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Abstract. The properties of low-lying states of 53Mn were investigated via the 53Cr(p, nγ)53Mn reaction
using 4.3 MeV proton beam energy. The lifetimes of the levels at 1289.5, 1440.8, 1620.0 and 2273.8 keV
excitation energies were measured using the Doppler Shift Attenuation Method (DSAM). The reduced
transition probabilities B(M1) and B(E2) were extracted using the measured values of lifetimes for these
levels and the mixing ratios from the literature. These values are compared with already known experi-
mental values as well as the shell model calculations using an effective interaction.

1 Introduction

The 53Mn nucleus has been extensively investigated in the
past years via EC-decay [1], light particle reactions [2–16]
and heavy ion reactions [17–19]. The available experimen-
tal information on this nucleus has been compiled by Huo
Junde [20]. The structure of the fp shell nuclei, at or near
the neutron shell closure N = 28, has been studied us-
ing the shell model calculation [21,22]. Hitoshi et al. [23]
have also studied the energy levels and electromagnetic
properties of 53Mn in terms of large-scale shell model cal-
culations.

The study of 53Mn is a continuation of our previous
work [24,25] for lifetime measurements of low-energy nu-
clear states in the mass region of A < 100. Preliminary
results on lifetimes in 53Mn have already been presented
in a conference [26]. The aim of the present investigation
was to provide further experimental information about the
low-lying levels of 53Mn nucleus through (p,nγ) reaction
using an improved detection system. In this work we have
measured the lifetimes of the low-lying states using the
Doppler Shift Attenuation (DSA) technique. The branch-
ing ratios for various transitions were also measured from
the γ-ray spectra recorded at 55◦. The reduced transition
probabilities B(M1) and B(E2) were obtained from our
measured lifetimes and branching ratios and the mixing
ratios reported in the literature [9,20]. The new experi-
mental results are compared with the predictions of the
shell model using an effective interaction.

a e-mail: singhkp@pu.ac.in

2 Experimental procedure

A thick self-supporting pellet of spectroscopically en-
riched (96%) 53Cr of thickness about 100mg/cm2 was
bombarded with a 4.3MeV energy proton beam to ex-
cite the levels of 53Mn through 53Cr(p,nγ)53Mn reaction
(Q-value = −1.38MeV). The target was placed at an an-
gle of 45◦ with respect to the beam direction.

The singles gamma-ray spectra were measured at 0◦,
30◦, 45◦, 75◦, and 90◦ w.r.t. beam direction. The gamma-
ray spectra were detected at a distance of 8.8 cm from the
target with a 70 cm3 coaxial HPGe detector with a reso-
lution of 1.9 keV for the 1332 keV line of 60Co. A typical
gamma-ray spectrum acquired with the detector at 90◦ is
shown in fig. 1. The other experimental set-up details are
given in our previous publications [24,25] and references
therein.

3 Data analysis and results

The gamma-ray spectra were analysed using the computer
code PEAKFIT [27]. In the spectrum of fig. 1, the peaks
due to gamma-rays not belonging to 53Mn are marked
with their respective sources. The 27Al peaks in the spec-
trum are due to the Aluminum collimator in front of the
detector. The present level scheme at low excitation for
53Mn as shown in fig. 2 confirms the previously reported
level scheme [20]. The gamma-ray energies and branching
ratios measured in the present work along with previously
reported values [9,11,28] are given in table 1. The mean
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Fig. 1. A typical gamma-ray spectrum detected at 90◦ from
the 53Cr(p, nγ)53Mn reaction at 4.3 MeV proton beam energy.
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Fig. 2. The level scheme of low-lying levels in 53Mn [20]. The
reported branching ratios have been measured in the present
work.

Table 1. Level energies, gamma-ray energies and branching
ratios in 53Mn.

Level Gamma-ray Branching ratios

(keV) (keV) Present Ref. [9] Ref. [11] Ref. [28]

377.7 377.7 100 100 100

1289.5 911.8 47.1 ± 0.2 49 ± 1 44 ± 3 51

1289.5 52.9 ± 0.4 51 ± 1 56 ± 3 49

1440.8 1440.8 100 100 100

1620.0 1242.1 15.8 ± 1.8 10(a) 10 ± 2 17

1620.0 84.2 ± 2.0 90(a) 90 ± 2 83

2273.8 984.0 1.1 ± 0.4

1896.5 18.0 ± 1.2 26 ± 3 26

2273.8 80.9 ± 2.2 74 ± 6 74

(a)
Values based on relative peak areas at 90◦ only.

