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Abstract: We propose to perform laser-spectroscopic studies on cadmium (Cd)
isotopes to access unexplored Cd nuclides at and beyond the N = 50 and N = 82
neutron shell closures. The necessary improvement in experimental sensitivity is

achieved by using MIRACLS, where ions are stored in a Multi-Reflection Time-of-Flight
(MR-ToF) device while being repeatedly probed by the spectroscopy laser. In addition
to spin assignments and electromagnetic moments in 99,131Cd, the measurements will

reveal the nuclear charge radii of 98,99,131,132Cd. Fayans-based nuclear density functional
theory has successfully predicted charge radii along several isotopic chains ranging from
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calcium all the way to tin, thus, approaching a global description of this observable.
Hence, Cd charge radii across N = 82 and of 98Cd (100Sn minus 2 protons) represent
formidable benchmarks for these latest advances in nuclear theory. This proposal

completes the MIRACLS project before its MR-ToF device is reconfigured for beam
purification at PUMA.

Requested shifts: 24 shifts of radioactive and 6 shifts of stable beam (split into 2 runs)
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1 Physics motivation

Nuclear charge radii are sensitive probes for a wide range of nuclear physics phenom-
ena such as shell evolution, pairing, or deformation and shape coexistence. Hence, their
accurate description all across the Segrè chart within one global theoretical framework
constitutes an ambitious long-term goal of nuclear theory. A promising approach is nu-
clear density functional theory (DFT) [1], which has shown success across a wide range
of nuclei. In recent years, the Fayans functional Fy(∆r) has emerged as particularly ef-
fective, resolving long-standing issues such as the odd-even staggering observed in charge
radii of calcium (Ca) isotopes. This staggering, especially between the doubly magic 40Ca
and 48Ca, constituted a demanding test for nuclear models. An even more evolved version
of the functional, Fy(∆r,HFB), extends its applicability to more exotic isotopes like 52Ca,
accurately reproducing even their unexpectedly large charge radii [2, 3].

In recent years, the Fayans functionals have also been successfully applied to other ele-
ments, from Ca to tin (Sn) isotopes, including Fe [4], Ni [5], Cu [6], Ge [7], Cd [8], In [9],
and Sn [10], covering proton numbers Z = 20 to Z = 50 and mass numbers A = 36 to
A = 134. In [11], a Fayans functional also reproduces fermium charge radii (Z = 100)
fairly well. The Fayans functionals have thus proven their versatility across this wide
range of masses and predict well the odd-even staggering in charge radii as well as their
characteristic kinks at shell closures.
In contrast, the Skyrme functional SV-min fails to reproduce these features, for example,
neither showing odd-even staggering in Cd isotopes, see Fig. 1(a), nor a kink at N =
82 in Sn [10], see Fig. 1(b). Notably, Fy(∆r,HFB) accurately reproduces the odd-even
staggering visible in the experimental Cd charge radii as well as the kink at the N = 82
shell closure in Sn. Moreover, it predicts a similar kink at N = 82 for Cd isotopes, though
this has yet to be confirmed due to a lack of data for neutron-rich Cd isotopes beyond
N = 82. New measurements of 131,132Cd will thus be rewarding for further testing the
predictive power of the Fayans functional.

values available in Ref. [27]. The weighted averages from
the two transitions are listed in Table I. Uncertainties were
taken as the minimum from the two transitions but not
further reduced. In 134Sn, the error has been increased by
20% to incorporate a small difference in the resulting
charge radii.
The evolution of the nuclear charge radii of the even tin

isotopes is shown in Fig. 2, based on the reference value of
hr2i1=2μe ¼ Rμ

kα=V2 ¼ 4.675ð1Þ fm of 124Sn [27]. Below
132Sn, the trend is almost linear, with a small curvature.
A clear kink is seen atN ¼ 82 that is indicative of a neutron
shell closure and compared with the kink at 208Pb shown in
the inset.
Theoretical analysis.—To understand the experimental

