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Anna Simon Correlated radiative eletron apture in ion-atom ollisions
AbstratRadiative double eletron apture (RDEC) is a one-step proess where two free (or quasi-free) target eletrons are aptured into a bound state of the projetile, e.g. into an emptyK-shell, and the energy exess is released as a single photon. This proess an be treatedas a time inverse of a double photoionization. However, unlike in ase of photoionizationexperiments, bare ions are used during RDEC observations. Thus, RDEC an be onsideredas the simplest, lean tool for investigation of eletron-eletron interation in the presene ofeletromagneti �elds generated during ion-atom ollisions.Within this dissertation, the 38 MeV O8+ + C experiment, onduted at Western MihiganUniversity using the tandem Van de Graa� aelerator, is disussed and the �rst experimentalevidene of the RDEC proess is presented. The ross setion obtained experimentally isompared to the latest theoretial alulations.
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AbstraktSkorelowany radiayjny wyhwyt dwóh elektronów (RDEC) jest proesem, podzas które-go dwa swobodne (albo kwaziswobodne) elektrony tarzy wyhwytywane s¡ do stanu zwi¡zane-go poisku (np. nieobsadzonej powªoki K), a ró»nia energii pomi�dzy ko«owym a poz¡tko-wym stanem eletronów emitowana jest w postai pojedynzego fotonu. Proes ten mo»natraktowa¢ jako odwróenie w zasie podwójnej fotojonizaji. Jednak»e, w przeiwie«stwie doeksperymentów dedykowanyh fotojonizaji, do obserwaji RDEC stosuje si� jony aªkowiiepozbawione elektronów, o pozwala na wyeliminowanie tªa pohodz¡ego od elektronów niebior¡yh bezpo±rednio udziaªu w badanym proesie. RDEC mo»e by¢ wi� traktowany jakonajprostsze narz�dzie do badania oddziaªywania elektron-elektron w obeno±i pola elektro-magnetyznego generowanego podzas zderzenia.Rozprawa ta po±wi�ona jest proesom atomowym zahodz¡ym w zderzeniah O8+ + Cprzy energii 38 MeV podzas eksperymentu przeprowadzonego przy u»yiu aleleratora Van deGraa�a w Western Mihigan University. Przedstawione zostaªo w niej pierwsze do±wiadzalnepotwierdzenie proesu RDEC. Uzyskany eksperymentalnie przekrój zynny zostaª porównanyz wynikami najnowszyh przewidywa« teoretyznyh.
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Chapter 1Introdution
Sine the �rst observation of the photoeletri e�et by Hertz [Her 87℄ and its explanationby Einstein [Ein 05℄ the interation between eletrons and light has been of onsiderableattention. The fundamental proess ourring due to this interation is photoionization,where absorption of a photon of energy ~ω results in the emission of an eletron:

A + ~ω → A+ + e−. (1.1)Simple photoionization experiments usually are restrited to neutral atoms, where the in�u-ene of the eletrons, whih do not partiipate in the proess diretly, annot be negleted.This ompliates omparison of the experimental results with theoretial preditions.However, based on the priniple of detailed balane [Lan 79, Bey 03℄ the photoionizationan be studied via the time reversed proesses, i.e. radiative reombination (RR) and radiativeeletron apture (REC) [Ih 94, Ih 96, Ei 95a℄. During these proesses a free (RR) or looselybound (REC) eletron is aptured to the bound state of the projetile and a photon withenergy equal to the di�erene between the �nal and initial eletron states is emitted. Unlikesingle photoionization of multieletron systems, REC has been investigated for bare ion-atominterations [Sto 92, Sto 94℄ and o�ers lean onditions for exploration of photoionization withonly one eletron, allowing for observation of pure photon-eletron interations.During the last thirty years double photoionization has been of onsiderable interest[Dal 94, and referenes therein℄. As a photon typially interats only with one eletron,double photoionization is aused by the eletron-eletron interation [Smi 89℄. However,double photoionization studies have been performed mainly for low Z atoms, suh as He[Ber 93, Tiw 82, Car 81℄, Ne [Sai 92, Sh 93, Car 77℄, and Ar [Lab 87, Car 77℄. This is due tothe bakground ontributions from other eletrons for high Z systems, whih make the subtle1



Anna Simon Correlated radiative eletron apture in ion-atom ollisionseletron orrelation e�ets di�ult to observe. Fortunately, similarly to single photoioniza-tion, double photoionization an be studied by means of the time inversed proess � RDEC, forwhih this bakground is absent. Radiative double eletron apture (RDEC) involves transferof two target eletrons into a bound state of the projetile with simultaneous emission ofa single photon [War 95, Bed 03℄. Sine bare ions are used during the experiment, RDECan be onsidered as the simplest, lean tool for investigation of eletron-eletron interation[War 95℄ in the presene of eletromagneti �elds generated during ion-atom ollision. Thus,investigation of the RDEC proess an provide ruial information neessary for a properdesription of eletron orrelations within atomi systems and provide data required to de�nethe wave funtion of two orrelated eletrons in the projetile ontinuum.During the last twenty years the RDEC proess was addressed not only experimentally[War 95, Bed 03℄, but also theoretially [Mir 89, Yak 96, Yak 97℄. The alulations were foundto be in disagreement with the experimental data [Bed 03℄ and veri�ation of the RDEC pro-ess was not possible. The more reent alulations not only explained previous experimentalresults, but also suggested the hoie of low energy mid-Z (Z ≤ 35) ollision systems forobservation of RDEC [Mik 04a, Mik 04b, Dru 07℄. It is also noted that for these systemsapture to an exited 1s12s1 state might signi�antly enhane the proess and ontributeto the observed x-ray spetra [Nef 05℄. These alulations provided the main motivation foryet another experiment dediated to the RDEC proess. To fully take advantage of the newalulations, two ollision systems at two di�erent aelerator omplexes were hosen:
• Xe54+ + C at 20 MeV/u, to be performed at GSI, Darmstadt in Germany,
• O8+ + C at 2.375 MeV/u, realized by means of the Van de Graa� aelerator at WMU,Kalamazoo, MI, USA.So far the WMU experiment was arried out. During six months of the experiment prepara-tions and data taking, 43 days of beam time were used. At the moment when this thesis isbeing written the GSI beam time is still pending.Within this dissertation the O8+ + C at 38 MeV experiment is disussed and the �rst ex-perimental evidene of the RDEC proess is presented. The ross setion obtained experimen-tally is ompared with the latest theoretial alulations [Mik 04a, Mik 04b, Nef 05, Dru 07℄.This thesis begins with an introdution to the most important atomi proesses that ourduring ion-atom ollisions. In Chapter 2 speial attention is paid to the proesses whih2



Anna Simon Correlated radiative eletron apture in ion-atom ollisionsadd to the bakground for the x-ray spetrum registered during the experiment and formulaeallowing for estimations of ontributions of these proesses are suggested. Chapter 3 addressesthe RDEC proess in detail. The history of the experimental approah and the theoretialalulations of the RDEC ross setion are presented. Additionally, this hapter fouses on thereent theoretial alulations whih were the main motivation for the experiment disussedin this dissertation. The goal of the experiment was the observation of x rays emitted duringollisions of bare oxygen ions with arbon atoms. The x-rays spetra were registered inoinidene with ongoing partiles whih underwent single or double harge exhange. Theexperimental setup whih allowed for ahieving this goal is presented in Chapter 4. Theoperation priniple of a Van de Graa� aelerator is explained and the onstrution of thetarget hamber, partile spetrometer and x-ray detetor are desribed in detail. Chapter 5is dediated to data analysis, with a partiular fous on proesses that may ontribute to thex-ray spetrum within the RDEC region. Various approahes to estimation of the bakgroundand alulations of the ross setion are disussed. In Chapter 6 the experimentally obtainedRDEC ross setion is ompared with the theoretial value and the possible reasons for theobtained disrepany are given. In Chapter 7 results of the Monte Carlo simulations of thex-ray spetrum generated during the O8+ + C ollisions are ompared with the experimentalresults. Finally, in Chapter 8 suggestions for further investigations of the RDEC proess aregiven, with indiation of neessary improvements of the experimental setup.
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Chapter 2Atomi proesses during ion-atom ollisions at lowenergy
Interation between an inoming ion and a target atom may lead to many di�erent atomiproesses, suh as:
• ionization, mainly of the target atom, as the eletrons are usually less bound to a lighttarget than to a partially ionized projetile,
• eletron transfer from the target to the projetile,
• exitation of both target and projetile states � suh states deexite after the ollisionemitting harateristi x rays.Within the following setions the most important proesses that were onsidered ompet-itive to RDEC for the presented experiment are disussed.2.1 Nonradiative eletron apture (NREC)The Coulomb interation between the projetile and the target eletrons an lead to aproess alled Coulomb apture or nonradiative eletron apture (NREC). Here, the energydi�erene between the initial and �nal state of the eletron is onverted into the kinetienergy of the ollision partners. The most onvenient and frequently used saling formula thatestimates the ross setion for nonradiative eletron apture is the one given by Shlahter[Sh 83℄. It is a semiempirial formula whih allows for alulation of the σNREC as a funtionof the projetile energy for various projetiles with an auray better than 30%.4



Anna Simon Correlated radiative eletron apture in ion-atom ollisionsThe NREC proess ours mainly at the veloity mathing ondition v ≈ ve, where ve isthe veloity of the aptured eletron, bound in the target atom. For v ≫ ve in nonrelativistiapproximation, as shown for example in [Ei 07℄, the NREC ross setion sales as:
σNREC ∼ Z5

t Z5

v12
. (2.1)2.2 Radiative eletron apture (REC)Radiative eletron apture (REC) is one of the best known atomi proesses observed inheavy ion-atom ollisions. It was �rst observed in early seventies of the last entury [Sh 72,Kie 73, Sh 74℄ and sine that time has been intensively studied both experimentally [Kan 95,Mok 95, Spi 79, Sto 95b, Sto 92, Sto 94, Sto 95a, Sto 97b, Sto 97a, Sto 98, Tan 81, Tan 87℄and theoretially [Ei 95a, Ei 95b, Hin 87, Ih 94, Ih 96, Soh 76℄. During this proess aapture of a single target eletron is followed by a photon emission (Fig. 2.1). Energy ERECof the emitted photon ful�lls energy onservation rule for this proess. Thus, it is given by:

EREC = Tr + EB − EBt + −→v −→p , (2.2)where EB and EBt are the binding energies of the projetile and target, respetively, −→v �projetile veloity and −→p � momentum of the eletron in the bound state of the target. Tr =

(me/mp)E is the kineti energy of the quasifree target eletron alulated in the projetile'sframe of referene.The REC line observed during experiments is muh broader than the harateristi x-ray lines, as an be observed in Fig. 2.2, whih is due to the veloity distribution of targeteletrons. This distribution is desribed by Compton pro�le ℑ(pz) [Big 75℄, whih gives theprobability of �nding an eletron with a given momentum projetion pz, where (for ion-atomollisions) z-axis is de�ned by the projetile veloity. The Compton pro�le depends on thetarget atomi number Zt and its width inreases with inreasing Zt. Moreover, the widthdepends on the binding energy and is smaller for loosely bound eletrons, than for a tightlybound 1s eletron as shown in Fig. 2.3.When the binding energy of the target eletron is muh smaller than Tr, the apturedeletron an be treated as quasifree. This means that REC an be desribed as apture ofa free eletron (radiative reombination - RR), whih is the time inverse of photoionization.As the ross setion for single photoionization an be alulated from the well known formula5
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Figure 2.1: Radiative eletron apture (REC). Target eletron is aptured into the projetile boundstate and the energy exess is emitted as a single photon.given by Stobbe [Sto 30℄, one an use it to alulate the REC ross setion via the prinipleof detailed balane.Priniple of detailed balane desribes the relation between the ross setions for diret(σi→f ) and time inverse (σf→i) proesses [Lan 79, Bey 03℄:
gip

