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In-gas-cell laser spectroscopy of the isotopes 57,58,59,63,65Cu has been performed at the LISOL facility using
the 244.164-nm optical transition from the atomic ground state of copper. A detailed discussion on the hyperfine
structure of 63Cu is presented. The magnetic dipole moments of the isotopes 57,58,59,65Cu are extracted based on
that of 63Cu. The new value µ = +0.479(13)µN is proposed for 58Cu, consistent with that of a πp3/2 ⊗ νp3/2

ground-state configuration. Spin assignments for the radioactive isotopes 57,58,59Cu are confirmed. The isotope
shifts between the different isotopes are also given and discussed.
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I. INTRODUCTION

Magic numbers are the cornerstones of the shell model of
the nucleus. While those are well established for the stable
nuclei, their persistence away from the valley of β stability is
questioned. The magic number 28 is the first to arise from the
addition of the spin-orbit term to the nuclear potential. This
is why nuclei in the vicinity of N = 28 [1,2] and of nickel
(Z = 28) [3,4] are under current investigation to probe the
magic nature of these shell closures far from stability. With
N = Z = 28, 56Ni is expected to be doubly magic. Indeed,
it presents a high excitation energy for the 2+

1 excited
state in comparison to the other nickel isotopes [3] and a
sudden change in the two-neutron and two-proton separation
energies [5]. However, the evolution of the B(E2) does not
drop as sharply as expected for a doubly magic nucleus [6].
Moreover, the properties of the neighboring nuclei cannot be
explained by simply coupling particles and/or holes to the 56Ni
core but require excitations of this core [7,8].

The study of the nuclear magnetic dipole moments in the
vicinity of that nucleus is essential to further the understanding
of the different processes at play. Of special interest is the
copper isotopic chain (Z = 29), which consists, in the frame
of the shell model, of a single proton added to the nickel
core. For the odd-A copper isotopes, the magnetic dipole
moment is then governed by the single proton while in the
case of the even-A odd-odd copper isotopes, the coupling of
the proton and a neutron should be responsible for the magnetic
dipole moment. Extensive studies on the copper isotopic
chain have therefore been performed [9–14] and are still
current [15,16].

The nuclear dipole moments of the odd-A copper isotopes
have been found to depart strongly from the Schmidt value
+3.79µN . This difference increases significantly while going
from N = 40 down to N = 30 [11] but the trend breaks
for the N = 28 isotope 57Cu as it rises to a higher value,
yet not sufficiently to be explained by the shell-model
calculations [12]. This discrepancy pointed toward a larger
breaking of the core than anticipated. This last isotope was
studied using the β-NMR technique at a fragmentation facility
but the resonance, seen in Fig. 1 of Ref. [12], was of

limited quality. Further confirmation of this result using a
different method was therefore necessary, e.g., via in-source
laser spectroscopy [13]. The new result reported in Ref. [15]
disagrees with the literature value and is much closer to the
shell-model calculations [8,13]. In this article, more details on
the analysis of the results reported in Ref. [15] will be given,
together with new data obtained for the isotope 58Cu.

Using laser spectroscopy, it is possible to study the influence
of the nucleus on atomic transitions by means of laser
radiation. Through the interaction between the electron angular
momentum and the nucleus electromagnetic moments, the
degeneracy of the atomic levels can be lifted, giving rise to
a new set of states, the hyperfine levels, with quantum number
F such that

|I − J | � F � I + J, (1)

where I is the nuclear spin and J is the electron angular
momentum. The change in energy �E of a given hyperfine
level with respect to the degenerate energy level is then given
by

�E = Ahf

2
× K + Bhf

2

× 3K(K + 1) − 2I (I + 1)2J (J + 1)

2I (2I − 1)2J (2J − 1)
, (2)

where Ahf and Bhf are called the dipole and quadrupole hy-
perfine parameters, respectively, and K = F (F + 1) − I (I +
1) − J (J + 1). The magnetic dipole moment µ enters in the
dipole hyperfine parameter

Ahf = µ × H0

IJ
. (3)

