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We report on high-resolution laser spectroscopy studies on ***->*Cf with spectral linewidths in the order of
100 MHz carried out at the RISIKO mass separator at Mainz University. In total three atomic ground-state
transitions were investigated and the hyperfine parameters for the odd-A isotopes and isotope shift for all
examined isotopes have been determined from the measured spectra. The isotope shift measurements allowed
tracking of changes in mean-squared charge radii across the deformed nuclear shell closure at N = 152, whereby
shape discontinuities were not observed. Experimental hyperfine coupling constants of the atomic ground state
were combined with relativistic many-body atomic calculations to extract the nuclear magnetic-dipole moment
of 2Cf with improved precision to ;(**Cf) = —0.395(17)uy, whereas ju;(¥'Cf) = —0.571(24)uy and
w;(PB3CE) = —0.731(35)uy were derived for the first time. Additionally, the spectroscopic quadrupole moments
0s(*¥Cf) = 6.27(33) eb and Qg(?>Cf) = 5.53(51) eb were extracted.

DOI: 10.1103/PhysRevC.107.034313

I. INTRODUCTION

High-resolution laser spectroscopy is a versatile technique
to study nuclear ground-state properties such as spins, elec-
tromagnetic moments, and changes of mean-squared charge
radii along isotopic chains [1,2]. These have been precisely
measured in recent years, also on exotic short-lived isotopes
produced at several radioactive ion-beam (RIB) facilities.
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Heavy actinides are of specific interest as they exhibit stabi-
lizing nuclear shell effects, which are of particular relevance
for theoretical predictions of superheavy elements [3]. Of
particular interest are the changes of mean-squared charge
radii across the deformed nuclear shell closure at neutron
number N = 152 [4,5], which allow exploring of variations
in the nuclear shape in this region. Previous measurements
revealed the increase of the nuclear charge radius with neu-
tron number to be significantly enhanced beyond the neutron
shell closures at N = 82 and N = 126 [6], which is referred
to as a kink. However, the very limited and incomplete in-
formation on atomic levels specifically for actinides beyond
plutonium hamper high-resolution spectroscopy on atomic
transitions [7,8]. A number of longer-lived isotopes of ac-
tinide elements up to fermium (atomic number Z = 100)
can be produced by multiple neutron captures and decays
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in a high flux reactor, such as the high-flux isotope reactor
(HFIR) at the Oak Ridge National Laboratory (ORNL) [9].
In this way, several isotopes of these elements have become
accessible for studies at off-line ion-beam facilities, i.e., at
experimental setups that are separated from the production
site. Studies on such samples require the chemical isolation of
the element of interest from the irradiated target. Using such
off-line samples, the atomic level structures of californium
(Z = 98) [10] and einsteinium (Z = 99) [11] have been com-
prehensively investigated at the RISIKO mass separator at
Johannes Gutenberg University Mainz (JGU), and efficient
ionization schemes, including autoionizing states, have been
identified. Furthermore, the hyperfine structures (HFSs) of
different einsteinium isotopes were measured, which enabled
the extraction of nuclear moments [12]. For californium, how-
ever, the HFS splitting is much less pronounced than for
einsteinium due to the lower nuclear magnetic moment, which
is a consequence of proton pairing in even-Z nuclei. The
magnetic moment of >*Cf is reported to p; = —0.28(6)uy,
with the absolute value stemming from an electron parametric
resonance spectrum in conjuction with atomic calculations
[13], and the sign stemming from optically observed hyperfine
splittings in electrodeless lamp spectra [14]. It is the only re-
ported magnetic moment for californium; electric-quadrupole
moments are yet unknown. Nuclear spins of / = 9/2~ and
I =1/2 were firmly assigned to the isotopes **’Cf and
BICS, respectively, derived from nuclear decay systematics
[15,16]. A nuclear spin of I = 7/2% was tentatively allocated
to the ground state of >3Cf according to the assignment to
a 7/2[613] Nilsson-model state, although its nuclear decay is
also compatible with a spin of 9/2 [16,17].

In this work, we report on two-step resonance ionization
spectroscopy performed on 2**“233Cf with resolved HFS for
the odd-A isotopes. Especially the measurements on *>Cf
with a sample containing only about 5 x 107 atoms (21 fg)
demonstrate the outstanding sensitivity of the applied tech-
nique.

