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The scattering of ions in solids is accompanied with momentum transfer and electronic excitations resulting
in the slowing down of the ion. The amount of energy transferred in a single scattering event depends on
the particular trajectory which can be traced back through the scattering angle. Performing scattering angle
dependent measurements of slow highly charged Xe ions transmitted through freestanding single-, bi-, and
trilayer graphene allows us to determine the charge exchange and energy loss for different minimal interatomic
distances. Interestingly, the charge exchange shows an increase with scattering angle by a factor of less than 2,
while the energy loss increases by more than a factor of 10 for 3° compared to forward direction. Our results
can be compared to a time-dependent potential model and show that determination of the stopping cross section
is not straightforward even with angle-dependent data at hand.
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I. INTRODUCTION

The evaluation of ion stopping cross sections from
experiments is essential to verify theoretical [1-3] and semi-
empirical models [4] and to serve then as important input
parameter for the determination of the energy deposition in
materials [5,6]. Applications of stopping data range from
damage formation in first wall materials of nuclear fusion
devices [7] to ion beam radiation therapy [8]. Ion induced
damage is usually related to the stopping power, i.e., the
average energy loss per unit path length. It is important to
note in this respect, that the average is taken over all ion
trajectories or in more quantitative terms: over all ion im-
pact parameters or scattering angles [9]. However, in certain
cases, i.e., using single crystalline target materials [10,11]
or even two-dimensional (2D) materials [12,13], a trajectory
selection can appear due to ion channeling or by using an
angle-limited detector and experimental energy loss data will
be sensitive to this selection. It is important not to confuse the
typically angle-resolved or angle-limited experimental data
with the energy loss cross section. It is common procedure
to calculate the energy loss per unit path length from ex-
perimental data in transmission experiments by dividing the
determined energy loss by the material thickness [14] and in
backscattering experiments by dividing the energy width of
a peak or plateau by twice the (effective) thickness of the
material layer of interest [15,16]. This is only correct if no
trajectory selection is present. Otherwise the partial stopping
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cross section

P2
Spart =2m f PT(P, E)dp (1)

Pi

is actually determined, where the experiment measures the
integral of transferred energies T per collision between the
selected impact parameters p; and p,. Note that stopping
power/force and stopping cross section are related only by the
material density. In the case of plural and multiple scattering
the estimation of the partial stopping cross section is more
complex, but the general considerations still hold. Equation
(1) yields the total stopping cross section only for p; — 0 and
p2 — oo at the same time. In solids the latter can be limited
to a value close to the lattice constant.

In this work, we apply transmission spectroscopy of slow
highly charged ions (HCIs) interacting with freestanding lay-
ers of graphene with 1, 2, and 3 atomic layers of thickness
to shed more light on this fundamental problem. There ex-
ist theoretical calculations mostly for light ion scattering in
graphene [3,17-21]. In this way we can explicitly address
the regime of single, double, and multiple scattering in solids
and and see that the angle dependence of charge exchange
vanishes already with 3 material layers. We use a rotatable,
but acceptance angle-limited electrostatic analyzer in one ex-
periment and an angle-resolved (position sensitive) detector in
another experiment to detect transmitted heavy ions’ charge
state resolved up to the maximal scattering angle. We com-
pare our data to a simulation which allows us to disentangle
nuclear and electronic contributions to the energy loss and we
conclude that the energy loss indeed increases significantly for
larger deflection angles.

©2021 American Physical Society
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II. EXPERIMENTAL AND MODELING METHODS

Ions were produced in electron beam ion traps (EBIT)
from Dreebit GmbH, Germany [22]. One EBIT is located
at the Helmholtz-Zentrum Dresden-Rossendorf (HZDR) and
one at TU Wien (TUW). At HZDR the EBIT is mounted to
an ultrahigh vacuum chamber holding a heatable target holder
and a rotatable electrostatic analyzer with an acceptance angle
of 40.5° and an energy resolution of AE/E ~ 1.5 x 1073,
HClTs are selected with the help of a Wien filter and the EBIT
is biased to a negative potential to decelerate the ions when
they are entering the experimental chamber. Details of this
experiment can be found in Ref. [23].