H0 is the magnetic field at the position of the nucleus
generated by the electron motion. This parameter is specific to
the transition studied and remains independent of the isotope.
One can then measure the different transitions, deduce the
hyperfine parameters and, in the absence of hyperfine anomaly,
extract the moment of one isotope given that of another
isotope [17]. The specific case of copper will be discussed
in the section on analysis and discussion.
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For the copper isotopes, high-precision in-flight laser
spectroscopy has been performed down to the N = 32 isotope
61Cu [18]. The study of the more exotic nuclei on the
neutron-deficient side requires higher sensitivity to cope with
the reduced beam intensities. In-source spectroscopy is ideally
suited for this type of sensitive measurement [19]. The hot
cavity target and ion source, however, can suffer from large
decay losses due to the diffusion and effusion processes
from the target to the atomizer [20]. As a consequence, the
short-lived T1/2 = 199 ms isotope 57Cu is presently beyond
reach of the hot-target facilities [13].

Gas catchers, on the other hand, suffer less from such
limitations as the nuclear reaction products recoil directly out
of the target and can be used for laser spectroscopy studies [21].
We report here on such study on the stable isotopes 63,65Cu
and on the neutron-deficient isotopes 57,58,59Cu. We detail the
systematic study of the stable 63Cu, which was used to assert
the reliability of the in-gas-cell laser spectroscopy technique,
used for the first time at an online mass separator. The hyperfine
structure of the odd-A isotopes 57,59,63,65Cu as well as that
of 58Cu are analysed and presented. The magnetic dipole
moments are extracted and that of 58Cu is discussed. The
spin assignments for those isotopes are confirmed. Finally, the
isotope shifts are extracted and the possibility of determining
changes in the mean-square charge radius is discussed.

II. EXPERIMENTAL DETAILS

A. Production and spectroscopy

The experiment was performed online at the Leuven Isotope
Separator On-Line (LISOL) facility in the Centre de Recherche
du Cyclotron (Cyclotron Research Center, CRC), Louvain-
La-Neuve (Belgium). The CYCLONE110 cyclotron provided
beams of 3He (25 MeV, 2 µA) and protons (30 MeV, 2 µA).
Those beams impinged on a thin (thickness 5 µm) natural
nickel target (68% 58Ni, 26% 60Ni). The isotopes of interest
are produced in the dual chamber laser ion source [22]. The
radioactive isotopes 57−59Cu are produced from the nuclear
reactions 58Ni(p,2n)57Cu, 58Ni(p,n)58Cu, 60Ni(p,3n)58Cu,
60Ni(p,2n)59Cu, and 58Ni(3He,pn)59Cu. Finally, the stable
isotopes 63,65Cu are produced from the resistive heating of
a natural copper filament.

The recoils are thermalized and neutralized in 130 mbar of
argon. The atoms are transported from the stopping chamber
to the ionization chamber by the gas flow. In the latter volume,
they are irradiated by laser light to be ionized to a Cu+ state
in a two-step two-color resonant process [22,23] shown in
Fig. 1. One of the valence electrons is brought from the
3d104s 2S1/2 ground state to the 3d94s4p 4P ◦

1/2 excited state
at 40943.73 cm−1 via a transition at 244.164 nm; this electron
is further excited to the 3d94s5s 4D3/2 autoionizing state at
63584.57 cm−1 beyond the ionization potential.

The ions leave the gas cell through a 1-mm exit hole in
the supersonic jet made by the argon buffer gas. They are
caught by the pseudopotential of a radiofrequency sextupole
ion guide, accelerated to an energy of 40 keV and finally
separated according to their mass-to-charge ratio in a dipole
magnet.

2S1/2

4P ◦
1/2

244.164nm DCBA

7.726eV

4D3/2

441.6nm

F =

F =

F =
F =

oddCu
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2
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1/2

3/2

1/2
3/2

FIG. 1. (Color online) Laser ionization scheme of copper used
in this work. The right part shows the hyperfine splittings and
transitions. The thick dashed line is the ionization potential. The
labels A,B,C,D will be used to label the different transitions in Figs. 2
and 6.

