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Abstract

Current experimental investigations of isotope shifts in atomic
spectra of unstable nuclei and the resulting information about
size and shape of nuclei far off stability are discussed with ref-

erence to some representative examples.

Isotopieverschiebung in atomaren Ubergdngen instabiler Atomkerne

Experimentelle Untersuchungen der Isotopieverschiebung in radio-
aktiven Nukliden und die daraus gewonnenen Informationen iber
GrdBe und Gestalt der Atomkerne auBerhalb des Stabilitétstales

werden an Beispielen diskutiert.



1. Introduction

My talk adresses the renewed interest in studies of nuclear struc-
ture effects seen in optical spectra of ordinary atoms. Histo-
rically, optical spectroscopy is among the oldest experimental
techniques in nuclear research and has provided key information
on kasic quantities of stable and long-lived nuclei through ob- 4
serving hyperfine structure of atomic spectra and isotope shifts of
optical lines. Isotope shift refers to small energetic changes in
atomic transiticns in atoms of fixed atomic number Z and originates
from the change in mass, in volume and shape of the nuclei within an
isotopic chain.
The richness of information obtainable and the relatively safe
theoretical basis have suggested the extension of this way studying
nuclei to short-lived nucleli far off stability where the usual
balance of nuclear forces has been strongly altered. From experi-
mental point of view this task is primarily a problem of sufficient
amount of radiocactive material and of the isotopical purity re-~
quired for samples in classical optical spectroscopy. In recent
days we meet this problem in a more favourable situation
- due to efficient mass seperators installed "on line" or
"quasi-on-line" at powerful accelerators (example: ISOLDE facil-
ity at CERN (see Hansen 1979)) and
- due to the development c¢f’'quite new spectroscopic methods
(Demtrdder 1978) which are really fascinating by an impres-
sively high sensitivity and an extremely high spectral resolu-
tion, in fact only limited by the natural 1line width of atomic
transitions.
The spectroscopic progress is intimately connected with the appli-
cation of extraordinary light sources such as narrow banded tunable
lasers. Laser techniques have been particularily successful in
overcoming the Doppler broadening of spectral lines which is
caused by thermal motion of the emitting atoms and often blurs
important details in the spectra. The high sensitivity enables
an application even in cases where the samples do contain not more
than a few hundred atoms. Thus, in recent years, atomic spectro-
scopy has succeeded in going to "far off stability", and indeed,
we have to realize that it provides actually the only practicable
experimental method providing information on rms radii of nuclear
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charge distributions of unstable nuclei. The already well-known
case of the neutron-deficient Hg isotopes (Kiihl 1977, Bonn 1972,
Huber 1976, Bonn 1976) where unexpected deformation effects have
been revealed demonstrates the information potential.* Just those
particular findings (fig. 1) may be considered to be the pio-
neering impact for the revival of atomic spectroscopy in

matured days of nuclear physics. Rather than trying to review

the present situation in all aspects and to compile results I

would like to discuss scme particular experiments which represent
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Fig. 1. Changes of nuclear charge radii in Hg as extracted from
isotope shift measurements. The jump in the isotope
shifts of the light Hg ground states with A £ 185 is ex-
plained to be due to a sudden on set of strong prolate
deformation. The shifts of the even isotopes 186'18"Hg
follows the slope of the heavier isotopes. Here, the
gain in pairing energy favours the oblate deformation
(adapted from Kiihl et al. 1977).

The present experimental status and systematic features of the
Hg radii are briefly given by H.J. Kluge et al. (Kluge et al. 1979).



the present trends and demonstrate the application of various
laser spectroscopic methods in isotope shift (IS) and hyperfine-

structure splitting (hfs) investigations of short-lived nuclides:

A. SIZE AND SHAPE OF TRANSITIONAL NUCLEI WITH 50 < N,Z =< 82

a. Atomic-beam-fluorescence-laser spectroscopy of neutron
deficient Ba-isotopes (KARLSRUHE: Nowicki et al. 1977,
1978, Bekk et al. 1979)

b. Collinear laser spectroscopy in fast atomic beams of
neutron-rich Cs-isotopes (MAINZ: Schinzler et al. 1978,
Bonn et al. 1979)

c. On-line-atomic-beam laser spectroscopy of neutron defi-
cient and neutron-rich Cs isotopes (ORSAY: Huber et al.
1978, Liberman et al. 1979)

B. CHARGE RADII OF CA ISOTOPES

Atomic-beam-laser spectroscopy of stable and radioactive Ca-
nuclei (HEIDELBERG: Tr&dger et al. 1979 - KARLSRUHE: Andl et al.
1980)

C. DEFORMATION OF FISSION ISOMERS

Isomer shift for the spontaneous fission isomer 24OmAm by laser

induced nuclear polarization (OAK RIDGE: Bemis et al. 1980)

Before entering the discussions of these examples, for the sake
of clarity, we shall first briefly outline the nature of the basic
quantities observed in hyperfine structure and isotope shift

experiments of that kind.
2. Hyperfine Structure and isotope shift
The schematic level scheme shown in fig. 2 recalls the basic facts

of hyperfine structure by looking on the case of the well-known
yellow sodium D-lines. Due to the coupling of the spin J of the



atomic state with the nuclear spin T to the total spin F the fine
structure is splitted again into several hfs components. In
ordinary atoms, hfs splitting is 4 to 6 orders of magnitude
smaller than the fine structure splitting. The hfs splitting

is primarily due to the interaction of the nuclear moments with

the atomic electrons and is determined by two quantities

A

Jiuw-H_[I,T,m; = I,m; = J>/(I-J)

<I,d,m. = I,m I

I J

and

w
1

<I,J,m I,m. = J|Q-¢ZZ|I,J,mI = I,m, = J>

I J J
The dipole constant A may be factorized by the magnetic moment Hr
and the magnetic field He produced by the valence electrons on

the nuclear site
A= [ur-H_ (0)/(I:3)] (1+e)

The "hyperfine anomaly" which arises from a nonuniform distribu-
tion of nuclear magnetism (Bohr and Weisskopf 1950) over the
nuclear volume is taken intq account by the hfs anomaly correc-
tion ¢ (<1 %). Though the hyperfine anomaly is itself an interesting
nuclear structure effect, up to now only limited information has
been obtained from hyperfine anomaly data (Stroke et al. 1961;
Moskowitz and Lombardi 1973).

