain distanes in the potential landsape (see�g. 4.4). Di�erent models were developed alulating the interfering pathways.These alulations will be presented in the following setions.4.1.4 Comparison of theoretial alulations and experimentSeveral di�erent theoretial alulations are urrently available whih attempt toexplain the struture of the ross setion observed in experiments. These theoriesand their results will be brie�y introdued and ompared to the experimentalresults in the following.The Landau-Zener-Stükelberg modelThe Landau-Zener-Stükelberg (LZS) model is a semilassial alulation whih isbased on the set of potential urves shown in �g. 4.4. There the blak solid urverepresents the ground state of the moleular ion, while the red solid lines representa manifold of Rydberg states. The seond blak solid line represents the resonantstate into whih the eletron is aptured and whih is diabatially orrelated to theion pair hannel at in�nite internulear separations. Parity onservation requires
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Figure 4.4: Diabati potentials of hydrogen and the hydrogen moleular ion as usedin the theoretial alulations. The lowest two urves are shown in the diabatirepresentation, and the dashed lines indiate the orresponding diabati potentials[82℄.that sine the resonant state has even parity, any state oupling go to it must haveeven parity as well, onsequently restriting the quantum number l to even num-bers (s, d and g states in �gure 4.4). In the diabati representation the resonantstate (2pσu)
2 rosses the Rydberg states both at small and at large internuleardistanes. The resonant state ouples to the latter by the eletroni part of theHamiltonian induing di�erent pathways to the ion pair limit. For the LZS al-ulation the 2s, 3d, 3s and 4d Rydberg states are inluded. Apart from the mainresonant state also a seond resonant state is taken into aount (blak dashedline). The transition probability of two diabati states is determined by equation2.10. For the present alulation it was suggested that the Rydberg states of s-symmetry are oupled stronger to the resonant state than the d states. Negleting�ne struture, the potential urves possess an n-fold degeneray for R going toin�nity. The potential energy urve of the resonant ion pair state rosses theseRydberg urves at distanes of about R = 11.2a0 and R = 35.6a0 respetively.A series of alulations were arried out [10℄, where the quantum interferene ef-fets were primarily ontrolled by the energy-dependent phases aumulated alongthe di�erent pathways. In the Wentzel-Kramers-Brillouin-approximation (WKB-approximation) [30; 32; 47℄ this phase is given by

ϕj(E) =

∫ Rfinal

RE

√

2µ(E − Vj(R))dR (4.4)
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3where RE is the appropriate Condon point, a point where the initial exitationstep equals the ollision energy E. The dissoiation amplitudes Aj(E) for di�erentpathways j are redued by the �ux into the Rydberg state whose dissoiation limitis above the ion pair threshold. With a apture probability of an eletron Pcap, theassumptions that the dissoiation in both ion pair hannels has equal probabilitiesand that the total dissoiation amplitude is a oherent sum of the amplitudes, theross setion beomes [10℄

σip(E) =
2π3

E
Pcap(E)

∣

∣

∣

∑

j

Aj(E)exp[iϕj(E)]
∣

∣

∣

2 , (4.5)where the index j denotes the Rydberg states. Figure 4.5 shows the alulatedross setion [10℄ in omparison with the present and the previous CRYRINGexperiment. The overall agreement of the interferene struture is fairly good inomparison with the present results, but agrees even better with the CRYRINGdata, despite an overall mismath by a fator of 2 in the amplitude. However, thebetter agreement of the alulation and the previous data are mainly aused by thedi�erent resolutions of the both storage ring experiments, whih lead to a smearout of the struture at the threshold energy of the older data set. Neverthelessthere are still disrepanies of the LZS model and the previous measurements andof ourse to the present experiment. The authors of the model [10℄ believed thatthe di�erenes are aused by this rather simple model, for instane that only onesymmetry is inluded.Wave paket propagation methodThe wave paket method was introdued in the 1970's [20℄ and is based on thenumerial solution of the time-dependent Shrödinger equation (in atomi units)
i
∂

∂t
Ψ(R, t) = H(R, t)Ψ(R, t) (4.6)where the Hamiltonian H inludes the kineti energy operator and the potentialenergy matrix. Reently Larson and Orel further developed this method in orderto test the in�uene of various ouplings on the system [7℄. They used the samepotential energy urves like it was done for the LZS method (�g. 4.4) and inludingthe oupling between these urves. Two sets of wave-paket propagation werealulated taking the apture of an s and d eletron into aount. The ross setionis then desribed as an inoherent sum of s and d ross setions and alulatedthrough
σj(E) = g

2π3

E
|Tj(E)|2 (4.7)
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Figure 4.5: Comparison of the alulated ross setion using the LZS method [10℄(red) with the experimental one from the previous CRYRING experiment (grey)[54℄ and the present experiment (blak).where Tj(E) is the projetion of the wave paket Ψj(t, R) onto the asymptoti sat-tering wave funtion (for more details see [7℄) and g the multipliity ratio of theneutral and ion states as well as for the two ion pair hannels. The result of thesealulations is shown in �g. 4.6. Larson and Orel found out that the main soureof the osillations in this alulation are due to ouplings with n = 2 and n = 3�nal states, i.e. states that asymptotially orrelate to the H(1s) + D(n=2,3) andD(1s) + H(n=2,3) states, and the resonant state. Note that the presented theoret-ial ross setion was saled by a fator of 2/3 in order to math the amplitude tothe experimental ross setion. A areful omparison between theory and exper-iment shows that the predited interferene struture does not oinidene witheither measurements. One reason aording to the authors of this theory mightbe the unertainty in the knowledge where the ouplings at small internulear dis-tanes ours [7℄. However, as shown in the next setion latest alulations showthat the osillation ausing PEC was not inluded neither in this alulation norin the older LZS alulation.Results of a reent semilassial alulation based on the LZS modelA reent alulation [82℄ has been motivated by the present new high resolutionmeasurements. It is mostly based on the LZS model. However, it di�ers in thehoie of the potential urves inluded. In this model only the 3d and 5g Rydberg
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Figure 4.6: Shown in this plot is the ross setion of the previous CRYRINGexperiment [54℄ and the present experiment in omparison with the wave-paketmethod from Larson et al [7℄ in an energy range of 1.5 to 3 eV. (For more detailssee text)states besides the resonant state are inluded (see also �gure 4.9). In this ase theross setion is determined to
σtotal

