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            Decay-Assisted Laser Spectroscopy of Neutron-Deficient Francium K. M. Lynch, 1,2,3,* J. Billowes, 1 M. L. Bissell, 3 I. Budinc ˘ ević, 3 T. E. Cocolios, 1,2 R. P. De Groote, 3 S. De Schepper, 3 V. N. Fedosseev, 4 K. T. Flanagan, 1 S. Franchoo, 5 R. F. Garcia Ruiz, 3 H. Heylen, 3 B. A. Marsh, 4 G. Neyens, 3 T. J. Procter, 1,† R. E. Rossel, 4,6 S. Rothe, 4,6 I. Strashnov, 1 H. H. Stroke, 7 and K. D. A. Wendt 6 1 School of Physics and Astronomy, The University of Manchester, Manchester M13 9PL, United Kingdom 2 ISOLDE, PH Department, CERN, CH-1211 Geneva-23, Switzerland 3 Instituut voor Kern- en Stralingsfysica, KU Leuven, B-3001 Leuven, Belgium 4 EN Department, CERN, CH-1211 Geneva 23, Switzerland 5 Institut de Physique Nucléaire d’Orsay, F-91406 Orsay, France 6 Institut für Physik, Johannes Gutenberg-Universität Mainz, D-55128 Mainz, Germany 7 Department of Physics, New York University, New York, New York 10003, USA (Received 6 January 2014; published 28 March 2014) This paper reports on the hyperfine-structure and radioactive-decay studies of the neutron-deficient francium isotopes 202–206 Fr performed with the Collinear Resonance Ionization Spectroscopy (CRIS) experiment at the ISOLDE facility, CERN. The high resolution innate to collinear laser spectroscopy is combined with the high efficiency of ion detection to provide a highly sensitive technique to probe the hyperfine structure of exotic isotopes. The technique of decay-assisted laser spectroscopy is presented, whereby the isomeric ion beam is deflected to a decay-spectroscopy station for alpha-decay tagging of the hyperfine components. Here, we present the first hyperfine-structure measurements of the neutron-deficient francium isotopes 202–206 Fr, in addition to the identification of the low-lying states of 202;204 Fr performed at the CRIS experiment. DOI: 10.1103/PhysRevX.4.011055 Subject Areas: Nuclear Physics I. INTRODUCTION Recent advances in high-resolution laser spectroscopy have resulted in the ability to measure short-lived isotopes with yields of less than 100 atoms/s [1,2]. The Collinear Resonance Ionization Spectroscopy (CRIS) experiment [3], located at the ISOLDE facility, CERN, aims to push the limits of laser spectroscopy further, performing hyper- fine-structure measurements on isotopes at the edges of the nuclear landscape. It provides a combination of high- detection efficiency, high resolution, and ultralow back- ground, allowing measurements to be performed on isotopes with yields below, in principle, 1 atom/s. The first optical measurements of francium were per- formed in 1978. Liberman et al. identified the 7s 2 S 1=2 → 7p 2 P 3=2 atomic transition, performing hyperfine-structure and isotope-shift measurements first with low-resolution [4] and later with high-resolution laser spectroscopy [5]. The wavelength of this transition λðD2Þ¼ 717.97ð1Þ nm was in excellent agreement with the prediction of Yagoda [6], made in 1932 before francium was discovered. Further measurements of francium followed in the next decade. High-resolution optical measurements were performed on both the 7s 2 S 1=2 → 7p 2 P 3=2 atomic transition [7–9] and the 7s 2 S 1=2 → 8p 2 P 3=2 transition [10], along with tran- sitions into high-lying Rydberg states [11]. The CRIS technique, a combination of collinear laser spectroscopy and resonance ionization, was originally proposed by Kudriavtsev and Letokhov in 1982 [12], but the on-line ex- perimental realization of the technique was not performed until 1991 on ytterbium atoms [13]. The ability to study the neutron-deficient francium (Z ¼ 87) isotopes at the CRIS beam line offers the unique opportunity to answer questions arising from the study of the nuclear structure in this region of the nuclear chart. As the isotopes above the Z ¼ 82 shell closure become more neutron deficient, a decrease in the excitation energy of the ðπ1i 13=2 Þ 13=2 þ , ðπ2f 7=2 Þ 7=2 þ , ðν1i 13=2 Þ 13=2 þ , and ðπ3s -1 1=2 Þ 1=2 þ states is observed. In 185 Bi (Z ¼ 83) and 195 At (Z ¼ 85), the ðπ3s -1 1=2 Þ 1=2 þ deformed-intruder state has been observed to be the ground state [14,15]. Recent radioactive-decay measurements suggest the existence of a ðπ3s -1 1=2 Þ 1=2 þ proton-intruder state for 203 Fr and, with a lower excitation energy, for 201 Fr, suggesting that this state may become the ground state in 199 Fr [16,17]. The intruder configurations polarize the nucleus, creating significant deformation. From the study of the nuclear structure of the neutron-deficient francium isotopes toward * [email protected] † Present address: TRIUMF, Vancouver, British Columbia V6T 2A3, Canada. Published by the American Physical Society under the terms of the Creative Commons Attribution 3.0 License. Further distri- bution of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI. PHYSICAL REVIEW X 4, 011055 (2014) 2160-3308=14=4(1)=011055(15) 011055-1 Published by the American Physical Society 
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Decay-Assisted Laser Spectroscopy of Neutron-Deficient Francium
 K.M. Lynch,1,2,3,* J. Billowes,1 M. L. Bissell,3 I. Budinc̆ević,3 T. E. Cocolios,1,2 R. P. De Groote,3 S. De Schepper,3
 V. N. Fedosseev,4 K. T. Flanagan,1 S. Franchoo,5 R. F. Garcia Ruiz,3 H. Heylen,3 B. A. Marsh,4 G. Neyens,3 T. J. Procter,1,†
 R. E. Rossel,4,6 S. Rothe,4,6 I. Strashnov,1 H. H. Stroke,7 and K. D. A. Wendt61School of Physics and Astronomy, The University of Manchester, Manchester M13 9PL, United Kingdom
 2ISOLDE, PH Department, CERN, CH-1211 Geneva-23, Switzerland3Instituut voor Kern- en Stralingsfysica, KU Leuven, B-3001 Leuven, Belgium
 4EN Department, CERN, CH-1211 Geneva 23, Switzerland5Institut de Physique Nucléaire d’Orsay, F-91406 Orsay, France
 6Institut für Physik, Johannes Gutenberg-Universität Mainz, D-55128 Mainz, Germany7Department of Physics, New York University, New York, New York 10003, USA
 (Received 6 January 2014; published 28 March 2014)
 This paper reports on the hyperfine-structure and radioactive-decay studies of the neutron-deficientfrancium isotopes 202–206Fr performed with the Collinear Resonance Ionization Spectroscopy (CRIS)experiment at the ISOLDE facility, CERN. The high resolution innate to collinear laser spectroscopy iscombined with the high efficiency of ion detection to provide a highly sensitive technique to probe thehyperfine structure of exotic isotopes. The technique of decay-assisted laser spectroscopy is presented,whereby the isomeric ion beam is deflected to a decay-spectroscopy station for alpha-decay tagging of thehyperfine components. Here, we present the first hyperfine-structure measurements of the neutron-deficientfrancium isotopes 202–206Fr, in addition to the identification of the low-lying states of 202;204Fr performed atthe CRIS experiment.
