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NUCLEAR MOMENTSAND ISOTOPIC VARIATION OF THE MEAN 
SQUARE CHARGE RADII OF STRONTIUM NUCLEI BY ATOMIC BEAM 
LASER SPECTROSCOPY 

ABSTRACT 

Hyperfine structure and optical isotope shift measurements have been per· 
formed on a series of stable and radioactive strontiumisotopes (A = 80 to 90), 
including two isomers 85m and 87m. The spectroscopy applied continuous 
wave dye Iaser induced ßuorescence of free atoms at ..\ = 293.2 nm in a weil 
collimated atomic beam. The 293.2 nm ultraviolet light was generated by 
frequency doubling the output of a dye Iaser in either a temperature tuned 
Ammonium Dihydrogen Arsenate ( ADA) crystal or an angle tuned Lithium 
Iodate crystal. A special radio frequency (rf) technique was used to tune the 
dye Iaser frequency with long term stability. Radioactive Sr isotopes were 
produced either by neutron capture of stable strontium or by (a,xn) reactions 
from krypton gas. The samples were purified by an electromagnetic mass sep· 
arator and their sizes were of order 100 pg, which corresponds to 1011 atoms. 
The observed results of the hyperfi.ne structure components are evaluated in 
terms of nuclear magnetic dipole moments and electric quadrupole moments. 
Changes in mean square charge radii of strontium nuclei which were extracted 
from the isotope shift measurements, exhibit a distinct shell effect at the neu· 
tron magic number N =50. The experimental data are analysed and compared 
with some theoretical nuclear model predictions. The strong increase of the 
nuclear charge radii with decreasing neutron number of isotopes below N = 50 
is in agreement with the variation of the mean square deformation extracted 
from measured B(E2) values. 
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KERNMOMENTE UND VARIATION DER MITTLEREN QUADRATISCHEN 
LADUNGSRADIEN DER STRONTIUM-KERNEAUS DER ATOMSTRAHL
LASERSPEKTROSKOPIE 

ZUSAMMENFASSUNG 

Die Hyperfeinstruktur und die optische Isotopleverschiebung wurden an 
einer Reihe von stabilen und radioaktiven Strontium-Isotopen (A=80 bis 90) 
und den beiden Isomeren 85m und 87m untersucht. Die verwendete spek· 
troskopische Methode war die Laserspektroskopie an freien Atomen eines gut 
kollimierten Atomstrahle, wobei der 'Übergang Sri 293.2 nm angeregt wurde. 
Das 293.2 nm UV-Licht wurde durch Verdopplung der Frequenz des Lichts 
eines frequenzveränderlichen Farbstofflasers erzeugt. Die Verdopplung fand 
entweder in einem temperaturgetunten ADA-Kristall oder in einem winkelge· 
tunten Lii03 -Krista.ll statt. Die Laserfrequenz wurde mittels einer speziellen 
Hochfrequenztechnik durchgestimmt, mit der eine hohe Langzeitsstabilität der 
Frequenz des Farbstofflasers erreicht wurde. Die radioaktiven Sr-Isotope wur· 
den entweder durch Neutroneinfangreaktionen an stabilen Strontium-Isotopen 
oder durch (a,xn)·Reaktionen an einem Kryptongas-Target produziert. Die 
Proben wurden durch einen elektromagnetischen Massentrenner gereinigt; die 
so erhalten Mengen waren von der Grössenordnung 100 pg, das sind 1011 

Atome. Die experimentellen Daten wurden analysiert und mit verschiedenen 
theoretischen Kernmodellen verglichen. Aus den gemessenen Hyperfeinstruktur· 
Komponenten konnten die magnetischen Dipolmomente bestimmt werden. 
Die Änderungen der mittleren quadratischen Kernladungsradien, die aus den 
Isotopieverschiebungen abgeleitet wurden, zeigen den Effekt des Abschlusses 
der Neutronenschale am Kern mit N = 50. Die starke Zunahme der Kern
ladungsradien mit abnehmender Neutronenzahl unterhalb N =50 ist in "Überein ... 
stimmungmit der Änderung der mittleren quadratischen Kerndeformation, die 
man aus gemessenen B(E2)· Werten e1·hält. 
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1. INTRODUCTION 

The changes in sizes of the nuclear charge distribution between isotopes of 
an element can be determined from isotope shift (IS) measurements in atomic 
spectra. In addition, the hyperfine structure (hfs) provides information con· 
cerning nuclear moments and electronic structures as described in detail by 
Kopfermann /Kop.58/. 

The optical isotope shifts in atomic spectra are often within the frequency 
range of megahertz (MHz) to gigahertz (GHz). Compared to the visible light 
of frequency 1014 Hertz, such a small shift should be measured by a method 
with the highest possible resolution. The Iaser spectroscopic technique is a 
very precise method and proper for this purpose /Dem.80/. Sensitivity and 
precision are two particular features of the experiment. The great sensitivity 
of the optical techniques allows the spectroscopy of minnte samples of natural 
isotopes, isome1•s and also radioactive isotopes. In addition, the better preci
sion of measurement enables one to develop the theoretical aspect with more 
confidence. 

In a program to study systematically nuclei on both sides of the stability 
line /Reb.82/, measurements of isotope shifts and the hyperfine structures of 
a long sequence of the strontiumisotopes from mass number A = 80 up to A 
= 90 by using a high resolution atomic beam Iaser spectroscopy are reported. 

Strontium (Z=38) is an alkaline earth element in which the electronic con· 
figuration of states is characterized by two valence electrons outside a closed 
electron core. The nuclear structure is composed of protons at 2p3t2 full sub· 
shell configuration and the neutron configuration lies between lg9t2 and 2f5t2 

and crosses a the major closed shell. Of particular interest for these systems is 
how the nuclear structure affects the isotope shifts and the atomic hyperfine 
structures. 

From the experimental results compilation of Emrich et.al. /Emr.81/, 
systematics ofradii and nuclear charge distributions were deduced from elastic 
electron scattering, muonic x-rays and optical isotope shift measurements. The 
differences in root mean square (rms) radii between isotopes showed systematic 
tendencies with a very distinct nuclear shell effect at magic numbers. One of 
the feature observed for many elements is that the differences in radii are 
largest at the beginning of a neutron shell and decrease linearly towards the 
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end of the shell. Furthermore it was apparent that the isotope shifts were 
independent of the proton conftguration of the nucleus involved ( e.g. the 86 Kr 
• 84 Kr and 88 Sr • 86 Sr isotope shifts were identical within the experimental 
uncertainties). 

Lister et.al. ILis.82l studied the neutron deftcient strontium isotopes 
77- 80Sr with the gamma ray coincidence technique. These nuclei were observed 
to have electromagnetic properties with extremely large prolate deformation 
which were close to that of an ellipsoid with an axis ratio 3:2. The recent 
detailed study of Heyde et.al. IHey.84l of very neutron deftcient nuclei with 
Z = 38,40 (Sr,Zr) has shown that, in regions near closed shells, indication for 
large quadrupole deformation connected with particular intruder orbitals ex
isted. They expected a smooth change from strongly deformed nuclei (N = 
40) toward anharmonic vibrationallike spectra near closed shell N = 50. 

The optical IS in the isotopes 84•86•88Sr were :6.rst measured by Hughes 
1Hug.57 I. He found no signiftcant difference between the 84-86 and 86-88 shifts 
and concluded that, for both pairs, the volume shifts were consistent with zero. 
Heilig 1Hei.6ll repeated the measurements with interferometric techniques 
and, in addition, measured 88-90 shifts. Regardless of the uncertainties due 
to unadequate knowledge of the speciftc mass effects, it was apparent that 
the 84-86 and 86-88 shifts were much smaller in magnitude than the 88-90 
shift. Bruch et.al.IBru.69l has normalized these data by using the isotope 
shift measurements in muonic or electronic x-ray spectra. The nuclear volume 
shift and mass dependent shift were determined. 

Doppler free optogalvanic 1Lor.82l and two photon spectroscopy 1Lor.83, 
Bei.83l have been used for isotope shift measurements in transitions of Sri 
and Sdi. Eliel et.al.IEH.83I and Grundevik et.al.IGru.83l investigated the hfs 
and the IS of low lying states in Sr I by Iaser atomic beam and Iaser radio fre· 
quency double resonance techniques. Bender et.al. IBen.84l have performed 
a parametrical study of IS based on a simplifted model and determined IS in 
:6.ve transitions of low lying states of Sri. The changes in mean square nuclear 
chargeradins for the isotope pairs 86-88,86-87 and 84-86 have been calculated. 

The IS of the Ievels 5p2 1 D2 , 1 S0 and 5sns 1 S0 (n=7 ,8) of natural stron· 
tium isotopes have been measured in two-photon transitions from the ground 
state by Aspect et.al. I Asp.84l. These Ievels occurred below the beginning of 
the Rydberg series and are known to exhibit very strong configuration mixing. 
The optical spectra of the alkali-earth atoms with two electrons outside closed 
subshells are much more complicated than expected. This can be ascribed 
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to the fact that both outer electrons are rather loosely bound and, therefore, 
strongly affected by the correlation phenomenon. Buchinger et.al. /Buc.85/ 
have measured all stable isotopes and two radioisotopes (A=80,90) by using 
atomic beam Iaser spectroscopy. By comparing the experimental data with 
droplet model predictions and Hartree~Fock plus BCS calculations, they sug~ 
gested that the changes in ms charge radii are due to changes in size, a change 
in predominantly dynamic deformation, and a change in the diffuseness of the 
nuclear charge distribution. Martin et.al. /Mar.86/ had measured isotope 
shifts of the line 460 nm with an extension of the unstable neutron deficient 
isotope 82Sr. Recently Eastham et.al. /Eas.86, Eas.87 / applied the collinear 
fluorescence spectroscopy on a fast beam of strontium ions (Srll) of 78- 84Sr. 
The deduced values of changes in nuclear charge radii were discussed in terms 
of changes in the static and dynamic nuclear deformations. 

In the present work, the isotope shift and the hyperfine structure associated 
with an atomic transition to the excited P state of Srl are measured with a 
Iaser spectroscopic method. The experimental results can give a quantitative 
interpretation of the changes in mean square nuclear charge radii and the 
deformation of nuclear shapes on both sides of the neutron shell closure N = 
50. The nuclear magnetic dipole moments and electric quadrupole moments 
can be derived from the measured hyperfine structure of the odd A isotopes. 
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2. EXPERWENT 

2.1. Laser Induced Fluorescence 

The optical spectroscopic investigations of the excited Sr atoms are carried 
out by irradiating atoms with a Iaser beam of a suitable wavelength. The 
fluorescence photons emitted when the excited electrons transit to a lower 
energy state, are then measured. The atomic transition sequence of the Sri 
line used are 5s2 1S0 • 5s6p 1P 1 at wavelength 293.2 nm for the Iaser light 
absorption and the subsequent fluorescence of a transition 5s6p 1 Pt • 5s4d 
t D 2 at wavelength 716. '1 nm is observed. The system with these electronic 
transitions is shown schematically in Fig. 2.1. It is an alkali-earth lilte spectrum 
with a 5s2 1 S 0 ground state. The radiative lifetime of the 5s6p t Pt state is 65±5 
nsec /Jön.84/ which corresponds to a natural linewidth of 2.45±0.20 MHz. 
The reason of choosing these transitions is due to a better peak resolution 
because of its Ionger lifetime when compared to the resonance state of 5s5p 
t Pt with r = 5.12 nsec /Hul.64/ corresponding to a natural Iinewidth of 31 
MHz. To minimize the problern of light straying from the Iaser beam directly 
into detector, ßuorescent photons with an energy differing from the incident 
Iaser are preferred. 

EnQrgy 
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20.150 
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0 
55 2 

Fig. 2.1 The Ievel scheme of electronic states of Srl. IP is the ionization 
potential energy of strontium atom. 
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2.2. Experimental Arrangement 

The three major parts of the experimental apparatus are composed of: i) 
the Iaser system as a monochromatic light source ii) the atomizer apparatus 
to prepare an atomic beam of the sample and iii) the photon detection system 
with the data acquisition unit. A schematic diagram of the apparatus is shown 
in Fig.2.2. 

fluorescence 
detector 

signal 

handling 

CW dye 

loser 

>.. = 586.4nm 

stabilization 
and 

tuning 

collimated Sr 
atomic beom 

Lil03 
orADA 

UV beom 
>.. = 293.2nm 

quartz 
glass 

frequency 1----~ 

doubler 

300 MHz 
reference 

cavity 

>.. = 586.4nm 

ele.ctrooptic rf 

modulator source 

stabilized 
~-~-------~------~ 

cavity 
stabilization 

He Ne Iaser 

Fig. 2.2 Experimental arrangement for optical spectroscopy of strontium 
atoms 
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A high power argon Iaser is used as a light source for pumping a dye Iaser 
continuously. The tunable Rhodamine 6G ( R6G) dye Iaser sent a Iaser beam 
of the wavelength 586.4 nm to a lens L1 and was focused on a frequency doubler, 
an ammonium dihydrogen arsenate ( ADA ) or Li103 crystal. The coherent cw 
ultraviolet light with a wavelength of 293.2 nm, which is the second harmonic, 
is then separated from a fundamental Iaser light by a dispersive quartz· prism. 

