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Abstract
Positron-induced ion-desorption spectroscopy has been constructed and used
for measurements of positron-induced hydrogen ion desorption from Ni
surfaces. The cross-section for proton desorption at a positron incident energy
of 1.9 keV was larger than that at a positron incident energy of 2.9 keV. This
value is larger than that for electron-stimulated desorption with similar incident
energies, suggesting that ion desorption is caused by the thermalized positrons
in the bulk.

1. Introduction

Ion desorption induced by electronic transition has been used for the study of dynamical
phenomena on the surface [1]. An important motive force for this study is understanding of the
dynamics of atoms and molecules on surfaces. Ishii and Murata [2,3] have theoretically shown
that the estimated cross-section for positronium formation from the adatom orbital is quite large
in comparison with that of photo-excitation. Laser-induced ion desorption is considered to
be useful for fundamental studies of the dynamical behaviour of adsobates [4]. However,
this creates many complex excited states, and the small cross-section for ion desorption has
been a disadvantage [5]. Thus we cannot obtain precise spectroscopic data using various
photon energies. Positron-induced ion desorption is considered to be effectively caused by
the ionization of an adatom where the bonding electron is removed by the incident low-energy
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positron beam to form positronium. In addition, the recent studies with positron-annihilation-
induced Auger electron spectroscopy (PAES) [6] and reflection high-energy positron diffraction
(RHEPD) [7, 8] demonstrate that the low-energy positron is a strongly sensitive probe for
detecting adsorbed atoms on the surface. Thus, positron-induced ion-desorption spectroscopy
will provide important information on the desorption mechanism. We use low-energy positrons
which are slow enough to diffuse back to a surface and reemit. The dynamical property of
adsorbed atoms on a solid surface can be studied by spectroscopic analysis of desorbed ion
energy.

The dynamical property of adsorbed light atoms on a solid surface is one of the most
important subjects in surface science. Particularly the interaction of hydrogen with solid
surfaces is of wide scientific and technological interest. The surface contamination by hydrogen
atoms strongly affects the epitaxial growth of crystals, and hydrogen adsorption sometimes
results in reconstruction of metal surfaces. It is still difficult to determine the local structure
and dynamical properties of light atoms adsorbed on a surface. Diffuse LEED [9, 10] can be
applied to this subject. However, we could not distinguish the signal of a particular adatom
from that of other adsorbates.

In this letter, we explain the positron-induced ion-desorption apparatus, and then show
experimental results of positron-induced proton desorption from the Ni surface. On some
transition metal surfaces, it is well known that the hydrogen molecule dissociates. In positron-
induced ion desorption, we pay attention to adsorbed hydrogen on a Ni surface. It is dissocia-
tively adsorbed on this surface.

2. Method of positron-induced ion-desorption spectroscopy

The slow-positron beam for positron-induced ion-desorption spectroscopy is composed of two
stages [11,12]. The first stage of the positron beam system consists of a 22Na positron source
(∼3 mCi) and a W(100) foil of 1 µm thickness, which has been annealed once in a UHV
chamber at ∼2000 ◦C and is attached near the source for moderating positrons. The intensity
of the positron beam is ∼0.6 × 104 cps. The slow positrons are extracted from the moderator
using an accelerating grid of 15 V, and are guided along the magnetic field through the solenoid
tube of the first stage.

The magnetic field (60–80 Gauss) is supplied from solenoid coils directly around the
vacuum transport tube, which are supplemented with Helmholtz coils at several positions
where feed-through ports are present. For the positron-induced ion-desorption experiments,
we need to transfer the beam from the magnetic field transport system to a magnetic-field-free
region in the second stage. In the magnetic field, the radial momentum of the positron beam
is converted to cyclotron motion, making it possible to collect and transport as many slow
positrons as possible. At the end of the transport tube where the solenoid coil is terminated,
the radius of the cyclotron motion becomes larger as the magnetic lines of force expand.

