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A method for calculating multistep direct reactions for both continuum and discrete levels is
proposed. The energy-angle correlation scattering kernel is adopted for continuum and discrete
levels in the semiclassical approach, in which the angular momentum and parity conservations
are considered. Then, following the Feshbach, Kerman, and Koonin quantum multistep direct
reactions theory, the Legendre coefficients of the angular distributions are calculated based on one-
step distorted-wave Born approximation instead of nucleon-nucleon scattering expressions in nuclear
matter. Since the quantum effects are properly considered, we call it the quasiquantum multistep
direct reactions theory. For the specific reaction considered here, the calculated discrete level neutron
angular distributions of the '*B(p, n0)*'C reaction and the cross sections of the **B(p, n¢)''C and
the ''B(p, n)*! C reactions reproduce the experimental data reasonably. This approach can also be

used to composite particle emissions.

PACS number(s): 24.50.+g, 24.10.—i, 25.40.Hs, 21.65.+f

I. INTRODUCTION

In recent years, the quantum-mechanical preequilib-
rium theory of Feshbach, Kerman, and Koonin (FKK)
[1] has been applied with considerable success to de-
scribe nucleon-induced reactions [2-6]. This theory
describes the reaction as passing through a series of
particle-hole excitations, caused by nucleon-nucleon in-
teractions as the nuclear system evolves towards equilib-
rium. Quantum-mechanical preequilibrium theory dis-
tinguishes between multistep compound (MSC) processes
(i.e., all particles remain bound throughout the succes-
sive stages of the reaction) and multistep direct (MSD)
reactions (i.e., at least one particle remains in the con-
tinuum). The calculated results with both mechanisms
as well as subsequent Hauser-Feshbach (HF) equilibrium
emission show that the MSC processes are less impor-
tant than previously thought and the MSD mechanism
dominates preequilibrium emission even for incident neu-
tron energies as low as 14 MeV [6]. The calculated
nucleon double-differential cross sections (DDCS’s) by
quantum-mechanical preequilibrium theory are clearly
better than semiclassical model calculations, which un-
derpredict backward-angle emission [5,6]. However, so
far the particle emissions of the discrete levels and the
composite particles (d, ¢, He, @) emissions have not been
calculated by the FKK theory. This situation limits this
theory in applications.

The DDCS’s of a single particle in nucleon-induced re-
actions around several tens of MeV were described by
the improved exciton model [7]. Later, Fermi motion and
Pauli exclusion principle were taken into account [8,9], so
that the behavior of the backward-angle scattering was
improved at low incident energies. Then the energy-angle
correlation effect was considered [10-12], and the calcu-
lated angular distributions for single-nucleon emissions
were improved in agreement with the experiments for in-
cident energies up to several tens of MeV. The effect of
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anisotropic intranuclear nucleon-nucleon scattering was
also studied [13]. For composite-particle emissions, the
pickup niechanism in precompound reactions was studied
to search for a useful tool to calculate the cross sections
and spectra of emitted composite particles (a,d,t,3 He)
[14-17], and this model was extended to DDCS calcula-
tions for a-particle emissions [11]. Afterwards, another
method for calculating the DDCS’s of the emitted com-
posite particle in precompound reactions was proposed
[18-21]. Meanwhile, a semiclassical model (SCM) con-
sidering the angular momentum and parity conservations
was presented [22,23], with which the nuclear data of the
discrete levels can be calculated for preequilibrium reac-
tion processes. Following the FKK model, the angular
momentum factor of the spin—% nucleon is given in the
SCM [24]. However, the calculated nucleon DDCS’s with
the SCM at backward angles give much lower values than
the experimental data [13]. It is mainly caused by using
the semiclassical nucleon-nucleon scattering kernel in nu-
clear matter.

