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ZusammenfassungIm Rahmen dieser Arbeit wurde die Einfa
hionisation von Helium dur
h Positro-nenstoÿ bei einer Projektilenergie von 80 eV experimentell untersu
ht. Hierzu wurdeein eigens modi�ziertes Reaktionsmikroskop mit dem alle drei Endzustandsteil
henimpulsaufgelöst na
hgewiesen werden können an das Strahlrohr der Positronen-quelle NEPOMUC am Fors
hungsreaktor FRMII in Gar
hing anges
hlossen. Umdie Positronen mit mögli
hst geringem Verlust an Intensität vom starken Magnet-feld des Strahlrohrs in das s
hwä
here Feld des Reaktionsmikroskops zu leiten, wur-den Solenoidspulen, die einen adiabatis
hen Feldverlauf bewirken, im Übergangs-berei
h angebra
ht. Ein ausgefeiltes Verfahren zur Datenauswertung wurde en-twi
kelt damit der zeitli
he Ursprung des Ionisationsprozesses au
h bei Verwendungeines kontinuierli
hen Projektilstrahls gefunden werden kann. S
hliessli
h konntendreifa
h koinzidente Ereignisse, wel
he aus der Fragmentation stammen, bestimmtwerden. Für diese Ereignisse konnten wir die dreidimensionalen Impulsvektoren derdrei Teil
hen im Endzustand erhalten. Die erhaltenen Wirkungsquers
hnitte zeigen,dass die im Verglei
h zur Elektronenstoÿionisation umgekehrte Projektilladung einestarke Emission des ionisierten Elektrons mit dem Projektil in Vorwärtsri
htungbewirkt.Abstra
tWithin this work presented here, single ionisation of helium by impa
t of 80 eVpositrons was studied in a kinemati
ally 
omplete experiment. Therefore, a dedi-
ated rea
tion mi
ros
ope was 
onne
ted to the beamline of the NEPOMUC positronsour
e lo
ated at the resear
h rea
tor FRMII in Gar
hing. Using a rea
tion mi
ro-s
ope the momenta of all parti
les in the �nal state 
an be dete
ted. In order toguide the positrons from the high magneti
 �eld of the beamline into the lower�eld of the rea
tion mi
ros
ope with a minimal loss on intensity, solenoidal 
oilsprodu
ing an adiabati
 �eld 
hange have been installed at the transition region. Asophisti
ated method for the data analysis was developed to re
onstru
t the timeorigin of the ionisation pro
ess also for the 
ase of a 
ontinuous beam. Finally, wewere able to identify triple 
oin
ident events originating from the fragmentation.The three-dimensional momentum ve
tors of the three parti
les in the �nal state
ould be obtained for these events. The gained 
ross se
tions show that the proje
-tile 
harge whi
h is inverse 
ompared to ele
tron 
ollisions 
auses a high emission ofthe ionised ele
tron with the proje
tile in forward dire
tion.
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1 Introdu
tionThe relationship between the energy E and momentum ~p of a free parti
le is givenby Einstein's famous energy-momentum equation E2 = (cp)2 + (mc2)2 where m isthe parti
le's mass and c denotes the va
uum speed of light. The solution of thisequation for the 
ase of an ele
tron leads to an energy spe
trum made up of two
ontinuous bands separated by an interval 2mc2. The �rst of these 
orrespond tonegative energy states with E = −
√

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

(cp)2 + (mc2)2. These results whi
h seem quite unphysi
alat a �rst glan
e were interpreted by Dira
 1928 in his relativisti
 theory of ele
trons,whi
h subsequently led to the predi
tion of the positively 
harged ele
tron. Soonafter Dira
's postulation, these positively 
harged ele
trons were observed by An-derson 1933 who also 
oined the term positron for these parti
les. The dis
overyof the positrons was also the �rst eviden
e of antimatter sin
e the positron is theantiparti
le of the ele
tron having the same mass and spin as the ele
tron and 
ar-rying the same amount of 
harge but with opposite sign. Although the positron isa stable parti
le under va
uum 
onditions, it will annihilate with an ele
tron underthe emission of radiation when it intera
ts with normal matter.Low energy positron-atom 
ollision studies 
ontribute to the area of positronphysi
s, whi
h ranges from s
ienti�
 basi
 resear
h to te
hnologi
al appli
ations.Fundamental use of positrons in
lude the formation of neutral antihydrogen atomsused for testing of quantum ele
trodynami
s (QED) or fundamental symmetriesin nature (CPT theorem) (Amoretti et al. 2002 and Gabrielse et al. 2002). Onthe other hand, te
hnologi
al appli
ations of positrons are numerous and in
reas-ing. They in
lude, for example, positron emission tomography (R.L. Wahl 2002) tostudy metaboli
 pro
esses or material resear
h, su
h as insulators with low diele
tri

onstants in 
hip produ
tion or material 
hara
terisation (S
hultz and Lynn 1988).Furthermore, positrons o�er new ways to study a wide range of other phenomena,in
luding atomi
 
lusters, nanoparti
les and plasmas (Surko et al. 1986).All these appli
ations depend on the fundamental understanding of the intera
-tions between positrons and matter and, therefore, the study of positron 
ollisionswith atoms, mole
ules and solids is of great interest. Also the 
omparisons withphenomena observed with other proje
tiles, su
h as the ele
tron 
an lead to bet-ter insight of the intera
tions sin
e 
ollisions involving positrons are di�erent fromanalogous ele
tron experiments. Reasons are the absen
e of the ex
hange inter-a
tion 
hara
teristi
 for ele
trons, or the repulsive stati
 intera
tion between thepositron and the atom, in 
ontrast to the attra
tive ele
tron-atom intera
tion or9



1 Introdu
tionthe added ri
hness of the positronium formation 
hannel. Extending the range ofproje
tiles to in
lude protons and antiprotons 
an provide information about e�e
tson the 
ollision pro
esses of di�erent masses and 
harge and, hen
e, o�er a test ofvarious theoreti
al approximations. These theoreti
al models are motivated by thefa
t that even a three-body system 
annot be solved in an analyti
 way and, hen
e,they rely on approximations about the des
ribed pro
ess or the need of enormous
omputation e�orts. Therefore, experiments have always been 
ru
ial in order toverify and guide the modelling for these 
al
ulations.The study of s
attering rea
tions involving atoms and mole
ules is a long-standing�eld in atomi
 physi
s. The �rst experiments have been made in the early 1910swhen Rutherford investigated the stru
ture of atoms by the 
ollisions of 
ollimatedparti
les from radioa
tive de
ay onto a thin layer of gold and the dete
tion of thes
attered parti
les (Rutherford 1911). Starting from these pioneering studies, nu-merous s
attering experiments followed for various 
ombinations of proje
tiles andtargets su
h as ion-atom, photon-atom, ele
tron-atom et
. Ele
tron s
attering bygas atoms and mole
ules has been investigated sin
e the pioneering work of Ram-sauer 1922 and Townsend and Bailey 1922 in the early 20th in the last 
entury.Further improvements in ele
tron impa
t studies arose with the helium ionisationexperiments performed by Ehrhardt et al. 1969 where the momentum ve
tors ofall 
ontinuum parti
les were determined. However, these traditional measurementswere restri
ted to a 
ertain geometry where the ele
trons are dete
ted in 
oin
i-den
e using energy and angle sensitive dete
tors in one spe
i�
 plane. Sin
e onefree ele
tron is present in the initial state and two free ele
trons are measured inthe �nal state, these kind of experiment be
ame known as (e,2e) experiments. An-other milestone for atomi
 and mole
ular s
attering physi
s was the invention ofthe 
old target re
oil ion momentum spe
tros
opy (COLTRIMS) (Mergel 1996) andthe rea
tion mi
ros
ope (Moshammer et al. 1996) where the use of proje
tion te
h-niques over
omes the previous limitations on the experimentally a

essible phasespa
e. Su
h an apparatus allows the 
oin
iden
e dete
tion of all parti
les in the�nal state over essentially the full solid angle. For example, using a rea
tion mi-
ros
ope a

ess to three-dimensional fully di�erential data was opened while thesekinemati
ally 
omplete studies deliver the most stringent test for theoreti
al treat-ment and provide an important 
ontribution to rea
h the detailed understanding ofdynami
 pro
esses.For the ele
tron's antiparti
le, the positron, the �rst 
ross se
tions for 
ollisionswith an atom were then measured in the early 1970s by Costello et al. 1972. Thus,the development in the �eld of positron s
attering has in many respe
t followedthat of the ele
tron 
ase. However, positron-atom 
ollision experiments have beendi�erent in the aspe
t that sour
es for positrons are not a

essible in the same way asfor ele
trons. Due to the nature of positrons, monoenergeti
 positron beams of highintensity are s
ar
e. Therefore, existing experiments for positron impa
t ionisationsu�er from the low positron beam 
urrents obtained from radioisotope sour
es as10



well as from low dete
tion e�
ien
ies of traditional ele
trostati
 spe
trometers. Thepoints of 
onta
t between theory and experiment regarding positron s
attering weregreatly impeded by the la
k of suitable low energy positron beam sour
es. Within thelast de
ades, developments in high quality positron sour
es o

urred and have madepossible a host of experiments. For example, at the NEutron indu
ed POsitronsour
e MUniCh, NEPOMUC (Hugens
hmidt et al. 2002), here, positron-ele
tronpairs are produ
ed by absorption of high energy γ-radiation released by the 
aptureof thermal neutrons in 
admium. The neutrons are obtained from the resear
hrea
tor FRMII lo
ated in Muni
h. The generated positrons are extra
ted and furthermoderated until they are guided in the beamline where the positrons 
an be usedfor various experiments. NEPOMUC 
laims to deliver the world's highest positronintensity of up to 109 low energeti
 positrons per se
ond.The intention of this work was the 
ombination of both unique te
hniques, onone hand the rea
tion mi
ros
ope with its 
apability to enable the kinemati
ally
omplete investigation of an ionisation pro
ess and on the other hand the positronbeam of the NEPOMUC fa
ility with its high �ux on low energeti
 positrons. Thispilot experiment was designed to deliver the �rst 
omprehensive ben
hmark 
rossse
tion for antiparti
le impa
t ionisation of atomi
 systems. Therefore, a rea
tionmi
ros
ope dedi
ated for ele
tron 
ollision ionisation studies (Dorn et al. 1999, Dürret al. 2006) was adapted to the requirements for positron s
attering. The impa
tenergy during this work was 
hosen to be 80 eV whereas helium was used as target.Sin
e the 
ontinuous positron beam used did not allow the standard time-of-�ightmeasurement of the �nal state parti
les an important part of this work was thedevelopment of an analysis algorithm in order to re
onstru
t the rea
tion's timeorigin whi
h is ne
essary to obtain the momenta of all ionisation fragments.The present work is organised in the following manner: at the beginning, a briefintrodu
tion into positron impa
t ionisation and a dis
ussion of the most importanttheoreti
al models is given. After that, the experimental set-up is presented wherethe working prin
iple of the positron sour
e and the used rea
tion mi
ros
ope is
onsidered. The following 
hapter deals with the method implemented in order toanalyse the data obtained in the experiment. Finally, the out
ome of the experimentwill be dis
ussed and in the end an outlook in
luding improvements of the presentexperiment will be given.

11





2 Positron impa
t ionisation onatomsIn this 
hapter physi
al ba
kground information relevant for this work is presented.First, a general introdu
tion into positron impa
t on atoms is given. The basi
rea
tions and intera
tions are des
ribed through the 
omparison between positron-and ele
tron-atom 
ollisions and a review on the re
ent status in positron s
atteringis made. Furthermore, the theoreti
al treatment of 
ollision pro
esses are dis
ussedbrie�y.2.1 Introdu
tion into positron-atom 
ollisionsWhen a 
harged parti
le s
atters with an atom or a mole
ule several pro
esses
an o

ur whi
h are distinguished by the �nal state. When the proje
tile and thetarget are s
attered without 
hange in their internal stru
ture, e.g. kineti
 energyis 
onserved and the number of free parti
les remains 
onstant, this is known aselasti
 s
attering. Whereas pro
esses are 
alled inelasti
, when the proje
tile and(or) target parti
le undergo a 
hange of their internal quantum state during the
ollision resulting in an energy transfer and in a possible 
hange in the parti
lenumber.As already remarked within the introdu
tion, the study of 
ollisions of positronswith neutral or 
harged parti
les is of relevan
e in di�erent �elds of s
ien
e andte
hnology. The 
omparison between s
attering of positrons and ele
trons by thesame atoms and mole
ules 
an reveal interesting similarities and di�eren
es sin
ethe leptoni
 
ounterparts di�er only by the sign of their 
harge and the attendantproperties. Thus, these 
omparisons may help to stimulate a better understandingof ele
tron (and positron) 
ollision pro
ess.2.1.1 Comparison: positron vs. ele
tron s
atteringWhen we look at the di�eren
e between ele
tron impa
t studies and 
ollisions usingits antiparti
le as proje
tile, the dominant intera
tions have to be taken into a

ount(see table 2.1.1) where fundamental di�eren
es may be dis
erned. The mean stati
intera
tion between the undistorted atom and the proje
tile has opposite signs inthe 
ase of e− and e+ due to their opposite 
harge. Be
ause of the repulsion between13



2 Positron impa
t ionisation on atoms

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

Intera
tion e− e+Mean stati
 attra
tive repulsivePolarisation attra
tive attra
tiveEx
hange yes none
Table 2.1: Dominant intera
tions 
on-tributing to e± s
attering.the positively 
harged lepton and the atomi
 nu
leus, the stati
, short-range atomi
potential is repulsive for positrons. Therefore, the positron does not penetrate farinside the atom. This kind of intera
tion 
ontributes to e± s
attering at all proje
tileenergies. The polarisation intera
tion is, however, attra
tive for both e− and e+and is relevant at su�
iently low in
ident proje
tile energies su
h that the targetatom has an opportunity to polarise during the time of intera
tion. This leads tothe long-range, attra
tive polarisation potential Vpol(r) = −αde

2/(2r4), where αddenotes the dipole polarisability of the atom. This asymptoti
 form is identi
alfor ele
trons and positrons. At low positron energies, for whi
h large separationsplay a important role, this polarisation potential 
an over
ome the e�e
ts of theshort-range repulsion, resulting in a net positron-atom attra
tion. Consequently, inthe low energy regime, the opposite signs of the stati
 and polarisation intera
tionsin 
ase of the positron give arise to a redu
ed s
attering probability 
ompared toele
trons, as displayed in �gure 2.1 for e±-H s
attering. The ex
hange intera
tion,whi
h a�e
ts only ele
tron s
attering, originates from the antisymmetry of the totalwavefun
tion of indistinguishable fermions sin
e in the 
ase of ele
tron s
atteringtwo identi
al parti
les are dete
ted in the �nal state. Therefore, this e�e
t modi�esele
tron s
attering primarily in the energy region 
orresponding to the kineti
 energyof the atomi
 ele
trons. At su�
iently high energies, the ex
hange and polarisationintera
tions will be
ome more and more negligible, leaving only stati
 intera
tion,14



2.1 Introdu
tion into positron-atom 
ollisionsS
attering 
hannel Threshold energy
e± + A→ e± + A elasti
 none

→ e± + A∗ ele
troni
 ex
itation several eV

→ e± + A
n+

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

→A+ + Ps positronium formation Vionisation − 6.8eV(e+ only)
e± + M→ e± + M∗ vibrational ex
itation few ×0.1eV
e± + M→ e± + M∗ rotational ex
itation < ×0.1eVTable 2.2: Basi
 s
attering 
hannels open for positron and ele
tron s
attering byatoms and mole
ules. Vionisation refers to the threshold energy of ionisation. Adaptedfrom Kauppila and Stein 1989.whi
h will result in a merging of 
orresponding e±-atom s
attering 
ross se
tionsfor the various s
attering 
hannels (refer to table 2.2) that are a

essible for bothproje
tiles.The set of s
attering 
hannels that are possible only for positrons is ri
her, andtherefore, mu
h more interesting than those available under ele
tron impa
t. Theadditional 
hannels are annihilation and rea
tions based on positronium formation(both real and virtual). Positronium1 (Ps) is the simplest bound state 
onsisting ofa single ele
tron and a single positron and, thus, 
omparable to a hydrogen atom butwith half the redu
ed mass and Bohr energy levels, En

