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In-beam γ-ray spectroscopy of 68Fe from charge exchange on 68Co projectiles
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Excited states in the neutron-rich nucleus 68Fe were populated using a 9Be(68Co, 68Fe + γ )X charge-exchange
reaction at 95 MeV/u. The new γ -ray transitions reported here for the first time complement data from β-decay
studies and nucleon knockout reactions. In comparison to shell-model calculations with the LNPS effective
interaction, two candidate states for the 6+

1 level emerge. The distinct population pattern of excited states and the
magnitude of the cross section, σinc = 0.51(6) mb, make this reaction a promising one for future in-beam γ -ray
spectroscopy. Reaction calculations with nuclear structure input from a new, locally optimized Hamiltonian,
f 7 j4a, together with general considerations for heavy-ion-induced charge-exchange reactions appear consistent
with most of the observations, although challenges remain.
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I. INTRODUCTION

The properties of neutron-rich nuclei and, in particular,
the modifications to their structure when compared to that
of systems closer to the valley of stability have been fueling
rare-isotope research at accelerator facilities around the world.
With the ultimate goal of achieving a predictive model for
nuclei across the nuclear chart, the properties of rare isotopes
in regions of rapid structural change represent demanding
benchmarks with the potential to improve models through
experiment-theory confrontations.

The Cr, Fe, and Ni isotopes around neutron number N =
40, and towards N = 50, are such examples [1,2]. Beyond
the valley of β stability, the energy of the first excited 2+
state in even-even nuclei is often among the first accessible
experimental observables, providing a valuable indicator of
the intrinsic shell structure. This is illustrated in Fig. 1, which
depicts the evolution of the E (2+

1 ) excitation energy along
the Cr, Fe, and Ni isotopic chains from the proton dripline
to the last isotope where this quantity is known. The proton-
magic (Z = 28) Ni isotopes display high E (2+

1 ) energies at
the N = 28 and 50 magic numbers, as well as at N = 40,
where the parity change between the f p shell and the g9/2

orbital limits possible neutron configurations for the 2+
1 state

to configurations of 2-particle 2-hole (2p-2h) character [3]. A
stunning change is visible in Fig. 1 for the Fe and Cr isotopic
chains with just two and four fewer protons than Ni, respec-
tively. While they exhibit an elevated 2+

1 energy at N = 28,

*Present address: Lawrence Livermore National Laboratory, Liver-
more, California 94550, USA.

collectivity appears to develop rapidly towards N = 40, as
indicated by some of the smallest E (2+

1 ) values in the region.
In the Fe isotopes, the minimum in E (2+

1 ) energy and, thus,
the maximum collectivity occurs for 70Fe (N = 44) as the 2+

1
energy in 72Fe has been established to increase on the path
towards N = 50 [4]. In the Cr isotopic chain, the 2+

1 energy is
known to decrease at least out to N = 42, 66Cr, the last studied
Z = 24 isotope where spectroscopic information is presently
available [4]. Large-scale shell-model calculations with the
LNPS (Lenzi-Nowacki-Poves-Sieja) effective interaction [2]
in the full f p shell for protons and the f5/2, p3/2, p1/2, g9/2,
and d5/2 orbitals for neutrons have confirmed the picture de-
scribed above. In this work, the LNPS interaction is used with
recent small adjustments [2,5–7] to extend its reliability up
to neutron number N = 50, including g9/2-d5/2 particle-hole
excitations, with minor consequences at N = 40.

Recently, in this very neutron-rich region, first information
on the excited states beyond the 2+

1 level has been ob-
tained with one-proton removal reactions that, with large cross
sections, selectively populate states associated with strong
single-hole configurations relative to the projectile ground
state (see, e.g., Refs. [4,7–10]) for 70,72Fe, 66Cr, 78Ni, and
60,62Ti. Also selective β-decay studies have reached beyond
the first 2+ state for 68,70Fe and 64Cr [11–13].