In terms of the comparison between the FKK quantum
theory [5,6] and the semiclassical theory [12,22,23], we
find that the final equations of the FKK quantum model
are very similar to the semiclassical theory. For improv-
ing the semiclassical method, the one-step distorted-wave
Born approximation (DWBA), which automatically ac-
counts for interference, refraction, and finite-size effects,
is employed to calculate the angular factor instead of the
nucleon-nucleon scattering expressions in nuclear matter,
so that a quasiquantum MSD (QMSD) method both for
continuum and discrete levels is proposed. The DDCS’s
of composite-particle emissions can also be calculated
with this QMSD theory. Since the MSD mechanism dom-
inates preequilibrium emission [6], the nuclear reactions
can generally be described by the optical model, direct
reaction theory, QMSD preequilibrium emission theory,
and HF equilibrium emission theory.

In Sec. II the formulations of the quasiquantum MSD
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theory both for continuum and discrete levels are pre-
sented. The calculated results and a discussion are given
in Sec. III.

II. FORMULATIONS
OF THE QUASIQUANTUM MSD THEORY
FOR BOTH CONTINUUM AND DISCRETE
LEVELS

The quasiquantum MSD theory for both continuum
and discrete levels has been proposed to consider the an-
gular momentum and parity conservations and to cal-
culate the energy-angle correlation angular factor on the
basis of the one-step distorted-wave Born approximation.

The formula for the cross section for the emission of
particle b reads {22,23]
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where F refers to the excitation energy and n stands for
the exciton number. J and II are the total angular mo-
mentum and parity of the system. o™ is the absorption
cross section of the JII channel, Wthh formula is as same
as that in HF theory.

The excitation states of the residual nucleus are di-
vided into continuum and discrete levels. We have
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where By, is the binding energy and Ej is the energy of kth level. Mg and M¢ are the masses of the residual and
compound nuclei, respectively. Tﬁj, (¢) and Tﬁj,(ek) are the transmission coefficients calculated by the optical model.
F,(e) and F\,(ex) are pickup factors of the emitted composite particle [14-17], and A + v = A, , where A, is the
mass number of the emitted particle b. The symbol & is defined as £ = /2z + 1.

If the pickup configuration is taken into account, the expression of the combination factor can be found [25]:
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where p and h represent the particle and hole numbers,
respectively. A, Z, and N (A,, Z,, and Ng; Ap, Zs,
and N,) are the mass, proton, and neutron numbers of
the target (incident particle, emitted particle). In above
expression, the following symbol is used:

HE

Based on the group method to account for the exact
Pauli exclusion effect in the exciton state densities [26],
for the nucleon-induced nuclear reaction processes, the
exciton state density was proposed as
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with n = p+h and the spin cutoff factor o2 = 0. 24nA2/ 3
[27]. U = E—A, where A is the pair correction. g = % is
the single-particle level density around the Fermi surface,
and a is the level density parameter [28].

The Pauli exclusion correction A(p,h) is approxi-
mately equal to

A(p,h) = 3[p(p—1) + h(h - 1)] . (12)

The lifetime 7/™(n) of exciton state n in the JII chan-
nel can be obtained by solving the JII-dependent master
equation [22,23]. The total emission rate W™ (n) in the
JII channel can be obtained as follows:

) (n, B)

WJII( ) m

(13)

The transition rates of the JII-dependent exciton model
are given by [24]
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where K is the exciton model parameter.

The form factor of the angular momentum is obtained
in terms of the FKK theory [1,3], but a spin % was used
instead of a spin of 0. Their final expressions are as
follows [24]:
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where the triangular function A(abc) is defined as unity
if |a — b] < ¢ < a+ b and zero otherwise. C]""ml"‘~"jz.,n2 is
a Clebsch-Gordan (CG) coefficient.

