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Abstract. Sub-barrier Coulomb-excitation was performed on a mixed beam of 62Mn and 62Fe, following
in-trap β− decay of 62Mn at REX-ISOLDE, CERN. The trapping and charge breeding times were varied
in order to alter the composition of the beam, which was measured by means of an ionisation chamber at
the zero-angle position of the Miniball array. A new transition was observed at 418 keV, which has been
tentatively associated to a (2+, 3+) → 1+

g.s. transition. This fixes the relative positions of the β-decaying
4+ and 1+ states in 62Mn for the first time. Population of the 2+

1 state was observed in 62Fe and the cross-
section determined by normalisation to the 109Ag target excitation, confirming the B(E2) value measured
in recoil-distance lifetime experiments.

PACS. 25.70.De Coulomb excitation – 21.10.Ky Electromagnetic moments – 29.38.Gj Reaccelerated
radioactive beams – 27.50.+e 59 ≤ A ≤ 89

1 Introduction

Shell-closures in nuclei are known to evolve when mov-
ing away from the line of β stability, with vanishing or
newly appearing energy gaps [1–7]. At N = 20, this chang-
ing shell-structure leads to an “island of inversion” [7, 8],
whereby the usual spherical mean-field gap between the
sd and fp shells is eroded by strong quadrupole correla-
tions. As a consequence, deformed intruder states become
the major component of the ground state around 32Mg [9].
The spherical structures then appear as excited 0+ states
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in the even-even members of this so-called island [10],
leading to what can also be described as a type of shape
coexistence [11]. This unexpected increase of quadrupole
collectivity at shell closures is not only restricted to the
N = 20 region, however. Indicated by the high-lying 2+1
state and low B(E2; 2+1 → 0+1 ) value in 68Ni [12, 13], the
weak N = 40 sub-shell gap vanishes with the removal or
addition of only a couple of protons [14, 15]. Excited 0+

states have been identified in 68Ni [16–18] and are sug-
gested to be deformed intruder configurations in recent
Monte Carlo Shell Model (MCSM) calculations [19]. The
coexistence of these shapes [11, 18, 19] leads to the propo-
sition of a new island of inversion around 64Cr, described
in shell-model calculations using the new LNPS effective
interaction [20]. In the Cr isotopic chain with 32 < N < 40,
a gradual onset of quadrupole collectivity is observed [21–
25]. Recent B(E2) measurements were performed in the
neutron-rich Fe isotopes using the recoil-distance lifetime
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technique [26, 27] and intermediate energy Coulomb exci-
tation [24], showing a sudden increase in deformation at
N = 38. In this experiment, low-energy Coulomb excita-
tion of 62Fe can provide a confirmation of this observation.

In the odd-mass and odd-Z nuclei about 64Cr, the role
of the νg9/2 orbital can be mapped more directly. Shell-
model calculations [28] have shown the importance of this
intruder orbital as neutron excitations across N = 40 play
a key role in the most neutron-rich Mn isotopes. Recent
experiments have identified negative-parity structures as-
sociated with occupancy of the νg9/2 orbital [29] in a
number of these nuclei. However, the behaviour of these
states with respect to the ground-state configuration is
limited in 62Mn due to the unknown positioning of the
isomer and ground-state levels. It has recently been con-
firmed that the two β-decaying states have Iπ = 1+ and
4+ [30], but their relative positions remain unknown. With
the Coulomb-excitation technique, it has been possible in
this paper to identify a new state built upon the longer-
lived 4+ state in 62Mn. Here we report on its identification
and propose the ordering and relative energies of the two
β-decaying states; in turn we also fix the energy of the
negative parity states identified in Ref. [29].

2 Experimental Details

Extraction of refractory and refractory-like elements in
atomic form from ISOL (Isotope Separator On-Line) tar-
gets is very slow and inefficient. The atoms first need to
diffuse through the target matrix to the surface and then
desorb before reaching the ion source. Many elements will
undergo this process quickly and may collide with the
walls of the heated transfer line (≈ 2000◦C) many times en
route to the ion source, adsorbing and desorbing quickly
each time. The biggest bottle neck in the extraction of
refractory-like elements, such as Fe, comes from slow des-
orption [31]. This may be seen as a benefit where isobaric
purity is required, but certainly not when beams of short-
lived isotopes of such troublesome elements are desired.
Fast and chemically-independent extraction is planned at
future facilities with new gas-catcher and laser-ionisation
coupled systems [32]. Gas-catchers are currently employed
at the CARIBU experiment at ANL [33], producing beams
of Cf fission products that have been reaccelerated for
Coulomb-excitation studies. With the thick solid target
at ISOLDE however, alternative techniques than direct
extraction have to be explored, such as forming volatile
gaseous compounds [34]. Recently, the technique of in-trap
decay was pioneered at REX-ISOLDE using 61Mn as a test
case to produce a beam of the refractory-like 61Fe [35].
Following these successful tests, a further experiment on
62Mn/Fe was performed and is described here.

The manganese beams are produced at ISOLDE by
proton-induced fission of uranium, driven by a 1.4 GeV
proton beam from the CERN’s PS Booster, impinging on a
thick UCx target. Element-selective ionisation takes place
with the Resonance Laser Ionisation Laser Ion Source
(RILIS) [14, 36, 37] and the Mn1+ ions are extracted from
the ion source with a 30 kV potential and mass separated

with the General Purpose Separator (GPS). After this the
beam is bunched in REX-TRAP [38, 39] and released into
the charge breeder, REX-EBIS [38, 39], finally attaining a
charge state of 21+. The latter stage is required in order
to achieve a mass to charge ratio of A/q < 4.5 for injec-
tion to the REX linear accelerator [40]. The distribution of
charge states is sensitive to the charge-breeding time. Both
the trapping and charge-breeding times were varied dur-
ing the experiment in order to investigate the production
of 62Fe via the “in-trap” method (see Section 2.1). Ulti-
mately, the beam was delivered to the Miniball array [41]
at a final energy of 2.86 MeV/u. Here it was either inci-
dent on a 4 mg/cm2-thick 109Ag target to induce Coulomb
excitation, or into the ionisation chamber, filled with CF4

gas and backed by a thick silicon detector, to monitor the
beam composition [41].

2.1 In-trap decay

During the trapping and charge-breeding stages, the 62Mn
ions are held for varying time periods from 28 ms to 740 ms.
At a number of these timing settings, the beam composi-
tion was measured in the ∆Egas-ESi telescope of the ion-
isation chamber. An example of the ∆Egas spectra are
shown in Fig. 1. The energy loss in the gas is propor-
tional to the Z of the projectile and is sensitive to the gas
conditions such as pressure. Good optimisation of these
conditions allowed for a clear separation of Z = 25, 26
and therefore the ratio of manganese to iron in the beam.
Under idealised conditions, i.e. no losses during trapping
and charge breeding and a constant rate of injection to
REX-TRAP, this ratio of manganese and iron can be cal-
culated using simple mother-daughter decay laws. Assum-
ing the injection of the high-spin state of 62Mn(T1/2 =
671(5) ms [14]) into the trap (see Section 3.2) at a constant
rate, its decay and the grow-in and decay of 62Fe(T1/2 =
68(2) s [42]) can be integrated over the total trapping time,
tT.
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Fig. 2. �E signal as measured in arbitrary units from the
ionisation chamber, proportional to energy loss of the beam,
�E, for two di↵erent trapping and charge-breeding settings.
Top panel: 30 ms trapping time, tT, and 28 ms charge-breeding
time, tE. Bottom panel: tT = 400 ms and tE = 348 ms time.

shown in Fig. 2. The energy loss in the gas is propor-
tional to the Z of the projectile and is sensitive to the gas
conditions such as pressure. Good optimisation of these
conditions allowed for a clear separation of Z = 25, 26
and therefore the ratio of manganese to iron in the beam.
Under idealised conditions, i.e. no losses during trapping
and charge breeding and a constant rate of injection to
REX-TRAP, this ratio of manganese and iron can be cal-
culated using simple mother-daughter decay laws. Assum-
ing the injection of the high-spin state of 62Mn(T1/2 =
671(5) ms [14]) into the trap at a constant rate, its decay
and the grow-in and decay of 62Fe(T1/2 = 68(2) s [48])
can be integrated over the total trapping time, tT.
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Fig. 3. Ratio of 62Fe to 62Mn in the beam, measured exper-
imentally in the ionisation chamber, as a function of charge
breeding time, tE. Theoretical curves for di↵erent trapping
times, tT, are also shown in red, black and blue corresponding
to 30 ms, 300 ms and 400 ms, respectively. It is assumed that
the halflife of the 62Mn component is 671 ms, corresponding
to the high-spin �-decaying state [14].
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Figure 3 shows the calculated ratio of 62Fe and 62Mn for
di↵erent trapping times, compared to the experimental
determined values. One can see that the behaviour is gen-
erally well understood and an appreciable amount of iron
can be accumulated in the beam. For the longest trapping
times, the iron content is generally less than expected.
This may be due in part to space-charge e↵ects, which
limit the number of ions that can be fed into the trap in
each bunch. Furthermore, the recoil energy of the Fe ions
following the �-decay process may cause losses in the trap.
This is highlighted by the data point at tT = 300 ms and
tE = 28 ms that lies close to the value taken with a much
shorter trapping time of tT = 30 ms. While it appears
as though longer charge breeding times are preferable to
increase the Mn/Fe ratio, the e�ciency of achieving the
correct charge state for injection to the REX accelerator
reduces and an overall loss of beam intensity begins to take
over. Additionally, the charge distributions of Mn and Fe
ions in REX-EBIS will be di↵erent meaning that these
e↵ect cannot be separated.

2.2 Coulomb excitation

With the 109Ag target in place, “safe” Coulomb excita-
tion [49] takes place and the scattered projectiles and re-
coiling target nuclei are detected in a compact-disc-shaped
Double-Sided Silicon Strip Detector (DSSSD), the so-called
CD detector, placed 32.5 mm downstream from the tar-
get position [47]. This corresponds to an angular coverage

Fig. 1. ∆E signal as measured in arbitrary units from the
ionisation chamber, proportional to energy loss of the beam,
∆E, for two different trapping and charge-breeding settings.
Top panel: 30 ms trapping time, tT, and 28 ms charge-breeding
time, tE. Bottom panel: tT = 400 ms and tE = 348 ms.