If A and u, are known for one stable isotope of a given element
the uncertainty in extracting b from the A factor of another
isotope is just the differential hfs anomaly.

Similarily, the electric quadrupole constant B may be written as

a product

B = Qg <%23735

by the spectroscopic quadrupole moment QS = <Q>II and the elec-
tric field gradient byr”33° A polarization effect (Sternheimer
effect) affects the absolute values QS deduced (Sternheimer 1950

and 1967). The uncertainties can be minimized when ratios of
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Hyperfine structure splitting of the Na-D-lines

quadrupole moments are extracted. Note that due to the angular

momentum geometry the nuclear quadrupole moment influences only

terms with J 2 3/2 !
What is the isotope shift?
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shift of optical lines

Volume effect in isotope



In addition to hyperfine structure we observe small shifts of
the centres of gravity of the optical lines of two different
isotopes A and A' (even with zero nuclear spin)

vAA' A A AA! AA'

= v - v o= (AEF + AE )/h

° M

The contribution of interest for the nuclear physicist is the

field (or volume) effect AEF. The finite nuclear size diminishes

the binding of the atomic electrons through the overlap of their
wave functions with the nuclear volume. The variation of the nuclear
radius and of the Coulomb potential in the nuclear interior within
an isotopic chain (see fig. 3) influences mainly the s-electrons
which are more strongly bound in the smaller isotope.

A second mechanism contributing to the experimentally observed IS
originates from the recoil of the electron motion on the nucleus.
The mass effect AEM
ferent reduced mass of the atom ("normal mass effect") and a con-
tribution depending on the correlation of the electronic momenta
("specific mass effect: <.2.§i§'>")‘ This effect means roughly

that mass shift is differéﬁa for the electrons moving predominantly
together as a cluster or distributed randomly around the nucleus.
The normal mass effect is dominating in light atoms, but only a

few percent in heavier atoms. Both parts of the mass effect are
proportional to . (A-A')/AA'. As the specific mass effect is very
difficult to calculate, especially for complex spectra, it is
subject of various uncertainties though there are relatively reli-
able empirical estimates (Heilig and Steudel 1974). In the analyses
of the data we try to rule out the specific mass effect by compari-

son with sufficiently accurate isotope shift measurements of elec-

contains a trivial correction due to the dif-

tronic Ka—X-rays or of muonic X-rays, if available. In the cases of
Ba and Cs such a comparison (King-Plot procedure, see Bauche and
Champeau 1976) results in a nearly vanishing contribution of the
specific mass effect, but with an uncertainty which actually domi-
nates the total uncertainty of the final results of the radius
variation. The field shift is determined by the variation é<r?>

in the nuclear ms charge radii and the change of electron density at

the origin. Looking for information on §<r?> we need to know the



electronic factor. Alternatively to Hartree-Fock calculations
and semiempirical formulas a calibration of optical IS by
X-ray-IS measurements in muonic atoms or by electron scattering
from stable isotopes is feasible (Stacey 1966).

cLevent| 2 [‘ch»gt Ac/G; |Arn/G, | Braa/01bam|ISAAscr2y A IS 285 00nm)
200°,500nm! {MKZ) (MHz] (MHz] (MHz)
Li 3| 35 185 | 14 05 -1 6700
Na |11] 20 |[600| 13 3 -8 620
K 191 15 885 23 6 -18 210
Rb |37 1.0 [1860) 46 10 -55 L4
Cs |55( 08 |3120| 69 13 -120 18
Hg 80| 07 [34600 424 88 - 4000 8
M2 .z | 7 -7 ~Z2 AV3 ~M-2
Tab. 1. Doppler broadening, expected hyperfine structure and

isotope shift in optical lines of various elements

Tab. 1 indicates the experimental conditions and requirements in
measuring hfs and IS in atoms of various Z. For observing shifts
of about 100 MHz as expected for the field effect of the Cs and

Ba resonance lines a sub-Doppler method is obviously necessary.

100 MHz corrsponds to 4.1 x 1077 eV which is in conventional nuclear physics
units below the order of pico-MeV. The natural line width is about 10 MHz.
Even this number is usually undercut by the instrumental line width of the
apparatus used in high-resolution laser spectroscopic experiments.

Experiments going to short-lived nuclides make mostly use of the
fact that the nuclides can be provided as a collimated beam which
enables a most simple way for reducing the Doppler broading.



The basic set-up of a typical atomic beam laser spectroscopic
experiment is the following: Resonance fluorescence of the free
atoms is-excited in a well-collimated atomic beam by irradiating
transversely to the beam thus reducing the Doppler broadening. The
exciting light source is a narrow band dye laser with fine tuning
characteristics, tuned through the resonance. The resonance fluo-
rescence may be observed by a sensitive light detector. There are .
some modifications of such a scheme, in particular in the method
detecting the resonance. the procedure must not use a primarily
optical detection method, and indeed there are various sophisti-
cated modications of the basic principle as we will see when con-
sidering various examples. The figures of merit in choosing a

particular method are sensitivity and peak-to-background ratio.

4. Atomic-Beam-Fluorescence-Laserspectroscopy of Neutron-

Deficient Ba-Isotopes

The common nuclear aspect of the experiments performed with Ba-
and Cs-nuclides is the transitional behaviour of nuclei found
when going away from the magic neutron number N = 82, Transi-
tional nuclei provide a crucial testing ground for nuclear
structure models which try to describe the collective degrees cf
freedom on a phenomenological or microscopic basis. With this
point of view the mass region with 50 £ N,Z < 82 has been subject
of many experimental and theoretical investigations (Sheline

et al. 1961, Arseniev et al. 1969). In this corner of the nuclide
chart we observe features: level spectra and decay properties
which seem to reveal gamma-soft shapes of increasing ms deforma-
tion with decreasing neutron number, also indicating a shape
transition via the gamma degree of freedom. There is also some
evidence for reaching stable deformation far away on the neutron-
rich side. The onset of stable deformation is expected around
143Cs (Marshalek et al. 1963).




