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Design of an acceleration gap using mesh electrodes of the brightness enhancement system for the slow positron
beamline of Kyoto University research reactor was studied to improve the performance of brightness enhancement.
The transmittance and the increase in the angular divergence of the beam resulting from acceleration with the
mesh electrode were estimated by trajectory simulations. The effect of the increase in the beam emittance on the
beam radius at the focus point was estimated based on the analytical solution of the beam envelope equation.
Using the obtained beam transmittance and beam radius, the beam brightness after remoderation was evaluated.
Then, the influence of the mesh electrode configuration on the brightness was investigated.
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1. Introduction

A slow positron beamline is currently under de-
velopment for the Kyoto University research Reactor
(KUR) [1-4]. The KUR slow positron beamline is com-
posed of a positron source, a brightness enhancement
system, a pulsing system, and a measurement chamber.
Positrons are generated by pair production from high-
energy gamma rays. A W convertor/W moderator as-
sembly is used to generate a slow positron beam.

At the KUR, the initial beam diameter is expected to
be around 30 mm, which is significantly larger than the
size of a typical sample (around 10 mm). Therefore, it is
desirable to reduce the initial beam size to below 10 mm
while maintaining the beam intensity as high as possible.
Therefore, the brightness enhancement system [3] was
installed in the beamline.

The brightness enhancement system consists of an ac-
celeration gap, a magnetic lens, a transmission-type re-
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moderator, and several coils (Fig. 1). A positron beam
is magnetically guided from the positron source and is
subsequently accelerated to 5 keV by the acceleration
gap; it then reaches a low magnetic field region (Bjow
in Fig. 1), in which the beam diameter is expanded. The
beam is focused onto the remoderator by the magnetic
lens, and a fraction of positrons is re-emitted from the
opposite surface of the remoderator. In this process, al-
though the total positron flux decreases, the flux den-
sity increases, resulting in enhanced brightness. We use
a 150-nm-thick Ni (100) thin film [5] as a remoderator
purchased from the University of Aarhus. The princi-
ple of the brightness enhancement method is described
in detail elsewhere [3, 6-9].

For brightness enhancement, the acceleration of the
positron beam is essential to obtain sufficient focusing
through the magnetic lens and is also essential to max-
imize the re-emission efficiency at the remoderator. In
this study, an acceleration gap consisting of a pair of
electrodes with two wire meshes was used (Fig. 1). This
was referred to as a mesh electrode. The beam is acceler-
ated by the electric field formed between two electrodes.
An ideal mesh electrode is virtual mesh with 100% trans-
mission in which the ratio between the wire diameter d
and the aperture width w and the ratio between w to the
distance between two electrodes L are negligibly small.
Using an ideal mesh electrode, a positron beam can be
accelerated through a uniform electric field without any
loss in the beam intensity (i.e. the beam transmittance
7o ~ 1). That is, there is no degradation of the beam
brightness through acceleration. However, this is not the
case with actual mesh electrodes. First, there is a loss of
intensity at the wire mesh due to the collision (d/w > 0).
Secondly, the beam is disturbed by the lens effect due to
the distortion of the electric field around the apertures of
the wire mesh (w/L > 0). The distribution of the angle
0, along the beam axis of each particle k£ spreads and
the Larmor radius increases, resulting in an increase in
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the angular divergence of the beam 6 (or the beam emit-
tance). Therefore, the beam radius at the focus point rp
becomes larger. These two factors cause the degradation
of the beam brightness. Thus, the properties of the mesh
electrode which affects 1, and 6 should be optimized.

In this paper, the influence of the parameters of the
mesh electrode on 7, and 0 were estimated by beam tra-
jectory simulations. The effect of the increase in the
beam emittance on rrp was estimated by an analytical
solution of the beam envelop equation. Using the ob-
tained values of 1, and rp, the beam brightness (3, after
the remoderation were estimated. Then, three different
mesh electrodes were evaluated to investigate the optimal
mesh electrode.

2. Methods and results

To understand the dependence of 7, and 6 on the
characteristics of the mesh electrode, three types of wire
meshes were investigated. These wire meshes are char-
acterized by following parameters: the number of aper-
tures per unit inch N, the aperture width w, the wire
diameter d, and the normalized open screening area Ag
(= w?/(w +d)?) (Table I). We chose commercially avail-
able wire meshes of N = 30, 100 and 150 apertures/inch.
Three commercially available wire meshes of N = 30, 100
or 150 apertures/inch with d = 0.03 mm were tested in
this study, and the distance between two electrodes was
fixed to 10 mm; thus, d/w and w/L values were listed in

Table I. TABLE I

Parameters of the mesh electrodes: the number of aper-
tures N [1/inch], aperture width w [mm)], wire diame-
ter d [mm], Normalized open screening area A,, d/w,
and w/L.