IPF

σtotal
IPF + σDR

= |A3d|2 + |A5g|2 + 2A3dA5g cos (ϕ5g − ϕ3d) (4.8)aording to formula 4.5, with the total experimental ross setion σtotal
IPF inludingboth ion pair hannels (twie the value of the present experiment), σDR the ex-perimental DR ross setion, ϕj alulated by formula 4.4 and Aj the transitionamplitude between the resonant state and the 3d or 5g state. The ross setionalulated aording to this formula [82℄ is shown in �gure 4.7. Although only twostates are involved in the interferene pathways the alulation �nds an overallagreement with the measured peak struture and position. Comparison of theprevious LZS model [10℄ and the new alulation [82℄ poses the question why theresults are so di�erent although, the ross setion is alulated in the same way andadditionally the new alulation uses less states. However, the reent alulationexpliitly uses the evidene given by Sidis et al. [79℄ that for eah �nal hannel
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Figure 4.7: Comparison of the alulated ross setion using the new LZS method(red) of X. Urbain [82℄ with the experimental one from the previous CRYRINGexperiment (grey) and the present experiment (blak) measurements.with quantum number n only two states an ouple with the doubly exited poten-tial urve. In this ase of HD+ only the states labeled with 3d and 5g ontribute tothe n = 3 rossing. In ontrast to the previous alulation, no ontribution fromthe n = 2 rossing is aounted for, resulting in very good agreement with the newexperimental results. This latest result will be further used for the omparisonwith the empirial fourier treatment of the HD+ ion pair ross setion.4.2 Empirial treatment of the HD+ ross setionusing the Fast-Fourier-Transformation (FFT)tehniqueThe latest LZS alulation shows, that the struture is mainly aused by thephase di�erene along two di�erent potential energy urves. Aording to thisresult one ould expet that the ross setion plotted against a dediated term ofequation 4.4 ould lead to a regular osillatory struture of a ertain frequeny. Toanalyze the ross setion following this assumption the energy axis was resaled inorder to obtain this frequeny by using a fourier transformation. Therefore withinthis thesis an appliation of the Fast-Fourier-Transformation (FFT) tehnique wasdeveloped in order to link ertain areas between potential urves to the interferenestruture of HD+. For this purpose the phase di�erene of the pathways through
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3the potential urves was modeled semilassially. Following this treatment, theenergy axis of the ross setion was resaled, the FFT adopted and �nally omparedto the potential energy urves. In the following the semilassial approah will beshortly desribed, whih will be followed in a next setion by the appliation ofthe FFT and its results.4.2.1 Semilassial approahA semilassial approximation in quantum physis aounts for small perturbationsof a lassial alulation. In this ase the semilassial WKB-phases (formula 4.9)will be used to express a phase di�erene between two potential urves along whiha wave paket an travel and interfere. Starting with 4.9 and taking �gure 4.8 intoaount, the phase over a single PEC an be written as

ϕj(E) =

∫ Rfinal

RE

√

2µ(E − V − δVj(R))dR (4.9)with Vj(R) = V + δVj(R) and V as an arbitrary onstant average potential and
δVj(R) a partial potential (see �gure 4.8). Here the kineti energy (E − V ) isassumed to be onstant during the passage of the interferene area, as given bythe eletron impat energy. Assuming that δVj(R) ≪ (E − V ) and expanding thesquare root up to the �rst order gives

ϕj(E) ≃
√

2µ(E − V )

∫ Rfinal

RE

(

1 − 1

2

δVj(R)

E − V

)

dR (4.10)Taking the seond phase ϕi(E) of the seond PEC into aount alulating thedi�erene of the phases one gets
ϕj(E) − ϕi(E) = ∆ϕ(E) ≃

√

µ

2(E − V )

∫ R2

R1

∆V (R)dR (4.11)with ∆V (R) = δVi(R) − δVj(R) and µ is the redued mass of the HD moleule inatomi units. In this approximation the square-root orresponds to a reiproalveloity. The produt of this and dR is then the time ∆t for the wave paket trav-eling through the area between the interfering potential urves ∆V (R)dR, whih ishereafter alled interferene area. Taking into aount that an aumulated phase
∆ω∆t an be expressed by ∆E∆t in atomi units, the right hand side of equation4.11 orresponds to suh a phase of an interfering wave paket.Following this approximation the ross setion an be expressed in analogy toequation 4.11 approximately by (1 + cos ∆ϕ) and the multipliation with an en-ergy dependent fator, whih represents an average ross setion given in the ase
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Figure 4.8: Shemati drawing of potential energy urves as used in the semilas-sial approah, inluding the total energy E, the average potential V , the kinetienergy Ekin and the partial potentials δVi,j(R). For more details see text.of HD+ by a �t of a straight line to the overall struture in the energy range below6 eV of the experiment. Here the fator in front of the integral of ∆ϕ representswithin this approximation the reiproal veloity of the wave paket in dependeneof the eletron impat energy E. The two fators of 4.11 are used for a Fouriertransformation of the ross setion and aounting the transformation results toa ertain area in the potential energy landsape. These two steps of the analysiswill be disussed in more detail in the following.4.2.2 Resaling of the energy axisFollowing equation 4.11 the energy axis of the ross setion was resaled by repre-senting the ross setion as a funtion of (
√

µ
2

1
E−V

) for several average potentials
V in order to �nd an optimal value V yielding a regular osillatory struture. Var-ious alulations were performed using average potentials in the energy range of-1.0 eV to 1.82 eV (see �gure 4.10). Using these potentials the energy axis of theross setion was resaled and then transformed to the atomi units sale. Figure4.10 show the original ross setion and the ross setion with the resaled energyaxis for the potentials V 1 = -1.0, V 2 = 0.76, V 3 = 0.9, V 4 = 1.16 and V 5 = 1.82eV (see �gure 4.9).Regular struture was observed in the plots with average potentials of 0.76, 0.9
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3and 1.16 eV. In order to �nd dominating frequenies and therefore interfereneareas aording to formula 4.11. the FFT tehnique was applied to these datasets, where the integral desribes the osillation frequeny dominating the rosssetion. These areas ould then be adopted to areas in the potential energy urve(green framed area in �gure 4.9).