Figure 2 shows the calculated ratio of 62Fe and 62Mn for
different trapping times, compared to the experimentally
determined values. One can see that the behaviour is gen-
erally well understood and an appreciable amount of iron
can be accumulated in the beam. For the longest trap-
ping times, the iron-to-manganese content is generally less
than expected. This may be due in part to space-charge ef-
fects, which limit the number of ions that can be fed into
the trap in each bunch. Furthermore, the recoil energy
of the Fe ions following the β-decay process may cause
losses in the trap. This is highlighted by the data point at
tT = 300 ms and tE = 28 ms that lies close to the value
taken with a much shorter trapping time of tT = 30 ms.
While it appears as though longer charge breeding times
are preferable to increase the Fe/Mn ratio, the efficiency of
achieving the correct charge state for injection to the REX
accelerator reduces and an overall loss of beam intensity
begins to take over. Additionally, the charge distributions
of Mn and Fe ions in REX-EBIS will be different meaning
that these effects cannot be separated.

2.2 Coulomb excitation

With the 109Ag target in place, “safe” Coulomb excita-
tion [43] takes place and the scattered projectiles and re-
coiling target nuclei are detected in a compact-disc-shaped
Double-Sided Silicon Strip Detector (DSSSD), the so-called
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shown in Fig. 2. The energy loss in the gas is propor-
tional to the Z of the projectile and is sensitive to the gas
conditions such as pressure. Good optimisation of these
conditions allowed for a clear separation of Z = 25, 26
and therefore the ratio of manganese to iron in the beam.
Under idealised conditions, i.e. no losses during trapping
and charge breeding and a constant rate of injection to
REX-TRAP, this ratio of manganese and iron can be cal-
culated using simple mother-daughter decay laws. Assum-
ing the injection of the high-spin state of 62Mn(T1/2 =
671(5) ms [14]) into the trap at a constant rate, its decay
and the grow-in and decay of 62Fe(T1/2 = 68(2) s [48])
can be integrated over the total trapping time, tT.
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to the high-spin �-decaying state [14].
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Figure 3 shows the calculated ratio of 62Fe and 62Mn for
di↵erent trapping times, compared to the experimental
determined values. One can see that the behaviour is gen-
erally well understood and an appreciable amount of iron
can be accumulated in the beam. For the longest trapping
times, the iron content is generally less than expected.
This may be due in part to space-charge e↵ects, which
limit the number of ions that can be fed into the trap in
each bunch. Furthermore, the recoil energy of the Fe ions
following the �-decay process may cause losses in the trap.
This is highlighted by the data point at tT = 300 ms and
tE = 28 ms that lies close to the value taken with a much
shorter trapping time of tT = 30 ms. While it appears
as though longer charge breeding times are preferable to
increase the Mn/Fe ratio, the e�ciency of achieving the
correct charge state for injection to the REX accelerator
reduces and an overall loss of beam intensity begins to take
over. Additionally, the charge distributions of Mn and Fe
ions in REX-EBIS will be di↵erent meaning that these
e↵ect cannot be separated.

2.2 Coulomb excitation

With the 109Ag target in place, “safe” Coulomb excita-
tion [49] takes place and the scattered projectiles and re-
coiling target nuclei are detected in a compact-disc-shaped
Double-Sided Silicon Strip Detector (DSSSD), the so-called
CD detector, placed 32.5 mm downstream from the tar-
get position [47]. This corresponds to an angular coverage

Fig. 2. Ratio of 62Fe to 62Mn in the beam, measured exper-
imentally in the ionisation chamber, as a function of charge
breeding time, tE. Theoretical curves for different trapping
times, tT, are also shown in red, black and blue corresponding
to 30 ms, 300 ms and 400 ms, respectively. It is assumed that
the halflife of the 62Mn component is 671 ms, corresponding
to the high-spin β-decaying state [14].

CD detector, placed 32.5 mm downstream from the tar-
get position [41]. This corresponds to an angular coverage
in the lab frame of 15.6◦–51.6◦ and in the centre-of-mass
(CoM) frame of 24.3◦–148.9◦. For the evaluation of the
cross-section the inner-most strip is not used since it was
broken on one of the four quadrants. The de-excitation γ
rays are detected in the HPGe crystals of Miniball, which
each have six-fold segmentation, arranged into eight triple
clusters. Prompt and random coincidences between parti-
cle and γ-ray events are built in the manner described in
Ref. [44]. Furthermore, for angles greater than ≈ 48◦ in
the lab frame, both scattering partners for a given CoM
scattering angle will be inside of the CD range (see Fig-
ure 3). Therefore, two-particle coincidences in this range
are also considered in the analysis.

A relatively thick target (4.0 mg/cm2) was used in or-
der to increase the yield, which resulted in poor energy
resolution of the scattered particles. In turn, it was not
possible to cleanly resolve the scattered projectiles and
target recoils in terms of energy and laboratory angle, as
can be seen in Figure 4. A heavier-mass target species that
still provides the relative normalisation via observable ex-
citation would have allowed a greater separation of the two
kinematic solutions in energy. Nevertheless, under the as-
sumption that either a projectile-like or recoil-like particle
is detected, it is possible to solve the two-body kinematic
problem for the other scattering partner. It appears as
though the detected energy is systematically lower than
that expected from the calculations (see Fig. 4). The cal-
ibration of the detector used a triple-α source of 239Pu-
241Am-243Cm with energies around 5 MeV and the ex-
trapolation to higher energies may well be non-linear. At
the velocities used in this experiment, the Doppler shift of
γ-rays emitted in flight is dominated by the angular com-
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ponent and the correction is rather insensitive to changes
in the particle energy.

A background subtraction of the �-ray spectra is per-
formed using the randomly-coincident events, normalised
to the intensity of � rays emitted following the �-decay of
62Fe and 62Co. The background subtraction is key since
the � decay of the 62Mn mother (scattered into the CD
and the walls of the chamber) will populate the 2+1 state in
62Fe, giving rise to false coincidences with non-Coulomb-
excitation-related 2+1 ! 0+1 �-rays. As can be observed in
the background-subtracted �-ray spectrum of Fig. 5, the
uncertainty on the number of counts in the region around
877 keV (also 511 keV associated with the annihilation
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the fraction of the observed de-excitation intensity in the
target associated with 62Fe can be deduced [37]:

FFe =
1

1 +
⇣
RMn

�t(62Mn)
�t(62Fe)

⌘ = 0.36(3), (5)

where �t(
62Fe)

�t(62Mn) and is the ratio of cross sections of exciting

the state of interest in the target, by a 62Fe or 62Mn beam.
Calculated using the Coulomb-excitation code, gosia [52,
53], this ratio is 0.9915 for the 3/2�1 state at 311 keV
in 109Ag. Secondly, there is an additional component in
the Doppler-broadened �-ray peak of the 5/2�1 ! 1/2�1
transition in 109Ag around 415 keV. Using the di↵erences
between peak shape in the Doppler-corrected spectra of
Figure 7 a second component at 418-keV emerges, asso-
ciated with the projectile. Its intensity can be extracted
by subtracting the true 5/2�1 ! 1/2�1 -transition intensity

extracted from the ratio, I�(5/2
�
1 !1/2�1 )

I�(3/2
�
1 !1/2�1 )

= 1.13, calculated

in gosia using previously measured matrix elements, and
the “clean” intensity of the 311-keV, 3/2�1 ! 1/2�1 tran-
sition. The deduced intensity of the 418-keV transition is
almost five times greater than the 2+1 ! 0+1 transition in
62Fe (see Table 1), meaning that this must originate from
62Mn. The assignment of this transition will be discussed
in Section 3.2. A search of particle-�-� events showed no
evidence of other transitions in coincidence with the new
418-keV transition.

3 Results and discussion

3.1 Excitation of the 2+1 state in

62
Fe

Contamination of the 5/2�1 ! 1/2�1 transition in the 109Ag
target meant that normalisation could only be performed
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Fig. 7. (Color online) Background-subtracted �-ray spectra
showing the region of the target de-excitation. Data at all trap-
ping and charge-breeding settings are summed in these spectra,
although 75% data was taken with the longest times. The spec-
tra are Doppler corrected assuming detection of a projectile-
like particle and �-ray emission from either a projectile-like
particle (black; black points of Fig. 5) or recoil-like particle
(red; blue points of Fig. 5). The line shape of the 311-keV
peak is symmetric and as expected for a single �-ray transition
from the recoil. The 415-keV peak clearly shows contamination,
and when Doppler corrected for the projectile, a component at
418 keV emerges.

with respect to the 3/2�1 ! 1/2�1 transition. A complete
set of E2 and M1 matrix elements coupling the low-lying
levels of 109Ag (1/2�1 , 3/2

�
1 , 5/2

�
1 ) are defined in the spe-

cial version of the gosia code, gosia2 [52, 53]. Addi-
tionally, known matrix elements to the higher-lying states
(3/2�2 , 5/2

�
2 ) were included and used as bu↵er states in

the calculation. The gosia2 version of the code allows
for a simultaneous least-squares fit of matrix elements in
the target and projectile systems, as well as a common
set of normalisation constants, to the observed �-ray in-
tensities [37]. The target system is over-determined by a
complete set of spectroscopic data [54–59] plus the ob-
served 5/2�1 ! 1/2�1 intensity, which therefore provides
the constraint on the normalisation constant. However,
the projectile system is under-determined.

In 62Fe, the excitation cross-section of the 2+1 is gov-
erned in this experiment by only two matrix elements,
namely h0+1 kE2k2+1 i and h2+1 kE2k2+1 i. All other matrix
elements can be shown to influence at the level of less
than 1%. However, only one transition intensity is experi-
mentally determined, which means that there is no unique
solution to the system. Usually, segmentation of the data
in di↵erent ranges of CoM scattering angle provides ad-
ditional data [37, 50], but because of the ambiguity in
the particle kinematics (see Figure 5) and low statistics,
it is not possible in this case. Instead, a total-�2 sur-
face is created in two dimensions, representing each ma-
trix element, including the sum of the contributions from
the target and projectile systems and is plotted in Fig-

Fig. 5. Background-subtracted �-ray spectrum showing the
877-keV 2+1 ! 0+1 transition of 62Fe following Coulomb excita-
tion on a 4.0 mg/cm2-thick 109Ag target. Data at all trapping
and charge-breeding settings are summed in this spectrum, al-
though 75% data was taken with the longest times. Note here
that no Doppler correction is applied because of the ambiguity
of projectile- and recoil-like events. This leads to the wide peak
with an irregular (non-Gaussian) peak shape. The structure at
⇡ 670 keV is likely to be the Compton edge of the 877 keV
peak.

