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PREFACE 

In accordance with the plan of the international collaboration between the Flerov 
Laboratory of Nuclear Reactions (Joint Institute for Nuclear Research, Dubna, Russia) and 
the Faculty of Physics (Adam Mickiewicz University, Poznan, Poland), the V Workshop 
on the Application of Lasers in Atomic Nuclei Research was held in Morasco (vicinity of 
Poznan) on May 28 - 31, 2001. Several different fields of the nuclear structure 
investigations of radioactive nuclei, using laser radiation, were discussed at the 
Workshop. The scientific programme of the Workshop covered the following main 
topics: 

• Trends in research of nuclear matter by laser methods 
• Laser spectroscopy on beams of fission fragments and radioactive nuclei 
• Study of nuclear structure by off- and on-line laser methods 
• Charge distribution and nuclear moments 
• Hyperfine magnetic anomaly and radii of valence nucleons 
• Properties of atoms clusters and nuclei 
• Radiotherapy, track and spectrometric methods 
• Experimental laser methods and applied research 

The programme of the Workshop also included a trip to Warsaw 
(June 1 - 2, 2001). The participants of the Workshop visited the Laboratory of Heavy 

Ions of Warsaw University where they have acquainted themselves with the heavy ion 
cyclotron U-200P and its physical set-ups. The scientific programme and results of 
investigation with the use of the U-200P were presented. 

The working language of the Workshop was English. 
Scientists from 7 countries participated in the Workshop, from scientific centers 

of Prague (Czech Republic), Orsay (France), Darmstadt, Mainz, Marburg (Germany), 
Warsaw, Poznan, Kielce, Krakov (Poland), Moscow, St. Petersburg, Dubna (Russia), 
Kristianstad (Sweden), Birmingham, Manchester (UK). 

Organizing Committee: 
Prof.Z.Blaszczak (Poznan.Poland) - Chairman 
Dr.B.N.Markov (Dubna, Russia) - Scientifk Secretary 
Prof.J.Dembczynsky (Poznan.Poland) 
Prof. W.Nawrocik (Poznan.Poland) 
Prof.S.Chojnacki (Warsaw.Poland) 
Prof.A.Kopystynska (Warsaw.Poland) 
Prof.Yu.P.Gangrsky (Dubna, Russia) 
Prof.Yu.E.Penionzhkevich (Dubna, Russia} 
Dr.M.Halas (Poznan.Poland) - Secretary 
Dr.I.Iwaszkiewicz-Kostka (Poznan.Poland) - Secretary 

Organizers: Faculty of Physics, Adam Mickiewicz University, Poznan, Poland, 
Flerov Laboratory of Nuclear Reactions JINR, Dubna, Russia 
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WELCOME ADDRESS 

Ladies and Gentlemen, 

It is my great honour and pleasure to welcome all participants and the 
guests of our regular Workshop in Poznan. I am doing this not only in my 
name but also on behalf of the whole Organizing Committee. I am pleased to 
see among us Professor Yu.P. Gangrsky, a leading expert in the field of laser 
spectroscopy at the Flerov Laboratory of Nuclear Reactions, JINR (Dubna, 
Russia), Professor J. Dembczynski, Rector of the Poznai't University of 
Technology, Professor A. Dobek, Dean of the Faculty of Physics and 
Professor B. Mroz, Director of the Institute of Physics of Adam Mickiewicz 
University (AMU), Professor H. Hiihnermann from the Philippe University 
(Marburg, Germany), Professor W. Nortershauser from GSI (Darmstadt, 
Germany) and many other distinguished participants and guests who 
honoured the opening of the Workshop by their presence. 

I would like to remind that three years ago we celebrated the 80th 
anniversary of our University. It has developed from a small college to one 
of the greatest science and cultural centers. 

The Faculty of Physics is one of 11 faculties of our University. Adam 
Mickiewicz University belongs to the largest Polish universities. More than 
2,000 academic teachers teach more than 30,000 students. 

The Faculty of Physics consists of three units: 
• the Institute of Physics, 
• the Institute of Acoustic, 
• Astronomical Observatory. 

We teach more than 800 students in different specializations: 
• experimental and theoretical physics, 
• biophysics, 
• acoustic, 
• astronomy, 
• didactics of physics, 
• medical physics, 
• physics of the Earth and its atmosphere, 

• physics and informatics. 
Our Institute of Physics consists of 20 departments and laboratories, 

specializing in both experimental and theoretical research, employs 150 
research workers and teachers. In the section of experimental physics the 
main fields of interest are solid state properties and structure, nonlinear 
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optics, nuclear magnetic resonance (NMR), electron paramagnetic resonance 
(EPR), molecular biophysics. Theoretical investigations concentrate on the 
solid state theory including superconductivity phenomena, theory of 
magnetism, nonlinear optics, surface physics and mathematical physics. We 
are open to co-operate in all these fields, and we have established many 
permanent links with some leading universities in quite a few countries. 

After this short information about our Faculty of Physics AMU I 
would like to say a few words of the history of the Poznan Workshop on the 
Application of Lasers in Atomic Nuclear Research. The idea was born in 
Dubna, where the first conference took place; the subsequent conferences 
were organized in Poznan. The people most devotedly engaged in organising 
the conferences here were: our friends from Dubna Professor Gangrsky and 
Dr. Markov, and, from our side, Professor Nawrocik and myself. Let me 
remind you of the titles of these Workshops, shown in the Table. Each time 
the conference grew in status and in the number of participants from an 
increasing number of countries. At this conference, which will be the first in 
the 21 st century and in the 3th millennium as well, you will meet over 50 
participants from 7 countries. 

This fifth Workshop is devoted to prospects for the development of 
laser methods in the study of nuclear matter. One of these prospects is the 
experiments on beams of accelerated radioactive nuclei. This is a very 
interesting field of nuclear physics; now developed in many research centers. 
The advanced equipment for generation ofradioactive beams is or will soon 
be in operation at many research centers. At the Flerov Laboratory of the 
Joint Institute for Nuclear Research a project named DRIBs (Dubna 
Radioactive Ion Beams) has been proposed. The project includes production 
of two kinds of the exotic radioactive beam - light neutron-rich nuclei and 
fission fragments. A heavy ion cyclotrons and an electron accelerator­
microtron, will be used for this purpose. Several reports concerning this 
project are to be presented at our Workshop. These reports deal with the 
obtaining of beam of radioactive nuclei and different experimental methods 
for their study. The laser spectroscopy method is the most promising for the 
study of such nuclei. It allows determination of the size and the shape of the 
nuclei studied and the nucleon configurations of the ground or isomeric 
states. This is a very important source of information about nucleon 
interaction in the nuclei far from P-stability. I hope that discussion of the 
presented reports will be useful in selecting the most suitable techniques 
and in planning future experiments. 

Let me wish you successful and fruitful discussions and many 
interesting contacts. The weather is beautiful and we hope that it will stay 
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like that throughout case during the whole Workshop, the organizers will 
also do their best to make sure you will never regret coming here. 

Let me officially declare the conference open. 

Professor Z. Blaszczak 
Chairman of the Organizing Committee 

Table 

Dubna -Poznan International Workshop 

I. Laser Spectroscopy of Atomic Nuclei 
Dubna, December 18 - 20, 1990 

II. Charge and Nucleon Radii of Exotic Nuclei 
Poznan, Poland, May 29 - 31, 1995 

III. Hyperfine Structure and Nuclear Moments of Exotic Nuclei 
by Laser Spectroscopy 

Poznan, Poland, February 3 - 5, 1997 

IV. Laser Spectroscopy on Beams of Radioactive Nuclei 
Poznan, Poland, May 24- 27, 1999 

V. Prospects for the Development of Laser Methods in the 
Study of Nuclear Matter 

Poznan, Poland, May 28 - 31, 200 I 
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STUDY OF FISSION FRAGMENTS STRUCTURE 
IN PROJECT DRIBs (Dubna) 

Yu.P.Gangrsky, D.V.Karaivanov, K.P.Marinova, B.N.Markov, 
L.M.Melnikova, G.V.Mishinsky, Yu.E.Penionzhkevich, S.G.Zemlyanoi, 

V.1.Zhemenik 

Joint Institute for Nuclear Research, Dubna, Russia 

The prospects of the study of the nuclear structure fission 
fragments by resonance laser spe'ctroscopy methods are discussed. 
Research in this field is currently being carried out as part of the 
DRIBs Project, which is under development in the Laboratory of 
Nuclear Reactions JINR. The fission fragments under study are 
mainly very neutron-rich nuclei near the proton (Z = 50) and neutron 
(N = 50 and 82) closed shells, the region of strongly deformed nuclei 
(N > 60 and N > 90) and nuclei with high spin isomeric states. 
Resonance laser spectroscopy is used successfully in the study of 
the structure of such nuclei. It allows one to determine a number of 
nuclear parameters (mean-square charge radius, magnetic dipole 
and electric quadrupole moments) and to make a conclusion about 
the collective and singleparticle properties of nuclei. 

PECULIARITIES OF FISSION FRAGMENT NUCLEAR 
STRUCTURE 
Fission fragments of heavy nuclei (Z > 90) are neutron-rich isotopes 

of the elements from Zn (Z = 30) to Nd (Z = 60) with a neutron number of 
45 - 90. The location of the fission fragment region on the nuclide chart is 
shown in Fig. I. The large neutron .excess in the fission fragments under 
study (in some cases there are 10 - 15 more neutrons, than in the nuclei 
situated in the 13-stability valley) could lead to an essential change in their 
structure and radioactive decay characteristics. The anomal ratio of protons 
and neutrons in such nuclei reflects on spin-orbit interactions and can lead to 
another order of nucleon shell filling. This change will manifest itself in the 
appearance of new magic numbers of protons or neutrons, new regions of 
deformation, of new islands of isomerism. A striking example of such 
phenomena is found in light neutron-rich nuclei of 31Na and 32Mg at the 
magic number N = 20. Contrary to our knowledge about nuclear structure, 
these nuclei are strongly deformed [1,2]. The same situation could occur in 
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Fig. 1. The part of a nuclide chart that corresponds to the fission fragment 
atoms. The dots represent stable atoms; the curves show the drip-lines, the 
average neutron number of the fission fragments and their yield of 10·3 per 
fission event. 
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the case of very neutron-rich isotopes of Cu and Zn near N = 50 as well as 
Ag and Cd near N = 82. 

It is also possible that there is an unusual change in nuclear structure 
on the boundary deformation regions. In the between- initial part of the 
known region at N = 90, the quadrupole deformation parameter increases in 
a different way for various elements: there is a sharp jump in the P-stability 
valley (isotopes of Nd, Sm, Eu, Gd) and a smooth growth outside it 
(neutron-rich isotopes of Ba and neutrondeficient isotopes of Yb [3]). At the 
same time the octupole deformation parameter decreases in these nuclei. The 
nuclei on the boundary of another deformation region are studied much less. 
It is only known that there is a sharp jump in quadrupole deformation at N = 
60 in the isotopes from Kr (Z = 36) to Mo (Z = 42). It manifests itsell by the 
strong change in their charge radii [4] and the reduced probabilities of 
electric quadrupole transitions [5]. 

A change in nuclear structure can also occur in the know islands of 
isomerism (nuclei with N < 50 and N < 82). Highspin levels g,,and h,,,can 
be shifted and their decay characteristic will change. 

The peculiarity of fission fragment decay is the high energy of the P­
decay and low neutron binding energy on the dauther nuclei. Qp > 5 MeV 
and Bn < 5 MeV in the primary fragments formed directly in fission. 
Therefore the wide spectrum of excited levels of different nature is 
populated in the W-decay of fission fragments. Neutron emission 
accompanies y-radiation in the deexcitation of these levels. About I 00 
delayed neutron emitters are known up to now [6]. The values of neutron 
emission probability allow one to get new information about the wave 
function of excited levels. 

The high energy of p-decay can result in the appearance of new, much 
rarer, modes ofradioactive decay. They are emission of a neutron pair or an 
a-particle after P-decay (P2n or pa ). These decay modes are an important 
source of new information about nuclear structure. 

Thus the spectroscopic properties of fission fragments are very 
various. They are relatively poorly known, and researching them 
measurement of the nuclear moments, the level spectra, the decay schemes 
etc.) allows one to establish the way in which nuclear structure changes with 
the increasing neutron excess. A wide set of experimental devices should be 
used to obtain this information. 
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DRIBs PROJECT-DUBNARADIOACTIVE ION BEAMS 
Study of the nuclear structure of fission fragments is one of the main 

directions of the DRIBs project, being developed in the Flerov Laboratory of 
Nuclear Reactions,JINR. The aim of this project is the production of intense 
beams of accelerated radioactive nuclei in a wide range of Z and A - from 
He to rare-earth elements. Light neutron-rich nuclei (up to Na) will be 
obtained in the fragmentation of bombarding ions on the 4-meter 
isochronous cyclotron U-400M, and nuclei of a medium mass number - in 
the fission of uranium on the electron accelerator microtron MT-25 . 

Nuclei chosen for study will be mass-separated and transported to be 
accelerated in another 4-meter isochronous, cyclotron U-400. A scheme of 
such an accelerating complex is shown in Fig.2. 

Study of reactions induced by neutron-rich or neutron-deficient nuclei 
essentially enlarges information about their structure. It is impossible to 
judge some details of this structure from radioactive decay characteristics. A 
striking example is observation of an unusual wide space distribution of 
neutrons in some neutron-rich nuclei (neutron halo), first in 11 Li and then in 
others [7]. These data were obtained from measurement of cross-sections 
for different reactions (fusion, stripping, nucleon exchange) with neutron-
rich nuclei. Such multidirection investigation of the properties of nuclei far 
from the P-stability valley definitely widens _our knowledge about the 
changes in nuclear structure with the growing neutron excess and about the 
appearing of new phenomena. 

Reactions with neutron-rich nuclei can be also used for obtaining 
more neutron-rich nuclei. Really, the compound-nuclei formed in these 
reactions contain the neutron excess, and the evaporation of charged 
particles increases this excess. By this technique it is possible to get the most 
neutron-rich nuclei and to draw near the boundary of nucleon stability. 

THE YIELDS OF FRAGMENTS IN PHOTOFISSION 
The success of study of the structure of fission fragments, especially 

the most neutron-rich fragments, depends to a great degree on their yields. 
These are determined by their distribution on mass and atomic numbers (A 
and Z). But there is poor information about these parameters in photofission 
as compared with neutron fission. Worthy of mention are only investigations 
performed in Gent (Belgium) [8,9]. 

The main contribution to the photofission fragment yield is made by 
the energy range of 10 - 15 MeV (it is the position of the giant dipole 
resonance in heavy nuclei). This energy range also determines the excitation 
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energy of fissioning nuclei. At such excitation energy, the mass spectra of 
the photofission fragments are asymmetric with the mean mass numbers 99 
and 139 for the light and heavy groups of fragments. This spectrum and the 
analogous ones for neutron fission (thermal and 14.7 MeV neutrons) are 
presented in Fig.3. It is seen that photofission dependence is intermediate 
between these neutron fission dependences (the ratio of pike-valley is ~ 
100). Each mass number in these spectra corresponds to some set ofnuclides 
with different atomic numbers Z formed in the rupture of fissioning nuclei. 
The atomic number distribution of these nuclides is described by the Gauss 
curve with the half-width cr ~ 1.0 - 1.2. The nuclides formed in one or 
several 13-decay transitions are added to these nuclides. 

To get more detailed information about the isotopic yields, we 
measured the isotopic distributions of Kr and Xe fragments in the 
photofission of 238U and other heavy nuclei by bremstrahlung with the 
boundary energy of 25 MeV [10]. The method of transporting fission 
fragments by a gas flow and stopping in a cryostat with liquid nitrogen was 
used. The isotopic distributions of Xe fission fragments obtained by this 
technique are presented in Fig.4 (the same distributions for fission by 
thermal and 14.7MeV neutrons are shown for comparison). It is seen that 
the distributions for the fission by y-rays and 14.7 MeV neutrons are similar. 
But an enhanced yield of the most neutron-rich nuclides is observed in 
photofission as compared with thermal neutron fission, this difference 
increased with the growing neutron excess. 

It is possible to conclude from the presented results that we can use a 
great body of information about neutron fission for obtaining the isotopic 
distributions for photofission. By this means the independent and cumulative 
yields for a number of elements in 238U photofission were calculated (they 
are presented in Fig.5). It is seen that these isotopic distributions are wide 
enough; they include up to 10 isotopes which have relative yields of more 
than 1 % as compared with the maximal yield. 

Some ·examples of these yields are presented in the table. They are 
interesting from the point of view of their nuclear structure (number of 
protons or neutrons close to the magic numbers, large quadrupole 
deformation, unusual mode of radioactive decay). We can see that these 
yields are large enough, and that they allow one to perform successful 
investigations of such nuclides. 
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Fission fragment and its peculiarities Y, 1/f Y, 1/s (DRIBs) 
0 "Zn - closed neutron shell N=50 10-u 10~ 
81 Ge - closed neutron shell N=50 3-10-5 3-106 

131 In - closed neutron shell N=82 10-3 108 
132Sn - duble magic nuclei Z=50, N=82 3.10-3 3-108 

134Sn - 2 neutrons over closed shell 8-10-4 107 
100zr - beginning of deformation region 10-2 109 
104Zr - strongly deformed nuclei 5-10-4 5-107 

160Sm - strongly deformed nuclei 10-4 107 
134Sb - delayed two-neutron emitter 10-6 105 
140 J - delayed a-emitter 10-s 106 

Thus photofission reactions of heavy nuclei are a very handy and 
promising way for the production of intense beams of the most neutron-rich 
nuclides. The small penetrating power of the y-rays allows one to use thick 
targets. But the low excitation energy of the fissioning nuclei and of the 
fission fragments results in the small values of the evaporated neutrons. This 
compensates for the phtofission cross-sections being smaller as compared 
with the cross-sections for fission induced by charged particles and neutrons. 
Moreover electron accelerators are simpler and much cheaper than charged 
particle accelerators and atomic reactors. 

TRANSPORT AND SEPARATION OF FISSION FRAGMENTS-­
Fission fragments very far from the 13-stability valley and most 

interesting from the point of view of their nuclear structure are very 
shortlived as a rule (their half-lives are less than I s). The half-lives of the Zr 
isotope chain (experimental and calculated values [12]) are presented in 
Fig.6 as an example. It is seen that for the most neutron-rich nuclei the 
values of T v2 are situated in the millisecond range. Therefore fast and 
effective transport of fission fragments to measuring devices is necessary for 
them to be successfully investigated. Although in a number of science 
centers, are now used spectrometers of unslowed fission fragments (a review 
of these set-ups is presented in [13]) with a transport time ofless than 1 µs 
for a distance of several metres, their efficiency is very low ( < 1 o-4

) and able 
targets are very thin (< I mg/cm2

). Therefore their capabilities in study of 
fission fragment structure are limited and it is necessary to search for other 
ways. 

One of such methods is transport of fission fragments with a gas flow. 
Fragments that have escaped from the target are slowed down in an inert 
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gas, adsorbed by aerosols and carried through a capillary to the measuring 
devices. In a set-up of this kind, developed in FLNR,JINR, the transport 
time is 0.2 s for a distance of 1 m and 3.5 s for a distance of 30 m at the 
efficiency ofup to 70% [14]. The thickness of usable targets corresponds to 
the range of fission fragments in uranium(~ 10 mg/cm2

). It is much larger 
than in spectrometers of unslowed fragments, but much smaller than the 
range of bombarding particles in a substance and their capabilities are not 
used eintirely. 

As is known, a very large number of different nuclides is formed in 
fission (more than 100 with yields of more than 1 % relatively to the number 
of fission events). Therefore it is necessary to separate the studied nuclides 
from the other fission fragments, which are elements from 9 periods of the 
Mendeleev table. Their properties ( chemical, thermophysical, electrical), are 
very various, therefore essentially different methods of separation are 
required. In some cases it is possible to use this difference in the properties. 
For example, in the above-mentioned methods of fission fragment transport 
by a gas flow, Kr and Xe inert gases are stopped in a cryostat, but all the 
other nuclides - by a filter [10]. 

The most effective method of fission fragment separation according to 
their mass number (A) is the use of electromagnetic mass-separators. In on­
line experiments, the irradiated target is part of the ion source. This target 
must be thick enough (up to several tens of grams) to increase the yield of 
fission fragments. This thickness is much larger than the range of fragments, 
and they leave the target due to thermal diffusion while the target is heated. 
The efficiency of the extraction of fragments from the target and the 
ionization probability are determined by their thermal properties (melting 
and boiling temperatures, saturated vapour pressure) and by the ionization 
potential. These parameters for fission fragments are presented in Fig. 7. It is 
seen that in the whole region of elements (Y- Pd) this temperature is higher 
than 2000°C, and this circumstance makes it difficult for them to be 
atomized. On the other hand a number of volatite elements (As, Se Br, Sb, 
Te, J) and the inert gases have very high ionization potential(> 8 eV). This 
is the reason, why it is impossible to develop a universal ion source which is 
efficient enough for all fission fragments. Therefore ion sources of various 
types are used for different groups of elements: surface ionization sources 
for alkaline, alkaline-earth and rare-earth elements and gas discharge sources 
for inert gases and for a number of volatile elements. But for the 
above-mentioned group ofrefractory elements, an efficient ion source has not 
been created up to now. In some cases, it is possible to avoid this difficalty, 
if refractory elements are formed after the ~-decay of alkaline or alkaline-
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earth elements (for example Zr after the ~-decay of Rb or Sr). Then the 
evaporation from the uranium target, ionization, separation and collection of 
the daughter products are performed. 

LASER METHODS IN THE STUDY OF FISSION 
FRAGMENTS 
One of the directions of nuclear structure research is obtaining 

information about the space distribution of the electric charge and current in 
nuclei. The radial distribution of these values is determined by mean radii 
and the azimutal distribution by multiple moments. The high resolution laser 
resonance spectroscopy methods are used effectively for measurement of 
these nuclear parameters [ 15-17]. These methods are based on excitation of 
electron levels of the atoms and on precise measurement of the energies of 
these levels. The electron levels of atoms or ions are very sensitive to a 
number of nuclear parameters. The finite dimension of the nucleus results in 
a shift of the atomic levels and nuclear moments - their splitting. In the spite 
of the very small perturbations oflevel energies (their relative values are less 
than 10"

5
) modem optical methods allow successful measurement. These 

methods are the most efficient when spectoroscopic laser is used. The 
pecularity of laser methods is that measurement is carried out of the energy 
of ( or the wave-length) laser resonance radiation rather than measuring 
emitted radiation. The intensity of this radiation is many orders higher, 
therefore measurement is much more precise. It is possible to observe the 
appearance of the resonance by a number of signes: a sharp increase in 
scattered photon intensity, the formation of electron - ion pairs, the 
occurrence of nuclear radiation anisotropy. The use of tuned lasers 
characterized by high intensity and very narrow spectral lines allows one to 
raise the accuracy and especially the sensitivity of measurement as 
compared with traditional optical methods and to study the nuclei situated on 
the nucleon drip-line, which are formed with a very low yield. The following 
examples show the ultimate capabilities of laser spectroscopy methods: 

1. The highest sensitivity was reached for spontaneously fissioning 
isomers of Am - the yield of isomeric nuclei was only 10 1 /s [ 18]. 

2. The most short-lived nuclide was the isomer 87Rb with a half-live of 
10·

6 
s (it was obtained in the ~-decay of 87Kr) (19]. 

3. The highest accuracy was realized in isotopic shift measurement of a 
hydrogen-deuterium pair 10·8 (20]. 
These examples confirm the efficiency oflaser methods in the study 

of a wide number of nuclei in ground and isomeric states with half-lives up 
to the nanosecond range. 
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OPTICAL PROPERTIES OF FISSION FRAGMENTS 
The succ~ss of laser methods in the study of fission fragments is 

determined essentially by their optical characteristics. As laser method are 
based on excitation of atomic levels, the initial state must be the ground stste 
or a long-lived metastable state. Moreover it is necessary that one of the states 
(the initial or final state) be sensitive to measured nuclear parameters. In 
measurement of charge radii this state must contain a large admixture of s112 
or p 112 electron configuration (or in transition, the screening of these 
electrons by the internal atomic shells must change). In the case of nuclear 
multipole moments the requirements to atomic level configurations are not 
so strict. However the orbital moment of level / must correspond to the 
multipolarity of the measured moment (for instance for the electric 
quadrupole moment it is necessary that / ~ 1 ). 

Measurement of the aboveconsidered nuclear parameters will be the 
most efficient, if the exciting laser radiation is situated in the visible, 
nearinfrared or nearultraviolet regions of the spectrum. An analysis of 
fission fragment optical spectra was performed in our previous paper [21]. It 
turned out that the elements of the I, II, III, IV and VIII groups of the 
Mendeleev table satisfy these requirements. They make up largest part of the 
fission fragment region. In atoms of V, VI and VII groups the transitions 
convenient for measurement lie at high excitation energies (as a rule more, 
than 40000 cm· 1

). But in some of these elements the initial levels of these 
transitions are metastable and they can be populated at the neutralization of 
ions. Thus it is possible to conclude that the optical properties of fission 
fragments allow one to study their nuclear structure by laser spectroscopy in 
the most interesting regions. 

PROSPECTS OF THE STUDY OF FISSION FRAGMENT 
NUCLEAR STRUCTURE BY LASER METHODS 
As it is discussed earlier, measuring nuclear characteristics by laser 

methods allows one to judge both the singleparticle (spin and magnetic dipole 
moment) and collective (charge radius, electric quadpupole moment 
properties of nuclei). These values determine the nucleon configurations of 
ground and isomeric states, the size and shape of a nucleus; they identify the 
levels in the scheme of a nuclear model. It is very important to establish how 
these nuclear properties change with increasing neutron excess and as the 
neutron drip-line is reached. It is possible to choose the most interesting 
regions and directions of investigation of fission fragments. 
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1. The nuclei near closed neutron shells: N = 50 (isotopes of Zn, Ge, Ga) 
and N = 82 (isotopes of Cd, In, Sn). It is known that the regularity of 
charge radii changes in the chain of isotopes in the P-stability valley: 
nuclide with a magic neutron number has the smallest radius (or the 
most compact shape). But it is known that there is an exception for 
neutron-rich nuclei of 31Na and 32Mg with N = 20. It is very 
interesting to find similar exceptions for fission fragments. 

2. The nuclei on the boundary of the defom1ation region with N > 60 
(isotopes of Zr, Nb, Mo, Tc). In the known deformation region (N > 
90) a change in a nucleus shape is quite different for different atomic 
numbers. A sharp jump in deformation is observed at N = 60 in nuclei 
with Z ~ 40, but it is unclear what will happen in nuclei with Z > 40. 

3. Shape isomers in fission fragments. In some nuclei there exist excited 
states with unusual large quadrupole deformation (the deformation 
parameter p ~ 0.6). In nuclei with Z ~ 92 these states are isomeric 
(spontaneously fissioning isomers [23)). In other regions of nuclei, 
excited rotational bands with quadrupole deformation that is much 
more than in the ground state (the super- and hyperdeformation [24)) 
are observed. But the lowest state of these bands has not been 
observed yet. Probably this state is isomeric with a long enough half­
life. It is possible that such states exist in fission fragments (they are 
predicted in the nuclei around 78Zn and 114Ru). The population of such 
states, probably, is favored in fission, since fissioning nuclei and 
formed fragments have very large deformation during and after 
rupture. The identification of such isomeric states can be based on 
their very large isomeric shift of the optical lines, measured by laser 
methods. 

4. The difference in the space distribution of electrical charge and 
nuclear matter. The large excess of neutrons in fission fragments can 
result in a great difference in proton and neutron radii. Usuallv this 
difference is obtained from a comparison of the cross-sections for 
elastic scattering and charge-exchange reactions induced by studied 
nuclei. Experiments of this kind are planned to be carried out on 
beams of accelerated fission fragments in the DRIBs project. But it is 
possible to get similar information in experiments with laser radiation. 
The method to be used is based on the Bohr - Weisskopf effect [24] -
the influence of nuclear magnetism distribution on the hyperfine 
splitting of atomic levels. It is known that a magnetic moment is 
formed by unpaired nucleons. They are neutrons in odd-neutron 
nuclei. 

25 



These examples show the wide field of activity in the study of the 
neutron-rich nuclei structure, and the DRIBs project is the first step on this 
way. 

The authors would like to thank Alexander von Rumbold Foundation, 
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Abstract 

Laser spectroscopy measurements have been performed on neutron rich tin iso­
topes using the COMPLIS experimental setup. The nuclear charge radii of the 
even-even isotopes from A = 108 to 132 are compared to the results of macro­
scopic and microscopic calculations. The improvements and optimizations needed 
to perform the isotope shift measurement on 134Sn are presented. 

1. Introduction 
The study of optical transitions through long isotopic chains is a very useful tool to deter­
mine the global properties of the ground and isomeric states of nuclei far from stability. 
It enables the measurement of i) the change in the mean square charge radius (5 <r~ >) 
from the isotope shift, and ii) the magnetic moment (µ) and the spectroscopic quadrupole 
moment (Qs) from the hyperfine structure. This type of measurement requires high res­
olution laser spectroscopy. For tin isotopes, the atomic transition used has a wavelength 
of 286.4 nm (5p2 3P 0 -t 5p6s 3P 1) corresponding to a frequency of 106 GHz. For this 
transition, the isotope shift between two adjacent masses is around 100 MHz [l], which 
means that the effect we want to measure is of the order of 10-7. 

In this paper, we present the first laser spectroscopy results obtained on the neutron 
rich tin isotopes. First, the motivation for this work will be indicated and second the 
experimental methods used will be described. Then the charge radii of the even-even 
tin isotopes will be compared to the results of macroscopic and microscopic theoretical 
models. Finally the future prospects of this study will be discussed. 

2. The physics case 
Magic and doubly magic nuclei are of great interest in nuclear physics. The properties of 
the stable doubly magic nuclei (e.g., binding energy, neutron separation energy, radius) 
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have been widely used to determine the parameters of the effective nuclear interactions 
used in the mean field calculations. The proton-magic tin isotope series contains the 
doubly magic nucleus 132Sn which is located far from stability. Thus observables in this 
nucleus, such as radius, can be used to improve the nuclear effective interaction in order 
to get better predictions for nuclei far from stability. Since the radii of the stable tin 
isotopes have_ been determined from muonic atom experiments [2], the measurement of 
the isotope shift in tin isotopes gives access to the tin radii, and especially to the radius 
of 132Sn. 

Figure 1 shows the energy of the first excited 2+ state in the even-even nuclei of some 
isotopic series near the magic proton number Z = 50, as well as the change in the mean 
square charge radius already measured. The energy of this 2+ state indicates if the nu­
cleus is deformed or spherical: one expects a 2+ state located at high energy in spherical 
nuclei and at low energy in deformed nuclei. Moreover a nucleus is all the more difficult 
to deform as its nucleon number is close to closed shells, in this region Z = 50 for protons 
and N = 50 or 82 for neutrons. For Cd and Te which have two protons less or more than 
Sn (Z =50), when the neutron number increases up to N = 82, the energy of the 2+ state 
first decreases slightly, then is almost constant, and after that increases. In Ba and Xe, 
for which the proton numbers are farther from Z = 50, the 2+ energy shows a minimum 
for the middle of the neutron shell indicating a maximum of the deformation, then its 
energy increases with N up to N = 82. In the spherical proton-magic tin isotopes, the 2+ 
energy is quite constant between N = 52 and 80 and very similar to the values observed 
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in the N = 82 magic nuclei of the neighbouring isotopic series. The sharp increase of the 
2+ energy at N = 82 shows the strong stiffness of the doubly magic nucleus 132Sn. 
As regards now the behaviour of the 8 <r~ > in these isotopic series, one can note that 
in Ba and Xe, the crossing of the N = 82 closed neutron shell results in a 8 <r~ > slope 
change, indicating that the magic nuclei are spherical and that the deformation is increas­
ing when the neutron number moves away from the N = 82 magic number. Moreover, 
from Ba to Sn, when Z decreases down to the proton magic number Z = 50, the slope of 
the 8 <r~ > curve increases indicating a decrease of the deformation change. Thus one 
expects that, in the spherical Sn isotopes, no slope change will occur in the 8 <r~ > curve 
at N = 82. However, as a kink has been observed at N = 128 (neutron closed shell) in 
the magic Pb nuclei (Z = 82), it remains to be seen whether there is a kink at N = 82 in 
the proton magic Sn nuclei. 

3. Experimental procedure 

3.1. Yields of the neutron rich Sn nuclei 
The neutron rich tin nuclei have been obtained at ISOLDE by fission reactions, in an 
uranium carbide target, induced by the 1 GeV proton beam delivered by the CERN-PS­
Booster. This target is associated either with the MK5 hot plasma ion source designed 
for the ionization of low volatility elements or with a laser ion source tuned for tin. Figure 
2 shows the very similar tin yields obtained with both types of ion source. It is worth 
noting that, with the hot plasma source, many other elements are ionized like In, Cd, 
Sb, Te, I,and Cs, and for instance at A = 132 tin represents only 0.24% of the observed' 
nuclei. With the laser ion source, Cs is also ionized, probably by the surface ionization 
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Figure 2: Yields of tin obtained with the hot plasma and laser ion sources. 
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mechanism. The Cs yields are high: for instance at A = 130, Cs production is 50 times 
that of tin, and even higher than that observed with the hot plasma ion source. These 
various isobaric contaminations have to be taken into account to determine which ion 
source has to be used depending on the setup chosen to perform laser spectroscopy mea­
surements. Indeed three setups are available at ISOLDE: COLLAPS, COMPLIS and the 
laser ion source. The laser ion source [3] has an excellent efficiency due to its high laser 
repetition rate (10 kHz); the optical resolution (some GHz) gives elemental selectivity for 
most elements but it is not high enough to perform isotope shift measurements in the 
tin nuclei. COL LAPS [4], designed to perform collinear laser spectroscopy on fast atomic 
beams, has an excellent frequency resolution ( ~ 65 MHz) but works best with isobar-free 
beams, which excludes the use of the hot plasma ion source. But even with the laser ion 
source, the great amount of Cs isobars could give rise to a fluorescent light and thus to a 
continuous background noise reducing the detector sensitivity. COMPLIS, designed orig­
inally for high resolution studies on refractory or daughter elements, was not an obvious 
choice for experiments on tin. However, it is in fact competitive, since the hot plasma ion 
source, whose Cs yield is lower than that of the laser ion source, can be used. Up to now, 
the only experimental data from laser spectroscopy on the neutron rich Sn isotopes have 
been obtained using COMPLIS. 

3.2. Laser spectroscopy measurements 
The COMPLIS experimental setup has been described elsewhere in detail [5]. The tin ions 
delivered at 60 kV by ISOLDE enter the COMPLIS incident beam line, are decelerated 
to 1 kV and implanted in the first atomic layers of a graphite disk. The collected atoms 
are desorbed by a pulsed Nd:YAG laser focused beam at 532 nm. Some microseconds 
later, two synchronized lasers are fired to selectively ionize the tin atoms by two resonant 
laser excitations into the continuum. Spectroscopic information is obtained by scanning 
the first laser excitation step at 286.4 nm (5p2 3Po --+ 5p6s 3P 1 transition) supplied by 
a single mode continuously tunable pulsed dye laser [6]. The frequency of this laser is 
monitored using a Fabry-Perot interferometer, an iodine absorption cell and a lambdame­
ter to have precise relative and absolute frequency calibration. The second excitation is 
into a broad auto-ionizing level at a wavelength of 410 nm. When the frequency of the 
first excitation step corresponds to a resonant transition, the tin atoms are excited and 
ionized. Then the ions are accelerated, deflected to the COMPLIS emergent line by a 
magnet and finally detected by microchannel plates with a time of flight mass-analysis. 
The frequency spectrum of the isotope under study is recorded simultaneously with that 
of a stable or long-lived tin isotope previously collected on the graphite disk and used 
as a reference for the optical isotope shift determination. The stable tin ions, provided 
by a stable-beam injector linked to the COMPLIS incident beam line, are also used to 
determine the optimal conditions for the desorption and ionization before the experiment. 
The tin isotopes studied in our experiments range from A = 125 up to 132. 

3.2.1. The COMPLIS running modes 
Two running modes are available with COMPLIS: the collection-desorption mode and the 
step-by-step mode. 
In the collection-desorption mode, the measurement starts by the collection of the isotope 
under study. During about a quarter of an hour, the ions delivered by ISOLDE are 
collected on the slowly rotating graphite disk. Then the disk turns back to its initial 
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position and starts rotating again with the same velocity as during the collection while 
the Nd: YAG pulses desorb the surface-implanted ions and the frequency scan is performed. 
Thus there is a waiting time, equal to the collection time, between the collection of the 
ions and the laser measurement. This running mode is suitable for the long-lived isotopes 
{T1 2; 5 m). 
In the step-by-step mode, the ion collection is performed at a fixed position of the graphite 
disk during some ten seconds (one or several PS-Booster macrocycles). Then, in order 
to optimize the overlap between the collection spot (width~ 1 mm) and the desorption 
spot (width~ 50 µm), the disk turns around this position to explore the whole implanted 
spot during the measurement, i.e., the desorption and the ionization at a given frequency 
of the excitation step. After the frequency of the excitation step is changed, the cycle 
collection-measurement is repeated to scan the whole chosen frequency range. This sec~nd 
running mode is used for the short-lived isotopes or those with low yield since it allows 
the accumulation of the isotopes under study before the laser measurement. 
The comparison of the hyperfine spectra obtained using both running modes allows us to 
distinguish between the hyperfine transitions corresponding to the ground and isomeric 
states provided their half-lives are different. In the spectrum obtained in the collection­
desorption mode shown in fig. 3a, the transitions corresponding to the ground state of 
125Sn have high intensity whereas those corresponding to the isomeric state of shorter 
half-life are weak. On the contrary, in the spectrum obtained in the step-by-step running 
mode (fig. 3b), all the hyperfine transitions have roughly the same intensity, because in 
this running mode there is no waiting time between the collection and the measurement, 
t'hus the shorter half-life isomer has not yet decayed. 
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Figure 3: Hyperfine spectra of the two isomers of 125811 obtained with the collection-desorption 
(a) and step-by-step (b) running modes. 
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Figure 4: Influence of the diffusion time on the frequency resolution. 

3.2.2. The frequency resolution 
The frequency resolution obtained with COMPLIS is limited mainly by the Doppler broad­
ening related to the dispersion in the desorbed atom velocity component parallel to the 
direction of the laser beam used for the excitation step. If we define x, y and z, a system 
of three orthogonal axes, x being the direction orthogonal to the graphite disk, y the di­
rection of the ionization laser beam and z the direction of the excitation step laser beam, 

one can show [7] that the freque~cy resolution can be written as: 't!-' = c ;f td, where 
a is the width of the ionization beam along z, c the speed of light in vacuum and td the 
diffusion time, i.e., the time between the desorption and the ionization. 
Figure 4 shows the frequency spectra obtained for 126Sn and 132Sn when the diffusion time 

was fixed to 7 µs in the first case and to 15 µs in the second case. Increasing the dilfusion 
time by a factor of 2 results in an improvement of the frequency resolution by a factor 
of 2. It is worth noting that the resolution obtained for 132Sn is the best that we have 
ever obtained and it is excellent for such a kind of experimental setup." Indeed, we have 
to make a compromise between resolution and efficiency since, fur a given experimental 
condition defined by a the width of the ionization beam and d the distance along x be­
tween the collection disk and the excitation and ionization laser beam crossing, an increase 
of the diffusion time results in a gain in frequency resolution but also in a loss in efficiency. 

4. Experimental results and discussion 
The isotope shift contains three contributions: the normal mass shift (NMS), the specific 
mass shift {SMS) and the field shift (FS). The field shift arises when the transition in­
volves an electron s or p1, i.e., an electron with a non-vanishing probability to be inside 
the nucleus. The field shift can be written as : /lvps = F X .>., with F an electronic 
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Figure 5: Comparison of the experimental charge radius in tin isotopes with predictions of 
various models. 

factor and>. a nuclear factor related to 8 <r~ >, >. = K x 8 <~ > [8]. The normal mass 
shift is easy to calculate, and in order to evaluate the specific mass shift and the F factor, 
we have made a King plot using the precise results available for the numerous stable tin 
isotopes: the fivAA' obtained by laser spectroscopy for the 286.4 nm transition [1] and the 
8 <r~ > obtained from muonic atom experiments [2]. This analysis led to F = 3.29±0.30 
GHz/fm2 and t:.vif;s = -2.28xt:i.v~ts- Moreover, since the muonic atom experiments 
give access to the nuclear charge radius of the stable tin isotopes, we have extracted from 
the 8 <r~ > measurements the radius of all the neutron rich tin isotopes up to 132Sn. 

Figure 5 shows the charge radius of the even-even tin isotopes from A = 108 up to 
132. Theoretical values obtained using macroscopic or microscopic approaches are also 
indicated in this figure. Concerning the macroscopic approaches, the well known spher­
ical droplet model (9] gives radius values systematically higher than the experimental 
ones. The Wesolowski formula [10] takes into account neutron shell effects related to the 
neutron occupation number between the N = 50 and N = 82 closed shells. These neu­
tron shell effects give rise to a parabolic behaviour of the radius which is in quite good 
agreement with the experiment. Concerning now the microscopic calculations, the first 
value has been given by Beiner and Lombard [11] for 132Sn. It has been obtained in the . 
frame of an extension of the Brueckner formulation of the energy density formalism tak- ; 
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ing into account shell structure effects. It is in perfect agreement with the experimental 
value. It would be interesting to extend this calculation to the other tJn isotopes in order 
to know if this excellent theory-experiment agreement is obtained all along the isotopic 
series. The next microscopic approach is the Extended Thomas Fermi plus Strutinsky 
Integral (ETFSI) method [12] that is a semi-classical approximation of the Hartree-Fock 
method using the Skyrme SkSC4 effective interaction and including Strutinsky shell cor­
rections. The agreement with the experimental values is quite good. The values obtained 
by the relativistic mean-field theory with the NL3 effective interaction [13] are also in 
good agreement with the experiment. The last theoretical values reported in fig. 5 have 
been obtained by the Hartree-Fock Bogolyubov static calculations using the Gogny force; 
in this case, the calculated radii are systematically below the experimental values, the 
general trend, however, is quite well reproduced. One can wonder whether this system­
atic difference between the theoretical and experimental <~> values is reduced when 
dynamic calculations are performed. 
The differences between these various theoretical values and the experimental charge radii 
are also reported in fig. 5. In all cases, they are smaller than 0.8%. It is worth noting that 
the microscopic approaches give a theory-experiment agreement as good as the macro­
scopic approaches. However, the behaviour of the charge radius beyond A = 132 remains 
an open question. 

5. Future prospects 
5.1. Measurements beyond 132Sn 
Improvements and optimization of the COMPLIS setup are needed and under way for 
isotope shift measurement beyond 132Sn. For example, the 134Sn yield is ~ 106 atoms/s, 
the Cs isotopes are ~ 100 times more produced and the half-life of 134S11 is very short 
(T! = 1.1 s). Under these conditions, no accumulation of 134Sn is possible and the step-by­
step running mode cannot be used. Therefore the laser measurement has to be performed 
simultaneously with the collection. This requires a maximum overlap between the col­
lection spot and the YAG desorption spot. The present overlap is poor since the widths 
of the collection and YAG desorption spots are ~ 1 mm and ~ 50 µm, respectively. To 
increase this overlap, we plan to use a multiple slit transmission grating, placed near the 
lens focusing the desorption laser beam, in order to diffract this laser beam and obtain 
several desorption spots on the focal plane. The first test has been done using slits of 0.3 
mm width at 1.4 mm intervals, giving five desorption spots of approximately equal inten­
sity in the collection zone. Figure 6 shows two hyperfine spectra recorded, for 131811, with 
and without the slits. One can note that with the slits, the statistics is better indicating 
that the efficiency has been improved, with slight loss in frequency resolution due to the 
increased desorption zone increasing the Doppler broadening. 
The other major improvement that we want to bring to the COMPLIS setup is to add 

a pulsed high voltage deflector in the emergent line in order to prevent the ions having a 
mass around A= 130 and created in the desorption process (and thus some 10 µs before 
the ions under study) to reach the detector. We hope, in that way, to improve the detector 
efficiency for the ions of interest, to reduce the parasitic noise and to obtain an improved 
transmission in the COMPLIS emergent beam line. 

5.2. The hyperfine spectra of the odd tin isotopes 
The hyperfine spectra of the odd tin isotopes exhibit only five lines instead of the six 
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Figure 6: Hyperfine spectra of 131Sn. 

expected from both spin values I" = ¥-- and !+ attributed to the ground and isomeric 
states (see figs. 3 and 6). Either one of the hyperfine transition corresponding to the 
isomeric state is merged into a transition belonging to the ground state, or the spin of one 
of these states is not ~ but ½ giving rise to two hyperfine transitions only. The analysis 
of the spectra is in progress and at the moment seems to confirm the first hypothesis. 
Direct experimental answers could be obtained by either performing measurements with 
COLLAPS which has an excellent frequency resolution and thus could separate the mixed 
resonant transitions, or using SIINODE (Separation Isomerique et Isobarique des NOyaux 
DEscendants) which is an upgrading, presently under construction, to use COMPLIS as 
an isomeric separator. 
The chamber located at the end of the COMPLIS emergent line and containing the 
microchannel plate detector will be replaced by a set of chambers that allows either the 
detection of the ions with a microchannel plate detector or, when removed, the collection 
of the ions on a tape. This tape can be moved in front of a Ge detector to perform 
,-spectroscopy measurements. Using SIINODE for the odd tin isotopes, we will set the 
excitation step laser to a frequency corresponding to a given resonant transition and we 
will be able to attribute firmly this hyperfine transition to one of the ground or isomeric 
states or to both states, depending on the emitted ,-rays observed. 
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INTRODUCTION 
The investigation of the so-called "halo nuclei", e.g., 11Li, 6He has become a hot topic in 

nuclear physics since the discovery by Tannihata et al. [I]. However, the correlation between 

proton and neutron distributions in these exotic nuclei is still an open question, since nuclear 

collision studies are mainly sensitive to the matter distributions and do not allow a model­

independent determination of charge radii. On the other hand, on-line laser spectroscopic 

measurements of hyperfine structure and isotope shifts have long been used to investigate 

charge radii of stable and unstable isotopes [2]. Combined with recent progress in the atomic 

theory of lithium (3], such a measurement will allow a model-independent determination of 

the charge radius of 8•
9

•
11Li. Therefore we prepare a precise measurement of isotope shifts for 

stable and short-lived isotopes of lithium at OSI in Darmstadt (Germany). Due to the low 

production rates of these exotic atoms (~ 104/s for 11Li) a very sensitive technique must be 

developed that still allows an accurate determination of the differences in transition energies 

(relative accuracy ~ 10-5). Resonance Ionization Spectroscopy (RIS) with cw-lasers has been 

used for the efficient detection of short-lived isotopes (4, 5] for many years and was found to 

be the most promising technique for our purpose. Results of test experiments in order to find 

the best excitation and ionization scheme were presented previously, together with a 

determination of the release efficiency for an on-line source of thermal lithium atoms [6]. In 

this report, we will give a short summary of the experimental approach and then focus on 

recent progress in the preparation of the laser-stabilization system and the characterization of 

the quadrupole mass spectrometer that will be used to detect the ions created by the laser 

resonance ionization process. 

