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The emission of X-rays after the excitation with photons, electrons, or light ions (such as protons or deuterons), has been extensively stu
However, when heavier ions are used as primary radiation to induce this effect, other phenomena appear that are not present in the
cases. They include, for example, the formation of short-lived molecules, the capture of electrons from the target atom by the incoming
and a strong increase in the multiple ionization of the target atom. Usually, the ionization cross sections are higher as compared to tho
photons, electrons, or protons. Furthermore, when thick targets are irradiated with heavy ions, there is a larger probability to create defe
the material, and also a higher stopping power in the target material. All these differences make the study of the X-ray production by he
ions a problem not fully understood, and far from being applied in an extensive manner to the characterization of materials. In this work
explanation of the basic phenomena is presented, together with possible uses of the emission of X-rays by the impact of the heavy ior
an extension of the traditional method Particle Induced X-ray Emission (PIXE).
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La emisbn de rayos X debida a la excitaai por fotones, electrones o iones ligeros (como protones o deuterones), se ha estudiado ampl
mente. Sin embargo, cuando se usan ionas pesados como radianiprimaria para inducir este efecto, aparecen otrosnf@mos que no
estn presentes en los otros casos. Incluyen, por ejemplo, la fdsmdeimoéculas de vida corta, la captura de electronegieho blanco

por parte del ion incidente, y un fuerte aumento en la ion@raailltiple delatomo blanco. Usualmente, las secciones de ioronasbn
mayores que en el caso de fotones, electrones o protor&es did, cuando se irradian blancos gruesos con iones pesados, hay una maya
probabilidad de crear defectos en el material, habiendo &amim mayor poder de frenado en el material blanco. Todas estas diferencias
hacen que el estudio de la produmtide rayos X por el impacto de iones pesados sea un problema no entendido del todo. En este trab:s
se hace una explicam de los febmenos Bsicos, junto con los posibles usos de la ebmisle los rayos X por el impacto de iones pesados,
como una extendh del netodo tradicional de Emigh de rayos X inducida por pactlas (PIXE).

Descriptores:Rayos X; ionizadn; iones pesados; PIXE.
PACS: 32.80.Hd; 33.50.Hv; 34.50.Dy

1. Introduction Therefore, the aim of this paper is to mention briefly

The phenomenon of characteristic X-ray emissia, ion- the status of the research regarding the ionization and X-ray
ization followed by the radiative de-excitation filling of an in- €mission processes after heavy ion bombardment and to ex-
ner shell vacancy, induced by the impact of photons, electronRlain possible uses of these phenomena for PIXE analyses.
or heavier charged particles on atoms, has been known for
several decades [1]. Specifically, the impact of ions heaviep,  Basic physical processes in ionization and
than protons and deuterons, which involves a number of pro- X-ray emission
cesses that have not been fully described neither by theories
or experiments due to their complexity [2], is still a problem The main physical process is the ionization of atomic inner
subject to investigation, although not many research groupshells by the impact of an energetic positive ion, followed by
are involved in this task. the de-excitation of the atom by the decay of an upper-shell
However, there is an increasing interest in the applicaelectron to fill the vacancy, and the subsequent emission of
tion of heavy ions for analysis with particle induced X-ray an X-ray photon, to eliminate the excess energy in the atom
emission (PIXE), as they present higher X-ray yields, possi{Fig. 1), including other processes, like the Auger electron
bly improving PIXE sensitivity [3,4]. These papers proved emission or the radiative Auger process (simultaneous emis-
that an exact knowledge of the ionization and further emission of a photon and an electron). Due to the existence of
sion of X-rays due to heavy ion impact is necessary to obtaimliscrete energy levels in the atom, the electron expelled in the
accurate results in quantitative analyses. process described above may come from different atomic
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Electrons

processes are known &oster-Kronig transitionslt is pos-
sible to obtain for the L X-ray production cross sections of
the most common lines the following equations:

ox,L,=(0r, fis+or, frafost+or, fost+or,)wsFs;  (2)
Heavy lons

ox,.p=0r,w1Fig + (o1, fi2 + o1, )waFop

+(or, fis+or, fiafes + or, faz+or,)wsFag; (3)

oO—

ox,L.,=0r,w1F1y + (oL, fi2 + 0L, )wa Fay; 4)

Expelled electron ox,L,=(or, fis+or, fiafes+or, fos+or,)wsFs.  (5)
Elecirons Here, theo; are the ionization cross sections of an in-
FIGURE 1. Schematics of the basic physical processes involved individual L;subshellw; is the fluorescence yield of thiesub-
X-ray emission by ion impact. The incoming ions expel electrons shell, ;; is the probability for a Coster-Kronig transition be-
from inner shells, creating vacancies, which are subsequently filleqWeen subshellsand j, while F,,, is the probability of pro-
. . ’ nT
by upper-shell electrons. Then, the excess energy is delivered by, iy 3 radiative transition, taken as the fraction of X-ray

the ionized atom as X-rays, Auger electrons, or the combination of hotons originated from a v nev in the kubshell n-
both (radiative Auger effect). p_ OQ s org ae. om a vacancy & Bubshell, co
tributing to the L, line.

