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in a reactor-based slow positron beamline

A. Yabuuchi*, T. Yoshiie, A. Kinomura

Institute for Integrated Radiation and Nuclear Science, Kyoto University, Kumatori, Osaka 590-0494, Japan

Abstract

In the slow positron beamline at the Kyoto University Research Reactor (KUR), positron creation was enhanced by
increasing the gamma-ray intensity at the positron source via the reaction of '3Cd(n,y)'**Cd. To achieve this, a
cadmium (Cd) cap was attached to the positron source, surrounding it, and thus, without intentional cooling, the
temperature was able to reach near the melting point of Cd via nuclear heating. In this study, the degree to which the
Cd cap contributes to the quantity of positron creation was estimated by using the Monte Carlo calculation code PHITS
(Particle and Heavy Ion Transport code System), which simulates radiation transportation and interaction with matter.
As a result, the number of positrons created was found to become 2.0 + 0.1 times higher by using the Cd cap at the
KUR slow positron beamline. The use of the Cd cap was confirmed to be significantly effective for enhancing positron

creation.
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1. Introduction

Positrons are widely used in the field of materials sci-
ence as a unique probe that can detect vacancy-type de-
fects in crystalline materials with high sensitivity [1, 2, 3].
It is especially important when observing vacancies in thin
films or near the surface regions for many functional mate-
rials or ion-irradiated materials. In order to apply positron
annihilation spectroscopy in thin films and/or near surface
regions, a monoenergetic slow positron beam is useful [2].
However, since the conversion efficiency of moderating
high-energy positrons into low-energy (slow) positrons is
very low (the efficiency is generally around 10~* using a
tungsten (W) positron moderator [4, 5, 6, 7, 8]), intense
positron sources are desirable. Thus, positron sources us-
ing nuclear reactors [9, 10, 11, 12, 13, 14, 15, 16, 17, 18,
19, 20, 21, 22, 23], instead of those using radioisotopes, are
explored here.

In reactor-based positron sources, electron-positron
pairs are typically created by using fission gamma-rays
emitted from the reactor core. At the Kyoto Univer-
sity Research Reactor (KUR) slow positron beamline, a
positron source is surrounded by a cadmium (Cd) cap
in order to enhance the gamma-ray intensity through a
H3Cd(n,y)!*Cd reaction [24] in addition to the fission
gamma-rays. '3Cd has a very large neutron-capture cross
section of 20600 barns, and it is present in natural cad-
mium at 12.22% [25]. Figure 1 shows schematic views of

*Corresponding author
Email address: yabuuchi@rri.kyoto-u.ac.jp (A. Yabuuchi)

Preprint submitted to Nuclear Instruments and Methods in Physics Research Section B

the KUR slow positron beamline and its positron source
structure. A vacuum duct is inserted close to the reactor
core. A W-disk with a diameter of 46 mm and thickness
of 1 mm is installed at the top of the vacuum duct as
a positron converter. Electron-positron pairs are emitted
from the W-disk by irradiating gamma-rays. The emit-
ted high-energy (~MeV) positrons are incident into a W-
strip assembly [26] attached as a positron moderator, and
a small part of the positrons are re-emitted into a vac-
uum with an energy of a few eV [27]. The re-emitted
slow positrons are extracted by an electric field, guided
by a magnetic field excited by solenoid coils, and are then
transported about 10 m downstream to a sample position.
Details regarding the KUR slow positron beamline have
been described elsewhere [28, 29, 30].

