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Cross sections of 7Be, 22Na and 24Na for geochemical and
cosmochemical important elements by monoenergetic 287 and
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Summary. Cross sections of 7Be, 22Na and 24Na for geo-
chemically and cosmochemically important elements were
measured at incident neutron energies of 287 and 370 MeV.
The cross sections were measured in target exposed to high-
energy monoenergetic neutrons at the Research Center for
Nuclear Physics (RCNP), Osaka University.

1. Introduction

Cross section measurements are a routine necessity for ad-
dressing many problems in nuclear structure. They are also
the key to understanding numerous processes in geochem-
istry and cosmochemistry. For example, the detection of
long-lived and stable nuclides produced by cosmic rays in
meteorite, lunar rock and planetary material is essential for
cosmic-ray exposure age determinations. These chronolo-
gies, in turn, inform us about the history of solar system ma-
terials and terrestrial landforms. Cosmic rays are comprised
primarily of protons, however these protons are responsible
for only a small fraction of the cosmogenic nuclide produc-
tion, whether it is a meteoroid or a planetary atmosphere. It
is the large cascade of secondary neutrons that interacting
with the bulk of the target material that dominates most pro-
duction pathways. Lacking measured cross sections, many
neutron cross sections are estimated by using a proton cross
section or calculated using theoretical models. These esti-
mates, in many instances, have been found to be at variance
with experimental data [1]. Unfortunately, few cross sec-
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tion measurements in the energy region > 20 MeV have been
undertaken because of the difficulty in obtaining monoener-
getic neutrons.

In recent years, some high energy monoenergetic neutron
induced cross sections were reported. The neutron-induced
cross section values up to 150 MeV of short lived nuclides
were determined for Ti, Fe, Ni [2], Co [3], Cu [3, 4] and light
elements [5, 6].

In this paper, we report a method using high energy mo-
noenergetic neutrons at the Research Center for Nuclear
Physics (RCNP), Osaka University. Production cross sec-
tions of 7Be, 22Na and 24Na by monoenergetic 287 and
370 MeV neutron bombardment on C, N, O, Mg, Al, Si, K,
Ca, Fe and Ni are also reported.

2. Experimental

To obtain monoenergetic neutron spectrum, we applied a re-
cently developed technique [4] that allows as to eliminate
the effects of unwanted low-energy neutrons. All proton ir-
radiations were performed at N0 beam line in RCNP. The
high energy neutrons were produced via the reaction of 7Li
(p, n)7Be. The neutron production target was 11 mm thick
enriched 7Li metal (99.97%). The neutron energy spectra
were measured using time-of-flight (TOF) at various angles
ranging from 0◦ to 30◦ relative to the primary proton beam
with 10–90 nA incident protons to determine the optimum
condition for obtaining a monoenergetic neutron spectrum.
These measurements indicate that monoenergetic neutron
fluences were obtained for both the 0◦ and 30◦ irradiations.
To determine the monoenergetic neutron cross sections for
287 and 370 MeV neutrons, irradiations of a day were per-
formed using 300 and 392 MeV protons. The beam current
was 1 μA.
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Fig. 1. Schematic view of neutron irradiation experiment at the N0
beam line and the TOF tunnel at RCNP for the 392 MeV primary
proton beam from Ring-Cyclotron (upper: 0◦ irradiation, lower: 30◦

irradiation).

2.1 Neutron TOF measurement

Fig. 1 shows a schematic view of the experiment. The neu-
tron production area (N0 line) is separated from the TOF
tunnel by a 150 cm concrete shield and an iron collimator.
The collimator is 12 cm high and 10 cm wide. Charged par-
ticles are stopped in the collimator, hence removed from the
neutron flight path, by a bending magnet placed within the
collimator. The neutron TOF measurements were performed
at various angles relative to the incident proton direction by
changing the position of Li target and the collimator. The
start signal was taken from the timing signal from the accel-
erator. A NE213 organic liquid scintillation counter (20 cm
diameter and 12.7 cm thick) was used as the stop detec-
tor for these measurements. Its location was 10.9 m from
the TOF tunnel entrance for the 300 MeV experiment and
38.7 m for the 392 MeV experiment. Fig. 2 shows the neu-
tron energy spectra for the 392 MeV proton beam. The in-
tensity of the high-energy neutron component produced by
the 7Li(p, n) reaction decrease with increasing angles from
0◦ to 30◦. As shown in previous work [4], the 0◦ neutron
energy spectrum consists of a high-energy monoenergetic
peak and a continuous low-energy component. The larger

Fig. 2. Neutron energy spectra measured by the TOF method for 0◦,
10◦, 17◦, 25◦ and 30◦ from the 392 MeV primary proton beam.

