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Measurement of the cross sections of the 25Mg(n, o)**Ne reaction in the 4-6 MeV region
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Cross sections of the 2 Mg(n, «)**Ne and the % Mg(n, ag )?2Ne reactions were measured at five neutron energy
points in the 4.0-6.0 MeV region. Highly enriched (98.6%) **MgO samples were prepared. A twin-gridded
ionization chamber was used as the charged particle detector and the 2**U(n, f) reaction was utilized to calibrate
the absolute neutron fluence. The present results were compared with those of the existing measurements,

evaluations, and calculations.
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I. INTRODUCTION

Most of the neon in meteoroids is generated from the
irradiation of the magnesium by the cosmic ray, and the
content of neon can more or less indicate the exposure time
of the meteoroids [1]. The secondary particles induced by
neutrons with energy below 100 MeV play a crucial role in
the isotope production [2]. However, the cross section data of
neon production from magnesium irradiated by neutrons are
scarce [1].

Among the magnesium isotopes, the abundance of Mg is
10% [3]. So, cross sections of the 25Mg(n, o)?Ne reaction (Q
value: 0.48 MeV) are important but the related measurements
are scanty. Up to date, only two data points in the MeV region
measured by Lavielle [2] are included in the EXFOR library
[4], and the discrepancies among different evaluations are
apparent [5]. Furthermore, no evaluation goes through both
the two data points. So, new measurements are demanded to
constrain the corresponding excitation function.

In the present work, cross sections of the 2Mg(n, a)**Ne
and the »Mg(n, ap)**Ne reactions were measured at five
energy points in the 4-6 MeV region with step of 0.5 MeV.
Details of the experiments are introduced in Sec. II. The
data processing and the results are illustrated in Sec. III. The
conclusions are drawn in Sec. I'V.

II. DETAILS OF THE EXPERIMENTS

A. Experimental setup

The sketch of the experimental setup, which consists of
a neutron source, a twin-gridded ionization chamber, and a
BF; long counter, is illustrated in Fig. 1. The neutrons were
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generated using deuteron beam to bombard a deuterium gas
target 2.0 cm in length and 0.30 MPa in pressure. The deuteron
beam (~2.5 nA) was accelerated by the 4.5 MV Van de Graff
accelerator of Peking University. The deuterium gas target
was separated from the vacuum tube of the accelerator by a
molybdenum membrane 5.0 um in thickness. The gas target
was cooled by a compressed air jet. In the present work, the
neutron energy resolution ranged from 0.1-0.2 MeV.

A twin-gridded ionization chamber was used as the
charged particle detector as shown in Fig. 1. The cathode-grid
and the anode-grid distances were 6.1 and 1.5 cm, respec-
tively. The working gas (Kr 4 2.7% CO,) pressures of the
ionization chamber were 0.052 MPa for 4.0-5.0 MeV region
and 0.068 MPa for 5.5-6.0 MeV region, respectively. The
cathode of the ionization chamber contained a sample changer
with five sample positions [6]. Back-to-back samples can be
mounted at each of them. At three of the five sample po-
sitions, back-to-back four-peaks a-sources [7], back-to-back
MgO samples (details of which are presented in Table I),
and back-to-back Ta backings were mounted, separately. At
the fourth sample position, a circular »**U standard sample
(enrichment > 99.999%) with radius 22.5 mm was mounted
to calibrate the absolute neutron fluence. The number of
the 28U nuclei Ny was 2.064 x 10Y (£0.45%) measured
utilizing its « activity [8]. The samples can be replaced
through rotating the knob below the ionization chamber
without opening it [6]. Apart from the measured samples,
the other samples were shielded by aluminum plates of the
cathode in both the forward (0°-90°) and the backward (90°—
180°) directions with respect to the deuteron beam axis [9].
The charged particles emitted from the measured samples
in both the forward and the backward directions can be
measured. The measured samples were at 0° with respect
to the deuteron beam axis departing from the center of the
deuterium gas target by 16.5 cm. The cathode-anode two-
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FIG. 1. Sketch of the experimental setup.

dimensional spectra of the cathode-anode coincidence signals
in the forward and the backward directions were separately
recorded. The data acquisition system (DAQS) was introduced
in Ref. [10].

