aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Probing Sizes and Shapes of Nobelium Isotopes by Laser

Spectroscopy
S. Raeder et al.
Phys. Rev. Lett. 120, 232503 — Published 8 June 2018

DOI: 10.1103/PhysRevlLett.120.232503


http://dx.doi.org/10.1103/PhysRevLett.120.232503

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

Probing sizes and shapes of nobelium isotopes by laser spectroscopy

S. Raeder,l’Q’ D. Ackermann,®? H. Backe,* R. Beerwerth,> ¢ J. C. Berengut,” M. Block,»>® A. Borschevsky,’
B. Cheal,’® P. Chhetri,> ' Ch.E. Diillmann,"%® V.A. Dzuba,” E. Eliav,'? J. Even,'® R. Ferrer,'*
V.V. Flambaum,"7 S. Fritzsche,>% F. Giacoppo,''? S. Gétz,»® F.P. HeBberger,!»? M. Huyse,'* U. Kaldor,!?
0. Kaleja, 2 15[] J. Khuyagbaatar,®*2 P. Kunz,'6 M. Laatiaoui,""? F. Lautenschliger,®! W. Lauth,*
A K. Mistry,2? E. Minaya Ramirez,'” W. Nazarewicz,'® S.G. Porsev,'?20 M.S. Safronova,% 2!
U.L Safronova,?? B. Schuetrumpf,'®?2 P. Van Duppen,'* T. Walther,'' C. Wraith,'® and A. Yakushev!:?

! Helmholtz-Institut Mainz, 55128 Mainz, Germany.
2GSI Helmholtzzentrum, fiir Schwerionenforschung GmbH, 64291 Darmstadt, Germany.
3GANIL, CEA/DRF-CNRS/IN2P3, Bd. Becquerel, BP 55027, F-14076 Caen, France
4 Institut fir Kernphysik, Johannes Gutenberg Universitit, 55128 Mainz, Germany.
5 Helmholtz-Institut Jena, 07743 Jena, Germany.
S Theoretisch-Physikalisches Institut, Friedrich-Schiller-Universitit Jena, 07743 Jena, Germany
"School of Physics, University of New South Wales, Sydney 2052, Australia
8 Institut fiir Kernchemie, Johannes Gutenberg Universitit, 55128 Mainz, Germany.
9Van Swinderen Institute, University of Groningen, 9747 AG Groningen, The Netherlands
0 Department of Physics, University of Liverpool, L69 7ZE Liverpool, UK.
1 Institut fiir Angewandte Physik, Technische Universitit Darmstadt, 64289 Darmstadt, Germany.
128chool of Chemistry, Tel Aviv University, 69978 Tel Aviv, Israel
BRKVI CART, University of Groningen, 9747 AA Groningen, The Netherlands.
YMKU Leuven, Instituut voor Kern- en Stralingsfysica, 3001 Leuven, Belgium.
15 Institut fiir Kernphysik, Technische Universitit Darmstadt, 64289 Darmstadt, Germany.
S TRIUMF, 4004 Wesbrook Mall, Vancouwver, BC V6T 243, Canada.
Y7 Institut de Physique Nucléaire Orsay,91406 Orsay, France.
8 Department of Physics and Astronomy and FRIB Laboratory,
Michigan State University, Fast Lansing, Michigan 48824, USA.

19 Department of Physics and Astronomy, University of Delaware, Newark, Delaware 19716, USA
20 petersburg Nuclear Physics Institute of NRC' “Kurchatov Institute”, Gatchina, Leningrad District 188300, Russia
2 Joint Quantum Institute, NIST and the University of Maryland, College Park, Maryland, USA
22 Physics Department, University of Nevada, Reno, Nevada 89557, USA
(Dated: April 20, 2018)

Until recently, ground state nuclear moments of the heaviest nuclei could only be inferred from
nuclear spectroscopy, where model assumptions are required. Laser spectroscopy in combination
with modern atomic structure calculations is now able to probe these moments directly, in a com-
prehensive and nuclear model-independent way, for the first time. Here we report on unique access

to the differential mean-square charge radii o

£ 252,253,254\

, and therefore to changes in nuclear size

and shape. State-of-the-art nuclear density functional calculations describe well the changes in nu-
clear charge radii in the region of the heavy actinides, indicating an appreciable central depression
in the deformed proton density distribution in 2°%?*4No isotopes. Finally, the hyperfine splitting of
233No was evaluated enabling a complementary measure of its (quadrupole) deformation, as well as
an insight into the neutron single-particle wave function via the nuclear spin and magnetic moment.

