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The interaction of MeV H+
2 molecular ions with thin layer graphene and graphite foils was studied by using a high-

resolution electrostatic analyzer. A large number of fragment protons were observed at zero degree (along the beam di-
rection) when the H+

2 beam was passing through the monolayer graphene foil, which indicates that the electron of the H+
2

molecular ions can be stripped easily even by the monolayer graphene foil. More trailing than leading protons were found
in the energy spectrum, which means significant wake effect was observed in the monolayer graphene foil. The ratio of the
numbers of trailing protons over leading protons first increased with the thickness for the much thinner graphene foils, and
then decreased with the thickness for the much thicker graphite foils, which indicates that the bending effect of the wake
field on the trailing proton varied with the foil thickness.

Keywords: H+
2 molecular ions, graphene, electron stripping, wake effect

PACS: 34.35.+a, 34.20.Gj, 34.50.Gb, 68.65.Pq DOI: 10.1088/1674-1056/ab33f2

1. Introduction
The study of the interaction of molecular ions with solids

has been an active topic for the past several decades, which
provides a basic technique and gives possibilities to precisely
study the properties of materials and incident particles. This
interesting field was pioneered by Poizat and Remillieux who
used swift H+

2 molecular ions to collide with carbon targets.[1]

When the molecular ions are passing through the targets,
electrons can be stripped off quickly and the left positively
charged ions are isolated by a repulsive force and experience
a so-called Coulomb explosion process.[2] And also, the ions
can continuously experience a retarding force from the target
molecules and lose energy in the material. When the kinetic
energy of the incident ions is several MeV/u, the dominant en-
ergy loss process will be excitation or ionization of the target
molecules.[3]

Unlike individual ions, the fragmented ions of molecular
ions/cluster are proximal and can experience pronounced cor-
relate effects during interaction with material, which is called
as the vicinage effect in the cluster research field. When two
or more ions, whose internuclear distance are very short, are
moving together inside a material, they would interact with the
same target molecule simultaneously and cause an interference
effect, then the phenomenon is very different from the case of
isolated ions.[4–6] For example, Brandt et al. measured the en-
ergy loss of H+

2 and H+
3 molecular ions in a carbon foil, and

found that the energy loss of the molecular ions was larger than
that of two/three isolated protons and confirmed the existence
of vicinage effects for the first time.[4] The vicinage effect is
conventionally expressed by the stopping ratio R = S/∑i Si,
where S is the stopping power of the molecular ions/cluster
and Si is the stopping power of fragment i as an independent
ion. Subsequently, extensive measurements have been per-
formed with H+

2 . According to a review work by Arista,[7]

the stopping ratios for H+
2 in carbon had been measured to

within 0.8 and 1.4, which varied with the beam energy and
target thickness.

Besides the vicinage effect, the wake effect is studied
widely when swift molecular ions interact with solids.[8–12]

The molecules of the target can be polarized by the incident
ions and form one induced field which is called the wake field.
Normally the wake field is very weak and only exists within a
very short period, which is not easy to detect. But for the inter-
action of molecular ions with a target where several vicinage
ions are moving together, the wake field induced by the leading
ion would have strong effect on the trailing ions, which renders
the wake field detectable.[13,14] For dicluster ions, the wake ef-
fect induced by the leading particle could create a deep poten-
tial well in the target, which might capture the trailing particle
and bent its direction.[13] The effect has been confirmed ex-
perimentally by Susuki et al.[9] by using 0.2–0.5 MeV/u H+

2
molecular ions colliding with graphite foils, where a detector
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with acceptance angle of 0.04◦ was used to measure the ra-
tio between the numbers of aligned proton pairs and isolated
protons. And a much slower decreasing trend of the ratio ver-
sus foil thickness was found, which agreed with the theoretical
calculation well only when the wake effect was considered.[10]

The physics of the interaction between the H+
2 molec-

ular ions and thin foils has been studied for a long period,
and normally much thicker foils with several tens of atomic
layers were used.[8,15–19] It is believed that the electron is
stripped off quickly after H+

2 hit the foil, which is supposed
to happen within several atomic layers, or shorter than a
femtosecond.[2,4,20–22] And there are some theoretical mod-
els which assume that the electrons of molecular ions are
stripped off once they contact the first atomic layer of the thin
foil.[5,9,23–26] In Ref. [27], the Rutherford backscattering en-
ergy spectrum of carbon fragments which were generated by a
1.847 MeV C+

2 cluster beam interacting with a silicon crystal
target was used to measure the time when the Coulomb explo-
sion just happened. It was reported that the electron stripping
time was around 0.1 fs for T100 spatial period, 0.12 fs for T211

spatial period, and 0.2 fs for T111 spatial period. However, it is
still not easy to directly clarify where the electron is stripped
off. Since the position of electron stripping determines the
charge state of the molecular ion cluster in its subsequent mo-
tion and the main physical processes including the stopping

force of the medium and the energy loss per unit length, the
process of electron stripping is more important. In our work,
very thin free carbon foils whose thickness ranged from mono-
layer (graphene) to several dozen atomic layers were used to
study the collision with MeV H+

2 molecular ions. Here, the
experimental results are reported to answer the questions of
how many atomic layers are needed to strip off the electron of
H+

2 , and how is the wake effect varying for really thin targets.

