Taylor & Francis
Taylor & Francis Group

NUCLEAR

Seschewsl  Journal of Nuclear Science and Technology

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/tnst20

Measurement and simulations of high-energy
neutrons through a various thickness of concrete
and steel shields using activation detectors at
CHARM and CSBF

Noriaki Nakao, Toshiya Sanami, Tsuyoshi Kajimoto, Hiroshi Yashima, Robert
Froeschl, Davide Bozzato, Elpida lliopoulou, Angelo Infantino, Euniji Lee,
Takahiro Oyama, Masayuki Hagiwara, Seiji Nagaguro, Tetsuro Matsumoto,
Akihiko Masuda, Yoshitomo Uwamino, Arnaud Devienne, Fabio Pozzi, Marco
Tisi, Tommaso Lorenzon, Nabil Menaa, Heinz Vincke, Stefan Roesler &
Markus Brugger

To cite this article: Noriaki Nakao, Toshiya Sanami, Tsuyoshi Kajimoto, Hiroshi Yashima,
Robert Froeschl, Davide Bozzato, Elpida lliopoulou, Angelo Infantino, Eunji Lee, Takahiro
Oyama, Masayuki Hagiwara, Seiji Nagaguro, Tetsuro Matsumoto, Akihiko Masuda, Yoshitomo
Uwamino, Arnaud Devienne, Fabio Pozzi, Marco Tisi, Tommaso Lorenzon, Nabil Menaa, Heinz
Vincke, Stefan Roesler & Markus Brugger (2024) Measurement and simulations of high-
energy neutrons through a various thickness of concrete and steel shields using activation
detectors at CHARM and CSBF, Journal of Nuclear Science and Technology, 61:4, 429-447, DOI:
10.1080/00223131.2023.2239243

To link to this article: https://doi.org/10.1080/00223131.2023.2239243

8 © 2023 The Author(s). Published by Informa ﬁ Published online: 13 Aug 2023.
UK Limited, trading as Taylor & Francis

Group.
\]
CA/ Submit your article to this journal & il Article views: 474
A a
h View related articles &' @ View Crossmark data (&'

CrossMark

@ Citing articles: 1 View citing articles &

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallnformation?journalCode=tnst20


https://www.tandfonline.com/action/journalInformation?journalCode=tnst20
https://www.tandfonline.com/journals/tnst20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/00223131.2023.2239243
https://doi.org/10.1080/00223131.2023.2239243
https://www.tandfonline.com/action/authorSubmission?journalCode=tnst20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tnst20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/00223131.2023.2239243?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/00223131.2023.2239243?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/00223131.2023.2239243&domain=pdf&date_stamp=13 Aug 2023
http://crossmark.crossref.org/dialog/?doi=10.1080/00223131.2023.2239243&domain=pdf&date_stamp=13 Aug 2023
https://www.tandfonline.com/doi/citedby/10.1080/00223131.2023.2239243?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/00223131.2023.2239243?src=pdf

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY

2024, VOL. 61, NO. 4, 429-447 ?1& 5 Taylor & Francis
https://doi.org/10.1080/00223131.2023.2239243 0 Tayior&.francis Group
8 OPEN ACCESS M) Check for updates

Measurement and simulations of high-energy neutrons through a various
thickness of concrete and steel shields using activation detectors at CHARM
and CSBF

Noriaki Nakao (52 Toshiya Sanami (P, Tsuyoshi Kajimoto (¢, Hiroshi Yashima @<, Robert Froeschl (¢,
Davide Bozzato(»¢, Elpida lliopoulou°?, Angelo Infantino (¢, Eunji Lee(f, Takahiro Oyama (",
Masayuki Hagiwara (®, Seiji Nagaguro®, Tetsuro Matsumoto (¢, Akihiko Masuda@®¢,

Yoshitomo Uwamino(»?, Arnaud Devienne(»¢, Fabio Pozzi(®, Marco Tisi¢, Tommaso Lorenzon (¢,
Nabil Menaa(®¢, Heinz Vincke (9, Stefan Roesler(®° and Markus Brugger(®

aShimizu Corporation, Institute of Technology, Tokyo, Japan; PRadiation Science Center, High Energy Accelerator Research Organization
(KEK), Tsukuba, Ibaraki, Japan; Graduate School of Advanced Science and Engineering, Hiroshima University, Hiroshima, Japan; Kyoto
University Institute for Integrated Radiation and Nuclear Science (KURNS), Osaka, Japan; ¢Radiation Protection Group, CERN, Geneva,
Switzerland; Department of Applied Quantum Physics and Nuclear Engineering, Kyushu University, Fukuoka, Japan; 9National Metrology
Institute of Japan (NMIJ), National Institute of Advanced Industrial Science and Technology (AIST), Ibaraki, Japan

ABSTRACT ARTICLE HISTORY

A shielding experiment using activation detectors was performed at the CERN High-energy Received 24 April 2023
AcceleRator Mixed-field (CHARM) facility and the CERN Shielding Benchmark Facility (CSBF). Accepted 18 July 2023
The protons (24 GeV/c) were bombarded into a 50-cm-thick copper target, and the released KEYWORDS

neutrons were transmitted through various shields located vertically upward from the target. activation detector;
Ordinary concrete slabs of 40- to 160-cm thicknesses and steel slabs of 20- to 80-cm thicknesses shielding; attenuation
were installed by changing the material and the thickness of the shield. Activation detectors of length; benchmark; Monte
bismuth, indium, aluminum, and graphite were variously placed in these shields and activated Carlo; FLUKA; PHITS; GEANT4
by high energy neutrons. From the radionuclide production rate in the activation detectors, the

attenuation profiles through the various shielding materials were obtained for the reactions of

299Bij(n,xn)2 "% *Bi(x = 4-9), ""°In(n,n")"">™MIn, 2”Al(n,a)?*Na, and "2C(n,2n)"'C. Estimated attenua-

tion lengths of high energy neutrons through concrete and steel were compared with cited

data and discussed. Monte Carlo simulations using FLUKA, PHITS, and GEANT4 were also

performed as benchmark calculations, and they agreed with the experimental data, generally

within a factor of 2.

1. Introduction the total construction costs, the shielding design is
very important when constructing high-intensity,
high-energy accelerator facilities.

Most of the conceptual shielding designs for high-
energy accelerators are based on the point-kernel
method. The method is subjected to not change the
shape of neutron energy spectra on shield depth,
namely, to form energy spectral equilibrium of neu-
trons in shields. The equilibrium occurs by higher
energy neutrons producing lower energy neutrons by
interactions in shields. During deep penetration
through thick concrete shield, low energy neutrons
below MeV region attenuate quickly; on the other
hand, they are generated due to elastic and non-
elastic scattering by the high-energy neutrons
(approximately >20 MeV). Such phenomena cause

Recently, a number of particle accelerator facilities
have been constructed for physics research, medical
irradiation, and industrial use. Accordingly, accelera-
tor specifications have been upgraded to enhance the
intensity and energy of the particle beam, providing
better statistics of measurements and more efficient
irradiation. To ensure the radiation safety in such
facilities, the induced radioactivity and prompt radia-
tion levels must be predicted from the data of second-
ary neutrons generated by beam irradiation. Because
of the strong penetrability of produced neutrons, these
accelerator facilities require massive shields to sup-
press the radiation levels outside the facility. As the
radiation shield consumes a considerable portion of
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neutrons to attain a spectral equilibrium state; there-
fore, the attenuation curve is strongly ruled by high-
energy neutrons. For instance, the Moyer model [1]
assumes that the dose rate of neutrons in a spectral
equilibrium state behind the thick concrete shield is
exponentially attenuated.

The Moyer model computes the dose rate behind
the shield at various angles arising from prompt radia-
tions by a beam loss at a point or a line source.
However, this model is often used for the dose rate
evaluation, especially at a point perpendicular (90°) to
the beam direction due to a point beam loss. In this
case, the dose rate H [mSv/h] is expressed as follows:

1 dp
H—]le—zexp(—7>, (1)

where J [W] is the beam loss power at the source point,
H, [(mSv/h) cm*/W] is dose rate at 1-cm distance for a
unit beam-loss power, r [cm] is the distance between the
beam-loss point and the estimation point, and d [cm] is
the effective shield thickness. p [g/cm’] is the density of
the shielding material and A [g/cm?] is the attenuation
length. Tesch et al. also proposed the equation of the
dose rate at 90° direction for the point beam loss [2],
which is almost identical to the Eq. (1), where H_ .
corresponds to H;. Where, the H,s parameters were
summarized based on the experimental data for neu-
tron yields from various targets that were bombarded
with protons of energies up to about 1 GeV, and the A
values based on the experiment were also summarized
for the lateral concrete shield [2].