Ps = −0.25/n2 a.u. For targetswith ionisation potentials Vionisation < 6.8 eV - the ground-state binding energy of
Ps - the positronium formation 
hannel is open at all energies. Even for targetswith Vionisation > 6.8 eV the Ps formation threshold is never far away. Hen
e, thepositronium 
hannel appears to have remarkable 
onsequen
es and leads to stronger
orrelation e�e
ts in low-energy s
attering 
ompared to ele
tron s
attering.2.1.2 Ionisation by positron impa
tUsing a rea
tion mi
ros
ope, we are able to investigate the rea
tion 
hannel forionisation whi
h is one of the most fundamental and basi
 
ollision pro
esses. Espe-
ially, single ionisation of atomi
 hydrogen is one of the simplest dynami
al few-bodyproblems beyond the analyti
ally solvable two-body problem where exa
tly threeparti
les (one positron, one ele
tron and the proton) are involved. In this work theionisation of helium - the simplest 
orrelated bound two-ele
tron system - is studied1So named by A.E. Ruark, see Ruark 1945. 15



2 Positron impa
t ionisation on atoms
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Figure 2.2: Geometry of the ionising 
ollision.by a positron impa
t energy of 80 eV. At this energy range, the main pro
esses bywhi
h a helium atom 
an be ionised are annihilation, Ps formation and dire
t singleionisation as expressed, respe
tively, by following rea
tions:
e+ + He → He+ + 2γ (2.1)
e+ + He → He+ + Ps (2.2)
e+ + He → He+ + e+ + e− (2.3)While positronium formation and annihilation also result in ionisation (equation2.1-2.3) in the following the term ionisation will be reserved for the pro
ess given inequation 2.3 whi
h is studied in this work and where three separate parti
les (e+,

e− and He+) result from fragmentation. The threshold of this rea
tion 
hannel is
Vionisation = 24.6 eV for helium atoms, whilst annihilation2 is always exothermi
 and
Ps formation has a threshold energy given by VPs = Vionisation − 6.8 eV/n2.The results of s
attering experiments are usually given in terms of quantities
alled 
ross se
tions σ and is de�ned, a

ording to Bransden and Joa
hain 2003, as�transition probabilities per unit time, per unit target s
atterer and per unit �uxof the in
ident parti
les in respe
t to the target�. With the target density n, theparti
le 
urrent in the proje
tile beam I and the length of the intera
tion volume l,the total 
ross se
tion σtot of a s
attering pro
ess whi
h takes all possible rea
tion
hannels into a

ount is linked to the 
ount rate R of a measurement by

Rtot = σtot · n · I · l. (2.4)In order to gain more information of a spe
i�
 rea
tion's kinemati
, the total 
ross2Annihilation is not a signi�
ant e�e
t expe
t at energies whi
h are well below those (> 0.2 eV)used in e+-s
attering experiments and its 
ross se
tion is up to 10−5 smaller than for elasti
s
attering, see Massey 1976.16



2.1 Introdu
tion into positron-atom 
ollisions
Figure 2.3: Conventional (e,2e) set up. The s
attering plan is indi
ated in red(solid), with the proje
tile's momentum (pi), the s
attered proje
tile (ps), the eje
tedele
tron (pe) and their respe
tive s
attering angles. The perpendi
ular plane isshown in dashed red. Adapted from P�üger 2008.se
tion is not su�
ient. Therefore, the di�erential 
ross se
tion is used whi
h givesthe probability distribution of di�erent kinemati
 quantities. A kinemati
ally 
om-plete determination of a three-body 
ontinuum �nal-state in an atomi
 s
atteringpro
ess, su
h as single ionisation like in our 
ase, would require, in prin
iple, theknowledge of nine variables. Here, the 
omponents of the momenta asso
iated toea
h of the three parti
les in the �nal state have to be known. However, using mo-mentum and energy 
onservation redu
es the number to �ve. Regarding the solidangle intervals ∆Ω3 for whi
h a 
ount rate is measured, we get a three fold di�eren-tial 
ross se
tion. In literature, this is often referred to as the triply di�erential 
rossse
tion (TDCS) - whi
h is de�ned by the solid angle for the s
attered positron Ωe+and for the outgoing ele
tron Ωe− and by the energy energy of the ele
tron Ee− (see�gure 2.2). Thus, the 
omplete kinemati
 for a rea
tion is determined by these threequantities and the di�erential 
ross se
tion for positron impa
t single ionisation isgiven by ∂(3)σ/∂Ee−∂Ωe+∂Ωe−. The spe
i�
 event rate obtained in the measurement isthen related with the triply di�erential 
ross se
tion by

R(Ee− ,Ωe+ ,Ωe−) =
∂(3)σ

∂Ee−∂Ωe+∂Ωe−
· n · I · l · ∆Ee− · ∆Ωe+ · ∆Ωe− , (2.5)where ∆Ee− and ∆Ωe± denotes the energy and the solid angle intervals for whi
h therate was obtained. In order to tra
e the determinants of a parti
ular pro
ess, for ex-ample the importan
e of di�erent me
hanisms, fully di�erential data allow a deeperinsight. Furthermore, these kinemati
ally 
omplete measurements enable a sensitive
he
k of various approa
hes whi
h deliver a theoreti
al model for the problem. In
ommon s
attering experiments, for example 
onventional (e,2e) experiments usingtwo individual ele
tron dete
tors for the dete
tion of the s
attered proje
tile and3The solid angle Ω represents one independent variable 
onsisting of the azimuth angle φ and thepolar angle θ (see �gure 2.2). 17



2 Positron impa
t ionisation on atomsthe eje
ted ele
tron, the fully di�erential 
ross se
tions are determined dire
tly bythe spe
i�
 
oin
iden
e 
ount rate whi
h is measured for a �xed set of energies andangles. The parameter spa
e is then s
anned sequentially by aligning the dete
torsto a new geometry (
ompare �gure 2.3). Using a rea
tion mi
ros
ope - more detailsare given in se
tion 3.2 - we are able to dete
t the fragments of the ionisation overessentially the full solid angle and we are not restri
ted to a 
ertain geometry.The link between the experimentally obtained 
ross se
tion and the theoreti
alquantum me
hani
al des
ription is given by the relation:
σ ∝ |Tif |2, (2.6)where Tif is the quantum me
hani
al transition amplitude. The matrix element Tifrepresents the transition from the initial quantum state |i〉 to the �nal state |f〉 andis denoted by

Tif = 〈f | ǫ̂ |i〉 =

∫

ψ∗
f ǫ̂ ψi dr (2.7)where ψi and ψf are the wave fun
tions in the initial and in the �nal state, respe
-tively, and ǫ̂ stands for the operator 
ontaining the information about the transitionpro
ess.2.1.3 Cross se
tionsIn this work, single ionisation of helium by positron impa
t with an energy of 80 eVis studied. In order to gain a better understanding of positron s
attering pro
esses,re
ent investigation in the area of positron 
ollision resear
h are reviewed in thefollowing se
tion. Therefore, 
ross se
tions, both for the whole s
attering pro
essand for individual rea
tion 
hannels, are presented in a brief way, where, again,
omparisons between ele
tron and its antiparti
le are made.Total 
ross se
tionsThe inert gases have been the �rst atoms whi
h have been experimentally studied- for 
ollisions with ele
trons as well as with positrons - as they available in atomi
form as target gas at room temperature. Figure 2.4 gives an general 
omparison ofmeasured total 
ross se
tions σtot for positrons and ele
trons s
attering from He, Ne,Ar, Kr and Xe. The total s
attering 
ross se
tion 
an be partitioned into the sumof the integrated partial 
ross se
tions for ea
h 
hannel or pro
ess of intera
tion:

σtot = σel + σps + σex + σion (2.8)where σel, σps, σex and σion are the integrated partial 
ross se
tions for the elasti
,positronium formation, ex
itation and ionisation 
hannels, respe
tively. As alreadymentioned, in this work the term ionisation refers to a rea
tion a

ording to equation18



2.1 Introdu
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ollisions
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(b)Figure 2.4: Total 
ross se
tions for noble gases. (a) Ele
tron s
attering. (b) Positrons
attering. Adapted from Kauppila and Stein 1989.2.3 where the eje
ted ele
tron, the ion and the s
attered positron are dete
ted inthe �nal state sin
e rea
tion 2.2 also leads to ionisation of the target atom.Regarding �gure 2.4, below the lowest thresholds for inelasti
 s
attering 
hannels- ele
troni
 ex
itation for ele
trons and positronium formation for positrons - σtotrepresents only elasti
 s
attering. One 
an observe in the 
ase of e−-s
atteringthat very deep minima o

ur at low energies (< 1 eV) for Ar, Kr and Xe. Theseminima are referred to as Ramsauer-Townsend e�e
t4 and arise from a net attra
tiveintera
tion between the in
oming proje
tile and the target atom. The Ramsauer-Townsend e�e
t 
an be seen for He and Ne regarding e+-s
attering. Therefore, at lowenergies the polarisation intera
tion must be dominating the stati
 intera
tion sin
ea net attra
tive intera
tion is required. Furthermore, the σtot 
urves for e+ suddenlyin
rease as the proje
tile energy is in
reased through the Ps formation threshold.Hen
e, this feature suggests that the Ps formation 
hannel plays an important role inpositron s
attering with the inert-gas atoms. For the total 
ross se
tions representingele
tron s
attering, the maximum values o

ur at energies either near or below thelowest energy inelasti
 threshold, implying that e−-s
attering at the energies of themaxima is dominated by elasti
 s
attering.4Named after Ramsauer and Townsend sin
e they �rst observed the e�e
t, see Ramsauer 1922and Townsend and Bailey 1922 19



2 Positron impa
t ionisation on atoms
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Figure 2.5: Total 
ross se
tion for e±-s
attering with helium. Adapted from Kaup-pila and Stein 1989.A more detailed view on the total 
ross se
tion of positron an ele
trons 
ollisionwith helium is presented in �gure 2.5 as this system is the main topi
 of this work.Regarding the energy region of elasti
 s
attering, the σtot for ele
tron s
atteringis more than ten times larger than for positron s
attering. This arises from thetenden
y for the stati
 and the polarisation intera
tion to add for ele
trons and to
an
el for positron. Coming to higher energies, the 
ross se
tions 
onform to ea
hother and join for energies above 200 eV. Hen
e, 
harge sign e�e
ts are negligible aspredi
ted by the �rst Born approximation (
ompare se
tion 2.2.1) where the 
rossse
tions are independent from the sign of the 
harge and the 
ollision is 
onsideredto be a single step two-body pro
ess.Ionisation 
ross se
tionsThe total ionisation 
ross se
tions, in
luding all 
hannels leading to an ion in the�nal state (see equations 2.1 - 2.3), for positron impa
t on helium is shown in �gure2.6(b). The integral 
ross se
tion for dire
t ionisation on He, where only the rea
tionwith three fragments in the �nal state is 
onsidered, is illustrated in �gure 2.7(a)and the one for positron formation is given in �gure 2.7(b). Experimental data fordi�erential ionisation 
ross se
tions, in whi
h the angular and/or energy distributionof the �nal-state parti
les are determined and, therefore, o�er greater insights intothe dynami
s of the 
ollision pro
ess, are relatively s
ar
e for positron s
attering.20
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ion ionisation 
ross se
tion forpositrons (e+), ele
trons (e−), protons (p+) and antiprotons (p−) s
attering fromHe. The abs
issa represents the proje
tile energy divided by the proje
tile mass(in atomi
 units), whi
h is equal to the proje
tile velo
ity squared. Adapted fromKauppila and Stein 1989. (b) Total ionisation 
ross se
tion for e+-s
attering on He.Taken from Lari

hia et al. 2008.
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2 Positron impa
t ionisation on atomsSome quite interesting results have been founded by the analysis of the ratio ofdouble to single ionisation 
ross se
tions (σ++
ion/σ+

ion) for helium when the ratios ele
-trons and protons are 
ompared with the ones of their 
ounterparts, positrons andantiprotons. Comparative studies of atomi
 impa
t ionisation of parti
le/antiparti-
le pairs have been 
arried out in order to �nd di�eren
es resulting from the 
hargeand the mass of the proje
tile5. The experimentally obtained ratios for these parti-
les are presented in �gure 2.6(a). For su�
iently high energies (v2 > 1 MeV/amu),the ratios σ++
ion/σ+

ion merge for ea
h of the two proje
tiles having the same sign of
harge even though their masses are notably di�erent. The ratios for the leptoni
parti
les (e±) diverge and 
onverge to zero at lower energies whereas they be
omevery large for the baryoni
 parti
le/antiparti
le pair. A

ording to Charlton et al.1988 this behaviour refers to the large di�eren
es in kineti
 energy for the samevelo
ity. At intermediate velo
ities, the single ionisation 
ross se
tions for the pos-itively 
harged parti
les are higher than for their negatively 
harged 
ounterpartsdue to polarisation attra
ting the eje
ted target ele
trons 
loser to the in
omingpositrons or protons. Sin
e the 
ross se
tion for single ionisation σ+
ion slopes within
reasing proje
tile energy as, for example, illustrated in �gure 2.6(b), this impliesthat the energy dependen
y of the double ionisation 
ross se
tion σ++

ion behaves thesame. Therefore, double ionisation me
hanisms where the proje
tile intera
ts onlyon
e with the target 
ontribute in the area for high velo
ities.2.2 Theory: a brief overviewThe simple ionization 
ollision of a hydrogen atom by the impa
t of a stru
turelessparti
le, the three-body problem, is one of the oldest unsolved problems in physi
s.The two-body problem was analysed by Johannes Kepler in the beginning of the17th 
entury and solved by Isaa
 Newton in end of the same 
entury. However,the three-body problem is mu
h more 
ompli
ated and has no general analyti
 solu-tion. Therefore, approximations or numeri
al methods have to be developed with theintention to get 
ross se
tions by 
al
ulating the quantum me
hani
al transition am-plitude Tif . In order to handle the theoreti
al des
ription of the ionisation pro
ess,simpli�
ations have been assumed for the three-body kinemati
s in the �nal state,based on the fa
t that, for example, regarding a high energeti
 ion�atom 
ollision,the fast proje
tile is marginal de�e
ted, or in an ele
tron�atom or positron�atom
ollision, one parti
le (the target nu
leus) is mu
h heavier than the two remaining.In our 
ase of inelasti
 atomi
 pro
esses by s
attering of a light, stru
turelessparti
le, the available theoreti
al models 
an be divided into two groups, either aperturbative or a non-perturbative approa
h. In a perturbative method the s
atter-ing pro
ess is separated into an the initial and a �nal state whereas the intera
tionbetween the proje
tile and the target is is treated separately as a small perturbation,5Compare, for example, with S
hultz et al. 1991 or Knudsen et al. 199022



2.2 Theory: a brief overviewlike in the Born approximation. This approa
h is mostly applied for experimentswith high proje
tile energies but a perturbative model 
an hardly be applied forlower impa
t energies. Non-perturbative approa
hes, on the other hand, are deal-ing with a numeri
al solution of the S
hrödinger equation whi
h gives the quantumme
hani
al des
ription of the system, for example the 
onvergent 
lose-
oupling ap-proa
h. Thus, they are 
onvenient for s
attering in the low energy range wherethe intera
tion between the proje
tile 
annot be regarded as a marginal perturba-tion. These non-perturbative approa
hes have shown to deliver ex
ellent agreementbetween theory and experimentally obtained data. Nevertheless, they require enor-mous 
omputational e�ort. In the following, we will present some of the mostimportant theoreti
al des
riptions. Atomi
 units (see appendix A.3) are used forthese 
onsideration.
2.2.1 Born approximationIn order to solve a s
attering problem like positron impa
t ionisation in a perturba-tive way6, the system's Hamiltonian is separated into a unperturbed term Ĥ0 andthe intera
tion potential V̂ . The unperturbed Hamiltonian Ĥ0 = Ĥprojectile + Ĥtargetsplits further into the proje
tile and target system independent from ea
h other priorand after the intera
tion. The Hamiltonian 
an be expressed like

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

|Ψif〉 = |Ψif〉0 + Ĝ+
0 V̂ |Ψif〉 , (2.12)6A more 
omprehensive introdu
tion in s
attering theory 
an be found in Bransden and Joa
hain2003 or Sakurai 1993. 23



2 Positron impa
t ionisation on atomswhi
h is known as the Lippmann-S
hwinger equation of potential s
attering withthe Green operator
Ĝ+

0 = lim
ǫ→0

1

E − Ĥ0 + iǫ
. (2.13)The Green operator des
ribes the propagation of the system between individualintera
tions and is de�ned positive in order to guarantee that the s
attered wave isoutgoing. However, the fun
tion |Ψif〉 on the right hand side of equation 2.12 is stillunknown. By iteratively inserting the Lippmann-S
hwinger equation into itself, oneobtains a series for the transition matrix element Tif :

Tif := 〈Ψf | V̂ |Ψi〉 = 〈Ψf |0 V̂ |Ψi〉0 + 〈Ψf |0 V̂ Ĝ+
0 V̂ |Ψi〉0 + . . . (2.14)This is 
alled the Born series and it represents an expansion in powers of the inter-a
tion V̂ .In the 
ase of s
attering a 
harged, stru
tureless parti
le with a atom, the intera
-tion term V̂ is used to be the Coulomb potential between the proje
tile and targetparti
les and, thus, 
an be expressed like