2. Experimental setup
The experiment was performed by using an electrostatic

accelerator, and the schematic of the device is shown in
Fig. 1.[28] A high-frequency ion source and a 2.5-MV electro-
static accelerator were used to generate the H+

2 molecular ion
beam with the energy of a few MeV/u. A 90◦ vertical bend
magnet and a 20◦ horizontal bend magnet were used to deflect
the beam and screen out the required H+

2 molecular ions from
others. A two-dimensional (2D) XY electrostatic deflector, an
adjustable XY slit, and a fixed aperture were used to guide the
H+

2 beam to the target, to control the beam size, and to further
remove the protons and H particles in the beam. The error of
the original beam parallelism was less than ±4.5×10−5. And
the vacuum of the system was better than 5× 10−4 Pa during
operation.

target

electrostatic analyzer

H2 beam of 0.8 MeV/u and 0.9 MeV/u
+

2.5 MVSelectrostatic accelerator 

XY direction electrostatic deflector

slitaperture

detector for counting: 

gold silicon surface barrier 

detector

Fig. 1. Schematic of the experiment setup.

In the target chamber, a movable target ladder with 9 slots
was used to mount the foils. The graphene type foils with
thicknesses of 1, 2, 3–5, and 6–8 layers, and graphite type
foils with thicknesses of 7–10 nm and 10–15 nm were used.
For convenience, the thickness of mono layer graphene was
supposed to be 0.34 nm, and the thicknesses of the graphene
type foils were simply expressed as 0.34 nm, 0.68 nm, 1.36±
0.34 nm, and 2.38± 0.34 nm, respectively. While the thick-

nesses of the graphite foils were expressed as 8.5± 1.5 nm
and 12.5 ± 2.5 nm. The graphene sheets were provided by
TED PELLA Co., Ltd,[29] which were supported by 2000-
mesh copper TEM grids with circular holes of 6.5 µm and
pitches of 12.5 µm. The 2000-mesh TEM grid was supported
by a 1 mm×2 mm slotted grid to give the required stiffness.
The total usable area of the free-standing graphene sheets was
approximately 30% due to the pitches, unavoidable folds, and
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wrinkles. The graphite type foils were supported by 300-mesh
copper TEM grids with circular holes of 58 µm and pitches of
25 µm, which were supplied by Beijing Zhongjingkeyi Tech-
nology Co., Ltd.[30]

The H+
2 molecular ions were adjusted to collide

with the foil perpendicularly, and might pass through the
graphene/graphite foil or fracture into two protons (secondary
beam), and only particles along the beam direction (0◦) were
tested. The thickness of the TEM grid was 25 µm, which was
thick enough to stop all H+

2 molecular ions and had no influ-
ence to the experiment.

An energy measurement system consisting of a 90◦ elec-
trostatic analyzer (EA, with radius 800 mm) and a gold-
silicon surface barrier detector (ORTEC, CA-014-025-1000)
was used to test the energy of the fragment protons and trans-
mitted H+

2 , which was placed at 3 m downstream the target.
The resolution of the energy measurement system was bet-
ter than 0.04% for 1.8 MeV H+

2 ions. An adjustable slit was
mounted at the entrance of the EA and only particles with the
divergence angle of less than 0.75 × 10−4 rad could be ac-
cepted. The energy calibration coefficient was 0.045 keV/V
for the EA.[28]

3. Experimental results
Since the internuclear axes of the H+

2 molecular ions
were randomly oriented, the direction of the Coulomb ex-
plosion would be random. And most protons would obtain

one extra transversal velocity after the Coulomb explosion
and would deviate from the beam direction. Only these pro-
ton pairs, which were generated from the H+

2 molecular ions
whose internuclear axes were aligned parallel to the beam
direction, could keep the original direction and be detected
by the EA. The energy of these protons was measured by
the EA, and the energy spectra are shown in Figs. 2 and
3. Figures 2(a) and 2(c) are the energy spectra of the frag-
ment protons from 0.8-MeV/u H+

2 in monolayer graphene
and in 10–15 nm graphite, respectively. To ensure that the
TEM grid had no influence to the experiment, the energy
spectra of the fragment protons from 0.8-MeV/u H+

