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1. Introduction

The progress in atomic and molecular spectroscopy has gone hand
in hand with improvements of the resocluticn. Before the tunable

narrow-band lasers led to the invention of Doppler-free techni-

(1)

ques, spectral lines from cooled hollow=-cathode discharges had
typical widths larger than 300 MHz, and high resolution was
achieved only in rf spectroscopy, e.g., within the hyperfine
structure multiplets, by the classical techniques like atomic
beam magnetic resonance(z), optical pumping(3) or double reso-
nance(é). While the Doppler broadening

sv, v, (8k$cln2) 1/2 (1)

is negligible for resonance frequencies Vs in the rf regime, the
narrowing of optical resonances by cooling to low temperatures, T,
has obvious limits. On the other hand, eq. (1} holds for an iso-
tropic thermal velcocity distribution, and narrow Doppler width
requires a reduction in the sprgad of velocity components only
along the direction of observation. It is well known from ion
optics that this can be achieved by electrosﬁatic acceleration.

If an ion beam propagates along the z direction, the constant

phase-space volume requires that
8z 6pz = const, (2)

and the broadening. of the z distribution - due to acceleration

- corresponds to a narrowing of the momentum distribution.
Photons emitted along the beam have a considerably reduced
Doppler width. This remained unobserved because of inefficient
excitation mechanisms which cause intensity problems considering
the extremely small solid angle required for the observa;ion, and

because of insufficient stability of the acceleration voltage.

With laser beams, the effect can be observed in absorption.
This is the basis for collinear fast-beam laser spectroscopy.
Among the Doppler-free techniques (described in Part A, Chapter
15 by W. Demtrdder) it is the only one using linear absorption

without velocity selection as in cocllimated atomic beams.



This offers the great advantage of optical resonance with the
whole ensemble of atoms and yields an extremely high sensitivity,
if the fluorescence is detected with a large solid angle. This
advantage, and the fact that on-line isotope separators deliver
many radioactive nuclides in the form of ion beams, have played
the decisive role for the success of this technique in studies

of atomic isotope shifts and hyperfine structures, On the other
hand, the high-resolution spectroscopy on ions has been provided

with a powerful experimental tool.

The roots of the experimental development can be traced back to
the fast-ion-beam laser excitation performed by Andrd et al.(S),
to measure lifetimes or quantum beats more precisely than by the
unspecific beam-foil excitation (see Part B, Chapter 20). Here,
the Doppler effect was exploited in tuning the laser frequency
to an atomic resonance by a variation of the intersection angle
between the ion and laser beams. The collinear or superimposed
beam geometry was first used by Gaillard et al.(6). Their Ba™

beam from a standard 350-keV implantation unit had a largg kinetic
energy spread, and high resolution was achieved by probing the
hole-burning effect of optical pumping with narrow-band laser
light in a second interaction zone at a variable electrical

potential. This elegant utilization of Doppler~-tuning yielded
2 2

S1s2 = % P30
with a similar accuracy as the previous

the excited-state hyperfine structure in the 6s
(7}

quantum beat experiments(s), but it aveided the need for high

resonance line of Ba II

laser power and good spatial resolution in the differential

detection along the beam,

Isotope shift and hyperfine structure studies on short-lived
radiocoactive nuclides depend crucially on the sensitivity and

the conditions of on-line production in nuclear reactions. Here,
the search for a workable concept of experiments with fast isotope-
separated beams was initiated by Otten. It was Kaufman who pointed
out that the narrow velocity distribution along these beams cor-
responds to nearly Doppler-free conditions, The experimental

(9)

scheme, worked out in early 1975 , included cw-laser excitation

with high resolution and efficiency of a neutralized fast



atomic beam and detection of the resonance fluorescence. A

(10) was followed

23N

detailed discussion of the basic features

by an experimental study on beams of the stable isotopes a

13303(11)

and , and led to the wealth of new results on radio-

active isotopes that will be discussed in Section 5.

However, thg first experimental achievement of a narrow Doppler
width in faét—beam spectroscopy was already reported independently
by Wing et al.(12). They performed the first precision measure-
ments in the infrared vibrational-rotational -spectrum of the
simplest molecule Hp* by crossing the ion beam with the beam

from a single-mode CO laser at a very small intersection angle.

These pilote experiments were joined by the studies on the meta-

stable Xe II, 5p45d 4D7/% state in Xe™ beams(13’14)
the transition to 5p46p P5/2 is covered by the spectral range

of the then standard laser dye Rhodamin 6G.

from which

The present contribution complements several Chapters of the
earlier volumes: it describes an additional technique of Doppler-
free spectroscopy (Part A, Chapter 15 by W. Demtrdder) for appliw
cation with fast beams of ions or neutral atoms (Part B, Chapter
20 by H.J. Andr&) which has solved many problems of a systematic
study of isotope shifts and hyperfine structures on short-lived
nuclides (Part B, Chapter 17 by H.-J. Kluge). The need for a
reliable isotope shift analysis adds weight to the discussion

of Part A, Chapter 7 by K. Heilig and A. Steudel, The present
Chapter will be devoted exclusively to the spectrosceopy of

atomic systems, i.e. neutral atoms and singly-charged ions,
although the technique has many applications in molecular

ion spectroscopy and reaction studies'1272"),



2. Basic Concept and Experimental Realization

The essential parameter for the resolution in fast-beam laser
experiments is the kinetic energy spread of the ions. For low-
energy beams (E g, 100 keV) it is determined by the ion source
and typically of the order 1 eV, if the acceleration voltage

is well stabilized. To meet this value, plasma sources have

to be operated with special care as for the pressure and poten-
tial distribution within the source. Surface ionization sources
may almost reach the thermal energy spread of kT, but this

requires very homogeneous and clean surfaces.

In estimating the velocity spread of an extracted beam, we assume
an energy spread 8E, not considering details of the distribution
which strongly depend én the particular ion source. The dimension-
less parameter B = v/c¢ is used for the velocity. For its depen-
dence on the acceleration voltage U and the atomic mass m, it is

sufficient to take the non-relativistic expression

B = J2eU/mc? . {3)
The kinetic energy is E = eU = % mc?B?, and the conservation

of the energy spread

SE mc? B &8 (4)

involves a narrowing of the velocity distribution, proporticnal
to the increase in the average velocity. The Doppler width is
6“D = v 68 for an optical frequency Vo and, using egs. (3)

and (4), we obtain

6vD =V, SE/V/2elUmc? . (5)

Here we have assumed a parallel beam for which the energy spread
is transformed into a purely longitudinal spread of velccities.
As an example, we obtain 6vD = 5 MHz for éE = 1 eV in a 50 keV
= 100, B = 1073
fregquency of 5x101th {6000 B). This may be compared with the

beam of medium-mass ions (A and an optical



natural line widths of strong atomic transitions which is of
the order 10 MHz. That is to say, the homogeneous width matches
the inhomogeneous Doppler broadening, and all atoms in the beam
interact simultaneously with the laser light once the frequency
is tuned to resconance. This gives the basic sensitivity for
experiments with extremely low beam intensities, and in parti-
cular on the radioactive isotopes. If necessary, an additional

homogenecus power broadening can be achieved quite easily.

In practice, one has to work with beams of a finite divergence
depending on the emittance and the required beam diameter. For
the present case, formula (73) of Part B, Chapter 20 by H.J.

Andrd gives a vanishing contribution %o the line width, because
it includes only first-order terms in the angular dependence of

the Doppler shift., For a symmetric full angular divergence §Q

around the beam axis (0 = 0) the additiconal broadening becomes
voB {1-cos §g or, using the lowest order term of the expansion,
1 2
f = -—
§'vp = g v B (8017 . _ (6)

In our example, for a beam divergence of 10 mrad, this gives

an additional contribution of & MHz to the line width., It 1is
thus c¢obvious that the Doppler width in collinear geomefry is
rather insensitive to beam divergences. Correspondingly, the
Doppler-shifted line positions are insensitive to small changes
in the beam shape. This is a very important feature for Doppler-
tuning experiments. For comparison, an intersection angle of 10°
between the laser and the ion beam of the assumed divergence

of 10 mrad would give a line width of almost 1 GHz, which means
that high-resolution experiments of this type require more

parallel and stable beams.

Of course, the superimposed-beam geometry involves a considerable
Doppler shift of the transition frequency Vo in the rest frame
of the atoms. In the laboratory frame it is given by

Y1 - B2 1+ B
B

+ o T3 =Y ——— (7)

° /ST BT



or, to first order,

Ve = v (1 8)
for parallel (+) or antiparallel (-) interaction, respectively.
It is interesting noting that the velocity narrowing factor

is proportional to the shift vOB, or the product of Doppler
width and Doppler shift is constant, namely v; §E/mc?®. This
shift requires a rather precise knowledge of the beam energy

and the atomic mass for experiments in which frequencies in

the atomic¢ rest frame are to be determined. On the other hand,
the Doppler shift offers great advantages: (i) Simple post-
acceleration or deceleraticn can be used to tune the frequency
seen by the fast moving ions. In our example of a 50 keV beam
with & = 107>, the total Doppler shift is about 500 GHz, and

a tuning range of 100 GHz is cbtained with a = 10 keV change

in kinetic energy. (ii)} As long as the atoms are ionized, the
Doppler shift can be changed along the beam, and the interaction
between the laser light and the ions can be switched on and

of, or changed in frequency.

Still, many collinear fast-beam experiments have been performed
on neutral atoms. For this purpose, the ions are neutralized

by charge transfer, preferably in passing them through an
alkali vapour cell. The charge-transfer cross-sections for the
reaction

B + 8 - B+ AT 4 AE

where B' represents the fast ion and A the alkali atom, are

-15 -14 2

generally of the order 10 to 10 cm® and parficularly

large, if the energy defect AE is small {near-resonant electron

transfer)(22-25)

. These collisions occur with negligible ener-
gy transfer of the order (AE)?®/eU to the target atomé, and
therefore the velocity distribution in the neutralized beam
remains nearly unchanged. This also means that all arguments

and estimates for the resolution and sensitivity remain valid,.

