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The neutron-deficient cadmium isotopes have been measured by high-resolution laser spectroscopy at CERN-
ISOLDE. The electromagnetic moments of '°/Cd have been determined for the first time and the quadrupole-
moment precision of '©Cd has been vastly improved. The results on the sequence of 5/2% ground states in
101-199¢ are tentatively discussed in the context of simple structure in complex nuclei as similarities are found
with the 11/27 states in the neutron-rich cases. Comparison with shell-model calculations reveals a prominent

role of the two holes in the Z = 50 core.
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The isotopic chain of cadmium has emerged in recent
years as a pivotal case for nuclear-structure studies in
the intermediate-mass region, perhaps outweighing tin itself
whose closed proton shell is certainly one of the major
landmarks in the nuclear landscape. Shell quenching [1],
stellar nucleosynthesis [2], and isomerism [3] are some of
the topics addressed most recently. With respect to charge
radii and electromagnetic moments, simple mass-dependent
trends have been observed in the heavier isotopes [4,5] which
are yet to be discussed in the tin counterparts. In this text
we are exploring the sequence of neutron-deficient isotopes
from '%Cd down to '°'Cd whose ground states are expected
to involve the ds;, shell embedded in the neighboring g7,2,
s1/2, and d3,, orbits, and as such would be unlikely to adopt
a simple configuration when compared to the unique-parity
hi1/2 states in the neutron-rich cases. A simplified view on the
matter is outlined in the beginning and ultimately examined
against large-scale shell-model calculations.

The measurements were carried out with the instrumenta-
tion for collinear laser spectroscopy (COLLAPS) at ISOLDE-
CERN [6]. The radionuclides of interest were produced by
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high-energy protons impinging on a molten tin target and
ionized using a plasma source. This production arrangement
is very efficient [7] for the longer-lived cadmium isotopes dis-
cussed here. After 30-kV acceleration and mass selection the
ion beams were accumulated in a radio-frequency Paul trap [8]
and subsequently released every 100 ms with a temporal width
of about 5 is. The cadmium ions were excited in the transition:
S5s 2S1/2 — 5p 2P3/2 at214.5 nm. The corresponding cw laser
beam was produced by sequential second-harmonic generation
from the output of a titanium-sapphire laser. Chronologically,
this was the first instance of frequency quadrupling being
utilized for collinear laser spectroscopy. Atomic excitations
were detected by the ion-beam fluorescence as a function of
the Doppler-shifted laser frequency [6]. The timing structure
of the ion beam mentioned above facilitated a background
suppression with a factor of the order of 10*.

Example spectra of the studied isotopes are fitted and
presented in Fig. 1. The fit functions utilize free intensities
and the empirical line shape from Ref. [9]. Only in '*’Cd the
relative amplitudes of the fourth and the fifth resonance from
the left have been fixed to each other due to a near coincidence
of the F =3 and F = 4 levels in the 2 P; 2 multiplet. The
hyperfine parameters and electromagnetic moments from this
work are presented in Table I and compared to literature
values. We have previously published the results on '©’Cd
and '%Cd since they played a role in the evaluation of the
hyperfine anomaly of the 3/2% states in the heavier isotopes
[5]. However, their physics case is being addressed in this text.

Previous laser spectroscopy measurements [10] have been
Doppler limited. The high-resolution data presented here
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FIG. 1. Example spectra of '*'~19Cd. The hfs level ordering is
identical for all cases, as indicated for '®Cd. The frequency scale is
relative to the fine-structure splitting.

enable an assessment of the nuclear spin. In all cases the spins
are clearly higher than 1/2, otherwise there would have been
only three observable transitions instead of six. The relative
position of resonances in the spectra of '%°Cd, '7Cd, and

109Cd are impossible to describe with any spin other than 5/2
under the condition of a fixed ratio between the 2, 2 and Zp; 2
magnetic hyperfine parameters. This result is consistent with
the assignments from optical double resonance [11,12], and
is further supported by NMR [13]. In both '°!Cd and '®Cd,
x? analysis under different spin assumptions using the Racah
intensities [14] shows a strong minimum at spin 5/2. Spin 3/2
can be ruled out even without evoking the condition of fixed
intensities.

The following equations have been used to determine
electromagnetic moments from the measured hyperfine param-
eters:

A— = const, (1)

1
u
B
— = const. 2)

The constants above denote the average magnetic field per
unit angular momentum and the average electric field gradient
induced at the origin by the atomic electrons. For alkali-like
multiplets their values are positive, resulting in an identical sign
of a given hyperfine parameter and its corresponding nuclear
moment. The magnetic moments have been determined from
the 25, /2 parameters relative to 109Cd whose magnetic moment
[15] is known precisely from NMR frequency ratios [13] and
corrected for diamagnetism. All values are negative. Hyperfine
anomalies are not deduced because these are extremely small
between isotopes of the same spin and similar magnetic
moments. The quadrupole moments have been calculated with
the electric field gradient 666 (27) MHz/b adopted for the
neutron-rich cases [5]. The reduction in absolute value of the
quadrupole moments with respect to former measurements
[12,16] has been discussed in our previous work [5], and more
recently addressed in a multidisciplinary theoretical study [17].

