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Abstract 

The production cross sections of 10Be and 26Al were measured by accelerator mass 

spectrometry using 89Y, 159Tb, and natCu targets bombarded by protons with energies Ep of 

120 GeV and 392 MeV. The production cross sections obtained for 10Be and 26Al were 

compared with those previously reported using Ep = 50 MeV–24 GeV and various targets. It 

was found that the production cross sections of 10Be monotonically increased with increasing 

target mass number when the proton energy was greater than a few GeV. On the other hand, it 

was also found that the production cross sections of 10Be decreased as the target mass number 

increased from that of carbon to those near the mass numbers of nickel and zinc when the 

proton energy was below approximately 1 GeV. They also increased as the target mass 

number increased from near those of nickel and zinc to that of bismuth, in the same proton 

energy range. Similar results were observed in the production cross sections of 26Al, though 

the absolute values were quite different between 10Be and 26Al. The difference between these 

production cross sections may depend on the impact parameter (nuclear radius) and/or the 

target nucleus stiffness.  
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1. Introduction 

 When a proton strikes a target nucleus with high energy, the nucleus disintegrates into 

smaller fragments not only through fission, but also through spallation and/or fragmentation. 

Normally, observation of a small number of light fragments accompanied with numerous 

individual nucleons after a reaction indicates spallation. A relatively high-energy process in 

which nuclides with heavier masses than mass of the above fragments are split from a heavier 

target nucleus can be called fragmentation. The processes for nuclear disintegration may lead 

to a variety of final states, characterized by different sizes of fragments. For many years, the 

study of the processes and their applications has been an attractive field in nuclear physics, 

nuclear chemistry, and even geo-/cosmochemistry. However, the production cross sections of 

light and middle-mass nuclides have been scarcely reported owing to difficulty in 

conductiong measurements. Thus, the mechanism that causes these processes is not yet clear, 

and the nuclear database is not necessarily sufficient, even with the data accumulated by 

experimental and theoretical studies conducted so far [1-3]. Therefore, the production cross 

sections of light and middle-mass nuclides in several targets and at various proton energies 

are needed, to study experimentally and theoretically the processes in detail, as well as to 

develop the nuclear database.  

Recently, only the production cross sections of light nuclides, such as the long-lived nuclides 

10Be and 26Al, have been measured, by using high-energy protons on several targets. These 
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light nuclide cross-sections have enhanced understanding of the reaction processes and further 

contributed to the nuclear database, which provides scientifically important information for 

applications in fields such as geo-/cosmochemistry. For target mass numbers greater than 60, 

few light nuclide production cross sections have been measured and published so far, and the 

maximum proton energy used thus far is 12 GeV, for which the production cross sections of 

10Be were reported [1]. An extensive program for the measurement of the production cross 

sections of 10Be and 26Al by using accelerator mass spectrometry (AMS) has also been 

systematically undertaken in our laboratory in recent years, and some results have been 

published [4]. 

In this work, we measured the production cross sections of 10Be and 26Al for 89Y and natCu 

targets using a proton energy Ep of 120 GeV and those for 89Y, 159Tb, and natCu targets with 

Ep = 392 MeV. Here, mono-isotope target elements, 89Y and 158Tb, were used to facilitate 

understanding of the reaction process when 10Be and 26Al are produced. The natCu target was 

selected to enable systematic investigation of targets with intermediate and large mass 

numbers. The results were compared to the production cross sections of the light nuclides, 

10Be and 26Al, that were produced by targets of various mass numbers when 50 MeV–24 GeV 

protons were used [1-2, 4-15]. The dependence of the production cross sections of those 

nuclides on the incident energy and on the target mass number are presented here. 
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2. Experimental 

Proton irradiation at 120 GeV and 392 MeV was performed at the Fermi National 

Accelerator Laboratory (FNAL) and at the Research Center for Nuclear Physics (RCNP), 

Osaka University, respectively. The Fermilab Test Beam Facility (FTBF) is a high-energy 

beam facility devoted to detector research and development for high-energy physics 

experiments [16]. At FTBF, 120 GeV primary protons can be utilized at certain positions 

along the approximately 1500-m-long beam line, such as position M01, which was used in 

this study. The Ring Cyclotron of RCNP is able to supply protons with energies of 80–400 

MeV.  

