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A study is made of the autoionization spectrum for transitions of the Eu atom from excited states. 
The most efficient schemes are found for the three-step laser photoionization of Eu atoms. The 
data are used for measurement of the isotope shifts in the optical spectrum of the radioactive 
isotopes of Eu at the laser-nuclear complex at the Leningrad Institute of Nuclear Physics and the 
Institute of Spectroscopy. On the basis of the measured isotope shifts we have determined for the 
first time the changes in the mean-square distribution of nuclear charge for the radioactive iso- 
topes '50-'45 Eu. The prospects for improving the sensitivity of the method are discussed. 

1. INTRODUCTION 

Measurements of the isotope shifts and the hyperfine 
structure of atomic spectral lines permit one to determine 
such parameters of importance in nuclear physics as the 
change in the mean-square radius S (3) of the charge distri- 
bution, the nuclear spin I, the magnetic dipole moment p, 
and the electric quadrupole moment Q. 

The methods of classical high-resolution atomic spec- 
troscopy have been used to measure the isotope shifts and the 
hyperfine structure of the atomic lines of stable and certain 
long-lived radioactive nuclides. Recent technical progress in 
the production and mass-separation of radioactive nuclides 
and the use of high-resolution and high-sensitivity laser opti- 
cal methods have now made it possible to make such mea- 
surements for long chains of radioactive isotopes, extending 
far beyond the beta-stability band of the nuclei and right up 
to the limits of nuclear stability. 

The hyperfine structure and isotope shift are small ef- 
fects is atomic spectra and are usually masked by the 
Doppler broadening of the spectral line. For studying these 
effects it is therefore necessary to use the methods of sub- 
Doppler spectroscopy, with a resolution 5 100 MHz. In the 
case of radioactive nuclides the problem is complicated by 
the weakness of the flux of mass-separated isotopes pro- 
duced in proton and ion accelerators and nuclear reactors. 
For example, at the ISOLDE complex at CERN, the flux of 
rare earth isotopes is at maximum 10'-10" atoms/sec and 
falls to lo3-lo6 atoms/sec for isotopes with decay half-lives 
of the order of minutes.' In addition, in studying nuclides 
with short lifetimes one can use only highly sensitive meth- 
ods capable of "on-line" operation with the source of the 
radioactive nuclides. 

Long isotopic chains of the alkali elements from Na to 
Fr have been ~ t u d i e d ~ . ~  by laser optical pumping of atoms in 
an atomic beam. The method of laser excitation of the flu- 
orescence of atomic vapors in a cell has been used to study 
isotopes of mercury5 and ~ a d m i u m . ~  The hyperfine struc- 

ture and isotope shifts of radioactive isotopes of Au have 
been investigated by measuring the refractive index of the 
vapor while scanning the laser frequency in the region of an 
atomic absorption line. Unstable isotopes of Ba and Pb have 
been studied by laser excitation of the fluorescence of atoms 
in an atomic Isotopes of Ba, Yb, Er, and Dy have 
been studied by excitation of the fluorescence of atoms in a 
fast beam by collinear laser Detailed informa- 
tion on the study of nuclei by means of the hyperfine struc- 
ture and isotope shifts and on newly developed methods can 
be found in the review by Ottenl1 and in the Conference 
Proceedings. l2  

In the present paper we report the first study of the 
hyperfine structure and isotope shift of radioactive nuclides 
by multistep laser photoionization of atoms in an atomic 
beam, a method proposed and developed at the Institute of 
Spectroscopy (see reviews13-16). This method basically con- 
sists of the following. Laser radiation at several frequencies 
excites an atom sequentially from level to level. From the 
excited state the atom is also photoionized by the laser radi- 
ation. Because the intermediate transitions are resonance 
transitions, they are readily saturated. Here a large fraction, 
close to loo%, of the atoms turn out to be excited. An atom 
from the excited state can be efficiently ionized through ei- 
ther autoionization states1' or Rydberg states." The 
charged paticles-electrons and ions-which arise are easily 
detected at close to unit efficiency. The hyperfine structure 
and isotope shifts of the absorption lines of one of the transi- 
tions are studied by tuning the laser frequency of the corre- 
sponding excitation step. The spectral width of the laser here 
should be smaller than the distance between the components 
of the hyperfine structure of the atomic line. It is convenient 
to choose the laser linewidths for the other excitation steps 
larger than the hyperfine structure of the remaining lines 
corresponding to these transitions. 

