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Collinear Resonance Ionization Spectroscopy of Neutron-Deficient Francium Isotopes
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The magnetic moments and isotope shifts of the neutron-deficient francium isotopes 2°2-20°Fr were
measured at ISOLDE-CERN with use of collinear resonance ionization spectroscopy. A production-to-
detection efficiency of 1% was measured for 2°>Fr. The background from nonresonant and collisional

ionization was maintained below one ion in 10° beam particles. Through a comparison of the measured
charge radii with predictions from the spherical droplet model, it is concluded that the ground-state wave
function remains spherical down to 2%3Fr, with a departure observed in 2*Fr (N = 116).
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There are surprisingly few nuclear observables with
which theorists can elucidate the nuclear force and inter-
acting many-fermion problem. The laser spectroscopy
technique reported here has measured two of these (the
magnetic moment and mean-square charge radius) via the
hyperfine interaction and isotope shift. This is achieved
without introducing assumptions associated with any
particular approach, making these measurements suitable
for testing modern nuclear models. A variety of laser
spectroscopy techniques now exists for studying short-
lived radioactive isotopes, which broadly focus on either
high resolution (< 100 MHz linewidth) or high sensitivity
(<1 atom/s) [1,2].

We report here the first measurements o
reaching 11 neutrons from the N = 126 shell closure. This
has been made possible by a new highly sensitive, high-
resolution technique of bunched collinear-beam resonance
ionization spectroscopy (CRIS). The CRIS technique com-
bines for the first time velocity bunching (provided by the
collinear geometry [3,4]) and time bunching (to eliminate
the duty loss of required pulsed laser systems). The high
sensitivity is reached through a combination of the excel-
lent overlap of laser and beam, and the high quantum effi-
ciency of ion detectors. This new technique may be applied
generally to all nuclides, but it is at the limits of nuclear
stability that it will manifest its particular advantages.

The CRIS method was first proposed more than 30 years
ago [5], and its sub-Doppler resolution was demonstrated
by Schultz et al., who measured the radioactive isotopes
of ytterbium [6]. Since these isotopes were produced as
a continuous beam, the duty cycle losses associated with
pulsed lasers introduced a loss in efficiency by a factor
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of 30, which contributed to a low total experimental effi-
ciency of 0.001%. With the installation of a gas-filled radio
frequency quadrupole ion trap (ISCOOL) at ISOLDE,
bunched ion beams that match the duty cycle of the pulsed
lasers are now available [7]. This motivated the develop-
ment of a dedicated experiment to exploit the CRIS tech-
nique applied to time-bunched beams. In the present case
it allowed for the first time measurements of the neutron-
deficient francium isotopes with half-lives as short as
300 ms and production rates below 100 atoms/s.

In our work the francium isotopes were produced
through spallation reactions induced by 1.4 GeV protons,
incident on a high temperature uranium carbide target
(2000°C) and surface ionized (ionization potential
4.07 eV [8]) with use of a tantalum ionizer tube. A sche-
matic of the experiment is presented in Fig. 1. The beam
was accelerated to 50 keV, mass separated, and subse-
quently cooled and trapped by the ISCOOL. The trapping
time was synchronized with the repetition rate of the
Nd:YAG laser (30 Hz) used to ionize the francium atoms.
The bunched ion beam was transported from ISCOOL to
the CRIS beam line and neutralized in-flight with use
of a potassium vapor cell, which was grounded during
this experiment [9]. A differential pumping region sepa-
rates the neutralization cell from the laser-atom interaction
region, which was kept at 8 X 107° mbar to reduce the
process of nonresonant collisional ionization. The non-
neutralized component of the beam was deflected within
the differential pumping region. In the interaction region
(~ 1.2 m long) the atom bunch was temporally and colli-
nearly overlapped with two pulsed laser beams. The reso-
nantly excited and ionized beam was then deflected to
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FIG. 1 (color online). Illustration of the CRIS experiment. The
narrow-bandwidth Ti:sapphire laser was located in the RILIS
laser cabin and fiber coupled to the CRIS experiment with 35 m
of multimode fiber.

either a microchannel plate detector [9] or decay spectros-
copy station [10].

