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The energy dependence of the charge-state fractions of 4He ions backscattered at 90� from Kr gas target
atoms was investigated for impact energies varying from 0.4 to 2.0 MeV. The fractions were measured
using a small electrostatic post-accelerator system. The measured fractions were compared with previous
literature results for backscattered 4He ions from solid targets, and with results for transmitted 4He ions
through foils. It is observed that the charge-state distributions are strikingly identical for the Kr gas and
solid targets, within the investigated energy range. The fractions were also found to be insensitive to the
incident ion charge-state within the investigated energy range. The findings suggest that, for both gas and
solid targets, any memory of the incident ion charge-state is lost during the early stages of the interac-
tions and that the final charge-state distribution is determined during the final stages. A semi-classical
theoretical approach based on the early Bohr theory and suggested by Bianconi et al. [18] was attempted
and accounted reasonably well for the experimental results.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

The evolution of charge state distributions (CSDs) of energetic
ions as a result of electron loss and capture processes taking place
in ion–gas and ion–solid interactions has been thoroughly
reviewed not so long ago by Geissel et al. [1]. Several other studies
have also been reported since then (see, e.g., Refs. [2–6] and refer-
ences therein). Knowledge of the CSD is of particular interest to
ion–atom interactions, energy loss processes, stopping power mea-
surements, and nuclear track experiments (see, e.g., Refs. [7,8]).
Previous studies used different techniques to separate the charge
states of backscattered ions from solid targets. For example, a con-
stant applied voltage was used to electrically charge the target in a
novel biased target geometry that caused the separation of the
charge state components by accelerating the backscattered ions
based on their charge states [9]. This may lead, however, to compli-
cations with complex targets and eventually fails when the inves-
tigated material is an insulator [10]. An efficient approach for
determining the charge state fractions of backscattered ions was
introduced by Arafah et al. [11] where the charge states were
separated from each other by post-accelerating the ions and then
measuring all charge states in a single surface-barrier detector.
This ensures that variations inherent in the experimental
conditions are minimized. This method was used to measure the
charge states [11] and the equilibrium charge state fractions and
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distributions of 4He ions backscattered from gold films [12].
Several statistical models have been utilized to account for the
observed macroscopic CSD in ion–solid interactions [12–14]. While
some of the main features can be accounted for, statistical models
are far from giving a general description for all cases. In order to
better understand the complex ion–solid interactions and develop
physical models that can account for the measured distributions, a
microscopic view is needed for the individual ion–atom collision
processes.

The Rutherford backscattering spectrometry (RBS) technique has
been recognized as a powerful analytical tool in studying energy
loss processes [15] and CSD in ion–solid interactions. Although
knowledge of CSD of ions backscattered from gaseous targets is
essential for understanding ion–solid interactions, such studies
are still rare. In order to bridge the gap, we have recently reported
on coincidence measurements of the charge states of both backscat-
tered projectile and recoil target ions in violent collisions of helium
ions with Ar gas targets [16]. In this work, we report on complemen-
tary measurements of the charge-state fractions of backscattered
helium ions at 90� following interactions of 4He+ and 4He2+ incident
ion beams with Kr gas targets for incidence energies between 0.4
and 2.0 MeV. To the best of our knowledge, no backscattering mea-
surements from gaseous targets other than those of Sa’adeh et al.
[16] and the present measurements have been reported.
2. Experimental procedure and data acquisition

The present set of experiments was performed using the
4.75 MeV University of Jordan Van de Graaff Accelerator (JUVAC).