The uv beam is focused onto a weil collimated strontium atomic beam at 
right angle for exciting atoms into the excited state. The interaction region 
is roughly cylindrical due to a small Iaser beam passing through a bundle of 
an atomic beam. Eventually the ß.uorescent light from the Srl Une at 716.7 
nm is collected by a large aperture aspheric lens and is then registered by the 
photomultiplier tube. 

The dye Iaser is typically scanned with a frequency range of about 2 GHz, 
which covers most of the hfs range of the 293.2 nm strontium line. By this 
way, the spectrum of the atomic fiuorescence intensity versus the frequency is 
obtained and is displayed on the multichannel analyser oscilloscope. Natural 
strontium metal of about 1 mg is heated in a vacuum chamber ( 10-5 mbar ) in 
a second reference oven and its atomic beam is also interacted perpendicularly 
with the uv beam. From the observed spectrum that is shown on an oscillo· 
scope, one can visually adjust the region of interest and the scanning range of 
the dye Iaser. 

The fundamental wavelength of the dye Iaser is to be selected for Sri 
measurement at 586.4 nm. In order to set the dye Iaser into the wavelength 
of interest rapidly, it could be achieved in two steps. At ftrst, irradiation of 
iodine molecules in a quartz cell with the fundamental dye Iaser and then 
observation of the absorption spectrum. By comparing with the standard 
spectrum data which have been tabulated by Gerstenkorn and Luc /Ger.78/, 
one can find the actual wavelength region of the dye Iaser and can then tune 
to the wavelength of interest. The second step is to measure the dye Iaser 
wavelength with a wavemeter /Ste.84/. The single mode ope:ration of the Iaser 
is checked by scanning the dye Iaser through two Fabry Perot interferometers 
(FPI) with free spectral ranges of 2 and 20 GHz. The major part of the 
fundamental Iaser is directed to a potassium dideuterium phosphate (KD*P) 
crystal modulator which is coupled with a radio frequency (rf) source and is 
further used for controlling the Iaser frequency stability by a method described 
in detail below. Some part of the fundamental Iaser is passed through a fixed 
300 MHz reference etalon (FPI). The fringes are registered during strontium 
isotopes measurements and this is used as reference frequency markers. 
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Monitoring the uv intensity, the frequency doubler crystal is tuned to 
optimal second harmonic generation. 

2.3. Laser System 

Argon Ion Laser and Tnna ble Ring Dye Laser 

An argon ion Iaser (Coherent model CR-18 UV) is applied as a continuous 
wave (cw) source of high Iaser output power. Green light ( 614.6 nm ) with 
the peculiar characteristics of 1.0 mm beam diameter and a beam divergence 
of 0.43 mrad is used to optically pump dye molecules of a ring Iaser to the first 
excited band. 

The tunable ring dye Iaser (Coherent model CR 600-21} utilizes an organic 
compound of Rhodamine 6 G ( R6G) as an active medium. The outstanding 
qualities of a dye Iaser light beam are : i) the small beam divergence and the 
high linear polarization. ii) the large setting range iii) the high light intensity 
per phase space volume i.e. spectral width and the geometric quality. The dye 
R6G was dissolved in methanol ( 1.1g/50 ml) and then was mixed with a 1 
litre of ethylene glycol as a solvent base. The lifetime of such a R6G solution 
for the operation is as long as about 1000 watt-hours. 

At 8 watts pumping power the dye Iaser can provide 1.2 watt of single 
mode output power at the wavelength 586.4 nm. The dye Iaser beam diameter 
is 0.75 mm with the beam divergence of 1.6 mrad full angle. The effective 
tuning range of the cw dye Iaser with R6G is usually 560 to 650 nm with the 
maximumoutputpower at 590 nm, which is thus optimum for a wavelength 
of 586.4 nm. The fine tuning of the dye Iaser frequency is performed by a 
Brewster plate or the Iaser resonator. The maximum continuous scan range is 
30 GHz with 2% scan linearity. 
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2.4. Atomic Beam Apparatus 

An atomic beam is a collision free stream of electrically neutral strontium 
atoms in a high vacuum system, while apertures shape its cross section as 
shown in Fig.2.8. The slit is used to reduce the Doppler width which occurs 
when a Iaser beam is crossed perpendicularly with the bundle of an atomic 
beam. The Iaser wavelength is tuned across an atomic absorption line. The 
Doppler width of the re~mlting absorption proflle is reduced by a factor that 
depends on the collimation angle of the atomic beam. This is due to the fact 
that the thermal distribution of the atomic velocity component Vz is reduced 
by the collimating apertures to N(vz) a exp( -mv~ /B.2kT ), where m is the 
mass of an atom , k is the Bolzmann constant, the angle (} = d/L , d is the 
slit width and L is the distance between the graphite diaphragm and the slit 
/Dem.so;. 

The evaporation temperature of normal strontium metal in high vacuum 
of 10-5 mbar is around 600 °C. It requires an operating temperature upto 
1400 °C to evaporate the e:nriched strontium isotopes, because the atoms of 
these samples were mass separated and implanted deeply into the surface of 
tantalum crucibles. 

"" .... , 
"" "" I 

,~-- .,.../\ : I 

&
I ,_..- \:/ 

-- \ : I 

~Jwz21 Slit 
\:/L 
~ GraphitQ cap 

~ OVQn 

Fig. 2.8 Reduction of the Doppler width in a collimated atomic beam 
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An electron bombardment oven comprising a tungsten filament of diameter 
0.6 mm as a cathode was constructed. Although tungsten has a rather high 
work function (4.6 eV) it nevertheless has a very high melting point of 3380 
°C which makes it suitable for long term operation. The tungsten filament is 
looped around the graphite anode and a current of about 30 A ftows through 
this filament. The graphite anode is bombarded with electrons due to a high 
voltage of 2 kV applied to the cathode. An electric current of about 300 mA 
is sufficient to maintain the temperature of the graphite anode at 1400 °C. 
The anode temperature is measured by a thermocouple (Pt/Pt.Rh) which is 
embedded in the anode. The relation between the electric current and the 
temparature at the graphite anode is shown in the graph of Fig. 2.6. 

a) Liquid Nitrogen 

b) Black concentric 

c) Interaction Region 

d) Quartz Window 

e) Slit 

f) Graphite Diaphragm 
___._..... to diffusion pump 

d c 

Laser Beam ----· _______________ __....... 

e 
g) Tantal um Plate f 

g h) Tungsten Filament 
h i) Tantal um Crucible 

j) Crucible Slider 

J 

Fig. 2.4 Cross section of the atomic beam apparatus 
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The high voltage of 2 kV accelerates the electrons from cathode fllament 
to the anode. To keep constant this electron flow rate, the high voltage supply 
should be stable. The hurst of some dust which has low boiling point or 
abrupt changes of the pressure in the vacuum chamber cause achanging rate 
of electron fiow, which in turn effects the high voltage stability. lt is therefore 
necessary to use an emission regulator to stabilize the electron bombardment 
current and a constant current power supply to generate the atomic beam. 
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Pig. 2.6 The relation between the electric current and the temperature at 
the graphite anode 
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2.6. Photon Counting System 

Two modele of the photomultiplier were selected to detect the :ßuorescent 
photons. A photomulplier RCA model C 31034-A02 with a gallium arsenide 
chip as a photocathode and with an in-line copper-beryllium dynode structure 
is appropriate for this measurement because of its high cathode response of 
about 12% quantum effi.ciency at 716.7 nm. The dark pulse rate is 12 counts 
per second (cps) at temperature -20 °0. In our cooling system using ethanol as 
a heat carrier, the housing temperature of the photomultiplier can be lowered 
down to -60 °0 and the darkpulse rate is reduced to 0.3 cps when operated at 
2.2 kV anode to cathode voltage. After the ROA photomultiplierwas defected, 
the HAMAMATSU model R943-02 which has the same characteristics was 
applied. The photomultiplier is placed 0.65 m far from the interaction region 
to avoid any signal which occurs from gamma radiation ofradioactive samples. 
It is shielded with Iead bricks in order to reduce such a background. 

The optical system uaed to observe the :ßuorescent light is shown in Fig.2.6. 
It is composed of a spherical mirror to reßect the light backward to the di· 
rection of the photomultiplier in order to gain more fluorescent signals. A 
condensor lens is used to focus all the light towards the ca.thode of the photo
multiplier. An interference :6.lter coupled with a blocking :6.lter which is cen· 
tered at the desired wavelength, :6.lters all the light, but the 716.7 nm light can 
pass through. A quartz box is placed in front of the photomultiplier to prevent 
humidity a.t the surface window of the photomultiplier. An interference :6.lter 
( Schott type A3-0.3/ .X = 716.4 nm) with 80.6 % transmission and 3.6 nm 
full width at half maximum ( FWHM) is used toblock the other wavelengths 
of light which originate from thermal radiation of the heated oven and some 
ßuorescence light from other a.tomic transitions. The backgroundcountrate of 
the overall the1•mal radiation is 50 cps which could increa.se to 1500 cps when 
an empty tantalum crucible is inserted into the oven at temperature of about 
1450 °0. 

The signals from the photomultiplier were recorded and displayed on a 
Nuclear Data (ND-66) multichannel analyser. The photons were counted by 
means of the photomultiplier whose output fed a data acquisition system con
sisting of a Data General NOVA-3 minicomputer and its associated CAMAC 
modules. 
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a) Oven Cartridge 

b) Graphite Diaphragm e) Condensor Lens 

c) Slit (adjustable) f) Interference Filter 

d) Spherical Mirror g) Photomultiplier 

Fig. 2.6 Optical apparatus for measuring the emitted 716.7 nm photons. 
Centre of the circle is the interaction region between Iaser and 
strontium atoms. 
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2.6. Methods of Measurement 

The optical isotope shift in atomic spectra is of order MHz to GHz, very 
small when compared to the visible light of 1014 Hz. Such a small shift should 
be measured properly by Iaser spectroscopic techniques with a very high pre· 
cision. 

Instead of measuring the absolute emitted photon energies, the observed 
peak positions relative to some peak of reference were measured for the sake of 
accuracy, For Sr isotope measurements, the peak position ofthe neutron magic 
number isotope 88Sr (N =50) is used as a reference position. The distances 
of the other peaks far from the reference position are usually measured in 
units of frequency, either in megahertz ( MHz ) or in gigahertz ( GHz ). 
By this way, the isotope shifts and the hyperfi.ne splitting components are 
obtained relatively in frequency units with the accuracy depending on the 
overall stability of the measuring unit. 

Two methods of measurement are applied. Firstly, a multichannelscaling 
analysis (MCS) is a global and rough method. The cw Iaser was scanned 
internally with a long frequency range of about 3 GHz. All the resonant peaks 
of the hfs components could be observed in the spectrum. A rough value of 
the peak positions relative to the reference peak with an error of about 5 
MHz could be obtained. The second method, the side-band measurement, is 
the finer method, in which the Iaser frequency stabilization by rf amplitude 
modulation to generate side frequencies is used to tune the cw dye Iaser with 
rf accuracy. By this method, accurrate values of about 200 kHz were obtained. 

2.6.1. The Method of Multichannelscaling 

A multichannel analyser (Nuclear Data Model ND-66) in multiscaling 
mode with an acquisition interfacewas used for starting and stopping a MCS 
sweep and for incrementing the counts in each channel. The MCS swept syn
chronously with the Iaser scan. An autosequence routine of operation which 
can be automatically repeated, was employed. The photon counts as a function 
of Iaser frequency were accumulated and recorded on a magnetic tape. The 
measuring conditions for MCS were previously selected with one millisecond 
dwell time per channel and ten sweeps over 1024 channels. The starting time 
was syncbronized to the ring dye Iaser with an internal scan mode. Sweeping 
over the whole range frequency of about 3 GHzwas suflicient to cover the total 
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range of the strontium hyperflne structure components. 

The great advantage of this MCS method is to search positions of the new 
isotopes that bad never been measured. About 100 pg ofthe strontimn isotopes 
were required for this measurement. A small amount of 88Sr (1ng) was added 
and used as a reference isotope. Due to the nonlinearity of the scanned Iaser 
frequency with the time, the frequency axis must be calibrated before and after 
the eample measurement by scanning the Iaser onto a 300 MHz Fabry Perot 
interferometer. The positions of the transmission fringes were recorded and 
then the frequency scale was interpolated for the calibration purpose. The cw 
Iaser was scanned repetitively by the internal scan mode and the data were 
stored on magnetic tape. 

The total error of this method is about ±5 MHz which was partly due to 
the Doppler effect, because the collimating slit was opened for small samples 
to gain on peak signal to background ratio. The error was also generated by 
the frequency calibration due to the nonlinearity of the Iaser frequencies. 

2.6.2. The Side-Band Method 

In order to achieve a high precision of the frequency measurements, the 
Iaser frequency must be stabilized for a long term to reduce the frequency 
jitter 1Bur.79l. This was achieved by locking it to a stabilized optical reference 
resonator, resulting in a fixed frequency Iaser system. In the side-band method 
an amplitude modulation of the dye Iaser beam with some radio frequency llrf 

by an electrooptic modulator ( Lasermetries model 1080 ) was applied. The 
spectrum of the modulated light contains an unmodulated ( carrier) frequency 
lldye as weil as the aideband frequencies ( lldye + llrf ) and ( lldye - llrf ). These 
side frequencies can be used to achieve Iaser tuning. 