The stable isotopes 63,65Cu are counted in a secondary
electron multiplier placed after the collector chamber of
the mass separator. The radioactive isotopes 57−59Cu are
implanted on a mylar tape and counted via their respective
β decay using three plastic detectors (efficiency 50% [24]).
The mylar tape is frequently moved to remove the longer-lived
activity and present a fresh sample for further measurement.
A feature of the dipole magnet is to allow the simultaneous
detection of multiple beams. During the online study of the
radioactive nuclei, a stable isotope ion beam is measured at
the same time to monitor the behavior of the ion source and to
minimize systematic effects; 63Cu was used as a reference for
57,58Cu while 65Cu was used for 59Cu.

The laser system has been thoroughly described in
Ref. [25]. It consists of two tuneable dye lasers pumped by
two XeCl excimer lasers. The maximum repetition rate is
200 Hz. The first-step dye laser is frequency doubled to reach
the UV transition at 244.164 nm. The energy reached per
pulse for this transition is 100 µJ; the energy reached per
pulse for the second step is 1 mJ. The laser spectroscopy
is performed by scanning the laser frequency of the first
step of the ionization process from the 2S1/2 state to the
4P ◦

1/2 state across a range of 35 GHz and by observing
the number of ions produced as a function of the applied
frequency. The linewidth of this laser is minimized by using
an etalon in the oscillator. A full width at half maximum of
� ≈ 1.6 GHz is reached for the second harmonic UV beam.
The laser frequency at each step is recorded with a Lamb-
dameter LM-007. Typical resonance spectra can be seen in
Fig. 2.

B. Systematic study of 63Cu

In order to assert the reliability of the in-gas-cell laser
spectroscopy technique, used for the first time at an online mass
separator, several effects have been systematically studied.
In this section, we report on our findings regarding the
effect of the gas cell pressure, the influence of the ionization
transition and the systematic fluctuations of the wavemeter.
It is concluded that no systematic uncertainties have to be
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FIG. 2. Typical examples of the single hyperfine spectra of
57,58,59,63,65Cu (bottom to top). Each point is sampled for 30 seconds.
57Cu and 63Cu are measured simultaneously; so are 58Cu and 63Cu
or 59Cu and 65Cu. The frequency axis is centered at the center of
gravity of 63Cu. A,B,C,D are labels for each hyperfine transition as
described in Fig. 1.

added by any of these effects. The fluctuations in the relative
intensities of each component is also discussed.

1. Pressure effects

A systematic study of the effects of the pressure on the
laser spectra has been performed. The gas cell pressure is
the main source of broadening of the line, as discussed
in Ref. [21]. A pressure broadening of 5.4 MHz mbar−1

has been measured, as well as an overal pressure shift
of −1.9 MHz mbar−1. The hyperfine structure of 63Cu was
measured at different pressures ranging from 60 to 250 mbar.
The extracted hyperfine parameter for the atomic ground
state is shown as a function of the pressure in Fig. 3. No
influence of the pressure can be seen on this parameter.
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FIG. 3. Effect of the pressure on the hyperfine parameter Ahs:gs

of the atomic ground state of 63Cu.

All the peaks are therefore shifted by a similar amount. A
similar effect is expected on the isotope shift between two
isotopes.

2. Influence of the ionization transition

Laser scanning of the ionization transition has been per-
formed from each hyperfine sub-level of the atomic excited
state by setting the first-transition laser to excite the valence
electron into either the F = 1 or the F = 2 level. The scans
of the ionizing transition are shown in Fig. 4.

