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The quantum-mechanical nuclear-shell structure determines the stability and limits
ofthe existence of the heaviest nuclides with large proton numbers Z= 100 (refs.1-3).
Shell effects also affect the sizes and shapes of atomic nuclei, as shown by laser
spectroscopy studiesin lighter nuclides*. However, experimental information on the
chargeradiiand the nuclear moments of the heavy actinide elements, which link the
heaviest naturally abundant nuclides with artificially produced superheavy elements, is
sparse’. Here we present laser spectroscopy measurements along the fermium (Z=100)
isotopic chain and an extension of datain the nobeliumisotopic chain (Z=102) across a
key region. Multiple production schemes and different advanced techniques were
applied to determine the isotope shifts in atomic transitions, from which changesin

the nuclear mean-square charge radii were extracted. A range of nuclear models based
onenergy density functionals reproduce well the observed smooth evolution of the
nuclear size. Both the remarkable consistency of model prediction and the similarity

of predictions for different isotopes suggest a transition to a regime in which shell
effects have adiminished effect on the size compared with lighter nuclei.

The heaviest nuclei known so far owe their existence to quantum-  known nucleus with a magic number for both protons (Z=82) and

mechanical nuclear-shell effects. These increase the stability of nuclei
against spontaneous fission, enabling the formation of superheavy
nuclei' . At specific numbers of protons (2) or neutrons (N), so-called
magic numbers, nucleonic shells show large energy gaps®, resulting
inincreased nuclear stability. This is analogous to the closed electron
shells of noble gases resulting in their chemical inertness. The heaviest

neutrons (N =126) is 2°®Pb, a spherical nucleus. The location of the
next spherical shell gap beyond 2°®Pb is yet unknown; nuclear models
predict it most frequently at Z=114, Z=120 or Z=126,and N=172 or
N=184(refs.2,7). This variation in the predictions is primarily, among
other factors, owing to a large single-particle level density in the
heaviest nuclei’.
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Fig.1|Overview of the investigated isotopes. Top: cut-out of the chart of
nuclidesinthe heavyactinideregion. The neutron shell gap parameter 6,,,
calculated from experimental binding energies reportedinref. 53, as
analogously deducedinref.11,is presented with colour coding. Theisotopes
studied in this work by laser spectroscopy are labelled, with nuclides studied
on-line (red frames) and those studied off-line (orange frames). The black solid
arrows indicate the a-decay path (a) and the dashed arrows indicate the

Nuclei with proton numbers residing between magic numbers are
expected to have deformed shapes owing to the nuclear Jahn-Teller
effect®”. The stabilization of deformed nuclei can be associated with the
reduced density of the deformed single-particle levels of the nuclear
mean field®. In the region of heavy nuclei beyond ?°®Pb, a deformed
subshell at N=152 was early identified through irregularities in the
systematics of the a-decay energies of californium (Z=98) isotopes,
deviating from spherical shell model considerations™. Recently, pre-
cise mass measurements enabled a direct investigation of the N=152
neutronshellgapinnobelium (No,Z=102) and lawrencium (Lr,Z=103)
isotopes. The size of this subshell was determined from the experimen-
tal binding energies to be about a factor of four weaker than in >°*Pb
(refs.11-13). As illustrated in Fig. 1 (top), the N =152 gap gradually
decreasesinthelighterisotones. This result, consistent with spectro-
scopicstudies™ and the recent analysis of experimental and theoretical
binding energies®, confirms the local nature of this shell effect.

Fromin-beamy-ray spectroscopy experiments, alarge prolate defor-
mation for the N =152 nucleus **Fm with a quadrupole deformation
parameter §=0.3 was established from the observed rotational band
structure, along with Kisomers in this region’® %,

Nuclear charge radii, measured along a series of isotopes, offer
another powerful probe of shell effects'®?°, as they are sensitive to
changesin the nuclear size and in nuclear deformation®*%. A prominent
kink in the nuclear size evolution is often observed across spherical
shell closures®2¢, Here laser spectroscopy studies can be decisive in
determining the trends indifferential nuclear mean-square charge radii
8(r*yalonganisotopic chain by measuringisotope shifts in atomic tran-
sitions in a nuclear model-independent manner. Hyperfine splittings
of atomic energy levels additionally give access to nuclear moments,
providinginsightinto the nature ofisomeric and ground-state nuclear
configurations, for instance, showninref. 27. Such studies have already
been showcased for many short-lived and rare lighter nuclides close
to and far from stability*?%. In previous measurements applying laser
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electron-capture decay path (ec) utilized in the respective indirect production
schemes. The orange arrows show the reactor-breeding path for fermium
isotopes studied off-line (Methods). Bottom: on-line data on **No (left)
complemented by off-line data on >Fm (right) with error bars showing
statistical uncertainties (one standard deviation). The horizontal markers
indicatea10-GHzwidth. Thered solid lines show fits to the data. a.u., arbitrary
units.

spectroscopy around N =32 in neutron-rich potassiumisotopes?, the
weak subshell closure was found to not manifest itself in the charge
radii. In the region of nickel isotopes around the N = 40 subshell gap,
aweak localized effect was identified in the charge radius evolution
relative to the droplet-model trend*%. This raises the question whether
the N=152 gap, whichisreflected in nuclear binding energies, affects
also the size evolution.

However, laser spectroscopy of the heaviest actinide elements and
beyond is limited by production capabilities and sparse information
onatomicenergy levels®. Therefore, experimental information on the
evolution of charge radii around deformed shell gapsinthe heavy ele-
mentregionis scarce, and their description s challenging for nuclear
models.