findings, we employed nuclear DFT [50] at a spherical
Hartree-Fock-Bogoliubov (HFB) level as in Ref. [42].
Calculations were carried out using two different energy
functionals. The parametrization SV-min [51] is based on
the widely used Skyrme functional [50], while the func-
tional FyðΔr;HFBÞ recently developed in Ref. [42] is the
Fayans functional involving gradient terms in surface and
pairing energies [20,52]. Both parametrizations, SV-min
and FyðΔr;HFBÞ, were fitted to the same large set of
ground-state data achieving the same high quality in
reproducing them. As discussed in Refs. [19,20,40], the
density-dependent Fayans pairing functional involving the
gradient term explains the odd-even staggering effect in
charge radii by producing a direct coupling between the
proton density and the neutron pair density. The blocking
effect [53,54] in an odd-N nucleus yields a reduced neutron
pairing density, which in turn impacts the proton density
and, hence, the charge radius. This argument does not apply

to open-shell systems, in which deformation effects on odd-
N nuclei can be dramatic, as is observed, e.g., in the
mercury chain [55–57].
To facilitate the discussion, we introduce the three-

point indicator of an observable O: Δð3Þ
kn OðZ;NÞ≡

1
2 ½OðZ;N þ kÞ − 2OðZ;NÞ þOðZ;N − kÞ&, where the
odd-even staggering in O corresponds to k ¼ 1 while
the curvature (or kink) parameter is given by k ¼ 2. In
the case of charge radii (O ¼ r), the staggeringΔð3Þ

1n rðZ;NÞ
is usually negative for even-N semimagic systems; i.e., the
charge radii of odd-N proton-magic nuclei are usually
smaller than the average of their even-N neighbors. Since
in the Fayans model the magnitude of Δð3Þ

1n r is explained by
the reduced neutron pairing in odd-N nuclei, this suggests a
simple explanation of the kink in charge radii at magic
numbers. Indeed, for the magic neutron number N, the
neutron pairing is absent, while it is significant for theN ' 2

neighbors, resulting in a distinct kink Δð3Þ
2n rðZ;NÞ > 0.

The results of SV-min and FyðΔr;HFBÞ for the charge
radii along the tin isotopic chain are shown in Fig. 2; there
is a significant difference between the two models. Namely,
SV-min produces a flat trend (Δð3Þ

2n r ¼ 0.0014 fm), while
FyðΔr;HFBÞ predicts a kink of 0.0119 fm for 132Sn in
accordance with the experiment (0.0078 fm) and earlier
Fayans-model predictions [20,22]. This is similar for the
parabolic behavior of the radii below the N ¼ 82 shell
closure, which is visible in the experimental data, almost
absent in SV-min, and overexpressed in FyðΔr;HFBÞ.
Figure 2 compares experimental data for the kinks in

132Sn and 208Pb (inset) with our SV-min and FyðΔr;HFBÞ
predictions. It is seen that also in this case SV-min
(Δð3Þ

2n r ¼ 0.0021 fm2) significantly underestimates the kink
(experiment, 0.0043 fm2) while FyðΔr;HFBÞ slightly
overestimates it (0.0075 fm2). This result is consistent
with our working hypothesis about the nature of the kink
and the systematic analysis of Ref. [40]: Δð3Þ

1n rðZ;NÞ is
primarily driven by the gradient term in the Fayans pairing
functional.
As mentioned above, several mechanisms responsible