At TUW the EBIT is connected to a time-of-flight (TOF)
spectrometer, where samples are mounted on a heatable tar-
get holder. The beam is charge state selected by means of
a Wien filter, focused and steered by a set of electrostatic
lenses and deflection plates and cut in size to 0.5 x 0.5 mm?
with a vertical and horizontal slit in front of the sample (both
0.5 mm in size). Scattered ions are detected on a position
sensitive Roentdek delay line detector (DLD) with an active
area with the diameter of ~40 mm. Charge states after sample
transmission are analyzed by a DC voltage deflection field in
combination with an additional horizontal slit (width 0.5 mm)
encoding the charge state onto one position axis on the DLD.
In addition the TOF is measured by detecting secondary elec-
trons emitted from the sample as a start signal and the ion
impact on the DLD as the stop signal. The energy resolution
of the TOF is about 1%. All data is recorded in a listmode,
which allows postprocessing of the data according to TOF or
charge state filtering. A more detailed description of this setup
can be found in Ref. [24]. The TOF detector can be rotated
around the sample in transmission direction up to 8°, i.e., for
higher scattering angles subsequent spectra are measured and
stitched together to obtain larger scattering angle patterns (see
Fig. 3).

In both experimental setups we apply ion fluences of
10% — 10° cm~2 per spectrum and not more than 10'' cm™2
per sample to avoid sample damage to become severe. Note
that the sputtering yield is still about 0.5 at the energies ap-
plied here [19], because of the absence of a collision cascade.
The experimental results are compared to calculations based
on the time-dependent potential (TDPot) model. Details can
be found in Ref. [25]. Here a screened interaction potential
between the ion and target atoms is used, which changes at
every time step according to charge transfer and de-excitation
rates taken from the classical over barrier model [26] and the
interatomic Coulombic decay (ICD) process [27,28]. In this
way, for a given target atomic geometry, each ion trajectory
can be followed in time and the outgoing scattering angle,
charge state and energy loss can be extracted. The latter is
determined by momentum transfer to a target nucleus and in-
elastic losses due to the changing potential. Note, that in case
of charge exchange and a nonconservative potential, nuclear
and electronic losses are both inelastic. Electronic kinetic
energy loss is determined by the difference between the ion’s
energy loss and the kinetic energies of all target atoms in the
simulation cell.

Samples were commercially available freestanding sin-
gle graphene layers on a Quantifoil support acquired from
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FIG. 1. Exit charge state spectra of Xe***, E;, = 75keV trans-
mitted through freestanding single-layer graphene (SLG) for scatter-
ing angles up to 3°.

Graphenea. The base pressures in the target chambers are
1 x 107" mbar. Samples were heated to 400°C prior to the
experiment for about 12 h and kept at about 200 °C during the
experiments to avoid recontamination even under ultrahigh
vacuum conditions. For a detailed description of the sample
cleaning procedure (without laser exposure here), the reader
is referred to Ref. [29]. Bilayer (BLG) and trilayer (TLG)
graphene samples were also acquired from Graphenea and are
produced there by manually stacking 2 or 3 layers of single-
layer graphene (SLG) on top, respectively. Thus, the layer
orientation is random. The samples are positioned at a normal
incidence direction with respect to the incoming ion beam
with an uncertainty of less than 1°, the relative orientation
of the crystalline flakes of the graphene with respect to the ion
beam is not controlled.