THEORY 
The isotope shift (IS) in an optical transition can be divided into two parts: the mass shift 

(MS), caused by the difference in nuclear mass between the isotopes, and the field shift (FS), 

which has its origin in the change of the distribution of electrical charge inside the finite sized 

nucleus. The FS is directly related to the difference in the root-mean-square (rms) charge 

radius between two isotopes having masses A and A': 

tlEFS = - 2
; Ze 2 dlljl(O)i2 o(r 2

) AA'' 
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Table 1. Calculated mass shifts in the 2 2S - 2 2P transition of lithium (3]. All values in 

MHz 
7Li - 6Li 8Li - 6Li 9Li - 6Li 11Li - 6Li 

11453.07 i_6l 20088.21 (!91 26785.18 {I)) 365j5 _]_4_{21) 

where dlljl(0)l2 
is the change of electron charge density at the nucleus between lower and 

upper state of the optical transition. A determination of the field shift can thus provide 

accurate values for the rms charge radius. However, the mass- and field shift contributions to 

the isotope shift cannot be separated easily, therefore additional information from muonic 

atoms and electron scattering is usually combined with optical isotope shift data to extract 

charge radii [7]. If it is possible, however, to calculate the mass shift in a transition to a 

sufficiently high accuracy, the field shift can be directly extracted without any additional 

information. But mass shift evaluations are difficult since electron-electron correlations must 

be included and many-body problems are hard to attack. It has nevertheless been used to 

determine rms charge radii for 3He and 6Li from 3He-4He and 6Li+- 7Li+ isotope shift 

measurements [8]. 
Recent advances in high-precision variational calculations for lithium and lithiumlike ions 

using multiple basis sets in Hylleraas coordinates [9], allowed mass-shift calculations for the 

2S-3S and 2S-2P transitions in Li with an accuracy of approximately 200 kHz (3]. Yan and 

Drake provided a formula for the nuclear charge radius of any Li isotopes as a function of the 

measured isotope shift between the isotope ALi and 6Li: 

R2 (ALi)=R2 (6Li)+ E!., -Et , 
nns nns C 

where E!., is the measured isotope shift and Et contains all calculated contributions to the 

isotope shift except for the nuclear size contribution. The calculated mass shifts Et for all 

lithium isotopes are listed in Table 1 and the constant C for the 2s-3s transition was calculated 

to be C = -1.5661 MHzlfm2
• 

EXPERIMENTAL 
The lithium isotopes of interest have lifetimes of 838 (6) ms (8Li), 178.3 (4) ms (9Li), and 

8.59 (14) ms (11Li), respectively, thus IS measurements can only be performed on-line. It is 
planned to produce 8

•
9Li in a 12C ( 12C , X ) 8

'
9Li reaction at the OSI UNILAC accelerator and 

11Li at ISOLDFJCERN, where 1 GeV protons induce spallation and fragmentation inside a 

tantalum target. In ~oth cases the Li ions produced are released from the hot target, 

accelerated to 60 keV and mass separated in a sector magnet. Ion yields of approximately 

105/s (8
•
9Li,GSI) and 104/s (11Li,CERN) are available. Ions are implanted into a graphite 

catcher foil ( ~ 80 µg/mm2
), where they recombine with electrons. The catcher foil is heated 

by a CO2 laser beam to release the Li atoms with thermal velocities. Laser beams for 

resonance ionization are located close to the graphite surface to ensure a good overlap with 

the released atomic ensemble. 
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The excitation scheme for resonance ionization is 

shown in Fig. 1. After excitation to the 3S state in a 
two-photon transition, the atom undergoes 
spontaneous emission into the 2P state and is 
subsequently ionized through the 3D levels. The 
double-resonance four-photon ionization pathway 
has the following advantages: 

• the 2S-3S two-photon excitation provides 
efficient excitation independent of the Doppler 
shift. 

• the ionization step is decoupled from the 2S-3S 
transition, where high accuracy is needed, and 

the ionization step - ionization directly out of 

the 3S state would cause AC Stark shift and 
broadening and thus reduce accuracy. 

5.3917 eV 

3s 2s,12 

2 x 735 nm 

2s 2S,12 

Figure 1. Excitation scheme for the 
resonance ionization of lithium 

• resonance enhancement for the ionization due to the intermediate 3D states, the 2P-3D 

transition is the strongest transition in lithium and can easily be saturated, thus, providing 
high efficiency for the ionization. 

This ionization scheme was tested previously [6] and narrow lines with a FWHM of~ 7 MHz 

were observed. Resonance ionization with single-ion detection was compared to fluorescence 
detection and was found to be ~ 20 times more efficient and to provide a higher signal to 
noise ratio even at moderate laser powers for the ionization step. 

In Fig. 2 the experimental setup for the laser system (left) and resonance ionization mass 
spectrometry (right) is shown. The atoms released from the graphite catcher transverse the 
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Figure 2. Experimental setup for the resonance ionization of lithium 
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laser beams and the laser-ionized particles are collected with the ion optics of a commercial 
quadrupole mass spectrometer, mass analyzed and detected with a conversion dynode electron 

multiplier (CDEM). 
Resonant laser radiation is provided by a titanium-sapphire laser (Ti:Sa) (735 nm) and a dye 

laser (610 nm), which are both pumped by argon-ion lasers. To obtain intensities that are 
sufficient to saturate the two-photon resonance transition and to provide high ionization 

efficiency, an optical resonator is mounted into the vacuum system around the interaction 

region. The cavity must provide resonance enhancement for both laser beams at the same 
time. Thus, the cavity length is locked to the frequency of the Ti:Sa laser, while the dye laser 
frequency, which is less critical due to strong saturation broadening in the 2P-3D transition, is 

locked to the optical resonator. 
Accurate frequency tuning and stabilization is obtained by frequency-offset-locking of the 

Ti:Sa to a master-slave diode-laser system, which is locked to an molecular-iodine transition 

to provide a reliable frequency reference point for consecutive measurements. To realize this 
frequency-offset locking, the iodine transition frequency must be close to half the resonance 

frequencies for all lithium isotopes of interest. The difference should be less than ~ 20 GHz in 

order to allow counting of the beat signal between the diode laser and the Ti:Sa beam by 
means of a standard radiofrequency counter. A hot-band transition at 13603.22 cm-1 fulfills 
this criteria, but the hyperfine spectrum and saturation intensities of this line have not been 

investigated previously. 

RESULTS 
Due to the low production rates for the short-lived ItLi isotope an overall detection efficiency 

of ~ 10·4 is required. The overall efficiency can be divided into the following parts: ion-to­
atom-conversion efficiency of the graphite catcher, geometrical overlap bet\\een the atomic 

and laser beams, resonance ionization efficiency, transmission through the Ql\IS and detection 
efficiency of the CDEM. The estimated or measured efficiencies for the different process.:s are 
listed in Tab. 2. The conversion efficiency in the graphite catcher as a function of temperature 

has been measured in previous experiments [6], and the geometrical overlap was cnkulated 

assuming a cosine-square distribution for the atomic beam and a 0.5 mm diameter laser beam 
spot in a distance of 1.5 mm. The ionization efficiency was estimated to be the product of an 

excitation efficiency to the 3S state of 20% (calculated on a basis of perturbation theory and 
verified experimentally), ionization efficiency of 3%, and a signal reduction of 65% due to the 

hyperfine splitting of the ground- and excited state. The product of the given efficiencies is 
slightly larger than 104 and should thus be sufficient to obtain an on-resonance count rate of 

Table 2. Expected efficiencies for processes 
involved in the 11

Li isotope shift measurement 

release efficiency of the catcher 20 % 
overlap with laser beams 20 % 
excitation and ionization efficiency 0.5 % 
quadrupole mass filter transmission 90 % 

_£DEM detector efficiency 80 % 
_ overall detection efficiency ~ 10·4 
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~ 1 Hz. The dark count rate of the CDEM 

was measured to be ~ 15 mHz and is thus 
considerably smaller than the expected 

signal rate. 
The QMS works as an additional mass 
filter for background suppression of ions 
that are either created in the ionization 
region by processes other than resonance 
ionization or have enough energy to 



penetrate into the ionization region. Peak 
shapes for the stable lithium isotopes have 
been recorded using a surface ionization 
ion source and are shown in Fig. 3 on a 
logarithmic scale. Due to the nearly flat­
topped peaks, the transmission through 
the QMS is almost independent on the 
exact mass setting within a range of 
- 0.4 amu, but to the higher-mass side the 
signal drops sharply by more than 7 
orders of magnitude. On the rising side 
the profiles are not as steep and exhibit a 
dip, which is caused by non-linear 
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Figure 3. QMS mass spectrum of 6•
7Li ions 

produced by surface ionization 

resonances [10] and leads to a kind of precursor peak. However, 0.5 amu below the mass of 
interest the signal intensity has decreased by a factor of -107 and background contributions to 
the lithium signal should be small. 

To obtain the isotope shift values with the required accuracy, an appropriate frequency 
reference point must be chosen for the frequency-offset locking of the resonance lasers to 
provide a relocking accuracy of better than a few 10 kHz. We performed FM-saturation 
spectroscopy on the iodine transition at 13603.22 cm-1 to test whether it could be used to 
obtain a saturation spectroscopy signal appropriate for laser-locking within the required 
accuracy. The experimental setup was similar to that shown in the rectangle on Fig. 2, marked 
as "Diode reference laser 735 nm" with the main difference that we used a Ti:Sa laser to 
obtain the saturation signal. The iodine cell was heated to - 600°C to provide sufficient 
population of the lower level of the hot-band transition. A saturation signal recorded with 
laser powers of 20 mW in the pump and 1 mW in the probe beam (0 1 mm, FWHM) is shown 
in Fig. 4. Three groups of unresolved and three single hyperfine lines were observed. The 
strongest isolated line (a1) is well separated from all others and will be used for locking the 
diode laser. Signal-to-noise ratios of about 600 
were achieved for this line and it shows a 
peak-to-peak distance of - 10 MHz, thus an 
accuracy of about 20 kHz for locking to the 
reference point can be expected. 
The signal intensity of the chosen reference 
line was measured as a function of laser power 
in the pump beam. Saturatiol) was clearly 
observed and a saturation intensity of 
20 mW/mm2 has been calculated. Such 
intensities should be available with the diode­
laser master-slave system, which will be used 
as the reference laser for frequency offset 
locking. 
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SUMMARY AND OUTLOOK 
The experimental setup for isotope shift measurements of 8·

9
·
11Li is in progress. The vacuum 

chamber has been assembled and the QMS was characterized in terms of mass peak shape and 
detector dark count rate. Saturation spectroscopy of the hot-band iodine transition chosen as a 
frequency reference point was performed and its suitability for frequency locking of the 
reference laser was demonstrated. After set-up of the enhancement cavity, which is underway, 
and all necessary frequency-locking electronics, we will first test the whole setup in off-line 
measurements with the stable isotopes 6

'
7Li. Afterwards 8

•
9Li measurements are planned at 

OSI, before transporting the whole setup to CERN to finally perform the measurements on 
nu. 
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The study of nucki far from stability requires high sensitivity of the experimental technique. 
The method of Resonance Ionization Spectroscopy in a Laser Ion Source (RISIUS) enables one 
to carry out measurements of isotope shills and hyperfine splittings for isotopes at the 
production rate ahout I 0

3 
atoms per second. The sensitivity of the method is ,ktermined by the 

high efficiency of the laser ion source and the low background of the deteetion system afforded 
by a-particle registration. The isotope shills and hyperfine stnu;tures of '"·'"Yb, '"Tm (/=9 
and 1=2) and 

153
Tm (/=11/2) have been measured and isotopic d1anges of mean square charge 

radii and nuclear electromagnetic moments have been determined. 
The further development of this experimental method -- enhanced Target-Ion Source system 

aimed to suppress thermionic background - widens considerahly the range of the applicability 
of the RIS/LIS method. 

I. Introduction 

During the last decades many nuclei far from stability have been investigated using laser based 

spectroscopic techniques. The study of atomic isotope shifts and hyperfine structures provides 

evaluation of nuclear spins, electromagnetic moments and changes in the mean square charge radii 

ex/). Investigations of long isotopic chains require highly sensitive experimental technique in view 

ofa short lifetime and a small production rate of the isotopes far from the fl-stability line. 

At the IRIS mass-separator at the PNPI synchrocyclotron investigations of long isotopic chains 

of the rare-earth elements have previously been performed using resonance photoionization 

spectroscopy in an atomic beam [ 1,2]. This experimental technique enables successful experi111ents 

with the isotopes at a production rate down to I 04 atoms per second. To extend the investigations to 

the more neutron deficient isotopes (first of all to the region of neutron deficient Yb and Tm 

isotopes near magic neutron number N = 82) photoionization spectroscopy in a laser ion source has 

been applied at the IRIS facility. 

In this region a deviation from the established systematic behaviour of the isotope shift for the 

Yb isotopes with N = 82 84 has been recently reported [J]. The measurements indicate that the 

charge radii of Yb isotopes, between N = 82 and N = 84, increase far more rapidly than those 

obs.:rved in the other isotopic chains in this r.:gion. A strong deforlllation jump at N .~ 84 ( 114 Yh) 

was supposed to cause this surprising dlt:cl. It is of interest to measun; the isotope shills and 

hyperfine structun:s of the adjacent odd isotopes, 1
; 

1
•
155 Yb, in order to estimate the deformation 
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value of the Yb isotopes with N = 82 - 86. Similarly, it is of importance to investigate the isotopes 

of the neighbouring ekmcnt with the same neutron number, i.e., thulium (Z = 69). 

2. Experimental method 

111 this work we have used one of the most promising methods for on-line study of radioactive 

nuclidcs - photoionization spectroscopy in a laser ion source [ 4 ]. This method is based on the 

application of the laser ion source technique to the study of isotope shills and hyperfine structures. 

Atoms are ionized by step-by-step resonant laser excitation to autoionizing states. The 

following ionization schemes were used: 

for Yb atoms: 

(,s! 1S0 
555

'"'"' 6s6p 31' 1 
5811

'"" 4f\2f 712 )6s26p.i, 2 
5811

""' a11toio11izi11g stale (or co11ti111111111}, 

for Tm atoms: 

4f.16s! !Fo w, '"'" 41436s6p (7/2,0)712 "
003

"'" 4r1 35d6s 55!'"'" a11toio11izi11g state. 

The experimental set-up is presented in fig. I. Nuclides under study were produced in the tantalum 

target ( 12 g/cni2) of the mass-separator by spallation reactions induced by l GeV protons. The 

atoms were thermally released from the target to the ionizer lube ( 1.5 ··· 2.5 111111 in diameter, 60 111111 

in length) made of Nb or W, where they were ionized by the beams of three pulsed dye lasers 

merged into a single beam and directed into the tube. The dye lasers (of average power -300 mW) 

were pumped by three copper vapour lasers at a repetition rate of9 kHz. The frec1t:t:'ncies of the dye 

lasers were tuned to the resonance transitions of the chosen excitation scheme. 'f he radiation 

frequency of the two broadband lasers (bandwidth JO GI Iz) were fixed on the second and the third 

step frequencies. In the experiments with 153Yb the radiation of the broadband iaser (used at the 

second and third steps of excitation) was amplified in a dye cell amplifier pumped by copper vapour 

laser. Average power of the laser+amplifier system was 900 mW. The wavelength of the narrow 

hand laser (bandwidth I GHz) was scanned through the first transition frequency. On resonance,the 

photoion current in the mass-separator collector increases. Thus, the experimental spectra represent 

the dcpcmlcncc of ion current on the scanned laser frequency. 

The high efficiency of the method provided by following factors. Multiple intersection of the 

laser beam hy the atoms in the laser ion source cavity considerably increases the probability of 

photoionization. At the same time electron emission from the heated tube wall creates an electric 

P0 kntial near the wall, which traps photoions near the cenlr,11 axis and prevents their recombination 

" 11 the wall surfoce. The electric Jicld created by the heating DC drives photoions towards the 

extraction electrode of the mass-separator. 
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Fig. I. Experimental setup 

I - Cu-vapour lasers; 2 -broadband dye laser; 3 - narrowband scanning dye laser; 4 - Fabry-Perot 
interferometer; 5 - photodiode; 6 - reference chamber; 7 - laser ion source; 8 - target; 9 - extraction 
electrode; 10 - mass-separator; 11 -- a-detector, 12 - tape-driving device; 13 -- channel electron 
multiplier. 

A portion of lhe scanning laser radiation was directed lo the Fabry-Perot interferometer (free 

spectral range 5 GHz) to produce the frequency marks for frequency scale calibration. Another part 

of the laser beam was used in a reference chamber lo provide a reference spectrum from the sample 

of stable isotopes. Two modes ofphotoion detection have been used: 

(I) direct registration of the ion current by the channel electron multiplier (when selectivity was\ 

high enough), and · 

(2) registration of the u-particles from the decay of the isotopes under investigation. 

The photoionization efficiency in the laser ion source may reach some tens ofpcrcent (5]. The main 

obstacle for the successful spectroscopic measurements is high background ion current. 13ackground 

ions arc produced by the surface ionization inside the ion source and the target as well. If the 

production rate of isobars is signi licanlly higher than that of isotope under study, the background 
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ion curn:nl can make the direct ion counting by the electron multiplier impossible. In such case an 

isntop.: selective n11.:lhml or registration is required and this can, for example, be achieved with the 

counting or characteristic u-decays. 

Jn our e.xpcrimenls a high temperature target ( T 2: 2500°C) has be.:n used in order to increase 

production yield of short-lived isotopes. In this case the main con1rib111ion lo background comes 

frolll the target itscll'. In order lo extend the applicability of the RIS/LIS technique a new method of 

isobar suppression has been developed [6I and applied. In this method,suppression is pro\·ided by 

the 1t1eking or the background thennoions inside the high temperature target by a potential of the 

heating direct current flo\\'ing through the target container. The background cu1Ten1 was reduced by 

a factor or 20 using this technique. The application of this method or background suppression has 

provided an opportunity lo perform measurements of isotope shifts and hyperfine structures for 

radioactive Tm isotopes when isobaric Yb and I lo contamination is severe. 

3. Experimental results 

In isotope shift measun:menls with 15~-'"·'Tm and 15~·",~Yb, pholoions were dctected with the 

channel electron multiplier. The experimental spectra obtained in this experiments are shown in 

Fig. 2 and Fig. 3. The measured IS arc presented in Table I and Table 2 and compared with 

reference data. In the experiments with 15
·'•

155
·
15"Yb and 1

'1.l
5·

1
Tm,an isotope sekctivc photoion 

detection by registration of the H-parlicks from the decay of the isotopes under study was applied. 

In case of 153 Yb,thc registration or the ix-particles from the decay or its daughter nucleus ( '"Tm) 

was applied. 

The experimental sp,xtra obtained in this experiments arc shown in Fig. -t and. Fig. 5. The 

measured values of the isotope shifis and the hyperfine structure constants and the corresponding 

values or ix/) (calculated with an electronic factor F = 11.9 Gllz/f111
1 

and mass shift rnnslanl 

Al'" 2% Gllz (7]), JI, and Qs, an: given in table 3. The measured value or isotope shifi or ""Yb 

(i\1'rn.1sr, = 17610(120) Milz) is in agn:emcnl with that measured by Sprouse i:1 al.[7] (t\1·,,~. 1",~ 

17514(21) Milz)). 

The total ionization erticiency calculall:d as the ratio of the experimentally observed ion bca111 

intensity and calculated production rate or 15"Yb is about I 0'¼,. Correspondingly the production rate. 

or 
153

Yb can he estimated as (2 3 )· l 0 3 ato111s per second. 
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Fig. 2. Experimental spectra of 158
-

11
'
4Yb. 

Table I: Isotope shifts of Yb isotopes, measured with the direct registration of the ion current by 
the electron multiplier 

Isotope Ll. V174_.1, MIiz, f1v;;-L,. Milz (8( 

l<>l>yb 5327(100) 5290(4) 

164yb 7368( I 00) 7331 (6) 

162Yb 9703( I 00) 9710(8) 

11'0Yb 12278(100) 12257(10) 
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Fig. 3. Experimental spectra of 158
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1Tm. 

Table 2:lsotope shifts of Tm isotopes, measured with the direct registration of the ion current by the 
electron multiplier 

Isotope ~V169,A f1 r<f 
Vl69,A • (9( 

1<>1Tm 4140(80) 4101(20) 

102Tm 5425( I 00) 5460(50) 

1<,oTm 7590( 190) 7538(40) 

""Tm IOl45(180) 10205(80) 
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T,ihlc 3: Ground state characteristics of 15JYb, 155Yb, 153Tm (/=11/2), 154Tm (/=2) and 154Tm (/=9). 

Isotope I OV11u, Milz I A, Milz B, l\lllz o<./) 174.4, fni2 /J, II.Ill. Qs, b 

i;sYb I 1')115(80) I -1050(25) 160(80) -1.623(8) -0913(22) -0 50) 

l'1Yb I 21695(150) I -1210(30) 490(20) -1.843(12) -1.052(25) -1.5(6) 

Isotope OV109.-1, Milz I A, Milz B, Milz I o<,/) !69,4, fm 2 I µ, n.m. Qs, b 

1q,1" 9Tm. 15s20(15oJ I 532(3) 200(500J I -1.522(15) I 5.91(5l -0.2(4) 

154, 1" 2Tm 1515oc200J I -460(10) -600( 1200) I -J.486(19) I -1.14(2) 0.4(9) 

isi 1-1u2Tm 16470(320) I 020( 16) I -700( 1300) - 1.615(31) 6.93(11) 0.5(10) 

The errors shown in Table J are purely experimental. Systematic uncertainty for i'i (r') is 

determined by the uncertainty in the semiempirical calculation of the F and /\1 values. It is supposed 

to be about 5% [ I OJ. 

The data for the Tm isotopes can ht:: compared with the analllgous data fur the I lo isotopes 11 ith 

the same neutron numbers and spins [ 10). The magnetic mo1m:nts of the Tm isotopes arc very close 

lo corresponding single particle values and practically coincide with the magnetic moments of the 

isotonic isotopes with the same spin: ;1,p(l 1/2) = 6.9 11.111., p(
151 Ho, I= 11/2) = 6.93(2) 11.111., 

p(
152110, / = 9) = 5.92(2) 11.111., JI( 1521-lo, /=2) = -1.02(2) 11.111. The slope for the isotopic dependency 

of o(/) is very close to the corresponding values for Ho and Er. Thus the characteristics of the Tm 

isotopes with N = 84 - 86 do not noticeably deviate from the systematic trends in this region of the 

nuclide chart. 

The isotopic changes of mean square charge radii for Yb isotopes with N = 82 ·· 86 arc 

presented in Fig. 6. Corresponding data (10] for Dy (Z = 66) and Sm (Z = 6~) isotopes arc also 

shown for comparison. The IS data for 152 154 Yb point to the inverse odd-even staggering effec1 (sec 

Fig. 6). Usually this effect corresponds to the development of static octupole deformation (Ra, Fr 

isotopes [ I 0)). In the case of near magic Yb isotopes the similar description seems to be doublli1l. 

The small negative values of the spectroscopic quadrupole moment of isus,Yb 111ake also doubtful 

the explanation of the unusual ,"x,./) behaviour by static quadrupole defor111ation. 
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Fig. 6. Change in mean square charge radii of Yb, Dy and Sm isotopes relative to N = 82. 

4. Conclusion and outlook 

The on-line experiments with neutron deficient Yb and Tm isotopes have shown a high 

sensitivity of the method of resonant photoionization in a laser ion source. The further development 

of this experimental method - enhanced Target-Ion Source system aimed to suppress thermionic 

background - essentially widens the range of the applicability ofthe RISIUS method. Application 

of the other modes of registration, for example, by X-ray or y-detection enables the further extension 

of the region of applicability of this method of laser spectroscopy. 
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Abstract 

A new RFQ ion-beam cooler and buncher, installed in the mass-separated 
beamline of the ion guide isotope separator, IGISOL, JYFL, has dramatically 
increased the scope and efficiency of collinear laser spectroscopy at the JYFL fa­
cility. In this paper we review the new prospects, aside from standard collinear 
spectroscopy, that are now also provided by the device. In particular, new op­
portunities for on-line stable isotope production, collinear resonance ionisation 
spectroscopy and. the spectroscopy of ultra-low lying isomers are discussed. 

Introduction 

The laser spectroscopic station at the JYFL IGISOL (ion guide isotope separator) has 
now been enhanced by the addition of an on-line ion-beam cooler [1). \ii/hen used in a 
continuous mode, access to low emittance, low energy spread ion beams can be achieved 
irrespective of the original beam properties and, importantly, without compromising the 
short release time ( ~ 1 ms) of the IGISOL production platform. The improvement in the 
ion beam properties alone greatly enhances the prospects for on-line laser spectroscopy 
at the facility [2). The device however also permits the temporary trapping(~ 200ms) 
and bunching of radioactive ions; allows energy selection windows to be placed on the 
original beam; and opens a variety of non-fluorescence based spectroscopic techniques. 

New measurements of the nuclear structural changes in the Ti, Zr and Hf isotope 
chains have been made using the device in an ion-bunching mode. The results of these 
investigations appear elsewhere in these proceedings [3). In this contribution the new 
prospects offered by the cooler, and the results of initial investigations, are presented. 
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1 The JYFL cooler 

The JYFL cooler consists of two gas-filled radiofrequency quadrupoles (RFQ) mounted 
on a differentially pumped, high voltage platform. The platform voltage of the cooler is 
precisely maintained at a level 100 - 200 V beneath the IGISOL accelerating voltage. 
Beams entering the device are focussed into a large gas-filled quadrupole as they decel­
erate and a high proportion, ~ 80%, are captured onto contained trajectories. 1~1ithin 
the RFQ the buffer gas acts to damp the radial motion and the ions are cooled onto 
the axis of the device. A weak axial field ( ~ 10 V /m) guides the ions along the axis of 
the quadrupole and the cooled ensemble is injected into a miniature, low pressure, RFQ 
at the end of the device. Extraction and re-acceleration of ions from the low-pressure 
miniature quadrupole can be achieved without the re-introduction of a large energy 
spread in the ensemble. A switchable voltage on the mounting plate of the miniature 
quadrupole allows the entire cooler to be operated as a linear Paul trap and injected 
ions can be cooled and collected before being moved into the miniature RFQ (see next 
section). 

RF quadrupole 

Beam in 

i 
500 1/s 

LJ High vacuum 
I :·I Intermediate vacuum 
D Insulator 

[1v!E41 Buffer gas 
I >; I Electrodes 

Beam out 

i 
9001/s 

Figure 1: The JYFL beam cooler. 

l 

The action of the gas-filled RFQs provide an efficient, on-line, improvement of the 
emittance of IGISOL-produced ion beams and the compression of the space and phase­
space occupied by the beam greatly improves the efficiency of collinear laser spectroscop); 
[1. 2]. The device is especially valuable at IGISOL facilities where substantial bea 1 

energy spreads ( ~ 100 eV) are encountered at standard separator conditions. Figure 
shows a schematic of the JYFL cooler. 

2 Bunched-beam spectroscopy 

Efficient ion beam bunching can, for sufficiently long-lived species, enable collinear ion. 
laser beam spectroscopy to be performed with an experimental sensitivity that comparet 
to, or exceeds, all present forms of fast beam spectroscopy [3]. The technique, at the 
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IGISOL, has been realised by applying a switchable axial containment field to the cooler 
(in order to form a temporary trapping potential in the device). Ions delivered by the 
IGISOL may be trapped for up to 200ms and, upon removing the containment field. 
call be subsequently released in a 10 - 20 µs bunch. A photomultiplier viewing an 
lSllllll region of the oYerlap of the re-accelerated ensemble and a counter-propagating 
laser beam call then be gated to register photons only as the ion bunch traverses the 
int<'raction region. The photon background in the fluorescent photon signal is then 
reduced ill the ratio of the bunch-width to accumulation time ( 10-·1) and collinear 
spectroscopy has been successfully performed on samples produced at rates of less than 
1()0 ions per second [3]. 

3 On-line stable beam production 

Prim to the installation of the cooler it was only possible to perform collinear laser 
spectroscopy at the IGISOL by operating the ion-guide in a natural low energy-spread 
!llodc. In this mode the skimmer electrode, which facilitates the collection of ions and 
the removal of the helium catcher gas, was operated at very low Yoltages ( <20V) and 
till' <'fficiency of the ion guide was compromised [4]. 

The cooler-buncher has removed the requirement for low energy-spread in the pri­
mary IGISOL beam and high skimmer voltages and maximum efficiency are now ac­
c<'ssible. During the initial on-line commissioning of the cooler a new feature at high 
skimmer Yoltages was recognised. On-line, at sufficiently high voltage, a corona dis­
charge is formed on the skimmer electrode. The discharge results from the breakdown 
of He buffer gas ionised by the cyclotron beam. Immediately prior to the on-lirn• mm­
missioning run the IGISOL had been run with an off-line discharge source and th,, 
skimmer plate had been left lightly coated with stable metallic hafnium. On-line it was 
discovered that weak ion beams, ~ 10,000 ions per second, of stable hafnium were re­
leased, during the discharge, at an energy corresponding to the potential of the skimmer 
electrode. The conditions resulted in two beams of different average energy and different 
origin being produced on-line: one of radioactive recoils and the other ions of the stab!<' 
skimmer coating. The finite energy acceptance window of the cooler can be adjusted 
to select only one of these beams for trapping and subsequent re-acceleration. Figun' 2 
shows the ion yield as a function of skimmer voltage and total energy. The acceptancc 
window of the cooler is 100 - 150 eV and may be held at any voltage relative to till' 
IGISOL. In order to preserve electrostatic beam steering parameters experimentally. the 
IGISOL voltage is adjusted relative to a fixed cooler potential. Fine tuning the st>pa­
rator potential thus enables a movement between radioactive measurements and stabll' 
calibrations on-line with great speed and no disruption to the experiment. Great re­
ductions in systematic measurement uncertainties have been achieved using such stable 
calibrations. 
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Figure 2: IGISOL ion yield as a function of total energy and skimmer voltage. 
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4 Collinear resonance ionisation spectroscopy 

Collinear resonance ionisation is an extremely sensitive spectroscopic tool [5]. The 
spectroscopy however cannot realise its full efficiency if performed on continuous fast 
ion beams due to the low duty cycle of the required high-power ionising lasers. For even 
a high-repetition laser, such as lOkHz Cu-vapour based system, a maximum duty cycle 
of only a few percent has been achieved [5]. The efficient delivery of bunched ion beams 
from the JYFL cooler will enable high-efficiency, 100% duty cycle, collinear RIS using 
a 50Hz Nd:YAG-based laser system if sufficiently short bunch lengths can be produced. 
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Figure 3: Resonant ion spectrum of 27 Al. 

Figure 3 shows a resonant ion spectrum for 27 Al taken during initial collinear RIS 
tests at the IGISOL. The ion count is ·shown as a function of laser frequency in the 
region of the s2p 2P 112 - s2d 2D3; 2 308.2nm transition. For the tests fast Al+ ions ( at 
~ 38keV) were neutralised via non-resonant charge exchange reactions with Na vapour. 
Residual charged ions were deflected out of the path of the the neutral component which 
was then overlapped for ~ lm with two laser beams. A two-step resonance ionisation 
was then performed using the amplified and doubled output of a Spectra Physics 380D 
dye laser (308nm) and a brute-force ionisation using ~lOmJ of 532nm Nd:YAG second 
harmonic. Resonantly produced ions were deflected after the interaction region and 
counted on a double-stack of micro-channel plates. 

Ion bunches of 20µs minimum duration, corresponding to ~ 10 metres bunch length, 
were used during the tests. Of this ~ lm could be overlapped between charge exchange 
allCl ion detection, and consequently of the 20,000 fast atoms per second used during 
r!i,, accumulation only 2,000 per second were accessible for laser ionisation. The total 
accumulation time for the spectrum in figure 3 was 10 minutes. On the largest of the 
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27 Al hyperfine components one photo-ion was counted per 40 neutral atoms ( of the 
fluoresced sample). An increase in spectroscopic efficiency of more than two orders of· 
magnitude compared to photon detection was thus achieved at the cost of a larger,: 
300MHz, linewidth. 

Substantial improvements in signal and background can be readily achieved from the 
shortening of the bunch width and the use of a pulsed charge exchanged medium. At 
present the permanent presence of the charge exchange vapour causes a poor vacuum in 
the interaction region and results in a high probability for collisional ionisation ( ~ 1 in 
100). A pulsed charge exchange process using YAG ablated plumes is presently under 
investigation at JYFL. The production of shorter bunches from the cooler-buncher will 1 

be attempted by removing the miniature quadrupole from the device. _During a future· 
on-line experiment faster counting of the produced photo-ions must be achieved ( up 
to 10 ions per microsecond) and fast ion avalanche counters will be installed for this 
purpose. 

5 Spectroscopy of ultra-low lying isomers 

The existence of an ultra-low lying isomer is well established in the case of 235mU (76.8 
eV) but is only poorly established in the case of 229mTh ( ~ 3.5 eV) [6]. The 229mTh case 
has attracted great interest, as it exists on the atomic-nuclear boundary, but no direct 
observation of the isomer has been achieved [7]. The laser-IGISOL facility provides an 
excellent platform for the investigation of such isomers. · Both the 235m U and 229mTh 
isomers are expected, or known, to be populated by alpha decay feeding (from 239Pu 
and 233U parents respectively). The decay branches strongly in the case of uranium, 
73.3%, but only weakly in the case of thorium, where the feeding is estimated to be at 
the few percent level. Alpha-recoil production of the isomeric nuclei is thus feasible from 
thin samples of the parent and standard IGISOL ion guides provide ideal gas stoppers 
for the low-energy recoils. 

Two experimental approaches for studying such isomers are under investigation at 
JYFL. The first, collinear spectroscopy of bunched ions, will require the efficient produc­
tion of singly charged species (as opposed to the 2+ production expected from thermal­
izing in pure, plasma-free, helium). An alternative, resonance ionisation spectroscopy 
within the ion guide, requires a substantial neutral fraction to be formed. Ionic charge 
state and neutral fraction are both known to critically depend on impurities and dif­
fusion time in the buffer gas. The ion guide parameters required to achieve conditions 
suitable for either spectroscopic approach are under investigation in studies using mixed 
alpha sources (to provide a range of chemical species and associated ionisation poten­
tials). Presently the production of 219Rn, from a 213Ra source, has been achieved with 
singly-charged ion production efficiencies of 5 - 10% using standard IGISOL ion-guide 
constructions. 

6 Summary 

The JYFL on-line cooler provides many new possibilities for laser spectroscopic studies 
of exotic nuclear systems. Efficient bunching of continuous ion beam is also possible 
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\\'ith the de\'ice and all produced beams have ion-optical qualities that compare to. 
or exceed, those obtained from thermal, hot-cavity, ion sources. Techniques such as 
!J1111chcd-beam spectroscopy and collinear resonance ionisation spectroscopy have been 
performed and extremely high experimental sensitivities have been achieved. A full 
prog;ramme of development of these techniques is underway at the facility. 
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FIRST OBSERVATION OF OPTICAL TRANSITIONS IN FERl_\llUM (Z = 100) 
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Laser spectroscopical studies have been per/ ormed for the first time at the element fermium 
(Z=100). A fraction of 2.7 · 1010 atoms was electrodeposited on a Ta filament and covered 
with 1 µm Ti. From the filament the Fm atoms were evaporated at a temperature of about 
1000 ° C in the buffer gas of an optical cell and resonantly ionized with two beams of an 
excimer-dye-laser combination running with XeF. The resulting ions were identified by 
mass selective detection. Two resonant transitions were found at energies of 25100 cm- 1 

and 25112 cm- 1 . 

1 Introduction 

Fermium (Z=lO0) is the first heavy element for which no atomic data at all are presently 
known. An ultra sensitive laser spectroscopic method has been developed for the inves­
tigation of the atomic structure of such elements. The method is based on Resonance 
Ionization Spectroscopy (RIS) in a buffer gas cell with detection of the ionization process 
by the Ion-Guide-Quadrupole-Mass-Separation (IGQMS) technique [1]. The experimen­
tal set up, as installed at the tandem accelerator facility of the Max-Planck-Institut fiir 
Kernphysik in Heidelberg, Germany, has been described in a previous report [2]. 

About 1 ng 255Fm with a half-life of 20.1 h was prepared by milking from 255Es produced 
in the high flux reactor at ORNL, Oak Ridge, USA and shipped to Mainz. At the 
lnstitut fiir Kernchemie der Universitat Mainz a fraction of 2.7-1010 atoms was deposited 
electrochemically on a tantalum filament and covered with a 1 µm titanium layer. At a 
temperature of about 1000 °C the Fm atoms were evaporated into the buffer gas of an 
optical cell. At an argon pressure of 35 mbar the atoms are stored for typically 40 ms . 
before they diffuse out of the laser illuminated region. Therefore, pulsed lasers with a ' 
repetition rate of 200 Hz can be employed for resonance ionization. Since no atomic 
spectroscopic data were known a two step excitation scheme was chosen using an excimer 
laser (XeF, 351/353 nm) pumped tunable dye laser. A fraction of the UV pump laser 
light was used for the ionization step while the dye laser was tuned over a wave number 
range from 24.390 cm- 1 to 25.990 cm- 1 for the ground state excitation. The fermium 
ions were extracted out of the buffer gas cell for the detection of the ionization process. 
After mass analysis in a quadrupole mass filter the ions were detected with a channeltron 
detector. 
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2 Results 

In a first step the evaporation temperature te had to be determined. Outside the buffer 
gas cell, two semiconductor detectors were placed monitoring the activity of the filament 
through thin (1.8 mg/cm2) Ti windows, see Figure 1. 

Observing a decrease of the activity as function of the temperature, te was determined 
employing a color pyrometer. During the course of the experiment (25 h) te was increased 

from (960 ± l0)°C to (1184 ± 10)°C. 

With no atomic spectroscopic data available for Fm, a two step ionization scheme was 
chosen for the search of a resonant atomic relay level. The dye laser was tuned over the 
wave number range from 24390 cm-1 to 25990 cm-1 for the ground state excitation. The 
split UV light from the excimer pump laser was used for the non-resonant ionization. Two 
resonant transitions in 255 Fm were found at energies of 25099.8 cm-1 and 25111.8 cm-

1
, 

see Figure 2. 

Relativistic Multiconfiguration Dirac-Fock calculations [3] yield the configuration 5f
12

7s
2 

3H
6 

for the ground state and 5f127s7p, JP = 5-, 5-, 7- at 27394 cm-1
, 27633 cm-

1 
and 

27802 cm-1 , respectively, for the first excited levels with sufficient transition probabilities 
for laser excitation. Within the uncertainty of these calculations of 3000 cm-1, the two 
observed level energies are in accord with the predictions. The third line may be outside 
the limited experimental search range. 

With this information on excited states in fermium and with the same amount of 
255

Fm, 
we should have a good chance to determine the ionization potential of fermium in a 

follow-up experiment. 

In the time distribution spectra of the ions, as detected with the channeltron detector be­
hind the quadrupole mass filter, shifts in the distribution of different atomic and molecular 

ions become apparent, see Fig.3. 

The time delay T = fs ds/v0 (s) = ½ Is ds/ E(s) allows the determination of the ion 
mobility K. Here v 0 (s)=K • E(s) is the Ion drift velocity which is connected to the 
electric field E(s) on the trajectories. The latter essentially coincides with the field lines. 
In a preliminary analysis to determine the mobility K the value Is ds/ E(s) has been 
determined by a numerical simulation of the electric fi~ld. In our experiment the mean 
field strength E = Is ds~E(s) amounts typically to E=25.6 V /cm, and the path length S 

from the point of ionization to the nozzle S= 3.9 cm. The transport time from the nozzle 
to the channeltron detector amounts to less than 100 µs and has been neglected. 
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Figure 1: Section of the optical cell. 
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Figure 2: Wave number scan of the dye laser at mass number A=255 with a 255Frn 
sample. 

With the known ion mobility K the momentum transfer cross section S")(l,l) (T ef 1) can be 
calculated from the expression [4] 

K _ ~~✓ 27r 1 + a 
- 16 N µknT,ff D,(1,1l (T,ff) 

(1) 

with N : number density of buffer gas atoms, e : electric charge of the ion, m : re­
duced mass, k : Boltzmann constant, T,11 : effective temperature and a : higher order 
corrections. 

In the rigid sphere model, the momentum transfer cross section can be written as 

o(l,l)(T,11) = 7rd2 = 7r(T.Ar + r1on) 2 (2) 

and the ionic radius r1on can be deduced if the radius rAr of argon is known. With 
r Ar = 1.44 A and T,11 = 80 °C the preliminary radii of Fm+ and Cf+ are rFm+,eJ+ = 
(1.8 ± 1.0) A and of uo+ ruo+ = (2.1 ± 1.0) A. The errors are essentially based on the 
uncertainty in the location of the ionization process. 

Relative changes of ion radii l:!.rA,B /r 8 = (rA - r 8 )/r8 can be determined more precisely 
from the relative drift time differences l:!.TA,B / l:!.Tn by the expression 

l:!.rA,B ~ ~ l:!.TA,B (1 + r Ar) 
.rn 2 TB rB (3) 

The results are l:!.ruo+,cr+ fret+ ~ 20% and l:!.rFm+,cr+ /ref+ ~ -2%. The latter value is 
close to the prediction of relativistic calulations [5) yielding -3%. 

In colnclusion, drift time measurements in the region of short lived actinides and trans­
actinides may present an access to determine the increasing relativistic effects on ionic 
radii and bond lengths of simple molecular ions. These effects have been investigated 
theoretically [6] [7] but were up to now not accessible by experimental methods. 
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Figure 3: Time distribution of mass selected ions as indicated. The start signal is the 
laser trigger at t = 0 ms. The time delay is essentially due to the transport of the ions in 
the buffer gas by electric fields towards the nozzle. 

Acknowledgement 

Work supported by I3MI3F under contract 06 MZ 9591. 

We are indebted to the Division of Chemical Sciences, Office of I3asic Energy Research, 
U.S. Department of Energy, for making the 255Fm material available through the transplu­
tonium element production program at the Oak Ridge National Laboratory. 

References 

[1] H. I3acke et al., Nucl. Inst. Meth. Phys. Res. B 126, 406 (1997) 

[2] H. I3acke et al., Proceeding of the 4th International Workshop, 
Laser Spectroscopy on Beams of Radioactive Nuclei, Dubna, (2000) 

[3] S. Fritzsche, private communication 

[4] E.A. Mason, Transport Properties of Ions in Gases, .John Wiley & Sous, New York, 

(1988) 

[5] J.P. Desclaux, At. Data Nucl. Data Tables 12, 311 (1973) 

[6] P. Pyykko et al., Acc. Chem. Res. 12, 276 (1979) 

[7] P. Pyykko, Phys. Ser. 20, 647 (1979) 

63 



ISOTOPE SHIFT IN CHROMIUM ATOM 

B.Furmann, A.Jarosz, D.Stefanska, A.Krzykowski, J.Dembczynski 

Chair of Atomic Physics, Faculty of Technical Physics, 
Poznan University of Technology, 
Piotrowo 3, 60-965 Poznan, Poland 
furman@phys. put. poznan. pl 

Introduction 

Chromium is an element on the border of the light and the medium-heavy ones 
(Z=24). For this group of elements the field component in isotope shift is small but 
measurable with the use ofa precise method ofLIF on an atomic beam [7),[9]. The mass 
number of chromium isotope 52 is a magic number. Changes in mean square nuclear 
charge distribution in the vicinity of magic numbers are still not described satisfactorily 
from the theoretical point of view. Precise measurements of o<r2> in chromium may 
prove useful for improvement of theoretical description of o<r2> in the vicinity of closed 
nuclear shells. 
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Fig. I. Mean-square nuclear charge radii of stable chromium isotopes 

Positions of the metastable levels in chromium allow studies of pure s➔p type 
transitions, as well as transitions involving the change of d-electrons. Analysis of the hfs 
of the only stable odd isotope 

53
Cr allows estimation of the 4s electron probability at the 

nucleus jlj/(0)1
2
4, and thus evaluation of the screening factors for s➔p type transitions. In 

this work the results of the isotope shifts in stable chromium isotopes are presented. 
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Experimental setup 

Method of the laser induced fluorescence '(LIF) on an atomic beam has been used for 
measurements of the positions of all chromium stable isotopes. Apparatus for atomic 
beam generation is presented in fig. 2. Chromium, placed in a graphite or tantalum 
crucible, is heated and evaporated by the electron beam bombardment. An auxiliary 
discharge is applied for better population of the high lying metastable levels. Laser beam 
is generated by stabilized single-mode ring dye laser operated on stilbene 3 and pumped 
by an argon laser; it crosses perpendicularly the atomic beam. Fluorescence signal is 
recorded by a photomultiplier positioned perpendicularly to both the laser and the atomic 
beam directions. 

Window 
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Induced 
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- . Atomic beam 
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Fig.2.Atomic beam apparatus 
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Experimental determination of isotope shifts 
and hyperfine structure from the optical spectra 

For every investigated optical transition on the average 10 scans with the use of a LIF 
method on an atomic beam have been recorded. Initially the recorded spectra have been 
calibrated with an approximate value of the FSR of the marker - 150 MHz. For each scan the 
positions of all the isotopes as well as the hfs parameters for the odd isotope 53Cr have been 
fitted simultaneously (fig 3a and 3b). The final values for this stage have been the mean 
values of those obtained in individual scans, and the errors have been the mean standard 
deviations. The procedure described has been applied also to the lines involving levels 
measured very accurately with ABMR method by Childs and Goodman [7] Intervals, known 
with high accuracy from [7], have been evaluated from our measurements and compared with 
the former ones. FSR value of the marker has been corrected until a least mean difference in 
the values of intervals has been obtained. The corrected FSR amounts to 149.98 MHz. The 
final values quoted are calibrated with the corrected FSR value of the marker. 

1.0 -

0. 

Crl 

50 
I 

2 
I 

53 54 
I I 

500 1 0b0 15b0 20-00 2500 MHz 
Fig.3a. Experimental HFS and IS data with fit curve and fit 

deviations for transition with positive specific isotope shift 

1.0 -
Crl 5 

54 53 
I I 

0.0 

50 
I 

1 o·oo 2600 30·00 4600 5600 MHz 

Fig.3b. Experimental HFS and IS data with fit curve and fit 
deviations for transition with negative specific isotope shift 
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Tab. I. Transitions in chromium investigated from the point of view of the isotope shifts. 

Lower level 

Term 

3d5
(

6S)4s a5s 

3d44s2 
a

5D 

3d44s2 a5D 

3d5
(
4G)4s a5G 

3d5
(
4P)4s a5P 

2 

2 

0 

2 

3 

3 

4 

4 

0 

2 

2 

2 

3 

4 

2 

6 

3 

4 

5 

4 

6 

5 

3 

2 

2 

k[cm· 1
] 

(in vacum) 

21827,74 

21991,46 

23036,52 

22976,48 

23048,00 

23037,99 

22870,25 

23011,16 

22798,80 

22972,78 

21670,12 

21610,08 

21773,80 

21493,43 

21657,15 

21897,28 

21489,41 

21517,18 

21997,95 

22086,21 

22017,89 

22041,16 

22065,31 

22065,56 

22069,65 

22081,87 

23034,35 

22818,86 

23265,34 

23018,25 

1..[nm] 
(in air) 

458,0043 

454,5945 

433,9713 

435,1054 

433, 7552 

433,9436 

437,1264 

434,4496 

438,4964 

435, 1755 

461,3357 

462,6174 

459,1389 

465,1282 

461,6120 

456,5498 

465,2152 

464,6148 

454,4604 

452,6443 

454,0488 

453,5695 

453,0730 

453,0679 

452,9839 

452,7332 

434,0122 

438,1109 

429,7031 

434,3158 
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J 

2 

2 

3 

3 

4 

4 

5 

2 

2 

3 

2 

3 

Upper level 

Term 

3d4(5D)4s4p{3P0
) y5P0 

3d4(5D)4s4p(3P0
) z5F0 

3d4(5D)4s4p(3P0
) /P 0 

2 3d5
(
4G)4p z5G0 

6 

3 

4 

5 

5 

5 

6 

2 3d4{a3P)4s4p(3P 0
) v5P0 

1 

3 

2 



Tab.2. Isotope shifts (IS) measured in the investigated transitions. 

