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Charge-state distributions in violent ion–atom collisions were investigated using a novel combination of
traditional Rutherford backscattering spectrometry (RBS), time-of-flight (TOF) coincidence, and position-
imaging techniques. The combination is termed Coincident Rutherford Backscattering Spectrometry
(CRBS). A special apparatus was built in which the backscattered and recoil ions are time and charge state
correlated. CRBS measurements for 0.5 and 0.6 MeV He+–Ar collisions are presented. From the recoil ion-
projectile ion coincidence measurements of the charge state distributions, it was observed that backscat-
tered projectile ions of the same charge state correlate with different recoil ion charge states and vice
versa, indicating that any particular charge state may result from different reaction channels. Moreover,
the Ar recoil-ion and He projectile-ion correlation exhibits a strong dependence on the projectile beam
energy. An energy deposition model was attempted to account for some of the recoil ion charge state dis-
tributions. The model qualitatively accounts for the distributions and confirms that energy loss of a back-
scattered projectile due to its interaction with the target electrons is very small compared to that due to
its interaction with the target nucleus.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction In this work, charge changing processes taking place in violent
It has been largely recognized that the main features of charge
exchange processes which are strongly correlated with energy loss
have been well established. Knowledge of the charge state distri-
butions in ion–matter interactions is of immense scientific and
technological importance. The development of man-made plasmas
[1,2] and estimation of beam lifetimes in accelerator devices [3] are
examples of applications that depend on the charge state evolution
of ions in matter.

Although the slowing down of ions in matter has been exten-
sively investigated for a long time, an accurate description based
on first principles of charge changing phenomena has not been
achieved. In particular, for the many-body collision processes
involving excitation and charge change of both the target and the
projectile ions, the available models for predicting the charge state
distributions are far from giving general results [4]. The lack of a
comprehensive understanding of the many-body collision pro-
cesses may, however, be taken as an indication of their high degree
of complexity [5]. This in turn motivates researchers to further
develop novel experimental techniques with the hope that a
thorough knowledge of ion–atom interactions involving charge
changing processes can be achieved.
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ion–atom collisions of He ion beams backscattered at 90� from
Ar atoms are investigated using a novel technique that combines
standard Rutherford backscattering spectrometry (RBS) with coin-
cidence measurements, this combination is termed Coincident
Rutherford Backscattering Spectrometry (CRBS). In this context,
the term ‘‘violent’’ is used here to indicate those collisions which
involve considerable momentum transfer and lead to the produc-
tion of multiply charged ions. The CRBS technique as such, com-
bines RBS measurements with time-of-flight (TOF) coincidence
and position imaging techniques, to simultaneously determine
the final charge state distributions of backscattered projectiles
and recoils that have undergone single collisions. This novel com-
bination provides much more detailed information than conven-
tional RBS. Additionally, CRBS measurements may shed some
light on the microscopic phenomena which dictate specific excita-
tion processes and may lead to a better understanding of the mac-
roscopic phenomena of energy loss and charge state evolution of
ions traversing gas targets as a prelude to simulate solid ones.

Over the years, several groups have performed investigations of
recoil ion charge state distributions in correlation with the scat-
tered projectiles of a given charge state, see e.g., Ref. [6]. These
measurements, however, were usually carried out in forward
scattering geometries. This limits comparison of the present CRBS
measurements with previous data; but does not prevent from
attempting a simple energy deposition model to explain the recoil
charge state distributions. It is worth mentioning that, to the best
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of our knowledge, our new approach of combining conventional
RBS with TOF in coincidence measurements has not been at-
tempted previously.
2. Experimental procedure and data processing