http://dx.doi.org/10.1016/j.nimb.2011.10.013
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A schematic diagram of the experimental setup is shown in Fig. 1.
Singly charged mono-energetic 4He+ ions were accelerated to the
desired energy and bent through 90� by an analyzing magnet. Mul-
tiply charged ions (4He2+ in this work) were produced by means of
a gas stripper mounted between the analyzing and switching mag-
nets [17]. An ion beam with the desired charge state was then
selected by the switching magnet and allowed to pass through
an 8.5 m-long beamline in which the pressure was better than
4 � 10�6 mbar. Before entering the collision chamber, the ion beam
passed through a pair of defining apertures such that its final diam-
eter was 4 mm. In the collision chamber, the incident ion beam
interacted with a Kr target gas jet (not shown in Fig. 1) flowing
at 90� relative to the projectile ion beam. The pressure within
the gas jet is difficult to measure, however, the collision chamber
pressure is representative of the jet pressure and was maintained
at 8 � 10�5 mbar or less during gas jet flow to ensure single colli-
sion conditions as will be discussed later. The 4He ions backscat-
tered at 90� were then charge-analyzed (into 4He0, 4He+, and
4He2+) by a post-accelerator system and detected by a surface bar-
rier detector (SBD) placed above the target 1 m away. The SBD and
the conventional electronics needed for the RBS measurements
were all set at negative potential (�60 kV) relative to ground. More
details about the post-acceleration system are found elsewhere
[11].

All RBS energy spectra were measured without post-accelera-
tion and with a post-acceleration voltage of �60 kV. According to
conventional RBS kinematics [15], without post-acceleration, a sin-
gle peak at a scattered energy of E = kE0 in the RBS spectrum will
result from all backscattering events of 4He ions from Kr target
atoms, where E0 is the incident ion energy, and k is the well known
RBS kinematic factor. For 4He ions backscattered at 90� from Kr
atoms, k � 0.91. With post-acceleration of �60 kV, the initially sin-
gle 4He–Kr peak is resolved into three peaks corresponding to the
4He0, 4He+, and 4He2+ components within the backscattered beam,
where the energy separation between any two successive peaks is
equivalent to the magnitude of the post-acceleration voltage
60 keV.

Since the applied voltage of�60 kV far exceeds the detector res-
olution estimated at 12 keV full-width-at-half-maximum (FWHM),
the resulting peaks are all distinguishable and well-resolved.
Therefore, the area under each peak is a measure of the corre-
sponding charge-state fraction. The backscattered fractions of
Fig. 1. Schematic diagram of the experimental setup
4He0, 4He+, and 4He2+ were calculated by normalizing each area
to the total backscattered yield.

3. Theoretical approach

The semi-classical approach developed by Bianconi et al. [18] to
simulate charge state fractions of 4He ions transmitted through sil-
icon is adopted in this work. For incident singly charged helium
ions, they obtained the charge state fractions of transmitted 4Hei+

ions fi (i = 0,1,2,
P

fi = 1) using cross sections for charge changing
processes of 4He+

M
4He2+ that were calculated based on the early

theory of Bohr [19]. A description of their approach is given below
for completeness.

The approach involves a three-step calculation. First, the exper-
imentally measured values of the neutral component f0 are fitted
as a function of the detected energy. In the second step, the fitted
neutral component is used to simulate the experimentally deter-
mined f2 distribution using the formula:

f2 ¼
1� f0

1þ rC=rL
: ð1Þ

In Eq. (1) rC is the capture cross-section of the 4He2+ ? 4He+

charge exchange process calculated based on either Bohr’s theory
taking into account only the electrons that match the incident
ion velocity (i.e., Bohr’s formula), namely,

rC ¼
3pa2

0Z5
i Z1=3

t

ðv=v0Þ6
; ð2Þ

or based on Bohr’s theory limited to the contribution of the Si-L
shell electrons (Bohr–Shell), namely,

rC ¼
pa2

0Z2
i

ðv=v0Þ4
2mv2

I
� 1

� �
Ziv0

v

� �3

Z1=3
t ðu=v0Þ; ð3Þ

where v is the projectile velocity; Zi and Zt are the projectile and tar-
get atomic numbers, respectively; a0 and v0 are the Bohr radius and
velocity, respectively; m is the electronic mass; u is the orbital veloc-
ity; and I is the ionization energy for the target electrons. For the Kr
target used in the present work, Bohr’s theory will be limited to the
contribution of the Kr-N shell electrons when applying Eq. (3).

