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L X-ray anisotropy and L 3-subshell alignment in rare earths induced
by 12C ion impact
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The alignment parameterA20 of the L3-subshell of Ce, Nd, Eu, Dy, and Yb has been calculated by measuring the anisotropic emission of the
Ll X-ray line induced by12C ion impact at 9 MeV bombardment energy. A new Coster-Kronig transition probabilities database is used, as
well as more recent theories for ionization cross sections. These experimental results are in better agreement with the theory than previously
published data.
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Midiendo la emisíon anisotŕopica de rayos X de la lı́nea Ll inducidos por impacto de iones de12C a 9 MeV, se calculó el paŕametro de
alineacíonA20 para la subcapa L3 de los elementos Ce, Nd, Eu, Dy e Yb. Se utilizó una nueva base de datos para obtener las probabilidades
de transiciones Coster-Kronig ası́ como teoŕıas ḿas recientes para calcular las secciones eficaces de ionización. Se observa que los resultados
experimentales obtenidos en este trabajo concuerdan mejor con la teorı́a en comparación a resultados obtenidos con anterioridad.

Descriptores: Anisotroṕıa; emisíon de rayos-X.

PACS: 32.30.Rj; 32.70.-n; 32.80.Hd

1. Introduction

Ionization of the L3 subshell by proton and helium impact
has been studied to a great extent, but much less has been
investigated for heavy ion impact. A problem of particular
interest is that the ionized target atom can actually be aligned
in the direction of the incident ion beam, thus setting a prefer-
ential symmetry. The alignment results from the fact that the
ionization cross section has different values for different pro-
jections of the total angular momentum of the ionized atom
along the beam direction. The study of such alignment gener-
ally involves measurements of the angular distribution [1-5]
or polarization of the induced X-rays [6-10]. This alignment
provides information on the process of ionization, the wave-
functions of inner-shell electrons, and results in a sensitive
testing ground for theoretical models.

Moreover, there has been an extensive research on L-shell
X-ray production cross sections by ion impact [11], but no
consideration of the aforementioned asymmetry has been
taken, hitherto. To be accurate, quantitative analysis based
on X-Ray emission may require this correction.

The alignment is defined as [12]:
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where σL3 (3/2), σL3 (1/2) denotes the ionization
cross section corresponding to the magnetic substates
|mj | = 3/2, 1/2, respectively.

For characteristic dipole radiation, the intensityI as a
function of the emission angleθ relative to the direction of
the primary beam is given by [12]:

I(θ) = I(90◦)(1− P cos2 θ) (2)

whereP , known as the degree of polarization, is defined as:

P =
3αA20

αA20 − 2
(3)

The constantα depends on the angular momentum of the
initial (J) and final state(Jf ) and it can be calculated as:

α = (−1)J+Jf +1
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the factor
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corresponds to a Racah coefficient.
From previous investigations of the L3-subshell align-

ment for medium and heavy elements by proton impact, it
seems that the experimental data are in agreement with the-
oretical PWBA predictions. However, in the case of heavy
ions it deviates from those calculations; this disagreement be-
comes larger in the low-velocity region, even in the case of
protons [1,9].

Furthermore, X-ray emission involves non-radiative elec-
tronic transitions known as Coster-Kronig. The existing
databases are rather old [1,13-15], and it has been shown that
they are not accurate. Therefore, it is convenient to use more
recent and reliable data for this magnitude.

The aim of this work is to investigate the alignment of the
induced L X-Ray by12C ion bombardment on Ce, Nd, Eu,
Dy, and Yb targets in the low velocity region. Of particular
interest is the Ll line, which is expected to show a high degree
of anisotropy, because for this transition theα coefficient has
a maximum value.
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2. Experimental

Experiments were carried out with a12C ion beam from the
9SDH-2 NEC Pelletron Accelerator at the Instituto de Fı́sica,
UNAM. The beam energy was 9 MeV, and it was collimated
at the entrance of the scattering chamber, to a diameter of
about 1.5 mm. The scattering chamber allowed measurement
of the L X-ray spectrum from an angle of 26◦ up to an angle
of 66◦ in 4◦ steps. The X-ray detector was an XR-100CR
AMPTEK, with 158 eV FWHM resolution at 5.9 keV. The
detector was mounted on a goniometer inside the chamber,
so the angles could be measured accurately. The photons
entering the detector were also colimated to a size of about
0.5 mm diameter. This type of detector was chosen because
of its size, which is small enough to fit inside the analysis
chamber, so both the detector and the sample are in vacuum
during the experiments, thus reducing the X-ray attenuation.
A diagram of the experimental setup is sketched in Fig. 1.

Targets were in the form of thin films(≈ 100 µg/cm2) de-
posited onto pyrolitic carbon discs by evaporating rare earths
fluorides in vacuum. Thicknesses of the films were measured
with Rutherford backscattering of helium ions [16].

A typical spectrum is shown in Fig. 2; the number of
counts in the peak of the Ll line at the maximum was gen-
erally of the order103. The emission of the Lγ lines and
the unresolved Lβ1,3,4 line is expected to be isotropic, since
they result from initialJ = 1/2 vacancies for which theα
coefficient (Eq. 4) vanishes and then equation 2 exhibits no
angular dependence. Therefore, their intensities were used to
normalize the intensities of the anisotropically emitted lines.
In order to check the validity of this statement Lγ and Lβ1,3,4

lines were analized following the same procedure used for
the other lines. Results for the Lβ1,3,4 Nd line are shown in
Fig. 3. Both lines were found to be isotropic within the un-
certainty range.