(8)




Moreover, the missing energy AE is converted completely into
additional kinetic energy of the fast beam. If several states
of the atom B are populated in the electron capture, the beam
is composed of atoms with several discrete velocities which
can be observed in the Doppler-shifted optical resonances(Tl).
These velocity spectra give a direct access to the final-state
distribution of the charge transfer process, provided that the
atoms decay rapidly into the ground state from which they are
excited by the laser light. The components are well-resolved
only for beam energies up to a few keV, where the change in

the Doppler shift for a separation of a few eV is still larger
than the natural linewidth. At higher beam energies, the effect

may contribute to an additional line brocadening.

If metastable states are among those favoured by the resonance
condition AE = 0, the neutral beam c¢ontains a large fraction
of metastable atoms. This gives an access to transitions

which are difficult to observe otherwise. It is a particularly
important feature that many elements with high excitation
energies, or UV resonance lirnes from the ground state, have
metastable states with binding energies close to the ground
state of the alkali atoms between - 4 and - 6 eV. The selective
population of these states can be controlled by the choice

of the alkali vapour target {Na: - 5.1 eV, Cs: - 3.9 eV) and
the optical excitation can be induced by c¢w laser light in

the visible(26’27). Such procedures have contributed a lot

tc the versatility of the technique and they have been used
extensively in the isotope shift and hyperfine structure
studies on long seguences of unstable isotopes(27) {See

Section 5).

Although the details of the experimental set-up have to be
taylored for the special purpose, we have a simple basic
design which is slightly different for spectroscopy on ions
and neutral atoms. This is outlined in Fig. '. The ion beams
may be provided by any source which has a low energy spread,
and accelerated by a sufficiently stable voltage (typically

between 1 and 100 kV). For ion spectroscopy (a}), this beam,



merged with the laser beam, is transmitted through the obser-
vation chamber which forms a Faraday cage at a variable poten-
tial. The set-up for neutral atoms (b) includes a charge-exchange
Cell(28,29) 3

torr is maintained by heating. The Doppler-tuning potential

in which the alkali vapour pressure of about 10~

is applied to this cell and the observation chamber has to
be put as close as possible to avoid optical pumping to non-

absorbing states.

Omitted in Fig. 1 is all ion optics, and in particular the
deflection into the laser beam axis, except for the acceleration/
deceleration system in front of the observation chamber or
charge-exchange cell. The latter has to minimize lens and
steering effects of the tuning potential., It usually consists

of a set of cylindricai electrodes which produce a smoothly

varying potential along the beai axis.

The collecticon of fluoresceﬁce photons can be performed by
lenses, mirrors, light pipes, or a combination of them, and
the design has to be optimized for the special conditions
of the experiment. In particular, if the atomic spectrum
excludes the rejection of laser light background by optical
filters, one has to find a compromise between large solid

angle and low acceptance for the scattered light.

A few examples of the practical versions of this basic set-up
will be given in the review of experiments. Most of them use
clean mass-separated beams, although the laser-induced fluores-
cence 1is selective for the element and the resonances of

different isotopes are well separated by the Doppler effect.




3. Experiments Based on the Doppler Effect

The considerable Doppler shift in all c¢ollinear-beam experiments
has opened up a few general applications beyond the spectroscopy
of particular atomic or molecular systems. The scope of such
applications ranges from simple beam velocity analyses to preci-
sion experiments related to metrology or fundamental physics
problems. These latter include the calibration of high voltages
and measurements of the relativistic Doppler effect, for which

the atomic transition frequency provides an intrinsic c¢lock.

3.1 Beam Velocity Analysis

The measurement of the velocity distribution in (low-energy)
ion beams is conventionally performed using electrostatic
analyzers or the time-of-flight technique which also works

with neutral beams. As the time of flight the Doppler shift
essentially measures the beam velocity v. However, the measured
time interval decreases, whereas the Doppler shift increases
proportionally with v. This gives decisive advantages of the

Doppier shift technique for higher beam energies.

A more gquantitative comparison is easily performed by use

of eq. (4). We assume that a fixed time interval 6t can be
resolved at the detector placed at a distance'L from the
chopper slit. Sufficiently fast choppers consist of electric
deflection plates for the initial ion beam and a slit defining
the entrance of the drift space, e.g. after a collision chamber
where neutral products may arise from specific reactions.

Then the energy rescolution is given by

372

_ (2E) §t
88 = =75 T -
m.
If the chopper instead of the detector determines the time
resolution, it can be shown(30) that for optimized electric

field amplitude of the deflector.

§E = 22 E —2—~
(pL) /2

(9)

(10)



where s is the width of the slit and D the distance of the
deflector from the slit. A practical example for helium and
L = 2.5 m is given in ref. (30). For &t = 7.5 ns, 8E is in-
creasing from 1 eV to 7 eV for beam energies E between 800 eV

and 3 keV. This is well consistent with eq. (9).

For the Doppler shift measurement we obtain

Sv
§E = (2Emc"’)1/2 HGE
o

where Gvo is the natural (or power-broadened) line width

of the transition involved. For the quoted example this would
give 8E = 0.1 eV, if the atoms could be excited by an optical
transition of typicall¥ Gvo/vo = 4x10—8. This is possible only
for the metastable 1s2s states, whereas the helium atoms in
the'ground state are inaccessible, because their resonance
absorption lies in the far UV. We note here a general differ-
ence of both techniques: Thé time-of-flight spectra include
all atoms in the beam, while the optical spectra only show
the part of the atoms which are in the absorbing level. There-
fore, apart from energy resolution arguments, both methods

can be complementary to each other.

Coming back to our comparison we find that beyond mass 4 = 40
(with all other parameters unchanged) the time-of-flight reso-
lution will become superior to the optical. But the energy
dependence shows that for beam energies above a few keV the
Doppler shift measurement becomes definitely more favourable.
Moreover, the choice of a weak transition with small natural
line width can give another gain in resolution at the expense
of fluorescence intensity. The basic resolution can be exploited
in studies of the primary beam velocity distribution from the
ion source. Fluctuations arising from instabilities of the
acceleration voltage or the plasma potential may be elimi-
nated by regulating the velocity with the Doppler-tuned reso-
nance signal. This was demonstrated by Koch(31) who excited a

neutralized qu beam containing 1s70p Rydberg atoms to a higher

(11)



Rydberg level by a COz-laser line and used the ionization

in a microwave cavity to produce the reference signal.

In studies of secondary collision processes and their energy-loss
spectra, it is clear that the resolution is limited by the

énergy spread of the original ion beam, An example(32} is

given in Fig. 2 which shows the energy-loss spectrum of the
charge transfer from a 7 keV Cs? beam to Cs vapour, on top of
the hype:fine structure of the transition 6s 281/2 - Tp 2P3/2
at 4555 A, The energy resolution of 0.7 eV is mainly determined
by the ion source. The small satellite peaks at low vapour

pressure are due to the non-resonant channel
Cs* + Cs(6s) + Cs(6p) + Cs™ - 1.4 eV,

With increasing vapour pressure these peaks become stronger,
and additional equidistant peaks become observable, This

is ascribed to secondary excitations, according to
Cs(6s) + Cs(bs) —+ Cs(6p) + Cs(b6s) - 1.4 eV,

From such a sequence of curves, one can extract the branching
ratic of the primary electron capture into 6s and 6p, as well
as the cross-section for collisional excitation in the fast
atomic beam. Similar examples of state-resolved charge transfer
are given in ref. (11) for Na® on Na and K and in ref. (27)

for Yb¥ on Na. The time-of-flight technique, on the other

hand, has yielded the metastable composition of a 2 3S He

beam formed by charge exchange on alkali atoms(33).

3.2 High Voltage Measurement and Calibraticn

So far we have disregarded the excellent internal velocity
calibration which is .provided by a measurement of the laser
frequency. It can be helpful for precision spectroscopy experi-
ments, but also used to calibrate voltages beyond a few keV
with unprecedented accuracy. Voltages up to a few hundred

keV are measured by compensated dividers, consisting of wire



resistors, with relative uncertainties down to 3x10*5. Commercial

instruments reach the 1x10-4 level.

In this context there have been two apprecaches of absolute beam
energy measurement, (i) by accurate measurements of the Doppler-
shifted resonance frequencies (or wavelengths) with parallel

and antiparallel beams, and (ii) by using two-photon interactions
of a three-level system in counter-propagating laser fields.

As atomic masses are known very precisely, we do not differen-

ciate between velocity and kinetic energy.

(1) The straightforward solution simply consists in a measure-
ment of the Doppler shift. The limited use of fixed-frequency
lasers with known wavelength has been circumvented by the
choice of IR transitions between Rydberg states of which the
lower is populated in a charge-transfer reaction(31). Stilz,
this gives rather poor accuracy, even if both the laser and

the Rydberg transition frequencies are known precisely. Optical
transition frequencies_from tunable dye lasers can be measured

(34,35) i1ibrated

to about 10_8 using fringe-counting wavemeters
against an I2—stabilized HeNe laser. This precision corresponds
roughly to the line widths of both the laser and the atomic
.tran31t10n. From a measurement of the Doppler shlfted resonance
excitation frequencies for parallel and anti- -parallel laser

and atomic beams it follows from eq. (7) that the beam velocity

v, = v_
B e S a— (12}
vV o+ v
+ -
is determined by the two wave numbers v, and v_. Assuming a

sufficiently mono-energetic beam one obtains an accuracy

§B = 7% Gv/vo, indepehdent of B. Since the relative accuracy
increases with 8, one should use light atoms. Here, the out-
standing example for laser spectroscopy is=the Balmer-a line
of atomic hydrogen. In a pilote study(26) the metastable

2s state was populated by near-resocnant charge transfer with
cesium, and the Balmer-a excitation was detected as a flop~out

signal in the Lyman-o radiation induc ed by an electric quenching



field. For a 7.5 keV deuterium beam the width of the laser-
induced resonance 2s5-3p was 234 MHz, due to the 2.3 V energy
spread of the ion source and the hyperfine structure. This
modest resolution already corresponds to an energy determination
to 2 X 10_5, if one assumes that the line centers can be
det ermined within 10 % of the width. As the natural line .
width is 29 MHz, a considerablg gain in resolution is expected(36)
from the installation of an electrostatic velocity filter

which can supply beams of 8E = 50 meV. With a resolved hyperfine
structure, such a set-up should reach a 1x10_6 uncertainty in

the beam energy. The precision may also be interesting for

a2 redetermination of the Rydberg constant of which the latest

values are given with an error of 1x10~2 (3?’38).