The attenuation lengths of thick lateral shields have
been measured at several accelerator facilities.
Stevenson et al. measured for the earth around the
proton synchrotron (PS) in the Conseil Européen
pour la Recherche Nucléaire (CERN) at energies of
13.7 and 25.5 GeV [3]. Ban et al. measured the neutron
attenuation length in concrete for 12-GeV and 500-
MeV proton beams at High Energy Accelerator
Research Organization (KEK) [4,5]. At Los Alamos
Neutron Science Center (LANSCE) facility of Los
Alamos National Laboratory (LANL), Bull et al. mea-
sured the neutron spectra behind a lateral steel shield
using 800-MeV proton beam and the attenuation length
for steel was experimentally evaluated [6]. At the ISIS
spallation-neutron source facility using 800-MeV pro-
ton beam in the Rutherford Appleton Laboratory
(RAL), Nunomiya et al. measured the attenuation
lengths of concrete and iron for the neutrons in lateral
direction [7]. At the Alternating Gradient Synchrotron
(AGS) in Brookhaven National Laboratory (BNL), a
shielding experiment with a mercury spallation target
bombarded with 24-GeV protons was performed, and
attenuation lengths for concrete and iron were experi-
mentally evaluated [8]. In Fermi National Accelerator
Laboratory (FNAL), a shielding experiment with iron

and concrete was performed with a beryllium target
irradiated by 120-GeV protons at the Pbar target sta-
tion, and the neutron attenuation length was evaluated
[9]. However, such reliable experiments are scarcely
reported, and their results are dispersed mainly because
of the difference in complex experimental geometry.

Several other experiments, which were not the
direct measurement of attenuation length, were con-
ducted on neutron penetration using typical shielding
materials at high-energy proton accelerator facilities.
In the Takasaki Ion Accelerators for Advanced
Radiation Application (TTIARA) of the Japan Atomic
Energy Research Institute (JAERI, currently the
National Institutes for Quantum and Radiological
Science and Technology), 40- and 65-MeV quasi-
monoenergetic neutrons were produced by proton
beams, and the neutron energy spectra were measured
behind concrete [10], iron [11], and polyethylene [12]
shields. At the KEK spallation neutron source (KENS)
facility using 500-MeV proton beam, the attenuation
of neutrons in forward direction through the concrete
shield was measured [13]. In the CERN-EU High
Energy Reference Field (CERF) facility, a 120-GeV/c
positive-hadron beam was directed at a thick copper
target, and the neutron energy spectra between 32 and
380 MeV were measured behind the lateral shields of
concrete and iron [14]. Recent shielding designs for
high energy particle facilities are performed using
Monte Carlo simulations to predict prompt and resi-
dual radiation level inside and outside facilities. To
validate the database and algorithms in theoretical
simulation programs, experimental data are indispen-
sable. The results above mentioned benchmark experi-
ments have been widely used in validations of nuclear
models, parameters, and reaction cross-sections in
various radiation simulation codes.

The CERN High-energy AcceleRator Mixed-field
(CHARM) facility [15,16] is suitable to experiments
on radiation shielding because of simple shield con-
structions. In 2015, our experimental team performed
a deep-penetration shielding experiment for radiation
shielding design of high energy accelerators [17-20].
High-energy (24 GeV/c) protons were injected into a
50-cm-thick copper target, generating neutrons that
penetrated a bulk shield of a 360 cm-thick concrete
placed vertically upward from the target. The neutrons
transmitted through the concrete of various thick-
nesses were measured using bismuth and aluminum
activation detectors placed inside the shield, and the
neutron attenuation length for lateral concrete shield
was estimated and compared with the Monte Carlo
simulations [17]. In 2016, the shield structure of the
top roof of the CHARM facility was changed and the
two experimental areas were arranged in the vertical
shield, collectively denoted as CERN Shielding
Benchmark Facility (CSBF). In this report, a shielding



experiment with activation detectors using the newly
changed shield setups of the CSBF facility and com-
parisons between experimental and simulated results
are described in detail. Attenuation lengths evaluated
from this experiment are also discussed and compared
with the cited data.

2. Experiment
2.1. Facility and experimental set up

Figures 1 and 2 show the horizontal and vertical cross-
sections, respectively, at the beam-axis of the CHARM
facility in the east hall at CERN. The 24-GeV/c
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protons are transported from the PS and are trans-
mitted through the proton IRRADiation facility
(IRRAD) [21], a reference proton irradiation facility
built for characterizing detector elements and other
accelerator components against radiation, and are
finally injected into a target located at the center of
the CHARM facility. One of the different irradiation
targets can be selected by revolving the four target
holders as shown in Figure 1. The irradiation targets
are copper, aluminum, and aluminum with many tiny
holes like a sieve. All targets are 8 cm in diameter and
50 cm in thickness. The fourth target holder is left
empty as a blank. The copper target was selected for
the shielding experiment. The protons not stopped at

24GeV/c protons | '\%

i

< 5m >

="

Il Castlron {

48 T_5

Ordinary concrete

Figure 1. Horizontal cross-section at the beam-axis height of the CHARM facility.
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Figure 2. Vertical cross-section at the beam-axis plane of the CHARM and CSBF facilities which are below and above the cast iron

ceiling, respectively.
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the target are transported into the iron beam dump
placed in the downstream. The proton beam line and
the target room are surrounded by concrete and cast-
iron shielding, and the target room can only be
accessed through the maze corridor.

Figure 3 shows the vertical cross-section of the
CHARM facility and the CSBF, which is perpendicular
to the beam-axis at the target location. The target
center is positioned on the beam-axis, which is 129
cm above the floor. To the right of the target in
Figure 3, there is a four-layered movable shield wall
of steel and concrete. Each of the shield layer is 20-cm
in thickness and 214-cm in height from the floor. The
movable shield was fully inserted to the target room
during irradiations in this experiment as shown in
Figure 1. Above the ceiling of the target room, located
240 cm above the beam line, a bulk shield consists of
80-cm-thick cast iron and 360-cm-thick ordinary con-
crete. A 10-cm-thick marble ceiling is installed at 185
cm above the beam line.

In 2016, the shield structure of the top roof of the
CHARM facility was changed, and two shielding
experimental areas in CSBF were arranged as shown
in Figures 2 and 3. One has a space of 40-cm and 40-
cm plane and 240-cm depth, and the bottom face was
40-cm cast iron slab just above the target room ceiling,
which was 240 cm above from the beam line. We can
insert a removable sample concrete block (hereafter,
removable block) in the space. The removable block
has 37-cm by 37-cm plane, 200-cm length, and three
holes to place activation samples. Figure 4 shows the
photos of the removable block which is installed into
this space. The other experimental area was a material
test location (80-cm by 80-cm plane, 160-cm depth)
located above the space for the removable block. In the
material test location, ordinary concrete slabs of 40- to

160-cm thicknesses or steel slabs of 20- to 80-cm
thicknesses were installed as shown in Figure 5, chan-
ging the materials and the thicknesses to measure
neutron flux of the various settings.

Compositions and densities of the materials are
listed in Table 1. The concrete composition and the
density of the bulk shield are derived from CERN-
wide measurements on typical shielding blocks [14],
while the density of the blocks specifically used for the
test shield was measured in 2022. The shielding experi-
ments were carried out for four periods in 2016, 2017,
2018, and 2022; the shield layouts in each experiment
are shown in Figure 6. Table 2 lists the detail of all
irradiations including irradiation durations, shield
types, and sizes of the activation detector samples.

2.2, Activation detector samples

The neutrons transmitted through the various shield
settings were estimated by observing activation reac-
tions of the detector samples composed of bismuth,
indium, aluminum, and graphite (see Figure 7), which
are widely used in high-energy neutron measurements
[7,13,22]. The samples were each prepared in three
sizes (8.0 cm dia. x1.0 cm thick, 4.0 cm dia. x0.4 cm
thick and 2.0 cm dia. x0.2 cm thick). The sample size
was varied because the neutron intensity varies due to
the shielding settings. As shown in Figures 4, 6(a-b),
the samples were placed at four locations (3 holes and
the top of the removable block). On the other hand, as
shown in Figures 5 and 6, samples were placed upon
the various test shield settings in the material test
location. Samples were also placed on the lower side
of the shield surface for the irradiation of the 0-cm
thickness.

Ordinary concrete

Cast iron ceiling |

—
Movable shield

(Concrete + Steel)

Figure 3. Vertical cross-section of the CHARM and CSBF facilities (below and above the cast iron ceiling, respectively) perpendi-
cular to the beam-axis at the target location. The beam travels from front to back of this figure.
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(b)
Figure 4. Photographs of (a) whole removable block and (b) that installed into the collimator.