In this set-up as shown in Fig. 2. 7 I Ans.83 I one of the side bands is locked 
to the reference resonator (300 MHz.FSR) stabilized by an HeNe Iaser. The 
eideband loclt is accomplished by a feed-back to the dye Iaser, i.e. the Iaser 
frequency is controlled such that the aideband chosen is held on the optical 
resonator peak. If the modulating frequency is altered, the Iaser frequency 
changes in such a way that the selected aideband frequency remains constant 
since it is locked to the fixed reference etalon; in other words, a fixed side 
frequency with changing modulation frequency change llrJ Ieads to Iaser fre· 
quency change by exactly the same amount, thus rf-tuning of the dye Iaser 
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frequency is achieved. 

The rf synthesizer is operated under computer control; the Iaser is tuned 
in discrete steps of 5 or 10 MHz width across the resonance tobe recorded. 
To speed up tuning and to reduce residual errors the computer generates an 
analog feed-forward voltage that closely matches the expected control signal. 
In this way a tuning range of 1 GHz is accessible which is only limited by 
the synthesizer and rf power amplifie:r available. Since the dye Iaser light is 
frequency doubled, the corresponding tuning range of the UV or atomic fre
quency in this experiment is 2 GHz. The tuning range can be further doubled 
by locking the high or low frequency sideband to the reference resonato:r in 
turn. 

Since altogether three optical frequencies are present in the modulated 
beam, it is necessary to ensure that the proper eideband is brought in coin
cidence with a transmission peak of the reference etalon and is then selected 
to lock the Iaser. For this purpose a new feature was introduced, namely a 
frequency modulation of VrJ with speed Vfm and width ll.v. Thus only the 
sidebands but not the carrier are frequency modulated. Locking a eideband 
frequency to the peak of the reference etalon is accomplished by phase sensitive 
detection at liJm with a lock-in amplifi.er. Both sidebands can be distinguished 
from each other by their relative modulation phase difference of 180°. Thus one 
aideband is identifi.ed by the choice of the Iock-in-phase. Switching from one 
aideband to the other is then simply performed by inverting the phase-sensitive 
detector :response. 

15 



reference 
etalon 

----}' '\.-----

rf- source 
Vrf 

----------- ~~':__ ____ ---t 
f ]~~Iuv) 
1 / to experiment 

v 
rf setting on- line frequency 

computer doubler 
I 

feed forward 1 

feed back dye 
Iaser 

Fig. 2.7 Schematic diagram ofthe Iaser side-band tuning system. The small 
graphs at the top show the frequency spectrum of the Iaser light 
before (right) and after (Ieft) passing through the amplitude mod
ulating unit. 
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2.7. SampiePreparation 

The four stable isotopes of strontium as shown in Fig.2.8 are composed of 
one odd isotope with mass number A = 87 and three even isotopes with A 
= 84,86 and 88. The 88 Sr is the neutron magic number isotope (N=50) and 
has the highest abundance of 82,58 %. The radioactive isotopes of strontium 
were produced by nuclear reactions. A long half-life 85Sr nuclide (t1 ; 2 = 65.2 
d) and the neutron rich isotopes ( A = 89 and 90) were pu:rchased a.s nitrate 
solutions from Amersham and Buchler, Braunschweig, West Germany. 

The neutron defi.cient isotopes 80•81 •82•83•85mSr were produced via an al
pha irradiation of krypton gas at the isochronous cyclotron laboratory of the 
Karlsruhe Nuclear Research Center. The great advantages of the radioactive 
strontium production by this method are the high production cross section of 
these reactions, a large variety of the stable kryptonisotopes and the rapid sep· 
aration of the produced solid strontium from the gas target material. Krypton 
has six stable isotopes available as target material. Enriched krypton isotopes 
are used in order to yield larger amounts of the interesting strontium isotopes. 
Unfortunately the lighter isotopes such as 78Sr with half life 2.5±0.3 minutes 
/Lia.82/ and 79Sr with half life 2.30±0.10 minutes /Lis.79/ are not favorable 
for this experiment due to their short half lives. 
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Fig. 2.8 Part of nuclide chart from Krypton (Z = 36) to Strontium (Z = 38) 
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Fig.2.9 shows the cross section of the strontiumisotope production appa· 
ratus /Feu.78, Bek.79/. The krypton gas from the stock vessel is ftlled into 
a tantalum tube ( 30 mm long and 5.5 mm inner diameter ) at a pressure of 
about 45 bar. The cyclotron alpha beam of energy 104 MeV is passed through 
a 5 mm diameter slit and a thin beryllium sheet in order to select the optimum 
alpha energy required for the nuclear reaction. The beryllium foils (f) of 10 
p,m thickness are of the double window type and used to maintain the krypton 
gas in the tube cavity (a). An indium foil is wrapped around the outer wall of 
the tube and contacted with the copper block which is used as a heat carrier. 
The tantalum tube is cooled by cold water (g) as weil as by using compressed 
air (h). Strontium isotopes p:roduced via (a,xn ) reactions s.re deposited on 
the inner wall of the tantalum tube. After end of irradiation the krypton gas 
is pumped back by cooling the gas stock vessel with liquid nitrogen for a few 
minutes. The krypton gas is condensed and deposited on the wall. After this, 
the tantalum tube is transferred to an electromagnetic mass separator as an 
ionizer. 
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Fig. 2. 9 Cross section of the radioactive strontium isotope production 
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The isomere 85mSr and 87msr have a low nuclear spin 1/2 in contrast to 
the considerably higher spin 9/2 of their respective ground states. Therefore 
the high angular momentum transfer in the (a,xn) reaction Ieads to a very low 
isomer to ground state production ratio. Forthis reason a different production 
method bad been applied. It is based on the fact that the unstable nucleus 87Y 
also has the nuclear spin 1/2 so that it decays exclusively into srmsr. The 82.2 
hours half-life of 87Y is long enough to perform standard chemical separations. 
Because its lifetime is much Ionger than that of 87mSr, a so-called radionuclide 
generator can be made. The procedure was as follows: rubidiumchloridewas 
bombarded with a particles to produce 87Y. The yttrium was separated from 
the targetmaterial and loaded into an ion exchange column. The decaying 87Y 
produced S7mSr which was accumulated for several hours and then selectively 
washed out in amounts sufti.cient for a measurement. 

The samples normally were purifted by an electromagnetic mass separator 
/Fab.65, Fab.66/ that extracted the isotope of interest. In addition it ensured 
that the strontium was in elementary form. The procedure, however, could 
not be performed for 80•81 ·85m,srmsr because of the 80 % Iosses in the separa· 
tor. In these cases careful discrimination was required against impurities of 
other Sr isotopes produced along with that one under investigation. Quanti
tative gamma ray spectroscopy of the samples was useful in this situation to 
determine the sample composition. 

If Sr in dissolved compound form was used (as for 85•89•90•87mSr), a small 
amount of tbe solutionwas placed into tbe crucible and dried. When it was 
heated in the tantalum crucible, a sufti.cient portion of the Sr was evaporated 
in elementary form. 

The minimum amount of the strontiumisotope required for a sufti.ciently 
strong signal was about 60 pg or 4.1011 atoms. Most runs were performed with 
an amount of 100 to 800 pg as shown in the last column of Table 2.1. The 6.rst 
weight number refers to the amount used for the multiscaling method and the 
second weight number is for the method of side band measurement. 
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Table 2.1 Nuclear characteristics and nuclear reactions 

for the production of radioactive strontium 

A N b I t1/2 Nuclear Weight 

(%) Reaction (pg) 

80 42 0 1 . 8 h 
8°Kr (ct::1 4n) 80sr 100 

81 43 1/2 22.2 m 
8°Kr(~~3n) 81 sr 100 

25.5 
82 82 

200/600 82 44 0 d Kr (c:C, 4n) Sr 

7/2 32.4 h 
82 83 

400/820 83 45 Kr (CJC 1 3 n) Sr 

84 46 0.56 0 100/500 

85 47 9/2 64. 9 d 
84 85 Kr (oC 1 3n) Sr 200/1500 

85m 47 1/2 67.7 m 
8 4 Kr (c:C 1 3 n) 8 5 Sr 100 

86 48 9.86 0 100/1000 

87 49 7.00 9/2 100/1500 

87m 49 1/2 2. 81 h 8 5 Rb (~I 2 n ) 8 7 y 60 

88 so 82.58 0 100/1000 

89 51 5/2 so.s d 
88

sr (n 1 f) 
89sr 230/500 

90 52 0 28.5 a fission 100/860 
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3. UV PRODUCTION 

It is of interest to study the electronic transition of the neutral atoms of 
strontium (Sr I), 5s2 18 0 - 5s6p 1 P 1 at 293.2 nm wavelength as described in 
2.1. This wavelength is in the ultraviolet region. There are no stable dyes to 
produce any wavelength shorter than 330 nm and no accessible pump source to 
pump a cw uv dye Iaser. This monochromatic uv radiation is usually obtained 
by the interaction of the Iaser radiation with an appropriate nonlinear medium. 
The nonlinear optical device concept of a useful frequency doubler 1•elies on the 
properties of an anisotropic crystal. The crystal should be birefringent with 
a high nonlinear susceptibility. An obvious requirement is that the crystal 
should be transparent for all frequencies and must have an excellent optical 
properties. 

The propagation of electromagnetic (em) radiation through a nonlinear 
dielectric media of certain classes of crystal is described in detail by A. Y ariv 
/Yar.79/ and F. Zernike and J.E. Midwinter /Zer.73/. Two methods ofpro· 
ducing such a uv radiation are: i) frequency doubling the output of cw Iaser 
operating in the visible region , which is called the Second Harmonie Genera
tion (SHG) and ii) mixing the output of two cw Iaser sources as called the Sum 
Frequency Mixing (SFM) /Cou.81/. The mixing of radiation at frequencies w 1 

and w 2 to produce a new frequency w 3 is given by w 1 + w2 = w 3 • It is possible 
if the phase matehing condition w 3n(w3 ) = w 1n(w1 ) + w 2n(w2 ) is satiufi.ed. 
The n(wi) refers to the refractive index ofthe nonlinear medium for frequency 
Wi• In the case of SHG, this condition reduces to n(w) = n(2w), as the same 
two input frequencies are used (w1 = w 2 ). 

The second harmonic power (P2w) generated by a by a single mode, Gaus· 
sian beam of an angular frequency w and a power Pw incident along the 
principal axis of a plane parallel slab of length L of a nonlinear crystal can be 
calculated by using the theory developed by G.D. Boyd and D.A. Kleinman 
/Boy.68/, which is given in MKS unit by 

p, = JPJ.,L2d2sin2 'iJ!. [sin(AKL/2)]2 
2w Wo AKL/2 

(3.1) 

where J is tbe crystal dielectric constant at the fundamental frequency w. d 
is the coefficient of second harmonic generation determined by the material's 
nonlinear susceptibility. W 0 is the minimum beam radius and 'I]! is the angle 
between the crystal optic axis and the fundamental beam under phasematehing 
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eonditions. AKL is a phase mismateh between the fundamental and the seeond 
harmonie beams. 

3.1. Seeond Harmonie Generation by an ADA Crystal 

A sehematie of the experimental setup for Iaser system a:nd uv ge:neration 
is shown in Fig.3.1. An argon ion Iaser (Ar+) whieh operates at a green line 
614 nm with a 8 watts power, is used to pump a Coherent 699-21 ring dye 
Iaser. The ring dye Iaser operated with the dye Rhodamine 6G (R6G) at the 
686.4 nm line gives a single axial mode output power of 1 watt to produee 
a 293.2 nm beam when applying an ammonium dihydrogen arsenate (ADA) 
erystal for the SHG proeess. 

For the SHG, the ADA was used in type II 90° noneritieal phase matehing. 
The ADA erystal was chosen as a doubling erystal beeause of its optimum eon· 
version coeffi.cient for the SHG of dye R6G as observed by Blit et.al./Bli.78/. 
The ADA erystal has the eonversion effi.cieney around 10-3 w- 1 • 

L
1

,L 2 = Lenses 

p = Quartz Prism 

BS = ßeam Splitter 

PD = Photo Diode 

PO 

t 0 
f r equercy 

control 
unit 

UV 293.2nm 

to 
Atomic 

Beam 

Fig. 3.1 Sehematte diagram of the Iaser system used for producing single 
mode uv radiation around 293 nm by an ADA erystal. 
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From equation (3.1), the conversion coeflicient C of tbe SHG process is 
equal to P2w/Pw and is inversely dependent on the beam waist radius (Wo) 
which requires that the beam be focused onto the nonlinear erystal. In order 
to achieve the maximum power density of the fundamental radiatim:~. inside the 
ADA crystal, tbe beam of the dye Iaser is focused by the lens L1 (F20mm) at 
the center of ADA erystal. The single domain ADA crystal has the dimensions 
axbxc = 50x8x8 mm, where a is the length along the direction of light prop
agation. To achieve SHG for the wavelength used, the ADA crystal must be 
maintained stable at a distinct temperature. 

