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RESUME 

Une nouvelle méthode de spectroscopic laser "en-ligne* datâmes radioactifs 

basée sur la spectroscopic par ionisation résonante d'atomes désorbés par laser a été 

développée. Un dispositif expérimental a été installé "en-ligne" au séparateur de 

masse ISOCELE de l'IPN d'Orsay (France) et des expériences ont été effectuées sur 

la région des noyaux de transition autour de Z=79. Les déplacements isotopiques 

des nouveaux isotopes 1 M - 1 9 6 > 1 9 8 . I 9 9 A u ont été obtenus dans l'or et des résultats 

sur les isotopes pauvres en neutrons jusqu'à 1 8 6 Au ont permis de confirmer la 

transition de forme du noyau de oblate à prolate entre 1 8 7 Au et I 8 6 Au. Les 

premiers déplacements isotopiques sur les isotopes radioactifs du platine ont été 

obtenus sur *8G,i88,i89pt D K indications d'une transition de forme entre 1 8 S P t 

et 1 B S P t ont été observées. Les changements du rayon carré moyen de charge 

6 < r 2 >A>A extraits des résultats expérimentaux sont comparés à des calculs 

"self-consistent" Hartree-Fock plus BCS. 



ABSTRACT 

A new method for on-line laser spectroscopy of radioactive atoms based on 

the resonant ionization spectroscopy of laser-desorbed radioactive samples has 

been devised. An experimental setup has been installed on-line at the ISOCELE 

mass separator in Orsay (France) and experiments have been performed on the re

gion of transitional nuclei around Z=79. Isotopic shift measurements on four new 

isotopes i e 4 ' 1 9 6 - 1 9 8 . 1 9 C A u have been performed on gold and results on the neu

tron deficient isotopes down to 1 B S Au have been obtained, confirming the nuclear 

ground-state shape transition from oblate to prolate between I 8 7 A u and l 8 6 A u . 

The first isotopic shift measurements on radioactive platinum isotopes have been 

obtained on 1 8 6 . 1 B 8 < l 8 9 p t . Indications of a shape transition have been observed 

between 1 B 6 P t and I 8 8 P t . The extracted experimental changes in mean square 

charge radii 6 < r 2 >A<A along isotopic chains are compared to self-consistent 

Hartree-Fock plus BCS calculations. 



CONTRIBUTION TO ORIGINAL KNOWLEDGE 

A new method for on-line laser spectroscopy of radioactive isotopes has been 

devised. It utilizes Resonant Ionization Spectroscopy plus time-of-fiight detection 

of samples formed in a pulsed atomic beam by laser desorption. The method is 

widely applicable, has a high-resolution capability (175 MHz in the U.V. spectral 

region) and an overall detection efficiency of 6 x 10~ 5 . 

The experimental system was used on-line at the ISOCELE mass separator in 

Orsay (France) and the first isotopic shift data on I",IM,196,19*^ w e r e obtained. 

In addition, a negative sign for the magnetic moment of 1 9 2 Au could be assigned 

from our high-resolution work, the magnetic moment of 1 8 7 A u measured provided 

a decision between two conflicting values and the large increase in mean-square 

charge radius from 1 8 7 Au to 1 8 0 Au was reproduced. The first laser spectroscopy 

results on radioactive platinum isotopes were obtained on i86,!8B,i8Bpti -r-he m o _ 

ments of 1 8 S > Pt were determined from the hyperfine structure and Ô < r 2 > values 

extracted from the measured isotopic shifts for the even-A Pt isotopes were in

terpreted as signaling a possible shape transition between 1 8 e P t and 1 8 8 P t when 

compared to theoretical values obtained from Hartree-Fock plus BCS calculations. 
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INTRODUCTION 

The advent of the laser was a turning point for the atomic physics field to which it 

provided a new life. Over the last twenty years nuclear physics has started using this pow

erful tool to its own advantage. A combination of factors made this possible. The effects 

on the electrons of the changes in nuclear structure for the different isotopes of a given 

element, although very small with respect to even the fine structure of the electron levels, 

became available for very precise measurements because of the high monochromaticity and 

stability characteristic of the laser. These properties of the laser were also made available 

over a very wide range of continuously tunable frequencies with the development of the 

dye laser, whose width and stability are typically of the order of one part in 108 (about 1 

MHz) over the whole visible spectrum. 

Precise optical measurements of the nuclear effects on the electronic structure (the 

isotope shifts and the hyperfine structures of the different isotopes) became feasible using 

high-resolution laser spectroscopy. The measured quantities are related to the mean-square 

charge radius and the spin, magnetic dipole and electric quadrupole moments of the nuclei. 

The remaining problem of extracting the nuclear information from these effects which 

are related to both the nuclear and atomic properties also became more reliably solved 

with better computing methods for the atomic properties. Another interesting aspect of 

these measurements is that they provided very reliable "direct" values of the difference in 

the mean-square charge radius of the nuclei along an isotopic chain. The other methods 

(electron scattering, muonic atoms) for the determination of the charge radius of an isotope 

require a macroscopic sample and cannot therefore be used on radioactive isotopes. 



Numerous Doppler-free techniques (two-photon absorption, saturation spectroscopy, 

polarization spectroscopy, etc...)[De82] were applied to most atoms in the valley of beta-

stability to optically measure these properties. Of course these methods were only possible 

on samples in the form of a vapor, and other methods such as the optogalvanic effect were 

developed for the most refractory elements. Some elements for which the transitions from 

the ground state were not in the visible range (for example the noble gases) had to be 

studied in a discharge to populate metastable states from which visible transitions were 

available. Slight variations of the same methods were used on the long-lived radioactive 

isotopes which could be produced in large enough quantities and then studied off-line. 

The next interesting step was to extend the isotope shift measurements to get changes 

in mean-square charge radii over long chains of isotopes extending far away from the valley 

of beta stability. This of course meant making measurements on much smaller samples 

over shorter periods of time ; for such measurements, on-line techniques are necessary. 

This also required the development of methods more adapted to this kind of experi

mental situation, where one or many laser beams must interact with a 45-60 keV radioactive 

beam of 10 7-10 8 ions per second, Collinear methods based on the detection of fiuorescence 

and optical pumping methods were developed and long-chain of isotopes were measured 

(up to 29 consecutive isotopes plus 4 isomers in Cesium) [Th81, Co87], yielding valuable 

information on the static properties of exotic nuclei [Ja79,Ot87|. But these methods were 

applicable only to the elements with favorable electronic structure (optica] transitions in 

the visible from the low-lying electronic states) and which could be extracted from an 

on-line ion source. 

One of the early and most spectacular results of on-line optical isotope shift measure

ments on radioactive atoms was the observation of a large change in mean- square charge 

radius in mercury between the ground-states of l 8 7 H g and 1 8 5 Hg [Bo72, Bo76j. This result 

was later interpreted as a shape transition from a weakly oblate to a well-deformed prolate 
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shape [Ca73|, The existence of a well-deformed nuclear ground state so close to the magic 

proton number Z«82 was not expected and generated wide interest. More recently, nuclear 

spectroscopy results suggested a similar shape transition in gold isotopes between A=187 

and A=186 |Po83, Ma84}. A shape transition is also expected from nuclear spectroscopy 

results to take place in the platinum isotopes somewhere between A=190 and A-185 

[De75, Ro85, R086, Ab87]. But these elements are not easily accessible by the usual laser 

spectroscopic methods since they have their optical transitions from the electronic ground 

state in the ultra-violet (U.V.) region and they cannot be easily extracted from ion sources 

because of their refractory properties. 

The U.V. region has become accessible to laser radiation through the use of nonlinear 

susceptibility effects in crystals or vapors to doub)e,trip)e or mix different wavelengths. But 

since these are nonlinear effects, the laser intensities required to efficiently produce U.V. 

radiation are enormous (of the order of MW/om 2). To obtain useful U.V. laser sources one 

then needs to use a pulsed excitation of the nonlinear medium, which usually means using 

the output of a dye laser pumped by a pulsed Nd:Yag or excimer laser. This also means 

a pulse duration of about 10 nanoseconds and a repetition rate of typically 10 hertz. The 

low dut}- cycle of the laser system then makes coIHnear spectroscopy very inefficient and 

other methods have to be devised. 

One method used by Wallmeroth et al. |Wa87] at the ISOLDE separator facility 

of CERN is to accumulate the radioactive isotopes in an oven and then vaporize them 

as a thermal atomic beam to interact with the laser beams using a very sensitive laser 

spectroscopy method. The gain in sensitivity comes from the accumulation possible in the 

oven and the duty cycle since the effective interaction time for the atomic beam is not the 

10 ns of duration of the laser pulse but the time it takes for the atoms to go across the laser 

beam dimension. This is of the order of a few microseconds for atoms in a thermal beam 

of about 1500 K. The laser spectroscopy method used is resonant ionization spectroscopy 

(R1S) which has been shown t i be able to detect single atoms jHu79], The total efficiency 
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of the method (ratio of the number of atoms detected over the amount accumulated in the 

oven) was evaluated to be about 10~ 8. 

A possible way of improving the sensitivity of detection of the radioactive atoms would 

be to have them coming out in a pulsed atomic beam synchronized to the resonant ioniza

tion laser system. This is the method we have developed to make optical measurements 

on neutron deficient Au and Pt isotopes. We Implant the radioactive beam from the 

ISOCELE iPaSl] mass separator in Orsay on a foil and then desorb the atoms using laser 

desorption from a pulsed Nd:Yag laser, which is synchronized with the laser pulses used 

for the resonant ionization of the selected atoms. Since the radioactive ions are created in 

a bunch in a well defined region of space during a very short time interval (about 10 ns), 

we can use this property to discriminate against the different sources of background. To 

do this, the ions created by the ionizing laser pulses are accelerated through an electro

static ttme-of-flight system before being detected by a multichannel plate detector. This 

provides additional mass selectivity and discrimination against the ions created directly 

by the heating pulse of the Nd:Yag laser or by non-resonant ionization from the ionizing 

lasers. 

The development of this method enables us to acquire more d?.ta on the tsotopic shifts 

in the region of transitional nuclei around Z=79, which is of great interest to nuclear physics 

because of the nuclear shape transitions expected in the neutron deficient isotopes. But 

also, the method in itself, if proven sufficiently efficient, could be very useful for purification 

of the output of mass separators. By adding Z selection through the ionization step to 

the A selection of the mass separator, isobarically contaminated beams could be purified 

even when the usual techniques based on difference in chemical properties and ionization 

potential are not effective. 



CHAPTER 1 

CHOICE OF THE METHODS 

The interest in this work is twofold. The study of the changes in mean-square charge 

radius and In deformation of the neutron-deficient iBOtopes in the Au region is of great 

interest to nuclear physics because of the expected ground state shape transitions. The 

technical aspect of this work centres around a new on-line laser spectroscopic method with 

high sensitivity and wide applicability (including refractory elements and elements with 

ground states transitions in the U.V.), The elements (Au and Pt) studied in this work 

are not easily accessible by usual methods of laser spectroscopy. The first laser work en 

radioactive Au isotopes dates from 1983 (K183J and no radioactive Pt isotopes have been 

studied so far by l*ser spectroscopy. This is easily understood because of the technical 

difficulties that these elements present, namely their high vaporisation temperature, high 

ionization potentials and electronic transitions from the ground state only in the U.V. 

region. 

The effects of the nuclear structure on the electronic levels are more important for 

the levels for which electrons have a reasonable probability of going through the nucleus. 

Since the quantity measured in an optical transition is the change biought about by these 

effects on the electronic levels, transitions which involve a large change in the electronic 

density at the nucleus must be used to obtain a large isotopic shift. These transitions 

generally involve the removal of an s-electron to promote it to a p-state or the removal of 

a Pi/2-electron (which has in a relativistic treatment a non-negligible probability at the 

nucleus) to a higher lying d or s-shell. The available transitions of interest in Pt and Au 

correspond to frequencies in the U.V. region. Tl.is fo-ees us to use a pulsed laser sys\em 

to study them. 
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There exist on-line laser spectroscopic techniques which require a particle flux intensity 

as low as 104 atoms per second for the alkaline metals and some other favorable elements. 

But these are based on continuous wave taser. The same techniques are not applicable 

with a pulsed laser system. The main obstacle is the low time duty cycle of the pulsed 

laser. A laser pulse lasts typically of the order of 10 ns and typical repetition rates arc of 

the order of 10 Hz. Since in 10 ns the atoms do not move very far, the effective time duty 

cycle for the interaction between the atoms and the laser is the time taken by the atoms 

to go through the interaction region. In the most favorable case of collinear excitation 

over an interaction region of one meter, this corresponds to about 5 microseconds for a 

heavy atom at an energy of 45 keV. For a laser pulse repetition rate of typically 10 Hz» this 

means a maximum time duty cycle of 5 x 10~ 5 . Folding this duty cycle into the standard 

collinear methods (based on continuous wave lasers) implies a requirement of at least 108 

atoms per second to perform a measurement. 

The problem in working on U.V. transitions with the small amounts of radioactive 

atoms available far from tha valley of beta stability is clearly one of time duty cycle. The 

two obvious solutions are to try to use a higher repetition rat- laser or to use a buncher or 

a pulsed source to have most of the atoms in the interaction region when the laser is fired. 

The copper vapor laser has a repetition rate as high as 5 x 10 3 Hz but the wavelengths 

it emits are not suitable for pumping most dyes and the peak powers available are on the 

lower limit of what is necessary to produce U.V. by second harmonic generation in present 

nonlinear crystals. But assuming that all of the requirements are rort. and a copper vapor 

laser can be used, this would give a time duty cycle of about 2 * 10~ 2 . Coupling this to 

the norma! schemes in the most direct way would require an intensity of about 106 atoms 

per second to do a measurement. Of course one could probably use the pulsed nature of 

the signal to increase the sensitivity by a small factor. But the problem of the lack of wide 

applicability of the method remains because of the limited wavelengths available from dye 

lasers pumped by a copper vapor laser. 
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The other solution of using a pulsed source or a buncher has different advantages. 

The most obvious advantage is that for the same amount of sample material used, the 

intensity of the atomic beam seen by the lasers is increased. This, together with the 

pulsed nature of the signal, can be used to increase the sensitivity. The efficiency also 

becomes independent of the repetition rate of the laser system. This permits the use of 

lasers with higher peak power. With such a bunching device, atoms can also be prepared 

in a more manageable form, This is especially important for the study of isotopes of an 

element which itself cannot be produced directly by a mass separator, but can be obtained 

by radioactive decay of an element which can be produced. One can then accumulate the 

radioactive mass separated ion beam, let it decay and then pulse out the daughter nuclei 

to be studied. 

This second solution appeared more promising for the present study, but to use it 

effectively required coupling it to a very sensitive laser spectroscopic method which could 

effectively use the pulsed nature of the atomic beam. One very sensitive detection technique 

based on lasers is Resonant Ionization Spectroscopy (RIS) which has been shown to be 

able to detect single atoms |Hu79j, It is based on the resonant absorption of photons to 

selectively ionize a neutral atom, which can then be easily detected. The advent of pulsed 

lasers has provided the laser power densities necessary to saturate these processes and has 

made the single atom detection sensitivity level attainable. This spectroscopic technique 

is essentially based on pulsed lasers and can therefore use profitably the pulsed nature of 

the atomic beam. 

The required characteristics of the "bunching device" can now be stated more clearly. 

It must be able to accumulate the fast ion beam, neutralize it, and release it at the lowest 

possible energy in a very short amount of time. A possible way of doing this is to implant 

the ion beam in a conducting support (to neutralize and accumulate it) and then desorb it 

by laser heating (for very fast desorption). The large uncertainty in this process is whether 

the radioactive elements will be released as neutral atoms or as ions or molecules. The 
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amount which can be desorbed is also unknown since the depth of implantation may be 

of the order of 10-200 Angstrom. If this problem becomes a limiting factor, slowing down 

the incident ion beam to provide a shallower implantation could alleviate this difficulty. 

Another problem which must be faced is that the high-power ionizing laser and the 

heating laser will probably create a large number of ions because of non-resonant single or 

multiphoton ionization of residual gases, OT because of the high temperature attained by 

the support surface when heated. The pulsed nature of the signal can be used in this case 

to discriminate against background ions by using a time-of-flight (TOF) system before the 

ion detector to select only the ions of the chosen mass, This should result in a very low 

background count in the time gate corresponding to the mass of the isotope being studied 

even though many other charged particles are created at about the same time. If necessary 

one can also discriminate against the ions coming directly from the heating of the surface 

by using deflection pulses since these ions are created a few microseconds before the firing 

of the ionizing lasers. 

From all of these considerations, the first experimental setup which was installed on

line at the ISOCELE mass separator facility in Orsay (France) is shown schematically 

in figure 1.1. This system was used for studying the neutron-deficient gold isotopes. The 

incoming active mass-separated beam is implanted at the full 45 keV mass separator energy 

on a thin graphite sheet mounted on a rotating cylinder. The implantation is over a 

horizontal line of 2 mm by 8 mm and lasts up to ahout one half-life of the isotope to 

be studied. The graphite sheet is then positioned in front of the laser interaction region. 

ït is then moved slowly while a pulsed Nd:Yag laser focused to a vertical line of about 

2mm by 0.05 mm is fired at a repetition rale of 10 Hz to desorb the implanted atoms 

and form a pulsed atomic beam. An ensemble of three synchronized dye lasers are then 

fired to selectively ionize the chosen isotopes by a tw«-r«onanff t hrpe-colour resonant 

ionization scheme. The ions are then detected by a micro-channel plaie after additional 

mass selection by a TOF analysis. The first excitation step at 268 nm (fig. 1.1) will yield 
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the spectroscopic information (IS + HFS) and must therefore be provided by a narrow 

bandwidth laser. It is achieved by a single mode injection-locked pulsed dye laser system 

|Pi77] whose output bandwidth is essentially Fourier limited by the pulse duration. 

This setup will have to be modified for the study of platinum since Pt proves to be 

harder to desorb than Au. The solution we adopted was to decelerate the mass separator 

ion beam in an electrostatic lens just before the implantation on the graphite support. 

This improvement provides better desorption conditions since the ions are implanted much 

closer to the surface. The deceleration takes place in a lens maintained at high voltage 

(about 44.5 keV) into which the graphite sheet is taken by an insulating tape transport 

system (figure 1.2). The implantation lasts up to one half-life of the daughter Pt nuclei 

obtained by radioactive decay of the radioactive gold. After the implantation, the graphite 

sheet is positioned by the same transport system in front of the laser interaction region 

where the procedure followed is the same as for the previous system. 

The various choices that have been made on these different setups will be explained 

in details in chapter 2 and 3. We have tried to make this experimental technique as widely 

applicable as possible so that it will help to fill in the gaps in optical measurements in 

the chart of the nuclides by allowing the study of elements which cannot be reached with 

present standard methods. 
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CHAPTER 2 

DESCRIPTION OF T H E EXPERIMENTAL TECHNIQUES 

The basic idea behind the present experimental method is the coupling of two inde

pendent techniques : Resonant Ionization Spectroscopy and pulsed laser desorption. JUS 

is a very selective and widely applicable technique whose principal disadvantage lies in the 

low time duty cycle of the high-power lasers needed for the last ionization step. Pulsed 

laser desorption Is an effective technique to vaporize most materials. If it can be used to 

create a pulsed atomic beam, the extraction of the radioactive sample could be (synchro

nized with the ionizing lasers, removing this limiting factor for the widespread application 

of RIS to study radioactive atoms. 

RIS will first be described, and the studies carried out to test its applicability to our 

needs will be shown. Then, Laser desorption will be evaluated as a method to obtain a 

pulsed atomic beam out of atoms implanted in a substrate. The various components of 

the experimental setup wili be presented and their interrelations explained in the following 

chapter. 

Resonant Ionisation Spectroscopy 

The spectroscopic method used is resonant ionization spectroscopy followed by ion 

detection. This method is at the same time very selective and sensitive (it has been shown 

to allow single atom detection) [Hu79]. It is also well adapted to the puWsd i autre of the 

excitation lasers needed for transitions in the U.V. region- In this method, atoms from a 

selected atomic species are brought by one or a series of resonant transitions to a high-lying 

excited state from which they can be ionized by absorption of a single photon from a high 

power laser. 

13 



The cross-sections associated with strong bound-state to bound-state electronic tran

sitions in an atom are of the order of 1 0 ~ n - 1Q~U cm 2. Since photon fluxes of 10 1 7 

photons per cm* per second can be available at any wavelength in the visible or near 

U.V., these transitions can be easily saturated with narrow bandwidth tunable dye lasers. 