Figure 5. Photographs of (a) crane work for installing steel test shield and (b) the samples on it at the material test location.

Table 1. Density and chemical composition of the materials used in the present experiment.

Material Element Weight Element Weight
Density [g/cm®] [%] [%]
Ordinary H 0.561 Si 16.175
Concrete C 4.377 S 0414
0 48.204 K 0.833
2.4 (Bulk shield) Na 0.446 Ca 23.929
2.23 (Test shield) Mg 1.512 Ti 0.173
Al 2113 Fe 1.263
Steel Fe 98.34 P 0.045
7.77 C 0.17 S 0.045
Mn 1.40
Barite H 0.358 S 10.703
Concrete (0] 31.162 Ca 4.966
3.35 Mg 0.120 Fe 4737
Si 1.046 Ba 46.339
Al 0.418
Cast Iron Fe 923 P 0.08
7.2 C 3.85 S 0.02
Mn 0.3 Co 0.05
Si 34
Marble Ca 40.0 0 48.0
271 C 12.0
Movable Shield Fe 97.793 P 0.035
(Steel S235JR) C 0.17 S 0.035
7.85 Mn 1.4 N 0.012

Cu 0.55 Co 0.005
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Removable sample]
‘concrete block

Figure 6. Vertical cross-section of the configurations at the CSBF experiment in (a) 2016, (b) 2017, (c) 2018 and (d) 2022.

2.3. Beam irradiation

The maximum design intensity of the 24-GeV/c proton
beam from the PSis 5 x 10'" protons per pulse, where the
pulse length is 350 ms. The beam pulses are distributed to
multiple beam lines, and the maximum average design
intensity at CHARM is 6.7 x 10'° proton/s (p/s) [23]. The
spill-by-spill beam intensity is monitored by a Secondary
Emission Chamber (SEC) [24], which is calibrated using
the aluminum activation method [25]. Figure 8 exempli-
fies the average intensity history measured with the SEC
monitor during the shielding experiment in 2017. The
SEC monitor is located before IRRAD, approximately
234 m upstream of the CHARM target. The average
intensity ranged from 0.5x 10" to 4.0 x 10'° p/s. The
irradiation durations are listed in Table 2. After the
irradiation period, the beam was temporarily stopped
to remove the irradiated samples and install new samples
at the different shielding setting.

2.4. Radioactivity measurements

The removed samples were transported to the locations
of high-purity germanium-semiconductor (HPGe)
detectors, and the energy spectra of the photons from
the radionuclides generated in the samples by the **’Bi
(n,xn)****Bi(x = 4-9), In(n,n’)'**™In, ¥ Al(n,a)**Na,
and "*C(n,2n)"'C reactions were measured.

To estimate the radioactivities of the nuclides with
short (**'Bi and %°*Bi), medium (*°*Bi and ***Bi), and
long (*°*Bi and 2°°Bi) half-lives, the bismuth samples

were measured continuously three times with the mea-
surement times of approximately 3, 15, and 24 hours.
The aluminum samples were measured at times
between 3 and 24 hours, depending on the peak
count rates of the photons from 24Na. For others,
measuring times were 4 hours for the indium and 15-
30 minutes for the graphite samples.

2.5. Data analysis

Table 3 lists the analyzed radionuclide production
reactions, half-lives, and photon energies with their
emission ratios. Figure 9 shows all photo-peaks in the
measured energy spectra of the photons emitted from
radionuclides. The net counts of the photo-peaks at
the corresponding photon energies were obtained by
summing the counts of peak regions and subtracting
the baseline contribution, which was estimated at both
sides of the peak as shown in Figure 9. The peak
counts S and their standard deviations o were respec-
tively estimated as follows:

S =N, — BNy — f,N; @

0= \/N, + BN + BN, (3)

where B; =0.5W,/W;and 8, =0.5W,/W..
N,, N, and N, are the gross counts of the peak region,
baseline region 1 and baseline region 2, respectively,
while W, W;, and W, are the corresponding channel
widths.
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Table 2. Irradiation durations, shield types, and sizes of the activation detector samples.

Irradiation Shield Sample

Year Date & Time Material Thickness Name Diameter Thickness

Month Start Stop Type [em] [em] [cm]

2016 16th 1:30 20th 15:00 Removable sample block Concrete 200.0 Bi-823 8.0 1.0

September 160.4 Bi-813 8.0 1.0

85.4 Bi-402 4.0 0.4

10.5 Bi-215 2.0 0.2

21st 13:00 22nd 9:00 Removable sample block Concrete 200.0 In-802 8.0 1.0

160.4 In-801 8.0 1.0

85.4 In-401 4.0 0.4

10.5 In-251 2.0 0.2

22nd 11:50 23rd 8:30 Material test location Concrete 0.0 Bi-405 4.0 0.4

Al-405 4.0 0.4

In-255 20 0.2

22nd 17:30 Material test location Concrete 160.0 Bi-814 8.0 1.0

Al-804 8.0 1.0

In-804 8.0 1.0

26th 17:40 27th 8:50 Material test location Concrete 80.0 Bi-835 8.0 1.0

Al-805 8.0 1.0

In-805 8.0 1.0

2017 23rd 12:30 23rd 11:30 Removable sample block Concrete 200.0 C-804 8.0 1.0

August 85.4 C-802 8.0 1.0

C-402 4.0 0.4

23rd 13:55 23rd 15:00 Removable sample block Concrete 160.4 C-803 8.0 1.0

10.5 C-801 8.0 1.0

C-401 4.0 0.4

23rd 15:35 24th 6:00 Removable sample block Concrete 200.0 Al-811 8.0 1.0

160.4 Al-810 8.0 1.0

85.4 Al-809 8.0 1.0

Al-409 4.0 0.4

10.5 Al-808 8.0 1.0

Al-408 4.0 0.4

24th 17:45 25th 8:30 Material test location Steel 20.0 Bi-816 8.0 1.0

In-806 8.0 1.0

Al-806 8.0 1.0

C-806 8.0 1.0

28th 17:10 29th 8:30 Material test location Steel 40.0 Bi-817 8.0 1.0

In-807 8.0 1.0

Al-807 8.0 1.0

C-807 8.0 1.0

2018 22nd 21:00 23rd 9:00 Material test location Steel 0.0 Bi-415 4.0 0.4

August In-415 4.0 0.4

Al-415 4.0 0.4

C-415 4.0 0.4

C-815 8.0 1.0

80.0 Bi-838 8.0 1.0

In-808 8.0 1.0

Al-818 8.0 1.0

C-818 8.0 1.0

23rd 18:30 24th 8:45 Material test location Steel 60.0 Bi-837 8.0 1.0

In-807 8.0 1.0

Al-817 8.0 1.0

C-817 8.0 1.0

27th 17:20 28th 8:40 Material test location Concrete 120.0 Bi-840 8.0 1.0

In-810 8.0 1.0

Al-820 8.0 1.0

C-820 8.0 1.0

28th 18:40 29th 3:00 Material test location Concrete 40.0 Bi-839 8.0 1.0

In-809 8.0 1.0

Al-819 8.0 1.0

C-819 8.0 1.0

2022 26th 9:25 26th 10:30 Material test location Concrete 80.0 C-803 8.0 1.0

August 26th 10:51 26th 11:50 Material test location Concrete 160.0 C-806 8.0 1.0

26th 9:25 26th 13:15 Material test location Concrete 0.0 C-801 8.0 1.0
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Figure 7. Photographs of the activation-detector samples of bismuth, indium, aluminum and graphite.
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Figure 8. History of irradiated beam intensity in 2017.

Finally, the production rates R [number/atom/pro-
ton] in the activation-detector samples were estimated
with the detector efficiencies and the beam intensity
fluctuations during the irradiation.
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in the beam-history data, Q; is the number of
protons in the i-th time bin, and At is the width
of the time bin in the beam-history data [min]. T,
and T,, denote the cooling and measuring times,
respectively [both in min]. ¢ is the photo-peak
efficiency of the HPGe detector, estimated by
using the LabSOCS software (Mirion Technologies
Canberra KK) [26].

The neutron attenuation through the thick acti-
vation detector was also taken into account, and
the correction factors were estimated by Monte
Carlo simulations with using Particle and Heavy
Ion Transport code System (PHITS) Ver-3.24 [27]
and Electron Gamma Shower Version 5
(EGS5) [28].
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Table 3. Production reactions, half-lives, and photon energies of the radionuclides in the activation detectors.

