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Predicted levels of °Be based on a theoretical analysis of neutron double-differential
cross sections at E, = 14.1 and 18 MeV
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By using the statistical theory for neutron-induced light nucleus reaction, the calculation of the neutron
double-differential cross sections for n + °Be reactions is performed. The secondary outgoing neutrons only
coming from the (n,2n)2« reaction channel through six different emission processes are illustrated in detail
in this article. Based on the theoretical analysis of neutron double-differential cross sections at £, = 14.1 and
18 MeV, two predicted levels of °Be, i.e., E(J™)[' = 9(%+)1000 and 10(?)1000, have been recommended. The
calculated results indicate that the fittings would be improved obviously while the predicted levels have been

employed.
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I. INTRODUCTION

Because of the relatively large (n,2n) cross section, low
mass, and low neutron-capture cross section, °Be has long
been selected as the material for improving neutron economy
in thermal and fast-fission reactors and in the design of
accelerator-driven spallation neutron sources, as the plasma
facing material of the first wall in ITER, and as a neutron
multiplier in the fusion blanket. Therefore, the data for n + °Be
reaction, especially neutron double-differential cross sections,
are essential.

There are a number of measurements of the outgoing
neutron double-differential cross section of °Be in earlier
years, such as by Drake ef al. [1] in 1977, Baba et al. [2] in
1983, Takahashi et al. [3] in 1983 (their results were published
in 1988 [4]), Baba et al. [5] in 1988, and Qi Bu-Jia et al. [6] in
1995. In 1998, Ibaraki and Baba er al. [7] measured the same
data of °Be again for several incident energies in the range
11.5-18 MeV. In 2007, Ruan Xi-Chao et al. [8] published the
measured outgoing neutron double-differential cross section
of °Be, and Schmidt et al. [9] measured the same data at
energies between 7.10 and 9.97 MeV. Recently, Jinxiang Chen
et al. [10] published the same data at 5.9 and 6.4 MeV incident
neutron. These data will provide abundant proofs to verify
the reasonable reaction model and to probe the more accurate
nuclear structure.

However, the evaluation or model calculation of outgoing
neutron double-differential cross section are not satisfactory.
Because there is lack of the appropriate theoretical method,
the Monte Carlo technique was used by Perkins ez al. [11] in
1985. It is worth mentioning that their calculated spectra were
adopted in ENDF/B-VI, even in ENDF/B-VII. This evaluation
method assumed that the reaction proceeded as a series of time-
sequential reactions through levels in 9Be, 8Be, °He, and He.
The inconsistency of this method is at high incident energies
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and backward angles. The theoretical model of the *Be(n,2n)
double-differential cross section is proposed by Beynon et al.
[12] assuming isotopic center-of-mass distributions at each
of the reaction stages and zero contribution from three-body
breakup. The calculated results were obviously overestimated,
especially in the low-incident-energy region. In 1995, SUN
Wei-Li et al. [13] gave the formulas of the double-differential
cross section of n + °Be reaction using dynamics and the quasi-
free scattering approach assuming the isotopic neutron angular
distribution. In 1997, Pronyaev et al. [14] proposed the least-
squares product for determination of the contribution of each
reaction mechanism in terms of fitting the measured data, but
this method does not consider the theoretical background and
their results are not adopted by any Evaluated Nuclear Data
Library.

Although much effort has been made during the past several
decades, there is lack of a general theory or method that can sat-
isfactorily reproduce the measured neutron double-differential
cross sections, including all incident energies mentioned
above. This problem originates from two main sources. First,
the description of the emission process from a compound
nucleus to the discrete levels of the residual nuclei with pre-
equilibrium mechanism, which dominates the light nucleus re-
actions, is absent in theoretical method. Second, level schemes
of target nuclide *Be, and the residual nuclide such as *Be, °He,
and *He in many channels especially in *Be(n,2n) channel,
are absent or not accurate. Fortunately, the settlement of these
two problems is feasible. The new level schemes of A = 5-7
[15] and A = 8-10 [16] were published by Tilley et al. in
2002 and in 2004, respectively, and the statistical theory
for neutron-induced light nucleus reaction was proposed in
1999 [17] and improved in 2009 by Jingshang ZHANG [18].