II. EXPERIMENTAL SETUP
A. Origin and preparation of the samples

The californium samples used in this work were obtained
from two different sources. One sample was purchased from
Eckert & Ziegler Nuclitec GmbH as 0.1 M nitric acid solution
containing the four long-lived isotopes 2**232Cf. The iso-
topic composition at the time of the measurement was about
30% *Cf (Ti» = 351 a [15]), 33% *°Cf (T1), = 13.08 a
[18]), 16% ' Cf (T > = 898 a [16]), and 21% **Cf (T}, =
2.645 a [19]), calculated from the values provided in the tech-
nical data sheet corrected for radioactive decay. An aliquot
containing 6 x 10'" atoms of californium (250 pg) was
taken from the solution and dried on a 25-um-thick zirconium
foil. A smaller fraction of this material was already used for
preparatory spectroscopic measurements of the atomic struc-
ture of californium [10]. Among >**-232Cf, the second sample
contained the more exotic and relatively short-lived isotope
23Cf (T1, = 17.81 d [16]). Originally, this sample was pro-
duced at ORNL in the HFIR in 2019 and delivered to Mainz

for spectroscopic studies of einsteinium [12] and fermium.
Although a chemical separation was performed at ORNL, the
long-lived californium isotopes ***~2>2Cf were still present in
measurable quantity. In 2021, this sample was irradiated with
thermal neutrons in the V4 beam tube of the ILL high-flux
reactor in Grenoble. The main goal was to produce >>°Es
from 2*Es. However, the californium isotopes in the sample
were also transmuted by neutron-capture and produced a suf-
ficiently large amount of >>3Cf for laser spectroscopic studies.
Heavier californium isotopes were not produced in a quantity
large enough for detection due to the high neutron-induced
fission cross section o (n, fission) = 1300 b compared with
the neutron capture cross section o (n, y) = 18 bin 23Cf [20].
The sample was returned to JGU for separation of individual
actinide elements and subsequent laser spectroscopic study.
The separation of the californium from the einsteinium was
performed at the Department of Chemistry’s TRIGA site. The
sample was dissolved in 0.1 M nitric acid; the californium
isolation was performed using an actinide element separation
based on «-hydroxyisobutyric acid («-HIB) on the cation
exchanger Mitsubishi CK10Y at 70 °C with a 0.17 M «-HIB
solution at pH 4.8. The eluted fraction was transferred on
two zirconium foils and evaporated to dryness. The amount
of 22Cf in one sample was determined to be approximately
1 x 10'!" atoms by « spectrometry. Based on the measured
isotope ratio 2°Cf : 23Cf (see Sec. IIT), we evaluated the
amount of 2*Cf to around 5 x 107 atoms. Note that this was
not detectable by o spectrometry due to the small a-decay
branch of about 0.3% [16] and thus the amount of 23Cf was
unknown prior to the measurements presented here.

B. Ion source and laser system

The zirconium foils backing the samples were folded for
complete encasement and delivered to the Institute of Physics
at JGU. The high-resolution laser spectroscopy measurements
were conducted at the RISIKO mass separator [21]. The
samples were inserted into the atomizer tube, which can be re-
sistively heated to a maximum temperature of about 2000 °C.
Already at 800 °C neutral californium atoms start to evaporate
inside the atomizer and drift towards the open end of the tube.
For high-resolution spectroscopy, the effusing atomic beam
is intersected perpendicularly by the spectroscopy laser (first
step) at a distance of few millimeters from the atomizer. The
ionization laser beam (second step) is collinearly overlapped
to the atomic beam, therefore further decreasing the effective
opening angle within the interaction region. In this way a
Doppler width in the order of 50 MHz can be achieved in the
first excitation step. The entire laser interaction process takes
place within the perpendicularly illuminated laser ion source
and trap (PI-LIST), which is described in detail in Ref. [23].
The efficiency loss factor of PI-LIST operation compared with
the standard in-source approach typically ranges from 100 to
300 [23], with overall efficiencies estimated to be on the order
of 107 [24]. A sketch of the setup used for high-resolution
spectroscopy is depicted in Fig. 1.

The separation of atomization and ionization volume us-
ing the PI-LIST enables the suppression of surface-ionized
species and electrons from the hot atomizer by two aperture
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FIG. 1. (left) Sketch of a part of the experimental setup as applied for high-resolution spectroscopy of californium. Abbreviations are
used as follows: SHG = second harmonic generation, G = reflective diffraction grating, ECDL = external cavity diode laser, Rb SAS =
rubidium saturated absorption spectroscopy, FPI = Fabry-Perot interferometer, FI = Faraday isolator, BRF = birefringent filter, and PM =
piezo-mounted mirror. (right) Ionization schemes applied to study the HFS of californium in the first excitation step (FES). The given energy

levels refer to 2°Cf with an absolute uncertainty of 0.002 cm™!

in the FES. The ionization ladders and lifetimes t are taken from Ref. [10].