Reaction Half Life Photon Energy [keV] (Emission Ratio)
n(n,n) " Mn 4.486 h 336.0 (0.458)
ZAl(n,a)**Na 1496 h 1368.6 (1.000) 2754.6 (0.999)
2C(n,2n)""C 20.39 min 511.0 (1.995)
299Bi(n,4n)**°Bi 6.24d 803.1 (0.989) 881.0 (0.662) 1718.7 (0.318)
299Bi(n,5n)***Bi 1531d 703.4 (0.310) 1764.4 (0.325)
299Bj(n,6n)>**Bi 11.22h 899.2 (0.988) 984.0 (0.593)
209Bj(n,7n)**Bi 11.76 h 820.2 (0.297) 825.3 (0.146) 1847.4 (0.114)
299Bj(n,8n)**?Bi 1.72h 422.2 (0.837) 657.5 (0.606) 960.7 (0.994)
299Bj(n,9n)*'Bi 1.80h 629.1 (0.240)
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Figure 9. Analyzed all photo-peaks and base-line regions in the energy spectra of gamma-rays from radionuclides measured by
the HPGe-detector.
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3. Monte Carlo simulations

Monte Carlo simulations were performed with
FLUctuating KAskade code (FLUKA) v4-2.2 distribu-
ted by the FLUKA.CERN collaboration [29,30] and
PHITS Ver-3.24 [27] and GEometry ANd Tracking
(GEANT) ver.4.10.07-02 [31,32] to compare with the
experimental data for benchmarking. In the PHITS
calculation, the JENDL-4.0 data library [33] for neu-
trons below 20 MeV, the evaporation model GEM [34]
for the neutrons above 20 MeV and protons, the intra-
nuclear cascade model INCL [35] for neutrons up to 3
GeV, and the JAM model [36] for nuclear reaction
above 3GeV were used. The physics list
FTFP_BERT_HP was used in the GEANT4 simulation
[37]. The geometry of the CSBF experimental set up was
included in the calculations. The primary source con-
sidered is a 24-GeV/c proton beam having a gaussian
spatial profile with a FWHM of approximately 1.2 cm in
the transverse plane with respect to the beam direction.

As already detailed in the previous sections, the
number of protons that reach the target at CHARM is
monitored using a SEC, which is located before IRRAD
(approximately 23.4 m upstream of the CHARM tar-
get). In the FLUKA simulations, the origin point of the
primary source corresponded to the position of the
secondary emission chamber. This allowed to take
into account the beam profile dispersion due to both
the air path before the CHARM target and the possible
interaction with thin electronic components, such as

0.98

silicon sensors, that may be present in IRRAD during
operation for irradiation studies. Dedicated FLUKA
calculations were performed to estimate this dispersion
considering the air path and various equivalent silicon
thickness: the energy integrated neutron fluence outside
the CHARM target and at a point perpendicular (90°)
to the beam direction for each case analyzed was com-
pared to the case in which the beam is assumed to start
right in front of the target itself. As shown in Figure 10,
for small thicknesses, the reduction factors scale linearly
with the equivalent silicon thickness: considering the
exact irradiation conditions of the experiments
described in the present work, the correction factor to
be applied if the beam is assumed to start right before
the target is approximately 0.925. All the FLUKA cal-
culations were performed with 60 CPUs in the CERN
calculation cluster system.

For the PHITS and GEANT4 simulations, the source
started from the beam entrance of the CHARM irradia-
tion room. Therefore, the source intensity was multi-
plied by 0.925 as described above. Track-length
estimator was used for scoring the particle in the detec-
tor regions to estimate particle fluxes. The calculations
were performed with more than 50 CPUs.

For all simulations, energy spectra of scored particles
were estimated starting from thermal energy for FLUKA,
above 0.1 MeV for PHITS and above 0.315MeV for
GEANT4 calculations. Produced radionuclides were
obtained by folding the energy spectra with the reaction
cross-sections [38], as shown in Figure 11.
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Figure 10. Estimation of correction factors to account for the beam dispersion in the case it is assumed in the Monte Carlo
simulations that the primary beam starts right in front of the CHARM target instead of upstream IRRAD.
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Figure 11. Reaction cross sections of radioactive nuclide production for the activation detectors.



4. Results and discussion
4.1. Experimental attenuation lengths

The measured production rates of all radionuclides for
the removable block, concrete, and steel shields are
shown in Figures 12, 13, and 14, and the numerical
data are listed in Tables 4, 5, and 6, respectively. The
errors of radionuclide production rates in the figures
and tables are the statistical errors of the gamma-ray
counting, but the uncertainties in the Ge-detector
efficiency by LabSOCS (4.3%) [26] and the beam-
intensity-monitor calibration (7%) [18] were not
included. Table 7 summarizes all the uncertainties.
From the experimental attenuation curves, the
attenuation lengths for all radionuclides were obtained
by data-fitting of Equation (1), with experimental data
excluding the thinnest points where the neutron spec-
tra are not yet in equilibrium state. The fitted curves
are also shown together with the experimental data in
Figures 12, 13, and 14, and the attenuation lengths for
all radionuclides in the removable block, concrete, and
steel shields are plotted in Figure 15. As the measured
radionuclide production rates have comparatively
large statistical errors, the attenuation lengths were
dispersed. Finally, the experimental attenuation
lengths were obtained by averaging all data and are
also shown in the figures with the standard deviation.
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The obtained attenuation lengths through the
concrete and steel in this experiment are compared
with those of the cited experiments in high-energy
accelerator facilities with proton energies above 10
GeV as listed in Table 8. For concrete shield, two
experimental attenuation lengths obtained in this
work gave a discrepancy probably because of the
structure difference of the surrounding shield. For
example, the attenuation length for the concrete in
the material test location was smaller, which means
quicker attenuation than that for the removable
block because the cast iron around the test location
absorbed and scattered neutrons. On the other
hand, there is an agreement within error between
lengths by us and Lee et al., who measured for
concrete in the test location at the same facility but
by using a different detector type in the different
location [39]. The attenuation length for concrete
obtained with the CHARM original bulk shield by
Nakao et al. [17], which was an ideal experimental
condition with the wide and simple shield structure,
was 120+7g/cm®, which agreed with that by
Stevenson et al. [3], but they are longer than those
in this work. The attenuation lengths for concrete by
Ban et al. [4] and by Nakashima et al. [8] gave much
longer and shorter, respectively, than other experi-
mental results.
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Figure 12. Attenuation profiles of the radionuclide production rates in the removable block.
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Table 4. Measured and simulated radionuclide production rates and C/Es in the removable block.
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Thickness Experiment FLUKA PHITS GEANT4

[cm] [1/atom/p] (Err%*) [1/atom/p] (Err%)  C/E(AbsErr**)  [1/atom/p] (Err%)  C/E(AbsErr)  [1/atom/p] (Err%)  C/E(AbsErr)

115Min 105 3.87x107" (7.2%) 4.09%x107%1 (043%)  1.06 (0.08)  4.99x1073" (0.14%)  1.29 (0.09) 8.48x107>' (0.16%)  2.19 (0.16)
854  2.38x107°2 (1.3%) 241x10732 (0.60%)  1.01 (0.01)  3.52x1072(0.51%) 1.48 (0.02) 5.34x10732 (0.63%)  2.25 (0.03)

1604  3.80x107>3 (7.0%) 3.59x107 (0.87%)  0.94 (0.07) 5.62x107>3(1.28%) 1.48 (0.11) 8.54x107 (1.59%)  2.25 (0.16)

2000  1.47x107% (4.5%) 1.26x107>3 (1.08%)  0.86 (0.04) 2.21x1073 (2.05%) 1.50 (0.07) 3.35x107>3 (2.71%) 2.28 (0.12)

2Na 105 3.26x107>2 (1.5%) 2.81x10732(0.80%)  0.86 (0.01)  3.87x10732(0.24%) 1.19 (0.02) 5.46x1073%(0.30%) 1.67 (0.03)
854  2.66x107>3 (2.3%) 2.52x107% (0.82%)  0.95 (0.02)  3.58x107>2 (0.72%) 1.35 (0.03) 5.04x107>% (0.93%)  1.89 (0.05)

1604  3.80x107>* (3.4%) 3.70x10734 (1.25%)  0.97 (0.04)  5.65x107>% (1.84%)  1.49 (0.06) 8.23x1073* (2.32%)  2.16 (0.09)

2000  1.37x107>* (4.3%) 1.38x10734 (1.30%)  1.00 (0.04) 237x1073*(3.09%) 1.73 (0.09) 3.40x1073* (4.01%) 2.48 (0.15)

