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1.  Introduction

The key components of materials research are two-fold: the 
analysis of the atomic structure of materials, i.e. detailed posi-
tions of individual atoms; and that of their characteristics or 
functions. The same is true for the research of the surfaces. 
Recent progress in nanotechnology increasingly requires the 
study of material surfaces. Accompanied by the progress in 
vacuum technology, various tools for investigating the surface 
atomic structure and properties have been developed with 
increasing reliability.

X-ray diffraction (XRD) has long been the standard tech-
nique used to elucidate the structure three-dimensionally, 
such as in the crystals of new materials, complex proteins, 
etc. For the study of 2D surface structures, surface-sensitivity 
of the tools is crucial because the volume fraction of the sur-
face to the bulk is extremely small. Various tools have been 
developed and refined for the analysis of structure, such as 
scanning tunnelling microscopy (STM), atomic force micros-
copy (AFM), low-energy electron diffraction (LEED) [1], 
reflection high-energy electron diffraction (RHEED) [2], and 
surface XRD (SXRD) [3]. Diffraction of the positron, the 
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Abstract
Total-reflection high-energy positron diffraction (TRHEPD) has recently been developed to 
investigate the surface structure (atomic geometry) and surface properties of materials. It is 
the positron (the antiparticle of the electron) counterpart of reflection high-energy electron 
diffraction (RHEED). Depending on the glancing angle of incidence, positrons are totally 
reflected from the surface or shallowly penetrate into the bulk of the sample solid. Thus, it is 
possible to obtain information about the topmost and immediate sub-surface layers without the 
background effect of the bulk. In this review, this distinctive feature of the TRHEPD process 
and some of the results on surface structures and characteristics are described.
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antiparticle of the electron, is also used for this purpose. With 
advantages such as the absence of exchange interaction, low-
energy positron diffraction (LEPD), the positron counterpart 
of LEED, affords a reliable technique for use in surface struc-
ture analysis [4]. Also, LEPD holography [5] and the analy-
sis of LEPD patterns using the surface Patterson function [6] 
have been proposed as a direct method of surface structure 
determination. In 1992, TRHEPD (initially called reflection 
high-energy positron diffraction, RHEPD, in direct analogy 
with RHEED) was proposed by Ichimiya [7], who pointed 
out that the total reflection of positrons could be valuable for 
studying the surface structure and properties of the topmost 
surface. In 1998, a TRHEPD (still called RHEPD) pattern 
from a H-terminated Si(1 1 1) surface was first observed by 
Kawasuso and Okada [8] using apparatus with a radioisotope-
based positron beam. This method has since been used for 
investigations of various surface structures and phase trans
itions [9]. More recently however, an electron linear accel-
erator (linac)-based TRHEPD apparatus has been developed  
[10, 11]. The subsequent improvement in beam quality has 
made it possible to observe clearer TRHEPD patterns within a 
much shorter measurement time [12, 13].

The present review reports the characteristic properties of 
THREPD and some of the recent results by this method. In 
section 2, the total reflection of positrons at solid surfaces is 
detailed, with the theory of TRHEPD briefly described in sec-
tion 3. The apparatus used in TRHEPD studies is described 
in section  4 and in appendix A. Experimental evidence for 
the surface sensitivity of the technique is given in section 5. 
In section  6, examples of the surface structure analysis by 
TRHEPD are presented. In section  7, some applications of 
TRHEPD to surface science are reported, followed by a sum-
mary section. Preparation of the positron beam for TRHEPD 
is described in appendix A. Appendix B describes the rocking 
curve analysis of the TRHEPD patterns primarily used for the 
surface structure analysis.

The use of the positrons in surface science includ-
ing the diffraction methods has recently been reviewed by 
Hugenschmidt [14]

2. Total reflection of positrons

Figure 1 shows the schematic diagram of the TRHEPD 
process; the experimental set-up is essentially the same as 
RHEED. The positron beam with a fixed energy of 10–20 keV 
is incident on the crystal surface at a varying glancing angle, 
θ, and the pattern of the diffracted beam is recorded. The 
intensity distributions in a diffraction pattern and a rocking 
curve, i.e. the glancing angle dependence of the intensity of a 
particular spot in a diffraction pattern (see appendix B) give 
information on the detailed atomic geometry of the topmost 
and sub-surface.

The reasons for the surface sensitivity of TRHEPD are two-
fold: one is in common with LEED, RHEED and LEPD; and 
the other is unique to TRHEPD. With regard to the first point, 
neither the low energy for LEED (50–500 eV) nor the grazing 

incident angle for RHEED (10–20 keV and < 6◦) is the ori-
gin of the surface sensitivity. Both the energy and the incident 
angle are simply chosen to satisfy the Bragg condition

2 d sin θ = nλ.� (1)

In back-scattering LEED geometry, sin θ is of the order of 
unity, so that the electron energy should be around 100 eV to 
give a de-Broglie wavelength, λ, of the same order of magni-
tude as the lattice constant, d , of the sample. In the forward-
scattering RHEED geometry, sin θ is smaller by one order of 
magnitude than that for LEED, so that appropriate wavelength 
must be smaller by one order of magnitude and hence the elec-
tron energy must be around 10 keV, two orders of magnitudes 
greater. The origin of their surface sensitivity is inelastic scat-
tering. Since inelastic scattering destroys coherence, only 
the electrons elastically scattered out of the sample without 
undergoing an inelastic scattering process contribute to the 
diffraction pattern. The same is true for the positron counter-
parts, LEPD and TRHEPD.

The second and unique origin of the exceedingly high 
surface sensitivity of TRHEPD is the universally positive 
electrostatic potential, V , in every material, resulting from 
a point-like positive charge of nuclei and extended negative 
charge of the electron cloud. This comprises a barrier at the 
surface against the incident positrons. Within non-relativistic 
approximation, the magnitude of the wave vector, k0, of the 
positron beam of kinetic energy, E0, in vacuum is 

√
2mE0/�, 

where � = h/2π, h is the Planck constant and m the electron 
(positron) mass. When the surface-normal component of the 
kinetic energy of the positron incident with a glancing angle, 
θ, is smaller than the value of the average potential energy of 
the positron inside, eV,

E0sin
2θ < eV ,� (2)

then the positron is totally reflected [7]. The critical angle, θc, 
for total reflection is

θc = sin−1
√

eV/E0.� (3)

When θ is gradually increased across θc, the positron starts 
to penetrate into the crystal. The magnitude of the wave vector 
in the crystal, k, is

k =
√

2m (E0 − eV)/�.� (4)

Figure 1.  Schematic diagram of total-reflection high-energy 
positron diffraction (TRHEPD) method. The positron beam (e+) 
accelerated to 10–20 keV is incident on the sample surface at a 
glancing angle (θ) and the diffraction pattern for a fixed azimuthal 
angle (ϕ) is observed on the screen.
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The continuity of the tangential component of the wave vec-
tors on the surface, k0 cos θ = k cos θ′, leads to the refractive 
index as

n = cos θ
cos θ′ =

k
k0

=
√

1 − eV/E0,� (5)

where θ′ is the refracted internal glancing angle. Since 
k < k0, then θ′ < θ, which means that the penetrated posi-
trons are refracted toward the surface. Such refraction makes 
it possible to continuously change the probing depth from the 
topmost surface. (Note: we call the whole technique TRHEPD 
regardless of the desirable inclusion of data from out of the 
total-reflection condition.)

In contrast, n  >  1 for electrons, whose average potential 
energy in the crystal, −eV , is negative, and they are refracted 
away from the surface even when the incident glancing angle 
is infinitely small. In relation to this, it is well known that low-
est-order Bragg reflection spots are not observable in RHEED 
due to the inevitable increase in the effective glancing angle 
θ′ as well as the decrease in the wavelength. These spots are 
observable in TRHEPD.

