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A 10 keV positron beam has been developed using coaxially symmetric electromagnetic lenses for
reflection high-energy positron diffraction(RHEPD) experiments. The beam brightness is
,107 e+/s /cm2/ rad2/V which is comparable to that obtained using brightness enhancement
technique. The beam parallel and normal coherence lengths are over 100 and 40 Å, respectively,
which are long enough to observe diffraction patterns associated with large surface super-structures.
RHEPD patterns from a Sis111d-s737d reconstructed surface have been successfully observed with
a much better quality than previously reported. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1806651]

I. INTRODUCTION

Reflection high-energy positron diffraction(RHEPD)
has emerged as a powerful tool to investigate atomic struc-
tures and vibrational states associated with solid surfaces.1,2

As compared to conventional electron diffraction, one major
advantage of this method is the appearance of the total re-
flection of positrons.3 Incident positrons are completely re-
flected at the first surface layer, with negligible penetration
into the bulk, when the glancing angle is lower than the
critical angle. This implies that the sensitivity of the diffrac-
tion intensity to the first surface layer is fairly enhanced.

To realize RHEPD observations, a small diameter and a
highly parallel positron beam is required. This corresponds
to the reduction of the phase space area occupied by posi-
trons. According to Liouville’s theorem, by increasing the
beam energy, the phase space area can be sufficiently re-
duced. There are two ways to generate such a coherent pos-
itron beam. One way is to use electrostatic lenses and the
other way is to use electromagnetic lenses. In our previous
research, we developed an electrostatic beam apparatus by
combining a modified Soa gun and Einzel lenses.4–7 The
modified Soa gun is well suited to transport the beam, which
initially has a relatively large angular spreadsDu,10°d.
Since the tight beam focus causes an increase in the angular
spread, only the paraxial beam was extracted using a pinhole
collimator under a relatively weak focus condition. By doing
so, the RHEPD observation was carried out successfully.

In recent times, it has been reported that even by the
combination of an aperture electrode and a tube lens, a well-
focused, high-energy positron beam can be formed with an
ample angular acceptance.8 This implies that the modified
Soa gun may be replaced with such a method. Although a
high-energy positron beam used in RHEPD experiments can,
in principle, be generated using the above electrostatic appa-
ratus, such a system has been originally used in low-energy
region and is not necessarily suitable for high-energy beam

optics. General disadvantages of the electrostatic lens, in
comparison with the electromagnetic lens are(i) its relatively
large aberrations,(ii ) nonselectivity for positive particles
with different masses, and(iii ) strong dependence of the lens
field on the beam energy. For generation of a high-energy
positron beam, the electromagnetic lens is more convenient
than the electrostatic lens. In this study, we developed a pos-
itron beam apparatus with a gun fabricated using multiple
immersion lenses and with a transport system composed of
coaxial electromagnetic lenses.

II. INSTRUMENT

A common theme of any beam development processes is
to enhance the brightness. For this purpose, the so-called
brightness enhancement technique was proposed.9 The most
primitive method of brightness enhancement is the modera-
tion of fast positrons emitted from a radioactive source. In
principle, the brightness can be further enhanced using the
second or further remoderation stages. This may be indis-
pensable while generating positron microbeams or highly
monochromatic low-energy positron beams. However, our
aim here is to create a high-energy positron beam which is
suitable for diffraction experiments. Considering the advan-
tage that the beam transport in high-energy region
s.10 keVd is much more convenient than in low-energy re-
gions, we may not employ the brightness enhancement tech-
nique with the exception of the primary moderation. It has
been proven that a positron beam with adequate brightness
could be obtained in the following manner. From Liouville’s
theorem, the normalized emittance of a beams«normd is
conserved.10 That is, assuming uniform moderator with a
radius ofrm:

«norm= 4rm
ÎFm tanum = 4rÎF tanu, s1d

where Fm is the effective acceleration voltage due to the
negative work function of the moderator, andum is the an-
gular spread of positrons emitted from the moderator. Also,r
and u are the beam radius and angular spread due to the
acceleration voltage ofF. The emittance(i.e., the area on
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r-u plane) is given by «=4r tanu. The beam brightness is
defined as

