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Neutron emission data of the (o,xn) reactions were evaluated in the incident
o-particle energy region below 15 MeV for nuclides important mainly in nuclear
fuel-cycle applications, namely, 6’7Li, 9Be, 10’HB, 12’13C, 14’ISN, 17’180, 19F, 23Na, 2"Al and
282930Gi.  The evaluation was performed on the basis of available experimental data
and nuclear model calculations. The evaluated nuclear data were compiled in the
ENDF-6 format, and released in June 2005 as JENDL (a,n) Reaction Data File 2005
(JENDL/AN-2005) which is one of JENDL special-purpose files. This report
describes evaluation methods and the results on evaluated cross sections and angular-

and energy-distributions of emitted neutrons.
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1. Introduction

Nuclear data on neutron-production reactions induced by o-particles are required
in the fields of design and operation of nuclear fuel-cycle facilities. Strong a-particles
are emitted from trans-uranium nuclides accumulated in irradiated nuclear fuel, and
neutrons are produced by the (a,xn) reactions on the light elements which are around
the fuel. Intensity of emitted neutrons should be estimated for the safe transportation,
storage and reprocessing of spent fuel. Therefore, the (a,xn) reaction data play a
significant role from the viewpoints of radiation shielding and criticality safety. The
present work was undertaken to provide reliable data on (a,xn) reactions in the ENDF-6
format" for the development of nuclear fuel-cycle systems.

In the present report, evaluations of nuclear data, such as neutron production cross
sections and emitted neutron energy spectra by oa-particle irradiation, are described for
17 nuclides: *’Li, *Be, '*!'B, >PC, PN, '"1*0, "°F, *Na, *’Al and *****Si in the

o-particle energy region below 15 MeV.

2. Evaluation Methods
2.1 Resonance Analysis

Experimental neutron production cross sections for the (o,xn) reaction show
resonance structures in the incident a-particle energy region below several MeV and are
analyzed with a resonance formula. In the present evaluation work, resonance analysis
was made for two purposes. The first purpose is to smooth out the fluctuation of
experimental cross sections and to obtain smooth evaluated cross section. For this
purpose, the single-level Breit-Wigner formula with energy dependent a-particle and
neutron widths is employed. Energy dependence of the width is calculated with the
centrifugal barrier penetration factors.  The single-level formula cannot yield
resonance interference and needs corrections by tracing experimental cross sections in
some interference region. The second purpose is to obtain resonance parameters and
calculate angular distributions of emitted neutrons. A general many-channel
multi-level R-matrix formula is applied to do this, although experimental data are
required for every open channel. However, in many of the present cases, only
neutron-production cross sections are available and the general R-matrix formula is not
applicable. Thus, an approximated R-matrix analysis was employed in the present
work.

Under the assumption that the same spin-parity resonance levels have the same
ratio of reduced-width amplitudes between reaction channels, the collision matrix is
given byz)
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Zirﬂcl/zrﬂc'l/z /(Eﬂ - E)

UZ. =expli(w, - ¢)]| 6. + explilw, - 4], (1)

J

A
1+ (A, —iT, /2)(E, - E)
A

where notations are given in the paper by Lane and Thomas®. The general R-matrix

theory requires all cross section data of relevant channels, but the above formula can be
applied to partial cross section data such as the (a,n;) reaction leaving a residual nucleus
in the i-th excited state. The reaction cross section is calculated using the collision
matrix, i.e.,

T 2J+1 |UJ2

T =2 £a Q1 v 2L, + 1)
a S8 1 2

for a#a', 2)

and angular distribution of emitted particles is given by

k—z
do . = “ B, (a's';as)P, (cos 0)dQ2, 3
w =2 Gy 2B (@5 (cos0) 3)
B, (a's";as) = (_2 Mt Z(L LT, LY x TP Z (1 L T, s L)
L LLL !

J * J
X Re[(Ua'ls'll ‘asl, ) x U .

a's'ly'asl,

] fora#a' “4)

The ARESCAL code was developed to analyze resonance cross sections in this
approximation.

2.2. Multistep Statistical Model

Total neutron-production cross section is divided into reaction-wise cross sections
using the statistical multistep-reaction code mEXIFON®, which is a modified version of
the EXIFON code”. Modification was made to include deuteron, triton and He
emissions. The code is capable of calculating cross sections and continuous
double-differential spectra of emitted particles with the Kalbach systematicsﬁ). Since
the continuous level density is assumed in the code, discrete levels of a nucleus cannot
be dealt with. Partial (a,n;) cross sections are calculated using the branching ratios
described below. For other neutron-emission reactions, such as (a,pn) and (o,0’n)
reactions, no partial cross section to a discrete level was calculated, because these
reactions proceed predominantly through three-body break up or cascade reaction for
light nuclei. In a three-body break up reaction, energy spectra of emitted neutrons are
continuous. In a cascade reaction, the residual nucleus after neutron emission is highly
excited with a broad level-width in light nuclei and emitted neutrons exhibit continuous
energy-spectra.

The other multistep statistical code used in the present work for F, Na, Al and Si is
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the EGNASH-2 code”, which is equipped with level scheme data and level density
parameters and can calculate cross sections for discrete levels.

Evaluation of each reaction cross section was made by multiplying the evaluated
neutron-production cross section G, prd minus other cross sections ., evaluated based
on experimental data by the cross-section ratio R; calculated with the mEXIFON or

EGNASH-2 code:

o . =(o

a,x;n

O-ex)>< Ri 2 (5)

n, prod -

where R; is defined as a ratio of the calculated (a,xin) cross section to the calculated
neutron-production cross sections minus Gex. When partial cross sections G p; for the
(a,n;) reactions of which experimental data are not available, the cross sections are
evaluated by multiplying the evaluated cross section o, of the (a,n) reaction by a

branching ratio B;. The quantity o, is given by

CR =0, =D, Oy s (6)
i

where o, is the evaluated cross section based on experimental data or other methods

such as detailed balance of the inverse reaction. The branching ratio B; for the (o.,n;)
reaction is given by

B(E,)=T,/2 T, (7)

where I stands for a partial width for the (o,ng) reaction. Assuming constant reduced
width, the ratio can be written by

])/(j) (En)

B,(E,)= ,
' > P (B, + [ P (B, )P, (E)dE,
k

®)

where P, (E,,) is the centrifugal barrier penetration factor of neutron of which energy
is E , with the k-th level of the residual nucleus and orbital angular momentum £(%).
The integral term expresses final continuum states and p, (£ ) is the normalized level
density® of spin-parity designated by m and an excitation energy E\

2.3 Inverse-reaction Cross-Section
The detailed balance principle relates the A(a,b)B reaction cross section with the
B(b,a)A reaction cross section:

O samys ﬁ(le +1) (21, +1)

_k | ©
O-B(b,a)A ka (21A + 1) (21a + 1)

where k&, and k; are the wave numbers of incident and outgoing particles a and b, and [,
Iy, 14, I spins of particles a and b and nuclei 4 and B, respectively. In the present case,
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the A(o,ng)B reaction cross section is obtained from the B(n,0)A4 reaction cross section
using Eq.(9).

2.4 Thick-target Neutron Yield

Generally speaking, thick-target neutron yields are measured with higher accuracy
than neutron production cross sections of thin targets. Therefore, it is possible to
adjust neutron production cross section so as to reproduce measured thick-target neutron
yields. Thick-target neutron yields were measured by Bair et al.”'” and West and
Sherwood'" for many elements.

Using neutron production cross section Gyprd, thick-target neutron yields for
incident a-particle energy E, are calculated by

E(l
Y(E)=N,["o

n.prod

(E)/ |dE / dx|dE (neutrons/a-particle) , (10)

where N7 is the atomic density of a target nucleus, and dE/dx is the stopping power of

the target for a-particles and given in Ziegler’s table'?.

3. Lithium
3.1 6Li(oc,xn) Reaction
3.1.1 Basic Data
The reaction Q-values and threshold energies are given in Table 1 for the neutron
emission reactions on °Li by a-particle bombardment.

Table 1 Q-values and threshold energies of the °Li(o.,xn) reactions

Reaction Q-value (MeV) Threshold Energy (MeV)

SLi(o,n)’B -3.974 6.618
SLi(a,pn)*Be -3.789 6.310
*Li(o,o’n)’Li -5.663 9.431

The level scheme of *B in the present work is given in Table 2. The levels above
4.8 MeV are assumed to be continuum. Continuous levels are assumed for *Be and
5y -
Li.

Table 2 Level scheme of °B

Level Ex(MeV) Spin-Parity

GS 0.0 3/2-

Ist 1.600 1/2+
2nd 2.361 5/2-
3rd 2.788 52+
4th 4.800 32+
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3.1.2. Experimental Data

Relative excitation function of neutron production was measured by Mehta et al.'”
at a forward angle (0+/-7deg.) in the incident a-particle energy E, from threshold to 15
MeV. They also measured angular distributions at E, = 10, 12 and 14 MeV.
Bochkarev et al.'"¥ measured the (o.,no) differential cross sections for several angles at
E,= 8.6 and 11.2 MeV, and then deduced the (a,ng) reaction cross section at E,= 8.6,
and the (a,np), (a,n;) and (o,ny) reaction cross sections at E, =11.2 MeV.

Thick-target neutron yields were measured by Bair and Gomez del Campo®’ in the

energy region E,; = 6.0 ~ 9.0 MeV.

3.1.3 Evaluation

(1) Neutron-production Cross Section (MF=3; MT=201)

1. 13)

Relative excitation function measured by Mehta et a was converted to neutron

production cross section by applying smoothly energy-dependent factors which were
determined to reproduce thick-target neutron yield data of Bair and Gomez del

9)

Campo.” Calculated thick-target neutron yields are shown in Fig. 1 together with

experimental data.
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Fig. 1 Thick-target neutron yield of °Li bombarded by o-particles. Relative forward angle

13)

excitation functions measured by Mehta et al. ~ were normalized and adjusted to reproduce the

thick-target neutron yields measured by Bair and Gomez del Campo”.