rL in Eq. (1) is the loss cross-section of the 4He+ ? 4He2+ charge
changing process and includes both the contribution of the valence
(not to scale). Vacuum pumps are not shown.
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electrons rl,e, and the contribution of the screened target nucleus
rl,a. The valence electrons contribution is given by:

rl;e ¼
4pa2

0Nv

ðv=v0Þ4
ðv=v0Þ2

Z2
i

� 1

 !
; ð4Þ

where Nv is the number of valence electrons (Nv = 8 for the Kr target
used in this work). The screened target nucleus contribution is
given by:

rl;a ¼
2pa2

0Z2=3
t

e ðv=v0Þ2

Zi
pðv=v0Þ

� 1
� �2

1� Zi
pðv=v0Þ

� 1
� �2

0
B@

1
CA; ð5Þ

where e is the Neperian number. Finally, the simulation of the frac-
tions f1 is obtained from the normalization conditionX

i

fi ¼ 1: ð6Þ
4. Results and discussion

4.1. Pressure dependence

Typical experiments on charge-changing collisions in gas tar-
gets are usually performed at relatively low pressures. This is nec-
essary to reduce the probability that the incident particles suffer
more than one atomic collision with the target atoms while tra-
versing the collision chamber [20]. To ensure that single collision
conditions prevail in the present measurements, an investigation
of the pressure dependence of the CSD of the backscattered ions
preceded the set of measurements reported in this work.

Fig. 2 shows the ratio (4He+/4He2+) of the yields of backscattered
4He+ and 4He2+ ions resulting from collisions of 0.5 MeV 4He+ ion
beam with Kr gas atoms as a function of the collision chamber
pressure; which is representative of the Kr gas jet pressure. The fig-
ure clearly demonstrates that the ratio exhibits no observed
dependence (to within ±0.1) on the collision chamber pressure
up to about 2 � 10�4 mbar. Indeed, for all subsequent measure-
ments, the gas jet flow was adjusted to maintain a collision cham-
ber pressure of about 8 � 10�5 mbar or less, thus ensuring single
atomic collision conditions over the entire examined energy range.
Such a collision chamber pressure corresponds to a gas jet source
pressure of about 0.25 mbar.
Fig. 2. Ratio of the yields of backscattered 4He+ and 4He2+ ions resulting from
collisions of 0.5 MeV 4He+ ion beam with Kr gas atoms as a function of the collision
chamber pressure as a representative of the Kr gas jet pressure. The solid line is an
exponential-growth fit.
While no measurements have been made at collision chamber
pressures higher than 8 � 10�5 mbar, the rapid increase in the
(4He+/4He2+) ratio for pressures above 2 � 10�4 mbar is worth
explaining. As will be shown in Section 4.2, the fraction of back-
scattered neutral He is very small compared to the 4He+ and
4He2+ fractions and will be ignored for the purpose of explaining
the pressure dependence of the ratio. From the measurements of
DuBois [21,22], the electron capture cross section in 4He2+ on Kr
collisions at 0.4 MeV impact energy, which is close to the energy
of the backscattered ions of 0.45 MeV, is rc = 5.7 � 10�16 cm2 while
that for electron loss in 4He+ on Kr collisions is rl = 0.5 � 10�16 cm2.
The actual cross sections at the backscattered ions energy of
0.45 MeV will not differ significantly. The mean free path k for a
process with a cross section r is given by k = 1/nr, where n is the
target density in atoms/cm3. The ratio of the mean free path for
electron loss to that for electron capture is then kl/kC = rC/rl � 11.
For low enough collision chamber pressures where the target
density ensures single collision conditions, both kl and kC are large
and double collisions are negligible. As the pressure is increased,
both kl and kC become smaller and the probability for double colli-
sions increases. The final charge state fractions are then deter-
mined by the competition between electron capture and electron
loss processes. Since kC� kl, it is very likely that several 4He2+ ions
capture electrons to become 4He+ before one 4He+ ion loses an elec-
tron to become 4He2+. The net result is an increase in the fraction of
4He+ at the expense of 4He2+, which explains the rapid increase in
the (4He+/4He2+) ratio with increasing pressure.