The development of the Radiation Detected Resonance lonization
Spectroscopy (RADRIS) method** enabled such measurements, as
demonstratedin laser spectroscopy of nobelium with atom-at-a-time
productionyields®. Isotope shifts in *>****No up to N= 152 were inves-
tigated to deduce changes in {r*) and to obtain the electromagnetic
moments of 2*No. These experimental results are in good agreement
with the predictions based on energy density functional (EDF) models,
indicating a central depression by about 10% in the proton density
distribution of **No (ref. 33).

In this work, the combination of more recent advancements of the
on-line (accelerator-based production) RADRIS method and highly sen-
sitive off-line measurements enabled the determination of the isotope
shift foranatomic transitionin 8 fermium (Fm, Z=100) isotopes across
N=152, probing the influence of the deformed N =152 shell gap on {r?).
Complementary to our fermium studies, we extended the isotope-shift
measurements in nobelium isotopes with RADRIS beyond the shell
gap, givinginsightinto theimpact of the shell gap along another close
lying isotopic chain.

The isotopes studied on-line were available through the following
schemes: direct production of 2****Fmin fusion-evaporation reactions,



Table 1| Summary of laser resonance centroid wavenumbers
(in argon buffer-gas environment), corresponding isotope
shifts and evaluated changes in (r*)

Fermium Z=100

A Centroid (cm™ 3v*°°4 (GHz) 3(r?)?5°4 (fm?)
245 25113.81(7) 30.4(2.2) -0.323(24)[33]
246 25113.50(5) 21.0(1.7) -0.223(19)[23]
248 25113.11(3) 9.5(1.0) -0.101(10)[10]
249 25112.99(11) 5.8(3.4) -0.062(36)[6]
250 25112.80(3) (6] 0

254 25111.90(4) -27.0(1.4) 0.286(15)[29]
255 25111.75(2) -31.5(0.9) 0.335(10)[34]
257 25111.48(8) -39.5(2.4) 0.420(25)[42]
Nobelium Z=102

A Centroid (cm™) Sv**4 (GHz) 3(r)%*A (fm?)
255 29 961.20(3) -7.7(0.8) 0.080(8)[6]

Isotope shifts are denoted by Sv*°°* for measured shifts relative to *°Fm and 8v?*** for those
measured relative to 2*No. Statistical uncertainties (one standard deviation) are given in
parentheses and systematic uncertainties are included in square brackets. The data analysis
procedure is described in Methods.

indirect production of 8242502*Fm via the decay of directly produced
B2253.2554N o, and indirect production of *>No via the electron-capture
decaybranch of **Lr. These indirect production schemes evolved from
recent methodical advancements that gave access to previously inac-
cessible isotopes® (for details, see Methods). However, the isotopes
BI23Em are currently not accessible by this technique, not least owing
to long half-lives of more than 5 hours up to several days.

Directly producedisotopeswere separated fromthe primary beamby
therecoil separator SHIP (Separator for Heavy lonreaction Products) at
GSIHelmholtzzentrum fiir Schwerionenforschung®?*¢ and transmitted
to the gas-filled RADRIS stopping cell. Fusion-evaporation products
were thermalized in the gas cell and collected and neutralized on a
catcher filament. Pulse heating of the filament led to desorption of
the atoms, followed by resonant laser ionization. The resulting ions
wereidentified via their characteristic a-decay energy. This technique
was recently improved for higher sensitivity®’, which enabled laser
resonance ionization spectroscopy with rates down to one particle
every 100 seconds in the gas cell for >**Fm (Methods).

Off-line laser spectroscopy was accomplished at the RISIKO mass
separator (Resonance lonization Spectroscopy in Collinear geometry)
on macroscopic sample sizes of neutron-rich fermium isotopes®®°.
Reactor breeding of heavy actinides at the Oak Ridge National
Laboratory’s High Flux Isotope Reactor produced samples of »*Es
(half-life t,,, = 275 d) and femtogram amounts of *’Fm (¢, =100 d)
(Fig.1). The ®*Es fraction was re-irradiated in the high-flux reactor at
Institut Laue-Langevin, producing >°Es, which undergoes p~-decay
leading to **Fm. Every few days, fermium was chemically separated
from einsteinium (Es, Z=99), yielding these *Fm samples to be used
at RISIKO. Here fermium atoms were ionized in a hot-cavity laser ion
source, and the resulting ions were accelerated and separated with
adipole magnet and then counted* (Methods).

Forstudiesin fermium, the known atomic transition from the 5/1*7s*
3H, atomic ground state to the excited level 5f27s7p > G2 (refs. 42,43)
was probed as the first excitation step in a two-step laser ionization
scheme by registering ions fromresonanceionization as afunction of
laser frequency detuning, asshownin Fig.1(bottom). Limited informa-
tion on atomic levels in fermium was available from previous studies
on?Fm (refs. 42,43) and in nobelium from previous on-line studies
with RADRIS®. Isotope shifts measured for the mentioned ground-state
transition relative to the reference isotopes >*°Fm and **No, combined
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Fig.2| Comparison of experimental mean-square chargeradii datawith
different nuclear model predictions. a, Experimental results of §(r?) of
fermiumisotopes as a function of Nrelative to >*°Fm (red) and of nobelium
isotopes relative to **No (blue). The error bars show statistical uncertainties
(onestandard deviation) and the red shaded bands represent systematic
uncertaintiesin the prediction of the atomic parameters (Methods). The
observed smoothtrend alongtheisotopic chainisindependent of the atomic
parameters as their uncertainty is only of asystematic nature, thus affecting
all extracted 8¢r?) in the same manner. Predictions of the spherical droplet
model are shownwith dashed lines for comparison with the experimental data.
b,c, 5(r?) for fermium (b) and nobelium (c) predicted by five theoretical models
relative to the droplet-model (DM) reference. Experimental data (red and blue
solid symbols) are compared with predictions of different models.

