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Abstract

®

CrossMark

Measurement of the energy and angular distributions of the double differential cross section

(DDCS) of electron emission from Ne and Xe atoms in collision with 5 MeV u™! bare carbon
ions is reported. This study aimed to investigate the electron emission processes in the case of
multi-electronic systems. In general, several clear differences between the electron emission
spectra of Ne and Xe are found, which indicate the influence of the increasing number of
electrons. For instance, the sharp peak due to the binary nature of collision is almost absent in the
case of Xe, unlike Ne, which could be understood due to the increasing contribution from the
strongly bound inner shell (such as 4d) electrons for the Xe atom. The forward—backward
angular asymmetry has also been derived from the angular distributions. For Xe, the qualitative
behaviour of the asymmetry parameter is seen to be quite different since it reveals structures due
to Auger contributions. It is, in general, different and much lower than that for Ne, which shows
the smooth behaviour that one finds for other lighter atoms like He. The single differential and
total cross sections are also derived. The theoretical calculations based on the prior form of the
continuum distorted wave-eikonal initial state (CDW-EIS) approximation have been provided
for both the targets. Overall, it gives a very good agreement with the energy and the angular
distributions of DDCS for Ne. For Xe, the agreement is not as good as for Ne. We also provide a
detailed discussion on the DDCS obtained from different sub-shell ionization, estimated in this
framework.

Keywords: multi-electron atoms, ionization, electron emission, double differential distributions,

heavy ion projectile, ion-atom collisions, experiment

1. Introduction

Collision with charged particles has traditionally been used to
explore different aspects of atomic and molecular physics for
several decades. Electrons as well as low and highly charged
ions are used for this purpose as a projectile. One of the main
motivations behind these studies is complete understanding of
the basic fundamental collision mechanisms at a microscopic
level. In this regard, in most of the cases, smaller atomic [1-8]
or molecular [6, 9-13] targets which contain one or two
electrons were used as the subject of study, simply to avoid

0953-4075/15/115206+15$33.00

further complexities which increase with the increasing
number of particles involved. There is some literature avail-
able which involves larger targets, but mainly for investi-
gating some specific physics interests like the interference
effect [14, 15], collective excitation of electrons in molecules
[16], etc. Not much detailed systematic effort has been
devoted to addressing the fundamental issues regarding col-
lision with large multi-electronic targets. Apart from their
fundamental importance, these studies are useful to other
diverse fields such as atmospheric physics, plasma physics,
medical physics or astrophysics. Understanding at a simple

© 2015 I0OP Publishing Ltd  Printed in the UK
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atomic or molecular level can be regarded as the first step of
exploration of these subjects where species with large num-
bers of electrons are involved. Furthermore, some of these
subjects, like heavy ion therapy, are directly related to the
physics of ion collision with multi-electronic systems
[17-21].

As a tool of investigation, the study of differential elec-
tron emission can give adequate insight into different ioni-
zation mechanisms and it is also well known that the double
differential cross section (DDCS) of electron emission can
also provide a stringent test to the theoretical models com-
pared to the total ionization cross section (TCS). In this
context, it is worth mentioning that different perturbative
quantum mechanical models were checked thoroughly for the
one or two electron systems [8, 22-25]. It turns out that for
highly charged ion collision, the reaction dynamics is gen-
erally well reproduced by a state-of-the-art model such as the
continuum distorted wave-eikonal initial state (CDW-EIS)
approximation [22, 26]. This model efficiently incorporates
the post collision projectile influence on the ionized active
electron. Further, from some of the recent communications, it
has been established that the prior form of the model gives an
appropriate description of experiments, particularly for the
cases where the multi-electronic description of the target is
needed [27-29]. But this has been checked for few-electron
systems. For large systems it has been yet to be verified. In
these cases, additional difficulties come from the large num-
ber of residual electrons residing on the target atom. These
would certainly influence the evolution of the ionized elec-
tron. Other than that, inner shell processes play an important
role in the ionization processes of these large systems. There
are plenty of studies on inner shell ionization using x-ray
techniques [30, 31], or on inner shell electron capture [32, 33]
and the Auger channel, which confirm the fact.

To address these issues, an appreciable number of data
sets are required involving large multi-electronic targets. But,
to the best of our knowledge, there are very few data sets
available which provide the differential electron emission
cross section in a wide energy and angular range, under
highly charged ion impact. In this report we provide the
absolute DDCS of electron emission in the ionization of Ne
and Xe atoms under 5MeVu~' bare C ion impact. The
existing electron spectroscopic data for Ne mainly involve
low energy low charge state ions [29, 34—41]. On the other
hand for Xe, not much experimental data exist, the only
available data set involves neutral atoms as the projectile [42].
In that sense, the present data sets are an important inclusion
to the literature. Other than that, the comparison between the
electron emission spectra corresponding to the above-men-
tioned targets clearly indicates the differences which occur
due to the increasing number of target electrons. In addition to
the experimental measurements, we also provide theoretical
calculations based on the prior form of the CDW-EIS model
for both the targets. It is worth noting that, as these systems
involve high velocity ions (v «~14 a.u.), ionization is the most
dominant process in these cases. Electron capture has a very
low cross section at such high energy. Therefore, these sys-
tems would be appropriate for verification of the model.

Furthermore, in addition to the total DDCS, we also discuss,
in detail, the contributions from different sub-shells to the
total DDCS.

The paper is organized as follows. In section 2, an
overview of the experimental technique and the possible
uncertainties in the measurements are described briefly.
Section 3 provides the necessary details of the theoretical
model used for both the targets. A comparative discussion of
the present results is given in section 4. It is divided in four
subsections, the first two (4.1 and 4.2) describe the energy
distribution of the DDCS at different emission angles and the
angular distribution of the DDCS at different ejected electron
energy, respectively. The next subsection (4.3) sheds light on
the forward-backward angular asymmetry in the electron
distribution. In the last subsection (4.4), the comparison at the
single differential cross section (SDCS) level is highlighted.
In section 5, a summary of the work is presented. In addition
to that, some of the representative absolute DDCS and SDCS
values, for both the Ne and the Xe targets, are provided in
tables 1 and 2, respectively.