2
i σi→f (pi) = gfp2

fσf→i(pf ), (2.3)where g � the number of possible states given by angular momentum and spin ombinationsand p � the momentum of the partile in the enter of mass system desribe the size of aphase spae aessible for the initial (i) and �nal (f) states.Based on Eq. 2.3 and the Stobbe formula for the photoionization ross setion, the rosssetion for REC to the projetile K-shell during ollision of a bare ion with a hydrogen targetan be expressed in the form:
σREC = 9.16

(

ν3

1 + ν2

)2
exp(−4ν cot−1(1/ν))

1 − exp(−2πν)
· 10−21[cm2], (2.4)where ν = Zte

2/~v is the Sommerfeld parameter of the target K-shell eletron and v � theprojetile veloity. Thus, for fast ollisions, the REC ross setion sales with energy as:
σREC ∼ ZtZ

5

v5
. (2.5)6
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Figure 2.2: Example of the x-ray spetrum registered in oinidene with single eletron aptureduring U92+ + N2 ollisions at 309.7 MeV/u [Swi 00℄.When this result is ompared with Eq. 2.1, one should notie that the radiative eletronapture dominates for high energy ollisions with light targets.The angular distribution of the REC photons, is given by the angular di�erential RECross setion alulated within dipole approximation [Sh 72, Kie 73℄:
dσREC

dΩ
=

3

8π
σREC sin2 ϑ. (2.6)Finally, the double di�erential ross setion d2σREC/dΩdEγ an be expressed as:

d2σREC

dΩdEγ
=

1

v

dσREC

dΩ

∣

∣

∣

p=p0+pz

ℑ(pz), (2.7)where ℑ(pz) is the Compton pro�le of the target eletrons. This formula desribes the shapeof the REC line registered within the x-ray spetrum at a given observation angle.2.3 BremsstrahlungWhen a harged partile penetrates a gaseous or solid target a ontinuous x-ray spetrumis emitted. This spetrum is a result of bremsstrahlung proesses ourring in the target7
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Figure 2.3: Compton pro�le of eletrons in arbon atom. It an be notied that the struture of the
1s line is muh broader than that for n = 2 states [Big 75℄.

Figure 2.4: Example of bremsstrahlung proess � an eletron in the eletromagneti �eld of an ion.material, when a harged partile is aelerated (or deelerated) in the Coulomb �eld ofthe target omponents. A shemati explanation of this proess is presented in Fig. 2.4.Bremsstrahlung was �rst observed by Röntgen in 1895 [Roe 96, Roe 98℄ and sine that timehas been intensively studied [Ish 87, Ish 06, Mir 89, Chu 81, Jak 06, Lud 98℄.During ion-atom ollisions both the ion and ejeted eletrons may undergo bremsstrahlungproesses. However, the total power radiated via bremsstrahlung is proportional to γ4 (when8
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Figure 2.5: Radiative eletron apture to ontinuum (RECC). Target eletron is aptured into aontinuum state of the projetile and a photon is emitted.
d−→v /dt ⊥ −→v ) or γ6 (d−→v /dt ‖ −→v ) [Gri 01℄. Sine E = γmc2, where m is the rest mass of themoving partile, the total radiated power is proportional to 1/m4 or 1/m6, respetively. Theabove means that eletrons lose energy via bremsstrahlung proess muh more rapidly thanheavier harged partiles. This is why eletron bremsstrahlung dominates over the ion-relatedproesses.Quasifree eletron bremsstrahlung (QFEB), seondary eletron bremsstrahlung (SEB),atomi bremsstrahlung (AB) and nuleus-nuleus bremsstrahlung (NB) are dominating amongvarious bremsstrahlung proesses that an our during ion-atom ollision. These proesseswere taken into aount during data analysis and are more thoroughly disussed in the fol-lowing setions.2.3.1 Eletron bremsstrahlungRadiative eletron apture to ontinuum � RECC, sometimes referred to as quasi-freeeletron bremsstrahlung (QFEB) is a proess where the target eletron is aptured to theprojetile ontinuum, whih means it beomes a free eletron. Energy onservation in thisproess is ful�lled by a photon emission (Fig. 2.5).9



Anna Simon Correlated radiative eletron apture in ion-atom ollisionsMaximum kineti energy (Tr) of the involved eletron, alulated for the projetile frameassuming Tr ≫ EBt, is given by:
Tr =

1

2
mev

2 =
me

mp
E, (2.8)where v is the veloity of the inoming ion in the laboratory frame (equal to the veloityof the aptured eletron in the projetile referene frame). Tr is the maximum energy (inthe projetile frame of referene) of the photon emitted during the RECC proess. As themaximum energy of the emitted photons is well de�ned, the spetrum of the emitted x-rayswill have a sharp edge at this value. This edge was observed, for example, during ollisionsof arbon ions with C- and Be-targets [Bed 98℄, as shown in Fig. 2.6.Ejeted target eletrons may satter in the Coulomb �eld of other target nulei, produingadditional bremsstrahlung. This proess is referred to as seondary eletron bremsstrah-lung(SEB). In this ase maximum energy (Tm) of the emitted photons is equal to the maximumtransfer of the kineti energy during ion-eletron ollision, given by:

Tm = 4Tr = 4
me

mp
E. (2.9)Thus, similarly to RECC, SEB spetrum has a sharp edge at the photon energy of Tm [Ish 87℄.During the atomi bremsstrahlung proess (AB) projetile exites a target eletron to atarget ontinuum state. This eletron an be reaptured by a target atom with simultaneousemission of x rays. The eletron an also lose only part of its energy but remain free. Thisproess is referred to as radiative ionization (RI).It was shown in [Ish 06℄ that the relative ontribution of the above proesses stronglyvaries with projetile energy. Theoretial desription of bremsstrahlung ross setions givenin [Ish 06℄ is in agreement with experimental data. Comparison of experimental data forp + Al ollisions at 1 and 4 MeV with theoretial alulations are presented in Fig. 2.7. Simplesaling formulae desribing double di�erential bremsstrahlung ross setions were proposed in[Ish 06℄:

(~ω)2

Z2

d2σRECC

d(~ω)dΩ
= Ztf(

me

mp

E

~ω
), (2.10)

(~ω)3

Z2

d2σAB

d(~ω)dΩ
= f(

a0ω

vp
), (2.11)

(~ω)2

Z2

d2σSEB

d(~ω)dΩ
= Z2

t f(
me

mp

E

~ω
). (2.12)10
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Figure 2.6: Spetra observed during the experiment [Bed 98℄ for: (a) Be-target, (b) C-target. Foreah energy-target ombination two spetra are displayed. On the top � raw spetrum and lower �spetrum after bakground subtration. For presentation purposes spetra were multiplied by fators;for Be-target: 1/20 � 75 MeV/u, 10 � 290 MeV/u; for C-target: 1/8 � 75 MeV/u, 10 � 150 MeV/u,
50 � 290 MeV/u. Dashed line: SEB ontribution, solid line: RECC (relativisti approximation) +K-REC + SEB. Arrows show the RECC-edge energy Tr transformed to the laboratory frame. Insetin (a) represents the experimental setup.where ~ω denotes photon energy, a0 is the Bohr radius and f is an universal funtion disussedextensively in [Ish 06℄. The bremsstrahlung proesses for protons interating with varioustargets at wide range of energies were thoroughly studied for example by Folkmann [Fol 84,Fol 75℄. By means of the above formulae, the bremsstrahlung ontribution to the experimentaldata an be estimated from the proton data. 11
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Figure 2.7: Example ontribution of various bremsstrahlung proesses to the ontinuous x-ray spe-trum during Al + C ollisions at 1 and 4 MeV [Ish 06℄. It an be notied that SEB beomes adominating proess at higher beam energy.2.3.2 Nuleus-nuleus bremsstrahlung (NB)Nuleus-nuleus bremsstrahlung is a onsequene of the projetile sattering in the Coulomb�eld of the target nulei. Emitted x-ray spetrum extends up to the projetile energy. Thedi�erential ross setion for NB proess an be alulated from the formula given by Mokler[Mok 78℄:
dσNB

d(~ω)
= C

Z2Z2
t

(~ω)E
A

(

Z

A
− Zt

At

)2

, (2.13)
C = ln

(

(

1 +
√

1 − x
)2

x

)

· 4.3 · 10−28[cm2], (2.14)
x =

A + At

At

(~ω)

E
, (2.15)where A, At are projetile and target mass in atomi units, respetively.Fig. 2.8 shows ontribution of RECC, SEB, AB and NB to the x-ray spetra obtainedduring ollisions of 2.0 MeV protons with arbon. Upper limits of RECC and SEB x-ray12
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Figure 2.8: Bremsstrahlung proesses observed during p + C ollisions at 2 MeV. Plot based on Fig. 3in [Ish 06℄.spetra an be observed at Tr and Tm, respetively. The NB ross setion is signi�antlylower than those of the eletron bremsstrahlung proesses. Thus, NB plays signi�ant roleonly within the x-ray spetrum range above Tm.2.4 Multieletron apture proesses, nonorrelated double ra-diative eletron apture (DREC)During a single ion-atom ollision apture of more than one target eletron to the projetilebound state is possible. The simplest example of a nonorrelated apture of two eletronsis a double radiative eletron apture (DREC) for whih the apture of two eletrons isaompanied by the emission of two independent REC photons (Fig. 2.9). During this proessthe aptured eletrons do not interat with eah other and the apture of eah of them anbe treated as a separate proess.Radiative nonorrelated double apture was theoretially addressed by Meyerhof [Mey 85℄.In this paper the author alulated REC ross setion as an integral of the proess probabilitygiven as a funtion of impat parameter. The single eletron apture ross setion an be13
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Figure 2.9: Comparison of the DREC and RDEC proesses.alulated as an integral of the probability P (b) of an eletron apture given as a funtion ofthe impat parameter b:
σREC =

∫

∞

0
db2πbP (b). (2.16)In ase of REC, P (b) is given by:

P (b) = σREC(Zt = 1)

∫

∞

−∞

dzρ(R), (2.17)
R being the projetile to target atom distane and ρ � the eletron density. As the eletrondensity is normalized:

∫

∞

0
db2πb

∫

∞

−∞

dzρ(R) = Zt, (2.18)the REC ross setion for multieletron target is simply given by ZtσREC(Zt = 1).The same method was applied to nonorrelated double radiative apture. If P0(b) is theprobability of a single eletron apture into the bare ion, and P1(b) is the orrespondingprobability of eletron apture into the H-like ion, the ross setion for nonorrelated doubleeletron apture an be expressed as [Mey 85℄:
σDREC =

∫

∞

0
db2πbP0(b)P1(b). (2.19)14



Anna Simon Correlated radiative eletron apture in ion-atom ollisions

Figure 2.10: Single eletron loss ross setion as given in [Hip 87℄. Solid line � PWBA alulations forHe2+ impat, dot-dashed line � inludes ontribution from free eletron impat in CBE approximation.Symbols: � � O6+, △ � Si8+, ▽ � Si13+, ◦ and × � O7+.For double eletron apture (DREC) one �nally obtains the ross setion [Mey 85℄:
σDREC = 0.13Z

1/2
t σ2

REC(Zt)a
−2
0 . (2.20)The above formula was veri�ed experimentally by Bednarz [Bed 03℄.When the aptured eletrons interat with eah other during the ollision, the proessis referred to as orrelated apture. Radiative double eletron apture (RDEC) is the basiexample of a orrelated proess and an be treated as a time inverse of double photoionization.Thus, due to eletron-eletron interation of the two aptured eletrons only one photon isemitted and its energy is two times greater than that of a single REC photon (Fig. 2.9). TheRDEC proess is disussed in detail in Chapter 3.2.5 Projetile ionization � eletron lossThere is a variety of terminology used in the literature, when re�ering to eletron de-tahment, whih leads to onfusion. Here, a nomenlature from [Bom 89, Tan 91, Hip 87℄ isapplied. The term ionization is used when the eletron is detahed from the target atom,15



Anna Simon Correlated radiative eletron apture in ion-atom ollisionswhile the removal of the eletron from the projetile bound state is re�ered to as eletron loss.Consequently, eletron loss is the proess where an eletron is removed from the projetileand remains free afterwards:
Aq+ + At → A(q+x)+ + At + xe−, (2.21)where x is the number of eletrons lost by the projetile (q + x ≤ Z). Eletron loss proesseshave been extensively studied during the late seventies an eighties for various elements andharge states within energy range up to 10 MeV/u [Gra 84, Gra 85, Ols 78℄.Boman et al. [Bom 89℄ developed a simple saling formulae for eletron loss ross setion.The single eletron loss ross setion for oxygen ions at 1 MeV/u an be estimated as:

• for q = 5 :

σ5
1 = (3.27 · 10−18)Z0.98

t [cm2], (2.22)
• for q = 6 :

σ6
1 = (8.83 · 10−19)Z0.78

t [cm2], (2.23)
• for q = 7 :

σ7
1 = (2.22 · 10−19)Z0.33

t [cm2], (2.24)where q denotes the initial harge state of the ion. It has been also heked by the authors thatin ase of Si8+ + He ollisions at 1.0 MeV/u the ratio of single to double eletron loss rosssetions σ8
1/σ

8
2 ≈ 40. Thus, it an be assumed that the double eletron loss proess an benegleted for the ase of the more tightly bound K-shell eletrons in O6+. As an be observedin Fig 2.10 the single eletron loss ross setion does not hange signi�antly when the beamenergy is inreased from 1 to 2 MeV/u. Thus, saling formulae given by Eqs 2.22-2.24 an beused to estimate the ross setion within this energy range.