Figure 4.9: Potential energy urves as used in the new reent LZS-model [82℄ andfor the Fourier transformation. V i are di�erent average potentials (for more detailssee text); green framed: interferene area orresponding to the new LZS-model.4.2.3 Appliation of the FFT on the ion pair ross setionThe Fast Fourier Transformation (FFT) is an algorithm for fast alulations ofa disrete Fourier Transformation (DFT). Basially the FFT uses intermediateresults and an therefore save several arithmeti operations, whih are needed forthe diret alulation. This tehnique, attributed to Cooley and Tukey [45℄, anbe used if the number of the analyzed points have a power of two. If this is thease the DFT with 2n points an be divided in two alulations with n points,whereas one alulation uses the even and one the odd points. In eah ase theharateristi of the root of unity of the Fouriermatrix is utilized. The FFT wasinluded in the data analysis routine by the FFTW3 library [49℄, inluded in thedata analysis software root.The results of the analysis an be reombined afterwards using the magnitudeand phase information. In the present alulations uts on the spetra ould beperformed, meaning e.g. setting the magnitude for a ertain hosen interval to
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Figure 4.10: Shown here is the ross setion versus energy (a) and a few examplesversus the reiproal veloity for di�erent potentials V . For (b) (V 1 = −1.0 eV)as well as for (f) (V 5 = 1.8 eV) no overall regular struture is observed, while(),(d) and (e) (V 2 = 0.76 eV, V 3 = 0.9 eV and V 4 = 1.16 eV) show regularstruture.
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(c)Figure 4.11: Cross setion (a) with the energy axis resaled to a reiproal veloityin atomi units (au). In this ase V was hosen as 0.90 eV. (b) and () showthe FFT of (a) In (b) two well de�ned peaks are visible belonging to a ertaininterferene area.zero. Then the Fourier analysis gives lear aess in the involved proesses. Inthis ase this utting proedure was applied to the magnitude spetrum (�gure4.11(b) to prove whih struture in the FFT belongs to a interfering area followingequation 4.11. (results see further down). The phase itself (�gure 4.11()) gives noinformation about the physis of the system and will therefore not be mentionedfurther.Result of the FFT for the ross setion versus the reiproal veloityFFT alulations were arried out for some of the average potentials found insetion 4.2.2. Indeed the three di�erent potentials 0.76 eV, 0.9 eV and 1.16 eVprodue a signi�ant peak struture in the Fourier transformed spetrum. For0.76 eV the Fourier spetrum shows only a single broad peak whih is responsiblefor the whole osillatory struture and belongs to an interferene area of 1.05 au(�gure 4.12(a). Cutting this peak away leads to a loss of the interferene struturein the bak transformed �gure. Using 0.9 eV for V produes two well separatedpeaks at 0.95 and 1.33 au. Here the peak at the lower interferene area is thesharpest and strongest peak in the whole series of alulations. Both peaks belongto the osillatory struture. In this ase the strong peak at the smaller areabelongs to the main struture for the low energy part and therefore high reiproalveloities, as a utting of the FFT spetrum shows (�gure 4.12(b)). For 1.16 eValso two peaks are observable. However, the seond peak with a bigger interferenearea is not as well separated from the other peak as it is the ase for 0.9 eV. Therethe �rst peak with an area of 0.75 au belongs mainly to the struture of thelow energy range, while the seond one with its area of 1.13 au belongs to thehigh energy part (�gure 4.12()). This series of FFTs shows that separate regularinterferene strutures appear for V ≈ 0.9...1.16 eV with interferene areas of
∼ 1.0...0.7 au at 1/v of ∼ 70�130 au and of 1.3 au for 1/v ∼ 40�60 au respetively.In partiular, the interferene struture at large 1/v (i.e., low E) persists over



4.2. EMPIRICAL TREATMENT OF HD+ ION PAIR USING FFT 67

Figure 4.12: FFT and its inversion iFFT for V = 0.76 eV (a), 0.90 eV (b) and
1.16 eV (). For more details see text.
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3almost 10 full osillations in the TSR experiments. In the following these resultswill be ompared to the alulation using the newest semilassial LZS alulations[82℄.Comparison of the FFT results with the new semilassial resultsConsidering �gure 4.9 and the newest semilassial results (�gure 4.7) the twopathways leading to the interferene struture of the HD+ ion pair struture arethe 3d and 5g state (green framed in �gure 4.9). Therefore the area betweenthese two urves was alulated and ompared to the area obtained from the FFTanalysis. An area of 0.95 was found, whih �ts very well to the main peak for theFFT alulations using V = 0.9 eV. This was also veri�ed by �tting the theoretialphase di�erene of the fration of an area A and the reiproal veloity letting Vas free �tting parameter [82℄. Indeed this �tting proedure shows, that V = 0.9 eVgives the best result. However, the seond peak with an area of 1.3 au ould notbe assigned to a set of potential urves used. This area ould be aused by missingstates in the alulation whih possibly belong to the struture and behavior ofthe ross setion for the high energy and low reiproal veloity part, respetively.4.3 Ion pair formation of H+

3The apture of an eletron by H+
3 an lead to the formation of a doubly exitedstate, whih subsequently dissoiates either into neutral or ioni fragments or bothspeies at the same time. Ion pair formation beomes possible one the energetithreshold is passed. Two di�erent hannels, one two body and one three body, anthen be aessed:H+

3 + e− → H∗∗
3 →

{ H− + H+
2 (E > 5.4 eV )H− + H+ + H (E > 8.1 eV )

(4.12)The two body hannel requires a minimum energy of 5.4 eV, whih is determinedby
Ethr.,2 body = Ebind,H+

3
+ Eip,H2

− Eip,H − Ebind,H− (4.13)with Ebind,H+

3
and Ebind,H− the binding energy of H+

3 (4.37 eV [63℄) and H− (0.76 eV[36℄) respetively, Eip,H2
and Eip,H the ionization potential of H2 (15.43 eV [59℄) andH (13.6 eV [59℄), respetively. The energy of the three body hannel is determinedin this ase by