 DOI: 10.1103/PhysRevX.4.011055 Subject Areas: Nuclear Physics
 I. INTRODUCTION
 Recent advances in high-resolution laser spectroscopyhave resulted in the ability to measure short-lived isotopeswith yields of less than 100 atoms/s [1,2]. The CollinearResonance Ionization Spectroscopy (CRIS) experiment[3], located at the ISOLDE facility, CERN, aims to pushthe limits of laser spectroscopy further, performing hyper-fine-structure measurements on isotopes at the edges ofthe nuclear landscape. It provides a combination of high-detection efficiency, high resolution, and ultralow back-ground, allowing measurements to be performed onisotopes with yields below, in principle, 1 atom/s.The first optical measurements of francium were per-
 formed in 1978. Liberman et al. identified the 7s 2S1=2 →7p 2P3=2 atomic transition, performing hyperfine-structureand isotope-shift measurements first with low-resolution[4] and later with high-resolution laser spectroscopy [5].The wavelength of this transition λðD2Þ ¼ 717.97ð1Þ nmwas in excellent agreement with the prediction of Yagoda
 [6], made in 1932 before francium was discovered. Furthermeasurements of francium followed in the next decade.High-resolution optical measurements were performed onboth the 7s 2S1=2 → 7p 2P3=2 atomic transition [7–9] andthe 7s 2S1=2 → 8p 2P3=2 transition [10], along with tran-sitions into high-lying Rydberg states [11]. The CRIStechnique, a combination of collinear laser spectroscopyand resonance ionization, was originally proposed byKudriavtsev and Letokhov in 1982 [12], but the on-line ex-perimental realization of the technique was not performeduntil 1991 on ytterbium atoms [13].The ability to study the neutron-deficient francium
 (Z ¼ 87) isotopes at the CRIS beam line offers the uniqueopportunity to answer questions arising from the study ofthe nuclear structure in this region of the nuclear chart. Asthe isotopes above the Z ¼ 82 shell closure become moreneutron deficient, a decrease in the excitation energyof the ðπ1i13=2Þ13=2þ , ðπ2f7=2Þ7=2þ , ðν1i13=2Þ13=2þ , andðπ3s−11=2Þ1=2þ states is observed. In 185Bi (Z ¼ 83) and195At (Z ¼ 85), the ðπ3s−11=2Þ1=2þ deformed-intruder statehas been observed to be the ground state [14,15].Recent radioactive-decay measurements suggest the
 existence of a ðπ3s−11=2Þ1=2þ proton-intruder state for 203Frand, with a lower excitation energy, for 201Fr, suggestingthat this state may become the ground state in 199Fr [16,17].The intruder configurations polarize the nucleus, creatingsignificant deformation. From the study of the nuclearstructure of the neutron-deficient francium isotopes toward
 *[email protected]†Present address: TRIUMF, Vancouver, British Columbia V6T
 2A3, Canada.
 Published by the American Physical Society under the terms ofthe Creative Commons Attribution 3.0 License. Further distri-bution of this work must maintain attribution to the author(s) andthe published article’s title, journal citation, and DOI.
 PHYSICAL REVIEW X 4, 011055 (2014)
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199Fr (by measuring the magnetic dipole moments andchange in mean-square charge radii of the ground andisomeric states), the quantum configuration of the statesand the shape of the nuclei can be investigated.Radioactive-decay measurements on the neutron-
 deficient francium isotopes have aimed to determine thelevel structure of the low-lying nuclear states, but theirexact nature is still unknown [16–19]. High-resolutioncollinear laser spectroscopy has allowed determination ofthe ground-state properties of 204;205;206Fr [20], confirmingthe tentative spin assignments. The spin of 205Fr wasmeasured to be 9=2−, the ground-state spins of 204;206Frwere confirmed as 3ðþÞ, but the low-lying spin (7þ) and(10−) isomers are still under investigation.General methods of isomer identification have already
 been achieved with in-source laser spectroscopy (seeRef. [21] and references therein). In the case of 68;70Cu[22], following the selection of isomeric beams, experimentssuch as Coulomb excitation [23] and mass measurements[24] have been performed. However, these experimentssuffered from isobaric contamination, as well as significantground-state contamination due to the Doppler broadeningof the hyperfine resonances of each isomer [1]. One way ofaddressing the difficulties of in-source laser spectroscopy(isobaric contamination, Doppler broadening, pressurebroadening) is selecting the ground or isomeric state ofinterest by resonance ionization in a collinear geometry.In a sub-Doppler geometry, the process of isomer-
 selective resonance laser ionization [21] can result in ahigh-purity isomeric beam. Deflection of the pure-stateion beam to the decay-spectroscopy station allows identi-fication of the hyperfine component with alpha-decayspectroscopy.
 II. EXPERIMENTAL TECHNIQUE
 Radioactive ion beams of francium are produced at theISOLDE facility, CERN [25], by impinging 1.4-GeVprotons onto a thick uranium carbide (UCx) target (up to2-μA integrated proton current). The radioisotopes are
 surface ionized through interaction with the rhenium coat-ing on the hot (2400-K) tantalum transfer line and extractedfrom the target-ion source at 50 keV. The isotope of interestis mass selected using the high-resolution separator andbunched (at 31.25 Hz) with the radio-frequency ISOLDEcooler (ISCOOL) [26,27]. The bunched-ion beam isdeflected into the CRIS beam line and transported througha potassium-vapor charge-exchange cell (420-K, approx-imately 10−6-mbar chamber pressure, 6 × 10−4-mbar vaporpressure [28]) to be neutralized. In the 1.2-m-long inter-action region, the arrival of the atomic bunch is synchron-ized with two copropagating pulsed laser beams to excitethe state of interest followed by ionization in a stepwisescheme. The temporal length of the atomic bunch is 2–3 μs,corresponding to a spatial length of 45–70 cm. To reducethe background signal resulting from nonresonant colli-sional ionization, the interaction region aims at ultrahigh-vacuum (UHV) conditions. A pressure of < 10−8 mbar isachieved during this experiment. A schematic diagram ofthe CRIS beam line is shown in Fig. 1.
 A. Collinear resonance ionization spectroscopy
 The resonant-excitation step from the 7s 2S1=2 electronicground state to the 8p 2P3=2 state is probed with 422.7-nmlight. The laser light of this resonant step is provided by anarrow-band Ti:sapphire laser of the resonance ionizationlaser ion source (RILIS) installation [29,30], pumped by thesecond harmonic output of a neodymium-doped yttriumaluminum garnet (Nd:YAG) laser (model: PhotonicsIndustries DM-60-532, 10 kHz). The fundamental outputfrom the tunable Ti:sapphire laser is frequency doubledusing a barium borate crystal to produce the required 422.7-nm laser light. The light is fiber coupled into the CRISbeam line through 35 m of multimode optical fiber(approximately 100-mW output). The laser linewidth of1.5 GHz limits the resolution achieved in the presentexperiment, allowing only the lower-state (7s 2S1=2) split-ting to be fully resolved. The second (nonresonant)transition from the 8p 2P3=2 state to the continuum is
 FIG. 1. Schematic diagram of the CRIS beam line. Laser ions can be deflected to a copper plate, and the corresponding secondaryelectrons can be detected by the MCP or implanted into a carbon foil for alpha-decay spectroscopy. Inset: The DSS “windmill” systemfor alpha-decay tagging.
 K. M. LYNCH et al. PHYS. REV. X 4, 011055 (2014)
 011055-2
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driven using 1064-nm light. This light is produced by afundamental Nd:YAG laser (model: Quanta-Ray LAB 130,operated at 31.25 Hz) next to the CRIS setup, temporallyoverlapped with the 422.7-nm laser beam and alignedthrough the laser-atom interaction region. The standardrepetition rate of the RILIS lasers (10 kHz) limits therepetition rate of the 1064-nm laser light to 31.25 Hz. (Oneout of every 320 pulses of 422.7-nm laser light is utilized.)The bunching of the ion beam with ISCOOL is matched tothe lower repetition rate of 31.25 Hz to overlap the atombunch with the two laser pulses every 32 ms.The synchronization of the first- and second-step laser
 pulses and the release of the ion bunch from ISCOOL arecontrolled by a Quantum Composers digital-delay gener-ator (model: QC9258). The 10-kHz pulse generator of theTi:sapphire pump laser acts as the master clock, triggeringthe delay generator to output a sequence of transistor–transistor logic pulses to synchronize the 1064-nm laserlight and the ion bunch with the 422.7-nm light, allowingresonance ionization of the francium atoms to occur. Thelaser ions are detected by a microchannel plate (MCP)housed in the decay-spectroscopy station (DSS). Theelectronic signal from the MCP is digitized by a LeCroyoscilloscope (model: WavePro 725Zi, 2-GHz bandwidth,8-bit analogue-to-digital converter, 20 giga-samples/s),triggered by the digital-delay generator. The data are trans-ferred from the oscilloscope using a LabVIEW program.The frequency of the resonant-excitation step, the
 422.7-nm laser light, is scanned to study the 7s 2S1=2 →8p 2P3=2 atomic transition. The scanning and stabilizationof the frequency are controlled by the RILIS EquipmentAcquisition and Control Tool (REACT), a LabVIEWcontrol program package that allows for remote control,equipment monitoring, and data acquisition [31]. Thescanning is achieved by controlling the etalon tilt angleinside the Ti:sapphire laser resonator to adjust the laserwavelength, which is measured with a HighFinesse wavemeter (model: WS7) and calibrated with a frequency-stabilized HeNe laser. The francium experimental cam-paign at CRIS marks the first implementation of theREACT framework for external users. The remote-controlLabVIEW interface for the Ti:sapphire laser runs locally atthe CRIS setup, allowing independent laser scanning andcontrol.