The present work focuses on a novel approach to reach
excited states in 68Fe. The spectroscopy of excited states
in this nucleus has only recently become possible. Discov-
ered among the projectile fragmentation residues of 86Kr in
the 1980s [15], and observed to be formed in the neutron-
induced fission of 239Pu in the 1990s [16], excited states,
assigned 2+

1 and (4+
1 ), were first reported from in-beam γ -

ray spectroscopy with knockout reactions in 2008 [17] and,
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subsequently, following the β decay of 68Mn [11,12,18],
where additional low-spin states were established. While the
determination of the low 2+

1 energy of 522 keV in 68Fe
signaled the persistence of collectivity in the Fe isotopic
chain beyond N = 40, as already conjectured by Hannawald
et al. [19], intermediate-energy Coulomb excitation ultimately
quantified the quadrupole collectivity from a measurement of
the B(E2 ↑) excitation strength [20]. Recently, the masses
of nuclei in the region around 68Fe were measured via the
time-of-flight technique [21,22], and these garnered attention
in view of their importance for modeling neutron-star crust
cooling.

Here, the inverse-kinematics γ -ray-tagged, charge-
exchange reaction, 9Be(68Co, 68Fe + γ ), is used at
95 MeV/u to produce 68Fe in excited states complementing
those reported earlier from nucleon removal reactions and β

decay. Such 9Be-induced nucleon-exchange reactions leading
to residues more exotic than the projectile were pioneered
for γ -ray spectroscopy in the first study of 46S [23]. These
have since also been used on the neutron-deficient side of the
valley of stability to produce excited levels up to 8+ in 78,76Sr
for the determination of excited-state lifetimes [24].

The 68Co projectile is suggested to exhibit two β-decaying
states; one with negative parity and high spin was given a
tentative (7−) assignment in Ref. [25] and was proposed to
be the ground state. The other is then purported to be a
low-spin, positive-parity isomer, originally suggested to have
spin-parity (3+) [25], but more recently given a tentative (1+)
assignment [26]. A recent Penning-trap mass measurement
[27] provided evidence that mostly the high-spin, long-lived
state was populated in 68Co ions produced by 76Ge projectile
fragmentation. In a single-particle picture, the charge ex-
change from the proposed 7− 68Co ground state can produce,
for example, J = 6+ levels in 68Fe via the exchange of a f7/2

proton and a g9/2 neutron. Other medium-spin states could
be reached as well. More detailed estimates of the charge-
exchange cross section are presented in the discussion section
below.

II. EXPERIMENT

The measurement was performed at the National Su-
perconducting Cyclotron Laboratory’s (NSCL) Coupled Cy-
clotron Facility [28]. The secondary beam containing the 68Co
projectiles was produced by fragmentation of a 140-MeV/u
82Se stable beam impinging on a 329-mg/cm2 9Be production
target and was separated with a 300-mg/cm2 Al degrader in
the A1900 fragment separator [29]. The separator’s momen-
tum acceptance was restricted to �p/p = 2%. The secondary
beam cocktail contained 46% of 68Co, 40% of 66Fe, and 9.5%
of 65Mn as its most intense components. The 376-mg/cm2-
thick 9Be reaction target was located at the target position of
the S800 spectrograph. Projectilelike reaction residues were
identified on an event-by-event basis in the S800 focal plane
[30] from their energy loss and flight time.

For the first half of the experiment, the magnetic rigidity
of the spectrograph was optimized to center 64Cr products
from 65Mn projectiles in the focal plane, while the second
half proceeded with the magnetic rigidity slightly shifted
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FIG. 1. Evolution of 2+
1 energies [4,7–9,14] in the Cr, Fe, and Ni

isotopic chains from the proton dripline to the last known neutron-
rich isotope for each species.