III. RESULTS

At HZDR Xe?"* ions at 75 keV kinetic energy were trans-
mitted through a freestanding single layer of graphene. The
corresponding spectra from the electrostatic analyzer can be
seen in Fig. 1 for different observation angles. Under constant
beam current conditions, one can see that the intensity of
the transmitted ions decreases with increasing projectile scat-
tering angle. Additionally, the peaks shift to lower analyzer
voltages, which points to increasing energy loss at higher
scattering angles. The mean outgoing charge state is about 5,
which is well in agreement with what was observed previously
[13,30] for HCI transmission through graphene. To evaluate
the data from Fig. 1 further, we applied a deconvolution
procedure, described in Ref. [31], which becomes necessary
because peaks at larger charge exchange are broadened in an
electrostatic analyzer.

The measured energy loss [panel (a)] and abundance [panel
(d)] for the outgoing charge states of the Xe projectiles are
shown in Fig. 2 (full circles) together with corresponding
simulations based on the TDPot code (open triangles). The
TDPot results are further separated in nuclear and electronic
energy loss [panels (b) and (c)]. Symbol sizes in panels (a)—(c)
correspond to the ion abundance. The total energy loss is
weakly dependent on the exit charge state but increases by

042806-2



ANGLE-DEPENDENT CHARGE EXCHANGE AND ENERGY ...

PHYSICAL REVIEW A 104, 042806 (2021)

(@)

S 0° 20 exp|[A 0°sim 4 2°si
% 6000 H : 1033 ° 302?8 A1°:m A3°§;m
«n
o) A
C>5;4000—6 & o o , .
€ 2000}
5 Lt A A A& & :
< ®)
@
o 4000+
0 A A
3 s A,
>
()]
& 2000
C
(0]
° A
2 O f 2 A 2 & i
C
S 1000
@
n
E A A A A A .
> L A A
e S0r s 2 & A &
&
o)
0_
(d)
10°+
8 102k A - A
= .
2 10'F
>
O
I =
107" ' . :

exit charge state

FIG. 2. (a) Measured total kinetic energy loss of Xe?* at Ey;, =
75keV transmitted through freestanding single-layer graphene as a
function of exit charge state. Values from the TDPot simulations are
added for comparison. The symbol size represents the abundance of
the respective charge states. (b) Nuclear and (c) electronic contribu-
tions to kinetic energy loss extracted from the simulations. (d) lon’s
abundance as a function of exit charge state from experiments and
simulations. The experimental data is fit by a Gaussian to extract the
mean charge state.

more than a factor of 4 from 0° to 3°. The agreement between
experimental data and simulation results is remarkably good.
The nuclear energy loss contribution obtained from the simu-
lations is small at around 100 eV under forward direction but
increases by more than a factor of 30 to around 3200 eV at
3°. Note, that the maximal possible scattering angle of Xe on
C is 5.34°. The relative increase of the simulated electronic
energy loss is smaller, i.e., from about 400 eV by a factor of
1.7 to about 700 eV.

The exit charge state distributions in Fig. 2(d) (note the log
scale) show a mean charge state of about 5.0 for 0° decreasing
slightly to 4.6 for 3°. Again, simulation and experiment are in
good agreement.

When using higher charge states of ¢ =34 and 38 as
well as a higher kinetic energy of 166 keV at TUW, the exit
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FIG. 3. (a) Charge state vs scattering angle plot for SLG where
the data point sizes are according to the abundance in that bin. The
differently colored regions are integrated over scattering angle ranges
and the resulting charge state distributions are shown on the right.
(b) and (c) are for BLG and TLG samples, respectively. (a) and (c) are
for 166 keV Xe*** ions and (b) for 166 keV Xe>** jons.

charge state changes with scattering angle more significantly.
Figure 3 shows examples of 2D charge state vs scattering
angle data together with the exit charge state distributions for
certain scattering angle ranges for SLG, BLG, and TLG. For
the largest angles in the measurement, one can already see that
the median of the distributions changes to smaller exit charge
states.

