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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 isotopes170,172,173,174Hf
produced with a flux of2 3 3 103 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
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The sensitivity of laser spectroscopy gives it a uniqu
role in the investigation of mean-square charge radii a
ground state moments of rare nuclear species [1]. Stu
ies of short-lived radioactive nuclei have been performe
at on-line isotope separators with great success for ov
twenty years [2]. The majority of the work has used th
collinear atom- or ion-laser beam technique. Access
many nuclear systems has, however, been severely h
dered by the slow release times and restrictive chemic
selectivities of conventional catcher-ionizer sources. Lo
vapor pressures, complex atomic structures, and high tr
sition frequencies can add further difficulty in these case
“Semi-on-line” measurements have been performed on
isotopes, produced as daughters of the decay of Hg bea
most successfully using resonance ionization synchroniz
with pulsed laser desorption [3]. Further off-line spec
troscopy on radioisotopes of Hf and on stable isotopes
Hf, Ta, and W has been achieved, using ion trap techniqu
[4,5] and ion-sputtering atomic beam sources [6], but n
isotope shift measurements have previously been made
isotopes in the Pt and Zr regions produced directly in n
clear reactions. As a result, these areas of particular n
clear structural interest have largely been left unexplore
In this Letter we describe a method with universal applic
bility, where an ion-guide takes the place of a convention
ion source. We present new data on the nuclear deform
tion and the odd-even staggering of the charge radius in
170,172,173,174Hf radionuclides. Although the half-lives are
greater than 16 h for these isotopes, the speed of the
extraction allows measurements on ions with half-lives
short as a millisecond; transmission efficiencies as high
10% have been achieved for such isotopes [7]. Furth
more, the photon-tagged ion detection used in this wo
gives sensitivity to isotopes with low production rates.

Efficient secondary production of all chemical specie
can be obtained at ion-guide isotope separators [
Developed at the University of Jyväskylä, Finland, thes
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offer a fast,,1 ms, and chemically independent metho
for producing singly charged ionic species from nucle
reaction products. The low emittance of such devic
required to achieve sufficient sensitivity for collinea
laser spectroscopy, has been demonstrated in studie
the neutron-rich barium isotopes using proton-induc
uranium fission [8]. A full description of the Jyväskyl
IGISOL ion-guide isotope separator can be found
Ref. [7]. In the ion-guide technique, recoiling produc
from nuclear reactions in a target foil are stopped a
thermalized in helium gas (,200 mbar). For this work
sp, xnd reactions were favored because of the low rec
velocities and low proton-induced ionization of the buff
gas. The ions are then carried in the buffer gas a
ejected through a small hole in the guide. With rapid g
flow, up to 10% of the thermalized products remain sing
charged upon entering the jet expansion region. The i
are skimmed from the buffer gas by a shaped nega
potential electrode and injected into the high vacuum
a conventional mass separator. The skimmer electrod
crucial in determining both the ion-guide efficiency an
the energy spread of the extracted beam. An incre
in extraction efficiency with skimmer voltage (operate
at up to2500 V) is achieved at the cost of a large io
beam energy spread. However, a sharp local maximum
extraction efficiency occurs when the skimmer electro
is operated close to210 V, giving up to 30% of the
optimum efficiency and a low ion beam energy spre
(,5 eV). This mode of guide operation, in whic
thermalized ions are drifted rather than electrostatica
extracted from the source, was used exclusively dur
on-line laser investigations.