V̂ = −ZPZT

rp
+

N
∑

i=1

ZP

|~rp − ~ri|
(2.15)where ZP is proje
tile 
harge, ~rp the proje
tile 
oordinate and ~ri the distan
e be-tween the nu
leus and the target ele
trons.The �rst Born approximationWhen we just 
onsider the �rst term of the Born series (equation 2.14), the transitionmatrix element in �rst Born approximation is the given by

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

∣

∣

∣

~ki

〉

|φi〉). The outgoing proje
tile is also des
ribed by a plane wavewhi
h denotes that the intera
tion of the s
attered proje
tile with the fragments isnegle
ted. The transition amplitude for the �rst Born approximation is then givenby
T 1

if =
ZP

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



2.2 Theory: a brief overviewof the undistorted target have to be determined whi
h is exa
tly possible in the
ase of atomi
 hydrogen. However, for targets with more than one ele
tron thedeployment of the exa
t wave fun
tions is quite 
ompli
ated. Sin
e the 
ross se
tionsare proportional to the square of the transition amplitude (see equation 2.6), the
ross se
tions are independent of the proje
tile's 
harge and, therefore, no di�eren
eshould o

ur in the regime of high energeti
 
ollisions between ele
tron and positrons
attering.The se
ond Born approximationIn the matrix element for the se
ond order Born approximation, in addition, these
ond order term has to be taken into a

ount
T 2

if = 〈Ψf |0 V̂ lim
ǫ→0

1

E − Ĥ0 + iǫ
V̂ |Ψi〉0 , (2.18)whi
h 
onsiders s
attering pro
esses where the proje
tile intera
ts twi
e with thetarget. Thereby, a lot of possibilities exists, for example the proje
tile 
an s
atterwith nu
leus and a bound ele
tron. Additionally, the intera
tion of the proje
tilewith the eje
ted ele
tron after the 
ollision (so 
alled post 
ollision intera
tion, PCI)are regarded, sin
e an ionised ele
tron is able to intera
t a se
ond time with theproje
tile. Using the se
ond-Born-amplitude, the agreement between theory andexperiment 
an be improved. The 
ross se
tion of the se
ond Born approximationis then given by:

σ2ndB ∝ |T 1
if + T 2

if |2 = |α1ZP + α2Z
2
P |2 = α2

1Z
2
P + 2α1α2Z

3
P + α2

2Z
4
P , (2.19)

α1,2 are 
oe�
ients whi
h are determined by the expli
it 
al
ulation of the transitionamplitudes. In equation 2.19 the �rst term 
orresponds to pure one-step-pro
esswhere the proje
tile intera
ts only on
e with the target, whereas the last term standsfor a pure two-step-pro
ess 
onsidering exa
tly two intera
tion steps. The termin the middle represents an interferen
e between these two pure pro
esses whi
hindi
ates a dependen
e of the 
ross se
tion on the sign of the proje
tile's 
harge.Therefore, in the se
ond order Born approximation appearan
e of 
harge e�e
ts for
e±-s
attering should o

ur.2.2.2 Distorted wave methodsAn extension of the above des
ribed Born approximation is the approa
h usingdistorted waves where the intera
tion term V̂i,f is separated in both the initial and�nal state:

V̂i,f = Ûi,f + Ŵi,f . (2.20)25



2 Positron impa
t ionisation on atomsThis method is quite similarly stru
tured as the Born approximation whereas theplane waves are merely repla
ed by the distorted waves. The �rst term of equation2.20 Ûi,f takes 
are of an exa
t treatment of the intera
tion, whereas the se
ondterm des
ribes small perturbations, similar to the Born expansion. The Lippman-S
hwinger equation (2.12) is solved in
luding only the so-
alled distortion term Ûi,fwhi
h leads to following solution:
|χi,f〉 = |φi,f〉 + ĜÛi,f |χi,f〉 , (2.21)where the eigenstates for the distortion intera
tion are obtained in the initial and�nal state. The amplitude for the transition, again in post and prior form, 
an thenbe written as

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

|Ψi〉 ≈ |χi〉 + ĜÛi |χi〉 . (2.25)Using the distorted wave method, it is possible to treat some part of the intera
tionexa
tly, and other in an perturbative way. For example, with the distorted waveapproa
h, the intera
tion of the proje
tile with the nu
leus 
an be treated in theinitial and �nal 
hannel.2.2.3 Convergent 
lose-
ouplingAn approa
h, where the time-independent S
hrödinger equation of the 
ollision sys-tem is solved numeri
al in a non-perturbative way, is the 
onvergent 
lose-
ouplingframework. The initial work was developed by Bray and Stelbovi
s 1992 in orderto study the ex
itation of atomi
 hydrogen by ele
tron impa
t. Then this methodhas been extended to various other s
attering situations, for example ionisation ofhydrogen and helium by ele
tron impa
t (see Fursa and Bray 1995). These 
al-
ulations using the 
onvergent 
lose-
oupling approa
h show very good agreementwith experimental data, notably in the 
ase of ele
tron impa
t ionisation of helium(
ompare Stelbovi
s et al. 2005 and Dürr et al. 2006).26



2.2 Theory: a brief overviewFurthermore, 
ollision pro
esses with positrons as proje
tiles 
an be studied usingthe 
onvergent 
lose-
oupling approa
h, as for example positron hydrogen s
attering(see Bray and Stelbovi
s 1993). Cal
ulations with the 
onvergent 
lose-
ouplingmethod for positron s
attering with helium - whi
h is of spe
ial interest for this work- haven been done in Wu et al. 2004. The 
onvergent 
lose 
oupling 
al
ulations forele
tron 
ollision pro
ess 
an be readily applied to the 
ase of positron s
attering bysimply omitting the ex
hange term and 
hanging the sign of the proje
tile's 
harge.In the 
lose-
oupling treatment, an expansion of the target system in a basis-set ofeigenstates of the unperturbed target Hamiltonian is performed. This is 
onstru
tedby the expansion in orthogonal so-
alled Laguerre fun
tions whereas, due to pra
ti
alreasons, only a �nite number N of states are in
luded in the 
al
ulation, hen
ethe name 
lose-
oupling. Beside the �true� bound states in the target, also the
ontinuum has to be taken into a

ount whi
h is approximated by so-
alled �pseudo�-states. The 
lose-
oupling method 
onverges de�nitely for large N but an enormous
omputational e�ort is required to solve the numeri
al problem. This approa
h isalso restri
ted to pure three-body problems whi
h 
an be 
ir
umvented, for examplein the 
ase of helium, with the approximation of a frozen 
ore where only the a
tiveele
tron is treated individually.While the 
onvergent 
lose-
oupling method uses a momentum spa
e representa-tion of the wavefun
tions, a similar approa
h, the exterior 
omplex s
aling (ECS)developed by Res
igno et al. 1999, uses position spa
e wavefun
tions. The exte-rior 
omplex s
aling method was �rst applied to ele
tron-atom ionization problemsand was demonstrated to provide highly a

urate ab initio solutions for ele
tron-hydrogen 
ollisions through dire
t solution of the time-independent S
hrödingerequation in 
oordinate spa
e. Re
ently, the framework of the ECS was extendedto s
attering pro
esses with positrons as proje
tile (see Bartlett et al. 2007).
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3 Experimental set-upThis 
hapter deals with details of the experimental set-up and te
hniques applied togain information about single ionisation of helium by positron impa
t. First, a briefoverview about the 
urrent status in positron beam development is given, followedby ba
kground information about the NEutron indu
ed POsitron sour
e MUniCh(NEPOMUC) where the experiment, dis
ussed in this work, was performed (se
tion3.1). During the 20 day beam time in spring 2009 a rea
tion mi
ros
ope1 was
onne
ted to the beam line of NEPOMUC (see Hugens
hmidt et al. 2002) whi
hdelivers a 
ontinuous beam of positrons. This rea
tion mi
ros
ope2 was originallydedi
ated for the study of ele
tron impa
t ionising pro
esses, and within the presentwork, was 
an be adapted also for positron proje
tiles.Brie�y, the beam from the positron sour
e is 
rossed with a 
old supersoni
 atomi
target jet (se
tion 3.2.1). The s
attered proje
tiles as well as the target fragmentsare extra
ted by the spe
trometer (se
tion 3.2.2) and imaged onto two positionand time resolving dete
tors (se
tion 3.2.3). The parti
les' momentum ve
tors 
anbe derived through its positions and times of �ight. While the time measurementnormally requires a pulsed proje
tile beam, the 
omplete kinemati
s also 
an beobtained for 
ontinuous beams. This is realised by using redundant informationfrom the dete
ted triple 
oin
iden
e of all 
ontinuum parti
les in 
ombination withmomentum and energy 
onservation. In order to dire
t positrons out of the strongmagneti
 guiding �eld of 60 Gauss of the beam line into the rea
tion mi
ros
ope(6 Gauss) in a 
ontrolled way, a magneti
 �eld transition se
tion of a Zeeman slower-like 
oil tube is implemented (se
tion 3.2.4).3.1 The positron sour
eIn the last de
ades great e�orts have been made to develop positron beams of highintensity. Hen
e, various te
hniques have been applied based mainly on two prin
i-ples for positron produ
tion: On the one hand positrons gained through β+-de
ay ofradioa
tive isotopes and on the other hand positron generation by pair produ
tionfrom absorption of γ-radiation.Beams of the �rst 
ategory are realized in labs based on 
ommonly available β-1Initially des
ribed in Moshammer et al. 1996.2The used rea
tion mi
ros
ope is widely dis
ussed in Dürr 2006 29



3 Experimental set-up
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Figure 3.1: Working prin
iple of the NEPO-MUC sour
e:High energy γ-radiation is released through 
ap-ture of thermal neutrons in Cd. The absorptionof the prompt high energy gammas in Pt gen-erates positrons by pair produ
tion. The fastele
trons and positrons are further moderatedin Pt. The de
eleration pro
ess is indi
atedby dashed lines. Due to 
larity, ele
trons alsoemerged through pair produ
tion are omitted.sour
es like 22Na or 58Co. These 
onventional laboratory beam fa
ilities3 based onone of theses β+ a
tive isotopes and a positron moderator, mostly made of tungsten,are limited in intensity due to self-absorption of positrons in the sour
e material.For this kind of sour
es, the yield of moderated positrons usually ranges between
104 and 106 positrons per se
ond. Another way 
onsists of dedi
ated materialswhi
h transform into short lived positron emitting isotopes upon exposure to thermalneutrons. For instan
e, sour
es based on the rea
tion 63Cu(n, γ)64Cu 
an yield
ontinuous positron beams of about 107e+ per se
ond after moderation.The fa
ilities summarised in the se
ond group provide positrons generated throughpair produ
tion from high energy γ-rays. Positrons 
an be obtained in a target or abeam dump of linear a

elerators, where bremsstrahlung produ
es e+e−-pairs in the�eld of target nu
lei. At a LINAC the �ux of a slow positron beam 
an rea
h typi
allyup to 5×108 e+ per se
ond (e.g. Suzuki et al. 1997). High energy γ-radiation is alsoavailable at rea
tors as primary γ-rays from nu
lear �ssion or se
ondary γ-rays dueto (n, γ)-rea
tions.At the NEPOMUC fa
ility - lo
ated in the Fors
hungsreaktor Mün
hen II (FRMII, resear
h rea
tor Muni
h II) - positrons are generated through pair produ
tionpro
ess as a result of thermal neutron 
apture in 
admium. The 
apture me
hanismis totally dominated by the nu
lear rea
tion 113Cd(n, γ)114Cd due to the enormouslikelihood of this pro
ess. Its 
ross se
tion amounts to 26,000 barn while 113Cd hasan abundan
e of 12.2% in natural 
admium. The resulting neutron binding energyof 9.05 MeV radiates, where on an average 2.3 photons with more than 1.5 MeV per
aptured neutron are released. The high energy of the γ-radiation is absorbed ina 
onverter material to generate positrons by pair produ
tion. Platinum with its3Köver et al. 1993 and Gilbert et al. 1997 resear
h into beam fa
ilities of this type. A more generaloverview 
on
erning positron beams and their appli
ation 
an be found in Coleman 200030



3.2 The rea
tion mi
ros
opehigh nu
lear 
harge (Z = 78) is used as absorber substan
e sin
e the 
ross se
tionfor pair produ
tion is roughly proportional to Z2 and, therefore, materials withhigh nu
lear 
harge Z are preferable. The emitted positrons show a broad energydistribution with the maximum lo
ated at a positron energy of 800 keV. To gain therequired mono energeti
 positron beam the positrons pass a platinum moderator.Beside its high atomi
 number, the moderation property of platinum exhibits long-term stability under rea
tor 
onditions and its operation is mu
h easier than the
ommonly used tungsten moderators. Positrons thermalised 
lose to the surfa
e 
andi�use to the surfa
e and are re-emitted with a 
ertain probability.The moderated positrons released into the va
uum re
eive the kineti
 energy de-�ned by the negative positron work fun
tion of −1.8 eV in poly
rystalline Pt. Thepositrons are extra
ted and a

elerated by ele
tri
 lenses and then guided magneti-
ally out of the rea
tor 
ore through a longitudinal �eld (6 � 7.5 Gauss) produ
ed bya solenoid 
oil mounted on the beam tube. Transversal 
omponents of the earth mag-neti
 �eld and the stray �elds in the rea
tor shielding are 
ompensated by 
orre
tion
oils arranged in pairs perpendi
ular to the beam axis. The latter are furthermoreused to adjust the positron beam and so to minimise transport losses. In order toimprove the beam's brightness a positron re-moderation stage is installed outside therea
tor shielding. The main part of the re-moderator 
onsists of a tungsten single
rystal (1 1 0) in ba
k re�e
tion geometry. Finally, the e+- beam passes a magneti
beam swit
h to distribute the positrons to the permanent installed experiments orthe open beam port where temporary experiments 
an be 
onne
ted to the beamline.During our beam time in May 2009, FRM-II was operated at the nominal rea
torpower of 20 MW. NEPOMUC, the positron beam fa
ility at FRM-II, 
laims to bethe positron sour
e to deliver the world's highest intensity of low-energy positrons,whi
h is 
lose to 109 moderated positrons per se
ond Hugens
hmidt et al. 2008. Afterre-moderation the positrons arrive with a 
urrent of 3�5× 107 e+/s and an energy of
20 eV with a resolution of ∼ 1 eV (a

ording to Pio
ha
z et al. 2008) at the entran
eof the rea
tion mi
ros
ope. In there, the positrons are further a

elerated whiletraversing the spe
trometer up to an impa
t energy of 80 eV in the 
ollision volume.3.2 The rea
tion mi
ros
opeBeside the positron sour
e, the other essential part of the experiment is a rea
tionmi
ros
ope whi
h is 
onne
ted to the positron beam line. Following, the basi
 
om-ponents forming the apparatus to measure fully di�erential 
ross se
tions (FDCS)are des
ribed. In our laboratory frame the z-axis is de�ned by the dire
tion of theproje
tile beam whi
h also 
orresponds to the spe
trometer axis. The dete
tors spanthe (x, y)-plane and the −y dire
tion is given by the propagation dire
tion of thegas jet. 31
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Figure 3.2: View of rea
tion mi
ros
ope.3.2.1 TargetAnalysing atomi
 rea
tions requires all involved parti
les to be in a well-de�nedinitial state. In parti
ular the residual ion emerged from the ionising 
ollision gainsless than a few atomi
 units through the 
ollision, whi
h is mu
h lower than itsthermal momentum spread at 300 K. Therefore, the target atoms have to be 
ooledfar below room temperature in order to a
hieve a

eptable resolution. Applyingadiabati
 expansion to the atomi
 gas, temperatures in the magnitude of a fewKelvin 
an be rea
hed. This 
orresponds to a very narrow energy distribution whi
his indispensable for high resolution momentum spe
tros
opy. Beside the internal
ooling, also a high parti
le density 
an be realised in an atomi
 beam formed bythe supersoni
 jet expansion.The pro
ess of adiabati
 expansion is te
hni
ally implemented by letting gas withan initial temperature of Ti and pressure pi spread through a tiny nozzle with diam-eter d into a 
hamber with mu
h lower pressure pb. Passing the nozzle, the atomsare a

elerated resulting in a velo
ity of the jet higher than the lo
al speed of soundfor the reservoir with lower pressure.This area is 
alled zone of silen
e. Throughthe adiabati
 behaviour the systems entropy remains 
onstant and therefore tem-perature de
reases. In order to prevent the supersoni
 �ow to break down, a smallslit, the so 
alled skimmer, is installed to form an atomi
 beam. Furthermore theinternal momentum extension in transversal dire
tion 
an be redu
ed by 
ollimatingthe beam using a se
ond skimmer, peeling o� atoms with large velo
ity 
omponentsin the plane perpendi
ular to the jet. In total, the gas jet has to pass three di�eren-tially pumped stages before rea
hing the main 
hamber volume, where the va
uum32
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ros
ope