Table 1. Experimental intensities of �-ray transitions follow-
ing Coulomb excitation of the mixed 62Mn/Fe beam on a 109Ag
target. A correction for the relative e�ciency of the Miniball
array, normalised to 877.3 keV, along with its uncertainty is in-
cluded. The assignment of the 418-keV transition is discussed
in Section 3.2.

Energy [keV] Transition I�

62Fe 877.3 2+1 ! 0+1 210(40)
109Ag 311.4 3/2�1 ! 1/2�1 1520(40)
109Ag 415.2 5/2�1 ! 1/2�1 2300(60)
62Mn 418(2) (2+, 3+) ! 1+1 970(50)

peak) is large because of this subtraction. An additional
8.1% uncertainty is calculated from the uncertainty in the
determination of the background normalisation. All of this
propagates to the total uncertainty in the integrated in-
tensity of the 2+1 ! 0+1 (shown in Table 1), hindering the
precision of the cross-section measurement.

In order to extract the cross-section, we normalise to
the excitation of the 109Ag target. At this point, two is-
sues are encountered. First of all, both components of the
beam, 62Fe and 62Mn, will give rise to excitation of the
target. With knowledge of the total ratio of manganese
to iron throughout the experiment, RMn = NMn

NFe
= 1.7(2),

the fraction of the observed de-excitation intensity in the
target associated with 62Fe can be deduced [45]:

FFe =
1

1 +
⇣
RMn

�t(62Mn)
�t(62Fe)

⌘ = 0.36(3), (5)

where �t(
62Fe)

�t(62Mn) and is the ratio of cross sections of exciting

the state of interest in the target, by a 62Fe or 62Mn beam.

Fig. 3. Kinematic relationship of laboratory scattering angles
for a mass A = 62 projectile impinging on a mass A = 109
target at an energy of 2.86 MeV/u. It is assumed that there is
an excitation of 0.877 MeV. The horizontal and vertical dashed
lines represent the limits of detection in the CD detector. Only
for a small range of scattering angles are both the projectile and
recoil expected to be in the range of detection simultaneously.
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Fig. 3. Kinematic relationship of laboratory scattering angles
for a mass A = 62 projectile impinging on a mass A = 109
target at an energy of 2.86 MeV/u. It is assumed that there is
an excitation of 0.877 MeV. The horizontal and vertical dashed
lines represent the limits of detection in the CD detector. Only
for a small range of scattering angles are both the projectile and
recoil expected to be in the range of detection simultaneously.
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Fig. 4. (Color online) Detected particle events in the CD
detector plotted as a function of angle and energy in the labo-
ratory frame of reference. An angle-dependent energy thresh-
old has been applied in software to remove low-energy events
caused by noise on the detector. The two shaded regions show
the calculated behaviour of the projectile and recoils for elas-
tic scattering including energy loss in the target. The range is
determined by the assumption of the reaction at the entrance
or exit of the target, while the solid line assumes a reaction in
the centre. However, the detector resolution is not considered
here, nor is the finite width of the CD-detector strips.

ponent and the correction is rather insensitive to changes
in the particle energy.

A background subtraction of the �-ray spectra is per-
formed using the randomly-coincident events, normalised
to the intensity of � rays emitted following the �-decay of
62Fe and 62Co. The background subtraction is key since
the � decay of the 62Mn mother (scattered into the CD
and the walls of the chamber) will populate the 2+1 state in
62Fe, giving rise to false coincidences with non-Coulomb-
excitation-related 2+1 ! 0+1 �-rays. As can be observed in
the background-subtracted �-ray spectrum of Fig. 5, the
uncertainty on the number of counts in the region around
877 keV (also 511 keV associated with the annihilation
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Fig. 6. Background-subtracted �-ray spectrum showing the
2+1 ! 0+1 transition of 62Fe following Coulomb excitation on
a 4.0 mg/cm2-thick 109Ag target. Data at all trapping and
charge-breeding settings are summed in this spectrum, al-
though 75% data was taken with the longest times. Note here
that no Doppler correction is applied because of the ambiguity
of projectile- and recoil-like events.

the fraction of the observed de-excitation intensity in the
target associated with 62Fe can be deduced [37]:

FFe =
1

1 +
⇣
RMn

�t(62Mn)
�t(62Fe)

⌘ = 0.36(3), (5)

where �t(
62Fe)

�t(62Mn) and is the ratio of cross sections of exciting

the state of interest in the target, by a 62Fe or 62Mn beam.
Calculated using the Coulomb-excitation code, gosia [52,
53], this ratio is 0.9915 for the 3/2�1 state at 311 keV
in 109Ag. Secondly, there is an additional component in
the Doppler-broadened �-ray peak of the 5/2�1 ! 1/2�1
transition in 109Ag around 415 keV. Using the di↵erences
between peak shape in the Doppler-corrected spectra of
Figure 7 a second component at 418-keV emerges, asso-
ciated with the projectile. Its intensity can be extracted
by subtracting the true 5/2�1 ! 1/2�1 -transition intensity

extracted from the ratio, I�(5/2
�
1 !1/2�1 )

I�(3/2
�
1 !1/2�1 )

= 1.13, calculated

in gosia using previously measured matrix elements, and
the “clean” intensity of the 311-keV, 3/2�1 ! 1/2�1 tran-
sition. The deduced intensity of the 418-keV transition is
almost five times greater than the 2+1 ! 0+1 transition in
62Fe (see Table 1), meaning that this must originate from
62Mn. The assignment of this transition will be discussed
in Section 3.2. A search of particle-�-� events showed no
evidence of other transitions in coincidence with the new
418-keV transition.

3 Results and discussion

3.1 Excitation of the 2+1 state in

62
Fe

Contamination of the 5/2�1 ! 1/2�1 transition in the 109Ag
target meant that normalisation could only be performed
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Fig. 7. (Color online) Background-subtracted �-ray spectra
showing the region of the target de-excitation. Data at all trap-
ping and charge-breeding settings are summed in these spectra,
although 75% data was taken with the longest times. The spec-
tra are Doppler corrected assuming detection of a projectile-
like particle and �-ray emission from either a projectile-like
particle (black; black points of Fig. 5) or recoil-like particle
(red; blue points of Fig. 5). The line shape of the 311-keV
peak is symmetric and as expected for a single �-ray transition
from the recoil. The 415-keV peak clearly shows contamination,
and when Doppler corrected for the projectile, a component at
418 keV emerges.

with respect to the 3/2�1 ! 1/2�1 transition. A complete
set of E2 and M1 matrix elements coupling the low-lying
levels of 109Ag (1/2�1 , 3/2

�
1 , 5/2

�
1 ) are defined in the spe-

cial version of the gosia code, gosia2 [52, 53]. Addi-
tionally, known matrix elements to the higher-lying states
(3/2�2 , 5/2

�
2 ) were included and used as bu↵er states in

the calculation. The gosia2 version of the code allows
for a simultaneous least-squares fit of matrix elements in
the target and projectile systems, as well as a common
set of normalisation constants, to the observed �-ray in-
tensities [37]. The target system is over-determined by a
complete set of spectroscopic data [54–59] plus the ob-
served 5/2�1 ! 1/2�1 intensity, which therefore provides
the constraint on the normalisation constant. However,
the projectile system is under-determined.

In 62Fe, the excitation cross-section of the 2+1 is gov-
erned in this experiment by only two matrix elements,
namely h0+1 kE2k2+1 i and h2+1 kE2k2+1 i. All other matrix
elements can be shown to influence at the level of less
than 1%. However, only one transition intensity is experi-
mentally determined, which means that there is no unique
solution to the system. Usually, segmentation of the data
in di↵erent ranges of CoM scattering angle provides ad-
ditional data [37, 50], but because of the ambiguity in
the particle kinematics (see Figure 5) and low statistics,
it is not possible in this case. Instead, a total-�2 sur-
face is created in two dimensions, representing each ma-
trix element, including the sum of the contributions from
the target and projectile systems and is plotted in Fig-

Fig. 5. Background-subtracted �-ray spectrum showing the
877-keV 2+1 ! 0+1 transition of 62Fe following Coulomb excita-
tion on a 4.0 mg/cm2-thick 109Ag target. Data at all trapping
and charge-breeding settings are summed in this spectrum, al-
though 75% data was taken with the longest times. Note here
that no Doppler correction is applied because of the ambiguity
of projectile- and recoil-like events. This leads to the wide peak
with an irregular (non-Gaussian) peak shape. The structure at
⇡ 670 keV is likely to be the Compton edge of the 877 keV
peak.

Table 1. Experimental intensities of �-ray transitions follow-
ing Coulomb excitation of the mixed 62Mn/Fe beam on a 109Ag
target. A correction for the relative e�ciency of the Miniball
array, normalised to 877.3 keV, along with its uncertainty is in-
cluded. The assignment of the 418-keV transition is discussed
in Section 3.2.

Energy [keV] Transition I�

62Fe 877.3 2+1 ! 0+1 210(40)
109Ag 311.4 3/2�1 ! 1/2�1 1520(40)
109Ag 415.2 5/2�1 ! 1/2�1 2300(60)
62Mn 418(2) (2+, 3+) ! 1+1 970(50)

peak) is large because of this subtraction. An additional
8.1% uncertainty is calculated from the uncertainty in the
determination of the background normalisation. All of this
propagates to the total uncertainty in the integrated in-
tensity of the 2+1 ! 0+1 (shown in Table 1), hindering the
precision of the cross-section measurement.

In order to extract the cross-section, we normalise to
the excitation of the 109Ag target. At this point, two is-
sues are encountered. First of all, both components of the
beam, 62Fe and 62Mn, will give rise to excitation of the
target. With knowledge of the total ratio of manganese
to iron throughout the experiment, RMn = NMn

NFe
= 1.7(2),

the fraction of the observed de-excitation intensity in the
target associated with 62Fe can be deduced [45]:

FFe =
1

1 +
⇣
RMn

�t(62Mn)
�t(62Fe)

⌘ = 0.36(3), (5)

where �t(
62Fe)

�t(62Mn) and is the ratio of cross sections of exciting

the state of interest in the target, by a 62Fe or 62Mn beam.

