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Abstract Collinear-beam laser experiments at ISOLDE
have considerably enlarged the range of elements for
which hyperfine structures and isotope shifts in long
isotopic chains can be measured. The present work
aims at a continuaticn of previous Ba experiments by
a systematic study of the transitional region above
N=282 in the rare-earth elements. First results have
been obtained for the neutron-deficient isotopes of
Dy (146 < A < 164), Er (150 € A £ 170), and

Yb (156 < A < 176) yielding the change of mean-square
nuclear charge radii within the isotopic sequences,
and the spins, magnetic moments, and electric quadru-
pole moments for a number of odd isotopes.

INTRODUCTION

The measurement of nuclear ground-state properties by optical
spectroscopy came into prominence again when new methods of
high sensitivity and resolution gave access to radioactive
isotopes far from stability. The pioneering work on the
mercury and alkali isotopic chains is covered by special
contributions to this conference’>?. The aims of this talk
are twofold: I shall point out the unique possibilities of
collinear fast-beam laser spectroscopy, especially with re-
gard to extensive use with unstable isotopes, and report on
recently performed measurements on neutron-deficient isotopes
in the heavier rare—earth region.

These studies were initiated by the previous work on
neutron-rich Ba isotopes®. Together with the results on

some very neutron—deficient isotopes and those obtained
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by the Karlsruhe group for the longer-lived and stable ones”,
the information on isotope shifts and hyperfine structures
covers now the full range between '?2Ba and '*®Ba. Essen-
tially the same range is known for Cs, partly from collinear-
beam spectroscopy at the Mainz reactor®, and more extensively
from the Orsay experiment at ISOLDEZ. In the two cases, Ba
and Cs, the isotope shifts clearly reflect a gradual increase
of deformation towards both sides from the magic neutron num-
ber N = 82, and in particular close to N = 90.

This latter behaviour is contrary to what is observed
for the stable isotopes of the rare-earth elements with the
$ame neutron numbers., More than 30 years ago their isotope
shifts had an important impact on nuclear physics. This may
justify starting with a historical remark.

The isotope shift of heavy elements, discovered by
Schiiller and Keyston and by Kopfermann in 1931, was soon
recognized ar the effect of a change in nuclear volume.,
Nevertheless, it mainly played the role of an effect disturb-
ing hyperfine structure studies, until Brix and Kopfermann
looked systematically at the influence of the electronic
structure and thus arrived at more quantitative results on
the nuclear properties. 1In 1949, they published a paper
with the title "Zur Isotopieverschiebung im Spektrum des

®, in which they presented experimental evidence

Samariums"
of nuclear:deformation. wCollectiverefifectsnhad-dlréadyibeen:
postulated; for nmcieimwith,qnpairedop:otonSfér%neutrons,finﬁ'

order .to accquntifor theclarge-quadrupole imoments observed - Finn

in asnumberiofuedsédai- i Tusg o o T e ST T e
Isotope shifts at that time were measured mainly be-

tween doubly=-even /isotopes; and here ‘a'striking irregularity

had been discovered already«during the thirties:’ While 'thev" i.

components tof isuccessive isotopes-used ‘to be more or Tess o'
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equidistant, there was a gap between '°’Sm and 152g5m, almost
twice as large as the normal separation. Later, the same
effect was found hetween it8Ng and '°°Nd. The key to the
physics behind it was the observation that these "jumps"
occurred between the same neutron numbers N =288 and N=90,
where there is also a remarkably large increase of the qua-
drupole moments between the two stable Eu isotopes,’ISIEu
and !°%Fu. Both effects were consistently explained by the
assumption of a spheroidal nuclear shape. A simple calcula-
tibn, based on this model and the shapes suggested by the
Eu quadrupole moments, led to a qualitative explanation of
the so-called isotope shift constant Cexp related to the
difference of the mean-square nuclear charge radii é(rz).
The increasing confidence in the extraction of these
isotope shift constants, based on the comparison of many
different transitions, initiated systematic studies of
nuclear radii by measuring isotope shifts. Of course, only
changes with neutron number were accessible. Therefore, the
result remained essentially a one-dimensional picture, pleced
together of short isotopic strings along the stability line.
Comparisons between different proton numbers were restricted
to the few isotonic pairs of isotopes in neighbouring elements.
This situation changed little with the first measurements
on isolated long chains of radioactive isotopes. The syste-—
matics along Z requires the study of a sequence of elements.
The additional knowledge of absolute mean-—square radii from
muonic X-ray spectra or electron scattering for at least one
of the isotopes in each element would even allow a complete
two-dimensional mapping of (rz) in the Z,N plane. As long
as this information is missing or not accurate enough, one
has to rely on auxiliary assumptioms, e.g. droplet-model

