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Quadrupole moment of >**Fr
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The spectroscopic electric quadrupole moment of the neutron-deficient francium isotope 2**Fr was measured
by using high-resolution collinear resonance ionization spectroscopy (CRIS) at the CERN Isotope Separation On-
Line Device (ISOLDE) facility. A remeasurement of the 2’Fr quadrupole moment was also performed, resulting
in a departure from the established literature value. A sudden increase in magnitude of the ***Fr quadrupole
moment, with respect to the general trend in the region, points to an onset of static deformation at N = 116 in
the g7Fr isotopic chain. Calculation of the static and total deformation parameters show that the increase in static
deformation only cannot account for the observed departure of its relative charge radius from the g,Pb chain.
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I. INTRODUCTION

Neutron-deficient isotopes in the vicinity of the Z = 82 and
N = 126 shell closures have been the subject of continued
experimental and theoretical interest. Low-lying states with
shape configurations that differ from the ground state lead
to shape coexistence in the region [1]. For odd-Z, even-N
nuclei above Z = 82 and below N = 126, a competition arises
between the spherical 7 1hg/, ground state and oblate 7351/,
intruder state. The excitation energy of this intruder state
decreases as the neutron orbitals below N = 126 are depleted.
This state inverts with the 7 1hg/, state to become the ground
state in gs Bi[2]and égs At [3]. In g;Fr, itis predicted to become
the ground state in 19Fy [4-7].

In-source laser spectroscopy studies on the neutron-
deficient '*195:197Bj isotopes support the previous suggestions
of shape-coexistence between a nearly spherical ground state
and a deformed intruder isomer [8]: the relative charge radii
of these g3Bi ground states are identical to those of their
corresponding lead isotones, which were found to be spherical
[9]. The isomeric 735y, intruder states, however, possess a
large isomer shift, suggesting that these states are significantly
deformed. Spectroscopic quadrupole moments, which can
only be measured for states with I > 1/2, provide a more
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direct observable for measuring static deformation. High-
precision quadrupole moments of the ground states are only
available down to N = 120 in g3Bi [10]. Quadrupole moments
measured via in-source laser spectroscopy are available for
N = 110-114 but their limited precision does not allow
conclusions to be drawn on the possible onset of static
deformation.

High-precision quadrupole moments have been measured
in the g;Fr isotopes [11-14], which have been the subject of
recent low- and high-resolution laser spectroscopic experi-
ments [15-19]. Earlier relative charge-radii measurements on
neutron-deficient g;Fr isotopes down to N = 120 showed no
departure from the lead isotonic radii, despite the presence
of five valence protons in the 7 1hg/,, orbital [13]. Recent
low-resolution laser spectroscopy studies measured down to
N = 115 and showed a sudden departure from the g,Pb radii
trend from 2®Fr (N = 116) downwards [16]. This suggested
an onset of deformation in the g7Fr chain closer to stability than
the departures found in the g3Bi and g4Po isotope chains, where
they occur at N = 110 and N = 114, respectively [20-22].
High-resolution laser spectroscopy studies of g;Fr isotopes
have been performed down to 204Fr [11,12,19], but no firm
conclusions on the possible onset of static deformation in the
ground states have been reported.

In this article, we present the first high-resolution laser spec-
troscopy study of 2*Fr. The hyperfine structure was measured
through the 7s 2S;/» — 8p 2P5, transition (23 658.31 cm ™)
by using the collinear resonance ionization spectroscopy
(CRIS) experiment at the CERN Isotope Separation On-Line
Device (ISOLDE) facility. A remeasurement of the 2°’Fr hy-
perfine structure is also presented, yielding a new quadrupole-
moment value that better follows the trend observed in
neighboring isotopes. The g7Fr quadrupole moments down
to N = 116 are compared with those of other nuclear ground
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and isomeric states in trans-lead elements. A similar gradual
increase is observed for all elements as the orbitals below
N = 126 are depleted, due to an onset of core polarization
[23]. The sudden increase at *Fr is interpreted as an onset of
static deformation at N = 116. However, this increase cannot
fully account for the observed departure of its relative charge
radius from the g,Pb chain [16].