4.2. Measurement of the charge-state distributions

Fig. 3 shows a representative set of normalized energy spectra
reflecting the CSD of post-accelerated backscattered 4Heq+ ions
resulting from collisions of 4He+ ions with Kr gas atoms for a num-
ber of incident ion energies. The area under each charge-state peak
is proportional to the charge-state fraction. Similar spectra for inci-
dent 4He2+ ions (not shown here) were also obtained. Fig. 4 sum-
marizes the results of the backscattered charge-state fractions for
incident 4He+ and 4He2+ ion beams as a function of the backscat-
tered ion energy. For comparison, literature data from ion–solid
interactions for backscattering (Arafah et al. [11]) and transmission
(Armstrong et al. [23]) measurements are also shown on the same
graph.

Several remarks can be drawn from Figs. 3 and 4. An important
first observation is that the charge-state fractions of backscattered
ions resulting from collisions of both 4He+ and 4He2+ projectile ions
with Kr atoms are essentially indistinguishable as can be easily
seen in Fig. 4. This insensitivity to the charge-states of the incident
ions suggests that these violent collisions that are characterized by
small impact parameters, where the projectile ions penetrate deep
into the electronic clouds of the target atoms, can be thought of as
consisting of two parts. The first part is the ‘‘way in’’ to the collision
during which the collision system approaches the distance of
closest approach. During this part any memory of the incident
charge-state is erased due to the complex projectile nucleus–target
electrons, projectile electrons–target nucleus, and projectile elec-
trons–target electrons interactions. The second part is the ‘‘way
out’’ of the collision where the projectile and target nuclei recede
from each other. The final charge-states of the backscattered ions
are determined during this part as a result of the same set of com-
plex interactions mentioned above.

A second observation is that all three possible charge states of
backscattered helium ions (4He0, 4He+, and 4He2+) are clearly
observed in Fig. 3 at the lower impact energies, while only singly
and doubly charged ions emerge at the highest impact energies.
The RBS energy spectra are dominated by 4He2+ for impact energies
above 0.6 MeV while 4He+ dominates for the lower impact



Fig. 3. Normalized energy spectra reflecting the charge-state distributions (CSD) of post-accelerated backscattered 4Heq+ ions resulting from collisions of 4He+ ions with Kr
gas atoms for a number of incident ion energies E0.

Fig. 4. Normalized charge-state fractions of 4He+ and 4He2+ projectile ions
backscattered from Kr atoms as a function of backscattered ion energy. For
comparison, fractions due to backscattering from gold as a function of backscat-
tered ion energy (Arafah et al. [11]), and due to transmission through carbon foils as
a function of transmitted ion energy (Armstrong et al. [23]) are also plotted.

36 H. Sa’adeh et al. / Nuclear Instruments and Methods in Physics Research B 271 (2012) 33–38
energies. For impact energies above 1.2 MeV, 4He2+ represents
approximately 90% of the backscattered ions, reflecting the
dominance of projectile electron loss and ionization over electron
capture processes at these energies. Neutral helium 4He0 has the
smallest charge-state fraction throughout the entire impact energy
range in the present measurements with a maximum value of
about 7% at 0.4 MeV. The neutral component essentially disappears
at energies above 1.0 MeV. The increased neutralization probabil-
ity with decreasing incident energy is a reflection of the enhance-
ment of electron capture cross sections as the backscattered ion
velocity becomes comparable to the orbital velocities of the target
outer-shell electrons.

Perhaps the most striking observation is that the charge-state
fractions of 4He ions backscattered from or transmitted through so-
lid targets coincide with those of backscattered ions from Kr atoms
in the present measurements. Considering that solid targets are
about 10 orders of magnitude denser than the Kr gas target used
in the present measurements where single collision conditions
prevailed, the similarity of the charge-state distributions is indeed
astonishing. The similarity lends further support to the earlier
explanation for the insensitivity to the incident ion charge-state
where the final charge-state of the ion is believed to be determined
on the ‘‘way out’’ of the collision. In transmission studies through
foils, the incident ion undergoes a number of collisions while tra-
versing the foil, and any memory of the initial charge-state is likely
to be erased during these collisions. It is then very likely that the



