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ABSTRACT
The efficient population of metastable 3p states in charge-transfer neutrali-
zation of b’ beams with Na and Cs has been exploited for studies of isotope
shifts in the even neutron-deficient and stable Yb isotopes (156 < A < 176).
In addition, measurements have been performed in the intercombination line (5356 R)
from the ground state, primarily to obtain hyperfine structures and isotope shifts
for a number of odd isotopes (161 < A £ 169). The competitive advantages of differ-

ent atomic tramsitions for sensitive high-resolution spectroscopy are discussed.
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INTRODUCTION

Collinear fast—-beam laser spectroscopy has greatly enlarged the possibilities
of studying nuclear moments and radii via the hyperfine structure (hfs) and isotope
shift (IS) of atomic transitions. This progress, characterized by the advance to
isotopes far from stability of an increasing number of elements, is essentially due
to the ideal combination of i) resolution, ii) sensitivity, and iii) versatility
of the method especially suitable for use in connection with on-line isotope

separatorsl).

The spectral resclution in the absorption of monochromatic laser light by a
sample of atoms is mainly determined by the distribution of velocity components
along the laser beam (Doppler broadening). Here, the phase-space properties of
accelerated beams offer outstanding conditions. Constant energy spread SE during
acceleration to a final energy eU leads to the narrowed Doppler width,

évD=vo——§:E———z—/,—,
(2eUmc<)*
along the direction of beam propagation. A proper design of the iom source
(8E = 1 eV) and a stable acceleration voltage in the 10 kV to 100 kV range will
ensure that this width is well-matched to the natural line width of strong optical
transitions(évnat = 10 MHz). Since no velocity-selecting mechanism is applied,
all atoms in the beam contribute to the absorption signal detected by fluorescence.

The final semsitivity depends essentially on the strength of the optical tran—
sition, which determines the number of excitations and fluorescence photons per unit
path length, as well as the ratio between natural line width and Doppler width.
Background from scattered laser light, collisional excitation and radioactivity,
limits the signal-to-noise ratio. For the 652 'Sy + 6s6p 'P1 resonance transition
in Ba I (5536 K), a practical sensitivity limit of a few times 10* atoms/s has been

established in recent experimentsz).
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This high sensitivity, together with the faet that beams from on-line isotope
separators are convenient samples —- requiring no collection and re-evaporation ~-
contributes a great deal to the versatility of the method. In order to reach
optical transitions accessible with cw dye lasers, it is often advantageous to
neutralize the beam by charge exchange in a vapour cell. Most collinear beam exper -
iments on singly charged ions circumvented the problem of UV excitation by using
transitions from metastable states, populated in the ion sourcea’“). There, a
disadvantage for high-sensitivity experiments is the low population of metastable

states and the difficulty of controlling their formationm.

On the other hand, metastable atomic states can be very efficiently populated

in the charge-transfer process. In the reaction

A+B++A++B+AE,

where A and B' refer to an atomic vapour and the ion beam, respectively, the final
states of B are preferably formed with a small energy defect AES).  Tais behaviour
~was demonstrated in the early experiments on collinear~beam spectroscopy using
various combinations of alkali elements in the beam and the vapour target®), The
observed structure of optical resonances could be attributed to the energy-loss
spectrum of the neutralization process, reflecting itself in the Doppler shift.
States, populated in B, tend to be as much below the ionization limit as the
ground state of the reaction partner A. Since alkali vapours are commonly used
for neutralization, this is between 3.9 eV for Cs and 5.1 eV for Na, from where

strong transitions in the visible usually lead to higher excited states.

This mechanism is well known for the efficient population of the 25 state in
hydrogen and the production of metastable noble-gas beams7’3). It has recently
been applied for exploratory studies of the Balmer-g line by collinear-beam spec-
troscopyg). More generally it gives access to elements with resonance lines in the
UV beyond the reach of cw dye lasers. In other cases, the wider choice of transi-

tions can help to achieve higher sensitivity or to complement the information on

nuclear properties.
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SPECTROSCOPY ON YTTERBIUM

We have used this new variant of fast-beam laser spectroscopy for systematic
investigations of the hfs and IS in the neutron-deficient Yb isotopes, covering the
interesting tramsitional region between spherical and strongly deformed nuclear
shapes above the N = 82 neutron shell closure. The 60 keV beams at ISOLDE'?) are
extracted from a surface ionization source, comnected to a Ta powder target
(120 g/cmz) at 2000 °C irradiated with 2 WA beams of 600 MeV protoms. Yields of
the spallation process 181Ta(p,4p+xn)l7a'be are given in fig. 1. Beams of stable
isotopes are obtained by loading the ion source with metallic ¥b. The experimental
set-up and its connection to the on-line isotope separator are described in refs. 1

and 2.