with input from atomic calculations®**, allowed the extraction of

changes in {(r*) (Methods). The results are summarized in Table 1.
Tointerpret the measured values, nuclear calculations were carried
out using several EDF-based models, including Skyrme-type (SV-min,
SLyMR1and BSkG2), Gogny-type (DIM) and Fayans-type (Fy(IVP)) EDFs.
The computational frameworks range from single-reference calcula-
tions (SV-minand Fy(IVP)), to calculations including the configuration
mixing of symmetry-restored reference states (SLyMR1), with two other
methodsinbetween (BSkG2 and D1M) that include beyond-mean-field
correctionstoavarying degree (Methods). Figure 2 shows the experi-
mental data and predictions on the differential mean-square charge
radii §¢r*) in fermium and nobeliumisotopic chains. Figure 2a compares
measured 8¢r%) values with predictions of a simple spherical droplet
model**¢, and Fig. 2b,c compares the deviations of the experimental
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Fig.3| Comparison of different model predictions for multipole proton
radial densities of >**Fm and >**Fm. a-d, Monopole radial densities (a),
r*-weighted difference between monopole radial densities of **Fm and **Fm
(b), quadrupoleradial densities (c) and hexadecapole radial densities (d). The
maximum range of model predictions is marked by bandsina, cand d; the solid
linesrepresent the average of the models.

values and the EDF calculations from the droplet-model reference.
The statistical uncertainties of charge radii stemming from the model
calibration**® of Fy(IVP) and SV-min are marked. Similar uncertainty
bands can be assumed for the other models.

Discussion

As seen in Fig. 2, for the neutron-deficient even-even isotopes
26248250Em the experimental data agree with the predicted trend of
the spherical droplet model. The heavier isotopes »***’Fm, however,
exceed the droplet-model trend. From the observed evolution of 5(r*)
innobelium, asmoothtrend consistent with the droplet-model predic-
tions is extracted with no obvious kink at N =152.

Withintheir uncertainties, allmodel predictions are strikingly con-
sistent with the experimental data for fermium and nobelium, and with
each other. These findings would suggest that in fact shell effects are
smeared out in the heavy actinide nuclei*” and, hence, nuclear charge
radii are expected to be primarily governed by bulk effects.

A good agreement is found between the experimental data for the
neutron-deficient isotopes and most theoretical models. Larger dis-
crepancies arise for heavier isotopes with N>152. Here, Fy(IVP), owing
to a generally steeper predicted incline, explains this local increase
fairly well in terms of an interplay between a deformed neutron shell
gap and reduced pairing. However, it is to be noted that all these small
variations of the predictions are of the order of current theoretical
uncertainties for charge radii.

The agreement between the different predictions is highlighted in
the inter-model comparison of the multipole proton radial density
distributions p,(r) calculated for ***Fm and **FminFig. 3 (see Methods
for details). The radial densities p, in Fig. 3a show most pronounced
variations at r = 0, owing to slightly varying contributions from £=0
orbitals resulting in a small bump, aweak shell effect. For r>2 fm, the
radial densities steadily increase towards the surface as expected from
thelarge Coulomb repulsion**. For radiir> 5 fm, whichis the essential
region contributing to {r%), the radial densities are very similar for the
different models. The agreement of the weighted densities p,r* between
26Fm and **Fm in Fig. 3b reflects the similarity in predicted charge
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radii for these isotopes, despite their rather different neutron num-
ber. The quadrupole radial density p,(r) in Fig. 3c shows aweak model
dependence. This is consistent with similar predicted quadrupole
deformations along the fermium isotope chain®. The hexadecapole
radial densities p,(r) shown in Fig. 3d show appreciable differences
between ***Fm and »*Fm, which are consistent with different predicted
hexadecapole deformations B,in ***Fmand »**Fm and similar to decreas-
ing hexadecapole moments along other actinide chains®.
Insummary, asmooth trendin differential mean-square charge radii
8¢r*) hasbeenobserved. Thisis in agreement with our EDF calculations.

Conclusion

The combination of highly sensitive laser spectroscopy techniques with
multiple production schemes used in this work enabled the extraction
of isotope shifts along the chain of deformed fermium isotopes and
extended theisotope-shift datainthe nobelium chain. The combined
data onfermiumand nobelium differential mean-square charge radii,
interpreted by several theoretical nuclear models, suggest that the
weak shell effects in thisregion do notinfluence the charge radii. This
confirms theoretical expectations of the transition towards a bulk
behaviour with increasing nuclear mass>*'.

Our results and experimental methodological advances offer good
prospects for further laser spectroscopy measurements in the heavi-
est nuclei. The combination of the presented production schemes
withanticipated measurements using thein-gasjet laser spectroscopy
technique®, featuring a spectral resolution comparable to the resolu-
tion obtained for **Fm in this work, even for isotopes accessible only
on-line, will enable high-precision hyperfine structure measurements
in fermium and nobelium. This will provide an experimental access
to the nuclear electromagnetic moments and the spin. With respect
to charge radii information for other elements and, with increased
precision of experimental data, higher-order nuclear-structure effects
hidden in the mean-square charge radii, such as the variations in the
odd-evenstaggering, will be within experimental reach. Dataon charge
radii and on nuclear moments of heavier nuclei will be paramount to
further probe the transition to the macroscopic regime and calibrate
microscopic models of heavy nuclei.
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Methods

Experimental techniques

The long chain of fermium isotopes studied in this work was meas-
ured by combining different production schemes along with two
laser spectroscopy techniques for the respective measurements.
Spectroscopy of the isotopes 24246248249.250.254Em was performed via
the RADRIS technique®™, with the set-up located behind the velocity
filter SHIP at the GSI Helmholtzzentrum fiir Schwerionenforschung
in Darmstadt, Germany®?¢, Further details on RADRIS and the latest
developmentsintroduced to the set-up are giveninrefs. 34,37,54. For
the on-line measurements of fermium with RADRIS, a1 x 0.025 mm?
hafnium-strip filament was used for collection and neutralization of
directly produced nucleientering the buffer-gas cell filled with 95-mbar
high-purity argon gas. A heat-pulse temperature of 1,450 °C was applied
todesorbaccumulated fermiumions from the filament as neutralatoms
for subsequent laser spectroscopy. For the measurements on **No, a
125-pm-diameter tantalum-wire filament and desorption temperatures
0f1,100 °Cwere used.