To perform irradiation with 120 GeV protons, the target stacks including Y and Cu foils with 

thicknesses of 447 mg cm-2 and 22.4 mg cm-2, respectively, were inserted into the proton 

beamline at M01 at FNAL. Each target was arranged so that the center of the proton beam 

would penetrate the center of the target foil. The Y and Cu foils were separately irradiated for 

4.417 h and 3.083 h, respectively. The average intensity of the 120 GeV proton beam at M01 

at FNAL was measured using a secondary-emission monitor and was estimated to be 1.33 × 

109 protons/s for the Y foil and 0.88 × 109 protons/s for the Cu foil. The beam current 

obtained by this method is consistent with that determined by using the 27Al(p,3pn)24Na 

reaction as a monitor. 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 

8 
 

On the other hand, the Y and Tb foils with thicknesses of 112 mg cm-2 and of 21 mg cm-2, 

respectively, were each irradiated for 184 s by protons with a mean current of approximately 

100 nA at RCNP, while the Cu foils of 89.4 mg cm-2 thickness were irradiated for 60 s by 

protons with a mean current of approximately 1000 nA. The proton beam current was 

precisely monitored by measuring the electric and magnetic fields in the insulated beam dump 

using the secondary electron suppressor. Thus, the proton beam current obtained by this 

method did not require additional corrections and was consistent with the beam current 

determined by using the 27Al(p,3pn)24Na reaction as a monitor. The average beam currents for 

the Y and Tb foils and for the Cu foils were 6.34 × 1011 protons/s and 6.24 × 1012 protons/s, 

respectively, for irradiation with 392 MeV protons. In every run, the target foil was 

sandwiched between guard foils of the same material to monitor the recoil losses and to 

prevent cross-contamination between the targets.   

After irradiation, the target samples were prepared chemically for the AMS measurements. 

The irradiated Y, Tb, and Cu foils, except for the Cu irradiated at RCNP (Ep = 392 MeV), 

were dissolved in HNO3 after adding 200 µg of Be and 500 µg of Al carriers. The Y and Tb 

were firstly precipitated from their solutions as Y2(C2O4)3 and Tb2(C2O4)3, respectively, by 

adding oxalic acid. From the Cu sample, the target element was removed by anion exchange. 

The Be and Al were separated by cation exchange (Dowex 50WX8, 100-200 mesh) using 1 M 

HCl and 1.5 M HCl, respectively. We confirmed that the use of hydrochloric acid eluents with 
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such close acidities could successfully separate the Be and Al into two fractions. Each fraction 

containing beryllium ions (Be2+) or aluminum ions (Al3+) was concentrated and made slightly 

basic by adding aqueous ammonia to precipitate Be(OH)2 or Al(OH)3, which were then 

individually rinsed with H2O. The Be and Al hydroxides were converted into BeO and Al2O3, 

respectively, by heating. The isotopic ratios of 10Be/9Be and 26Al/27Al in the Y and Tb target 

foils were determined by AMS at MALT (Micro Analysis Laboratory, Tandem accelerator), 

University of Tokyo [17] and were normalized by the 10Be and 26Al AMS measurement 

standards in the KN standard series that was defined and distributed by Nishiizumi [18, 19]. 

Unfortunately, the Al2O3 samples could not be prepared successfully for AMS measurements 

in the 89Y and 159Tb targets irradiated at RCNP (Ep = 392 MeV). For the Cu foil irradiated at 

RCNP, the chemical separation scheme was essentially the same as that described by 

Sekimoto et al. [4]. The AMS measurement of this sample was completed at the PRIME Lab 

(Purdue Rare Isotope Measurement Laboratory), Purdue University [20].   

 

3. Results and discussion 

The measured production cross sections of 10Be from 89Y, 159Tb, and natCu produced with Ep 

= 120 GeV and 392 MeV are firstly summarized in Table 1. The uncertainties (±1σ) quoted in 

the production cross sections were obtained by quadratically adding the uncertainties in the 