to move 64,62Cr ejectiles from 66Fe and 68Co beams more
into the focal-plane acceptance—the spectroscopy of these
two neutron-rich Cr isotopes was the original focus of the
measurements, and results have been published recently [31].
Coincidentally, the first setting above also centered 68Fe ions
from reactions with the 68Co secondary beam in the spec-
trograph. The particle identification for 68Fe is illustrated in
Fig. 2. For this spectrum, the 68Co projectiles in the en-
trance channel were selected through a software gate applied
on the time-of-flight difference taken between two plastic
timing scintillators located upstream of the target. Because
66Fe and 68Co projectiles were essentially equally intense
and overlapped in the time-of-flight difference, they could
not be separated in the incoming beam at the �p/p = 2%
momentum acceptance. As a result, the corresponding particle
identification spectrum contains reaction products originating
from both of these incoming species. However, since fast-
beam, two-neutron pickup reactions onto neutron-rich nuclei
are expected to proceed with negligible cross sections, 68Fe
production in this setting is most probably exclusively from
charge exchange on 68Co projectiles. Figure 2(a) shows the
particle identification based on energy loss vs time-of-flight.

The 68Fe longitudinal momentum distribution is presented
in Fig. 2(b). The range displayed in this spectrum corresponds
to the full S800 acceptance, herewith confirming that this
reaction channel was, indeed, essentially centered and not
subject to acceptance cuts. The distribution is only marginally
broadened with respect to the 2%-wide incoming-beam mo-
mentum profile, in agreement with the observations reported
in Ref. [23]. The inclusive cross section for 68Co-to-68Fe
charge exchange was determined from the number of 68Fe
products detected in the S800 focal plane relative to the
number of 68Co projectiles taking the number density of the
target into account. Since the experiment was optimized for
γ -ray spectroscopy only, and the incoming beam was not
closely monitored for possible, time-dependent changes in
composition, only a few hours of data in between the first nor-
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FIG. 2. (a) Particle identification of Fe isotopes produced from
68Co projectiles. The 68Co ions in the secondary beam could not
be separated from the 66Fe ones via a time-of-flight difference cut.
However, the reaction residues shown have more neutrons than 66Fe
and have been produced from 68Co (see text for further details). The
hydrogenlike charge states of 66Fe and 68Co are visible. 68Fe ions
produced from 68Co and the 68Co26+ charge state have the same A/Q
ratio and, thus, have the same flight time as visible. (b) Longitudinal
momentum distribution of 68Fe ions with p0 = 27.0 GeV/c. The
full S800 acceptance is shown, and the 2% momentum width of the
incoming beam is indicated.

malization run and a cyclotron retune were used to determine
an inclusive cross-section value of σinc = 0.51(6) mb.

The high-resolution GRETINA γ -ray array [32,33] of
36-fold segmented high-purity germanium detectors, grouped
into modules of four crystals each, surrounded the reaction
target and detected prompt γ radiation emitted in flight by
the reaction products. The 11 GRETINA modules available at
the time of the experiment were arranged in two rings with 4
modules located at 58◦ and the other 7 modules at 90◦ with
respect to the beam axis. One of the 16 crystals at forward
angles was turned off due to a technical problem. Online
pulse-shape analysis determined the photon interaction points
required for event-by-event Doppler reconstruction of the γ

rays emitted in-flight at a recoil velocity of about v/c = 0.4.
The hit with the maximum energy deposition was chosen as
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FIG. 3. Doppler-corrected energy spectrum with addback for
68Fe products from charge exchange with 68Co projectiles. The peaks
at 517 and 864 keV correspond to the known γ -ray transitions
depopulating the 2+

1 and (4+
1 ) states, respectively. The other peaks

are new transitions in 68Fe reported here for the first time.

the first interaction point for the computation of the γ -ray
emission angle entering the Doppler reconstruction [33]. The
trajectory of projectilelike reaction residues, as ray-traced
through the S800 spectrograph, was incorporated into the
emission-angle determination as well. Figure 3 displays the
Doppler-reconstructed γ -ray spectrum for 68Fe, with nearest-
neighbor addback included [33].