The CRBS measurements were performed using helium ion
beams produced by the 4.75 MeV University of Jordan Van de
Graaff Accelerator (JUVAC). A schematic diagram of the CRBS
experimental setup is shown in Fig. 1. The setup was locally
designed and built. Details concerning the design, fabrication,
and optimization of each part are available elsewhere [7]. The out-
line of the CRBS experimental procedure is as follows: singly
charged mono-energetic ions (He+ in this work) are accelerated
to the desired energy through a potential gradient. The projectile
ions are then bent by a 90� analyzing magnet. Beams of multiply
charged projectile ions (if desired) are produced by a gas stripper
installed between the analyzing and switching magnets. A beam
component having a specific charge state is then selected by the
switching magnet and allowed to pass through an 8.5 m beamline,
in which the pressure was typically about 4 � 10�6 mbar or better,
and finally defined through a set of apertures such that its final
diameter upon entering the collision chamber was 4 mm. Typical
projectile beam currents of about 6 lA were used.

In the collision chamber, the projectile ion beam interacts with
the target gas jet (Ar in this work) flowing at 90� relative to the
projectile ion beam (not shown in Fig. 1). The gas jet flow was ad-
justed to guarantee single collision conditions. While the exact tar-
get thickness within the jet is difficult to measure, the typical
backing pressure of the gas jet was about 0.2 mbar, and the typical
collision chamber pressure under these conditions was about
3 � 10�5 mbar.

The heart of the CRBS experiment is the coincident detection of
the backscattered projectile and the recoil target from individual
events. The projectile ions backscattered at 90� in the upward
direction perpendicular to the plane formed by the ion beam and
the gas jet were charge-analyzed by a multi-stage post-accelera-
tion column, which was locally built by Arafah et al. [8], and de-
tected by a passivated implanted planar silicon (PIPS) detector.
The recoil ions scattered through an angle of 42� in the downward
direction in the scattering plane were also charge-analyzed by a
parallel plate electrostatic analyzer (ESA) and finally detected by
a two-dimensional micro-channel-plate (MCP) position sensitive
detector.
Fig. 1. Schematic diagram of the Coincident Rutherford Backscattering Spectrome
Great care was taken to insure proper alignment throughout
each CRBS experiment including any position adjustment of the
MCP to achieve the best separation between the charge states of
the recoil ions and to maximize coincidence count rate. The coinci-
dence count rate was not more than 30% of the detected backscat-
tered projectile ions rate.

During experimental measurements, the target recoil ions of
various charge states were analyzed (separated) in the X-direction
by applying a uniform electric field between the two plates of the
ESA. The plates were held at equal and opposite potentials suitable
to separate the various charge states, of course, depending on the
energy and mass of the target recoil ions. The backscattered projec-
tile ions, on the other hand, were post-accelerated through an
applied voltage of �60 kV. The standard electronics for backscat-
tering measurements [9] and detector were all at negative poten-
tial (�60 kV) relative to the ground as shown in Fig. 1. They
were, therefore, coupled to the rest of the electronic system via fi-
ber optic links. The signal from each detector was then electroni-
cally processed [7] and the data were collected and saved in list
mode for off-line processing and data analysis using the Kmax soft-
ware [10].

The first step in data analysis was to construct the coincidence
spectrum of the measured TOF for all detected ion pairs, which al-
lows one to distinguish the real (true) coincidence signals from
random (false) coincidences as shown in Fig. 2. Events which cor-
respond to real coincidences were selected by filtering out all
events outside a specified region of interest (i.e., the true coinci-
dence peak) in the coincidence spectrum for further processing
by subsequent routines. For the selected events, the X and Y posi-
tions of the recoil ions and the energy of backscattered projectile
ions are determined, and hence, various representations of the col-
lisions can then be constructed.
3. Data manipulation and analysis

An added feature in CRBS measurements appears in the storage
of collected data in list mode utilizing the power of the Kmax data
acquisition software. A flashback or ‘‘playback’’ experiment can
always be performed in the off-line analysis mode where addi-
tional constraints on the data can be set through software gates
(conditions) imposed on the input data. This allows one to examine
the correlation between the charge states of recoil ions and back-
scattered projectiles. Suitable gates are generated by defining the
start and end channels of a certain backscattered projectile peak
try (CRBS) experimental setup (not to scale). Vacuum pumps are not shown.