A Haake thermostat model FS·Q is employed for this purpose. An ethanol 
solution is cooled at a continuous operation and can reach to -70 °C. The 
temperature of the FS-device can be tuned between -65 to +SO °C. For cooling 
the ADA crystal, the ethanol is circulated from the tbermostat into the metal 
housing of the ADA crystal. In this manner the ADA crystal temperature can 
be maintained stable to ±0.05 °C. 

The temperature characteristics of the ADA crystal were determined by 
Marshall et.al./Mar.SO/. Analysis of the temperature tuning data obtained 
for SHG in ADA showed that for any crystal temperature T (°C) in the range 
from -40 °C to 100 °C the corresponding fundamental wavelength (nm) is given 
to a good approximation (±0.2 nm) by 

Am= 577.7 + aT + ßT2 (3.2) 

where the empirical eonstants a = 0.281 nm/°C and ß = 0.00055 nm/(°C)2• 
The wavelength can be temperature tuned at a rate d..\/dT = O.S nmjDC. 

The fundamental wavelength of 586.4 nm required an operating tempera· 
ture of 29.59 °C. The ADA crystal is positioned in a beam waist of the funda
mental radiation from the front lens L1 • The beam waist radius was measured 
to about 15 p..m. The generated uv radiation propagated through a seeond 
quartz lens L2 (f160mm), which is transparent for uv and serves as a recolli
mating output lens. With the fundamental input power (Pw) of 1.2 watts at 
586.4 nm, about 1.2 m W (P2w) of sccond harmonic radiation is obtained. This 
corresponds to a conversion coeffident of lx1o-3 w- 1 for this SHG process. 
The uv output power was measured with a calibrated thermopile ( Pyroelec
tric Radiationmodel Rk-6100 from Laser Precision Corp.). The 293.2 nm uv 
output power remains stable for some hom•s of operation. High Iaser power 
may induce additional Iosses due to thermal effects in the Cl'Ystal but this can 
be neglected because tbe absorption coefficient of the crystal is lower than 0.1 
%/cm /Frö.76/. 
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3.2. Second Harmonie Generation by Li103 Crystal 

In order to improve the sensitivity of the measurement, the uv light power 
should be increased. The method is based on an extracavity SHG using an 
angle tuned Iithium iodate (Lil03 ) crystal. 

The Lil03 single crystal of 5 mm thickness obtained from Gsänger Optische 
Komponenten is generated from aqueous solution and belongs to a space group 
P63 • This crystal offers great advantages of mechanical stability over a wide 
temperature range (20-250 °C) and relative freedom from degradation in a 
normal room environment. This crystal is easily polished with diamond paste 
and without deterioration ofthe polished surface when the crystal is kept in dry 
air for a long time. Since the refractive indices are very stable with respect 
to the temperature /Nat.69/, the phase matehing is achieved rapidly by an 
angle tuning. The tuning range for SHG of this crystal is limited to 292-315 
nm. Its doubling characteristics has been studied in detail by Buesener et. al. 
/Bue.86/. 
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Fig. 3.2. Geometry of the angle matched second harmonic generation for 
Lil03 crystal. L 1 and L 2 are thin lenses with focal lengths f1 20 
mm and f2 100 mm. 

24 



In the optical arrangement as shown in Fig.3.2, the fundamental Iaser beam 
is focused by the lens L1 and the bundle of the Iaser will expand until it reaches 
the second lens L2 • From lens L2 lens, it will emerge as a bundle parallel to 
the axis again. 

About 3 • 4 milliwatts of uv radiation at 293.2 nm was obtainable when 
using R6G dye Iaser at 1.2 watt. The SHG efBciency of the Li103 crystal is 4 
times greater than when using the ADA crystal at the same'condition. When a 
high power Iaser is focused on this crystal, it is slowly degraded. The thermally 
induced Iosses in the crystal are of particular importance, which are caused 
by absorption of the Iaser radiation within the dielectric medium, creating a 
temperature profi.le across the Iaser beam. The absorption coefBcient of the 
crystal is more than 10 %/cm /Nat.69/ due to an increasing phase mismatching 
in the crystal. To avoid the residual absorption of the Iaser which causes this 
thermal defocusing, a movable table was constructed in order to move the 
crystal in a horizontal direction perpendicular to the Iaser beam. The tableis 
moved by a step motor with the speed of about 1 mm/min. 
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4. RESULTS 

The induced transition of a valence electron from ground state to the sec· 
ond excited P state ( 5s2 18 0 - 5s6p 1P 1 , A = 293.2 nm) of Srl was achieved 
by Iaser excitation of the neutral strontium atoms. In decaying to the lower 
quantum state of 5s4d 1 D 2 , the emitted photons of wavelength 716.7 nm were 
observed. A typical spectrum showing the positions of all four stable stron· 
tium isotopes ( 84:0.56%, 86:9.86%, 87:7.02%, 88:82.16% ) is given in Fig.4.1. 
The actual computer plot is shown where the data are distributed over 1024 
channels correspoding to the frequency range of about 2 GHz. The odd isotope 
A = 87 shows three peaks due to the splitting of the hyperftne structure. The 
three even isotopes are shown by the equidistant peaks in a queue along the 
frequency axis, which represents the isotope shift effect. 

The observed line width of 30 MHz at FWHM, is the mixture ofthe natural 
linewidth 2.5 MHz ( Chapter 2.1 ) and a dominant residual Doppler broadening 
due to the high oven temperature (>1200°C). The slit diameter allowing the 
bundle of atoms to pass through contributes to the Doppler effect. A good 
spectrum resolution can be seen from the clearly resolved peaks of A = 86 
and one of A = 87 with 30 MHz distance. The peak intensities are directly 
proportional to the amount in weight of the conesponding isotopes. 

88 

r-1 3000 
Q) 
,::: 
,::: 
cO 

..c: 
u 
'-...,. 
Ul 
.j.J 2000 
,::: 
:::1 
0 
u 

:>i 
.j.J 

100(1 ·r-1 8G 
Ul 
,::: 
Q) 87(9/2) 8 7 < 11 I 2 l 
.j.J 

87(7/2) 84 ,::: 
H 

0 
-1000 -500 0 500 

Atomic Frequency MHZ ) 

Fig. 4.1 Optical spectrum of Sri (A = 293.2 nm) from the stable strontium 
isotopes 

26 



....J 
w 
z 
z 
-<( 
:X: 
<...) -l/) 

700 

1- 500 z 
:::> 
0 
<...) 

>-
1-
...... 
l/) 

z 
w 
1-
z 
...... 

300 

100 

t •••• •.,, 

N NN NN N - i=::t::: -...... Lfl cncn 

('") 1'--M -..t I'- ('") Q) I'-
Q) CI:)Q) Q) Q) Q) tO 00 

I I I I I 

·~ \.J J\ N 1 1.·.\ . · . .~.) .~ .... " .... · ... ·: ....... ·.· 
-1200 -600 0 600 1200 

ATOMIC FREQUE:NCY [MHzl 

Fig. 4.2 The hyperflne splitting spectrum of odd A isotopes ( A=83 and 87). 
88Sr and 84Sr occured as impurities in the crucible. 

>-
1-

700 

...... 500 
V) 

z 
w 
1-

~ 300 

9 0 88 
I I 

-120 ·60 0 60 

FREQUENCY[MHzl 

Fig. 4.3 The spectrum of 90Srand 88Sr measured by the side-band method 
with 6 MHz per channel 

27 



Fig.4.2 shows the fluorescence spectrum of two odd isotopes 83Sr and 87Sr 
which resulted in a splitting of the hfs components. The radioactive 83Sr (t1; 2 
= 32.4 h ) was about 500 pg and 1 ng of the stable isotope 87Sr was added as 
a reference by an electromagnetic isotope separator. 88Sr and a small peak of 
84Sr occured as impurities in the uncleaned tantalum crucible which remained 
from a previous experiments. The atomic f.requency scale is counted from the 
reference peak position of 88 Sr. The peak position of 90Sr relative to 88Sr as 
shown in Fig.4.3 is a typical spectrum measured by the side= band method. The 
Iaser frequency was changed by the computer controlled procedure and using 
6 MHz per channel. 

The results ofpeak positions which were observed by using the multiscaling 
(MCS) and the side-ba.nd (SB) methods are compiled in Table 4.1. The isotope 
shifts and hfs of the strontium isotopes between A = 80 to 90 including two 
isomeric nuclei 85m and 87m are determined across the major neutron closed 
shell (N=50, A=88). The experimental errors quoted are statistical and arise 
from the uncertainties in the determination of the positions of the calibration 
fringes from the reference FPI and the resonant isotope peaks. The statistical 
errors in the determination of frequency intervals are estimated from an analy· 
sis of several identical measurements, which are eventually averaged. Possible 
systematic errors may result from nonlinearities of the dye Iaser frequency 
scan. These nonlinearities are estimated from the dispersion of the measured 
free spectral range (FSR) of the reference 300 MHz FPI, when scanning the 
dye Iaser over a long frequency range. The uncertainty in the length of the 
reference cavity give rise to an additional error contribution. The long term 
frequency drift of the dye Iaser also accounts for random error. The sources of 
errors, both the statistical ß.uctuations and the estimated possible systematic 
errors were treated in more detail in /Ans.85/. The parameters that were var· 
ied to test their inßuence on the frequency difference determination are: Iaser 
intensity, direction of the atomic and light beams, atomic beam collimation, 
oven temperature changes and Iaser frequency control and tuning characteris· 
tics. The result showed that the uncertainty for the determination of natural 
strontium peak positions was typically 50kHz. The other feature that Iimits 
the accuracy of the :results is the observed linewidth of the resonances. The 
precision, which is an inherent portion of the linewidth, is about 1% of the 
experimental FWHM. 

28 



Table 4.1 Hyperfine component positionsandisotope shifts 

for strontium isotopes and isomers for the optical 

transition = 293.2 nm. 88sr was chosen as the 

reference for the frequencies. 

Mass Nuclear Total Component 

Nurober Spin Angular Position 

A I Momentum lJA _ .l}8 
cm 

F (MHZ) 

80 0 -992(5) 

81 1/2 1/2 -200 ( 8) 

3/2 -1221 (5) 

82 0 -728.4(5) 

5/2 -1264.5(3) 

83 7/2 7/2 -782.5(5) 

9/2 -84.4(3) 

84 0 -474.06 (5) 

7/2 -1077.7(2) 

85 9/2 9/2 -462.8(2) 

11/2 +317.2(3) 

1/2 +414.5(3.0) 
85m 1/2 3/2 -715.4 (1.5) 

86 0 -224.73(5) 

7/2 -927.85(10) 

87 9/2 9/2 -254.95(10) 

11 I 2 +596. 97 ( 10) 

1/2 +905(15) 
87m 1/2 3/2 -580 ( 1 0) 

88 0 0 

3/2 -1044.5(5) 

89 5/2 5/2 -304.8(4) 

7/2 +692.8(1.0) 

90 0 -79.7(3) 
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Considering the consistency of the experimental results, we relate our iso· 
tope shifts (>. = 293.2 nm) to those in the transition 5s2 18 0 - 5s5p 1 P 1 at 
..\ = 460.7 nm transition from 1Eli.83, Buc.85l by the Kingplot method (see 
Chapter 5.1). The modifted isotope shift quantity (v88 - vA )·88·AI(88-A) for 
the 293.2 nm line is plotted against the same expression for the 460.7 nm line 
as shown in Fig.4.4. I Ans.86l. The :6.ve points do not lie on a straight Une in 
contradiction to the standard theory ofthe isotope shifts as suggested by Kuhn 
1Kuh.69l. Fig.4.4 also shows the possibilities of the King lines. The dotted 
area give the range of the King line due to the uncertainty of the results for 
the four stable isotopes (84,se,s7,sssr) and its spread does not meet the 89 •90Sr 
data points. From this discrepancy, it could be concluded that the 89•90Sr data 
must be in error I Ans.86 I. 

vA- v
66 500GHz 

A- 88 A88 

for A= t.60.7nm 
[1 •. 5) 

-500GHz 

500GHz 

A=BI, / 
......... 

I 

~ i=86 

A 60 
~A88 
A- 88 

for 
A=293.2nm 

Fig. 4.4 Kingplot of the modifled IS between Srl (293.2 nm) line and the 
470.6 nm line from IBuc.85l 
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6. INTERPRETATION 

6.1. Isotope Shifts and Mean Square Charge Radii 

The isotope shift (IS) is defined as a dift'erence of the atomic transition 
energies between two isotopes. The eft'ect can be seen clearly in Fig.4.1. This 
typicalspectrum shows the peak positions ofthe even A isotopes (A = 84,86,88) 
in whicb the distances are: 224. '13 MHz for 84- 86Sr and 249.33 MHz for 86- 88Sr. 
The isotope shift values obtained in this experiment are shown graphically in 
Fig.6.1. The values for the odd A isotopes are obtained from determining the 
centers of mass of the hfs Ievels. 