2. Overview of the experiment

The experiment was carried out with the 5MeV u™" C®* ion
beam available from the 14 MV Pelletron accelerator facility
at TIFR, Mumbai, India. The highly collimated beam was
passed through a scattering chamber whose base vacuum was
obtained better than 2 x 10~7 Torr. The number of projectile
ions was determined by detecting them with a Faraday cup.
During interaction with the target gases, the scattering
chamber was flooded at a pressure of 0.15 mTorr. The
background was measured by collecting the emitted electrons
in ‘without gas’ conditions with the ion beam on. A hemi-
spherical electrostatic analyser with 6% [43] energy resolu-
tion was used to energy analyse the emitted electrons and a
channel electron multiplier (CEM) was used to detect them.
With the help of a motorized turn table, the spectrometer is
rotated to detect the electrons emitted at different angles.
From the electron count at particular energy and emission
angles, and by subtracting the background contribution, the
DDCS was obtained from the first principle. In this experi-
ment we have detected the electrons of energy within the
range of 1-1000 eV for Ne and 1-600 eV for Xe. The energy
dependence of the DDCS was investigated at 12 different
angles, namely 20°, 30°, 45°, 60°, 75°, 80°, 90°, 105°, 120°,
135°, 150° and 160°. Further details of the experimental
technique is available in [43]. In these measurements, in
general, the error due to the statistical fluctuations was low.
For the Xe target, the maximum statistical uncertainty was
always less than 5% throughout the entire experiment. For the
Ne target, similar figures were obtained for forward angle
measurements and low energy backward angle measurements.
In the high energy part (2850 eV), it increased to about 20%.
Other than that the gas pressure fluctuation mainly contributes
about 6% to 7% to the total absolute error. The remaining
systematic uncertainties together contribute a very small



Table 1. Measured double differential cross sections for Ne in units of Mb(eV sr)™!

values in units of Mb sr™'. For errors, see the text.

at different angles. The last column displays the Z—" values in units of Mb eV ™", The last row displays the l%
€e e

cleV)  20° 30° 45° 60° 75° 80° 90° 105° 1200 135 150°  160° e

1 3.78E0  3.80E0 3.50E0 336E0 326E0 3.I8E0 3.13E0 3.19E0  2.77E0  2.64E0  2.50E0  2.36E0 3.67El
3 2.80E0  2.85E0 2.80E0 270E0  263E0  255E0 248E0  2.63E0  2.18E0  207E0  197E0  1.62E0 2.92E1
5 225E0 2.36E0 2230 2280 2.15E0 2.2E0 1.99E0  2.18E0  1.80E0  1.69E0  1.62E0  1.23E0 2.39E1
7 1.84E0  1.94E0 1.84E0 2.01E0 1.86E0 1.84E0 1.65E0 1.78E0  145E0 1.38E0  1.28E0  9.88E-l 1.99E1
9 1530  1.62E0 1550 1.69E0  1.58E0  1.63E0  1.34E0  146E0  1.ISE0  1.08E0  1.02E0  8.10E-1 1.65E1
13 LI3E0  124E0  L.I4E0 128E0 122E0 121E0 9.90E-1 1.04E0  831E-1 746E-1 6.85E-1 5.54E-1 1.21E1
17 8.09E-1 88IE-1 862E-1 977E-1 936E-1 9.20E-1 798E-1 7.99E-1 6.16E-1 5.54E-1 491E-1 3.83E-1 9.18E0
20 8.5E-1  729E-1 734E-1  7.99E-1  824E-1 7.99E-1 7.68E-1 G680E-1  S541E-1  489E-1 3.97E-1 3.74E-1 7.98E0
30 5.03E-1 498E-1  5.18E-1 S546E-1 565E-1 5A46E-1 S.4E-1  448E-1  3.55E-1  3.00E-1 245E-1 2.12E-1 5.33E0
40 372E-1 3.80E-1 3.67E-1 3.87E-1 409E-1 397E-1 375E-1 3.9E-1  2.33E-1 1.99E-1 1.54E-1  135E-1 3.78E0
50 280E-1 271E-1 2.67E-1 287E-1 3.5E-1 300E-1 296E-1 226E-1  1.64E-1 131E-1  1LOGE-1  9.09E-2 2.77E0
70 L61E-1  1.61E-1 149E-1 1.81E-1 1.99E-1 1.84E-1 1.84E-1 1.36E-1 837E-2 638E2 S5S46E2 4.44E2 1.64E0
90 1.O4E-1  1.07E-1 10IE-1 126E-1 129E-1 132E-1 123E-1 822E2 456E2 3.62E2 290E2 2.30E-2 1.06E0
110 747E2 745E2 7.14E2 9.14E2 9.54E2 9.08E-2 89I1E2 548E2 296E2 216E2 187E2 131E2 7.44E-1
130 524E2 S530E2 5.04E2 616E2 7.59E2 7.04E2 6.60E2 346E2 198E2 1.39E2 LI7E2 8.52E3 5.30E-1
160  325E2 3.29E2 3.16E2 397E2 537E2 558E2 430E2 203E-2 L16E2 7.19E3 585E3 4.43E3 3.45E-1
200  202E2 200E2 202E2 235E2 351E2 419E2 292E2 1.22B2 7.03E3 3.60E3 3.27E3  2.63E3 2.22E-1
240 138E2 129E2 129E2 1.68E2 2.60E2 3.12E2 1992 7.58E-3 3.85E3 1.84E3 2.04E3 1.48E3 147E-1
280 1.O4E2 9.61E3 952E3 LIGE2 1.89E2 236E2 142E2 458E3 231E3  130E3 135E3  1.O2E3 1.08E-1
320 693E-3 7.0E3 647E3 9.7E3  161E2 1.92E2 LITE2 320E3  145E-3 9.66E4 9.60E4 8.03E-4 8.17E-2
360 596E-3 S.9E-3  5.62E3  6.86E-3 132E2 150E2 843E3 214E3  1.24E3  S8IE4  654E4  4.68E-4 6.51E-2
400  5.I5E3 4.34E3 3.80E3 543E3  114E2 128E2 653E-3 1.65E3  9.19E4 4.07E4 4.68E4 4.26E-4 5.15E-2
440  377E3 340E3 299E3 435E3 876E-3 1.14E2 524E-3 128E3  631E4 347E4 378E4  2.86E4 4.20E-2
480  326B3 298E3 282E-3 3.84E3 854E3 947E3 4.00E3 9.7IE4  S40E4 1.89E4 290E-4 2.29E-4 3.64E-2
50  2.89E3 257E3  190E3 343E3  6.62E3 837E3 334E3 835E4 357E4  L65E4 1974 1.60E-4 2.94E-2
560  220E3 2.0SE3 1.87E3 2.55E3 674E3  7.71E3  271E3  649E4  279E4 L70E4 2.12E4  147E-4 2.65E-2
600  1.83E3 1.74E-3 1823 232E3 S97E-3 699E3 1.98E-3 422E4  248E4 170E4  2.17E4 141E-4 2.30E-2
. 605El 6.O9El 588El G647El 693El 689El  6.00El 5.I6El  3.94El 347El 3.08El  2.54El