predictions, for the isotomic changes at constant deformation.
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The experiments on a few elements in the rare-earth
regioﬁ, recently performed at ISOLDE, represent a first step
in this direction. They include the neutron-rich isotopes
of Ba as well as the neutromn-deficient isotopes of Dy, Er,
and Yb, covering roughly the neutron numbers between 82 and
100, and thus including the interesting transitional region
from sﬁherical to strongly deformed nuclear shape.

Such a programme requires a versatile tool of sensitive
on-line spectroscopy with high resolution. I shall try to
show that in this respect the collinear fast—beam laser spec—

troscopy constitutes a big step forward.

METHOD AND EXPERIMENT

The strength of this method lies in the ideal combination of
the concepts of on-line isotope separation and high-resolution
laser spectroscopy in fast beams. It solves most of the
problems connected with the preparation of samples from thg
minute amounts of radiocactive material in a simple and ele-
gant manner. The remaining limitations on applicability are
imposed by the target-ion source performance (i.e. production,
release, and ionization efficiency) and by the wavelength
range of present cw dye lasers. The beam intensities re-
quired at present for an experiment range between 10* and
107 atoms per second, depending on the strength and hyperfine
multiplicity of the optical transition involved. The requir-
ements can now be met at ISOLDE for about 20 elements.

The sensitivity and resolution of the method are based
on the phase-space properties of the electrostatically acce-

lerated ion beam. The kinetic-~energy spread
SE = mvdv ,

mainly determined by the ion source, corresponds to a velo-
city spread Sv decreasing in the same proportion as the
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; \ .
velocity v = (2eU/m)% is increased. A simple calculaticn

leads to the Doppler width
%
GVD = Vg SE/ (2eUmc?)? .

With the ISOLDE voltage of 60 kV and typical values of

SE =1 eV and vg = 5 % 10'* Hz, one should arrive at

évD = 5 MHz -- a value which fits well with the natural line
width of strong optical tramsitions. Practical values, in-

cluding all other sources of broadening, usually lie between
10 and 20 MH=z.

Covering the Doppler width by the natural line width
means that all atoms in the beam interact with the resonant
laser light and thus contribute to the fluorescence signal.
This is an important condition for high sensitivity. High
light-collection efficiency and low background are the re-
maining and somewhat contradictory crucial points. The back-
ground may originate from scattered laser light (especially
if the fluorescence wavelength camnot be separated from the
laser wavelength by optical filters), collisiomal excitation,
and radicactivity.

An important feature is the variety of states in which
the fast beam can be prepared. Ilons emerging from the ion
source are predominantly in the ground state. For a few
cases it has been shown that long-lived excited states can i
be populated strongly enough so that laser excitation to
higher levels becomes possib1e7. Neutralizing the beam by

charge~transfer reactions
+
Bt +A->B+a" +OE

leads to the spectra of neutral atoms that tend to be more
easily accessible to cw laser radiation than the ionic
spectra. The choice of the reaction partner A gives the

possibility of influencing the final-state distribution
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and can lead to a predominant population of either the atomic
ground state or metastable states, to be used for laser exci-
tation. This is illustrated for the example of Yb in a sepa-
rate contribution to this conference®. It is of major impor-
tance that the charge-transfer cross-sections (> 10~!% cm?)
are usually so large that the phase-space distribution of the
beam, and thus the velocity spread, remains nearly unchanged.
For a specific experiment,'the atomic transition has to
be selected taking into account the wavelength, hyperfine
multiplicity, and oscillator strength, as well as optical
pumping processes, so as to ensure the highest possible sen-
sitivity and to obtain the most conclusive information on
the nuclear parameters. Very often the solution may be a
compromise between both. In the experiments discussed here,
we have chosen various transitions in the spectra of the
neutral atoms, starting either from the ground state or from

metastable states.

