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Abstract
We study the neutralisation dynamics of highly charged ions by transmission through a free-standing
single layer of graphene in dependence of the particle trajectory. Both the secondary electron yield and
the neutralisation of the ion increase for increasing scattering angles (smaller impact parameters). This
supports the current understanding of highly charged ion deexcitation, according towhich the
presence of an interatomic deexcitationmechanismwith improved efficiency in the proximity of
neighbours is necessary in addition to intraatomic radiative- and non-radiative decay pathways.

1. Introduction

Highly charged ions (HCIs) are an exotic, yet intriguing type of particles [1]. By removing electrons froman
initially neutral atom, the particle builds up a potential energy corresponding to the sumof binding energies of
themissing electrons. As the binding energy increases with every additional ionised electron, the potential
energy can reach several tens to hundreds of keV for heavy atomic ions [2]. This feature sets ions apart from
other particles, like electrons and photons, where solely a (kinetic) energy can be controlled. For ions, different
charge states and corresponding electron configurations offer a variety of applications. For instance, open 4d-
subshell transitions in (highly charged) tin plasmas are responsible for the renowned 13.5 nm extreme-
ultraviolet (EUV) light emission used in state-of-the-art nanolithography [3–5] andmagnetic dipole transitions
are the basis for high-accuracy optical atomic clocks [6, 7].

Additional effects come into playwhenHCIs are not considered on their own but in interactionwith other
particles [8, 9] or surfaces [10–12]. In the latter, HCIs can lead to surface nanostructures, where the amount of
excitedmaterial depends strongly on the kinetic and potential energy of the projectile [13–15].While swift ions
have a long range in a bulk sample, for slowhighly charged ions, i.e. velocities smaller than the Bohr velocity
v0= 2.18 · 106m/s, the damage is limited to the very first surface layers. This surface sensitivity is governed by
the deposition of the potential energy, whichwas found in the 1990s to be ultrafast in grazing scattering and
transmission experiments through thin foils [16–18]. However, resultant neutralisation timeswithin
femtoseconds could not be explained using solely radiative and non-radiative decay.

The emergence of two-dimensional (2D)materials allowed for a better ‘resolution’ of charge exchange
studies (onematerial layer rather than several nm) [19, 20] and led to new insights into the deexcitation
mechanisms involved:Wilhelm et al [21] proposed that the interatomic Coulombic decay (ICD) is the
dominating process in theHCI deexcitation. This two-centre Auger-Meitner process is distance dependent
(∼1/r6) and has rates on the order of∼1015 s−1 [22]. A characteristic of this process is the emission ofmany low-
energy electrons, which could be confirmed forHCI transmission through graphene [23]. Also, a scattering
angle dependence ofHCI neutralisationwas discussed by Lemell et al [24] andCreutzburg et al [25] - a clear
indication of the contribution ofmaterial atoms to the deexcitation processes.

In this work, we take this approach one step further and additionallymeasure the electron emission yield
froma free-standing single layer of graphene upon transmission of Xe30+ ions in dependence of the scattering
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angle. An increasing yieldwith increasing scattering angle is also found for the secondary electrons and also
suggests a dependence of the neutralisation dynamics on the impact parameter.

2.Methods

ADreebit electron beam ion source (EBIS-A) is employed to produceXe ions in charge states up to q= 40with
kinetic energies up to 10 keV×q. Using aWienfilter, we select a single charge state, here q= 30, to enter the
target chamberwhere the ion beam is shaped and focused onto a freestanding single-layer of graphene (SLG).
The samples are commercially acquired fromGraphenea [26] and cleaned according to the thermal treatment
described in [27] before ion irradiation.

After interactingwith the 2D layer, our setup is used to study (1) the ion after transmission and (2) themean
number of emitted electrons per incident ion. The setup is described in detail in literature [28, 29] and briefly
introduced below.

Ions transmitted through the sample are guided towards a position-sensitivemultichannel plate (MCP)
detector with RoentDek [30] timing electronics. To use both axes of theMCP for detection of different physical
quantities, we insert a horizontal slit and a parallel pair of deflection plates immediately afterwards. Therewith,
we can study the ion scattering anglef along the horizontal (x-)axis and the exit charge state qout of the ions (after
interaction) on the vertical (y-)axis. The latter gives access to the neutralisation dynamics of the projectile with
regard to the number of captured electrons ne= q− qout. TheMCP can also be used tomonitor the initial beam
width, which translates to an angular width of<0.1°. Furthermore, using an independent electrostatic energy
analyzer we determine awidth of<7 eV×q of the initial energy profile of the ion beam. Figure 1 schematically
depicts the geometry of our experiment.

