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Abstract

In the course of this work transfer ionization (Tl), radiatielectron capture (REC), and single
ionization (SI) in fast ion-helium collisions have beendstéd. For this purpose, two experi-
mental techniques, ardcoincident ion-electron momentum spectrometer, namelgacton
Microscope (REMI) and the heavy ion storage ring TSR, priogicexcellent beam properties,
have been combined.

In Tl, i.e. the ejection of one plus the capture of a secongetaglectron, the role of electron-
electron correlations is of particular interest. In ordeuibravel diferent correlated as well as
uncorrelated mechanisms fidirential data has been recorded fdfatient perturbations (pro-
jectile charge to speed ratio). For the first time strong evig of a recently proposed, corre-
lated TI process was found experimentally.

In a second, pioneering experiment it has been attempte@rform the first kinematically
complete measurement on REC. Here, an electron from thettergaptured by the projec-
tile simultaneously emitting a photon. In order to obsetve émerging photons, a detector
covering a large solid angle has been designed and implesh@nthe REMI. Although three
particle coincidences have been recorded between reosil pyojectile ions, and photons, ex-
perimental proof of the acquisition of REC coincidences prasented due to limited statistics.
Finally, in studies on SI, the influence of the projectile theeoherence properties on the col-
lision dynamics has been investigated. The pronouncfdreinces to earlier data taken with
a projectile beam with much smaller coherence length peoedence for its influence on
the ionization dynamics, which is generally neglected imotietical calculations. These re-
sults could pave the way to a final resolution of the long stamduestion on the origin of the
discrepancies between theory and experiment in fuliedintial cross sections.

Zusammenfassung

Im Rahmen dieser Arbeit wurden Transferionisation (Tljliativer Elektroneneinfang (REC)

und Einfachionisation (Sl) in schnellen lon-Atom StéRemewsucht. Dafiir wurde ein Reak-
tionsmikroskop (REMI) in den Schwerionenspeicherring Ti8Rlementiert, der exzellente

Strahleigenschaften aufweist.

In TI, bei der ein Elektron in das Projektilion eingefangardwein weiteres emittiert wird, ist

die Rolle der Elektronenkorrelationen von besonderenrdstee. Um unterschiedliche korre-
lierte und unkorrelierte Mechanismen trennen zu kénnemgderudiferentielle Daten fur unter-

schiedliche Stérungen (Verhaltnis von Ladung zu Geschigiait des Projektils) aufgenom-

men. Ein korrelierter TI-Prozess, der erst kurzlich voglesagt wurde, konnte damit experi-
mentell bestatigt werden.



Ein weiteres Experiment hatte zum Ziel, den REC erstmaligikiatisch vollstandig zu ver-
messen. In diesem Mechanismus wird der Einfang eines Blekin einen gebundenen Zu-
stand des Projektils durch die Emission eines Photons éichtigUm diese zu beobachten
wurde zuséatzlich ein Photonendetektor in das Reaktionmsigskkp implementiert. Dadurch
konnten Dreifachkoinzidenzen zwischen RiickstolBionesjektilionen und Photonen aufgenom-
men werden, jedoch verhinderten die limitierte Strahlpeid der hohe Untergrund die ein-
deutige Zuordnung der Photonen zum REC.

In den Messungen der Sl wurde der Einfluss der Kohérenzeijaften des Projektilstrahls
auf die StoRdynamik untersucht. Deutliche Unterschiedéritueren Daten, die mit einem
Strahl mit viel kleinerer Kohérenzlange aufgenommen waydeeisen deren Einfluss auf die
Dynamik des Stof3prozesses nach. In theoretischen Reakmuvigd dieser Einfluss generell
vernachlassigt. Diese Ergebnisse sind ein Schritt zurukguder Diskrepanzen zwischen The-
orie und Experiment in den vollstandigfidirentiellen Wirkungsquerschnitten.
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1 Introduction

The descriptions of the time-independent structure as agethe understanding of the time-
dependent dynamics of atomic systems are fundamental gbatmic physics. In both
branches there is one underlying basic problem; neithestdteonary nor the time-dependent
Schrédinger equation is analytically solvable for morenth@o mutually interacting particles.
For stationary systems, this problem can to a large exteavéeome using iterative methods,
like e.g. the MCDF model [FFT12, J698]. Withffigient computational supply, wave func-
tions and binding energies can be calculated with high acgurHere, the present research
concentrates on a highly detailed analysis of atomic aneéoutdr structure, such as QED ef-
fects [FISO5, IM91].

For the time-dependent few-body-problem, however, thdabla theoretical tools are not as
successful as for stationary systems. Here, the descripaanot be reduced to affective
single-center problem, making the theoretical modellinigssantially more complex. Atomic
collision experiments are an important tool to test thecakimodels and to gain a better un-
derstanding of the dynamics of atomic systems.

In the case of electron or photon impact on a target atomjreldc transitions are possi-
ble either to other bound states of the target atom (targetation), or to a continuum state
(target ionization). After considerabldferts and with enormous computational power, non-
perturbative methods were developed which could modekthelision with a excellent accu-
racy for simple atomic or molecular targets (see e.g. [RBAMBFKS02, RBE11]). However,
the description of collisions with ionic projectiles is neazomplex. On one hand, here a larger
variety of processes is possible. If the projectile carbesnd electrons, electronic transitions
may also occur in the projectile (projectile excitation onization). Additionally, electron
transfer from the target to the projectile (electron cagtwan happen. On the other hand, due
to the larger masses of the ions, the numerical methods wibiiztined good results for electron
impact do not necessarily converge for ionic projectilelserEfore, in many cases perturbative
methods, such as the first Born approximation or continuistoided-wave calculations, have
been employed, which were fairly successful to reproduceyrfeatures of the dierential ex-
perimental data.



1 Introduction

Experimentally, the study of ion-atom collisions is a cealling task, too. Due to the high
mass, the momentum change of the projectiles can hardly lasured directly. A break-
through has been achieved with the invention of Reactionddmopes, which for the first time
enabled to obtain fully-dierential information on ionizing ion-atom collisions. leethe mo-
mentum change of the projectile is not directly measuredauate obtained due to momentum
conservation from the momenta of the collision fragmentsiJb00, UMD*03].

Within this thesis, such a Reaction Microscope was sucalgainplemented in an ion storage
ring, the TSR at the Max-Planck-Institut fir Kernphysik ieidelberg. In the storage ring, in
contrast to single pass experiments, the ions pass thd tagjen repeatedly, and very high
luminosities are accessible. Thereby, it is possible t@iobgood statistics in a reasonably
short measuring time, even for processes with a small cexgion like e.g. electron capture
and transfer ionization. Furthermore, electron coolinghie storage ring drastically reduces
the size of the stored ion beam and its momentum spread {BBFSBB"90]. As a small mo-
mentum spread directly corresponds to a large coherengthlehthe projectiles, beams with a
coherence length well above the typical size of an atom cammdqgared in the TSR. Hence, the
prepared ion beam is an excellent projectile beam for thestiyation of ion-atom collisions.
Three target-ionizing processes are studied in this woakster ionization, electron capture
and single ionization.

The transfer ionization process (TI), where one targettedacis captured and a second is
emitted into the continuum, is of special interest becalsetren-electron correlationfiects
can play an important role in the collision dynamics, defgan the collision system. Its
effect is negligible for high projectile charge and low velast In faster collisions, on the
other hand, correlated processes dominate the transfieaimm. The earlier observation of
electrons emitted in the backward direction [MBKL] resulted in a long discussion on the na-
ture of the electron-electron correlations, where esfigdtae small nons? contribution in the
ground-state wave function was considered as a possiblaretpn [SBMD 03]. However,
another plausible interpretation was suggested by Vogkal. [Voi08, VNUO0S8], who proposed
a correlated process which has completely been overlookfido Here, the excess energy of
the captured electron is transferred to a second targdt@begvhich is thus emitted backwards.
Within this thesis, we investigated transfer ionizationgasses in dierent collision systems in
order to obtain three dimensional angular distributionsle€tron emission in non-correlated as
well as correlated transfer ionization processes and wategt@ provide experimental evidence
for the newly proposed process.



In the radiative electron capture (REC), the electron cempd the electromagnetic field and
a photon is emitted. Especially for capture into heavy i®®RISC has been studied intensively
(e.g. [SKM95, SML"01]). The angular distribution of the emitted photons (§3L.B*99])
as well as their polarization (see [SBF, SSB07]) have been investigated before.
However, until now there is no kinematically complete dataREC. The photons are in most
cases measured in coincidence with charge-changed piegediut the collision kinematics
has never been recorded. With an additional photon detegnfemented in the Reaction Mi-
croscope, we attempt to obtain for the first time triple cmances of photons, recoil ions and
projectile ions, and thereby measure kinematically cotedata on electron capture.

The first kinematically complete data on target ionizatioocpsses were obtained when the in-
vention of the Reaction Microscope permitted for the firsigithe detection of fully momentum-
analysed recoiling target ions. Surprisingly, severeitatale discrepancies between the data
and the calculations were observed in the fullffatiential cross sections, even for relatively
simple collision systems as 100 M@VC®* impact on helium (see e.g. [SMB3]).

The cause of these discrepancies has remained a puzzlerfostah decade, and several ex-
planations were discussed, e.g. the experimental resonl[FOO06], which could be ruled out
by Durr et al. [DNS07], or the dynamic screening of the target nuclear chardpghwmight
not be described with flicient accuracy [FP®6]. It was even more surprising that the clas-
sical treatment of the nuclear-nuclear interaction turoedto provide a major improvement
in the agreement with experiment [SDOF]. A key to resolving this puzzle was provided by
experimental studies of Egodapitiya et al. [E'9H]]. They showed that the finite transverse co-
herence length of a projectile ion beam has fiact on the double €fierential cross section of
the ionization of a H molecule, i.e. that the cross sections for coherent andharemt beams
differ. This observation suggests that also in ion-atom cofisithe coherence length might
affect the cross sections, and that the assumption of an infiafierence length in quantum
mechanical calculation might be an explanation for thegisament with experimental data.
In this work, we studied single ionization processes of amit target in the collisions of a co-
herent projectile beam and, in comparison to earlier datta ai incoherent beam, investigated
the dfect of the transverse coherence length on the fulligdintial cross sections.

This thesis starts with an overview over ion-atom collisidgm chapter 2, where theftikrent
collision processes are introduced. The experimentapdstdescribed in chapter 3. Chapter
4 gives a short introduction to the theory of ion-atom callis and introduces the theoreti-
cal approaches which found entrance into this work. The thege chapters (5-7) present the
experimental data, and a conclusion and outlook is givemapter 8.






2 lon-atom collisions

2.1 Introduction

There are far more fragmentation channels available fonitgollisions with ions than com-
pared to collisions with electrons or photons. In ion callis, not only is it possible to excite
or ionize the target atom, it is also possible to transfergetaelectron to the projectile ion.
Also, if the projectile ion carries one or more electronantlitetoo can undergo excitation or
ionization during the collision with the target atom.

These basic processes can occur simultaneously in a siolgjion, leading to processes in-
volving more than one active electron, e.g. double ioniratf the target atom or mutual
projectile and target ionization (e.g. [WSK1]). In a transfer ionization process, one target
electron is captured by the projectile ion with the simutiauns emission of a second target elec-
tron. In a two-electron transition, the electrons can ettt independently or be correlated in
some way.

The relative importance of each process depends stronglieonollision system, i.e. on the
target atom and on the charge stateand velocityvp of the incident projectile ion. In a 'soft’
collision, the momentum transfer from the projectile iorthe target is small compared to its
total momentum, and little energy is transferred (typicatl the order of the binding energy
of the active electron(s)). A collision is considered 'fakthe projectile velocity exceeds the
orbiting velocity of the bound target electron.

The influence of the projectiles Coulomb field on the targsteay increases with decreasing
velocity and increasing charge state of the projectile irerefore, an important parameter of
the collision is the charge state to velocity ratio, the dlkedgerturbation parameter= Zp/vp.
The strength of the perturbation determines the theoteatiodel in which the collision system
can best be accessed (figure 2.1). For small perturbatiensnnall projectile charges and high
velocities, the first Born approximation can be applied. e Born series does not converge
for higher perturbations, a better model in that regime ésabntinuum distorted wave (CDW)
calculation, which corresponds to an expansion in a paemét= Zp/vﬁ, [CM83]. At pro-
jectile velocities much lower than the orbital velocity bettarget electron, the system forms a
transient molecular state, and an molecular orbital (MOJehcan be used.
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Figure 2.1: The charge state and the energy of the projectile ion deterthie perturbation
n = Zp/vp. For small perturbations, the system can be accessed imghBdirn approximation.

Larger perturbations require the consideration of thedisin dfect in the initial and final state,
which is included in the continuum distorted wave (CDW) oédtions. At very low projectile

velocities, the two nuclei form a quasi-molecular statel maolecular-orbital (MO) models are
applied. The bluish shade indicates the importance ofivedit corrections.
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2.1 Introduction

P},

z

Figure 2.2: A schematic drawing of a fragmentation process in an iomatollision. In the
target frame, the projectile ion initially moves with montgm P‘P. In the collision, the recoll
ion and the electron gain momen?é and Pé, respectively. The momentum transfergis=
P, - P;, WhereP,'; is the momentum of the projectile ion in the final state.

In the collision systems observed in this work, the pertiiobaparameter ranges from =
0.5 - 1.2 and the validity of the first Born and the CDW calculation wasted for several
reaction channels in detail.

Some notations

Generally speaking, a projectile ioff** of charge stat@p collides with a neutral atom. If

nr is the number of ionized target electroms, the number of ionized projectile atoms, and
nc the number of target electrons captured by the projectite tioe reaction equation of the
collision is given by

XZP* 4 A — X@rne—ne)t 4 AT+ | (0 4 np)e. (2.1)

In this thesis, the collisions are in most cases considardde rest frame of the target atom,
i.e. the frame in which the target atom has zero initial moinen A schematic drawing of the
collision kinematics in that frame is shown in figure 2.2. Buperscripts and f in figure 2.2
and elsewhere label the initial and final states, respdytiwdereas the collision fragments are
denoted by the subscriptB:for projectile ion,R ande for the recoil ion and emitted electrons,
respectively. The projectile ion of charge staie moves with velocityvp and momentum
Pip in the target frame. The initial direction of projectile pamation defines the z-axis. The
impact parameteb is the minimum distance between the projectile ion and thgetaucleus
along its trajectory. In the final state, the momentum vectdhe projectile ion isP;, and the

11



2 lon-atom collisions

momentum transfer is given by
q=P,-Pf. (2.2)

The vectorsPip andq define the projectile scattering plane.
Due to the cylindrical symmetry of the collision system, thementum vector of the collision
fragments can be split into the longitudinal component|peta the z—axis,PJ, and the vertical
componenPi. Throughout this work, atomic units are used unless otlsersiated.

2.2 The kinematics of ion-atom collisions

2.2.1 Momentum conservation

Due to momentum conservation, the sum of momenta in the fiatd sas to be equal to the
sum of momenta in the initial state. The momentum balanagsrea

] ] ¢ ¢ np+nt ¢
P'P+P'T=PP+PT+ZPeJ-, (2.3)
j=1
wherenp + nt is the number of projectile and target electrons emitteal tiné continuum.

In the target frame, the initial projectile momentum is onbyn-zero in the z-directiori?ip =

(PiP”, 0,0), and the target atom is at réste. P = 0. The transversal momentum balance is

Np+nT

f f f
0= PPJ_ + PRJ_ * Z I:)ejJ_ i (2-4)
j=1

which can be transformed to

np+nt

f f
Pro=0i— > Pgy s (2.5)
=1

whereq, is the momentum transfer perpendicular to the initial diogcof the projectile ion.
Momentum conservation in the longitudinal direction gives

np+nt

i _ pf f f
Ppy = Ppy + Pgy + Z Pejj (2.6)
=1

1Due to the velocity of the atoms in the gas jet, they actuadlyeha momentum in the laboratory frame. This is
only resulting in a constantfiset in the measured data which can be subtracted [US03].

12



2.2 The kinematics of ion-atom collisions

and thereby

Np+nTt

f f
Pri =4~ Zl Pej- 2.7)
J:

The longitudinal momentum change of the projectile ion imbeed by the longitudinal mo-
menta of recoil ion and electrons in the final state.

2.2.2 Energy conservation

The energy conservation in ion-atom collisions reads

N
i i i fof, =f f
Ep+Er+Eping=Ep + ER+ Ejjg + E Ee - (2.8)
=1

The initial momenturTE‘R of the recoil ion is zero in the target frame, which gives

N
i f f f
E'P=EP+ER+Q+ZEej, (2.9)

=1

where the Q-value of the collision is thefidirence of binding energies in the initial and final
state,

f |
Q = Eping ~ Ebing - (2.10)

2.2.3 Fast collisions

High projectile velocities and soft collisions, where théial kinetic energy of the projectile is
much larger than the energy transfer to the target recoff lfow for some simplifications. In
the following, a non-relativistic regime is considered, ithe Lorentz factor
2 -1
y=11/1- :—Z (2.11)

does not significantly deviate from unity. The classicahtingent is justified in the collision
systems observed in this work, where: 1.1 (see figure 2.1).

2For example, a projectile ion with an energy of 1 Ma\has a velocity of 8a.u.. The momentum of BC8*
ion with that velocity is about 139000 a.u.. This initial mentum of the projectile ion is by several orders of
magnitude larger than the momentum transfer to the reagjhidnich is in the order of a few a.u..

13



2 lon-atom collisions

. i2
The initial kinetic energyE,, of the projectile ion can be expressed 45&; whereMp is the
mass of the projectile ion in the initial state. If the prajlecenergy in the final state is expressed
f2
by ;TPP- the change in projectile mass during electron capturessrtas to be accounted for in
a separate term in equation 2.8, which can be transformed to

Pi 2 f2 V2 np+nt
P

i P P f f f
WP+EIt)ind: m+?(nc—np)+Ebind+ER+ JZ:; Ee; - (2.12)

The energy transfer to the target ion is typiceEI& < 1eV, which is negligible compared to
the energies of fast projectile ions, and also comparedypieal energy transfer to the active
electrons. This results in

PiPZ _ pf 2 2 np+nt

P _ Vp f
o =Q+ 2 (nc—np) + ; Eq - (2.13)

The left side of the equation can be approximated by

Pi2-PL2  (Po+Ph)-(Pp-Ph)  (2PL)(APp)
P P _ P P P P ~ P = .
2Mp 2Mp 2Mp APV @19

with APp = P‘P - P;. It is assumed that the momentum change is negligible caedparthe
sum Pip + P;. As vp only has a non-zero component in the longitudinal directtbe scalar
product givesAPp - vp = APpvp, and equation 2.13 can be transformed to
f
Q VP np+nt EeJ
APpj=— + —(nc —n —. 2.15
I = oo+ 5 p)+;vp (2.15)

The longitudinal momentum conservation formula reads

Np+nT

f f
APpy = Pgy + Z; Peji + VP(Nc —np) , (2.16)
J:

where the momentum change of the electrons captured orydbelprojectile is not included
in APp; and therefore contributes in a separate term. The combmafiequations (2.15) and

14



2.3 Target ionization

(2.16) gives:
f
e+t (E .
£ Q v ej  of
PRH = V_P + ?(np — nC) + Z [E — Pe]”] (217)
——— =1

mass transfer term

For small relative momentum transfers, i.e. small scalteangles, one hal%;,l < P;” and
f

fp ~ CeL With
Pl
P, ~ Ph6p ~ Mpvphp, (2.18)

momentum conservation results in the transversal momeatuhe recoil ion
f f \ f \ f

Pr.=—Pp, = ) Pl ~—MpVptpo— > Pl . (2.19)

=1 j=1

It can be seen that fllerent informations are contained in the transverse andottgitudinal
momentum of the recoil ion. The Q-value of the reaction appealy in the longitudinal mo-
mentum balance. Therefore, spectroscopic informatiorbeambtained from the measurement
of the longitudinal recoil ion momentum. The transversahmeatum of the recoil ion contains
information on the scattering anghp, the dynamics, and also the impact parameter of the
reaction.

2.3 Target ionization

The Coulomb interaction of the projectile ion with a targktceron may lead to the emission
of the electron to the continuum. The single ionization @Hcess is one of the most funda-
mental few body processes in atomic physics and has beerdtndgreat detail. The double
ionization (DI) process has also received a lot of attengoamticularly in the light of electron-
electron correlationféects [FMS 03, FOO04].