e,
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Table 2. Measured double differential cross sections for Xe in units of Mb(eV sr)~" at different angles. The last column displays the ;1—” values in units of Mb eV™". The last row displays the :?”
€e e

values in units of Mb sr™". For errors, see the text.

do

eleV)  20° 30° 45° 60° 75° 80° 90° 105 120° 135 150°  160° e,

1 178E1  2.00El  1.67El  135B1 135E1 119El 1.06El  1.07El  LI9El  LISEl  9.99E0  9.50E0 1.50E2
3 136El  1.55El  131El  970E0  1.00E0  8.88E0 8.09E0 7.93E0 9.50E0  9.14E0  7.68E0  6.93E0 1.14E2
5 1.04El  120El 1.O2El  722E0 7.93E0 6.89E0 642E0 6.74E0 7.56E0  677E0  6.20E0  5.40E0 8.97E1
7 832E0  8.80E0 7.96E0 5.89E0  6.45E0 5.67E0  5.26E0  5.64E0 571E0  4.89E0  440E0  3.98E0 7.04E1
9 6.65E0  649E0  6.13E0 4.92E0 545E0 477E0 4.31E0  4.52E0  434E0 3.65E0 3.18E0  2.96E0 5.57E1
13 3.39E0  3.42E0 339E0 3.8E0 334E0 3.08E0 276E0 2.60E0 2.36E0  1.89E0 1750  1.6SEQ 3.24E1
16 238E0  242E0 235E0 2.10E0 245E0 2.1SE0 2.08E0 2.28E0  1.74E0  143E0  1.52E0  1.32E0 241El
20 147E0  1.5IE0  1.50E0  1.56E0 1.64E0 1.50E0 147E0 1.53E0 1.11E0  9.40E-1 9.72E-1 8.8IE-l 1.62E1
24 12880 1.37E0  1.34E0  1.40E0  1.54E0  1.40E0  131E0 1.32E0 9.74E-1 8.09E-1 8.52E-1 7.78E-1 1.44E1
28 1.07E0  LISE0  1ISE0  1.19E0 133E0 122E0 1.19E0 1.I7E0  8.94E-1 6.88E-1 7.32E-1 6.74E-1 1.26E1
32 122E0  1.28E0 127E0  1.30E0 146E0 130E0 125E0 128E0 1.02E0  1.00E0  8.80E-1 7.82E-1 1.42E1
3 7.84E-1  825E-1 821E-1 880E-1 1.0IE0 9.52E-1 8.79E-1 7.03E-1 628E-1 6.00E-1 526E-1 531E-l 9.14E0
40  633E1 6421 631E-1 698E-1 8.73E-l 7.68E-1 743E-1 6.24E-1 470E-1 4.50E-1 386E-1 3.82E-1 7.37E0
50 455E-1  4.60E-1 448E-1 484E-1 691E-1 573E-l  S47E-1  445E-1 329E-1 3.06E-1 2.61E-1  2.50E-1 5.32E0
60 290E-1 287E-1 277E-1 3.11E-1 476E-1 396E-1 3.76E-1 272E-1 20lE-1 179E-1 149E-1 1.44E-1 3.41E0
80 1.61E-1  1.92E-1 148E-1 170E-1 276E-1 240B-1 256E-1 138E-1 949E2 7.75E2 6.18E2 6.23E-2 1.91E0
100 LO9E-1 1.13E-1 1.00E-1 1.I6E-1 2.03E-1 175E-1 181E-1 8.06E2 5.88E2 500E2 396E2 3.79E-2 1.29E0
120 849E2 827E2 790E2 9.17E2 154E-1 141E-1 130E-1 573E2 438E2 3.67E2 342E2 3.04E-2 9.84E-1
140 673E2 70I1E2 6.69E2 7.4E2 131E-1 LI6E-1 1.0SE-1 4.38E2 329E2 2982 286E2 2.64E-2 7.98E-1
160 S5.64E2  6.02E2 5.82E2 6.00E2 10IE-1 9.0E2 8632 347E2 265E2 255E2 261E2 2202 6.49E-1
200 357E2  430E2 4.19E2 452E2 7.93E2 689E2 5.84E2 253E2 210E2 178E2 1.69E2 1.59E2 4.74E-1
220 3.08E2 40l1E2 392B2 395E2 697E2 6.13E2 484E2 2.8E2 185E2 151E2 150E2 1.61E2 4.17E-1
240  2.80E2 3.55E2 3.55B2 343E2 685E-2 S548E-2 4.02E2 193E2 1.69E2 134E2 1.36E2 1.44E2 3.74E-1
280  223E2  293E2 3.04E2 3.02E2 568E2 475E-2 334E2  1.83E2 134E2 LI9E2 LISE2 1.23E2 3.20E-1
320 192E2 257E2 285E2 287E2 500E2 396E2 268E2 158E2 126E2 9.94E3 1LI0E2 1.01E-2 2.81E-1
360 1.82E2  230E2 258E2 279E2 442E2 355E2 239E2 150E2 1LI12E2 98IE-3  1.03E2 8.70E3 2.57E-1
400  159E2  205E2 228E-2 246E-2 4.04E2 3.3E2 205E2 127E2 107E2 942E3 1.05E2 821E3 2.30E-1
40  137E2  177E2 203E2 2.17E2 3.62E2 297E2 175E2 1.09E2 8.92E3 7.64E3 827E3  8.48E-3 2.02E-1
480  143E2 191E2 199E2 2.10E2 3.42E2 275E2 171E2 LI0E2 L14E2 887E3 9.09E3 7.03E-3 2.02E-1
50  106E2 127E2 151E2 178B2 276E2 220E2 125E2 7.58E3 7.04E3 527E3 S.64E3  4.44E3 1.51E-1
560  752E3  9.56E3 1.02E2 134E2 160E2 177E2 7.61E3 474E3 390E3 323E3 3.24E3  3.21E3 1.00E-1
600  588E3 691E3 923E-3 114E2 135E2 141E2 672E3 330E-3 291E3  2.11E3 229E3 243E3 8.16E-2
do 1752 175E2  1.74E2  1.68E2 181E2 160E2 146E2 132E2 122E2 1.09E2 9.87El  9.06El