Figure 3.3: Formation of a supersoni
 gas jet by supersoni
 expansion through atiny nozzle and elimination of high transversal momentum by two skimmers. Threedi�erential pumping stages segregate the rea
tion volume from the high pressure gasreservoir, based on Senftleben 2009.now is hardly in�uen
ed by parti
les of the gas jet. Additionally, a beam dump isinstalled at the bottom of the main 
hamber whi
h further eva
uates the unbrokenatoms of the beam. In the experimental 
hamber the atomi
 beam formed by thegas jet is then 
rossed with the proje
tile beam. More details about the te
hni
aldesign and features of the jet system used are des
ribed in Höhr 2004, p 37.The spe
ial 
hara
teristi
s of our supersoni
 jet espe
ially the temperature inlongitudinal dire
tion 
an be obtained from gas dynami
s, but here we will onlypresent the main results already introdu
ed in Miller 1988. Further aspe
ts andtheory of supersoni
 gas jets in parti
ular 
on
erning rea
tion-mi
ros
ope 
an befound in Langbrandtner 2007. Using the formulae given by Miller 1988 the �naltemperature Tf‖ in expansion dire
tion of the jet 
an be expressed by:
Tf ‖ = Ti

γ

γ − 1

1

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

pi = 15 bar for the initial pressure and d = 30µm for the nozzle's size, a speed-ratioof S∞ ≈ 30 
an be determined from �gure 2.11 in Miller 1988. Tf ‖ = 0.8 K is 
al
u-33
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Figure 3.4: S
hemati
 view of the rea
tion mi
ros
ope dedi
ated for positron impa
texperiments at low impa
t energies.lated for the given 
on�guration using equation (3.1). This a
hievable temperature
orresponds to a momentum distribution width of 0.32 a.u. Passing two skimmersthe beam has also been 
ollimated in the plane perpendi
ular to the jet dire
tionresulting in a beam diameter of about 2 mm (FWHM) at the intera
tion point. In
z-dire
tion the in�uen
e of the target's position spread onto the time-of-�ight of the
harged fragments is negligible be
ause of the time-fo
ussing4 
on�guration for thedeployed spe
trometer. A

ording to Ferger 2006 where a similar set-up (same di-ameter of the nozzle, also helium as target gas, but a reservoir pressure pi of 10 bar)was applied, the density of the jet at the intera
tion point 
an be estimated to thevalue of 1 × 1012 cm−3.Supersoni
 jet expansion 
an also be applied to mole
ular gases where, addition-ally, the internal degrees of freedom - rotation and vibration - 
an be 
ooled.3.2.2 Spe
trometerA bene�t of a rea
tion mi
ros
ope whi
h is depi
ted in �gure 3.2 is that not only all
harged parti
les involved in the ionisation pro
ess are dete
ted at on
e but that it
overs the whole solid angle of 4π. This is a
hieved by applying homogeneous ele
tri
and magneti
 �elds whi
h guide the fragments onto position sensitive dete
tors. Thetwo-dimensional information (x, y) gained by the position dete
tion is 
omplementedthrough measurement of the parti
les' time-of-�ight starting at the origin of the4Closer 
onsideration of time fo
ussing 
on
erning our rea
tion mi
ros
ope has been done inP�üger 200834
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tion mi
ros
ope
ollision until the hit on the dete
tor. In this way, one obtains all ne
essary data tore
onstru
t the 
omplete three-dimensional momentum 
omponents for all fragments(
ompare se
tion 4.3 for a detailed des
ription of momentum 
al
ulation). In orderto observe parti
les with di�erent sign of 
harge two dete
tors are required. For thisreason an ele
tri
 �eld is applied whi
h extra
ts negatively and positively 
hargedpie
es onto opposite dire
tions.In our work positrons and ions are a

elerated on the dete
tor for positively
harged parti
les - hen
eforth it is 
alled positron/ion dete
tor - and the only frag-ments with negative 
harge namely the ele
trons are guided to the so-
alled ele
trondete
tor. For the 
ombined imaging of positron, ion and ele
tron an additionalhomogeneous magneti
 �eld is used. This restri
ts parti
les normally missing thedete
tor due to their high transversal momentum ba
k to the area 
overed by thedete
tor. However, the in�uen
e of the B-�eld on the ions' traje
tory is negligiblebe
ause the mass of the ions is four orders of magnitude larger than for the lighterleptons taking part in the s
attering pro
ess. The ele
tri
 �eld whi
h separates op-posite 
harge was in the order of 180 V/m during beam time at FRM-II while themagneti
 �eld was adjusted to B ≈ 6 Gauss.Dire
tly after 
ollision, the produ
ts of the fragmentation are a

elerated withinthe spe
trometer where the positrons and the ions are led in +z dire
tion over alength of la+ = 110 mm and then pass a �eld-free spa
e 
alled drift region with alength of ld+ = 220 mm. In −z dire
tion, thus on the extra
tion path for ele
trons,the length of the applied ele
tri
 �eld area is la− = 82 mm and the drift length is
ld− = 164 mm. The ratio between drift and a

eleration length is determined to be
ldx/lax = 2 in order to ful�l the 
ondition for the time fo
ussing. The 
onsequen
eof this e�e
t is that the time of �ight depends only on the initial momentum inlongitudinal dire
tion and is in �rst order independent on the z-position where thefragmentation o

urs. In 
on
lusion, the �nite extension of the intera
tion volumebe
omes marginal and hen
e, there is no need of redu
ing the diameter of the targetbeam along the spe
trometer axis. In this way one bene�ts of a larger intera
tionvolume and �nally a larger number of target atoms without loss of resolution. Largeroverlap between positron beam and target jet is namely always favourable due totypi
ally low 
ross se
tions for ionisation rea
tions. A more detailed dis
ussionof time fo
ussing regarding our rea
tion mi
ros
ope was given in the appendix ofP�üger 2008.The main 
hallenge in 
ombining a rea
tion mi
ros
ope with ele
tron or positronbeams is the in�uen
e of the spe
trometer's ele
tri
 �eld and the applied magneti
�eld onto the primary proje
tile beam. Sin
e the beam of positrons is 
oming alongthe spe
trometer axis, the �elds and the geometry of the spe
trometer - the driftlength and a

eleration length in both dire
tions - have to be adjusted in a way thatthe initial proje
tile beam passes the hole in the ele
tron dete
tor. Furthermore,the proje
tiles perform a heli
al traje
tory in the magneti
 �eld (
ompare �gure 4.3)and so, one has to assure that the initial proje
tile beam is for
ed ba
k onto the35
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trometer axis exa
tly in the rea
tion volume where the target jet 
rosses the
z-axis. In addition, uns
attered proje
tiles should not hit the dete
tor in order toprevent the dete
tor from saturation. Therefore, these uns
attered positrons haveto pass the hole in the MCPs of the hexanode dete
tor whi
h is a
hieved when theydo again exa
t one 
y
lotron revolution on their way from the point of rea
tion tothe dete
tor. This situation is illustrated in �gure 3.2. Some 
al
ulated values forthe �eld and the geometry whi
h ful�l these 
onditions are given in appendix A.1.3.2.3 Position sensitive dete
torsBeside its time-of-�ight, it is ne
essary to know where a parti
le has hit the dete
torin order to gain all informations for the re
onstru
tion5 of its momentum ve
tor.Therefore, the experiment was equipped with two position sensitive mi
ro
hannelplate dete
tors. On the spe
trometer side where the positrons and the re
oil ions aredete
ted, a multi-hit 
apable hexagonal delay-line anode (hexanode) Lampton et al.1987 is used to resolve the fragments' position. For the ele
trons, a new wedge-and-strip anode (WSA) is applied whi
h has a 
entral hole for the passage of the proje
tilebeam and allows good position resolution without need of sophisti
ated ele
troni
sMartin et al. 1981. A hole at the position of the spe
trometer axis is implemented inboth dete
tors. Furthermore, mi
ro
hannel plates6 (MCPs) are mounted before theposition sensitive dete
tors. Thus, an ampli�
ation of the in
ident parti
les signalis a
hieved.Mi
ro
hannel plateA MCP 
onsists of an array of parallel orientated, mi
ro fabri
ated 
hannels (ea
hwith a diameter size ≈ 25µm ). These 
hannels work as se
ondary ele
tron ampli�ersin the way that the initial in
oming parti
le hits the wall of a 
hannel and kno
ksout ele
trons. These se
ondary ele
trons are further a

elerated in the 
hannel byan applied potential di�eren
e between the front and the ba
k (typ. 1 kV) of theMCP. As a result of the following 
as
ade, a 
harge 
loud at the exit of the 
hannelis produ
ed (see �gure 3.5). This 
harge 
loud hits the position en
oding devi
e(anode) whi
h now allows to determinate where the rea
tion's fragment arrived onthe MCP. The spatial resolution is only limited by the diameter of the 
hannels andtheir spa
ing.The front and ba
k side of a MCP are 
oted with a metal substrate of low resistan
eand the individual 
hannels are made of leaded glass. The ampli�
ation fa
tor ofa MCP ranges between 104 and 106, but 
an be enhan
ed by sta
king togethertwo MCPs. Further improvement for the yield of se
ondary ele
trons is rea
hedby tilting the 
hannels of an individual MCP and sta
king both MCPs in a way5See se
tion 4.3 for a detailed dis
ussion of the data re
onstru
t pro
ess.6Review on MCPs are given in Wiza 1979.36
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channels

incident

particle

high

voltage

mcp 

signalFigure 3.5: Working prin
iple of mi
ro
hannel plate, from P�üger 2008that a MCP 
hannel form a slight angle with respe
t to the 
hannel of the otherMCP, a so-
alled 
hevron sta
k. Through this 
on�guration the se
ondary ele
tronsare for
ed to hit the 
hannel's wall more often resulting in an improvement of theamount of 
harge. Additionally, this arrangement suppresses the es
ape of feedba
kions whi
h are 
reated by ionising pro
esses in residual gas or through es
ape fromthe 
hannel walls. The impa
t of a parti
le on the MCP leads to a drop in theMCP voltage whi
h is 
oupled out via a 
apa
itor. This signal is used to derive theparti
le's time-of-�ight with a typi
al time resolution of less than 1 ns.Delay-line anodeIn order to derive su�
iently resolved position information for positrons and ions,a delay-line anode is deployed at the end of the spe
trometer. In a simple pi
ture,a delay-line anode 
an be des
ribed as a wire wrapped around a thin insulatingmaterial as visualized in �gure 3.6(a). The position is determined by measuring thetime whi
h the 
harge - indu
ed by the ele
tron avalan
he from the MCP - needs topropagate to both ends of the wire. This is feasible sin
e parts of the 
harge dispersein both dire
tions of the wire. The time di�eren
e between the arrival signal at ea
hend is proportional to the position 
oordinate at whi
h the 
harge 
loud is deposited.The 
urrent position in x-dire
tion whi
h is perpendi
ular to the dire
tion of thewire is then given by:
x =

v⊥
2

· (t1 − t2) (3.2)where v⊥ denotes the e�e
tive propagation speed of the pulse in dire
tion of x.However, for our analysis pro
edure it is not required to know the exa
t value for v⊥as it is obtained indire
tly by normalising the extend of 
oordinates to the real sizeof our dete
tor. Performan
e improvements and redu
tion of noise 
an be a
hieved37



3 Experimental set-up

(a)

u

v

w(b)Figure 3.6: (a) Fun
tionality of a delay-line anode layer, (b) design of the hexagonalanode used for positron/ion dete
tion. Areas 
overed by the MCPs - forming thea
tive dete
tion region - are indi
ated in grey, from Senftleben 2009.by the use of a se
ond wire for ea
h dire
tion. Thereby, one presents a referen
e-wire while the signal -wire delivers the mark. By taking the signal di�eren
e usinga di�erential ampli�er, noise whi
h is indu
ed in both wires vanishes. The positionresolution δx is mostly limited by timing ele
troni
s, but it is possible to rea
h anun
ertainty of less than δx = 0.5 mm.For two-dimensional information, at least two layers with an angle of 90◦ in re-spe
t of ea
h other are ne
essary. The delay-line anode dete
tor used in the presentexperiment at NEPOMUC is equipped with a third layer where the angles betweenthe layer are now 60◦ (refer to �gure 3.6(b)). Be
ause of the hexagonal shape thedesign is also known as hexanode. The main purpose for the implementation of athird layer was to in
rease its multi-hit 
apability. The dete
tor was originally ded-i
ated for (e,2e)-experiments where it was quite substantial to dete
t two parti
lesimpinging onto the dete
tor within a time frame in the nanose
ond regime. Designand detailed study 
on
erning time resolution for the used hexanode 
an be found inHaag 2006 and Dürr 2006. However, in the positron s
attering experiment multi-hit
apability is not that 
ru
ial. Beside the s
attered positrons only ions with a longertime of �ight (> 14µms) hit the dete
tor. In addition, the mi
ro
hannel platesin front of the hexanode have a 
entral hole. The purpose of this hole is that theuns
attered proje
tiles 
an pass through without saturating it. They do, however,not indu
e a position signal, sin
e the number of positrons in the beam is less thanthe number of ele
trons in a 
harge 
loud produ
ed by the MCP. The method ofre
onstru
ting the parti
les' positions from the signal gained through the hexanodeis des
ribed in more detail in se
tion 4.2.38
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(a) (b)Figure 3.7: (a) Working prin
iple of a wedge-and-strip anode. (b) Conne
tivity ofthe ele
trodes around the hole in the anode.Wedge-and-strip anodeOn the opposite side of the spe
trometer a so 
alled wedge-and-strip anode (WSA)is mounted for position dete
tion of ele
trons emerged from the ionising fragmen-tation. In 
ontrast to the hexanode where two parti
le per rea
tion have to bedete
ted, multi-hit 
apability is not required for negatively 
harged parti
les. Onthe other hand, one bene�ts from a easier handling of the read out ele
troni
s as nosophisti
ated system - 
omposed of di�erential ampli�ers and dis
riminators - likefor the hexanode, is needed. Furthermore, this anode type allows for a 
entral holefor the passage of the primary beam whi
h is a ne
essary feature in this experiment.The implementation of the hole is easier to handle for a wedge-and-strip anode andadditionally, the resolution, espe
ially in the 
entral region around the hole, is im-proved 
ompared to a hexanode. The three areas wedge, strip and meander - hen
ethe name for the dete
tor - with its spe
i�
 stru
ture (see �gure 3.7) form individ-ual ele
trodes. In order to rea
h a su�
iently large 
harge 
loud, MCPs in 
hevron
on�guration are pla
ed in front of the WAS. The ele
tron avalan
he generated inthe MCP pla
es di�erent amount of 
harge on the ele
trodes. The fra
tion of 
hargedepends on the position where it is deposited on ele
trodes. Hen
e, the 
entre ofgravity of the 
loud 
an be re
onstru
ted through the knowledge of geometri
alshape of these ele
trodes. As it is shown in �gure 3.7, the zone 
overed by the wedgeele
trode varies in y-dire
tion, while the area of the strip 
hanges in x-dire
tion.Finally, the meander 
olle
ts all 
harge neither dumped on the wedge ele
trode noron the strip ele
trode. Thus, the total amount of 
harge impinging on the anode is39
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zFigure 3.8: S
hemati
 diagram showing the heli
al motion of a positron in a magneti
�eld that 
hanges gradually from a strong �eld Bi to a weaker uniform �eld Bf , basedon Kruit and Read 1983.known and the position 
oordinates 
an be derived through the information of ea
hsingle ele
trode:
x ∝ Qs