The photoionization method of studying radioactive 
nuclei is the underlying principle of the IRIS  stern,'^-^^ a 
laser-nuclear complex based on the proton accelerator and 
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mass separator of the Leningrad Institute of Nuclear Physics 
and operated in cooperation with the Institute of Spectros- 
copy. It should be noted that the method which we have used 
is fundamentally different from other optical methods in 
that it not only enables one to study the hyperfine structure 
and isotope shifts but also to separate isotopes, isomers, and 
isobars by selectively ionizing them from the neutral state. 

As the first objects of study we chose rare earth ele-, 
ments with nuclei close to the filled neutron shell with 
N = 82. Nuclei in this region are interesting objects of study 
for the following reasons: First, a systematic measurement of 
the charge radii of isotopic chains including magic nuclei. 
(with N = 82) will elucidate the role of shell effects for neu-. 
tron-deficient nuclei far from the 0-stability band. Second, 
as the neutron number is increased from 82 to 90 the shape of' 
the nucleus should change from spherical to highly de-, 
formed. The character of this change is of particular inter-, 
est.21,22 Finally, for N <  82 a new deformation region can 
exist.23 

In Refs. 1 we report some preliminary data on the 
changes in the charge radii of certain neutron-deficient iso-. 
topes of europium; these radii were measured by the authors 
for the first time by the method of multistep laser photoioni-. 
zation of atoms. In the present paper we justify our choice 
for the optimum photoionization scheme for atoms of euro-. 
pium, describe the experimental techniques, give refined re-. 
sults for the measured isotope shifts for europium isotopes 
with mass numbers A = 145-149, and newly report the val- 
ue of isotope shift for Eu with A = 150 and 15 1. 

2. MULTISTEP LASER PHOTOIONIZATION SCHEME FOR 
EUROPIUM ATOMS 

A high efficiency can be achieved in pulsed multistep 
laser photoionization in the most general case when the laser 
pulses of all the excitation steps act on an atom either simul.- 
taneously or with a delay shorter than the lifetime of the 
intermediate states.24 The reason for this is that the interme- 
diate levels of the atoms can have short lifetimes 7,. The 
atoms excited to these levels will not be lost as a result of 
spontaneous transitions to other levels not belonging to tht: 
chosen excitation scheme if the duration T~ of the laser 
pulses satisfy the condition rL 5 rk . Furthermore, pulsed 
lasers, owing to their high power, can saturate the atomic: 
resonance transitions much more easily than can cw lasers. 
In order to intercept all the atoms in the beam as it crosses 
the region of interaction with the laser field, the laser pulse 
repetition frequency should be rather high (100 kHz). 

Frequency-tunable dye lasers have been developed at 
the Institute of Spectroscopy25~26 on the basis of pulsed cop- 
per-vapor lasers of Soviet manufacture (model ILGI-101), 
with a pulse repetition frequency of 10 kHz. These dye l a  
sers, which form the heart of the laser-nuclear complex, are: 
used for multistep photoionization of atoms. This complex is 
described later on. Here we shall give only the basic param- 
eters needed in choosing the optimum photoionization 
scheme. The duration of the light pulses is rL = 18 nsec, the 
lasing wavelength is tunable over the range from 540 to 700 
nm, and the average radiation power is 300 mW. 

FIG. 1. Scheme of several atomic transitions in Eu I; the transitions used 
for the laser resonance photoionization of the radioactive isotopes are 
indicated by heavy arrows. 