Most electrons emitted in an ionization process can be egditp the ’target cusp’, i.e. they
have a low energy and longitudinal momentum in the final J@kK*99]. A much smaller
number of electrons contributes to the ’projectile cusgie3e electrons move with a velocity
close to the projectile velocity, but are not captured infooand state. Generally even less
electrons are emitted with a velocity of roughly half of threjpctile velocity. These so called
'saddle-point’ electrons are pulled from the target nuslby the projectile ion, but then left in

15



2 lon-atom collisions

the saddle region of the Coulomb fields of both nuclei [O8B, WO96].
The reaction equation for a target ionization process reads

X+ A XPT 4+ AT 4 onren, (2.20)

whereny is the number of ionized target electrons. With= nc = 0, momentum conservation
gives

f f

nr E . nr (E .- EI )

£ Q ej of |_ ej j f

P = o+ 2 11{\,—,3 - Pau] =) 1: [T - Pau] : (221)
i= i=

whereE, is the positive ionization potential of the electrorFor small binding energies and

small kinetic energies of the electrons and for large ptidgegelocities, equation (2.21) sim-
plifies to

nr
f f
Pry =~ } :Pau : (2.22)
=

The longitudinal momentum of the recoil ion reflects the sunalblongitudinal momenta
transferred to the ionized electrons. Therefore, detaiitmtrmation on the dynamics of ion-
ization collisions can be obtained without a coincident sueament of all electrons [HLC98].
For fast and highly charged ion collisions that result wasficmed experimentally [MUWB94,
UMU*95, MUU*96].

The three dimensional angular distribution of the ejectedtens forms a characteristics dou-
ble lobe structure (figure 2.3). The electrons which interith the projectile ion in a bi-
nary collision are ejected in the direction of the momentuamdferg and contribute to the
so called 'binary peak’. Electrons which scattéf the target nucleus in a second interaction
contribute to the so called recoil peak’ in the directionpopite toq. The lobe structure is
observed for ion [SMMOL1] as well as for electron (in the so called (e,2e) experis)egoro-
jectiles [CMD94, LB02, MCH72]. In photoionization process the binary peak and the recaoill
peak are perfectly symmetric. In ion-atom collisions, thgtnmetry is approached for very
small perturbationgg — 0. With increasing perturbations, the relative contribatof the bi-
nary peak increases, i.e. the forward emission of the elestis strongly enhanced. A review
of single ionization measurements can be found in [SDR1G}erAhe invention of the Re-
action Microscope, the first experimental fullyffidirential cross sections on single ionization
[SMM*01, SMF 03] and double ionization [FMB03] were obtained. Even though the single

3In the case of one or more additionally excited target ebastrthe excitation energy has to be included in Q.
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@) (b)

Figure 2.3: (a) The three dimensional distribution of electron emissingles measured in sin-
gle ionization of a helium target in 100 M@V C?* ion collisions. A double lobe structure is vis-
ible. The data is fully dferential,d®c-/dE.dQedq, and hereEe = 6.5 eV andq = 0.75a.u.. (b)
The angular distribution calculated fully quantum-medbalty (3DW). In the plane perpendic-
ular toq (ll), there are severe discrepancies between theory aretiengnt. From [SMEQ3].

ionization process was believed to be theoretically wetlaratood, discrepancies were found
between the experimental cross sections and the prediatiaale by theory, especially at high
perturbations [SMF03, SFF Q7] (see figure 2.3(b)).

At low perturbations, the ionization cross sections cardbeutated in the first Born approxima-
tion. In that regime, very good agreement with experimetitags sections has been observed
(see e.g. [MS02]). However, at high projectile velocities and charge staté& > vp, the
Born approximation is invalid. For these conditions, Vaitand Koval [VK98] calculated the
cross section for Single lonization of hydrogen and heliargéts to be

0'g|=122892—g In 1'2V§’y —E , (2.23)
VI% Zp 2c?

wherec is the speed of light angd = (1 - v?/c?)71/2,

2.4 Single electron capture

In slow collisions, i.e. when the projectile velocity is dieathan the speed of the target
electron, the electron capture cross section can be gthatethe target ionization cross section
[CDF*96]. The final state of the single electron capture procesatliger simple, as there are
no electrons in the continuum. Therefore, the process i®d tst for theoretical models.

The understanding of single electron capture is importarthany experimental fields, e.g.
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2 lon-atom collisions

in the investigation of fusion plasmas [VM$1, WAW*93, Is|94], the development of x-ray
lasers [Mat95], and also in astrophysics [Kal95]. Electtapture is also of large interest for
the design of accelerators and storage rings, becausepgheeaf electrons from the residual
gas atoms is a major limitation factor of the lifetime of siwhion beams. A general scaling rule
for the total cross section of electron capture processdadbyhighly charged projectiles was
found empirically by Schlachter [SS@3], and is given by

3.924.2

oc=11-10°—2, (2.24)

P

whereZ; is the atomic number of the target atom dgglis the projectile energy in keV per
nucleon.

There are dferent mechanisms leading to the capture of a target elelyrtime projectile ion.
They are usually categorized into radiative electron aap{REC) or non-radiative electron
capture (NRC) processes. These mechanisms will be dedgriltke following sections.

2.4.1 Non-radiative capture

A non-radiative capture (NRC) process can be expressed by
XZH 4 A — X@Dr L pF

The active electron is initially bound to the target, and lfinto the projectile ion. With
nc = 1 andnp = nt = 0 the longitudinal momentum balance is given by
i Q vp
Pri = w2 (2.25)
i.e. the recoil longitudinal momentum corresponds disetttithe Q-value of the reaction. Cap-
ture into diferent states of the projectile ion can be identified by métaglﬂ;“. Capture into
excited states leads to a characteristic photon emissiongddecay. Therefore, the electron
capture process is a useful tool for spectroscopic invatsbigs of highly charged ions (State

selective measurements can be found in e.g. [MV@W KADJ95, CDF96, ACK*97]).

Kinematic capture

Generally speaking, electron capture by the projectile astriikely to occur when the veloc-
ity of the electron matches the projectile velocigy. Oppenheimer, Brinkman, and Kramers
[Opp28, BK30] described the kinematic capture (KC) procgsantum-mechanically in an
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Vp

60

target
target atom
electron

project

Figure 2.4: The Thomas Capture process in the target frame. The elestfosat scattered by
the projectile at an angle of 6@&nd obtains the speeg. In a second step it scatters on the
target nucleus and is finally moving into the same directisithe projectile ion and is easily
captured.

perturbative first order approach corresponding to the Bsth approximation. The transi-
tion amplitude for kinematic capture has a significant atagé only if the Compton profiles
of the initial and final state overld&pWith higher projectile velocity, the overlap between the
Compton profiles decreases. This behaviour correspondsitoragvp-dependence of the cross
section of KC [Opp28, BK30],

(2.26)

In the kinematic region of low to intermediate projectildogities, kinematic capture is the
dominant capture channel. At asymptotically high projectielocities, the electron capture
cross section is dominated by a second order process, ttalstd Thomas capture.

Thomas capture

The Thomas capture process (NET for Nucleus-Electron-E®yrmwvas first proposed 1927
by Thomas [Tho27] in a classical two-step model. In a caiiswith the projectile ion, an

target electron is accelerated to the projectile speed. subgequent collision with the target
nucleus, the direction of its propagation is changed, aadetectron finally moves parallel to
the projectile ion and can easily be captured (see e.g. [[pSI#8e momentum transfer in each

4The final state profile is the Compton profile of a projectileibd state, shifted by the projectile velocity.
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2 lon-atom collisions

step is well defined, and the NET capture results in a prégestiattering angle of

V3

Op = —— .
P~ 2Mp

(2.27)

In experiment, the conditions are softened by the Comptofilgrof the electron, and by the
initial momenta of electron and target ion. The signaturghef NET capture process can
be observed in dierential measurements in the projectile scattering angigilwition (see
[HPCS83] and also [VS386, FSC06]).

In quantum mechanical calculations, the NET capture fingeaps in second order perturba-
tion theory [Dri55], and its cross section is given by [BT79]

2?2873

~11
v 2.28
Tz (2.28)

ONET =
whereZy. is the dfective charge of the target nucleus. Thsscaling difers from KC, which
features a/;,lz-dependence. NET thereby has more relative importanceghthivelocities,
whereas it can be neglected at lower energies.

2.4.2 Radiative electron capture

Radiative electron capture (REC) describes the capturetariyat electron into a bound state
of the projectile ion via the emission of a photon. If the &lee is considered initially quasi-
free, REC is the time inverse of a photoionization proced&/§472, SKM*95]. The reaction
equation is given by

X% 4 A— X@Dr LAt 4y

The REC process can best be understood in the rest frame @irdfectile ion, where the
electron moves with a speeg. In order to be captured by the projectile, the electron bas t
dispose of its kinetic energ%;vf,. By a coupling to the electromagnetic field, a photon is exditt
with the energy

1
fiw = §V2P e, (2.29)

whereg, is the binding energy of the electron in the final state. Tls<isection of REC can
be obtained over the cross section of the photoelectigrie(see [Sto30]), the cross section of
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2.4 Single electron capture

radiative capture into an empty K-shell is given by [EM95]

UREC= —3 oo (2.30)

2 _
287T2a 5 V3 @ 4y arctan Yv
i 1+

wherel. = i/mecC is the electrons Compton wavelength ang: Zp€?/hivp the Sommerfeld
parameter. Thep-dependence of REC is weak compared to kinematic or NET mapliinere-
fore, REC is the dominating electron capture process athigly projectile velocities [ESO07].

In the non-relativistic limit, the photons are emitted prentially perpendicular to the pro-
jectile beam direction [SML01],

dorec

o« sinf e, , (2.31)
Y

whered, is the photon emission angle relative to the beam direclitus distribution does not

change significantly for projectile energies less than J/GHE¥M95].

2.4.3 More exotic capture processes

A variety of more exotic capture processes exists, whicleggly have a small cross section
but are nevertheless discussed in the literature. One séthrcess is the resonant electron
transfer with simultaneous projectile excitation (RTEhigh is rather similar to the REC pro-
cess. In the RTE, the excess energy in not transferred totaphaut to an electron bound by
the projectile. The electron is resonantly lifted to an eatistate of the projectile. Experiments
on RTE were performed by e.g. [MMB3] and [EST09], a theoretical approach can be found
in [GH92]. Also, electron capture with the simultaneousigtion of one or more target elec-
trons may occur, see e.g. [STIN09].

In multiple electron capture processes, more than onettalgeron is transferred to the projec-
tile ion. Different multiple capture channels are possible, e.g. twdretecmight be captured
kinematically, or via the emission of a single photon (whklabelled REEC, see [SWET10])).
At very high projectile velocities, the bound-free pair guction becomes possible, where an
electron-positron pair is produced of which the electrooréated in a bound state of the pro-
jectile ion.

It is also possible that an electron is captured into a cantimstate of the projectile ion. This
process is labelled ECC (Electron Capture to the ContinRWL95]. The electron is free,
but moves with the discrete projectile velocity.

Due to their small cross sections, theses exotic procesdiasotvbe discussed here in further
detail.

21



2 lon-atom collisions

2.5 Transfer ionization

The transfer ionization (TI) process denotes the captumneftarget electron to the projectile
ion with simultaneous emission of a second target elecifbe.reaction equation is given by

X%+ 4 A — X@DF L AZF e

With nc = nt = 1 andnp = 0, the longitudinal momentum balance (see equation 2. 1jlyén
by

f
Pf, = V% - V—; + s—s Pl (2.32)
The TI process bears a high resemblance to the single i@mnzatocess, because in the final
state there is only one electron in the continuum. Thereiflfierent mechanisms leading to the
transfer ionization of the target atom. In the independentgss, the projectile ion captures one
target electron and ionizes another target electron in thsexqjuent, independent interactions.
In the correlated processes, only one interaction of thgegtite ion with the target system

occurs, and the Tl is enabled by an electronic correlation.

2.5.1 Independent transfer ionization

As mentioned above, the independent transfer ionizatioegss is the result of two subse-
quent, independent interactions between the projectileaind the target system, where one
target electron is captured and the other ionized.

Generally speaking, the capture process requires a clofimian (i.e. a smaller impact pa-
rameter) than an ionization process. Also the Tl processggines closer collisions, because
a capture event is included, which results in larger sdageangles of the projectile ion in Tl
processes compared to Sl.

At low projectile velocities, the interaction timg; « 1/vp is long and the projectile is more
likely to interact twice. The probability that two separatieractions will occur in a single col-
lision decreases with increasing projectile velocity. fgthvelocities, the relative importance
of the correlated Tl processes, where only one interactiwden projectile and target system
is required, grows.
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2.5 Transfer ionization

2.5.2 Correlated transfer ionization

In the correlated Tl processes, the transfer of a targetreleto the projectile ion is enabled
by the ejection of a second target electron. The cross seofithe correlated Tl processes
does not decrease as rapidly with increasip@s that of the independent Tl process, and the
correlated processes are of a higher relative importanikiglatrojectile velocities.

To gain a better understanding of the correlated Tl mechasisnergy conservation is consid-
ered in the projectile frame. In the initial state, the petije ion is at rest and the target atom

moves with velocitwp. The kinetic energy of each active target electlﬁg,z, is % and the

kinetic energy of the target corelE‘;r = MTZV%. In the final state, the captured electron has no

kinetic energy in the projectile frame, and energy condemayives

V2 ovE o MpvE viZ o Myt
7P+?P+TP+E|bind:%+ 2T *+ Eping - (2.33)

wherevef3 andv{ are the final state velocities of the ejected electron andebeail ion, respec-
tively. In correlated Tl processes, the recoil ion can besmmared merely as a bystander, and
its energy change is negligible. If also the change of bigdinergy is neglectet equation
(2.33) gives

Ve~ V2vp (2.34)

in the projectile frame. The direction of the ejected elattis a signature of the filerent
correlated Tl mechanisms, which are introduced on theviitlg pages.

Electron-electron transfer ionization

Only recently, a correlated transfer ionization process been proposed by Voitkiv et al.
[VNUO08, Voi08], which had been overlooked during decadeséarch. This electron-electron
transfer ionization (eeTl) process bears a close resemdl@anREC, and like REC it can most
easily be understood in the rest frame of the projectile ion.

In that frame, the target electron has a kinetic energ%dﬁ the initial state. When the elec-
tron is captured by the projectile, it transfers its kin&inergy to a second target electron. The
kinetic energy of the second target electron after the teans equal twf,, and it moves with
the velocityvé = V2vp in the direction of the target atom propagation. In the tafigene, this

SEspecially at high projectile velocities, and when the &tetis captured into higher shells, the change of binding
energy is small compared to the change of kinetic energyeoélactron.
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Figure 2.5: The electron-electron transfer ionization in the targatrfe. In order to be captured,
a target electron transfers its kinetic energy to a secagétialectron. That electron is thereby
emitted in the direction opposite to the projectile beanhwitvelocity of (V2 — 1)vp.

results in a velocity of
vi=(V2- 1) . (2.35)

The electron emission is directed backwards, i.e. oppusitee projectile beam direction (see
figure 2.5).
For high projectile velocitiesp > Zp, Z7, the cross section for eeTl is given by Voitkiv
[VNUO0S8] to be
3
2573

PR
VP

(2.36)

OeeT| X

In the eeTI process, the target nucleus is mostly a spectééwertheless, it receives a fraction
of the energy transfer. The fraction is small compared tetiegy of the ejected target electron
in the final state, even though it increases vigdth

Thomas transfer ionization

The electron-electron Thomas transfer ionization pro¢ass labelled EET for electron-electron
Thomas) is closely related to the Thomas Capture processiloled in section 2.4.1. Also the
Thomas TI process is a two-step process. An interaction tivéghprojectile ion accelerates a
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(a) target frame (b) projectile frame
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Figure 2.6: (a) The Thomas transfer ionization process in the targatdreDue to the interac-
tion with the projectile ion, a target electron is acceledab the speed/2vp at an angle of 45
relative to the projectile direction. In a second step, &dattered by a second target electron.
In the final state, the two electrons each move with a sppedne electron moves in beam
direction and is easily captured, the second electron itednperpendicular to the projectile
beam direction. (b) The picture on the right displays theriile Tl process in the projectile
frame. In the final state, the captured electron is stoppebdrprojectile rest frame and the
emitted electron moves with spee®vp.

target electron to a speed af2vp. The electron is scattered in a collision with a second targe
electron, and moves parallel to the projectile ion in thelfatate, where it is easily captured.
The second electron emerges from the collision with the sspaedvp as the first electron, but
in the direction perpendicular to the projectile beam (sgeré 2.6(a)).

The kinematics of the Thomas Tl process determine the sicattengle of the projectile ion,
e.g. a proton is scattered in an angle d&f4mrad, independent of its velocity.®
The Thomas TI can also be considered in the rest frame of thjeqpite ion. Here, the first
target electron is stopped in the collision with the secolegteon, which is ejected with a
speed okl = V2vp at an angle of 45relative to the target motion in the projectile frame (see
figure 2.6(b)). In quantum-mechanical calculations, therfias Tl process appears in second
order perturbation theory. The theoretical cross sectidhe second Born approximation was
calculated by [BT79] to be

727573
2'ne 373
Zp+ \/_ZZT

5Except from being shifted, the shape of the projectile scaity angle distribution is essentially identical to the
shape of the distribution measured in kinematic captureqeses [GSND9].

OEET = v,;lla.u.. (237)
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Thevp-dependence of the Thomas transfer ionization cross sextiold be confirmed experi-
mentally, see e.g. [SF82].

There are clear ffierences between the final momenta of the electrons ejectEdoimas Tl
and eeTl processes. The Thomas Tl process results in ani@mikected transversal to the
projectile beam. In contrast, the eeTl process emits thetrele with a minimal transversal
momentum, but with a rather high component in the backwanettion.

The electron momentum distribution in the final state of tberelated Tl is displayed in
figure 2.7. The distributions are computed for the collisidrdifferent projectile ions with a
velocity of vp = 16 a.u. on a helium target atom. Two peaks can be identificueadtpected
electron momenta for Thomas Tl and eeTIl. With increasinggehatate of the projectile ion,
the relative importance of the Thomas TI decreases.

Shake-off and shake-over

If a target electron is captured by the projectile ion, thera sudden change in th&ective
target potential, and there might be an overlap of the statesecond target electron with a
continuum state. In the so called shak&{arocess, this electron suddenly finds itself in the
continuum. Accordingly, there is only a minimal momentuansfer to the emitted electron
[MBB*95].

There is also a process referred to as shake-over. Hereténadtion of the projectile with the
target system leads to the ionization of a target electnod tlae second electron finds itself in
a bound projectile state [MDAS88]. Generally, the crosgiges for shake-fi and especially
shake-over are very small, and the processes are neglaateabsi cases.

26



2.5 Transfer ionization

(a) proton projectile (b) He™ projectile
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Figure 2.7: Panels (a)(b)(c) and (d) display the calculated electromerdum distribution in
the final state of correlated transfer ionization bffatient projectile ions. In all calculations,
the projectile velocity isp = 16 a.u., and the target is a helium atom. In (a), two sepasstky
can be assigned to the Thomas Tl and the eeTl, where the erffibcion to the total cross
section is much stronger. With increasing projectile chatate, the Thomas Tl contribution
decreases relatively, and is hardly present in (c) and (d).
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3 Experimental setup

In this chapter, the experimental techniques employedisnvibrk will be described.

The final state momenta of the collision fragments are medswith a Reaction Microscope
(section 3.1), which consists of a COLTRIM-spectrometal@Crarget Recoil lon Momentum
Spectrometer) [UDE91] combined with an electron spectrometer. Reaction Mimopes have
been applied with great success in fragmentation studigsrhyelectron and photon impact
(see e.qg.JUMD97, UMD"03, DMJ"00]). In our work, an additional photon detector was im-
plemented into the setup (section 3.2). It is dedicateddaltection of photons originating in
radiative collision processes.

The Reaction Microscope is implemented into the heavy iorage ring TSR (section 3.4).
In the TSR, ion beams of extremely high quality, i.e. with & lemittance and momentum
spread, can be prepared. Therefore, the initial state oioth@atom collision is known with
a high accuracy, and the combination of the devices (se8t®nallows for the investigation
of ion-atom collision processes with a very good resolutidigh intensities of the stored ion
beams result in high event rates, and good statistics cabtbaed even for collision processes
with small cross sections.

3.1 Reaction Microscope

In ion-atom collisions, a variety of processes may occuy, gingle or double ionization, elec-
tron capture or electronic excitation, allfidiring in the final state of the collision system. To
obtain kinematically complete data sets, it is necessargdasureN — 4 momentum compo-
nents, ifN is the number of collision fragments in the final state. Theaming four compo-
nents can be calculated from energy and momentum congermatis.

The final state momenta of the recoil ions and the electranmaasured with the Reaction Mi-
croscope. At the centre of the spectrometer of the Reactiorostope, the projectile ion beam
intersects with a target atom beam from a supersonic ga3\et.time and position sensitive
detectors are employed for the detection of recoil ions dectrens, respectively. As the solid
angle acceptance of the recoil ions, and of the electrons avéde energy range, is nearly
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Figure 3.1: The supersonic gas jet.