The use of such narrow-bandwidth lasers gives to the method its selectivity since only the 

atoms which are in resonance with the laser frequency will be excited to the higher-lying 

state. The cross-section for non-resonant excitation being much smaller, the other atoms 

will remain in their electronic ground states. Once the selected atoms have been excited 

to a high lying state, the last transition past the ionization limit is a discrete-state to con

tinuum transition, which has a much smaller cross-section even in the most favorable cases 

where the ionizing laser can be tuned to excite an autoiontzing state in the continuum. 

The cross-section for such transitions are of the order of 1 0 " 1 6 - 1 0 " 1 7 cm 2 for a tran

sition to an autoionizing state and 1Q~27 - 10~ 1 9 cm 2 for a transition to the continuum. 

To saturate this last transition one then needs a much higher photon flux, which can be 

provided by pulsed laser sources. 

Since the transport and detection of ions can be carried out with an efficiency close to 

unity, the total efficiency of the detection process is limited by the excitation and ionization 

efficiencies. To obtain an ionization efficiency close to unity for the atoms crossing the 

interaction region, the mean ionization time must be shorter than the interaction time of 

the lasers with the atoms. Since the time taken by a thermal beam of atoms to go across 

the interaction region is of the order of 1 0 _ e seconds, the transition rates must then be 

at least 10 6 per second. But since the lifetime of excited atomic states is generally much 

shorter than that (about 10~ 8 seconds), the induced transition rates must be such as to be 

faster than the rate of relaxation to intermediate states not used in the ionization scheme: 

W'«i, >Wr = l/r P ? (2.1) 

where W0f = Iaai is the transition rate induced by a laser of intensity I at the resonant 

frequency and \\> is the relaxation rate to other channels. A particular example, for the 
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simple case or gold, is shown in figure 2.1. ' If equation (2.1) is not satisfied, the atoms 

excited to the 6P1/2 state will decay to the d' state before being brought up to the 6d 3 / 2 

state. They cannot then be ionized and detected. 

The condition that the induced transition rate exceeds the relaxation rate, when 

applied to the bound-state to continuum transition requires (with W r > 108 per second) 

that: 

J(w,) = Wi/o(u>i) > Wr/o(u.) = 1 0 " - 1 0 " pholm/scc.cm* 

-10* Watta/cm2 (2.2) 

Such a power density over an extended volume can only be obtained with pulsed 

lasers. This implies that to avoid losses in the ionization efficiency due to relaxation of the 

excited atoms to other channels such as low lying metastable states, we must use a pulsed 

laser for the last step of the ionization scheme. 

. ' / / / / / / / / / / / / / / / / / / / / / /A / / . / / / / S i n c e t h e a t o m s P e n d a a b o u t 1 0 " 6 sec

onds in the interaction region, we must then 

also use pulsed lasers for the resonant steps 

to prevent relaxation to other states before 

the ionization step laser is fired. This re

quirement for maximum efficiency does not 

limit us in these applications since the U.V. 

laser required for the first resonant step in 

Au and Pt is at present only available in the 

pulsed mode, t 

The selectivity of the method for the de

tection of a given isotope can be very high 

FIG, 2.1 - Simple «citation acharne (or gold {about 10 1 S or more) against the presence of 
——^^— atoms, including a relaxation 

c h a n n 8 1 ' other atomic species since the resonant tran-

t Intra-ccvity doubling can now provide near-U.V. continuous sonnes, but the power 

and reliability are not sufficient for on-line utilization. 



sitions for different elements are at very different wavelengths. The selectivity is then a 

product of the selectivity at every resonant step (assuming the two elements have approx

imately the same ionization potential). The selectivity against contaminants of the same 

element but different nuclei (isotope, nuclear isomer, etc..) is not so high since the differ

ences in the transitions are due only to the weak perturbations created by the moments 

and charge distribution of the nucleus. The line wing absorption can then decrease the 

selectivity. A good selectivity is nonetheless usually achievable with a proper choice of 

excitation scheme. Since the transitions which raise an electron close to the nucleus (in a 

s or pi/2 -shell) to a higher angular momentum stute are the most sensitive to the nuclear 

structure, using such a transition (excited by a high-resolution laser) will give the highest 

achievable selectivity. It is also the kind of transition which should be used for the spectro

scopic measurement ; such transitions give the most information on the nuclear structure 

changes because they involve electron orbits which penetrate the nuclear volume. 

The maximum selectivity achievable for a single excitation step can be easily estimated 

assuming a line profile: 

«w) = ar|(»-».)' + (r/a)'l < 2 - 3 > 
where u>& is the resonant frequency and T is the radiative FWHM. Since the isotope shift 

Au>», is usually much larger than the transition linewidth I \ excitation of the chosen 

isotope occurs in the wing of the absorption profile of the others, resulting in an excitation 

selectivity of: 

innnmni/immiiniimi» 5 = (2Aw,,/r) 2 (2.4) 

Kr 
iz> 

In the region of Pt. the IS are of the or

der of 1 GHz per mass unit and the natural 

linewidths are of the order of SO MHz, giv-

'1> ing a selectivity of about 1600 for the single 

excitation step. In the present experimental 

case, the excitation laser bandwidth will be 

w " ' / 
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about Awi = 130 MHz in the U.V. This will reduce the selectivity to about: 

„ 4Aw? 4(1000 2 , x S = „ , " ss - i - '— « 600 2.5 
TAwi 50(130) v ; 

We can easily see the requirements for high ionization efficiency by looking at the 

two-step photoionization process with the rate equations for the system shown in figure 

2.2. If the processes of excitation and ionization are excited with rates W12 and W l o r i 

respectively, the atomic densities for the ground state (nj) , the excited state (n2) and the 

ionic density (n,) will obey (assuming equal statistical weight g i = g 2 = l ) : 

dni/dt = -Wi2{m - n2) -f n2/r2l (2.6a) 

dn2/dt = Wl2(ni - n2) - n2/T2i - n2jr2x - Wionn2 (2.66) 

dnjdt = Wionn2 (2.6c) 

where T21 is the t ime of relaxation from the excited s ta te to the ground state, and T2X 

is for relaxation from the excited state to other branches. 

When the transi t ion rates are much higher than both the relaxation ra te and the 

inverse of the pulse laser durat ion, the relaxation in equations (2.6) can be neglected. In 

this simple case, the ionization probability becomes: 

TLQ 2fl-2 2d2 

where ai and a2 are given by: 

ai=W12\l + Wion/2Wi2) (2.8) 

a2 =W12\1 -h {W,ctn/2W12)2)l/2 

and n,(0) = n2(0) = 0, ni(0) = no, with no the atomic density. From equation (2.8), 

it is clear tha t (ai — a2) 2> (ai - a ; ) . The important contribution then arises from the 

second term on the right hand side of equation (2.7) while the third term will remain 
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nearly constant (negligible) during the pulse duration. The mean ionization time will then 

be given by: 

1 = J_ 
Ci - a2 W 1 S 

In normal experimental conditions, since the cross-section for photoionization is about 

10 s - 107 times smaller than that for excitation, we have VV„„ «g W12. The characteristic 

ionization time then tends toward: 

Ti * W'rl (2.10) 

where the factor 2 comes from the distribution of population in the two states |1) and 

|2). If we give to these two states statistical weight gi and g 2 , we obtain in the Baxne limit 

92^ ion 

We see that to fulfill the condition for ionization efficiency close to unity, we must 

have a pulse duration of time t such that 

Tt Qi +Ç2 9l+ 92 Çl + 92 

where $ is the total fluence of the ionizing pulse. From these considerations, we see 

that the puise energy required will be (assuming an ionization cross section of 1 0 - 1 7 -

10- 1 9 cm 2 ) of the order of 0.03-1 J/cm 2 . 

This high power in the last ionization step puts additional constraints on the RIS 

scheme chosen. One must keep in mind that the radioactive sample will be in an envi

ronment of much more abundant molecules and atoms coming from the residual gases in 

the chamber and from the other materials desorbed from the surface by the laser heating. 

Nonresonant multiphoton ionization of these gases might create a large background. The 

effects of such a process can be estimated by considering the interaction of a laser pulse of 

duration T =10 ns, intensity l=10 a W/cm 2 and wavelength X — 5000 À on an atom with 

an ionization potential of 6 eV. Assuming that all the intermediate steps are far from reso

nant transitions, the cross-section for ionization through nonresonant n-photon absorption 



is given approximately by [Hu79]: 

where Et- is the ionization potential in eV, F is the photon fluence hi c m _ 2 s e c - 1 and A 

is in A. This expression for the ionization probability by n-photon absorption reproduces 

the expected proportionality to Fn. For the nonresonant 3-photons absorption considered 

above this predicts the ionization probability 

Pi ~FTC3 « 1 0 " " (2.14) 

where C3 is the cross-section for nonresonant three-photon ionization and P/ is the proba

bility of ionization. If we take a laser pulse with a wavelength of A = 104 A and of the same 

power density, the process is now nonresonant Ëve-photon absorption with an ionization 

probability of 

PJ^FTOS « 10" 2 0 (2.15) 

resulting in a large decrease in the ionization probability for the same laser power. If we 

now take back A = 5000 A, but at a power of 10 2 W/cm 2 , large enough to saturate most 

resonant transitions, we have: 

Pj s= Fra3 * K T 2 6 (2.16) 

These estimates show that for the same high power a longer wavelength can greatly 

reduce the non-resonant ionization of residual gases and that the low power necessary 

for the resonant step do not contribute to this background. We see clearly that in an 

environment where densities of 10 1 5 c m - 3 of contaminating material can be present, the 

ionizing step must be of long wavelength to inhibit nonresonant multiphoton ionization. 

In the particular case of Au and Pt. the first resonant transition still leaves us about 

4.5 eV below the ionization limit. Going to the continuum directly by a single additional 
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step would require a high-power laser beam al a wavelength of about 266 nm. This means 

that any residual gas molecule with an ionization potential below 4.5 eV can be ionized 

by single-photon absorption. With the normal estimate of 10~ l s cm~ 2 for the ionization 

cross-section, a 5 mJ/cm 2 pulse would correspond to an ionization probability of about P/ 

= 10~ 2 . This cannot be allowed, and the single photon energy in the ionizhg beam must 

be kept as low as possible. This implies going through another resonant P' ep to excite the 

valence eleciron of the selected Au isotope to a level 2.5 eV below the continuum so that 

the ionizing laser wavelength will now be about 500 nm or longer. 

Tests on Au atoms from an atomic beam have been performed to observe the signal 

response to change in laser powei .u Uie ionization aiep and in uie resontiu ^p . itie 

results are show» in figures 2.3 and 2.4 . A two-color one-step-resonant RIS scheme was 

used with a 268 nm first excitation obtained from a Lambda Physik FL3002 dye laser 

and an ionization step at about 266 nm provided by the frequency-quadrupled output of 

a Nd:Yag laser. 

c.D a J* o.se ers 

Dj* lll(T «naroy |irJJ 

FIG. 2. 3 - Saturation eireci ol tt>© resonant 
- — — excitation step at constant pnoto-

lonization laser power 

tomtwion lu*r {Y*B| tntrgr (mJ) 

FfG. 2. 4 - Saturation «fleet o/ Itie ionization 

Figure 2.3 clearly shows a saturation of the signal happening al low pulse energy 

(about 0.25 mJ) for the resonant transition laser (with the ionization 'aser power kept 
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constant). This saturation of the signal takes place at a moderate laser power (• °.5 kW) 

which is much higher than the power necessary to saturate the resonant transition. The 

plateau seen in fig 2.3 correspond 'o a saturation of the volume (and Doppler width) 

over which the transition is saturated. On the other hand, the signal as a function of the 

ionizing power (at constant power on the resonant transition) shown in figure 2.4 still does 

not show such a strong saturation even at an ionization energy of 20 mJ per pulse. In 

addition, the linewidth of the first resonant step as a function of the power density was 

investigated. We found that it was broadened to about 60 GHz for a power density of 4 

MW/cm 2 and that to obtain an experimental resolution equal to the laser linewidth of the 

pulsed dye laser (3 GHz), we had to decrease the power density to about 4 KW/cm 3 . This 

power broadening of the resonant transition requires in fact very low power. With the 

experimental system using the injection locked dye laser, we found that we could achieve 

an experimental resolution of about 175 MHz, but only by reducing the excitation pulse 

energy to the level of hundreds of nJ. 

Laser desorption 

The radioactive Au isotopes are produced by (p,xn) reaction on a Platinum-Boron 

target. They were made available to us by the ISOCELE on-line mass separator in the 

form of a mass selected ion beam with an energy of 45 keV. Radioactive platinum is 

obtained as a daughter nucleus from the decay of the gold atoms. The direct interaction 

of the ion beam with the ionizing lasers is not feasible since the electronic transitions of 

the Au and Pt ions lie too far in the U.V.. In the cases where the neutralization of the 

beam in a charge-exchange cell is possible, the sensitivity is severely reduced by the small 

effective time duty cycle of the pulsed lasers. An energy of 45 keV for a mass of 200 a.m.u. 

corresponds to a velocity of about 2 x 10 5 m/s. For an interaction region of 1 meter length 

and a laser repetition rate of 10 Hz, this gives an effective duty cycle of 5 x 10~ 5. To 

obtain a high duty cycle, the continuous ion beam must be neutralized and bunched to 
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concentrate the activity in the interaction region when the ionizing lasers are firing. We 

must transform the 45 keV fast ion beam into a pulsed thermal atomic beam. 

This goal is achieved by implanting the ion beam on a conducting support which 

neutralizes the ions. The point of implantation on the support is then moved in front of 

the atom-laser interaction region where the implanted atoms are desorbed using pulsed 

Nd:Yag laser heating (Fig. 1.1). The ionizing lasers are then fired, synchronized with 

the heating laser. This synchronization must be such that the mean transit time of the 

desorbed atoms to the interaction region corresponds to the time delay between the Yag 

pulse and the ionizing lasers 

Un ~ tyag ~ dfvmean • (2.17) 

The creation of a pulsed neutral atomic beam from ions implanted in a support at 

an energy of 45 keV is not an easy task. The heat provided must be sufficient to release 

the radioactive atoms from the substrate. It must not be excessive, however : otherwise a 

plasma would be created which would ionize most desorbed materials. Since only the part 

of the beam which is inside the interaction region during the 10 nanoseconds duration of 

the ionizing laser pulses can be detected, we also need the heat to be provided during a 

very short time. The heat must also be deposited in a small and well defined position since 

we want the total amount of heat applied to be as small as possible, to prevent damage 

to the substrate. Because of the large thermal capacity of the material necessary to stop 

the ions, a Joule effect heating from a pulsed current would not provide a fast enough 

temperature rise on the surface region. Heating from a pulsed ion beam is not desirable in 

a system in which the signa) is obtained by ion detection and is not ver}' effective at getting 

neutral atoms out of a surface. The solution which looked the most promising was laser 

desorption which could provide, with commercially available pulsed laser system, up to I 

Joule in a 10 nanosecond duration over a surface area as small as a few square microns. 

Laser desorption is a process which is often used to produce microplasmas from surface 

material for analytical work. It has also been applied to laser ion sources [To72,El85|. 
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Most of these applications require very high laser intensity (> 10 s W/cm 2) to create the 

microplasmas and a large part of the material taken off the surface is ionized. At a slightly 

lower laser flux (106 - 10 8 W/cm 2), the desorbed material is mostly in the neutral atomic 

or molecular form. This is the regime which corresponds to the needs of our experiment. 

Since most Btudies on laser desorption were done at high laser flux and were designed 

to create high temperature plasmas, they were not directly applicable to us. We had to 

test the technique at moderate laser fluxes on different supports to see how we could apply 

it to our specific needs, namely: 

- to provide enough local heat in a very short period of time to extract the implanted 

atoms 

- to do this while damaging the support as little as possible (since the extra support 

material desorbed can increase the chance of creating a plasma, can interact with the 

radioactive atoms or may simply saturate the detector if enough charged particle are 

created) 

- to get the implanted element to come out in the form of neutral atoms (no direct 

ionization, no molecules, no clusters,etc..) 

- to attain heating conditions which are relatively stable and reproducible. 

To find the best operating conditions for our application of laser desorption, we carried 

out a series of tests on the desorption of Au, first with gold evaporated on a surface, then 

as an impurity in solid Pt, followed by laser desorption studies of gold ions implanted at 

different energies in different support materials. But first, a simple analysis of the processes 

involved can give us an idea of the genera) properties of the heating which can be expected 

from laser desorption. 

At a moderate laser power (105-108 W/cm 2) for a very short time duration, the main 

process is the heating of a thin layer of the support surface. In a conductor, the light 

is mainly absorbed by the electrons which are raised to higher energies in the conduction 
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band. They transfer their energy to the lattice by collisions with other electrons and lattice 

phonons. Since the mean free time between collisions of electron in a conductor is less than 

a picosecond, the heat transfei to the support can be assumed to be instantaneous on the 

time scale of the laser pulse (10 ns). This means that the concept of temperature is valid 

during the heating pulse duration, which allows us to apply the norma) heat flow equations 

to study the evolution of the system. We then have: 

v>r ( l,^ ()4*^^ = z f e 0 ( 2 . 1 8 ) 

where T is the temperature, K the thermal diffusrvity, K the thermal conductivity and A 

the energy deposited per unit volume per unit time. Considering the support as a semi-

infinite slab, we assume no heat flow (except for the laser heating) across the 2=0 plane 

and the initial conditions are T(x,y,a,0) = T 0 ~ 300°K. 

Since the depth to which heat is transferred is small with respect to the heated surface 

dimensions, we can reduce the problem to one dimension: 

d2T(2,i) 1 dT{z,t) _ -A(z,t) 
dz> K at ~ K [il9> 

For simplicity we will assume that the properties of the surface do not change with tem

perature (for example, the reflectivity of a surface starts dropping at about 10 8 W/cm 2). 

In such a case, the heat deposited is given by: 

A[xtt) = P{t){l - R)oce-a* (2.20) 

where P(t) is the power irradiating the surface. R the reflectivity of the surface and a the 

absorption coefficient (a = 1/ S = 2u;(--e) 1 ' 2 c). 

For a metal, a is of the order of 105-10 c m - 1 . Since the heat is absorbed in such 

a small depth, an equivalent and simpler pro 4em to solve is that of a heat flow of Fc< = 



P(t)(l-R) at the surface of a semi-infinite solid. For a square wave temporal laser pulse 

shape of duration to. we obtain during the heating pulse |Ca59]: 

^ < > = r o + ^ W ^ (2.1.) 

r(o,() = r „ + ^ ( ^ ) ' / 2 (2.214) 

with 
1 

y/i erfc E de = -j= e~x' — x erfc x 

and erfc x the complementary error function: 

erfc x — 1 — erf x = —7= / e ~ dx 2 
y/* J 

After the heating pulse, assuming no heat flow across the z~0 plane, we obtain 

T{z,l) = Zo + : 
K 

t 1 / 2 « e r / c ^ = - (( - < 0 ) 1 / 2 i e r /c 
2\/^7 2y/K{t-t0) 

t > to (2.22) 

The assumption that the energy lost from the surface through reradiation or convec

tion is negligible is justified even at high temperature since thermal reradiation amounts 

to 10 3 W/cm 2 or less while the laser fluxes involved are of the order of 107 W/cm 2, 

Rates of temperature rise of the order of 10 1 0 deg/sec are attainable and very localized. 

Temperature gradients of the order of 106 deg/cm are also typically obtained. 

We can look at the temperature rise and distribution that can be obtained with these 

assumptions using pulsed laser heating. For example, we can fire 10 ns pulses at 5 x 10 7 

W/cm 2 of the 532 nm output of a Nd:Yag laser on a tantalum surface. The reflection 

coefficient of Ta at this wavelength is about R = 0.37 and the absorption coefficient is 

a = 5 x 107 m - 1 . The thermal conductivity will vary with temperature but a good 

average value would be around 1 W c m - 1 A" - 1 , corresponding to a thermal diffusivity 

of 0.25 cm'/s . Putting these values in equations (2.21a), (2.21b) and (2.22) will give us 
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at the end of the heating pulse a maximum surface temperature of about 2080 K. The 

temperature distribution at the end of the heating pulse and the time evolution of the 

surface temperature are shown in figure 2.5 and figure 2.6 . 

From this simple analysis of pulsed laser heating of a thin surface layer, we see that 

in this laser power density regime (P < 10 8 W/cm 2) the requirements of our experiment 

can be met. The maximum temperature can be high enough while being very localised. 

Also, the temperature decreases very quickly so that the desorption process takes place 

over a very short time interval. A similar behaviour is expected for other suitable surface 

materials such as platinum, molybdenum and graphite. 

