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We have developed a time-of-flight analyzer to measure energy distributions of reflected particles
from solid surfaces bombarded by low-energy �1–2 keV� ions. The analyzer yields energy
distributions of neutrals which can be compared with the energy distributions of charged particles
measured by a magnetic deflection-type momentum analyzer. We have tested the system to measure
the angular dependence of energy and intensity for neutrals reflected from a polycrystalline W
target. The energies of the reflected neutrals are much smaller than the incident ion energies,
suggesting multiple scattering in the target. No angular dependence is observed under the condition
that the sum of the incident and reflected angles is constant. The intensity of the reflected neutrals
takes the maximum around the mirror angle. We compare these characteristics of neutral particle
reflections with those of reflected ions. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2796173�

I. INTRODUCTION

Information on interactions of low-energy particles with
solid surfaces is important in designing first walls and divert-
ers for fusion reactors. In a burning plasma such as the one in
ITER, the interaction between the material surface and ther-
malized low-energy ions in the range from a few to 10 keV
affects the overall plasma confinement and transport. The
precise process of edge plasma behavior, however, has still
not been fully clarified due to lack of data set for particle
reflections at solid surfaces.

We have been developing an experimental system to
study the fundamental processes of particle interaction with
solid surfaces and used it to obtain the data set for plasma-
surface interaction.1–5 With this system we have measured
reflected ions for single or polycrystals �Si, Mo, C, V alloy�

following the low-energy �1–3 keV� beam injections. The
angular distributions and energy spectra of positive and
negative ions reflected from the materials had been measured
by using a magnetic momentum analyzer. The results
showed the reduction in energy of the reflected ions from the
incident ion energies and a strong angular dependence of the
intensity of reflected ions at a given incident angle. Similar
results had been observed by other groups.6–9 We have no-
ticed in these experiments that the reflected particles mainly
consist of neutrals rather than ions and recognized the impor-
tance to measure the properties of the reflected neutral par-
ticles. Hence we employed a time-of-flight �TOF� analyzer
installed complementarily to the existing magnetic momen-
tum analyzer.

In this paper we report our system to study beam-surface
interaction equipped with the TOF analyzer. As an applica-
tion of the TOF analyzer, we show the results of the mea-
surements for a polycrystalline W: angular dependences of
the reflected neutral particle in their energy and intensity. We
also performed the measurements of the reflected ions by the
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magnetic momentum analyzer. We discuss the advantage of
the measurement capability for not only the reflected neutrals
but also the reflected ions.

II. BEAM TRANSPORT AND TOF MEASUREMENT
SYSTEM

Figure 1�a� shows a schematic diagram of the beam
transport system. The incident angle ��� and reflection angle
��� are defined in the figure. Details of the development of
this system has been published elsewhere.3–5 A small multi-
cusp magnetic-field-type ion source is used to extract posi-
tive or negative ions. Negative ions are extracted by attach-
ing a pair of removable permanent magnets near the
extraction electrodes of the ion source to realize magnetic
filter geometry. We obtain H+, H2

+, H3
+, O+, H−, and O− ions.

In downstream of the ion source extractor, we have the beam
manipulation components; the first einzel lens, the first de-
flector, a bending magnet to select the ion species, a neutral-
izer, the second deflector, and the second einzel lens. The
analyzer chamber is connected to the chamber containing ion
beam production/transport system by a 50 mm long, 5 mm
diameter conduit, and the two chambers are separately
pumped down. The beam collimation system with apertures
in front of the target defines the maximum beam size
��2 mm�.