16
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Chapter 3Radiative double eletron apture (RDEC)

Radiative double eletron apture (RDEC) is a one-step proess for whih two free (orquasifree) target eletrons are aptured into bound states of the projetile, e.g. into an emptyK-shell, and the energy exess is released as a single photon (Fig. 2.9). This proess has tobe ompared with a two-step double radiative eletron apture (DREC) during whih twoeletrons are aptured independently and two single REC photons are emitted.While for the DREC proess both eletrons an be treated separately (see Setion 2.3.2),in ase of the RDEC one has to go beyond the independent eletron model. Here, dueto eletron-eletron interation, transitions of two target eletrons into the projetile boundstates our with an emission of one photon with the energy two times greater than that of asingle DREC photon.In general, aptured eletrons may originate from two di�erent orbitals in the target andarrive �nally at di�erent �nal states in the projetile. Thus, the energy of the RDEC photonan be expressed as:
ERDEC ≈ 2Tr + E

(1)
B + E

(2)
B − E

(1)
Bt − E

(2)
Bt + −→v −→p (1) + −→v −→p (2), (3.1)where indies (1) and (2) orrespond to eah of the aptured eletrons. The width of thepeak is about twie as large as that of the REC line. Roughly, it is determined by the sum ofCompton pro�les of the two ative eletrons [Mir 89℄.3.1 Initial experiments dediated to RDECThe �rst experiment dediated to RDEC was performed at GSI in 1994 with 11.4 MeV/uAr18+ ions from UNILAC impinging upon a arbon foil. A detailed desription of this exper-17
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Figure 3.1: Typial x-ray spetrum obtained during argon experiment [War 95℄.iment is given in [War 95℄. A typial spetrum obtained during that experiment is presentedin Fig. 3.1. As shown in this �gure, no signi�ant line struture related to the RDEC proesswas observed. However, the number of ounts olleted in the expeted RDEC energy win-dow provided an upper limit of the RDEC ross setion of about 5.2 mb. A rough theoretialestimate of the ross setions ratio σRDEC/σREC was also suggested, based on the prinipleof detailed balane and onsidering REC as a time reversal of photoionization. The REC andRDEC ross setions an be written as:
σREC(~ω) = Zt

(

~ω

γβmc2

)2

σPI(~ω), (3.2)
σRDEC(~ω′) = FZt(Zt − 1)

(

~ω′

2γβmc2

)2

σDPI(~ω′), (3.3)where σPI and σDPI are the ross setions for single and double photoionization, respetively.The fator F (F ≤ 1) desribes the phase spae fration of double photoionization aessiblefor the RDEC proess. Thus, σRDEC/σREC ratio an be expressed in terms of single anddouble photoionization ross setions as [War 95℄:
R =

σRDEC

σREC
= F (Zt − 1)

(

ω′

2ω

)(

σDPI(~ω′)

σPI(~ω)

)

, (3.4)or, as in ase of RDEC ~ω′ ≈ 2~ω:
R =

σRDEC

σREC
= F (Zt − 1)

σPI(2~ω)

σPI(~ω)

σDPI(2~ω)

σPI(2~ω)
. (3.5)18
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Figure 3.2: Typial experimental x-ray spetrum obtained for uranium ions [Bed 03℄. The Gaussiansolid line shows the expeted RDEC peak, whih should be observed aording to Yakhontov et al.[Yak 96, Yak 97℄.The experiment [War 95℄ provided an upper limit for R of 3.1 · 10−6.This experiment stimulated theoretial treatment of the RDEC proess [Yak 96, Yak 97℄.In these papers the authors presented nonrelativisti alulations of the RDEC proess adaptedto the kinematis and the energy range of the Ar18+ + C experiment. The alulations gave,for this partiular ollision system (Ar18+ + C at 11.4 MeV/u), the RDEC to REC rosssetions ratio R of 3.6 · 10−6, whih is lose to the experimental upper limit.Moreover, these alulations predited a strong enhanement of RDEC during heavy ion-atom ollisions at relativisti energies [Yak 97℄. These alulations were tested during theseond experiment dediated to RDEC. Here, bare uranium ions at an energy of 297 MeV/uwere olliding with an Ar target at the ESR storage ring of the GSI faility [Bed 03℄. Thisexperiment showed that for the ollision system under onsideration the RDEC ross setionis ertainly at least three orders of magnitude smaller than the theoretial predition [Yak 96,Yak 97℄. Fig. 3.2 shows a spetrum obtained during the experiment. Again, no signi�antline struture whih ould be assigned to the RDEC proess was observed. The Gaussian linein Fig. 3.2 shown within the RDEC region of the spetrum represents the shape of the RDECline whih should be observed in the spetrum, if the theoretial alulations [Yak 96, Yak 97℄19



Anna Simon Correlated radiative eletron apture in ion-atom ollisionswere reliable. This experiment also provided only an upper limit for the RDEC ross setionvalue of about 10 mb.3.2 Reent theoretial approah to RDECIn order to explain the disagreement between the uranium experiment [Bed 03℄ and thetheoretial treatment of RDEC [Yak 96, Yak 97℄, a new theoretial approah for the orrelateddouble eletron apture into the K-shell of bare ions was proposed [Mik 04a, Mik 04b, Nef 05℄.Here, a brief desription of this RDEC treatment is given with the notation used in the originalpapers. Indies (1) and (2) orrespond to REC and RDEC, respetively, and natural units
(~ = c = 1) are used throughout the text.All the eletrons involved in the proess were onsidered as nonrelativisti and the energy
ω of the emitted photon was limited by I2K ≤ ω ≪ m, where I2K is the threshold energy fordouble photoionization of the projetile K-shell and m is the eletron mass. In suh ase theCoulomb parameter (αZ, α denotes the �ne struture onstant) is small (αZ ≪ 1) and theperturbation theory with respet to the eletron-eletron interation an be used.In the referene frame of the inident ion the probability dW for double eletron aptureinto the K-shell of bare ion with the emission of a single photon per unit time is given by[Mik 04a℄:

dW =
2π

V 2
|A|2 d

−→
k

(2π)3
δ(2EP − ω − I2K), (3.6)where EP is the one-eletron energy within the initial ontinuum state, ω = |−→k | = k is theenergy of the emitted photon and I2K = 2I, with I = η2/2m, the Coulomb potential forsingle ionization and η = mαZ � the harateristi momentum of the K-shell eletron, and V� a normalization fator. Summation over all polarizations of the emitted photon is assumedin Eq. 3.6 and delta funtion ensures the energy onservation. The amplitude A was obtainedfrom that for the double K-shell photoionization. Detailed desription of this approah isgiven in [Mik 04a℄.Dividing Eq. 3.6 by the urrent �ux of the inident target eletrons j = v/V , where

v = p/m is the absolute value of the initial veloity of the inident eletrons before theollision with ion, one obtains the e�etive di�erential ross setion:
dσ(2) = 2π

ω2

vV
|A|2 dΩk

(2π)3
, (3.7)20
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Figure 3.3: Q, universal funtion of the dimensionless variable ξ [Mik 04a℄.whih de�nes the angular distribution of the RDEC photons emitted into an element of asolid angle dΩk.For the energy regime assumed in these alulations, it was possible to alulate the totalross setions within the eletri dipole approximation. For ollisions of heavy ions with lighttarget atoms the total ross setion for radiative double eletron apture (RDEC) into theK-shell of the ion is given by:
σ(2) =

219Z3
t

3πZ5
Q(ξ), (3.8)where ξ = η/p is a dimensionless parameter, σ0 = α3a2

0 and a0 denotes the Bohr radius.
Q is the universal funtion of ξ, whih an be obtained by numerial integration (Fig. 3.3).
ξ ∼ 1 orresponds to the near-threshold domain, where the K-shell photoe�et reahes itsmaximum. For slow ollisions (ξ ≫ 1) the RDEC ross setion inreases, while in ase of fastollisions it dereases rapidly. Moreover, it has to be pointed out that the RDEC ross setionrapidly drops with the projetile atomi number (∼ Z−5) and inreases signi�antly for lowenergy ollisions.Another value alulated in [Mik 04a℄ is the ross setions ratio (R = σ(2)/σ(1)). TheREC ross setion an be expressed in terms of the photoionization ross setion (σPI) via21
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Figure 3.4: Universal quantity Q/H alulated as a funtion of the dimensionless variable ξ [Mik 04a℄.the priniple of detailed balane. As σPI is known analytially (Stobbe formula [Sto 30℄), forthe radiative eletron apture into the K-shell of the projetile one obtains:
σ(1) =

210

3
π2σ0ZtH(ξ), (3.9)

H(ξ) =
ξ2

ε2
γ

exp(−4ξ cot−1 ξ)

1 − exp(−2πξ)
, (3.10)where εγ = ω/I is the dimensionless photon energy. Then the ratio R is given by:

R =
29Z2

t Q(ξ)

π3Z5H(ξ)
. (3.11)The funtion Q(ξ)/H(ξ) is presented in Fig. 3.4.These alulations are in disagreement with the previous relativisti approah [Yak 97℄,whih was not able to explain the existing experimental data [Bed 03℄. As shown in [Mik 04a℄the enhanement of the wave funtion for the relativisti systems was alulated inorretlyby Yakhontov [Yak 97℄ and even the orreted value, whih is 3 orders of magnitude smaller[Mik 04a℄, was not on�rmed by the experiment [Bed 03℄. Therefore, the enhanement of theRDEC ross setion for relativisti systems [Yak 97℄ seems to be absent. This is similar tothe behavior of the ross setion for the REC proess, where the ross setion dereases whenthe projetile energy inreases. 22



Anna Simon Correlated radiative eletron apture in ion-atom ollisionsTable 3.1: Comparison of experimentally obtained RDEC ross setions [War 95, Bed 03℄ and thealulated values given in [Yak 97℄ and [Mik 04a℄.
Z E [MeV/u℄ ξ Zt

σ(2) [mb℄Ref. [Mik 04a℄ Ref. [Yak 97℄ experiment18 11.4 0.840 6 3.2 1.85 ≤5.2 [War 95℄92 297 0.841 18 2.5·10−2 5000 ≤10 [Bed 03℄

Figure 3.5: The ratio of the RDEC ross setions to the exited (σ(2)
21S

) and ground (σ(2)
11S

) projetilestates as a funtion of adiabaity parameter ξ [Nef 05℄.However, it has to be emphasized that the urrent estimate [Mik 04a℄ of σ(2) gives valuesloser to the experimentally obtained upper limits for both the nonrelativisti ase (Ar18+ + C,[War 95℄) and the relativisti one (U92+ + Ar, [Bed 03℄) (see Table 3.1), whih suggests that[Mik 04a℄ is so far the most reliable theoretial desription of RDEC.In ontradition to preditions given in [Yak 97℄, the new alulations show that the RDECross setion strongly depends on the target atomi number and eletron density. One anexpet muh larger values of σ(2) in ase of slow ollisions of multiharged ions with a solidstate target with low atomi number Zt [Mik 04a℄. As the orbital veloity of the target valene23