In addition to the projectile after interaction, we collect the electrons emitted from the graphene layer due to
the ion impact. For that purpose, we employ an electron statistics setup as described in [31, 32], whichwas also
used in the past in a collaborationwith TilmannD.Märk, who is honored in this issue of Physica Scripta, to
investigate cluster ion-induced electron emission from surfaces [33–36]: In short, electrons emitted from the
surface are attracted by a grid (Ugrid=+ 400V) close to the target holder (Uholder= 0V). Additional negative
electrodes ensure that the electrons do not escape towards the source (Urepeller=− 150V) and do not hit the
holder of the grid (Uframe=− 50V), respectively. After the grid, the electrons are accelerated onto a passivated
implanted planar silicon (PIPS) detector biased at 27 kV. The resulting voltage pulse height is proportional to the
number of electrons impingingwithin the detector dead time and thus gives access to the electron yield, i.e. the
number of electrons emitted from the surface per ion impact.

All signals are recorded in coincidence and saved on an event-by-event basis: Per ion reaching theMCP,we
thus store the ion exit charge state and scattering angle and the secondary electron yield. The combination of
both signals, ion on theMCP and electrons on the PIPS detector, lets us determine the time offlight (TOF) of the
ions from the sample to theMCP and corresponds to the energy loss of the ionswithin thematerial. This value is

Figure 1. Schematic of the used experimental setup: top view (left) and side view (right). Ions transmitted through a 2D sample, here,
graphene, impinge on a position-sensitivemultichannel plate (MCP) detector. Thanks to a horizontal slit placed after the sample and
in front of a pair of deflection plates we use the two axes of theMCP to detect the ion scattering angle (x ∝ f) and charge state (y ∝ q)
after transmission. For electron number statistics, we use a grid to attract electrons towards a passivated implanted planar silicon
(PIPS) detector; negatively biased repeller and frame electrodes help guide the electrons towards the grid. The schematic is not to scale.
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important, especially for 2Dmaterials, to distinguish ions transmitted through the 2D layer (small energy loss)
from ions transmitted through the support structure (large energy loss) [27].We consider only data for charge
exchange values and small time-of-flight data consistent with values for single-layer graphene [19, 20]. In this
waywe are able toworkwith partially contaminated surfaces, where the contaminations lead to a significant
separation in ion time-of-flight and charge exchange [27].

All results presented here are TOF-filtered and thus represent the 2D layerwithout support
contribution [29].

Note that whileHCIs are, in general, capable of producing pores in 2Dmaterials, this feature is very sensitive
to the electronic properties of thematerial [37]. For graphene, under the appliedHCIfluences, no defect
formation is expected [19], which significantly differs from experiments performed in the swift heavy ion
regime [38, 39].

3. Results

To study the trajectory dependence of electron emission and charge exchange, we split theMCP analysis into five
scattering angle regions: [−0.5°,−0.3°], [−0.3°,−0.1°], [−0.1°, 0.1°], [0.1°, 0.3°], and [0.3°, 0.5°]. This division
is also indicated infigure 1 (top view) infive colors (green, orange, blue, red, violet). Note that even though per
definition all scattering anglesf are positive, we use here negative and positivef tomap the experiment
geometry and demonstrate the (expected)measured symmetry. Figure 2 shows the resulting electron yield
histograms (a) and exit charge state distributions (b) for transmission of 98 keVXe30+ ions through freestanding
single-layer graphene. Coincidences were filtered for the above-specified scattering angle ranges. The
histograms are plotted along the y-axes and shifted to the respective angle range start value. For analysis, we fit
the histogramswithGaussian distributions and extract themean electron yield γ andmean exit charge state q,
both specified in the graph for each angle rangewith a black circle and a label.

Theminimumelectron yield is observed for the central angular angle range (blue), i.e. no or small deflection
from the incident direction. A symmetric increase of themean electron yieldwith increasing angle is observed,
amounting up to+5% for up to 0.5°. This value corresponds well with the increase in transmission time for
these deflection angles (seeDiscussion). A similar trend is present for themean number of captured electrons:
While theminimum ne= 14.8 is recorded for the central window, ne> 15 is found for the twowith the largest
regarded scattering angle.