¢ 105  1.77x10732 (0.9%) 2.19x10732(0.63%)  1.24 (0.01)  2.71x10732(0.15%)  1.53 (0.01) 3.90x10732(0.18%)  2.20 (0.02)
854  1.68x107>3 (3.2%) 249x1073 (0.57%)  1.48 (0.05)  3.16x107>3 (0.43%) 1.88 (0.06) 4.34x107>% (0.52%)  2.59 (0.08)

1604 2.67x107>* (4.9%) 3.59x1073* (0.75%)  1.35(0.07) 4.81x107*(1.11%) 1.80 (0.09) 6.89x107>* (1.35%) 2.58 (0.13)

2000  1.06x1073* (127%)  1.43x107%(0.84%)  1.35(0.17)  2.04x1073*(1.74%) 1.92 (0.25) 2.79x107>%(2.13%) 2.63 (0.34)

206g; 105 1.76x1073" (1.4%) 2.17x10731 (0.99%)  1.23(0.02) 2.79x107' (0.29%) 1.58 (0.02) 4.25x1073' (0.33%)  2.41 (0.04)
854  1.91x1072 (1.9%) 1.99x10732 (0.92%)  1.04 (0.02)  2.62x10732(0.90%) 1.37 (0.03) 3.91x10732 (1.06%)  2.05 (0.04)

1604  2.39x107% (2.7%) 2.81x107% (1.35%)  1.17 (0.04)  3.99x107>3 (2.32%) 1.67 (0.06) 6.31x107>% (2.69%) 2.64 (0.10)

2000  1.10x1073 (1.9%) 1.11x1073 (1.53%)  1.01(0.02) 1.71x107>3 (3.80%)  1.56 (0.07) 2.39x107> (4.63%) 2.18 (0.11)

205g; 105 1.83x107>" (2.9%) 1.99%x107°" (0.92%)  1.09 (0.03)  2.35x107>' (0.26%) 1.29 (0.04) 3.80x107>' (0.30%)  2.08 (0.06)
854  1.82x1072 (3.7%) 1.95x10732 (0.84%)  1.07 (0.04)  2.35x1073%(0.80%) 1.29 (0.05) 3.63x10732(0.92%)  1.99 (0.08)

1604  2.59%107% (5.2%) 2.73x1073 (1.28%)  1.05 (0.06)  3.55x107>3 (2.14%)  1.37 (0.08) 5.76x107>% (235%) 2.22 (0.13)

2000  1.01x107 (3.8%) 1.07x1073 (1.34%)  1.06 (0.04)  1.49x107>% (3.39%) 1.48 (0.08) 2.28x107>(3.81%) 2.26 (0.12)

204g; 105 9.78x10722 (1.9%) 1.39%x107°" (0.84%) 143 (0.03) 1.58x107>' (0.23%) 1.62 (0.03) 2.55x107>' (0.26%)  2.61 (0.05)
854  1.40x107>2 (1.7%) 146x1072 (0.73%)  1.04 (0.02)  1.72x1073% (0.66%) 1.23 (0.02) 2.63x107>2(0.77%)  1.88 (0.03)

1604  1.51x107 (2.7%) 2.04x107 (1.05%)  1.35(0.04) 2.57x107>3(1.77%) 1.70 (0.05) 4.17x107>3 (2.04%)  2.76 (0.09)

2000  7.77x1073* (1.7%) 8.12x1073* (1.20%)  1.05 (0.02)  1.08x1073 (2.77%)  1.38 (0.05) 1.65x107>3 (3.14%)  2.12 (0.08)

203g; 105 1.00x1073" (5.3%) 1.13x107°1 (0.87%)  1.13(0.06)  1.27x1073' (0.22%)  1.27 (0.07) 1.97x1073' (0.26%)  1.97 (0.10)
854  1.22x107°2 (4.9%) 1.27x1072 (0.71%)  1.04 (0.05)  1.48x1073% (0.62%) 1.21(0.06) 221x10732(0.73%) 1.81 (0.09)

1604  1.57x107 (6.8%) 1.78x1073 (0.99%)  1.13 (0.08)  2.19x107>3 (1.59%)  1.40 (0.10) 3.52x107>3(1.91%) 2.24 (0.16)

2000  7.39x107>* (4.6%) 6.96x1073* (1.11%)  0.94 (0.04)  9.42x107>*(2.55%) 1.27 (0.07) 1.38x107*3 (2.93%) 1.87 (0.10)

202g; 105  6.87x10732 (3.9%) 7.67x10732 (0.95%)  1.12 (0.04)  8.54x10732(0.23%) 1.24 (0.05) 1.27x107%' (0.27%)  1.85 (0.07)
854  1.21x10732 (5.8%) 9.10x107%% (0.74%)  0.75 (0.04)  1.05x1072 (0.63%) 0.87 (0.05) 1.52x10732(0.75%)  1.26 (0.07)

1604  1.18x107> (9.0%) 1.28x1073 (1.03%)  1.08 (0.10)  1.57x107>3 (1.61%) 1.33(0.12) 2.40x1073 (1.95%) 2.04 (0.19)

2000  591x1073* (7.7%)  4.97x107%(1.14%) 084 (0.07) 6.79x1073* (2.51%) 1.15(0.09) 9.59x107>%(3.02%) 1.62 (0.13)

201g; 105 545x10732(11.8%)  5.46x1072(0.99%)  1.00 (0.12)  6.17x10732(0.22%) 1.13(0.13) 8.62x10732(0.27%) 1.58 (0.19)
854  5.00x10733(31.2%) 6.86x107>3(0.76%) 137 (0.43)  8.04x107>3(0.59%) 1.61(0.50) 1.10x10732(0.73%) 2.21 (0.69)

1604  1.09x107 (247%)  9.75x107°%(1.01%)  0.89(0.22) 1.23x107>% (1.52%) 1.12(0.28) 1.74x107>3 (1.87%)  1.60 (0.40)

2000  2.30x107>* (43.5%)  3.83x1073*(1.11%)  1.66 (0.72)  5.12x107>%(2.35%)  2.23 (0.97) 7.03x1073* (2.90%)  3.05 (1.33)

Average 10.5 1.12 (.008) 1.43 (.009) 2.09 (.013)
85.4 1.02 (.009) 1.35 (.011) 2,01 (.017)

160.4 1.14 (.017) 1.57 (.026) 2.41 (.042)

200.0 1.00 (.013) 1.43 (.025) 2.11 (.041)

*: Relative error in %, **: Absolute error.

For steel shield, the attenuation length was obtained
in this work at the material test location that compara-
tively agreed with the experimental data by Lee et al.
[39]. The attenuation lengths for iron shield are also

listed as reference, and those by Stevenson et al. 3] and
by Nakashima et al. [8] agree well each other; however,

obtain a practical attenuation length. However, each
experimental data can be useful for benchmarking
shielding simulations and for validating nuclear data
and parameter used in the calculations.

4.2. Comparisons between experiment and

attenuation length by Ban et al. [4] is much longer.
Generally, attenuation lengths evaluated by various
experiments disperse, and this indicates the experi-
mental attenuation lengths strongly depend on the
surrounding shield structure. It can be said that a
thick bulk shield with a wide plane and a simple
structure with as little gap as possible is preferable to

simulation

Energy spectra in the energy range above 0.5 MeV
were compared among the results by three simulation
codes as shown in Figure 16 for the removable block,
concrete, and steel shields, respectively. Generally,
spectral shapes by the three codes are very similar
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Table 5. Measured and simulated radionuclide production rates and C/Es in the concrete shield at the material test location.