Anna Simon Correlated radiative eletron apture in ion-atom ollisionsTable 3.2: The REC (σ(1)), RDEC (σ(2,γ)) and DREC (σ(2,2γ)) ross setions and their ratios as givenin [Dru 07℄.
Z ξ E [MeV/u℄ Zt σ(1) [kb℄ σ(2,2γ) [mb℄ σ(2,γ) [mb℄ σ(2,γ)�σ(1) σ(2,γ)�σ(2,2γ)18 0.84 11.4 6 0.36 1.5 3.2 8.9·10−6 2.10.20 646 1.5·10−3 2.6·10−5 1.0·10−6 6.7·10−10 3.2·10−20.10 804 6.4·10−5 4.7·10−8 1.6·10−10 4.0·10−12 3.4·10−312 0.84 5.1 6 0.36 1.5 24 6.7·10−5 160.20 287 1.5·10−3 2.6·10−5 7.6·10−6 5.1·10−9 0.290.10 357 6.4·10−5 4.7·10−8 1.2·10−9 1.9·10−11 2.6·10−2eletrons is muh smaller than that of the projetile, they an be onsidered as quasifree in theprojetile's frame of referene. In this referene frame these eletrons appear as an eletronbeam with veloity v and onentration ne = κρtNA/Mt, where κ is the number of valeneeletrons, NA is the Avogadro's number and ρt and Mt are the density and molar mass of thetarget, respetively. Hene, with substituting V = n−1

e , Eq. 3.8 an be rewritten as:
σ(2) = (nea

3
0)

219σ0

3Z5
Q(ξ). (3.12)In addition, the orrelated double eletron apture into the 1s2s state inreases the rosssetion for the RDEC proess [Nef 05℄. As shown in Fig. 3.5, the ratio of the ross setionfor RDEC to the 1s2s state, σ

(2)
21S

, to the ross setion for RDEC to the 1s2 ground state,
σ

(2)
11S

, is strongly dependent on the ξ value. As an be seen from Fig. 3.5, for ξ ≫ 1 (i.e. slowollisions) the ross setion for eletron apture to the 1s2s state an greatly exeed the onefor the 1s2 state apture.Reently, the alulations of Ne�odov and Mikhailov were ontinued by Drukarev [Dru 07℄,who again addressed the high energy nonrelativisti limit (ξ ≪ 1) of the RDEC proess.As previously, a strong energy dependene of the ross setion was shown and the RDECprobability was ompared with the one of nonorrelated apture. Obtained values of theREC, RDEC and DREC ross setions for Ar18+ + C and Mg12+ + C for various projetileenergies are given in Table 3.2.This theory [Mik 04a, Mik 04b, Nef 05, Dru 07℄ suggests that the best systems for obser-vation of the RDEC proess are low energy ollisions of mid-Z ions with light solid targets.This theory was a motivation for the next RDEC experiment and a reason for the hoie ofthe onditions of the experiment presented in this thesis.24



Chapter 4Experimental setup at Western Mihigan University
4.1 Van de Graa� aeleratorVan de Graa� aelerator is an eletrostati generator whih uses a moving belt to a-umulate very high, eletrostatially stable voltage on a hollow metal sphere [Gra 47℄. Thistype of generators was developed by Robert J. Van de Graa� at Prineton University. The�rst model was demonstrated in Otober 1929 and in 1931 a version able to produe potentialdi�erene of 1 MV was desribed [Gra 31℄.A simple Van de Graa� generator is presented in Fig. 4.1. A belt of a dieletri materialruns over two rollers, one of whih is surrounded by a hollow metal sphere � high voltageterminal. Two eletrodes � an upper and a lower one � are plaed next to eah roller. Theupper eletrode is onneted to the sphere, while a high DC potential (with respet to theground potential) is applied to the lower one � a positive potential in the example.Due to the strong eletri �eld the air around the lower eletrode is ionized and the positiveions are repelled from the eletrode and aumulated on the belt. The they are transportedtowards the upper eletrode whih ollets the harges from the belt and transports themonto the spherial olleting eletrode. The potential of the HV eletrode inreases until thespeed of its harging equals to the speed of disharging. The maximum potential obtained onthe HV eletrode depends on the radius of the sphere and insulating properties of the gasessurrounding it. SF6 or a mixture of N2 and CO2 under a pressure even up to 20 bar areusually used [Hin 97℄. The value of terminal voltage in Van de Graa� aelerators may reahup to 15-20 MV [Edw 93, Bey 03℄.If a soure of positive ions is plaed lose to the high voltage terminal, as in Fig. 4.1,produed ions are repelled by the positive harge of the terminal eletrode and thus aelerated25
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Figure 4.1: Shemati view of a lassial Van de Graa� aelerator: (1) lower roller, (2) upper roller,(3) harging eletrode, (4) eletrode olleting positive harge, (5) voltage generator, (6) spherialeletrode (high voltage terminal), (7) ion soure, (8) extrated ion beam.towards the ground potential. Final kineti energy of the ions depends on their harge state
q and is proportional to the terminal voltage Vterminal:

E = qVterminal. (4.1)In a modern type of ion aelerators with a Van de Graa� generator, the eletrodes atentry and exit of the vauum tube are grounded and the high-voltage terminal is loated atthe middle of the tube, as shown in Fig. 4.2 [Hin 97, Wed 99℄. A soure of negative ions isplaed at the entrane of the tube and produed ions, usually singly harged, are aeleratedwithin the tube towards the high-voltage terminal, where two or more eletrons are removedfrom eah ion as it passes through a stripping foil. The harge state of the ion hanges fromnegative to positive and the ion is repelled from the terminal and aelerated towards thegrounded exit of the tube. Compared to Van de Graa� aelerators of the ordinary type, bymeans of the tandem Van de Graa� aelerators higher partile energies an be obtained sinethe potential di�erene is used for the aeleration twie. Thus, in this ase the �nal kineti26
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Figure 4.2: Shemati view of a tandem Van de Graa� aelerator: Negative ion entering the ael-erator (A−) is aelerated by the high terminal voltage. Some of its eletrons are removed while theion passes through the stripping foil. The positive ion (A+q) is repelled by the high voltage terminal,thus additionally aelerated.energy an be alulated as:
E = (q + 1)Vterminal, (4.2)where q is the ion harge state after passing through the stripping foil.Experiment desribed in this dissertation was performed at Western Mihigan Universityusing 6 MV tandem Van de Graa� aelerator. The WMU aelerator was built by theHigh Voltage Engineering Corporation, the ompany founded by Robert Van de Graa�.Theonstrution of the aelerator allows for obtaining stable beams of bare ions of all elementsup to 9F with the total kineti energy up to 40 MeV.4.2 Beam line setup at Western Mihigan UniversityA shemati view of the WMU aelerator beam line is presented in Fig. 4.3. Aeleratedbeam passes through a 90◦ analyzing magnet whih allows for hoosing the appropriate ionharge state. At this point, the �nal energy of the beam is de�ned aordingly to Eq. 4.2.Then the beam passes through a post stripper followed by a swithing magnet whih diretsdesired harge state towards the experimental area. For the presented experiment a beam ofO6+ was extrated from the aelerator operating at the terminal voltage of 5.43 MV, whihprodued the beam of energy equal 38 MeV. Then the beam traversed through a 20 µg/m2arbon stripper foil, where bare and H-like oxygen ions were produed. Simply, by hanging27
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Figure 4.3: Shemati view of the WMU van de Graa� aelerator faility [Kay℄.magneti �eld of the swithing magnet one ould hoose the neessary harge state. Whenthe proton beam was aelerated, the stripper was removed from the beam line.The experimental beam line farthest left, when looking along beam diretion, was usedduring this experiment. There, an exlusively designed hamber for a solid target was plaed,whih not only allowed for mounting up to four �lms but also provided a simple mehanismfor target rotation. This was neessary for optimization of the target position during theexperiment. During data aquisition the target �lm was position at 45◦ to the beam diretion,faing the x-ray detetor as shown in Fig. 4.4. This setup ensured a diret detetion of emittedphotons, as they did not traverse through the foil, so the unneessary energy loss was avoided.It also allowed for usage of the whole ative area of the x-ray detetor, whih was not overedby the aluminum frame of the target holder. The target foils used during the experiment werea few µg/m2 thik whih orresponds to the areal density of the order of 1017 partiles/m2.The target hamber was designed in a way that minimizes the distane between detetorwindow and target enter. The total rystal-target distane ahieved was about 25 mm, whihgives the detetion solid angle of ∆Ω = 0.044(1) sr.
28
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Figure 4.4: The experimental target hamber in 1:1 sale.Emitted x-rays were registered by an ORTEC single rystal Si(Li) detetor plaed perpen-diular to the beam diretion. The rystal of 6 mm diameter and 3 mm thikness, togetherwith 7.5 µm Be-window, gave the detetion e�ieny in the energy range 2-4 keV better than
90% (Fig. 4.5). The detetor was energy alibrated with a standard 55Fe alibration soure.Calibration proedure was frequently repeated throughout the experiment in order to ontrolthe stability of the data aquisition system. 29
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Figure 4.5: Detetion e�ieny of ORTEC Si(Li) detetors [ORTa℄.

Figure 4.6: Experimental setup.Along the beam diretion, a set of two ollimators was plaed in front of the targethamber. The distane between ollimators was about 2 m. Collimators' apertures of 2 and
3 mm were to ensure a good beam ollimation. Additional ollimator between the targetand magnet prevented sattered ions from entering the spetrometer and generating falseoinidenes (see Fig. 4.6).The target hamber was followed by a magneti spetrometer. Magneti �eld of the dipolemagnet separated �nal harge states of the ions and direted them towards four surfae barrierdetetors. The primary beam was registered by a Faraday up. Surfae barrier detetors30



Anna Simon Correlated radiative eletron apture in ion-atom ollisionsounted ions with harge states equal to q−2, q−1, q +1 and q +2, were q is the harge stateof the primary beam. Adjustable both the position of the surfae barrier detetors and themagneti �eld of the spetrometer reated a versatile system, whih ould be used for variousbeam harge states and energies. A shemati drawing of the experimental setup is presentedin Fig. 4.6.4.3 Data aquisition systemThe data aquisition system was designed for registration of x-rays as well as partileswith �nal harge states of q − 2, q − 1, q + 1 and q + 2 in a way that allowed for a softwareanalysis of photon-partile oinidenes.Signals from the partile detetors were �rst ampli�ed by the ORTEC 474 timing �lterampli�er (TFA), onverted to a logi signal with the onstant fration disriminator (OR-TEC 463 or 473) and �nally used as the STOP signals for time to amplitude onverters(TAC, ORTEC 566).A signal from the x-ray detetor preampli�er was ampli�ed and splitted (into two unipolarand one bipolar signals) by the Tennele 244 spetrosopy ampli�er. Additionally, a signalfrom the bakside input of the ampli�er was used (it is an unhanged signal from the frontinput) as an input for the TFA (ORTEC 474). The unipolar signals were proessed by lineargate strethers (LGS, ORTEC 542), while the bipolar signal was analyzed by the timing singlehannel analyzer and digitized by the delay generator (Phillips Si 794), so that it ould beused as a strobe signal for TAC, LGS modules and the ADC. The same signal was also usedas a master trigger for the omputer. Additionally, the TFA signal was used as a gate for oneof the LGSs. This resulted in registration of only x rays whih gave the START signal forthe TAC. The `non-gated' LGS served as a ontrol of the x rays lost by the TFA. It was seenfrom the data, that about 25% of the x-rays were not aepted by the TFA.In Fig. 4.8 a signal from the `gated' LGS is alled `fast', while the one from the `non-gated'LGS is referred to as `slow'. The x-ray timing signal was used as a START signal for TACs.Shemati drawing of the eletronis is presented in Fig. 4.8. For the learness of presentationonly a setup for one partile detetors is drawn.
31
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Figure 4.7: Example of a time spetrum registered during the experiment. The arrow indiates thewidth of a time window for true oinidenes (alibration 2 ns/hannel).All the TAC and LGS outputs were registered by the ORTEC 811 ADC and the datawere written into SpeTCL .evt list mode �les and onverted afterward into .ROOT �les foranalysis purposes. The CERN-ROOT software was used for data analysis.The onstrution of the data aquisition system allowed for registration of the time dif-ferene between photon and partile detetion with a resolution of 86(4) ns (FWHM of thetime peak, Fig. 4.7). This information was used for determination of the true oinidenesbetween registered photons and ions. An example of a time spetrum registered during theexperiment is presented in Fig. 4.7. A peak assoiated with true oinidenes is learly visibleand the time window set for data analysis is marked with an arrow. The remaining partsof the time spetrum inlude random oinidenes that were, after normalisation, subtratedfrom the oinidene spetrum.
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Figure 4.8: Sheme of the data aquisition system.33