47, and as the electron detector is multi-hit capat#@ematically complete multi coincidence
studies are feasible. The momentum change of the projéatiteis not measured directly, but
is accessed via momentum and energy conservation. Therefgn small projectile scattering
angles in theurad range are observable, and the resolution is not limigatidoprojectile beam
emittance or energy spread [USBK88]. A short overview olierdcomponents of the Reactions
Microscope will be given on the following pages.

3.1.1 The supersonic gas jet

There are several demands on the atomic target in a Reacticnoddope. The momentum
spread of the gas atoms has to be small in order to maintaioc gsolution. At room tem-
perature (300 K), the thermal momentum spread of heliumgabadut 4a.u.. But in order to
achieve a resolution of Da.u. for the recoil ion momenta, the target temperaturaatsaxceed
150 mK (see [Fis03]). Also, the target should be well loadizo produce a small overlap with
the projectile beam. Anffective pumping of the target gas is important, in order tortadn a
background pressure in the ultra-high vacuum (UHV) rangebofit 101° mbar in the reaction
chamber.

These demands are fulfilled by a supersonic gas target, whidsed on the principle of adia-
batic expansion. From a reservoir at a presggrehe target gas of temperaturgis streaming
through a small nozzle into an expansion chamber with lowessurepey,. If the pressure ra-
tio p%p is about two or larger (more details in [Sco88]), in a regiésaveral cm, the so called

IMulti-hit capability means that two or more electrons anifing from the same collision are both detected, i.e.
the dead time of the electron detector is very short.
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zone of silence, the atoms expand adiabatically and moter fémn the local speed of sound.
The free enthalpy = %’kBTo is converted to directed kinetic energy; = v5kgToM, where

M is the mass of the atoms, akglis the Boltzmann constant. This conversion is complete only
for an ideal gas, in practice the gas atoms interact with eder and with atoms of the residual
gas. The inertial temperatufie of the gas after expansion depends on the gas species, on the
product of pressurpg and nozzle diameteland on the temperatufi prior to expansion. Itis
described by the speed rat which is the ratio of directed velocityjer and thermal velocity

Viherm Of the gas jetS = V::::m = \/% :

In the gas jet employed in this work, the nozzle diameter dias 30um, and a pressure
po = 15bar results in a speed ratio 8f~ 30 for helium gas [Sco88]. A helium gas at room
temperature has therefore a temperaturé ef 0.83 K after expansion, resembling a momen-
tum spread ofAp ~ 0.24 a.u.. The directed velocitye: of the helium gas jetis.8 a.u. [Fis03].

More detailed information on supersonic gas jets can bedaufLan07, US03] and [Sco88].

When the jet is expanding in the zone of silence, only the witt the smallest transverse
velocity passes through a skimmer into the nefftedéntial pumping stage (figure 3.1). After
that stage, the beam passes a second skimmer, which agelis bte atoms with high transver-
sal velocity. The diameter of the second skimmer is 0.6 mmhjiamas a distance of about 3 cm
to the nozzle. This jet geometry and the jet velocity result transverse momentum spread of
the target beam ofp ~ 0.12 a.u. after the second skimmer [Fis03]. In our work, the mi@m
tum spread was further decreased by the implementationam€bNimator slits , which could

be moved into the beam from all four transversal directi@ee (figure 3.1). Thereby, a cold
and very well localized target beam was prepared.

The ultra high vacuum in the range of #®mbar in the reaction chamber is maintained by
differential pumping of the target beam. A typical pressure éngkpansion chamber during
experiments was 103 mbar, and about 6 mbar in the second stage. The pumping speed in
the expansion chamber was 5@4) in the second stage 308,land the two additional pumping
stages, in which the collimators are implemented, were ahap a speed of 7@sleach. After
the reaction chamber, the target jet is pumped in the I&&rdntial pumping stages in order to
prevent back-dfusion of gas into the collision region. The twdfdrential pumping stages of
the dump were pumped with a speed of 3@0dach, and the pressure in the beam dump was
typically in the range of 1& mbar.
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Figure 3.2: (a) A photograph of the Reaction Microscope implemented the TSR. (b) A
schematic drawing of the Reaction Microscope. In the reactolume, the projectile ion beam
is intersected with the atomic gas target. The chargedsamilifragments are accelerated in the
electric extraction field and guided to the detectors. A ne#igrfield is forcing the electrons
into a cyclotron motion.

3.1.2 The spectrometer

The working principle of a Reaction Microscope (figure 32p6 follows: In the interaction
region in the middle of the spectrometer, the projectile i@am is intersected with the gas
target. The size of the overlap is small, as in our experintemtarget beam has a diameter
of about 3mm in beam direction and the electron-cooled baawnly ~ 1 mm in diameter. A
weak electric field of typically a few ¥m is applied roughly parallel to the projectile beam
direction to guide the recoil ions onto the surface of thedetector. The same field is directing
the electrons into the opposite directi magnetic field forces the electrons onto a spiralling
trajectory, so that even electrons with large transverssembum reach the electron detector.
The electric field is generated by two spectrometer plat&dof22 cm, with a 15 cm hole in
the middle for the target beam. They are ceramic plates whilylaresistance coating. A volt-
age can be applied on each corner of the plates separatelyirg to optimize the orientation
and strength of the extraction field. In same experimentgigiwork, circuit plates covered
with 100 conducting metal stripes connected ovefli@sistors were used instead. This type
of plates provides a somewhat more homogeneous electuc fibkey do not allow a separate
potential on every corner, but the potentials on the firstlasdstripe can be adjusted indepen-
dently, as well as the potentials of the lower and the uppepl

2As the velocity of the projectile beam is high, the influenééhe extraction field on the projectile ions is negli-
gible.
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The ions are accelerated in the acceleration region oftlembgéetween the spectrometer plates,
and then pass a field free region. The purpose of the so calfedegion is time focussing. As
the interaction region has a small extension, not all ioesegated at exactly the same distance
to the detector surface. lons with a higher distance taka@elotime to pass the acceleration
region, but gain a higher velocity and pass the drift regmstdr. When the length of the
drift region is two times the length of the acceleration oegd = 2a, the small variation of the
starting position is compensated and the momentum regplatong the direction of extraction
is essentially defined only by the temperature of the gastargherefore, in this direction
the best resolution is achieved. The spectrometer deschibee has an acceleration region of
a = 11cm and a drift region ol = 22 cm. As the longitudinal momentum transfer is of high
importance in collision kinematics, the direction of extran is chosen to be parallel to the
projectile beam.

After passing the drift region, the recoil ions are monitboa a 2-dimensional position sen-
sitive detector. To let the projectile beam pass above, étectbr is mounted below the spec-
trometer axis. Theftset of the detector with respect to the spectrometer axigngpensated
by the directed velocity of the gas jetj = 5.9a.u.) and can be enhanced by the voltages
applied to the spectrometer plates.

The ejected electrons have about the same momentum as tlildoes, but due to their much
smaller mass, their energy is much higher. The energy galogdg acceleration by a recaoll
ion is by far larger than the energy obtained in the collisiwhich is not the case for electrons.
The electric field is not dficient to guide the electrons onto the electron detector. grmetc
field of usually 10— 20 Gauss is superimposed almost parallel to the projectisarbdirec-
tion, forcing the electrons on a spiral trajectory towatks detector. The electron detector is
mounted sideways of the projectile beam, and the magnelicifiéiited by some degrees with
respect to the beam, in order to guide the electrons alonfjehklines from the interaction
region to the centre of the electron detector.

The magnetic field is produced by an assembly of Helmholis soirrounding the spectrome-
ter setup, with a diameter ofdm and a distance of®m. Also the recoil ions arefi@cted by
the magnetic field, being forced on a cyclotron motion as.weillt due to their high masses,
the dfect is small and can easily be corrected in the data analysis.

The detectors

Three detectors are implemented in the spectrometer sitaxting the time of flight and po-
sition of recoil ions, electrons and photons, respectivélyen though they are dedicated for
different particles, the working principle is always the samieyTconsist of a pair of Micro
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Channel Plates (MCPs) and a position sensitive anode. laldutron detector a stack of two
80 mm diameter MCPs and a Delay Line anode is employed. Tlod res detector containing
two 40 mm MCPs and a Wedge and Strip (W&S) anode was at somé gahanged by a
detector of two 80 mm diameter MCPs and a Delay Line anode.askembly and the charac-
teristics of these detectors is in great detail describg¢8efil0]. The photon detector contains a
stack of two 40 mm diameter MCPs, and the front plate has adading for enhanced photon
efficiency in the desired energy range (see section 3.2) and gaietw! Strip anode.

Micro Channel Plates A Micro Channel Plate (MCP) is a thin plate consisting of dmal
glass capillaries. The diameter of the capillaries igr2bresulting in an open area and thereby
an dficiency of~ 60 %. The particles are accelerated onto the detectorscsytfee maximum
efficiency is obtained for ions with a kinetic energy of 2 kV anddtectrons with 206 300 eV
[DMJ*00].

When the charged particle hits the inner surface of a capiltzne or more electrons are re-
leased. As there is a voltagefi@irence in the range of 1 kV applied between the front and back
of the plate, each capillary works as an electron multipbed a multiplication factor 10
can be obtained in one plate. Usually, a stack of two ("Ch&Yyror three ("Z-stack") MCPs
is used to gain a higher multiplication factor. The capilarare tilted about X3elative to the
plate’s surface normal to prevent the particles from patieg to deep into the plate before
they hit the glass surface. The timing information is pickgdon the front or the back side of
the MCP stack, and time resolution is well below 1 ns. Moraitfebn microchannel plates
can be found in [Wiz79].

Position Sensitive Anodes A cloud of 10 — 10° electrons leaves the MCP stack and is
accelerated over a short distance (a couple of cm) onto thiigo sensitive anode, where it
has spread to a size of a few mm.

On a Wedge and Strip (W&S) anode, a high-resistive Ge-layevaporated on a thin.&mm)
ceramic or glass plate in three separate areas which fornadgea@nd-strip structure. The elec-
tron cloud has to be extendedficiently to cover a part of all three areas. The relative sizes
of the areas layered by the wedges and stripes change Yirvaiginl the vertical and horizontal
position, respectively. By analysing the relative chargethe electron cloud hitting all three
areas, the position of the centre of the electron cloud cacalmilated. The position resolu-
tion is mainly determined by the signal to noise ratio andlmaas good as.05 mm [DMJ00].

In a Delay Line anode, a signal wire is wound around a suspgnglate. The single wind-
ings have a distance of®- 1 mm, and the wire is on a positive potential. The electromidlo
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3.2 The photon spectrometer
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MCPs W&S anode grid active area

Figure 3.3: The microchannel plates and the W&S anode are mounted in lhlsoxeof stain-
less steel. The active area has a diameter 4tm.

induces a signal in the wire, which is then propagating imlabtections. The time elierence
of the signal arriving at both ends of the wire can be caleddiack to an one-dimensional
position information. A second signal wire wound perpenlic to the first one provides the
information in the second dimension. To achieve a very gégrbsto noise ratio, each signal
wire is paired with a second wire held on a lower potentialeSéhwires therefore pick up not
the signal electrons but only the noise, which then can beattkd from the signal.

As the overall propagation time through the wires is knovine, signals induced by filerent
impacts in a short time can be assigned correctly. The milgapability and thereby the al-
lowance for high count rates are the main advantages of theylbée anode. The dead time
due to the used electronics is about 10 ns [Fis03], comparkhvtus for W&S anodes, and the
position resolution is typically better thanlGmm [DMJ*00]. For more details on Delay Line
anodes see e.g. [SLRH91] or [CVB5].

3.2 The photon spectrometer

For the investigation of radiative processes, a photoncttatevas added to the setup. The
detector consists of a stack of two Micro Channel Plates,lotkwthe front plate is coated with
Caesium lodide (Csl) to enhance the detectifficiency. Behind the MCPs, a Wedge and Strip
anode is mounted. The MCPs and the anode are mounted in al®walf 70 mm- 64 mm-
32 mm, which fits between the two spectrometer plates of tlaetiten Microscope. The front
of the box is covered with a fine metal mesh (see figure 3.3).

As photons are neither influenced by the electric nor the miagrield, the detector was
mounted close to the interaction region, in order to coverrgd solid angle. The photon de-
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tector distorts the elctric field between the spectromdtaep, and is therefore equipped with
six correction electrodes.

Photon detection is not necessary in every experiment. Habréason, the photon detector is
mounted on a movable rod and can be completely moved out cfipliee between the spec-
trometer plates. The complete assembly is shown in figure 3.5

3.2.1 Coated microchannel plates

A bare Micro Channel Plate has a low Quantum Detectifficiency (QDE) for photons in
the X-ray energy range. It varies with the exact photon gnargd incident angle, but lies
characteristically between-110%. A higher detectionficiency is achieved by coating the
MCP with a photocathode material of higher photoelectraid/i The photocathode material is
evaporated onto the MCP (for more details on the procedw¢CGEM87]), building a surface
layer of about 10008 and penetrating the channels. The layer must ligcgently thick to
stop the incident photons of energy. 2

For a given photocathode material, the QDE strongly dependse energy of the incident
photons. A lot of photocathode materials were experimnédplored, for example KCl and
Kbr [SES"87, SLEV88, SEH88], and KI, NaBr and CsBr [MSS06]. A very popular photo-
cathode material is Caesium lodide (Csl), data on its QDE different ranges of energy or
wavelength can be found in e.g. [FB®, CEM87, LFP96, FPL87].

Nevertheless, there are not so many data available for plestergies as high astkeV, which

is the photon energy range we were interested in (see ch@pt&hapell et al.[CEM87] mea-
sured a QDE of about 10 % for5l keV photons for a Csl-coated MCP, with a maximum at a
grazing angle of a few degrees (see e.g. [MSS06,'8BPFPL87, CEM87]).

In [WPFB84] it is shown that an exposure of 8 hours to labayatir does not significantly
change the detectiorffiziency of the Csl coated MCP. Nevertheless, a serifligstewas ob-

3The probability for the photon to be absorbed at a depth batwandz+ dzis i - cosea’ - exp (- zcosea’) dz,
wherep is the linear absorption céiicient of the material [Fra83]. The released photo- and pbssiuger-
electrons can either escape to the vacuum, or they prodeoadary electrons of lower energy in the cathode
material, which can than initiate the electron avalanchiaénMCP which result in the detection of the photon
hit.
The probabilityP.s. for a photoelectron to escape to the surface is given by Bjtadbe

[ i1-7R) ,z<Re
Pesc—{ 2 0 ,Z>Re (31)

with the rangeR, of the photoelectron in the material. The probabify(z) of a secondary electron to escape is
Ps(2) = Ps(0)e ">, (3.2)

whereLs is the secondary electron escape length. For more deteil§-s283, FBP84].
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3.2 The photon spectrometer

Figure 3.4: The shielding electrodes of the photon detector setup. nBalke can be applied
to the front and the back electrode, and the voltage dropsiliy over all six electrodes. The
distance between two electrodes is 15 mm.

served for a long time storage in a vacuum of onlyZfibar, reducing the quantum detection
efficiency by a factor of two after 40 days.

3.2.2 The shielding

In order to achieve a large solid angle, the photon detecasrimstalled close to the interaction
region, where it distorts the fields which guide the electrand ions towards the detectors.
The dfect of the field distortion on the time of flight and positiontlbé charged particles was
simulated with the program Simlon. In a first simulation th®i{on detector chassis was put
on ground potential and placed close to the reaction voluhhe. spectrometer voltages were
chosen to change between 60 artD V from the electron side to the recoil ion side. The most
serious fects were observed in the time of flight of the recoil ions. Atgif the starting point

of the ion by+1 mm towards or away from the photon detector surface (xeoate) results in

a time of flight diference of 24 ns, which corresponds to a longitudinal monmemtucertainty
of~11a.u..

To reduce the distortingkect, shielding electrodes were installed in front of thetphaletector
(see figure 3.5). They consist of a row of 60 i mm metal rectangles with a 50 m&60 mm
hole through which the projectile beam and the recoil ior$ elactrons pass (see figure 3.4).
Voltages can be applied to the first and the last shieldingtrelde, and the voltage changes
linearly over the electrodes that are interconnected bywaofdl00Q resistors.

A second simulation with implemented shielding electrogleswed that the shieldingfect
increases with shorter distances between the electrodgsorBhe other hand, the electrodes

37



3 Experimental setup

shielding __|
electrodes

Mcps” |

Figure 3.5: The complete setup of the photon detector, including theatiet box and the
shielding electrodes. The projectile ion beam and the eubhogllision fragments are passing
through the centre of the holes in the electrodes. The tatget jet passes between the third
and the forth electrode, so the reaction volume is placeldamtiddle of the shielding setup.

hinder the photons from reaching the detector surface. Eletbade-& was reached in the
simulation with 6 electrodes and 15 mm distance between.thWith implemented shielding
electrodes, the time of flight flerence between recoil ions wit#l mm difering x-coordinate
was reduced t& 1 ns, the longitudinal momentum uncertainty thereby reslioe 0.05a.u..

3.3 Momentum reconstruction

In the spectrometer of the Reaction Microscope, the postiiothe particle impact onto the
detector and the time of flight relative to a reference signaheasured. From these values,
the three dimensional momenta of the collision fragmentshmobtained. The longitudinal
momentum along the initial projectile beam direction isedity related to the time of flight
of the particle. The information of the transverse momenisigontained in the time of flight
and the position on the detector surface, both for electemmsrecoil ions. For a complete
description in cylindrical coordinates, also the azimutragle ¢ in the plane perpendicular to
the beam direction has to be obtained. The momentum recatistr will be explained on the
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3.3 Momentum reconstruction

following pages.

3.3.1 Longitudinal momenta

The longitudinal energy of a charged collision fragmengfathe collision isE; = P” , Where
m is the mass of the particle. In the acceleration region oftlei, the partlcle gains the
kinetic energyg - U, whereU is the extraction potential argithe charge state of the particle.
The movement through the drift region of lengtlis force-free. The movement through both
regions adds to a total time of flight of

2a d
t, = fym + (3.3)
VEi+qU+ \E  \E +qU
where
f=16 861— &V 719 v (3.4)

The two diferent solutions, using the or - in the calculation, correspond to initial momenta
towards the detector{ or in the opposite direction (-), respectively. As the irsgeof equation
(3.3) can not be calculated analytically, it can not be diyespplied to derive the momentum.
Additionally, the exact time of the collision is not meadigirectly. Instead of the absolute
time of flight, only the relative time to a reference signal; &xample the timing signal of a
bunched beam or the detection of a charge changed projestdgperimentally accessible.

As the mass of the recoil ion is high, the ene@&ﬁ transferred in the collision is small com-
pared to the energy - U obtained during acceleration. Therefore, the time of fldjiference
Atr between an ions witkg = 0 and withEg # 0 can be approximated by

dt(E E
At = (Ery) ~ t(Ery = 0) ~ ﬂﬂ] Poy (3.5)
Eri dPrylp, -0
which results in
cm-a.u) qU
Pry = 8.04-10‘3—)—At . 36
R ( evns a R (3.6)

In case of high projectile velocities the time of flight distition of the recaoil ions is rather
symmetric with a peak ak(Egr = 0), which can be used as reference. As ions fedint
charge stateg gain a diferent kinetic energg- U in the acceleration region, the resulting time
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of flight difference is large compared to thé&éience due to the energg, transferred during
the collision. Therefore, the charge states are well sgghmen the time axis and a separate
time reference can be assigned to each.

For electrons, the longitudinal enerddy transferred in the collision and the kinetic energy
e- U gained in the acceleration field are of the same order of madgiand approximation
(3.5) is not valid. Instead, the numerical Newton-methoensployed, an iteration method
where the solution of the non-linear equation is approx@datntil convergence is reached. In
the Newton-method, the absolute time of flight of the elarmust be known. One method of
obtaining the zero point on the electron time scale is takithgantage of the wiggle structure
(which is described in section 3.3.2). Electrons with a tofhiéight of te = 0 would arrive at the
detector in the moment of the collision, and their longitadimomentum would b8g = co.
These electrons are not distracted by the magnetic fieldhedrsangle in the cyclotron motion
isa = wte = 0. Accordingly, they hit the detector in one of the wiggle ifoss, which are
equidistant in time. The measured wiggle positions can leapalated back until the zero
point is reached.