shells, as well as the electron filling the vacancy. The tradi- i L L
tional nomenclature is known as the Siegbahn notation, whilé-  Direct ionization and X-ray emission
there is a more recent notation developed by the International

Union of Pure and Applied Chemistry (IUPAC) [1]. Thus, a TWC_J aspects must be siudied i_n f[his subject: theory_ and ex-
line created by a vacancy in the K-shell (principal quantumpe”mental results. Complete listings of papers dealing with
numbern = 1) is called a K line, a vacancy in the L-shell the measurement of ionization by K and L-shell ionization

(principal quantum numben = 2) gives rise to an L-line, by heavy ion impact are given by De Lucio and Miranda [5]

and so on. Also, the electron filling the vacancy may haveand_ qugo-l_.ico;lla [6]. The ECF}S|SR tgelo'ry é’f Brgt?dt aEd
an origin from many other energy levels in the atom, Iimited_"apIC I [7] is the most successful model in describing the

only by the quantum selection rules forelectronictransitions!omz"]‘tion by ion impact [8,9].  This theory is a modifi-

This fact makes possible to have a number of K, L, M or othelcatio!1 of the Plane Wave BO”.‘ Approximation (PWBA). It .
lines, which must also be identified. Therefore, the most in-ConSIderS effects such as the ion energy loss after the colli-

tense line in the K group is called,K ant the next one is the sion (E), the Coulomb deflection in the ion trajectory (C), the

K 5. Each one of these lines may also be composed of a Cepjodification of the atomic electron energy states through a

tain number of lines, which are recognized by the subscript?erturbeOI stationary states model (PSS)*_G‘_”‘?' an adjustment
1,2, 3, etc., so there are.K, Koz, Kg1, Kgs ... lines in the mass of the electron, due to relativistic effects (R).

The probability of producing the X-ray photons of a par- 'I;]here far(z other improvements to tth model. For e>(<jar|‘nple,
ticular line, or X-ray production cross section, is a physicalt e United Atom (UA) correction to the ECPSSR model (or

magnitude that depends on several factors, such as the pr'(:J_S:PSSR'UA) includes a modification in the binding ener-
jectile, its energy, and the target atom. For the K lines, it isd'es of the target electrons due 1o the presence of the pro-

related to the probability of ionizing the atom, or ionization JECt€ [10]. Furthermore, Benkat al. [11] introduced a
cross section, by the equation modification to the ECPSSR model in order to take into ac-

count the formation of molecular orbitals (MO) during the
ion-atom collision, following a UA approach. They change
the ECPSSR model, (target atom effective charge, reduced
whereo x ; is the X-ray production cross sectian;  is the  binding energy and binding-polarization variable). This new
K-shell ionization cross sectiow,y is the fluorescence yield, model was known as MECPSSR. Here, there are two ad-
and P; is the relative intensity of all the possible transitions justable parameters, present in a seemirglyhocfunction
included in the linei. The fluorescence yield is the ratio of used to establish a transition from the separated atom and the
the number of emitted X-ray photons to the number of totaECPSSR-UA for heavy ions. They calculated these constants
produced vacancies in the K shell. For the L shell (and uppeto optimize the agreement between their data for K X-rays
shells), the expressions are more cumbersome because itfiem several elements (like Ti, Fe, and Cu) after impact with
possible to have non-radiative transitions form different sub1¢0 ions and their proposed model. There is still a question
shells within the shells{, Lo, and L;. If a vacancy is created whether the parameters are valid also for other ions, different
in the L; subshell, it may be filled by an electron from the L incident energy ranges, or target atomic numbers. The last
subshell, which in turn may be filled by an electron comingquestion is also related to the symmetry in the collisions, that
from the L3 subshell. The netresultis a vacancy in These is, how similar the atomic numbers of the ion and the target

ox,i =01 kWb, 1)
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atoms are. A further improvement is the consideration of in-  There is also an alternative method proposed by Tanis
trashell (I1S) transitions for L-shell ionization. Sarkadi andet al. [35] for the fluorescence vyield correction, based on
Mukoyama developed means of accounting for these phepeak energy shifts and intensity ratios. It is possible to cor-
nomena [12-14]. relate those energy shifts with the number of 2p vacancies;

In contrast, Montenegro and Sigaud [15] elaborated anataking these values and the respective measured intensity ra-
lytical expressions for evaluating the ionization cross sectionsios I[K g/ I[K ], the number of 3p vacancies are then deter-
through adiabatic perturbations, only applicable to the K-mined. Thus, the number of 2p and 3p vacancies provides the
shell, known as a direct MO model. In the adiabatic limit, thechange in the fluorescence yield with projectile energy.
ionization is predominant at internuclear distances smaller There is still a question about the role of multiple ioniza-
than the K-shell radius. Here, the Coulomb excitation of artion effects on X-ray emission. There are contradictory and
electron occupying a MO can be seen as a superposition efncertain arguments trying to explain why the X-ray emis-
two components, each one corresponding to the two involvedion should increase or diminish [27].