Chapter 5Data analysis
The main goal of the experiment was observation of the x rays generated by bare oxygenions (O8+) impinging on arbon at an energy of 38 MeV. This gives the projetile veloityof 9.7 a.u., whih orresponds to the adiabaity parameter ξO of 0.82. As an be seen inFig. 5.1 (a), the single x-ray spetrum registered during O8+ + C ollisions is dominated bythe Al K-α line, whih is produed by sattered ions hitting the aluminum target holder. Inorder to establish the shape of this line a run without the arbon foil was performed. Theresulting spetrum, whih ontains only the Al K-α line is represented by the dashed line inFig. 5.1 (a). In Fig. 5.1 (b) the O8+ + C spetrum after subtration of the Al K-α line isshown.A run with the 38 MeV O7+ ions was to hek if the struture of the x-ray spetra in theRDEC region hanges when one eletron in the projetile K-shell is present. As the experimentwas aiming at observation of the RDEC mainly to the ground state (1s2), presene of the 1seletron in the H-like ion should blok this proess. Thus, no line in the RDEC range of thex-ray spetrum should be registered. As shown in Fig. 5.1 (), no signi�ant struture in theRDEC region was observed for O7+ ions.As an additional test of the experimental onditions, PIXE analysis of the target foil wasperformed with 2.375 MeV protons, i.e. for the same ollision veloity as for O8+ ions. Duringthis proess the impinging proton beam exites atomi states of the atoms within the material,whih then deexite emitting harateristi x rays. Intensities of the lines allow for estimationof the amount of the impurities in the material. Here, PIXE analysis was performed to hekif any impurities that might produe x rays in the RDEC range are present in the foil. As

34
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Figure 5.1: Experimental single x-ray spetra. In all spetra: solid line � 38 MeV O8+. (a) dashedline � O8+ data taken without the arbon foil, (b) O8+ data after subtration of the Al K-α line, ()dotted line � 38 MeV O7+, (d) dot-dashed line � 2.375 MeV protons.35
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Figure 5.2: X rays registered for O8+ + C ollisions in oinidene with ions whih aptured (a) twoeletrons and (b) one eletron, solid line � the sum of the REC Compton pro�le and the Gaussianshape of the oxygen K-α line �tted to the spetrum.an be seen in Fig. 5.1 (d), no struture in the RDEC region was observed, nor was thereevidene for REC around the photon energy of 2 keV.Coinidene spetra obtained for bare O8+ ions apturing one or two eletrons are pre-sented in Fig. 5.2. These spetra were obtained using the oinidene ondition on the appro-priate time spetra as desribed in Setion 4.3. The ontribution of the random events wassubtrated. In both spetra, a well separated struture in the RDEC region is evident. The36
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0.2 Mb, as estimated aording to the ommonly used saling formula [Sh 83℄. Anotherorigin of these REC ounts is the DREC proess, whih, due to the ross setion of 48 b(Eq. 2.20), is a soure of about 10% of the total number of ounts in the REC energy range.The following subsetions of this hapter will address the data analysis in detail.5.1 PIXE analysis of the target materialTo hek if there is any statistially signi�ant struture in the RDEC range of x-rayspetrum obtained for proton beam, a method desribed in Appendix A was used. The valueof α was set to 0.05, whih means that the probability that any struture in the tested range ofthe spetrum is due to statistial �utuations (H0 hypothesis) is equal to 0.95. A very ruialstep of this analysis was a proper estimation of the bakground in the viinity of the RDECrange. As an be seen in Fig. 5.3 the bakground shape is not very smooth and a standard37



Anna Simon Correlated radiative eletron apture in ion-atom ollisionsTable 5.1: Results of a χ2 test of the RDEC range of the proton indued spetrum.
Nch N b T 1 − αT6.40(23) 903(30) 895(32) 0.372 0.54linear �t of the bakground, implementing the least squares method, was very sensitive to thehoie of the �tting region. That is why the following method of estimation of the bakgroundparameters was used. A region on both sides of the RDEC range (marked with dashed line inFig. 5.3), without the Al K-α line, was integrated and the result was divided by the numberof hannels in the hosen range of the spetrum. This gave an average number, Nch, of thebakground ounts per hannel, Nch = 6.40(23). This number multiplied by the number ofhannels in the RDEC region of the x-ray spetrum gave the total number of the bakgroundounts of b = 895(32). The total number, N , of ounts registered within the RDEC region ofthe spetrum is equal to 903(30).The above values of N and b determined the value of the statistial variable T (Eq. A.4)to be equal 0.372. This gives 1 − αT = 0.54, whih means that the H0 hypothesis annot berejeted. In other words, there is no evidene for any peak struture, that ould be a resultof any physial proess, in the RDEC range of the proton indued spetrum. Thus, it anbe assumed that there are no target impurities that ould emit photons in the RDEC energyrange. Values of all the relevant parameters are given in Table 5.1.5.2 Projetile K- and L-shell eletron lossIt ould be already notied that the events in the RDEC range are more frequent in thespetra assoiated with the single harge exhange rather than with double harge exhangehannel (Fig. 5.2). Similarly, most of the REC photons are observed in the single spetra andnot in the single harge exhange hannel (ompare Figs 5.1 (b) and 5.2 (b)). Probably, afterthe observed apture proess the ion may lose one of the aptured eletrons. This is due tothe fat that, even in a very thin arbon foil, the eletron loss probability is very high for theweakly bound ioni systems that are formed during the ollision. Eletron loss ross setionsobtained by interpolation of relevant data (see Chapter 2) are given in Table 5.2. These rosssetions are in fair agreement with the data of Shima et al. [Shi 92℄, where the bare and H-like ions are indiated as the most populated harge states observed when the 38 MeV oxygen38



Anna Simon Correlated radiative eletron apture in ion-atom ollisionsTable 5.2: Eletron loss ross setions for oxygen ions at 38 MeV estimated from the data presentedin [Bom 89, Tan 91, Hip 87℄. Proess Cross setion [Mb℄L-shell ionization O5+ → O6+ 19.0K-shell ionization 

















O6+ → O7+ 3.6O7+ → O8+ 0.4O6+ → O8+ 0.1beam traverses through a arbon foil. Together, they aount for more than 80% of the �nalharge states, with 50% in the H-like (7+) state. For the system investigated, the eletronloss ross setions are at least 3 orders of magnitude greater than the REC ross setion. Thismeans that there is a very high probability for an ion, after the apture proess, to undergoanother ollision, whih is most likely to be aompanied by the eletron loss proess.For the system investigated, the ross setion for the removal of the L-shell eletron isabout an order of magnitude greater than that for the K-shell eletron (see Table 5.2). Thus,in ase of double apture to the 1s12s1 state, the 2s eletron is promptly removed, while inase of apture to 1s2 the �nal harge state of the ion is more likely to remain unhanged.Therefore, one would expet most of the photons originating from the RDEC to the projetileexited state to show up in the single harge exhange hannel, while the apture to theground state will be less a�eted by the K-shell eletron loss proess. This an be observed inFig. 5.2, where the 1s12s1 peak is learly visible in the q− 1 oinidene spetrum, while it isalmost absent in the q − 2 hannel, ompared with the struture assoiated with the aptureto the 1s2 state whih is still visible in the q − 2 hannel.The ross setion for double eletron loss (O6+ → O8+), even though it is muh smallerthan that for the single eletron loss, was also onsidered. Due to this proess, in someases, both aptured eletrons ould be removed from the ion and the RDEC events mightbe observed only in a single spetrum. However, after subtration of all the bakgroundontributions (Al K-α, REC, bremsstrahlung) the remaining number of ounts within theRDEC range of the single spetra was onsistent with the sum of all the ounts from q − 1and q− 2 oinidene hannels. This means that these two hannels inlude all the registeredevents that ould be assoiated with the RDEC proess and the sum of the RDEC ounts39



Anna Simon Correlated radiative eletron apture in ion-atom ollisionsfrom both hannels should be inluded in the ross setion estimation. In ase of REC, inorder not to lose any of the registered events, the total number of REC photons was obtainedfrom the single spetra.5.3 Bakground proessesFor suh a subtle e�et, as the RDEC proess, estimation of the bakground shape in theRDEC range of the x-ray spetrum is of a great importane. The most signi�ant proesses,ourring during ollisions of bare ions with solid target, that an ontribute to the observedx-ray spetrum, are:
• radiative eletron apture to ontinuum (RECC),
• seondary eletron bremsstrahlung (SEB),
• atomi bremsstrahlung (AB),
• nuleus-nuleus bremsstrahlung (NB),
• the high energy tail of the single REC pro�le aused by the momentum distribution ofthe target eletrons (Compton pro�le).Under the experimental onditions, the high energy limits for the RECC (Tr) and the SEB(Tm) proesses are 1.3 keV and 5.2 keV for RECC and SEB, respetively (see Eqs 2.8 and2.9). Therefore, RECC will not ontribute to the RDEC bakground, as it appears in the lowphoton energy range. In addition, it will be suppressed by the absorption in the Be-window.SEB proess might be a signi�ant bakground ontribution and will be disussed further.There are three bremsstrahlung ontributions in the x-ray spetra within the RDEC pho-tons' energy range: SEB, AB and NB. The seondary eletron bremsstrahlung and atomibremsstrahlung an be estimated, by simple saling, from the data obtained by Folkmann forprotons of similar veloity as oxygen ions used during the experiment. The x-ray spetrum forp + C ollisions given in [Ish 06℄ an be easily transformed by means of an appropriate salingformulae (Eqs 2.10-2.12). As an be seen in Fig. 2.8, this x-ray spetrum is dominated byeletron bremsstrahlung (SEB + AB) for photon energies up to 10 keV, whih is far beyondthe region of interest (2.8-4.2 keV). Aording to formula given by Eqs 2.13-2.15, the rosssetion for the NB proess is of the order of 1 mb/keV sr in the RDEC range whih is a few40
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Figure 5.4: Bakground struture in the single x-ray spetrum. The bremsstrahlung ontributioninludes all the relevant proesses (SEB + AB + NB) disussed in the text. The spetrum is ompletelydominated by the REC struture.orders of magnitude smaller than the ross setions for any of the eletron bremsstrahlungproesses. Thus, the ontribution from NB an be negleted in the disussed ase.Another ontribution that should be taken into aount is the high energy tail of REC. Theobserved REC struture originates not only from single radiative eletron apture, but an alsobe assoiated with the nonorrelated double eletron apture (DREC). However, estimationbased on Eq. 2.20, shows that DREC ross setion is an order of magnitude smaller than thatfor a single REC proess, as shown in Table 5.3.All these bakground ontributions are shown in Fig. 5.4. In the expeted RDEC energyregion (2.8-4.2 keV) the broad REC spetrum signi�antly exeeds the bremsstrahlung on-tribution (see inset in Fig. 5.4). As a onsequene, the RDEC line will be plaed mainly onthe REC tail.The ross setion for bakground ontributions was also orreted for the detetion e�-ieny of the Si(Li) detetor. Both rystal e�ieny and Be-window absorption were takeninto aount by using the data shown in Fig. 4.5. The shape of the bakground, after e�-ieny orretion, is also shown in Fig. 5.4. It an be notied that the spetrum is ompletelydominated by the single REC line and the ontribution of the bremsstrahlung is almost neg-41