Extraction of the beam without changing the beam size is possible at the expense of
increased momentum spread in the phase space. Beam extraction was accomplished by using
an accelerator assembly in the magnetic field. We set the electrostatic lenses in front of the
experimental chamber. The simulation of the trajectories of positrons has been performed
previously [13]. This system enables us to extract positrons from a magnetic field into an
electrostatic one [13–16]. We obtain electrostatic positron beams at incident energies from 2
to 4 keV at the centre of a UHV chamber, where the sample will be placed.

Figure 1 shows a schematic diagram (a) and a photograph of the target optics geometry in
positron-induced ion-desorption spectroscopy (b). The mesh of the ground level is installed
in front of the sample with the face of the mesh and the surface of the sample set toward
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Figure 1. A schematic diagram (a) and a photograph (b) of the target optics geometry in positron-
induced ion-desorption spectroscopy.

the channeltron. When 100 V is imposed on the sample, positive particles at the surface
are accelerated in the direction of the channeltron. When −20 V is imposed on the sample,
reflected positrons and relatively highly energetic hydrogen ions (above ∼20 eV) are detected
by the channeltron. We can detect only desorbed ions by a magnetic field of about 25 G with
the small coils in front of the channeltron, because the contamination of reemitted and reflected
positrons in the signals of the desorbed positive ion is eliminated by imposing a weak magnetic
field. In the case of a magnet-coil current of 5 A, the shifts of the trajectory of positron and
proton beams in the kinetic energy 100 eV are ∼8 mm and <0.5 mm, respectively, as shown
in figure 2. The permalloy sheet is installed between the magnet and the electrostatic lenses
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Figure 2. The shifts of trajectory of the positron and hydrogen ion beam in the case of a coil current
of 5 A.

so that the magnetic field does not disturb the incident positron beam.
We must maintain the vacuum condition of 10−10 Torr in the experimental chamber while

the chamber of the 22Na source cannot be baked to establish UHV. Thus, we set an Al cylindrical
block between the end of the solenoid coil and accelerator tube, whose inner diameter is 10 mm
and length is 40 mm. The slow positrons are transported through the hole and are injected
into the UHV experimental chamber. When the valve between the positron beam and the
sample chamber is opened, the pressure of the UHV chamber increases to 2.0 × 10−10 from
8.2 × 10−11 Torr.

The sample is suspended by W wires and can be annealed by direct current through
the wires. The highly pure hydrogen, oxygen and argon gas holders are connected with the
UHV chamber. The specimen surface was cleaned by repeated argon ion bombardment and
annealing to 1000 K. Finally, the clean Ni surface was annealed for 30 min at ∼1000 K to
eliminate defects in 2.0 × 10−10 Torr. Then, hydrogen gas at 1.0 × 10−8 Torr was introduced
in the sample chamber for 5 min through a liquid nitrogen trap to adsorb hydrogen on the clean
Ni surface [17].

3. Hydrogen ion desorption from a Ni surface

The energy gain from the coupling between H 1s and Ni 3d electrons results in a hydrogen
bonding level, and explains the chemisorption energy for H on the Ni surface [18].
Hybridization of the H 1s with the d band makes an antibonding level above the d band.
In the Ni surface, this antibonding state is near the Fermi level, and will not weaken the
hydrogen–metal bond. When the slow positron picks up an electron in the H–Ni bonding
state to form positronium, we can recognize it as the ionization of the adsorbate. We use a
simple assumption that the cross-section for the ion desorption is proportional to that of the
ionization [19],

δd = Aδi, (1)

where δd and δi are the cross-section for the ion desorption and ionization due to positronium
formation, respectively. A is a function of the initial and final states of the ionization. The
reneutralization contribution is therefore considered to be included in the factor A.