(2) Cross Sections for the (a,n), (a,pn) and (o,0’n) Reactions (MF=3; MT=4,
MT=28 and MT=22)
The cross sections for the (a,n), (a,pn) and (a,a’n) reactions were obtained by
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multiplying the neutron-production cross section by individual cross-section ratios
calculated with the mEXIFON code.” The evaluated cross sections are shown in Fig.
2 compared with the neutron-production cross section deduced from the experimental
data by Mehta et al.'”  The (o,0’n) reaction cross section was found to be very small,
and it is not shown in the figure.

(3) Partial Cross Sections for the (a,n;) Reactions (i=0,1,2,3 and continuum)
(MF=3; MT=50, MT=51, MT=52, MT=53 and MT=91)

The (o,n) reaction cross section was divided into cross sections for partial
reactions which leave residual nuclei in different excited states by applying the
branching ratio calculated with Eq. (8). The evaluated cross sections are compared
with the experimental values of Bochkarev et al.'* in Fig. 3.

(4) Energy-angle Distribution of Emitted Neutrons (MF=6; MT=4, MT=22,
MT=28)

Relative angular distributions of emitted neutrons measured by Mehta et al.'” at
E, = 10.0, 12.0 and 14.0 MeV are well reproduced with the Kalbach systematics®.
The pre-compound fraction which is required in the Kalbach systematics was obtained
from the mEXIFON code.” As an example, Fig. 4 shows a comparison of calculated
and experimental angular distributions at E, = 10.0 MeV. Figure 5 shows energy
spectra of emitted neutrons in the c.m. system. These spectra include contributions of
discrete neutrons emitted by the partial (o.,n;) reactions.
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S 0.1F
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@) L
O 1
S 10 15

Inc.Alpha Particle Energy (lab.MeV)

Fig.2 Neutron-production cross sections of °Li bombarded by a-particles. Breakdown of the
cross section is shown by dashed lines, although the (o,0’n) reaction cross section is not shown
since it is very small as compared with other cross sections.
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Fig. 5 Calculated energy spectra of neutrons emitted by a-particle bombardment of °Li.

Normalization of spectra was made for each incident a-particle energy E,,.

3.2. 7Li(oc,xn) Reaction
3.2.1 Basic Data

The reaction Q-values and threshold energies are given in Table 3 for the neutron
emission reactions on 'Li by a-particle bombardment.

Table 3 Q-values and threshold energies of the "Li(a,xn) reactions

Reaction Q-value (MeV) Threshold Energy (MeV)
"Li(o,n)'°B -2.790 4382
"Li(a,pn)’Be -9.375 14.723
"Li(o,,dn)*Be -8.816 13.846
"Li(o,,00n)°Li -7.251 11.388

The level scheme of '’B used in the present work is given in Table 4. The levels
above 4.774 MeV are assumed to be continuum. Continuous levels are assumed for
other residual nuclei.
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Table 4 Level scheme of '°B

Level Ex(MeV) Spin-Parity
GS 0.0 3+
Ist 0.718 1+
2nd 1.740 0+
3rd 2.154 1+
4th 3.587 2+
Sth 4.774 3+

3.2.2 Experimental Data

Gibbons and Macklin'> measured the neutron-production cross section in the
incident a-particle energy range E, < 8.2MeV. Differential cross sections for the
(a,np), (a,n;) and (a,ny) reactions were measured by Van der Zwan and Geigerlﬁ) atEy,=
4.5 ~ 8.0MeV. Mehta et al."’ measured the differential cross sections for neutron
production in the energy range E, = threshold ~ 15MeV at a forward angle (0+/-15deg.).
Sealock et al.'” measured neutron-production differential cross section at E, < 5.1 MeV,
and deduced angle-integrated neutron-production cross section. Olson and
Kavanagh'® measured neutron-production cross section at Eo, < 5.7 MeV.

Thick-target neutron yields were measured by Bair and Gomez del Campo® in the
energy region E,=3.5 ~ 9.0 MeV.

3.2.3 Evaluation
(1) Neutron-production Cross Section (MF=3; MT=201)

In the energy range E, < 5.5 MeV, only the (a,ng) channel is open, and the most
16)

2

reliable experimental cross section data would be those of Van der Zwan and Geiger
who measured the energy spectra of emitted neutrons. In the energy region E, = 5.5 ~
8.2 MeV, neutron-production cross sections measured by Gibbons and Macklin'> are
only available. In the energy region E,= 8 ~ 15 MeV, differential cross sections at a
forward angle measured by Mehta et al."” were converted to neutron-production cross
section by applying smoothly energy-dependent factors which were determined to
reproduce thick-target neutron yield data of Bair and Gomez del Campo’. The
calculated thick-target neutron yields are shown in Fig. 6 compared with experimental
data. Figure 7 shows the evaluated neutron-production cross section together with the

experimental data by Gibbons and Macklin'> and by Mehta et al."”

(2) Cross Sections for the (a,n), (a,pn), (a,dn) and (a,0.’n) Reactions (MF=3; MT=4,
MT=28, MT=32 and MT=22)

The cross sections for the (a,n), (a,pn), (a,dn), and (o,0’n) reactions were
obtained by multiplying the neutron production cross section by individual cross-section
ratios calculated with the mEXIFON code.” The calculated cross sections for the
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(a,pn) and (o,dn) reactions were found to be fairly small and ignored in the present
evaluation. The (a,0’n) reaction cross sections are also small and not shown in Fig. 7.

(3) Partial Cross Sections for the (o,n;) Reactions (i=0,1,2,3,4 and continuum)
(MF=3; MT=50, MT=51, MT=52, MT=53, MT=54 and MT=91)

The (a,n) reaction cross section was divided into partial cross sections by applying
the branching ratio calculated with Eq. (8). The evaluated (a,ng) and (a,n;) cross
sections are compared with the experimental cross sections measured by Van der Zwan
and Geigerlﬁ) in Fig. 8.

(4) Energy-angle Distribution of Emitted Neutrons (MF=6; MT=4, MT=22)
Double-differential energy-angle distributions of emitted neutrons were calculated

with the mEXIFON code® and represented by using the Kalbach systematics®. Figure

9 shows energy spectra of emitted neutrons in the c.m. system. These spectra include

contributions of discrete neutrons emitted by the partial (o,n;) reactions.
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Fig. 6 Calculated thick-target neutron yield of ’Li bombarded by a-particles together with the
experimental values measured by Bair and Gomez del Campo”’.
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Fig. 9 Calculated energy spectra of neutrons emitted by a-particle bombardment of 'Li.

Normalization of spectra was made for each incident a-particle energy E,,.

3.3 Discussion
®Li(o.xn) Reaction

Competing with the (o,pn) reaction, the presently evaluated (a,n) cross section
decreases drastically near E, = 10 MeV and increases slowly for E, >10 MeV. This
tendency seems to be somewhat unnatural. A discrepancy is seen between the
calculations and experiments in Fig. 3. Re-evaluation of the breakdown of neutron
production cross section seems to be necessary. Experimental angular distributions of
emitted neutrons by the °Li(a,xn) reactions show a strong forward peak in the incident
o-particle energy region E,>10 MeV. In this region, most of neutron emission is
caused by the reaction (o,pn) reaction. This may indicate that the reaction occurs
through the direct reaction mechanism with the clustering of *“He+D in the ground state
of °Li and the deuteron recoiled by an incident a-particle is dissociated into n-+p.
"Li(o.xn) Reaction

Though neutron angular distributions of the (o,ng) and (o,n;) reactions were
measured by Van der Zwan and Geigerlé), no evaluation was made for these quantities
in the present work. Resonance analysis should be made in detail for the evaluation of
angular distributions.

4. Beryllium
4.1 °Be(a,xn) Reaction
4.1.1 Basic Data
The reaction Q-values and threshold energies are given in Table 5 for the neutron
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emission reactions on °Be by a-particle bombardment.

Table 5 Q-values and threshold energies of the *Be(a.,xn) reactions

Reaction Q-value (MeV) Threshold Energy (MeV)
Be(a,n)'*C +5.701 0.0
’Be(a,0’n)*Be -1.665 2.405

The level scheme of '2C used in the present work is given in Table 6. The levels
above 10.3 MeV are assumed to be continuum. Continuous levels are assumed for
8
Be.

Table 6 Level scheme of °C

Level Ex(MeV) Spin-Parity
GS 0.0 0+
Ist 4.439 2+
2nd 7.654 0+
3rd 9.641 3-
4th 10.3 0+

4.1.2 Experimental Data

Gibbons and Macklin'® measured neutron-production cross section in the energy
range Eq= 1.7 ~ 10.3 MeV. Van der Zwan and Geiger’” measured differential cross
sections for the (a,ng), (a,n;) and (o,ny) reactions and deduced cross sections for these
reactions at E,= 1.5 ~ 7.8 MeV. Obst et al.2! measured differential cross sections for
the (a,ng), (a,n;) and (o,ny) reactions at E,= 1.7 ~ 6.4 MeV. They also measured the
double-differential cross sections for the (a,a’n) reaction and deduced the reaction cross
section which corresponds to the emission of neutrons of which energy is greater than
0.5 MeV. In low energy region E, = 150 keV ~ 1.2 MeV, Wrean et al.”? measured
neutron-production cross sections at fine energy intervals. Cross-section
measurements were also made by Kunz et al.*® for the (a,no) and (a,n) reactions at E,
=366 keV ~ 3.552 MeV.

Thick-target neutron yields were measured by Bair and Gomez del Campo” in the
energy region E,=3.0 ~ 9.0 MeV. The yields were also measured by West and
Sherwood'" in the energy range E4=4.0 ~ 10.8 MeV.