For europium and other lanthanides the best scheme is 
three-step ionization (for europium E, = 45734.9 cm-I)'' 
with radiation at the fundamental frequency of the lasers. 
Figure 1 shows a partial level scheme for Eu I. As the transi- 
tion for the first excitation step one can choose the transi- 
tlons from the ground state 6s2 'S :/, to the 6s6p 6P, 6s6p 'P, 
and 6s6p 1°P states; these transitions have been studied for 
stable isotopes from the standpoint of hyperfine structure 
and isotope shifts. The wavelengths of the transitions to the 
levels of the 'Pand ' O P  terms lie in the region 600-7 10 nm. If 
these transitions are used as the first excitation step, then one 
can implement a three-step excitation and ionization of eur- 
opium atoms through Rydberg states by a method analogous 
to that which was used by the authors for photoionization of 
ytterbium atoms.28 If, on the other hand, one uses for the 
first step the transition 8S:/2-6P,12 (Al  = 576.520 nm) or 
8S:/2-6P512 (A1 = 564.580 nm), then excitation of the atom 
to a Rydberg state would require radiation at a wavelength 
A, > 700 nm. Efficient dyes lasing in this region under cop- 
per-laser pumping have yet to be found. Therefore, in this 
case the only applicable method of ionization is excitation of 
tlhe atom to an autoionization state. 

In choosing the first transition, at which the hyperfine 
structure and isotope are studied, it is necessary to consider 
the width of the hyperfine structure and the size of the iso- 
tope shift. For some of the above transitions this information 
is, known.29 The hyperfine structure of these transitions is 
governed mainly by the splitting of the upper level. For the 
6s6p 6P5/2,7/2 states the width of the hyperfine structure is 
anomalously small (about 300 MHz) compared to the iso- 
tope shift between the stable isotopes l5'Eu and 1 5 3 E ~ ,  which 
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FIG. 2. Schematic of laser photoionization spectrometer used for measur- 
ing the saturation energy densities of the atomic transitions, the lifetimes 
of the states, and the energies of the Rydberg and autoionizing states: 1) 
pulsed nitrogen laser, 2,3,4) tunable dye lasers, 5)  atomic beam, 6 )  Fabry- 
Perot interferometer, 7) neon hollow-cathode lamp, 8) monochromator, 9) 
computerized electronics complex, 10) secondary electron multiplier. 

to some intermediate state by the radiation of two dye lasers 
tuned to resonance with the intermediate transitions. As the 
frequency of the third laser is scanned, the spectrum of the 
autoionization states is observed by detecting the photoions. 
The excitation and ionization of the atoms takes place in a 
collimated atomic beam which intersects the laser beams at 
right angles. The photoions are detected by a secondary elec- 
tron multiplier. 

The absolute values of the wavelengths of the transi- 
tions were measured by the following method. Part of the 
radiation of the continuously tunable laser is coupled out to 
a Fabry-Perot interferometer with a free-dispersion region 
of 1 cm- ' and to a neon hollow-cathode lamp. The electrode 
signals from the hollow-cathode lamp, the secondary elec- 
tron multiplier, and a photodiode placed at the output of the 
interferometer were sent to a computerized measuring and 
calculating complex. The laser frequency vx at which the 
photocurrent line due to excitation of an autoionization state 
appeared was determined by the formula 

is Av(151-153)=3619 MHz (Ref. 29) for the line 
ill = 576.520 nm. For this reason the excitation lines 
ill = 564.580 nm and ill = 576.520 nm are extemely con- 
venient for measuring the isotope shifts, since it is not neces- 
sary to identify the components of the hyperfine structure 
and determine the centroid of the line. On the basis of these 
considerations we chose for the first excitation step one of 
the transitions with an anomalously small hyperfine struc- 
ture. In this case the ionization of the atom can be effectively 
arranged only through the autoionization states. 

The optimum photoionization scheme was chosen by 
the following program: 1) study the spectra for excitation to 
the autoionization states and choose the transitions with the 
largest cross section; 2) measure the saturation energies and 
lifetimes of the intermediate states from which the strongest 
autoionization resonances are reached; 3) measure the tran- 
sition frequencies. For studying the high-lying and autoion- 
ization states of atoms a laser photoionization spectrometer 
consisting of three nitrogen-laser-pumped dye lasers was 
built at the Institute of Spectroscopy. The working principle 
of the spectrometer is as follows (Fig. 2). Atoms are excited 

vz-vi 
v,=vi 4- - nl,, 

ni-2 

(1) 

where v1 and v2 are the tabulated atomic transition frequen- 
cies for neon, nl-, is the number of whole and fractional 
interference fringes which fit between the centers of the lines 
v1 and v2, and n,, is the same, but for the lines v, and vx . The 
accuracy with which the transition frequencies can be mea- 
sured by this method is governed by the laser linewidth 
(Av, = 0.3 cm- ') or the atomic linewidth and by the nonun- 
iformity of the frequency scanning of the laser. In our experi- 
ments the uncertainty was + 0.1 cm-'. Table I gives some 
of the strongest autoionization transitions observed in euro- 
pium; these transitions were then used in experiments with 
radioactive Eu atoms. 