A BFj long counter, details of which were presented in
Ref. [11], located at 0° with respect to the deuteron beam axis,
was used to monitor the relative neutron fluence. The outer
radius of the BF3 long counter was 27 mm and the length of
it was 300 mm. The BF; long counter was surrounded by a
moderator with radius of 350 mm and length of 400 mm, and
a cadmium plate 0.5 mm in thickness was mounted at the front
face of the counter. The distance between the front face of the
BF; long counter and the center of the gas target was about
3.0 m.

B. Process of the measurements

The experiments were conducted at five neutron energy
points in 4.0-6.0 MeV region. At each energy point, five runs
of measurements were executed. First, the experimental setup
was calibrated using the four-peaks «-sources. Second, the
back-to-back 2MgO samples were measured (foreground).
Third, the back-to-back Ta backings were measured (back-
ground). Fourth, the 38U(n, f) events were detected to cal-
ibrate the absolute neutron fluence. Finally, the experimental
setup was calibrated again to check the stability of it. The rel-
ative neutron fluence was monitored by the BF; long counter
for all runs apart from the two runs of calibrations. The beam
duration ranged from 10-16 h for each energy point and the
total beam duration was about 65 h.

III. DATA PROCESSING AND THE RESULTS

After the measurements, the data were processed in six
steps. First, the calibration of the experimental setup was
executed to decide the effective area of the o events and to
determine the corresponding energy of each anode channel.
Second, the background was deducted to obtain the net o
events emitted from the 2>MgO samples. Third and fourth,
the simulation of the « events emitted from the O(n, «)C and

BMg(n, a)**Ne reactions were performed to decide the mea-
surement threshold and the detection efficiency, separately.
Fifth, the calibration of the neutron fluence using >*U(n, f)
reaction was processed. Finally, the corresponding cross sec-
tions were determined.

A. Calibration of the experimental setup

The calibration using the four-peaks « sources determined
not only the effective area of the « events in the cathode-anode
two-dimensional spectra, but also the corresponding energy of
each anode channel. Examples of the calibration results are
shown in Figs. 2 and 3. The cathode-anode two-dimensional
spectra measured in the forward and the backward directions
are shown in Fig. 2. The areas between the two dashed curves
in Fig. 2 are the effective areas of the o events emitted
from the 2Mg(n, «)**Ne reaction. Considering the energy
resolution of the experimental setup, the area between the two
dashed curves is wider than that between the 0° curve and the
90° line as shown in Fig. 2. The relationships between the
anode channel numbers and the corresponding energies are
presented in Fig. 3.

B. Background deduction

To obtain the « events emitted from the 25Mg(n, a)?Ne
reaction, the backgrounds must be deducted from the fore-
grounds in both the forward and the backward directions. The
relative neutron fluence monitored by the BF; long counter
was used for normalization. Examples of the results after
backgrounds deduction are illustrated in Fig. 4. The events
within the effective areas (between the two dashed curves in
Fig. 4) were projected to get the anode spectra as shown in
Fig. 5.

C. Interferences of the events emitted from
the O(n, o)C reaction

In Fig. 5, the net event was obtained using the counts
from the measurement of the >MgO samples (foreground)
deducting that from the measurement of the Ta back-
ings (background), i.e., the o events generated through the
25Mg(n, @)®*Ne and the O(n, «)C reactions. Thus the mea-
surement threshold must be carefully chosen to exclude the
interferences of the o events emitted from the O(n, a)C
reaction. To do this, the anode spectra of the « events emitted
from the O(n, a)C reaction should be decided first. In the
present work, the O was assumed only consisted of 1°0, which
will not bring noticeable deviations because the abundance of
150 was as high as 99.8% [3] and the (n, «) reaction cross
sections for 7O (abundance < 0.1%) and 30 (abundance ~
0.2%) were not big in this neutron energy region. The angular
differential cross sections of the '°O(n, «)'*C reaction with

TABLE 1. Details of the MgO samples.