The comparison between the surface sensitivity of RHEED 
and TRHEPD is schematically summarized in figure 2. The 
energies of the incident electrons and positrons for these 
experiments are high enough that the mean-free-paths for the 
inelastic scattering are essentially the same. Thus, the differ-
ence in the direction of the refracted beam results in a differ-
ence in the average penetrating depth of the particles before 
undergoing the first inelastic scattering; the depth probed by 
positron diffraction is much smaller than that by the electron 
counterpart. Actually, multiple scattering is significant that 
dynamical theory (see section 3) is necessary for the analysis.

Figure 3 shows the depth to which 10 keV positrons and 
electrons in TRHEPD and RHEED, respectively, probe as 
functions of the incident glancing angle. They are the result 
of solving the Schrödinger equation using a step-like poten-
tial of 12 V and an imaginary potential of 1.2 V represent-
ing the inelastic mean free path in Si. The critical angle for 
total reflection is about 2.0°. For θ < θc, the probing depth 
is on the order of the size of the atom. Note that the value of 

θc for SXRD is considerably smaller (typically 0.2◦) and the 
penetration depth is greater than 20 Å even for θ < θc [15]. It 
should be emphasized that TRHEPD is the only diffraction 
technique developed where the angular region for measure-
ment suitably overlaps with that of the total reflection.

Figure 4 displays absolute reflectivity of 0 0 or the specu-
lar spots for positrons and electrons from a Si(1 1 1)-(7  ×  7) 
surface as functions of the glancing angle under the one-
beam condition [16]. The solid line shows the reflectivity 
calculated using a step-like potential without any inelastic 
scattering. Closed and open circles indicate the measured 
reflectivity of the positron and electron beams, respectively, 

Figure 2.  Paths of the positron and electron beams for (a) the 
glancing angle, θ, smaller than the critical angle of total reflection 
of the positron, θc, and for (b) θ > θc, are schematically shown. 
Length of the path inside the crystal represents the inelastic mean 
free path. Possible multiple elastic scatterings are neglected for 
simplification.

Figure 3.  Probing depths of the positron and electron beam with 
an energy of 10 keV into the surface of a Si crystal as functions of 
the glancing angle. Red and blue lines indicate the positron and 
electrons beams, respectively.

Figure 4.  Absolute reflectivity of 0 0 spots for positrons and 
electrons from a Si(1 1 1)-(7  ×  7) surface as functions of the 
glancing angle under the one-beam condition [16]. The solid line 
shows the calculated reflectivity without any absorption effects. 
Reprinted from [16], Copyright 2009 by the American Physical 
Society.
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with an energy of 10 keV. The upper horizontal axis denotes 
the vertical energy, E⊥(= E0sin

2θ), of the incident beam. 
The observed reflectivity for the positron in the total reflection 
region is considerably below 100%, although it is still much 
larger than that for the electron. The reasons are (i) a non-flat 
reconstructed surface structure and (ii) inelastic effects due to 
surface inelastic scatterings involving phonon and electronic 
excitations. The calculated results for positrons with the 7  ×  7 
structure affecting the ideal total reflection condition, phonon 
excitations, and electronic excitations, taken into account suc-
cessively on the basis of the dynamical diffraction theory are 
shown in figure 4; the purple dashed line shows the result for 
electrons, including all the interactions.

3.  Dynamical diffraction theory

3.1.  Basic formalism

The theory of TRHEPD, already used in the calculations 
shown in figure 4, is briefly introduced in this section. It is 
the same dynamical theory as that of RHEED, except for the 
sign of the charge of the incident particle. The theory has been 
established since the early 1980s [17, 18]. The exchange inter-
action is not included because it is negligible for electrons of 
energy around 10 keV or higher. Non-negligible, multiple-
scattering effects due to the strong interactions between the 
electron (positron) and the atoms in the crystal are included. 
This framework is called the dynamical diffraction theory.

The wave function ψ (r) of positrons around a crystal sur-
face is described by the Schrödinger equation

− �2

2m∇
2ψ (r) + U (r)ψ (r) = Eψ (r),� (6)

where U (r) is the complex potential energy of the positron in 
the crystal. At and near the surface, the translational periodic-
ity along the surface-normal direction, z, is lost. Periodicity 
in the directions parallel to the surface remains, but the units 
of the period are generally larger than those in the bulk due 
to reconstruction and pertinent relaxation. Thus, the poten-
tial energy and the wave function can be expanded in the 2D 
Fourier series

U (r) =
∑
g

Ug (z) exp (ig · rt),� (7)

and

ψ (r) =
∑
g

cg (z) exp [i (k0t + g) · rt],� (8)

respectively, where g is the 2D reciprocal lattice vector for 
the (reconstructed) surface, and k0t and rt are the surface-
parallel components of k0 and r, respectively. By substituting 
(7) and (8) into (6), the fundamental equation for TRHEPD is 
obtained,

d2

dz2 cg (z) + Γ2
gcg (z) + 2m

�2

∑
h

Ug−h (z) ch (z) = 0,� (9)

where Γ2
g = k2

0 − (k0t + g)
2. The boundary conditions at the 

entrance surface (zs) and the bottom or exit surface (zb) are, 
respectively, defined in the forms

cg (zs) = δg0 exp (iΓgzs) + Rg exp (−iΓgzs)� (10)

and

cg (zb) = Tg exp (iΓgzb),� (11)

where Rg and Tg are the amplitudes of reflected and transmit-
ted waves for the gth rod, respectively, and δg0 is Kronecker’s 
delta. To solve (9) with the conditions of (10) and (11), numer
ical algorithms such as the integration and the multi-slice 
methods have been developed. Details of the algorithms are 
given in [2]. The TRHEPD intensity for the gth rod is given 
by Ig = |Rg|2.

3.2.  Crystal potential

The complex potential energy, including that for the inelastic 
scatterings, is expressed as

U = Uelastic + i
(
UTDS + Uel + Upl

)
.� (12)

Here, the real part Uelastic is the electrostatic potential energy 
responsible for the elastic scattering, and the imaginary parts, 
UTDS, Uel and Upl are responsible for the inelastic scatterings 
due to the thermal diffuse scattering by phonons, electronic 
excitations and plasmon excitations, respectively. These are 
highly relevant to the surface sensitivity of RHEED and 
TRHEPD, as mentioned in section 1.

The Fourier component of Uelastic is given by [19]

Uelastic
g = − �2

2m
4π
Ω0

∑
j(unit cell)

exp (−ig · Rj) f (s) exp
(
−Bs2

)
,

� (13)
where Ω0 and Ri are the unit cell volume and the position of 
the ith atom, respectively, and s = g/4π. f(s) is the elastic 
atomic scattering factor which may be expressed as a sum 
of Gaussians, f (s) =

∑
n an exp

(
−bns2

)
. The parameters an 

and bn are listed in the literature [20, 21]. The parameter B is 
the temperature factor relating to the mean square amplitude, 〈
u2
〉
, of the thermal vibrations and is written in the following 

form within the Einstein approximation [22, 23]5

B = 8π2
〈
u2
〉
= 8

√
3π�2

kBMaΘ

ï
1
2 + 1

exp(Θ/
√

3T)−1

ò
,� (14)

where T is the sample temperature and Θ is the Debye temper
ature, with kB and Ma the Boltzmann constant and the atomic 
mass, respectively. Positiveness of Uelastic

g  is responsible for 
the total reflection of the positron, which automatically takes 
place in solving (6) or (9) across the crystal surface.