0.0 0.2 0.4 0.6 0.8 1.0

1289.25

1289.40

1289.55

1289.70

1289.85

0.0 0.2 0.4 0.6 0.8 1.0

1440.6

1441.2

1441.8

0.0 0.2 0.4 0.6 0.8 1.0

1620.0

1620.4

1620.8

0.0 0.2 0.4 0.6 0.8 1.0

2274.3

2275.0

2275.7

(B)(A)

1289.5 ----- 0

F (τ ) = 0.1 + 0.001

1440.8 ---- 0

F (τ ) = 0.08 + 0.01

(D)
2273.8 ----- 0

F (τ ) = 0.27 + 0.02

(C)

1620.0 ----- 0

F (τ ) = 0.14 + 0.02

 Photopeak Centroid vs Cos θ 

)
Ve

k( 
di

ort
n

e
C 

k
ae

p
ot

o
h

P

Cos θ 

 

Cos θ 

Fig. 3. The plots of photopeak centroid energies of the in-
dicated transitions versus cos θ. The values of F (τ) are also
reported.

lifetimes were determined using the Doppler Shift Attenu-
ation (DSA) method from the singles gamma-ray spectra
obtained at various angles between 0◦ and 90◦. The plots
of the centroids of the photo peaks at different angles ver-

sus cos θ for four transitions are shown in fig. 3. The
straight line represents the least square fit. The experi-
mental values of the attenuation factors F (τ) for various
gamma-rays were calculated from the slope of the straight
lines which were the plots of Eθ vs. Cos θ. These straight
lines were obtained from the least square fits to the ex-
perimental data, using the relation

Eθ = E90[1 + β(0)F (τ)Cosθ],
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Table 2. Experimental F (τ) values and mean lifetimes of the levels in 53Mo.

Level γ – ray Mean Expt. Lifetimes

(keV) (keV) F(τ)

Present Ref. [9] Ref. [14] Ref. [33](a)

(fs) (fs) (fs) (ps)

1289.5 1289.5 0.1 ± 0.002 472 ± 25 810 ± 300 550 ± 40 4.82

911.8

1440.8 1440.8 0.08 ± 0.01 600 ± 55 810 ± 250 600 ± 80 2.05

1620.0 1620.0 0.14 ± 0.02 326 ± 45 660 ± 200 480 ± 60 1.11

1242.1

2273.8 2273.8 0.27 ± 0.02 152 ± 31 470 ± 135 250 ± 50 0.02

1896.5

984.0

(a)
Theoretical values.

Table 3. B(E2) and B(M1) values for low-energy states in 53Mn. The excitation energy Ex is shown in keV.

Initial Final Multipole Present Experimental Theoretical

Jπ(Ex) Jπ(Ex) (W.u.) (W.u.) [20,34] (W.u.) [34]

3/2− (1289.5) 5/2− (377.7) M1 0.0390(34) 0.023 0.0194

E2 3.3(8) 1.9(5) 0.6

7/2− (0.0) E2 22.2(19) 13.4(11) 8.1

11/2− (1440.8) 7/2− (0.0) E2 18.5(2) 12.8(18) 9.4

9/2− (1620.0) 5/2− (377.7) E2 7.1(1) 3.7(6) 3.6

7/2− (0.0) M1 0.0025(4) 0.0012(3) 0.0002

E2 15.1(2) 7.0(9) 5.4

5/2− (2273.8) 3/2− (1289.5) M1 0.0049(18) 0.0021(8) 0.0000

E2 7.1(1) 3.0(15) 0.0

5/2− (377.7) M1 0.044(6) 0.0019(4) 0.0010

E2 1.5(4) 0.61(14) 1.6

7/2− (0.0) M1 0.013(26) 0.0054(11) 0.0023

E2 0.2(1) 0.07(4) 0.02

where Eθ is energy of gamma-ray at an angle θ w.r.t. beam
direction and β(0) is the velocity of recoiling nucleus in the
forward direction along the beam axis.