Lower level IS5250[MHz] IS5350 [MHz] IS5450[MHz] 
Term ] 

3d5
(

6S)4s a5S 2 -1898.2(0.7) -2722.7(0.9) -3480.4(5.7) 

2 -1893.6(0.7) -2724.1(0.9) -3474.3(0.9) 

3d44s2 a5D 0 852.8(1.6) 1171.5(1.9) 1436.9(2.6) 

846.1(1.5) 1163.9(1.6) 1428.8(2.0) 

851.2(0.6) 1166.8(1.3) 1431.7(0.8) 

2 860.6(1.2) 1168.8(1.1) 1442.8(1.8) 

3 850.0(0.2) 1167.3(0.5) 1432.7(0.6) 

3 848.7(1.8) 1168.0(1.8) 1433.1(0.7) 

4 847.1(3.4) 1166.2( I. 9) 1430.0(2.1) 

4 852.1(0.3) 1170.5(0.3) 1437.8(0.2) 

3d44s2 a5D 0 787.3(0.3) 1071.7(1.4) 1315.9(0.8) 

782.3(0.6) 1068.1(2.5) 1309.6(2.6) 

784.4(0.6) 1071.5(1.0) 13 I 1.3( 1.2) 

2 784.0(1.0) 1072.0(0.8) 1309.8(1.2) 

2 792.1(2.3) 1069.6(2.4) 1308.4(1.4) 

2 783.8(0.6) 1070.9(1.4) I 3 IO .3(0 .6) 

3 767.7(3.0) 1065.1(0.8) 1306.2(1.5) 

4 788.0(0.6) 1069.7(1.1) 1303.6(0.5) 

3d5
(
4G)4s a5G 2 -152.4(1.5) -256.8(1.4) -372.8(0.8) 

6 -170.2(0.4) -281.7(0.8) -403. 7( 1.7) 

3 -152.5(0.6) -269.2(2.3) -386.9(3.6) 

4 -167.8(1.1) -276.4(0.8) -399.1(1.5) 

5 -166.0(4.1) -298. 7(5.5) -408.1(1.0) 

4 • 172.0(1. 7) -285.1(1 .0) -412.1(1.8) 

6 -176.2(3.1) -292.3(3.5) -415.1(1.2) 

5 -173.9(2.1) -293.1(2.5) -415.6(2.0) 

3d5('P)4s a5P 3 -1 I 77.5(0.9) -1707.6(0.6) -2202.0(1.3) 

2 -1153.7(3.8) -1686.0(7.7) -2132.3(9.5) 

2 -1125,8(5.5) -1658.6(8.5) -2140.8(7.0) 

:_I 177.0(0.7) -1707.4(0.9)_·2202.9{1.2)_ 
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Upper level 

] Term 

I 3d4(5O)4s4p(3P0
) y5P0 

2 

I 3d4(5 D )4s4p(3P0
) z5F0 

2 

3 

3 

4 

4 

5 

I 3d4(5D)4s4p(3P0
) y5P0 

2 

2 

3 

2 

3 

2 3d5
(
4G)4p z5G0 

6 

3 

4 

5 

5 

5 

6 

2 3d4{a3P)4s4p{3P0
) v5P0 

3 

2 

,_ 

Analysis of the results 

Isotope shift in a transition: 

n,ay be splitted in two terms: 

where: Ms4-4' · mass shift 

1s4-4"= ✓-✓ -

1sAA'=Ms4-4' + Fs4-4', 

Fs4-4' - field shift. 

Mass shift consists of two contributions: 

Ms4-4' = NMs4-4' + SMs4-4', 

NM.nAA' = m, A - A' .) ---v - normal mass shift, 
mp A-A' ' 

SMs4-4' = M.-SMS A - A' ' -- • specific mass shift, 
A-A' 

where M/Ms is an electronic factor for the transition. Field shift can be expressed as: 

Fs4-4. = F; 11.M' = F; lx/>M', 

where F; is an electronic factor for the transition, and 8.,?)M' • change of the mean square 

charge radius of the nucleus (a nuclear factor). 
Normal mass shift can easily be calculated and is often subtracted from the total isotope shift 

to give the residual isotope shift ms4-4' 

ms4-4' = 1s4-4' - NMs4-4' = SMs4-4. + Fs4-4. = M/Ms A - A' + F; 8..?lA'. 
A-A' 

Separation of SMs4-4' and Fs4-4' can be performed with the use of a King plot: 
modified optical ms4-4' vs modified 8.,?)M' ( for chromium model independent o</)4A' are 
known from muonic x-ray spectroscopy and electron scattering [3]). Modified ms4-4' is 

defined as follows: 

µ -Rl~M = A-A' _ 52-50 ms4-4' 
A-A' 52-50 

(the isotopes 52Cr and 5°Cr have been chosen a pair of reference isotopes) and 8.,-?)M' have 

been modified in the same way. 
Theoretical description of the electronic factors Jf/MS and F; is satisfactory only for 

the simplest cases. For all the M/MS involved ab initio calculations available so far predict 
neither the magnitude nor the sign correctly; thus it is possible neither to compare the 
obtained experimental results with theoretical predictions, nor to draw any further conclusions 

concerning this effect. 
For the transitions considered F; can be evaluated as follows: 

F;=yF4, 
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where 

• y = /'l'(O)/:,,Uowe,) +jlf'(O)/~, -/'l'(O(,,(uppe,J - screening factor 

jlf'(O)/~, 

(I lf'(O)J2 
- electron density at the nucleus), 

• F4, =DZ A4, I g1 - electronic factor for 4s electron [ 4]. 
The values to be introduced into the above formula are as follows: 
D = 6.16381-10-3 fm-2 (details in [4]) 

A4, - magnetic dipole hfs constant for 4s electron (values from [5]). 

Procedure described above has been applied for all measured transitions. Exemplary 
obtained King plots for all types of transitions are presented in fig.4. Obtained values of 
M;sMs and F; electronic factors are listed in Table 3. Since the differences between the factors 

for all lines involving one term are small, mean values for M;sMslMtMs and y have been 
evaluated (Tab.4 and 5). 
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Fig.4. King plots (modified RIS against modified 8<r2>) for all types of measured 
transitions: 

a) 
b) 

c) 
d) 

3d
5

(
6
S)4s a5S2➔3d4{5D)4s4p(3P0) y5P 02 

3d
4
4s

2 a5D1➔3d4(5D)4s4p(3P0) z5F02 

3d
5

(
4
G)4s a5G6➔3d5(4G)4p z5G0 s 

3d
5

(
4
P)4s a5P1➔3d4(a3P)4s4p(3P0) v5P0

2 
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Tab.3. Electronic factors Fi and MisMs for the studied transitions. 

Lower level M;sMs[GHz] F;[MHz/fm2
) 

Upper level 

Term J J Term 

3d5
(
6S)4s a5S 2 -2115.0(3.5) 782(20) I 3d4(5D)4s4p('P0

) y5P0 

2 -2115.0(4.0) 769(15 2 

3d44s2 a5D 0 497.8(1.1) -907(23) I 3d4(D)4s4p('P0
) z5F0 

493.4( 1.2) -886(25) 

495.0(0.7) -917(14) 2 

2 500.2(2.2) -952(45) 3 

3 497.3(1.0) -902(20) 3 

3 495.5(1.4) -889(29) 4 

4 496.6(1.6) -890(33) 4 

4 498.4(0.9) -898(18) 5 

3d44s2 a5D 0 449.8(0.7) -887(13) I 3d4(5D)4s4p('P0
) y5P0 

447.2(0.1) -871 (2) 

I 446.8(0.6) -881(11) 2 

2 450.0(1.0) -884(19) 

2 448.9(1.3) -962(26) 2 

2 444.7(0.6) -880(12) 3 

3 443.9(2.7) -759(55) 2 

4 448.7(0.3) -946(5) 3 

3d5(4G)4s a5G 2 -454.0(0.5) -348(10) 2 3d\"G)4p z;G" 

6 -471.8(0.5) -333( IO) 6 

3 -460.2(1.6) -412(32) 3 

4 -468.4(1.0) -332(21) 4 

5 -475.5(5.4) -396(90) 5 

4 -474.6(0.9) -354(18) 5 

6 -477.9(0.1) -333(2) 5 

5 -477.9(0.8) -356( 16) 6 

3d5
(
4P)4s a5P 3 -1445.8(0.6) 295(12) 2 3d\a'P)4s4p('P") v'P" 

2 -1417.1(8.3) 390(168) 

2 -1411.9(4.1) 120(83) 3 

-1445.6!0.5) 28]{21 2 
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Tab.4. Ratio M/MS/M;NMs for various types of transitions. 

Lowerterm ➔ Upperterm M?Ji.1!M{'JJ3 

3d
5
(6S)4s a5S ➔ 3d4

(5D)4s4p(3P0
) y5p0 

3d
4
4s

2 
a

5
D ➔ 3d4{5D)4s4p(3P0

) z5F0 

3d
4
4s

2 
a

5
D ➔ 3d4{5D)4s4p(3P0

) y5P0 

3d
5
(4P)4s a

5
P ➔ 3d4{a3P)4s4p(3P0

) v5P0 

3d
5

(
4
G)4s a5G ➔ 3d5

(
4G)4p z5G0 

-7.71 

1.83 

1.65 

-4.93 

-1. 70 

Tab.5. Experimentally evaluated screening_factors y for pure s➔J)__type transitions, 
Lower term ➔ Upper term 

3d
4
4s

2 
a

5D ➔ 3d\5D)4s4p(3P0
) z5F0 

3d
4
4s

2 
a

5
D ➔ 3d4{5D)4s4p(3P0

) y5P0 

3d
5
(

4
G)4s a5G ➔ 3d5

(
4G)4p z5G0 

y 

3.06(4) 

2.96(6) 

1.20(7) 

The results of more detailed studies of F; and M/MS are presented in fig. 5, where J 
dependence of the above factors within the terms for three terms is plotted. 

F;(J)-F;(J=Jm;n) [MHz/frn 2
] MSM\J)-MSMS(J=Jmin)[GHz] 
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Fig.5. CSO effect (]-dependence) in field shift (F;) and specific mass shift (M/Ms) for three 
terms in chromium 
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-----
Conclusions: 

Isotope shifts for all the investigated transitions apart from NMS include also SMS and FS. 
Field shifts are of the order of some tens of MHz. For transitions of the type dN ➔dN-1 , SMS is 
negative and 5-7 times larger than NMS. For transitions of the type s➔p, SMS is positive or 
negative and amounts to ca. 1.7 NMS. Screening factor for the transitions 3d54s➔3d54p 
amounts to 1.2 and agrees with the theoretical estimate of Aufmuth [6). Screening factor for 
the transitions 3d44s2 ➔3d44s4p amounts to ca. 3 .0. There are no theoretical predictions, but 
the large screening is probably due to a larger number of valence electrons [2). A surprise 
may be relatively large field shifts in transition type dN ➔dN-t. In previous investigation field 
components in such type of transition in chromium were not observed [2]. Estimate of the 
second order effect (I-dependence) in three terms: 3d44s4p z5F0

, 3d44s4p z5P0 and 3d44s2 a5D 
shows first an increase of F; with an increase of J quantum number (largest F; for J=3) and 
then a decrease. M;sMs increases with J for the term 3d44s4p z5F0 and decreases for terms 
Jd44s4p z5P0 and 3d44s2 a5D. All these differences are on the border of experimental 
accuracy. Corrected value <r2> for the isotope 53Cr is 0.003 fm2 smaller than the muonic [3] 
value. Because values of corrections for other isotopes are negligible, odd-even staggering 
effect in chromium may prove to be more significant, than it appeared from previous results. 
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Fig.6. "Corrected" mean-square nuclear charge radii stable chromium isotopes 
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HYPERFINE MAGNETIC ANOMALY IN THE ATOMIC SPECTRA OF 
RARE EARTH ELEMENTS 
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and S.G. Zemlyanoi 

Laboratory of Nuclear Reactions, J!NR, Duhna, Russia 

INTRODUCTION 
One of the effects responsible for hyperfine splitting (HFS) of atomic or ionic 

spectral optical lines is that the magnetic moment of the nucleus is spatially distributed 
over its volume (the Bohr-Weisskopfeffect) [I]. This effect causes the HFS magnetic 
dipole constant to decrease, and that decrease may vary in value for isotopes of the 
same element: 

A= A,,(1-e), (1) 

where A and A,, are the magnetic dipole constants for the real and the point nucleus; e 
is the Bohr-Weisskopfeffect (see the diagram). This difference in the values of e 

,----.------ I + 1 /2 

/- --,-- -r- ---
s,12------"--,., A0 A 

' I ' ______ J ___ _ 

I - 1/2 
results in the fact that the ratio of constant A and giromagnetic factor g = µ/I (µ and I 
are the magnetic moment and the spin of the nucleus) will differ in value for isotopes 
of the same element, which brings about hyperfine anomaly (HF A) in their spectra. 
For the small values ofe, HFA is expressible as 

A, g, -1 ~-,·- , 'ti' = 6 , - 61 - A, g, (2) 

where subscripts I and 2 refer to the isotopes that are being compared (subscript 1 
conventionally refers to the smaller mass number isotope). 

Measured HF A values enable one to judge a number of important nuclear 
parameters. Among them are: the average radius of the distribution in the nucleus of 
valence electrons, which define the value of the magnetic moment; the spin to orbital 
component_ ratio of the magnetic moment. Those nuclear parameters are, by and large, 
decisive criteria in testing various nuclear structure models. They have grown in 
importance owing to recent research on nucleon drip-line nuclei. In such nuclei, which 
have a large excess of protons or neutrons, the binding energy of the outer nucleons is 
extremely low (typically below I MeV). This may result in their spatial distribution 
being unusually wide (proton and neutron halos) [2]. 
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The aim of this work is to measure the HFA in the atomic spectra of rare earth 
elements (REEs) (Nd, Eu, Gd and Lu) by high resolution resonance laser 
spectroscopy. The choice of REEs has been motivated by a number of their 
peculiarities. The electron shell levels in atoms of those elements are nearly the same 
in structure. The ground state term is of the 4f'6s

2 
configuration (it is 4f'5d6s

2 
in the 

case of La, Gd and Lu). The presence of paired electrons considerably decreases the 
contribution of the magnetic moment spatial distribution effect to HFS. So REE 
ground state atoms are likely to have extremely small HF A values. This consideration 
is supported by the data of Table I. Presented there are the ratios of ground state 

Table 1. Ratio of giromagnetic factors, magnetic dipole constants A and electric 
quadrupole constants B of HFS for the ground states of REE atoms. 

Isotopes Term and A,IA2 B,/82 gi/g2 1~2, % 
configuration 

I43,I4lNd 5l44f6s2 1,60861(2) 1,8968(5) 1,60883(4) -0,014(3) 
I47,I49Sm 7Fo4f'6s2 1,21305(2) -3,4598(7) 1,213(1) 0,004(82) 
1i1.1i3Eu 8S0

7124f 6s2 2,26498(8) 0,3928(4) 2,2646(12) 0,017(53) 
1ii.1i1Gd 9D24f7 5d6s2 0, 76253(12) 0,9383(1) 0,7625(20) 0,004(263) 
161,163Dy 5'84f06s2 -0, 71416(1) 0,9468(1) - 0,714(7) 0,02(98) 
rn.mYb 1So4f46s2 -3,6305(2) -3 ,63051 (I 8) -0,0003(10) 
111,116Lu 2D3124f' 45d6s2 1,409011(1) 0, 708812(1) 1,4087(21) -0,014(3) 

constants A, measured to a high accuracy by radio frequency spectroscopy [3-5], and 
the ratios of giromagnetic factors, measured independently [ 6, 7]. It can be seen that 
the values of the HFAs, derived from the A and g ratios by expression (2), are 
extremely small (as a rule, less than 10'3). Finite HFA values can appear due to 
unpaired s-electron configurations being admixed with ground state configurations. 
This means that the ratios of ground state constants A can be used instead of the 
ratios of the giromagnetic factors to derive HF A for REEs: 

1~ 2 = A1(ex). A2 (gr) _ 1 
A2 (ex) A1(gr) ' (3) 

where the symbols (gr) and (ex) refer to the ground and excited states. This 
consideration is of great importance especially for radioactive isotopes, whose 
magnetic moments (and thus g-factors) are unknown or measured with an inadequate 
degree of accuracy. 

At the same time REEs differ widely in nuclear properties. The light elements 
(La - Sm), situated in the vicinity of the N=82 close neutron shell, are spherical in 
shape. As on passes from Nd to Gd at N=90, the nucleus, changing drastically in 
shape, becomes deformed [8]. Nuclei of the heavy REEs (Dy - Lu) are strongly 
deformed. Such a change in the structure of the nucleus is undeniably to affect the 
way in which the nuclear magnetism is distributed in it. Therefore HF A values should 
be expected to differ markedly for different REEs. The elements being investigated in 
this work are just ones different in nuclear structure. 
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EXPERIMENTAL TECHNIQUE 
The basic requirement for the experimental technique to meet is that it should 

ensure a high frequency resolution. This would enable hyperfine structure (HFS) 
constants to be established with a minimum error and the HF As to be derived from 
them Therefore we used the resonance laser fluorescence method and parallel atomic 
beams (Fig. 1 ). The experimental setup is described in detail in our previous works 
[9, 10]. The samples under study were atomised by evaporating in an electrically 
heated crucible [9] or by irradiating with infrared radiation from a high-powered 
pulsed Q-switched laser (its pulse power was 5 MW [ 1 0]. The atomic beam was 
collimated with a set of diaphragms, its divergence in the laser radiation zone being 
0.01 5 rad. The atomic beam, laser beam and resonant scattered fluorescence radiation 
were directed in mutually perpendicular directions. This geometry allowed the 
Doppler widening of the optic lines to be minimised (it was 25 and 80 MHz 
respectively for thermal and laser evaporation). The samples were either metals (Nd, 
Gd) or their oxides (Eu2O3, Lu2O3) of natural isotope composition. 

To register resonance scattered fluorescence radiation, use was made of a 
photomultiplier operated in the single-photons counting mode. The intensity of that 
radiation was measured as a function of laser radiation frequency, which was scanned 
up to 30 GHz. This allowed a spectrum that included all the HFS components 
associated with the isotope under study to be obtained in one scan. To carry out 
frequency calibration of the spectra, a Fabry-Perot confocal interferometer with a 
constant of 150 MHz was used. Frequency markers from the interferometer were 
registered simultaneously with the measured spectrum. Data on the spectra were 
collected and processed with a personal computer, which also enabled the spectra to 

be visualised during experiment. 

MEASURED RESULTS 
On the above setup, the resonance laser fluorescence spectra of the following 

REE elements: 143Nd, 145Nd, 151Eu, 153Eu, 155Eu, 155Gd, 
157

Gd, 
175

Lu and 
176

Lu v,:ere 
measured in atomic beams. In all the cases (except for the radioactive isotope 

15
'Eu), 

samples of natural isotope composition were used. The setup frequency resolution 
was high enough for the HFS components of the isotopes under study 10 be 
distinguished in the complex spectrum. The 155Eu isotope was produced by irndiating 
a 154Sm-enriched sample with thermal neutrons in a reactor and then isolated 

chemically. The production reaction was 154Sm (n, y) 
155

Sm-µ ➔ 151
Eu. In this way, 

1014 atoms of 155Eu were produced. The sample contained admixed 
151

Eu and ,s,Eu, 
1016 atoms each. The resonance fluorescence spectrum of that sample as well as the 
spectra of Nd and Gd is presented in Fig. 2. The spectrum has clearly defined intense 
lines due to the HFS components associated with 

151
Eu and 

153
Eu as well as weak 

lines associated with 155Eu. The spacing between the lines, which is due to the 
transitions between one of the lower (upper) HFS level components and the two or 
three neighbouring upper (lower) level components, allows the values of the constants 
(magnetic dipole constant A and electric. quadrupole constant B) for both levels to be 
determined. These constants are related to the frequency spacing between the HFS 
components, which, in turn, are related to total moments F and F-1 (equal to the 
vector sum of the nuclear spin I and the electronic shell spin J) by the expression [ 11]: 
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Fig.I. The block-scheme of the experimental laser setup 
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lw(F,F-1)= AF +R 3F[F' + }/i-1(! + 1)-J(.! + 1)j 
2u(21 - 1Xv _ i) . (4) 

In this expression, the terms of higher orders, due to the magnetic octupole and 
hexadecapole moments are neglected. From reported data, it follows that their 
contribution, as a rule, is less than Io-\ which is beyond the accuracy of the 
measurement discussed. 

To determine the e:-.act position of the centres of gravity of the identified HFS 
components, each of them was approximated with a Feugt profile of a specified width 
corresponding to the experimental resolution (the latter was found in special 
experiments). Then the positions of the peaks and the frequency spacing between the 
HFS components were determined with the help of the special-purpose EXHYSPFI 
program [ I 2]. This processing technique allowed the spacing to be found with an 
accuracy of up to a few megaherzs or a fraction of a percent. Constants A and B were 
calculated on the basis of expression ( 4) by the least-squares method, every frequencv 
spacing being taken care of and the x2 criterion being used. The thus obtained values 
of constants A and B for the excited levels of the isotopes considered are presented in 
Table 2. It also contains the terms and configurations of the upper levels (those 
characteristics for the lower levels are presented in Table I) and the transition wave 
lengths. 

Table 2. Measured values of the magnetic dipole constants and electric 
quadrupole constants of HFS for some excited states of REE atoms. 

Isotope I" Term and E, cm-1 A,MHz B, MHz 
confi.guration 

141 Nd 7/2 z5H~4r75d26s 19816 -122,35(5) 25,2(4,2) 

wNd 7/2 -76,23( 11) 13,8(4,5) 
i;1Eu 5/2' z''P1.24f7 6s6p 17707 591, 16(9) -354,58(97) 
is1Eu 5/2' -262, 94( I I) -922,07(79) 
1ssEu 5/2' -261,48(11) -950,4( 1,0) 

1ssGd 3/2 z9F14r75d6s6p 17381 266,67(24) 76,2(6) 
is1Gd 3/2 350,03(23) 78,6(6) 
11;Lu 7/2' 

4Fv24f45d6s6p 17432 -926,49(35) 1771,9(3,4) 
11r,Lu 7 -652, 10(36) 2492,9(6,2) 

The values of constants A and B for the lower levels are in good agreement 
with reported more accurate values obtained by the radio-frequency technique (3-5). 
This points to the fact that the obtained values have no methodical error and that the 
data processing technique used was adequate. The values of upper level constants A 
and Bare known for the isotopes 151 Eu, 151 Eu (13), 175 Lu and 17''Lu [14) (they were 
measured by laser techniques similar to the technique used in our work) There is 
good agreement for both Eu isotopes. As for the Lu isotopes, the discrepancy exceeds 
the combined error. However the ratios of constants A and B for the Lu isotopes, 
which are necessary for the HF A to be found, are practically the same. The values of 
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Fig.2. The resonance laser-induced fluorescence spectra of Nd, Eu,and Gd 
are presented.In the case of 155Eu the scan velocity for recording the peaks 
was about ten times lower then the one of the 153Eu peaks in order to obtain higher 
statistics. The flag-pattern groups of 155Eu are indicated by the total quantum 
number F' of the upper level. 
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constants A and B for the upper levels of.the Nd and Gd isotopes as well as for both 
levels of 155Eu have been determined for the first time. 

Presented in Table 3 are the values of the HFA for all the pairs of odd REE 
isotopes that were studied. They were derived by comparing constants A for the 
upper and lower levels. To make the picture complete, the HFA values are also 
presented for the Nd [ 15] and Gd [ I 6] isotopes. Those values were obtained on the 
basis of metastable state constants A measured by the radio-frequency method (the 
configuration of metastable states is characterised by an unpaired electron, therefore 
they are sensitive to spatial distribution of nuclear magnetism). 

Table 3. HFA values for some excited states of REE atoms. 

Isotopes Term A1/A2 (ex) B1/82 (ex) 1.12, % 
143 l45Nd Z 5Hs 1,6050(24) 1,83(60) -0,22(15) 
[15] 7

L6-ll 1,60975(2) 1,8957(7) 0,07(1) 
1sus3Eu Z 6Ps12 2,2483(8) 0,3845(9) -0,74(4) 
1sJ.1ssEu Z 6Ps12 1,0056(5) 0,969(9) -0,26(38) 
l55.l57Gd Z 9F2 0,7618(8) 0,966(12) 0,090(12) -
[16] 11

F3-X 0,76180(4) 0,9387(1) 0,090(21) 
11s,11GLu 4

f312 1,4208(9) 0,7107(25) 0,84(7) 

For Gd isotopes, the HFA values are in good agreement with our data, 
whereas for Nd isotopes, they exceed the combined error. The discrepancy seems to 
be due either to the neglected contribution of the effects of higher orders or to excited 
states having different fractions of admixed s112 or p112 electrons. 

TAKING ACCOUNT OF THE EFFECTS OF HIGHER ORDERS 
Before deriving the HF A values from measured constants A, it is necessary to 

take account of the other effects that influence the HFS magnetic dipole constants and 
thus contribute to experimental HFA values (those effects are dealt with in work 
[ 17]). In REE atoms, the most essential effect is non-diagonal hyperfine interaction 
between the levels. This interaction results in repulsion of their HFS components of 
the same value of total moment F [ 11]. The components are shifted by 

/(\fl(JIF)H HFS \fl (f 1F)f 
.1v = ~ v(JIF)- v{f!F) (5) 

where the numerator is the square of the atomic level radiation trans1t10n matrix 
element; and the denominator,the interlevel distance. Expression (5) indicates that the 
neighbouring levels make the largest contribution to causing the HFS components to 
shift. In the case of the ground state, the largest contribution is due to the other levels 
of the same term with the known components of the wave function. This allows one 
to correctly calculate the matrix elements for the radiation transitions of different 
multipolity between the HFS components of the different levels of a term. Such 
calculations, done for MI and E2 transitions, showed that for all the elements studied, 
the HFS components of the ground term levels are shifted due to non-diagonal 
hyperfine interaction by no more than 10 kHz (the similar result was obtained in work 
[ 4] for the odd isotopes of Nd). That the HFS of the ground term levels are weakly 
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affected by this effect can be judged by the HF A values presented in Table I As 
indicated above, those levels are affected by spatial distribution of nuclear magnetism 
to a essentially smaller degree due to the presence of paired s-eiectrons, and the low 
values of HF A (<10"4

) are indicative of the other effects of higher orders being small. 
In the case of excited states, the picture is not so evident owing to a number of 

levels of different terms being likely to reside in the immediate vicinity of the state 
being considered. Therefore the contributions of the non-diagonal interactions due to 
all the neighbouring levels should be calculated. For the majority of them, the 
components of the wave function are unknown, and unlike the case of the ground 
term levels, the radiation transition matrix elements can be calculated with great 
uncertainty. Therefore an approach was applied that uses the single-electron matrix 
elements for electrons in pure states 4f112, 4fs12, 5ds12, 5d312 and 6s112 (a mixture of those 
states does determine the wave function of each of the levels) and the formulae 
proposed in work [ 18]. To this end, the relativistic wave functions for electrons in the 
indicated states were found by solving Dirac's equation in the middle field pre­
calculated by the Hartry-Fok-Sleter method. The wave functions thus obtained 
allowed the non-diagonal matrix elements to be calculated. To do this, the known 
expression was used [ 11] 

"' dr 
M(.~)= f(t;g2 +/2g1);:,, 

0 

(6) 

where f and g are the radial wave functions. Those calculations showed that for any 
pure states and their mixtures at an interlevel distance of more than 100 cm· 1

, the 
components are shifted by no more than 1 kHz. Hence the corrections for constants A 
don't exceed that magnitude, which is distinctly less than the error of our 
measurement, and they were not taken account of. 

How great the contribution of those corrections can also be judged on the 
ratios of constants B for excited (Table 3) and ground (Table I) states. Constants B 
are known to be more sensitive to effects of higher orders than constants A. Those 
ratios are seen to differ practically in all the cases by less than 2%, i.e.,the correction 
to constants B is no more than that magnitude and the correction to constants A is 
even much less. In all the elements studied, this consideration remains valid for the 
excited states chosen to determine the HF A. Therefore the corrections to constants A 
for the effects of higher orders can be neglected. 

CONCLUSIONS 
An analysis of the HF A values presented in Table 3 shows that the HF As 

obviously are of a nuclear nature and reflect the distribution of the magnetic moments 
in the nucleus. Indeed, isotopes similar. in nuclear structure ( equal spins, close 
magnetic moments and quadrupole deformation parameters), 143

·
145Nd, m.,ssEu, 

155
•
157Gd, show minimum RFA values. At the same time, a change in nuclear 

deformation (' 51
'
153Eu) or the adding of an odd neutron, which changes the ratio 

between the spin and orbital components of the nuclear magnetic moment (' 75
·
176Lu), 

results in markedly greater HF A values. 
The measurements carried out have showed that the laser based technique of 

spectral measurement can be successfully used in precision measurement of HFS 
magnetic dipole constants, which enable the HFA values to be determined. The 
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obtained HF A values, corrected for the other effects of second order, allow one to 
judge the way in which the distribution of magnetism in the nucleus changes as the 
number of neutrons increases. For this purpose, it is necessary to take the sl/2-related 
part of constant A and do calculations, using the nuclear model suitable to the region 
of interest. 
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Abstract 

The hyperfine aHoma)y has been obtaiHed for a nurnber of elm11ents, 
Lowever there does not exist any systernatic studies of the isotopic effects 
other than in a few cases. In this contribution a stm1111ary of hypedirn, 
anomaly studies in the lanthanicles is presented together with a pros1wct 
for systematic studies. 

1 Introduction 

~,'he influence on the hyperfine structure (hfs) of the fin_ite size of the Illt­

cleus was first considered by Bohr and Weisskopf [lj. They calculated the 
hyperfine interaction of s1;2 and Pt/2 electrons in the field of an extended 
nucleus, and showed that the magnetic dipole hyperfine interaction con­
stant u for an extended nucleus is generally srnaller than that expected for 
a point nucleus. Isotopic variations of magnetic rnornents become larger 
than those in the point dipole interaction when there are different c·ontri­
butions to the hfa from the orbital and spill parts of the magnetisation in 
the case of extended nuclei. The fractional difforence between the point 
nucleus magnetic dipole hyperfine interaction constant and the constant 
ol,tained for the extended nuclear magnetisa"tion is commonly referred tu 
,,f:i the Bohr-Weisskopf (BW) effect [2]. The rnagnelic dipole hyperfine 
interactio11 consta11t " can therefore lie written as 

ll==CLµoint(l f·fB\V) (I) 

where EBIV is the BW-effect; and llpuint,the a com;tant for a point 
,,udeus. Because electronic wavefunclions cannot be calculated with high 
accuracy in cornplex atoms it is not always possible to detenniue '-BIV 

L.irectly. lu the case of hydrogeu-like ions aud muouic atoms it is pos­
sirile to extract the 13W-effect directly. The BW-effect is,as the isotope 
sl ift, dependent 011 both a nuclear part as well as an atomic part. The 
atomic part is essentially the electron density withiu the nucleus. The 
nuclear part, i.e., the distribution of nur:lear rnagnetisatiou, can he calcu­
lated usiug different nuclear models [2, 3]. However, it is impossible to 
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"x1wri111elltally deterrnille the BW-effect direct, ouly the difference of the 
U'N-clfect ill two isutopes, the so-called hyperfine anomaly, can be deter­
! 1illed expetirnelltally. Therefore one compares the ratio of the measured 
lib cons tauts for two isotopes ( or isomers) of the same element with the 
iHdepeudently measmed ratio of the nuclear maguetic dipole moments to 
extract the hyperfine anomaly, 1 i::,. 2 

, for the isotopes 1 and 2, aud a giveu 
r.tornic state: 

I 2 - 1Pl JL~
2

) I 1(2) ~ ( I) (2) 
I + ~ - -(2) (I) ~ l -I EBIV - lB\V 

lL JL1 I ](I) 
(2) 

Fur clectrnus with a total angular 1110111euturn j > 1/2 the anoma­
lies rnay be disregarded as the corresponding wavefunctious (electron­
dellsities) vauish at the uucleus. If we study tlie hyperfine anomaly for 
different atornic states we find a variation of the values. We have a state 
dependent hyperfine anomaly, the differences in values in different states 
,',lit be large .The reasou for these differences is clue to that the hyper­
fine interaction consists of three parts[4, 5], orbital, spin-orbit and contact 
(spin) interaction. Ouly the contact interaction coutributes to the hyper­
fiue allorualy. Thus we cau rewrite the general magnetic dipole hyperfine 
iuteractiou constant as 

ll = Unc +Cle, (3) 

where uc is the coutribution due to the contact interaction of s and p 112 

e·lectrous, respectively, and a,.c is the contribution ,Jue to llon-contact 
illteractious. The experimentally determined hyperfine anomaly, which 
is defined with the total magnetic dipole hyperfine anomaly constant a, 
should theu be rewritten to obtain the relative contribution to the hyper­
fine allomaly: 

I A 2 I A 2 Cle 
L.lcxp Uc- J 

u 
(4) 

where I i::,.~ is the hyperfine allomaly due to the contact interactiou, 
that is, for an s- or p-electron. One can show that ac is proportional to 
.'JJ - 1 which gives an indication on the magnitude of ';;'. So far we have 
only co11side1ed direct interactions between the electron and tlte nuclew;, 
ill order to get a complete picture we should include electron- electron 
illteractions. One interaction, which can influence the hyperfiue intera,:­
tio11 constallt, is the polarisation of tlw electron core [4], which may give a 
substantial contributiou to the experimental hyperfiue anomaly [2]. Core 
polarisation can be seen as an excitation of a ct-electron, which does not 
give auy co11trib11tio11 tu the a11omaly, to ans-electron, which gives a large 
hyperfi11e a11ornaly. Since the hyperfi11e allornaly e i::,.;), is independent 
of ll, it is possihlP to use the hyperfine anomaly to obtain values of the 
core-polarisatio11 [2, 6]. 

2 Determination of the hyperfine anomaly 

From thf! discussion above u11e is led to the conclusion that one need 
illdq1e11de1lt meas11reme11ts of the uuclear magnetic 111ome11t iu order to 
ohtain I he hyperfine anomaly, this is , however, not true. As has been 
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, shown by Persson [7), it is possible to extract the anomaly solely from 
hyperfine interaction constants, by comparing the hyperfine interaction 
comtant ratio, for two isotopes, ill at least two differellt atomic l<·v<'ls, 

Tint is: 

{l) / (2) .4 U 
_u.:..:A'----'--_u.:..:Ac.... "" 1 I l t/ ( '.2_ - '.2_) • 
Cl~)/u~) 

5 

aA <LB 
( ~)) 

where A and B denote different atomic levels and 1 and 2 denote 
different isotopes. The ratio between the two magnetic diJJole hyperfitw 
interaction constant ratios for the two isotopes will be depell<lelll only on 
the difference of the contact contributiolls. of the two atomic; states aml 
the hyperfine anomaly for the s-electron. It should be noted that the ratio 
a,/a is isotope illdepell<lent. Once it has been deten11i11l'd for om, isotoJJic 
pair, the ratio can be used for all i:;otupic pairs, which is very useful in 
the study of hyperfine anomaly in radioactive isotoJJeS. The ratio can '"' 
dei,enuiue,l iu two ways; either by makillg all aualysis of the hyperfine 
interaction and deduci11g a,/<L from the allalysis, or by using a lrnowu 
hyperfille anomaly. 

In order to determine the hyJJerfiue anomaly 011e 11eeds lo k11ow ei­
ther the nuclear magnetic dipole moruellt a11d one u-constanl or two ,,_ 
con,ta11ts[2, 7]. Since the hyperfille anomaly is normally very small ( l % 
or less) it is necessary to have high accuracy of Liu, v;,ltws use, as a r111<, 
better tlmll 10--i[:2]. In the case of stable isotopes ll1ere is 110 major 
problem to measure tlw nuclear magnetic dipole mome11t, with NlvlH or 
A13MH, while tmslable isotopes are more dillicult to 11wasure, a n,view of 
different methods can be found in [8, 2]. In most cases there do not exist 
any l1igh precision measurements of the nuclear magnetic dipole monwllt. 
llowever, there might exist measurements of two a-constants, ,•sp.,cially if 
tl1e unstable isotopes nuclear charge ra,lius has been measured by means 
of h1ser spectroscopy [8]. In order lo obtain the l1yperli11e arwmaly 011e 
needs to measure the a-constants with an accuracy better llia11 10- 4

• This 
can he done by laserspectroscopy when the a-constant is larger than 1000 
l\1llz. The use of rndiofre4 uency spectroscof1y, in beams or traps, is an 
allemative since the accuracy is at least :2 orders of mag11itude better. 

3 Hyperfine anomaly in the lanthanides 

Tile lanlhanides have been an area of interest from an atomic as well as 
a nuclear physics view. Even if there has been done systematic stt1<li"s of 
tlw atomic stn1ct11re as well as for the isotope shift, the 13W-,:lfoct aml 
hyperfine anomaly have not been well studied. This is despite the fact that 
011e of the largest stale dependent hyperfine anomalies has be,:i1 observed 
it. E11 [!l, I OJ. O11e reason for this might be that the m1<·lear magm,tic 
moments are ll0t known with high accuracy, a11other being th,, rather 
co111plicaled atomic structure. '!'he status of the llW-elfect investigatio11s 
in tlw la11lha11ides is su11miarised ill lable 1. It is i11t1.,resti11g lo Bute 
that tlw B W-elfoc:t has been deduced from 1mwllic alorns ill t hre,, of the 
l«uthanides, giving a possibility to extract the BW-effect for a sl'ries of 
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Table 1: Status of BW i11vestigatio11s ill the la11tha11ides. 

Lt1 
l'r 
Nd 
Sm 
Eu 

]\,[11onic 

l\luo11ic 
A110111al_y extracted from a-factor;; 
Under analysis 
J\,lucmk,Sumdard method, 
Ano1Haly extracted from a-factors 

Gd Anolllaly extracted from a-factors 
Dy State depe11de11t a110111aly extracted front a-factors, 
)' I, Standard method 
L1t Standanl method, state depell(le11t anomaly 

Table 2: BW-etfect from 11111011ic atoms. 
Isotope f HIV 
139La -0.1Sfi(4G)% 
141Pr -0.38:l(:23)% 
1.51};;11 -0.G:l(t:l)% 

isulopes a11d maki11g a direct cornpariso11 with calculatio11s. '!'ht: I\\V-dl"<,d 
fu · 111uo11ic atoms is given in table :2 [:2]. 

The hyperfine auorualy has heeu extracted i11 four eh,11w11ts awl isotop,· 
t»•irs. As we are ouly considering the s-electro11 anomaly hne, we ,·xclwh· 
the slat<: ,lqa•11dent. hyperliue alll>rnaly that has l1t•e11 oht ained i11 some 
or the dt:me11ts. The values of the s-ell'dnrn a11ornaly are giv,,11 i11 tahl<" 

:l[.!, !i]. 
\Ve observl• that Eu is a special case. \Ve lrnow th" B\V-elf't-d from 

11111011i<- ato111s as well as the h)'Jll'rli11e atlllll1'1ly. lu ad,lit iou, thl'n, have 
J,. ell do11<• rneasurerne11ts of the hyperfi11e slructun, in a l011g d1ai11 of 
isotopes[ I I, 1:2, t:.l], rnakiug it possible lo use the rnellHHI of P,,rssn11 [7]to 
extract the hyperfine anomaly. C'onceutratiug on the mhl isotop,·s w,· 
li1,d that lhn hyperfine a11omaly can lw deduce,! for all od1I isot opl's from 
A- 1,15 to A=lf,5, th1, result is given i11 table ,J. 

One can dearly see the shape lra11sitio11 helweell lf,I J..:11 am! 1'''
1 
Eu as 

tl,1· a11011mly changes drastically. The hyperli11e anomaly for the lighter 
isotopes seems to be fairly constant, an indication that the magnetization 
d,,,·s not cha11ge nntch from thi, Hpherical 1-1r, J..:11 1111cl<'us to i,,1 Eu. A bit 

Table 3: llyperti11e a110111al:v i11 the la11t ha11ides. 

Isotopes 
r:r.r.mw ,, 
1r,1.1r,3Eu 

lf>fJ.lfi7Gd 

171.17:!y/, 

6; 
0.20:M(G:!)% 

-ll.(i,l(:l)% 
0.l0(i(:2,1)% 
-(J.:18(i(f,)'¼, 
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Table 4: Hyperfi11e auomalies for odd E11 isotopes. 
Isotope A6! 51 (%) 
145 -0.08(15) 
147 -0.12(17) 
149 -0.19(16) 
151 0 
153 -0.64(3) 
155 -0.91 (37)( exp) 

Table 5: BW-effect in E11, experimeutal arnl calc11lations. 
botope f.BW.exp(%) l'BW.calc f.BW.calc[14] 

Particle-Rotor Core-excitations 

1/itEu -0.63(13) -1.489 -1.0,JG 
Jh3Eu 0.01 {lG) -0.056 -0.919 
·55£11 0.28(50) -0.052 -0.919 

II 
-1.036 
-1.039 
-1.035 

surprising is the difference between ir,:; Eu and 1"" Eu,as these nuclei are 
almost identical, with respect to the nuclear moments and energy levels, 
still the error b large enough allowing for an anomaly close to zero. With 
these experimental results we can make comparisons with theoretical cal­
culations. Since we know the BW-effect for 1

"
1 Eu, can we make a direct 

comparison between experimental and theoretical values. The experimen­
tal results of A=151-155 are compared with the results of Asaga et al. [14J. 
who use core-excitations to calculate the BW-effect. A comparison with 
results from a particle-rotor calculation is also done. The results are given 
in table 5. As can be seen both methods reproduce the trend. However, 
it seems like the particle-rotor calculations are a bit better, although the 
[Pd-effect is a factor 2.4 too large. Ooth methods indicate the lighter 
i:;otopes have the same BW-effect as 1

''
1 Eu. The conclusion would be 

that the particle-rotor formalism works reasonably well for Eu, making it 
interesting to extend the investigations to neighbouring elements. 

4 Future projects 

A; has been shown in the case of Eu, it is possible to obtain a lot of 
i11forrnation on the hyperfine anomaly without knowing the nuclear mag­
netic moment of the isotopes under study. In this section a discussion 
on the possibilities of obtaining the BW-effect in the lanthanides will be 
performed. 

The lanthanides are characterised by a vast number of low-lying energy 
s,ates (15], due to three open shells. A general feature found is the small 
values of the hyperfine interaction constants in the low lying levels of the 
4/"6s2 and 4/"- 15d6s2 configurations, where neither frees-electron nor 
c•.•n•-polarisation contribute to the hyperfine interaction (16]. In other 
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\\ord~ we have a 11uwber of states where the hyperfine anomaly will be 
practically zero. These states are therefore suitable in determining the 
ratio of the nuclear magnetic dipole moment. However, the u-constants 
i11 these stales are in most cases small (S: 100 MHz) so the accuracy 
obtaiued by laserspectroscopy is normally not sufficient for determining 
tl1,, hyperfine anomaly. The use of rf-spectroscopy is, therefore, preferred. 
If we can not make use of the zero-anomaly states, we need to find at least 
2 ,tates where the factor a,/a or uc/a differ substantially. Since a,/a is 
proportional to 9J - 1, we can easily find suitable _candidates. The best 
cl1oice is the lowest J-value and one or two of the higher J-values within 
a multiplet. One caveat is that the multiplet, and the states, should be 
close to pure LS-coupling. This has been found to be the case in many of 
tlte lowest lying multiplets in both atoms and ions of the lanthanides. 

As the 11111uber of states with excitation energy S: 10000 cm -I is high 
i11 most of the lanthanides there are plenty of suitable transitions that 
can be studied with simple atomic beam sources. However, in order to 
pop11late other states than the ground state, one can easily loose signal. 
A.i alternative would be to combine rf-measurements of the atomic ground 
state, which normally has a small a-constant, with measurements of the 
gr:)llnd state a-constant in the ion. ,The ground states of singly charged 
lantha11ide ions belong normally to a configuration with an un-paired s­
dectron. One might also consider doing ion-trap experiments using both 
si1.gly- a11d doubly- charged ions, again in order to have one state with an 
impaired s-electron. 

As the prospect for systematic measurements of the hyperfine anomaly 
i11 the lanthanides probably involves more than one experimental tech­
nique, it seems like an international collaboration would be preferable. 

5 Conclusion 

There exist very little data on the hyperfine anomaly in the ianthanides, 
but it has been shown here that it is possible to gain more data with rather 
sirrple means. However, a systematic study of the hyperfine anomaly can 
be rather difficult and would therefore involve several techniques and lal}­
oratories. The conclusion would be to form a network of the laboratories, 
in c,rder to promote the study of hyperfine anomaly. It seems feasible that 
, within a not too distant future, the hyperfine anomaly is well known and, 

~1101:efully, well understood in the lanthanides. 
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NUCLEAR ANAPOLE MOMENTS. YESTERDAY, TODAY, TOMORROW 

V.F. Dmitriev1 and LB. Khriplovich2 

Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia 

Abstract 

We discuss the present state of the problem of nuclear anapole moments. Both 
experimental and theoretical results are presented. A new possibility is pointed out 

1. Forty-five years ago it was pointed out [l] that in a system which has no definite parity 
a special distribution of magnetic field may arise. It cannot be reduced to common electro­
magnetic multipoles, such as dipole or quadrupole moments, but looks like the magnetic field 
created by a current in toroidal winding. This special source of electromagnetic field was 
called (by A.S. Kompaneets) "anapole". 

For many years the anapole remained a theoretical curiosity only. The situation has 
changed due to the investigation of parity nonconservation (PNC) in atoms. Since these tiny 
effects increase with the nuclear charge Z, all the experiments are carried out with heavy 
atoms. The main contribution to the effect is independent of nuclear spin and caused by 
the parity-violating weak interaction of electron and nucleon neutral currents. This interac­
tion is proportional to the so-called weak nuclear charge Q which is numerically close (up 
to the sign) to the neutron number N. Thus, in heavy atoms the nuclear-spin-independent 
weak interaction is additionally enhanced by about two orders of magnitude. Meanwhile, 
the nuclear-spin-dependent effects due to neutral currents not only lack the mentioned co­
herent enhancement, but are also strongly suppressed numerically in the electroweak theory. 
Therefore, the observation of PNC nuclear-spin-dependent effects in atoms looked absolutely 
unrealistic. 

However, it was demonstrated [2, 3) that these effects in atoms are dominated not by 
the weak interaction of neutral currents, but by the electromagnetic interaction of atomic 
electrons with nuclear anapole moment (AM). It should be mentioned first of all that the 
magnetic field of an anapole is contained within it, in the same way as the magnetic field of a 
toroidal winding is completely confined inside the winding. It means that the electromagnetic 
interaction of an electron with the nuclear AM occurs only as long as the electron wave 
function penetrates the nucleus. In other words, this electromagnetic interaction is as local 
as the weak interaction, and they cannot be distinguished by this interaction. The nuclear 
AM is induced by PNC nuclear forces and is therefore proportional to the same Fermi constant 
G = 1.027 x 10-

5
m-

2 (we use the units Ii= 1, c = l; mis the proton mass), which determines 
the magnitude of the weak interactions in general and that of neutral currents in particular. 
The electron interaction with the AM, being of the electromagnetic nature, introduces an 
extra small factor into the effect discussed, the fine-structure constant a= 1/137. Then, how 

1e-mail address: dmitriev@inp.nsk.su 
2e-mail address: khriplovich@inp.nsk.su 
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it comes that this effect is dominating? The answer follows from the same picture of a toroidal 
winding. It is only natural that the interaction discussed is proportional to the magnetic flux 
through such a winding, and hence in our case to the cross-section of the nucleus, i.e., to A 213 

where A is the atomic number. In heavy nuclei this enhancement factor is close to 30 and 
compensates essentially for the smallness of the fine-structure constant a. As a result, the 
dimensionless effective constant " which characterizes the anapole interaction in the units of 
G is not so small in heavy atoms, but is numerically close to 0.3 ( we use the same definition 
of the effective constant " as in [2, 3]). 