The medians of the charge state distribution for the dif-
ferent scattering angles (mean values of the ranges indicated
in Figs. 2 and 3) are plotted in Fig. 4. While for the low
kinetic energy of 75 keV only a weak dependence can be seen,
at higher kinetic energies and for the different target thick-
nesses, the charge exchange increases strongly with scattering
angle.
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FIG. 4. Charge exchange Aqg = ¢, — g dependence on scat-
tering angle. The different target thicknesses and ion beam parame-
ters are labeled. Each set of data is fitted with a quadratic function
(as a guide to the eye), which is extrapolated (dotted line) to larger
angles. Error bars are omitted since statistical errors are smaller than
the point size and systematic errors cannot simply be quantified due
to unknown detector efficiencies at different charge states, TOF-filter
uncertainties, etc.

Further, the angular dependence is strongest for single
layer graphene and becomes weaker for an increasing layer
thickness.

To further elucidate on the energy loss dependence on the
scattering angle, we extracted the closest approach of the ion
to a target atom from the TDPot simulations for SLG samples
taking the opening angle of the analyzer into account. Figure 5
shows the distributions of the closest approach for different
observation angles for 75 keV Xe?** ions. The mean of these
distributions is marked as well.

Now, we can assign each scattering angle (i.e., observation
angle) a (mean) closest approach, see Fig. 6. The maximal
scattering angle of Xe on C is indicated by the dashed line.
The skewed function (Moyal function) is fitted to the data as a
guide to the eye, where the ion can not approach a carbon
atom closer than 0.24 A at 75 keV kinetic energy. At the
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FIG. 5. TDPot result on ion abundance as a function of closest
approach for scattering angles up to 3.5° from simulations for 75 keV
Xe transmitted through single-layer graphene. Mean values of the
closest approach are indicated.
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FIG. 6. Scattering angle as function of closest approach extracted
from simulations for 75 keV Xe?** on C. The maximal scattering
angle for the present situation is indicated by the dashed line. The
skewed fit is a guide to the eye.

present scattering angles between 0 and 3 ° we can now assign
a closest approach between 0.3 and 1.0 A.

Using this calibration, we plot the measured total kinetic
energy loss from Fig. 2(a) as function of closest approach in
Fig. 7. The measured data here is a weighted average for the
different exit charge states. We can compare the experimental
result now to an estimation based on the change in scattering
potential. The interparticle interaction potential changes due
to the inelasticity of the charge exchange process continuously
on the way in and on the way out [25]. The total inelastic
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FIG. 7. Total measured energy loss as function of closest ap-
proach extracted from simulations for 75 keV Xe®*t in SLG. The
data is compared to an estimation based on Eq. (2). The dotted
line is the estimated energy loss multiplied by a factor of 2. The
shaded area indicates the estimated energy loss for larger and smaller
charge exchange based on the exit charge state distribution width in
Fig. 2(d). The orange line is the result of the full TDPot simulation.
The inset shows the experimentally determined total energy loss as
function of scattering angle (purple). The data can be well repro-
duced by momentum transfer between the nuclei in a single collision
including an angle dependent electronic energy loss (full line) taken
from Fig. 2(c), see text. The nuclear loss contribution [bracket in
Eq. (3)] is shown separately in light red.
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energy loss of the system is then given in the center of mass
system by the potential difference before and after the charge
exchange at the position of closest approach as

AGZ
AV = 292

qD(Rmin) = AEcns, (2)

min

in atomic units where Agq is the final change in charge state, Z,
is the atomic number of carbon, R, is the distance of closest
approach and @ is the interparticle screening function taking
partial screening by the ion’s core electrons into account. We
use the Krypton-Carbon screening function here [32], while
the particular choice of the screening function is of minor
importance for the quantitative results. We can now compare
the result of Eq. (2) to the experimental data in Fig. 7 and
find a good agreement for Ag = 15 (mean charge exchange
from experiment) taking an additional factor of 2 into account
(dotted line). The screening lengths are chosen according to
the definitions given in Ref. [25]. The general trend of the
data is well reproduced, but the estimated energy loss is about
a factor of 2 smaller than the experimental data. This dis-
crepancy results from the neglect of target excitations in the
estimation, i.e., taking the screening function ® for a neutral
target in its ground state. Still, the dependence on the closest
approach is well reproduced. The full TDPot results shown in
Figs. 2 and 7 take target excitations into account by a method
described in Ref. [25]. Still, the simple estimation based on
Eq. (2) already works well.

