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Abstract. In this paper, we analyze the one-neutron pick-up from the 55Mn target when it is bombarded
by 17MeV deuteron, by performing coupled reaction channel (CRC) calculations. Spectroscopic ampli-
tudes for CRC calculations, and structural information such as reduced B(E2) transition probabilities,
quadrupole, and magnetic momenta, are obtained from shell-model calculations using the fp-kb3 interac-
tion. The calculated structure quantities are in good agreement with the available experimental data for
both target and ejectile. Analyses of angular distributions show the relevance of microscopic information
for the description of the higher excited states of 54Mn.

1 Introduction

The study of transfer reactions of one or two neutrons
from the projectile to the target (stripping) or vice versa
(pick-up) has been a subject of recent intensive investiga-
tions [1–18]. This kind of studies is useful for extracting
nuclear structure information, such as microscopic origin
and nature of the ground and excited states of nuclei, par-
ing correlations, properties of natural and un-natural par-
ity states, etc.

Recent analyses have been mainly devoted to two-
neutron transfer reactions [1,8–11,13,19]. In [8], for ex-
ample, angular distributions for the 64Ni(18O,16 O)66Ni
transfer reactions were measured. The data were ana-
lyzed using the extreme cluster, independent coordinates
model, and two-step coupled channel Born approximation
(CCBA). The two-neutron transfer angular distributions
have been studied in a wide mass range of targets, us-
ing (18O,16 O) transfer reactions, with microscopic spec-
troscopic amplitudes and without free parameters.

In [9] a theoretical analysis has been performed for
high-lying states of the 18O nucleus initially with the mea-
surement of the 16O(t, p)18O reaction at 15MeV and fur-
ther analysing new experimental cross sections for the
high-lying states of the 18O residual nucleus, populated
in the 16O(18O,16 O)18O reaction at 84MeV. The effect
of pairing correlations was shown by comparing two-step
and one-step transfer reactions to the ground, as well as
excited states.

a e-mail: lubian@if.uff.br

In (p, t), (t, p) and (d, t) reactions, particles can be de-
tected with high energy resolution, and theoretical calcu-
lations are not connected with complicated couplings, be-
cause of the absence of bound excited states in deuteron
and triton. Nuclear reaction and structure analyses can be
performed by these processes [20–28].

The proton pickup reaction, 27Al(d, 3He)26Mg [29] was
studied at 25MeV beam energy and analyzed using the
zero-range distorted wave Born approximation (DWBA).
The spectroscopic factor strengths for the one-proton
and one-neutron pick-up reactions 27Al(d, 3He)26Mg and
27Al(d, t)26Al, were obtained from the experimental data
in [30] and compared with the shell model by phe-
nomenological USDB interaction and so-called IMSRG
(in-medium similarity re-normalization group) and CCEI
(coupled-cluster effective interaction).

Many (d, p) and (d, n) stripping, (d, t) and (d, α) pick-
up reactions have been analyzed in [12] and in the refer-
ences therein. The calculations of the stripping and pick-
up contributions were performed using the DWBA and
CRC formalisms. The post or prior form of distorted-wave
transition amplitudes have been used for (d, n/p) stripping
and (d, t/α) pick-up reactions, where the neutron-proton
effective interaction in deuteron and deuteron-neutron ef-
fective interaction in triton were assumed to have a Gaus-
sian shape. A Woods-Saxon shape of the potential has
been used for the deuteron-deuteron effective interaction.

In the case of the two-step (or sequential) two-neutron
transfer reactions [8–11], intermediate partitions appear
due to the one-neutron transfer. So, it is very impor-
tant to verify whether the one-neutron transfer is prop-
erly accounted for in our two-neutron transfer studies. For
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Fig. 1. (Color online) Pick-up reaction picture with corre-
sponding relevant coordinates.

the 12C(18O,16 O)14C reaction it has been confirmed for
the one-neutron transfer between the intermediate and
the final partition (13C(17O,16 O)14C). However, for the
transition between the initial and intermediate partition,
this has to be checked upon experimental data. For the
other systems, the validity of the one-neutron transfer re-
sults has not been checked between any of the transitions
(initial-intermediate, neither intermediate-final). To verify
the accuracy of our one-neutron transfer reaction calcula-
tion procedure we have selected such a system for which
there are experimental data for many states because in
the two-step two-neutron transfer reactions many states
can be populated in the intermediate partitions.