The resonance spectrum to the autoionizing level is the
same for both hyperfine levels. Its width is above 150 GHz
and therefore covers the large splitting (20 GHz) of the excited
state completely in spite of the smaller laser bandwidth
(5 GHz). The position of the maximum is the same for
both cases within our accuracy and no systematic effect can
be attributed to the ionizing transition. Finally, hyperfine
spectra of 63Cu were acquired at different frequencies for
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FIG. 4. Spectroscopy of the ionization transition in 63Cu while
populating either the F = 1 (open circles) or the F = 2 (full circles)
hyperfine level of the intermediate excited state.
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FIG. 5. Evolution of the center of gravity of 63Cu in the course
of the experiment. The x axis represents the consequent order of the
different runs, spanning a time of 7 days.

the ionizing transition. No changes in the structure could be
observed.

3. Systematic fluctuations

The online experiment was performed over a period
of seven days. Many beam and environmental parameters
fluctuate on an hourly or daily basis, possibly affecting the
result. It was not possible to monitor all of those parameters
and only cumulative effects can be seen on the spectra.

First, the absolute laser frequency is measured for each
step. The analysis of the hyperfine spectra returns therefore
the absolute transition frequency. Figure 5 shows the evolution
of that absolute transition frequency for 63Cu in the course of
the experiment. Fluctuations of up to 1 GHz per day have
been observed. The fluctuations are, however, occuring over a
time scale much larger than the scan time and the reading is
considered accurate within a single scan. This drift is due to
thermal expansion of mechanical pieces in the laser laboratory
as the temperature of this room changes. Note, however, that
the hyperfine parameter is extracted from the difference in the
position of the different peaks, which is independent of the
absolute peak position. Similarly, the isotope shift between
any two isotopes is the difference in absolute frequency and
this systematic shift cancels out in the analysis.

Large fluctuations of the relative intensities of the hyperfine
peaks have also been observed, as shown in Fig. 6. As a
consequence, the relative intensities cannot be relied on for
the determination of nuclear spins. The relative intensity
of the different components in in-source laser ionization
spectroscopy has been described thoroughly in Ref. [26].
The lack of information on the ionizing transition used in
this experiment does not allow for the full calculation to
be performed. Moreover, fluctuations of the gas pressure
and of the chamber temperature can affect the population
distribution. Nevertheless, the peak labeled C in Fig. 2 is
systematically smaller than the other three and can therefore
be attributed to the F = 1 → 1 transition. Based on this, one
can still determine the sign of the hyperfine parameters and,
hence, that of the moments.

FIG. 6. Evolution of the relative intensity of the C (bottom),
D (middle), and A (top) transitions of the hyperfine spectrum of
63Cu with respect to the B transition in the course of the experiment.
The labels are given according to Fig. 1 The x axis represents
the consequent order of the different runs, spanning a time of
7 days.

III. ANALYSIS AND DISCUSSION

A. Odd-A isotopes

1. Data analysis

The laser spectroscopy is performed on a J = 1
2 → 1

2
atomic transition. With the chosen transition, for any nuclear
spin I > 1

2 , four transitions are expected. If I = 0, no hyper-
fine structure can be seen; if I = 1

2 , only three transitions can
occur as F = 0 → 0 is a forbidden transition. The appearance
of four peaks in the hyperfine spectra of 57,59,63,65Cu is a
confirmation that the spin of those odd-A isotopes is at least 3

2 .
For the rest of the work, the known spin I = 3

2 for 57,59,63,65Cu
is used.

As seen in Eq. (2), if either I = 1
2 or J = 1

2 , the scaling
factor in front of the hyperfine parameter B diverges and no
quadrupole moment can be measured. Thus, the study can
only give information on the magnetic dipole moment µ. The
position of each peak (νi) is then given by a linear combination
of the center of gravity of the transition, ν0, and the hyperfine
parameters of the atomic ground state, Ahf:gs, and the excited
state, Ahf:es:

νi = ν0 + Ahf:es

2
× Ki:es − Ahf:gs

2
× Ki:gs, (4)

where Ki = − 5
2 or Ki = 3

2 , depending on the hyperfine levels.
The position of the four peaks is therefore defined by three
parameters only.