Themeasurement was repeated for the same incident charge state (q= 30) but higher kinetic energies. A
summary of these results is shown infigure 3, where again the electron yield (a) and the number of captured
electrons (b) is depicted. In contrast tofigure 2, solely the extractedmean values fromGaussian fits (γ and ne) are
shown. Both data sets for higher energies (116 keV in orange, 130 keV in green) show a similar trendwhen
compared to the data set for 98 keV (red, cffigure 2), i.e. an increase of both γ and ne with increasing scattering
angle. However, absolute values are shifted towards smaller numbers.

Note that the velocity dependence is non-monotonic infigure 3. Thismight be a result of residual
uncertainty in themeasurement for different ion parameters (changing ultra-high vacuumpressure conditions,

Figure 2.Trajectory-dependent electron statistics spectra (a) and charge exchange distributions (b) for 98 keVXe30+ ions transmitted
through graphene. Histograms are shown for five different scattering anglef ranges: [−0.5°,−0.3°] (green), [−0.3°,−0.1°] (orange),
[−0.1°, 0.1°] (blue), [0.1°, 0.3°] (red), and [0.3°, 0.5°] (violet). The histograms are plotted on the y-axis and shifted to thef-range start
value on the x-axis. The histograms are plotted and themean values aremarkedwith black dots and labelledwith the corresponding
mean electron yield γ andmean number of captured electrons ne. A quadraticfit is added to guide the eye.
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MCPnoise, TOF-filtering conditions, etc.). Yet, each ion charge and velocity represents a singlemeasurement
where the angular information is extracted from the same dataset using different regions-of-interest at theMCP.
The angle-dependence follows then froma relativemeasurement where absolute uncertainties in the captured
charge and emitted electron number (in the order of±1 electron) cancel out.

4.Discussion

The neutralisation ofHCIs is constituted by two factors: Atfirst, the projectile resonantly captures electrons into
high-n states, leading to an overall neutral yet still excited particle—a hollow atom (HA) is formed [40, 41].
Following that, theHAdeexcites, graduallyfilling up empty inner shells through radiative and non-radiative
processes, with a sizable contribution of ICDbeing themost efficient and prominentmechanism forHCI-
surface interaction [21].

We consider ICD in a broader sense, namely the de-excitation of the incoming neutralising ion in
combinationwith an excitation or ionization of a target atom.We distinguish ICD (two-centre de-excitation)
from the preceding resonant charge transfer from the surface feeding electrons into excited states of the ion.
Note that off-resonance charge transfer similar to Electronic TransitionMediatedDecay (ETMD)may also play
a role, but under the condition of above-the-barrier electron capture, the off-resonance energy release is
typically smaller than the de-excitation transitions within the ion itself transferring energy via ICD to a target
electron.

Polarisation-enhanced Auger-Meitner processes are discussed in literature [42] as away to explain enhanced
non-radiative rates in a single-centre decay. SinceAuger-Meitner processes aremediated through electron-
electron scattering, any dynamic increase in electron densitymight increase the probability of Auger-Meitner
decay. Time-dependent density functional theory calculations showed that the incoming highly charged ion
attracts the target valence electrons (polarises the surface) even before charge transfer sets in [19]. This
dynamically formed increased electron density in close proximity of the ionmight enhance Auger-Meitner
decaywithin the ion itself. Note that this enhanced electron density is still an external trigger for Auger-Meitner
decaywhile itmay ormay not be considered a ‘two-center’ process, where the second centre is then not an
atomic nucleus, but rather a spatially distributed electron cloud.

Both processes, HA formation and subsequent deexcitation, happen on different time and length scales. HA
formation sets inwhen theHCI potential overlaps with thematerial such that the potential barrier becomes
smaller than thework function [43]. For Xe30+, this critical distance is reached 22Å above the surface of
graphene and is important for the subsequent neutralisationwith regard to supplying electrons for stabilisation.
By a trajectory length increase of<0.01% for scattering angles of 0.5° compared to a straight path, theHA
formation does not benefit from increasing scattering. ICD, on the flip side, is very sensitive to the distance
between theHCI andmaterial atoms andmost-efficient at distances r< 1.4 Å [20, 44]. At large separations, ICD
rates decrease as 1/r6, whichmakes ICD significant only in the closest proximity of thematerial layer.When the
ion leaves the efficient deexcitation region around thematerial layer, only radiative and single-centre (intra-
atomic)Auger-Meitner processes can continue to contribute to the ion deexcitation.