The heaviest elements owe their existence to a sub- s
tle balance between the attractive nuclear force and the ss
Coulomb repulsion. The attractive force leads to strong se
shell effects that increase the binding energy and thus the e
half-life by more than fifteen orders of magnitude com- &
pared to early expectations [I]. Coulomb rearrangement e
plays a key role in superheavy nuclei resulting in a central 63
depression in the density distribution and may even re- e
sult in bubble nuclei (see Ref. [2] and references therein). es
Unfortunately, measurements of charge or matter radii e
have stopped short of transfermium nuclei. The nuclei e
between the spherical 2°8Pb and a predicted island of en- e
hanced stability in the region of the superheavy nuclei [3] e
are expected to be deformed [4]. Evidence for the defor- -
mation is provided by the observation of K-isomers [5] [6]

and from rotational bands in nuclear decay spectroscopy,
for example, in 2**No [7, 8] or 2°°Rf [9]. The deforma-
tion parameters and other nuclear properties such as the
magnetic moment are then derived based on a model-
dependent interpretation of such rotational levels built
on the nuclear ground state [10]. Laser spectroscopy, on
the contrary, enables probing the nuclear ground state
directly: the atomic spectra of different isotopes reveal
information on the nuclear spin, nuclear moments and
differential nuclear mean-charge radii [I1]. Atom-at-a-
time laser spectroscopy of the heavy actinide element
nobelium (No, Z=102), in which the 1Sy—!P; transi-
tion at an excitation energy of 7; =29,961.457 cm ™! was
identified [12], was a prerequisite for our studies. Here,
we report detailed laser spectroscopy on the nobelium
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isotopes 2°2:253:254No from which, in combination with
state-of-the-art atomic calculations, information on the
underlying nuclear structure is obtained.

The RAdiation Detected Resonance Ionization Spec-
troscopy (RADRIS) technique [13, [14] employs a two-
step photo-ionization process along with an unambigu-
ous identification via radioactive decay detection. The
nobelium isotopes 2°2:253:254No were produced in the
two neutron evaporation channel of the complete-fusion
of 48Ca with 206:207:208Ph with cross-sections of 0.5 ub
(#%2No), 1.3 ub(?3*No), and 2 ub (?**No) [15]. The 48Ca
beam was provided by the linear accelerator (UNILAC)
of GSI Helmholtzzentrum fiir Schwerionenforschung in
Darmstadt with average beam currents of 0.7 particle
uA (about 4.4 x 102 particles per second). The fusion-
evaporation products, recoiling from the PbS targets,
with a thickness of about 440 pug/cm?, were separated in-
flight from the primary beam by the Separator for Heavy
Ton reaction Products (SHIP)[I6]. At the best four ions
per second were injected into a buffer-gas stopping cell
installed at the focal plane of SHIP. A 3.5 um thick, alu-
minized Mylar foil window separated the gas environ-
ment of the gas cell from the high vacuum of SHIP. The
ions were thermalized in 95 mbar ultrahigh-purity argon
gas (99.9999%), accumulated, and neutralized on a tan-
talum catcher filament. For a short time during every
measurement the primary beam was chopped out before
the filament was heated to temperatures of about 1050°C
at which neutral nobelium atoms are efficiently released
[1I7]. For best performance, we varied the collection time,,
with respect to the half-life of the isotope [I8]: 3s fory,
#52No (T2 =2.4s), 37s for #**No (T, =97s), and 25s,,,
for 2**No (T /5 =51.2s). The released atoms were probed,,,
by two laser beams of suitable wavelengths in a two-step,.,
photo-ionization scheme (see inset in Fig.. The sec-,,,
ond step was set to a wavelength Ao =351 nm such that,.,
the total excitation energy exceeded the first ionization,,,
potential (IP) for non-resonant ionization, with a pulse,,,
energy density of 2mJ/ecm?. This laser efficiently ion—13
ized atoms excited to the Py state but also the fraction
of atoms where the population that was transferred to a*
long-lived atomic state by gas collisions [19]. Ions created'
by resonant laser ionization were guided by electrostatic'
potentials to a silicon detector and identified by their'
characteristic a-decay energy or additionally by the de-***
tection of high energetic fission fragments in the case of'#
252No. This method enables a selective and efficient laseruss
spectroscopy, resulting in a total efficiency of 3.3(1.0)%1ss
for 252No [12], 8.2(2.5)% for 2°*No, and 6.4(1.0)% forus
254No [12]. To probe nuclear properties of the nobeliumiss
isotopes, we scanned the first excitation step around theuso
1P, level with a resolution of about 4 GHz (FWHM) lim-1s
ited mainly by the laser bandwidth (1.2 GHz) and col-is:
lisional broadening (4 GHz). For 252No we operated theus
laser with an increased laser bandwidth of 5.5 GHz, whichiss
reduced the final resolution, but also reduced the numberiss
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FIG. 1. Measured excitation spectra of the 1P, level for the
isotopes 2**No, 2°°No, and 2°?No with a best fit to the data
(solid line). The dashed line represents the center of each
resonance while the solid vertical lines in the 2**No spectrum
indicate the position and strength of the individual hyperfine
structure components with total angular momentum F =7/2,
9/2, and 11/2 at 3.99 GHz, 4.10 GHz, and 10.74 GHz, respec-
tively. The inset shows a schematic ionization scheme.