Triaxiality of the deformation, in particular of the Ba and Xe nuclei is
supported not only be the analysis of the even-even nuclei (Habs et al.
1974), but also by the interpretation of the high-spin bands observed in

the odd nuclei (Meyer-ter-Vehn 1975). Most extensive theoretical studies

of transitional nuclei have been carried out by Kumar and Baranger (1967)

on the basis of the pairing-plus-quadrupole model, predicting oblate (disc-
shaped) nuclei in the vicinity of 1264, This is partly supported by dynamic
calculations of collective states of neutron-deficient doubly even Xe and

Ba isotopes (Rohozinski et al. 1976). The predicted static gquadrupole
moments of the 2° states of the stable nuclides 130/134/136/138p, may be
compared to experimental results extracted from the reorientation effect

of Coulomb excitation. Recent results favour negative moments (prolate
intrinsic deformation) of the stable even Ba nuclides (Kleinfeld et al.
1977). However, this does not exclude the possibility of oblate shapes

in more neutron deficient Ba nuclei and of variations of the deformation
from one state to another. In theoretical studies the prolate-oblate
groundstate energy differences are gquite sensitive to details of the micros-
copic nuclear structure and to dynamical effects.

As experimental values of rms radii and nuclear moments provide
critical tests of the specific ingredients of a particular
theoretical approach there is obviously a considerable interest
in observing the trends in the rms radii as well as in quadru-
pole moments or in the deformation effects of the isotope shifts

in long isotopic chains.
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Fig. 4. Schematic view of the experimental set-up used for laser
spectroscopic studies of the Bal resonance line in

neutron deficient Ba isotopes
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The actual setup of the experiments done in KARLSRUHE is schemat-
ically shown in Fig. 4 and consists of an apparatus producing

a highly collimated beam of radioactive atoms and a second ref-
erence beam operated with a stable isotope. The atomic resonance
transitions are induced by two tunable high resolution cw dye
lasers in single mode operation. One dye laser is locked to the
transition frequency of the stable isotope in the reference
atomic beam and provides an optical reference frequency. The
frequency of the other laser is tuned through the resonance
transition and excites fluoreécence of the unstable atoms. It

is controlled by stabilizing the difference of the two laser
frequencies. This is achieved by mixing the light of the two
laser beams, on a fast photodiode, the photo current of which

is then modulated with the difference frequency, and by comparing
this difference frequency with the output signal of a calibrated
RF generator. This heterodyne technique enables most precise
measurements of optical frequencies. The fluorescence intensity
is measured by a single photon counter. Monitoring, data acqui-
sition and control of the experiment are done by a computer inter-
faced to the experiment by a CAMAC system. Indeed, if really
looking in more details the various building blocks appear to be
rather complicated devices.

The unstable nuclides have been produced via compound nuclear
reactions by charge particle irradiation of appropriate targets
at the Karlsruhe Isochronous Cyclotron or by neutron activation
in the thermal research Reactor FR2 (Karlsruhe). The production
processes are not very isotope selective so that an subsequent
enrichment by an electromagnetic mass separator has been nec-
essary. Due to the small shifts and long tails of the Lorentzian
line shapes an unambiguous assignment requires the isolation of
the interesting isotopes.

Fig. 5 displays one of the more complicated spectra measured for
the high spin (11/2) isomer and the groundstate of 133
presence of some impurities of stable barium. The line width is
only 10 % larger than the natural line width (19 MHz). This jus-
tifies a least-square analysis with pure Lorentzian shapes. But

Ba in
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power broadening (induced emission) and optical pumping have to
be avoided. On the other side optical pumping effects provide

a useful method identifying the different hyperfine components.
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Fig. 5. Fluorescence spectrum of a
This feature is schematically indicated in fig. 6 for the case
~of nuclear spin I = 3/2. It turns out e.g., that exciting the

1P hyperfine components by linearily polarized light leads to

" a ;aturation of the lowest (F=I-1) component, since only AmF=O
excitations are allowed, spontaneous deexcitation, however, back
to all magnetic substates of the groundstate.

As an example, optical pumping effects are shown (fig. 7) in two
spectra from a 133g+mBa sample, irradiated with linearily polar-

ized light (n light). One component relatively decreases due to
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original level

Analogon for optical pumping with m-light Fig. 6. Optical pumping
with linearily
" P, F=1/2 s
/|?<|\ polarized (m)-
1 =
o % F=32 light in a SO—

Pl-transition

'P, F=3/2 (I=3/2)
32 773 vz k7] so F= 3/2
-82 -¥2 -V 12 32 52
= - LR Fe2
W@ o 2w 's, F=372

saturation when increasing the laser intensity. It is consequently
identified to be the F = 9/2 component in the case of 133mBa.

133Ba spectrum the strong violation of the Landé

Please note in the
interval rule, just changing the normal sequence of the hfs compo-
nents and revealing a large quadrupole moment of the isomeric state.
A similar result is present in the case of 135mBa. The observation
of the half-life controls the assignment of a particular isotope.
124Ba has the shortest half life (11.9 min) of all Ba isotopes
studied so far. All measurements werde done with a 10 pg sample.

In order to value such a number let me mention that the average
concentration of Ba in air is about 20 ng/m® (Vogg and H&rtel 1977).
From an analysis (Schatz 1979) in view of the probable experimen-
tal limits of sensitivity of the measuring method it seems not too
optimistic to say that measurements are feasible with 1 pg for

even Ba isotopes.

For odd isotopes the above mentioned saturation of the fluores-

cence intensity prevents increasing the laser intensity and to
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take profit from multiple excitation*. Therefore the sensitivity
is about one order of magnitude smaller in the case of odd
isotopes unless their spin is 1/2.

The average transit time of a thermal velocity atom passing trans-
versely through the laser beam (1 mm @) is about ‘IO_5 - 10-6 s
whereas the lifetime of the excited atomic state is typically in
the order of 10-8 s. Hence a single atom can be excited repeatedly
without considerable power-broadening. Due to the large resonant
scattering cross sections (~ 10_10 cm?) and the large photon flux
from the lasers it is easy to obtain 10 to 100 scattered photons
from each atom during its transit. Greenless et al. have proposed
a method which exploits the time correlation of the resonance
fluorescence photons for discriminating against random background

events. A feature of the photon bursts is a narrowing of the fluo-

* The saturation of particular hfs components can be avoided by use
of a fast switcher of the laser light polarization (Nowicki 1980)
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rescence line shape. In particular, the wings of the peaks fall

off much more rapidly than for a Lorentzian line shape.