4.1.3 Evaluation
(1) Neutron-production Cross Section (MF=3; MT=201)

The neutron-production cross section was evaluated based on the experimental
data by Gibbons and Macklin'” in the energy range E,= 1.7 ~ 10 MeV, and on the data
by Wrean et al. ® and by Kunz et al. > in E,< 3.5 MeV. In the energy region above



JAEA-Research 2006-052

10 MeV, the cross section was calculated with the mEXIFON code?. Normalization
was made so that the calculations could reproduce experimental data below 10 MeV.
Furthermore, the cross section was modified so as to reproduce experimental
thick-target neutron yields. Figure 10 shows the evaluated neutron-production cross
section and (a,a’n) cross section together with experimental data. The calculated
thick-target neutron yields are shown in Fig. 11.

(2) Cross Sections for the (a,n) and (a,a’n) Reactions (MF=3; MT=4 and
MT=22)
The (a,a’n) reaction cross section calculated with the mEXIFON code® was

normalized to the experimental data measured by Obst et al. "

The (a,n) reaction
cross section was obtained by subtracting the (a,a’n) reaction cross section from the

neutron production cross section.

(3) Partial Cross Sections for the (o,n;) Reactions (i=0,1,2,3 and continuum)
(MF=3; MT=50, MT=51, MT=52, MT=53 and MT=91)

The (a,n) reaction cross section was divided into partial cross sections by the
experimental ratios obtained from the data of Van der Zwan and Geiger™ at E, < 7.8
MeV. In the energy region E, > 7 MeV, the (a,ng) cross section was determined from
the cross section for the inverse reaction 12C(n,oco)gBe in JENDL-3.2*Y. Resonance
analyses were made for these cross sections and the cross sections were calculated
above 7.8 MeV with the same resonance parameters obtained. The cross section to the
continuum final state was obtained by subtracting other partial cross sections from the
total (a,n) reaction cross section. The evaluated partial (o,n;) cross sections are shown
in Fig. 12 together with experimental data.

(4) Energy-angle Distribution of Emitted Neutrons (MF=6; MT=22, MT=50, 51, 52,
53,91)

Energy-angle distributions of emitted neutrons by the (a,a’n) reaction were
calculated with the mEXIFON code” and represented by using the Kalbach
systematics6). The calculated neutron spectra for the (a,0’n) reaction are illustrated in
Fig. 13. Those for the (o, n) reaction to continuum states were also given by the
Kalbach systematics.

Angular distributions of neutrons emitted from discrete levels were given in the
form of Legendre-polynomial expansion coefficients which were obtained using the
experimental angular distributions measured by Obst et al.>" in the energy region where
experimental data are available. In the energy region where the experimental data are
not available, Legendre coefficients were calculated using the resonance parameters
obtained in the previous subsection.
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Fig. 10 Evaluated neutron-production cross section of Be bombarded by o-particles together
with experimental values. The evaluated cross section for (a,0’n) reaction is also compared
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Fig. 13  Calculated energy spectra of emitted neutrons by the °Be(o,o’'n) reaction.

Normalization of spectra was made for each incident a-particle energy Ea.
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4.2 Discussion

Neutron energy spectra from an **'Am-Be neutron source were measured by
Marsh et al.* with a high resolution *He sandwich spectrometer. The spectra reflect
individual cross sections for the °Be(o.xn) reactions and emitted neutron angular
distributions, and should be analyzed as an integral test of these quantities below E, =
5.5 MeV. Harano et al.”® are analyzing the spectra by using a newly developed code
and the presently evaluated data. As a result of the analysis, some improvements of
the evaluated data might be necessary.

5. Boron
51 10B(oc,xn) Reaction
5.1.1 Basic Data

The reaction Q-values and threshold energies are given in Table 7 for the neutron
emission reactions on '°B by a-particle bombardment.

The level scheme of "°N used in the present work is given in Table 8. The levels
above 6.885 MeV are assumed to be continuum. Continuous levels are assumed for
other residual nuclei.

Table 7 Q-values and threshold energies of the '’B(o.,xn) reactions

Reaction Q-value (MeV) Threshold Energy (MeV)
""B(a,n)°N +1.059 0.0
"B(a,pn)'*C -0.885 1.238
""B(a,0’n)’B -8.436 11.809

Table 8 Level scheme of °N

Level Ex(MeV) Spin-Parity

GS 0.0 1/2-

Ist 2.365 1/2+
2nd 3.511 3/2-
3rd 3.547 5/2+
4th 6.364 5/2+

5.1.2 Experimental Data

Gibbons and Macklin'> measured neutron-production cross section in the incident
energy range E, = 2.55 ~ 4.83 MeV. Van der Zwan and Geiger27) measured the (a,ny),
(a,np) and (o,ny+n3) differential cross sections at 2 or 3 angles in the energy range E, =
1.0 ~5.0 MeV.

Thick-target neutron yields were measured by Bair and Gomez del Campo” in the
energy region E,=3.5to 7.5 MeV. Roughton et al.”® measured thick-target '°N activity
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yield in the energy range E,=3.2 ~ 14.2MeV.

5.1.3 Evaluation
(1) Neutron-production Cross Section (MF=3; MT=201)

The evaluated neutron-production cross section was produced based on the
experimental data measured by Gibbons and Maclin'” in the energy region below E, =
5.0 MeV. Above E,= 5.0 MeV, no experimental cross section was available, so the
cross section was calculated with the mEXIFON code” using the normalization
constants obtained below E, = 5.0 MeV where experimental data were available. Then,
the cross section was adjusted so as to reproduce experimental thick-target neutron
yields. The evaluated neutron-production cross section and calculated thick-target
neutron yields are shown in Figs. 14 and 15, respectively.

(2) Cross Sections for the (o,n), (a,pn) and (a,a’n) Reactions (MF=3;
MT=4,MT=28 and MT=22)

The cross sections for the (a,n), (a,pn) and (a,0’n) reactions were obtained by
applying each cross section ratio calculated with the mEXIFON code” to the
neutron-production cross section.

(3) Partial Cross Sections for the (o,n;) Reactions (i=0,1,2,3,4 and continuum)
(MF=3; MT=50, MT=51, MT=52, MT=53, MT=54 and MT=91)

The (o,nj) cross sections were obtained by applying the branching ratios
calculated using Eq. (8) to the evaluated (a,n) cross section. The PN excited states
above the 1st excited state mostly decay to '>C by proton emission, so, the "*N activity
production cross section is almost equal to the (a,ng) cross section. The calculated
cross section for the (a,ng) cross section was adjusted to reproduce the thick-target °N
activity yield measured by Roughton et al?®  The calculated thick-target BN activity
yield is shown in Fig. 16 together with experimental data.

(4) Energy-angle Distribution of Emitted Neutrons (MF=6; MT=4, MT=22 and
MT=28)

Double-differential energy-angle distributions of emitted neutrons were calculated
with the mEXIFON code” and represented by using the Kalbach systematics6). Figure
17 shows the calculated energy spectra of emitted neutrons. These spectra include

contributions of discrete neutrons emitted by the partial (o.,n;) reactions.
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Fig. 14 Evaluated neutron-production cross section of '°B bombarded by o-particles together
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Fig. 17 Calculated energy spectra of neutrons emitted by o-particle bombardment of '°B.
Normalization of spectra was made for each incident a-particle energy Ea.
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5.2 11B(oc,xn) Reaction
5.2.1 Basic Data

The reaction Q-values and threshold energies are given in Table 9 for the neutron
emission reactions on ''B by a-particle bombardment.

The level scheme of "N used in the present work is given in Table 10. The
levels above 5.690 MeV are assumed to be continuum. Continuous levels are assumed
for other residual nuclei.

Table 9 Q-values and threshold energies of the ''B(a,xn) reactions

Reaction Q-value (MeV) Threshold Energy (MeV)
"B(a,n)"*N +0.158 0.0
"B(a,pn)"*C -7.392 10.080
"B(a,dn)"”N -10.114 13.791
"B(a,2n)°N -10.395 14.175

Table 10 Level scheme of "N

Level Ex(MeV) Spin-Parity Isospin
GS 0.0 1+ 0
Ist 2.313 0+ 1
2nd 3.948 1+ 0
3rd 4915 0- 0
4th 5.106 2- 0

5.2.2 Experimental Data

Van der Zwan and Geiger” measured differential cross sections for the (o,no),
(a,np) and (a,ny) reactions in the energy range E, = 3.7 ~ 7.9 MeV and deduced the
cross sections for each reaction. Bonner et al.*” measured differential cross sections at
angle range of 0~20 degrees and 70 ~110 degrees in the incident energy range E, = 1.95
~5.25MeV. Niecke et al.*” measured neutron-production cross section in the energy
range Eq= 1.4 ~22MeV.  Kjellman®® measured angular distributions of neutrons for
the (o,n0) and (o,ny) reactions at Eq = 13.5 and 13.9 MeV. Mani and Dutt*® measured
differential cross sections for the (o,ng) and (a,n;) reactions at a forward angle in the
energy range E, = 2.4 ~4.4 MeV.

Thick-target neutron yields were measured by Bair and Gomez del Campo” in the
energy region E, = 3.5 to 7.5 MeV.

5.2.3 Evaluation
(1) Neutron-production Cross Section (MF=3; MT=201)

A sum of the experimental cross sections for the (a,ng), (a,n;) and (o,ny) reactions
measured by Van der Zwan and Geiger®” almost corresponds to the neutron-production
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cross section in the energy range E, = 3.7 ~ 7.9 MeV. Below E,= 3.7 MeV, the (a,n;)
reaction cross section is quite small because of the isospin selection rule and the
neutron-production cross section is dominated by the (a,ng) reaction cross section,
which is calculated with the detailed balance formula from the "*N(n,a0)''B reaction
cross section of JENDL-3.2*Y. In the energy range E, > 8.0 MeV, the
neutron-production cross section was calculated with the mEXIFON code” using the
normalization constants obtained below E, = 8.0 MeV where experimental data were
available. The evaluated neutron-production cross section and calculated thick-target
neutron yield are shown in Figs. 18 and 19, respectively.

(2) Cross Sections for the (a,n), (a,2n) and (a,pn) reactions (MF=3; MT=4,
MT=16 and MT=28)

The cross sections for the (a,n), (a,2n) and (a,pn) reactions were obtained by
applying each cross-section ratio calculated with the mEXIFON code” to the
neutron-production cross section. The calculated (o,dn) cross section was found to be
quite small and ignored.