e,
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amount, which mainly arises from observation angle and solid
angle measurements.

3. Theoretical model

Let us consider the single ionization reaction of a multi-
electronic atom. The incident particle is a bare ion of charge
Zp that impinges on the atomic target with velocity v parallel
to the z-axis of a laboratory reference frame located at the
target nucleus. The treatment of the multi-electronic problem
is solved by reducing it to the analysis of a one-electron
system in which the passive electrons (the non-ionized ones)
are considered to remain frozen in their initial orbitals during
the collision and that the active electron (the emitted one)
evolves independently of them in an effective Coulomb field
of the residual target [22].

Double differential cross sections as a function of the
energy & and the solid angle ; of the emitted electron can
be defined as follows:

do .
P e O) = o o =k J 45 laiz(7)

where the sign—refers to the prior version of the transition
amplitude a; ;s (p), k is the momentum of the electron, and pis
the impact parameter vector. Introducing the two-dimensional
Fourier transform of a;;(p):

R L
Riy(if) = g/d” exp(iij - p) aiz(P), )

2
s

ey

which depends on the transverse momentum transfer 77, and
employing Parseval’s theorem [26], double differential cross
sections can be also calculated as:

o (ex, 0) =k [ aif |Riz(7)["- (3)

Into the straight line version of the impact parameter
approximation and within the distorted wave model, the first
order approximation for the prior version of the transition
amplitude for the active electron may be written as:

o) = [ arlar W) @

where ;(i+ ( )(f_) represents a distorted wavefunction that
satisfies correct outgoing (incoming) asymptotic boundary
conditions, and W; is the perturbative operator acting on the
entry channel in the continuum distorted wave-eikonal initial
state (CDW-EIS) approximation [26]. This version is shown
to correctly include the interaction between the active electron
and the passive ones, whilst, in the post version this
interaction is only partially included (see [27, 29]). Therefore
)(I.J“ and Xy are chosen as:

1ES (7, 1) = @i (F)exp(—ie;t) L5 () ©)
)(f—,CDW(’-;’ 1) = @i (F)exp(—iect) L7PY(5), (6)
with ¢, (¢,) the bound (continuum) wavefunction of the

active electron, and &, = k%/2. Also, in the preceding
expressions, 7 is the electron coordinate with respect to the

origin of the laboratory reference frame, and s is the electron
position vector with respect to the projectile nucleus. The
eikonal and continuum distortion factors are given by the
expressions:

C?',EIS(E) = exp[—il/ ln(vs + V- E)] (7
E},CDW(g) — N(g)lFl[_ig; L —i(ps+p - §)], €))

respectively, where v = Zp/v, ¢ = Zp/p with p = kK — ¥ the
momentum of the electron considered with respect to a
reference frame centred on the projectile nucleus which is
moving with velocity v, and N (a) = exp(az/2)I"' (1 + i a),
with F(b; ¢; z) the Kummer confluent hypergeometric
function. Therefore, the W; operator in equation (4) gives:

W B (7, 1) = ¢;(F )exp(—ig;r)
X B VZLHES(5)
+ Velng,(F) - VaLHes (5)]. 9)

In this paper, initial bound orbitals are described by
Roothaan-Hartree—-Fock (RHF) wavefunctions [44]. The
continuum state of the emitted electron in the residual target
field is written as:

#(7)= "
X exp(i k- F)N(f)]FI

x(—i§;1;—ikr—i/€-7) (10)
with & = Z;/k. The effective nuclear charge of the residual
target, Z7, is defined following the same criteria employed by

Belki¢ for electron capture [45], namely Z; = /-2 ni2 &,
where n; is the principal quantum number of each atomic
orbital that constitutes the initial bound state of the active
electron, and ¢; the corresponding orbital energy.