The Fourier coefficient of the imaginary potential, UTDS, is 
estimated as [2]

UTDS
g = 4.74BZ2

Ω0
√

E
ln

(
15.4

BZ
2
3
+ 1

)
exp
Ä
−Bg2

8π2

ä
Gg� (15)

where Gg is given as

Gg =
∑

j(unit cell)
exp (−ig · Rj)� (16)

5 [23], equation (2.41). This equation is the high temperature limit of equation 
(14) in the present article.

J. Phys. D: Appl. Phys. 52 (2019) 013002
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and E  is incident positron energy in eV, and Ω0 is the unit cell 
volume in Å3.

The Fourier coefficient of Uel is estimated as [2]

Uel
g =

s2
A

s2
A+g2

147Z
1
3

Ω0
√

E

Å
ln

Å
8.82

√
EZ

1
3

∆Eel

ã
− 1

4

ã
Gg� (17)

where ∆Eel is a loss energy of positron by a core electron 
excitation, SA is the order of magnitude of the first reciprocal 
lattice.

The Fourier coefficient of U pl is estimated as [2]

U pl
g = 1.96∆E pl

√
E

ln
Ä
λF

√
E

12.24

ä
δ0g

Gg

Ncell
� (18)

where ∆E pl is the plasmon loss energy, λF is the wavelength 
(in Å) of the electron at the Fermi surface and Ncell is the num-
ber of atoms in the unit cell.

In the case of compound crystals and alloys including dif-
ferent atoms these potentials could be approximated by sum-
ming the contributions from each atom.

4.  Experimental apparatus

There are two ways of preparing a source for an energy-tuned 
positron beam. One way uses a positron-emitting radioiso
tope such as 22Na, the other employs pair creation from high-
energy photons. The photons used for this purpose are those 
emitted from the bremsstrahlung of accelerated electrons on 
hitting a heavy metal target, or γ-rays from a nuclear reactor 
core and those from the n-γ reaction of cadmium. The radio-
isotope method is handy but beam intensity is limited. The 
pair creation technique requires a relatively large facility but a 
higher intensity is achievable.

So far, TRHEPD apparatus have only existed at JAEA and 
at KEK, both in Japan. The first apparatus was a 22Na-based 
one made at JAEA by Kawasuso and Okada [8]. In 2010, their 

experimental chamber was moved to KEK in the quest for a 
more intense beam created by a dedicated electron linac [10]. 
Later it was replaced by a newly constructed TRHEPD sta-
tion [11] with a brightness-enhanced [24–26] positron beam. 
These systems are described in appendix A.

5.  Surface sensitivity of TRHEPD

5.1.  Comparison of TRHEPD and RHEED patterns

Figure 5 displays observed and calculated TRHEPD and 
RHEED patterns of a Si(1 1 1)-(7  ×  7) surface at a glancing 
angle θ  =  1.3° [12]. The total reflection condition is satisfied 
for TRHEPD. The 7  ×  7 reconstructed surface has a so-called 
DAS structure (figure 6) consisting of dimer atoms, adatoms, 
and a stacking-fault layer, which was finally revealed by trans-
mission electron diffraction (TED) [27] about 30 years after 
its discovery. It is clearly seen that the observed patterns are 
quite different from each other. This demonstrates that, even 
at the same glancing angle, RHEED probes down to deeper 
layers compared to TRHEPD, as shown in figure 3.

It is interesting to further notice that the agreement between 
the observed and calculated RHEED patterns are not as good 
as those between the corresponding TRHEPD patterns. The 
dynamical intensity calculations were performed for the 
atomic configurations determined by the first-principles 
calculations [28] down to the 3rd atomic layer indicated in 
figure 6 and the unrelaxed bulk structure for the lower layers. 
Possible reasons for this discrepancy are that some unknown 
relaxation may exist below the 3rd layer where RHEED probes 
and that a higher order calculation with a larger number of 
diffracted beams (Fourier components) is necessary to repro-
duce the RHEED pattern. In order to see scatterings from how 
many atomic layers contribute to the TRHEPD and RHEED 
patterns, dynamical intensity calculations were performed 

Figure 5.  Measured (top) and calculated (bottom) TRHEPD (left) and RHEED (right) patterns from a Si(1 1 1)-(7  ×  7) surface for the 
glancing angle θ  =  1.3° [12]. The energy of the incident positron and electron was 10 keV. The incident azimuths were set along the [1 1 2] 
direction. Reprinted from [12]. © 2014 The Japan Society of Applied Physics. All rights reserved.
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for the increasing numbers of sheets in the DAS structure 
using the same code. Figure  7(1-a) shows the calculated 
TRHEPD patterns for the sheet of the adatoms (figure 6(a)) 
only, with θ = 1.3◦(< θc). The pattern already reproduces 
the TRHEPD pattern in figure 7(1-d), which is the same as 
that in figure 5. The calculation for the sheet consisting of the 
adatoms and the first layer atoms, as shown in figure 7(1-b), 

agrees better with figure 7(1-d). This is because some of the 
first layer atoms are exposed to the vacuum between the rather 
sparse adatoms. Inclusion of the second layer, figure 7(1-c), 
does not improve the good agreement any further. Thus, the 
totally reflected positron beam probes only the atoms exposed 
to vacuum. Figure 7(2) shows a similar series of the calculated 
TRHEPD patterns with θ = 2.1◦(> θc). The calculation 

Figure 6.  Schematic diagram of the DAS structure of Si(111)-(7  ×  7) surface. Red, green, blue, black and grey circles indicate adatoms, 
first, second, third and fourth layer atoms, respectively, all Si. Reproduced from [12]. © 2014 The Japan Society of Applied Physics. All 
rights reserved.

Figure 7.  Calculated TRHEPD ((1): θ  =  1.3° and (2): θ  =  2.1°) and RHEED ((3): θ  =  1.3° and (4): θ  =  2.1°) patterns from the Si(111)-
(7  ×  7) surface [12]. The incident conditions were the same as those in figure 6. The patterns in (a)–(c) are from the sheets of adatoms only, 
adatoms and the first layer, and the atoms down to the second-surface layer, respectively. In (d), all the atoms in the whole crystal were 
included in the calculations. Reproduced from [12]. © 2014 The Japan Society of Applied Physics. All rights reserved.

J. Phys. D: Appl. Phys. 52 (2019) 013002



Topical Review

7

with the atoms down to the second layer, figure  7(2-c), is 
nearly the same as that with the whole crystal, figure 7(2-d). 
Thus, the positron beam incident at θ  =  2.1° probes down to 
the second-surface layer but not much more. Figures 7(3) and 
7(4) show similar calculations carried out for RHEED pat-
terns. These results indicate that even at θ = 1.3◦, the elec-
tron beam probes the layers deeper than the second layer.

6.  Surface structure analysis with TRHEPD

The TRHEPD method has been used in various surface struc-
ture studies. In this section  a few typical examples of the 
results with rocking curve analysis are given. In a measure-
ment, TRHEPD pattern is recorded up to the glancing angle 
of about 6° in steps of 0.1°, from which the spot intensity is 
extracted. The intensity of the specular reflection is so high 
that it takes only about 2 min to take data necessary for each 
glancing angle with the apparatus at KEK, and thus the mea-
surement for one rocking curve is completed in about 2 h. 
More details of the rocking curve analysis are given in appen-
dix B.