 B. Decay-assisted laser spectroscopy
 The technique of decay-assisted collinear laser spectros-copy is further developed at the CRIS beam line to takeadvantage of the ultrapure ion beams produced by reso-nance ionization in a collinear geometry [32]. The selec-tivity from resonance ionization of an isotope is a result ofthe selectivity of the Lorentzian profile of the naturallinewidth (approximately 12.5 MHz) of the state and theGaussian profile of the laser linewidth (approximately1.5 GHz). At a frequency separation of 4 GHz, the
 Gaussian component falls to 1% of its peak intensityand the selectivity is dominated by the natural linewidthof the state. Thus, the maximum selectivity from resonanceionization is given by Eq. (1):
 S ¼YNn¼1
 �ΔωAB;n
 Γn
 �2
 ¼YNn¼1
 Sn; (1)
 where ΔωAB is the separation in frequency of the two states(A and B), Γn is the FWHM of the natural linewidth of thestate, Sn is the selectivity of the transition, and N is thenumber of transitions used. The total selectivity of aresonance ionization process is given by the product ofthe individual selectivities. In the case of the two statesbeing the ground state and isomer, the selectivity can becalculated from Eq. (1). When the two states are the isotopeof interest and contamination from a neighboring isotope,additional selectivity can be gained from the kinematic shiftsince the laser is overlapped with an accelerated beam.In addition to hyperfine-structure studies with ion detec-
 tion, the decay-spectroscopy station can be used to identifythe hyperfine components of overlapping structures. TheDSS allows the hyperfine structure of two states to beseparated by exploiting their characteristic radioactive-decay mechanisms. The separation results in a smaller errorassociated with the hyperfine parameters and a betterdetermination of the extracted nuclear observables.The DSS consists of a rotatable-wheel implantation
 system [33]. It is based on the design from KU Leuven[34] (Fig. 1 of Ref. [35]), which has provided results in anumber of successful experiments (see Ref. [36] andreferences therein). The wheel holds nine carbon foils,produced at the GSI target laboratory [37], with a thicknessof 20ð1Þ μg cm−2 (approximately 90 nm) into which theion beam is implanted (at a depth of approximately 25 nm).Two Canberra passivated implanted planar silicon (PIPS)
 detectors for charged-particle detection (e.g., alpha, elec-tron, fission fragments) are situated on either side of theimplantation carbon foil, as shown in Fig. 1. One PIPSdetector (model: BKA 300-17 AM, thickness 300 μm) sitsbehind the carbon foil and another annular PIPS (APIPS)(model: BKANPD 300-18 RM, thickness 300 μm, with anaperture of 4 mm) is placed in front of the carbon foil. Thedetectors are connected to charge-sensitive Canberrapreamplifiers (model: 2003BT) via a UHV type-Csubminiature electrical feedthrough.Laser-produced ions from the interaction region in the
 CRIS beam line are deflected to the DSS by applying apotential difference between a pair of vertical electrostaticplates; see Fig. 1. The deflected ion beam is implanted intothe carbon foil, after passing though a collimator with a4-mm aperture and the APIPS detector. The collimatorshields the APIPS detector from direct implantation ofradioactive ions into the silicon wafer; see Fig. 1. Decayproducts from the carbon foil can be measured by either the
 DECAY-ASSISTED LASER SPECTROSCOPY OF … PHYS. REV. X 4, 011055 (2014)
 011055-3
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APIPS or PIPS detector, with a total solid-angle coverageof 63% (simulated, assuming a uniform distribution ofimplanted activity). Operation of the single APIPS detectorduring the experiment gives an alpha-detection efficiencyof 25%. An electrical contact is made to the collimator,allowing the current generated by the ion beam when itstrikes the collimator to be measured and the plate to beused as a beam-monitoring device. When it is not in use, itis electrically grounded to avoid charge buildup. A Faradaycup is installed in the location of one of the carbon foils.This copper plate (thickness 0.5 mm, diameter 10 mm) iselectrically isolated from the steel wheel by polyether etherketone (PEEK) rings and connected by a spot-weldedKapton cable attached to a rotatable Bayonet Neill–Concelman (BNC) connection in the center of thewheel [33].The alpha-decay-spectroscopy data are acquired with a
 digital data-acquisition system, consisting of XIA digitalgamma-finder (DGF) revision-D modules [38]. Eachmodule has four input channels with a 40-MHz samplingrate. Signals fed into the digital data-acquisition systemare self-triggered with no implementation of mastertriggers.Because of the reflective surface of the inside of the
 vacuum chambers, a significant fraction of 1064-nm laserlight is able to scatter into the silicon detectors. Despite thecollimator in front of the APIPS detector to protect it fromion implantation (and laser light), the infrared light causes ashift in the baseline of the signal from the silicon detector.The resulting shift requires the parameters for the DGFmodules to be adjusted to account for this effect on-line,since the reflections are due to the particular setup of theexperiment (power and laser-beam path).The low energy resolution of the APIPS detector is
 associated with the necessity of optimizing the DGF param-eters on-line with the radioactive 221Fr [t1=2¼4.9ð2Þmin].In addition, a fluctuating baseline resulting from thechanging power of the 1064-nm laser light means thatonly a resolution of 30 keV at 6.341 MeV is achieved. Theenergy resolution, however, is sufficient to identify thecharacteristic alpha decays of the neutron-deficient fran-cium isotopes under investigation.
 III. RESULTS
 The hyperfine structures of the neutron-deficient fran-cium isotopes 202–206Fr are measured with collinear reso-nance ionization spectroscopy, with respect to the referenceisotope 221Fr. This paper follows the recent publicationreporting the hyperfine-structure studies of 202;203;205Fr[39]. During the experimental campaign, the neutron-richfrancium isotopes 218m;219;229;231Fr are also studied. Adetailed description of the nature of these isotopes willbe the topic of a future publication [40].The resonance spectrum of the 7s 2S1=2 → 8p 2P3=2
 transition is fit with a χ2-minimization routine. The
 hyperfine AP3=2factor is fixed to the ratio of the 7s 2S1=2 →
 8p 2P3=2 transition of AP3=2=AS1=2 ¼ þ22.4=6209.9, given
 in the literature [10]. For the 8p 2P3=2 state, the hyperfineBP3=2
 factor is small enough to have no impact on the fit tothe data and is consequently set to zero [41].The intensities of the hyperfine transitions SFF0 between
 hyperfine levels F and F0 (with angular momenta J and J0,respectively) are related to the intensity of the underlyingfine-structure transition SJJ0 [2]. The relative intensities ofthe hyperfine transitions are given by
 SFF0
 SJJ0¼ ð2F þ 1Þð2F0 þ 1Þ
 �F F0 1
 J0 J I
 �2
 ; (2)
 where the curly brackets denote the Wigner 6-j coefficient.Although these theoretical intensities are only strictly validfor closed two-level systems, and there is jitter on thetemporal overlap of the two laser pulses in the interactionregion, they are used as the currently most reliable estimate.The AS1=2 factor and the centroid frequency of the
 hyperfine structure are determined for each scan individu-ally. For isotopes with multiple scans, a weighted mean forthe AS1=2 factor and the centroid frequency are calculatedbased on the error of the fits. The uncertainty attributed tothe AS1=2 factor is calculated as the weighted standarddeviation of the values. The isotope shifts are determinedrelative to 221Fr, with the uncertainty propagated from theerror of the fits, the scatter, and the drift in the centroidfrequency of the 221Fr reference scans [41].