Fig. 2. A time-of-flight (TOF) coincidence spectrum for the 0.5 MeV He+–Ar collision
system.

H. Sa’adeh et al. / Nuclear Instruments and Methods in Physics Research B 269 (2011) 2111–2116 2113
representing a particular projectile charge state. The recoil ion
charge state distribution corresponding to this particular peak is
then obtained.

To assist with the evaluation of the results, the relative yields of
the different recoil ion charge states were obtained using a com-
mon practice and physically acceptable fitting procedure applied
to the collected spectra representing the charge state distributions
of recoil ions [7]. The measured spectra were quantified by resolv-
ing them into individual peaks using a defined ‘‘Gaussian-Like’’
function, taking into account that successive charge states repre-
sented by the successive separated peaks of any distribution must
be equidistant on the MCP and must have the same profile. The rel-
ative area of each peak (the area of the peak normalized to the total
area of all peaks) adequately represents the relative yield of each
charge state.
4. Theoretical background: Energy deposition model

Müller et al. [11] developed a statistical approach, termed as the
energy deposition model, to calculate multiple ionization probabil-
ities for target ions produced in slow multi-electron capture colli-
sions of multiply charged ions and atoms. The basic idea of the
energy deposition model is that the collision leaves the target atom
with a substantial potential energy. This energy is statistically dis-
tributed between the electrons in the outer shell of the target atom
and hence the electrons which initially belong to the target may
‘‘evaporate’’. The mathematical approach for this model is, how-
ever, based on a statistical distribution of deposited energy Ed

among N outer shell electrons of the target. The probability Pn (N,
Ed) that n electrons gain enough energy to overcome the average
ionization potential, Ia, and escape from the target is given by [11]:

PnðN; EdÞ ¼
N!

n!ðN � nÞ!

�
XL

j¼0

ð�1Þj ðN � nÞ!
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The average ionization potential of the electrons ‘‘boiling off’’
the target can be obtained from the tabulated ionization energies
(see e.g., Ref. [12]) for the target atom and projectile ion, and L is
defined by [11]:

nþ L 6 ðEd=IaÞ 6 nþ Lþ 1

Eq. (1) has also been derived earlier by Russek [13] in his statis-
tical theory for ionization produced by high energy atomic
collisions.
According to Eq. (1), the energy deposition model provides a
method for predicting relative yields of target ion charge states
based on information obtained from ionization energies. Using
this model as a guidance, formulation of the ‘‘energy deposition
in the target atom’’ is proposed here as an attempt to get a feel-
ing for the physics involved in violent ion–atom collisions stud-
ied in CRBS experiments. It is assumed that an amount of energy
Ed not less than the energy required to sequentially ionize n
electrons is deposited in the target’s outer shell electrons during
the collision regardless of the final charge state of the projectile,
i.e.,
Ed P
Xn�1

j¼0

IðjÞ ð2Þ

The proposed model basically involves a two-stage calculation.
First, the average ionization potential is calculated by:
Ia ¼
1
n

Xn�1

j¼0

IðjÞ ð3Þ

The second stage involves estimation of Ed according to Eq. (2).
The relative yields of the target recoil ion charge states are then
calculated using Eq. (1). Justification of the proposed model can
be discussed in light of the mean charge state im of the target recoil
ions, given by:
im ¼
X

i

iPi ð4Þ

where Pi is the relative yield of the charge state i, calculated from
Eq. (1) or determined experimentally. Such a criterion has been
adopted by many investigators; see e.g., Ref. [11].