Anna Simon Correlated radiative eletron apture in ion-atom ollisionsTable 5.3: Total ross setions for the bakground proesses that were taken into aount during dataanalysis.Proess Cross setion [kb℄Radiative eletron apture (REC) 0.512Nonradiative eletron apture (NREC) 240.0Double radiative eletron apture (DREC) 0.048ligible. Additionally, the low energy photons (energy not exeeding 0.5 keV) are ompletelyabsorbed in the beryllium window of the x-ray detetor and the urve, representing the sumof all bakground ontributions orreted by the detetor e�ieny, drops almost to zero atlow photon energies.5.4 Pile-up of single REC photons and its ontribution to theRDEC energy range of the spetrumAs the energy of a RDEC photon is about twie as large as the energy of a single RECphoton, it might be impossible to distinguish a real RDEC event from a situation whentwo REC photons are simultaneously registered by the x-ray detetor (pile-up e�et). Thisproess may produe an additional bakground within the RDEC range of the x-ray spetrum.Simultaneous detetion of two REC photons may our in three situations:
• both photons emitted during the DREC proess propagate in the same diretion andare both registered by the x-ray detetor,
• the ion undergoes multiple ollisions during whih at least twie the REC proess o-urres and both photons are emitted towards the x-ray detetor,
• if the beam intensity is high enough, there is a hane that two REC photons emittedby two sequential ions are simultaneously deteted by the x-ray detetor.If the ross setion for RDEC is of the order of 0.1 b [Nef 09℄ and the given geometry of theexperiment is taken into aount, one obtains the probability of observation of a RDEC photonduring ion-atom ollision equal to 5.3 · 10−11. If the beam intensity is equal to Imedium =

3 · 104 ions/s, whih is the mean value obtained during the experiment, the RDEC ount ratewill be of about 1.6 · 10−6 events/s for the geometry applied (Table 5.4).42



Anna Simon Correlated radiative eletron apture in ion-atom ollisionsTable 5.4: Probabilities and ount rates of the proesses that might ontribute to the x-ray spetrumin the RDEC range. For more information see text.Proess Probability Count rate [events/s℄RDEC 5.3·10−11 1.6·10−6DREC 6.0·10−11 1.8·10−6double REC ollisions 5.2·10−14 1.6·10−9sequential REC � 2.2·10−10For a low-Z system, as the one used during experiment, the ross setion for the non-orrelated double eletron apture (DREC) is rather high (see Table 5.3) when omparedto the RDEC ross setion. Thus, simultaneous observation of both DREC photons mightontribute to the ount rate in the RDEC range. The probability that both DREC photonswill be registered as one event is estimated to be omparable with the probability of regis-tration of a true RDEC event (Table 5.4). As the angular orrelations of these two emittedphotons have so far neither been measured nor alulated, it was assumed that the angulardistribution of the two DREC photons is the same as for the REC photons (∼ sin2 θ) and theemission angles for the photons are independent of eah other. This assumption may ausea signi�ant overestimation of the orresponding probability given in Table 5.4. It is morelikely that the photons are emitted in opposite diretions (the momentum onservation) andthe orresponding ount rate is muh lower than estimated above.For the REC ross setion of 512 b the probability that one ion undergoes two ollisions inthe target, with REC proess ourring in eah of them, and that both photons are registeredas one event, is about 5.2 ·10−14. This, together with the mean beam urrent value, results inthe ount rate of double REC photons as a single event of the order of 10−9 events/s, whihis negligible when ompared to the expeted ount rate of the RDEC photons (Table 5.4).Another possibility of a simultaneous detetion of two REC photons is observation of twoinoming ions suessively undergoing REC proess in the target. This random event maybe registered only in the time window of the order of the harge olletion time in the siliondetetor. For a typial Si(Li) rystal the olletion time does not exeed 100 ns [Lip 00℄.In ase of an ORTEC silion detetor ooled with LN2 it is of the order of 10 ns [ORTb℄.Therefore, the orresponding ount rate for the mean beam intensity value is of the order of
10−10 events/s and an be negleted. This estimation an be tested by the analysis of the43
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Figure 5.5: NRDEC/NREC ratio in the q − 1 oinidene spetra as a funtion of beam intensity.
NRDEC/NREC ratio as a funtion of beam intensity I. The ount rate of this random eventsales with I2, while all the other ount rates (Table 5.4), inluding that for single REC, salewith I. Thus, if only true (RDEC) events are registered, the number of ounts in both RECand RDEC regions will be proportional to the beam intensity and the ratio NRDEC/NRECshould be independent of I. If pile-up e�et, due to the sequential REC ollisions was observedin the RDEC region, NRDEC would be proportional to the square of beam intensity and the
NRDEC/NREC ratio would inrease. In order to separate the data olleted with di�erentbeam intensities registered during data taking, data �les were sorted aording to the averagebeam intensity and separated into three groups:

• data taken with the average beam urrent not exeeding 2.5 · 104 ions/s (average of all�les: Ilow = 2.0 · 104 ions/s) � further referred to as low intensity beam;
• data taken with the average beam urrent greater than 4.0 · 104 ions/s (average of all�les: Ihigh = 4.3 · 104 ions/s) � further referred to as high intensity beam;
• all the remaining data (average beam intensity: Imedium = 3.0 · 104 ions/s).This gives the beam intensity ratio Ihigh/Ilow = 2.15 whih, if the pile-up e�et was observedin the RDEC region, would inrease the RDEC to REC ratio by a fator of almost 5.44



Anna Simon Correlated radiative eletron apture in ion-atom ollisionsTable 5.5: Calulated positions of the RDEC and REC peaks in the x-ray spetrum orrespondingto di�erent ombinations of the initial and �nal states of the aptured eletrons. All values are givenin keV.Proess Captured target eletronsValene One K-shell and one valene K-shellREC 2.16 � 1.88RDEC 1s2 4.18 3.91 3.64RDEC 1s12s1 3.58 3.31 3.04For the disussed beam intensities the NRDEC/NREC ratio is shown in Fig. 5.5 for the q−1oinidene hannel. It an be seen in this �gure that the ratio does not hange within theunertainty limits, whih means that no pile-up events were registered in the RDEC region.This results do not exlude the ontribution of the DREC proess. However, the upper limitof this ontribution is known and will be used in Chapter 7 for further disussion.5.5 Single spetra analysisIn order to eliminate the Al K-α line from the O8+ + C data, single spetra obtained forbare ions without the arbon target were normalized and subtrated from the data taken withthe foil.As the shape of the Al K-α line, despite a good statistis, was not smooth enough, theline in the spetrum taken without the target foil ould not be normalized to the one in theO8+ + C spetrum by simple omparison of the lines maxima. To establish the peak heightof the Al K-α line in both spetra, the numbers of ounts around the entroid of the Al K-αline in eah x-ray spetrum were integrated and divided by the number of hannels in theregion of integration. This proedure prevented the ontribution of the Al K-α line from beingoverestimated. The spetrum obtained after the subtration is shown in Fig. 5.7.After subtration of the Al K-α line, the REC struture in the single spetrum was learlyresolved, as shown in Fig. 5.7. For the investigated low energy ollisions the binding energyof the target eletron annot be negleted, as it an signi�antly ontribute to the REC photonenergy (see Eq. 2.2). For the onsidered ollision system the aptured eletron ould omeeither from the target K-shell or from the target valene band. Thus, a double peak struturein the REC region was expeted, with the peaks separated in the spetrum by the di�erene45
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Figure 5.6: O8+ spetrum taken without the arbon foil (red line) normalized to the data taken withthe foil (blak line).

Figure 5.7: Double struture of the REC line resolved after subtration of the Al K-α line.
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Anna Simon Correlated radiative eletron apture in ion-atom ollisionsTable 5.6: Results of a χ2 test of the RDEC range of the oinidene spetra.
N b T 1 − αT NRDEC β

q − 1 567(23) 241(13) 25000 <0.0001 326(27) <0.0001
q − 2 31(6) 0.035(3) 420 <0.0001 31(6) <0.0001in the binding energy of the K-shell and valene eletrons in the arbon foil, whih is about

280 eV [Tho 01℄. Expeted positions of the orresponding REC peaks are given in Table 5.5.As an be seen in Fig. 5.7 the obtained x-ray spetrum is well desribed by the sum of thetarget K-shell and valene band Compton pro�les.The total number NREC of the REC photons olleted during the experiment was NREC =

39800(200). The unertainty inludes both the statistial error and the unertainty generatedduring the subtration of the bakground ontribution.5.6 Coinidene spetra analysisIn order to establish the signi�ane of the observed struture within the RDEC energyrange of the oinidene spetra (Fig. 5.2) the method desribed in Appendix A was applied.The �rst step was to hek whether the observed struture was due to statistial �utuations(H0 hypothesis). Similarly to the PIXE analysis, α = 0.05 was assumed. Then, the bak-ground ontribution in eah spetrum was obtained by integration of the REC Compton pro�le�t over the RDEC energy range (2.8-4.2 keV). This gave the total number of the bakgroundounts in q− 1 and q− 2 spetra of bq−1 = 241(13) and bq−2 = 0.035(3). The total number ofounts aumulated in the RDEC energy range during the experiment was N q−1 = 567(23)and N q−2 = 31(6) for single and double harge exhange hannels, respetively. These gavethe value of the statistial variable (Eq. A.4) of T q−1 ≈ 25000 and T q−2 ≈ 420, whih orre-sponds to the value of αT > 0.9999. Thus, in both ases (q−1 and q−2) the hypothesis H0 hasto be rejeted, as the probability that the observed struture is due to statistial �utuations isless than 0.0001. This means that the observed struture is a result of a physial proess (H1hypothesis) and the number of ounts assoiated with this proess is: N q−i
RDEC = N q−i − bq−i,where i = 1, 2, with the unertainty given by ∆N q−i

RDEC =

√

(∆N q−i)2 + (∆bq−i)2. This leadsto the numbers of the RDEC ounts of N q−1
RDEC = 326(27) and N q−2

RDEC = 31(6) for single anddouble harge exhange hannel, respetively. Additionally, as given in Eq. A.16, the type47
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Figure 5.8: Possible RDEC transitions (a) and the struture of the produed x-ray spetrum (b) whenequal ross setions for all the partial proesses are assumed. Blak line � the sum of all ontributions.Additionally, orresponding RDEC spetra obtained experimentally in single () and double (d) hargeexhange hannels are presented. 48



Anna Simon Correlated radiative eletron apture in ion-atom ollisionstwo error (β) an be estimated. In the ase disussed here, the value of β is less than 0.0001whih is beyond the statistial signi�ane. Values of all the parameters for both single anddouble harge exhange hannels are given in Table 5.6.Subtration of the Compton pro�le based on Ref. [Big 75℄ from the oinidene spetra(Fig. 5.2) revealed a omplex struture of the RDEC line. The resulting spetra are presentedin Fig. 5.8 () and (d). The observed struture omprises at least two maxima whih anbe assigned to the RDEC proess. It is not only a result of a apture to the ground (1s2)and exited (1s12s1) states of the projetile (see Fig. 5.8 (b)), but an also be attributedto the apture of either K-shell or valene target eletrons. Combinations of the initial and�nal eletrons' states aessible for the proess and the resulting RDEC peaks positions aregiven in Table 5.5. The possible transitions are shown in Fig. 5.8 (a) with the positions ofthe lines representing their ontributions to the RDEC x-ray spetrum (Fig. 5.8 (b)). For thispresentation, probabilities of all the possible RDEC transitions were assumed to be equal.This spetrum should be ompared with the data obtained experimentally in the single anddouble harge exhange hannel after bakground subtration, that are shown in Fig. 5.8 ()and (d). It an be supposed that struture that ould be assigned to the transitions from thetarget valene band to the projetile K-shell is negligible.In order to make at least a rude guess of the ontributions of all the possible transitions,the sum of lines representing all the possible proesses was �tted to the sum of x-ray spetraregistered in the q − 1 and q − 2 oinidene hannels. The result is presented in Fig. 5.9 andthe �tting parameters are given in Table 5.7. It an be notied that in ase of transitionswhih inluded at least one target valene eletron the orresponding areas below the �ttedurve are lose to zero. Based on this observation, it an be dedued that the transitions fromthe valene band to the 1s12s1 state, whih overlap with the K-shell → 1s2 transition, arealso negligible.Thus, the transitions from the valene band were pratially not present in the RDECspetrum. Moreover, the ratio, RA, of the areas under the urves representing transitionsfrom the target K-shell to the exited and ground projetile states, RA = A1s12s2/A1s2 , isequal to 0.500(68) This value re�ets the ratio of the RDEC ross setions for apture tothe exited and ground states σ1s12s2