Levels of the target and residual nucleus for n+°Be
reaction have great effects on the particle emission, especially
on the neutron double-differential cross sections. Table I
lists the energy level schemes of the target nuclide °Be
published in 2004 [16] and 1996 [19], respectively. As shown
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TABLE I. The comparison of the level schemes for *Be. The data
are taken from the Table of Isotopes, 8th ed., published in 1996 [19]
and from Ref. [16], published in 2004. The format is E(J™)I", where
E is energy in MeV, J” the spin and the parity, and I" the energy

width in keV.

2004 [16]

1996 [19]

g.s.(%f)stable
1.684(1 217
2.4294(37)0.78
2.78(3)1080
3.049(37)282
4704037743
5.59(37)1330
6.38( )1210
6.76(2)1330
7.94(37)1000
9.00(3")1000*
10.00(3 *)1000*
11.283(17)575
11.81(3)400
13.79(27)590
14.3922(37)0.381
14.48(3)800
15.10(7)350
15.97(2)300
16.671(3 )41
16.9752(3)0.389
17.298(27)200
17.493(2 )47

g.s.(%f)stable
1.684(1 1217
2.4294(37)0.77
2.78(3 )1080
3.049(37)282
4.704(37)743

6.76(%7)1540
7.94(%7)1000

11.283(2)575
11.81(2)400
13.79(27)590
14.3922(37)0.381
14.40(7)800
15.10(7)?
15.97(2)300
16.671(27)41
16.9752(3 )0.49
17.298(2)200
17.493(1 )47

*Labels the predicted energy levels in this article. g.s 4+ ground state;
indicates the absent data.

in Table I, two new levels, i.e., E(J™)[' = 5.59(%_)1330

and 6.38(%_)1210 are added, and the spins, parities, and
energy widths of some previous energy levels are recognized.
Furthermore, for the residual nuclide He as listed in Table 11,
the previous level E(J™)[ = 4.0(%7)400 is replaced by

a new level E(J™)I = 1.27(%7)5570. At the same time,
four new levels E(J™)I" = 16.84(2")745, 19.14(3")3500,
19.26(27)3960, and 19.31(17)3020 are added and the pre-

vious levels E(J™)[" = 16.75(%+)76 and 19.8(3, §+)2550 are
erased. For the residual nuclide °He as also shown in Table II,
the new level E(J™)I" = 5.6(2%7)12100is added, and the previ-
ouslevel E(J™)I" = 13.6(17, 27)?isreplaced by the new level
E(J™)T = 14.6(17)7400. This alteration implies that all of the
energy position of the outgoing particle spectra related with
those levels has been shifted accordingly. For the intermediary
nucleus ®Be, the variation of its level schemes published in
1996 [19] and 2004 [16] is too little. These updated energy
level schemes mentioned above, significantly improve the
calculated neutron double-differential cross sections below
the 10-MeV incident energy in our latest studies [10,20]
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TABLE II. The comparison of the level schemes for >He and
®He. The data are taken from the Table of Isotopes, Sth ed., published
in 1996 [19] and from Ref. [15], published in 2002. The format is
consistent with the Table 1.

2002 [15] 1996 [19]
SHe

g.s.(37)648 g.5.(27)600
1.27(37)5570

4.0(17)4000
16.84(2 775 16.75(37)76
19.14(3)3560
19.26(37)3960
19.31(27)3020

19.8(3, 37)2550

%He
2.5.(07)806.7 ms 2.5.(07)806.7 ms
1.7972)113 1.797(2)113
5.6(27)12100
13.6(17,27)?
14.6(17)7400
15.5(2)4000 15.5(2)4000

g.s. = ground state; ? indicates the absent data.

using the statistical theory for neutron-induced light nucleus
reaction [18].

Howeyver, the calculated neutron double-differential cross
sections at 10-20 MeV incident energy do not correlate well
with the measured data, because there may be still absent
energy levels of the target nucleus. One can see in Table I that
the energy interval between the 9th excited state and the 10th
excited state is up to 3.343 MeV. This value is not only much
higher than the average energy interval but also is not explained
by the energy band theory. Therefore, we predict that there may
be two new energy levels between E(J™)I" = 7.94(%_)1000

and 11.238(%+)575. On the basis of the statistical theory [18],
we calculate the neutron double differential cross sections
at 14.1 and 18 MeV incident energies using the updated
energy levels, while two predicted energy levels are (or not)
employed. The results show that two predicted energy levels,

i.e., E(JO = 9(37)1000 and 10(3 ")1000 as labeled asterisk
in Table I, obviously improve the agreement with the experi-
mental data.