Qtot
y ∝ Qw

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

Qtot spe
i�es the 
harge sum allo
ated by all three ele
trons.Similar to the dete
tor using the hexanode, the 
hannel plates of the ele
trondete
tor have a 
entral hole, but, additionally, the anode - here the wedge-and-stripdesign - is provided with a 
ut in the 
entre. This hole is needed that the proje
tiles
oming from the positron beam line 
an pass and enter the spe
trometer. To realisethe hole in WAS, the single ele
trodes have to be 
onne
ted in a spe
ial way (see�gure 3.7). Certainly, the hole in the MCPs and the anode leads to a dead areawhere no position information 
an be obtained.3.2.4 Magneti
 beam line transitionAs des
ribed in se
tion 3.1, positrons from the sour
e are guided magneti
allythrough a beam line from the rea
tor 
ore to the experimental platform. There-fore, a magneti
 �eld of 6 Gauss is applied by solenoid 
oils surrounding the beamline tube. However, operating in an optimal range adjusted for the spe
trometera magneti
 �eld strength of one order of magnitude lower 
ompared to the beamline's �eld is required in the rea
tion mi
ros
ope. The weaker, homogeneous B-�eldof our apparatus is produ
ed by a pair of Helmholtz 
oils.In order to over
ome the problem of a dire
t transition from the higher to thelower magneti
 �eld 
ausing unpredi
table movement of the proje
tile parti
les,40
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Figure 3.9: S
hemati
 drawing of the used magneti
 transition 
oils. The proje
tilesare 
oming from the left side passing the transition �eld produ
ed by the solenoid,the ele
trostati
 lens system and entering the spe
trometer through the aperture,the lead blo
k and the ele
tron dete
tor.a step-less des
ent has to be desirable. But, we have to put up with a minimalin
rease of the beam diameter. The transition is realised by using the properties ofan inhomogeneous magneti
 �eld7 whi
h is implemented over the 
onne
tion regionwhere the beam line and the main 
hamber of the rea
tion mi
ros
ope are 
oupled.The variation of this �eld along the z-axis has to be adiabati
, whi
h means that the�eld experien
ed by the positron 
hanges negligibly in 
ourse of one revolution ofthe heli
al motion. The Lorentz for
e q~v × ~B 
auses the positrons to spiral arounda magneti
 �eld line. They follow it from the beam tube into the spe
trometerwhere the �eld lines are again parallel due to the uniform �eld. If the 
onditionof an adiabati
 �eld 
hange is ful�lled the total energy and the 
lassi
al angularmomentum are 
onserved quantities (see e.g. Ja
kson 1975). A positron with energy
E and velo
ity v undergoes a heli
al motion in the beam line's magneti
 �eld Bibe
ause of its non-vanishing velo
ity 
omponent with respe
t to the z-axis. Thisindu
es an angle θi between the longitudinal and the transversal velo
ity 
omponent.7Initial studies have been done by Hsu and Hirsh�eld 1976 and later by Beamson et al. 1980. Fora 
omprehensive overview see Kruit and Read 1983 41



3 Experimental set-upThe angular frequen
y of a parti
le's motion is given by:
ωi = qBi/m, (3.4)where q and m denote the 
harge and mass of the positron. The 
y
lotron radius is
ri = v sin θi/ωi (3.5)and the angular momentum of 
ir
ular motion is
li =

m2v2 sin2 θi

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

sin θf

sin θi
=

(

Bf

Bi

)1/2

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

1/2, (3.8)from whi
h one sees that the magneti
 �ux en
losed by the orbit is a 
onstant ofthe motion. Moreover the longitudinal 
omponent in
reases from v cos θi to
vf ‖ = v ·

[

1 − (Bf/Bi) sin2 θi

]1/2 (3.9)sin
e the total velo
ity is un
hanged due to energy 
onservation. Therefore, thepositron traje
tories are parallelised as illustrated in �gure 3.88.Te
hni
ally the desired magneti
 transition �eld is a
hieved by the installationof solenoidal 
oils around the tube 
onne
ting beam line and the experiment. Thedesign of this devi
e is adapted from the prin
iple of a Zeeman slower, introdu
edby Phillips and Met
alf 1982. Our design (see �gure 3.9) features a set of seven 
oilse
tions of 40 mm length ea
h along the beam dire
tion, whi
h are wound arounda CF63 tube. This tube is mounted over the part where beam line is �anged to themain 
hamber of the rea
tion mi
ros
ope. The 
oils themselves are made of 1.8 mmdiameter wire and 
onsist of 38 windings in the axial dire
tion and 12 (where the �eld8The e�e
t of parallelisation and unspiralling is also used in an inverse sense, 
ausing in `magneti
bottle' or `magneti
 mirror' devi
es. The same e�e
t gives rise to the trapping of ele
trons inthe earth's ionosphere.42



3.2 The rea
tion mi
ros
ope
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ulated magneti
 �eld for the transition from the beamline tothe rea
tion mi
ros
ope. The above plot shows the magneti
 �eld for the individual
oils. Figure on bottom represents the �eld gradient with (red) and without (blue)an additional 
orre
tion 
oil. (b) Measured data of the magneti
 �eld gradient inthe solenoid tube for all 
oils performed with the 
al
ulated 
urrent of 1A.is highest) to one radial layers of wire. All 
oil se
tions are 
onne
ted and suppliedby a 
urrent of 1 A. Additionally, in the entran
e part of the spe
trometer anele
trostati
 lens system for fo
ussing and de�e
ting the positron beam is installed.A blo
k of lead is also mounted in front of the ele
tron dete
tor in order to shieldthe dete
tor from annihilation radiation whi
h o

urs when positrons hit material,e.g. by the part of the beam whi
h is 
ut by an aperture. Detailed des
riptionand investigation of a similar set-up was studied in 
ourse of a diploma thesis,Spiegelhalder 2005. The performan
e of our set-up 
ompared to the simulated �eldgradient is shown in �gure 3.10(b).3.2.5 Data a
quisitionOur experiment is operated with a 
ontinuous beam of positrons instead of a pulsedbeam usually implemented in experiments performed using a rea
tion mi
ros
ope.In 
ase of a 
ontinuous beam, essential time information are lost due to the missingpulser signal. For the re
onstru
tion of the parti
les' momentum during the o�-line analysis, hen
e, it is mandatory to �nd the time origin of the ionising pro
ess.Therefore, one has to measure all three parti
les involved in the rea
tion whereall nine momentum 
omponents are measured. Be
ause of the la
k of knowledge43
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Figure 3.11: S
heme of the used data a
quisition system. Positrons and ions aredete
ted one the same dete
tor, but for better 
omprehension separated in thedrawing.for the absolute time information, here, only triple 
oin
ident events 
an be takeninto a

ount. Consequently, nothing but data sets whi
h 
orrespond to one ionisingrea
tion should be re
orded in order to get rid of all useless ba
kground data. Thedata a
quisition system whi
h applies 
onditions on the parti
les' time-of-�ights toget data sets of exa
tly one ionisation event is s
hemati
ally shown in �gure 3.11.The 
ontinuous proje
tile beam produ
es 
onse
utively events but a starting pointis required for data re
ording. Therefore, every time a parti
le hits the positron/iondete
tor or the ele
tron dete
tor, a time gate of 1µs is opened by the hit for theparti
ular dete
tor. This is done be
ause one does not know whether the s
atteredpositron or the eje
ted ele
tron arrives �rst on its dete
tor as the parti
les' time-of-�ight depend on the momentum gained in the rea
tion. If the time gates overlap,whi
h indi
ates that a 
oin
ident event between both dete
tors is registered, 14µs9later, another time window with a width of 1µs is opened for MCP signals 
omingfrom the positron/ion dete
tor. If within this time period a hit - whi
h is treatedas a ion impinged on the delay-line anode - is dete
ted, this triple 
oin
ident eventis 
hosen to be a "`true"' result of the ionisation. Otherwise theses events 
anbe dis
arded and the measurement starts again with the in
iden
e of a positron-ele
tron-
oin
iden
e. A

identally, non-
oin
ident events might be re
orded leadingto high ba
kground signals whi
h have to be eliminated during the analysis pro
edure(see 
hapter 4).When a parti
le hits a dete
tor a signal in the MCP is produ
ed by the emergedele
tron 
loud. This signal is �rst ampli�ed by a fast ampli�er (FA) and afterwards9These 14 µs 
orrespond to the lower limit for the expe
ted ion's time-of-�ight.44



3.2 The rea
tion mi
ros
opehandled by 
onstant fra
tion dis
riminator (CFD) 
onverting it to a standardisedNIM-pulse. This time information is then sent to a 
hannel of a multi-hit time-to-digital 
onverter (TDC). The position information for positrons and ions areobtained by the same hexanode. Here, the avalan
he of se
ondary ele
trons fromthe MCP deposits its 
harge on wires of the delay-line anode. These pulses aredispat
hed to di�erential ampli�ers (DA) and subsequently to CFDs. Those signals
ontaining the position informations from the hexanode are fed dire
tly to the TDC.The ele
trons' position information is obtained not by a hexanode but by a wedge-and-strip dete
tor. The three signals gained by the three ele
trodes are �rst sent to a
harge ampli�er (CA) whi
h provides a voltage proportional to 
harge at the input.These signals are further treated in an amplitude-to-digital 
onverter (ADC). TheTDC and ADC are 
ontrolled by a VME bus system whi
h delivers the a
quired datafrom both dete
tors via a MBS stream sever to a 
omputer. This VME 
ontrolleris triggered by the valid 
oin
iden
e in order to re
ord all times sin
e the beginningof the parti
ular event. Otherwise the memory is 
lear after a 
ertain time frame.

45





4 Data analysisThis 
hapter des
ribes the signal and data pro
essing until the 
omplete momentumve
tors for all three parti
les are obtained. The main analysis routine is performedautomati
ally by the program presented in se
tion 4.1. Therefore, the signals fromthe dete
tors have to be read out and 
onverted into position and time information(se
tion 4.2). Using this information, the momentum of ea
h fragment is 
al
ulated(se
tion 4.3). Sin
e our experiment is delivered by a 
ontinuous proje
tile beam, therea
tions' time origin has to be found. The applied method for its re
onstru
tion isthen introdu
ed in se
tion 4.4 whi
h leads �nally to fully di�erential 
ross se
tions.Furthermore, the presented approa
h for a 
ontinuous proje
tile beam has beenvalidated by the employment of a ben
hmark test using data of a former ele
tronimpa
t experiment (se
tion 4.4.4). Additionally, the a

eptan
e and resolution ofthe experimental set-up are 
onsidered and dis
ussed (se
tion 4.5).4.1 Data pro
essing and diagnosti
sIn a 
onventional (e,2e) spe
trometer for this kind of experiments the fully di�er-ential 
ross se
tion (FDCS) is dire
tly proportional to the 
oin
iden
e 
ount rate oftwo ele
trostati
 ele
tron ele
tron spe
trometers positioned under parti
ular angleswhi
h in the 
ourse of the measurement are s
anned (
ompare �gure 2.3). In 
on-trast, with a rea
tion mi
ros
ope FDCS's are not a

essible instantaneously. Usinga rea
tion mi
ros
ope, �rst all measured data representing ea
h parti
le's positionand time are 
olle
ted and later re
onstru
ted during o�-line analysis. Therefore,beside the experimental exe
ution, in the same way 
onsiderable e�ort has to beput into 
omputer based data evaluation. In order to handle the huge amount dataevents a

umulated during the beam time, a 
ustom-built program is used.Brie�y, the 
omputer-aided system depends on two main platforms: The ROOTenvironment whi
h is an obje
t-oriented program (OOP) and library written in C++and developed by CERN (see Brun and Rademakers 1997). Self-built software toanalyse a great number of data sets in a very e�
ient way 
an be developed withROOT. The se
ond tool is an other obje
t-oriented C++-framework 
alled Go4 (seeAdam
zewski et al. 2004) whi
h uses ROOT as base layer, but additionally extendedby a graphi
al user interfa
e. Programs implemented with ROOT and Go4 
an beapplied for both real-time monitoring during the experiment and the data analysisafterwards. 47



4 Data analysis
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(b)Figure 4.1: (a) Parti
ular planes used in s
attering studies. (b) Details on the
oordinates u, v,w of the hexanode and the spatial Cartesian 
oordinates x, y.The 
ustom-made appli
ation used in this work and espe
ially designed for ex-periments with a rea
tion mi
ros
ope is the `Grand uni�Ed rea
tioN mi
ros
opEsouR
e Code', abbreviated GENERiC. GENERiC was introdu
ed initially in Sen-ftleben 2009 where a more detailed review is given. Summarily , the GENERiCanalysis program is split into three steps whi
h 
an be operated sequently or sepa-rately where the output of the previous step serves as input for the following one. Atthe beginning, the TDC raw data are fed into the �rst step - the Unpa
k step - eitherdire
tly from the experiment via the MBS stream server or from re
orded data �les.Here, the untreated data are 
onverted into proper position and time-of-�ight infor-mations (see4.2) and sent to the Analysis step. As result of the Analysis phase,three dimensional momentum ve
tors for ea
h parti
le are obtained. The methodsused to 
al
ulate the momenta, espe
ially the parts whi
h are devised during thiswork, are further des
ribed in se
tion 4.3. The momentum 
omponents are storedas ve
tor in 
ylindri
al 
oordinates, leading to pz, pr and φ. Thus, the fragments'momenta 
an be transformed into any required 
oordinate system. In the �nal FDCSstep the momentum data are 
onverted into fully di�erential 
ross se
tions whi
h
an be examined then in di�erent planes (
ompare �gure 4.1(a)). The de�nitionand detailed des
ription of the various planes are given in se
tion 4.5 of Senftleben2009 and therefore omitted here. Moreover, GENERiC features more useful tools,su
h as easy 
on�guration during run time, spe
ial export s
ripts for histograms,implementation of abstra
tion 
on
epts typi
al for OOP and many more1. In order1Again, the 
omprehensive study 
on
erning GENERiC in Senftleben 2009 is re
ommended.48



4.2 Conversion of the dete
tors' signalsto sort out useless data or to �lter ba
kground noise from 
orre
t signals, a range of
onditions 
an be applied in the GENERiC 
ode. This feature was very bene�
ialin a way that a lot of ba
kground signals 
ould be suppressed and triple 
oin
identevents sele
ted whi
h was ne
essary for further data handling. In 
hapter 5 we gointo detail regarding this aspe
t.4.2 Conversion of the dete
tors' signalsAs a �rst step, the raw data from both dete
tors, the hexanode and the wedge-and-strip dete
tor, have to be transformed into position information for further dataanalysis. The di�erent ways for the hexanode and the WSA are explained brie�y inthe following subse
tions.4.2.1 Position de
oding for the delay-line dete
torWhen a parti
le impinges on the hexanode dete
tor this event has to 
ontain at leastone MCP signal and two pairs of signals from the delay-line wires in order to be ableto gain position and time information for this hit. The hexanode tends to deliverfalse or in
omplete data sets whi
h leads to loss of data. Due to fa
tors like thelow beam intensity and the restri
ted beam time 
ompared to an ele
tron impa
texperiments, it is important for positron impa
t measurements to obtain as mu
hevents as possible to a
hieve the statisti
al signi�
an
e, espe
ially for FDCS. There-fore, valid events have to be �ltered out and in
orre
t ones should be re
onstru
tedwhere possible.For a hexanode, in a �rst step, a 
he
k on the 
ondition for the time-sum tsum isapplied. It is based on the fa
t that tsum is 
onstant for ea
h layer:
tsum := t1 + t2 − 2 · t0 !

= const. (4.1)where t1 and t2 are the arrival times of the delay-line signal at ea
h end of the wireand t0 is the time when the parti
le is registered by the MCP. This 
ondition 
ountsglobally for all hits independent of the parti
le's time-of-�ight whi
h is ne
essary forour experiment sin
e no absolute times are available at this stage of the analysis.Hen
e, only those events whi
h ful�l this 
ondition are 
onsidered to be valid andpro
essed further. In addition, the fa
t of the 
onstant time-sum is used to re
on-stru
t signals that have not been re
orded properly 
aused by ba
kground signals orsignals re
orded in a wrong order. Furthermore, missing signals either on the MCPor on one end of a delay-line wire 
an be re
onstru
ted during the Unpa
k step ofthe program. The 
onsequen
e of the applied, sophisti
ated re
onstru
tion routineshave been studied extensively in Dürr 2006.In order to retrieve the (x,y)-value for an in
ident, one has to take in to a

ount the49



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

yuv =
1√
3
· u− 2√

3
· v

xuw = u

yuw = − 1√
3
· u− 2√

3
· w

xvw = v − w

yvw = − 1√
3
· (v + w).