Fig. 4. (Color online) Detected particle events in the CD
detector plotted as a function of angle and energy in the labo-
ratory frame of reference. An angle-dependent energy thresh-
old has been applied in software to remove low-energy events
caused by noise on the detector. The two shaded regions show
the calculated behaviour of the projectile and recoils for elas-
tic scattering including energy loss in the target. The range is
determined by the assumption of the reaction at the entrance
or exit of the target, while the solid line assumes a reaction in
the centre. However, the detector resolution is not considered
here, nor is the finite width of the CD-detector strips.

ponent and the correction is rather insensitive to changes
in the particle energy.

A background subtraction of the γ-ray spectra is per-
formed using the randomly-coincident events, normalised
to the intensity of γ rays emitted following the β-decay of
62Fe and 62Co. The background subtraction is key since
the β decay of the 62Mn mother (scattered into the CD
detector and the walls of the chamber) will populate the
2+1 state in 62Fe, giving rise to false coincidences with
non-Coulomb-excitation-related 2+1 → 0+1 γ-rays. As can
be observed in the background-subtracted γ-ray spectrum
of Fig. 5, the uncertainty on the number of counts in the
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Fig. 6. Background-subtracted �-ray spectrum showing the
2+1 ! 0+1 transition of 62Fe following Coulomb excitation on
a 4.0 mg/cm2-thick 109Ag target. Data at all trapping and
charge-breeding settings are summed in this spectrum, al-
though 75% data was taken with the longest times. Note here
that no Doppler correction is applied because of the ambiguity
of projectile- and recoil-like events.

the fraction of the observed de-excitation intensity in the
target associated with 62Fe can be deduced [37]:

FFe =
1

1 +
⇣
RMn

�t(62Mn)
�t(62Fe)

⌘ = 0.36(3), (5)

where �t(
62Fe)

�t(62Mn) and is the ratio of cross sections of exciting

the state of interest in the target, by a 62Fe or 62Mn beam.
Calculated using the Coulomb-excitation code, gosia [52,
53], this ratio is 0.9915 for the 3/2�1 state at 311 keV
in 109Ag. Secondly, there is an additional component in
the Doppler-broadened �-ray peak of the 5/2�1 ! 1/2�1
transition in 109Ag around 415 keV. Using the di↵erences
between peak shape in the Doppler-corrected spectra of
Figure 7 a second component at 418-keV emerges, asso-
ciated with the projectile. Its intensity can be extracted
by subtracting the true 5/2�1 ! 1/2�1 -transition intensity

extracted from the ratio, I�(5/2
�
1 !1/2�1 )

I�(3/2
�
1 !1/2�1 )

= 1.13, calculated

in gosia using previously measured matrix elements, and
the “clean” intensity of the 311-keV, 3/2�1 ! 1/2�1 tran-
sition. The deduced intensity of the 418-keV transition is
almost five times greater than the 2+1 ! 0+1 transition in
62Fe (see Table 1), meaning that this must originate from
62Mn. The assignment of this transition will be discussed
in Section 3.2. A search of particle-�-� events showed no
evidence of other transitions in coincidence with the new
418-keV transition.

3 Results and discussion

3.1 Excitation of the 2+1 state in

62
Fe

Contamination of the 5/2�1 ! 1/2�1 transition in the 109Ag
target meant that normalisation could only be performed
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Fig. 7. (Color online) Background-subtracted �-ray spectra
showing the region of the target de-excitation. Data at all trap-
ping and charge-breeding settings are summed in these spectra,
although 75% data was taken with the longest times. The spec-
tra are Doppler corrected assuming detection of a projectile-
like particle and �-ray emission from either a projectile-like
particle (black; black points of Fig. 5) or recoil-like particle
(red; blue points of Fig. 5). The line shape of the 311-keV
peak is symmetric and as expected for a single �-ray transition
from the recoil. The 415-keV peak clearly shows contamination,
and when Doppler corrected for the projectile, a component at
418 keV emerges.

with respect to the 3/2�1 ! 1/2�1 transition. A complete
set of E2 and M1 matrix elements coupling the low-lying
levels of 109Ag (1/2�1 , 3/2

�
1 , 5/2

�
1 ) are defined in the spe-

cial version of the gosia code, gosia2 [52, 53]. Addi-
tionally, known matrix elements to the higher-lying states
(3/2�2 , 5/2

�
2 ) were included and used as bu↵er states in

the calculation. The gosia2 version of the code allows
for a simultaneous least-squares fit of matrix elements in
the target and projectile systems, as well as a common
set of normalisation constants, to the observed �-ray in-
tensities [37]. The target system is over-determined by a
complete set of spectroscopic data [54–59] plus the ob-
served 5/2�1 ! 1/2�1 intensity, which therefore provides
the constraint on the normalisation constant. However,
the projectile system is under-determined.

In 62Fe, the excitation cross-section of the 2+1 is gov-
erned in this experiment by only two matrix elements,
namely h0+1 kE2k2+1 i and h2+1 kE2k2+1 i. All other matrix
elements can be shown to influence at the level of less
than 1%. However, only one transition intensity is experi-
mentally determined, which means that there is no unique
solution to the system. Usually, segmentation of the data
in di↵erent ranges of CoM scattering angle provides ad-
ditional data [37, 50], but because of the ambiguity in
the particle kinematics (see Figure 5) and low statistics,
it is not possible in this case. Instead, a total-�2 sur-
face is created in two dimensions, representing each ma-
trix element, including the sum of the contributions from
the target and projectile systems and is plotted in Fig-

Fig. 5. Background-subtracted γ-ray spectrum showing the
877 keV 2+

1 → 0+
1 transition of 62Fe following Coulomb excita-

tion on a 4.0 mg/cm2-thick 109Ag target. Data at all trapping
and charge-breeding settings are summed in this spectrum, al-
though 75% data was taken with the longest times. Note here
that no Doppler correction is applied because of the ambiguity
of projectile- and recoil-like events. This leads to the wide peak
with an irregular (non-Gaussian) peak shape. The structure at
≈ 670 keV is likely to be the Compton edge of the 877 keV
peak.

Table 1. Experimental intensities of γ-ray transitions follow-
ing Coulomb excitation of the mixed 62Mn/Fe beam on a 109Ag
target. A correction for the relative efficiency of the Miniball
array, normalised to 877.3 keV, along with its uncertainty is
included. The assignment of the 418 keV transition is discussed
in Section 3.2.

Energy [keV] Transition Iγ

62Fe 877.3 2+
1 → 0+

1 210(40)
109Ag 311.4 3/2−

1 → 1/2−
1 1520(40)

109Ag 415.2 5/2−
1 → 1/2−

1 2300(60)
62Mn 418(2) (2+, 3+)→ 1+

1 970(50)

region around 877 keV (also 511 keV associated with the
annihilation peak) is large because of this subtraction. An
additional 8.1% uncertainty is calculated from the uncer-
tainty in the determination of the background normalisa-
tion. All of this propagates to the total uncertainty in the
integrated intensity of the 2+1 → 0+1 (shown in Table 1),
hindering the precision of the cross-section measurement.

In order to extract the cross-section, we normalise to
the excitation of the 109Ag target. At this point, two is-
sues are encountered. First of all, both components of the
beam, 62Fe and 62Mn, will give rise to excitation of the
target. With knowledge of the total ratio of manganese
to iron throughout the experiment, RMn = NMn

NFe
= 1.7(2),

the fraction of the observed de-excitation intensity in the
target associated with 62Fe can be deduced [45]:

FFe =
1

1 +
(
RMn

σt(62Mn)
σt(62Fe)

) = 0.36(3), (5)
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Fig. 6. Background-subtracted �-ray spectrum showing the
2+1 ! 0+1 transition of 62Fe following Coulomb excitation on
a 4.0 mg/cm2-thick 109Ag target. Data at all trapping and
charge-breeding settings are summed in this spectrum, al-
though 75% data was taken with the longest times. Note here
that no Doppler correction is applied because of the ambiguity
of projectile- and recoil-like events.

the fraction of the observed de-excitation intensity in the
target associated with 62Fe can be deduced [37]:

FFe =
1

1 +
⇣
RMn

�t(62Mn)
�t(62Fe)

⌘ = 0.36(3), (5)

where �t(
62Fe)

�t(62Mn) and is the ratio of cross sections of exciting

the state of interest in the target, by a 62Fe or 62Mn beam.
Calculated using the Coulomb-excitation code, gosia [52,
53], this ratio is 0.9915 for the 3/2�1 state at 311 keV
in 109Ag. Secondly, there is an additional component in
the Doppler-broadened �-ray peak of the 5/2�1 ! 1/2�1
transition in 109Ag around 415 keV. Using the di↵erences
between peak shape in the Doppler-corrected spectra of
Figure 7 a second component at 418-keV emerges, asso-
ciated with the projectile. Its intensity can be extracted
by subtracting the true 5/2�1 ! 1/2�1 -transition intensity

extracted from the ratio, I�(5/2
�
1 !1/2�1 )

I�(3/2
�
1 !1/2�1 )

= 1.13, calculated

in gosia using previously measured matrix elements, and
the “clean” intensity of the 311-keV, 3/2�1 ! 1/2�1 tran-
sition. The deduced intensity of the 418-keV transition is
almost five times greater than the 2+1 ! 0+1 transition in
62Fe (see Table 1), meaning that this must originate from
62Mn. The assignment of this transition will be discussed
in Section 3.2. A search of particle-�-� events showed no
evidence of other transitions in coincidence with the new
418-keV transition.

