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Abstract 
 

 The JASMIN Collaboration has performed an experiment to conduct measurements of nuclear reaction rates 

around the anti-proton production (Pbar) target at the Fermi National Accelerator Laboratory (FNAL). At the 

Pbar target station, the target, consisting an Inconel 600 cylinder, was irradiated by a 120 GeV/c proton beam 

from the FNAL Main Injector. The beam intensity was 3.6 x 1012 protons per second. Samples of Al, Nb, Cu, 

and Au were placed near the target to investigate the spatial and energy distribution of secondary particles 

emitted from it. After irradiation, the induced activities of the samples were measured by studying their gamma 

ray spectra using HPGe detectors. The production rates of 30 nuclides induced in Al, Nb, Cu, Au samples were 

obtained. These rates increase for samples placed in a forward (small angle) position relative to the target. The 

angular dependence of these reaction rates becomes larger for increasing threshold energy. These experimental 

results are compared with Monte Carlo calculations. The calculated results generally agree with the 

experimental results to within a factor of 2 to 3.   
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The JASMIN Collaboration has performed an experiment to conduct measurements of nuclear reaction rates around 

the anti-proton production (Pbar) target at the Fermi National Accelerator Laboratory (FNAL). At the Pbar target station, 

the target, consisting an Inconel 600 cylinder, was irradiated by a 120 GeV/c proton beam from the FNAL Main Injector.  

The beam intensity was 3.6 x 10
12

 protons per second.  Samples of Al, Nb, Cu, and Au were placed near the target to 

investigate the spatial and energy distribution of secondary particles emitted from it.  After irradiation, the induced 

activities of the samples were measured by studying their gamma ray spectra using HPGe scintillation counters.  The 

production rates of 30 nuclides induced in Al, Nb, Cu, Au samples were obtained.  These rates increase for samples 

placed in a forward (small angle) position relative to the target. The angular dependence of these reaction rates becomes 

larger for increasing threshold energy. These experimental results are compared with Monte Carlo calculations. The 

calculated results generally agree with the experimental results to within a factor of 2 to 3. 

KEYWORDS: Activation Detector, Secondary Particle, Benchmark 

1. INTRODUCTION 

The Japanese and American Study of Muon Interaction 

and Neutron detection (JASMIN) collaboration has been 

organized to study radiation effects associated with the high 

energy particle beams at the Fermi National Accelerator 

Laboratory (FNAL) [1]. The collaboration aims to study the 

behavior of secondary particles generated from beam losses 

in high-energy accelerators: particle fluxes and spectra, 

activities in air, water and materials, and radiation damage 

of components. Although considerable work has been done 

by similar experiments in the past [2-5], only a few have 

attempted such measurements with beam energies 

exceeding 1 GeV [6, 7].  In this energy region, most 

simulation codes implement a transition of reaction models 

from intermediate to high energies [8-11].  The collection 

of reaction data and  comparison of the measured rates to 

simulations is the basic methodology for benchmarking 

studies to improve the reaction models. 

The data discussed here were taken at the anti-proton 

(Pbar) production hall at FNAL.  The Pbar target produces 

anti-protons for FNAL experiments in the Tevatron collider 

using a 65-kW proton beam of momentum 120 GeV/c.  The 

spatial distribution of nuclear interactions and the neutron 

flux behind the shielding have been measured at this 

facility and an analysis comparing them with Monte Carlo 

calculations has been performed. Preliminary results are 

reported [12-15] and the studies are ongoing. 

In this study, the spatial distribution of secondary 

particles generated in the Pbar target is inferred from the 

reaction rate in samples placed nearby.  The experimental 

setup is described in Section 2.  The results are discussed 

in Section 3, where they are compared with a calculation 

using the PHITS code [10, 11]. 
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2. EXPERIMENT 

Fig. 1 shows a cross-sectional view of the Pbar target 

station. At this station, an anti-proton production target 

made of Inconel 600 is irradiated by 120 GeV protons.  

The average beam intensity is 3.6 × 10
12

 protons/sec. 