3.3.2 Transverse momenta

The measured position of the particle impact on the detemtdr time of flight contain the
information about the transverse momentum component.hearegcoil ions, the calculation of
Pr. is very straightforward, as their movement is barely infeshby the magnetic field. Also,
the electric field has na¥act on the momentum component transversal to the field IResoil
ions withPgr, = 0 reach the symmetry point of the detector. Tkset of the recoil ion position
on the detector to that symmetry point, given by the cootdiRg, is directly proportional to
the time of flight and to the transverse momentum of the ion:

Rg = (1.2- 1P amy Pru R 3.7)

nsa.u./ mg

The time of flight depends on the longitudinal momentum ofréeil ion. But as this time
of flight difference is around three orders of magnitude smaller tharothktime of flight,

4This method is not necessarily unambiguous. To certify thatright zero point is selected, it is employed

that the longitudinal momentum transfgris determined by energy conservatiag,= QJPEE, and momentum

. f f . O+E f f . .
conservationg = Py, + Py. A correct selection results |9E — (Pg, + Py) = 0. For details, see [Fis03].
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Figure 3.6: When the time of flight of the electrons is known, the transganomenta can be
extracted from the position spectrum.

equation (3.4) can be applied, and the transverse momentatornic units writes

3 a.u. RR
Pm—(lle — eV) 52t g VAU M= . (3.8)

Due to their larger mass, the cyclotron motion of the reamikiin the magnetic field does not
cover a full circle, but only a few degrees. Considering tiisthe azimuthal angler can be
extracted directly from the recoil ion position on the dédec

The electron trajectories usually include a few cyclotrpirads during the time of flight.
Projected onto the azimuthal plane, the electrons moverotesiof radiug (see figure 3.6).
That radius is proportional to the transverse momentumenétactrond e, ,

PeJ_:reB, (39)

whereas the cyclotron frequenayis independent of it. For a given charge to mass rabio,
only depends on the magnetic field strenBthw = e—nf. The cyclotron frequency determines
the anglex which the electron covers in the time of flight with @ = wt.. The dfset of the
electron position on the detector from the symmetry poimt loa extracted from the electron
position spectrum (figure 3.6). With the time of flight and éyelotron frequency, the cyclotron
radiusr is determined over

Re Re

r= - = - >
2sing|  2sin|

(3.10)
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Figure 3.7: The distribution of electrons on the electron detector ddpgy on their time of
flight displays the characteristic wiggle structure. Thectbns emitted in a 1 M¢w O’ on
helium collision perform a cyclotron motion in the magndiield. At the times when that
motion covers a full circle, the electrons arrive at the digteat the point of symmetry where
Rs = 0.

and applying equation (3.9) gives the transverse momentatomic units:

(3.11)

U. B
Po, = (804100 2% ) _Te

mm G/ 2| sin |

The azimuthal anglé. can be obtained from the anglen the electron position spectrum (see
figure 3.6), as

wt
¢e=9—? . (3.12)

An exact knowledge of the cyclotron frequenoyis essential in the determination B, and

¢e- In principle, w can be calculated from the measured magnetic field strebigBut as the
field strength inside the spectrometer is not measured vgthdccuracy, this calculation would
result in an uncertainty @b and therebyr. Insteadw can be obtained using the 'wiggle’ struc-
ture (figure 3.7). At certain times of flight the cyclotron rieat of all electrons, regardless of
their momenta, covers a full circle. At these times, thetebexs hit the detector at the symme-
try point andRe = 0. In figure 3.7, wher&. is displayed over the electron time of flight, the so
called wiggle structure is visible. At the position of a wlggthere is no transverse momentum
resolution. The time distancite between two wiggles gives the time of one circulation and
thereby the angular frequeney = Aﬁte can be obtained in great detail. The tim&elience of
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~ 35ns in figure 3.7 corresponds to a magnetic field strengthXffa.u..

3.3.3 Resolution and acceptance

The momentum resolution of the Reaction Microscope is deterd by the temperature of the
gas target and the accuracy of the time of flight and positieasurement, where the position
resolution depends on the spatial resolution of the detecamd on the extension of the reac-
tion volume. The accuracy of the time of flight determinatd@pends on the time resolution
of the detectors, on field inhomogeneities in the spectremestd also, in case the reference
signal is posed by the bunches of the projectile beam, oretigth of the ion bunch.

A detailed analysis of the resolution and acceptance of pleetsometer was performed by
Fischer [Fis03]. The momentum resolution for the recoikigtypically 01-0.2 a.u. in longi-
tudinal direction, and a factor of 2 to 3 higher in transvetsection.

The acceptance of recoil ion transverse momenta is detechtiy the size of the detector and
the acceleration voltage. It can be deduced directly fromaggn (3.8) by inserting the maxi-
mal possible fisetRgr max0f the recoil ion position from the symmetry point on the débe

Due to their cyclotron motion in the magnetic field, the motaemresolution of the electrons
depends on the time of flight. Generally, the longitudinabtation isAPy <« 0.1a.u. over a
wide range of longitudinal electron momenta. At the poasitid a wiggle, there is no transverse
momentum resolution for the electrons. In the middle betwie® wiggles, the best resolution
for Pe, andge is reached, with typical values afPg, < 0.1a.u. andA¢ ~ 10° [Fis03].

The longitudinal momentum acceptance for the electrongtisrchined by the extraction volt-
age, because electrons moving away from the detector withargy higher thae- U leave the
extraction volume on the opposite side. Therefore, the itiondon the longitudinal electron
momentum reads

P> e-U a.u.
dl 136 ey

The transversal momentum acceptance can be derived froati@u(3.11). WhemRe maxis the
maximal possible fiset to the point of symmetry on the detector, and when the ¢ihikkght
of the electron is exactly between two wiggles, the condifmr transversal acceptance reads

(3.13)

a.u.
e G)- BRemax. (3.14)

P., < (4.02- 1073

In our experiments, a typical longitudinal acceptanc®ds> —2a.u., and the electrons are
detected with a transversal momentunPgf < 2 a.u..
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3.4 The heavy ion cooler storage ring TSR

Especially in the fields of atomic and molecular physics, styrage rings are a valuable ex-
perimental tool. When the last obstacles were overcomeviging a ultra high vacuum at
moderate cost and the handling of phase cooling - a numbeanall #on storage rings were
build in the late eighties and in the nineties of the last wgntThe Test Storage Ring (TSR)
at the Max-Planck-Institut fur Kernphysik in Heidelbergase of these rings, it started op-
eration in 1988 [BBF88]. In the TSR, ion beams can be stored with high intensiigr av
wide range of charge states and energy. By electron coaismall emittance and momentum
spread of the stored ion beams is obtained. Due to its prepgethe stored ion beam in the
TSR is an excellent projectile beam for the investigatioronfatom collisions with a Reaction
Microscope.

3.4.1 The lattice of the TSR

A photograph of the ring is shown in figure 3.8, and a schenuragving in figure 3.9. The
TSR has a circumference of 85n, containing four straight sections, eacb @ long. The
first straight section is devoted to the injection and egimacof the ion beam. In the second
section, the electron cooler is located, whereas the neigkt section is dedicated for exper-
imental equipment. In this section, the Reaction Microscgpmplemented. The last section
is occupied by the radio frequency generator and the beagnaisics system.

The bending of the ion beam is performed by eight dipole magnets, two placed in each
corner of the TSR. The maximum field of the magnetBjsx= 1.3 T, and the ion beam has to
be bent in a radius of abogt= 1.15m. Thereby the maximal rigidity of the stored ion beams
is given, which is the maximal momentum to charge ra@ax = Pg”;ax = Bmax-p = 1.5Tm?>
lons with a typical charge state to mass ratio &f€an be stored up to kinetic energies of about
Eproj = 30 MeV/u. The minimal rigidity is abouRmin = 0.25 Tm.

Focussing of the ion beam is achieved by five families of foumdjupole magnets. The
quadrupole magnets are either horizontally or verticatiguEsing, and in figure 3.9 they are
labelled with QF and QD, respectively. A horizontally fosing quadrupole between two
dipole magnets is the centre of one focussing period, whitdnels over a pair of quadrupoles
and half a straight section on each side. As the lattice ofitige consists of four of these
focussing periods, it has a fourfold symmetry. In the maierafion mode (or standard mode) of
the TSR, adjacent focussing periods are anti-symmetsaltieg in the ring’s super-periodicity
of two.

5This equation is obtained by equalling the Lorentz fdfge= Qp(ve x B) with the centrifugal forcéc = Mpv2/p
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3.4 The heavy ion cooler storage ring TSR

Figure 3.8: A photograph of the heavy ion cooler storage ring TSR. The @me injected from
the beamline visible in the lower right corner. The dipolegmgts can be recognized by their
orange colour.

Emittance and acceptance

The central orbit, sometimes also called closed orbit,ésthjectory of a stored projectile ion
with a certain longitudinal momentu®p. The longitudinal position of the ion circulating in
the storage ring is denoted Bywheres = 0 marks the centre of the beam diagnostics section.
The experimental section is located at arownd 42 m. If the ion has a transverse momen-
tum component, it leaves the central orbit and would be ldtftout the focussing quadrupole
magnets. They exert a counteracting force on the ion whiphogortional to its displacement
x from the central orbit. Therefore, the ion performs a soechbetatron oscillation motion
around the central orbit, with a tune ©f2.8 oscillations per turn in the standard mddafter
injection, the betatron oscillation amplitude can be asas@ cm in the centre of the experi-
mental straight section. The slope of an ion orbit with tv@nse velocitywy, and momentum
Py is defined byx' = % = \‘,’—; = E_;- In the phase space defined k@ndx’, the ion moves
on an ellipse (see figure 3.10) when it circulates in the giorang. The ared of that ellipse

is a constant for the movement of every ion, and the emittancef a single ion is defined by
€1x = é. The largest possible emittance of a stored ion is a chaistiteof the storage ring,
called acceptance. It is about 100 mm mrad in the horizomtetibn.

5with a typical circulation frequency ef 0.5 MHz, the betatron frequency is in the orderoll MHz
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Figure 3.9: A schematic drawing of the TSR. The circumference of theagfering is 55 m.

The focussing and defocussing quadrupole magnets ardeldtiwl QF and QD, respectively.
Schematic drawing from [BeuOO].
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cooled ion beam
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Figure 3.10: The emittance of the stored ion beam is an ellipse in the péesee. The largest
possible emittance of a stored ion is determined by the &agcep of the storage ring. The
acceptance ellipse has the same area at all positions imthdut might be tilted and distorted.
Electron cooling reduces the emittance of the stored iombea

The emittance of not a single ion but of the ion beam is defined the spatial profile of the
ion beam. An electron-cooled ion beam is Gaussian shapédavgtandard deviatiomy (see
figure 3.13), and the beam emittangegis defined as the emittance of an ionxa& oy. A
typical emittance of a cooled ion beamais0.05 mm mrad. It is reduced by electron cooling
until an equilibrium with intra-beam scattering is reacligee below) then it is a constant char-
acteristic of the ion beam, i.e. the area of the ellipse irsphgpace does not change. Siill,
as the ion beam circulates in the ring, the value(sf and x'(s) change, which results in a
different beam size atffiérent positions in the ring.

- and dispersion functions

The size of the ion beam is expressed by the standard deviaip of its Gaussian distribu-
tion. Twog-functionspyy(s) are employed to describe the variation of the beam sizeigffro
the ring,oyy(9) = +/exyBxy(S). Thep-functionspyy(s), and thereby the beam size variations,
are determined by the settings of the quadrupole magnets s-fimctions are calculated by
the MADS8 program [GIKN89], and with the measured valueQfandoy, the vertical and hor-
izontal beam emittance can be obtained. In the straighiossctor injection and experiment,
the values of thg-function argsx = 6 m andg, = 2.5m. Whereas at the electron cooler and
diagnostics sections, the beam is slightly smaller in eation, and the values afg = 3.3m
andgy = 1 m (see figure 3.11).

Sometimes also a definition with= 20, can be found.
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Figure 3.11:(a) Thegx- andgy-functions of the TSR in main operation mode. (b) The disper-
sion functionDy. The functions are calculated by the program MAD8 [GIKN89].

Also defined by the settings of the quadrupole magnets isigpeisionD(s) of the storage

ring. The dispersion describes the location of the closéd of an ion with a certain momen-
tum Pp circulating the ring. The dispersion determines the shifof the closed orbit which
results from a variation of the ion momentum APp with x;(s) = D(s) - AP—T’. In the straight

sections of electron cooling and diagnostics systems, dhiegdntal dispersioDy is set to the
low value of~ 0.25m, whereas in the sections of injection and experimemfaipenent, it is
~ 2m. Thegyy-functions as well as the dispersion function are displapefihure 3.11. Due

to the super-periodicity of 2, the values are repeated héra circulation in the storage ring.

3.4.2 Beam injection

The ions which are to be injected have to be created in theetksharge state. They are ex-
tracted as singly-charged negative ions from a MIS-soundesacelerated in a tandem Van de
Gradf [RGHH74] with a terminal voltage of up to 12 MV. A foil stripk¢ ions electrons from
the ions at the point of highest voltagik, in the accelerator, so if is the charge state after
stripping, the energy transferred to the ions is+(d) Ua. In order to produce highly charged
ions, a second or even a third stripper foil can be placedndehie accelerator. Hereby, highly
charged ions up t&’Au®!* can be created.

In the first straight section in the TSR, two magnetic septh @me electrostatic septum in-
ject the ions into the ring. In order to overlap with the tcajey of the injected ions, the closed
orbit must be distorted. This is accomplished by four bunmpagnets and four additional mag-
nets. The intensity of the stored ion beam can be increagaidisantly by multi-turn injection,
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3.4 The heavy ion cooler storage ring TSR

where several injections are made in succession. Durint-tauh injection, the magnetic field
of the bumper magnets is rapidly reduced to zero, therelrgasing the distance of the injected
ions to the central orbit, until the horizontal acceptanidbe storage ring is filled. For a typical
acceptance of 100 mm mrad, a multiplication factor of 40 &&hed.

3.4.3 Electron cooling

After injection, the beam has a horizontal width of about 40,nvhich can be converted into
a temperature of approximately: 50 °C for al2C8* ion beam ofEp = 733 MeV. In order to
decrease the beam temperature, an electron cooler is iraptethin the second straight section
of the TSR (see figure 3.12). The electron beam is extracted fine cathode by a high voltage
and, guided by magnetic fields, it is overlapped with the iearb in an interaction region of
about 12 m length and finally carried to the collector.

Electron cooling is based on the Coulomb interaction of éims iand electrons in the interaction
region. To cool the ion beam, the temperature of the eledhesm has to be very small.
The longitudinal momentum spread of the electrons is redibgethe acceleration in the high
voltage field. The transverse temperature is lowered bybatliiaexpansion of the electron
beam in a decreasing longitudinal magnetic field. For antreleaensity ofne = 10’ cm™
and a velocity of 3 10° mys, the longitudinal temperature is abouj6%¥, and the transverse
temperature can be reduced from 120 to 4 meV for beam radiBof 26 mm [Beu0Q0].

When passing through the constantly renewed cold electatim, the ion beam is cooled by
transferring energy to the electrons. The cooling forceeddp on the relative velocity of ion
and electron beam [Bet30]. On the other side, the ion beawnistantly heated by intra-beam
scattering, resulting in an equilibrium emittance and moiue spread% in longitudinal
direction after around 500.000 circulations of the ion bearmugh the ring.

By damping the betatron amplitude, the ion beam is cooledndona typical size of only a
couple of mm (see picture 3.13) and a longitudinal momentoiresgl as small ag’f ~ 1074,
Because of the intra-beam scattering, both values depenideonumber of particledl, and
thereby the beam intensity. The beam sizeryy is roughly proportional tdg-z. The cooling

Mp

time T, depends on the ions’ mas4p and charge statép asT¢ « >z and is usually in the

range of 1- 3s. More details on electron cooling can be found in [Igeu(mﬂ [BGN*03].

ECOOL stacking

The cooled ion beam is occupying a much smaller area in tesise\phase space. The newly
available phase space can now repeatedly be filled by themétitturn injection, and the beam
can be cooled again. This process is called electron-agpstiarcking (or ECOOL stacking). The
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3 Experimental setup

Figure 3.12: A schematic drawing of the electron cooler of the TSR. Theestoon beam
passes from the right and is superimposed with the eleceambn the straight section in the

middle. From [SBB90]
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Figure 3.13: The upper picture shows the profile of af@eam after injection measured with
the horizontal beam profile monitor (BPM). The lower pictsteows the beam profile after
electron-cooling. The time fference between the profiles is 2s. The profile of the electron-
cooled ion beam is fitted by a Gaussian function with a stahdawiation ofotiy ~ 0.4 mm.

A correction for the resolution of the BPM results in a horita width of the ¢*-beam of

JCce+ X 0.3 mm.
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3.4 The heavy ion cooler storage ring TSR

lon Energy [MeV] | Life time [s] | Intensity uA]

p 21 220000 1000
1608+ o8 750
12¢ce+ 73 1700 1000
32gl6+ 195 450 1500
SSCiE 293 318 1000
g cle 178 380
SOF 2 250 77 70
SBFerst 260 74 128
SBNjeo 342 60 600
63CuPet 290 49 280
63CLPot 510 122 100
7AGest 365 45 110
805> 480 204 100
805 il 506 50 <1
97Aud% 695 3 3

Table 3.1: Lifetimes and intensities that have been achieved for el@mypons through
electron-cooling stacking. The incoherent tune shift is limiting factor for the intensity
reached for beams with masses belaw35. From [Art12].

repetition rate is proportional to the inverse cooling tilge The achievable beam intensity is
limited by the limited lifetime of the ion beam. Still, an @rtsity multiplication factor of up to
4000 can be reached, resulting in maximum beam currentsoott &mA (see table 3.1).

Lifetime of the stored ion beam

The lifetimer of the ion beam is defined over the exponential decay of thebeurmf stored
ionsN = NoeV7. After the timer, the numbem of ions is reduced by the facter!. The
lifetime is limited mostly by interactions of the stored sowith the electrons in the cooler and
with residual gas ions. In the residual gas there are three pnacesses: Coulomb scattering,
electron capture and electron stripping. The cross sectibthese processeddir, but every
process can be the dominating ion loss channel, dependitigedan charge state and energy.
The lifetime of bare ions is mostly limited by electron captuvhereas a singly charged ion is
more likely stripped. All cross sections increase with @aging mass number of the residual
gas atom, so the lifetime is especially dependent on theerdration of heavier gas atoms.
Whenp is the residual gas atom densitythe cross section of the considered processvarisl
the velocity of the ion, the lifetime with respect to that process is calculatedds= o - p - vp.
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The lifetimes of some ion beams stored in the TSR are list¢akte 3.1.

As a very good vacuum is crucial for the lifetime of the stobe@m, the TSR is equipped with
approximately 30 ion getter pumps and approximately 4@ tablimation pumps. The ion
getter pumps have a speed of g0éach. In the electron cooler, two ion getter pumps with a
speed of 400Q'¢ are installed, and additionally NEG pumps ST 707 (SAESa&stare utilized.
The whole vacuum system has to be baked out at a temperat@@¥&. A vacuum in the
range of 10 mbar is reached.

3.4.4 The radio frequency resonator

It is possible to bunch the stored ion beam, i.e. to form icackages’ with a length of only
about a few ns. The bunching is achieved by a ferrite loaddib faequency (rf) resonator
implemented into the fourth straight section of the TSR. ffeguency range is.85—- 9 MHz,
and the maximum rf voltage 19, max = SkV.

When the voltage of the rf resonator is ramped up, the iomsilating in the ring form short
longitudinal ion bunches. The resonator frequefigyhas to be a multiple of the ions circula-
tion frequencyfy, i.e. f.s+ = h- fg, whereh is the harmonic number which gives the humber
of bunches in the ring. The bunch lengtg is decreasing with increasing resonator voltage
U, but the decrease is limited because the ions interact hatlspace charge field of the ion
beam. Therefore, the bunch length increases with incrgdm@am intensityp. This results in
hzﬁ'z—PU”, whereg is the beam velocity in units of the speed of ligHBas09]. For low
beam intensities and high resonator voltages, very shorchias with a length of about a ns
can be achieved. The ions perform synchrotron oscillatiotengitudinal direction around the
centre of the bunch. The frequen€yncnis proportional to\/U_rf, and typically in the range
of 1 kHz, which is three orders of magnitude slower than thatben oscillation in transverse
direction.