Ethr., 3 body = Ebind,H+
3

+ Ebind,H2
− Ebind,H− (4.14)
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3 69Figure 4.13: The measurementsheme as applied for the oini-dene measurement of H− and H+

2 .
with Ebind,H2

the binding energy of H2 (4.48 eV [28℄). So far previous experimentssueeded to detet the H− produt only, not being able to distinguish betweeneither reation path [14; 25; 68℄. Employing the new detetor setup at the TSR,the breakup into both hannels ould be studied independently for the �rst time.The measurement will be presented in the following and ompared to previousresults.4.3.1 Ion pair measurement at the TSRThe H+
3 ions were produed by the CHORDIS ion soure, whih were used previ-ously for the HD+ prodution (see hapter 4.1) and then aelerated by the HCIand the post aelerator to a �nal energy of 5.19 MeV. Due to the same mass andenergy as the diatomi deuterated hydrogen, the TSR ould be operated at similarsettings. However, in order to guide the light fragment H− to the detetor, slightorretions to the ion beam trajetory behind the eletron target setion beomeneessary. As desribed in hapter 3.3, an additional angle was applied to the ionbeam allowing the light H− fragments to pass the entrane gap of the dipole ham-ber. Additionally the detetion e�ieny ould be inreased by adjusting an extraangle to the ion beam trajetory by using the eletron target orretion magnetsKDY. Unfortunately not all H− fragments ould be foussed onto the detetor (seealso hapter 3.3), ausing a de�ieny whih had to be orreted in the subsequento�ine analysis as explained later.As it is possible to measure at the TSR the negative fragments as well as the H+

2fragments at the same time, a oinidene sheme (see �gure 4.13) was set up inorder to distinguish the two and the three body breakup in the ion pair formationof H+
3 . This beomes possible due to the 100% detetion e�ieny for the H+

2fragments using MIDAS. For reording the oinidene rate a time-to-amplitudeonverter (TAC) was used to onvert the time di�erene of two di�erent events ofthe two detetors into a pulsheight distribution (see �gure 4.14). The evaluatedoinidene rate from the TAC an then be used to separate the two hannels,whereas the three body hannel was derived by subtrating the oinidene ratefrom the total H− ountrate.The measurement proedure was similar to the one during the HD+ experiment.
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Figure 4.14: Coinidene time spe-trum of the oinidene H− and H+
2events on the DEMON and MIDASdetetor, respetively. The ounts pre-sented in this piture are taken duringthe measurement step of the wobbleyle and in this stage are not timenormalized or sorted to the dediatedenergy.After preooling for 30 ms, the measurement period lasted 10 s. The latter on-sisted of 100 yles eah hanging in onseutive steps between ooling (15 msduration), referene (5 ms) and measurement (65 ms) energy, where the energyof the referene step was also set to ooling energy. For the data analysis onlythe data reorded after 3 s of storage were used, ensuring that the ion beam wasooled down in phase spae and vibrationally.4.3.2 Data proessingThe data proessing is mostly similar to the general sheme presented in setion3.4.3., exept for a few hanges required. First the additional information fromthe TAC had to be reorded, requiring a few hanges in the data aquisitionsoftware md2h.. Seond, the H+

2 rate reorded at ooling and referene energyould diretly be related to the ion urrent, sine the ommon energy of both stepsis below the ion pair and DE threshold (about 4 eV). Therefore the H+
2 rate wasadditionally measured in a separate run, during whose the ion urrent from theion urrent monitor was reorded simultaneously to the ountrate. Combiningthe H+

2 ountrate and the ion urrent it was possible to transform the H+
2 eventsto a number of ion per seond equivalent by a rather simple formula, whih alsoinludes the length fator of the ring irumferene and the eletron target length.Thus the number of ions is alulated through

Nion = 19.71 × NH+

2

. (4.15)Taking this transformation into aount equation 3.4 beomes
Rion(E) =

RH−(E)

19.71RH+

2 @cool,ref
(E)

(4.16)
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3 71with RH+

2
@cool,ref(E) being the measured H+

2 ounts per seond reorded duringthe ooling and referene step.The �nal analysis follows hapters 3.4.3 and 4.1.2. (determination of the oolingenergy) and will not be repeated here. To aount for the inomplete detetione�ieny of the H− fragments the measured rate was saled at the maximumvalue at the energy of 11 eV to the one observed at CRYRING where an absolutedetermination of the oe�ient was ahieved (see �gure 4.15).4.3.3 Data analysis and omparison to other experimentsFollowing the measurement sheme and data aquisition desribed in the formersetion the total ross setion for H+
3 ion pair formation was obtained. Figure 4.15shows the total ross setion as a funtion of the detuning energy after all analysissteps, inluding the toroid orretion, were applied. In this �gure the ross setionfrom the present experiment is also ompared to former measurements using theinlined beam [14℄, single passed merged beam [25℄ and the storage ring tehnique(CRYRING;[68℄). While the �rst two measurements were most likely performedwith vibrationally exited ions, the data taken at CRYRING were measured withrotationally and vibrationally ooled ions. For the present experiments the H+

3ions an be assumed in the vibrational ground, but rotationally exited state asshown earlier by Krekel et al. [37℄. The di�erene to the storage ring resultsin the energy dependene ould thus be aused by the initial ioni vibrational
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Figure 4.15: Total ross setion H+
3 measured at the TSR (points) in omparisonto the measurement of Peart [14℄ (open irles), Yousif [25℄ (open rosses) and theCRYRING group [68℄ (stars).
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Figure 4.16: Total ross setion H+
3 (blak line) inluding two- (red urve) andthree-body hannel (blue urve). The dashed red line marks the two body threshold5.4 eV, while the dashed blue line marks the three body threshold 8.1 eV.exitations, whereas the maximum value (∼ 2×10−18 m2) seems to be una�etedand omparable among the experiments. Thanks to the muh higher statistitogether with the high energy resolution the present data revealed for the �rsttime an osillatory struture.Additionally it was, now for the �rst time, also possible to distinguish the two andthree body breakup using the oinidene method desribed in setion 4.3.1. Theross setion for the respetive reation path is shown together with the total H−ross setion in �gure 4.16. Interestingly the interferene struture seems to ouronly for the two body hannel. In fat, this behavior was predited by theory [7℄,sine similar to the neutral repulsive urve for HD+ also the resonant state for H+

