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JASMIN - Japanese and American Study of Muon Interaction and Neutron detection - a program for studies of shielding and irradiation
effect around high energy accelerators has been started until 2007 using high energy proton accelerators located in Fermi National
Accelerator Laboratory (FNAL) as a collaboration of JAPAN and FNAL. The series of the presentations entitled "Shielding experiments at
high energy accelerators of Fermilab" describes the part of the results of this collaboration regarding transport of secondary particles,
neutron and muon, from 120 GeV proton induced reactions through experimental data and simulation. In this study, the spatial distribution
of reaction rate of activation samples which were placed on pbar anti proton target station were obtained. The measured data shows that the
reaction rates on the outer surfaces of the iron and concrete shields increases toward the downstream of the target. The attenuation length
for iron were obtained from depth distribution of reaction rates in iron shield. The obtained reaction rates were also fitted to Moyer's
formula. The shape of angular distribution of fitted reaction rates agree with that of measured reaction rates for ș = 60 - 120

degrees.
KEYWORDS: Moyer’s formula, Activation Detector, Fermi National Accelerator Laboratory, attenuation
length, 120 GeV

in FANL, anti proton production (pbar) and neutrino from
main injector (NuMI). The pbar is prepared for anti-proton
production using 120 GeV, 65 kW proton beam, which is
required for FNAL collider experiment, Tevatron. The
shielding structure of pbar is suitable for this type experiment.
The induced activities and neutron flux measured at this
facility, and it’s simulation will be reported in the successive
papers.
In this study, the spatial distribution of reaction rate of
samples which were placed in pbar target station were
measured to obtain the experimental data for high energy
secondary particle transport from target bombarded by high
energy proton. The attenuation length for iron were obtained
from depth distribution of reaction rates in iron shield. The
obtained reaction rates were also fitted to Moyer's
formula10,11), which is used for shielding design of high
energy accelerator facilities above 1 GeV.

I. Introduction1
The Japanese and American Study of Muon Interaction
and Neutron detection (JASMIN) collaboration has been
organized to study radiation safety issues around high energy
accelerators in FNAL1). The collaboration aims to study
behaviors of secondary particles generated from beam losses
in high energy accelerators. The physical quantities which
should be measured for this purpose are particle flux,
activities in air, water and materials, damage of instruments
and so on. The remarkable efforts for similar experiments
have been performed until now2,3,4,5), however only a few
attempt exist more than 1 GeV energy region6,7,8). At around
this energy, most simulation codes switch implemented
reaction models from one for intermediate to high energy9).
The methodology of the collaboration includes not only
taking experimental data but also benchmark and
improvement of the reaction models.
The data takings have been performed using two facilities

II.

Experiment

Fig. 1 shows the cross sectional view of the Pbar target
station. At this station, an antiproton production made of
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Fig. 1 The cross sectional view of the Pbar target station.

After irradiation, the gamma-rays emitted from the
irradiated samples were measured with a high-purity
germanium (HPGe) detectors. Reaction rates of radioactive
nuclides produced in samples, which were identified in the
gamma-ray spectra and the decay curves, were determined
after being corrected for the peak efficiency of the HPGe
detectors and the beam current fluctuation during the
irradiation. One of the HPGe detectors was calibrated by
Canberra. The peak efficiency was determined by using the
LabSOCS software of Canberra13) for the calibrated HPGe
detector, and from the peak counting rate ratios of
non-calibrated HPGe detector to the calibrated HPGe
detector for non-calibrated HPGe detector. The components
of estimated errors in reaction rates were the counting
statistics and detector efficiency.

Table 1 The physical properties of radioactive nuclides.
Reaction
27

$O QĮ 24Na
Bi(n,4n)206Bi
209
Bi(n,5n)205Bi
209
Bi(n,6n)204Bi
209
Bi(n,7n)203Bi
115
In(n,n')115mIn
93
Nb(n,2n)92mNb
93
Nb(n,4n)90Nb
27
$O QĮQ 22Na
nat
Cu(n,x)58Co
nat
Cu(n,x)57Co
nat
Cu(n,x)56Co
nat
Cu(n,x)59Fe
nat
Cu(n,x)54Mn
nat
Cu(n,x)52Mn
209

III.

Threshold
[MeV]
3.3
22.6
29.6
38
45.3
0.6
9.1
29.1
23.3

Half-life
14.959h
6.243d
15.31d
11.22h
11.76h
4.486h
10.15d
14.6h
2.6019y
70.82d
271.79d
77.27d
44.503d
312.12d
5.591d

Gamma-ray Branching
Location
Energy[keV] Ratio[%]
CC AG FP
1368.63
100
CC AG FP
803.1
98.9
CC AG FP
703.45
31.1
CC AG FP
374.76
81.8
CC AG FP
820.23
29.6
336.241
45.9
CC
934.44
99.1
AG FP
1129.224
92.7
AG
1274.53
99.94
AG
810.78
99.448
CC AG
122.06
85.6
CC
846.77
99.935
CC
1099.25
56.5
CC
834.85
99.976
CC
744.2
90.6
CC

