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The ground-state spins and magnetic moments of “>>'K have been measured using bunched-beam high-
resolution collinear laser spectroscopy at ISOLDE CERN. For ¥K a ground-state spin / = 1/2 was firmly
established. The observed hyperfine structure of 'K requires a spin 7 > 1/2 and strongly suggests
I = 3/2. From its magnetic moment x(°'K) = +0.5129(22) i, a spin-parity I” = 3/2" with a dominant

77'ld37/'2

hole configuration was deduced. This establishes for the first time the reinversion of the single-

particle levels and illustrates the prominent role of the residual monopole interaction for single-particle

levels and shell evolution.
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The nuclear shell model forms the basis for our under-
standing of atomic nuclei, and from the very beginning
spins and magnetic moments of ground states have played
a crucial role [1,2]. Single-particle as well as collective
degrees of freedom in atomic nuclei can be described with
modern large-scale shell models [3]. However, the inter-
play between theory and experiment is indispensable for
further improving the shell-model effective interactions as
new regions of the nuclear chart are being explored.

Since more and more rare-isotope beams became avail-
able, strong modifications to the well-known shell structure
were required in several regions of the nuclear chart. Some
examples are the unexpected level ordering in the “island
of inversion” isotopes *!'3*Mg [4], the weakening of the
N = 28 shell gap below Ca [5], and the monopole migra-
tion of proton single-particle levels towards N = 28 [6]
and N = 50 [7]. The origin of the changes in shell structure
has been discussed in several theoretical papers [8—12]. As
experimental evidence is growing, effective shell-model
interactions as well as mean-field models are being modi-
fied to account for the new observations [13-17].

In the region below Ca (Z = 20), where protons occupy
the sd shell and neutrons occupy the pf shell, the gradual
filling of the v1f7/, orbit from N = 20 to N = 28 leads to
a strong decrease of the first excited 1/2" energy in the (K
and ;Cl isotopes. This level becomes the ground state
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in 7K [18] and in the CI chain the inversion begins at
41C1[19]. Following the explanation given by Otsuka et al.
[9], occupation of the »1f5/, orbit (having j =1+ 1/2)
leads to an increased binding of the 71d3/, orbital (with
j' =1 —1/2), and thus to a near degeneracy (even inver-
sion) with the 72s,,, orbit as the v1f;,, orbit is fully
occupied at N = 28.

This raises the question of what happens beyond N =
28, when the higher pf orbits are being filled. Using a
Woods-Saxon potential, e.g., the monotonic lowering of
the 7ld;/, energy with respect to the 72s,/, energy is
predicted to continue well beyond N = 28. However, it is
by now also well known that the residual monopole inter-
action, which changes with isospin and thus with neutron
number, plays an important role in the evolution of single-
particle levels. This residual monopole interaction has a
central, spin-orbit, and tensor term, all of which need to
be determined from experimental data. Furthermore, these
monopole interactions are strongest between orbits with
the same number of nodes, and thus in the region beyond
N = 28 itis the 725/, — v2p3, interaction strength that
is the dominant one [12]. Until now, very little experimen-
tal data are available which probe this part of the nucleon-
nucleon residual interaction. A rather extended level
scheme is available for *°K [20], but all spins are tentative
as long as the ground-state spin is not established. These
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FIG. 1 (color online).

recent in-beam data favor a ground-state spin I = 1/2
while earlier B-decay work suggests I = 3/2 [21]. For
31K no excited states are known. From B-decay studies
the ground-state spin is tentatively assigned to be I = 3/2
with a dominant 771d5, hole structure [22].

This Letter presents the measured ground-state spins and
magnetic moments of **3'K with two and four neutrons
beyond N = 28, respectively, thus gradually filling the
v2p;s, orbit. The K* beams were produced at the
ISOLDE facility at CERN where 1.4 GeV protons
impinged on a thick UC, target. Atoms diffused out of
the target and were surface ionized in a heated tube at
~2000 °C. The ions were accelerated up to 40 kV, mass
separated, and bunched by the gas-filled Paul trap
(ISCOOL) [7,23]. Collinear laser spectroscopy [24] was
performed using the 769.9 nm 4s *S, ,, — 4p *P, ,, atomic

transition in K, after the beam was neutralized via colli-
sions with neutral K atoms in a charge exchange cell. To
scan the hyperfine structure (hfs) the Doppler-shifted laser
frequency, as experienced by the fast atoms, was modified
by applying a tunable scanning voltage of =500 V on the
charge exchange cell. The fluorescence light emitted from
the resonantly laser-excited atoms was subsequently
detected using photomultiplier tubes (PMTs). By gating
the PMT signals such that photons were only collected
during the ~6 ws period when the bunch of atoms pass in
front of the PMT, the background photon count rate was
reduced by a factor of 15000 (= ISCOOL accumulation
time/ion bunch temporal width) compared to a continuous
beam detection.

The relatively slow decay rate of the atomic transition
(3.8 X 107 s7 1), low quantum efficiency (2.5%), and high
heat-related dark counts of PMTs operating at these wave-
lengths hinder optical spectroscopy of exotic K isotopes.
In order to perform the measurements on a °>'K beam of
~4000 ions/s, a new optical detection station was devel-
oped. Details on this will be presented in a forthcoming
paper [25].