Note that in the measurements here not necessarily the strongest autoionizing states were used, but those which provide similar ionization for

all hyperfine levels. Figure adapted from Ref. [22].

electrodes. Ions are axially centered by a quadrupolar rf-field,
guided to the exit electrode of the LIST by field penetration
and are then accelerated to 30 keV. Subsequently, the ions
are separated by a 60°-sector-field dipole magnet according
to their mass-to-charge ratio, whereby neighboring masses are
cutoff by a separator slit in the focal plane of the magnet with
a mass resolving power of M/AM = 600. Finally, the ions
are counted by a secondary electron multiplier. Additional
background suppression was achieved by time-resolved ac-
quisition of the produced ions with a multichannel analyzer,
and gating to the 20- to 30-us-long ion bunch structure im-
printed by the pulsed laser system. This was in particular
necessary for the measurements on 2>>Cf.

In this work, three different resonant two-step ionization
schemes were investigated, in the following named schemes
I, I, and III, as given in Fig. 1. Thereby, a distinction has to
be made between the ionization laser (second step) and the
narrowband probe laser for the first excitation step (FES) to
an intermediate state. The former is a custom-built grating
tuned, z-shaped Ti:sapphire laser featuring intracavity second-
harmonic generation (SHG) with an output power of upto 1 W
in the region from 360 to 370 nm. The spectral bandwidth is
typically on the order of 5 to 7 GHz, and the laser pulse length
is in the range of 35-55 ns. The Ti:sapphire laser was pumped
with 16 W by a 10 kHz high-repetition rate Nd:YAG laser
operating in frequency-doubled mode at 532 nm. The more
critical part of the setup is the generation of narrowband laser
light applicable to scan across the ground-state transitions.
For this purpose, an injection-locked Ti:sapphire laser with a
bandwidth on the order of 20 MHz was used [25]. A custom-
built direct diode pumped continuous-wave (cw) Ti:sapphire

laser acted as a seed laser for injection locking. A detailed
description of the laser design and stabilization procedure is
provided in Refs. [26,27].

A Dbeta barium borate crystal was used for single-pass
SHG of the laser light from the pulsed injection-locked laser
resulting in an output power of typically 100 mW for spec-
troscopy. Finally, the laser beam was horizontally enlarged to
about 2 cm in front of the PI-LIST to increase the ioniza-
tion volume and thus affect the efficiency positively. During
the experiment, the fundamental wavelengths of the cw laser
and the ionization laser were measured with a High-Finesse
WSU-30 wavelength meter with a nominal absolute accuracy
of 30 MHz (30 criterion). This was regularly calibrated to a
precisely known rubidium transition during the measurements
as described in Ref. [28]. A rather similar setup, except for the
new cw-Ti:sapphire laser for seeding, was already used for
high-resolution spectroscopy in promethium and technetium
[22,24].

III. HIGH-RESOLUTION SPECTROSCOPY

The HFS of the odd-A isotopes >*%:231:233Cf and the isotope
shifts of the isotopic chain of ***2*Cf were measured in all
three ionization schemes (see Fig. 1). Since the total angular
momentum J of all investigated atomic states is larger than
the nuclear spin I, each atomic state splits into 2/ + 1 HFS
levels. According to selection rules, this leads to a total of 27
possible dipole-allowed transitions between the ground and
the excited state in 2**Cf for all three schemes. To minimize
saturation broadening of the transitions, the laser power in
the FES was lowered to 1 to 2 mW in all schemes (except
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FIG. 2. Measured transitions for 2**">>2Cf. In the PI-LIST arrangement resolutions between 50 and 100 MHz were achieved for *2°Cf in
all three ionization schemes, while >>Cf was included in PI-LIST measurements only for scheme II with a resolution of 180 MHz. The spectra
for 23Cf for scheme I and IIT were measured in-source with resolutions of about 1.5 GHz, whereby the resonance of 2>2Cf is also included as

a reference. The »2Cf part of the spectra is indicated by blue dashed

lines. The in-source measurements exhibit a Doppler shift in the order of

100 to 400 MHz to lower transition frequencies compared with the PI-LIST measurements. The red lines represent fits to the data. The blue
lines for 22Cf for schemes I and III give fits with respect to the centroid, while the HFS parameters are fixed to the results obtained from the
233Cf fit in scheme II and using the A and B ratios determined for 2! Cf and **’Cf, respectively.

for measurements on 2>>Cf, where saturation broadening was
accepted and the full laser power of about 100 mW was used
to produce a sufficiently intense signal). Additionally, the long
half-lives of the excited states allowed for decoupling the
ionization process from the excitation, which can deteriorate
the spectral resolution and cause slight lineshape distortions
from AC Stark shifts [29,30]. For this purpose, the ionization
laser pulse was delayed by 150 ns for schemes I and II and
by 100 ns for scheme III compared with the FES laser pulse.
This was again omitted for measurements on 2>>Cf. In this
way, linewidths down to 55 MHz were achieved for 24*~2°2Cf
under optimum conditions, whereas the linewidth obtained for
23Cf was 180 MHz. The power in the second step was limited
to values around 400 to 600 mW, as higher powers strongly
influenced the ion signal by additional heating of the sample.
The obtained spectra are shown in Fig. 2.

