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  Introduction
   The light nuclei imply the 1P-shell elements in
this paper. So far there is no file-6 (double-
differential cross section data, DDX) of the light
nuclei in the main evaluated neutron nuclear data
libraries in the world, including ENDF/B-6, except
9Be, of which the file-6 was obtained by using a
Monte Carlo technique to fit the measured double-
differential cross sections[1]. For the other 1P-shell
elements, only neutron spectra are given. For the
reaction channels, such as (n,nx)p, (n,nx)d, (n,nx)t
and (n,nx)α, their outgoing isotropic neutron spectra
were obtained by means of the phase space method
and given in the file-5, meanwhile, by using the
pseudo-levels for supplement of the information of
neutrons in the file-4 as the inelastic scattering
process. In this case, all of the information on the
double-differential cross sections of outgoing charged
particles could not be obtained from the library.
Therefore, locating a proper description on the
double differential cross sections of all kinds of
outgoing particles from neutron induced light nucleus
reactions below 20 MeV is necessary, even it is a
very complex problem for theorists and evaluators.
The motivation for this work is to introduce a way to
set up the file-6 in the neutron data library.

In view of the reactions at incident neutron
energies En≤20 MeV all of the first outgoing particles
are emitted from compound nucleus to the discrete
levels of the residual nuclei. All  of the discrete
level schemes used in the opened reaction channels at
En≤20 MeV can be obtained from Ref. [2].

The first particle emissions can be described with
pre-equilibrium and equilibrium mechanism. To
conserve angular momentum, the angular momentum
coupling effect must be taken into account, which is
presented in Sec. 2. The linear momentum dependent
exciton state density was employed for calculating
the angular distribution of the first nucleon
emissions[3]. In this method, the leading particle is not
assumed; instead, a statistical population of all states
compatible with energy and momentum conservation

is proposed. The effects of the Fermi motion, as well
as Pauli blocking by the ‘sea’ of nucleons, are
included. In particular, the angular distribution from
the first pre-equilibrium state is identical to that
obtained with the Kikuchi-Kawai scattering kernel[4,5].
The pickup mechanism is used for calculating the
cluster pre-formation factors[6,7] and double-
differential cross sections of composite particle
emissions[8,9].
   Because of the strong recoil effect in light nucleus
reactions, the energy balance must be taken into
account strictly. Only in this way the file-6 could be
set up with full energy balance.
   There are many measurements for DDX in
EXFOR file. In terms of the model calculation to
reproduce the measured data of total outgoing
neutron energy-angular spectra satisfactorily, the file-
6 could be set up for application.

1  Dynamics
Besides the equilibrium mechanism, the pre-

equilibrium mechanism must be taken into account.
The model calculations indicate that the pre-
equilibrium mechanism dominates the reaction
processes, so that only the Hauser-Feshbach model
could not work to reproduce the measured DDX data.
This kind of reactions can be described with the
unified Hauser-Feshbach and exciton model[10].
   From the Heisenberg’s uncertainty relation

h≈∆∆ tE , as very known, the E∆  is in the order of
magnitude of few eV for heavy nuclei, corresponding
the life-time t∆  of the compound nucleus is about
10-16 seconds. For the light nucleus reaction, the
fitting procedure drops a hint that the E∆  of the
compound nucleus is in the order of magnitude of
few hundred keV, corresponding the life-time t∆  is
about 10-21 seconds. Therefore, in light nucleus
reactions, the behavior of the pre-equilibrium
emissions is very much similar to the direct reactions
calculated by the DWBA method.
   Since the pre-equilibrium emission is an important
reaction mechanism from the compound nucleus to
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the discrete levels of the residual nucleus, each of
which has its individual spin and parity, so the
angular momentum coupling should be taken into
account for the angular momentum conservation in
pre-equilibrium emission mechanism. The
formulation of the angular momentum dependent
exciton model can be found in Refs.[11,12]. With this
procedure the emissions to the discrete level, which is
marked by jπ, can be treated. However, the j-
independent exciton model could not deal with this
kind reaction mechanism.