(ii) An alternative possibility to determine beam energies(39)
is based exclusively on atomic transition frequencies and .
special features of a particular atomic level scheme. The
simultaneous resonance of the fast atoms with the direct and
retro-reflected laser light on two different transitions
{resonant two-photon absorption, V or A configuration) deter-
mines the velocity to

Vo=V

g o= =21 (13)
Vo*Vy '

where v, and v2 are the transition frequencies 1in the rest
frame of the atoms. Small detunings from the simultaneous
resonance can be measured suffiiciently accurate in laser

or voltage scans and used to correct formula (13). However,
most of the atomic transition frequencies have to be known
more precisely than tabulated. They can be improved by new
laser measureéents. A more decisive drawback of this technique
is the small voltage range covered by a specific atomic level

(39) gives a list of candidates for calibration

scheme. Poulsen
points over a large energy range, from 50 keV up toc several
MeV. At such high energies the disadvantage of heavier atomic
systems (ranging from Ne to U) is unimportant for the relative
precision. An advantage is the possibility to set up secondary

voltage standards based exclusively on atomic parameters.



The high precision of beam energy measurements does not neces-
sarily correspond to a high precision of the voltages. This
requires also a detailed knowledge of the ion source para-
meters, and in particular the ion formation at a well-defined
potential. With some precaution, a conversion from the energy
to the voltage scale should be possible within less than 1 eV,
whereas for higher absolute precision one has to avoid or

compensate carefully any contact potentials.

3.3 Relativistic Doppler Shift

The measurement of absolute beam velocities, or the calibration
of voltages is already quite sensitive to the relativistic quad-
ratic term in the Doppler shift formula (7). In fact, this
"transverse" Doppler shift, caused by the time-dilatation factor

2,=1/2
vy = (1-B°%)

moving hydrogen atoms from a 30 keV beam of H

was first observed in the spectral lines of fast
+

2
along and opposite the direction of propagation

ions, viewed
(40,41). Compa-
rable accuracy in the percent range was also achieved in M&ss-

bauer experiments‘qe), and more recently the time dilatation

factor on the muon lifetime was determined to 1>c10"3 (43).

New laser experiments with fast atomic beams could simply

measure the resonance frequencies in the laboratory frame

v = vy y{1 £ 8)

1+

for parallel and antiparallel beam-laser interaction, which

gives

<
+
<
H

2v0 Y

<
|

<
It

. _ 2vo YR
For HOt spectroscopy (vo = 4,57 X 10M Hz)} on a 100 keV hydrogen
beam (B = 1.5x10°2)

order 10™% in the second-order shift of 50 GHz (y-1 = %ﬁz =
(34,35,44)

one could imagine an uncertainty of the

1.1x10"%) from a state-of-the-art wavemeter However,

(14)

(15a)

(15b)



fluctuations. Nevertheless, Juncar et al.(as) have shown

that an accuracy comparable to the best previous experiments

can be achieved with moderate experimental effort. An alternative
is the elimination of the first-order shirt which also helps to
aveid the clumsy measurement of absolute wavelengths for the
determination of a relatively small difference. Such an alter-
native was already sought in the first-generation laser experi-
ment by Snyder and Hall(46). A beam of fast neon atoms in the
metastable 3s [3/2]2 state was transversely excited to 3p!* [1/2]1
in a standing-wave laser field. The Saturation peaks, observed

in fluorescenee, are free from first-order shifts, provided

that ﬁhe optical alignment is perfect. Even a small deviation

2a from perfect retro-reflection int roduces a significant resi-
dual first order-shift voaﬁ. Therefore, an improvement in the
transverse shift far beyond the reported 6)(10_3 appears very
difficult. '

Doppler effect can be combined in a resonant two-photon absorption
experiment b . The two photons are absorbed from the direct

and the retro-reflected laser beam of frequency vL, and a few
atomic systems(QT’Bg) have intermediate states that can be

tuned into resonance at a beam velocity selected by

Vi = v y(148) : . {16a)
Vy = v vy (1-8) o (16b)
where vT and v2 are the frequencies connecting the intermediate
level with the lower and upper ones. Fig. 3, taken from Poulsen
and Winstrup(QY), shows such an eXxample in the energy-level

diagram of NeI and Fig. 4 compares the narrow two-photon reso-
nance in a laser-frequency scan with the broad detuning curve
for the intermediate level in a voltage scan. The width of

4.7 MHz for the two-photon resonance is mainly composed of



the laser bandwidth, second-order Doppler broadening, the
natural width of the upper level and some power broadening.
Poulsen and Winstrup also demonstrate that the ac Stark shift
vanishes at resonance, which is in accordance with theoretlcal

(48)

predictions .

(49)

A recent upgraded version of this experiment led to a

new precision measurement of the relativistic Doppler shift

in a 120 keV neon beam. The resonantly enhanced two-photon
absorption in the beam was compared with the non-resonant
two-photon absorption of neon atoms in a low-pressure discharge
cell. With the very precisely known transition frequencies

v1 and v2(4a) there was no need to measure the beam velocity:

The two-photon resonances in the cell at Vo = (v1 + v2)/2
and in the beam at vg = /v1v2 = YV, Were induced by two fre-

quency-stabilized laser beams whose beat frequency of about

3 GHz was measured on a fast photodiode. This gives the experl—
mental Doppler shift of 3235.94(14) MHz in excellent agreement
with the prediction 3235.89(5) MHz of special relativity.

A1l possible error contributions are considerably smaller

than the statistical error of 0.11 MHz for the beat frequency,
obtained with a width of 3 MHz (FWHM) for both resonances and
extrapolation to zero of the neon pressure in the cell. In
particular, the errors for a sllght angular misalignment

0 give negligible frequency shifts of the order v RO, A
significant improvement over the present accuracy of 4x10 -5

would require higher-energy beams of excellent velocity stability

and better absolute values of the transition freguencies.



4, Spectroscopic Studies

Many of the spectroscopic studies were performed to demon-
strate the capability of the technique and a number of variants
which are specific for the combination of laser spectroscopy
with fast beams of ions or atoms. An example has already been
discussed in Section 3.3: Resonant two-photon excitation becomes
possible by adjusting the Doppler shifts for interaction with
the direct and retro-reflected laser beam to the atomic transi-
tion energies. Other features include the preparation of ofther-
wise unaccessible atomic states, the separation of hyperfine
structures from different isotopes by the Doppler shift, or

the observation of time-resolved transient phenomena along the
beam. The extensive research on nuclear moments and radii from
the hyperfine structure and isoteope shift constitues a self-
contained programme which will be discussed separately in

Section 5.

The experiments are not discussed systematically, as their
scope ranges from the development of the instrumentation t6

the study of particular atomic systems. This indicates that.
during the first decade the technique has provided a playground
for the experimentalist rather than established a standard pro-

cedure of atomic structure studies.

4.1 Experimental Details

Many experiments were performed with a set-up which is similar

to the one outlined in Fig. 1. The beam energy ranges from

1 to 200 keV, sometimes given by the particular lay-out of

an existing machine or isotope separator. As the essential
parameters like Doppler shift and narrowing as well as the
charge-transfer cross-sections depend on the ion velocity,

the choice of the beam energy is not very critical for most
applications. Generally, the Doppler broadening from the

ion source energy spread drops with increasing beam energy,

while the stability and precision measurement of the acceleration

voltage becomes more important. The charge-transfer neutrali-



zation at higher beam energies gives a broader distribution
over the final states with decreasing total cross-sections
only for the near-resonant cases(zg—gs). On the other hand,
the broader energy spectrum of the neutral products is again

compensated by the improved narrowing.

Surface ion sources are used for elements with ionization
energies up to 6 eV, With clean surfaces they give beams

of small energy spread and a well-defined starting potential
for the ions. (8E < 0.5 eV were achieved for Rb® and Cs"

from a tungsten surface(50’51)

.) Various types of discharge

ion sources have been used for elements with higher ionization
energy. Their energy spread depends crucially on the operating
conditions and can be reduced to a few eV for most standard-type
sources, by minimizing the potential gradient over the effective
source volume. In general, the optical line widths lie between
10 and 100 MHz, and only for very light elements or narrow

lines the residual Doppler width is an important drawback

for the resolution.,

A calibration problem for Doppler tuning arises from the
poorly defined absoclute beam energy, due to the potential

of the plasma surface. Several techniques have been applied
to circumvent this problem: (i) A calibrated laser-frequency
scan 1s used to compensate a certain Doppler detuning of

the resonance, and with known Av and AU the unknown beam

energy el - in first-order approximation
e? AU
el = ‘—“-*—‘z'emc Y R
- can be eliminated(52). {ii) The absolute Doppler shift
can be measured by comparison with the atlas of the'I2 or
Te,, abscrption spectra(53) or by a precision wavemeter.

2
(iii) The measurement at different beam energies, and with

parallel and anti-parallel laser and ion beams, can be used
to eliminate an offset voltage from the relations {7) and

(3), if the main acceleration vecltage is measured precisely.

(17)



This can be checked independently by the remeasurement of
a well-known and sufficiently large atomic energy difference.
{iv} With calibrated laser-frequency tuning for parallel
and anti-parallel beams the constant beam energy essentially
cancels out in the averaging of the measured frequency inter-

(54) . . AA"
vals . For example, the isotope shift &v between the

two isotopes A and A' is given to first order by the expression

AAY 1 A A
dv = 5 {(v+ + V2 ) = (v, o+ vl .