3rosses the Rydberg manifold twie, induing interferene patterns.Furthermore a loser omparison of the measured HD+ and H+
3 ross setion showsthat the peak struture for H+

3 oinides energetially with the one for the HD+ion (see �g. 4.17). This might suggest a similar harateristi of the involvedpotential energy urves (PEC). However, sine urrently the PEC responsible forthe high energy struture have not been identi�ed, any disussion would go beyondthe sope of this work.
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3 73Figure 4.17: Comparisonof the HD+ and the twobody hannel of the H+

3ion pair formation. Pos-sibly due to the similarityin the reation produtsosillatory struture atthe same energy position(grey lines) our for bothexperimental results.
4.3.4 Comparison with theoretial alulationsWave paket propagation methodFor the three atomi moleule it is muh more di�ult to alulate the ross se-tions. Nevertheless alulations were done for the geometry shown in �gure 4.19[68℄. The diabati states (see �gure 4.18 for the one-dimensional ase) and ou-plings needed for this model were alulated using the adiabati representationtransformed by a on�guration interation (CI) alulation (for details see [68℄).Thereby two resonant states and four Rydberg states were inluded [68℄, of whihthe highest Rydberg state is an e�etive state aording to the oupling to the ionpair state in order to aount for the ouplings of the in�nite number of Rydbergstates onverging up to the ion [68℄. The potentials shown in �gure 4.18 and theirouplings [68℄ are then used to study the dissoiation dynamis by using the waveFigure 4.18: H+

3 poten-tial urves as used in theone-dimensional alulation.Dashed urve is the ionipotential and the solid urvesare the Rydberg states of theneutral moleule. The dashed-dotted urve is the diabatiion-pair state.
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3Figure 4.19: The H+

3 moleule and theoordinates as used in the one- andtwo-dimensional studies.
paket propagation on the oupled potentials similar to the HD+ moleule (seehapter 4.1.4) [68℄. Starting with wave pakets on the two resonant states, the wavepakets then propagate by diret integration of the time-dependent Shrödingerequation. The Hamiltonian ontains the kineti energy and the diabati poten-tials on the diagonal entries, while the non-diagonal ontain the information onthe eletroni oupling. Leaving the potential be omplex above the ion-potential,autoionization of the resonant state is inluded [8℄. The wave pakets then prop-agate to a region where the ouplings are zero, so that the ross setion an thenbe obtained from the dissoiation �ux through a plane with z = zstop = 15a0 (see�gure 4.19). The ross setion is then given by
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2 (4.17)with µz the redued mass along the z oordinate (see �gure 4.19), Kv the wavenumber of the two body hannel fragments, and T (v, E) the dissoiation �ux for agiven Energy E and vibrational level v respetively. In the following studies onlythe two body breakup was onsidered.One-dimensional study. To simplify the problem, �rst a one dimensional studywas performed by Kalhori et al (see [68℄) where R = 1.65 a0 as well as θ = 90◦(�gure 4.19) were kept �x. The alulation inludes all ouplings between thestates and shows a double peak struture whih is aounted to an interferenee�et between the two ion pair states. However, the magnitude of the ross setionis a fator of 5 higher than the measured ones in the present experiment (twobody hannel) (see �gure 4.20). In addition, the predited low energy peak isnot observed in the experiment and only the position of the alulated seondpeak oinides with the measurement result. Overall one an onlude that thisone-dimensional model oversimpli�es the proess and gives only an unrealistitreatment.
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Figure 4.20: The theoretial ross se-tion (blue line) of the two body hannelof H+

3 based on the one-dimensionalmodel (data extrated at [8℄) is om-pared to the experimental results fromthe present ion pair measurements(blak urve).
Two-dimensional study. In this seond step Kalhori et al [68℄ extended thesimple one-dimensional model, keeping the angle θ �xed, while R is allowed tovary (�gure 4.19). It turns out, that onsidering the seond dimension washes outthe interferene e�et. The resulting ross setion (�gure 4.21) inluding also thelosses due to the Rydberg states [8℄ shows now more similarities to the measuredross setion, but still the magnitude remains by a fator of 5 too large and peaks atlower energies. An alternative two-dimensional method in the sense of treating thelosses through the Rydberg states, uses the Landau-Zener model and alulates thesurvival probability along the diabati ion pair state. This was done by Larson etal [8℄ using the lassial trajetory in the diabati ion-pair as a reation oordinate,sine the Landau-Zener model itself is one-dimensional. The ross setion is nowsmaller and lose to the one measured for the two body hannel (�gure 4.22). Thisleads to the onlusion that at least two dimensions are needed to desribe theion pair formation of H+

3 , apart from the improved alulations of the ouplingsbetween the states [8℄.
Multi Con�guration Time Dependent Hartree (MCTDH) Method. Re-ently, the ross setion of the H+

3 two body ion pair hannel was alulated, ap-plying the MCTDH method [27℄. Additionally the extrapolation of the resonantstate and the ouplings was improved by Larson et al. [9℄. The result of this two-dimensional alulation is shown in �gure 4.23. Here a drop in the ross setion inomparison to the former alulations, with exlusion of the Landau-Zener model,was observed. Also the overall shape and magnitude �ts now at least with thetwo-body ross setion from the present experiment. However, the ross setion isshifted in energy, an e�et whih ould not be explained so far.
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Figure 4.21: Results of the two-dimensional alulations (data extratedfrom [8℄) for the H+
3 two body han-nel (blue line) in omparison with thepresent experiment (blak urve). Figure 4.22: Results of the �LZ-model�alulation of the two body hannel (dataextrated from [8℄) of H+

3 ion pair forma-tion (blue line) in omparison with thepresent experiment (blak urve).
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4.3.5 FFT treatment of the ion pair ross setionIn order to �nd also in this ase an interferene area linked to the osillatorystruture on the two body ross setion of the H+
3 ion pair formation, the FFTtehnique was applied using the same simple model as desribed in hapter 4.2. Asan be seen in �gure 4.24 the FFT spetrum shows in dependene of the potentialno prominent peak, although the peakwidth ertainly beomes smaller. This isnot a physial e�et but rather an analytial fat sine the only peak onstantelymoves towards smaller areas the higher the average potential V was hosen. So,the width and position of this peak have no signi�ane. This negative result mightbe aused by the simple, one-dimensional model used in the semilassial approahof the FFT proedure. At least it is known from the presented theoretial models
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3 77in the setion before, that a one-dimensional model annot reprodue the rosssetion struture of H+

3 . So one an onlude at this point that the FFT proedurehas to be modi�ed in that way, that at least a seond dimension ould be inluded.
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Figure 4.24: Study of the H+
3 two body ion pair ross setion using the FFT teh-nique. The left olumn shows the resaled ross setion at di�erent average poten-tial V , while the right olumn gives the orresponding interferene areas. (a) theFFT for V = −6.0 eV, (b) V = −1.6 eV, () V = 1.7 eV and (d) V = 4.35 eV.