3 Results and discussion

3.1 Excitation of the 2+1 state in

62
Fe

Contamination of the 5/2�1 ! 1/2�1 transition in the 109Ag
target meant that normalisation could only be performed
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Fig. 7. (Color online) Background-subtracted �-ray spectra
showing the region of the target de-excitation. Data at all trap-
ping and charge-breeding settings are summed in these spectra,
although 75% data was taken with the longest times. The spec-
tra are Doppler corrected assuming detection of a projectile-
like particle and �-ray emission from either a projectile-like
particle (black; black points of Fig. 5) or recoil-like particle
(red; blue points of Fig. 5). The line shape of the 311-keV
peak is symmetric and as expected for a single �-ray transition
from the recoil. The 415-keV peak clearly shows contamination,
and when Doppler corrected for the projectile, a component at
418 keV emerges.

with respect to the 3/2�1 ! 1/2�1 transition. A complete
set of E2 and M1 matrix elements coupling the low-lying
levels of 109Ag (1/2�1 , 3/2

�
1 , 5/2

�
1 ) are defined in the spe-

cial version of the gosia code, gosia2 [52, 53]. Addi-
tionally, known matrix elements to the higher-lying states
(3/2�2 , 5/2

�
2 ) were included and used as bu↵er states in

the calculation. The gosia2 version of the code allows
for a simultaneous least-squares fit of matrix elements in
the target and projectile systems, as well as a common
set of normalisation constants, to the observed �-ray in-
tensities [37]. The target system is over-determined by a
complete set of spectroscopic data [54–59] plus the ob-
served 5/2�1 ! 1/2�1 intensity, which therefore provides
the constraint on the normalisation constant. However,
the projectile system is under-determined.

In 62Fe, the excitation cross-section of the 2+1 is gov-
erned in this experiment by only two matrix elements,
namely h0+1 kE2k2+1 i and h2+1 kE2k2+1 i. All other matrix
elements can be shown to influence at the level of less
than 1%. However, only one transition intensity is experi-
mentally determined, which means that there is no unique
solution to the system. Usually, segmentation of the data
in di↵erent ranges of CoM scattering angle provides ad-
ditional data [37, 50], but because of the ambiguity in
the particle kinematics (see Figure 5) and low statistics,
it is not possible in this case. Instead, a total-�2 sur-
face is created in two dimensions, representing each ma-
trix element, including the sum of the contributions from
the target and projectile systems and is plotted in Fig-

Fig. 6. (Color online) Background-subtracted γ-ray spectra
showing the region of the target de-excitation. Data at all trap-
ping and charge-breeding settings are summed in these spectra,
although 75% data was taken with the longest times. The spec-
tra are Doppler corrected assuming detection of a projectile-
like particle and γ-ray emission from either a projectile-like
(black) or recoil-like (red) particle. The line shape of the
311 keV peak is symmetric and as expected for a single γ-
ray transition from the recoil. The 415 keV peak clearly shows
contamination, and when Doppler corrected for the projectile,
a component at 418 keV emerges.

where σt(
62Fe)

σt(62Mn) and is the ratio of cross sections of exciting

the state of interest in the target, by a 62Fe or 62Mn beam.
Calculated using the Coulomb-excitation code, gosia [46,
47], this ratio is 0.9915 for the 3/2−1 state at 311 keV
in 109Ag. Secondly, there is an additional component in
the Doppler-broadened γ-ray peak of the 5/2−1 → 1/2−1
transition in 109Ag around 415 keV. Using the differences
between peak shape in the Doppler-corrected spectra of
Figure 6 a second component at 418 keV emerges, asso-
ciated with the projectile. Its intensity can be extracted
by subtracting the true 5/2−1 → 1/2−1 -transition intensity

extracted from the ratio,
Iγ(5/2

−
1 →1/2−1 )

Iγ(3/2
−
1 →1/2−1 )

= 1.13, calculated

in gosia using previously measured matrix elements, and
the “clean” intensity of the 311 keV, 3/2−1 → 1/2−1 tran-
sition. The deduced intensity of the 418 keV transition is
almost five times greater than the 2+1 → 0+1 transition in
62Fe (see Table 1), meaning that this must originate from
62Mn. The assignment of this transition will be discussed
in Section 3.2. A search of particle-γ-γ events showed no
evidence of other transitions in coincidence with the new
418 keV transition.

3 Results and discussion

3.1 Excitation of the 2+1 state in 62Fe

Contamination of the 5/2−1 → 1/2−1 transition in the 109Ag
target meant that normalisation could only be performed

with respect to the 3/2−1 → 1/2−1 transition. A complete
set of E2 and M1 matrix elements coupling the low-lying
levels of 109Ag (1/2−1 , 3/2−1 , 5/2−1 ) are defined in the spe-
cial version of the gosia code, gosia2 [46, 47]. Addi-
tionally, known matrix elements to the higher-lying states
(3/2−2 , 5/2−2 ) were included and used as buffer states in
the calculation. The gosia2 version of the code allows
for a simultaneous least-squares fit of matrix elements in
the target and projectile systems, as well as a common
set of normalisation constants, to the observed γ-ray in-
tensities [45]. The target system is over-determined by a
complete set of spectroscopic data [48–53] plus the ob-
served 3/2−1 → 1/2−1 intensity, which therefore provides
the constraint on the normalisation constant. However,
the projectile system is under-determined.

In 62Fe, the excitation cross-section of the 2+1 is gov-
erned in this experiment by only two matrix elements,
namely 〈0+1 ‖E2‖2+1 〉 and 〈2+1 ‖E2‖2+1 〉. All other matrix
elements can be shown to influence at the level of less
than 1%. However, only one transition intensity is experi-
mentally determined, which means that there is no unique
solution to the system. Usually, segmentation of the data
in different ranges of CoM scattering angle provides ad-
ditional data [44, 45], but because of the ambiguity in
the particle kinematics (see Figure 4) and low statistics,
it is not possible in this case. Instead, a total-χ2 sur-
face is created in two dimensions, representing each ma-
trix element, including the sum of the contributions from
the target and projectile systems and is plotted in Fig-
ure 7(a). Recent lifetime measurements utilising the recoil-
distance Doppler-shift method, by Ljungvall et al. [26] and
Rother et al. [27], provide a further constraint on the total-
χ2 surface, represented by the dashed lines in Figure 7(b).
In order to treat the uncertainties correctly, both of these
lifetime data were included in the gosia2 fit and treated
with equal weight to the γ-ray intensities and other data.
The resulting 1σ surface is now constrained in both di-
mensions resulting in an ellipse that represents the cor-
relations between the two parameters. By projecting the
point with the minimum χ2 and the limits of this ellipse
onto the relevant axis, we are able to extract values and
uncertainties of the matrix elements, shown in Table 2.
If one were to assume that the spectroscopic quadrupole
moment, Qs(2

+
1 ) is zero, or otherwise that the second-

order excitation process can be neglected, a projection can
be made to 〈0+1 ‖E2‖2+1 〉 at 〈2+1 ‖E2‖2+1 〉 = 0. The values
obtained from this procedure without including the addi-
tional lifetime data (i.e projecting Figure 7(a) at x = 0)
are also presented in Table 2, although the uncertainties
should be considered to be underestimated by neglecting
correlations. Consistency between the lifetimes and the
current Coulomb-excitation data is however shown.

Sensitivity to the sign of Qs is desirable in order to
determine the nature and not only the magnitude of de-
formation. While state-of-the-art shell-model calculations
using the LNPS interaction predict a prolate deformation
with Qs(2

+
1 ) ≈ −30 efm2 [20], a relatively simple analysis

of Nilsson orbitals with realistic Woods-Saxon potentials
predicts an oblate deformation in 62Fe [54]. Unfortunately,
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Fig. 7. (Color online) (a) A full two-dimensional total-�2 sur-
face with respect to h2+1 kE2k0+1 i and h2+1 kE2k2+1 i for the 62Fe
projectile. (b) The resulting surface when combined with the
lifetime measurements of Refs. [26, 27] and a cut applied with
the condition that �2 < �2

min+1, representing 1�. The individ-
ual 1� contours for the Coulomb-excitation and lifetime data
are shown by the solid and dashed lines, respectively.

Table 2. Results in 62Fe projected from the ellipse obtained
using the full data set, including the lifetimes of Refs. [26, 27],
and projecting the �2 surface at Qs(2

+
1 ) = 0 using only the

Coulomb-excitation data. Note that h0+1 kE2k2+1 i and the cor-
responding B(E2) value are constrained entirely by the lifetime
data.

with ⌧(2+1 ) with Qs(2
+
1 ) = 0

h0+1 kE2k2+1 i = 32.0+1.5
�1.3 efm2 31+4

�3 efm2

h2+1 kE2k2+1 i = �10+60
�50 efm2 –

B(E2; 2+1 ! 0+1 ) = 14.0+1.3
�1.1 W.u. 13+4

�3 W.u.

Qs(2
+
1 ) = �8+40

�40 efm2 –

ever, the sensitivity to Q

s

(2+1 ) can be increased by the
variation of scattering parameters such as beam energy,
target species or scattering angle. This experiment demon-
strates the method and feasibility of any potential new
measurements. Higher-beam energies provided by HIE-
ISOLDE will further increase the cross-section, increasing
the statistical precision. The potential for the emergence
of shape coexistence in this region [11, 55] increases the
interest in more precision measurements.

3.2 Assignment of the 418-keV transition in

62
Mn

The identification, in this experiment, of a 418-keV �-
ray transition cannot be reconciled with previous experi-
ments employing �-decay [56], multi-nucleon transfer re-
actions [57], or deep-inelastic reactions [29]. No such tran-
sition is observed in these data, although the proposed
I = (6) state, identified in both in-beam experiments [29,
57], lies 418 keV above the �-decaying 4+ state. How-
ever, the non-observation of the (6) ! (5) 196-keV tran-
sition in our experiment rules out such a placement in
the level-scheme. To understand the origin of this tran-
sition, it must be known if the ground or the isomeric
state is Coulomb-excited. A number of experiments have
been performed at ISOLDE recently that allow us to shed
light on this question. Firstly, the spins of both �-decaying
states were confirmed in a laser-spectroscopy experiment
at the COLLAPS setup [30, 58]. In this experiment, the
longer-lived 4+ state (T1/2 = 671(5) ms [14]) was observed
to have been extracted with a much higher intensity than
the 1+ state (T1/2 = 92(13) ms [56, 59]). Secondly, a �-
decay experiment of 62Mn [60, 61] identified an excited 0+

state that is populated only in the � decay of the shorter-
lived 1+ state, giving rise to the 815-keV � ray observed
in an earlier experiment [56].