A different combination of the measured frequencies

\)A - UA LRI
+ - _ A
AT A - AA?
v - v ( dv )
+ - 1 + m
v A
(0]

gives the atomic mass of the isotope A' from the known mass
of the isotope A. Although such a measurement can be rather
precise (of the order 10_6), the practical application to
unstable isotopes may play a minor role, as there are new
developments of rf mass spectrometers especilally designed

for this application(55’56).

For historical reasons, a few experiments were performed

with beams intersecting at a small angle. This geometry avoids
the optical pumping outside the observation region at the
expense of resolution. The standard soluticn of this problem
is the Doppler switching, i.e. the tuning into resonance
within an insulated Faraday cage at non-zZero potential. Ais
this works only with ions, the fluorescence observation on
neutralized beams should be close to the charge-exchange
region. To some extent the excitation and optical pumping

in front of the observation volume can be avoided by Zeeman-

detuning of the participating energy 1evels(53), or exploited

to achieve strong signals by the use of two lasers(57).

(18)

(19)



As the spectroscopy on ions often involves high-lying metastable
states, the metastable population in the ion source is a crucial
point. It is difficult to measure, and the estimates for various
ion sources scatter between 10-6 and 1072 (58_60). A more quanti-
tative systematic investigation of the best conditions for meta-
stable beam production would certainly be useful. The situation
is better under control for neutral atoms whose metastable

states are populated by specific charge-transfer reactions.

Here the population can easily reach a few tenths of the

tetal beam intensity.

The commonly used fluorescence detection has to cope with

a considerable background from scattered laser light. In fact,
most experiments avoid to detect on the excitation wavelength
and use the decay branth to a third state, selected by optical
filters. If such a decay is weak or does not exist, the back-
ground has to be rejected by careful shaping of the laser beam
profile and a suitable detection geometry which eliminates the
scattered light with blackened diaphragms(11). It has been-
shown in many experiments on weak beams of radicactive isotopes
that a good photon-collection efficiency is compatible with

(61)

a rather low background {(see Sectftion 5 and in particular ).

The Doppler shift between laser light and fluorescence can
be discriminated by a narrow-band interference filter(58),
but this implies a very small angular acceptance of the detection

system.

4.2 Laser-rf and Related Technigues

In classical atomic spectroscopy the hyperfine structures

of ground or metastable states are measured with very high
precision by rf techniques like atomic beam magnetic resonance
(ABMR) which has no analogue in ion spectroscopy. Optical
pumping-rf experiments have been performed only on a few
alkalil-like ions stored in a buffer gas(ég) or an ion trap
{cf. Part C, Chapter % by G. Werth). On the other hand, the

laser interaction with a fast ion beam can be used to detect



rf resonances. The standard set-up {(Fig. 5) corresponds to

a Rabi type ABMR experiment in which the A magnet is replaced
by an optical pumping zone and the B magnet by a fluorescence
detector. Both the A and B zones can be tuned into optical
resonance by an electrical potential on the Faréday cages.

A coaxial rf transmission line gives a sufficientiy uniform
rf field with a transit time of a few us. Experiments of this

type were performed on the hyperfine structure of a few low-lying

odd-parity states in U II(63) and the metastable 5d 2D3/2 state

in Ba II(64), while earlier approaches on 5d QDT/2 in Xe II(sg)

and 2 7S, in Li 1165}
angles. In all cases the set-up is rather similar to the original

proposal for an optical pumping rf technique by Kastler(3) and

used intersecting beams at small or right

to the ABMR~LIRF technique on thermal atomic beams (cf. Part A,
Chapter 10 by S. Penselin). The ultimate resolution limit with
fast beams is given by the transit-time broadening of the

order 100 kHz.

Of course, the possible combinations of laser-rf double resonénce
include all schemes that have been applied to thermal atomic
beams. Thus for neutral atoms one can apply the laser and rf
fields simultanecusly as in conventional optical pumping experi-
ments. This has been studied in the Na-D lines (06! where

Zeeman transitions in .the ground-state hyperfine structure

were recorded. Due to the well-defined interaction time of

the atoms with the rf field the line shape was in very good
agreement with the Majorana formula. The monoenergetic beams
even allow the observation of Zeemaﬁ structures in a stétic—field

(66’67): The alignment of the Na I ground state or

experiment
the Ba II metastable states by polarized laser light reduces
the fluorescence intensity, and the free Larmor precession

in a static magnetic field gives rise tec a modulation of

this fluorescence as a function of the field (Fig. 6). Both
the rf transition frequency and the Larmor fringes essentially
measure the gF—factorAgF = gJ/2I+1 in the low-field limit,

which may help to obtain unambigous nuclear spins (cf. Section 5).



However, this procedure can also be applied to diamagnetic
atoms with 1SO ground states where the free nuclear precession
is observed in fields of a few kG(68). Such experiments are
important for radicactive elements such as radium, where

the magnetic moments in a long sequence of isotopes (cf.
Section 5) can be calibrated by a direct gI measurement of

at least one isotope.

4.3 Nonlinear Spectroscopy

The inherent resolution of collinear-beam spectroscopy 1is

still limited by the residual Doppler broadening. In beams

with a broad velocity distribution the labeling of one velocity
class by optical pumping, probed in a second Doppler-tuning

zone, was exploited already before narrow Doppler widths were
achieved!®:7169:70) 1y complete elimination of the first-order
Doppler effect in resonant_two—photon absorption on Ne T

has been discussed in Section 3.3, in connection with a precision
measurement of the relativistic Doppler effect. A similar
experiment was performed on In I, where the 29p Rydberg state

was excited from 5p 2P via 6s and detected by field

23
(71) 3/2 1/2
ionization . The 1line width caused by the laser jitter

can be reduced to the transit-time limit of a few 100 KHz,

Classical saturated absorption experiments on fast beams
require different laser wavelengths to saturate and probe
the same transition. However, a three-level system in V or
Aconfiguration can be realized to use the same direct and
retro-reflected laser beam(72) interacting with the velocity

class B under the condition

+
\Y \J1

where v, and v, are the two atomic transition frequencies.

1 2
This situation is shown in Fig. 7. Simultaneous resonance

of the atoms on both transitions gives a reduction of population

(20)




of both the excited levels of the V configuration. The AN con-
figuration includes two metastable states, and the laser field
burns holes into their velocity distribution which appear as
peaks on the other side. At simultaneous resonance the strong
coupling of all three states gives rise to increased emission.
In both configurations the saturation signals are Doppler-free
to first order, with a homogeneous line width given by 1/2(1/t+ 2/T),
where T is the transit time and T is the excited- state lifetime.
Experimental curves for the V case in Ne I 3s [3/2] (3p* [3/2]2,
[3/2]) are shown in Fig. 8 which demonstrates that the first-

order Doppler effect is eliminated in the hole-burning dip,

while the Doppler-broadened structure is shifted by post-accele-

(72)

ration. The Ne I experiment Yielded precision wave numbers

of three transitions between the 2p5 3s and 2p5 3p' configu-
rations of Ne I. Similﬁrly, the /A case was realized in the

o 3p )-435s 381(72). Another detailed
study of this system with two copropagating laser fields

Ca I transitions (4s4p 3P
and the involved coherent two—photon processes(7 ) gave a
quantitative description of the observed dispersive and ab-

sorptive line shapes.

4.4 Transient Phenomena

The observation of transient effects is closely connected to

the feature of Doppler switching by sudden changes of the ion
velocity. Applications include cascade-free lifetime and quantum
beat measurements by observation of the free decay after a

short excitation region. Following the first experiments by

(5) the alternative to produce a short excitation pulse

Andri
by crossing the ion and laser beams has been applied extensively
(cf. Part B, Chapter 20 by H.J. Andri).

(74) studied interference effects between

Silverans et al.
ground (or metastable) and excited states in a set-up which

is analogous to Ramsey's separated microwave field method.

In comparison with other optical experiments, the interference
conditions are easy to establish with fast ion beams, and the
observed fringes are consistent with a Fourier analysis of

the evolution in time of the laser frequency probed by the ions(75).



4.5 Spectroscopic Results

It is not surprising that most results in atomic spectroscopy
were obtained on singly-charged ions which are difficult to
prepare for the usual Doppler-free techniques on thermal
samples. On the other hand, the fast-beam technique has certain
advantages also on neutral atoms, such as the availability of

metastable beams, the sensitivity and the Doppler-tuning.

Few-electron systems

Experiments of rather fundamental importance are those performed
in the few-electron systems for which theory can provide accurate
predictions of spectroscopic data. The first collinear-beam

experiment on the simplest molecule HD" (12), and the possi-

bility of a redetermination of the Rydberg constant on H atoms(26)
point to this category of experiments. Also the two-electron

atom He and the members of its ispelectronic sequence Li+, Be++,
etc. have been treated theoretically by advanced perturbation
methods, and the 2 3P fine structure of He is the source

of one of the most accurate values of the fine structure

constant a(76). While the He I spectrum, and in particular

the fine and hyperfine structures of the low-1lying triplet

states are known with high precision, the sprectroscopy on

the He-like ions was handicapped by the poor resolution achieved
under plasma conditions or with beam-foil excitation. Quantum
beat measurements, which have a limited scope in the scale

of atomic frequencies, yielded first precise hyperfine structures
of the 1s2p 3P levels of Li II (cf. Chapter 20 by H.-J. Andrd).