2 pass-
ing through one empty 2000-mesh copper TEM grid and one
empty 300-mesh copper TEM grid are shown in Figs. 2(b)
and 2(d), respectively. Figures 3(a) and 3(c) are the energy
spectra of the fragment protons from 0.9-MeV/u H+

2 in mono-
layer graphene and in 10–15 nm graphite, respectively. And
the energy spectra of the fragment protons from 0.9-MeV/u
H+

2 passing through one empty 2000-mesh copper TEM grid
and one empty 300-mesh copper TEM grid are shown in
Figs. 3(b) and 3(d), respectively. It was found that the peak
height of monolayer graphene was 3500 for 0.8-MeV/u H+

2
and 35000 for 0.9-MeV/u H+

2 , and the peak height of the 10–
15 nm graphite was 12000 for 0.8-MeV/u H+

2 and 45000 for
0.9-MeV/u H+

2 , while the peak height of the empty TEM
grid for all energy H+

2 was only a few dozen. The pro-
ton counts in the empty TEM grid might be caused by the
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Fig. 2. The energy spectra of fragment protons at 0◦ generated by 0.8 MeV/u H+
2 (a) in monolayer graphene foil, (b) in empty 2000 mesh TEM

grid, (c) in 10–15 nm graphite foil, and (d) in empty 300 mesh TEM grid. The X-axis represents the energy of fragment protons, and Y -axis
represents the counts of the protons at given energy.
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Fig. 3. The energy spectra of fragment protons at 0◦ generated by 0.9 MeV/u H+
2 (a) in monolayer graphene foil, (b) in empty 2000 mesh TEM

grid, (c) in 10–15 nm graphite foil, and (d) in empty 300 mesh TEM grid. The X-axis represents the energy of fragment protons, and Y -axis
represents the counts of the protons at given energy.

collision of H+
2 ions with residual gases in the vacuum

pipeline, because the similar spectrum structure was found
when no target was used. Obviously, the influence of the cop-
per TEM grid was negligible, and two peaks in Figs. 2(a),
2(c), 3(a), and 3(c) were caused by the foils (graphene and
graphite). Then we could infer that one single layer graphene
was able to strip off the electron of H+

2 . It was also found
in Figs. 2(a) and 3(a) that there were more trailing than lead-
ing protons, which means that the wake effect was available in
monolayer graphene. The wake field generated by the leading
proton was able to capture the trailing proton nearby and bent
it to the beam direction, and some trailing protons which were
originally not at 0◦ could be bent to the beam direction and be
detected by the EA.

The energy spectra of the fragment protons from other
graphene type foils (0.34 nm, 0.68 nm, 1.36± 0.34 nm, and
2.38 ± 0.34 nm) and more thick graphite type foils (8.5 ±
1.5 nm and 12.5± 2.5 nm) were tested, and the similar two
peak structure were found. The peak height of the trail-
ing/leading proton for all types of foils are shown in Fig. 4(a)
for 0.8 MeV/u H+

2 and Fig. 4(b) for 0.9 MeV/u H+
2 . It was

found that the peak height varied within the range of 2500 to
12000 for 0.8 MeV/u H+

2 and within the range of 20000 to
45000 for 0.9 MeV/u H+

2 . And the peak height for the mono-
layer graphene foil was not significant smaller than that for the
thicker foils, which might indicate that the vast majority elec-
trons of H+

2 were stripped off by the first layer of the foil. Then
the answer to the question was that one single layer is enough

to strip off the electron of H+
2 molecular ions.
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(b) trailing H+

leading H+
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0.9 MeV/u H2
+

Fig. 4. The peak height of the trailing/leading proton at different foil
thickness for (a) 0.8 MeV/u H+

2 and (b) 0.9 MeV/u H+
2 .

The ratio R = Ntrailing/Nleading was used to represent the
intensity of the wake effect, where Ntrailing and Nleading are the
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numbers of the trailing and leading protons in the proton en-
ergy spectrum. The thickness dependences of R at the incident
energies of 0.8 MeV/u and 0.9 MeV/u are shown in Fig. 5.
The ratio R was larger than 1.0 for all cases, which means
more trailing than leading protons were found for all cases,
and significant wake effects were observed for all foils. The
data was very strange for the 0.9 MeV/u H+

2 in 3–5 layers
graphene, we cannot explain the abnormal data, we guessed
that the beam condition may be abnormal for this point. If
the abnormal point was discarded, it was found that the ra-
tio R first increased with the thickness for the much thinner
graphene foils, and then decreased with the thickness for more
thick graphite foils. This indicated that the bending effect of
the wake field on the trailing proton increased first and then
decreased with the foil thickness.

