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Abstract: The aim of this proposal is to determine the nuclear spins, magnetic dipole
moments, electric quadrupole moments and changes in mean-square charge radii of 4=61Cr
(Z = 24) using collinear laser spectroscopy at the COLLAPS beam line. These measurements
will enable the study of the evolution of collectivity and the wave function configuration along
the Cr isotopic chain. The isotopes between N = 24 and N = 37 exhibit a rich variety in
nuclear structure, including deformation near N = Z = 24, the N = 28 shell closure, the
suggested appearance of a new magic number at N = 32 and the development of collectivity
towards N = 40. With the improvements in Cr yields achieved by the development of a laser
ionisation scheme and demonstrated in a recent mass measurement experiment at ISOLTRAP,
measurements from N = Z up to N = 37 should be feasible.

Requested shifts: 14 shifts of radioactive beam in one run



1 Introduction

High-resolution collinear laser spectroscopy has proven to be an invaluable tool to study
the nuclear structure of exotic nuclei [1]. From the measured hyperfine spectra, nuclear
spins, moments and changes in mean-square charge radii can be extracted which allow
the investigation of single-particle as well as collective effects in the wave function and
how these evolve along the isotopic chain.

At the collinear laser spectroscopy beam line COLLAPS at ISOLDE, several experiments
have been performed at and around the Z = 20 and Z = 28 magic numbers, highlighting
the rich structural diversity in this region (see for example [2-6]). In between Z = 20
and Z = 28 however, the experimental information on moments and charge radii remains
limited. A notable exception is the Mn (Z = 25) isotopic chain, for which the ground- and
isomeric state properties were recently studied in collinear laser spectroscopy experiments
at JYFL and ISOLDE [7-11]. These revealed a rapidly changing nuclear structure between
N =25 and N = 39, calling for a more detailed investigation in the neighbouring isotopic
chains. Here, were propose to measure the spins, magnetic moments, quadrupole moments
and changes in mean-square charge radii of Cr (Z = 24) at COLLAPS in ISOLDE. With
an exactly half-filled 7 f7/, proton orbital, many structural effects are expected to be even
more pronounced in Cr than in Mn.

2 Physics motivation

Nuclear shell structure is known to vary drastically when going to exotic regions of the
nuclear chart, giving rise to interesting phenomena such as rapid level migrations, new
magic numbers and islands of inversion. In the region around Ca (Z = 20) and Ni
(Z = 28), several such effects have been observed.

The possibility of a new magic number at N = 32 was first discussed based on the
elevated E(2])-values and reduced B(E2)-values in 52Cags, 53Tizy and 35Crsy [12-16].
Also the two-neutron separation energies point to an increased stability at N = 32 [17,
18], associated with a substantial subshell gap between the vpz/o and v f5/, orbitals. This
N = 32 subshell gap arises due to the monopole part of the tensor component which shifts
the v f5/o neutron orbital up when protons are removed from the 7 f7/, orbital [19]. As
such, the subshell gap is expected to be largest for a completely empty  f7/, orbital at
Z = 20 and to become weaker with increasing Z. Indeed, Cr is the isotopic chain with
the highest Z for which the systematics of the even-even nuclei (see left side of Fig. 1)
show evidence for the suggested N = 32 magicity.

The recent measurement of the Ca (Z = 20) moments and mean-square charge radii up to
N = 32 have however raised some important questions about the magic nature of N = 32
[5, 20]. The experimental determination of the magnetic moments has demonstrated
that cross shell neutron excitations across N = 32 are essential for a correct theoretical
reproduction of 45! Cagg 31. Nevertheless, no strong conclusion on the strength of N = 32
shell closure can be made since the neutron excitations are of the M1-type (between
the vps/s and vp; o spin-orbit partners) which are known to strongly influence magnetic
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Figure 1: Left: Energies of the first excited 2% states (top) and E2 transition probabil-
ities (bottom) of the even-even nuclei between Ca and Ni, data taken from [21]. Right:
Experimentally known mean-square charge radii from K to Cu, figure adapted from [11].

moments, even on the level a few percent of admixture. More curious are the mean-
square charge radii results. Whereas across the chart of nuclides, shell closures manifest
themselves as local minima in the mean-square charge radii trend, in the Ca isotopes
an increase in charge radii towards N = 32 is observed, at variance with the expected
behaviour if N = 32 were a good shell closure. Measurements of the Cr mean-square
charge radii and nuclear moments up to, and beyond N = 32, are therefore necessary to
better understand these intriguing results.