For our first series of tests on laser desorption, the system used to study the RIS 

process was modified by replacing the gold atomic beam oven by a stainless steel rotor. 

We then put the oven behind the rotor and used it to coat the side opposite the TOF 

system (see fig. 2.7). The rotor was then rotated until the evaporated Au sample was in 

front of the TOF system where it was hit by the output of the heating laser. 

We could then detect the gold coming out in the form of neutral atoms using our RIS 

-i- TOF system by sending a ionizing laser pulse in the interaction region delayed a few 

microseconds after the heating laser. 

For the heating laser we used the fundamental, frequency-doubled and frequency-

tripled outputs of a Nd:Yag laser (JK Laser Hyper-750). The corresponding wavelengths 

are respectively 1064, 532 and 355 nm and energies available range from 750 mJ per pulse 

for the fundamental to about 50 mJ for the 355 nm output, with a beam diameter of 6 

mm. 

We first looked at the relative desorption efficiency at various power levels of the three 

Nd:Yag laser outputs (see fig.2.8). For the 1064 nm heating laser, the strength of the Au 

mass peak in the TOF output is a monotonically increasing function of the heating laser 

power. There is a threshold irradiance of about 20 mJ below which no gold is evaporated. 
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For energies greater than about 70 mJ per pulse, the background mass peaks become 

significant and the TOF mass peaks start broadening because of space charge effects. The 

threshold energy corresponds to a power density of about 107 W/cm 2 , a power at which the 

evaporation is mainly a thermal phenomenon. The residual gases in the vacuum chamber 

(P — 10~ e Torr) can also be desorbed from the support to increase the local density at the 

interaction region. Since some of these gaseous molecules can be ionised non-resonantly 

by the ionizing laser, the background created by this process increases with the heating 

laser power and starts saturating the detector (microchannel plate) at high pulse energy. 

The Au ion signal follows a similar trend with the 355 and 532 nm heating laser beams, 

but at lower pulse energy. 

The 355 nm output is however found to create more direct background ions even at a 

lower power, which makes it non-applicable to our specific application. This might be due 

to the more localized surface heating of the U.V. beam. Since the U.V, power is obtained 

by frequency tripling in non-linear crystals of the Nd: Yag fundamental, it is proportional to 

the cube of the Nd:Yag fundamental power, which makes the U.V. pulse duration shorter. 

Since we can only easily monitor the total energy per pulse, the peak power is increased 

for an equal pulse energy. The penetration depth 6 of the laser radiation in a metal is also 

proportional to the wavelength of the laser radiation 

6 4 = i^^ (2-23) 

where e is the real part of the dielectric constant (negative for a metal) and a is the 

absorption coefficient. These two effects increase the heating rate of the surface layer by the 

U.V. output of the Nd:Yag. In such a case, because of the cutoff electronic density [E185], 

large charge gradients can be created which break the chemical links and the cohesion of 

the surface layer of the support. This is the beginning of the high-power regime. 
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PIG. 2 . 9 - Au ionization signal as a function ot 
— the time delay between the 

heating and ionizing lasers. 

We were also interested by the veloc

ity distribution of the desorbed atoms. By 

varying the time delay between the heating 

and the ionizing laser pulses, we were able 

to observe it, since the relative Au ion mass 

peak strength as a function of the time delay 

reflects the velocity distribution of the des-

orbed atoms |Pe77j. The result is shown for 

the 532 nm heating laser in figure 2.9 . 

To measure the desorption efficiency, we used long-lived radioactive Au isotopes 

(1P4.195,IP6.IM^ U ) produced by irradiating a natural platinum target using the internal 

proton beam of the McGill University synchrocyclotron at a proton energy of 25 MeV 

to enhance the (p,n) reactions. The irradiated platinum foil was then placed in an oven 

and heated to about 1400 C to get the radioactive gold to diffuse out and form an atomic 

beam, which is deposited on a tantalum foil over a 3 mm diameter circular area. The foil 

was then placed on the rotor, and synchronized laser shots were used to desorb and ionize 

the gold atoms. The activity on the tantalum foil was monitored with a Ge(Li) detector 

before and after the laser heating. 

About 70% of the originally adsorbed activity was desorbed by the heating laser. 

Most of the atoms were desorbed in the form of neutral atoms in their ground state since 

we collected the ions created by the ionization laser after the ion transport system on an 

aluminum foil and found (J ± 0.5) > 1 0 - 4 of the original activity collected on that foil. 

This number is reasonable considering the spatial overlap of the vapor cloud created with 

the ionizing laser (3 ;*• 10~ 3, assuming a cos 9 distribution of the desorbed atoms), the 

transport and ionization efficiencies (about IOST for the 3 mJ pulses used), and the sticking 

of the ions to the aluminum foil (Le86j. 
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We showed that the atoms adsorbed on the surface could be taken out in the form of 

neutral atoms. The next step was to show that gold atoms inside a support could be taken 

out. Since gold is one of the impurities found normally in platinum, we put a platinum 

foil on the rotor and heated it with the Nd:Yag laser. We obtained good gold signals but 

the shot-to-shot fluctuations were very large (easily a factor 2 or 3). This was caused by 

the variations in absorption of the Nd:Yag laser energy by the surface. This was especially 

true for the 532 nm heating beam for which the platinum surface reflectivity is normally 

high. A small modification of the surface condition would drastically change the energy 

absorbed. The homogeneity of the 532 nm output is also not as good as that of the 1064 

nm output since the doubling crystal amplifies the inhomogeneities. For these reasons we 

used the 1064 nm output which required less energy and gave a more stable signal. 

We found that we could have a stable signal for a large number of shots (about 10*) at 

the same point on the surface. The first few shots create a large background because of the 

gas adsorbed on the surface. But this background disappears very quickly (about 5 shots) 

while the gold signal lasts much longer. We were also able to look at the neutral platinum 

atoms coming out of the surface. This gave us the possibility of examining the population 

of low-lying excited states of these atoms which was not possible for gold, since its lowest 

excited state is 9161 c m - 1 above the electronic ground-state. For platinum, which has a 

two electron spectrum, there are two low-lying excited states at 776 and 824 c m - 1 above 

the ground state. We found signals from these two levels corresponding to about 10% of 

the signal from the ground state. We also looked L.t the next excited state at 6140 cm" 1 

and found no signal. From this we can conclude that most of the neutral atoms are in 

their ground state and evaluate the excitation temperature to be of the order of 800 K. 

The next series of tests was initiated on Au atoms implanted iv various supports. The 

ions were implanted at an energy of 45 keV which is the normal energy of the ion beam 

for on-line experiments at the ISOCELE mass separator facility. The objective of these 

tests was to find the best operating conditions to extract from the support in a short time 
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atoms implanted at & depth of about 40-200 À(the implantation depth depends mainly on 

the density and nuclear charge of the support surface atoms |De73]) and to find the most 

suitable support material. 

Since we are working in a regime in which the desorption is primarily from a heating 

process, we looked for a support with high melting and boiling points since the most volatile 

element will come out preferentially from the surface. The first support we tried was a 

tantalum foil. The implanted gold was extracted but our detection system was hampered 

by a peak at a mass of 197 coming from non-resonant ionization of a molecule believed 

to be tantalum oxide, also extracted from the surface when heated by the laser. We also 

had problems with the high reflectivity of the surface requiring large heating powers. We 

decided to try graphite sheets as a support. The main advantage of this being the very 

low reflectivity of graphite so that a smaller amount of energy per laser pulse is required. 

Very good and stable gold signals were obtained from the implantation in graphite but the 

signal was still found to last for a large number of shots (about 1000) at the same point. 

The obvious explanation of this was that the 45 keV ions were implanted too deep in the 

surface. The solution to this problem could be to increase the heating energy ; however 

then the amount of material desorbed is also increased, and more ions than neutrals are 

created. The other solution is to slow down the ion beam. 

A decelerating system which stows down the ion beam to about 0.5 keV has already 

been used at ISOCELE to implant ions at shallow depth. This has been used in the study 

of low-energy conversion electron [Ki88j. We made desorption tests on ions implanted at 

500 eV using the Nd:Yag laser heating and found large ionization signals now lasting only 

5 to 10 shots on one heating point. We then decided to install such a decelerating lens just 

in front of the collection point for the study of platinum (which proved harder to desorb 

than gold). This system will be described in a section of chapter 3. 
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C H A P T E R 3 

DESCRIPTION OF T H E EXPERIMENTAL SETUP 

The experimental setup will be described part by part with as much explanation as 

possible of the principal tasks that each part must accomplish. The modifications that 

had to be done to improve th* performances of the setup will also be explained and an 

estimate of its technical possibilities will be given. 

Product ion of nuclei studied 

The study of nuclei far from the valley of beta stability requires an electromagnetic 

mass separator on-line *vith a particle accelerator. Our experimental setup has been in

stalled at the ISOCELE |Pa8l] mass separator on-line with the synchrocyclotron of the 

Institut dii Physique Nucléaire in Orsay (France). ISOCELE is a medium current mass 

separator (0.5 to 3 mA extraction current) with three output beam lines which can be op

erated simultaneously with a minimum difference of three atomic masses and a maximum 

difference of about seven m .ises between two consecutive lines. Figure 3.1 shows the ex

perimental hall where line 2 has been lengthened to carry the ion beam from the separator 

to the experimental setup. Also shown is the laser room from which the ionization and 

heating laser pulses will be carried to the main ionization chamber. The ion source used is 

of the Bernas-Nier typi. It contains a Pt-B molten target [Pu8l] used as the anode of the 

discharge which ionizes the reaction products (figure 3.2). The Pt-B alloy is made mostly 

of platinum with about 2.5% of the mass being boron, bringing the melting point down to 

less than 1000 C. The Pt-B alloy is bombarded by the 200 MeV proton beam of the Orsay 

synchrocyclotron which delivers a maximum proton currer* of about 2.5 /iA. 
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The radioactive elements created in the target diffuse to the surface where they are 

ionized by the discharge before being extracted and accelerated to an energy of 45 keV. 

The Jon b^am shape is then optimized for transmission and resolution by four electrostatic 

quadrupoles before being sent through the separating magnet. The dispersion obtained 

in the focal plane of the collector (3 meters after the magnet) is of 2000 M/AM mm. 

Electrostatic deflectors in the collector then reroute the selected masses in the different 

beam lines. 

The neutron-deficient Au nuclei are obtained by (p,xn) reaction on the Pt-B molten 

target inside the ion source. The yield of the separator for lfiA of the 200 MeV pro

tons available from the Orsay synchrocyclotron is shown in figure 3.3. The production of 

the isotopes 1 9 2 - l 8 6 A u remains in the range of 10 s particles/second. Radioactive Pt is 

obtained from the radioactive decay of the Au isotopes. Stable Pt and Au can also be 

obtained directly from the same source by the discharge heating of the Pt-B surface (Au 

is an abundant contaminant in Pt), The neutron-rich 1 9 8 ' ï 9 9 A u isotopes which cannot be 

produced at ISOCELE were obtained by (no) reactions on 1 9 7 Au and 1 9 8 P t in a reactor. 

The samples (fig) were irradiated by thermal neutrons and then added to the Pt-B alloy 

in the mass separator ion source. The reaction products were then extracted by heating 

from the discharge and an auxiliary oven. 

Ion beam t ranspor t and implantation 

Beam line number 2 carries the ion beam from the mass separator to the ionization 

chamber. The ionization chamber is the main vacuum chamber which contains the support 

into which the ion beam is implanted. In this vacuum chamber the laser desorption and 

selective ionization also takes place. Since high power lasers are needed for the resonant 

ionization (especially for the last step of the process) and for the desorption of the im

planted ions, all these processes must take place in a good vacuum. They occur in the 
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interaction region situated in the main vacuum chamber. This chamber contains the ro

tating cylinder assembly on which are mounted the foil (graphite or tantalum) on which 

the incoming ion beam is implanted. Before being implanted on the cylinder, the ion beam 

must first go through a collimating slit which is used to optimize the electrostatic optics of 

the ion beam transport line from the separator to the main chamber. This slit also helps 

to localize the point of implantation on the support. 

After the implantation the cylinder is rotated 180° so that the implantation spot faces 

the accelerating electrodes of the TOF system and is in position to receive the Nd:Yag laser 

pulses which will desorb the atoms. The heating pulses arrive at an angle of about 30° to 

the surface through holes in the accelerating electrodes of the TOF system. The chamber 

has windows to allow the entrance of the heating laser and quartz windows for the entrance 

of the ionizing lasers (U.V. does not go through normal glass). A window to exit the high 

power laser needed for the last step of ionization is also provided to prevent creation of 

background ions and electrons from scattering of this light on the walls of the chamber. 

The interaction region of the desorbed atoms with the ionizing lasers is located in the 

accelerating region of a TOF mass analyzer which leads the ionized atoms to the detector 

after mass selection. The TOF has a length of about 1.3 meters and is terminated by a 

microchannel plate detector which is in a section which can be isolated and kept under 

vacuum when the main chamber is open to atmosphere. The ion beam transport line is 

pumped by oil diffusion pumps and nitrogen traps and is normally under a vacuum of about 

5 x 10~ 7 Torr, while the ionization chamber and TOF tube are pumped by turbomolecular 

pumps and nitrogen traps to minimize oil contamination on the implantation surface and 

are under a vacuum of at best 8 x 10~ 7 Torr. 

In the modified version used for the study of neutron-deficient platinum isotopes in 

which the ion beam is decelerated to 0.5 keV before implantation, the end of the beam 

line is modified and the rotating cylinder is taken out. A decelerating lens is installed 
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at the entrance of the chamber while the final quadrupole doublet on the beam line is 

moved away from the chamber. This ensures that a more parallel ion beam enters the 

decelerating lens and gives less critical focusing conditions. The support into which the 

implantation is done is moved from the lens (at about 44.5 keV) to the laser interaction 

region by an insulating tape transport system which replaces the rotating cylinder. The 

tape motion is controlled by a step-motor (25000 steps per turn) which can be controlled 

by a micro-computer. The high voltage is brought into the vacuum chamber directly from 

the outside through the insulator surrounding the lens. The whole decelerating assembly is 

enclosed inside a grounded case shielding the nain vacuum chamber from the high voltage, 

with only two small slits to let the tape go ii and out. 

Time-of-fli^ht system 

The resonance signal is obtained by counting the number of radioactive ions being 

created by the ionization lasers. However, background ions are always present in an envi

ronment of high-power lasers because of non-resonant ionization or scattering of the light 

on windows or metal surfaces. One characteristic of the signal ions is that they are created 

in a well-defined region of space in a very short time duration (about 10 nanoseconds). 

We can use this fact to discriminate against * ie background ions by using an electrostatic 

tixne-of-night (TOF) mass spectrometer. 

In a TOF system the ions are accélérât- i in an electric field gradient, giving them a 

definite energy. They then go through a fielc-1 e flight tube before reaching the charged 

particle detector. For a drift length 1 and an energy E, the drift time is: 

/ ;m/ 2 .'ml2 'm , 

Since the time of flight of the ions is pre >ortional to the square-root of the mass, the 

ions will separate in the drift tube accordin- iy: the light ions will arrive earlier than the 



heavier ones. We can detect the ions corresponding to the mass of the isotope studied by 

opening a gate set at the time of arrival of that mass on the detector. A great advantage 

of the TOF system over a magnetic mass separation is that for each laser shot a complete 

mass spectrum can be recorded, enabling us to study the evolution of two or more isotopes 

with laser frequency, which is very useful for measuring isotope shifts accurately. 

The mass resolution of the TOF system is determined not only by the electrostatic 

system itself (choice of gradients and lengths,field penetration, etc...), but also by the 

initial conditions in which the ions are created in the interaction region. Since the ions are 

created over an extended region of space in the accelerating section, they do not all acquire 

exactly the same kinetic energy. They also have in general non-zero initial kinetic energy 

before being accelerated. These two factors, which are more a function of the ion source 

(or of the state in which the ions are created in the TOF system) than of the TOF system 

itself, are the ones which will dictate what TOF design will give the optimum attainable 

mass resolution. 

The compensation for the initial spatial distribution of the ions created can be ob

tained using a two-gradient accelerating region. The TOF system is shown in fig. 3.4. 
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FIG. 3.4 - Simple iwo-gradlent TOF system 

In this system, the total time of flight from the interaction region to the detector is 

given by: 
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where Up is the initial energy of the ion before being accelerated. The •+ sign cor

responds to this initial velocity directed towards the detector, while the - sign is for the 

opposite case. 

To obtain a first order correction to the effect of the initial spatial distribution on 

the time of flight, we must have dt/dxo=0 (spatial focusing condition). Assuming Q initial 

energy Tor the ions, this implies: 

• 0 
dt 

dx0 

I / " f l Si f 1 xoE\ 
2(xi£i + x j £ s )

3 / 2 
(3.3) 

We then obtain a set of gradients 

(function of the drift length and of the 

accelerating lengths) for which the time 

of arrival is at a maximum and the varia

tions around that point are compensated 

to first order. The phenomenon of com

pensation is easily understood : the ions 

starting closer to the détecter in the ac

celerating region have a shorter distance 

to travel but will also attain a smaller 

velocity, while the ones starting farther 

away will attain a higher velocity (since they travel a longer distance in the accelerating 

region). These two factor will balance around a given starting position for a given ratio 

initial ion position 

Curvs of flignt lime versus 
in ilia l position (me spatial 
focusing condition is indi
cated by a pornl). 



of the two electric fields. The time of flight as a function of starting position is shown in 

figure 3.5. 

It should be mentioned that similar conditions of spatial focusing exists for the single 

gradient and the various combinations of three-gradient TOF system. But the condition 

on the one-step TOF requires a long region of constant accelerating field for a reasonable 

time of flight, which makes it harder to realize experimentally. And the three-step TOF 

does not provide any substantial improvement over the two-step system |Sa70j. The initial 

energy distribution will also affect much less the two-step system than the one-step system 

because in the spatial Focusing condition the drift energy is attained much earlier in the 

two-step system. 

The initial energy distribution of the ions must also be compensated, and the condi

tions for compensation are in general different than those for spatial focusing. The time 

difference created in the flight of two ions, one with initial energy + U 0 and the other with 

-Up. is given by: 

For a static system, the obvious way of reducing this effect is to increase the accel

erating gradients. This is however limited by the increase in the field penetration from 

one region to the other, which increases with the field magnitudes and starts limiting the 

resolution because of mhomogeneity in the fields. It is also limited by the data acquisition 

system which samples at only 100 MHz and requires a minimum time separation of arrival 

of the ions on the detector to be able to separate well the different masses. 

Another more subtle way of compensating the initial energy distribution is by time-lag 

energy focusing [Wi55], In this method, the ions are created in a field free region, allowed 

to disperse freely according to their initial velocity, and the accelerating gradient is then 

applied. In this way the initial energy distribution is transformed to a position distribution, 

which can then be compensated by the electric field gradients. The important point is that 
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a state in which every position has a wide energy distribution is changed to a state in which 

the position and energy of the particles are correlated in a stronger way. À schematic of 

the principle is shown in figure 3.6. 

The limitations of this method ere 

that the focusing condition cannot be at

tained over a Urge region, and that too 

long a delay between the ion creation and 

the application of the accelerating field 

will let the ions migrate perpendicular to 

the TOF axis and be lost. 

initial ion position 

FIG. 3 .6 - Principle of trie tlme-199 
~~^~~~~ energy focusing 

The system we decided on used a 

two-step acceleration followed by a drift 

length of about 1.3 meters, containing an 

Einzel lens and deflecting plates and terminated by a microchannel plate detector. A mi-

crochannel plate detector is preferable to an electron multiplier because of its flat surfac». 

The first plate on the common electron multiplier tube is tilted at an angle and creates a 

path length difference of about 0.5 cm between the ions arriving at one end of this plate 

and those arriving at the other. For an ion of mass 200 amu this creates a time dispersion 

of about 60 ns. The microchannel plate eliminates this dispersion but is more delicate, 

and does not resist high currents well. 

During our initial tests on RIS and the laser desarption process we had to use the TOF 

system in different modes of operation. For ihe RIS tests, we used an atomic beam type of 

source so that the main source of dispersion was the initial energy distribution of the ions. 