In case of 23Cf, the total amount of atoms was so small
that initially only in-source measurements were performed.
For these, the PI-LIST structure was removed to increase
the overall efficiency of the setup. In this case, the injection-
locked laser was illuminating the atomizer collinearly, which
led to a Doppler-limited linewidth of typically 1 GHz. A
similar approach was performed recently for spectroscopy on

einsteinium isotopes [12]. The collinear and perpendicular
measurements can be compared because the single resonance
of 22Cf was also measured for all frequency scans on >*Cf.
This is due to the limited mass resolution, which leads to
a leakage of the strong signal on mass 252 to 253. The in-
source measurements exhibit a Doppler-shift in the order of
100 to 400 MHz to the PI-LIST measurements due to the
movement of the effusing atoms. This was taken into account
for an accurate determination of energy levels and isotope
shifts. The counting rate on mass 253 was in a range between
1 and 3 counts per second (cps) on the strongest hyperfine
components, with a background rate between 0.5 and 1 cps.
Correspondingly, a measurement of weaker hyperfine transi-
tions was not possible. The background rate was particularly
high on mass 253 and additional heating of the atomizer
increased the background faster than the signal. This led to
limited statistics of the recorded spectra and hampered a con-
clusive analysis of the HES of >>Cf. The ratio >>Cf : 23Cf
was determined to about 2000 to 1 by analyzing the heights of
the ion signals.

The hyperfine spectra were fit using the SATLAS python
package [31]. Although the ratios for the hyperfine parame-
ters of the upper and lower atomic states A;/.A, and B;/B,
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TABLE 1. Extracted energy positions of atomic levels 2°Cf and HFS parameters for the odd-A californium isotopes. The uncertainties
were determined by adding a triangle function with arbitrary phase to the measured data to account for possible systematic uncertainties in the
wavelength measurement [28]. Note that the ground-state parameters of >**Cf and **' Cf were measured for three transitions and the respective
results were averaged. The determined HFS width o, for 20t is compared with previously reported values oy, from Ref. [14]. Uncertainties
resulting from measurements are given in parentheses, whereas propagated uncertainties due to fixed .4 and B ratios are represented by curly

brackets. For more details, see text.

ZSch 249cf 251cf 253cf
J Eexpt (Cmil) Aexpl (MHZ) Bexpt (MHZ) Oexpt (Cmil) Olit (Cmil) Aexpt (MHZ) Aexpt (MHZ) Bexpt (MHZ)
8 0 —53.4(2) 2991(10) 0.15 0 (fixed) —693.7(11) —127(3) 2640(200)
9 23 814.468(2) —46.1(3) 12 570(20) 0.30 —597(2) —109{3}* 11 100{850}*
7 23 994.450(2) —12.3(3) —1285(15) 0.035 0.14 —156(2) —28.6{7}° —1130{90}°
7 24 388.809(2) —70.7(7) 3875(40) 0.18 0.01 —930.9(14) —170{4}* 3430{260}*
*HFS parameters calculated from the ground state values using the ratios obtained for 3! Cf and **Cf, respectively.
bThe ratio of this level to the ground state was fixed in the fitting procedure to the ratio known from >*'Cf and >*’Cf, respectively.
were precisely known from the spectra of 2>!Cf and *’Cf,  with mass numbers A and A”:
respectively, and fixed during the fitting process; a conclusive SYM A A (1)

i =V i

fit for 2>Cf was not possible from the in-source scans due
to the low resolution and the 21 underlying hyperfine tran-
sitions. Therefore, the second sample containing >*Cf was
used to perform spectroscopy in the PI-LIST. Despite the
lower efficiency, it was possible to record one spectrum for
scheme II while exhausting the complete sample. This was
only possible due to the enhanced background suppression in
PI-LIST operation. Note that the statistics on the left side of
this 23Cf spectrum deteriorated during the scan, as the sample
was depleting and the background slowly increased gradually
during heating.

Table I summarizes the obtained HFS parameters for the
odd-A isotopes for different atomic energy levels. For 233Cf,
the measured spectrum in scheme II with high resolution
can be matched by a fit only for an assignment of [ = 7/2,
which confirms the tentatively allocated value of the nuclear
spin. For the ground state in ***Cf, A; = —53.4(2) MHz
and B; = 2991(10) MHz result as the weighted mean of the
three measured transitions. This gives a total HFS splitting
of 4.5 GHz (0.15 cm™!). In their analysis of spectra obtained
from electrodeless lamps, Conway et al. assumed the width
of the ground state splitting in >*’Cf to be small and set it
as zero for their analysis based on observations in americium
[14]. Following this assumption, they determined 2**Cf HFS
widths for many other states, such as that at 23 994 cm~! to
a value of 0.14 cm™! and at 24 388.60 cm™! to 0.01 cm™!,
respectively, as given in Table I. As our results show, this
assumption is clearly not valid. Therefore, the HFS widths
reported by Conway et al. refer to the observed transition
width, while the HFS information for the respective levels has
to be corrected accordingly. Table I compares the accurately
determined values in this work with those of Conway et al.
[14].