"Photon Burst Method
Greenlees et al. (1977)

ool BT 4 Yol Fig. 8. Parts of fluorescence
135(3/2}
- of natural barium
oSt
samples (frequencies

relative to 138Ba peak)

304

for different multi-
L]
1900 plicities of the .photon

bursts (Greenless et

\\4/(;\\h__
X4
1510} al. 1977)
s:02} 130
j\ﬂ}ij;mwMﬂ

ixt0?

5110

200 250 300 350 400
FREQUENCY / MHZ

This feature is demonstrated (fig. 8) by comparing the peaks
in the spectra of different multiplicities: singles, two-photon
events, four-photon-events etc. The probability of detecting
several photons per atom falls very quickly with decreasing exci-
tation probability. This might facilitate measurements of small
peaks in wings of much larger peaks which is often the experimental
situation with radicactive samples and dominating stable impurities.
Fig. 9 displays the results of the optical isotope shift measure-
ments after extracting §<r?> values. The common systematic uncer-
tainty due to the specific mass shift dominates the overall uncer-
tainty which is indicated by an "error band". Several striking
features are evident from the A-dependence:
‘a. a prominent odd-even staggering: in the groundstate the odd
nuclei appear to be significantly smaller than the neigh-
bouring even nuclei (negative staggering-values Ygr =

2(<r?> -<r2>A)/(<r2> -<r2>A)). The h11/2 isomers,

A+1 A+2
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Differences of ms charge
radii of Ba isotopes

(Bekk et al. 1979). The
straight line represents
the A dependence expec-
ted for the homogeneous

1/3

sphere with R=1.2xA fm

The value for 14oBa is de-
duced from the result of
Fischer et al. (1974).
According to preliminary
results of the Mainz-Isolde
collaboration (Mueller 1980)

this 6<r?> value appears

to be ca. 10% larger.

however, tend to follow the trend of the even nuclei, in

contrast to the g 7/2 isomer of

129

Ba.

b. The overall slope: with decreasing neutron number the nuclei
shrink by far more slowly than expected by the naive liquid

drop estimate <1:2>OooA2/3

incompressible spherical nucleus)
The overall slope can be partly explained by an increasing ms de-
formation <B?> which contributes by a term 6<r2>Def = 5/4n<r2>06<82>.
Nuclei which have a nonspherical shape through a permanent or

dynamical deformation appear to be more extended radially than

(change of ms radius of an

spherical nuclei of the same volume. This deformation effect can-
not be assumed to be monotonic. Indeed, the odd-even staggering
has been qualitively explained by systematic smaller §<g?>-values
through a blocking of the groundstate correlations by the odd
particle (Reehal and Sorensen 1971). Attributing, however, the
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total deviation from the homogeneous sphere-dependence to an
increasing deformation on the neutron-deficient side appears
to be not consistent with g~values extracted from measured
B(E2)-values. The required deformation effect in §<r?> is too
'strong, even if we take into account some uncertainties due to
some model-dependence in interpreting B(E2)-values in terms of
B. This observation reflects the so-called "isotope shift
discrepancy" (Bodmer 1959) which is just due to the change in

the monopole part in the measured §<r?> accounted by a factor n<1
§<r?> = né<r?>_ + 2 r2s §<B2>
o 47 o]
or by an additional "breathing correction" term §<r2>
§<r2> = §<r2> + §<B2> + 2 <r?> §<g?>
o 47 o

When neutrons are stripped the charge distribution seems to con-
tract less than it does in the valley of stability, thus suggesting
that the nucleus is compressible to some extent aﬁd relating the
phenomenon to the breathing mode excitations: both features
governed by the compressibility of finite nuclear matter.

The "isotope shift anomaly" is an overall feature in all mass
regions and should primarily depend on average nuclear proper-
ties. This aspect has been discussed by Myers (1969) in the
frame work of the droplet model (Myers and Swiatecki 1969, see
Myers 1976) which is a refinement of the liquid drop model

and takes into account effects associated with deviation of
neutron and proton densities from constant bulk values and the
difference of the effective boundaries of the neutron and proton
distributions. The droplet model with parameters chosen to give
the best fit for masses and fission barriers seems to resolve the
"isotope shift discrepancy". The good agreement with the experi-
ment is demonstrated in fig. 10 by comparing the inferred experi-
mental deformation (deduced from B(E)-values) with that required

by the droplet-model when explaining our data.
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Fig. 10. Deformation of the even Ba isotopes from the droplet

model as compared to the results deduced from the

B(E2)-values.

The interesting point is that the anomaly in the charge radii ap-
pears to be less affected by the value of the nuclear compressi-
bility. The origin of the additional "breathing" §<¥2> seems to

be rather a dilatation caused by the neutron excess, that means

by density symmetry term in Myers mass formula. Thus, the pheno-
menon is related to the question of a "neutron skin" in nuclei
(Myers and Swiatecki 1980) and in another language the effect is
brought to the dependence of the proton potential on the neutron
excess through the isospin dependent part of the nuclear potential
(Bohr and Mottelson 1969). This dependence might affect predomi-
nantly the diffuse surface region of the real nuclear distribution
and give rise to a change of the skin thickness. Indeed when

1 v s . .
ascribing §<r?> to a variation of surface diffuseness a of a Fermi

distribution
’\12 _ 14“232 Ga
§<re> = —5 (5—)

relative changes on the order of some percent of the diffuseness
parameter a are sufficient to describe the phenomenon (Gerhardt

et al. 1979).
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C. Mean-square radii and binding energies: the sudden increase
of the ms charge radius after crossing the closed shells
with magic neutron numbers (N=20,28,50 and 52) is
associated with a sudden decrease of the binding energies
per nucleon. In the vicinity of closed shells the

difference § <r?> between the ms radii of the isotopes

A'A
A' and A changes in the opposite sense to the difference
GA,A(B/A) of the binding energy per nucleon. This empiri-
cal statement, recently formulated by Gerstenkorn (1979)

is also valid for nuclides with N-4, N-2, N and N+2 neutrons.