The apparent behavior of the 5/2% electromagnetic mo-
ments in '°"71%7Cd, as shown in Fig. 2, bears a striking
resemblance to the linear trends associated with the 11/27
states in "1'"12°Cd [5], as well as other established examples
[18-20] involving a unique-parity orbital, either go/2, /1112, Or
i13/2. In the basic case of a j" configuration the quadrupole
moment follows a simple mass dependence [21,22]:

n 27 +1-=2 n
("1™ = %UIQIN 3)
j—1

TABLE 1. Spins, hyperfine parameters, and electromagnetic moments from this work compared with literature values [10-13,15,16].
Statistical uncertainties are shown in parentheses. A second set of parentheses denotes the uncertainty associated with the accuracy of the
electric field gradient. The previously published values of '“?Cd and '®Cd [5] are given here for completeness.

Z+ N 1 A (MHZ) A (MHZ) B (MHZ) M/MN /J/litera(ure/MN Q (mb) Qliterature (mb)
101 5/2 —4395.9 (8) —120.6 (3) —118 (2) —0.8983 (2) —-177(2) (7)
103 5/2 —4158.6 (7) —1143 (2) —4(2) —0.8498 (2) —0.81 (3) -7@3) O —790 (660)
105 5/2  —3617.6(6) —99.7 (2) 251 (1) —0.7393(2)  —0.7393 (2) 377 (2) (15) 430 (40)
107 5/2 —3009.8 (7) —82.3(3) 401 (2) —0.6151 (2) —0.6150554 (11) 601 (3) (24) 680 (70)
109 5/2 —4051.0 (7) —111.4 (2) 403 (1) —0.8278461 (15)* 604 (1) (25) 690 (70)
SS 2S|/2 5p2P3/2

aMagnetic moment of '®Cd [13,15] used for calibration.
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FIG. 2. Ground-state electromagnetic moments of 1°'~1°Cd from
this work. All uncertainties are smaller than the dots. The dashed lines
are defined by the values at '*Cd and '’Cd.

The corresponding magnetic moments are expected to remain
constant or to exhibit a weak linear deviation induced by core
polarization [23,24]. In 101194 on the other hand, the odd
neutron is not restricted by the parity to a particular orbital.
Similar arrangement is at work in the calcium isotopes [25,26]
as well as in the N = 125, 126 isotones [27], both showing
consistency with Eq. (3). Therefore, the evidence for apparent
linearity in Fig. 2 is worth investigating. As in our previous
work [5] the following substitution can be made:

n=1+4 p(A— Ap). “)

The parameters p and Ay can be easily calculated from the
data. First, it would appear that the neutron occupation of ds 5 is
already at its maximum in '’Cd since the quadrupole moment
of '%°Cd is identical. Thus, one can formally write n(107) = 5.
Second, the quadrupole moment of '°*Cd from our experiment
is practically zero, which according to Eq. (3) occurs for n =
(2j + 1)/2, therefore n(103) = 3. Consequently, one arrives
at

A—-99

n=1+ (5)

Having determined Ay = 99 simply means that there is only
one ds;; neutron in 9Cd. And indeed, without particle-hole
excitations across N = 50 there can be no more. The proba-
bility p = 1/2 for ds;, occupation corresponds to the number
of neutron pairs that can be added to the ds, shell in addition to
an odd neutron, divided by the number of pairs filled between
?Cd and 97Cd. In this interpretation *’Cd would have a
quadrupole moment with the opposite sign and identical in
magnitude to the 601 mb of 1°’Cd. In comparison, the size of
the single-particle quadrupole moment —(r?)(2j — 1)/(2j +
2) = —200mb is exactly three times smaller. Here, under
the assumption of a uniformly charged spherical nucleus, the
mean-square orbital radius is approximated by 5/3 of the
mean-square charge radius of '''Cd [28]. The above factor of
3 would indicate that in the proposed simplified picture about
2/3 of the 5/2% quadrupole moments are generated through
core polarization. This figure, while similar to the one of the
11/27 states inferred from our previous work [5], is somewhat
larger in comparison to a dedicated relativistic mean-field
study [29].

A more realistic view on the underlined nuclear structure
is obtained by large-scale shell-model calculations carried
out with the SR88EMHIM Hamiltonian [20,31] using the M-
scheme code for massive parallel computation KSHELL [32].
The model space incorporates the orbitals up to the Z = 50
and N = 82 shell closures outside a hypothetical 3¥Sr core.
Effective spin gyromagnetic ratios at 70% of the free nucleon
values and effective charges e, = ¢ and e, = 1.7¢ were used.
The results for the lowest 5/27 states are compared in Fig. 3 to
our measurements and the 5/2% isomer in '''Cd [17,30]. For
both observables the agreement is fairly good. In the following
we offer a simplified analysis of the theoretical output in order
to discuss the main features in Fig. 3, and also to assess the
relevance of the basic description inferred in the beginning.