We obtained the best mass resolution using the time-lag focusing technique by creating 

the ions in a field-free region and then pulsing on the field on the acceleiating plates after 

the velocily-to-position correlation had been obtained. For the experiments using laser 



desorption of the sample, this was not necessary. Since the atoms are all desorbed in 

a very short time, there is already a correlation between the position and the velocity 

when the ionizing lasers are fired ; i.e. there is a fixed delay between departure from the 

surface and the excitation in the interaction region. A typical example of a TOF spectrum 

obtained in this mode of operation is given in figure 3.7, showing a mass resolution of about 

800. The shape of the large , 9 7 A u peak in figure 3.7 shows a small tail which is due to 

the ions created at the edge of the region over which time-lag energy focusing compensates 

for the initial energy distribution. We can very clearly resolve the w . w s . w p t peaks in 

the TOF spectrum. The resolution of this type of system can be affected by space charge 

effects. In the case of laser desorption, the space charge problem becomes important since 

the charge density produced during the pulse can be very large. To correct this problem, 

we used an Einzel lens to refocus the ion beam, and deflecting plates to deviate the early 

background ions (created by the heating laser pulse) which could in some cases saturate 

the detector or even damage it. 
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Synchronization system 

The use of many lasers with output pulse duration of about 10 nanoseconds which 

must overlap spatially and temporally in the interaction region following the desorption 

by another pulsed laser of the isotopes to be studied, creates a need for a very accurate 

synchronization of the different components of the system. This is obtained using a syn

chronization box which sets the delays between the different signals needed for the firing 

of the lasers. The functions that this box must accomplish are : 

- master clock 

- control of the heating Nd:Vag laser firing. To obtain a Nd:Yag laser output pulse 

which is well stabilized with respect to the master clock, we must generate three 

pulses to control it: one for the charging of the capacitor banks, one for the firing of 

the flashlampn and one for the opening of the Q-switch closing the cavity. 

- control of the excimer laser firing. This has a variable delay of 1 to 20 microseconds 

after the Nd:Yag firing, with a stability better than a nanosecond with respect to the 

firing of another Nd:Yag laser used for the final ionization step during the first stage 

of the experiment. 

- synchronization with the firing of the lasers and time duration of the suppression and 

deflection pulses on the TOF. 

- possibility of working continuously or of preselecting a number of shots to be fired 

by the lasers after the control box receives a ready signal from the data acquisition 

system. 

- triggering of the digital oscilloscope (synchronized to a nanosecond with the firing of 

the excimer laser) and of the analog multiplexer used to record the different reference 

signals. 

These numerous synchronization pulses are obtained from the master clock by a series 

of delays to minimize the relative jitter. The different connections between the synchro-



nization box, the data acquisition system, and the experimental setup are shown in figure 

3.8. Since the dyes in all lasers are pumped by the same excimer laser, the small delays be

tween them due to the different cavity lengths and output couplings may be compensated 

by optical delay lines ; this has been done in a later version of the system. 
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Data Acquisition and Data Analysis 

The data acquisition system comprises a digital oscilloscope and an analog multiplexer 

linked to an IBM-PC microcomputer by an IEEE-488 interface bus, The digital oscilloscope 

can simultaneously record two traces of 1000 points at a sampling rate of 100 Mhz and 

average their over 4, 16, 64 or 256 shots live. We record the interesting part or the TOP' 

spectra (starting about 40 microseconds after the excimer firing for an isotope of mass 

around 200) on the first trace and usually use the 16 shot averaging mode. We can then 

record and average the reference signals in the same way (Iodine absorption Bpectrum, 

Fabry-Perot étalon transmission and power meter outputs) on the second trace by sending 

them to an analog multiplexer, triggered over that same interval to sequentially send the 

different signals over the 10 microseconds during which the oscilloscope is recording each 

laser shot. 

A data acquisition cycle start r when the computer sends an enable trigger to the 

oscilloscope via the IEEE-488 bus. It then sends a trigger (via a DAC) to the control 

box to fire the lasers the required number of shots (2, 4, 16, e t c . ) . The predetermined 

shots are fired and the oscilloscope acquires the TOF spectra and the reference signals, 

and averages them. The computer then reads the data from the oscilloscope, leaves them 

in the buffer, and sends the signals for another cycle to start. While the next acquisition 

cycle is taking place, the computer does a initial treatment of the data to reduce its size 

and stores it on the hard disk. It then goes to the bus to see if the next acquisition by 

the oscilloscope is finished. In this way, two time-consuming tasJcs are done in parallel: 

the acquisition and averaging of the data by the oscilloscope and the storage in permanent 

memory by the computer. The initial treatment of the data is required because of the 

different data representation by the computer and the oscilloscope, and by the prohibitive 

size of the amount of data transferred (a single scan could easily take close to a megabyte 

of memory). 
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The data acquisition program, written in Fortran and Assembler, also has provision 

to control the movement of tht tape transport system used in the second version of the 

set-up to carry the samples fron the collection region to the TOF system. This is done 

through assembler subroutine calls, controlling a 25000 step-per-turn step motor from a 

RS-232 interface. The movements of the tape are synchronized with the data acquisition 

cycles. 

The data stored in files on l ie hard disk can be transferred to the V A A I I - 7 8 5 computer 

at the "Institut de Physique Nu leaire" (Orsay, France) by a RS-232 serial interface where 

the fitting of the data is perfor: ied. This also allows for mass storage facility on magnetic 

tape since the 20 Megabytes of nemory on the microcomputer hard disk are rapidly filled, 

increasing the Excess time to th" disk ; this reduces the data acquisition program speed. 

The data reduction and da:a analysis are performed on the VAXH-78S. This is done 

using the interactive program HYPOGRA?H. The position of each resonance peak is 

determined and placed relative o an absolute (iodine absorption spectrum) and a relative 

referen. J :i -bry-Perot étalon t.ansmission). The iodine absorption lines and Fabry-Perot 

peaks are also fitted by the sa. îe program. The absolute position is obtained from the 

tabulated iodine absorption lines [Ge80]. 

Laser system 

For the gold and platinum studies, the final RIS schemes were three-colour two-step-

resonant ionization processes. They are shown in figure 3.9 and 3.10. The first step of the 

RIS process is the one from which the nuclear information must be extracted, and since 

it is situated in the V.V, spec* -al region, there do not exist any commercially available 

pulsed lasers with a linewidth ! irrow enough to do this work properly. We built a pulsed 

single-mode high-resolution (Fc frier transform limited) dye laser, injection locked 

47 



/ / / 
/ / / / . 
' /CONTINUUM / 

/ / / / ' ' / / / / ' 
70000 

' • - • , - 1 t 760 «r» 
M l , 1 

' • - • , - 1 t 760 «r» 
M l , 1 

' • - • , - 1 t 760 «r» 
M l , 1 

60000 

' • - • , -

'Si', M,, T 

'>.. -
50COO 

'>.. -
/ SOt, 5 nm 

40000 
6 ».. i -7 * ~ 

/ SOt, 5 nm 

30000 

20000 / : Û 7 . 6 ntf 

10000 

PiG 3.9 - Simplified atomic level scheme ol Au showing me RiS proeess uaeo, 

' / / / . 

' / / / / / ! / / 
cm-') 

' / / / . 
CONTINUUM / 

/ / / / 
70000 

.'0, 
<501nm 

* * f c 
50000- I'D, L 

^ ~ ^ \ 6 7 6 n r n 

~~-\ «, 
5ds6p 7*~ i r 4 5ds6p 

30000' / *4 

/266nm i 
10000 

0-

f"' 

to, ' 

/ 
I 
I 

| 
i 
I 

FIG. 3. 10 - RiS scheme used in the sluOy ol Pt. 



on a continuous wave dye laser for this purpose, which we then amplified and frequency 

doubled to obtain the single mode U.V. output. We obtained the two other colours neces

sary for the process from a commercial pulsed dye laser (Lambda Physik FL3002), Both 

dye lasers were pumped by an excimer laser (Lambda Physik MSG101) working with a 

XeCl mixture (A=308 nm.}, rated for an energy of 150 mJ per pulse and a maxr ^m 

repetition rate of 50 Hz. 

The injection-locked pulsed dye laser system 

The main objective to be ach *ved with this dye laser system is to obtain a tunable 

narrow bandwidth (< 200 MHz) in the U.V. region. Since the U.V. is normally reached 

using non-linear interactions in crystal or vapours, the problem is reduced to producing a 

high-power single mode tunable las r source in the visible (or near U.V.). The high-power 

requirement comes from the nature of the non-linear harmonic generation interaction which 

for good efficiency requires high-power density (in general, pulsed lasers are necessary). 

The most common way of obtaining a narrow bandwidth from a pulsed dye laser is 

to introduce a high finesse Fabry-Perot étalon, or a series of them, in the oscillator cavity. 

Two problems occurring with this me-hod are large fluctuations of the output power and 

difficulty of obtaining a linear frequency scann : many elements must be scanned together 

without a frequency error signal to allow correction. Because of this, these systems cannot 

in general attain the resolution we wan (< 100 MHz before doubling). 

The other method to obtain a narrow bandwidth pulsed dye laser output is to injection 

lock a pulsed dye laser to the output of t continuous wave (c.w.) dye laser. This is done 

by injecting the output of the c.w. dye laser inside the pulsed cavity so that the pulsed 

excitation can build on the c.w. mode. In 'his case, the pulsed output is single mode and 

its bandwidth is Fourier limited by the time duration of the pulse. 
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We opted for the design using injection-locking of a pulsed dye laser on a c.w. dye 

laser because the frequency control is assured by the c.w. cavity. The linearity of the 

scan is then ver}' good and the frequency jitter can be stabilized to much better than the 

Fourier limited linewidth of the pulsed output. 

The main problem with this kind of system is that both the c.w. and pulsed cavities 

must be stabilized and scanned together. A solution to this problem is the system devel

oped by J. Pinard and S. Liberman [FI77J in which the pulsed excitation is sent directly 

inside the c.w. dye laser cavity. 

In this system, a second dye cell is added inside a normal Hnear c.w. dye laser cavity, 

to receive an excitation from the pulsed pump (excimer) laser. The c.w. dye laser works 

normally without the pulsed excitation : the additional dye cell is just an extra absorber 

which increases the losses in the cavity by a small amount. When the pulsed pump laser 

deposits energy in the second dye cell, the laser modes which would normally build up 

on the spontaneous emission due to the excitation of the dye have to compete with the 

stimulated emission induced by the c.w. mode which is already oscillating in the cavity. 

With a proper choice of the pulsed excitation power, the extra gain injected in the cavity 

will be taken by the c.w. mode frequency if the stimulated emission due to the c.w. mode 

remains stronger than the spontaneous emission in the excited dye (for the time duration 

of the pulse). This gives us an output pulse with a Fourier-transform-limited linewidth 

which we then send through an external amplifier to obtain enough power for efficient 

frequency doubling in a KDP crystal. A schematic drawing of the linear c.w. cavity with 

the extra dye cell ;s shown in figure 3.11, The complete ionization laser system is shown 

in figure 3.12. 

The c.w. cavity '- a commercial linear dye laser cavity (Coherent CR-599- 21) pumped 

by a 4 Watt Ar + ion laser (Spectra Physics 164). The dye jet and mirrors of the cavity 

are not changed while the étalon block and the biréfringent filter are moved slightly away 
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from the output coupler to leave space for the extra dye cell. This position is chosen close 

to a beam waist of the cavity so that the change in the refractive index in the dye cell will 

perturb the c.w. cavity as little as possible when the pulsed pump is fired. The frequency 

stabilization and sweeping of the cavity are controlled using a reference from an external 

temperature-regulated Fabry-Perot étalon. The electronic stabilization for normal c.w. 

operation of the dye laser allows scans of up to 30 GHz, with a jitter cf less than 1 MHz 

and a linearity better than 2%. Since the c.w. dye cell is pumped by a A r + laser (A = 456, 

488, 514 nm) and the pulsed dye cell by an XeCI excimer laser (A =308nm), the two dyes 

are generally different and their absorption properties also vary over the tuning range that 

they allow. For the specific case of gold which needs a 268nm output, the fundamental 

wavelength required is 535nm. We used Coumarin 540A and Rhodamin 560 respectively 

for the pulsed and c.w. dyes. 

The bandwidth of the pulsed dye laser system will be limited by the time duration of 

the pulse since the jitter in the locking frequency is much smaller than that limit. For an 

approximately gaussian temporal form of the pulse, the Fourier limited spectral width is 

Af = 2/n2/(ffAf) (3.5) 

where At is the FWHM of the temporal form of the pulse. Since the U.V, is obtained by 

frequency doubling in a non-linear crystal, the spectral width in the U.V. will be twice 

that amount. For a pulse duration of 10 ns t this corresponds to a linewidth of about 100 

MHz. 

To understand the details of the pulsed dye laser injection locking, we can first look 

at the normal operation of the c.w. laser oscillation. In its most simple expression, the 

dye laser is a linear cavity formed by two mirrors (end mirror and output coupler), with 

an amplifying medium inside containing a concentration of N molecules per unit volume. 

Losses from additional frequency-selective elements (and other cavity losses such as output 

coupling) can be taken into account by incorporating them in an effective reflectivity of 
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the output coupler. This effective reflectivity can be defined as the ratio of the light 

intensity after one cavity round trip to the initial intensity, assuming no amplifying medium 

excitation. 

The amplifying medium is a solution con

taining large dye molecules. Because of the 

complexity of these molecules, the vibrational 

and rotational degrees of freedom split the 

electronic energy levels into dense bands. The 

interaction of these molecules with the sol

vent broadens these sub levels so that each 

band becomes a quasi-continuum. This am

plifying medium can be treated as a four-

FIG. 3.13- Simpllfledviewofthedyeisvoisinvoivedin l e v e l system (Fig. 3.13). In this four-level 
———— the laser oscillation of a dye laser. 

system, the ground state (the bottom of the 

So band) is raised to the Si band by a photon of the pump beam. It then relaxes by a 

very fast non-radiative transition to the bottom of that band and the laser oscillation can 

take place between this level and a level in the So band. That level then relaxes to the 

ground state by another very fast non-radiative transition. Because of these non-radiative 

transitions (which are due to the interaction of the dye molecules with the solvent), the 

only levels which will have a non-negligible population are the ground-state and the lowest 

state of the Si band (upper state of the laser oscillation). We will then have: 

JVb(z,0 + A*i (*•') = * ( 3- 6) 

where N is the dye concentration, and No and N1! are the populations in the ground state 

and in the lowest state of the Si band respectively. 

In this simplified two-level amplifying medium, assuming a uniform pumping rate of 

W r(()= £j,.Ir(t), the rate equation for the evolution of the populations will be: 

a.V,(x,f)/5/ =H'plOA :o(.T.O- A"](i,0 f af(X)l{xtt)X)d\ 
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+JVo(*,0 /o 0 (A)/( i , ( ,A)dA-JV,(i , () /T (3.7) 

where the first term on the right describes the promotion of the dye molecules from the 

ground state to the excited state due to pump beam absorption, the second term represents 

the stimulated emission of the excited state, the third term the absorption by the ground-

state and the last term the relaxation of the excited state. I(x,t,A) is the sum of the 

intensities travelling in the positive and negative x-direction and <7e(A) (the stimulated 

emission cross-section) is related to the S, band to So band fluorescence spectrum E(A) 

|Mc67] by: 

••«-££ (3-8) 

For a beam I+(x,l,A) of spectral width 6X travelling through this medium in the 

positive x-direction, the variation of intensity per unit length is: 

d]Jr{x,t,X)jdx = JV*i(s,0<MAK+ {x,UX) + N1{xit)E{X)\6X)g{x)T-1 

-N0{x,t)aa{X)I+{x,t,X) (3.9) 

where the terms on the right correspond to the stimulated emission, the spontaneous 

emission in the right wavelength intervai (and soiid angle) and the absorption by the 

ground-state. 

In the steady state, assuming a monochromatic light field of wavelength A, equation 

(3.7) becomes 

H>A'o(;c) - ATi(i)<MA)J(x.A) + No{x)aa{X)I{x.X) - Ni{x)r~l = 0 (3.10) 

which implies for the population of the excited state: 

V frl - C*-r + q«(A)/( f..M)K , , . . . 
A l W ~ Wr + K ( A ) + <7,,(A))/(x,A) - T - ' [ ' 

Defining the absorption coefficient (or amplification coefficient) Q, and neglecting the 

spontaneous emission contribution in equation 3.9 (for a laser beam, the geometric factor 
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g is of the order of 10"** and the spectral width 6\ is very small with respect to the 

fluorescence spectrum of the amplifying medium), we have: 

<*(i,A) = o-«(A)JV,(*) - o-.WAToW = Af,(s)(<r.(A) + *.(A)) - W<Ta(A) (3.12) 

The gain of the medium is then given by : 

G = txf\l a(x,X)ix\ 
Jo 

Putting equations (3.6) and (3.11) in (3.10), we obtain 

(3.13) 

( H W A ) - c.(A)r-')JV - (IV, + T-')a(«, A) 

- M A ) + ffa(A))a(i,A)/(s,A) = 0 (3.14) 

which when integrated over the length of the amplifying medium, with the gain as 

denned in (3.13) and a =dl/dx, gives us: 

((V«(A) - «.(AJr-'JATI - (Wr + r~l)lnG 

o (A) ) (G- l )J (0 ,A)=0 (3.15) 

Gain of an amplifying medium as a 
function of the Input signal tor various 
pumping rates. 

Figure 3.14 displays a plot of equa

tion (3.15) for various values of the 

incoming laser beam intensity and of 

the pumping rate. It shows two main 

trends in the effects of the pumping 

rate and initial intensity on the gain 

of the medium. The gain will increase 

with the pumping rate ; this is intu

itively obvious since a larger popula

tion inversion is created and more en

ergy is available to be transferred to 
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the laser oscillation. The gain versus initial intensity of the laser will follow a plateau and 

then drop sharply, the drop starting earlier for stronger pumping. This is again easily 

understood, since the energy available for the laser mode is limited by the pump power 

times the maximum conversion efficiency. 

To have stationary laser oscillation in the cavity we must have the wave identical to 

itself after one round trip. This of course implies a condition of phase for the different 

waves which is determined by the length of the cavity. But it also requires that the gain in 

the amplifying medium be equal to all the losses in the cavity. When the pump laser starts 

to excite the amplifying medium, the light intensity in the amplifying medium falling in the 

fluorescence spectrum of the dye is very low. In these conditions, only the first and fourth 

terms on the right of equation (3.7) contribute and the deexcitation of the Si band (Ni) 

begins by spontaneous emission. Since the excited state population (Ni) is high, the gain 

in the amplifying medium (Fig. 3.15a) is also high. The photons emitted in a cavity mode 

with low losses (high effective R) (Fig. 3.15b) will be able to go through the amplifying 

medium many times to be amplified. This will increase the intensity inside the amplifying 

medium, increasing the stimulated emission from N], decreasing the population inversion, 

i.e. the gain. Now the all important point is that since the fluorescence spectrum of the 

dye is homogeneously broadened, all molecules can contribute to the oscillation at any 

frequency within that spectrum. This implies that the gain of the amplifying medium will 

drop at all frequencies of that spectrum when the population inversion decreases, not only 

at the frequency corresponding to the mode going through the medium. The whole curve 

of figure 3.15a will br brought down together. Defining the cavity gain for one round trip 

as the product of the gain for two passes in the amplifying medium times the effective 

reflectivity of the output coupler (which lakes !* to account the losses due to the frequency 

selective elements of the cavity), we see in the example of figure 3.15c that a number of 

modes will exhibit round-trip cavity gain superior to one at the beginning of oscillation. 

However, the light intensity will increase, reducing the population inversion and the gain 

until the highest peak in the cavity gain curve drops to unity (Fig. 3.15d). Since all other 

56 



G « 

@ 

w 
© 

.w 
© 

© G T 

Ge\, H 

® G T 

.„W 

jJl/u. 

rW 

c T H 
.^AA/IAA^, 

X, X : 

' Saturation of the gam In a dye laser 
a) & s ) . Gain In me c. w. and pulsed excited dyes witn no 

oscillation. 
b) Effective reflectivity of the output coupler. 
C) Round trip gain In the cavity. 
d) Round trip gain with laser oscillation at A ( . 
1) & g) Round f tp gain in me cavity with and witnout pulsed 

excitation. 
n) Round trip again In the cavity with pulsed excitation and laser 

oscillation at Xj. 

57 



modes will then have a cavity gain of less than one they will extinguish, resulting in single 

mode operation for the dye laser. 

When we now add the second dye cell inside the cavity, the only change is an increase 

in the threshold pumping power for oscillation since the absorption of the c.w. mode in the 

dye cell increases the losses. Since in most cases the dye in the pulsed cell is not the same 

as that in the dye jet used for the c.w. excitation, the absorption spectrum of one dye may 

overlap the end of the fluorescence spectrum of the other and increase the threshold by a 

considerable amount around these frequencies. 