In a Doppler-tuned ion beam laser experiment %an et al.(58’77)
resolved the complete hyperfine structure of the triplet
2 381 - 2 3PJ at 5485 Z for both stable isotopes 6Li and 7Li,
using a beam of metastable Li* jons from a sputter source.
The line width was 450 MHz, and an obvious improvement in

the beam energy spread would make this experiment competitive
with a more recent one(Tg) us.ing saturation spectroscopy

on a low-energy (200 eV) Lit beam. In contrast to earlier



measurements all three approaches confirm the many-body cal-

culations(Tg) which were believed to be accurate within the

present experimental errors of 1074,

An absolute wavelength measurement on the same transitions

2 381 - 2 3PJ was performed by Holt et al.(éo) to improve the
experimental value of the differential Lamb shift {cf. Part A,
Chapter 4 by A.M. Ermolaev). As in fast-beam experiments the
absolute wave numbers depend critically on the knowledge of

the Doppler shift,

v, = vy(1 * B cos 9@} v1,2 ' ' (21)
for a small intersection angle @ which was chosen for technical
reasons, B from the beam energy was largely eliminated by the
use of two counter-propagating laser beams with the frequencies
Vi Vo Stabilizing these frequencies on suitably chosen 12 ab-
sorption lines required a small Doppler detuning |BT—32|.<< B3,

but still the expression for the wave number

) V1Y, (By+By)
o (y282/v1) + (Y1B1/v2)

v (22)
is quite insensitive to an unknown offset in the absolute

beam energy. The results, after elimination of the hyperfine
structure, are in good agreement with the theoretical values

for both the fine structure %) and the Lamb shirt ('),

More recently, the extensive studies of the system 2 351 - 2 PJ

in 61,i* and 'Li* by the Heidelberg group(65,78,82—84)

have
confirmed and improved all the earlier results from collinear
laser spectroscopy - including the absolute wavelengths, the
fine and hyperfine structures and the isotope shift. These
experiments use the alternative technique of crossed-beam
saturation spectroscopy combined with microwave resonance,
taking advantage of the long interaction times in a low-energy
Li* beam. Still, it seems that the considerable improvements
are rather due to the skilful design of the experiments than

to a principal advantage of the technique.



Transition energies and lifetimes

Only in exceptional cases precise atomic transition energy
measurements can add relevant information to the tabulated

energy 1evels(85’86). Examples were given in connection with

the few-electron system Li” (60), and the Ne I spectrum(Yz)
which has a considerable importance as a secondary wavelength
standard and for the precision measurement of the relativistic
Doppler shift(ag). In complex spectra the selective excitation
may facilitate the classification of lines, in particular if
combined with lifetime measurements. Thus a rather systematic
study of U II transitions from the low-1lying odd configurations
f332, f3ds and f3d2 has been demonstrated(BT). The excited-state
lifetimes were measured by cw-laser modulation. The access

to long-lived excited 'states by charge transfer collisions

gives interesting possibilities to explore the poorly known
parts of a level scheme. For highly-charged ions it has been
pointed out(88) that the charge-transfer electron capture

leads to Rydberg levels whose separation energies are in

the optical spectral range.

Lifetime measurements with the conventional beam-foil replaced
by laser excitation are discussed by H.-J. Andrad (Part B,
Chapter 20}.

A special wavelength measurement was recently performed in
(89) .
of which

the second, 7s-8p resonance doublet of Fr I ,

the first optical lines, Ts-7p were discovered only a few
years ago(90’91). Here, the motivation for a collinear-beam

experiment was the sensitivity to locate the narrow resconances

within the estimated range of 100 ﬁ, on a beam of 109 atoms/s
for the isotope °'°Fr which has a half-life of 20 min. The
francium ion beam was produced at ISCLDE from a thorium carbide
target by spallation with 600 MeV protons, and neutralized

by charge exchange with cesium. The optical spectroscopy

on the heaviest alkali element provides a stringent test

of the present theory of heavy atomic systems including strong

relativistic contributions(92’93).



Hyperfine structure and isotope shift

Following the experimental tests on ions which have accessible
transitions within the range of the first c¢w laser dye Rhodamin

6G, a series of experiments yielded results on the hyperfine
structure and isotope shift of Xet (Spé 5d 4D7/ - 5p4 6p QP )
(14,59,94,95) , 4 Ba* (54 2p 6o 26 )%96,97,52,98,gﬁ?
3/2,5/2 P Y3/2 .
Of these, the alkali-like Ba II spectrum is of special interest

for the theoretical or semi-empirical description of the atomic

structure. The considerable field shift in the 5d-6p transitions

(96,52) points to a large screening of the core s-shells by the

5d electron in agreement with theoretical calculations(gg). A

(98)

precision measurement even reveals a slight spin dependence

of this effect within the doublet. Correspondingly, the 5d hyper-

and 2D are distorted by a non-vanishing

2
D
3/2 5/2
contact term from core polarization. Precision measurements of

these hyperfine structures by laser-rf spectroscopy(64’100),

including a thorough investigation of possible 1light shifts(101),

fine structures 1in

are sensitive to the second-order corrections due to a mutual
perturbation of the fine structure levels. They indicate a
non-vanishing hyperfine anomaly for the 2D3/2 state. Many-body
perturbation theory including correlation contributions repro-
duces rather well the experimental A-factors and can be used to
determine independent values of the nuclear quadrupole moments
from the B-factors. They agree well with the adopted semi-

empirical values including the Sternheimer correction(61).

A more transparent situation is met in the resonance doublet
6s-6p of Ba II where the isotope shift is dominated by the
direct contribution of 6s in the 281/2 ground state. The experi-

mental observation ¢f different field shifts in the transitions

2 2 {102)
to P1/2 and P3/2

stic Pi/2 electron density at the nucleus which is in accordance

gives a direct access to the relativi-

with a semi-empirical estimate.



The motivation for hyperfine structure and isotope shift
studies in the iso-electronic case of Ra II and in Ra I came

originally from nuclear physics. After early measurements
of the atomic energy levels on the long-lived 226Ra(103),

the isotope shifts and the hyperfine structures of the odd-A
isotopes remained inaccessible until recently(104). The extrac-
tion of nuclear moments required the analysis of the electronic
hyperfine fields which was performed in on-line collinear-beam

studies of several transitions involving the T7s and

Tp 2 states of Ra II and all states of the 7s7p configuration

P
%105) | . o o (106)
of Ra I . The semi-empirical modified Breit-Wills theory

or equivalently the effective operator formalism(107) are

2
S1/2

shown to be valid also for the heaviest two-valence-electron
atom with strong relativistic contributions to the wave function.

The experiment initiated several ab-initio atomic structure

(108-111)

calculations whiéh can be tested in additional experi-

ments including the direct gI-factor measurement (cf. Section 4.2)

and the spectroscopy in the near-UV Ra II resonance line to
2

Tp P3/2.

Various other hfs investigations have been carried out on ions

which have a complex electronic structure. They are usually

(107}

treated within the effective operator formalism whose

parameters are related to radial integrals <r—3> (see e.g.
Part A, Chapter 10 by S. Penselin) for which theoretical

or semi-empirical values are introduced to determine in parti-
cular the nuclear quadrupole moments. Thus for Eu II the hfs

of the multiplet 4f/ (S (112)

S)5d9D, measured in transitions to 4f76p ,
yield another independent value of the first discovered nuclear
gquadrupcle moment(113). Similarly, the analysis of the hfs

of the 5f3?32, 5f36d73 and 5f36d2 configurations from the

laser-rf experiment on U II(63) gives the 7s contact interaction

term and a new value for the magnetic moment of 235[1. A11

metastable 5d2 and 5dé6s levels of La I¥I were studied in a

{(114)

number of transitions and the extracted hfs parameters

including two-body far-configuration mixing wWere compared

(115). The analysis also gives

139

with ab-initio evaluations

a corrected value of the quadrupole moment of La. In one



- 29 -

of the transitions (5d2 3Fq - 54d4f 3FQ) a new type of AF = *2

transitions was observed and ascribed to a three-quantum
dipole process(116). In the rare-gas spectrum of Cs II the
hfs of 6p [3/2]2, excited frem the metastable 5d [3/2]2 level(117),
was compared with a semi-empirical evaluation. A similar measure-
ment and analysis had been performed using the in-flight hole-
burning technique of Gaillard on the 5s [3/2]2 - 5p[1/2]1
transition of Rb IT'7%) . Transitions from 3d° to 3d4p in Sc II
were examined within the scope of stellar abundance analysis(118).
The measured hfs show that theoretical predictions involve
considerable uncertainties for the interpretation of line

shapes in the spectra from celestial objects.

The iscotope shifts of light elements give absolute values

ofrthe specif ic mass effect caused by electron momentum corre-
lations. Studies of transitions of the type 3pn_13d - 3pn_14p

in Ar II (n = 5), C1 IT (n = 4) and S II (n = 3)(119,120)
indicate a strong correlation of the 3d electron with the

inner p-shells which is much larger than in the neutral spectra.
(The same transitions in Ar II were also used to study optical
pumping and the Hanle effect which yielded the lifetimes of

the 4p 1evels(1215. The experimental mass shifts are somewhat
overestimated by calculations based on Hartree-Fock wavefunctions,
although the trends are very well reproduced. Generally, it

seems. that only refined theoretical methods may give quantitative
predictions of the mass shift which in the intermediate mass
range limits the accuracy of changes in the mean square nuclear

charge radius extracted from the isotope shifts (cf. Section 5.1).



5. Spectroscopy on Unstable Isotopes

It may be surprising to find the most extensive application
of collinear laser fast-beam spectroscopy in a field(122)
which a priori has 1little connection with the special features
of this technique. Neither the Doppler shift nor the accessi-
bility of ionic states play a decisive role for the on-line
experiments on radiocactive isotopes from nuclear reactions.
However, most of the problems encountered in the preparation

of a sample of free atoms (c¢f. Part B, Chapter 17 by H.-J.
Kluge) are solved by a combination of the fast-beam technique
with the well-established concept of on-line isotope separation.
The isotope separators (with ISOLDE at CERN(123) as an out-
standing example) provide the unstable species in the form
of ion beams whose phaée-space volume is well matched to

the requirements of collinear spectroscopy.

Obvious advantages allow the investigation of nearly any

element which is available from the isotope separator:

(i} Convenient optical transitions - including those from
metastable states - can be chosen from the spectra
of the neutral atom or the singly-charged ion.