With this purpose, we select the 55Mn(d, t)54Mn reac-
tion in which the measurement of the angular distributions
of the excited state of 54Mn up to 4MeV has been per-
formed by Cameron et al. [22], where spectroscopic factors
have been obtained for mixed j-particle transferred angu-
lar momentum. Besides that, the phenomenological global
potentials were used for deuteron and triton effective in-
teractions, as proposed in refs. [31,32] to perform DWBA
calculation. In these works, very low spectroscopic factors
were observed for high j-transfer and also for higher ex-
cited states.

In this context, we have studied the 55Mn(d, t)54Mn
reaction within CRC formalism for the all possible mixed
transitions by considering a full microscopic calculation.
The spectroscopic and structural characteristics are ob-
tained by shell model calculations with the Kuo-Brown
fp-kb3 interaction [33], which has shown good results in
A > 50 region. The Sao Paulo potential has been used
as the optical potential which allows describing reactions
without performing any fitting of the optical potential pa-
rameters. Moreover, previously measured elastic scatter-
ing data of d + 55Mn reaction have been compared with
the estimation of the coupled channel calculations using
the Sao Paulo potential.

In sect. 2, the 55Mn(d, t)54Mn one-neutron stripping
reaction is analysed within the CRC formalism and the
results are compared with the DWBA approach. In sect. 3,
the conclusions are drawn.

2 Results and discussion

2.1 Coupled reaction channel calculations

In fig. 1, a simplified reaction process is sketched, where
the projectile (a deuteron) is impinged on the target, com-

posed by core plus a valence particle (54Mn + n), and
picks up this valence neutron from it. After the collision,
the picked neutron leave the target bound state and is
bound onto the deuteron, so that, the final partition may
be represented by the t + 54Mn system. Supposing that
the target and residual nuclei remained in ground states
during the transfer process, the transition matrix element
for this reaction can be written, in prior representation, as

Tαβ =
〈
Ψ

(−)
β |U(RaB) + v(ran) − U(Rα)|Ψ (+)

α

〉
, (1)

with Ψ
(−)
β → Ψ

(−)
β (Rβ , r′an, r′Bn), is the time-reversed to-

tal wave function of the t+54Mn outgoing partition, while
Ψ

(+)
α → Ψ

(+)
α (Rα, ran, rBn) is the total wave function for

the d + 55Mn partition. The superscript (+) and (−) are
related to the outgoing and ingoing waves, respectively.
Both, U(RaB) and U(Rα) potentials, are effective and
complex interactions describing the elastics scattering of
the d + 54Mn and d + 55Mn systems, respectively. Con-
versely, the v(ran) potential is a real interaction used to
bind the valence particle to the core. The labels α and β
stand for all the quantum numbers necessary to specify
the state in each partition. Thus, the transfer differential
cross section can be calculated by

dσαβ

dΩ
=

μαμβ

(2πh̄2)2
kβ

kα

1
(2Ia + 1)(2IA + 1)

|Tαβ |2, (2)

where μα and μβ correspond to the reduced mass of the
ingoing and outgoing partitions, respectively; kα and kβ

are their corresponding wave numbers; Ia and IA are the
spins of the projectile and target, respectively.

To access to the collective states of the target, the
Coulomb and nuclear parts of the optical potential can
be deformed. The deformation of the potentials is usually
accounted in terms of the deformation length parameter
(δλ). For small deformations, the deformed nuclear inter-
action can be written as

Vλ = − δλ√
4π

dU(R)
dR

, (3)

where U(R) is the nuclear part of the optical potential.
For the Coulomb deformations, one can relate the re-

duced matrix element 〈I ′||Eλ||I〉, concerning the transi-
tion from the I initial state to the I ′ final state, to the
reduced electric transition probability of multipolarity λ
(B(Eλ; I −→ I ′)), so that the Coulomb reduced matrix
element can be written as

M(Eλ) = ±
√

(2I + 1)B(Eλ; I −→ I ′). (4)

In this way, taking the reduced transition probability
from the literature, one gets a model independent reduced
matrix elements [34].

Here, angular distributions of the one-neutron trans-
fer pick-up in the 55Mn + d reaction have been obtained
by performing prior exact finite range within the CRC
framework using the Fresco code [35]. Nonorthogonality
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Fig. 2. (Color online) Coupling scheme used in the calcula-
tions.

corrections and full complex remnant terms were consid-
ered in the coupled-channel equations [34,36]. For the real
and imaginary parts of the optical potential, the Sao Paulo
double folding potential [37] was used. Experimental data
are reported in ref. [22], where beams of 17MeV deuterons
from the McMaster FN tandem Van de Graaff accelerator
were used for performing 55Mn(d, t)54Mn reaction.