Results and discussion

1. Spatial distribution of reaction rates of nuclides
induced in CC, AG and FP samples
The reaction rates of nuclides induced in CC and AG
samples and depth distribution of reaction rate of nuclides
induced in FP samples were obtained. The unit of the
reaction rate is reaction per nuclide per proton. The
measured reactions were listed in Table 1. The spatial
distribution of reaction rates of nuclides induced in CC, AG,
and FP samples are shown in Figs.3, 4 and5, respectively.
Horizontal axis is sample position from target for beam
direction in Figs.3 and 4 and depth of iron shield in Fig.5. In
Figs.3 and 4, the measured data shows that the reaction rates
on the outer surfaces of the iron and concrete shields
increase toward the downstream of the target for CC and AG
samples. It means that neutron flux from the target is larger
for forward direction from beam axis. In Fig.5, the reaction
rate of nuclide induced in FP samples decreases
exponentially with depth of iron shield.
㪈㪇㪄㪊㪋
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inconel and copper disks irradiated by 120 GeV protons.
Average beam intensity is 2.2 x 1012 protons/sec. In
downstream of the target, a correction lens, collimator and a
pulsed magnet are placed to focus, collimate, and extract the
produced antiprotons. The remaining protons and secondary
particles are absorbed by the dump placed in downstream of
the pulsed magnet. Iron and concrete shields are placed
upper side of the target and magnets. The thickness of iron
and concrete above the target are 6 and 4 feet, respectively.
Air gap of 6 feet height is between the iron and concrete
shields. The distance between target and iron shields is 46
cm. The activation samples were placed behind iron and
concrete shields, which were referred to as air gap (AG)
samples and concrete cap (CC) samples to measure spatial
distribution of secondary neutrons, respectively. The Iron
shield were composed of iron plate, and the activation
samples were installed in iron plate, which were placed in
11-cm downstream from the target for beam axis, to measure
attenuation of secondary neutrons in iron shields. These
samples were referred to as filler plate (FP) samples. The
physical properties of radioactive nuclides used in this study
are listed in Table 112).
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Fig. 3 The spatial distribution of reaction rates of nuclides induced
in CC samples
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Fig. 4 The spatial distribution of reaction rates of nuclides induced
in AG samples
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Fig. 6 The depth distribution of corrected reaction rate for 90
degree direction from beam axis.
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Table. 2 The conditions of studies for Moyer model.
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Fig. 5 The spatial distribution of reaction rates of nuclides induced
in samples

Projectile
Energy[GeV]
Target
120
inconel(Ni), Cu
5~30
Al, W, Cu
12
Pt

3.

Application for the Moyer’s formula
The obtained reaction rates of 27$O QĮ  24Na and
209
Bi(n,xn) 203, 204, 205, 206Bi reactions were fitted to Moyer’s
formula (following Eq.(1) for AG samples and Eq.(2) for
CC samples, respectively).
d iron

2.

Determination of attenuation length in iron shield
The depth distribution of reaction rate of nuclides induced
in FP samples indicates neutron attenuation for iron shields. .
The attenuation length for iron, Ȝiron, was obtained from the
depth distribution of multiplying reaction rate by the square
distance between target and samples as shown in Fig.6. The
error components of Ȝiron are error of experimental data and
of gap size between filler plate and iron shields. Ȝiron which
are evaluated by average of Ȝiron for each reaction and
considering above error components is 150±5 g/cm2. This
result is compared with previous studies14,15) for Moyer’s
formula, however the conditions of these studies are
different as shown in Table 2. This value is in the medium
of that of previous studies, 144 g/cm2 by Stevenson et al.14)
and 188 g/cm2 by Ban et al.15).

       
and

R e  b- e Oiron sin T
 R  0      
r2
diron

R

   

(1)

d con

R0e  b- e Oiron sin T e Ocon sin T
r2

(2)

Where R is reaction rate of sample, R0 is reaction rate at
target position, b is parameter which indicates angular
distribution, ș is angle from beam axis, diron is depth of iron
shield, dcon is depth of concrete shield, Ȝcon is attenuation
length for concrete shield. In this fitting, Ȝcon is estimated as
114[g/cm2] from assumption that neutrons attenuate in
proportion to geometrical cross section, r is distance between
target and samples.
Figs. 7 and 8 show comparison of measured reaction rate
produced in CC and AG samples with reaction rates fitted by
using Moyer’s formula, respectively.
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distribution of reaction rate in concrete shield have not be
measured yet. The experiment for depth distribution
measurement of reaction rate in concrete shield is planned.
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Fig. 7 Comparison of measured reaction rate produced in CC
samples with reaction rates fitted by using Moyer’s formula.
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Fig. 8 comparison of measured reaction rate produced in AG
samples with reaction rates fitted by using Moyer’s formula.

In Figs. 7 and 8, shape of angular distribution of fitted
reaction rates agree with that of measured reaction rates for ș
= 60 - 120 degrees. The angular distribution parameters, b
which are obtained by fitting is 4.0 radian-1. This value is
larger than that of previous studies, 2.3 by Stevenson et al.14)
and 2.5 by Ban et al.15).
In this ongoing study, absolute value of reaction rate
could not be fitted by Moyer’s formula, because the depth
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Conclusion

The spatial distribution of reaction rate of samples which
were placed on pbar anti proton target station were obtained.
The attenuation length for iron was obtained from depth
distribution of reaction rates in iron shield. The obtained
reaction rates were also fitted to Moyer's formula. The shape
of angular distribution of fitted reaction rates agree with that
of measured reaction rates for ș = 60 - 120 degrees.
These experimental results will be useful as benchmark
data to investigate the accuracy of various transport
calculation codes.
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