With the pulsed pump excitation on, we create a large population inversion in the 

second dye cell, and the gain curve of this medium (Fig. 3.15e) must be convoluted with 

the gain of the c.w. laser cavity to obtain the new cavity gain curve (Fig. 3.15g). If 

there were no laser oscillation in the cavity, this extra energy provided by the pulsed pump 

excitation would build up laser oscillation in the same fashion as at the start up of the c.w. 

dye laser. The deexcitation through spontaneous emission initiates many modes in the 

cavity, which bring down the cavity gain curve until only the one mode at the maximum 

of this new gain curve can sustain itself. In the case of strong pulsed pumping though, it is 

possible that many modes lie above the oscillation threshold for the whole pulse duration. 

However, because of the presence of the c.w. laser oscillation, this oscillation will take 

away the energy from the population inversion by stimulated emission to amplify itself, 

saturating the gain curve, before the otherwise most probable modes have time to become 

established. The injected c.w. mode is then established very quickly while the free-running 

mode will be slowed down because of the gain saturation induced by the injected mode. 

This cavity gain saturation will bring down the gain at the injected frequency to unity, 

so that the gain at the free-running frequency can still be higher than one (Fig. 3.15h). 

The free-running mode of the cavity will still increase exponentially and finally take over 

because its gain is higher than that of the injected c.w. mode, but it will take a much 

longer time. Figure 3.1G shows a computer simulation |Ga76} of the time behavior of a 
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linear cavity injection locked on a c.w. laser. We can see clearly the first plateau at the 

injection frequency which is then taken over by the free-running frequency of the pulsed 

laser. 
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FIG. 3. 1 6 - Computer simulation of the output of a linear cavity wllh injection 
CGa761. 

In the present case where we want a pulsed injection locked output, the key point is 

to adjust the parameters so that the time for the free-running mode to establish itself is 

longer than the pulse duration. We must first look at the injection power requirements for 

the first plateau to occur. Since the free-running mode will build up on the spontaneous 

emission noise, the creation of the first plateau will require that at the very beginning of 

the pulsed excitation the rate of increase of the injected mode be much higher than thp 

equivalent for the free lasing mode 

dl(x.0..K)/dx> dl{x.0.\i) dx (3.16) 
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To estimate this rate, ve can define an equivalent noise input signal Io(A) for which 

the rates of stimulated c nission and spontaneous emission in the same spatial mode are 

equal: 

/o(A)ae(A)A', = £ ( A ) 0 A V _ 1 (3.17) 

Using equation (3.8), this becomes: 

/o(A) = ^ ( 3 . 1 B ) 

For a TBMoo mode in a linear dye last, cavity, g (the geometrical solid angle in which 

the photons must be emitted *.o be in that mode) is of the order of 10~4. This gives for 

the equivalent noise input Io (A) =s 10 1 8 photons cm" 2 s" 1 nm" 1 . 

The condition (3.16) becomes in this case: 

ff«(Ai)/{A,-)m.n > / ff.(A')/0(V)^# (3.19) 

where the integration range [AA] is over the fluorescence spectrum of the dye (this is 

probably too stimgent a condition since only the part of the fluorescence spectrum which 

exhibits a cavity gain higher than the injected mode has a chance to overcome it). Using 

equation (3.8) and the definition of the quantum efficiency $ giver, by 

/ E{X')dX' = $ 

^(A,)/(A,)mtn > / E(X)gr'ldX = • j r " 1 

J\AX] 

we obtain: 

(3.20) 

/(A,)™.-- > -jrrz (3-21) 

J(A,)mTT, > 10 1 9 photons c m " 2 r ' ss 5 Watts/cm2 (3.22) 

This is a very conservative estimate, and this condlti is experimentally fulfilled sine* 

inside the pulsed dye solution the injected mode power density is of the order of 1 kW/cm". 



The experimentally critical point is that the overlap of the c.w. mode and of the pulsed 

pump beam excitation must be very good. 

Knowing that the first plateau will be created, we can now look at the rise of the free-

running mode by considering the fact that during tht " st plateau . its gain (G(A/)) will be 

constant. With an optical cavity length of L\we will have after a round trip (At=c/2L'): 

I{x,t + AtAf) - I{z,t,\f) = I{x>t,\f)\G
2{\f)Reff - 1] (3.23) 

Since the gain at Ai and A/ should not be too different, and the population inversion 

is clamped by the injected mode so that G 2(A,)iE e// = 1, the fractional growth during one 

round trip will be small. Since we are only interested in the average temporal behavior, 

we can approximate the difference equation by 

^jr11 = {T,\^,)R<!S - l|/(*,«.*/) (3-24) 

which gives an exponential increase of the free running mode with a time constant qf: 

1 c [ G 2 ( A , ) i ; e / / - l ) 
7, ~ 2L> ( 3 2 5 ) 

The important parameters are the gain difference between the two modes, which is 

in general related to the frequency difference and the ratio of the path lengths in the 

amplifying medium and in the cavity, since the gain has a time duty factor related to this 

ratio. In the present case, (c/2L ,]~ 1 is about 3 nanoseconds. For two frequencies not too 

far apart, the gain must be similar so that |G 2 (A/)R e / / — 1]< ] ; this gives a time constant 

of the order of the pulse duration. Furthermore, if we look over a spectral interval of the 

same width as that of the injection mode (50 MHz a; 1.6 x I D - 3 c m - 1 ) , the corresponding 

initial noise signal at the maximum of th<* gain curve is of the order of 1.6 x 10~ 3 / 1600 

= 10~ 6 times that at the injection frequency (using a FWHM of the fluorescence spectrum 

of about 50 nm). This implies that it will take of the order of 15 periods before the second 

plateau takes over the laser oscillation. It should be pointed out that the free-run. ùng 



mode is in general multi-mode, and varies from pulse to pulse. The pulsed excitation 

power has sizable shot-to-shot variations, and its effect on xhe cavity which is disturbed 

by the excitation pulse is also not exactly reproducible. One very important feature of 

the pulsed excitation in this setup is th.Lt it must be longitudinal and should match the 

mode of the cavity as closely as possible to mimmize the disturbances to the cavity and 

maximize the energy transfer to the oscillation mode. 

The problem of the disturbance to the cavity by the pulsed pumping is more serious 

when it comes to the frequency control of the c.w. dye laser. Because of the change in the 

refractive index in the second dye cell brought about by the pumping, the laser extinguishes 

itself for a few microseconds after every pulse. This of course cuts off all electronic locking 

signals (which come from a comparison of the intensity of the laser before and after a 

temperature stabilized Fabry-Perot étalon). This problem can be alleviated by increasing 

the circulation speed of the dye in the cell which reduces the time taken by the system to 

recover from the pulsed excitation. When we reach an extinction time of the order of the 

response time of the control electronics, the frequency stops wandering away after every 

pulse and remains locked on the normal c.w. frequency. 

By pumping the second cell of the dye laser with about 2 m J of 308nm U.V. output 

from the excimer laser, we can get an amplification of the c.w. output of the dye laser 

of about 10 5, corresponding to a peak power of the order of 1 KW. This amplification is 

obtained with a very good suppression of the background at all other frequencies because 

of the gain saturation and of the mode selection done by the selective elements of the 

cavity which also inhibits the build up of oscillation at other frequencies. This single mode 

output laser is now strong enough to be amplified by an external amplifiai without concern 

for problems of amplified spontaneous emission (ASE) from the amplifying stage. Since 

the beam profile of the pulsed output is also exactly the same as for the c.w. output, the 

output will be easily focused to obtain high-power density for frequency doubling. 
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The amplifier is a transversely pumped one, made of a 5 mm internal diameter quartz 

tube (to let the U.V. p u m p excitation through) with aluminum mounts al both ends. It 

has side tube inlets Tor the dye circulation, and glass plates mounted at Brewster angle 

at the ends (see Fig. ^.17). The pulsed pump is taken from the same excimer laser but 

is optically delayed to arrive a t the same t ime as the maximum of the injection-locked 

dye laser (the maximum ou tpu t of the locked cavity is a laved with respect to the pulsed 

pump beam by about 3 ns corresponding to about the cavity length). The pump beam is 

focused by a quartz cylindrical lens to overlap the pa th of the mode locked pulse in the 

amplifying medium. The laser pulse to be amplified must l>e as close to the tube wall as 

possible to be in the region of strongest excitation and the dye concentration is adjusted 

so that about 80% of the pump power is absorbed within 2 or 3 mm. Weaker absorption 

decreases the efficiency of the amplifier while a higher one deteriorates the optical quality 

of the ou tpu t l^ser beam. 

Since the input sig

nal to the amplifier is al

ready of a high peak power, 

the conditions for a good 

p u m p energy conversion 

without contamination of 

the beam by ASE are easy 

to fulfill. A useful scal

ing parameter is the equiv

alent noise input signal 

defined in equation (3.18). Since this intensity corresponds to an input whose amplifi

cation equals the ASE ou tpu t over the same spectral interval, the signal to background 

rat io of the amplifier can be defined as I,„(A)/lr P(A). In the present case, with a g of 1 0 - 4 . 

!n(A) corresponds to about 50 m W c m - 2 A - 1 . Al the amplifier input , the incident laser 

beam has a peak inlenswy of the order of 1 kW c m " 2 over a width of about 1 0 ~ 3 À, giving 

FU3. 3. 1? - Diagram of the transversally pumped amplifier. 



a ratio of sw 10T. The amplification in the amplifier cell can be estimated from equation 

(3.IS] or from figure 3,14. For a pumping rate of about 107 W/cm 2 , we obtain a gain of 

about 50, bringing the peak power level in the pulse to about 100 kW cm" 2 . 

The output of the amplifier is then sent through a converging lens which focuses 

it inside a KDP crystal. This biréfringent crystal has a high second-order non-linear 

polarization coefficient making it suitable for second harmonic frequency generation (SHG), 

For this induced second-harmonic wave to form a high power output beam, we need all 

induced electric dipoids to radiate in phase along the direction of propagation. This implieB 

that the velocity of propagation of both waves in the crystal must be the same ; this is 

called the phase matching condition. This can be done in a biréfringent crystal by having 

the input wave travelling as an ordinary beam (£ in the ordinary plane) and the output 

beam as an extraordinary wave (E2 with a non-zero component along the extraordinary 

axis of the crystal). By rotating the crystal, we can match the refractive indexes for both 

the input wave and the generated second-harmonic wave so that they both travel at the 

same speed and that the different sources of the SHG wave interact constructively. We can 

obtain a conversion efficiency of about 0% to 10% giving us single mode U.V. pulses with 

energy of the order of 3-10 jiJ, which is enough to saturate the first resonant transition. 

Generation of the second and third ionization steps 

The second ionization step (406 nm.) is obtained from the oscillator (and preamplifier) 

of a commercial pulsed dye laser (Lambda Physik FL3002) pumped by the same excimer 

laser. This system has a spectral width of about 3GHz and can be narrowed to 1.2 GHz 

with the addition of a low finesse intracavjty étalon. The output energy available after 

the preamplifier is of the order of 0.5-1 mJ for a 10 ns pulse. Since this power is high 

enough to bring about power broadening of a bound-state to bound-state transition, we 

attenuate and expand it to make geometrical overlap with the other beam easier. We also 
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use it without the intracavity étalon to overlap the whole of the hyperfine structure of the 

second step (for some cases like 1 8 6 Au, we have to scan this step as well since the HFS of 

the second step is of the order of 6 CHz). 

From the diagram of the energy levels of gold (Fig. 3.9), we see that the wavelength 

required for the third photon to cause a transition to the continuum from the 5d 1 0 6da/2 

state must be A < 780 nm. Since for a transition to the continuum the frequency of the 

laser does not have to match an exact value, the high monochromaticity of a laser is not 

a necessary property in this case. What really matters is the total number of photons 

with enough energy to reach the continuum which is sent into the interaction region. 

This of course assumes a smooth constant ionization cross-section above the ionization 

limit. Since the cross-section for photoionization is larger just above the ionization limit 

and then smoothly decreases with increasing photon energy, it is generally preferable to 

have the photon energy just slightly above the ionization limit. We also do not take 

into consideration the effect of the autoionizing states ; to reach these exclusively would 

require another narrow bandwidth tunable laser. Another aspect that must be taken into 

consideration is that this third step will be carrying the highest energy density in the 

interaction region (since the cross-sections are smaller by a factor of 10 s with respect to 

bound-state transitions). One wants the frequency of this beam to be as low as possible 

for background considerations. For example, we have tried using a strong 406 nm beam 

for both the second and third steps of ionization and have found that the ionization of 

residual gases in the interaction region is much higher than with a 780 nm beam for the 

third step. This is easily understandable since the non-resonant ionization processes of 

residual gases require fewer steps with higher energy photons. 

For these reasons we decided to use a "80 nm beam for the third step of the ionization 

scheme. Since a narrow bandwidth is not required, we used the ASE from the amplifier of 

the commercial dye laser, modified so as to give it a low divergence and a high directionality, 

by putting it inside a small, very strongly output-coupled, linear cavity. The system is 
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shown in figure 3.16. The cavity consists of the amplifier dye cell, working with the dye 

Pyridin 2. and closed at one end by a prism with one face reflection coated and at the 

output end by a simple glass plate. The frequency of the center of the ASE is selected 

by the gain curve of the dye and is slightly tunable by rotation of the prism. The cavity 

is made very shori. to atLain a fast "steady state" operation, so that no time delay in the 

output is introduced with respect to the excitation which is already optically delayed to 

match the output of the oscillator-preamplifier system used for the second step. Since the 

output coupling is about 92% (4% reflection on each face of the glass-plate), the amplifying 

medium gain curve is clamped so that for a round trip it is about 15 at the ASE center. 

This allows Lhe weak reflection from the output coupler to take away much of the energy 

available and direct it along the cavity. The output beam has a spectral width of about 10 

nm and has good enough optical properties to allow it to be transported over 15 meters 

to the interaction region. 
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FIG, a. 16 - Schematic diagram of the DrosdDand dye laser. 

Decelerating lens system 

The radioactive ion implantation at the full mass separator energy of 45 keV was 

found to deposit the ions at a depth sufficient for them to be still difficult to desorb. For 

example, a gold atom with an energy of 45 keV will implant at a mean depth of abnut 160 

X tn graphite. It was found that we could obtain a signal from the desorbed ions for a few 

hundred shots at the same desorption point on the surface. We performed studies on laser 

desorption of ions implanted off line at lower energies (about 0.5 keVJ and found that in 

this case the signal would last only a few shots. This results in a much larger signal for 

the first 2 to 10 laser desorption shots and a more complete extraction of the implanted 
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elements from the support material. It also allows the use of lower heating power, reducing 

the damage on the surface and giving more reproducible heating conditions. 

We decided to install on-line an electrostatic deceleration lens to slow down the mass-

separated ions before the implantation in the support. The system we opted for is shown 

in figures 3.19 and 3.20. Since the collection point is kept at 44.5 kV (for the slowing 

down of the ions) ana the «evaporation point at about 1.5 kV, we must transport the 

support for the implantation from a high-voltage to a low-voltage region. This is done by 

an insulating tape-transport system which moves thr«upport from one point to the other. 

The polyester tape used is 16 mm wide and 0.15 mm thick and is perforated on the edges 

to assure no slipping and a reproducible positioning of the deposits. We first attempted 

lo use graphite deposits evaporated on the tape by electron bombardment but found that 

those were removed from the surface by the laser heating. The electrical conductivity of 

the deposits was found to be rather poor and a poor heat conductivity would explain why 

they did not withstand the laser heating process. We then opted for thin sheets of graphite 

glued on the tape. Different sheet thickness were used and 20 (im was a good compromise 

of strength and flexibility. We also made some attempts with tantalum sheets and found 

them also suitable. The movement of the tape was controlled by a 25000 step-per-turn 

step motor controlled by a microcomputer. 

The collection point is located inside the decelerating lens. The graphite sheet is 

brought there by the tape-transport system and then pressed against the slit at the back 

of the decelerating lens for a good high-voltage contact. It is particularly important that 

no insulator can be directly "seen" by the incoming ions since the optics of the deceleration 

is very critical. The residual voltage is chosen to be 0.5 kV to allow for stable operation 

of the lens since a lower residual voltage would make the optics too sensitive to any small 

variations in the ion source or lens voltage. The quality of the ion beam is monitored along 

the line by beam scanners to allow easier adjustments of the different parameters while a 

direct measure of the current falling on the collection point or on the plate defining the 

collection slit is also possible to optimize the ton optics. The current measured at high 
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syslem and the entrance of the TOF tube. 



voltage is optoisolated through optical fibers and can be used when a parasitic isobar is 

present to monitor the stability of the ion source and ion optics during the experiment. 

The high voltage on the lens was maintained by an independent high-voltage power supply 

but measured on a high-voltage bridge calibrated with the ion source power supply to 

assure consistency of the measured voltage difference. 

Overall performances of the system 

The technical goal of this work was to determine if laser desorption was an appropriate 

means to produce a pulsed atomic beam of radioactive atoms to alleviate the duty cycle 

problem in the otherwise very sensitive RIS method. We can get an estimate of the 

sensitivity we have reached by coupling laser desorption to the ion detection in RIS by 

loolïing at our experiment on neutron deficient 1 8 6 Au. From the yield curve of ISOCELE 

with the Pt-B target, the transmission of the beam line to the ionization chamber and the 

lifetime of this gold isotope, we see that the maximum amount we could accumulate on the 

support is about 2 x 10 1 0 atoms. This implantation is on a surface of 2 mm by 8 mm and 

the Nd:Yag laser used for the laser desorption was focused to an area of 2mm by about 

0.05 mm. The movement of the tape is controlled at a speed of about 0.02 mm per second. 

For a repetition rate of the lasers of 10 Hz. this implies that each heating laser shot covers 

a new surface area of 0.002 mm. Assuming a uniform distribution of the implpnted atoms, 

each laser shot covers for the first time 0.025% of the radioactive atoms, which is about 5 

x 10e atoms. Since at resonance with the atomic transition we detected about 3 x 102 

ions per laser shot for l â â A u , we can estimate a total efficiency of the method of about 6 

*. 10" 6 . 

We can look for the different contributions to this efficiency. First the laser desorp

tion has been shown to desorb about 80% of the activity implanted on the surface. The 

geometrical overlap of the atomic cloud created by the pulsed laser heating and of the 

ionizing lasers brings in a factor of about 4 x 10" 3 if we assume a cosine distribution of 
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the desorbed atoms. The ionization efficiency is estimated to be about 5% for an energy 

in the last step of the ionization of » 7 mJ. And finally efficiency of the transport and 

detection of the ions is about 40% because of the three grids in the TOF system, each 

having a transmission of 75%. These estimates give us a total estimated efficiency for the 

method of 6.5 x 10" 6 , which is the ratio of the number of atoms that would be detected 

at resonance to the number of radioactive atoms implanted in the support. This is an im

provement of more than 3 orders of magnitude over the system using RIS on a continuous 

atomic beam used for the first on-line study of gold by Wallmeroth et al [Wa87], which 

had a reported efficiency of 10~ 8. 

In the study of the chain of the gold isotopes, the factor limiting us from going down 

to lower mass number was a combination of the decrease in production and in lifetime. The 

decrease in lifetime affects us particularly because of the time necessary to slowly scan the 

implantation support in front of the heating laser. At the normal scanning speed of 0.02 

mm per second, covering the 8 mm of implantation takes about 7 minutes, to which the 

time necessary for the displacement from the high-voltage to the low-voltage region must be 

added. The additional loss due to the decrease in production makes measurements on the 

gold isotopes of mass lower than 1 8 6 A u much more difficult with the present experimental 

set-up. We can then conclude that the lower Limit on the half-life of the isotopes that can 

be studied with this system is about 10 minutes. 

The resolution attainable by the system in the U.V. resonance transitions is the other 

important technical achievement of the system. A frequency scan showing the hyperfine 

structure of 1 E 1 ,Au and 1 0 2 Au is displayed in figure 3.21, along with reference signals 

from the transmission of a Fabry-Perot étalon and the absorption of an iodine cell. The 

resolution attained is 175 MHz at 268 nm. on a radioactive sample. It should be pointed 

out that this high resolution allowed us to determine the sign of the magnetic moment 

of 1 9 2 Au and will certainly prove absolutely necessary for many applications such as the 

measurements of the electric quadrupole moments in the gold and platinum isotopic chains. 
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The last technical aspect that should be pointed out is that this method has allowed 

the first laser spectroscopy measurements on radioactive platinum isotopes. The difficulties 

involved with the study of radioactive isotopes of such a refractory element show that this 

method will provide a very widely applicable new tool for laser spectroscopy. 