In the entrance partition, a strength factor of 0.6 was
used in the imaginary part of the optical potential because
this factor accounts for the missing couplings to dissipa-
tive processes which are not explicitly considered in the
calculations, as the coupling to continuum states [38]. In
the outgoing partition, the strength factor for the imagi-
nary part of the optical potential is set equal to 0.78, since
no couplings are considered explicitly. This procedure has
been shown to be suitable for describing the elastic scat-
tering cross sections for many systems [39]. Also, the spin-
orbital potential was introduced in the entrance partition
with Vls = −6.2MeV, rls = 1.01 fm and als = 0.75 fm pa-
rameters. The coupling schemes of projectile and target
overlaps needed for one-neutron transfer reaction calcula-
tions are sketched in fig. 2.

To generate the single-particle wave functions, Woods-
Saxon form-factors were used. The reduced radii and dif-
fuseness were set to 1.25 fm and 0.65 fm for both deuteron
and 54Mn. The depths of the Woods-Saxon potentials were
varied to fit the experimental one-neutron binding ener-
gies. Then, the reduced radii and diffuseness were varied
for both nuclei, to check the sensitivity of the absolute
value of the derived angular distributions to these param-
eters. The reduced radii were varied from 1.2 fm to 1.3 fm,
while the diffuseness from 0.6 fm to 0.7 fm, which we are
considering as lower and upper limit for both parameters.
From fig. 3, one observes the effect of the variation of
these parameters of the potential binding the neutron to
the deuteron (a) and 54Mn (b), on the angular distribu-

Fig. 3. (Color online) Comparison of the angular distributions
of neutron pick-up calculations with the experimental data for
the 55Mn(d, t)54Mn reaction to the 54Mn ground state when
the radius and diffuseness of the potentials that bound the
valence particle to the core are varied. (see text for details).

tion of the t+ 54Mn(3+
1 ) channel. One can notice that the

variation of the angular distribution is not negligible, but
at the same time is not so strong. At most, the cross sec-
tion has been increased by a factor 2 when the lower and
upper limits for the geometric parameters are taken.

The same result was obtained for the other channels
in which the residual 54Mn remains in excited states. We
showed the results for the ground state, as an example.

As mentioned above, the Sao Paulo potential will be
used as an optical potential in both entrance and final
partitions. To show that this potential is suitable for
describing the elastic scattering angular distribution we
look in literature for experimental data. In ref. [40] the
elastic scattering angular distribution is available for the
55Mn(d, d)55Mn reaction at a beam energy of 46MeV, well
above the Coulomb barrier. Firstly, we performed a one-
channel calculation using the Sao Paulo potential as an
optical potential for this beam energy with standard nor-
malization strength 1.0 and 0.78 for the real and imagi-
nary parts, respectively [39]. Next, inelastic and transfer
channels are included in the calculations to check the in-
fluence of them on the elastic channel. In this case, the
coefficient of the imaginary part of the optical potential
was decreased to 0.6 because couplings were included ex-
plicitly. The comparison of the calculation with these ex-
perimental data is shown in fig. 4. One can see that the
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Fig. 4. (Color online) Comparison of the calculated elastic
scattering angular distribution in 55Mn(d, d)55Mn at 46MeV
beam energy with the experimental data [40].

agreement with the experimental data is quite good tak-
ing into account that there is no fit procedure in these
calculations, even after the inclusion of the inelastic and
transfer channels. In fact, the influence of these channels
is very small. This allows us to use the Sao Paulo potential
at 17MeV also, with high confidence.

Spectroscopic amplitudes for the one-neutron trans-
fer overlaps were obtained performing shell-model calcu-
lations with NuShellX code [41]. The fp model space and
effective interaction kb3 [33] have been used. In this model
space, the 40Ca nucleus is considered as a closed core, and
the 1f7/2, 2p3/2, 1f5/2, 2p1/2 are taken as valence subspace
for the neutrons and protons.

For the projectile overlap, the spectroscopic amplitude
was set to 1.22 where this value was obtained by micro-
scopic calculation reported in ref. [42]. The spectroscopic
amplitudes used in the one-neutron transfer calculation
relative to the target overlaps are shown in table 1, where
nlj are the principal quantum numbers, the orbital and
the total angular momenta of the single neutron.