Thickness Experiment FLUKA PHITS GEANT4
C/E C/E C/E

[cm] [1/atom/p] (Err%*)  [1/atom/p] (Err%*)  (AbsErr**)  [1/atom/p] (Err%*)  (AbsErr**) [1/atom/p] (Err%*)  (AbsErr**)

1sm, 0 1.80x1072(6.7%) 1.80x10732(1.08%) 1.00 (0.07) 2.28x10732(0.39%) 1.27 (0.08) 3.39x10732(0.48%) 1.88 (0.13)
40 834x107 (41%) 5.67x1073(0.33%) 0.68 (0.03) 7.18x107>3(1.19%) 0.86 (0.04) 1.04x107>%(1.31%) 1.24 (0.05)

80  2.62x107% (2.8%) 2.26x1073(0.30%) 0.86 (0.02) 2.92x107>3 (1.73%) 1.1 (0.04) 4.10x107>3 (2.00%) 1.57 (0.05)

120 1.21x10733(5.4%)  9.17x1073*(0.32%)  0.76 (0.04) 1.09x1073 (2.39%)  0.90 (0.05) 1.67x107> (2.91%)  1.38 (0.08)

160 3.69x1073%(8.2%) 3.17x1073%(0.36%) 0.86 (0.07) 3.94x1073%(331%) 1.07 (0.09) 6.32x107%(3.91%) 1.71 (0.16)

2Na 0 220x1073(1.9%) 1.74x1073(1.90%) 0.79 (0.02) 2.23x107>(0.56%) 1.01 (0.02) 2.84x107>3(0.73%) 1.29 (0.03)
40 1.02x107 (4.2%)  7.94x107>% (0.60%) 0.78 (0.03) 1.00x107>3 (1.40%) 0.98 (0.04) 1.29x107>3 (1.58%)  1.26 (0.06)

80  3.89x1073*(1.0%) 2.92x1073%(0.45%) 0.75(0.01) 3.81x107%(2.07%) 0.98 (0.02) 4.80x107>% (2.44%) 1.23 (0.03)

120 1.29x107>% (3.9%)  1.09x1073* (0.42%) 0.84 (0.03) 1.29x1073*(3.14%) 1.00 (0.05) 1.80x1073*(3.36%)  1.40 (0.07)

160 3.97x107°(9.3%) 3.65x107%° (0.47%) 0.92 (0.09) 4.56x107>° (4.01%) 1.15(0.12) 7.46x107>° (5.69%) 1.88 (0.21)

c 0 212x1073(1.3%)  2.06x107>3 (1.86%) 0.97 (0.02) 2.48x107>3(0.30%) 1.17 (0.02) 2.98x107>3 (0.40%)  1.40 (0.02)
40 825x1073*(3.9%)  9.90x107>*(1.07%) 1.20 (0.05) 1.15x107>3(0.78%) 1.40 (0.06) 1.40x107>3 (0.86%) 1.70 (0.07)

80  3.21x1073*(5.9%) 3.62x1073%(0.78%) 1.13(0.07) 4.28x107>*(1.15%) 1.33 (0.08) 5.32x107>*(1.33%)  1.66 (0.10)

120 863x107>°(9.0%) 1.31x1073*(0.62%) 1.52 (0.14) 1.45x1073* (1.71%)  1.68 (0.15) 1.98x1073* (2.02%)  2.30 (0.21)

160  3.38x107>°(9.5%)  4.40x107>° (0.55%) 1.30 (0.12) 5.04x107%° (2.30%) 1.49 (0.15) 6.96x107>° (2.86%)  2.06 (0.20)

206g; 0 146x1072(2.1%) 1.26x10732 (2.74%) 0.86 (0.03) 1.47x10732(0.68%) 1.01 (0.02) 2.04x10732(0.83%) 1.39 (0.03)
40 1.02x10732 (41%)  6.41x107>3(0.52%) 0.63 (0.03) 7.67x107>3(1.75%)  0.75 (0.03) 9.95x107>3 (1.83%)  0.98 (0.04)

80  3.08x1073(1.7%) 2.29x107>3(0.42%) 0.74 (0.01) 2.86x107>3 (2.66%) 0.93 (0.03) 3.65x107>3 (3.04%) 1.19 (0.04)

120 1.20x1073 (6.1%)  8.22x1073% (0.48%)  0.69 (0.04) 9.20x1073* (3.95%) 0.77 (0.06) 1.43x107>3 (4.39%) 1.19 (0.09)

160  3.48x107>*(5.4%) 2.76x1073*(0.50%) 0.79 (0.04) 3.05x1073* (4.93%) 0.88 (0.06) 4.92x1073* (6.06%) 1.41 (0.11)

205g; 0 1.67x1072(3.1%)  1.32x10732(2.79%) 0.79 (0.03) 1.39x10732(0.59%) 0.83 (0.03) 1.99x10732(0.72%)  1.19 (0.04)
40 9.29x107% (9.4%)  6.48x107>3(0.58%) 0.70 (0.07) 7.17x107>3 (1.54%) 0.77 (0.07) 9.63x107>3 (1.57%)  1.04 (0.10)

80  2.80x10733 (4.0%) 2.30x107>3(0.40%) 0.82 (0.03) 2.54x107>3(2.30%) 0.91 (0.04) 3.54x107>3 (2.58%) 1.26 (0.06)

120 9.15x10734 (12.2%) 8.23x1073% (0.42%)  0.90 (0.11)  8.35x1073% (3.63%) 0.91 (0.12) 1.30x1073 (3.95%)  1.43 (0.18)

160  481x107>%(9.2%) 2.77x1073*(0.49%) 0.58 (0.05) 3.09x1073* (4.73%) 0.64 (0.07) 4.96x107>* (5.61%) 1.03 (0.11)

204g; 0 958x1073(1.2%) 1.02x10732(2.36%) 1.07 (0.03) 1.12x10732(0.48%) 1.17 (0.01) 1.54x10732 (0.60%) 1.61 (0.02)
40 6.77x1073(2.0%)  5.16x10723(0.72%) 0.76 (0.02) 55110723 (1.24%) 0.81 (0.02) 7.67x107>3(1.30%)  1.13 (0.03)

80  1.99x10733 (1.2%)  1.85x107>3 (0.44%) 0.93 (0.01) 1.98x107>3(1.83%) 0.99 (0.02) 2.75x107>> (2.04%) 1.38 (0.03)

120 8.14x107>*(3.6%) 6.56x10734(0.39%) 0.81 (0.03) 6.42x1073*(2.73%) 0.79 (0.04) 9.99x1073* (3.29%)  1.23 (0.06)

160 2.21x107>% (4.0%) 2.20x1073*(0.48%) 1.00 (0.04) 2.28x1073*(3.82%) 1.03 (0.06) 3.70x107>* (4.46%) 1.67 (0.10)

203g; 0 1.12x1073%2(2.8%) 9.38x1073 (2.35%) 0.84 (0.03) 1.07x10732 (0.43%) 0.95 (0.03) 1.39x10732 (0.55%) 1.24 (0.04)
40 591x1073(5.9%) 4.71x10723(0.91%) 0.80 (0.05) 5.02x107>3 (1.12%)  0.85 (0.05) 6.90x107>3 (1.20%)  1.17 (0.07)

80  1.83x1073 (35%) 1.71x107>3(0.53%) 0.93 (0.03) 1.84x107>3 (1.67%) 1.01 (0.04) 2.49%x107> (1.88%) 1.36 (0.05)

120 7.39x107>%(10.7%) 6.04x1073* (0.43%) 0.82 (0.09) 6.01x1073* (2.52%) 0.81(0.09) 9.20x1073* (2.89%) 1.24 (0.14)

160  1.95x107>% (12.8%) 2.00x1073*(0.45%) 1.03 (0.13) 2.07x1073*(3.44%) 1.06 (0.14) 3.14x1073* (4.35%) 1.61(0.22)

202g; 0 9.74x107%% (3.4%) 7.12x1073 (2.48%) 0.73 (0.03) 8.12x107 (0.44%) 0.83 (0.03) 1.02x10732 (0.56%)  1.04 (0.04)
40 551x1073 (3.5%)  3.51x10723(1.09%) 0.64 (0.02) 3.72x107>3 (1.13%)  0.67 (0.02) 4.94x107>3(1.22%)  0.90 (0.03)

80  1.76x1073 (3.0%) 1.29%x1073 (0.63%) 0.73 (0.02) 1.39x107>3 (1.66%) 0.79 (0.03) 1.82x107> (1.86%) 1.03 (0.04)

120 7.1x107%(6.2%)  4.56x1073* (0.48%) 0.64 (0.04) 4.57x1073*(2.50%) 0.64 (0.04) 6.79x107>* (2.83%)  0.95 (0.07)

160 1.68x107>* (10.6%) 1.50x1073* (0.47%) 0.89 (0.09) 1.59x1073*(3.36%) 0.95 (0.11) 2.27x107>* (4.05%)  1.35 (0.15)

201g; 0 5.59%x10733(12.6%) 5.86x107>3 (2.48%) 1.05(0.13) 6.74x107 (0.41%) 1.21(0.15) 8.07x107>3 (0.54%) 1.44 (0.18)
40 246x1073(16.1%) 2.79x10723 (1.27%) 1.14(0.18)  3.02x107>3 (1.06%)  1.23 (0.20) 3.81x107>3 (1.17%)  1.55 (0.25)

80  9.94x1073*(10.4%) 1.04x1073(0.78%) 1.05(0.11) 1.13x107>3 (1.54%)  1.14 (0.12) 1.47x107> (1.77%)  1.47 (0.16)

120 4.34x107>%(22.2%) 3.72x1073*(0.58%) 0.86 (0.19) 3.83x107>*(2.29%) 0.88 (0.20) 5.42x1073* (2.69%) 1.25 (0.28)

160 1.80x107>* (21.7%) 1.22x1073*(0.52%) 0.68 (0.15) 1.34x1073*(3.03%) 0.74 (0.16) 1.80x107>* (3.77%)  1.00 (0.22)

Average 0 0.87 (.010) 1.06 (.008) 1.38 (.010)
40 0.73 (.010) 0.82 (.012) 1.11 (.016)

80 0.80 (.006) 0.96 (.011) 1.27 (.015)

120 0.78 (.015) 0.82 (.019) 1.24 (.030)

160 0.86 (.022) 0.94 (.029) 1.47 (.048)

*: Relative error in %, **: Absolute error.
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Table 6. Measured and simulated radionuclide production rates and C/Es in the steel shield at the material test location.