The maximum ion yield during three-step laser pho- 
toionization of atoms is reached in the case in which all three 
transitions are saturated.13 If, however, the energy param- 
eters of the lasers do not permit saturation of all three transi- 
tions, one must find a sequence of transitions for which two 
of the transitions can be saturated and the third transition 
has a maximum excitation cross section. The oscillator 

TABLE I. Strongest autoionization transitions observed in a three-step scheme for laser pho- 
toionization of Eu I. The first excitation step used the transition 4f '6s' 8S:,2+4f 76s6p 6P712, 
A, = 576.520 nm; A, is the transition wavelength of the second excitation step; E2 is the energy of 
the level from which the transition is observed to the autoionization state with energy E, ; and A, 
and v, are the wavelength and frequency of the autoionization transitions. 

I I I 

Excited state 
ha, nrn I va,cm-l 1 ia. nm / E,. cm-I I term ES, cm- I 
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FIG. 3. Ratio of photoion current to the energy density D of the laser 
radiation versus the energy density of the laser pulse at the transition 
between the excited states. 

strengths for thetranstitions of the first excitation step are 
known,30 and they are such that the transitions are easily 
saturated by the narrow-band emission of dye lasers pumped 
by a copper-vapor laser. The average saturation power den- 
sity of these transitions is around 30 mW/cm2. 

There is a lack of data on the cross sections for transi- 
tions between excited states of europium. Therefore, for the 
series of intermediate transitions to states in which the stron- 
gest autoionization resonances were observed, the excitation 
cross sections were measured by the saturation rne th~d .~ '  
The saturation energy g,,, was determined by illuminating 
a beam of Eu atoms with two lasers. The frequency of the 
first laser was tuned to one of the first transitions of the 
excitation step, e.g., 8S:/2-6P712 (A1 = 576.5 nm). The beam 
from the second laser ionized the atom from the excited state 
in a two-step process involving two transitions: a resonance 
transition from the 6P7,2 level to the level under study and a 
transition from this level to the ionization continuum. Since 
the energy of the laser pulse was insufficient to saturate the 
transition to the continuum, the quadratic dependence of the 
ion current on the energy of the laser pulse in the initial 
region went over to a linear dependence in the saturation 
region of the resonance transition under study. A sample 
curve for the ratio of the photoion current to the energy 
density of the laser pulse is shown in Fig. 3. For the transi- 
tions studied we have $,,, 5 0.2 mJ/cm2 (Table 11). 

The saturation energies were determined at a laser 
linewidth Av, = 0.8 cm-' which was larger than the ab- 
sorption linewidth Av,, = 0.005 cm-' in the atomic beam. 
The emission linewidth of the dye lasers used in the experi- 
ment was practically independent of the type of pump laser. 
Therefore, for a laser-beam diameter d = 3 mm and a pulse 
repetition frequency f = 10 kHz, the average saturation 
power of the second-step transition was 

P s a t = ~ ~ a r f ~ d 2 1 4 z 0 . 1  W. 

An average radiation power of this level is easily realized 
with dye laseres pumped by a copper-vapor laser. 

The lifetime of the first excited state 6P,,, can be esti- 
mated using the data of Ref. 30. The resulting value r, =: 1 
psec is much larger than the duration of the laser pulses. 
Therefore, the finite lifetime of this state does not affect the 
excitation kinetics of the atom. The lifetime of the second 
excited states in europium are not known. We have mea- 

A t, nsec 

FIG. 4. Photoion current versus the optical delay time of the laser pulse of 
the third excitation step with respect to the second-step pulse. 

slued the lifetime of several excited states by the following 
method. Two lasers resonantly excited the state under study. 
The population of this state varies with time as 

n2=n2, exp (-tit,). (2) 

