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We propose to measure the masses of neutron-rich chromium isotopes up to 63 Cr in order to test the
predictions of state-of-the-art shell-model and beyond-mean-field calculations in the so-called “N = 40
island of inversion”. The previously measured nuclear binding energies in the chromium isotopic chain
are not precise enough to constrain the available theoretical approaches, as shown by comparison to
recent NSCL mass measurements. This addendum would benefit from the new availability of intense
neutron-rich chromium beams at ISOLDE, as well as from already existing ISOLTRAP measurements of
chromium isotopes up to A = 59. The higher-precision mass data would also provide crucial references
for future mass measurements using in-flight techniques, which are less precise but can however access
significantly more exotic nuclides.
Requested shifts: 13 shifts of chromium beams in one run with RILIS
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Motivation

The evolution of nuclear structure between 48 Ca and 78 Ni (proton number 20 < Z < 28
and neutron number 28 < N < 50) has received increasing attention during the last years
both from theory and experiment. Efforts have been concentrated around nuclides with
neutron number corresponding to one of the closed neutron (sub-)shells obtained in the
independent-particle model [1, 2].
One recent, well-known example is the case of 52 Ca, to which a series of gammaspectroscopy [3] and more recently mass-spectrometry [4] and laser-spectroscopy [5, 6]
experiments were dedicated. A relatively high energy of the first excited 2+ state E(2+
1 ) [3]
together with the enhanced empirical shell-gap value determined by ISOLTRAP [4] were
presented as evidence for a new magic number N = 32. However, the theoretical description of the magnetic moments of 49,51 Ca required neutron excitations across the N = 32
gap [5]. The charge radii of calcium isotopes between N = 28 and N = 32 are also shown
to increase significantly [6]. Both observations are at odds with the idea of a closed neutron shell in 52 Ca. In the case of 52 Ca, the full set of nuclear observables are thus required
to build a consistent microscopic picture.
In the nickel isotopic chain (Z = 28) the case of 68 Ni has received wide attention. Experiments revealed properties typical of a doubly-magic nucleus (high E(2+
1 ) and low
+
+
quadrupole transition probability B(E2; 21 → 01 ) [7]), coexisting with a 0+
2 intruder
configuration described as having a deformed structure [8]. The spectroscopy of N = 40
isotones towards the proton mid-shell also revealed that the spherical stability observed
in the ground state of 68 Ni is quickly eroded when protons are removed from the Z = 28
+
+
core. Measurements of low E(2+
1 ) [9–11] and more recently high B(E2; 21 → 01 ) [12–15]
values of iron and chromium isotopes reveal a region of nuclear collectivity emerging in
the two chains around N = 40. The maximum collectivity was found in the chromium
isotopic chain, with quadrupole deformation estimated from B(E2↑) at β2 ≈ 0.3 [16].
Moreover, an analogy was drawn [17] between the structural evolution of N = 40 isotones
in the chromium region and the so-called “island of inversion”, which originally referred
only to the onset of deformation of N ≈ 20 isotones when removing protons from the
Z = 20 core. This latter phenomenon was explained in the shell-model framework as
the result of the reduction of the energy gap between the νd3/2 and νf7/2 effective singleparticle levels (which creates the N = 20 shell), together with the proximity of the
quadrupole partners νf7/2 and νp3/2 , driving quadrupole correlations. A similar situation
was suggested for the onset of deformation at N ≈ 40: the reduction of the energy gap
between the νf5/2 and νg9/2 levels (which creates the N = 40 sub-shell), together with
the proximity of the quadrupole partners νg9/2 and νd5/2 , quickly drives the collectivity
of the N ≈ 40 nuclides for Z < 28. Following this analogy, the region around 64 Cr has
been called a second island of inversion [17].
The state-of-the-art theoretical approaches were confronted early on with the emerging
set of E(2+
1 ) and B(E2↑) data in the iron and chromium isotopic chains. To achieve
an accurate description of the experimental data by the nuclear shell model, a largescale interaction (LNPS [17]) was developed, allowing neutron excitations not only within
the pf shell but also to the νg9/2 and νd5/2 orbitals. Only once this extended valence
space was established, a satisfactory description of the E(2+
1 ) and B(E2↑) data could
2