(3) Partial Cross Sections for the (a,n;) Reactions (i=0,1,2,3,4 and continuum)
(MF=3; MT=50, MT=51, MT=52, MT=53, MT=54 and MT=91)

The (a,ng) reaction cross section was obtained from the cross section for the
inverse reaction "*N(n,00)"'B contained in JENDL-3.2*Y. Other cross sections were
obtained by resonance analyses of the experimental cross sections measured by Van der
Zwan and Geiger™ in the energy region below E,= 8.0 MeV. Above E,= 8.0 MeV,
the (a,n;) cross sections were obtained by applying the branching ratios calculated with
Eq. (8) to the evaluated (a,n) cross section and adjusted to connect smoothly to the
cross sections below E,=8.0 MeV. Figure 20 shows the (a,ng), (o,n,) and (o,ny)
reaction cross sections together with experimental values including the ones obtained
from the inverse-reaction cross section.

(4) Energy-angle Distribution of Emitted Neutrons (MF=6; MT=4, MT=16 and
MT=28)

Double-differential energy-angle distributions of emitted neutrons were calculated
with the mEXIFON code® and represented by using the Kalbach systematics®”. Figure
21 shows the calculated energy spectra of emitted neutrons. These spectra include

contributions of discrete neutrons emitted by the partial (o,n;) reactions.
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Fig. 18 Evaluated neutron-production cross section of ''B bombarded by o-particles.

Breakdown of the cross section is also shown by the dashed lines.
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Fig 19 Calculated thick-target neutron yield of ''B bombarded by a-particles together with the
experimental yields measured by Bair and Gomez del Campo”



JAEA-Research 2006-052

0.1 — —— : ,. — :
B-11¢ > n3)
I . _
# , ! M
0.1 —
(O‘::nlj
E; 0 . J’AM.M S
= 0.3 .
=
G = ( o.ng)
2: I o ;) = 1E:P}resnzint:E}z‘u'al 1
2oz - . TowO8 of i, oo o B
L= CJEMDL-3.2
0.1+
o 5 10 " 1s

Inc. Alpha Particle Enerey (labh. eV

Fig. 20 Evaluated cross sections for the (o,ng), (o,n;) and (o,ny) reactions together with
experimental values. For the (a,ng) reaction, the cross section obtained from the inverse

reaction '*N(n,0.,) contained in JENDL-3.2 is also shown.
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Fig. 21 Calculated energy spectra of neutrons emitted by a-particle bombardment of ''B.
Normalization of spectra was made for each incident a-particle energy Ea.
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5.3 Discussion
IOB( o.xn) Reaction

As is shown in Fig. 14 for neutron-production cross section, the experimental data
measured by Gibbons and Macklin'> are about two times larger than the present
evaluated cross section which was determined so as to reproduce thick-target neutron
yield data. The reason for this discrepancy is not clear.

6. Carbon
6.1 12C(oc,xn) Reaction
6.1.1 Basic Data
The reaction Q-value and threshold energy are given in Table 11 for the neutron
emission reaction on '°C by a-particle bombardment.

Table 11  Q-value and threshold energy of the *C(c.,xn) reaction
Reaction Q-value (MeV) Threshold Energy (MeV)
2C(a,n)0 -8.502 11.338

The level scheme of '°O used in the work is given in Table 12. Only the ground
state of O is energetically reached by the 2C(a,xn) reaction for incident o-particle
energy below 15 MeV.

Table 12 Level scheme of °O
Level Ex(MeV) Spin-Parity
GS 0.0 1/2-

6.1.2 Experimental Data

Black et al.** measured '°O production cross section in the incident a-particle
energy range E, = threshold ~ 22.65 MeV. Natural carbon thick-target neutron yields
were measured by Bair'” at E,= 2.0 ~ 9.0 MeV and by West and Sherwood'" at E, =
3.6 ~10.0 MeV.

6.1.3 Evaluation
(1) Neutron-production Cross Section (MF=3; MT=201)

Experimental '>O production cross section measured by Black et al.>* corresponds
exactly to the "2C(a,n) reaction cross section, which is also equal to neutron-production
cross section in the energy range E,<15 MeV. The cross section was analyzed with the
ARESCAL code. Figure 22 shows the evaluated cross section for the 12C(oc,no)
reaction together with experimental values.
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Fig. 22 Evaluated cross section for the 'C(o,n) reaction together with the experimental

values measured by Black et al. *¥

(2) Partial Cross Sections for the (a,n;) Reactions (i=0) (MF=3; MT=50)
We adopted the same cross section described above.

(3) Energy-angle Distribution of Emitted Neutrons (MF=6; MT=50)

Angular distributions for the (a,ng) reaction were calculated with the ARESCAL
code using the resonance parameters obtained in the above analysis and are given in the
form of Legendre-polynomial expansion coefficients. The evaluated distributions are
shown in Fig. 23.
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Fig. 23 Calculated angular distributions of neutrons emitted by the “C(a,n,) reaction.

Normalization was made for each distribution at each a-particle energy Ea.
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6.2 "C(o,xn) Reaction
6.2.1 Basic Data

The reaction Q-values and threshold energies are given in Table 13 for the neutron
emission reactions on ">C by a-particle bombardment.

The level scheme of '°O used in the present work is given in Table 14. The
levels above 8.872 MeV are assumed to be continuum. Continuous levels are assumed
for other residual nuclei.

Table 13 Q-values and threshold energies of the *C(a,xn) reactions

Reaction Q-value (MeV) Threshold Energy (MeV)
PC(a,n)'°0 +2.216 0
BC(a,an)'*C -4.946 6.469
BC(a,pn)°N 9.912 12.963

Table 14 Level scheme of '°O

Level Ex(MeV) Spin-Parity
GS 0.0 0+
Ist 6.049 0+
2nd 6.130 3-
3rd 6.917 2+
4th 7.117 1-

6.2.2 Experimental Data

Sekharan et al.>> measured neutron-production cross section in the energy range
E, = 1.9~5.6 MeV. Bair and Haas’ 9 measured the " C(a,n) cross section at
E,=1.0~5.4 MeV. Bonner et al.’® measured differential neutron-production cross
sections at emission angles of 0 ~ 10 deg. and 80 ~ 100 deg. in the incident energy E, =
2.0 ~ 5.0 MeV. Drotleff et al.*” measured the neutron-production cross section in the
incident energy E, = 0.28 ~ 1.06 MeV.

Natural carbon thick-target neutron yields were measured by Bair'” at E,= 2.0 ~
9.0 MeV and by West and Sherwood'" at E, = 3.6 ~ 10.0 MeV. Though the target is a
natural carbon, '“C does not contribute to neutron yields below 10 MeV.

6.2.3 Evaluation
(1) Neutron-production Cross Section (MF=3; MT=201)

Below 5.6 MeV, evaluation of the cross section was made based on experimental
data. In the energy region E,= 5.6 ~ 10 MeV, the cross section was determined on the
basis of the experimental data on thick-target neutron yields. Above 10 MeV, the
shape of the cross section was determined by the energy dependence of the reaction
cross section calculated with the optical model using small imaginary potential.
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Normalization was made so that the calculations could reproduce experimental data
below 10 MeV. Figure 24 shows the evaluated neutron-production cross section
together with experimental data. The thick-target neutron yield of natural carbon
including 1.1% "*C was calculated and is shown in Fig. 25.
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Fig. 24 Evaluated neutron-production cross section for the C(o.,xn) reactions together with
experimental values. Breakdown of the cross section is shown by the dashed lines.
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Fig. 25 Calculated thick-target neutron yield of natural carbon bombarded by a-particles
together with experimental values.
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(2) Cross Sections for the (a,n), (a,a’n) and (a,pn) Reactions (MF=3; MT=4,
MT=22 and MT=28)

The cross sections for the (a,n), (o,a’n) and (o,pn) reactions were obtained by
applying each cross section ratio calculated with the mEXIFON code” to the neutron

production cross section.

(3) Partial Cross Sections for the (a,n;) reactions (i=0,1,2,3,4 and continuum)
(MF=3; MT=50, MT=51, MT=52, MT=53, MT=54 and MT=91)

The (a,ng) reaction cross section was obtained from the cross section for the
inverse reaction '°O(n,0,)"°C contained in ENDF/B-VI*® and is shown in Fig. 26. For
other (a,n;) reactions, the cross sections were obtained by applying the branching ratios
calculated with Eq. (8) to the evaluated (a.,n) cross section.
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302— on Inv.CS.of 16O(n, ao)lsc N
p ; ENDF/B-6
.2
£ i i
o
N
20.1} .
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0 5 10 15

Inc.Alpha Particle Energy (Iab.MeV)

Fig. 26 Cross section for the *C(a,n,) reaction evaluated on the basis of the cross section®

for the inverse reaction '*O(n,0L).

(4) Energy-angle Distribution of Emitted Neutrons (MF=6; MT=4, MT=22 and
MT=28)

Double-differential energy-angle distributions of emitted neutrons were calculated
with the mEXIFON code® and represented by using the Kalbach systematics®. Figure
27 shows the calculated energy spectra of emitted neutrons. These spectra include

contributions of discrete neutrons emitted by the partial (o,n;) reactions.
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Fig. 27 Calculated energy spectra of neutrons emitted by o-particle bombardment of "C.

Normalization of spectra was made for each incident a-particle energy Ea.

6.3 Discussion
13 C(o.xn) Reaction

Though differential cross sections for neutron production were measured at
forward and middle angles by Bonner et al.’”, their angular resolution was poor.
Therefore, the differential cross-section data were not used in the present work.
Further examination should be made to utilize these data.

7. Nitrogen
7.1 14N(oc,xn) Reaction
7.1.1 Basic Data
The reaction Q-values and threshold energies are given in Table 15 for the neutron
emission reactions on '*N by o-particle bombardment.

