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First On-Line Laser Spectroscopy of Radioisotopes of a Refractory Element
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The first fully on-line isotope shift measurement of a radioactive refractory element is reported.
Collinear laser-induced fluorescence measurements were made on the radioactive 1$btBp&s ™ Hf
produced with a flux of2—3 X 10% ions per second from an ion-guide fed isotope separator. The
method may be applied to all elements and isomers with lifetimes as short as 1 ms. The systematics of
the new charge radii measurements are well reproduced by theory, with the maximum deformation in
the chain occurring significantly below the midshell. [S0031-9007(99)08734-7]

PACS numbers: 21.10.Ft, 21.10.Ky, 27.70.+q, 42.62.Fi

The sensitivity of laser spectroscopy gives it a uniqueoffer a fast,~1 ms, and chemically independent method
role in the investigation of mean-square charge radii andor producing singly charged ionic species from nuclear
ground state moments of rare nuclear species [1]. Studeaction products. The low emittance of such devices,
ies of short-lived radioactive nuclei have been performedequired to achieve sufficient sensitivity for collinear
at on-line isotope separators with great success for ovedaser spectroscopy, has been demonstrated in studies on
twenty years [2]. The majority of the work has used thethe neutron-rich barium isotopes using proton-induced
collinear atom- or ion-laser beam technique. Access taranium fission [8]. A full description of the Jyvaskyla
many nuclear systems has, however, been severely hitlGISOL ion-guide isotope separator can be found in
dered by the slow release times and restrictive chemicdRef. [7]. In the ion-guide technique, recoiling products
selectivities of conventional catcher-ionizer sources. Lowfrom nuclear reactions in a target foil are stopped and
vapor pressures, complex atomic structures, and high trathermalized in helium gas~200 mbar). For this work
sition frequencies can add further difficulty in these cased.p, xn) reactions were favored because of the low recoil
“Semi-on-line” measurements have been performed on Rtelocities and low proton-induced ionization of the buffer
isotopes, produced as daughters of the decay of Hg beanggas. The ions are then carried in the buffer gas and
most successfully using resonance ionization synchronizegjected through a small hole in the guide. With rapid gas
with pulsed laser desorption [3]. Further off-line spec-flow, up to 10% of the thermalized products remain singly
troscopy on radioisotopes of Hf and on stable isotopes ofharged upon entering the jet expansion region. The ions
Hf, Ta, and W has been achieved, using ion trap techniquesre skimmed from the buffer gas by a shaped negative
[4,5] and ion-sputtering atomic beam sources [6], but ngotential electrode and injected into the high vacuum of
isotope shift measurements have previously been made @conventional mass separator. The skimmer electrode is
isotopes in the Pt and Zr regions produced directly in nucrucial in determining both the ion-guide efficiency and
clear reactions. As a result, these areas of particular nuhe energy spread of the extracted beam. An increase
clear structural interest have largely been left unexploredn extraction efficiency with skimmer voltage (operated
In this Letter we describe a method with universal applica-at up to —500 V) is achieved at the cost of a large ion
bility, where an ion-guide takes the place of a conventionabeam energy spread. However, a sharp local maximum in
ion source. We present new data on the nuclear deformaxtraction efficiency occurs when the skimmer electrode
tion and the odd-even staggering of the charge radius in the operated close te-10 V, giving up to 30% of the
170.172,173,174Hf radionuclides. Although the half-lives are optimum efficiency and a low ion beam energy spread
greater than 16 h for these isotopes, the speed of the iga-5 eV). This mode of guide operation, in which
extraction allows measurements on ions with half-lives ashermalized ions are drifted rather than electrostatically
short as a millisecond; transmission efficiencies as high asxtracted from the source, was used exclusively during
10% have been achieved for such isotopes [7]. Furthemn-line laser investigations.
more, the photon-tagged ion detection used in this work At the IGISOL facility, the extracted ion beam was ac-
gives sensitivity to isotopes with low production rates.  celerated to 40 keV and mass analyzed by a dibole