6.1.  Structure of Pt/Ge atomic nanowire

Self-assembled nanowires of metallic atoms formed on semi-
conductor surfaces have attracted great attention in the pursuit 
of understanding 1D properties such as the non-Fermi liquid 
and the Peierls-type metal-insulator transitions. Defect-less 
nanowires of a periodicity p(4  ×  2), as shown in figure 8(a), 
are formed on Ge(0 0 1) surface by depositing a sub-mono
layer of Pt atoms at room temperature [29]. The surface peri-
odicity changes to p(4  ×  4) below 80 K [30].

The three major models among many proposed for the 
structure are shown in figure 8(b): Pt dimer (PD) model [29], 
tetramer-dimer-chain (TDC) model [31, 32] and the nanow-
ire (NW) model with a Pt coverage of 0.75 monolayers (ML)  
[33, 34]. Another NW model with a coverage of 0.8125 ML 
[34] was also proposed for the p(4  ×  4) symmetry. Note that 
the amount of deposited Pt atoms in the sample preparation 
process is not a conclusive indicator of the structure because 
some of the deposited atoms evaporate and others penetrate 
below the surface.

The circles in figure  8(c) shows the TRHEPD rocking 
curve of the 0 0 (specular) spot measured at 35 K under a one-
beam condition (see appendix B) [35]. The lines are the rock-
ing curves calculated for the three models mentioned above, 
after adjustment of the atomic positions so as to minimize the 
reliability factor, R (see appendix B). Other proposed struc-
tural models with the Pt coverage ranging from 0.25 to 1 ML 
in [31, 34, 36] were also examined.

Among all the models examined, the NW models with a Pt 
coverage of 0.75 ML and 0.8125 ML (not shown in figure 8) 
give the best reliability factor (R = 1.2%). Analysis of the 
rocking curve in many-beam condition revealed that the former 
with a modification into a p(4  ×  4) symmetry is in better agree-
ment with the experimental data (R = 1.8%) than the latter 
(2.8%). In the p(4  ×  4) symmetry, the adjacent Ge dimers are 
alternately buckled in the direction normal to the surface.

Figure 8.  (a) STM image of Ge(0 0 1) p(4  ×  2) Pt structure. (b) 
Schematic drawings of three proposed models: platinum dimer (PD) 
[29], tetramer dimer chain (TDC) [31, 32] and nanowire (NW)  
[33, 34] models. The dotted rectangles represent the p(4  ×  2) unit 
cells. (c) TRHEPD rocking curves under the one-beam condition 
at 35 K [35]. The open circles denote experimental data. The red, 
green and blue lines are the calculated curves for the PD, TDC and 
NW models, respectively. Reprinted from [35], Copyright 2012 by 
the American Physical Society.

Figure 9.  Schematic drawings of silicene on a Ag(1 1 1) surface 
[43]. Large light red and small dark red circles indicate the upper 
and lower Si atoms, respectively. Grey circles indicate the Ag 
atoms. The spacing between the upper and lower Si atoms and the 
distance between the lower Si atoms and first Ag atoms are denoted 
by Δ and d, respectively. Reprinted from [43], Copyright 2013 by 
the American Physical Society.
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The TRHEPD rocking curve for the 0 0 spot measured in 
the one-beam condition at room temperature shows a small 
but distinct difference from the curve at 30 K. It agrees with a 
structure which has no buckling of the Ge dimers and thus in 
the p(4  ×  2) symmetry.

6.2.  Structure determination of two-dimensional (2D)  
materials on a substrate

Since the isolation and production on a substrate of graphene 
[37], two-dimensional (2D) materials composed of the group 
IV elements, graphene (C), silicene (Si), germanene (Ge) and 
stanene (Sn), have attracted increasing attention as new func-
tional materials for future electronic devices because of the 
possibility of intriguing properties such as the Dirac cone of 
the energy band [38]. It is reported that characteristics, such as 
the electron band structure, vary via interactions with the sub-
strate. Experimental determination of the detailed positions of 
the atoms in a 2D material, i.e. the buckling, if any, and the 
distance between the material and the substrate are crucially 
important to elucidate the characteristics. TRHEPD is most 
suited for determining these structures.

6.2.1.  Silicene on a Ag(1 1 1) surface.  Theoretical calcul
ations demonstrated that the shape of the Dirac cone depends 
on the buckling and the spacing between the silicene and the 
underlying substrate [39, 40]. The structure of silicene synthe-
sized on a Ag(1 1 1) [41, 42] (shown schematically in figure 9) 
was analysed by TRHEPD and the buckling predicted by 
theoretical calculations due to the strong sp3-bonding charac-
ter was experimentally verified [43]. TRHEPD rocking curves 
for the Ag(1 1 1) surface and the silicene on the surface were 
measured in a one-beam condition, where the incident azi-
muth was 13° off the [1 1 2] direction, and the intensities of the 
0 0 spot were extracted as a function of the incident glancing 
angle. The open circles in figure 10 show the results. The sur-
face sensitivity of the method is clearly seen by noticing the 

significant difference between the data for (a) Ag(1 1 1) and 
(b) silicene on Ag(1 1 1).

To determine the atomic positions of the silicene perpend
icular to the surface, the rocking curve was calculated with the 
magnitude of the buckling (Δ) in the silicene and the spacing 
(d) between the silicene and the Ag substrate varied as free 
parameters. The best values were determined by minimizing 
the R factor.

The solid line in figure  10 represents the optimized cal-
culated curve. The optimized values are Δ  =  0.83 Å and 
d  =  2.14 Å. These values are consistent with the theoretical 
calculations within uncertainties of  ±0.05 Å [41, 42].

To determine the in-plane structure parameters, the 0 0 spot 
rocking curve was measured along the [1 1 2] direction. The 
bond angles α and β were the fitting parameters. The optimum 

Figure 10.  TRHEPD rocking curve for (a) the Ag(1 1 1) and (b) the silicene on a Ag(1 1 1) surface under the one-beam condition at 
room temperature [43]. Open circles indicate the experimental curve. Solid line shows the calculated curve using the optimum structure 
parameters. Reprinted from [43], Copyright 2013 by the American Physical Society.

Figure 11.  Calculated graphene-substrate distances [45, 47, 50, 51] 
and the result of TRHEPD measurements [49].
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values of α and β were α  =  112° and β  =  119°. These values 
were in good agreement with the theoretical predictions [41].

6.2.2.  Graphene on a Cu(1 1 1) and a Co(0 0 0 1) sur-
face.  Graphene has been attracting increasing attention since 
the report of its isolation, with focus on its features such as 
high carrier mobility, high thermal conductivity and robust 
mechanical property [37] and a large spin diffusion length 
[44]. Theoretical calculations show that the spacing between 
the graphene and the substrate is classified into two groups, 
depending on the interaction between them: weak interaction 
with simple and noble metal substrates; and strong interaction 
with transition metal substrates [45, 46]. The interaction also 
modulates the energy dispersion of the so-called Dirac cone 
for a freestanding graphene [45]. It has been pointed out [47] 
that the d-states of the Co(0 0 0 1) substrate become hybridized 
with the pz-states of the graphene, leading to the formation of 
chemical bonds between them. Furthermore, possible signifi-
cance of the influence of a long-range van der Waals interac-
tion is suggested [48].

TRHEPD measurements have been performed to exper
imentally determine the spacing between graphene and metal 
substrates of Cu(1 1 1) and Co(0 0 0 1) [49]. The theoretically 
reported graphene-substrate distance and the results of the 
TRHEPD measurements are summarized in figure  11. The 
spacing for Cu(1 1 1) was 3.34  ±  0.06 Å, very close to the 
interlayer spacing in graphite (3.35 Å). That for Co(0 0 0 1) 
was smaller at 2.06  ±  0.04 Å. No buckling was observed in 
both cases with the analysis allowing for possible buckling. 