One may first consider Fig. 4(a) showing the probability
for occurrence of an odd neutron in either and only one of the
neutron positive-parity orbitals. For clarity we have presented
the occupation of ds, against the combined contribution from
81,2, d32, and sy 2, rather than showing all individually. The
latter three would each produce a sizable positive magnetic
moment when coupled with a 2% proton state. This statement
is also valid for dsj,, albeit the value is somewhat smaller
and strongly dependent on the choice of effective operators.
Therefore, the upward trend in the magnetic moments from
?Cd to '97Cd should be understood as a depletion of the
single-particle contribution from ds  in favor of configurations
of the type [( g9/2 )212 ® vlj+]s/2+. Conversely, the drop at the
19Cd moment is produced by the opposite effect where the
odd-neutron occupation of ds;; is suddenly increased. This
occurs almost exclusively at the expense of the g7, orbital. The
emerging picture is different from the one proposed by Byron
and co-workers [11] who, on the basis of the configuration-
mixing approach of Noya, Arima, and Horie [33], suggested
an interplay with the neutron g9, spin partner. The latter
is not present in the SRESMHIJM configuration space, and
yet the effect is largely reproduced. The value at '*Cd is
overestimated in part due to stronger contributions from s>
and ds, relative to g72, as the proton-neutron configurations
of the former two generate larger magnetic moments. This
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FIG. 3. Electromagnetic moments from theory (opened bars and
circles linked by dashed lines) compared to this work and '''Cd
[17,30] (filled dots). The experimental uncertainties are smaller than
the dots.

local occurrence contributes to an apparent staggering of the
magnetic moments in Fig. 3. Additional calculations with the
same interaction using the J-scheme code NuShellX@MSU
[34] could be propagated up to '%Cd in order to quantify the
amount of (ﬂgg/z);rz configurations. As shown in Fig. 4(a)
the corresponding values rapidly increase toward the middle
of the shell, much faster than the summed contribution from
the g7/2, d32, and 51> orbitals. Simultaneously multiparticle
configurations of three or a higher number of unpaired nucleons
also become abundant, as represented by the shaded area in
the figure. An onset of (77 g9/» )Zf configurations is also present
toward the middle of the shell, rising to about 4% in '%Cd.
The negative-parity orbitals p;,, and hy, are not depicted as
their role is limited.

The trend of theoretical quadrupole moments in Fig. 3
appears to deviate from linearity, with the value at '%Cd
seemingly being an inflection point. However, there is no
prominent feature at this mass in either of the plots in Fig. 4.
On the contrary, the occurrence of an odd ds;,, neutron in
Fig. 4(a) and the total ds/, population in Fig. 4(b) both change
regularly between *°Cd and '°’Cd. Hence, the role of 2* proton
configurations requires further investigation. Accordingly, the
quadrupole moment is decomposed into a proton- and a
neutron-generated part, as shown explicitly in Fig. 3. It is
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FIG. 4. (a) Odd-neutron occupation of one and only one of the
respective orbitals (see text for details). (b) Total population of the
respective orbitals in percent. The evolution of the proton gy, shell
is also depicted.

evident that in all cases the proton constituent amounts to about
1/3 of the total moment, a figure twice smaller than anticipated
from the simplistic interpretation above. In the beginning of
the shell the quadrupole moment obtains a negative value,
followed by a regular increase in accordance with Eq. (3) as
a function of the ds;, population. The features on top of this
trend should be understood as an interplay between configura-
tions of the type [(7 g9/2 )212 ® v(l;)% 15,2+ The corresponding
contributions involving s1,, and dg/z neutrons are negative.
These cause a prediction at *Cd below the single-particle
value discussed earlier. In the heavier isotopes the quadrupole
moment rapidly increases with the filling of the g7, and
ds/, orbitals whose contribution is positive. Toward the end
of the studied range the moments appear to incline toward
a constant value. This should be attributed in part to a ds;,
saturation, and in part to approaching a limit in the amount
of non-zero-spin proton couplings which would also change
composition to include 47 and possibly higher-spin values.
On the whole, the observed trend is governed by the ds;»
occupation being delayed due to the simultaneous g7, filling. It
is not symmetric to midshell ds > norto Q = 0, as anincreasing
proton go,, contribution is superimposed. For the sake of
completeness, we note that the lowest 5/27 states calculated
in '7Cd and '%°Cd appear at small excitation energies above
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a 1/2% ground state, respectively, at 59 and 234 keV. In
Cd the level ordering of the two states is reproduced
correctly.

In summary, we have provided accurate ground-state elec-
tromagnetic moments for '°'-1%°Cd. The data are initially
discussed in the context of simple structure in complex nuclei
[26,35-37]. Large-scale shell-model calculations using the
SR88MHIM Hamiltonian firmly establish the significance of
the proton g9/, contribution to both electromagnetic moments
and the importance of the joined filling, in particular of the
close-lying ds;» and g7/, orbitals, for the observed nuclear
structure. With regard to the quadrupole moment of *°Cd,
—600 mb have been inferred from a simplistic interpretation.
The shell-model calculations, on the other hand, support a
much weaker value of about —240 mb. A measurement by

collinear laser spectroscopy is certainly achievable, and being
a closed-shell-plus-one-neutron case of key importance, *°Cd
will most certainly receive further attention in the future.
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