2  Kinematics
   Because of light mass, very strong recoil effect
appears in the light nucleus reaction processes.
Therefore, the consideration of the kinematics in a
strict way plays a very important role in the angular-
energy spectrum calculations.
   There are many opened reaction channels below
20 MeV. Besides the sequential particle emissions,
the cluster separation of the residual nucleus and
three-body breakup processes also exist. The total
neutron energy-angular spectra consists of the
outgoing neutrons from various reaction channels,
which strongly differ from each other in their
respective energy-angular distributions. The double
differential cross sections could provide the
information for analysing the components from the
differential reaction mechanism.
   The research indicates that the kinematics of
various emission processes can be described with the
four possible types in light nucleus reactions.

(1) From discrete level to discrete level  (D to
D),

(2) From continuum spectrum to discrete level
(C to D),

(3) From discrete level to continuum spectrum
(D to C)

(4) From continuum spectrum to continuum
spectrum (C to C)

   The first two terms are used in the sequential
particle emissions, because all final states are in
discrete levels, while the last two terms are used for
the three-body breakup processes, because the final
states are continuum spectra to go through three-body
breakup.
   The formulation on the description of the
outgoing particle spectra with the energy balance has
been obtained analytically, which is straightforward
but tedious. All of the formula can be found in Refs.
[13~16].
   The summation over all the energies carried by
the outgoing particles and recoil nucleus, as well as
gamma ray gives the total released energy
analytically in the center of mass system as follows
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   And in the laboratory system, the total released
energy is analytically given by
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i

i QEmE n
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where En stands for the incident neutron energy in
laboratory system, MT and MC are the masses of
target and compound nucleus, respectively. Q refers
to the Q-value of the reaction channel.

3  Model and LUNF Codes

   The optical model is involved in the unified
Hauser-Feshbach and exciton model. The
phenomenological spherical optical potential is
employed in the optical model calculations. The
optical model parameters of neutrons are determined
by fitting total, elastic and non-elastic cross section,
as well as elastic-scattering angular distributions. The
optical model parameters of charged particles like
protons, deuterons, tritons, and alpha particles are
determined by fitting the corresponding reaction
cross sections.
   The LUNF code for light nucleus reactions are
developed for calculating reaction cross sections and
energy-angular spectra of all kinds of outgoing
particles from each reaction channel below 20 MeV.
Being very different opened reaction channels with
variety status of the residual nuclei, each light
nucleus has its own edition. The physical quantities
calculated numerically by the LUNF code given in
ENDF/B-6 format are as follows:

(1) Total, elastic and non-elastic scattering cross
sections as well as elastic-scattering angular
distributions.

(2) All kinds of reaction cross sections with a
different reaction mechanism and angular
distributions of outgoing particles, like
neutrons, protons, alpha particles, and
deuteron.

(3) Double-differential cross sections of the
outgoing particles from each reaction
mechanism and total double-differential cross
sections of the emitted particles.

(4) Partial kerma factors of outgoing particles and
recoil nuclei, and the total kerma factor.

4  Summary
   In terms of this approach, the model calculations
for fitting the double-differential measurements of
outgoing neutrons have been performed for the light
elements  from  lithium  to  oxygen.  The  calculated
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results indicate that this method can reproduce the
double-differential measured data of outgoing
neutrons. The fitting results can be found in Refs.
[17~21]. Since lack of the double-differential cross
section measurements of outgoing charged particles,
only the comparisons of the total double-differential
cross sections of the outgoing neutrons have been
performed.
   Because of the level widths and energy resolution
in the measurements, according to the Heisenberg’s
uncertainty relation, the measured data are always in
a broadening form. Therefore, the broadening effect
must be taken into account in the fitting procedure.
The Gaussian expansion form is adopted. The
standard deviation consists four components:

(1) Energy resolution of the neutron source;
(2) Energy spread caused by the finite timing

resolution of time-of-flight method[22];
(3) Life-time of the compound nucleus;
(4) Level widths. All of the level widths are taken

from the experimental data as fixed
parameters.