Downstream of the target, a collection lens, collimator and 

a pulsed magnet focus, collimate, and extract the anti-

protons produced in the target.  The remaining protons and 

the secondary particles are absorbed by a beam dump 

downstream of the pulsed magnet.  Iron and concrete 

shields, of thickness 188 cm and 122 cm respectively, are 

placed above the target and magnets.  An air gap of 179 cm 

separates the iron and concrete shields. The distance 

between the target and the iron shields is 46 cm. The 

activation foils (Al, Nb, Cu, Au) were set around the anti-

proton target to investigate the spatial and energy 

distribution of secondary particles emitted from the target. 

Three sets of foils, called TG-A, B, C, were placed at 

angles of 24.4˚, 42.3˚ and 53.7˚ respectively, relative to the 

proton beam direction.  Fig. 2 shows the experimental set 

up around the target.  
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Fig. 1. The cross sectional view of the Pbar target station 

After irradiation, the samples were taken to a counting 

lab equipped with Canberra high-purity germanium 

(HPGe) detectors.  The HPGe counters are used to 

characterize the gamma-ray spectra and measure the decay 

curves.  In this way, the nuclides induced in the foils are 

identified.  Reaction rates for each nuclide are 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 of the calibrated HPGe 

detector was determined using Canberra’s LabSOCS 

software [16]. For the non-calibrated detectors, the peak 

efficiency was determined from the ratios of their peak 

counting rates to that of the calibrated detector. The 

components of estimated errors in reaction rates were the 

counting statistics and detector efficiency. 

Beam  
C enter

Antiproton target

Activation
Sam ples

TG -A

TG -B

TG -C

 

Fig. 2. The experimental set up showing the placement of 

activation foils near the antiproton production target. 

3. RESULTS AND DISCUSSION 

The reaction rates, expressed in product atoms per 

target atom per POT, of 30 nuclides were measured for the 

Al, Nb, Cu, Au samples.  The activation products and their 

characteristics are listed in Table 1 [17]. 

Fig. 3 shows the angular dependence of the reaction 

rates. The vertical axis is the ratio of the reaction rate 

relative to that for TG-A.  The horizontal axis is the 

threshold energy for neutron-induced reactions for the 

activation products shown in the legend. In this study, 

threshold energy for each spallation product is figured out 

by assuming that the rest of the target nucleus is emitted as 

a single nucleon.  
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Fig. 3. The angular dependence of reaction rate of nuclides 
induced in samples 

Fig. 3 clearly shows the reaction rate decreasing at 

larger angles relative to the proton beam.  This angular 

dependence becomes more pronounced as the threshold 

energy increases. 
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These experimental results are compared with 

predictions calculated with the PHITS code.  Fig. 4 shows 

the geometry for PHITS calculation.  Fig. 5 shows the 

calculated energy spectra of secondary neutrons, protons, 

π+ and π- at the foil locations.  The three curves show a 

decrease in the flux of secondary particles at larger angles. 

This angular dependence increases at higher energies. This 

calculation is consistent with the experimental results 

shown in Fig. 3. 
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Fig. 4. The geometry for PHITS calculation. 
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Fig. 5. The energy spectrum of neutrons, protons, π+ and π- 

emitted from the anti-proton target calculated from PHITS. 

Fig. 6 shows the comparison of measured reaction 

rates of nuclides induced in Al, Nb, Cu and Au samples. 

The reaction rates of nuclides induced in samples around 

the target are expressed in units of  reactions per nuclide 

per proton-on-target. 
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Fig. 6. The comparison of measured reaction rates of nuclides 

induced in Al, Nb, Cu and Au samples 
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In Fig.6, the calculated results generally underestimate 

the experimental results by a factor of 2 to 3, except for 

several products. For the case of 
92

Nb and 
44

Sc, the activity 

of the metastable nuclide was measured in the experiment, 

but the calculated results include both the metastable and 

ground-state nuclides. 

Table 1 The physical properties of radioactive nuclides [17] 

4.  CONCLUSION 

The spatial distributions of activation rates from 

secondary particles near the FNAL antiproton target station 

have been measured.  An angular dependence is found and 

the rates are higher in the forward direction. The angular 

dependence increases as the threshold energy for activation 

becomes higher. The calculated results by PHITS code 

agree with the experimental results to within a factor of 2 

to 3. These experimental results will be useful as 

benchmark data to investigate the accuracy of various 

transport calculation codes. 
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