A. Isotope shifts

The rather large size of the isotope shift, in the order of
5 GHz, is clearly visible in Fig. 2. It is defined as the center
frequency shift in an optical transition i between two isotopes

The shift is caused by the different masses of the isotopes
in the form of a normal and a specific mass effect as well
as by the change in the mean-squared charge radius of the
nucleus, (S(VCZ)AA/. The latter contributes in conjunction with
an atomic-transition-dependent field shift constant F;. In this
way the isotope shift can be expressed as

Kinms + Kisms
n

with the mass-scaling factor u = mgmy/(my — my). While
the constant for the normal mass shift (NMS) can be calcu-
lated by K; nms = m,v with m, being the mass of the electron,
the constant for the specific mass shift (SMS) can only be
estimated. Here it is assumed to be K; sms = 0 £ K; nvs for
scheme II because K; sms is typically smaller than K; nms for
s— p transitions [32]. However, for transitions involving f or d
electrons (schemes I and III), K; sms can be ten or more times
larger [32]. In any case, the contribution of the mass shift is
orders of magnitudes smaller than the field shift in the range of
heavy elements like californium [1]. In our case, the NMS is
on the order of just 0.1% of the total isotope shift and therefore
mass shift corrections can be omitted. Table II summarizes the
measured isotope shifts with respect to 2°Cf, i.e., the isotope
exhibiting the N = 152 shell closure. The sign of the isotope
shift contains information about the electronic configuration
of the involved atomic levels. It is expected that the transition

v = + Folr2)™, 2)

TABLE II. Measured isotope shifts for three transitions com-
pared with the reference isotope °Cf in MHz.

Isotope >80 A ) vff?"‘/ 8 vflsg"’/
cr —6812(12) 6250(12) —5921(12)
20t 0 0 0
Blcf 5721(14) —5274(12) 5013(12)
220f 12 944(14) —11887(14) 11 265(14)
23t 17 470(50) —16052(20) 15 230(75)
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energy is larger for lighter isotopes for transitions from a
lower s state to a higher p state. From the configurations given
in Fig. 1 this is expected for the line at 417 nm, which agrees
with our measurement. The other two are transitions with an
electron being excited from a f orbital into an d orbital, where
an opposite sign of the isotope shift is expected, which is
also confirmed by our results. The determination of changes
in the mean-squared charge radii is of particular interest. At
present, no experimental data on charge radii in californium
or atomic calculations for the field shift parameter F for any
transition are available. An analysis of the absolute changes
in charge radii is therefore not possible, but variations in the
isotope shift data, which linearly translate to irregularities in
the evolution of mean-squared charge radii, can be assessed.
Although only one isotope below N = 152 is included in our
measurements, the isotope shift values do not explicitly reveal
a pronounced kink at N = 152, as it is the case in chains
of other elements at the N = 126 or N = 82 shell closures.
More definite statements would require further measurements
on additional more neutron-deficient isotopes.

A normal odd-even staggering becomes apparent, which
can be quantified by the staggering parameter

8<r2>A_l’A _ 25\1;};1”4

c
= = TATATD 3
(S(Fg)A 1,A+1 8\1;41; 1,A+1

YA =

without any knowledge of the F factor or of charge radii [33].
Note that Eq. (3) is typically defined for odd neutron num-
bers. In this case, the isotope shifts for respective neighboring
isotopes have to be known. However, since we measured
three odd-A isotopes and two even-A isotopes, it is calculated
here for even neutron numbers. This means normal odd-even
staggering is represented by y4 > 1. The results obtained for
scheme II are used to determine the staggering parameter, as
the contribution of the mass shift can be estimated best for
this scheme and >>*Cf could also be measured most precisely
in this scheme. This finally yields y»50 = 1.086(4) and y»5, =
1.227(5), which shows that the investigated californium iso-
topes exhibit normal odd-even staggering. The increase for
22Cf indicates that the odd-even staggering becomes more
pronounced for larger neutron numbers. For lighter actinides
like thorium, uranium, and plutonium, similar staggering pa-
rameters, i.e., 0% = 1.09, 53, = 1.31, and ¥ = 1.36, were
calculated using changes in mean-squared charge radii as
given in Ref. [6].