By varying the ferrite’'s permeability, the frequency of ttesonator is changed and the ions
are accelerated, see e.g. [Blu89, Bas09]. When the ionitlincreases, also the magnetic
fields of the bending magnets in the TSR have to be ramped wpns$tance, the energy of an
pre-electron-cooled?C%" beam can be increased by a factor 5 with an acceleraffariesicy

of 98%. For decelerating the same beam, and thereby redti@ngnergy by a factot 7, the
efficiency is about 90% [Art12].

ogx 3

3.4.5 Beam diagnostics system

The beam diagnostics system is also placed on the fouriglstisection of the TSR. The beam
position is measured by eight pick-up position monitorsiclwibasically consist of two metallic
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3.5 The combination of the TSR and the Reaction Microscope

plates each. The beam induces a voltage on both plates, anglthge diference is propor-
tional to the beam’s distance to the pick-up centre. To nreasot only the position but also
the transverse density distribution of the stored beam,ligam profile monitor (BPM) units
are employed. In the beam profile monitors, two parallelggare installed and a high voltage
perpendicular to the beam direction is applied. When thenbegasses between the plates, it
ionizes residual gas atoms and molecules. The electricdiglas these ions onto a position
sensitive detector mounted on one of the plates. As the nuofill@nized atoms is proportional
to the density of the projectile ion beam, a projection ofttham density on the detector is ob-
tained. One BPM measures the beam in the vertical and the iotlige horizontal direction.
The beam sizes displayed in figure 3.13 are obtained by thedmbal BPM.

A current transformer is used to measure the stored beamsitytewith a resolution of ZA.
For currents smaller thanuA, a current pick-up has to be used, but that is possible amly f
bunched and electron-cooled ion beams. The revolutioruéecy and the longitudinal mo-
mentum spread is measured by a Schottky pick-up.

Detector for charge changed projectiles

Some atomic processes in the experimental section of theld&Ro a change of the charge
state of a projectile ion. Due to thefiirent Lorentz force acting on the charge changed ions,
they are bent in a éfierent radius in the bending magnets after the experimeinéad)ist section
and leave the closed orbit of the stored beam. In order tectihtese ions, a scintillator detector
system is implemented in that section.

When reactions are investigated where the projectile iamsgar loses one or more electrons,
the timing information of the charge changed projectilespact on the detector can be used as
a trigger signal for the data acquisition.

3.5 The combination of the TSR and the Reaction Microscope

As already mentioned, the combination of a Reaction Miapscwith the heavy ion storage
ring TSR has major advantages, e.g. the small projectilentsze, small beam emittance and
energy spread, and the possibility to 'bunch’ the ion beam.

To be implemented into the TSR, the Reaction Microscopedasrnply with certain require-
ments.

First of all, there are restrictions on the geometry, as mbgfahe spectrometer should block
the stored ion beam. For that reason, the electron and lieoailetectors can not be mounted
directly on the spectrometer axis, which is equal to the ieanb direction. The recoil ion
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detector is therefore positioned below the ion beam. Thtipo is advantageous, because
the target atoms already have a downward velocity compahento the expansion from the
supersonic gas jet. The electron detector is positioneth®@sdame height as the ion beam, but
displaced sideways from the spectrometer axis. The electice guided towards the centre of
the detector by the magnetic Helmholtz field, which for trestson is tilted by a few degrees
respectively to the projectile beam.

The downward fiset of the recoil ions can be increased by adjusting the gedtapplied to
the spectrometer plates. The recoil ion and electron mamemnésolution is worsened with
increasing f'set of the detectors to the spectrometer symmetry axis.eldrer;, the detectors
are placed as close to the stored projectile beam as passible

In section 3.4.3 the reduction of the beam size during eactooling is described. Before
it is electron-cooled, the injected beam extends over sameaad the detectors have to keep
that distance from the beam centre in order to let the beams pdse cooled ion beam has a
extension of about a mm, allowing the detectors to move miagec Therefore, both recoil
ion and electron detector are mounted on a manipulator tguevéth a stepping motor with a
moving range of 10 cm. The movement of the detectors is caeddo a trigger signal, which
starts the injection of ions into the storage ring.

Thus, a fully automatic injection procedure is maintainéthen triggered, the detectors move
to a position with larger distance to the closed orbit of thie beam. After a delay of a few
seconds in which that movement takes place, the ion bearjeiead into the ring. It is cooled
within a few seconds, and the detectors move back to theitiguus close to the ion beam.
Additionally, the data acquisition is suppressed durirgrttoving period by the trigger signal.
The signal can be given manually or by a pulse generator. iftteelietween injections is cho-
sen according to the lifetimes of the stored ion beam.

In practice, the recoil ion detector could often remain a& position, whereas the electron
detector was typically moved about 4 cm, because the haakertension of the beam during
injection is much larger than the vertical one.

A good vacuum is crucial for the lifetime of the stored ion tmeaAlso, electron capture
from residual gas atoms lead to background hits on the detémt charge changed projec-
tiles. Therefore, the rise of background pressure in thg due to the gas target has to be
restricted. A crucial limit is that the thickness of the gaiget is at least ten times higher than
the thickness of the background gas [S@F. With the circumference of the TSR of 85n,
and an extension of 5 mm of the gas target, the density of tetthas to be at least about®10
times higher than the background density.
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3.5 The combination of the TSR and the Reaction Microscope

A description of the supersonic gas jet can be found in se@id.1. A background pressure
in the range of 10'° mbar in the reaction region was maintained by the implentient@f two
additional pumping stages between the expansion volunteeajds jet and the reaction cham-
ber. Moreover, each of the two stages was equipped with aistadhle collimator, allowing for
the preparation of an even better localized target beanfi(pae 3.1).

The combination of the Reaction Microscope and the TSR alltavmeasure the extension
of the target jet, the target thicknelg and also the target density.
The target thickness is given by

|
Nt=fntd3, (3.15)
0

wherel is the extension of the gas target in x-direction.

The stored ion beam can be moved horizontally in the TSR,Useca change in the magnetic
field of the bending dipole magnets results in a change ofrdmesterse beam positioxp,
with Axp = —DAB?:;", whereD is the dispersion (see chapter 3.4). By tuning the magnets
and horizontally shifting the projectile beam, the gasdaig scanned (see figure 3.14). With
increasing overlap of the stored ion beam with the gas tatigetcount ratéRex, on the recoil

ion detector increases with

Rexp = 0iNtM fo = oNilp, (3.16)

whereo is the cross section of processes ionizing the target atbhis the number of stored
ions andfy is the revolution frequency, and = M fy is the beam current. The number of stored
ions M constantly decreases due to the limited lifetime of the iearh. ThereforeRexphas to

be normalized with the count raRspy 0n the Beam Profile Monitor, which also depends on
M but is independent of the target thickness, and

Mocfntds. (3.17)

Repm

The measured ratiéj:%sI for a neon gas target is displayed in figure 3.14. The measxted-
sion of the target beam in the direction transverse to thgegtite beam is about 4 mm, and a
correction for the ion beam size of about 1 mm results in azbotal target extension of about
3mm.
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Figure 3.14: (a) To scan the thickness of the target jet, the projectiEnbposition is varied
horizontally . The number of atoms ionized in the target @pprtional to the target thickness,
and to the count ratRexp on the ion detector. The frequendy is changing with the beam
position, which influences the measured count rate. For alkation, the ratidexp/Repm Of
the count rate on the ion detector to the count rate on the BRMnisidered. In (b), this ratio
is plotted over the horizontalfisetAx of the projectile beam.

When a circular cross section of the target beam with a ragliisassumed, it is expected that

the target thickness can be expressed by a hyperbolic ﬁun%lReﬂ o \/r$ — (Xp — Xpo)2. In
figure 3.14, this hyperbolic fitis added to the measured daiyery good agreement is found.

The total lifetimeTy of the projectile beam which passes a gas target is a restittedlife
time limitation due to the background atoms in the TSR anditbaime limitation due to the
interaction with the gas target:

1 1 1

= 3.18
Ty T T (3.18)

whereTy, is the lifetime of a stored ion beam which does not cross thgetédbeam. For the
measurement of, the ion beam is shifted to the outside of the target be@nwould be the
lifetime of a ion beam which exclusively interacts with tleget. From measurements Tof
andTg, T; can be calculated and the target thicknisgs obtained by

1
= = Neoapfo . (3.19)
t
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A measurement of a Neon gas target was performed Wit ion beam of 50 MeV energy,
which corresponds tdy = 510 kHz. The electron capture cross section fBf-Ne collisions

at this energy iscap ~ 5.5-10-1%n?. The measured lifetimes wefg = 197 s andly = 184s,
resulting inT; = 2788 s and\; = 1.3- 1o9$. Assuming an target extension of about 3mm in
the beam direction, a target density of

1
=43.10°—
& cm3

is calculated.

However, the target density strongly depends on the opargtrameters of the gas jet (espe-
cially on the pre-pressure). For the helium target a tygieaisity about one order of magnitude
higher was estimated by measuring the impact pressure ivedo® dump.
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4 Elements of atomic collision theory

There are various theoretical methods for studying atomlicsions, which can be subdivided
in perturbative and non-perturbative methods. The lattersdnclude, for instance, féierent
coupled-channel approaches, numerical solutions of thegmonding Schrdodinger equations
on a grid, and exterior complex scaling methods. There aigst diterent perturbative meth-
ods, which are normally applied when the interaction betwtbe colliding subsystems is rela-
tively weak. In what follows in this sections, some of thetpdrative methods shall be briefly
discuss.

4.1 The transition amplitude

We start with deriving general expressions for the tramsiimplitude. Let us consider a quan-
tum system which is characterized by the state veEforThis state describes the development
of the system forward in time from its asymptotic {ab —oo) state®;. According to the basics
of quantum mechanics, the amplitude for the transition efdfistem from the initial stai@;

to its final (att — +oo) state®} is given by

Ari = lim (@) . (4.1)

One has to mention, however, that it can be quitBalilt to calculate the transition amplitude
using the above formula. An expression for the transitiorplénde, which is often more
convenient in practical calculations, can be obtained bmis. Using the identity

(o) d ’
fdta (DY)

(D) %% (4.2)

tIim <d>’f|‘Pi+>—tIirp (DY) (4.3)
and assuming that the initial and final asymptotic statesdh®gonal to each other,

lim (@} |¥7) =0, (4.4)
to flri

59



4 Elements of atomic collision theory

the transition amplitude can be rewritten as
d o
A= | diz @) (4.5)

" is a solution of the full Schrodinger equation

.0
ﬁwr = HY}, (4.6)
whereH is the total Hamiltonian of our system. On the other hand ashyenptotic state’ is

a solution of the equation

.0

whereH] is the Hamiltonian for the final asymptotic channel.
Replacing in expression (4.5) the time derivatives withabkeesponding parts on the righthand
side of equations (4.6) and (4.7), we obtain

Asj

—ifdt(@’fl(H - HOM)

—i fdt(@'f V1), (4.8)

whereV’ is that part of the total Hamiltoniahl which is not included in the definition of
the stated’. If H andH; do not depend explicitly on time, the only time-dependericthe
corresponding state vectd#§ and®’ is contained in the exponential factors, i.e.

THy = e By
@) = e Eltgl) . (4.9)

whereE; and E¢ are the initial and final energies agg and¢} are time-independent. Then
one can easily perform the integration over time in equaio8) and obtain

Asi = —2niT "'6(Es - E)), (4.10)
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4.2 The Born approximation

where
Tt =5Vl (4.11)

is the T-matrix and thé-function in (4.10) describes the energy conservation énttansition
process.

Note that the amplitude (4.10) and the T-matrix (4.11) avemjin the so called post-form. The
prior-form for these quantities is obtained by considetimg state¥; (t) which develops from
the stated}; backwards in time and projecting it on the initial stéte

Ari = lim (Pl (4.12)

Starting with equation (4.12) and following the lines sinito those which were used to derive
the post-form expressions, one can show that in the prion-fine has

Asi = —2niT'T6(Ef — E)). (4.13)
In this expression,

Tt = Wi lVIgi) , (4.14)

wherey; andg; are the time-independent parts of the vectérsand®;, respectively, an¥ is
that part of the total Hamiltonian which is not included ie ttated;.

The equations (4.10)-(4.11) and (4.13)-(4.14)) presemhdily exact expressions for the post
and prior transition amplitudes and are equivalent. Infiracsince the exact form of the states
‘Pi* and®; is as a rule not known, one has to use some approximationhdor.tAs a result,
the calculated transition amplitude becomes not exactitendquivalence of the post and prior
form may be violated. The main problem is posed by finding #abileé approximation for
the states of the complete system. An analytical calculaidmpossible already for simple
collision systems including a hydrogen target, and manyaimation methods have been
developed.

4.2 The Born approximation
From the Schrodinger equatiok ¢ H) |y) = 0 andH = Hg + V it follows that

(E-Ho)ly) =Vly) . (4.15)
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The formal solutions of this equation is given by

. 1
¢ + lim ————V |y*)

e—~0E —Hp = ie
6) + GoV lv™) (4.16)

=)

with the free Green operator

1
G; = lim ———— . 4.17
0 €I£n>0 E-Hp=+ie ( )
When there is no perturbatioW, = 0, the eigenstat@*) of the complete Hamilton operatét
is equal td¢). WhenV # 0 but small, one can solve the Lippmann-Schwinger-equdtdt)
by iterations:

WO = 1o
W = e + GV i)
W = 1) + G5V i) + GgVGV ig)

) (4.18)

Using this iteration for obtaining, for example, the pastai of the T-matrix (4.11) one can get
Tt = (@} IVIgi) + (D IVGiVIgi) + (9 IVGEV GV Iy + (4.19)

From here, the transition matrix elemekyd and thereby the cross section ot the transition can
be obtained. The iteration is proceeding in a power serieg ahd is expected to converge
for suficiently smallV, i.e. for small perturbations. In case when the potentialescribes
the interaction between the undistorted projectile angetasubsystems, the expression (4.19)
represents the so called Born series.

In an illustrative example of a collision between a protorojgctile) and a hydrogen atom
(target), this interactiof’v can be subdivided into two part¥, = Vi + Vo, whereV; is the
interaction between the projectile and the target nucland,V, the interaction between the
projectile and the target electron. Keeping only the firamntef the expansion (4.19), which
corresponds to the calculation in the first Born approxiomtyields

T = (#Vig). (4.20)
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4.2 The Born approximation

In the example under consideration, that is

Tyg = (7 IV1ldi) + (8} Valdi) (4.21)

The above expression shows that the transitions happesr éijha single interaction between
the projectile and target nucleus or by a single interadbeiwveen the projectile and the target
electron.

The first Born approximation is not alwaysfBaient, especially for higher perturbations. In
such a case one can try to improve the treatment by considah#o the second term in the
series (4.19),

Ty = (@IVGSV'Igi) ... (4.22)
In our case, wheW = V; + Vs, it follows that

Tfi

o8 (@51(V1 + V2)GE (V1 + V2)Igi)

(5 IV1G{V1 + VoG V1 + ViG V2 + VoG Vo)lgi) (4.23)

The first term in this expression describes the transitioickvhappens due to the projectile

interacting twice with the target nucleus. The next two teowrrespond to the transition caused
by the interaction between the projectile and the targelemgcand the target electron. The last
term describes the case when the projectile interacts twitte the electron. Between the

interaction, the projectile and the target are propagdtiegly, which is described by the Green
operatorGy.

4.2.1 Single ionization in the first Born approximation
In case of a target atom witlelectrons, the Hamilton operator can be written as
H=Ho+V=Hp+Hr+V (4.24)

with

ZpZy Zp
V= - E , 4.25
R = R -1 (4.25)

whereZp and Zt are the charge states of the projectile ion and the targdemi@R is the
internuclear distanceR is the position of the projectile ion and are the positions of the
target electrons. In the case of single ionization, the Htamioperator in the final state can
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be separated into the same target and projectile systenmstas initial state, ando = H,
andV = V’. When|¢" ') is the initial and final sate of the target system, respdgtiand the
projectile with momentunp)ilg)f is described by a plane wave, the eigenstates of the unpedur
system before and after the collision are given by

671 = I pp') = () H26PE R i) (4.26)

Inserting these states into equation (4.20) gives the ﬁmﬁ{éa for single ionization in the
first Born approximation for single ionization,

i1 35 43, i(Ph-pHR ZpZt Zp |
TlB,SI = o fd Rd3rePp—Pp SDf(r)[T —Z R_T1 @i(r) . (4.27)

With the momentum transfer = Pip - P; an integration oveR results in

Zr - )

fi Zp

1BSI ™ 27r2q_2 <90f 90i> . (4.28)
The initial and the final state of the target syste ) are both eigenstates of the Hamilton
operatorHt which have to be orthogonal, and equation (4.28) simplifies t

Z garn

fi Zp
TlB,SI = 2022 <90f ¢i> . (4.29)

With that equation, the T-matrix of the transition can becakdted for a known initial bound
statey; and final continuum states of the unperturbed target system. For the hydrogen atom
the exact description of these states is known, the initikss the 1s-stat@Ts, and the final
state is given by a Coulomb-wave. In the case of target atoithamore than one electron, it is

a common approach to consider the target to be hydrogendildtassume arffective charge
Z7ett. The charge of the projectile ions appears only in the ptefaaf equation (4.28), and
from oi¢ = [T"2 it follows thatoi_; o Z2. Therefore, the cross section in the first Born
approximation is independent of the sign of the projectilarge.

Second order contributions are added in form of the T—mﬁtﬂ?dn the second Born approxi-

mation. AstféS| o ZE,, the cross section for single ionization is

) fi fi 2 _ fig2 fi-3 fi-4
Tint < [Tgg + Topg " =@y Zp+ @y Zp + a3 Zp (4.30)
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4.2 The Born approximation

where the cofficientsa ' derive from the calculations dTlféSI andefé s - TheZ3-term origi-
nates from interferences between the first and second omdeggses and the cross section now
depends on the sign of the projectile charge.

4.2.2 Electron capture in the Oppenheimer-Brinkman-Krame rs
approximation

In the final state of electron capture processes, the efetdrm a bound state of the projectile
ion, and thereforéd; # Ho. The perturbation in the final state is posed by the targetand

Zplt It

V' =+
R r

(4.31)

For electron capture, the first term in equation (4.28), Whiepresents the nuclear-nuclear
interaction, does not vanish, because now the initial aeditial unperturbed states are not
necessarily orthogonal.For high projectile velocities, the trajectory of the puijke ion is
not altered significantly by the repulsive nuclear-nucliegeraction. The scattering angle is
very small, usually smaller than 1brad. The probability for the projectile to capture a target
electron is hardly influenced by that slight change of trajgc and therefore thefi@ct of the
nuclear-nuclear interaction on the total cross sectioreggigible (but plays an important role
in the derivation of cross sectiondi@irential in scattering angle).

In the Oppenheimer-Brinkman-Kramers (OBK) approximafiopp28, BK30], the nuclear-
nuclear interaction is neglected, and the correspondinaifix in the first approximation reads

i -
Tosk = (@1 - TT|¢i> ; (4.32)

whereg¢; describes the incident projectile and the electron bourttientarget, an@: corre-
sponds to the outgoing projectile carrying away the captelectron. Performing a calcula-
tion with expression (4.32), one can show that for asymptmaldy high projectile velocities
(vp > Z7, Vp > Zp), the cross section for capture from the target grourg)l ¢fiate into states
of the projectile with a principal quantum numbegmreads [MC70, Opp28]

2'8(ZpZy)°

~ 4.33
Vp—00 5n3V]F32 ( )

ooek(1s — n)

The OBK approximated predicts that the dependence of theireapross section on the pro-
jectile charge is higher than that of the cross section faglsiionization. Note that the result

1They are not solutions of the same Hamilton operator, asdhein single ionization processes.
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4 Elements of atomic collision theory

obtained in the OBK approximation turned out to be not veryuaate: even at very high ve-
locities, it still significantly overestimates the expeeintally measured capture cross sections.

4.3 Distorted wave calculations

In the Born approximation, the perturbative expansion islenasing the undistorted states of
the projectile and the target subsystems. This becomesyasedous shortcoming when the

projectile-target interaction is not small. For instangben the projectile ion has high charge or
low velocity, the Born approximation does not converge awveoges only slowly, and becomes

impractical. In such a case, distorted wave approachessept a good alternative. The basic
idea of these approaches is to build a perturbative exparmssed not on free states of the
projectile and target subsystems, but on so called distati@tes of these subsystems, which
already partially include the interaction between thegxtie and the target.