At the IGISOL facility, the extracted ion beam was a
celerated to 40 keV and mass analyzed by a 55± dipole
magnet. The selected beam was transported 15 m
the laser-ion beam interaction region, where a narr
(5 mm2), low divergence (1 mrad half-angle) waist wa
© 1999 The American Physical Society
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formed. An 18 mm length of the region where the io
beam and counterpropagating laser beam overlap w
imaged onto a 16-fold segmented Hamamatsu R5900
03-L16 photomultiplier. The interaction region was elec
trically insulated from the rest of the beam line and he
at a controlled potential. Adjusting this potential allowe
the ion beam to be Doppler tuned into resonance with t
locked laser frequency. Downstream of the imaged r
gion, the ions were deflected onto a microchannel pla
Only those photons detected in correct time coinciden
with an ion were accepted [9]. Positional information o
the origin of the fluorescent ion was used to narrow th
photon-ion coincidence time window to 20(1) ns, a lev
corresponding to the optical resolution limit of the appa
ratus. The correction for time-of-flight differences acros
the imaged region provided a fivefold increase in sensit
ity, as compared with uncorrected coincidence detectio
An ionic resonance transition at 301 nm was studied
this work and a spatial resolution for the imaged ultravio
let light of 2–3 mm was achieved using a quartet offy0.5
fused-silica lenses. The UV light was produced by intr
cavity frequency doubling with LiIO3 in a Spectra Physics
380D dye laser. A UV power density of 0.7 mW mm22

was required to provide optimum signal to backgroun
Laser stabilization giving a linewidth of,3 MHz was
achieved by the Spectra Physics Stabilok system and
tive locking of the cavity to an absorption line of molecu
lar iodine at 16 579.2883 cm21.

Although the IGISOL technique provides a relativel
“cold” method of production (with the bulk of the ion
guide held typically at 300 K), two phenomena, assoc
ated with far higher temperatures, were observed. Fir
careful conditioning of the ion guide was required to re
duce the hydrocarbon complexes and other contamina
observed in the produced beam. The level of princ
pal contaminants, such as water, was reduced by bak
in situ, but the level of others, presumably those from th
hot target, could be reduced only by on-line conditionin
for periods of the order of several days. Second, subst
tial metastable ion populations were observed from t
ion guide. Many low lying metastable states exist in th
hafnium ion, originating fromd2s, ds2, andd3 electronic
configurations. Under off-line conditions, resonance flu
rescence originating from levels,3 eV above the ground
state was readily detected from a few pA of Hf1. The dis-
tribution of the population is nonthermal and sensitive
dependent on the buffer gas pressure. The on-line pr
sure, 220 mbar, was selected to optimize total producti
efficiency with respect to contaminant levels (the contam
nant levels increase at lower pressure due to the red
tion in gas cooling of the guide). Optimum ion beam
purity and intensity are the principal requirements for th
coincidence technique and a loss of population from t
ground state of,90% was tolerated. Attempts to reduce
the metastable populations using diatomic gases, N2 and
H2, and partial pressures of Ne (to quench possible c
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lisional excitation mechanisms involving metastable H
atoms) were unsuccessful.

Prior to on-line running, the IGISOL system wa
optimized with naturally occurring174Hf produced from
a glow discharge ion source [8]. Optimization of th
reaction channel, and absolute IGISOL output, was th
achieved on-line using reactions on a natural tantalu
target. The181Tasp, 2nd180mW reaction provided a swift
method of optimization usingg counting of collected
activity. Investigation of the near-stable neutron-deficie
hafnium isotopes used the175Lusp, xnd1762xHf reaction
(the ion-guide construction allows for two targets to b
installed and for the guide to be rotated between them
The long half-lives of the hafnium isotopes prevente
g-counted yield calibration. With 5mA of 20 MeV
protons a beam flux of3 3 103 s21 was observed for
174Hf, as estimated from the change in theA ­ 170 180
background beams between the Lu and Ta targets.

Proton beam energies of 20, 30, 40, and 55 MeV we
used during the investigation. At 30 MeV isotopes o
A ­ 172, 173, and 174 were simultaneously produce
allowing their resonance positions to be measured un
identical IGISOL conditions. A sample spectrum of th
ds2 2D3y2-dsp 2D5y2 transition in 173Hf is displayed in
Fig. 1, clearly showing the two strongest components
the three-member multiplet. Evidence of theA ­ 171
structure was apparent at 55 MeV, with a large number
real counts forming a substantial peak in the timing spe
trum. Insufficient statistics were obtained for a determ
nation of hyperfine parameters or structure centroid. T
A ­ 171 system is complicated by the production of a 30
isomer, the existence of which was determined during yie
tests at the IGISOL prior to this experiment [10].