III. RESULTS AND DISCUSSION

The four dominant peaks in the 68Fe spectrum of Fig. 3
correspond to the two known γ -ray transitions, 2+

1 → 0+
1

and (4+
1 ) → 2+

1 , and to two new ones at 1055(6) and
1097(6) keV, respectively. A fifth, weaker peak at 990(7)
keV is more prominent in the coincidence analysis below.
The energies reported for the two known transitions agree
within uncertainties with previous data [14]. The absolute γ -
ray intensities, obtained from the peak areas corrected for the
simulated GRETINA efficiencies, and including the effects
of the Lorentz boost, readily reveal an interesting scenario:
the 2+

1 → 0+
1 and (4+

1 ) → 2+
1 transitions exhaust 41(6)% and

40(6)% of the total number of 68Fe recoils detected. Since
these two transitions are coincident, this observation implies
(i) that the population of the 2+

1 state is, within errors, due to
feeding from the (4+

1 ) level and (ii) that there is little room for
additional transitions feeding directly into the 2+

1 level. With
this in mind, the strong transitions observed above 1 MeV
must then originate from levels located above the (4+

1 ) state in
the level scheme, likely with Jπ quantum numbers preventing
strong direct decay to the 2+

1 level. As shown below, direct
decay of the transitions to the ground state is ruled out by
the observed coincidence relationships. In addition, should the
1055- and 1097-keV γ rays feed the (4+

1 ) state in parallel,
their sum would exhaust 94(13)% of the intensity recorded
for the decay out of this level (see Table I). These observations
motivate the coincidence analysis presented below despite the
low available statistics.
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TABLE I. Relative intensities Iγ of the γ -ray tran-
sitions with energy Eγ extracted from the γ -ray singles
spectrum. We note that these were determined from a
spectrum without addback because then the detection
efficiency is well understood [33].

Eγ (keV) Iγ (%)

517 100(14)
864 100(14)
990 21(8)
1055 51(9)
1097 43(10)

Surprisingly, the coincidence analysis reveals the presence
of several additional transitions not clearly visible in the sin-
gles spectrum. Figures 4 and 5 provide the projection of the
γ γ -coincidence matrix (top) followed by coincidence spectra
[panels (b) to (f) and panels (b) to (d), respectively] with the
specific gate conditions indicated in the figures. The projec-
tion clearly amplifies the γ -ray transition at 990 keV and those
around 1 MeV, as well as a peak structure at 827 keV just
below the (4+

1 ) → 2+
1 transition and, possibly, three additional

peaks at 400, 624, and 752 keV. These are labeled in Fig. 5
with their energy and associated uncertainties. This figure
shows coincidence spectra from sums of gates or gates placed
on a broad spectral region, herewith increasing statistics in
comparison to Fig. 4. While the observations are not sufficient
to build a level scheme, due to marginal statistics, it is never-
theless clear that the three γ rays between 900 and 1100 keV
are in (weak) coincidence with the 517- and 864-keV transi-
tions. Figure 5(b) also strengthens the case for the presence
of a weak 827-keV transition that becomes clear only from
the projection and coincidence spectra. There is also some
evidence for several additional weak transitions located higher
up in the level scheme, at least above the (4+

1 ) state (400
and 624 keV) and possibly above the 1097-keV transition
(752 keV). An excess of counts between 1.2 and 2 MeV
returns coincidence events with the (4+

1 ) → 2+
1 transition and

with the trio of peaks between 900 and 1100 keV. As pointed
out above, the direct cross section to the ground state in the
present reaction amounts to 59(9)%, a value obtained from
the inclusive cross section by subtraction of all direct feeders
to the ground state. In this case, following the coincidence
analysis and the intensity arguments above, this feeding ap-
pears to be from the 2+

1 level only. Hence, the charge exchange
induced by the 68Co projectile appears to populate the ground
state of 68Fe directly as well as high-lying, higher-spin states
that then cascade through the (4+

1 ) and 2+
1 levels toward the

ground state. This observation is, perhaps, plausible given
the possibility that both the high-spin ground state and the
low-spin isomer could be present in the 68Co projectile beam.
However, it should be noted that, for example, the population
of high-lying 1+ states with strong decays toward the ground
state is likely missed under the present experimental condi-
tions of low γ -ray statistics. This unobserved feeding could
inflate the reported ground-state cross section.