Fig. 6. Charge-state ratios 4He+/4He2+ of backscattered ions resulting from the
interaction of 4He+ projectile ions with Kr target atoms as a function of backscat-
tered ion energy. Backscattering data from gold (Arafah et al. [11]) are also shown.
The lines are simulations of the f1/f2 ratio based on the theory of Bohr as discussed
in Section 3.
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final charge-state of the ion is determined in the last collision on
the ‘‘way out’’ of the foil. For backscattering from solid targets mea-
surements, backscattering may be due to interactions with the first
atomic layer at the surface and in this case the same explanation
discussed earlier for backscattering from Kr atoms applies, or back-
scattering may be due to interactions inside the solid target and in
this case the same explanation used for transmission through foils
applies on the ‘‘way back out’’ of the solid target. While these ideas
may be too simplistic, the unifying features for the different types
of measurements strongly suggest that simple theoretical models
might be able to account for the observations.

4.3. Simulation of the 4He+/4He2+ ratio

The neutral fraction f0 of backscattered 4He ions from Kr atoms
measured in the present work is displayed as a function of the
backscattered ion energy in Fig. 5. The experimental data were rea-
sonably represented by the function:

f0 ¼

0:06; E � 0:46 MeV
expð�6:17EÞ; 0:46 MeV � E � 0:75 MeV
0:01; 0:75 MeV � E � 1:1 MeV
0; 1:1 MeV < E � 2 MeV

8>>><
>>>:

9>>>=
>>>;

ð7Þ

Using f0 from Eq. (7), the fractional distributions f2 and f1 were
simulated using Eqs. (1) and (6), respectively, and then the
4He+/4He2+ ratio (i.e., f1/f2) was calculated over the investigated
backscattering energy range and plotted together with the experi-
mentally determined ratio in Fig. 6. For comparison, backscattering
data from a gold solid target from the measurements of Arafah et
al. [11] are also plotted on the same figure.

Both sets of experimental ratios, the present one due to back-
scattering from the krypton gas target and the one due to backscat-
tering from the gold solid target of Arafah et al. [11] decrease
monotonically with increasing backscattering energy of the 4Heq+

ions. While some variation is observed at the lower energies, both
sets converge to each other and essentially coincide as the back-
scattering energy increases, clearly indicating that the ratio is
insensitive to the target nuclear charge (ZKr = 36, ZAu = 79) over
most of the investigated energy range. Fig. 6 reveals that the sim-
ulations of the 4He+/4He2+ ratio for both the krypton and gold tar-
gets based on the Bohr formula, Eq. (2), are essentially identical
and closely mimic both sets of experimental ratios over the entire
backscattering energy range. On the other hand, the simulations
based on Bohr–Shell, Eq. (3), significantly deviate from the
Fig. 5. Neutral fraction (f0) of backscattered ions resulting from the interaction of
4He+ projectile ions with Kr target atoms as a function of backscattered ion energy.
The solid lines are representations of f0 as given by Eq. (7).
experimental ratios as the backscattering energy decreases. A sim-
ilar conclusion concerning the Bohr–Shell simulation was reached
by Bianconi et al. [18]. The fact that the Bohr formula simulations
support the experimental observations that the ratio is insensitive
to the target nuclear charge, and their success in closely mimicking
the experimental ratios, suggest that this semi-classical theoretical
approach may indeed be used to predict reasonable CSD.

The similar overall features for the different types of measure-
ments of CSD (backscattering from gases, backscattering from sol-
ids, and transmission through solids) as shown in Fig. 4, and the
fair success of the semi-classical approach of Bianconi et al. [18]
based on the Bohr theory in closely mimicking the CSD from the
different types of measurements (backscattering from gases in
the present work, backscattering from solids by Arafah et al. [11],
and transmission through solids by Bianconi et al. [18]) lend cred-
ibility to our earlier argument that simple theoretical models
might be able to account for the observed CSD. Indeed, the
approach of Bianconi et al. [18] effectively treats the complex set
of interactions of incident ions with solids as single collision events
between projectile ions and solid target atoms in which the com-
petition between electron capture, electron loss, and pure target
ionization (i.e., no projectile ion charge-change) dictates the final
collision outcome which translates into the final CSD of the projec-
tile ions. This, however, is exactly the scenario in the present mea-
surements where single collision conditions prevail and the
observed final CSD of the backscattered projectile ions are the out-
comes of single projectile ion–target atom violent collisions.