B =
I

«norm
2 , s2d

where I is the beam flux. Here, we simulate the brightness
assuming the following realistic conditions:(i) the source
activity is 3.7 GBqs100 mCid; (ii ) the moderator efficiency
is 10−4; (iii ) r =2 mm; (iv) Fm=3 V; and (v) the maximum
angular deviation of emitted positrons from the normal di-
rection to the moderator surface is,100 mrad because of
thermal fluctuation. After the beam acceleration up to
10 keV, we get«,14 mrad mm from Eq.(1). For RHEPD
experiments, we may requireu=1 mrad andr =0.5 mm and
hence«=2 mrad mm and«norm=200 mrad mm V1/2. Since
the total beam efficiency is estimated to be 10−432/14
31/2,7310−6, the beam flux should be,23104 e+/s.
Subsequently, we getB,53107 e+/s /cm2/ rad2/V, which
is comparable to that of low-energy positrons, using the
brightness enhancement technique.11 It is observed that the
beam acceleration makes no essential contribution to obtain-
ing such brightness, since the brightness defined above is
normalized to the beam energy.

Considering the above prospect, we designed the beam
apparatus as shown in Fig. 1. Radiations from the positron
source are shielded with Pb brocks. The positron beam is
transported from the gun to the sample chamber through five
coaxial magnetic lenses and a 90°-bending magnet. Steering
coils are also placed before and after the magnet. A positron
source with a nominal activity of 3.7 GBq, which was pur-
chased from the iThemba LABS of South Africa, is installed.
Positrons are emitted through a Ti window with a thickness
of 5 mm and a radius of 2 mm. A W(100) single crystal with
a thickness of 500 nm, obtained from the Arhus University,
Denmark, is used as a moderator. Anin situ annealing of the
moderator can be carried out by the direct current flow. Two
aperture electrodes with a diameter of 5.8 mm are placed
after the moderator. Subsequently, a cylinder electrode with
the same aperture diameter is placed. The gap between these
electrodes is 2 mm. Finally, an aperture electrode is placed
11 mm from the end of the cylinder electrode. These elec-

trodes are termed as extractor, Wehnelt, Soa, and anode as an
analogy to the modified Soa gun. The electrostatic potentials
applied to the moderator and electrodes can be varied from
0 V to 20 kV. Only the anode electrode is grounded. To
effectively extract slow positrons, taper structures are formed
around the peripheries of the moderator and the aperture of
extraction electrode.

Figure 2 shows an example of the distribution of elec-
trostatic potential and the beam trajectory simulated using
the SIMION program.12 In this case, the potential of the mod-
erator is 10 kV relative to ground. It is confirmed that the
beam is effectively extracted from the moderator and focused
once, after the extraction electrode. At the Wehnelt electrode,
the electrostatic potential has a saddle point. The beam is
well focused by the lens field between the Soa and the anode
electrodes. The beam diameter after the anode electrode is
reduced to approximately one-third of that of the slow posi-
tron generation part.

To avoid beam divergence during transportation, we fab-
ricated conventional magnetic lenses that are covered with
yokes. The ampere turn of the coil is 300. The gap length is
15 mm. The magnetic field at the center of the lens is 20 mT
when the current is 0.3 A. The focal length in this condition
is approximately 150 mm.

Monochromatic positrons are discriminated at the
90°-bending magnet. This bending magnet is also covered
with a yoke. The curvature radius is 75 mm. The magnetic
field required for the acceleration voltage of 10 kV should be
45 mT. A homogeneous magnetic field(i.e., Bz=constant)
focuses the beam in the lateral plane including the central
axis. It is necessary to focus the beam in the vertical direc-
tion as well. This can be done to form the magnetic field
varying in the radial direction, i.e.,Bz/ r

1/2. The beam shape
is then maintained as axially symmetric, even after passing
the bending magnet. To form such a magnetic field, the gap
between the two yokes is varied as 22.48–0.073r. Based on
the acceptance of the beam port, the energy resolution of the
bending magnet is estimated to be ±1 keV.