Table 15  Q-values and threshold energies of the '*N(a,xn) reactions

Reaction Q-value (MeV) Threshold Energy (MeV)
“N(o,n)''F -4.734 6.088
"N(a,pn)'°O -5.335 6.860
"N(o,0'n)°N -10.553 13.570

The level scheme of N used in the present work is given in Table 16. The
levels above 5.000 MeV are assumed to be continuum. Continuous levels are
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assumed for other residual nuclei.

Table 16 Level scheme of ''F

Level Ex(MeV) Spin-Parity
GS 0.0 5/2+
Ist 0.495 1/2+
2nd 3.104 1/2-
3rd 3.857 5/2-
4th 4.640 3/2-

7.1.2 Experimental Data
Gruhle et al.*” measured ''F activity production cross section in the incident
a-particle energy range E, = 5.6 ~ 10 MeV. The excited states of ''F of which
excitation energy is greater than 0.6 MeV decay to '°O+p state. So, the ''F activity
production cross section is almost equal to a sum of (a,ng) and (a,n;) cross sections.
Thick-target ''F activity yields were measured by Roughton et al.*® in the energy

range E,=6.2~16.8 MeV.

7.1.3 Evaluation
(1) Neutron-production Cross Section (MF=3; MT=201)

The experimental ''F production cross section was analyzed to produce the (o.,np)
and (a,n;) cross sections with the ARESCAL code. Figure 28 shows the results of the
analysis together with the experimental ''F activity production cross section. The total
(a,n) cross section was deduced using the branching ratios calculated with Eq. (8), and
then the neutron-production cross section was obtained using the ratio of cross sections
calculated with the mEXIFON code®. The evaluated neutron-production cross section
is shown in Fig. 29. Figure 30 shows the calculated thick-target ''F activity yields

compared with the experimental data measured by Roughton et al.?®

(2) Cross Sections for the (o,n), (a,a’n) and (a,pn) Reactions (MF=3; MT=4,
MT=22 and MT=28)

The cross sections for the (a,n), (a,a’n) and (a,pn) reactions were obtained in the
process of neutron-production cross section evaluation described above.

(3) Partial Cross Sections for the (o,n;) Reactions (i=0,1,2,3,4 and continuum)
(MF=3; MT=50, MT=51, MT=52, MT=53, MT=54 and MT=91)

These cross sections were obtained in the process of neutron-production cross
section evaluation described above.
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(4)Energy-angle Distribution of Emitted Neutrons (MF=6; MT=4, MT=22 and
MT=28)

Double-differential energy-angle distributions of emitted neutrons were calculated
with the mEXIFON code” and represented by using the Kalbach systematics6). Figure
31 shows the calculated energy spectra of emitted neutrons. These spectra include

contributions of discrete neutrons emitted by the partial (a,n;) reactions.
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Fig. 28 Calculated ""F activity production cross section of '*N bombarded by a-particles

together with experimental values. Breakdown of the cross section is shown in the dashed
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Fig. 29  Evaluated neutron-production cross section of '*N bombarded by a-particles

(solid line) and breakdown of the cross section (dashed and dot-dashed lines).
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Fig. 30 Calculated thick-target 'F yield of '*N bombarded by a-particles together with the

experimental values measured by Roughton et al.**
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Fig. 31 Calculated energy spectra of neutrons emitted by o-particle bombardment of "N.

Normalization of spectra was made for each incident a-particle energy Ea.
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7.2 15N(oc,xn) Reaction
7.2.1 Basic Data

The reaction Q-values and threshold energies are given in Table 17 for the neutron
emission reactions on "N by a-particle bombardment.

Table 17 Q-values and threshold energies of the '°N(o,xn) reactions

Reaction Q-value (MeV) Threshold Energy (MeV)
PN(o,n)'*F -6.418 8.131
PN(o,0'n)"*N -10.833 13.572

The level scheme of '*F used in the present work is given in Table 18. The
levels above 1.700 MeV are assumed to be continuum. Continuous levels are
assumed for '*N.

Table 18 Level scheme of '*F

Level Ex(MeV) Spin-Parity
GS 0.0 1+
Ist 0.937 3+
2nd 1.042 0-
3rd 1.081 0-
4th 1.121 5+

7.2.2 Experimental Data

No experimental data on neutron-production reactions are available presently.
Roughton et al.*® measured thick-target '°F activity yields in the incident a-particle
energy range E, = 8.4 ~ 16.8 MeV. The activation cross section corresponds
approximately to a sum of (o.n;) cross sections to the '*F excited levels of which
excitation energy is less than 4.416 MeV.

7.2.3 Evaluation
(1) Neutron-production Cross Section (MF=3; MT=201)

Resonance levels of the compound nucleus "’F were selected from the level
scheme by Tilley et al.*” to meet the condition of formation by o-particle and neutron
emission. Using the resonance parameters (resonance energy, spin-parity, o-particle
width, total neutron width) of selected 17 resonances, cross sections for neutron
production were calculated with the ARESCAL code and the total neutron width of each
level was adjusted so as to obtain a good agreement between calculated and
experimental thick target '°F activity yields. With the cross section for the (a,n)
reaction thus obtained, and the ratios of cross sections calculated with the mEXIFON
code”, each neutron emission reaction cross section was determined and summed up to
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obtain the neutron-production cross section. The evaluated neutron-production cross
section is shown in Fig. 32. Figure 33 shows the calculated thick-target '°F activity
yield together with the experimental yields measured by Roughton et al.*®
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Fig. 32 Evaluated neutron-production cross section of "N bombarded by a-particles.
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Fig. 33 Calculated thick-target '°F activity yield of ’N bombarded by o-particles together

with the experimental values measured by Roughton et al.*®
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(2) Cross Sections for the (o,n) and (a,a’n) reactions (MF=3; MT=4 and MT=22)
The cross sections for the (a,n) and (o,0’n) reactions were obtained in the process
of neutron production cross section evaluation described above.

(3) Partial Cross Sections for the (o,n;) Reactions (i=0,1,2,3,4 and continuum)
(MF=3; MT=50, MT=51, MT=52, MT=53, MT=54 and MT=91)

These cross sections were obtained by applying the branching ratios calculated
with Eq. (8) to the evaluated (o,n) cross section.

(4) Energy-angle Distribution of Emitted Neutrons (MF=6; MT=4 and MT=22)

Double-differential energy-angle distributions of emitted neutrons were calculated

)

with the mEXIFON code” and represented by using the Kalbach systematics®. Figure

34 shows the calculated energy spectra of emitted neutrons. These spectra include

contributions of discrete neutrons emitted by the partial (o,n;) reactions.
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Fig. 34 Calculated energy spectra of neutrons emitted by o-particle bombardment of "°N.
Normalization of spectra was made for each incident a-particle energy Ea.

7.3 Discussion
14N( a.xn) Reaction

Thick-target ''F activity yields were calculated using the evaluated (a,ng) and
(a,np) cross sections and are shown in Fig. 30 together with the experimental data

measured by Roughton et a

cannot reproduce well 2 energy points.

129

It is found from the figure that the calculated values
The reason for the discrepancy is not clear.
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15N( o.xn) Reaction

The present evaluation was made on the basis of the resonance calculation using
the selected resonances for '’F. There are experimental data on o-particle elastic
scattering and neutron emission data on the '®O(p,n) reaction. By analyzing these
cross sections, more elaborate evaluation might be made.

8. Oxygen
8.1 '"O(a,xn) Reaction
8.1.1 Basic Data
The reaction Q-values and threshold energies are given in Table 19 for the neutron
emission reactions on 'O by a-particle bombardment.
The level scheme of **Ne used in the present work is given in Table 20. The

levels above 5.621 MeV are assumed to be continuum. Continuous levels are assumed
for '°0.

Table 19 Q-values and threshold energies of the '"O(a,xn) reactions

Reaction Q-value (MeV) Threshold Energy (MeV)
0(a,n)*’Ne +0.587 0
"0(a,0’n)'°0 -4.143 5.119

Table 20 Level scheme of *’Ne

Level Ex(MeV) Spin-Parity
GS 0.0 0+
Ist 1.634 2+
2nd 4.248 4+
3rd 4.968 2-

8.1.2 Experimental Data

Bair and Haas>®

measured the neutron-production cross section in the incident
a-particle energy range E,= 1.0 ~ 5.3 MeV. It was pointed out later” that the results
should be multiplied by a factor of 1.35. Hansen et al.*"’ measured the
neutron-production cross section in the energy range E, = 5 ~ 12.5 MeV with broad
incident energy resolution.

Thick UO, (natural oxygen) target neutron yields were measured by Bair and
Gomez del Campo® in the energy region E, = 3.0 ~ 7.5 MeV and also measured by

West and Sherwood'" in the energy range E,=4.2 ~ 10.0 MeV.
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8.1.3 Evaluation
(1) Neutron-production Cross Section (MF=3; MT=201)
Evaluation of the neutron-production cross section was made based on the revised

3% in the energy range E,=1.0 ~ 5.3 MeV.

experimental data measured by Bair and Haas
In the energy range E, > 5.3 MeV, we adopted the neutron-production cross section
calculated with the mEXIFON code”. Normalization was made so that the
calculations could reproduce experimental data below E, = 5.3 MeV.  Figure 35
shows the neutron-production cross section of 'O bombarded by a-particles together

with experimental values.
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Fig. 35 Neutron-production cross section of "0 bombarded by a-particles together with
experimental values. Breakdown of the cross section is shown by the dashed lines.

(2) Cross Sections for the (a,n) and (a, a’n) Reactions (MF=3; MT=4 and
MT=22)

The cross sections for the (o,n) and (o,0’n) reactions were obtained by applying
the cross-section ratios calculated with the mEXIFON code” to the neutron-production

cross section.