We measure the ion beam current and the neutral beam
intensity with a beam power detector located after the second
einzel lens system. We can use the beam power detector with
a Faraday cup mode sensing only charged particle compo-
nents or a pyroelectric mode that gives total beam power

including neutrals.10 The entire reflected particle diagnostic
system consists of a target, a magnet momentum analyzer
with a multichannel plate �MCP� detector, two TOF tubes,
and a target heating system. The angle of the target surface
can be adjusted from 0° to 360° with respect to the incident
beam, and the target can be withdrawn from the beam in the
direction of the axis of target rotation. A water-cooled, 90°-
bending magnet serving as a momentum analyzer is installed
on a movable table which can rotate from −90° to 90° in
vacuum. The angles of the target and the magnetic momen-
tum analyzer are controlled independently. The analyzer
chamber is evacuated to better than 2�10−6 Pa. The incident
beam intensity is measured by the beam power detector with
Faraday cup mode and also monitored as the beam current
onto the target. During the measurements the beam current is
kept constant.

Figure 1�b� shows the TOF analyzer �45°-TOF�, which
consists of an einzel lens system, a deflector, and a MCP
with apertures. The distance from the target to the 45°-TOF
MCP is about 1.6 m. We used a fast preamplifier �200 MHz,
HCA-200M-20k-C� to form pulse signals from the MCP. The
amplified MCP signal was analyzed by a multichannel scalar
�ORTEC MCS-pci�. The TOF system is fixed to be 45° with
respect to the direction of the incident beam. We measure the
angular dependence of the reflected particles by changing the
target angle �corresponding to change due to both the inci-
dent and reflected angles�, under the condition that the sum
of the incident angle ��� and reflection angle ��� is constant
��+�=45° �. The low-energy ion beams of H+, He+, and O+

��2 keV� are injected onto a W target. The incident beam is
modulated at 1 kHz by applying a square wave form poten-

FIG. 1. �Color online� Figure 1�a�
Schematic diagram of the experimen-
tal setup with the definition of incident
and reflection angles. �b� Time-of-
flight detection.
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tial to the deflector located at the extractor exit of the ion
source. The signal for the beam modulation is also used as
the trigger to a multichannel scalar. We have confirmed that
the TOF signal does not depend on the modulation fre-
quency. We have also calibrated the exact start time for the
TOF analysis by a MCP locating along the primary beam
axis �0°-TOF�. Thus we estimated the flight time from the
the MCPs of 0°-TOF and 45°-TOF. We also measured the
mass and incident beam energy dependence of the TOF sig-
nals. The time delay of the TOF signal is proportional to both
square root of the mass and inverse square root of the beam
energy, showing reliability of the system. The energy spread
of the beam is measured as large as 20% for 1 keV primary
O+ beam at 0°-TOF, while it is smaller for a lighter ion,
higher energy beam. The reflected beam mainly consists of
neutral particles because the intensity does not change when
we apply the potential to the deflector of the 45°-TOF tube to
remove signals due to ions. In this system we have the ad-
vantage to measure the angle and energy-resolved reflected
particles of both ions and neutrals. The total reflectivity,
however, cannot be directly obtained as we have not cali-
brated the system detection efficiencies.

III. PARTICLE REFLECTION FROM
POLYCRYSTALLINE TUNGSTEN

Figure 2�a� shows typical TOF spectra at 0°-TOF and
45°-TOF. It should be noticed that the flight time for 45°-
TOF is the sum of the flight time from the deflector to the
target, and that from the target to the MCP. The dependence
of the reflected particle energy upon the incident beam en-
ergy is shown in Fig. 2�b�. The energy of reflected H+ ions
shows an increasing trend against the incident energy, but the
energy of the reflected H0 particles saturates above the inci-

dent energy about 1.5 keV. Figures 2�c� and 2�d� show the
incident angle dependence of the reflected particle �H+ and
H0� energy and that of the intensity under �+�=45°, respec-
tively The reflected particle energies do not depend on the
incident angle � under �+�=45°. The mean energy of the
reflected ions is larger than that of the neutrals. We have
observed that the reflected neutral particle energy has shown
a time dependence during H+ injection. This may be attrib-
utable to the retention of hydrogen in W. Further study is
required for this problem. The intensities take maxima
around the mirror angle. Figures 2�e� and 2�f� show the de-
pendence on the reflection angle of the reflected H+ ion en-
ergy and that of intensity at �=15°. The reflected ions have
strong dependence on the reflection angle �, and the inten-
sity shows the maximum around the angle of mirror reflec-
tion.