The coupling matrix elements concerning the inelastic
excitations of the target (see fig. 2) were derived by consid-
ering the reduced electric quadrupole transition probabili-
ties B(E2), which have been deduced from our shell model
calculations. In fact, we also performed calculations using
the experimental values from ref. [1], and the results for
the transfer cross sections were almost the same as shown
in fig. 5 for the 55Mn(d, d)55Mn0.055(2+). The results for
the other final channels were exactly the same. To com-
plete the structural picture, the B(M1) and quadrupole
momenta for the 54,55Mn, as well as the reduced B(E2)
obtained from shell model calculations are compared with
experimental data in table 2. As can be seen from table 2
these properties are described by the shell model reason-
ably well.

As is seen from table 1, the neutron pick-up is allowed
from all 2p1/2, 2p3/2, 1f5/2 and 1f7/2 orbitals by angular
momentum conservation when the 54Mn nucleus is in the

Fig. 5. (Color online) Comparison of the theoretical angular
distribution with the experimental data for the 55Mn(d, t)54Mn
reaction for the 54Mn in the 2+ state. The dashed red lines cor-
respond to the CRC calculations considering the experimental
electric reduced transition probabilities, while the full green
lines stands for the electric reduced transition probabilities ob-
tained from the shell model calculations.

ground state, and 55Mn is in the ground and 0.126MeV
(7/2−) states. In this case, the probabilities of neutron
pick-up from different orbitals are similar, the most prob-
able orbital being 2p3/2. The transfer from 2p1/2 orbital
is not allowed by angular momentum conservation when
55Mn is in 0.984MeV (9/2−) state, where now 1f5/2 be-
come more important. In fig. 6, the theoretical and exper-
imental angular distributions are shown when the resid-
ual nucleus are in g.s. (3+), 0.055MeV (2+), 0.156MeV
(4+), 0.358MeV (5+), 0.408MeV (3+), 0.809MeV (4+),
1.010MeV (3+) and 1.073MeV (6+) states. From fig. 6,
one can see that the order of magnitude and shape of the
angular distribution in the g.s. of the residual nucleus are
described quite well. There is a small difference in the
phases of the experimental and calculated angular distri-
bution oscillations.

For the 0.055MeV (2+) and 0.156MeV (4+) states of
54Mn, in which as is seen from table 1, again coupling
with g.s. (5/2−) of 55Mn is important and the major con-
tribution is from 2p3/2. In these two states the quality of
the agreement of the order, phase, and amplitudes of the
angular distribution oscillations are very similar to that
when both nuclei were in the ground states, but as the
excitation energy of the residual nuclei becomes higher,
the cross section of these states becomes smaller. Appar-
ently, this is connected with the fact that the values of
the spectroscopic amplitudes corresponding to these tar-
get overlaps are considerably smaller than the ones related
to the two states mentioned above (see table 1).

For the coupling of the 0.368MeV (5+) state of 54Mn
with the g.s. of 55Mn, only 1f5/2 and 1f7/2 orbitals are
allowed, with more probability of the 1f7/2 orbital. In
the couplings of this state with the other two 0.126MeV
(7/2−) and 0.984MeV (9/2−) states of 54Mn still, the
main contribution comes from 2p3/2. The calculated angu-
lar distribution describes reasonably well the experimental
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Table 1. One-neutron spectroscopic amplitudes (SA).

One-neutron amplitudes

Initial state nlj Final state SA

55Mng.s.(5/2−)

2p1/2

54Mng.s.(3
+)

−0.418

2p3/2 −0.647

1f5/2 0.168

1f7/2 −0.0971

2p1/2

54Mn0.055(2
+)

0.423

2p3/2 −0.524

1f5/2 −0.149

1f7/2 −0.040

2p3/2
54Mn0.156(4

+)

−0.426

1f5/2 0.046

1f7/2 −0.184

1f5/2 54Mn0.368(5
+)

−0.080

1f7/2 0.174

2p1/2

54Mn0.408(3
+)

0.198

2p3/2 −0.356

1f5/2 −0.215

1f7/2 −0.138

2p3/2
54Mn0.839(4

+)

0.142

1f5/2 −0.262

1f7/2 −0.004

2p1/2

54Mn1.010(3
+)