The lifetime of this state was determined by studying how 
the current of photoions due to the ionization of the excited 
atoms by the beam of a third laser depends on the optical 
delay time of the pulse of this laser with respect to the pulse 
of the second-step laser (Fig. 4). When the delay is longer 
than the laser pulse (T, = 7 ns), a dependence of the type in 
(2:) is found. The results of these measurements are given in 
Table 11. For the method used in these measurements, the 
uncertainty in the lifetime of the excited state is goverened 
by the instability of the amplitude of the laser pulses and 
ainounts of f 2 ns. As can be seen from the data, the condi- 
tion rL 5 rk is not satisifed for all the levels. 

On the basis of all the data (the width of the hyperfine 
structure, the saturation energy of the second transition, the 
lifetime of the second state, and the relative intensity of the 
ailtoionization transitions), we chose the most efficient se- 
quence of atomic transitions in europium for the purpose of 
measuring the isotope shifts of its radioactive isotopes; this 
sequence is shown in Fig. 1. 

3. MEASUREMENT OF ISOTOPE SHIFTS 

The apparatus for measuring the isotope shifts is shown 
sc:hematically in Fig. 5. Three dye lasers are pumped by two 
sjrnchronously operating ILGI-101 copper-vapor lasers. 
The average radiation power of this laser is 5 W in two lines: 
5 10.6 and 578.2 nm. The emission frequency of the first dye 
laser was tuned over a 0.6 cm-' interval by changing the 
pressure in the chamber holding the diffraction grating and 
Fabry-Perot interferometer. The emission linewidth of this 
laser was AY, = 0.02 cm- '. As the frequency of the narrow- 
band laser was tuned, the europium isotopes were excited 
se:quentially to the 6P7i2 state. They were further excited and 
icaized by two other dye lasers which were tuned to reso- 
nance with the chosen transitions. The power of the laser 
radiation in the first, second, and third excitation steps was 
2, 120, and 250 mW, respectively. 

The laser beams made a right-angle intersection with 
two atomic beams produced by two high-temperature 
ovens16 located in a single vacuum chamber. Into one oven 
we placed tantalum foils containing the radioactive isotopes, 
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TABLE 11. Saturation energies F?,,, for transitions between excited states and the lifetimes T for 
several excited states of Eu I (the initial state was 4f 76s6p 6P7,, at 17340.65 cm-I). 

and into the other we placed metallic europium. The atomic 
beam with the stable iostopes 1513153E~ was used as a refer- 
ence and as an aid for tuning the laser frequencies to the 
atomic transitions. The diameter of the laser beams was 3 
mm and the length of its interaction region with the atomic 
beam was 8 mm. A portion of the radiation of the narrow- 
band laser was directed to a confocal interferometer with a 
free dispersion region of 0.125 cm-'. The selectively pro- 
duced photoions were extracted by a static electric field 
(UZ 100 V) in the direction perpendicular to the atomic and 
laser beams and sent to secondary electron multipliers. The 
signals from the two secondary electron multipliers and the 
confocal interferometer were sent to a measurement-compu- 
tational complex which includes small computers. 

Thus as the laser frequency was scanned, three spectra 
arose: The photoion excitation spectrum of the radioactive 
isotopes, the photoion excitation spectrum of stable iso- 
topes, and the transmission spectrum of the interferometer. 
From the two lines of the stable isotopes 151, '53E~ we deter- 
mined the free-dispersion region of the interferometer (from 
the values of the isotope shifts in Ref. 29), and from the num- 

Transition Excited state 
wavelength, ) 1 1, ns Ar, ns 1 term I zL!y3 pJ/cm2 
nm 

FIG. 5. Schematic of the optical part of the laser apparatus for measuring 
the isotope shifts and hyperfine structures of radioactive nuclides. 1, 2) 
copper-vapor lasers, 3,4) dye lasers, 5) narrow-band dye laser with wave- 
length tunable by changing the pressure in a chamber containing a diffrac- 
tion grating and interferometer, 6) control unit for nitrogen pressure in the 
pressure chamber of the laser, 7) confocal interferometer, 8) monochro- 
mator, 9, 10) atomic beams of stable and radioactive isotopes, 11) photo- 
diodes of coincidence circuit, 12) computer-based electronics complex, 13) 
secondary electron multipliers. 

ber of fractional and whole interference fringes we deter- 
mined the position of the lines belonging to radioactive iso- 
topes relative to the line of the isotope 15'Eu. The 
uncertainty in the measurement of the position of the isoto- 
pic lines was 70 MHz and was due to the instability of the 
lasing linewidth and the nonlinearity of the frequency tuning 
of the laser. 