As for the relaxation of the substrate surface, the position of 
the surface atoms of Cu(1 1 1) was not changed while that 
for Co(0 0 0 1) shifted downwards by 0.15  ±  0.02 Å. These 
results are consistent with the theoretical predictions.

6.2.3.  Germanene on an Al(1 1 1) surface.  Production of 
germanene was first reported in 2014 [52–54], and study of 
this single atomic sheet material on various substrates is rap-
idly increasing [55–57]. First-principles calculations for ger-
manene on an Al(1 1 1) surface proposed that it has a buckling 
consisting of the upward shift of two Ge atoms in the 3  ×  3 
unit cell from the basic honeycomb structure as shown in fig-
ure 12(a), and that the magnitude of the buckling is 1.21–1.23 
Å [55, 58, 59]. However, its detailed atomic configuration was 
not confirmed experimentally by these studies.

Fukaya et al [60] investigated the atomic configuration of 
germanene on an Al(1 1 1) surface. Rocking curves of sev-
eral spots were measured, with the incident beam directions 
along the [1 1 2] and [1 1 0]. It was found that the measured 
intensities of the  −1/3 1/3, −2/3 2/3, and  −1 1 spots for the 
incidence along the [1 1 0] direction, are significantly differ-
ent from those for the 1/3  −1/3, 2/3  −2/3, and 1  −1 spots, 
respectively. This results in the corresponding difference in 
their glancing angle dependence or the shapes of the rock-
ing curves, as shown by the open circles in figure  13. This 
excludes the possibility of the proposed symmetrical buck-
ling of two Ge atoms in the unit cell of the germanene layer. 
In contrast, the results for the incidence along the [1 1 2] 
direction showed that the rocking curves for the  −1/3  −1/3, 

Figure 12.  Structure of germanene on an Al(1 1 1) surface; (a) theoretically proposed [55, 58, 59] and (b) determined by TRHEPD [60]. 
Reproduced from [60]. © IOP Publishing Ltd. All rights reserved.
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−2/3  −2/3, and  −1  −1 spots were almost the same as those 
for the 1/3 1/3, 2/3 2/3, and 1 1 spots, respectively. This means 
that the 3  ×  3 structure of germanene has mirror symmetry 
with respect to the [1 1 2] direction. Following this qualitative 
observation, the rocking curves were quantitatively analysed 
using the dynamical diffraction theory. The optimized result 
(figure 12(b)) shows that only one Ge atom, labelled 7 in the 
diagram, protrudes above the level of the other Ge atoms. The 
magnitude of the buckling of the Ge atom was determined to 
be 0.94 Å. The Al atom just below the protruding Ge atom is 
shifted upwards 0.42 Å from the level of the other Al atoms. 
The averaged spacing between the lower Ge layer and the first 
Al layer is estimated as 2.51 Å.

6.3.  Super-structure of the rutile-TiO2(1 1 0)-(1  ×  2) surface

TiO2 is widely used as a heterogeneous support for metal cata-
lysts, as a catalyst for decontamination, sterilisation, and in 
solar cells. In addition, it is used as a standard material to test 
the catalytic processes of metal oxides that are important as 
catalytic or sensor materials [61, 62]. Knowledge of the struc-
ture of the surface is crucial for studying the fundamentals 
of the reactivity and reaction mechanisms of solid catalysts. 
As a testing ground for molecule- and metal-nanoparticle 

adsorptions, single-crystal TiO2 surfaces have been studied 
extensively [63, 64].

A rutile-TiO2 (1 1 0)-(1  ×  1) surface, which is most sta-
ble with a well-known structure, turns into a rutile-TiO2 
(1 1 0)-(1  ×  2) structure after heating to 1200 K. The struc-
ture is so complex that a detailed atomic configuration had 
not been settled some 30 years after its discovery [65], while 
many theoretical models were proposed [64, 66–71]. Thus, a 
conclusive determination of the structure was desired for fur-
ther study of its property. With this aim, Mochizuki et al [72] 
analyzed the rocking curve of the 0 0 spot of the TRHEPD 
pattern of this surface. Results of the calculation of the rock-
ing curve based on the atomic coordinates of any of the pro-
posed models did not agree with the experimental results.

However, small adjustments in the coordinates of the 
model by Wang et al [71] gave good agreement (figure 14). 
This structure has the same chemical composition as the out-
ermost structure given by the Ti2O3 model proposed by Onishi 
and Iwasawa [73], but with the symmetric constraint of the 
two Ti–O tetrahedra. Wang et al [71] reached this structure 
by a large calculation allowing for freedom in the composi-
tion and arrangement of atoms in their theoretical calculations 
using the ASPEX code.

7.  Other applications of TRHEPD

The total reflection of positrons is useful not only for the 
determination of the surface structures but also for the studies 
of surface properties.

7.1.  Surface phase transition of Si(1 1 1)-(√3  ×  √3) Ag

Noble-metal-atom adsorbed Si(1 1 1) surfaces exhibit various 
superstructures. One typical example is a Si(1 1 1)-(√3  ×  √3) 
Ag surface [74–76]. On depositing one monolayer of Ag atoms 

Figure 13.  TRHEPD rocking curves for germanene on an Al(1 1 1) 
substrate along the [1 1 0] direction [60]. Open circles and solid 
lines indicate the measured intensities and the curves calculated 
using the optimized parameters, respectively. Reproduced from 
[60]. © IOP Publishing Ltd. All rights reserved.

Figure 14.  Rutile-TiO2(1 1 0) (1  ×  2) surface structure determined 
(asymmetric Ti2O3 model) [72]. Reproduced from [72]. CC BY 3.0.
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onto a Si(1 1 1)-(7  ×  7) surface at around 770 K, the  √3  ×  √3 
structure appears. After a long-lasting controversy, its basic 
structure was recognized to be honeycomb-chained-triangle 
(HCT, figure 15(a)) by SXRD [77]. Then the detailed atomic 
configuration was settled to be the so-called inequivalent 
triangle (IET) structure [78, 79], as shown in figures  15(b) 
and (c). However, an issue concerning the phase transition 
remained explaining the difference between the scanning 
tunnelling microscopy images at room and low temperatures 
[78]. This issue has been addressed by TRHEPD [80], with 
the conclusion described below.

The open circles in figure 16 show the temperature depend
ence of TRHEPD intensities for 0 0, 1/3 1/3, and 2/3 2/3 spots 
measured in the temperature range from 48 K to 247 K. The 
phase transition temperature (Tc) was determined to be 123 K 
from the abrupt change in the temperature dependence of 
the intensity of the 1/3 1/3 spot. In contrast, interestingly the 
intensities of the 0 0 and 2/3 2/3 spots were nearly independ-
ent of temperature. These features cannot be explained by 
the effect of the Debye–Waller factor or the displacements of 
the topmost Ag atoms, but by considering the order–disorder 
phase transition of the IET structure.

The order parameter, p, in phase transition at temperature T 
below the critical temperature Tc is expressed in terms of the 
critical exponent β for the phase transition as

p ∝
∣∣∣1 − T

Tc

∣∣∣
β

.� (19)

The IET structure has two different configurations with an 
equivalent surface energy, which are denoted by IET(+) and 
IET(−) in figure 15 [78]. The order parameter for the phase 
transition is written as

p = n+− n−
n++ n−

= n+ − n−,� (20)

where n+ and n− denote the occupation probabilities 
of the IET(+) and IET(−) structures, respectively, with 
n+ + n− = 1. When the domains with the anti-phase coexist, 
the TRHEPD intensity of the hk spot is expressed as

Itotal
hk ( p) = Ihk ( p) + Ihk (−p).� (21)

Figure 17(a) shows the intensities of the 0 0, 1/3 1/3, and 
2/3 2/3 spots as functions of p calculated on the basis of the 
dynamical diffraction theory. As p increases with decreasing 
T  below Tc, the strong T  dependence of the intensity of the 
1/3 1/3 spot shown in figure 16 is consistent with the order–
disorder transition explanation of its temperature dependence.