This article proceeds as follow. In Sec. II, the statistical
theory for neutron-induced light nucleus reaction is briefly
introduced. The channels of n 4+ °Be reaction are analyzed
in detail in the next section. In Sec. IV, the comparisons are
performed between the model calculation and the experimental
data, while two predicted energy levels are (or not) employed.
In the last section a summary is given.

II. THEORETICAL MODEL

In light nucleus reaction model, the probability of all kinds
of emitted particles could be given by dynamics and the shape
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of spectra for various emitted particles could be produced by
kinematics. The phenomenological spherical optical potential
is employed in the model calculations. And the optical model
parameters of neutrons and charged particles are determined
by various cross section.

A. Dynamics

Early researches [21-29] indicate that the pre-equilibrium
emission process from a compound nucleus to discrete levels
of residual nuclei is the dominative reaction mechanism in
neutron-induced light nucleus reaction. The light nucleus
reaction model [17] could describe this dominative reaction
mechanism very well. In this model the formula of energy
spectrum reads as follows

M Jx W (n E, 8)

where a 7 refers to the absorption cross section, P/™ (n) stands
for the occupation probability of the n exciton state in the J
channel, Whj T(n, E, ¢) is the emission rate of particle b at n
exciton state with outgoing energy ¢, and WTJ”(n, E) is the
total emission rate with incident neutron energy E. The more
light the nucleus is, the more important its pre-equilibrium
emission item W,,J”(n, E, ¢) is, which is written as [30-32]

ij”(n, E, &) = 3

T 2

jl Ia

X Z Fypoo,m1(8) Qppa,m(e )

THEAUI) fitmn')

( E})
T(n, E)’

2)

Here E’, I, and 7" denote respectively energy, spin and parity
of the final discrete level state, and E; stands for the residual
excitation energy. Tﬂ is transmission coefficients of [ partial
wave that can be calculated by optical model. A(JjI’) refers
to the angular-momentum triangle relationship and f;(77’)
is parity factor to keep the parity conservation. The factor
Fy[n.,m stands for the preformation probability of configuration
[A, m] for emitted particle b in compound nucleus, which
means that the outgoing composite particle is constitutive of
A nucleons above the Fermi surface and the m nucleons below
the Fermi surface. Of course, the preformation probability is
1 for neutron and proton. The preformation probability of >He
cluster and its emission have been taken into account in this
model [33]. It is well known that the unstable *He cluster can
be separated into neutron and « spontaneously. Qp[; ) Stands
for the combination factor to distinguish between neutron and
proton in [A, m] configuration. w’™ (n, E) is the state density
of n exciton state with the excited energy E* of compound
nucleus, which depends linearly on the incident energy E.

B. Kinematics

There is very strong recoil effect in light nucleus reaction
because of the light mass. Therefore the kinematics of various
particles emission must be taken into account strictly. The
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accurate kinematics can not only produce the reasonable
shape of the spectra but also keep the energy balance. The
formula proposed by Ohlsen [34] is used to describe the direct
three-body breakup process. The secondary particle double-
differential cross sections from the discrete levels and the
two-body breakup process of the unstable residual cluster
have been analytically given in Ref. [17]. The formula of
the three-body breakup process from a residual nucleus has
also been given [21,22]. Because SHe is a fermion, the orbit
angular momentum of the '°Be — “He + 3He process must be
even. The double-differential cross sections of the neutron and
o particle from *He — n + o breakup process are given in the
Appendix.

III. REACTION CHANNELS

In view of n 4 °Be reactions with incident neutron energy
E, < 20 MeV, the opened reaction channels and the corre-
sponding reaction Q values and the threshold energy Ey, in
unit of MeV are listed as Eq. (3).

y +1°Be 0 =6.3811 Eg = 0.000
p+°Li 0 =-12.825 E = 14.260
o+ °He Q =-0.598 Ey = 0.665
d +8Li Q = —14.663 Ey = 16.304
r+7Li 0 = —-10.439 Eg, = 11.604
n+°Be — { "He+'He Q= -3.362 Ez=3.738
2n +%Be Q=-1665 Ey=1.851]
np, pn+8Li Q = —16.887 Eg = 18.777
na,an+°He Q = —2.467 Ey =2.743
nd,dn+"Li Q =—16.696 E4 = 18.565
nt,tn+°%Li Q= —17.688 Eg = 19.668.