Nevertheless, the interaction discussed constitutes only about one percent of the main 
atomic PNC effect independent of the nuclear spin, which is due to the "weak" charge Q 
and is enhanced therefore as N. To single out the anapole interaction one should compare 
the PNC effects for different hyperfine components of an optical transition. The main effect, 
independent of the nuclear spin, will obviously be the same for all components. But the 
anapole contribution depends on the mutual orientation of the nuclear spin and the electron 
total angular momentum, and thus changes from one hyperfine component to another. The 
observation of this tiny effect is an extremely difficult problem, and it is no accident that the 
searches for the nuclear AM demanded many years of hard work by several groups [4 - 8]. 

At last, the nuclear anapole moment was experimentally discovered [9]. This result for 
the total effective constant of the PNC nuclear-spin-dependent interaction in 137Cs is 

Ktat = 0.44(6). (1) 

To extract this number from experimental data, the results of atomic calculations [10, 11] were 
used; these calculations performed using different approaches are in excellent agreement, and 
there are good reasons to believe that their accuracy is no worth than 2-3%. If one excludes 
the neutral current nuclear-spin-dependent contribution from the above number, as well as 
the result of the combined action of the "weak" charge Q and the usual hyperfine interaction, 
the answer for the anapole constant will be 

" = 0.37(6). (2) 

Thus, the existence of an AM of the 137 Cs nucleus is reliably established. A beautiful new 
physical phenomenon, a peculiar electromagnetic multipole has been discovered. 

2. But the discussed result does not reduce to only this. It brings valuable information 
on PNC nuclear forces. Of course, to this end it should be combined with reliable nuclear 
calculations. However, it is instructive to start, as it was done in [3]), with a rather crude 
approximation. Not only one assumes here that the nuclear spin I coincides with the total 
angular momentum of an odd valence nucleon, while the other nucleons form a core with 
the zero angular momentum. The next assumption is that the core density p(r) is constant 
throughout the ·space and coincides with the mean nuclear density p0 . The last assumption, 
ascending to [12], is reasonable if the wave function of the external nucleon is mainly localized 
in the region of the core. Then simple calculations give the following result for the anapole 
constant [3]: 

9 aµ A2f3_ 
"= 10 9 rnro 
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(3) 



Here g is the effective constant of the P-odd interaction of the outer nucleon with the nuclear 
core, µ is the magnetic moment of the outer nucleon, r0 = 1.2 fm. The A-dependence of 
this constant is very natural. Indeed, since the anapole corresponds to the magnetic field 
configuration induced by a toroidal winding, the AM value should be proportional to the 
magnetic flux, i.e., to the cross-section area of the nucleus, hence to A213 • 

The so-called "best values" for the parameters of P-odd nuclear forces [13] result in 
gp = 4.5 for an outer proton [3, 14, 15]. Thus obtained values for the nuclear AMs, which 
were investigated experimentally in [4 - 9], are presented in the first column of Table. 

[3]al [3jbl [16]cl [17, 18]dl [19]el [19]/l [20]9) [21] [22] [23] 

133Cs 0.37 0.28 0.14 (0.28) 0.27 0.33 0.26 0.22 - 0.15 0.21 

20J,2osTl 0.49 0.43 - 0.27 0.42 0.40 0.37 0.24 0.24 0.10 

209Bi 0.51 0.35 - 0.27 0.45 0.29 0.30 - 0.15 -

Table 

a}Calculation with formula {3}. b}Woods-Saxon potential including spin-orbit intemction. 
c)Only the P-odd 1r-meson-exchange was calculated in (16}; we indicate in bmckets what to our 
guess would be the result of (16} if the P-odd short-mnge were included. d}Our extmpolation of 
the results of (17, 18}, from their values of gP to gP = 4.5. e)Oscillator potential, contribution 
of contact current included. f) Woods-Saxon potential, contributions of contact and spin-orbit 
currents included. g)Many-body corrections calculated in the constant-density approximation. 

Various calculations of the nuclear AMs, going beyond simple analytical formula (3), (see 
the results in Table) can be roughly divided into two groups: the calculations within the 
independent particle model (1PM) using Woods-Saxon and oscillator potentials [3, 17 -
19], and the calculations including many-body effects [16, 20 - 23]. In fact, some of the 
many-body contributions were discussed in [17, 18] as well. 

The analytical estimate (3) produces smooth A213 behaviour, but certainly exaggerates 
the effect due to the assumption that the P-odd contact interaction with the nuclear core 
extends throughout the whole localization region of the unpaired nucleon. Indeed, the 1PM 
calculations reveal certain shell effects quite pronounced in the values of K, for Tl and Bi (see 
Table). Both these nuclei are close to the doubly-magic 208Pb. However, while the anapole 
moment of Tl nucleus in 1PM is close to its analytical estimate, the anapole moment of Bi 
in 1PM differs significantly both from the analytical formula and from the anapole moment 
of Tl. This difference can be attributed to the difference in the single-particle orbitals for 
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the unpaired proton in Tl and Bi. The 3s112 wave function in Tl is concentrated essentially 
inside the nuclear core, while the lhg/2 wave function in Bi is pushed strongly outside of it. 
By this reason the unpaired proton in Bi "feels" in fact much smaller part of the P-odd weak 
potential. An analogous suppression of the PNC interaction takes place for the outer lg112 
proton in Cs. 

Various approaches were used as well in the many-body calculations [16, 20 - 23]. In one 
of them [20, 22] the random-phase approximation (RPA) with effective forces was employed 
to calculate the effects of the core polarization. In another approach [16, 23] large basis shell­
model calculations were performed. However, in the last case there is a serious problem: 
the basis necessary to describe simultaneously the effects of both regular nuclear forces and 
P-odd ones is in fact too large. Therefore, some additional approximations were made in 
[16, 23] in order to reduce the size of the basis space. 

Fortunately, the Tl nucleus is a rather special case in the many-body approach as well. 
Not only is it close to the doubly-magic 208Pb, but its unpaired proton is 3s112, but not lhg/2 
as in Bi. This makes the effects of the core polarization here relatively small. Thus the density 
of states in Tl is reduced, and an effective Hamiltonian suitable for shell-model calculations 
can be constructed [24]. This Hamiltonian was used in [21] to calculate the anapole moment 
of Tl nucleus. The result of [21] and the RPA result of [22] for the thallium coincide, in spite 
of completely different descriptions of nuclear forces used in these works to calculate the core 
polarization. These results of [21, 22] differ essentially from the value obtained in (23] under 
extra assumptions: the closure approximation and further reduction of a three-body matrix 
element to the two-body one. It is also worth mentioning perhaps that in (21, 22] and [23] 
different parameterizations of the parity violating nuclear forces have been used. 

Thus we believe that the theoretical predictions for the AMs of nuclei of the present ex­
perimental interest, can be reasonably summarized now, at "best values" of P-odd constants, 
as follows: 

K,(133 Cs) = 0.15 - 0.21, K,(203·205Tl) = 0.24, K,(209Bi) = 0.15. (4) 

We believe also that there are good reasons to consider these predictions as sufficiently 
reliable, at the accepted values of the P-odd nuclear constants. 

The comparison of the value (4) for the cesium AM with the experime!ltal resuit (2) indi­
cates that the "best values" of [13] somewhat underestimate the magnitude of P-odd nuclear 
forces. In no way is this conclusion trivial. The point is that the magnitude of parity­
nonconserving effects found in some nuclear experiments is much smaller than that following 
from the ''best values" (see review [25]). In all these experiments, however, either the ex­
perimental accuracy is not high enough, or the theoretical interpretation is not sufficiently 
convincing. The experiment [9] looks much more reliable in both respects. Therefore, in line 
with its general physics interest, the investigation of nuclear AMs in atomic experiments is 
first-rate, almost table-top nuclear physics. 

3. But what next? Here first of all one should point out perhaps a problem we still 
have not mentioned. The point is that the experimental result for the thallium AM, K, = 
-0.22 ± 0.30 [7], does not comply with the theoretical prediction for it presented in (4) (the 
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disagreement will be even more serious if one assumes that the nuclear P-odd constants are 
larger than the "best values" of [13] as indicated by the measurement of the cesium AM). 
Obviously, it is highly desirable for this problem to be cleared up. 

As mentioned already, the performed experiments aimed at the detection and measure­
ment of nuclear AMs are extremely difficult. This is why experimentalists are looking for new 
approaches to the problem. Few directions are pursued here (see, for instance, review [26]). 
We will describe below one of them, which looks at the moment most promising. It is a 
proposal to measure PNC in the strongly forbidden 6s2 rs0 ----> 6s5d 3 Di transition in ytter­
bium [27]. The advantage of this transition is that the PNC effect in it is more than 100 
times larger than in cesium. The enhancement is due to the fact that the 3 Di state is close 
(tl.E ~ 600 cm-r) to a level of opposite parity rpr which composition is 6s6p with a strong 
admixture of 5d6p. Due to this 5d6p component, there is large PNC mixing between 3 Di and 
r Pr. The relatively simple atomic spectrum of Yb allows one to perform atomic calculations 
of the PNC effect with an accuracy about 20% [27 - 29]. 

Ytterbium has seven stable isotopes between A=168 and A=l 76, two of them, 171Yb, 
1=1/2 and r73Yb, 1=5/2, with non-zero nuclear spin can be used to measure the AMs. With 
a valence neutron in these nuclei, such measurements will be a valuable complement to the 
cesium anapole result in the determination of the PNC nuclear constants. 

Moreover, one more transition in Yb, 6s2 rs0 ----> 6s5d 3 D2 , is of a special interest for the 
anapole measurements [30]. PNC mixing between 3 D2 and r Pr states ( their separation is 
tl.E ~ 300 cm-r) is only due to the P-odd interaction electrons with nuclear spin, 8J = 1. 
Thus, in this transition the anapole interaction will be the main source of P-odd effects, 
rather than a small correction to the dominant nuclear-spin-independent interaction as it is 
the case with rs0 __,3 Dr. 

Some preliminary spectroscopic measurements in ytterbium, related to the discussed ex­
periments, have been performed. They resulted in the lifetime of the 3 Dr state, 380(30) ns [31 ], 
as well as in the values of the E2 amplitude of the r S0 ---->3 D 2 transition, 0.65(3) ea5 [32], and 
of the strongly forbidden Ml amplitude of the r S0 ---->3 Di transition, 1.33(26) x 10-4 µa [33]. 

*** 

Seventy-five years ago studies of atomic hyperfine structure gave the first clue to the existence 
of nuclear magnetic moments. Since then atomic and molecular spectroscopy have served as 
a source of valuable information on nuclear properties, such as multipole moments and the 
radii of nuclei. Now a new chapter in this story has opened: optical spectroscopy brings data 
on parity-nonconserving nuclear forces. 
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THE COHERENT REPOPULATION 

OF HYPERFINE STRUCTURE 

BY BICHROMATIC RESONANCE WAVE. 

NUCLEAR SPECTROSCOPY AND QUANTUM COMPUTING 

D.F.Zaretsky, S.B. Sazonov 

Russian Scientific Center "Kurchatov Institute", 123182 :\foscow, Russia 

The effect of coherent repopulation of atomic levels by bichromatic laser 

wave was investigated by different authors. [1,2] The coherent level repopulation 

occurs in the case of resonant interaction of Zeeman hyperfine structure 

components with a bichromatic radiofrequency wave also.[3] This repopulation is 

real due to the coherence of transition amplitudes on the common levels. 

In this work the repopulation was shown to be quite prononced even in the 

case of equal initial population. But there should be fulfiled several conditions: l) 

the electromagnetic field has to be pulsed; 2) the pulse time and Rabi-period have 

to be much less than all relaxation times of hyperfine states in a medium. Thus we 

assume that the resonant interaction of a system with bichromatic field should be 

sufficienty stronger than the interaction with the thermostate,and the Rabi period 

is shorter than the time of the pulse of the field. 

The bichromatic field is: 

E(t)=E1cos( w1t+(j) )+E2cos( ro2t) (I) 

We have considered the interaction of the bichromatic wave and the three level 

quantum system (Fig. I). We suppose that one componet is in resonance with 
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transition between the level number one and another component is in resonance 

with transition between the level number two and the common level number three: 

.. 
I 2 --- :0)2 
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3 --- t 

1 

I 

I 
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:co1 
I 
I 
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.!. 

+ 

FIGURE 1. Three level quantum system 

The hamiltonian of the atom+rffield system has the form H(t)=H0+V(t), 

where Ho is the hamiltonian of a system of quantum levels with the characteristic 

wave functions Fi,and V(t) is the interaction operator for this system with the rf­

field. 

Since the time duration for this system to interact with the field is shorter 

than all relaxation times,it is possible to examine the process assuming that the 

system is in a state described by a wave function which can be represented as a 

superposition of the functions Fi 

lf'(t)= Lb;(l)F; , (2) 

The amplitudes bi(t) are the population amplitudes of the ith levels, which satisfy 

the following initial conditions: bi(0)=Aiexp(iai), where Ai is the initial amplitude 

of population of the level i, with A?= I bi(0) I 2, and ai is the initial phase of its 

population amplitude. 

Since the interaction time is shorter than any of the relaxation times, there are 

essentially no stochastic pertubations of the system during the interaction process. 

Thus, the amplitude bi(t) at any time is proportional to the constant phase factor 

exp(iai) and can be represented in the form bi(t)=ai(t) exp(ia;), where at any time 
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the functions a;(t) are independent of the a; and at t=O they are given by a;(0)=A; 

The eigenfunctions F; of the hamiltonian Ho have an orbitrary constant 

phases but we are choosing this functions in the form F;=Fiexp(-ia;), where the F,· 

are independent of the phases a;. Than the formula (2) takes the form 

'-I-'(t)= La; (t)Fi . (3) 

This means that the result of coherent repopulation of the levels is independent of 

the initial phases of the level population 

The amplitudes a,(t) should be obtained by the solution of the time­

dependent Schrodinger equation. In addition, we assume that the phases of the 

components of the bichromatic wave and their difference lp also remain constant 

during the interaction of the system with the field. As a result we have for the 

amplitude of level "3" population: 

a.1(t)= -A.1cos(f2t)-i[AiV2exp(-ilp)+A1Vi] •sin(Ot)/Q, (4) 

where V1, V2 are the matrix elements for the transitions k->3 and 2<->3 

respectively. Q= (V/+v/l2 is the Rabi frequency. 

There are two interesting cases Qt=n/2 and Qt >>I. Let all A;= I, 

V1=V2 Then in the first case for <p=7r the second term of a.1(t) is zero, and we have 

a,(t)=0II I 

In the second case we may average the population over time (over many 

periods). For the same parameters as before we have: 8 33 =1/2; a 11 = a 22 =5/4. 

(a;;= I a;(t) 12
) 

The interesting case is when the levels are equdistant and the frequensies of 
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the components of the field are equel and the difference of its phases is not equal 

to zero. In this case the transition matrix element is the sum of two components: 

\V=V 1+V2exp(itp), or W=iloexp(ia/2), (5) 

ilo=(V /+V/+2V 1Y2costp/ 2; u.=2arctg[V1simp/(V1+V2costp)] 

Then the solution of Schrodinger equation for the population of the third level is 

I a
3
(t) i 2= [I +sin2(i1t)cosa)], where Q=fl Do is the Rabi frequency. In this 

case this frequency depends on the relative phase of two waves. The same 

problem was solved also for 4-level Zeeman structure (spin 3/2). 

The populations for case of spin I and for case of spin 3/2 are displayed on 

Fig.2 and Fig.3 as a functions of a and Qt=rr/2 
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It appears to us that the suggested method of polarization can find use in 

quantum computer design. The most important problems in this respe;;t are a 

search for a quantum system suitable for use as an information medium in 

quantum computations and the problem of initiating the initial state of this ~ ystem. 

As known, a particle with spin 1/2 in a solid matrix is one of most important 

examples of such physical system - qubit. Qubit is a base for quantum computing 

But the procedure of initiating the initial state of this quantum computer needs ?. 

very low temperature (-1 µK0
). It is demonstrated above how can the initialiy 

uniformly populated levels be polarized by our method. In our case we do not 

need very low temperatures!!! Let us consider the nonequidistan'. ~'.1ree kvel 

system (fig.4) 
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FIGURE 4 

The symbol x mean that the level is populated; the symbol ,that the level is 

empty. We are going from position 1) to 2) by rc/2 pulse ofbichromatic wave. In 

position 3) we may work with monochromatic wave with frequency W2 

The effect considered might be important for investigations associated 

with EPR and NMR problems for Zeeman hyperfine levels of an impurity in a 

solid matrix. 
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DETERMINATION OF 55 Mn ELECTRIC QUADRUPOLE MOMENT 
ALMOST FREE OF STERNHEIMER CORRECTIONS 

A. Jarosz, E. Stachowska, J. Ruczkowski, B. Furmann, J. Dembczynski 

Poznan University of Technolq,ry, Chair of Atomic Physics 
ul. Piotrowo 3, 60-965 Poznan, POLAND 

1. Introduction 

Hyperfine splittings of atomic spectral lines, ansmg from interaction between 
finite-size, non-spherical nucleus and electrons, give possibility to derive some 
information about nucleus from optical investigations. Analysis of hyperfine 
structure (HFS) leads to determination of nuclear moments. Contempormy 
spectroscopic techniques like Doppler-reduced or Doppler-free laser spectroscopy 
as well as even more precise laser-rf double resonance method together with 
theoretical analysis of hyperfine interaction, including higher order effects like 
configuration interaction, allow to considerably reduce the screening effects 
distorting values of nuclear moments. Because of complexity of ab initio theoretical 
calculations taking into account configuration interaction effects, an effective way 
of hyperfine interactions analysis are semi-empirical methods, where values 
of chosen parameters are determined by least squares fitting of evaluated quantities . 
to their experimental values. 

2. The method of simultaneous parametrization of one- and two-body 
interactions in atomic hyperfine structure 

Interaction between non-spherical, finite-size nucleus and electrons in an N-electron 
atom can be described with the use of the following Hamiltonian, written 
in the multi pole expansion form [ 1 ]: 

frEJJ = f, f(K) • ~(f(K)EJJ) 
HFS L..J n L.J e 1 ' 

K=I i=I 

where fn(K) is the nuclear multipole moment operator - electrostatic j.-(K) for 

K-o 2 4 · N'(KJ,. K-1 3 s 7".(K)EJJ· s d · d s k' ffi · - , , , ... or magnetic 1or - , , ,... . , 1s an ms an ec s e ect1ve 

electronic operator. K denotes successive multipole interactions: K = I - magnetic 
dipole, K = 2 - electric quadrnpole, K = 3 - magnetic octupole,etc. To obtain precise 
information about nuclear moments it is necessary to take into s,cc;ount perturbation 
theory second-order contribution to hyperfine interactions energies. Dembczy11ski 
et al. [2,3] proposed a method of simultaneous parametrization of one- and two-body 
interactions in atomic hyperfine structure. 
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The second-order energy shift to the first order matrix element ('1' IHI 'I'') is given by: 

s('I', 'I'')=_ L . ( 'I' IHI 1/11¾1 IHI 'I'') , 
V'1"V'•V' 

where if = if EL + H so + H HFS is a sum of three terms conesponding to Coulomb 
interactions, spin-dependent interactions and hyperfine interactions, respectively. 
L1E is the energy separation between the centre of gravity of the model space under 
study and the perturbing levels. 1/f and 1/f' are states of the model space whereas 'l'i 
is a state of a perturbing distant configuration. The main contribution to relative 
energy shifts is due to the electrostatically conelated hyperfine interaction 

(EL-HFS): 

S ( ')=- "°' ('l'IHELl'l'1)('1'1IHHFSl'I'') _ "°' ('l'IHHrsl'l'1)('1'1IHELl'I'') 
El-HFS 1/f,lf ~ • L1£ ~ . L1£ . 

V'i"V',V' V'i"V'-V' 

This correction can be written as a matrix element of the following effective 
Hamiltonian: 

A " AK " A (rt )K H El-HFS = ~TN · ~x El-llFS, 
K rt 

where Kk = 01, 12, 10 or 02 are tensor ranks in spin and orbit space, respectively. 
Restriction to K= 1,2 (magnetic dipole and electric quadrupole interactions) leads 
to expressions for HFS A and B constants for the model space (3d+4sf+

2
: 

II 

A(l/f)= Ia':!:(lf)a:i' + Ia;(lf)a;, Kk=0I, 12, IO, n/=3d, 4s, 
,d,:,nl i=I 

8 

B(lf) = I /J:i' (ff )b':!: + I /J, ('I' )b, , Kk=02, 13, 11, nl=3d, 
rt,nl 1=1 

where: 
ff= (SLJ) - real fine-structure states written in SL-basis (intermediate coupling scheme), 

a; and b';: - one-body radial parameters (originating from first-order HFS operator), 

a; ('I') and /J';: (If) - angular coefficients of first-order contributions, 

a; and b; - two-body radial parameters (originating from second-order HFS operator), 

a; ('I') and /J; (It') - angular coefficients of second-order contributions. 

Index i denotes different kinds of two-body radial parameters conesponding 
to appropriate types of excitations. One-body parameters are common to all 
configurations composing the model space. The angular parts of one-body 
and two-body contributions to HFS constants (and therefore to hyperfine splittings) 
can be calculated exactly. Mentioned parametrization method gives possibility 
to separate second-order from the first-order contributions. This separation results, 
however, in parameters number increase. Additionally the second-order contributions 
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exhibit SL-dependence. This means that sufficient number of experimental data 
(A and B HFS constants) is required to determine values of one- and two-body 
parameters, mentioned above, in the procedure of fitting of the evaluated A and B 
constants to their experimental values with the use of least squares method: 

I(Aeval (su)-Aexp. (su))2 = min. 
SU 

I(Beval.(su)-Bexp. (su))
2 

= min. 
SU 

3. Measurements 

Presented evaluation of electric quadrupole moment of 55Mn nucleus was based 
mainly on experimental data available in publications. However, some measurements 
were carried out to complete HFS data concerning the 3d6(5D)4s a4D term. 
Measurements were made with the use of laser-induced fluorescence on an atomic 
beam method. Atomic beam was generated by the evaporation of manganese sample 
from the graphite crucible heated with the use of electron beam from the electron 
gun. Additional electric discharge in metal vapours was applied to increase 
population of high lying metastable states. Apparatus for atomic beam generation 
was described in more detail in [ 4]. As a source of exciting light a cw tunable 
single-mode ring dye laser with active frequency stabilization was used. Induced 
fluorescence was detected by photomultiplier. Signal from photomultiplier was 
amplified witl1 the use of lock-in amplifier. PC-compatible computer controlled laser 
scan and data acquisition process. Signal proportional to the transmission of stable 
Fabry-Perot interferometer, recorded simultaneously with the induced fluorescence 
signal, provided HFS spectra with frequency scale. For the investigal:ons mentioned 
above hyperfine splittin~s of following spectral lines were measured: 
449.0090 nm (in air) 3d (5D)4s a4D112 -> 3d6(5D)4p z4D0

312 , 

428.4085 nm (in air) 3d6{5D)4s a4D112 -> 3d6(5D)4p y4P0

312 , 

425.7669 nm (in air) 3d6(5D)4s a4D112 -> 3d6{5D)4p y4P0

112 • 

4. Determination of one- and two-body HFS parameters for Mn I 

In the a~lied parametrization method hyperfine structure of levels belonging to the 
(3d+4s) +i model space can be parametrized with the use of sixteen adjustable radial 
parameters for the magnetic dipole interaction and twelve radial parameters for the 
electric quadrupole interaction. The number of fully free parameters in fitting 
procedure depends on the number of available A and B values derived from 
the experiment. Fitting procedure for radial parameters was performed with the use 
of computer program package developed in Chair of Atomic Physics [5]. 
The package consists of several programs perfonning different kinds of calculations 
necessary for final fitting procedure. The main tasks performed by these programs 
are: calculation of energy matrix elements, fine structure analysis (in particular 
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- determination of eigenvectors amplitudes in SL-basis), evaluation of angular 
coefficients for one- and two-body contributions to hyperfine interaction energy, 
and determination of one- and two-body radial parameters values in the fitting 
procedure. 
For the analysis of Mn I HFS model space (3d+4.1/ consisting of 3d7

, 3d' 4s 
and 3if 4s2 configurations was chosen. The analysis of fine structure of terms 
belonging to the model space configurations was performed with the use 
of experimental data on Mn I fine structure [6] and results of earlier analysis [7]. 
The experimental A and B values used in fitting procedure are listed in Tab.I., while 
values of one- and two-body parameters obtained in HFS fit are presented in Tab.II. 
Because amount of experimental data was not sufficient to assume all parameters 
as free adjustable ones, values of several parameters were fixed. 

Tab.I. A and B constants used in HFS fit 

Configuration Term J Energy A[MHz] B [MHz] Ref 

[cm-1] 

3d54s2 a6s 5/2 0.00 -72,420836(15) -0,019031(17) [8] 

3d6(5D)4s a6D 9/2 17052.29 510,308(8) * 132,200(120) * [9] 

7/2 17282.00 458, 930(3) * 21,701(40) * [9] 

5/2 17451.52 436,715(3) * -46, 769(30) * [9] 

3/2 17568.48 469,391(7) * -65,091 (50)* [9] 

1/2 17637.15 882,056(12) * [9] 

3d6(5D)4s a"D 7/2 23296.67 -159,0184(3) 127,113(4) [10] 

-159,0504 * 125,752 * [10] 

5/2 23549.20 -138,0574(6) 47,385(4) (10] 

-138,1724 * 45,144 * (10] 

3/2 23719.52 42,6592(1) 4,922(1) [10] 

42,2322 * 0,467 * [10) 

1/2 23818.87 1512,06(52) 

3d54s2 a4G 11/2 25265.74 405,3674(12) 0,890(25) [10] 

405,265(6) * -6,75 * [10,11] 

5/2 25281.04 595,598(32) 8,247(3) [ 10) 

596, 183(30) * -0.833 * [10,11] 

9/2 25285.43 396,588(1) 70, 156(30) [JO] 

395,201(3) * 0, 196 * [10,11] 

7/2 25287.74 438,242(13) -62,859(2) [10] 

437,074(15) * 0,671 * [10,11] 
*) corrected values 
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Tab.II. Values of one- and two-body radial parameters 
obtained in HFS-fitting procedure for Mn I 

Parameter Value in MHz 

aOl 
3d 948,2(2, 7) 

a'2 
3d 953,5(3,2) 

a1" 3d -72,39(86) 
alO 

4, 2831 ,8(8,3) 
a12 

Cl = 0 *) 
, 

al 283,2(1,6) 

a2 46,61(27) 

a3 31,07(18) 

(14 =O 
ll5 =O 
(16 =O 
(11 -50, 13(28) 

as -12,460(71) 

a; **) 671(15) 

(110 =O 

all -982(408) 

*) fixed parameters 
**) a9' = a9 - a10 [12] 

Parameter Value in MHz 

b"2 
3d 587,11(26) 

bl3 
3d 9,71(76) 

bll 
3d -4,92(37) 

-
b"2 18,5(2,8) Cl 

bl 173, 196(75) 

b2 28,533(13) 

b3 19,022(9) 

b4 =O 
bs =O 
b6 

--
16,4(2, 7) 

b1 -20,255(9) 

b, -7,632(4) 

S. Determination of
55

Mn nuclear quadrupole moment almost free 
of Sternheimer corrections 

Value of nuclear quadmpole moment obtained from measured HFS B constant may 
be distorted as a result of quadrupole shielding effects called Stemheimer effects. 
This shielding is a result of non-zero quadmpole moment of inner electronic shells 
induced by the nuclear quadrupole moment and influence of non-spherical charge 
distribution in valence shell, which can be characterized, in the first approximation, 
also by the_ quadrupole moment. Method of simultaneous parametrization of one- and 
two-body interactions in atomic hyperfine structure gives the set of one- and 
two-body radial parameters from which nuclear quadrupole moment almost free 
ofStemheimer corrections can be evaluated [2]: 

b,i< (,J:)l)F,i< Q _2µBgl nl (I+~,r ' 
t __ e_2_a;;( (l+~!,~)2)R'*, 
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Q2 = 2µBgl b, 
2- i = 1, ... ,8, 

e a / 

where F"', R"' are the relativistic correction factors [ 1] and Li \;f J are the 

contributions of one-body excitations of full shell to empty shell. Value 
of quadrupole moment Q1 of 55Mn nucleus was obtained from parameters aJ~ and 

bJ; while value of Q2 was obtained from parameters a, and b1 : 

Q1 = 0,349(2) b 
Q2 = 0,345(3) b 

The difference between values of Q1 and Q2 is within the error limits. Value obtained 
in this work is bigger than value previously reported Q(55Mn) = 0,33(1) b [9). 
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HFS constants in the found data 4f 76s 9S4 uncorrected and 
corrected for the second order HFS interactions; 

Version I L1E =f(lJf,J) 
Version II L1E =f(lJf,J,F) 

HFS 1s1E0 + 1sJEu+ 

constant (Hz) (Hz) 

uncorrected 
A 1 540 476 486(12) 684 601 369(5) 
B 8 910 554(231) 137 400(86) 
C 466(22) 66(8) 
D -6(5) -5(2) 

ofter correction version 1 and JI 
A 1540297 161(12) 684 565 948(5) 
B -653 445(231) -1 751 726(86) 
C 466(23) 66(8) 
D -6(5) -5(2) 

A 1 540 297 394(13) 684 565 993(9) 
B -660 862(231) .. ·-1 752 868(84) 

C 26(23) 3(7) 
D -6(5) -5(2) 

Isotope HFS constant Uncorrected Corrected 
14sE0 + A 517 302 217(5) 517 281 950(150) 

B 4 579 440(85) -292 630( I 000) 
t49Eu+ A 1585640 944(10) 1 585 450 570(250) 

B 9 637 340(240) -534 850(1900) 
1soE0 + A 599 037 743(12) 599 010 680(200) 

B 5 698 770(430) -839 730(3000) 

110 

Discrepancies in A-ratios 
~or the isotopes 151

'
153Eu + 

observed in the ground and excited states 

ground state 
4:f 76s 
A{1 51Eu + 9S4) / A(153Eu + 9S4)= 2.25003493( 4) [I] 

A(1 51Eu+ 9S4) I A(1 53Eu+ 9S4)= 2.2500338(3) [2] 

excited states 
4j'7 6s 
A(151Eu+ 7S 3) I A(1 53Eu+ 7

S3)= 2.2503957(4) [3] 

4:/ 7 
5d 

A(1 51Eu+ 9D2) I A(1 53Eu+ 9D2)= 2.2565(1) [4] 

A(151Eu+ 9D 3) I A(153Eu+ 9
D 3)= 2.2520(1) [4] 

A(151 Eu+ 9D 4) I A(153Eu+ 9
D4)= 2.2445(1) [4] 

A(151Eu+ 9D 5) I A(1 53Eu+ 9
D 5)= 2.2365(1) [4] 

A(1 51Eu+ 9D 6) I A(153Eu+ 9
D 6)= 2.2641(60) [5] 

A(151Eu+ 9D1) I A(1 53Eu+ 9D1)= 2.2507(1) 
[l] a.Becker, K.Enders and G.Werth~ Phys.Rev. A 48, 3546-3554 (1993) 
[2] K.Enders; doctor thesis, Mainz 1996 
[3] K.Enders, E.Stachowska, G.Marx, Ch.Zolch, G.Revalde, J.Dembczynski, 

G.Werth; Z.Phys. D 42, 171-175 (1997) 
[4] A.Sen, W.J.Childs; Phys. Rev. A 36, 1983-1993 (1987) 
[5] A.Bergweger, G.Guthohrlein; private communication 
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hyperfine anomaly 

in the ground state 
4/ 76s 

151
~

153 (9S4)= - 0.00663(18) 
151 ~ 153 

(
9S4)= -. 0.00663(18) 

in the excited states 
4/ 76s 

151
~

153 (7S3)= -.0.00629(54) 
151

~
153 (7S3)= -.0.00647(18) 

4f 75d 
151

~
153 

(
9D2)= -.0.00377(19) 

151 ~ 153 (9D3)= -.0.00576(21) 
151

~
153 (9D4)= -.0.00907(19) 

151
~

153 (9D5)= -.0.01260(21) 
151 ~ 153 (9D6)= -.0.00042(20) 

151 ~ 153 
(

9DJ)= -.0.00634(5) 

[I] 

[2,3] 

[I] O.Becker, K.Enders and G.Werth; Phys.Rev. A 48, 3546-3554 (1993) 
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HZEEMAN = -µ. B 

• Two successive approximations: 

- µB ( - , -) µ = -- gl J + gl I 
h 

where 

g , -g µN. 
I - I 

µB 

- µB ( - - , -) µ = -h gl L + gs S + gl J , 

• In the pure SL coupling the matrix elements vanish: 

(a 9S4 MJ,I M1IHZEEU4Nla 
1
S3 M~,I M;)=O-

• In the intermediate coupling the matrix elements have nonzero value 

(REAL 9S4 MJ, 1 M1IHZEEU4NIREAL 
1
S3 M~, 1 M;) * o, 

thus 

,1£2 = 

= L l(REAL 'S, M,,I M,IH,-,.jREAL 'S, M;,1 M;)I' 
~µ~ Er~,-Er~, 
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14f7( 8S)6s ;9S4) =0. 982 641 l4J7
(

8S)6s ;9S4) +0.183 122l4J7
(

6P)6s; 7P 4) 

-0.003 995l4J7( 6D)6s ;5D4 )-0.014 654l4J7
(
6D)6s; 7D4) 

+o.ooo 576l4J7( 6F)6s ;5F4) +0.00125Sl4J7
(

6F)6s; 7F4) + ... , 

l4f7( 8S)6s; 7S 3 ) =0.982 013l4J7( 8S)6s; 7S 3 ) +0.181359l4J7
(

6P)6s ;5P 3 ) 

-0.042 496l4J7(6P)6s; 7P3 )-0.014 466l4J7(6D)6s ;5 D 3 ) ,::1 
'I' 

+0.006 310l4J7( 6D)6s; 7D 3 ) +0.001216l4J7
(
6F)6s ;5F3 ) + • · . · 1;11 ,, ' 

11 i 
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Zeeman second order corrections originating from 
perturbation of 93 4 by 7 3 3 

vs. measured Zeeman intervals 
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PROPERTIES OF LASER ION SOURCE FOR LASER SPECTROSCOPY 

OF NUCLIDES FAR FROM STABILITY: CALCULATION AND EXPERIMENT 

M.D. Sclivcrstov, A.E. £3ar;:akh, D.V. f-cdorov and V.N. Pantclccv 

St. Petersburg Nuclear Physics Institute, 188350 Gatchina, Russia 
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The study of nuclei for from stability requires high sensitivity or the experimental technique. The 
method of Resonance Ionization Spectroscopy in a Laser Ion Source (RIS/I.IS) allows one to 
perform measurements or isotope shilis and hyperfine splitting for isotopes at the production rate 
about I 01 atoms per second. /1. series of experiments with Yb and Tm isotopes far from stability 
("'·'"Yb,"-'· ,;,Tm) has been carried out al the IRIS facility (l'Nl'l). ·1 he sensitivity of this method 
is determined by the high efficiency (-10% for Yh isotopes) and selectivity of the laser ion 
source. 

The basic properties of this type of laser ion source have been discussed. The results of Monte 
Carlo calculation of the basic properties (efficiency, selectivity, time structure of the ion beam and 
Doppler width and shift of the optical line) together with corresponding experimental data have 
been presented. 

Introduction 

A resonant ionization laser ion source (RIUS) is a powerful tool for producing isotopically pure ion 

beams of exotic nuclei [I]. The use of narrow-bandwidth laser allows one to resolve a small 

difference in the transition energy due to hyper/inc interaction of the atomic electrons with the 

nucleus. Thus the RIUS can be used as a sensitive tool for atomic spectroscopy of short-lived 

isotopes. The isotope shifts and hyperfine structure can be measured and isotopic changes in mean 

square charge radii and nuclear electromagnetic moments can be evaluated. A series of the 

experiments with Yb and Tm neutron deficient isotopes has been carried out at IRIS facility [2,3 ]. 

The schematic view of the target-ion source unit of IRIS facility mass separator is presented in 

Fig. I. 

ion' 
heam '\ ~ 
~ 

laser beams 

D 

extraction 
clcctrndc 

t, d,.ir 

ionizer 
cavity 

rig. I. Schematic view of the target-ion source unit used at IRIS on-line mass-separator. 
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rhe nuclides under study arc produced in a high trn1peralure target of the mass-separator. Then the 

ato111s arc thermally released from the target to the ionizer cavity. where they arc resonantly 

pholoionizcd hy the hcams of three pulsed dye lasers merged into single heam and directed into the 

cavity. Multiple intersection of the laser beam by the atoms in the laser ion source cavity 

considerably increases the prohahility of the photoionization. The high te111peraturc of the cm·ity 

prevents atoms from atlaching to !he walls for a too long time (condensation). at the same time 

electron emission fro111 the heated cavity wall creates an electric.ii potential near the wall. which 

fraps photoions near the central axis and prevents rccomhination and adhesion to the wall. The 

electric field created hy the DC heating dri\·es photoions towards the extraction electrode of the 

mass-separator. The ioni1cr can he also a tubular one. in that case n = do = d. 

rhc hasic properties of this t)l)C or laser ion source can be su1111nari1cd as follows: 

Erlicicncy 17,,,,,: The tot.ii efficiency is defined as the ratio of the rate of ions of investigated 

isotope measured in the mass-separator collector and the rate of atoms of the same isotope 

produced in the large!. A high \·aluc of total io11i1.atio11 efficiency is of great importance for the 

investigation of the exotic nuclei with very low production rate. 

Selectivity S: The selectivity is defined as the ratio of the ion current after mass-separator while 

the lasers arc on resonance and the ion rnrrcnt while !he lasers arc off resonance. Due to high 

ef'liciency of the resonant photoio11i1.atio11 the selectivity oft he laser ion source can he very high. 

I lowcver. as the nuclear reaction is often non-selective. isobaric co11tami11atio11 of clements \\·ith 

a low ioni1.ation potential can be severe. 

For the optical spectroscopy the spectral width and shift of the light absorption line arc also of great 

importance. 

For the estimation of the pointed out parameters the computer program for l'vlontc Carlo 

simulations of the processes in the RIUS has been developed. llerc some results are presented. 

l.asrr ion sourer cfficirnl"y 

The tot,11 ionization cflicicncy can he presented as: 

1/,m, :- IIJ,!,ofo 11,,, l/n11. t I l 

where ,,,,,.,,,,, is the prohahility of photninnization of the single atom per laser pulse. I/,,, is the 

prohahility for the atoms to he irradiated hy the laser light, 17,.,,, is the inn extraction efficiency. 

The value of 17,,1,,,1,, depends on the thermal population of the atomic gn,uml state (in the case 

of application of the laser inn source for spectroscopic measurements 011 the relative population or 

lhc his components). the transition cross-sections, the laser beam intensities as well as the 

spontaneous decay limes of excited states. 
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In order lo obtain high value of 'Ir'"''" process or resonant ionization 111usl he saluralcd. To 

reach this goal the excitation and ioni/alion steps should he subsequently saturated. In our 

experiments the following ionization schemes were used: 

- ror Yb atoms: 
(,s2 I So 555 6 11111 (is(,p 

11' 1 '" 
1
"'" 41'1 

'(
2F7•2J(,s2<,p,,1 '" '""' 1111fnio11i:i11g stale (or co11ti111111111), 

for Tm atoms: 

4f.l6s21Fo s•n1um 41'116s6p (7/2.(l)n "'111 
'""' 4r115d(,s «! ''"" (ll//oio11izillf! S(i/lC'. 

The obtained saturation curves for excitation and ionization steps arc shown in Fig. 2 and Fig. 3. 
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Fig. 2. Number or laser produced and mass 
separated Yb ions as a function of the laser 
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separated Tm ions as a function or the laser 
power for the first (bottom), second (middle) 
and ionization steps (top). 

The value or,,,,, depends on the time which the atoms spend in the zone of the interaction with the 

laser radiation before they lcn the ionizer cavity and on the laser pulse duration and the pulse 

repetition rate. The calculated distribution or atomic residential lime in an inner volume or the ion 

source cavity is presented in Fig. 4. As the time between laser pulses is I 00 ~ts (corresponding lo a 

repetition rate of IO kllz), so111c atoms can be irrndiatcd 111orc than once and it will cause nonlinear 

dependence of 17;,,,, on ''"""'" ( sec l'ig. 5 ). 

120 

r,on 
I 

" r:'" .§ ~()() • \ 
-2 ""< 
C:l - • 

>, 

>; "200 

ol 1 ~!r"- 1 1 
0 500 1000 1500 2000 

r, [LS 
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The calculated ionization efficiency dcpcmkncc on the ion source geometrical parameters is 

presented in Fig. 6. In this calculation the extraction efficiency was 17,.,,, = 1. The experimental data 

for Yb ionization efficiency values obtained at IRIS ( 17;0 ,, = 0.3 for the niobium ionizer with 

,I= 1 111111, L = 45 111111 and 17;,,,, = (l.1 S for ioni1.cr with d = I.(, mm, /, = 45 111111 [ 4 l) is in good 

agreement with the results of the Monie Carlo simulation (sec rig. 6 a). The value of 171',"''" is 

selected according lo the parameters of the lasers used during the tests and the saturation curves 

given above. As ii is seen in rig. (, h, the ionization efficiency fix cavity-like ionizers with small 

orifices docs no\ depend on the cavity diameter /J. 

The calculated atomic density distribution along the ioni1.cr at di ffcrcnt values of ''"""'" is 

shown in Fig. 7. In the absence of photoionization the atomic density decreases linearly along the 

tube (z axis) from the entrance hole (zcn,, = /, / 2) t_o the exit holes (z,.., = 0, z,.,1 =/,)according to the 

Fick law: 

d11 1 I = -IJ'-a = const, 
'al dz 

( 2) 

where J
0

, is the atomic nux density, 11,,, is the atomic density and/)· is the diffusion coefficient. If 

1/phoio > 0 the atomic nux is not constant along the tube due to photoionization and the atomic 

density depends on z non-linearly. The dependency of the photoionic density in the interaction zone 

11;
0
,,(z), I = tins, for the ionizers with di ffcrenl geometrical parameters is shown in Fig. 7. 
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Since pholoions arc produced by pulsed lasers, the obtained photoion beam is pulsed with the laser 

repetition frequency. Ion rnrrcnt time structure is consequently deten11ined by the initial density and 

velocity distribution or the photoions created in the cavity as well as hy extraction time and 

extraction efficiency nf lhe photo ions. The time structure of the photoion currcn\ from the laser ion 

source (d = 1.5 111111, d1,n ~ 0.7 111111. /. = 50 111111) with different heating voltage applied arc shown in 

Fig. 8 as well as lhc calculated curves. 
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Fig. 8. The time structure of the photoion current nf laser ion source. 

High cxlraclion efficiency 17,.,,, caused by the ion confinement hy the polcntial harrier near the 

cavity wall. The value and the sign of the potential well arc given hy [5]: 

kT ( 11;) ¢=-In~ ; 
2e 11<. 

( J) 

where 11, and 11,. arc the density of ions and electrons in the volume of the ionizer, respecli\"cly. 

According lo [5] the value of¢ liJr Ta and W ionizers al T = 2J00 2700 K is ahnul 2.5 V. This 

potential prevents photoions lo stick the wall and recombine lo neutral atoms. 

To evaluate the single inn extraction efficiency one should take into account all the wall 

collisions which the ion suffers before leaving the cavity. The number or ion-wall collisions 
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depends on a gco111etrical parameters of the ionizer and on the axial electric field inside the 

Ca\'ity U,,,.,,, .. 
The influence of the ion density on the extraction efficiency is illustrated in Fig. ') a. In this 

picture time structure of the ion current from the laser ion source observed during the off-line tests 

is presented. The temperature of the ionizer (T = 2000 K) and the \'oltage of ohmic heating 

( U1,,.,,, = 5.4 V) arc the sa111c for both curves, but the atomic flux of Tm tracer fro111 the oven was 

changed, consequently the ions dcnsity in the ionizer was changed as well. The large relative 

contribution to the total ion current of the ions with the lower extraction ti111c is dctcr111i11cd by the 

dcpcmlcncc of the extraction efficiency for each ion on the distance fro111 the exit hole. It can be 

caused by the dependence of ionic density and consequently ¢ on :: and (or) by the dependence of 

the total extraction efficiency on the number of the ion-wall collisions: the ions created near the exit 

hole have in average lower value of Nmll• In Fig. 9 a. the calculated ions' extraction lime 

distributions arc also shown. 
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The time structure of the photoion current can be used for the 1/r,,,. estimation. The extraction 

efficiency of ions with short extraction time shows only weak dependence on the probability of the 
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,ccombination on the cavity wall because these ions are created near the exit hole and leave the 

ca,·ity without the striking the wall or sL1ffer only few wall collisions before leaving the cavity. An 

example of the ion current time structllre observed during on-line experiment with ,r,o-•Myb is 

shown in Fig. <J b. As is seen in Fig. 9 b the amplitllde of first peak (I,..,, < IO fLS} is comparable 

with the main peak's amplitude, it can he explained by low extraction efficiency. The ionization 

efficiency calclllatcd as the ratio of experimentally observed ion beam intensity and calculated 

prodllction rate is ahollt 0.5%, and the total ionization efficiency calculated with 17,..,, = I is about 

5'1/,,. The calcL1latcd photoion current structure with 17,.. 1, = 0.1 is also shown in Fig. 9 b. 

Laser ion source selectivity 

The temperature of the laser ion source cavity should be kept high enough lo prevent atoms from the 

condensation on the ionizer walls and to provide the ion confinement. Consequently, thermal 

ionization of atoms takes place on the hot surface, particularly, if the ionization potential of the 

atom is low. The value ofthennoionizalion efficiency at single atom-wall collision is given by [5]: 

/3;1,..,,., =-
1 

a . a =(~)exp[(ip-W,)kT], 
+ a O-o 

( 4) 

o; and o-o arc the statistical weights of the ionic and atomic ground states, W; is the ionization 

potential of the atoms, tp is the work function of the cavity material. 

The total thcrmoionization efficiency is [5]: 

11,1,"mr = /J,he,m ,,::;:~'.""' N,
1

::11 , ( 5 ) 

where N;;'.11 is the mean number of atom-wall collision, ,,;:;:;"' is the thcnnoi0ns' extraction 

efficiency. Extraction efficiency of thennoions can be lower than that of photoions since the 

thcrmoion created at the ionizer surface acquires additional energy e¢ passing through the potcnlial 

harrier near the ionizer surface and has enough energy to hit the wall again. The lhennoionization 

efficiency depends strongly on the temperature of the cavity and, as the result, the selectivity 

decreases with the temperature. As the thennoionization efficiency depends on work function of the 

cavity material, materials with low work functions seems lo be preferable. 

As the total thcrmoionization efficiency depends on mean number of the atom-wall 

collisions, the selectivity of laser ion source can be characterized by the ratio of the total 

Photoionization efficiency and 111ea11 number of atom-wall collisions. The calculations shows that 

the value of y- 17,,,,, IN;:'.,, docs not depend on the ionizer length(/, was varied from 30 to 60 mm). 

l°or tubular ionizers with ,Ii,,,= 0.8 mm and d, = I mm, d2 = 1.5 mm, d3 = 2 mm and d.1 = J mm the 
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calculated values of the parameter y arc: Y1 

respectively. For cavity-like ionizers: 

1.4-10 3, Yi= 8-10 4
, y, = <,.5-10 4 

and Y4 = 4-10 4, 

D = 4 111111, d = 1.5 mm: y = 3· 10 4; 

D=6mm,d= 1.5111111: y=2-10 4; 

/J=6111111,d= 1111111: y= 1-104; 

So the option of the tubular ionizer seems to be preferable. 

Background ions are produced by the surface ionization in the ion source aml target. In our 

experiments, a high temperature target (T 2 2700 K) has been used in order to increase production 

yield of short-lived isotopes. In this case the main contribution to background current comes from 

the target itself. In Fig. IO the dependence of the selectivity of the Yb photoionization on the target 

te111perature is show11. 
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In Fig. 11 experimental spectra of 154Tm obtained at different ionizer temperatures arc shown. To 

increase the selectivity of the target-laser ion source unit the locking of the background thermoions 

in the high temperature target by the potential of the heating current flowing through the target 

container was applied [6]. The background current was reduced by a factor of 20 using this 

technique. To increase selectivity further, time structure of the photoion current can he used. By 

introducing time gales in the detection system the selectivity can be increased by a factor of five 

(sec Fig. 8). 
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Experiments 

As was shown above the tolal ioni1ation efficiency depends on the geometrical parameters of the 

inni1.er. The prelcrahlc nplion is the tubular ionizer with the diameter close to the laser beam size. 