for the kink in charge radii have been proposed. A
comprehensive analysis requires the control of all ingre-
dients to a nuclear model simultaneously, which can be
achieved in a systematic fashion by statistical linear least-
square regression analysis [58]. Specifically, we look at the
statistical correlations between the kinks in radii and model
parameters as well as between the kinks and selected
observables. However, in view of 13–14 model parameters,
it is more efficient to look at multiple correlation coef-
ficients (MCCs) of a kink with groups of model parameters
[59]. Here, we closely follow the methodology laid out in
Ref. [60]. The MCCs range from 0 to 1, where 0 implies
that the kink is uncorrelated with the group of parameters or
observables and the value of 1 means total correlation.
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FIG. 2. Evolution of the nuclear charge radii along the tin
isotopic chain from the experiment (circles) and from DFT
calculations using the SV-min (triangles) and FyðΔr;HFBÞ (dots)
functionals. The experimental and predicted charge radii at the
kink at 208Pb are shown in the inset. Experimental data for
204−212Pb are taken from Ref. [27].
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constant Kion ¼ 1860ð1920Þ GHz amu is large and is
strongly correlated with the slope of the line, for which
Fion ¼ −6260ð1860Þ MHz=fm2 is obtained in excellent
agreement with the result of a semiempirical approach of
Fse;ion ¼ −6124ð772Þ MHz=fm2 presented in [39]. Simple
Gaussian error propagation leads to the confidence band
shown as a dashed red curve, producing large uncertainties
for the extracted size parameters. However, the modified
isotope shifts of the unstable isotopes cluster around those
of the stable isotopes, where the line is much better
determined than represented by the uncertainty interval.
This is particularly true for the neutron deficient ones as
indicated in the figure. One option to improve the
procedure is to propagate the errors including the full
covariance matrix. Alternatively, the simple linear trans-
formation x → ðx − αÞ shifts the y axis into the center of
the distribution and therefore reduces the correlation
between the two degrees of freedom to almost zero for
α ¼ 1026 fm2 amu. This leads to a modified y-axis inter-
cept of K1026 ¼ −4561ð115Þ GHz amu and the 1 − σ con-
fidence band shown in blue in Fig. 1.
By transforming Eq. (1) accordingly, solving for λ and

applying K1026 and F, we obtain the nuclear size parameter
for all isotopes according to

λA;A
0 ¼ ðδνA;A0 − Kα μÞ=F þ α=μ: ð3Þ

The isotope shift determined in the Cd I transition is
projected onto the Cd II transition by performing a King
plot between the isotope shifts of both transitions. The

projected isotope shift is then used to calculate λ of those
isotopes for which Cd II data are unavailable. The excellent
agreement between the results from both transitions for all
other isotopes confirms the compatibility of the data.
Combined results are listed in Table I, where the systematic
uncertainty of the rms charge radii is based on the
uncertainty of F. A −2.7% contribution of the higher
moments to λ was adopted for all isotopes.
Charge radii were calculated from λ114;A based on the

reference radius of Rð114CdÞ ¼ 4.612ð1Þ fm [5] and are
compared with predictions from nuclear DFT in Fig. 2.
From the nonrelativistic models, we consider the Skyrme
functional SV-min [40] and the Fayans functional FyðΔrÞ
[25]. The latter is in most respects very similar to Skyrme
but has two crucial extensions: a gradient term within the
surface term and a gradient term in the pairing functional.
Besides the Skyrme functional, we have also checked two
parametrizations with other functional forms, the Fayans
functional Fy(std) [25] and a density-dependent relativistic
model RMF-DD [41], both fitted to the same set of data as
SV-min. Both yield practically the same result as SV-min
and are thus not shown explicitly in Fig. 2. Additionally, we
consider one example for a relativistic mean-field model
(RMF, FSU-Garnet) and take here the most recent BNN fit
to charge radii residuals which took care to achieve a good
global fit of nuclear radii [27]. All DFT models, except
FyðΔrÞ, fail to reproduce the isotopic trend as a whole and
the odd-even staggering in detail. The reason is that neither
the standard Skyrme model nor the RMF has a sufficiently

FIG. 1. King plot of the Cd II data showing the results
for the stable isotopes with uncertainties based on the charge
radii from muonic atoms, the regression line, and the confidence
intervals based on the (standard) regression (dashed, red) and the
one that removes the correlation between the intercept and the
slope by shifting the x axis by 1026 fm2 amu (solid, blue). Stars
(magenta) indicate the positions of the unstable isotopes in the
King plot (A > 114 with λmod < 800 fm2 amu, A < 114 with
λmod > 1000 fm2 amu).

FIG. 2. Experimental nuclear charge radii along the Cd isotopic
chain compared with theoretical predictions from different
nuclear DFT models: SV-min from the Skyrme functionals
[40], FyðΔrÞ from the Fayans functionals [25], and the relativistic
functional FSU-Garnet that was optimized on a global set of rms
charge radii data taken from [42] (including Cd) employing a
Bayesian neural network (BNN) approach [27]. The gray band
represents the systematic uncertainty of the experimental results
due to the uncertainty of the field-shift constant F. The inset
shows the corresponding one-neutron separation energies from
experiment [36] and nonrelativistic DFT.

