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Abstract. The deuteron elastic and inelastic scattering on 56Fe is calculated by using the coupled-channel
method and the collective motion models. Based on the experimental angular distributions of scattering pro-
cesses, an optimal set of parameters are obtained for the deuteron’s coupled-channel optical model potential and
56Fe’s deformation including first ten low-lying excited states. The calculation results are in good agreement
with the experimental data at low incident energies (Ed < 30 MeV), except for 4+1 (2.085 MeV) and 2+3 (2.960
MeV), and the deviation is found for several states at 56 MeV. That indicates further analyses and discussions
are necessary.

1 Introduction

Deuteron-induced reaction catches much attention re-
cently in association with applications for two main pur-
poses. One is the fusion energy technology, and the other
is the intense neutron source. Many scientific facilities are
served for these applications around the world now, such
as ITER [1], IFMIF [2] and CiADS [3], and so on. In
these facilities, nuclear data including deuteron scattering
angular distribution and neutron production cross section
is essential for the design and operation activities. For
example, deuteron-induced reaction data on the structure
material like iron were used for the safety and radioprotec-
tion calculations of facilities for the IFMIF/EVEDA activ-
ities [4]. Therefore, the reliable nuclear data are requested
for the safety of the facilities.

The input parameters of the theoretical models, like
the optical model potential (OMP) and the collective mo-
tion model, are important to analyze the nuclear scatter-
ing processes and reactions. The accurate parameters can
lead to the reliable nuclear data. As the first step in the
nuclear data evaluation, it is especially crucial to get the
proper OMP parameters because OMP provides the dis-
torted waves implanted in the calculations of many nuclear
reactions.

There are two kinds of OMPs, spherical (or single-
channel) OMP and coupled-channel (CC) OMP. Usually,
the spherical OMP parameters are obtained by fitting the
experimental data of the elastic scattering. Two new
deuteron global OMPs [5, 6] are developed both in 2006.
For incident energies up to 183 MeV and target nuclei
ranging from 12C to 238U, An and Cai [5] obtained a set
of global deuteron optical potential parameters which fit-
ted well the experimental data. The similar work also has
been done by Han et al. [6]. However, the CC-OMP
is more theoretically consistent than spherical OMP for
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both elastic and inelastic scattering processes, and it is
useful to reduce the ambiguity and improve the accuracy
of parameters. By considering both the deuteron OMP
for deuteron-target interaction and the collective motion
model for the deformation of target nucleus, the CC-OMP
describes more consistently the angular distributions of
target’s low-lying excited states and utilizes more infor-
mation from inelastic scattering, especially for the excited
states coupled strongly to the ground state (G.S.)

In this work, the coupled channel method was em-
ployed to calculate deuteron scattering angular distribu-
tion for 56Fe’s ground state and several low-lying excited
states. The asymmetric rotational model and vibrational
model were employed to describe these collective low-
lying states. The calculations were carried out by using
ECIS code [7].

2 Theoretical models

The coupled-channel method needs the optical model
describing the deuteron-target interaction and the collec-
tive motion models describing the target deformation. At
first, the deuteron OMP used by An and Cai [5] are cho-
sen, which includes a Woods-Saxon form for the real
and the imaginary volume terms, and a derivative Woods-
Saxon form for the imaginary surface term, and a Thomas
form for the real and imaginary spin-orbital terms. The
Coulomb term Vc is also included and taken as a poten-
tial of uniformly charged sphere with radius Rc. The phe-
nomenological optical model potential form is given as
follows:

V(r) = − VR fR(r) − iWV fV (r) + i4aS WS
d fS (r)

dr

+ λ2
π

VS O + iWS O

r
fS O(r)

dr
σ⃗ · l⃗ + VC(r). (1)
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Zze2

2RC
(3 − r2

R2
C
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Zze2
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The Woods-Saxon form factor is given as

f (r, rx, ax) =
1

1 + exp( r−Ri
ai

)
, with i=R, V, S, SO, (3)

Ri = riA1/3, with i=R, V, S, SO, C, (4)

where the symbols R, V, S, SO and C denote the real and
imaginary volume terms, imaginary surface term, spin-
orbit and Coulomb terms, respectively.

Secondly, the asymmetric rotational model and the vi-
bration model embodied in ECIS code [7] are employed
to describe the ground state rotational band and other low-
lying collective states, respectively. For some vibrational
nuclei including 56Fe, a dispersive coupled-channel OMP
with soft-rotator couplings by Li et al. [8] showed rather
good descriptions of the neutron and proton scattering.
However, there is no nuclear reaction code available using
the same model as Li for deuteron scattering. The ECIS
code is thus selected and both above models are used.