BIN)/A
[keV]
8400 -
Ba{Z=56)
8350 o
1,
l, 70 7 8 85 N
= / ‘
S-NB(EI(-'\:)) In the vicinity of closed shelis
6 «r® changes in the opposite
lMe:J sense to the difference of the
- binding energy per nucleon
80 -+
60 -
-/

~J
o
~3
o
= 4

85 N

11, Variation of binding energies per nucleon and separation

energies of Ba isotopes (Wapstra and Bos 1977)
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Empirically the relation between overall variations of-
the binding energies per nucleon and overall variations
of the mean square radius appears to be rather simple
as long as deformation effects do not interfere (see’
fig. 11).

In addition to isotopic and isomeric shifts in the ms charge radii
the experimenté provide information about the'electromagnetic
moments of the odd nuclei. We do not discuss the results extracted
from the measured A and B-factors. But it should be pointed out
that a combined consideration of changes in the ms radius and
nuclear moments may reveal interesting nuclga; structure features,
in particular for transitiohalunuclei. The relafively large quadru-

135,133,129

pole moments of the isomeric states of Ba, for example

(see tab. 2) might mislead us to assume a very large increase in
the intrinsic deformation (even a deformation jump in 135Ba).

The observed §<r?> values, however, are comparatively small and do
not allow such an interpretation. This might reflect the more
complex relation between quadrupole moments and ms. deformation
<g?> (which represents the sum of the E2 strength (Cline and

Flaum 1972)) and is affected by shape fluctuations of transitional
nuclei. We have to keep in mind that any interpretation of quadru-
pole‘moments in terms of intrinsic defofmations invokes a model
spééifying thé possibly complicated intrinsic shape and the type
of coupling of the odd particle to the core. In this context a
triaxial rotor desCription has been found to be a better step
directed to reality than models restricted to axially symmetric
shapes of the nucleus (see Bekk et al. 1979 and references given
there). Quite recently Puddu et al. (1980) have shown that the
interacting boson model (Arima and Iachello 1975) accounts for the
transitional nuclear structure. This is indicated by fig. 12
displaying theoretical and experimental charge radii of neutron-

deficient Ce, Ba and Xe nuclides.
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2 2
A Qs §<x ’is <8 Zis
eb fm?

135 g 0.18 + 0.02

m 1.16 + 9:03 2.6+10"2 0.27.10"2

1% 2 0.02 . .

133 g -

m 1.08 + 0,03 1.2410° 2 0.13-.10 2
129 g -

m 1.93 + 0.03 -1.2+10 2 -0.13+10 2

Tab. 2. Comparison of quadrupole moments of the 135m,133m,129mBa

with isomeric shifts in 6§<r?»>

T T | T T T

INTERACTING

0 BOSON MODEL
Puddu et at. (1980)
i Fig. 12. Experimental rms
-20 ..
radii as compared
N to results from the
Y
ﬂg_4o_ interacting boson
.As model
R
Y
ok
> -60
58Ce
Calculated und experimental
-80} values of ‘ms radius -
differences
i 1 I i | R I |
50 58 66 74 82

Neutron number




=21=

5. High-Resolution Laser Spectroscopy in Fast Beams

In or@er to obtain'extremely narrowed optical emission or absorp-
tion lines Kaufman (1976) proposed to make use of a velocity
bunching phenomenon of fast ions or atoms occurring in the direc-
tion of flight. )

Consider two identical ions of mass m, having velocity components .
in beam-direction (Z) of 0 and of thermal velocity v = (2 k'I‘/m)1/2
-Iﬁ both ions are accelerated in this direction through a potential

difference u, the final velocities will be,

1/2 1/2 2

' _ _ 2 _ 2
v, = (2eU/m) and v = (v * v, ) AR A vo/2va ,

a

respectively. The difference in velocities is reduced, due to the
acceleration, by a factor R = 1/2 (kT/eU)1/2. For T = 2000 K and

U =10 kV, R = 2.1 x 107>, The velocity distribution in the direction
perpendicular to the beam axis is, of course, unchanged. The simple
explanation of the bunching effect is that ions having a large
initial velocity spend less time in the accelerating field and

thus gain less velocity than the initially slower ions. If the

fast beam is now probed along the beam direction by a parallel
monochromatic beam of laser light, the width of an absorption line,
neglecting all other sources of broadening, is considerably narrowed.
For..the resonance transition in neutral cesium (A = 455.5 nm)

e.g. at T = 2000 K and U = 10 kV sz n 2,3 MHz which is small
compared to the natural line width. Of course, the experimental
line width obtainable in practice will depend on the angular diver-
gence representing the spread of effective acceleration directions
about the beam axis. The absorptlon can be monitored by observing
fluorescence llght Pr1n01p1ally, there are two different proce-
dures measuring the hfs structure (see fig. 14), either scanning
the laser frequehcy while keeping the acceleration voltage constant
(fixed Doppler shift) or tuning the particle velocity by varying
the acceleration voltage keeping the laser frequency constant:

(Doppler tuning).
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Lowest part of the Ba Il level scheme and hyperfine structure
splitting of the transition 5d 2D;,,—6p 2PJ,; (A=>585nm) of the
odd isotopes !>*Ba and '3"Ba (both nuclear spin 1=13/2)

Fig. Ba II level scheme
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T
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Experimental setup. The Ba ions were investigated by
means of a mass separated jon beam with the laser light parallel
(downstream) to the ion beam — part A of the figure —or by means
of a not separated ion beam with the laser beam antiparallel (up-
stream)— part B

Fig. 14. Experimental set up
in fast beam experi-
ments (HShle et al.

