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Disentangling the bulk and exit surface contribution
on projectile-charge-state evolution
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Charge state evolution of the projectile ions while traversing through the solid target medium has been
explored using the radiative electron capture process. The measured centroid energies of the convoluted
radiative electron capture peak structures have been used to determine the mean K-shell binding energies
and mean charge state of the projectile ions. It has been observed that the mean charge states of present
measurements are lower than the earlier measurements done using the characteristic K, x-ray transitions.
The difference is due to the capture of target electrons in the inner-shell vacancies, created during the
collision process, of projectile ions. Further, the measured mean charge states are compared with the
empirical predictions. A significant discrepancy between experimental and theoretical values has been
observed, which is attributed to the multielectron capture by projectile ions due to nonradiative electron
capture process from the exit surface while exiting from the foil. The significant variation between mean
charge state values obtained from different tools provides a clear indication of the dynamic nature of the
charge-changing mechanism at different regions (entrance surface, bulk, and exit surface) of the ion-solid
interaction. The present results can be used to validate the departure between the theory and experiment on

the charge state dependent stopping powers.
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I. INTRODUCTION

The study of the charge state evolution of projectile ions
traversing solid or gaseous targets has been a subject of great
interest for more than 100 years [1-3]. The process is highly
intricate because various physical phenomena including
ionization, excitation, radiative decay, Auger decay, non-
radiative electron capture (NREC), etc., are known to
coexist (see a review [4]) until radiative electron capture
(REC) was discovered in 1972 [5]. Subsequently, many
other processes have been identified such as multiple
vacancy creations [6], electron loss to continuum (ELC)
[7], electron capture to continuum (ECC) [8], multiple
electron capture [9], radiative electron capture in the
continuum (RECC) [10], three-electron-Auger process
[11], radiative double electron capture (RDEC) [12], etc.
Itis observed that the complexity in accurate measurements,
as well as theoretical estimations of such processes, is more
prevalent with the solid targets than the gaseous targets due
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to the multiple collisions during the interactions. Several
physical processes originating from the solid surfaces, for
example, wake riding electron capture [13] leading to the
formation of circular Rydberg states [14], electron capture
in low-lying and high-lying states, etc., contribute in the
dynamicity of the charge-changing processes. The excited
states produced by any of the above processes can be further
affected by the surface energy loss field (SELF) at the exit
surface [15]. These charge-changing processes can be
investigated through the distribution of charge state frac-
tions (CSF) called charge state distribution (CSD) for both
experiments and theories. Several extensive reviews on
CSDs can be found in the literature including that of Allison
[16], Betz [17], Wittkower and Betz [18], Shima et al.
[19,20]. These reviews provide a crucial theoretical
background in terms of the data collection to date. The
CSDs are normally measured by the standard electromag-
netic techniques [21-24] and in order to understand the
measured equilibrium charge state data, many empirical
formulas such as Thomas-Fermi model, Bohr model,
Betz model, Nikolaev-Dmitriev model, To-Drouin model,
Shima-Ishihara-Mikumo model, Itoh model, Ziegler-
Biersack-Littmark model, Schiwietz model, etc., have been
developed in tune with the experimental results from
electromagnetic measurements [25 and references therein].
Interestingly, in some distinct cases, like, calculation of
non-equilibrium charge state distribution [26,27], estima-
tion of equilibrium target thickness [28], etc., the empirical
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predictions readily fail to estimate desired parameters. The
contribution of the charge-changing processes in the bulk is
further modified by the charge-exchange phenomena from
the exit surface of the foil. Whatsoever, this does not pose
any problem to the electromagnetic technique based mea-
surements as it accounts for the charge state of the ions
irrespective of excitation state and the underlying mecha-
nisms. However, for a theory, all the physical processes
occurring at the bulk and surface of the foil need to be
considered explicitly.