{(ii) The sensitivity, owing to efficient excitation within
the narrow Doppler profile, is essential for the weakly
produced isotopes far from stability.

(iii) The Doppler effect provides a large tuning range and
easy control of the effective wavelength of the laser
light.

{iv) Fluorescence detection gives greatest versatility and
specialized particle detection schemes may further
improve the sensitivity.

{(v) High resolution yields sufficiently accurate hyperfine

structure parameters and isotope shifts.



5.1 Hyperfine Structure and Isotope Shifts

We shall briefly review the relationship between spectroscopic

(124’125’126). These properties

observables and nuclear properties
inc lude spins, magnetic dipole and electric quadrupole moments,
as well as the variation in the mean square charge radius within
a sequence of isotopes. They manifest themselves in the hyperfine
structures and isotope shifts. The hyperfine energies of the
different F states within a hyperfine multiplet |J - I] € F ¢

J + I, given by the well-known formula

2 I (2I-1)-J (2J-1)

with K = F (F+1) - I {I+1) - J (J+1), are determined by the

nuclear spin I, the magnetic dipole'interaction constant

A = He(O)/IJ (24)

M1
and the electric quadrupole interaction constant

B = eQS @JJ(O). {(25)
The nuclear moments uI.and QS can be extracted from A and B
using empirical or theoretical values for the magnetic hyper-
fine field He(O) and the electric field gradient QJJ(O) at
the nucleus. Apart from hyperfine anomaly corrections He(O} is
usually known from direct gI—factor measurements (gI = uI/IuN)

on the stable isotopes. (0) is taken from semiempirical

35
or theoretical analyses, unless precise values are available
from the hfs of muonic atoms.

L} . .
A of an optical transition

Similarly, the isotope shift av“

is related to the change in the nuclear mean square charge
. L}

radius 6<r‘2>AA between the isotopes A and A' by

1) t
GvAA = F6<r2>AA' + M Al - A {26)

A'A



where the electronic factor F of the field shift term is
preportional to the change of the electron charge density

at the nucleus in the optical transition. The second term
represents the mass shift due to the change of nuclear recoil
energy. In simple (s-p or sa-sp) transitions of heavy elements,
where F is large and (A'-A)/A'A is small, one can usually neg-
lect the specific mass effect of electron momentum correlation
and assume M = v/1836(1*1) for the transition frequency v(126).
Isotope shifts in other transitions can be related to those

by the King plot procedure. Another advantage of the s-p
transitions consists in the reliability of semi-empirical

or theoretical values of F which are mainly determined by

the s-electron density. Shielding, relativistic and finite
nuclear size effects and the contribution of higher-order
moments of the nuclear charge distribution are accounted

for by corhections. These and the complications from confi-
guration mixing are discussed in more detail by K. Heilig

and A. Steudel in Part A, Chapter 7.

5.2 Review of Experiments

The virtues of collinear-beam spectroscopy for nuclear syste-
matics are best demonstrated by the chart of nuclides (Fig. 9)
on which the investigated longer chains of unstable isotopes
are marked by solid frames. The majority of the results was
obtained from collinear-beam measurements, while the rest is
shared by a number of more specialized techniques (see e.g.
refs. (126-128)). In a few cases the measurements cover nearly
all known isotopes, and examples of nuclear physics results

will be given in Section 5.4.

The individual experiments are compiled in Table 1 which is
arranged in the order of elements and gives the isotopes and
transitions that were investigated. A separate column shows

the production reactions and the accelerator or reactor facility
used for the on-line work. As the most extensive experimental
programme 1is concentrated at ISOLDE, the standard set-up

for these measurements will be outlined in the following.



5.3 Expefimental Set-up and Procedure

Fig. 10 shows the essential parts of the ISOLDE apparatus(61).

Indicated are the target-ion source assembly and the mass-
separator magnet from which the ion beam 1is guided to the
particular experimental set-up. For collinear laser spectroscopy

the 60 kV acceleration voltage is stabilized(154)
5

to fluctua-
tions and long-term drifts of less than 107 This is particularly
important because of the high pulsed current load (10 mA) due

to jonization of the target area by the 2 pA proton beam of

600 MeV.

Inside the apparatus the ion beam is deflected into the laser
beam axis and neutralized in a charge-exchange cell at a
variable potential of + 10 kV. This gives a Doppler-tuning
range for the fast atoms of typically 80 GHz., The fluorescence
photons are collected along 20 cm by c¢ylindrical optics and

a light pipe. For spectroscépy on ions the potential is applied
to the electrically insulated observation chamber instead

of the charge-exchange cell.

The measurement consists in a comparison of the resonance

positions of different isotopes. The result of such a measure-
ment(343,145)
(4212 R). The hfs of the odd-A isotope, '°'Dy, and the single

1 158
56 SSDy,

is shown in Fig. 11 for the example of Dy I
components of the stable doubly-even isotopes, Dy and
are displayed versus the total acceleration voltage U which
is the sum of the constant isotope separator voltage and the
Doppler-tuning potential. To first order the change AU 1in

U is related to the change Am in the atomic mass m and the

) LY. e .
isotope shift Av for a transition with frequency v, by

AU Am avth 2mc2)1/2 (27)
L m Vo ( el '

)

of both the small AU and the large U is adequate for the measure-

This indicates that the same relative precision (of e.g. 107

ment of Av, and only the stability of U has to correspond to the

initial energy spread of the ions to avoid broadening. The cyclic



measurement on a sequence of isotopes and fast scanmning help
to reduce further the errors introduced by fluctuations or
drifts of the voltages, the laser frequency or the beam inten-

sities.

The sensitivity achieved in favourable transitions is illustrated
2 180 - Ts7Tp 1P1 resonance
line of Ra I (4826 A). The weakest beam of an even radium iso-
(104,153)

H

in Fig. 12 for the example of the Ts
tope, used in this experiment was about 104 atoms/s.
0dd isotopes require 10 to 100 times stronger beams, depending

on their hyperfine structure. For 208

Ra, the recording of

a resonance with a signal-to-noise ratio of 10 in 50 channels
took 1033, which means that about 107 atoms, or 4 fg of radium,
have passed through the apparatus during the measurement.

The signal was 200 couhts/s, arising from about 10 excitations
per atom and a total photon-detection efficiency of 0.2 %.

This has to be compared to a background of 104 counts/s of
which the dominant part is due to stray light. In general,

the sensitivity is reduced by smaller transition probabilities,
hyperfine structure splittings and optical pumping. Depending
on these conditions, the practical limits lie between 104 and
TO7 atoms/s.

5.4 Results in Nuclear Physics

To show the impact of laser spectroscopy on nuclear physics

we discuss selected results from the aspect of information

about the nuclear structure. Owing to collinear-beam spectroscopy
it has now been possible to study a number of interesting

regions all over the chart of nuclides.
Spins

The direct measurement of nuclear ground (and isomeric) state
spins from the hfs is of basic importance for all indirect
spin assignments of nuclear spectroscopy. The spins provide

a stringent test of theoretically predicted single-nucleon



states which are obtained by spherical or deformed shell-model
calculations. Very often the spins have given first evidence
of unexpected phenomena. A recent example is the spin sequence
of the heavy odd-4 radium isotopes 221_229Ra(10[” which fits
perfectly into the picture of parity-mixed neutron orbitals
in a reflection asymmetric nuclear potential(155). In other
words, nuclei may have intrinsic octupole-deformed shépes,
although static electric octupole moments are forbidden by

parity conservation.

Magnetic Moments

The magnetic dipole moments are sensitive to details of the

single-nucleon wavefunctions. Thus the mixture of opposite-parity

orbitals in the octupdle-deformed petential gives small magnetic

+ 1/2 and

moments in between the two Schmidt lines for j = 1
(135,156)

J =1, - 1/2 nucleons. Quantitative calculations

2 (104,105)

reproduce rather well the éxperimentally Observed moments
of 221-229Ra

coupled to a rotor core and the numerous modes of core polari-

In such calculations the single particle is "’

zation are usually subsumed under an effective gyromagnetic
factor gé = 0.6 - 0.7 gs(free) where the latter refers to

the free nucleon.

A quantitative theoretical understanding of the magnetic moments

is established only for nuclei which have one particle or hole
in a doubly-magic c¢ore. For these nuclei an effective operator

(157)

for the moment can be written as

Mopp = (gS + Ggs} s + (gl + Ggl) 1+ g5 [s x Yz](]).

The spin and orbital gyromagnetic ratios g, and g, are the
free nucleon values; Ggs and Ggl are caused by both core
polarization and meson exchange. The last term, arising from
the dipole-dipole interaction, is & rank one tensor product

of spherical harmonic of order two, Y?, and the spin operator.

The separate contributions of 6gs, Ggl and gp can be extracted

(28)
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from experimental data including high-spin and low-spin states

and also calculated by theory. For the rather extensive evalua-

208Pb(157)

tion of the neighbourhood of the only gap in the

systematics has been closed recently by the hfs measurement

207T1(148)

on which is the only known heavy nucleus with

a single s > particle or hole. ¥in this case both the gl and

g terms v;;ish, and the isclated Ggs accounts for mainly
core polarization effects which reduce the magnetic moment
from the free-proton value of 2.79 By to 1.88 By within a
few percent of the best theoretical predictions.

146Gd (Z = 64, N = 82) behaves very much like a doubly-
, the neighbouring 1458, {(Z = 63) is of

similar nature as the nuclei around 208Pb, and to either

Since

magic nucleus

side the long sequence‘of d5/2 proton states in the odd-A

141-151

isot opes Eu show a gradual quenching of the single-

particle moments due to the admixture of collective states
(Fig. 13). The onset of strong deformation between the two

151 153Eu gives a dreop in the magnetic

stable isotopes Eu and
shell model state becomes a nearly
o = 0.30.

This goes along with the sudden increase of the nuclear quadru-

moment, because the d5/2

pure [413 5/2] Nilsson state with a deformation of 8

pole moment which was discovered 50 years ago in the famous

work of Schiler and Schmidt'''3?. Fig. 13 combines the results

of two collinear-beam experiments performed at ISOLDE(141)

and at the Gatchina isotope separator(139}.