The cross sections are then obtained by numerically
integrating the transition amplitude (3) using the well known
QUADPACK integration routines [46]. Moreover, in order to
calculate the resulting hypergeometric functions appearing in
the transition amplitude, in the cases where the Sommerfeld
parameters are larger than unity, transformation formulae are
used to achieve convergence conditions [47].

4. Results and discussions

4.1. Energy distribution of DDCS

In figure 1, the energy distribution of DDCS for Ne is shown
for different observation angles. In each plot the solid line
refers to the total DDCS values obtained from the CDW-EIS
calculations. The other curves correspond to the contributions
from different sub-shells. Similar plots for the Xe target are
displayed in figure 2 without the sub-shell contributions. Due
to the large number of sub-shells involved, these contribu-
tions are shown separately in figure 3 for three representative
angles.
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Figure 1. Energy distribution of the absolute electron DDCS for Ne. The solid line in each plot corresponds to the total DDCS obtained from
the CDW-EIS model. The other curves represent different sub-shell contributions.

In the case of Ne (figure 1), the DDCS falls off rapidly
with increasing electron energy. In the low energy region,
where the cross section reaches its maximum, the involved
momentum transfer from the projectile to the active electron
is very small like in a dipolar transition. These low energy
electrons are mainly produced in large impact parameter
collisions. For electrons emitted with higher energy, more
penetrating collisions, which correspond to small impact

parameters, are necessary. However, the probability for col-
lisions at these low impact parameters diminishes. As a result,
with increasing energy the cross section decreases. In the
extreme higher energy region, in each plot, a broad peak at
around 780eV exists. This is the K-LL Auger electron
emission peak for Ne. The broadness of the peak is due to the
contributions from multiple Auger satellite lines, whose
energy separation comes within the energy resolution of the
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Figure 2. Energy distribution of the absolute electron DDCS for Xe. The solid line in each plot corresponds to the total DDCS obtained from

the CDW-EIS model.

spectrometer. Different L-subshell vacancies during the
relaxation process give rise to these satellite lines. It can be
noted that the Auger peak is much more prominent at the
backward angles relative to the forward and the intermediate
angles. This is because the cross section of the Coulomb
ionization continuum is relatively larger at the forward and

the intermediate angles. As a result, at these angles, it
obscures the Auger peak to some extent.

In the plots, we also provide a comparison between the
experimental data and the theoretical prediction (solid line),
namely, the prior form of the CDW-EIS calculation. In
general, an overall very good qualitative agreement has been
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achieved for all angles. Now, as far as absolute values are
concerned, in the low energy region the calculation repro-
duces the experimental observations reasonably well for all
angles. It also provides very good agreement at the inter-
mediate angles for the entire energy range. But, the agreement
is a little worse in the higher energy range (2100 eV), par-
ticularly for the extreme forward and backward angles. The
calculated DDCS values slightly underestimate the experi-
mentally observed values. It would be appropriate to mention
here that this overall good agreement with the Coulomb
ionization continuum spectra is due to the fact that the prior
form of the model efficiently incorporates the target passive
electron dynamical screening effect on the evolution of the
active electron, for this kind of system. But, as this model
does not incorporate any characteristic relaxation process, it
does not show the Auger peak. It only describes the direct
Coulomb ionization processes. Now, coming to the discus-
sion of different sub-shell contributions, estimated in this
theoretical framework, it is seen that, for all angles, in the low
energy region, the outer most sub-shell i.e. 2p°® is the main
contributor to the total DDCS. 2s? and 15 are about one and
four orders of magnitude lower than this, respectively. As
electron energy increases, the inner sub-shell contributions
also become comparable to the outer sub-shell. Even after a
certain energy, the inner sub-shell dominates over the outer
sub-shell. It is clearly visible for the cases of the backward
angles. This behaviour could be attributed to the fact that at
this high energy emission (small impact parameters) the
projectile has a larger probability of finding inner sub-shell

electrons, and at the same time they move with higher velo-
city in their initial state, facilitating thus the momentum
transfer.

In the case of Xe (figure 2), the energy distribution
spectra of the DDCS are not as smooth as that of the Ne. In
the very low energy region, the DDCS smoothly decreases
with electron energy, similar to the case of Ne. But after that it
forms a small broad peak-like structure at around 32eV.
Earlier, it has been identified as an admixture of different N-
OO Auger lines [48]. These lines are situated within 18 eV
and 38 eV, though the main intense lines are within 29 eV and
35eV. Within that region, some other auto-ionization lines
also exist. Thereafter, the DDCS spectrum again falls off with
electron energy until it encounters another Auger electron
emission peak at around 480eV. This consists mainly of
different M-NN Auger transition lines. According to [48],
these lines are scattered in the energy region between 350 eV
and 550 eV. But the main intense groups are within 520 eV
and 550 eV. Therefore, the present observation of Auger peak
position is slightly left-shifted. There are also some other low
intensity M-NO Auger lines within the energy region between
560 eV and 600 eV. These all together form the experimen-
tally observed hump-like structure.