   The formulation of the broadening expansions
can be found in Ref.[12]. Of course in the
establishment of the file-6 for the double-differential
cross sections any uncertainty expansions are not
needed at all.
   Since the calculated double-differential cross
sections are in center of mass system, so the
transformation from the center of mass system to the
laboratory system must be performed in fitting
procedure. The related formalism can be found in
Ref. [12].
  Taking n+9Be reaction as an example, the
comparisons of the normalized neutron angular-
energy spectra of 60 deg. in file-6 between ENDF/B-6
and CENDL-3 at En=5.9, 14.1 MeV are shown in
Figs. 1~2, respectively. By using a Monte Carlo
technique to fit the double-differential measurements
ENDF/B-6 gives a smooth curve of the angular-
energy spectra, while this approach gives discrete
structure. The peak at the high-energy part mainly
comes from the second excited level in Perkins
approach[1]. In our model calculation, there are many
peaks from different excited levels, including the first
excited level.
   In general, as the second nucleon emissions
(neutron or proton) give small energy region with
several hundred keV in the ring-type spectra in center
of mass system; while the triton or alpha particle
emissions give the large energy region with a few
MeV due to the relative heavier mass. All of the ring-
type spectra must be treated as the continuum spectra,
only in this way one can keep the energy balance[12].

Fig. 1 The neutron angular-energy spectrum of θ=60° at
En=5.9 MeV for 9Be

   Fig. 2  The neutron angular-energy spectrum of θ=60°
          at En =14.1 MeV for 9Be

   The statistical reaction model is often used in the
evaluation of nuclear data for medium or heavy
nuclei, while the model calculations indicate that it
still can be applied to the light nuclei. However, the
pre-equilibrium emission processes from the excited
compound nucleus to the discrete levels dominate the
reaction processes. As long as the angular momentum
and parity conservation as well as the recoil effect is
taken into account in whole reaction processes, the
optical model still works well to give the emission
branch from level to level in the light nucleus
reactions. The angular momentum coupling approach
has been proposed for conserving the angular
momentum in the pre-equilibrium emission
mechanism.
   The optical model parameters are important in the
model calculations. Besides neutron optical
parameters, the optical model parameters of the
charged particles can be adjusted to improve the
fitting results of the partial spectra,  as well as fitting
the corresponding reaction cross sections in the
reasonable area.
   Since all of the particles are emitted to the
discrete levels, we do not need the level density
parameters.
   Based on the fitting to the double-differential
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measurements, the file-6 can be established by using
the LUNF code with full energy balance in the
neutron library CENDL-3. All of the double
differential cross sections of the outgoing particles
are given in the Legendre coefficients in center of
mass system in ENDFB-6 format. The files-6 needed
to be set up for 1P-shell elements are listed in the
Table.1. From this Table one can see that n+9Be is
the easiest one, because the total neutron angular-
energy spectra is just equivalent to that of the (n,2n)
reaction channel. However, for the other nuclei, the

outgoing neutrons come from more than two reaction
channels, so the fitting method by Monte Carlo
technique is unable to mark off the different reaction
channels.
   Limited by this statistical reaction model, the
resonance phenomenon in the reaction cross sections
could not be obtained, so the evaluated experimental
data of cross sections are employed in the neutron
library. This approach is mainly used for setting up
the file-6 for the double-differential cross sections.

Table 1    The file-6 needed to be set up of the 1-p shell elements1)

Target Channel (MT) Channel (MT) Channel (MT) Channel (MT)
6LI (n,nd)α (32) (n,2np)α (41)

(n,2n)6Li (16) (n,nα)t (22) (n,2nd)α (24) (n,3np)α (25)7Li
(n,np) 6He (28)

9Be (n,2n)2α (16)
(n,2n)p2α (16) (n,nα) 6He (22) (n,np) 9Be (28) (n,nd)2α (32)10 B
(n,pα) 6He (112) (n,t)2α (33)
(n,2n) 10B (16) (n,nα) 7Li (22) (n,np) 10Be (28) (n,nd) 9Be (32)11B
(n,nt)2α (33)

12C (n, np) 11B (28) (n,n3α) (29)
(n,2n) 14N (16) (n,nα)10B (22) (n,np) 13C (28) (n,nd)12C (32)14N
(n,2np) 12C (41) (n,2α) 7Li (29) (n,t)3α (33)

16O (n,2n) 15O (16) (n,nα) 11C (22) (n,np) 15N (28) (n,2α)9Be (29)
           Note: 1) The corresponding MT numbers are given in the parentheses.
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