Thickness Experiment FLUKA PHITS GEANT4
C/E C/E C/E
[cm] [1/atom/p] (Err%*)  [1/atom/p] (Err%*)  (AbsErr**)  [1/atom/p] (Err%*)  (AbsErr**)  [1/atom/p] (Err%*)  (AbsErr*¥)
115Min 0 3.92x10732 (3.1%)  3.19%x107°2 (0.60%) 0.81 (0.03) 3.47x1072 (0.37%) 0.89 (0.03) 5.44x107>2 (0.42%) 1.39 (0.04)
20 21210732 (0.8%)  1.48x1072(0.20%) 0.70 (0.01) 1.61x1072 (0.89%) 0.76 (0.01) 2.44x107>2 (0.86%) 1.15 (0.01)
40 6.94x10733 (13%)  5.84x107>3(0.23%) 0.84 (0.01) 6.25x107>3(1.22%)  0.90 (0.02) 9.72x107>3 (1.27%)  1.40 (0.03)
60 2.55x107>% (4.0%)  2.08x107>3 (0.32%) 0.82 (0.03) 2.14x107>3 (1.84%) 0.84 (0.04) 3.32x1073 (1.89%) 1.30 (0.06)
80 6.32x1072* (7.7%)  6.84x1073* (0.44%) 1.08 (0.08) 7.16x1073* (2.64%) 1.13(0.09) 1.06x107>(3.11%) 1.68 (0.14)
%Na 0 2.58x1072% (4.0%)  2.12x1073 (1.49%) 0.82 (0.03) 2.40x107>3 (0.62%) 0.93 (0.04) 3.22x107>3 (0.80%)  1.25 (0.05)
20 1171073 (1.4%)  1.04x107>% (0.49%)  0.89 (0.01) 1.26x107>3 (1.45%) 1.08 (0.02) 1.66x107>3 (1.58%) 1.42 (0.03)
40 3.87x1073* (3.6%)  3.72x107% (0.47%)  0.96 (0.04) 4.70x107>% (2.12%)  1.22 (0.05) 5.68x107>* (2.46%) 1.47 (0.06)
60 1.03x10734 (5.0%)  1.25x107%(0.63%) 1.22 (0.06) 1.55x107>% (3.41%) 1.50 (0.09) 1.87x107>%(4.29%) 1.82 (0.12)
80 2.42x107%° (14.6%) 3.94x107%° (0.93%) 1.63 (0.24) 4.61x107>° (4.80%) 1.91(0.29) 5.13x107%° (6.16%)  2.12 (0.34)
c 0 1.89%x1073 (3.0%)  2.21x107>3 (1.78%)  1.17 (0.04) 2.51x107>3(0.33%) 1.33 (0.04) 3.03x107>3 (0.42%)  1.60 (0.05)
20 7.83x1073* (2.0%)  9.76x107>%(0.95%) 125 (0.03) 1.15x107>3 (0.85%) 1.47 (0.03) 1.46x107>3 (0.92%) 1.87 (0.04)
40 2.30x1073* (4.0%)  3.37x1073%(0.63%)  1.46 (0.06) 4.02x107>% (1.26%)  1.75 (0.07) 4.93x107>* (1.46%)  2.14 (0.09)
60 9.17x107>° (10.2%) 1.12x1073*(0.53%) 1.22 (0.12) 1.30x1073* (2.00%) 1.41(0.15) 1.56x1073* (2.41%) 1.70 (0.18)
80 3.12x107%° (10.1%)  3.53x107>° (0.64%)  1.13 (0.11)  4.09x107>° (2.84%) 1.31(0.14) 4.68x107>° (3.84%) 1.50 (0.16)
206g; 0 2.28x10732 (5.1%)  1.31x1072 (2.50%) 057 (0.03) 1.56x107>2 (0.76%) 0.69 (0.04) 2.13x107>2 (0.89%)  0.94 (0.05)
20 1.23x107°2 (1.8%)  7.34x107>3 (0.60%)  0.60 (0.01) 9.29x107>3 (1.83%) 0.76 (0.02) 1.32x10732 (1.86%)  1.07 (0.03)
40 421x107%3 (2.9%)  2.57x107>2 (0.56%) 0.61 (0.02) 3.26x107>3 (2.67%) 0.77 (0.03) 4.34x107>3 (2.90%)  1.03 (0.04)
60 1.05x10733 (7.7%)  8.54x107>%(0.72%) 0.81 (0.06) 9.89x107>% (4.26%) 0.94 (0.08) 1.39x107>3 (4.63%) 132 (0.12)
80 21510734 (9.8%)  2.67x107>%(1.06%) 124 (0.12) 3.36x107>%(5.78%) 1.56 (0.18) 4.15x107>%(7.18%)  1.93 (0.23)
205g; 0 3.10x10732 (10.6%) 1.30x107°2 (2.45%)  0.42 (0.05) 1.44x107>2 (0.65%) 0.46 (0.05) 2.04x107>2 (0.80%) 0.66 (0.07)
20 1.07x1072 (3.6%)  6.96x107>3 (0.65%) 0.65 (0.02) 8.09x107> (1.67%) 0.76 (0.03) 1.15x10732 (1.65%)  1.07 (0.04)
40 341x10733 (7.4%)  2.43x10733(0.52%)  0.71 (0.05) 2.83x107>3 (2.38%)  0.83 (0.06) 3.96x107>3 (2.57%)  1.16 (0.09)
60 1.07x1073 (17.7%)  8.04x107>% (0.69%) 0.75 (0.13)  8.78x107>%(3.93%) 0.82 (0.15) 1.28x107>3 (4.14%)  1.20 (0.22)
80 432x10734 (13.9%) 2.54x107>* (1.09%) 0.59 (0.08) 2.94x107>*(5.59%) 0.68 (0.10) 4.01x107>* (6.64%) 0.93 (0.14)
204g; 0 1.52x1072 (2.5%)  1.10x10732 (2.29%)  0.72 (0.02) 1.15x10732(0.52%) 0.76 (0.02) 1.57x10732 (0.64%)  1.03 (0.03)
20 7321073 (0.9%)  5.28x1073(0.75%) 0.72 (0.01) 5.77x1073 (1.35%)  0.79 (0.01) 8.28x107>3 (1.40%)  1.13 (0.02)
40 2.39x1073 (1.6%)  1.83x10733 (0.49%) 0.77 (0.01) 2.04x1073 (2.02%) 0.85 (0.02) 2.76x107>3 (2.17%)  1.15 (0.03)
60 6.36x1073* (4.1%)  6.03x107>% (0.57%) 0.95 (0.04) 6.46x107>%(3.19%)  1.02 (0.05) 9.08x107>* (3.62%)  1.43 (0.08)
80 1.92x107% (5.8%)  1.90x1073* (0.89%) 0.99 (0.06) 2.03x1073* (4.70%) 1.06 (0.08) 2.83x1073* (5.92%) 1.48 (0.12)
203g; 0 1401072 (7.3%)  1.04x1073% (2.29%) 0.74 (0.06) 1.08x10732 (0.47%) 0.77 (0.06) 1.41x10732 (0.60%) 1.00 (0.07)
20 598x1072% (2.7%)  4.69x107>3 (0.92%) 0.78 (0.02) 5.05x10733 (1.25%) 0.84 (0.03) 7.04x107>3 (1.33%)  1.18 (0.04)
40 1.93x1073 (4.8%)  1.60x107>3 (0.54%) 0.83 (0.04) 1.75x107>3 (1.85%) 0.91 (0.05) 2.37x107>3 (2.10%)  1.23 (0.06)
60 5.55x1073% (12.4%) 5.32x107>%(0.58%) 0.96 (0.12) 5.72x107>%(2.87%) 1.03 (0.13) 7.51x107>% (3.49%) 1.35 (0.17)
80 1.27x107% (21.3%) 1.66x1073* (0.85%) 1.31(0.28) 1.78x1073* (4.18%) 1.40 (0.30) 2.22x1073* (5.39%) 1.75 (0.38)
202g; 0 1.33x107°2 (4.8%)  7.89x107>3 (2.42%)  0.59 (0.03) 8.10x107>3 (0.48%) 0.61 (0.03) 1.03x10732 (0.61%) 0.77 (0.04)
20 533x1072% (2.1%)  3.43x107 (1.08%) 0.64 (0.02) 3.64x107> (1.27%) 0.68 (0.02) 4.90x107> (1.35%)  0.92 (0.02)
40 1.77x1073 (3.9%)  1.17x1073 (0.61%)  0.66 (0.03) 1.26x107>3 (1.90%) 0.71 (0.03) 1.69x107>3 (2.18%)  0.95 (0.04)
60 433%x10734(9.6%) 3.88x107>* (0.60%) 0.90 (0.09) 4.18x107>*(2.96%) 0.96 (0.10) 5.06x107>* (3.66%) 1.17 (0.12)
80 1.32x107% (14.5%) 1.22x1073* (0.94%) 0.92 (0.13) 1.30x1073* (4.27%) 0.99 (0.15) 1.48x1073* (5.66%) 1.12 (0.18)
201g; 0 6.28x10723 (17.7%)  6.38x107>2 (2.38%) 1.02 (0.18) 6.68x107>3 (0.45%) 1.06 (0.19) 8.10x107>3 (0.57%)  1.29 (0.23)
20 3.03x1072% (7.1%)  2.67x107% (1.24%) 0.88 (0.06) 2.88x107>3 (1.19%) 0.95 (0.07) 3.67x107>(1.31%)  1.21 (0.09)
40 8.77x1073* (14.6%) 9.19x1073*(0.71%)  1.05 (0.15) 1.03x107> (1.77%)  1.17 (0.17) 1.25x107>3 (2.10%)  1.43 (0.21)
60 1.96x107>% (47.3%) 3.04x1073* (0.62%) 1.55 (0.73) 3.34x1073* (2.76%) 1.71 (0.81) 3.80x1073* (3.54%) 1.94 (0.92)
80 9.61x107%° (45.6%) 9.59x107>° (0.88%) 1.00 (0.46) 1.03x107>%(3.91%) 1.07 (0.49) 1.10x107>* (5.55%)  1.15 (0.53)
Average 0 0.73 (.012) 0.80 (.011) 1.08 (.015)
20 0.72 (.004) 0.81 (.006) 1.16 (.008)
40 0.78 (.007) 0.88 (.010) 1.25 (.015)
60 0.92 (.020) 0.97 (.025) 1.38 (.036)
80 0.98 (.035) 1.08 (.043) 143 (.060)