 A. Spectroscopic studies of 204Fr
 The hyperfine structure of 204Fr is shown in Fig. 2,measured by detecting the laser ions with the MCP detectoras a function of the scanned first-step laser frequency. Fivepeaks are observed in the spectrum. Considering that only
 FIG. 2. Collinear resonance ionization spectroscopy of 204Frrelative to 221Fr. The hyperfine structure of the 3ðþÞ ground stateof 204gFr is shown in blue, the 7þ state of 204m1Fr is shown ingreen, and the (10−) state of 204m2Fr is shown in red.
 K. M. LYNCH et al. PHYS. REV. X 4, 011055 (2014)
 011055-4
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the lower-state splitting is resolved (associated with the1.5-GHz linewidth of the scanning laser), two hyperfineresonances are expected per nuclear (ground or isomeric)state. Consequently, Fig. 2 contains the hyperfine structureof three long-lived states in 204Fr, with one of theresonances unresolved (labeled E). In order to identifythe states of the hyperfine resonances, laser-assisted alpha-decay spectroscopy is used.The radioactive decay of the low-lying states in 204Fr is
 presented in Fig. 3. The characteristic alpha decay of eachnuclear state in 204Fr is utilized to identify the hyperfine-structure resonances of Fig. 2. The laser is tuned onresonance with each of the first three hyperfine resonances(labeled A, B, and C), and alpha-decay spectroscopy isperformed on each. The alpha-particle energy spectrum of
 these three states is illustrated in Fig. 4. The energy of thealpha particles emitted when the laser is on resonance withan atomic transition of the hyperfine spectrum character-istic of 204gFr is shown in blue. This transition occurs at11.503 GHz (peak A of Fig. 2) relative to the centroidfrequency of 221Fr. Similarly, the alpha-particle energyspectra for 204m1Fr and 204m2Fr are shown in green and red,when the laser is detuned by 8.508 and 18.693 GHz (peaksB and C) from the reference frequency, respectively.Present in the alpha-particle energy spectrum are thealpha particles emitted from the decay of the 204Fr states(6950–7050 keV) in addition to those emitted from thenuclear states in the daughter isotope 200At (6400–6500 keV). Each state in 204Fr has a characteristicalpha-particle emission energy: 7031 keV for 204gFr,6969 keV for 204m1Fr, and 7013 keV for 204m2Fr. Theidentification of the state is confirmed by the presence ofthe corresponding daughter decays of 200gAt (6464 keV),200m1At (6412 keV), and 200m2At (6537 keV) in the alpha-particle energy spectrum.An additional alpha-decay measurement is performed on
 peak D in the hyperfine spectrum of 204Fr (see Fig. 2) at43.258 GHz relative to the centroid frequency of 221Fr. Theobservation of 7013-keValpha particles allows this state tobe identified as 204m2Fr. Identification of peak D means theidentity of all five hyperfine-structure peaks can be allo-cated to a state in 204Fr (hence, the hyperfine-structure peakE is the overlapping structure of 204gFr and 204m1Fr),allowing analysis of the hyperfine structure of each state.In addition to the 7031-keV alpha particles of 204m2Fr,
 alpha particles of 6969 keV from the decay of 204m1Fr arealso observed when the laser is on resonance with the204m2Fr state. The decay of the (10−) state to 204m1Fr via anE3 internal transition (IT) has been predicted [18] but onlyrecently observed [17]; see Fig. 3. In the study, theconversion electrons from the internal conversion of204m2Fr were tagged with the emitted 6969-keV alphaparticles of 204m1Fr that followed (with a 5-s correlationtime). The coincidences allowed the predicted energy of the275-keV isomeric transition to be confirmed. During theCRIS experiment, an additional alpha-decay measurementis performed on 204m2Fr, with the laser detuned by43.258 GHz relative to the centroid frequency of 221Fr;see Fig. 5. This spectrum confirms the presence of the6969-keV alpha particle (denoted by �), emitted fromthe decay of 204m1Fr. The ultrapure conditions of thismeasurement allow the first unambiguous extrac-tion of the branching ratios in the decay of 204m2Fr:Bα ¼ 53ð10Þ% and BIT ¼ 47ð10Þ% [42].Decay-assisted laser spectroscopy is also performed on
 the hyperfine structure of the low-lying states of 204Fr. Justas the laser frequency of the resonant 422.7-nm ionizationstep is scanned and resonant ions are detected in thecollinear resonance ionization spectroscopy of 204Fr, thesame technique is repeated with the measurement of alpha
 FIG. 3. The radioactive decay of 204Fr and its isomers[16,18,19].
 FIG. 4. Alpha-particle spectroscopy of (blue) 204gFr, (green)204m1Fr, and (red) 204m2Fr allow the hyperfine peaks in Fig. 2 to beidentified. The laser is detuned by 11.503 GHz (peak A, 204gFr),8.508 GHz (peak B, 204m1Fr), and 18.693 GHz (peak C, 204m2Fr)relative to the centroid frequency of 221Fr.
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particles. At each laser frequency, a radioactive-decaymeasurement of 60 s is made at the DSS, measuring thealpha particles emitted from the implanted ions. Figure 6(top) shows the hyperfine peaks associated with each statein 204Fr. Measurement of the alpha decay as a function oflaser frequency allows production of a matrix of alpha-particle energy versus laser frequency; see Fig. 6.In order to separate hyperfine structures for each state, an
 alpha-energy gating is used to maximize the signal-to-noise
 ratio for the alpha particle of interest. The alpha-energygates are chosen to be 7031–7200 keV for 204gFr, 6959–6979 keV for 204m1Fr, and 7003–7023 keV for 204m2Fr.By gating on the characteristic alpha-particle energies of
 the three states in 204Fr, the hyperfine structures ofindividual isomers become enhanced in the hyperfinespectrum. Figure 7(a) shows the hyperfine structure of204gFr, Fig. 7(b) shows 204m1Fr, and Fig. 7(c) shows204m2Fr. The presence of 204m2Fr can be observed in thespectra of 204gFr due to the overlapping peaks of the alphaenergies: The tail of the 7013-keV alpha peak is present inthe gate of the 204gFr alpha peak. The presence of 204m2Fr inthe hyperfine-structure spectrum of 204m1Fr is attributed tothe E3 IT decay of 204m2Fr to 204m1Fr: Alpha particles ofenergy 6969 keV are observed when on resonance with204m2Fr. Additionally, 204gFr is present in the 204m2Frspectra due to the similar energies of the 7031- and7013-keV alpha particles. However, despite the contami-nation in the hyperfine spectra, each peak is separatedsufficiently in frequency to be analyzed independently.From the resulting hyperfine structures of Fig. 7 pro-
 duced by the alpha-tagging process (in comparison to theoverlapping ion data of Fig. 2), each state of 204Fr can beanalyzed individually and the hyperfine factors extractedwith better accuracy and reliability. The estimated error ofthe AS1=2 factors is 30 MHz on account of the scatter of AS1=2values for 221Fr. Likewise, an error of 100 MHz is assignedto the isotope shifts.
 B. Identification of the hyperfine structure of 202Fr
 The hyperfine structure of 202Fr obtained with collinearresonance ionization spectroscopy is presented in Fig. 8.The four hyperfine resonances illustrate the presence of theground (202gFr) and isomeric (202mFr) states. Identificationof these two states is performed with laser-assisted
 FIG. 5. Alpha-particle spectroscopy of the (10−) state of204m2Fr. The decay of 204m2Fr to 204m1Fr via an E3 IT is observedthrough the presence of 204m1Fr alpha particles of 6969 keV(denoted by �). The laser is detuned by 43.258 GHz relative to thecentroid frequency of 221Fr.
 FIG. 6. A two-dimensional histogram of the alpha-particleenergy as the hyperfine structure of 204Fr is probed. Top:Projection of the frequency axis. The total number of alphaparticles detected at each laser frequency reveals the hyperfinestructure of 204Fr.