An electrostatic shield placed above the oven and a co- 
incidence circuit for the laser pulses and photoions de- 
creased the background of nonlaser-produced ions to one 
pulse per second. 

The measurements were made "off-line". The samples 
were prepared in the following order. Radioactive europium 
isotopes were obtained by bombarding a 120-g tantalum tar- 
get with a beam of 1-GeV protons at an intensity of lo1* 
protons/sec on the synchrocyclotron of the Leningrad Insti- 
tute of Nuclear Physics. The nuclear reaction products were 
separated from the target at a temperature of 250OoC, ion- 
ized on a tungsten surface, and separated on a mass separa- 
tor with a tantalum target (preliminarily annealed for about 
1 h at 2000°C) in the focal plane. A scintillation counter was 
used to find the areal distribution of the radioactive isotopes 
driven into the tantalum foil. A Ge (Li) detector was used to 
measure the quantity of each isotope. After several hours, 
from 10'' to 10" atoms of each isotope had been produced 
(see Table 111). 

The part of the foil containing the isotope to be studied 
was placed in an atomic-source oven. At a temperature of 
1300-1 500°C practically all the atoms of the isotope had left 
the foil. In one of the measurement cycles a sample contain- 
ing 3.10'' atoms of the isotope 1 4 5 E ~  supported a stable pho- 
toionization signal for 12 min, corresponding to a flux of 
4.10' atoms/sec. During this time 12 recordings of the spec- 
tra were made. A thousand 1 4 5 ~ ~  photoions were detected in 
all. On the basis of these data one can estimate the detection 
efficiency for radioactive Eu atoms in these experiments. 

The detection efficiency 7 is taken to be the ratio of the 
number of photoions detected to the number of atoms of the 
investigated isotope originally present in the atomic-beam 
oven, at a fixed laser frequency tuned to the line center. The 
value of 7 was detected from the relation 

where M is the magnitude of the signal obtained at the maxi- 
mum of the optical resonance as a result of the evaporation 

3?i2, *IS 

SP! ,~  

8 ~ ! , z  

8 ~ S ) , 2  

595 578 1 r 
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TABLE 111. Relative isotope shifts Av in the spectrum of Eu I and the uncertainty 6v in their 
measurement, the changes in the mean-square charge radius of the nuclei (the measured 
A (3) 151sA andcalculatedd (3),151,A values), the deformation parameters (B '), the decay half- 
lives T,,,, and the number n of atoms of the isotopes. 

of all the atoms of the isotope from the sample, m is the 
magnitude of the signal from a single ion, T, is the time over 
which the spectrum is obtained, T, is the return time, n is the 
number of channels used in recording the spectrum, and N is 
the number of atoms of the isotope in the foil. An averaging 
of the data for eight series of measurements (one series for 
each foil) yielded the following estimate for the detection 
efficiency of an isotope: 77 = 6.10-6. 

The comparatively low value of the detection efficiency 
obtained here can be attributed to the following effects. The 
collimation of the atomic beam was such that around 1 % of' 
the atoms leaving the source entered the ionization region. 
In addition, losses arise because some of the atoms intersect 
the ionization region during the gap between laser pulses. 
The interception coefficient K is 

K=df/u=0.06, (4) 

where v is the average thermal speed of the atoms. We must 
also take into account the losses due to the incomplete evap- 
oration of the atoms from the foil, the incomplete extraction 
of the photoions from the photoionization region, and the 
less-than-100% efficiency of the secondary electron multi- 
pliers. The efficiency of the photoionization of isotopes by 
the laser radiation amounted to 1 % and was governed main- 
ly by the degree of saturation of the autoionization transi- 
tion. 