Chapter 5Ion pair formation of thehydrogen-�uoride ionThe unique physis harateristis of the hydrogen �uoride ion HF+ and the abun-dane of the neutral system HF in nature and industry have raised the interestto study its destrution proesses dissoiative reombination (DR) and ion pairformation (IPF). The neutral moleule was disovered in interstellar louds [17℄and planetary atmospheres [64℄. Furthermore HF plays meanwhile an importantrole in the manufatoring proess of eletronis and in the photohemial indus-tries. Additionally its properties in ething plasmas [75℄ and hemial lasers are of

Figure 5.1: Level sheme of HF+. Left hand side the two ground state on�gu-rations of the ion; right hand side the �nal energy levels ( F in its ground state)aessible at these energies. 79



80 CHAPTER 5. ION PAIR FORMATION OF HF+strong interest. The muh higher ionization potential of the F atom (17.423 eV)[59℄ ompared to that of the H atom (13.598 eV) reates unique harateristisof the moleular system. This results in e�etively isolated ground and exitedpotential energy urves (PECs). While the ground and the �rst exited ioni stateare shown in �gure 5.2 (rotational levels of the ioni ground state are presented in�gure 5.1) higher exited states are not shown due to the fat that they are loatedalmost 4 eV above. The lowest two ioni states onverge to the same asymptotilimit H+ + F(2P). Thereby the exited state orrelates to the H+ + F(2P1/2),whereas both spin-orbit omponents of the ground state, with a spin-orbit ou-pling in the order of 30 meV, orrelate to the H+ + F(2P3/2). Both �nal statesare separated by 50 meV (�gure 5.1).In �gure 5.2 also the potential energy urve V 1Σ+ leading to ion pair produts isshown (�nal energy level: red line in �gure 5.1). For this state, whih is espeiallyimportant for both DR and IPF proesses, alulations have not yet onverged sothat two urves an urrently be found in literature [4; 41℄ and are thus shown in�gure 5.2. Additionally the �rst Rydberg state is shown with its dissoiation limitH(n=2) + F(2P1/2) [4℄, as well as an approximate urve whih onverges to the

Figure 5.2: Relevant potential energy urves for HF+ [58℄. Bold lines: Groundand �rst exited state [5℄. Dot-dashed urve: two possible urves for the ionpair state [4; 41℄ (see text). Dotted line: Rydberg state onverging to theH(n=2) + F(2P3/2,1/2) [5℄ and Rydberg state whih onverges to the ground-ionistate H +(1S) + F( 2P3/2,1/2). The two vertial lines dei�ne the Frank-Condonregion for the exitation from the ground state of HF



5.1. ION PAIR FORMATION OF HF+ 81ground-ion state, produing hydrogen in the n=7 level.In the following, the IPF proess will be desribed in more detail before �rst resultsof experiments at the TSR will be presented and ompared to previous CRYRINGexperiments and theory.5.1 Ion pair formation of HF+In ontrast to previously disussed moleular systems both the DR and IPF proessan be initiated already at low energies. IPF an thereby either proeed along adiret (equation 5.1) or an indiret (equation 5.2) pathway as soon as the energythreshold of 17 meV (see �gure 5.1) is reahed:HF+(v = 0) + e− → HF∗∗ → H+ + F− + KER (5.1)HF+(v = 0) + e− → HFRyd
nv → HF∗∗ → H+ + F− + KER. (5.2)This is generally already realized even at zero eletron energy taking the thermalrotational energies of the ion (�gure 5.1) and the energy resolution of the storagering into aount. Not shown here is the seond ion pair hannel, produing anegative hydrogen and a positive �uorine atom, beause it is due to the extremelysmall mass ratio of fragment and initial ion, almost impossible to detet (f. hap-ter 3). DR and IPF involve stabilization along the same ompound state HF∗∗,whih an indue similarities between both rate oe�ients [58℄.5.2 Ion pair formation measurement at the TSRThe ions for the IPF measurement were produed by the penning soure loatedinside the ISSI aelerator and aelerated to an energy of 2.56 MeV. Using theTSR's synhrotron mode the ions were further aelerated inside the storage ringto a �nal energy of 4.66 MeV. The eletron ooler was not used during these mea-surements sine the low beam intensity available after aelerating did not allowan alignment of the eletron beam. Thus the eletron target provided eletronsfor the ooling and measurement. Thereby the ooling energy was set to 129.46V, whih leads with an eletron urrent of 355 µA to an eletron density ne of2.346106 m−3 and to a spae harge orreted ooling energy of 127.06 V.The detetor ounts of DEMON (F−) and MIDAS (F+ for normalization) werereorded by the ADC, the saler and the VME interfae and stored into a rawdata �le. The preooling step lasted 3 s whereas the measurement wobble ylewas set to 19.8 s. In this yle the ooling, referene and measurement step lastedeah for 50 ms, and were repeated 120 times. Due to the fat that only the eletrontarget was used, both the energy of the ooling and measurement step were set toooling energy to inrease the interstage ooling time.