In each run, two isotopes are always measured in parallel,
namely 57,63Cu or 59,65Cu. For each run, the line shape,
thoroughly described in Ref. [21], is determined from the
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TABLE I. Measured hyperfine parameters Ahf:exp for the atomic ground (gs) and excited (es) states (except for 58Cu), their ratio, and the
deduced moments µexp using 63Cu as the reference isotope. The literature values Ahf:lit:gs [13,27], µlit [11,12,28,29] and theoretical calculations
using GXPF1 [8,14] are given for comparison; the atomic excited hyperfine parameter has no prior measurement.

A I Ahf:exp:gs Ahf:lit:gs Ahf:exp:es Ahf:exp:es µexp µlit µGXPF1

(GHz) (GHz) (GHz) Ahf:exp:gs (µN ) (µN ) (µN )

57 3/2− 6.785(15) 2.834(16) 0.418(3) +2.582(7) 2.00(5) 2.489
58 1+ 1.891(52) 2.11(57) +0.479(13) +0.52(8) 0.600
59 3/2− 5.033(10) 4.87(9) 2.069(8) 0.411(2) +1.910(4) +1.891(9) 1.886
63 3/2− 5.858(10) 5.866908706(20) 2.432(8) 0.415(2) 2.2273602(13) 2.251
65 3/2− 6.288(17) 6.284389972(60) 2.588(15) 0.412(3) +2.387(7) 2.3818(3) 2.398

stable spectrum and applied to the radioactive isotope. The
typical line width is 3.5 GHz. As mentioned previously, the
relative intensities cannot be relied on and the amplitude of
each component is left unconstrained.

During the experiment, 106 independent measurements
have been performed on 63Cu, 68 on 57Cu, and 34 on 59,65Cu.
The extracted hyperfine parameters Ahf:gs and Ahf:es for the
atomic ground and excited states, respectively, are shown
in Fig. 7. As discussed in the study of 63Cu, the hyperfine
parameters do not suffer from any drift and accurate averages
can be extracted. The averages are given in Ref. [15] and in
Table I.

The correlation between the hyperfine parameters of each
atomic level for a given isotope is also investigated. This
investigation is shown in Fig. 8. The two hyperfine param-
eters for each isotope are distributed in a circular scatter
and are not correlated in the data analysis. They therefore
offer two independent measurements of the magnetic dipole
moment. The ratio of the two parameters, represented by
the line accross Fig. 8 and given in Table I, are constant
from one isotope to the next, as expected in the absence
of hyperfine anomaly. Indeed, this effect is expected to be
too small to be observed with the limited resolution of
the in-source technique [30]. The average of the ratio is
0.414(2).
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FIG. 7. (Color online) Systematic extracted hyperfine parameters
Ahf of 57,58,59,63,65Cu for the atomic ground state (Ahf:gs) and of
57,59,63,65Cu for the atomic excited state (Ahf:es). In the case of
59,65Cu, data using both reactions are presented, identified by the
primary beam used, proton (p), or 3He (He), respectively. The x axis
represents the succession of experimental runs. The solid lines are
the averages through the points.

2. Magnetic dipole moments

Based on Eq. (3), the magnetic dipole moments are
extracted for each atomic level separately, relative to 63Cu,
according to the following

µ = µ63 × Ahf

Ahf:63
× I

I63
. (5)

The calculated moments are then averaged within each isotope
for the two atomic levels. The results, using a spin I = 3

2 for
each isotope, are given in Table I. A spin assignment I = 5

2
for 57,59Cu has also been investigated and yielded unphysical
moments, larger than the Schmidt limit. This further confirms
the spin assignment I = 3

2 .
The implication of the measurement of those dipole

moments has been discussed in Ref. [15]. The measured dipole
moments for 59,65Cu are in good agreement with the previous
measurements while that of 57Cu[µ = +2.582(7)µN ] is in dis-
agreement with that presented in Ref. [12] [µ = 2.00(5)µN ].
Since our measurement has been repeated many times and
since the systematic effects have been thoroughly investigated,
the result in Ref. [12] is strongly questioned. Finally, the
magnetic moments of the neutron-deficient copper isotopes
are very well reproduced by the shell-model calculation using
the FPD6 interaction [31] or the GXPF1 interaction [8,14].
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FIG. 8. (Color online) Distribution of the atomic excited state
hyperfine parameter Ahf:es as a function of that of the atomic ground
state Ahf:gs for 57,59,63,65Cu. The dotted line is the average of the ratio
over the four isotopes.
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B. Odd-odd isotope 58Cu