of scan steps for a more efficient beamtime usage. The
measured spectra are shown in Fig.[T]

Besides a shift of the resonance centroid of the indi-
vidual isotopes, the spectrum of the odd-mass isotope
253No additionally features a splitting. This originates
from the hyperfine interaction that leads to a coupling
of the electron angular momentum J with the nuclear
spin I. The resulting splitting AFEyps depends on the
total angular momentum F and the hyperfine coupling

constants Appg = u?j and Byrg = eQs <%27‘2/>, where p
and Qg are the magnetic dipole moment and the spectro-
scopic quadrupole moment of the nucleus, respectively.
The magnetic dipole moment p couples to the mag-
netic field created by the electron orbital at the nucleus
B, while Qs links to the electric field gradient at the

nucleus <%2z‘2/> with the elementary charge e. These

atomic parameters, which are isotope-independent and
connect atomic observables to nuclear properties, were
obtained from state-of-the-art atomic calculations. Dif-
ferent theoretical approaches were applied to calculate
these parameters for nobelium: configuration interac-
tion (CI) with the single-double coupled cluster method
(CI+All orders) [20], CI combined with many-body per-
turbation theory (MBPT) [21H23], and relativistic Fock
space coupled cluster (FSCC) [24] as well as multi con-
figuration Dirac-Fock (MCDF) calculations [25] [26]. The
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TABLE I. Summary of the atomic calculations, the experimental results, and the extracted nuclear parameters for

252,253,254\,

The values of the calculated HFS coupling parameters Be/J and <82V/8zQ>7 the field shift constant Fs and the mass shift
constant M have been calculated with different techniques in this work and are presented together with the spectroscopic
results obtained in the experiment. From these values the nuclear magnetic moment p, the spectroscopic quadrupole moment
Qs and the changes in mean square charge radii 6(r?) between the nuclei are extracted. uy denotes the nuclear magneton.

Hyperfine splitting for 2**No

Isotope shift

Atomic calculations B./J (8°V/)02*) F M
(GHz - I/un)  (GHz /eb) (GHz / fm?) (GHz - amu)

CI+AIll orders —6.3(0.9)T 0.486(70)T —95.8(7.0)7

CI+MBPT —~7.1(1.0) 0.503(75) —104(10)

CIPT —7.4(1.2) 0.624(90) —94(25)

FSCC 0.465(70)* —99(15)

MCDF —4.1(1.8) 0.444(75) —113(25) —1044(400)

T values used to deduce nuclear ground-state parameters.

Spectroscopic results Apps (GHz)  Burps (GHz)  6v2°25% (GHz) §1*54253 (GHz)
0.734(46) 2.82(60) 6.72(18) 10.08(69)
Nuclear properties w(pN) Qs (eb) §(r?)24258 (f?)  §(r?)254252 (fi?)