We use asymmetric rotational model to describe the
first three levels of the ground state rotational band, i.e.,
Jπ=0+1 (G.S.), 2+(0.845 MeV), 4+1 (2.085 MeV). In the
asymmetric rotational model, the radius is given by:

R(θ) = R0

{
1 + β2

[
cos γY0

2 (θ) +
1
√

2
sin γ

(
Y2

2 (θ) + Y−2
2 (θ)

)]

+ β4 cos γ′Y0
4 (θ) + β4 sin γ′

[
1
√

2
cos δ

(
Y2

4 (θ) + Y−2
4 (θ)

)

+
1
√

2
sin δ
(
Y4

4 (θ) + Y−4
4 (θ)

)]
+ . . .

}

(5)

The deformation parameters in the above formula are
given in Table 1, which are derived from Ref. [8].

Table 1. Asymmetric rotational model deformation parameters
are derived from Ref[8].γ, γ

′
, δ is in degree.

56Fe
β2=0.2461 γ =18.6509
β4=0.046 γ

′
=3.4722 δ=173.692

For other low-lying states, up to 4.51 MeV, the vibra-
tion model is introduced. In the vibrational model, the
radius is given by:

R = R0

1 +
∑
λ,µ

α
µ
λY
µ
λ (θ, ϕ)

 , (6)

where:

α
µ
λ =

β
µ
λ√

2λ + 1

(
bλ,µ + (−)µb+λ,−µ

)
. (7)

The deformation parameters in the above formula are
given in Table 2, which are adjusted to match better the
experimental data.

Table 2. Vibrational model deformation parameters from
Ref.[9]. Adjusted deformation parameters according to

experimental data is given in last column.

EX(MeV) Jπ βλ(NDS ) βλ
2.657 2+ 0.0865 0.0690
2.960 2+ 0.0636 0.0470
3.123 4+ 0.1064 0.0895
3.370 2+ 0.0716 0.0559
3.602 2+ 0.0553 0.0450
3.832 2+ 0.0563 0.0420
4.100 4+ 0.0966 0.0966
4.510 3− 0.2010 0.1759

3 The couple-channel Calculations

Using the OMP parameters of An and Cai [5] as the start-
ing point, an optimal set of couple-channel optical model
potential parameters for each incident energies were deter-
mined by fitting the relevant data to minimize the quantity

χ2 =
1
N

N∑
i=1


σcal

i − σexp

∆σ
exp
i


2

, (8)

where N denotes the numbers of experimental data in-
cluded in the parameter search. ∆σexp

i is the sum of the
statistical and systematic errors for the data point i.

All experimental data are taken from the EXFOR [11]
database. The distribution of experimental points is given
in the Table 3, and "×" indicates the existence of experi-
mental data. Because 11.8 MeV is very close to 11.5 MeV,
it is treated as the same incident energy in this paper. All
the results are given in the center-of-mass (c.m.) system
by following the experimental data set. For the experi-
mental data without specific error, an error of 10% is set.
The calculations were performed with the ECIS06 code.

Table 3. Experimental data for the parameter search.

EX Ed(MeV)
(MeV) 11.5 11.8 12.3 25.9 56

0 × × ×
0.846 × × × × ×
2.085 × ×
2.657 × ×
2.960 × ×
3.123 × ×
3.370 × ×
3.602 × ×
3.832 × ×
4.100 ×
4.510 × ×

We retain the original parameters for spin orbit cou-
pling term and Coulomb term, and adjust the parameters
of other terms. All modified potential parameters obtained
in this way together with the starting values as given by
An and Cai [5] are tabulated in Table 4, together with the
relevant χ2 values. For the spherical OMP (denoted by
"An"), only elastic scattering data is included in the calcu-
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We retain the original parameters for spin orbit cou-
pling term and Coulomb term, and adjust the parameters
of other terms. All modified potential parameters obtained
in this way together with the starting values as given by
An and Cai [5] are tabulated in Table 4, together with the
relevant χ2 values. For the spherical OMP (denoted by
"An"), only elastic scattering data is included in the calcu-

lation of χ2; but for CC OMP obtained by this work (de-
noted by "An-C fit"), both elastic and inelastic experimen-
tal scattering data are included. There is no elastic scatter-
ing experimental data at 25.9 MeV, so the corresponding
χ2 isn’t given in Table 4. In our calculations, we do not
consider the coupling among ground rotational band states
and other low-lying states. We adjust the deformation pa-
rameters in the vibration model in our couple-channel cal-
culation, based on the parameters given by DWBA method
in Nuclear Data Sheets [9].