/ ^V. 

197. 
Au 

192 
H U 

— FREQUENCY 

FlQ. 3 . 2 1 - Hign-rasoluttontfflQuency scan of ± , T A u ano A " A u . Also»nown«re 
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C H A P T E R 4 

EXTRACTION OF T H E NUCLEAR DATA 

The atomic transitions studied show différences from one isotope to the other which 

would not be present if we were considering the atom as an ensemble of electrons orbiting 

a point nucleus of charge Z. The resolution with which the transitions are studied brings 

out the effect of some other properties of the nucleus on the atomic transition spectrum of 

an isotope. These properties are the nuclear magnetic dipole and electric quadrupole mo

ments, and the extension of its charge distribution, which can be probed by the penetrating 

electronic s-orbits (and relativtstic p^-orbi ts) . The changes in the atomic spectrum which 

allow the observation of these nuclear properties are the hyperflue structure and the isotope 

shift. 

The interaction between the electron cloud and the nucleus of an atom can be repre

sented, in general form, by an expansion in multipoles of order k (Ja79] 

*.•«* = ]£i*M»nw (4.1) 
* 

where Tfc(e) and Tjt(n) are spherical tensor operators of rank k acting in the electronic 

and nuclear space, respectively. For a nuclear wavefunction of well defined parity, only odd-

order magnetic moments and even-order electric moments will have non-zero contributions. 

The spherically symmetric k=0 term is just the Coulomb interaction between the 

electrons and a point nucleus, giving rise to the normal atomic properties of an element. 

This term has to be corrected for electrons with a finite charge distribution at the origin 

because of the finite size of the nucleus. The k=l term is responsible for the interaction of 

the nuclear magnetic dipole moment with the magnetic held created at the nucleus by the 

electron cloud. The k=2 term represents the interaction of the nuclear electric quadrupole 
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moment with the non-hoir ageneous electric field produced at the origin by the electron 

cloud. The It=3 and k=4 terms are usually negligible since the ratios of the magnetic 

octupole term over the magnetic dipole term and of the electric hexadecapole term over 

the electric quadrupole term are generally of the order of I0~ B [Ra56|. 

When two isotopes of the same element are considered, an energy shift of the levels 

will appear. This isotope shift will be made of two different contributions : the mass shift 

(MS) which originates from the change in the reduced mass of the system, and the field 

shift (FS), which comes from the different extension of the nuclear charge distribution for 

the two isotopes. 

The optical isotopic shift and hyperfine structure data obtained in the experime : 

will allow us to determine the changes in mean-square charge radius between the differ nt 

isotopes and the moments of these isotopes. 

Hyperfine s t ructure 

The interaction of the electron cloud with the magnetic dipole and electric ladrupole 

moments of the nucleus (lt=l and V-2 terms) leads to a splitting of the lev< s according 

to |Ko58] 

F J 2 8/(2/ - 1)J(2J - 1 ) K ' 

F = I-J (4.3a) 

C=F{F + l)-I[I+l)-J{J + l) (4.3fc) 

(4.3c) W < H{0) > 
\IJ] 



B = eQt<v>j,j(Q) > (4.3d) 

The terms on the right correspond respectively to the energy of the fine structure level 

and the energies corresponding to the magnetic dipole and electric quadrupole interactions. 

One obvious property of this expression is that for a nuclea*' spin I (or an atomic total 

angular momentum J) of 0, no hyperfine structure splitting will be observed. Only if 

both I and J are greater than 1/2 will the term corresponding to the quadrupole moment 

of the nucleus contribute. It should be remembered that the nuclear quantity measured 

by the electric quadrupole interaction ie the spectroscopic quadrupole moment. It is the 

projection of the intrinsic quadrupole moment Qo in the direction of the nuclear spin I. In 

the case of strong coupling, the projection formula reads 

This relation allows comparison of the values of Q« obtained by the hfs and the value 

of Qo obtained by the E2 transition probabilities or determined from the deformation 

extracted from the IS measurements, 

The transition rules in atomic spectra which normally read 

A J = 0, ±1 , noJ = 0toJ = Q transition 

transform between two hyperfine multiplets to 

AF = 0, ±1 , no F = 0 to F = 0 transition 

and since the center of gravity of a level is not shifted by the hyperfine interaction, 

the isotope shifts will not be affected by the HPS. 

A and B are the product of a nuclear and an electronic factor. Since the electronic 

factor should not vary from one tsotopa to the other (neglecting hyperfine anomaly), the 

nuclear magnetic moments of different isotopes will be related through their A factors by: 
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From this relation, the magnetic moment of all isotopes of an element can be evaluated 

from HFS data if the p value of one of the isotope is kno* -i. A similar relation will hold 

true for the electric quadrupole moments along an isotopic chain. 

Deviations from relation (4.5) are expressed in terms of the differential hyperfine 

anomaly A&A': 

,UA'= { A A 9 ^ 1 (46) 

This differential hyperfine anomaly can be expressed in term of the hyperfine anomaly 

of each isotope : 

A&A' = €A- EA' (4.7) 

This anomaly is generally smaller than 1% but effects of up to 10% have been observed. 

It is due to two effects, first the Breit-Rosenthal effect which comes from the extension 

of the nuclear charge, creating a potential different from the normal Coulomb potential 

inside the nucleus which changes the electronic wavefunctions from those obtained for a 

point charge, and second, the Bohr-Weisskopf effect which is due to the extended nuclear 

magnetization. Because of the contribution to th<* nucleaT magnetic moment due to the 

spin and the orbital parts of the nuclear magnetization, which can vary widely along 

an isotopic chain, the second effect is usually the dominating part in the cases of large 

differentia! hyperfine anomaly. 

Isotopic shift 

The level isotopic shift will lead to a transition isotopic shift when a given transition 

is studied in different isotopes. This isotope shift (IS) . *,A between two isotopes of mass 

A and A', can be broken up to first order, into a mass shift (MS) SuM's and a field shift 

(FS) Su*/' [Kit*]: 

vA' -vA = 6uA-A' = 6i/fc£' + Sv£f (4.8) 
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The mass shift is composed of the normal mass shift (NMS) due to the change in the 

reduced mass of the system and of the specific mass shift (SMS) due to correlation effects 

in the electron cloud. The normal mass shift is easily calculable and is given by: 

The SMS cannot be calculated very accurately but it also scales aa A - 5 . It has been 

estimated that for no -» np transitions, S"SMS = (0.3±0.9) ff^^s |He74). For heavy 

elements like Pt and Au, it is generally assumed to be negligible. 

The FS is due to the finite nuclear charge distribution and can be expressed as the 

product 

Sv$f = Ft • A"4"4' (4.10) 

where F, is a purely electronic factor and A i l , i l ' is a nuclear quantity related to the change 

in the nuclear mean-square charge radius 6(r2) via [Se69]: 

A""* = S < r2 >A'A + (§•) l < r" >"'*' + (§f) 6 < '* >A'A' + - (4-1") 
The electronic factor F, is related to the change in electronic charge density at the 

nucleus in the transition by: 

^ W ) = ! ^ M m (4.12) 

where f(Z) can be taken from the theoretical isotope shift constant CU (^# derived for 

a uniformly charged nuclear sphere of radius R = 1.2 A ^ f m by Babushkin [Ba63] or 

reevaluated lately by Zimmerman (Zi85,Bl&5], from the relation 

- / A . Al\ 1 / 3 / l i t , A ' 

We can decompose 6 < r2 > into a spherical and a deformation term, corresponding 

respective)]- to a nuclear volume change and a deformation change at constant volume: 

6<r2>=6< ~-mph +t5 < r 2 >Aeî (4.14) 



The small contributions from the higher radial moments contribute differently to the 

spherical and deformation part and can be taken into account using an expression derived 

from the usual two parameter model of the nuclear shape [UI86], giving for equation (4.11): 

\A'A' = 6 < r' >A'A' +x . S < r 2 >A;A' +y . 6 < r 2 >*$' (4.15) 

The corrections x and y can be obtained from the liquid drop model and are found to 

be |Ah85!: 

where R = 1.2 {^^-)1/3 and the C, coefficients for Pt and Au have been calculated 

by Seltzer [Se69|. 

Since the droplet model [My83J is known to closely reproduce the mean-square charge 

radii of spherical nuclei in this region, we can use the < r 2 >*Ph. values of the droplet 

model to extract 6 < r 2 > and 6 < r2 >^ef from equations (4.14) and (4.15), From the 

deformation term 6 < r2 >def, the change ;-i the deformation parameter 0 can then be 

extracted assuming a pure quadrupole deformation: 

S < r 2 >def= (5/4*)T7*Taph6 <0*> (4.17) 

Comments on the precision of the extracted nuclear results 

The IS and HFS splittings can be measured optically with great precision. To reach 

the nuciear information contained in these quantities we must first evaluate an atomic 

quantity which is in some cases not trivial, and might induce an error much larger than 

the experimental one. The determination of the nuclear spin by optical measurements is 

very safe, since it requires only the number of components and the relative splittings in 

the hyperfine structure. The measurements on nuclear magnetic dipole moments are also 
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very reliable once that of one isotope (usually a stable one) is known. The precision of this 

method is limited only by the hyperfine anomaly, which is usually less than a few percent. 

The measurements of the nuclear electric quadrupole moments can be just as precise, 

but there are few reliable Q a values available. In the case of 6 < r s > measurements 

from IS data, the two uncertainties in the extraction of the nuclear data come from the 

specific mass shift and the field shii": constant i v The accuracy in calculating the SMS 

is usually limited to the sign and the order of magnitude. Hopefully, this effect scales as 

A~ s and is negligible for heavy elements. One way of accurately determining the SMS of 

a transition is from a comparison with data obtained on muonic atoms through a King 

Plot [Ki84]. However the muonic atom data available are still very limited. The Becond 

uncertainty is in the determination of the field shift constant, which can be obtained from 

semi-empirical calculations or from Dirac-Fock (DF) or Multi-Configuration Dirac-Fock 

(MCDF) calculations. The accuracy of both methods is generally estimated as 1095. Again 

the need for calibration from muonic atom or electron scattering data is very important. 

These 6 < r 2 > measurements through optical IS are particularly important since they are 

the only reliable source of information on the charge radii of radioactive nuclei, the other 

methods requiring macroscopic samples. One interesting feature of these rueasurements is 

that since the field shift constant only appears as a scaling parameter between the field 

shift and the change in mean-square charge radius, the relative variations are still valid 

even for an erroneous field shift constant so that a sudden change of charge radius would 

still be observed. 

Extraction of gold data 

The atomic transition studied in Au is the 6s z£j/2 —• 6p 2 P ) / 2 transition at A =268 

nm. The observed HFS and IS are shown in figure 4.1. Since J=l /2 in both the electronic 

ground-state and the excited state, no electric quadrupole effect will be observed in the 

HFS. The A factor of the electronic ground-state of the stable isotope I 9 7 A u has been 
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measured by ABMR to be 3049.660092 (7) MHz [Da67| while that of the 6 p 1 / 2 excited 

state obtained by optical spectroscopy is A(6p ] / 2 ) = 337.5 (7.5) MHz [?i53j. To obtain the 

magnetic moments along the isotopic chain, the values of A(6s) for the different isotopes 

will be compared. One must be careful, though, in applying equation (4.5) because " 7 Au 

is a special case of large hyperfine anomaly. This is due to the accidental near cancellation 

of the orbital and spin part of the magnetization due to the tr<23/2 proton configuration. 

The hyperfine anomaly of this isotope is e- 1 9 7 = +8.2% [Ek80, Va67|, giving a corrected A 

value for a point nucleus of 

*<•**)# = 7 T T Î 7 = 2 8 1 8 - M MBz, (4.18) 

which can now be used in equation (4.5) with P197 = 0.145746 (9) un [Le 78) to determine 

the nuclear magnetic moment from the measured hfs. The extracted nuclear magnetic 

moments are given in table 4.1. 

NUCLEAR MAGNETIC MOMENTS OF THE MEASURED Au ISOTOPES. 

A 1 w*v*> *X JT 
(GHz> (n.m. ) (n .m. ) 

2 9 9 3 / 3 5.46(3) 0 .262(2) 0.2715(7)* 
1 9 6 2 9.22(34) 0.636(24) 0.5934(4)* 
1 9 7 a/2 3.04(5) 0.141 0.145746(9) 1 

1 9 6 2 8.41(22) 0.560(15) 0.5914(14) 
1 9 5 3 / 2 3.04(9) 0.157(5.) 0.151(7)* 
1 9 * 1 2.28(B) 0,079(1) 0.076(4)* 
1 9 2 1 -0 .22 (6 ) -0.0076(21} ±0.0061(11) 
19D 1 -1.»7(1B) -0 .0*5(7) -0.069(26;* 
1 9 7 V 2 30.79(72) 0.531(12) 0.533(15)* 

0 .72(7)* 
1 6 6 3 -12.41(32 ) -1 .294(33) -1 .263(29) ' 

: «t. tEUO] 

01 



The determination of the F268 factor for the 268 nm transition in Au requires the 

determination of the non-relativistic change in the electronic charge density at the nucleus 

in the transition. The contributions to this change will be the removal of the 6s-electron, 

the addition of a 6pi / 2 -electron and the screening effect of these changes on the core. The 

electron density at the nucleus of the os-electron can be obtained from the HFS constant 

of the 6s level A (6s) through the relation [Ko58]: 

l*(0)lL = 3 J ^ L - T - T - «-I») 

8fc C f l„cr»Jvtf ,Z,)( l -*)( l - . '0{=j | j l 

The corrections are tabulated in Kopfermann [Ko58] and are Fr (j, Z% ) = 2.2 and (1-5) 

= 0.88. From the known byperfine anomaly, we have (1 — er) = 0.Ô2. This gives us a value 

of |tf»(0)ig, = 22.48 CLQ3. The effect due to the screening change on the core can be obtained 

from the screening factor : 

g = iW)iU + k '(Q?lL-W)i^ u 20] 

Non-relativistic Hartree-Fcck calculations have been performed giving the value 0 = 

1.12 |Wa85], For the electron density at the nucleus of the 6p] / 2 - electron. Fradkin 'Fr62] 

gives for the ratio of the electronic charge densities at the nucleus: 

|*(0);>[n*) \l~°) ( ' ' 

where o-2 = 1 — a2Z2. In the case of gold, this gives a ratio of 0.101. Bat if we extrapolate 

from the values found in Ba II and Francium, we obtain 

M0)Ji I ,=0.04| V (0) | ! , . (4.22) 

Taking the mean of these two values, we obtain .i V'(0)!2 = 23.60 a'3, from which, wilh 

the help of (4.12) we extract E 2 6 B = 0.939 . The quantity f(Z) is easily calculated from the 

isotope shirt constant given by Blundell et al [BI85] and (4.13), giving f(Z)1 B 7' l s">=-64.7 

GHz/fm2. This value must be corrected for the higher moments in the charge distribution 



in equation (4.11) : this leads to i{Z) *={{Z) / (l+x) = -69.7 GHs/fm 2. We then find for 

the electronic field factor a value of 

FiS,l9° = - 6 5 - 4 GHz/fm2. (4.23) 

Caution should always be taken when dealing with these values since another evaluation 

of the relativistic correction gave the value Fr(l/2) = 3.2 [Lr72]. This would reduce the 

electronic charge density of the 6s-electron at the nucleus to |0(O)[§,, = 15.4 â  3 , "jving a 

corresponding F value of F^'190 = -44.9 GHz/fm2. 

This semi-empirical value can be compared to ab initio calculations uBin& single-

configuration and multi-configuration Dirac-Fock calculations, giving respecti :ly -45.14 

and -43.07 GHz/fr-i2. The discrepancy of about 30% between the semi-empirical and 

MCDF value is of the same order as that observed in Hg [U186] and Ba II [We86|. In 

mercury, the MCDF value was used for determining the 6 < r 2 > values from the optical 

isotope shifts by Ulm et al., since the Ft- value obtained by MCDF calculations was in 

agreement with those obtained from muonic atom and electron scattering experiments. To 

get comparable results for gold and mercury, the MCDF value 

F2QS = -43.07 GHsjfm2 (4.24) 

will be used. The 6 < r 2 >A>A' and < 0Z >1/2 values extracted from the IS data on gold 

with the field shift constant given above are tabulated in table 4.2. 

Extract ion of platinum data 

For platinum, the situation is more complicated since we are now dealing with a one 

electron plus one hole electronic configuration. In the transition studied, the 6s electron 

from the 5rf965 ZD$ ground state is promoted to a 6p orbit in the Srf^p 74 excited state. 

The promotion of the outer electron from a 6s to a 6p orbit will most certainly have a large 
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TABLE 4.2 

TABULATION OF THE B« r*» *« AAHO « 0*> 1 ' * VALUES EXTRACTED FBOM THE ISOTOPK 
SHIFT MEASUREMENTS |M QDLD. 

h 6 v 
A I . T . A •<rV'* «S** «.*>"" 

<GH*> Ifm)' (fin) OUtl 
(Ha 671 
(St 65) 

1 9 9 • 3 . 5 5 ( 7 ) 0.013(1) 0.009(1) 0.104 

1 9 8 - 1 . 2 4 ( 7 ) 0.029(2) 0 .031(2) 0.102 

i 9 7 0 0 0 0.11 0.11 

J 9 6 1 . 7 2 ( 1 5 ) -0 .040(4) -0 .043(4) 0.114 

1 9 5 3 . 2 1 ( 2 3 ) -0 .075(6) -O.OBO(6) 0.120 0.121 

1 9 4 S , 1 9 ( 1 3 ) -0 .122(4) -O.130(«) 0.121 

1 9 2 B . 1 7 ( 1 6 ) -O.192(4) -0 .204(4) 0.131 0.130 

1 9 0 1 0 . 9 3 ( 3 1 ) -0 .257(7) -0 .262(6} 0.139 0.139 

1 8 7 1 4 . 6 1 ( 3 9 ) -0 ,344(10) -0 .3£S(10) 0.150 0.155 

1 8 6 0 . 0 5 ( 8 4 ) 0,007(15) 0.021(15) 0.252 0.24* 

Clcul«t.d (ram I h . trwor.tici qu.drupou morn.nl or i è 7 A w [IMS1]. 

effect on the core plus d-hole system which will influence the FÎQG value of the electronic 

factor in the field shift, making a semi-empirical calculation much less reliable. 

I B 5 P t is the only stable odd-A platinum isotope. Since it has a ground-state nuclear 

spin of 1=1/2, tiie quadrupole moment cannot be measured and consequently the 39e and 

Bexc electric quadrupole hyj. r̂fine splitting constants for the electronic ground state and 

excited state are not known. The hyperfine splitting constant \ 9 , has on the other hand 

been measured very precisely by ABMR and is given by Ktt = 5706.62±0.02MHz [Gr71, 

Bfi84|, while that of the excited state is known from old optical work to be A „ c =: 1680 

MHz |To36|. No error bars are given in this work but a value for A,, is given which is 

5% over the value given in ref. |Gr71, B£84|: we can therefore put an error of at least 

100 MHz on the A« I C value given in this early work. We will extract the nuclear magnetic 

dipole moment of the measured odd-A Pt isotopes from equation (4.5), assuming negligible 

hyperfine anomaly, with the value of A„ given above and ̂ 195 = 0.60949 (6) UN [Le78|. 

Bt 
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We can calculate semi-empîrîcaUy the B coefficients for the two electronic configura

tions. In the ground state, we have a d hole and an s electron coupled to form a J=3 state. 