(3) Partial Cross Sections for the (a,n;) Reactions (i=0,1,2,3 and continuum)
(MF=3; MT=50, MT=51, MT=52, MT=53 and MT=91)

The (o,nj) cross sections were obtained by applying the branching ratios
calculated with Eq. (8) to the evaluated (a,n) cross section.
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(4) Energy-angle Distribution of Emitted Neutrons (MF=6; MT=4 and MT=22)

Double-differential energy-angle distributions of emitted neutrons were calculated

6)

with the mEXIFON code® and represented by using the Kalbach systematics”. Figure

36 shows the calculated energy spectrum of emitted neutrons. These spectra include
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contributions of discrete neutrons emitted by the partial (o,n;) reactions.

Fig. 36 Calculated energy spectra of neutrons emitted by o-particle bombardment of 'O.
Normalization of spectra was made for each incident a-particle energy Ea.

8.2 18O(oc,xn) Reaction
8.2.1 Basic Data

The reaction Q-values and threshold energies are given in Table 21 for the neutron
emission reactions of '*0 by a-particle bombardment.

Table 21  Q-values and threshold energies of the '"*O(a,xn) reactions

Reaction Q-value (MeV) Threshold Energy (MeV)
B0(a,n)*'Ne -0.697 0.852
B0(a,2n)*"Ne -7.458 9.116
BO(a,0'n)'’0 -8.044 9.833

The level scheme of *'Ne used in the present work is given in Table 22. The
levels above 2.867 MeV are assumed to be continuum. Continuous levels are
assumed for other nuclei.
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Table 22 Level scheme of *'Ne

Level Ex(MeV) Spin-Parity
GS 0.0 32+
Ist 0.351 5/2+
2nd 1.746 7/2+
3rd 2.789 1/2-
4th 2.794 1/2+

8.2.2 Experimental Data

Bair and Willard*? measured the neutron-production cross section in the incident
a-particle energy range Eq= 2.4 ~ 5.1 MeV. It was pointed out later” that the results
should be multiplied by a factor of 1.35.
sections at emission angles of 0-30 degrees at E, = 1.9 ~ 5.0 MeV. Hansen et al *V

Bonner et al.’” measured differential cross

measured the neutron-production cross section in the energy range E,= 5 ~ 12.5 MeV
with broad incident energy resolution.

Thick UO, (natural oxygen) target neutron yields were measured by Bair and
Gomez del Campo® in the energy region E, = 3.0 ~ 7.5 MeV and also measured by
West and Sherwood'" in the energy range E,=4.2 ~ 10.0 MeV

8.2.3 Evaluation
(1) Neutron-production Cross Section (MF=3; MT=201)

Evaluation of the neutron-production cross section was made based on the revised
experimental data measured by Bair and Willard*? in the energy range Eq=2.4 ~ 5.1

- 18
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0.8+ ® Bairx 1.35 n
4 Hansen
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~

S
b
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1 J/’
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()

Inc.Alpha Particle Energy (lab.MeV)

Fig. 37 Evaluated neutron-production cross section of 'O bombarded by o-particles
together with experimental values. Dashed lines show the breakdown of the cross section.
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MeV. In the energy range E, > 5.1 MeV, we adopted the neutron-production cross
section calculated with the mEXIFON code?. Normalization was made so that the
calculations could reproduce experimental data below E,= 5.1 MeV.  The evaluated
neutron-production cross section is shown in Fig. 37 together with experimental values.
Figure 38 shows the calculated thick-target neutron yield of natural Oxygen (‘°O=no
contribution to neutron production at E, < 15 MeV, ]7O=O.037%, 18O=O.204%, ) in UO,
together with the experimental values. It should be noted that the U(c,xn) reaction is
practically prohibited because of large negative Q-value and Coulomb barrier.
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Fig. 38  Calculated thick-target neutron yield of UO, bombarded by a-particles together with
experimental yields.

(2) Cross Sections for the (a,n), (a,a’n) and (a,2n) Reactions (MF=3; MT=4,
MT=22 and MT=16)

The cross sections for the (a,n), (a,a’n) and (o,2n) reactions were obtained by
applying each cross-section ratio calculated with the mMEXIFON code to the
neutron-production cross section.

(3) Partial Cross Sections for the (a,n;) Reactions (i=0,1,2,3 and continuum)
(MF=3; MT=50, MT=51, MT=52, MT=53 and MT=91)

The (a,nj) cross sections were obtained by applying the branching ratios
calculated with Eq. (8) to the evaluated (a,n) cross section.
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(4) Energy-angle Distribution of Emitted Neutrons (MF=6; MT=4 and MT=22)

Double-differential energy-angle distributions of emitted neutrons were calculated with
the mEXIFON code” and represented by using the Kalbach systematicsé). Figure 39
shows the calculated energy spectra of emitted neutrons. These spectra include

contributions of discrete neutrons emitted by the partial (o,n;) reactions.
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Fig. 39 Calculated energy spectra of neutrons emitted by a-particle bombardment of "*O.

Normalization of spectra was made for each incident a-particle energy Ea.

8.3 Discussion

Neutron-emission data on oxygen are one of the most important data for the safety
analysis of fuel-cycle facility for oxide nuclear fuels. More cross-section
measurements are required, especially in the incident a-particle energy region below 7
MeV. Partial cross sections for the (o,n) reaction and their angular distributions are
also required and detailed analyses should be made to estimate the neutron energy
spectrum.

9. Fluorine
9.1 19F(oc,xn) Reaction
9.1.1 Basic data

The Q-values and threshold energies are given in Table 23 for the neutron
emission reactions on '°F by a-particle bombardment.

The level schemes of the residual nuclides are prepared in the library of
EGNASH-2 code”. Low-lying levels of **Na which are observed as some peaks in the
spectrum of emitted neutrons are given in Table 24. The levels above 5.317 MeV are
assumed to be continuum.
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Table 23  Q-values and threshold energies of the '’F(a,xn) reactions

Reaction Q-value (MeV) Threshold Energy (MeV)
F(a,n) **Na -1.9517 2.3629
F(a,pn)*'Ne -8.6911 10.522
PF(a,0n)" F -10.432 12.630

Table 24 Level scheme of **Na

Level Ex(MeV) Spin-Parity
GS 0.0 3+
Ist 0.5830 1+
2nd 0.6570 0+
3rd 0.8909 4+
4th 1.5281 5+
Sth 1.9369 1+
6th 1.9519 2+
7th 1.9840 3+

9.1.2 Experimental data

Norman et al.* gave **Na production cross section in the incident energy range
E,=3.5 ~ 10 MeV. They measured thick-target neutron yield and deduced **Na
production cross section using the stopping power of target ( refer to Eq.(10) ). The
production cross section of **Na is equal to the neutron-production cross section in the
energy range E,<10.522 MeV. Above this energy, produced **Na decays into *'Ne+p
mostly and the equality is broken. Wrean and Kavanagh*® measured
neutron-production cross section in the energy region E,=2.28 ~ 3.1 MeV with a fine
energy step. Van der Zwan and Geiger45) measured the excitation functions of the
(a,ng), (o,ni2), (o,n3) and (o,ns4) reactions at 0-degree in the incident energy range
E,=2.3 ~ 4.7 MeV. Angular distributions of the (a,ng) reaction were measured at
9-energy points and cross sections were given for the (a,ng) reaction.

Thick-target neutron yields were measured by Bair and Gomez del Campo” in the
energy region E,=3.5 ~ 8.0 MeV.

9.1.3 Evaluation
(1) Neutron-production Cross Section (MF=3; MT=201)

Experimental **Na production cross sections given by Norman et al.*? were
reproduced by calculation with the EGNASH-2 code” as neutron-production cross
section and the extrapolation was made with the calculation up to E,=15 MeV. The
evaluated neutron-production cross section is shown in Fig. 40 compared with
experimental data. Figure 41 shows the calculated thick-target neutron yield compared
with experimental data.
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Fig. 40 Evaluated neutron-production cross section of '"F bombarded by a-particles
compared with the experimental values. Breakdown of the cross section is also shown by

the dashed lines.

103 T T T T T T T T T T T T
, F-19
g 10” -
2
< 1
= 10" |-
g
= 107 Thick Target n.Yield
>g-: 10_1_ . ggisentCalc. |
-2 1 1 1 | 1 1 1 1 | 1 1 1 1
10 0 5 10 15

Inc.Alpha Particle Energy(lab.MeV)

Fig 41 Calculated thick-target neutron yield compared with the experimental yields measured

by Bair and Gomez del Campo””.
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(2) Cross Sections for the (a,n), (a,pn) and (a,a’n) Reactions (MF=3;
MT=4,MT=28 and MT=22)

The cross sections for the (a,n), (o,pn) and (o,a’n) reactions were obtained by
calculation with the EGNASH-2 code” and are shown in Fig. 40 by the dashed lines.
The (a,0’n) cross section is too small to be seen in the figure.

(3) Partial Cross Sections for the (a,n;) reactions (i=0,1,2,3,...,27 and continuum)
(MF=3; MT=50,.....,77 and MT=91)

The (o.,n;) cross sections were obtained by calculation with the EGNASH-2 code”.
The evaluated (o,ng) cross section is compared with the experimental cross section
measured by Van der Zwan-and Geiger*” in Fig. 42.

(4) Energy-angle Distribution of Emitted Neutrons (MF=6; MT=201)

The energy spectra of emitted neutrons were calculated with the EGNASH-2
code”. Angular distributions of the emitted neutrons were assumed to be isotropic in
the center of mass system. Figure 43 shows the calculated energy spectrum of emitted

neutrons.
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Fig. 42 Evaluated "“F(a,n,) cross section compared with the experimental cross section
measured by Van der Zwan and Geiger™.
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Fig. 43 Calculated energy spectrum of neutrons emitted by a-particle bombardment of "F.

Normalization of spectra was made for each incident a-particle energy Ea.

9.2 Discussion
. . 44)
Experimental cross sections measured by Wrean and Kavanagh™ show many
separated resonance peaks. In the present evaluation, these resonance structures were

ignored for simplicity. The structure should be taken into account in the future
evaluation.

10. Sodium
10.1 *Na(a,xn) Reaction
10.1.1 Basic Data

The Q-values and threshold energies are given in Table 25 for the neutron
emission reactions on ’Na by a-particle bombardment.

