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Two-dimensional distributions of the production rates of radionuclides in aluminum and gold activation
detectors, placed behind the hadron absorber of the NuMI beamline at Fermilab were obtained in an
experiment for shielding data as a dump in a proton-beam-energy domain above 100 GeV. The production
rates of 'Be, ’Na, and “*Na in the aluminum activation detectors and those of *°Os, '”*Au, and '"°Au in the
gold activation detectors were obtained from the y-ray spectra of HPGe counters. It was concluded that in
these distributions showed some peaks that can be attributed to a lack of shielding caused by the gaps for
arraignment and cooling in the hadron absorber. The radionuclides in the activation detectors were mainly
produced by neutrons, protons and pions, according to analyses of calculated results by the PHITS code.
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1. Introduction

The Japanese-American Study of Muon Interaction
and Neutron Detection (JASMIN) is a collaboration that
undertakes experimental studies of shielding and
radiation effects for high-energy accelerators at the
Fermi National Accelerator Laboratory (Fermilab) [1].
One of the purposes is to acquire of shielding data in a
proton beam energy region above 100 GeV.

Inter-comparisons for neutron attenuation length
among simulation codes have been performed by
Hirayama et al. as one of the activities of the task force
on Shielding Aspects of Accelerators, Targets and
Irradiation Facilities (SATIF). The source condition of
the simulation problem is mono-energetic parallel beam,
and the geometry is infinite plane of iron or concrete,
respectively. Since SATIF-7 [2], some discrepancies
have been observed in the energy region above a few
GeV. The differences caused by the increasing energy
were mainly due to secondary mesons produced in the
shield. However, although an experiment under ideal
conditions such as the inter-comparison cannot be
performed to confirm this attenuation phenomenon, a
few shielding experiments at more than 1 GeV have
been conducted so far [3, 4]. Further experimental data
are strongly needed, especially in a proton-beam-energy
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region above a few tens of GeV.

The Neutrino at the Main Injector (NuMI) beamline
at Fermilab was designed to provide an intense muon-
neutrino to research the phenomena of neutrino mixing
and oscillation [5]. The NuMI has a graphite target with
a set of magnetic horns producing m mesons. Protons of
120 GeV/c are delivered from the Fermilab main
injector at an average power of up to 400 kW. The
mesons travel through a decay pipe, where neutrinos and
muons are produced via © decay. A hadron absorber is
present at the end of the decay pipe, which serves as a
dump, to absorb primary protons, which do not interact
in the neutrino target, secondary hadrons, and undecayed
mesons. The hadron absorber consists of a pile of
aluminum, iron, and concrete. It is interesting to note
that a number of neutrinos and accompanying muons
easily pass through the hadron absorber depending on
the penetrating power. Therefore, the area behind the
hadron absorber in the absorber enclosure will hopefully
serve as an intense muon field. The distance from the
neutrino target to the hadron absorber, that is, the length
of the decay pipe, is 675 m. The remaining protons are
thought to be a parallel beam collimated by the concrete
shield covering the decay pipe. Therefore, the areca
around the hadron absorber has appropriate conditions
for verifying the attenuation length for the SATIF
problem.
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In this study, two-dimensional distributions of the
production rate of radionuclides produced in activation
detectors placed behind the hadron absorber were
obtained in an experiment for shielding data as a dump

using 190 sets of aluminum and gold activation detectors.

The distributions with some peaks were compared with
calculations using the PHITS [6] code.

2. Experiment

Figure 1 shows a cross-sectional view around the
absorber enclosure of the NuMI. Almost all remaining
primary protons, and secondary hadrons produced from
the neutrino target are absorbed by the hadron absorber.
The hadron absorber consists of the absorber core and
many shielding blocks. The absorber core is constructed
from aluminum and iron plates. The total thicknesses of
the aluminum and iron plates with 244 and 231 cm,
respectively. The absorber core is surrounded by iron
and concrete blocks. The back side of the core is
composed of some concrete blocks that have a thickness
of 91.4 cm.
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Figure 1. Cross-sectional view of the absorber enclosure of
the NuMI. Shielding materials are aluminum, iron, and
concrete with thicknesses of 244, 231, and 91.4 cm,
respectively.