More neutron-rich, the region below $8Niy has recently received a considerable amount
of attention. In the proton-magic Ni (Z = 28) isotopes, the high E(2]) and low B(E2)-
values in %Niyy are indications for a (sub)shell closure at N = 40 [22-24]. However,
the rather smooth trend in two-neutron separation energies at N = 40 suggests that
the subshell gap is not well pronounced and localized at Z = 28 [25]. For nuclei below
7 = 28, the weak N = 40 subshell gap is not sufficiently strong to stabilise the nuclei
in a spherical shape and a strong increase in deformation is observed, as can be inferred
from the systematics of the Fe (Z = 24) and Cr (Z = 26) isotopes in the left part of



Fig. 1. This deformation is explained in terms of np-nh excitations across the N = 40
and Z = 28 (sub)shell gaps which strongly enhance the quadrupole correlations due to
the presence of the (quasi/pseudo-SU(3)) quadrupole partners near the Fermi level [26].
In the beginning of 2016, the development of ground state collectivity in Cr was studied
via high-precision mass measurements at ISOLTRAP [27, 28]. Although the results are
still preliminary, the two-neutron separation energies are found to be gradually curving
upwards. Contrary to the AME2012 two-neutron separation energies [29] which abruptly
change between N = 36 and N = 38, these new results suggest a more gradual onset
of deformation. However, as illustrated for Mn (Z = 25), such gradual changes in two-
neutron separation energies can be accompanied by a sudden increase in mean-square
charge radii [11]. As shown in the right part of Fig. 1, from N = 35 onwards, a rapid
increase in Mn mean-square charge radii is observed. This suggests a strong increase in
deformation, in good agreement with the previously determined magnetic and quadrupole
moments [8-10]. A measurement of the mean-square charge radii in the neighbouring Cr
isotopic chain would provide complementary information on the onset of collectivity and
would, in particular, enable the investigation of its dependence on Z. As the half-filled
7 f7/2 orbital in Cr boosts the quadrupole collectivity, it will be interesting to see whether
the increase in mean-square charge radii happens already earlier in Cr than in Mn.

At the other side of the valley of stability, the isotopes around N = Z = 24 are found to be
strongly deformed. Since the protons and neutrons in these isotopes occupy the same, half-
filled, f7,» orbital, they coherently contribute to the development of prolate deformation.
With 24 protons and 24 neutrons, **Cr has the maximum number of valence particles and
can be well described as a rigid rotor [30]. The collective behaviour is nevertheless quickly
reduced when neutrons are added to the v f7/5 orbital and shell effects become important
towards N = 28. Hence, also closer to stability, the nuclear properties vary significantly
over the range of only a few neutron numbers.

In order to explore the rich structural evolution in the Cr isotopes described above, we
aim to measure the mean-square charge radii, spins and nuclear moments of *4=61Cryy_57
using high-resolution collinear laser spectroscopy.

The mean-square charge radius is an excellent observables to study the size and shape of
a nucleus and hence to probe the deformation along the isotopic chain. To date, how-
ever, only the mean-square charge radii of the stable ***2=%4Cr isotopes have been studied.
Radii have the important advantage that they can be measured for, and directly compared
between even-even, odd-A and odd-odd isotopes, not restricted to non-zero spin values.
Measurements of the radii of radioactive Cr will therefore not only give information on
structural changes along the Cr isotopes, but will provide a benchmark for future mea-
surements in the region. As illustrated in the right part of Fig. 1, below Z = 28, Mn is the
only case for which the a long sequence of charge radii extends beyond N = 32, towards
N = 40. Note that the calibration of the mass and field shift factors needed to relate the
measured isotope shifts with the mean-square charge radii is relatively straightforward,
since Cr has four naturally occurring isotopes for which the charge radii are measured via
non-optical techniques [31].

For the odd-neutron Cr isotopes, complementary insights in the nuclear structure can be



Table 1: Overview of the experimentally known spins, magnetic moments and quadrupole
moments of the odd-neutron Cr isotopes [32].

N I () Qs (b)
“C0r 25 5/2° 0.476(3) .
SICr 27 7/20 (—)0.934(5) -
B8Cr 29 3/2-  —0.47454(3) —0.15(5)
5Cr 31 3/2- - -

Cr 33 (3/2)° i i
®Cr 35 (1/2)" i i
61Cr 37 (5/2)" i i

obtained via measurements of the magnetic moments and quadrupole moments. The rapid
change in nuclear structure in exotic nuclei poses serious challenges for state-of-the-art
shell model calculations which have to correctly take into account the subtle competition
between single-particle and collective degrees of freedom. Since the magnetic moment
and quadrupole moments are sensitive to the wave function composition and quadrupole
collectivity, respectively, they provide necessary information to test and improve the cur-
rently available models. Nevertheless, so far no moments are known beyond N = 29, as
shown in Table 1.