The origin of the index-dependent intensity change with 
p is understood in terms of the kinematical approximation. 
In this approximation, the structure factor, F( p), is expressed 
simply as

F ( p) = 1+p
2 F+ + 1−p

2 F−,� (22)

Figure 15.  Ball and stick models (top view) of (a) honeycomb-
chained-triangle (HCT) and inequivalent triangle (IET) structures 
((b) IET(+) and (c) IET(−)) for the Si(1 1 1) (√3  ×  √3) Ag surface 
[80]. The side view is depicted in (d). Red and grey circles indicate 
Ag and Si atoms, respectively. ϕ, r , and d  denote the cylindrical 
coordinates of the Ag atoms. Reprinted from [80], Copyright 2007 
by the American Physical Society.

Figure 16.  Temperature dependence of the TRHEPD spot 
intensities for the Si(1 1 1) (√3  ×  √3) Ag surface [80]. The incident 
positron energy was 10 keV. The glancing angle, 2.0°, is in the 
region of the total reflection. The incident azimuth was set at 1.5° 
off the [1 1 2] direction. Open circles indicate the experimental 
curve. Solid line shows the calculated result using the optimum 
structure parameters. Reprinted from [80], Copyright 2007 by the 
American Physical Society.
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where F+ and F− indicate the structure factors for IET(+) and 
IET(−), respectively. Since the atomic configurations of the 
IET(+) and IET(−) structures leads to the relation F+ = F∗

− 
(F− = F∗

+), where * indicates the complex conjugate, the total 
intensity is written as

Itotal
hk ( p) = |F ( p)|2 + |F (−p)|2 = 2Re (F+)

2
+ 2p2 Im (F+)

2.
� (23)
The resulting total intensities of the spots are shown in fig-
ure  17(b). The atomic configurations of the IET(+) struc-
ture gives the relation |Re(F+)| ∼= |Im(F+)| for the 1/3 1/3 
spot, leading to a nearly parabolic dependence on p. On the 
other hand, the relation |Re(F+)| > |Im(F+)| holds for the 0 
0 and 2/3 2/3 spots and thus the intensities are almost con-
stant against p. The weak p dependence of the intensities for 
0 0 and 2/3 2/3 spots explains their insensitivity to the phase 
transition.

The value of β was determined to be 0.28 ± 0.05 by mini-
mizing the difference between the measured and calculated 

intensities for the 1/3 1/3 spot, as shown in figure 16. The value 
is consistent with the result of SXRD [79] and is intermedi-
ate between those for the 2D (0.125) and 3D Ising systems 
(~0.325). This implies that in regard to the phase transition, 
the Si(1 1 1)-(√3  ×  √3) Ag surface is not a pure 2D system.

7.2.  Surface Debye temperature

The temperature dependence of the TRHEPD spot intensi-
ties provides a reliable method for the determination of the 
surface Debye temperatures. In order to see the sensitivity 
of this method, the temperature dependence of the TRHEPD 
intensities of the 0 0 and 1 1 spots from the Si(1 1 1)-(7  ×  7) 
surface were calculated for various values of incident glanc-
ing angle θ and azimuthal angle, ϕ, which is defined as the 
angle from the [1 1 2] direction [81]. The energy of the inci-
dent positrons was E  =  20 keV, for which the critical angle of 
the total reflection is 1.4°. Figure 18(a) shows the results of 
the calculations for two different values, 300 K and 600 K, of 
the bulk Debye temperature (ΘB), made by assuming that the 
surface Debye temperature (ΘS) is 300 K. Here, the surface 
atoms are considered to be those down to the second layer 
and the bulk is from the third layer and below. The result 
shows, as expected, that the intensities for the 0 0 and 1 1 
spots for θ = 1.0◦, in the total reflection condition, and for 
θ = 1.6◦, slightly above the critical angle, were independ-
ent of ΘB. The feature was also seen for the 1 1 spot under 
the total reflection condition at a different incident azimuth. 
For θ = 3.5◦, well outside the total reflection condition, the 
results for ΘB = 300 K and 600 K are quite different from 
each other. These results demonstrate that it is possible with-
out a detailed knowledge of ΘB to determine ΘS accurately 
from the temperature dependence of the TRHEPD intensity 
under the total reflection condition.

Figure 18(b) shows the results of measurements on a 
Si(1 1 1)-(7  ×  7) surface. The closed squares indicate the 
obtained temperature dependences of the TRHEPD intensities 
of the 0 0 and 1 1 spots at various glancing angle. The exper
imental conditions were the same as used in the calculations 
shown in figure 18(a). The value of ΘS was determined from 
the fitting of the 1 1 spot intensity at θ = 1.0◦ and ϕ = 1.5◦ 
in terms of the reliability factor, R, defined as (figure B1) in 
appendix B. The optimized value was found to be 290 K. 
The corresponding root mean square of the vibrational ampl
itude at room temperature is 0.14 Å, much larger than that 
estimated in a previous report [82] using RHEED technique. 
The present value amounts to a vibrational energy of 25 meV, 
agreeing with the vibrational modes related to the adatoms 
estimated from electron energy-loss spectroscopy [83]. Once 
ΘS is determined, the value of ΘB is deduced from fitting to 
the intensity at θ  =  3.5° and ϕ  =  7.5°, in which condition 
the positrons can penetrate in the bulk. The value determined 
from the minimum of R was ΘB = 600 K. The value is con-
sistent with the literature [84]. The large difference in ΘS and 
ΘB indicates that the vibrational amplitude at the surface is 
much enhanced compared to that in the bulk.

Figure 17.  TRHEPD intensity of the spots indicated for the 
Si(1 1 1) (√3  ×  √3) Ag surface calculated as functions of the order 
parameter (p) on the basis of (a) dynamical and (b) kinematical 
diffraction theories [80]. The incident conditions are described in 
the text. Red and blue dotted lines indicate the contributions from 
p and −p, respectively. Solid lines show the total intensities. In 
(b), the blue lines cannot be seen as they overlap with the red lines. 
Reprinted from [80], Copyright 2007 by the American Physical 
Society.
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7.3.  Plasmon excitations

The electronic excitation resulting from surface plasmons is 
a dominant inelastic process for positron diffraction. Positron 
energy loss spectra were measured with an analyser composed 
of mesh electrodes [16].

Figure 19(a) shows the energy loss spectra of the positron 
and electron beams from the Si(1 1 1)-(7  ×  7) surface [16]. 
The incident glancing angles are 1.5° (in the total reflection 
region) for positrons and 1.3° for electrons. The spectrum for 
the positron has much more distinct step structures than that 
for the electron. Figures 19(b) and (c) represent smoothed 
differential curves of the spectra for the positron and the 
electron, respectively. The peaks appear with an interval of 
~11 eV. The energy loss is expressed as Eloss = n�ω , where 
�ω is the plasmon energy and n is the number of the plas-
mon excitations. The peaks observed in figure  19(b) cor-
respond to n = 0 to 5. The maximum of the peak intensity 
corresponds to larger excitation number (energy loss) for 
the positron than for the electron. The expectation number 
of the excited plasmons, P(n), is described by the Poisson 
distribution [85]

P (n) = nn
s exp(−ns)

n! ,� (24)

where ns denotes the mean excitation number of surface 
plasmons. By fitting the envelope curves of the peaks of the 
spectra shown in figure 19 to equation  (24), ns = 2.6 (posi-
tron) and ns = 1.4 (electron) were obtained. The latter was 

consistent with previous studies [86–89]. Thus, the mean exci-
tation number for positrons is about twice as large as that for 
electrons.