A feature of the positron source of the KUR slow
positron beamline is that the Cd cap attached to the vac-
uum duct is housed in two sleeves, called the ‘outer sleeve’
and ‘inner sleeve’ which have inner diameters of 200 mm
and 178 mm, respectively. The inner sleeve is installed
to prevent the collision of the vacuum duct to the outer
sleeve, which is part of the nuclear reactor, even if the vac-
uum duct is shaken significantly by a severe earthquake.
The outer side of the outer sleeve faces the reactor coolant
water (~50°C during operation); however, the gaps be-
tween the outer sleeve, the inner sleeve, and the vacuum
duct are filled with air. Such a setup makes it difficult
to remove the heat generated at the top of the vacuum
duct (including the Cd cap). Without intentional cooling,
when the KUR is operated at 5 MW, which is its max-
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Figure 1: (a) Schematic view of KUR reactor-based slow positron beamline. A vacuum duct is inserted close to the reactor core. Positrons
are created at the top of the vacuum duct, indicated as a rectangular frame in the panel. (b) Magnified drawing of positron source structures
of the KUR slow positron beamline. W-disk and W-strip assembly are installed as a positron converter and positron moderator, respectively.
A Cd cap is installed at the top of the vacuum duct in order to enhance the gamma-ray intensity at the positron converter by using neutron-
capture-induced prompt gamma-rays. The Cd cap is covered and sealed with an outer Al cap. The vacuum duct, inner sleeve, and outer
sleeve are made of Al alloy. The outer side of the outer sleeve faces the reactor coolant water. The gaps between the outer sleeve, inner sleeve,
and vacuum duct are filled with air. Note that although solenoid coils are drawn in brown, they actually consist of Al-wires to reduce the

effect of radioactivation.

imum thermal power, the temperature of the Cd cap in
its mounted position reaches nearly 300°C due to nuclear
heating, which is close to its melting point (321°C). For
this reason, an additional cooling system of the positron
source has been installed to enable safe extraction of a
slow positron beam during 5 MW operation [30], and spe-
cial attention must be paid to its temperature to avoid
melting. Using the Cd cap as the positron source is the
same as the other reactor-based slow positron beam facili-
ties. However, removing heat from the Cd cap in the KUR
positron source is difficult because of its structure [30], de-
scribed above. Therefore, estimating how much the Cd
cap contributes to positron creation becomes an interest-
ing matter.

PHITS (Particle and Heavy Ion Transport code Sys-
tem) [31, 32, 33|, which is a radiation behavior simulation

code based on the Monte Carlo technique, is used not only
in the nuclear field but also in various fields such as accel-
erator, medicine, radiation protection, and aerospace. The
radiation behavior simulation makes it possible to evaluate
the contribution of neutrons and gamma-rays in positron
creation separately. In this study, the quantity of positron
creation in the KUR slow positron beamline was simulated
by using the PHITS code, and the differences between the
setups with and without using a Cd cap were compared.

2. Simulation method

Figure 2 shows the constructed simulation model used
in this study. The model was constructed in the z-y-z
coordinate space of —60 cm < x < 60 cm, —60 cm <
y < 60 cm, and —13.3 cm < z < 60 cm (only part of the
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Figure 2: (a) Schematic diagram of a simulation model at an = =
0 cm cross section. A rectangular planar source, emitting particles
isotropically into the outer halfspace, is placed on the z-y plane at
z = —13.0 cm instead of the reactor core. (b) Enlarged schematic
diagram of the model around the top of the vacuum duct. In the
case of the non-Cd cap configuration, the cap region was replaced by
air.

model region is shown). The z-y plane at z = —13.0 ¢cm
corresponds to the surface of the square-pillar-shaped re-
actor core. The reactor coolant water (light water), outer
sleeve, inner sleeve, vacuum duct, solenoid coils, W-disk,
and Cd cap are incorporated into the simulation model.
The concentrations of each cadmium isotope were spec-
ified by their natural abundance ratios. The region of
z < —13.3 cm, where the reactor core is located, is outside
of the simulation model. In the simulation, a rectangular
planar source with a size of 51 x 61 cm? is placed on the
z-y plane at z = —13.0 cm instead of the reactor core.
Neutrons or gamma-rays were isotropically emitted into
the outer halfspace. A W-disk, with a diameter of 46 mm
and a thickness of 1 mm, and a cylindrical Cd cap with
a diameter of 62 mm, length of 48 mm, and thickness of