−0.131

2p3/2 −0.023

1f5/2 0.149

1f7/2 −0.019

1f7/2
54Mn1.073(6

+) 1.051

55Mn0.126(7/2−)

2p1/2

54Mng.s.(3
+)

0.243

2p3/2 0.438

1f5/2 −0.202

1f7/2 0.131

2p3/2

54Mn0.055(2
+)

−0.449

1f5/2 −0.203

1f7/2 −0.121

2p1/2

54Mn0.156(4
+)

0.118

2p3/2 0.600

1f5/2 0.087

1f7/2 −0.054

2p3/2
54Mn0.368(5

+)

0.542

1f5/2 −0.113

1f7/2 0.087

2p1/2

54Mn0.408(3
+)

0.318

2p3/2 −0.307

1f5/2 0.033

1f7/2 0.062

2p1/2

54Mn0.839(4
+)

−0.393

2p3/2 0.113

1f5/2 0.091

1f7/2 0.008

2p1/2

54Mn1.010(3
+)

−0.079

2p3/2 −0.484

1f5/2 −0.149

1f7/2 −0.048

1f5/2 54Mn1.073(6
+)

0.027

1f7/2 −0.656

Table 1. Continued.

One-neutron amplitudes

Initial state nlj Final state SA

55Mn0.984(9/2−)

2p3/2

54Mng.s.(3
+)

−0.148

1f5/2 0.254

1f7/2 −0.133

1f5/2 54Mn0.055(2
+)

0.161

1f7/2 0.107

2p1/2

54Mn0.156(4
+)

−0.500

2p3/2 −0.317

1f5/2 0.089

1f7/2 −0.107

2p1/2

54Mn0.368(5
+)

0.275

2p3/2 0.383

1f5/2 0.117

1f7/2 −0.113

2p3/2

54Mn0.408(3
+)

0.585

1f5/2 0.173

1f7/2 −0.008

2p1/2

54Mn0.839(4
+)

−0.091

2p3/2 0.418

1f5/2 −0.219

1f7/2 −0.064

2p3/2

54Mn1.010(3
+)

−0.121

1f5/2 0.014

1f7/2 −0.057

2p3/2

54Mn1.073(6
+)

−0.016

1f5/2 −0.028

1f7/2 0.301

data, and the amplitudes of the oscillations are decreased
as compared to the ones of the states mentioned above.

The contributions from the different spherical orbitals
to the angular distributions, when the residual nucleus is
in the 0.408MeV (3+) state, are similar to those of the first
3+ state, hence the similarity in the shape and amplitude
of oscillation of the angular distribution.

A similar comparison of spectroscopic amplitudes be-
tween the couplings of the 0.839MeV (4+) state of 54Mn
and the 55Mn states with previous 4+ state shows a dif-
ference in the probability distribution among different or-
bitals. This is also seen in the angular distributions of this
state from fig. 6, i.e., the oscillations in the angular dis-
tribution here are smaller than in the previous 4+ state.

The same regularity is seen in the angular distribution
of 1.010MeV (3+) state. The spectroscopic amplitudes are
distributed different way among the orbitals as compared
to the previous 3+ states, i.e., such a way that oscillations
of the angular distribution of the present 3+ state are
smaller than those of the previous 3+ states.
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Fig. 6. (Color online) Comparison of CRC theoretical results, switching on and off the overlaps including the 55Mn excited
states, with the experimental data. The full blue lines correspond to CRC calculations taking into account the transfer from
the excited states of the 55Mn. The dashed green lines correspond to the CRC (or DWBA) calculations where only the ground
state of the 55Mn nucleus is considered in the coupling scheme.

It is seen from table 1 for 1.073MeV (6+) state the
spectroscopic amplitude from 1f7/2 is much higher than
those from other orbitals. So, this orbital is relevant for
the agreement of the theoretical cross section with the
experimental angular distribution of this state (see fig. 6).

For all states, the phases in the oscillations of the an-
gular distributions in the calculation are slightly shifted
as compared to the experiment. Nevertheless, the general
agreement between the theoretical results and the exper-
imental data is quite good. This allows us to be confident
about our parameter-free procedure used in the calcula-
tion of one-neutron transfer not only for the first excited
states but also for higher states. Of course, the success of
this procedure strongly depend on the correct choice of
the interaction and model space determined by the accu-
rate description of the nuclear structure properties of the
involved nuclei.