Experiment

Figure 1 shows the experimental set-up in a somewhat simpli~
fied scheme. WNot shown is the ISOLDE isotope separator,
which should be seen as an integral part of the apparatus =--

interlinked with the experiment in many respects.

Laser Deflector Guadrupoie Retardation Charge -Exchange Cell
beam triplet system

Cylindrical mirror

Separated
1SQLDE
beam

Scanning
Voltage

Amplifier -
CAMAC discrimingtor

Nova 1220 ] & ;'
— Photomultipier

FIGURE 1. Set-up for on-line collinear-beam laser
spectroscopy.
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The beam axis is defined by the laser beam, and the
alignment for collinear geometry is accomplished by electro-
static deflection of the ion beam. Both beams have a waist
of about 3 mm diameter in the observation region. The charge=
exchange cell contains alkali vapour at a pressure of about
10"?% Torr. The ‘exact vapour pressure depends on the specific
reaction and is usually chosen to neutralize 507 to 707 of
the ions. This upper limit is given by the cross—section
of secondary collisional excitations involving enérgy loss
and thus broadening the velocity distributiom.

An acceleration or deceleration voltage of between
~10 kV and +10 kV is applied to the charge—exchange cell for
Doppler tuning. Thus the frequency of the laser radiation
in the rest frame of the atoms can be changed by about
100 GHz, and if transitions of different isotopes are com-
pared their velocity difference according to the atomic
masses can be compensated. This offers the possibility of
taking spectra from different isotopes at fixed laser fre-
quency and of calibrating the frequency scale by precision
measurements of the wvoltages.

An example of such a measurement is shown in Figure 2.
The two stable even isotopes 138Dy and 155Dy and the radio-
active odd isotope 151py were alternately directed through
the apparatus, and the spectra were taken by multichannel
photon counting with convenient voltage sweeps for each of
the isotopes in a fast cyclic measuring sequence. The first-

order expression for the corresponding frequency shifts,
!
Vg — V] = vo[(ZeUi/mlcz)% - (2eU2/mzc2)ﬁ] s

shows that the voltages as well as the atomic masses enter
into the calculation. We made no attempt to eliminate or meas-

ure the masses since the available measured values tend to be
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more precise than needed here, and even the values

calculated from systematics seem to be reliable enough.
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FIGURE 2. Example of a measured spectrum for 151Dy,
with the stable reference isotopes lssDy and lsaDy.
The level scheme of the odd isotope is given at the
top. The number of hyperfine components (of which
only the strong AF = 1 and weak AF = 0 transitions
are seen) is determined by the nuclear spin.
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Before turning to the nuclear-physics results, we should
discuss some more specific points of the rare-earth experi-
ments, mainly concerning the isotope production and the ato-
mic spectra. In both respects there are striking similarities
within this group of elements, very much facilitating the

technical aspects of a systematic study.

Production of the Beams

The simultaneous production of the beams of radioactive rare-
earth isotopes is favoured by their similar chemical behaviour.
The spallation of 18l7a, induced by 600 MeV protons from the
CERN Synchro-cyclotron, leads to an efficient production of
the neutron-deficient nuclides in the heavier rare—earth
region. We used a modified version of the target —ion source
system described by Ravn?. The target material comsists of
rolled Ta foils heated to 2200 °C, which gives an efficient
release of almost all elements between Sm and Lu 19 The
yields of Dy, Er, and Yb, normalized to 1 uA proton-beam
intensity, are displayed in Figure 3. They are measured by
8- and y-ray spectroscopy, and relative measurements by laser
spectroscopy have been used to complement the curves for the
elements considered here. |

The isobars of the different elements are of course
simultaneously present in the mass-separated beams. This
would be a serious drawback for all experiments using nu-
clear radiation, but does not disturb atomic-resonance spec—
troscopy, apart from some background problems. The high
radioactivity level and the decay of long-lived atomic states
populated in the charge-transfer process give rise to high
count rates from the photomultiplier, even in measurements

on very weak isotopic components of the element under study.
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FIGURE 3. Maximum production yields of the neutron-
deficient Dy, Er, and Yb isotopes from a Ta-foil
target, normalized to a proton-beam intensity of 1 pA.
The yields were partly lower during the measurements,
although a proton beam of 2 YA was used. The isotopes
studied are indicated at the bottom, and stable isoto-
Pes are marked with a full triangle.