Total Neutron Flux @
53x10"% cm™s™

Intensity (arb. units)
—
o
X
B R R R R R R B B B |

P AT Y A o o [ o o |

| | | | |

0% 10% 10* 102 10° 102
Neutron Energy (MeV)

10" . . . ; :
102 Total Gamma-Ray Flux

103 24x10" cm?s™!
10k
10°F
10°¢

10—12 15—10

Intensity (arb. units)

7.
4 6 8 10 12
Gamma-Ray Energy (MeV)

Figure 3: Energy spectra of (a) neutrons and (b) gamma-rays emit-
ted from the planar source (instead of the reactor core) used in the
simulation. The total fluxes of neutrons and gamma-rays used for the
calculation, corresponding to the values at 5 MW KUR operation,
are also indicated, respectively.

1 mm are placed, as shown in Fig. 2(b). (The reactor-
core-side surface of the cylindrical Cd cap corresponds to
the -y plane at z = 0 cm.) The thickness of the solenoid
coils (aluminum (Al)-wires) is included as the thickness of
the vacuum duct. In the non-Cd cap configuration, the
cap region was replaced by air, in this study. The positron
moderator (W-strip assembly) and the structure support-
ing it in the vacuum duct were omitted in the simulation
model.

Figure 3 shows energy spectra of neutrons and gamma-
rays emitted from the planar source used in the simulation.
The neutron and gamma-ray fluxes at the planar source
used for calculation were 5.3 x 10'? neutrons/(cm?-s) and
2.4 x 102 photons/(cm?:s), respectively, corresponding to
the fluxes in the 5 MW KUR operation. The neutron
energy spectrum and its flux were determined based on
another Monte Carlo simulation [34], whereas the gamma-
ray energy spectrum and its flux were based on measure-
ment data [34]. Since gamma-rays below 1.022 MeV do
not contribute to positron creation, they were cut off from
the gamma-ray source in this work.

The number of positrons emitted from the W-disk into
the vacuum was counted for each case, where only neu-
trons or only gamma-rays were emitted from the planar
source. The calculations were performed by using the
PHITS 3.04 code. In each calculation, 3 x 108 neutrons or
1 x 10% gamma-rays were emitted from the planar source.
Neutron and gamma-ray transport calculations were car-
ried out until the energy of each particle became less than
10 peV. Electron and positron transport calculations were
also performed until the energy of each particle became
less than 1 eV.
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Figure 4: Distributions of (a) gamma-ray and (b) positron fluxes
when only neutrons are emitted from the planar source. The left
and right panels show the cases with and without using a Cd cap,
respectively. In all of the panels, the values in the z-axis direction
are integrated with the range of —10 cm < z < 10 cm.

3. Results

Figure 4 shows the distributions of the gamma-ray and
positron fluxes when only neutrons are emitted from the
planar source, for the cases with and without the Cd cap.
Even for the case without using the Cd cap, a slight in-
crease in gamma-ray flux was observed in the W-disk and
in the water near the planar source. However, the gamma-
ray flux around the W-disk was significantly enhanced by
using the Cd cap, as shown in Fig. 4(a). Along with the en-
hancement of the gamma-ray flux, the positron flux around
the W-disk was also significantly increased by using the Cd
cap, as shown in Fig. 4(b). Figure 5 shows the difference
in the number of positrons emitted from the W-disk into a
vacuum, for the cases with and without using the Cd cap
when only neutrons were emitted from the planar source.
Even for the case without using the Cd cap, a total of
(9.3 £0.2) x 10'° positrons/s were estimated to be emit-
ted from the W-disk. However, for the case using the Cd
cap, the total number of emitted positrons increased to
be (5.6 £0.1) x 10! positrons/s. That is, for the case of
neutron emission from the planar source, the use of the Cd
cap increases the number of emitted positrons by a factor
of 6.0 +0.2.