 FIG. 7. Alpha-tagged hyperfine structure of (a) the 204gFr spin3ðþÞ ground state, (b) the 204m1Fr spin (7þ) isomer, and (c) the204m2Fr spin (10−) isomer. Additional peaks are discussed in thetext.
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alpha-decay spectroscopy. According to the literature, theradioactive decay of 202gFr [t1=2¼ 0.30ð5Þ s] emits analpha particle of energy 7241(8) keV, whereas 202mFr[t1=2 ¼ 0.29ð5Þ s] emits an alpha particle of energy7235(8) keV [44]. The radioactive decay of the groundand isomeric states of 202Fr is presented in Fig. 9.The laser is tuned onto resonance with peak A (202gFr,
 13.760 GHz relative to the centroid frequency of 221Fr) andpeak B (202mFr, 20.950 GHz relative to the centroidfrequency of 221Fr) of Fig. 8 obtained from ion detection.For each position, an alpha-decay measurement is per-formed, shown in Fig. 10. The alpha particles emitted whenthe laser is on resonance with an atomic transition char-acteristic to 202gFr are shown in blue, and 202mFr in red.Because of the limited statistics of our measurement, andthe similarity in energies of the alpha particles (withinerror), it is impossible to say that alpha particles of differentenergies are observed in Fig. 10.Firm identification of the hyperfine components can be
 achieved, however, by studying the alpha particles emitted
 by the daughter isotopes 198g;mAt. Evident in the spectrumof 202gFr are the alpha particles emitted from the decay ofthe daughter nucleus 198gAt with an energy of 6755 keV.Similarly, present in the 202mFr spectrum are the alphaparticles from the decay of 198mAt with an energy of6856 keV. The difference in energy of these two alphapeaks illustrates the ability of the CRIS technique toseparate the two states and provide pure ground-stateand isomeric beams for decay spectroscopy.
 C. Isomer identification of theresonance spectrum of 206Fr
 Two sets of data are used in the determination of thenuclear observables from the hyperfine-structure scans. The
 FIG. 8. Collinear resonance ionization spectroscopy of 202Frrelative to 221Fr. The hyperfine structure of the (3þ) ground stateof 202gFr is shown as a solid blue line, and the (10−) state of202mFr is shown as a dashed red line.
 FIG. 9. The radioactive decay of 202Fr and its isomer [43].
 FIG. 10. Alpha-particle spectroscopy of (blue) 202gFr and (red)202mFr allow the hyperfine peaks in Fig. 8 to be identified. Thelaser is detuned by (a) 13.760 GHz (peak A, 202gFr) and(b) 20.950 GHz (peak B, 202mFr) relative to the centroidfrequency of 221Fr.
 FIG. 11. Collinear resonance ionization spectroscopy of 206Frrelative to 221Fr. (a) Option 1: Peak A is assigned to 206m2Fr andpeak B to 206m1Fr. (b) Option 2: Peak A is assigned to 206m1Fr andpeak B to 206m2Fr.
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data for the francium isotopes 202−206;221Fr are taken inrun I, and the data for 202−205;221Fr are taken in run II.Consistency checks are carried out, allowing 206Fr to beevaluated with respect to the rest of the data set from run II.A detailed description of this analysis can be found inRef. [42]. In run I, no alpha tagging is available, andconsequently, the peaks in the ion-detected hyperfinespectrum need to be identified in a different way. Recentmeasurements of the ground-state hyperfine structure of206gFr provide the AS1=2 factor for the splitting of the 7s
 2S1=2state [20]. One peak of the (7þ) isomeric state is alsoidentified in this experiment [see Fig. 1(c) of Ref. [20]],allowing the positions of the overlapping resonances to bedetermined. Therefore only the identities of peaks A and B(shown in Fig. 11) are unknown. Figure 11(a) presents thehyperfine structures when peak A is assigned to 206m2Fr andpeak B to 206m1Fr. Figure 11(b) shows the fit when peak Ais 206m1Fr and peak B is 206m2Fr. The suggested identity ofthe two resonances (based on mean-square charge radii andg-factor systematics) is discussed in Sec. IV.
 D. Yield measurements
 The yields of the neutron-deficient francium isotopes202–206Fr are presented in Table I. The quoted yields, scaledISOLDE-database yields based on an independent yieldmeasurement of 202Fr, can be expected to vary by a factorof 2 due to different targets. The quoted value for 204Fr isestimated based on francium-yield systematics. The com-position of the beam for 202;204;206Fr is calculated from theratio of hyperfine-peak intensities (based on the strongesthyperfine-structure resonance) from the CRIS ion data. Thecomposition of the beam for 202Fr is confirmed with thealpha-decay data measured with the DSS.
 E. King-plot analysis
 The atomic factors F and M are evaluated by the King-plot method [45]. The technique combines the previouslymeasured isotope shifts by Coc et al. [7] of the 7s 2S1=2 →7p 2P3=2 transition, with 718-nm laser light, with thosemade by Duong et al. [10] of the 7s 2S1=2 → 8p 2P3=2
 transition (422.7 nm). The isotope shifts of δν207;221 andδν211;221 from this work are combined with δν220;221 andδν213;212 from Ref. [10]. These values are plotted against thecorresponding isotope shifts from Coc et al. [7], shown inFig. 12. The linear fit of the data, and using
 μA;A0δνA;A
 0422 ¼ F422
 F718
 μA;A0δνA;A
 0718 þM422 − F422
 F718
 M718; (3)
 where μA;A0 ¼ AA0=ðA0 − AÞ, enable the evaluation of
 F422=F718 ¼ þ0.995ð3Þ and M422 − ðF422=F718ÞM718 ¼þ837ð308Þ GHz amu, respectively. From these values,the atomic factors for the 422.7-nm transition are calculatedto be
 F422 ¼ −20.67ð21Þ GHz=fm2;
 M422 ¼ þ750ð330Þ GHz amu:
 For comparison, the atomic factors evaluated for the718-nm transition are determined by Dzuba et al. to beF718 ¼ −20.766ð208Þ GHz= fm2 and M718 ¼ −85ð113ÞGHz amu [46].
 The mass factor is the linear combination of twocomponents: the normal mass shift KNMS and the specificmass shift KSMS,
 M422 ¼ KNMS422 þ KSMS
 422 ; (4)
 and is dependent on the frequency of the transition probed.Subtraction of the normal mass shift of the 422.7-nmtransition (KNMS
 422 ¼ þ389 GHz amu) from the mass factorM422 allows for calculation of the specific mass shift,giving KSMS
 422 ¼ þ360ð330Þ GHz amu. The specific massshift for the 718-nm line is determined by Dzuba et al. to beKSMS
 718 ¼ −314ð113Þ GHz amu [46].
 TABLE I. Yields of the neutron-deficient francium isotopes atthe ISOLDE facility (1.4-GeV protons on a UCx target). Thenuclear-state compositions of the radioactive beams for202;204;206Fr are presented.
 Yield Proportion of beamA (Ions/s) Spin 3ðþÞ Spin (7ðþÞ) Spin (10−)202 1 × 102 76(14)% 24(6)%203 1 × 103
 204 1 × 104a 63(3)% 27(3)% 10(1)%205 2 × 105
 206 3 × 106 63(7)% 27(5)% 9(1)%aEstimate based on yield systematics.
 FIG. 12. A King plot for the extraction of atomic factors F andM for the 422.7-nm transition. See the text for details.