The long-lived fermium isotopes *Fm and *’Fm produced by neu-
tron capture in the nuclear reactor became accessible by in-source
hot-cavity laser spectroscopy at the RISIKO mass separator atJohannes
Gutenberg-Universitit Mainz*"*>*¢, Here, the sample was placed ina
heated reservoir, with atemperature of up to 1,600 K, and the atom
vapour was probed by lasers for resonant ionization. The resulting
ions were extracted by an electric potential of 30 kV and mass sepa-
rated using a magnetic dipole to separate the species of interest from
unwanted surface ions.

Laser set-up for in-gas-cell laser spectroscopy at RADRIS. Laser
spectroscopy of fermium was performed by exciting from the
5f2752°H, atomic ground state to the known 5/27s7p° Ggatomic level
around 25,111.8 cm™ (refs. 42,43). For nobelium, the excitation occurred
from the 5/*7s*'S, ground state to the recently identified excited
level 5f“7s7p' P?at29,961.457354L cm™ for »*No (ref. 32). A dye laser
(Lambda Physics, FL series) pumped by a Xe:Cl excimer laser (Lambda
Physik, LPX240) with 5-ns pulse length and 100-Hz repetition rate was
used for laser spectroscopy with up to 500 1 average energy per pulse
and aspectral linewidth of 1.5 GHz using an intracavity etalon for nar-
row spectral linewidth operation. The laser wavelength was continu-
ously monitored with a wavelength meter (HighFinesse-Angstrom,
WS/7-UVU) that was calibrated to aninternal neon lamp. The laser light
was transported to the buffer-gas cell using ultraviolet-grade optical
fibres and was shaped toilluminate an area of about 3 cm*around the
filament. The average energy of the laser pulse at the cellwas keptina
range of 70-120 pJ for the scanning laser for fermium, matching the
reported saturationintensity giveninref.42,and about 10 pJ for nobe-
lium, in accordance with the measurements presented in ref. 33 on
lighter nobeliumisotopes. The pump laser for the first excitation step
dye laser and the Xe:F excimer laser (Lambda Physik, LPX220), the lat-
ter providing the laser light for subsequent photoionization, were
synchronized with excimer laser synchronization units (Lambda Physik,
LPA 97). The ionizing laser featured about 30 mJ average energy per
pulse at the cell after beam transport with mirrors. Both lasers had
pulse lengths of about 18 ns.

Laser set-up for in-source laser spectroscopy at RISIKO. The laser sys-
tem for the hot-cavity in-source laser spectroscopy of fermiumisotopes
at RISIKO consisted of nanosecond-pulsed titanium:sapphire lasers,
pumped by two frequency-doubled neodymium-doped yttrium alumin-
iumgarnet lasers witha10-kHzrepetition rate. The titanium:sapphire
lasers can be equipped with either a grating or a birefringent-etalon
combination as afrequency-selective element and featured aninternal
second harmonic generation. One titanium:sapphire laser with an aver-
age power of upto 1.2 W was used for photoionization. A highionization

efficiency was achieved by exploiting an auto-ionizing resonance at
52,166 cm™. For detailed laser spectroscopy of the first excitation step
at 25,111.8 cm™ in *’Fm, one grating-tuned titanium:sapphire laser
was equipped with an additional etalon, which reduced the spectral
linewidthto about1GHz (ref.57), while the average laser power resulted
in about 200 mW. Both laser beams were overlapped anti-collinearly
withtheionbeaminthe hot cavity viaaviewport at the bending magnet.
For spectroscopy of **Fm, the Perpendicularly-llluminated Laser lon
Source Trap (PI-LIST) was employed using the atomic vapour effusing
fromthe hot cavity and a perpendicular overlap of a narrow-linewidth
laser to the atomic beam as discussed in more detail in ref. 55. Here, an
injection-locked titanium:sapphire laser, seeded by a continuous-wave
titanium:sapphire laser*® and equipped with an external single-pass
second-harmonic-generation unit® provided laser light with a band
spectral linewidth of 20 MHz and an average power of 100 mW. A laser
pulse length of 40 ns was maintained for all lasers and pulse synchro-
nization was achieved by external triggering of the pump lasers with
apulse delay generator. The laser wavenumber of the spectroscopic
transition was monitored using two commercial wavelength meters
(High Finesse, WS7 and WSU), which were regularly calibrated with a
laser locked to arubidium reference cell®.

Isotope production
Different production schemes were applied to access theinvestigated
isotopes in this work for laser spectroscopy studies.

Direct production on-line. The isotopes **Fm (¢, = 5.6 s) and ***Fm
(t,,=1.54 s) were produced at the velocity filter SHIP, using the fusion-
evaporation reactions 2°®Pb(*°Ar, 3n and 2n)******Fm with reported
cross-sections of 32 nb for **Fm (ref. 61) and 10 nb for **Fm (ref. 62). An
*0Ar® primary beam featuring a macro-pulse structure of 5 ms beam-on
and 15 ms beam-off periods, with abeam energy of 185 MeV for >*Fm
and 193 MeV for >*Fm, and average intensities of 2 particle micro-
ampere (1.2 x10® jons per second) was provided by thelinear accelerator
UNILAC. This primary beam impacted thin lead-sulfide (PbS) targets
with an areal density of typically 470 pg cm™for PbS on a 30 pg cm™
carbonbackingand witha10 pg cm™carbon cover layer, the latter side
facing SHIP. The targets were manufactured at the GSItarget laboratory
and mounted on arotating target wheel to distribute the heat from the
energy loss of the primary beam over a large area.