—0.527(33)(75) +5.9(1.4)(0.9)

~0.070(2)(5) ~0.105(7)(7)

results of these calculations are summarized in Table[ll s
In general, the different methods agree with one anotheriso
to within about 20%. By applying a newly developedia
method which is based on the CI technique but treatsio
high-energy states perturbatively (CIPT method) [27],0
the influence of configuration mixing on the investigatedis
1P level was evaluated at the cost of an increased un-is
certainty. This allowed to verify and exclude a possibleiss
scenario of a strong mixing with core excitations. Fromuio
systematic investigations of chemical elements with simi-1es
lar electronic configurations, the most accurate values forie
the hyperfine coupling parameter B./J and the isotope
field shift constant Fy are expected for CI(+All orders)apo
calculations. Thus, these results were taken for extract-
ing the nuclear properties. CI(+All orders) calculations.o
and FSCC calculations provide the same uncertainty fora:
the parameter <(‘32V/ 8z2> for which an average value ofs
0.476(70) GHz/eb was used in the evaluation. 204
From a total of three HFS transitions to the 'P; statezos
in 253No only two were resolved. The splitting of theae
hyperfine structure (HFS) levels depends on the nuclearar
spin. Under the assumption of a prolate shape of theas
253No nucleus, and by considering the sign of the ex-xs
tracted magnetic moment and the x2 of the fit, a nu-awo
clear spin of I(?°3No)=9/2, which was used later on.u
in the evaluation, is favoured over I(*>3No)=7/2. Thisx
result independently substantiates conclusions from nu-s
clear spectroscopy [28] 29]. The hyperfine coupling con-2
stants Apps =0.734(46) GHz and Bpps = 2.82(67) GHzais
for 253No were derived from a x2-minimization of a rateas
equation model to the experimental data which includeszr
saturation effects from the pulsed laser excitation ons
the individual intensities [30]. For 2°*No, which fea-2w
tures an even proton number, Z =102, and an odd neu-20

tron number, N =151, the nuclear magnetic properties
arise mainly from the unpaired neutron. Our experi-
mental determination of the magnetic dipole moment to
w(?*3No) = —0.527(33)(75) un therefore enables probing
nuclear shell model predictions of the underlying nuclear
single neutron wave function. The first parenthesis refers
to the statistical uncertainty (1o) and the second paren-
thesis refers to the uncertainty from atomic calculations.
The nuclear magnetic moment of the band-head of a rota-
tional band in a well-deformed nucleus, such as expected
in the case of 23No, can be written as
I? 1

1/ N :gKm‘f'ng (1)
It depends on the rotational g-factor 0.7 - Z/A < gr <
Z/A [31] and the single-particle intrinsic g-factor g,
which so far was calculated from nuclear models. From
our data on the magnetic moment, an average value of
g3 =—0.22(5) is extracted which considers the stated
range of gr. This result is consistent with a calcu-
lated value of gx =—0.25 reported in [29, 32] for the
I(?3No) =9/27[734] ground state configuration while it
disagrees with a different calculated value gx = —0.12,
reported in [33].

From the Bpygps-value of the HFS split-
ting, a spectroscopic quadrupole moment of
Qs(?3No) =+5.9(1.4)(0.9)eb is deduced indicating
a strong prolate deformation of the 2°3No nucleus,
in agreement with the observation of K-isomers in
nobelium isotopes [B]. From our result an intrinsic
quadrupole moment of Qq(?*3No)=+10.8(2.6)(1.7)eb
is extracted. This value is comparable with the shell
model-dependent value of Qs(***No)=+13.1eb [32] [33],
obtained from the moment of inertia in the rotational
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FIG. 2. The change in the nuclear mean square charge radii
§(r?), for 227254No and even Z actinide nuclei starting from
thorium, is plotted as a function of the neutron number with
arbitrary offset. For each element the DFT calculations with
two Skyrme energy density functionals, UNEDF1 [34] (dashed
line) and SV-min [35] (solid line), are shown. The slope ac-
cording to a schematic droplet model assuming a constant
deformation for the actinide elements referenced to N =138
is marked in gray. 253