For a given transition, the IS between two isotopes which the neutron 
numbers are changed with mass numbers A and A' originates from two mech· 
anisms. The first is due to a change of nuclear mass of the isotopes and is 
called the mass shift eft'ect (MS) and the other part arises from changes of size 
and shape of the electronic charge distribution of the nuclei which is called the 
fleld shift (FS) or the volume shift effect~ 

Following the notations in many reviews concerning the theory of isotope 
shift /Sta.66, Hei. 7 4, Bau. 76, Sch.80, Kin.84/, the experimental isotope shift 
in an atomic transition i is expressed as follows: 

IS=MS+FS 

ßv:<iA' = M· A'- A + F.·;\AA' 
' I AA' I 

(5.1) 

(5.2) 

where AvfA' is the frequency dift'erence between two optical peaks of isotopes. 
Mi and F i are the parameters for mass and field effects, respectively. ;\AA' 

is a parameter carrying the information about changes of the nuclear charge 
distribution. 

6.1.1. Mass Shift 

The mass shift can be split into anormal mass shift (NMS) and a specific 
mass shift (SMS) 

Mi= Mi(NMS) + Mi(SMS) (5.3) 

The normal mass shift is due to changes in the reduced mass and can be 
calculated as 

M me 
i(NMS) =- 'Vi 

mv 

1 
- , II' 
- 1836.15 ' 
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where me/mv is the electron to proton ma8s ratio and Vi i8 the tran8ition 
frequency (in our case 293.2 nm = 1.02225x1015 s-1 and Mi(NMS) = 5.569x1011 

s-1 ). 

The speciß.c mass shift arises from the inßuence of correlations in the mo· 
tion of the orbital electrons on the recoil energy of the nucleus as given by: 

(5.5) 

where Pi and Pk are electron momenta of the electron j and k, respectively. 
M i8 the nuclear ma8s and n i8 the number of electron8 in atom. The factor 
Mi(SMS) can be positive or negative depending on the correlation between all 
electrons and can be calculated 80 long a8 the wave function is known. Like 
the normal shift, the SMS falls off as 1/M2 with increasing M, and i8 very 
8mall in the heavy element8. 

5.1.2. Field shift 

The ß.eld shift effect originate8 from the variation of the ftnite size and the 
angular shape of the nuclear cbarge distribution when neutrons are added to 
the nucleus. Consequently the binding energy of 8· electrons differ8 for different 
isotopes. The monopole term of the electrostatic energy for an electron in the 
ß.eld of the nuclear charge distribution is given by: 

(5.6) 

where Pe is the electron den8ity and lf>n is the nuclear potential. Consequently 
for an atomic transition: 

(5.7) 

where ßpe is tbe difference in electron densities between the atomic states, and 
the shift between i:mtopes A and A' is given by: 

(5.8) 
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where l::i~n is potential difference between isotope A and A'. The parameter 
Fi ( see eq.5.2 ) may be factorized as /Hei.74/ 

(5.9) 

where the electronic factor Ei depends on the change of the total nonrelativis
tic electronic charge density at the point nucleus, t::.p6 = AIW'(r=O)I~ in the 
corresponding electronic transition i 

3 
Ei= 1r;o AIW'(O)If (5.10) 

where a0 is the firstBohr radius and equal to h 2/m6 c2 = 5.20177xlo-11 m and 
Z is the atomic number. ß is the screening effect and takes into account the 
change in the screening of inner closed shell electrons from the nuclear charge 
by the valence electron as it changes from ns to np states /Hei. 7 4/. 

The factor f(Z) is a function which increases with Z and accounts for the :rel
ativistic correction to Ei and fo:r the finite nuclea:r charge distribution. Adopt· 
ing a uniformly charged sphere of the radius R = r 0 A 113 the function f(z) has 
been evaluated by Babushkin /Bab.62, Bab.63, Fra.62/, slightly improved by 
Zimmermann /Zim.84/. Historically /Bri.52/ f(z) is expressed in terms of the 
" isotope shift constant ". 

The nuclear parameter ,\AA' can be expressed as apower series of the mean 
charge radii differences /Sel.69/, 

(5.11) 

Since to a good approximation, the electron wave function can be considered 
constant over the nuclear volume, the contribution of the higher charge mo· 
ments are very small /Hei.74/, usually smaller than the errors in the evaluation 
of ,\AA' from the optical measurement; i.e. 

(5.12) 
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5.1.3. King Plot 

The separation of the experimental isotope shifts into mass shift and field 
shift is usually performed by a King Plot procedure /Kin.63 /. The relation of 
the IS between two atomic transitions i and j is shown in the following way: 

(5.13) AA' AA' AA' AA' F. ( F.) 
Svi,RIS A _ A' = Svj,RIS A _ A' F.· + Mi,SMS- Mj,SMS F.· 

3 3 

where SvtG;s is the residual isotope shift of the transition i in which the NMS 
has been subtracted from the experimental IS. The Kingplot procedure is the 
plot between two modified isotope shifts for pairs of AA', where in general the 
points should fall on a straight line /Kuh.69/. The extracted quantities from 
the graph are the slopes Fi/Fi and the intercepts Mi,SMS • Mj,sus·F•/Fi• 

Energy ss2 ss s~ ss 6p 

1 xto3cm-tl l_iJ I1Pt I 3Pt II 1P1 I 3Pt 
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0 

Fig.5.2 Energy Ievel diagram of Sr! with the observed transitions 
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The results of the isotope shift measurement for the 293.2 nm line in this 
experiment are presented in Table 5.1 with the previously studied other transi· 
tion lines. The measured transitionisotope shifts relative to A = 88 strontium 
are given in MHz. A negative sign in 716.7 nm Une means that the lighter 
isotope is shifted toward a larger frequency. The observed atomic transitions 
for the neutral strontium atoms (Srl) are shown in Fig.5.2 with energy Ievels 
of the corresponding electronic states. The transition lines are Iabelied with 
the values of wavelength in nm. The ionic transition line of 421.6 nm (Srii) is 
not shown in this diagram. The experimental data are presented in Table 6.1. 

Table 5.1 Observed transition isotope shifts relative 

to 88sr ( in MHz ) of the strontium atoms 

Line Transition Isotope Shift ./)88 - lJA (MHzl 
(nm) 84 86 87 89 90 

421.6a 2 2 
5s s

112
- Sp p1/2 361 ( 25) 167 ( 13) !.>9 ( 7) 

460.7b 5s
2 1s 

5s5p 1p 270.8(1.4) 124.8 ( 3) 46.3(2.0) 0 - 1 
c 270.6(2.4) 124.5(1.3) 49.2(3.6) 9 3. 1 ( 7. 1) 206. 2 ( 2. 4) 

d 271.2 (1. 5) 124. 9 ( 1. 5). 49.2(3.6) 

689.3° 5s 2 1s -
0 

5s5p 3p 
1 351.2(1.4) 164.0(0.8) 6 2. 5 ( 1 ,0) 

e 351.2(1.8) 163.7(1.0) 62. 3 ( 1. 4) 

293.2f 5s 2 1s - 5s6p 1p 474.06 (5) 224.73(5) 93.62(6) 25.8 ( 5) 79.7 ( J) 

b 0 1 
475.4(7) 226.3(7) 95.2(1.0) 

295.2b 5s 2 1s -
0 

5s6p 3p 
1 423.8(3.2) 199. 6 ( 4) 80.7 (6) 

242.8g ss 2 1
so 5p4d 1p 

1 600.1 (9) 285.0(8) 123. 7 ( 8) 

730.9h 5s4d 10 -
2 

5p4d 10 
2 289 (7) 130.0 (1. 2) 49.0 ( 1. 5) 

716.7h 5s4d 10 - 5s6p 1p -463.2(1.0) -220.6 ( 1.0) -99.5(1.0) 
2 1 

a. Borghs et.al. /Bor.83/ e. Bender et.al. /Ben.84/ 

b. Eliel et. al. /Eli. 83/ f. This experiment 

c. Buchinger et.al. /Buc.85/ g. Foot et.al. /Foo.84/ 

d. Martin et.al. /Mar.86/ h. Grundevik et.al. /Gru.83/ 
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Fig. 5.3 The King plot of the measured isotope shifts versus tbe sbifts in 
line 293.2 nm. The dot line is plotted to guide the eyes for the 
unity slope. 
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Table &.2 The evaluated electronic factor ratios (slopes) 

and the intercepts from the King plot procedure 

Line 

(nm) 

4 21 . 6 

460.7 

689.3 

295.2 

242.8 

730.9 

716.7 

Reference Slope 

F293/Fi 

/Bor.83/ 0.74(20) 

/Eli.83/ 1.10(15) 

/Buc.85/ 0.94(12) 

/Eli.83/ 0.97(10) 

/Foo.84/ 0.99(7) 

/Gru.83/ 1.03(15) 

/Gru.83/ -1.73(18) 

Intercept 

M293-MiF293/Fi 

381 (81) 

326(16) 

269(3) 

1 20 ( 5) 

-224 (29) 

432(53) 

-604(95) 

The results of the isotope shift of 293.2 nm transition are compared with 
the other transitions in Fig.6.3. The dashed line is plotted to guide the eyes 
for the unity slope. The graphs show that the isotope shifts are consistent 
and yield the results of electronic factors as presented in Table 6.2. It can be 
seen that all slopes are approximately parallel to the unity slope (dashed Une), 
which means that the electronic factors (F i values) are quite similar. But the 
slope of the ionic state Srii {421.6 nm) shows the electronic factor is 1.35 times 
larger than for 293.2 nm line. Not shown, but given in Table 6.2 is the unusual 
slope of the 716.7 nm line. Its negative slope is results from the negative shifts 
of the isotopes, whereas the lighter isotopes shift to the higher frequencies. 
The electronic factor (F i value) of this line is so small about 0.58 times to the 
293.2 nm line, which means the electric field gradiens are different and the 
field shifts should be expected very different. This low value shows that either 
the Srll or Srl (293.2 nm), ifnot both, is not such a simple spectrum as might 
be expected. 
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5.1.4. Electronic Factor Calibration 

The electronic factors F and M were derived from 8<r2> values of stable 
strontium isotopes, resulting from an analysis of muonic X-ray studies. There 
are two different sets of such data available. The 6.rst set: 

adopts the results of Bender et. al./Ben.84/. The three values were treated as 
independent data. This set Ieads to F = -1.08(40) GHz/fm2 and M = +660{80) 
GHz. 

The second set was derived from preliminary values of Barret equivalent 
radii Rka determined by recent muonic X-ray experiments from /Fri.86/: R~~ 
- R~~ = +0.0088(10) fm and R~! - R~~ = +0.0130(10) fm. The value of 
parameter k was 2.167, and a has the value 0.0943 rm-t • 

With these input data and an R~~ of 5.0483 fm, the 8<r2> were com-. 
puted using standard formulas /Eng. 74/ and assuming a two-parameter Fermi 
charge density with a skin thickness paramatert :ßxed to 2.20 fm. The radius 
parameter c was adjusted in a way that the Barretmoment differences for the 
Fermidistribution reproduced the muonic Barretmoment differences; these in 
turn were recalculated from the given 8Rka as the Barretmoment differences 
of homogeneously charged spheres with radii differing by 6Rka• The resulting 
set 2 is: 

The uncertainties quoted are those arising from the 6Rka errors only. The elec
tronic factors F and M then become: F = -0.58(24) GHz/fm2 , M = +725(65) 
GHz. 

Using either 8<r2 > set, two different evaluations were performed to deter· 
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mine Ö<r2> for all isotopes. Instead of using F and M values given above, it 
is advantageaus togoback to the calibrating ö<r2> data. They deHne a King 
line /Kin.84/, and the 8 <r2 > are found in a least square procedure that en· 
sures that the resulting uncertalnties are minimised. The results of the optical 
isotope shifts from this measurement and the mean square charge radius dif· 
ferences <r2 >A - <r2 > 88 are given in Table 6.3. The evaluationwas done with 
two different sets of calibration data from set 1 /Ben.84/ and set 2 /Fri.86/ and 
the results a:re displayed in Fig.6.4s. a.nd in Fig.6.4b. In view of the calib:ration 
problem it is not surprising that these results di:ffer somewhat from others as 
e.g. /Buc.85/ , /Mar.86/ and /Eas.87 /• Kingplot method. 

Table5.3 Optical isotope shifts and mean square eh arge 

radius changes for strontium nuclei. 

