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Low-energy particle interaction at carbon nanowalls on W surface
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a b s t r a c t

We measured the characteristics of the reflected particles from a carbon nanowall (CNW) deposited on a
W surface following the injection of 1–2 keV H+ and O+ ions. The reflected ion energies and intensities
indicated a contribution from multiple scattering in the target. The reflection angular dependence of
the reflected ion intensities reached the maximum around the mirror angle and showed a sharp distribu-
tion, which may be attributable to the effect due to the aligned structure of the CNW. The energies and
intensities of the reflected ions decreased with the time of ion bombardment. The intensities and energies
of the reflected ions were, however, recovered to some degree by baking the sample, indicating the sur-
face modification due to retention of the injected particles during the injection. We used the Monte Carlo
simulation code ACAT (Atomic Collision in Amorphous Target) to study these processes theoretically and
the calculated results supported the experimental results.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

In magnetically confined high-temperature plasma experiment
devices Mo, W, and C are used as first wall materials, diverters and
limiters. The plasma facing components are key issues from view-
points of the components’ lifetime against the enormous particle
loads in a burning plasma and in the control of hydrogen recycling
in edge plasma cooling processes [1,2]. Study on the particle reflec-
tions at the surfaces facing the plasma is important for understand-
ing the heat deposition and particle recycling mechanisms.
Systematic study of the particle reflections from polycrystalline
samples has been performed [3–8]. The precise data set and stud-
ies of the fundamental processes for particle reflections, however,
still seems to be inadequate for understanding the plasma interac-
tion with materials in reactors, especially for carbon materials.

We have been developing an experimental system for studying
fundamental processes of the particle interactions with solid sur-
faces [9–14]. This system successfully yielded data on reflected
ions and neutrals from polycrystalline metal surfaces (Mo, C, W,
V-alloy) following low-energy (1–3 keV) beam injections. The
angular distributions and energy spectra of positive and negative
ions reflected from the materials were measured by a magnetic
momentum analyzer (MMA) [11–13]. Recently, we added a time-
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of-flight analyzer (TOFA) to the existing MMA so we could make
complementary measurements of neutral particles during ion
bombardment [14]. In this paper we report the experimental re-
sults of using the MMA-TOFA system to measure low-energy par-
ticle injection onto a carbon nanowall (CNW) coated W surface.
The interactions between low-energy particles and the CNW were
physically interesting because the CNW was vertically oriented to
the W surface and had large porosity. Such surfaces could be pres-
ent in the plasma vacuum chamber [15], and thus the study of
highly oriented carbon materials is important.
2. Sample preparation and experimental setup

We prepared a CNW sample by the plasma-enhanced chemical
vapor deposition on a W surface by running a 200 W RF discharge
for 30 min with a H2 and CH4 gas mixture in a separate plasma
chamber. The target W temperature was 600 �C and the substrate
bias voltage was 10 V. The sample could contain hydrogen, but
emits the absorbed atoms due to the high target temperature.
The sample was exposed in air before being moved to the analyzer
chamber of the measurement system. Example images of the CNW
recorded with field-emission type secondary electron microscope
(FE-SEM) are shown in Fig. 1. Vertically aligned CNW growth of a
�1 lm in thickness was observed on the W target. We could also
see large empty spaces between the walls in the top view of the
FE-SEM image of Fig. 1(a), and thus retention effects of the injected
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Fig. 1. Sample images of a carbon nanowall (CNW) observed by FE-SEM. A carbon
nanowall (CNW) was deposited on a polished W surface. (a) Top view of the CNW.
(b) Substrate tilted by 45�.

Fig. 2. Characteristics of the reflected particles for 1 keV H+ beam injection (�50 nA
for (b), �20 nA for (c) to (f)) on the CNW target. (a) Definition of the incident angle
(a) and reflected particle angle (b). (b) Incident energy dependence of the reflected
particle energy at a = 20� and b = 25�. The solid line is a curve of Ein = Eout. (c)
Incident angle dependence of the reflected particle energies (Eref) and (d) that of the
intensities under a + b = 45�. (e) Reflected angle dependence of the reflected ion
energies and (f) that of the ion intensities at a = 20�. The open and closed circles
correspond to the reflected H+ and H- ions measured by the MMA, respectively. The
closed squares correspond to reflected neutral H0 particles measured by the TOFA.
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particles due to the large surface area were expected. Fig. 1(b)
shows the image with the substrate tilted by 45�. The prepared
CNW layer remained on the W surface after keV-beam injection
with the intensity of the order of 0.5–5 mA/cm2 for a few tens of
hours. No considerable erosion of the sample was observed in
the FE-SEM image after the ion bombardment.

The details of the experimental system were reported else-
where [13,14]. The analyzer angle against the incident beam was
calibrated by directly injecting the weak primary beam from the
ion source to the analyzer. The correlation between the beam en-
ergy and the induction current of the magnetic momentum ana-
lyzer was carefully calibrated by directly injecting low intensity
positive and negative ion beams. Our MMA system has the advan-
tage that the positive and negative ions in the reflected beam were
measured by a single sweep of the analyzer magnetic field. The tar-
get was heated by an infrared target heating system from outside
the vacuum chamber through a sapphire window. We employed
two fixed TOFA systems as shown in Fig. 2(a): 0�-TOFA along with
the axis of the incident beam for the time calibration and 45�-TOFA
aligned at 45� with respect to the incident beam [14]. The TOFA
may detect the neutrals of down to a few hundreds eV. The sample
temperature was measured by the system’s thermocouple and cor-
related to the heating power of the infrared target heater, which
reached approximately 240–260 �C within 10–15 min after the
start of heating. The surface of the sample reached the maximum
temperature much faster than did the bulk of the target. The inci-
dent beam energy was 1–2 keV, and the intensity varied from a few
to nearly 100 nA.
3. Results and discussion

Fig. 2 shows the characteristics of the reflected particles for H+

beam injection (�20 nA) on the CNW target with definitions of the
incident angle (a) and reflected particle angle (b) (Fig. 2(a)). We
measured the energy distributions of the reflected particles. Both
peaks of H+ and H- measured by MMA have Gaussian-like distribu-
tion, and HWHM was �0.5 keV.