AMS and proton fluence measurements (±5%). The production cross sections are also shown 
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in Fig. 1. The measured production cross sections are compared with the values obtained 

previously for light nuclides in various target elements produced by protons of different 

energies (50 MeV–12 GeV) [1-2, 4-14]. As shown in Fig. 1, when the proton energy exceeds 

a few GeV, the production cross sections of 10Be steadily increase with the target mass 

number, regardless of Ep. This trend implies that the production cross sections at higher 

proton energies could depend on nuclear radius of the target, namely the impact parameter. At 

proton energies below around 1 GeV, the production cross sections of 10Be behave differently 

and are dependent on Ep. In this region, as the target mass increases from that of carbon to 

those of nickel and zinc, the production cross sections decrease. On the other hand, the 

production cross sections increase as the target mass increases from that of yttrium to that of 

terbium or even to that of bismuth (see Fig. 1). This trend is also supported by the production 

cross sections obtained for yttrium and bismuth at Ep≈ 300 MeV by Sekimoto et al.[4] and 

Schumann et al.[5], respectively 

Second, the production cross sections of 26Al from 89Y and natCu targets with Ep = 120 GeV 

and that from natCu with Ep = 392 MeV are summarized in Table 2. Figure 2 presents these 

data together with other experimental results obtained for production cross sections in the 

energy range from 300 MeV to 24 GeV. When the proton energy is over a few tens of GeV, 

even up to 120 GeV, it seems that the production cross sections of 26Al do not always increase 

with increasing target mass number like they do in the case of 10Be (see Fig. 1). Although 
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there are few production cross sections of 26Al for targets ranging in mass from that of 

aluminum to that of zinc, the production cross sections decrease as target mass number 

increases, as shown in Fig. 2. The decreasing trend of the production cross sections as the 

target mass increases from that of aluminum to that of zinc is supported by the production 

cross sections measured by Shibata et al. [1] for aluminum, iron, cobalt, nickel, copper and 

zinc with Ep = 12 GeV; those measured by Michel et al. [6] for silicon, iron, and nickel with 

Ep = 600 MeV; those measured by Regnier et al. [7] for silicon and iron with Ep = 24 GeV, 

and those by Sisterson et al. [8-9] for aluminum and silicon with Ep = 300 MeV. On the other 

hand, for targets with masses equal to or greater than that of yttrium, the production cross 

sections of 26Al slightly increase, though the slope is somewhat different from that of 10Be 

case. This increasing trend from that of yttrium to that of bismuth is supported by the 

production cross sections measured in this work for yttrium with Ep = 120 GeV, those 

measured by Shibata et al. [1] for silver and gold with Ep = 12 GeV, those measured by 

Sisterson et al. [10] for bismuth with Ep≈ 300 MeV and those reported in our previous work 

[4] for yttrium with Ep≈ 300 MeV. 

It is interesting to note that similar trends in the production cross sections of 10Be and 26Al 

with increasing target masses can be observed when Ep < 1GeV. Here, both of the production 

cross sections decrease as the target mass number increases to near those of nickel and zinc as 

a negative slope, while they increase as the target mass increases beyond those of nickel and 
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zinc as a positive one. The absolute value of the 26Al cross section is one order of magnitude 

smaller than that of 10Be for heavier target masses in similar incident enegies. It can be 

qualitatively deduced that the dominant process for the production of 10Be and 26Al by 

high-energy protons change from spallation to fragmentation as the slope changes from 

negative to positive as seen in Figs. 1 and 2. Theoretical study is very important for 

understanding the reaction mechanism, namely production of light nuclides by the 

bombardment of high energy protons for intermediate and heavy nuclei. However, it should 

be noted that it is very difficult even now to reproduce realistically the experimental cross 

sections by the theoretical calculation due to existence of many disintegration channels, even 

though there are some theoretical approaches, for example, by Schumann et al [5]. 

Furthermore, it should be noted that the production cross sections of 26Al for Al and Si targets 

is almost one order of maginitude larger than those of 10Be as see in Fig. 2 (upper left). This 

phenomenon is inconsistent with the trend in the absolute production cross sections of 10Be 

and 26Al described above and the studies of nuclear disintegration processes so far [21, 22]. 

When the combination of projectile (proton) and targets (27Al and natSi) is used for reaction, 

direct and/or semi-direct reactions, namely 27Al(p,pn)26Al and 28Si(p,2pn)26Al, can be 

dominant in the vicinity of the targets. It may be the reason why a direct reaction leads such 

large values in the production cross sections of 26Al.  
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It is well known that nuclei with masses near those of nickel and zinc are stiffer than those of 

other nuclei. This fact implies that the production cross sections of light nuclides (10Be and 

26Al) are affected by the binding energy of the target nucleus, suggesting that the effect of the 

binding energy, as indicated by the target mass number, still remains for 10Be when Ep < 1 

GeV and for 26Al even when Ep is greater than a few GeV. The difference in the boundary Ep 

where the effect remains or not between10Be and 26Al can be due to the emission probability 

of these light masses from targets, and may depend on the stiffness of each target nucleus. 