Figure 6 compares the emerging picture of the proposed
68Fe level scheme with predictions for the yrast cascade as
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FIG. 4. Projection of the γ γ -coincidence matrix (a) and coin-
cidence spectra obtained from cuts placed on the labeled γ -ray
transitions, panels (b) to (f). From the counts in the 1055- and 1097-
keV peaks in the addback singles spectrum and the corresponding
GRETINA detection efficiency, one expects 4 and 3 counts in the
864-keV peak in panels (e) and (f), respectively, and 5(2) and 3(2)
counts are observed.

calculated with the LNPS effective interaction (left) and with
a new, “locally optimized” Hamiltonian (right), used below
to generate input for reaction theory calculations. The cor-
responding, relatively simple, model space consists of the
0 f7/2 orbital for protons and the 0 f5/2, 1p3/2, 1p1/2, and
0g9/2 orbitals (notated by j4) for neutrons. This model space
postulates that 48Ca, 56Ni, and 78Ni have closed-shell config-
urations, and it is referred to as f 7 j4 below. The Hamiltonian
uses the neutron-neutron Hamiltonian from Ref. [34] that is
constrained to fit the binding energies (relative to 56Ni) and
the low-lying spectra of the Ni isotopes. The proton-proton
Hamiltonian is taken from the energy spectrum of J = 0, 2, 4,
and 6 levels in 54Fe, and the proton-neutron part is based on
the renormalized nucleon-nucleon interaction from Ref. [35].
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The calculations with this f 7 j4 Hamiltonian are not at a level
of precision comparable to those with the LNPS interaction,
but they illustrate (i) the complexity of the low-lying level
scheme, which appears to be largely bypassed by the reaction
mechanism used here; (ii) the density of medium-spin states
expected to be populated in charge exchange from a 7− state;
and (iii) the expected onset of negative-parity states already
at 2.4 MeV, which should add to the complexity of the level
scheme. In the following, the nuclear structure input from this
computationally easy-to-use Hamiltonian is used to explore
the population of final states in the charge-exchange reaction
leading to 68Fe.

While it is not possible to calculate accurately the cross
section for the 68Co(9Be, 9B) 68Fe∗ reaction without proper
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For these calculations, one 6−, 5−, and 8− state each, and two 7−

states predicted between 3 and 4 MeV are not shown. The remarkable
precision of the LNPS calculations as well as the expected com-
plexity of the level scheme are apparent. From the charge-exchange
calculations explained in the text, and from comparisons with the
LNPS level scheme, one of the tentative states at around 2.4–2.5
MeV might be viewed as a likely candidate for the 6+

1 level. For
the experimental level scheme, the more precise transition energies
of Ref. [11] are used for the decays from the 2+

1 and (4+
1 ) states.

identification of the 9B final states produced by (p, n) -type
charge exchange on 9Be, an attempt is presented hereafter to
estimate its magnitude together with the expected population
pattern of 68Fe excited states. Given that the contribution from
multistep reactions at beam energies of ≈100 MeV/u is small
[36–38], with the possible exception of transitions with a
large angular momentum transfer, a direct charge-exchange
calculation was carried out leading to a specific final state in
9B. The strong 9Beg.s.(3/2−) → 9Bg.s.(3/2−) transition was
chosen, because it carries about 1/3 of the total Gamow-Teller
(GT) strength [39]. Consequently, the cross sections calcu-
lated below were multiplied by a factor of 3 to account for
contributions from other GT transitions.