Here, the Hamilton operator of the complete system is writte

H

Ho+U +W (4.34)
Ho+U + W', (4.35)

whereU (U’) is the distortion potential for the initial (final) reaatichannel andV (W’) are
the corresponding remaining perturbations. By a suitaltece of the distortion potentiald/
(W) the residual perturbations can be made much smaller tlgpettiurbations which appear
in the Born approximation. The eigenstates of the complettem are

(Ho+U +W)ly) = Elyi") (4.36)
and
(Ho+ U +W) w7y = Eli) . (4.37)

In the initial state and final state, the Hamilton operatoes a

Ho+U and (4.38)
Ho+U’, (4.39)

T
I
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4.4 Semi-classical approximation

respectively, and the distorted eigenstates are

(Ho +U) v
(Ho +U) xp)

Elyi) and (4.40)
El7) - (4.41)

The post form of the T-matrix is given by
T = QW) + IV - W) (4.42)

as can be found in [MC70]. The contribution of the second tisrosually very small, and it is
neglected in most calculationfg;") can be approached iteratively in orders of the perturbation
W’ from the unperturbed stalg’). In the first order, the resulting T-matrix reads

Toi = Wi W) . (4.43)

This equation contains the distorted initial and final sté¢g¢) and|y;), and the perturbation
potentialW’. There are two ways to approach the problem posed here. én cattulate with
(4.43), one needs to know the distorted states and the batitom W’. Either the distortion
potentialU is defined and the statgg") and|y; ) are obtained from equations (4.40) and (4.41),
or the stategy;") and|y;) are defined directly. To obtain the T-matrix from equatio8}, it
has to be known how the perturbation operatfracts on the statg;). From equation (4.41),

it can be derived that

W) =Hyg+U +W -E)[x;)=(H-E)Ix7) . (4.44)

After that transformation, the separation\gfinto U’ andW’ does not have to be known. The
challenge is to find the expressions fgf) and|y;) which give the best results.

Among the distorted wave models which are frequently useddmic collision physics are the
continuum-distorted-wave (CDW) approximation [Che64d atosely related to it continuum-

distorted-wave-eikonal-initial-state (CDW-EIS) [CM8&hd symmetric eikonal (SE) approxi-
mations [MR84].

4.4 Semi-classical approximation

Up to now, we were treating all the particles constituting gnojectile and target subsystems
guantum-mechanically. However, masses of the nuclei alersiof magnitude larger than the
electron mass, taking this fact into account, a so called-skssical approximation is often
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4 Elements of atomic collision theory

used for considering ion-atom collisions. In this approiimn, only electrons are described
as quantum particles while the nuclei are considered clabgi It is also assumed that in the
collision these heavy particles move along given classregéctories. In such an approach
the electrons move in external time-dependent fields gtetblay the heavy particles. The
potentials in the corresponding time-dependent Schrédiaguation explicitly depend on time
and the energy of the electronic subsystem is not conserved.

In the semi-classical approximation, the post-form of ttamgsition amplitude is given by an
expression which is formally very similar to equation (4.8)

Asi = —ifdt<<1>'f|V'|\Pi+>. (4.45)

The meaning ofb}, ¥, andV’ however, is now dferent. Namely)P;" is the solution of the
full Schrodinger equation for the electrons abd is the state describing the electron in the
final channel in which the interactiow’ is not taken into account. A similar expression holds
for the prior-form of the transition amplitude. Since, aswéready mentioned, the interactions
in the semi-classical approximation are explicitly timepdndent, the dependence of the states
@’ and'¥;" on time is no longer given by simple exponential factors dredibtegration over
time in equation (4.45) can not be performed so easily asariuthquantum treatment.

4.4.1 A simple model for transfer ionization at asymptotic h igh collision
velocities

In the context of this work, the transfer ionization processvhich one of the target electron
is captured and another one is emitted, is of special inteBifferent mechanisms contribute
to this process (see section 2.5). One mechanism for traiesfization, the electron-electron
transfer ionization (eeTl) process, was proposed onlyntcgVNUO8] and could be con-
firmed experimentally in the data presented in chapter 5.

In this mechanism, the electron-electron interaction playcrucial role and it dominates the
transfer ionization process atfBuaiently high collision velocities and low charged projézsi
The simplest theoretical treatment of the eeTl processsstdath the approximate transition
amplitude

A = —i f dt (s OV (1) . (4.46)
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4.4 Semi-classical approximation

where V' in this case is the Coulomb interaction between tbetmns and¥;(t) and W¢(t)

are the initial and final undistorted electron states. Thediaates of the two electrons with
respect to the target nucleus aseandr,. The projectile nucleus moves along a straight line
trajectoryR(t) = b + vp(t), whereb is the impact parameter. With respect to the projectile
nucleus, the electron coordinates are- r; — R(t) ands, = ro — R(t).

In an OBK-like treatment, the initial and final two electraates are approximated by

Wi(t) = i(r1.ro)e =" (4.47)
and
1 iVpr ivpr —i(Ef1+Ef2)t —iét
Yi(t) = N Der(s1)€ 1 (r2) + x1(2)€Y 2 (ry) | - e EravE2lt . gzt (4.48)

In this expressionsy; is the unperturbed two-electron atomic state with the mgkeenergy
E;. Further,¢; describes the emitted electron, which moves in the field @fécoil target ion
with the energyEs 1, y+ is @ bound state of the electron captured by the projectiith as

. V2
the internal energ¥ », ande'ri-iZt s the so called translational factor. Considering capture

from a helium target, the initial unperturbed atomic statexpressed by [VNUO08]
@ir, o) = A (e g grare i @t (4.49)

with the electron-electron distance = |r; — ry|. A is a normalization factor, and the param-
etersa, 8 andvy allow for an adjustment of the state. A complete ignorancamyf electron-
electron interaction in the initial atomic state would heat lead tax = 8 = 2, because in such
an approximation each electron would see the full, unsbedgicharge of the target nucleus.
Quite a good approximation for the initial atomic state canobtained by setting = 2.21,

B =144 andy = 0.207.

In the high velocity limit gp — o), the eeTI cross section is given by

553
7573
-
Ve

OeeTl VPO_CM (4-50)
The OBK-like approximation does not represent the bestoehfair the eeTl mechanism. Bet-
ter results can be obtained by taking into account the distoof the initial electronic state
within the CDW model. This also enables one to combine in &adireatment the eeTl and
the Thomas Tl mechanisms.
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4 Elements of atomic collision theory

To conclude our brief discussion of transfer ionizatione @an note the following: At higher
perturbations, the total Tl cross section is dominated leyitidlependent Tl process. In the
latter, one of the target electrons is ionized and another®naptured in two subsequent, "in-
dependent"” interactions with the projectile ion. In a tkeigal consideration, the cross sections
for the single capture and the single ionization events eacalculated separately, and the final
amplitude of the TI process is obtained by a multiplicatidrihe transition amplitudes of the
single processes in the impact parameter space.

70



5 Transfer ionization in collisions of O  *

and Li3* with helium

In recent years, many experiments have focused on the igatish of atomic collision pro-
cesses with two active electrons, e.g. double ionizatiog. ((SCKt09, SMS 00, FMD'03,
DKS*01]), double capture (e.g. [SVB07, STJJ09]), and transfrization (e.g. [MDK 01,
SJR05]). These two-electron transitions are of special irgielbecause theyfier an access to
the investigation of electron-electron correlations.

A comparison of the angular distribution of electron entiesin single and double ionization
revealed striking similarities [FSMUO04], in so far as thegalar distribution of the sum mo-
mentum of the two electrons emitted during double ionizasbows a double lobe structure
similar to single ionization (see figure 2.3).

In a transfer ionization (TI) process, only one target etetis emitted into the continuum. In
that respect, the final state of Tl bears a closer resembtaribe final state of single ionization
than double ionization does. However, it turns out that tleeteon emission characteristics
in Tl strongly depends on the mechanism resulting in thetiejeof the electron. Consider-
ing a two-step process, where one electron is captured andtlier one ejected in separate,
independent interactions with the projectile, one wouldest strong similarities to single ion-
ization. For correlated mechanisms, in contrast, such@dtiomas Tl and the eeTI already
discussed in chapter 2, the electron final momentum disivitbis expected to strongly deviate
from single ionization. Thus, transfer ionization is pautarly suited to study the influence of
electronic correlation.

5.1 O’* on helium collisions

The transfer ionization process was investigated in ¢otis of O projectile ions with helium
target atoms. The projectile beam energy was 1 fdeWhich corresponds to a velocity af =
6.3a.u.. The charged collision fragments are extracted byeatrie field of about % V/cm,
which results in full acceptance of electrons with a longjibal momentum larger than2 a.u.,
whereas a magnetic Helmholtz-field of about 15 G results iaceptance of electrons with a
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5 Transfer ionization in collisions of © and LF* with helium

| Shell | binding energy [eV]] binding energy [a.u.] Q-value [a.u.]]

K 739 27.2 24.3
L 171 6.3 3.4
M 75 2.8 -0.1
N 41 15 -1.4

Table 5.1: The binding energies of fierent shells in the & ion are reflected in the Q-value
of the transfer ionization process.

transverse momentum of up to 2a.u.. The transverse momeaesotution for the recoil ions
is about 33 - 0.4 a.u. (FWHM), the longitudinal resolution 1s0.15 a.u.

The charge changed projectiles are detected by a sciiatilldetector implemented in the TSR.
Therefore, triple coincidences of charge-changed pritgscHe* recoil ions and electrons can
be recorded, identifying the Tl process.

5.1.1 The electron transfer characteristics

One of the active electrons in a Tl collision is transferredhe projectile ion. As in single
capture events, the capture intdfdient states of the ion is possible. Th&etient binding
energies of these states result iffelient Q-values of the collision (see table 5-1n figure
5.1, the cross section is displayed as a function of thereleanergy level in the final state
(negative of the binding energy) and the transverse mometransfer. Two clearly separated
lines are visible. Capture into the L-shell is clearly seped from capture into higher shells of
the oxygen projectile ion. Since the resolution should kerlgeconstant, the dlierent widths
of the two lines indicate that more than one transition dbates to the broader line. Indeed in
the projection of the lines on the binding energy-axis, aukter on the broader peak appears,
which indicates that the peak consists of two or even mordameing peaks originating from
capture into the M-shell and higher shells, which can noEselved.

The transverse momentum distribution of the recoil iongspldyed in figure 5.1(b) for cap-
ture into the L-shell and for capture into higher shells. Tapture into higher shells has larger
contributions at small transverse momenta, which, crusieéaking, correspond to large impact
parameter®. For capture into the L-shell, in contrast, the cross sastiall of significantly
slower with increasing’;l indicating that here smalldrplay a more important role.

1The sum of the binding energies of the two helium target edestis 79 eV= 2.9 a.u..
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5.1 O* on helium collisions

(a) (b)
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Figure 5.1: (a) The distribution of measured binding energies in thesfier ionization process.
The smaller peak can be assigned to capture into the L-tielhroader peak is a superposition
of M-shell capture and capture into higher shells. The doumtiion of the L- shell capture and
capture into higher shells changes with the transverse mometransfer. (b) The distribution
of the L-shell and higher shell cross section plotted agdihestransverse momentum transfer.
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5 Transfer ionization in collisions of © and LF* with helium

Figure 5.2: Three-dimensional angular distribution of the ejectedtedtms in transfer ioniza-
tion of helium in 1 MeVu O’* on helium collisions. This plot represents an integratioeral|
g’ and electron energies. The arrow labelledchematically shows the direction of an average

q.

5.1.2 The electron emission characteristics

A three dimensional angular distribution of the electrojeeted in the Tl process is shown in
figure 5.2. The distribution bears a close resemblance t8ltipeocess, as it displays a double
lobe structure with a pronounced binary peak, i.e. a pratedeemission of the electrons
approximately in the direction af’. Here, the final state momentum of the captured electron
Pé cap= Vp is accounted for in the definition of = Pé+ Péi0n+vp. Most electrons are emitted
in the forward hemisphere due to the post-collision intieoac(PCIl) between the two nuclei.
As the perturbatiom ~ 1.1 is high, the independent Tl is expected to be the clearlyiciam
TI process.

The correlated TI processes hardly contribute to the falveanission of the electrons. In the
Thomas Tl process, the electrons are ejected perpendioutz projectile beam direction, and
in the eeTI process, an emission mostly opposite to the béaactidn is expected (see section
2.5). In figure 5.2, a small fraction of electrons is emittedhkwards. It will be seen that this
contribution can not directly be associated with the ee&ttebn emission, as it might be due
to the recoil peak occurring in the independent Tl process.

5.1.3 The independent Tl process

To further compare the independent Tl and the Sl processrtiss section as a function of the
relative emission angle of the electron and the recoil iothéplane transversal to the projec-
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Figure 5.3: (a) Recoil ion and electron are ejected under the relatigdeakyy = ¢r — @e in

the azimuthal plane, where large qualitativeetiences between single ionization and transfer
ionization processes are observed. In Sl processes, thedaack emission is strongly pre-
ferred, whereas in Tl processes, the particles are mainitteghunder the same angle. (b) The
distribution ofA¢ over the longitudinal momentum of the electron. The lineloafer intensity

at aboulP;|| ~ —0.4a.u. andr 1.1 a.u. are due to the location of a wiggle at these momenta. At
a wiggle position, no angular information on the electron ba obtained (see section 3.1).

tile beam direction£ the azimuthal plane) is studied, where largietences are noticed (see
figure 5.3). In Sl, the distribution of the relative azimutBaission angleA¢ = ¢r — ¢e has

a maximum at 18Q i.e. the recoil ion and the electron are emitted back to lpétk a strong
preference. In contrast, the electrons in a Tl process a@opninantly ejected in the same
direction as the recoil ion, with¢ = 0° = 360, even though there is a smaller contribution at
A¢ = 180.

In figure 5.3(b),A¢ is plotted against the longitudinal momentum of the emiumzl:tronPél.
Independent of\¢ data occur almost exclusively at positive longitudinal nemta. WWhen cap-
ture into the L-shell and capture into higher shells wereswsred separately, qualitatively the
same spectra were obtained. As will be shown in the nextmseatvery diferent behaviour is
observed for the eeTI process.

To gain a better understanding of the collision dynamics,&kperimental cross sections are
compared to cross sections obtained Wjedéent theoretical approaches for Tl (see chapter 4).
In the independent Tl process, the single ionization andsihgle capture (SC) process can
be considered separately. The SC step is either calculatdeeiOBK or the CDW models.
These approachesfiiir in so far as the distortion of the initial state by the petje ion, and
the distortion of the final state by the recoil ion are only sidared in the CDW calculation.
Accordingly, the Sl step is modelled in the first Born appnoation or in the CDW-EIS cal-
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5 Transfer ionization in collisions of © and LF* with helium

culation, where only the latter includes the distortirfteet of the projectile ion on the target
system. The nuclear-nuclear interaction can optionallinbkeided.

The distribution of the relative anglep and the longitudinal electron momerRg, is computed
for all combinations of theoretical methods. The resulessirown in figure 5.4. As thefect

of the distortion or the nuclear-nuclear interaction isleetgd in some models, a comparison
of the calculated cross sections might give insight intocktd@fects are mainly responsible for
the distribution observed in the experiment.

The calculations are performed assuming capture into tlesyie of the oxygen projectile,
which according to theory has the largest cross sectior bfgtiell states. Moreover, the shape
of the spectra does notftér significantly when capture into other L-shell states suased.

The distortion &ect in the capture channel can be observed by comparing ¢e&rapbtained
by OBK- and by CDW-calculations. The distortioffects tend to enhance the back to back
emission of recoil ion and electron in the azimuthal plarendurther, whereas they have little
influence on the longitudinal electron momentum. Overak, dtect of the distortion is not
very strong.

In contrast, the ionization step is much more sensitiveéalibtortion of the final electron state
by the projectile ion. In the CDW-EIS calculation, this digion pulls the electron in forward
direction, and the positive longitudinal electron momemincreases. Thisfgect is known as
the post collision interaction (PCI).

Moreover, in the spectra where the nucleus-nucleus irtterats neglected, the distortion of
the target system by the projectile ion in the Sl processsléac severe change ixp. Now,
the collision fragments are predominantly emitted in thmeairection A¢ = 0°, which is in
agreement with the experimental data. In the spectra iimgjuthe nuclear-nuclear interaction,
the opposite trend can be observed: Now significant coniibs atA¢ = 180° are observed,
although the maxima at¢ = 0°, 360° remain strongetr.

The most important component in theory for the qualitateeroduction of the measured data
is apparently theféect of the post collision interaction on the ejected elettro

Overall, the most complete model including the CDW captureé the CDW-EIS single ion-
ization, and the nuclear-nuclear interaction, is in goodalitptive agreement with the measured
data. The shift of the back to back emission of the collisi@gments to slightly larger lon-
gitudinal electron momenta is reproduced, although thigrdmition is overestimated by the
calculation.
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5.1 O* on helium collisions
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Figure 5.4: The distribution of the cross section over the longitudmamentum of the ejected
electron and the relative angle in the ejection of electmh r@coil ion in independent transfer
ionization processes of 1 Mgy O’ + He collisions is computed for fierent combinations-of

theoretical models. For details see text.
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Figure 5.5: The final momentum distribution of electrons ejected in esTd Thomas TI pro-
cesses in 0 on helium collisions withve = 6.3a.u.. The contributions of the two correlated
processes can not be separated.

5.1.4 Correlated transfer ionization processes

In the correlated TI processes, the projectile ion interactly once with the target system,
capturing an electron. The second target electron is ejelite to an electron-electron corre-
lation. The Thomas Tl and the newly proposed eeTI processieseribed in more detail in
section 2.5.2. Briefly, in the Thomas TlI, the electron is @reftially ejected transversal to the
projectile beam direction, whereas in eeTl, electron eimisis strongly focused backwards.
Therefore, the two correlated processes can generallydbagliished in the final state mo-
mentum distribution of the ejected electrons (see figurarséction 2.5.2). But because of
the large perturbation = 1.1 of the collision system investigated here, according ¢oth the
contributions of the two correlated TI mechanisms can ngéotve separated in the momentum
distribution, which is shown in figure 5.5. Here, the conttibns from eeTl are dominant and
the Thomas TI only shows up as a tail at large transverse miamen

In the correlated processes, the target nucleus can bedeoedimerely a passive bystander.
The recoil ion momentum in the final state is srhabmpared to the large recoil ion momen-
tum in independent Tl processes. Therefore, in an atterrgtttact the correlated Tl events in
the measured data, only events were considered with a fenaihomentumx 3a.u..
The distribution of the longitudinal electron momentumluéde events is shown in figure 5.6.

2In section 4.3, it was described that the momentum restiitorg the excess energy of the captured electron in the
projectile frame is not transferred only to the second edectut partly also to the recoil ion. That partincreases
with Zr and decreases with increasing but it is always noticeably smaller than the energy tramstkto the
emitted electron.
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5.1 O* on helium collisions
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Figure 5.6: (a) The distribution of the longitudinal momentum of theotgel electrons in 100

MeV/u O7+ on He collisions, under the condition th%é < 3a.u.. (b) The relative angle in the
emission of electrons and recoil ions in the plane perpeitati¢o the projectile beam direction,
under the same condition as (a).

There is clearly less contribution at positive electron reatn, the peak is at a longitudinal
electron momentum of about 0 a.u., and there is a clear asymfagouring backward emis-
sion. A comparison with the theoretical calculation (figbrg) seems to suggest that the main
contribution of the electrons from the correlated TI pr@essis expected in that range.
However, due to the kinematics of transfer ionization, tina ®f the longitudinal momenta of
recoil ion and electron is generally directed opposite &ptojectile beam direction,

Q Vv  Ee

f f_ X VP Le
PriT P = "2 % 1)

\Y - " .
whereEP = 3.16 a.u. for the observed collision system. Therefore, timelition of small recoil

ion momentaP; < 3a.u., artificially suppresses electrons with longituimamenta in the
forward direction.

Moreover, the distribution of the relative angh& in figure 5.6 displays roughly the same
shape as for the data without a condition on the recoil moamentompare figure 5.3, which
is characteristic for uncorrelated processes (see se&tioR).

It can be concluded that no clear evidence for the presentdeecgeT| process can be found
in the O'* data, although it can not be ruled out either. In any caseséis to state that the
contributions from correlated Tl processes are very snoaligared to the uncorrelated process,
as expected for this collision system.
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5 Transfer ionization in collisions of © and LF* with helium

@) (b)

Figure 5.7: The calculated three dimensional angular distributiorhefdjected electrons in 1
MeV/u Li®* on helium collisions in (a) independent transfer ionizatmd (b) single ionization
processes. Again, the plots represent an integration dvemaq’ and electron energies.

5.2 Li®* on helium collisions

To investigate correlated Tl processes, a collision systéma smaller perturbation is chosen ,
i.e. a LB projectile ion beam with an energy of 1 MY which corresponds to a perturbation
of n =~ 0.5[SWG'12]. The collision fragments are guided onto the detectpes dlectric field
of about 18 YVcm and a magnetic field of 12 G. The rather high extractionagatincreases
the acceptance of electrons with a large longitudinal maomrcomponent in the backward
direction, but restricts the recoil ion momentum resohutio 05 — 0.7 a.u.. The transversal
electron momentum acceptance is about 2a.u., and thealettomentum resolution is
0.1a.u. (FWHM). The Tl events are identified by a true triplencidence of an ejected electron,
a doubly charged recoil ion and a detection of a charge-athpgpjectile ion.