3)

The first excited level of °Be is 1.684 MeV, but the binding
energy of neutron in °Be is only 1.665 MeV. Therefore, the
first excited level of °Be can emit neutrons with the residual
nucleus Be, which is unstable and can be separated into two
o particles spontaneously. Thus, this reaction is one of the
decay modes to the °Be(n,2n)2« reaction channel. The capture
cross section of °Be is very small. The compound nucleus
0Be can be separated into two neutrons and ®Be through
direct three body breakup process, which also belongs to the
9Be(n,2n)2w reaction channel since ®Be can be separated into
two a particles spontaneously. The residual nucleus ®He is
yielded through the first & emission. Of course the o emission
leaving ®He in the ground belongs to (1,cr) reaction channel.
While the o emission leaving %He in the first excited state,
of which the excited energy (only 1.797 MeV) is lower than
its neutron binding energy (1.860 MeV), therefore SHe only
decays through three body break-up process °He — n +n +«
and contributes to 9Be(n,2n)2a channel. Furthermore, the
second excited level of ®He can emit neutron with the residual
nucleus SHe, which can be separated into the neutron and
o particle spontaneously mentioned above, so this process
still belongs to the °Be(n,2n)2c channel. Meanwhile the
double two-body breakup process of the (n,°He)’He and
(n,no) He reactions also belong to the 9Be(n,2n)2w reaction
channel. The reaction mechanisms to *Be(n,2n)2c channel
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involved in the model calculation are shown in Eq. (4),
where the symbol k refers to the order number of the excited
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level of the corresponding residual nucleus in the different
reaction channels.

n+°Be* °Bej_, 3 — n+°Be* 8Be* — o + a two body breakup
n+°Be* ‘Be;., — o+ “He* SHe* — n + o two body breakup
9 100 % o + °He* He_, > n+n+a three body breakup
nt Be— TBeT = 4 oHer SHe;., — n + *He* SHe* — n + o two body breakup @)
SHe* +°He* 2°He* — 2n + 2« double two body breakup
n+n+3Be* direct three body breakup ®Be* — o + o two body breakup.

IV. CALCULATED RESULTS AND ANALYSIS

The LUNF code [17] based on the light nucleus reaction
model for n+ °Be reactions has been developed and used
for calculating all kinds of the reaction cross sections, the
angular distributions, and the double-differential cross sections
of all kinds of outgoing particles from each partial reaction
channel.

In n +°Be reaction, the total outgoing neutron energy-
angular spectrum mainly comes from the contribution of
the (n,2n)2« reaction, as given by Eq. (4), which include
six reaction mechanisms. As an example, for 6, = 80° at
E, = 18 MeV, the partial spectra of the emitted neutron from
(n,2n)3Be* and direct three body breakup of He and '°Be are
shown in Fig. 1. And the ones from (n,na)’He*, (n, o, n)He*
reactions and *He-He double two body breakup process are
shown in Fig. 2. The partial spectra after the eleventh level
are not given in the Fig. 1 and Fig. 2 because of the small

n+’Be E,=18MeV 0, =80deg

Ibaraki 1998: [7]

elastic peak

d26/dedQ (mb/MeVsr)

L L H L 1 L L

0 2 4 6 8 10 12 14 16
Outgoing neutron energy (MeV)

FIG. 1. The partial energy-angular spectra from (n,2n)*Be*
reaction with outgoing angle of 80° at E,, = 18 MeV. The solid line
corresponds to the calculated total outgoing neutron energy-angular
spectrum, and square points correspond to the experimental data taken
form Ref. [7]. The dash lines correspond to the partial neutron spectra
of the first neutron emitted from (n,2n)Be* and the direct three body
breakup processes of ‘He* and '"Be*. The labels of 1~ 11 signify
respectively the contributions of the excited level order numbers of
the residual nucleus °Be*.

values. The shape and energy of neutron spectra from different
reaction mechanisms differ significantly from each other. The
peak near 15 MeV mainly comes from the elastic scattering.
The peak near 13 MeV mainly comes from the first, second,
and fourth excited levels, while a wide spectrum is given by the
third excited level with small values. The low energy region
of total spectra are mainly come from the contribution of the
second neutron emitted from (n,2n)8Be* (as shown in Fig. 1)
and the He breakup process (as shown in Fig. 2). Meanwhile,
the direct three body breakup of °He also contributes to the
low-energy region, but the direct three body breakup of '°Be
has a very wide spectrum from 0~ 14 MeV, as shown in
Fig. 1.