1\s lhe ions' cxlractinn time and efficiency depends 1>n rnltagc applied, the wall thickness should be 

sn1all enough to obtain a high nl1111ic resistance and. consequently, the relatively high corresponding 

electric lield. On the olhcr hand, the ioni1cr should he mechanically stable at high temperature 

11 hich is needed to oblain low wall slicking tilllc and high ion extraction efficiency. Initially ionizers 

made of Nb were used hccause of ils low work function. The Nh ionizer with acceptable mechanical 

stability had a diamclcr of 2.5 1111ll, a length of 55 111111 and a wall thickness of 0.5 mm. A t)11ical 

1·,iluc or (Ii,,.,,, was 1.5 V. The telllpcraturc regilllcs of the target-ion source unit were selected during 

the c\pcrimrnts by stepwise changing of the target and ioni1.cr tc111pcrat11rc lo obtain high ion 

rnrrcnt of' the isotopes under sludy with acceptable selectivity. The 15 'Yh photoion current was 

increased by the factor or 1.5 with the target temperature rising from 2500 to 2800 K, 

correspondingly the selectivity value decreased from S = 7 to S = 4, and the optimal ioni1er 

lc111pcraturc was T,,,,, = (2100 2200) K. Due to high isobaric contamination in the experiments 

with 1
" 

156Yh and 
151

·1'
4

T111 the isotope selective photoion detection hy counting of ex-particles from 

lhc decay of isotopes under study was applied. In that case the selectivity was detcrlllincd by the 

background thermal ion current of the isotope under investigation. The estimations based on the 

calculated production rate, known ion beam line transmittance and detection efficiency gave a value 

or photoioni1ation efficiency: 1711,,,"" 3'½,. As the high temperature target-ion source unit selectivity is 

determined hy the background thcrlllal ion current from the target (sec Fig. I 0), for experiments 

with 151 Yb we used ionizer Jlladc of W, which had a higher work function hut provided a helter 

mechanical stability at the high temperatures. In that case ioni1.cr had a diameter of 1.5 111111 and a 

wall thickness or 0.2 111111. The optimal temperatures of the target and ionizer were 1;,,,-" = 2800 K 

and 7;,,,, = 2100 K. The estimated ioni1,ation efficiency was about I 0%. The selectivity was about 5. 

The typical value of U111 ,,, was 2.5 V. The phntoions from each laser pulse were hunched with 

duration of 15 11s and delay of :15 ps. 

Spectral width and shirt of the absorption line 

The resolution or the RISIUS Jllethod is Doppler-limited and this technique can only he used for 

111cdiu111 to heavy clc111cnts with relatively large isotope shills ,rnd h)11erline ,plittings. For 111cdiu111 

111ass clcmcnls (A ,,. 150) the Doppler broadening is about I (,I 17. To avoid additional power 

broadening the first transition or the chosen ionization scheme should not he deeply saturated. 
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As was shown above, in the case of high ion density in the inner volume of the ioni1.er the 

extraction efficiency may depend on the ion-wall collision number and thus on the ion initial 

velocity. the absorption line (here ahsorplion means the pholon absorplion followed by io11i1ation 

and successful ion extraction from the ioni,.cr cavily) may he Doppler shifted. The comparison (7] 

of the measured isotope shifts with those measured by other techniques shows that lhe absorption 

lines were unshi fled within the error bars determined by lhe uncertainty of frequency scale 

calibration. 

The Doppler shift of the absorption line was observed only in the case of very low extraction 

efficiency when only the ions which do nol suffer ion-wall collision came out from the ionizer 

cavity. In contrast with the normal cxpcri111e11tal conditions only one sharp peak (61 < I its) with 

very short delay time was observed. In that case lhe observed Doppler shift (I'. Vo"' 700 Milz) is in 

agreement with the calculated value (-500 MHz). 

The possible shifts should he checked in the course of the experiment and taken into account 

in the data procccssing. 
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Abstract 
Laser spectroscopy of atomic clusters is briefly reviewed. The main 

attention is paid to problems connected with the dipole giant reso­
nance. Numerous practical applications of atomic clusters and other 
mesoscopic systems are listed to emphasize their crucial role in modern 
hi-tech. 

Introduction 

During last two decades new kinds of finite Fermi systems have been fabri­
cated. They involve atomic clusters [1]-[7], fullerenes as the particular case 
of carbon clusters [8], quantum dots [9], trapped dilute gas of Fermion atoms 
[10], nanotubes and nanowires [11], nanoarchitectures on surfaces [12], etc. 
These systems are of the scale of nanometer and so are called as nanoparticles 
(nanosystems). Since they demonstrate both quantum peculiarities of small 
particles and properties of the bulk, they are treated as mesoscopic systems. 
Present techniques allow to produce nanoparticles from about any element 
of the periodic table. Moreover, the number of fermions in such systems can 
be controlled with high accuracy. Investigation of nanosystems have led to a 
remarkable progress in understanding both fundamental properties of Fermi 
systems and their amazing variety. Moreover, nanosystems result in numer­
ous striking applications. They promise fantastic progress in many areas, 
from medicine to computering and modern electronics. 
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In this review atomic clusters will be mainly considered. Certain kind of 
them, metal clusters, demonstrate a remarkable similarity with atomic nuclei 
(1]-(6]. Laser spectroscopy is widely used in both cluster and nuclear physics 
but in cluster physics it plays much more important role. Indeed, while nu­
clear physics exploits a wide collection of different reactions and probes, the 
tools of clusters physics are mainly limited to reaction with a light (photoab­
sorption, photofragmentation, Raman scattering, ... ) (2, 7]. Inelastic electron 
scattering (13, 14] and Coulomb interaction with ions [15] are also used but 
in a less extent. The laser spectroscopy is really overwhelming experimental 
tool in cluster physics. 

This review provides a simple guide for nuclear specialists on using laser 
techniques in cluster physics. Some hot examples are demonstrated. The 
review is organized by the following way. In Sec. 2 the basic information 
on atomic clusters and their giant resonances (GR) is given. In Sec. 3 
main properties of El-GR are considered and several remarkable laser-used 
experiments with El-GR are described. In Sec. 3 examples of practical 
applications of nanosystems are listed. 

2 Atomic clusters: basic aspects 

Atomic cluster is a bound system consisting (mainly or completely) of iden­
tical atoms. If the atoms belong to a certain metal, We have a metal cluster 
(MC). The amount of atoms can vary from a few to millions and more. 
Some MC, mainly of alkali (Li, K, Na, ... ) and noble (Ag, Au, ... ) metals, 
demonstrate a striking similarity to atomic nuclei (see reviews [1]-(6]). In 
these clusters the valence electrons are weakly coupled to the ions and, like 
nucleons in nuclei, are not strongly localized. The mean free path of valence 
electrons is of the same order of magnitude as the size of the cluster and so 
their motion can be quantized. This favors forming a mean field for valence 
electrons, which is of the same kind as in nuclei (with similar shell structure 
and magic numbers). In addition to the mean field, MC demonstrate other 
similarities with atomic nuclei: deformation of clusters with open shells, vari­
ety of giant resonances, fission, etc. As a result, many ideas and methods of 
nuclear physics can, after a certain modification, be applied to MC [1, 3, 5]. 

This review mainly, covers collective oscillations of valence electrons in 
MC. Valence electrons can be considered as the counterparts of nucleons in 
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nuclei, and their oscillations as the counterparts of nuclear GR. Investigation 
of GR in ~1C is interesting in two aspects: it allows both to deepen our 
knowledge on general properties of collective modes in finite Fermi systems 
and to study peculiarities of ~C. GR in clusters and atomic nuclei are well 
overlapped and, at the same time, have considerable differences. In clusters, 
for example: i) the Coulomb interaction and the "spill-out" effect provide a 
specific dependence of GR properties on the mass number; ii) the negligible 
character of the spin-orbital interaction leads to the decoupling of spin and 
orbital magnetic modes; iii) clusters can have much more particles (atoms) 
than nuclei, which favors very strong orbital magnetic resonances; iv) for 
most of the clusters the role of the ionic subsystem is important; v) at differ­
ent temperatures ~IC can be in solid, liquid and even "boiling" phases which 
influence GR properties; vi) characteristics of GR vary considerably whether 
the clusters are charged or neutral, free or embedded to a substrate, pure or 
with impurities, etc. 

Our consideration will be limited by certain physical conditions. 
i) The modern techniques allow to fabricate atomic clusters from atoms 

of about any element of the periodic table. However, the conception of the 
mean field for valence electrons is realized only for a minority, mainly for 
clusters of alkali and noble metals, and, in a less extent, for neighboring 
elements. 

ii) In some alkali metals (Na and K) the ionic lattice can, to good 
accuracy, be replaced by a uniform distribution of the positive charge over 
cluster's volume. This so-called jellium approximation greatly simplifies the 
calculations and is sufficiently accurate for the description of many properties 
of alkali MC. However, it often fails beyond Na and Kand then more explicit 
treatment of the ionic structure is necessary [3, 4]. 

iii) The ionic subsystem is supposed to be "frozen", i.e., without any 
ionic phonon excitations. 

iv) Validity of the jellium approximation is justified by temperature 
fluctuations of ions, smoothing ion positions. The approximation fails at low 
temperature, T < 100 K, where the explicit treatment of the ionic structure 
is important. At too high temperature, T > 1000 K, the quantum shells 
of the mean field are washed out, what establishes an upper limit for our 
considerations. We will consider GR in a temperature interval between these 
two extreme cases. 

Lasers are actively exploited, mainly in the region of the visible light, in 
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about all the areas of cluster physics [2] including production and transfor­
mation of clusters, investigation of their ground state am! excitations, etc. 

In particular, lasers provide very effective and universal method of cluster 
fabrication by vaporization. The first recorded observation of the fullerenes 
was made just by this method, see for review [16]. Namely, a pulsed laser 
beam (the green second harmonic of a Nd:YAG laser, 532 nm) was directed 
onto the surface of a rotating graphite disk. Only a few tens of millijoules 
were deposited onto a I-mm-diameter spot of the surface of the disk but that 
was done in an extremely short time of 5 ns. The prompt heat was sufficient 
to generate a superhot plasma of carbon vapor which was then cooled by a 
burst of helium gas to start the process of clustering. Finally, a supersonic 
cluster jet was formed to be used for laser spectroscopy or (after ionization 
of clusters by a laser beam) for time-of-fiight mass spectroscopy. 

There are also other techniques to produce clusters, with using lasers at 
different stages [2]. For example, in JINR (Dubna) lasers were applied to 
fabricate heavy clusters of fissile elements [17] 

Lasers are used to study El-GR (dipole plasmon) in clusters by means 
of depletion spectroscopy (see [18] as a typical example). For this aim, the 
cluster beam is illuminated by a chopped laser beam. Photoabsorption by a 
cluster excites El~GR (dipole oscillations of valence electrons) which quickly 
damps to a heat. The heated cluster rapidly evaporates one or more atoms 
and its subsequent transverse recoil prevents the cluster from entering the de­
tector. Photoabsorption cross section is obtained by comparing the detected 
counting rate before and after irradiation of the cluster beam. 

As was mentioned above, lasers are applied to ionize clusters. Multiple 
ionization results in fission of clusters[19]. 

3 Experiments with dipole plasmon 

While in atomic nuclei investigations cover different multipole GR, the stud­
ies of GR in clusters are mainly limited to electric dipole resonance (dipole 
plasmon). El-GR has been observed (mainly in photoabsorption) in a vari­
ety of clusters: small and large, spherical and deformed, neutral and charged, 
hot and cooled, free and supported, in linear and nonlinear regimes (see re­
views [6, 7]). For other GR there are only theoretical predictions [6, 20, 21] 
since, as a rule, they cannot be observed in simple reactions with light. At 
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the same time, other reactions in cluster physics are still in their infancy. 
Physical interpretations of El-GR in clusters and nuclei are very similar: 

in nuclei it is caused by translations of neutrons against protons, while in 
clusters it is a result of translations of valence electrons against ions [22]. 
Such treatment reflects the fact that in principle El-GR can exist in any finite 
two-component Fermi system. Indeed, this resonance has been observed in 
all nanosystems listed in the introduction. Some clusters have several kinds 
of valence electrons and so demonstrate more than one El-GR. For example, 
in the fullerene C6o, two El-GR are known as determined by weakly bonded 
7f electrons and strongly bonded er electrons (see, e.g., Ref. [23]). At the 
same time, noble gas clusters, being one-component Fermi system consisting 
only of Fermi-atoms (without separation to valence electrons and ionic 
background), have no any El-GR [24]. 

Unlike to the case of atomic nuclei, El-GR in clusters is determined by 
Coulomb interaction and is very influenced by an environment. As a result, 
it exhibits many interesting peculiarities. i) Most of clusters demonstrate 
the "spill-out" effect when some fraction of valence electrons lies beyond the 
ionic subsystem (like neutron fur-coat in some light atomic nuclei). In alkali 
metal clusters this leads to increasing El-GR energy with the cluster size. 
Vice versa, in Ag clusters some electrons inside ions are also involved to the 
dipole oscillations. Interplay of latter effect with the "spill-out" one leads to 
the opposite trend: like in atomic nuclei, El-GR energy decreases with the 
particle number. ii) Fragmentation (Landau damping) of the dipole strength 
strongly depends on a cluster charge: being strongest in negatively charged 
clusters, the fragmentation reduces in neutral and even more in positively 
charged clusters [25]. iii) In most of clusters jellium approximation is not 
valid and ionic subsystem drastically influences El-GR properties. Besides, 
characteristics of El-GR vary whether the clusters are free or embedded to 
a substrate, pure or with impurities, coated or not, etc. As compared 
with other Fermi systems, atomic clusters seem to demonstrate the richest 
collection of different kinds of El-GR. Vice versa, El-GR serves as one of the 
main physical probes of the cluster's features. 

In particular, the resonance provides a single direct observation of clus­
ter quadrupole deformation. In atomic nuclei, the deformation is directly 
indicated by rotational bands. This is impossible in clusters where big in­
ertia moments result in rotational energies being too low to be observed at 
the background of thermal effects. Only deformation splitting of El-GR can 
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Figure 1: Photoabsorption cross section for dipole plasmon in deformed 
sodium clusters: prolate Nat5 and Nat7 and prolate Nat5 • Parameters of 
quadrupole and hexadecapole deformations are given in boxes. The experi­
mental data [26](triangles) are compared with the calculations [27] (bars for 
every state and curves for the averaged strength function). The bars are 
given in eVao. 

serve as a direct evidence of cluster quadrupole deformation. Fig. 1 shows 
that the deformation splitting in axial clusters is of the same character as in 
nuclei. Namely, the resonance is split into short and high peaks correspond­
ing to JL = 0 and µ = ±l modes, respectively. Like in nuclei, the mutual 
position of the peaks reflects prolate (Nat5 and Nat5 ) or oblate (Nat5 ) shape. 
Experimental data [26] presented in Fig. 1 have been obtained in photoab­
sorption reaction where the cluster beam was illuminated by a pulsed dye 

laser. 
Dependence of El-GR energy on the number of atoms in clusters can be 

used to fabricate clusters of a desirable size and shape. The corresponding 
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Figure 2: Scheme of the method to narrow the size distribution of supported 
clusters by laser irradiation [28]. 

laser-based method has been recently proposed for clusters on substrate sur­
faces [28] (see Fig. 2). The clusters were prepared by deposition of atoms and 
subsequent growth. These clusters are characterized by a wide size distrib­
ution. The distribution is narrowed by irradiation of clusters with a pulsed 
laser light whose frequency is chosen such that only clusters of a certain 
size interval absorb light efficiently. The absorbed photon energy is rapidly 
converted into heat, the cluster evaporates atoms and thus shrinks in size. 
Change in the size leads to the shift of El-GR energy and the absorption 
process overs automatically when the cluster leaves the resonance energy re­
gion. If to use two frequencies specially adjusted for too big and too small 
clusters, then big clusters are shrank to a desirable size and small clusters 
are mainly deleted. As a result, size distribution of the clusters narrows 
dramatically. 
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The same technique can be used to control shape of the clusters. Shape 
of supported clusters, being driven by the interplay between cluster surface 
tension and interaction of clusters with the surface, varies from spherical to 
oblate form. In oblate clusters, El-GR is split into two peaks whose energies 
depend on the deformation. This dependence is again exploited to fabricate 
clusters of a desirable shape by the same laser-based method. :.foreo\·er, the 
method can be used for simultaneous control of the size and shape. 

During last decade, femtosecond lasers are widely used in cluster physics 
and chemistry. They provide fantastic possibilities to investigate different 
stages of chemical reactions. In cluster physics ultrashort laser pulses with 
a moderate laser fluency have been recently applied to study multiple dipole 
resonances in sodium clusters [29]. This problem is similar to one with double 
GR in atomic nuclei. The main trouble was to provide a sequential absorption 
of several laser photons for a time shorter than the plasrnon life time. For 
this aim a femtosecond titanium-sapphire laser system was used. Finally, 
the multiple excitation involving up to 8 dipole plasmons has been detected! 
This study has also allowed to estimate the plasmon life time as 15-20 fs. 

Much effort has gone into understanding of the interaction of short (::; 1 
ps) and intense (2'. 1015W/cm2

) laser pulses with matter [30]. The motivation 
was to generate in the matter photons and particles with energies far above 
the energy of a single laser photon. X-rays and particles with energies up 
to the keV and even MeV range have been produced. As compared with 
other targets (gas, solid, etc.), the solids coated by a layer of clusters seem 
to be especially promising. Indeed, the interaction of the light pulses with 
clusters can be so intense that the absorption reaches nearly 100% [31]. This 
takes place when the photon energy matches the dipole resonance in clusters. 
Strong femtosecond laser fields can be also used for plasri10n-enhanced multi­
ionization of clusters [32]. 

4 Applications of nanosystems 

Nanosystems have found wide applications in different areas. Only part of 
the applications is connected with using lasers. However, we find useful 
to list most exciting applications, irrespective of using or not the lasers, to 
demonstrate a great influence of nanosystems on modern technologies. Even 
if lasers are not directly used in the applications, they, as was demonstrated 
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above, are actively exploited in investigation of fundamental properties of 
nanosystems. These investigations in turn provide a basis for practical ap­
plications. 

A tentative list of applications includes: 
• Cluster ion beams are used to fabricate new materials by depositing 

clusters onto a surface (layer by layer) [33]. Such method is more effec­
tive than using atomic or molecular beams since, changing cluster's size and 
charge, we obtain more freedom to get a projectile with a desirable properties 
and thus to provide an optimal regime of the deposition (hard, soft, ... ) [34]. 

• Irradiation of super-hard surfaces (diamond, silicon and silicon com­
pounds, hard metal oxides, ... ) by noble gas clusters can provide precise 
machining of these surfaces. Roughness of the surfaces can be decreased by 
an order of magnitude, thus forming atomically smooth surfaces [34]. 

• Cluster projectiles can create extremely large energy densities in a mat­
ter, which can be used, for example, to heat plasma. The cluster C60 acceler­
ated to the energy 10 MeV induces larger energy density along its trajectory 
in material than 1 GeV 238 U projectile [34]! 

• Changing number of atoms in clusters can result in dramatic modifica­
tion of their properties. As compared with the bulk, some clusters change 
their behavior from metal to nonmetal, non-magnetic to ferromagnetic, anti­
ferromagnetic to ferro- and ferri-magnetic, etc. [33]. Interaction with the 
surface additionally changes the properties. Such modifications can be use­
ful for production of new materials. 

• Sodium and some other metals, being widely applied to the catalysis,· 
demonstrate new interesting catalytic possibilities while being used in a clus­
ter form. The possibilities vary with a cluster size. Partial coating the cluster 
by other atoms additionally changes the catalytic activity [33]. 

• Modern electronics deals with objects of nanometer scale. The nano­
lithography allows to create different nanoscale structures and architectures 
on a surface for the aims of nanoeletronics and nanocomputering [33]. 

• Numerous nanoscale circuits, switches, devices are developed. The clus­
ter C60 can serve as an amplifier [36]. Thermometers can be fabricated by 
nanolithographic techniques. Nanoscale microcoolers can serve for cooling X­
ray and sub-mm wave detectors in astronomy. Nanoscale ultra-high-density 
magnetic recording disks are designed. 

• Much effort is done to construct molecular nanocomputer with defect­
tolerant architecture [33]. Discrete molecular devices are developed within 
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molecular and intramolecular approaches [35). 
• Carbon nanotubes have found widest applications [37]. They have been 

recently proposed to be used as a transistor (38]. 
• Fullerene-potassium structures demonstrate high-temperature super-

conductivity. 
• Cluster beams are applied to treat the cancer. Nanoparticles can be 

used for non-viral gene therapy. Fullerenes and fullerene derivatives doped 
with radioactive atoms (for example, C60+11 C, C60+7 Be) are of considerable 
use in radiochemical techniques in medicine (see, e.g., [39] and references 
therein). 
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ABSTRACT 
The formation of heavy clusters of Sn, Pb, Th and U atoms has been studied in a 

wide range of mass numbers in the interaction of intense laser radiation with matter. A 
description is presented of a setup for measuring yields and mass distributions of 
clusters. The operation of the setup is based on various methods: the laser resonance 
fluorescence method, the time-of-flight method and the fission fragment track counting 
method. The dependence is discussed of the yield and mass spectrum of clusters on 
production conditions. 

INTRODUCTION 
The recent progress of experimental facilities and methods has brought about the 

rapid development of nanoparticle physics, which deals with microscopic systems of 
nanometric dimensions. The term nanoparticle is used in reference to a wide group of 
various objects like atomic clusters, fullerens of different types, nanotubes, varied 
nano-architectures and ensembles on backings and in matrices, etc. At present 
nanoparticles can in fact be produced of any element. The attractive aspect of 
nanoparticles is that owing to the strong surface effects their properties are essentially 
different from those of the respective solid. What is more, being not fully formed, the 
ion grid of nanoparticles of a relatively small number of atoms is different from a 
standard grid, which also affects their properties. Nanoparticles are of great interest 
both for fundamental science (studying the evolution of systems from an atom to a 
solid; the interrelation of microscopic and macroscopic effects) and for applications. 
For example, state of the art microelectronics and microcomputers employ nanometric 
objects and are in ever-growing part based on various nano-architectures. The 
tendencies in this field strongly suggest that nanotecnologies will occupy a prominent 
place in the 21 st century. All those unusual properties of nano structure manifest 
themselves when a new class of bonded systems, atomic clusters, are produced and 
used. 

ATOMIC CLUSTERS 
The study of atomic clusters is now a promising and rapidly evolving area of 

physics [ 1-6]. Clusters are known as consisting of a finite number of bonded atoms n 
and filling the place between isolated atoms and the solid. They in fact constitute a 
particular state of matter. There is a line of investigation that deals with metal clusters 
(MCs), which resemble atomic nuclei in most of their properties. Phenomena like a 
mean field and shell structure, deformation of various types, cluster fission and others 
are also typical of MCs. Therefore it is of great interest to study the formation 
mechanism of large MCs in various processes and manifestation of shell effects in 
them. It is expected that the number of atoms in a cluster of that type close to about a 
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few tens of thousands is likely to cause its transformation from a micro to a 
macrosystem. Naturally, this number depends on the sort of the atoms, the temperature 
and some of the other characteristics of the cluster. However those relationships are 
rather poorly known. No data actually are available on large MCs of elements heavier 
than lead [I, 7-1 I]. As for clusters of the actinides and the transuranium elements, 
information on them is practically lacking, which appears to be due to the difficulties 
associated with handling radioactive elements. Some elements situated in the middle of 
the periodic table, for example tin, are also little studied. 

This work presents the results of a study of the formation of clusters of Sn, Pb, 
Th and U atoms in a wide range of the number of atoms in them. MCs were formed in 

• interaction of intense pulsed laser radiation with the above metals. 
The interaction of intense laser radiation with matter is studied quite thoroughly 

[12, 13]. Pulsed laser radiation ofno more than l09 W/cm2 gives rise to the three main 
processes: I) heating without phase transition, 2) melting and evaporation and 3) 
ionisation and plasma formation. As a result of those processes, atoms, molecules, 
singly- and multi charged ions, clusters and !11acroscopic particles of matter are emitted. 
The relationship among the intensities of those components is a function both of the 
laser radiation characteristics and of the surface properties of the sample irradiated. 
This results in cluster formation occurring under essentially different conditions. The 
three main ways are differentiated of cluster formation: a) condensation from 
evaporated atoms at the initial moment of the flying apart of the matter, b) the 
breaking up of hot macroscopic grains and c) intense evaporation of atoms from them. 
Such a variety of processes may be expected to result in the formation of clusters 
characterised by wide mass and temperature ranges. 

EXPERIMENTAL TECHNIGUE 
To study cluster formation, three detection techniques were used. Single atoms 

and singly-charged ions were detected by their resonant fluorescent radiation induced 
by continuous radiation from a tuned laser. In the case of clusters of up to several 
hundreds of atoms, the time-of-flight method was used. Heaviest clusters of more than 
thousand atoms were identified by the number of fission fragments produced due to 
the fission of the MC nuclei. · 

The setup diagram is shown in Fig. I. Radiation from a pulsed laser ( I 5) was 
focused on the sample under study (I), which was situated in a vacuum chamber 
pumped out up to a pressure of 5xl0-6 Torr. The laser radiation was focused with 
lenses of diameter 20 mm and focus 45 mm. 

To produce MCs, a copper vapour pulsed laser of the LGI-20 I type and an 
yttrium-aluminium pulsed laser of the L TIPCH-7 type were used. The parameters of 
those lasers are presented in Table I. The parameters are seen to permit varying the 
irradiance in a wide range (from l06 to Jxl 09 W/cm2

), which makes it possible to study 
cluster formation in a wide temperature range. 

f - ---- -- --- ---------- -- ---------- ------ -- --------- ---------

Laser "-, co, ~t, Eputs, p, q, 

nm Hz ns mJ w W/cm2 

LGI-201 510;570 l04 20 0.5 5 l06 _ l07 

LTIPCH-7 1064 25 10 50 0.12 107-3-109 

532 25 10 20 0.6 107-2·109 
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Fig. l. Setup diagram. I - sample, 2 - collimator, 3 - beam of continuous-wave dye 
laser, 4 - optical lenses, 5 - beam of atoms and clusters, 6 - accelerating grid. 7 -
electrostatic lens, 8 - deflectors, 9 - photomultiplier, IO - ion detector, 11 - pulsed 
laser radiation detector, 12 - time analyzer, 13 - computer, 14 - dielectrical detectors. 

15 - beam of pulsed laser 

A collimator system (2) formed a beam of a prescribed angular divergence from 
the stream of atoms, ions and clusters (5) produced in interaction of pulsed laser 
radiation with the sample surface. This beam intersected the laser beam (3) at a right 
angle, laser beam 3 causing the resonant excitation of the flying atoms or ions. Laser 
beam 3 was emitted by a dye laser (the 380 D model, Spectra Physics). which was 
pumped by an ion argon continuous-wave laser (the 2030 SP model) The laser 
radiation frequency was automatically scanned in a given range up to 30 GHz in width. 
The laser line half-width did not exceed 29 MHz, which was essentiallv less than the 
Doppler frequency widening due to the energy and angular straggling of the atomic or 
ion beam. The light radiation emitted by the excited atoms or ions was focused on the 
cathode (9) of a FEU-136 photomultiplier, which was operated in the single-photon­
counting mode [ 14]. The measured spectra of the resonant frequencies allow the 
intensity and average speed of the particles to be determined. which provides 
information about the I\IC formation conditions in the interaction nf intense laser 
radiation with matter (about the plasma temperature and density on the sample 
surface) The spectrometric laser facility is diagrammed in Fig. 2 
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The characteristics of clusters ( their mass spectra and speeds) were determined 
by measuring the time-of-flight of charged clusters for a given distance (from the 
sample surface to the detector) [15]. On passing forming collimator 2 (see Fig. 1), the 
charged clusters entered an area of an accelerating electric field created by a high 
voltage ofup to 2.8 kV applied to grid 6. The accelerating distance was 30 mm. Then 
the beam of clusters of a specified energy was focused by an electrostatic lens (7) and 
entered a drifting zone 400 mm in length with a cluster detector (10) (a VEU-6 
secondary electric multiplier) at its end. Deflectors 8, situated in the zone, served to 
separate charged clusters from neutral ones, for the latter not to hit the detector. 

Pulses from that detector were stop signals for time analyzer 12, its start 
signals being pulses from photodiode 11, to which a portion of the pulsed laser 
radiation was diverted. The measured time-of-flight T is related to the cluster mass M 
(in mass units) by the relationship: 

M 7
-'[7.25xlO-'L, l.44xl0-6 (E0 +U)'12 L,-Et]-e ) 

= - ----+ - ' (1 
En+U U 

where U is the accelerating potential (V); Eo the initial cluster energy {eV); L 1 and L 2 

the accelerating and drifting area lengths (mm). 
By the same procedure, the speed distribution can also be measured for neutral 

atoms. In this case, a stop signal was a pulse from the FEU-136 photomultiplier (Fig. 
2 ), which detected resonant scattered fluorescent radiation. This speed distribution also 
provided information on the sample surface temperature. As the mass of singly­
charged clusters increases their kinetic energy (which is governed by the accelerating 
voltage) remains unchanged and the MC speed decreases. 

The velocity of heavy clusters of more than 104 atoms is close to the thermal 
velocity ( I 0

4
- I 05 cm/s), and the ion detector signal does not exceed the noise level. 

Therefore such heavy clusters were detected and their mass was determined by another 
method. This method, only applicable in the case of clusters of atoms of fissionable 
elements (for example Th and U), is based on counting fission fragments from fission 
induced by an intense flow of neutrons or y-quanta. The number of fission fragmens, 
number N,emitted from a cluster is defined by the expression: 

Eo 

N = 2A f u(E)Y(E,t)dE, (2) 

where A is the number of atoms in the cluster; cr(E) and Y(E, t) the fission cross 
section and the integral flux of bombarding particles of an energy E in a time t 
respectively. 

Fission fragments were detected with a dielectric film detector of20 µm Iavsan. 
Etching in a 20% NaOH solution for 15 min. made the tracks of the fragments become 
visible through an optical microscope (they were - IO µm in length) [ 16]. The number 
of atoms of a fissionable element in a cluster can be found by counting the number of 
tracks issuing from one point, which are due to the fission of the atoms of the cluster. 
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These values are related by the expression: 

A= N 

2cf a(E)Y(E/)dE 

(3) 

where E is the dielectric detector fragment detection efficiency. In our experiments, in 
which clusters deposited on the detector surface, E=0.5, i.e., the number of tracks 
observed corresponded to the number of the atoms in a cluster that underwent fission. 

Expression (3) shows that the coefficient that links a number of tracks N with 
the number of atoms in a cluster A is defined by the fission cross section of the nuclei 
of the sample under study and by the integral flux of bombarding particles For 
example, for 235U sample and irradiation of the detector with thermal neutrons the 
fission cross section is cr=5xl0·22cm2 and the neutron intensity l(E) in the thermal 
column of a high power reactor can be as high as 1015 n/s cm 2. Under such conditions, 
irradiating the detector for several hours (-2104 s) results in 

E, 

f a(E)I(E}/Edt"' 10-2
, (4) 

that is, each track observed corresponds to there being about a hundred of atoms in a 
cluster. 

Cases in which each cluster has several tens (up to a hundred) of tracks issuing 
from it are most suitable for carrying out measurement. A large number of tracks will 
result in some of them being overlapped, which will bring about an error in 
determining their number. Since the number of events of nuclear fission in a cluster is a 
statistic process, the error in determining the number of tracks and hence the number 
of atoms in the cluster is expressed as: 

Ml I 
N = ✓f(N , 

(5) 

where K is the number of clusters observed. With N and K lying in the range IO to 
I 00, the accuracy of determining the number of atoms in a cluster, which is the mass 
resolution of the method, was 3+ I 0%. Though in some cases this resolution is not 
enough to obtain a detail picture of mass distribution, this method is highly sensitive 
and can be successfully employed for small yields of clusters. 

Practically insensitive to other sorts of radiation: to plasma radiation, to atoms_ 
or ions, dielectric fission fragment detectors can be positioned in close proximity to the 
surface of a sample irradiated. In this way, with detectors positioned at different 
distances (I 0-400 mm) from the sample surface, a high measuring sensitivity is 
achievable. Comparing the cluster mass distributions from different detectors provides 
information on the break-up of clusters moving from the sample. 
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The setup outlined above, which is designed for studying MC formation, 1s 
characterised by the following parameters· 

d°ficiency -iJ 1.) I. 
transportation time ~~,,- laser-e':1c.cr1tcd ;::r J<.'.ucts· -: ms, 
laser spectrometer frequencv resolution equal to or better than - I 00 i\lHz: 
time-ot:flight selector time resolution -50 ns; 
mass resolution by cluster tracks· 0 I 

MEASURED RES UL TS 
This setup was used to carry out experiments on measuring the mass spectrum 

of particles from single atoms and ions to microparticles produced under the action of 
pulsed laser radiation of power density lying in a wide range on samples of tin, lead, 
thorium and uranium (isotopes of ' 35 U and ,;xU) Table 2 presents some of the 
characteristics of those elements and. for comparison purposes, Na. much used in 
cluster research [ I 7]. Those characteristics define the thermodvnamic and electric 

Table 2. Characteristics of the element under study [171 

Na I Sn (a) ! Pb Th IC 

Density. g/cm' (t=20°C) I o.971 I 5.75 1135 11.72 I 18 95 
Boiling point, K / 1156 I i 25'-13 2013 5060 I -1018 
Heat of evaporation, 
kJ/mol 89.04 290.-1 179.-1 5-13.9 -122.6 
Specific resistance, 
I 0·1'-Ohrn cm (t=0°C) -1.2 I 10 20.6 13.0 30.S 
Ionization potential, eV 5.14 7.34 7.41 6.08 6.05 

- -·- -· _, 

properties of the elements under study In comparison with sodium, those elements are 
atomised at much higher temperatures and energies. ,.\t the same time. their relatively 
low conductivity is an indication of a smaller free electron concentration. In each 
experiment, the mass of the matter evaporated from the sample was determined by 
weighing the sample before and after the experiment as well as by measuring the crater 
produced on the sample surface (both methods gave close results). 

Y, arb.units 

2 
2 

0 
0 20 40 60 80 100 r. P5 

10 5 3 2 1,5 \'. Io' cmis 

30 10 5 2 1,5 E.e\· 
Fi". 3. Time-ot:fli.:ht spectra for uranium atoms at various laser radiation 
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Fig. 3 shows the measured time-of-flight spectrum for 
23

;U at two values of 
I 060 nm laser radiation power density (the irradiated area on the sample surface was· 
- i mm:). Those spectra permit caicu,armg the ·,e,ocirv and energy spectra for a known 
flight distance (sample-to-laser be:im distance) and atomic mass. In Fig. 3, each of 
those values has its own abscissa. The spectra obtained are consistent with the 
Maxwell velocity and energy distributions of atoms evaporated from the sample. They 
provide information on the temperature of the sample surface area irradiated by a laser 
beam. The temperature was evaluated taking account of there being an increase in the 
velocity of atoms due to the gas-dynamic flying apart of plasma [ 13. 18). Table 3 
presents the values of the average velocities and yields of atoms for Pb and lJ samples 
for various power densities and the diameters of laser-irradiated area. 

Table 3. Velocities and yields of atoms for irradiation of Pb and U samples with 
laser radiation 

A, ! q, d, V, I Y, at/pulse 

I 
i 

nm W/cm2 mm IO; cm/s Pb u 
510;570 ' 3 0-107 0.3 1.5-10; 

I 

3.5-10 12 5.0-101() 

1064 l J. 108 14 20-105 4. 10 13 15-1012 

1064 2.5· 108 1.0 2.2-10; 15-101
-1 ]0-10 13 

1064 5.0-10' 0.7 2.5· 105 6-10 1
-1 -l 0-10 13 

1064 3 0-109 0.3 2 8- 10; 2.5- 101
-1 J,5· 101 . .i 

Fig. 4 presents the yield of single atoms of "'"U and the mass of the matter 
evaporated and condensed in the form of clusters and macroparticles (whose mass 
spectrum is considered below) as a function of laser radiation power density. The 
lower abscissa is the temperature of the sample surface. Both components are seen to 
show a maximum at some value of power density (or temperature), for clusters the 

maximum being at lower temperature. 
I 

1014 

2 

1013 

~ 1012 
~ 
~ 

>- 1011 
3 

1010 - 109 1010 q, W/cm2 
107 108 

2·10-3 -- - 5-103 104 T, K 

Fig. 4 Laser radiation power density dependence of the total yield of nxu (I), the 
number of neutral atoms (2) and uranium clusters of N> I 000 (3) evaporated from a 

sample by a laser pulse 148 
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Fig. 5 presents the mass distributions of the particles evaporated from Pb, Th 
and U samples under the action of 5 JO and 570 nm laser radiation of 3xl07 W/cm2, 
which were measured by the time-of-flight method. It is seen that in the case of Pb, 
singly-charged clusters of up to IO atoms (Pb \ 0 1-10) are evaporated, whereas in the 
case of U, single ions are only observed. The similar mass distribution having a single 
peak for singly-charged single ions was also obtained for a Th sample (see the insert). 
That the yield of Pbx · is smaller than that of Pb1 • is inconsistent with the shell model 
but seems to be understandable within the context of cluster valency [I 9]. It should be 
noted that for both elements the proportion of ionised clusters of 2 to I 00 atoms did 
not exceed 1%. Other power densities (up to 107 W/cm2

) and another A.=1064 nm did 
not change the pattern. Under those conditions, no manifestation of shell structure was 
observed 

The mass distributions of Th and U clusters of more than I 000 atoms were 
measured by the track techniques of counting fission fragments on irradiation of 
dielectric detectors in a neutron stream. For example, in the case of the maximum 
neutron flux and a U sample, about I 000 atoms situated on the detector surface 
corresponded to one track. It should be noted that single tracks may be due both to 
single U atoms and to atoms grouped in a cluster of n<I 000. Comparison of the 
number of tracks with the number of atoms measured by resonance fluorescence 
showed that no less than 95% of single tracks are due to single atoms whereas the 
proportion of clusters of n< I 000 is less or equal to 5% of their number. At the same 
time, more-than-two-tracks events correspond to clusters ( or macro particles) of a 
number of atoms A ( or n) more than I 000. Fig. 6 presents an example of one of the 
distributions. To decrease the statistical error in the number of clusters, they are 
grouped according to the number of atoms, the number of atoms in the clusters of one 
group ranging from A to 3A; where A is the minimum number of atoms which a 
cluster of that group can have. The error in the yields of clusters of each group is less 
than 5%. Fig. 6 shows that as with small numbers of atoms, the yield of clusters Yc1 
decreases as A increases The same is true for the whole range of laser radiation power 
density. 

Table 4 presents the yields of different components - atoms, ions, small (A=2- • 
l 00) and large (A> I 000) Pb and U clusters for various laser radiation power densities. 
It is seen that in the case of Pb, the proportion of small clusters is - I 0·2 of the number 
of single atoms whereas in the case of Th and U that proportion is less than 10·3 . The 
yield associated with the proportion of large clusters of a number of atoms A> I 000 
(the chosen reference value) is more noticeable owing to summing over the wider 
range of numbers of atoms in a cluster. 

Table 4. Yields of the different components in irradiation of Pb and U samples 
With A.=1064 nm laser radiation 

-
q, Y,,, at/pulse Y;o,,, ion/pulse Y,,, cl/pulse Yc1, cl/pulse 

A=2-s-l00 A>I000 
~/cni2 Pb u Pb u Pb u u 
I 1 10" 1.5-10 1

' 5.3-10 11 1.s-10 11 1.0- l09 2.5-10 11 <l09 6.5- I 0 10 

2 5 10" 5.5-10 13 2.5· 10 12 6.5-10 11 2.3· 10 111 6.0·l011 <109 1.5- ]Oil 
s.0-10" 2.2· 1014 1.2· 1013 2.2-1012 1.2-1011 1.8-1012 
3 0-109 

3.5-1014 1.8-10 13 4.5-10 13 2.5-10 12 2.7•!011 
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measured by the time-of-flight method at q=3xl07 W/cm
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DISCUSSION 
The experiments carried out showed that the vields of clusters produced under 

the action of intense laser radiation are essentially eiement dependent Under the same 
radiation conditions, a marked yield of ionised Pb clusters (see Fig. 5) of 2-1 O atoms 
and with noticeable shell structure \Vas observed and no similar Th and L' clusters were 
detected (whose yields were at least three orders of magnitude lower than those of 
similar clusters in the case of Pb) 

For comparison purposes, experiments on \IC formation \Vere also carried our 
for tin, Sn. an element that, like Pb. belongs in group \'I of the periodic table. Fig. 7 
shows the mass distribution of the Yields of Sn clusters, which was also measured bv 
time-of-flight method at a laser radiation power density of 3x Io' W/cmc The yield ~f 
multi-atomic clusters of s11·,,c 1.; is noticeable, which suggests manifestation of shell 
structure in clusters of that sort. The experiments on Pb and Sn allow a tentative 
conclusion that the formation characteristics of multi-atomic clusters are similar for the 
elements of the same periodic table group and of close thermal properties. The 
importance of the discovery of shell effects 111 :\!Cs lies in the fact that for the tirst rime 
shell structure of non-geometrical character [ 13. I 9) and close magic numbers 
manifests itsel( as in atomic nuclei and atoms Some difference in the numbers is 
accountable for by the fact that in :\!Cs, spin-orbital interaction is negligibl\' small. In 
particular, super shells are likely to manifest themselves in clusters of a large enough n 
(:::1000) [20]. In this connection. ti.irther studying the formation of heav\ \ICs in the 
region of Th, U and other elements is of great importance. 

y cl 105 

,at. 

103 

10 2 

101 

Sn\ 

Sn\ Sn\ Sn\ 

. 200 500 1000 
Fig. 7. mass number.-\ 

The measured velocity spectra of atoms of the elements under study (Fig. 3) 
permit making an estimate of the temperature of the plasma produced in the interaction 
of laser radiation with the sample surface. For radiation power densities lving in the 
range 3xl07+3xl09 Wien{ the temperature is (2-6}xl0' K. So high plasma 
temperature is obviously not optimal for i\lC formation 

However at a smaller temperature (obtainable by decreasi11g the power of 
laser radiation) the yield of evaporated atoms decreases drasticallv. especiallv with 
high-melting elements like Th and l 1• which results in a decrease in the cluster \·ield 
The results of the work show that the probabilitv of small Th and l." clusters of the 
number of atoms 11=2- I 00 being formed from macroscopic grains is verv low That 
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plasma temperature does not seem to be enough for macroscopic grains to break up or 
for atoms to evaporate intensively from them, which could have result in small clusters 
being produced. Assessments of the time it takes a large amount of atoms (> I 000) to 
evaporate, similar to those in work [21 ], showed that this time is great in value 
(>Io·' s), which is noticeably greater than the time it takes grains to fly up to the 

fragment detector. 
It was found that the yield of clusters produced in interaction of intense laser 

radiation with matter essentially depends on the temperature of the plasma produced. 
At the same time the temperature dependence of the distribution of clusters by the 
number of atoms in them is more indefinite. The probability of cluster formation differs 
noticeably for different elements. 
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APPLICATION OF THE CHEMILUMINESCENCE EFFECTS AND 

PULSE LASER SPECTROSCOPY METHODS FOR U, Pu AND Np 

TRACE AMOUNT DETECTION IN SOLUTIONS 
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Abstract 

The applications of the laser spectroscopy methods for actinide trace amount 
detection in solutions are discussed. The special attention is devoted to the 
methods of chemiluminescence effects using and to its modifications. It 
is pointed out that the enlargement of the actinide elements number which can 
be detected with high sensitivity and selectivity may be obtain by using the 
combinations of the TRLIF method with other laser spectroscopy methods and 
chemiluminescence effects. 

I. Introduction 

Selective and sensitive direct actinide elements trace amounts detection 

in the different samples presents today major importance for ecology, radwaste 

handling and control, rehabilitation of contaminated areas and risk assessment. 

In recent years in the element and isotope analyses of environmental samples 

the laser radiation is used more and more widely [I-3]. The laser radiation can 

be tuned smoothly in the wide range of wavelength, has a high energy 

resolution and high power in comparison with usual light sources. These 

qualities of the laser radiation open new possibilities in determination of 

element and isotope composition of the environmental samples. 

However the practical use of the laser spectroscopy methods in the 

analysis of different samples encounters one essential difficulty, namely it is 

necessary to get the investigated element from the sample to a zone of 

interaction with laser radiation. That is why the most attractive from practical 
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point of view is to use the solutions of investigated samples. But in this case , as 

a rule, one cannot determine the isotopic composition of a sample. 

The time-resolved technique (Time Resolved Laser Induced Fluorescence 

(TRLIF) method) allows to separate useful long-lived fluorescence from 

short-lived fluorescence impurity and from scattered light, that enables to 

increase considerably the sensitivity of a method in the application to long-lived 

fluorescence oflanthanides and actinides in solutions [ 4-6]. 

Now the following actinides : ud➔ , Cm3
+, Am3

+, C/3
+, Es3

1 
and Bk3

' 

and some complexes of above-indicated actinides valence forms can be detected 

by TRLIF method [5-7]. The most progress achieved in ud•, Cm3
+ and Am3

+ 

TRLIF detection [5,8,9]. 

The observation of direct luminescence from Np, Pu and many molecules 

containing U in solutions is_practically impossible in most cases because of very 

strong rate of radiationless deactivation [ 10]. 

We have found the possibility for Pu, Np and U detection in solutions with 

high sensitivity by using chemiluminescence effects. New approach to the 

problem, that uses high-resolution time resolved laser spectrometry in 

combination with chemiluminescence effects, makes it possible to improve the 

sensitivity and selectivity of actinides, including Pu, detection in solutions using 

simple automated procedures. The chemiluminescence effects using allfws 

to essentially spread scope for trace amount detection of actinide in solutions, 

determination of the actinide valence states in solutions and determination of 

the molecule type containing actinide. Especially perspective is to use the 

chemiluminescence effects for detection of actinides and complexes containing 

actinides in solution in the cases when in such systems actinide does not give 

direct luminescence but can induce chemiluminescence. We have carried out 

the wide range of experiments on chemiluminescence study in solutions 

containing actinides excited by pulse laser radiation. Most of experiments were 
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done with solutions containing uranium, plutonium and neptunium. The luminol 

chemiluminescence effects caused by pulse laser radiation and by actinides in 

excited states were studied. 

2. Chemiluminescence in solutions induced by uranium excited by 

pulse laser radiation 

In chemiluminescence, the energy is produced by a chemical reaction. We 

study the process in which excitation of actinides complex by pulse laser 

radiation led to the OH• radical production. Than OH• radical participates 

in chemical reaction with luminol and chemiluminescence takes place. 

The chemical reaction produces energy of about 300 kJ mor' induced 

chemiluminescence in the blue-light emission region, with 150 kJ mor 1 induced 

chemiluminescence in the red-light emission region [11]. In the case of OH• 

radical reaction with luminol we have observed chemiluminescence in the blue­

green light emission region. 

Scheme of experimental set-up for luminescence charcteristics study is 

presented in fig. I. The nitrogen pulse laser (power in pulse 15k W, pulse 

repetition up to 500Hz, pulse duration 10 ns, \=337.lnm) was used for 

solutions excitation. The power of laser radiation was controlled by photo­

detector (P .Det.l) using capacitor for total charge collection during laser pulse. 