Direction Enrichment Radius (mm) Mg nucleus number Backing
Forward 98.6% 22.0 1.623 x 102 (£5%) Ta plate 0.1 mm in thickness
Backward 98.6% 22.0 1.580 x 10% (£5%) Ta plate 0.1 mm in thickness
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FIG. 2. The cathode-anode two-dimensional spectra of the four-peaks « sources in the forward (left) and the backward (right) directions.
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FIG. 3. The relationships between the anode channel numbers and the corresponding energies in the forward (left) and the backward (right)
directions.
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FIG. 4. The cathode-anode two-dimensional spectra after the background deduction in the forward (left) and the backward (right) directions
for the measurement at £, = 4.0 MeV.
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FIG. 5. The anode spectra of the events in the forward (left) and the backward (right) directions for the measurement at £, = 4.0 MeV.
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FIG. 6. The anode spectra of the events in the forward (left) and the backward (right) directions for the measurement at E, = 4.0 MeV.
The dotted line is the measured one. The dashed line and the dash-dotted line are the simulated ones with and without adjusting the cross

section of the Mg(n, o )2 Ne reaction (x0.30), separately.

the residual '*C in different excited states were calculated
using TALYS-1.8 code [12]. Then, the anode spectra of the «
events emitted from the '°O(n, «)'>C reaction were simulated
with Monte Carlo method in which the wall effect of the
sample position well [9] was considered.

The Monte Carlo simulation was similar to that described
in Ref. [9]. In the simulation, the o events emitted from
the '°O(n, «)'*C reaction with the residual '*C in different
excited states were processed one by one. Besides the angular
differential cross sections of the '°O(n, «)'*C reaction calcu-
lated by TALYS-1.8 code [12], the stopping powers calculated
by SRIM-2013 code [13] were also utilized. It should be
pointed out that the counts of the simulated anode spectra
may be higher or lower than the measurements because the
calculated cross section of the 16O(n,oz)BC reaction may
be inaccurate, so each of the simulated anode spectra was
multiplied by a factor to fit the measurements. Examples of
the simulated results are presented in Fig. 5 as “Simulation
- 1%0(n, a)”. Although the working gas contains 60, it was
not considered here because the related interferences can be
deducted in background deduction.
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FIG. 7. The anode spectra of the fission fragments. The solid line
is the measured one and the dashed line is the simulated one.

D. Detection efficiency of the events emitted
from the Mg (n, a)**Ne reaction

Because not all the « events emitted from the
25Mg(n, a)zzNe reaction can be detected, the detection
efficiency must be decided to calculate the total number
of the o events. With the simulated anode spectra of
the o events emitted from the '°O(n, «)'*C reaction, the
measurement threshold, which was higher than the region
of the o events emitted from the '°O(n, «)'3C reaction to
exclude their interferences, was decided as shown in Fig. 5.
In addition, because the enrichment of Mg was 98.6%, the
enrichment of >*Mg was about 1.4%. Since the Q value of the
1%0(n, a)!3C reaction (-2.21 MeV) was higher than that of
the 2*Mg(n, a)*'Ne reaction (—2.55 MeV), the interferences
of the **Mg(n, )*'Ne reaction were also excluded by the
measurement threshold.