Figure 3.Electron yield (a) andmean number of captured electrons (b) in dependence of the scattering angle for Xe30+ projectiles
transmitted through graphenewith kinetic energies of 98 keV (red), 116 keV (orange), and 130 keV (green). Error bars correspond to
the standard deviation σ from theGaussian fits to the histogramdata (cffigure 2). A quadraticfit is added to guide the eye.
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As depicted infigure 3, the electron yield and number of captured electrons show a clear trend towards
increasing values by approximately+5%when the scattering angle increases fromf= 0° tof= 0.5°.
Scattering-angle-dependent charge exchangewas already found for transmission experiments with graphene
[25] and increasing electron yields in grazing scattering experiments with bulk samples [24]. In both cases, larger
angle ranges were considered andCreutzburg et al discussed for the same experimental geometry as here a
quadratic dependency of the charge exchangewith angles up tof= 2° [25]. Our small increase in electron yield
of∼5% is a result of the small angular range covered by ourMCPdetector. The quadratic yield increase with
angle lets us expect a relative electron yield increase of∼60% for larger scattering of for examplef= 2°.

Unlike thickermulti-layermaterials, wheremultiple scattering hides a direct link between scattering angle
and impact parameter [25], for free-standing graphene, the current experiment exploits the true single-
scattering regime. In principle, one can link the scattering angle to the impact position of the collisionwithin the
graphene hexagon lattice.However, a quantitative analysis is non-trivial because it requires accurate knowledge
of the scattering potential for the complex collision system involving a partially screenedHA and a dynamic
charge density evolution in the surface [23].

There is also a kinetic energy trend observed infigure 3. Compared to the 98 keVdata shown infigure 2 and3,
both other data sets infigure 3withhigher kinetic energies show less neutralisation behaviour: smaller secondary
electronyields and smaller numbers of captured electrons. This result is consistentwith previousmeasurements
showing that the potential energydeposition (i.e. neutralisation)dependson theparticle velocity andoverall
interaction timewith the sample layer [19, 20]. Overall, data for the electron statistics scattersmuchmore thandata
points for the charge exchange. This is due todifferent detector resolutions in our setup for bothmeasured
quantities [29].

The trajectory dependence obvious infigure 3 can stem, e.g. from the following two contributions (or
convolutions thereof): For interatomic processes (1) like ICD,which has lifetimes on the order of the interaction
time and is efficient only at small interatomic separations, a smaller distance of closest approach and an extended
interaction time (due to an increased trajectory length upon deflection) could already explain an enhanced
neutralisation for larger scattering angles. Similarly, (2) a dynamic increase of the electron density at the impact
point due to polarisation from the large positive Coulomb charge of the ionmight enhance two-centre Auger-
Meitner rates further andmay therefore also benefit from smaller interatomic distances.

From the present data, we cannot unambiguously determinewhich of the two above-mentioned processes
cause(s) the trajectory-dependent neutralisation, i.e. if it is the ICD-distance dependence alone or if
polarization-enhancement is an important additional ingredient. Further experiments are necessary to unravel
neutralisation of ions insidematerial surfaces and particle emission from thematerials. To study individual atom
scattering like in the gas phase, but coupled to a virtually infinite electron reservoir, we suggest to repeat the study
discussed herewith a graphene layer decoratedwith a lowdensity of dispersed Au atoms. Carbon atoms limit the
maximum scattering angle of Xe tof= 5.34°. For the heavier Au atoms, larger scattering angles are possible.
Recording data forf> 5.34° can then be attributed to scattering from individual Au atoms and the distance of
minimal approach can be calculated. This allows for amore direct determination of the trajectory and paves the
way for accompanying simulations for the extracted flight path. Implanting three-fold coordinated Au atoms
into free-standing graphenewas already demonstrated byTrentino et al [45].

5. Conclusion

Our scattering-angle-resolved data ofHCI charge exchange and secondary electron emission upon transmission
through single-layer graphene clearly shows that the neutralisation of the particle depends on the trajectory
within thematerial: As scattering angles increase, so does the neutralization efficiency aswell as the number of
emitted electrons. This implies that processes, which are enhanced in the vicinity of sample atoms, contribute
significantly to the deexcitation, like interatomic Coulombic decay or polarisation-enhanced Auger-Meitner
processes. Future experiments using alternative targetmaterials, such as Au-decorated graphene, are suggested
whichwould allow to investigate the effects of varying scattering angles inmore detail.
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