Typical hfs spectra for #*K and >'K are shown in Fig. 1.
To convert the recorded scanning voltage into frequency,
AME 2012 [26] masses were used with the recently mea-
sured masses of ¥°K [27] and 'K [28] already included.

Relative frequency [MHz]

Typical hyperfine spectra for “’K and >'K. Spectra are shown relative to the centroid of °K.

The hfs spectra have been fitted using the > minimization
procedure MINUIT. The peak positions were determined
by the hyperfine parameters A(*S,,,) and AP, ), the

nuclear spin I, and the center of gravity of the structure
defining the isotope shift. The A parameters (Table I) are
directly related to the nuclear magnetic moment through
the relation A = uB,/1J, where B is the magnetic field
generated by electrons at the site of a nucleus. Voigt
profiles with common line widths have been used for all
peaks in the spectrum. The nuclear spin determines the
number of allowed transitions. For / = 1/2 only three
transitions are allowed (left-hand side of Fig. 1) and the
ground-state spin of “’K can be determined as / = 1/2. For
all other spins four resonances appear in the spectrum, as
illustrated in the right-hand part of Fig. 1. We have there-
fore fitted the 'K spectra assuming a spin 3/2, 5/2, and
7/2. In the case of a J = 1/2 to J = 1/2 transition, the
ratio of the upper-to-lower hyperfine parameter cannot be
used to exclude a particular spin (method used, e.g., to
assign the ">7*Cu spins [29]), as the relative hyperfine
structure separations are unaffected by the nuclear spin in
this case. There is, however, an indirect way to determine
the 5!'K spin, namely, by comparing the intensities of the
different hyperfine structure components. From the inten-
sity ratios observed for >'K, we can exclude a spin 5/2
(or even higher) at a confidence level of 95%. To further
confirm the measured spin I = 3/2, the extracted magnetic
moment for different spin assumptions can be compared to
single-particle moments and predictions by shell-model
calculations.

TABLE I. Fitted hyperfine parameters for the studied isotopes
(assuming different spins for >'K).

Isotope I A(CS,,,) (MHz) ACP,,,) (MHz)
9K 3/2 +231.0 (3) +27.8 (2)
41K 1/2 +3413.2 (2) +411.8 (2)
K 1/2 +2368.2 (14) +285.6 (7)
SIK 3/2 +302.5 (13) +36.6 (9)
SIK (5/2) +201.6 (9) +24.4 (6)
SIK (7/2) +151.3 (7) +18.3 (4)
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TABLE II.

Experimental magnetic moments (in units of u,) and g factors, compared to shell-model values using different effective

interactions (see text for details). The error in square brackets represents the uncertainty related to the hyperfine anomaly. The 'K
value is in good agreement with the literature value 1.933(9) uy [18]. Energies for the predicted states of 'K are shown in keV.

Isotope 17 8exp Mexp M SDPE-NR MSDPE-U MSDPE-MU

MK 3/2% +0.2611 (3) [8] +0.3917(5) [12] +0.63 +0.63 +0.65

TK 1/2* +3.8584 (2) [116] +1.9292 (1) [58] +1.87 +1.91 +1.91

YK 1/2* +2.6772 (16) [80] +1.3386 (8) [40] +1.61 +1.81 +1.72

SIK 3/2°F +0.3420 (15) [10] +0.5129 (22) [15] +0.60 (E = 0) +0.63 (E = 0) +0.51 (E=0)
SIK (5/2%) +0.2279 (10) [7] +0.5698 (25) [17] +0.84 (E = 1725) +1.40 (E = 2018) +0.75 (E = 2264)
SIK (7/2%) +0.1710 (8) [5] +0.5986 (28) [18] —=0.13 (E = 1793) —0.04 (E = 2040) —0.10 (E = 2048)

The magnetic moments are deduced from the A(*S, /2)

values relative to that of 3K, for which a very precise
measurement of A¢(*S, /2) = 230.8598601(7) MHz and

Mrer = 10.3914662(3) uy is available from an atomic
beam magnetic resonance measurement [30]. The results
are presented in Table II. The statistical errors are smaller
than the hyperfine anomalies measured for 4>4142K relative
to 3°K [30-32]. Following the approach of Bohr [33] these
hyperfine anomalies are well reproduced and those for
47.49.51K are predicted to be less than 0.3%. This is included
as an additional error on the magnetic moments (in square
brackets).