be obtained (see for example [15]). In the Hartree-Fock-Bogoliubov (HFB) framework,
both the N = 20 and the N = 40 isotones in the corresponding “islands of inversion” are
predicted to be spherical at the static mean-field level. As thoroughly discussed in a recent
paper based on HFB calculations with the Gogny interaction [18], nuclear deformation is
acquired in this case dynamically at the beyond-mean-field level. In what concerns the
N = 40 isotones, the recent calculations give an excellent agreement with experiment for
Z > 28, however for Z < 28 the theoretical E(2+
1 ) values are significantly higher than the
experimental ones.
While the microscopic models for the chromium region are already constrained to some
extent by the measured data in the region, two important questions remain: how the
predictions of these models hold out for even more neutron-rich systems, approaching
N = 50; how well these models describe other observables than the E(2+
1 ) and B(E2↑)
66
70,72
values. Very recent RIKEN measurements of E(2+
)
values
of
Cr
and
Fe address the
1
first of the two questions and the conclusion of the study is the need for an adjustment of
the LNPS interaction in order to obtain an accurate shell-model description of the new
data [19].
In what concerns the requirement for complementary observables, nuclear binding energies
are a logical choice, because they are sensitive to the onset of deformation. The sudden
increase of correlation energy along an isotopic chain usually introduces a change in the
trend of the binding energy with neutron number. When computing a mass filter which
is typically a finite-difference derivative of the binding-energy surface, one can observe
significant shifts or kinks in the trend of the filter where a structural change occurs. Wellknown, the onset of collectivity at N = 60 in the neutron-rich A ≈ 100 nuclei is easily
recognizable by an increase in the two-neutron separation energy [20].
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Figure 1: (a): Two-neutron separation energies in the region of interest, using data from AME2012 [20]
(open circles), ISOLTRAP (full black circles), or combining AME and ISOLTRAP data (half-open circles).
Orange diamonds mark data points determined using unpublished data from NSCL [21]. The lines
represent the results of shell model calculations [22] with the LNPS (green line) the GFPX1A (red line)
interaction, as well beyond-mean-field calculations using the Gogny interaction (dashed blue line) [23].
(b): Zoom on the chromium isotopic chain.
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The two-neutron separation energies S2N in the chromium region are shown in Fig. 1, using
data from the atomic-mass evaluation [20], preliminary masses of chromium isotopes up to
N = 35 measured in 2014 by ISOLTRAP and masses recently determined at NSCL [21].
Shown in Fig. 1 are also the results of shell-model calculations [22] using two interactions,
LNPS and GXPF1A, as well as HFB calculations with the Gogny D1S interaction [23].
S2N values determined from high-precision mass measurements are available until at least
N = 40 in the isotopic chains between nickel and manganese. In the iron isotopic chain
one does not observe any strong effect in the two-neutron separation energies, but rather
a gradual curving of the trend upwards towards N = 40. A first sign of an onset of
deformation was proposed for the manganese isotopic chain in [24] following ISOLTRAP
mass measurements, however it is not clear whether the result is not due to an isomeric
contamination of the 62 Mn data (hence the missing data point in Fig. 1). In the chromium
isotopic chain the AME data across N = 40 are determined using the lower-precision
TOFI facility at Los Alamos [25–27]. One notices that the S2N trend determined by these
values shows a flattening in the chromium isotopic chain between N = 36 and N = 38,
which is typically an indication of an onset of deformation. However, the new NSCL
data, although of higher uncertainty, draw a significantly different, much smoother trend.
Comparing to theory, one notices the large deviation of the GXPF1A calculations from
both the TOFI and NSCL data beyond N = 36, which is due to the missing νg9/2 and
νd5/2 orbitals from the GXPF1A valence space. The LNPS calculation disagrees with the
TOFI trend, as does the HFB calculation using the Gogny interaction.
One notices that the effect of the preliminary ISOLTRAP masses is to smooth out the
S2N trend, an effect which might continue if further mass measurements are performed.
The lack of high-precision mass references in the region also prevents further extension
of the mass measurements by in-flight spectrometry methods, which although less precise
can reach more exotic isotopes. This limitation is perfectly illustrated by the recent
NSCL measurements, which have higher uncertainty than existing data. The precision
of available experimental mass data is alone not sufficient to compare to the theoretical
trends and higher-precision measurements are required. It would be important to test
the LNPS predictions against the correct trend of ground-state binding energies, given
that the interaction was tuned to reproduce primarily excited states. Higher precision
data would also be required to test the predictions of the Gogny D1S calculations, which
should be more reliable for the ground state, but have been so far mostly discussed with
respect to the E(2+
1 ) states.
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Experimental setup