Finally, it should be noted that production cross sections of light nuclides, including the 

values obtained in this work, from heavier targets bombarded by several energy of protons are 

meaningful in connection with several phenomena, such as the propagation of galactic cosmic 

rays and nucleosynthesis of the light elements in the solar system or in stars [23]. Further 

studies are in progress that will provide nuclear data for applications in fields such as 

geo-/cosmochemistry and astrophysics. 

 

Conclusion  

The production cross sections of the long-lived nuclides 10Be and 26Al were measured by 

AMS using the mono-isotopic targets of 89Y and 159Tb as well as natCu bombarded by protons 

with Ep = 120 GeV and 392 MeV. The obtained production cross sections of 10Be and 26Al 

were compared with those previously reported using protons with energies between 50 MeV 
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and 24 GeV and various targets. It was found that the production cross sections of 10Be 

monotonically increased with increasing target mass number for Ep greater than a few GeV. 

This trend may imply that the production cross sections of 10Be depend only on the impact 

parameter between the target and projectile. The production cross sections of 10Be decreased 

as the target mass number increased from that of carbon to those of nickel and zinc when Ep 

was below approxymately 1 GeV. However, the cross sections increased as the target mass 

number increased from near those of nickel and zinc to those of heavier targets, in the same 

energy range. Similar results were observed in the production cross sections of 26Al, although 

the absolute values of the 26Al cross sections are quite different from those of the 10Be cross 

sections. The difference between these cross sections may depend on the target stiffness.  
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Table 1 Production cross sections of 10Be produced by (p,xpyn) reaction 
Target Ep σ(10Be) (mb) 
89Y 392 MeV 0.217 ± 0.019 
159Tb 392 MeV 0.418 ± 0.051 
natCu 392 MeV 0.208 ± 0.011 
89Y 120 GeV 8.72 ± 0.54 
natCu 120 GeV 5.81 ± 0.53 

 

 

Table 2 Production cross sections of 26Al produced by (p,xpyn) reaction 
Target Ep σ (26Al) (mb) 
natCu 392 MeV 0.039 ± 0.004 
89Y 120 GeV 0.824 ± 0.052 
natCu 120 GeV 1.10 ± 0.33 
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Figure captions 

Fig. 1 Target mass number-dependence of production cross sections for 10Be at Ep = 50 MeV–

120 GeV.   

Solid triangles (Ep = 120 GeV) and diamonds (Ep = 392 MeV) are production cross sections 

obtained in this work. Inverted open triangles (Ep = 12 GeV), open squares (Ep = 2.6 GeV), 

open triangles (Ep = 800 MeV), open diamons (Ep = 400 MeV ± 20 MeV), open circles (Ep 

= 300 MeV ± 20 MeV), the double squares (Ep = 200 MeV ± 10 MeV), and the double 

circles (Ep = 50 MeV ± 10 MeV) are taken from Ref. [1], Refs. [2, 5], Refs. [2, 8, 12, 15], 

Refs. [8, 10, 11, 13, 14], Refs. [4, 5, 8, 11, 13, 14], Refs. [8, 10, 11, 13], and Refs. [8, 10, 11, 

12], respectively. 

Fig. 2 Target mass number-dependence of production cross sections for 26Al at Ep = 300 MeV 

– 120 GeV.   

Solid triangles (Ep = 120 GeV) and circle (Ep = 392 MeV) are production cross sections 

obtained in this work. Open diamons (Ep = 24 GeV), inverted open triangles (Ep = 12 GeV), 

double circles (Ep = 600 MeV), and open circles (Ep = 300 MeV ±20 MeV) are taken from 

Ref. [7], Ref. [1], Ref. [6], and Refs. [4, 8, 9, 10], respectively. Upper left figure is 

enlargement in the range of target mass number between 26 and 29. Upper right figure is 

enlargement in the range of target mass number between 53 and 67. 
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Fig. 2  
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