Indirect production on-line. Theisotopes **8Fm (t,, = 34.5 s),**Fm (¢, =
2.6 m), %°Fm (¢,,,= 30 m) were obtained from the a-decay of the iso-
topes »>*3»*No, directly produced in the fusion-evaporation reactions
206207.208py (48Cq, 2n) 252253 254N o with respective cross-sections of 0.5 pb,
1.3 uband 2 pb (ref. 63). **Fm was obtained from the radioactive decay
of ®*No using the 10% electron-capture branch to **Md (¢,,=10 m),
which then decays exclusively by electron capture to**Fm (¢,,=3.24 h).
The nobelium isotope **No (t,,, = 3.52 m) was similarly obtained indi-
rectly viathe electron-capture branch (<30% (ref. 64), and evaluation
of previous data taken at SHIP published in ref. 65) of *°Lr (¢,,, = 31.15).

The primary *8Ca'®* beam was delivered with average intensities
of 0.8 particle microampere (5 x 10”ions per second), impinging on
thin 29629728ppS targets. The collection cycle of RADRIS was adapted
to breed the fermium decay-daughter isotopes on the filament*.
Accumulation was done for 25 s (***Fm), 295 s (**Fm) and 355 s (*°Fm),
before evaporation of collected atoms from the filament followed by
resonance ionization laser spectroscopy. For **Fm, the long lifetime
of the intermediate isotope 2*Md necessitated a collection time of
3,600 s. This indirect isotope breeding reduced the total efficiency
due to decay-branching ratios, recoil implantation into the filament
material, and the half-life of mother and daughter nuclide, respectively.
Theeffective yield was especially impacted in the case of *°Fm, which
features asimilar lifetime to its mother nuclide **No (T;,=1.62 m) and
an a-branching ratio of 55%. For the longer-lived >*Fm, a dedicated



rotatable detection set-up consisting of three silicon detectors was
used to enable longer counting times of accumulated laser ions parallel
to anew collection of laser ions (see ref. 37).

Production off-line. For the production of *’Fm, a **Cm target was
irradiated in the High Flux Isotope Reactor at Oak Ridge National
Laboratory, USA*”, The fermium fraction of this sample, containing
remaining einsteinium*’, was first used for studies at Florida State
University and then made available for Mainz University for further
investigations. For production of **Fm, a sample of 290 pg (1.3 x 10**
atoms) >*Es provided by Oak Ridge National Laboratory and Florida
State University, USA, was encapsulated in a quartzampule inside a
titanium cylinder and shipped to the high-flux research reactor at the
Institut Laue-Langevin in Grenoble, France, for a neutronirradiation
of 7 days duration. After acool-down period of 4 days and shipping to
Johannes Gutenberg-Universitat Mainz, Germany, the sample contained
7.5%10" atoms of *Es (t,,,=39.8 d) as determined by a-decay spectros-
copy. This provided agenerator system for the B -decay daughter **Fm
(t,,=20.1h) present in secular equilibrium. A chemical separation of
fermium was performed four times in appropriate intervals to allow
ingrowth of **Fminto the *Es fraction between individual separations.
This procedure was based on an a-hydroxyisobutyrate separation by
cationexchange onaMitsubishi CK10Y resin. The a-hydroxyisobutyrate
complexwas converted to anitrate form; the final sample was obtained
after cation exchange separation on an AG50WX8 column, placed on
a zirconium metal foil of 10 x 10 mm?, which promotes the release
of neutral atoms®, and evaporated to dryness. With this method,
B5SFm samples of about 7 x 108 atoms and one >’Fm sample with at most
5x107 atoms were available for laser spectroscopy.

Data analysis

Events from resonant laser ionization were recorded as a function of
the set wavenumber to analyse the respective transition resonance
centre value and thus extract the isotope shift. In the on-line meas-
urements, the a-decay events from the ions were registered and an
a-energy range of interest was selected in the analysis. To account for
unavoidable fluctuations in the primary beam intensity, extracted
eventrates were normalized to the accumulated primary beam charge
integral on the beam dump of SHIP. For the off-line measurements,
the ions were detected with anion detector after acceleration and
mass separation. Gating the signal on the time-of-flight structure of the
resonantly producedionsimproved the signal-to-noise ratio. To aver-
age over signal variations, the laser wavenumber was scanned slowly
and repetitively over the resonance multiple times and the obtained
counts were binned and normalized according to the time spent at the
respective wavenumber. Observed laser resonances for fermium are
presented in Extended Data Fig.1and the resonance of *No is shown
inFig.1(bottom).

Centroid position. The centroid wavenumbers of the individual
measured resonances in the obtained spectra were determined via
afit of a Voigt profile to the data for all even-A isotopes (A denoting
the atomic mass number). The odd-mass-number isotopes feature a
hyperfine structure splitting of more than 20 lines due to (tentatively
assigned) nuclear spins of / = 7/2 for 2***Fm (refs. 69,70) and / = 9/2
for %’Fm (ref. 71), which could be only partly resolved for *Fm. This
spectrum was analysed using the SATLAS Python package’’*. Owing
to the broadening mechanisms inherent in the spectral linewidth of
245249257Fm from the environmental conditions of the gas cell and the
hot cavity, the hyperfine structure could not be resolved. A Gaussian fit
to the datafor®’Fm and a Voigt fit for 2>?*Fm were used to extract the
centre of the structures. The choice of fit profile was connected to the
mainbroadening mechanisms dominating the lineshape in the respec-
tive measurement. For the analysis of **No, with observed underlying
hyperfine structure, anuclear spin of /=1/2 was assumed for the fit, as

tentatively assigned from a-decay hindrance factor systematics™. The
results on transition resonance wavenumbers and extracted isotope
shifts are summarized in Extended Data Table 1.