0 2 4 6 8 10 12 14 16
0.9

1.0

1.1

1.2

1.3

1.4
 0.8 MeV/u H2

 + incident foils

 0.9 MeV/u H2
 + incident foils

R

Foil thickness/nm

Fig. 5. The ratio R varied with the target thickness. The red solid point
and blue solid point represent the experiment values for 0.8 MeV/u and
0.9 MeV/u H+

2 incident foils, and the black solid line is only used to
guide the eye. The ratio R first increased then decreased with the target
thickness, except for the case of 0.9 MeV/u H+

2 in 3–5 layers graphene
foil which was abnormal.

In thin foils, the wake field was mainly affected by the
inter-nuclear distance between the leading and trailing pro-
tons, as well as the thickness of the foil. Generally speaking,
the wake field might be stronger for thicker foils because the
lasting time of the wake field would be longer, and the ratio
R would be larger. When the foil thickness was much thicker,
the distance between the leading and trailing protons would
be larger, and the wake field might decrease or even reverse
polarity, which would make the ratio R much samller, just as
shown in Fig. 5.

4. Conclusion
The interaction of MeV H+

2 molecular ions with very thin
graphene and graphite foils were studied. It was found that the
vast majority of the electrons of the H+

2 molecular ions could
be stripped off in monolayer graphene foils. And it was very
possible that the electrons of the incident H+

2 were stripped off

at the first atomic layer of the target when the H+
2 molecular

ions interacted with the thick foils. The existence of significant
wake effect in monolayer graphene was confirmed experimen-
tally, and the bending effect of the wake field on the trailing
proton increased first and then decreased with the increase of
the foil thickness. These experimental phenomena answer the
question of how many atomic layers are needed to strip off
the electron of H+

2 , and how the wake effect varies for really
thin targets. Especially, it was found that the electron of H+

2
was stripped off in the first layer, which was valuable to un-
derstand the main physical processes, including the stopping
force of the medium and the energy loss per unit length after
molecular ions enter the medium.
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Rev. B 79 155449
[28] Li M, Zhu Z S, Han J F, Shi M G, Zhou M L, Chen Z Y, Liu D and Qu

G F 2018 At. Energy Sci. Technol. 52 705 (in Chinese)
[29] http://www.tedpella.com/Support Films html/Graphene-TEM-

Support-Film.htm [2019-6-21]
[30] http://www.emcn.com.cn/ [2019-6-21]

093401-5

https://doi.org/10.1016/0375-9601(71)90995-9
https://doi.org/10.1126/science.244.4903.426
https://doi.org/10.1103/PhysRevA.58.3796
https://doi.org/10.1103/PhysRevLett.33.1325
https://doi.org/10.1103/PhysRevB.18.1
https://doi.org/10.1088/0022-3719/11/14/013
https://doi.org/10.1016/S0168-583X(99)01069-1
https://doi.org/10.1088/0022-3719/11/21/001
https://doi.org/10.1088/0022-3719/11/21/001
https://doi.org/10.1103/PhysRevA.62.012902
https://doi.org/10.1016/j.nimb.2006.11.104
https://doi.org/10.1016/j.nimb.2006.11.104
https://doi.org/10.1088/1674-1056/18/11/038
https://doi.org/10.1088/1674-1056/18/11/038
https://doi.org/10.7498/aps.61.209203
https://doi.org/10.7498/aps.61.209203
https://doi.org/10.1007/978-3-319-05564-0
https://doi.org/10.1007/978-3-319-05564-0
https://doi.org/10.1007/978-3-319-05564-0
https://doi.org/10.1103/PhysRevLett.34.1420
https://doi.org/10.1103/PhysRevA.56.4786
https://doi.org/10.1103/PhysRevA.24.746
https://doi.org/10.1103/PhysRevA.64.022904
https://doi.org/10.1103/PhysRevA.64.022904
https://doi.org/10.1016/0168-583X(86)90498-2
https://doi.org/10.1016/0168-583X(86)90498-2
https://doi.org/10.1016/j.nimb.2018.01.002
https://doi.org/10.1016/0029-554X(80)90992-1
https://doi.org/10.1103/PhysRevLett.56.1559
https://doi.org/10.1103/PhysRevLett.85.1448
https://doi.org/10.1103/PhysRevLett.36.200
https://doi.org/10.1103/PhysRevA.22.61
https://doi.org/10.1103/PhysRevA.25.1943
https://doi.org/10.1140/epjd/e2010-10144-9
https://doi.org/10.1103/PhysRevB.79.155449
https://doi.org/10.1103/PhysRevB.79.155449
https://doi.org/10.7538/yzk.2017.youxian.0466

	1. Introduction
	2. Experimental setup
	3. Experimental results
	4. Conclusion
	References