Coupling the observed extraction of the shorter-lived
1+ state in the COLLAPS experiment with the long trap-
ping plus charge-breeding times (in excess of 700 ms for
the most significant fraction of the Coulomb-excitation
data), it is expected that only the long-lived state in 62Mn
persists at the target position in this experiment. A �-�
matrix was produced from the sum of all data collected
during the “beam-on” and “beam-o↵” windows through-
out the run. The 0+2 ! 2+1 815-keV transition in 62Fe, pop-
ulated only in the decay of the low-spin state in 62Mn [60,
61], was not observed in coincidence with the 2+1 ! 0+1
877-keV or in the singles spectra. Upper limits of < 3.2%
and < 1.8% (2�) with respect to the 4+1 ! 2+1 1299-keV
transition are determined in the coincidence and singles
spectra, respectively. This supports our analysis that the
content of 62Mn(1+) in the beam was negligible with re-
spect to the higher-spin state.

The simplest assumption of the origin of the 418-keV
�-ray is of de-excitation of a state that is excited via a sin-
gle 418-keV E2 transition from the �-decaying 4+ state.
By normalising the intensity of this peak using the same
method as in Equation 5, but now with FMn = 1 � FFe,
it is possible to extract the Coulomb-excitation cross sec-
tion and hence a B(E2) value. There are range of spin
possibilities for such a state (I = 2, 3, 4, 5, 6). However,
it can be shown that the B(E2)" value is relatively inde-
pendent of the assumption of the spin of the final state
and in all cases results in a value of ⇡ 30 W.u., more
than double that observed for the 2+1 ! 0+1 transition in
62Fe. This large B(E2) value would imply an intrinsic
quadrupole moment, Q2(4+) ⇡ 122 efm2, within the rigid-
rotor model [62], which can be compared to the limits ex-
tracted from the spectroscopic quadrupole moment mea-
sured in recent laser-spectroscopy measurements,
|Q2(4+)| < 40 efm2 [30, 58]. Such a strong transition is

Fig. 7. (Color online) (a) A full two-dimensional total-χ2 sur-
face with respect to 〈2+

1 ‖E2‖0+
1 〉 and 〈2+

1 ‖E2‖2+
1 〉 for the 62Fe

projectile. (b) The resulting surface when combined with the
lifetime measurements of Refs. [26, 27] and a cut applied with
the condition that χ2 < χ2

min+1, representing 1σ. The individ-
ual 1σ contours for the Coulomb-excitation and lifetime data
are shown by the solid and dashed lines, respectively.

Table 2. Results in 62Fe projected from the ellipse obtained
using the full data set, including the lifetimes of Refs. [26, 27],
and projecting the χ2 surface at Qs(2

+
1 ) = 0 using only the

Coulomb-excitation data. Note that 〈0+
1 ‖E2‖2+

1 〉 and the cor-
responding B(E2) value are constrained entirely by the lifetime
data.

with τ(2+
1 ) with Qs(2

+
1 ) = 0

〈0+
1 ‖E2‖2+

1 〉 = 32.0+1.5
−1.3 efm

2 31+4
−3 efm

2

〈2+
1 ‖E2‖2+

1 〉 = −10+60
−50 efm

2 –

B(E2; 2+
1 → 0+

1 ) = 14.0+1.3
−1.1 W.u. 13+4

−3 W.u.

Qs(2
+
1 ) = −8+40

−40 efm
2 –

the current level of uncertainty does not allow one to dis-
tinguish between the two possibilities. In principle how-
ever, the sensitivity to Qs(2

+
1 ) can be increased by the

variation of scattering parameters such as beam energy,
target species or scattering angle. This experiment demon-
strates the method and feasibility of any potential new
measurements. Higher-beam energies provided by HIE-
ISOLDE will further increase the cross-section, increasing
the statistical precision. The potential for the emergence

of shape coexistence in this region [11, 55] increases the
interest in more precision measurements.

3.2 Assignment of the 418 keV transition in 62Mn

The identification, in this experiment, of a 418 keV γ-
ray transition cannot be reconciled with previous experi-
ments employing β-decay [56], multi-nucleon transfer re-
actions [57], or deep-inelastic reactions [29]. No such tran-
sition is observed in these data, although the proposed
I = (6) state, identified in both in-beam experiments [29,
57], lies 418 keV above the β-decaying 4+ state. How-
ever, the non-observation of the (6) → (5) 196 keV tran-
sition in our experiment rules out such a placement in
the level-scheme. To understand the origin of this tran-
sition, it must be known if the ground or the isomeric
state is Coulomb-excited. A number of experiments have
been performed at ISOLDE recently that allow us to shed
light on this question. Firstly, the spins of both β-decaying
states were confirmed in a laser-spectroscopy experiment
at the COLLAPS setup [30, 58]. In this experiment, the
longer-lived 4+ state (T1/2 = 671(5) ms [14]) was observed
to have been extracted with a much higher intensity than
the 1+ state (T1/2 = 92(13) ms [56, 59]). Secondly, a β-

decay experiment of 62Mn [60, 61] identified an excited 0+

state that is populated only in the β decay of the shorter-
lived 1+ state, giving rise to the 815 keV γ ray observed
in an earlier experiment [56].

Coupling the observed extraction of the shorter-lived
1+ state in the COLLAPS experiment with the long trap-
ping plus charge-breeding times (in excess of 700 ms for
the most significant fraction of the Coulomb-excitation
data), it is expected that only the long-lived state in 62Mn
persists at the target position in this experiment. A γ-γ
matrix was produced from the sum of all data collected
during the “beam-on” and “beam-off” windows through-
out the run. The 0+2 → 2+1 815 keV transition in 62Fe, pop-
ulated only in the decay of the low-spin state in 62Mn [60,
61], was not observed in coincidence with the 2+1 → 0+1
877 keV transition or in the singles spectra. Upper limits
of < 3.2% and < 1.8% (2σ) with respect to the 4+1 → 2+1
1299 keV transition are determined in the coincidence and
singles spectra, respectively. This supports our analysis
that the content of 62Mn(1+) in the beam was negligible
with respect to the higher-spin state.

The simplest assumption of the origin of the 418 keV
γ-ray is of de-excitation of a state that is excited via a sin-
gle 418 keV E2 transition from the β-decaying 4+ state.
By normalising the intensity of this peak using the same
method as in Equation 5, but now with FMn = 1 − FFe,
it is possible to extract the Coulomb-excitation cross sec-
tion and hence a B(E2) value. There are range of spin
possibilities for such a state (I = 2, 3, 4, 5, 6). However,
it can be shown that the B(E2)↑ value is relatively inde-
pendent of the assumption of the spin of the final state
and in all cases results in a value of ≈ 30 W.u., more
than double that observed for the 2+1 → 0+1 transition in
62Fe. This large B(E2) value would imply an intrinsic
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quadrupole moment, Q2(4+) ≈ 122 efm2, within the rigid-
rotor model [62], which can be compared to the limits ex-
tracted from the spectroscopic quadrupole moment mea-
sured in recent laser-spectroscopy measurements,
|Q2(4+)| < 40 efm2 [30, 58]. Such a strong transition is
therefore not expected. In order to reproduce the observed
Coulomb-excitation cross section in the limit of the mea-
sured quadrupole moment, the excitation energy of the
state must be lower. A scenario similar to “forced iso-
mer depopulation” [63] is therefore envisaged, such that
the final state of the γ-ray decay is the 1+ ground-state
proceeding via the excitation of an intermediate Iπ =
(2+, 3+) state. In order to estimate the position of this
new state relative to the β-decaying 4+ state, it is assumed
that they are coupled by a weak E2 transition of 1 W.u.
in strength. The sensitivity to this assumption is tested
by also taking a negligibly small value of 10−10 W.u. and
a large value of 5 W.u.. It can be shown that the γ-ray
intensity follows roughly linearly as a function of B(E2)
for small values (< 10 W.u.). The energy of the state is
varied in each case and the gosia code is used to calcu-
late the expected γ-ray intensity. For this purpose, it is
assumed that there is a 100% branch to the 1+, following
the systematics of 2+ states in 58,60Mn [64] and the energy
factor in γ-ray decay, and that the electron conversion can
be considered negligible. While the 3+ states in 58,60Mn
have a non-negligible branch to the 2+, it is expected that
we populate the state that is lowest in energy and there-
fore a 100% branch is also assumed for the 3+ possibility.
The results of such calculations are plotted in Figure 8,
where it is shown that the most likely position of the new
state is ≈ 72(3) keV above the β-decaying 4+ state, should
it have Iπ = 2+, or ≈ 77(3) keV for Iπ = 3+. Here, the as-
sumption of a single-particle transition is taken, such that
B (E2; 4+ → (2+, 3+)) = 1(1) W.u.. An updated level
scheme showing the placement of the new (2+, 3+) state
is shown in Figure 9. In turn, the β-decaying 4+ is now
proposed to lie 346+3

−8 keV above the β-decaying 1+, thus

solving the conundrum of which β-decaying state in 62Mn
is the ground state.

To interpret these newly-positioned states, their en-
ergies are compared to similar states in the neighbouring
isotopes and isotones in Figure 10. In both 58Mn and 60Mn
there are a number of positive-parity states that lie above
the isomeric 4+ state, the first of which are I = 2+ states
at 54 keV and 76 keV, respectively [64]. This represents
a good candidate for the state that we observe in 62Mn
from both its energy and decay behaviour. An inversion
of the the I = 2+ and 3+ states cannot be ruled out, how-
ever. Low-lying, low-spin positive-parity states were also
observed by Gaudefroy et al. [56], fed in the β decay of
62Cr. With the current placement of the β-decaying 4+

state at an energy of 346 keV, we are able to conclude
that the state at 285 keV must have I = 0. The alterna-
tive scenario of Ref. [56] that sees this state have I = 2
would not maintain the isomeric nature of the 4+ due
to the potential 59 keV depopulating E2 transition. The
importance of the νg9/2 orbital for N ≥ 34 Mn isotopes
was investigated in shell-model calculations in the fpg9/2
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intensity than the 1+ state (T1/2 = 92(13) ms [62, 66]).
Secondly, a �-decay experiment of 62Mn [32, 67] identified
an excited 0+ state that is populated only in the � decay
of the shorter-lived 1+ state, giving rise to the 815-keV �
ray observed in an earlier �-decay experiment [62].