The excitation of the surface plasmons leads to the broad-
ening of the spot profile. The circles in figure  20 represent 
the profile of the 0 0 spot from the Si(1 1 1)-(7  ×  7) surface at 
θ = 2.0◦, deconvoluted for the incident positron beam pro-
file. For a single surface plasmon excitation, the spot profile is 
expressed to be [89, 90]

I1
(
θ‖, θ⊥

)
∝

»
(θ‖/θE)

2
+1[

(θ‖/θE)
2
+(θ⊥/θE)

2+1
]2 ,� (25)

where θ‖ and θ⊥ are the cone angle from the beam centre 
to the azimuthal and glancing angle directions, respec-
tively, and θE = �ω/2E , E being the positron beam energy. 
The surface-parallel and the surface-normal components 
of the wave number k are expressed as k‖ = k sin θ‖ and 
k⊥ = k sin θ⊥, respectively. For double excitations, the profile 
is expressed by a self-convolution of (25) as I2

(
θ‖, θ⊥

)
= 

I1
(
θ‖, θ⊥

)
⊗ I1

(
θ‖, θ⊥

)
. Generally, for n-fold excitations, 

the profile is given by

In
(
θ‖, θ⊥

)
= In−1

(
θ‖, θ⊥

)
⊗ I1

(
θ‖, θ⊥

)
.� (26)

Figure 20(b) exhibits the spot profile at each excitation, cal-
culated using (25). With increasing excitation number for 
the surface plasmons, the spot becomes wider. The observed 

Figure 18.  (a) Temperature dependence of the TRHEPD intensity calculated for a Si(1 1 1) (7  ×  7) surface with incident glancing angle θ 
and azimuth angle, ϕ, measured from the [1 1 2] direction. The incident positron energy is 20 keV. The critical angle for the total reflection is 
θc = 1.4◦ . Circles and squares indicate, respectively, the intensities calculated using ΘB = 300 K and ΘB = 600 K with fixed ΘS = 300 
K. (b) Measured temperature dependence of the TRHEPD intensity from the Si(1 1 1) (7  ×  7) surface in the same experimental conditions 
as for the calculations in (a). Solid lines show the intensities calculated for the optimized values ΘS  =  290 K and ΘB  =  600 K. Reprinted 
from [81], Copyright 2004 by the American Physical Society.
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spot profile is given by the sum of the products of (24) and 
(26) as

I
(
θ‖, θ⊥

)
=

∑
n

In
(
θ‖, θ⊥

)
P (n).� (27)

As shown by the red line in figure 20(a), the calculated profile 
using n  =  2.6, reproduces the experimental one very well.

8.  Summary

It has been about two and a half decades since (T)RHEPD 
was proposed and two decades since the first diffraction pat-
tern was obtained. The present review describes the surface 
sensitivity of TRHEPD and some of the surface structures 
such as atomic nanowires, single atomic sheet materials and 
catalysts. Some applications focusing on surface phase trans
itions, surface phonons and surface plasmons that take advan-
tage of the total-reflection characteristic of the positron are 
also described.
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Appendix A.  Preparation of slow positron beams

In both radioisotope- and linac-based beams, primary posi-
trons have a very wide energy distribution. The upper limit 
of the energy depends on the specific β+ decay (up to a few 
MeV) and the acceleration energy of the linac (up to a few tens 
of MeV). Thus, the first step to create a slow positron beam 
suitable for TRHEPD is to make a mono-energetic beam. It is 
not efficient to use a spectroscopic method to select positrons 
in a narrow range of energy and directions. Fortunately, a 
much more efficient method has been developed [24–26, 91], 
which relies on metals whose work function for positrons is 
negative. A small fraction of the positrons that are thermalized 
in such metals, diffuse back to the surface before annihilation 
and are spontaneously emitted out with an energy equal to the 
absolute value of the work function and the width of the ther-
mal energy. Typical metals of this kind are W, Cu and Ni, with 
work functions of about  −3 eV, −0.3 eV and  −1 eV, respec-
tively [91]. The positrons are then accelerated to an energy 
suitable for experiment and transportation to the measurement 
chamber. Electrostatic and magnetic transportation systems 
are both in practice. The transported beam must be released 
into a field-free space before entering the diffraction chamber.

In the early stages of (T)RHEPD experiments, positrons 
emitted from the β+ decay of a radioisotope 22Na were used 
[8, 9, 92]. Although the flux of the obtained slow positron 
beam was very small (one fA or less), TRHEPD experiments 
were successfully performed due to the high reflectivity of 
positrons in total reflection and an effective use of the analysis 
of the rocking curves for the intense 0 0 spot [9].

We describe here two radioactive-source based beams 
developed at JAEA and a linac-based beam at KEK.

A.1.  Radioisotope-based slow-positron beams

The first TRHEPD (then called RHEPD) apparatus was real-
ized at JAEA, in Takasaki [8, 92]; its positron gun consist-
ing of a 22Na positron source (<5 mCi), a well-annealed W 
moderator (500 nm thick), an extraction grid, a Wehnelt elec-
trode, a Soa tube and an anode [93]. The reemission energy 
of the positron was 3 eV with an energy width of the thermal 
energy.

The positrons were transported electrostatically with 
three einzel lenses. The source and the electrodes down to 
the first einzel lens were electrostatically floated against the 
grounded downstream portion including the sample. The 
bias voltages of each of the components were adjusted to 
give maximum positron flux for the 20 keV beam. Before 
entering the diffraction chamber, the beam was deflected 
by 3° and only the near axis-beam was selected by a long 

pipe-collimator (φ = 0.87 m, l = 140 mm). This procedure 
reduced (improved) emittance of the beam at the expense of 
the beam intensity, hence with roughly conserved brightness.

The final beam intensity was I ∼ 5 × 103 positrons/s (∼ 1 
fA), Note that the improvement of the emittance is essen-
tial for the diffraction experiments. The weak beam inten-
sity demanded long measurement times; more than 4 h were 
required to obtain an image of the specular spot on a phosphor 
screen at the back of a microchannel plate assembly (MCPA) 
with a CCD camera.

The second (T)RHEPD apparatus constructed at JAEA 
is shown in figure A1 [94]. Positrons from a 3.7 GBq (100 
mCi) 22Na source were moderated by a W(1 0 0) single crystal 
moderator of thickness 500 nm. The positron gun consisted 
of an extractor, a Wehnelt electrode, a Soa tube and an anode. 
The electrostatic potential of the 22Na source was 10 kV. The 
anode was grounded and the other electrodes were appropri-
ately biased.

Instead of the electrostatic lenses, as in the first apparatus, 
five electromagnetic lenses were employed. A 90° bending 
magnet of 75 mm curvature radius with steering coils selected 
the positrons of a fixed energy (10 keV). The objective 
lens focused the beam on a grounded sample on a five-axis 
PC-controlled manipulator in the TRHEPD experiment cham-
ber. The diameter of the remoderated positron beam at the 
sample position was about 0.5 mm full width at half maximum 
(FWHM). With a source activity of 3.7 GBq, the final beam 
flux was I ∼ 2 × 104 positrons/s (∼ 3 fA), and the brightness 
was B ∼ 107 e+/(s cm2 rad2 V) (see section A.3 below). The 
coherence lengths parallel and normal to the beam direction 
were lp ∼ 12 nm and ln ∼ 4 nm.