RDEC/σ1s2

RDEC . The theoretial value of this ratio an beestimated from Fig. 3.5 for the adiabaity parameter of ξO = 0.82, whih orresponds to the
49
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Figure 5.9: The sum of spetra registered in single and double harge exhange hannels with a �t ofall possible ombinations of the RDEC transitions. Fitting parameters are given in Table 5.7.Table 5.7: Areas (A) of the shapes of the RDEC ontributions �tted to the sum of q − 1 and q − 2spetra. FWHM of all lines was set to 0.3 keV whih is the width of the arbon Compton pro�le.Transition Peak position [keV℄ Area (A)2 × K-shell → 1s12s1 3.04 118(11)1 × K-shell + 1 × valene → 1s12s1 3.31 0.0(1.9)2 × valene → 1s12s1 or 2 × K-shell → 1s2 3.62 237(11)1 × K-shell + 1 × valene → 1s2 3.91 0.0(2.5)2 × valene → 1s2 4.18 2.5(9.9)experimental onditions. The theoretial value of this ross setion ratio is equal 0.7, whihis lose to the experimental result.
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Chapter 6The RDEC ross setion
6.1 Experimental value of the RDEC ross setionAs it was disussed in Setion 5.6, RDEC photons appeared both in single and doubleharge exhange hannels. The numbers of ounts in the oinidene spetra, N q−1

RDEC =

326(27) and N q−2
RDEC = 31(6), in single and double harge exhange hannel, respetively,gave the total number of RDEC ounts NRDEC = 357(28). The total number of the RECounts olleted during the experiment, in the single x-ray spetrum, was NREC = 39800(200).The ratio NRDEC/NREC of the total RDEC to REC numbers of ounts, obtained during theexperiment, was equal to 0.0092(6). One an assume that:

NRDEC
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=

dσRDEC
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, (6.1)whih, for the angular di�erential ross setion for the REC proess obtained from Eq. 2.6,gives (dσRDEC/dΩ)|θ=90◦ = 0.71(5) b/sr. When the angular distribution of the RDEC pho-tons is assumed to be the same as for the REC photons (∼ sin2 θ), one obtains the totalRDEC ross setion value σRDEC = 5.9(4) b.The registered REC photons an be emitted not only during the REC proess but analso originate from the DREC proess. Thus, the probability PREC of observation of a singleREC photon is given by:
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d. (6.2)In ase of the DREC proess the ross setion has to be multiplied by two, as any of the twoemitted photons an be registered by the x-ray detetor. Similarly, there is a ertain proba-bility that both REC photons emitted during DREC proess are registered as a single event51



Anna Simon Correlated radiative eletron apture in ion-atom ollisions(see disussion of this problem in Setion 5.4). Then, the probability PRDEC of registrationof a photon in the RDEC energy range an be expressed as:
PRDEC =

(

dσRDEC

dΩ

∣

∣

∣

θ=90◦
+

dσDREC

dΩ

∣

∣

∣

θ=90◦

∆Ω

4π

)

∆Ω

4π
d. (6.3)In this ase:

NRDEC

NREC
=

PRDEC

PREC
(6.4)and the RDEC di�erential ross setion is estimated to be (dσRDEC/dΩ)|θ=90◦ = 0.66(39) b/sr.When the angular distribution of the RDEC photons is again assumed to be the same as forREC photons (∼ sin2 θ), the total RDEC ross setion is equal σRDEC = 5.5(3.2) b. Theunertainty omes mainly from the unertainty of the target thikness given by the produer[ACF 09℄. Both the obtained σRDEC values are omparable and both are signi�antly greaterthan the total ross setion based on the theoretial expetations (σRDEC = 0.15 b [Nef 09℄).When, aording to observations desribed in Setion 5.6, the ontribution of the transitionfrom the target K-shell to the projetile exited state is taken into aount, the ross setionfor RDEC to the ground state, σ1s2

RDEC , and for the apture to the exited state, σ1s12s1

RDEC , anbe alulated from:














σ1s12s1

RDEC
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RDEC

= 0.7,

σ1s12s1

RDEC + σ1s2

RDEC = σRDEC .

(6.5)Whih �nally leads to the values of the RDEC ross setions σ1s12s1

RDEC and σ1s2

RDEC of 3.2(1.9) band 2.3(1.3) b, for the apture to the ground and exited state, respetively. The σ1s2

RDECvalue is still a fator of 25 greater than the theoretial one. Finally, this leads to the ratio,
Rexp, of the RDEC to REC ross setions of Rexp = σ1s2

RDEC/σREC = 7.4(3.7) · 10−3 whih ismuh greater than the theoretial value based on Ne�odov alulations [Nef 09℄ and Stobbeformula for the REC ross setion, RNef = 2.9 · 10−4.6.2 Estimation of the σRDEC/σREC ratio in the nonrelativistiapproahSimple alulations based on the priniple of detailed balane an be used to estimate theross setions ratio Rnrel = σ1s2

RDEC/σREC . Eq. 3.5 expresses this ratio by means of singleand double photoionization ross setions. For a given projetile atomi number Z, the ratio52
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σDPI/σPI is almost onstant and, for nonrelativisti photon energies, an be expressed as[Amu 75℄:

σDPI

σPI
≈ 0.0932

Z2
. (6.6)As the photoionization ross setion sales with the photon energy [Fan 59℄:

σPI ∼
(

1

~ω

)5

, (6.7)the ratio σPI(2~ω)/σPI(~ω) = 1/32 and the ross setions ratio an be written as:
Rnrel =

σ1s2

RDEC

σREC
= 0.00291F

Zt − 1

Z2
. (6.8)In ase of the disussed experiment Zt = 6, Z = 8 and the above formula gives, for F = 1,

Rnrel = 2.3 · 10−4, whih is lose to the value obtained by Ne�odov. This suggests that the
RNef value alulated by Ne�odov is not very far from the nonrelativisti estimation of theRDEC ross setion based on the ross setion for double photoionization and the prinipleof detailed balane.6.3 RDEC ross setion based on the Yakhontov approahIn a series of papers [Yak 96, Yak 97℄ Yakhontov alulated the value of the σ1s2

RDEC/σRECratio for the 11.4 MeV/u Ar18+ + C ollisions. For a given value of the adiabaity parameter
ξ, the value of this ratio sales with the projetile atomi number as Z−5. In ase of the argonand oxygen experiments, the value of the adiabaity parameter was omparable (ξAr = 0.85and ξO = 0.82). Thus, it was possible to use this saling for estimations of the value of RY akhfor the oxygen experiment from the value alulated by Yakhontov for argon experiment(RAr

Y akh). As for these experiments:
RY akh

RAr
Y akh

=
Z−5

O

Z−5
Ar

= 57.66, (6.9)one obtains the value of the RDEC to REC ross setion ratio of RY akh = 2.1 · 10−4 whihis onsistent with both nonrelativisti estimations � Ne�odov alulations and the estimationbased on the priniple of detailed balane.The estimations of the RDEC ross setion and the σ1s2

RDEC/σREC ratio presented in thishapter suggest that the experimentally obtained value of the RDEC ross setion is muh53



Anna Simon Correlated radiative eletron apture in ion-atom ollisionsTable 6.1: Comparison of the experimental values of the RDEC ross setion and the R =
σ1s2

RDEC/σREC ratio with the ones obtained from various theoretial approahes .Experiment Ne�odov Non-relativisti Yakhontovalulations approah alulations
σ1s2

RDEC [b℄ 3.2(1.9) 0.15 0.14 0.14
R = σ1s2

RDEC/σREC 7.4(3.7)·10−3 2.9·10−4 2.3·10−4 2.1·10−4greater than theoretial estimation. Consequently, the value of the σ1s2

RDEC ross setion ismuh greater than the theoretial ones, estimated from the R = σ1s2

RDEC/σREC ratio, assummarised in Table 6.1. However, aording to Ne�odov [Nef 09℄, the system hosen for theexperiment does not fully meet the theoretial assumptions. Sine Z ∼ ZT , aptured eletronsannot be treated as quasifree and theoretial alulations given in [Mik 04a, Mik 04b, Nef 05℄might provide underestimated ross setion value. As the same assumptions for the apturedeletrons are applied for the other theoretial approahes to the RDEC ross setion that aregiven in this hapter, these alulations may also give underestimated values of the RDECross setion.
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Chapter 7Monte Carlo simulations of the x-ray spetra
It was shown in Setion 6.1 that the experimental value of the RDEC ross setion issigni�antly greater than the one predited by Ne�odov [Nef 09℄. Thus, a Monte Carlo sim-ulation was performed in order to hek the struture of the x-ray spetrum that ould beobtained, assuming the value of the RDEC ross setion predited by Ne�odov was orret.A C++ ode written by �wiat [Swi 99℄ was used. This is a simulation of x-ray spetraobserved during ion-atom ollisions. The x-ray spetra that an be simulated are due toradiative proesses suh as REC, DREC and RDEC as well as harateristi x-ray radiation.This ode was thoroughly tested by its author for many ollisions systems [Swi 00℄ and wasaepted as a reliable tool for simulations of x-ray spetra resulting from atomi ollisionproesses. The simulation an reprodue almost any experimental onditions, regarding beam,target and detetor properties. It allows for implementation of any geometry of the x-raydetetor. The parameters that have to be given in the input �le are: beam diameter, targetthikness, detetor distane from the target enter, observation angle in respet to the beamdiretion, detetor shape and dimensions. Detetion e�ieny is provided as a list of datapoints whih are interpolated for the given photon energy. A detailed desription of the inputparameters an be found in [Swi 00℄. Here, the detetor parameters were provided aordingto information presented in Chapter 4 and the detetion e�ieny was based on data given byORTEC [ORTa℄ (see Fig. 4.5). The ode was originally designed to reprodue the onditionsof gas-jet target experiments. Thus, by default, a Gaussian distribution of the gas partileswas used to desribe the target density. Here, the ode was adopted to the experimentalonditions disussed in this thesis, that is a thin solid target positioned at 45◦ to the beamdiretion. The oordinate system used for simulation is shown in Fig. 7.1 for x = 0. It was55
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Figure 7.1: Geometry of the experimental setup implemented in the Monte Carlo simulation, bw � thebeam diameter, dt � target thikness in mm. The x-axis is perpendiular to the piture plane.assumed that the beam propagates in the z diretion, while the enter of the x-ray detetoris positioned at x = 0 and at positive values of y (ompare Figs. 4.6 and 7.1). The primarymethod for determination of the ollision oordinates (x, y, z) within the target (see Chapter 3of [Swi 00℄) was replaed by:


























x = bw(Rand − 0.5),

y = bw(Rand − 0.5),

z = dt(Rand − 0.5) + y tan
(π

4

)

,

(7.1)where bw is the beam diameter, dt is the target thikness, both given in mm. Rand ∈ [0; 1] isprovided by a random number generator. The beam transverse ross setion was assumed tobe a irle, thus the (x, y) oordinates were limited by:
x2 + y2 ≤

(

bw

2

)2

. (7.2)56
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Figure 7.2: Monte Carlo simulated x-ray spetra: (a) no RDEC inluded, (b) the RDEC ross setionas given by Ne�odov, () σ1s2

RDEC = 3 b and σ1s12s1

RDEC = 2.1 b � ross setions values for whih MCsimulation gives the results losest to the experimental data. (d) Experimentally obtained singlespetrum.The REC and DREC proesses were implemented with the ross setions of 512 b and
48 b, respetively, as given in Table 5.3. As it was shown in the previous hapter, the RDECstruture observed in x-ray spetra onsisted mainly of two lines. In order to simulate thisdouble struture of the RDEC line (i.e. apture to the ground (1s2) and exited (1s12s1)state), the input data inluded two kinds of the RDEC proesses. First, apture to theground state with the ross setion of σ1s2