It is worth mentioning that the contribution from electron
capture process can come from both the bulk and surface.
Whereas the wake riding electron [13] driven processes at
the exit surface gives rise to excited states are either short-
lived low lying states or long-lived Rydberg states includ-
ing the circular Rydberg states [14]. Further, wake and
dynamic screening effect [29,30] on the levels so produced
in the bulk or the surface cannot be ignored too. Hence,
disentangling the charge-changing processes and charge-
exchange phenomena cropping up in the bulk and at the
surface of the target, respectively, is extremely difficult and
there is no way that the electromagnetic methods can
differentiate between the said processes. Interestingly,
X-ray spectroscopy technique is convenient in this respect
and can measure CSDs quite efficiently. In our earlier work
[31], the x-ray spectroscopy technique has been employed
to measure the CSD and its various parameters like mean
charge state, distribution width, etc., using the character-
istic K x-rays. Further, by comparing the experimental
[31-33] and empirically [34] predicted mean charge states,
we have portrayed a picture of disentanglement of the bulk
effects from the total effect of the bulk and surface. In the
present work, we contemplate REC x-ray peak structures to
obtain the mean charge states for an intermediate stage,
where the charge-changing processes are occurring in the
bulk in addition to the charge-exchange contribution from
REC process that occurs at the bulk as well as the surface.

II. EXPERIMENTAL PROCEDURE

The experiments were performed with the 15 UD
Pelletron accelerator facility at IUAC, New Delhi, India.
Well-collimated heavy ion beams of *°Fe?* (¢ = 7-12) and
3BNi?t (¢ = 7-13) in the energy range of 1.65-3.03 MeV /u
were bombarded on the self-supporting carbon foil target of
thickness 80 pg/cm? (=113 ug/cm? as the target is placed
at 45° to the beam axis). The target thickness was appro-
priately chosen such that the projectile ions with the highest
beam energy can also attain the equilibrium charge state
distribution. The experiments were performed with the Low
Energy Germanium Detector (GUL0035, Canberra Inc.),
equipped with 25 um thick Be entrance window and having
resolution 150 eV at 5.9 keV in the ideal conditions and
constant quantum efficiency in the range of 5-20 keV). The
detector was placed at 90° to the beam axis to minimizing the
Doppler shift for the projectile x-rays. Using appropriate

collimators, the x-rays observed by the detector was
restricted to the ion-solid interaction zone or the prompt
x-rays only. The detector was calibrated by 3’Co and >*!Am
standard radioactive sources. The resolution was found to be
about 200 eV at 6.4 keV with the experimental conditions
prevailing in the beam hall. Further, in the case of **Ni beam,
the in-beam calibration with Fe K, peak due to the beam
halo hitting the carbon foil holder made of stainless steel was
also done. However, in the case of *°Fe beam experiment, the
beam halo was minimized by passing the beam through a
blank target frame so that its presence did not affect the
characteristic projectile peak structures. Using an appro-
priate reentry cup, the x-ray detector was inserted into
the chamber separated by a thin Mylar window of 6 um at
the interface. The beam was collected in the secondary
electron suppressed Faraday cup. Two solid surface barrier
detectors were used at £10° to monitor the beam direction.
The vacuum chamber was maintained at a pressure around
1 x 1076 Torr throughout the experiment.

III. RADIATIVE ELECTRON CAPTURE:
THEORY AND PRESENT METHOD

During the passage of the projectile ions through
the target foil, the interactions lead to the multiple vacan-
cies in various shells of both the atomic systems. The short
lifetime of inner shell vacancies (few fs) compared to the
transit time of projectile ion through the target foil (few tens
of fs), causes a complex chain of collision events resulting
in a composition of various projectile charge states.
The vacancies so created are filled by different relaxation
processes, e.g., characteristic x-ray emissions, Auger
emission, REC process, NREC process, etc. These relax-
ation processes vary from system to system, for instance,
the Auger process is predominant in low-Z elements,
whereas x-ray emission processes (REC and characteristic
x-ray emissions) dominate over Auger emission in high-Z
elements. Whatsoever, after a significant number of colli-
sions, the charge-changing processes reach to a certain
balance, and subsequently, an equilibrium charge state
distribution is established. The mean of the charge states
attained at such equilibrium is termed as the mean charge
state of the corresponding atomic systems. It is noteworthy
that the x-ray emissions from these individual states cannot
be resolved with the detectors used in the present work, and
therefore we have observed a convolution of the x-ray
transitions from all the projectile charge states so evolved.