PHYSICAL REVIEW LETTERS 121, 102501 (2018)

102501-4

(b)(a)

Cd Sn

Figure 1: Rms nuclear charge radii Rc for Cd and Sn isotopes. The experimental values
obtained at COLLAPS are compared to the results of density functional theory, employing
the Skyrme functionals SV-min and the Fayans functional Fy(∆r). Figures from [8, 10].
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Despite the successes of Fy(∆r,HFB), recent work [5] indicated a potential deficiency in
its description of mid-shell region at which the slope and curvature of differential radii
turned out to be overestimated. Hence, a new Fayans functional was recently introduced
which added an isovector component in the Fayans pairing functional [9, 7]. The proposed
measurement of the unexplored 98,99Cd isotopes will be ideally suited to benchmark this
new Fayans functional since the relative decrease in the charge radii at the shell closure
N = 50 defines the lower-mass end of the parabolic trend, see the neutron-deficient end
of Fig. 1(a).
In addition to the successful DFT application on nuclear charge radii, ab-initio nuclear
theory has now also reached the mass region of this proposal [12, 13]. It employs nuclear
potentials which are linked through chiral effective field theory to the underlying forces
described in quantum chromodynamics. Recent progress in ab-initio machinery allows
the calculation of nuclear charge radii of the proposed Cd isotopes. They will serve as
additional benchmarks for ab-inito calculations, for instance, for ongoing work in coupled
cluster theory [14] as well as in-medium similarity renormalization group [15].
Experimentally, root-mean-square (rms) nuclear charge radii can be obtained with high
precision and accuracy from collinear laser spectroscopy (CLS) [16, 17, 18, 19]. Conven-
tional CLS has been successfully employed by COLLAPS to obtain the Cd and Sn data
in Fig. 1 [8, 10]. The low production yields of the proposed 98,99,131,132Cd isotopes de-
mand a new approach. We therefore intend to take advantage of the Multi Ion Reflection
Apparatus for CLS (MIRACLS) for increased experimental sensitivity.

Spins and electromagnetic moments are additional key nuclear observables which
are directly accessible via CLS. For 99,131Cd, only tentative spin assignments of I =
5/2 and 7/2, respectively, are available. Nothing is experimentally known about their
nuclear magnetic dipole moments µ or electric quadrupole moments Q. The results for the
neutron-deficient 101−109Cd isotopes [20] suggests a simple linear trend over mass number
in the electromagnetic moments for their 5/2 ground states, similar to the observation
for the 11/2 states in heavier Cd isotopes [21]. Such a linear mass dependence can be
explained by the unique-parity states h11/2 and following a strict interpretation of the
nuclear shell model. However, for the ground states in 101−109Cd with I = 5/2, an
involvement of the d5/2 orbital has to be expected. Hence, nothing prevents the unpaired
neutron to migrate to neighbouring g7/2, s1/2, and d3/2 orbits of identical parity. A linear
trend in the electromagnetic moments as suggested by the data for these Cd isotopes
is hence a priori not expected. This simplistic interpretation would predict a quadruple
moment of Q = −600 mb for 99Cd. On the other hand, a large shell model calculation
results in Q ≈ −240 mb [20]. Consequently, a first CLS measurement of 99Cd is of
importance to find out whether the linear trend in the quadrupole moments is continued
in 99Cd in contrast to the shell-model calculation. More globally, as a nuclide resembling a
closed-shell nucleus plus a single neutron, 99Cd plays a central role in the understanding of
the nuclear structure in close vicinity of 100Sn. Analogously, the electromagnetic moments
of 131Cd, again closed-shell plus one neutron, will shed new light on the nuclear structure
beyond the N = 82 shell closure.
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Multi Ion Relfection Apparatus for 
Collinear Laser Spectroscopy
Aims to conduct collinear laser spectroscopy (CLS) in a 
>10 keV multi-reflection time-of-flight (MR-ToF) device 
[4-7].

Advantages 
• ion bunch is "recycled" in MR-ToF 
device and can be probed by 
spectroscopy laser over thousands of 
revolutions.

• higher sensitivity compared to 
conventional CLS.

• exotic radionuclides with low 
production yields become accessible.
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Figure 2: (a) Schematics of the MIRACLS setup (b) CLS resonance spectra of 24Mg+

ions for different number of revolutions in the MR-ToF device. See text for details.