Spectra of 4f-Shell Atoms

The atomic spectra in the series of elements between Ba and
Yb are based on a 6s? valence-electron configuration in the
ground state and the open 4f shell. Only Ba (with empty 4f
shell) and Yb (with filled 4f shell) have simple two-electron
spectra differing essentially only in the energy scale.

The strong resonance transition 6s? g, - 6s6p 'P; has a
convenient wavelength of 5536 A for Ba, but lies at 3988 K

—— beyond the reach of present single-mode dye lasers —

for Yb.
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The weak intercombinatiom line 6s? 'S, = 6s6p ’P; at 5556 3
involves disadvantages for the sensitivity. The use of tran-
sitions from metastable states as a way out of this problem
is discussed in the contribution by Klempt et al.®

The complex spectra of the rare-earth elements in the
proper sense, and Dy and Er in particular, can be understood
as the result of an additional coupling of the 6s? valence-
electron pair with the 4£" core, yielding a large number of
states and transitions (Fig. 4). We still find the basic
features of a two-electron spectrum: for example, the °Is

ground state of Dy can be described as 419 (P15)65% (1se) °Ig.

EVEN- ODD-PARITY LEVELS

3ot
4t" 6s6p

103 -

em™

41" '5d%6s

201

41" 54652

10

—— s Dy, n:=10
4t78s" 34,y (Er; nat2)

FIGURE 4. Simplified level diagram of Dy (Er). The
arrows indicate the transitions used. The energy
scale is correct for both elements within about 10%Z.
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Strong resonance lines in the deep blue lead to the configu~
ration 6s6p('P;) with unchanged core and three possible values
of the total angular momentum, J = 7, 8, 9. The weak transi-
tions to 6s6p(°Py,;,,) are analogous. 1In addition, there are
a large number of states described by fgdsz, connected with
the ground state by transitions of various strengths., The
coupling scheme, presented here, can of course only serve as
a guide and is subject to strong configuration mixing.

For our purpose, considerations on sensitivity clearly
favour the s + sp transitions to the !Pp, configuration.
They should also give reliable information on the mean-square-
nuclear charge radii from the isotope shifts. Therefore we

have chosen the transition

4E10(515)652(18) 5T, » 4810 (514)6s6p(1P,) s, J

]
o

at 4212 ﬁ for the Dy experiment.

The isotops -shift and hyperfine-structure measurements
performed so far cover all even and odd isotopes in the se-
quence between '“SDy and 164Dy, and include the high=spin
isomer of **’Dy. All measured hyperfine components and their
centres of gravity are shown in Figure 5. The hyperfine
structures exhibit a distinet change between the sequence of
the almost spherical I = 7/2 isotopes and the I = 3/2,5/2
deformed ones., As expected, the trend of the isotope shifts
shows a kink at the magic neutron numBer N = 82, and a step
between N = 88 and N = 90 due to the onset of a large static
nuclear deformation. We shall go into further comparisons
and discussions of this behaviour in the context of the nu-
clear properties extracted and especially their dependence
on the proton number.

A less favourable situation is found in the Er spectrum,
where the strong transitions to the configuration f12(3H6)
6s6p(’P)) appear shifted further to the blue, and their

_12_
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FIGURE 5. Observed hyperfine components of the Dy
isotopes, with respect to 158Dy, The centres of
gravity are shown by full circles. Dashes and small
dots represent the AF = 1 and AF = 0 transitions,

respectively.
isotope shifts seem to be strongly reduced by admixtures of
fllds? configurations. This led us to the choice of the tran-
sitioﬁ to flz(aHs)Gsép(aPl), J = 7 at the convenient wave-—
length of 5826 R , for a few isotopes at the top of the yield
curve. An extension of the studies to some less abundant
isotopes could be made in one of the strongest transitions
of the type fl%s? » £114s% (4409 R), which have large negative

field shifts. The connection between both lines, made in a King
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plot, requires the inclusion of neutron-deficient isotopes
because of the almost equidistant line positions in the range
of stable isotopes. The complication from hyperfine struc-
tures has been circumvented at this stage, and present data

include the sequence of even isotopes from !%%Er to 7%y
(82 < N < 102).

DISCUSSION OF NUCLEAR PHYSICS RESULTS

For the moment, let us omit the problems involved in the
extraction of the nuclear quantities from the observed
atomic spectra. - We shall come across them in a number of

details of the results discussed in the following.