The start signal for kinetics study experiments was formed by photo-detector 

(P.Det.2) constructed from p-i-n diode connected with fast preamplifier. The 

time resolution of start detector was about '.?.ns. 

Cuvette with solution was irradiated by laser radiation. Monochromator was 

used for luminescence registration in the range 400nm - 800nm. For the 

registration efficiency increasing the special light pipe was used. Luminescence 

Was registered by photomultipliers (P.Det.3 and P.Det.4) operating in single 

Photon counting mode. The background counting without laser radiation was 
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not more than 300 pulses per second at 20° C. The registration and data 

acquisition systems for experiments have been realised in CAMAC standard. 

The data acquisition is controlled by personal computer connected to the 

CAMAC highway. The luminescence registration in experiments can be done 

after laser pulse with delay time tuning between 0.05µs + 200ms and gate time 

tuning between 0.5µs + 200ms. The gate and delay time parameters range may 

be changed if necessary. 

Absorption spectra were measured at Shimadzu UVI 310 I spectrometer. 

ORION-611 pH-meter was used for pH solutions measurements. 

We selected the experimental scheme in such way that the two uranyl 

complexes were formed in solutions both containing luminol and without 

luminol [12]. One of them is UO2F/- , the other one - UO2F4OH
3

•• After 

excitation by laser radiation the UO2F/- gives the direct luminescence. The 

UO2F4OH3
• complex does not give the luminescence but the OH' radicals were 

produced after uranyl excitation by laser radiation in this complex. After OH* 

radical interaction with luminol the typical chemiluminescence took place. The 

absorption spectra measurements give us possibility to control the influence of 

pH on the of uranyl complexes concentrations in solution. In our experiments 

HF was used for pH regulation. The pH increasing led to the increasing of the 

UO2F4OH3
• complex concentration and decreasing of UO2F/ concentration 

(fig.2). As a consequences of these we observed the decreasing of uranyl direct 

luminescence and increasing of chemiluminescence intensity (fig.3 --fig.6). So 

studied the influence of pH on the luminescence intensity in solutions and its 

kinetics we could study the chemiluminescence induced by uranyl which was 

excited by laser radiation in UO2F 4OH3
. complex [ 12]. 

The luminescence spectra of UO2F/ in solutions with luminol and 

without it are presented in fig.4. By the proper registration wavelength interval 

choosing one can discriminate the luminol luminescence from the uranyl 
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luminescence. The luminol luminescence kinetics at different pH for solutions 

containing uranium and without it are shown in figures 5, 6. Solutions were 

excited by pulse nitrogen laser radiation. From data presented in figs.5, 6 one 

can conclude that the luminol luminescence intensity increases for solutions 

containing uranium when pH increases. This experimental fact in combination 

with the absorption spectra analysis (fig.2) gives evidence about OH* radicals 

production after excitation of uranium in UO2F4OH3
• complex and 

chemiluminescence ofluminol after interaction with these OH* radicals [12]. By 

proper selection of uranium excitation scheme one can use this 

chemiluminescence for trace amount detection of non-luminescence uranium 

complexes in solutions using time resolved method (TRLIF). The most 

convenient medium for trace uranium detection may be one in which uranium is 

introduced into the luminol molecule [ 13]. The sensitivity of both luminescence 

and non-luminescence uranium molecules detection in solutions by using the 

chemiluminescence effects may be up to 10· 11 M (mol/1) that is similar to the 

other elements and molecules detection by chemiluminescence methods [11,14]. 

Such sensitivity is not so high (10·12M) as for the direct luminescence 

registration using time resolved technique (TRLIF) [5,8,9] but essentially higher 

than the sensitivity of non-luminescence uranium molecules detection in 

solutions by using photoacoustic spectroscopy methods. For example, the 

sensitivity of the Laser-Indused Photoacoustic Spectroscopy (LIPAS) method is 

about 10·7 M [15-19]. But the LIPAS method allows to determine the valence 

states of actinides and type of molecules containing actinides in solutions 

widely used. The methods use chemiluminescence effects, also as 

Photoacoustic spectroscopy methods give us possibility to determine the 

Valence states ant type of molecules containing actinides in solutions,and have 

more high sensitivity of detection than LIPAS. But the direct application of 

chemiluminescence methods can not give the high selectivity of detection. The 
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detection selectivity problem for U, Pu and Np is solved by using the multi-step 

excitation of chemiluminescence in solutions. 

3. Chemiluminescence in solutions induced by plutonium excited by 

pulse laser radiation 

The luminol chemiluminescence in solutions induced by plutonyl excited 

by pulse laser radiation was observed in the similar way as for uranyl containing 

solutions. In our experiments were used solutions in which two types of 

molecules containing plutonium - PuO2F / and PuO2F 4OH3
- exist. The ratio 

between PuO2F /" and PuO2F 4OH3
- concentrations changes when pH 

changing. We controlled concentrations of PuO2F / and PuO2F 4OH3
- molecules 

by absorption spectra measurements. In fig.7, fig.8 the absorption spectra 

typical for PuO2F/ and PuO2F4OH3
- at different pH values are presented at 

different pH. The intensity of characteristic PuO2F4OH3
- absorption band with 

A.=846.Snm increaseswhen pH increases and the intensity of characteristic 

PuO2F / absorption band with A.=839nm decreases when pH increases.From this 

experimental fact we conclude that only two main molecules containing 

plutonium exist in our solution - PuO2F/ and PuO2F4OH3
-. The concentration 

of PuO2F 4OH3
" increases and of PuO2F / decreases when pH increases.In fig.9 

the luminol luminescence spectra in solutions containing plutonium and without 

plutonium are presented. The pulse nitrogen laser was used for excitation. We 

observed more intensive luminol luminescence at the A. > 500nm (fig.9) for 

solutions containing plutonium compared to solutions without plutonium 

More intensive luminol luminescence in solutions containing plutonium than in 

solutions without plutoniu~ was observed at pH>8.5. The differences of luminol 

luminescence intensity between solutions containing plutonium and without 

plutonium increase when pH rises. Such luminol luminescence intensity 

increasing in solutions containing plutonium when pH rises was explained by 
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oH' radicals formation after plutonium excitation by laser radiation in 

puO2F4OH3
- and chemiluminescence after OH' radicals interaction with 

luminol [20). The decreasing of luminol luminescence at A.<500nm (fig.9) 

is connected with two main factors. One of them is the implantation of the 

plutonyl complexes into luminol molecules and the other one is the absorption 

of chemiluminescence by plutonyl (fig.8) in solution (inner filter effect). 

The chemiluminescence effects may be used for plutonium and molecules 

containing plutonium detection in solutions. Our estimations show that after the 

optimal excitation and registration wavelength selection, the methods of 

chemiluminescence and time resolution effects using allow to detect different 

valence states of plutonium in solutions with sensitivity up to I o-9M--:--J0- 11 M. 

4. Chemiluminescence in solutions induced by neptunium excited by 

pulse laser radiation 

Solutions containing luminol and luminol with two types of neptunium 

molecules: NpO2F/ and NpO2F4OH3
- at different pH were irradiated by pulse 

laser radiation from nitrogen laser. The pH increasing led to NpO2F4OH3
-

concentration rise. After excitation of Np in NpO2F4OH3
- complex OH' radicals 

were produced. Interaction of the OH' radicals with luminol led to 

chemiluminescence. The chemiluminescence was registered by the fact of 

luminol luminescence intensity increasing at A. > 550nm in solutions containing 

neptunium compared to the solutions without neptunium when pH rose 

[21]. Such type of chemiluminescence was observed (fig.IO, fig.I I) at pH>8. 

Decreasing of the luminol luminescence intensity at A.<550nm in solution 

containing neptunium (fig. I I) was explained both by 

complexes formation and by inner filter effect [21 ). 
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5. Perspectives of the chemiluminescence method applications for 

actinides detection in solutions 

It is very attractive to apply the Time Resolved Laser Induced 

Fluorescence (TRLIF) method for actinides trace amount detection in solutions 

because of its high sensitivity. But many actinides and their complexes (including 

Pu and Np) do not give the direct luminescence in solutions. For the detection 

of non-luminescent actinides and molecules containing actinides in solutions it 

is very perspective to use chemiluminescence methods in combination with time 

resolution method and chemiluminescence multi-step excitation. The 

chemiluminescence registration gives high· sensitivity of actinides detection 

and multi-step chemiluminescence excitation gives high selectivity of 

actinides detection. 

Diagram placing chemiluminescence among the most typical 

photophysical processes [I I] is presented in fig.12. The response function of 

spectrometers using chemiluminescence for trace detaction have linear response 

reaching up to six orders of magnitude. The Limits Of Detection (LOD) for 

spectrometers using the registration of chemiluminescence are in the range 

from 10·6 mol/1 to 10-12 moll! depending on the type of solutions and type of 

detectable molecule [11,14]. Chemiluminescence is widely used as a base for 

detection methods in many fields, such as flow injection analysis, 

chromatography, biology, medicine, etc. [I I]. We have observed and study the 

chemiluminescence effects in solutions containing U, Pu and Np. It's open 

possibility for chemiluminescence application in Nuclear Chemistry. The 

sensitivity of the chemiluminescence methods is higher than sensitivity of other 

methods (LIPAS for example) which are used for non-luminescent actinides and 

molecules detection now. The combinations of the chemiluminescence effects 

with high sensitivity and high selectivity laser spectroscopy methods make it 
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possible to carry out an effective detection both of luminescent and no11-

/umi11escent actinides and molecules containing actinides (especially U, Pu and 

Np) in different solutions. 

6. Conclusion 

The liquid systems are very attractive for actinides trace detection by using 

pulse laser radiation and laser spectroscopy methods. 

The following results were obtained from the analysis of the experiments 

with solutions containing U, Pu, Np and Iuminol: 

1. We have observed the chemiluminescence in solutions induced by the 

actinides which were excited by the laser radiation. 

2. The experiments on chemiluminescence kinetic study have shown that 

the laser spectroscopy methods with time resolution can be applied for 

chemiluminescence detection in solutions containing actinides. 

3. The chemiluminescence technique can be used for non-luminescent 

actinides (Pu and Np) and non-luminescent molecules containing 

actinides (U, Pu and Np) detection. 

4. The chemiluminescence technique can be used for valence states of 

actinide and type of molecules containing actinide determination in 

solutions. 
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Np_2 - luminol in solution CsF 42% in Hp, pH=S.O; Delay time 1.5µs. Gate time 20µs. 

Np_ 1 - neptunium complexes and luminol in solution CsF42% in Hp, pH=S.0; 

Delay time 1.5µs. Gate time 20µs. 

Excitation by pulse (10ns) nitrogen laser radiation. 
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Fig.12. Diagram placing chemiluminescence among the typical 
photo-physical processes [11]. The chemiluminescence efficiency 
q:>c1 (chemiluminescence quantum yield) is given by: q:>c1=q:>c·q:,e·q:>r., 
where q:>c is the fraction of reacting molecules giving an excitable 
molecule and accounts for the yield of the chemical reaction; <pe is 
the fraction of such molecules in an electronically excited state and 
relates to the efficiency of the energy transfer and cpr is the fraction 
of these excited molecules that return to the ground state by emitting 

a photon. 
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1 Introduction 

It is tempting to use modern laser facilities to master nuclear procPsses 
in our purposes .. Calculations show, however, that power of the availablr 
lasers in not enough, to produce a noticeable effect. 

The action of laser field can be. however. enhancrd b:v orders of mag­
nitude. if a proper use is made of the resonance properties of thl' electron 
shell. This field. development of which was induced by pap Pr [l ]. bernnw 
a profound branch of contemporary investigation. The resonance. or dis­
crete or bound internal conversion. introduced in paper [2] as early as in 
1979, and experimentally discovered in heavy ions with joint efforts in 
an experiment carried out by Bordeaux group in 2000 [3.-1]. turn<'d out 
an adequate means for description of the NEET (Nuclear Excitation by 
an Electron Transition) and its reverse, TEEN (Transfer of EnPrgy by an 
Electron from the Nucleus) processes, which present a key to solution of 
the aforesaid problem. Application of TEEN offers a n'al tool of governing 
the rates of nuclear electromagnetic decays [5-7]. 

In the earlier our work we considered ways of producing the unique 3.5-
eV isomer of 229Th. Thorium atomic absorption and fluorescence spectra 
were studied experimentally, which forms a basis for practical realization of 
the proposed program. The 1-st Joint Workshop held in Saint-Pet.ershmg 
in 2000 confirmed the right direction of the study [8]. MorPoV<'r. it gavP an 
advanced pictnre of mo<l<'rn knowlPdgP on Physics of lsonl('rs. and forum­
lated goals and prospects of fntm<' r<'S<'arch in this din·ctiou. 

!76 

The pn'sPnt proposal giws a plan of further dewloprnent in this field. 
with use of the newest facilities and achievements of the contemporary inves­

tigation. 

2 Study of NEET and TEEN in heavy ions 

lise of modern facilities allows one to realize processes or conditions which 
cannot he created under usual conditions. Modern accelerators allow one 
to produce highly charged ions of heavy elements, up to one-electron ions 
of Th and heavier. Stripping of all the electrons but one allows one to 
use huge magnetic fields, which exist within atoms, but which impossible 
yet to create in laboratory. Such fields, together with use of resonance 
properties of the shell, are capable to fully change properties of the nuclei 
and modes of their transmutation. Thus, defect of the resonance in the case 
of 235mu can be reduced to 0.3 eV. which is already within the domain of 
the hyperfine splitting. Moreover, resonance in H-like ions turns out to be 
much sharper than in neutral atoms [9]. Effect arising due to proceeding 
from neutral atoms to H-like ions is of the same magnitude as between 
radiative decay rate of bare nuclei and that in the case of resonance with 
the electron shell, that is many orders of magnitude. 

Attenuation of the resonance in neutral atoms, e.g., for the K electrons, 
comes from the presence of the electrons in the 2p shell [3]. This causes 
too early filling the vacancies by the strong electric dipole transition of 
2p ➔ ls. If all the upper electrons are removed, the vacancies can exist 
long enough that the converted electron can fill it again, transfering the 
energy back to the nucleus. Such a resonance exchange with the energy 
can occur several times running [9], which induces the resonance in the 
proper sense of the word. 

The behavior of the electrons and their interaction with the nucleus 
in the field of an intense electromagnetic wave is described by the Quan­
tum Electrodynamics (QED). Research into the processes with heavy ions 
brings us to the frontiers of the area where validity of QED is checked. 
Thus, there is a contradiction between experiment and theory concerning 
the hyperfine splitting in the H-like ions of 209Bi [10,11]. The deviation is 
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of approximately 0.3 e V. which is beyond the error bars oft hf' expPrim0nt. 

The splitting has the same natun' as internal com·ersion. It th<'rPforp is 

natural to apply the theory and experience acquired in studying th<' ~EET 

and TEEN processes to calculation of the hyperfine splitting. Su<'cPss will 

be a good test of both the QED and our description of the proe<'SS<'S. 
The results will find its application to producing isom<'rs of "2:!H"'Th. Ow, 

can say that in H-like ions of Th 0.99999 of tlw mll"k will bP don<' h_\· thP 

natural hyperfine magnetic field [12]. and only 10-" of the work will n•maiu 
to be done by man. 

3 The role of NEET and TEEN in high-order mul-
tipole transitions 

Resonance internal conversion can be considered as a glass helping in study­

ing multipole transitions of higher orders. In first turn, this refers to iso­

mers. Indeed, the probabilities of the radiative transitions drop quikly with 

the multipole order of the transition: 

(wr)2L+I 
r,(r,L) ~ [(2l + 1)!!]2 ( 1) 

where T, L stand for the type and multipole order of the transition.,. being 

a charact<'ristic size of the system, and w is the transition energy. The 
probability of the conversion transition can be conventionally represented 

as follows: 

re= o:(T, L)r,(T, L) (2) 

where o:(T, L) is by definition the internal conversion coefficient (ICC). In 

contrast with eq.(1 ), a:( T, L) rapidly increases with the multipolP order as 

follows [1]: 

( L) 
[ ( 2l - 1) ! !F 

0: T, ~ ----
(wr)2L+l 

(3) 

It follows from eqs. (1) to (3) that the probability, or the width of the 
conversion transition weakly depends on the multipolarity: 

1 
re= (2L + 1)2 

that converges slowly in the multipole order. 
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In turn. isom0rs usually arise as a const'quence of a certain hindrance 

when the radiatiYe transitions are considerably retarded. In principle. se­

lection rnl0s for conwrsion transitions are different from those for the radia­

tiw transitions. Tll('refon•. thP conwrsion transition l'an lw non-prohibited 

at all. which results in the additionally incr('asing rnm·ersion probability. 

TlwrPforP. th<' probability of internal conwrsion is Psppc·ially high in the 

isomeric transition of larg0 1miltipolP order. Typical examples of such tran­
sitions are pn'sf'nted by the 75-ke\· Ei transition in 180Ta. 

H is of especial intc'n'st to 1wrform ('alrnlations of the' probabilitic's of 

dPPXcitation of these- states through the TEE::'\ process in ions of Yarions 

degrees of ionizatio1i. This will allow to gain maximal resonanc·e dfrct for 

a minimal energy diffrrrn<·e of th<' electroni(' and nudear lewis. 

4 The investigation of the processes occuring 1n 
laser-produced plasma 

Research into processes which are induced by powerfnl frmtosPl'ond laser 

pulses is of great inter0st. As a result of interndiou of th<' pulses with a 

surface of matter, the lattPr transforms into hot plasma. This rnnsists of 

atoms with various dPgrP<'S of ionization. and fast <'lPctrous. The el<'ctrous 

are accelerated in the trenwndons elPetric and magnetic fields. arising in 
plasma due to nonlinear effects, up to e1wrgies of tens l\Ie V. In the course 

of the acceleration. strong bremstrahlnng hard radiation is prod1H·0cl. with 

the energy of the quanta up to tC'ns I\IPV. :\Iechanism of all thesP proc·psses 

is not quite understood yet. 
Laspt· produced plasma can lw used as a l"ompad sOlllTC' of heay~· ions. 

In experiments which are carried out in many laboratories hPa\"y ions haw 

been observed up to 46-fold stripped ions of Pb46+ [13]. 

Another important aspect consists in appearance of the huge mag1wtic 

fields. The tremendous magnetic fields arising in plasma make anoth0r im­
portant aspect of modern res0arch. Charactnistics of m1clc,i all<! Jlll('!Par 

transitions changP very drastically 11ndP1: action of ffrlds. Tlw <'l<·ctron or­
bits are deformed, and sqw'ezed into tlw nuclei. As a 1·ons<'<Jll<'IH'1'. t hP 
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nudC'ar decay ratP of certain n10dc•s consi(!<-rably inn<'aS('S. Amonµ, t hC'q1 
is the electron capture by the nucleus. which occurs undf'l' nonual condi­
tions mainly with the K-slwll electrons ch1C' to the wPak int<'radion. an<! 
is accompanied by emitting of a neutrino . .-\not hrr mock is int<'rnal rnn­
version. \Yith diminishing the electron orbit. a <'OlTt'spondiug incn•asP of 
the internal conversion probability is C'Xpected due to incrPasing Coulomb 
energy of thP electron interaction with t ht• nuclPns. For this reasou. t hPsP 
factors can serw as a trigger sudcknly releasing thP cn<'rgy of th<' uuclear 
isomers. 

5 Influence of the exclusion Pauli principle on the 
NEET and TEEN processes 

The nuclear isomers typically have the transition cnergiPs of tens k<•V. For 
this reason, most often they can lw in resonance with thP electrons of the 
ls shell. In such a situation, the converted electron which is lift.eel up 
to an excited state can fall on an occupied shell. At first sight, in this 
case realization of the resonance mechanism of NEET or TEE~ bec·omPs 
impossible. However, yet as early as in 1948 one of the fouudPrs of the 
QED R.Feynman showed that the exclusion principle is not needed to 
be taken explicitly into account. In a correct treatment of the principle. 
its influence on the unbound Feynman diagrams must also be taken into 
account. After dropping the unbound diagrams, the corresponding terms 
arise in usual bound diagrams, which exactly corresponds to as the Pauli 
principle would be disregarded from the very lwginning. Th<•reforr. thrn• 
is no need to consider the exclusion principle in the internwdiat<' state. 
which essentially extends the field of application of the NEET and TEEN 
for mastering the nuclear processes. 

An example of treating the exclusion principle in a TEEN process in 
deexcitation of the 77-keV isomer of 197 Au was considered in paper [15]. It 
has been shown that the process of the two-quanta resonance conversion in 
the ls-3s-2p-ls chain of the electron transition mak('s a negligible ('()Utribu­
tion to the nuclear deexcitation in a neutral atom. HcnVPwr. iu the· (·onrs<' 
of ionization a maximum in th<· conversion rate is ad1iewcl for thP 42-fold 
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ions. The maximum in the conversion rate corresponds to the minimum 
defect of the resonance, which arises due to change of the binding energies 
of the electron shells during ionization. For the 42-fold ions, the defect of 
the resonance decreases to the value of 1.2 e V as compared to 70 e V for 
the neutral atom. 

Another isomer where this mechanism can be realized is a fom­
quasiparticle isomer of 178Hf. This isomer is the only one where an ac­
celeration of the decay induced by application of an X-ray beam has been 
reported [16]. It has been shown in the succeeding works induced by the 
publication [16] that it is impossible to explain the observed effect by a 
usual way of interaction of the isomer with the radiation. Incorporating 
the electron shell in the process will offer new ways of the interaction. Their 
discovery in experiment will be an outstanding success of the theory the 
resonance electron-nucleus interaction, a milestone in the development of 
the experimental technique. That shall affirm new horizons of applications 
of NEET and TEEN. 

Experimental study of the resonance scattering of the photons and 
quanta is supposed to be an important issue of the proposal. From the 
experimental view point, this is a very difficult experiment because of a 
large background of various radiation arising in producing and scattering 
the radiation beams. A maximum in the scattering cross-section is ob­
served when the energy of the incident photons approaches the energy of 
the intermediate state. If the intermediate state is occupied, the maximum 
might be suppressed by the -exclusion principle. The suppression is how­
ever not expected to manifest itself because of the "violaton" of the Pauli 
principle in the intermediate state. The proposed experiment will give an 
exhausting answer on the given question. 

6 Distinguishing features of NEET and TEEN in­
duced by the electron scattering and radiation ab­
sorption 

In many experiments on the NEET studies, excitation of atoms was per­
formed by scattering of the electron beams and absorption of gamma ra­
diation. 
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The electrons or gamma quanta are used for producing necessary vacan­
cies. The Feynman graph of the corresponding process is presented in Fig. 
1. Excitation of the nuclear level occurs in the electron transition. filling 

p------s::,--------

g ex· 

Figure 1: Feynman graph of the NEET. The necessary vacancies are produced by elertio11 

scattering. 

the vacancy. The energy of the transition is transferred to the nucleus. 
One can say that in the electron case, the excitation is also performed by 
photons, but by virtual ones. In spite of the similarities, both the ways 
have essential differences, which are considered bellow. Moreover, the elec­
tron cross-sections are important for understanding the dynamics of the 
processes in laser-produced plasma. In spite of considPrnhlP efforts. up to 
now no satisfactory agreement between theory and experiment has been 
achieved yet. The following circumstances can be pointed out as probable 
reason for the divergement. 

1) Higher order effects in description of the electron interaction with the 
atoms are not taken into account. 

2) The consequences of the "violaton" of the Pauli principle are not 

taken into account. 
As a consequence of the "violation", the resonance mechanism of the 
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direct nudPar <'xcitation by incoming electrons through tlw shell has to 
lw tak<'n into account. The corresponding Feynmann graph of the process 
is presented i11 Fig. 2. ThPn' is 110 ionizatio11 of the shPll. a11d 110 vaca11-

p ------.,------- p" 

g ex· 

Figun· 2: The Fl'.\"llllla!l graph of tlw direct resoaann· iso11wr p11111pi11g In· <'i<'ctru11 scat­

l<'ri11g. 

cies are produced in this mechanism. contrary to what is conw11tionally 
believed to be 11ecessary to induce NEET. Instead of this. a virtual pro­
cess of the electron excitation to a resonant higher or hit takes place. with 
the succeeding transfer of the f'nergy to the 11ndeus. as in a usual XEET 
process. 

Then' is a way of direct experime11tal dwck of the SP<"OIH! mPchanism. 
For this purpose, 011e has to compare a cross-section of the nuclear excita­
tion through NEET induced by monochromatic gamma quanta with that 
induced by electrons. If the energy of the quanta is enough for ionization 
of the atom, the second mechanism is absent in this case. If. howewr. thP 
atoms are irradiated with gamma rays of co11tin1111m s1wctrum. the sern11d 
mechanism arises again. 

\Ve note, however, that a possihlf' mechanism of thP atom Pxcitation 
by photons through the Compton effect on thP hou11d Pl<'<·trons has to 
be taken into account. The Feynmann graph of the pron'ss is JH'PsPnted 
in Fig. 3. In this mechanism, not tlH' entire e11Prgy of th<' quantum is 
transferred to the electron, but only a fraction of it. I11 this senc<'. th<' 
Compton mechanism is again analogous to the sPrnncl 11H'chauism iu th<' 
electron scattering. A difference is that i11 the ekctron ms<' th<' trausfrr 
of a fraction of energy takes plan' already i11 the mai11. spnmd onkr of 
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Figure :3: Feynman graphs of the NEET induced by ( 'ompton scattPri11g of gamma rays: 
the resonance mPchanism (left) and 11O11-rPSO!lauce one (right). 

the perturhation series, whereas the Compton scattering of thr gamma 
quanta occurs in the third order, ·which is two orders higher than in the 
conventional mechanism of producing vacancies through photoionization. 
Therefore. the relative role of these mechanisms is cliff<'rrnt. ~ott' that 
research into the new mechanism of the Compton indncPd ~EET. uot 
discusst•d hefore, is of great interest by itsrlf. 

7 Study of the absorption and fluorescence spectra 
of thorium in various phases of matter 

The following characteristic features of the atomic Th spectra were estab­
lished in our experiments [20]. 

1) There are appropriate intense lines in the spectra, close to the energy 
of the 7s - 8p electron transition. 

2) The absorption cross-section is in good agreement with the calcula­
tion [12] for the 7s - 8p transition. 

3) An important part in the deexcitation of the atomic levels belongs 
to the. deexcitation via a quenching II kind processes of atom collisions, 
molecular excitation,etc. 
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The sPconcl kind dexcitation is a harmful effect, as this is a competing 
modr of thP deexcitation, diminishing the NEET probability. In this sense, 
most dfective way of producing the 229Th isomer would be offered by op­
tical pumping through NEET in an electron trap. when the density of the 
ions and therefore the quenching probability are minimum. 

On the other hand. further study of the spectra in the targets corre­
sponding to various phases of matter, such as solid, gaseous, liquid, or 
plasma ones, is of great interest from general viewpoint. It was shown in 
om previous papers that if a detuning is available between the frequencies 
of the atomic and nuclear transitions, then the probability of NEET in­
creases with the increasing width of the resonant level. The nature and the 
value of the broadening are very different for various phases of the target 
matter. It also should be noted that the experiments aimed at studying 
229Th in the isomeric state dealt with very different sorts of the target ma­
terials. This also reasons further studies of the absorption and fluorescense 
spectra aimed at search for optimal ways of using NEET for pumping the 
nuclear isomers. 

The author is grateful to M.B.Trzhaskovskaya for valuable help in 
preparing the manuscript and many discussions. He thanks Yu.P.Gangrsky 
for inducing discussions of the resonance internal conversion in the H-like 
heavy ions. This work has been supported by Defence Threat Reduction 
Agency (USA) under contract No. DTRAOl-99-M-0514, and by Grant No. 
99-02-17550 of the Russian Foundation for Basic Research. 
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1 Introduction 

Exte11di11g of well familiar old internal conversion l)('_Vond 1 hf' usual spht>n•: off t lw mass 
slwll aud lwlow threshold t'Iwrgies is a significant part of tlw rn111<'illJHmlr\ i11n•stigatio11 
([J]-[:i] and refs.therein). Discrete. or resouaun• internal rn11\'1'rsiou pla_1·s a leading rok i11 

description of a. resonance electron-nucleus i11t,·raction. which is of great iult'n·st for laser 

assistanc<' of nuclear transitions [ l]. l l se oft he resonance prop,•r1 ies oft lw elect nrn shell [:l] 
allows one to drastic-ally Pnhance the effect of externally applied radiation on the nuclr•ns. 

This ca.11 be used as a tool for product.ion of nuclear isomers. <'Vr·n allowing 011<· to arhiPY<' 
inversP population of the nuclear levf'!s. as showu by t be <•xan1pl<- of the :l.-'i-<'\. ison}('r of 
,w"'Th [2]. Moreover, tlw hyperfine structure of II-like ions ca11 IH' better und,·rstood i11 

lPnns of discrett' i11ternal conversion, providing a t.<•st. of QED. :\11 illus! rious <'Xampl<- of 
usi11g the hyperfiiw structure for producing the ,w"'Th isonH·r is pwsi•nkd i11 [:!]. 

hi our tlworetical study, we use modf'rn methods in calculations oft lw atomic st rnrt ur,• 
and of processes of interaction of electromagne1 ic radiation and a nucleus with t lw atornir 
electrons. We take into account conliguration mixing, rPlativistic Pfferts all(I higher-ord,·r 
QED corrections, like the Breit interaction between electrons. the electron self-,·n<'rgy. 
vacuum polarization. etc. 

Presented below are several s1wcific problems solved within tlw li11Ps of such an inn·s­
tigation. 
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2 Internal conversion to bound final states in 12
'i

111 Te 

In traditional internal conversion. thf' nucleus decxcitcs hy ej<'ct ion of ,1 hound <'kct rou 
into continuum. If the nuclear excitation energy is less t ha11 the binding <·1wrg~· of I iiP 
given electron. then the rate of conversion from this shell to continu11111 stat<'s had hPf'lJ 
expected to become zero. However. experiments on the deexcitat ion of highly-ionizPd 
ions of the 125"'Te nuclei showed a significant contribution from a suhthreshold rnnv<·rsioH 
process in which the nuclear cleexcitation occurs via excitation of a bo1111d <'iect ro11 to a 
higher-lying bound orbital. This process called BJ(' ( Bound lnl<'rnal ( '011n·rsion) has be,,ll 
suggested to have a non-zero probability eve'i1 when the nuclear d<'excitatio11 <'IH'l"l.',V cloPs 
not exactly match the electron excitation c1wrgy. clue to tlw fin it<-' width oft lw ,1l0111i.­
states. particularly the hole state proclucPd by the elf'ctro11 excitation. 

Investigations have focussed on the 125"'Te system. Its l.s binding <'.IH:>rgy is larger than 
the nuclear transition energy (:3,5.491 keV) in ions with ionic chargP q :2'. -1:i. 111 such ions 
the nuclear transition energy may therefore lie close to the electron excitation energy of 
the l.s electron to a final Rydberg orbital just below the cont inu11m threshold. Tlw initial 
experiments performed by Attallah et al. ( Phys.Rev.C' 55. l(ifi.'i. 19')7) haw gi1·e11 indin·ct 
evidence for the BIC: process based on the variation in tlw total half-life as a function of 
q. Direct evidence of the BIC decay by simultaneous measurements of both tlw X-rays 
following production of the ls hole in Te and the 1 -rays from tlw radiative nuclPar decay 
has been obtained in recent experiments by Carreyre et al. i11 Borcleaux-Gradignan. 

Most striking qualitative features of the BIC are as follows: 

1) The conversion rate holds the same when the transition energy crosses the threshold 
energy, that is the energy goes under the ionization threshold for the h: shell electrons. 

2) The conversion rate strongly depends on the presence of electrons in the 2p shell. At 
first sight, they play a role of spectacles. However, their presence is main reason forming 
a sufficient width for the K-hole state formed as a result of BIC. For the 47-fold ions. 
when there are no electrons in the 2p shell, the BIC rate becomes zero for this reason. 

We have performed the theoretical study of thf' decay rate of the isonwric nuclear 
state in 125mTe for the ions Te45+ and Te46+ [6). Calculations have been carried out in the 
framework of the multiconfiguration Dirac-Fock method (MCDF) with the allowance for 
thE" magnetic Breit interaction and for the QED corrections, including the electron self· 
energy. the vacuum polarization and so on. The correlation effects. the Breit interaction 
between electrons and the QED corrections have essential infiuencf' on the probability of 
BIC which is expected to be the main channel of the decay. The BIC probability and 
enhancement factors were computed having regard to the transitions from an f'arh level 
of the initial state obtained in the MCDF calculations, to all levels of the final state, all 
possible populations of the valency 2p1;2 and 2JJJ;2 orbitals being considered. 

The results of our calculations arc in fair agreement with the expf'rimental data ob­
tained in Bordeaux-Gradignan. They give a convincing proof of manifestation of the B[C 

m<'chanism in the decay of th<' 11ucl,·11s in T,•1"+ and T" 1"+. 
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3 Producing the isomers 

An idea of using an intense electromagnetic field of a laser in order to affect nuclear pro­
cesses is of great interest from the scientific and practical viewpoint. However, application 
of e1·en tlw strongest fields attainable nowadays leads to a negligible effect. Nevertheless, 
action of the field on the nucleus can be enhanced drastically. by several orders of mag­
nit 11de. due to r<'sonance properties of the electron shells. An efficient resonance occurs 
wheu tlw nuclear transition energy is close to that of the appropriate electron transition 
of the same multi polarity. This situation takes place for many nuclei: 197 Au, 229Th, 179Os, 
n,Np, 23"\T. etc. Employment of the resonance interaction allows one to exert control over 
nuclear processes. 

A modem branch of such investigation is represented by the study of Nuclear Ex­
citation during nonradiative Electron Transitions (NEET). Employment of the NEET 
processes for pumping of nuclear isomers, even allowing one to reach an inverse popula­
tion of the ground and isnmeric states, is of great interest for generation of coherent X-ray 
and gamma-ray radiation. Notice that the bound internal conversion may be considered 
as the reversal of NEET (so called the TEEN process). 

In 229Th, a uniquely low lying nuclear isomer level with spin and parity 3/2+ has been 
observed at the excitation energy of 3.5 ± 1.0 eV with respect to the ground state 5/2+. 
Investigation of the properties of the isomer requires practical methods of producing the 
source in enough quantities. In the a decay of 233U, the isomeric yield of the Th nuclei 
is of the order of 10%. This way of getting the isomeric source has been used in a 
number of appropriate experiments. The isomeric nuclei, however, undergo the radiative 
transition to the ground state with the lifetime of 1 to 50 hours, which precludes collecting 
considerable amounts of the isomer. 

A much more attractive way lies through use of pure 229Th source. The lifetime of the 
229Th nuclei in the ground state is about 7000 years, which allows one to collect enough 
quantities of the nuclide. We have shown [3) that the isomeric state can be populated,e.g., 
by resonance laser radiation, the electron shell being a resonator. For this purpose, we 
have studied various mechanisms of the nuclear excitation. Their cross-sections er have 
been calculated and compared to that for a bare nucleus erb. 

i) The results obtained have shown that the most feasible for experimental study is the 
mechanism based on the NEET process including the 7 s -+ 8s electron transition. In this 
case, the enhancement factor R = er/ erb achieves four orders of magnitude ( R = 8.96-103 ). 

ii) We have also found new effective process for the excitation of the isomeric level, 
considering magnetic interaction of the electrons with the nuclei for excitation of the 
isomeric state. In collision of one-electron atom in the ls state with a lead target nucleus, 
the electron produces a tremendous magnetic field in the vicinity of the nucleus. Prompt 
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removing the electron in the collision induces related change of tlw potential. giving rise 
to the shake effects in the system. The effects can manifest tlwmselw,s via cxri1 atiu 11 

(shake-on) or disintegration of the system (shake-off). 

iii) The effect has also been considered in muonic atoms. The shak<' ar1s111g in the, 
decay of a muon in the ls state, is marvelous. In this case, isonwric Yield turns 0111 to 
be practically 100%, that is an isomeric atom is obtairwd pPr PV<'n· muun i11 the pri1nan· 
beam. This effect may become a most effective tool for pumping 1 lw :i..-i-e \. ism11t'r ii! 
2WmTh. 

4 Enhancement of radiative transitions in a nucleus 

We have also considered [4] the problem of enhancenwnt oft h<' radialivc transit ions 
between the ground and the :3.5 eV isomPr states due to the hyperfi11e interaction in 
the hydrogen-like 229Th89+ ion. The extremely low energy of the i\11 1111clcar ,-transition 
results in the half-life of this excited state in a bare nucleus which is Pqual to sewral hours. 
In the hydrogen-like 229Ths9+ ion, a single ls electron produces an enormous mag11;·tir 
field at the nucleus. For such a coupled nucleus-electron system, the hyperfine interaction 
may mix nuclear states of the same parity that differ by one unit of spin. The effect is 
enhanced by a small energy separation between the ground and isomeric states. l!ntil 
now, such nuclear-spin mixing due to the magnetic interaction has only been observed in 

muonic atoms. 

In collaboration with Polish scientists, we have shown that the spin mixing of the 
nuclear levels in 229Th89+ is expected to manifest ibelf via an impressiw enha11cP111Pnt of 
thP radiative transitions between the pairs of the hyperfinp-strncttm' cornpo11c'nts. wlativP 
to the nuclear I transition. We have analyzed a possibility of experimental observation of 
these transitions at GSI (Darmstadt). This effect can be used for experimental discovering 
the isomer excitation in the NEET process via spin-flip transitions. Additionally, full 
spectroscopic information about the ground and isomer levels may be obtaim·d, and a 
new effect of the nuclear-spin mixing may be discovered in such experiment. 

5 Pauli exclusion principle in the NEET and 
TEEN processes 

We have studied (7] the contribution to decay of the nucleus by an unexplored mode of 
the BIC process in which an excited nuclear state deexcites with excitation of a11 electron 
to an intermediate filled bound state that seemingly violates the Pauli exclusio11 pri11ciple. 
This contribution may be significant when very close matching of the atomic all(! nucfpa.r 
transition energies is achieved. 'Ne have considered the Ml transition in rn, Au with the 
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,·n•·rgY ,,.:l;j[ ke\". Th<' transi1ion occurs h_v exci1ation oft.he I., t>lectron to the initial!_,·­
orrnpic·d :1., orbital. \\"<' haYe shown that in this case. a proper treatment of tlw Pauli 
principle gives rise to a hindrance factor of tlw order of 500. Tlw factor is proportional to 
t lw product oft he lifetinws of tlw ei<·ctron in i11ternwdiate states ··forbidden·· b_v I he Pauli 
principl<'. :-u11H·riral calculations have been presented for tlw neutral atom of Au and for 
io11s up to t lw ionic charg<' q = 69. This process has lwe11 fou11cl to han' a maximum 
probability in the ion .-\u41 + due to close energy matching of 11w nuclear transition to the 
ls-+ :3., electron exci1ation. In this case the BIC c!Pcay mode contribu!Ps approximateh· 
12'!. of tlw total decay rate of tlw nucleus rn7 Au. 

This work was supported by the Russian Fou11dation for Basic ResParrh. project 
.Vo. lJlJ-02-1 ,550, by Defence Threat HPductio11 Agency (l'SA) u11der contract .\"u. DTR . .\ 
01-99-!\I-O:il-l. by \'ATO Program of Portuguese _\[i11istr~· of Science and Tc·clrnolo12y. and 

·by Cra11t C'NHS (Fra11cP). 
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TUNABLE SEMICONDUCTOR WEAK POWER DIODE LASERS 
AND THEIR SECOND HARMONIC 

Abstract 

FOR ATOMIC ABSORPTION SPECTROSCOPY 
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The comtrnction of a ,inglc mode semiconductor diode laser spectrometer that can be tuned 
electronically by temperature as well as current is presented. The laser was tested by ltmi11g to the 
rubidium resonant line (780.2 nm) : 5.•/s 112 • 5p2P312. By _u$ing a lithium iodate crystal the primary 
infrared light (830 nm) emiltcd by a Sharp LTO-ISPT diode. laser was successfully converted into the 
secondary light wave. 

Keywords: lasers, second harmonic generation, absorption spectroscopy. 

Introduction 

Tunable lasers are an e:--:cellcnt source of light in basic research carried out in nirious branches of 
physics, chemistry and biol<Jgy. In particular, they are extensively employed in atomic and 
molecular spectroscopy. !n nuclear physics they are used to study the structure of the atomic 
nucleus and for separation of isotopes. Thanks to them the precise monitoring of air pollution ,vas 
rendered possible (lidars). Nowadays we have at our disposal different dye and semiconductor 
lasers. Dye lasers allow for covering the whole visible spectrum of light and hy means of second 
harmonic giw us a chance to reach the corresponding ultraviolet region as well. However, a wider 
application of the dye lasers is tremendously limited by their large size, difficulties in handling and 
their relatively high price. ll1e tunable semiconductor lasers are characterized as compared to the 
dye lasers by small size, easy and safety handling and low price. ll1e presently produced laser 
diodes enable to cover the spectrum from the red to the infrared, and the range in lhe ultraviolet 
direction can be reached hy their second harmonic. 

In absorption spectroscopy the experiments are carried out by means of the following ~chematic 
system: 

1. Source of light - Absorbent - Detection 

The heart of chat kind of a system is the source of light. At the present stage of technical development in 
rhar domain the specific requirements demanded of the sources of light are met only by la,cr,, especially 
by dye and ,~111iconductor tt111,1blc lasers. 

--•-4 
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Unlike the classical sources of light such as arc discharge lamps the semiconductor lasers emit 
the light with a line width that is narrower by two orders of magnitude. They can be easily tuned by 
changing temperature or electric current strength, or by changing both parameters. As compared to the 
dye lasers the semiconductor lasers are characteri:tcd_by a small size, low price, easy and safety h~ndling, 
and exceptional dur.1bility. Inconvenience in their usage seems to be related to a relatively narrow range 
for altering their wavelength (for individual laser diodes) as well as !he fact that they do not allow a user 
for continuous tuning bec:wse of a sudden mode switching. The above-mentioned limitations do nor 
reduce the value of the semiconductor lasers since they can easily be eliminaterl. Usually co achic.ve this 
purpose several laser diodes arc used 10 cover the range of wavelengths required in measurements and an 
optical resonator that is able to change the mode stmcture and to improve the continuity of tuning. The 
optical resonator plays one more role, it is able to decrease the laser line width below IO kHz. [I). Due to 
these advantages rhe diode lasers have found in the last decade a wide scope of applications. Beside 
absorption spectroscopy their most important applications include: laser induced fluorescence, laser 
enhanced ionization, field ionization laser spectroscopy, resonance ionization spectroscopy, and 
resonance ionization mass spectroscopy [2-3]. 

In the present paper we present a simple construction of the thermally and electrically tunable 
semiconductor laser. We demonstrate its applicabilityin absorption spectroscopy and a possibility to 
extend its radiation to the ultraviolet region by means of g~neration of its second harmonic. 

2. LASER CONSTRUCTION 

In Fig. I the schematics of the mechanic construction of the tunable semiconductor laser is 
shown. A laser diode (I) is placed in a copper block with dimensions 20 x 60 x 70 mm adJacent to a 
plate (7) cooled by the !'el tier thermoelements. A radiator (4) serves a, a heat removing unit used in the 
course of the block cooling. The complete device is shielded from the outside by a thermal insulator.On 
the optical axis of the laser hcam un Optima Precision antireflexive four-lens collimator (2) is located. 
The channel (3) is used for argon introduction and the argon flow protects the optics from wetting during 
the process of the la,er diode cooling down to temperature ca. 0° C. 

CI] copper block• 

~ thermal insulator 

[~0~@ element5 Peltie 

Fig. I Mechanic constructcion of the tunable semiconductor laser setup. I - dio<ie las~r, 
2 - antircflcxive four-lens collimator, 3 - channel, 5,6 - cooling) 
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3, TUNING AND CONTROL OF WAVELENGIBS 

In Fig. 2 the schematic chart of the ckmcnts use<l in tuning of the tunable diod<' l~scr i~ 
presented. The laser was tuned through the change of temperature or through the change of the strength 

of the laser diode electric current 

/ 
[7 'j LAS£U~M ~ 
~ '-ii"i-'H 

tt~:~.c~'"~ 

Fig. 2 Diode laser setup 

The applied Peltier thcrmoelements with a overall power of 20 W enabled tc, decrease 
temperature to -2° C. The wavelength of the light emitted by the diode laser was measured by means of a 

Burleigh wavemeter (model W A-4500) 

.. tJdtJJ=00J 

J_ 
J!1---ll!.1 ill 

tu,::11.ttJf' 
flor•al orttrathn ~ll~ /4 
D1fl t-...Al~ t•l't.8[ 53lfflCll 

f:

~p,etr11• 

l
@Etal11n fl 
00 .. h• I 

Fig.3 

OBoh:,i 
IOt121, 
®Evl1 

tn Fig. 3 a typical example of the laser line profile produced by a Sharp LT 022/\1C diode is 
shown, while Fig.4 illustrates two dependencies: the change of the wavelength as a function of 
temperature al constant strength of the diode feeding electric current (curve+++++). and the t·hange of 
the wavelength as a function or the current strength at constant temperature of the diode (xxx) 
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Fig.4 Change of the wavelength 

4. LASER TUNING TO ABSORPTION LINE 

The ,llnlrnl over the pre.cise tuning of the diode laser was maintained by making u,r of th,: 
absorption cell filled with nibidium vapors. In this case the diffraction grate playing the role ,,r the 
optical resonator was not employed <see Fig. 2). The laser was tuned to the resonance line. of 1t'l."di11111 
(780.2 nm) by tibscrving tluore~cence of the rubidium vapors (Fig. 5). 

Fig.5 The fluorescence of rubidium vapour at room temperature upon tuning a diode las,·r 
(Sharp LT 022,\,IC) to a rubidium resonance line (line D2. - 780,2nm) 

5. STABILITI OF LASER PERFORMANCE 

The constructed system. upon tuning of the diode laser to the required wavelength. allow; " 
stable performance within few minutes. This time h3s been extended to several minutes by correcti•.in of 
the electric current strength. 
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6. EXTENDING THE SPECTRAL RANGE OF THE SEMICONDUCTOR LASERS. 
SECOND HARMONIC GENERATION 

The cutTently produced laser diodes emit the light spanning the range from red to deep infrared 
The region of the near ultra\'iolet towards the visual light spectrum can be reached by u5ing the second 

harmonic. 
The possibility of the light-to-light transformation of weak laser beams into second harmonic was 

demonstrated hy Ashkin (1989) (4). Kaczmarek and Jendr1.ejc7,ak (1963) [5]. The progress in nonlinear 
optics allowed lo produce new nonlinear crystals characterized by high efficiency of the lighl-lo-light 
transformation. Budziak er. al. (1995) [6) have obtained a second harmonic of the semicor.ductor laser 
beam of 20 mW power and primary wavelength (830 nm). 

In fig. 6 the system employed for generation of the second hannonic is depicted. Unlike in the 
work [6] for the light wave transformation a nonlinear crystal of lithium iod ( Li IO., ) was used. 

E 

s L K.N. D 

Fig. 6 The second harmonic generation set-up. S - Tunable diode laser 
KN - nonlinear crystal, D - reflecting diffraction grate 

A laser beam having 25 mW of power (wavelength - 830 nm) was focused on a tilO., crystal by 
means of a 3 cm focal-length lens (L). The crystal of LilO, ensured that the transformation of light 
achieved almost 10% et'ficiency. 

7, CONCLUSIONS 

The described laser construction (more details can be found in [7]) allows for precise tuning of 
the laser diodes and guarante.es a stable performance of the system upon tuning. In the. experiments of 
absorption spectroscopy it may be applied in a simplified version, that is without the optical resonator. or 
the diffraction grate (sec Fig. 2). 