The above treatment using the proposed model is clearly an
oversimplification. However, it is useful to investigate to what ex-
tent such simple concepts can be applied. In this work, the predic-
tions of this modeling attempt for the He+–Ar system are tested
against the CRBS results.
5. Results and discussion

5.1. The 0.5 MeV He+–Ar collision system

Fig. 3 shows a two-dimensional correlation scatter plot repre-
senting coincidences between the backscattered projectiles and re-
coil ions for the 0.5 MeV He+–Ar collision system. Projection onto
the horizontal axis provides the total energy spectrum of the back-
scattered projectile ions which in turn represents their charge state
distribution, while projection onto the vertical axis provides the to-
tal recoil ion X-position spectrum on the MCP which in turn repre-
sents the total recoil ion charge state distribution. The X-position
spectrum of the Argon recoil ions is shown again in Fig. 4. Accord-
ing to these results, the Argon recoil ions form a broad distribution
of equidistant charge states of varying intensities ranging from
neutral up to Ar6+. The distribution exhibits a maximum intensity
for charge state 2+ (about 27%), while a minimum intensity is
noted for charge state 6+ (about 3%). The neutral fraction consti-
tutes about 7% of the distribution. In addition to the charge state
of the incident projectile beam (He+), peaks corresponding to He0

and He2+ are observed. The energy shift between the successive
He charge states is, of course, 60 keV. At this projectile impact en-
ergy of 0.5 MeV, He+ contributes more than 55% to the backscat-
tered projectile ions.



Fig. 3. A two-dimensional correlation scatter plot representing coincidences between the backscattered projectiles and recoil ions for the 0.5 MeV He+–Ar collision system.
Projection onto the horizontal axis provides the total energy spectrum of the backscattered projectile ions, while projection onto the vertical axis provides the total recoil ion
X-position spectrum.

Fig. 4. X-position spectrum of the recoil ions for the 0.5 MeV He+–Ar collision
system. The spectrum represents the charge state distribution of the recoil ions.

Fig. 5. Charge state distributions of (a) backscattered projectile ions, and (b) target
recoil ions for the 0.5 and 0.6 MeV He+–Ar collision systems.
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5.2. Comparison of the two sets of results for 0.5 and 0.6 MeV He+–Ar
collisions

Data analysis for the 0.6 MeV He+–Ar collision system, not
shown here, was carried out in the same manner as for 0.5 MeV
He+–Ar collision. The results exhibit a broad charge state distribu-
tion with an overall recoil-ion and projectile-ion correlation. A
comparison between the set of results at 0.5 and 0.6 MeV He+–Ar
collisions enables one to investigate the energy dependence of
charge state distributions of both the target recoil ions and the
backscattered projectile ions.

Fig. 5a shows the charge state distributions of helium backscat-
tered projectiles for the impact energies of 0.5 and 0.6 MeV. One
notices that with increasing projectile energy, the relative yield
of He2+ surpasses that of He+, while that of He0 remains essentially
the same at about 3%. This tendency agrees well with what we
found previously for He+ ions backscattered at 90� from krypton
atoms [14].
In Fig. 5b, a comparison of the charge state distributions of
argon recoils at 0.5 and 0.6 MeV He+–Ar collisions is presented. A
clear shift towards higher recoil ion charge states is observed with
increasing projectile impact energy. In fact, Ar7+ recoils are
collisionally produced at 0.6 MeV projectile energy while Ar6+

was the highest observed charge state at the lower projectile
energy of 0.5 MeV. Also, Ar2+ ions enjoyed the highest ion yield
at 0.5 MeV, while Ar3+ and Ar4+ dominated the distributions at
0.6 MeV. These observations can be better understood by



Fig. 7. Measured and calculated relative yields of Ari+ recoil ions in the He+–Ar
collision systems for incident energies of (a) 0.5 MeV and (b) 0.6 MeV.
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investigating the correlation between the Ar recoil ions and He
projectile ions as a function of projectile beam energy.