In the present work, we have used the REC peak
structures to estimate the mean charge state of the projectile
ions. The REC process, the capture of quasi-free valence
electrons by the projectile ions from the target atoms
accompanied by the spontaneous x-ray emissions, has
been extensively studied with the bare projectile ions,
where the electron capture process can only occur among
the various charge-changing processes. In some studies,
H-like projectile ions have also been used to investigate the
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REC process as here the ionization is limited and mostly
the electron capture reigns. Note that multielectron pro-
jectile can provide a better ground for exploring the REC
process in the K-shell followed by K-shell ionization
processes. However, limited work has been done involving
the multielectron projectile ions [35-37].

In the nonrelativistic case, REC photon energy in the
projectile reference frame is given by [38],

m, .
Ergc = Bp —Br +—E+v.p (1)
M,

where By and Bjp are the binding energy of the electron in
the initial state of target atom and final state of the projectile
atom, whereas m,, M,, and E; are the electron mass,
projectile mass, and projectile energy, respectively. The
symbols » and p represent the projectile ion velocity and
target electron momentum, respectively. The full width at
half maximum (FWHM) of the REC x-rays corresponding
to bare or H-like projectile ion is given as,

Counts
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7+, 96 MeV

8 9 10 11 12
X-ray energy (keV)

FIG. 1.

FWHM = AEggc = 200p. = 2[4(m /M, ) E;Br]'/*  (2)

where the factor of 2 is due to the fact that in the target
atom, the orbiting electron has two directions of initial
momentum, which contributes twice in the width of the
K-REC peak [39].

The REC peak structure contains useful information
related to both the target and projectile atomic systems and
thus can be used as a sensitive probe to explore the
dynamics of charge-changing processes during the ion-
solid collisions. For example, the shape of the REC
peak defines the momentum distribution of electrons in
the target atom as seen in Eq. (2), whereas having known
the projectile energy and initial state binding energy, the
observed K-REC x-ray energy allows the explicit meas-
urement of mean K-shell binding energies of the projectile
ions [40]. Further, as the mean K-shell binding energies
correspond to the electronic structure of the atomic system,
one can also determine the projectile mean charge state
during the passage from the target medium.
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>
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X-ray spectra for (a) 3¥Ni?* (¢ = 7-13) and (b) *°Fe?* (g = 7-10) beam on 80 ug/cm? (x113 ug/cm? at 45° to the beam

axis) carbon foil at different beam energies. The first three peaks represent the characteristic x-ray transitions (K,, K, and K,), whereas
the highlighted peaks are the radiative electron capture structures. The dashed lines represent the exponential continuum background.
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IV. RESULTS AND DISCUSSION

The observed x-ray spectra, displaying four major peak
structures, for all the beam energies have been shown in
Fig. 1. The first three peaks represent the characteristic K
x-ray transitions K, K/;, and Ky, whereas the fourth broad
peak belongs to the K-REC structure. It is observed that the
raw spectra obtained at different beam energies have no
pile-up contributions at the concerned x-ray region, i.e.,
K-REC position. Further, the overall x-ray count rate
remains less than 1 k Hz to restrict pile up contribution
in the spectra. Therefore, with this low count rate, the dead-
time correction is less than 1% for the x-ray intensities [41].