The possibility of transforming the weak laser beams into second harmonic will ha\'e a 
significant influence on the application of the tunable semiconductor lasers in absorption spectroscopy, 
spectrochemistry, and other fields of the scientific research. The single-mode semiconductor lasers have 
already bcrn intensively u~cd in holography (81. 
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TRANSPORTATION OF PHOTOFISSION FRAGMENTS 
WITH AN AEROSOL-CONTAINING GAS FLOW 

Yu.P. Gangrsky, V.P. Domanov, G.V. Mishinsky, 
Yu.E. Penionzhkevich, Yu. Selesh, V.I. Zhemenik 

Join Institute for Nuclear Research, Dubna, Russia 

The experimental set-up described is intended for the transportation of the 
photofission fragments of heavy nuclei with an aerosol-containing inert gas flow. The 
operation of the set-up is as follows: the fission fragments that have escaped from the 
target are slowed down in an inert gas filled volume, adsorbed by aerosols and 
transported through a long and thin capillary to the radioactive radiation detectors. 
The results of tests of the set-up on a microtron bremsstrahlung beam with a 238U 
target are presented in this paper. The set-up characteristics (efficiency of up to 70%, 
transportation times of 0.2 and 4 s for distances of 1 m and 30 m correspondingly) 
allow the set-up to be successfully employed in the studying of the nuclear fission · 
process and the properties of the fragments produced. 

Introduction 
A wide variety of techniques are used for studying of the properties of nuclides 

far from the P-stability valley (neutron-deficient and neutron-rich nuclides). However 
no technique can do without a set-up for transportation of the fission fragments from a 
target of a fissionable substance to radioactive radiation detectors. 

This work considers a technique for transportation fission fragments by a flow 
of an inert gas with aerosols added. Described is an experimental set-up tested on a 
microtron bremsstrahlung beam, making uranium nuclei fission. The results of those 
tests and the set-up characteristics obtained are presented. The fields of application of 
the set-up in nuclear research are discussed. 

Experimental set-up 
The set-up includes a reaction chamber with a target, a collecting chamber for 

collecting the fragments, a fogger, a vacuum pump for pumping out the gas, those 
parts of the set-up being connected with a long capillary (Fig. 1). 

The reaction chamber was a cylinder with an inner diameter of 25 mm and depth 
of 30 mm; the entrance and exit windows, located at the butt-ends, were of 25 and 40 
mm in diameter correspondingly. There were two holes in the reaction chamber, 
disposed opposite one another, for letting the buffer aerosol-containing gas in and out. 
Targets of fissionable substances were placed on the reaction chamber windows (0.1 
mm aluminium foil), which isolate the inner volume of the reaction chamber from the 
atmosphere. During the set-up testing, the chambers of greater length and diameter, 
which allowed up to 10 targets to be used simultaneously, were also employed. 

The chamber for collecting aerosol-adsorbed fission fragments was also a 
cylinder of 40 mm diameter and 80 mm height that had a hole in the butt-end 
(entrance hole) and the lateral surface (exit hole). The collector used was an 
aluminium disc of 15 mm diameter and I mm thick, which was situated opposite the 
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entrance hole at the distance of 10 mm from the capillary end. 
disposed directly on the damper of a 150 1/s Ruts pump. 

This chamber was 

!•--beam 
manometer ~ W 

L__J Al collection 
Ruts 
pump 

He,Ar 
gas 

fogg_er 
chambe, IO 

: capillacy : 
1 
~ 

\ 
targ(!~S, 

y- rays \ collector 

Fig. 1. The schematic view of the experimental set-up. 

The fogger had a cylindrical quartz case (inner diameter of 14 mm, length of 55 
mm) necked-down in the middle, where a limiter (a quartz plug with slits) was fixed. 
The limiter served to hold an quartz insert of 8 mm diameter within the cylinder. In 
the gap between the inner surface of the cylinder and the insert, fine-grained salt (its 
composition to be further discussed) for aerosols production was placed. The quartz 
cylinder was put into a two-section oven, the temperature in each section being 
adjustable and stabilised. The heating of the cylinder forced the salt to evaporate. The 
vapour produced was transported by an inert gas flow through the quartz plug to the 
lower part of the cylinder. Here, in less heated part of the cylinder. the vapour 
condensed to produce aerosols, which were carried out of the cylinder by the gas flow. 
A detailed description of the fogger and its operating modes can be found in [1]. 

The aerosols were transported into the reaction chamber through a 25 mm 
polyethylene capillary with inner diameter of 4 mm. A teflon capillary connected the 
reaction and collection chambers. Its inner diameter was of 2 mm, and length being 
variable from I to 30 m to regulate the fragment transportation time and hold the 
pressure in the collection chamber low enough for the good aerosols deposition. 

Tests 
To determine its characteristics, the set-up was tested on uranium photofission 

fragments produced in the bremsstrahlung-induced photofission of uranium. The 
bremsstrahlung cut-off energy being of 25 MeV. As a source of that radiation the 
Laboratory of Nuclear Reactions' MT-25 microtron was used (for its description see 
[2]). As an electron-beam-bremsstrahlung converter the running-water-cooled 
tungsten disc 4 mm thick was used. That disc was also an electron-beam current 
collector, the current being measured with an electric current integrator. Downstream 
of the collector, there was an aluminium cylinder 20 mm thick for the low energy 
electrons to be absorbed. The electron beam had the shape of an ellipse, its vertical 
and horizontal dimensions being 6 and 7 mm correspondingly. 

To produce fission fragments, 1-14 mg/cm2 targets of 238U in the form of its 
oxide U30g were used. They were deposited on an aluminium backing of 20 mm 
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thickness. The fragments that had escaped from the target were slowed down in a gas, 
adsorbed on aerosols and were transported through a long capillary to the collection 
chamber. As a carrier a high-purity inert gas - helium, nitrogen and argon (type M-60) 
was used. The gas pressure in the reaction chamber was such as for the fragment 
pathlength in the gas to be less than the chamber dimensions and all the fragments to 
be stopped within the gas volume. Into the chamber, aerosols, the 0.1-0.2 µm 
microparticles of various salts, were injected. Their concentration in the gas, governed 
by the fogger operating mode, was variable within tens of µg/1. 

The collectors with collected fragments were brought to a Ge(Li) detector at 
different time intervals for their y-radiation spectra to be measured, which allowed the 
fragments to be identified, i.e., their atomic number Z and mass number A to be 
determined. The identification of the fragments was carried out with the use of 
reported fission fragment y-spectra and half-lives [3, 4]. Some of the identified 
nuclides were used in determining of the set-up characteristics - efficiency and 
transportation speed under different conditions (target thickness, aerosol 
concentration, capillary length). 

The dependence of the fission fragments yield versus the target thickness was 
determined by comparing the y-radiation intensity of the chosen fragments that 
escaped from the uranium layer and stopped in a collector and those that remained in 
the target or backing. To do this, a set of targets was used. The targets had an uranium 
oxide U30 8 layer of different thickness (from I to 14 mg/cm2

) deposited on an 
aluminium backing of 20 µm thickness (which exceeds the fragments pathlength in 
aluminium). The aluminium collectors of the same thickness covered the targets. On 
irradiation of the pile of targets and collectors, their y-spectra were measured with a 
Ge(Li) detector. The measurement showed that up to 50% of the fragments escape 
from the targets of thickness of less than I mg/cm2 (comparison was made for 97Zr 
and 132J fragments). The proportion of fragments that escaped decreases as the U30 8 

layer thickness increases (for instance, it is 35% for the thickness of 3 mg/cm2 and 
falls down to 15% for the thickness of 14 mg/cm2

). The dependencies obtained allow 
the optimum target thickness to be chosen, which ensures minimum matter 
consumption. 

Set-up characteristics 
Under the optimum conditions chosen in such a way, the main characteristics of 

the set-up were determined: transportation efficiency and target-to-collector 
transportation time for different fragments. Also was studied the dependence of those 
characteristics on the set-up parameters and transportation conditions: capillary length 
and diameter, chamber volume, gas pressure and composition, aerosol concentration 
and composition. 

The transportation efficiency was determined using the same technique that was 
used to optimise the target thickness - by comparing the y-radiation intensity of the 
chosen fragments in the irradiated target and on the collector in the collection 
chamber. In the majority of the experiments, the fragments were transported by argon; 
its pressure in the reaction chamber was chosen in such a way that all the fragments 
which had escaped from a I mg/cm2 uranium target should be slowed down within the 
chamber volume and adsorbed on the aerosols. For the chamber depth of 30 mm, the 
pressure was of I atm. As aerosols, the NaCl particles, produced using the above 
described technique in the fogger, were used. 
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Analysis of the y-spectra of the irradiated target and the collector allowed 11 
nuclides - from 

91
Sr to 

153
Sm - to be identified among the fragments. In fact, the 

number of the transported nuclides is greater since each mass number corresponds to 
2-3 elements (for example, A=91 corresponds to Rb and Sr, and A=97 corresponds to 
Y and Zr, etc). It was found that for a capillary of 10 m length and an aerosol 
concentration of more than 20 µg/1, the transportation efficiency is almost the same for 
all the fragments observed and has the value (70±10)%. Krypton and xenon are 
exceptions. For them, no y-radiation was observed on the collector. Obviously those 
gases are not adsorbed on aerosols and do not deposit on the collector. The use of 
other gases instead of argon - helium and nitrogen - at appropriate pressure as well as 
the use of other aerosols (KC!, NaBr, KBr) gave the same values for the transportation 
efficiency. 

The transportation efficiency was measured for capillaries of different lengths 
from I to 30 m at the fixed values of the argon pressure and NaCl aerosol 
concentration. The transportation efficiency proved to remain practically unchanged. 
What this means is that the major fragment losses appear to occur in entering the 
capillary and in transportation through its initial section(<! m). 

Under the same conditions, the transportation efficiency was measured as a 
function of a NaCl aerosol concentration. The latter was set by changing the fogger 
temperature and determined by the activity of the 34mc1 isomer (T112=32 m, Ey=145 
and 2127 keV) that was produced alongside the fragments in the 35Cl(y,n) reaction. 
The efficiency is seen to increase as the aerosol concentration increases from 0.02 to 
20 µg/1 but to remain unchanged for higher concentrations. It follows from this 
dependence that sufficiently high fragment transportation efficiency (-50%) is 
attainable with a comparatively low concentration of aerosols, which corresponds to a 
rate of NaCl deposition on the collector of - 0.1 mg/min. Such a low deposition rate 
allows one to have a very thin salt layer that enables spectroscopic measurement of the 
soft ~ and y-radiation from fission fragments. 

An important transportation characteristic is the target-to-collector fragment 
transportation time. Obviously it consists of two components: the drift time of 
aerosols with adsorbed fragments within the reaction chamber before entering the 
capillary, which is the ratio of the chamber volume to the gas flow rate, and the 
capillary transportation time. These components were determined by measuring the 
time dependence of the chamber pressure after cutting off the incoming gas flow. To 
carry out that measurement, chambers of different volume and capillaries of different 
length were used. From those dependencies, the transportation time components were 
deduced on the assumption that the concentration of aerosols with fragments captured 
is proportio_nal to the chamber pressure. For this purpose, the chamber pumping rate 
for different pressures was determined by differentiating the curves obtained, which 
characterised the averaged duration of stay of aerosols with fragments in the reaction 
chamber Tcham• Comparison with the pumping rate calculated by reported formulae [4] 
for a capillary of specified length and diameter allowed the transportation time Tcap for 
that capillary to be obtained. It is seen that for the minimum volume (36 cm2

), the 
total transportation time for transportation of aerosols through capillaries I m and 10 
m long is 0.22 and ls correspondingly. Transportation times of such duration allow 
one to carry out experiments with the short-lived fission fragments (half-lives of 
fractions of a second). 
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The set-up was used in experiments on measuring the mass and charge 
distributions of 232Th, 238U and 244Pu photofission fragments on a microtron 
bremsstrahlung beam. In those experiments, the y-spectra were measured of fragments 
brought to the collector by a gas flow with NaCl aerosols. In the measured spectra, 16 
fission products were identified, their yields being measured. The mass distributions 
of the cumulative yields of photofission fragments measured by that technique is in 
good agreement with reported data obtained using other techniques [5-7). 

The set-up was also used for measuring the isotope distribution of Kr and Xe 
fragments. In those experiments, He, Ar flow without aerosols was used. A filter at 
the reaction chamber outlet retained the fragments of all the other elements, and only 
Kr and Xe entered the capillary. They were stopped in a cryostat, cooled by liquid 
nitrogen (its temperature (-210° C) is lower than that of the Kr and Xe condensation 
points). The experiments carried out showed that this set-up can be successfully 
employed in studying the fission mechanism of heavy nuclei and the fragments 
produced. 
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'Dcparlmrnl of Physics. h1i1•cr.,ity of Jyi•askylii, P.O.Bo.r .J5. FIN-40:351 .fyt'iiskylii. 
Finland 

Abstract 

The fine structure of thP resonances in 1479Tb (1.6h), 149Tb (-Ll5h) and 151 Tb 
(l ,.6h) 1J+ /EC dPcay strength functions has l)('en identified and analyzed. The 
Mr = + I Gamow-TellPr resonance has been identified in 1

·
17YTb to 147 Gdµ+ /EC de­

ray. Qualitative agrePment oft.he fine structure with the calculated ;3+ /EC strength 
function using t.he microscopic quasipart.icle-phonon model is obtained. 

PACS numbPrs: :i:3..-10.Hc. 2T.60+j 

1. Introduction 

The cl-decay strength function S'1i( E) is om' of the most important characteristics of 
atomic nucleus. It reflerts the distribution of the squared ;]-decay type matrix elements 
with respect to the excitation energy E of the daughter-nucleus states [l]. The resonance 
structure of S'µ( E) depends on the structure of the atomic nucleus through the isovector 
component of the effective nucleon-nucleon interaction. Information on the structure of 
Sµ( E) is important for different fields of nuclear physics. 

For beta transitions of the Gamow-'frller t.ype Stl( E) can be writ.ten as [1 ]: 

c,· (E') = B~(GT, E) 
,. f3 J D( 2 I 2) ' 9v 9A 

(!) 

B~(GT, E) = 4; B'!'(GT, l~) = :--
1

1 

1
1(11IIL l'!'(k)a,,(1,)11 /;)1 2 

, 
9A l i + k,11 

(2) 

where /; and 11 are the spins of the initial a11d fi11al states, g_.\ and g1· are the coupling 
constants of the axial-vector and vector rnmponents of the fl decay, D = (6260 ± 60) s, 
and t'!'a is the product of tlw isospin and spin operators giving the respective operators 
of the Gamow-Teller (I- or ;3+ /EC decays. 
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llsually 513(£) is measured in l\1eV- 1s- 1 units. the B(GT) is measured i11 gl/-1.r units 
and ft is in seconds. In this case [l ,5]: 

B(GT) 

( Sp(E)dE 
}t;.E 

I) (:t) x ;I , D = (6260 ± 60)s . 

L _l_ = D g~- L B;(GT), [ ( 2)]-1 
E,E:'.E (f /); 9A E,Et>E 

where t:,.E is the energy range, determined by the detector's energy resolution. 

( :J) 

(4) 

The charge-changing elementary excitations with isospin T = l and its z projection 
Mr = + l can manifest in Gamow-Teller (3+ /EC decay. The Gamow-Teller ,Hr = + 1 
resonance is a coherent superposition of such elementary excitations [l] at high energy. 
In experiments the !\fr = + l Gamow-Teller resonance may manifest as a strong peak 
in the {J+ /EC-decay strength function S'p(E) for some nuclei with a high value of decay 
energy, QEc, available for the (3+ /EC decay [1,2]. The Mr = + 1 Gamow-Teller resonance 
can be experimentally identified as a very strong peak in the high-energy part of 811( E). 
No experimental data for the fine structure of resonances in Sp( E) has been reported 
yet. Furthermore, no detailed calculation of the fine structure has been published. In this 
work we present the first detailed experimental and theoretical study of the resonance fine 
structure of Sp(E) for 1479Tb (1.6h), 149Tb (4.15h) and 151 Tb (17.6h) j]+/EC decays and 
in particular the analysis of the 1Hr = + 1 Gamow-Teller resonance and its fine structure 
identification for 1479Tb ( 1.6h) (3+ /EC decay. 

2. Experimental ;3+ /EC decay strength function 

In the present work we constructed the B(GT) values according to Eq. (4) using the 
decay schemes and log(ft) values. For 149Tb (4.15h) and 151Tb (17.6h) we used decay 
scheme from Ref. [3], for 1479Tb (1.6h) the decay schemes from Ref. [4]. The experimental 
beta-decay strength function for 1479Tb ( 1.6h), 149Tb ( 4.15h) and 151Tb ( 17.6h) (3+ /EC 
decay are shown in fig.1-fig.4. The strong resonance within the QEc window was observed 
at excitation energy E ::::c 4 MeV of 147Gd for the 1479Tb ;J+ /EC decay , the tail of such 
type resonance was observed at E ::::c 3.,5 MeV for 149Tb (3+ /EC decay and small resonance 
at E ::::c 2 MeV was observed for 151 Tb (3+ /EC decay. All these resonances have a fine 
structure. 

For 1479Tb (1.6h)f3+ /EC decay strength function was constructed also using total 
absorption ,-spectroscopy (TAS) data Ref.[5]. This strength function is shown in fig.2. 
We compared two types of the 1479Tb (3+ /EC decay strength functions (fig.I and fig.2) 
using Eq.( 4). Within the experimental errors both strength functions are in agreement. 
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From this fact one can conclude that the decay scheme of 1479Tb from Ref. [4]is complete 
enough . 

I 

Experiment 
0.018~ 

Oi:c=4.6MeV 

0.016~ 
B(GT)=0.12 in energy window 4.43MeV 
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Fig. 1. Strength function for the 13+ /EC decay of 1479Tb deduced from the analysis of 
the decay scheme in [4]. 
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Fig. 2. Strength function for the 13+ /EC decay of 1479Tb deduced from the analysis of 
the TAS-spectrometer data in [5]. 

3. Theoretical f]+ /EC decay strength function 

To analyze the fine structure of resonances in beta-decay strength functions we have 
carried out a theoretical calculation of B(GT,E) using the microscopic quasiparticle­
phonon model (MQPM) of [6]. In this model we start from realistic effective two-body 
forces obtained by G-matrix methods from the Bon·n one-meson-exchange potential [7]. 
We have performed the calculations in the 2s-ld-Og-Oh valence space for the protons and 
in the 2s-ld-Og-2p-lf-Oh-Oi13;2 valence space for the neutrons. For the single-particle part 
of the hamiltonian we have used the experimental one-particle and one-hole energies with 
respect to the Gd core for the valence neutrons and Woods-Saxon single-particle energies 
for the protons. Slight adjustments of the proton single-particle energies were done during 
the BCS calculation described below. It is worth noting that in the work [,5] we used just 
pure Woods-Saxon energies for the single-particle terms of the hamiltonian and thus the 
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present calculation is more realistic yielding a much better agreement of the calculated 
energies with the measured low-energy spectrum of 147Gd. 

In thP l\lQPl\l the approximate ground state of the even-even reference nucleus is 
obtained from a BCS calculation. After the quasiparticle transformation the nuclear 
hamiltonian can bP written in the form 

H = L Eaa:,a« + H22 + H10 + Ha.i + H31 + H13, (5) 

where Ea are the quasiparticle energies and other terms of the hamiltonian are normal­
ordPred parts of the residual interaction labeled according to the number of quasi particle 
creation and annihilation operators which they contain [8]. The optimal quasiparticle 
<'nergies and occupation factors are obtained by comparing the results of a BCS calculation 
with tlw data for the even-even and even-odd nuclei involved in the calculation. 

The states of the odd-proton and odd-neutron nuclei discussed in this work are con­
structed from one-quasiparticle and threC'-quasiparticle components where the latter are 
obtai,wd by combining the quasiparticles with the QRPA ( quasi particle random-phase' 
approximation) phonons of various multipolarities, representing excited states in the Gd 
nucleus. These phonons, in turn, are linear combinations of proton two-quasiparticle 
and neutron two-quasiparticle states constructed in the adopted valence space. For each 
value of the angular momentum and parity the spectrum of the Gd nucleus is construct­
ed by diagonalizing the QRPA matrix to obtain the above-mentioned linear combina­
tions. Agreement with the experimental excitation energies is good. The mixing of one­
and three-quasipartide components in the wave functions of the Tb and Gd nuclei was 
achieved by diagonalization of the H31 + H13 part of the quasiparticle hamiltonian ( 5) in 
thf' basis containing the relevant one-quasiparticle and quasiparticle-phonon components. 
Spurious states were removed by inspection of the norm matrix. 

For the mass-147 system we have constructed the states of the odd mother and daugh­
ter nuclei starting from the 146Gd nucleus, 147Gd being a neutron-quasiparticle nucleus 
and 147Tb being a proton-quasiparticle nucleus. The initia.l st.ate is tllf' 147Tb ground 
state which in our calculation has as a dominating component the structure l.J,Tb(g.s.) = 
146Gd 0 7!'2s1; 2 corresponding to the experimentally observed I /2+ ground st.ate of 1'17Tb 
[9]. In 1·1•Gd tlw agreement of the calrnlated energy SJ)('ctrum with the experiment.al one 
is excellent for excitation energies up to 2 MeV beyond which the experiment.al spectrum 
becomes too messy to enable an unambiguous comparison. Tllf' good agrC'f'I1lf'nt with t.hf' 
experimental energies was achieved by the carefully chosen valence singlC'-part.icle rnergiPs 
discussed earlier. A convergence of the excitation energies as a function of thC' adopted 
multipolarities and the number of related QRPA phonons was obtained to high Pnergies 
(roughly to 6 MeV in ecitation energy) leading to diagonalization and construction of 
large ma.trices. Similar procedure was also used to describe the tJ+ /EC dC'cays in the 
A = 149 and A= 151 systems. 
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4. Discussion and conclusions 

Our relevant theoretical results, namely tlw strength functio11s of tlw 117·119·1"1Tb ---, 
147·149

•
151Gd 3+ /EC' decays, have been summarized in fig.:J and fig.4. In fig. I - fig. I both 

the experimental and theoretical strengths B~ ( GT,E) of Eq. (:2) have heP!l plot 1<'d as 
functions of excitation energy. As can be seen from these figures, t her!' is a qualit ativP 
agreement between the theory and the experiment. What is relevant hen' is that (ll(' 
theory does not predict any significant strength beyond •-1.8 MeV of excitatiou euergy for 
the 1479Tb -t 147Gd ;J+ /EC decay (fig.:n This fact supports the conclusiou about the 
detection of a 1\1T = +I Gamow-Teller resonance and it's fine strncture at the excitatio11 
energy E '::'. 4 MeV of 147Gd for 1479Tb -t 147Gd ;J+ /EC decay (fig.l ). 

Theory 

L B(GT) = 1.65 

0.1 ~ 

w 
C\J-<( 

0) ........ -I-
C) 

0.01 

---(1) 

1 E-3 • 

0 2 3 4 5 6 

Energy, MeV 

Fig. 3. Calculated (MQPM model)strength B~(GT,E) of Eq. (2) for the (3+ /EC decay 
of 1479Tb. 
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Fig. 4. Experimental ( deduced from the analysis of the decay schemes in [3]) and 
theoretical (MQPM calculations) (3+ /EC decay strength functions of 149

•
151Tb. 
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For the two other f3+ /EC decays (fig.4) the situation is not so fortunate. For the 149Tb 
-t 149Gd case only small part of the fine structure of the gaint resonance can be observed 
in the decay QEc window. The situation is still worse in the case of the 151Tb ➔ 151Gd 
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decay because according to the calculations only a very small tail of th<' gaint rf'som111cf' 
falls into the QEc window. In this case the major part of the resonance can be s<'<'n 011ly 
through an ( n,p) charge-exchange reaction. 

In conclusion, one can say that the strength functions for tlw 13+ /EC decays of 
147

•
149

•
151Tb have a distinct resonance character confirmed by the theoretical calculations 

performed on microscopic level using realistic effective interactions. The fi11e strncture of 
these resonances has been analyzed both experimentally and in terms of t lw microscopic 
quasiparticle-phonon coupling scheme. Both analyses support the identification of tlH• 
A1r = +1 Gamow-Teller resonance and it's fine structure in the 147YTb electron-capturp 
decay to states of high excitation energy in 147Gd (fig.I). 

For a more detailed /3+ /EC decay strength function analysis it is necessary to have 
experimental data on S/3(E) in nuclei where all the jj+ /EC strength lies within tlw QEc 
window. Such possibility exists for 145

•
14

·
3

•
141Tb ;J+ /EC decays. 
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CHANGES IN NEUTRON MAGIC NUMBERS OF NEUTRON-RICH 
NUCLEI 

Z. DLOUHY, D. BAIBORODIN, J. MRAZEK, G. THIA~IO\"A 

For the GANIL-Orsay-Dubna-Rei-Bucharest collaboration 

Abstract 

\Ve present a survey of experimental results obtained at GANIL (Caen, France) 
resulting in an appearance of new magic number, N=l6, in very neutron-rich nuclei. 
Recent data on mass measurements of neutron-rich nuclei at GA NIL and some charac­
·teristics of binding energies in this region are discussed. Nuclear binding energies are 
very sensitive to the existence of nuclear shells and together with the measurements of 
instability of the doubly magic nucleus 28 0 they provide new information on changes 
in neutron shell closures of very neutron-rich isotopes from carbon up to calcium. 

The behaviour of the two neutron separation energies S2n gives a very clear ev­
idence for the existence of the new shell closure N=16 for Z=9 and 10 appearing 
between 2s1 ; 2 and ld3; 2 orbitals. This fact, strongly supported by the instability of 
C, N and O isotopes with N > 16, confirms the magic character of N=16 for the region 
6:S Z ::;10, while the shell closure at N=20 tends to disappear for Z :S13. 

The study of the properties of extremely neutron- or proton-rich nuclei of light. elements 
is a very important topic in the modern nuclear physics. The research in this field has 
revealed a "halo" and a "skin" structure and other unique features. The higher sensitivity 
of the nuclear models to the choice of the nuclear potential parameters in extreme nucleon 
matter configurations gives us the opportunity to test the nuclear models. Deformations, 
shape coexistence or variations in the spin orbit strength as a function of N / Z ratio could 
result in the modification of magic numbers in very neutron-rich nuclei [l]. A breaking 
of magicity has already been observed at the N=20 shell closure where an "island of 
inversion" in shell ordering has been shown to exist [2]. Such behaviour has very wide 
consequences that have resulted in the instability of the doubly magic nuclei 10He [3, 4] 
and 28 0 [5]. The anomalous behaviour of the binding energy near the shell closure N=20 
close to the neutron-drip line is also closely connected to this question. More recently, the 
determination of the lifetime and of the deformation of 44 S has indicated the existence of 
a similar effect at N =28. 

Recently, in an experiment on the LISE3 spectrometer at GANIL, we have used the 
fragmentation of the neutron-rich projectile 36S to produce and study very neutron-! ich 
nuclei in vicinity of a doubly magic nucleus 28 0. However, no events were observPd cuTe­
sponding to even 26 0 and 280, odd oxygen isotopes 25•270 and also 21

·
25 N. Till now. the 

heaviest experimentally found oxygen isotope remains 24 0. Our finding that 28 0 is p,nt.ide 
unstable [5] fairly supports the idea that the onset of the deformation found in the Ne-Al 
region causes the breaking of magicity of the N=20 shell closure in 28 0. The instaLility of 
25 ,26 ,27,28 0 and 24 ,25 N was also confirmed by the experiment performed by Sakurai "1 al. [6] 
at t.he fragment separator RIPS at RIKEN in which, however, a new isotope, "\IF, was 
observed for the first time. The calculated and observed yields of isotopes are in a good 
agreement and provide a strong evidence for the particle instability of 24 ,2•

5N. '.' 5 ,
26

,
2

U
8

() 

and '30 F. 
We can summarize that the heaviest experimentally found isotopes of carbon, nitrogen 

and oxygen [5, 6] are 22 C, 23 N,and 2·10, respect.ively, with th,, sarrw nc,al.roll m11,i!H•r, /I! 0= !(i, 
while the heaviest isotope of fluorine was found to be :n F with N =22. It. should lH, noted 

212 

~ 
i.l 25 

~ ._., 

• Z=5 ... Z=6 
T Z=7 
D Z=B 

= /::, Z=9 
N 
rr; 20 ◊ Z=10 

◊ Z=11 

* Z=12 

* Z=13 
15 + Z=14 

* Z=15 
0 Z=16 
X Z=17 

10 • Z=18 
Ill Z=19 
... Z=20 

5 T Z=21 
D Z=22 

0 
8 10 12 14 16 18 20 22 24 26 28 30 32 

N 
Figure 1: Two-neutron separation energy S2n versus N 

that it is a rather interesting behavior among the light nuclei. Usually, in the region further 
from the shell closure the neutron numbers of heaviest isotopes of neighbour elements are 
gradually increasing with Z. Therefore, the sudden step in the largest neutron number 
from N=l6 for carbon, nitrogen and oxygen to N=22 for fluorine may correspond to a 
substantial change in shell structure. 

The particle stability of nuclei is directly related to the masses and nuclear binding 
energies, which are very sensitive to the existence of shells and may provide clear signatures 
of shell closures (7]. An experiment on mass measurement of neutron-rich nuclei using a 
direct time of flight technique was undertaken by Sarazin et al [8) in order to investigate 
the N=20 and N=28 shell closures for nuclei from Ne (Z=lO) to Ar (Z=l8) and thus to 
bring some clarifications concerning the behaviour of magic numbers far from stability. 
The nuclei of interest were produced by the fragmentation of a 60 AMeV 48 Ca beam on 
a Ta target. The separation energies of two last neutrons, S2n derived from the measured 
masses are displayed in fig.I. The new data (8] are presented with error bars while the 
other, except of the data in circles, are taken from Audi et al. [9). The Ca, K and Ar 
isotopes show a behaviour typical of the filling of shells, with the two shell closures at 
N =20 and N =28 being evidenced by the corresponding sharp decrease of S2n for next two 
isotopes and a moderate decrease of S2n for subsequent ones as the filling of the next shell 
starts to influence S2n• The sharp drop at N=22, shown by the dashed vertical line and 
corresponding to the existence of the shell N,h=20, is clearly visible through all the Si-Ca 
region while going to lower Z into the Al-Na region this drop seems to move towards the 
lower N. 

This was the reason why we made an attempt to clear up an evolution of two-neutron 
separation energies in this region. We used a fact that several particle stable nuclei [5, 6, 10] 
were found to exist in this region, however, their masses are not known yet. Nevertheless, 

213 



,.-, 
;;, 

Cl,l 

:E 35 

'-' 
i:::: 

M 30 

rn 

'.'5 

00 

15 

10 

5 

[
~---,-----,-.-/1 

r ; f 

,--, 
N~8 N=14 

--~-,------,-----,~-··. ·--·--=--· 
\ 

N=20 

~ 
CJ N=16 . /' " i l>;iJ"I /4: . 
·;~ 

1/Y~$1~ 
,~I 
8 10 1" I , I - 14 16 '_j 18 :?0 ri., _L_..1._ __ .....l_-1 I -- :?4 :?6 --~~;--L __ l 

_u 30 

z 
Figure 2: Experimental S2n values versus proton number Z. Dashed lines symbolize the 
changes of neutron shell closures 

their S2n values must be positive and therefore, we included the estimated S2,, values of 
the heaviest 23 N, 22 C and 29·31 F particle stable isotopes as well as some others to the 
graph and marked them by circles. The most important has proved to be the inclusion of 
S2n values for 29F and 31 F that allowed us to observe the sharp drop of 27F value followed 
by a moderate decrease of S2n values for 29F and 31 F giving a very clear evidence for the 
existence of the new shell closure at N=16 for fluorine. A similar behaviour confirming 
the N=16 shell closure one can also see at neon isotopes that exhibit a moderate decrease 
of S2n values for 29 Ne and 30Ne. We have already mentioned that in the Al-Na region the 
sharp drop in S2n values seems to move towards the lower N with decreasing Z. Now, we 
can make firm conclusion that it finally stabilizes at the vertical line at N =18 (new shell 
Nsh=l6) for F and Ne. 

It should be noted that the evidence for a new magic number N = 16 follows also from 
fig.2 where the S2n values are plotted versus atomic number Z. The position of various 
possible shells or pseudo-shells are also shown in the figure. The shells N =20 and 28 
appearing in fig.I are very clearly seen as large gaps in fig.2. The dashed lines in fig.2 
symbolize the changes of neutron shell closures from 28 to 26 and from 20 to 16 in neutron­
rich nuclei. However, both gaps are narrowing going to lower Z, till finally, at least the 
gap corresponding to N=20 completely disappears at Z=13, to emerge as the new N=16 
gap at Z=lO. This new gap governs over most of light Z neutron-rich nuclei and extends 
from carbon to neon. 

So we can state that a new shell closure at N=16 has appeared in neutron-rich nuclei 
for Z:C:::10 between the 2s1;2 and. ld3;2 orbits in the good agreement with Monte Carlo shell 
model calculations of Utsuno [11] and Otsuka [12]. This fact, strongly supported by the 
instability of C, N and O isotopes with N > 16, confirms the magic character of N=16 for 

214 

the neutron-rich nuclei in the region 6:C::: Z :C:::10, while the shell closure at N=20 tends to 
disappear for Z < 14. 

This is in a good agreement with recently published work of Ozawa et al. [13] where. 
however, the information on the magicity of N=l6 obtained from one neutron separation 
energies S1,. ancl the measurement of interaction cross section of radioactive beams a 1 is 
not so well pronounced. 

As has been already pointed out in ref. [8] the Cl, Sand P isotopes. however, exhibit a 
pronounced change of slope around N=26. Moreover, this change in the Cl and S isotopes 
is confirmed by the sharp drop at N=28. The discontinuity observed at N=26 in fig.I 
appears in fig.2 as a sufficiently large gap at N=26 for Z=l5,16 and 17. It is therefore 
evident that the representation of the S2n values in dependence of a charge number Z 
is very useful!. Another gap may appear at N=22 for 13:?:Z:?:9. The measurements [8] 
demonstrate that the shell structure for Cl, Sand P isotopes is.modified and that a pseudo­
shell closure arising from the onset of the deformation appears at N=26. These findings 
were reproduced by the shell model and relativistic mean field calculations. In a simplP 
Nilsson picture, for a prolate deformation of f32 ~ 0.2, a large gap appears between the 
lowest three orbits and the fourth orbital belonging to lf7;2- Oblate deformations would 
not be compatible with these observations. 

However, this pseudo-shell closure can be considered more probably as an examplP of 
shape coexistence and has to be of completely different character than the shell at N=lo. 

The existence of the N=l6 gap should manifest itself in the shell correction fl.M. which 
reads 

fl.M = fl.Mexp. fi.MFRLDM, 

where fl.Mexp is the experimental mass excess and ti.MFRLDM is the spherical macro­
scopic energy calculated by Moller and Nix [14] in the finite range liquid drop model. Well 
pronounced minima in the shell corrections appearing at N=l6 (or 15) for nuclei from 
oxygen up to aluminium. 
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SELECTIVE TRACK RADIOGRAPHY OF HEAVY ELEMENTS 
WITH ACCELERATED CHARGED PARTICLES 

V.P. Perelygin 

Join Institute for Nuclear Research, 1./1980 Dubna, Russia 

Abstract 
The new combined method of selective alpha-track and fission fragment track radiography of 
heavy metals (Ir, Os, Pt, Au, Pb, Bi) in solid specimens was developed. It bases on application 

of accelerated heavy ions 2H, 4He, 12C, 160, 2°Ne with the energy ~ 6 MeV per nucleon. 
These ions when struck the heavy metal containing minerals (Ir, Os, Pt, An, Pb, Bi) induce . 
the prompt fission of these nuclei and also produce in reactions (HI, xn) the alpha-active 
isotopes of 210Po, 206Po, 205Po. 

The prompt fission fragments arc registered with 15-20 µm thick mica crystal track 
detectors, close placed to the minerals before irradiation with charged particles beam. 

The locations of heavy metal in the ore minerals are clearly seen by f.f. tracks on mica 
detectors. After heavy ion exposure the minerals were placed in close contact with a-sensitive 
track detectors (CR-39, cellulose nitrate) for an appropriate time and track density pattern due 
to a-decay of Po isotopes, produced in (HI, xn) reactions with heavy metals was revealed too. 

The intercomparison of f.f. and a-track radiography pattern provides the unambiguous 
selection of Pb-Bi and Au-Os element containing grains in the ore minerals being 
investigated. 

The sensitivity of the method is at the level of 10·6 
- 107 gig, the space resolution is about 

10 µ111. 

1. Introduction 

The problem of low concentration selective measurements of the clements Bi, Pb and Au, Pt, 
Ir, Os in rich ore minerals is connected mainly with searching of new ore deposits. In many 
cases it is necessary to measure not only the average content of the heavy elements, but to 
determine its distribution in different minerals with the spatial resolution 10-20 µm. 

It is especially importation for search and thoroughful investigation of platinum ore 
deposits. In spite of that Pt content in the Earth is much higher than Pb, due to its unique 
chemical properties, the geochemistry of platinum was still poorly investigated. It is focusing 
to investigate properly the Pt content in its ore minerals in order to follow the process of 
platinum migration and enrichment in each particular minerals of these ores. 

The problem of selective determination of the heavy metals in rock minerals could not be 
solved with the help of neutron activation analysis due to the low spatial resolution, worse 
than ± 100 µm. The election microprobe analysis provides the necessary spatial resolution, 
but is rather time-consuming and expensive. 

The problem could be solved with the application of the intense beams of accelerated 
charged particles, which produces the nuclear activation of heavy metal nuclei. 

The accelerated heavy ion a-activation technique for high sensitive Pb exploration in 
solids was first proposed by Hamilton in 1971 (I). He used intense beams of accelerated 4He 
ions with energy 7.5 MeV/nuclcon to produce long-living nuclide 2101'0 (reaction 208Pb (a, 
2n) 

210
Po) in lead-containing solid materials. After helium ion exposure the specimens were 

placed in close contact with a-sensitive cellulose nitrate track detectors to register a-particles 
from radioactive decay of

210
Po nuclei. In later papers the accelerated 3He ions were used for 

Pb exploration in solids of non-organic (2) or organic (3) origin. In these experiments the 
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main a-decayin~ reaction was 206Po, generated in the nuclear reactions with lead isotopes: 
206Pb (3He, 3n) 06Po and 207Pb (3He, 4n) 206Po. The different method of Pb exploration in 
solid ore specimens was first realized in 1974 by Flerov et al. by applyu.·.z the accelerated 12C 
ions for producing short-lived a-active nuclei in the region of Ra-Po neutron-deficient 
isotopes (4). The sensitivity of Pb exploration with a-activation technique is high enough -
I o·'-1 o·6 gram of Pb per gram of ore specimens (5). 

The latter approach provides the other possibility of charged particle activation analysis. 
Indeed. the interaction of heavy charged particles with heavy nuclei ( Z ~ 70) realizes both in 
heavy ion capture cannels and in subsequent prompt fission of compound nuclei obtained. 
Such a competition in practice realizes in high -yield of prompt fission channel (cross section 
about I barn) and in (xn) evaporation reactions, which produce a number of a-decaying 
isotopes of Po - Rn isotopes also with rather high cross-sections - about n. l 02 millibam. 

Both prompt fission fragments and alpha-particles of the same heavy nuclei produced in 
nuclear reactions can be registered with appropriate solid state track detectors. 

The great choice of accelerated heavy ions-from hydrogen and helium isotopes up to 12C-
40 Ar ions enhanced the possibilities of the combined fission fragment - alpha decay track 
detection method for selective analysis of Bi-Pb and Au-Pt-Os content in diverse solid 
specimens. 

2. Experimental procedure 
In our work we always use the polished samples of heavy metal ores and mineral specimens 
being investigated and thin metal layers of Bi, Pb, Au, Pt, Ir, Os - for control measurements. 
The specimens and control metal layers were placed on the cooled massive metal rods 
mounted at 90° to the beam of accelerated nuclei. 

These rods were mounted at the edge of rotating disk with diameter 22 cm. situated 
inside vacuum chamber, placed at the external beam pattern of heavy ion cyclotrons U-200 or 
U-400 of Flerov Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research. 
Dubna. Just before the heavy ion exposure both specimens and control heavy metal foils, 
mounted onto the massive aluminum rods were covered from the beam side with 15-20 µm 
thick layers of muscovite mica, used as fission fragment track detector ( 6-8). 

~u ::::J 

Fig. 1. The experimental setup: 
I - massive mica track detector - 20 pm thick; 
2 - polished ore specimen; 
3 - massive Al rotating disk with a hole; 
4 - Faraday cup. 

The experimental setup is schematically presented at fig. I. The 22 cm dian1eter rotating 
aluminum disk was placed into vacuum chamber and then bombarded with heavy fluence of 
accelerated d, He, 

12
C or 

16
0 ions perpendicularly to the sample surfaces. The rotating Al disk 
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contain a hole though which the heavy ion beam periodically reach the Faraday cup used for 
permanent control of the beam intensity. Usually up to 20 polished ore specimens were 
mouthed at the edge of rotating disk. The total fluence of accelerated ions usually was in the 
range 1013 

- 1014 ions per cm2
• 

The beam profile was measured with track density of fission fragment due to the induced 
fission of Pb nuclei with accelerated 12C ions. The beam pattern of fig. 2 proofs the 
homogeneity of accelerated particles distributions on the surface of target minerals. The ion 
beam profile was about 25 mm in width as one can see from fig. 2. 

Also, because in such a study only "2-backward" geometry can be used, the angular 
distribution of fission fragment yield (in reaction of 9.1 MeVlnucleon 12C ion with 1 µm Pt 
foil) was measured. As one can see from fig. 3 the angular distribution of fission fragments 
generated in the reaction Pt (1 2C, i.f.) at the energy 9.1 MeVlnucleon in center-of-mass system 
is quite non-isotropic. 

That is why the experimental cross section in "2-backward" geometry does not exceed 
0.35 barn out of 1 barn of total induced fission cross section. 
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Fig. 2. The ion beam profile on target surface. 
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Fig. 3. Angular distribution of fission fragment 
produced in the interaction of 9.1 MeV/nucleon 
12C ions with I µm Pt foil. 

In order to determine the real yield of fission fragment produced in the thick (- 1 O µm) 
Pt, Au and Pb metal foils with accelerated 9.1 MeVlnucleon 12C ions we covered these foils 
with muscovite mice detectors and bombard all the assembly with the effective energies 5.6; 
6.7; 7.3; 7.9 and 8.7 MeV per nucleon. The excitation curves for induced fission partial cross­
section are presented at fig. 4. One can see, that the fission fragment cross-section in "2-
backward" geometry is nearly the same for Pt, Au and Pu nuclei. The application of monitor 
heavy metal foils allows one to determine the heavy element content in specimens simply by 
the rate of track density at specimen and heavy metal foils - Nspec I Neth, in gram of heavy 
nuclei per gram of specimen. 

After the exposes the muscovite mica layers were removed from the specimens and then 
annealed at 450°C in order to remove the background tracks due to the compound nuclei 
formed in the traction of heavy ion beam with mica bulk composing nuclei. The measured 
background track density for muscovite mica at different time of annealing is presented at 
fig. 5; the 12C ions fluence was 3- 1013 ions cm·2 in that case. 
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Fig. 4. The backward fission fragment creation 
cross-section crr of Pt, Au, Pb versus the energy 
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Fig, 5. Annealing behavior of compound nuclei 
background tracks in muscovite mica. 

As one can see from fig. 5, the background track density decreases by factor 5 due to the 
mica annealing at 450°C during 15 hours. Moreover, the background tracks become to be the 
shallow etch pits, when the fission fragment tracks still have the length from 2 µm up to 
10 µm, and shortens down only by 10%-15% in average, due to annealing at 450°C during 
15 hours 

The remaining background track density still is at the level of 5-102 tr.cm2· These tracks 
were formed due to the presence of K and also Fe minor admixtures in the natural muscovite 
mica crystals. The corresponding tracks due to the compound or recoil nuclei with Z 2'. 25 
produced with 

12
C ions could not be annealed in muscovite mica at any annealing conditions 

(9). That sets an upper limit for the total fluence of 12C - or heavier ions at the level of (2-
3 )· J 0

14 
cm·

2
, and subsequently, the sensitivity of Pt-Bi element determination with induced 

fission fragment registration is limited at the level (2-4)-10'7 gig. for natural mica detectors. 
In order to increase the sensitivity of the method we have tested at the same 12C ion beam 

conditions the artificial mica track detector - 10-15 µm thick fluorphlogopite crystals. After 
the exposure the fluorphlogopite mica foils were properly annealed. 

The chosen annealing - 480°C during 6 hours . allows one erase completely all the 
background tracks due to the recoil and compound nuclei in fluorphlogopite. This is due to 
the much lower sensitivity of this artificial mica which allows to anneal completely all the 
tracks of compound nuclei with Z 2: 36 (10). Fluorphlogopite mica practically contains also no 
Th-U nuclei (CTh u :S 10·

13 
gig) (10). It allows one to reach in principle the sensitivity for Bi-Pt 

determination at the level of sensitivity up to :5 10'8 gig in solid- ore or alloy-specimens. 
After the exposure the thin mica track detectors were removed both from specimens and 

heavy metal layers. Induced alpha-activity was registered with CR-39 plastic track detectors, 
placed in close contact with all irradiated specimens. 

The exposure time varies from 144 hours up to 1000 hours, which allows one to register 
effectively the alpha - decay of all the known Po isotopes, in our case in experiment with 
accelerated 12C ions. 

The a-activity measurements have demonstrated that Au is the lightest element capable 
of producing minor amount of a-active isotopes in its reactions with 12C ions. Our calcula­
tions of elemental synthesis in the Au (1 2C, xn) reactions confirmed generation of a-active At 
and Po isotopes therein. In the Pt (1 2C, xn) reaction, on the contrary, the a-active isotope 
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yields were found to be negligible. This result enables us that even close elements could be 
separated by a combined J.f. and a-particle detection, simply by comparing f .f. tracks and 
alpha-tracks pattern for the same specimen. 

a b 

Fig. 6. Ferro-platinum ore specimen (a) and fits fission 
fragment track replica with muscovite mica detector. 
The track density (b) is about 3-I06 tr-cm·2

• 

a b 

Fig. 7. Track radiography of Pt continuing pirite and 
piridine crystals. 

The minimum detectable elemental concentration (i.e., the least numbers of atoms within 
a local area) depends on the incident ion flux only (N =10 12-10 13 atoms at flux 1014 ions-cm·2). 

The photomicrograph of the spatial microdistribution of ferro-platinum in the natural ore 
specimen, and corresponding f.f. autoradiograph are shown at fig. 6 (a, b). The auto­
radiography was obtained by the specimen irradiation with the 12C ion flux 3-1013 cm·2• 

Platinum concentration was evaluated from the track density on the autoradiography (3 · 106 

tracks per cm2
) and it was found to be (61 ± 7)%. 

It is necessary to point out, that the alpha track density at that specimen was less than 102 

tracks per cm 2, which corresponds to the background level of CR-39 plastic track detectors. 
At fig. 7 (a, b) the f.f. tracks in mica due to the induced fission of Pt nuclei with 12C ions 

in pyrite and pyridine crystals are presented. As one can see from fig. 7 (a, b) two lower rather 
big crystals of pyridine contains Pt homogeneously in the volume, when pyrite crystal 
contains Pt (6nly at its surface (top crystal). 

3. Conclusion 
Summarising, the method proposed allows one to use the accelerated charged particles for 
selective track radiography of Bi, Pb, Au, and the elements of platinum group Pt, Ir, Os in 
ores (and also alloys) with the sensitivity up to 10·7 gram per gram. The fission fragment track 
radiography provides first the spatial resolution as high as ± 10 µm, which allows to find out a 
very fine (1 µm) crystals rich with heavy metals. It opens quite new possibilities of 
investigations of heavy metal containing ores and minerals, which is in particular especially 
important for detailed investigation of origin and genesis of platinum ore deposits. 
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Abstract 
The main goal of the present work is the search and identification of relatively stable nuclei of 
Super-Heavy Elements (SHE) (Z > 110) in galactic matter by fossil track study of non­
conducting crystals from the surface of meteorites and rocks from the lunar regolith. Nuclei of 
SHE are thought to be the products of nucleosynthesis in explosive processes in our galaxy 
(supernova r-process nucleosynthesis, and especially neutron-star formation, etc.). When 
accelerated to relativistic energies in the galaxy, they can produce extended trails of damage 
in non-conducting extraterrestrial crystals. The lifetime of such SHE in the galactic cosmic 
rays shall range from 103 to 107 years to be registered in extraterrestrial crystals. 