FIG. 1. Resonance fluorescence spectrum for theds2 2D3y2-
dsp 2D5y2 transition in 173Hf. The isotope was produced in
the 175Lusp, 3nd173Hf reaction. The total angular momentum
F, of the upper and lower levels of the transition is indicate
by each peak. The acceleration required to bring the ions
resonance with the frequency doubled laser is shown.
2477
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The resonance position ofA ­ 174 was observed to
change by,3 V when the beam energy was initially
changed from 20 to 30 MeV, presumably related to d
ferent plasma conditions within the guide. Followin
changes to higher beam energies, after ion-guide c
ditioning, no further drifting of resonance position with
beam energy was observed. At fixed proton beam ener
the resonance position was observed to drift by#1 V in
10 h. The resonance positions recorded at 30 MeV p
mary beam energy provided resonance positions for
A ­ 172, 173, and 174 isotopes with low systematic un
certainty and only theA ­ 170 hafnium result has been
assigned the full63 V error. An overall systematic un-
certainty on the calibration of the separator voltage
0.1% has been included in the isotope shift extraction.

The measured isotope shifts are shown in Table I. T
magnetic moment of theIp ­ 1y22 ground state of173Hf
was determined to be10.502s7dmN using hyperfine pa-
rameters scaled from177,179Hf and assuming no hyperfine
anomaly (see Table II). This value is consistent with th
systematics of neighboring spin-half isotones,171Ybs 1

2 d ­
10.493 67s1dmN, 169Ers 1

2 d ­ 10.4850s2dmN [15].
The isotope shift is, to an excellent approximation

composed of two linear terms, the mass shift and the fie
shift [1]. The field shift is directly proportional to the
change in nuclear mean-square charge radius,dkr2l, be-
tween the isotopes. Calibration of the atomic factors r
quired for dkr2l evaluation must be attempted either b
direct calculation or with reference to other optical an
nonoptical data. Relative values of the field shift, an
thus relative values ofdkr2l, are only weakly dependent
on the atomic parameters and can often be extracted w
high accuracy [1]. Evaluations of relative field shifts be
tween the stable Hf isotopes are consistent for all repo
[5,11,13,14,16,17] (on the whole afforded by identical a
sumptions on the purity of the chosen atomic referen
line [11]). Reports of absolute values ofdkr2l are how-

TABLE I. Isotope shifts (IS) for the 301.29 nm hafnium ionic
transition and evaluated charge radii. The charge radii are n
malized todkr2l178,180 ­ 0.098 fm2 after [11]. A 10% system-
atic normalization error is not included.

Mass IS (MHz) dkr2l178,A sfm2d
A n178 2 nA This work Other Ref.

170 210 180s30d 20.466s7d
172 26632s10d 20.302s5d 20.313s13d [4]

20.295s19d [5]
173 25017s7d 20.228s4d
174 23704.3s31d 20.168s3d
175 20.178s11d [12]
176 21868.1s20d 20.084s2d
177 21337.4s18d 20.061s1d
178m2 20.076s12d [13]
179 790.8(19) 0.036(1)
180 2149.2(15) 0.098(2)

2144(18) [14]
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ever inconsistent. Two detailed evaluations of key atom
parameters (primarily, the6s electron density at the nu-
cleus,jcs0dj26s) are available [11,14] and thedkr2l reports
differ by ,35%. Thedkr2l evaluation in this work, pre-
sented in Table I, is compatible with, and follows, the
former evaluation in Zimmermannet al. [11]. The al-
ternative calibration, Aufmuthet al. [14], results in sig-
nificantly lower absolute values ofdkr2l which are in
disagreement with nonoptical measurements [18,19] a
invoke a jcs0dj26s substantially different from that which
may be evaluated from the observed hyperfine splitting
Such discrepancy is common to other transition elemen
[1] and the level of complexity in the atomic structure
of open d-shell elements may well preclude the use o
semiempirical methods indkr2l evaluation.