*: Relative error in %, **: Absolute error.
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Table 7. Summary of uncertainties.

Source of uncertainty

Uncertainty on production rate

Experiment y-spectrometry statistics 1.78-9.58%
y-spectrometry efficiency 4.3%
Activation detector weight 1%
Beam monitor calibration 7%
Beam intensity statistics <1%
Beam momentum <1%
Beam position and profile <1%
Target density and dimension <1%
Simulation Statistics (FLUKA) .20-2.79%
Statistics (PHITS) 14-5.78%
Statistics (GEANT4) .16-6.64%
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Figure 15. Attenuation lengths estimated in (a) removable block, (b) concrete and (c) steel shields at material test location.

Table 8. Summary of attenuation length (A) for cited experiments at facilities with high-energy protons (>10 GeV) compared with

this work.
Material Author Facility Proton Detector Density A
Energy [g/cm?] lg/cm’]
Concrete Stevenson et al. [3] CERN-PS 25.5 GeV CAIl 235 120
Ban et al. [4] KEK-PS 12 GeV CAl 143
Nakashima et al. [8] BNL-AGS 24 GeV Bi 2.45 90.5
Nakao et al. [17] CERN-CHARM Original bulk shield 24 GeV Bi,Al 24 120 + 7
This work CERN-CHARM Removal sample block 24 GeV Bi,Al,In,C 2.23 109 + 5
This work CERN-CHARM Material test location 24 GeV Bi,Al,In,C 2.23 96 + 9
Lee et al. [39] CERN-CHARM Material test location 24 GeV NE213 2.23% 98* + 7
Iron Stevenson et al. [3] CERN-PS 25.5 GeV CAl 7.87 147
Ban et al. [4] KEK-PS 12 GeV CAl 7.08 188 12
Nakashima et al. [8] BNL-AGS 24 GeV Bi 774 149
Steel This work CERN-CHARM Material test location 24 GeV Bi,Al,In,C 777 137 + 1
Lee et al. [39] CERN-CHARM Material test location 24 GeV NE213 7.77% 132* + 4

*re-evaluated attenuation lengths with re-evaluated material densities.

and only absolute value differences can be found. The
spectra by PHITS and GEANT4 gave within around
1.5- and 2-times higher value, respectively, than those
by FLUKA. Since the attenuations through the shield
thickness are almost same among the results by the
three codes, these absolute value differences would be
attributed from neutron production from the copper
target at side direction. As shown in Figure 16 (b) and
(c), neutron spectra at 0-cm thickness, which are
equivalent to the source term at 90 degrees from the
copper target, indicated discrepancy between the three

simulation codes. It is considered that this discrepancy
was caused by the difference of nuclear models, their
parameters, and the database for secondary particle
productions from copper target. Therefore, in the
future, it is expected that the differential particle pro-
duction in this energy range will be experimentally
evaluated and accuracies of database in the simula-
tions will be improved.

Simulated radionuclide production rates were com-
pared with the experimental data as shown in Figures
12, 13, and 14 for the removable block, concrete, and
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Figure 16. Simulated energy spectra of neutrons in (a) removable block, (b) concrete and (c) steel shields at material test location.
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Figure 17. Average C/Es of production rates estimated in (a) removable block, (b) concrete and (c) steel shields at material test

location.

steel shields, respectively. C/E, that is ratio of calculated
to experimental results, was estimated for each produc-
tion rate and listed in Tables 4, 5, and 6. To observe
tendencies of C/E for all nuclides, average-C/Es were
estimated by error-weighted averaging over the C/Es for
all production rates as shown in Figure 17. From Figure
17(a) and Table 4 for removable block, average-C/Es of
FLUKA ranged from 1.00 to 1.14, which showed very
good agreement with the experiment. Those of PHITS
and GEANT4 ranged from 1.35 to 1.57 and from 2.01 to
2.41, respectively, which showed overestimations by
35-57% for PHITS and by more than a factor of 2 for
GEANT4. From Figure 17(b) and Table 5 for concrete
shield, average C/Es ranged from 0.73 to 0.87 for
FLUKA, 0.82 to 1.06 for PHITS, and 1.11 to 1.47 for
GEANT4. From Figure 17(c) and Table 6 for steel
shield, average-C/Es ranged from 0.72 to 0.98 for
FLUKA, 0.80 to 1.08 for PHITS, and 1.08 to 1.43 for
GEANT4. Maximum discrepancies from the experi-
mental data were finally estimated to be 28% for
FLUKA, 57% for PHITS, and 141% for GEANT4.

5. Conclusion

A high-energy neutron shielding experiment with
various thickness of concrete and steel was per-
formed using bismuth, indium, aluminum, and gra-
phite activation detectors. Neutrons were generated
by a 24-GeV/c proton beam injected into a 50-cm-
thick copper target in the CHARM facility at
CERN. The radionuclide production rates of the
reactions of *°’Bi(n,xn)*'**Bi(x = 4-9), '"’In(n,n’)-
Hemyy - 27A](n,a)**Na, and *C(n,2n)"'C were mea-
sured at various concrete and steel thicknesses, and
the attenuation profiles of concrete and steel
shields were obtained, respectively. Attenuation
lengths of neutrons for concrete and steel were
evaluated from the experimental results. Two dif-
ferent set-ups of experiment with a removable
block and a material test location were preformed,
and the attenuation lengths of concrete evaluated
from those two set-ups showed discrepancy due to
the surrounding shield structures. Furthermore,
attenuation lengths of this work and the other
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cited experimental data disperse, which indicates
that the attenuation lengths strongly depend on
the shield structure and measuring conditions.
Shielding experiments with a simple structure and
a wide plane of shields are needed to obtain accu-
rate attenuation lengths. However, this work pro-
vides good benchmark data of a deep-shield
penetration in a high-energy proton accelerator
facility. The results are expected to improve our
understanding of the shielding design in future
high-energy accelerator facilities. Simulations with
three Monte Carlo codes were also performed to
compare with the experimental data, and maximum
discrepancies from the experiment were obtained to
be 28% for FLUKA, 57% for PHITS, and 141% for
GEANT4, demonstrating their fit-for-purposeness
for shielding design calculations.
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