Being similar to the simulation of the o events emitted
from the '°O(n, @)!*C reaction, the anode spectra of the «
events emitted from the 25Mg(n, a)®Ne reaction were also
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FIG. 8. Present cross sections of the *Mg(n, «)**Ne reaction
compared with existing measurements, evaluations and TALYS-1.8
code calculations. The data of Lavielle is taken from Ref. [2], and
the evaluations are taken from ENDF library [5].
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simulated using the Monte Carlo simulations. Examples of
the simulated results are shown in Fig. 5 as “Simulation -
Mg(n, a)”. Tt should be pointed out that, in the simulation,
the calculated cross section of the Mg (n, a)**Ne reaction
was multiplied by a factor to match the measurement. As
examples, the differences with and without adjusting the cross
section of the Mg (n, a)**Ne reaction are shown in Fig. 6.
With the simulated anode spectra of the o events emitted
from the 2>Mg(n, o)**Ne reaction, the detection efficiency &,
(58%—73%) of the o events above the measurement threshold
can be decided. So, the total number of the « events N, can be
obtained as N4y /&, Where the Ny, was the detected number
of the « events above the measurement threshold.

E. Neutron fluence calibration using the 28U(n, f) reaction

In the present work, a B8y sample was used to calibrate
the neutron fluence. The neutron fluence Ngys during the
measurement of the 228U (n, f) reaction can be decided as

ey

where Nyt is the detected fission events, oy is the cross section
of the >®U(n, f) reaction taken from the Neutron Cross-
section Standards [14], Ny is the 2**U nucleus number, and
&r is the detection efficiency.

In the present work, the detection efficient ¢; was obtained
using Monte Carlo simulation details of which can be seen
in Ref. [8]. In the simulation, the fission products yields
taken from ENDF/B-VIL1 library [15], the energies of the
fission fragments as a function of their masses published by
Birgersson [16], and the stopping powers calculated using
SRIM-2013 code [13] were used. The measured and simulated
anode spectra of the fission fragments are shown in Fig. 7.
Then, the detection efficiency & (about 80%) above the
measurement threshold can be determined. So, the neutron
fluence through the >*®U sample Ny, can be decided using
Eq. (1). With the counts of the BF3; long counter during the
measurement of the 2>MgO samples Np,, and that of the 23U
sample Ny, the neutron fluence through the 2>MgO samples
Niue during the measurement of the MgO samples can be
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TABLE II. The measured cross sections of the 2 Mg(n, a)zzNe
and the ®Mg(n, ap)**Ne reactions.

E, (MeV) BMg(n, o)*Ne (mb) BMg(n, ag)?*Ne (mb)
40402 22.32£3.03 5.82+0.86
4540.2 26.71 £2.62 9.37 +1.06
5.0+0.1 29.31 4+ 6.09 12.35+2.19
5.540.1 37.47+£2.79 10.53 £ 0.75
6.0+0.1 39.46 +3.18 13.78 £ 1.24
decided as

Np

Nﬂua = Nﬂuf u . (2)
Ny

F. Calculation of the cross sections and the results

With the number of the 2 Mg nuclei Ny, the total counts
of the o events N, and the neutron fluence through the
ZMgO samples Ny, in Eq. (2), the cross section of the
% Mg(n, «)**Ne reaction o, can be decided as

_ NuyNgNgaes

= —————0¢ 3
Nmg No Nireo

Oy

The present cross sections are illustrated in Fig. 8 and
Table II, and the uncertainty analysis of the measurement is
presented in Table III.

As shown in Fig. 8, apart from the present results, only
two data points measured by Lavielle [2], which was con-
ducted through measuring the production of **Ne using a
mass spectrometer, are included in the EXFOR library [4].
However, no evaluation goes through both of these two data
points. The present cross sections are much lower than the
only existing results. The tendency of the present results is
different from all the evaluations, and except for CENDL-3.1,
all the evaluations and the calculation (calculated by TALYS-
1.8 code [12] with default input parameters) are higher than
the present measurements. Since the related data are scarce,
to obtain a reliable 25Mg(n, a)?Ne excitation function, more
measurements and improved evaluations are demanded.
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FIG. 9. The anode spectra of the events in the forward (left) and the backward (right) directions for the measurement at £, = 4.0 MeV.
The dotted line is the measured one, the dashed line and the dash-dotted line are the simulated results of the Mg(n, a)**Ne and the
2 Mg(n, ay )?2Ne reactions, separately, and the solid line is the summation of the dashed line and the dash-dotted line.
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TABLE III. The sources of the uncertainty.