Mean—-Square Charge Radii and Deformation

Atomic spectroscopists are familiar with the type of diagram
presented in Figure 6 and originally introduced by Brix and
Kopfermann as a clearly arranged compilation’ of nuclear phy-
sics information from optical isotope shifts. It shows the
change of mean-square charge radii between isotopes of neutron
numbers N - 2 and N. As a differential plot, it is suitable
for illustrating details and irregularities, apart from the
odd-even effect.

In the present plot, the curve of Dy represents essen-
tially what is known from the sequence of stable isotopes in
Ce, Nd, Sm, and Gd: for example, the "jump" between N = 88
and N = 90. For the sake of clarity, these old data have
been omitted in the figure. It is obvious that the peak
disappears gradually in the sequence Dy, Er, Yb, as well as
for Ba which has 4 protons less than Nd -- the lightest
element for which the effect has been observed. It is thus
localized to a relatively narrow range of proton numbers
around, say, Z = 64, and we shall have to interpret it as

a proton-subshell effect.

~ 14 =~
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6<r2>N-2,N (fm?)

FIGURE 6. Brix-Kopfermann diagram for the differences
of mean-square charge radii between isotopes N - 2,
and N. The horizontal dashed line corresponds to the
spherical droplet model.

The overall trend of the radii is believed to be mainly
determined by deformation effects, apart from a regular in-
crease with neutron number to be described, for example, by

the droplet modell!., According to the formula
5
(r?) = (r?)o + I (x?)g (B?)

the deviations from the spherical (rz)o can be ascribed to

the mean-square deformation (82). The latter decreases
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with neutron number below the neutron-shell closure and in-
creases above, leading to the dramatic change of the magni-
tude of 8{(r?) at N = 82. For Yb, the plot clearly suggests
a smooth transition to the strongly deformed isotopes, with
a maximum of (B%) reached around N = 100, whereas for Dy (as
well as for Gd, Sm, and Nd) the onset of strong deformation
occurs essentially in one big step at N = 90.

The overall trends are better seen in a plot of the inte-
gral mean-square charge radii shown in Figure 7, which in-
cludes the data on odd isotopes. For adequate comparisons
the differences of (r’) from the isotopes with a closed neu-
tron shell are displayed. Also shown is the slope of the
line corresponding to the droplet model with equi~deformation
lines according to the equation above. With the assumption
(82)[/2 = 0.1 for N = 82 nuclides, suggested by B(E2) values,
the strongly deformed isotopes end up at deformations slightly.
larger than 0.3 consistent with other information from nuclear
spectroscopy, especially the B(E2) values, and with the qua-
drupole moments discussed below.

In this preliminary evaluation of é(rz) from the measured
isotope shifts we have followed the procedures suggested for
these elements by Heilig and Steudell?. 1In view of the com—
prehensiveness and the accuracy of the new data, the uncer-
tainties involved of course require careful recomsideration,
in particular for the influence of configuration mixing on the
field shifts of the assumed pure s? > sp transitions. Never-
theless, the results seem to be quite consistent among them-
selves and with the overall trend of nuclear behaviour ex-—

tracted from nuclear spectroscopy.

Nuclear Spins and Moments of the odd Isotopes

While the isotope shifts are well described by nuclear pro-

perties of collective nature, the spins and magnetic moments

_.1-6_
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FIGURE 7. Integral change of mean-square charge

radii, with respect to the isotopes with N = 82.

The slope of the equi-deformation lines is given

by the droplet model.
of the odd isotopes reflect single-particle aspects. The
spectroscopic quadrupole moments may be seen as the result
of an interplay between both. A consistent theoretical
description should include spherical as well as strongly
deformed nuclei, and especially account for the complex
situation in the transitiomal region. The particle-rotor
approach by Larsson et al.!? has been quite successful in
carrying out this task for various regions of the chart of
nuclides!™. It is based on a Nilsson—model description,

taking into account also non-axial shape degrees of freedom
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and a number of orbitals cleose to the Fermi level that are
available to the odd particle.

The new information on nuclear spins and moments covers
essentialiy the odd Ba, Dy, and Yb isotopes in the transit~
ional region above N = 82, I shall not aim at a comprehen-—
sive presentation of the data, but rather give a few examples
in comparison with the result of model calculations made by
C. Ekstrom.