254

band built on the ground state of 2°*No [7, 8]. These
values indicate a constant deformation in the isotope ;
chain of nobelium around the neutron shell Closure s
N =152. 2o
Information on the deformation of the even mass
nuclei 2°22%4No with zero nuclear spin can be ob-
tained from laser spectroscopic measurements through262
a complementary route. The change in deformation
is manifested in the isotope shift (IS) of an atomlc
transition dv44" =14 — 14 between two isotopes A 4
and A’ with masses myg and ma/. IS values of
51254253 = 6.72(18) GHz and 6v2%2%2 =10.08(69) GHz, .
were measured in this work. The IS arises from a mass_ !
shift, with a mass shift constant M, and a field shift, Wlth269
a field shift constant F. The latter is the dominant factor
for heavy elements and is characterized by the density ofz 7(1)
the electron wave function inside the nucleus. The IS 1s o
related to the change in the nuclear mean square Chamge273

260

radius & <r2>A’A by -
A/ - A 275
(SZ/A’A — %M +F,- 5<T2>A A (2)276

mA -m

277
The constants M and Fy were determined by atomic cal-2r
culations as summarized in Table[l] The obtained changeszr
in mean square charge radii for the nobelium isotopeszso
in comparison to experimental values for other actinideszs
[36, 37] are shown in Fig.2l The experimental resultsz:
for different actinide isotopes agree well with calculatedoss
values from self-consistent nuclear density functional the-2e
ory (DFT) without any symmetry restrictions [38] forass
even-even nuclides obtained with two Skyrme function-zss
als. An alternative to the Skyrme functionals are thes
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FIG. 3. Upper panel: deformation parameter Sz for different
even-even isotopes of Th, U, Pu, Cm, and No obtained from
the DFT calculations with the UNEDF1 functional. The in-
set figure shows the calculated proton distribution of 2**No
from highest density (red) to low density (blue). Lower panel:
relative depth of the central depression.

Fayans functionals, which recently have been optimized
with a focus on charge radii [39]. However, those func-
tionals overestimate the pairing correlations particularly
in the actinide region, which could have a significant in-
fluence on the results. The proton density distribution
for 2*No predicted by UNEDF1 is shown in Fig.[3] The
calculated distribution clearly indicates the deformation
as well as a central depression, which originates from the
strong Coulomb repulsion (see, e.g., [2, [40, 41]). The
maximum in quadrupole deformation, defined by the de-
formation parameter 9, is predicted by the DFT cal-
culations to be around N =148 as shown in the upper
panel in Fig.[3] For the nobelium isotopes this results
in a deformation parameter which only changes slightly
for the investigated isotopes. This is in line with other
calculations [4, 42, 43], experimental results from in-
beam gamma spectroscopy of 2°2:254No [7, [44] and the
spectroscopic quadrupole moment from our HFS mea-
surements in 2°2No. The central depression of the pro-
ton distribution is displayed in the lower panel in Fig.[3]
The relative depth of the central depression, defined as
(Pmax — Pc)/ Pmax With the maximum proton density pmax
and the proton density in the center p., increases with an
increasing deformation parameter which leads to an ad-
ditional contribution to the charge radii. In general our
experimental results are in good agreement with DFT
calculations. For comparison, the results of §(r?) from a
parameterization of a droplet model (DM) [45] [46] at a
constant deformation, as typically done in laser spectro-
scopic investigations up to the lead region [11], are shown
for Z=90-102 in Fig.[2l in gray. Typically, a deviation
from this slope is attributed to changes in deformation,
but the experimental values for nuclei around the maxi-
mum in deformation continue to deviate. This indicates
that the increase in charge radii is underestimated by the
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DM in this region of high Z and strongly deformed nu-so
clei. 341
In summary, nuclear ground-state properties were ob-3%
tained from laser spectroscopy for the nobelium isotopes®”
252,253,254N0. The results are the first of their kind in3:4
the transfermium region, where elements are available in_,
single atom-at-a-time quantities only. Besides the first,,,
experimental determination of the magnetic dipole andsss
spectroscopic quadrupole moment of 2°3No, the results ofs
the isotope shift match well with changes in mean square3®
charge radii calculated by nuclear DFT, which predict a*'
strong central depression in the charge density of morezz
than 12%. Laser spectroscopy, in combination with state-,,
of-the art atomic calculations, can now also be employed;ss
to study the structure of K-isomers and the properties ofss
deformed nuclei in the heavy element region around no-3s
belium, which forms the basis for a better understanding?3®

of the nuclear structure of the heaviest elements. 39
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