2 Experimental technique

This experiment will make use of the high-resolution MIRACLS setup which is coupled
to ISOLDE at the LA2 beamline. This apparatus was recently commissioned and suc-
cessfully performed online measurements of exotic magnesium (Mg) isotopes, including
the determination of the previously unknown charge radii of 33,34Mg.
A schematic of the setup is shown in Fig. 2(a). The incoming RIB is stopped, cooled, and
accumulated in a cooler buncher filled with Helium buffer gas. The ions are subsequently
released in bunches with a typical temporal width of a few 100s of nanoseconds. After
passing a transfer beamline including a 30° electrostatic bender, the ions are injected into
the MR-ToF device where they are confined at a beam energy of presently 10.5 keV. A
spectroscopy laser is longitudinally overlapped with the ion beam. Fluorescence emitted
from laser-excited ions is collected in an optical detection region with currently 3 detection
units, each consisting of a pair of aspherical lenses that guide photons onto a photomul-
tiplier tube. The number of detected photons as a function of laser frequency results in a
resonance spectrum from which the nuclear properties of interest are extracted.

After a proof-of-principle experiment in a low-energy MR-ToF device (2017-2020) as well
as extensive preparation work in simulation and mechanical designs, the construction of
the new MIRACLS apparatus begun in late 2021. Ions delivered from ISOLDE were
first trapped in the MR-ToF device in August 2023. The online commissioning of the
apparatus was achieved in July 2024 during a test beamtime, and its successful scientific
exploitation begun with the measurement of neutron-rich Mg isotopes in November 2024.
To illustrate the MIRACLS principle, Fig. 2(b) shows background-subtracted resonance
spectra of 24Mg+ ions accumulated after different numbers of revolutions in the MR-ToF
device. A massive increase in CLS signal is observed when trapping the Mg+ ions for
thousands of revolutions, translating to the increased CLS sensitivity.
As a sensitivity benchmark, the average number of Mg+ ions injected into MIRACLS’
MR-ToF device per measurement cycle was reduced in offline measurements to as little as
0.75 ions. Despite this reduction, a resonance spectrum remained distinguishable above
background. Relating the used number of cycles to the timing sequence of ISOLDE proton
pulses, such a measurement would last about 7.5 h for radionuclides with short half-lives
or target release times. The efficiency of the MIRACLS cooler-buncher has been measured
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with ISOLDE beam to be typically 15-25 %, accross mass ranges from A = 20 to 238. The
0.75 Mg+ ions injected into the MR-ToF device hence corresponds to 3-5 ions delivered to
MIRACLS. Thus, the sensitivity needed to study the most challenging target radionuclide
in the this proposal, namely 132Cd with a yield of 5 ions/s, was already demonstrated.
Another advantage of the MIRACLS technique is its ability to perform collinear and
anticollinear laser spectroscopy simultaneously as ions are reflected within the electrostatic
mirrors: Two laser beams are applied from the same side of the MR-ToF device, where
one is tuned to match the Doppler-shifted resonance frequency for ions moving along
the laser-beam direction and the other against it. This approach has been successfully
introduced in the recent measurements of neutron-rich Mg isotopes.
The MIRACLS concept works best for closed two level systems in which a laser-excited ion
decays back into its initial state and can thus be probed ‘indefinitely’. Mg has been ideal
as a first MIRACLS science case since its ionic D1 and D2 lines at ∼ 280 nm represent
such closed 2-level systems at the fine-structure scale. Since even-mass Mg isotopes, i.e.
with nuclear spin I = 0, exhibit no hyperfine splitting, the ions can be probed for as long
as they are trapped without the need of repumping. Even-mass Cd+ ions have a similar
closed ionic system for the 2S1/2 → 2P3/2 transition at 215 nm. Its similarity to Mg makes
Cd the ideal next science case for MIRACLS. The proposed measurements of 98,132Cd+