In the present case, in general, the agreement between the
CDW-EIS calculation and the experimental data is relatively
poor compared to the case of the Ne. At the forward angles, in
the low energy region, the theoretical prediction under-
estimates the experimental DDCS. In the higher energy region
the agreement is better, relatively. At intermediate angles, the
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overall agreement is much better compared to the other
angles. Here, in the low energy part the discrepancy between
the theory and the experimental data is also much smaller. On
the other hand, at the extreme backward angles, the theory
again underestimates the experimental findings in the low
energy region as well as in the very high energy region. In the
intermediate energy region, the agreement is good to some
extent. This overall lack of agreement between the theory and
the experiment can be due to several facts. In this case, the
DDCS spectrum, in the detected energy range, is influenced
considerably by different Auger relaxation processes, whose
descriptions are out of the scope of this theoretical model. It
should also be noted that, unlike Ne for this kind of large
atom, collective multi-electron dynamics give rise to giant
resonances which can exhaust the single particle excitations.
For Xe, the collective resonance, namely the shape resonance,
has been seen around 100eV with a width of about 40 eV
[49, 50]. However, the ionized electrons following the decay
of the collective state will fall at the low energy part of the
spectrum, i.e. the kinetic energy of the ionized electron would
be &, = Ecp — 1,, where Ecg and I, are the collective exci-
tation energy and ionization potential of that electron,
respectively. Now, if we look at different sub-shell con-
tributions, plotted in figure 3, for all angles, in the low energy
region, the outer most sub-shell i.e. 5p°® contributes the most.
Similar to the case of the Ne, here also, as energy increases
the other sub-shell contributions come into picture. At the
extreme forward and the backward angles, after certain tens of
eV the 4d'% sub-shell starts dominating the others. On the
other hand, for an intermediate angle, the crossover between
5p°® and 4d"® occurs at a much larger energy value. Close to
the 90° emission angle, binary-encounter collisions contribute
to the DDCS, facilitating the ejection of less bound sub-shells.
This probably explains the dominance of emission from 5p°
and 552 over 4d10, which is extended to larger electron
energies up to 300 eV, even considering that a larger amount
of electrons occupy the 4d orbital. This is in contrast to for-
ward and backward emission which is dominated by dipolar
transitions at low electron energies. At much higher energies,
for all angles, other highly filled inner sub-shells like 4p°
contribute considerably. In general, the outer sub-shell DDCS
falls off much more rapidly with electron energy compared to
that of the inner sub-shells.

4.2. Angular distribution of DDCS

In figure 4, the angular distributions of the DDCS, at different
electron energies, for the Ne target are plotted. The solid lines
in each of the plots denote the total DDCS values obtained
from the CDW-EIS calculations and the other curves repre-
sent the angular distributions of the sub-shell contributions. It
can be seen that, at the lowest detected energy i.e. 1 eV, the
angular distribution is nearly flat with a slight negative slope.
With increasing electron energy, the shape of the angular
distributions gradually changes. It takes a broad bump-like
structure with the maxima at around 80°. This change takes
place right from ~20eV (not shown). But from 50eV
onwards, it is more clearly visible. At energies around 100 eV

and higher, the peak becomes quite sharp. This increase in
cross section at the intermediate angles was explained earlier
as caused by the binary encounter (BE)-type collision
between projectile nucleus and ‘almost free’ electrons [1].
The other notable aspect is that, at higher energies, the
angular distributions are not symmetric about the peak. The
forward angle DDCS values are much higher than the back-
ward angle DDCS values. For example, at 520 eV, the ratio of
the DDCSs at 20° and at 160° is about 18.0. On the other
hand, this asymmetry is not so large for lower energies, like
for 1 eV or 11 eV the above-mentioned ratio values are about
1.6 and 2.1, respectively. Furthermore, the forward—backward
angular asymmetry increases gradually with electron energy.
This kind of asymmetric angular distribution in the case of
ion—atom collision can be explained by means of the two
centre electron emission (TCEE) process [51-53]. Subsequent
to the ionization process, the ejected electrons move in an
electric field produced by both the residual target as well as
the projectile. Due to the Coulomb field of the forward-
moving ionic projectile, the electrons are attracted in the
forward direction causing the higher cross section in the
forward direction compared to the backward direction.

Now as far as theoretical prediction is concerned, up to
50eV, the absolute agreement with the experimental data is
very good. After that, though the absolute agreement is not
that good, particularly at the extreme forward and backward
angles, the essential qualitative features of the data are
reproduced well by the theory. In fact, at intermediate angles
the absolute agreement is also very good, where the collision
dynamics is mostly dominated by the BE process. At the
extreme forward and backward angles, the CDW-EIS calcu-
lation underestimates the experimental findings. This devia-
tion slightly increases gradually with increasing electron
energy. As explained, for these cases, the collision dynamics
is mostly dominated by 3-body processes in which the two
centre effect (TCE) is quite active. In this case, at the lower
energies up to about 50 eV, 2p° is a much more dominant
contributor to the total DDCS (in fact, for 1eV and 11eV
plots, the 2p® DDCS curve (dashed line) is behind the total
DDCS curve (solid line)). At higher energies, particularly at
extreme backward angles, the 25> sub-shell competes well
with the Zp6 sub-shell. In fact, at 520eV, after 120° the
contributions from these two sub-shells are very nearly equal.
In general, one notable fact is that the 2p°® and the 2s2 sub-
shell exhibit a BE peak-like structure similar to the experi-
mental data, but the inner most sub-shell i.e. 152 does not
show that kind of structure. Its contribution gradually
decreases with increasing angle and after 120° it almost
saturates. This may be due to the fact that the 15> electrons are
not as ‘free’ as the loosely bound outer shell electrons. In fact,
ionization for this inner sub-shell cannot be considered as a
simple binary encounter with the projectile. The other reason
could be the wide velocity distribution of these electrons,
which would tend to spread out and lower the peak.

In figure 5, similar angular distributions are plotted for
the Xe target. For comparison, in the same plots we also
provide the Ne data (circles joined by lines) of corresponding
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energy. Here the electron energies are chosen such that these
do not belong to the Auger regions. But, apart from the fact
that the Ne DDCS distribution is always lower than that of the
Xe, one does however see that the overall qualitative features
of the Xe distributions are to some extent different from that
of the Ne. At 1eV, it has a small dip at the intermediate
angular region, whereas for Ne, as mentioned earlier, it is an
almost flat distribution. At 11eV, unlike the Ne data, no
prominent BE signature is present. At the higher energies,

10

70 eV onwards, the BE electron emission signature is visible
at the intermediate angles. The other notable fact is that, in
this case, the forward—backward asymmetry is much lower
compared to the case of Ne. For example, at 120 eV the ratio
of the extreme forward angle DDCS to that of the extreme
backward angle is about 2.8 for Xe, whereas for Ne this value
is about 6.0. At 320 eV, the same ratio values are about 1.9
and 8.6 for Xe and Ne, respectively. In fact, seeing these two
exemplary energies, unlike Ne, the forward-backward
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asymmetry slightly decreased with increasing energy.
Therefore, one can see that the nature of the angular dis-
tribution for the Xe target is a bit different from that of the Ne
target.