(4.2)
The �nal (x,y)-values are 
al
ulated by the 
ombination of the position informationfrom equation 4.2 leading to the lo
alisation of the positrons' and ions' impa
tposition on the dete
tor.4.2.2 Position de
oding for the wedge-and-strip dete
torIn 
ontrast to a delay-line anode based dete
tor, the position information of a de-te
tor using a wedge-and-strip anode 
an be re
eived with a less demanding readout system and analysing routines. In this 
ase, the position of the Cartesian 
o-ordinates x and y 
an be 
al
ulated from the 
harge ratios between the di�erentele
trode segments of the WSA. The dependen
ies of 
oordinates and 
harges arealready given in equation 3.3. The position resolution is dire
tly proportional to thea
hieved signal to noise ratios. Indeed, s
ale fa
tors are also applied to 
alibratethe generated image to the physi
al size of the dete
tor. Further improvements 
anbe a
hieved by the appli
ation of the so-
alled 
ross talk 
ompensation algorithm2whi
h results in a 
omfortable position de
oding and round and linear image.4.3 Momentum re
onstru
tionUsing a rea
tion mi
ros
ope, the 
omplete kinemati
 information of the ionisationpro
ess 
an be obtained. But so far, we have only the parti
les' position on thedete
tors (x,y) and time-of-�ight t. The way how the individual three-dimensional2The 
ross talk routine has been implemented a

ording to RoentDek 2002.50



4.3 Momentum re
onstru
tion

Figure 4.2: Geometry of the momentum 
omponents in respe
t to the Cartesian
oordinate system introdu
ed in �gure 3.4.momentum ve
tors ~p of ea
h fragment is re
onstru
ted with the informations pro-vided by the rea
tion mi
ros
ope is des
ribed in this se
tion. However, the ab-solute time-of-�ights have to be known for the �nding of the 
orre
t momentum.As mentioned earlier, the absolute time-of-�ight is not a

essible apparently for anexperiment using a low energeti
 
ontinuous beam instead of a pulsed one. For a
ontinuous beam also the time origin of the rea
tion has to be re
onstru
ted whi
hthen provides an absolute time s
ale. As this is one of the main purposes of thiswork, the method of �nding the absolute times is dis
ussed separately in more detailin se
tion 4.4. Hen
e, in the following it is assumed that a 
orre
t time-of-�ight forea
h parti
le is already retrieved.The re
onstru
ted 
omplete momentum ve
tors are expressed in 
ylindri
al 
oor-dinates sin
e the spe
trometer and the dete
tion set-up implies 
ylindri
al symmetry(
ompare �gure 3.4). The situation is visualised in �gure 4.2. Therefore, the lon-gitudinal momentum 
omponent is represented by pz, while the azimuthal angle isdenoted as φ := arctan(px/py) and the radial 
omponent is given by pr :=
√

px2 + py2. The parti
les' longitudinal movement along the z-axis is in�uen
ed only by theapplied ele
tri
 �eld in the spe
trometer in 
ontrast to the transverse motion whi
his only a�e
ted by the magneti
 �eld. The following 
onsiderations are appropriatefor all kind of parti
les evolved in the fragmentation pro
ess.4.3.1 Longitudinal momentumA parti
le's time-of-�ight from the intera
tion volume to the dete
tor along the z-axis of the spe
trometer 
an be derived simply from Newton's equation of motion(see Fis
her 2000). Taking into a

ount the geometry of the spe
trometer with thea

eleration length la where the ele
tri
 potential U is applied and the drift length
ld, the time-of-�ight for a parti
le with mass m, 
harge q and an initial longitudinal51



4 Data analysis

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

(

2la
√

pz2 + 2mqU ± pz
+

ld
√

pz2 + 2mqU

)

, (4.3)where the �+� sign is used when the parti
le is a

elerated in +z-dire
tion and �−�otherwise. The produ
t qU is positive for both positively and negatively 
hargedfragments.There exists no analyti
 inverse fun
tion for equation 4.3 , therefore, a numeri
alapproa
h has to be employed to �nd the initial longitudinal momentum pz for ameasured time-of-�ight t. For ea
h parti
le this is done using Newton's method3 to�nd a root of the fun
tion f(pz) = R(pz)−t where R(pz) denotes the right-hand sideof equation 4.3. For the parti
ular 
ase of a parti
le's momentum re
onstru
tiona summary of the numeri
al details and its implementation in GENERiC 
an befound in appendix B of Senftleben 2009. In there, it is also demonstrated that dueto the stri
t monotoni
ity of f(pz) the right value of pz is always gathered from thealgorithm4.4.3.2 Transverse momentumWith its time-of-�ight and position information also ea
h parti
le's transverse mo-mentum 
an be 
al
ulated. Here, one takes advantage on the fa
t that the 
hargedfragments are for
ed onto a 
y
lotron motion while travelling to the dete
tors. This
y
li
 traje
tory results from the magneti
 �eld Bz applied in parallel to the spe
-trometer axis while its revolution's frequen
y is given by
ωc =

|q|Bz

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



4.4 Re
onstru
tion of the rea
tion's time originIts radius Rc depends only on the initial momentum pr =
√

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

pr

ωc
. (4.5)As illustrated in �gure 4.3, Rc is not a

essible dire
tly through measurement, in-stead, the observables whi
h 
an be pro
essed are the radius r on the dete
tor andthe angle α. It is given by α = ωc · t spe
ifying the angle between the start pointand the �nal position on the dete
tor of the parti
le's way through the spe
trom-eter proje
ted on the xy-plane of the traje
tory. Using these two observables, the
y
lotron radius 
an be derived from the following equation:

Rc =
r

2|sin(α
2
)| , (4.6)whi
h allows to 
al
ulate the magnitude of the transverse momentum with equation4.5

pr =
r ·m · ωc

2|sin(ωct
2

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

φ = ϑ± ωct (mod 2π)

2
(4.8)where ϑ is the polar angle in the dete
tor plane. In our set-up, positively 
hargedfragments take a 
lo
kwise turn, therefore the �+�-sign is used. A

ordingly, parti
leswith a negative 
harge move anti-
lo
kwise and the �−�-sign has to be applied inorder to retrieve ϑ.4.4 Re
onstru
tion of the rea
tion's time originWhile the time-of-�ight measurement normally requires a pulsed proje
tile beamand a syn
hronous train of time-marker signals, su
h a pulsed beam is not appliedin the present experiment with the positrons from the NEPOMUC fa
ility. It isnot feasible as using a pulser would de
rease the already quite low rea
tion rateeven more. Therefore, we have to 
ome to terms with a 
ontinuous �ux of positronsduring the limited beam time at FRM-II in order to 
olle
t enough event 
ountsfor statisti
ally meaningful 
ross se
tions. Therefore, we have to deal with thedisadvantage that the absen
e of a pulser signal su�ers the loss of an absolute time.5Equation 4.7 is valid for all kind of parti
les as demonstrated in Senftleben 2009, p 58 53



4 Data analysisIn the present experiment the full kinemati
s have to be obtained using the re-dundant information from the dete
tion of all 
ontinuum parti
les in 
ombinationwith their relative time di�eren
es and momentum 
onservation. For the re
on-stru
tion of the parti
le's initial momentum as des
ribed in the previous se
tion 4.3it is su�
ient to know the point in time when the pro
ess of ionisation took pla
e.In 
ommon (e,2e)-experiments with a pulsed ele
tron beam, the time origin 
an bedetermined taking advantage of the wiggle-stru
ture whi
h appears when the radius
r of the ele
trons is plotted against their total time-of-�ight ttotal starting from thelast proje
tile pulse until the in
iden
e on the dete
tor6 (
ompare �gure 4.8). Butsin
e this feature is not available in our experiment, a di�erent approa
h has to betaken into a

ount to �nd the parti
les' time-of-�ight.4.4.1 Method used for a 
ontinuous beamDue to the missing pulser signal there is a la
k of a de�ned start point for themeasurement, but with the applied data a
quisition system we are able to obtain thetime di�eren
e ∆t between the various hits on the dete
tors. These will be identi�edby subs
ript indi
es, e.g. ∆te−ion = te− − tion represents the time di�eren
e betweenthe impingement of the ele
tron on the dete
tor and the dete
tion of the ion's impa
t.With the use of ∆te+ion and ∆te+e− only the positron's time te+ from the 
ollisionto the dete
tor is undetermined. Sin
e the ele
tron's and ion's time-of-�ight 
an be
al
ulated with their time referen
es to the positrons' dete
tion: te− = ∆te+e− + te+ ,
tion = ∆te+ion + tion. Comparable to the 
al
ulation of the parti
les' individuallongitudinal momenta, the positron's time-of-�ight is re
onstru
ted using Newton'smethod but in a di�erent approa
h.Considering an ionisation event as given in expression 2.3, there are three parti
lesin the 
ontinuum: the s
attered positron, the ele
tron eje
ted from the atom and theresidual ion. Due to momentum 
onservation, the sum of all �nal state momentumve
tors ~psum has to be equal to the initial proje
tile momentum ~p0 = (0, 0, pz

0):
~psum = ~pe+ + ~pe− + ~pion

!
= ~p0. (4.9)Furthermore, the relative time di�eren
es when these fragments are dete
ted isknown. Thus, all longitudinal momenta 
an be written as a fun
tion7 of the positron'stime-of-�ight te+ : pz

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

ion = f(te+ + ∆te+ion)sin
e te− = te+ + ∆te+e− and tion = te+ + ∆te+ion. The subs
ript denotes whi
hparti
le is regarded and the time intervals ∆te+e− and ∆te+ion are given for a 
er-tain rea
tion. Finally, the sum of all longitudinal momenta in the �nal state psum6Refer to Senftleben 2009, p 56 for a detailed des
ription of this pro
edure.7This fun
tion is indeed the inverse fun
tion of t(pz) (see equation 4.3), sin
e pz 
an be expressedas fun
tion t a

ordingly.54
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Figure 4.4: f(te+) plotted over the desired momentum range while ∆te+e− and
∆te+ion represent some typi
al values for these time di�eren
es.depends on the time whi
h takes the positron to travel from the rea
tion point tothe dete
tor.Through the alignment of the proje
tile beam along the spe
trometer axis, thetransverse momenta of the three parti
les involved in the rea
tion are balan
edresulting in a vanishing net transverse momentum. Thus, only the longitudinalmomenta have to be regarded:

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

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

!
= pz

0 (4.10)Sin
e the momentum in z-dire
tion for ea
h fragment 
an be obtained as des
ribedin se
tion 4.3.1 and sin
e the sum of all parti
les' momenta in the �nal state mustbe equal to the proje
tile's initial momentum, the �nding of te+ is redu
ed to thedetermination of the root of the following expression:
f(te+) = pz

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

(k)
e+ −

f
(

t
(k)
e+

)

f ′
(

t
(k)

e+

) . (4.12)This algorithm should 
onverge to the wanted time-of-�ight for the s
attered55



4 Data analysispositron, but the 
onvergen
e is not guaranteed in general. Furthermore, the be-haviour of this iteration has to be veri�ed for the spe
i�
 terms of our 
ase. Asillustrated in �gure 4.4 for a parti
ular 
ase of ∆te+e− and ∆te+ion , f(te+) is stri
tlymonotoni
 over the 
onsidered time interval for the momentum range relevant forthe experiment. Hen
e, there is only one root whi
h represents the solution to ourproblem . The iteration is aborted when either the value of the 
urrent fun
tion
|f(t

(k)
e+ )| or the di�eren
e between two 
onse
utive points |t(k+1)

e+ − t
(k)
e+ | is arrivingbelow a preset threshold. Within the implemented 
ode also a limit to the numberof iteration steps is set as further break 
ondition in order to prevent the algorithmfrom the possibility of not stopping. The a
tual implementation is dis
ussed in theappendix A.2 where also the developed C++ 
ode in GENERiC is shown (see listingA.1).4.4.2 Obtaining the momentum sum and its derivativeAs one 
an see in equation 4.12, the knowledge of the �nal momentum sum andits derivative is imperative. The sum of the three parti
les' longitudinal momentain the �nal state is gained by the numeri
al approa
h des
ribed in se
tion 4.3.1.However, in order to get the derivative of this fun
tion for ea
h fragment, we needto know the inverse fun
tion to equation 4.3. But as already mentioned, there is noanalyti
 way to retrieve the inverse, so di�erent approximative approa
hes have tobe used.Due to the ion's higher mass8 and the resulting small kineti
 energy 
ompared toits energy gained by the ele
tri
 potential of the spe
trometer, equation 4.3 
an beapproximated by a Taylor expansion around t(pz = 0). While negle
ting terms ofhigher order, the expansions �nally delivers:

t(pz)|pz=0 ≃
la+ + ld+

2

√

2mi

qiUi
− la+

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

pz
ion(te+) =

qiUi

la+

·
(

la+ + ld+

2

√

2mi

qiUi

− (te+ +∆te+ion)

)

, (4.14)where it only depends on the positron's time-of-�ight. Then, the derivative of pz
ionwith respe
t to te+ is given by following 
onstant:

d pz
ion

dte+
= −qiUi

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



4.4 Re
onstru
tion of the rea
tion's time originThe situation for the lighter fragments, namely the s
attered positron and thereje
ted ele
tron, is more 
ompli
ated as equation 4.3 
an no longer be approximatedsu�
iently by a linear fun
tion. Instead the longitudinal momentum for both leptons
an be extra
ted using a approximative formula. Therefore, two substitutions haveto be done
Te :=

te
√
qeUe

la
√

2me

, X2
e :=

pz
e
2

2meqeUe

, (4.16)here the subs
ript �e� stands for either the ele
tron or its antiparti
le, the positron.In order to set these substitutions, we have to assume that ld = 2 · la whi
h is ful�lledin our 
ase. As result of the transformation, equation 4.3 now reads:
Te =

1
√

1 +Xe
2 +Xe

+
1

√

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

Xe = Ae +
Be

Te

+ Ce · Te +De · sin(Te) (4.18)whereas the 
onstant parameters Ae, Be, Ce and De are determined for the positronand the ele
tron respe
tively by �tting this fun
tion9. In our 
ase, the �t leads tofollowing values: Ae+ = −0.051, Be+ = 1.601, Ce+ = −0.430 and De+ = 0.378 forthe positrons and Ae− = 0.095, Be− = −1.533, Ce− = 0.462 and De− = −0.307for the ele
trons. With equations 4.16 and 4.18 the longitudinal momentum for thepositron and the ele
tron 
an be written
pz

e = Xe ·
√

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

d pz
e

dte
(te) = 2me κe ·

(

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

, (4.20)where the abbreviation κe =
√

(qeUe)/(2me) is applied.Finally, with the derivatives of the longitudinal momenta of all fragments thederivative needed in equation 4.12 is a

essible and 
an expressed as
f ′
(

t
(k)
e+

)

= −
(

d pz
e−

dte+

(

t
(k)
e+

)

+
d pz

e+

dte+

(

t
(k)
e+

)

+
d pz

eion

dte+

(

t
(k)
e+

)

)

, (4.21)where the �−� sign 
omes from the 
onvention that the momentum sum is subtra
ted9The �tting is done using the least-square �t algorithm of gnuplot, e.g. see Kelley 2007 or Janert2007. A 
on
ise referen
e of non-linear least-square �ts is given in Press 2007, 
hapter 15. 57



4 Data analysis
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ion [ns](b)Figure 4.5: Time di�eren
e spe
tra: (a) ∆te+ion (b) ∆te−ion. The red lines show thespe
tra of the raw data; the blue lines are used for the spe
tra with the 
onditionon the ion's position.from the proje
tile momentum in equation 4.11. Now, using this method, it ispossible to retrieve an absolute time for ea
h rea
tion with the knowledge of theinitial proje
tile momentum and the time di�eren
e between the fragments.4.4.3 Triple 
oin
ident eventsAn event, 
oming from the data a
quisition system, should be a result of an ionisa-tion rea
tion a

ording to equation 2.3, where the three fragments are dete
ted in
oin
iden
e. However, due to the very high signal rates on both dete
tors 
ausedby annihilation radiation, we get high ba
kground signals on our dete
tors. Thisleads to a huge amount on events whi
h do not originate from ionisation but 
ausedby false hits when the time gates for data a
quisition are opened (see also se
tion3.2.5). For further data analysis, one has to get rid of all those false events andidentify triple 
oin
ident events whi
h originate from an ionisation pro
ess.In the time di�eren
e spe
tra where the time di�eren
e between the positron andthe ion hit on the dete
tor ∆te+ion and time di�eren
e between the ele
tron andthe ion impa
t on the dete
tor ∆te−ion, peaks o

ur whi
h indi
ate a 
orrelationbetween the hits (
ompare �gure 4.5). In these histograms, the high ba
kgroundsignals are visible. If we now sele
t events whi
h are registered within a small timewindow around the peaks in the time di�eren
e spe
tra (shaded grey in the �gures4.5) and plot the position of the ions for this spe
i�
 event, we re
eive the positionpi
ture shown in �gure 4.6(b). Compared to the dete
tor pi
ture without these
onditions applied (�gure 4.6(a)), one 
an 
learly identify the impa
t area of theions on the dete
tor after the elimination of the ba
kground. The ion's spot is58
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(b)Figure 4.6: The ion's position. (a) raw data for the se
ond hit on the positron/iondete
tor (b) with 
ondition on time di�eren
e. The red framed area shows the eventssele
ted for further pro
essing.expanded in y-dire
tion resulting from the initial momentum downwards gained bythe supersoni
 expansion whi
h adds also to the worse resolution in this dire
tion
ompared to x-dire
tion. Only those events whose ions are lo
ated within the spotunder the dete
tor's hole are used for further analysis and these are treated as triple
oin
ident events (
ompare �gure 4.6(b)) generated in the ionisation pro
ess. In�gure 4.5, the time di�eren
e spe
tra are plotted for these "`true"' events in bluewhere again the de
rease in ba
kground signals is illustrated. Finally, the positrons'time-of-�ight whi
h was re
onstru
ted using the above des
ribed method is shownin �gure 4.7.4.4.4 Ben
hmark test using (e,2e)-dataDue to the fa
t that we 
ould not proof that the above des
ribed approa
h is 
orre
tand delivers appropriate results for our positron data re
orded at NEPOMUC, wetransferred the method of �nding the rea
tion's time origin to data already obtainedthrough ele
tron impa
t experiments. Hen
e, we are able to 
ompare results of adata set10 analysed by two di�erent way: on one hand the former, 
ommon usedmethod of analysis and on the other hand the approa
h des
ribed in this work for aexperiment where only time di�eren
es are known. Sin
e the amount of data usedfor this ben
hmark test is larger then the relevant data 
olle
ted during the beamtime in Muni
h, analysing these (e,2e)-data is statisti
ally mu
h more signi�
ant.10Data from a former experiment of ele
tron s
attering on helium with an impa
t energy of 100eVare used. 59