nuclei.
: L : 5. Electron capture
In a different aspect, it is important to discuss the two P

groups of atomic parameters: fluorescence yields and Costesn additional effect is the capture of electrons from the target
Kronig factors, and emission rates. In the first case, trainner shells by the incoming ions, which contributes in a non-
ditionally, the semiempirical tables published by Krause innegligible manner to K-shell ionization, especially for sym-
1978 have been used [16]; however, there exist also the relgnetric collisions. To provide a more accurate description of
tivistic Dirac-Hartree-Slater calculations of Chenal. [17] the measured X_ray production Cross SectionS, itis necessary
Puri et al. [18] published a more recent interpolation of to include this phenomenon in the theoretical calculations.
the latter values for the L-shell. Regarding the emissiongjectron capture (EC) cross sections are usually calculated
rates, it can be mentioned that three approaches for their cakith the Oppenheimer-Brinkman-Kramer formulas of Niko-
culations have been followed: the semiempirical tables bygey [36]. According to the standard ECPSSR theory [7,37]
Salemet al. [19], the relativistic Dirac-Hartree-Slater calcu- the contribution of EC to ionization increases with increas-
lations by Scofield [20], and the Dirac-Fock predictions bying projectile energy. As a rule, it is necessary to include this

Scofield [21], interpolated later by Campbell and Wang [22].effect in order to improve the agreement among theoretical
There is a more recent compilation given by Campbell for theyredictions and experimental results.

L-shell atomic parameters [23], although in a limited atomic . .
number range. Mirandet al. [24] demonstrated that the use 6- AnlisoFropy in L and upper shells X-ray
of different databases for atomic parameters, namely emis-  €mMISSION

sion rates, fluorescence yields and Coster-Kronig transitions, ) )
has a significant effect on the theoretical predictions for the® further event that may occur during the production of L- or

L-shell X-ray emission. M-shell X-rays is the anisotropy in the emission of the pho-
) o tons. The particular atom can be aligned in the direction of
4. Multiple ionization the incoming projectile, thus setting a preferential symme-

The ejection of more than one electron from the target atomY- This alignment is the result of the different ionization
known as multiple ionization (MI), alters one of the most €SS section values for changmg projections of thg angular
important parameters involved in X-ray productioe,, the ~Mmomentum along the beam direction. To study this effect,
fluorescence yield. A simple heuristic model was given byl'[ is possible to measure angular distribution of the emitted
Lapicki et al. [25], which is used to correct fluorescence Xays or the polarization of those photons [38]. Although
yield values. This adjustment takes as a basic assumptio??veral studies have been published to explain this effect, it is

that the fluorescence yields change through the creation d}ot Possible hitherto to provide a complete explanation [39].

holes in the outer shells by the incident ions, with an equalt must be mentioned that although there is an extensive work

probability for each shell, calculated through the Binary En-N the measurement of L X-ray production cross sections, the
counter Approximation, or BEA [26]. This avoids the dif- anisotropy has seldom been taken into account. Furthermore,
ficult calculation of outer shell ionization probabilities by duantitative analyses using PIXE, X-ray fluorescence (XRF)
other, more refined, theories. There is a recent application t8" €/€ctron probe microanalysis (EPMA) usually do not con-

the ionization of heavy elements (Re, Pt, and Au)bg3+ sider this process. As expected, it may induce some inaccu-
ions [27], while Lugo-Licona and Miranda used it to com- racies in the results, although they have not been estimated to

pare with cross-section measurements in rare earth elemerfiate:

bombarded byB [28], and'*C and'°O ions [29]. Other 7 Applications

authors [30-32] have considered this effect when heavy pro-

jectile ions are used, such as He or C. Also, the M-shell wa3he applications of PIXE have been extensively described by
studied by Yuet al. [33], and by Braichet al. [34]. Gen-  Johansson and Campbell [40]. However, the use of heavy
erally, better agreement between theory and experiment isns has been rather limited so far. Examples are given by
found with this correction. Ozafian [3,4] and Amartaivaet al. [41], employing heavy
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ions at high incident energies for elemental analysis. TheiB. Conclusions

conclusion is that this combination provides better sensitivity

than the usual arrangement of protons with 2-3 MeV enerThe description of the ionization and further X-ray produc-
gies. Ecker and coworkers used [42] 14 MeV Ni ions to de-tion in atoms bombarded with heavy ions remains as an open
termine Fe traces in glass. Although it has not been used hithproblem. Although improvements have been made, it still re-
erto, it is also suggested that the differences in ionization anduires both theoretical and experimental work. Furthermore,
stopping cross sections within a target material when differthe applications of heavy ions are not fully developed to date,
entions are used may be applied in elemental depth profilinguossibly due to the inaccuracies found in the understanding
A better depth resolution should be expected when heavy ionaf the basic processes and the possible damage to samples.

are chosen as projectiles. Nevertheless, accurate measure-
ments and simple theoretical predictions of stopping cross

sections in compounds are still needed. It must be emphaAcknowledgements
sized, also, that these ions may produce significantly more
defects in the target than protons, deuterons or helium ionghis work was partially supported by CONACYT (contract

damaging the sample to be studied.
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