4 Results and discussion

Using the models and parameters mentioned above,
we carried out the calculations of angular distributions for
deuteron-induced elastic and inelastic scattering on 56Fe.

Figure 1 shows deuteron inelastic scattering angular
distributions for the first low-lying state of 56Fe at different
incident energies. Comparing with the experimental data,
the calculated results are in good agreement.

Figure 1. Comparison of deuteron inelastic scattering angular
distributions with measurements for the first low-lying excited
state of 56Fe at different incident energies.

Figure 2 and Figure 3 show deuteron inelastic scatter-
ing angular distributions for different excited levels of 56Fe
at 11.5 MeV and 56 MeV, respectively. All calculated val-
ues in Figure 2, except for 4+1 (2.085 MeV) and 2+3 (2.960
MeV), are in good accordance with experimental data, es-
pecially the states of spin 2. At 56 MeV (Figure 3), the
deviation between the calculated results of these two states
and the experimental data is more obvious. Such big devi-
ation has large χ2 at 56 MeV, and it indicates strong cou-
plings among 4+1 (2.085 MeV) and other states which are
not included in our models yet. As for 2+3 (2.960 MeV),
Nudat 2.7 [12] shows that a state , 0+(2.941 MeV), is close
to it. So, the experimental data may be the superposition of
these two states. And it also explains why the shape of this

Figure 2. Comparison of deuteron inelastic scattering angular
distributions with measurements for low-lying excited states of
56Fe at 11.5 MeV. The solid line represents the results obtained
by using the asymmetric rotational model, and the dotted line
represents the results obtained by using the vibration model.

Figure 3. Comparison of deuteron inelastic scattering angular
distributions with measurements for low-lying excited states of
56Fe at 56 MeV. The solid line represents the results obtained
by using the asymmetric rotational model, and the dotted line
represents the results obtained by using the vibration model.
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Table 4. Optical model parameters derived from our best fit to the experimental data, the total reaction cross section σR and χ2 of the
calculation. "An" denotes the global optical potential of An and Cai. Fits with coupled channels calculations that used the potential of

An and Cai as starting points are denoted by "An-C fit".

Ed VR rR aR WV rV aV WS rS aS σR χ2/N
(MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (mb)

"An" 11.5 93.36 1.150 0.767 1.82 1.331 0.472 10.48 1.374 0.768 1451 15.46
"An-C fit" 11.5 93.38 1.150 0.767 1.82 1.331 0.472 12.21 1.387 0.675 1388 3.79

"An" 12.3 93.17 1.150 0.767 1.87 1.331 0.472 10.45 1.374 0.768 1491 4.75
"An-C fit" 12.3 93.11 1.150 0.767 1.88 1.331 0.472 12.14 1.387 0.675 1428 4.66

"An" 25.9 89.84 1.150 0.767 2.71 1.331 0.472 10.04 1.374 0.768 1707 -
"An-C fit" 25.9 88.53 1.150 0.767 2.91 1.331 0.472 10.90 1.387 0.675 1641 12.90

"An" 56 82.63 1.150 0.767 4.59 1.331 0.472 9.12 1.374 0.768 1662 86.67
"An-C fit" 56 85.68 1.150 0.767 7.22 1.331 0.472 10.85 1.387 0.675 1647 202.86

2+ state is different from other states. Further calculations
are needed to confirm the above conjecture.

There are also significant deviations between the cal-
culated results and the experimental data on 2+4 (3.370
MeV), 2+5 (3.370 MeV) and 2+6 (3.832 MeV) states, which
is shown in Figure 3. We can not improve the calcula-
tion results very well by adjusting the potential parameters
only. More investigation is needed.

5 Summary

The deuteron elastic and inelastic scattering to the
first ten low-lying excited states of 56Fe was analyzed in
the framework of the collective motion models and by
the coupled-channel method. An improved set of CC
OMP parameters, and corresponding deformation param-
eters was deduced from the data using available global
deuteron OMP parameters and deformation parameters as
a starting point for the minimization of χ2. At low incident
energies (Ed < 30 MeV), except for two states, 4+1 (2.085
MeV) and 2+3 (2.960 MeV), our results are in good agree-
ment with the experimental data. At higher incident en-
ergy (56 MeV), it is generally consistent with the experi-
mental data, but there are still obvious deviations for sev-
eral states. The above results shows that the models used
in our calculations are not enough to describe the coupling

between low-lying excited states of 56Fe, and the further
analyses and discussions are necessary.
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