1978)

The feasibility of the methods has been demonstrated by high resolu-
tion experiments with a fast beam of metastable Ba-ions (H8hle et al.
1978) . A not-separated (multi mass beam) allows the determination

of isotope shifts (thé frequency shifts at zero velocity) and

atomic masses, as precisely as the beam energy (acceleration voltage)

is known.
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Hyperfine structure of the Sd Dy, —6p *P§,, transition
obtained by monomode laser light absorption from a fast Ba ion
beam consisting of all stable Ba isotopes. Due to the different
velocities of the isotopes the contributions of the several Ba iso-
topes to the recorded fluorescence curve are well separated. The
rare isotopes '*°Ba and '32Ba are out of the region of this laser scan

Hyperfine struc-

ture of the
2 2_o0
Dy/27 P32

transition in Ba II
measured by fast
beam laser spec-
troscopy

(H6hle et al. 1978)
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Fig. 15 displays the fluorescence spectrum of a fast Ba ion beam.
Due to the different velocities of different isotopes a proper
choice of the high voltage separates the contribu£ions of different
isotopes very well.

The MAINZ group has combined collinear laser spectroscopy with on-
line isotope separation in order to study hfs and isotope shifts

of neutron rich Cs isotopes observing the CsI resonance line (Anton
et al. 1978, Schinzler et al. 1978, Bonn et al. 1979). The Cs iso-
topes are produced by fission of 235U at the Mainz TRIGA reactor

and prepared as -a mass separated beam. The ion beam is neutralized
by charge exchange in a Cs vapour cell (fig. 16). The neutralization
of the beam is essential as the resonance lines of ions in general

are in the UV region inaccessible with single mode lasers presently

available.
Separated
Eﬁﬁm Fig. 16. Scheme of a fast
ey Deflector ~ Charge-Exchange = Atomic Beam atomic beam on-
Laser  “*+y Uo Cell Detector
Beam * J-++++++0Lpoo+oo oooo —0- line experiment
X » . .
I A ECyllnder Investigating
on Gun =5 ¢ L
x;"// : A ens neutron rich
Cs isotopes
Scanni .
Us Voltogeng Light Pipe (Schinzler et al.
i . Photomuttiplier 1978)

This charge transfer step may be origin of some difficulties of the
method with respect to broadening, deforming and shifting the line
profile through charge exchange collisions, possibly obscuring the
spectrum analysis and affecting the accuracy. By this method the
MAINZ group, however, succeeded to measure hfs splitting and iso-

137Cs to 142Cs providing

tope shift of a series of Cs nuclides from
new information on changes of ms radii and on rnuclear moments (see
fig. 18). By the same method optical isotope shifts and hyperfine
structure splitting in fission-produced 89—93Rb have been meas-
ured (Klempt et al. 1979). Recently fast beam spectroscopy has been
adapted to the ISOLDE isotope separator facility and is going to
start measurements of isotope shifts and hfs in neutron rich Ba

nuclei (Mueller 1980).
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6. On-line Atomic-Beam Laser Spectroscopy of Neutron Deficient

and Neutron Rich Cs Isotopes

The first successful on-line laser spectroscopic measurements were

performed by a group of ORSAY studying short-lived sodium isotopes
21-25
(

spectroscopy and optical pumping techniques (Huber et al. 1975).

Na) by use of an interesting combination of atomic-beam laser

More recently (Huber et al. 1978) the method, somewhat refined and
modified, has been applied to hfs and IS studies of neutron defi-

121-137¢¢), which have been produced by spalla-

cient Cs isotopes (
tion of lanthanum and separated in mass by the ISOLDE on-line facil-
“ity. Fig. 17 explains the principles of the experimental configura-
tion. The separated isotopes are transformed into a sufficiently

collimated atomic beam and pass a sixpole magnet which focusses

atoms with the atomic spin polarisation mj = + 1/2 into the opening
of a surface ionizer of a mass separator. Atoms with mj = - 1/2 are
defocussed.

Even though mass separation of radiocactive nuclei is already
achieved by Isolde, for a sensitive detection of the focussed atoms
of interest a mass spectrometer is necessary in order to eliminate
the high background of stable isotopes.

Before entering the state selecting sixpole magnet optical tran-
sitions between the hfs components of the D lines are selectively
induced by a tunable narrow-banded dye laser. After each excitation
(say, 281/2 (F = 1I-1/2) ~ 2
falling back into the other not absorbing component of the ground-
state (251/2 (F = I+1/2)). All of them will finally be pumped into
this state. Thus this hyperfine optical pumping changes the popula-
tion distribution between the hyperfine components of the ground-
state. After having entered adiabatically the strong Paschen-Back
field of the sixpole, however, all sublevels of the F = I-1/2 are

transformed into the mj = - 1/2 substates whereas those of the

P1/2) a certain fraction of atoms is

F = I+1/2 have run into the mj = + 1/2 components. One observes &n
increase of the beam intensity when pumping into the F = I+1/2 ground
state and a decrease when pumping into the F = I-1/2 level. For
purpose of calibration a scan of a stable reference isotope can

be obtained by measuring the fluorescence from a separate atomic

beam.
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This non-optical detection is characterized by an ultimate effi-

phot
multiplier

ciency and very low background*. Compared to optical detection,
the Signal-to—background ratio is considerably increased up to

a factor of 103.

In most recent experiments based on this method (Liberman et al.
1979) isotope shifts and hyperfine structure splitting of the D2
lines have been measured for a long chain of isotopes ranging from

137 121Cs, and for several isomers.

Cs with magic neutron number to
The extremely small changes of the rms radii just below N = 82

had been“known from standard optical spectroscopy on stable and

*A special application of this combination of atomic beam and
laser techniques has recently permitted‘the‘first observation
of aﬂ 6ptical transition in francium (2 = 87), the D2 line at
717.7 nm (Liberman et al.'1978)‘
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long-lived isotopes of Ba, Cs and Xe (see Ullrich and Otten 1975).
Similarily to the results of the Ba-measurements the data (fig. 18)
seem to fit the assumption of gradually increasing nuclear defor-
mation with decreasing neutron number. For very neutron deficient
Cs isotopes (N < 67) the results exhibit very large fluctuations of
§<r?> as was observéd in the Hg isotopes (see fig. 1). It should be
noted that the uncertainty in the specific mass effect might con-
siderably change the absolute‘scaling (up to 20 %) independently

for each curve in fig. 18, but not the structure of the curves.

*Preliminary results for the neutron rich Ba isotopes (Mainz-Isolde
collaboration)ﬁ 139’140’141’142’143’144Ba follow the line of the

corresponding Cs isotopes fairly well (Mueller 1980) .