Although the updated level schemes [16] have been em-
ployed in this calculation, it should be noted that there are still
some deficiencies. From Fig. 1 and Fig. 2, one can see that the
calculated results are obviously lower than the experimental
data of Ref. [7] in the energy region 4 ~ 7 MeV, in which there
are no contribution from any reaction mechanisms besides the
direct three body breakup of '°Be with wide spectrum through

2
n+'Be E =18MeV 6, =80deg
=
(2]
>
[}
=
rel L= 1T~ 27T A
E P LA
= -1 L5 N0 !k RN
g 107 p°He P AN
E \
ko] E P VIS I Mo VN
3 F breakup [ N, e
E X I \\"‘\/I’ ' |I\‘ \ /\4.\
o) ” [T AN N Vo
~- 102k N N VA
o i Y/ [ v
1" ' M ' \ { [ T
__r " X | \ 0 (BT
s ~ i /) Y B \ " \ \ \
~ St \ \ W
AN S0 ' I' \ N \
10-3 AN 1 1 ‘ RN 1

" " " 1 " "
0 2 4 6 8 10 12 14 16
Outgoing neutron energy (MeV)

FIG. 2. The same as Fig. 1, but the partial energy-angular spectra
from (n,na)’He* reaction. The dash lines correspond to the partial
spectra of the neutron emitted from the (n,na)’He*, *He breakup, and
SHe double two-body breakup reactions. The labels of 4 ~ 11 signigy
respectively the contributions of the excited level order numbers

of the residue nucleus °Be*. The experimental data are taken from
Ref. [7].
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E,=18MeV

0, =80deg

d%c/dedQ (mb/MeVsr)
)

\pridicted levels added
i ' vithout predicted levels
10° L D = It?a ki 19|98: [7]
0 3 6 9 12 15
Outgoing neutron energy (MeV)

FIG. 3. (Color online) The comparison between the calculated
results, which the predicted levels have been employed (red solid line)
or not been employed (black dash line), and the experimental data
taken from Ref. [7] with outgoing angle of 80° at E,, = 18 MeV. The
blue solid and dot lines (denoting 10) correspond to the first neutron
contribution from the predicted level 9.0(§+) through (n,2n)8Be* and
(n,na)>He* reactions, respectively. The green lines do so but for the
predicted level 10.0(%+).

above analysis. On the other hand, the energy interval between
the 9th and 10th excited level of °Be is up to 3.343 MeV
as mentioned in Sec. I, which is much higher than the
average energy interval. Therefore, in order to well reproduce
the measurement data [5,7] at E,, = 14.1 and 18 MeV, two
predicted levels of *Be about 9 and 10 MeV should to be
added. The comparisons between the calculated results that
the predicted levels have been added or not are shown in
Fig. 3 and Fig. 4 for incident neutron energy E, = 18 and
14.1 MeV, respectively. The partial spectra from two predicted
levels 9.03 ") and 10.03 ") have been denoted by 10 and 11

. . . . . 5+
in Fig. 3 and Fig. 4. Obviously, the predicted levels 9.0(3 )

5
>
©
=
€ E, =14.1MeV
g 107 _
3 6, =80deg
o .
B 102l \— predicted levels added
© . without predicted levels
s Baba 1988:[5]
107 E 1 1 1 1 1

0 2 4 6 8 10 12
Outgoing neutron energy (MeV)

FIG. 4. (Color online) The same as Fig. 3 butat E,, = 14.1 MeV.
The experimental data are taken from Ref. [5].
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n+°Be E,=14.1MeV

d%6/dedQ (mb/MeVsr)
o)

10" 3

10° 06,=25deg o Baba 1988: [5]
0 2 4 6 8 10 12 14 16
Outgoing neutron energy (MeV)

FIG. 5. (Color online) The energy-angular spectra of 25°, 30°,
37.5°, and 45° at E,, = 14.1 MeV. The red solid lines and the black
dash line correspond to the results that the predicted levels have or
not been added, respectively. The experimental data are taken from
Ref. [4] (triangle) and from Ref. [5] (circle), respectively.