1. Data analysis

Six measurements of the hyperfine structure of 58Cu have
been performed. Due to its small magnetic dipole moment,
the hyperfine structure of 58Cu is collapsed. A structure
can, however, be seen, confirming that the spin is not 0.
A spin I = 1 is used. The four peaks cannot be resolved,
unlike in the case of the odd-A isotopes (see Fig. 2). Further
constraints are therefore required in order to fit the hyperfine
spectrum properly, for example, using a similar approach to
that described in Ref. [13].

In order to reduce the number of free parameters, the ratio
of the two hyperfine parameters is used:

Ahf:es = 0.414 × Ahf:gs. (6)

As a result, only one parameter can be extracted from the
analysis of the hyperfine spectrum and the precision on the
determination of the magnetic dipole moment is less than in
the odd-A case. The difference with the work from Ref. [13]
is that the calculated relative intensities cannot be relied on, as
discussed before on 63Cu. The only limit is that no peak can
disappear totally from the hyperfine spectrum.

The spectra are then fitted similarly to those of 57Cu, using
four Voigt profiles with the line-shape parameters from 63Cu,
for which the position is determined by combining Eqs. (4) and
(6). The systematic extracted values are shown in Fig. 7. The
average is given in Table I. In spite of the limited resolution,
the hyperfine parameter of the atomic ground state is found to
be Ahf:gs = +1.891(52) GHz, in agreement with the hot cavity
result 2.11(57) GHz but with 10 times higher precision.

2. Magnetic dipole moment

Similarly to the odd-A copper isotopes, the magnetic dipole
moment of 58Cu can be extracted based on that of 63Cu.
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FIG. 9. (Color online) Systematic g factors of the 1+, 2+ state in
odd-odd neutron-deficient copper isotopes. The colored dashed lines
show the empirical g factors based on the additivity rule using the
neighboring nickel (or zinc) and copper isotopes [29].

TABLE II. Isotope shift in GHz of the copper isotopes using
the 3d104s 2S1/2 to 3d94s4p 4P ◦

1/2 transition at 224.164 nm.

57−63Cu 58−63Cu 59−65Cu 63−65Cu

3.449(20) 3.137(180) 3.206(17) 0.977(21)

Using I = 1 for 58Cu, a magnetic dipole moment µ(58Cu) =
+0.479(13)µN is found. It is in reasonable agreement with the
shell-model calculation using the GXPF1 interaction 0.60µN

[8,13] and with the Schmidt value +0.627µN . The latter can be
understood as the large discrepancy between the Schmidt value
for the single proton [µS(πp3/2) = +3.79µN , µ(57Cu) =
+2.582(7)µN ] and for the single neutron [µS(νp3/2) =
−1.913µN , µ(57Ni) = −0.7975(14)µN [32]] cancel out.

The empirical moment can be calculated from the additivity
of the g factors of 57Ni (gNi) and 57Cu (gCu) as [33]

µ(58Cu) = I58 ×
[
gCu + gNi

2
+ gCu − gNi

2

× ICu(ICu + 1) − INi(INi + 1)

I58(I58 + 1)

]
. (7)

This equation can be greatly simplified since ICu = INi =
I57 = 3

2 . It becomes

µ(58Cu) = I58

I57
× µ(57Cu) + µ(57Ni)

2
, (8)

where µ(57Cu) = +2.582(7)µN and µ(57Ni) =
−0.7975(14)µn [32]. It gives a value of +0.595(2)µN ,
also in reasonable agreement with our result.