A total of 190 sets of activation detectors, pure
aluminum (chemical purity: 99.99%) and gold foil
(chemical purity: 99.95%), were installed at regular
intervals at the back surface of the concrete block as
shown in Figure 1, to cover the core. The sizes of the
aluminum and gold foil were 20 mme x 5 mm' and 10
mm x 10 mm x 0.1 mm| respectively. The
cross-sectional size of the measurement area and the
core plate were 200 x 200 cm® and 129.5 x 129.5 cm’,
respectively, as shown in Figure 2. There were some
holes in the core plate at the top and on both sides for
arraignment and cooling, with corresponding diameters
of 5.7 and 3.7 cm, respectively.

The irradiation for the experiment lasted 128.7 days.
After the irradiation, y-rays emitted from the activation
detectors were measured with high-purity germanium
(HPGe) detectors. The nuclear data of the radionuclides
used for the activation detectors are listed in Table 1 [7].
During the experiment, an average of 1.30 x 10"
protons/s was delivered from the main injector to the
neutrino target, placed very far upstream from the

absorber enclosure. Protons, which passed through the
target without interaction, were estimated to be 1.08 x
10'* protons/s based on a calculation result by MARS15
[8] code.

Absorber Core
¢3.8 cth
0: ¢5.7 cm :0
o° °
1295 cm | [oF :o
o, o° 200 cm
Oo OO
[+] [+]
[=] [+]
[+] (=]
1295 cm
200cm  |Installed area

Figure 2. Cross-sectional view of the size of the absorber
core with one arraignment hole and 32 cooling holes, which
are 5.7 and 3.8 cm, respectively, and the installed area of the
activation detectors.

The production rates of the radionuclides were
determined after being corrected for the peak efficiency
of the HPGe detectors and the beam current fluctuation
during irradiation. One of the HPGe detectors had been
calibrated by Canberra, and the peak efficiency was
determined using Canberra’s LabSOCS software [9].
For the other detectors, the peak efficiencies were
determined on the basis of the ratios of their peak
counting rates to those of the peak counting rates of the
calibrated detector. The components of estimated errors
in the production rates were the counting statistics and
the detector efficiency.

Table 1. Nuclear properties of the radionuclides.

Activation  Product Half-life Gamma-ray Branching
detector nuclide energy(keV) ratio (%)

Al Be 53.29d 477.595 10.52
Al Na 2.6019 y 1274.53 99.944
Al *Na 14.9590 h 1368.633 100
Au 1505 93.6d 646.116 78
Au 1Ay 38.02h 328.50 60
Au %Ay 6.183 d 355.68 86.9

3. Results and discussion

Figure 3 shows a two-dimensional distribution of the
production rate of 'Be produced in the aluminum
activation detectors. The numerical values of the
production rate indicated a color contour figure from
white (minimum value = maximum value x 1/100) to
dark red (maximum value: 1.8 x 107 target nucleus™
proton™"), except for an affected white region at the
bottom left in the absorber core where no data were
collected. The cross-sectional shape of the core and the
diameter of the decay pipe extended by the gradient (3.3
degrees) of the beamline are also indicated in the figure,
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with purple square and black solid oval lines,
respectively. The extension caused by the thickness of
the hadron absorber is 35.3 cm. The figure has a large
double peak on the right and left edges of the absorber
core and a small peak on the top of the core. All the
nuclides in Table 1 showed a tendency similar to that of
the color contour figure. The large peaks appeared
within the 182.9 cm diameter of the decay pipe as
indicated by the solid black line. Also, the area of the
peak on the whole fits in the gaps of the absorber core.
The peak area spreads toward the outside of the absorber
core because the thickness of the side plates that are
wedged between the absorber core and the surrounding
shield is lesser than the core thickness.
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Figure 3. Two-dimensional distribution of the production
rate of 'Be produced in the aluminum activation detectors. The
maximum value (dark red) is 1.8 X 107 target nucleus”
proton”’, and the minimum value (white) is the maximum
value X 1/100. The solid purple line indicates the size of the
absorber core. The solid black line is the 182.9-cm-diameter
line that is considered as the gradient of the beamline. The
diameter of the decay pipe is 182.9 cm.