The proposed measurements would be performed using the mass spectrometer ISOLTRAP
[28], which now comprises a linear, radio-frequency quadrupole cooler and buncher (RFQ),
a multi-reflection time-of-flight mass spectrometer (MR-TOF MS) and two Penning traps,
one for preparation and one for precision mass spectrometry (see [29] for the most recent
update on the ISOLTRAP setup). The MR-TOF MS is now routinely used at ISOLTRAP
either as a beam purifier [30] or mass spectrometer [31], the latter application producing
also the first mass measurements of calcium and potassium isotopes in the framework
4

of the IS532 experiment [4, 32]. ISOLTRAP possesses now two independent methods for
mass determination. For yields as low as 102 ions per µC and half-lives larger than 100 ms,
traditional Penning-trap mass spectrometry is the method of choice, while the MR-TOF
MS acts as a fast beam purifier. For half-lives of a few hundred ms, multiple accumulations
in the preparation Penning trap of MR-TOF-purified ion ensembles (stacking) can be
applied, allowing to cope with higher contamination ratios [33]. In all these cases, the
MR-TOF MS can be used with little additional experimental time to perform cross-check
mass measurements, which are also a means of recording the beam composition. For ions
of half-life in the 10-100 ms range and yield below 10 ions per µC, the MR-TOF MS
becomes the superior mass-measurement tool. The relative precision achievable with the
MR-TOF MS in the A ≈ 50 region is close to 10−7 , sufficient for most nuclear-structure
applications.

Beam-time request
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Figure 2: Yields of neutron-rich chromium isotopes estimated in 2014 by ISOLTRAP. The surface-ionized
yields directly measured are marked by black circles, the yields with laser ionization, assuming a factor
103 enhancement, are given in blue stars.

We propose to measure the masses of 60−63 Cr with the mass spectrometer ISOLTRAP. We
note that the 58−60 Cr were requested as part of the original IS532 proposal, but the request
was put on hold, requiring beam development [34]. In the meantime a new ionization
scheme for chromium has been developed and tested by the RILIS team [35]. In the
2014 experimental campaign, ISOLTRAP attempted to measure neutron-rich scandium
isotopes as part of the IS532 program, using an uranium carbide target, without observing
any scandium beam (stable or radioactive). In the absence of scandium, the allocated
shifts were used to perform yield determinations and mass measurements of surface-ionized
chromium isotopes up to 59 Cr, as well as to set-up RILIS on the new chromium ionization
scheme. A test of the laser enhancement of the chromium yield was performed with 52 Cr,
5

showing an enhancement by a factor greater than 800 [35]. A breakdown of the tantalum
cavity of the target unit occurred before the laser enhancement could be tested using the
MR-TOF MS. Still, the laser ionization efficiency was enough to allow measuring 59 Cr.
The (order-of-magnitude) estimated yields obtained using the MR-TOF MS of
ISOLTRAP are presented in Fig. 2, including an extrapolation to the isotopes of interest. An estimate of the expected yield with laser ionization, taking an enhancement
of 103 , is also presented. Although the yield extrapolation does not consider the drop in
chromium half-life and the unknown chromium release, a measurement of 63 Cr with the
MR-TOF MS is feasible, which would already be sufficient to observe the evolution of
two-neutron separation energies into the region of maximum collectivity.
Detailed shift request
The table below presents the detailed request of shifts of radioactive beam for the different
isotopes. The number of requested shifts includes the time required for setting-up the
measurement cycle of ISOLTRAP and for the identification in the precision Penning
trap of reference isobars for MR-TOF mass measurements. The chromium yields are the
estimated ones of Fig. 2.
Isotope
60 Cr
61 Cr
62 Cr
63 Cr

Half-life
(ms) [36]
490(10)
243(9)

Yield
(µC−1 )
104
103

206(12)
129(2)

101 − 102
100 − 101

Target/ion source

Method

UCx /RILIS
UCx /RILIS

Shifts
(8h)
2
3

Penning trap
Penning trap or
MR-TOF MS
UCx /RILIS
MR-TOF MS
3
UCx /RILIS
MR-TOF MS
5
Total shifts of radioactive beam: 13

Summary of requested shifts: 13 shifts of neutron-rich chromium beams from a UCx
target, with laser ionization;
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Appendix
DESCRIPTION OF THE PROPOSED EXPERIMENT
The experimental setup comprises: ISOLDE central beam line and ISOLTRAP setup. The ISOLTRAP
setup has safety clearance, the memorandum document 1242456 ver.1 “Safety clearance for the operation of the ISOLTRAP experiment” by HSE Unit is released and can be found via the following link:
https://edms.cern.ch/document/1242456/1.

Part of the
ISOLTRAP setup

Availability
 Existing

Design and manufacturing
 To be used without any modification
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