Even at the low detection efficiency achieved we were 
able to measure the hyperfine structure and isotope shift 
with rather small fluxes of radioactive atoms. In fact, the 
center of the optical line is determined to an accuracy of 80 
MHz with only 10 atoms detected at the maximum. This 
means that when working with a continuous flux of isotopes 
one needs just lo7 ions/sec to obtain the spectum during the 
scanning time of the laser frequency, i.e., in 20 sec. 

Table I11 gives the measured isotope shifts (relative to 
151Eu) for isotopes with mass numbers from A = 145 to 
A = 154. 

4. DISCUSSION OF RESULTS 

The isotope shift Af lA '  in the spectra of heavy atoms is 
well described by the familiar formula 

~ v ~ ~ ' = b h ~ * ' + A v ~ ,  (5) 

where b is a coefficient reflecting the change in the wave 

16 yr - 
12.7 yr - 
12.6 (lay 
93 day 
54 dav 
22 day 
4.6 day 
5.9 day 

fi~nction of the atom, ilAA' is a factor determined by the 
charge distribution in the nucleus, and AvM is the specific 
mass shift. 

The transitions between configurations 6s2 and 6s6p in 
E8u I can be regarded as transitions between pure configura- 
t i o n ~ . ~ ~  For such transitions Av, can be estimated in the 
standard way33: 

vo A-A' 
AvM = -(1*0.5) -, 

1836 AA 

where vo is the transition frequency, and A and A ' are the 
atomic numbers of the isotopes in question. This estimate is 
in good agreement with theoretical calculations of the mass 
slnift and with a calibration of the optical shifts using the x- 
riiy and muon-atom shifts for the neighboring element.34 

To evaluate the change in the electron density at the 
nucleus, l$(0)I2, and to find the coefficient b, one uses the 
Goudsmit-Fermi-Segr1. formula relating / $(0) 1' to the ener- 
gy of the level of the nS,,, series in the atom under study or in 
an ion given atom and the formula relating /$(0)12 to the 
magnetic hyperfine-splitting constant A,, for the ns elec- 
tron. We used published data on a,, for the configuration 
4f ' 6 ~ 6 ~  (Ref. 35) and 4f 75d 6s in Eu I and 4f 76s in Eu I1 (Ref. 
37), and also the data of Ref. 38 for the series 4f in Eu I1 and 
4f 75dns in Eu I. Averaging all the values obtained for b, we 
have 5 = 6.12(30) GHz/fm2, where the error indicated is the 
mean-square deviation. 

The factor ilAA ' is expressed in the form of a series: 

The coefficients C ,  and C2 are small and have been tabulated 
in Ref. 39. In the simplest liquid-drop model with a uniform 
charge distribution and an abrupt edge we have the relation 

The droplet model of Myers and Swiatecki40 gives a 
quantitative description of the nuclear masses and dimen- 
si'ons over the entire periodic table. Although the droplet 
model has recently come under serious cr i t i~ism,~ '  it turns 
out that it gives only uneventful discrepancies with the re- 
sults of Hartree-Fock calculations for the nuclear properties 
which depend on the change of the basic model parameters E 
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FIG. 6 .  Mass-number dependence of the change, relative to 15'Eu, in the 
mean-square radius of the nuclear charge distribution for europium iso- 
topes (a is the deformation parameter calculated in the droplet model of 
the nucleus); the open circles are the data of Ref. 33. 

and S with the atomic number A.  Therefore, for treating the 
isotope shifts the droplet model is entirely suitable. 

Table I11 gives the calculated results A (?)ElsA for the 
isotopic changes of the mean-square charge radius in the 
droplet model. The uncertainty in the calculation ofA ( 3 )  is 
5%. The calculated and experimental data can be used to 
determine the mean-square deformation of the nuclei by in- 
troducing the deformation parameter ,9 into the droplet 
model. The results of a calculation under the assumption 
( 8  ') = 0 for 1 4 5 E ~  are also given in Table 111. 