Mass Isotope \ r2>A _ <r2)88 

Nurober shift ( fm2 ) 

A (MHz) Set 1 Set 2 

80 -992(5) +0.227(20) +0.294(21) 

81 -881 (4) +0.217(14) +0.294(13) 

82 -728.4(5) +0.169(13) +0. 220 ( 15) 

83 -610.9(2) +0. 149 ( 10) +0.200(15) 

84 -474.06(5) +0.110(9) +0. 14 3 ( 10) 

85 -314.8(2) +0. 04 7 (-14 j +0.042(28) 

85m -338.8(1.4) +0.070(9) +0.084(12) 

86 -224.73(5) +0.047(5) +0.058(7) 

87 -93.62(6) +0.007(7) +0.002(15) 

87m -85(8) ..;..0. 001 ( 10) -0.02(2) 

88 0 0 0 

89 -25.8(5) +0. 10 ( 4) +0. 21 ( 10) 

90 -79.7(3) +0.23(9) +0.46(22) 
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Fig. 5.4a The evaluated ms nuclear chargeradins difference from <r2>~=50 
with /Ben.84/ as reference 
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5.2. Hyperfine Structures and Nuclear Moments 

5.2.1. Hyperfine Structure 

The hyperfine structure effects are responsible for the splittings of the 
atomic energy Ievels. These effects result from the fact that a nucleus posesses 
electromagnetic multipole moments of higher order than the electric monopole 
and interacts with the electromacnetic :O.eld produced at the nucleus by the 
electrons. By using general symmetry arguments of parity and time reversal 
invariance, it is shown that the number of possible multipole (2k poles) mo· 
ments is restricted /Sob.'12/. These are the magnetic moments for odd k and 
the electric moments for even k, i.e. the magnetic dipole p, (k=l), electric 
quadrupole Q (k=2), magnetic octupole 0 (k=3), electric hexadecapole (k=4), 
and so on. The most important of these moments are the magnetic dipole 
moment, which associated with the nuclear spin and the electric quadrupole 
moment, which caused by the depa1•ture from a spherical charge distribution 
in nucleus. Interaction of the higher order multipole moments (k>2) with the 
electron is inte1·esting but often negligibly small. 

For the nuclei with nonzero moments p,1 and Q, an additional interaction 
with the elect1•on shell take place and produces a splitting in the energy of 
the fine structure Ievels. The energy of these hf multiplets is given by the 
traditional Casimir formula: 

WF = WJ + Wp + WQ 
_ W AC B 30(0 + 1)- 41(1 + 1)J(J + 1) 
- J+2+. 81(21-1)J(2J-1) 

(5.14) 

(5.15) 

where W J is the ßne structure energy, W I' and W Q are, :respectively, the mag· 
netic dipole .nnd the electric quadrupole interaction energy. A is the interval 
constant or the magnetic dipole conatant and Bis thc electric quad:rupole con
stant. C = F(F+l)-J(J+l)-I(I-J-1), where I is the nuclem· spin, j is the total 
angular mome:ntu.m of the shell electrons and F is tbe total angular momentum 
for the different hfB sto:tes. 
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6.2.2. Nuclear Moments 

The magnetic dipole interaction constant A and the electric quadrupole 
interaction constant B of the 6s6p 1p 1 state of strontium have been derived 
from the observed hyperßne structure of the odd A isotopes by means of the 
Casimir formula (6.16). The values of the hyperßne Interaction constants A and 
B are listed in Table 6.6, comparing to the previous measurements of 87Sr by 
Eliel et.al. /Eli.83/ and Grundevik et.al./Gru.83/, they a:re in good agreement 
with our values. The errors quoted are those arising from the uncertainties in 
the experimental data and the overall errors concerning statistics. 

The characteristics of nuclides i.e. nuclear magnetic dipole moment p,1 and 
electric quadrupole moment Q.., could be Straightforward calculated from A 
and B, respectively. Therefore the calculation of the magnetic dipole moments 
is available, using the ratio of A factors, the known nuclear spins and then 
scaling to the known value of magnetic dipole moment of one isotope, Jtm = 
p,.I.Am/ A.Im• It is assumed that the dominant contribution to the magnetic 
dipole moments from the '11"1p3; 2 proton in the range of isotopes A = 80-90 is 
rather similar nuclear structure and thus a small hyperßne anomaly. 

The known value of Jti can be obtained from the Table oflsotopes /Led.78/ 
and from the compilation of G.H. Fuller and V.W. Cohen /Ful.69/. A.G. 
Kucheriav et.al. /Kuc.68, Kuc.59/ bad applied the molecular beam mag· 
netic resonance {MBMR) method and had obtained 87 p, = -1.0924{9) nm. 
The method of nuclear resonance (NMR) was applied by Bank and Schwenk 
/Ban.73/ and was reßned again by Sahm and Schwenk /Sah.'14/ with the re· 
sult of -1.0892'14{7) nm. This result is quoted in /Led.78/ as -1.093602{1) nm 
due to the correction of a new value of the proton monient. We used the value 
87 p, = -1.0924{7) nm with diamagnetic correction from L. Olschewski /Ols. 72/ 
as the reference. This value was obtained from the rf transitions between the 
Zeeman Ievels of the ground state 1 S0 by using the optical pumping method. 
Beca.use the beam consisted of strontium atoms, intramolecular interactions 
and the chemical shift effects as in NMR method could be disgarded and the 
diamagnetic correction could be evaluated accurately. 

The spectroscopic electric quadrupolemoments Q 8 can be deduced from 
the ratlos of the measured quadrupole interaction canstants B by using the 
relation: Qm = QA.Ba:/BA, where QA is the known quadrupole moment value 
of isotope A with respect to the hf interaction constant BA• G. zu Putlitz 
/zuP.63/ had investigated the hfs of the 5s5p 3P 1 state of the Sri spectra 
by the optical double resonance method and obtained the electric quadrupole 
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moment of Qs7 = +0.36(3) barn. This vnlue was applied to calculate the 
quadrupole moments for the measured hfs of the 3 P 2 state of 87Sr, using the 
atomic beam magnetic resonance (ABMR) technique by S.M. Heiderand G.O. 
Brink /Hei. 77/. The average value from the electronic states was obtained Q87 

= +.335(20) b. This value was been corrected for the antishielding effects due 
to polarization of the core electrons by Sternheimer. The deduced values of 
the magnetic dipole moment and the electric quadrupole moment are shown 
in Table 5.4. 

The theoretical ab initio method was applied to evaluate the nuclear elec
tric quadrupole moments for 87Sr by Grundevik et.al./Gru.83/ The effective 
radial quadrupole parameters <r-3> have been calculated by using the Hartree 
Fock (HF) and the relativistic Hartree Fock (RHF) methods. This yielded the 
quadrupole moments of the two states: Q(5s6p 1PI) = 0.63 band Q(5s4d 1D2 ) 

= 0. 70 b. These values are not reliable and should be deduced with more 
detailed calculations as the states involed are very strongly perturbed. 

Table 5.4. Hyperfine spli tting constants A and B as calculated 

from the component positions for odd Sr isotopes 

Mass 

Nurober 

A 

81 

83 

85 

85m 

87 

87m 

89 

and isomers. The nuclear magnetic dipole moments ~I 
and the electric quadrupole moments Q were derived 

from A and B factors. 

t\lucl. A B ~I Q 

Spin Factor Factor ( b) 

I (MHz) (MHz) ( /J.N) 

1/2 -681 (6) +0. 540 ( 5) 

7/2 +149.02(6) +31.6(5) -0.8289(7) +0.823(50) 

9/2 +139.75(4) +12.4(3) -0.9994(7) +0.323(20) 

1/2 -753.3(2.2) +0.599(2) 

9/2 + 1 52 . 7 50 ( 1 5 ) +12.87(15) -1.0924 (7) +0.335(20) 

1/2 -9 90 ( 1 2) -12.1(5) +0.787(9) 

5/2 +288.65(20) -1.147(2) -0.314(23) 
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6. DISCUSSION 

6.1. Nuclear Models 

Theoretical aspects for the calculation of nuclear size ca.n be started from 
the usualliquid drop model (LDM) /Wei.35/. Analogons to the drops ofliquid, 
nuclei are incompressible homogeneously charged spheres with radii expressed 
as R = r 0 A 1/ 3 , where r 0 is radins constant of about 1.2 fm. For practical 
reasons, it is often presented in terms of the second radial moments, the mean 
square (ms) radins 

< r 2 >= 3/5r~(A)A213 

The r 0 (A) varies slowly with A,e.g. /Col.6'1 /, 

ro = 1.15 + l.SOA-213 - 1.20A-413 

(6.1) 

(6.2) 

Due to the simplicity, this model can serve as useful standard for comparison 
with experimental data. 

Myers et.al./Mye. 77, Mye.80, Mye.83/ bad developed the liquid drop mode.J 
by considering terms of nuclear density distribution including neutron skin 
thickness, nuclear deformations and bulk redistributions of nucleon. With this 
droplet model (DM) the ms radins can be calcula.ted from the expression 

(6.3) 

where the three terms are the contributions from the size of the uniform dis
tribution, the redistribution with its shape dependence and the last term, the 
nucleon diffuseness, respectively. This model prediction with deformation cor
rections included, shows in general good agreement with the measured values. 
Poor agreement is obtained when applied to rubidium isotopes (Z=37), espe· 
cially for the neutr·on deftcient side ( N <50). The discrepancy can be accounted 
for by the larger values of zero-point quadrupole deformation other than the 
static deformation expected as suggested by Campi and Epherre /Cam.80/. 

A density dependent Hartree-Fock (DDHF)-BCS method /Eph.81/ was 
applied to calcula te neu tron separa tion energies and ms charge radii of 7 4- 104 Kr 
and 76- 106Sr. They are in excellent agreement with experimental values for 
N>60. On the contrary, for the neutron deftcient isotopes N <60, the discrep· 
ancy can be accounted for by the large zero-point quadrupole vibration effect. 
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One of the sensibly interesting theoretical models, the two parameter Fermi 
distribution is proposed recently by Wesolowski /Wes.86/. A spherically sym· 
metric distribution of charge in deformed and diffused surface nucleus under 
rotation is assumed. Many factors are taken into account, the proton and neu· 
tron odd-even effect, the neutron shell effect, the deformation effect and the 
effect of N-Z assymmetry of nuclei. Attempts have been made to empirically 
a global behavior of the parameters of the charge distributions which is seen 
much more clearly than the Hartree-Fock and droplet model calculations. The 
comparision of the model prediction values with the experimental ones showe 
a very good agreement, especially the negative shüt in the case of neutron de· 
flcient strontium isotopes. The ms charge radii can be reproduced fairly weil 
as shown in Fig.6.1. 

Wesol owski 
0.3 ;r-·-o..,., -..... / 

N .t' ·,, 
E: 'o, ....... \ ....__ 
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0.2 
0 
lJ"l 

,.,(\ 
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V 

I 
z 0.1 
1\ 

N 

l.. 
V 

0 

A 76 78 80 82 84 86 88 90 

Fig. 6.1 The evaluated ms nuclear charge radius variation compared with 
the theoretical values from Wesolowski /Wes.86/ 
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6.2. Nuclear Deformation& 

The experimental result of ms charge radii of the strontium isotopic se
quence shows a distinct nuclear shrinking before neutron shell closure N =50. 
The dot line in Fig.6.1 gives the calculated values of 8<r2> using the spher· 
ical droplet model /Mye. '1'1 /. The departure of the experimental curve from 
the calculated one can be expressed in term8 of nuclear deformation. In this 
attempt, the experimental value8 of 8<r2> are reproduced a8 a function of 
deformation parameter (ß) by the empirical droplet model as de8cribe8: 

The simple incompressible fluid model of the nucleus is generally U8ed to 
correlate the variation of <r2 > with two effect8 when neutrons are added, i.e. 
i) an increasing in the volume of the charge di8tribution and ii) changing of 
the nuclear charge at the con8tant volume and den8ity. The m8 nuclear charge 
radius is then expressed as: 

(6.4) 

where <ß2> i8 the m8 deformation of nucleu8 in the ground 8tate /Hei.'14/. 

The total change in <r2 > between two neighboring A and A' can be ex· 
pressed by: 

(6.5) 

8ince <ß2 > is usually 8mall compared to unity, the approximate result is then: 

(6.6) 

ln8ofar a8 the :field shift is proportional to 8 <r2 > it can be expres8ed as the 
sum of two terms, one depending on changes in nuclear volume (volume shift) 
and the other depending on the nuclear shape (shape shift) or deformation. 

In order to extract 8<ß2> from the observed 8<r2 >, one has to eval.uate 
the 8sph<r2 >AA' from the spherical droplet model data as compiled by Myers 
/Mye.Sl/. 
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The nuclear deformation behaviors on both sides of beta stability reglon 
can be studied by gamma ray spectroscopic methods. The energy and half-life 
systematics ofthe nuclear lying states suggest a shape and size ofnuclear defor· 
mation and have been interpreted as arising from collective quadrupole motion 
ofnucleus. A collective model proposed by Bohr and Mottelsson /Boh.75/ has 
been extremely successful in describing many aspects of nuclear shapes. In 
Fig.6.2 the systematics of the ftrst excited 2+ state energies of even·even stron· 
tium nuclei are plotted /Led.78/. The shell closure at the magic number N=60 
is clearly observed in the highest lying 2+ state for 88Sr isotope. It reveals a 
marked drop in the energy Ievels ae one moves away from N =60 and strongly 
supports a new region of large deformation centred around N = Z = 38. This 
region is very interesting since the highest value of quadrupole deformation ß = 
0.4 has been found experimentally /Nol.74, Bam.81/. For theoretical grounds, 
N=Z=38 exhibits the shell gaps effect of both neutrons and protons which 
would reinforce each other and drive a nucleus towardslarge deformed shape. 