82 CHAPTER 5. ION PAIR FORMATION OF HF+Data proessing. The data proessing proedure mainly follows the one de-sribed in hapter 3.4.3. However, the partial overlap of the bakground and theF− signal in the ADC spetrum (see �gure 3.26) required to take speial are inthe analysis. In order to avoid a dominant bakground ontribution the ADC spe-trum was ut at an ADC bit of 1200. The in�uene of the remaining bakgroundevents ould then be estimated by omparing measurements with and without theion beam, while swithing o� the eletrons. Both measurements show the sameamount of ounts per time unit originating from stray light inside the TSR (blakurve in �gure 3.26). This ontributes as a onstant time-normalized o�set c in themeasured signal, whih was then subtrated from the raw ount rate of the timenormalized F− signal RF− to yield the bakground orreted rate Rbc = RF− − c.This rate is �nally analyzed, as mentioned above, aording to hapter 3.4.3. The�nal rate is then saled to the previously measured absolute rate oe�ient ob-tained at CRYRING [58℄, beause the low beam intensity (see beginning of thissetion) did not allow a alibration to the ion beam itself.5.3 Results and DisussionThe analyzed data is shown in �gure 5.3 in omparison with the previous CRYRINGexperiment. The rate oe�ient was measured up to energies of 10 eV, showing aonstant value above 3.5 eV. Therefore only the data at energies below 3.5 eV ispresented here. Overall one an note, that the rate oe�ient follows the thresholdlaw up to about 0.1 eV and is in ontrast to other moleular systems signi�antlylarger in omparison to the DR rate αDR (αIPF/αDR ≃ 0.13 ompared to e.g.HD+ where αIPF/αDR ≃ 0.04; see hapter 4 and [52℄).The rate oe�ient of the ion pair formation features no energeti threshold neitherin the TSR experiment nor in the CRYRING experiment (�gure 5.3(a)), despite itstheoretial predition (see �gure 5.3(b) and [58℄). This an be explained sine thethreshold energy of 17 meV is easily exeeded onsidering the expeted rotationalexitation at 300 K (25 meV) and the energy resolution of the eletron beam.However, the dereasing rate oe�ient (see �gure 5.3(a)) shows a small peak atabout 17 meV whih might be a hint at the opening of the ion pair hannel andthreshold, respetively. Studying the measurements of Yenha et al [4℄ inludingphoto-ion-pair formation, the peaks were assigned by Djuri et al [58℄. Therein the�rst peak at 20 meV (1) (see mark with label in �gure 5.3(a)) is assigned to thehigh vibrational states (v ≈ 18) of the predissoiating moleular state [A2Σ+℄3sσ(see �gure 5.2); this state orrelates to the �nal state H(n = 2) + F(2P1/2) lyingabout 55 meV above the ion pair hannel (see �gure 5.1). The peaks at higherenergies are onneted to the n = 7,8 Rydberg states with v = 1 onverging to themoleular urves HF+ [X2Π3/2,1/2℄ [4; 58℄. The loal maximum at 90 meV (2) is



5.3. RESULTS AND DISCUSSION 83then assigned to n = 7, whereas the maximum at 140 meV (3) and the shoulder(200 meV) (4) of this peak orrespond to the n = 8 Rydberg states. In [58℄ thepeaks at higher relative energies (380 meV (5) and 600 meV (6)) are onnetedto the vibrational levels of the seond predissoiating moleular state [A2Σ+℄(3pσ)whih onverges to the [A2Σ+℄ exited ioni state shown in �gure 5.2. However, thepeak positions in the photo-ion pair formation are energetially slightly displaedfrom the eletron indued ion pair results due to the di�erenes in the experimen-tal setups and the di�erent equilibrium internulear separation in the ground stateof HF (r = 1.001a0) and HF+ (r = 1.224a0) [58℄.Furthermore additional peak strutures were observed in the present experimentsat eletron ollision energies higher than 1 eV. In this energy range neither the pho-toionization measurements [4℄ nor theory (see �gure 5.3) [9℄ an explain the stru-ture, although the results of [9℄ an give a hint on the origin of the observed rateoe�ient. On the other hand the ount rate was here signi�antly higher thanthe stray light indued onstant bakground. Also restgas indued bakgroundevents an be exluded from the bakground measurement so that this rate hasto originate from eletron indued F− fragments hitting the rystal. Neverthelessthe statistis are very poor at these energies giving an error of the rate oe�ientof up to about 75% at an energy of 3.5 eV, with an even higher unertainty athigher energies (not shown in �gure 5.3). Therefore further measurements haveto be performed in order to improve the quality of the rate oe�ient at energieslarger than 1 eV.
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Figure 5.3: Comparison of the present HF+ experiment (blak) with the previ-ous CRYRING experiment ((a), red) and theory ((b), blak solid line). (a) Bothmeasurements show an overall agreement up to 1 eV, while the theoretial rateoe�ient (b) is about two orders of magnitudes lower and does not show any ofthe observed strutures. The vertial line in (b) indiates the theoretial ion pairthreshold.



Chapter 6Summary and OutlookA new detetor system for strongly de�eted moleular fragments, omplementingthe existing eletron target setup, has been installed at the TSR and has been usedto study ion pair formation (ion pair formation) in eletron ollisions of HD+, H+
3and HF+

6.1 The new DEMON setupThe new detetor setup was installed and taken into operation in 2005. Improvingthe initial design a new lightguide has been developed. Later, also an AvalanhePhotodiode (APD) has additionally been tested as a detetor of the light emittedby the YAP:Ce sintillator upon fragment impat. Various tests have been per-formed, both with and without a stray-light-sreening aluminum foil overing thesintillator surfae. While the �rst ase ould only be tested with the lightguidesetup the seond was tested with the APD as well as the lightguide setup. Theresults indiate that the stray light ontribution during the measurement withoutthe foil worsens the overall energy resolution of the detetor, in the ase of theAPD setup up to the point of the detetor beoming unusable for F− fragments.It has been shown (hapter 3) that the lightguide setup operated reliably in allpresented experimental onditions. Further experiments are neessary to get anoverview over the fragment mass range that is detetable using this setup. Themass ratio between that of the fragment to that of the initial ion is limited forreasons of fragment ion de�etion in the storage ring to a range above about onethird, as has been demonstrated by the large speial orretions neessary for H+
3(mass ration 0.33). Lighter masses will have an even larger spread of the fragmentone and will require even larger systematial orretions of the data85