Moreover, if one looks at the systematic of the g factors of
the 1+ and 2+ states in the even-A copper isotopic chain,
it can be seen that the additivity rule gives a qualitative
indication of the purity of the proton-neutron configuration.
Figure 9 compares the experimental g factors of the 1+ and 2+
neutron-deficient odd-odd copper isotopes to the empirical
values. From this comparison, one can conclude that the
πp3/2 ⊗ νp3/2 configuration dominates in the ground state
of 58,60Cu while it is the πp3/2 ⊗ νf5/2 configuration that
dominates in the ground state of 62,64Cu.
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FIG. 10. (Color online) Systematic extracted isotope shift for the
couples 57−63Cu, 58−63Cu, 59−65Cu, and 63−65Cu. The x axis represents
the succession of experimental runs. The solid lines are the averages
through the points.
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FIG. 11. Evolution of the isotope shift of copper in this work
using the 3d104s 2S1/2 to 3d94s4p 4P ◦

1/2 transition at 224.164 nm
from A = 57 to A = 65.

C. Isotope shifts

Since two isotopes are always measured in parallel,
the isotope shift can be extracted in each run free from the
systematic drift discussed in the analysis of 63Cu. The isotope
shift is taken as the difference between the center of gravity
of each hyperfine structure, extracted as described above. In
that way, the isotope shift in the couples 57−63Cu, 58−63Cu, and
59−65Cu are extracted. In the case of 63−65Cu, an extrapolation
of the drift of the center of gravity in 63Cu is necessary. The drift
is assumed to be linear in time in the course of the measurement
of 65Cu. Similarly to the hyperfine parameters, the isotope
shift extracted for each run are shown in Fig. 10. The average
values are given in Table II and shown in Fig. 11.
The isotope shifts between the four heaviest isotopes
58,59,63,65Cu have been measured previously using a different
transition (3d104s 2S1/2 to 3d104p 2P1/2 at 327.4 nm [13,34]),
allowing a comparison of the two transitions following
the method of King [35]. The King plot is, however, not
conclusive, due to the large contribution from the mass shift
in the mass region of interest and the limited resolution of the
in-source spectroscopy work, both here and in the work from
Ref. [13]. No changes in the mean-square charge radius of
copper can therefore be extracted.

IV. CONCLUSION

In-gas-cell resonant ionization laser spectroscopy has been
performed for the first time at an online mass separator

facility. The hyperfine structure of 57,58,59,63,65Cu has been
measured using for the first time the 2S1/2 to 4P ◦

1/2 transition
at 224.164 nm. A systematic study of this transition on 63Cu
has shown that all systematic effects that can be attributed to
the experimental setup cancel out in the data analysis. The
magnetic dipole hyperfine parameter of the 3d94s4p 4P ◦

1/2

state has been measured for the first time in 57,59,63,65Cu
and its ratio to the ground-state magnetic dipole hyperfine
parameter is 0.414(2). This is also the first laser spectroscopy
measurement of the semimagic N = 28 isotope 57Cu.

The magnetic dipole moments of 57,58,59,65Cu are extracted
based on that of 63Cu. A new value of +2.582(7)µN is found
for 57Cu, in large disagreement with the previous literature
value but in reasonable agreement with the shell-model
calculations. A new value of +0.479(13)µN is presented for
58Cu, in agreement with the previous literature value but
more precise. The latter magnetic moment is consistent with
a dominant πp3/2 ⊗ νp3/2 configuration, as expected in the
vicinity of the closed-core nucleus 56Ni. Although no direct
confirmation of the spin assignment is possible with the studied
transition, the nuclear spin of the different isotopes is strongly
supported by this work, as any other spin assignment yields
unphysical magnetic moments. Spins 0 for 58Cu and 1

2 for
57,59Cu are firmly ruled out.

The isotope shifts between all five isotopes have been
extracted. This mass region is however dominated by the
mass shift and the resolution is insufficient to extract accurate
information on the changes in the mean-square charge radii.
Higher-precision in-source techniques, like the Laser Ion
Source Trap (LIST) [36] coupled to a gas cell [21] or the
use of two-photon excitation or saturation spectroscopy [37]
in a hot cavity, would yield the required accuracy for that type
of study while maintaining the high sensitivity.
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