A modified King plot analysis was performed for the data
in Table II to verify the reliability of the measured isotope
shifts. Equation (2) can be rewritten for two transitions i, j to

AAT T AA R
név; = F, pov;® + (M, FjM,), (@)
with M; ; = K; jnms + Ki jsms. In Fig. 3, the modified iso-
tope shift wdvi{ is plotted against wdviy and udvi,
respectively. The data points should follow a linear trend
with a slope of % and a y intercept of M; — %M ;. Due to the
lack of information on F, the absolute slope values cannot
be checked. Nevertheless, the observed linearity is a direct
test for the consistency of the measured data. For the linear
regression, uncertainties in both variables were taken into

-330 250,251 cf - 420 nm on x-axis
250,253¢3¢ -+ 410 nm on x-axis
-340
=
2 -350
I
=
r ~360
<
3 -370
3 250,252¢f
-380
390 250,249

320 340 360 380 400 420
I—l‘SVZ‘iémzo (THz u)

FIG. 3. Modified King plot on the measured ground-state tran-
sitions in californium. The modified isotope shift for the transition
at 417 nm (y axis) is drawn against the modified isotope shift for the
transitions at 410 nm (green data points) and 420 nm (red data points)
on the x axis. The blue lines represent linear fits to the data points.

account. The fit results are given in Table III. In both cases, the
y intercept is relatively small (compared with the x- and y-axis
values in Fig. 3) and includes zero within its uncertainty. This
is in good agreement with the assumption of a small mass
shift, as Kyvys ~ 0.4 THz u and the SMS is assumed to be
in the same order of magnitude. The x2, value is smaller
than one, suggesting that the uncertainties in the isotope shifts
might be somewhat overestimated.

B. Nuclear moments

The HFS parameters A and B are given in Table 1. They
are directly linked to the magnetic moment p; and the spec-
troscopic electric-quadrupole moment Qg of the nucleus by
the relations

3%V
and B = er<—> . (®)]
z=0

972

B.(0)
1J

A=

A determination of the nuclear moments requires knowl-
edge of the magnetic field at the location of the nucleus
B.(0) and of the electric-field gradient inside the nucleus
(0%V /3z%).—o. These values can either be determined by
comparison to the hyperfine parameters of other, often sta-
ble, isotopes, for which the moments are known from
complementary measurement techniques, or they can be es-
timated from accurate atomic theory calculations [1,2]. For

TABLE III. Ratios of the field shifts constants for two pairs of
transitions are extracted from the King-plot, corresponding to the
slope of the fit in Fig. 3. Additionally, the y-axis intercept is listed
in the third column, which gives hints at the contribution of the mass
shift.

i j % M; — %’.M,- (THz u) x4
417,420 —0.901(18) —7.2(71) 0.19
417, 410 —1.075(25) 7.1(86) 0.03
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TABLE IV. Magnetic dipole (A) and electric quadrupole (3) HFS constants of the ground state of dysprosium and californium with
experimental values for dysprosium taken from Ref. [34]. Nuclear parameters u; = —0.4803)uy, I = 5/2, Qs = 2.51(2) eb were used for
1Dy and p; = 0.673(4)uy, I =572, Qs = 2.65(2) eb were used for Dy [35,36]. Theoretical uncertainties for californium are inferred

from the difference between theory and experiment for dysprosium.

Calculations Experiment
Atom State A (MHz) B (MHz) A (MHz) B (MHz)
161py 410652 S1g —113 1127 —116.231(2) 1091.577(50)
183Dy 4110652 51g 158 1190 162.754(2) 1152.869(40)
Dy 4119652 514 587 /1) 44905 605(3) (1 /1) 435(3)Qs
Cf 510752 51, 608(18)(pe; /1) 477(16)Qs

californium, only the magnetic moment of >*’Cf was deter-
mined to u;(**Cf) = —0.28(6)un. The sign was deduced
from optical spectroscopy [14] and the absolute value from
electron paramagnetic resonance measurements on Cf>* car-
ried out in 1975 in conjunction with atomic calculations. The
latter are the dominating contribution to the uncertainty [13].
Due to recent improvements in atomic theory and related
codes, new atomic calculations were performed for dyspro-
sium and californium within this work. Dysprosium is the
homologue atomic system for which the HFS is experimen-
tally known. It has an electronic structure analog to that of
californium.

Comparing theoretical atomic calculations and experimen-
tal data for dysprosium enables an evaluation of the achievable
accuracy. The atomic coupling constants are obtained using
the configuration interaction with perturbation theory method
(CIPT) [37]. Both atomic systems are treated as atoms with
twelve external electrons in open shells, 4£1°6s% for Dy and
5f197s% for Cf. The V¥~! approximation is used to gener-
ate the basis. The method of random-phase approximation
(RPA) is used to build the effective HFS operator (see, e.g.,
Ref. [38]). The HFS of the many-electron state a is given by

SE, = (al Y HI™ + 6V |a). (6)

1

Here summation goes over twelve external electrons, and
8VN=! is the atomic core polarization correction to the HFS
operator H'FS. The results are summarized in Table IV and
show agreement of the calculated values with the experi-
mental data within about 3% in dysprosium. An additional
uncertainty can be expected for californium from details in the
nuclear charge distribution as well as from nuclear polariza-
tion effects, which are summarized under the term hyperfine
anomaly and estimated to 1%—2%. This is supported by the
experimental observation that all ratios of spin-normalized
HFS constants A from the different investigated transitions
agree within their uncertainty to 2%, with no obvious sign
of hyperfine anomaly, even though changes in the electron
configuration from s to p orbitals as well as from f to d
orbitals are addressed.