86 CHAPTER 6. SUMMARY AND OUTLOOK6.2 Ion pair formation of HD+The measurement on HD+ demonstrates the high energy resolution available,thanks to the twin eletron beam setup at the TSR: the ion pair formation rosssetion shows a total number of 14 well resolved peaks. Below the dissoiationlimit of 2.668 eV �ve peaks are visible, while in previous experiments performed atCryring only four, onsiderably less well resolved peaks were visible. The observedthreshold energy of (1.92±0.04) eV �ts within its unertainty to the theoretial oneof 1.913 eV. The ross setion shows a maximum of 3.4× 10−19 m2 with a steadyderease up to an energy of about 6 eV, followed by a step in the ross setion. Theosillatory struture ontinues up to energy of about 12 eV. Newest alulationsas well as an empirial FFT treatment of this ross setion show, that the interfer-ene e�et to the overwhelming part stems from only two potential energy urves(labeled with 3d and 5g in �gure 4.4) in the energy range 1.92 eV < Ee < 6 eV.E�orts are underway to extent the alulations to higher ollision energies, whihrequires the inlusion of more states into the model.
6.3 Ion pair formation of H+

3The H+
3 experiment drove the experimental setup to its limits. This was dueto the large de�etion of the light hydrogen fragments in the toroid �elds of theeletron target and the following vertial orretion magnets of the eletron target,whih are not able to bend the ioni fragments bak onto their original trajetory.Several orretions had to be applied in order to be able to detet the light H−fragments. However the overfousing of the ring optis ould not be ompensated.The resulting lower detetor e�ieny had to be systematially orreted in thedata analysis (see hapter 4.3). Thanks to the 100% e�ieny of the MIDASdetetor for the H+

2 fragments, it was possible to distinguish the two possible ionpair hannels by the oinidene tehnique. Here the H+
2 fragments were measuredin oinidene with the H− fragments thereby giving aess to the two body hannel(see �gure 4.13). The three body hannel ould then be extrated from the totalH− ount rate by subtrating the ross setion of the two body hannel from thetotal H− ross setion. Both hannels show the theoretially alulated energythresholds of 5.4 and 8.1, respetively. For the �rst time interferene e�ets in theion pair formation ross setion of H+

3 have been observed. Up to now, no theory�ts to the experimental data. Also with the empirial FFT method no reasonableresult ould be obtained, whih is mainly due to the too simple model used for theappliation of the FFT.



6.4. ION PAIR FORMATION OF HF+ 876.4 Ion pair formation of HF+The latest results are about the ion pair formation of HF+. In this ase the rateoe�ient shows an overall 1/
√

E dependene up to an energy of about 30 meV,followed by a steeper deline. Due to the low energy threshold of 17 meV, thepresene of rotational exitations (25 meV at 300K), and the limited energy reso-lution of the storage ring tehnique no threshold energy ould be observed. Up toan energy of around 100 meV the ion pair formation ross setion ompetes withthe DR ross setion [58℄, whih is unique among diatomi moleules. However thestatistis of the measured ross setion is good up to 3.5 eV, in ontrast to earlierCRYRING data, where no onlusive results ould be obtained above 1 eV. At theenergies above 1 eV additional struture was observed in the TSR data. Unfor-tunately, the available theory is o� by several orders of magnitude, and also theobserved struture annot be reprodued even qualitatively in present theoretialalulations.6.5 Future experiments and possible new detetorsFuture experiments. Upoming experiments on ion pair formation involveCF+ and H+
2 ions. While as mentioned above the former will push the dete-tor to its limits, due to the low kineti energy deposited in the rystal, the latterwill allow to detet the isotopi e�ets between the deuterated diatomi hydrogenion and the diatomi hydrogen ion, as has been proposed by X. Urbain [82℄ veryreently. Additionally it is planned to examine the diatomi moleular ion 3HeD+whih is the analogon to 4HeH+. The ion pair formation rate oe�ients andross setions for these ions have not been measured up to now, but theoretialalulations exist. Ion pair formation in these ases an thus lead to a better un-derstanding of the reation dynamis involved and an help to improve theoretialmodels. Additionally this proess would �ll the �blank� at reatant-produt massratio of 0.4 and ould ontribute to even better understanding of the storage ringand detetor setup. A ompletely di�erent possible appliation of the DEMON de-tetor would be the measurement of eletron indued double detahment of atomianions, like Li− + e− → Li+ + 2e− (6.1)For suh a measurement the TSR would obviously have to be operated at invertedpolarity.New detetor setups at the TSR. As mentioned in hapter 3 the DEMONould with small reversible modi�ations installed also towards the inside of the



88 CHAPTER 6. SUMMARY AND OUTLOOKTSR. It would o�er the detetion of strongly de�eted light fragments with thesame harge as the stored ions, for example produts released from heavier moleules.An almost idential opy of the DEMON detetor installed at the inside position,together with DEMON operating outside, would yield aess to a wider range ofation/anion oinidenes similar to the ase of H+
3 studied here. This detetorould in future �nalize the entire new eletron target setup, leading to a om-plete overage of eletron ion ollision produts, within the limitations presentedin hapter 3.



Appendix
A Eletroni layout of the Avalanhe Photodiode(APD)The Layout of the eletroni iruit as used in the APD setup (hapter 3) is shownin 1. In �gure 2 the layout of the iruit board is presented whih inludes theiruitry, as well as the APD (shematially inluded as squares in the middle(ohery)).
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Figure 1: Layout of the eletroni iruit as used in the APD setup.
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Figure 2: Layout of the iruit board as used for the APD eletroni iruit.Shemati inluded the APD (oher)



92 APPENDIXB Fast Fourier Transformation (FFT)In this hapter the FFT priniple will be shortly explained in the formal desrip-tion given by Cooley and Tukey. This formalism bases on a Disrete FourierTransformation (DFT) with 2n points and is de�ned by
fi =

2n−1
∑

k=0

xke
− 2πi

2n
jk j = 0, . . . , 2n − 1. (2)If the xk with a even indies are redifened as follows

x′
0 = x0, x′

1 = x2, . . . , x′
n−1 = x2n−2 (3)and identify the transformed x′

j using the DFT with the size n as
f ′

0, . . . , f ′
n−1 (4)the transformation is then given by

fj =

{

f ′
j + e−

πi
n

jf ′′
j ,j < n

f ′
j−n − e−i πi

n
(j−n)f ′′

j−n ,j ≥ n
. (5)The transformation is then alulated reursively.
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