2.2 Comparison between DWBA and CRC calculations

Finally, we performed DWBA calculation for this system
to clarify the effect of the high-order couplings on this
transfer reaction. Our DWBA calculations show that the
high-order couplings are not very significant to describe
the angular distribution of most of the states analised
in the present work, contrary to what happened in the
two-neutron transfer reaction studied by us in a previous
work [11]. This means that the spectroscopic amplitudes
could be determined by fitting the angular distributions
by means of DWBA calculations using a proper optical
potential that describes the elastic scattering. However,
this is true when only one single-particle component is
allowed for the overlap of the initial and final states. In
microscopic calculations, as we are doing here, there is no
need to worry about this, since in describing the structure



Eur. Phys. J. A (2018) 54: 150 Page 7 of 10

Table 2. Comparison of the B(M1) and B(E2) transition
probabilities, calculated within shell model with fp-kb3 inter-
action, of 54,55Mn isotopes with experimental data [43].

54Mn

Iπ Expt. fp-kb3

Q [eb] 3+
1 +0.37(3) +0.35

μ [μN ] 3+
1 3.2819(13) 2.767

Iπ
i → Iπ

f Expt. fp-kb3

B(M1) [W.u.] 2+
1 → 3+

1 2.3(10) 0.92

4+
1 → 3+

1 0.0307(25) 0.0171

5+
1 → 4+

1 0.33(4) 0.35

3+
2 → 2+

1 0.026(5) 0.023

3+
2 → 4+

1 0.48(17) 0.85

3+
2 → 3+

1 0.051(18) 0.073

4+
2 → 5+

1 0.19(4) 0.39

B(E2) [W.u.] 4+
1 → 3+

1 2.4(9) 9.77

5+
1 → 3+

1 8.9(11) 5.84

3+
2 → 2+

1 14(8) 16.81
55Mn

Iπ Expt. fp-kb3

Q [eb] 5/2−
1 +0.33(1) +0.36

μ [μN ] 5/2−
1 3.4532(13) 3.371

B(M1) [W.u.] 7/2−
1 → 5/2−

1 0.0417(13) 0.034

9/2−
1 → 7/2−

1 0.110(13) 0.056

11/2−
1 → 9/2−

1 0.171(22) 0.143

3/2−
1 → 5/2−

1 0.092(20) 0.085

7/2−
2 → 7/2−

1 0.12(5) 0.145

7/2−
2 → 5/2−

1 0.17(5) 0.156

B(E2) [W.u.] 7/2−
1 → 5/2−

1 14.7(23) 27.51

9/2−
1 → 5/2−

1 8.8(11) 7.88

9/2−
1 → 7/2−

1 23(3) 17.54

11/2−
1 → 9/2−

1 3.(5) 14.75

11/2−
1 → 7/2−

1 14.4(15) 14.54

1/2−
1 → 5/2−

1 11.6(10) 4.43

3/2−
1 → 5/2−

1 3.3(21) 1.79

7/2−
2 → 5/2−

1 2.6(8) 3.44

7/2−
2 → 7/2−

1 < 1 0.21

of involved nuclei, the possible couplings appear naturally,
according to the model space chosen.

As already mentioned in sect. 2.1, we are using
the spectroscopic amplitudes derived by performing shell
model calculations where the fp-kb3 phenomenological in-
teraction was used. This interaction is a modified version
of the one used in ref. [44] (fp-kb). In ref. [22] Cameron et
al. compared the spectroscopic factors derived using the
(fp-kb) interaction with the ones obtained from DWBA
fits to the experimental angular distributions. Indeed, the
spectroscopic factors obtained using the fp-kb3 interac-

Table 3. Comparison among the one-neutron spectroscopic
factors used in refs. [22,45] and the derived in the present work.

One-neutron amplitudes

Initial nlj Final SF SF [22,45] SF [22]

state State pf-kb3 pf-kb DWBA

55Mn(5/2−
1 )

2p1/2

54Mn(3+
1 )

0.175 0.19 0.15

2p3/2 0.419 0.48 0.33

1f5/2 0.028 0.09 –

1f7/2 0.009 – –

2p1/2

54Mn(2+
1 )

0.179 0.19 0.14

2p3/2 0.275 0.30 0.26

1f5/2 0.022 0.05 –

1f7/2 0.002 – –

2p3/2

54Mn(4+
1 )

0.181 0.200 0.150

1f5/2 0.002 0.010 –

1f7/2 0.034 – –

1f5/2 54Mn(5+
1 )