Table 25 Q-values and threshold energies of the **Na(o,xn) reactions

Reaction Q-value (MeV) Threshold Energy (MeV)
»Na (a,n) °Al -2.9656 3.4819
*Na (o,,pn)*’Mg -9.2721 10.887

The level schemes of the residual nuclides are prepared in the library of
EGNASH-2 code”. Low-lying levels of *°Al which are observed as some peaks in the
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spectrum of emitted neutrons are given in Table 26. The levels above 4.3 MeV are
assumed to be continuum.

Table 26 Level scheme of 2°Al

Level Ex(MeV) Spin-Parity
GS 0.0 5+
Ist(T,=6.3 sec) 0.2282 0+
2nd 0.4169 3+
3rd 1.0578 1+
4th 1.759 2+
5th 1.851 1+
6th 2.0687 4+
7th 2.0695 2+

10.1.2 Experimental Data

Norman et al*® measured thick-target neutron yield and deduced
neutron-production cross section in the incident energy range E,=3.615 ~ 10.25 MeV.
They also measured “*™Al (T,,=6.3sec.) production cross section in the energy range
Es=4.1 ~ 14.94 MeV and production cross sections of photons (E,=417 keV:2nd—GS
and E,=829 keV:3rd—1st) at 90 degrees in some energy range and deduced the
production cross section for the ground state of *°Al in the energy range E,=4.25 ~
10.25 MeV.  Skelton et al.*” measured neutron-production cross section in the energy
region E,=3.48 ~ 4.60 MeV with a fine energy step. They also measured Al
(T1p=6.3sec.) production cross section and production cross sections of photons
(E,=417 keV:2nd—GS ) and deduced the (o,ng) cross section in the energy range
E.=3.75 ~4.60 MeV.

Though Norman et al.*® measured thick-target neutron yield, the yield data were
not available. No other experimental thick-target yield was published presently.

10.1.3 Evaluation
(1) Neutron-production Cross Section (MF=3; MT=201)

Experimental neutron-production cross sections given by Norman et al.*®

were
reproduced by calculation with the EGNASH-2 code” as neutron production cross
section and the extrapolation was made with the calculation up to E,=15 MeV. The
evaluated neutron-production cross section is shown in Fig. 44 compared with the
experimental data. The calculated thick-target neutron yields are illustrated in Fig. 45,
where the data of Norman et al.*® were estimated from Eq. (10).
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Fig. 44 Evaluated neutron-production cross section of *Na bombarded by a-particles
compared with experimental values. Breakdown of the cross section is also shown by the

dashed lines.
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Fig. 45 Calculated thick-target neutron yield compared with the experimental cross sections

measured by Norman et al.* which were estimated from Eq. (10).
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(2) Cross Sections for the (o,n),and (a,pn) reactions (MF=3; MT=4 and ,MT=28)
The cross sections for the (o,n) and (a,pn) reactions were obtained by calculation
with the EGNASH-2 code” and are shown in Fig. 44 by the dashed lines.

(3) Partial Cross Sections for the (a,n;) reactions (i=0,1,2,3,...,28 and continuum)
(MF=3; MT=50......,78 and MT=91)

The (a,n;) cross sections were obtained by calculation with the EGNASH-2 code”).
Figure 46 shows a comparison of the evaluated (a,ng) cross section and the ground-state
production cross section deduced by Norman et al.*®
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Fig. 46 Comparison of the evaluated (o,ng) cross section and the ground-state production
cross section deduced by Norman et al.*®  See the discussion for this section.

(4) Energy-angle Distribution of Emitted Neutrons (MF=6; MT=201)

The energy spectra of emitted neutrons were calculated with the EGNASH-2
code”. Angular distributions of the emitted neutrons were assumed to be isotropic in
the center of mass system. Figure 47 shows the calculated energy spectrum of emitted

neutrons.
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Fig. 47 Calculated energy spectrum of neutrons emitted by o-particle bombardment of *Na.

Normalization of spectra was made for each incident a-particle energy Ea.

10.2 Discussion

Experimental cross section measured by Skelton et al.*”

shows many separated
resonance peaks. In the present evaluation, these resonance structures were ignored
for simplicity. The structure should be taken into account in the future evaluation.
Though a comparison is shown in Fig. 46 for the evaluated (a,ng) cross section
and the experimental cross section given by Norman et al.*”, the latter cross section was

obtained by subtracting the measured **™

Al production cross section from the measured
neutron-production cross section. So, the latter should be regarded as the cross section

for *°Al ground-state production and differs largely from the (c,ng) cross section.

11. Aluminum
11.1 *’Al(a,xn) Reaction
11.1.1 Basic Data

The reaction Q-values and threshold energies are given in Table 27 for the neutron
emission reactions on >’Al by a-particle bombardment.

The level schemes of the residual nuclei are included in the EGNASH-2 code”.
As an example, the level scheme of *°P, which is a residual nucleus for the *’Al(o,n)
reaction, i1s given in Table 28. The levels above 0.66 MeV were regarded as
continuum in the present calculation.
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Table 27 Q-values and threshold energies of the >’ Al(a.,xn) reactions

Reaction Q-value (MeV) Threshold Energy (MeV)
" Al(a,n)*'P -2.6363 3.0274
*TAl (o,pn)*’Si -8.2373 9.4593
7TAl (0,2n)*°P -11.3965 13.0871

Table 28 Level scheme of *°P

Level Ex(MeV) Spin-Parity
GS 0.0 1+
Ist 0.66 0+
2nd 0.71 1+
3rd 1.45 2+

11.1.2 Experimental Data

Neutron-production cross sections were measured by Holmqvist and Ramstrom*®
in the incident energy range E,= 3.05 ~ 3.66 MeV, by Flynn et al.*” at E,= 3.5 ~ 5.5
MeV, and by Stelson and Mcgowan™ at Eq = 5.5 ~ 11.0 MeV.

The *°P activity production cross sections were measured by Sahakundu et al.’" in
the incident energy range E, = 10.5 ~ 37.6 MeV, and by Howard et al.”® at E, = 3.05 ~
3.66 MeV.

Excited states of *°P decay mostly by proton emission when their excitation energy
is higher than 5.60 MeV (E, > 9.46 MeV). So, in the incident energy range E, > 9.46
MeV, *°P activity production cross section does not correspond to the (c,n) reaction
cross section.

Thick-target neutron yields were measured by Bair and Gomez del Campo” in the
energy region E,=3.5 to 9.0 MeV and also measured by West and Sherwood'" in the
energy range E,=3.6 to 10.0 MeV

11.1.3 Evaluation
(1) Neutron-production Cross Section (MF=3; MT=201)

Evaluation of the neutron-production cross section was made based on the
experimental data measured by Holmqvist and Ramstrom™®™ and by Flynn et al.* in the
energy range E,=3.0 ~ 5.5 MeV. Above E,=5.5 MeV, calculation of the cross sections
was made with EGNASH-2 code” to reproduce the values measured by Stelson and

0 The evaluated neutron-production cross section is shown in Fig. 48

Mcgowan.
together with experimental values. Figure 49 shows a comparison of the calculated

thick-target neutron yields with experimental data.

(2) Energy-angle Distribution of Emitted Neutrons (MF=6; MT=201)
Double-differential energy-angle distributions of emitted neutrons were calculated
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with the EGNASH-2 code” and represented by using the Kalbach systematics®.
Figure 50 shows the calculated energy spectra of emitted neutrons. These spectra
include contributions of discrete neutrons emitted by the partial (o.,n;) reactions.
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Fig. 48 Evaluated neutron-production cross section of *’Al bombarded by a-particles
together with experimental cross sections.  For understanding the shape of the cross section,

the calculated *’Al(o,n)**P and *’Al(a,np)*’Si cross sections are also shown by the dashed lines.
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Fig. 49  Calculated thick-target neutron yield of *’Al bombarded by a-particles together with
experimental yields.
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Fig. 50 Calculated energy spectra of neutrons emitted by o-particle bombardment of *’Al.
Normalization of spectra was made for each incident a-particle energy Ea.

11.2 Discussion

Experimental cross sections for the (a,n) reaction show resonance structures in the
energy region E,<5.5 MeV where the excitation energy of the compound nucleus *'P is
higher than 9.6 MeV and the spin-parity of each resonance level is unknown. Thus,
nuclear data evaluation based on exact resonance analysis cannot be made presently.
Experimental cross section around E,= 10 MeV could not be reproduced well with the
EGNASH-2 code” by varying some parameters (see Fig. 48). Around the excitation
energy of *'P corresponding to this energy, there are photo-neutron giant resonances™
and somewhat large cross section would be explained by changing the giant resonance

parameters in the EGNASH-2 code.

12. Silicon
12.1 *Si(a,xn) Reaction
12.1.1 Basic Data
The reaction Q-value and threshold energy are given in Table 29 for the neutron

emission reactions on 2*Si by a-particle bombardment. The (o,n) reaction is solely
possible for **Si below 15 MeV.

Table 29  Q-value and threshold energy of the **Si(a.,xn) reaction
Reaction Q-value (MeV) Threshold Energy (MeV)
*Si(a,n)’'S -8.0943 9.2523
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Level schemes of the residual nuclei are included in the EGNASH-2 code”. The
level scheme of 'S, which is a residual nucleus for the **Si(a,n) reaction, is given in
Table 30. The levels above 3.079 MeV are assumed to be continuum.

Table 30 Level scheme of *'S

Level E«(MeV) Spin-Parity
GS 0.0 1/2+
Ist 1.2489 32+
2nd 2.2356 512+
3rd 3.0790 1/2+

12.1.2 Experimental Data

Neutron-production cross sections were measured by Cheng and King®® in the
incident energy range E,= 8.0 ~ 11.0 MeV.