Coupling the observed extraction of the shorter-lived
1+ state in the COLLAPS experiment with the long trap-
ping plus charge-breeding times (in excess of 700 ms for
the most significant fraction of the Coulomb-excitation
data), it is expected that only the long-lived state in 62Mn
persists at the target position in this experiment. A �-�
matrix was produced from the sum of all data collected
during the “beam-on” and “beam-o↵” windows through-
out the run. The 0+2 ! 2+1 815-keV transition in 62Fe, pop-
ulated only in the decay of the low-spin state in 62Mn [32,
67], was not observed in coincidence with the 2+1 ! 0+1
877-keV or in the singles spectra. Upper limits of < 3.2%
and < 1.8% (2�) with respect to the 4+1 ! 2+1 1299-keV
transition are determined in the coincidence and singles
spectra, respectively. This supports our analysis that the
content of 62Mn(1+) in the beam was negligible with re-
spect to the higher-spin state.

The simplest assumption of the origin of the 418-keV
�-ray is of de-excitation of a state that is excited via a sin-
gle E2 transition from the �-decaying 4(+) state. By nor-
malising the intensity of this peak using the same method
as in Equation 5, but now with FMn = 1 � FFe, it is
possible to extract the Coulomb-excitation cross section
and hence a B(E2) value. There are range of spin pos-
sibilities for such a state (I = 2, 3, 4, 5, 6). However, it
can be shown that the B(E2) " value is relatively inde-
pendent of the assumption of the spin of the final state
and in all cases results in a value of ⇡ 30 W.u., more
than double that observed for the 2+1 ! 0+1 transition in
62Fe. This large B(E2) value would imply an intrinsic
quadrupole moment, Q2(4(+)) ⇡ 122 efm2, within the
rigid-rotor model [68] that can be compared to the lim-
its extracted from the spectroscopic quadrupole moment
measured in recent laser spectroscopy measurements,
|Q2(4(+))| < 40 efm2 [65]. Such a strong transition is
therefore not expected. In order to reproduce the observed
Coulomb-excitation cross section in the limit of the mea-
sured quadrupole moment, the excitation energy of the
state must be lower. A scenario similar to “forced iso-
mer depopulation” [69] is therefore envisaged, such that
the final state of the �-ray decay is the 1+ ground-state
proceeding via the excitation of an intermediate I⇡ =
(2(+), 3(+)) state. In order to estimate the position of this
new state relative to the �-decaying 4(+) state, it is as-
sumed that they are coupled by a weak E2 transition of
1 W.u. in strength. The sensitivity to this assumption is
tested by also taking a negligibly small value of 10�10 W.u.
and large value of 5 W.u.. It can be shown that the �-ray
intensity follows roughly linearly as a function of B(E2)
for small values (< 10 W.u.). The energy of the state is
varied in each case and the gosia code is used to calcu-
late the expected �-ray intensity. For this purpose, it is as-
sumed that there is a 100% branch to the 1+, following the
systematics of 2(+) states in 58,60Mn [70] and the energy
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Fig. 9. Intensity of the 418 keV �-ray transition, calculated
in gosia, as a function of energy di↵erence between the 4+

and the newly proposed states, for di↵erent values of B(E2) ".
Filled symbols and solid lines show calculations assumed a 2+

state, while open symbols and dashed lines are for a 3+ state.
It is assumed that the conversion coe�cient for the transition
is negligible and the branching ratio to the 1+ ground state is
100%. The experimentally determined intensity and associated
uncertainty (including a contribution from the normalisation
to the 109Ag target excitation) are shown by the dashed line
and shaded area, respectively

factor in �-ray decay, and that the electron conversion can
be considered negligible. While the 3+ states in 58,60Mn
have a non-negligible branch to the 2+, it is expected that
we populate the state that is lowest in energy and therefore
a 100% branch is also assumed for the 3(+) possibility. The
results of such calculations are plotted in Figure 9, where
it is shown that the most likely position of the new state
is ⇡ 72(3) keV above the �-decaying 4(+) state, should it
have I⇡ = 2(+), or ⇡ 77(3) keV for I⇡ = 3(+). Here, the
assumption of a single particle transition is taken, such
that B(E2; 4(+) ! 2(+), 3(+)) = 1(1) W.u.. An updated
level scheme showing the placement of the new (2(+), 3(+))
state is shown in Figure 10. In turn, the �-decaying 4(+)

is now proposed to lie 346 keV above the �-decaying 1+,
thus solving the conundrum of which �-decaying state in
62Mn is the ground state.

To interpret these newly-positioned states, their en-
ergies are compared to similar states in the neighbouring
isotopes and isotones in Figure 11. In both 58Mn and 60Mn
there are a number of positive-parity states that lie above
the isomeric 4+ state, the first of which is a I = (2+) states
at 54 keV and 76 keV, respectively [70]. This represents a
good candidate for the state that we observe in 62Mn from
both its energy and decay behaviour. An inversion of the
the I = (2+) and (3+) states cannot be ruled out, how-
ever. Low-lying, low-spin positive-parity states were also
observed by Gaudefroy et al. [62], fed in the � decay of
62Cr. With the current placement of the �-decaying 4(+)

state at an energy of 346 keV, we are able to conclude

Fig. 8. Intensity of the 418 keV γ-ray transition, calculated
in gosia, as a function of energy difference between the 4+

and the newly proposed states, for different values of B(E2) ↑.
Filled symbols and solid lines show calculations assumed a 2+

state, while open symbols and dashed lines are for a 3+ state.
It is assumed that the conversion coefficient for the transition
is negligible and the branching ratio to the 1+ ground state is
100%. The experimentally determined intensity and associated
uncertainty (including a contribution from the normalisation
to the 109Ag target excitation) are shown by the horizontal
dashed line and shaded area, respectively

valence space [28]. The spin of the ground state is incor-
rectly predicted to be I = 2+ in all isotopes studied, and
the lowest-lying 0+ state in 62Mn is predicted to be at
897 keV, more than 600 keV higher than the newly as-
signed 0+ at 285 keV. The lack of an isomeric 4+ state
in these calculations could point towards the importance
of πpf shell. Calculations using the new LNPS interac-
tion [20] have shown how excitations across the Z = 28
shell closure are key to the evolution of the neutron shells
in this region. Important new experimental developments
with COLLAPS at ISOLDE are driving theory in this di-
rection [30, 58].

Chiara et al. [29] concluded that the state that lies
114 keV above the β-decaying 4+ state is the I = 4 mem-
ber of the πf−17/2νg

+1
9/2 multiplet. The members of this mul-

tiplet would range from 1 ≤ I ≤ 8 and have negative
parity, with the lowest- and highest-spin members lying
higher in energy than the intermediate-spin states, hence
the reason the lowest spins are not observed in the yrast-
biased reactions of Refs. [29, 57]. The proposed g9/2 neu-
tron configuration in the Fe isotones gives rise to the yrast
9
2

+
state that is observed to decrease in energy with re-

spect to the ground-state configuration with increasing
neutron number. This behaviour is shown in Figure 10
alongside the corresponding energies of 4(−) states from
the proposed πf−17/2νg

+1
9/2 multiplet in the Mn isotopes. In

the shell-model calculations of Ref. [28], the presence of
negative-parity states beginning at 424 keV in 62Mn is
consistent with the current placing of the 4(−) state.
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Fig. 9. Proposed level scheme of 62Mn, following the place-
ment of the new (2+, 3+) level at 418(2) keV. The position
of this state is taken to be 72+8

−3 keV above the β-decaying 4+

state. This reflects the assumption that Iπ = 2+ with the possi-
bility that Iπ = 3+. In the latter case there would be a 5 keV in-
crease in this energy difference, effectively lowering the energy
of the β-decaying 4+ state to 341 keV. Both β-decaying states
are shown in red along with their measured halflives [14, 56, 59].
Low-spin states decaying to the β-decaying 1+ state were deter-
mined in Ref. [56]. High-spin states decaying to the β-decaying
4+ state were determined in Refs. [29, 57]. The arrows repre-
sent all γ rays that have been observed in previous experiments,
including this work, with their energies labelled in keV.8 L. P. Ga↵ney et al.: Low-energy Coulomb excitation of 62Fe and 62Mn following in-beam decay of 62Mn

To interpret these newly-positioned states, their en-
ergies are compared to similar states in the neighbouring
isotopes and isotones in Figure 11. In both 58Mn and 60Mn
there are a number of positive-parity states that lie above
the isomeric 4+ state, the first of which is a I = (2+) states
at 54 keV and 76 keV, respectively [70]. This represents
a good candidate for the state that we observe in 62Mn
from both it’s energy and decay behaviour. An inversion
of the the I = (2+) and (2+) states cannot be ruled out,
however. Low-lying, low-spin positive-parity states were
observed by Gaudefroy et al. [62], fed in the � decay of
62Cr. With the current placement of the �-decaying 4+

state at an energy of 346 keV, we are able to conclude
that the state at 285 keV must have I = 0. The alterna-
tive scenario of Ref. [62] that sees this state have I = 2
would not maintain the isomeric nature of the 4+ due to
the potential 59-keV depopulating E2 transition. The im-
portance of the ⌫g9/2 orbital for N � 34 Mn isotopes was
investigated in shell-model calculations in the fpg9/2 va-
lence space [71]. Although the spin of the ground state is
incorrectly predicted to be I = 2+ in all isotopes studied,
The lack of an isomeric 4(+) state in these calculations
could point towards the importance of ⇡pf shell. Calcu-
lations using the new LNPS interaction [20] have shown
how excitations across the Z = 28 shell closure are key to
the evolution of the neutron shells in this region. Impor-
tant new experimental developments with COLLAPS at
ISOLDE are driving theory in this direction [65].

Chiara et al. [64] concluded that the state that lies
114 keV above the �-decaying 4(+) state is the I = 4
member of the ⇡f�1

7/2⌫g
+1
9/2 multiplet. The members of this

multiplet would range from 1  I  8 and have neg-
ative parity, with the lowest- and highest-spin members
lying higher in energy than the intermediate-spin states,
hence the reason the lowest spins are not observed in the
yrast-biased reactions of Refs. [63, 64]. The proposed g9/2
neutron configuration in the iron isotones gives rise to the
yrast 9

2

+
state that is observed to decrease in energy with

respect to the ground-state configuration with increasing
neutron number. This behaviour is shown in Figure 11
alongside the corresponding energies of 4(�) states from
the proposed ⇡f�1

7/2⌫g
+1
9/2 multiplet in the Mn isotopes. In

the shell-model calculations of Ref. [71], the presence of
negative-parity states beginning at 424 keV in 62Mn is
consistent with the current placing of the 4(�) state.