II. EXPERIMENTAL TECHNIQUE

The francium isotopes of interest were produced at the
CERN Isotope Separation On-Line Device (ISOLDE) ra-
dioactive beam facility. Protons at 1.4 GeV from the proton
synchrotron booster (PSB) impinged upon a thick uranium-
carbide target. Francium isotopes were produced through
spallation reactions within the target and surface ionized
through collisions with a hot (2400 K) transfer line. The
203.207Fr jons were then mass separated by using the high-
resolution separator (HRS) and subsequently injected into the
ISCOOL gas-filled radio-frequency cooler buncher [24]. The
ions were allowed to accumulate and released at a rate of
100 Hz with a width of 5 us before being deflected to the
CRIS experiment [25].

The bunched francium ion beam was neutralized in flight
in a charge-exchange cell filled with potassium vapor (held
at 450 K). Any residual ionic component of the beam was
electrostatically deflected away. The neutralized bunches then
entered an ultrahigh-vacuum interaction region where they
were spatially and temporally overlapped with two laser
beams. The pressure of the interaction region was maintained
at2 x 1073 mbar so that nonresonant collisional re-ionization
was minimized. When the frequency of the scanning laser was
equal to that of an allowed transition between the ground and
excited hyperfine states, the francium atoms were resonantly
ionized and deflected onto a microchannel plate (MCP) and
detected.

The hyperfine structure of the francium isotopes was probed
by using the 422 nm 7s 2S1/2 — 8p 2P3/2 transition. An
M-Squared SolsTiS continuous-wave titanium-sapphire laser

PHYSICAL REVIEW C 96, 034317 (2017)

(pumped by a Lighthouse Photonics Sprout-G 18 W laser)
produced light at 844 nm. The wavelength was measured by a
HighFinesse WSU2 wavemeter, which was calibrated by using
a temperature-stabilized helium-neon laser as a reference. The
844 nm light was externally frequency doubled by using an
M-Squared ECD-X frequency doubler [26].

To prevent optically pumping to dark states, the 422 nm
light was “chopped” into 100 ns pulses at a rate of 100 Hz by
inducing a A/2 polarization change through fast switching
of a Pockels cell between 0 kV (off) and +2.4 kV (on)
with a Behlke FSWP91-01 fast square-wave pulser. When
the Pockels cell was on, the 422 nm light had the necessary
polarization to be reflected by a polarizing beam-splitter cube
towards another Pockels cell and polarizing beam-splitter
cube. Only when both Pockels cells were on would light be
reflected towards a 25 m multimode fiber transporting the
light to an optical table adjacent to the CRIS beam line. More
details can be found in Ref. [14]. The extinction ratio of the two
fast-switching setups operating in series exceeded 1 : 10°. The
peak intensity of the chopped pulses was 60% of the intensity
of the continuous-wave light entering the fast-switching setup.

A 1064 nm nonresonant step, delayed by 100 ns, was used
to ionize the excited francium atoms in the 8 p 2p, /2 state. The
83.5(1.5) ns lifetime of the 8p 2p; /2 [27] state allowed power
broadening and lineshape distortion effects to be removed
without a loss in efficiency [28]. This light was produced by
a Litron LPY 601 50-100 PIV Nd:YAG running at 100 Hz.
The timing of the two laser pulses with respect to the atomic
bunch was controlled by using a Quantum Composers QC9258
digital delay pulse generator.

III. RESULTS

The hyperfine structures of the 7s 2S; 52— 8p 2py /2 tran-
sition in 2°*297Fr are shown in Fig. 1. The frequency of the
spectra is plotted relative to the centroid frequency of **'Fr.
However, the isotope >'°Fr was used as a reference throughout
the experiment in order to minimize the accumulated radioac-
tivity on the MCP due the its shorter half-life of 20(2) ms
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FIG. 1. Hyperfine spectra of 2 Fr (blue) and 2*’Fr (red) obtained from collinear resonance ionization spectroscopy, relative to the centroid

frequency of 2*'Fr.
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TABLE I. Spins, hyperfine A and B factors, isotope shifts, magnetic dipole moments, spectroscopic quadrupole moments, and changes in
mean-square charge radii of 2>2’Fr relative to 22'Fr. The statistical and systematic uncertainties on the changes in mean-square charge radii
are given in the first and second sets of brackets, respectively. All hyperfine factors and isotope shifts are given in MHz. Literature values are
taken from Refs. [13,16,29]. The quadrupole moments measured through the 717 nm transition were recalculated by using the B/ Q value from
Ref. [30]