The RADRIS measurements were performed inside a cell filled with
95-mbar argon buffer gas and are thus affected by a pressure shift and
broadening. The broadening is effectively taken into account in the
fitting routine, while the pressure shift, equivalent across all RADRIS
measurements, effectively does not contribute to the isotope-shift
measurement. For comparison with the off-line measurements, the
pressure shift had to be evaluated. In the element erbium, a pressure
shift of 4(1) MHz mbar™ was recently reported”, which is in line with
observationsinactinium’. Therefore, a shift of about -400(300) MHz
can be inferred for the in-gas-cell laser spectroscopy measurements,
with a3 times larger uncertainty assumed for the application to fer-
mium.

The off-line measurements were performed inside the hot cavity with
ananti-collinearly propagating laser beam for>’Fm and >*Fm, and with
aperpendicular arrangement of the laser beam and the atomic beam
for 2Fm. The latter measurement corresponds to the rest frame of
the atom in vacuum conditions. The Doppler shift from the moving
ensemble of atomsin the hot cavity can be determined from the *°Fm
measurements (anti-collinear and perpendicular) to -100(100) MHz, in
agreement with observations reported in californium®. For comparison
with the gas-cell measurements, with 2°Fm being the reference for
isotope-shift measurements, the obtained resonance frequencies for
»Fmand *’Fm, which were measured in vacuum conditions, have there-
foretobe shifted by -400(300) MHz and -300(400) MHz, respectively.

The individual experimental cycle of the RADRIS technique (for
details, seerefs.30,31) adapted to each on-line studied isotope leads to
asuppression of knownisomersinisotopes ***°Fm, which are shorter
lived than the ground state. This ensured that purely the nuclear ground
state was probed.

The accuracies of the extracted centroid wavenumbers are mainly
limited by broadening processes. Pressure broadening is the dominant
mechanism for allmeasurements performed in the gas cell. For *’Fm,
Doppler broadening owing to the high temperature in the hot-cavity
environment needs to be considered. Power broadening mechanisms
only had arolein the case of *°Fm, for which anincreased laser power
of 150 pJ per pulse was utilized. The origins of effects contributing to
theisotope-shift uncertainty are summarized in Extended Data Table 2.
This includes the accuracy in the wavenumber measurement. The fit
uncertainty for extraction of the centroid position in the analysis is
included. As the granularity of data points and counting statistics is
small for the on-line investigated isotopes, an uncertainty of half the
mean-step size in these measurements can be considered instead,
to avoid underestimating the centroid uncertainty. Both factors are
includedinthetable; therespective larger contribution was considered
for the total accuracy of the isotope shift.

To account for the model uncertainty for the odd-even isotopes
2452492557Em by choosing a single line profile for the extraction of the
resonance centroid, one-third of the full-width at half-maximum of
the fit profile was considered in the uncertainty analysis. For *Fm,
the hyperfine structure was resolved, and thus the uncertainty in the
determination of the hyperfine parameters was used to determine the
model uncertainty in the centre of gravity.

Determination of 8(r?. The changes in the mean-square charge
radius 8¢ relative to a reference isotope A can be extracted from
the measured isotope shifts via the relation

A
Ax_m

Y—m .
Sv ﬁM"’ F8(r2)A'A , (1)
m'm

with the measured isotope shift 5v**' = v* - v! in the atomic transi-
tion of isotopes with mass number A and A’, the mass-shift constant



Article

M = Myys + Msys, with normal mass shift (NMS) and specific mass shift
(SMS), and the field-shift constant F.

Recently published results from atomic model calculations provided
the field-shift constant F for fermium** to evaluate the changes in the
nuclear mean-square charge radii. This was performed analogously for
nobeliuminref.33, which was also used for the evaluation of**No. Here,
anuncertainty of 0.007 cm™ of the reference isotope **Noin the argon
buffer-gas atmosphere as stated in ref. 32 was assumed to contribute
to the isotope-shift measurement’s uncertainty.

Theerror on 8¢(»** results from a propagation of the isotope-shift
uncertainty, whereas the uncertainty from the atomic coupling factors
isincluded as a systematic uncertainty. For the field-shift constant,
whichwas predicted with F=-3.14 cm™ fm, the uncertainty evaluated
from the atomic calculations amounts to 10%.

Although the mass shift can be neglected for the calculation of
8¢(r»**, a contribution of the mass shift to the final uncertainty is nev-
ertheless considered.

The NMS can be calculated to Myys =m.v = 0.4 THz x uwith the transi-
tion frequency v and the electron mass m.. So far, the SMS contribu-
tion can be only estimated. For s-p transitions asin our case, the SMS
is usually on the order of the NMS. For transitions including orbitals
with a higher main quantum number, it can be more than ten times
larger. Therefore, a value of 2 THz x u, 5 times larger than the NMS, is
considered as aconservative estimate for the contribution to the total
systematic uncertainty in the change in mean-square charge radius””.

The additional effect of the isotope shift depending on the nuclear
deformation proposed in ref. 44 was investigated. With the available
information onthe expected deformation change, this proposed addi-
tional effect amounts to —0.003 fm?, which is small compared with the
uncertainties and is thus neglected.

Nuclear-structure models

Below, we provide a brief description of the models used to interpret
experimental findings. All our models are based on the nuclear EDF
approach. For a detailed discussion of EDF, see refs. 78,79.