RDEC . Seond, apture to the exited state withross setion of σ1s12s1

RDEC = 0.7σ1s2

RDEC estimated aording to [Nef 05℄. As the photon angulardistribution for neither RDEC nor DREC is unknown, it was assumed to be the same as forthe REC photons, that is ∼ sin2 θ. Additionally, the DREC photons were onsidered to beemitted independently of eah other, as it was disussed in Setion 5.4.During the �rst step of the simulation, RDEC was not inluded in the input data. Theobtained spetrum is shown in Fig. 7.2 (a). It an be notied that only a few ounts showed57
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Figure 7.3: The RDEC range of the x-ray spetra. Results of simulations: (a) no RDEC inluded, (b)the RDEC ross setion as given by Ne�odov, () σ1s2

RDEC = 3 b and σ1s12s1

RDEC = 2.1 b � ross setionsvalues for whih MC simulation gives the results losest to the experimental data. (d) Experimentallyobtained single spetrumup in the RDEC energy range. These ounts are due to simultaneous detetion of boththe DREC photons. Comparison with the experimental results in Fig. 7.2 (d) shows learlythat the DREC itself annot explain the experimental results. Moreover, the result of thesimulation shows learly that the ontribution of a pile-up e�et of the DREC photons is notsigni�ant as it was mentioned in Setion 5.4.The seond step of the simulations was implementation of the RDEC proess with theross setions σ1s2

RDEC = 0.15 b [Nef 09℄ and σ1s12s1

RDEC = 0.7σ1s2

RDEC = 0.105 b [Nef 05℄ for theapture to the ground and the exited state, respetively. Again, the results showed that thiswas not su�ient to explain the experimental data (ompare Figs 7.2 (b) and (d)).During the third step of the simulation the RDEC ross setion had been being inreaseduntil the resulting spetrum was omparable with the experimental one (Fig. 7.2 (d)). The bestresults, shown in Fig. 7.2 (), were obtained for σ1s2

RDEC = 3 b and σ1s12s1

RDEC = 0.7σ1s2

RDEC = 2.1 b.58



Anna Simon Correlated radiative eletron apture in ion-atom ollisionsTable 7.1: Ratios of the numbers of ounts in the RDEC and REC regions obtained during MonteCarlo simulations ompared with the experimental value.RDEC ross setion [b℄ Number of ounts RDEC/REC ratio
σ1s2

RDEC + σ1s12s1

RDEC REC range RDEC rangesimulation 

















0 40100(180) 71(8) 0.00177(19)0.15 + 0.105 39900(180) 225(8) 0.00563(51)3 + 2.1 39700(180) 449(20) 0.01132(33)experiment 3.2 + 2.3 39800(200) 357(28) 0.0092(6)However, it an be notied that the RDEC struture within the experimentally obtainedspetrum (Fig. 7.2 (d)) is plaed on the REC tail, whih seems to be muh broader thanthe simulated one. This may be due to the fat that for the simulation the Compton pro�leof diamond was used as given by Reed [Ree 72℄, whih might di�er from the one of theamorphous arbon foil that was used during the experiment. However, the main purpose ofthe simulation was to investigate the ratio of the numbers of ounts related to RDEC andREC proesses, thus the Compton pro�le is here of a minor importane.In Fig. 7.3 only the RDEC range of all the spetra was shown on the linear sale, forbetter visualization of the double struture of the RDEC line. As a test of the result of thesimulations, the ratio of the numbers of ounts in the RDEC and REC range was alulated.The obtained values are shown in Table 7.1. Again, it an be seen that the results of thethird step of the simulation are in the best agreement with the experimental data. This againshows that the ross setion value alulated by Ne�odov, even when apture to the exitedstate is inluded, is insu�ient to explain the experimental results.
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Chapter 8Conlusions
In this dissertation an experiment dediated to the radiative double eletron apture pro-ess (RDEC) was presented. The experiment was arried out at Western Mihigan Uni-versity using 6 MV tandem Van de Graa� aelerator. The hoie of the ollision system,O8+ + C at 38 MeV, was based on the reent theoretial alulations of the RDEC rosssetion [Mik 04a, Mik 04b, Nef 05℄, whih pointed out mid-Z ions and low ollision's energyas the best systems for observation of RDEC. The theoretial approah also suggested anenhanement of the RDEC ross setion in suh systems due to apture of eletrons from thetarget valene band. Moreover, it pointed out that the apture to the exited state of theprojetile may be a signi�ant ontribution to the proess.The results allowed for the �rst experimental veri�ation of RDEC and provided a test ofmain theoretial preditions [Mik 04a, Mik 04b, Nef 05℄. The obtained x-ray spetra revealeda omplex struture of the RDEC line. However, the apture from the target valene band,whih, aording to the theory, was supposed to signi�antly ontribute to the RDEC pro-ess, was not on�rmed. The observed struture allowed for identi�ation of apture to theprojetile's ground (1s2) and exited (1s12s2) states. The ratio of the ounts whih ould beassoiated with these two proesses gave the ratio of the RDEC ross setions for the aptureto the exited and the ground states σ1s12s2

RDEC/σ1s2

RDEC = 0.500(68) whih is lose, onsideringthe data statistis, to the theoretial value of 0.7.The latter, together with the observed ratio of the numbers of ounts in the RDEC andREC range of the x-ray spetra, NRDEC/NREC = 0.0092(6), allowed for estimation of theRDEC ross setions:
• σ1s2

RDEC = 3.2(1.9) b for the apture to the ground state,60



Anna Simon Correlated radiative eletron apture in ion-atom ollisionsTable 8.1: Summary of the results of the theoretial alulations and the experiments dediated tothe RDEC proess.
Z E [MeV/u℄ ξ Zt

σ1s2

RDEC [mb℄Ref. [Mik 04a℄ Ref. [Yak 97℄ experiment18 11.4 0.840 6 3.2 1.85 ≤5.2 [War 95℄92 297 0.841 18 2.5·10−2 5000 ≤10 [Bed 03℄8 2.375 0.820 6 1.5·102 (a) 1.4·102 (b) 3.2(1.9)·103 (c)

(a) provided by Ne�odov [Nef 09℄
(b) estimated from the RY akh = σ1s2

RDEC/σREC ratio
(c) this experiment
• σ1s12s1

RDEC = 2.3(1.3) b for the apture to the exited state.The main results of the experiment have already been published [Sim 10℄. The obtained valueof the ross setion is a fator of about 25 greater than the theoretial value provided by Ne-�odov [Nef 09℄. Consequently, the ratio R = σ1s2

RDEC/σREC = 0.0074(37) is also signi�antlygreater than estimated from the theory, as shown in Table 8.1.The results of the so far onduted experiments dediated to the RDEC proess are given inTable 8.1 . The disrepanies between the theories and experiments, as well as the di�erenesbetween various theoretial approahes, show that further investigation of the RDEC proessis neessary. A similar experiment should be performed, with the same experimental setupavailable at WMU, but with an additional absorbing material in front of the x-ray detetor.This will exlude all the pile-up e�ets and ontributions of the DREC proess, whih formeda ruial problem of the bakground analysis in the presented experiment. Moreover, theangular distribution and orrelations of the DREC photons should be measured as DRECinterferes with other radiative apture proesses.As the role of the apture from the valene band of the solid target was not veri�ed,appliation of a gas jet target with a light gas (He) would be justi�ed, due to a signi�antredution of bakground and muh smaller probability of multiple ollisions. Additionally, asystem with a greater di�erene between projetile and target atomi number (for exampleCa20+, Ar18+ or Xe54+ on He target) would allow for better separation of photons originatingfrom the apture to the ground and exited state of the projetile. All this onditions an besatis�ed during experiment on the ESR gas jet target at GSI.61



Appendix AStatistial analysis of the observed signal
In order to hek if the observed struture within a given region of the spetrum is aresult of a physial proess or just a statistial �utuation, a method suggested in [Ead 89℄was applied. Here, a brief desription of the approah is presented.Alternatively, one an alulate the probability of observation of a statistial �utuationwithin the range of interest. This method assumes that the bakground distribution is known.A null hypothesis an be de�ned as:

H0: there is no physial e�et within the AB range.It is assumed that the bakground shape an be desribed by a funtion b(x,Θ), whihdepends on the observed variable x and unknown parameters Θ. In this ase the number ofthe bakground ounts in the AB region is given by:
b̂AB =

∫ B

A
b(x, Θ̂)dx. (A.1)As b̂AB is a funtion of estimators Θ̂, the variane an be obtained by a substitution ofvariables:

σ̂2
AB = D

T Ṽ D, (A.2)where D denotes a vetor of derivatives:
Di =

∂b̂AB

∂Θi

∣

∣

∣

Θ̂i

=

∫ B

A

∂

∂Θi
b(x, Θ̂)dx (A.3)If NAB denotes the number of events in the AB range, the optimal test statistis, whihheks if NAB signi�antly di�ers from b̂AB is:

T =
(NAB − b̂AB)2

V (NAB − b̂AB)
, (A.4)62
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Figure A.1: Example of an experimentally obtained spetrum with a struture within the AB range.where V (NAB − b̂AB) is a variane. If the H0 hypothesis is true, then:
E(NAB) = bAB (A.5)
V (NAB) = bAB (A.6)and the estimator of bAB is b̂AB. Thus:

V (NAB − b̂AB) ≈ b̂AB + σ̂2
AB − 2cov(NAB , b̂AB). (A.7)As during the estimation of Θ parameters the AB range was exluded, NAB and b̂AB areunorrelated:

V (NAB − b̂AB) ≈ b̂AB + σ̂2
AB (A.8)and

T =
(NAB − b̂AB)2

σ2
AB + b̂AB

. (A.9)If the number of ounts nAB is large, it has a normal distribution around b̂AB and the statistis
T behaves as χ2 distribution for DoF = 1 (degrees of freedom).63



Anna Simon Correlated radiative eletron apture in ion-atom ollisionsTable A.1: Quantiles of χ2 distribution for DoF = 1 [Kam℄.
α 0.005 0.010 0.020 0.025 0.050 0.100 0.250 0.300 0.500
χ2 4.0E-5 0.0002 0.0006 0.0010 0.0039 0.0642 0.1015 0.1485 0.4549
α 0.700 0.750 0.800 0.900 0.950 0.975 0.990 0.995 0.999
χ2 1.0742 1.3233 1.6424 2.7055 3.8415 5.4119 6.6349 7.8794 10.8270For the obtained value of the statistial variable T the value of αT an be estimatedbased on Table A.1. If (1 − αT ) > α, where α is the probability of the type one error, thehypothesis an be aepted. The deviation is small enough for hane alone to aount for it.If (1 − αT ) < α, the hypothesis should be rejeted, as there may be some fator other thanhane operating for the deviation to be so great.If, based on statistis A.9, H0 was rejeted, estimation of the signal s = NAB − b̂AB anstill be used, but with a di�erent estimator variane. The problem one is about to solve isnow a test of hypothesis H1 against hypothesis H0.

H1: there is a physial signal s and bakground b̂AB in the AB range.In this ase variane will be given by:
V (NAB − b̂AB) ≈ NAB + σ̂2

AB , (A.10)where, for the same reason as in Eq. A.8, ovariane is not inluded. The risk of making atype two error is equal to:
β = P (d ≤ λα|H1), (A.11)where d =

√
T and λα is de�ned by Φ(λα) = α, Φ being a umulative normal distributionfuntion, given by:

Φ(x) =
1√
2π

∫ x

−∞

e−t2/2dt. (A.12)For H1 hypothesis the mean value and variane are given by:
E(NAB) = V (NAB) = bAB + s, (A.13)while d has a normal distribution N(µ, σ2), where:

µ =
s

√

b̂AB + σ̂2
AB

, (A.14)64
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σ̂2 =

b̂AB + s + σ̂2
AB

b̂AB + σ̂2
AB

. (A.15)Thus, �nally:
β = Φ





λα

√

b̂AB + σ̂2
AB − s

√

b̂AB + s + σ̂2
AB



 . (A.16)
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