In this case, as seen before, the overall agreement
between the theoretical calculation and the experimental data
is not as satisfactory as the case for Ne. At lower energies
such as 1eV or 11eV, the CDW-EIS calculation predicts a
small hump-like structure, with which the experimental data
do not agree, particularly at the extreme angles. Compared to
the lower energy part, the qualitative agreement in the inter-
mediate energy region at e.g. 70 eV or 120 eV is much better.
In cases of even higher energies, the theory reproduces the
data at the forward and the intermediate angles quite well.
However it underestimates the cross section at the backward
angles, i.e. it predicts larger forward-backward angular
asymmetry than that shown by the experimental data. Now, as
far as individual sub-shell contribution is concerned (in the
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plotted energy range, 5p°, 55 and 4d'® are the main con-
tributors to the total DDCS, other are comparatively smaller
in magnitude), in the lower energies the 5p° sub-shell governs
the overall feature. But in the intermediate energy range from
about 50 eV onwards, the 4d'® sub-shell dominates at the
forward and the backward angles and the 5p° sub-shell con-
tributes the most at the intermediate angular region. At very
high energies, the maximum part of the angular distribution is
dominated by the contribution from the 4d'® sub-shell. In
general, if we look at the shape of the curves, in the low
energy region, the 5p° and the 552 have a broad hump-like
structure, whereas the 4d'° has a minima at the intermediate
angular region. As electron energy increases, the first two
show a very sharp peak structure at the intermediate angular
region, but the 44" sub-shell shows a relatively much broader
hump structure. This may be the reason behind the fact that, at
the higher energies, the BE peak in this case is not as sharp as
that of the Ne.
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4.3. Angular asymmetry parameter

We have seen in the above section that there is a forward—
backward angular asymmetry involved with the electron
emission process. The amount of asymmetry varies with
electron energy (g.). The asymmetric nature of the electron
angular distribution is caused by the TCE as well as the non-
Coulomb nature of the target potential for large multi-elec-
tronic systems. To have a quantitative estimate, the angular
asymmetry parameter a (k) can be defined as [23],

ok,0)—ok, mr—0)

ak, ) =
ok,0)+ok,n—0)

(11)

where electron energy &, = %2 (a.u.) and @ is a forward angle.
In principle 8 should be 0°, but since the DDCS shows a flat
distribution near 0° and 180°, we choose 6 = 30°. Then also
the derived a (k) would serve as the measure of forward—
backward angular asymmetry.

In figure 6, the electron velocity (v) distributions of a (k)
are shown for Ne (a) and Xe (b). The corresponding CDW-
EIS predictions are denoted by the solid line. In the case of
Ne, the a (k) takes a very low value, around 0.15, at low
velocity. Thereafter, it increases monotonically with increas-
ing electron velocity. At around v « 6 a.u., i.e. & « 500 eV,
the a (k) value is about 0.85. According to the definition, a
higher a (k) value corresponds to more asymmetric electron
emission. Therefore, the values suggest that for the low
energy electron emission, the amount of forward—backward
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angular asymmetry is much less and as electron energy
increases the asymmetry parameter increases monotonically.
This is also evident from the DDCS angular distribution plots.
This happens because the higher energy electrons have a
velocity relatively close to the velocity of the projectile. These
electrons are much more affected by the projectile Coulomb
field compared to the lower energy electrons. Similar quali-
tative behaviour was seen earlier for the He target [8, 29].
Now, it is seen from the present plot that the CDW-EIS
calculation reproduces the entire distribution quite well.
Though there is a slight mismatch on the higher velocity side,
overall it can be claimed that the agreement between the
calculation and the experimental observation is very good. At
this point, it is worth mentioning that it was realized earlier
that the other non-distorted perturbative models such as first-
order Born calculations do not give as good a result as that
obtained in the present case [1, 2, 6, 8]. The reason behind
this good result can be identified as the proper inclusion of the
projectile Coulomb field effect in the initial as well as in the
final channels of the collision process.

Now if we look at a similar plot for Xe (b), we find that
the qualitative features of the distribution are completely
different from that of the Ne or He (6 MeV u™' C®" impact on
He; data is taken from [29]). But in this case, unlike Ne, the
plotted velocity range includes the Auger regions. In the
lower velocity region, the a (k) starts from a slightly higher
value compared to the Ne. But after about v = 1 a.u., the value
starts decreasing with increasing electron velocity until about
v v 1.6 a.u. This region can be identified as the N-OO Auger
region. After that it increases up to the value of about 0.5
corresponding to v v~ 3.0 a.u. Then it again decreases dis-
continuously until it encounters a minima at around v « 5.8
a.u. This region can also be identified as the Auger region
consisting of M-NN and M-NO lines. Overall, within the
entire velocity range, the a(k) value does not exceed the
value 0.5, which is much less compared to the maximum
value for the Ne or the He. Behind this very different beha-
viour, the non-Coulomb potential for such a large atom must
play a role. In the present case, the CDW-EIS calculation fails
to reproduce the observed behaviour. It shows a nearly
monotonically increasing behaviour similar to the case of the
Ne. This disagreement may be due to the presence of different
Auger channels whose nature of angular asymmetry is com-
pletely different from that of the direct Coulomb ioniza-
tion case.