With the new theoretical calculations and the weighted
mean values for the ground state HFS parameters, as given in
Table I, the magnetic moments and spectroscopic quadrupole
moments can be determined with a precision added on the
order of 5% to 10% as summarized in Table V. The newly

determined magnetic moment of 1; **Cf) = —0.395(17)ux
changes the literature value by about 20 and is &5 times more
precise. In addition, the previously unknown magnetic-dipole
moments of u;(P'Cf) = —0.571(24) puy and p;(P3Cf) =
—0.731(35) uy are extracted.

The magnetic-dipole moment probes the single-particle
properties of the unpaired neutron for the odd-A cali-
fornium isotopes. Therefore, our experimental values are
compared with nuclear theory calculations by the Hartree-
Fock-Bogolyubov (HFB) formalism, which is well known
to provide a reliable description of the nuclear ground-state
properties of even-even systems. This also serves as a starting
point to improve the description of ground-state properties
for systems with an odd numbers of nucleons [39]. At the
static mean-field level, the solutions of the HFB equations are
quasiparticle (qp) orbitals, which set a so-called “vacuum”
corresponding to a J™ = 0" state. The HFB ground state of
even-even nuclei is determined by minimizing the binding
energy over the entire potential-energy surface (PES) in the
deformation plane. To describe fermion systems, such as nu-
clei with an odd number of nucleons, the ground state should
be redefined as the excitation of one qp state on top of a
HFB vacuum. In practice, the gp excitation that minimizes the
total energy is selected. In the present axially symmetric HFB
framework, the projection K of the total angular momentum J
and the parity 7w are good quantum numbers. Thus, the HFB
ground state for odd-A nuclei with spin-parity J” is described
by selecting a gp orbital with K7, = J™ and imposing its oc-
cupation probability. This so-called blocking approximation
can be limited to the equal filling one, where time-reversal
symmetry is conserved. After variation, only one of the two qp

TABLE V. Extracted nuclear moments for 2*°Cf, 2! Cf, and 2>Cf
using experimental values in combination with the CIPT atomic
calculations. In addition, the magnetic-dipole moments j; yrg and
spectroscopic quadrupole moments Qg yrp Obtained by nuclear HFB
calculations are given.

1 /A1, HFB Os Os urB
Isotope 1 (un) (1x) (eb) (eb)
Wcr 9/2  —0.395(17)* —0.731  6.27(33) 6.86
Blef 1/2 —0.571(24) —1.015
B3 cf 7/2  —0.731(35) —0.755  5.53(51) 5.40

*urLie = —0.28(6)un from Ref. [13].
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FIG. 4. Comparison of experimental and calculated magnetic-

dipole moments in californium (EK1975: [13]; L1969: [43]). The
experimental values determined in this work are given in red.

of the blocked pair is considered as an excitation on top of the
HFB vacuum to calculate observables within time breaking
assessment.

In the current study, HFB calculations have been per-
formed for californium isotopes starting from >*Cf up to
234Cf with 16 harmonic-oscillator major shells using the DIM
interaction [40]. For odd-A californium isotopes, all possible
blockings are considered including not only the first blocked
gp for a given K™ but also the second (and up to the third
if K =1/2 or 3/2). Indeed, as shown in Ref. [39], we are
not certain that blocking the orbital, which yields the low-
est ground-state energy, corresponds to the observed nuclear
spin neither to the magnetic moment. As far as the ground
state spins are concerned, it turns out that our predictions
agree with the experiment for 2**Cf and 2°'Cf. However,
for 2Cf two near-degenerate states are predicted within 4
keV: one with spin projection and parity K* = 1/2%, and
another with K™ = 7/2%, which corresponds to the experi-
mentally observed ground state. For each blocked qp, a PES
is computed as function of the quadrupole deformation and
all relevant observables (magnetic moment, isotopic shift, and
spectroscopic quadrupole moment) are deduced both for the
minimum of the PES and, to take possible configuration mix-
ing into account, by averaging over deformation, as described
in Ref. [41]. However, due to the rigidity of the PES for
all the californium isotopes [42], this average does not have
much impact on the results, in contrast to what was found
in Ref. [41]. The magnetic-dipole moments of the isotopes
249.251.23Cf are compiled graphically in Fig. 4 together with
the theoretical predictions.