In the present experiment, low charge states (77—12%)
used with the Fe and Ni ion beams ascertain lack of
K-vacancy. Thus, the mechanisms of the characteristic or
K-REC x-ray emissions necessarily involve K-excitation
or K-ionization initially, and the cross-section of such
events is high for heavy ion-induced ion-solid collisions.
Subsequently, a few of these K-vacancies are filled by
either REC or NREC process. In our earlier work, the K,
peak structure has been used to obtain the CSD produced
at the bulk only during the ion-solid collisions, which
excludes the atomic processes leading to REC, metastable
and any high Rydberg states that may also occur at the bulk
[31]. The x-ray peak relevant to the REC process in the
present experiment is either K-REC or L-REC. The K-REC
appears at higher energy side and the L-REC in the lower
energy side of the K, peak. Thus, in the present exper-
imental condition, they are well resolved in the spectra.
Transition probabilities of x-ray emissions from the meta-
stable as well as high Rydberg states are much smaller than
that of the K, line. Hence, they hardly show any significant
existence in the prompt x-ray spectra containing the K, K,

and K7 transitions in addition to the K-REC peak, which
does not have any lifetime structure at all. Here we note that
the ion-solid collisions lead to creating the vacancy in the
K-shell of the projectile ions, that can be filled either by the
electrons from the higher shells of the same projectile ions
(inner-shell transitions) or the electrons of the target atoms
in the bulk and at the surface of the target (REC and NREC
process). In the present work, we focus only on the K-REC
peak to obtain the CSD, which thus accounts for all the
atomic processes occurring at the bulk responsible for the
creation of K-shell vacancies along with the REC contri-
butions arising from the bulk as well as the surface of the
foil. A schematic diagram illustrating the various stages of
charge state evolution of projectile ions during the passage
from target medium has been shown in Fig. 2. Note again
that whatever small part of atomic processes going to the
metastable and high Rydberg states cannot interfere at all
with the K-REC because of time structures; K-REC has no
lifetime, and the metastable and high Rydberg states have a
long lifetime.

It is noteworthy that the structure of the REC profile
depends on various factors like detector resolution, Doppler
broadening, CSD evolved during the ion-solid collisions,
etc. Therefore, the measured FWHM is corrected for the
detector resolution and the Doppler broadening, and then
the values so obtained are compared with the theoretical
values using Eq. (2). The resultant effect of these correc-
tions leads to a reduction of the measured value of FWHMs
by about 10-15%. Whereas, the other corrections, i.e.,
Doppler broadening due to the finite size of the collimators
and detector area, are quite small and can be neglected.
For evaluating the final error for the FWHM data, we have
conceded the error as a combination of the systematic and

— NREC

Projectile
ion

FIG. 2.

Target

Ilustration of different stages of the charge state evolution of projectile ions during the passage of the projectile ions through

target medium. The approaching highly charged projectile ion firstly captures some electrons from the entrance surface in the high-lying
Rydberg states (NREC process). During the passage from bulk, these loosely bound electrons including some inner-shell electrons
cannot survive and get stripped from the corresponding projectile ion. The inner-shell vacancies so created can be filled either by the
inner-shell transitions or charge-exchange processes. While exiting from the target, the projectile ion may capture some electrons from
the exit surface into the high-lying Rydberg states (NREC process) as well as in the vacant inner-shells (REC process).
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FIG. 3. Full width at half maximum (FWHM) versus E!/2 [(MeV /u)'/?]: Variation of measured FWHM with respect to E'/? (a) ®Ni
on '2C and (b) *Fe on '°C. Further, the measured values are compared with the theoretically calculated values of FWHM for the case of

the H-like ion.

statistical error of the measured FWHM. Discrete x-ray
lines including the REC peak appear on a continuous
background originating from bremsstrahlung of the pro-
jectile ions. This background is exponential in nature and
thus, every spectrum is fitted using a standard routine
with an exponential background as shown in Fig. 1 with a
dashed line. The REC peak appears at the end of this
background label and thus, very small background existing
is subtracted in the fitting procedure. Though no x-ray lines
are known to come into view at this region, no appreciable
systematic error is present here. However, low statistics for
the REC peaks do not allow us to ignore the systematic
errors fully. Accordingly, the systematic error is kept within
5% as assumed in our earlier works [31,32]. The measured
values of FWHMs with errors are plotted as a function of
E!/2 as shown in Fig. 3. It is seen that the experimental
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values are substantially larger than the theoretical predic-
tions. The difference can well be attributed to the over-
lapping contributions from the different K-REC peak
energies originating from various charge states produced
in the ion-solid collisions prior to the occurrence of REC
process. Important to note that the K-shell binding energy
(for the present case, ABp = 100-1000 eV) varies with
the charge state of the projectile ions, which in turn changes
the K-REC photopeak energy [Eq. (1)] and each peak is
equally broadened with a width as obtained from Eq. (2).