The phenomenon of shape coexistence in the lead region
[11] has been studied recently through charge radii mea-
surements of the neutron deficient lead [12] and polonium
isotopes [13,14]. This work has shown a departure from a
spherical charge distribution as it is predicted by the finite-
range droplet model (FRDM). Self-consistent (beyond)
mean field calculations conclude that towards the neutron
midshell, the isotopes remain essentially spherical but
with an increasingly collective contribution to the wave
function: eventually in the lightest isotopes of polonium
(N <104) the wave functions shift towards an oblate
deformed minimum [15]. A low energy two-particle two-
hole (2p-2h) intruder W(S;/]Z)l /27 state has been observed

as an isomer [16—18]. This state has been reported to invert
with the ground state in '*’Fr leading to an onset of ground-
state deformation below N = 113 [19,20]. This makes the
isotopes below 2Y7Fr represent a compelling case for laser
spectroscopy. This Letter reports the application of CRIS
with bunched beams to measure the magnetic moments
and change in mean-square charge radii of the ground and
long-lived isomeric states of 2022%Fr,

The isotopes were resonantly excited through the
7528, n—38 p*P, /2 transition (422.7 nm) and nonresonantly
ionized by a 1064-nm photon. The laser light for the
resonant step was produced by a narrow-bandwidth
Ti:sapphire laser pumped by a 10-kHz Nd:YAG laser and
constructed for in-source spectroscopy applications of the
ISOLDE resonance ionization laser ion source (RILIS)
[21]. The fundamental light from the Ti:sapphire laser
was frequency doubled within the RILIS cabin and trans-
ported to an optical table next to the CRIS beam line using
a multimode optical fiber (Fig. 1). The 422.7-nm laser was
spatially overlapped with a 30-Hz Nd: YAG laser (Spectra-
Physics Quanta-Ray). A trigger from the 10-kHz Nd:YAG
pump laser was used to synchronize the Quanta-Ray laser,
ISCOOL, and the data acquisition system.

During the experiment, the typical ion bunch width in the
interaction region was 2-3 us corresponding to a spatial
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FIG. 2 (color online). Hyperfine spectra of the isomeric and
ground state in 20%Fr. Fits for the I” = 10~ isomeric and I” =
3% ground state are shown as solid and dashed lines, respectively.

length of 45-70 cm. A total experimental efficiency of 1%
was determined for 2?Fr (Fig. 2), which was determined
through a comparison of the resonant ion rate to the mea-
sured yield of 100 atoms/s [22]. This represents a factor
of 1000 better than in the earlier CRIS measurements on
ytterbium. The efficiency includes losses associated with
beam transport, neutralization, ionization and detection,
and was measured with 10 mW average power for the
422-nm laser and 15 m]J for the 1064-nm radiation, mea-
sured after the interaction region. The very few background
events observed in Fig. 2 are associated with the nonreso-
nant collisional ionization of the isobar 2°2T1, which has a
production yield of ~10* atoms/ uC. The nonresonant ion-
ization efficiency was determined to be less than 1:10°. The
hyperfine structures associated with the ground and
isomeric states in 2Fr were identified with the decay spec-
troscopy station. The spectra were recorded by scanning the
frequency of the Ti:sapphire laser in either 10 seconds or in
proton-supercycle steps (typically 45-60 s). The ion signal
detected by the microchannel plate was digitized by a
2.5-GHz oscilloscope (LeCroy WavePro) and recorded.

Reference scans of 22! Fr were taken at regular intervals
during the experiment to account for any drifts in the
measured frequency. From these reference scans the
A factor of *'Fr was measured to be A(*S)),) =
+6200(30) MHz, which agrees closely with the literature
value +6204.6(8) MHz [23]. The measured scatter of the
reference isotope A factor was used to determine the mini-
mum error of the new measurements. The spectra for
203.205Fr and reference 2°’Fr are shown in Fig. 3.

The magnetic moments were evaluated from the mea-
sured A(2S ) /2) values and calibrated using the spin and
absolute magnetic moment measured in *'°Fr: A(S, ,) =
+7195.1(4) MHz, I"=6",and u = +4.38(5) .y [23,24].
The A factors and magnetic moments were determined
using assigned spins based on previous alpha-decay
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FIG. 3 (color online).
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measurements of the isotopes and isomers, since direct
spin measurement was not possible with the current ex-
perimental resolution [16,17,25]. The results are summa-
rized in Table L.

The charge radii were extracted from measured isotope
shifts using the King plot method and are presented in
Table I [2,26]. Measurements of the isotope shifts §22%722!
and 6v*!122! for the 7s2S,,, — 8p>P;, transitions were
combined with literature values for 2!2213220Fr [27] and
compared to the charge radii determined from the isotope
shifts of the 7s%S,,, — 7p*P;), transition (7182 nm).
Previous theoretical studies of the isotope shifts of the
718.2-nm line have determined the atomic factors for the
field shift (F) and mass shift (M) with an estimated uncer-
tainty of 1%—2% [28,29]. Using the calculations and the
isotope shifts for both the 718.2-nm and 422.7-nm lines,
a field shift of Fj = —20.67(21) GHz/fm?> and mass
factor of M,y = +750(330) GHzamu were determined.
The uncertainty associated with F,,, and My, introduces
a systematic scaling error which is up to a factor of 2 larger
than the observed experimental errors (Table I).