A phenomenological description of the nuclear collective model is the differ
entiation of the permanent (static) deformation and the dynamic (vibrational) 
deformation. The current studies of the Coulomb excitations or the inelas· 
tic electron scattering experiments yield the gamma ray spectroscopic results, 
in which the quantitative information on deformation parameter can be ob· 
tained from the measured reduced E2 transition probability from the relation; 
/Ste.65/, 

2 _ B(E2, o+ -+ 2+) 
< ß >- (3ZR2/41r)2 

(6.7) 

1.836 

1.6 f-

1.2- 1.076 

.7 9 3 
0.8 f-

,8 31 .810 

. 57 3 

0.4 . 3 8 6 
. 2 7 8 

0 I 
A 78 80 82 84 86 88 90 92 

Fig. 6.2 The excitation energies of the ßrst 2+ Ievels of even strontium 
nuclei from A = 78 to 02 
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where R = 1.2A113 fm. The B(E2) value between the o+ ground state and the 
f:lrst 2+ state in even-even nuclei represents the occurrence of the quadrupole 
distortions in nuclei /Chr.'12/ and relates to the intrinsic quadrupole moment 
Qo by: 

B(E2 o+ -+ 2+) = -
5
-Q2 

' 161r 0 (6.8) 

The reduced transition probability can be roughly estimated from the energy 
of the :flrst 2+ Ievel by using the general empirical rule /Gro.62/, 

(6.9) 

The experimentally measured reduced E2 transition probability B(E2,o+-
2+) values and the deduced deformation parameter 8<ß>88•A are given in Table 
6.1. The B(E2) values are taken from the compilation in Nuclear Data Sheets 
/Bun.'16, Tep.'18, Mül.'19/ and for 78•80Sr were calculated from the data of the 
intrinsic quadrupole moments /Lis.82/. In general, the results of the various 
investigations are in satisfactory agreement. As is apparent from Fig.6.3, the 
nuclear deformation decreases with increasing neutron number, being smallest 
for 88Sr with a closed neutron shell. 

Table 6.1 The transition probability values, B{E2,0+-2+) 

and the extracted rns deforrnation pararneters 

frorn the collective rnodel and frorn the serni

ernpirical droplet rnodel 

A + + S< ß2>~M88 Ö(r2)A-88 a< ß2)A-88 B{E2,0 -?. ) ß exp DM 

78 1.08{13) .o. 4 36 0.178{23) 

80 0.88{9) 0.387 0.138(15) 0.227(20) 0.117(8) 

82 0. 500 ( 2 5) 0.286 0.070(4) 0.169(13) 0.081 (6) 

84 0.285(30) 0.213 0.033(5) 0.110(9) 0.052(4) 

86 0.118(16) 0. 1 3 4 0. 006 ( 3) 0.047(5) 0.025{3) 

88 0.082(2) 0. 110 0 0 0 

90 0_232(70) 0. 1 8 4 0.020(10) 0.23(9) 0.016{6) 
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Fig. 6.3 The variations of ms deformation from 88Sr nucleus which were 
deduced from a) B(E2,o+ -2+) values and b) semiempirical droplet 
model 

51 



6.3. Comparison of MS Charge Radii with Neighboring Elements 

Fig.6.4. compares the trend of 8<r2> for strontiumisotopes observed from 
the present work is comparable to those for krypton (Z=36) /Ger.79a/, rubid· 
ium (Z=37) /Thi.Sl/, zirconium (Z=40) /Hei.63/ and molybdenum (Z=42) 
/Auf.78/. The subsequent addition ofneutrons to fill the (lg9 / 2 ) neutronshell 
results in regular decrease of the ms charge radins in the successive isotope 
shifts. An obvious shell crossing effect is apparent, as shown by the abrupt 
increase in <r2>. This is due to the proton core polarization by adding neu· 
trons, indicating a strong systematic shell effect. By comparison 8<r2> values 
between these isotopes, all values depend on neutron numbers, but the varia
tion is not monotonic, as shown by the staggerred lines. 
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Fig. 6.4 The ms nuclear chargeradins variation as different from <r2
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6.4. Odd Even Staggering 

It is found from the isotope shift measurements that the center of gravity 
of the hfs energy Ievels for odd A nucleus does not lie half-w ay between the 
corresponding energy Ievels of the neighbouring even isotopes /Kuh.69/. The 
extracted ms charge radii of odd A nuclei often appear to be smaller than the 
mean size of the neighbouring even A nuclei. It is traditional to express the 
degree of the odd even staggering (OES) through: 

2. [< r2 >A _ < r2 >A-1] 
"'= < r2 >A+l _ < r2 >A-1 

(6.10) 

where Ais an odd mass number corresponding to the ms nuclear charge radius. 
The odd even staggering parameter ("!) can also be expressed more directly by 
the more accurate isotope shift data / Ans.86a/ as: 

_ 2 · [ovA-l,A- M/A(A- 1)] 
"/- 6vA-1,A+l- 2Mj[(A- l)(A + 1)] (6.11) 

which differs from the last equation in that the electronic parameter Fi and 
its uncertainty are eliminated. 

The theoretical explanations of these staggering effect as a nuclear defor· 
mation phenomenon were given by Wilets et. al. /Wil.53/, Bodmer /Bod.54/ 
and Tomlinson and Stroke /Tom.68/. They expected that the even-even nu· 
clei were somewhat more deformed than the odd-even nuclei. Sorensen et. 
al. /Sor.66/ suggested that the OES was due to a blocking of ground state 
quadrupole vibrations of the nucleus by the odd neutron. Reehal and Sorensen 
/Ree.71/ used the pairing plus quadrupole model to explain the blocking effect 
of the odd particle for the different behavior of the OES. Zawischa /Zaw.80/ 
has extended this idea by taking into account the short range attraction be· 
tween neutrons and protons to explain the OES of the rare earth nuclei. Talmi 
/Tal.EM/ had studied the polarization of the proton core by valence neutrons 
as a possible mechanism for producing the odd-even variation in the charge 
radii of isotopes. 

In Fig.6.5. values of the staggering parameter of the Sr nuclei are plotted 
against the neutron number. An inversion of the staggering occurs for A=85 
and 87, whose ms radii are also less than half of the corresponding neighboring 
even isotopes. For A=81 and A=83 the inversion can be interpreted as a 
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nucleu deformation staggering, with the transition from a slightly deformed 
to a strongly deformed oblate shape. Gamma spectroscopy of the neutron 
deftcient 78•79•80Sr has yielded evidence for a coexistence and crossing of the 
bands in these nuclei /Lis. 78/. 

The behavior ot the OES effect after closed neutron shell is of interest, es
pecially for the isotopes with magic-plus-one neutron number. It is established 
that the OES effect disappears after N = 28, 50,82 and 126 as has been plotted 
together in Fig.6.4 /Auf.83/. It is known that such nuclei represent isotopes 
with special stability. A reasonable explanation for this is given by the theory 
of Zawischa /Zaw.SO/, in which a blocking ofpairing correlations reduces the 
ms neutron radius by reducing the diffuseness of the Fermi edge for neutrons. 
Proton-neutron interaction makes the proton distribution follow the neutron 
density. Therefore, after magic shells, only a small OES is tobe expected. 
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Fig. 6 •. 5 The extracted odd even staggering parameter of the strontium 
nuclei and of the magic plus one nuclei 
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An alternative representation ofthe odd even staggering effect can be given 
by the expression I Ans.86 I: 

tl = 6 < r2 
>A,88 -~ · [8 < r2 >A-1,88 +6 < r2 

>A+1,88] 

= 6 < r2 >A,A+l +6 < r2 
>A,A-1 

(6.12) 

(6.13) 

As plotted in Fig.6.6. The strontium data are taken from set 1 o:f this experi· 
ment and extend further to the lower mass number at A = 79 and 80 from the 
recent data of 1Eas.87 I. The error Iimits are determined from the total errors 
of 6<r2 > in which the dominant systematic errors are included. The large error 
at the point A = 88 is due to the large total errors of the both neighbouring 
isotopes A = 87 and 89. The small errors at A =so, 82 and 83 are due to the 
similarity of error Iimits for all the three isotopes A, A-1 and A+1 as shown in 
equations (6.12) and (6.13) which hence reduces systematically the error Iimits 
of tl. The other graphs show the deduced values of tl for tin (Sn), which are 
taken from the data 1Ans.86b, Loc.87l and also for Iead (Pb) data 1Ans.86l. 

The graph exhibits the differences of Sr from the normal odd even stagger· 
ing as in the case of tin and Iead. The anomalous odd even staggering occurs 
at the region A < 83 through the lower mass number to A = 79, i.e. the tl 
values arepositive for odd A and negative for even A. This inverse odd even 
staggering might be somewhat correlated to the strongly deformed shape of 
nuclei in this region. When considering the total trend of tl , at the negative 
part, it seems tobe highest at A = 88 and gradually increases along the lower 
mass numbers and reaehes zero at A = 80. The upper part, the positive values 
are quite constant in the range between +0.01 to +0.02 in the same manner as 
for the tin isotopes. The range of tl for the Iead isotopes are enlarged betseen 
0.01 to 0.04 for both the positive and negative parts. 
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6.5. Nuclear Radii and Binding Energies Correlation 

The dift"erence of ms charge radii between pairs of even neutron number 
is plotted against neutron numbe:rs, as called B:rix.-Kopfe:rmann diag:ram, in 
Fig.6.6. The va:riation of two neut:ron sepa:ration ene:rgies S(2n) and the binding 
ene:rgy pe:r nucleon a:re plotted fo:r compa:rison, these values a:re taken f:rom the 
compilation of Wapst:ra and Bos 1Wap.7'1 I• The inc:rease in 8<:r2 > of A=90 is 
associated with low value of S(2n) and a sudden dec:rease of the binding ene:rgy 
pe:r nucleon. 

A simple quantitative empi:rical co:r:relation between :relative va:riations of 
<:r2> and dift"e:rences in binding ene:rgies pe:r nucleon has been obse:rved by 
Gerstenkorn et.al. IGe:r.60,Ge:r.69l. The relationship is exp:ressed as, for a set 
of even neutron isotopes A 0 and A 2 : 

(6.14) 

whe:re B is binding energy pe:r nucleon, k 1 and k2 a:re constant pa:ramete:rs. 
This :relation allows the dete:rmination of the :relative size of <:r2 > fo:r va:rious 
isotopes starting f:rom the :reliable measu:rements of binding ene:rgies. It does 
wo:rk well in pa:rticula:r fo:r the isotopes with neut:ron numbe:r app:roacbing the 
magic numbe:rs. It was also expected that the:re exist anomalous o:rde:ring of 
<:r2 > as a function ofmass numbe:r, i.e. inve:rsion f:rom the no:rmally inc:reasing 
function in st:rontium isotopes and included fo:r Ti, C:r, K:r, Rb, Xe and Ce 
IGe:r. '19 I. 

Hefter et.al. IHef.83, Hef.84l have applied the inverse metbod to the 
solution of the nuclea:r mean field Scb:roedinge:r eigenvalue p:roblem and yielded 
the simple :relation: 

8 < r 2 >= 7.34(A213 I B(A)- A~/3 I B(Ao)) (6.15) 

whe:re :r is nuclea:r :radius and B(A) is binding ene:rgy per nucleon of isotope A. 
This relation is also limited on the :range of applicability due to the exclusion 
of shell eft"ects and the existence of defo:rmed nuclei is igno:red. 

The linear dependence of :residual isotope shifts ( the optical isotope shift 
minus its normal mass shift) to 8 (BI A) fo:r co:r:responding pairs of even neut:rons 
for xenon and ba:rium bad been studied by Wenz et.al.IWen.SOI. The last 
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pai:rs, involving the magic neut:ron numbe:r N =82, a:re the exception to the 
Gerstenkorn :relation. They suggested that the shell closu:re effect should be 
taken into account by adding a te:rm containing the Kronecker delta 8 N,N _ 2 to 
the exp:ression. By applying the plot of :residual isotope shift va:riation f:rom 
the optical data of k:rypton isotopes ve:rsus the diffe:rence of binding ene:rgy pe:r 
nucleon, Gerha:rdt et.al.IGe:r.79l could estimate the speciflc mass shift (SMS). 
As assuming the slope k 1 = 0 due to the small value of <r2> diffe:rence, the 
SMS of k:rypton could be evaluated f:rom the intersection of the straight line 
at 8(BIA) = 0, and was found tobe app:roximately -2 MHz. 

The st:rontium isotopes app:roaching N =60 a:re pa:rticula:rly suited to check 
these ideas. By plotting 8 <:r2 >N ,N +2 ve:rsus 8 (BI A )N ,N +2 , the two pa:ramete:rs 
a:re ext:racted tobe k 1 = 0.188 fm21GeV and k2 = --o.068 fm2 • From the plot 
of the :residual isotope shift (RIS) diffe:rences against 8 (BI A), we can ext:racted 
two pa:ramete:rs k 1 and k2 to be 0.08 MHziMe V and -97 MHz, :respectively. 
Compa:ring to the ext:racted SMS value -31.75 MHz of st:rontium (N=48I50) 
the Ge:rha:rdt's concept fails to :reproduce SMS in this case. It should be 
somewhat mo:re complicated than such a simple :relation proposed, fo:r which 
up to now no theo:retical explanation can be given. 