4 Data analysis
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t [ns]Figure 4.7: The re
onstru
ted time-of-�ight te+ of the positrons.In order to be able to transfer the results of a former (e,2e)-experiment performedwith a pulsed beam to the analysis pro
edure for a 
ontinuous beam, we only usedthe time di�eren
e informations for the three parti
les - here, two ele
trons andone ion - and dis
arded the pro�table information of an absolute time gained bythe pulser. The regular way of data analysis for a (e,2e)-data set still requiresa lot of 
alibration e�ort until one gets �nally the fully di�erential 
ross se
tions.Despite of the knowledge of an absolute time, plenty of 
alibration work has to bedone taking advantage of momentum and energy 
onservation. With the 
alibrationpro
edure, one bypasses the ignoran
e of the spe
trometer's exa
t geometry andthe e�e
tive �elds within the apparatus. A 
omprehensive des
riptions of �ndingFDCS for 
ommon performed ele
tron impa
t experiments is given in Dürr 2006and Senftleben 2009. Here, one also uses parameters whi
h allow to shift and s
aletimes and momenta until they �t the requirements of the 
onversation laws withoutthe exa
t knowledge of the situation in the spe
trometer. But these s
ale andshift fa
tors are obsolete in our 
ase of a 
ontinuous beam having this la
k in timeinformation. Sin
e it is impossible to determine all 
riteria whi
h are involved, su
has the applied �elds, the length for the drift region, the position of the dete
tors,et
., we rely on parameters whi
h 
an be adapted until both way of data analysisagree. Therefore, the variation of a

eleration length and drift length is exe
utedleading to e�e
tive values for those.In 
on
lusion, we 
an say that results obtained by the 
ommon method 
ouldbe reprodu
ed with the approa
h introdu
ed in se
tion 4.4.1 (
ompare �gures 4.8and 4.9 for some exemplary distributions). Thereby, we additionally gained a betterunderstanding of the working prin
iple for the des
ribed way to re
onstru
t a missingtime origin of an ionising rea
tion. Furthermore, we 
ould point out that it isne
essary for further positron experiments to predetermine the geometry for theused set-up a

urately in order to identify the e�e
tive a

eleration and drift length.60



4.4 Re
onstru
tion of the rea
tion's time origin

 5

 10

 15

 20

 25

 30

 35

 0  1  2  3  4  5  6  7

r e
-  
[m

m
]

te-/Tc

ar
b
. 
u
n
it
s

(a)  5

 10

 15

 20

 25

 30

 35

 0  1  2  3  4  5  6  7

r e
-  
[m

m
]

te-/Tc

ar
b
. 
u
n
it
s

(b)Figure 4.8: The dete
ted radial position r of the ele
tron in
iden
e against themoved portion of the ele
trons 
y
lotron traje
tory for the (e,2e)-ben
hmark test.(a) Analysed by the method introdu
ed in this work, (b) analysed in the 
ommonway.
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(b)Figure 4.9: Energy sum against the individual longitudinal momenta of the �nal sateele
trons (1) and (2) for the (e,2e)-ben
hmark test. (a) Analysed by the methodintrodu
ed in this work, (b) analysed in the 
ommon way.
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4 Data analysis
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z(b)Figure 4.10: Comparison of (a) the energy sum, (b) the �rst ele
tron's longitudinalmomentum. Both histograms made for the (e,2e)-ben
hmark test data. The redlines indi
ate the result obtained by the approa
h introdu
ed in this work and theblue lines are used for the results analysed with 
ommon way.4.5 Performan
e: a

eptan
e and resolutionFor a rea
tion mi
ros
ope the a

eptan
e is de�ned by the ranges of solid angleand energy that 
an be dete
ted. Due to the di�erent mass and energy, the detailshave to be 
onsidered separately for the lighter parti
les, namely the positron andthe ele
tron, and the heavier ion. If a statement is given whi
h 
an be applied forpositrons as well as for ele
tron, we a

ent it with e as subs
ript. Whereas the par-ti
les' spe
i�
ation e+ and e− are used if the two leptons have to be distinguished.Despite of the low statisti
al signi�
an
e resulting from the insu�
ient data setgained in the experiment in Muni
h, the way of obtaining the spe
trometers' reso-lution is presented and in the 
ase of signi�
ant results and reliable limits, they aregiven.4.5.1 A

eptan
eThe momentum a

eptan
e in longitudinal dire
tion for all three fragments is limitedby the a

eleration voltage U whi
h is applied on the side of the spe
trometeropposite to that where the parti
le is dete
ted. Thus, only those 
annot be measuredthat have a large ba
kward momentum and 
an over
ome this potential. Hen
e,positrons and ions with pz > −
√

2m|qU | and all ele
trons with pz >
√

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

e− < 2.26 a.u. for ele
tronsand pz
ion > −88.04 a.u. for the ions.In transverse dire
tion the a

eptan
e for the two leptoni
 fragments is mainly62
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(b)Figure 4.11: (a) Position of the ions on the dete
tor with 
onditions on the timedi�eren
e spe
tra. The 
entre of mass for the ions' in
iden
e spot is shifted down-wards be
ause of the initial momentum in +y-dire
tion introdu
ed by the jet. (b)Dete
ted momentum spa
e for the ele
trons. Areas with no a

eptan
e are shaded.governed by the by the size of the MCPs and their holes in the 
entre. Sin
ethe radial extension of their traje
tories is 
on�ned by the magneti
 �eld (
ompare�gure 4.3), the dete
tion is restri
ted within a 
ertain range. Therefore, the minimal(maximal) transverse momentum for positrons and ele
trons 
an be 
al
ulated byhalf the radius of ea
h dete
tors' hole (of ea
h MCP) using equation 4.6:
pr

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

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

e+,max = 0.96 a.u. forthe positrons, respe
tively. Furthermore, the a

eptan
e is a�e
ted by the 
y
lotronmotion whi
h for
es all parti
les to return onto the spe
trometer axis when theirtime-of-�ight is an integer multiple of the 
y
lotron period Tc. As 
onsequen
e, if
te = n ·Tc, n ∈ N is ful�lled for the time-of-�ight, these parti
les 
annot be dete
tedbe
ause of the hole in the dete
tor. This behaviour is also responsible for the typi
alwiggle stru
ture, as e.g. shown in �gure 4.8 for the ele
trons in the ben
hmark test.In order to over
ame this drawba
k, the gaps in the a

eptan
e 
ould be �lled byperforming the experiment for a spe
i�
 kind of target with di�erent voltages11.Subsequently, during the o�-line analysis, these independent measurements have to11The 
ombination of several measurement runs has been introdu
ed in Dürr 2006 63



4 Data analysisbe 
ombined to 
over the 
omplete momentum spa
e. Due to the limited beam timeand the prototype 
hara
ter of the positron experiment at NEPOMUC fa
ility, itwas impossible to run the experiment with three di�erent voltages. This te
hniquewill be applied possibly in future measurements to improve the resulting data.In order to determine the transverse momentum for the ions, the magneti
 �eld 
anbe negle
ted, be
ause the heavy ion does perform less than one 
y
lotron revolution.The minimal and maximal transverse momentum 
omponent 
an be estimated to
pr

ion,min(max) = rmin(max) ·
mi

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

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

ion,min(max) = rmin(max)

√
2miqiUi

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

pion,max = 9.8 a.u. and minimal transverse momentum pion,max = 2.0 a.u.. But thea

eptan
e region for the ions is shifted by mi · vjet = 3.6 a.u. in +y-dire
tion asthe ions obtain an initial momentum in from the gas jet (see �gure 4.11(a)). Thisinitial shift 
auses that ions with zero momentum in transverse dire
tion - normallyhitting the hole - are guided onto the dete
tor and all ions with pr
ion < 7.6 a.u. 
an bedete
ted. This applies essentially for all ions produ
ed in the fragmentation pro
ess.4.5.2 ResolutionThe spe
trometers' momentum resolution is in�uen
ed by a 
ouple of parameters.How well do we know the values for the a

eleration distan
es la+ and la−, the driftlengths ld+ and ld−, the a

eleration voltages Ue+ = Ui and Ue− and the magneti
�eld B ? There are many un
ertainties whi
h 
ould not be eliminated, su
h as thegradient, the real strength or lensing e�e
ts of the applied �elds or the exa
t geome-try of the spe
trometer. As already mentioned, in 
ommon (e,2e)-experiments with apulsed beam, these fa
tors 
an be determined by a spe
i�
 
alibration pro
ess usingadditional s
aling and shifting quantities. However, in 
ontinuous beam experimentwith a la
k of an absolute time, one su�ers the loss of one free parameter whi
h hasto be re
onstru
ted in our 
ase. For example, the magnitude of the magneti
 �eld

B is a

essible easily for the 
ommon pro
edure by evaluating the wiggle stru
turein the time-of-�ight spe
trum (
ompare �gure 4.8). Here, having a 
ontinuous �owof proje
tiles, the value for B 
annot be found dire
tly, thus we have to enter thisquantity as input and obtain the rea
tions' time origin by the method des
ribed64
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eptan
e and resolution
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Figure 4.12: Energy sum of the parti
les in the �nal state for positron impa
tionisation of helium. The arrow indi
ates the energy Eprojectile − Vionisation where
Eprojectile is the energy of the in
oming proje
tile and Vionisation denotes the thresholdenergy of ionisation.above. As demonstrated in se
tion 4.4.4 the introdu
ed approa
h works reliable ifall quantities are given. For the ben
hmark test, we �rst analysed the data in the
ommon approa
h and then took advantage of the gained knowledge using it asinput for the new way of analysis. Doubtless, this way was used for demonstrationpurpose but 
ould not be applied for the data of the positron experiment. In orderto over
ome un
ertainties of the input parameter, we have to investigate other waysof 
alibration whi
h are dis
ussed later. Furthermore, we have to take into a

ountthat the momentum of the ion with its large un
ertainty 
ontributes dire
tly in the
al
ulation of the positrons' time-of-�ight (see equations 4.10 - 4.12).As we do not have any 
omparison measurement whereof the unknown parameter
ould be obtained, we have to make some assumptions in order to perform theanalysis of the positron data 
olle
ted at NEPOMUC. Hen
e, we have to adapt thea

eleration and drift lengths - our modi�able parameters - in a way that energy
onservation is ful�lled (
ompare �gure 4.10(a)). Sin
e for single ionisation of anatom the initial energy E0 is shared among the s
attered positron and the reje
tedele
tron

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



4 Data analysisground state of He+ - this is the ionisation potential Q = Vionisation = 24.6 eV. Aproper 
alibration for our free parameters 
ould be found when the energy sum isindependent of transverse and longitudinal momentum of both individual parti
les.This 
an be seen in �gure 4.9 for the (e,2e)-data used in the ben
hmark test, but no
lear eviden
e 
an be made for the positron experiment be
ause of the poor amountof data. Therefore, the un
ertainties and errors are also given by the full widthat half maximum of an assumed Gaussian distribution 
entred around the obtainedvalue. A detailed 
onsideration of the resolution for our rea
tion mi
ros
ope is madein Senftleben 2009. In there, the error 
al
ulation for the momenta is derived that
ould be adapted to our 
ase but is omitted here.Hen
e, the FWHM resolution delivers following errors:� energy sum (see �gure 4.12): δEsum = 12.7eV� positron: δpx
e+ = 0.39 a.u., δpy

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

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

ion = 1.16a.u.The obtained results in this work are re
onstru
ted with an e�e
tive a

elerationlength of la+,eff = 81.65 mm and la−,eff = 116.41 mm and the drift lengths of
ld+,eff = 178.40 mm and ld−,eff = 247.31 mm for the assumptions explained above.
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5 ResultsIn the 
ourse of this work a kinemati
ally 
omplete measurement on positron impa
tionization of helium by an proje
tile energy of 80 eV was performed during 14 daysof beamtime at the NEPOMUC fa
ility. It was possible to demonstrate that triple-
oin
ident measurements of the s
attered positron and the atomi
 fragments, oneele
tron and the ion, are feasible. Despite an unexpe
ted low positron beam 
urrentin the target and bad beam quality due to its large diameter in total about 700 eventswere obtained where we 
ould re
onstru
t the momentum ve
tors of all parti
lesin the �nal state. As result a number of partially integrated 
ross se
tions 
an bepresented and we are able to dis
uss some aspe
ts of the observed ionization pro
ess.
5.1 Proje
tile beam propertiesAs already mentioned in the se
tion of the positron sour
e (se
tion 3.1), the NEPO-MUC fa
ility delivers a positron beam with a �ux of about 107 e+/s to the openbeam port where our rea
tion mi
ros
ope was 
onne
ted to the positron beamline.After the in
rease of the beam size by a fa
tor √10 
aused by the adiabati
 �eld
hange in the transition region (see se
tion 3.2.4), we expe
ted a positron 
urrentof about 106 e+/s within a beam size of 2 mm at the rea
tion point sin
e we 
ut outa part of the beam using an aperture. Assuming a dete
tion e�
ien
y of 50% forea
h �nal state parti
le, a 
ount rate of about 1 Hz was 
al
ulated. However, wegained about one 
ount in four minutes observing the peak whi
h indi
ates triple
oin
ident events in the time di�eren
e spe
tra. Therefore, with an estimated targetdensity of 1012 cm−3, a diameter of 2 mm for the target jet and a 
ross se
tion of
σion ≈ 4 × 10−17 cm2 for dire
t ionisation for helium, a �ux of less than ∼ 3 × 104positrons per se
ond 
rossing the target jet is obtained. For the full beam diameterwhi
h is larger than 5 mm, 105 positrons per se
ond �nally rea
h the spe
trometer(see �gure 5.1). This is more than a fa
tor of 20 less than expe
ted and, therefore,the amount of data 
olle
ted is not su�
ient to obtain statisti
al meaningful fullydi�erential 
ross se
tions sin
e these require about 5 × 105 triple 
oin
ident events.Furthermore, the large extension of the positron beam 
rossing the target leads toworse momentum resolution, mainly in y-dire
tion along the jet axis.. 67
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Figure 5.1: Positron beam imaged on the hexion dete
tor.5.2 Re
onstru
ted momentaAs already mentioned, using a 
ontinuous beam, we are missing some momentum
alibration means. For example, in the wiggle spe
tra of a measurement with apulsed proje
tile beam, where the parti
le's radial position on the dete
tor is plot-ted against its time-of-�ight (
ompare �gure 4.8), the time origin of the rea
tionand the strength of the magneti
 �eld are a

essible dire
tly and 
an be deter-minated with a high pre
ision1, e.g. one gets a time resolution of about 0.1 ns.However, in our 
ase we had to adjust the momenta of the fragments using thea

eleration and drift length for both sides of the spe
trometer as 
alibration pa-rameter representing e�e
tive quantities. We 
alibrated the measurement in a waythat the energy sum of the parti
les in the �nal state is 
entred around the energy
Esum = Eprojectile − Vionisation where Eprojectile is the initial energy of the proje
tileand Vionisation is the ionisation potential for single ionisation of helium (
ompare�gure 4.12). Furthermore, we used the fa
t that the fastest, s
attered proje
tiles in-volved in an ionising rea
tion lose essentially only the energy ne
essary to ionise thehelium atom. Hen
e, for a initial proje
tile energy of Eprojectile = 80 eV, we expe
tthe distribution of the positrons' longitudinal momentum to drop down signi�
antlyat about 2.0 a.u. whi
h 
orresponds to an energy of E = 55.4 eV. This assumptionseems to be justi�able 
omparing similar ele
tron 
ollision rea
tions (e.g. �gure 5.3)where the fastest proje
tiles have an energy loss equal to the ionisation potential. Inorder to redu
e ba
kground and false events, for further analysis only data within1This 
alibration pro
edure is des
ribed in Dürr 200668