2.1 Sensitivity considerations and test experiments

The Yb spectrum (Fig. 2) represents an instructive example for sensitivity
considerations and their relevance to the planning of the experiment. As in the
alkaline earths, there is a strong transition from the 15y, ground state to the
first excited 'P; state, which should be the most favourable candidate for high-
sensitivity measurements similar to those reported for bariumz). Unfortunately,
the wavelength of 3988 R is just beyond the reach of present single-mode dye lasers,
whereas the weak intercombination line g, + %P, at 5556 Z has been one of the
standard examples of high-resolution spectroscopy with lasersll). Ho&ever, the
long lifetimes of the ®p; state, T = 875(20) ns 12), implies several disadvantages.
During this time, an Yb atom in the 60 keV beam travels about 20 e¢m, which is the
length of our observation region. Consequently, less than one spontanecus photon
per atom is emitted on the average. Furthermore, the natural line width of 182(4)
kHz is small compared to the Doppler width of 15 MHz, arising from the typical
energy spread of the ion source and beam divergence. As a consequence, only about
17 of the atoms can absorb the narrow-band laser radiation —- unless the transitionm
is power-broadened, which, on the other hand, increases the crucial background due
to stray light. As a result, the limit of sensitivity can be expected at some
107 atoms/s, about three orders of magnitude above the weakest beam intensities

used in the barium experiment?),
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What can be gained in transitions from metastable states? In fig. 2 we have
indicated the ground-state energies of Na (-5.14 eV) and Cs (-3.89 eV), near which
the maximum population of final states after charge exchange is expected. Neutra-
lization with Cs should preferably lead to the P states, of which %Py and P, are
metastable, whereas °P; decays to the ground state as discussed above. Photons
from this decay can be detected downstream in the observation reglon., From the
intensity, using the known lifetime and photon—collection efficiency, we conclude
that about 20% of the atoms are formed in the °P, state. No éignificant difference
between Na and Cs as reaction partners is found. This indicates that the energy -
resonance condition is less pronounced at the relatively high beam energy of
60 keV. A population of the lowest s> and sp states according to their statistical
weights seems to be a reasonable assumption, further confirmed by the observed

fluorescence intensities for 1So and 3P2 excitation (see below).

Additional information on the final-state distribution in charge—exchange

reactions can be obtained by resolving the velocity components of the bean®).
Due to the Doppler shift, the line structure for 'Sy;-°P; resonance absorption can
be interpreted in terms of the energy balance for the population of different
atomic states (fig. 3). This structure is barely resolved, but a natural inter—
pretation is consistent with the previous arguments: The main peak corresponds to
atoms formed in the P, and %P, states and decaying to the ground state before

. being excited by the laser light, whereas atoms formed directly in the ground
state give rise to a small satellite peak at higher beam energy. The tail towards
higher beam energies corresponds to the formation of higher excited states and
secondary collisional processes. The metastable °P, and ’P, states give no contri-

bution, but can be assumed to be populated correspondingly.

These metastable states are connected to a number of °S and %D states by tran-
sitions at comfortable laser wavelengths. Favourite candidates for hfs and IS
studies —— with the aim of measuring nuclear parameters -- are those involving the
35 states. They involve a p ~ s transition of the valence electron and thus have
a large field-shift contribution to the measured IS. We have not considered the
transitions from the *P¢ state because of its low statistical weight. For the

remaining possibilities,
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a) 6s6p Py + 6s7s °S; (7699 2,

[+]
b) 6sép Py + 6s58s 381 (4564 A),

[+]
the high transition probability in the far-red line 7699 A and the high detection

a
efficiency in the weaker blue line 4564 A represent competitive advantages.