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F. Hyperfine-structure observables
 Table II presents the hyperfine AS1=2 factor, isotope shift,change in mean-square charge radius, and magnetic-moment values extracted from the CRIS data for thefrancium isotopes 202–206Fr with reference to 221Fr.Additional data for 207;211;220Fr (used in the creation ofthe King plot of Fig. 12) are included for completeness. Allvalues are deduced using the nuclear spins presented.The hyperfine AS1=2 factor is defined as
 A ¼ μIBe
 IJ; (5)
 with μI the magnetic dipole moment of the nucleus and Bethe magnetic field of the electrons at the nucleus. For eachisotope, it is calculated from the weighted mean of AS1=2values for isotopes where more than one hyperfine-structure scan is present. A minimum error of 30 MHzis attributed to the AS1=2-factor values due to the scatter ofthe measured AS1=2 for the reference isotope 221Fr [41,53].The isotope shift δνA;A
 0between isotopes A and A0 is
 expressed as
 δνA;A0 ¼ M
 A0 − AAA0 þ Fδhr2iA;A0
 : (6)
 As with the AS1=2 values, the isotope shifts are calculated asthe weighted mean of all isotope shifts for a given nucleus.The error on the isotope shift is determined to be 100 MHzdue to the long-term drift of the centroid frequency of 221Fras the experiment progresses and the scan-to-scan scatter incentroid frequency. When the calculated weighted standarddeviation of the isotope shift is higher than 100 MHz, thiserror is quoted instead. Combining the extracted F and Matomic factors from the King-plot analysis with themeasured isotope shifts, evaluation of the change inmean-square charge radii δhr2iA;A0
 between franciumisotopes can be performed; see Eq. (6).The magnetic moment of the isotopes under investiga-
 tion can be extracted from the known moment of anotherisotope of the element, using the ratio
 μ ¼ μrefIA
 IrefAref: (7)
 In this work, calculation of the magnetic moments isevaluated in reference to the magnetic moment of 210Fr,measured by Gomez et al. [μ ¼ þ4.38ð5ÞμN , Iπ ¼ 6þ,AS1=2 ¼ þ7195.1ð4Þ MHz [7,52]]. The calculation repre-sents the most accurate measurement of the magneticmoment of a francium isotope to date, due to probingthe 9s 2S1=2 hyperfine splitting that has reduced more
 TABLE II. Spins, half-lives, AS1=2 factors, isotope shifts, magnetic moments, and changes in mean-square charge radii of the neutron-deficient francium isotopes 202–206Fr with reference to 221Fr for the 7s 2S1=2 → 8p 2 P3=2 atomic transition. All AS1=2 -factor andmagnetic-moment values are deduced using the nuclear spins presented. The half-life values are taken from Refs. [16,18,47–51].
 A I t1=2 (s) AS1=2 (GHz) μ (μN) δνA;221 (GHz) δhr2i ðfm2ÞLiterature Experiment Literature Experiment Literature Experiment Experiment Literature
 202g (3þ) 0.30(5) þ12.80ð5Þ þ3.90ð5Þ 32.68(10) −1.596ð18Þ202m (10−) 0.29(5) þ2.30ð3Þ þ2.34ð4Þ 32.57(13) −1.591ð19Þ203 (9=2−) 0.53(2) þ8.18ð3Þ þ3.73ð4Þ 31.32(10) −1.530ð18Þ204ga 3ðþÞ 1.9(5) þ12.99ð3Þ þ13.1499ð43Þb þ3.95ð5Þ þ4.00ð5Þ b,c 32.19(10) −1.571ð18Þ −1.5542ð4Þb204m1a (7þ) 1.6(5) þ6.44ð3Þ þ4.57ð6Þ 32.32(10) −1.577ð18Þ204m2a (10−) 0.8(2) þ2.31ð3Þ þ2.35ð4Þ 30.99(10) −1.513ð17Þ205 9=2− 3.96(4) þ8.40ð3Þ þ8.3550ð11Þb þ3.83ð5Þ þ3.81ð4Þb,c 30.21(10) −1.475ð17Þ −1.4745ð4Þb206g 3ðþÞ 15.9(3) þ13.12ð3Þ þ13.0522ð20Þb þ3.99ð5Þ þ3.97ð5Þb,c 30.04(12) −1.465ð17Þ −1.4768ð4Þb206m1d (7þ) 15.9(3) þ6.61ð3Þ þ4.69ð6Þ 30.23(16) −1.475ð18Þ206m2d (10−) 0.7(1) þ3.50ð3Þ þ3.55ð5Þ 23.57(12) −1.153ð14Þ206m1e (7þ) 15.9(3) þ6.74ð4Þ þ4.79ð6Þ 29.69(15) −1.449ð17Þ206m2e (10−) 0.7(1) þ3.40ð3Þ þ3.45ð5Þ 24.13(12) −1.180ð14Þ207 9=2− 14.8(1) þ8.48ð3Þ þ8.484ð1Þf þ3.87ð5Þ þ3.87ð4Þc,f 28.42(10) −1.386ð16Þ −1.386ð3Þg211 9=2− 186(1) þ8.70ð6Þ þ8.7139ð8Þf þ3.97ð5Þ þ3.98ð5Þc,f 24.04(10) −1.171ð13Þ −1.1779ð4Þg220 1þ 27.4(3) −6.50ð4Þ −6.5494ð9Þf −0.66ð1Þ −0.66ð1Þc,f 2.75(10) −0.134ð5Þ −0.133ð10Þg221 5=2− 294(12) þ6.20ð3Þ þ6.2046ð8Þf þ1.57ð2Þ þ1.57ð2Þc,f 0 0
 aCalculated from the alpha-decay gated hyperfine-structure scan of 204Fr. See the text for details.bLiterature value taken from Ref. [20]cLiterature magnetic-moment values recalculated in reference to μð210FrÞ [52].dBased on the isomeric identity of the hyperfine resonances of option 1. See the text for details.eBased on the isomeric identity of the hyperfine resonances of option 2. See the text for details.fLiterature value taken from Ref. [7].gLiterature value taken from Ref. [46].
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electron-correlation effects than that of the ground state.The current evaluated magnetic moments of the franciumisotopes are made in reference to the magnetic moment of211Fr of Ekström et al. [54].The hyperfine anomaly for the francium isotopes is
 generally considered to be of the order of 1% and isincluded as a contribution to the error of the hyperfine AS1=2factors and magnetic moments [55].Table II presents the experimental results alongside
 comparison to the literature of the hyperfine AS1=2 factor,change in mean-square charge radius, and magnetic-moment values. The literature values for 204–206Fr havebeen taken from Ref. [20] and 207;211;220;221Fr from Ref. [7].The magnetic-moment values from the literature have beenrecalculated in reference to μð210FrÞ [52], the most accuratemeasurement to date. The changes in mean-square charge-radii values for 207;211;220Fr have been taken from Ref. [46].All experimental results are in broad agreement with thoseof the literature.
 IV. DISCUSSION
 A. Charge radii of the neutron-deficient francium
 Located between radon and radium, francium (Z ¼ 87)has five valence protons occupying the π1h9=2 orbital,according to the shell model of spherical nuclei. Below theN ¼ 126 shell closure, the neutron-deficient franciumisotopes are studied down to 202Fr (N ¼ 115). The changesin mean-square charge radii for the francium and leadisotopes are presented in Fig. 13. The data of franciumshow the charge radii of 207–213Fr reevaluated by Dzubaet al. [46] alongside the CRIS values, which extends thedata set to 202Fr. The blue data points show the francium
 ground states, while the (7þ) isomeric states are in greenand the (10−) states in red. The error bars attributed to theCRIS values are propagated from the experimental error ofthe isotope shift and the systematic error associated with theatomic factors F422 and M422. The systematic error is themost significant contribution to the uncertainty associatedwith the mean-square charge radii and not that arising fromthe isotope shift. The francium data are presented with thelead data of Anselment et al. [56] to illustrate the departurefrom the spherical nucleus. The changes in mean-squarecharge radii of the francium isotopes have been overlappedwith the charge radii of the lead isotopes, by using 213Fr(N ¼ 126) and 208Pb (N ¼ 126) as reference points. Thedashed isodeformation lines represent the prediction of thedroplet model for the francium isotopes [57]. The data arecalibrated using β2ð213FrÞ ¼ 0.062, evaluated from theenergy of the 2þ1 state in 212Rn [58].The doubly magic 208Pb represents a model spherical
 nucleus, with the shape of the nucleus remaining sphericalwith the removal of neutrons from the closed N ¼ 126
 shell. This trend is observed until N ¼ 114, where a smalldeviation from the spherical droplet model (isodeformationline β2 ¼ 0.0) is interpreted as enhanced collectivity due tothe influence of particle-hole excitations across the Z ¼ 82
 shell closure [59]. The change in mean-square charge radiifor the francium isotopes shows agreement with the leaddata as the ν3p3=2, ν2f5=2, and ν3p1=2 orbitals are pro-gressively depleted. The deviation from sphericity atN ¼ 116 with 203Fr marks the onset of collective behavior.The spectroscopic quadrupole moments are not measuredin this work, since they require a laser linewidth of< 100 MHz. Measurement of the quadrupole moment willprovide information on the static deformation componentof the change in mean-square charge radii, allowing betterunderstanding of this transition region.Recent laser-spectroscopy measurements on the ground-
 state properties of 204;205;206Fr suggest this deviation occursearlier, at 206Fr (N ¼ 119) [20]. In Ref. [20], a morepronounced odd-even staggering is observed in relationto the lead isotopes, where the mean-square charge radiusof 205Fr is larger than that of 206Fr. The CRIS experimentobserves a smaller mean-square charge radius of 205Fr incomparison to 206Fr, the deviation from the lead isotopesoccurring at 203Fr instead. However, both experiments arein broad agreement within errors down to N ¼ 117.Figure 13 presents the two options of the mean-square
 charge radii of 206m1Fr and 206m2Fr (as defined by theirhyperfine-peak identities in Fig. 11). Option 1 is favoredover option 2 due to the smaller mean-square charge radiiof 206m1Fr (compared to 206gFr) agreeing with the system-atics of the states in 204Fr. As seen in Fig. 13, 206gFr(N ¼ 119) overlaps with the lead data within errors. Thelarge change in the mean-square charge radius of 206m2Frsuggests a highly deformed state for the (10−) isomer.