Figure 6 shows the distributions of the gamma-ray and
positron fluxes when only gamma-rays are emitted from
the planar source, for the cases with and without the Cd
cap. In these cases, the distributions of the gamma-ray
and positron fluxes are not affected by the presence of the
Cd cap. Figure 7 shows the difference in the number of
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Figure 5: Numbers of positrons emitted from the W-disk into a
vacuum when only neutrons were emitted from the planar source.
The upper and lower panels show the cases with and without using
the Cd cap, respectively. Total numbers of emitted positrons in both
cases are also indicated.

positrons emitted from the W-disk into a vacuum between
the cases with and without using the Cd cap when only
gamma-rays were emitted from the planar source. The
total number of positrons emitted from the W-disk was
(3.6 & 0.1) x 10! positrons/s in both cases, which is the
same regardless of the presence of the Cd cap.

Figure 8 shows the sum of the number of positrons
emitted from the W-disk into a vacuum for each case
shown in Figs. 5 and 7. This corresponds to the num-
ber of positrons obtained when neutrons and gamma-rays
are emitted from the planar source, as in the actual reactor
core. In these cases, the total numbers of emitted positrons
with and without using the Cd cap are (9.2 £ 0.1) x 10!
positrons/s and (4.540.1) x 101! positrons/s, respectively.
When both neutrons and gamma-rays are emitted from the
planar source, the use of the Cd cap increases the number
of emitted positrons by a factor of 2.0 £ 0.1.

4. Discussion

For the case of neutron irradiation from the planar
source, an increase in the gamma-ray flux is observed in the
water near the planar source, even without using the Cd
cap, as shown in Fig. 4(a). This increase can be attributed
to the gamma-rays emitted through the 'H(n,y)?H reac-
tion. In addition, gamma-rays will be emitted from the
vacuum duct and two sleeves through the 27Al(n,y)?8Al
reaction. The neutron-capture cross sections of 'H and
2TAl are 0.33 barns and 0.23 barns, respectively [25]. Al-
though these cross sections are very small compared with
those of 3Cd (20600 barns), gamma-rays are expected
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Figure 6: Distributions of (a) gamma-ray and (b) positron fluxes
when only gamma-rays are emitted from the planar source. The left
and right panels show the cases with and without using a Cd cap,
respectively. In all of the panels, the values in the z-axis direction
are integrated with the range of —10 cm < z < 10 cm.

to be emitted from these materials because of their large
absolute amount. As a result, positrons are emitted to
some extent from the W-disk even without using the Cd
cap, as shown in Fig. 5. However, installing the Cd cap
drastically increases the gamma-ray flux around the W-
disk, and the total number of emitted positrons increases
by about six-fold. When only the gamma-rays are emitted
from the planar source, the gamma-ray flux distribution
hardly changes, even without using the Cd cap, as shown
in Fig. 6. This seems natural, because the Cd cap, with a
thickness of 1 mm, hardly shields the gamma-rays. There-
fore, the positron flux distribution does not change, and
the total number of emitted positrons is also unchanged,
as shown in Fig. 7. According to the results shown in
Fig. 8, about 60% of the positrons emitted from the W-
disk are attributed to neutrons in the case of the result
with Cd cap. Figure 8 also indicates that the total num-
ber of emitted positrons becomes halved when the Cd cap
is removed.

In this work, the number of positrons emitted from the
whole surface of the W-disk (i.e., the front, back, and side
surfaces) was counted. As shown in Fig. 8, the number of
positrons emitted from the whole surface area of 34.7 cm?
was estimated to be (9.2 & 0.1) x 10! e* /s when using
the Cd cap at 5 MW KUR operation. However, since
the positron moderator (W-strip assembly) is mounted
on supporting structures with a 28-mm-diameter window
(6.15 cm?) in front of the W-disk, the number of positrons
that can be incident on the positron moderator from the
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Figure 7: Numbers of positrons emitted from the W-disk into a
vacuum when only gamma-rays were emitted from the planar source.
The upper and lower panels show the cases with and without using
the Cd cap, respectively. The total numbers of emitted positrons in
both cases are also indicated.