Furthermore, also the nuclear spins of the most neutron-rich odd-A Cr isotopes are only
tentatively assigned. These assignments are usually based on indirect techniques such as
p-decay or even regional systematics, which sometimes result in the wrong conclusions (see
for example reference [3]). Measurements of hyperfine spectra, on the other hand, allow
the direct and unambiguous determination of nuclear spins and are hence indispensable
to construct reliable level schemes.

3 Experiment

To extract spins, magnetic moments, quadrupole moments and changes in mean-square
charge radii, we propose to measure the hyperfine spectra of *¥-%1Cr using the well-
established bunched beam, fluorescence detected collinear laser spectroscopy technique
at the COLLAPS beam line. A detailed description of the set-up and technique can for
example found in references [4, 33].

The Cr beam will be produced by the bombardment of 1.4-GeV protons on a UC, target,
selectively ionised in the resonance ionisation laser ion source (RILIS), mass separated
in the HRS and bunched in the ISCOOL cooler-buncher. Our measurements will greatly
benefit from the significant enhancement in Cr yields as a result of the recent development
of a laser ionisation scheme [34].

To perform laser spectroscopy in the chromium atom, the ionic beam will be neutralised
in a Na-vapour filled charge exchange cell. Several strong atomic transitions are known,
although not all of them are suitable to extract nuclear information because of their
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Figure 2: Experimentally observed yields during the 2016 Cr run of ISOLTRAP [28].

collapsed hyperfine structure. In that respect, the 520 nm transition from the 3d°4s 7S,
metastable state at 7593.16 cm ™! to the 3d°4p ° P, state at 26801.93 cm ™! seems promising
due to its relatively large hyperfine splitting, in combination with a sizeable field shift
associated with s — p transitions. In addition to this, a few other potentially suitable
transitions exists for which the hyperfine parameters are unknown. Therefore, we request
a separate stable beam test before the experiment to determine the most efficient and
optimal transition.

4 Beam time request

In Fig. 2, the experimentally observed yields of the neutron-rich Cr isotopes are shown
along with the half-lives [28]. For 49Cr, the yields are conservatively estimated to be
1.2 - 10* ions/uC and 2.2 - 10* ions/uC based on the measured release curve of *Cr and
Fluka calculations [35]. Bunched-beam, fluorescence detected collinear laser spectroscopy
is therefore feasible from “*Cr up to %*Cr.

We request 3 shifts of stable beam to setup and optimise the experimental apparatus.
This time will additionally be used to measure several hyperfine spectra of each of the
four stable Cr isotopes (°*5%53%4Cr) for the calibration of the mass and field shift factors
and the nuclear moments. Throughout the run, 32Cr will be used as a reference for the
isotope shift measurements while **Cr will provide the reference for the hyperfine A and
B parameters of the odd-even Cr isotopes.

From experience in previous experiments using transitions with similar strengths and
realistically assuming a 10% population of the atomic state of interest in the charge
exchange process, the measurements will require 14 shifts of radioactive Cr beam. The
total beam request is detailed in Table 2.

For the well-produced isotopes with yields larger than 10° ions/s, we request 1 shift
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Table 2: Summary of the beam request. All beams are produced using an UC, target +
RILIS combination, mass separated in the HRS and bunched in ISCOOL. The yields are
quoted assuming a proton beam current of 2 pA.

Yield (UC, + RILIS) Number of shifts
5=59Cr > 10° ions/s 5
18,49.60Cy ~ 210" ions/s 6
61Cr 2-10% ions/s 3
S052=54Cp stable 3
5253Cr stable 4
Total: 14

+ 3 shifts of stable beam just before the experiment
+ 4 shifts of stable beam on a separate occasion to verify the transition

per isotope. This estimate includes at least three independently measured spectra per
isotope, each individual spectrum calibrated against a reference scan. Note that the
required time doesn’t scale with production yields because a) the detection rate of the
PMTs is limited to 10" photons/s and b) a large part of the total time is dedicated to
the frequent mass changes necessary for the reference scans. More time will be needed for
the less produced isotopes and hence we request 6 shifts in total for 484%69Cr and 3 shifts
for %1Cr. This measurement of this last isotope is challenging due to the low production
yield in combination with the fact that it has a non-zero spin, and hence a larger range
need to be scanned to measure all peaks in the hyperfine spectrum.

Summary of requested shifts: 14 shifts of radioactive beam are being requested for
the study of ¥®~%1Cr (as summarised in Table 2).
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Appendix

DESCRIPTION OF THE PROPOSED EXPERIMENT

The experimental setup comprises: COLLAPS

Part of the

Availability

Design and manufacturing

COLLAPS

X Existing

X To be used without any modification

HAZARDS GENERATED BY THE EXPERIMENT:
Hazards named in the document relevant for COLLAPS

Additional hazards: None