For ?*Cf, the newly determined experimental value
for the nuclear magnetic dipole moment of wu;(>***Cf) =
—0.395(17) N agrees reasonably well with the absolute value
of the reported magnetic moment |z;(>*’Cm)| = 0.36uy for
the same 9/27[734] neutron orbital in 247Cm [44]. In addition,
the new experimental value is closer to the estimated moment
of ft9/2-7341 = —0.49uN obtained by using effective g factors
for the 9/27[734] Nilsson configuration by Edelstein et al.

who determined the magnetic moment for the first time [13].
A similar value of u;(***Cf) = —0.466n was calculated in
Ref. [43] assuming the spin g, factor of the unpaired neutron
to be g, = 0.6g™, while for g, = g™ a magnetic moment of
[L](249Cf ) = —0.912uy is reported. The HFB calculations re-
sult in a magnetic-dipole moment of 1;(***Cf) = —0.731ux
which has the correct sign and lies well in the range of the
aforementioned values from effective model estimates, but is
significantly larger than the experimental value. This is similar
for 1Cf, for which W is overestimated by a similar factor
with comparison to the experiment, while the HFB calculation
agrees perfectly with the experimental value for 22Cf, as
visualized in Fig. 4. From the fact that all magnetic moments
in general exhibit a negative sign, we can deduce that a parallel
pairing of spin and orbital momentum is preferred. Apart
of that, the single-particle character of the unpaired neutron
seems to be significantly reduced close to N = 152, either by
configuration mixing or by an imperfect momentum coupling,
which is not completely reproduced by the HFB calculations.
In addition to the nuclear magnetic-dipole moments, also
the spectroscopic electric-quadrupole moments Qg of the nu-
clei can be deduced from the hyperfine parameter B using the
atomic CIPT calculations at a similar level of uncertainty. The
deduced Qs values for 2*°Cf and >*Cf are given in Table V.
From the spectroscopic quadrupole moments Qs, the intrinsic
quadrupole deformation Qo can be calculated using

_ I+ DI +3)
C3K2—I(I+1)

assuming K =/ for the nuclear ground state and well-
deformed nuclei [45]. This results in Qy(***Cf) = 11.5(6) eb
and Qy(>***Cf) = 11.8(11) eb, indicating a stable quadrupole
deformation across N = 152. This is in line with the trend
observed for 232423 Eg [12], albeit the deformation in the
einsteinium isotopes is slightly larger. The deformation pa-
rameter B =~ 0.27 deduced for both californium isotopes,
obtained using the relation Qy = J%ZeR%,B, valid for nu-
clei with one symmetry axis and the nuclear radius of Ry =
1.2A'73 agrees very well with the deformation of (**Cf) ~
0.28 and B(*3Cf) ~ 0.27 obtained in the HFB calculations.
The good agreement is also evident by comparing the cal-
culated spectroscopic quadrupole moments Qs yrg With the
experimentally determined values Qg in Table V.

Qo Os, (N

IV. SUMMARY

High-resolution laser spectroscopy was performed on the
isotopes 2**233Cf across the deformed N = 152 neutron shell
closure at 2°Cf and using samples sizes down to the fg scale
in the case of 2>Cf. Three different optical transitions were
investigated spectroscopically and isotope shifts as well as
hyperfine parameters were extracted. Even though the field
shift constants for californium are not known, which hampers
the extraction of changes in the mean-squared charge radii, the
isotope shifts were analyzed in a relative manner, independent
of the absolute changes of the radii. This is reasonable because
the mass shift contributes only weakly for heavy nuclei. No
hints of shape variations or distortions at the shell closure were
found in the investigated small range around the shell gap.
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Analyzing the staggering parameter reveals a weak normal
odd-even staggering that increases for larger N. The quality
and consistency of the isotope shift data was confirmed by a
King-plot analysis. Based on these results, on-line measure-
ments of short-lived neutron-deficient californium isotopes,
produced in fusion evaporation reactions, are foreseen to
study a wider range of nuclei, mapping the behavior in the
region of well-deformed heavy nuclei. The hyperfine structure
parameters A and B were extracted with high precision. A sig-
nificant inconsistency to the previous assumption of a nearly
vanishing ground state splitting was observed in the case of
29Cf. The experimental results of the ground state hyperfine
parameters were combined with CIPT atomic calculations,
which are now able to access electronic systems with open
f shells. The obtained atomic coupling constants enabled an
independent determination of the nuclear magnetic-dipole and
spectroscopic electric-quadrupole moments for the studied
odd-A isotopes. The relative precision for the magnetic-dipole
moment of >*’Cf was improved by a factor of five and a
deviation compared with the literature value was found. These
values are compared with nuclear HFB calculations, which
show a very good agreement for 2>Cf. The calculated nuclear
dipole moments for the nuclei directly around N = 152 are
larger than the experimental data, pointing to an influence on

the single-particle behavior at the N = 152 shell closure, for
which the presented results provide a new point of view.
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