N [1/inch] | w [mm] | d [mm] | A, d/w | w/L
30 0.82 0.030 0.93 | 0.037 | 0.082
100 0.22 0.030 0.78 | 0.134 | 0.022
150 0.14 0.030 0.68 | 0.215 | 0.014

Generally, the brightness 8 of a positron beam is de-
fined as [6, 8, 9]:

B=1(r2*E)"". (1)
where [ is the beam intensity, r is the beam radius, 6 is
the angular divergence of the beam, and E is the beam
energy. The brightness after remoderation 3, can be cal-
culated as 1,Y,Iin (r202E,) "', where I,is the beam in-
tensity before acceleration, Y. is the re-emission efficiency
of the remoderator, and 6, and F,. are the angular diver-
gence of the beam and the beam energy after remodera-
tion, respectively. These four parameters do not depend
on the mesh electrode, so the value of 8, normalized to
the brightness obtained with an ideal mesh electrode is a
function of nar;2. 71, can be calculated as the square of
the transmittance, A2 (solid line in Fig. 2a), for the set
of the first and second wire meshes.

As the analytical estimation for the increase in 6
may be difficult, beam trajectory simulations were per-
formed using the SIMION code (version 8.1). The results
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Fig. 2. Results of brightness calculations for various
parameters as fuctions of the aperture width w: (a) The-
oretically estimated (solid line) and simulated (closed
circles) transmitance; (b) Root mean square of the an-
gle of each particle with respect to the beam axis after
acceleration; (c) Inverse of the square of the beam ra-
dius at the focus point; (d) Normalized brightness after
remoderation. Those values are normalized to the value
obtained with the ideal mesh electrode.

of the trajectory simulations are shown as XY cross-
sectional views in Fig. 3. The simulation volume was
50 mm x 11 mm x 11 mm on the right-handed Cartesian
coordinates (XYZ coordinates). The origin corresponds
to the center of the beam duct at the left end (see Fig. 3).
The beam propagation direction corresponds to the X-
axis, and the start point of the beam is X = 0 mm. The
first and second wire meshes are located at X = 20 mm
and X = 30 mm, respectively. An acceleration volt-
age of —5 kV was applied to the second electrode, and
the boundary condition between two electrodes along the
wall of the beam duct was the natural boundary condi-
tion (i.e. the electric field in a normal direction was as-
sumed to zero). The equipotential surfaces around the
first wire mesh (X = 18—20 mm) in each case are shown
in Fig. 4. It should be noted that these equipotential
surfaces were calculated results around the center (i.e.
far from the wall) of the beam ducts. In other words,
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Fig. 3. Results of trajectory simulations with (a)
30 apertures/inch, (b) 100 apertures/inch, and (c)
150 apertures/inch.

equipotential surface patterns near the wall of the beam
ducts are different from those that were calculated as
shown in Fig. 4. In this study, in order to investigate the
dependence of the beam divergence on the mesh struc-
ture, the beam size set in the simulation must be much
less than the simulated duct size (11 mm). In addition,
if the beam size is equal to or less than w, the effect of
the wire mesh on the beam could not be evaluated be-
cause only one aperture would affect the beam. On the
basis of these considerations, the positron source was de-
fined as a uniform circular region of 3 mm in diameter
(Y2 + Z% < 1.52 mm?) located at X = 0 mm. In this
case, the beam diameter was sufficiently smaller than the
radial size of the electrode (11 mm) and was sufficiently
larger than w. Each positron emitted from the source
had an energy of 10 eV and had a random direction in
the range of 0-0.305 rad (17.5°) relative to the beam axis,
implying that 6 was uniformly distributed in this range.
These parameters were determined based on the known
initial beam parameters at the KUR beamline, in which
positrons are emitted from W moderator with re-emission
energy of 0-3 €V [10] and are accelerated by an extraction
voltage of a few tens eV, giving a 1/10 ratio of transverse
energy to longitudinal energy. The number of particles
in the simulation n was 10,000. A uniform magnetic field
of B =5 mT along the X axis was applied to the entire
simulation domain. In terms of the actual magnetic field
around the mesh electrodes, the fluctuation in the mag-
netic field strength was assumed to be less than 1073 to
the average value, and the fluctuation in the angle be-
tween the magnetic line and the beam axis was assumed
to be less than 1 mrad. We estimated that these fluctua-
tions were negligibly small in our study, and the uniform
magnetic field was reasonable approximation. From the
calculation results, we estimated the angular divergence
of the beam after acceleration 6, according to the root
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mean square of 6 using the following equation:

<00ut> =

The calculated values of 7, and (f,,4) are shown in Fig-
ure 2a (closed circles) and 2b, respectively.