The matrix element of positronium formation is shown as follows [2]:

Mif =
∫

ψ∗(r+, r−)V (r+, r−)φ+(r+)φ−(r−) dr+ dr−, (2)
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Figure 3. Counts of positive particles versus the coil current, from a clean Ni surface.

where ψ∗(r+, r−) is the positronium (Ps) wavefunction at the surface. An electron
wavefunction in a bonding state of the H adsorbed on the Ni surface and a reemitted slow
positron wavefunction are represented as φ−(r−) and φ+(r+), respectively. The interaction
V (r+, r−) is the screened Coulomb interaction. Taking α = a−1

0 + µ (a0 is the Ps radius and
µ is a screening parameter), we can represent this as

V (r+, r−) = exp(−α|r+ − r−|)
|r+ − r−| . (3)

Figure 3 plots the number of positive particles emitted from the clean Ni surface versus
the coil current, which is proportional to the magnetic field in front of the channeltron. In
these experiments, the incident energies of positrons are 1.9 and 2.9 keV. The count with the
coil current of 0 A includes both reemitted positrons and desorbed ions. As the coil current
increases, reemitted positrons are eliminated. Therefore we conclude that the count with the
coil current of ∼5 A indicates desorbed ions. When there is no positron incidence, the value
of background is <0.7 counts/20 min. The number of desorbed ions from the clean Ni surface
at the incident energies of 1.9 and 2.9 keV is <0.5 counts min−1 at a coil current of 7–9 A
as we can see in figure 3. This result means that desorbed ions are hardly detected at these
currents. The number of positrons reemitted at the incident energy of 1.9 keV is larger than
that at the incident energy of 2.9 keV.

We can understand this result by considering the positron implantation profiles in the Ni at
the incident energies of 1.9 and 2.9 keV. The positrons of incident energy 2.9 keV are injected
to the bulk more deeply than positrons of incident energy 1.9 keV. The number of thermalized
positrons which return to the surface increases as the positron incident energy decreases.

Figure 4 plots the relation between the number of positive particles (positrons and ions)
emitted from the H-saturated Ni surface and the coil current, which is proportional to the
magnetic field in front of the channeltron. We can interpret that the number of desorbed ions
at coil currents of higher than 6 A corresponds to hydrogen ions. The number of desorbed
hydrogen ions at an incident energy of 1.9 keV is larger than that at 2.9 keV.

When −20 V is imposed on the sample, a few positive particles are emitted, which
correspond to reflected positrons and relatively highly energetic hydrogen ions (∼20 eV).
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Figure 4. Counts of positive particles (positrons and hydrogen ions) versus the coil current from
a H-adsorbed Ni surface.

Eliminating this effect, we can experimentally determine the cross-section, as follows:

Ci

Cp
= NA|M|2 (4)

where M is shown in equation (2), A is the factor in equation (1), N is the hydrogen number
per surface unit cell, Ci is the number of desorbed ions, which is obtained by subtracting the
number of desorbed ions at 2.9 keV from that at 1.9 keV at coil currents of 6–8 A, and Cp is the
number of thermalized positrons. The number of emitted positrons is obtained by subtracting
the number of positrons reemitted at 2.9 keV from that at 1.9 keV at coil currents of 0 A. When
it is assumed that emitted slow positrons, emitted positronium and slow positrons trapped to the
surface state are branched approximately in the same fraction, we can experimentally estimate
the effective cross-section, A|M|2, to be 2.8 × 10−18 cm2. This effective cross-section is three
orders of magnitude higher than that of the electron-stimulated desorption [20].

About half of the incident positrons can return with thermal energy from the bulk to the
surface, and stay in the surface state for several hundred picoseconds. Thus the surface-state
positrons can introduce the observed large cross-section for positron-induced hydrogen ion
desorption. That is, the desorption is mainly initiated by the positronium formation between
the surface-state positrons and the bonding electrons of the adsorbed hydrogens.

4. Conclusion

We have constructed positron-induced ion-desorption spectroscopy with an electrostatic
positron beam. We have performed the measurements of positron-induced proton desorption
from the Ni surfaces, and have estimated the effective cross-section of the positron-induced
proton desorption on the H/Ni surface.

The authors would like to thank Dr K Nakatsuji, Dr K Nozawa and Mr T Iimori for helpful
discussions and support.
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