thus benefit from MIRACLS maximal sensitivity and, given the recent advances discussed
above, are within the reach of our apparatus. Their data taking will be conducted in
simultaneous collinear and anticollinear laser spectroscopy.
For the proposed measurements of odd-mass 99,131Cd+ ions, closed 2-level fine-structure
transitions break up in a manifold of hyperfine levels and laser transitions between those
tend to transfer population to other states such that the CLS signal would diminish over
time. Despite this effect, the MIRACLS approach results in an increase in signal compared
the conventional CLS. For example, in MIRACLS’ low-energy, proof-of-principle setup,
25Mg (I = 5/2) has been studied as a test case using the D1 transition line. Working
with a single laser beam, an increase in CLS signal by more than a factor of 5 has been
achieved compared to single passage CLS. Thus, a similar enhancement would also be
expected for 99,131Cd+ ions in the most basic, single-laser application of MIRACLS.
As an additional sensitivity enhancement, a second laser beam can be utilized to repump
from the dark hyperfine structure state back into the initial state such that even odd-
mass Cd+ ions can be probed during the entire ion storage in the MR-ToF device. This
approach was recently applied at MIRACLS in its successful measurement of the exotic
magnesium isotope 33Mg (I = 3/2) and stable 25Mg (I = 5/2) which also exhibit a
hyperfine splitting due to their non-vanishing nuclear spins.
Odd-mass Cd isotopes with I > 1/2 feature a transition very similar to the cases of
25,33Mg+. Compared to the D2 line in Mg+ ions, however, the individual 6 transitions
in Cd+ ions tend to be much better resolved [20, 21]. Among these 6 transitions, there
are two which represent fully closed 2-level systems, hence, no optical pumping to other
hyperfine states takes place. For 99,131Cd, we thus intend to take advantage of the max-
imal MIRACLS signal gain for theses 2 closed transitions to find the position of the two
hyperfine multiplets. Once located, the remaining 4 transitions can be closely probed
by using the reduction of brightness in the closed-transition once the second laser is in
resonance and removes population out of the two-level system.
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3 Beamtime request

We base our beam-time request on the sensitivities achieved in our recent online and
offline measurements with Mg isotopes. The Cd yields that are used in this estimation
are summarized in Tab. 1. For neutron-deficient Cd isotopes, ISOLTRAP has recently
obtained beam from a LaCx target, benefiting from laser ionization [23]. All yields are
comfortably in MIRACLS’ sensitivity range. Contamination in form of SrF molecules will
be present in the Cd beams. The ‘worst’ ratio of contaminant to ion of interest will be
found in the A = 98 beam with at most a factor of 10 larger than 98Cd. This amount of
contamination is easily manageable by MIRACLS.
For the neutron-rich isotopes, a UCx target is required. Here, the presence of both cesium
and barium as surface ionized, isobaric contaminants has been observed [13]. Using a
tungsten neutron converter, it is possible to reduce the fraction of these contaminants.
Additionally, their yield can be decreased by employing a quartz transfer line. To avoid
saturation of the quartz line, we will schedule the most exotic isotope 132Cd close to
the start of the experimental run. Even with these methods of mitigating the isobaric
contamination in place, the yield of 132Cs and 132Ba will be higher than 132Cd [13]. As the
yield of these contaminants is not expected to cause significant space-charge limitations
in the MIRACLS buncher, an additional drop in count-rate for 132Cd is not likely.
For all odd-mass cases, we will use the closed hyperfine transitions (see Sect 2) to locate
both hyperfine triplets at first. Then, an extended scanning of these regions is necessary to
measure the remaining 4 transitions. This extended laser scanning results in a requested
beamtime similar to some of the even-mass cases that have lower yields. Our beamtime
request for a division in 2 runs is as follows: A neutron-deficient run with 2 shifts for
98Cd, 3 shifts for 99Cd, 4 shifts for 100Cd and systematics. A neutron-rich run with 7.5
shifts for 132Cd, 4 shifts for 131Cd and 3 shifts for 130Cd and systematics. Both runs will
also require 0.25 shifts for yield measurements as well as 3 shifts of stable beam for setup
and measurement of stable Cd for a King plot analysis.
Summary of requested shifts: 24 shifts of radioactive beam time and 6 shifts of
stable beam spread over 2 runs.

Table 1: Cd information and yields according to the ISOLDE yield database [22].