Quadrupol e Moments

Most spectroscopic quadrupole moments are considerably larger
than the single-particle values of the spherical shell model.
This is true even for nuclei near double shell closures. For
example, Q(145Eu) = 0.29 b exceeds the roughly estimated
single~particle value Qsp = 0.173 b by more than a factor of 2.
Collective effects described by dynamic or static deformation
become dominant as one goes away from magic proton or neutron

numbers. However, the spectroscopic quadrupole moment Qs'is



not directly related to the intrinsic quadrupole moment Qo
which describes the nuclear shape in terms of a deformation

parameter B

2!
o, = _9-_2329,2 , (29)
vom

where R 1is the nuclear radius. Only in the limit of large
deformation the strong coupling between the spin of the odd
particle and the nuclear deformation axis gives the simple
projection

Q- I (2I-1) o _ (30)

s (I+1) (2I+3) 0

In the transitional regions one finds the situation that QS
changes systematically and reverses the sign under sequential
filling of a neutron shell. This is described by a change
from the decoupled to the strongly coupled scheme, going
along with a change of the projection QS/QO from negative to
positive values for the same nuclear spin. In such a sequence
the intrinsic quadrupole moment QO may be almost constant.
This phenomenon was first observed in the 113/2 isomers of

185_199Hg(159) and explained quantitatively by Ragnarsson(160).

Similar cases are pointed out by Ekstrém(161), and another
example is given in Fig. 14 for the f7/2 states of the rare-

earth nuclides above the shell c¢losure N = 82(T44)

which

have been the subject of systematic measurements by collinear
laser spectroscopy. Thus the quadrupole moments can be understood
as an interplay between the collective and single-particle

structure of the nucleus.

Mean Square Charge Radii and Nuclear Shape

According to eq. (26) the iscotope shifts yield the changes of
the mean square nuclear charge radii within the'sequence of
isotopes. These are largely insensitive to the single-particle
structure and mainly reflect the collective properties of

the nuclei. Even as a rough overall description of the radii



the liquid drop formula R = RO A1/3, with RO = 1:2 fm, and

<r?> = 3/5 R?® is oversimplified, because protons and neutrons
act differently on the charge radius. This is taken into
account by the phenomenological droplet model(162’163) which
allows for nuclear compressibility and neutron-skin effects:
For nuclei of constant shape the variation &<r?> with the
neutron number is nearly half the value given by the A1/3
law. Deviations from this global behaviour arise from the
shell structure and can be largely ascribed to deformation
effects: The mean square radius of a spheroid which has the
same volume as a sphere with <r2>0, is given by

2 . 5 2
<r<>» = <r >O (1 + W <32>).

<B§> represents an average deformation parameter arising

from either zero-point vibrations, or static deformation

with <B;> B;. This simple picture describes rather coherently
most of the presently known §<r?> curves within long sequences

of isotopes by

|U'I

<r?> §<RZ>

§<r> = &<pri> +
o} m o} 2

i

An example is given in Fig. 15, again for the case of europium

Assuming Bz = 0, i.e. spherical shape for MSEu next to the
doubly-magic 1L'E'Gd, one obtains BZ = 0.32 for the strongly-
153 145,153

deformed Eu by the decomposition of S<r?s> into the
droplet and deformation contributions. This is in perfect
agreement with deformation values from reduced transition
probabilities B(E2) and from the spectroscopic guadrupole
moment using eqs. {29,30). The detailed calculations include
small corrections and higher-order terms in eqs. (29,32) which

have been omitted for the sake of clarity.

Europium, which has been studied also in the first on-line

experiments using multistep photo-ionization from a thermail

(164,165

atomic beam continues a larger series of rare-earth

(143—1@5)_ The

elements investigated systematically at ISOLDE

main subject of these studies was the development of strong

{14

(31)

(32)

11}



deformation around N = 990 which occurs suddenly, i.e. between
N = 88 and 90 in Nd (Z = 60), Sm (Z = 62) and Gd (Z = 64) which
- like Eu - have stable isotopes in this region. On the other

(61)

hand, the neutron-rich Ba (Z = 56) isotopes and the neutron-

deficient Yb (Z = 70) isotopes(27) behave smoothly. Including
the measurements on Dy (Z = 66) and Er (Z = 68) Fig. 16(143-145)
shows a clear Z-dependence in the onset of strong deformation
which is represented by the peak value of the differential

N-2,N (Brix-Kopfermann diagram). The "jump" into defor-

§<r?>
) i (166,167}

mation, known from the early work of Brix and Kopf ermann

seems to be the exception which is related to the neighbourhoud

of the semi-magic proton number Z = 64, stabilizing the spherical

shape for the neutron numbers N € 88. It 1is important noting

that this first systematic study on the unstable isot opes

cf a sequence of different elements has become possible by

the flexibility of the collinear beam technique.

The simplification in the two-parameter description of eq. (32)
becomes apparent with the prediction of a sizeable octupole
deformation for the neutron-rich radium isotopes. In fact,

the experimental §<r®> values between the nearly-spherical
ZTQRa (N = 126) and the heavier'isotopes 220_232Ra(152'153)
suggest a considerable higher-order deformation contribution.
This can be taken care of by the addition of terms %F <r=2>O
(6<B§> + 6<BZ>) to the expression of eq. (32), but the isotope
shift can not distinguish between the different modes of

deformation. It seems, however, that the inversion of the
221,223,225Ra(152,153)

r(168) 219,221

{(Fig. 17},

odd-even staggering, observed for
n(150,151)

220,222

F and R

can be understood qualitatively as an effect of octupole

and also for the neighbouring

correlations which are particularly pronounced in the odd-neutron
isotopes(169). A conclusive interpretation of this effect implies
the quantitative understanding of the generally observed normal
odd-even staggering. One can expect that the key information

for this will be provided by the wealth of new data in rather

different regions of the chart of nuclides.
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A by-product of the isotope shift measurements on long isotopic
chains and in different transitions is the possibility to draw

King plots(126)

of unprecedented accuracy. These provide an
extremely sensitive test of the validity of eq. {26) which implies
that the isotope shifts in different transitions, multiplied by
the inverse mass shift factor AA'/(A'-A), or more precisely
mAmA,/(mA,—mA), depend linearly on each other. This procedure

also allows to relate the electronic factors Fi and the mass

shift constants Mi of different transitions. A beautiful example

of such a King plot is shown in Fig. 18 for the 4683 A line
(7s 2 2 1

o
S - 7p F ) in Ra II and the 4826 A line (752 S, -
1172 1465) 0
787p P1) in Ra I . The accuracy is not only due to the
inclusion of 17 isotopes between A = 208 and 230, but also
to the considerably different isotope shifts on both sides

of the magic neutron number N = 126 and the ocdd-even staggering.



5.5 Higher Sensitivity by Ionization

In all the described experiments the sensitivity limit of

104 - 107

detection efficiency and the background due to stray light.

atoms/s (cf. Section 5.3) arises from the low optical

Therefore, non-optical detection schemes are considered most
promising for experiments on the isotopes with very low pro-
duction rates. The stepwise laser resonance ionization with
subsequent ion counting is well developed for pulsed lasers
with high power, but low duty cycle, acting on samples of

(170,171}

thermal atoms With fast beams this technique gives

improved isotopic selectivity, due to the large Doppler shift
and narrowing(172}, but considerable duty cycle losses in
sensitivity. These may be minimized by the high repetition
rate of copper-vapour pumped dye lasers. Single-mode cw lasers
are limited in power, and attempts are being made to achieve
efficient ionization by the excitation to low Rydberg states(173’71).
They have to cope with optical pumping losses and resolved

hyperfine splittings in the intermediate states.

A straightforward alternative is found in the state-selective
collisional ionization of metastable atoms. By laser excitation
they can be pumped to the ground state, which leads to a reduc-
tion of the ionization rate., Similar techniques were used in
the early collinear-beam experiments on HD' by Wing et al.(12)

(69) wvho observed small changes

and on Ba~ by Gaillard et al.
in the ion beam current, due to slightly different neutralization
or double-ionization cross-sections for the states involved

in the optical excitation and decay. On the other hand, there

are examples of strongly state-selective processes, such as

the near-resonant charge transfer neutralization; Thus, Silve-

(174) that the excitation of srt in

rans has shown recently
the 5s-5p resonance lines, followed by the decay to the meta-
stable 4d levels, strongly affects the beam composition of
ions and neutral atoms after passage through sodium or caesium

vapour.
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(175,176) is especially

The collisional ionization scheme
suitable for the rare gases whose first excited states lie
about 10 eV above the np6 180 ground states: The metastable
J = 2 states of the configuration np5 (n+1)s --designated
(n+1)s [3/2]2 -- about - 4eV from the ionization threshold
are efficiently populated in charge exchange with caesium(zq).
They are connected to the states of the configuration nps(n+1)p
by strong transitions on the red. In a test experiment on

kryptbn(175’176)

the neutralized beam, superimposed with

the laser beam, passed a differentially pumped gas cell after
which the re-ionized part was deflected into a Faraday cup

or an ion counter. The laser excitation from the Ss [3/2]
metastable to the 5p [3/2] state at 7602 2 was followed

by the decay cascade via 55 [3/2] to the ground state (Fig. 19).
Since the cross-section for electron stripping from the ground
state (-14 eV) is much smaller than from the metastable state

(-4 eV), this pumping leads to a reduction of the ion signal

which can thus be used to detect the optical resonance.

Among various stripping gases, SO2 gave the highest re-ionization
efficiencies of 10 - 20 %, mainly limited by secondary processes,
such as charge-transfer neutralization. At resonance, the flop-out
signal in the ion current was about 40 %. In Fig. 19 a direct
comparison with the simultaneously recorded fluoreécence signal
shows a gain in detection efficiency of more thanm a factor

of 103. In principle, this ion signal is free of backeground.
However, for the planned experiments on weak radicactive iso-
topes it will be essential to have low contamination of the

beams with molecular ions or strong neighbouring masses from

the isotope separator. In favourable cases, the radiocactive

decay may serve for detection, thus removing the possible

background from stable beams.