Figure A1.  Schematic diagram of the TRHEPD apparatus with five 
electromagnetic lenses and a bending magnet. Reprinted from [94], 
Copyright 2004 AIP Publishing.
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A.2.  Linac-based slow positron beam

In the linac-based slow positron beam at the Slow Positron 
Facility (SPF), IMSS, KEK [10, 13], a pulsed 50 Hz electron 
beam generated with a dedicated linac (operated at ~50 MeV, 
0.6 kW) is impacted onto a 4 mm thick Ta converter where 
Bremsstrahlung radiation creates electron–positron pairs. A 
small fraction of the created positrons are thermalized in a W 
foil moderator, diffuse back to the surface of the foil and then 
reemitted into the free space with an energy 3 eV, as in the case 
of the radioisotope-based beam. The positron converter/mod-
erator assembly can be held at a variable electrostatic voltage 
(0–35 kV), normally set at 15 kV for TRHEPD measurements. 
The emitted positrons are thus accelerated to 15 keV into the 
grounded beam-line and are guided by a magnetic field of 
about 0.015 T.

A.3.  Brightness enhancement

Figure A2 shows the end of the magnetically guided beam-
line, brightness-enhancement unit and the TRHEPD measure-
ment chamber [11]. The principle of brightness enhancement 
is the same as that of moderation of the initial high-energy 
positrons. Thus, brightness enhancement is often called 
remoderation.

The beam brightness is defined as [25, 26, 95]

B = I
ε2

norm
= I

ε2E = I
r2θ2E ,� (A.1)

where I is the beam flux, E the beam energy, r the beam radius 
(half width at half maximum, HWHM) and θ the beam diver-
gence (HWHM). εnorm(= ε

√
E) is called the normalized emit-

tance, where ε(= rθ) is the beam emittance defined as area in 
terms of the particle position and the angle in radians occu-
pied by the beam particles divided by π.

For TRHEPD measurements, the transported beam must 
be released into a field-free region. In the linac-based beam 
at KEK, the transporting magnetic flux density is terminated 
by a reversed magnetic field produced by the final magnetic 
coil and an iron plate. The 15 keV beam is then focused onto a 
transmission-type remoderator (100 nm W film) [96–98] held 
at an electrostatic potential of 10 kV. With a 5 keV incident 
energy, about 10% of the positrons are thermalized in the W 
film and reemitted from the back. Change in the beam param
eters across the film are: beam intensity from 1  ×  107 e+/s to 
1  ×  106 e+/s (~0.1 pA), beam divergence from ~50° to ~10°, 
and beam energy from 5 keV to 3 eV. The beam diameter of 
∼ 0.75 mm is unchanged. Thus the normalized emittance 
is reduced to 10−4, making the brightness enhanced by 103. 
The resulting brightness is estimated to be B ~ 6  ×  109 e+/
(s cm2 rad2 eV). Since the remoderator film is electrically set 
at 10 kV, the kinetic energy of the remitted positrons on the 
grounded sample is 10 keV.

The coherence lengths of the final beam along and normal 
to the beam are represented (in nm) as

lp = 1»(
∆E

2.45
√

E

)2
+
(

θ sin θg
λ

)2� (A.2)

ln = λ
∆θ ,� (A.3)

respectively [99], where E  is energy in eV, θg the glancing 
angle, ∆θ the angular uncertainty, and λ the wavelength of 
the beam. The estimated coherence lengths of the beam are 
lP ∼ 30 nm and ln ∼ 1 nm, respectively.

The diffraction patterns are intensified using a micro-
channel plate (MCP) with a phosphor screen, recorded with 
a charge coupled device (CCD) camera and then stored in a 
personal computer. The rocking curves are measured by rotat-
ing the sample up to θ  =  6° in steps of 0.1° using a stepping 
motor, which was controlled by the personal computer.

Figure A2.  Schematic drawing of the TRHEPD apparatus using the linac-based positron beam [11]. The transmission-type brightness 
enhancement system is composed of the remoderator and the electrode assembly, installed upstream of the TRHEPD chamber. Reprinted 
by permission from [11]. © 2014, EDP Sciences, SIF, Springer-Verlag Berlin Heidelberg. With permission of Springer.
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Appendix B.  Rocking curve analysis of the TRHEPD 
patterns

Practically, the rocking curves, or the incident glancing angle 
dependence, of the intensity of a spot (typically 0 0 or specular 
spot, but also others) are analyzed. An experimental rocking 
curve is essentially the same as the experimental reflectivity 
shown in figure 4, except that the former usually represents 
the intensity of the spot as measured and the calculated curve 
includes the glancing factor, sinθ, of the sample surface, while 
the latter is corrected for the glancing factor.

The rocking curve of the intensity of the 0 0 spot is 
extracted from each pattern measured for a glancing angle 
of up to θ = 6◦, usually in steps of 0.1°. The data are stored 
in a personal computer. The intensity of the 0 0 spot in the 
TRHEPD pattern is so high that it takes only 2 min or so to 
obtain sufficient data for the rocking curve analysis at each 
glancing angle.

Figure B1 illustrates two different incident conditions used 
in the rocking curve analysis. The diffraction pattern for a 
positron beam with energy 10 keV is sensitive to the coordi-
nates of the atoms perpendicular to the direction of the inci-
dent beam only. The setting shown in figure B1(a) is called 
a many-beam condition, where the beam is directed along a 
symmetric direction of the atomic arrangement on the sur-
face. In this condition, the diffraction pattern is sensitive to 
the atomic coordinate normal to the surface (z) and one of 
the in-plane coordinates (x). Information on the other in-plane 
coordinate (y) is obtained from measurement at another inci-
dent direction. The setting shown in figure B1(b) is called a 
one-beam condition [100], where the beam is directed from a 
direction off the many beam direction by an appropriate angle 
so that essentially no in-plane diffraction takes place. When 
the structure of the (1 1 1) surface of an fcc crystal is studied, 
for example, the [1 1 2̄] and [1 1̄ 0] directions are chosen for 

the many-beam condition, then the one-beam condition is set 
13° off the [1 1 2] direction.

In the analysis of the rocking curves, the data under the 
one-beam condition is analysed first because this allows the 
determination of the surface-normal coordinates of the atoms 
without consideration of the in-plane coordinates. Then, with 
the knowledge of the surface-normal coordinates of the atoms 
already determined, the in-plain coordinates are obtained 
from the data under many-beam conditions.

In practice, a structural model is assumed, the expected 
rocking curve is calculated and the goodness of fit with the 
experimental data is checked in terms of the reliability factor, 
R, defined as

R =
…∑

θ

(
Iexp
θ − Ical

θ

)2,� (B.1)

where Iexp
θ  and Ical

θ  are the spot intensities of the experiment 
and the calculation at θ, respectively [81]. They are nor

malized to 
∑

θ Iexp
θ =

∑
θ Ical

θ = 1 or 100 %.
The uncertainty of the value of a coordinate of each atom 

from a typical measurement at KEK is about 0.05Å. It is esti-
mated as follows using rocking curve data from a number of 
runs with the same measurement condition [72]. First, the 
standard deviation of the R values for the runs, ∆R, is calcu-
lated. Then, R-like value is calculated with replacing, in (B.1), 
Ical
θ  by the rocking-curve for the best fit structure and Iexp

θ  by 
that for the structure where a coordinate, say z, of the atom in 
question alone deviates by ∆z from that of the best fit structure. 
The value of ∆z, which makes the R-like value increase by ∆
R, is assigned as the uncertainty of z for the atom in question.
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Figure B1.  Schematic illustration of (a) many-beam condition and (b) one-beam condition.
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