A similar measurement has been performed for O+ ion
injection, as shown in Fig. 3. The reflected ions mainly con-
sist of negative O− ions. The energies of the reflected O− ions
and neutral O0 particles are nearly the same with linear de-
pendences against the incident beam energy, as shown in Fig.
3�a�. The reflected energies of O− and O0 exhibit weak an-
gular dependences showing maxima around the same angle
of 25° under �+�=45°, corresponding to the mirror reflec-
tion condition. The mean reflected ion energy showed a de-
creasing characteristic against the reflection angle �, as
shown in Fig. 3�d�. Figure 3�e� shows that the energy of the
reflected O+ ions takes the maximum around the mirror re-
flection angle. Compared to the cases of H+ injection, the
ratio of the reflected particle energy to the incident ion en-
ergy is smaller, and the dependence on the reflected angle for
the reflected ion intensity is stronger. This may be due to the
increase of the elastic energy loss with the larger mass.

We have calculated these processes by using the Monte
Carlo simulation atomic collision in amorphous target code
for neutral particle reflection.11 The results show that, for an

FIG. 2. �Color online� Characteristics of the reflected particles for 1 keV H+

beam injection on W target: �a� Examples of TOF spectra of H0 and O0 for
0°-TOF and 45°-TOF. �b� Incident beam energy dependence of the reflected
particle energy at �=15° and �=30°. The solid line is proportional curve.
Incident angle dependences; �c� the reflected particle energies and �d� inten-
sities under �+�=45°. Reflected angle dependences; �e� the reflected ion
energy and �f� the ion intensity at �=15°.

FIG. 3. �Color online� Characteristics of the reflected particles for 1 keV O+

beam injection on W target: �a� Incident beam energy dependence of the
reflected particle energy at �=15° and �=30°. The solid line is proportional
curve. Incident angle dependence; �b� the reflected particle energies and �c�
intensities under �+�=45°. Reflected angle dependence; �d� the reflected
ion energy and �e� the ion intensity at �=15°.
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example, the energy of the reflected H0 particles reduced
from 90% at �=5° to 50% at �=40° for 1 keV H+ beam
injection on the W target. The reflected particle energy is
almost constant for the change in the incident angle � under
�+�=45°. Similar results are obtained for He+ and O+ in-
jections. The results of these calculations support our experi-
mental results. The measured energies of the reflected neutral
particles for O+ injection, however, are less than the calcu-
lated values. Comparison of our experimental results with
the simulation suggests the presence of multiple scattering in
the surface collision process. The simulation results show
several tens of collision events in the material. For light atom
injection such as H+, the inelastic energy loss is dominant,
but for He+ and O+, it is comparable to the elastic energy
loss. The actual surface is not perfectly flat but has a finite
surface roughness. A fractal dimension between two and
three should be taken into account to explain the effect of
surface roughness to compare the result with the experimen-
tal ones qualitatively.12 This work is now under progress.

In this paper we describe the TOF system for measure-
ment of reflected particles from the surface. The system is
developed complementarily for the magnetic momentum
analyzer which can measure only charged components in re-
flected particles. As the demonstration of the system capabil-
ity, the results of the energy and angular dependences of
reflected particles are shown for polycrystalline W target. We
have compared the energy distributions of reflected neutrals
measured by TOF analyzer with those of ions measured by
magnetic momentum analyzer. Reflected neutrals seem to

possess smaller energies than ions, indicating the effect of
multiple scattering in the target. We continue both experi-
mental and simulation studies to further deepen our under-
standing on the final charge state of the reflected particle.
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