5.6 Implantation of Polarized Atoms

The classical RADOP experiments are described by H.-J. Kluge

in Chapter 17. Their sensitivity is based on the detection

of the asymmetry in the radicactive B-decay which provides

an inherent spin detector for polarized nuclei. A combination

of fast-beam spectroscopy with the RADOP scheme can be realized
by optical pumping with circularly polarized light and subsequent
implantation of the atoms into a suitable crystal lattice where
the nuclear polarization is detected in their decay(177).

For short-lived isotopes this can offer interesting advantages
including the sénsitive detection of optical resonance, direct
gI-factor measurements by nmr on the implanted nuclei, and
solid-state relaxation and hyperfine field studies. This
technique was developéd by the use of neutron-rich RbD isct opes
(178) and applied recently to determine the spin
L9797 gbout 102 atoms/s of this

from fission
and magnetic moment of
exotic nuclide are produced at ISOLDE from fragmentation of

18‘1Ta or 238U. They were polarized by optical pumping in

the resonance lines 2s 281/2 - 2p 2P1/2’3/2 {6707 E) and
implanted into a gold foil placed in a static magnetic field

of about 1 kG. The optical resonances were detected by asym-
metries of a few percent and yielded the ground-state hyperfine
splitting. The result indicates a magnetic moment close to

the Schmidt value of the P35 shell-mcdel proton state. It

seems to be incompatible with theoretical predictions of

a strongly deformed nuclear system of spin I = 1/2 and favours
the shell-model description of a P30 proton plus a doubly-magic
(Z = 2, N = 8) core. More detailed information is expected

from nmr experiments yielding the gI-factor and the spectroscopic
quadrupole moment. Due to its short half-live of 8.7 ms and

long relaxation time, 11Li 15 an ideal candidate for this
technique, and for solid-state studies the much stronger

= 842 ms) and JLi (T = 178 ms)

. 8, .
produced isotopes "Li (T 1/2

1/2
can be used as convenient probes.



6. Conclusion

It has been shown by means of examples that the collinear laser
fast-beam technique has introduced many interesting aspects into
the classical field of atomic spectroscopy. This discussion has
not touched upon the promising applications to molecular ions
including spectroscopy and reaction studies, as the physics
involved is beyond the scope of this contribution. To date, it
appears that a systematic application in atomic spectroscopy

has been established in the work on radiocactive nuclides, due

to the sensitivity and resolution, but even more the ideal adap-

tion of the spectroscopic method to the conditions of production,

The progress in the development of tunable and narrow-band UV
lasers will give a new impact on ion spectroscopy, and futufe
experiments may extend high-resclution spectroscopy to multiply-
charged ions. In this context the laser cooling and spectroscopy

of ions in a storage ring(180’181)

is a particularly attractive
possibility, although it will need a lot of ingenuity to solve

both the physical and the technical problems.
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Figure Captions

Fig. 1 : Schematic set-up for collinear laser spectroscopy: a) The
superimposed laser and ion beams pass through the interaction
and fluorescence detection region at a variable potential.

b) Neutralized beams are post-accelerated or decelerated by a
" potential at the charge-exchange cell. The beams may travel

either in the same or in opposite directions.

Fig. 2 : Energy-loss spectrum of neutralized Cs atoms, on top of the
hyperfine structure of 133Cs (6s 251/2 - 7p 2P3/2)’ for different
Cs-vapour pressures in the charge-exchange cell: (1) resonant
charge transfer, (2) non-resonant charge transfer and colli-

sional excitation 6s5-6p, (3) and (4) multiple excitation 6s-6p.

b
Fig. 3 : Excitation scheme for resonant two-photon spectroscopy on Ne I

with a beam energy of 119.141 keV (from ref. 47).

Fig. 4 : Two-photon resonance in Ne I, detected in the decay 4d'-3p.
The upper part shows the detuning of the intermediate level
from the resonance condition as a function of the post-accele-

ration voltage (from ref. 47).

Fig. 5 : Experimental set—up for fast-beam laser-rf double resonance

spectroscopy (from ref. 64).

Fig. 6 : Fluorescence signal versus static magnetic field applied
between the optical pumping and detection regions, from the
L2 _ 2 . .
D1 tramsition 81/2, F=2 P1/2' F'=1 in Nal. The relative
contributions of the single and double Larmor frequency, wp

and 2w , depend on the angle 8 between the alignment axis and

L!
. the observation (from ref. 66).

Fig. 7 * V and A configurations for resonant three-level saturation

spectroscopy (from ref. 72).

Fig. 8 : Saturation signal for the V configuration in Ne I, with the
broad Doppler profile shifted by different post-acceleration

voltages around the exact resonance at 61.763 keV (from ref. 72).



Fig. 9 : Chart of the nuclides with optically investigated chains of
unstable isotopes marked by solid frames. Techniques other than
collinear laser spectroscopy (see Table 1) were applied {partly)

for Na, K, Ca, (Rb), Sr, Cd, (Sn), (Cs), (Ba), (Hg), Pb, and (Fr).

Fig. 10 : Essential components of the ISOLDE set-~up for collinear fast-
beam laser spectroscopy. The post—acceleration and scanning

voltage on the charge-exchange cell ranges from +10 to -10 kV.

151

Fig. 11 : Hyperfimne structure pattern of Dy (I =7/2) in the strong

resonance transition at 4212 X, with the resonances of the stable

156,158Dy

doubly-even isotopes in a common voltage scale for

measuring the isotope shift. The linewidth of 60 MHz includes

some power broadening.

Fig. 12 : Yield curve of Ra isotopes from ISOLDE, and 732 180 - 7s7p lP

resonances from the strongest and weakest beams of isotopes.

232Ra was observed here for the first time. 22ORa has the

215-219

1

shortest half-life of 20 ms and Ra are too short-lived

to diffuse out of the UC2 target.

Fig. 13 : Nuclear magnetic dipole (u) and electric quadrupole (Q )
141-185

moments in the sequence of 5/2+ ground states of
Fig. 14 : Nilsson diagram for odd neutrons close to N=82. The Fermi
levels for N=83, 85, and 87 indicate a successive filling of

the shell. On the right, the experimental magnetic dipole

7/2
and eléctric quadrupole moments are compared with the results

from particle-rotor calculations assuming deformations of

€ = 0.10 and 0.15. The trend of the quadrupole moments repro-

duces the increase of coupling to the collective motion, while
the discrepancy in the trend for the magnetic moments is

understood as a change of core polarization,

Fig. 15 : Change of mean square charge radii 6<r2> in the isotopic
140-153 . . 145
chain Eu as a function of neutron number N, with Eu

(N =82) taken as reference point. The change in deformation

6<82>1/2, with respect to N=82, is indicated by the parallel

lines, the slope of which is given by the droplet model.



Fig.

Fig.

Fig.

Fig.

16

17

18 :

19

Differences in the nuclear mean square charge radii between
even isotopes of neutron numbers N-2 and N (Brix-Kopfermann
diagram) for the rare—earth region. The curve for Dy is

similar to those for Nd, Sm, and Gd which also show the peak
from the sudden onset of deformation at N=90. This effect
disappears in the lighter and heavier elements. Data points
above (below) the dashed droplet model line indicate increasing
(decreasing) deformation from N-2 to N, and the reversal of

this effect is due to the N~=82 shell closure.

Differences of mean Squarecharge radii and odd-even staggering
in Ra. The upper curve corresponds to the plot of Fig. 16.
The lower curve represents the changesbetween neighbouring
isotopes with full dots (open circles) for the steps from

odd to even (even to odd) neutron number.

King plot of the 4683 & line in Ra II against the 4826 2 line
in Ra I. The inlays show the error bars enlarged by a factor

of 100.

Simplified energy-level diagram of Kr I and the resonance
ss [3/2], - sp [3/2], in

as state-selective collisional ionization of Kr atoms in the

Kr detected by fluorescence as well

metastable state.



Table 1:

fast-beam laser spectroscopy.

Measurements on radioactive nuclides by collinear

stable investigated production production wave- refer-
Element isotopes radicactive isotopes reactions facility transition 1eggth ence
(A}
Rb T 85,87 89-93 23SU(n fission) Mainz reactor 53 2S -6p 2P 4202 51
' tht 172 /2
92-100,, 16 2 2
In I 113,115 104-111 Mo( %0, pxn) GST 5p 2P, 65 25, 4511 129,130
111-127 238y (p, rission) ISOLDE 5p 2P1/2- 4102 131
sn 1 112,114-126,  108-111 98~100y,,¢ 180 xn) GSI 5p° 'S,-5p6s 'r, 4525 132
122,124 %, 5512
s I 133 137-142 235u(n, ,fission) Mainz reactor  6s °S. ..7p °F 4555 50,133
th 172 32 '
Ba I 130,132, 122,123,125, 127, 139 (p, spallation)
134-138 131,137 1S0LDE 65° 's,-636p e, 5535 134,61
139-146 238y (p, Fission)
o 2 2
Ba II 140 radicactive source Leuven 5d D3/2-6p P3/2 5854 135
139-146 ,148 238y(p, rission) ISOLDE 6s S _-6p 2p 4554 {see 61)
172 32
SnIT 144,147-150, 146,151 Sm(n capture) LNPT Gat- 4554 8H17/2-&f66p; 1572 6569 136,137
152,154 ¢hina/Mol
181 . 7,28 7., 8
Bu I 151,153 140-150, 152 Ta(p,spallation) ISOLDE 4r'es® %s, -uTosep Op, 4627 141,142
8
142-150 Porp 459
Bu 11 147,149,152, *®11a(p, spatlation), LNPI Gatchina  4f'5¢ D —4f'6p(7/2,3/2), 6049 137-140
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