Natural Si thick-target neutron yields were measured by Bair and Gomez del
Camp09) in the energy region E, = 4.5 ~ 9.0 MeV and also measured by West and
Sherwood'" in the energy range Eo = 3.6 ~ 10.0 MeV

12.1.3 Evaluation
(1) Neutron-production Cross Section (MF=3; MT=201)

Evaluation of the neutron-production cross section was made based on the
experimental data measured by Cheng and King®¥ in the energy range E,= 8.0 ~ 11.0
MeV. Above E,=11 MeV, we adopted the cross sections calculated with the
EGNASH-2 code”. Normalization was made so that the calculations could reproduce
experimental data below E,=11 MeV. The evaluated neutron-production cross section
is shown in Fig. 51 together with experimental cross sections.
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Fig. 51 Evaluated neutron-production cross section of **Si bombarded by a-particles
together with experimental cross sections.
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(2) Energy-angle Distribution of Emitted Neutrons (MF=6; MT=201)

Double-differential energy-angle distributions of emitted neutrons were calculated
with the EGNASH-2 code” and represented by using the Kalbach systematics®.
Figure 52 shows the calculated energy spectra of emitted neutrons. These spectra
include contributions of discrete neutrons emitted by the partial (a,n;) reactions.
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Fig. 52 Calculated energy spectra of neutrons emitted by o-particle bombardment of **Si.

Normalization of spectra was made for each incident a-particle energy Ea.

12.2  *Si(a,xn) Reaction
12.2.1 Basic Data

The reaction Q-values and threshold energies are given in Table 31 for the neutron
emission reactions on *’Si by a-particle bombardment.

Table 31 Q-values and threshold energies of the »Si(o,xn) reactions
Reaction Q-value (MeV) Threshold Energy (MeV)
»Si(o,n)**S -1.5263 1.7371
*Si(a,pn)’P -10.391 11.826

Level schemes of the residual nuclei are included in the EGNASH-2 code”.
As an example, the level scheme of 328, which is a residual nucleus for the 29Si(OL,n)
reaction, is given in Table 32. The levels above 6.2243 MeV are assumed to be
continuum.
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Table 32 Level scheme of S

Level E«(MeV) Spin-Parity
GS 0.0 0+
Ist 2.2303 2+
2nd 3.7783 0+
3rd 4.2815 2+
4th 4.4589 4+
5th 4.6954 1+
6th 5.0062 3-
7th 5.4130 3+
8th 5.5489 2+
9th 5.7979 1-

10th 6.2243 2-

12.2.2 Experimental Data

Neutron-production cross sections were measured by Flynn et al.*” in the incident
energy range E,=2.73 ~ 6.77 MeV, and by Gibbons and Macklin'> at E,=2.83 ~ 4.28
MeV.

Natural Si thick-target neutron yields were measured by Bair and Gomez del
Campo” in the energy region E, = 4.5 to 9.0 MeV and also measured by West and
Sherwood'" in the energy range Eo = 3.6 to 10.0 MeV.

12.2.3 Evaluation
(1) Neutron-production Cross Section (MF=3, MT=201)

Evaluation of the neutron production cross section was made based on the
experimental data measured by Flynn et al.*” and by Gibbons and Macklin'” in the
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Fig. 53 Evaluated neutron-production cross section of *’Si bombarded by a-particles

together with experimental cross sections.
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energy range E,= 2.7 ~ 6.8 MeV. Above E,= 6.8 MeV, we adopted the cross sections
calculated with the EGNASH-2 code”.
calculations could reproduce experimental data below E, = 6.8 MeV. The evaluated
neutron-production cross section is shown in Fig. 53 together with experimental cross

Normalization was made so that the

sections.

(2) Energy-angle Distribution of Emitted Neutrons (MF=6; MT=201)
Double-differential energy-angle distributions of emitted neutrons were calculated

with the EGNASH-2 code” and represented by using the Kalbach systematics®.

Figure 54 shows the calculated energy spectra of emitted neutrons. These spectra

include contributions of discrete neutrons emitted by the partial (a,n;) reactions.
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Fig. 54 Calculated energy spectra of neutrons emitted by o-particle bombardment of *Si.
Normalization of spectra was made for each incident a-particle energy Ea.

12.3 30Si(oc,xn) Reaction
12.3.1 Basic Data

The reaction Q-values and threshold energies are given in Table 33 for the neutron
emission reactions on *’Si by a-particle bombardment.

Table 33 Q-values and threshold energies of the *°Si(a,xn) reactions

Reaction Q-value (MeV) Threshold Energy (MeV)
9Si(a,n)*’S -3.4942 3.9608
Si(a,2n)*%S -12.136 13.757
9Si(a,pn)*?P -13.064 14.809
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Level schemes of the residual nuclei are included in EGNASH-2 code”. As an
example, the level scheme of 33S, which is a residual nucleus for the 3O’Si(oc,n) reaction,
is given in Table 34. The levels above 4.4245 MeV are assumed to be continuum.

Table 34 Level scheme of **S

Level Ex(MeV) Spin-Parity
GS 0.0 3/2+
Ist 0.8409 1/2+
2nd 1.9663 5/2+
3rd 2.3125 3/2+
4th 2.8664 5/2+
5th 2.9337 7/2-
6th 2.9686 7/2+
7th 3.2199 3/2-
8th 3.8316 5/2+
9th 3.9346 3/2+
10th 4.0476 9/2+
11th 4.0530 1/2+
12th 4.0940 7/2+
13th 4.1437 3/2-
14th 4.2104 3/2-
15th 4.3749 1/2+
16th 4.4245 1/2+

12.3.2 Experimental Data

Neutron-production cross sections were measured by Flynn et al.*” in the incident
energy range E, = 3.98 ~ 6.28 MeV.

Natural Si thick-target neutron yields were measured by Bair and Gomez del
Campo” in the energy region Eq = 4.5 ~ 9.0 MeV and also measured by West and
Sherwood'" in the energy range E,= 3.6 ~ 10.0 MeV

12.3.3 Evaluation
(1) Neutron-production Cross Section (MF=3; MT=201)

Evaluation of the neutron-production cross section was made based on the
experimental data measured by Flynn et al.*” in the energy range E,=3.9 ~ 6.3 MeV.
Above E, = 6.3 MeV, we adopted the cross sections calculated with the EGNASH-2
code”. Normalization was made so that the calculations could reproduce experimental
data below E,= 6.3 MeV. The evaluated neutron-production cross section is shown in
Fig. 55 together with experimental cross sections.
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(2) Energy-angle Distribution of Emitted Neutrons (MF=6; MT=201)

Double-differential energy-angle distributions of emitted neutrons were calculated
with the EGNASH-2 code” and represented by using the Kalbach systematicsé).
Figure 56 shows the calculated energy spectra of emitted neutrons. These spectra
include contributions of discrete neutrons emitted by the partial (a,n;) reactions.

@A I
Si38+a, NEUTRON PRODUCTION CROSS SECTION

|
o Exp.by Flynn (78]

—— Present Ewal. -
(a,m)

(513 2] /,—
5IG
(nh)
368
Y (a,€nl
E d Ve oee T R
2] 5 18 15

IHC-.ﬂLPHﬁ FARTICLE ENERGY (LAB.Mel)

Fig. 55 Evaluated neutron-production cross section of *°Si bombarded by o-particles together
with experimental cross sections. Breakdown of the cross section is shown by the dashed

lines.
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0.1 PR . ’ _______ Ea(lab.MeV)
.B1 ’ ’ J/x" f/’Jf ®
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Fig. 56 Calculated energy spectra of neutrons emitted by o-particle bombardment of *°Si.

Normalization of spectra was made for each incident o-particle energy Ea.
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12.4 Discussion

Thick-target neutron yields from the (a,xn) reactions on natural Si were calculated
with the presently evaluated data and are shown in Fig. 57. It is found from the figure
that the calculations reproduce experimental data very well. For *’Si and °°Si,
experimental cross sections for the (o,n) reaction show resonance structures in the
energy region E, < 6 MeV where the excitation energy of the compound nucleus *°S or
S s higher than 7.0 MeV and the spin-parity of each resonance level is unknown.
Thus, nuclear data evaluation based on exact resonance analysis cannot be made

presently.
102 — Si
a Present Calc.
S10'L * Bair
= o  West
= 0
= 10" -
= )
E 10_1_ Si-29
o=
P
2102
10%

Inc.Alpha Particle Energy(lab.MeV)

Fig 57 Calculated thick-target neutron yields of natural Si (**Si=92.23%, *’Si =4.67%,
°Si=3.10%) bombarded by a-particles together with experimental yields. The dashed lines
show the neutron yields for individual Si isotopes.

13. Conclusions

Neutron-production data of 17 nuclides by a-particle bombardment were
evaluated to deduce cross sections, angular distributions and emitted neutron energy
spectra. The evaluations were performed on the basis of available experimental data
and calculations with the R-matrix and the statistical model. In some cases, the total
neutron-production cross section was adjusted so as to reproduce measured thick-target
neutron yields. The evaluated data were compiled in the ENDF-6 format"”, and they
were released in June 2005 as JENDL (a,n) Reaction Data File (JENDL/AN-2005).
The database provides reliable (a,n) reaction data mainly for nuclear fuel-cycle
applications.
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Although detailed discussion and future problems were described in each section,
the following problems still remain as a whole. Neutron-production cross sections
were normalized to experimental thick-target neutron yield using the simple calculation
method given by Eq. (10). This formula postulates continuous and straggling-free
energy loss of incident a-particles in a thick target. More elaborate method to
calculate thick-target neutron yield should be adopted, such as Monte Carlo method, in
the future. In the present evaluation, angular distributions of emitted neutrons are
given by the Kalbach systematics® for most nuclei except *Be and '’C. The
continuous spectrum includes neutrons to discrete levels. Exactly, as for 9Be, discrete
neutrons should be separated from continuous spectrum and energy and intensity of
discrete neutrons should be calculated using kinematics and angular distributions. In
resonance calculation, angular distribution depends strongly on spin-parity. However,
it is difficult to assign spin-parity correctly by resonance analysis of the (o,n) cross
section only. Therefore, we used the statistical model for the calculation of
energy-angle distributions, as was described.
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