The reconciliation between the fact that during transmission
through or backscattering from solids the incident ion undergoes
multiple collisions, and the validity of models based on single col-
lision assumptions lies in the premise of erasing any memory of
the initial charge-state of the projectile ion during collisions lead-
ing to the final interaction. Evidently, loss of any memory of the
initial charge-state of the projectile ion is not limited to ion–solid
interactions but extends to backscattering from gaseous targets
as discussed earlier and demonstrated in Fig. 4. This reflects the
high complexity of these violent ion–atom collisions, which also
finds supporting evidence in the recently reported studies of
backscattered helium ions from argon gas targets using the tech-
nique of coincident Rutherford backscattering spectrometry
(Sa’adeh et al. [16]) where target recoil ion charge-states as high
as Ar7+ have been observed. As discussed earlier it is likely that
the projectile ion loses memory of its initial charge-state in the first
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half of the collision, the ‘‘way in’’, and the final charge-state is then
determined in the second half of the collision, the ‘‘way out’’.
Apparently, it is the complexity of the different types of interac-
tions discussed above that makes their outcomes amenable to
predictions by simple models.

5. Conclusions

We have investigated the dependence of the charge-state distri-
butions of 4He ions backscattered at 90� from Kr gas target atoms
on the backscattered ion energy and on the incident ion charge-
state under single collision conditions. The distributions resulting
from these violent ion–atom collisions were found to be insensitive
to the incident ion charge-state within the investigated energy
range. The distributions were also found to be identical to distribu-
tions reported in the literature resulting from backscattering of 4He
ions from and transmission of 4He ions through solid targets. It is
suggested that, for both gas and solid targets, the memory of the
incident ion charge-state is lost during the early stages of the inter-
actions and that the final charge-state distribution is determined
during the final stages. The semi-classical theoretical approach
based on the early Bohr theory that was suggested by Bianconi et
al. [18] was applied and accounted reasonably well for the exper-
imental results despite the simplicity of the approach and the com-
plexity of the interactions.

Acknowledgements

We would like to thank the staff at JUVAC and the Mechanical
Workshop at the Department of Physics for their immense help
during the modification of the experimental setup and during the
experimental measurements. Partial financial support from the
Deanship of Academic Research of The University of Jordan is
acknowledged.

References

[1] H. Geissel, H. Weick, C. Scheindenberger, R. Bimbot, D. Gardes, Experimental
studies of heavy-ion slowing down in matter, Nucl. Instrum. Methods Phys.
Res., Sect. B 195 (2002) 3–54.

[2] A.N. Perumal, V. Horvat, R.L. Watson, Y. Peng, K.S. Fruchey, Cross sections for
charge change in argon and equilibrium charge states of 3.5 MeV/amu
uranium ions passing through argon and carbon targets, Nucl. Instrum.
Methods Phys. Res., Sect. B 227 (2005) 251–260.

[3] G. Bollen, D.J. Morrissey, S. Schwarz, A study of gas-stopping of intense
energetic rare isotope beams, Nucl. Instrum. Methods Phys. Res., Sect. A 550
(2005) 27–38.
[4] A. Itoh, K. Nose, Y. Hamamoto, T. Mizuno, K. Ishii, Charge-changing cross
sections of fast H0,1+ and He0,1+,2+ projectiles in C60, Phys. Rev. A 72 (2005)
052718-1–7.

[5] M. Imai, M. Sataka, K. Kawatsura, K. Takahiro, K. Komaki, H. Shibata, H. Sugai,
K. Nishio, Equilibrium and non-equilibrium charge-state distributions of
2 MeV/u sulfur ions passing through carbon foils, Nucl. Instrum. Methods
Phys. Res., Sect. B 267 (2009) 2675–2679.

[6] C. Schmitt, J.A. LaVerne, D. Robertson, M. Bowers, W. Lu, P. Collon, Target
dependence for low-Z ion charge state fractions, Nucl. Instrum. Methods Phys.
Res., Sect. B 269 (2011) 721–728.