and 10.0(§+) can emit the secondary neutron and « particle
from (n,2n)®Be* and (n,na) He* reactions, respectively, so
each level could give two neutron spectra. Therefore, four
new outgoing neutron partial spectra are added. From Fig. 3
and Fig. 4, one can see that there are obvious contributions
coming from the predicted levels to the total spectrum. And if
they were absent in the model calculation, the results of total
double-differential cross sections would deviate obviously
from the experimental measurements in the outgoing neutron
energy region 4 ~7 MeV at E, = 18 MeV and in the energy
region 2~ 5 MeV at E, = 14.1 MeV. Moreover, the spins and
parities of the predicted levels that are sensitive to calculation
as shown in Eq. (2) are consulted by the spins and parities of
adjacent levels and determined finally by fitting results.

The comparisons of the calculated results, which the
predicted levels have been employed (red solid line) or not
been employed (black dash line), with the experimental data
measured by M. Baba [5] in 1988 are shown in Fig. 5 to
Fig. 7 at E, = 14.1 MeV for outgoing angles of 25°, 30°,
37.5°, 45°, 52.5°, 60°, 80°, 100°, 120°, 135°, and 150°,
respectively. Meanwhile, the another set of experimental data
measured by A. Takahashi in [4] at E, = 14.1 MeV are
also shown in above figures with the same outgoing angles
of 30°, 60°, 80°, 100°, and 150°. The comparisons of the
calculated results as mentioned above with the experimental
data measured by M. Ibaraki [7] in 1998 are shown in Figs. 8
to 10 at E,, = 18 MeV for outgoing angles of 20°, 30°, 37.5°,
45°, 52.5°, 60°, 70°, 80°, 90°, 105°, 120°, 135°, and 150°,
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n+°Be Ep=14.1MeV n+°Be E,=18MeV

= 3
g b=
€ 3
g | £
< i
Nb %
T " s o~

1o+ 1 0L=00deg ~ Takahashi 1988 [4]

102 Q

10° 6,=52.5deg o Baba 1988: [5]
0 2 4 6 8 10 12 14

Outgoing neutron energy (MeV)

102% 6.=20deg o Ibaraki 1998: [7]
6 é tl'. é EIB 1|0 1|2 1I4 1|6 1|8 2|0
Outgoing neutron energy (MeV)

FIG. 6. (Color online) The same as Fig. 5 but for outgoing angles ] i )
of 52.5°, 60°, 80°, and 100° at E, = 14.1 MeV. The experimental FIG. 8. (Color online) The same as Fig. 5 but for outgoing angles
of 20°, 30°, 37.5°, and 45° at E, = 18 MeV. The experimental data

data are taken from Ref. [4] (triangle) and from Ref. [5] (circle),
are taken from Ref. [7].

respectively.
9 —
10° n+Be Ep=14.1MeV 10° n+"Be Ep=18MeV
2 10’ &
10 4 10°
= e —, 10'1
10° TRt A 10”
A 278 T
10% 4
10" = 10’
3 10° % 10°
o 10"
= g 2
3 10 8 10
E N1
[®] 0 ] 10
g 10 2 10'
° RS 10°
Nb -1 Nb 1
© 10, ) ° 10
10 102
102 T T T T T T T T T T T
10’
10° ~<d
% 10" § 6.=52.5deg §
o _=120deg . Bapa 1988:[5] 102 o Ibaraki 1998: [7]|'
S L A A U T T T T 1T T T T "1
0 2 4 6 8 10 12 0 2 4 6 8 10 12 14 16 18
Outgoing neutron energy (MeV) Outgoing neutron energy (MeV)
FIG. 7. (Color online) The same as Fig. 5 but for outgoing angles FIG. 9. (Color online) The same as Fig. 5 but for outgoing angles

of 120°, 135°, and 150° at E,, = 14.1 MeV. The experimental data are of 52.5°, 60°, 70°, and 80° at E, = 18 MeV. The experimental data
taken from Ref. [4] (triangle) and from Ref. [5] (circle), respectively. are taken from Ref. [7].
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n+°Be

E,=18MeV

10" { 6_=150deg

6 =135deg

6. =120deg

d%6/dedQ (mb/MeVsr)
5\0

0, =105deg

0, =90deg Yo

o Ibaraki 1998: [7 \

é tl'. (IS é 1|0 1|2 1I4 1|6
Outgoing neutron energy (MeV)

-
=R
© ol o voed 1o pod ol ol 1y posd cod ol 0 poed vod o 1y

FIG. 10. (Color online) The same as Fig. 5 but for outgoing angles
0of 90°, 105°, 120°, 135°, and 150° at E,, = 18 MeV. The experimental
data are taken from Ref. [7].

respectively. As shown in those figures all of the fittings agree
very well with the measurements after the predicted levels

9.0(%+) and 10.0(§+) have been added to the level scheme of

°Be, otherwise the calculated results would deviate obviously
from the experimental measurements.