W-disk will be (6.15/34.7) x (9.2 x 1011) = 1.6 x 101! e* /5.
(Actually, not all positrons emitted from the 28-mm-
diameter area of the W-disk are incident on the moder-
ator, and a part of positrons emitted from the supporting
structures are also incident on the moderator, but they are
not considered here.) On the other hand, the moderation
efficiency of the high-energy (~MeV) positrons of the W
positron moderator is speculated to be lower than that of
the relatively low-energy positrons of less than ~500 keV
emitted from the ?2Na radioisotopes. Therefore, assum-
ing that the positron moderation efficiency of the W-strip
assembly is 5 x 1075, the number of slow positrons is es-
timated to be ~8 x 10° slow e*/s. The actual beam in-
tensity of the slow positrons obtained during 5 MW KUR
operation has been confirmed to be 6.2 x 10° slow e™ /s at
the end of the beamline [30]. The above-estimated value
seems to be reasonable compared to the measured value.
The moderation efficiency of the positron moderator actu-
ally varies greatly depending on its surface conditions and
internal crystalline defects. Furthermore, the transport ef-
ficiency of slow positrons also needs to be considered for
comparison with the measured value.

Then, by focusing our attention on the energy spec-
trum of the positrons emitted from the W-disk, large part
of positrons were indicated to be emitted with energies
above 100 keV, as shown in Fig. 8. In other words, estimat-
ing the total number of emitted positrons without counting
the positrons having energies below 100 keV does not be-
come a significant problem. In addition, gamma-rays with
energies below 100 keV cannot create electron-positron
pairs. Therefore, if the transport calculations of electrons,
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Figure 8: Numbers of positrons emitted from the W-disk into a
vacuum when both neutrons and gamma-rays were emitted from the
planar source. The upper and lower panels show the cases with and
without using the Cd cap, respectively. “Neutron” and “Gamma”
represent the numbers of positrons attributed to neutron-capture-
induced prompt gamma-rays and fission gamma-rays, respectively.
The total numbers of emitted positrons in the cases with and without
using the Cd cap are also indicated.

positrons, and gamma-rays are cut off when their energies
fall below 100 keV, the calculation cost will be significantly
reduced.

Although prompt gamma-rays emitted from Cd are
used in the KUR slow positron beamline to enhance the
quantity of positron creation, the use of other materi-
als having large neutron-capture cross sections is also
worth consideration [17, 35, 36]. The %7Gd(n,y)**Gd,
155Gd(n,y)'%%Gd, and *°Sm(n,y)!%°Sm reactions may be
effective, since the neutron-capture cross sections of 1°7Gd,
155Gd, and '°Sm have large values of 254000 barns,
60900 barns, and 40140 barns, respectively [25]. In ad-
dition, 7Gd, ' Gd, and '*?Sm are sufficiently present
in natural gadolinium (Gd) or samarium (Sm) at 15.65%,
14.80%, and 13.82%, respectively [25]. Therefore, Gd and
Sm, which have melting points of 1312°C and 1072°C,
respectively, may be two of the candidate materials for
enhancing the quantity of positron emission. The PHITS
calculations will also be useful in estimating the suitability
of such materials.

5. Conclusion

In this study, positron creation at the KUR slow
positron beamline was simulated by using the PHITS code.
As a result, the quantity of positron creation was esti-
mated to become 2.0 0.1 times higher by installing a Cd
cap to the positron source. Thus, the use of the Cd cap
was confirmed to be significantly effective although special

attention must be paid for cooling. The Monte Carlo sim-
ulation used in this study will also be helpful in exploring
other gamma-ray-enhancing materials for increasing the
quantity of positron emission.
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