5.2 Re
onstru
ted momentaa 
ertain range of sum energies were sele
ted. For the following momentum spe
traevents with an energy sum larger than 40 eV and lower than 70 eV are taken intoa

ount.5.2.1 Longitudinal momentaIn �gure 5.2 the longitudinal momentum of ea
h parti
le in the �nal state is plottedfor the positron s
attering experiment performed at NEPOMUC. The positron'smomentum distribution shows a steep in
rease whereas its energy loss is given bythe ionisation potential - this assumption was made for 
alibration reasons - and itrea
hes the maximum at 1.6 a.u.. The eje
ted ele
tron has a momentum in forwarddire
tion beginning slightly below zero momentum, rea
hing the maximum at 0.8 a.u.and afterwards de
reasing until 1.7 a.u. The two minima at 0.45 a.u and 1.15 a.u are
aused by the hole in the ele
tron dete
tor sin
e ele
trons with this 
ertain longi-tudinal velo
ity are for
ed ba
k onto the spe
trometer axis by the magneti
 �eldat the moment rea
hing the dete
tor and, thus, entering the dete
tor's hole. Theseminima mat
h with the 
al
ulated values for the a

eptan
e of the spe
trometer(
ompare �gure 4.11(b)). The gaps 
ould be �lled using further measurements withdi�erent spe
trometer voltage and then a smoother momentum distribution wouldbe obtained. It seems that the ele
tron emerging from the atom is attra
ted bythe positron, leaving the bound system preferentially in dire
tion of the positively
harged proje
tile. As 
an be seen in �gure 5.3, for ele
tron impa
t the ionised ele
-tron's longitudinal momenta are mostly 
entred around zero momentum. Here, theeje
ted ele
tron is repelled by the equally 
harged proje
tile and attra
ted by theresidual ion leading to post 
ollision intera
tion (PCI). The longitudinal momentumdistribution for the ions behaves in a reversed way. For positron impa
t it is 
en-tred around zero momentum while for ele
tron impa
t it is shifted forward. Thissituation 
an also be seen when we look at theoreti
ally 
al
ulated 
ross se
tions,e.g as shown in �gure 5.4(a) where triple di�erential 
ross se
tions for ele
tron andpositron impa
t are presented. The 3 Coulomb (3C) wave 
al
ulation implementedby Benna
eur Najjari takes into a

ount all mutual intera
tions of the three �nalstate 
ontinuum parti
les and, therefore, demonstrates the expe
ted di�eren
es inthe angular distribution of the emitted ele
tron for ele
tron and positron impa
t.One 
an see for this spe
i�
 geometry that in the 
ase of positron s
attering theele
tron is predominantly eje
ted in forward dire
tion. The re
oil peak around 180°is strongly suppressed and also shifted in forward dire
tion whereas in the 
ase ofele
tron s
attering this re
oil peak points almost in ba
kward dire
tion.The mutual dependen
e of the parti
les' longitudinal momenta for positron impa
tare given in �gure 5.5 whereas the plot of pz
e+ vs. pz

ion is not in
luded sin
e nosigni�
ant 
orrelation for this 
ombination is found. The ele
tron's longitudinalmomentum shows a dependen
e on the ion's momentum in z-dire
tion and alsoon the one for the positron. If the ele
tron is eje
ted in forward dire
tion, the ion69
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Figure 5.2: Longitudinal momentum of the s
attered positron (green), the eje
tedele
tron (red) and the ion (blue). The arrow indi
ated in grey gives the initialmomentum of the proje
tile.
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Figure 5.3: Experimentally obtained longitudinal momentum distribution for ele
-tron impa
t ionisation of helium with an impa
t energy of Eprojectile = 100 eV.
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5.2 Re
onstru
ted momenta
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Figure 5.4: Theoreti
al 
al
ulation for ele
tron and positron 
ollision ionisation ofhelium in the s
attering plane for a proje
tile s
attering angle of θprojectile = 10° , animpa
t energy of Eprojectile = 80 eV and an energy of Ee− = 10 eV for the eje
tedele
tron. The triple di�erential 
ross se
tion is plotted against the emission angleof the eje
ted ele
tron. The angle of the momentum transfer q is �xed at 27°. Thegeometry of the ionising 
ollision is illustrated in �gure 2.2.
ompensates this while 
arrying momentum in ba
kward dire
tion. This momentumbalan
ing is 
hara
teristi
 for 
ollisions with small momentum transfer to the targetwhere the momentum sum of the target fragments is small. The 
orrelation betweenpositron and ele
tron momentum 
an be understood by their stronger attra
tion ifthey have similar velo
ities and also from the fa
t that for higher eje
ted ele
tronenergy the energy loss of the s
attered proje
tile is also higher. Furthermore, �gure5.6 shows that the energy sum within the energy resolution is independent of thelongitudinal momentum of the s
attered proje
tile and the eje
ted ele
tron whi
hindi
ates a proper 
alibration. The distribution is 
lustered essentially along theenergy sum Esum ≈ 55 eV whi
h represents single ionisation of helium for our 
asewith an impa
t energy of Eprojectile = 80 eV.5.2.2 Transverse momentaIn transversal dire
tion, espe
ially in y-dire
tion, the momentum resolution is notoptimal 
aused by the large positron beam diameter of about 5 mm in the rea
tionpoint. While in x-dire
tion the size of the intera
tion volume is limited to 2 mm due71
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Figure 5.5: Longitudinal momentum of the ele
tron (a) against the positron's lon-gitudinal momentum, (b) against the longitudinal momentum of the ion.
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attered positron and the eje
ted ele
tron.
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5.2 Re
onstru
ted momentato the width of the target gas jet, this is not the 
ase in y-dire
tion along the jetaxis. The sum of the momenta of the transverse 
omponents (
ompare �gure 5.8)are 
entred around zero sin
e the momenta in x-dire
tion and y-dire
tion should bebalan
ed due to momentum 
onservation. The distribution of the positron's trans-verse momentum (�gure 5.8(a)) indi
ates that the positrons mostly are marginallyde�e
ted after the rea
tion and lo
ated generally around the empty origin represent-ing the dete
tor's hole. The ele
trons are also 
entred around the hole. Regarding�gure 5.9, where the momentum in x-dire
tion of the positron is plotted againstthe x-momentum of the other parti
le, one 
an identify that the positron and theion repel ea
h other resulting in a ba
k-to-ba
k motion (see �gure 5.9(b)), whereasthe ele
tron's momentum in x-dire
tion does not show a 
lear 
orrelation with therespe
tive positron momentum.
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Figure 5.8: Transverse momentum (a) of the positron, (b) of the ele
tron.
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6 Con
lusion and outlookThe main goal of this work was to investigate the 
omplete kinemati
s of positronimpa
t ionisation of helium in order to gain information about the dynami
s ofthis rea
tion. Therefore, a pilot experiment was performed whi
h 
ombines thete
hnique of a rea
tion mi
ros
ope and a low energy positron beam with a relativelyhigh intensity provided by the NEPOMUC fa
ility. Using this unique set-up, fullydi�erential 
ross se
tions for the ionisation pro
ess 
an be obtained.A rea
tion mi
ros
ope originally dedi
ated for ele
tron 
ollision measurementswas used to gain the three-dimensional momentum ve
tors of the three �nal stateparti
les, whi
h are the s
attered positron, the eje
ted ele
tron and the ion. Theimaging te
hnique of the rea
tion mi
ros
ope allows to dete
t all 
harged fragmentsof the ionisation pro
ess in 
oin
iden
e within a large range for the energy and thesolid angle. With this purpose-built apparatus, low energy s
attering studies in therange below 100 eV 
an be realised and thus, the regime, where the in
oming andoutgoing proje
tile 
annot be longer regarded as small perturbation, 
an be a

essedexperimentally. Thus, this experiment was proposed to deliver data within a domainwhere improved theoreti
al 
al
ulations be
ome available in the re
ent years. Theexperimental pro
edure was quite 
hallenging sin
e the positron beam 
oming froman external sour
e had to be guided into the rea
tion zone within the spe
trometer.This was a
hieved using an adiabati
 de
reasing magneti
 �eld for the transitionarea where the rea
tion mi
ros
ope was 
onne
ted to the beamline. Furthermore, amethod was developed to re
onstru
t the time origin of the rea
tion as an absolutetime is not a

essible for the 
ontinuous proje
tile beam. In a ben
hmark test withdata obtained by a measurement with pulser signal whi
h have been analysed onone hand using a 
ommon analysing approa
h and on the other hand with thealgorithm resulting from this work, we showed that this method delivers 
orre
tresults. Due to di�
ulties in the alignment of the positron beam, high ba
kgroundsignals and a suboptimal working ele
tron dete
tor, less data events than expe
tedwere a

umulated within the beam time. Therefore, it was not yet possible topresent fully di�erential but only partially integrated 
ross se
tions.However, during this work, we 
ould demonstrate that experiments studyingpositron impa
t ionisation using a rea
tion mi
ros
ope are feasible and deliver rea-sonable results. Hen
e, we were able to identify triple 
oin
ident events originatingfrom the ionisation pro
ess. For these data sets, the re
onstru
tion of momenta ofthe parti
les in the �nal state was possible and the momentum spe
tra in transverseand longitudinal dire
tion were presented (
hapter 5). For the 
alibration of the75



6 Con
lusion and outlookmeasured data, some assumption had to be made due to undetermined 
alibrationparameters. Nevertheless, qualitative 
on
lusions, espe
ially in 
omparison to ele
-tron 
ollision studies, 
an be delivered. The main di�eren
e seems to a�e
t theeje
ted ele
tron whi
h, in the 
ase of positron s
attering, emerges predominantly inforward dire
tion 
ontrary to ele
tron s
attering. This e�e
t 
an be understood bythe the opposite 
harge of the proje
tiles.Within this work the feasibility of positron 
ollision experiments in prin
iple usingthe unique te
hnique of a rea
tion mi
ros
ope and a 
ontinuous beam of low energypositrons has been depi
ted. With the obtained experien
e of this pilot trial as ba-sis for future experiments, it should be possible to a
quire enough triple 
oin
identevents during a further beam time in order to extend the existing experimentallygained data in positron ionisation physi
s. Sin
e in this �eld, so far, mainly inte-grated 
ross se
tion or only fully di�erential 
ross se
tion for distinguished 
ollisiongeometries are available, the demand for di�erential 
ross se
tion is undiminished.Therefore, the yield of events suitable for further analysis has to be enhan
ed infuture experiments. This should be a
hievable through various approa
hes. Theimprovement of the transition between the beamline and the entran
e of the rea
-tion mi
ros
ope, resulting in a less broadened beam, leads on one hand to higher
ount rate as the positron �ux within the spe
trometer is in
reased and on theother hand to a better momentum resolution, espe
ially in dire
tion of the targetjet. At the moment, an adiabati
 
hange of the magneti
 �eld is used to guide thepositron from the high magneti
 �eld of the beam line in the lower �eld ne
essaryfor measurements with a rea
tion mi
ros
ope. This solution has to be investigatedin order to 
he
k why the obtained 
hara
teristi
s of positron beam at the rea
tionpoint was not as expe
ted. For example, tests with an ele
tron beam whi
h is eas-ier a

essible than a positron beam 
ould be performed in order to tra
e the beamproperties with the solenoid 
oils produ
ing the magneti
 �eld. Another �eld openfor ne
essary improvements is the 
alibration of the measurement sin
e it turns outduring this work that a proper 
alibration is indispensable for the following dataanalysis. Using a 
ontinuous proje
tile beam, we lose fundamental 
alibration fa
-tors 
ompared to a, e.g. pulsed beam. Therefore, adjustment measurements have tobe performed for the future set-up with the goal to determine the parameter givenby the spe
trometer's geometry whi
h, then, 
ould be reapplied for the analysis ofthe positron experiment. The yield of relevant events 
ould further be extended bythe use of other target spe
ies, for example, other noble gases like neon or argonwhi
h has an almost ten times higher 
ross se
tion for dire
t single ionisation thanhelium allowing an a

ordingly higher 
oin
iden
e 
ount rate. The ele
tron dete
torfeatures also an area for further enhan
ements sin
e the one implemented during thebeam time was not well-engineered for the dete
tion ele
trons. In order to obtain a
omplete data set about the ionisation pro
ess indu
ed by positron impa
t severalmeasurement runs with di�erent spe
trometer voltages have to be 
ombined. Thispro
edure allows to �ll the visible blanks in momentum spa
e 
aused by the spe
i�
76



traje
tory of the lighter parti
les in the magneti
 �eld and the hole of the dete
tors.Taking into a

ount a signi�
ant improvement of future experiments through theseinvestigations and modi�
ations and also the knowledge gained about the topi
during this work, it should be feasible to obtain fully di�erential 
ross se
tions forpositron impa
t ionisation in a following measurement.
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A AppendixA.1 Applied �elds and settingsIn order to adjust our rea
tion mi
ros
ope in a way that the proje
tile beam passesthe holes in both dete
tors and, additionally, 
rosses the spe
trometer axis and thetarget jet in the rea
tion point, the �elds and the geometry of the spe
trometerhave to be adapted. Some 
al
ulated values whi
h �t these 
onditions are given intable A.1. The grey shaded row represents the values that have been set duringthe beam time at the NEPOMUC fa
ility. U− represents the potential di�eren
ein −z-dire
tion and U+ in z-dire
tion. The a

eleration length la− is adjusted in
−z-dire
tion whereas the drift length da− is determined by double the length of la−.The a

eleration and drift length in forward dire
tion are kept at la+ = 110 mm and
da+ = 220 mm (
ompare �gure 3.4). Ei denotes the energy of the proje
tile beamwhen it enters the spe
trometer through the hole in the ele
tron dete
tor.

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



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



A.2 Implementation of the method31 n_dpzdsum = - (( sqrt(n_twomqu_e) * (-pelong_thelp*B_e/(mTofEle
 [0℄*mTofEle
 [0℄) + C_e/pelong_thelp +32 D_e/pelong_thelp*
os(mTofEle
 [0℄/pelong_thelp)) ) + ( sqrt(n_twomqu_p) * (-pplong_thelp*B_p/( mTofPos [0℄*mTofPos [0℄) +33 C_p/pplong_thelp + D_p/pplong_thelp*
os(mTofPos [0℄/pplong_thelp)) ) + ( prlong_
onst ) );34 n_to = n_to - n_pzsum/n_dpzdsum ; // iteration step of Newton's Method35 nt_i ++;36 mTofPos [0℄ = n_to;37 mTofEle
 [0℄ = n_to + d_tpe;38 mTofIon [0℄ = n_to + d_tpr;39 /* positron momentum */40 fMomPos ->SetInput (mTofPos , mPosPos);41 fMomPos ->Cal
ulateMomentum();42 mMomPos = fMomPos ->GetMomentum();43 /* ele
tron momentum */44 fMomEle
 ->SetInput (mTofEle
 , mPosEle
 );45 fMomEle
 ->Cal
ulateMomentum();46 mMomEle
 = fMomEle
 ->GetMomentum();47 /* ion momentum */48 fMomIon ->SetInput (mTofIon , mPosIon);49 fMomIon ->Cal
ulateMomentum();50 mMomIon = fMomIon ->GetMomentum();51 /* initial proje
tile momentum minus momentum sum */52 n_pzsum = n_po - (mMomEle
 [0℄->Z() + mMomPos [0℄->Z() +mMomIon [0℄->Z());53 } Listing A.1: Re
onstru
tion of the rea
tion's time origin.
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A AppendixA.3 Atomi
 unitsIn atomi
 and mole
ular physi
s, it is 
onvenient to use the atomi
 unit systemwhi
h is oriented on the s
ale given by the hydrogen atom and the bound ele
tron.The typi
al atomi
 dimensions are set to unity, namely the elementary 
harge e, theele
tron's rest mass me, the 
lassi
al Bohr radius a0, the redu
ed Plan
k 
onstant
~ and the Coulomb 
onstant 1/(4πǫ0). Table A.3 lists some of the fa
tors for the
onversion from SI-units to atomi
 units (a.u.). Therein, α is the �nestru
ture
onstant and c denotes the va
uum speed of light.Quantity Expression Value in SI unitsmass me 9.1094 × 10−31 kg
harge e 1.6022 × 10−19 Clength a0 5.2918 × 10−11 mangular momentum ~ = h/2π 1.055 × 10−34 kg m2/senergy ~2/mea2

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