4.4. Single differential cross section (SDCS) and total cross
section (TCS)

To understand the overall energy and angular distributions of
the electron emission, we have derived the SDCS by inte-
grating the DDCS spectra. In figure 7(a), the energy dis-
tributions of the SDCS, which is obtained by integrating the
DDCS over the entire angular range, are plotted for Ne (cir-
cle) and Xe (triangle). Similarly in figure 7(b), the angular
distributions of the SDCS, obtained by integrating the DDCS
over the detected electron energy range, are plotted for Ne
(circles) and Xe (triangles). In both the plots, the solid line
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Figure 7. Energy (a) and angular (b) distributions of the absolute
electron SDCS for Ne (circles) and Xe (triangles). The solid line and
the dashed line correspond to the CDW-EIS calculation for the Ne
and the Xe, respectively. In plot (b), the left and the right vertical
scale correspond to the Ne and the Xe targets, respectively.

denotes the CDW-EIS predictions for Ne and the dashed line
represents the predictions for Xe. The qualitative behaviour of
the energy distributions, for both the targets, is very similar to
that of the respective DDCS distributions. All the Auger
peaks are also clearly visible in the SDCS level. In case of Ne,
the agreement between theory and experiment is very good.
On the other hand, for Xe, though the agreement is good in
the higher energy region, the theory underestimates the
experimental ones in the lower energy region. If a comparison
between Ne and Xe data is carried out, one can note that for
the entire energy range the Xe SDCS is higher than Ne SDCS,
except around 100 eV. In that region both the SDCSs are very
close to each other.

In the angular distribution plots, the agreement between
the theory and the experiment, for the Ne, is quite good. It
excellently reproduces all the qualitative features. On the
contrary, for the Xe, the theory underestimates the experi-
mental data at the forward and the backward angles by a
factor of almost 2.0. The theory predicts a sharp BE peak at
the intermediate angle, whereas the experimental data shows
almost no signature of peak except a higher cross section
point at 75°.

The total cross section (TCS) is also obtained for both
cases by integrating the SDCS spectrum. In the case of Ne,
the experimentally obtained TCS is 630 Mb, whereas for Xe,
it is 1702 Mb. So the Xe TCS is about 2.7 times higher than
the Ne TCS. The CDW-EIS model predicted TCS values are
663 Mb and 1265 Mb for Ne and Xe, respectively. It is
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interesting to note that the Xe mean size is a factor 2.8 larger
than the Ne one, containing more outer electrons with smaller
binding energies.

5. Conclusions

In conclusion, we have studied the double differential cross
section of electron emission from Ne and Xe atoms under the
impact of fast bare carbon ions of energy 5MeV u™'. The
study aimed to understand the electron emission process in
the case of large multi-electronic systems. It has been noted
that there are several differences between the electron emis-
sion processes corresponding to Ne and Xe. Unlike Ne, the
DDCS spectrum for Xe is dominated by different Auger
transitions right from the low energy region. The qualitative
features of the electron angular distributions, corresponding to
the non-Auger electron energy region, for Xe, is also quite
different from that of the Ne. For example, the sharp peak due
to binary encounter collision in the higher electron energy
region, which is very prominent in case of the Ne, almost
vanishes for the Xe target. Moreover, the forward—backward
asymmetry is quite low even for higher energy electrons for
the Xe compared to the Ne. This is clearly shown in the
velocity distribution plot of the angular asymmetry parameter.
The angular asymmetry parameter for Xe does not show a
monotonically increasing behaviour with electron velocity
like Ne or He. We have also carried out the theoretical cal-
culations based on the prior form of the CDW-EIS model for
both the targets. Within this framework, the contributions
from different sub-shells are estimated. In general, the model
is more or less successful in reproducing the experimental
findings for Ne. There are some disagreements between the
theory and the experiment in the higher electron energy
region, particularly at extreme forward and backward angles.
It is also able to reproduce the observed forward—backward
asymmetry in the angular distribution very well throughout
the entire electron energy range. The energy as well as the
angular dependence of the derived SDCS also agree very well
with the CDW-EIS prediction. In this case, the main con-
tribution to the total DDCS comes from the outermost sub-
shell for most of the energy region. For higher energy electron
emission at backward angles, the inner sub-shell contributions
come into the picture. In the case of the Xe target, the overall
agreement between the theory and the experimental data is
not as good as that for the Ne. In the low energy part of the
spectrum the theory underestimates the data, but at the
intermediate angular region the agreement is much better. The
theory also overestimates the observed forward—backward
angular asymmetry. This overall lack of agreement may be
due to the presence of different Auger relaxation processes
and also the collective excitation mechanism, which are not
included in the theoretical model. In this case, for the lower
energy electron emission, the 5p° sub-shell is the main con-
tributor to the total DDCS. As energy increases the 4p'® sub-
shell becomes the main one for most of the emission angles,
except the intermediate region where the 5p° sub-shell dom-
inates. The dominance of the 4p'® sub-shell contribution in
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the higher energy range can be identified as the cause of the
smearing out of the BE peak. It is hard to consider ionization
of these tightly bound inner shell electrons as a simple binary
encounter with the projectile. We have also estimated the total
ionization cross section for both the targets. For the Ne target,
the theory is a little higher than the experimentally observed
value. On the other hand, for Xe, it underestimates by a factor
of about 1.3. Overall, the study suggests that because of the
big difference in target electron numbers, the descriptions of
the electron emission processes for Ne and Xe targets are
considerably different, and though the theoretical description
for multi-electronic systems like Ne is nearly adequate, for
relatively large multi-electronic systems like Xe, there are
other mechanisms to be included in the framework for com-
pleteness—considering, for example, collective effects and
improving the description of the continuum wavefunction for
the different sub-shells.
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