The results of test experiments with both lines clearly favour the red one.
The high transition rate at low laser power, and consequently low stray-light back-
Q Q Q
ground, together with the shorter-wavelength decay channels (6800 A, 6489 A, 5556 A},

overcompensates the disadvantage of lower detection efficiency.

If we define the experimental sensitivity limit by the number of particles
per second required to obtain a signal-to-noise ratio of 3 within 10 seconds, we
can expect to perform a complete IS measurement within about one hour. These limits
amount to 1 x 10°% atoms/s and 2 x 107 atoms/s for cases (a) and (b), to be compared

with 1 %X 107 atoms/s for the intercombination line from the ground state.

2.2 Measurements on radiocactive Lsotopes

For measurements on radiocactive isotopes, additional considerations have to
take into account the time limitations of accelerator experiments. We have to
distinguish between the even-A isotopes with spin I = 0 and no hfs in any chosen
transition, and the odd-A isotopes with a more or less complicated hfs pattern.

The preference for pure IS measurements in the even isotopes should be given to

the transition 6s6p Pz -+ 6s7s %3), ensuring the highest sensitivity. 1In the odd
isotopes, this line has 9(8,3) hfs compoments for I > 5/2 (I = 3/2, 1/2), compared
to 3(2) components for I > 3/2 (I = 1/2) in the intercombination line 652 15, >

-+ 6s6p °P1. 1In the former case a measurement is complicated not only by the number
of components which have to be found and assigned but also by the distribution of

line stremgth over more components, counteracting the gain in sensitivity.
Therefore we adopted the strategy

i) of measuring the IS of the I = 0 isotopes as completely as possible in the

=1
7699 A transition from the metastable state, using the dye Oxazine I;
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i1} of continuing (after changing to Rhodamine 110), with measurements in the
=}
intercombination line 5556 A, primarily on odd isotopes. Some of the high-
yield even isotopes have to be included for a calibration of IS parameters

by a King plot, wvia this well-investigated transitiom.

In a running period of two days, results were obtained on the even isotopes
in the range 156 < A < 176 for the red line 7699 K, and on all isotopes in the
range A = 158, 160 < A £ 171, for the intercombination line 5556 Z. For the latter,
high-precision laser experiments on all stable isotopes had been performed pre-
viously by Clark et al.*1), Champeau et al.?3} had investigated the lomg-lived
radioactive isotope ®°Yb using conventional spectroscopy on a hollow-cathode dis-

11,13) are used in the following to complement the data, and

charge. Their results
to compare the results of overlapping measurements. The example of a measured

spectrur for '*°Yb with the '®°Yb and '7°Yb reference spectra is shown in fig. 4.

The results are compiled in tables 1 and 2. Figure 5 gives the positions of
all observed transitions in a frequency scale, relative to the lightest stable
isotope '®%Yb. The perfect consistency of these results has been demonstrated
in a King plot. This comparison between the two transitions used in the experiment
indicates that the difference in specific mass shift contributions is small. The
ratio of field shifts between 6s6p °P, = 6s7s °S; and 6s2 'Sy > 6s6p *P; amounts

to =0.4050(4).

In the lighter rare—earth elements, a sharp increase of the IS is observed
between the neutron numbers N = 88 and N = 90, corresponding to an abrupt omset

of nuclear deformationlh).

The present data for Yb, however, show a completely
smooth behaviour, indicating a gradual increase of deformation between the N = 82
neutron shell closure and the strongly deformed stable isotopes. The evaluation
of nuclear parameters (i.e. magnetic dipole and electric quadrupole moments) as
well as the change of nuclear mean-square radii along the Yb chain will be dis-
cussed in a future publication, also devoted to the nuclear—physics interpretation.

Very recently we have extended these studies to the neighbouring even—Z elements Er

and Dy.



CONCLUDING REMARKS

We have shown that metastable atomic states, efficiently populated in charge-
transfer collisions, can be favourably used in collinear-beam spectroscopy, and in

particular for application to radipactive isotopes far from stability.