Figure 5.7(a) shows the theoretical prediction of the thliegensional angular distribution of
the electrons emitted via independent TI processes®hadn He collisions® As expected, it is
very similar to the distribution calculated for Sl eventgfie 5.7(b)), which was calculated in
the CDW-EIS model. In both plots a pronounced binary peaksible.

In contrast, the three dimensional angular distributiorthia experimental Tl data (5.8(a))
displays a strong focusing of the elected electrons in tleéveard direction. There is only a
relatively small binary peak visible. Because of theseemediscrepancies to the theoretical
prediction for the independent Tl process, the experinigatia suggests that the independent

3The SI step is calculated with the CDW-EIS approach, the ®f wftith the CDW approach. The transition
amplitudes of the two steps are convoluted to obtain the @$<xisection. The nuclear-nuclear interaction is
included by means of the eikonal phase.
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5.2 L#* on helium collisions

(b)

Figure 5.8: (a) The measured three dimensional angular distributidgheo&éjected electrons in
1 MeV/u Li%* on helium collisions in transfer ionization processes. @ is integrated over
all q, the arrow indicates an average momentum. (b) The calcuthtee dimensional angular
distribution with incoherently added contributions of @peéendent Tl and eeT].

Tl process is not the main contribution to the Tl cross sectio

Of the correlated TI processes, neither the shdakeror the Thomas process exhibits such
a pronounced ejection of the electron opposite to the pitgelseam direction. Also, their
contribution to the total Tl cross section at the presentupeationn = 0.5 is assumed to be
very small. The emission of the electron in the direction@l; is a clear signature of the eeT]
process.

In another theoretical model [Voi08], the contributionrfrahe eeTl is calculated and added
incoherently to the independent TI contribution. Figur&(b) shows the resulting plot of the
electron angular distribution. There is qualitatively dagreement between figures 5.8(a) and
5.8(b). The pronounced peak in the direction—@Fp and the weak binary peak are reproduced
by theory. Some small discrepancies can be observed. Inxiferimental data, the polar
angled, of the electron emission with respectFtp is extremely small for the backwards peak,
whereas it is about 2 the theoretical model. Also, the theoretical model osgneates the
binary peak.

The measured relative angl@ = ¢r— ¢ between the direction of the recoil ion and the ejected
electron in the plane perpendicularl?{; is displayed in figure 5.9(a). The collision fragments
are mainly emitted into the same direction for positive itundjnal electron momenta (which
can be associated with the independent TI), whereas forablkewards electrons due to eeTI
processes, back to back emission is preferred. This balragiavell reproduced by theory (see
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5 Transfer ionization in collisions of © and LF* with helium
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Figure 5.9: (a) The experimental distribution of the longitudinal ¢iea momenta over the
relative angle between the ejected electron and recoilrich MeV/u Li%* on He collisions.
(b) The theoretical distribution. In the model, the conitibn of independent Tl and eeTl are
added incoherently. The graph is generated by a Monte Ceelat generator [SDND7].

figure 5.9(b)).

5.3 Discussion

Transfer ionization processes were observed it @nd LP* collisions on neutral helium
atoms. The collision energy was 1 MaMin both systems, resulting in perturbation param-
eters ofy = 1.1 and 05, respectively. The independent Tl process is found talglemminate
atn = 1.1. A small fraction of electron was emitted in the backwarchisphere, but it could
not unambiguously be associated with the eeTI process.

In the Li** on helium collision system, the eeTI process is found to bethin contribution to
the total Tl cross section, and could be clearly identifiethethree dimensional angular distri-
bution of the electron ejection. Thereby, the eeTI process far the first time experimentally
verified.

The relative angle of the collision fragments in the azimabtilane could be reproduced by
theory for both collision systems.

To further investigate the electron-electron correlatiotransfer ionization processes, colli-
sions of ions with more complex targets are of interest. Ruté diferent shells occupied
in larger atoms, stronger and weaker electron-electrorelations could be observed in one
collision system. Experiments on transfer ion ionizatidma tithium target are currently under
preparation [FGG].
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6 Charge transfer processes in Si  * on
helium collisions

6.1 Introduction

At large perturbations, electron transfer processes ara@lysjuite important and can even be-
come the dominant recoil ion production chanhek. the capture cross section can exceed the
cross section for target ionization. The understandindeafteon capture processes is important
in many fields of research [VM®1, WAW*93, Mat95, Kal95], and because of their simple
final state, they are an excellent test for theoretical nwodel

The non-radiative capture (NRC) cross section drops rapiith increasing projectile veloc-
ity,2 while radiative electron capture (REC) drops with a muchlEng@ower. At very high
projectile velocities, REC thereby becomes the dominapiiuca process. In the REC process,
a target electron is captured by the projectile ion via theufianeous emission of a photon. As
REC can be thought of as the time inverse of photoionizattda,a very fundamental process
and dfers an access to the investigation of coupling of the chapgeticles to the radiation
field. The photon emission in REC has been studied in someiexgas, especially for cap-
ture into heavy ions like bare uranium (i.e. [SKEb, SML*01]). The angular distribution of
the emitted photons was studied (i.e. [S199]), and light emitted in REC was found to be
strongly polarized (see [SBB4, SSB07]).

In former studies, the REC photons were detected in coincelevith the charge-changed
projectile ion, whereas the recoiling target ion was noedid. In our experiments, we at-
tempted for the first time to detect the recoil ion in coincide with both the photon and the
projectile, and to obtain kinematically complete data aREC process.

For that purpose, a photon detector was implemented intBéaetion Microscope (see section
3.2). It should be emphasized that this is an extremely ehgihg experiment due to the very

IHowever, in the studies discussed in this chapter we areviay from this scenario because of the large projectile
velocity.
2with V512 andvg!! for kinematic and Thomas capture, respectively
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6 Charge transfer processes if*Sion helium collisions
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Figure 6.1: The cross section of radiative electron capture (REC) idlssoenpared to other
collision processes. (a) The ratio of the cross sectionfRE&€ and single ionization over a
wide range of projectile charge states and energies in/Me{s) The ratio of the cross section
for REC and the total single capture cross section.

| Process | Cross Sectiowr [cm?] |
Single lonization 12-10®
Single Capture 48.10%0
Radiative Electron Capture, K-shell 30-107°
Radiative Electron Capture, L-shel]l 24.10%°
Radiative Electron Capture, M-shell 6.6-10%°

Table 6.1: The cross sections for fiérent atomic processes irf¢sil** collision on a helium
target at a collision energy of 3.57 May/

small REC cross sections, that in our case are about 7 ortleragmitude smaller than those of
competing target ionizing pathways. As will be detailedha following, we indeed succeeded
to observe triple and quadruple coincidences, includingtgis. However, due to the limited
statistics and the high background it was not possible tonloiguously identify photons emit-

ted in a REC process.

We observed charge transfer processes in the collisiorb@fi@eV/u 28Sil* projectile ions
(vp ~ 12a.u.) on helium atoms. The collision fragments were etéthby an electric field of
~ 14.5V/cm. Due to the strong extraction field, the recoil ion momentasolution was only
about 05 a.u. (FWHM).

In order not to expose the recoil ion detector to the high otgingle ionization events, the
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6.1 Introduction
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Figure 6.2: (a) The y-position on the detector, i.e. the vertical positf the recoil ion impact,

is plotted against the time of flight of the recoil ion. Thelland H&* recoil ions in time
coincidence with a charge-changed projectiles can be seewrtical lines. Suppression of
background ions was achieved by a switching of the eleckild fin the drift region. (b) The
expansion of the Hg and Heé* contributions over the detector are similar in width. The
detected H& ions outnumber the H& ions by a factor ok 3.8.

potential of the drift region was switched: The lower parttloé drift region was grounded,
whereas the upper part was on a negative potentialléDV, causing the recoil ions to pass
above the detector. The detection of a charge-changedcplejen triggered a fast switch sig-
nal, which raised the lower voltage #4160V, and allowed the recoil ions to reach the detector
(see figure 6.2). The recoil ions were thus recorded in a @#nce measurement with the
charge-changed projectile ion. For transfer ionizatiacpsses, true triple coincidences of the
charge-changed projectile ion, the double charged remoiiind the electron were recorded.

Figure 6.2(a) displays the y-position of the recoil ion iropan the detector over the time
of flight. The two vertical lines are due to Heand Hé&* ions in coincidence with a charge-
changed projectile, i.e. to recoil ions of single capturd wansfer ionization processes. The
curved line, which becomes horizontal at large recoil ionfF§@ due to the single ionization
background. The curvature is due to the switching of themii@tein the drift region. In fig-
ure 6.2(b), the vertical extensions of thelt4geak and the He-peak after subtraction of the
background are shown. The widths of both peaks do rftgrdsignificantly, indicating that the
transverse momentum transfer is similar in the SC and Tlge®es observed here. The ratio of
the peaks i% ~ 3.8. Considering possible dead timffexts, this ratio gives an upper limit
for the ratio of transfer ionization to single ionizatioropesses.
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6 Charge transfer processes if*Sion helium collisions

| Shell | binding energy [keV]| Q-value [a.u.]| photon energy [keV] wavelength [A]]

K 2.67 97.2 4.61 2.69
L 0.67 23.7 2.61 4.75
M 0.30 10.1 2.24 554
N 0.17 5.3 2.11 5.88

Table 6.2: Binding energies and Q-values for'&i + He capture processes, where the initial
binding energy of the electron in the helium atom is congiden the Q-value. Also photon
energies and corresponding wavelengths for radiativerelecapture into dierent shells of
the St projectile are listed.

6.2 Single electron capture

The reaction equation of the single electron capture psosds
Si* + He —» S*¥ + He' .

In non-radiative capture processes, the discrete Q-vdlukeoreaction, i.e. the change of
binding energies between the initial and final states, isctly related to the final longitudinal
momentum of the recoil ion. In table 6.2 the binding energiadifferent shells in the & ion
and the Q-values of the capture reactions are listed.

The longitudinal recoil ion momentum distribution dispdageparate peaks for capture into
the L-shell and capture into higher shells (figure 6.3(a)he Tatio of the peaks depends on
the transverse momentum of the recoil ions. The captureti@d.-shell gains more relative
importance with increasingr, , i.e. on average at smaller impact parameters (figure §.3(b)
The capture into M-, N- and higher shells displays a maximtia teansversal momentum of
about 6 a.u., whereas the L-shell capture distribution tvertransverse momenta is broader,
with a less pronounced maximum at about 8a.u..

Capture into the K-shell of the 8 projectile has a smaller cross section than L-shell capture
Additionally, even smaller impact parameters are requivdtich results in higher transverse
momenta of the recoil ions. A significant fraction of recahs from K-shell capture did
therefore not even hit the detector. In the experimentad gaesented here, the intensity of
recoil ions originating in K-shell capture and hitting thetector was so small that it could not
be distinguished from the background.
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6.2 Single electron capture
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Figure 6.3: (a) The measured longitudinal recoil ion momenta corredpomifferent Q-values
of the reaction. The two peaks can be assigned to capturahiatb-shell and capture into
higher shells. Their ratio eters for the transverse recoil ion momenta of 5, 10, 15 or 20 nu
(b), the cross section (in arb. units) of the capture infedent shells and their ratio is plotted
against the transverse recoil ion momentum.
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6 Charge transfer processes if*Sion helium collisions

| Shell | photon energy [keV] wavelength [A]]

LtoK 2.00 6.20
Mto K 2.37 5.23
Nto K 2.50 4.96
Mto L 0.37 33.51
NtoL 0.50 24.80

Table 6.3: Photon energies and photon wavelengths for radiative defcaysi>* ion.

6.2.1 Electron capture with photon coincidence

In electron capture events,fifirent mechanisms may lead to the emission of a photon. In a
REC process, a photon is emitted with the excess energywith.the kinetic energy of the
target electron in the projectile frame plus théelience in initial and final binding energies.
At vp = 12 a.u., the kinetic energy of the target electron in thegmttg frame is~ 1.96 keV.

In table 6.2 the energies and wavelengths of the emitted Rieps are listed for the capture
into different shells of the &1+ projectile.

A photon might also be emitted during de-excitation of anitexicprojectile ion. This decay
is very likely to occur, because in the observed collisioatam, kinematic capture into the
M-shell and even higher shells is preferred to kinematidurapinto the ground state. Energies
and wavelengths of photons originating in the decay of aitexkstate of a 3¢ ion are listed
in table 6.3. They are in the same range as the energies aingheinitted in an REC process.
The triple coincidence spectrum of the charge-changecgtitg, the recoil ion, and the pho-
ton is shown in figure 6.4. On the x-axis, the time of flight of tbhotons relative to the
projectile ion is plotted, and the recoil ion time of flight relative to the projectilegktted
on the y-axis. Two lines are clearly visible in the spectrdirhe vertical line is due to double
coincidences of a photon and a charge-changed projeatijaial the tilted line starting at the
upper left corner is due to double coincidences of photomkranoil ions, with the random
detection of a projectile ion. The recoil ions which contitiv to the tilted line originate mainly
in single ionization processes, where the longitudinabitéson momentum is generally very
small compared to the large negative momentum of recoil ilmkgematic capture collisions.
As recoil ions with a negative longitudinal momentum congrutrare moving towards the ion
detector, the recoil ions of kinematic capture processee hahorter time of flight. A closer
look at the vertical line in figure 6.4 reveals that a peak sble at a recoil time of flight of

3The time of~ 415 ns is not the real time of flight of the photons, but the tiifeerence of the signals from the
photon and the projectile detector.
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6.2 Single electron capture
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Figure 6.4: The coincidence spectrum of photons, recoil ions, and ehalngnged projectiles.
The vertical line corresponds to coincidences of photoklspaojectiles, the tilted line is due to
double coincidences of recoil ions and photons. A horizdimia at around 5000 ns is barely
visible, it is due to double coincidences of recoil ions anojgxrtile ions. At the crossing of
this line with the vertical line the true triple coincidescare located. There is a verticdfset
of the triple coincidence spot to the point where the tiliee intersects. Thisftset is caused
by the fact that recoil ions from single ionization eventséha small longitudinal momentum,
whereas the recoil ion longitudinal momentum is large igkErcapture events.

about 5000 ns, whereas the crossing of the two lines occaiscat 5050 ns. According to the

considerations above, the peak can be assigned to kineoaaticre processes into an excited
state of the projectile ion followed by radiative decay.

In the radiative capture process, the recoil ion is merelystamder. Therefore, there is no
significant momentum transfer to the recoil ion, and in thim@dence spectrum they should
appear approximately at the point where the visible doublacidence lines cross. As the

number of photon coincidences was very small, no REC regnd could be clearly identified.

The cross section dependence on the transverse recoil iarentom for capture into the
M- and higher shells, followed by photon emission, is digptin figure 6.5. Only a small
number of capture events into the L-shell with photon calence was recorded (43 events,
and 174 events for capture into the M-shell and higher ghéllse ratio of the M- and higher
shell events to L-shell events (é"L—*)a” = 2.45 + 0.25 without photon coincidence, whereas
the ratio for events with photon coincidences(%i)y = 4.05+ 1.6. The large error is due
to the low count rate. The filerent ratios can be explained by the fact that the M-shell has
no metastable states, whereas the 2s state has a lifetinlmwof 36 ns [SB59]. In that time,
the projectile ion travels about 42 cm, and the photon carongdr reach the photon detector.

Additionally, excited M-shell states can decay by the eimis®f two photons (through an
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6 Charge transfer processes if*Sion helium collisions
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Figure 6.5: The cross section for capture into the M- or higher shell# wiioton coincidence.

intermediate L-shell state), which makes their detectiameprobable.

6.3 Transfer ionization

In our collision system, the transfer ionization cross iseceéxceeds the cross section for sin-
gle capture events, i.e. the electron transfer to the pitgjgon is more likely to occur with
the simultaneous emission of a second target electron. ddmion equation of the transfer
ionization process reads

S t He —» S™3* + He? + e .

There are three free particles in the final state; the electifte recoil ion and the charge-
changed projectile ion. The coincidence spectrum for thiesee particles is shown in figure
6.6. The vertical line is due to double coincidences betwherrecoil ion and the projectile
ion. The horizontal line is due to double coincidences ofgtaectile ion and an electron. At
the point where the two lines cross, the true triple coinoids due to transfer ionization are
located. A third line is visible, starting in the upper lefttbe picture with a downwards tilt.
This line is due to double coincidences of recoil ions andtedas with a random detection of
a projectile ion.

For small electron momenta, the longitudinal momentum efrétoil ions is determined by
the Q-value of the transfer ionization process. In figur€g.the number of events is plotted
against the recoil ion longitudinal momentum fﬁéﬂl < 0.5a.u.. The peak of the distribution
is located aP;|| ~ 6.2 a.u., where the capture into the M-shell, the N-shell agtidni shells is
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6.3 Transfer ionization

450
|

IS
o
=}

w
a
=]

w
S
=}

relative TOF projectile ion - electron [ns]

T T A 0.0

3450 3460 3470 3480 3490 3500 3510 3520 3530 3540

relative TOF recoil ion - projectile ion [ns]

Figure 6.6: The triple coincidence spectrum of charge-changed pitgecHe™* recoil ions and
electrons in transfer ionization processes. The horizamid the vertical line represent double
coincidences of the projectile ion with recoil ions and &les, respectively. The intersection
of the lines mark the true triple coincidences. The doubtezation background can be seen
by the tilted line of recoil ion and electron coincidencesheTdfset of that line to the triple
coincidence spot is due to the larger longitudinal momertitamsfer to the recoil ion in transfer
ionization processes.
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Figure 6.7: (a) The number of counts plotted against the transverse mioimeof the recoil
ion. As can be seen in (b), the capture into thfedéent shells can not be resolved for the
transfer ionization process. L-shell capture appears bew@der on the peak, which is slightly
more pronounced if the transverse momentum of the recasl imnestricted t&°;, < 7.5a.u..

A small peak can be observed I%,;“ ~ 14 a.u., where the contribution of K-shell capture is
expected.
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6 Charge transfer processes if*Sion helium collisions
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Figure 6.8: The same graphs are displayed as in figure 6.8, but this tirietiaeé condition of
a coincident photon.

located. A pronounced shoulder is visiblePéﬁ ~ 8a.u. and can be assigned to L-shell capture.
Also, at P;“ ~ 14 a.u. a small peak is visible. At that position, the reamil originating from

transfer ionization with capture into the K-shell is expeltt

6.3.1 Transfer lonization with photon coincidence

The measurement of transfer ionization events with the lsBmeious emission of a photon re-
quires the detection of quadruple coincidence of chargagbd projectile, recoil ion, electron
and photon. The number of measured quadruple coincidesgdstied against the transverse
momentum of the recoll ion in figure 6.8(a). The peak appearset roughly in the same
position as without photon coincidence. With increasirapsverse momentum of the recoil
ion, however, the cross section for events with photon ddémce drops more quickly. Large
transverse momenta correspond to small impact parametbese the L-shell contribution is
relatively higher. Accordingly, the missing contributiofithe 2s states has a relatively larger
effect at higher transverse momenta. The distribution of tletsvwith photon coincidence
over the longitudinal momentum is displayed in figure 6.8(% expected, the small peak at

P;” ~ 14 a.u. is no longer present.

6.4 Discussion

To observe capture processes accompanied by photon emisdidple- (photon, projectile,
recoil) and quadruple- (photon, projectile, recoil, elen) coincidence experiments is an ex-
tremely challenging task.

The experimental diculties are twofold: First, the relative cross section afiative electron
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6.4 Discussion

capture is extremely small, and a high background due tdesiagization is expected. Second,
photon detectors cover only a small fraction of the solidlaiigthey are not placed close to
the reaction volume. In Reaction Microscopes, this is ngsfiide, because the photon detector
would distort the fields which guide the charged collisioaginents to the detectors. In the
frame of this thesis, an attempt to overcome these probleamssmade by first, a switching of
the extraction field in the spectrometer to suppress thetigteof single ionization background
and second, using a large area photon detector equipped shilelding setup to minimize field
distortion. Still, with the available beamtime it was nospible to obtain dfficient statistics to
resolve REC processes from the background.

Kinematic capture and transfer ionization processes werasared with the coincident de-
tection photon emitted during decay of an excited projectthte. In the photon coincidence
measurements, a relatively higher contribution of captieethe M- and higher shells was ob-
served. This could be explained by considering tfiect of the metastable L-shell state, which
has a lifetime long enough for the excited projectile ioneaMe the spectrometer region before
decaying.