The results are also presented in Fig. 6. The smooth 
growth of (P  ') for the nuclei 145-151 Eu is evidence of a gra- 
dual growth in the deformation on approaching the nucleus 
I5lEu, with neutron number N = 88, in confirmation of the 
conclusions of Ref. 22. An even-odd effect, leading to a rela- 
tive decrease of ( p  ') for odd-neutron nuclei, is clearly seen. 
A knee, corresponding to a sharp growth in the deformation 
of the nucleus, appears on the curve of the mean-square 
charge radius at 15'Eu. On the whole, the change in the 
mean-square charge radius with increasing N for Eu iso- 
topes corresponds to the change in the mean-square charge 
radius for neighboring elements Gd and Sm and differs mar- 
kedly from the behavior of the mean-square charge radius in 
the N = 90 region for Ba and Yb, for which the curves do not 
exhibit the characteristic knee." This can be regarded as 
confirmation of the hypothesis that the proton shell Z = 64 
has a stabilizing influence which leads to the abrupt growth 
ofthe deformation for nuclei with nearby values o fZ  (Z = 63 
for Eu; Z = 62 for Sm), in contrast with the smooth depen- 
dence ofp  on N for nuclei far from this shell (2 = 70 for Yb; 
Z = 56 for Ba).' Of particular interest is the fact that our 
results were obtained for odd-proton nuclei, while all the 
previously available data pertained only to even-proton nu- 
clei of the transition region. 

A deeper understanding of the data can be attained by 
invoking models which describe the entire body of experi- 
mental data, not only for the dimensions of the nuclei but 
also their spectra, transition probabilities and electromag- 

netic moments. One such model is the dynamic collective 
This model has been used successfully to describe 

the change in the mean-square charge radius iostopes of Cs 
and Hg. Another attractive feature is that the mean-square 
charge radius can be calculated in this model without intro- 
ducing new parameters, unlike the case for most models of 
this sort. Computer calculations have yielded a relatively 
good description of the energy spectra of the nuclei 
145-151 Eu. Sataisfactory agreement with experiment is also 
obtained for the lifetime of certain levels. However, despite 
the satisfactory description of the spectroscopic characteris- 
tics of the isotopes of Eu, the change in the mean-square 
charge radius has not yet been described satisfactorily with 
the same parameters. 

5. CONCLUSIONS AND OUTLOOK 

Our results point up the particular importance of data 
on the mean-square radius for refining the existing nuclear 
models, since they demonstrated the sensitivity of the mean- 
square charge radius to details of the nuclear structure. In 
this case we have apparently discovered a new mechanism, 
not incorporated in the model, which leads to suppression of 
the effective forces for the nuclei under study. Allowance for 
the high multipolarity of the zero-point vibrations and con- 
siderations of the influence of the zero-point vibrations on 
superfluidity in the framework of this model can improve the 
agreement between the theoretical and experimental values, 
as is evidenced by the results of Ref. 43. 

Let us also discuss the possibility of improving the sen- 
sitivity and accuracy of the measurements of the isotope 
shifts. The average radiation power of the dye laser in the 
photoionization step can be increased to 1 W using a dye 
am~lifier. '~ This gives a four-fold increase in the yield. Be- 
cause of the insignificant density of atoms in the beam, the 
laser radiation is not absorbed and can therefore be used 
many times with the aid of a multipass system consisting of 
mirrors, for example. It is entirely possible to pass the laser 
beam through the atomic beam 25-30 times. The ionization 
efficiency can thus be increased by two orders of magnitude 
to lOW4, making it possible to study isotope fluxes of lo5 
atoms/sec. The use of a dye laser with a lasing linewidth 
Av, = 0.005 cm-I and a smooth, well-reproducible line 
shape will permit a four-fold increase in the resolution and 
an improvement in the accuracy of measurement of the iso- 
tope shifts to 20 MHz. 

A noticeable gain in the sensitivity of the apparatus for 
studying short-lived isotopes can be realized in "on-line" 
operation, when, for example, the atomic-beam oven is 
mounted in line with the ion beam split off by the mass sepa- 
rator. This eliminates the stage of working with the isotopes 
in air. Preliminary experiments showed that in this case the 
background of stable isotopes from the foil material and the 
oven structures can be practically eliminated. 

A substantial increase in the efficiency of the whole la- 
ser-nuclear complex can be obtained by arranging the pho- 
toionization of the isotopes directly at the exit from the tar- 
get. In this case the laser photoionization serves as the ion 
source in place of a conventional source using surface-ioni- 
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