The spin I = 7 for the ground states of odd-neutron
nuclei above the N =82 neutron-shell closure is readily ac-
counted for by the f%& shell-model state. It is found in
Ba and Ce for N = 83, in Nd for N = 83 and 85, and in Sm,

Gd, and Dy for N = 83, 85, and 87. Within the particle-
rotor model, the range N = 83 to 87 is described by a succes-—
sive filling of the sublevels from the f?& shell, correspond-
ing to the increasing energies of the Fermi levels, as shown
in Figure 8. This leads to a qualitative description of the
magnetic moments and the spectroscopic electric quadrupole
moments, reproducing in particular the trend of negative to

zero quadrupole moments.

It should be pointed out that the ground-state proper-—
ties of these weakly deformed nuclei can only be reproduced
by a parameter set for the Nilsson potential, which is dif-
ferent from that commonly used in the strongly deformed rare-
earth region. The present values are adapted to the single-
particle levels in the spherical limic®®, resulting in an
increase of the enmergy of the h%ﬁ shell and thus a reduction
of the mixing into fi@‘

All rare-earth nuclei with N > 91 belong to a region of
strong nuclear deformation. Their ground states are described
by essentially pure Nilsson-model orbitals. In Figure 9, a

comparison is shown between the experimental nuclear moments
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FIGURE 8. Nilsson diagram for odd neutrons in the N = 82
region, with the Fermi levels for N = 83 to 87. A compa-
rison between experimental and theoretical nuclear moments
of spin I = 7, ground states is given on the right. The
theoretical curves are shown for € = 0.1 and 0.15

(B = 1.06g).

of odd-neutron nuclei with N = 91 to 97 and theoretical values
calculated within the particle-rotor model using the "A = 161"

potential parameters®®,

The Z 64 Proton Subshell Closure

Let me summarize the global features of our results:

i) TFor the elements between Z = 56 and 70 the isotope shifts
indicate a similar increase of mean-square radii above N = 82,
ending with a large step into strong deformation between
N = 88 and 90 for Nd, Sm, Gd, and Dy, but continuing smoothly
for Ba and Yb. Er and probably Ce play the role of interme-

diate cases.
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FIGURE 9. Comparison between experimental and theore-

tical nuclear moments of odd-neutron nuclei in the

range N = 91-97. The experimental values are given

at the calculated equilibrium deformation positionsls.

The dominant Nilsson orbital is given at the top.
ii) Correspondingly, the single-particle structure of the
odd isotopes between N = 82 and 88 for the elements around
Z = 64 is associated with more or less pure f@& shell-model
states, while that of the heavier isotopes requires a descrip-
tion in terms of deformed nuclear shapes.

The key to a general interpretation of this behaviour
seems to be the proton—-subshell closure at Z = 64 and its
effect of stabilizing spherical nuclear shapes. A nalive

picture would suggest the steepest increase of deformation

- 20 -

R L I R T L R I T T T R T e B ey e T



COLLINEAR FAST-BEAM LASER SPECTROSCOPY

in the middle between the closed proton shells at Z = 50 and
82, i.e. around Z = 66. This trend is counteracted by the
subshell closure at Z = 64, leading to equi-deformation
curves almost parallel to the Z axis and thus explaining the
similarity in the behaviour of §{r®) close to N = 82 within
the full sequence of elements. Since Z = 64 looses its signi-
ficance as a magic proton number for large deformation, the
bistability of nuclear shape around N = 88 to 90 leads to a
situation similar to that which has been observed in the light
Hg isotopes. For N > 90, the continuation of &§(r?) curves
follows the behaviour expected around the centre of a region
of strong deformation.

These observations are in agreement with the results
of a recent analysis of the energies of 2" and 47 states in
the ground-state vibrational/rotational bands!’.

Apart from this global view, the present results allow
a rather detailed -xamination of the nuclear structure in
this transitional region. In particular, the open question
of a quantitative interpretation of the so-called odd-even

staggering should be a challenge for nuclear theoreticians.

Problems of Data Analysis

The accuracy of present-day isotope-shift and hyperfine-
structure measurements as well as the largely increased range
of investigation has caused a strong demand for a better
knowledge of the atomic structure parameters entering into
the evaluation of the nuclear properties. This problem con-
cerns mainly the mean~square charge radii from isotope shifts
and the spectroscopic quadrupole moments from hyperfine struc-—
tures.