The setup could be improved by the implementation of an gndigpersive photon detector.
By energy dispersive photon detection, it would be posdibldistinguish REC photons from
the high background. Further, a shift to higher charge statel lower velocities of the pro-
jectile ion (as available at the GSI in Darmstadt) would @ase the ratio of REC to single
ionization cross sections, which would simplify the detatibf REC events.
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7 Projectile beam coherence effects in
lon-atom collisions

Even for relatively simple collision systems, the discrepas between the theoretical mod-
els of ion-atom collisions and experimental data have nbbgen fully resolved. Especially
measured fully dferential cross sections (FDCS), which became availabla farge variety

of collision systems in recent years, revealed the shoritogsrof perturbative as well as non-
perturbative theoretical models [MS2, MFF 03, FPS06, MAMWL10].

A first hint for a possible explanation for these discrepasavas provided by Schulz et al.
[SFFf07]. He described the single ionization process semidicialhg by a convolution of
the first Born approximation with classical elastic nuclseattering. Surprisingly, his results
were in much better agreement with the experimental FDCSifigle ionization than those of
fully quantum mechanical calculations. This finding suggéisat all fully quantum mechan-
ical models share some fundamental problem which doesffettacalculations treating the
nuclear-nuclear interaction classically.

Indeed, there is one feature which all fully quantum medtelrtreatments have in common;
the incoming projectile ion wave is assumed to be fully cehgri.e. the transverse coherence
length of the projectile ion is considered infinite. In thasamption, the coherence length of
the projectile wave is always larger than the size of tiféaiiting object, which can lead to in-
terference fects between élierent amplitudes leading to the same final state, e.g. ardpbt
with and without nuclear-nuclear interaction.

In experiments, the coherence length of the projectile bisafimite and often much smaller
than the size of the target atom. In that case there might betederence fects present in
the measured FDCS, which will lead to discrepancies to thdetso For projectile ions with
a large coherence length, however, interfererféects should be observable. In that case, the
guantum mechanical calculations are expected to be irrlagteement with the measured data
than the semi-classical approach. For collisions of pmteith H, molecules, the importance
of accounting for the projectile coherence length in thdyesimof atomic scattering cross sec-
tions has been demonstrated by Egodapitiya et al.[E3H
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7 Projectile beam coherencéexts in ion-atom collisions

In the storage ring TSR, projectile beams with much longéecence lengths than in single-
pass experiments can be provided by electron cooling ofttdredion beam. Thus, collision

experiments performed at the in-ring Reaction Microscagsbke experiments with a coherent
projectile and provide a good test for the consideratiormveab

7.1 The coherence length of a projectile ion beam

The transverse coherence length of a projectile ion beanbesinbe explained in an analogy
to classical optics, where the coherence of light is a basicept. Here, the coherence length
can be understood as follows:

A diffracting object is placed at a distaricéo a slit of widtha (figure 7.1). According to Huy-
gens principle, the propagation of a plane wave after théssii superposition of elementary
spherical waves starting at each point of the slit. When lgmmentary waves reach thdidact-
ing object, the path travelled by each wavéels according to their point of origin. After the
distancel, the waves are fracted on a two-centered object resembling a double slit, the
distanceAx between the centers. The patlfelienceAs of each wave to the two centers results
in a phase dference

Ap = 2nA7S (7.1)

of the two difracted parts. For a single elementary wave, i.e. for a pibiatslit, this path
difference leads to an interference pattern as shown in figur€&at & finite widtha of the slit,
the interference patterns of all elementary waves are supesed.

The maximal path dierence between the elementary waves starting at the upgeraédhe
slit (purple in figure 7.1) and at the center (blue in figure) Tolthe two difraction centers is

As= AX- sina ~ Ax%2 ) (7.2)

The interference pattern is only maintained up to a phaierdhce ofA¢ < n. Figure 7.1
displays two waves witih¢ = z. At that phase dierence, the interferencdfects exactly
cancel each other. With equations (7.1) and (7.2), the maxAmw for which interference is
visible is the so called coherence length

L
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7.1 The coherence length of a projectile ion beam

Figure 7.1: Light passes a single slit and is scattered on a two-ceniglogett. The path
differenceAsleads to an interference pattern for each single sphetiealentary wave.
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7 Projectile beam coherencéexts in ion-atom collisions
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Figure 7.2: The target region illuminated by the projectile beam is sally given by the
width of the collimator. The fective distance is given blyes; = L/2.

This equation expresses that for a given geometry and waythld, interference ffects are
present up to the distanaex of the two difracting objects.

In an atomic analogy, we can consider a collision of a prégiin with a di-atomic molecule,
which takes the role of the double slit. An importantfélience is that the target gas region
illuminated by the projectile beam has a finite extent, whsobssentially given by the width of
the slit (because the increase of the beamwidth due to dimesgis negligible), and therefore
an dfective distancé.qst = % has to be considered (see figure 7.2). For a massive prejectil
the Broglie wavelength is given by

Apg = — (7.4)

wherePp is the longitudinal momentum of the projectile alnds the Planck constant. When
an ion beam passes a collimator of widthand is ditfracted in the target region, the ratio
% corresponds to the ratié’% of the longitudinal momentum to the transverse momentum
spread of the ions which reach thdfdicting object. For the ion beam, equation (7.3) can be
transformed to

(7.5)
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7.1 The coherence length of a projectile ion beam

or
1
AXmax* APpx = > h, (7.6)

i.e. the coherence length of a projectile ion beam is diyeethted to its transverse momentum
spread. In single pass experiments, the transverse momelftthe difracted projectile ions
is restricted by a collimator of width, resembling the slit in the optical analogy.

The projectile ion beam stored in the TSR, however, is adeatooled. As the electron cooled
ion beam has a small beam size I mm) and a small transverse momentum spread, a colli-
mator is obsolete. In that case, the transverse momentwradpan not be obtained from the
collimator geometry, but it can be accessed via a measuterhéme spatial distribution of the
stored ion beam as follows:

The stored ion beam occupies an ellipse in the phase spacediéfyx andx’, wherex is the
displacement of the ion from the central orbit axid= % = :,’—; = ';LP”X is the slope of the ion
orbit (for details, see section 3.4). The area of that @lifds= 7 - Xmax- Xmmay IS determined by
the emittance of the cooled beamA = r - . It follows that

Xrna)(‘ Xf/‘naxz € . (77)
The spatial distribution of the ion beam depends on theipositin the storage ring, which is
expressed with tha-functiont by Xmax= +/8(S) - €, or
2
Xmax
€= . (7.8)
B(s)

The combination of equations (7.7) and (7.8) gives

,_ Xmax

With X/ ., = PF’#W it is finally obtained that
I:’P Xmax
Xmax = B(S) - : (7.10)

Py

The longitudinal momentur®p is well known for a stored ion beam, as are the values of the
B-function through the storage ring. The spatial distritmitof the stored beam is measured at

1Thep-function describes the variation of the beam size throbgtring and has a fixed value at each position. It
is explained in more detail in section 3.4
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7 Projectile beam coherencéexts in ion-atom collisions

the beam profile monitors, and with equation (7.10) the mdomarspread of the beam can be
calculated® Due to electron cooling, very small beam emittances areneghfArt12]. Thereby,
large coherence lengths can be obtained, which are muddr ldrgn the size of a helium target
atom (except for very large or heavy ions).

7.2 Single ionization of helium target atoms by a coherent
proton projectile beam

A proton beam with an energy of 3 MeV, which corresponds tolaciy of ~ 11a.u. and a

perturbationy = Z o 0.1, was intersected with an helium target beam [WH2]. The emit-

V
tance of the projepctile beam is aboud®mm mrad, and the measured beam size was less than
1 mm. According to the considerations above, the coheremmgh of the beam is about 5a.u.,
which is much larger than the size of a helium atom. Therefinebeam is considered coher-
ent. The charged collision fragments are extracted by atreldield in the acceleration region
of 2V/cm, and the strength of the Helmholtz field guiding the eteddris~ 11 G. Recoil ions
and emitted electrons are detected in coincidence. Theviease momentum acceptance for
the electrons of B a.u., with an estimated resolution o2@.u. (FWHM) in that direction, and
0.05a.u. in the longitudinal direction. The estimated momeantesolution for the recoil ions

is 0.4 a.u. in the transverse an®B a.u. in the longitudinal direction.

FDCS for the collision system of 100 Mgy C® impact on helium atoms were measured
by Schulz et al. [SMFQ03], where they found significant discrepancies betweeexperimen-
tal FDCS and various quantum mechanical calculations ftro@llisions, the coherence length
was aboutr 1073 a.u., which is much smaller than the size of an atom, and thenbzan be
considered incoherent. The perturbation for this systetinesame as for the proton collision
system described above, and therefore a very similar sHape proton beam cross sections is
expected, when the coherence length is not considered.
Indeed, if the particles are emitted in the projectile sratg plane the experimentally obtained
cross sections are similar for both collision systems. Butelectrons emitted outside this
plane, significant dferences can be observed.

Figure 7.4 shows the FDCS for both collision systems fortedes emitted in the azimuthal
plane, i.e. perpendicular to the projectile beam directsae figure 7.3). The kinetic energy of
the electrons is.6 eV, and the total momentum transfer of the projectile iogis0.75 a.u..

2The spatial distribution as well as the momentum distridoutf the ion beam is Gaussian shaped. Therefore, the
transverse momentum spread is typically expressed byaheatd deviation of the distributioorp, .
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7.2 Single ionization of helium target atoms by a cohereatqor projectile beam

perpendicular

azimuthal plane

Figure 7.3: The three dimensional angular distribution of electronsttechin theC®" on He
collision [SMF*03]. The azimuthal plane is the plane perpendicular to thiaimomentum of
the projectile. The so called perpendicular plane is thagla@erpendicular to the momentum
transferq.

At the azimuthal angle af. = 90° the electron is emitted in the direction of the momentum
transferq, whereaspe = 270 signifies the emission in the direction 6f. At these positions,
the well known binary peak and the recoil peak occur, whegadoil peak still has a compa-
rably large contribution to the cross section at the smatijpeationn = 0.1.

Especially in the proton collision data, the binary peak tedrecoil peak are clearly separated
by a pronounced minimum at about 28t that position, there is only a weak minimum in
the ¥ data, and the recoil peak is barely separated from the bjyeak. Also, the widths of
the peaks are broader in th&'Qollisions.

A comparison of the results with the 3DW motlahd the first Born approximation convoluted
with classical elastic scattering [SFE7] is included in figure 7.4. The 3DW calculation, which
treats the € projectile beam as a coherent wave, reveals severe givaligiscrepancies to
the experimental & data. Especially the dip at 186 overestimated in the calculation. A
comparison of the 3DW model to the proton data, however, shmmuch better agreement.
The semi-classical approach including elastic scattesiritpe nuclei, on the other hand, fails
to qualitatively reproduce the shape of the coherent proam FDCS, but is in very good
agreement with the FDCS obtained with the incoheréfitt@am.

Therefore, it can be concluded that while the interactiothwain incoherent projectile beam
is better reproduced by the semi-classical calculatiodead the preparation of a coherent
projectile beam enables the acquisition of fullyfeiential cross sections which are in better

3].e. the three body DW approximation.
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7 Projectile beam coherencéexts in ion-atom collisions
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Figure 7.4: The fully differential Tl cross sections for electrons emitted in the attia plane

in 3 MeV proton and 100 MeX C®* on helium. The coherent proton beam cross section is in
better agreement to the fully quantum mechanical 3DW cafiar, whereas the incohererft'C
beam cross section is better resembled by a classical gatththe nuclear-nuclear scattering.
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7.2 Single ionization of helium target atoms by a cohereatqor projectile beam
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Figure 7.5: The ratio of the coherent 3 MeV proton beam cross sectiontaahtoherent 100
MeV/u C% beam cross section (a) in the azimuthal plane and (b) in tigepdicular plane. In
both planes, oscillations can be observed.

agreement with the 3DW model assuming a coherent projdazien.

The cross section for a coherent beam can be expressed asthesection for an incoherent
beam multiplied by the interference tedf. When the assumptions are made that the proton
beam is fully coherent, and that th€'tbeam is fully incoherent, and that the incoherent cross
sections of both projectiles are very similar, the intefexe termiT can be approximated by
the cross section ratio of the proton beam relative to tffeb@am.

In figure 7.5, the cross section ratios for the 3 MeV protomieaad the 100 MeXi C&* beam

are shown in the upper panels. An oscillating structure seoled both over the azimuthal
electron emission anglg. and over the electron emission anglgn the plane perpendicular
toq.

Fischer et al. ((FSMUO04]) measured the FDCS of the single@ion process for a 6 MeV pro-
ton beam colliding with a helium target atom. The pertudragparameter is slightly smaller
due to the higher energy,= 0.065, but a significant change of cross section is not expdoted
such small values of. The coherence length of the beam wag ~ 0.05a.u., which is much
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7 Projectile beam coherencéexts in ion-atom collisions

smaller than the size of an atom. Therefore, the 6 MeV proeambcan be considered fully in-
coherent. The cross section ratio for the 6 MeV proton beagirttae 100 MeVu C®* beam is a
ratio of two incoherent cross sections, and should not éxhilerference fects. In figure 7.5,
these ratios of the two incoherent beams are displayed ilower panels. The experimentally
obtained distributions are not perfectly flat, but the dtrtee is clearly much less pronounced
compared to the ratio of coherent to incoherent cross sectio

7.3 Discussion

The presence of interferencéfexts can more intuitively be understood for molecular tsrge
i.e. H, molecules, because the two atomic centers resemble a dslitllitethe optical analogy,
where the two resulting reactions paths interfere. In ttse cd the collision of a coherent pro-
jectile beam with an atomic target, the nature of the colwrénmore complex.

In the fully quantum mechanical description of single i@tian, first order processes only ac-
count for the electron-projectile interaction. The nucleaclear interaction is included start-
ing from second order perturbation theory, where an intenfee term between first and second
order processes contributes to the total cross sectiore(gesion (4.30) in chapter 4). For in-
coherent beams where no interference occurs, this terrig@sartificial contributions to the
cross section. Now it can be understood why the seeminghniptete semi-classical approach
by Schulz et al. was better suited to describe the incohdéearn cross sections.

A semi-classical simplification might be helpful for a coptien of the nature of the interfer-
ence: Due to the long range of the Coulomb force, a large rahgmpact parameters con-
tributes to the single ionization cross section. A first ored a second order mechanism with
different impact parameters might result in the same final s&atel D]. If the coherence length
of the projectile beam covers the impact parameter digtabwof both mechanisms, their am-
plitudes interfere.

The distance between the impact parameters plays a simliéaas the internuclear distance in
the H, molecule and the distance between the double skt the optical analogy. If the pro-
jectile is seen as an incoming wave-packet, the phase &tiftden the interfering amplitudes
for a given scattering angle depends on the impact pararseparation, just as the phase shift
depended onx in the optical analogy (see equations (7.1) and (7.2)). Fgven path difer-
ence, the phase shift depends on the momentum (on the DaedBwmilelength) of the emitted
electron, which explains the oscillations in the interfexe dfects over the electron emission
angle.
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7.3 Discussion

In conclusion, the experimental FDCS of single ionizatidradelium target by a coherent
proton projectile beam were obtained. These FDCS are in rhatthr agreement to the fully
quantum mechanical model than experimental FDCS of forrrperements with incoherent
projectile beams.

The ratio of coherent to incoherent cross sections reveatdseillating structure over the angle
of electron emission in the azimuthal and perpendiculangld hat oscillation is absent in the
ratio of incoherent to incoherent cross sections.

The results of the experiment indicate that the projectileecence length is an important pa-
rameter in the dynamics of ion-atom collisions. Until note ffinite coherence length of the
projectile beam has been completely overlooked in the #teait understanding of ion-atom
collisions. Thereby, artificial interferencdtects are -at least to a certain extent- an explana-
tion of the puzzling discrepancies between theoreticalatsoand experimental FDCS. Further
studies and refined theoretical descriptions are needewéstigate the nature of the interfer-
ence, and theffect of the beam coherence length on collision dynamics arss@ections.
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8 Conclusion

In the framework of this thesis, a Reaction Microscope waseassfully implemented into the
heavy ion cooler storage ring TSR at the Max-Planck-Insfitu Kernphysik. An electron
cooled ion beam has advantageous properties for the igaéisth of ion-atom collisions. The
stored ions cycle in the ring and repeatedly pass the taeggdr. Thereby, high beam in-
tensities are reachable, and good statistics can be obtairrelatively short measuring time
even for collision processes with a small cross sectiom, dilectron capture or transfer ioniza-
tion. Furthermore, the electron-cooled beam features\alger emittance, i.e. a small spatial
extension and a small momentum spread. The small size obthbaam permits a well de-
fined interaction region, which in turn allows for a good feion of the measured recoil ion
and electron momenta. Moreover, the transverse momentrmeadiis directly related to the
coherence length of the projectile beam. In typical singlsspexperiments, where the trans-
verse momentum spread is defined by collimators, the coberdength of the projectiles can
be much smaller than the size of a helium atom. Due to the loittaame of the stored beams
in the TSR, it was possible to obtain beams whose coherengéhl&vas much larger than the
size of the target atom. Therefore, we were able to investifya the first time the fect of the
projectile coherence on the dynamics of collisionally ioeldi ionization of target atoms.

In this work, we focused on three collision processes: Teangnization, electron capture, and
single ionization.

In order to investigate the mechanisms of transfer ioropatwe chose two collision sys-
tems with a diferent perturbation. Generally speaking, transfer ioitmaprocesses can be
divided into two categories; First, the independent precesiere the projectile ion captures
one electron and ionizes another in two independent, subséinteractions. And second, the
correlated processes, where the finally ejected targetraeteis emitted due to electronic cor-
relation. Only recently such a correlated process has begroged [VNUOS8], which has been
completely overlooked in decades of research.

For 1 MeVJu O™* projectiles with a high perturbatiom (= 1.1), as expected the independent
transfer ionization process clearly dominates over theetatied processes. The electrons were
with a strong preference emitted in the forward directiohjol is a result of the post collision
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8 Conclusion

interaction. In a theoretical model based on the continuistorded wave approximation, the
cross sections could qualitatively be reproduced.

The perturbation of 1 MeW Li%* projectiles is lower 4 ~ 0.5), and here the newly pro-
posed electron-electron transfer ionization process wpsated to significantly contribute to
the cross section. Indeed, electron emission was found &trbagly focused in the back-
ward direction, which is a predicted feature of the electtacttron transfer ionization process.
Therefore, in this experiment clear evidence of the eleeélectron transfer ionization was
provided.

In the single electron capture measurements, we attemptettain kinematically complete
data on radiative electron capture. This is an extremeljlaesiging experiment, as the cross
section for radiative capture is several orders of mageitmaller than the cross section for
kinematic capture or target ionization. A photon spectremeas implemented into the Reac-
tion Microscope, and triple coincidences between chahgeged projectiles, recoiling target
ions and photons were recorded. For transfer ionizationtsyghen the capture process was
accompanied by a simultaneous emission of a second taegtar, even quadruple coin-
cidences were observed. However, due to the limited statisnd high background, in the
framework of this thesis it was not possible to unambigupigéntify radiative capture pro-
cesses. The detected photons were found to originate predotly from capture processes
to excited states of the projectile ions, which decay radibt The relative contribution of
the populated states was found to fEeeted strongly by the photon coincidences. This can
be explained by dierent lifetimes of the populated states which might dectsr &aving the
spectrometer region.

Single ionization, which was the third process under ingatibn within this thesis, is perhaps
the most-studied reaction in ion-atom collisions. Howgdéscrepancies between theoretical
and experimental fully dierential cross sections (FDCS) exist even for rather sirogllesion
systems, and have puzzled researchers for almost a decad®ne feature which is shared by
all fully quantum mechanical calculations is the assunmptiban infinite coherence length of
the projectile beam. In collision experiments, in contrést coherence length is finite and, as
already mentioned, generally much smaller than the tatget.aWe measured fully ffieren-
tial cross sections for single ionization processes withlaoent 3 MeV proton projectile and
obtained significantly better agreement with the theoaéti@lculations. On the other hand,
severe discrepancies were observed in comparison to FD@$ wiere measured with a in-
coherent beam of the same perturbatign=(0.1). The influence of the projectile coherence
length has not been included in any theoretical model. iHeegpossible explanation iffered

108



for the long puzzling discrepancies between experimerndl & and quantum mechanical cal-
culations.

Further studies will be necessary to understand the exawtenaf the interferencefiects in
coherent collision systems, and especially an inclusioim®beam coherence into theoretical
models is clearly required.

The success of first experiments with a Reaction Microscapineé TSR motivated the de-
velopment and implementation of a next generation Readfiimnoscope, in which the stored
ion beam is intersected with a laser cooled target. Prgseh# target atoms prepared in the
magneto optical trap are lithium atoms. As both weaker amwhger electron-electron correla-
tions than in helium are expected between the electrondtiereint shells of the lithium atom,
it is a well suited target atom to investigate thEeet of electronic correlations on, for instance,
transfer ionization cross sections.
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