The measured K-REC centroid energy versus the pro-
jectile energy is shown in Fig. 4. Large FWHM due to low
statistics introduces large (1%—2%) uncertainty in the
centroid also. As expected, from Eq. (1), the variation of
the K-REC energy shows a linear dependence on the
increasing projectile energy. It is worth mentioning that

Bare

H-like
He-like
Li-like
Be-like
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C-like
N-like
O-like
F-like

K-REC x-ray energy (keV)

@ Experimental mean K-REC energyj
)
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Beam energy (MeV)

FIG. 4. K-REC x-ray energy versus beam energy: Variation of K-REC peak centroid energy with the beam energy for (a) **Ni on '>C
and (b) *Fe on !*C for various beam energies. The variation of theoretically calculated K-REC energy for different charge states of the

projectile ion is also shown for comparison.
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Mean charge state versus beam energy: Comparison between present measurements (K-REC), earlier measurements (K,) [31],

and Schiwietz formalism [34] predictions of mean charge state for the case of (a) 3¥Ni on '?C and (b) **Fe on '*C. Error bars are smeared

within the symbol size.

the shift of K-REC centroid energy also depends on the
vacancies created in the L-shell of the projectile ions during
the collisions. Further, the measured K-REC energy is
compared with the theoretically calculated K-REC energy
for various projectile charge states created during the ion-
solid collisions. The required K-shell binding energies
corresponding to the different projectile charge states have
been calculated with the multiconfiguration Dirac-Fock
method using GRASP2K code [42].

Having studied the basic properties of the REC process
through the K-REC x-ray energy and FWHM, we proceed
to the main objective of the present work, i.e., to obtain the
mean charge state of the projectile ion during the occur-
rence of the K-REC process. Knowing the binding energy
of the target electron in the initial state (L-shell of the
carbon atom), the binding energy of the final state (K-shell
of the projectile ion with various vacancies in higher
shells), where the target electron is going to be captured,
has been calculated using Eq. (1), as all other factors like
projectile mass and energy, are known. The K-shell binding
energy of the projectile ion so calculated represents the
resultant binding energies of the various projectile charge
states involved and can be defined as the mean K-shell
binding energy of the projectile ions. Next, the measured
mean K-shell binding energies of the projectile ions, which
explicitly define the electronic configuration of the pro-
jectile ions, are used to calculate the mean charge state of
the projectile ions. The corresponding mean charge state
of the projectile ion is approximated by the interpolation of
the theoretically calculated binding energy for the various
charge states. The results obtained for mean charge states
are portrayed in Fig. 5. The uncertainties in the mean
charge state measurements are calculated using the stan-
dard procedure of error propagation. The figure also
displays the mean charge state evolved in the bulk only
as measured using the characteristic K, x-ray transitions
[31]. As expected and discussed earlier, the values of

projectile mean charge states obtained from K-REC peak
structures (present work) found to be lower than the mean
charge states obtained from K, peak (earlier work [31]).
The mean charge state measurements using the K-REC
peak structures provide us an opportunity to examine the
above results with an intermediate stage. We see a notice-
able difference between the effect of only bulk as measured
from the K, peak and the bulk plus the REC processes as
done from K-REC peak. Note that the transition of the
electrons from L-shell to K-shell leads to K, emission and
thus no change in the ionic stage of the projectile ions
can take place during this process. Whereas, filling of the
K-vacancies of the projectile ions by the target electrons
either from the bulk or the exit surface gives rise to K-REC
radiation. Since the electron comes from outside the
projectile ion, the process changes the charge state by
one unit. Exactly, the difference of about one unit charge
is found for the Fe experiments. However, this difference
for Ni experiments is quite unusual; it is nearly of 2 units. It
thus indicates that another electron is possibly getting
captured with the projectile ions in the L-shell during
the K-REC process, which may be quite likely with
increasing charge state of the projectile ions. Hence, further
studies are very much required to reveal the trend in higher
as well as lower regions and then inferring the underlying
mechanisms.