" A A(ls 2S1p)  ABp *P3p)  BBp *Pip) gv2ia () 0 (b) §(r?)?h4 (fm?)
203 (expt.)  9/2~ +8187(2) +29.5(2) —39.1(20) +31327(7)  4+3.744)  —047(2)  —1.5302(2)(168)
203 (lit.) (9/27)  +8180(30) +31320(100)  +3.73(4) —1.530(18)

207 (expt)  9/2° +8482(2) +30.4(2) —20.0(16) +28495(7)  +3.87(4)  —0242)  —1.3897(2)(149)
207 (lit.) 9/2- +8484(1) +28420(100)  +3.87(4)  —0.16(5)  —1.386(16)

compared with 4.8 m, as well as a shorter-lived progeny with
no isotope along the decay chain with a half-life more than a
few minutes. The full width at half maximum (FWHM) of the
203297k hyperfine peaks was 25 MHz.

The extracted hyperfine A and B factors, isotope shifts,
spins, magnetic dipole moments, electric quadrupole mo-
ments, and changes in the mean-square charge radii for
203,207y are presented in Table 1. The isotope shifts are given
relative to **'Fr by using §v??"2!° = 45475(5) MHz in order
to compare with our earlier work [15,16]. The magnetic dipole
moments were calculated by using the following relation:

Al
Aref I ref

n = Mref, (D

210 _ et o (e 2 —
using “VFr [frer = 67, et = +4.3805) 1w, Aret(7s “S12) =
+7195.9(9) MHz] as a reference [13,31]. Only the A factor
for the lower-state 7s 28|/ splitting was used to calculate the
magnetic moment, due to its smaller relative uncertainty. The
1% error on the magnetic moments of *°>2%’Fr is dominated by
the error on the reference value w(*'°Fr). This is of the same
order as the hyperfine anomaly that was observed between
odd-A and even-Ag;Fr isotopes [32].

The spectroscopic quadrupole moments were calculated
by using theoretical calculations of the electric-field gradient,
since there are no experimentally determined values for
this quantity. Coupled-cluster many-body calculations from
Ref. [30] give

B(8p *P3))
Os

allowing the spectroscopic quadrupole moment to be obtained.
The uncertainty on the measured quadrupole moment derives
only from the statistical error on B(8p 2P3/2) because no
error is given for the calculated quantity in Eq. (2). To
ensure consistency when comparing quadrupole moments
obtained through different transitions, literature values from
Refs. [13,19] measured with the 718 nm transition have been
reevaluated by using

— +84.01 MHz/b, )

B(1p > P3p)
0,

also calculated in Ref. [30]. No additional error was added
to the quadrupole moments as the calculations presented in
Ref. [30] agree with experimental data of hyperfine B factors
for the 7p 2P; ,2 and 8p Zp, /2 states in both 210,212,

= +259.73 MHz/b, 3

Changes in mean-square charge-radii were calculated by
using

N — ((SvA'A’ ~ Mt A), )
Fy AA

with My = 4+750(330) GHz amu and Fy = —20.67(21)
GHz/fm? as detailed in our earlier work [15]. Both statistical
and systematic errors are quoted for the changes in mean-
square charge radii. The statistical error results from the
experimental error on the isotope shift and the systematic error
arises from the uncertainty on the atomic M and F factors.

IV. DISCUSSION

The measured hyperfine A factors and isotope shifts
for 203-207py agree with literature values [13,15,16]. The
uncertainty on A(7s 2S,2) and §v?2"4 for *Fr has improved
by an order of magnitude. Despite this reduction, the precision
on the magnetic moment of 2°*Fr has not improved because the
uncertainty is dominated by the reference value. The statistical
uncertainty on the relative charge radius of 2>Fr has decreased
by an order of magnitude and this strengthens the earlier
suggested departure from the g, Pb chain [16].