-27-~

5. Optical Isotope Shifts of Calcium Isotopes

The long isotopic chain between the two double magic nuclei 40Ca

d 48Ca, where the neﬁtron number changes by as much as 40 %,

an
provides a unique play-ground for observing interesting nuclear
structure effects in nuclear charge and matter distributions.

The charge distribution of the stable nuclei has been extensively .
investigated by electron scattering, by muonic X-ray and optical
isotope shift measurements. In recent time,'there are also serious
attempts in determining mass (and neutron) distributions hy‘use ofv
strongly interacting probes like pions, high energy protons and
alpha-particles (Friedman et al. 1979). The only techniques which
are able to ektend our‘knowledge to the unstable Ca nuclei are
laser spectroscoﬁic ocbservations of isotope shifts in optical
lines (tab. 3). The Heidelberg group observed the extremely weak
intercombination line (see fig. 19), which has the advantage of a

rather small natural line width of 410 Hz.

> Energy level scheme of Cal

. 4s s %S,
' - ' T =100ns ; ‘ i

6103A 6122R 61624

Fig, 19. CaI level scheme
4s bp 'R —]—
t=4.5ns

42274

4s? ‘s0 ___/

6573A
£=37.10°°

The experimental technique applied by the HEIDELBERG group uses a
collimated atomic beam and a stabilized dye laser which excites
the different Ca isotopes by tuning the wave length. Due to the
very long live time (1t = 0.4 ms) of the excited 4sdp 3P1 level
the whole beam emitts resonance fluorescence radiation along the
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LASERSPECTROSCOPY OF THE CA—INTERCOMBINATION LINE
(HEIDELBERG GROUP)
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OPTICAL ISOTOPE SHIFT MEASUREMENTS IN CA
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Ca™-LINES OPTICAL ~ Tab. 3. IS-measurements
HEILIG (1968) 40-42- RESONANCE LINE SPECTROSCOPY N ,
in Ca-isotopes

BRUCH ET AL, (1969) 4u-48  CA*-LINES

EPSTEIN UND DAVIS (1970) 40-42
uy-48 RESONANCE LINE

BRANDT. .ET AL. (1977) 40-42-43 RESONANCE LINE J
(1978) 4iy-46-48

NEUMANN ET AL.(1976) 40-42-44-
46-48
KLINGBEIL ET AL. (1979) 40-43

INTERCOMB INATION
KOWALSK! ET AL, (1979) 40-41 LINE

BERGMANN ET AL, (1979) 40-45 f LASER-
(1980) 40-46 ’ SPECTROSCOPY

ANDL ET AL, (1980) 40-47 RESONANCE LINE

BAIRD ET AL, (1980) 40-48 18 - 28
THo-PHOTON EXC. |

path of flight of the atoms. Therefore the fluorescence can be
monitored relatively far away from the excitation region which
minimizes the (stray-)light background.

Though the isotope shifts are large as compared to the reduced
Doppler-width of the atomic beam, the residual Doppler-broadening
of about 50 MHz limits the resolution. Much narrower signals can
be produced by simply reflecting the laser beam back onto itself.
In this case so-called Lamb dips, free from Doppler broadening,
can be observed at the center frequency of the Doppler profile,
due to a saturation of the absorption. The counterprogating beam
probes the bleaching of the sample when matching the center fre-
quency. This technique (saturation spectroscopy) reduces the
width of the signals of about a factor of 50.

For odd isotopes, where we find a hyperfine structure splitting
the method has been combined with inducing radiofrequency tran-
sitions within the hfs, similar to the well known double resonance
method, thus changing the occupation of the levels with refilling
from the groundstate and increasing the emitted resonance fluo-

rescence.
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CHANGES IN RMS - NUCLEAR CHARGE RAD!I (IN fm?)
OF CALCIUM - ISOTOPES
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Fig. 21 compiles recent experimental results of optical isotope
shift measurements of the Cal intercombination (Bergmann et al.
1980) and the blue resonance line (Andl et al. 1980), presenting
rms radii differences and comparing with results of muonic X-ray
studies (Wohlfahrt et al. 1978). Muonic X-ray shifts primarily are
due to a different type of radial moments: Barret-radii. The con-
version into equivalent rms-radii is not completely model-indepen-
dent. A peculiar behaviour of the charge radii is obvious from
fig. 21.

a. The charge rms-radii of 40 48

Ca and Ca are equal whereas the
even nuclei in between have a charge radius larger in size
of about 1 %.

b. There is a considerable odd-even staggering. The odd 43Ca
nucleus is considerably smaller than the neighbours as far as
the charge distribution is concerned.

The 47Ca result - in that case the KARLSRUHE group recently

succeeded exploiting the increased sensitivity when studying

the resonance line - fits fairly well in the overall trend.
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c¢. Within an error of 0.006 fm the radii of 41Ca and 40Ca

are equal; This 1s interesting in view of the discussion
of the 41Ca -4
excess radii and core compression effects (Friedman and
Shlomo 1979).
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Fig. 22. Trends of proton, neutron and matter radil in the
‘fl/z—shell

The matter radii differences (extracted from alpha-particle

scattering, e.g.) exhibit a different behaviour and rather

closely follow the A1/3

of 48Ca (Gils et al. 1980).

law, thus forming a heutron skin
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CHANGES IN RMS - RADIlI OF CALCIUM - ISOTOPES

[ (rZ)A—LO
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Fig. 23. Trends of the E2 strength and transition radii of

Ca isotopes

Let us notice that there are conspicuously similar trends (fig.
in the quadrupole transition strengths inferred from inelastic
alpha particle scattering (De Voigt et al. 1974), e.g. as well
as in the transition radii measured for the 0: - 0; monopole
transitions by electron scattering by Gr&df et al. 1978.

Again invoking the relation

n
§<r2s> 6<r2>o + §<r?> + %? <r2>o §<B2>

) the trend in 6<r?> may be

; 2 2 =
with 6<r >5 0 (<r > <r

2>
40Ca
- fairly well ascribed to a deformation effect including a small

40
breathing (monopole polarizibility) of the Ca core.