The adopted experimental F (τ) denotes the average
of the F (τ) values for all the observed transitions from
the same level. The value of theoretical F (τ) were ob-
tained using Lindhard, Scharff and Schiott theory [29] for
stopping power along with the Blaugrund correction [30].
The nuclear stopping power as well as electronic stopping
power were used in this analysis. The details of the DSAM
analysis are given in the earlier publications [31,32] from
our Cyclotron laboratory. The gamma-ray energies, the
mean experimental F (τ) values and the mean lifetimes
of the levels are shown in table 2. The comparison of

mean lifetimes with previously reported values [9,14,33] is
also given in table 2. The reduced transition probabilities
B(M1) and B(E2) extracted from the measured values of
lifetimes in the present study and the multipole mixing
ratios from refs. [9,20] are compared with the single par-
ticle estimates and previously reported experimental [20,
34] and theoretical values in table 3.

4 Discussion

The level energies and the gamma-transitions in 53Mn nu-
cleus measured in the present work are given in table 1.
The branching ratios for various transitions are compared
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with the reported values [9,11,28] and almost all the val-
ues are in close agreement with the corresponding reported
experimental results. Table 2 gives the present and pre-
viously reported experimental and theoretical values of
lifetimes of the four levels at 1289.5, 1440.8, 1620.0 and
2273.8 keV excitation energies. The deduced B(M1) and
B(E2) reduced transition probabilities for various transi-
tions are compared with the reported [20,34] experimen-
tal and theoretical values in table 3. A detailed discussion
about the results of these levels is given below.

4.1 Comparison with other experimental works

4.1.1 The 1289.5 keV level

This level was observed to decay through two transitions
1289.5 → 0 (1289.5 keV) and 1289.5 → 377.7 (911.8 keV).
The present branching ratios are in agreement with the
results of Goodman and Donahue [9]. The lifetime of this
level was found to be 472 ± 25 fs, which is in close agree-
ment with the reported values [9,14]. The B(E2) values
for 911.8 and 1289.5 keV transitions were obtained us-
ing the present results 3.3 ± 0.8 and 22.2 ± 19 W.u. The
first transition is a mixed transition with B(M1) value of
0.0390 (34) W.u. The previously reported [20,34] respec-
tive B(E2) values are 1.9 (5) and 13.4(11)W.u. The re-
ported value of B(M1) for the mixed 911.8 keV transition
is 0.023W.u. The present results are in satisfactory agree-
ment with the values reported in literature. The ground
and the 1289.5 keV states seem to have stronger collective
character than the 377.7 keV state.

4.1.2 The 1440.8 keV level

This level has been reported to decay through a single
transition to ground state [9]. The present data confirms
the decay mode via the 1440.8 → 0 (1440.8 keV) transi-
tion. The lifetime of this level as measured in the present
experiment is 600 ± 55 fs. The B(E2) value is obtained
using the present lifetime result as 18.5 ± 2W.u. for the
1440.8 keV transition. Due to the predominantly collective
nature of this level, we assume a pure quadrupole charac-
ter for the transition to the ground state. The present
B(E2) value is in reasonable agreement with the previous
results of 12.8(18)W.u. [20,34].

4.1.3 The 1620.0 keV level

This level is found to decay through 1620.0 → 0 and
1620.0 → 377.7 keV transitions with branching ratios of
84.2 ± 2.0(%) and 15.8 ± 1.8(%), respectively. In the pre-
vious data, the first transition is also shown much stronger
than the second transition. The lifetime of this level has
been measured in the present experiment as 326 ± 45 fs.
The previously measured B(E2) value for the 1620.0
377.7 keV transition is 3.7(6)W.u., while the reported val-
ues of B(E2) and B(M1) for the mixed ground state

transition are 7.0(9) and 0.0012(3)W.u., respectively. The
present results are in reasonable agreement with the previ-
ous reported data. The results suggest that the transition
from 1620.0 keV state to ground state is more collective
in nature than the transition to 377.7 keV state.