The spectroscopic quadrupole moments for even-N g;Fr
isotopes below the N = 126 shell closure are shown in Fig. 2.
Literature values are taken from Refs. [12,13]. In the extreme
single-particle spherical shell model, even-N g;Fr isotopes are
expected to have quadrupole moments equal to zero because
the r 1y, orbital is half filled [23]. The fact that the measured
quadrupole moments are nonzero indicates some degree of
core polarization.

The quadrupole moments between N = 118-126 seem to
follow a linear trend (as shown by the dashed line to guide the
eye). A departure from this trend occurs at 2**Fr, suggesting
a possible onset of static deformation which is larger than
the normal “core polarization.” A deviation from the literature
value of *’Fr can be seen in the new measurement, reducing
its uncertainty and bringing it more in line with the systematics
of the region.

An increase in the magnitude of the quadrupole moments of
mhg,, configurations with increasing number of neutron holes
in the N = 126 shell has been observed in all isotope and iso-
mers up to ggRa [23]. Previously, a parabolic trend was fit to the
available data to extrapolate the effective proton charge at N =
114 [e5™(N = 114)/e; P(N = 126) = 2.42], as detailed in
Ref. [23]. With the recent and present data on the g;Fr ground
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FIG. 2. Spectroscopic quadrupole moments of even-N g;Fr iso-
topes below the N = 126 shell closure. This work is shown in blue
squares, literature values are shown in red circles [12,13]. A linear fit
of the data between N = 118-126 is shown as a dashed line.

states [12,13] probing a rather pure nhg 2 configuration, the
proposed parabolic behavior can be further tested. A similar
plot is presented in Fig. 3, displaying only the 87 states in
s4Po, and the 9/27 states in g3Bi and g;Fr, for clarity. Note that,
because the g3Bi and g7 Fr measurements were obtained through
laser spectroscopy, the ratio of the quadrupole moments is
equal to the ratio of the measured hyperfine B factors and
is thus independent of any electric-field-gradient calibration.
Because the literature values of the g;Fr quadrupole moments
were obtained from a different atomic state, the theoretical
B(1p 2P3/2)/B(8p 2P3/2) = 3.09 scaling factor from Ref. [30]
was used to determine the normalized quadrupole moments.
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FIG. 3. The ratio of quadrupole moments below N = 126 to the
quadrupole moment at N = 126 for the 9/2~ ground states in g3Bi
(red circles) [10], g7Fr (blue squares) [12,13], and 8" states in g,Po
(green triangles) [33]. The shaded area indicates the contribution of

the Q,(*"*Fr) uncertainty on the ratio. The dashed line results from a
quadratic fit of all data. See text for details.
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TABLEIIL. Intrinsic quadrupole moment and calculated static and
total deformation parameters for 2**Fr.

A Qo (b)
203 —0.85(4)

[{(B2)] Ratio (%)

0.026(1)

(ﬂZ)lol
0.118(2)

22(1)

This scaling factor agrees perfectly with the experimentally
determined ratio B(7p 2P3/2)/B(8p 2P3/2) = 3.08(6) [11-
13,34]. The shaded area on the g;Fr data represents the error
on the quadrupole-moment ratios due to the error of the 2*Fr
reference quadrupole moment. Such an error is not shown
for the g3Bi and g4Po data because it is negligible compared
with the total uncertainty on the normalized quadrupole
moment. The quadratic fit, shown by the dashed line in Fig. 3,
is fit to the same data as in Ref. [23] but also includes
the 9/2~ states in g7;Fr (down to 23Fr [12,13]) and the 8
states in ggRa [35]. The g3Bi data for N = 110-114 are not
included. The empirically derived effective proton charge of
ex P(N = 114) /ey (N = 126) = 2.46(14) presented here is
in good agreement with the value derived in Ref. [23].