The extracted 8(r?) for 2°>7213Fr are presented in Fig. 4
and compared to the 8(r?) of the lead isotope chain [30]

TABLE 1.

Neutron number

FIG. 4 (color online). 8{r?) of the neutron-deficient francium
isotopes. The I” = 10~ isomeric state in 2°?Fr is shown as an
open symbol. Data for 207"23Fr (N = 120-126) are taken from
[23]. The data are compared to the trend of 8(r?) in the lead
isotopes [30]. Iso-deformation lines for constant 8, = 0, 0.1,
and 0.15 are shown as dashed lines [31,32]. The experimental
data were fixed using B, = 0 for N = 126 according to the
prediction by FRDM [35].

and the iso-deformation lines for 8, = 0, 0.1, and 0.15,
derived using the second parametrization of the FRDM
[31,32]. There is a remarkably close correlation between
the odd-even staggering trend in the lead and francium
isotope chains between N = 118 and N = 126. A depar-
ture from the trend observed is seen at N = 116, suggest-
ing an earlier onset of deformation in the neutron-deficient
francium isotopes than in the polonium or lead chains,
where this happens below N = 114 [12,14]. The band
structure built onto the ground state of 23>205Fr suggests
that while these isotopes have an increased collectivity,
they remain spherical [17,18]. The magnetic moments of
203.205Fr closely match the steadily decreasing trend from
= +4028)uy at N = 126 [23] to u = +3.73(4)uy at
N = 116, suggesting that the ground state is still domina-
ted by a spherical 7(h; /2) configuration. An almost spheri-

cal system is also supported by the ground-state intrinsic
quadrupole moment of ?%Fr, Q, = —64.4(7)e fm?, which

Summary of the measured hyperfine parameters, isotope shifts, and nuclear ob-

servables. The two errors shown for the extracted 8(r%) data correspond to the experimental
errors and errors associated with the evaluated Fj, and My, atomic factors, respectively.
A factors are based on assigned spins (see text for details).

Mass I ACS,j) (MHz) 642! (MHz) w (y) 8221 (fm?)
202 (3" +12 800(50) 32680(100) +3.90(5) ~1.596(8)(16)
202 (107) +2300(30) 32570(130) +2.34(4) —1.591(9)(16)
203 (9/27) +8180(30) 31320(100) +3.73(4) —1.530(8)(16)
205 9/2- +8400(30) 30210(100) +3.83(5) —1.475(7)(15)
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corresponds to a 3, = —0.0204(2) [33]. Using the FRDM
to interpret the charge radii, a rms value for 8, = 0.06 is
calculated from 8(r?)!'3126_While both analyses show that
3, is much smaller than what is recognized as a deformed
nucleus, the magnetic moments indicate that these nuclei
are in a transition region between simple single-particle
and collective behavior [33]. To understand this transition
region will require beyond mean-field calculations or
shell-model calculations with an extended basis that con-
siders excitation across Z = 82. The measured magnetic
moments reported here indicate that the departure of 5(r?)
from the lead trend at N=116 is almost purely dynamic in
origin and associated with zero-point fluctuations about the
minimum of the potential well. This is supported by the
fact that the rms 3, deduced from &(r?)!18126 is three times
larger than the static 8, deduced from the measured quad-
rupole moments [33].

This Letter reports the first laser spectroscopy meas-
urements with the new CRIS experimental facility at
ISOLDE, CERN. Magnetic moments and charge radii of
the ground states and one isomer in the neutron-deficient
francium isotopes 2°2"20>Fr have been measured. The CRIS
technique used in this work has demonstrated a total ex-
perimental efficiency of 1%. The background from non-
resonant and collisional ionization has been maintained
below one ion in 10° beam particles by maintaining a
pressure in the interaction region of 8 X 10~° mbar. This
combination of high detection efficiency and ultra-low
background has made it possible to study isotopes of
francium produced at a rate that is 2 orders of magnitude
lower than required with fluorescence based techniques
[33]. The measured charge radii demonstrate early depar-
ture from spherical FRDM predictions and the parallel
trend observed in the lead isotopes at N = 116. Based
on systematics of the heavier isotopes in the region, this
is interpreted as an increasingly collective yet spherical
ground-state wave function. Measurement of the spectro-
scopic quadrupole moments down to 2°2Fr would assist in
understanding the evolution of the nuclear wave function
in this region. Such measurements using high-resolution
lasers are in preparation. A comparison of the results rep-
orted here with beyond mean field calculations of the type
already performed on lead and polonium would further
help understand the collective contributions to the wave
function with increasing neutron holes [34].
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