4.1.4 The 2273.8 keV level

This level decays via three transitions, one to ground state
and the others to the 377.7 and 1289.5 keV states with
branching ratios of 80.9%, 18.0% and 1.1%, respectively.
The third transition has not been observed in the pre-
vious experiments [9,11]. The measured lifetime of this
level is 152 ± 31 fs shorter than the previously measured
value [14]. The transition rates are calculated from the
presently measured lifetime and are given in table 3. All
the three transitions from this level are mixed in character.
The previously reported [20,34] B(E2) and B(M1) tran-
sition probabilities are in satisfactory agreement with the
present results. These results suggest that the 2272.8 keV
level has a predominant single particle character.

4.2 Theoretical interpretation

In the fp-shell semi-magic nucleus 53Mn (N = 28, Z =
25), the protons and neutrons occupy the same major
shell. The proton and neutron interaction is thus rela-
tively strong resulting into collective effects, such as T = 0
pairing. So in fp shell orbitals 1f7/2, 2p3/2, 1f5/2 and
2p1/2, one finds the interplay of collective and single par-
ticle properties which can be described within a unified
framework by the shell model. The effective interaction is
a key ingredient for the success of the nuclear shell model.
The unified effective interaction Hamiltonian as defined
by Honma et al. [34], is decomposed into the monopole
part HM, which describes bulk properties such as aver-
age energy of eignstates in a given configuration, and the
multipole part HM, which is dominated by several terms
such as pairing, and the quadrupole —quadrupole interac-
tion which determines collective properties of the effective
interaction. For shell model calculations for 53Mn, one as-
sumes 58Ni as an inert closed core, and essentially the full
set of fp-configuration and the associated unified interac-
tion in order to describe various nuclear properties. The
53Mn nucleus is described in terms of 56Ni closed shell
configurations, plus three proton holes in the 1f7/2 or-
bit. So the experimental results on the low-lying states of
53Mn have been explained by the π(1f7/2)

−3 configuration
in a spherical shell model basis. Under such an assump-
tion the ground state 7/2− (0.0) and the first-through-fifth
excited states with 5/2− (377.7), 3/2− (1289.5), 11/2−

(1440.8), 9/2− (1620.0) and (5/2)− (2273.8) Jπ (exci-
tation energies) were fixed, which were satisfactorily re-
produced by our measurements. The mean lifetimes of
the second-through-fifth excited levels and the B(E2) and
B(M1) values were calculated by Honma et al. [34]. For
the first four states, which are low spin Yrast states, the
lowest (f7/2)

13 configuration is dominant (46 to 60%) in
the calculated wave functions.
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The non-Yrast state (5/2)− (2273.8 keV) contains a
large amount of multiparticle (neutron) excitations from
the N = 28 core. The general configuration of (5/2)− non-
Yrast state is ν(f7/2)

7 (r), where r stands for (p3/2, f5/2,
p1/2). In this level the main configuration is 1p-1h type
(about 60%) plus other broken core components such as
3n-3h (17%) + 4n-4h (∼ 6%). The effective interaction
shell model calculations [34] for electromagnetic transition
probabilities are compared with experimental data. Rea-
sonable agreement seen in most cases suggests that the
effective interaction shell model description is quite satis-
factory.

5 Summary and conclusions

The branching ratios for the gamma decay of the first
five excited states 5/2− (377.7), 3/2− (1289.5), 11/2−

(1440.8), 9/2− (1620.0) and (5/2)− (2273.8) keV of 53Mn,
the mean lifetimes of second-through-fourth excited lev-
els were determined and the B(E2) and B(M1) values
for various transitions were obtained. The present re-
sults are in satisfactory agreement with previously re-
ported results [20,34]. The results suggest that while 5/2−

(2273.8 keV) level has a dominant single particle charac-
ter, the 5/2− (377.7 keV) level also manifests only weak
collective nature, while the other three levels are domi-
nantly collective in character. The interpretation of data
in terms of effective interaction shell model calculations re-
veals that while other observed low-lying levels which are
Yrast states and can be expressed in terms of π(f7/2)

−3

configuration. The (5/2)−2 level is non-Yrast with wave
function involving a large amount of multiparticle (neu-
trons) excitations from the N = 28 core.
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financial support from CSIR in the form of a research project
(KPS) is gratefully acknowledged.
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