Efficient secondary production of all chemical speciesmagnet. The selected beam was transported 15 m to
can be obtained at ion-guide isotope separators [7the laser-ion beam interaction region, where a narrow
Developed at the University of Jyvaskyld, Finland, thesg5 mn?), low divergence (1 mrad half-angle) waist was
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formed. An 18 mm length of the region where the ionlisional excitation mechanisms involving metastable He
beam and counterpropagating laser beam overlap wagoms) were unsuccessful.
imaged onto a 16-fold segmented Hamamatsu R5900P- Prior to on-line running, the IGISOL system was
03-L16 photomultiplier. The interaction region was elec-optimized with naturally occurring’#Hf produced from
trically insulated from the rest of the beam line and helda glow discharge ion source [8]. Optimization of the
at a controlled potential. Adjusting this potential allowedreaction channel, and absolute IGISOL output, was then
the ion beam to be Doppler tuned into resonance with thachieved on-line using reactions on a natural tantalum
locked laser frequency. Downstream of the imaged retarget. The'3!Ta(p,2n)'"8"W reaction provided a swift
gion, the ions were deflected onto a microchannel platemethod of optimization usingy counting of collected
Only those photons detected in correct time coincidenceactivity. Investigation of the near-stable neutron-deficient
with an ion were accepted [9]. Positional information onhafnium isotopes used thé’Lu( p, xn)'7°"*Hf reaction
the origin of the fluorescent ion was used to narrow thgthe ion-guide construction allows for two targets to be
photon-ion coincidence time window to 20(1) ns, a levelinstalled and for the guide to be rotated between them).
corresponding to the optical resolution limit of the appa-The long half-lives of the hafnium isotopes prevented
ratus. The correction for time-of-flight differences acrossy-counted yield calibration. With A of 20 MeV
the imaged region provided a fivefold increase in sensitivprotons a beam flux o8 x 10’ s™! was observed for
ity, as compared with uncorrected coincidence detection'*Hf, as estimated from the change in the= 170-180
An ionic resonance transition at 301 nm was studied irbackground beams between the Lu and Ta targets.
this work and a spatial resolution for the imaged ultravio- Proton beam energies of 20, 30, 40, and 55 MeV were
let light of 2—3 mm was achieved using a quartef@0.5  used during the investigation. At 30 MeV isotopes of
fused-silica lenses. The UV light was produced by intra-A = 172, 173, and 174 were simultaneously produced,
cavity frequency doubling with Lil@in a Spectra Physics allowing their resonance positions to be measured under
380D dye laser. A UV power density of 0.7 mWm identical IGISOL conditions. A sample spectrum of the
was required to provide optimum signal to backgroundds® 2Ds/-dsp Ds), transition in'7*Hf is displayed in
Laser stabilization giving a linewidth of~3 MHz was  Fig. 1, clearly showing the two strongest components of
achieved by the Spectra Physics Stabilok system and athe three-member multiplet. Evidence of tHe= 171
tive locking of the cavity to an absorption line of molecu- structure was apparent at 55 MeV, with a large number of
lar iodine at 16 579.2883 cm. real counts forming a substantial peak in the timing spec-
Although the IGISOL technique provides a relatively trum. Insufficient statistics were obtained for a determi-
“cold” method of production (with the bulk of the ion nation of hyperfine parameters or structure centroid. The
guide held typically at 300 K), two phenomena, associ-A = 171 system is complicated by the production ofa 30 s
ated with far higher temperatures, were observed. Firstsomer, the existence of which was determined during yield
careful conditioning of the ion guide was required to re-tests at the IGISOL prior to this experiment [10].
duce the hydrocarbon complexes and other contaminants
observed in the produced beam. The level of princi-
pal contaminants, such as water, was reduced by baking 3°
in situ, but the level of others, presumably those from the
hot target, could be reduced only by on-line conditioning 32
for periods of the order of several days. Second, substan-
tial metastable ion populations were observed from the |
ion guide. Many low lying metastable states exist in the
hafnium ion, originating fromi?s, ds?, andd> electronic
configurations. Under off-line conditions, resonance fluo-
rescence originating from levets3 eV above the ground
state was readily detected from a few pA of'HfThe dis- 1or

tribution of the population is nonthermal and sensitively 22

dependent on the buffer gas pressure. The on-line pres- w\ﬂ‘mq

sure, 220 mbar, was selected to optimize total production H

efficiency with respect to contaminant levels (the contami- Y, JHH .
nant levels increase at lower pressure due to the reduc-
tion in gas cooling of the guide). Optimum ion beam
purity and intensity are the principal requirements for the”!G. 1. Resonance fluorescence spectrum fordiveDs»-
coincidence technique and a loss of population from th{sl’ Ds; transition in "”Hif.  The isotope was produced in

he 'Lu( p,3n)'3Hf reaction. The total angular momentum,
ground state of-90% was tolerated. Attempts to reduce F, of the upper and lower levels of the transition is indicated

the metastable populations using diatomic gasesamMl  py each peak. The acceleration required to bring the ions to
H,, and partial pressures of Ne (to quench possible colresonance with the frequency doubled laser is shown.
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The resonance position of = 174 was observed to everinconsistent. Two detailed evaluations of key atomic
change by~3 V when the beam energy was initially parameters (primarily, thés electron density at the nu-
changed from 20 to 30 MeV, presumably related to dif-cleus,|(0)|2,) are available [11,14] and th#r2) reports
ferent plasma conditions within the guide. Following differ by ~35%. The §(r?) evaluation in this work, pre-
changes to higher beam energies, after ion-guide corsented in Table I, is compatible with, and follows, the
ditioning, no further drifting of resonance position with former evaluation in Zimmermanst al.[11]. The al-
beam energy was observed. At fixed proton beam energyernative calibration, Aufmutlet al. [14], results in sig-
the resonance position was observed to driftsby V in nificantly lower absolute values of{r>) which are in
10 h. The resonance positions recorded at 30 MeV pridisagreement with nonoptical measurements [18,19] and
mary beam energy provided resonance positions for thwoke a|(0)|% substantially different from that which
A =172, 173, and 174 isotopes with low systematic un-may be evaluated from the observed hyperfine splittings.
certainty and only thet = 170 hafnium result has been Such discrepancy is common to other transition elements
assigned the fult=3 V error.  An overall systematic un- [1] and the level of complexity in the atomic structure
certainty on the calibration of the separator voltage ofof open d-shell elements may well preclude the use of
0.1% has been included in the isotope shift extraction.  semiempirical methods ifi(r2) evaluation.