Comparing these two data sets with the mean charge
state values obtained from the electromagnetic technique is
essential for elaborating the dynamic nature of charge-
changing processes at different regions (entrance surface,
bulk, and exit surface) of the ion-solid interaction.
However, no experimental data are available in the liter-
ature for the present energy range. Therefore, we have
compared the measured mean charge states (both K, and
K-REC) with the predictions of the empirical formalism,
e.g., Schiwietz formalism [34], shown in Fig. 5. At the
present energy range, the difference between experimental
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(K,) and empirical (Schiwietz formalism) mean charge
states is about 3.5 and 4 units in °Fe and ®Ni cases,
respectively. The comparison gives a peculiar picture
ensuring a fact that the mean charge states of the projectile
ions in the bulk is quite different from the mean charge
states measured after the collision process, i.e., when both
the bulk and surface are accounted.

Whereas, the distinction between the measurements
through the K-REC peak and the empirical results discerns
that the REC process is one of the important charge-
exchange processes originating at the surface; the role of
dynamic screening and wake effects may be vital. The
processes at the exit surface of the foil may include the
formation of excited projectile bound states as high as
Rydberg states due to nonradiative electron capture and
wake riding electron capture to circular Rydberg states
[13,14] occurred because of finite surface wake field
produced right at the exit surface [15,29]. The electrons,
captured at such high-lying Rydberg states, are quite long-
lived and therefore can be detected with the electromag-
netic techniques. Earlier measurements at low energies [9]
as well as at high energies [43—45] corroborate such facts.

Present measurements are potentially important to
explain some interesting facts, for example, Frey et al
[46] have measured that the stopping power of 1 MeV/u
8Ni ions vary considerably with the incident charge states.
The measurement shows that the stopping power increases
with the charge states. Though this trend is reproduced with
the theoretical calculations, however, the measured results
are much higher than the theoretical values [47]. Note that
the theoretical predictions make use of the incident charge
state values because of the fact that the post-collision
charge states are equal to the incident charge states. The
stopping power of the ions passing through the thin carbon
foils mostly depends on the ion-solid interactions in the
bulk of the foil as the stopping power at the solid surface is
comparatively very small [15]. Hence, the charge state
information in the bulk of the foil is essential to estimate the
stopping power correctly at the bulk, and such information
can be available from experiments as the present one.

V. CONCLUSION

In the present work, the REC process has been studied
for multielectron projectile ions. The mean K-shell binding
energies, FWHM, and mean charge states of *°Fe and **Ni
projectile ions passing through the carbon target have been
determined using the K-REC peak in the energy range of
1.65-3.03 MeV/u. The variation of the K-REC energy
shows a linear dependence on the increasing projectile
energy as expected. The large FWHM of the K-REC
profiles in the present measurements is responsible for
the FWHM contributions from the different REC peaks
originating at different energies corresponding to various
charge states produced in the ion-solid collisions. The
measured mean charge state values are compared with the

ones measured with the K, lines and the empirical values.
A notable difference has been found in the comparison
between these three sets. The difference between the
present mean charge state values and that obtained from
the K, measurements is due to the contributions from the
bulk and REC processes, whereas the difference between
the empirical and the present mean charge state values can
be ascribed to the contributions from nonradiative electron
capture processes at the exit surface in the influence of
dynamic screening and wake potential. It is worth mention-
ing that the electrons are captured at the long-lived Rydberg
states, so that radiative or autoionizing decay does not take
place before they are detected with the electromagnetic
techniques. The significant difference in the mean charge
state values for all three cases provides a clear indication
that the charge-changing processes at different regions are
disentangled and the charge state in the bulk is much larger
than the charge state as analyzed with the electromagnetic
technique. This fact explains well the difference between
the experiment and theory on the charge state dependent
stopping power values [46,47].
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