The ground-state wave function of the odd-A potassium
isotopes is dominated by one proton hole in the Z = 20
shell. The Schmidt moments and thus also the free-nucleon
g factors of the relevant single-particle orbits 71d;,,
72581/, and wlf;,, are very different from each other
(respectively, +0.08, +5.58, and +1.65). Therefore, their
g factors are an excellent probe to monitor in which orbital
the unpaired proton occurs. Because the single nucleon
does not appear as a free particle, the experimental values
are compared to effective single-nucleon g factors, with
typical values for the sd shell [34]. The upper part of
Fig. 2 illustrates that the experimental g factors of 3K
are all close to the effective value for a hole in the 71d;/,
orbit (ger = +0.25). The 3'K g factors (assuming different
spins, given in column 3 of Table II) also agree very well
with this value. This confirms the dominant 71d;, /12 com-

ponent in the ground-state wave function of each of these
isotopes, including >'K. The ground-state spins are known
to be 3/2" up to K and this supports again our result of
I = 3/2 for the 'K ground state. The K g factor is close
to the effective single-particle value for a 772s1_/12 hole

configuration and its spin-parity is known to be 1/27F
[18]. The ground-state spin of “°K is established to also
be I = 1/2, but its g factor suggests a rather mixed wave
function.

In what follows we focus on further establishing the
ground-state spin of >'K. For this we compare the experi-
mental magnetic moments to values calculated with differ-
ent effective shell-model interactions. Calculations have
been performed with the SDPF-NR [35,36] and its recently

upgraded SDPF-U interaction [14] as well as with the
recently developed SDPF-MU interaction [37] (Table II).
The SDPF-NR and SDPF-U interactions have monopole
matrix elements that were tuned by fitting experimental
spectra of isotopes in this region, from O to Ca. The SPDF-
MU interaction is based on the recently developed
monopole-based universal interaction Vygy [12] and
involves, therefore, fewer fitted parameters. Calculations
are performed with protons restricted to the sd shell (thus
only positive parity levels are calculated) and neutrons in
the full pf shell. The experimental magnetic moments for
the 3/2" ground states of 3*~*K are well reproduced by
all effective interactions (lower part of Fig. 2), and the
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FIG. 2 (color online). Experimental g factors (upper panel)
and magnetic moments (lower panel) from Refs. [18,30] (dots)
and the new data (stars) for “’K (1/2) and >'K (3/2). Effective
single-particle g factors are calculated with g = 0.85g¢ and
gl = L1.15, g/ = —0.15. See text for details on calculations.
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FIG. 3 (color online).

Experimental energies in odd-K isotopes [20,22,39-41] compared with calculated levels (SDPF-NR, SDPF-U,

and SDPF-MU interactions; details in text). 3/2+ levels are solid black lines and 1/2* dashed red lines. Ground-state spins for ¥*K

and >'K are from this work.

agreement for the 3/2% state in >'K is even better than
0.1 py for all of them. The lowest positive parity states
(5/2%, 7/2%) appear around 2 MeV and have magnetic
moments that deviate significantly more from the experi-
mental values (Table II). Negative parity 3/27, 5/27,
7/27 states, due to a proton excited in the pf shell, all
have a magnetic moment that is larger than +3.3 uy,
incompatible with the observed small value around
+0.5 pn. All arguments together consistently confirm
that the ground-state spin-parity of >'K is 3/2*. The mag-
netic moment of the 1/2% ground state in K is also
reproduced very well, while the experimental moment of
the I = 1/2% ground state of ¥K is somewhat overesti-
mated by all calculations, suggesting that some particular
mixing in the wave function is not well taken into account.
A simple two-level mixing calculation shows that 25%
mixing of a [7Td; /lz(Vf P+l 2+ allows us to reproduce
the ground-state spins observed 1/2* moment [38].

By establishing the ground-state spins of “°K and 'K,
we have demonstrated that the gradual reduction of the
energy gap between the proton 72s,,, — wld;), orbits
reaches a minimum around N = 29 and again increases
towards the more neutron rich isotopes. It is the first time
that such a “reinversion” of single-particle levels is
observed and it illustrates how the residual monopole
interaction dominates their evolution.

In Fig. 3 we compare the experimental 3/2* and 1/2*
levels to those calculated with the different shell-model
effective interactions. The SDPF-NR and SDPF-U inter-
actions show the best overall agreement, which is not
surprising because their monopole matrix elements were
tuned by fitting to experimental spectra, including that of
47K [14]. With the recently developed SDPF-MU interac-
tion [37] a reasonable agreement with the data is found,
considering that its cross-shell interaction is described
in a functional form using the simple tensor-subtracted
monopole evolution as described in Ref. [12], with only
Six parameters.

In conclusion, the hyperfine structures of atomic
isotopes were measured for the first time. The data

49,51K

establish a ground-state spin /= 1/2 for *“K and
I=23/2 for 3'K. The magnetic moments u(*K) =
+1.3386(8)[40]uy and w(P'K) = +0.5129(22)[15]uy
reveal a mixed configuration for “’K and a rather pure

mldy), configuration for *'K. Comparison with shell-

model calculations shows good agreement for 'K, but
none of the interactions reproduce the low experimental
value of “’K. The best overall agreement with the ground-
state moment and energy levels in “°K is observed for the
SDPF-NR interaction, which predicts the highest mixing
with 771d53/, components in its wave function. The experi-
mentally observed evolution of the 1/2* and 3/2% levels is
now established up to >'K. Different effective interactions
predict very different energy gaps between the 3/2*% and
the first exited 1/2% level in >'K. Along with the current
results, spectroscopy of the excited states in >' K is required
to further improve the effective interactions in this region.
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