Sources of the uncertainty

Magnitude (%)

ZSMg(n, «)**Ne ZSMg(n, o) Ne

Ny, the number of the >*U nuclei.

Npg, the number of the Mg nuclei.

N3z / Ny, the ratio of the count of the BF; long
counter during the measurement of the **U
sample over that during the measurement of

the MgO samples.
Ny, the detected counts of the o events.
Ngs, the detected fission events.

&g, the detection efficiency of the fission events.

&« the detection efficiency of the o events.

ot, the cross section of the 238U(n, f) reaction.

Total

0.5
3.5-3.6
2.3-5.8

5.9-12.9 5.5-9.5
0.5-0.6
1.0-1.1
0.5-14.7

0.7-0.9

7.4-20.8 7.1-17.8

With the similar processing method to determine the cross
section of the ZSMg(n, a)zzNe reaction, the cross section of
the 2Mg(n, a)**Ne reaction can be obtained by setting a
measurement threshold, which can exclude the interferences
of the 2Mg(n, a;)**Ne reaction as illustrated in Fig. 9. The
obtained cross sections of the 2Mg(n, ap)**Ne reaction are
illustrated in Fig. 10 and Table II, and the uncertainty is
presented in Table III. In Fig. 10, the data of Ashery [17]
and Wolke [18] are characterized by “Detailed balance” be-
cause the original measured cross sections are those of the
2Ne(a, n9)**Mg reaction. Using the detailed balance princi-
ple [19], the cross sections are transformed into those of the
% Mg(n, o )?2Ne reaction.

40
------------- TENDL-2008
— 1 Talys-1.8
o = Detailed balance - D. Ashery (1969)
E390 + Detailed balance - K. Wolke (1989)
[ * Present : 008
.9 0.06
g 204 ' 0.04
0
7
8
O 101
0

15

FIG. 10. Present cross sections of the 2Mg(n, a)?’Ne reaction
compared with existing measurements, evaluations and TALYS-1.8
code calculations. The data of Ashery and Wolke are taken from
Refs. [17,18]. Because the original cross sections in Refs. [17,18]
are those of the ?Ne(a, n9)*Mg reaction, the results, which are
calculated according to the detailed balance principle, are char-
acterized by “Detailed balance”. TENDL-2008 is taken from ENDF
library [5].

As shown in Fig. 10, all the measured cross sections are
significantly fluctuating, which means that the resonance may
play an important role for this reaction channel in this energy
region. Although the present results seem to be lower than
those measured by Ashergy [17], this may also be caused
by the resonance and their difference is smaller than the
amplitude of the fluctuation of Ashergy [17]. Since the energy
region of Ashergy and that of the present measurement are
not overlapped, there may not be an experimental discrepancy.
Furthermore, the results of TENDL-2008 and the calculation
using TALYS-1.8 code (with default input parameter) are dif-
ferent from the present measurement both in magnitude and
in tendency.

IV. CONCLUSIONS

In the present work, cross sections of the 25 Mg(n, ot)zzNe
and the Mg(n, ap)**Ne reactions were measured at five
neutron energy points in the 4.0-6.0 MeV region. The present
results are helpful to constrain the excitation functions of the
BMg(n, «)**Ne and the »Mg(n, ap)**Ne reactions, and so
that they are useful in the content evaluation of the *Ne in
meteoroids. According to the detailed balance principle, the
present results can also provide some information about the
22Ne(a, n)*Mg reaction, which is one of the main neutron
sources for the astrophysical s process. In addition, the present
results are different from all existing evaluations and the
TALYS-1.8 calculations both in magnitude and in tendency,
which indicates that further measurements and improved eval-
uations are demanded.
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