To search for and to identify the super-heavy nuclei in the galactic cosmic rays it was 
proposed to use the ability of non-conducting extraterrestrial crystals such as the olivines, 
pyroxenes and feldspars to register and to store for many million years the trails of damage 
produced by fast Z 2". 23 nuclei coming to rest in the crystalline lattice. The track lengths of 
fast Z 2". 23 nuclei are directly proportional to Z2 of these nuclei. 

The nuclei of SHE shall produce, when coming to rest in a crystal volume, tracks that are 
a factor of 1.6-1.8 longer than the tracks due to cosmic ray Th and U nuclei. To identify the 
tracks due to super-heavy nuclei, calibrations of the same crystals were performed with 
accelerated Au, Pb and U nuclei. For visualization of these tracks inside the crystal volume, 
proper controlled annealing and chemical etching procedures were developed. 

Since 1980 fossil tracks due to Th and U nuclei were observed and unambiguously 
identified (1988) by subsequent calibrations of the olivine crystals with accelerated U, Au and' 
Pb ions. The number of tracks of Th and U nuclei measured in olivine crystals totaled more 
than 1600, as compared with the prior 30 events. 

The other approach to identifying SHE in nature is to search for tracks in the phosphate 
crystals from spontaneous fission of Z 2". 110 nuclei; these produce 2-prong and 3-prong 
fission fra!ment tracks, and differ significantly from the tracks from spontaneous fission of 
238U and 2 4Pu nuclei. Extraterrestrial phosphate crystals of lunar and meteoritic origin will be 
investigated. Such SHE nuclei can survive in crystals of extraterrestrial rocks and produce the 
spontaneous fission tracks if the lifetime is more than 5xl07 years. 
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I. Introduction - Background and Justification 
The existence of relatively stable super-heavy elements (SHE) in nature was. predicted 
theoretically in the mid-1960's by Nilsson, Nix and Sobich~vsky (s~e re_f. 1). Ba~mg on the 
nuclear shell model it was estimated, that double-magic nuclei with atomic number 
11 o s z s 114 and neutron number N = 184 double "magic" closed shells of neclei can 
possess the lifetimes between 103 and 109 years. Thus, these elements, like Th and U, could 
survive in the earth and meteorites since the formation of solar system, about 4.6 G. Yago. 

Experimental attempts to discover long-lived SHE nuclei with the lifeti~es 2". _2x_l 08 

years in natural samples undertaken from the late 60s up to the late 70s provided hmited 
evidence of their existence in both terrestrial samples and meteorites. These experiments were 
done by studying alpha radioactivity and spontaneous fission, which can exceed significantly 
the effect of spontaneous fission of 238U. Still, no decisive information on the existence of 
SHE in the nature was obtained. 

In the early 70s a completely new approach was proposed to identify SHE nuclei in 
galactic matter. It was based on the ability of non-conducting crystals to register and to store 
the trails of damage due to fast, heavy cosmic-ray nuclei for many millions of years. The 
pioneering work was conducted by R.L. Fleischer, P.B. Price, R.M. Walker and colleagues, 
who discovered tracks due to trans-iron (Z 2". 36, VVH) cosmic-ray nuclei. In spite of many 
subsequent attempts by P.B. Price, D. Lal, M. Maurette, R.M. Walker and V.P. Perelygin (see 
ref. 1) during the 60s and 70s, no quantitative information was obtained on the charge spectra 
and the abundance of Z 2". 36 nuclei in cosmic rays. 

The new approach, first demonstrated in 1980 (Perelygin, refs. 2-4) was based (I) on 
partial controlled annealing of both fossil cosmic ray tracks and fresh ones from accelerated 
Kr, Xe, Au, Pb and U nuclei, and (2) revealing the volume etchable track length (VETL) of 
these nuclei in olivine crystals from meteorites. Specifically, olivine rich meteorites - the 
palasites Marjalahti, Eagle Station and Lipovsky Khrutor were chosen for such study. It is 
worth noting the incredible collecting power of extraterrestrial "natural orbital stations", i.e., 
meteorites. For example, through every cm2 of Marjalahti meteorite pre-atmospheric surface 
during its radiation exposure - 180 M. Y. the fluency of Z 2". 70 nuclei corresponds to an 
exposure of about 20000 m2 of plastic track detectors in space for one year. 

Unfortunately, the ablation of meteorites in the terrestrial atmosphere erased about 90% 
of such track information for the Marjalahti and Lipovsky meteorites just mentioned. The 
lunar crystals have a great advantage, the absence of ablation; we propose to choose 
individual lunar crystals that were situated in the upper 2 cm of the lunar regolith for many 
million years. 

Such crystals can be used to search not only for SHE nuclei (Z 2". 110-114, N = 184 ), and 
also for SSHE nuclei (Z about 160-180, N"' 320-360) - the possible long-lived double-magic 
nuclear remnants of desintegration and decay of pure neutron matter, ejected during the 
formation of neutron stars. 

Freshly formed nuclei with Z 2". 36, up to Z"' 110 and above, as it has been recently 
stated by S. Slavatinsky (5), are accelerated by the intense electromagnetic fields of exploding 
neutron star, to energies 106 GeV per nucleon. These nuclei can reach the solar system in as 
few as 10

3 
years and produce very long latent tracks in non-conducting crystals. 

Thus, we can seek SHE nuclei with a lifetime T 2". I 03 years in extraterrestrial crystals 
that have been exposed for many million of years at the surface of meteorites and the lunar 
regolith. Another way to identify SHE in nature is to search in phosphate crystals for tracks 
from spontaneous fission of Z 2". 110 nuclei; they produce 2-prong and 3-prong tracks, and 
differ significantly from the spontaneous fission tracks of 238U and 244Pu nuclei. 
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Extraterrestrial phosphate crystals of lunar and meteoritic origin will be investigated in 
future studies because these crystals began to register fission fragment tracks about 4.2-(3 
billion years ago - after the parent body of these extraterrestrial objects cooled (6). Such 
nuclei of SHE can survive in extraterrestrial rocks and produce tracks from spontaneous 

fission, if their lifetime is more than 5x 10
7 

years. 

2. Experimental 
2.1. Milestones 
Recent synthesis and discoveries of very stable isotopes of elements 110 - 116 sti?1ulated the 
present project. During 1999-2000 in the Flerov Laboratory of 1:'luclear_ ~eact10ns, JINR, 
Dubna Professor Yu.Ts. Oganessian and his colleagues succeed m obtammg a number,of 
rather 'neutron-rich isotopes of elements 112, I 14 and 116 in reactions of high-intensity 
breams of 48Ca with mono-isotopic targets of 2380, 244Pu and 248Cm, respectively (7). The 
most stable isotope obtained was the odd-even nuclide 285 112, which has a lifetime between 
l O and 30 min, compared to 10-60 sec for neighboring nuclei of Z = 110, 114 and 
milliseconds to seconds for Z = 116 or Z = 106-109 nuclei. Still the isotope 

285
112 has only 

173 neutrons - 11 less than the magic number N = 184. 
For the known actinide nuclei (Z = 89-98) such a neutron difference for the lightest and 

most stable isotopes provides a stabilization factor of 1010-10 13 in lifetime. The discovery of 
new very stable isotope of element 112 provides final, unambiguous proof of the existence of 
a new island of relatively stable SHE nuclei; the island was predicted theoretically much 
earlier. Now we point out that there is no way to produce a neutron number of 184 using 
present-day accelerators and target nuclei. The only. way to find double-magic SHE nuclei is 
to seek these nuclei in natural samples. 

2.2. Registration of the heaviest cosmic-ray nuclei 

There are two approaches to understanding registration of ultra-heavy (Z 2 36) galactic 
cosmic-ray nuclei. The traditional investigation of ultra-heavy nuclei in galactic cosmic rays 
was based on present-day registration of these nuclei in space using large-area stacks of 
nuclear emulsions and/or plastic track detectors. Historically, the study of the heaviest 
cosmic-ray component was initiated by Fowler et al. in l 967, using 4.5 m2 stack of nuclear 
emulsions exposed near the top of the atmosphere with a balloon for a few days. 

Then, in the late sixties to the mid-seventies a number of research groups exposed large 
stacks of nuclear emulsions and plastic detectors on balloons and in the orbital station Skylab. 
From the start of the 80s, two systems of big electronic detectors started to register cosmic-ray 
nuclei on the orbital stations Ariel-6 and HEAO-3 (2-4). The main disadvantage of that 
approach is a very low flux of the heaviest cosmic-ray nuclei. As a result, during 1981-1984 
only 3 cosmic-ray nuclei with Z 2 89 were definitely registered with the two electronic 
detectors. During l 985-1990, using the NASA LDEF, a large stack of plastics was exposed by 
the Dyblin-ESTEC group (7). In spite of an exposure for 69 months of 46 m2 of plastic track 
detectors, only 27 actinide nuclei were registered (see ref. 4). No track of Z 2 110 cosmic-ray 
nuclei was found. 

The other type of galactic cosmic-ray investigation used the ability of non-conducting 
meteoritic crystals - pyroxenes, olivine, feldspars, phosphates - to register and to store for 
many tens and hundreds M.Y. tracks of nuclei with Z 2 20 (the Fe group and heavier nuclei). 

But obtaining quantitative information on the charge and energy spectra of ultra-heavy 
cosmic-ray nuclei from fossil tracks in extraterrestrial crystals encounters methodological 
problems. One is the very high background of Fe-group nuclei, (10 10-10 12 tracks per cm2

); 

another problem is partial annealing of track in silicate crystals that occurs under the 

224 

conditions of outer space. This annealing prevents direct comparison of the etchable track 
length of fossil tracks and those of fresh tracks (used to calibrate the same crystals using 
accelerated heavy ions (Z = 20-92). Thus attempts made in the late of the 60s to the early 70s 
to study the heaviest galactic cosmic-ray nuclei by tracks in meteoritic and lunar crystals 
yielded only qualitative results for cosmic-ray nuclei with Z > 83 (for a review see ref. I). 

Freshly synthesized SHE nuclei in our galaxy, accelerated to relativistic energies, can 
produce extended trails of damage in meteoritic and lunar crystals. The volume attachable 
track length (VETL) of these nuclei is proportional to Z2

. Thus, the Z = 110 - 114 super 
heavy nuclei produce tracks that are a factor 1.6 - 1.8 longer than tracks due to fast Th or U 
ions. The main advantage of fossil track studies in extraterrestrial olivine crystals is the very 
long exposure time - about 200 M.Y. for Marjalahti and Lipovsky meteorites. Crystals in 
these. meteorites contain up to l 02 Th and U cosmic-ray tracks per cm 3. 

For quantitative information, the technique of controlled annealing technique of tracks in 
crystals prior to etching was originally applied to olivines from the meteorites Marjalahati and 
Eagle Station. The procedure chosen for annealing olivine, at 430°C for 32 hr, erased fossil 
tracks from Fe nuclei (10 10-10 11 cm-3

), and shorted tracks of Z > 50 nuclei by a factor of 6-8. 
More importantly differences were removed in the thermal history of the tracks, which had 
been recorded during the space exposure of these meteorites, over a few tens to hundreds of 
M.Y. 
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Fig. 1. The VETL spectrum of fossil tracks due to 
!\alactic cosmic-ray nuclei and due to accelerated 

38
U in meteoritic olivine crystals annealed at 

430°C for 32 hr before etching 90% of the tracks 
were measured in crystals from the Marjalahti 
meteorite: 

a - fossil track-length spectra (ref. 2); 
b - fossil track-length spectra (refs. 3, 4); 
c - track-length spectra due to accelerated 238U 

nuclei (ref. 3). 
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In 1980 Perelygin (ref. 2) found the VETLs of Pt-Pb and Th and U galactic cosmic-ray 
nuclei in meteoritic olivine crystals annealed at 430°C for 32 hr were about I 00-130 µm and 
160-180 rim respectively (Fig. la). 

These tracks of different lengths were unambiguously identified in 1988 by calibrations 
of the same olivine crystals with accelerated Au, Pb and U nuclei. In further studies, more 
than I 600 fossil tracks of Th and U nuclei were measured (Fig. I b ). for these annealing 
conditions 11 extra-long tracks (L = 340-380 µm) were found (ref. 3, 4). The correspondence 
of fossil and fresh 208Pb and 238U tracks was clear after annealing at 450°C for 32 hr, as seen 
in Fig. 2a, b. In spite of the limited statistics in Fig. 2, a single fossil track with the length of 
2 250 µm was seen. The maximum track length of Th or U nuclei can not exceed 200 ftm 
under these annealing conditions at any orientation in olivine. Detailed X-ray and optical 
analysis show that 5 of the 11 anomalously long tracks could not be from Th or U cosmic 
rays. Thus we have the evidence of SHE nuclei; their abundance relative to the actinide 
elements is - (3-1 0)x 10·3. 

The proposed main goal of future studies is to obtain conclusive necessary and sufficient, 
proofs of the existence of SHE nuclei in galactic matter for lifetimes T2 I 03 years. 

2.3. Spontaneous fission of Z;:: 110 nuclei 
The other possibility for study is the search for and identification of fossil tracks from 
spontaneous fission of Z 2 110 nuclei in extraterrestrial phosphate crystals. There are two· 
possibilities: 

1. The annealing behavior of tracks from spontaneous fission differs drastically in 
phosphates for actinides and for SHE. The proper annealing (for instance, at 450°C for 32 hr 
for Marjalahti whitlockite) provides separation of fission fragment tracks of mu and 244Pu 
spontaneous fission from those of spontaneous fission of to Z 2 110 nuclei. The volume 
etchable track lengths differ by a factor of 2. The fossil track-length spectra must be compared 
with those from thermal-neutron-induced fission of 235U in the same crystals annealed under 
the same conditions. Such tracks should provide proof of spontaneous fission of Z 2 110 
nuclei, if present. 

2. The estimated probability of ternary spontaneous fission of Z = 110-114 nuclei as 
compared with binary fission is 10·3 to 10·4_ For actinide nuclei that ratio is ~ 10·7_ These 3-
prong tracks also will have mean length 20% greater than those of binary tracks due to 
spontaneous fission of actinide nuclei. Thus, the observation and measurements of such 3-
prong spontaneous fission tracks in phosphate crystals would provide unambiguous proofs of 
SHE nuclei in solar system. 

In both cases we must revel spontaneous fission tracks on polished surfaces of the 
crystals. For such a study we shall use the accelerated Z 2 30 ions with energy 2 10 MeV per 
nucleon at 90° to the surface. The fluency of accelerated ions will be in the range 5x I 05 -2x I 06 

ions per cm
2

• Such bombardments could be performed at cyclotrons U-400, FLNR, JINR, 
Dubna, GSI UNILAC, Darmstadt, GANIL Tandem Cyclotrons, Caen. 

3. Research Milestones 

The basic method of the proposed studies is the controlled partial annealing of both fossil 
cosmic-ray tracks and fresh ones accelerated Kr, Xe, Au, Pb and U nuclei, the revelation of 
these tracks inside meteoritic and lunar silicates and phosphates, and measurement and 
analysis of the volume etchable track-length (VETL) spectra. 

For that purpose the etching solution must be delivered inside crystal volume either by 
artificial cracks, produced by a well-focused Nd laser beam, or (better) by bombarding of 
polished crystals with Z 2 26 nuclei accelerated at JINR Dubna; GANIL, Caen tandem 
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cyclotron SIS-UNILAC accelerator, Darmstadt. Also these facilities shall be used for 
calibratin~ the sensitivity of meteoritic and lunar silicates with accelerated 197Au, 208Pb and 
238U of energies 20-50 MeV per nucleon. There are two main ways to releaze the proposed 
goal of unambiguous discovery and identification of long-lived SHE nuclei in natural 
samples. 

First is the search for and identification of anomalously long tracks produced by Z 2 110 
galactic cosmic-ray nuclei in extraterrestrial olivine crystals. For that purpose the main object 
of study will be the Eagle Station pallasite, which contains positions that were only 2-3 cm 
from the pre-atmospheric surface. Olivine crystals from these locations are very rich in Z 2 50 
nuclei, many more than were found in the Marjalahti pallasite. We estimate that in 10-12 cm3 

of these olivines we will be able to find and identify up to IO anomalously long tracks. The 
annealing of these crystals at 440-450°C will eliminate the background of Th and U nuclei at 
any orientation in olivine, but not the Z 2 110 nuclei. 

Second, we plan to identify of tracks from spontaneous fission of SHE in extraterrestrial 
phosphate crystals. These will be in the presence of a si~nificant background from 
spontaneous fission of 238U. Also in old extraterrestrial samples 44Pu must be dealt with. To 
distinguish the SHE tracks we will use the track-in-track (TINT) technique to reveal 3-prong 
spontaneous fission tracks and will employ controlled annealing of these crystals (in the case 
of 2-prong events). In our study we shall choose whitlocite and stanfildite crystals from the 
meteorites Marjalahti, Lipovsky Khutor, Omolon; and phosphates from Luna-16, Luna-24 
probes. 
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Usage of different kinds of radionuclides becomes more wide-spread in the present 
radiotherapy, and particularly in the tumor therapy. However irradiation of the tumors with 
external radiation sources or brachytherapy usually lacks specificity. As a result, these 
sources often cannot be applied at potentially curative levels because their toxicity to 
normal tissues. Targeted radionuclide therapy, also called endoradiotherapy, is an 
attractive alternative to external beam radiotherapy because it attempts to exploit 
anatomical and biochemical features in order to enhance specificity of tumor cell 
cytotoxicity. An advantage of targeted radiotherapy is that radionuclides are available with 
a wide variety of emission types and energies. Thus, it is possible to select a radionuclide 
whose radiation is most appropriate for the treatment of certain type of tumor. 

The vast majority of clinical applications of targeted radiotherapy have involved J3-
emitting radionuclides such as 131 1 and 90Y. They deposit their energy over the distance of 
several millimeters, resulting in the fact that this type of radiation can be applied for the 
treatment of relatively large tumors. At the present time Auger-electron emitters and a­
emitters also seem to be perspective for the proposes of radiotherapy. These approaches are 
attractive because their radiation is of more confined range in tissue and of higher relative 

biological effectiveness. 
Actually, a-emitters possess two general advantages. First, it is the short range of 

particles emitted in tissue (60-65 µm, which equals several diameters of a cell). It provides 
targeted damage of the cells and it decreases normal tissue irradiation. Second, it is the 
high linear energy transfer (LET, 80-120 keV/µm). It induces damages in the cell which 
the cell cannot repair, it provides minimal difference between normal and tumor tissue 
oxygenation with oxygen enchacement ratio (OER) close to I. The latter fact makes it 
possible to achieve maximum relative biological effectiveness (RBE). 

While selecting an a-emitting radionuclides for therapeutic applications a number 

of factors must be considered: 
I. Regarding nuclear properties of a radionuclide, the fraction of decays involving 

the emission of a-particles should be high. 
2. For many applications the absence ofJ3-pa1ticles is advantageous. 
3. The radionuclide should have stable or long-lived decay products. 
4. The emission of y- or x-rays with the energy appropriate for external imaging 

would be helpful for in vivo monitoring. 
5. The physical half-life of the radionuclide should be long enough for convenient 

radiosynthesis. The radionuclide should also be compatible with the dynamics of tumor 
localization and retention of the intended carrier molecule. 

6. Radiochemical strategies must be available to label the carrier molecule with 
reasonable yield and in such a way that the labeled molecule has adequate stability in vivo, 

as well as the labeled products of catabolism are excreted rapidly. 
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7. The radionuclide should be produced in sufficient quantity and possess isotopic 
purity to permit clinical use. 

As a result of these requirements, the only a-emitters which have received serious 
attention in endoradiotherapy are 225Ac, 212Bi, 213Bi, 211At, 149Tb, 225Fm. For our 
investigations we have chosen an 211At and the iodine isotopes. 

Astatine is the last element in the group VII (halogens) in the Periodic Table of 
chemical elements. Astatine doesn't have natural and stable isotopes as well. From the two 
of most long-lived isotopes, 210At and 211 At (half-life periods are 8.3 and 7.2 h 
respectively), only the last one is suitable for the clinical application. The reason for this is 
the fact that the neighboring 210At decays to the long-lived a-particle emitter 210Po (138 d), 
whose presence must be strictly avoided according to the practical radiation protection 
standards. For the same reason, the high purity of 211 At for the experimental work and 
possible in vivo use is mandatory. 

211 At is a pure a-emitter (half-life period is 7,2 h), which is suitable for damage of 
targeted cells in vivo. 211At decays by two pathways: by direct a-particle emission with 
transition to long-lived 207Bi (41.8 %, 5.78 MeV; T112 Bi = 38 years), and by electron 
capture with conversion to 211 Po (T 112 = 0.5 s), which also decays via a-particle emission 
with mean particle energy at about 7.45 MeV. Both of 211At decay pathways result in the 
production of stable 207Pb. 211 At emits one a-particle per disintegration with a mean energy 
of6.72 MeV. Emitted a-particles possess high LET at about 98.84 keV/µm. 

Organ and tissue specificity of 211At proves to be very close to the nearest halogen 
in the Periodic Table - iodine. For example, 211At also naturally accumulates in thyroid 
gland, however to a less extent than iodine does (the thyroid:blood ratio is 180: l and 
220: I, respectively). As for pure 211 At, it doesn't possess any organ or tissue affinity. 

As far as the specificity of the a-emitted radionuclide therapy with confined range 
of a-particles is concerned, this kind of irradiation can be effective in two cases: in the 
treatment of small colonies of metastatic cells or disseminated tumors (such as lymphoma 
and melanoma), and in the treatment of the cavitary cancers. In the first case a tumor­
specific carrier has to be used for direct delivery of the radionuclide to the tumor cells. 
Targeting effect in the second case is achieved by retaining the radionuclide in the cancer 
cavity during all period of decay. 

In our Department we have carried out research in two different directions. The 
first works included experiments with the Ehrlich ascitic carcinoma (EAC) cells. Our 
presented works are dedicated to experimental substantiating of targeted therapy of human 
pigmented melanoma. 

As one may know, melanoma is an aggressive and rather wide-spread kind of 
tumors. This cancer is the disease of melanocytes, special cells that produce a pigment, 
called melanin. Besides for the skin, melanin-producing cells are also found in the mouth, 
eye, gut and some other areas. The property which makes melanoma exceptionally 
malignant tumor, is its active metastatic ability. Disseminated melanoma cells arise in early 
stages of the cancer development, often before the primary tumor diagnosis, and spread 
through blood or lymphatic vessels residing in lungs and in other places of the body which 
are hard to predict given any certain case of the disease. Besides, melanoma cells are 
characterized by well-developed repair system and high redioresistance which makes it 
exceptionally difficult for the common tumor therapy as well as external beam irradiation 
to be applied. 
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Melanoma is not an uncommon type of cancer and the number of new cases of 
melanoma has tended to rise each year. The higher risk of melanoma development occurs 
in fair skinned persons. This cancer is most wide-spread among white inhabitants of 
Australia. 

As it happens to any cancer, the results of the treatment often depend on the stage 
of the tumor progression. Thus, diagnostics plays one of the primary roles. The vast 
majority of the presented cancer diagnostic has proven to be non-effective for melanoma, 
because they are unable to differentiate malignant cancer from non-malignancies of the 
skin. Radioisotope diagnostic seems to be more accurate. Today the method of choice for 
melanoma therapy is chemotherapy, but it allows to obtain the remission in 20% of the 
cases only. Immunotherapy as well as radioimmunotherapy seem to be alternative 
methods, however, at the present time they are in the stage of development. 

Our experiments were based on the fact that melanoma cells contain pigment 
melanin which possesses high binding affinity to some polycyclic compounds, particularly 
phenothiazine derivatives. One of them, 3,7-(dimethylamino)-phenazathionium chloride, 
or methylene blue (MTB), seems to be useful in clinical application' due to its low general 
toxicity. It is widely useful for clinical application with a respective dose equal to 1-4 
mg/kg of body weight per day. The idea to investigate radionuclide in complex with MTB 
belongs to English scientists. Some works that they have presented confirm high affinity of 
MTB to the pigmented melanoma cells, and show encouraging results. The topics becomes 
very urgent if to take into consideration an existing demand in a radiopharmaceutical of 

this kind. 
First our experiments were aimed at studying the therapeutic efficacy of the 

211
At-

tellurium colloid towards EAC cells in vivo. Experiments with human melanoma were 
aimed at obtaining a direct quantitative evaluation of in vitro damage induced in pigmented 
melanoma cells and non-pigmented normal cells. The distinct question was to compare the 
survival of cells after treatment with 211 At and 211 At-MTB, and to compare the 
accumulation levels of these compounds in the cells. Experiments in vivo were proposed to 
obtain qualitative results of accumulation of MTB and its kinetics in complex with iodine 
isotopes. The choice of the iodine is caused by the reasons of: 1) the most worked out 
methods of usage of this isotope; 2) close biochemical features of iodine and astatine; 3} a 
possibility of iodine application in diagnostic and treatment of large tumors of pigmented 

melanoma. 

Experimental part 

2//At and 211At-MTB production 
211 At was produced by the 209Bi(a,2n)211 At reaction on U-200 cyclotron in 

Laboratory of Nuclear Reactions, JINR, Dubna. Today it is the most suitable way of the 
astatine production for the experimental work because of a high purity grade of the 
produced isotope. Another possible production process via proton irradiation of tritium 
target (232Th(p,xn)211Rn) with separation of 211 At from radon isotopes seems to be not 
useful for medical application because of high contamination with the neighboring 
radioisotope 210At (T 112 = 8.3 h). Maximum activity yield achieved was about 400 kBq. 
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211 At sorbtion on tellurium crystals (20-25 mkm diameter) was passed in HN03 
solution during 2-3 min. Then tellurium particles were washed with NaCl solution and 
injected into the mice in this form. 

Binding of 211 At to methylene blue was carried out through electrophylic exchange. 

Investigations of2 //At-Te colloid at EAC cells in vivo 
211 At adsorbed by tellurium particles was administered into the peritoneal cavity of 

mice 2 days after the intraperitoneal injection of lx107 ascitic cells. At the same time 
different number ofEAC cells (from 10 to 107

) were implanted into control mice. The life 
and death rate of control and experimental animals was determined, which allowed 
survival of radiation-affected EAC cells to be calculated in our model. 

The results show that mice with transplanted ascitic tumors had longer life after 
intraperitoneal injection of 0.1-1.5 MBq of 211 At-Te colloid (see table). 25-30% of mice 
were cured after injection of 1.5-2.0 MBq. Autopsy of cured mice after 3 months did not 
show either ascites or large tumors. 
Table. Influence of 211 At-Te activity on the mean life rate and survival of mice with EAC. 

211 At activity, MBq Number of animals Mean survival, days Number of cured 
animals 

0.10 10 16.6 .. . 0-

0.18 10 22.2 0 
0.30 10 25.6 0 
0.74 7 33.4 0 
1.5 7 51.0 2 
2.0 6 46.8 3 

Control 40 14.6 0 

We think that 211 At is not excreted from the peritoneal cavity because of the large 
size of the tellurium particles and remains in contact with tumor cells for all its decay time. 
As we suppose, some of the tumor cells could avoid contact with 211 At-Te particles. In the 
experiments the cell irradiation intensity depended only on the 211 At concentration in the 
medium surrounding the cells. 

Experimental approach to human melanoma therapy 
Experiments were carried out on pigmented Human melanoma BRO and Chinese 

hamster V-79 fibroblasts. Both cell lines were incubated in standard conditions. 
To study the accumulation of 211 At and 211 At-MTB melanoma cells were plated and 

grown as mono layer during 2 days, and after that 211 At-MTB as well as 211 At in ionic form 
were injected with activity of 18,5 kBq/ml. The activity accumulated by cells was 
measured in different time after injection. The results are presented on fig. I. 

The maximum accumulation of 211 At-MTB by melanoma cells occurs in 2 h after 
injection and is two times higher than that of non-pigmented cells. At the same time 

211
At 

in ionic form is accumulated by both cell lines in similar and insignificant way. 
The effectiveness of 211 At and 211 At-MTB treatments was evaluated by cells 

clonogenic ability with the aid of method proposed by T.T. Puck and P.I. Marcus. Cells 
maintained as monolayer were resuspended and plated into the fresh medium. After IO or 
24 hours cells were incubated in medium containing various radioactive concentrations -

231 



from Oto 370 kBq/ml of 211At and 211 At-MTB for 3 h. Non-toxic concentration of MTB 
was estimated to be about 5 mg/ml which limits the injection of the compound. Control 
incubations were carried out with all conditions kept the same except for radiation 
injections. After that flasks were washed for three times and cells were allowed to 
proliferate in a fresh medium for 8 to 10 days. Mature colonies were fixed by 10% 
formalin solution and dyed with methylene blue. The number of grown clones was 
calculated manually. Cells survival was estimated as correlation: 

[plating efficiency in the experiment] / [plating efficiency in control], 
where [plating efficiency] is defined as correlation of a number of surviving cells to 

that have been plated. 
Treatment with 211 At and 211 At-MTB (results were presented on dose-survival 

curves, fig. 2) shows considerable decrease of survival of melanoma cells after 
211 

At-MTB 
injections. The dose modifying factor (DMF), defined as correlation of equal activities of 
211At and 211 At-MTB, was estimated close to 30. The dose, required for 37% cells survival 
is about 4.8 kBq/ml of medium. 

At the same time the Chinese hamster cells survival after the 
211

At and 
211

At-MTB 
treatment shows mean value of dose modifying factor 2 (fig. 3), since dose decreasing 
survival of the cells was 44.4 kBq/ml. Observed differences in non-pigmented cells 
survival may be attributed to negligible uptake of radioactive MTB by these cells. The 
survival of cells after treatment with 211At in ionic form was similar (and one order of 
magnitude higher) for each cell type. 

In general terms, the presented experiments on both cell lines shown obvious 
difference between 211At and 211At-MTB influence on normal and pigmented cells survival. 
The results let us to report one order of magnitude lower cell ·survival after 

211
At-MTB 

injection on pigmented melanoma cells as compared to normal fibroblasts. 
Preliminary experiments with iodinated MTB in vivo were carried out on white rats 

and black mice. 131 1-MTB was injected into the tail vein of the animals. The first 
experiment was carried out on healthy animals, the last - on the tumor bearing mice at the 
9th-I I th day after tumor transplantation. In some experiments the thyroid gland was blocked 
by previous injection of KI solution. At different points of time since the injection the 
treated mice were sacrificed and a radioactivity of each organ was calculated. 

The results show rapid accumulation of radioiodinated methylene blue practically 
in all tissues and organs (fig. 4). 

Rapid excretion of the compound from all the organs was observed during first 24 
h. However, its accumulation in tumor was maximal in 24 h and stayed at a high level at 
least first 2 days after the injection. We have not the possibility to observe the 
pharmacokinetics for a longer time in a case of absence of a large amount of tumor-bearing 
animals in one experiment. 

The obtained results allow to affirm that 211 At-MTB is capable to act selectively, 
damaging melanoma cells with selective accumulation in pigmented cells. Thus, the MTB 
tagged 211At can be regarded as an affective adjuvant aimed at preventing the metastatic 
process, in the complex therapy of disseminated melanoma. For diagnostic of the 
melanoma 1231 seems to be quite suitable; as for the treatment, well-known isotopes 

131
1 

and 1251, !3-emitters, and the 211 At, an a-emitter, also proves to be curative. 
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Conclusions 

The results illustrate possibilities of 211 At a-radiation in radiotherapy of the tumors 
application. 

211
At adsorbed on tellurium particles proves to be curative in the treatment of 

cavitary cancers, particularly, of Ehrlich ascitic carcinoma, 
Compounds based on methylene blue (MTB) seem to be ~erspective in diagnostics 

and treatment of pigmented melanoma, The accumulation of 11 At-MTB compound in 
pigmented melanoma cells in vitro is two times higher than its accumulation in non­
pigmented cells, The results obtained after the 211At-MTB treatment in vitro show one 
order of magnitude higher treatment efficiency on pigmented melanoma cells relative to 
normal cells, while action of 211 At-MTB irradiation on normal non-pigmented cells was 
practically non-effective. The experiments in vivo show rapid excretion of 131 I-MTB from 
all tissues, while an observed accumulation of the compound in pigmented melanomas is 
high enough during at least first 24 hours. 

Thus, we suggest a possibility of 111 At-MTB application in targeted therapy of some 
types of cancer (i. e. ascitic carcinomas or pigmented melanoma), The present work 
confirms this possibility with qualitative and quantitative results and promotes further 
experimental projects in this field of research, 
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MAGNETO-OPTICAL CHARACTERISTICS OF HUMAN SERUM 

M. SURMA, Optics Laboratory,lnstitute of Physics,A.Mickiewicz University 
Poznan, Poland 

Summary 

The magneto-optical circular birefringence of human serum is presented in the work. 

The serum samples investigated came from 50 disease patients. The patients were 

clinically diagnosed with: rectal cancer, prostate cancer, ovarian cancer, brest 

cancer, plasmocytoma, sarcoma and 12 of these patients were in clinical observation 

within a period of 3-12 months. Blood serum samples of these patients and 23 

qualified blood donors have been analysed by the high magnetic field circular 

birefringence effect. Results of high magnetic field -induced circular birefringence in 

serum proved an unquestionable indication of disease development. 

The intra-centrifuged blood is optically active. Apart from its natural optical activity 

(NOA), the serum shows the magneto-optical circular birefringence (MOCB) induced 

by the magnetic field B. The induced circular birefringence rotation a of the light 

polarization plane is a superposition of the linear (8), quadratic (82
) and cubic (a3) 

field dependent terms. In a magnetic field of high intensity (8>10 Tesla ) the natural 

rotation ao(O) in a chiral medium (serum) becomes quadratic (82
) field dependent. 

The quadratic field dependent rotation in serum might be recognized as 

a quantitative oncological marker. 
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PATIENTS AND METHOD 

For all disease patients whose serum samples were subjected to magneto-optical 

studies their individual medical treatment results were monitored at the Greater 

Poland Cancer Center. The patients with malignant cases were under clinical 

observation for 3-12 months. Clinical response to treatment was evaluated on the 

basis of physical examination; blood tests, serum markers, X-ray, Ultrasonography or 

CT-eomputed tomography. The study of the MOCB effect was performed at the 

Adam Mickiewicz University , Optics Laboratory. 

The total rotation of the light polarization plane in a chiral medium (serum) is att 

for the parallel configuration [(Bilk)] and aH for the antiparallel [(-Bilk)] 

configuration of B and k. The light polarization planes of the beams att, [(Bilk)], 

and aH, [(-Bilk)], leaving the medium with a>O, b>0, c>0 are rotated, 

respectively by 1>: 

att =(a8 +ba2 +c83 + ... )L, (1) 

aH =(-a8 +b82 -c83 + ... )L. 

In eqs.1 the term c83 describes the non-linear Faraday effect, the term b82 is 

a measure of the change of NOA of the chiral medium in magnetic field2
•
3

•
4>, the term 

a8 is the linear Faraday effect, -and L is the length of the chiral medium subjected to 

the magnetic field induction B vector and k light propagation vector, kill. 

The natural rotation ao (8=0)= a0 is not introduced in eqs.1. 

Any change in the a, b and c coefficients of the chiral medium investigated 

i.e. serum, can be an indicator of structural deformation/mutation of the chiral 

molecules (proteins) and/or as an indicator of the process leading to an increase in 

the number (density) of structurally defected chiral molecules (proteins) with respect 

to the values corresponding to standard metabolism. 

Among 85 samples investigated5
·
6>, 50 came from cancer patients and 23 from 

patients recognized as perfect blood donors. From the group of 50 patients the 

magneto-optical measurement were performed for 12 patients again, after several 

months, in order to detect changes (if any) of the magneto-optical coefficients a, b 
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and c values of their serum. Measurements were performed in strong pulse 

magnetic fields up to 8=30 Tesla and laser light beam of the wavelength 

of ,1,=488nm. All of the serum samples subjected to the 8 magnetic field and 

the electromagnetic field of the laser beam were placed in cells of L=5mm in length. 

Detailed description of the experimental set-up is given in paper1>. The magneto­

optical circular birefringence per unit path length according to eqs.1, can be 

expressed in the units of a, b, c coefficients:deg T 1 m·1, degT2 m·1 and 

deg T 3 m·1
, respectively. The effects of the quadratic magnetic field-induced circular 

birefringence (b82L) and non-linear Faraday (cWL) rotation in a chiral medium i.e. 

serum are clearly observed1l for 8>10 Tesla. The NOA (natural circular birefringence 

ao of the investigated serum samples: L=5mm) was measured by the classical 

method with an accuracy of ±0.01 degree and expressed in deg m·1 (degrees in arc 

of rotation related to 1 m of thickness of a serum sample). The error in the 

determination of coefficients a, b and c is ±0.5%, ±2% and ±10%, respectiveIy2>. 

For all of the serum samples investigated, their NOA was positive, ao>0. In order to 

calculate MOCB effect in degrees of rotation: a(8) = a8L, a(82
) = b82L 

and a(83
) = c83L the values of a, b, c given in Tables I - IV are to be multiplied 

by 2·102 for L = 1m. 

RESULTS 

MOCB of serum from qualified donors 

Blood serum samples from qualified donors of biood for transfusion were subjected 

to magneto-optical studies in order to determine the a, b, c coefficients and a0 

of their serum to be used as reference. The results of the measurements for 

exemplary 8 samples are displayed in Table I. The serum samples from these 8 

donors are characterized by positive natural optical activity (a0>1) and positive 

values of a, b and c magneto-optical coefficients. So, the sings of a0 , a, b and c 

are the same as those observed for dextrorotatory chiral mirror image molecules4>. 

From the data given in the Table I we notice that the values of coefficient a do not 

differ from one another by more then a few percent. These results indicate that the a 
coefficient (linear Faraday effect) is not very sensitive to the change of molecular 

structure of serum (proteins). On the other hand, the values of b and c coefficients 

are more scattered. However, the observed scatter of results of b and c values could 
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serum samples investigated. The differences between b and c values have no 

correlation to the Rh-identification of the blood (Table I). 

MOCB of Serum From Rectal Cancer Patients 

The data presented in Table II, for exemplary 3 rectal cancer patients, indicate 

the changes of the a0 and a, b, c magneto-optical coefficents within the time 

of the patient medical control. 

For the rectal cancer patient (Table II; No.1), the magneto-optical studies gave a
0
>0, 

b<0, c>0 on Oct.1st,1996, while his serum marker determination was CEA:452ng/l 

(carcinoembryonic antigen). After radiation treatment (Feb.13th, 1997) CEA marker 

dropped to 195 and magneto-optical analysis of serum gave: a0>0, b>0, c>0. 

Medical report stated a considerable improvement of the patient health. Four months 

later, on June 12th, 1997 the results of the magneto-optical study were a0>0, b<0, 

c<0, and the CEA marker value of 375. Medical report stated a significant 

deterioration of the patient health. The correlation between the changes in a, b, 

c coefficients and the medical examination results is obvious. A similar correlation 

between the medical diagnosis and MOCB patient serum studies was noted for 

patient No.2, Table II, with recognized rectal cancer (Feb.24, 1997). On June 11, 

1997, after 4 months therapy, a significant decrease in b and c coefficients was 

noted which signalled unsuccessful response to the therapy confirmed by the marker 

determination (CEA:7.9). The magneto-optical coefficients a, b, c of the serum of 

the patient with rectal cancer (Table II; No3) also well correlate to the medical 

diagnossis. 

MOCB of Serum from Cancerous Patients: Prostate Cancer, Ovarian Cancer, 

Testicular Cancer and Sarcoma, Plasmocytoma 

The data in Table III present medical diagnosis and the MOCB, NOA results 

for cancer patients serum. The patient No.1 (Table Ill) was diagnosed with prostate 

cancer and patients: No 2, 3, 4 with ovarian cancer, sarcoma with distant metastases 

and plasmocytoma, respectively. The results presented indicate a very good 

correlation between the medical diagnosis and the data of the proposed method of 

quantitative physical identification of malignant disease expressed as a correlation 
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between the medical marker (patients 1 and 2) and the b coefficient value. 

The results of magneto-optical measurements of serum samples presented in 

Table IV; patients 1, 2, 3, 4 gave b<O and aJb<O. 

DISCUSSION 

For all the patients investigated their MOCB's are displayed as a quantitative relation 

between the value of aJb parameter versus b coefficient value observed for 

healthy (Fig.1A), recovered (Fig.1 B) and unrecovered patients (Fig.1 C). 

The data presented in Tables II and III illustrate the changes in the a0 , a, b and 

c values in the time of 3 to 12 months when the patient's status was under control. 

These changes were characterized by the NOA, (a0), and the MOCB, (a, b, c) 

structure of the blood serum of cancer cases. 

As follows from the data given in Tables II, III and IV, results of the magneto-optical 

analysis of blood serum of the patients are very sensitive indicators of a change in. 

the health status. Fig.1.A, presents an exemplification of th_e b coefficient (b>O) 

and aJb values of the qualified donors. Moreover, an increase from b<O to b>O 

in the value of magneto-optical coefficient b characterizing the serum of cancer 

patient (Fig.1.,8) indicates an improvement in the patients' health and a successful, 

(b>O), medical treatment. On the other hand, a decrease in the value of b coefficient 

on a series of subsequent tests, (b<O), indicates the deterioration of the patient's 

health (Fig.1.,C) and progress of the disease. On the basis of the results of magneto­

optical studies and their comparison with the outcome of medical tests and diagnoses 

we can put forward a thesis that the results of b coefficient measurements are 

indicative of the health status and presence of a malignant disease. These findings 

are clearly demonstrated by the data of Tables II, III and IV . 

CONCLUSlm-J 

The fact that MOCB effect measurement in human blood serum may provide 

the information regarding cancer (malignant disease) presence and development 

and serve for early diagnosis of cancerous changes. The results of this study showed 

that human blood serum chirality ao is positive while the quadratic magnetic 
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TABLE I 

The NOA a0 and values of MOCB a, b, c coefficients characterizing serum from 

qualified donors 

No ao a b·103 c-105 ( aolb )· 10-5 Rh 

(degm-1) (degT-1m-1) (deg12m-1) (degr-3m-1) (r2) (identification) 

56 1.66 0.08 13.1 7.00 0/+ 

2 61 1.62 0.1 8.0 6.10 Al-

3 66 1.63 0.25 15.2 2.64 A1'+ 

4 58 1.69 0.32 3.8 1.81 0/+ 

5 75 1.62 0.83 8.8 0.90 8/+ 

6 57 1.67 0.95 2.9 0.60 A1/+ 

7 62 1.63 1.0 6.0 0.62 0/-

8 49 1.€4 1.5 10.0 0.32 AB/-
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TABLE II 
TABLE Ill 

The MOCB a, b and c coefficients, NOA ao of serum from rectal cancer patients 
The MOCB a, b, c coefficients, NOA ao characterizing serum of cancerous patients: 

under long period of medical treatment 
prostate cancer, ovarian cancer and sarcoma, plasmocytoma under a long period 

of medical treatment 

No/ Medical diagnosis Serum ao a b-103 c ·105 ac/b·10-5 

Medical marker (deg m-') (degr-'m-1
) (degr2m-') (degr3m-') (T2

) 

control (ng/ml) 
data No/ Medical diagnosis Serum ao a b-103 c-105 (ac/b)-10--5 

Medical marker (deg m-') (degr'm-1
) (degr-2m-') (degr3m-') (T2) 

control (ng/ml) 
Male data 

01.10.96. Rectal cancer CEA:452 72 1.68 -1.37 · 14_0 -0.53 
-after operation 
Local recurrence Male 

of disease in course 29.10.97. Prostate cancer PSA:27.6 54 1.62 -0.13 -5.0 -4.2 of radiation treatment -treated with 
hormonotherapy 

13.02.97. Partial remission CEA:195 60 1.66 0.80 5.59 0.75 10.12.97. Progression PSA:29 69 1.65 -1.6 -10.0 -0.43 after radiation 
treatment 2 

12.06.97. Local progression CEA:375 65 1.60 -0.90 -0.65 -0.72 Female 
of the disease 24.09.96. Ovarian cancer Ca-125:1.4 65 1.63 -0.80 2.98 -0.81 

after operation 
2 29.10.97. After Ca-125:4.6 72 1.64 -1.33 1.2 -0.54 Male chemotherapy 

24.02.97. Rectal cancer with CEA:3.3 72 1.63 0.76 0.8 0.95 
primary tumor after 3 
radiotherapy Female 

11.06.97. Local progression CEA:7.9 59 1.56 -1.3 -1.8 -0.45 02.10.96. Sarcoma after 65 1.70 0.89 17.6 0.73 of the disease operation and 
20.09.97. Local progression CEA:5.0 66 1.56 -2.0 15.0 -0.33 radiation 

Local progression 
3 - disease treated 

Female with short course 
06.03.97. Rectal cancer after CEA:1.0 64 1.64 -0.99 -9.5 -0.65 of radiotherapy 

operation and 12.02.97. Distant 78 1.67 -1.13 7.82 -0.69 radiation treatment metastases 
with complete 23.10.97. Stabilization 64 1.65 -0.77 4.0 -0.83 remission 

21.05.97. Breast cancer• - 67 1.60 -0.70 0.76 -0.96 4 
treated with Male 
hormonotherapl 25.06.97. Plasmocytoma - 68 1.65 -0.39 -9.5 -1.74 treated with 

CEA -Carcinoembryonic Antigen chemotherapy 

a Seen by the MOCB method earlier then by the traditional medical treatment 
23.10.97. Stabilization - 71 1.68 -0.75 -12.0 -0.95 

b Non marker control PSA -Prostate Specific Antigen 
Ca -Cancer antigen 
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TABLE IV 

Summary of the data obtained for patients whose medical records NOA and MOCB 

investigations were not continued after the first dated clinical diagnosis 

No Medical Medical diagnosis a,, a b-10
3 

c-10
5 

(a.,lb)·10·
5 

Record (deg m-') (degr'm-')(deg r 2m-1)_(deg,
3
m-') (T

2
) 

17.11.95. Ovarian cancer 65 1.50 -6.00 -30.0 -0.11 

Female 

2 17.11.95. Ovarian cancer 69 1.50 -2.72 -16.5 -0.25 

Female 

3 04.10.96. Malignant tumor of 53 1.69 -0.79 18.1 -0.67 

Male the submandibular 
salivary gland 

4 29.10.97. Testicular cancer 76 1.65 -1.70 -2.5 -0.45 

Male (CEA:2.4 
AFP:4.8 

13-hCG:0.3) 

AFP -Alpha Fetoprotein 
13-hCG -Human Chorionic Gonadotropin 
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Figure 1. Quantitative relation between the value of the parameter a.,Jb 

and the 8 2 -induced circular birefringence coefficient b. 
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field-induced circular birefringence bB2L of the serum strongly depends on the 

health status of man.The quadratic magnetic field-induced circular birefringence of 

serum of healthy man is observed as positive, while it is negative in the serum of 

the malignant cases. Also, the observed non-linear (B3
) Faraday effect in human 

blood serum is correlated to the health status. Both, the induced-quadratic magnetic 

field and the non-linear Faraday circular birefringences, directly indicate the 

progression and/or regression of the disease status. The magneto-optical 

analysis of a human blood serum should be recognized in the near future as a useful 

monitoring technique of the man health condition and the magneto-optical coefficient 

b might be recognized as a quantitative oncological marker. 

The test requires a small volume of blood serum ca 0.5ml. High threshold of 

detectability of the quadratic magnetic field-induced circular birefringence is 

corresponding roughly to the presence of 1015 chiral biopolymers (+) or H in the 

volume of the laser beam. The values of the coefficient b recorded by the MOCB 

method are determined by the characteristics of the structure of biopolymers, 

e.g. proteins in blood serum. 
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