Isotope half life Spin Iπ LaCx Yield LaCx Yield UCx Yield
(ions/ µC) (ions/ µC) (ions/ µC)
surface RILIS RILIS

98Cd 9.3(1) s 0 1.0 ×101 ≈5 ×101 [23] x
99Cd 17(1) s (5/2)+ 4.5 ×102 ≈2 ×103 [23] x
100Cd 49.1(5) s 0 8.5 ×103 ≈8 ×104 [23] x
130Cd 129(3) ms 0 x x 1.0 ×104
131Cd 98(2) ms (7/2)− x x 3 ×102 (ions/s)∗ [13]
132Cd 84(5) ms 0 x x 5 ×100 (ions/s)∗ [13]
∗ Recent values at CA0 in identical target-ion-source combination as required
for this proposal. These values differ from the ISOLDE database with protons
directly on target [24] which results in overwhelming contamination
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4 Details for the Technical Advisory Committee

4.1 General information

⊠ Permanent ISOLDE setup: MIRACLS

⊠ To be used without any modification

2 To be modified: Short description of required modifications.

2 Travelling setup (Contact the ISOLDE physics coordinator with details.)

2 Existing setup, used previously at ISOLDE: Specify name and IS-number(s)

2 Existing setup, not yet used at ISOLDE: Short description

2 New setup: Short description

4.2 Beam production

• Requested beams:
Isotope Production yield in focal

point of the separator (/µC)
Minimum required rate
at experiment (pps)

t1/2

98Cd ≈50 20 9.3 s
99Cd ≈2,000 200 17 s
100Cd ≈80,000 200 49 s
130Cd 10,000 200 129 ms
131Cd 300 (per second) 200 98 ms
132Cd 5 (per second) 3 (per second) 84 ms

• Full reference of yield information: ISOLDE yield database as well as references [23]
and [13].

• Target - ion source combination:
Neutron-deficient Cd: LaCx

Neutron-rich Cd: UCx

• RILIS? Yes

2 Special requirements: (isomer selectivity, LIST, PI-LIST, laser scanning, laser
shutter access, etc.)

• Additional features?

⊠ Neutron converter: for neutron rich Cd isotopes

⊠ Other: mass markers with stable Cd isotopes, quartz transfer line for neutron
rich Cd isotopes
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• Expected contaminants: Isotopes and yields

Neutron-deficient Cd: SrF molecules. At 98Cd the contaminants are expected to be
at most a factor of 10 more intense than the ions of interest.

Neutron-rich Cd: cesium and barium as surface ionized, isobaric contaminants.
To reduce these contaminants to acceptable levels, we request a neutron converter
and a quartz transfer line, analogously to what has been done for the ISOLTRAP
measurements described in [13].

• Acceptable level of contaminants: Our experiment is sensitive to stable and ra-
dioactive contamination. The biggest risk of contaminants is to saturate our cooler-
buncher such that we cannot accumulate sufficient amount of Cd ions prior to the
laser-spectroscopic measurements in the MR-ToF device. The anticipated ratios of
contamination to ion of interest fall within the acceptable range for MIRACLS.

• Can the experiment accept molecular beams? No, our experiment requires atomic
Cd beams.

• Are there any potential synergies (same element/isotope) with other proposals and
LOIs that you are aware of?

4.3 Shift breakdown

Summary of requested shifts:

Part 1: Neutron-deficient Cd isotopes
With protons Requested shifts
Yield measurement of 98,99,100Cd 0.25
Data taking, 98Cd 2
Data taking, 99Cd 3
Data taking, 100Cd 1
Systematics 3
Without protons Requested shifts
Optimization of experimental setup using stable Cd 1.5
CLS measurements of stable Cd isotopes for King plot
analysis

1.5
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Part 2: Neutron-rich Cd isotopes
With protons Requested shifts
Yield measurement of 130,131,132Cd 0.25
Data taking, 132Cd 7.5
Data taking, 131Cd 4
Data taking, 130Cd 1
Systematics 2
Without protons Requested shifts
Optimization of experimental setup using stable Cd 1.5
CLS measurements of stable Cd isotopes for King plot
analysis

1.5

4.4 Health, Safety and Environmental aspects

All hazards and safety protocols involving the MIRACLS installation at LA2 are docu-
mented, discussed with, and approved by the CERN safety team.
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