FIG. 1. Schematic diagram of the positron beam apparatus. FIG. 2. Beam trajectories simulated by theSIMION program. The electro-
static potentials at the moderator and the other electrodes are also shown.
The initial positron energy from the moderator is 3 eV. The contour spacing
of the electrostatic potential is 1 kV.
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III. BEAM PERFORMANCE AND RHEPD
OBSERVATION

Figure 3(a) shows a typical beam image in the target
chamber. The beam can be focused below a diameter of
1 mm and it is not observed when the retarding voltage is
greater than 10.01 kV. Thus, the energy spreadsDEd is less
than 20 eV(i.e., the energy resolution is 0.2%). The beam
flux is determined to be approximately 104 e+/s by measur-
ing the gamma rays with a NaI detector. Assuming the mod-
erator efficiency to be 10−4, the beam transmission efficiency
from the moderator to the target stage is estimated to be less
than 10%. This agrees well with that estimated in the preced-
ing section based on Liouville’s theorem.

We then estimated the emittance and brightness of the
beam. Emittance can be determined by measuring the beam
size spr2d at various focal lengthssfd at the final lens. That
is, the beam size is given by

pr2 = b«L2f1/f − s1/L − a/bdg + «L2/b2, s3d

wherea andb are the Twiss parameters,13 andL is the dis-
tance from the final magnetic lens and the detector. In the
so-called “thin-lens approximation,”f is given by

1/f = 2K2d. s4d

Here,d is the gap length of the magnetic lenss=15 mmd and
K is given by

K =Î eB2

8mF
, s5d

where e is the elemental charge andm is the electron
rest mass. Thus, we can determine the Twiss parameters
and emittance frompr2 versus 1/f plot. The phase diagram
(u-r space) is given by

u 2 +
2ar

b
u +

cr2 − «

b
= 0, s6d

where c=s1+a2d /b. Figure 3(b) shows the phase diagram
obtained from the above consideration when the beam is
focused to 1 mm diameter. The emittance is estimated to be
0.98p mm mrad. The maximum angular spread is 2.9 mrad.
The brightness is obtained as,107 e+/s /cm2/ rad2/V. This
value is in good agreement with the rough estimation based
on the Liouville’s theorem in the preceding section. The
beam brightness is adequately enhanced without brightness
enhancement because of the easy reduction of the beam
emittance.

FIG. 3. (Color online) (a) Beam image observed at the sample chamber
using a microchannel plate.(b) Phase diagram of the beam obtained by
varying the strength of the final magnetic lens when focusing the beam to a
1 mm diameter.

FIG. 4. (Color online) Digitally accumulated RHEPD patterns at the glanc-
ing angles of(a) 4.0° and(b) 2.1°. The exposure time is 3 h. Intensity profile
along the 1/7-th Laue zone at the glancing angle of 2.1° is shown in(c). A
solid line shows the experimental intensity and the broken line shows the
theoretical intensity calculated on the basis of the dynamical diffraction
theory.
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To observe the diffraction pattern, it is important to en-
hance the coherence length of the positron beam, since it
dominates the resolving power. Actually, the coherence
length is a more direct measure than brightness and emit-
tance to assure the beam performance in the diffraction ex-
periments. The beam parallel and normal coherence lengths
are given by

lp = 1YÎS DE

24.5ÎE
D2

+ SDu sinug

l
D2

s7d

and

ln = l/Du, s8d

respectively.14 Here, Du and l are the angular spread and
wavelength of the beam, respectively,ug is the glancing
angle of positron beam to the surface. For the present beam,
we getlp,120 Å at andln,40 Å. These are long enough to
observe the reconstructed surface with a large unit cell.

We performed the RHEPD experiments using a
Sis111d-737 reconstructed surface. Figure 4 shows the
RHEPD patterns from a Sis111d-737 surface at the glancing
angles of 2.1° and 4° which satisfy the primary and fourth
Bragg conditions, respectively. It is found that the fractional-
order diffraction spots are clearly seen as indicated. The pat-
tern quality had fairly improved from the previously ob-
tained one using the electrostatic beam system.15 In Fig. 4(c),
it is confirmed that the observed intensity profile along the
1/7-th Laue zone agrees well with that calculated by the
dynamical diffraction theory.

Thus, the present beam using electromagnetic lenses is
very suitable to RHEPD experiments. A quantitative analysis
of RHEPD patterns is also possible.
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