0.006 0.002 0.060

1f7/2 0.030 – –

2p1/2

54Mn(3+
2 )

0.039 0.050 0.060

2p3/2 0.127 0.130 0.08

1f5/2 0.046 0.090 (0.120)

1f7/2 0.019 – –

2p3/2

54Mn(4+
2 )

0.020 0.026 (0.010)

1f5/2 0.069 0.130 0.120

1f7/2 0.000 – –

2p1/2

54Mn(3+
3 )

0.017 0.030 0.020

2p3/2 0.001 0.001 0.000

1f5/2 0.022 0.100 (0.040)

1f7/2 0.000 – –

1f7/2
54Mn(6+

1 ) 1.105 1.240 0.900

tion are close to those obtained in both refs. [44,45] by
using DWBA approach and the fp-kb interaction, as one
can observe from table 3. As the spectroscopic factors are
very similar, one should expect that the transfer angular
distributions would be similar too.

In fig. 7, a comparison among the theoretical results us-
ing spectroscopic factors given in table 3 and experimental
data is shown. A quite good agreement among the three
theoretical angular distributions and with the experimen-
tal data is observed, as expected. The most relevant dif-
ference between the results using pf-kb3 and pf-kb interac-
tions is observed for the t+54Mn(5+

1 ) channel.The reason
for this difference lays in the fact that the spectroscopic
factor of the target overlap 〈54Mn(5+

1 )|55Mn(3+
1 )〉 involv-

ing the Mn(5+
1 ) state is considerably different in both in-

teractions (see table 3).
Besides, to check the effect of the transfer from the

55Mn(7/2−1 ) and 55Mn(9/2−1 ) excited states of the tar-
get on the transfer angular distributions we performed a
comparison of the CRC calculations switching on and off
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Fig. 7. (Color online) The dot-dashed green lines correspond to the transfer cross section calculations using the spectroscopic
factors fitted by the DWBA method [22]; dashed red lines correspond to the results using and shell model spectroscopic factors
of ref. [44]; the full blue lines are related to the DWBA results by using the microscopic spectroscopic factors obtained with the
pf-kb3 interaction (used also in our CRC calculations in the present work).

the overlaps including these states. Indeed, as can be seen
from fig. 6, the couplings to the inelastic states of the tar-
get are relevant to describe the angular distribution of the
t+54Mn(5+

1 ) and t+54Mn(3+
3 ) channels. We would like to

emphasize that the results of CRC calculations switching
off the overlaps including the excited states of the target
are almost identical to the DWBA results using the same
model space (shown in fig. 7 by a full blue line).

Moreover, although our description of the experimen-
tal data is not perfect, we have no free parameters in
our optical potential, once we are using a double fold-
ing potential. Thus, even though the DWBA method de-
scribes the data by fitting both optical potential and
spectroscopic factors, it can not predict the relevance of
the transfer from excited states on the transfer differ-
ential cross sections. In this work, we have shown that
only including the couplings with inelastic states we could
describe the angular distributions for some channels by

performing a full microscopic transfer calculation. Also,
from table 3 one can observe, for example, that to de-
scribe the angular distribution of the t+54Mn(5+

1 ) chan-
nel, the DWBA fit provides a spectroscopic factor that
is twice the one derived from microscopic calculations for
the 〈54Mn(5+

1 )|55Mn(3+
1 )〉 overlap.

3 Conclusion

The neutron pick-up in the 55Mn(d, t)54Mn reaction has
been studied within CRC formalism by using a fixed sys-
tematics of potential parameters. The structure informa-
tion obtained by shell model calculation with fp-kb3 in-
teraction describes well the order of magnitude, oscilla-
tion and shape of angular distributions when 54Mn is in
the ground, and several excited states. This allows us
to be confident in our parameter-free description of the
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one-neutron transfer reactions to the ground and excited
states. We emphasize that although in our calculations
there are some parameters, like the strength coefficients
of the imaginary parts of the optical potentials in differ-
ent participations, they are taken from systematics and
they are not changed to fit the experimental data.

A comparison of the results from DWBA and CRC
calculations, including transfer from excited states of the
target, showed that, for some states, the effect of the trans-
fer from excited states might be relevant. In this case, the
spectroscopic factors (or amplitudes) derived from DWBA
fits are overestimated and might not reveal the real struc-
ture of the wave function of these states.
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