Experimental and theoretical efforts are being made at

18

present to improve the basis of this procedure ~. Wherever

possible, comparisons should be made with the results of
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muonic X-ray isotope-shift and hyperfine-structure measur-
ements. The progress 6£ this technique in improving the
measuring accuracy and the theoretical basis of analysing
the data gives good hope that an accurate calibration of

the electronic parameters will be feasible in a number of
cases'!?, 1In addition, the comparison between isotope-shift
data of different elements requires accurate absolute mean-
square radii that can be expected from the combined analysis
of muoﬁic isotope shifts and electrom scattering.

The two different approaches -- atomic structure calcula-
tions and muonic data -~ should remain complementary sources
of informétion leading to a consistent picture. By no means
will the spectroscopy on muonic atoms be able to give conclu-
sive information if less than three stable isotopes can be
studied, and even for longer strings of stable isotopes the
separation of field-shift and mass-shift contributions re=-
quires irregular changes of the nuclear radii.

Figure 10 should be seen as an illustrative example of
the problems discussed above. It aims at a presentation of
{r?) in the region covered by the experiments discussed here.
The values available for (r?) from muonic atoms or electron

29221 are combined with the §{r?) from optical

scattering
isotope shifts. For consistent presentation, all isotope-
shift data are calibrated according to Heilig and Steudel}?.
The errors originating from the different pieces of informa-
tion are omitted.

Although this plot seems to reproduce fairly well the
global behaviour of nuclear radii, a few incomsistencies in
details are obvious: the increase of the radii along the
chain of N = 82 isotopes should be more regular than suggest-—
ed by the extrapolation from the range of stable isotopes,
and roughly follow the droplet-model prediction. Reasons

for this can be found in the points made above:
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FIGURE 10. Tentative plot of (rz) in the rare-earth
region. The absolute values are taken from muonic
spectra?® or electron-scattering experiments?! on
stable isotopes, and optical isotope shift data'?
for §(r?) are used within isotopic chains. The new
data are represented by open circles.

The absolute values of (rz) are not accurate enough for

this kind of comparison between different elements. They

scatter considerably in the cases where several wvalues can

be found in the literature.
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11) The long isotopic strings now accessible to optical
measurements require a more reliable procedure of calculating
S(r?).

In a way, plots such as the one shown in Fig. 10 may
reveal the insufficiencies of the data and give hints of a
carefully directed improvement. The present generation of
muonic-atom-spectroscopy and electron-scattering experiments
should overcome one part of this problem [(i) above] to a
large extent. It is less obvious whether the calibration
of 8(r®) from optical isotope shifts will reach the desired

17 accuracy level.

EXPERIMENTAL PROSPECTS

I have presented a series of recent experimental results of
collinear fast-beam laser spectroscopy at the on-line isotope
separator ISOLDE at CERN. They have shown the possibility

of studying nuclear charge radii and moments, not only in
isolated isotopic strings but also for a number of neigh-
bouring elements in regions of special interest for nuclear
physics. By introducing the proton number as an additional
parameter, this gives a new quality to the data.

The technique in its original version22:%%) pas proved
to be sensitive enough for typical ISOLDE beam intensities,
ranging from 107 to 10!° atoms per second for the flat top
of the yield curves. On the other hand, isotopes very far
from stability as well as quite a number of elements are less
favourably produced. Therefore an increase of the sensitivity
—-- about 10" atoms per second have been sufficient for a
measurement in the best case,'bﬁt 10° atoms per second may be
a more representative number -- will remain a challenge.

The effort in this direction includes more efficient

light-collection systems and a reduction of background, as
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well as the use of nom-optical detection schemes. In the
latter respect, ionization spectroscopy -— including ion
counting -— may lead to a high detection efficiency. Laser
excitation to auto-ionizing states or Rydberg states may be
facilitated by charge exchange into metastable states, from
which the iomization limit can be reached by a two-step pro-
cess. A different scheme of ionization, circumventing the
problem of low photo-ionization cross~sections that require
high cw laser power, is being studied at present for the
noble gases. It exploits the differences in cross-sections
for collisional ionization between atomic ground states and
metastable states, and may be used to detect a change of the
respective populations introduced by optical pumping. The
first results are promising. They may lead to an extensiom

of the present studies to the neutron-rich Xe isotopes,
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