The next focus is on horizontal distributions of the
production rate of radionuclides produced in the
activation detectors. At the vertical center of the
absorber core, the horizontal distributions of the
production rates of 'Be, *Na, and **Na in the aluminum
activation detectors are shown in Figure 4. The
production rates of '"*Au, 'Au, and '"®Os in the gold
activation detectors are shown in Figure 5. The
positions of both peaks in the horizontal distributions of
the production rate showed good agreement among the
radionuclides produced. The profile of the production
rate distribution showed line symmetry at the center of
the decay pipe. The production rates at the peak position
were 2-5 times higher than those at the horizontal center
(X-position in the figures is 0 cm). Further, the values
around 0 cm were nearly flat. If the beam have spatial
intensity distribution, these production rates distributions
around the center might not become flat. As shown in
Figures 4 and 5, the heavier the nuclide, the broader the
distribution. The types of nuclides produced in the

activation detectors are related to the energy of the
particles in the field. Thus, the gaps in the absorber core
exist only up to the core end, and the distributions of
each peak configured by low-energy particles are
broadened by the following concrete blocks behind the
core.
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Figure 4. Horizontal distributions of the production rates of

"Be, *Na, and **Na in the aluminum activation detectors.
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Figure 5. Horizontal distributions of the production rates of
Y4Au, 5Au, and '%°0s in the gold activation detectors.

Calculation analyses for production rates were
performed with the PHITS code. In the calculation, it
was assumed that particles were bombarded
perpendicularly on the surface of the hadron absorber.
Here secondary neutron, proton, pion’, and pion™ were
considered inducible particles. Arrival factors of the
particles bombarded on the surface of the hadron
absorber were estimated by calculating the particle
transport from the neutrino target to the hadron absorber
with MARSI1S5. In this condition, at the beam center, the
calculation results for the production rates of 'Be, **Na,
and *Na in the aluminum detectors and '¥Os, '*Au,
and ""°Au in the gold detectors were in agreement with
the experimental data within a factor of 5. C/E values of
each are shown in Figure 6. In case of the reaction rate
of **Na having a low threshold energy, although the
values are lower, the difference is likely due to covering
to add immediate constructions within the calculation
geometry and so on. However, in case of the production
rate of 'Os, a new model or new calculation process
using a heavier target may be needed to calculate
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multi-fragmentation of the compound nucleus with high
energy. From the C/E results in Figure 6, we found that
the analysis will be sufficient to consider the productions
by neutrons, protons and pions.
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7Be 22Na 24Na18505194Au 196Au

Figure 6. C/E values of the production rates of 'Be, ?Na, and
24Na in the aluminum activation detector, and those of '*°Os,
*Au, and '"*Au in the gold activation detector at the beam
center.

By the PHITS calculation, the attributable fractions of
secondary neutron, proton, pion’, and pion” were 29%,
16%, 30%, and 25% for 'Be; 70%, 10%, 8%, and 12%
for ?Na; and 87%, 4%, 3%, and 5% for >*Na,
respectively. As the mass number of the product
decreases, the contribution from 7 mesons increases. It is
concluded that activation by m mesons is of growing
importance in these high-energy shielding experiments.

Finally, it is clear that these peaks resulting from the
experiments are influenced by the lack of shielding at
the gaps. Although the effect of gaps was considered to
be negligible when designing the hadron absorber, we
found that even small gaps (~5 c¢cm in diameter) may
have a big impact on radiation shielding in the
high-energy accelerator facility.

4, Conclusion

Two-dimensional distributions of the production rate
behind the hadron absorber were obtained for pure
aluminum and pure gold activation detectors. The
distributions included some peaks caused by the gaps for
arraignment and cooling of the absorber core. The
differences between the side peaks by the gap and at the
beam center were 2-5 times. For comparison with the
experimental data, production rate was calculated by the
PHITS code. From the calculation, it was found that the
contributions to the production rate by = mesons become
larger than those by other particles, except around the
original target mass number. It was concluded that
activation by m mesons and attenuation through © meson
production is of growing importance in these
high-energy shielding experiments. To continue this
study, it was found that acquiring the cross section for ©
mesons is important.
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