The value of rp was estimated by applying the analyt-
ical solution of the beam envelope equation reported by
Oshima et al. [7]. Under the assumption that the electro-
magnetic field along the beamline has a rotational sym-
metry, there exists an invariant Q2 which is a function
of the beam parameters. Applying the paraxial approxi-
mation, Q2 can be described by the following equation:

2 2\ .2 4 1o 4
Q> =V {(0*)r +8mBT, (3)
where V is the beam acceleration voltage, r is the beam

radius, m and ¢ are the mass and charge of a positron,
respectively, and B is the magnetic field. rr can be de-
termined using the following equation:

@)

where « is the convergence angle of the positron beam,
and C's is the spherical aberration coefficient of the mag-
netic lens [11]. The value of rp was estimated using
Egs. (3) and (4). The first term on the right-hand side
of Eq. (3) expresses the beam emittance, and its value
increases as (fout) increases; the second term does not
change during acceleration. Thus, rr was estimated
based on (f,yt) and the parameters of the KUR beam
(r=15mm, B=5mT, Cs = 36 mm). C's was estimated
numerically by using the paraxial ray equation [11]. The
inverse of the square of rp is shown for several values of
w in Fig. 2c. For comparison, the same parameters in
the case of a beam radius of 2.0 mm, which corresponds
to positron beams from radioisotope (RI) sources [12], is
also shown.

Using the estimated values of 7, and rr as described
above, the normalized brightness was calculated for sev-
eral values of w (Fig. 2d).

3. Discussion

The results of the trajectory simulations shown in
Fig. 3 clearly indicate that the divergence of the beam
increases as the aperture width is widened. The distor-
tion of the electric field around each aperture (Fig. 4)
works as a lens for the positrons. As the aperture width
increases, the distortion of the electric field increases, and
hence, the beam diverged more significantly. Around the
second wire mesh, similar distortions were also observed
(not shown) in the electric field. However, the lens effect
of these distortions was less significant because the beam
had already been accelerated to ~ 5 keV upon reaching
the second wire mesh, and the influence of a distortion
in an electric field becomes relatively small for higher-
energy beams. These results suggest more suitable mesh
electrodes could be selected: a first mesh with a smaller
w/L ratio and a second mesh with a smaller d/w ratio.



Design of an Acceleration Gap. . .

YT, Aperture
width w
0.82 mm
Lit]
(b)
t 0.22 mm
(c)
{ 0.14 mm
18 20
x (mm)

Fig. 4. Equipotential surfaces around the first mesh
potentials ranging from —90 to 0 V with a step of 1 V
for (a) 30 apertures/inch, (b) 100 apertures/inch, and
(c) 150 apertures/inch.

Figure 2a shows the 7, values estimated based on the
values of A2 (solid line) and the corresponding simulated
values (closed circles). These results agreed with each
other, indicating that the beam transmittance can be es-
timated without characterizing the distortion of the elec-
tric field. The inverse squares of the rp values with N =
30, 100, and 150 normalized to the rr value obtained with
the ideal mesh electrodes are shown in Fig. 2c. The values
vary slightly with the 30-mm-diameter beam, but they
differ significantly with the 4-mm-diameter beam. This
is because the increase in (0,,) affects Q2 (i.e. rx) more
significantly in the 4-mm-diameter beam. The evaluated
normalized brightness values shown in Fig. 2d indicate
that, with a 30-mm-diameter beam, the brightness can
be maximized using a wire mesh with N = 30 because
the effect of n, on the brightness is more significant than
the influence of rz on the brightness. The brightness val-
ues when 2r = 40, 50, and 60 mm were also evaluated
and the highest brightness values were obtained with a
wire mesh of NV = 30. On the contrary, in the case of a
4-mm-diameter beam, wire meshes with N = 100 or 150
resulted in higher brightness than a wire mesh of N = 30
because, in this case, the rr value had a more significant
effect on the brightness than 7,.

Another potential candidate for the acceleration of a
positron beam is an acceleration tube, which consists of
several ring electrodes without any wire meshes. It may
be informative to make a critical comparison between a
mesh electrode and an acceleration tube to further im-
prove the performance of the brightness enhancement
system.
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4. Summary

Design of an acceleration gap with mesh electrodes
for the brightness enhancement system of the KUR slow
positron beamline was studied to improve the perfor-
mance of brightness enhancement. The beam transmit-
tance and the increase in the angular divergence of the
beam at the mesh electrode were estimated by trajec-
tory simulations. The effect of an increase in the beam
emittance on the beam radius at the focus point were es-
timated by applying an analytical solution to the beam
envelope equation. From these estimations, the beam
brightness after the remoderation was evaluated. The
obtained results suggest that the optimal condition for
relatively large-diameter (> 30 mm) beams, such as that
of the reactor-based positron source, can be attained us-
ing a coarse mesh (i.e. an electrode with a wire mesh of
30 apertures/inch).
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