The results for the radioactive isotopes are compl
mented by measurements on natural Hf, evaluated
our collaboration in preparatory work at the Daresbur
On-line Isotope Separator [20]. These measurements i
prove the statistical accuracy of theA ­ 174, 177, and
179 results. Thedkr2l calibration given is normalized
to dkr2l178,180 ­ 0.098 fm2, with 0.098s13d fm2 being the
final result of the evaluation by Zimmermannet al. [11].
The assigned error includes all experimental uncertain
and the uncertainty arising from the allowance of a sta
dard mass shift error in the reference line. No allowanc
is made for the absolute calibration of the results reporte

In Fig. 2 the measureddkr2l are plotted and com-
pared with a droplet model estimate [21] that includes th
predicted quadrupole,b2, deformation corrections from
a global model [22]. The opticaldkr2l are positioned
relative to the experimental deformation of178Hf, b2 ­
0.265s2d, as evaluated from nuclear lifetime measuremen
[23]. Presentations made relative to the measured def
mations of other isotopes bear close resemblance to o
another with the predicted deformations of Ref. [22] ap
pearing systematically higher than the experimental valu
(albeit at a level less than 5% ofb2).

A number of interesting features are apparent in Fig.
For the even hafnium isotopes, accepting the possible ca
bration error and offset of the experimental data, excelle
agreement between theory and measurement is observ
The trend in the charge radius closely corresponds to th
of the predictedb2; the peaking of the deformation be-
yond the midshell, nearA ­ 173, appears common to
both the theoretical and measured deformation. Indeed

TABLE II. Magnetic dipole and electric quadrupole hyperfine
parameters, given in MHz.

173Hfs 1
2

2d 177Hfs 7
2

2d 179Hfs 9
2

1d

As2D3y2d 1139s2d 131.4s3d 219.6s3d
Bs2D3y2d · · · 11708s3d 11937s3d
As2D5y2d 1262s4d 158.8s2d 237.3s2d
Bs2D5y2d · · · 1829s4d 1931s5d
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FIG. 2. The mean-square charge radii in the hafnium is
tope chain, normalized to178Hf. The data include radioac-
tive measurements reported for (a)A ­ 175 [12], (b) A ­
178m2s161d [13], and (c) A ­ 182 [17], all others being
from this work. The droplet model calculation [21] includ-
ing b2 deformation [22] (dot-dashed line) is offset from opti
cal measurements which are taken relative to the experimen
deformation of178Hf ground state [23]. The data are shown
bounded byb2 ­ 0.30 andb2 ­ 0.20 isodeformation lines.

agreement here far exceeds that of other regions. This m
be attributed to the large static deformations and the we
defined symmetry axis of the hafnium nuclei, which allow
the relation between deformation anddkr2l to be reliably
made by classical geometry. The agreement for the ev
N isotopes extends to other measures of nuclear deform
tion, in particular, nuclear lifetime measurements [23].

The mean-square charge radius is, however, a
modified by higher-order effects such as hexadecapo
deformation, nonaxial shapes, and dynamical effec
Reasonable estimates may be formed for many of these
fects, suggesting that they are relatively small. Howeve
no method exists for quantifying the role of pairing o
the nuclear rigidity. The effects of changes in “rigidity”
parameters are clear in the course of the odd-N nuclear
radii. The charge radii of these nuclei imply nuclea
deformations that, although reasonably consistent with t
intrinsic deformations inferred from their spectroscopi
quadrupole moments (afforded only by large errors
the case ofA ­ 175 [12]), are significantly lower than
the droplet model prediction. In the model, no accou
has been made for the odd-even staggering (OES) of
charge radius, which is seen in all isotope chains [2]. Th
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absence of OES atA ­ 173 strongly suggests that static
deformation changes dominate in determining the cou
of the charge radius. The persistent overestimation of
odd-N charge radii however clearly implies that a sizab
stagger still underlies these changes.

Investigation of the OES and the general trend
dkr2l in the hafnium chain requires further experiment
measurements. The striking negative isomer shift for t
four-quasiparticle178m2Hf 161 isomer [13] suggests tha
good quantitative data on the role of nucleon pairing w
come from the extension of these measurements to hig
isomeric systems (abundant in the near-stability region
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