This scheme is certainly most valuable for elements with low-1lying ground
states and UV resonance lines. Test experiments have been successful with radio-
active Hg isotopes, where the corresponding transition from the 6s6p °P, metastable
state (5461 R) can be used to complete and improve the results obtained by RADOP 15)
and pulsed-laser spectroscopy in the UV 16) | ye would also like to draw attention

to the interesting case of noble gases, where the population of the metastable

as| 3/2 states opens up the way to sensitive hi h-resolution experiments.
N P ¥ g P

The experimental concept presented here can also be understood as a simplifi-
cation of the well-established scheme of stepwise excitation17), in so far as the
first step is replaced by charge transfer into metastable states. Since the pre-
ferably populated states are close in energy to the alkali ground states, they can

usually be further excited by cw laser light.

We would like to thank E.W. Otten for his advice and continucus encouragement.
This work was supported im part by the Deutsche Forschungsgemeinschaft and the

Bundesministerium fur Forschung und Technologie.
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Table 1

o
Isotopes shifts for the ¥b I lines 7699 A and
5556 A, with respect to *®®Yb. The present
collinear-beam results are calculated from
Doppler shifts usin§ atomic masses according
to Wapstra and Bos?’. The errors include Sys—
tematic uncertainties of the voltage calibration
and mass values, as well as statistical errors
of the line positions.

sulee,A
Isotope (MHz)

A 76994 5556 A

156 ~5794(10)

158 ~4696(6) 11220(12)

160 -3605(6) 8601(10)

161 - 7605(8)

162 -2538(6) 6053(8)

163 - 5094(7)

164 -1548(5) 3675(6)

165 - 2823(3)

166 -691.2(1.5) 1634 (4)

167 . - 756(8)

168 0 0

169 - -611(3)
~602(14) )

170 582.4(1.3) | -1369.9(1.6)
-1368.63(50) ©)

171 - ~1829(3)
-1829.33(50) ©)

172 1130(5) -2655,10(50) ©)

173 - -3099.76(50) <

174 1562(5) -3655.38(50) ©)

176 1978(6) ~4610.14(50) ©)

a) A.H, Wapstra and K. Bos, Atomic Data and Nuclear Data
tables 19 (1977) 177.

b) Champeau et al. (Ref. 13).

¢) Clark et al. (Ref. 11).
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Table 2

Magnetic dipole and electric quadrupole coupling
constants in the 6s§p ®p, state from the hfs of

the Yb I line 5556 A.

The spin assignments for

181-187yh have been made on the basis of the in—
tensity ratios of the hyperfine components. They
are supported by the close agreement between the
experimental hfs and that predicted from the nu-

clear moments of lighter isotones.

Isotope I A B
(MHz) {MHz)

161 3/2 -878(3) -303.2(1.9)

163 3/2 | -1003(3) -367.1(1.9)

165 5/2 769.1(1.1) -732(4)

167 5/2 1000(4) ~786(14)

169 7/2 ~730.2(0.8) -1045¢5)
-728(10) & ~1038(15) ¥

171 1/2 3955(4) 0
3957.97(¢47) P

173 5/2 | -1094.20(60) b) -827.15¢47) B

a) Champeau et al. (Ref. 13)
b) Clark et al.

(Ref. 11).
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Figure captions

Fig. 1 : Production yield of Yb isotopes from the ISOLDE separator. Nuclides

studied in this work are represented by full circles.

Fig. 2 : Partial energy-level diagram for Yb I, including the levels and transi-
tions discussed in the text. The ground-state energies of Cs (-3.89 eV)

and Na (-5.14 eV) relative to the ionization limit are also indicated.

Fig. 3 : Resonance curve corresponding to the 6s? 15, -+ 6s6p ’P, transition in
17%Yh.  The relative positions of velocity components, arising from
charge transfer into different final states, are indicated at the

bottom. The FWHM corresponds to 12 MHz in a frequency scale.

=1
Fig, 4 : Resonances recorded in the 7699 A line in a measurement on '°°Yb, with
'%8Yb and '7°Yb as reference isotopes. The total measuring time was

about 30 min and the FWHM corresponds to 33 MHz.

Fig. 5 : Positions of the hfs components and the centres of gravity in the
5556 A and 7699 Z lines for **®*717fyb, with respect to ‘®%Yb. Data
for the stable isotopes in the 5556 R line are taken from Clark et al.ll).
Nuclear spin values are given on the top and the hfs components are

denoted by the quantum number F.
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