The electronic quantity of interest for B is the gradient of the electric field created at the 

nucleus by the electrons. Clearly the spherically symmetric charge distribution cf the s 

electron will not contribute and we only have to consider the d hole. In the present case 

the configuration is independent of the coupling, and we will have only the contribution of 

a d 6 / 2 hole (negative of the contribution of a dE/2 electron) which is given by |Ko58]: 

< „,..,«» > = «.-', { ~ ^ L L ) J J = - g ^ 5 ' * M «- 2 5 > 
where i. ; = 47rco and J2r(/,j') is a relativistic correction tabulated in ref.|Ko58] and equal 

to 1.1151 for a d5/2-orbit in Pt. The value of r - 3 for the Sd-hole can be obtained from , - . e 

fine structure splitting SW" = 10132 c m - 1 by: 

T__l 6_W°_ 
rS "" K.„2nHl + l/2)ZiHr{l,Zi) ( 4 ' 2 6 ) 

where « m = MO/4T, JIB is the Bohr magneton, Hr(l, Z,) is a relativistic correction equal to 

1.03 [Ko58] in the present case and Z, is the effective nuclear charge seen by the electron 

while inside the electronic core. For a s-orbit Zi = Z, for a p-orbit Z< = Z — 4, while for 

a d-orbit, Zi as Z — 11 has been found empirically [Ba54] to give satisfactory agreement 

with the experimental results. From these values, we obtain 

< <PJ.J(0) > = -6.23 x lO'V/cm*. (4.27) 

giving a final value of 

B,, = eQ. <<pj,j{0)>= -1.51 x Q, GHz/barn. (4.28) 

In the excited state, we have a d 5y 2 hole coupled to a p 3 / 2 electron to give a state 

with J=4. This is again & case of stretched coupling where the contribution of the hole and 

electron just add up arithmetically. The contribution of the d 5 / 2 hole has been evaluated 
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a' ove, and is just B 9 0 . The contribution of the pa/ 2 electron can be obtained from equation 

(4.25) but with a reversed sign since we are now dealing with an electron. We still need 

r~ 3 which can be obtained from 

r* = nJa»/{/ + l/2)(/ + l) ( 4 ' 2 9 ) 

where n a is the principal quantum number for the electron outside the electronic core and 

Zi is, as previously defined, the effective charge seen by the orbital electron while inside 

the electronic core. We can extract na from the energy Wj of the electron in a penetrating 

orbit represented by the usual form 

„,, = _*£*-£!.*£*=£, «.30, 
n\ (n - a)1 

where we see that na is equal to the true principal quantum number minus the Rydberg 

correction c. From the binding energy of the 6p 3 / 2 electron of W -̂* 34709 cm" 1 , we 

obtain nB=1.7B. Putting this value in equation (4,29) we obtain r - 3 = 2.96 x 1 0 + s , m " 8 . 

We can now calculate the contribution of the 6p3/>2 electron from equations (4.25) and 

(4.3d) giving 0.54 Qf GHz/barns. This value can be compared to the one obtained more 

directly in gold for the 5d 1 0 6p configuration which can be extracted using equations (4.25) 

and (4.26) with the fine structure splitting of SW° = 3815.4 cm" 1 . This gives a value of 

r^* = 3.38 x I 0 3 i m - 3 and a contribution B(5rf 1 0 6p 3 / 2 in Aul)=0.62 Qs GHz/barn. Taking 

the mean of these two values, we will have Be p = 0.58 Qs GHz/barn as the contribution 

of the p3/ 2 electron. We then have B e x e =-0.93 Qt GHz/barn. Since B9< is determined 

more directly, we will use the ground state splitting to determine Qs. The influence of a 

polarization of the electronic cloud by the nuclear quadrupole moment on the measured 

Qf will not be taken into account (Sternheimer correction) since no calculations on such 

an effect are available in this mass region. 

The extraction of the Faee factor for the 5dB6s 3Z>s —' 5d 96p 74 resonant transition is 

made difficult because of the large expected change in screening effect which will influence 

the change in non-relatîvistic electronic charge density at the nucleus A|i£(0)|2 in the 
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transition. To get around this problem, we can look at the level shift of one atomic 

level between two isotopes. This requires having isotope shift measurements over many 

transitions involving this level. 

The isotope pair over which the most optical isotopic shift data have been accumulated 

is the 1 9 < >' 0 8 Pt pair. IS measurements made between pure configurations {f 1 9 4 ' I S 6 (ô<f 9 6a Q —i 

5a'6s) = -121(1) mk [Gr80,Ba86] and SVSMS = 3(2) mk [Ch74,Ba76|, with 

AMOHgj-O.a-.Sd-a. _ ; ; 0 E 

W 0 ) I B . [ * . SJ»8.) 

give for the level shift of the 5dB6« level oT I M'"' 6(5d 96«) = 60(2) mK. The measured IS 

6v1B*'1BB{Sd?6s2 *F - . 5d86i6j5 *G) = 87(1) mK |St71) with SUSMS = 0 and 

A|V-(0)||,, . , 

I*(°)l|.(.-. H<e.) 

gives oT , M - , M (5<i B 6a) = 72(1) mk. Finally, the IS (Si/ 1 9 4' 1 9 s(5d 96s 3Di -> 5<fB6p 3 F 2 ) = 

71(9) mk [MC7S,Gr80j with IVSMS = 1(1) mk and 

&K»(Q)lL-«, . . . 
Wo)|L - " B 

gives «r 1 9 4 ' 1 9 6 (5<r 9 6s) = 61(8) mk. Taking the weighted mean value, we obtain for the 

level shift « i / , M ' , g 4 (M B B») = 70(8) mK |An86j. From this result, we now only need to 

determine the electronic charge distribution at the nucleus of the 6s electron in the 5d96s 

state to obtain an absolute value of X194'196. This can be done using the value of A5<f»c, (6s) 

from réf. [BÛ82] and feeding it into 

l*(o)ll ^ f ) 
8h.H00a>FrU,ZiHl-S)[l-*)(%;) 

S ' ' Pi 

with 6 the Breit-Crawford-Schawlow correction for t...r extent of the charge distri

bution, e the correction for the extended magnetic moment distribution and Fr(j,Zx) a 

relativistic correction also tabulated in [Ko58]. The values used are Fr{j\Zi) = 2.141, 



6 sa 0.11 and e a* 0.02. This gives a 6s electronic charge density at the nucleus of |ifr(0)liL 

= 16.40 o.^3. With this value, we can extrfct an absolute value of the nuclear coefficient 

•»ie«,i9iJ from the 5d s6s level shift using the relation 

*«SW0)l6. 
Z (4.31) 

with Eet the electronic factor of the outer 6s-electron and |i/>(0)lo« obtained from the 

hyperfine structure splitting constant. With 

fr""-li"i(5<ffw) = Ea. f(Z) \ ~\ \ 194,190 (4.32) 

and f(Z) = 2009.1 mK/fm s [Au86j, we obtain A 1 9 4 ' 1 9 6 = 0.053 fm a. From this value, we 

can then go back to the IS we measured for the 266 nm transition and extract the J-266 

value giving the determined nuclear parameter between the pair of isotopes •»*.>»8pt. This 

gives us a value of 

Fioe = 28 GHz/fm2. (4.33) 

The values of S < r 2 >*<*' and 6 < j37 >A-A' extracted from the isotopic shift data 

on Pt with the ^286 value determined above are tabulated in table 4.3. The measured 

nuclear moments of odd-A Pt isotopes are given in table 4.4. 

S<r l»A.A' AND S . f l 1 . * . * ' EXTRACTED FROM THE ISOTONIC SHIFT MEASUREMENTS IN Pt. THE 
« 0 * > ± , x VALUES ARE COMPARED TO <0> VALUES EXTRACTED FROM 6IG2I. 

A . v 1 " * * *,«s,A • * v * * . < * * > * ' " ' •<»V"-* «S"» IXWEI)) 

(OU) (<•>* («")* t*m\' wmt. 
trim 

1*1 -S. 41(11) 0.300(11} 0.309(11) - -0.0181(10) 0.110* 0.12 
I M -3.93(39) 0.1*4(10) O.liO.lO) o.oiafi) •4.0141(9) o.ir> 0.14 
194 -1.62(36) 0.093(9) 0.096(10 ) 0.054(5) •4.0099(9) 0.143 0.1» 
193 -1.19(23) 0.044(1] 0.045(B) O.OSi<5) -0.0054(7) 0.151 0.1? 
190 0 0 0 0.0*5(1) 0 0.114 0.11 
111 1.05(23) -0.039(1) -C.LMO(e| 0.040(B) 0.0055(7) 0.199 0.1B 
l e t 1.41(»6l -0.051(13) -O.OSK13) 0.013(11) 0,0134(11 ) 0.30» a.10 

195 -j.ai(zi> O.JltXW, 0.123(21) - -0.0370(10} 0 .1» -
IBS « . M [ 3 D -0.094(13) -O.OJ6(13) " 0 0014(11) 0.1?» 



TABLE 4.4 

EXnUTTED NUCLEAR MOMENTS FROM THE HYPERI=»JE STRUCTURE 0"= THE OOO-A Pt ISOTOPES. 

A I \*.<V " l 
l i t t 

Dt 'Oj) o. 0 u « 

(CHE) <<•„> <v (CHE) { tenia) tbAnia) 

i t s i /a K.62(11) a.eoofU) O.M»4»(6 )* _ - _ 
i n 3/3 - 1 . Ï K 5 ) - O . 4 2 0 ( » ) » 0 . 4 ï * f » ) * 1 .49(35} -0.51(17) -o.6itat)' 

* : Civ») 
* : {OMS1 
s : [EMS] 
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CHAPTER 5 

INTERPRETATION OF T H E RESULTS 

The measured isotopic shifts and hyperfine structures yield information on very dif

ferent properties of the nuclei studied. The hyperfine structure gives the magnetic moment 

of the nucleus, which is mainly a property of the configuration of the last unpaired nu

cléons. On the contrary, the IS gives the change in mean-square charge radius along an 

isotopic chain, which is a collective property of the nucleus and is affected by the nuclear 

deformation. 

The magnetic moments measured on odd-A nuclei will be compared to theoretical 

values obtained for quasi-particle in a Nilsson type potential, while the odd-odd isotope? 

will be compared to the neighbouring odd-even and even-odd nuclei. The measured changes 

in mean-square charge radius will be compared to those calculated by Hartree-Fock + BCS 

methods using the SIÏÏ Skyrme phenomenological effective interaction. 

Gold results 

The features of the results obtained on gold are numerous. The most interesting 

is the confirmation of the sharp change in mean-square charge radius first observed by 

Wailmeroth et al |Wa87| between 1 8 7 A u and 1 8 6 A u (see Fig. 5.1). The values of the 

deformation parameter extracted from the two-parameter approach in chapter 4 give a 

corresponding increase from \(3\ = 0.16 to \p\ = 0.252 (Table 4.2). 
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NEUTRON NUMBER 

r lG. S. 1 - Measured changes in mean square charge radius in Au and Hg (Irom 
our results and CUIB6. WaB7}). 

The spin and parity I* = 3 " of the 1 8 6 A u ground-state is different from the I" = t -

of the odd-odd 1 6 B ~ 1 ! M A u nuclei. Spectroscopic studies have shown that an oblate-prolate 

shape transition occurs in the ground-states between A=188 and A=186 [Po83j. The 3 " 

ground-state of 1 8 6 A u has been interpreted as the coupling of the odd-proton of 1 B 5 A u 

with the rather pure 9 / 2 + [ 6 2 4 ] odd-neutron of the l 8 5 P t ground-state. The rotational 

bands observed in 1 8 6 P t show that the ground-state of this isotope has a well-deformed 

prolate shape. The 5 / 2 - ground state of 1 B S A u can be explained by the coupling of 

an ho/2 proton quasi-particle to a prolate rotor |Po83|. The odd proton is aligned to 

the rotation axis of the core by a strong Coriolis effect and cannot be well described in 

Nilsson's notation since fl is no longer a good quantum number. Its wave function is found 

to be an admixture of f! = 3 /2 and f! = 1/2 character, with main components 3/2"[532], 

3/2-J541I and 3/2-1752' and denoted 5/2"3. 2- |532l" to unify the notation (Po83j. The 

3 " ground-state of 1 8 6 A u is then a "conflicting case" jTo79j involving the coupling of an 

odd neutron strongly coupled to a prolate rotor (with its spin aligned to the symmetry 

axis) with an odd proton rotation-aligned to the rotation axis of the core. 

• 02 £ -

• 00 , 

A 
• -02 
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The measured magnetic moment fi= -1.284(33) JUJV is in agreement with the previ

ously measured values of -1.263(29) tiK |WaB7) and of ±1.07(13) /zj» obtained by nuclear 

orientation (Wa86|, and with the value calculated by van Walle et al of ntlt= -1.23 pu 

|Wa85] obtained by coupling the 9/2 + |624| odd neutron of , e 6 P t with the 5/2"3/2-|532]" 

odd proton of , 8 6 A u . 

For the I" = 1/2"1" ground-state of 1 8 , Au, we measured a nuclear magnetic moment 

of 11= +0.531(12) JUJV, which is in agreement with the laser spectroscopy result of [Wa87| 

but disagrees with that measured by ABMR, of it= +0.72(7) UN [Ek80|. The measured 

value in "°Au [Wa87] is comparable to our value ; also this isotope has a I" = 1/2 X 

ground state expected (from nuclear spectroscopy) to be of the same configuration, so we 

believe that the value presented here should be preferred. It is also consistent with the 

magnetic moment of the I" = l / 2 + 1 9 1 Ir and 1 9 3 Ir isotopes which have a p. of 0.515 lis and 

0.504 iiK respectively |Le78). Using model calculations based on the particle-asymmetric 

rotor formalism [La78], Ekstrom had deduced a mixture of the ?rd3/2,n=i/2 and *sip 

configuration from his value of the magnetic moment and a triaxial shape with (3=0.19 

and T = 3 5 °. With our value of the magnetic moment, these calculations would lead to an 

oblate deformation of /? » -0.16 . 

We can calculate the nuclear magnetic moment of the odd-A gold nuclei using the 

wavefunctions derived using Lamm's version of the Nilsson potential |Ni55,La69], as cal

culated by Boisson and Piepenbring |Bo71|. The nuclear magnetic dipole moment (in ps) 

is defined by : 

"' 1 + 1 ( 5 - 1 ' 
For an odd-A nucleus, we have : 

^=gfs+g,r+gTR (5.2) 

where i"~ / = j is the single-particle angular momentum, R is the collective rotational 
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angular momentum and j + R = I is the total angular momentum. From (5.1) and (5.2), 

we obtain |Ek76] : 

P = J ^ T J [(?. -gi)<*»T> +(SN - 3r) < / • / > +ffr < / 2 >] (5.3) 

Equation (5.3) can also be expressed in terms of the one-particie parameter |La69j : 

9k = 9i + ^ (g, - gi) < s* > (s.4) 

where K is the projection of I on the nuclear symmetry axis. We then obtain instead of 

(5.3) : 

V-t.lt = Srl+ (9k - S r ) ^ r y [l + *K, i ( 2 7 + 1 ) ( - 1 ) ' + H D ] (5.5) 

with 

and a, and aj the two parts of the decoupling factor a defined in |La69]. This expression 

(or its generalization to many particles) will prove more useful when we tackle the odd-odd 

nuclei. The value of the collective gyromagnetic ratio is taken as ga = Z/A corresponding 

to a uniformly charged sphere. The nuclear magnetic moment will also be calculated at the 

usual limits of g, = g / p " corresponding to a free nucléon and g a = 0." g£ r B e which would 

correspond to an extreme case of core polarization by the odd-nucleon. The parameters 

for free nucléons are for neutrons g| n = 0, g a n = -3.83 and for protons gj r — 1, g A p = 5.59. 

For the î s r , ï 8 0 À u isotopes, the Jrds/?.n=i/2» **i/2 configuration would correspond to 

the I43I5) oblate Nilsson configuration (in the asymptotic notation |A"A%ftE}). It should 

be noted that most Nilsson states change name in going from the prolate to the oblate side 

of Nilsson diagrams to follow the change in the leading configuration. For example, the 

r!43l£) oblate configuration becomes the irj41l£, configuration for prolate deformation 

(see figure 5.2). To eliminate any confusion, the configuration and type of deformation 

will be given. For the TT|431^) state an oblate deformation of 3 — -0.1 gives n = 0.62 ^n 

9U 
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while for a deformation of 0 — -0.2, we obtain n — 0.32 pff. These values were obtained 

using a proton gyromagnetic ratio of gB = 0.6 g £ r M = 3,35. If we use g, = g{ r e* = 5.59, 

we obtain 0.98 and 0.35 /*/»', We can compare this result to the expected value for a pure 

TTSI/2 state which would give //. — 1.67 fi^ for g s = 0.6 g / r " (with ge =s g£ r " , we obtain 

2.79 (J-N). Clearly a strong admixture of a 7rd3/2 character must be present, even though 

the nuclear spin is 1—1/2, to obtain this low magnetic moment. 

All of the odd-A iei,i93,i9S,i97,i99Au i s o t o p e B have similar I r = 3/2+ ground states. 

These are believed to be due to a irdç/i configuration. The corresponding state has a 

7r|43l|) oblate configuration, which for a deformation of 0 = -0,1 gives p. — 0.96 to 1.1 fiv 

for g<. = 1 to 0.6 g£ r e e . If we look at the magnetic moment of these odd-A isotopes, we see 

that it remains about constant at p, cz 0.14 fix from A=191 to A=197 but increases to fi 

= 0.27 fiK for 1 0 p A u . This is probably due to the fact that the 1̂ 13/2 neutron shell has 

been filled at N — 118. The additional two neutrons must go into a new level (P3/3, Ï5/2 
o r Pi/2)i where they can be more easily induced to contribute an effect to the magnetic 

moment. We can see the effect which can be expected by looking at the simple shell model 

moment for the itdy2 configuration from the expression [Sh63] 

" = j r ± 27+1 { g * " S l ) ] j~l± 1 / 2 (5-6) 

If we use g,= g £ r " , we obtain for the ird.3/2 configuration fi — 0.126 jz#, which is in fair 

agreement with the value for the odd-A isotopes from 1 9 1 Au to I 9 7 Au. Using a value of 

gs — 0.9 g £ r " , which corresponds to a slightly more polarizable core, would increase the 

magnetic moment to 0.294 /**•, close to the value in i e B A u . Another possible explanation 

of the I* = 3 / 2 + ground-state in the odd-A gold isotopes would be to have a "3/2+ |43l£) r 

oblate state. For this configuration at 0 = -0.1 (where its energy is calculated to be nearly 

degenerate to that of the |43l |) configuration), we obtain magnetic moments of (i = -0.1" 

to + 0.27 &N with g, = 1 to 0.6 %{r". For an increased deformation of 0 = -0.2, the 

magnetic moments are decreased to u = -0.53 to +0.06 MS- Clearly, this configuration 

(involving the right Nilsson state (see Fig. 5.2)) could explain the observed low magnetic 
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FIG. 5.3 - Nllsson diagram for the neutrons around A = 187 

97 



moment. Again, an increase in the polarizabiiity of the core by the addition of the two 

extra neutrons outside the i/i'ia/2 neutron shell could explain the observed increase of the 

nuclear magnetic moment in 1 B 9 Au. 

In the case of odd-odd nuclei, we can generalize equation (5.2) to |E1(76|: 

P°p = g,râp + gipfp + 9»nsn + 9,„f„ + grR (5.7) 

Using the one-particle parameters defined in (5.4), we can rewrite (5.7) as : 

K I „ „ P + I-K'\ 
liodi-odi - J—— I SKpKp + ffKnK„ + g, — J (5.8) 

From the proton Nilsson diagram shown in figure 5.2, we can expect the proton con

figurations ir|43l|) and *r|431§) on the oblate side for the odd-odd Au nuclei. To obtain 

the I* = 1~ of »ae,i90,i02,i&4^Uj w e m u s t C Ouple these proton states to negative parity 

neutron states. From the neutron Nilsson diagram (Fig. 5.3}, we see that there are two 

possible candidates in oblate deformation : t>|532§) and i/|532§) oblate. By coupling these 

different quasi-particles with the core (in the approximation of no odd-proton odd-neutron 

interaction) using eq. (5.8), we see that the small magnetic moments of the I* = 1~ of 

188,190.192,194 û c a n o n j y y>e e X p i a j n e d by a i431§) oblate proton configuration, as can be 

seen in table 5.1. 

UflLE ».1 

MAÛNETtC MOMENTS «N fit*) OF THE l" ODD-ODD NUCLEI FOB DIFFERENT 
COMFiQURATtON AND DEFORMATION. 

- 0 - 0 . 1 _o . 0 . 2 

£zv* vo.<*;™* 

( f | 5 3 2 j > v I431y > ) 4 _ + O.05 40. M -O.Ofi 40.19 

( f1532~> v 1431^ > ) 1 _ + 1.2* 4-1.15 +1,43 41.20 

t>|532± > ir |43l£ > >4_ - o.oe 40.14 40.03 40.24 

(v\S32~ > ir 1431^ > >4_ 4 0.34 40.60 41.S3 +1.25 



We see that at 0 = -Q.2, only the ir |431 ̂ } oblate configuration can explain the 

experimental nuclear magnetic moments. At 0 = -0.1, these calculations seem to indicate 

also a i/|532|) oblate neutron configuration. 

A similar procedure for the V = 2~ l ô 6 - i e 8 A u isotopes does not give very convincing 

results, but this is to be expected since the configurations are far from pure in this region. 