The normalized quadrupole moments of the g3Bi, g4Po, and
g7Fr isotopes follow a very similar trend, down to N = 118,
despite their different proton numbers. The enhancement in
quadrupole collectivity with decreasing neutron number is
attributed to enhanced proton-neutron correlations as more
neutron-holes appear beneath N = 126 and seems to be
independent of the proton configuration for a given state. This
steady increase of core polarization begins to saturate as N
decreases. The g;Fr isotopic chain shows the earliest clear
deviation from this trend, at > Fr. This suggests a sudden onset
of static deformation (contrary to the gradual onset of core
polarization) from N = 116 downwards. A deviation from the
trend also occurs in g3Bi, six neutrons closer to the midshell
region.

Table II shows the intrinsic quadrupole moment and
calculated static and total deformation parameters for 2*Fr.
The intrinsic quadrupole moment Qy was calculated in the
strong-coupling limit by using

I+ DQI+3)
°T TTIeI - )

The static deformation parameter |(8,)| was calculated from
the intrinsic quadrupole moment with

Q _ SZ<r2)sph
0= @

by using the second parametrization of the liquid-droplet
model presented in Ref. [36] for (r?), i~ The total deformation
parameter (fB,)«+ Was deduced from the relative charge radius
of 283Fr by using the same parametrization of the liquid-droplet
model fixing (B)ioi(>'"*Fr) = (B)io:(*'*Rn) = 0.062 [37]. De-
spite the sudden increase in the quadrupole moment in this
nucleus, the static deformation comprises only 22(1)% of
the total nuclear deformation. Therefore, 2°>Fr cannot be
considered as purely statically deformed and the increase in
quadrupole deformation cannot fully account for the departure
of its relative charge radius from the g, Pb chain [16], indicating

Q. ®

(B2)(1 +0.36(B>)), (6)
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the presence of other effects. In g4Po, the onset of ground-
state deformation was interpreted in the beyond-mean-field
picture to be due to an increased admixture of deformed
configurations [21]. Theoretical input would help clarify the
origin of deformation in neutron deficient g7Fr.

Measurements of the changes in mean-square charge radii
of neutron-deficient g3Bi isotopes show a departure from
the neighboring g,Pb chain at N = 110 [20], suggesting
an onset of deformation. However, the missing quadrupole
moment data for N = 116,118 and the low-precision data
for N = 110-114 prevent firm conclusions on the nature of
this deformation in the g3Bi isotopic chain. High-resolution
laser spectroscopy measurements for N < 120 are required to
determine its nature and confirm the neutron number at which
the deviation occurs compared with g7Fr.

V. CONCLUSION

High-resolution collinear resonance ionization spec-
troscopy was performed on neutron-deficient francium, al-
lowing the measurement of the spectroscopic quadrupole
moment of 2**Fr. With a linewidth of 25 MHz, the hyperfine
structures of 2°*297Fr were probed, providing hyperfine A
and B factors of the atomic state 8p 2P3/2, in addition to
more precise isotope shifts. A more accurate measurement
of the quadrupole moment of 2*’Fr deviates from the literature
value but is more in agreement with the systematic trend
observed in the region. The normalized quadrupole moments
of the even-N g;Fr isotopes were compared with those of
other ground and isomeric states in the trans-lead region. All
these quadrupole moments follow the same quadratic increase
with decreasing neutron number, irrespective of their proton
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configuration, down to N = 118. 203pr at N = 116, is the
first isotope for which a clear deviation is seen from this
trend, suggesting an onset of static deformation in the g;Fr
isotopes at N = 116. However, calculations of the static and
total deformation parameters show that **Fr is not a purely
statically deformed nucleus. The increase in quadrupole defor-
mation in this nucleus cannot fully account for the observed
departure of its relative charge radius from its g, Pb isotone.
Further measurements approaching the midshell are needed to
see if the ground states become statically deformed or if their
deformation is due to configuration mixing with deformed
states as in g4Po [21]. High-resolution laser spectroscopy
studies on neutron deficient g3Bi are needed to verify whether
a similar onset of ground-state static deformation occurs at
N =110, as is suggested in Ref. [20].
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