4 Summary and conclusions

In summary, Coulomb excitation has been performed on a
mixed beam of 62Mn/Fe at REX-ISOLDE. The iron com-
ponent, which cannot be extracted from the primary ISOL
target in conventional means, was produced in-beam via
the � decay of the manganese parent. The ratio of iron and
manganese was controlled by adjusting the trapping and
charge-breeding times of the REX-TRAP/EBIS coupling
before the post-accelerator and measured in a gas-filled
ionisation chamber. From this, we were able to provide an
independent measurement of the B(E2; 2+1 ! 0+1 ) value in

E
(I

⇡
)
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Fe - E( 92
+
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Fig. 11. Energy systematics of selected levels in the Mn iso-
topes around N = 36, with respect to the ground state. The
data for each isotope is taken from the following references:
58Mn [72], 59Fe [73], 60Mn [70, 74], 61Fe [75, 76], 62Mn [63, 64,
and the present work], 63Fe [76], 65Fe [76], 67Fe [76]. The as-
sumption of I = (2+) is taken here for the new state at 418 keV
in 62Mn.

62Fe under the assumption that Q
s

(2+1 ) = 0, previously
measured via lifetimes obtained with the recoil-distance
Doppler-shift method. Combining the complementary life-
time and Coulomb-excitation data, we were able to a first
measurement of the spectroscopic quadrupole moment of
the first-excited 2+ state, albeit with a large uncertainty.
Additionally, a new transition at 418(2) keV has been ob-
served in 62Mn and is proposed to arise from the decay
of a I = (2+, 3+) state, lying just 72(3) keV above the
�-decaying 4(+) state, to what would be the 1+ ground
state. This is the first experimental indication of the rela-
tive positions of the 1+ and 4(+) states in 62Mn, crucial for
understanding the role of the ⌫g9/2 orbital in shell-model
calculations.
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4 Summary and conclusions

In summary, Coulomb excitation has been performed on a
mixed beam of 62Mn/Fe at REX-ISOLDE. The iron com-
ponent, which cannot be extracted from the primary ISOL
target in conventional means, was produced in-beam via
the β decay of the manganese parent. The ratio of iron and
manganese was controlled by adjusting the trapping and
charge-breeding times of the REX-TRAP/EBIS coupling
before the post-accelerator and measured in a gas-filled

ionisation chamber. From this, we were able to provide an
independent measurement of the B(E2; 2+1 → 0+1 ) value in
62Fe under the assumption that Qs(2

+
1 ) = 0, previously

measured via lifetimes obtained with the recoil-distance
Doppler-shift method. Combining the complementary life-
time and Coulomb-excitation data, we were able to per-
form a first measurement of the spectroscopic quadrupole
moment of the first-excited 2+ state, albeit with a large
uncertainty. Additionally, a new transition at 418(2) keV
has been observed in 62Mn and is proposed to arise from
the decay of a I = (2+, 3+) state, lying just 72+8

−3 keV
above the β-decaying 4+ state, to what would be the 1+

ground state. This is the first experimental indication of
the relative positions of the 1+ and 4+ states in 62Mn,
crucial for understanding the role of the νg9/2 orbital in
shell-model calculations.
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53. M. Zielińska et al., HIL Annual Report: Coulomb exci-

tation 109Ag, Technical report, Heavy Ion Laboratory,
University of Warsaw, Warsaw, Poland, 2009.

54. I. Hamamoto, Phys. Rev. C 89, 057301 (2014).
55. M. P. Carpenter, R. V. F. Janssens, and S. Zhu, Phys.

Rev. C 87, 041305 (2013).

56. L. Gaudefroy et al., Eur. Phys. J. A 23, 41 (2005).
57. J. J. Valiente-Dobón et al., Phys. Rev. C 78, 024302

(2008).
58. H. Heylen et al., Acta Phys. Pol. B 46, 699 (2015).
59. O. Sorlin et al., Nucl. Phys. A 660, 3 (1999).
60. D. Pauwels, (private communications) (2014).
61. J. Tuli, Evaluated Nuclear Structure Data File

(ENSDF), 2012.
62. A. Bohr and B. R. Mottelson, Nuclear Structure Vol

II: Nuclear Deformations, W. A. Benjamin, 1969.
63. I. Stefanescu et al., Phys. Rev. Lett. 98, 122701

(2007).
64. D. Steppenbeck et al., Phys. Rev. C 81, 014305

(2010).
65. C. D. Nesaraja, S. D. Geraedts, and B. Singh, Nucl.

Data Sheets 111, 897 (2010).
66. E. Warburton, J. Olness, A. Nathan, J. Kolata, and

J. McGrory, Phys. Rev. C 16, 1027 (1977).
67. E. Browne and J. Tuli, Nucl. Data Sheets 114, 1849

(2013).
68. N. Hoteling et al., Phys. Rev. C 82, 044305 (2010).
69. D. Radulov, Investigating the nuclear structure of the

neutron-rich odd-mass Fe isotopes, in the beta-decay
of their parent - Mn, PhD, KU Leuven, 2014.

http://dx.doi.org/10.1016/j.physletb.2005.07.004
http://dx.doi.org/10.1103/PhysRevC.84.034318
http://dx.doi.org/10.1103/PhysRevC.86.011305
http://dx.doi.org/10.1103/PhysRevLett.110.242701
http://dx.doi.org/10.1103/PhysRevLett.110.242701
http://dx.doi.org/10.1103/PhysRevC.92.034306
http://dx.doi.org/10.1103/PhysRevC.81.061301
http://dx.doi.org/10.1103/PhysRevLett.106.022502
http://dx.doi.org/10.1140/epja/i2010-10995-9
http://dx.doi.org/10.1140/epja/i2010-10995-9
http://dx.doi.org/10.1103/PhysRevC.82.054313
http://dx.doi.org/10.1103/PhysRevC.92.044311
http://dx.doi.org/10.1016/0168-583X(92)95930-P
http://dx.doi.org/10.1016/j.nimb.2012.12.008
http://dx.doi.org/10.1016/j.nimb.2012.12.008
http://www.phy.anl.gov/atlas/caribu/
http://www.phy.anl.gov/atlas/caribu/
http://www.phy.anl.gov/atlas/caribu/
http://www.phy.anl.gov/atlas/caribu/
http://dx.doi.org/10.1140/epjst/e2007-00326-1
http://dx.doi.org/10.1140/epjst/e2007-00326-1
http://dx.doi.org/10.1140/epja/i2009-10814-6
http://dx.doi.org/10.1016/S0168-583X(96)01077-4
http://dx.doi.org/10.1016/S0168-583X(96)01077-4
http://dx.doi.org/10.1088/0031-8949/85/05/058104
http://dx.doi.org/10.1016/S0168-583X(02)02108-0
http://dx.doi.org/10.1016/S0168-583X(02)02108-0
http://dx.doi.org/10.1088/1748-0221/5/10/C10004
http://dx.doi.org/10.1016/j.nimb.2008.05.129
http://dx.doi.org/10.1016/j.nimb.2008.05.129
http://dx.doi.org/10.1140/epja/i2013-13040-9
http://dx.doi.org/10.1103/PhysRevC.12.616
http://dx.doi.org/10.1146/annurev.ns.36.120186.003343
http://dx.doi.org/10.1103/PhysRevC.91.064313
http://arxiv.org/abs/1506.04633
http://arxiv.org/abs/1506.04633
http://www-user.pas.rochester.edu/~gosia/mediawiki/index.php/Main_Page
http://www-user.pas.rochester.edu/~gosia/mediawiki/index.php/Main_Page
http://www.pas.rochester.edu/~cline/Gosia/Gosia_Manual_20120510.pdf
http://www.pas.rochester.edu/~cline/Gosia/Gosia_Manual_20120510.pdf
http://dx.doi.org/10.1016/0375-9474(70)90946-2
http://dx.doi.org/10.1016/0370-2693(72)90640-5
http://dx.doi.org/10.1016/0375-9474(74)90326-1
http://dx.doi.org/10.1016/0375-9474(74)90326-1
http://dx.doi.org/10.1016/0375-9474(89)90077-8
http://dx.doi.org/10.1016/0375-9474(89)90077-8
http://dx.doi.org/10.1016/j.nds.2006.01.002
http://www.slcj.uw.edu.pl/pl/reports/HIL-Report09.pdf
http://www.slcj.uw.edu.pl/pl/reports/HIL-Report09.pdf
http://dx.doi.org/10.1103/PhysRevC.89.057301
http://dx.doi.org/10.1103/PhysRevC.87.041305
http://dx.doi.org/10.1103/PhysRevC.87.041305
http://dx.doi.org/10.1140/epja/i2004-10068-x
http://dx.doi.org/10.1103/PhysRevC.78.024302
http://dx.doi.org/10.1103/PhysRevC.78.024302
http://dx.doi.org/10.5506/APhysPolB.46.699
http://dx.doi.org/10.1016/S0375-9474(99)00355-3
http://www.nndc.bnl.gov/ensdf
http://www.nndc.bnl.gov/ensdf
http://books.google.co.uk/books?id=PpofAQAAMAAJ
http://books.google.co.uk/books?id=PpofAQAAMAAJ
http://dx.doi.org/10.1103/PhysRevLett.98.122701
http://dx.doi.org/10.1103/PhysRevLett.98.122701
http://dx.doi.org/10.1103/PhysRevC.81.014305
http://dx.doi.org/10.1103/PhysRevC.81.014305
http://dx.doi.org/10.1016/j.nds.2010.03.003
http://dx.doi.org/10.1016/j.nds.2010.03.003
http://dx.doi.org/10.1103/PhysRevC.16.1027
http://dx.doi.org/10.1016/j.nds.2013.11.002
http://dx.doi.org/10.1016/j.nds.2013.11.002
http://dx.doi.org/10.1103/PhysRevC.82.044305

	Introduction
	Experimental Details
	Results and discussion
	Summary and conclusions