 FIG. 13. Mean-square charge radii of the francium (circle)isotopes [54] presented alongside the lead (diamond) isotopes[56]. The dashed lines represent the prediction of the dropletmodel for given isodeformation [57]. The data are calibrated byusing β2ð213FrÞ ¼ 0.062, evaluated from the energy of the 2þ1state in 212Rn [58]. Options 1 and 2 for the (7þ) and (10−) statesin 206Fr are based on the isomeric identification given in Fig. 11.
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The mean-square charge radii of francium are overlaidwith the radon (Z ¼ 86) charge radii of Borchers et al.(down to N ¼ 116, with the exception of N ¼ 117) [60] inFig. 14. The mean-square charge radii of radon have beencalibrated to the francium pair δhr2i211;213 to account for theuncertainty in F and M for the optical transition probed.(The original isotope shifts are presented graphically.)
 Despite the uncertainty, the agreement between themean-square charge radii of the francium and radon datais clear. The addition of a single π1h9=2 proton outside theradon even-Z core does not affect the charge-radii trend,suggesting the valence proton acts as a spectator particle.Table III presents a comparison of β2 values with the
 literature. The droplet model [57] is used to extract the rmsvalues for β2 (column 3) from the change in mean-squarecharge radii [calibrated using β2ð213FrÞ ¼ 0.062, asbefore]. Column 4 presents β2 values extracted from thequadrupole moments of Ref. [20]. The larger β2 valuesextracted from the mean-square charge radii, compared tothose extracted from the quadrupole moments, suggest thatthe enhanced collectivity observed in Figs. 13 and 14 is dueto a large dynamic component of the nuclear deformation.
 B. Interpretation of the nuclear g factors
 Figures 15 and 17 show the experimental g factors forodd-A and even-A francium isotopes, respectively. Theseplots present the CRIS data alongside the data fromEkström et al. [54]. The Ekström et al. data have beenreevaluated with respect to the μð210FrÞ measurement ofGomez et al. [52].In Fig. 15, the blue line represents the empirical g factor
 (gemp) of the odd-A isotopes for the single-particle occu-pation of the valence proton in the π1h9=2 orbital.gempðπ1h9=2Þ is determined from the magnetic momentof the single-particle state in 209Bi [61]. Similarly,gempðπ3s1=2Þ is estimated from the magnetic moment ofthe single-hole ground state in 207Tl [62]. From N ¼ 126 to116, every isotope has a g factor consistent with the protonoccupying the π1h9=2 orbital. The g factor indicates that the9=2− state remains the ground state, and the ðπ3s−11=2Þ1=2þproton-intruder state has not yet inverted. This lowering inenergy of the π3s1=2 state to become the ground state would
 FIG. 14. Mean-square charge radii of the francium (circle)isotopes [54] presented alongside the radon (diamond) isotopes[60]. The dashed lines represent the prediction of the dropletmodel for given isodeformation [57]. The data are calibratedusing β2ð213FrÞ ¼ 0.062, evaluated from the energy of the 2þ1state in 212Rn [58]. Options 1 and 2 for the (7þ) and (10−) statesin 206Fr are based on the isomeric identification given in Fig. 11.
 FIG. 15. g factors for francium (solid blue line and symbols)[52,54] and thallium (dot-dashed red line and symbols) isotopeswith odd A [63]. The g factors for the π3s1=2 and π1h9=2 protonorbitals have been calculated empirically. See the text for details.
 TABLE III. Extracted β2 values. Experiment: The dropletmodel [57] is used to extract the rms values for β2 from thechange in mean-square charge radii. The charge-radii values arecalibrated using β2ð213FrÞ ¼ 0.062, as before. Literature: β2values are extracted from the quadrupole moments of Ref. [20].See the text for details.
 hβ22i1=2 β2A c Experiment Literature
 202g (3þ) 0.11202m (10−) 0.11203 (9=2−) 0.11204g 3ðþÞ 0.06a −0.0140ð14Þ204m1 (7þ) 0.06a
 204m2 (10−) 0.09a
 205 9=2− 0.08 −0.0204ð2Þ206g 3ðþÞ 0.05 −0.0269ð8Þ206m1 (7þ) 0.04b
 206m2 (10−) 0.17b
 202m1 (7þ) 0.07c
 202m2 (10−) 0.17c
 aCalculated from the alpha-decay gated hyperfine-structurescan of 204Fr. See the text for details.
 bBased on the isomeric identity of the hyperfine resonances ofoption 1. See the text for details.
 cBased on the isomeric identity of the hyperfine resonances ofoption 2. See the text for details.