A mo:re :reflned analysis fo:r the global trend of rms charge :radii I Ang. 77 I 
coupled to the trend of neut:ron separation energies INi:r.78l has been made 
Angeli and Lombard I Ang.86l to establish a co:r:relation between va:riations of 
nuclear :radii and binding energies. The fl:rst obse:rvation I Ang. 77 I, the devia· 
tion of experimental :rms cha:rge radii f:rom the :rough A 113 dependence shows 
simple t:rend of straight lines and va:ries systematically as a function of neu
t:ron numbe:r. The obse:rved discontinuities between the straight lines can be 
explained qualitatively by the shell model. Whe:reas the second obse:rvation 
INi:r.78l, D. Ni:r has investigated the experimental :results of mass measu:re· 
ments using a semiempirical mass formula. The analysis indicated that the 
existence of a universal dependence on neut:ron number fo:r the shell effect 
term in the two neutron separation energies as the expression: 

(6.16) 

whe:re Bexp is the experimental binding ene:rgy, B 8 is calculated from a semiem
pi:rical fo:rmula and ll.2N denotes the change of neutron number by 2 units. 
Combination of the two above mentions, the actual cor:relation between the 
Variation of the nuclear radii and the binding ene:rgies could be established as 
the exp:ression: 
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(6.17) 

where Ar2 is the square nuclear radins difference by AN neutron unit, r 0 = 
1.2 fin and Ais an atomic mass number. The quantity f is a three parameter 
fnnction depending on neutron number and binding energy per nucleon as 
described above. This correlation is shown to be rather successfnl in predicting 
the global differences in nuclear radii but the discrepancies at some local such 
as N < 60 strontium isotopes, the concept of nuclear deformations should be 
accounted for. 
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6.6. Nuclear Magnetic Dipole Moments 

6.6.1. Schmidt Values 

The extracted nuclear magnetic moments of' strontium nuclei f'rom these 
experimental results and the neighboring elements compiled by Lederer and 
Shirley /Led.78/ are plotted in the Schmidt diagram as shown in Fig.6.8. The 
plot of' nuclear magnetic moments against the total nuclear spins shows the 
relationship tobe expected in the single particle model of' the nucleus, in which 
the nuclear properties are attributed to the effect of' one nucleon. Strontium 
nuclei have the even protonnurober Z = 38 , hence most magnetic moments 
can be understood as arising f'rom a single unpaired neutron. Most of' the 
points observed experimentally of' the nuclear magnetic moments lie between 
the Schmidt Iimits, the lower Iimit value -1.913 nm and the upper Iimit value 
equal to +1.913 1/(1+1) nm, where I is the total nuclear spin. 
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Fig. 6.8 The deduced magnetic dipole moment values f'or the odd A- even 
Z nuclei in the Schmidt lines 
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The strontium nuclei with nuclear spin I = 1/2 (A = 81,85m and 87m) 
have the neutron con:6.8uration (2p1t2 )1. These nuclear ma8netic moments lie 
nearly on the Schmidt value of +0.638 nm. Only the 87m value of +O. 787 nm 
is observed tobe sli8htly hi8her than the Schmidt value. It mi8ht be due to the 
fact that only one neutron is required to complete this shell. The 8round state 
spins I= 9/2 of 85Sr and 87Sr belon8 to the neutron con:6.8urations (189/2 )1 and 
(1g9t2 ) 9 , respectively, with the Schmidt value of -1.913 nm for both isotopes. 
The actually obse:rved values of the ma.gnetic moments are around ~1 nm, i.e. 
about half of the Schmidt Iimit as in many other nei8hbouring elements plotted 
in this dia8ram. Nearly the same value is observed for 89Sr with its ground 
state spin I = 5/2 and the neutron state of (2d5t2 )1. The single neutron lies 
after the closed shell of ma8ic number N = 50. The discrepancy between the 
experimental data and the theory of Schmidt Iimit is due to the simplicity of 
the shell model that is based on a spherical symmetric potential, in reality 
nuclei are deformed. The other possible reason is that the ma8netic dipole 
moments of the nucleons in nuclear matter differ from the free state due to the 
effect of the meson cloud chan8ed around the nucleons. 

6.6.2. Anomalous Couplin8 State 

The nucleus of 83Sr is an irre8ular case. Its nucleus would be predicted 
from the sin8le particle ve1•sion of the shell model to have the the spin 9/2 
or 1/2 corresponding to ~he assi8nment of the last unpaired neutron to a 
89/2 or possibly a p 112 orbital The observed spin I = 7/2 makes this 83 Sr an 
exceptional nucleus /Lip.76/. The 8round state of this N = 45 nucleus has 
been assigned (89/2)7/2 with three holes in the 89/2 orbital. Its seven 89/2 
neutrons contribute to couplin8 the total spin I = 7/2. Such an anomalous 
couplin8 of 45 neutrons also occurs in the 8round states of the isotonic nuclei; 
77Ge, 79Se and 81 Kr, which all have 189/2 neutrons formin8 a nuclear spin 
7/2 /Led.78/. This state has been called Kurath anomalous couplin8 state 
/Kop.56/, which is associated with the opposite parity state of a lar8e spin in 
the major shell a.nd there will appear an extra low-lyin8 state swith spin I = 
(j-1). The anomalous coupling is discussed as arisin8 from different effects. D. 
Kurath /Kur.50, Kur.52, Kur.53/ has considered finite ran8e interactions to 
account for the anomaly for three nucleons or holes in a shell. L.S. Kisslin8er 
/Kis.66/ described such (j)J_ 1 states as caused by pairin8 plus a quadrupole 
interaction which sometimes considerably lowers these Ievels ( intruder-states 
), in the present case of 83Sr down to the nuclear 8round state. A. Kuriyama 
et.al. /Kur.72, Kur.73/ have further refined the model by introducin8 the 
"dressed" three quasiparticle modes. 
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The 83Sr can be understood as a (1g9;2 )7/~ anomalous coupling state since 
the typical properties of such states are found. The competition between the 
regular 1=912 and the 1=7 12 anomalous coupling are demonstrated in 83Sr and 
85 Sr: in 85Sr the ground state still is 1=912 and the 712 state lies 0.23 MeV 
above 1Led.78l, whereas in 83Sr the two states are inverted. The change from 
A=85 to A=83 is accompanied by the continued increase of deformation as is 
expected from the above mentioned modele IKis.66, Kur.72l. In particular, 
the large positive quadrupole moment of 83Sr is a characteristic property of 
anomalous coupling as suggested by Hardy et.al. 1Har.53l. They had mea
sured the moments of 79 Se (N=45), the isotonic nucleus of 83Sr and obtained 
J.t(19 Se) = -1.016 nm and Q8 (19 Se) = +0.7(1) b. The measured magnetic mo
ment was in agreement with the Schmidt value -1.60 nm calculated from a 
configuration of j=l+112 (g9; 2 ) neutrons. 

6.6.3. Hyperfine Anomaly 

Little can be snid nbout the hyperfine nnomaly. There is considerable g1 
value which predicted by the theory is that g1 = J.ti I (I.J.tN ). The g1 values 
deduced from this experimental results are -0.2368(2) : 83Sr, -0.2220(2) : 
85 Sr and -0.2428(2) : 87Sr which are in good agreement with the g1 value 
predicted by Kuriyamn et.nl. 1Kur.72l to be -0.24 nm. There is not nny 
experimentally observed g1 values because it is only one odd A (A=87} for 
the natural strontium isotopes, we can not deduced any hyperfine anomaly 
from our observed magnetic hyperfine constant (A) and J.ti vnlues. But it 
is remnrkable that the magnetic hyperfine constant ratio A(87) I A(85) = 
1.093(3) and the ratio of ~tll for isotopes 85:83 = 0.9376(9). Comparing to 
the data of krypton, the neighboring element, as reported by Gerhardt et.al. 
IGer.8ll , it resulted that the ratio ofmagnetic moments J.t(85Kr) I J.t(83Kr) = 
1.030(2) and for the quadrupole moments Q(83Kr) I Q(85Kr) = 1.712(9). It is 
surprising, since both lie in the same g9 ; 2 neutron state and not so far from the 
major neutron magic number N =50. They suggested that the great difference 
of quadrupole moments induced the hyperfine anomaly between these two 
nuclei. 
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6. 7. Nuclear Electric Quadrupole Moments 

The extracted values of electric quadrupole moments (Qa) of the stron· 
tium nuclei are shown in Table 6.6 and plotted in Fig.6.0. The spectroscopic 
quadrupole moments for strontium A=86 and 87 show the positive values and 
quite the same magnitude of +0.336{20) b and +0.32{2) b, respectively. For 
A=83, Q8 is +0.82{6) b, the suddenly large value reflects a drastic change of 
nuclear deformation between the isotopes A=83 and 86. The Q8 of A=81 nu
cleus can not be derived from this,experimental data, due to its ground state 
spin 1=1/2 and is excluded for the Q 8 value from the Casimir formula. In this 
plot we Iet the zero value of Q 8 {81) in order to guide the eyes. The negative 
value of Q8 {80) = -0.30{3) b means that the oblate form nucleus was occured 
after adding one neutron to the spherical 88Sr nucleus. 

The spectroscopic quadrupole moment Q8 is proportional totheB factor. 
In the case where the nucleus is axially symmetrical and strongly deformed, the 
intrinsic quadrupole moment Q0 may be obtained by the projection formula: 
Q0 = Q8 (1+1){21+3) / 1(21-1). The results of Q0 values are also plotted in 
Fig.6.0. However, the strontium nuclei appear tobe transitionalso that such 
a simple relation Q0 and Q8 is not very realistic. 
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'1. CONCLUSION 

An attempt has been made on measuring the isotope shifts and the hyper· 
ftne splittings for a long isotopic chain of strontium A = 80 - 90, including two 
isomere 86m and 8'Tm. The method was based on the resonance excitation of 
a collimated atomic beam by using a Iaser beam crossing at right angle. The 
293.2 nm uv light was achieved by the second harmonic generation method 
with either a tempe:rature tuned ADA crystal or an angle tuned Lii03 crystal. 
The induced atomic transition is 6s2 18 0 - 6s6p 1 P 1 and the emitted photon of 
'116.'1 nm f.rom decaying to the 6s4d 1 D 2 metastable state were observed. The 
neutron deftcient isotopes ( A = 80,81,82,88,86m ) were produced by alpha 
induced reactions ( a, xn ) with enriched krypton gas targets, whereas the 
long half-life ( A=85 ) and the neutron riched isotopes ( A = 89,90 ) were 
purchased as a nitrate solutions. Purifted isotopes were available by an elec· 
tromagnetic mass separator and the least amount used was about 60 pg. The 
rf side-band method was employed for Iaser frequency scanning and control 
with high precision. 

The experimental results of the isotope shifts and the hyperftne interactions 
give important information on the particular nucleus which can be extracted 
as the following summary. 

1. The variation of ms charge radii are evaluated from the measured 
isotope shifts by the Kingplot procedure using the muonic X-ray data coupled 
with the extracted 6<r2 > values from some optical data. The kink of <r2 > 
value at N =60 shows a distinct closed shell effect. 

2. The negative shift of 6<r2 > is the increase of radii with decreasing 
neutron number below N=60, which is ascribed to an increasing deformation. 
Applying the simple two parameter droplet model, the extracted deformation 
parameterB show consistent with the values from B(E2,o+-2+) results. 

8. The charge radins of the isomeric nucleus 86m is lying weil in the 
middle of the neighboring even nuclei and is greater than its ground state 
nucleus, which is in contrasted to 87m. 

4. An inverse odd-even staggering occurs from A=88 through the 
lower mass number nuclei in coptrasting to the normal odd-even staggering 
effect, where the odd nuclei are always slightly smaller than the average of the 
even neighbours. They supported somewhat the evidence that A=84 nucleus 
is the border between the spherical and the deformed nuclei as shown by the 
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gamma ray spectroscopic methods. The staggering parameter of A=89 nucleus 
is nearly unity which supports the idea that the magic plus one nuclei are very 
little deformed. 

6. The correlation between relative variation of <r2 > and differences 
in binding energy per nucleon and the differences in two neutron separation 
energies is limited on the range of applicability due to the exclusion of shell 
effect and the existence of defo:rmed nuclei f'or strontium A < 88 is igno:red. 

6. The isotonic comparison of 6<r2> values between the neighbouring 
elements Krypton (Z=36), Rubidium (Z=3'1), Strontium (Z=38), Zirconium 
(Z=40) and Molybdenum (Z=42) show nearly the same trends for both sides 
of the closed shell. 

'1. The actually observed values of the magnetic dipole moments of 
odd A isotopes (A=83,86,87) are around -lJ.tN, i.e. about half of the Schmidt 
value, whereas the 1=1/2 isomeric nucleus (A=8'1m) is larger than the Schmidt 
value ( +0.638J.'N ). 

8. The large electric quadrupole moment and the relation of the mag· 
netic dipole moments are supporting the behavior of the Kurath anomalous 
coupling state of 8~rin which the g:tound state can weil be understood as a 
v(lg9t*/2 intruder state. 

9. The spectroscopic quadrupole moments of A=83,86 and 87 show 
the evolution of the nuclear deformation in prolate shapes when going away 
from A=88 nucleus, while A=89 nucleus reveals an oblate shape. 
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