The energy spectra formulation of the continuum reads

dUb z oI Z ()T

The DDCS of single-particle emission of the continuum
is given by the expression

Iy E,€) . (24)
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By using the energy-angle correlation scattering kernel
approach [10-13], the angular factor of a single particle
for the continuum reads

A(nQe) = &
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Under the “never-come-back” assumption, the following
expression is obtained [11-13]:
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The JII-independent total emission rate W,, of the com-
posite system reads

Wa=¥" / W(e)de (31)
b
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where pp and op(e) are the reduced mass and inverse

cross section of the emitted particle b, respectively.
Following the FKK quantum MSD theory [5,6], the

expression for p;(e”,¢’) is obtained as follows:
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The spin I’ and parity #n’ of the residual nucleus are con-
sidered in Eq. (35).
The angular distribution of a single particle for discrete
levels reads
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The py(¢"”,€’) in Eq. (39) is still calculated by Eq. (29).
If only the n = no one-step preequilibrium process is
considered, then we have
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For composite-particle emissions, the angular factors
A(nf¢) and A(ne;) can also be calculated by using the
energy-angle correlation approach [21] with the formula-
tions of y;(¢”,¢’') and vi(e’,€x) given in this paper.

} DWBA

(39)

f
III. CALCULATED RESULTS AND DISCUSSION

The low-energy nuclear reactions can generally be de-
scribed by optical model, direct reaction theories, pree-
quilibrium emission theory, and the equilibrium emission
theory. The preequilibrium emission theory is only used
for the continuum previously, whereas the preequilibrium
emission theory QMSD can describe the continuum and
discrete levels. Various direct reaction DWBA theories
and coupled-channels optical model as well as equilibrium
emission HF theory can be included in our calculations.
The low-lying state excitation function is mainly con-
tributed by statistical theory (i.e., HF theory before and
QMSD+HF theory now) in the low-energy region and by
direct reaction theory in the high-energy region. Gener-
ally speaking, a straightforward calculations with direct
reaction theory must be included for the low-lying exci-
tation state, but for a specific low-energy light nucleus
p+!'B reaction, for which there exist only low-energy
discrete level angular distribution and cross section ex-
perimental data, the calculated results show that using
only QMSD and HF theories is suitable.

We calculated the reaction p+'B in the energy region
1-25 MeV using the QMSD and HF theories. The various
cross sections and the discrete level angular distributions
of the (p, no) reaction were calculated and compared with
the experimental data. Since the first step contribution
in MSD theory is dominant [6], only the one-step pro-
cess is considered in our calculations. The exciton model
parameter K in Eq. (16) is taken as 300 MeV3.
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Figure 1 shows the calculated value and the experimen-
tal datum [29] comparison of the neutron angular distri-
butions of the **B(p, o) C reaction (*'C in the ground
state) at incident proton energies 7.1 and 8.2 MeV. The
calculated values represented by the dashed lines with
the SCM [22,23] and HF theory are near the isotropic
angular distributions and slightly forward, which cannot
give the experimental data changing tendency with the
angle. The solid lines represent the calculated values
obtained using the QMSD and HF theories, which are
basically in agreement with the experimental data. The
backward tendencies both of the experimental and calcu-
lated angular distributions at incident proton energy 7.1
MeV are all stronger than those at incident proton en-
ergy 8.2 MeV. The DWBA angular distributions of the
direct (p,n) knock-out reaction [30] were calculated by
the code KORP [31]. The theoretically predicted neutron
angular distributions obtained using the QMSD and HF
theories of the 'B(p,n0)''C reaction at incident proton
energies 4.0-11 MeV are shown in Fig. 2. The backward
tendency of the neutron angular distributions is gradu-
ally reduced with the incident proton energy increasing,
as same as the measured data. What kind of reactions
(e.g., inelastic scattering) can be successfully analyzed to
discrete level angular distribution experimental data in
the low-energy region by the QMSD + HF theory should
be studied in the future.

Since QMSD theory formulations are theoretically very
close to the FKK quantum MSD theory [5,6], good calcu-
lated DDCS’s of the continuum would be obtained with
the QMSD theory, but there exist no double-differential
cross section experimental data of the continuum for the
p+1'B reaction to be compared with theory. We can see
clearly that for calculating the various cross sections with
Eq. (1) and the continuum energy spectra with Eq. (24),
the angular factor A(n€¢) in Eq. (25) and correspond-
ing DWBA calculations are not needed. Therefore the
various cross sections given in this paper as well as the
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FIG. 1. Calculated value and the experimental datum
[29] comparison of the neutron angular distributions of the
11B(p, n0)**C reaction (*'C in the ground state) at incident
proton energies 7.1 and 8.2 MeV.
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FIG. 2. Theoretically predicted neutron angular distribu-
tions obtained using quasiquantum MSD and HF theories of
the *B(p, 7o) C reaction at incident proton energies 4.0-11
MeV.

angular distributions are all calculated by the QMSD +
HF theory.