The total energy loss increases strongly for increasing
scattering angle (see inset in Fig. 7) and decreasing closest
approach. Purely elastic scattering would result in zero energy
loss at 0° and the offset of 560 eV indicates already the
presence of electronic stopping [cf. 2(c)]. The data in the inset
of Fig. 7 can be fit with

AE = E(1 —ki(cos® £ \/|k3 —sin> ©|)) + AE.(©)

3)

using k; = ﬁ, ky = ”:17: with ion mass m; and target mass
my, and E as the incident energy as well as ® as scattering
angle. The first term in Eq. (3) follows from nuclear scattering
considering energy and momentum conservation. The two so-
lutions follow from m; > mj,. The agreement with measured
data can only be reached if the electronic energy loss AE,(®)
is assumed to be (at least) linearly dependent on the scattering
angle (full line) instead of a constant offset taken at 0° (dotted
line), well in agreement with what can be seen in Fig. 2(c).

Figure 8 shows the energy loss for different 2D impact
parameters in a SLG sample from the TDPot simulation.
Different observation angles (and angular ranges) correspond
to ions from different trajectories. At 3° the total energy loss
increased by a factor of 6.6 compared to forward transmission,
and the total area of impact parameters (i.e., the probability for
these trajectories) decreased by a factor of 6.3. Even though
smaller impact parameters are less likely (by a factor of 6.3 in
this case), the energy loss increases at the same rate leading
to a similar contribution to the total stopping cross section in
Eq. (1).

Using purely the experimental energy loss data in Fig. 7
and assuming a straight line trajectory, i.e., Ryin =~ p, which
is justified by the small scattering angles used here (in the

laboratory system), we can actually determine the energy
transfer for a single collision (from a fit to experimental data),
T(p) ~ 339.6/p>* eVA>* valid for p > 0.24 A and being sig-
nificantly less steep than the 1/p’ dependence given by Firsov
[33]. The partial stopping cross section for 0.24A < p <
1.47A then yields 5033 eVAZ? = 503 eV/(10'5atoms/cm?)
according to Eq. (1). Note, that p cannot exceed 1.47 A in
SLG. However, the T'(p) above shall not be used for smaller
p as it diverges. We used p; = 0.24 A as this is the smallest
Ruin for 75 keV Xe?** on SLG in the straight line approxi-
mation. The full stopping cross section follows from p; — 0,
where we need to take deviations from the straight line tra-
jectory into account according to Ry, = +/(0.24 A)? + p2.
In the T (Ruyin = p) extracted from Fig. 7 above, we may
substitute Rpyi, and deduce the full stopping cross section
S = 506eV /(10" atoms/cm?), being only 0.5% larger than
the partial cross section, which is clear from the way we
expressed Ryin(p).

Figure 7 shows also the result of the TDPot simula-
tion, which yields a stopping cross section of 603eV/
(10 atoms/cm?).

The results above show that angle-resolved energy loss
data is necessary to deduce a reliable value for the total
stopping cross section. Our data up to 3° can be extrapolated
to zero impact parameter and allows the determination of the
stopping cross section, but it should be noted that the maximal
scattering angle is 5.34°, i.e., close to our maximal angle in
experiment. At different ion-to-target mass ratios more angles
need to be measured, because the energy transfer per collision
can follow a dependency on the impact parameter hard to pre-
dict from models especially when charge exchange is involved
(1/p** in our case). Comparison with simulation results [e.g.,
TRIM as the standard code yields 210eV /(10 atoms/cm?),
but does not include any ion charge] should always consider
the individual measurement geometry. It should be noted that
the results here are obtained using highly charged ions, but the
considerations regarding energy loss are valid for any charge
state and any ion-to-target mass ratio.