23)
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In Ca nuclei there is considerable evidence of a coexistance of
strongly deformed core-excited configurations with (fp)n spherical
configurations which mix in the low-lying states (Towsley et al.
1972) . Fig. 24 is demonstrating the polarising interaction between
the valence neutrons and the proton core. From extensive alpha
particle scattering studies (Gils 1979, Gils et al. 1980) which
inform us about matter distribution differences we know where

the neutrons are localized (round the rms-radius of the f7/zshell
which is determined to be about 3.8 fm).

From corresponding electron scattering and muonic X-ray results
(Wohlfahrt 1979) we see that obviously the neutrons have pulled

the protons to the same place, in such an intriguing way that there
is less charge at the 4'8Ca surface than at the 40Ca surface. Though
equal in the rms charge radius, the distributions distincly differ.
Recent theoretical approaches considering neutron and proton
distributions of the Ca isotopes (Brown et al. 1979) have been

remarkly successful in reproducing the observed findings.

6. Optical Isomer Shift of the Spomtaneous-Fission Isomer 240mAm

The size and shape of a spontaneously fissioning isomer, the

1T ms 240mAm, have been recently studied by measuring the optical

isomer shift in the atomic 887/2 - ‘I0P7/2 transition in neutral
americium (Bemis et al. 1979).

The experimental technique: Laser Induced Nuclear Polarization (Feld
and Murnick 1979) is a special application of the Radiation Detected
Optical Pumping (see Jacquinot 1976). It is based on the depopula-
tion by optical pumping with circularily polarized light. The
optical pumping cycle consists of resonant absorption with the
selection rule AMF = +1 for o+—light, followed by spontaneous
radiactive decay with the selection rule AMj = 0,+1. In absence
of atomic ground-state relaxation, laser optical pumping with
o+—light, with a band with greater than the total width of the
10P7/2 hyperfine structure, ultimately results in the population
of the ground-state level with Fmax 7/2 + I and sublevel

M_ = + Fm from which no further laser absorptions may occur.

F ax
' The system both atomic and nuclear, is then totally polarized.



-35~

Subsequent spontaneous-fission decay from the oriented nuclear
system is anisotropic, if I # 0 or 1/2, and the anisotropy of
the decay provides the detection signal for the optical reso-
nance condition,

Details 6f the experimental arrangement are given schematically
in fig. 25. The isomer was produced by bombarding an uranium
target with 48-MeV 7Li ions. Fission isomeric recoils were

thermalized in 180 Torr of heliumgas.

HELMHOLTZ

cois— . - g&TRANCE
CIRCULARLY HELIUM GAS WINDOW
POLARIZED S 238 Zi‘
LASER : v
BEAM CHOPPED

CYCLOTRON

LASER BEAM
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WINDOW 1 ;

LASER
ENTRANCE
WINDOW

FARADAY . W

cuP
POSITION SENSITIVE
GAS PROPORTIONAL gQ°
-z DETECTORS

Schematic of the optical pumping cell show-
ing the geometrical arrangement of the position-sensi-
tive detectors, the laser beam, and cyclotron beam.
The laser and cyclotron beams are both 0.4 cm in dia-
meter.

Fig. 25. Schematic view of the experimental set-up used for meas-
uring the optical shift in the lines of 241Am and 240.21m

(Bemis et al. 1979)

Two position sensitive detectors count the fission events. A
small magnetic keeper field preserve the orientation of the atoms.
Anisotropic decay from the oriented system with K=I=MI preferen-
tially occurs along the laser beam propagation axis. Thus a
decrease of the yield indicates the orientation produced by
resonant optical pumping. This seems to be observed and appears
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[«
to be shifted by the unusually large value of AX = 2.6 A against

241

the known position of Am (see fig. 26).
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(a) Normalized flsslon-fragment coincldence yield as a function of laser wavelength. The decrease in
yield at 6407.7 A indicates anisotropic fission decay due to orlentation via resonant optical pumping. The solid
curve is shown to guide the eye. (b) The decay of fisslon events relative to the end of a beam-on cycle. The single-
component decay is due to 29Am™(SF).

Fig. 26. Fission-fragment coincidence yield as function of the

laser wave length and half-live control (Bemis et al.

1979)

From the observed isotope shift which is predominantly due to the

volume effect a difference

(26.8 + 2.0) 8<r?>

2
$<T™ > 40m-241 243-241

is extracted, nearly independent of any nuclear and atomic model
assumption. Clearly the result may point to a large deformation of
the fission isomer 24OmAm.

Using the relation
<r?s> = <ré> [1 + (5/47) <32>]

calculating the mean square radius of the charge distribution

with the standard value r = 1.2 fm of the radius parameter and

1/2

adopting B = <g2> = 0.24 from neighbouring Am isotopes the

result has been converted into an isomeric shift

§<r?> 5.1 + 0.2 fm?

240m-240g
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The uncertainty allows for a normal odd-even staggering.
Again using the assumptions above a deformation of

B = 0.66
is found, and if assuming prolate; just describing a spheriod
with a major-to minor axis ratio of 2:1.
There ére considerable uncertainties in this argumentation. The
monopole polarizibility ("isotope and isomeric shift anomaly")
has been ignored. Therefore the deformation might be smaller than
the value claimed. In addition the extracted <(32>1/2 is not a
first order diagonal element (like a quadrupole moment). From this
reason we can hardly follow the author's statement (Bemis et al.
1979) that their experiment provides the first direct experimental
proof for large deformétions. However, systematic high resoluticn

experiments resolving hfs might be able to do so.

7. Concluding Remarks

This review tried to guide your interest to the experimental

lines in atomic hyperfine structure and isotope shifts

studies of unstable nuclei. With referenée to‘recent examples

we had an outlook to some laser spectroscopic techniques

which enable the systematic study of long isotopic chains
extending far off stability on proton-rich as well as on neutron-
rich side. This special type of "nuclear spectroscopy" had already
proven to be a rich source of relevant nuclear structure informa-
tion, in particular when interacting with findings of nuclear
gamma-ray spectroscopy, with the study of X-rays in ordinary and

mesic atoms and with nuclear reaction experiments.

In many aspects this review is based on results and experiences
from the experiments of the KARLSRUHE group (Bekk et al. 1979).
It is a pleasure to acknowledge stimulating discussions with

G. Nowicki and G. Schatz.
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