The measured isotope shifts are shown in Table I. The The results for the radioactive isotopes are comple-
magnetic moment of th&” = 1/2~ ground state of "Hf ~ mented by measurements on natural Hf, evaluated by
was determined to be-0.502(7)u, using hyperfine pa- our collaboration in preparatory work at the Daresbury
rameters scaled frofi”-!"’Hf and assuming no hyperfine On-line Isotope Separator [20]. These measurements im-
anomaly (see Table Il). This value is consistent with theprove the statistical accuracy of the= 174, 177, and
systematics of neighboring spin-half isotonB8Yb(;) = 179 results. Thed(r2) calibration given is normalized
+0.493 67(1) wy, 'En(3) = +0.4850(2) ey [15]. to 8(r?)!78:180 = 0,008 fm?, with 0.098(13) fm? being the

The isotope shift is, to an excellent approximation,final result of the evaluation by Zimmermasen al. [11].
composed of two linear terms, the mass shift and the field'he assigned error includes all experimental uncertainty
shift [1]. The field shift is directly proportional to the and the uncertainty arising from the allowance of a stan-
change in nuclear mean-square charge radigs’), be-  dard mass shift error in the reference line. No allowance
tween the isotopes. Calibration of the atomic factors reis made for the absolute calibration of the results reported.
quired for 5(r?) evaluation must be attempted either by In Fig. 2 the measured(r2) are plotted and com-
direct calculation or with reference to other optical andpared with a droplet model estimate [21] that includes the
nonoptical data. Relative values of the field shift, andpredicted quadrupole3,, deformation corrections from
thus relative values o0 (r?), are only weakly dependent a global model [22]. The opticab(r2) are positioned
on the atomic parameters and can often be extracted witlelative to the experimental deformation GFHf, 8, =
high accuracy [1]. Evaluations of relative field shifts be-0.265(2), as evaluated from nuclear lifetime measurements
tween the stable Hf isotopes are consistent for all reportf23]. Presentations made relative to the measured defor-
[5,11,13,14,16,17] (on the whole afforded by identical asimations of other isotopes bear close resemblance to one
sumptions on the purity of the chosen atomic referencanother with the predicted deformations of Ref. [22] ap-
line [11]). Reports of absolute values 6{r?) are how- pearing systematically higher than the experimental values

(albeit at a level less than 5% @%).

TABLE I. Isotope shifts (IS) for the 301.29 nm hafnium ionic A number of interesting features are apparent in Fig. 2.

transition and evaluated charge radii. The charge radii are not-Or f[he even hafnium isotopes, acce_zpting the possible cali-
malized to8(r2)!78180 = 0.098 fm? after [11]. A 10% system- bration error and offset of the experimental data, excellent

atic normalization error is not included. agreement between theory and measurement is observed.

Mass IS (MHz S(r)VEA (fm2) The trend in the charge radius closely corresponds to that
A pI78 _ A This work Other Ref. Of the predictedB,; the peaking of the deformation be-

170 ~10180(30) —0.466(7) yond the midshell, nean = 173, appears common to

172 —6632(10) ~0302(5) —0313(13)  [4] both the theoretical and measured deformation. Indeed the

—0.295(19) [5]

173 —-5017(7) —0.228(4)

174 —3704.3(31)  —0.168(3) TABLE Il. Magnetic dipole and electric quadrupole hyperfine

175 —0.178(11)  [12] parameters, given in MHz.

176 —18681(20) —0084(2) 173 1- 177 77— 179 9+

177 —1337.4(18) —0.061(1) HiG ) HiG;T) HIG )

178m?2 —0.076(12) [13] ACD;)) +139(2) +31.4(3) —19.6(3)

179 790.8(19) 0.036(1) B(*D3,) - +1708(3) +1937(3)

180 2149.2(15) 0.098(2) ACDs)) +262(4) +58.8(2) —-37.3(2)

2144(18) [14]  B(Ds)p) - +829(4) +931(5)
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absence of OES at = 173 strongly suggests that static
deformation changes dominate in determining the course
of the charge radius. The persistent overestimation of the
odd-V charge radii however clearly implies that a sizable
stagger still underlies these changes.

Investigation of the OES and the general trend of
8{r?) in the hafnium chain requires further experimental
measurements. The striking negative isomer shift for the
four-quasiparticle’®>Hf 16" isomer [13] suggests that
good quantitative data on the role of nucleon pairing will
come from the extension of these measurements to high-K
isomeric systems (abundant in the near-stability region).
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FIG. 2. The mean-square charge radii in the hafnium iso-

tope chain, normalized td73Hf.
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