Incident energy Ein dependence of the peak energy of the re-
flected particle Eref at a = 20� and b = 25� is shown in Fig. 2(b).
The solid line in the figure represents a curve of no energy loss
by surface reflection. The energies of reflected ions increased
monotonically with the incident energy. The energies of reflected
particles were smaller than those of the incident particles, due to
the energy losses by multiple scattering inside the target surface
layer. This trend is very similar to the ones reported for polycrys-
talline metal samples [13,14].

The dependence of the particle energy and intensity upon the
incident angle is shown in Fig. 2(c) and (d), respectively. The beam
energy was 1 keV. Here we changed only the target angle and the
angle; the angle to the TOFA was fixed at 45� with respect to the
beam direction, and thus a + b was kept at 45�. The mean energy
of the reflected ions was larger than that of the neutrals. The re-
flected ion energies (Eref) showed almost no dependence on the
incident angle (a). The intensity of reflected neutral particles
reached the maximum around a = 30�, while the H+ ion intensity
gradually decreases with increasing incident angle up to a = 30�,
after which it decreased more rapidly to a = 40�. These angle
dependences of the intensity are very different from those ob-
served in the other metal targets [14].

Fig. 2(e) and (f) show the reflection angle dependence of the re-
flected ion energies and intensities at a = 20�. The reflected ions
showed strong dependence upon the reflection angle b, and the



Fig. 3. Characteristics of the reflected particles for 1 keV O+ beam injection (�6 nA)
on the CNW target. (a) Incident angle dependence of the reflected O� energy (Eref)
and (b) that of the intensity under a + b = 45�. (c) Reflected angle dependence of the
reflected O� energy and (d) that of the intensity at a = 20�.

Fig. 4. Time-evolution of the reflected H+ (opened circle) and H� (closed circle)
ions: (a) intensities and (b) energies. The incident H+ beam energy was 1 keV. The
incident and reflected angles were a = 20� and b = 25�, respectively. During the
period of 38–75 and 225–281 min, the target was baked at about 240–260 �C.
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intensity reached the maximum around the angle of mirror reflec-
tion. The reflected ions showed relatively sharp distribution for the
reflection angle b compared with other metal targets [14,15], pos-
sibly due to the effect of the aligned structure of the CNW vertical
to the substrate surface.

Fig. 3 shows similar measurements for a 1 keV O+ beam injec-
tion. The energies of the reflected O� ions showed no incident an-
gle dependence under a + b = 45�, as shown in Fig. 3(a). The
energies of the reflected O� ions were much smaller compared to
the case of H+ injection because of the similar mass of O to that
of carbon. The incident angle dependence of the intensity under
a + b = 45� in Fig. 3(b) shows that the angle giving the maximum
intensity for the reflected O- was around a = 15�. Fig. 3(c) shows
that the reflected angle dependence of reflected O� ion energy
was stronger than those of reflected H+ and H� ions. The reflected
particle intensity was also strongly dependent upon the reflection
angle b, taking maximum intensity around 10� as shown in
Fig. 3(d).

We measured time-evolution of the reflected ions, as shown in
Fig. 4. The intensities of the reflected particles drastically decreased
with the time of H+ injection in the first bombardment just after
the baking. The degrees of the decrease become smaller after sec-
ond bombardment. The change in the energies of reflected parti-
cles was not large, but it followed the trend of the intensity. The
intensities changed most significantly just after the baking. These
phenomena indicate the retention of the injected particles in the
CNW. A model of one of the most possible mechanisms is described
below. After the CNW retained incident beam particles, the in-
jected beam ions collided with the absorbed particles to lose their
energies efficiently by light-particle-collisions. A substantial part of
the beam was not reflected, and the particle retention increased
with time. The absorbed particles were reemitted from the CNW
during the baking. The intensities of the reflected particles in-
creased and the energies recovered to some degree after the beam
injection was reinitiated.

To quantify the effect due to accumulation of the incident ions
into the CNW, we calculated the reflection coefficients and ener-
gies from the targets by using the Monte Carlo simulation ACAT
(Atomic Collision in Amorphous Target) code [16,17]. The neutral
particle reflection coefficient was computed as a function of the ra-
tio of hydrogen atoms to carbon atoms. The calculated results
showed that the reflectivity and energies of the reflected particles
drastically decreased as the number of absorbed hydrogen atoms
in the carbon atoms increased. This may have been caused by
the increase in the number of collisions with hydrogen atoms, indi-
cating an increased elastic and inelastic energy loss in the projec-
tiles in the materials. The calculations also show the effect of
surface structure upon particles reflection coefficients and sputter-
ing yields [18].

4. Summary

We studied low-energy beam interaction with a CNW target.
The reflected H+ and H� intensities showed small dependence on
the incident angle. This trend was different from that observed in
other materials. The reflection angle dependence of the reflected
ion intensities showed a sharp distribution compared to the other
metal targets, indicating the effect of the aligned structure of the
CNW. The reflected O� ion energy and intensity depended strongly
on the reflection angle. The time-evolution of the reflected H ions
showed that the energies and intensities decreased with H+ and
O+ beam injection time, and partly recovered as a result of baking
procedures. The numerical simulation results supported these
experimental results qualitatively and indicated the increased
number of collisions with the hydrogen atoms absorbed in the
CNW structure.
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