IV. DISCUSSION

Our results show, that energy loss measurements of HCIs
in forward direction are dominated by electronic losses, but
at slightly larger angles nuclear losses start to dominate.
Further, both nuclear and electronic losses depend on the
ion trajectory, i.e., the particular scattering angle. Therefore,
special care must be taken when comparing angle-resolved
experimental data to simulation results, which typically yield
angle-integrated data. This also implies that energy loss cross
sections, i.e., impact parameter weighted average energy loss,
cannot simply be extracted from angle-resolved measure-
ments. The picture will change for thicker targets, where
multiple scattering smears out all trajectory dependence and
then each observation angle corresponds to, on average, very
similar trajectories.

Another important result from Fig. 4 is the angular de-
pendence of charge exchange. Here a clear material thickness
and ion velocity dependence can be seen. Naturally, for SLG
in the pure single scattering regime in comparison to thicker
materials where more than one scattering event takes place
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parameters chosen.

on the way through the material, the trajectory dependence is
strongest. With increasing material thickness multiple scatter-
ing smears out the angular dependence, because an intrinsic
averaging over different impact parameters occurs. Already
about three scattering events (cf. TLG) seem to be enough to
assume a trajectory independence. Consequently, the ion-exit
charge state distribution for TLG is closer to a Gaussian [cf.
Fig. 3(c)] as expected from the central limit theorem as the
number of layers increases. Further, at larger kinetic energies
the ion approaches the target nuclei closer, i.e., for a given
impact parameter p the closest approach Ry, is smaller but
also the total transmission time is smaller. Interatomic energy
exchange leading to the stabilization of resonantly captured
electrons by ICD shows a saturation of the ICD rate at inter-
atomic separations about smaller than the lattice constant of
graphene (1.4 A) [25,30]. Thus, we do not assume the ICD
rate to be dependent on the closest approach, but rather that
at larger kinetic energies the time the ion spends in the ICD
active region around a target atom is too small for ICD to fully
de-excite the ion. The interaction time is naturally also impact
parameter dependent [34]', leading to the angular dependence
in Fig. 4. Yet, at the smaller kinetic energy of 75 keV the
interaction time exceeds the ICD lifetime for all trajectories
and thus ICD is efficient for de-excitation for all trajectories.
As discussed already in Ref. [28], deep lying atomic states in
the ion may not be populated by ICD in any case, because
of the small wave function overlap with these core states.
Then, some excitation energy remains in the projectile on the
way out and intra-atomic Auger de-excitation further leads
to the filling of the core states by ejection of some Auger
electrons. The result is an angle independent charge exchange

'The interaction time can be defined as ¢t = p/v similarly to
the definition of Bohr’s adiabatic radius p = v/w, where w is the
transmission frequency (passing one target atom) and a maximal
contributing impact parameter can be estimated from w = w,, where
wy is the mean electron orbital frequency of the target atoms.

distribution, where the, on average, remaining charge stems
from the Auger electron emission after transmission.

V. CONCLUSION

We showed that HCIs transmitted through single-, bi-, and
trilayer graphene exhibit a strong angular dependence of the
observed charge exchange for larger kinetic energies and thin
samples. Thicker samples or reduced kinetic energies lead to
a weaker angular dependence. A strong dependence of the
energy loss on scattering angle is also observed even for the
smallest kinetic energy in our study. The charge exchange can
be understood by the trajectory dependent transmission time
through a material layer. The energy loss at larger angles is
a result of momentum transfer to target nuclei, i.e., nuclear
stopping. Both nuclear and electronic stopping are enhanced
by a factor 2 to 3 due to the incident charge state [25,35]
in contrast to estimations given by established models which
neglect the ion charge state. Using a simple estimation for
the energy loss based on the change in scattering potential
due to charge exchange, cf. Eq. (2), we can reproduce our
experimental data well within a factor of 2 neglecting inelastic
losses due to target atom excitation.
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