Fig. 3. Quasi-monoenergetic neutron spectra obtained by subtracting
the 30◦ spectra multiplied by a correction factor from the 0◦ spec-
tra (upper: 300 MeV primary proton beam, lower: 392 MeV primary
proton beam).

angle spectrum consists only of the continuous low-energy
component. We obtained the monoenergetic neutron spec-
tra by subtracting the neutron spectra at larger angles from
the 0◦ spectra, effectively eliminating the low-energy com-
ponents. Test runs were performed for smaller angles (10◦

and 17◦). Using these spectra for the subtraction resulted in
negative neutron intensities at some energies. We found that
the monoenergetic neutron spectra with the smallest low-
energy component were obtained by subtracting 30◦ spectra
from 0◦ spectra both for 300 and 392 MeV irradiations. The
monoenergetic neutron spectra are shown in Fig. 3. The cen-
troid of the neutron energy spectra occur at 287±10 MeV
and 370±13 MeV for the 300 and the 392 MeV incident pro-
ton beams, respectively. The energy uncertainties of neutron
fluences were determined from half maximum neutron in-
tensities in the monoenergetic neutron spectra.

2.2 Cross-section measurements of monoenergetic
neutron induced reactions for 287 and 370 MeV

Four equivalent stacks containing geochemical and cosmo-
chemical important elements such as C, N, O, Mg, Al, Si, K,
Ca, Fe and Ni (see Table 1 for detail) were prepared. Each
sample stack was 10 cm high and 8 cm wide. We used these
samples for four irradiation experiments; 0◦ and 30◦ irra-
diations both for 300 and 392 MeV primary proton beams.
The sample stacks were located just behind from the TOF
tunnel entrance (see Fig. 1): 70 cm for the 300 MeV and
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Table 1. List of neutron irradiation samples. No enriched isotopic sam-
ples were used in this experiment. Each sample stack was separated
with the following four parts; (A) Al, SiO2, Fe, Ni, (B) Si, CaCO3, (C)
Mg, Cu, Nb, Au and (D) C, Si3N4, KNO3. The sizes of (A) and (B)
were 5×5 cm and (C) and (D) were 3×5 cm, respectively. The total
size of the stack was 10 cm high and 8 cm wide. Since the production
rates of 7Be, 22Na and 24Na from Cu, Nb and Au samples are small,
in this paper, we discuss the results from other samples (C, Mg, Al, Si
SiO2, Si3N4, KNO3, CaCO3, Fe, Ni) shown in this table.

Sample Size (cm) Typical weight (g)

C (plate) 3 × 5 5.2
Mg (plate) 3 × 3 8.4
Al (plate) 5 × 5 7.0
Si (plate) 5 × 5 37.8
Si3N4 (powder) a 3 × 5 48.7
SiO2 (plate) 5 × 5 30.9
KNO3 (powder) a 3 × 5 73.4
CaCO3 (powder) a 5 × 5 98.7
Fe (plate) 5 × 5 63.5
Ni (plate) 5 × 5 72.1

a: Powder samples packed in plastic boxes.

27 cm for 392 MeV irradiations. The monoenergetic neu-
tron fluxes at the sample position were estimated to be
4.27×104 /μC/cm2 and 3.64×104 /μC/cm2 for the 287
and the 370 MeV neutrons, respectively from neutron TOF
measurement as shown in Sect. 2.1. The total number of in-
cident neutrons for each experiment was estimated as 3.92 x
109 /cm2 for 287 MeV and 3.45 x 109 /cm2 for 370 MeV.

The production rates of 7Be (T1/2 = 53.12 d, Eγ =
478 keV), 22Na (T1/2 = 2.604 y, Eγ = 1275 keV) and 24Na
(T1/2 = 14.95 h, Eγ = 1369, 2754 keV) were measured using
high purity germanium detectors. By subtracting the produc-
tion rate in 30◦ irradiation multiplied by a correction factor
from that in 0◦, the production rates for monoenegetic 287
and 370 MeV neutron induced reactions were obtained. The
neutron cross sections were calculated by combining the
production rates with the estimated neutron fluxes.

Since the cross sections for most radionuclides are low,
we compensated for the low neutron intensity by using large
sample quantity. This has the side-effect of producing self-
shielding in the detector. Therefore, the detection efficien-
cies of the germanium detectors for each gamma-ray energy
and sample were determined from Monte Carlo simulation
(Electron Gamma Shower-5: EGS-5 [7]). The parameters for
EGS-5 were adjusted to reproduce the experimental detec-
tion efficiencies obtained from point source measurements at
more than five different positions for each detector.