The relative yields of argon recoil ions when gated on He+ and
on He2+projectile ions, respectively, are presented in Fig. 6a and
b for both helium projectile energies of 0.5 and 0.6 MeV. It is obvi-
ous that the relative importance of neutral helium at these projec-
tile energies is very low. The fact that this set of measurements
includes the distribution of different recoil ion charge states de-
tected in coincidence with particular charge states of the backscat-
tered projectile ions indicates that an overall recoil ion–projectile
ion correlation is obtained. Clearly, backscattered projectile ions
of the same charge state may result from different reaction chan-
nels, which is an indication of the complexity of these collision sys-
tems. Once again, with increasing projectile energy, higher yields
of the higher charge states are produced. As obvious from Fig. 6a,
the He+ backscattered projectile ions are mostly correlated with
Ar2+ and Ar3+ recoil ions at 0.5 MeV projectile energy. As the pro-
jectile energy increases to 0.6 MeV, the relative yield of Ar2+ de-
creases sharply and He+ appears mostly correlated with Ar3+ and
Ar4+. For the doubly charged backscattered projectiles He2+, as
shown in Fig. 6b, argon atoms are mostly stripped into comparable
amounts of Ar2+, Ar3+ and Ar4+ at both 0.5 and 0.6 MeV projectile
energies. A significantly higher yield of Ar5+ is observed, however,
at 0.6 MeV compared to that at 0.5 MeV.

The above experimental findings show that the correlation be-
tween Ar recoil ions and backscattered He projectile ions exhibits
strong dependence on the projectile beam energy. The correlation
reveals that with increasing projectile energy, the He+–Ar collision
system generally produces not only higher yields of the higher re-
coil ion charge states, but also higher yields of He2+ backscattered
projectiles. The He+–Ar collision system therefore becomes a highly
ionizing collision with increasing projectile energy. It is therefore
concluded that, a systematic and extensive study is needed over
a wide energy range to reveal more details about recoil ion and
projectile ion correlations in different collision systems.
Fig. 6. Recoil charge state distributions for the 0.5 and 0.6 MeV He+–Ar collision
systems gated on (a) He+ and (b) He2+ backscattered ions.
5.3. Modeling of He+–Ar based on energy deposition model

In Fig. 7, the measured and calculated relative yields of the dif-
ferent Ar recoil ion charge states produced in the CRBS experi-
ments, for both the 0.5 and 0.6 MeV He+–Ar collision systems are
presented. For the 0.5 MeV He+–Ar collision system, the best choice
of the deposited energy (�360 eV) at which the calculated mean
charge state matches the experimental value is about seven times
the average ionization potential of the six least bound electrons,
whereas for the 0.6 MeV He+–Ar collision system, the correspond-
ing value (�530 eV) is about eight and a half times the average ion-
ization potential of the seven least bound electrons. The model
relative yields are in fairly good qualitative agreement with the
experimental yields. The results strongly hint that the contribution
to energy loss of backscattered projectile ions resulting from inter-
actions with target electrons is very small compared to that due to
the interaction with the target nucleus.

It should be emphasized that despite the qualitative agreement,
the model does not predict accurately the relative yields of the dif-
ferent recoil ion charge states. The model generally underestimates
the relative yields of the low and high charge states while it signif-
icantly overestimates the yields of the intermediate charge states.
6. Conclusions

In conclusion, the present set of experiments represents the
first measurements using the novel technique of Coincident
Rutherford Backscattering Spectrometry (CRBS). Correlation be-
tween backscattered and recoil ions in violent ion–atom (He+–Ar)
collisions was investigated. The method proved more powerful
than conventional RBS due to its ability to investigate the charge
state distributions of both target recoil ions and backscattered pro-
jectiles simultaneously. An overall Recoil ion and projectile ion cor-
relation was recorded, where the backscattered projectile ions of
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the same charge state were shown to result from different reaction
channels. It was found that the correlation depends strongly on the
projectile beam energy. The results were compared with energy
deposition model predictions and fairly good qualitative agree-
ments were observed for the recoil ion charge state distributions,
indicating that energy loss of the backscattered projectile due to
interaction with the target electrons is very small compared to that
due to its interaction with the target nucleus. The present work
serves as a motivation for future work to gain better understanding
of complex collision systems.
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