For example, we can use the shell model expression |B156] 

t* ~ 2 I g r + 3 n + w " 9n> 1(1 + 1) J * ' 

to obtain the magnetic moment of the odd-odd isotopes from those of the neighbouring 

odd-A isotope. We find an agreement which is far from being as good as that observed in 

indium |Eb87], where the proximity of the magic Z — SO shell closure gives a very stable 

(^ffp/î) - 1 proton configuration. 

We can summarize the information obtained from the nuclear magnetic moments of 

the Au isotopes by saying that the MN of 1 8 6 A u can be explained by a well-deformed 

prolate ground state while that of the heavier isotopes would correspond to oblate shapes 

with smaller deformation. For the weakly deformed Au isotopes, the extraction of nuclear 

structure information is difficult. The problems encountered in the representation of the 

experimentally measured magnetic moments might be due to triaxial deformation of these 

nuclei or to nuclear shapes which are not deformed enough to be well represented by the 

Nilsson formalism, but not yet spherical. 

The change in mean-square charge radius between the Au isotopes from 1 8 7 Au to 
1 9 9 Au follows a smooth trend of increasing charge radius with A. The deformation decreases 

smoothly from A=187 to A=198 with a very small increase for A = 199. Along the isotopic 

chain of an odd-Z nuclei, each isotope has one or two unpaired nucléons. The odd-even 

staggering is then not expected to be very strong, since the tighter nuclei that we could 

expect from even-even nuclei are not present along the isotopic chain. 
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The changes in mean-square charge radius measured in Au can be compared to theo

retical values calculated for the even-even platinum and mercury nuclei by self-consistent 

methods. These self-consistent calculations use constrained Hartree-Fock + BCS meth

ods, with the Skyrme SIII effective phenomenologîca] interaction |F173, Va72). The starting 

point of such calculations is the approximation of A independent particles inside an aver

age field, The Skyrme SIII phenomenological effective interaction is an analytic form of 

interaction which can reproduce the important effects of the real effective interaction while 

still manageable by present day computers. The SIII force has six parameters which are 

determined by fit to the static properties of the magic nuclei across the nuclide table. The 

pairing force must also be included, and this is done using the BCS prescription. 

These calculations have been shown to be able to describe correctly the nuclear static 

properties of even-even deformed and transitional nuclei [Be75, Lit?2]. Such self-consistent 

calculations using the constrained Hartree-Fock plus BCS method with the Skyrme SIII 

phenomenological effective interaction have already been performed for even-A Os, Pt and 

Hg isotopes |Sa8l}. The constraint is that of axial symmetry, which is assumed throughout 

these calculations. The deformation energy curves obtained for the isotopes of this region 

have in general two nearly degenerate minima (figure 5.4) corresponding respectively to 

an oblate and a prolate solution. This quasi-degeneracy explains the shape coexistence 

observed at low excitation energy in the neutron deficient Hg, Au and Pt isotopes. This 

coexistence at low excitation energ)' explains why the small perturbation on the core 

brought about by an extra nucléon can make it shift from an oblate to a prolate ground-

state. This is the situation observed in the case of the mercury isotopes for A smaller 

than 187 (figure 5.1). Since the comparison of the experimental data on platinum with 

this model will be used as an argument for a shape transition between I 8 C l Pt and l s a P t , 

we can demonstrate its validity by showing that it can closely reproduce a similar shape 

transition in neutron deficient Hg isotopes. 
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We have performed the calculations to complete the results obtained in ref.[SaSl] on 

mercury and have represented in figure 5.5 two curves corresponding to the oblate and the 

prolate minima in the energy deformation curves. The experimental 6 < r 2 > obtained by 

Ulm et al [UI8GJ have also been displayed on this figure, We lee that at the shape transition, 

the experimentally measured change in rms charge radius shifts from the oblate towards 

the prolate curve, The subsequent, large odd-even staggering is in fact a jump from oblate 

tu prolate or prolate to oblate deformation with the removal of each additional neutron. 

It should also be mentioned that for most prolate ground states a very low-lying isomeric 

state of oblate deformation has been observed. The agreement between the measured 

values and the model is very good. As an additional note, it should be mentioned that the 

calculated absolute charge radii are consistently about 1% higher than the experimental 

ones, but that nevertheless, the differences in these theoretical values represent very well 

the measured differences in mean-square charge *v-dius. 

In the case of gold, which is an odd-Z element, these calculations cannot be applied 

directly, since with the code used only the properties of even-even nudei can be calculated. 

But we can compare the measured differences in rms charge radius to those calculated for 

the corresponding Hg or Pt core. We obtain an odd-A Au isotope either by coupling a 

proton quasiparticle to a A~1Pt core or by coupling a proton hole to a A + 1 H g core. The 

results of the calculations give the same charge radius for the oblate solutions of 1 9 0 P l 

and 1 9 2 Hg. Both cores correspond to a 1 9 1 Au isotope, which is believed from nuclear 

spectroscopy to be of oblate shape. We will then normalize the charge radius of the 

theoretical curves to neutron number N=112 and put the measured value for l 9 1 A u on 
n„hat same point. The result is depicted in figure 5.6. We see clearly from this figure that 

the gold isotopes with neutron number between N = 10S and N = 120 correspond very well 

to the expected behaviour for the corresponding oblate Hg and Pt cores. On the contrary, 

the two other measured isotopes with N = 106 and 107 fall between the two curves for 

prolate Pt and Hg cores. This is a clear signature of the shape transition from an oblate 

to a prolate nucleus brought about by the removal of an additional neutron in I 8 7 Au. We 
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see that in contrast to the Hg isotopes, where there was a large odd-even staggering due to 

oblate to prolate and prolate to oblate shape transitions between each ground-state nucleus 

below A=187, in the case of Au, both 1 8 5 Au and 1 B 6 Au have strong prolate deformations. 

This is probably due to the fact that since Au is an odd-Z nucleus, its isotopes cannot 

have the stabilizing effects of the tighter bound even-even nuclei, which in Hg stops the 

i/|521$) prolate neutron state from becoming the ground-state. The TT/ I^ intruder state 

in Au then remains the ground-state in bo*h I 8 6 A u and 1 8 6 Au since gold has an unpaired 

proton, and an energy minimum when this proton is coupled to the prolate core. 

Pla t inum results 

We have studied only two odd-A platinum isotopes : I M P t , for which we can only 

measure the nuclear magnetic dipole moment because of its nuclear spin of 1/2 and , M P t , 

which has a nuclear spin of 3/2, allowing us to determine both its magnetic dipole and 

electric quadrupole nuclear moments. 

The nuclear magnetic moment of 1 9 5 P t is n = 0.60949(6) us[Le78]. The odd neutron 

of this isotope has a configuration of |52l£) obiate in the asymptotic Nilsson notation. For 

an oblate deformation of 0 = -0.1, using the wavefunctions calculated in ref. [Bo7l], we 

obtain a value varying between p. = 0.72 fis for g« = g ' r M and fi = 0.47 fiK for g, = 0.6 

g / r " . For 1 8 9 P t . which has I* ~ 3/2", the expected ground-state configuration is u|532§) 

{oblate). With this configuration and a deformation of 0 = -0.1. From the wavefunctions 

calculated in ref. [Bo7l], we obtain the values n = -0.34 us with g* = g(rec and fj = -0.11 

fin for g* = 0.6 g{ree. For 0 = -0.2, we have a value of y = —0.24 /is for both limits of 

the gt value. We measured a value of \x ~ -0.420(16) fis from the HFS of the ground state 

level. This value is in good agreement with the values measured previously by nuclear 

magnetic resonance on oriented nuclei of \p.\ = 0.434(9) ps 'Ed85j and l^| = 0.427(9) us 

|OhS5]. The axially symmetric wavefunctions of [Bo7l] do not seem able to reproduce the 
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magnetic moment of l B 0 P t . This is understandable since the constraint of axial symmetry 

might not be valid when we are close to the expected shape transition. 

The nuclear electric quadrupole moment measured in the ground-state of 1 8 9 P t is Q, 

— -0.98(17) barns. This value is in agreement with that measured by Eder et al. of Q, 

= -0.65(26) bams |Ed85) using quadrupole-interaction nuclear orientation. These values 

must be related to the intrinsic quadrupole moment Qo value and this can be done in the 

limiting case of strong coupling by the relation: 

(7 + l)(2/ + 3) 
Q o - — J Ç T Z — Q> (5.10) 

We then obtain Qo = -4.9(8) barns. This value can be compared to the intrinsic 

quadrupole moment obtained from the deformation by [L570]: 

Qo = -j=ZB% < 02 > (1 + 0.36 < 02 > +•») (5-11) 
V5ir 

with Ro = 1.2 A 1 / 3 fm. With < /?f > s /a = o.l78 obtained from the IS data (Table 4.3), 

we obtain \Qo\ — 5.3 barns. These results are in good agreement considering that the 

vibrational contributions to < 0\ > 1 / ' 2 are not present in the HFS determination of Q 0 . 

The assumptions of strong coupling and axial symmetry used in this compaxison might 

howe\er be erroneous. 

The changes in mean-square charge radius € < r2 > in platinum for the even-even 

isotopes from 1 9 e P t to t 8 8 P t show a monotonie slow decrease with a sharp decrease for 

the 1 8 6 - , 8 8 p t pair (see figure 5.7). To determine if such a behaviour can be due to a shape 

transition from an oblate to a prolate nucleus, we compare these experimental results with 

those obtained from the self-consistent calculations described earlier. This is done in figure 

5.8. where the theoretical values obtained for the prolate minimum are shown by a full line, 

and the theoretical values corresponding to a prolate shape are depicted by a dotted line. 

The experimental values are plotted as crosses with error bars and the normalization is 

made to 1 9 0 P t , which is believed to have an oblate shape, positioned on the corresponding 
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curve. The theoretical values found for nuclei constrained to a spherical shape are also 

shown by a dashed line. 

5<r2>A.A+2 
(fm*J 

0.1 

0.05 

186 188 190 192 194 195 A 

FIG. S.7 - Measured 6<r*> between pairs of even-even Pt isoiopes. 

Figure 5.8 shows very good agreement between the oblate theoretical curve and the 

measured 6 < r 2 > values from 1 8 8 P t up to 1 9 8 P t . However, for l l l 6 P t the experimental 

value deviates noticeably from the oblate curve and shifts towards the predicted prolate 

value. Since a similar comparison performed for mercury nuclei has shown that such 

calculations are able to reproduce the experimental sharp changes of «5 < r 2 > [Ca73, 

Me79j very well, the result obtained here could indicate that the 1 8 6 P t nucleus is shifting 

to a prolate shape. This would be in agreement with the results of the systematic study 

of the excited states of the even-even Pt nuclei, These show a crossing of the 4* and 2% 

states and a fast decrease of the energy of the OJ state between 1 8 g P i and 1 8 6 P t (see figure 

5.9), which could be interpreted [Ku70,He83] as the signature of a shape transition between 

these two isotopes |Fi72]. Recent experimental results obtained from the 1 8 8 0 s ( a , 6 n ) 1 8 6 P t 

reaction [He87] also support such a shape transition. 
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The wavefunctions obtained from the HF+BCS calculations show a significant in

crease in the occupation of the JT/I P/ 2 orbital for the well-deformed prolate solutions. The 
J 8 G P t prolate configuration would then correspond to a two-proton "excitation" to the 

ffkp/2 intruder state. The results of these calculations support the explanation of shape 

coexistence in this region as being caused by a proton intruder configuration |Du81,Wo82). 

Here again we must keep in mind that the HF+BCS calculations are performed with 

the constraint of axial symmetry : an experimental result falling between the oblate and 

prolate curves could very well be due to a nucleus with an asymmetric ground state. Cal

culations involving the -y degree of freedom have been performed by Bengtsson et al |BeB7] 

using both Woods-Saxon and Nilsson potentials, with the Stnitinsky renormalization plus 

BCS pairing approach. They obtained a prolate shaped ground state for 1 8 6 P t , triaxial 

shapes for l 8 8 t i s o p t ^ 4 vreaukly deformed oblate shapes for I 9 J - l 9 8 P t . These calculations 

support our results while also showing that in most cases the oblate and prolate minima 

are separated by a barrier in the 7 plane. 

6 < r c > 

0.2 

0 

-0.2 

- 0 . -

lOi 136 112 li5 120 N 
PIG. 5. a - Comparison ol the calculated and measured scr*> values tor even-
~ ~ — - ~ * even Pt leopes. 
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FIG. 5 , 9 - Systematica of the lew-lying levels observed in even-A Pt Isotopes 
^ — — (experimental data from [FI72, Le7BJ), 
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CONCLUSIONS 

Laser spectroscopy results 

We have used a new laser spectroscopy technique to study radioactive isotopes in the 

region of the transitional nuclei around Z=79. The results obtained on gold isotopes have 

allowed us to extend the series of isotopic shifts measurements, which now span the interval 

from A=185 to A=199. The sign of the magnetic moment of 1 9 2 Au has been determined 

and the value of the nuclear magnetic moment of 1 B T Au determined by Wallmeroth et al. 

[Wa87], in conflict with an earlier measurement by ABMR [Ek80], has been confirmed. 

The large change in mean-square charge radius between 1 8 7 A u and 1 8 6 A u [Wa87] has also 

been confirmed and is interpreted as a shape transition from an oblate to a well-deformed 

prolate shape. The first laser spectroscopy results on radioactive platinum isotopes have 

also been obtained- The sign of the magnetic moment of 1 8 9 P t has been determined 

and the isotope shift of the ise.ias.isQp^ ^ ^ s t a D | e pt isotopes have been measured for 

the 266 nm transition. The changes in mean-square charge radius for the even-even Pt 

isotopes extracted from our experimental results have been compared to self-consistent 

Hartree-Fock plus BCS calculations. 

This comparison seems to indicate a shape transition between 1 8 6 P t and I 8 8 P t . The 

experimental point for I 8 e P t deviates from the predicted oblate value in figure 5.8 and 

falls about two-thirds of the way towards the predicted prolate value. This would be in 

agreement with the results of the systematic study of the excited states of the even-even 

Pt nuclei. These show a crossing of the 4^ and 2% states and a fast decrease of the energy 

of the û£ state between 1 8 8 P t and 1 8 6 P t (see figure 5.9), which have been interpreted by 

Kumar |Ku70] as the signature of a shape transition between these two isotopes. 
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The l 8 6 P t point which falls in between the two theoretical curves in figure 5.8 could • 

also suggest that we are not dealing with axially symmetric nuclei, as assumed in the 

HP+BCS calculations. Phenomenological calculations with the triaxial degree of freedom 

have been performed by Bentgsson et al [Be87] which seem to support our results. But 

the exact location of the shape transition will be more difficult to pinpoint from 6 < 

r 2 > measurements in platinum than in mercury or gold. The prolate and oblate minima 

for mercury (Fig. 5.5) correspond to very different \0\ in the region around the shape 

transition. On the contrary in platinum (Fig. 5.8), the two shapes have nearly degenerate 

\0\ parameters at the expected shape transition. Large changes in \0\ for the prolate 

solution of the neighbouring even-A isotopes are also calculated. A Btrong argument which 

will help to clarify the situation in neutron-deficient Pt will be the measurement of isotopic 

shifts in I 8 4 P t and 1 8 S P t . The rotational bands observed in 1 B 5 P t show that this isotope 

has a prolate ground-state shape [De75. Ro85]. This isotope would provide a prolate 

"marker" on the 6 < r 2 > measurements. The experimental determination of the position 

of î B 4 P t in figure 5.8 will on the other hand provide a good test for the calculations and 

allow us to extract a more solid conclusion from the position of 1 8 6 P t in figure 5.8. 

Experimental technique 

The performance attained by this new experimental system was summarized at the 

end of chapter 3, indicating an overall detection efficiency of 6 x 1 0 - s and an experimental 

resolution of 175 MHz. The shortest half-life of the isotopes we studied was 8 minutes for 
1 8 7 A u . The system proved capable of studying samples as small as 10 1 0 atoms. It is 

particularly well suited to the study of exotic nuclei which cannot be produced directly by 

an on-line mass separator but can be obtained by radioactive decay of an active ion beam 

extracted from an on-line mass separator. The decelerating lens allows the implantation of 

the radioactive atoms at a lower energy (i.e. smaller depth). This increases the possibilities 

for extraction in the form of neutral atoms by pulsed laser desorption of these radioactive 
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elements. This should permit the study of radioactive isotopes of very refractory elements. 

With currently available pulsed lasers, the RIS scheme used for the detection of the atoms 

can be used for nearly any element and should allow a very wide applicability of the 

method. 

In the process of constructing and testing the various components and finally using 

this setup in on-line experiments, we have been able to determine the weak points and 

strong points of the technique and experimental apparatus. A point which produces many 

difficulties is the normalization of the intensity of the signal. Since the implantation is 

not in general uniform over the whole of the delimited implantation region on the tape, 

scanning of a wide frequency interval to resolve a complicated hyperfine structure may 

cause us to move out of the region with the highest density of implanted radioactive 

atoms. This problem was not a limiting factor in the case of gold, since we had at most 4 

lines per hyperfine structure. But in the case of platinum, where the atomic levels of the 

studied resonant transition have total angular momentum of 3 = 3 and J = 4, there are 

9 components in the case of the I = 3/2 isotope 1 8 9 P t . The HFS must be scanned slowly 

to resolve the different components and we had problems with the relative intensities of 

the different lines since we covered too wide an implantation region during the scans. The 

correct identification of the different components of the HFS then becomes very difficult. 

Another problem is that the present technique is very sensitive, but limited as far as 

half-life of the isotopes to be studied is concerned. This limit comes from the time taken 

to move the sample from the decelerating lens to the laser desorption point, and the time 

needed to slowly move the implanted sample in front of the heating laser for the frequency 

scan over the atomic resonant transition. 

To solve this problem, we have studied and are building a second setup which should 

be installed by June 1988 at ISOCELE. A diagram showing the principal characteristics of 

this new experimental setup is shown in figure 6.1. The main difference in this apparatus 

is that implantation and laser desorption will take place at the same point. This eliminates 
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DETECTOR 
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F I G . 6 . 1 - S c h e m a t i c d i a g r a m showing the ma in c h a r a c t e r i s t i c s of the i m p r o v e d 
s e t - u p . 
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the time needed for the transport and scanning of the tape. An acquisition cycle will start 

with the accumulation on the support of the radioactive ions until we have about 10 6-10 7 

radioactive atoms implanted on the surface. The mass separator ion beam is deflected 

towards the collector by a magnet, leaving a direct path for the desorption laser. We then 

use the pulsed laser desorption, synchronized with the RIS + TOF analysis, to study one 

frequency interval around a resonant transition of the element studied. It should be noted 

that the outgoing ionized radioactive atoms are deflected into the TOF drift tube by the 

same magnet to again leave a path for the heating laser, and give an additional mass 

selection against the early ions created by the pulsed laser desc rption. After enough laser 

shots have been fired to desorb most radioactive atoms implanted on the surface, we start 

accumulating another 10 e-10 7 radioactive atoms for the next laser frequency interval. 

A significant advantage of this new setup is that a full collection is made for each 

frequency point ; permitting work on isotopes with a much lower production. Two new 

problems are inherent in the new system geometry, which can in principle be solved. First 

we must have coexisting in the collector (see figure 6.1) an electrode system allowing a tight 

focus for the incoming ion beam, and a proper extraction geometry for good TOF resolution 

of the selectively ionized radioactive atoms. Studies have been performed showing that a 

simple electrode configuration could allow both conditions to be met. The other constraint 

will be on the high-resolution pulsed laser system which will have to be stabilized very well 

over the much longer time intervals now needed for the frequency scans. This problem will 

be solved fay having the frequency of this laser system controlled by a very reliable device 

called a sigmameter [Ju76|, which will be actively stabilized on narrow absorption lines. 

Since in this new system we will be using the laser desorption on the same surface 

point, the surface should remain clean and a lower background from the residual gases 

absorbed by the surface should be expected. The smaller system volume and a better 

pumping system should produce a better vacuum, which should also reduce this source of 

background. 
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The performance expected from this new system should permît measurements on a 

whole new range of isotopes. The limit on the half-life of the isotopes to be studied will be 

reduced to the order of seconds. The essential limit is now that about 106 radioactive atoms 

must be accumulated on the surface. In the case of gold, this would mean that the mass 

limit for measurements to be performed would be 1 8 ! Au with the production of ISOCELE. 

Keeping in mind that the method retains all of its advantages for the refractory elements, 

we see that the range of new isotopes which will become accessible with this original 

method should help atomic-laser-nuclear physicists to extend the domain over which the 

static properties of nuclei far from stability are known. 
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