[7] R. Schramm, D. Hofmann, P. Koschar, H. Frischkorn, J. Kemmler, E. Rohrbach,
K.O. Groeneveld, Equilibrium charge state distributions of beam foil excited
molecular fragments exiting carbon foils, Il Nuovo Cimento D 7 (1986) 203–
211.

[8] H.D. Betz, Charge states and charge-changing cross sections of fast heavy ions
penetrating through gaseous and solid media, Rev. Mod. Phys. 44 (1972) 465–
539.

[9] A. Lurio, J.F. Ziegler, Charge states of backscattered He ions, in: I.A. Sellin, D.J.
Pegg (Eds.), Beam Foil Spectroscopy, vol. 2, Plenum Press, New York, 1976, pp.
665–702.

[10] J.D. Meyer, D.-E. Arafah, Influence of electronic charge compensation on
Rutherford backscattering spectra of biased insulators, Nucl. Instrum. Methods
Phys. Res., Sect. B 50 (1990) 109–113.

[11] D.-E. Arafah, J.D. Meyer, H. Sharabati, A. Mahmoud, Charge-state
measurements of backscattered ions from Au films, Phys. Rev. A 39 (8)
(1989) 3836–3841.

[12] D.-E. Arafah, Equilibrium charge state fractions and distributions of 4He ions
backscattered from gold films, Il Nuovo Cimento D 20 (1998) 261–271.

[13] W.N. Lennard, D. Philips, D.A.S. Walker, Equilibrium charge distributions of ion
beams exiting carbon foils, Nucl. Instrum. Methods 179 (1981) 413–419.

[14] Y.B. Robinet, Equilibrium charge-state distributions for heavy ions exiting
carbon foils, Phys. Rev. A 26 (1982) 62–71.

[15] W.K. Chu, J.W. Mayer, M.-A. Nicolet, Backscattering Spectrometry, Academic
Press, New York, 1978.

[16] H. Sa’adeh, R. Ali, D.-E. Arafah, Coincident Rutherford backscattering
spectrometry: a novel technique for measuring charge state distributions in
violent ion–atom collisions, Nucl. Instrum. Methods Phys. Res., Sect. B 269
(2011) 2111–2116.

[17] H. Sa’adeh, Correlation of Backscattered and Recoil Ions in Violent Ion–Atom
Collisions by Coincident Rutherford Backscattering Spectrometry, Doctoral
Dissertation, The University of Jordan, Amman, Jordan, 2010, Unpublished.

[18] M. Bianconi, G.G. Bentini, R. Lotti, R. Nipoti, Charge states distribution of 0.16–
3.3 MeV He ions transmitted through silicon, Nucl. Instrum. Methods Phys.
Res., Sect. B 193 (2002) 66–70.

[19] N. Bohr, The penetration of atomic particles through matter, Dan. Videns. Sels.
Mat-Fys. Medd. 18 (8) (1948) 1–144.

[20] S.K. Allison, Experimental results on charge-changing collisions of hydrogen
and helium atoms and ions at kinetic energies above 0.2 keV, Rev. Mod. Phys.
30 (4) (1958) 1137–1168.

[21] R.D. DuBois, Ionization and charge transfer in He2+-rare-gas collisions II, Phys.
Rev. A 36 (6) (1987) 2585–2593.

[22] R.D. DuBois, Multiple ionization of He+-rare gas collisions, Phys. Rev. A 39 (9)
(1989) 4440–4450.

[23] J.C. Armstrong, J.V. Mullendore, W.R. Harris, J.B. Marion, Equilibrium charge-
state fractions of 0.2 to 6.5 MeV helium ions in carbon, Proc. Phys. Soc. 86
(1965) 1283–1295.


	Charge-state distributions of energetic 4He ions backscattered from Kr gas target
	1 Introduction
	2 Experimental procedure and data acquisition
	3 Theoretical approach
	4 Results and discussion
	4.1 Pressure dependence
	4.2 Measurement of the charge-state distributions
	4.3 Simulation of the 4He+/4He2+ ratio

	5 Conclusions
	Acknowledgements
	References