In this study, calculations using six different EDF models were per-
formed: Fy(IVP) (P.-G.R. & W.N., manuscript in preparation), DIM®,
BSkG2®, SV-min®and SLyMR1* (note that this model is called SLyMR1,,
inref. 83). This selection aims to represent current EDF models. Con-
cerning the functional form, SV-min and BSkG2 are based on standard
Skyrme functionals and density-dependent contact pairing interac-
tions. SLyMR1 uses an extended Skyrme functional, where the density
dependences are replaced by an explicit three-body interaction®*. DIM
isbased onthe Gogny functional. Finally, Fy(IVP) uses the Fayans func-
tional®*%¢, SV-min and Fy(IVP) are based on asingle-reference approach,
whereas DIM and BSkG2 also include approximated beyond-mean-field
corrections. SLyMR1involves explicit configuration mixing and resto-
ration of particle-number and angular-momentum symmetries® %,
henceitisamulti-reference approach. The models were calibrated on
experimental ground-state properties of finite nuclei but differ in the
choice of the calibration data. SV-min and Fy(IVP) include a statistical
analysis of the underlying parameterizations. This allows predictions
tobe given together with a statistical calibration**8,

To assess the predictive power of the theory frameworks, we com-
puted three-point differences

OZ,N+2)-20(Z,N)+ O(Z,N-2)
2

AS? =

in the binding energy (O= E) or squared charge radius (O=r?). For
N=82,N=126 and N=152, Extended Data Fig. 2 shows predictions of
the SV-min and Fy(IVP) models compared with experimental values.
Both EDF frameworks reproduce the trends in the shell gaps and
agree with the data that the N=152 gap is weak. As discussed in ref. 3,
the size of this shell gap strongly depends on model details, see, for

example, ref.18 for the predictions of this subshell with different mod-
els.In particular, the Fy(IVP) model reproduces the experimental values
for®2Sn and 2°®Pb, giving confidence alsoin the value for >*Fm. Thisis in
agreementwith thereported smoothtrends alongtheisotopic chains.

Treatment of odd-A nuclei. EDF calculations for odd-mass nucleiare
not straightforward: solving the self-consistent equations requires the
creationof aone-quasiparticle excitation ontop of areference state that
is typically associated with an even-even nucleus. For each iteration,
identifying the physically relevant quasiparticle while guaranteeing
convergence of the self-consistent procedure is anon-trivial task. Most
calculations for odd-mass nucleiin this study concern the predicted
ground state. In the case of SV-min and Fy(IVP), all one-quasiparticle
configurations below 1-MeV excitation energy have beeninvestigated,
and the states with lowest energy for each angular-momentum projec-
tion Khave beenexamined. It became apparent that the radii vary little
with K (variance about 0.001 fm), such that taking the minimal-energy
stateisanacceptable choice. The other exceptionis SLyMR1:among the
several many-body states with different angular momenta that result
fromsymmetry restoration, we select those states matching the (often
tentative) experimental quantum numbers. Although the blocking
strategy is common to all models, they differ in their treatment of the
blocked quasiparticle. DIM relies on the equal filling approximation®,
acomputationally efficient approximation thatincludes the blocking
effect ofthe odd nucleon(s), butignores the effect of any time-odd cur-
rents or densities that might develop due to the polarization effects®’.
The calculations with BSKG2, Fy(IVP), SLyMR1 and SV-min invoke no
approximations in this respect.

Nuclear-matter properties of EDF-based models. The leading
properties of our models can be characterized in terms of the infinite
nuclear-matter properties shown in Extended Data Table 3: satura-
tion density p.,, binding energy per particle £/A, incompressibility K,
(isoscalar) effective mass m*/m, symmetry energy at saturation/, and
slope of symmetry energy L. The isoscalar effective mass m*/m shows
the largest variation. This parameter impacts the single-particle level
density around the Fermilevel and hence the magnitude of shell effects.
The other matter parameters show fewer variations.

Predicted charge radii. In SV-min and Fy(IVP), the charge radii were
calculated directly fromthe charge form factor that contains the proton
form factor folded with the intrinsic form factors of the free nucleons,
relativistic corrections and the centre-of-mass correction®. A simi-
lar procedure is followed for BSkG2 and DIM but without relativistic
corrections. It is noted that DIM also adds a quadrupole correction
estimated by solving the collective Schrodinger equation with the
five-dimensional collective Hamiltonian to the absolute charge radius,
as described in ref. 80. In SLyMR1 calculations, the charge radii were
computed from the expectation value of the squared point-proton
radius operator at the beyond-mean-field level corrected for the finite
size of the protons and neutrons®,

To check that our models produce sensible results for the total charge
radiiinthe heavy actinides, Extended Data Table 4 compares our predic-
tions with the measured radii for 2*Th, 28U and ***Pu. Given the high
computational cost of multi-reference calculations, for SLyMR1, we
report only the value for *8U. The errors given for SV-min and Fy(IVP)
are the estimated extrapolation errors from statistical analysis of the
underlying x*fits. The predictions are in good agreement with avail-
able data within uncertainties. This instills confidence in the validity
of predictions for fermium and nobelium isotopes.

The predicted root-mean-square charge radii for fermium and nobe-
liumisotopes areshownin Extended DataFig. 3. Prediction uncertain-
ties are indicated for SV-min. Unlike for differential radii, the results
for the total radii show alarger spread between the models. This com-
plies with the observation that the isoscalar matter for parameters



in Extended Data Table 3 differ outside error bands. Following the
discussion in ref. 93, one would expect that the radii would be sorted
according tosaturation densitiesin Extended Data Table 3. Thisis not
necessarily the case as the data on charge radii were used in the cali-
bration ofindividual models and this spoils the correlation®. Still, the
inter-model similarity of charge radii is related to similar saturation
densities of our models.