V. SUMMARY

The total outgoing neutron energy-angular spectra for
n + °Be reactions have been calculated and analyzed by the
statistical theory for neutron induced-light nucleus reactions.
Inn + °Be reactions, the total outgoing neutron energy-angular
spectra mainly come from the (n,2n)2« reaction channel with
six different reaction processes.

In light nucleus reactions, all of the residual states are
discrete levels, therefore, the model calculations are very
sensitive to the level schemes. Although the updated level
scheme of *Be have been employed in the calculation, there
are still some deficiencies between contributions from the 9th
and 10th levels. In view of the much higher energy interval,
we predict there are two new levels between the 9th level

7.94(3") and the 10th level 11.238(2 ). The calculated results
indicate the fittings would be improved obviously while the

predicted levels 9.0(%+) and 10.0(%+) have been employed
in calculation. The spins, parities and energy widthes of two
predicted levels have been consulted by the values of adjacent
levels and determined finally by fitting results, but they are not
enough precise. At last, we hope these two predicted levels
could be validated by experiment.
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APPENDIX

There are only the particle waves with /[ = even in an
identical particle system. Since He is unstable and breakup
spontaneously into a neutron and an « particle with Q5 =
0.894 MeV. We denote that m, and m, are the masses of
neutron and o particles, respectively. Ms is the mass of *He.
The calculation indicates that the dominant contribution of
two °He is in their ground states. In this case the normalized
double-differential cross sections of the neutron in center-of-
mass system (CMS) has the form as

dzo' 21+ 1 ol e .
decdQC Z ?fz (£5) Pi(cost),

(AL)

where P; refers to the Legendre polynomial. The Legendre
coefficients f°(¢;,) have been given by [17]

o 1 5
fie) = £ ) P,

4y, el

(A2)

where the Legendre coefficients f,"°(c) of He in CMS is
calculated by using the unified Hauser-Feshbach and exciton
model [17], and

. Eim, (A3)
=1 s
and
e’ i_/: -1+
N (A4)
& 2V

In residual nucleus system (RNS) the neutron energy is
Ref. [17]

1=200 (AS)
&= —Qs.
n Ms 5
The energy of *He in CMS is given by
ge=Ms (E* — Bs) (A6)
5= Mo 5),

where M| is the mass of '°Be, and Bs is the binding energy
of He in '"Be. E* stands for the excitation energy of the

compound nucleus
My
E*=—E, + B,,
Ml() n n

(AT)

where Mo is the mass of °Be, and B, is the binding energy of
neutron in 1°Be.

The minimum and the maximum energies of neutron in
CMS are given by

c 2.

€ min = En(L =¥ & = En(14+72)". (A8)

For the o particles from two SHe breakup process, the

formula can be obtained by exchanging m, and m,. The
V2muE,

velocity of the center of mass is Ve =+

064612-7
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In statistical physics the observable physical quantity is
given by the averaged one over the distribution function.
Therefore, the energy carried by each neutron in laboratory
system (LS) is obtained by

E! f G _dlo | (B + Ve)decd Qe
= — —-myu (Y &
n s min d8;dQ;’ ) n\Un C n n

E;.max m m E
[ i) (e + e ) e
¢ 10

n,min

m,m, My, m,
= E,+—0s+ —-
M2, " Ms 95+ 4

Es, (A9)
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and the energy carried by each « particle in LS is obtained by

EL="""p, + Dro 4 Mg (A10)
Mi, Ms Ms
Thus, the total released energy in LS is given by
Etlolal = 2E111 + 2Eé{ = En + Bn - BS + 2Q5 (All)

The Q value of the '°Be — He +°He — 2n + 2« reaction
channel is

Q =B, — Bs+20s.
So the energy balance Efota] = E, + Q is held strictly.

(A12)
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