Based on Ref. [27], it is assumed that the 68Co projec-
tiles are mostly in the (7−) ground state, although a 82Se
primary beam was employed here instead of 76Ge for which
the dominance of ground-state over isomeric content has been
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conjectured [27]. The cross section was estimated for the
transition from the 7− ground state to 6+ final states in 68Fe,
assuming a simplified operator O = [a†(νg9/2)a(π f7/2)]8.
These calculations were performed with the code FOLD [40],
with one-body transition densities (OBTDs) for the 9Be-9B
system computed with NUSHELLX@MSU [41]. OBTDs for the
7− → 6+ excitations in 68Fe were obtained in the normal-
modes (NM) formalism with the code NORMOD [42]. The
Love-Franey effective NN interaction at 100 MeV [43] was
used to create the form factor through a double-folding proce-
dure. The complex optical potentials employed to calculate
the 9Be-68Co entrance- and 9B-68Fe exit-channel distorted
waves were computed using the methods routinely employed
for fast nucleon removal reaction analyses [44].

The calculated total cross section for the 7− → 6+ excita-
tions below the neutron separation energy with this approach
is 0.017 mb; a value much smaller than the measured in-
clusive one of 0.51(6) mb. However, the calculation only
includes transitions to selected final states in 9B and 68Fe.
Furthermore, since the momentum transfer is unconstrained
in the actual measurement, transitions associated with small
and large angular momenta can contribute as well. For spin
values between 0 and 8h̄, the shell-model calculation predicts
the presence of approximately 20 levels below the neutron
binding energy of Sn(68Fe) = 5.95 MeV [45]. Assuming, for
simplicity, that the cross sections are proportional to the
transition strength for each final-state spin (because of the
large angular momentum transfers possible in the reaction)
leads to a σ value for the 7− → 6+ excitations of only about
28% of the total yield. Hence, the inclusive cross section for
68Co(9Be, 9B) 68Fe∗ charge exchange associated solely with
GT transitions in 9B is approximately 0.06 mb.

It is certainly possible that other, non-GT transitions in 9B
make up for the additional factor of ≈9 necessary to account
for the measured inclusive cross section, since the present
measurement is final-state inclusive for 9B. Furthermore, only
a total of 5% is estimated to feed 0+

1 , 2+
1 , and 4+

1 states.
Hence, these calculations confirm the order of magnitude of
the measured inclusive cross section as well as the observed
population pattern with little strength to low-lying states. In
fact, these results suggest a scenario where high-lying, higher-
spin states are populated with their subsequent deexcitations
proceeding mostly through lower-spin yrast levels toward the
ground state. Admittedly, these schematic calculations are un-
able to account for the strong direct population of the ground
state emerging from the data. A contribution to the cross
section from 68Co projectiles in the isomeric 1+ state would
be expected to only account for around 1.0 μb when estimated

from the known B(GT) value of 0.017 derived from β decay
[26]. Thus, a full explanation of the reaction mechanism re-
mains a challenge for future studies.

IV. SUMMARY

Excited states in the neutron-rich nucleus 68Fe were
populated with a 9Be-induced charge-exchange reaction at
95 MeV/u. The new γ -ray transitions, reported here for the
first time, are complementary to the ones observed in β-decay
studies and nucleon knockout reactions. Two states at 2.444
and 2.486 MeV are potential candidates for the 68Fe 6+

1 level,
in good agreement with LNPS shell-model calculations. The
emerging picture of a reaction with a large cross section,
σinc = 0.51(6) mb, is promising for future in-beam γ -ray
spectroscopy studies in view of the observed population pat-
tern where (i) 41% of the direct cross section leads to many
high-lying, higher-spin states and (ii) the other 59% feeds the
ground state directly. A new, locally optimized Hamiltonian,
f 7 j4a, with a model space containing the 0 f7/2 orbital for
protons and the (0 f5/2, 1p3/2, 1p1/2, 0g9/2) ones for neutrons
is introduced and employed to provide the nuclear structure
input for the simplified charge-exchange reaction calculations.
These can account qualitatively for the large cross section and
also support observation (i), but fail to explain (ii). While the
focus of this work is the use of these reactions as spectroscopic
tools, comparisons of 12C- and 9Be-induced charge-exchange
reactions may shed light on the interpretation of the reaction
mechanism.
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