Multipole decomposition of densities. The fermiumisotopes under
consideration are alldeformedinshape, and hence their intrinsic densi-
ties are non-spherical. To make an inter-model comparison of proton
densities p,, we carry out a multipole decomposition. To this end, we
define aradial proton density p,, ,,(r) as an angular average:

Pp,em(T) :I Yom(@)p,(r) dQ. )

Here Y, is the spherical harmonics of degree [ and order m and Q
represents angular coordinates. For an axially deformed nucleus,
m=0andwedenotep,,=p, ..-o- Theseradial densitiesarerelatedbya
Fourier transformation to the radial scattering form factors typically
discussed in the context of electron scattering®. The root-mean-square
point-proton radius can be obtained from the monopole component
of the proton density:

rH= @ I dr r4pp'00(r), (3)

where A is the mass number of the nucleus.
Higher-multipolarity radial densities define axial shape deforma-
tion parameters:

¢ drré*? r
PR 7 Ny Lk L) @
g 3ZR’ 3ZR’

where R =1.24"3 fm. The calculated quadrupole (¢ = 2) and hexadeca-
pole (¢ =4) radial densities are shown in Fig. 3.

For the nuclei we study here, single-reference models predict nuclear
densities that are deformed but retain both reflection symmetry and
axial symmetry. The multi-reference techniques used in SLyMR1 render
the comparisonwith the other models slightly moreintricate. For com-
parison purposes, we use the multipole decomposition of the density
ofthe deformed reference state with lowest particle-number restored
energy. This deformed state also breaks axial symmetry. However, the
triaxial components are small compared with the axial ones, as also
found within the DIM and BSkG2 calculations.
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Extended Data Table 1| Summary of laser resonance centroid wavenumbers in argon buffer gas environment together with
the corresponding isotope shifts and the evaluated changes in mean-square charge radii

A Centroid 52704 §(r?)250,4 DM  4§(r2)?04A.DM
[em~1] |GHz| [fm? [fm?] [fm?]

Fermium
245  25113.81(7) 30.4(2.2) -0.323(24)[33] -0.279 -0.0438
246 25113.50(5) 21.0(1.7) -0.223(19)|23] -0.223 -0.0004
248  25113.11(3) 9.5(1.0)  -0.101(10)[10] -0.111 0.0100
249  25112.99(11) 5.8(3.4) -0.062(36)[6] -0.055 -0.0063
250  25112.80(3) 0 0 0 0
254  25111.90(4) -27.0(1.4) 0.286(15)[29] 0.220 0.0663
255  25111.75(2)  -31.5(0.9) 0.335(10)[34] 0.275 0.0601
257  25111.48(8)  -39.5(2.4) 0.420(25)[42] 0.383 0.0365
Nobelium
252 29961.793(23) 10.08(69)  -0.105(7)[7]  -0.111 0.0058
253 29961.681(6)  6.72(18) -0.070(2)[5]  -0.055 -0.0147
254 29961.457(7) 0 0 0 0
255 29961.20(3) -7.7(0.8) 0.080(8)[6] 0.055 0.0250

Statistical uncertainties (one standard deviation) are given in parentheses, systematic uncertainties are included in brackets. Values for the isotopes 22 2*No are taken from the literature®>®,
The absolute values are additionally affected by the pressure shift, which cancels for the determination of the isotope shifts. Predictions by the spherical DM and relative differences to the
experimental data are included.



Extended Data Table 2 | Individual contributions summed up quadratically to the total statistical uncertainty on the
investigated 5f '27s? 3H to 5f27s7p ° G2 transition for different fermium isotopes

Fm isotope 245 246 248 249 250 254 255 257

Centroid correction [GHz|
Pressure or Doppler shift 0 0 0 0 0 0 -0.4  -0.3
Centroid uncertainty [GHz]

Fit uncertainty (0.4) (0.5) (0.2) 14 (0.2) (0.3) 0.005 0.3
Measurement granularity 1.5 1.5 0.5 (0.5) 05 1.0
Model uncertainty 14 2.8 0.5 2.2

Wavenumber measurement 0.5 0.5 0.5 1.3 0.5 0.5 0.06 0.4
Pressure or Doppler shift 0 0 0 0 0 0 0.3 0.4

Contributions in parentheses were not considered for the determination of the final uncertainty. For details see text.
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Extended Data Table 3 | Nuclear matter properties of the EDF-based models used in this study

psat [fm 3] E/A [MeV] K [MeV] m*/m  J[MeV] L [MeV]

Fy(IVP) 0.1648(14) -15.827(30) 211(11) 1.0 27.7(1.2) 43.0(14.1)

SV-min  0.1611(12) -15.910(30)  222(8)  0.952(69) 30.7(1.7) 44.8(24.6)
BSkG2 0.1577 -16.070 238 0.860 32.0 53.0
SLyMR1 0.1549 -16.103 277 0.528 32.9 38.9
D1IM 0.1647 -16.026 225 0.746 28.6 24.8

Uncertainties are indicated in parentheses for Fy(IVP) and SV-min. See text for details.




Extended Data Table 4 | Comparison of experimental®® and theoretical charge rms radii (all in fm) of 222Th, 2%8U, and 2**Pu

Nucleus Exp. SV-min Fy(IVP) DIM BSkG2 SLyMRI1
232Th  5.7848(124) 5.7791(84) 5.7773(58) 5.780  5.798
28U 5.8571(33) 5.8426(89) 5.8411(58) 5.845  5.856 5.823
24pu 5.8948(382) 5.8943(96) 5.8913(86) 5.885  5.909

Uncertainties are given in parentheses.
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