3. Results and discussion

The neutron-induced cross sections measured in this work
are summarized in Table 2. The cross sections of 7Be for
N and O were determined after removing the contributions
from Si(n, x)7Be reactions in Si3N4 and SiO2. The same cor-
rections were done for CaCO3 and KNO3 to determine the
cross-sections of Ca(n, x)7Be and K(n, x)7Be. The stated
uncertainty includes statistical measurement errors and sys-
tematic errors arising from the correction of the monoener-
getic neutron spectra (10%). We also estimate the systematic
errors from gamma-ray detection efficiency (10%), neutron

Table 2. Neutron induced cross sections (mb) at 287 and 370 MeV.
Data include systematic errors, i.e., contribution of low energy neu-
trons (10%), gamma-ray detection efficiency (10%), neutron detection
efficiency (15%) and beam monitoring (5%) as well as statistic errors.
For some nuclear reactions, positive and negative uncertainties were
obtained because only an upper limit for the production rate in the 30◦

irradiation was determined from the gamma-ray measurement.

Reaction Cross section at Cross section at
287 MeV (mb) 370 MeV (mb)

C(n, x)7Be 4.7±2.3 8.0±3.3
N(n, x)7Be 5.3±2.2
O(n, x)7Be 3.4±1.4 5.3±2.0
Mg(n, x)7Be 2.3+1.2

−1.5 4.3±1.5
Mg(n, x)22Na 17.3±5.9 23.5±7.3
Mg(n, x)24Na 12.0±3.9 7.2±2.5
Al(n, x)7Be 1.2+1.1

−1.2 3.7+2.4
−3.7

Al(n, x)22Na 10.4±4.2 11.4±5.7
Al(n, x)24Na 14.5±4.7 17.8±5.7
Si(n, x)7Be 1.0±0.5 3.3±1.2
Si(n, x)22Na 8.0±2.6 15.2±4.9
Si(n, x)24Na 6.1±2.0 7.5±2.4
K(n, x)7Be 1.8±3.9
K(n, x)24Na 1.2±0.4
Ca(n, x)7Be 1.5±3.4
Ca(n, x)22Na 2.0±1.3
Ca(n, x)24Na 1.0±0.3 1.3±0.4
Fe(n, x)7Be 1.7+1.0

−1.4

Fe(n, x)24Na 0.14±0.06
Ni(n, x)7Be 2.3+1.5

−2.3

Ni(n, x)24Na 0.01±0.02 0.11±0.06

detection efficiency in NE213 detector (15%) and primary
beam current monitoring (5%). Our neutron-induced cross
sections obtained from subtraction between two irradiations
are compared with the recent proton induced cross sections
in the similar incident energy regions: 250–300 MeV for

Fig. 4. Comparison of cross sections between proton- and neutron-
induced reactions against the masses of target elements: (a) 7Be
production at 287 MeV, (b) 22Na production at 287 MeV, (c) 24Na
production at 287 MeV, (d) 7Be production at 370 MeV, (e) 22Na pro-
duction at 370 MeV and (f) 24Na production at 370 MeV. The closed
squares are neutron induced cross sections (this work) and the open
diamonds are proton induced cross sections within a comparable en-
ergy region (250–300 MeV for 287 MeV neutron induced reactions and
350–400 MeV for 370 MeV neutron induced reactions) [8–13].
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287 MeV neutron reactions and 350–400 MeV for 370 MeV
neutron reactions (see Fig. 4) [8–13]. The cross section
values for neutron induced reactions become smaller with
increasing mass number. A target mass number dependence
of the cross section is also observed in proton induced re-
actions. In general, the absolute cross section of the neutron
induced reactions were different from proton induced re-
actions; the production rates of neutron deficient nuclides
(7Be and 22Na) by protons were larger than these by neu-
trons and the opposite tendency was obtained in neutron rich
nuclide (24Na). A more detailed investigation of this obser-
vation would require cross sections for the different product
nuclides.

In summary, we successfully obtained monoenergetic
287 and 370 MeV neutron fluences in RCNP, and determined
the cross sections of 7Be, 22Na and 24Na for geochemically
and cosmochemically important elements (C, N, O, Mg, Al,
Si, K, Ca, Fe and Ni). We are also planning to measure the
cross sections of long-lived nuclides (e.g. 10Be, 26Al, 36Cl
and 53Mn) for high energy monoenergetic neutron induced
reactions (> 100 MeV) using AMS. These cross sections
will contribute to our understanding of processes involving
the interactions of cosmic rays with terrestrial and extra-
terrestrial materials.
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