Figure 3 shows the calculated value and the experimen-
tal datum [29,32] comparison of the neutron cross sec-
tions of the 11B(p, no)!!C reaction. The calculated values
obtained using the QMSD and HF theories are basically
in agreement with the experimental data. Especially, the
theoretical curve passes the experimental points at inci-
dent proton energies 7.1 and 8.2 Mev. The dashed and
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FIG. 3. Calculated value and the experimental datum
[29,32] comparison of the neutron cross sections of the
11B(p, no)*'C reaction.



2478 QINGBIAO SHEN AND JINGSHANG ZHANG 50

—— THEQC.

>
I TS S UEe

300 °  ANDSI
i A &

- “A, s FURBO
~ 250} PSRN b +  GIBSY
"D a
E 200f

<
o 150 f
100 £
sof
0b. . A 1 N U L
0 5 10 15 20 25

E (MeV)

FIG. 4. Calculated value and the experimental datum
[32-34] comparison of the neutron cross sections of the
11B(p,n)''C reaction.

dot-dashed lines represent the calculated values obtained
using the QMSD and HF theories, respectively. The
calculated results show that the preequilibrium emission
contribution given by the QMSD theory dominates the
discrete level excitation function of the 'B(p,n¢)**C re-
action. The relative magnitudes of the contributions to
the discrete level excitation function obtained using the
QMSD and HF theories should be studied for different
reactions (e.g., inelastic scattering) and different target
(e.g., heavy nuclei) in the future. In our calculations the
straightforward contributions of the direct reactions were
not included. If we include the straightforward (p,n) di-
rect knock-out reaction calculations, the calculated angu-
lar distributions at E, = 7.1 and 8.2 MeV would not be
affected obviously because the contribution of the direct
reaction is small at low energies.

The calculated results for the 1B(p,ng)!!C reaction
indicate that, using the direct knock-out reaction theory,
the data of neutron angular distributions can be fitted
reasonably, but the excitation function cannot be fitted;
using semiclassical model, the excitation function can be
fitted satisfactorily, but the neutron angular distributions
cannot be fitted; using the quasiquantum MSD theory,
both of them can all be fitted reasonably.

The calculated value and the experimental datum
[32-34] comparison of the neutron cross sections of the

10°p p+''B

P o s,

100 " n N | L
S 10 1S 20 25

FIG. 5. Theoretically predicted various cross sections ob-
tained using the quasiquantum MSD and HF theories of the
p+''B reaction in the energy region 1-25 MeV.

11B(p,n)!'C reactions are shown in Fig. 4. The cal-
culated values obtained using the QMSD and HF the-
ories are basically in agreement with the experimental
data. The theoretically predicted various cross sections
obtained using the QMSD and HF theories of the p+!'B
reaction in the energy region 1-25 MeV are shown in
Fig. 5.

In summary, the method for calculating multistep di-
rect reactions for both continuum and discrete levels is
proposed. The energy-angle correlation scattering kernel
is employed to calculate the angular factor in the gen-
eralized exciton model, in which the angular momentum
and parity conservations are considered. Then, following
the FKK quantum MSD theory, we calculate the Legen-
dre coefficients of the angular distributions on the basis
of one-step DWBA cross sections instead of the nucleon-
nucleon scattering expression in nuclear matter. Since
the quantum effects are properly considered, it is a quasi-
quantum MSD theory. For the specific reaction consid-
ered here, the calculated discrete level neutron angular
distributions of the 'B(p,n¢)''C reaction and the cross
sections of the 11B(p, n)!!C reactions with this method
fit the experimental data reasonably.
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