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be apparent in the sudden increase in g factor of the groundstate, as illustrated by the black gempðπ3s1=2Þ line.Figure 15 highlights the robustness of the Z ¼ 82 and
 N ¼ 126 shell closure with a shell-model description validover a range of isotopes. A close-up of gempð1π1h9=2Þ inFig. 16 illustrates that the g factor is sensitive to bulknuclear effects. The departure from the gempð1π1h9=2Þ lineshows the sensitivity of the g factor to second-order corepolarization in the odd-A thallium, bismuth, and franciumisotopes. The systematic decrease in g factor of francium isattributed to second-order core polarization associated withthe presence of five valence particles, compared to oneparticle (hole) in the bismuth (thallium) isotopes, enough tosignificantly weaken the shell closure. The linear trend
 observed in bismuth, thallium, and francium (untilN ¼ 118) is suggested to be related to the opening ofthe neutron shell, yet allowing for more neutron and proton-neutron correlations.Further measurements toward the limit of stability are
 needed to better understand the prediction of the inversionof the π3s1=2 intruder orbital with the π1h9=2 ground state.A remeasurement of 203Fr could determine the presence ofthe spin 1=2þ isomer [t1=2 ¼ 43ð4Þ ms [19]], which is notobserved during this experiment.The g factors for the odd-odd francium isotopes are
 presented in Fig. 17. With the coupling of the singlevalence proton in the π1h9=2 orbital with a valence neutron,a large shell-model space is available. The empiricallycalculated g factors for the coupling of the π1h9=2 protonwith the valence neutrons are denoted by the colored lines.These g factors are calculated from the additivity relation
 g ¼ 1
 2
 �gp þ gn þ ðgp − gnÞ
 jpðjp þ 1Þ − jnðjn þ 1ÞIðI þ 1Þ
 �;
 (8)
 as outlined by Neyens [64]. The empirical g factors of theodd valence neutrons are calculated from the magneticmoments of neighboring nuclei: 201Po for the bluegempðπ1h9=2 ⊗ ν3p3=2Þ and red gempðπ1h9=2 ⊗ ν1i13=2Þlines [66], 213Ra for the black gempðπ1h9=2 ⊗ ν3p1=2Þ line,and 211Ra for the green gempðπ1h9=2 ⊗ ν2f5=2Þ line [67].The empirical g factors for the valence proton in the π1h9=2orbital are calculated from the magnetic moment of theclosest odd-A francium isotope (203Fr and 213Fr, respec-tively) from the CRIS data.The ground states of 202;204;206Fr display similar g
 factors, with the valence proton and neutron coupling togive a spin 3ðþÞ state. The tentative configuration in theliterature of ðπ1h9=2 ⊗ ν2f5=2Þ3þ for 202gFr is based on theconfiguration of the (3þ) state in 194Bi (from favored Fr-At-Bi alpha-decay chain systematics) [44]. Similarly, theassignment of the same configuration for 204gFr and206gFr is based on the alpha-decay systematics of neighbor-ing nuclei 196;198Bi. However, the initial assignment of194gBi is declared to be either ðπ1h9=2 ⊗ ν2f5=2Þ3þ orðπ1h9=2 ⊗ ν3p3=2Þ3þ [68]. From the g factors of the groundstates of 202;204;206Fr, it is clear that the configuration ofthese states is indeed ðπ1h9=2 ⊗ ν3p3=2Þ3þ .Figure 17 also presents the g factors of 206m1Fr and
 206m2Fr for options 1 and 2 (see Fig. 11). The first isomericstates of 204;206Fr (7þ) have a valence neutron that occupiesthe ν2f5=2 state. This coupling of the proton and particlewith the neutron and hole results in a ðπ1h9=2 ⊗ ν2f5=2Þ7þconfiguration [69]. For 202mFr, 204m2Fr, and 206m2Fr, theparticle-proton–neutron-hole coupling results in a tentativeðπ1h9=2 ⊗ ν1i13=2Þ10− configuration assignment for eachisomer [70]. However, while the agreement of the g factors
 FIG. 16. Close-up of the g factors for francium (blue line andsymbols) [52,54], bismuth (green symbols) [63], and thallium(red symbols) isotopes [65] with odd A. The g factor for theπ1h9=2 proton orbital has been calculated empirically. See the textfor details.
 FIG. 17. g factors for francium isotopes with even A [54]:ground state (solid blue line and symbols), spin (7þ) state (dottedgreen line and symbols), and spin (10−) state (dashed red line andsymbols). The g factors for the coupling of the proton and neutronorbitals have been calculated empirically. See the text for details.
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of the spin (10−) state in 202;204Fr points to a ν1i13=2occupancy, the observed value for 206m2Fr is in disagree-ment with the g factor of such a (10−) state. The chargeradius of 206m2Fr indicates a highly deformed configuration,where the single-particle description of the nucleus is nolonger valid. The value of the charge radius is consistentwith the g factor of this state: It is no longer obeying asimple shell-model description. The observation leads tothe conclusion that while a ðπ1h9=2 ⊗ ν1i13=2Þ10− configu-ration for 206m2Fr is suggested, the charge radii andmagnetic moment point to a drastic change in the structureof this isomeric state.For completeness, the configurations of the odd-odd
 francium isotopes 208;210;212Fr are presented. The couplingof the valence proton and neutron in the π1h9=2 and ν2f5=2orbitals in 208Fr and 210Fr leads to ðπ1h9=2 ⊗ ν2f5=2Þ7þand ðπ1h9=2 ⊗ ν2f5=2Þ6þ configurations, respectively [71].With the ν2f5=2 neutron orbital fully occupied, the valenceneutron in 212Fr occupies the ν3p1=2 orbital, resulting in aðπ1h9=2 ⊗ ν3p1=2Þ5þ configuration [72].The agreement of the experimental and empirical g
 factors, as shown in Figs. 15–17, illustrates the suitabilityof the single-particle description of the neutron-deficientfrancium isotopes, with the exception of the (10−) state in206m2Fr. A model-independent spin and spectroscopicquadrupole-moment determination is needed to clarifythe nature of this isomeric state. The neutron-deficientfrancium isotopes display a single-particle nature where theadditivity relation is still reliable.
 V. CONCLUSION AND OUTLOOK
 The hyperfine structures and isotope shifts of theneutron-deficient francium isotopes 202–206Fr with refer-ence to 221Fr were measured with collinear resonanceionization spectroscopy, with the change in mean-squarecharge radii and magnetic moments extracted. The selec-tivity of the alpha-decay patterns allowed the unambiguousidentification of the hyperfine components of the low-lyingisomers of 202;204Fr for the first time.The resonant atomic transition of 7s 2S1=2 → 8p 2P3=2
 was probed and the hyperfine AS1=2 factor measured. AKing-plot analysis of the 422.7-nm transition in franciumallowed the atomic factors to be calibrated. The field andmass factors were determined to be F422¼−20.670ð210ÞGHz= fm2 andM422 ¼ þ750ð330Þ GHz amu, respectively.The novel technique of decay-assisted laser spectroscopy
 in a collinear geometry was performed on the isotopes202;204Fr. The decay-spectroscopy station was utilized toidentify the peaks in the hyperfine spectra of 202;204Fr.Alpha tagging the hyperfine-structure scan of 204Fr allowedthe accurate determination of the nuclear observables of thethree low-lying isomeric states and the determination of thebranching ratios in the decay of 204m2Fr.Analysis of the change in mean-square charge radii
 suggests an onset of collectivity that occurs at 203Fr
 (N ¼ 116). However, measurement of the spectroscopicquadrupole moment is required to determine the nature ofthe deformation (static or dynamic). The magnetic momentssuggest that the single-particle description of the neutron-deficient francium isotopes still holds, with the exception ofthe (10−) isomeric state of 206m2Fr. Based on the systematicsof the region, the tentative assignments of the hyperfine-structure peaks in 206Fr result in magnetic moments andmean-square charge radii that suggest a highly deformedstate. Laser-assisted nuclear-decay spectroscopy of 206Frwould unambiguously determine their identity.The occupation of the valence proton in the π1h9=2 orbital
 has been suggested for all measured isotopes down to 202Fr,indicating the ðπ1s−11=2Þ1=2þ intruder state does not yet invertwith the π1h9=2 orbital as the ground state. Further mea-surements of the very neutron-deficient francium isotopestoward 199Fr are required to fully determine the nature of theproton-intruder state. A laser linewidth of 1.5 GHz wasenough to resolve the lower-state (7s 2S1=2) splitting of thehyperfine structure and measure the AS1=2 factor. In the future,the inclusion of a narrow-band laser system for the resonant-excitation step will enable the resolution of the upper-state(8p 2P3=2) splitting, providing the hyperfine BP3=2
 factor.Measurement of the upper-state splitting will allow extractionof the spectroscopic quadrupole moment and determinationof the nature of the deformation.Successful measurement of 202Fr was performed during
 this experiment, with a yield of 100 atoms/s. By pushingthe limits of laser spectroscopy, further measurements of201Fr (with a yield of 1 atom/s) and 200Fr (less than 1atom/s) are thought to be possible. The ground state (9=2−)of 201Fr has a half-life of 53 ms and its isomer (1=2þ) ahalf-life of 19 ms. By increasing the sensitivity of the CRIStechnique, the presence of the 1=2þ isomers in 201;203Fr canbe confirmed. A positive identification will lead to nuclear-structure measurements that will determine (along with theverification of nuclear spin) the magnetic moments that aresensitive to the single-particle structure and thus to theðπ3s1=2Þ1=2þ proton-intruder nature of these states. Withsufficient resolution (< 100 MHz), the spectroscopic quad-rupole moment of these neutron-deficient states (withI ≥ 1) will be directly measurable and the time-averagedstatic deformation can be determined.The successful measurements performed by the CRIS
 experiment demonstrate the high sensitivity of the collinearresonance ionization technique. The decay-spectroscopystation provides the ability to identify overlapping hyperfinestructures and eventually perform laser-assisted nuclear-decay-spectroscopy measurements on pure ground- andisomeric-state beams [32,73].
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