From Eq. 2, a linear dependence ofI(θ) on cos2 θ is an-
ticipated. The intensity angular distributions for the Ll X-Ray
Line of Nd and Yb are depicted in Fig. 4 and Fig. 5, respec-
tively. Therefore, the slope of the linear fit represents the
degree of polarization, from which it is possible to calculate
the alignment parameter, as in Eq. 3.

FIGURE 1. Experimental setup.

FIGURE 2. X-Ray spectrum from a Nd target for12C projectile.

FIGURE 3. Normalized intensity of the Nd Lβ1,3,4 line for 9MeV
12C impact.

FIGURE 4. Measured angular distribution of the Nd Ll line, nor-
malized to the sum of the Lγ and Lβ1,3,4 isotropic lines for 9 MeV
12C ion bombardment.
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FIGURE 5. Measured angular distribution of the Yb Ll line, nor-
malized to the sum of the Lγ and Lβ1,3,4 isotropic lines for 9 MeV
12C ion bombardment.

3. Results and Discussion

The polarization values obtained from the Ll line are sum-
marized in Table I. To convert the degree of polarization into
the alignment parameter it is necessary to calculate theα co-
efficient. As this line is the result of a vacancy transition
from J = 3/2 to Jf = 1/2, the correspondent value is
α = 1/2. The measured alignment valuesA20,exp are also
presented in Table I. These values are influenced by Coster-
Kronig transitions, because a vacancy in the L3 subshell may
be created by a process different from direct ionization, like
a Coster-Kronig transition from vacancies induced in L1 or
L2 subshells by ion impact. As the initial state for such tran-
sition corresponds toJ = 1/2, these transitions have zero
alignment. It is possible to describe the direct ionization va-
cancy formation by the ionization cross sectionσLi for each
subshell, and Coster-Kronig transitions by thefij transition
rates. Then, the total cross sectionσtot

L3 for L3 vacancy cre-
ation can be expressed by:

σtot
L3 = σL3 + f23σL2 + (f12f23 + f13)σL1 (5)

The alignmentA20 of an inducedL3 vacancy is given by

A20 = A20,exp
σtot

L3

σL3
(6)

Atomic parametersfij were taken from the Elamet
al. [17] database. The cross sectionsσLi were calculated us-
ing the ISICS program [18], considering the United Atom
approximation in the ECPSSR picture [19,20].

Results obtained may be compared with some previous
experimental work, as well as theoretical calculations. Fig-
ure 6 shows a compilation of existing data on the align-
ment parameterA20 induced by carbon impact as a func-
tion of V 2 = (v/vL3)

2; where v is the projectile veloc-
ity and vL3 the orbiting electron velocity, calculated from

v2
L3 = (2I)/(me); with I the L3 binding energy, andme

the electron mass. For comparison, calculations by Jitschin
et al. [1] are included in Fig. 6.

The curves presented in Fig. 6 corresponds to ECPSSR
and PWBA predictions; as can be seen, both curves are in
good agreement, except for the low velocity region, which
corresponds toV 2 < 0.3 values. Previous experiments de-
veloped by Ṕalinkás et al. [21], Jitschinet al. [1], and
Stachuraet al. [22] corresponding to C ion bombardment
on several targets, are also shown for comparison. It can
be seen that, in general, previous results only agree with
theoretical predictions in the high velocity region, that is,
0.07 ≤ V 2 ≤ 0.2. Opposite to this, experimental results
from the present work seem to agree fairly well with theoret-
ical predictions. Main differences between previous works
and the present one are, first, the atomic parameters database.
In the past, the Coster-Kronig coefficientsfij were taken
from the Krause database [13], which has been corrected over
the years and now a new compilation exists [17], which is the
one used in this work. Second, there is also a difference in the
calculations of theσLi cross sections. In the past these cal-
culations did not take into account effects which appear as a
result of bombarding with heavy ions (as is the case of C ion
bombardment), and now it is possible to calculate corrections
as the Molecular Orbital formation in the modified ECPSSR
theory [23] or the United Atom correction [24], which is used
in this work.

TABLE I. PolarizationP (Ll) and alignment parameterA20 of the
Ll X-Ray line for12C ion impact at 9 MeV bombardment energy.

Target P (Ll) (%) A20,exp (%) κ−1 A20 (%)

Ce (Z=58) 13± 2.5 −18± 3.6 1.07 −19± 3.8

Nd (Z=60) 16± 3.1 −23± 4.6 1.07 −25± 4.9

Eu (Z=63) 28± 2.9 −42± 4.7 1.07 −45± 5.0

Dy (Z=66) 14± 2.7 −20± 4.0 1.08 −22± 4.3

Yb (Z=70) 24± 3.3 −34± 5.2 1.05 −36± 5.5

FIGURE 6. L3-subshell alignmentA20 for different collision sys-
tems.
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4. Conclusion

The results obtained in this work are in good agreement with
theoretical predictions. The use of a corrected atomic pa-
rameters database and, of a more appropriate theory for ion-
ization cross sections provide a better explanation of the L3-
subshell alignment. This demonstrates that more elaborated
theories may not be necessary to describe adequately this
phenomenon. Finally, more experimental results are needed
to decide which theory is the best in the low energy range.
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